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ABSTRACT 

OF THE DISSERTATION OF 
 

Asmaa Bilal Jrad          for                    Doctor of Philosophy 

               Major: Mechanical Engineering 

Title: Materials engineering of Zr-metal-organic frameworks catalysts for the optimized 

production of biofuel additives 

The development of novel fuel additives from sustainable biomass feedstock is one of 

the common paths in the global transportation sector to mitigate the environmental 

drawbacks of the excessive dependence on fossil fuels. In order to boost the 

competitiveness of these green fuel additives, the use of an efficient catalyst becomes 

critical to obtain a satisfactory overall conversion to the product of interest in a short 

time. Metal-Organic frameworks (MOFs) have recently emerged as an important 

candidate to become the next generation of catalysts for biofuel production. The reason 

behind this interest in MOF catalysts originates from different features such as their 

permanent porosities, very high surface areas, and, most importantly, the flexibility by 

which their characteristics could be altered for a specific application. MOFs have thus 

opened a vast door to materials engineering in the catalysis field. In our study, we focus 

on the optimization of Zr-based MOFs’ characteristics by selectively engrafting active 

functional groups onto their organic linkers, by the intentional introduction of structural 

defects on their metal cluster, and by using a mixed-linker approach. The obtained 

samples are fully characterized and subsequently serve as acid catalysts in the 

esterification reaction of butyric acid in the presence of butanol for the efficient 

production of butyl butyrate, a novel green biofuel. We investigate the effect of the 

different characteristics of the MOFs catalysts such as their surface area, particle size, 

linker deficiency, acidity, and porosity on the mechanism and conversion in the 

catalytic reaction. Based on all the data obtained, a linear regression model is developed 

to determine the relative significance of each characteristic of the MOF structure in 

dictating its catalytic activity and to predict the final yield to butyl butyrate based on 

these characteristics. With the knowledge obtained, the catalytic activity of MOFs can 

be engineered from a laboratory prototype and optimized to serve as effective catalysts 

for the production of fine chemicals such as biofuels. 
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CHAPTER I 

INTRODUCTION 

The global demand for energy is ever-expanding, and the limitations of 

conventional fossil fuels in terms of being non-renewable and environmentally harmful 

pushes the energy mix towards renewables [4]. The technical advancement and 

environmental concerns are the drivers of the shift towards a more sustainable and 

renewable energy system that meets the growing demand while reducing carbon 

emissions [5].  

Liquid biofuels gained a lot of interest in the research field of renewables as they 

constitute a promising alternative for fossil fuels [1]. However, the challenge remains in 

boosting the competitiveness of biofuels by maximizing their production and lowering 

their cost [6].  

Ethanol and butanol are some of the known biofuels, but another chemical 

compound recently gained interest in the field of biofuels and bio-additives for 

conventional fuels and it is butyl butyrate [7, 8]. Butyl butyrate is an ester that can be 

obtained by the esterification reaction of butyric acid and butanol, both of which can be 

obtained from biomass through fermentation processes. One of the reasons behind this 

interest in butyl butyrate is the fact that it’s a flammable ester with an octane number 

similar to that of butanol [8, 9]. In addition, butyl butyrate has a cetane index similar to 

that of diesel, and a flash point lower than that of butanol which makes it safer to use. 

All these properties and many others put butyl butyrate under the classification of 

emerging biofuels [8, 9]. 
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In esterification reactions, as in most chemical reactions, catalysts come at the 

heart of the production process. Catalysts facilitate the efficient making and breaking of 

chemical bonds which is the base for the production of new chemical compounds [10]. 

Catalysts needed for esterification reactions, in general, are of acidic nature, which is 

necessary for the efficient production of the desired ester [11].  

Liquid homogeneous catalysts were commonly used in biofuel production such 

as sulfuric acid and hydrofluoric acid [2, 12]. However, many technical problems were 

encountered when these catalysts were used because of their corrosive nature [13]. In 

addition, the recovery of the catalyst and its separation from the reaction medium is 

hard as the catalyst is in one phase with the reaction mixture [14]. Moreover, the 

recovery of the catalyst requires the washing of the mixture with water which causes the 

loss of some of the biofuel and generates a lot of wastewater [15]. Thus, homogeneous 

catalysts are not easy to reuse or recycle which increases the biofuels production cost as 

a consequence of the increase in the catalyst amount purchased and consumed. For all 

the previously mentioned reasons, homogeneous acid catalysts are considered non-

environmentally friendly and economically inefficient, and a lot of effort had been put 

to replace these with new green catalysts for the production of biofuels [16]. 

Recently, heterogeneous catalysts have been extensively used in industries 

because of their ability to be recycled without losses in the reaction yield [16]. Many 

types of these heterogeneous catalysts, such as zeolites, metal oxides, resins, and 

heterogeneous acid catalysts have been used for organic reactions [17, 18]. However, 

their use had one or more disadvantages regarding selectivity, safety, cost, and catalyst 

disposal [19].  
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A new class of porous materials that are being investigated in the catalysis field 

consists of the novel metal-organic frameworks (MOFs) [20]. MOFs are novel 

inorganic-organic materials that are mainly attractive because of their crystalline nature, 

very large surface area, and the significant variety of active groups that could be 

incorporated in their structure [21-24]. MOFs were originally used for several 

applications like gas storage, gas purification, drug delivery, and biomedicine [25]. 

Recently, MOFs have been gaining a lot of interest as a heterogeneous catalyst since 

their organic linker, their inorganic metal clusters, as well as their porous network, 

could be tuned to contribute to their catalytic activity [20]. MOFs make an interesting 

alternative to conventional catalysts since they showed a potential to bridge the gap 

between homogeneous and heterogeneous catalysis [26, 27]. In fact, although MOFs are 

heterogeneous solid catalysts, having a very high surface area and the ability to include 

a high density of active sites in their structure allows them to perform relatively similar 

to homogeneous catalysts in liquid reactions compared to other solid catalysts [26, 27]. 

In the specific case of esterification reactions, acidic active sites are required in 

the MOF structure. In fact, MOFs should provide functional groups which are, Brønsted 

or Lewis acids, in order for the esterification reaction to occur efficiently [11]. The 

acidic properties of the MOF were investigated given the great interest in developing 

heterogeneous acid catalysts and the relative ease of inducing acidity in the MOFs 

structures [28]. In most cases, the MOFs acid strength was evaluated by using them in 

reactions that required acidic sites and by assessing their relative catalytic activity in 

such reactions [29, 30]. However, the cases where MOFs were used for esterification 

reactions or were developed for the specific target of biofuel production, remain rare 

[29, 30].  
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While the industry of biofuel production is in great need to find green, recyclable, and 

efficient catalysts to boost the competitiveness of clean energy, the essential aim of this 

Ph.D. project is to design the structure of Zr-based MOFs for optimized production of 

butyl butyrate. The engineering of the MOFs’ structure will be achieved using different 

techniques to fine-tune the characteristics and catalytic sites of the MOFs synthesized in 

order to maximize the production of the studied biofuel additive. The catalytic activity 

of the MOF to be developed will be boosted to perform better than conventional 

counterparts and, ultimately, to approach the performance of the homogeneous liquid 

catalyst where possible. One of the main outcomes of the research is to provide the 

catalysis field with deep knowledge on the effect of MOFs’ characteristics on their 

catalytic activity and, consequently, the conversion to butyl butyrate. On the other hand, 

it is essential to understand the means by which these characteristics could be tuned 

through the synthesis procedure to obtain the required catalytic properties of the MOFs. 

For this reason, the effect of the different characteristics of the tested catalysts, such as 

specific surface area, pore size, active sites, functional groups, and metal nodes, on the 

reported performance of each catalyst will also be explored to obtain a deeper 

understanding of those materials emerging as new catalysts. 

After the introduction, which is the 1st chapter in this dissertation, the upcoming 

sections are organized as follows: 

 Chapter 2 provides research background and related work to the topics covered in 

this study, mainly, the definitions and characteristics of energy security, biofuels, 

homogeneous and heterogeneous catalysis, metal-organic frameworks, and 

esterification reactions. At the end of the chapter, the three main materials engineering 
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strategies adopted in this study are explained, namely linker functionalization, defects 

engineering, and multivariate (MTV) MOFs approach. The chapter is concluded by 

stating the objectives of this work. 

 Chapter 3 presents and explains the research methodologies developed which are 

based on the three main materials engineering strategies employed in this Ph.D. work, 

namely, linker functionalization, defect engineering, and multivariate (MTV) or mixed-

linker MOFs. 

 Chapter 4 presents the results and discussion based on each MOFs’ engineering 

strategy. 

 Chapter 5 consists of a general conclusion of the work and suggested ideas to move 

forward with this research. 
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CHAPTER II 

BACKGROUND 

 GLOBAL SHIFT TO RENEWABLE ENERGY 

1. World Energy Status 

The sustainable development and well-being of modern societies are tightly 

linked to access to energy [31]. From trivial activities like the daily ride to work to 

operating leading industries in the world, access to energy is vital [32]. The natural 

consequence of the previous is an increase in energy demand with the increase in the 

world population and the growth of human activity. Since the industrial revolution, the 

prosperity of the world had been accompanied by an increase in the demand for energy. 

Subsequently, energy demand is expected to grow by 30% between today and 2040 

[33]. This has shed light on the importance of concepts such as energy security, which 

could be defined as the easy access to sustainable and affordable energy resources that 

meet the energy demand without causing detrimental effects on the global society [4]. 

Different energy sources have been used to meet this trend in energy demand, but the 

famous fossil fuels continue to have, by far, the largest share of the global energy mix 

[5]. Nowadays fossil fuels make up approximately 81% of the global energy mix, of 

which more than a quarter is consumed by the transport sector [34]. Looking from an 

energy security perspective, fossil fuels are still the most affordable energy source, but 

two important factors, which are sustainability and harmlessness, remain unfulfilled 

[35]. To begin with, fossil fuel sources are limited and their reservoirs will be depleted 

[36], this means that the global societies cannot rely persistently on fossil fuel reservoirs 

as these cannot be reproduced once depleted, which thus makes them non-sustainable. 
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On the other hand, the definition of energy security suggests that the use of energy 

sources should not harmful to human societies, but this is not the case for fossil fuels. 

Based on the Intergovernmental Panel on Climate Change (IPCC) 2014 report, fossil 

fuels and industrial processes have contributed to 78% of the total GHG emission since 

1970 [37]. Some of the devastating effects that GHG contribute to include climate 

change, glaciers recession, rise in sea level, and loss of biodiversity [38].  

Hence, the need to meet the growth in energy demand while reducing the 

dependency on fossil fuels for the above-mentioned reasons has diverted sights towards 

alternatives that must be renewable, sustainable, non-polluting, and cost-effective such 

as renewable energy sources [6, 39]. In this context, it was expected that renewables 

will account for more than 30% of the energy supply for power generation in 2040 as 

shown in Figure 1  [1]. Renewable alternatives include biofuels, biomass, solar, wind, 

and geothermal energy, and their use is becoming more popular as significant global 

efforts are being invested to handle the environmental and sustainable constraints [40]. 

Moreover, biofuels and fuel bio-additives are considered an interesting substitute to 

petroleum-based transportation fuels, as they have shown conventional fuel properties 

in car engines alongside their sustainability, biodegradability, and low carbon-emission 

[41]. 
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Figure 1: Fuel shares in power generation with projection till 2040 [1] 

 Liquid biofuel 

By definition, bioenergy is a type of energy that is based on organic matter or what 

is known as biomass, this includes all materials that are biologically originated and that 

are not fossilized [42]. Bioenergy could be used in its original form, i.e. wood, as a fuel, 

or it could be refined to form solid, liquid, or gaseous fuels that could be used in modern 

systems such as power plants for electricity production, transportation engines, and in 

industrial processes [42]. 

Liquid biofuels, a bioenergy type, gained a lot of interest in the research field of 

renewables as they constitute a promising alternative for liquid fossil fuels. However, 

the challenge remains in boosting the competitiveness of biofuels by maximizing their 

production and lowering their cost. 
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The reason behind the interest in biofuels is based on the fact that biomass needs to 

take in carbon from the atmosphere to grow and emits it into the air when used for 

energy production. It is thus considered a carbon-neutral energy resource. Moreover, 

biomass could be grown over and over again which makes biofuels a sustainable energy 

source. 

Fulfilling energy security as well as environmental protection are thus the main 

causes of bioenergy and biofuel sectors’ growth in the last years. Based on a report from 

the International Renewable Energy Agency (IRENA), it is expected that 22% of 

transportation fuels will originate from biofuels and biogas in 2050 [43].  

 

 Bioethanol and biodiesel: Pros and Cons 

Liquid biofuels could be used in their pure form or as additives to existing 

petroleum fuels as they have been shown to have similar properties to conventional 

fuels. These properties include heating value, octane number, viscosity, water content, 

and flash point [41]. Among these biofuels, ethanol, and biodiesel are the most 

commonly used [7]. 

Ethanol, resulting mainly from the fermentation of food crops, can be used as a 

substitution of gasoline to fuel a spark-ignition engine in its pure form (E100) or 

blended with gasoline [44]. Its use as an alternative source for conventional gasoline is 

preferable due to its high-octane number, hence it can be employed as an octane number 

booster. Ethanol also has a higher flash point and a lower heating value than existing 

gasoline [44]. In addition, ethanol is less toxic than gasoline and it is not carcinogenic 

[45]. Another common biofuel type is biodiesel which is characterized by low sulfur 

and aromatic content, and high biodegradability when compared to petroleum-based 
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diesel [41]. Studies showed that biodiesel engine performance is comparable to that of 

fossil diesel indicating that it can be used in its pure form as an engine fuel or as an 

additive with another fuel [46]. However, a number of key issues restrict the usage of 

these biofuels in the transport sector. One of these limitations is the large land area 

required to grow the feedstock needed for bioethanol and biodiesel production [8, 9], 

which may impact biodiversity. In addition, bioethanol suffers from poor energy 

density, and biodiesel shows an oxidative instability and an inefficient performance at 

low temperature [9]. In an attempt to overcome these issues, a new generation of 

renewable fuels is now being explored.  

 

 Butyl Butyrate: A competent Biofuel 

The focus of the research is now directed towards exploring new fossil fuel 

alternatives that could be derived from cellulosic sources or that could be collected from 

waste food, which are more abundant than food crops necessary for bioethanol 

production. For instance, butyl butyrate (BB) has been explored for this reason. 

Butyl butyrate is an ester with a pear-pineapple like aroma. This colorless liquid 

has been used as a flavoring agent in the food industry, particularly in baked goods, soft 

candy, and chewing gum [47]. It could also be found naturally in apple juice, orange 

juice, and orange peel oil [47]. 

Jenkins et al. showed in their study on BB that it could be used as a potential 

biofuel in aviation as its flash point exceeds the minimum standards while exhibiting 

reliable low-temperature aviation fuel properties [9]. In the same study, it was shown 

that this ester appears as a promising candidate that can substitute gasoline as it has an 

octane number of 97.3 which is similar to that of conventional gasoline [9]. Moreover, 
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in recent research, Sjöblom et al. showed similar performance of a heavy-duty diesel 

engine running on pure diesel and on diesel mix blended with up to 30% BB which 

makes the latter an interesting diesel substitute/additive [8]. Also, BB is the product of 

the esterification reaction of butanol and butyric acid (BA), both of which could be 

derived from biomass through fermentation processes [48]. 

 

2. Biofuel Production Process: Acid-catalyzed Esterification reaction 

The esterification reaction is considered to be one of the most important organic 

reactions as it yields valuable intermediates for the synthesis of drugs, perfumes, 

pharmaceuticals, and plasticizers [2], in addition to its tremendous role in biofuel 

production. This reaction is usually catalyzed in liquid phase and it is known to yield 

low conversion if not occurring in the presence of catalyst [14]. For this reason, this 

reaction had long been performed with the use of catalysts such as enzymes [49, 50] and 

acid catalysts [10]. However, acid-catalyzed esterification is more common [11]. As in 

all chemical reactions, catalysis is considered essential in the production process, as it 

allows the efficient making and breaking of chemical bonds which is the base for the 

production of new chemical compounds [51]. Catalysts needed for esterification 

reactions are mainly active acid sites, Brønsted or Lewis acids, which are essential for 

the efficient production of the desired ester. The role of the addition of a Brønsted acid 

is to protonate the carbonyl carbon and allow for a nucleophilic attack by the alcohol 

(steps 1 and 2 in Figure 2) followed by the formation of a water molecule which is a 

superior leaving group (step 4 in Figure 2). In this context, different types of acid 

catalysts were investigated, tested, and briefly overviewed in this section. 
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Figure 2: The mechanism of Fisher esterification acid-catalyzed reaction [2] 

Another reaction mechanism that can take place in an esterification reaction is the 

dual acid-base mechanism, where the basic sites form hydrogen-bonded adducts 

increasing the nucleophilic character of the alcohol’s O atom, and favoring its reaction 

with the carboxylic acid. [52, 53] 

 

 Homogeneous mineral acid catalysts 

Inorganic acids such as H2SO4, HCl, HF, AlCl3, and H3PO4 have been widely used 

for the catalysis of Fischer esterification reaction [2, 12]. These catalysts had shown 

significantly increased rates of conversion compared to other catalysts [14]. However, 

the use of these catalysts causes many technical problems in industrial facilities because 

of their corrosive nature [13]. Additionally, the homogenous catalysts form one phase 

with the reaction components, which makes the recovery of the catalyst and its 
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reusability a challenging process [14]. Moreover, the recovery of the product and its 

separation from the liquid acid catalyst requires washing the mixture with water which 

causes the loss of some of the biofuel and generates a lot of wastewater, increasing thus 

the production cost [15]. For all the previously mentioned reasons, homogeneous acid 

catalysts are considered harmful to the environment and economically inefficient. 

Therefore, a lot of effort had been devoted to finding new green heterogeneous catalysts 

for the production of biofuels. 

 

 Heterogeneous solid acid catalysts 

Recently, heterogeneous catalysts have been extensively used in industries because 

of their ability to be easily separated from the reaction mixture without the need for 

sophisticated separation units and without any losses of the product yield [16]. In 

addition, heterogeneous acid catalysts are far less corrosive, or non-corrosive, compared 

with homogeneous catalysts. Moreover, some heterogeneous catalysts have the ability 

to be recycled without significant loss in their activity and could be reused for many 

cycles, which makes them, not only environmentally friendly but also cost-effective. 

However, the main challenge remains in finding heterogeneous solid catalysts with 

chemical activities comparable to their homogeneous counterparts [16].  

Great progress has been achieved in the field of heterogeneous catalysis 

especially using crystalline porous materials such as zeolites [17, 18], Mesoporous silica 

[54], ion-exchange resins [55], and metal oxides [56]. All of these materials share 

common features making them an advancement in heterogeneous catalysis. However, 

these solid catalysts usually suffer from relatively low surface area resulting in low 

catalytic activity [19]. They also experience diffusion limitations [57] and, in some 
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cases, a decrease in their catalytic activity over recycling cycles had been reported due 

to the leaching of active sites in the reaction medium [57]. 

Considering a very efficient class of catalysts, zeolites, which are alumina-

silicates porous structures that are known for their excellent thermal and chemical 

stability [58]. Zeolites are known to have a superior selectivity that is based on the 

design of their porous network where only reactants that fit can be activated to react or 

to be produced [59]. However, the micropores of zeolites could cause diffusion 

limitations when the targeted reaction is in liquid-phase with complex organic substrates 

involved. Additionally, the control of the pore size of the zeolites and the prediction of 

their crystalline structure prior to their synthesis remains challenging  [60]. The 

previously stated disadvantages of zeolites have directed the attention towards finding a 

new class of materials that allows for easy engineering of their structure in order to 

control their characteristics. In catalysis applications, it is of great interest to be able to 

manipulate parameters such as the surface area, pore size, and density/type of active 

sites in a controlled manner to efficiently produce the desired product [61]. This 

flexibility in materials engineering allows narrowing down the efficiency gap between 

homogeneous and heterogeneous catalysis which would make a breakthrough in 

chemical reaction engineering [13]. The previously stated objectives have shed light on 

new materials in catalysis applications that are now being investigated for this purpose. 

In the following section, the novel metal-organic frameworks will be generally 

introduced, with a detailed emphasis on the reasons behind their suitability for catalysis 

applications. 
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3. Metal-Organic Frameworks (MOFs) 

 MOFs: Introduction and Applications 

In 1990, Hoskins and Robson’s work on the formation of crystalline hybrid porous 

materials with efficient properties was considered the base for developing porous 

coordination polymers [62]. This work attracted the focus of scientists worldwide and 

launched the research in the field of metal organic frameworks (MOFs) [63]. In 1995, 

the term “Metal-Organic Frameworks” was foremost familiarized by Yaghi et al. [64], 

where he introduced the synthesis of a thermally stable layered Cobalt-trimesate MOF 

structure having reversible sorption properties. Two years later, Kitagawa et al. reported 

developing a 3D MOF displaying gas sorption properties [65]. Later on in 1999, two 

MOFs, MOF-5 [3] and HKUST-1 [66] were developed, and they are remain two of the 

most important and investigated structures due to their remarkable porosity and stability 

[60].  

Following this brief historical background, MOFs will defined in detail. MOFs 

have emerged as a new class of hybrid crystalline materials with high surface area [21-

24]. These highly porous materials are made of rigid inorganic clusters called secondary 

building units (SBUs) coordinated to multidentate organic linkers such as 

polycarboxylic acids [67]. The metals used in the synthesis of MOFs are alkali (Li+…), 

alkaline earth (Mg2+…), transition (Hf4+, Zr4+, Cu2+…), post-transition metals (Al3+…), 

or lanthanides (Ce4+…) [68]. This wide variety of building blocks allows for the 

synthesis of a large range of MOFs with 1D, 2D, or 3D networks [69]. Figure 3 is an 

illustration of the formation of a MOF structure from its main building blocks, while 

Figure 4 shows a real Zn-based MOF where the yellow sphere indicates the pore of the 

structure.  
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Figure 3: An illustration of MOFs’ building blocks and corresponding final 3D 

structure 

Given the hierarchical combination of inorganic metal nodes and organic linkers, 

robust materials are formed with tailorable topologies, tunable porosity, and adjustable 

functionalities, making them suitable for a wide range of applications [25]. MOFs are 

originally used for several applications like gas storage and separation [70], purification 

[71, 72], biomedicine, [73, 74] and chemical sensing [75].  
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Figure 4: Zn4(O)(BDC)3 MOF-5 framework represented with eight clusters, where only 

seven are visible, constituting a unit cell that encloses a large cavity indicated by a 

yellow sphere of diameter 18.5 A. Zn4(O)O12C6 cluster (Zn, blue; O, green; C, grey) 

with the ZnO4 tetrahedra indicated in blue [3]. 

In addition to the aforementioned applications, MOFs have been gaining a lot of 

interest as heterogeneous catalysts in the last two decades since active sites could be 

incorporated in their organic linkers, metal clusters, or as guest molecules that could be 

encapsulated within their porous networks [27, 76-78]. In other words, MOFs could be 

designed to have specific characteristics that boost their catalytic activity [79]. In 

addition to the wide range of MOFs that could be obtained by combining a certain metal 

cluster with different linker types, there is also a possibility to incorporate more than 

one linker having similar size but different functional groups [80]. This results in the 

formation of a single-phase material in which these two linkers are incorporated in a 

random manner and the number of active sites can be tuned by simply varying the ratio 

of these two linkers. Many terminologies describing these materials were found in the 

literature, such as multivariate Metal Organic-Frameworks (MTV-MOFs) based on 

Deng et al and [81] Mixed ligands Metal Organic-Frameworks (MIX-MOFs) as used by 

Kleist et al. [80]. 
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 MOFs: Opportunities for heterogeneous Catalysis 

 MOFs as Catalysts 

In the last two decades, tens of thousands of MOFs have been developed, and 

many structures had been investigated in catalysis. The list includes: UiO-66/67, NU-

1000 and MOF-808 (Zr-based metal nodes) MOF-5 (Zn-based metal nodes) MIL-101 

(Cr or Al-based metal nodes), MIL-53 (Al or Fe-based metal nodes), MIL-100 (Al, Fe 

or Cr-based metal nodes), and ZIF-8 (Zn-based metal nodes) [20].    

MOFs are considered attractive for catalytic applications because of their 

potential to bridge the gap between homogeneous and heterogeneous catalysis. This is 

due to their high porosities, very large surface area, ease of structural design, and the 

ability to significantly load the structure with active guest molecules accessible to the 

relevant reactants [26, 27]. Moreover, MOFs represent a number of advantages over 

other porous materials such as zeolites and mesoporous silica. Indeed, the maximum 

surface area and pore size recorded in the case of zeolites were 700 m2/g and 1 nm 

respectively [27], while Farha et al. succeeded in synthesizing Nu-109SP with a surface 

area exceeding 7500 m2/g [67] and Deng et al. synthesized MOF-74 with pore size 

greater than 9.8 nm [82]. These features make MOFs suitable for a wide range of 

applications that involve the use of bulky substrates such as the catalysis of liquid-phase 

reactions. Moreover, this high level of surface area and the sophisticated porous 

network also results in materials with a higher concentration of active sites per unit 

mass [27].  

Given the previously stated features, MOFs have shown great catalytic activity 

in many chemical reactions. This can be attributed to the different components of the 

MOF structure where active sites could exist or could be engrafted. Indeed, it was found 
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that the active sites could be included in: (i) the metal nodes acting as Lewis acid when 

uncoordinated [83], (ii) the organic linker when functionalized with active groups such 

as Brønsted acidic groups [25] and basic groups [84], (iii) the porous network by 

encapsulating active guest species [28] (Figure 5).  

 

Figure 5: An illustration of the approaches that could be used to include active sites 

(represented in red) in the MOF structure 

Another factor that boosts the activity of MOFs is the presence of structural 

defects in their framework. In fact, the formation of flawless crystals is almost 

unachievable since these structural defects, caused by a missing cluster or a missing 

linker, are practically inevitable (Figure 6).  

However, defective MOFs have appeared as a subject of curiosity for many 

researchers who have sought to intentionally introduce these defects into the framework 

[79]. The reason behind this is the fact that defected MOFs manifested an increased 

level of catalytic activity, porosity, and surface area compared with the ideal structure 

where the catalytic activity is hindered by the fully- coordinated metal cluster [79, 85]. 

For this reason, modulated synthesis was developed and first tested by Schaate et 

al.[86], which consists of adding mono-dentate ligands (modulators) having the same 
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chemical functionality of the linker. The role of the modulator is to compete with the 

linker to either control the nucleation [86-88] (promoting or inhibiting it), crystallinity, 

morphology of MOFs, or to generate defects in the structure [89]. For instance, acetic 

acid [79], di and tri-fluoroacetic acid [79], benzoic acid [86, 90], and formic acid [79, 

88] have been used as modulators in the synthesis of different MOFs. These 

monocarboxylate ligands can be then removed leaving behind new open active sites for 

enhanced catalytic performance which drastically enhances the catalytic activity levels.  

 

Figure 6: An illustration of the defects types that could exist in MOFs 

Despite the tremendous advantages of MOFs previously presented, their 

applicability has been hindered by drawbacks such as their relatively low thermal, 

mechanical, and chemical stability making their usage limited to reactions requiring 

mild conditions [91, 92]. Additionally, there is a significant number of dormant 

catalytically active sites in MOFs because, in most of the cases, the metal nodes are 

fully blocked by the organic ligands which hinders the activation of substrates [85].  For 

this reason, all sights have been diverted towards catalytically active and highly stable 

sub-classes of MOFs such as Zr-based MOF.  
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The discovery of UiO-66 (Figure 7), UiO-67 and UiO-68 (where UiO refers to 

Universitetet i Oslo, or the University of Oslo) by Cavka et al. in 2008 could be 

considered as a milestone in MOFs development [92]. These MOFs are made of 

[Zr6O4(OH)4]
12+ coordinated to 12 BDC2- (benzene dicarboxylate), BPDC2- (4,4’-

biphenildicarboxylate), and TPDC2- (4,4’-triphenyl dicarboxylate) respectively. This 

coordination is behind the high thermal stability (up to 540°C) of these MOFs [93]. In 

addition to their thermal stability, these MOFs have shown an outstanding chemical and 

hydrothermal stability [94] as tested by Decost et al. The stability tests included stability 

of the MOFs in different organic solvents (methanol, isopropanol, acetone, chloroform, 

and pyridine), basic solution of NaOH, acidic solution of HCl, and in water. 

Thus, the catalytic application of MOFs has been widely expanding so that 

different MOFs have been developed and used in cyanosilylation [95], hydrogenation 

[96], oxidation [97], isomerization  [98], and esterification [52, 99]. 

 

Figure 7: UiO-66 made up of [Zr6O4(OH)4] clusters with 1,4-benzodicarboxylic 

acid struts. The yellow sphere shows the primary pore size and the orange sphere shows 

the secondary pore size, both of which could be accessed. (Zr blue; C black; O red; H 

white) 
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 MOFs: Catalysts for esterification reactions 

Recent studies have reported the use of MOFs for the catalysis of esterification 

reaction which seemed to be an efficient approach given the many ways to acidify the 

MOF framework.   

As previously noted, Brønsted or Lewis acidity could be mainly incorporated 

into the MOF structure by three techniques [100]. The first technique consists of 

encapsulating the acid molecules inside the pores of the frameworks. The second way of 

introducing acidity is coordinating acid groups such as hydroxyl to the metal cluster. 

The third way consists of bonding an acid functional group to the ligand [100].  

Additionally, Brønsted acidity could be incorporated in the MOF structures 

through the transformation of  Lewis acid sites on the cluster to  Brønsted acid sites 

[100]. In fact, it often happens that one or more of the coordinative positions around the 

metallic nodes is occupied by solvent molecules, water molecules, or even 

uncoordinated ligands usually present during the synthesis of MOFs. Some of these  

MOFs can be activated by heating under vacuum leading to the evacuation of these 

positions without the collapse of the framework [101]. This favors the interaction 

between metal nodes and substrates. In this case, coordination unsaturated sites (CUS) 

or open metal sites (OMS) with low coordination number are formed in metal nodes to 

act as a Lewis acid catalyst [102]. These open Lewis sites are then transformed into 

Brønsted acid sites via the adsorption of water or alcohol molecules [79], which could 

potentially act as activation sites in esterification reactions. 

  Besides their acidic nature, Zr-MOFs have been attractive as catalysts for the 

esterification reaction because of their hydrothermal stability which is required for the 

esterification reaction involving water generation [103]. 
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The acidity, hydrothermal stability, and intriguing catalytic activity make MOFs a 

remarkable choice for esterification reaction.  

 

 MOFS ENGINEERING TECHNIQUES 

Despite the recent work in this area, the opportunities for enhancing the synthesis 

and performance of these materials remain vast. The following three sections will focus 

on the materials engineering strategies that are covered in this work and that are 

believed to be still not well explored in the application of biofuel production. 

 

1. Linker Functionalization 

The effect of MOFs’ active sites on the catalytic activity in esterification 

reactions has been previously reported in the literature [52, 53, 99, 104]. Up to this 

point, the activity of MOFs was in most cases attributed to the effect and role of the 

metal cluster [76], and specifically to coordination vacancies caused by a missing linker 

and/or cluster defects in the framework [52, 79, 89, 102]. Catalytic activity was also 

attributed to the post-synthetic modification of the MOF such as sulfation [30, 99] and 

the incorporation of polyoxometalates in the MOFs structure [29]. Although some 

reports focus on the role of the organic linker in the activity of MOFs in esterification 

reactions [52, 53, 105], these reports mainly focus on the use of the amino-

functionalized UiO-66, UiO-66(NH2), which does not offer additional acid active sites 

to optimize the reaction conversion. To this end, the aim of choosing this MOFs’ 

engineering strategy is to shed light on the importance of the proper choice of the 

organic linkers for a specific application and to provide a deeper understanding of their 
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role in order to optimize the design of MOF catalysts for efficient production of 

valuable chemicals such as butyl butyrate. 

 

2. Defects Engineering 

Recent studies showed that the presence of structural defects on the SBU created 

additional Lewis acid sites that have proved to be beneficial to the catalytic properties 

of MOFs [106, 107]. Given the defects’ benefit of increasing the density of active sites, 

many studies have developed methods to systematically introduce defects into the 

MOFs structures [106]. Specifically, a lot of research was focused on Zr-based MOFs, 

such as UiO-66 which is based on Zr6O4(OH)4(CO2)12 cluster, that has been proven to 

retain its relatively high chemical and thermal stability even in the presence of a 

significant number of structural defects [102, 108].  

A simple method for the systematic introduction of defects into the MOFs 

structure is the “modulated synthesis”, which is becoming very popular. It is not until 

recently that the modulation synthesis was linked to the formation of structural defects 

in the MOFs structure, which was proven to have a direct impact on the stability, 

porosity, and, most importantly, the catalytic activity of MOFs [79, 102, 106, 109].  

However, the functional groups that could be attached to the organic ligand could also 

offer extremely interesting options for the control of the MOFs’ catalytic properties. 

This could be done by the introduction of catalytic centers that offer locations for 

reactants’ adsorption and activation, or that could be incorporated in dual activation 

mechanism, or by increasing the affinity of the MOFs’ catalytic activity towards a 

specific reactant [20]. In most of the recent reports, the main focus is usually on the 

standard UiO-66 and the sole effect of the defects in the cluster [79, 104, 108-112]. 



36 

 

 

Furthermore, reports that focus on the role of changing the functional group attached to 

the organic linker in the MOF to enhance its properties rarely include the effect of the 

structural defects, and their subsequent benefit from enhancing porosity to the increase 

in the density of active sites on the cluster [52, 106, 113]. To the best of our knowledge, 

there haven’t been any reports that present a detailed investigation on the effect of 

modulated synthesis, or defects engineering, in functionalized UiO-66 MOFs. This 

means that tuning the catalytic properties of these Zr-based MOFs by the combined 

control of structural defects on the cluster and the functional groups attached to the 

linker is still not investigated. 

 

3. Multivariate (MTV-MOFs) or Mixed-ligand (MIX-MOFs) approach 

Although the functional groups attached to the organic linkers add up to the 

active sites density in the structure, they have their drawbacks as well. Many studies 

have reported that the functionalization of the UiO-66 structures is always accompanied 

by a significant decrease in the surface area of the structure and its pore volume.  [52, 

53, 103, 114] Most importantly, some studies raised the issue of internal diffusion 

limitations that seemed to be encountered in functionalized structures relative to the 

open non-functionalized UiO-66 framework. [52] Furthermore, the aim of this 

technique is to maximize the catalytic activity of the synthesized structures by 

benefiting from the added active sites of functionalized linkers while maintaining high 

levels of surface areas and pores accessibility. This had shifted our attention to 

assessing the use of a multivariate MOFs approach, MTV-MOFs, which is based on 

mixing linkers incorporating different functionalities within the same topology. [81, 

115] We were specifically interested in trying the isostructural mixed linkers approach, 
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being relatively a simple way of introducing two or more organic linkers into the MOF 

structure. [116, 117] In the specific case of UiO-66, MTV-MOFs would incorporate two 

or more terephthalic acid derivatives as means to tune the properties of the structure 

especially in terms of surface area, porosity, and reactivity. [118, 119] The change in 

the MTV-UiO-66 properties will depend on the ratio between the different linkers 

incorporated within the MOF crystals. This level of incorporation will have to be 

determined by 1H-NMR spectroscopy [120]. While most reports focus on the 

importance of the cluster reactivity to boost the catalytic activity of the MOF catalysts, 

[79, 104, 108-112] fewer reports focus on the combination of the cluster activity with 

the linker functionalization [121]. Furthermore, and to the best of our knowledge, there 

haven’t been any reports that focus on the optimization of the MOF catalytic activity for 

esterification reactions by combining the MTV-MOFs approach and the intentional 

introduction of defects into the cluster. 

 

 OBJECTIVES OF THIS WORK 

As mentioned in the previous sections, the exploration of the catalytic activity of MOFs 

for biofuel production is still not well explored especially using the materials 

engineering techniques chosen in this research project. These techniques consist of the 

organic linker functionalization, the cluster defects engineering, and the MTV-MOFs 

approach. To this end, the main purpose of this research project is to optimize the 

design of Zr-based MOFs for the efficient production of butyl butyrate based on the 

aforementioned materials engineering techniques. These techniques are meant to fine-

tune the properties and active sites of the MOFs synthesized in order to maximize the 
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production of the relevant biofuel additive (Figure 8). The performance of the MOFs to 

be synthesized will be enhanced to overcome that of conventional catalysts and, 

ultimately, to mimic that of the homogeneous catalyst as much as possible. One of the 

main outcomes of the research is to provide the catalysis field with deep knowledge on 

the effect of MOFs characteristics on their catalytic activity and, consequently, the 

conversion to butyl butyrate. On the other hand, it is essential to understand the 

mechanisms by which these characteristics could be tuned through the synthesis 

procedure to obtain the required catalytic properties of the MOFs.  

 

Figure 8: An illustration of the three MOF’s engineering techniques used, namely 

linker functionalization, defect engineering, and MTV-MOFs, for the development of 

active catalysts in the production of butyl butyrate 
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CHAPTER III 

MATERIALS AND METHODOLOGIES  

In view of the interesting properties of MOFs for catalysis applications on one 

hand, and the insufficient investigation of their capacities for biofuel production on the 

other, the overall objective of this research is the development of efficient catalysts 

based on MOFs for butyl butyrate production as a biofuel additive. These catalysts will 

be synthesized, characterized, and tested to enhance the production rates of butyl 

butyrate. The effect of the characteristics of the MOFs’ structures on the conversion to 

butyl butyrate will be investigated, and the findings will be used as feedback for further 

enhancement of the MOF structure in order to boost its catalytic activity. The previous 

suggests that the project be divided into sections based on the materials engineering 

method used to boost the performance of the relevant MOF, and use the findings from 

one section as a starting point of the other until satisfying results are obtained. The 

research starts with a detailed review of the literature in order to choose a class of 

MOFs suitable for the relevant application. The choice was on the Zr-based MOFs, 

UiO-66, given their higher chemical and thermal stability which is needed in the 

chemical reaction of interest. The MOFs chosen were never used for the intended 

application and thus their activity was first to be assessed using synthesis procedures 

similar to those in the literature. The results obtained were then the base to start 

optimizing their structure and tuning their properties to enhance their performance. To 

this end, the overall methodology, as shown in Figure 9, starts with an in-depth 

integrative literature review that feeds into the first stages of each of the three displayed 

research studies. These studies include the main steps followed to achieve the intended 
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objective. That is, the overall methodology includes four steps: (1) Synthesis of the 

catalysts taking into account the literature review and the feedback from our previous 

studies, (2) characterization of the catalysts to obtain a detailed description of their 

properties such as surface area, particle size, pore volume, active sites density, and other 

relevant properties, (3) test the fully characterized MOF catalysts in the esterification 

reaction of butyric acid to obtain butyl butyrate and (4) track the change in conversion 

to butyl butyrate with respect to the change in MOF properties and decide on the next 

optimization step based on the conclusions. These conclusions mainly include the 

effects of each MOF characteristic and other parameters on their catalytic activity. In 

the following subsections, the common experimental procedures are first introduced and 

explained.  

 

Figure 9: General research methodology followed in the experimental work 
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 MAIN MATERIALS ENGINEERING STRATEGIES 

1. Linker Functionalization 

As previously mentioned in the introduction, the functionalization of the linker 

is still rarely explored as a strategy to increase the density of active sites and thus the 

catalytic activities of Zr-MOFs, especially for biofuel production. Furthermore, 

focusing on this strategy first aims at shedding light on the importance of exploring the 

effect of adding a functional group to the MOF structure on the yield to butyl butyrate. 

To this end, three isostructural UiO-66-based MOFs incorporating different organic 

linkers are synthesized using the same procedure, characterized and used as catalysts in 

the esterification reaction of butyric acid in presence of butanol to produce butyl 

butyrate (Figure 10). The effect of the different properties of the synthesized MOFs 

such as the number of defects, surface area, pore size, and their acid active sites on their 

catalytic activity is explored in light of the different functional groups incorporated in 

the structure of the MOFs. Furthermore, the study includes the effects of the reaction 

time, catalyst loading, the recovery, and reusability of the MOFs on the conversion to 

butyl butyrate. Since zeolites such as H-Beta and H-USY have been previously reported 

as potential catalysts for other esterification reactions [122], they were thus used in this 

study to compare their catalytic activity with that of the synthesized MOFs. 
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Figure 10: Schematic representation of the first approach used, linker functionalization, 

to boost the catalytic activity of MOFs using linker functionalization. The scheme 

shows the cluster and the linker used on the left. The represented MOF structure is UiO-

66(COOH)2 for x=y=COOH in the linker shown. The MOF is used as catalyst in the 

esterification reaction of butyric acid in presence of butanol for butyl butyrate 

production. 

 

2. Defects Engineering 

As indicated in the introduction, no reports had researched the effect of linker 

functionalization combined with a systematic study on defects engineering, it thus was 

suggested that the two strategies would be joined in the second investigation to further 

boost the catalytic activity of the MOFs synthesized. This inspired us to perform a 

systematic study in which 15 different UiO-66 and functionalized UiO-66 samples are 

synthesized based on different modulation synthesis conditions. The main objective of 

the work was to engineer the MOFs’ structural defects through modulated synthesis 

combined with organic linker functionalization for enhanced production of butyl 

butyrate (Figure 11). Additionally, the work aims to investigate the relative effect of 

active sites of the linker and the cluster on the MOFs properties, catalytic conversion, 

and reaction mechanism. For this reason, 5 different samples of each of UiO-66, UiO-
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66(COOH)2, and UiO-66(NH2) were synthesized, where each sample differed from the 

other by the concentration or the strength of the acid modulator used. The synthesized 

structures were thoroughly characterized using powder X-ray diffraction (PXRD), 

thermogravimetric analysis (TGA),  N2 sorption-desorption, and scanning electron 

microscopy (SEM). The studied MOFs were then tested as catalysts for the production 

of butyl butyrate, and the catalytic conversion was monitored using Gas 

Chromatography (GC). To rationalize the results obtained following the esterification 

reaction, the effect of the change in the different properties of the MOFs on their 

catalytic activity and the conversion to butyl butyrate was thoroughly discussed, 

including the effect of the number of defects, particle size, surface area, internal mass 

transfer resistance, and many more. 

 

Figure 11: Schematic representation of the second approach used, defect engineering to 

boost the catalytic activity of MOFs using defect engineering (left) coupled with linker 

functionalization (right). The linkers shown in red in the MOF structures to the left are 

the missing linkers that leave behind open active sites on the cluster, which are pointed 

out with red arrows. The arrows with H+ protons in the middle show the increase in the 

acidity of the structure with the incorporation of more acidic linkers as shown to the 

right, and with the increase in the number of defects as shown to the left. 
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3. Mixed-linker approach 

As the full functionalization of the MOFs structure might compromise the 

internal diffusion of reactants and thus the catalytic activity of MOFs, this investigation 

focused on implementing the partial functionalization of the UiO-66 structures using the 

MTV-MOFs approach which is explained in details in the introduction. In this study, 

the linkers of UiO-66 are partially functionalized in a controlled manner through the 

synthesis of MTV-MOFs.  In addition to terephthalic acid, either 1, 2, 4, 5-

benzenetetracarboxylic acid (MTV-UiO-66(COOH)2) or 2,5-Dihydroxyterephthalic 

acid (MTV-UiO-66(OH)2) is added to the reaction mixture. The modulation synthesis 

condition used for all synthesized structures is set to the optimal obtained in our 

previous study to ensure maximized defectiveness and, thus, activity on the Zr-cluster 

[121]. The ratio between the two linkers in each structure is varied to study its effect on 

the structural properties of the MOFs and their catalytic activity. After their synthesis, 

all MOF structures are fully characterized using powder X-ray diffraction (PXRD), N2 

sorption-desorption, thermogravimetric analysis (TGA), proton nuclear magnetic 

resonance (1H-NMR), and scanning electron microscopy (SEM). The synthesized 

MOFs are then tested as catalysts for the esterification reaction of butyric acid in 

presence of butanol for butyl butyrate production (Figure 12). This study will thus 

provide basic knowledge and guidelines for the materials engineering tools required to 

maximize the potential of the emerging MOF catalysts for biofuel additives production 

through esterification reactions. 
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Figure 12: Schematic representation of the third approach used, MTV-MOFs, to boost 

the catalytic activity of MOFs by incorporating two different linkers in the same 

structure. The functionalized linkers with OH or COOH groups are shown in blue in the 

structure in the middle, while non-functionalized linkers are shown in blue. The MOF 

structure to the right highlights the presence of active sites through defects on the 

cluster and functional groups on the linker. These active sites serve in the catalysis of 

the esterification reaction for butyl butyrate production. 

 

 MOFS SYNTHESIS  

The Zr-based MOFs were synthesized using the solvothermal method, which is 

one of the most used for the synthesis of MOFs. In brief, an equimolar ratio of the metal 

salt to be used, which is ZrCl4 in our case, and an organic linker of choice, are dissolved 

in N,N-dimethylformamide (DMF) using a sonicator. Additionally, an organic acid, 

chosen based on the required synthesis procedure and, in some cases, water, are added 

to the mixture. The whole mixture is placed in a sealed bottle that is placed in a 

preheated oven at 120°C for 21 hours. The obtained precipitate is the MOF to be 

collected and washed. The mixture containing mainly the MOF and the solvent is 
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moved to a falcon tube and placed in the centrifuge to collect the MOF. The obtained 

MOF powder is washed with DMF for three consecutive times over three days to 

remove remaining unreacted materials in its porous network. In each wash, the 

MOF/solvent mixture is centrifuged to remove the used solvent, then a new solvent is 

added and the mixture is agitated using the sonicator for around 30 minutes then left to 

settle for at least two hours. The MOF crystals are then washed to remove DMF using a 

low boiling point solvent, which is in our case dichloromethane (DCM). The purpose of 

the second wash is to allow for a solvent exchange inside the porous network of the 

MOFs, where the second solvent is easier to evacuate in the next steps. The same 

washing procedure is used for another three times using DCM. The MOF crystals are 

then dried in a vacuum oven at around 140 °C to remove the solvent and make the pores 

accessible. The following sections summarize the details of synthesis procedures for the 

three materials engineering techniques used. 

 

1. Linker Functionalization: MOFs Synthesis Procedure 

In this study, three MOFs (Figure 13) were synthesized using the solvothermal 

procedure as detailed below. 

UiO-66 was synthesized under conditions similar to those reported in the 

literature with a few modifications [93]. In brief, ZrCl4 (0.795 g, 3.411 mmol) and 

terephthalic acid (0.566 g, 3.411 mmol) were dissolved in 250 mL of DMF by 

sonication at room temperature. 15 mL of acetic acid was added to the obtained mixture 

that was put in a 500 mL autoclavable reagent bottle and placed in a pre-heated oven at 

120°C for 21 hours. 
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Figure 13: Schematic representation of the synthesis of UiO-66, UiO-66(COOH)2  and 

UiO-66(NH2) 

 

 

The obtained white precipitate was collected by centrifugation and washed three 

times with around 50 mL of DMF and then three times with 50 mL of DCM. In the first 

two washes in each solvent, MOFs were allowed to settle for 3 hours, whereas in the 

last wash, MOFs were soaked in the fresh solvent overnight. UiO-66 was then dried in a 

vacuum oven at 140°C overnight. The synthesis of UiO-66(COOH)2 and UiO-66(NH2) 

was done in the same manner but by replacing the terephthalic acid with 1, 2, 4, 5-

benzenetetracarboxylic acid (0.866 g, 3.411 mmol) and 2-aminoterphthalic acid (0.617 

g, 3.411 mmol) as the linker respectively. The details of the synthesis procedure are 

shown in Table 1. 
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Table 1: Details of the synthesis conditions of the MOF catalysts UiO-66, UiO-

66(COOH)2  and UiO-66(NH2) 

Sample 

name 

Molar equivalents (with respect to 3.411 mmol of ZrCl4) 

ZrCl4 DMF 
DI 

water 

Terephthalic 

Acid 

1,2,4,5 

Benzenetetra-

carboxylic 

Acid 

2-Amino 

Terephthalic 

Acid 

Acetic 

Acid 

UiO-66 1 350 4 1 0 0 80 

UiO-

66(COOH)2 
1 350 4 0 1 0 80 

UiO-

66(NH2) 
1 350 4 0 0 1 80 

 

2. Defects Engineering: MOFs Synthesis Procedure 

Fifteen different MOFs based on the three structures in the previous study were 

synthesized using a similar synthesis procedure (Figure 14). 

 

Figure 14: Schematic representation of the synthesis conditions of the 15 tested MOF 

catalysts for the defect engineering study (eq. is mole equivalent with respect to ZrCl4) 
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UiO-66 was synthesized by dissolving 344 mg of ZrCl4 (1.48 mmol) and 245 

mg of terephthalic acid (1.48 mmol) in 40 mL of DMF (516.74 mmol) and 0.1 mL of DI 

water (5.91 mmol). A modulator with the appropriate type and amount was then added 

to the mixture (Table 2), and the mixture was put in a 100 mL sealed vial before being 

placed in a sonicator. After complete homogenization of the mixture components, the 

vial was placed in a preheated oven at 120 ᵒC for 21 hours. The same procedure was 

used to synthesize UiO-66(COOH)2 and UiO-66(NH2) by respectively using 1,2,4,5-

benzenetetracarboxylic acid and 2-aminoterephthalic acid as the organic linker instead 

of the terephthalic acid used in the case of UiO-66. 

After 21 hours, the vial is removed from the oven and is left to cool to room 

temperature. The content of the vial is then moved to a falcon tube and the white 

precipitate, or pale yellow precipitate in case of UiO-66(NH2), is collected by 

centrifugation. The obtained MOF crystals are washed using fresh DMF for three 

consecutive times for three days, followed by washing with DCM for another three 

consecutive times. After completing the last wash, DCM is removed by centrifugation 

and the washed MOF crystals are placed in a vacuum oven at 170ᵒC for thermal 

activation. The characterization of the MOFs was all done after thermal activation. 

For every given linker, the MOF was synthesized without using a modulator, 

using 100 equivalents (5.56 mL) and 200 equivalents (11.13 mL) of formic acid, or 

using 100 (8.43 mL) and 200 equivalents (16.87 mL) of acetic acid. This means that 

every MOF structure was synthesized in 5 different modulation conditions, yielding the 

total of 15 MOFs being studied. Details about the synthesis procedure are given in 

Table 2. The synthesis procedure showing the 15 MOFs used in the study with their 
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names, which will be used throughout the paper for simplicity, and compositions are 

given in Figure 14.  

Table 2: Details of the synthesis conditions of the 15 tested MOF catalysts for the 

defect engineering study 

Sample 

name 

Molar equivalents (with respect to 3.411 ZrCl4) 

ZrCl4 DMF 
DI 

water 

Terephthalic 

Acid 

1,2,4,5 

Benzenetetra-

carboxylic 

Acid 

2-Amino 

Terephthalic 

Acid 

Acetic 

Acid 

Formic 

Acid 

TB 1 350 4 1 0 0 0 0 

T100AA 1 350 4 1 0 0 100 0 

T200AA 1 350 4 1 0 0 200 0 

T100FA 1 350 4 1 0 0 0 100 

T200FA 1 350 4 1 0 0 0 200 

CB 1 350 4 0 1 0 0 0 

C100AA 1 350 4 0 1 0 100 0 

C200AA 1 350 4 0 1 0 200 0 

C100FA 1 350 4 0 1 0 0 100 

C200FA 1 350 4 0 1 0 0 200 

AB 1 350 4 0 0 1 0 0 

A100AA 1 350 4 0 0 1 100 0 

A200AA 1 350 4 0 0 1 200 0 

A100FA 1 350 4 0 0 1 0 100 

A200FA 1 350 4 0 0 1 0 200 

 

3. MTVMOFs: MOFs Synthesis Procedure 

Nine different MOF catalysts incorporating single or mixed linkers were 

synthesized by a solvothermal modulated method using N,N-dimethylformamide as a 

solvent and formic acid as modulator at 120 °C.   The synthesis of the nine MOF 

samples is summarized in Figure 15.  
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Figure 15: Schematic illustration of the synthesis details of the 9 tested MOF catalysts 

for the MTV-MOFs study (1 eq. is one molar equivalent with respect to ZrCl4 in the 

synthesis mixture). 

The single linker MOFs synthesized are UiO-66, UiO-66(COOH)2, and UiO-

66(OH)2. For the synthesis of UiO-66, 344 mg of ZrCL4 (1.48 mmol) were dissolved in 

40 mL of DMF (516.74 mmol) along with 245 mg of terephthalic acid (1.48 mmol). 11 

mL of formic acid were then added to the mixture which was placed in a 100 mL vial, 

and the mixture was agitated in the sonicator for around 10 minutes. The homogenized 

mixture was then placed in a preheated oven at 120 °C for 21 hours. After 21 hours in 

the oven, the vials are removed, allowed to cool to room temperature, and the 

precipitated powder is collected from the synthesis solution by centrifugation. The 

obtained as-synthesized MOF is washed with DMF three consecutive times, allowing it 

to settle for at least 2 hours in between, and it is then similarly washed with DCM. After 

separating MOF from DCM following the last wash, MOFs are moved to a glass vial 

and is placed in a vacuum oven at 170 °C overnight for thermal activation. Full 

characterization of MOF then takes place.  
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 The synthesis of UiO-66(COOH)2 and UiO-66(OH)2 occurred in the same 

manner by replacing the terephthalic acid in the synthesis mixture with 376 mg (1.48 

mmol) of 1, 2, 4, 5-benzenetetracarboxylic acid and 293 mg (1.48 mmol) of 2,5-

dihydroxyterephthalic acid respectively. Six MOFs were synthesized using MTV 

approach, with three catalysts incorporating both terephthalic acid and 1, 2, 4, 5-

benzenetetracarboxylic acid, and the other three incorporating both terephthalic acid and 

2,5-Dihydroxyterephthalic acid. The starting molar ratio of the two linkers was changed 

between 3:1, 1:1, and 1:3 with the total number of mole of both linkers being equivalent 

to 1 with respect to the number of moles of ZrCl4 in the synthesis mixture. More details 

on the synthesis procedures of the MTV-MOFs can be found in the supporting 

information file in Table 3. Figure 15 is an illustration of the MOFs synthesis 

conditions and it displays the corresponding MOF nomenclature that will be adopted 

throughout the paper. 

Table 3: Details on the synthesis conditions of the 9 MOF catalysts synthesized for the 

MTV-MOFs study 

Sample name 

Molar equivalents (with respect to 3.411 mmol of ZrCl4) 

ZrCl4 DMF 
Terephthalic 

Acid 

1,2,4,5 

Benzenetetra-

carboxylic Acid 

2,5-

Dihydroxyt

erephthalic 

acid 

Formic 

Acid 

UiO-66 1 350 1 0 0 200 

UiO-66(3A:1B) 1 350 0.75 0.25 0 200 

UiO-66(1A:1B) 1 350 0.5 0.5 0 200 

UiO-66(1A:3B) 1 350 0.25 0.75 0 200 

UiO-

66(COOH)2 
1 350 0 1 0 200 



53 

 

 

UiO-66(3A:1C) 1 350 0.75 0 0.25 200 

UiO-66(1A:1C) 1 350 0.5 0 0.5 200 

UiO-66(1A:3C) 1 350 0.25 0 0.75 200 

UiO-66(OH)2 1 350 0 0 1 200 

 

 MOFS CHARACTERIZATION 

All MOFs synthesized are fully characterized using specific techniques to allow 

for a detailed description of their structure and properties, and to better assess the reason 

behind their catalytic performance. The characterization techniques used and the 

settings chosen are explained below in detail. 

 

1. Powder X-Ray Diffraction (PXRD) 

Structural characteristics of the synthesized MOFs were determined using PXRD 

diffraction. PXRD is a non-destructive analytical tool used to identify the crystalline 

structure of a sample, which is usually done by comparing the measured diffractogram 

of the tested sample with a simulated pattern from the crystal structure reported in the 

literature. 

Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D8 

advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV, 40 

mA (1600 W) using Cu Kα radiation (k=1.5418 Ȧ). 

 

2. Thermogravimetric Analysis (TGA) 

TGA is used to determine the thermal stability of the MOF. This technique 

records the change of mass of a substance with respect to temperature while being 
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heated using a controlled heating rate, gas atmosphere, and flow rate. 

Thermogravimetric Analysis (TGA) was performed with a Netzsch TG 209 F1 Libra 

apparatus. The analyses were recorded in airflow from 30 to 1000°C at a heating rate of 

3 K. min-1. In addition, TGA was used to determine the number of missing linkers in the 

synthesized MOFs. 

As mentioned in the literature review, the presence of defects on the MOF metal 

cluster due to missing linkers creates active sites that could affect the catalytic activity 

of the MOFs. For this reason, the number of defects per cluster for every MOF structure 

was assessed using the results obtained from TGA. Previous studies have reported the 

calculation of the number of missing linkers per MOF cluster[79], however, the method 

used in this study will be briefly described again for clarification. 

It is assumed in this method that 6(ZrO2) is the only solid product obtained from 

the combustion of the standard and functionalized UiO-66 samples. The combustion of 

the standard UiO-66 samples is given in the following equation: 

𝑍𝑟6𝑂4(𝑂𝐻)4(𝐵𝐷𝐶)6(𝑠) + 45 𝑂2(𝑔) → 6 𝑍𝑟𝑂2(𝑠) + 48 𝐶𝑂2(𝑔) + 12 𝐻2𝑂 (𝑔) 

Theoretically, and taking the standard UiO-66 as an example, the weight-loss 

plateau is the ratio of the molar mass of the hydroxylated UiO-66 to that of the 6 ZrO2. 

Normalizing the TGA curve so that the final weight percent obtained at the end is equal 

to 100%, the theoretical weight-loss could then be calculated given the following 

formula: 

𝑊𝐿𝑃𝑡ℎ =
𝑀𝑊𝑀𝑂𝐹

𝑀𝑊6 𝑍𝑟𝑂2

∗ 𝑊𝐿𝑓𝑖𝑛𝑎𝑙 

Where 
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𝑊𝐿𝑃𝑡ℎ: is the theoretical weight-loss plateau of the studied hydroxylated MOF 

structure (%) 

𝑀𝑊6 𝑍𝑟𝑂2
: is the molecular weight of 6 ZrO2 (g/mol) 

𝑊𝐿𝑓𝑖𝑛𝑎𝑙: is the final value of the weight-loss which is set to be 100% in the 

normalized curve (%) 

However, the experimental weight-loss plateau 𝑊𝐿𝑃𝑒𝑥𝑝 is the horizontal line 

that passes through the intercept between the TGA curve and the vertical line at the 

temperature indicated Tlink. Tlink is the temperature after which the weight-loss is 

attributed to the combustion of the linker. The value for 𝑊𝐿𝑃𝑒𝑥𝑝 is thus obtained 

experimentally from the TGA results. 

The theoretical weight-loss attributed to one linker 𝑊𝐿𝑙𝑖𝑛𝑘 is the difference 

between the theoretical weight-loss plateau and the final weight-loss obtained divided 

by the theoretical number of linkers in the cluster. 𝑊𝐿𝑙𝑖𝑛𝑘is thus calculated given the 

following formula: 

𝑊𝐿𝑙𝑖𝑛𝑘 =
𝑊𝐿𝑃𝑡ℎ − 𝑊𝐿𝑓𝑖𝑛𝑎𝑙

𝑁𝐿𝑡ℎ
 

Where 𝑁𝐿𝑡ℎ is the theoretical number of linkers per hydroxylated Zr6 unit. 

Knowing the theoretical weight-loss attributed to each linker, the actual number 

of linkers 𝑁𝐿𝑒𝑥𝑝 could be expressed as the ratio between the experimental and 

theoretical weight-losses attributed to the linker, which is expressed as follows: 

𝑁𝐿𝑒𝑥𝑝 =
𝑊𝐿𝑃𝑒𝑥𝑝 − 𝑊𝐿𝑓𝑖𝑛𝑎𝑙

𝑊𝐿𝑙𝑖𝑛𝑘
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The number of missing linkers, 𝑁𝐿𝑚𝑖𝑠. is then expressed as the difference 

between the theoretical number of linkers 𝑁𝐿𝑡ℎ, and the experimental number of linkers 

𝑁𝐿𝑒𝑥𝑝. 

𝑁𝐿𝑚𝑖𝑠. = 𝑁𝐿𝑡ℎ − 𝑁𝐿𝑒𝑥𝑝 

 

3. Scanning Electron Microscopy (SEM) 

SEM images were taken to assess the morphology, particle size, and shape of the 

MOFs. SEM was performed using a MIRA3 Tescan electron microscope after the 

samples were coated with a thin layer (20 nm) of Gold.  

 

4. N2 sorption for Brunauer-Emmett-Teller (BET) Calculation 

The surface area of the samples synthesized was determined by an autosorb iQ-

Microscope-XR (Quantachrome Instruments, Boynton Beach, FL, USA) gas analyzer 

using Nitrogen gas. The Brunauer-Emmett-Teller (BET) and Langmuir methods were 

used to determine the surface area with respect to P/P0. The measurement of the surface 

area was done after degassing and thus activation of the samples at 170°C overnight. 

 

 ESTERIFICATION REACTION FOR BUTYL BUTYRATE PRODUCTION 

Prior to their testing, catalysts were put in the vacuum oven overnight at 140°C 

for dehydration. The esterification reaction was carried out in a 50 mL round-bottom 

flask to which 10 mL of butanol, 5 mL of butyric acid. The appropriate catalyst type 

and loading were added to the reaction medium at the beginning of the reaction. In the 

following sections, the catalyst loading unit will be abbreviated as wt% representing the 
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weight percentage of catalyst added with respect to the initial weight of the butyric acid. 

The round bottom flask was connected to a water condenser and heated to 110°C using 

an oil bath placed on a magnetic stirrer/ heater, and the solution was mixed with a 

magnetic bar. These experimental conditions were chosen based on related reports in 

the literature [14]. The reaction was allowed to occur for 24 hours and samples of 60µL 

were collected from the reaction medium at 0, 2, 4, 6, 8, and 24 hours, using an 

electronic pipette. The time t=0 hours was the time at which the temperature of the 

reaction medium reached 110 ᵒC. The samples were added to a 4 mL vial containing 2 

mL of an n-heptane/octanol solution where the concentration of the octanol was known. 

The diluted solution was then placed in a 5 mL syringe fitted with a filter (0.2 µm PTFE 

filter) to remove catalyst particles. The filtered samples were placed in GC vials for 

analysis which was done using gas chromatography (Thermo Scientific, Trace GC 

Ultra, Gas Chromatograph), equipped with an FID detector. The components of the 

samples were separated on a Teknokroma capillary wax column (30 m × 0.32 mm × 

0.25 µm). After the end of the reaction, the catalyst was separated from the reaction 

medium by centrifugation, it was then washed again with DMF and with DCM and 

dried under vacuum at 140°C overnight as described earlier. XRD patterns were 

recorded for the recycled catalysts and compared with fresh ones to ensure their 

crystallinity is retained. Samples were taken normally for the reactions where recycled 

MOFs were used. Every experiment was repeated at least three times to ensure results 

are reproducible. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 THE EFFECT OF THE ORGANIC LINKER FUNCTIONALIZATION 

1. Catalyst characterization 

The PXRD patterns of the synthesized UiO-66, UiO-66(COOH)2, and UiO-

66(NH2) are shown in Figure S1 in the Annex and reveal sharp narrow peaks that are in 

complete accordance with the calculated pattern of UiO-66. This reflects the high 

crystallinity and phase purity of all prepared catalysts. The textural properties of the 

synthesized MOFs were determined by surface area analysis. The N2 isotherms (Figure 

S2) and the obtained results are summarized in Table 4. The calculated BET surface 

areas and pore volume of the three MOFs are in good agreement with the reported 

values in the literature [79, 93, 103, 123]. SEM images of different synthesized MOFs 

are shown in Figure S3 in the Annex and Figure 16. The images show that the samples 

are pure and display homogeneous octahedral shaped crystals, with UiO-66(COOH)2 

having a smaller particle size leading to a less clear shape of the crystal as expected by 

the broader peaks obtained in the PXRD pattern. The average particle size was 

calculated based on SEM images and the values are reported in Table 4. The results 

obtained in this section will be thoroughly discussed in the following sections. 
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Table 4: Textural properties of the synthesized MOFs  

 

Number of 

missing linkers 

(Average ± SD) 

Surface 

area (m2/g) 

Particle size 

(Average ± SD, 

nm) 

Pore volume 

(cc/g) 

UiO-66 1.39 ± 0.05 1052 303 ± 75 0.327 

UiO-66(COOH)2 1.32 ± 0.01 284 28 ± 7 0.115 

UiO-66(NH2) 1.72 ± 0.04 801 93 ± 20 0.25 

 

Figure 16: SEM images of the studied MOFs (a) UiO-66 (b) UiO-66(COOH)2 (c) UiO-

66(NH2) 

 

2. Esterification for butyl butyrate production 

The esterification reaction of butyric acid in presence of butanol for butyl 

butyrate production was allowed to occur in a batch reactor for 24 hours using different 

catalysts loadings. The tested catalysts were all selective and thus no product other than 

butyl butyrate was detected. The MOFs were also all active given the high conversion 

rates to butyl butyrate when they were used as catalysts. The evolution of the 

conversion to butyl butyrate with respect to time was monitored and the results are 

shown in Figure 17. The time t = 0 hour was the time at which the reaction temperature 
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reached 110°C. During the first 8 hours of the reaction, the conversion to butyl butyrate 

was relatively fast and reached almost 65%, 60%, and 45% using 5 wt% loading of 

UiO-66(COOH)2, UiO-66, and UiO-66(NH2) respectively. As the reaction progressed in 

time, the rate of conversion to butyl butyrate decreased regardless of the loading used, 

and the reaction was allowed to continue until it almost reached equilibrium conversion 

after 24 hours. This decrease in conversion rate with time could be due to the fact that 

most of the reactants have been consumed during the first few hours of the experiment, 

leading to lower concentrations of reactants in the reaction medium and thus to slower 

conversion rates. Another possible scenario for the decrease in the reaction rate with 

time is the blockage of catalysts’ active sites by the increasing quantity of reaction 

products, making adsorption sites less accessible for the reactants. Moreover, the trend 

was the same for the lower loadings of 1 wt% and 2 wt% where UiO-66(COOH)2 yields 

the highest conversion followed by UiO-66 and then UiO-66(NH2). These results 

showing the higher catalytic activity of UiO-66(COOH)2 could indicate that the 

dangling carboxylic acid functional groups of this MOF’s linker might have contributed 

to its superior performance. However, further analysis in the following sections was 

done to investigate the actual reason behind this trend. 

The effect of changing the catalyst loading of the three different MOFs between 

1, 2, and 5 wt% of the butyric acid initial weight was also studied and the results are 

shown in Figure 17. For all three MOFs, an increase in the catalyst loading from 1 wt% 

to 5 wt% caused an increase in the conversion to butyl butyrate from 70 to 83%, 75 to 

90%, and 60 to 74% for UiO-66, UiO-66(COOH)2, and UiO-66(NH2) respectively. This 

could be explained by the fact that increasing the catalyst loading will increase the 

number of active acid sites in the reaction medium. This would make access to those 
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sites easier for the reacting components and would thus promote a faster reaction 

between the butyric acid and butanol to form butyl butyrate. Since higher conversion 

was obtained using 5 wt% loading for all studied MOFs, this catalyst loading will be 

used throughout the rest of the study. 

Additionally, the heterogeneous nature of the catalysts and their reusability were 

assessed. First, a heterogeneity test was performed for all the used MOFs. The test 

consists of removing the catalyst from the reaction medium at t = 6 hrs by centrifugation 

and allowing the reaction to proceed with no catalyst under the same reaction 

conditions. Samples were normally taken from the reaction medium before and after 

catalyst removal and the results are depicted in Figure 18. It is clearly shown that no 

significant conversion was obtained after removing the catalyst for all three cases 

reflecting a heterogeneous nature of the catalysts. The slight increase in the conversion 

after the removal of the catalyst could be attributed to the autocatalysis of the reaction 

by the butyric acid as is the case in the blank experiment [14, 52, 53]. Second, in order 

to test the possibility of the regeneration of the catalysts, MOFs crystals were easily 

separated from the reaction medium by centrifugation, washed again as explained 

previously, and reused for three more runs in the esterification reaction that was allowed 

to occur for 24 hours in every run. Although the obtained conversion using the recycled 

MOFs showed that they retained their catalytic activity, however, a slight decrease in 

the conversion could still be noticed. This decrease in conversion from cycle to cycle 

could be due to partial blockage of MOF pores by the esterification reaction products 

(Figure 19).  
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Figure 17: Conversion to butyl butyrate over 24 hours in esterification reaction of 

butyric acid in presence of butanol using different catalysts. (a) UiO-66 (b) UiO-

66(COOH)2 (c) UiO-66(NH2) 



63 

 

 

 

Figure 18: Effect of catalyst removal on the esterification reaction of butyric acid in 

presence of butanol under 5 wt% loading of (a) UiO-66 (b) UiO-66(COOH)2 (c) UiO-

66(NH2) 
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Figure 19: Reusability of synthesized catalysts under 5 wt% loading of the relevant 

catalyst over 4 cycles and after 24 hours of the esterification reaction 

Furthermore, the same reaction was performed under the same experimental 

conditions using different catalysts and no catalyst at all (Figure 20). In the case where 

the reaction was allowed to run without catalyst, the conversion obtained could be 

attributed to the butyric acid that can auto-catalyze the reaction up to a certain level [14, 

52, 53]. Additionally, the reaction was allowed to occur using 5 wt% of the liquid acid 

catalyst H2SO4. As expected, H2SO4 performed considerably better than the MOFs 

especially at the beginning of the reaction, while stabilizing the conversion to butyl 

butyrate at a value of 95%, a value comparable to the 90% obtained using 5 wt% of the 

UiO-66(COOH)2 after 24 hours of reaction. The superior catalytic activity of the strong 

liquid acid catalyst is typical when compared with heterogeneous acid catalysts, 

however, given the negative impact of using liquid acids in the reaction medium, it is 

mostly of interest to compare the performance of the MOFs with other heterogeneous 

acid catalysts used in the same experimental conditions. For this reason, two types of 
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zeolites were tested for the esterification reaction of butyric acid, and results are 

displayed in Figure 20. The zeolite catalysts used were 5 wt% loading of the acidic H-

USY and H-Beta. Interestingly, UiO-66(COOH)2 performed better than the other 

heterogeneous catalysts used. Moreover, H-USY yielded a conversion to butyl butyrate 

similar to that of UiO-66, while the use of H-Beta leads to a result slightly better than 

that obtained when using UiO-66(NH2). Additionally, a recent study reported better 

activity of sulfonated char-based solid acid catalysts with the best catalyst material 

leading to a conversion of 94.5% under the same reaction conditions reported in this 

study [14], but this result was counteracted by the disadvantage of excessive leaching of 

sulfonic acid groups in the reaction and upon recycling, which considerably reduced the 

activity of the catalysts in the second cycle [14]. Another study by the same research 

group reported the use of sulfonated char-based heterogeneous acid catalysts for the 

production of butyl butyrate, the best catalyst used showed less acid leaching in the 

reaction medium and was thus used for several cycles without significant losses in the 

reaction yield [10]. Only a few other studies on this reaction exist, but the results were 

not reported as they were done under different experimental conditions [124, 125]. 
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Figure 20: Evolution of conversion to butyl butyrate over 24 hours in the esterification 

reaction of butyric acid in presence of butanol using 5 wt% loading of different acid 

catalysts 

 

3. Effect of MOFs characteristics on catalytic activity  

Following the previously obtained results, and to test the role of the functional 

groups attached to the linker of the framework in the previously tested MOFs, many 

characterization techniques have been used. The aim was to investigate the parameters 

that mostly governed the conversion rates and to understand where the linker choice 

stands within these parameters when designing a MOF for a given application. In recent 

years, the confusion behind the catalytic activity of UiO-66 was addressed, and it was 

mostly attributed to defects in the framework, or in other words coordination vacancies 

in the cluster as discussed previously [89, 102, 106]. Therefore, it was of significant 

interest to study the effect of those defects on the catalytic activity of each studied Zr-

MOF and to check if there is a direct dependence between the two. For this reason, 

thermogravimetric analysis (TGA) of activated MOFs was used to estimate the number 
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of missing linkers in each studied structure. The method used for the calculation of the 

number of missing linkers was reported in detail in a previous valuable study [79], and 

it is briefly described in the Annex. The TGA curves presented in Figure 21 are 

normalized in order to calculate the number of missing linkers, and the minimum 

weight attained by the sample, WLfinal, is taken to be 100%. WLPth represents the 

theoretical weight-loss plateau, Tlink is the temperature after which the weight-loss is 

attributed to the linker combustion, and WLPexp represents the experimental weight-loss 

plateau. Details about how these plateaus were calculated are represented in the Annex. 

Closely observing the three TGA curves, three weight-loss phases could be 

distinguished in each one of them with the help of the first derivative of TGA curves, 

the DTG curves. The first weight-loss observed is in the range of 35-100ᵒC and it is 

attributed to the volatilization of the adsorbed H2O. This weight-loss is common 

between all three MOFs in terms of the temperature range. The second weight-loss is 

attributed to the dehydroxylation of the Zr cluster and the removal of the 

monocarboxylate ligands [89, 126, 127], and it is accompanied by a peak of the DTG 

curve [79]. The temperature range for this phase is relatively clear in the case of the 

UiO-66 TGA curve and it extends from 100-350ᵒC [79]. As for the functionalized UiO-

66 samples, the determination of the maximum temperature of this phase was harder as 

the peak attributed to it was slightly merged with the one after it [103]. The third phase 

is the destruction of the framework by the combustion of the linker in the structure. This 

phase is expressed by a very clear peak in the case of UiO-66. However, an extra peak 

is observed in this phase in the case of functionalized linkers and it could be attributed 

to the departure of the functional groups from the framework. This makes the 

temperature range for this last phase different for each MOF. For UiO-66, the weight-
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loss attributed to the linker is the one that occurs above the temperature Tlink, of 390ᵒ C, 

where the peak before the combustion of the linker ends. Whereas for the functionalized 

linkers, the weight-loss attributed to the linker should include the temperature range of 

the combustion of the functional groups. Therefore, considering the DTG curves in 

Figure 21, Tlink in UiO-66(COOH)2 and UiO-66(NH2) was approximately taken to be 

300ᵒC and 305ᵒC respectively [128, 129].  

Many of the recent studies on defective MOFs have used TGA as a useful tool to 

account for defects in the structure quantitatively [79, 128]. The basic theory behind this 

was the knowledge that the weight-loss plateau attributed to the combustion of the 

linker is inversely proportional to the number of missing linkers in the structure [111, 

130]. In other words, the more missing linkers in the framework, the less the percentage 

of the linker mass relative to the total mass of the framework, and the smaller the 

relevant weight-loss plateau. It should be noted here that both types of defects, missing-

linker and missing-cluster, cause linker deficiencies in the framework, which means that 

defects are accounted for in both cases [79, 106]. However, it is not possible to 

distinguish between the two types of defects using only TGA [79], but this is not 

required for this discussion.  

Figure 21 shows the results of the TGA analysis. The gap between WLPth and 

WLfinal and that between WLPexp and WLfinal indicate respectively the theoretical 

and experimental weight-losses attributed to the combustion of the linker. It could be 

clearly seen that for all samples, the experimentally measured weight-loss is lower than 

the theoretical one for the three different linkers. This means that all of the studied 

frameworks are linker deficient and that these defective sites could have had an 

important role in the high conversion rates of the catalysts. This is particularly true since 
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the Lewis acid sites created by the defects on the cluster could have been modified into 

Brønsted acid sites by the adsorption of the alcohol, butanol in this case, or water 

molecules produced as explained in the introduction [100]. Additionally, in previous 

studies, it had been shown that defect-free structures have significantly lower catalytic 

activity than defective ones, especially in the case of chemical reactions activated by 

acid sites [79, 102]. This indicates that for a given linker and thus for a given MOF 

structure, the catalytic activity was shown to have a direct relationship with the number 

of defects [79]. However, in our systems, we can clearly see that the number of defects 

was not the main parameter governing the conversion rate and catalytic activity. As 

shown in Table 5, UiO-66 had almost 1.39 missing linkers out of 6, this value is 

slightly higher than values noted in other reports with similar modulation synthesis 

procedure [79]. Although the same amount of modulators was used in the synthesis 

procedure, functionalized UiO-66 had a different number of missing linkers per cluster. 

UiO-66(NH2) showed 1.72 missing linkers per cluster, while UiO-66(COOH)2 had 1.32.  

To explain the obtained results, the catalytic reaction steps should be taken into 

account, mainly the internal and external diffusion, and the adsorption of reactants onto 

active sites. In a liquid-phase esterification reaction, the acid would usually adsorb onto 

the active sites of the surface of a solid catalyst, then react with the alcohol to yield the 

relevant ester [131, 132]. In order for this process to occur efficiently, the reactants must 

first diffuse through the liquid film of the reaction solution surrounding the catalyst 

particles to reach the catalyst external solid surface [133]. When the external mass 

transfer resistance is high, the reaction rate might be decreased [133]. To make sure this 

was not the case in our reaction, three different stirring speeds were tested (200, 500, 

and 800 RPM) and 500 RPM was found to be adequate to overcome the external mass 
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transfer resistance (Figure S5). As can be seen in Figure S5, the conversion to butyl 

butyrate for the stirring speeds of 500 and 800 RPM is almost identical while the 

conversion with a lower stirring speed of 200 RPM is significantly lower. These results 

demonstrate that a stirring speed of 500 RPM was enough to eliminate external mass 

transfer resistance and to allow the reactants to reach the external surface of the solid 

catalyst.  

Although the reaction does not show external mass transfer resistance, the 

obtained results might indicate that the internal active sites within the porous network of 

the MOFs were not equally accessible as the external ones for the proper adsorption of 

butyric acid. In fact, the pore openings of UiO-66 are expected to allow for proper 

diffusion of the butyric acid in the framework’s cavities as explained in previous reports 

[52, 134], this is not necessarily the case for the functionalized frameworks, and this 

drop in conversion when substituting UiO-66 with UiO-66(NH2) could be due to the 

inaccessibility of the internal active sites. Moreover, despite UiO-66(NH2) had the 

highest number of defects, it showed lower catalytic activities than both counterparts.  

In a previous study on the relative catalytic activity of UiO-66 and UiO-66(NH2) 

with linker deficiencies of 13.2% and 8% respectively [52], slightly better performance 

of the amino-functionalized catalyst was observed. The reason behind this higher 

activity of UiO-66(NH2) samples was attributed to a dual basic-acidic activation 

mechanism. In such a mechanism, the carboxylic acid would adsorb to the acid active 

sites of the MOF cluster, while the basicity of the amino groups favors the increase in 

the nucleophilic character of the oxygen atom in the alcohol by hydrogen bonding, 

which promotes its condensation with the carboxylic acid [52, 53]. However, it is worth 

noting here that the amino group in the UiO-66(NH2) have been proved incapable of 
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catalyzing the esterification reaction by alcohol activation due to its low level of 

basicity [52]. Despite the previously suggested mechanism, and based on the reported 

dependency between the pseudo-order kinetic rate constant and the linker deficiency, it 

was predicted that after a certain number of missing linkers, the density of Lewis acid 

sites caused by the defects will increase to a point where the dual activation mechanism 

will no longer have a significant effect, and the catalytic activity of UiO-66 will 

overcome that of UiO-66(NH2) [52]. In our study, this result was confirmed given that 

deficiencies reached higher levels of around 23.2% and 28.7% for UiO-66 and UiO-

66(NH2) respectively. It would be expected that with an increase in the number of 

Lewis acid sites, the adsorption of the carboxylic acid could become harder in the case 

of UiO-66(NH2) because of a crowding effect caused by the amino groups which make 

the active sites partially inaccessible [52].  

As for the UiO-66(COOH)2, the calculated missing linker ratio was 1.32 missing 

linkers out of 6. This value is comparable to that of UiO-66 but below that for UiO-

66(NH2). Despite the bulky structure of the UiO-66(COOH)2 with two dangling 

carboxylic acid functional groups, which might also block the way to active sites inside 

the pores, this MOF showed the highest catalytic activity among the other two. This 

interesting result shows that unlike the trend in recent reports in the literature [79, 89, 

104, 108], the catalytic activity of the MOFs was not directly dependent on the number 

of defects when different organic linkers were used. This had shifted our attention to 

other characteristics that might have had a higher influence on the relative catalytic 

activities of the studied MOFs. 
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Figure 21: TGA and DTG curves of the studied MOFs structure. Black solid line, left 

axis – TGA curve, Blue solid line, right axis – DTG curve. (a) UiO-66 (b) UiO-

66(COOH)2 (c) UiO-66(NH2). (- -) Lower black horizontal line represents the lower end 

of the theoretical TGA weight-loss plateau, WLfinal (- -) upper blue horizontal line 

represents the upper end of the theoretical TGA weight-loss plateau, WLPth (- -) middle 

pink horizontal line represents the upper end of the experimental TGA weight-loss 

plateau, WLPth (¦) vertical line represents the temperature of the combustion of the 

linker, Tlink 
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Other important factors to consider for the explanation of the obtained results are 

the surface area and the particle size of the catalysts. When looking at surface area 

values depicted in Table 5, the first thing to notice is that although UiO-66(COOH)2 has 

the lowest surface area, when compared to UiO-66 and UiO-66(NH2), it still exhibited 

superior catalytic performance compared with the aforementioned two MOFs, which 

means that the catalytic activity was not a function of surface area for MOFs with 

different organic linkers. Theoretically, the higher the surface area of a catalyst, the 

closer its performance is to that of homogeneous catalysts, and thus the higher its 

efficiency is for a given number of active sites per g of catalyst. This should be correct 

in case the same catalyst with the same density of active sites and with the same particle 

size is being tested. However, the MOFs used in this study present different functional 

groups attached to their ligands along with different particle size, and this could explain 

the obtained results to some extent.  

Regarding the effect of the particle size, the SEM images of the three MOFs 

(Figure 16 and Figure S3) clearly reveal the octahedral shaped crystals for both the 

UiO-66 and UiO-66(NH2). However, this shape was not clear for UiO-66(COOH)2 

because of their significantly smaller particle size, which was confirmed by the broader 

peaks obtained in their PXRD (Figure S1). This result comes in accordance with the 

higher activity of UiO-66(COOH)2 since the smaller the particle size, the higher the 

fraction of the external surface area of the catalyst, which thus increases the number of 

active sites readily accessible for the activation of the butyric acid reducing the negative 

impact of internal diffusion resistance [52, 134] and thus allowing for better mass 

transfer [52, 134]. Furthermore, having a catalyst with lower surface area, lower pore 

volume, and smaller particle size but with higher catalytic activity, such as the case of 
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UiO-66(COOH)2, suggests that the reaction could be mostly taking place at the outer 

surface of the catalyst and not inside the porous network. This is especially true for the 

functionalized structures, UiO-66(COOH)2 and UiO-66(NH2) that offer lower pore 

volumes and bulkier functional groups that could be increasing internal mass transfer 

resistance by blocking the way to the porous network as explained previously.  

 The higher activity of UiO-66(COOH)2, when compared to UiO-66, could be 

explained by the fact that even in the absence of linker deficiencies, the UiO-

66(COOH)2 catalyst offers two uncoordinated active acid sites per linker [103]. With 12 

linkers being connected to the Zr cluster, this makes UiO-66(COOH)2 catalyst abundant 

in active acid sites even in the absence of missing linkers and cluster-coordination 

vacancies. This is an advantage that UiO-66(COOH)2 has got over UiO-66 that does not 

offer uncoordinated active sites in its defect-free form [102, 108]. This means that the 

activity of UiO-66 is highly dependent on the structural defects [79, 104]. As for UiO-

66(NH2), the amino groups seem to be promoting internal mass transfer resistance by 

blocking the way to the internal acid sites without being active themselves, which 

hinders the esterification by decreasing the rate of activation of butyric acid.  

It is worth noting here that synthesizing UiO-66 samples with a smaller 

modulator concentration would decrease the particle size of the sample, which has a 

positive impact on the diffusion, but it would also decrease its defect density [79, 89, 

106]. Furthermore, studies have shown that UiO-66 samples with a lower number of 

structural defects show lower catalytic activity even for significantly smaller particle 

sizes [52, 89]. Additionally, the use of MOFs with dangling acid sites, such as the case 

is with UiO-66(COOH)2, but with lower steric bulk could increase the surface area and 

the accessibility of active sites in the porous framework, which could have a positive 
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impact on its catalytic activity. A good example could be the use of UiO-66(COOH) or 

UiO-66(OH) [135, 136]. 

 

4. Conclusions 

In this research work, the activity of a new class of heterogeneous, chemically 

and thermally stable catalysts was investigated. Zr-based MOFs, UiO-66, UiO-

66(COOH)2, and UiO-66(NH2), were shown to be active, selective, and reusable as 

catalysts of the esterification reaction of butyric acid to produce a gasoline and Diesel 

emerging bio-alternative/additive, butyl butyrate. For all catalysts used, an increase in 

the catalyst loading leads to a better Butyl Butyrate yield. A 5 wt% loading of UiO-

66(COOH)2 leads to 90% conversion to butyl butyrate, a value close to the conversion 

reached using the conventional homogeneous acid catalyst H2SO4 (95 %). Additionally, 

all catalysts were easily separable from the reaction medium and they were recovered 

and successfully used for other esterification reactions over three recovery cycles 

without a significant loss in the catalytic activity. The abundance and accessibility of 

active sites in the catalysts were critically related to the organic ligand used in the 

structure of the framework. Catalysts with uncoordinated active acid sites showed better 

catalytic activity even for lower surface area and defect number. Additionally, although 

external mass transfer resistance was shown to be overcome by efficient mixing of the 

reaction solution, internal mass transfer limitations in the functionalized UiO-66 

samples seemed to block the way to internal active sites inside the porous network of 

those structures. However, the smaller particle size of UiO-66(COOH)2 helped boost the 

conversion by increasing the external surface of the catalyst with readily accessible 

active sites. Finally, we believe that further optimization of MOFs structures by the 
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selective choice of the organic linker to increase the surface area and pore size, decrease 

the particle size, and generate more defects on the cluster could be a very interesting 

approach to develop the next generation of industrial catalysts for biofuels production. 

 

 THE EFFECT OF DEFECTS ENGINEERING 

1. Structural Characterization 

The PXRD patterns of all 15 MOFs synthesized were recorded and the results 

are shown in Figure 22. As can be seen, Figure 22 reveals well defined narrow peaks 

that are in excellent agreement with patterns reported in the literature, except for the one 

obtained for the UiO-66(COOH)2 synthesized without a modulator (CB) sample. In fact, 

the CB sample seems to have yielded an amorphous product. The obtained product 

could be a type of amorphous MOFs, indicated aMOFs, which are known for their 

short-range periodic repetition of their building blocks[137]. This results in having 

broad humps rather than narrow peaks in the PXRD pattern of aMOFs.[138]. However, 

having amorphous MOFs cannot be confirmed from the PXRD pattern, but the results 

obtained in other characterization techniques for the CB sample will be reported for 

further investigation. Additionally, the peaks obtained for all UiO-66(COOH)2 samples, 

shown in Figure 22, seem to be broader with lower relative intensities, which reveal a 

smaller crystal size of the relevant samples as will be further confirmed in the following 

section when discussing SEM results. 
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Figure 22: PXRD patterns of the fresh activated 15 MOFs catalysts synthesized 
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In order to analyze the effect of changing the modulation synthesis conditions 

and the linker type on the morphology and crystal size of the samples, SEM images for 

the 15 MOFs samples synthesized were taken and the obtained images are shown in 

Figure 23 and Figure S6. A qualitative assessment of the obtained images reveals a 

clear trend for both UiO-66 and UiO-66(NH2) in terms of both morphology and crystal 

size. Quantitative data on the crystal size of the different samples are given in Table 5.  

The synthesis of both MOFs without the use of a modulator resulted in the 

formation of very small inter-grown cubes (ca. 108 nm for TB and 205 nm for 

AB)[139] while adding a modulator in the synthesis mixtures yielded much larger well-

defined octahedrals [79]. The crystals obtained when FA was used instead of AA have 

smaller sizes, while the increase in the modulator concentration lead to an increase in 

the crystal size whether FA or AA was used. Additionally, increasing the modulator 

concentration to 200 equivalents resulted in more heterogeneous and poly-dispersed 

octahedral crystal sizes as shown from the standard deviation reported in Table 5. This 

trend is previously reported for UiO-66 samples in recent studies [79], and although the 

functionalized structures have been reported to have defects in previous studies [140] 

[141] but we report for the first time this trend for the functionalized structures in this 

systematic manner.  

The reason behind the increase in the crystal size of the MOF with the addition 

of the modulator could be attributed to the “competition” between the modulator and the 

organic ligand to bind to the SBUs, which slows down nucleation while promoting the 

growth of the crystal [79, 139]. However, the crystals obtained for the UiO-66(COOH)2 

samples reveal much smaller crystals that seem to remain as inter-grown cubes for all 

modulation synthesis conditions, while their particle size trend follows the ones noted 
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for UiO-66 and UiO-66(NH2). This could be attributed to the relatively higher acidity of 

the linker used for the UiO-66(COOH)2 synthesis, which boosts its competitiveness 

with respect to modulators in the synthesis mixture thus allowing for faster nucleation 

[108]. Since their small particles made it hard to estimate their particle size using SEM, 

the Scherrer equation was used to calculate an estimate of the average particle size of 

C1AA, C2AA, C1FA, and C2FA [142]. Other MOFs’ particle sizes were also 

calculated using the Scherrer equation to allow for a better comparison of the results. As 

for the CB sample, the determination of the particle size was not possible from the 

Scherrer equation since its PXRD pattern reveals an amorphous material. Additionally, 

its SEM shows big aggregations rather than separate particles which made it impossible 

to estimate a particle size from SEM, and so the particle size for CB was not reported, 

but it is expected to be smaller than its counterparts of the UiO-66(COOH)2 samples. 
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Figure 23: SEM images at a 1 μm scale for all the fresh activated 15 MOFs catalysts 

synthesized 

 



81 

 

 

The nitrogen sorption isotherms of all 15 samples were performed at 77K and 

are shown in Figure 24. The first thing to notice in the isotherms is that all of them 

exhibit type I isotherms which is consistent with the microporous nature of the MOFs. 

In addition, for any linker used, the nitrogen uptake varies significantly when changing 

the modulator and its concentration during the MOF synthesis. For all the MOFs being 

tested, the nitrogen uptake increased when the modulator concentration was increased. 

Moreover, the nitrogen uptake was higher when the FA was used instead of AA for a 

given modulator concentration. This observation had been made before for UiO-66 

where the nitrogen uptake was reported to increase with the concentration and strength 

of acid being used as a modulator[79]. With this trend being also valid for 

functionalized UiO-66 samples, the use of modulators in the synthesis mixture of these 

samples shows the extent to which the porosity of these samples could be tuned with the 

systematic manipulation of the concentration and type of the modulator. This is 

especially true when observing the significantly lower nitrogen uptake and porosity of 

samples synthesized without the use of a modulator (TB and AB in Figure 24). 

However, the CB sample exhibits negligible porosities relative to its counterparts, 

which further demonstrates its amorphous nature [137, 138]. 

The Brunauer–Emmett–Teller (BET) surface areas and the pore volumes of the 

samples were quantitatively extracted from the nitrogen isotherms and the results are 

given in Table 5. It could be easily noticed how the introduction of modulators have 

significantly increased the BET surface areas from 1049 m2/g for TB to 1813 m2/g for 

T2FA, which is one of the highest surface areas obtained for a UiO-66 sample, and from 

51 m2/g for CB to 522 m2/g for C2FA, and from 1016 m2/g for AB to 1723 m2/g for 

A2FA. Additionally, the pore volumes calculated from the N2 sorption-desorption 
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isotherms show the same trend. However, it could be noticed that the surface area for 

the MOFs synthesized with 200 equivalents of AA (pKa=4.76) for all three functional 

groups (T2AA, C2AA, and A2AA) are lower than those synthesized with only 100 

equivalents of FA of pKa=3.77 (T1FA, C1FA, and A1FA) as elaborated in Figure 24. 

This stresses on the importance of the pKa of the modulators used relative to their 

concentration, as using half the quantity of FA relative to AA yielded comparable 

effects on the surface area[79]. Moreover, the surface area reached using 200 

equivalents of FA in T2FA is similar to that obtained using only 40 equivalents of 

trifluoroacetic acid (TFA) of pKa of 0.23 as reported in a previous study [79]. This 

confirms that the lower the pKa of the modulator used, the less the amount required to 

increase its porosity and surface area to a given level. 

Another important result here is the change in the surface area of the 

functionalized UiO-66 samples after the introduction of the active sites onto their 

organic linkers. Figure 25 shows the relatively lower surface area of UiO-66(NH2) 

when compared to UiO-66 for all the modulation conditions used. Additionally, UiO-

66(COOH)2 is characterized by significantly lower surface areas and pore sizes 

compared to the other two counterparts. This shows that part of the porous network of 

the UiO-66 samples is blocked by the bulky functional groups that are covalently bound 

to the linker, which causes this noticeable decrease in the surface area. 
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Figure 24: Nitrogen adsorption-desorption isotherms recorded at 77K for all 15 MOFs 

catalysts synthesized,• Adsorption ᵒ Desorption. 
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Table 5: Quantitative results of the characterization and testing of the 15 MOFs 

catalysts synthesized. Particle size a is estimated using SEM and Particle size b is 

calculated using the Scherrer equation. 

MOF 

BET 

surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Defects  

number 

Particle 

size a (nm) 

Particle 

size b 

(nm) 

Conversion to 

butyl butyrate 

TB 1049 0.348 1.36 108 ± 19 87 57.2 

T1AA 1490 0.515 1.50 273 ± 53 224 70.4 

T2AA 1593 0.548 1.53 623 ± 206 410 78.1 

T1FA 1695 0.645 1.72 143 ± 23 125 83.6 

T2FA 1813 0.728 1.86 477 ± 151 331 89.1 

CB 51 0.014 0.88 - - 63.3 

C1AA 268 0.047 1.38 - 9 77.4 

C2AA 376 0.052 1.44 - 24 81.5 

C1FA 517 0.105 1.9 - 7 88.2 

C2FA 522 0.121 1.93 - 17 91.5 

AB 1016 0.301 1.50 55 ± 7 48 64.2 

A1AA 1294 0.453 1.67 318 ± 38 285 69.6 

A2AA 1434 0.468 1.73 340 ± 47 311 77.2 

A1FA 1570 0.591 1.87 54 ± 8 51 80.3 

A2FA 1723 0.634 2.02 202 ± 37 172 84.7 
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Figure 25: The change in the surface area of the 15 MOFs catalysts synthesized with 

the modulation conditions used during synthesis 

In order to study the thermal stability of the MOFs and to determine the number 

of missing linkers in the defected MOF structures, TGA analysis on the MOF samples 

was performed and the results are shown in Figure 26. The obtained TGA curves 

display the change of the mass of the 15 samples with temperature starting from 30ᵒC 

and up to 1000ᵒC. The TGA curves are normalized so that the final weight-loss is set to 

be 100%, which is represented by the horizontal black pointed curve, WLfinal. Moreover, 

WLPth is the high end of the theoretical weight-loss expected from each structure as 

calculated in the Annex and based on previous reports[79]. The lower end of this 

weight-loss is the black horizontal pointed line indicated as WLfinal. The dashed colored 

curves represent the DTG curves (right axis), or the first derivatives of the TGA curves, 

which are very helpful in determining the phases where major weight-losses have 

occurred.  
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Throughout the temperature range of the analysis, there are three main weight-

losses that could be observed regardless of the structure of the MOF or the modulation 

synthesis conditions. The first weight-loss occurs between 35ᵒC and 100ᵒC, where the 

water adsorbed onto the structure of the MOF is volatilized. The second weight-loss is 

usually attributed to the removal of the monocarboxylate ligands, or to what is known as 

the dehydroxylation of the zirconium clusters, and it extends from 100ᵒC till Tlink 

indicated in Figure 26. Tlink is the temperature after which the weight-loss is attributed 

to the combustion of the linker [89, 126, 127]. The third major weight-loss in the TGA 

curve is thus attributed to the destruction of the framework by the combustion of the 

organic linker. This weight-loss is expressed by a clear sharp peak in the case of UiO-

66, but with an extra merged peak in the case of functionalized frameworks. This 

merged peak was attributed to the combustion of the functional groups being covalently 

bound to the organic linker of the framework. The temperature after which the weight-

loss in the framework is attributed to the combustion of the linker, Tlink, is approximated 

as the temperature reached at the end of the DTG peak attributed to the combustion of 

the linker [79]. Tlink is taken to be 390ᵒC, 300ᵒC, and 305ᵒC for UiO-66, UiO-

66(COOH)2, and UiO-66(NH2) respectively. [128, 129, 143] It should be noted here 

that the TGA curve for the CB sample follows the same trend of other UiO-66(COOH)2 

samples, which is that of the combustion of a framework composed of the same 

cluster/linker combination, suggesting that it is an amorphous MOF [137]. 

Almost all of the studies that have focused on the presence of defects in the 

MOFs’ structures have used TGA to quantitatively account for these defects [79, 128]. 

The theory behind this is as follows; if the theoretical weight-loss plateau attributed to 

the linker based on the molecular weight of the structure is higher than the experimental 
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one calculated based on TGA, then this difference in weight-loss is attributed to missing 

linkers in the framework that could quantitatively describe the number of defects in the 

structure[79]. The higher end of the experimental weight-loss plateau attributed to the 

linker combustion for each MOF is the horizontal line passing through the intersection 

between the TGA curve and the vertical line Tlink, but these lines are not represented in 

Figure 26 to keep it clear. 

Observing the TGA curves of all 15 MOFs, It is noticed that the experimental 

weight-loss attributed to the linker combustion is clearly lower than the theoretical one. 

This means that all of the 15 structures are linker-deficient and have structural defects. 

However, the interesting trend is that the weight-loss due to the linker combustion is 

lower when the concentration of the same modulator is increased. Furthermore, this 

same weight-loss is lower when 100 equivalents of FA are used in the synthesis instead 

of 200 equivalents of AA. The structures are thus more defective when using FA even 

for lower concentrations as reported in previous studies for UiO-66 [79].  

Following a method provided in the literature[79], the number of missing linkers 

for each of the 15 studied MOFs had been calculated, and the results are given in Table 

5. It could be clearly seen that the number of linker deficiency significantly increases 

from 1.36 in TB to 1.86 in T2FA, and from 0.88 in CB to 1.93 in C2FA, and from 1.50 

in AB to 2.02 in A2FA for UiO-66, UiO-66(COOH)2, and UiO-66(NH2) respectively. 

This trend of the increasing number of missing linkers with the increase in modulator 

concentration/acidity comes in line with reports on the competitive role of the 

modulator which acts as a reacting agent and replaces the linker in the MOF structure 

[106, 144].  
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Figure 26: TGA and DTG curves of the 15 studied MOFs catalysts. solid lines, left axis 

– TGA curve, Dashed lines, right axis – DTG curve. (a) UiO-66 (b) UiO-66(COOH)2 

(c) UiO-66(NH2). (…) Lower black pointed horizontal line represents the lower end of 

the theoretical TGA weight-loss plateau, WLfinal (…) upper violet pointed horizontal 

line represents the upper end of the theoretical TGA weight-loss plateau, WLPth (⁝) 

vertical pointed red line represents the temperature of the combustion of the linker, Tlink 
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2. MOFs testing in esterification reaction for butyl butyrate production 

 Conversion to butyl butyrate 

Following their synthesis and full characterization, all MOFs had been used as 

heterogeneous catalysts in the liquid phase esterification reaction of butyric acid in 

presence of butanol for butyl butyrate production. The reaction was allowed to occur for 

24 hours using 2 wt% of MOF catalysts, while one reaction was performed using the 

same loading of the homogeneous H2SO4 acid catalyst. Samples were regularly taken 

from the reaction medium and analyzed using GC. The results showing the evolution of 

the conversion to butyl butyrate over time are given in Figure 27, while Figure 28 

compares the conversion obtained after 24 hours of reaction using all different 15 MOF 

samples. It should first be noted that the reaction of butyric acid and butanol yielded 

only butyl butyrate and water at the end of the 24 hours, and thus the selectivity to butyl 

butyrate was 100%.  

Figure 27 indicates a clearly noticeable trend in the conversion to butyl butyrate 

using all three different linkers in MOFs. The lowest conversion is obtained using the 

catalysts synthesized without the use of a modulator (TB, CB, and AB), then the 

conversion increases using the catalysts synthesized in the presence of 100 equivalents 

of AA (T1AA, C1AA, A1AA), 200 equivalents of AA (T2AA, C2AA, A2AA), 100 

equivalents of FA (T1FA, C1FA, A1FA), and 200 equivalents of FA respectively 

(T2FA, C2FA, A2FA). Moreover, the simple manipulation of adding 200 equivalents of 

FA into the synthesis mixture of the used MOF leads to an increase in conversion of 

about 32%, 28%, and 20% for UiO-66, UiO-66(COOH)2 and UiO-66(NH2) respectively 

after 24 hours of reaction (Figure 27). Furthermore, the conversion obtained using 2 

wt% loading of the MOFs synthesized using 200 equivalents of FA is considerably 
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higher than that obtained using 5 wt% loading (250 mg) of the same MOFs using only 

80 equivalents of AA, as reported in our previous study using the same reaction 

conditions[143]. This demonstrates how by only optimizing the synthesis conditions of 

the same MOF structure, the catalytic activity could be significantly enhanced, and thus 

less MOFs' loading would be needed to obtain higher conversions for the same reaction 

conditions. This trend of increased catalytic activity for higher modulator concentration 

and lower modulator pH is becoming more and more famous for the standard UiO-66, 

but it is reported for the first time in this study for the functionalized structures that have 

been noted for their defects in previous studies [140] [141].  

As expected, H2SO4 still performed better especially at the beginning of the 

reaction. This suggests that the reaction is not limiting the conversion and that the mass 

transfer limitations could be affecting the performance of MOFs as will be explained 

further later on. Furthermore, at the end of the reaction after 24 hours, a similar 

conversion to butyl butyrate of 95% and 91% was achieved using H2SO4 and C2FA 

respectively. 
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Figure 27: The evolution of conversion to butyl butyrate under 2 wt% of each MOF 

catalyst 
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Figure 28: Conversion to butyl butyrate obtained after 24 hours of reaction under 2 

wt% of the 15MOFs catalysts 

In order to make sure that the stirring speed used of 500 RPM was enough to 

overcome external mass transfer limitations, T2FA, C2FA, and A2FA were used as 

catalysts in the esterification reaction at different stirring speeds of 200 RPM and 800 

RPM. The results obtained were compared in Figure S10 that shows no noticeable 

increase in the conversion obtained at a stirring speed higher than 500 RPM. In fact, the 

conversion seems to be lower at 200 RPM for all three MOFs, which reveals an external 

mass transfer limitation at this stirring speed. However, as the stirring speed increases to 

500 RPM, the effect of the external mass transfer starts to fade away as the conversion 

does not continue to increase at a stirring speed of 800 RPM. This suggests that a 

stirring speed of 500 RPM is sufficient for this application to overcome external 

diffusion limitations. 

Following their testing in the esterification reaction, the 15 MOF catalysts were 

washed with DMF and DCM as detailed in the Annex, and their PXRD patterns were 
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recorded. The results shown in Figure S7 show that the PXRD patterns of synthesized 

samples remain the same after their use as catalysts, which reveals their stability in the 

application they are used for. Additionally, to ensure that MOFs catalytic activity and 

stability are retained over several usages, T2FA, C2FA, and A2FA were recycled and 

reused in the esterification reaction for 4 consecutive cycles. The conversion to butyl 

butyrate obtained in each of the 4 cycles is indicated in Figure 29. As can be seen, only 

negligible changes in the conversion to butyl butyrate could be noticed which shows 

that the synthesized MOFs retain their catalytic activity. Furthermore, the PXRD 

patterns and SEM images of the recycled MOFs after their use in 4 consecutive 

reactions are shown in Figure S8 and Figure S9. The sharp narrow peaks obtained in 

the PXRD patterns in Figure S8 along with the SEM images in Figure S9 show the 

retained morphology of the recycled MOFs and thus reveal their stability in the relevant 

application of this study. 

 

Figure 29: Conversion to butyl butyrate obtained using T2FA, C2FA, and A2FA 

recycled over 4 consecutive esterification reactions 
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 The effect of linker deficiency, surface area, and particle size on conversion 

Many parameters of the MOF structure change when the modulator used and its 

concentration change, which is clearly reported in the results of the previously discussed 

MOFs characterization (Table 5). Thus, the effect of the change of the modulation 

synthesis conditions on the conversion to butyl butyrate should be discussed in light of 

the subsequent change in MOFs’ characteristics and their effect on the reaction 

mechanism. To this end, the change in the main parameters that could have had an 

effect on the catalytic activity of the MOFs, are compared to the subsequent change in 

the conversion to butyl butyrate in Figure 30 to Figure 32, to evaluate the correlation 

between the obtained conversions and the structural properties.  

Figure 30 shows the change in conversion to butyl butyrate compared to the 

change in the number of missing linkers in the MOF catalysts. The reason behind the 

interest in defects density in the framework is that the non-functionalized and defect-

free UiO-66 has theoretically no open active sites, and UiO-66 samples synthesized 

with very low defects number exhibits small catalytic activity[102]. When successfully 

used for catalytic purposes, its catalytic activity was thus attributed to the effect of 

missing-linker or missing-cluster defects, which both yield a linker-deficient 

framework, that could unintentionally occur during synthesis[108]. Moreover, having a 

defective UiO-66 cluster means that a number of the BDC linkers are removed from the 

[Zr6O4(OH)4]
12+ cluster, leaving behind open Lewis acid sites on two adjacent Zr atoms 

for every missing linker[20]. One of the ways this charge imbalance could be 

compensated, in presence of water, is by the coordination of a hydroxyl group to the Zr 

cluster [52, 107]. The activity of the three MOFs in the esterification reaction suggests 

that the active Lewis sites could have been converted into Brønsted acid sites, which is 
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possible through reaction with water [20, 107]. This means that an increase in the 

number of defective sites offers additional catalytic centers [102, 106, 108], which 

comes in accordance with the results obtained in Figure 28. Additionally, Figure 30 

and Figure 28 show that the conversion changes in the same fashion for all three 

organic linkers used as it increases when the number of missing linkers increases.  

Furthermore, regardless of the functional group attached to the linker, all three 

MOF structures have the same Zr-cluster, and having a higher number of missing 

linkers will lead to more open active sites on the SBU[20]. The obtained results show a 

consistent correlation between the catalytic activity of the MOF catalyst and the number 

of defects per cluster in this MOF structure. This had set the foundation to propose a 

mechanism in which the presence and increase in the number of these defects plays a 

predominant role as catalytic centers for reactants’ adsorption and activation in MOFs 

with different functional groups on their organic ligands. In a recent study[105], a 

detailed reaction mechanism was proposed based on this principle for a hydrated UiO-

66 cluster, where two water molecules would compensate for a missing linker. One of 

these two water molecules was suggested to be chemisorbed to form a Zr-OH group 

with hydrogen on the μ3-oxygen, and the other would be physisorbed on the adjacent Zr. 

In this case, the carboxylic acid would bind to a Zr atom by displacing the physisorbed 

water molecule and subsequently react with the alcohol chemisorbed on the neighboring 

Zr atom. The presence of water was thus shown to help the formation of stable 

complexes between the two reactants, namely carboxylic acid and alcohol, with the 

MOF cluster as the catalyst[105]. The previously proposed mechanism seems to be 

backed-up by the experimental data obtained as one of the ways the reaction is taking 
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place, and it could be concluded that this reaction mechanism extends to include 

functionalized UiO-66 structures. 

 

Figure 30: Trends obtained by plotting the change in conversion to butyl butyrate 

against the number of missing linkers in the corresponding MOF catalyst used 

In addition, other parameters could have played a role in the increase of the 

catalytic activities with the increase in modulator concentration and decrease in 

modulator pKa. Moreover, Figure 31 shows the change in the conversion to butyl 

butyrate compared to that of the BET surface area for UiO-66, UiO-66(COOH)2, and 

UiO-66(NH2) synthesized in different modulation conditions. One of the most 

interesting traits in MOFs in general, and specifically in catalysis, is their significantly 

large surface areas. In heterogeneous catalysis, the activation of the reactants and the 

subsequent reactions in terms of bonds making and breaking take place at the surface of 

the catalyst[20]. Thus, in theory, having a catalyst with the same characteristics but with 

a larger surface area should increase its catalytic activity as it would have more catalytic 

centers exposed to the reactants. The previously mentioned could have also contributed 
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to the trend obtained in Figure 31, where the higher the surface area for a given MOF 

structure, the higher is the conversion to butyl butyrate.  

In addition, Figure 32 shows the change in the conversion along with that of the 

catalysts’ particle size. At a first glance, no clear pattern could be noticed in the figure, 

but taking into account the modulation synthesis condition, a few observations could be 

made. For all organic linkers, the MOFs synthesized in the presence of modulators have 

a bigger particle size than those synthesized without one, but they also have higher 

catalytic activity. Moreover, the increase in modulator concentration increases the 

particle size along with the catalytic conversion. However, using FA yields smaller 

particles that have higher catalytic activity than their bigger counterparts synthesized 

using AA as a modulator. This makes the evaluation of the intra-molecular transport 

limitations challenging at this point, especially that the synthesis of two MOFs with 

similar properties but different particle sizes had been reported to be very difficult [20]. 

However, this stresses on the predominant role of active sites created by defects which 

increase the catalytic activity of MOFs even for significantly bigger particle sizes. 
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Figure 31: Trends obtained by plotting the change in conversion to butyl butyrate 

against the surface area of the corresponding MOF catalyst used 

 

Figure 32: Trends obtained by plotting the change in conversion to butyl butyrate 

against the particle size of the corresponding MOF catalyst used 
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To conclude this section, it is important to categorize the discussed variables in 

terms of their influence on the catalytic activity of the MOFs. To start with, the particle 

size did not have a direct and clear correlation with the conversion to butyl butyrate, 

which means that its effect comes last compared to the other changes taking place in the 

MOF structure. However, although both the number of defects and the surface area of 

each MOF had an almost linear correlation with the conversion, the number of defects is 

still considered to be the primary factor affecting the conversion for each MOF 

structure. In fact, the increase in the linker deficiency not only means an increase in the 

abundance of active sites, but it also means making these sites more accessible by 

offering a more open MOF structure. In other words, the increase in the number of 

defects causes this noted increase in the surface area, which makes the effect of the 

defects on the conversion primary compared to that of the surface area since it directly 

influences the structure of the MOF, causing the other changes to occur. 

 

 The effect of organic linker on conversion 

The previous conclusions hold true if the results for each MOF are observed 

separately. However, comparing the results for UiO-66, UiO-66(COOH)2, and UiO-

66(NH2), new assumptions could be made explaining why the previous conclusions on 

the predominant role of the defects do not seem to extend when the organic ligand used 

changes. In fact, the functional groups covalently bind on the MOF structure offer 

incredible opportunities for enhancing the catalytic properties of MOFs as supported by 

the obtained results [20, 52].  

Following the same structure as before, Figure 30 will be discussed first. 

Comparing the three curves in Figure 30 together, the three MOFs structures yield 
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similar conversions for significantly different number of defects, such is the case when 

comparing points C1AA, T2AA, and A2AA. Additionally, comparing points of a 

similar number of defects such as C2AA, T1AA, and AB, the conversion obtained using 

the three different structures is considerably different. Based on the above discussion, 

this means that the dependence of the conversion on the number of defects cannot be 

generalized when structures with different organic linkers are being compared. The 

choice of the organic ligand thus seems to have a pronounced effect on the catalytic 

activity of the MOFs when compared to the effect of the defect density. Additionally, 

the trend in relative catalytic activity for structures with different organic linkers seems 

to be changing with the number of defects per cluster. Moreover, the UiO-66(COOH)2 

samples yield higher conversion than both counterparts for a number of missing linkers 

lower than that of around 1.78 per cluster, despite its lower defect density. This higher 

catalytic activity was attributed to the uncoordinated COOH groups bind to its linker, 

which could act as important catalytic centers being strong Brønsted acid sites. These 

uncoordinated acid functional groups thus seem to act as adsorption and activation 

centers for the butyric acid, which adds up to the active sites caused by the missing 

linkers.  

Although the catalytic activity of UiO-66 depends solely on the presence of the 

defects on the cluster, this does not seem to be the case in UiO-66(COOH)2. In such a 

case, another reaction mechanism including the COOH group is assumed to be 

responsible for this increase in conversion for the same number of defects. The 

esterification reaction, in this case, could have been initiated by the COOH group 

donating a proton to the butyric acid. This would then be followed by an attack of the 

nucleophilic hydroxyl group of the butanol yielding butyl butyrate with the subsequent 
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release of a water molecule as shown in Figure 33. Additionally, although Figure 31 

shows that UiO-66(COOH)2 has a considerably lower surface area and porosity, Figure 

32 indicates that it also benefits from smaller particle size. In fact, smaller catalyst 

particles have a higher outer surface area with active sites easier to access than those 

inside the porous network of the MOFs. This highlights the importance of the careful 

selection of the modulator since using the FA resulted in smaller crystal size, higher 

defect density, and higher surface area, which is very beneficial to the catalytic activity 

of the MOFs being used. 

 

 

Figure 33: Mechanism of the esterification reaction under UiO-66(COOH)2 catalyst 

showing two sources of active sites (1) the defective sites on the cluster and (2) the 

functional groups on the linker 

 

However, this higher catalytic activity compared to UiO-66 changes as the two 

curves cross around a defect density of 1.78 where the catalytic activity of T2FA seems 

to be higher than that of C1FA even for lower defects number. This change in trend 

could be explained by taking into account the negative impact of having bulky 

functional groups, indicated by the pore volume and surface area data in Table 5, which 
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could be blocking the way of reactants to active sites inside the porous network of the 

framework. The structure of UiO-66 allows for easier diffusion of the reactants to reach 

the additional active sites inside the pores, which significantly boosts its catalytic 

activity when the defect density increases [52]. On the other hand, the COOH groups 

attached to the linker of the cluster seem to be hindering the internal diffusion which 

makes part of the additional active sites inaccessible to reactants. Although the COOH 

groups could offer substituent catalytic centers, the increase of the defects density above 

1.78 linkers per cluster seems to have made UiO-66 more abundant in accessible active 

sites. The synthesis of UiO-66 samples with a higher number of defects is required to 

know whether this trend changes again as the porosity of UiO-66(COOH)2 further 

increases with the increased number of defects allowing for more accessibility of 

internal active sites. 

Considering the amino-functionalized UiO-66, a different kind of change in 

trend could be noticed. Using the catalyst AB with defects number slightly higher than 

TB yields considerably better conversion to butyl butyrate. This suggests that having 

another AB sample with the same defects number as that of TB could probably still 

yield higher conversion. The reason behind this higher catalytic activity of UiO-

66(NH2) for a lower number of defects was previously attributed to a dual acidic-basic 

activation mechanism[52]. Moreover, the free NH2 groups could increase the 

nucleophilic character of the butanol oxygen, which drives its condensation with the 

butyric acid for butyl butyrate production[52]. This highlights the role of having 

functional groups grafted to the organic linker with the ability to enhance the conversion 

by dual activation mechanism [20]. However, as the number of defects increases, this 

trend seems to be changing since the conversion using the standard UiO-66 becomes 
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significantly higher than that of UiO-66(NH2) even for higher defects number of the 

latter. In fact, the increase in the conversion to butyl butyrate as the number of defects 

increases in UiO-66 seems to be much more pronounced than its functionalized 

counterparts. This could again be due to having some of the active sites inside the 

porous network inaccessible for the reactants to bind to due to the presence of the NH2 

group which could be causing intramolecular transport limitations. Such a claim is 

supported by the results shown in Figure 27 and Figure S10 where it is concluded that 

it is not the slow reaction, nor the external mass transfer that is limiting the conversion 

to butyl butyrate. In this case, the benefit of having an acidic functional group attached 

to the linker is that it becomes itself an active catalytic center that could compensate for 

the inaccessible active sites.  

 

3. Conclusion 

This study investigates the catalytic activity of UiO-66-based samples using the 

coupled effect of functionalizing the organic linker and systematically introducing 

defects onto the metal cluster. Catalyst’ synthesis was optimized to enhance the 

production of butyl butyrate, a novel biofuel additive. Five different samples of each of 

UiO-66, UiO-66(COOH)2, and UiO-66(NH2) were synthesized using different 

modulation conditions, and a systematic increase in the number of defects was observed 

with increased acidity and concentration of modulators. A direct correlation between the 

number of defects and the surface area and pore size was observed, whereas the particle 

size trend seemed to be different. The increase in the number of defects significantly 

increased the conversion of the esterification reaction of butyric acid and butanol to 

butyl butyrate. A conversion improvement from 57.2% to 89.1%, from 63.3% to 91.5%, 
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and from 64.2% to 84.7% is observed when adding 200 molar equivalents of formic 

acid to the synthesis mixtures of UiO-66, UiO-66(COOH)2 and UiO-66(NH2) 

respectively. Nonetheless, UiO-66(COOH)2 yielded the best conversion even for a 

lower number of defects, which suggests that the uncoordinated COOH groups 

introduced to the linker were involved as active catalytic centers along with the 

defective sites on the cluster. The trends in conversion evolution with respect to the 

number of defects suggests though that UiO-66 could overcome the catalytic activity of 

both counterparts if its defect number increased. This was attributed to the higher 

surface area due to its open structure that allows for better internal diffusion of the 

butyric acid than the functionalized structures. MOFs engineering that was 

demonstrated in this study could thus be generalized to include other organic linkers 

suitable for different applications. This approach could be coupled with the systematic 

introduction of defects as a tool to fine-tune properties such as surface area, pore size, 

and particle size and as means to control the effect of diffusion limitations. 

 

 MULTIVARIATE (MTV-MOFS) OR MIXED-LINKER APPROACH 

1. Structural Characterization 

 Powder X-ray diffraction (PXRD) 

Before the PXRD patterns recording, the MOF samples were placed in a vacuum 

oven at 120°C for 72 hours to ensure most of the solvent molecules trapped inside the 

pores are removed. This is important in order to dilute the effect of the solvation that is 

known to cause cell expansion while avoiding dehydroxylation of the structures which 

causes cell contraction. [118, 145] The recorded PXRD patterns of the 9 synthesized 
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MOF samples are shown in Figure 34 and reveal well-defined peaks that are in 

complete agreement with the simulated patterns for UiO-66, which indicates the high 

crystallinity and the phase purity of all the samples.  In the case of a physical mixture 

with two phases present, it is expected that the peaks would be split or show shoulder 

peaks [145], which is obviously not the case as is clear in Figure 34. Moreover, Figure 

S11 in the SI file displays a narrow 2theta range of the pattern that highlights a slight 

shift to a lower angle of the characteristic peaks of the MOF structure upon the 

increased incorporation of the functionalized linkers for both series of MTV-MOFs. 

This reflects a cell expansion caused by the gradual introduction of functionalized 

ligands in the structure which is reported previously for other MTV-MOFs but 

highlighted herein for the first time for these structures. The synthesized structures thus 

seem to follow Vegard’s law confirming further the overall homogeneous incorporation 

of the functionalized linkers in the MOFs and that any potential short-range 

heterogeneity does not seem to have an important effect. [118, 145] Peaks that figure in 

the pattern recorded for UiO-66 are the narrowest, and those of UiO-66(COOH)2 are the 

broadest. This reveals a smaller particle size of the functionalized structures as will be 

further discussed with SEM results.  
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Figure 34: PXRD patterns of the activated single component and MTV-UiO-66 

catalysts synthesized 

 

 Proton Nuclear Magnetic Resonance (1H-NMR) 

1H-NMR spectra were recorded to monitor the level of incorporation of each 

linker in all synthesized samples and results are shown in Figures S12 to S17 in the 

supporting information file. A singlet at a chemical shift 𝛿 of around 8.43 ppm is 

present in all spectra and it was attributed to the residual DMF inside the pores of the 

MOFs. The aromatic zone of the 1H-NMR spectrum reveals a singlet at around 𝛿=7.85 

ppm in all spectra as well and it is attributed to the four equivalent aromatic protons of 

the terephthalic acid. For MTV-MOFs, a singlet appears at 𝛿=7.49 ppm in the spectra of 

the structures synthesized with the addition of 1,2,4,5-benzenetetracaboxylic acid, for 

which this singlet had been attributed. Similarly, a singlet is present at 𝛿=7.29 ppm for 

structures synthesized with the addition of 2,5-dihydroxyterephthalic acid for which this 

singlet was attributed. The percentage of actual incorporation of each of the linkers in 

every structure was calculated based on the results of the 1H-NMR spectra obtained and 
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the results are shown in Figure 35. As can be seen, the gradual increase in the amount 

of the functionalized linker in the synthesis mixture led to an increase in the percent 

ratio of their actual incorporation in the framework as reflected by the increasing 

intensity of the 1H-NMR signals associated with these linkers (Figure 35). This clearly 

demonstrates the incorporation of both organic linkers in the MOF crystals. However, it 

seems that the level of incorporation was preferential with respect to terephthalic acid 

for both MTV-MOF systems as it is always higher than the starting molar ratios used.  

 

 

Figure 35: A comparison between the starting percentages of functionalized linker 

versus its actual incorporation in the framework of the different MTV-MOFs as 

determined from 1H-NMR. The functionalized linker being 1,2,4,5-

benzenetetracarboxylic acid in UiO-66(3A:1B), UiO-66(1A:1B) and UiO-66(1A:3B), 

and 2,5-dihyroxyterephthalic acid in UiO-66(3A:1C), UiO-66(1A:1C) and UiO-

66(1A:3C). 
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 Scanning Electron Microscopy (SEM) 

Figure 36 shows the SEM images taken for all the 9 MOF structures 

synthesized. Particle sizes for all synthesized MOFs are also calculated based on PXRD 

patterns using the Scherrer equation and are reported in Table 6. UiO-66 crystals have a 

clear octahedral shape with the highest particle size among other samples (331 nm). 

MTV-MOFs constructed with the addition of the 1,2,4,5-benzenetetracarboxylic acid, 

namely UiO-66(3A:1B), UiO-66(1A:1B), and UiO-66(1A:3B), seem to have crystals 

with particle sizes decreasing with the decreased level of incorporation of terephthalic 

acid. Their particle sizes seem to decrease from levels similar to UiO-66 (331 nm) until 

they become similar to that of UiO-66(COOH)2 crystals (28 nm) which reveal small 

inter-grown spheres. This trend is not maintained for the MTV-MOFs incorporating 2,5-

dihyroxyterephthalic acid, namely UiO-66(3A:1C), UiO-66(1A:1C), and UiO-

66(1A:3C), as they all seem to have similar small particle sizes around 50 nm with 

sphere-like morphology, while UiO-66(OH)2 reveal bigger clear truncated octahedral 

crystals (252 nm).  
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Figure 36: SEM images at a 1 μm scale bar for single component and MTV-UiO-66 

catalysts synthesized. A: UiO-66 - B: UiO-66(COOH)2 - C: UiO-66(OH)2 - D: UiO-

66(3A:1B) E: UiO-66(1A:1B) - F: UiO-66(1A:3B) - G: UiO-66(3A:1C) - H: UiO-

66(1A:1C) - I: UiO-66(1A:3C). 

 

 Surface area analysis  

Figure 37 shows the nitrogen sorption isotherms of all synthesized MOFs which 

are recorded at 77K. As expected, type I isotherms are obtained for all MOF crystals 
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which are in accordance with the microporous nature of MOFs. As can be seen, the 

different levels of incorporation of the functionalized organic linkers within the MOF 

structures caused a significant change in their nitrogen uptake. For all structures tested, 

the increase in the level of incorporation of functionalized linkers in the structure had 

caused a subsequent decrease in the nitrogen uptake. Additionally, MTV-UiO-66(OH)2 

comprising terephthalic acid and 2,5-dihydroxyterephthalic acid, UiO-66(3A:1C), UiO-

66(1A:1C), and UiO-66(1A:3C), had higher levels of surface areas than MTV-UiO-

66(COOH)2 having terephthalic acid and 1,2,4,5-benzenetetracarboxylic acid, UiO-

66(3A:1B), UiO-66(1A:1B), and UiO-66(1A:3B). This could because the carboxylic 

functional groups are bulkier than the hydroxyl groups. In general, the increased 

incorporation of functionalized linkers seemed to decrease the accessibility of the 

porous network of MOF samples which is reported previously for other MTV-MOF 

systems. [146] 

Table 6 reports the calculated Brunauer–Emmett–Teller (BET) surface areas and 

the pore volumes of the activated MOF samples. In accordance with the nitrogen uptake 

observations, the level of the surface area is noticeably decreasing with the increased 

levels of functionalized BDC inside the framework. This decrease in surface area is 

more significant in MTV-MOF-(COOH)2 where the surface area drops from 1290 m2/g 

for  UiO-66(1A:3C) to 760 m2/g for UiO-66(3A:1C). Moreover, the calculated pore 

volumes follow the same trend. Figure 38 shows the change in the surface areas of 

synthesized MOFs with respect to the level of incorporation of functionalized linkers 

within the framework. It could be seen that the decrease in surface area is significant 

upon the introduction of even a low percentage of functionalized linkers to the structure. 
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Figure 37: Nitrogen adsorption-desorption isotherms recorded at 77K for all 

synthesized MOF catalysts synthesized. • Adsorption ᵒ Desorption. The functionalized 

linker being 1,2,4,5-benzenetetracarboxylic acid in UiO-66(3A:1B), UiO-66(1A:1B) 

and UiO-66(1A:3B), and 2,5-dihyroxyterephthalic acid in UiO-66(3A:1C), UiO-

66(1A:1C) and UiO-66(1A:3C). 

Table 6: Quantitative results extracted from the characterization and testing of all the 

MOF catalysts. 

MOF 

BET surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Defects  

number 

Particle size  

(nm) 

Conversion to 

butyl butyrate 

UiO-66 1812 0.73 1.87 331 75.1 

UiO-66(COOH)2 522 0.11 1.93 28 76.6 

UiO-66(OH)2 602 0.19 1.51 252 80.5 

UiO-66(3A:1B) 773 0.26 1.83 302 70.3 

UiO-66(1A:1B) 657 0.16 2.14 83 85.3 

UiO-66(1A:3B) 609 0.16 1.98 38 88.8 

UiO-66(3A:1C) 1290 0.46 1.33 45 72.5 

UiO-66(1A:1C) 947 0.33 1.73 55 86.5 

UiO-66(1A:3C) 761 0.24 1.90 51 92.2 
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Figure 38: Decreasing levels of BET surface area with the increased percentage of 

incorporation of the functionalized organic linkers in the MOF structure 

 

 Thermogravimetric Analysis (TGA) 

The Thermal stability and structural defects of the synthesized samples were 

assessed using TGA which shows the change of the mass percentage of the samples 

while increasing the temperature between 30 °C and 1100 °C, and the results are shown 

in Figure 39. Following a well-established method in the literature for defects number 

calculation, [79] the TGA curves were normalized so that the final weight-loss is 100% 

as illustrated in  Figure 39. As can be seen in the figure, the thermal stability of the pure 

UiO-66 was higher than that of both pure functionalized structures, namely UiO-

66(COOH)2 and UiO-66(OH)2. The decreased stability of the functionalized structures 

was attributed in previous studies to the lower metal-linker interaction in the 

functionalized structures when compared to pure UiO-66 [118]. The thermal stability of 
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MTV-MOF structures had fluctuated in between those of both single component 

structures as could be seen in the TGA curves in Figure 39. The shift in thermal 

stability in MTV-MOFs is more pronounced in the MTV-MOF(OH)2 systems, (UiO-

66(3A:1C), UiO-66(1A:1C), and UiO-66(1A:3C)), given the wider gap between the 

thermal stability of UiO-66 and UiO-66(OH)2.  

The number of defects for the single component structures is calculated 

following a method previously reported in the literature [79], which was also used for 

the MTV-MOF systems with minor changes in the calculation of the molecular weight 

of the cluster-linker unit. The molecular weight is calculated based on the level of 

introduction of each organic linker in the structure making it an average for the whole 

relevant structure. The defects number for UiO-66(3A:1B), UiO-66(1A:1B), and UiO-

66(1A:3B) is estimated to be around 1.83, 2.14, and 1.98 out of 6 linkers per cluster 

respectively. An ascending defects trend with increased incorporation of the 

functionalized structure was noted for the second MTV-MOF system with 1.33, 1.73, 

and 1.90 missing linkers for UiO-66(3A:1C), UiO-66(1A:1C), and UiO-66(1A:3C) 

respectively. However, the number of defects for MTV-MOF structures are not bounded 

by that of single linker structures. Moreover, the number of missing linkers for UiO-66, 

UiO-66(COOH)2, and UiO-66(OH)2 is estimated to be around 1.87, 1.93, and 1.51 

respectively. Having no direct correlation between the change in the number of defects 

and the decrease in the thermal stability of the MTV-MOF structures reflects a minimal 

effect of defects on the thermal stability of these structures. This further highlights that 

the decrease in the thermal stability was caused by the increased incorporation of the 

functionalized linkers that have weaker interaction with the cluster, which is previously 
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reported for similar structures, but for the first time in this study for the studied systems 

[118, 145].  

 

Figure 39: TGA curves of all synthesized MTV-MOF catalysts. The functionalized 

linker being 1,2,4,5-benzenetetracarboxylic acid in UiO-66(3A:1B), UiO-66(1A:1B) 

and UiO-66(1A:3B), and 2,5-dihyroxyterephthalic acid in UiO-66(3A:1C), UiO-

66(1A:1C) and UiO-66(1A:3C). 

 

2. Esterification Reaction for Butyl Butyrate Production 

 Effect of the level of incorporation of the functionalized linkers 

Activated MOFs are used as catalysts in the esterification reaction of butyric 

acid and butanol for butyl butyrate production. The reaction time was set to be 24 hours 

and only 1 wt% catalyst is used in this study, which is equivalent to around 50 mg of 

MOF powder. As a reference for MOFs catalytic activity, one reaction is allowed to 

occur without the use of a catalyst, noted Blank, and another reaction is performed 

under 1 wt% H2SO4. Samples were regularly taken from the reaction medium once 

every two hours for the first 8 hours, and at 22 hours and 24 hours, then these samples 

were analyzed using GC.  
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The results of the evolution of the conversion to butyl butyrate with respect to 

time are shown in Figure 40, while Figure 41 compares the conversion obtained using 

each MOF catalyst after 24 hours of reaction. No reactants other than butyl butyrate 

were detected in GC analysis which means that the selectivity to the desired product is 

100%. Observing the performance of MOF catalysts with respect to time as illustrated 

in Figure 40, an interesting trend could be noted.  

Starting with the MTV-MOF series, it is noticeable that for both systems, 

structures with 50% and 75% functionalized linker starting molar ratio had the highest 

catalytic activity. In fact, the increased conversion to butyl butyrate when using these 

MTV-MOF systems is more pronounced at the beginning of the reaction. Moreover, 

compared to UiO-66 which yields around 53% conversion to butyl butyrate after 8 

hours of reaction, around 72% and 74% are obtained when using UiO-66(1A:3B) and 

UiO-66(1A:3C) respectively. In fact, the best performance is obtained when UiO-

66(1A:3B) and UiO-66(1A:3C) catalysts are employed. 

In order to put these results into context, the structural characterization results 

obtained and reported in Table 6 are discussed. Comparing UiO-66 and UiO-

66(1A:3B), the first thing to notice is the higher active site density of the latter given the 

higher defects number and the 61% level of incorporation of 1,2,4,5-

benzenetetracarboxylic acid linkers with its COOH groups. Additionally, the particle 

size of UiO-66(1A:3B) is considerably smaller which increases the external surface area 

and thus the accessibility of active sites. This explains the higher performance of UiO-

66(1A:3B) when compared to the open structure of pure UiO-66. On the other hand, 

when compared to UiO-66(COOH)2, UiO-66(1A:3B) is characterized by a much higher 
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level of defectiveness and higher surface area, which could explain its better 

performance.  

Almost the same goes for the comparison between UiO-66 and UiO-66(1A:3C) 

where the latter, although having lower surface area, benefits from a higher level of 

active site density, given the incorporation of 2,5-dihydroxyterephthalic acid up to 52% 

along with higher level of defects. However, in the case of MTV-UiO-66(OH)2, the role 

of the active sites on the organic linker differs from that of the active sites on the 

cluster. While the cluster provides active acid sites, the OH groups are possibly favoring 

a dual acid-base activation mechanism as previously suggested by Cirujano et al. [52, 

53]. In such a mechanism, the butyric acid would adsorb onto the acid sites of the 

cluster, which increases the electrophilic character of the carbon atom in the carboxylic 

group. At the same time, the OH groups of the linker are thought to form hydrogen-

bonded adducts that increase the nucleophilicity of the O atom of the butanol’s hydroxyl 

group, which could favor its reaction with the butyric acid. This reaction mechanism 

could explain the superior activity of this catalyst over its counterparts that are only acid 

catalyzed.  

Observing other characteristics that might have contributed to the superior 

performance of UiO-66(1A:3C), it can be noted that it also benefits from smaller 

particle size relative to UiO-66, and has a higher surface area and defects number 

compared to UiO-66(OH)2. This thus shows that the mixed-linker approach has a 

positive effect on increasing the level of active sites compared to the pure UiO-66 

structure while maintaining higher surface area values when compared to the pure 

functionalized structures. 
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However, this trend could not be generalized, since not all MTV-MOF systems 

have better catalytic activity than their single-component counterparts. In fact, UiO-66 

and UiO-66(COOH)2 both performed better than UiO-66(3A:1B), while UiO-66 and 

UiO-66(OH)2 both performed better than UiO-66(3A:1C). Although these MTV-MOFs 

have higher surface areas than their pure functionalized counterparts, namely UiO-

66(COOH)2 and UiO-66(OH)2, and despite them having part of their linkers 

functionalized, these MTV-MOFs still had lower catalytic activity. When comparing the 

structural characteristics of UiO-66(3A:1B) with those of UiO-66, it could be noticed 

that the two structures have comparable defects number while UiO-66(3A:1B) has a 

much lower surface area. Additionally, relative to UiO-66(COOH)2, UiO-66(3A:1B) 

has lower active site density given both the lower defects’ number and the lower partial 

incorporation (16%) of functionalized linkers in the structure. Again, and as for UiO-

66(3A:1C), its lower catalytic activity could be attributed to the noticeably lower 

defects’ number when compared to that of UiO-66 and UiO-66(OH)2.  

The best performing MOF, UiO-66(1A:3C), yields 92% conversion to butyl 

butyrate which is comparable to that obtained using 2 wt% of the best performing UiO-

66(COOH)2 structure in our previous study [121]. So in this study, we managed to 

synthesize materials of significantly higher catalytic activity which yielded similar 

conversion to butyl butyrate compared to their counterparts even when half the catalytic 

loading is used. This reveals the successful implementation of the MTV-MOF strategy 

by benefiting from the advantages of both the open structure of UiO-66, the high active 

density of functionalized structures of UiO-66(COOH)2 and UiO-66(OH)2, along with 

the high number of defects from the addition of high concentrations of the formic acid 

modulator. Although H2SO4 still performed better than MOF catalysts, the gap between 
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the performances of the two systems was lowered when using the MTV-MOFs 

approach. Additionally, the final yield after 24 hours of the reaction using H2SO4 and 

the best performing MOF, UiO-66(1A:3C), as catalyst was comparable being 95% and 

92% respectively.  

 

 Effect of the organic linker steric bulk 

After comparing the structures in terms of the level of incorporation of the 

functionalized linker, it is necessary to compare their performance with respect to the 

type of this linker being incorporated and the functional group it is adding to the 

structure (Figure 42). To begin with, the single component functionalized MOFs which 

have lower surface area than pure UiO-66, both have relatively higher catalytic activity, 

which could be the result of the dangling functional groups on their linkers. This trend 

had been previously reported for UiO-66(COOH)2 with relatively comparable defects 

number with UiO-66 [121], but this is reported for the first time using UiO-66(OH)2 

which has considerably lower defects number than both pure counterparts. In fact, UiO-

66(OH)2 had 1.51 missing linkers per cluster compared to 1.86 and 1.93 missing linkers 

in the case of UiO-66 and UiO-66(COOH)2 respectively, which is a gap in 

defectiveness that could potentially hinder the catalytic activity of a UiO-66-based MOF 

structure. However, while UiO-66 depends only on the number of defects to obtain open 

catalytic centers for the esterification reactions [102, 108], this is not the case for UiO-

66(COOH)2 and UiO-66(OH)2 which offer additional active sites that could act as 

catalytic centers. On the other hand, despite having no other active site than the defects, 

the catalytic performance of UiO-66 was comparable to its pure functionalized 

isostructures. The reason behind this is probably due to its open structure which allows 
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for easier diffusion of the reactants inside the porous network and the subsequent access 

of the internal active sites [52, 134].  

A similar approach could be used when analyzing the results obtained using 

UiO-66(COOH)2 and UiO-66(OH)2. Although both MOFs contributed to similar 

conversion to butyl butyrate, UiO-66(OH)2 has considerably lower defects number but 

slightly better conversion. Many parameters could have contributed to this result but the 

most obvious could be the functional group attached to the linker which differs in both 

systems. First, and as previously discussed, the different functional groups on the 

organic linkers of both systems are thought to cause different reaction mechanisms. 

While MOFs with COOH groups benefit from higher levels of acid active sites, the 

structures with OH groups benefit from a dual acid-base mechanism which is reported 

to increase the catalytic activity, as previously reported for systems with NH2 groups, 

namely UiO-66(NH2) [52, 53]. Additionally, the COOH groups seem to have a more 

pronounced negative effect on the diffusion of the reactants when compared to the less 

bulky OH groups. In fact, at this level of defects obtained in UiO-66(COOH)2, its 

catalytic activity is expected to be higher, but diffusion problems could have made its 

catalytic centers less accessible [52, 134].  

Additionally, the surface area is a critical parameter in heterogeneous catalysis 

as the activation and subsequent reaction takes place on the outer surface of the catalyst. 

It is thus expected that having a catalyst with the same properties but with a higher 

surface area would have better catalytic activity. Table 6 shows that UiO-66(OH)2 has a 

higher surface area than that of UiO-66(COOH)2 which could explain why UiO-

66(OH)2 performed better regardless of its lower defects density.  
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Comparing UiO-66(3A:1B) to UiO-66(3A:1C), UiO-66(1A:1B) to UiO-

66(1A:1C), and UiO-66(1A:3B) to UiO-66(1A:3C), these structures had a comparable 

level of incorporation of functionalized linkers in their structure and thus a comparable 

level of active sites’ density provided by the linker. However, the MTV-UiO-66(OH)2 

structures have a lower number of defects but consistently better catalytic performance. 

This could again be attributed to the dual acid-base mechanism and the lower steric bulk 

of the OH groups which allowed for better accessibility of the active sites. Additionally, 

MTV-UiO-66(OH)2 structures have higher levels of surface area, which could be 

attributed to the higher surface area of UiO-66(OH)2 when compared to its 

functionalized counterpart UiO-66(COOH)2. This higher level of surface area would 

extend the surface for catalysis and reactants activation especially when the particle size 

of MTV-UiO-66(OH)2 and MTV-UiO-66(COOH)2 become comparable. 

 

Figure 40: The conversion to butyl butyrate with respect to time using 1 wt% of each 

MOF catalyst. The functionalized linker being 1,2,4,5-benzenetetracarboxylic acid in 

UiO-66(3A:1B), UiO-66(1A:1B) and UiO-66(1A:3B), and 2,5-dihyroxyterephthalic 

acid in UiO-66(3A:1C), UiO-66(1A:1C) and UiO-66(1A:3C). 
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Figure 41: Final conversion to butyl butyrate after 24 hours of reaction under 1 wt% of 

each MOF catalyst 

 

Figure 42: Change in conversion compared to change of the functionalized linker 

incorporation in MTV-MOFs structure. The functionalized linker being 1,2,4,5-

benzenetetracarboxylic acid in UiO-66(3A:1B), UiO-66(1A:1B) and UiO-66(1A:3B), 

and 2,5-dihyroxyterephthalic acid in UiO-66(3A:1C), UiO-66(1A:1C) and UiO-

66(1A:3C). 
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3. Conclusion 

This study reports the use of MTV-UiO-66 structures as catalysts for butyl 

butyrate production. Besides the single component structures, two mixed-linker systems 

are synthesized: MTV- UiO-66(COOH)2 which incorporates both terephthalic acid (A) 

and 1, 2, 4, 5-benzenetetracarboxylic acid (B), and MTV-UiO-66(OH)2 which includes 

both terephthalic acid (A) and 2,5-Dihydroxyterephthalic acid (C), at three different 

ratios, yielding a total of nine structures. The obtained structures are fully characterized 

and showed homogeneous incorporation of the functionalized linkers within the MOF 

crystals, which also benefited from a high level of cluster defects thanks to the 

modulation synthesis conditions. The values of surface area and pore volume decreased 

with the increased level of functionalized linkers’ incorporation, which is found to be 

slightly lower than the starting molar ratio as indicated by 1H-NMR results. For both 

systems, MTV-UiO-66 incorporating starting molar percentages of 75% functionalized 

linkers and 25% BDC yielded the best performance with 89% and 92% of butyl 

butyrate conversion using UiO-66(1A:3B) and UiO-66(1A:3C) respectively, using only 

1 wt% catalyst loading. This performance was attained using double the catalyst loading 

for highly defective single component functionalized structures in our previous studies, 

which highlights the success of using the multivariate approach to boost their catalytic 

activity. This is achieved by increasing the level of active sites’ density through partial 

functionalization while maintaining higher surface areas and pore volumes than the 

purely functionalized structures which allowed for easier access to these sites. However, 

not all MTV-MOFs perform better than their single linker counterparts, and this is the 

result of a sum of factors related to the density of active sites on one hand, and the 

internal diffusion limitations on the other. This further highlights the MOFs’ 
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characteristics that govern their catalytic activity and the importance of classifying these 

characteristics in terms of their influence on the conversion to butyl butyrate to guide 

the engineering of MOF catalysts for this specific application. 

 

 REGRESSION MODEL  

Following our previous studies on functionalized, defected, and MTV-MOFs-

based catalysts for the production of butyl butyrate, [121, 143] a simplified regression 

model is suggested to predict the final conversions. Moreover, our studies have focused 

in-depth on the effect of the different characteristics of MOFs on their catalytic activity, 

and it had been concluded that a few main characteristics mostly govern the conversion 

and appear to be critical in the engineering of new UiO-66 based catalysts for 

esterification reactions. Modeling was thus suggested to be used as it helps to (i) extract 

an empirical relationship between the MOFs characteristics and the conversion to butyl 

butyrate, (ii) provide a tool for conversion prediction without having to run the 

esterification reaction, and (iii) screen the characteristics used as input of the model to 

identify which ones are more important than others in increasing the yield of butyl 

butyrate [147]. This highlights the parameters that are more critical to engineer in a 

MOF structure in order to maximize its catalytic activity. 

For this reason, a regression model is proposed to predict the catalytic activity of 

UiO-66-based MOFs taking into account these main characteristics as a general scheme 

to design and develop a MOF catalyst of better performance. To simplify the 

interpretation of model predicted conversion and to minimize the computational 

requirements of the model, a simple multiple weighted linear regression model is 
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adopted to fit the data of the three studies. The output of the model is the conversion to 

butyl butyrate and the parameters that were concluded to be governing the catalytic 

activity of the UiO-66-based catalysts are used as input. These mainly include the 

surface area, the number of defects, the catalyst loading, and the level of incorporation 

of the active functionalized organic ligands in the MOF structure. These parameters had 

been changed throughout 33 different reactions conditions performed in our studies and 

their actual values are depicted in Table S3 in the supporting information. Table S4 

represents the normalized values of the relevant parameters between 0 and 1. The 

normalization of the parameters allows for constructive discussion on the relative effect 

of each of them on the conversion to butyl butyrate. The suggested linear regression 

model is presented below: 

𝐶𝑜𝑛𝑣𝑚𝑜𝑑,𝑖 = 𝑎 ∗ %𝐴𝑖 + 𝑏 ∗ %𝐵𝑖 + 𝑐 ∗ %𝐶𝑖 + 𝑑 ∗ 𝑆𝐴𝑖 + 𝑓 ∗ 𝐶𝐿𝑖 + 𝑒 ∗ 𝐷𝑁𝑖 + 𝐶𝑠𝑡 

Where: 

𝑖: refers to experiment number 𝑖 out of the total number of experiments 

performed in our three studies which is 33 

𝐶𝑜𝑛𝑣𝑚𝑜𝑑,𝑖: is the model-predicted conversion to butyl butyrate based on the 

governing parameters of the MOF structure for experiment 𝑖 

%𝐴𝑖: is the level of incorporation of the terephthalic acid linker in the MOF 

structure used in the experiment 𝑖, which varies between 0 and 100% and is normalized 

between 0 and 1 

%𝐵𝑖: is the level of incorporation of the 1, 2, 4, 5-benzenetetracarboxylic acid 

linker in the MOF structure used in the experiment 𝑖, which varies between 0 and 100% 

and is normalized between 0 and 1. 
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%𝐶𝑖: is the level of incorporation of the 2,5-Dihydroxyterephthalic acid linker in 

the MOF structure used in the experiment 𝑖, which varies between 0 and 100% and is 

normalized between 0 and 1. 

𝑆𝐴𝑖: is the surface area of the MOF used in the experiment 𝑖, which varies 

between a minimum of 51 m2/g and a maximum of 1813 m2/g throughout the studies 

and is normalized between 0 and 1. 

𝐶𝐿𝑖: is the catalyst loading used in the experiment 𝑖, which varies between 1, 2, 

and 5 wt% throughout the studies and is normalized between 0 and 1. 

𝐷𝑁𝑖: is the defects’ number of the MOF used in the experiment 𝑖, which varies 

between 0.88 and 2.14 missing linkers out of 6 throughout the studies and is normalized 

between 0 and 1. 

𝐶𝑠𝑡: is the y-intercept of the model, when all parameters are equal to zero, or in 

other words, when no catalyst is being used. 

𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑎𝑛𝑑 𝑓: are the regression coefficients, or weights, attributed to each 

of the parameters chosen and are calculated using Microsoft Excel Regression Analysis, 

provided in the data analysis tool. 

After setting the experimental conversion as the output to be predicted and the 

normalized values of the chosen parameters, as indicated in Table S4, as the 

independent variables to be used for the prediction, Excel Data Analysis was used to 

determine the suitable regression model as follows:  

𝐶𝑜𝑛𝑣𝑚𝑜𝑑,𝑖 = 6.87 ∗ %𝐴𝑖 + 21.93 ∗ %𝐵𝑖 + 25.25 ∗ %𝐶𝑖 + 16.19 ∗ 𝑆𝐴𝑖 +

15.38 ∗ 𝐶𝐿𝑖 + 25.07 ∗ 𝐷𝑁𝑖 + 39.94  

Figure 43 depicts the correlation between the model-predicted conversion and 

the experimentally obtained conversion to butyl butyrate. 
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Figure 43: The correlation between the experimentally obtained conversion to butyl 

butyrate and the suggested linear model 

Table S5 shows the calculated weights and intercept along with their P-Values 

which is an expression of the statistical significance. The P-values that are less than 

0.05 indicate strong evidence against the null hypothesis, which is the hypothesis that 

there is no relationship between the independent variable and the output to be predicted. 

Since the P-values of the chosen independent variables are all well below 0.05 (Table 

S5), this reflects their suitability for the prediction of the conversion to butyl butyrate 

[147]. This reveals that our assumption of the relationship between the chosen MOFs 

characteristics and the conversion to butyl butyrate is statistically valid. The correlation 

coefficient Multiple R is shown in Table S6 and it reflects the strength of a linear 

relationship between a set of variables and the predicted output. The absolute value of 

this number indicates how related the variables and the output are, and the closer the 

number is to 1, the stronger the relationship. Having a Multiple R of 0.85 shows a 

strong linear relationship between the chosen parameters and the conversion to butyl 
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butyrate [147]. This is further confirmed with an R2 value of 0.723 and an adjusted R2 of 

0.659 showing that the majority of the obtained results in the three studies could be 

explained by the suggested model. The average error of 5.19% and the comparison 

between the model-predicted results, and the experimentally obtained values of the 

conversion to butyl butyrate shows that the model well represents the results obtained 

experimentally (Table S7). Additionally, having the significance F value lower than 

0.05 means that the model is statistically acceptable in predicting the desired output 

[147].  

Since the values of the input parameters are normalized, the regression 

coefficients estimated become valuable tools, not only for the prediction of the 

conversion to butyl butyrate given different parameters of UiO-66-based structures but 

also in the engineering of these parameters. The regression weights help highlight the 

relative influence of each of the characteristics in boosting the catalytic activity of the 

structure. Moreover, comparing the a, b, and c weights of 6.87, 21.93, and 25.25 

respectively for %A, %B, and %C, attributed to the level of incorporation of the 

different linkers, it could be clearly seen that the model assigned higher weight for the 

functionalized linker in the prediction of the conversion. This means that the addition of 

linkers with active functional groups had a better impact on the increase of the 

conversion than the addition of the terephthalic acid linkers as previously concluded. 

Additionally, the weight of the defects number was estimated to be 25.07, which is 

similar to that assigned for the incorporation of the linkers functionalized with two 

hydroxyl groups and reflects comparable importance of the defects number and the 

additional functional groups on the performance of the UiO-66 structures in this 

reaction. Moreover, the surface area and the catalyst loading were assigned 16.18 and 



128 

 

 

15.38 regression weights respectively, which also emphasizes a similar effect on the 

catalysis of the reaction. It seems though that the latter parameters are less significant 

when compared to the density of active sites as is previously discussed in our studies 

[121, 143].  

The model also assigned an intercept value 𝐶𝑠𝑡 of around 40% as the conversion 

to butyl butyrate if no catalyst is used in the reaction. This prediction is relatively 

accurate as around 45% conversion is obtained when no catalyst is used which is mainly 

due to the autocatalytic effect of butyric acid itself as indicated in the linker 

functionalization study [143]. Besides the conclusions on the relative importance of 

these parameters in governing the conversion to butyl butyrate, the model predicts this 

conversion at an error of around 5% which makes it a valuable tool in predicting the 

conversion for design purposes while changing the MOFs parameters without having to 

actually synthesize the MOF or run the esterification reaction at all.  

 

 KINETIC MODELLING 

The esterification reaction of butyric acid (A) in presence of butanol (B) to 

produce butyl butyrate (E) and water (W) is given in the reaction below 

𝐴 + 𝐵 ↔  𝐸 + 𝑊 

A pseudo-homogeneous model was chosen to represent the reaction kinetics as 

previously suggested in the literature [148, 149]. Furthermore, since butanol is always 

in excess, the reaction was assumed to be zero-order with respect to it. The rate equation 

for this reaction could be thus expressed as follows 

−
𝑑𝐶𝐴

𝑑𝑡
=

𝑑𝐶𝐸

𝑑𝑡
=

𝑑𝐶𝑊

𝑑𝑡
= 𝑘1𝐶𝐴 −  𝑘2𝐶𝐸𝐶𝑤 (1) 
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With  

𝐶𝐸 = 𝐶𝑤 = 𝐶𝐴0 − 𝐶𝐴 

𝐾𝑒𝑞 =
𝑘1

𝑘2
 

Where  

𝐶𝐴, 𝐶𝐸 , and 𝐶𝑤 are the concentrations of butyric acid, butyl butyrate, and water 

respectively, and 𝐶𝐴0 is the initial concentration of butyric acid. 𝑘1 and 𝑘2 are the rate 

constants for the forward and reverse reactions and 𝐾𝑒𝑞 is the overall reaction 

equilibrium constant. 

Two models were considered for this reaction. The first model is based on the 

rate equation previously shown. Solving the differential equation would result in an 

expression of the concentration of butyric acid with respect to time as follows 

𝐶𝐴 =  
−𝑅2𝑆𝑒−(𝑅2−𝑅1)𝑡𝑘1 +  𝑅1

1 − 𝑆𝑒−(𝑅2−𝑅1)𝑡𝑘1
 (2) 

 

Where: 

𝑅1 =
−𝑏−√∆

2𝑎
;  𝑅2 =

−𝑏+√∆

2𝑎
;  𝑆 =

𝐶𝐴0−𝑅1

𝐶𝐴0−𝑅2
 

 

And  

𝑎 =
𝑘1

𝐾𝑒𝑞
;  𝑏 = −𝑘1(1 + 2

𝐶𝐴0

𝐾𝑒𝑞
);  𝑐 = 𝐶𝐴0

2 𝑘1

𝐾𝑒𝑞
;  ∆= 𝑏2 − 4𝑎𝑐 

 
𝐾𝑒𝑞 at 110°C was estimated using the following equation 

𝐾𝑒𝑞 = 𝑒− 
(∆𝐻−𝑇∆𝑆)

𝑅𝑇  (3) 
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The kinetic parameters were estimated by minimizing the following objective 

function 

𝐹𝑜𝑏𝑗 =
∑ (𝐶𝑖,𝑚𝑜𝑑 − 𝐶𝑖,exp)2𝑁

𝑖=1

𝑁
 (4) 

 

Where 𝑁 is the total number of experimental points, 𝐶𝑖,𝑚𝑜𝑑 is the concentration 

of component 𝑖 calculated by the model, and 𝐶𝑖,exp is the concentration of component 𝑖 

obtained experimentally. 

As for the second model, the reaction was assumed to be non-reversible since 

the temperature of the reacting solution was kept at 110°C throughout the study. This 

would reduce the reaction rate to the following form 

−
𝑑 𝐶𝐴

𝑑𝑡
= 𝑘𝐶𝐴 (5) 

 

And so the concentration of the butyric acid as a function of time could be 

expressed as 

𝐶𝐴 = 𝐶𝐴0𝑒−𝑘𝑡 (6) 
 

Where 𝑘 is the reaction rate constant of the irreversible reaction. For this model, 

𝑘 was also estimated by minimizing the objective function shown in equation 4. 

The two kinetic models developed were tested to fit the experimental data 

obtained and to further investigate the effect of different variables on the reaction. 

Figure 44 shows the evolution of the concentration of butyric acid with respect to time 

which is calculated by the two kinetic models for the esterification reaction using the 

two top-performing catalysts in the three studies. The estimated rate constant of the 

forward reaction in the reversible model, k1, and the rate constant in the irreversible 
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model, k, for all 33 reactions are shown in Table 7. Although both models show a good 

fit of the experimental points, especially for the first few hours of the reaction, the 

coefficients of determination (R2) shown in Table 7 reveal that the non-reversible 

model makes a better fit.  The conversion however was mostly somewhere between the 

two conversion rates suggested by the two models. This was assumed to be due to the 

vaporization of water at the reaction temperature of 110ᵒC which lowers its 

concentration in the reacting solution, even if it is constantly being refluxed, which 

pushes the equilibrium towards the forward reaction by constantly eliminating part of 

the produced water.  

A third model was used to assess the average percentage of produced water that 

is vaporized at a certain time in the reaction. The reversible model was used for this 

purpose and a fraction 𝑦𝑖 was multiplied by the produced water concentration 𝐶𝑤, which 

is the estimated average percentage of water present in the reaction medium at any time. 

The forward reaction rate constant was set to be the same for the same reaction 

conditions, and the value of 𝑦𝑖 was estimated by minimizing the objective function in 

equation 4. The results of the altered reversible model are shown in Figure 44 in dashed 

lines, and the calculated 𝑦𝑖 values are depicted in the figures. The model suggests that 

the final yields obtained are possible with around 22% to 45% of the water produced 

being present in the reaction medium, which suggests that an average of 55% to 78% of 

the water produced is vaporized due to heat and is circulating in the condenser at the 

time of the reaction. 



132 

 

 

 

Figure 44: The evolution of the concentration of butyric acid with time for different 

catalysts' types and loadings.  (―) Reversible model ( ― ) Irreversible model (…) 

Reversible model taking into account water vaporization ( ▪ ) Experimental points 
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Table 7: Kinetic parameters calculated using the Reversible model (k1)  and  the 

Irreversible model (k) for different catalysts' types and loadings 

MOF 
Catalyst 

Loading 
K1 (h-1) R2

rev K (h-1) R2
irr 

UiO-66 5 0.0120 0.9959 0.1064 0.9838 

UiO-66(COOH)2 5 0.0138 0.9831 0.1275 0.9955 

UiO-66(NH)2 5 0.0081 0.9946 0.0700 0.9826 

UiO-66 2 0.0085 0.9993 0.0741 0.9797 

UiO-66(COOH)2 2 0.0090 0.9953 0.0819 0.9911 

UiO-66(NH)2 2 0.0071 0.9892 0.0605 0.9597 

UiO-66 1 0.0076 0.9943 0.0650 0.9635 

UiO-66(COOH)2 1 0.0072 0.9954 0.0664 0.9862 

UiO-66(NH)2 1 0.0054 0.9709 0.0483 0.9443 

TB 2 0.0050 0.9480 0.0453 0.9199 

T1AA 2 0.0111 0.9816 0.0843 0.8969 

T2AA 2 0.0129 0.9918 0.1061 0.9462 

T1FA 2 0.0188 0.9839 0.1577 0.9535 

T2FA 2 0.0229 0.9731 0.1915 0.9707 

CB 2 0.0071 0.9592 0.0578 0.9071 

C1AA 2 0.0118 0.9954 0.0979 0.9527 

C2AA 2 0.0130 0.9931 0.1116 0.9675 

C1FA 2 0.0162 0.9856 0.1444 0.9835 

C2FA 2 0.0183 0.9785 0.1647 0.9904 

AB 2 0.0055 0.9965 0.0550 0.9888 

A1AA 2 0.0072 0.9870 0.0621 0.9669 

A2AA 2 0.0115 0.9890 0.0951 0.9538 

A1FA 2 0.0144 0.9753 0.1196 0.9430 

A2FA 2 0.0202 0.9725 0.1678 0.9495 

T2FA (1%) 1 0.0107 0.9865 0.0874 0.9482 

C2FA (1%) 1 0.0126 0.9758 0.1015 0.9304 

UiO-66(OH)2 1 0.0148 0.9746 0.1226 0.9419 

UiO-66(3A:1B) 1 0.0088 0.9884 0.0704 0.9434 

UiO-66(1A:1B) 1 0.0202 0.9748 0.1699 0.9568 

UiO-66(1A:3B) 1 0.0230 0.9677 0.1914 0.9663 

UiO-66(3A:1C) 1 0.0107 0.9830 0.0837 0.9221 

UiO-66(1A:1C) 1 0.0213 0.9734 0.1782 0.9613 

UiO-66(1A:3C) 1 0.0287 0.9610 0.2276 0.9691 

Max 5 0.0287 0.9993 0.2276 0.9955 

Min 1 0.0050 0.9480 0.0453 0.8969 

Average 2 0.0129 0.9822 0.1089 0.9581 



134 

 

 

 

CHAPTER V  

CONCLUSIONS AND RECOMMENDATIONS 

The biofuel industry is in great need of efficient, green, and recyclable catalysts 

that will help make a breakthrough in the production rate and cost of biofuels. Metal-

Organic Frameworks (MOFs) have emerged as a novel class of porous crystalline 

materials with many interesting features such as high surface area, permanent porosities, 

and relative ease of design. MOFs had been particularly interesting in catalysis 

applications as their structures could be tuned to obtain the required characteristics and 

functional groups required for the specific chemical reaction. In this study, extensive 

experimental work was done to investigate the potential of Zr-based MOFs, UiO-66, as 

catalysts for the production of butyl butyrate, a novel biofuel. The research was based 

on three materials engineering strategies, (i) Linker functionalization, (ii) defect 

engineering, (iii) MTV-MOFs, or mixed linker MOFs. Every strategy helped in 

optimizing the process both in terms of reaction conditions and catalyst characteristics 

needed to maximize the yield to butyl butyrate. After investigating 33 reaction 

conditions, it was possible to obtain a final conversion of 92% to butyl butyrate, which 

is comparable to the performance of H2SO4 with 95% final conversion after 24 hours of 

reaction. This result was obtained after applying all three materials engineering 

techniques listed previously and using only 1wt% of catalyst loading, compared to 5 

wt% catalyst loading when applying only the linker functionalization technique. This 

means that simple manipulation of the synthesis conditions of the catalyst helped 

decrease the need for the catalyst by almost 5 times while keeping the final conversion 
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at a level close to that of the liquid catalyst. Following a comprehensive discussion on 

the role of every characteristic in the MOF structure and its effect on the final 

conversion to butyl butyrate, the development of a weighted linear regression model 

based on all the data obtained was suggested. This was used as a quantitative evaluation 

of the relative importance of these characteristics on the catalytic activity of the 

different structures. The characteristics that were used as input to the model were the 

ones concluded to mostly govern the catalytic activity of the MOFs based on the 

experimental observations and these are the surface area, the defects density on the 

cluster, the level of incorporation of the functional groups on the organic linker, and the 

catalyst loading. Every characteristic was assigned a weight and the output, which is the 

estimated conversion to butyl butyrate, was calculated by minimizing the error between 

the model-predicted conversion and the experimental results. The results showed that 

the density of active sites through the number of defects or the functional groups on the 

linker had relatively a higher impact than the levels of surface area and catalyst loading, 

where both of which had in turn comparable impact on the conversion prediction based 

on the model results. These interesting findings pave the way for the development of 

highly efficient UiO-66-based catalysts for biofuel production. Additionally, two kinetic 

models were developed to simulate the change of the concentration of 

reactants/products with respect to reaction time and to calculate the corresponding 

kinetic parameters. The results showed that the experimental data was better represented 

by the reversible model, which is predictable as the reaction is reversible. However, as 

the final conversion was higher in the experimental results, it was suggested that the 

water produced in the reaction is being partially vaporized since the reaction is taking 

occurring at 110 °C. A modification to the kinetic model was thus suggested where a 
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vaporization percentage was assigned to the water concentration and the results 

obtained suggested that around 55 to 78% of the water produced is vaporized and 

recycled in the condenser at the reaction time. The results obtained by this study help 

serve as a practical and detailed guide to materials engineers and crystal engineers 

aiming at developing MOFs-based catalysts, not only for biofuel production but for any 

chemical reaction, and for this reason, many approaches are proposed to continue this 

work in the MOFs engineering, reaction type, and modeling. 

Regarding the MOFs engineering, work should be done to maximize the 

accessibility of the active sites of the MOF structures especially in functionalized 

structures. The reason behind this suggestion is that we believe that the reactants 

adsorption and activation is mostly taking place on the external surface area, especially 

in functionalized structures, which hinders the catalytic activity of the MOFs as a big 

percentage of their active sites is inaccessible. Future researchers in the field can try 

different synthesis procedures which allow the formation of even smaller crystals in 

order to increase the external surface area of the catalyst. Another way to enhance the 

internal way to do it is through choosing organic linkers functionalized with only one 

COOH group rather than two for example. Another way is to choose a linker with 

greater length to provide bigger pore sizes and more open porous networks for easier 

diffusion of the reactants inside the porous network. Besides the active sites on the 

linker, future researchers could assess the activity of other structures, incorporating 

cheaper metals in their clusters, in order to boost the economic competiveness of MOFs 

as catalysts. As we believe that a big part of the active sites of the MOF structures are 

still not accessible for the reactants, we expect that working on the diffusion inside the 

porous network could boost the catalytic activity of the MOFs in a way that it behaves 
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similar to the liquid acid catalyst at the beginning of the reaction and not only after 24 

hours, and thus be the next generation of catalysts capable of bridging the gap between 

homogeneous and heterogeneous catalysis. 

The work could also be expanded considering a different type of reaction to 

produce butyl butyrate such as the One-Step Hydrogenation Esterification reaction 

instead of the common esterification reaction. In this reaction, the butyric acid is 

hydrogenated into butanol over a noble metal catalyst, and the butanol reacts with the 

excess butyric acid to form butyl butyrate under an acidic catalyst Having very large 

surface area, a sophisticated porous network, and several types of sites where metal 

nanoparticles can be loaded, MOFs make great support for active metal sites and thus an 

interesting candidate for OHE reactions for butyl butyrate production, although this had 

never been investigated before. OHE reactions have the potential of replacing 

conventional esterification reactions having the advantage of starting with one reactant, 

the carboxylic acid, rather than two.  

Another significantly useful tool to complement this work with is using various 

modeling tools such as molecular dynamic simulations. Computer simulations will be 

helpful in understanding the properties of molecules, their structures, and the 

microscopic interactions between them, which complements experimental work and 

also guides it by enabling us to understand the phenomenon taking place at a 

microscopic level. Computer simulations thus act as a link between the microscopic 

length and time scales, and the macroscopic scale in the laboratory, enabling us to study 

the interactions between molecules and to predict values of bulk properties. This means 

that the hidden reasons behind bulk measurements can be understood using computer 

simulations which act as the bridge between theory and experiment. Developed models 
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can be tested using the extensive experimental work done as a part of this dissertation, 

afterwards, theories can be tested using the same model without having to run 

experimental runs for each one of them. 
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A. SUPPLEMENTARY INFORMATION 

1. The effect of organic linker functionalization 

 XRD of fresh samples 

 

Figure S1: PXRD patterns of prepared MOFs compared to the simulated pattern from 

UiO-66 structure 
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 Nitrogen adsorption-desorption isotherms 

 

Figure S2: Nitrogen adsorption-desorption isotherms of the prepared catalysts at 77 K 

(a) UiO-66 (b) UiO-66(COOH)2 (c) UiO-66(NH2). ᵒ Adsorption • Desorption 
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 SEM images 

 

Figure S3: SEM images of the studied MOFs (a) UiO-66 (b) UiO-66(COOH)2 (c) UiO-

66(NH2) 

 

 Calculation of missing linkers based on TGA data 

The calculation of the number of missing linkers per cluster have been discussed 

in detail in a previous study [79], but it will be repeated briefly for clarification.  

The calculation is based on the assumption that the only solid product remaining 

after the combustion of the UiO-66 samples is 6 ZrO2. Taking UiO-66 as an example, 

the reaction for the combustion is given below: 

𝑍𝑟6𝑂4(𝑂𝐻)4(𝐵𝐷𝐶)6 (𝑠) + 45 𝑂2 (𝑔) → 6 𝑍𝑟𝑂2 (𝑠) + 48 𝐶𝑂2 (𝑔) + 12 𝐻2𝑂 (𝑔) 

The theoretical weight-loss plateau should be the ratio of the molecular weight 

of the hydroxylated UiO-66 sample to that of the 6 ZrO2. If the TGA curve was 
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normalized to have the final weight-loss equal to 100%, then the theoretical weight-loss 

plateau could be calculated as follows: 

𝑊𝐿𝑃𝑡ℎ =
𝑀𝑊𝑀𝑂𝐹

𝑀𝑊6 𝑍𝑟𝑂2

∗ 𝑊𝐿𝑓𝑖𝑛𝑎𝑙 

Where 𝑊𝐿𝑃𝑡ℎ is the theoretical weight-loss plateau of the studied hydroxylated 

MOF structure, 𝑀𝑊6 𝑍𝑟𝑂2
 is the molecular weight of 6 ZrO2, and 𝑊𝐿𝑓𝑖𝑛𝑎𝑙 is the final 

value of the weight-loss which is set to be 100% in the normalized curve (Fig. 7).  

The experimental weight-loss plateau 𝑊𝐿𝑃𝑒𝑥𝑝could be defined as the vertical 

line passing through the intercept between the TGA curve and the temperature after 

which the weight-loss is attributed to the combustion of the linker, Tlink. Considering 

Fig. 7, it is clear that there is a gap between the theoretical weight plateau 𝑊𝐿𝑃𝑡ℎ and 

the experimental weight plateau 𝑊𝐿𝑃𝑒𝑥𝑝 in all three MOFs used. This shows that all 

structures are missing linkers and have thus a defective framework.  

To account for the theoretical weight-loss attributed to each linker, 𝑊𝐿𝑙𝑖𝑛𝑘, the 

following formula is used: 

𝑊𝐿𝑙𝑖𝑛𝑘 =
𝑊𝐿𝑃𝑡ℎ − 𝑊𝐿𝑓𝑖𝑛𝑎𝑙

𝑁𝐿𝑡ℎ
 

Where 𝑁𝐿𝑡ℎ is the theoretical number of linkers per hydroxylated Zr6 unit. 

The experimental number of linkers per Zr6 unit, 𝑁𝐿𝑒𝑥𝑝, could thus be calculated 

as follows: 

𝑁𝐿𝑒𝑥𝑝 =
𝑊𝐿𝑃𝑒𝑥𝑝 − 𝑊𝐿𝑓𝑖𝑛𝑎𝑙

𝑊𝐿𝑙𝑖𝑛𝑘
 

And finally, the number of missing linkers, 𝑁𝐿𝑚𝑖𝑠. is the difference between the 

theoretical number of linkers 𝑁𝐿𝑡ℎ, and the calculated experimental number of linkers 

𝑁𝐿𝑒𝑥𝑝. 
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𝑁𝐿𝑚𝑖𝑠. = 𝑁𝐿𝑡ℎ − 𝑁𝐿𝑒𝑥𝑝 

The following table shows the values used for calculation for each MOF 

structure along with the results. 

Table S1: Results of TGA cruves analysis 

Zr-MOF 
𝑴𝑾𝑴𝑶𝑭 

(g/mol) 

𝑾𝑳𝑷𝒕𝒉 

(%) 

𝑾𝑳𝑷𝒆𝒙𝒑 

(%) 

𝑾𝑳𝒍𝒊𝒏𝒌 

(%) 
𝑵𝑳𝒆𝒙𝒑 𝑵𝑳𝒎𝒊𝒔. 

UiO-66 1664 225.05 195.98 20.84 4.60 1.39 

UiO-

66(COOH)2 
2216 299.77 255.80 33.29 4.68 1.32 

UiO-66(NH2) 1765 238.77 198.91 23.12 4.27 1.72 

 

 Esterification reaction results under different heterogeneous acid catalysts  

Table S2: Conversion to butyl butyrate over 24 hours in the esterification reaction of 

butyric acid in presence of butanol using 5% loading of different acid catalysts. 

Conversion to butyl butyrate (%) 

Catalyst      

 2 hours 4 hours 6 hours 8 hours 24 hours 

UiO-66 23.6 38.0 50.7 59.9 83.4 

UiO-66(COOH)2 26.2 41.1 54.6 64.5 90.2 

UiO-66(NH2) 19.7 31.3 38.0 45.6 74.7 

Blank 14.0 24.6 29.3 31.8 45.4 

H2SO4 78.6 84.3 88.5 89.7 94.9 

H-Beta 20.5 36.3 45.6 53.7 73.5 

H-USY 30.0 45.1 53.3 56.9 81.1 
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 XRD patterns of fresh and recycled synthesized MOFs 

 

Figure S4: XRD patterns of fresh and recycled synthesized MOFs (A) UiO-66 (B) 

UiO-66(COOH)2 (C) UiO-66(NH2) 
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 Effect of stirring speed on conversion to butyl butyrate 

 

Figure S5: Effect of the stirring speed on the esterification reaction of butyric acid in 

presence of butanol under 5% loading of (a) UiO-66 (b) UiO-66(COOH)2 (c) UiO-

66(NH2) 
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2. The effect of defect engineering 

 Materials 

The chemical reagents used for the synthesis of the MOFs and the esterification 

reaction were commercially available and were used directly without further 

purification. The organic linkers used for the synthesis of MOFs studied, terephthalic 

acid (C6H4(CO2H)2, 99%), 1,2,4,5-benzenetetracarboxylic acid (C10H6O8, 96%), and 2-

aminoterephthalic acid (C8H7NO4, 99%), and the modulators used, acetic acid (C2H4O2, 

99%), and formic acid (CH2O2, 98-100%) were obtained from Sigma Aldrich. The 

Metal used for the synthesis of MOFs, zirconium chloride (ZnCl4, 98%), and the 

chemicals required for the esterification reaction, GC calibration, and GC running, 1-

butanol (C4H10O, 99%, extra pure), n-butyric acid (C4H18O2, 99%, extra pure), butyl 

butyrate (98%, Acros Organics), heptane (C7H16, HPLC grade) and 1-octanol (C8H18O, 

99%, pure), were obtained from Acros Organics. N,N-dimethylformamide (DMF, 

Analytical reagent grade), and dichloromethane (DCM, Analytical reagent grade) were 

purchased from Fisher Scientific. 

 

 Supplementary results 

 Scanning electron microscopy (SEM) 

Additional SEM images of the samples were taken at a scale of 2 μm as 

indicated in Figure S6. 
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Figure S6: SEM images at a 2 μm scale for all the 15 MOF catalysts synthesized 
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 Powder X-Ray Diffraction (PXRD) 

Figure S7 shows the PXRD patterns of MOF catalysts after being used in the 

esterification reaction and washed for a second time. The obtained patterns match the 

ones of the fresh samples indicating that the samples remain stable after the 

esterification reaction of butyric acid in presence of butanol. 
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Figure S7: PXRD patterns of the recycled 15 MOFs catalysts synthesized after washing 

and activation 

 



150 

 

 

 Catalysts recyclability and stability 

 

Figure S8: PXRD patterns of the recycled T2FA, C2FA, and A2FA catalysts after 

washing and activation following the 4th use in the esterification reaction

 

Figure S9: SEM images of the recycled T2FA, C2FA, and A2FA catalysts after 

washing and activation following the 4th use in the esterification reaction 
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 Effect of stirring speed 

 

Figure S10: The effect of the stirring speed in the esterification reaction on the 

conversion to butyl butyrate using T2FA, C2FA, and A2FA 
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3. Multivariate (MTV-MOFs) or Mixed-Linker approach 

 Materials 

The chemicals used in this study were commercially provided and used directly 

in experiments without further purification. Terephthalic acid (C6H4(CO2H)2, 99%), 

1,2,4,5-benzenetetracarboxylic acid (C10H6O8, 96%), 2,5-Dihydroxyterephthalic acid 

(C8H7NO4, 99%), sodium bicarbonate (NaHCO3, 99%), deuterium oxide (D2O, 99% 

atom D), and formic acid (CH2O2, 98-100%) were purchased from Sigma Aldrich. 

Zirconium chloride (ZnCl4, 98%), 1-butanol (C4H10O, 99%, extra pure), n-butyric acid 

(C4H18O2, 99%, extra pure), butyl butyrate (98%, Acros Organics), heptane (C7H16, 

HPLC grade) and 1-octanol (C8H18O, 99%, pure), were purchased from Acros Organics. 

N,N-dimethylformamide (DMF, Analytical reagent grade), and dichloromethane (DCM, 

Analytical reagent grade) were purchased from Fisher Scientific.  

 Powder X-Ray Diffraction (PXRD) 

 

Figure S11: A narrow 2theta range of the PXRD patterns of the MTV-MOFs showing 

the shift in peaks towards a lower angle with the increase in incorporation of the 

functionalized linkers 
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 1H-NMR results 

 

Figure S12: 1H-NMR spectra of UiO-66(3A:1B) 

 

Figure S13: 1H-NMR spectra of UiO-66(1A:1B) 
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Figure S14: 1H-NMR spectra of UiO-66(1A:3B) 

 

 

Figure S15: 1H-NMR spectra of UiO-66(3A:1C) 
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Figure S16: 1H-NMR spectra of UiO-66(1A:1C) 

 

Figure S17: 1H-NMR spectra of UiO-66(1A:3C) 
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 Regression model supplementary data 

Table S3: parameters used to build the regression model 

MOF 
Defects 

Number 

Surfac

e Area 

Catalyst 

Loading 
% T %A % C 

Convers

ion 

Refere

nce 

UiO-66 1.39 1052 5 1 0 0 83.4 [143] 

UiO-

66(COOH)2 
1.32 284 5 0 0 1 90.2 [143] 

UiO-

66(NH)2 
1.72 801 5 0 1 0 74.7 [143] 

UiO-66 1.39 1052 2 1 0 0 75.4 [143] 

UiO-

66(COOH)2 
1.32 284 2 0 0 1 81.5 [143] 

UiO-

66(NH)2 
1.72 801 2 0 1 0 67.7 [143] 

UiO-66 1.39 1052 1 1 0 0 69.9 [143] 

UiO-

66(COOH)2 
1.32 284 1 0 0 1 75.4 [143] 

UiO-

66(NH)2 
1.72 801 1 0 1 0 60.15 [143] 

TB 1.36 1049 2 1 0 0 57.2 [121] 

T1AA 1.5 1490 2 1 0 0 70.4 [121] 

T2AA 1.53 1593 2 1 0 0 78.1 [121] 

T1FA 1.72 1695 2 1 0 0 83.6 [121] 

T2FA 1.86 1813 2 1 0 0 89.1 [121] 

CB 0.88 51 2 0 0 1 63.3 [121] 

C1AA 1.38 268 2 0 0 1 77.4 [121] 

C2AA 1.44 376 2 0 0 1 81.5 [121] 

C1FA 1.9 517 2 0 0 1 88.2 [121] 

C2FA 1.93 522 2 0 0 1 91.5 [121] 

AB 1.5 1016 2 0 1 0 64.2 [121] 

A1AA 1.67 1294 2 0 1 0 69.6 [121] 

A2AA 1.73 1434 2 0 1 0 77.2 [121] 

A1FA 1.87 1570 2 0 1 0 80.3 [121] 

A2FA 2.02 1723 2 0 1 0 84.7 [121] 

T2FA (1%) 1.87 1812 1 1 0 0 75 
This 

study 

C2FA (1%) 1.93 522 1 0 0 1 76.4 
This 

study 

UiO-

66(OH)2 
1.51 602 1 0 0 0 80.4 

This 

study 

UiO-

66(3A:1B) 
1.83 773 1 0.84 0 0.16 70.3 

This 

study 

UiO-

66(1A:1B) 
2.14 657 1 0.73 0 0.27 85.3 

This 

study 
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UiO-

66(1A:3B) 
1.98 609 1 0.39 0 0.61 88.8 

This 

study 

UiO-

66(3A:1C) 
1.33 1290 1 0.87 0 0 72.5 

This 

study 

UiO-

66(1A:1C) 
1.73 947 1 0.74 0 0 86.5 

This 

study 

UiO-

66(1A:3C) 
1.9 761 1 0.48 0 0 82.2 

This 

study 

 

Table S4: Normalazied parameters used to build the regression model 

MOF 
Defects 

Number 

Surface 

Area 

Catalyst 

Loading 
% T %A % C Conversion Reference 

UiO-66 0.40 0.57 1.00 1.00 0.00 0.00 83.4 [143] 

UiO-

66(COOH)2 
0.35 0.13 1.00 0.00 0.00 1.00 90.2 [143] 

UiO-66(NH)2 0.67 0.43 1.00 0.00 1.00 0.00 74.7 [143] 

UiO-66 0.40 0.57 0.25 1.00 0.00 0.00 75.4 [143] 

UiO-

66(COOH)2 
0.35 0.13 0.25 0.00 0.00 1.00 81.5 [143] 

UiO-66(NH)2 0.67 0.43 0.25 0.00 1.00 0.00 67.7 [143] 

UiO-66 0.40 0.57 0.00 1.00 0.00 0.00 69.9 [143] 

UiO-

66(COOH)2 
0.35 0.13 0.00 0.00 0.00 1.00 75.4 [143] 

UiO-66(NH)2 0.67 0.43 0.00 0.00 1.00 0.00 60.15 [143] 

TB 0.38 0.57 0.25 1.00 0.00 0.00 57.2 [121] 

T1AA 0.49 0.82 0.25 1.00 0.00 0.00 70.4 [121] 

T2AA 0.52 0.88 0.25 1.00 0.00 0.00 78.1 [121] 

T1FA 0.67 0.93 0.25 1.00 0.00 0.00 83.6 [121] 

T2FA 0.78 1.00 0.25 1.00 0.00 0.00 89.1 [121] 

CB 0.00 0.00 0.25 0.00 0.00 1.00 63.3 [121] 

C1AA 0.40 0.12 0.25 0.00 0.00 1.00 77.4 [121] 

C2AA 0.44 0.18 0.25 0.00 0.00 1.00 81.5 [121] 

C1FA 0.81 0.26 0.25 0.00 0.00 1.00 88.2 [121] 

C2FA 0.83 0.27 0.25 0.00 0.00 1.00 91.5 [121] 

AB 0.49 0.55 0.25 0.00 1.00 0.00 64.2 [121] 

A1AA 0.63 0.71 0.25 0.00 1.00 0.00 69.6 [121] 

A2AA 0.67 0.78 0.25 0.00 1.00 0.00 77.2 [121] 

A1FA 0.79 0.86 0.25 0.00 1.00 0.00 80.3 [121] 

A2FA 0.90 0.95 0.25 0.00 1.00 0.00 84.7 [121] 

T2FA (1%) 0.79 1.00 0.00 1.00 0.00 0.00 75 This study 

C2FA (1%) 0.83 0.27 0.00 0.00 0.00 1.00 76.4 This study 

UiO-66(OH)2 0.50 0.31 0.00 0.00 0.00 0.00 80.4 This study 

UiO-

66(3A:1B) 
0.75 0.41 0.00 0.84 0.00 0.16 70.3 This study 
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UiO-

66(1A:1B) 
1.00 0.34 0.00 0.73 0.00 0.27 85.3 This study 

UiO-

66(1A:3B) 
0.87 0.32 0.00 0.39 0.00 0.61 88.8 This study 

UiO-

66(3A:1C) 
0.36 0.70 0.00 0.87 0.00 0.00 72.5 This study 

UiO-

66(1A:1C) 
0.67 0.51 0.00 0.74 0.00 0.00 86.5 This study 

UiO-

66(1A:3C) 
0.81 0.40 0.00 0.48 0.00 0.00 82.2 This study 

 

Table S5: The parameters suggested for the model along with their corresponding 

regression coefficients and p-values 

Independent Variables Coefficients P-value 

Cst 39.95 1.82E-08 

% A 6.87 1.10E-02 

% B 21.94 3.98E-06 

%C 25.25 1.18E-04 

DN 25.07 1.57E-05 

SA 16.19 1.12E-02  

CL 15.38 2.75E-04  

 

Table S6: The regression model statistics summary 

Model  Evaluation 

Parameter 

Value 

Multiple R 0.850 

R2 0.723 

Adjusted R2 0.659 

Standard Error 5.191 

Observations 33 

Significance F 3.286E-06 
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Table S7: Model-predicted vs. experimentally obtained conversion to butyl butyrate 

and the average error between the two for the set of experiments done 

Observation MOF Convmod Convexp Residuals 

1 UiO-66 81.6 83.4 1.84 

2 UiO-66(COOH)2 88.2 90.2 2.03 

3 UiO-66(NH)2 78.9 74.7 -4.24 

4 UiO-66 70.0 75.4 5.39 

5 UiO-66(COOH)2 76.6 81.5 4.87 

6 UiO-66(NH)2 67.4 67.7 0.30 

7 UiO-66 66.2 69.9 3.73 

8 UiO-66(COOH)2 72.8 75.4 2.62 

9 UiO-66(NH)2 63.6 60.15 -3.41 

10 TB 69.4 57 -12.19 

11 T1AA 76.2 70.4 -5.83 

12 T2AA 77.8 78.1 0.33 

13 T1FA 82.5 83.6 1.11 

14 T2FA 86.4 89.1 2.74 

15 CB 65.7 63.3 -2.43 

16 C1AA 77.7 77.4 -0.28 

17 C2AA 79.9 81.5 1.64 

18 C1FA 90.3 88.2 -2.11 

19 C2FA 91.0 91.5 0.55 

20 AB 65.0 64.2 -0.80 

21 A1AA 70.9 69.6 -1.34 

22 A2AA 73.4 77.2 3.78 

23 A1FA 77.4 80.3 2.85 

24 A2FA 81.8 84.7 2.86 

25 T2FA (1%) 82.7 75 -7.70 

26 C2FA (1%) 87.1 76.4 -10.71 

27 UiO-66(OH)2 82.8 80.4 -2.40 

28 UiO-66(3A:1B) 74.8 70.3 -4.47 

29 UiO-66(1A:1B) 81.53 85.3 3.77 

30 UiO-66(1A:3B) 83.03 88.8 5.77 

31 UiO-66(3A:1C) 69.55 72.5 2.95 

32 UiO-66(1A:1C) 76.75 86.5 9.75 

33 UiO-66(1A:3C) 83.20 82.2 -1.00 
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