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Abstract 

The ordered mesoporous silica materials such as MCM-41 and SBA-15 have raised 

special attention because of its chemical and thermal stability. Several studies have been 

reported the ubiquitous modification method of the silica surface through conventional 

conventional grafting (CG) and co-condensation (CC) functionalization 1–6. The CG 

modifies the surface of the silica through sylilation process of the free surface-

silanols with organosilanes. On the other hand, the CC method uses the TEOS as the 

building block for silica structure in the one-pot mixture with organosilanes as functional 

moieties. The resulting hybrid materials has mesoporous hexagonal structure together 

with organic functional groups anchoring on the surface. 

It has been reported that the created Si-O bonds obtained from conventional 

functionalization process are thermally stable, mostly in mild conditions, which in turn 

prevents the loss of those active moieties via the leaching or decomposition. Nevertheless, 

there are a few works reporting the leaching phenomena happened in more severe 

chemical conditions in either non-polar or polar solvents. The lack of comprehensive 

examination, as well as plausible solutions, for the leaching problem in the literature 

limits the application of the materials for many harsh chemical processes. Therefore, in 

this study, the fundamentals behind the leaching phenomenon will be investigated at the 

molecular level by utilizing advanced techniques comprising Fourier-Transform Infrared 

Spectroscopy (IR), Transmission Electron Microscopy (TEM), Solid-State Nuclear 

Magnetic Resonance (NMR) of 29Si, 1H and cross polarization 1H-29Si, X-ray Diffraction 

(XRD). 



xv 

In this study, a new synthesis method, called dry-grafting method, will be proposed to 

provide a novel and simple way to synthesize stable non-leaching catalysts for acid-

catalyzed reaction, even under severe conditions (polar solvents, high temperature, etc). 

The catalytic stability is examined by the alkylation between cyclopentanol (CPOL) and 

m-cresol as a model compound reaction, which is practically relevant to biomass 

conversion into chemicals and alternative transportation fuels. 
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CHAPTER 1: Catalytic Upgrading of Biomass 

1.1. Introduction 

1.1.1. Biomass as an alternative source of chemicals and fuels 

Over the past 50 years, the average global temperature has increased at the fastest 

rate in recorded history as a consequence of the global warming phenomenon. This 

phenomenon not only affects the global temperature but favors some adverse parallel 

effects in the environment. They include melting of the glaciers, extreme weather 

conditions, destruction of the agriculture and extinction of natural habitats. Global 

warming is linked to the uncontrolled production of CO2, air pollutants and greenhouse 

gases that are collected in the atmosphere. Since the greenhouse gases are primarily 

produced from fossil fuels (coal, natural gas, and oil) their substitution for clean energy 

sources has raised high attention in the research community for the last decade.  

For instance, biomass is highly abundant, renewable and carbon neutral. These 

characteristics make it a promising alternative to substitute for the petroleum based 

resources5–7. Biomass can be transformed to produce valuable chemicals and fuels by 

using thermochemical methods as liquefaction, pyrolysis, torrefaction, and gasification. 

Therefore, different studies predict the biomass will be a major source of chemicals by 

2030 being responsible for the production of 20% of fuels and 25% of chemicals in the 

US4,8,9. 

In the gasification process, the biomass is transformed into synthesis gas (Syngas, 

a mixture of CO and H2 in particular quantities)5. Syngas undergoes Fisher-Tropsch 

reaction to produce alkanes or methanol which is further upgraded to fuels via the 

Methanol-To-Gasoline process to high-quality gasoline5,10.  
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Figure 1 Strategies for the upgrading of biomass to chemicals and fuels5 

The steps of the gasification process involve drying the raw biomass, the thermal 

decomposition via pyrolysis, partial combustion of some gases, and finally the 

gasification. The feedstock biomass is dried to optimize the energy consumption during 

the gasification because of loss of energy due to vaporization of water during the 

gasification. The resulted biomass is pyrolyzed to thermally degrade the hemicellulose, 

lignin, and cellulose from the biomass. The product from the pyrolysis is a mixture of 

light gases, as CO, H2 and CH4, condensable liquids, as tar, oil, and naphtha, and solid 

char. This mixture is sent to gasification in the presence of air, oxygen or water. 

Depending on the substrate used to gasify, the heating value of the products will change, 

obtaining the highest heating value with oxygen and the lowest with air11–13. The main 

advantage of gasification is that the energy is packed in the chemical bonds of the CO 

and H2
5,14. However, gasification is not economically suitable when the production of 

fuels and chemicals is a desired pathway because of the high cost involved in the further 

catalytic upgrading. Consequently, the pyrolysis of biomass has attracted more attention 

due to the high yields of bio-oil obtained15,16. 
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The pyrolysis consists of treating the biomass at successively higher temperatures in 

the absence of air to thermally decomposed the hemicellulose, cellulose, and lignin from 

the biomass in smaller and more desirable molecules2,7. The optimal conditions of the 

pyrolysis of the biomass have been widely studied to optimize the temperature and 

residence time of the reactor since those conditions directly affect the distribution of the 

products. The traditional pyrolysis results in a complex mixture of different compounds 

with different functionalities known as “bio-oil”7,15,17. Those functionalities make the bio-

oil chemically unstable that even at room temperature they react together via slow 

polymerization to form resins hard to upgrade. Therefore, an additional separation 

strategy is required to improve the catalytic upgrading of the bio-oil. 

 Conventional thermal separation methods as distillation cannot be implemented 

because of the low stability of the bio-oil at high temperatures favoring itself 

polymerization. The extraction with solvents is an alternative to selectively separate the 

sample through chemical affinity of the solvent with some of the compounds, but this 

alternative is not efficient because some compounds are not soluble in even organic or 

water phase creating a triphasic system composed by organic, water and insoluble 

phase2,15,16. 

New ways to produce a more stable and upgradable bio-oil are important to overcome 

the challenging separation and its complexity. For instance, Pollard et al. (2012)16 

proposed a new systematic strategy that combines the separation and thermal conversion 

of the biomass using fast pyrolysis and trapping the vapors in two different stages. The 

mentioned system consists in rapidly heated of the biomass to ~500°C in the absence of 
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air with residence times of 1-2 s. The obtained products have a yield of ~70%. The 

residues of that process are composed of noncondensable gases, solid char, and ashes16. 

A different approach for the bio-oil separation consists in the thermal fractionation of 

the pyrolysis. This process takes advantage of the various decomposition temperatures of 

the constituents of the biomass. The hemicellulose decomposes at low temperature, 

cellulose at medium temperatures and lignin in a broader range of temperatures. In the 

end, three vapors streams are obtained that can be directly upgraded15. The thermal 

staging of the biomass produces a more stable bio-oil which results in a promising 

platform for the fuels and chemicals production. Therefore, the next challenge is the 

understanding and developing of upgradable catalytic routes. Investigating the 

fundamentals behind the reactions is essential to control and optimize processes, as well 

as to design and synthesize new catalysts that selectively upgrade the bio-oil to more 

desirable products15.   

1.2. Catalytic upgrading of the thermal fractionation of the pyrolysis. 

1.2.1. Catalytic upgrading of the first stage of the fractionated fast pyrolysis 

The thermal fractionation of biomass produces three different stages. The first cut 

is attributed to the decomposition of the hemicellulose at 270°C which mainly produces 

light acids. The acetic acid is the most abundant compound from this cut and is one of the 

most problematic compounds in the bio-oil because of its acidity. It is responsible for the 

corrosive properties of the bio-oil while promotes the polymerization of the others 

compounds. Consequently, the catalytic upgrading of those stages is required to increase 
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the stability of the bio-oil while decreasing the oxygen content and increases the carbon 

retention15. 

 

 

Figure 2 Catalytic upgrading of the different stages obtained from the thermal 

fraction of the pyrolysis. The graph was constructed based on the references 17,20–24  

 One of the proposed pathways to upgrade acetic acid is via ketonization to 

produce acetone, CO2, and H2O. Although; acetone is a highly desired product because 

of its widespread industrial uses as solvent or reagent, the ketonization has the 

disadvantage to lose carbon in the form of carbon dioxide18,25,26. Therefore, Abhishek et 

al.   (2016) proposed a combined upgrading strategy between the first and the second 

stage (See second stage explanation below). It is plausible for the ketonization mechanism 

that acetic acid undergoes via acyl formation route to produce acetone. The formation of 

that species on the catalyst surface is redirected, under the low temperatures, to make 

favorable the acylation of the furanics over the ketonization21.  

1.2.2. Catalytic upgrading of the second stage of the fractionated fast pyrolysis 
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 The second stage of the fractionated pyrolysis of biomass corresponds to the 

dehydration of the cellulose and some hemicellulose fragments15. This stage contains 

heterocyclic compounds of four and five carbons (Furanics and pyranics respectively) 

which are highly reactive and quickly polymerize forming humins. Itself polymerization 

of the furanics and pyranics is accelerated with the increment of the temperature24,27,28.  

Several studies have focused in the upgrading of the second stage of the biomass 

using furfural as a model compound to selectively produce cyclopentanone, furfuryl 

alcohol or methyl furan6,15,18,28,29. It has been found the furanics from the second stage 

undergo via different hydrogenolysis and decarbonylation reactions to produce several 

ring opening products. Another interesting approach is the hydrogenation of the carbonyl 

group of furfural followed by the hydrogenation of the furanic ring that subsequently 

undergoes ring opening reaction to produce 1,5-Pentanediol used as a monomer in the 

polymer industry30–34. 

The cyclopentanone production is one of the most desired pathways because 

cyclopentanone is widely used as a building block for the aldol condensation reaction. 

The conversion of furfural to cyclopentanone can be carried out using a metal catalyst 

such Ru, Ni or Pd which, in the presence of H2 will hydrogenate the carbonyl group of 

the furfural leading the formation of furfuryl alcohol. The former product undergoes via 

ring rearrangement reaction in an acid environment to form 2-cyclopente-1-one that under 

H2 environment produces cyclopentanone as is proposed by Hronec (2012) in liquid 

phase24. Recent evidence in our group, have shown the furfural can directly produce 

cyclopentanone in the gas phase.  
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1.2.3. Catalytic upgrading of the third stage of the fractionated fast pyrolysis 

The decomposition of the lignin from the biomass leads the production of 

oxygenated aromatics that typically contains one to three oxygens found in the way of 

phenolic or methoxy groups. The phenolics produced on this stage are highly desired due 

to their chemical similarity with the actual gasoline products. Those products can be 

directly added to the gasoline pool upon deoxygenation15,22.  

One possible pathway to eliminate the oxygen from the oxygenated aromatics 

while remaining constant the carbon content of the stream is the trans-alkylation and 

deoxygenation of the methoxy groups and phenolics groups. To evaluate the trans 

alkylation strategy Boonyasuwat et. al (2013) 35 studied a couple of bifunctional 

metal/oxide catalysts such as Ru/SiO2, Ru/γ-Al2O3, and Ru/TiO2. They proposed as a 

pathway of reaction the direct deoxygenation of guaiacol over the metal via C-O 

hydrogenolysis reaction to produce catechol and anisole and a secondary trans-alkylation 

to form xylenols, cresols, phenols, methylguaiacol, methylcatechol as well of catechol. 

Those products undergo via hydrodeoxygenation to produce aromatics that are used in 

the gasoline pool35,36. 

Another interesting approach is the combined upgrading strategy between the first 

and the third stage of the thermal fractionated pyrolysis of the biomass through the 

alkylation of the highly electronegative aromatic ring with light alcohols. This approach 

involves the presence of Bronsted solids as Hβ and HY zeolites which have been shown 

to have good activity for these reactions23.  
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1.2.4. Bronsted acid solids as a catalyst for the upgrading of biomass derive 

compounds  

Zeolites have a high performance for the alkylation and aldol condensation 

reactions. However, it has been shown that condensed hot water collapses its crystalline 

framework 37–40. The destruction of the structure was previously explained by Zhang et. 

al (2015)41; they reported the determining factor for the zeolite stability under hot liquid 

water is the density of the defects in the surface that is the free silanols. The high 

hydrophilicity presented for those Si(OH) structures allow the water molecules to 

nucleate and wet the surface. They are not only responsible for the wetting but also are 

more reactive toward water favoring the hydrolysis of the SiO2 structures. An alternative 

to improve the stability of the zeolite to water attack is the functionalization of the silanols 

with hydrophobic trichloro organosilanes. The functionalization not only helps to keep 

the water off from the catalyst but also reduces the free silanols on the surface on the 

zeolite causing a decrease in the hydrolysis rate of the SiO2 structures. However, under 

equilibrium conditions water diffuses into the zeolite producing the collapse37.  

The ordered silica MCM-41 and SBA-15 have raised a particular attention 

because of its properties such as high surface area, mechanical, thermal and chemical 

stability, and high adsorption capacity. However, the acidity of these materials is low 

which makes them inactive for most of the reactions. On the other hand, the stability of 

MCM-41 and SBA-15 to water attack has been proved to be higher than in zeolites42. 

Therefore, the functionalization of these materials is a promising alternative to increase 

the acidity that at the same time increases the hydrothermal stability. 
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Different methods have been proposed to functionalize the ordered mesoporous 

silica. The post-synthetic functionalization or grafting is based on the modification of the 

surface silanols in the silica surface, prior synthesized, using tri-alkoxy organosilanes 

(R1O)3(SiR2) or chloro organosilanes (ClnSiR(4-n)) (n=3, 2, 1) 43. During the grafting of 

MCM-41, the Si(OH) structures react with the precursors forming a stable Si-O-Si bond 

between the functionalization and the mesostructured silica.  

Another proposed method is the direct synthesis or co-condensation. This 

approach uses the organosilanes as a building block of the silica in a one pot mixture with 

the TEOS; the resulting material is a hybrid organic-inorganic crystalline material 

composed of organosilanes and silanes groups. However, it is claimed those catalysts are 

efficient only in nonpolar organic solvents due of the extensive leaching of the active sites 

in polar solvents 44,45. 

As a result, this work investigates the catalytic activity and the molecular 

characterization of functionalized MCM-41 via conventional grafting (CG), and co-

condensation for potential application in the upgrading of biomass derived compounds. 

It is proved those methods are inefficient in the presence of either polar or nonpolar 

environments. Therefore, a new alternative method to functionalize mesostructured silica 

is presented to produce a stable catalyst that will not leach under those environments. The 

molecular characterization is provided via characterization techniques as XRD. FTIR and 

CP NMR.  Also, the stability of this new material was tested with the alkylation of 

cyclopentanol and m-cresol as a model compound since it is a highly desired reaction for 

the catalytic upgrading of biomass. 
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CHAPTER 2: Alkylation and Aldol condensation reactions 

2.1. Abstract 

Biomass is a suitable alternative to produce fuels and chemicals through the 

thermal fractionation of the pyrolysis following by the catalytic upgrading of the different 

stages. The upgrading of biomass requires the increase of the carbon number in the 

molecule while the total carbon is conserved in the former products. As a result, the aldol 

condensation of ketones and aldehydes and the alkylation of aromatics with alcohols are 

a promising route to catalytically upgrade biomass derived compounds15. In this chapter, 

a theoretical framework and preliminary results of those sets of reactions are presented 

as potential pathways to produce compounds into the gasoline pool. 

2.2. Introduction 

2.2.1. Aldol condensation reaction as strategy to increase the carbon content 

The condensation of ketones via de aldol condensation reaction produces a α, β- 

unsaturated oxygenates with higher carbon number and lower oxygen content. Those 

products undergo via hydrodeoxygenation forming compounds with characteristics in the 

fuel range. However critical deactivation of the catalyst has been reported3. 

The aldol-condensation reaction of carbonyl groups, over a basic metal oxide catalyst, 

consists of four different steps. The αH-abstraction to form the enolate, frequently called 

enolate formation, the C-C coupling, re-protonation and dehydration (Figure 3). The first 

step initiates with the adsorption of the carbonyl groups over the Lewis acid metal on the 
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catalyst. The strong interaction of the high electronegative oxygen atom pulls over the 

acid α-Hydrogen from the adsorbate forming the enolate on the catalyst surface3. 

 

Figure 3 Aldol-condensation and esterification reaction mechanism of propanal 

over TiO2 (anatase)3 

The forming enolate in the surface interacts with an adsorbed carbonyl, resulting in 

an electrophilic attack by the carbon in the enolate to the carbonyl adsorbed species to 

form a new C-C bond. The previously abstracted αH is re-protonated to the adsorbate 

compound, following by desorption of the hydrated ketonic species which are dehydrated 

to form the α,β-unsaturated oxygenates. The former unsaturated product is attributed to 

be the responsible for the fast-catalytic deactivation presented in this reaction. 
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The deactivation of the catalyst has been explained because of the presented 

unsaturation on the aldol-condensation products leading the coke formation and 

subsequent deactivation of the catalyst. In order to avoid the fast deactivation of the 

catalyst, the hydrogenation of the unsaturated products was evaluated using a 10% 

Cu/SiO2 in physical mixture with TiO2 (P25). It has been reported, in the hydrogenation 

of propanal, that the presence of a hydrogenation metal such a Cu (10% Cu/SiO2) leads 

to the formation of 1-propanol (Hydrogenation of propanal) and the double bond 

unsaturation presented in the products. The carbonyl hydrogenation reaches a fast-

equilibrium conversion resulting in a kinetically similarity of 1-propanol and 

propanal3,44,45. Therefore, there was observed a negligible deactivation mainly because of 

the hydrogenation of the double bond in the products.   

The presence of the alcohol in the reaction medium, open a new pathway through the 

esterification of the enolate on the surface and the subsequent alcohol (Figure 3). Wang 

et al. (2016) showed the selectivity of the products (esterification/aldol condensation) 

changes following the ratio between 1-propanol/propanal, however, the overall rate of 

consumption of the reagent does not alter the mentioned ratio. The authors claimed the 

esterification and aldol-condensation reactions share the same rate determining step 

(RDS). As a result, the C-C bond formation cannot be the RDS because it happens 

exclusively on the aldol condensation leading to the conclusion that α-Hydrogen 

abstraction is the RDS for the mentioned catalyst over TiO2(P25) and TiO2 (anatase) since 

it is the common intermediate in both catalytic routes. 

On the other hand, evidence has shown the nature of the catalyst directly changes 

the RDS in the reaction. Herrmann et.al. (2017)46, have found a shift in the RDS in the 
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aldol condensation reaction over solid Bronsted acids as aluminosilicates following an 

Eley-Rideal mechanism. The proposed mechanism starts with the protonation of the 

ketone over a Bronsted acid site that further undergoes tautomerization. The resulting 

tautomer on the surface interacts with another ketone from the bulk producing the aldol 

product. They claimed the RDS for this reaction is the C-C bond formation. The resulted 

tertiary alcohol quickly dehydrates over the acid site producing the α,β- unsaturated 

oxygenate46. Despite the results shown via isotopic effect and DFT calculations, recent 

studies from our group in the aldol condensation of cyclopentanone suggested the nature 

of the RDS strongly depends on the nature of the adsorbate producing a shift in the RDS. 

It is evident the fast deactivation of the catalyst during the aldol condensation is 

problematic. An alternative is the use of mesoporous hexagonal silicas over the 

aluminosilicates because of the higher pore size to decrease the deactivation. The 

functionalized MCM-41 is a potential solution to avoid the deactivation due to the 

relatively higher pore size (30A) and the high surface area (~750 m2/g). In this chapter, 

preliminary results of the aldol condensation of cyclopentanone over sulfonated MCM-

41 are shown as an alternative for the catalytic upgrading of the biomass derived 

compounds. 

2.2.2. Alkylation of phenolic with alcohols and olefins 

From the first stage of the thermal fractionated pyrolysis of the biomass acetic acid 

represents one of the most abundant compounds. One alternative to the upgrading of the 

acetic acid is the ketonization reaction over oxides to produce acetone which has been 

shown to be an important catalytic route on this stage15. The production of 2-propanol 

from acetone is efficient under hydrogenation pathways and highly desirable due to the 
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stability of this alcohol. However, the carbon content is low to be used as a fuel. One 

strategy to increase the carbon number is the alkylation between small light alcohols, 

which are known to be effective alkylating agents38,47,48, and the phenolics produced in 

stage 3. This approach not only results beneficial due to the increasing in the carbon 

retention in the liquids but also dramatically enhances the bio-oil stability by decreasing 

the acidity15. 

The increasing of temperature may favor the degradation and polymerization 

reactions in the bio-oil which results problematic for fuels production from biomass15. 

Therefore, it is required to investigate the alkylation on the liquid phase. Gonzalez et al. 

(2015)23 investigated the kinetics of the alkylation of m-cresol and 2-propanol over HY30 

catalyst. They reported two catalytic routes for the alkylation, the C-O alkylation and the 

C-C alkylation being the former one faster, but the reversible character of this pathway 

makes the C-C alkylation products to be the main products during this alkylation22,23,47,49. 

Although, secondary alcohols such 2-propanol are effective alkylating agents it is 

important to consider the dehydration reaction of this type of alcohols that occurs quickly 

over a Bronsted solid acid. In the alkylation of m-cresol with 2-propanol, the dehydration 

reaction is too fast that the former olefin becomes the major alkylating agent. This product 

not only alkylates m-cresol but also favors the oligomerization reaction which creates 

high molecular weight products that block the active sites and deactivate the catalyst. 

The abundant water in the bio-oil is problematic for the zeolites because of the low 

hydrothermal stability presented for this type of catalyst37,39. One alternative is the 

substitution of the aluminosilicates materials for sulfonic functionalize mesostructured 
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silica as MCM-41-SO3H. That class of materials has higher hydrothermal stability, and 

similar acid strength than its counterpart, the zeolist50. However, one disadvantage of this 

materials is the lack of the confinement characteristics offered by zeolites as HZSM-5, 

HY30, and Hβ. Consequently, more research is required to analyze the performance of 

the sulfonated mesostructured silica. In this section, the alkylation of m-cresol with two 

alcohols, 2-propanol, and cyclopentanol was carried out under liquid phase conditions 

using MCM-41-SO3H as a catalyst. It was found that the catalyst behaves similarly than 

HY30 but with the advantage of better hydrothermal stability. 

2.3. Materials and Experiments 

2.3.1. Catalyst synthesis 

The conventional grafted MCM-41-SH (CG) was fabricated as follows; the 

commercial MCM-41 was mixed with toluene and the organosilanes in the ratio of 25 

mL of Toluene/g of MCM-41 and 5.38 mmol of organosilane/g of MCM-41. The solution 

was placed in a reflux system with stirring and N2 bubbling at 40°C for 12 h. and further 

washed a room temperature with Methanol and deionized water. The material was dried 

overnight at 80°C.  The synthesis of MCM-41-SH (DG) was performed as explained in 

Chapter 3, the commercial MCM-41 was impregnated via dry incipient impregnation 

with a mixture of 2.5 mL of Methanol/g of MCM-41 and the desired functionalization 

(5.38 mmol of functionalization/g of MCM-41). The resulting solid was placed in the 

Parr Reactor working as an autoclave and heated up to 180°C followed by a high-

temperature wash with decalin/MeOH solution (50% v/v). 

The resulting MCM-41-SH (CG/DG) was oxidized using H2O2 as an oxidative 

agent in a ratio of 25 mL/g of MCM-41-SH for 24 h. The resulted MCM-41-SO3H catalyst 
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was washed at room temperature dried overnight at 80°C. The acid content was evaluated 

using TPO-TGA in a Netzsch STA-449 F1 Thermal Analysis. 

2.3.2. Catalytic activity measurements 

The liquid phase alkylation and aldol condensation reaction were carried out in a Mini 

bench top Parr pressure reactor of 160 mL (Model Parr 4564) equipped with a Parr 4848 

Reactor Controller for temperature, stirring and a transducer for pressure measurement. 

In a typical experiment, the catalyst MCM-41-SO3H (150 mg) was mixed with the solvent 

(80 L) and pressurized with N2. The mixture was heated to 200°C/250°C.  In a separated 

vessel, the reactants were bent making a solution (with base of the reaction conditions) 

of 1M of m-cresol and 0.5M of Cyclopentene/Cyclopentanol/2-propanol 

(CPEN/CPOL/2-propanol) for the case of the alkylation and 0.5M of 

cyclopentanone(CPO) for the aldol condensation. The solvent was added until complete 

100 mL of total volume in the reaction. The reactants solution was placed in a separate 

vessel and injected into the reactor reaching a final pressure of 800 psi. 

After of reaction, the reactor was cooled down to room temperature and depressurized 

to atmospheric pressure. The catalyst was separated from the liquids using a syringe 

filtration system to avoid vaporization of products. The liquid was analyzed with GC-FID 

for product quantification and GC-MS for products identification51.     

2.4. Results and Discussion 

2.4.1. Alkylation of m-cresol with IPA 
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Figure 4 Pathway of reaction for the alkylation of m-cresol and 2-propanol. Taken 

from Gonzalez-Borja et. al. (2015)23  

The dehydration of IPA to produce propylene over Bronsted acid sites has been 

shown to be fast under the tested reaction conditions23. Those compounds act as an 

alkylating agent to the aromatic ring of m-cresol or the phenolic group. As a consequence, 

two routes are identified in the alkylation of m-cresol with IPA (Figure 4 Pathway of 

reaction for the alkylation of m-cresol and 2-propanol. Taken from Gonzalez-Borja et. al. 

(2015)23). 

  

Figure 5 a. Product distribution for the alkylation reaction of m-cresol with IPA at 

200°C and 850 psi of N2, b. TOF during the alkylation of m-cresol with IPA at 200°C 

and 850 psi of N2 and 50 mg of MCM-41-SO3H (1.01 mmol H+/g cat) and 10 mg of 

HY30 (0.248 mmol H+/g cat) 
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 The first pathway is the reversible C-O alkylation followed by a C-C alkylation 

and the second route is the directly C-C alkylation to form the primary product thymol 

which is sequentially alkylated to form DIMP and TIMP.  As noted by Gonzalez-Borja 

et al23 the major product during the reaction was thymol corresponded to the first C-C 

alkylation product. Also, the decrease in the concentration of the MIPB after 1 h of 

reaction is a solid evidence of the reversibility of the reaction (Figure 5.a). The product 

distribution for the alkylation of m-cresol with IPA over MCM-41-SO3H (CG) is similar 

in comparison with the zeolite HY30 discarding any possibility of shape selectivity 

effects.  

 
 

Figure 6 Effect of the hydrophobization of the MCM-41-SO3H with Ethyl trichloro 

silane. The number below the labels indicate the carbon balance for each compound. 

The understanding of the possible consequences of the water during the reaction 

over MCM-41-SO3H (CG) was carried out via the functionalization of the catalyst with 

hydrophobic moieties in mixture with sulfonic groups. The presence of the 

hydrophobization on the catalyst increases the rate of reaction because it reduces the 

adverse effect the water does over the catalyst concluding that as the hydrophobic 
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moieties in the catalyst increase the amount of water on the surface decreases. As an 

explanation for that phenomenon, the hydrophobic groups helps to avoid poison of the 

catalyst because of water or may favor the desorption of the products avoiding the 

deactivation. 

2.4.2. Alkylation of m-cresol with CPOL 

The upgrading of biomass derived compounds through the alkylation of m-cresol 

and IPA is an interesting strategy that combines the upgrading of the first and third stage 

of the fractionated biomass. Parallels, the upgrading of the second and third stage is 

possible through the alkylation of m-cresol and CPOL. Similarly to the alkylation of m-

cresol with IPA, CPOL is dehydrated to produce cyclopentene and undergoes via 

etherification to produce diciclopentyl ether. The former olefin and the alcohol act as 

alkylating agents. The ring of m-cresol is alkylated via C-O or C-C alkylation forming 

the products described in Figure 7. No evidence has been seen to stand that cyclopentene 

can undergo via C-O alkylation indicating this alkylation possible undergoes via 

etherification mechanism. 
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Figure 7 Pathway of reaction for the alkylation of m-cresol and CPOL 

 The product distribution for the alkylation of m-cresol and CPOL is shown in 

Figure 8. The main product of the reaction was CPEN followed by the main alkylated 

products C12 and small yields of C17 corresponded to the second alkylation reaction. It 

is noticeable from the Figure 8 and Figure 9.a the dehydration reaction is faster than the 

alkylation, and quickly create an environment reach on cyclopentene. As a result, 

recognizing that cyclopentanol and cyclopentene act as alkylating agent, the principal 

alkylating agent for this reaction is CPEN. However, more detailed kinetical experiments 

are required to understand this reaction completely.  
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Figure 8 Product distribution for the alkylation of m-cresol (1.0M) and CPOL 

(0.5M) at 200ºC and 850 psi of N2 with 150 mg of MCM-41-SO3H (1.01 mmol H+/g 

cat). 

 The C-O alkylation of m-cresol results to be predominant over the C-C alkylation 

(Figure 9.b). However, the ratio between C-O to C-C alkylation decreases as the 

conversion increases. That change of selectivity over time can is explained because the 

C-O alkylation is reversible leading to enhance the formation of irreversible C-C 

alkylated products. Also, the environment becomes richer in the olefin than the alcohol 

leading to the increase of the C-C net alkylation rate over the C-O net alkylation rate. To 

clarify the nature of this reaction, a detailed micro kinetics study is required.  

  

Figure 9 a. rate of dehydration and alkylation of cyclopentanol and b. Ratio of C-O 

alkylation and C-C alkylation  for the alkylation of m-cresol (1.0M) and CPOL 

(0.5M) at 200ºC and 850 psi of N2 with 150 mg of MCM-41-SO3H (1.01 mmol H+/g 

cat) 

2.4.3. Aldol condensation of cyclopentanone (CPO) over MCM-41-SO3H 
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The self-condensation of CPO take place over oxides and Bronsted acid sites as 

was shown in our group. During the self-condensation, CPO is activated leading to a 

nucleophilic attack to form the tertiary C10-alcohol. The former alcohol undergoes 

dehydration to form the conjugated C10 products that can interact with another CPO to 

produce the C15 products. The formation of the alcohol during the aldol-condensation 

route is well known in the literature. However, no detectable amounts are observed after 

the reaction, indicating the dehydration becomes easy and fast during the aldol 

condensation (Figure 10). 

An interesting product was detected and is identified as Tri in Figure 10. The 

mechanism to produce trisannelated benzene is illustrated in Figure 11. Once the C10 

product is formed there are two possibilities for the second aldol condensation reaction, 

the activation of the cyclopentanone or the activation of the C10 product. Depending on 

which one is activated it will lead the formation of C15 and i-C15 product shown (Figure 

11). The isomer i-C15 in the surface of the catalyst can undergo via 

cyclization/dehydration mechanism to form a more stable aromatic product without 

oxygen content and high carbon number. It results in an attractive alternative for the 

upgrading of cyclopentanone. However, the yield of this product is low even at high 

temperatures as is shown in  

Figure 12. 
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Figure 10 Pathway of reaction for the self-aldol-condensation of CPO over MCM-

41-SO3H (DG) 

  

 

Figure 11 Reaction mechanism for the formation of the trisannelated benzene. 

  The aldol condensation of CPO was tested at different temperatures, and the 

results are presented in  

Figure 12. The formation of aldol condensation products is low at 150°C with only 

presence of the first condensed products. However, the increase of the reaction 
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temperature dramatically decreases the activity of the catalyst as well of the carbon 

balance. With the negligible formation of C15 products. Low temperatures enhance the 

selectivity of C10 products increasing, increase the carbon balance and the catalyst life 

during the reaction. The deactivation of the catalyst results problematic due of the fast 

deactivation after 30 min where the conversion keeps increasing but no presence of 

products was identified. As a result, the understanding of the catalyst deactivation is 

required to enhance the life of the catalyst. 

 

Figure 12 Product distribution for the self-condensation of cyclopentanone (0.5M) 

over MCM-41-SO3H (DG, 1.05 mmol H+/g cat) after two h of reaction and 850 psi 

of N2 

To further understand the nature of the deactivation, the temperature of 250°C 

was chosen to carry out the experiments, and Figure 13 is presenting the product 

distribution. After 30 minutes of reaction, the yields of the products on the reaction does 

not represent a significant change, but the conversion of CPO keeps increasing. That 

behavior can be attributed to a thermodynamic equilibrium of the reaction. However, 
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more experiments are required to clarify if the reaction reaches the thermodynamic 

equilibrium. 

 

Figure 13 Product distribution of cyclopentanone (0.5M) over MCM-41-SO3H 

(DG, 1.05 mmol H+/g cat) after 2 h of reaction at 250°C and 850 psi of N2 

 It is hypothesized the deactivation of MCM-41-SO3H (DG) is because the strong 

interaction of the products with the catalyst hindering the product desorption and favor 

the coke formation. An evidence of this phenomena was observed when the used catalyst 

was washed with acetone, and the resulted liquid was analyzed with a GC-MS. 

Compounds with MW of 150 (C10), 216(C15) and 286 were identified in the surface of 

the catalyst. The last one is associated with oligomers in the catalyst are too heavy to 

desorb from the catalyst. 

The hydrophobization is a promising strategy to increase the life of the catalyst 

through the anchoring of carbon chains that may favor the products desorption. Figure 14 

presented the results when a hydrophobized catalyst was tested; Those results were 

evaluated under the same acid density and preliminary results shown no difference in the 

activity of the catalyst. The similarity observed is explained because of the presence of 

isolated hydrophobic islands on the surface of the materials where no real effect is applied 
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in the catalyst. To test this procedure is required to fabricate a catalyst via co-

impregnation of the acid moieties with the hydrophobic carbon chains to obtain a 

homogeneous surface without isolated islands. 

 

Figure 14 Hydrophobization effect on the surface of the sulfonated MCM-41 (0.6 

mmol of H+/ g cat). The catalyst was prepared via sequential impregnation in the 

dry grafting procedure impregnating first the MPTS followed by the 

triethoxy(octyl)silanes (TOS). The reaction was carried out at 250°C, 850 psi of N2 

and initial concentration of CPO of 0.5M 

2.5.Conclusions 

The MCM-41-SO3H is a promising strategy for the upgrading of the biomass deriving 

compounds due to the similarity presented with the HY30 zeolite presenting a similar 

acid strength with the advantage of higher hydrothermal stability. However, the water 

presents an effect that requires being understood in deep to understand the real role of the 

water when interacting with acid groups. On the other hand, this catalyst presents a fast 

deactivation in the aldol condensation reaction, even though it is justified because of the 

strong adsorption of the products with the catalyst, more studies are required to 

understand, and possibly increase the catalytic activity of the catalyst to avoid the 

deactivation. 
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CHAPTER 3: Novel functionalization method of mesostructured silica 

with trialkoxi-organosilanes to produce a stable acid catalyst for C-C 

bond forming reactions 

This work has contributions of Tuong V. Bu, Tawan Sooknoi
† from School of 

Chemical, Biological and Materials Engineering, University of Oklahoma, 100 East Boyd 

Street, Norman, Oklahoma, 73019, United States. 

3.1. Graphical Abstract 

 

3.2. Abstract 

Ordered mesoporous silica such as MCM-41 and SBA-15 have attracted attention 

because of its unique structure and stability. However they need to be functionalized in 

order to be active for acid/catalyze reactions. Several studies have reported the 

functionalization of the silica through conventional grafting (CG) and co-condensation 



28 

(CC) methods. The CG method modifies the surface via silylation of the free silanols with 

organosilanes. In contrast, the CC method uses TEOS as a building block for generating 

the silica structure in a one-pot mixture with organosilanes, which act as functional 

moieties. The resulting hybrid material has the characteristic mesoporous hexagonal 

structure together with organic functionalities in the surface.   

The former Si-O bonds during CG functionalization have been reported to be stable, 

but only under rather mild conditions, therefore not leaching of active moieties is 

observed. There are only a few studies reporting leaching under more severe reaction 

conditions in either nonpolar polar solvent. In this study, the leaching process was 

investigated at the molecular level by utilizing a combination of techniques including 

Fourier-Transform Infrared Spectroscopy (IR) Transmission Electron Microscopy 

(TEM), Solid-State Nuclear Magnetic Resonance (NMR) of 29Si, 1H and cross 

polarization 1H-29Si, and X-ray Diffraction (XRD). 

Also, a new synthesis method named as “dry grafting” is proposed. This approach 

provides a novel and simple way to synthesize stable non-leaching materials useful as 

catalysts in acid-catalyzed reactions, even under severe conditions such as polar solvents 

and high temperatures. The catalytic stability is examined for the alkylation reaction of 

m-cresol and cyclopentanol (CPOL) which has practical relevance for biomass 

conversion into fuels and chemicals.  

Key words: MCM-41, SBA-15, functionalization, conventional grafting, co-

condensation, dry grafting, leaching, alkylation  
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3.3.  Introduction 

In response to the rising industrial demand for renewable and clean energy in the 

recent years, many efforts have been made to develop commercial processes and catalysts 

that efficiently produce bio-based chemicals and transportation fuels through the catalytic 

upgrading of the biomass derived compounds. Lately, mesoporous materials have 

attracted the attention of scientists as interesting catalytic materials4–8. Unlike their 

microporous counterpart, the mesoporous catalysts are less affected by mass transfer 

constraints, which is a tremendous advantage in the biomass conversion when dealing 

with large molecules. Among the family of siliceous and highly-ordered mesoporous 

materials, MCM-41 and SBA-15 are promising alternatives for heavy hydrocarbon 

production due to their mechanical, thermal, chemical stability and tunable pore size9–16. 

The more open porous structure allows the accommodation of bulky intermediate 

transition state as well as fast diffusion within catalyst cavities leading to the enhancement 

of the rate of those quick reactions which are usually limited by mass transfer in 

microporous catalysts 17. Their well-defined channels and the tunable pore-size could 

potentially increase the selectivity of the desired products during reactions18. 

Furthermore, the high density of surface free silanols provides the capability to modify 

the acidity of the material through silylation to anchor acid sites such as sulfonic groups, 

which has been found to be relevant for many acid-catalyzed reactions19–22. Two major 

techniques have been reported to be used in order to synthesize this type of hybrid 

inorganic-organic mesoporous materials comprising: co-condensation and grafting 

method8,11,23–26.  
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Both methods presented high stability of the former Si-O bonds between the 

mesostructured silica and the functional moieties. Nevertheless, some studies in more 

severe chemical conditions and using either non-polar 1–3 or polar solvents27 showed 

strong evidence of leaching. Those studies are summarized in Table 1. According with 

literature, the leaching of functional groups is facilitated at high temperature and in 

presence of polar solvents, where the hydrolysis of either Si-C or C-C bonds are 

accelerated, resulting in the loss of active sites to the solution. The origin of this problem 

is still unclear and require a comprehensive examination to reach plausible solutions.  

Table 1 Literature overview of the catalytic activity of the functionalized 

mesostructured silica. 

Reaction Catalysta Solvent T (°C) Stability Reference 

Esterification acetic acid 

with methanol 
SiO2-SO3Hb Methanol 60 No leaching 86 

Esterification of fatty acids 

with methanol 

SBA-15-SO3Hc 

Methanol 60 
No Leaching 

72 SBA-15-SO3Hd 

SiO2 -SO3Hd Leaching 

Etherification of glycerol 

with isobutene 

SBA-15-SO3He 
Glycerol 75 No Leaching 87 

SBA-15-SO3Hd 

Aldol condensation of 

phenol with acetone 

MCM-41-SO3Hc 
Phenol 

70-100 
No Leaching 88 

MCM-41-SO3Hd 150 

Esterification of fatty acids 

with ethanol 

PS/nPMA-SiO2 HNsc,f 

Ethanol 80 

Leaching 
58 PS–C8–SiO2 HNsc,f 

No Leaching 
PMA–C8–SiO2 HNsc,f 

Dehydration of fructose 
SBA-15-SO3Hc H2O 

120 
Leaching 

89 
SBA-15-SO3Hd DMSh No Leaching 

Esterification of flotation 

beef tallow with methanol 

SBA-15-SO3Hd 
Methanol 120 Leaching 90 

SBA-15-SO3H-Prd 

Hydrolysis of cellobiose SiO2-NP-SO3Hg Water 175 Leaching 91 
a The catalyst was synthetized using MPTS as a precursor following by oxidation to SO3H 

b Incipient wetness impregnation of the precursor at room temperature 
c Catalyst functionalized using CC method 
d Catalyst functionalized using CG method 
e Conventional grafting assisted by microwaves 
f hybrid mesoporous silica hollow nanospheres (HNs), PS: Polystyrene, PMA: poly(methyl 

acrylate), C8: functionalized with TOS 
g Conventional grafting using different solvents (Ethanol, methanol, acetonitrile, toluene) of 

silica-coated magnetic nanoparticles of CoFe2O4 



31 

Therefore, in this study the source of leaching phenomenon at the molecular level was 

investigated. A new synthesis method, denominated as dry grafting, is proposed as a 

novel and simple way to synthesize stable catalysts for acid-catalyzed reaction, even 

under severe conditions. The alkylation of cyclopentanol and m-cresol was used as a 

probe reaction to investigate the stability of the functionalized catalysts to polar and 

nonpolar environments at high temperature (200-250oC) toward the leaching 

phenomenon.  

3.4.Materials and Experiments 

3.4.1. Chemicals and Materials  

MCM-41 (Type A) and SBA-15 purchased from ACS Materials were dried at 400°C 

for 12 h in N2 flow (99.999%, Airgas). (3-Mercaptopropyl) Trimethoxysilane (95% 

purity, Aldrich, MPTS), ethyl (trichloro)silane (99%, Sigma-Aldrich, ETS), 

Trimethoxy(octyl)silane (90% purity, Aldrich, TOS) and Trimethoxy(propyl)silane (97% 

purity, Aldrich, TPS), were used as provided. Anhydrous toluene (99.8%, Sigma-Aldrich) 

and methanol anhydrous (99.8%, Sigma-Aldrich) were employed as solvent and diluent 

agent in the catalyst synthesis procedure. Before being used, toluene and methanol were 

pretreated with silica-alumina molecular sieves (Zeochem) and activated overnight at 

300°C. A hydrogen peroxide aqueous solution (30 wt. %, EMD Millipore) was utilized 

as an oxidized agent to convert the thiol groups of MPTS to R-SO3H groups. m-cresol 

(99%), cyclopentanol (99%) and decahydronaphthalene, mixture cis + trans (99%) were 

obtained from Sigma-Aldrich.  

3.4.2.  Conventional grafting of mesostructured silica (MCM-41)  
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In a typical synthesis, the pretreated MCM-41 was dispersed in toluene (25 mL of 

Toluene/g of MCM-41) and heated up to 40- 110°C with constant stirring and N2 

bubbling in a reflux system. Once the temperature was stable, the desired organosilane 

compounds were injected into the dispersion (5.38 mmol/g of MCM-41). The solution 

was then stirred at a constant temperature with constant N2 bubbling for 12 h. The solid 

was separated by using a vacuum filtration system (Pore size of filter 0.22 µm) and 

washed with toluene, acetone, and water to remove the residual organosilane on the 

surface. The resulting catalyst (MCM-41-SH) was dried at 80°C overnight. The -SH 

groups were converted to active sulfonic groups via the oxidation process in a solution of 

H2O2 (25 mL/ g of MCM-41-SH) at 40°C for 12 h. The resulted catalyst (MCM-41-SO3H) 

was filtrated under vacuum conditions and washed with an excess amount of acetone and 

deionized water to remove H2O2 remaining. After that, the catalysts were dried overnight 

at 80°C in a vacuum oven.  

3.4.3. One-step co-condensation of SBA-15-SH 

The co-condensation procedure was conducted as reported by Stucky (2000)35. The 

Pluronic 123 (4 g, PEG: 30 wt %.  Aldrich, P123) was dissolved in a solution of 1.9 M of 

HCl and prepared at room temperature. The temperature of the solution was stabilized to 

40°C. Tetraethyl orthosilicate (>99.0%, Aldrich) was added to the mixture and pre-

hydrolyzed for 45 mins, followed by the addition of the trialkoxy-organosilane (MPTS). 

The mixture was stirred for 20 hrs at 40°C and aged at 100°C for 24hrs without stirring. 

The solid (SBA-15-SH) was recovered by filtration. The surfactant template was removed 

by washing with methanol in reflux system (400 mL of Methanol/1.5 g SBA-15-SH).  
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3.4.4.  Post-synthetic functionalization of mesostructured silica via novel dry 

grafting (DG) 

Herein, we are proposing new synthesis method to synthesize active and stable 

functionalized catalysts. In a typical synthesis, dried MCM-41 was impregnated via 

incipient impregnation with a solution of trialkoxy-organosilanes (5.11 mmol/g of MCM-

41and methanol (2.5 mL/g of MCM-41). The obtained solid was placed in a sealed Mini 

Bench Top Parr reactor 4564 and heated to 180°C for 12 hrs. The boiling point of the 

MPTS was employed as a reference to choose the operating temperature. After the 

thermal treatment, the obtained solid was washed in-situ with methanol under stirring at 

200°C. Further oxidation of the thiols groups was carried out with a solution of 30% 

H2O2. The catalyst washed at room temperature with methanol and dried at 80oC 

overnight. 

3.4.5. Characterization of the mesostructured silicas 

The surface area, pore size, and volume pore were evaluated using N2 physisorption 

at -198°C in a micromeritics ASAP 2020 through the Brunauer-Emmett-Teller method 

(BET). Prior adsorption, the samples were degassed for 6h under vacuum conditions at 

250°C. A Perkin–Elmer Spectrum 100 FTIR equipped with a high-temperature DRIFT 

(diffuse reflectance infrared Fourier transformation) cell (HVC, Harrick) with CaF2 

windows was used to study the surface chemistry of the functionalized silica. The samples 

were pretreated in-situ at 250°C for  1 h under He flow (30 mL/min) to remove water 

physically adsorbed on the catalyst surface. The cell was cooled down to 50°C, and the 

DRIFT spectra were collected 64 times with a resolution of 1 cm-1 as reported by Zapata 
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et. al (2013)36. Solid state NMR was used to evaluate the silicon structures and the 

functionalization modes presented on the catalyst after of each synthesis process. 

The structural characterization was examined with Small Angle X-ray diffraction 

experiments (XRD) recorded in D8 Series II X-ray diffractometer (BRUKER AXS), in 

reflection geometry using CuKα radiation generated at 40 kV and 35 mA in the 2θ range 

from 2° to 60°. The topology and morphology of the catalysts were studied by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM was 

conducted on a FIB Zeiss NEON 40 High-Resolution Scanning Electron Microscope 

operated at 5 kV. The TEM was analyzed in a JEOL JEM-2100 Scanning Transmission 

Electron Microscope operating at 200 kV, and the images were recorded using a CCD 

camera. The samples were prepared by suspending 2-5 mg of sample in 10 mL of 2-

propanol, followed by the deposition over a copper grid coated with carbon and dried at 

80°C.  

The organic content of the catalysts was evaluated via thermogravimetric analysis 

coupled with temperature program oxidation (TGA-TPO) using a Netzsch STA-449 F1 

Jupiter. In a typical experiment, the functionalized material (30 mg) was placed in a 

crucible with a constant flow of Ar (40 mL/min) and air (10 mL/min). The cell was 

preheated to 40°C then increased to 700°C with a ramping rate of 3°C/min. The 

combustion gases (CO2, SO2) were analyzed with an on-line mass chromatograph Aeolos 

QMS 403C.  

3.4.6.  Catalytic reaction measurements 

The liquid phase alkylation was carried out in a Mini Bench Top Parr pressure reactor 

of 160 mL (Model Parr 4564) equipped with a Parr 4848 Reactor Controller at 200oC, 
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300 psi with the reactant concentration of 1.0 M m-cresol and 0.5 M Cyclopentanol 

(CPOL). The collected liquid was analyzed with a GC-FID and GC-MS equipped with a 

Phenomenex capillary column (ZB-1701, 15 m x 0.25 mm x 0.25 µm).  

The leaching test was designed to investigate the stability of the studied catalysts at 

severe reaction condition. The experiments include two steps. First, the alkylation 

reaction was carried out at 200-250oC, 1hr, and 850 psi under solvent or free condition. 

After of the reaction, the catalyst was separated out of the reaction mixture. A fraction of 

the obtained liquid was collected for GC analysis while the remaining liquid product was 

placed back in the clean reactor, re-run at 250°C for 12 h, 850 psi without the addition of 

catalysts (Step 2). The concentrations of products and reactants were compared between 

the first and second step. The increase of any alkylated product concentration suggests 

that the leaching of sulfonic group happened, where the reaction is homogeneously 

catalyzed.   

3.5. Results and Discussions 

3.5.1. Catalytic test of the acid functionalized mesostructured silica  

The reaction pathways for the alkylation of m-cresol and CPOL are presented in the 

Figure 15 Firstly, CPOL undergoes via itself etherification and dehydration over the 

catalyst surface to produce di-cyclopentyl ether (DPE) and CPEN respectively. Besides, 

CPOL and CPEN alkylate m-cresol via C-O or C-C alkylation forming the initial C12 

products. Further C-C alkylation of those products forms the C17 products shown in 

Scheme 1. No trace of tri-alkylated products was detected even at high conversions 

(~90%).  
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Figure 15 Pathway of reaction for the alkylation between m-cresol and CPOL 

A series of mesoporous silica-based catalysts with different preparation methods 

were screened for the catalytic performance as well as the stability for the alkylation 

reaction including MCM-41-SO3H (CG), MCM-41-SO3H (DG), and SBA-15-SO3H 

(CC).  Figure 1 shows the relative change of product yields in the designed leaching test 

with different catalysts and under different conditions. Upward bars represent the positive 

net production while the downward ones stand for the disappearance of a species.  

It is noticeable that under free solvent conditions MCM-41-SO3H (CG) and SBA-

15-SO3H (CC) severely leach the functional moieties as is observed by the increment in 

the concentration of the alkylated products C12 and C17. Since no thermal reactions were 

detected under the evaluated conditions, the difference in those concentrations is related 

to homogeneous activity caused by the solubilized sulfonic functional groups in the 
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reaction mixture. Interestingly, the leaching of MCM-41-SO3H (CG) seems to stop under 

nonpolar solvent (decalin). The polarity of CPOL and m-cresol lead to the formation of a 

harassment environment that at high temperature may favor the leaching of the functional 

moieties either by solubilization of the physically adsorbed sulfonic groups near the 

surface or hydrolysis of the SiO2 structure. During reaction under free solvent conditions, 

the water produced is enough to form condensed water on the system. The condensed 

water can nucleate on the surface and favore the hydrolysis of the Si-O-Si structures37. In 

contrast, the distinction in polarity of the sulfonic functionality and decalin harnesses the 

leaching.  

 

Figure 1. The net production of products after leaching test. The reaction was first carried 

out at 250°C, 850 psi of N2 for 2hrs. The obtained filtrate was then re-run without the 

addition of solid catalysts at 250°C, 850 psi of N2 for another 14hrs 

The loss of the functional moieties on SBA-15-SO3H (CC) through leaching still 

occurs severely in both polar and non-polar solvents. Surprisingly, the catalysts 

synthesized by dry-grafting method did not present a net production of alkylated products 
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after the leaching test even under polar solvent conditions (Figure 1). The minor CPEN 

consumption, in this case, is due to polymerization. The stability presented by DG 

catalysts is an interesting outcome since the functional groups remain solidly anchored 

on the surface regardless of their strong interaction with the polar medium including m-

cresol, CPOL, and in-situ generated water. 

 

Figure 2. Catalytic activity for the alkylated products over the functionalized MCM-

41after multiple sequential washes with methanol at 200°C for 6 h a) MCM-41-SO3H 

(CG) and b) leaching test result for MCM-41-SO3H (DG). The reactions were carried 

out at 200°C under 850 Psi of N2 and CPOL and m-cresol concentrations of 0.5 and 1.0 

M respectively. 

The stability of the MCM-41-SO3H synthesized from CG and DG methods was 

further tested via multiple sequential washes with MeOH at 200°C (Figure 2). After each 

wash, the solid was recovered and used it to run the alkylation reaction at 200°C and 850 

psi of N2. The strong interaction of methanol with the sulfonic groups via hydrogen 

bonding will facilitate the leaching of the functionalization that is physically adsorbed on 

the surface. Another important factor is the presence of free silanols on the surface that 

under methanol environment may enhance the hydrolysis of the Si-O-Si structure as was 

presented for Zhang (2015)37. As expected, the activity of MCM-41-SO3H (CG) 

gradually drops after each methanol wash, demonstrating the leaching of functional 
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moieties when contacted with the strongly polar medium as methanol. In contrast, the 

catalytic performance of MCM-41-SO3H (DG) remains unchanged.  

Furthermore by using NMR and FT-IR, the ineffectiveness of conventional 

grafting method in forming a chemically stable Si-O bond was shown. The leaching of 

the functional moieties could be overlooked when operating at low temperatures as is 

mostly reported in the literature. It is evident that the temperature is a key factor in the 

leaching phenomenon favoring it. Probably, the leaching of the functional moieties could 

be explained by the covalent bond formation with the mesostructured silica and the 

available free silanols on the surface which, in the case of CG catalysts, is not efficiently 

produced resulting in a high density of free silanols on the MCM-41 surface.   

3.5.2. Structure analysis of the functionalized MCM-41 and SBA-15 

The N2 adsorption isotherms for the functionalized MCM-41 and SBA-15 materials 

(Figure S1) show the type IV isotherms characteristic of the mesoporous materials. It is 

observed that an increase of the functionalization degree (Table S1) is followed by a 

decrease of surface area and pore size, which is associated with the occupation of alkyl 

and alkyl-sulfonic functionalization on the surface.  

The XRD spectrum of MCM-41 displays a Bragg’s diffraction at 2.16°, 3.76° and 

4.34° on the planes indexes (1 0 0), (1 1 0) and (2 0 0) respectively observed for the 

hexagonal arrangement of the mesostructured silica (Figure 16). This structure is 

confirmed unaltered in all the cases as shown by HRTEM (Figure S4). The decrease in 

XRD peak intensity of the functionalized silica (MCM-41-ETS (CG) and MCM-41-SO3H 

(DG)) at (1 0 0), (1 1 0) and (2 0 0) plans is an indication for crystallinity lost due to the 
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grafting with the organosilanes, creating a more amorphous surface38–41. Interestingly, the 

decrease of crystallinity on MCM-41-SO3H (DG) is more significant compared to the 

others, which consequently agree with BET results. That is, higher functionalization 

degree reduces the crystallinity at the surface as well as the porosity, surface area, and 

pore volume of the modified materials. 

 

Figure 16 SAXS spectra for the functionalized and no functionalized MCM-41. 

A typical TGA-TPO experiment for a functionalized silica shows three different 

regions. The first region ranges from 40°C to 150°C at which the physically adsorbed 

water on the surface desorbs. It can be seen that the presence of alkyl-sulfonic 

functionalization increases the amount of physisorbed water whereas the alkyl 

functionalization decreases it (Figure S1). This effect is more evident when the catalysts 

were functionalized with longer C8 alkyl chain (TOS) than with ETS where no water was 

released. The second observable region (typically from 200° to 550°C) corresponds to 
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the thermal degradation of the functionalization. In this region, the Si-C, C-C, and C-S 

bonds are thermally decomposed into CO2, SO2, and H2O. The mass loss and 

corresponding signal of emitting gases were used to quantify the amount of 

functionalization on the mesostructured silica (Table 1). The final region starts at 550oC, 

in line with thermal dihydroxylation of the single and germinal silanols on the surface42.  

The composition and retention of the functionalization for the different 

synthesized catalysts are summarized in Table 1. First, it is noticeable the 

functionalization with trialkoxy organosilane (ex: MPTS) precursor through CG method 

presents low efficiency of silylation (~6%). In contrast, ETS precursor is more efficient 

for the grafting process, resulting in the highest retention of the functionalization (~38%). 

This is due to the greater reactivity of trichloro organosilanes with the surface silanol in 

comparison with trialkoxy organosilanes. The low degree of functionalization of CG 

method might be caused for the low silylation temperature (40oC) that is only effective if 

trichloro organosilanes precursors are used. By increasing the functionalization 

temperature in the well-controlled environment (DG method), a clear improvement in the 

retention of the functionalization with trialkoxy organosilanes is exhibited because the 

formation of the covalent bonds between the functionalization moieties and the MCM-41 

surface is facilitated. No much difference in grafting efficiency between those two 

synthesis methods when trichloro organosilanes such as ETS or TOS are used.  

Table 2. Composition of the mesostructured silica after functionalization through CG, 

CC, and DG 

Material 
Synthesis 

method 

Precursor 

(mmol/g cat)a 

Functionalization 

(mmol/g cat)b 

Retention of 

functionalization (%)c 

MCM-41 Commercial - 3.11-3.74d - 

MCM-41-SO3H CG MPTS (5.11) 0.31 6.25 

MCM-41-ETSc CG ETS (5.11) 2.71 38.92 

SBA-15-SO3H CC MPTS (5.11) 0.97 - 

MCM-41-SO3H DG MPTS (5.11) 0.82 17.87 
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MCM-41-TOS DG TOS (5.11) 1.40 32.67 

CG: Conventional Grafting, CC: Co-condensation, DG: Dry Grafting. 
A Functionalization added to the synthesis process 
b Calculated from the TGA-TPO results (See Figure S2).  
c Amount of functionalization after of the leaching of the moieties.  

d Theoretical estimation of the OH- groups on the surface reported by Ref 39,42 

 

The disappearance of the surface free silanols (Figure 2) is expected due to the 

consumption of –OH group via the silylation process to form Si-O-Si-R1 bonds, along 

with the appearance of regions corresponding to C-H bonds vibration. According to 

literature, the DRIFT spectra in the area between 4000 to 3100 cm-1 and 3150 to 2400 

cm-1 are assigned to the stretching vibration of surface –OH and CH2/CH3 

respectively33,36. Examination of the catalyst surface by FT-IR shows that all the samples 

functionalized with trialkoxy organosilanes by CG method resulted in high content of 

free surface silanols. It has been previously stated in this work that CG is not a suitable 

method to anchor trialkoxy organosilanes moieties due to their weak activity. Weak 

vibration signal intensity of alkyl chains in the region of 3150 to 2400 cm-1 strongly 

supports this observation since their surface properties are relatively analogous to those 

of un-functionalized MCM-41. These results can be related to the lack of bond formation 

during the functionalization (Figure 2a).  

In contrast, switching grafting moiety from trialkoxy to trichloro organosilanes, 

results in an apparent disappearance of free surface silanols and a noticeable increase in 

the C-H vibration signal. This is further evidence for the higher reactivity of the trichloro-

organosilanes in comparison with the trialkoxy-organosilanes. The low functionality 

degree of MCM-41-SO3H-CG samples demonstrates that the temperature is simply not 

high enough to successfully overcome the energy barrier of the silylation reaction 

between Si-OCH3 and the surface silanols. Increasing the synthesis temperature up to 
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110°C seems not sufficiently to speed up the grafting process. The inactive functional 

groups remaining on the surface would exist in the form of physical adsorbed via Van de 

Walls forces or might undergo water-assisted itself polymerization to form POSS 

(Polyhedral Oligomeric Silsesquioxane) structures 4,43,44. Either of these existing 

structures would allow the solubilization in a polar solvent. It is worth noting that this 

leaching process is slow in the low-temperature process. Therefore, washing the solid 

with polar/non-polar solvents at low temperature would not effectively help to clean the 

surface of the adsorbed functional moieties.  

The high activation energy of the new Si-O bond formation between Si-(OCH3)3 

and surface OH, requires a higher temperature to be activated. The use of solvents in 

synthesis procedure typically limits the grafting temperature according to their boiling 

point. Therefore, avoiding the utilization of a solvent and restricting the presence of water 

during the synthesis are the two fundamentals behind the dry grafting method. This 

solvent-free procedure allows to push up the upper limit of functionalization temperature 

to the boiling point of functional moieties. Additionally, the absence of water in 

surrounding environment hinders the formation of POSS structure on the catalyst surface 

and therefore, preventing the leaching.  
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Figure 17. FTIR spectrum at 50°C for the functionalized MCM-41 via CG: conventional 

grafting and DG: dry grafting the temperatures besides the method indicates the 

temperature synthesis of each sample; a) FT-IR spectra of the CG catalyst, b) Spectra of 

the DG catalyst, c) O-H vibration region for CG catalyst, d) O-H vibration region for 

DG catalyst, e) C-H vibration region for CG catalyst subtracting the MCM-41 pattern, f) 

C-H vibration region for DG catalyst subtracting the MCM-41 pattern 

2400265029003150340036503900

T
ra

n
sm

it
ta

n
c
e 

(a
.u

)

Wavenumber (cm-1)

MCM-41 Commercial
MCM-41-ETS (CG 40°C)
MCM-41-SO3H (CG 40°C)
MCM-41-SO3H (CG 110°C)

O-H C-H

a)

2400265029003150340036503900

T
ra

n
sm

it
ta

n
c
e 

(a
.u

)

Wavenumber (cm-1)

MCM-41 Commercial

MCM-41-TOS (DG 180°C)

MCM-41-SO3H-TOS (DG 140C)

MCM-41-SH (DG 180°C)

C-H
O-H

b)

3100325034003550370038504000

In
te

n
si

ty
 (

a
.u

)

Wavenumber (cm-1)

MCM-41 Commercial
MCM-41-ETS (CG 40°C)
MCM-41-SO3H (CG 40°C)
MCM-41-SO3H (CG 110°C)

c)

3100325034003550370038504000

In
te

n
si

ty
 (

a
.u

)

Wavenumber (cm-1)

MCM-41 Commercial
MCM-41-TOS (DG 180°C)
MCM-41-SO3H-TOS (DG 140C)
MCM-41-SH (DG 180°C)
MCM-41-SO3H (DG 180°C)

d)

240025502700285030003150

In
te

n
si

ty
 (

a
.u

)

Wavenumber (cm-1)

MCM-41-ETS (CG 40°C)

MCM-41-SO3H (CG 40°C)
MCM-41-SO3H (CG 110°C)

240025502700285030003150

In
te

n
si

ty
 (

a
.u

)

Wavenumber (cm-1)

MCM-41-TOS (DG 180°C)
MCM-41-SO3H-TOS (DG 140C)
MCM-41-SH (DG 180°C)
MCM-41-SO3H (DG 180°C)

f)e) 



45 

  

Figure 18 Different grafting modes on MCM-41@MPTS/ETS/TOS42,45 

As expected, all the samples synthesized by DG presented a decrease in the free 

silanols density on the surface (Figure 2b) together with an increase in the band assigned 

to the alkyl chain compared to those of parent MCM-41. The band in the region of ~2550 

cm-1 belongs to the vibration of –SH group (MCM-41-SH-DG), which disappeared after 

undergoing oxidation by H2O2 to form –SO3H (MCM-41-SO3-DG) group. 

1H-29Si CP-NMR analysis reported by Zhao et al. 42 has confirmed the existence 

of different modes of silica surface including the tetracoordinate Si-(OSi)4 (Q4 at -

111pm), single/hydrogen-bonded Si-(OSi)3-(OH) (Q3 at -101ppm) and germinal silanol 

Si-(OSi)2-(OH)2 (Q2 at -92ppm) siloxanes. On the other hand, the functionalization 

produces organosilanes structures in the form of  Tm=RSi(OSi)m-(OH)3-m, m=1–3. 

Comprising  T1 at (single bonded), T2 at -57ppm (double bonded) and T3 at -65ppm (triple 

bonded) as shown in Figure 1811,24,46–48.  
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Figure 19 1H-29Si CP-NMR spectra for the pattern MCM-41 and impregnated MCM-

41 with MPTS. 

The siloxane composition provides information about the bulk as well as free 

surface structures of the silica material, that are not silylated by functional moieties. It is 

well known that those organosilane structures would have a characteristic chemical shift 

because of their particular surrounding chemical environment. That means a chemically 

surface-bonded organosilane species would have a chemical shift value different from 

physically adsorbed ones. To prove the idea, the physical impregnation of MPMS on 

MCM-41 was carried out without any further treatment. Surprisingly, the presence of T1, 

T2, and T3 structures in that sample are clearly observed, which indicates that the 

appearance of those peaks is not strong evidence for successful functionalization. The 

interference caused by the saturated occupation of physisorbed organosilanes on the 

surface might be a possible explanation for this misleading observation (See Figure 3).  

 In agreement with FT-IR analysis, the 1H-29Si CP-NMR analysis shows a 

decrease of free surface silanols on MCM-41-ETS (CG) and MCM-41-SO3H (DG) 

samples due to the bond formation between the organosilanes and the surface silanols 

whereas MCM-41-SO3H (CG), on the other hand, does not. 
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Figure 20 1H-29Si CP-NMR spectra: a. Comparison between the grafting methods 

evaluated, b. Conventional grafting sample before and after alkylation reaction between 

cyclopentanol and m-cresol reaction under free-solvent conditions at 250°C, 850 psi, 150 

mg of cat and 2h of reaction. 

In line with that, the efficiency of grafting process, evaluated by the degree of 

functionalization (DeF) (Eq. 1), demonstrates high value for MCM-41-SO3H (DG) and 

MCM-41-ETS (CG) (84.13% and 89.45%, respectively).  Only 36.5% of the silanols on 

the surface of MCM-41-SO3H (CG) sample presented functionalization, and only 

20.7% of DeF remained after the leaching test.  

𝐷𝑒𝐹 =
3𝑇3 + 2𝑇2 + 𝑇1

3𝑇3 + 2𝑇2 + 𝑇1 + 2𝑄2 + 𝑄3
     (1) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑠𝑖𝑡𝑦 =
∑ 𝑇3

𝑖=1 𝑖

∑ 𝑇3
𝑖=1 𝑖

+ ∑ 𝑄𝑖
4
𝑖=2

     (2) 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =
𝑄𝑖

∑ 𝑄𝑖
4
𝑖=2

    𝑜𝑟   
𝑇𝑖

∑ 𝑇𝑖
3
𝑖=1

   (3) 

a. b. 
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The surface composition of siloxane and organosilane structures (Equation 2 and 

3) are shown in . First, it 

can be seen from Figure 21 that the dominant mode of functionalization on the surface of 

MCM-41-SO3-CG is the T2 mode. The relative intensity drops after the leaching test 

proved that certain amount of grafted moieties was lost into the solution. Interestingly, 

the dominant mode of functionalization switches from T2 to T3, the most stable anchored 

way. A similar composition is observed in the case of MCM-41-SO3H-DG catalyst which 

is the only catalyst obtained that even under harsh chemical environment does not leach. 

Two explanations might be possible to the leaching phenomenon, when the surface is 

dominated by the most stable T3 mode, it is protected or at least strongly resisted from 

the attack of leaching agent (polar solvent) via solubilization or; the successful titration 

as well of the decrease in the surface free silanols increase the stability of the material 

reducing the hydrolysis of the Si-O-Si bond as was observed by Zhang (2015)37. 

Opposite, MCM-41-PI sample demonstrates a relatively highest T2 and T1 composition 

compared to any other samples. .
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.b) shows comparable 

distribution of siloxane structures between MCM-41-SO3H-CG (fresh and spent) and 

parent MCM-41, indicating that the ineffective functionalization does not alter the silica 

surface. It is supported by the fact that the siloxane structure of MCM-41-ETS-CG and 

MCM-41-SO3H-DG are remarkably changed after being functionalized. 

 

Figure 21 Surface composition of the functionalized MCM-41 through conventional and 

dry grafting 

The presented results are substantial evidence to show that the conventional grafting 

is not effective when trialkoxy organosilanes are used as a precursor because the possible 

presence of water. Moreover, the temperature is not high enough to activate the (R1-O)3-

Si bonds presented in the functionalization. However, the novel proposed method dry 
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grafting solves the problems related to the leaching in the presence of polar solvents 

creating a stable material whit promising alternatives to be used in different areas of 

study. 

3.6. Conclusions  

The novel proposed method in this study, dry grafting, is an alternative for the 

functionalization of mesoporous materials through the grafting of the silica surface. It has 

been proved, the successful creation of a covalent bond between the functionalization and 

the material which is stable in the presence of polar and nonpolar solvents. The low 

chemical stability presented by the CC and CG methods make them not suitable to be 

used in catalytic reactions at high temperature and polar solvent conditions because those 

conditions may favor the leaching.  

 

 

 

 

 

3.7.Supplementary Information 

3.7.1. Thermo Gravimetical Analysis and functionalization loading calculation  
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Figure S1 TGA-TPO decomposition analysis for the functionalized silica:  a. MCM-

41, b. SBA-15-SO3H (CC), c. MCM-41-SO3H (CG), d. MCM-41-ETS (CG), e. MCM-

41-SO3H (DG), f. MCM-41-TOS (DG) TGA-TPO patter decomposition of MCM-

41-SO3H obtained from dry grafting. 
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3.7.2. N2 isotherms of adsorption and desorption over the functionalized and 

unfunctionalized mesostructured. 

 

Figure S2 Isotherms of adsorption and desorptions for: a. MCM-41, b. MCM-41-

SO3H (CG), c. MCM-41-ETS (CG), d. MCM-41-SO3H (DG), e. MCM-41-TOS (DG) 

f. SBA-15-SO3H (CC). (♦) Isotherm od adsorption, (♢) Isotherm of desorption. 
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Table S1 Surfaces properties of functionalized and unfunctionalized mesostructured 

silica. The surface area and pore diameter were calculated using BET method. The 

pore volume was obtained with the BJH method 

Sample 
Surface Area 

(m2/g) 

Diameter 

(Å) 

Pore Volume 

(cm3/g) 

MCM-41 728.84 32.28 0.61 

MCM-41-SO3H (CG) 690.87 30.42 0.52 

MCM-41-ETS (CG) 620.67 16.99 0.26 

MCM-41-SO3H (DG)    

MCM-41-TOS (DG) 675.61 17.82 0.3 

SBA-15-SO3H (CC)    

The Table S1 and Figure S2 shown the surface properties and N2 isotherms for the 

functionalized and unfunctionalized silica respectively. It is shown that the surface area 

decreases as well of the pore diameter of the silica when the grade of functionalization 

increase. Intrinsically, the functionalization of the silica changes the surface properties 

because of the adding of moieties in the pore which directly affects the pore diameter. 

The higher decrease of surface area and pore diameter was observed for the MCM-41-

ETS (CG) while the lower decrease was observed for the MCM-41-SO3H (CG) that 

agrees with the conclusion presented in the current investigation where the conventional 

grafting results inefficient for trialkoxy organosilanes moieties 

All the evaluated samples present hysteresis between the adsorption and desorption 

isotherms. However, is more noticeable the hysteresis presented by the co-condensed 

SBA-15. That typically behavior (Type IV Isotherms) shown that the materials employed 

in this paper are classified as mesoporous materials 

 

3.7.3. Thermo stability of MCM-41-SO3H (DG) 
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Figure S3 DRIFT spectra at 50C for MCM-41-SO3H (DG 180°C) treated at 

different temperatures in constant flow of He. 

The thermal stability of MCM-41-SO3H (DG) was evaluated in situ in the FTIR 

cell (High temperature DRIFT HVC cell). The sample heated up in presence of He at 

10°C/ min until reach the desire temperature and keep it constant for 1 h. Following of 

the thermal treatment, the cell was cold down to 50°C and the DRIFT spectra was 

collected. The results are presented in the Figure S3. It is noticeable the increases of the 

signal in the region of 3700 to 3100 cm-1 (corresponded to the O-H stretching vibration)  

with the increment of the temperature. This behavior is explained because of the 

desorption of the physisorbed water on the surface reducing the interference on the IR 

signal. The C-H vibration region (2800-2600 cm-1) presence a clear band which remain 

constant whit the increase in the temperature indicating high stability of the Si-C bond 

under the tested conditions. No loses of functionalization was detected during these 

experiments, consequently, is concluded that under the tested conditions the 

functionalization is thermal stable at a temperature of 300°C.  

3.7.4. Transmission electron microscopy images of the functionalized silica 
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Figure S4 HRTEM for the functionalized and unfunctionalized MCM-41: a-b 

MCM-41, c-d MCM-41-SO3H (DG), e. MCM-41-SO3H (CG) after 4 sequential 

methanol washes at 200°C for 6h and f. MCM-41-SO3H (CG) 

 

 

c. d. 

e. f. 
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3.7.5. Dry grafting over SBA-15 with trialkoxyorgano silanes 

 

Figure S5 1H-29Si NMR for SBA-15-SO3H (DG) 
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CHAPTER 4: Probing the active sites in Zr6 UiO66 metal-organic 

framework by a synergic combination of catalytic investigation and 

DFT calculation 
 

4.1.Graphical Abstract 

 

4.2. Abstract 

Metal-organic frameworks (MOFs) constructed from Zr6-based nodes have lately 

received considerable attention in heterogeneous catalytic applications for their excellent 

chemical reactivity and exceptional thermal and chemical stability. In this paper, Zr6 

UiO66 has been successfully applied in the self-condensation of cyclopentanone (CPO), 

an important platform chemical produced from biomass, to produce longer chain 

chemicals which can be used as petroleum additives. The Zr6 UiO66 showed high 

catalytic activity and structure stability in the liquid phase aldol condensation reaction 
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with the TOF of 0.6 s-1, higher than the most commonly used ZrO2. Different 

experimental probing and density functional theory calculations were used to elucidate 

the precise active sites topology of the Zr6-based framework UiO66. Our results conclude 

that the ortho-unsaturated Zr and the -OH group are the defect site of UiO66 acting as an 

active “acid-base” pair catalyze the CPO self-condensation reaction.  

Key Words MOF, UiO66, biomass, cyclopentanone, aldol condensation, active sites, 

acid base pair. 

4.3. Introduction 

Metal-Organic Frameworks (MOFs) are a class of crystalline materials constructed 

from the linking of inorganic and organic units through coordinative bonding, posing 

properties with high stability, tunable metrics, organic functionality, and ultrahigh 

porosity92–94. These properties, together with the extraordinary degree of variability for 

both the organic and inorganic components of their structures, make MOFs widely 

regarded as promising materials for applications in gas storage, catalysis, separations, 

drug delivery, sensors and other clean energy applications95–99. The structural Nano-

porosity of MOF materials places them at the frontier between zeolites and surface metal-

organic catalysts. Researchers have high expectations for MOFs in catalysis because of 

the high concentration of metal ions dispersed in a micro- or mesoporous matrix. 

However, the activity of current MOFs rarely approaches other microporous solids, e.g., 

zeolites. One possible reason is fully coordinated framework metal ions makes MOFs 

lack of accessible active sites. Also, partly because of the lower stability of MOFs in 

comparison to e.g. zeolites that in some cases the reactants seem to break the metal-linker 

bonds, results in the MOF structure collapse100. 
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Recently, a kind of zirconium (Zr6 nodes)-based 12-coordinated metal-organic 

framework (Zr6 UiO66, UiO: University of Oslo) attracted great attention because of its 

ultra-high surface area and super thermal stability (stable up to 773K) in air compared to 

those of other MOFs101. Zr6 UiO66 has the highest coordination number among all the 

reported MOFs so far. Each zirconium metal cluster center is connected to 12 benzene-

1,4-dicarboxylate (BDC) linkers to form the 3D framework. In addition, the combination 

of the strong Zr-O bonds and the ability of the inner Zr6 cluster to rearrange reversibly 

upon dehydroxylation or rehydratation of μ3-OH groups without detrimental effects on 

the stabilities of the connecting dicarboxylate bridges lead to a strong resistance towards 

DMF, ethanol, and other chemicals102,103. These attributes make Zr6 UiO66 framework an 

outstanding candidate for practical catalysis applications. Moreover, it was proposed 

recently that although a perfect Zr6 UiO66 crystal has a 12-connected framework 

structure, in real samples, the number is always less. H. Wu et al. found that about one 

out of 12 linkers are missing in Zr6 UiO66104. The number of node defect can actually be 

tuned up by using HCl as modulator, as reported by M. J. Katz et al.105. The defect sites 

in Zr6 UiO66 may thus result in high activity in catalysis applications. Noteworthy, a 

wide-ranging perspective of Zr6 UiO66 application in catalysis is opened by the ability to 

adjust their acid-base or/and redox properties by variation both nature of metals and 

organic ligands100,106. 

Various catalytic reactions have been conducted using Zr6 UiO66 as efficient 

heterogeneous catalyst. However, researchers have different opinions on the nature of the 

active site in Zr6 UiO66 for different reactions. In particular, it has been difficult to 

accurately assign where the active site is and even hardly to comprehensively describe 
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the nature of the active site. F. Vermoortele et al. 100 reported that Zr6 UiO66 is highly 

active in Lewis acid catalyzed cross-aldol condensation of benzaldehyde and heptanal. J. 

Kim et al. 107 demonstrated that catalytic activities of Zr6 UiO66 correlate with their Lewis 

acid-base properties in cycloaddition of CO2 to styrene oxide. J. T. Hupp et al. 

105demonstrated that the combination of the strong Lewis-acidic ZrIV and bridging 

hydroxide anions led to the high activity of Zr6 UiO66 in the biomimetic catalysis of the 

methanolysis and hydrolysis of methyl paraoxon. On the other hand, S. H. Jhung et al108 

demonstrated that Zr6 UiO66 has both Lewis acid and Lewis base properties and the 

catalytic properties of these materials depend on amount and type of functional groups 

presented in the linker units. They also found that the catalytic activity of metal 

carboxylates correlated with the amount of basic sites and the strength of the interaction 

between metal and oxygen in the ‘‘M
+n

-O2- Lewis acid-base’’ pair in the condensation 

reaction of benzaldehyde and malononitrile109. Meanwhile, V. V. Speybroeck et al.110 

pointed out that Zr-Lewis acid site and an oxo-atom basic site serve as active site in the 

cross-aldol condensation reaction of heptanal with benzaldehyde. D. Farrusseng et al.111 

demonstrate that (surface) defects are at the origin of the catalytic activities and the 

vacancy of ligands or linkers systematically generates (surface) terminations which can 

possibly show Lewis and/or Brønsted acid-basic features. While R. C. Klet et al.112 

pointed out that Brønsted acidity present in the nodes of Zr6 UiO66 frameworks by using 

the potentiometric acid-base titration method.  

Conversion of biomass-derived cyclic ketones to a monocondensed product through 

aldol condensation has great potential for the synthesis of a renewable high-density 

fuel17,113. Cyclopentanone (CPO) is an important platform compound from the selective 
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hydrogenation of furfural, which has been produced on an industrial scale by the 

hydrolysis-dehydration of the hemicellulose27. Thus, CPO self-condensation reaction is a 

very important reaction in biofuel upgrading and has attracted increasing attention. 

Modulated Zr6 UiO66 should be a good candidate for its high specific surface area, 

efficient defect sites and tailored mesoporous structure100,114. In this paper, we apply the 

Zr6 UiO66 catalyst in the aldol condensation of CPO. More importantly, we adopt series 

of experiments along with the density functional theory (DFT) calculations to 

systematically probe the nature of active sites in Zr6 UiO66. 

4.4. Materials and Experiments 

4.4.1. Catalyst preparation 

This work was developed as a collaborative project with Xiang Wang, Qiaohua 

Tan, Duong T. Ngo from: School of Chemical, Biological and Materials Engineering, 

University of Oklahoma, 100 East Boyd Street, Norman, Oklahoma, 73019, United 

States. The catalyst synthesis and characterization was developed by Xiang Wang, the 

density functional theory calculations by Qiaohua Tan and deactivations studies by 

Duong T. Ngo 

The chemicals used in the synthesis process include DMF (dimethylformamide, 

anhydrous, 99.8%), H2BDC (terephthalic acid, 98.9%), ZrCl4 (≥99.9%, trace metals 

basis), FA (formic acid, reagent grade, ≥95%) and methanol (anhydrous, 99.8%), which 

were all obtained from Sigma-Aldrich. The chemicals were used without further 

purification. Zr6 UiO66 MOF was synthesized by scaling-up a previous solvothermal 

procedure (P. Behrens et al.102) with some changes in ZrCl4: H2BDC: DMF: FA ratio. 
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The schematic of the modulated process for preparation of Zr6 UiO66 MOF is shown as 

Figure 22. Typically, 166mg of H2BDC, 37.8 mL formic acid and 233mg of ZrCl4 were 

put into a caped glass bottle and sonicated for 30 minutes in 300ml of DMF. After the 

mixture was standing in an electric oven at 120C K for 24 h, the synthesized white 

crystalline powder was entirely washed by DMF for 3 times and then soaked in DMF at 

80C for 12h. The obtained samples were then soaked in and washed with methanol in 

the same way as described for washing with DMF for 3 times in 3 days. After separated 

by centrifugation, the solid sample was dried under vacuum at 120C for 24 h in a vacuum 

oven. 

 

Figure 22 Schematic description of the solvothermal process used for the 

preparation of d-Zr6 UiO66 

4.4.2. Catalyst characterization  

Powder X-ray diffraction (PXRD) patterns were collected on a D8 Series II X-ray 

diffractometer (Bruker AXS) that uses Cu Kα radiation (=1.54059Å) generated at 40 

kV and 35 mA. The scans covered the 2θ range from 3 to 70°. Thermogravimetric (TG) 

analysis of the Zr6 UiO-66 MOF was conducted with Netzsch STA 449 F3 Jupiter 

equipment, under a flow of He (50 mL/min). N2 physisorption was performed on a 

Micromeritics ASAP 2020 unit in the P/P0 range of 0.01-0.995. Prior to analysis, the 

samples were degassed in situ at 120C for 24 h. The micropore volume was derived from 
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the t-plot method (relative pressure range: 0.2−0.6, dose: 7.28 cm3/g STP, equilibration 

time: 30s), and the total pore volume was determined at P/P0 = 0.995. The mesopore size 

distribution was obtained by applying the BJH method to the desorption branch of the 

isotherm. DRIFT spectra were recorded at a resolution of 4 cm−1, accumulating 64 scans, 

on a PerkinElmer Spectrum 100 FTIR, equipped with a high temperature DRIFT cell 

(HVC, Harrick) with CaF2 windows. The MOF sample (100 mg) was loaded in the cell, 

heated in situ up to 50-300C under 50 mL/min He, kept at this temperature for 5h, and 

then cooled down to designed temperature. The DRIFT of pyridine (Py) adsorption was 

conducted by the same equipment as above using a common method which can be found 

everywhere. The basicity and acidic of the Zr6 UiO66 were measured by temperature-

programmed desorption of carbon dioxide (CO2-TPD) and ammonia (NH3-TPD) method, 

respectively. In each measurement, 50 mg of the MOF sample was used and pretreated 

for 2h in He flow (30 mL/min) at 150C to remove any adsorbed impurities. The sample 

was subsequently exposed it to consecutive pulses of CO2/NH3 (10% in He) until 

saturation and then purged with He flow at room temperature for 1.5h. Then, a 5K/min 

linear heating ramp was applied up to 500C and the desorbed products were monitored 

and quantified on a Micromeritics automatic temperature programmed chemical 

adsorption instrument (AutoChem II 2920). The morphology and chemical composition 

of the Zr6 UiO66 was analyzed using a field emission scanning electron microscope 

(FESEM, Hitachi S4800) equipped with energy-dispersive X-ray analysis (EDX, Oxford 

Instrument, UK). High-Resolution Transmission Electron Microscopy (HRTEM, Tecnai 

G2 F30, FEI, USA) was used to obtain the microstructure of the samples.  
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4.4.3. Reaction conditions 

The reagents used in this study were CPO (CPO, Aldrich, >99%), 2-propanol 

anhydrous (IPA, Sigma-Aldrich, >99.5%), toluene anhydrous (Sigma-Aldrich, 99.8%), 

cyclopentene (CPEN, Aldrich, 96%), cyclopentanol (CPOL, Aldrich, 99%) and acetone 

(Sigma-Aldrich, >99.5%). Cyclohexane (anhydrous, 99.5%) and decahydronapthalene 

anhydous (Sigma-Aldich, >99%, mixture of cis + trans) were used as solvent in the CPO 

self-condensation and probing reactions of aldol condensation, dehydration and 

alkylation reactions, respectively. CPO was further treated by distillation process at 

110°C under a N2 (Airgas, Ultra high purity) environment, achieved by bubbling N2 into 

the solution, in order to separate oligomers from the reagent. The purity of the CPO was 

verified using a GC-FID.  

The CPO self-condensation reactions were carried out in a batch reactor (Parr 

Instruments, USA Mod. 4564). For each reaction, 50 mg of Zr6 UiO66 and 40.265 ml of 

cyclohexane were added into a 100 ml reactor vessel, repeatedly purged with N2 at room 

temperature for 3 times and then pressurized up to 300 psig. Afterwards, the agitation 

was initiated with a stirring speed of 450 rpm and heated up to 150 C. Then, 8 ml of 

CPO and 2 ml of toluene (internal stand) were pressurized to 450 psig in a 30 ml cylinder 

and entered into the system when temperature was satisfied. Finally, a steady pressure 

and temperature were maintained throughout the scheduled reaction period. After 

reaction, the reactor was quenched to room temperature by ice water. The catalyst was 

separated by vacuum filtration before being analyzed by PXRD, BET and DRIFT.  

A series of probing reactions have been carried out to further understand the acidity 

and basicity of the active site of the Zr6 UiO66. The probing reactions were carried out in 
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a Mini Bench Top Parr high pressure reactor of 160 mL (Model Parr 4564) equipped with 

a Parr 4848 Reactor Controller for temperature and stirring. In a typical experiment, 50, 

100, or 200 mg of catalyst were mixed with the initial solvent (80 mL) and pressurized to 

300 psi with N2 followed by increasing the temperature to 250°C. In a separated vessel 

the reactants were blended in the desired concentrations and the solvent was added to 

achieve a volume of 20 mL and bring the total volume in the reaction to 100 mL. The 

reactants solution was placed in a separate vessel and injected into the reactor reaching a 

final pressure of 850 psi.  

Pyridine anhydrous (Sigma-Aldrich 99.8%) and propionic acid (Sigma-

Aldrich, >99.5%) were used as titrant molecules to understand the role of the active sites 

during the catalytic aldol condensation. In these experiments, the reactions were carried 

out as above with the incorporation of the titrant compound in the mixture of reagents. 

The catalyst amount used was 50 mg and 150°C in order to decrease the reversibility in 

the adsorption.  

The conversion of the limiting reagent was calculated as follows: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
∑ ϒ𝑖𝜂𝑃,𝑖

𝑛
𝑖=0

𝜂𝑅0
∗ 100    (1) 

Where ϒ𝑖 is the reaction coefficient and 𝜂𝑖 is the moles of the products i of the 

reaction. Another important parameter calculated was the carbon balance described by 

the equation (2). With ϒ𝑗 representing the reaction coefficient of the reactant and products 

j and 𝜂𝑗 the moles of the reactive and the products after the reaction. The subscript R0 

indicates the initial moles of the reactant.   

𝐶𝑎𝑟𝑏𝑜𝑛 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 (%) =
∑ ϒ𝑗𝜂𝑗

𝑛
𝑗=0

𝜂𝑅0
∗ 100      (2) 
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The resulting product of the reaction was filtered using a PTFE filter of 0.22 µm and 

analyzed for product identification with GC-FID equipped with a Phenomenex capillary 

column (ZB-1701, 15 m x 0.25 mm x 0.25 µm) for polar compounds analysis and a 

Phenomenex capillary column (ZB-5MS, 30 m x 0.25 mm x 0.25 µm) for non-polar 

compounds. To identify the products a GC-MS equipped with Phenoomenex capillary 

column (ZB-1701, 15 m x 0.25 mm x 0.25 µm) was used. 

4.4.4. Density Functional Theory Calculations 

The calculations were carried out using periodic plane-wave gradient-corrected 

density functional theory methods implemented in the Vienna ab initio Simulation 

Package (VASP)115,116. The PBE functional was used to calculate the exchange 

correlation energy within the generalized gradient approximation (GGA)117. The 

projector augmented wave method (PAW) was employed to describe the electron-ion 

interactions118. The cutoff energy of 400 eV was applied for the plane-wave basis set to 

represent valence electrons. The electronic energies were converged within 10-6 eV limit. 

 

Figure 23 Models for Zr6 UiO66 with (a) perfect structure; (b) with a defect; and 

(c) with water adsorbed on the defect 

 The structure with one Zr6 node and twelve H-terminated BPC linkages as shown in 

Figure 23.a was used to model the Zr6 UiO66 with no defect. The defected Zr6 UiO66 (d-
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Zr6 UiO66) was modeled by replacing one BPC linkage with OH as shown in Figure 23b 

The unit cell is 30Å × 30Å × 30Å. The geometric structures were optimized until the 

forces were converged to below 0.01 eV/ Å. The 1×1×1 Γ only k-point mesh was used to 

sample the first Brillouin zone119.  

The periodic monoclinic ZrO2 (111) slab surface with 15 Å in the z-direction was used 

to model the ZrO2 catalyst. Each unit cell consisted of four Zr4O8 layers along the z 

direction and contained 64 Zr and 128 O atoms. The bottom layer atoms were fixed ai 

their buld posiions while the others were allowed to relax in all optimizations. The  4×4×1 

Monkhorst-pack k-point mesh was used to sample the first Brillouin zone119. 

For a Brønsted acid, the deprotonation energy (DPE) is used to describe its acidity, 

which was calculated via Equation (1), where E(AH), E(A-) and E(H+) are total energy of 

the Brønsted acid AH, its conjugated base A- and the proton H+. For a Brønsted base, the 

proton affinity (PE) is used to describe its basicity, which was calculated via Equation 

(2), where E(B) and E(BH+) represent the total energy of the base B and its conjugated 

acid BH+.  

𝐴𝐻 →  𝐴− +  𝐻+ 

𝐷𝑃𝐸 (𝐴𝐻) =  𝐸(𝐴−) + 𝐸(𝐻+) − 𝐸(𝐴𝐻)         (1) 

 𝐵 +  𝐻+ → 𝐵𝐻+ 

𝑃𝐴 (𝐵) =  𝐸(𝐵𝐻+) − 𝐸(𝐵) − 𝐸(𝐻+)                (2) 

 

For reaction paths, the transition state searches were performed using the dimer 

method120 with the initial guesses for the transition state structure and the reaction 

trajectory obtained through the nudged elastic band (NEB) method121.  
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4.5.Results and discussion  

4.5.1. Physicochemical properties of Zr6 UiO66  

The PXRD pattern of the synthesized Zr6 UiO66 MOF is shown in Figure 24. The 

results indicate that the PXRD pattern of the synthesized MOF agree quite well with 

simulated PXRD pattern of pristine UiO66 frameworks, indicating that the prepared 

sample has an isostructural UiO66 framework topology101. In addition, the result shows 

good crystallinity of the Zr6 UiO66 samples for the two high intensity peaks at 7.4° and 

8.5° which representing the (111) and (002) crystal plane. The SEM and HRTEM images 

(Figure 27) also shows that Zr6 UiO66 has uniformly distributed and well-crystallized 

individual and octahedral crystalline morphologies with the particle size of around 300 

nm.  
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Figure 24 PXRD patterns of simulated and synthesized Zr6 UiO66 

Weight loss profiles from TG analysis showed that the as-prepared Zr6 UiO66 

samples present mainly two stages in weight loss, as shown in Figure 25. A nearly 

continuous mass loss up to 450C was observed in the TG plots.  The endothermic DSC 

results suggest this mass loss probably corresponds to the removal of water and all organic 
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material, including the evaporation of guest molecules from the pores such as solvent 

DMF, modulator formic acid and methanol122.  

 

Figure 25 Thermal analysis (TG and DSC) profiles for d-Zr6 UiO66. 

Between 310 and 450C, the weight loss was very slow indicating the loss of a 

small fraction of none effective coordinated H2BDC linkers. The samples maintained 

their structure up to 450C and after that a sudden weight loss and an obvious exothermic 

peak were observed, which was attributed to decomposition of the Zr6 UiO66 to ZrO2. 

This suggests that the highly thermal stable Zr6 UiO66 has been successfully obtained 

from this modulated synthesis procedure. 
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Figure 26 N2 adsorption (filled squares) and desorption (open squares) isotherms 

of Zr6 UiO66 
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The porous structure of Zr6 UiO66 was measured by N2 adsorption, shown in 

Figure 26. The adsorption of N2 follows a type I isotherm with no hysteresis and possesses 

with a BET surface area of 1197.3 m2/g. The total pore volume at p/p0 = 0.995 and the 

micropore volume obtained from the t-plot method of Zr6 UiO66 are 0.73 and 0.50 

cm3g−1, respectively. The mesopore volume portion is around 30% and the average pore 

size is 2.5 nm.  

 

Figure 27  SEM and HRTEM images of d-Zr6 UiO66 

The DRIFT spectra of the prepared Zr6 UiO66 in OH region from 3500-4000 cm
-1

 

pretreated at different temperatures in situ are shown in Figure 28, which is similar to the 

literature101,123,124. The sharp band at 3674 cm−1 derives from a combination of the 

terminal OH groups with the majority of (O–H) stretching of 3-OH. The signal at 3903 

cm-1 is assigned to the μ3-OH stretching mode. Furthermore, a band was observed at 3780 

cm-1, which have been assigned to the non-hydrogen bonded OH groups at the defect 

sites125, which is formed by the reaction of water with the BPC linkage. This suggests the 

defects exist in our prepared Zr6 UiO66. When changing the pretreatment temperature 

from 50 to 300 oC, the signal at the 3780 cm-1 gradually disappear, suggesting that the 

gradual removal of the OH groups at the defect sites.  
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Figure 28 DRIFT spectra of d-Zr6 UiO66 in the OH region (3500-4000 cm-1) 

pretreated in situ at different temperatures 

The CO2-TPD and NH3-TPD profiles of Z6 UiO66 were shown in Figure 6. The 

result indicates that the adsorption amount of CO2 degassed at the temperature of 525K, 

which corresponds to the medium to strong (450-773 K) basicity groups126. According to 

Topsøe et al.’s 107,127 results, the acidity measured by NH3-TPD can be classified into 

three groups: weak (323–373 K), medium (423–473 K), and strong (593–773 K). In this 

work, we found two kinds of acid sites which correspond to weak (372K) and medium 

(528K) acidity. 

Wang et al. recently showed that the in situ titration of some probe molecule such 

as propanoic acid during the aldol condensation reaction can accurately measure the 

number of Zr-O site pairs on ZrO2(m) through the uptake of propanoic acid required to 

suppress the reactant conversion rate. Here, we also applied this strategy in Z6 UiO66. As 

shown in Figure 29, the reaction rate of the aldol condensation of CPO decreases linearly 

with the amount of the propanoic acid added, and the number of the acid-base pair in Z6 

UiO66 is calculated to be 2.54 mmol/g.  
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Figure 29 (a) Turn over frequencies change during the in-situ titration of propionic 

acid at 250°C and 150°C with different amount of PA over active sites in the catalyst, 

the change of TOF was evaluated as the absolute change (TOF0-TOFPA)/TOF0 (b) 

Initial turn over frequencies for the aldol condensation reaction of CPO at 150°C 

and 850 psi of N2 during the catalytic titration of Zr6-UiO66 and ZrO2 with propionic 

the insertion is the zoom in of the ZrO2 titration. 

4.5.2. High activity self-condensation of CPO in the presence of Zr6 UiO66 

The aldol condensation of CPO over Zr6 UiO66 and the product distribution were 

analized in Table 2. The main product is the dimer 2-cyclopentylidene-cyclopentanone 

(D) with the selectivity of 94.3% and the trimer (2, 5-dicyclopentylidene cyclopentanone) 

(T1) with the selectivity of 3.4% at the conversion of 59.2%. Another trimer product 

2,3,4,5,6,7,8-octahydro-1-H-cyclopenta[e]-as-indacene (T2) (Figure 30) was detected but 

with very small amount (<0.1%). Based on the number of the active sites measured by 

the in situ propionic acid titration and the conversion, the TOF of the self-condensation 

of CPO over Zr6 UiO66 can be calculated, which is 0.19 s-1 (Table 2). The same reaction 

was conducted over ZrO2 as shown in Table 1. The product distribution is similar over 

ZrO2, however the TOF is lower (0.08 s-1).   
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Figure 30 Pathway of reaction for the self-aldol condensation of cyclopentanone, the 

compounds on the brackets have concentration below of the detection limit. 

The conversion of CPO and the yields of products along with time was shown in 

Figure 31, which suggested that although the Zr6 UiO66 catalyst showed high activity in 

the aldol condensation reaction of CPO, it lost its activity in 2 hours.   

Table 3 Conversion and product distribution for the aldol condensation of CPO 

over d-Zr6 UiO66 and ZrO2 catalysts.* 

 

 

4.5.3. Deactivation Analysis of Zr6 UiO66  

Several characterization methods, such as N2-adsorption, PXRD and DRIFT, have 

been employed to analyze how the deactivation happens in the aldol condensation of 

CPO. The N2 adsorption isotherms of Zr6 UiO66 before and after the CPO self-

condensation reaction was compared as shown Figure 32.a, which showed that the uptake 

of N2, especially in low relative pressure range (p/p0), drops a lot in the deactivated Zr6 
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UiO66 compared with that of the pristine one, thus resulting in dramatically BET surface 

area drop and micropore volume lost (vide infra). Figure 32.b shows the pore size 

distribution and pore volume information (insert table) of Zr6 UiO66 before and after 

deactivation.  

 

Figure 31 Conversion of CPO and yield of products along reaction time over d-Zr6 

UiO66 

The results revealed that both the micro-and mesopore volume of the Zr6 UiO66 

significantly decreased after reaction. However, no obvious macropore developed in the 

deactivated catalyst, which indicates its good pore structure stability. Figure 32.c shows 

the PXRD patterns of Zr6 UiO66 before and after reaction. The results illustrated that the 

structural integrity of the catalyst partially decreased after the CPO self-condensation 

reaction, while the Zr6 UiO66 still possesses good diffraction intensity and representative 

crystal faces information. From the HRTEM image of the deactivated Zr6 UiO66 shown 

in Figure 32.b insert which shows no evidence of the microstructure change after reaction, 

we can conclude that the Zr6 UiO66 maintains most of its pore structure and crystalline 

intensity after deactivation. Thus we consider that the deactivation of the Zr6 UiO66 

catalyst is not because of the structure collapse, but would probably the blocking of the 
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active sites by organic molecules (e.g. reactants, solvent), polymerized products or the 

water molecules come from the condensation reaction.  

 

Figure 32 (a) N2 adsorption isotherms; (b) pore size distribution and (c) PXRD 

patterns of d-Zr6 UiO66 MOF before and after the CPO condensation reaction. 

DRIFT spectrometer of the deactivated catalyst was analyzed andshown in Figure 

33.a. No obvious change was found in the deactivated catalyst comparing with pristine 

Zr6 UiO66, except the disappearance of the band in the OH region (3870 and 3686 cm-1) 

which is attributed to the non-hydrogen bonded OH groups at the defect site, indicating 

that the active sites in Z6 UiO66 should be related to the OH groups at the defect. To 

confirm this hypothesis, the number of the OH groups at the defect sites are tuned in the 

Zr6 UiO66 by partially dehydration through vacuum treatment at 280 C for 48h122. The 

disappearance of the signal at 3780 and 3668 cm-1 in the DRIFT spectrum of the partially 

dehydrated Z6 UiO66 revealed that a large proportion of the OH groups at the defect sites 

have been removed, as shown in Figure 33.b. The activity of the partially dehydrated Zr6 

UiO66 was tested and compared with pristine Zr6 UiO66 at the same reaction conditions. 

As shown in Table 1, the activity of the partially dehydrated Zr6 UiO66 dramatically 
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decreased by 60%, due to the decrease of the number of OH groups at the defected Zr6 

UiO66. 

 

Figure 33 DRIFT spectra of (a) spent, (b) dehydrated, and (c) ETS-functionalized 

samples, compared to pristine d-Zr6 UiO66 

Further, we tried to continue removing more OH groups by a silylation method 

which has been widely used to functionalize zeolites128. Briefly, 0.2 g of pristine Zr6 

UiO66 was dispersed in 10 mL of toluene by sonication with a Horn sonicator (Fisher 

Scientific, 600 W, 20 kHz) at 25% amplitude for 30min. Then, the Zr6 UiO66 suspension 

was added to a 50 mL solution of ethyltrichlorosilane (ETS, 99%) in toluene to get a ratio 

of 0.15 mmol ETS/g Zr6 UiO66. The final suspension was stirred for 4 h at 350 rpm at 

room temperature. The MOF sample was collected by centrifugation and washed 

thoroughly with methanol. Finally, the functionalized Zr6 UiO66 was dried in a vacuum 

oven at 120 °C for 24h. From the DRIFT spectrum of ETS functionalized Zr6 UiO66 

shown in Figure 33.c, we can found that the band at 3780 and 3686 cm-1 totally 

disappeared after functionalization compared with pristine sample, indicating the further 

removal of OH groups. However, the intensities of the 3674 and 3640 cm−1 bands 

characterizing μ3-OH groups remained essentially unchanged during the chemisorption, 
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showing that, as the ETS reacted with the hydroxyl groups connected to Zr atoms at the 

defect sites, it did not react with bridging μ3-OH groups. Similarly, the ETS 

functionalized catalyst were used in the aldol condensation of CPO, and it was found that 

about 90 % activity has been lost, further confirming the active site is related to the OH 

groups at the defect site rather than the μ3-OH.  

Then, we investigated the possibility of water molecules formed in the condensation 

reaction resulting in the catalyst deactivation.1.8g of water, 4 times more compared with 

the theoretical yield of water molecules in the initial condensation reaction, was added to 

the mixture of solvent and catalyst before the catalytic reaction. The results showed that 

the activity of the Zr6 UiO66 decreases about 50% because of the water addition, 

suggesting the deactivation of Zr6 UiO66 in the CPO condensation may be partly because 

of the water that is formed in the reaction.  

4.5.4. Comparative study of the acid base properties of the active site in Zr6 

UiO66 

To further investigate the nature of the active sites, a series of probing reactions 

were employed to comparative study the acid base properties of Zr6 UiO66. Table 4 

summarize the probing reactions used to find evidence for the catalytic active site in the 

Zr6 UiO66. The Meerwein-Ponndorf-Verley (MPV) reaction has been widely studied and 

it has been proven the reaction happens over a Lewis acid site (LAS)129. The MPV 

reaction was tested between CPO and IPA and no products (Acetone and CPOL) were 

identified. The alkylation reaction, which has been proven to require BrØnsted 

acidity130,131, was used as a probe reaction to study the BrØnsted acidity of the active sites 

(BAS). As was expected, the Zr6 UiO66 does not show any activity for the alkylation 

between toluene and CPEN. The presented results are in agreement with the results shown 
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above where negligible effect was detected by the pyridine adsorption over the catalyst 

TOF, despite no-selective adsorption of pyridine over the Lewis and Brønsted acid sites.  

An interesting result was found when the dehydration reaction was evaluated. The 

Zr6 UiO66 does not have activity for the dehydration of secondary alcohols such as 

cyclopentanol or isopropanol in which the dehydration of the alcohol was expected 

because of the basic oxygen linked to the Zr atoms in the material, however, the 

dehydration of tertiary alcohols is possible and is noticeable in the pathway presented in 

the Figure 30, where the dehydration is an intermediary step in the aldol condensation 

reaction. The expected behavior of MOFs acting as a ZrO2 was tested. It was found that 

the dehydration of CPOL and IPA can take place over ZrO2 and is attributed to the active 

acid-base pair on the surface.  

The aldol condensation reaction has been shown to take place over BAS or acid-

base sites132. Zr6 UiO66 has high activity for this reaction assigned to the acid-base pair 

found in the Zr6 UiO66 as is shown by DFT studies as follows. Despite the similarity of 

the active sites (acid-base pair) in both catalysts. However, clearly evidence shows that 

the behavior of the Zr6 UiO66, which acts as an acid-base pair, is different with respect 

to ZrO2 which is correlated to the higher basicity of the MOFs than the corresponding 

oxide as is shown in the DFT calculations presented in this study. 
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Table 4 Comparative study of the acidity and basicity of the active site by probing reactions 

Reaction Catalyst 
Temperature  Conversiong  Carbon Balanceh 

Site 
(°C) (%) A (%) B (%) 

MPV a 

[IPA (A) + CPO (B)] 

MOF 

(100 mg) 
110 0.00 ~100 ~100 LAS 

Alkylationd 

[Toluene (A) + CPEN (B)] 

MOF 

(200 mg) 
200 0.00 ~100 ~100 BAS 

Dehydrationb  

[CPNOL (A)] 

MOF 

(100 mg) 
250 0.00 ~100 - 

Acid and 

Basic sites 

Dehydrationb 

[CPNOL (A)] 

ZrO2 

(100 mg) 
250 27.30 76.7 - 

Dehydrationc 

[IPA (A)] 

MOF 

(100 mg) 
250 0.00 96.8 - 

Aldol Condensatione  

[CPO (A)] 

MOF  

(50 mg) 
250 50.69 83.06 - 

BAS or 

acid-base 

pair 

 

Aldol Condensatione  

[CPO (A)] 

MOF 

(50 mg) 
150 5.70 90.58 - 

Aldol Condensationf  

[CPO (A) +Acetone (B)] 

MOF 

(200 mg) 
250 77.5 60.5 39.2 

Aldol Condensationf  

[CPO (A) +Acetone (B)] 

ZrO2 

(100 mg) 
250 71.2 75.0 71.5 

a Meerwein-Ponndorf-Verley reduction CPO (0.5M) and IPA used as a solvent, 1 h, 110°C and 850 psi of N2 
b Alkylation between toluene (1.0M) and CPEN (0.5M), 2 h, 200°C and 850 psi of N2 using decalin as a solvent  
c Dehydration of CPNOL (0.5M), 1 h, 250°C and 850 psi of N2 using decalin as a solvent. 

d Dehydration of IPA (0.5M), 1 h, 250°C and 850 psi of N2 using decalin as a solvent. 

e Aldol condensation of CPO (0.5M), 1 h, 250°C and 850 psi of N2 using decalin as a solvent.  

f Cross aldol condensation between CPO (0.5M) and acetone (0.5M) 1 h, 250°C and 850 psi of N2 using decalin as a solvent. The conversion 

reported is based of CPO. 

g The conversion was calculated as shown in the Equation (1) 

h The carbon balance was calculated as shown in the Equation (2) 
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Recent studies in our group suggested that in cross condensation reaction between 

acetone and cyclopentanone the ratio between the cross activated products [C]C and [C]A 

follows the ratio of the feedstock (Cyclopentanone to Acetone) in acid catalyst as HY 

zeolites unlike the basic catalyst, where the yield to [C]C products is higher in comparison 

with the [C]A ratio. Figure 34 is presenting the ratio between those two products and is 

evident Zr6-UiO66 behaves as a basic catalyst. The presented results agree with the in-

situ titrations presented. 

 

Figure 34 Ratio of [C]C to [C]A and [C] and [A] products obtained from the cross 

aldol condensation reaction between CPO (0.5 M) and acetone (0.5 M) at 250°C and 

850 psi of N2. The [  ] symbolize the activated product cyclopentanone [C] or acetone 

[A].  

4.5.5. DFT calculations of the acidity and basicity on Zr6 UiO66 

As our experiments show and the literature reported108, both acid and base sites exist 

in Zr6 UiO66 with different strength. DFT calculations were carried out here to explore 

the nature of these possible acid/base sites. As shown in Figure 1, in the structure of the 

perfect Zr6 UiO66, there’s one Brønsted acid site μ3-OH, and two possible Brønsted base 
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sites μ3-O and Ph-O, although the protonation of Ph-O may break the linkage structure. 

The acidity and basicity of these three sites were thus calculated. As shown in Table 5, 

the deprotonation energy (DPE) of the μ3-OH site is calculated to be 13.24 eV, indicative 

of low acidity, comparing with the DPE of the Brønsted acid sites in the range of 10~11 

eV on zeolites 133. Similarly, the proton affinity (PA) of the μ3-O base site was calculated 

to be -11.36 eV as listed in Table 4. This value is similar to the reported PA of the O2c 

sites on the rutile TiO2 (110) surface (-11.33 eV)134, which is the weakest base sites on 

rutile TiO2 (110) and anatase TiO2(101) surfaces, thus also indicating its weak basicity. 

Even weaker basicity was found at the Ph-O site with less negative PA (-10.89 eV). Both 

the low acidity and basicity of the acid sites and base sites in the perfect Zr6 UiO66 

suggests that they’re not likely to be the active sites for the aldol condensation reactions 

of CPO here and other similar reactions reported in the literature108. This is also consistent 

with the above experimental observations that the μ3-OH signal in the DRIFT spectra 

does not change although the Zr6 UiO66 totally loses its activity.  

Similarly, in the defected Zr6 UiO66 structure (d-Zr6 UiO66) (Figure 23.b), there’re 

two possible Brønsted acid sites: μ3-OH and d-OH. The deprotonation energy of these 

two sites were thus calculated as shown in Table 4. It is found that the acidity of μ3-OH 

near the defect site is even weaker with more positive DPE (13.33 eV). The 14.48 eV of 

DPE for the d-OH site indicated its almost negligible acidity. Similarly, the basicity of 

the μ3-O and Ph-O group near the defect sites almost does not change comparing to the 

perfect Zr6 UiO66 structure with the PA of -11.39 eV and -10.54 eV respectively. It is 

noted that the d-OH can be both acid and base site, thus the PA of d-OH was also 

calculated. The PA of d-OH was calculated to be -12.17 eV, much more negative than the 
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μ3-O and Ph-O group, indicative of its stronger basicity. This PA value is similar to the 

reported O2c site on the anatase TiO2(101) surface (-12.16 eV)134,  the strongest base site 

on the anatase TiO2(101) and rutile TiO2 (110) surfaces. The strongest basicity of the d-

OH among all the base sites suggests that it is most likely to be related to the active site 

of Zr6 UiO66. This agrees with the previous experimental observations that decreasing 

the number of d-OH sites leads to the decreasing activity of Zr6 UiO66.  

Table 5 Summary of deprotonation energy (DPE) and proton affinity (PA) of 

different acid and basic sites on the Zr6 UiO66 and defective d-Zr6 UiO66, with 

and without water 

 

The less coordinated Zr at the defect site of Zr6 UiO66 (d-Zr) can perform as a 

Lewis acid. The adsorption energy of a base molecule such as NH3 or pyridine at the 

Lewis acid site is used to probe it acidity. As shown in Table 6, the adsorption energy of 

NH3 at the d-Zr site is calculated to be -1.07 eV. It worth noting that the NH3 can also 
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adsorbs at the μ3-OH Brønsted acid site with much less adsorption energy of -0.59 eV. 

This is consistent with the experimental observations of two peaks in the NH3-TPD 

spectra of Zr6 UiO66 that the first peak at about 98.8 oC is attributed to the μ3-OH 

Brønsted acid site and the second peak at 255.3 oC is attributed to the d-Zr Lewis acid 

site. The adsorption energy of NH3 at the mono-ZrO2 (111) was also calculated for 

comparison, which is -0.90 eV, less than its adsorption energy at the d-Zr site of Zr6 

UiO66, suggesting the stronger acidity of d-Zr in Zr6 UiO66 than the Zr6c in m-ZrO2(111). 

Similar trend was found in the adsorption of pyridine at the d-Zr site of Zr6 UiO66 and 

the Zr6c site on m-ZrO2(111) with the adsorption energy of -0.73 eV vs -0.61 eV as shown 

in Table 6.  

Table 6 Adsorption energy (eV) for different molecules at the defect site of d-Zr6 

UiO66 and ZrO2 (111) surface. 

 

The stronger acidity of the d-Zr site of Zr6 UiO66 than the Zr6c site in m-ZrO2(111) 

may result in higher activity in the aldol condensation of CPO. It’s been reported that the 

first α-H abstraction is likely to be the rate limiting step in the aldol condensation3. Here, 

the α-H abstraction reaction of CPO was conducted on both Zr6 UiO66 and the m-

ZrO2(111) surface as shown in Figure 35. CPO firstly adsorbs at the d-Zr site of Zr6 
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UiO66 with the adsorption energy of -0.60 eV. It then removes the α-H to form the 

enolate. The removed α-H is then bound at the d-OH site. In the transition state, the α-C-

H is partially broken with the C-H elongated from 1.10 Å in the reactant to 1.37 Å, and 

the α-H is partially bound to the d-OH with the O-H distance of 1.25 Å. At the same time, 

the carbonyl O is stabilized by the d-Zr with the Zr-O distance decreased from 2.31 Å in 

the reactant to 2.17 Å in the transition state.  

 

Figure 35 DFT calculations of reactant (R), transition state (TST) and product (P) 

for the first step in aldol condensation corresponding to the abstraction of an α-H 

from CPO over ZrO2 (top) and d-Zr6 UiO66 (bottom). 

This transition state structure suggests that both a stronger acid and a stronger base 

can help facilitate the transition state, and hence lower the energy barrier. The energy 

barrier for the α-H abstraction of CPO on Zr6 UiO66 is calculated to be 0.28 eV and the 

reaction energy is calculated to -0.01 eV. The transition state structure for the α-H 

abstraction of CPO on m-ZrO2(111) is similar to that on Zr6 UiO66 as shown in Figure 

35. However, the energy barrier is higher (0.44 eV) and the reaction energy is also higher 
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(0.12 eV). This is consistent with the acidity trend we showed above. This also agrees 

with the experiment that Zr6 UiO66 is more active than ZrO2 in the aldol condensation of 

CPO with higher TOF.  

Finally, the adsorption of propionic acid and water on the Zr6 UiO66 were 

calculated as shown in Table 6. Both the propionic acid and H2O adsorb at the d-Zr and 

d-OH acid-base pairs of Zr6 UiO66 strongly with the adsorption energy of -1.36 eV and 

-1.14 eV respectively, which are higher than the adsorption energy of CPO (-0.60 eV). 

The strong bonding of propionic acid and H2O and the d-Zr and d-OH acid-base pair 

explains our experimental observation that the addition of propionic acid or H2O can 

deactivate the aldol condensation reaction of CPO over Zr6 UiO66. 

4.6. Conclusions  

In conclusion, the Zr6-based metal-organic frameworks UiO66 showed high catalytic 

activity for the aldol condensation of biomass-derived cyclopentanone, thus provides a 

promising route for the synthesis of high-density biofuel over MOF-based catalysts. In 

addition, we developed the strategy to combine different experimental techniques with 

DFT calculations in an interactive and synergic way to disclose and fully understand the 

nature of the active sites in Zr6 UiO66. Using this technique, the plausible active site in 

the Zr6 UiO66 has been assigned to the “acid-base” pair of the less coordinated Zr 

(acid) and the OH (base) at the defect sites. The energy barriers for the H-abstraction 

reaction of CPO over Zr6 UiO66 is calculated to be lower than over m-ZrO2, which 

agrees with the experimental observation that much higher activity of Zr6 UiO66 than 

ZrO2 in the aldol condensation of CPO. The understanding of the active sites in the Zr6 
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UiO66 is very crucial for its future application as catalyst in other important reactions as 

well as other MOF structures. 
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APENDIX  

Apendix A: Thermal Stability of MCM-41-SO3H (CG) 

Catalytic measurements 

The catalytic activity was evaluated trough the liquid phase dehydration in a Mini 

Bench Top Parr pressure reactor of 160 mL (Model Parr 4564) equipped with a Parr 4848 

Reactor Controller for temperature, stirring and a transducer for pressure measurement. 

In a typical experiment, the functionalized mesostructured silica (150 mg) were mixed 

with the reaction solvent (decahydronaphthalene, 80 mL) in the reaction vessel. The 

reactor was sealed and pressurized with 300 psi and heated up to the reaction temperature.  

In a separated vessel, a solution, in base with reaction conditions, of 0.5 M of 1,3 methyl 

cyclohexanol was prepared. The solvent was added until complete 100 mL of total 

volume in the reaction. The resulted solution, was placed in a separated pressurized 

cylinder (1000 psi of N2) and injected into the reactor reaching a final pressure of 800 psi 

and stirred at 425 rpm. After the reaction, the stirring and temperature was stopped and 

the reactor was cooldown to room temperature, the solid were separated from the reaction 

mixture using a syringe filtration system with a PTFE filter of 0.22 µm. The collected 

liquid was analyzed with a GC-FID (Phenol was used as a GC internal standard) equipped 

with a Phenomenex capillary column (ZB-1701, 15 m x 0.25 mm x 0.25 µm). The product 

identification was carried out with GC-MS equipped with the same column described 

above. 
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Thermal Stability 

The MCM-41-SO3H was fabricated at mentioned in the Chapter 3 with an acid 

density of 0.505 mmol H+/g cat determined by TGA. The solid was pretreated under N2 

environment at different temperatures for 6 h and the results are presented in the Figure 

36. Initially, the catalyst lost some of the activity that is attributed to the leaching of the 

most external physisorbed functionalization. However, the catalyst results stable under 

temperatures of 320° after of this temperature the activity of the catalyst decreases around 

50% because of the thermal decomposition and subsequent loss of the functionalization. 

No leaching was observed due of the non/polar nature of the reaction environment. 

 

Figure 36 Catalytic activity of MCM-41-SO3H (CG) for the dehydration of 1,3 

methyl cyclohexanol (0.5M) to 1,3 methyl cyclohexene at 200ºC and 800 psi of N2 

after thermal treatment at 300°C, 320°C and 350°C under inert atmosphere. 
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