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Abstract 

Metal Organic Frameworks (MOFs) are novel materials with vast applications such as catalysis, 

dye adsorption, drug retention, or gas storage.1 MOFs can retain molecules inside their 

microporosity or onto its surface due to its 3D structure. One of the main advantages of the MOFs 

is the chemical diversity present at their surface because they consist of an organic ligand and a 

metal center. In this case, Copper (II) acts as the metal center and benzene-1, 3, 5 tricarboxylic acid 

BTC as the organic ligand, to form HKUST-1 (also known as Cu-BTC or MOF-199). Despite the 

diversity of existing inorganic and organic parts, each MOF usually contains only one type of 

transition metal. However, the advantage of having two different metals brings usually new 

properties, for example, in the case of Cu-Ni alloys. The objective of this work is to take advantage 

of two different metals, namely copper and Nickel, and of the 3D structure of the MOF. 

Alternatively, in other words, make Ni-doping of the HKUST-1 material, verified both by 

experimental and theoretical technics. Moreover, finally, test the catalytic activity of this new 

material, in this case, the direct hydroxylation of benzene to phenol. The Ni-doped material showed 

to be a better catalyst than the simple HKUST-1. 
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Abstract 

La redes metal-orgánicas (MOF por sus siglas en inglés) son materiales novedosos con una gran 

cantidad de aplicaciones como es catálisis, adsorción de colorantes, retención de drogas, o 

almacenamiento de gases. MOFs tienen la capacidad de retener moléculas dentro de su micro 

porosidad o en la superficie debido a su estructura 3D. Una de las grandes ventajas de estos 

materiales es la diversidad química presente en su superficie porque estos materiales están 

constituidos por un ligando orgánico y un centro metálico. En este proyecto, Cobre (II) hace de 

centro metálico mientras que el ácido trimésico (BTC) como ligante orgánico para así formar 

HKUST-1 (conocido también como Cu-BTC o MOF-199). A pesar de la gran variedad de centros 

metálicos y ligantes orgánicos que existen actualmente, normalmente cada MOF contiene solo un 

tipo de metal de transición. Sin embargo, la ventaja de tener dos tipos de metales traería nuevas 

propiedades al catalizador como es el caso de aleaciones Cu-Ni. El objetivo de este trabajo es tomar 

ventaja de dos tipos de metales diferentes, en este caso Cobre y Níquel, y la estructura 

tridimensional de la red metal orgánica. En preferencia, esto quiere decir que se intentara dopar al 

catalizador HKUST-1 con Níquel, verificando este proceso con técnicas teóricas y experimentales. 

Finalmente, realizar un test catalítico para analizar la actividad del nuevo catalizador, en este caso 

la hidroxilación directa de benceno a fenol. El catalizador dopado con Níquel demuestra ser un 

material más activo que HKUST-1. 

 

Palabras clave 

MOF (Red metal-orgánica), catálisis, materiales porosos, estructura 3D, reacción de oxidación, 

Dopaje con nickel. 
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1 Chapter 1: Introduction and objectives 

This chapter presents the motivation for phenol production, the industrial context of this 

production, the best current approach and the proposition/objectives of this work.  

 Relevance of the topic to industrial process 
Phenol 

Phenol is an organic compound; alcohol, characterized by the presence of the hydroxyl group 

linked to a benzene ring. (Figure 1) Phenol is used to name an entire family of organic compounds, 

but the term points to a specific compound also known as benzenol or carbolic acid. Phenol was 

isolated in 1865 by Joseph Lister, who used it as antiseptic2; currently, this compound has a many 

applications from household3 products to reagents and intermediates for industrial synthesis.4 

 
 

Figure 1. Schematic(left) and 3D structure (right) of phenol molecule 

Due to the presence of hydroxyl functional group in their structure, phenol has similar properties 

as other alcohols, and it can also participate in the intermolecular hydrogen bonding. Some physical 

properties of phenols are molecular weight of 94 g/mol, a boiling point of 455 K (more than several 

hydrocarbons with the same MW), low solubility in water, among others. Its structure influences 

the chemical properties of phenol; it presents five resonance structures (Figure 2) that may give 

protons. The difference between aliphatic alcohol and phenol lies in the electronic delocalization 

in the benzene ring of phenol. The acidity of phenols is more than alcohol but lower than carboxylic 

acid compounds. 

 

Figure 2. Resonant structures of phenol, these show partial negative charges appearing in ortho and para positions  

Phenol is one of the essential commodities in the industry due to its use as a precursor of dyes, 

polymers, pharmaceuticals, and others4. For example, in the polymers industry for the production 
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of phenolic resins5; industrial uses it as conservative additives, adhesives; in the food processing 

industry as a flavoring agent, colors, and appetizing. (Figure 3) Currently, more than 96 % of 

phenol is producing by the cumene process6, involving three steps: production of cumene, 

conversion of cumene to cumene hydroperoxide, and decomposition of cumene hydroperoxide.7,8 

Nevertheless, the cumene process presents some disadvantages in their process that leads to the 

lower yield of phenol, near to 5%, primarily due to the formation of acetone as a byproduct in the 

final step with 1:1 stoichiometry. Moreover, cumene hydroperoxide is an explosive intermediate, 

not environmental friendly. Besides, high pressure, high temperature, and strongly acidic 

conditions are required.6 

 

 

Nowadays, the global production of phenol reaches 10 MMT per year; the largest producers of 

phenol are the USA and Western Europe, as shown in Figure 4. Besides, as shown in this figure, 

three end products represent nearly 75% of all phenol consumed in the world: bisphenol-A, 

phenolic resin, and caprolactam.9 

Figure 3. Value chain of phenol 
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 Aromatic compounds in Ecuador 
The aromatic compounds are present in some final products in the refineries of Ecuador in order 

to increase the octane number in fuels. The principal component of these components is benzene 

and other components such as polyaromatic hydrocarbons, benzenoids, and compounds with five 

polycondensates rings.  As an example, the content of benzene in “gasoline extra” is 0.8% vol and 

0.95% vol in fuel “gasoline super.” In the SARA analysis made in an oil well of Tiputini, C 

Platform, ITT camp in Ecuador; show that the crude oil presents 30% vol of aromatics.10 

A couple of years ago, Ecuador proposed a new Refinery called “Refineria del Pacifico,” where 

the first stage consists of the use of xylene, benzene, propylene, ammonia, and ethylene to form 

products as detergents, plastic resins, textiles, and others. Specifically, the products desired from 

benzene was chlorobenzene, styrene, polystyrene, acrylonitrile butadiene styrene (ABS), styrene 

butadiene rubber (SBR), and linear alkyl benzene (Figure 5).11  

Figure 4. Worldwide production of phenol, and principal end-products.  
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 Oxidation of Benzene to Phenol 
Oxygen is one of the most abundant elements on Earth with more than 50%, and oxygen reactions 

represent great importance in our lives ranging from biological reactions in animals and plants to 

catalytic reactions in an industrial process. Nevertheless, oxidation catalysis currently suffers from 

several disadvantages such as low conversion (production of undesired byproducts), the small 

activity of catalysts, high cost of production, unfriendly to the environment, and others. The 

oxidation reaction of paraffin and aromatic hydrocarbons to alcohols and phenols are two reactions 

that have attracted the interest of several researchers, looking for active, selective, and cheap 

catalysts. 

Phenol was firstly isolated from coal tar in 1834 and called "carbolic acid." The interest and 

different applications of this compound throughout history gave rise to the development of several 

synthetic phenol preparations. At present, several processes to produce phenol exist with different 

advantages and disadvantages based on the raw materials, catalysts, operational conditions used, 

or the byproducts formed. It is crucial to take into account all of these considerations to choose the 

best process with a maximum yield of phenol. The process to produce phenol are:12 

 Cumene process 

Figure 5. Phases of production using benzene as starting reagent 
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 Benzene sulphonation 

 Oxidation of Toluene 

 Phenol from coal 

 Toluene- Benzoic acid 

Cumene Process: or Cumene peroxidation, constitutes three steps: the Alkylation of benzene to 

cumene, cumene oxidation to cumene hydroperoxide (CHP), and decomposition to phenol and 

acetone as a byproduct. This process was developed in 1942 in the former Soviet Union, and in 

1949 the first industrial plant started to work. The process starts with the formation of an emulsion 

of cumene and sodium carbonate solution; sodium stearate acts as an emulsifier. The emulsion is 

oxidized in the reactor at atmospheric pressure with air, using a catalyst of copper or manganese 

salt during 3-4 hours at a temperature between 160-210 ºC; cumene hydroperoxide formed. Then, 

the product decomposed by acid catalyst (commonly sulphuric acid 5-50% wt) at a specific 

pressure and a temperature between 45-65 ºC; as a result, phenol, cumene, and acetone produced. 

The final steps consist of the separation of acetone, phenol, and the recycling of cumene to the first 

step of the process. The figure below shows the reaction mechanism.13  

 

 

 

Benzene sulphonation: This was the first method taken to industrial scale in 1899, it has been 

used for 80 years in the industry but has many disadvantages such as a low yield of phenol, 

aggressive reagents, a large amount of waste sodium sulfite, and others. As a result, this method is 

no longer use in the industry.  

Scheme 1. Mechanism reaction for cumene process. 
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Oxidation of toluene: There are two types of reaction in this method: Alkaline hydrolysis, also 

known as the Dow process, and the Rasching-Hocker process. The first one was brought at an 

industrial scale in 1924 by Dow chemical in the U.S.A. The reaction consists of the chlorination of 

benzene with ferric chloride as the catalyst at temperatures between 25-50 ºC. Then, chlorobenzene 

is hydrolyzed with sodium hydroxide at 300-390 ºC and 300 atm to form phenol and sodium 

chloride. The second one also consists of the formation of chlorobenzene, but in that case, benzene 

is oxychlorinated in the presence of hydrochloric acid, oxygen obtained from air, and catalyst of 

iron and copper under atmospheric pressure used. Then, chlorobenzene is hydrolyzed with a 

catalyst to produce benzene and hydrochloric acid. 

 

 

Phenol from coal: This process suffers from significant drawbacks such as the high cost of 

operation (due to the energy necessary), equipment ( 7 columns), dangerous to the operational staff. 

Toluene- benzoic acid process: It is the only method that does not use benzene as raw material. 

This method consists of two reactions. The first reaction is the oxidation of toluene to benzoic acid 

in the presence of a cobalt catalyst at 140° C and 2 atm. The second reaction presents some 

difficulties such as degradation of the catalyst and low selectivity; it consists of two reactions in 

series, the oxidation of benzoic acid with oxygen and catalysts of copper and magnesium salts, and 

finally hydrolyzed to phenol and carbon dioxide as a byproduct. At present, this method is using, 

but only represents 5% of the world phenol production.12,14 

Scheme 2. Mechanism reaction for benzene sulfonation 

Scheme 3. General mechanism for toluene oxidation. 
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 Cumene to Phenol Industrial Processes 

As mentioned before, the cumene process consists of three steps: benzene alkylation to cumene, 

cumene oxidation, and decomposition of cumene peroxide to phenol and acetone. At the begining 

of the 20th century, phenol was synthesized primarily by two methods: benzene chlorination and 

sulfonation process, providing to the resin industry. Since 1940 to present, more than 90% of 

phenol production has made via the cumene peroxide process. As a result, several technologies 

have emerged in order to improve phenol/acetone quality, production yield, cumene conversion, 

among others. Presently, some technologies represent in the area of the cumene peroxidation 

method as Sunoco/UOP, ILLA Internationa, KBR, and GE/Lammus. Sunoco/UOP phenol process 

produces phenol and acetone with a high level of purity, using oxygen from the air. Has low 

feedstock consumption without tar cracking, no acetone recycling to cleavage section, simplified 

neutralization, efficient purification, low overall capital, and production costs. ILLA´s phenol 

technology uses the same manufacturing process as the other licenses. However, only ILLA 

International does scientific research intending to improve the cumene process.6  

 

 

 

Scheme 4. Mechanism for Toluene-benzoic acid process 

Figure 6. BDP for Sunoco/UOP license. 
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ILLA International Process 

The technology involved in the ILLA phenol process has three key steps to ensure the quantity and 

quality parameters: cumene oxidation, cumene hydroperoxide (CHP) decomposition, and 

purification of phenol. The other steps of the process are similar to the other licenses.6  

 
Cumene oxidation: The cumene oxidation reaction follows the radical chain mechanism, uses air 

oxygen to form cumene hydroperoxide; the recycle streams are treated with an alkaline agent to 

maintain the pH values in the general requirements and the addition of neutralizer in oxidation 

product minimized the effect on the reaction rate increasing the cumene hydroperoxide rate and 

selectivity. The cumene oxidation is between 95.5-95% mol and a cumene conversion of 20-22% 

mol. Several advantages of this process are the reduction of the presence of inhibitors, stabilization 

of pH values, control of heat and concentration of oxygen in the reactors, hold the best operational 

conditions based on the kinetic model. 

Off-Gas Purification: The sorption methods that used carbon materials for cleaning gases are not 

using for several disadvantages like methanol sorption and lifetime. This step uses two types of 

zeolites to remove methanol and cumene; later, desorption is producing with vapor. The lifetime 

of zeolites used in this process is about five years, in comparison with carbon that is only 1.5 years. 

Cleavage or CHP Decomposition: For the first stage H2SO4 catalyst is used, for the second one 

NH4HSO4 mild acidic catalyst used to reduce the formation of byproducts through the process 

Figure 7. ILLA license BDP  
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(90% mol AMS yield). The stage has acetone recycle stream to improve final product quality and 

lower environmental impact. 

Fractionation: The CHP cleavage product stream has hydroxyacetone (HA), acetone, carbonyls, 

cumene, AMS, phenol, and other components; the stream is directing to phenol and acetone 

fractionation. The first column separates acetone, cumene, AMS, and light components are 

separated, then, acetone recuperation and AMS hydrogenation step proceeds. The process has 

lower steam consumption and adjustable control of the column conditions.  

AMS Hydrogenation and Production: AMS hydrogenation process carries out a high-level AMS 

to cumene conversion that is recycling to the oxidation step. This step proceeds at a lower level of 

hydrogen partial pressure. AMS production involves several fractionation columns that produce 

99.5% of pure AMS products. This process depends if the consumer prefers AMS as a final 

product. 

Phenol Treatment: This process is essential to the final quality of phenol product; the objective 

is to remove all of the minor organic compounds by binary catalysts, zeolites in one case. The 

catalysts have to convert the carbonyls and HA products.15 

 One-step benzene oxidation 
Direct oxidation of benzene could be the easiest way to produce phenol, avoiding several 

unit operations, and reducing the number of catalysts used in the process. Benzene can be oxidized 

by air, but phenol is also oxidized and even more quickly than benzene, thus producing byproducts 

such as hydroquinone, water, and carbon dioxide. The conversion percentage is meager and 

presently is not yet used for commercial production of phenol. For this reaction, oxygen, hydrogen 

peroxide, and nitrous oxide have used as oxidizing agents.15–20 

 

 

The oxidation using H2O2 produces water as a theoretical byproduct.21,22 The catalysts used 

for this reaction are common transition metals Mn+/m(n-1)+. The conversion could be more than 30% 

and 95% of selectivity with titanium-based catalysts. Meanwhile, with O2, the selectivity can reach 

Scheme 5. Direct oxidation of benzene to phenol with different oxidizing agents under the activity of some catalyst 
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more than 90% but low values of conversion. Direct oxidation with nitrous oxide is proceeded in 

the gas phase at 300-450°C, atmospheric pressure in the presence with zeolites as the catalyst. The 

conversion reached is 40% and selectivity 95% and byproducts formation as carbon dioxide, water, 

and hydroquinones.  

Nitrous oxide is the component of off-gas from the production plant of adipic acid. 

However, a plant with nitrous oxide has to be near to the adipic acid plant to avoid the transport 

and storage of the gas. The mechanism remains unclear, but two ideas are proposed; one assumes 

that nitrous oxide dissociates, at low temperature, into N2 and O, resulting in benzene oxidation, 

and the other attributes the catalytic activity to surface acidity. 

Alphox process 

The direct oxidation process to phenol by nitrous oxide as an oxidizing agent and zeolites 

as the catalyst as a new way of commercial synthesis was developed by Solutia Inc and BIC, called 

AlphOx. The operation conditions of the pilot plant shown in table 1. The process only uses an 

adiabatic reactor to realize the reaction. This process has several advantages in contrast to the 

cumene process: no intermediates and acetone formation, and only one-step reaction. As mentioned 

above, the problems are the availability of nitrous oxide for the process and its cost, also, the fast 

deactivation of the catalyst by the accumulation of phenol inside the pores and the consequent 

formation of coke.23  

 
Catalyst Fe-ZSM5 

Phenol productivity (kg/kg cat h) 0.4 

Benzene conversion to phenol (mol%) 97.98 

N2O conversion to phenol (mol%) 85 

Temperature of operation (°C) 400-450 

Contact time (s) 1-2 

 

 

 

 

Table 1. AlphOx process characteristics 
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 Objectives of the project 
The principal objective of this project is to develop a new catalyst efficient for the direct 

benzene oxidation to produce phenol.  

The project is logically subdivided into 3 specific objectives:  

1) Synthesize the HKUST-1 catalyst with the metathesis method  

2) Doping the material with Nickel using three different approaches: ship in bottle, 

bottle around the ship, and one step 

3) Test the efficiency of this new catalyst for the direct hydroxylation of benzene to 

phenol.   
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2 Chapter 2: State-of-the-art 

This chapter presents the state-of-the-art of the materials, specifically of the Metal Organic 

Frameworks, their application in catalysis and their relevance to benzene oxidation.  

 Porous materials 

2.1.1 Porous Materials 

Porous materials are materials built with a specific 3D structure that lets appear free space called 

pores. Porous materials possess a low density and a large specific surface allowing the entrance of 

other molecules. The principal properties discussed of porous materials are pores shapes, pores 

size, pore size distribution, specific surface. A surface is generally a physics domain that is known 

to bring particular properties (physisorption, chemisorption). In the case of porous material, 

particular properties are coming from the confinement effect inside the porosity and the lack of 

neighboring atoms in comparison to the bulk material. Consequently, porous materials mainly used 

for adsorption and catalysis applications. Common examples of such porous materials industrially 

used are activated carbon, silica, zeolites, and others. 

Depending on the diameter of the pores inside the material, different categories can be defined 

according to IUPAC: microporous (pores<2nm), mesoporous (2nm<pores<50nm) and 

macroporous (>50nm). A second classification can be done according to their crystallinity: 

crystalline materials possess atoms periodically spaced which confers the materials the property of 

displaying a discrete XRD diffractogram. Amorphous materials show an unordered structure, 

neither a structure at a short-range nor at a long-range. A third classification can be based on the 

nature of the atoms constructing the structure, either organic or inorganic. 

2.1.2 Metal Organic Frameworks 

Metal Organic Frameworks (MOF) produced by bonding an organic linker and a metallic center. 

For this reason, MOF is neither purely organic nor inorganic but pertains to the hybrid category. 

The linking of these two building units (organic and inorganic) produces different coordination 

modes, depending on the symmetry and coordination number of the linker and metal center; it 

means that the structure of the MOF is affected by a couple of factors of linker such as the 

geometry, shapes, functional groups.24,25. 
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The crystalline structure of the frameworks could be 1D, 2D, or 3D, generating high surface area 

and pore volume. This architecture of the MOF depends on the type of organic unit, whose could 

be ditopic or polytopic, linked with metal-containing units (secondary building units (SBU)). Some 

of the usual structures present in the MOFs are linear, trigonal, tetrahedral, square planar, trigonal 

pyramidal and others.26 Additionally, an extraordinary variety of organic and inorganic parts exist, 

generating more than 20 000 different MOFs 

 HKUST-1 
HKUST-1 also called MOF-199, or Cu-BTC is one of the most studied MOFs due to its 3D 

structure with a different distribution of porous sizes with high pore volume and surface area; the 

unsaturated copper (II) sites in the structure can bind water, ethanol, and other molecules easily. 

HKUST-1 also known as MOF-199 or Cu-BTC (BTC means the linker 1,3,5 benzene 

tricarboxylate) was synthesized for the first time in 1999 by Chui and collaborators in the Hong 

Kong University of Science and Technology27. This MOF formed by copper Cu(II) that acts as the 

metal site and the organic linker benzene-1,3,5-tricarboxylic acid (also referred to as trimesic acid) 

commonly synthesized by solvothermal method, electrochemical method, and microwave-assisted 

method 28. The Cu-BTC structure consists of a monomeric unit with a dicopper cluster named 

Paddlewheel (Figure 8) and a copper-copper distance of 0.263 nm, where, four oxygen atoms from 

four linkers coordinate to copper.28  Also, this MOF is a crystalline material; the space group is a 

face-centered crystal lattice with Fm-3m Symmetry.1,29  

 

 

Methods of synthesis  

Since the first synthesis of MOF in 1999 to now, several methods of synthesis have developed. 

These methods have variations in the compositional and process parameters that lead to changes 

Figure 8. Paddlewheel cluster of HKUST-1 MOF. Green: Cupper, red: oxygen 
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in the final product characteristics such as particle sizes, size of porous, shape of the crystal, among 

others. It means that different synthesis methods can influence the properties of the material 

obtained, such as adsorption of the products, catalytic behavior, pore size distribution, and others. 

Moreover, several researchers focus on the scale-up reaction of MOFs, and even some patents have 

created due to the novel features of this material. However, it should be considered potential 

problems in the industrial production of MOF such as sustainability, availability and high costs of 

linkers or solvents, as well as appropriated reaction conditions, but is not limited.25,30,31  

The conventional methods of synthesis are: 

 Solvothermal synthesis 

 Mechanochemical synthesis 

 Electrochemical synthesis 

 Microwave or ultrasound-assisted synthesis 

Solvothermal synthesis: The reaction of the organic linker, metal salt, and solvent or mix of 

solvents, takes place commonly into an autoclave under pressure over 1 atm, the temperature 

depends on the solvent selected (usually corresponding to the solvent boiling point), the 

concentration of reactants, and pH. Mechanochemical synthesis: Mechanical energy induced into 

the reaction system promoting chemical reaction (decomposition, ion exchange, oxidation-

reduction, among others) and physical phenomena to produce MOFs; the reaction occurs without 

the presence of a solvent30. Electrochemical synthesis: This process avoid the presence of anions 

such as nitrate, perchlorate, and chloride that contaminate the framework of MOFs. Instead of the 

use of metal salts, metal ions in anionic solution are feed continuously in the reaction media that 

contains organic linker dissolved.32 Microwave or ultrasound-assisted synthesis: The mixture 

with the metal center and linker receive energy by electromagnetic waves, commonly the frequency 

is between 300 MHz to 300 GHz in the microwave method, meanwhile, in the ultrasound-assisted 

method the cyclic mechanic vibrations supplied to the system are between 20 kHz to 10 MHz. This 

synthesis consists of low time reaction in contrast to the other ways of synthesis, minutes.33 

 MOFs as catalysts 
One of the advantages of MOFs is that it can be specifically designed depending on the final 

catalytic process.34 In addition to the design of the MOF itself, specific characteristics of these 



CHAPTER 2: STATE-OF-THE-ART 26 

 

materials such as high surface area, significant pore volume (even tunable), uniform catalytic sites 

through the structure, makes it an ideal support for catalysts in their surface or pores features.35 

Some MOFs have demonstrated to possess good Lewis acid sites due to the transition metal of their 

structures. This particular point is, however, MOF-dependent as the majority of them possess 

metals with a complete coordination sphere, HKUST-1 being an exception. Another approach is 

the modification of the organic linker in order to bring new functional groups. Several applications 

of MOFs as catalysts showed in the table. 30,36 Although several researchers were carried out, the 

complete understanding of catalysis in MOF is still at an early stage and would surely increase in 

the future.37 It has been reported that HKUST-1 has following characteristics  a)pores diameter 

ranging from 6 A to 10 A, b) water or solvent molecules coordinated to the Cu (II) are easily 

removed by thermal o chemical treatment, and c) this exposed open metal sites that can act as 

Lewis acid catalysts.30,36,38,39  

 Doping material as a strategy for catalysis 

Addition of nanoparticles into MOFs 

Nevertheless, MOFs present limiting characteristics such as low chemical, thermal stability, and 

electrical conductivity; it means a problem in practical applications.40 These problems initiate the 

need for increasing the functional properties of MOFs, as solutions some works present the 

incorporation of functional molecules as organic compounds, inorganic compounds, and biological 

molecules with the aiming of improving some weak properties of MOFs.41–43 As shown in Figure 

9, there are three different paths to encapsulate functional molecules into MOfs44:  

 

a) "ship in bottle" 

b) "bottle around the ship" 

c) "one-step” synthesis 
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The first one consists of post-synthesis encapsulation of metal nanoparticles (NPs) into MOFs; 

the process involves the addition of the NPs precursor into the structure of MOFs, followed by 

some treatment to obtain the NPs encapsulated into MOFs structure. The method " bottle around 

the ship" has two steps, first, the synthesis of the nanoparticles, second, the addition of the 

synthesized NPs into the MOF precursor; getting the growth of the MOF framework around 

nanoparticles. The last method involves the addition of the MOF and NP precursors in one solution, 

thus attained the simultaneous growth of both.44 

 

 Hydroxylation of benzene with HKUST-1 based materials 
Cu-BTC MOF, due to its features as high volume pore, large surface area, chemical, and 

thermal stability makes it a right candidate for catalysis. HKUST-1 when it is thermal o chemical 

activated, water leaves the copper (II) sites that act as Lewis acid catalysts; this material has been 

reported used as heterogeneous catalyst or catalyst support in catalytic reactions such as 

hydrogenation, oxidation, transesterification, and others.45 Only two works made by Liu and 

collaborators46 have used Cu-BTC MOF as the catalyst for direct oxidation of benzene to phenol; 

using benzene, H2O2 as the oxidizing agent, and acetonitrile at 60 C. 

Figure 9: Schematic view of the different approaches for doping a MOF44 
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The results of both works shown in Table 2. These works suggest that HKUST-1 can act as 

an excellent catalyst in the reaction with high selectivity to phenol but low yield, and high yield 

but low selectivity to phenol, depending on the reagents uses in the synthesis28 and activation46 of 

MOFs. The byproducts formed in this reaction are benzoquinone, catechol, and hydroquinone.47,48  

 
Phenol selectivity 

(%) 

Yield (%) TOF/h Ref 

52.6 16.6 16.2 28 
88.6 1.7 1.7 

53.3 36.5 35.1 46 
77.0 9.5 9.3 

 

 

 

 

  

Table 2. HKUST-1 results as catalyst for oxidation of benzene to phenol. 
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3 Chapter 3: Methods 

This chapter makes a brief description of the different technics of characterization used in this 

project to analyses the catalysts obtained.  

 X-Ray Diffraction (XRD) 
The XRD technique discovered by von Laue in 1912, is used to characterize the phases 

present in solid catalysts, giving information about the structure of the matter, atoms ordering, and 

spacing. 

Fundaments of the technique  

The X-Ray is electromagnetic radiation with a short wavelength produced by the high-energy 

electron braking or electronic transitions of electrons. The X-Ray has wavelengths between 10 

exposant -5 to 100 A. The interaction of X-Ray with the matter exists in two processes. 

1. Some photons of the incident beam deviated without losing energy; photons constitute the 

scattering radiation precisely with the same λ (wavelength) as the incident radiation. 

2. The photons may get a series of inelastic collisions when hitting the target and this energy 

increases the temperature of the sample or produce fluorescence 

This technique is based on the regular, repetitive, and organized distribution of the atoms or 

molecules that are part of the solid; where the constituents and the distance between them are the 

same magnitude order as the wavelength of the incident beams. When the X-Ray beam generated 

and directed to a flat sample placed at a fixed angle, the intensity of diffracted radiation (resulting 

from the interaction between solid and beam) is in the function of the distance between the crystal 

planes that are part of the structure and diffraction angle θ. 

In the diffraction, the scattered rays that are in phase proceed a constructive interference; 

meanwhile, those who do not in phase induces a destructive interference. For constructive 

interference, Bragg Law comes into play. 

𝑛 ∙ 𝜆 = 2 ∙ 𝑑ℎ𝑘𝑙 ∙ 𝑠𝑒𝑛 𝜃 

Where θ represents the diffraction angle in degrees, 𝐝𝐡𝐤𝐥 is the distance between crystal 

planes in angstrom (Å), and n is the whole number that represents the re-flexion order. The intensity 
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of the diffracted beams through a crystal is related to the kind of atom present in the crystal and its 

location in the unit cell. The interplanar distance d can be calculated from the angle θ where the 

diffraction peak appears with λ known. 

Experimental conditions 

The XRD analysis has been made in a diffractometer PANalytical brand model 

EMPYREAN, working with the configuration θ-2θ. Equipped with an X-Ray tube of copper (Kα 

radiation λ= 1.54056 A°) at 45kV and 40 mA. The measurements made in quadruplicate. The 

conditions of the measurements:49 

 
Configuration: Start angle(°): Step size (°): Net time per 

step(s): 

Spinner 5.0000 0.0167 40.05 

Scan Mode: End angle (°): Time per step (s): Scan speed (°/s): 

Continuous 90.0030 40.05 0.000417 

 

 Surface area determination, BET method 
This technique used for solids characterization, the name BET came from the acronym of 

the authors (Brunauer, Emmet, and Teller) of the particular equation used to calculate the specific 

surface of catalyst or porous solids. This parameter expresses the relation between the total area 

and weight of catalyst in a square meter of surface per gram of catalyst (m2/g).49 

Fundaments of the technique  

The BET method uses the principle of physisorption of inert gases, nitrogen; in this case, 

to variate the relation between the partial pressure of nitrogen and its vapor pressure at the 

temperature at which nitrogen is in the liquid state. Besides, with the appropriate calculations are 

possible to determine the distribution of the porous in the mesoporosity camp. 

 The BET theory is based on the following assumptions: 

1. Adsorption of the adsorbate produced in the overlapping layers of molecules. 

2. It does not exist preferential adsorption of adsorbate at any point of the surface. 

3. The adsorbed molecules do not interact between them. 

4. It supposed a determined mechanism for the first layer, and other for the following layers. 

Table 3. XRD conditions. 
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The calculation based on the determination of gas volume required to form a monolayer on the 

surface of solid. The graphic representation of BET isotherm in linear form utilized: 

P

V ∙ (Po − P)
=  

1

Vm  ∙ C
+ (

C − 1

Vm ∙ C
) ∙

P

Po
 

 

Where:  

𝐏𝐨: Saturation pressure of the adsorbate at experimental conditions (-196°C and 1atm). 

𝐕: Volume of adsorbed gas at normal conditions (1atm and 0°C) at partial pressure 𝐏 of     

adsorbate. 

𝐕𝐦: Volume of gas required to form a monolayer. 

𝐏/𝐏𝐨: Partial pressure 

𝐂: Constant related to the net adsorption energy by the equation:  

 

𝐶 = 𝑒(
𝐸1−𝐸2

𝑅𝑇
)
 

Where:  

𝐄𝟏: Adsorption heat of the first layer. 

𝐄𝟐: Condensation heat. 

𝐑: Ideal gases constant. 

𝐓: Absolute temperature. 

 

Then, the specific surface can be calculated by:  

Sg =  
Vm ∙ No ∙ σ

V ∙ W
 

𝐒𝐠: Specific surface (m2/g). 

𝐕𝐦: Volume of gas required to form a monolayer (mL) 

𝐕: Molar volume (ml/gmol) 

𝐍𝐨: Avogadro number 

𝛔: Area occupied by each molecule of nitrogen adsorbed. 
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𝐖: Weight of the sample (g) 

It should be noted that the BET model is a multilayer model, adequate for porosity in the 

range of mesoporosity. In our case, HKUST-1 is a microporous material, and MOFs materials, in 

general, are well known to follow the Langmuir model (mono-layer). However, the majority of 

specific surface are reported using the BET model. We will also use this model for the sake of 

comparison. 

 

 UV-vis/nIR Spectra 

3.3.1 UV-vis spectroscopy 

The spectrophotometry UV-Vis implies spectroscopy with photons in the ultra-violet and 

visible radiation range. In this range of the electromagnetic spectra, the energy given can result in 

electronic transitions from one orbital to another unoccupied.  This technique based on the 

transition from a ground state to an excited state upon light absorption. 

Fundaments of the technique  

The spectrophotometry UV-Vis is commonly used in the qualitative determination of 

solutions of metallic transition ions, organic compounds, and solids. The metallic transition ions 

absorb visible light due to the electrons can be excited from an electronic state to another (typically 

d-d transition). The color of this solution could be affected by the presence of other species such 

as anions or ligands. The organic compounds solutions, especially those that have a high level of 

conjugation, also absorb light in the range of visible electromagnetic spectra and UV (typically π-

π* transition). The dissolvent for these solutions can be ethanol or water, depending on the 

solubility of the organic compound, due to some organic solvents have a significant UV absorption. 

The polarity and pH of dissolvent can affect the adsorption of the spectra of an organic compound; 

more generally, the temperature, concentration of electrolytes, presence of interfering substances, 

pH of the solution, and nature of dissolvent are some factors that can influence in the absorbance 

spectra of the samples. 

 The Beer-Lambert law is used to determine the concentration of absorbing species in 

solution from the spectrophotometry UV-Vis. Using the following equation: 
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A = − log10 (
I

I0
) =  ε ∙ c ∙ L 

Where: 

A: Absorbance measured. 

I: Transmition intensity 

ε: Molar absorptivity or extinction coefficient (constant) 

L: Route length through the sample 

c: Concentration of the absorbent species  

This law does not work as a universal relation for the concentration and absorption of all 

substances, as big size molecules. 

    The instrument used, spectrophotometer UV- Vis, measures the intensity of the light that passes 

through the sample (I), and compares with the intensity of the light before it passes through the 

sample (I0). The relation I/I0 called transmittance, expressed in percentage (%T), and absorbance 

(A) based on the transmittance with the following equation: 

A = − log(%T) 

 The parts of a spectrophotometer are:  

1. Source of light (incandescent bulb for visible wavelength or deuterium lamp for UV). 

2. Sample holder. 

3. Diffraction grading used to separate the different wavelengths of light. 

4. Detector 

 

The UV-Vis spectra is a graph of light absorbance vs wavelength (λ) in UV or visible light range. 

3.3.2 Near Infra-red 

The general principle of measurement is similar to UV-vis experiments. The main 

difference lies in the effect that has the light on the matter for the wavelength corresponding to 

near-IR. In the range of middle-infrared, the absorption of light induces the vibration of different 

groups through stretching, bending, twisting, and other modes. In the near-IR range, only the 

harmonic or combinations of the vibrations observed in mid-IR are observed. As such, it is possible 

to identify the bands corresponding to water quickly. Near Infra-red is primarily used for control 

of the quality of products. 
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3.3.3 Diffuse reflectance spectroscopy 

Whether we would like to measure UV or nIR, the most common way is to measure directly 

the light which is going through a sample as described before (absorbance or transmittance). This 

method is perfectly adequate for measuring liquids, or transparent solid layers, of different 

concentration which absorb only partially the light. The problem is how to measure solid which 

are not transparent, like for example a powder? For solving this problem, the diffuse reflectance 

technics have developed. Instead of direct absorption, the light reflected in different directions on 

each particle constituting the solid. The central physical concept behind this technic is the diffuse 

reflection, which is different from the specular reflection (only at one angle). This technique 

provides the measurement of the surface and penetrates slightly inside the material.50 The accessory 

used for this kind of measurement is called Praying Manthis and collect the diffused reflected light 

through a set of mirrors. The spectra measured in reflectance and the signal can further transformed 

for quantitative purposes through, for example, the Kubelka-Munk equation. 

 

 

3.3.4 Experimental conditions 

The spectra recorded on a PerkinElmer Lambda 1050 apparatus. The liquid samples measured 

in a quartz cuvette of 1 cm in absorbance mode. The solid samples measured on the same apparatus 

using the Praying Manthis accessory in reflectance mode. The signal then processed using the 

Kubelka-Munk transformation.  

Figure 10. Schematic view of diffuse reflectance apparatus.50  
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4 Chapter 4: Results and discussion 

This chapter exposes and makes a critical analysis of the results obtained concerning the three 

parts of this project: material (HKUST-1) synthesis, doping with Nickel, test this material for 

catalysis (benzene oxidation) 

 HKUST-1 

4.1.1 Synthesis method used 

As highlighted before in the state of the art part, Cu-BTC usually synthesized through a 

solvothermal approach,27,51–53 which is also the most common way to synthesize MOFs in general. 

However, a new method of synthesis proposed recently1 based on much more mild conditions, 

which makes it a fascinating approach.  The synthesis of Cu-BTC material in this work follows 

this “metathesis” method. The method consists of the next steps: 

   1. Organic linker preparation: 2.0 mmol (0.25 g) of BTC and 0.35 g of NaHCO3 was dissolved 

into 100 mL of deionized water: this solution was stirred for one hour. 

   2. Precursor salt:   3.0 mmol (0.43g) of copper nitrate was dissolve in 20 mL of ethanol. 

   3. Mixture: Precursor salt was added gradually drop by drop into the first solution. The mixture 

obtained was stirred at room temperature for 12 hours. 

   4. Separation and drying: The solution was separated by centrifugation, washing three times with 

ethanol and drying at 373K for 4 hours and 333K for 8 hours.  

Figure 11 shows the blue solution during the synthesis. When taken out of the oven, the 

powder MOF has a characteristic dark blue color of its activation (free copper sites). Upon contact 

with ambient humidity, the sample takes rapidly (within a minute) a light blue color, particular 

when water molecules coordinate to the copper sites. 
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Figure 11. a) Solution during synthesis of HKUST-1.  

b) Solid HKUST-1 obtained at the end of drying process directly taken from oven,  c) after 1 min d) after 2 min in air 
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4.1.2 UV-vis characterization of the obtained material 

 

 

The diffuse reflectance UV-vis spectrum of the obtained material was recorded. The 

maximum is found at 730 nm, corresponding to the d-d transition of Cu(II). This wavelength of 

absorption is typical of HKUST-1 as confirmed by literature where this transition usually found in 

a range of 714 to 729 nm.54 This value can slightly change depending on what is coordinated on 

the Cu(II) sites, but such values usually observed when ethanol and water are present50. The 

activated one (after thermal treatment) usually shows a hypsochromic shift but is difficult to record 

without a closed-cell as water would coordinate to the material within seconds.50 

 

4.1.3 N2 adsorption 

The N2 adsorption of the material was recorded at the Laboratories of Chemical Engineering 

Faculty at Universidad Central del Ecuador and showed a low specific surface of  36,7 m2/g. The 

specific surface of synthesized can vary enormously in a range of 500-1500 m2/g depending on the 

conditions of synthesis.28 However, our shallow value might reflect an insufficient pre-treatment 

of the MOF, which probably was inadequate to measure the real porosity of the material. Thus, the 

pre-treatment was only 30 minutes using He flow, but, the conditions were fixed and could not be 

changed. Comparing to literature, this pre-treatment seems irrelevant. In consequence, other 

technics might be required to determine the real surface area of this material without the above 

mentioned experimental limitations. 

Figure 12. UV-Vis spectrum of the as-synthesized HKUST-1 
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4.1.4 X-Ray diffraction  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Both the XRD spectra of the synthesized material and the same material washed with 

ethanol four times have recorded. On the non washed material, many more peaks of diffraction are 

observed corresponding to the coordination of different reagents of the synthesis. However, when 

comparing with washed materials, the XRD pattern with literature, it finds a very close match. This 

Figure 13. XRD difractogram of the as-synthesized HKUST-1 a) non washed b)washed with ethanol c)from literature 

a) 

b) 

c) 
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XRD pattern is well known and is characteristic of HKUST-1 material.1,50 Moreover we can deduce 

the different Miller index of each peak observed. 

 
2θ sin²θ λ*h,k,l integer h²+k²+l² Miller index of 

planes h,k,l 
a Miller plane 

5,9 0,0026 3,072 3 3 111 25,9146 100 

6,8 0,0035 4,08 4 4 200 25,9668 110 

9,6 0,007 8,122 8 8 220 26,0271 111 

11,8 0,0106 12,257 12 12 222 25,9489 200 

13,5 0,0138 16,025 16 16 400 26,2044 210 

15,1 0,0173 20,026 20 19 331 25,5447 211 

17,6 0,0234 27,149 27 27 511 26,153 220 

19,2 0,0278 32,262 32 32 440 26,1187 221 

20,2 0,0307 35,674 36 36 600 26,3448 310 

21,4 0,0345 39,988 40 40 620 26,2293 311 

24,2 0,0439 50,97 51 51 551 26,2329 222 

26 0,0506 58,699 59 59 731 26,2923 320 

28,8 0,0618 71,742 72 72 822 26,2723 321 

 

Additionally, the diffractogram shows narrow peak meaning a high crystallinity of the synthesized 

compound 

4.1.5 Scanning Electrond Microscopy  

 

 

Table 4. Calculation of Miller index corresponding to each peak of XRD 

Figure 14. Scanning Electron Microscopy of the as-synthesized HKUST-1 at zoom 410x (left) and 10500x (right) 



CHAPTER 4: RESULTS AND DISCUSSION 40 

 

The scanning electron microscopy of HKUST-1 (Figure 14) shows a material with high 

crystallinity, forming octahedral crystals characteristic of HKUST-1.55 

 HKUST-1 Ni-doped 

4.2.1 Synthesis methods  

To dope the Cu-BTC with nickel was used three methods ship in bottle, bottle around the 

ship, and one-step. The first two methods consist of post-synthesis doping that the nickel NPs could 

be placed in the porosity or the surface of the MOF, and the one-step approach is in-situ method; 

the nickel atoms could replace one or two atoms of copper in the cluster of Cu-BTC or place in the 

surface or porosity. In the post-synthesis methods, 10% wt of Ni NPs are doping, meanwhile in the 

in-situ method Ni2+ 10% molar replace Cu2+ molar quantity. 

Synthesis method I: “Ship in Bottle” 

 

 

1. Thermal activation: Before impregnation, the HKUST-1 was activated to eliminate 

water present in the pores and leave copper II sites free. The samples were activated at 

398K  for two hours; except to 50%wt samples that were activated under vacuum.56  

2. Nickel NPs precursor preparation: 10% wt [Ni2+] (nickel nitrate as a precursor) was 

dissolved in 10 mL of ethanol. 

3. The Addition of NPs precursor: The solution was added gradually drop by drop in the 

Cu-BTC solid 

4. Drying: At 323K for 12 hours 

5. Calcined:  at 373 K for 24 hours57,58 

Synthesis method II: “Bottle Around the Ship” 

Figure 15. Schematic description of the Synthesis method I: “Ship in Bottle” 
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1. Synthesis of Nickel Nanoparticles: NiCl2·3H2O was mixed with hydrazine (N2H4/Ni2+=10) 

alcohol and KOH (Ni2+/KOH=10) as the catalyst for three hours until the mix becomes 

black. The product was washed with acetone and ethanol four times and dried at 60°C 

overnight.59–64  

2. Impregnation: 10%wt Ni NPs and Cu-BTC was added to 25 mL of ethanol, mixed and 

heated at 70°C for two hours. Dried at 60°C overnight.  

 

Synthesis method III: “One-Step” 

 

 

Basing on other procedures, we introduce 10% molar Ni2+ to replace Cu2+.35,41 The procedure 

was however adapted to our metathesis MOF synthesis method. 

1. Organic linker preparation: 2.0 mmol (0.25 g) of BTC and 0.35 g of NaHCO3 was dissolve 

into 100 mL of deionized water: this solution was stirred for one hour. 

2. Precursor salt:   3.0 mmol (0.3844g) of copper nitrate hexahydrate and 0.23 mmol 

(0.0665g) of nickel nitrate trihydrate was dissolved in 20 mL of ethanol. 

3. Mixture: Precursor salt was added gradually drop by drop into the first solution. The 

mixture was stir at room temperature for 12 hours. 

Figure 16. Schematic description of the Synthesis method I: “Bottle Around the Ship” 

Figure 17. Schematic description of the Synthesis method III: “One-step” 
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4. Separation and drying: The solution was separated by centrifugation, washing three times 

with ethanol and drying at 373K for 4 hours and 333K for 8 hours. 

4.2.2 Nickel nanoparticles characterization 

In the synthesis method II, “Bottle Around the Ship,” the nanoparticles are done before the synthesis 

of the doped material. In order to assure the success of the synthesis, XRD technic have used 

(Figure 18).  

 

 

We can make a direct comparison of the diffractogram with the one measured in the work 

describing the synthesis method59.  We can attribute the peaks at angles 44.5, 52 y 77 to the nickel 

nanoparticles of size 50 nm based on previous work.59 The relatively narrow peaks reflect a narrow 

distribution of particle size. With the help of Dr. Edward Avila, all the other narrow peaks could 

be attributed to the KCl diffraction pattern called Sylvite. The occurrence of KCl is logic due to 

the presence of both K+ (from KOH) and Cl- (from nickel chloride). To conclude this part, we can 

affirm that the synthesis of nickel nanoparticles was successful. 

4.2.3 UV-vis characterization of the obtained material 

The diffuse reflectance UV-vis spectrum of the doped materials was recorded. (Figure 19)  

Figure 18. XRD diffractogram of the nickel nanoparticles synthesized following the procedure described before 
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. 

 
SAMPLE %Ni METHOD 

Λmax 

(nm) 

 HKUST-1 0 Solvotherm  714-29 

 

HKUST-1  0 Metatesis 730 

 

HKU-OE-TA 10 one-step 722 

 

HKU-1-TA 10 Impregnat. 708 

 

HKU-2-150 10 Impregnat. 706 

 

HKU-3 50 Impregnat. 695 

Figure 19. UV-Vis spectra of HKUST-1 (blue) and HKUST-1 doped with Ni through different methods (green) 

The maximum corresponding to the d-d transition of Cu(II) undergoes a bathochromic shift 

for all Ni-doped materials, with a maximum shift of 35 nm for the sample HKUST-3. Nevertheless, 

no new bands observed in the whole visible range. The logic conclusion is that Nickel is affecting 

the copper coordination sphere and should be coordinated or close to the copper atom. Comparing 

between 0%, 10%, and 50%, it seems that the shift becomes more critical with an increasing 

quantity of Nickel inside the material, suggesting that more Nickel would affect the copper more.  

 

4.2.4 X-Ray diffraction  

 

 
Figure 20. XRD diffractogram of the Ni-doped HKUST-1 synthesized via in-situ method 
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The diffractogram for the Ni@HKUST-1 shown in Figure 20. The pattern obtained is very 

similar to the non-washed HKUST-1 sample with some changes in relative intensities. However, 

these changes are difficult to relate to a significant change of structure. This trend was also viewed 

in one of the very few similar work41 where no changes were observed upon the addition of nickel 

to the MOF. It would suggest that either replacing Cu with Ni does not have any effect on the 

structure or that the structure is unaffected by the addition of nickel. In order to solve this question, 

other characterization technics need to be used. 

 

4.2.5 Scanning Electron Microscopy  

Scanning electron microscopy of the nickel impregnated HKUST-1 (Figure 21) allows see 

the crystals of HKUST-1 but also a fluffy cover due to the addition of nickel. This technic allows 

confirming the presence of nickel at least on the surface of the MOF crystals.  

 

 

4.2.6 Time-Dependent Density Functional Theory calculation 

This part of the theoretical calculations was made using Orca. The most stable structure of 

the paddlewheel complex (geometry optimization) was calculated using a B3LYP with 6-31G* 

basis-set. The standard paddlewheel complex containing two copper atoms was used in comparison 

with a complex containing one Cu and one Ni or two nickel metallic centers.  On these minima, 

Figure 21: Scanning Electron Microscopy of the Ni-doped HKUST-1 via impregnation at zoom 440x (left) and 3900x (right) 
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TDDFT calculation allowed to calculate the electronic transitions between the different energy 

levels and thus deduce the UV-Vis simulated spectra. (Figure 22) 

  

 

One remark is that the copper complex is profoundly shifted from the experimental value. 

This discrepancy has two sources: 1. the calculation is done with a reasonably poor basis-set 2. The 

calculation is done only on a representative cluster and not the entire material. From these 

preliminary calculations, only a qualitative tendency could be deduced. With the addition of nickel, 

the transitions should undergo a strong bathochromic shift, which is not observed recently.   

4.2.7 Where is the Nickel? 

Hypothetically, the Nickel could either take the place of copper, remains inside the porosity, 

remains onto the surface or not be present at all. The Scanning Electron Microscopy confirms the 

presence of Nickel in the material, eliminating the last possibility.  

UV-vis spectra suggest a small shift of the Cu (II) transition without the appearance of 

another band corresponding to Nickel. It is challenging to conclude solely from UV-Vis spectra, 

as the characteristic band of Cu (II) is unusually wide and could cover another one. The only 

information that can be obtained from UV-vis measurements is that a change occurs near copper 

atoms. 

Figure 22. Three simulated UV-vis spectra, using TDDFT method, of the normal paddlewheel complex, of the complex 

containing one copper and one nickel, and of the complex containing two nickel with water coordinated to the metal centers 
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The XRD is very similar between the non-washed material and the doped material. It can 

only be concluded that the structure, in general, is not or only slightly affected by Ni-doping. 

However, since the radius of copper and Nickel are similar, it is possible that Nickel incorporates 

inside the structure without noticeable changes.  

With the help of theoretical chemistry (TDDFT method), it is possible to simulate the UV-

vis spectrum of the copper and nickel material. The results suggest that, upon Nickel incorporation, 

a substantial bathochromic shift should occur. Since this change has not observed, one can conclude 

that Nickel is not incorporating inside the framework but rather inside the porosity or on the surface. 

The little shift in experimental UV-vis tends to suggest that the Nickel is present in the porosity. 

As a suggestion, Nitrogen adsorption would bring further argument on that point: if nickel is 

present inside the porosity, the specific area should decrease. However, as exposed before, the pre-

treatment was insufficient and independent of the will, but it would be a way to be sure in the 

future. 

 Catalytic application: benzene oxidation 

4.3.1 Reaction test 

The direct hydroxylation of benzene to phenol with Cu-BTC based materials as catalyst and 

H2O2 as a source of oxygen have done. The reaction temperature was 273 K, atmospheric pressure, 

stirred at 50-200 rpm, and the time of reaction depending on the catalyst; in which the solution 

turns black, that means the complete oxidation of reaction. (Figure 23)  

 

Addition of 
Acetonitrile 

(99%)

5 mL

Addition of 
catalyst

100 mg (0.16 mmol)

Addition of 
benzene

1mL(10.8 mmol)

Addition of 
peroxide 
30%wt

3mL(34.27 mmol)

Mixing

100 rpm, 333K
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4.3.2 Mechanism and diagram of the reaction 
The reaction follows the diagram as shown in Scheme 6, where the first product formed is 

phenol, but the problem of this reaction is the overoxidation of phenol and the formation of 

Quinone, Hydroquinone, and Catechol as byproducts. It means the complete oxidation for the 

reaction and the reason of the black color of the solution at the end.  

 

 

The direct hydroxylation of benzene to phenol with H2O2 as a source of oxygen is a 

bimolecular reaction, where the Langmuir-Hinshelwood mechanism could be the more feasible 

way that this reaction follows. The reaction of benzene adsorbed in the catalyst and the rate-limiting 

step is the irreversible reaction of the adsorbates: 

H2O2(l)  + S ↔  H2O2 − S    (Quasi-equilibrium) 

B(l) + S ↔ B − S    (Quasi-equilibrium)  

H2O2 − S + B − S → Phenol + byproducts  

 

The steps for the catalysis are: 

i. Diffusion of the benzene and H2O2 in the acetonitrile solvent that surrounds the Cu-

BTC solid grain; external diffusion. 

ii. Diffusion of benzene and H2O2 in the network of the MOF, until the surface of the 

active sites, Cu2+, Ni2+, and Ni0; internal diffusion. 

iii. Diffusion on the surface include: 

Figure 23. Diagram of the procedure followed for the catalytic test. 

Scheme 6. Schematic view of benzene oxidation possible products with HKUST-1 (phenol, hydroquinone, benzoquinone)  
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a. Adsorption of the reactants. 

b. Reaction (hydroxylation of benzene). 

c. Desorption of phenol and byproducts. 

iv. Diffusion on the surface 

v. Diffusion of benzene and H2O2 in the network. 

vi. Diffusion of the products to the external surface; external diffusion. 

 

  Scheme 7 shows the mechanism proposed by Liu et al,46 for the direct hydroxylation of 

benzene with hydrogen peroxide in the presence of Cu-BTC as the catalyst. This scheme clearly 

shows the conversion of benzene to phenol and byproducts, the mechanism of chemisorption of 

oxygen and benzene in the metal sites, and how the presence of water affects the sorption of 

reactants in the metal sites.  

 

4.3.3 Description of the equipment used in the catalytic test. 

4.3.4 HKUST-1 as catalyst 

The reaction has done with the procedure described before using non-modified HKUST-1 

as synthesized. We followed the reaction over time until complete reaction (i.e, no further evolution 

in the UV-vis spectrum). For each time, 0.1 ml of the reaction mixture is taken and diluted with 

0.8 ml of Acetonitrile. Without this dilution, the species are highly concentrated for recording by 

Scheme 7. Mechanism proposed for the direct hydroxylation of benzene to phenol with HKUST-1 as catalyst and H2O2 as 

source of hydrogen. 46 
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the UV-vis method and would saturate the detector. (Figure 24) Different dilutions have tried, but 

the optimal intensities have found for this dilution.  

 

 

At first glance, the absorption bands observed differ through time and are a reflection of the 

evolution of the reaction occurring. However, how to identify which ones are present? The 

approach to distinguish the products of the reaction based on three aspects: 1) comparison with 

pure species spectrum, 2) literature, and 3) observations. The first one is the privileged one, but it 

is possible only if it is disposing of the pure species. The second approach proved to be difficult 

due to the differences in conditions and solvent used for recording the UV-Vis spectra. It is, 

however, useful in conjunction with the third approach of the observations.   

The first approach was useful for the determination of benzene and phenol inside the mixture; both 

of them were available and have recorded in the UV-vis apparatus. The peaks observed for 188.87, 

202, and 254nm for benzene and 190, 217, and 271 nm for phenol. At the beginning of the catalytic 

test, the multiple peaks at 250 nm clearly confirm the presence of benzene in the reaction medium. 

The presence of these bands disappear at around 35 minutes. While the reaction continues, other 

characteristics peaks of phenol appear. The other pure products (hydroquinone and benzoquinone) 

being not available to us, we needed to follow the other approach. 

Figure 24. UV-Vis spectra recorded for samples taken at different reaction time of the oxidation of benzene with HKUST-1 

catalyst (left) and the end reaction medium transparent (right) 
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Two key observations have done during the catalytic test: approaching the completion of the 

reaction, it turns to dark brown, around the middle of the reaction appears a fluorescence in a UV 

lamp. Bibliographical research confirms both the fluorescence of hydroquinone65 and the brown 

color attributed to benzoquinone46 as well as UV band wavelengths.66  

 

Which products are present?  

 
Product Wavelength (nm) Time observed (min) 

Benzene 250 0-35 

Phenol 271 25-40 

Hydroquinone 209 30-135 

Benzoquinone 240 --- 

 

From these approaches, it is possible to make the attribution of the different peaks observed 

overtime during the catalytic oxidation of benzene. The oxidation of benzene occurs but is not 

selective only to phenol however undergoes super-oxidation until the hydroquinone. One 

interesting point is that, under these conditions of reaction, the hydroquinone is selectively formed; 

meanwhile, the benzoquinone is not formed. The key factor explaining this seems to be if the 

system (the Erlenmeyer is closed in the top) is open (hydroquinone only) or closed (oxidation until 

benzoquinone). 

 

Figure 25: Fluorescence of the last sample of reaction at 135 min under the UV lamp. 

Table 5. Attribution of the different products formed over time and their most characteristic transition 
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4.3.5 Ni-doped HKUST-1 as catalyst for benzene oxidation 
The reaction has done with the procedure described before using the Ni-doped HKUST-1 catalyst. 

Where the sample Ni@HKUST-1 correspond to the material obtained from the one-step synthesis 

method, and the sample Ni/HKUST-1 correspond to the material obtained from the Bottle around 

the ship method. The reaction is followed upon increasing time following the same procedure as 

in the catalytic test with non-modified HKUST-1. 

 

 

 

Figure 26. (left) UV-Vis spectra recorded for samples taken at different reaction time of the oxidation of benzene with 

Ni@HKUST-1 catalyst (right) Final product solution of the complete oxidation of phenol at 58 minutes. 

Figure 27. (left) UV-Vis spectra recorded for samples taken at different reaction time of the oxidation of benzene with Ni/ 

HKUST-1 catalyst (right) Final product solution of the complete oxidation of benzene at 14 minutes. 
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For the test with Ni@HKUST-1 as the catalyst, the time it takes to complete the total oxidation of 

benzene was 58 minutes. (Figure 26) The presence of phenol, quinone, and hydroquinone can be 

seen in the spectrum with their respective peaks, and the dark brown color of the final solution as 

the indicator of the complete oxidation of phenol. The spectrum shows the presence of benzene in 

the first runs and the appearance of phenol as the first product of the conversion. The first product 

of the overoxidation of benzene is the appearance of hydroquinone, and also the presence of 

quinone as oxidation of hydroquinone. 

In the catalytic test using Ni/HKUST-1, the time to complete the total oxidation of benzene 

decreased significantly to 14 minutes. (Figure 27) The spectrum corroborates the presence of 

phenol, hydroquinone, and quinone as final products; the final solution presents a dark brown color. 

In the spectrum, it is visible the presence of hydroquinone and quinone as final products; even the 

total disappearance of benzene to byproducts. 

As a summary, the Table 6 below presents the time to takes the reaction to reach the complete 

oxidation of benzene depending on the catalyst used. 

 

TEST 

Time to Complete Oxidation 

(dark Brown color) 

HKUST-1 94 min 

Ni@HKUST-1 58 min 

Ni/HKUST-1 14 min 

 

 

 

 

Table 6. Time to reach the complete oxidation of benzene depending of the catalyst used in the reaction. 
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 Proposal of Block Diagram Plant using Cu-BTC based materials as catalyst 

4.4.1 Process selection 

This section justifies the reason why the process of direct hydroxylation has chosen and the 

disadvantages of the other processes.  

In the world exists various processes for the production of phenol from benzene as mentioned 

before; obviously, all of this process has its advantages and disadvantages as shown in Table7. 

 
No Existing 

Methods 

Raw Materials/ 

Catalyst 

Yield (%) Products Comments 

1 Cumene 

Peroxidation 

Cumene, air, 

sulfuric acid, 

and emulsifying 

agents. 

92 Phenol and 

acetone 

1:1 molar 

production 

phenol and 

acetone 

2 Toluene Two-

Stage 

oxidation 

Toluene, air, 

cobalt 

napthalate, 

cupric benzoate 

catalyst. 

80 Phenol and 

carbon 

dioxide 

Low, cost 

operation by 

direct toluene 

application. 

3 Rashing 

Phenol Process 

Benzene, air, 

hydrochloric 

acid 

75 Phenol and 

hydrochloric 

acid as 

recycling. 

Feasible 

under large 

units. 

4 Chlorobenzene 

caustic 

hydrolysis 

Benzene, 

chlorine, sodium 

hydroxide, 

hydrochloric 

acid. 

95 Phenol, 

sodium 

chloride 

Economically 

not feasible 

5 Benzene 

sulfonate 

process 

Benzene,sulfuric 

acid, sodium 

hydroxide. 

87 Phenol, 

sodium 

sulphite, 

sodium 

sulphate 

Operates on 

large batch 

cycle 

5 AlphOx 

Process 

Benzene, nitrous 

oxide, ZSM-5 as 

catalyst 

- Phenol and 

nitrogen 

High 

temperatures, 

availability of 

nitrous oxide. 

  

 

Table 7. Advantages and disadvantages of process for the production of phenol. (obtained from Muhamma et al work) 



CHAPTER 4: RESULTS AND DISCUSSION 54 

 

For the proposal of BDP, it has been decided to choose the Alphox process, the route of direct 

hydroxylation of benzene for the production of phenol, being that this process is getting closer to 

the conditions and step of the reaction. Figure 28 presents the selection of the technology for this 

proposal, where the technology is similar, but several operational conditions change to fit the 

condition of the reaction present in this project as temperature, pressure, and others.  

 

 

 

The proposal BDP for a plant of direct hydroxylation of benzene to phenol using Cu-BTC based 

materials as catalyst and H2O2 as the oxidizing agent.  

Figure 28. Selection technology for the production of phenol from benzene 
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The proposed BDP consists of the feed of the reagents and solvents in the same molar fraction as 

described before for the catalytic test. The products are phenol, quinone, hydroquinone, water, 

waste, and oxygen (depending on the final requirements and plant design). 

i. S-1: Reactor, where could be a Continuous Flow Reactor (CFR), where the residence 

time depending on the catalyst used (HKUST-1, Ni@HKUST-1, Ni/HKUST-1) due to 

the time to achieve the oxidation and it is different in each one; avoiding the formation 

of byproducts.  

ii. S-2: Gas separator, consists of the separation of the residual oxygen, could be used as 

recycling or use for other purposes.  

iii. S-3: Liquid separator, this section focus on the separation of byproducts, acetonitrile, 

and unreacted benzene through liquid-liquid separation methods. Benzene and 

acetonitrile return to the reactor. 

iv. S-4: Product separator, consists of the separation of phenol produced, water (residues 

of hydrogen peroxide), and catalyst.  

v. S-5: Catalyst Regeneration, in this section, the catalyst could receive a treatment to 

prepare it again to insert in the reactor (S-1), waste or undesired species produced exit 

of this section. 

Figure 29. Block Diagram Process proposed for a plant of direct hydroxylation of benzene to phenol using Cu-BTC 

based materials as catalyst and H2O2 as oxidizing agent. 



CHAPTER 4: RESULTS AND DISCUSSION 56 

 

 

 

  



CONCLUSIONS 57 

 

5 Conclusions 

 

 

HKUST-1 was successfully synthesized by the metathesis method (in contrast with the usual 

solvothermal method) and characterized by XRD and UV-vis spectroscopy.  

Three methods have used for doping HKUST-1 with nickel to obtain two transition metals as active 

sites for catalysis, Cu (II) sites of the framework and nickel that could be part of the framework(in-

situ) or in the surface or porosity (post-synthesis). TDDFT calculation suggests that the nickel is 

inside the porous structure rather than making a substitution of copper.  

This unprecedented route of synthesis of Ni-doped material presents the main advantage of being 

possible in very mild conditions in comparison with the common solvothermal process and could 

be reproduced easily for in-situ synthesis of materials doped with other metals  

The Ni-doped catalysts synthesized (Ni@HKUST-1 and Ni/HKUST-1 are very active for the direct 

hydroxylation of benzene but only a low selectivity towards phenol formation indicated by the 

formation of byproducts such as hydroquinone and quinone.  

This work clearly shows that doping HKUST-1 with Nickel is an interesting route towards making 

a more efficient catalyst for the direct hydroxylation of benzene with hydrogen peroxide as an 

oxidizing agent at 60°C. However, the critical point of selectivity could be studied further: different 

conditions can bring different products, avoiding the formation of byproducts, and the over 

oxidation of phenol. The optimization of the conditions (temperature, time of reaction, and others) 

for the direct oxidation of benzene could be the subject of future work. 
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Annex 1 

Near-IR spectra of Ni-doped HKUST-1 materials 
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Annex 2 

Three simulated UV-vis spectra, using TDDFT method, of the normal paddlewheel complex, of 

the complex containing one copper and one nickel, and of the complex containing two nickel, 

without any molecules coordinated to the metal centers. 
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Annex 3 

KCl pattern provided by E. Avila 
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Annex 4 

Elemental analysis of SEM image of HKUST-1 
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Annex 4 

Elemental analysis of SEM image of HKUST-1 impregnated with Nickel  

 

 

 


