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Resumen 

 

Se evaluaron diferentes sólidos ácidos heterogéneos basados en zeolitas y óxidos de grafeno 

sulfonados como catalizadores en la eterificación de glicerol con alcohol terc-butílico. Las 

zeolitas utilizadas en este estudio, tales como mordenita, faujasita, beta y H-ZSM5, se 

compararon para estudiar el efecto de la estructura y el tamaño de los poros, así como el 

tamaño del cristal en la conversión de glicerol y selectividad hacia di y tri terc-butil éteres 

de glicerol. Los resultados empleando zeolitas, mostraron que en una reacción en fase 

líquida sensible a las limitaciones de la difusión, la red porosa de la zeolita no es suficiente 

para predecir la actividad, selectividad y la estabilidad; se debe tener en cuenta la 

accesibilidad al poro de acuerdo a su volumen interno. Las zeolitas *BEA y MFI tienen 

volúmenes de poros similares, pero la diferencia en la apertura de poros (mayor que 1 Å), 

es suficiente para generar fuertes limitaciones de difusión en el caso de la zeolita de poros 

medios. La actividad de la zeolita *H-BEA es proporcional a la concentración del sitio ácido 

de Brønsted siempre que el tamaño de los cristales sea inferior a 100 nm (sin limitación de 

la difusión interna). En el caso de faujasita con supercajas, se prefiere la eterificación 

sucesiva. 

 

En la segunda serie de catalizadores, el óxido de grafeno reducido, se obtuvo mediante el 

método Hummers modificado y su posterior reducción por tres vías diferentes: i) hidracina, 

ii) Zn/HCl y iii) ácido ascórbico. El óxido de grafeno reducido presenta una relación C/O 

diferente en la superficie. Finalmente, estos últimos sólidos se funcionalizaron utilizando 

ácido sulfanílico, generando nuevos sitios de ácido Brønsted. Las pruebas catalíticas han 

demostrado que, independientemente del óxido de grafeno, la conversión de glicerol es 

mayor que la obtenida con Amberlyst® (A-15), que es el catalizador de referencia para esta 

reacción. La selectividad después de 10 horas de reacción también es comparable a la de A-

15. Este estudio ha demostrado que el control del equilibrio hidrofílico/lipofílico es muy 

importante porque depende de la cantidad de grupos oxigenados en la superficie. 
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Respecto al mecanismo de reacción, resultó ser diferente en ambos casos, favoreciendo a 

Eley-Rideal (ER) en la reacción con zeolitas, mientras que, en el caso de los óxidos de 

grafeno, un mecanismo de tipo Langmuir-Hinshelwood (LH) es predominante. 

 

Finalmente, la zeolita Beta, Amberlyst® 15 y el óxido de grafeno sulfonado se han evaluado 

como catalizadores en la eterificación de glicerol con alcohol isoamílico. Los resultados 

muestran que la activación del alcohol primario es más difícil en las condiciones 

"moderadas" de la reacción estudiadas que con la del alcohol terc-butílico. Por otro lado, se 

ha encontrado que la auto-eterificación del alcohol isoamílico (para formar isoamil-éter) es 

favorecida sobre la eterificación del glicerol. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



_______________________________________________________________ 

 

Résumé 

Différents solides acides hétérogènes à base de zéolithes et d'oxydes de graphène sulfonés 

ont été évalués en tant que catalyseurs dans l'éthérification du glycérol avec de l'alcool tert-

butylique. Les zeolites utilisés dans cette étude telle que la mordénite, la faujasite, le bêta et 

l’H-ZSM5, ont été comparés afin d’étudier l’effet de la structure et de la taille des pores ainsi 

que la taille des cristaux sur la conversion du glycérol et la sélectivité en di et tri-tert-butyle 

éthers du glycérol. Les résultats ont montré que, dans une réaction en phase liquide sensible 

aux limitations diffusionnelles, le réseau poreux de la zéolite n'est pas suffisant pour prédire 

l'activité, la sélectivité et la stabilité, l'accessibilité au volume interne doit être prise en 

compte. Les zéolithes *BEA et MFI présentent les volumes poreux similaires mais la 

différence d’ouverture de pores (supérieure à 1 Å) est suffisante pour générer de fortes 

limitations diffusionnelles dans le cas de la zéolite à pores moyens. L'activité de la zéolithe 

*HBEA est proportionnelle à la concentration en site acide de Brønsted à condition que la 

taille des cristaux soit inférieure à 100 nm (absence de limitation de diffusion interne). Dans 

le cas de la faujasite présentant des supercages, une éthérification successive est privilégiée. 

Dans la deuxième série de catalyseurs, l'oxyde de graphène a été obtenu par la méthode 

d’Hummers modifiée puis grâce à une réduction ultérieure effectuée par trois voies 

différentes: i) hydrazine, ii) Zn/HCl et iii) acide ascorbique, l’oxyde de graphène présente 

un rapport C/O différent à la surface. Enfin, ces derniers solides ont été fonctionnalisés à 

l'aide d'acide sulfanilique, générant de nouveaux sites acides de Brønsted. Les tests 

catalytiques ont montré que, quel que soit l’oxyde de graphène, la conversion du glycérol 

est supérieure à celle obtenue avec l’Amberlyst® (A-15), qui est le catalyseur de référence 

pour cette réaction. La sélectivité après 10 heures de réaction est également comparable à 

celle de l’A-15. Cette étude a montré que le contrôle de la balance hydrophile/lipophile est 

très importante est qu’elle est dépendante du nombre de groupes oxygénés en surface. 

En ce qui concerne le mécanisme réactionnel, il s’est avéré qu’il était différent dans les deux 

cas, Eley-Rideal (ER) étant celui qui est favorisé dans la réaction avec les zéolithes, alors que 
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dans le cas des oxydes de graphène, c’est un mécanisme de type Langmuir-Hinshelwood 

(LH) qui est prépondérant.  

Enfin, la zéolite Beta, Amberlyst® 15 et l'oxyde de graphène sulfoné ont été évalués en tant 

que catalyseurs dans l'éthérification du glycérol avec de l'alcool isoamylique, mais les 

premiers résultats montrent que l’activation de l’alcool primaire est difficile dans les 

conditions "modérées" de la réaction. En revanche, il a été trouvé que l'auto-éthérification 

de l'alcool isoamylique (pour former de l'éther isoamylique) est favorisée par rapport à celle 

du glycérol. 
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Abstract 

 

Different heterogeneous acid solids based on zeolites and sulfonated graphene oxides have 

been evaluated as catalysts in the etherification of glycerol with tert-butyl alcohol. The 

zeolites used in this study, such as mordenite, faujasite, beta and H-ZSM5, were compared 

to study the effect of pore structure and size, as well as the size of the crystal in the 

conversion of glycerol and the selectivity towards the di and tri-tert-butyl ether of glycerol. 

The results showed that, in a liquid phase reaction sensitive to diffusion limitations, the 

porous zeolite network is not sufficient to predict activity, selectivity and stability; The 

accessibility to the pore must be taken into account according to its internal volume. The 

zeolites *BEA and MFI have similar pore volumes, but the difference in the opening of the 

pores (more than 1 Å) is sufficient to generate strong diffusion limitations in the case of the 

medium pore zeolite. The activity of the zeolite * H-BEA is proportional to the concentration 

of the Brønsted acid site as long as the size of the crystals is less than 100 nm (without 

limitation of internal diffusion). In the case of faujasite with supercages, successive 

etherification is preferred. 

 

In the second series of catalysts, the graphene oxide was obtained by the modified Hummers 

method and its subsequent reduction by three different routes: i) hydrazine, ii) Zn/HCl and 

iii) ascorbic acid. Graphene oxide has a different C/O ratio at the surface. Finally, these last 

solids were functionalized using sulfanilic acid, generating new Brønsted acid sites. 

Catalytic tests have shown that, regardless of the graphene oxide, the conversion of glycerol 

is greater than that obtained with Amberlyst® (A-15), which is the reference catalyst for this 

reaction. The selectivity after 10 hours of reaction is also comparable to that of A-15. This 

study has shown that the control of the hydrophilic/lipophilic balance is very important 

because it depends on the amount of oxygenated groups on the surface. 
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Regarding the mechanism of reaction, it turned out to be different in both cases, favoring 

Eley-Rideal (ER) in the reaction with zeolites, whereas, in the case of graphene oxides, a 

mechanism of type Langmuir-Hinshelwood (LH) predominates.  

 

Finally, zeolite Beta, Amberlyst® 15 and sulfonated graphene oxide have been evaluated as 

catalysts in the etherification of glycerol with isoamyl alcohol. The results show that the 

activation of the primary alcohol is more difficult in the "moderate" conditions of the 

reaction studied than with that of tert-butyl alcohol. On the other hand, it has been found 

that the self-etherification of isoamyl alcohol (to form isoamyl ether) favors the etherification 

of glycerol. 
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Given the imminent need to look for alternative fuels to fossil fuels, the interest and use of 

methyl ethers of fatty acids (biodiesel) has increased exponentially in recent years. The 

increase in the production of biodiesel, has resulted in an increase also in the production of 

glycerol, which is a byproduct of the process, by carrying out the transesterification of 

vegetable oils with methanol. Although glycerol is a molecule with a wide range of different 

uses, and which in turn can be the precursor of other molecules of industrial and 

pharmaceutical importance, this market is constant and there is more and more glycerol 

than its global demand. For this reason, glycerol has practically become a waste. In this 

sense, different alternatives of new uses have been proposed, among them the obtaining of 

glycerol alkyl ethers, which have found their main application as fuel octane potentializers, 

better known as oxygenated additives. These glycerol alkyl ethers can be obtained by the 

reaction of etherification of glycerol with short chain aliphatic alcohols in the presence of 

acid catalysts. The valorization of glycerol towards these additives has been studied for less 

than a decade, which is why it is considered a potential field for exploration by catalysis. 

 

Within the studies on the subject, heterogeneous type acid catalysts can be found, such as 

sulphonic resins and zeolites, standing out mainly Amberlyst® 15 and zeolite beta 

respectively. In this sense, it was considered appropriate to focus this study on three main 

aspects: i) the valorization of glycerol through the etherification of glycerol with tert-butyl 

alcohol and with isoamyl alcohol, ii) extend the study of zeolites, through the evaluation of 

Mordenite, Faujasite, Beta and H-ZSM-5 in different crystal sizes and iii) explore for the first 

time the use of sulfonated graphene oxide as a catalyst in this reaction. 

 

This document is structured in 5 chapters, where the first includes the generalities of 

glycerol and the most important aspects of the etherification reaction with alcohols. The 

second chapter compiles the most important characterization techniques for the 

heterogeneous acid catalysts used in this study. Chapter 3 presents the results of the use of 

zeolites in the etherification of glycerol with tert-butyl alcohol, while chapter 4 shows the 
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results of the same reaction using the sulfonated graphene oxides. Finally, Chapter 5 shows 

the preliminary results of the etherification of glycerol with isoamyl alcohol. 
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1. Glycerol 

 
Glycerol, also known as glycerin or 1,2,3-propanetriol, is an alcoholic compound with three 

hydroxyl groups, Figure I.1. The word glycerol comes from the Greek Glykos, which means 

sweet. It has a viscous liquid appearance, has no color, but has a characteristic smell, as well 

as a sugary taste. In addition, glycerol is a hygroscopic compound and is in the liquid state 

at room temperature (273 K). 

 

 

Figure I. 1. Glycerol molecule. 

 
 
1.1.  Importance of glycerol 

Currently, it is estimated that the uses of glycerol are more than 1500 1, 2, highlighting its 

participation in the production of pharmaceuticals, cosmetics, personal hygiene, in the 

manufacture of tobacco, food, in the production of resins, among others 3, Figure I. 2. Due 

to this wide variety of potential uses, glycerol is considered one of the most versatile 

chemicals that exist, thanks to its three hydroxyl groups, glycerol is completely soluble in 

water and other alcohols and in turn is insoluble in hydrocarbons. The high boiling point of 

glycerol (563 K at atmospheric pressure) and the high viscosity, originate from the formation 

of intra and inter-molecular hydrogen bonds. These properties are used to use glycerol as a 

softener or lubricant in resins and plastics. On the other hand, since glycerol is a non-toxic 

substance with a sweet taste, it can find pharmaceutical and/or food applications. 

 

C

O
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Figure I. 2. Percentage of glycerol uses. 

 
For the year 2012, the amount of glycerol used in all its applications was close to 160,000 

tons and according to the projection made for that then of a growth of 2.8% 1, the current 

use should be around 185,000 tons. 

 

Although glycerol has great versatility, the progressive increase in the production of 

biodiesel (whose by-product is glycerol), has considerably increased glycerol to such an 

extent that by 2020 the production of glycerol will be six times the demand.4 

 

1.2. Problem of glycerol over-production 

While the outlook is good economically for the industry that directly consumes glycerol in 

its processes due to the imminent over-production, the outlook is contrary to the 

environment who has seen that biodiesel producers have chosen not to refine glycerin 

obtained and instead, burn it 2, since it is more profitable to make this process with the by-

product than to invest in the purification and subsequent sale, Figure I. 3. 

Feeding
11%

Polyalcoles-
polyethers

14%

Personal care
16%Pharmaceutical

18%

Resins
8%

Triacetin
10%

Others
11%

Tobacco
6%

Detergents
2%

Cellophane
2% Explosives

2%



_______________________________________________________________ 

 

9       
 

 

Figure I. 3. Glycerin production and price of refined and crude glycerin. Taken from 5 

The direct combustion of glycerin produces relatively small amounts of acrolein (~ 15 ppb) 

and other volatile organic compounds 6 and its emissions are comparable to those of natural 

gas combustion, but the opportunity to obtain other molecules could be carried out by 

means of the chemical transformation of glycerol. In this sense, the literature reports a large 

number of reactions that can be generated with glycerol as the main actor 7-9, Figure I. 4. 

 

 

Figure I. 4. Routes of chemical transformation of glycerol. Taken from 9 
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Among many of the possible reactions of glycerol, the etherification of glycerol is of great 

interest, which can be chemically carried through three different routes 10: 

 

1) Reaction of sodium glycerate with alkyl halides by the Williamson synthesis process; 

2) Reaction of glycerol with active alkenes; 

3) Reaction of glycerol with aliphatic alcohols by a condensation reaction. 

 

Of these syntheses, the last two are used industrially, where the most common alkene is 

isobutene and the alcohols are generally short chain. Although it is possible to obtain these 

ethers with the use of isobutene as an etherifying agent of glycerol, the major drawback is 

the need for high reaction pressures to guarantee the solubility of the reactants. With the 

use of alcohols in the same phase of glycerol (liquid phase), the use of these high pressures 

is suppressed. In this context, the present document focuses on the use of the etherification 

of glycerol with alcohols in liquid phase. 

 

The main application of these ethers is as fuel additives, becoming an alternative to the 

typical methyl tert-butyl ether (MTBE), that is widely used throughout the world despite its 

high toxicity to the environment. With respect to the market for these ethers, historically its 

use has been increasing considerably in the last three decades, where at the end of the 90s 

the global consumption of fuel additives was approximately 600,000 tons, with petrol 

additives being the most desired. with more than 50% of the total. For the year 2000, the 

global demand was estimated at 200,000 metric tons.11 This increase shows that the 

production of fuel additives can be a good alternative to transform glycerol into ethers. 

 

2. Etherification of glycerol with alcohols 

Activated alcohols such as tert-butyl alcohol or benzyl alcohol have been mostly studied in 

the etherification of glycerol. The catalytic etherification of glycerol with less activated 

alcohols, such as aliphatic alcohols, is thermodynamically much more difficult.12 In recent 
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years, some research has focused on this type of reactions obtaining low reaction yields. 

Pariente and co-workers reported the catalytic etherification of glycerol with ethanol over 

various solid acid catalysts.13 A maximum yield of 40 % of mono-ethoxy glyceryl ethers was 

obtained at 433 K by using sulfonated polystyrene resins and zeolites with a Si/Al ratio of 

ca. 25. Melero and co-workers also studied the etherification of glycerol with ethanol using 

mesostructured functionalized silicas, where the best reaction conditions with the highest 

conversion and yield found were: T = 473 K, ethanol/glycerol molar ratio = 15/1, and catalyst 

loading = 19 wt%. Under these reaction conditions, 74% glycerol conversion and 42% yield 

to ethyl ethers have been achieved after 4 h of reaction but with a significant presence of 

glycerol by-products. In contrast, lower reaction temperatures (T = 433 K) and moderate 

catalyst loading (14 wt%) in presence of a high ethanol concentration (ethanol/glycerol 

molar ratio = 15/1) are necessary to avoid the formation of glycerol by-products and 

maximize ethyl-glycerols selectivity.14  

 

Yadav et al. 15, also studied the reaction between glycerol and ethanol using zeolites (H-beta, 

NaX, and NaY) and SRC-120 (strongly acidic cation exchange resin), where the SRC-120 

catalyst, showed highest catalytic activity followed by H-beta. These results were related in 

terms of the Brønsted acidity difference (0.936 of the zeolite vs 4.5 mmol H+/g of SRC-120). 

The NaX and NaY zeolites showed no activity after 480 min. Based on these results, the 

authors conclude that there is an influence of the degree of acidity in the etherification of 

glycerol with ethanol. In this same work, the kinetics of the reaction was studied. The 

apparent activation energies of glycerol and ethanol were found to be 25.1 and 26.6 kcal/mol 

respectively. The high value of activation energy further confirms that the reaction is 

kinetically controlled. 

 

Another short chain alcohol historically employed is n-butanol. Nandiwale Y. and co-

workers presented for the first time in 2014 the etherification of glycerol with n-butanol.16 In 

this study, they used several acid solids, among which are the H-beta zeolite, ZSM-5 and 
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K10. H-beta zeolite was found to be the most promising for the etherification reaction with 

glycerol conversion of 55% and a 98% selectivity towards mono-butyl-glycerol ether 

formation. The optimized process parameters were: catalyst loading of 15% (w/w) of 

glycerol, molar ratio of 1:9, reaction time of 4 h, reaction temperature of 433 K, and speed of 

agitation of 200 rpm. The optimized results were also used to develop a kinetic model for 

the etherification of glycerol. The activation energy and pre-exponential factor for 

etherification were 48.89 kJ mol-1 and 75.31 L h-1 mol-1, respectively.  

 

One year later, Fang W. and co-workers reported for the first time an experimental result to 

prepare silica-immobilized Aquivion PFSA (copolymer based on tetrafluoroethylene and 

the sulfonyl fluoride vinyl ether produced by Solvay Specialty Polymers) as heterogeneous 

catalyst for the acid-catalyzed direct etherification of glycerol with n-butanol.17 The n-

butanol conversion and yield to butyl glyceryl monoether reached values of 91% and 45%, 

respectively, at 423 K with a catalyst loading of 3 mol% H+, while the yield to by-product of 

dibutyl ether was discouraged (6%). 

 

On the other hand, Canilla and his colleagues also studied the etherification of glycerol with 

n-butanol, using Amberlyst® 15 (A-15) with temperature variations of 343–433 K.18 The 

water produced in the reaction was continuously removed with the help of a permeable 

membrane. The results suggest a dependence of the reaction temperature with the 

conversion of glycerol. At 433 K, a conversion of 85.1% was obtained, with a yield of di and 

tri ethers of only 0.6%. The use of permeable membrane significantly increases glycerol 

conversion in A-15. 

 

The etherification of glycerol with n-butanol at 413 K in the presence of sulfonated cation-

exchange resins and zeolite catalysts in an autoclave reactor was studied by Samoilov and 

co-workers.19 It was demonstrated that the styrene-divinylbenzene ion exchange resins are 

effective catalysts for the production of glycerol n-butyl ethers: the conversion of glycerol 
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was about 98% with a selectivity of n-butyl ether of about 88 % (413 K, 5 h, 5% by weight of 

Amberlyst 36 catalyst and 10% by weight of glycerol in n-butanol). The Y and β zeolites in 

the H+ form exhibited a comparable specific activity (conversion of glycerol of no more than 

25% under similar conditions) in combination with a high selectivity for glycerol di-n-butyl 

ethers (up to 28%). 

 

In the study published by Gaudin and co-workers, the catalytic etherification of glycerol 

with various alkyl alcohols on Amberlyst® 70 (10 wt %): 1-butanol, 1-pentanol, 1-hexanol, 1-

octanol and 1-decanol was evaluated.12 When starting from 1-hexanol the reaction medium 

became turbid. The conversion rate of 1-hexanol was two times lower than that of 1-butanol 

and 1-pentanol. After 24 h, 13 % 1-hexanol was consumed compared to 25 % when starting 

from 1-butanol and 1-pentanol, indicating that the catalyst activity dropped significantly 

with an increase of the alkyl alcohol chain length. The reaction medium was biphasic when 

starting from 1-octanol and 1-dodecanol inducing mass transfer problems. Conversion of 

the alkyl alcohol was very low while the glycerol conversion was increased.  

 

According to the reports on the etherification of glycerol with short-chain alcohols, the 

results depend on the acid strength and the nature of the alkylating alcohol, that is, with 

activated alcohols such as tert-butyl alcohol, it is possible to generate more percentages high 

conversion and selectivity towards the di and tri-ethers, while with the C4-C6 primary 

alcohols, poor glycerol conversion results are achieved and the selectivity towards di and 

tri-ethers is very low. 

 

3. Catalytic etherification of glycerol with tert-butanol 

The obtaining of di- and tri-tert-butyl ethers of glycerol (DTBG, TTBG respectively) from the 

etherification of glycerol with tert-butyl alcohol and with potential use as additives for 

fuels,20 is a reaction whose first reports appear in 1994, 21 although the etherification reaction 
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in the presence of acid catalysts dates back to 1934 with the main production of glycerol 

mono-tert-butyl ether (MTBG).22  

 

Figure I. 5, represents the etherification reaction of glycerol (G) with tert-butyl alcohol 

(TBA). 

 

 

Figure I. 5. Reaction of etherification of glycerol with tert-butyl alcohol. 

Previous studies described in the literature concerning the mechanism for this reaction, 

propose a rapid protonation of tert-butyl alcohol in acidic sites, thus generating a tertiary 

carbocation capable of reacting with glycerol. Additionally, etherification with tert-butyl 

alcohol produces isobutene and di-isobutene as byproducts by the dehydration of alcohol. 

The formation of these products is clear evidence of the competition between glycerol and 

tert-butyl alcohol for acid sites on the catalytic surface, 23 Figure I. 6. 

 

These ethers can improve the detonation and the octane level of gasoline 24, 25 since they 

present values of 112-128 and 91-99 in BRON and BMON respectively (where these values 

indicate that they are suitable to be used as gasoline components),4 and in particular, the di- 

and tri-tert-butyl glycerol ethers, reduce the emission of particulate matter, hydrocarbons, 
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carbon monoxide and aldehydes. As these ethers at room temperature are completely 

soluble in diesel, they can reduce the viscosity of this, 20, 26 for this reason, they are the desired 

products for this reaction. The mono-tert-butyl ether of glycerol becomes the least desired 

product for this application due to its low solubility in diesel.27 

 

Figure I. 6. Proposed mechanism of glycerol etherification with tert-butyl alcohol in the 

Brønsted acid sites. 

Since the idea of transforming glycerol into ethers by etherification with tert-butyl alcohol 

arose, numerous catalysts have been employed. The most relevant studies for this reaction 

are listed below. 

 

4. Acid catalysts for the etherification of glycerol with tert-butyl alcohol 

According to the mechanism described above (Figure I. 6), the presence of Brønsted-type 

acid catalysts is vital to promote the formation of the carbocation tert-butyl active species to 

carry out the etherification. In this sense, the first reports relate the use of H2SO4, 22 as a 

homogeneous acid catalyst in this reaction, although the selectivity that was obtained was 

mostly towards mono-tert-butyl ether and low for di-tert-butyl ether. On the other hand, it 

is possible to use heterogeneous type acid catalysts, with which an increase in the amount 

of di and tri-tert-butyl ethers has been evidenced, compared with their homogeneous 
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similar. One of the first reports in the literature on the use of heterogeneous acid catalysts is 

that presented by Klepáčová et al., 28 where Amberlyst® 15 (acidic ion exchange resin) was 

compared with acid zeolites of large pores, H-Y and H-BEA. The results suggest a high 

conversion of glycerol using Amberlyst® 15, while the selectivity towards di-tert-butyl ether 

was favored by the presence of the micropores of the zeolite. Acid resins have been shown 

to be efficient in the etherification reaction of glycerol with tert-butyl alcohol. The work 

published by Pico et al., 29 is specific in the use of resins as catalysts in the etherification of 

glycerol with tert-butyl alcohol. In this work, the authors conducted a detailed study of 

Amberlyst® 15, Amberlite® 200 and Amberlite® IRC-50 in terms of conversion, selectivity 

and stability. The best results were obtained with the Amberlyst® 15 and were attributed to 

the high acidity and better texture properties over the other resins. With the Amberlyst® 15, 

a higher selectivity towards the production of di-ethers was also obtained. Regarding the 

stability study, this catalyst can be reused without significantly losing the catalytic activity. 

The studies in which Amberlyst® 15 is used as catalyst in the etherification of glycerol with 

tert-butyl alcohol are numerous and practically thanks to their good results, it has become 

the reference catalyst for this reaction; Table I. 1, summarizes some other studies that use 

this type of acid resin. 

Table I. 1. Etherification of glycerol with tert-butyl alcohol using Amberlyst® 15 as a 

catalyst. 

Molar 

ratio  
T (K) 

Reaction 

time (h) 

Catalyst concentration (% of 

total glycerol weight) 

Conversion 

(%) 

Selectivity toward 

h-GTBG 
Ref. 

4 343 6 5 68.4 25 30 

4 353 6 5 70 10 31 

4 362.4 8 7,3 72,3 28,3 32 

4 363 8 7,5 50,2 28,5 33 

 

Other important studies of heterogeneous acid catalysts in the etherification of glycerol with 

tert-butyl alcohol are using porous materials, such as zeolites. This type of solids has proved 

to be a potential substitute for ion exchange resins due to its already known properties, such 
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as the negative charge in the tetrahedral network, high thermal stability and tunable 

properties, such as porosity and acidity. However, not all zeolites are suitable for this 

reaction since, for example, zeolites with narrow pores could cause diffusion problems due 

to the large molecules that must circulate along the catalyst. In this sense, different zeolites 

have been tested in different studies on the etherification of glycerol with tert-butyl alcohol, 

although they have limited themselves to inferring the relationship of pore size with the 

increase of selectivity towards h-GTBG. For this reason, chapter 3 of this document focuses 

on the study of this type of catalysts in the glycerol etherification reaction with tert-butyl 

alcohol. 

 

Carbocatalysts are a type of heterogeneous acid catalysts that are candidates for the 

etherification of glycerol with tert-butyl alcohol, although there are currently very few 

studies on the subject. This type of solids will be detailed in chapter 4. The advantage 

achieved with this type of material is the high acidity of Brønsted and the high surface areas, 

which could generate a good activity in this type of reactions. 

 

Frusteri et al., 34 used heteropolyacids in his study, particularly phosphotungstic acid and 

phosphotungstic acid exchanged with cesium, both supported in SiO2, which were shown 

to be active in the etherification of glycerol with tert-butyl alcohol, although in terms of 

glycerol conversion, they were much lower than those obtained with Amberlyst® 15. 

 

Finally, Estévez et al., 35 successfully used different hybrid materials based on silica and 

based on organosilica in the catalytic etherification of glycerol with tert-butyl alcohol, where 

they managed to obtain glycerol conversions superior to those obtained with commercial 

resin Amberlyst® 15 after 24 hours of reaction at 348 K. These results were related to the 

textural and chemical properties of these materials, in addition, the presence of water 

generated during the reaction did not cause an inhibition of the catalytic activity thanks to 

the silanol groups. 
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This document reports the use of different acid zeolites (Chapter 3) and carbocatalysts 

(Chapter 4) in the etherification of glycerol with alcohols, for this reason, it is pertinent to 

show in the following chapter the most useful characterization techniques to understand 

the behavior of this type of catalysts in the reaction. 
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1. Fundamentals of the most common characterization techniques of zeolites 

and carbocatalysts 

In heterogeneous catalysis it is important to know the physicochemical properties 

(structural, textural, morphological and chemical properties) of the catalysts to understand 

their performance in the reactions in which these materials act. Table II.1 summarizes the 

information obtained from each characterization technique useful for zeolites and 

carbocatalysts (particularly graphene oxide). 

 

Table II. 1 Information obtained from each characterization technique useful for zeolites 

and carbocatalysts. 

Catalyst Information Techniques 

Zeolites 

 

Structure- crystallinity X-ray diffraction, XRD 

Porosity Adsorption- desorption of N2 

Morphology 
Scanning electron microscopy, SEM 

Transmission electron microscopy, TEM 

Chemical composition 
X fluorescence spectrometry, XRF 

Inductively coupled plasma, ICP 

Composition of the 

frame 

Solid state nuclear magnetic resonance 27Al, NMR 

IR (TOT band) infrared spectroscopy band structure 

Acidity Thermodesorption of pyridine at 423 K followed by IR 

Particle size Transmission electron microscopy, TEM 

Carbocatalysts 

Structure- formation of 

graphene oxide 

X-ray diffraction, XRD 

Raman spectroscopy, RAMAN 

Morphology 
Scanning electron microscopy, SEM 

Transmission electron microscopy, TEM 

Surface composition X-ray photoelectron spectroscopy, XPS 

Size of graphene sheets Transmission electron microscopy, TEM 

Sulfur dispersion Energy-dispersive X-ray spectroscopy, EDS 

Superficial area Adsorption- desorption of N2- BET method 
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Acidity 
Elemental analysis, EA 

Boehm titration 

Thermal stability Thermogravimetric analysis, TGA 

 

In this sense, the information reported after this section contains the principle of each 

technique of interest in this study. 

 

1.1. X-ray diffraction, XRD 

The X-ray diffraction technique allows to determine the crystallographic properties of 

solids. Additionally, it is possible to determine from the X-ray diffractograms, the crystallite 

size, the lattice parameters or the presence of micro distortions. This technique is based on 

the incidence of X-rays on a surface of a crystal with a certain angle, where only a part is 

reflected by the layer of atoms on the surface. The part that is not reflected penetrates the 

second layer of atoms where, again, only a part is reflected. The cumulative effect of these 

reflections on the crystal centers causes interference, both constructive and destructive. 

When the following two conditions occur simultaneously, the diffraction of the incident 

beam occurs: 

 

• The distance between the layers of atoms must coincide with the wavelength of the 

incident radiation. 

• The centers that provoke reflections should be distributed evenly. From these two 

conditions and geometric considerations, the Bragg equation allows us to predict the 

angle of incidence of the beam required for the constructive interference of X-rays to 

occur: 

2d456	x	senθ = n	x	λ	                                    (Eq. 1) 

Where: 

• d: is the distance between two Miller index planes; 

• θ: is the angle of incidence of X-ray beam (Bragg angle); 
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• n: is the order of diffraction; 

• λ	: is the wavelength of X-rays. 

Destructive interference occurs with any other angle of incidence. The identification of the 

crystalline phases present is done by comparison of the experimental diffractogram with 

those of reference contained in the International Center for Diffraction Data (ICDD) 

database. 

 

The information obtained from the X-ray diffraction for zeolites allows to recognize its 

structure efficiently. For graphene oxide, X-ray diffraction is a useful tool to know the 

distance (d456) between the sheets after performing the oxidation processes in the graphite 

(this will be detailed in Chapter 4). 

 

1.2. Adsorption- desorption of N2 

The process to determine the surface area of a porous structure is through the adsorption- 

desorption of a molecular species, a gas or a liquid, on the surface to be determined. The 

measurement of the total surface area of a sample requires non-selective physical 

absorption. The isotherms obtained from the adsorption- desorption of nitrogen gas 

represent the volume of gas adsorbed as a function of the relative pressure of nitrogen. The 

curve V = f (p/p0) is obtained with V that corresponds to the volume of nitrogen adsorbed 

per gram of sample under standard conditions of temperature and pressure, p the system 

pressure and p0 is the saturation vapor pressure. The graph of the adsorption isotherm 

consists in measuring the adsorbed nitrogen volumes for different increasing values of p/p0 

between 1.0 x10-7 and 1 bar. The desorption isotherm is obtained by determining the 

quantities that remain adsorbed in the solid for decreasing values of p/p0.  
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1.2.1. Isotherm classification  

One of the advantages of isotherms is to be able to classify the type of material studied by 

the shape that it acquires after absorption-desorption of nitrogen. Most physisorption 

isotherms are included in six defined types, as shown in Figure II. 1. 

 

 

Figure II. 1.Types of physisorption isotherms. Taken from 36 

Type I 

Pores are typically microporous with the exposed surface residing almost exclusively inside 

the micropores, which once filled with adsorbate, leave little or no external surface for 

further adsorption. This is the most frequent case encountered for zeolites and activated 

carbons.  

Type II 

Most frequently found when adsorption occurs on nonporous powders or powders with 

diameters exceeding micropores. Inflection point occurs near the completion of the first 

adsorbed monolayer. 

Type III 

Characterized by heats of adsorption less than the adsorbate heat of liquification, adsorption 

proceeds as the adsorbate interaction with an adsorbed layer is greater than the interaction 

with the adsorbent surface. 
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Type IV 

Occur on porous adsorbents with pores in the range of 1.5 – 100 nm. At higher pressures the 

slope shows increased uptake of adsorbate as pores become filled, inflection point typically 

occurs near completion of the first monolayer. 

Type V 

Are observed where there is small adsorbate- absorbent interaction potentials (similar to 

type III), and are also associated with pores in the 1.5 – 100 nm range. 

 

Type VI  

These types are due to a multi-layer adsorption process on materials with orientation on a 

particular crystal face (multilayer adsorption on a homogeneous non-porous surface). 

Argon or krypton on graphitized carbon blacks are the most popular examples of this type 

of isotherm obtained at liquid nitrogen temperature. 

 

1.2.2. Specific Surface – BET surface  

The specific surface area (SBET) of the samples can be calculated using the BET method, 

proposed by Brunauer, Emmet and Teller. 37 This method is the most used for the analysis 

of the adsorption data, which introduces a series of simplifications for its application. The 

BET equation can be described as: 

 
?
?@

A	(BC ?
?@
)
= 	 B

ADEFE.G
+	 GCB

ADEFE.G
	𝑥	 J

J@
                                      (Eq. 2) 

Where: 

• V: is the volume of nitrogen adsorbed at the equilibrium pressure p (cm3g-1); 

• Vmono: is the volume of the nitrogen monolayer adsorbed on the solid (cm3g-1); 

• P0: is the saturation pressure of the nitrogen vapor; 

• C: is the constant that depends on the molar heat of adsorption of the first layer on 

the surface of the material (E1) and the molar heat of nitrogen liquefaction (EL). The 
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strong adsorbent-adsorbate interactions are characterized by a high value of 

constant C. 

C = exp	(MNCMO
PQ

)                                                                      (Eq. 3) 

Where:  

• R: is the perfect gas constant, R = 8.314 J.mol-1 K-1; 

• T: is the temperature in K. 

 

Once the Vmono value is calculated, the specific surface area of the material (SBET) is obtained 

from the equation: 

SSTU = n	x	NW	x	σ(𝑁Z) = 	
[\]^]	_	`a	_	b(`c)

[D
= 4,35	x	Vijkj       (Eq. 4) 

Where: 

• n: is the number of moles of gas contained in a monolayer and equal to Vmono/Vm  

(Vm = is the molar volume of the gas under standard temperature and pressure 

conditions = 22.4 L mol-1); 

• N: is the number of Avogadro (6,023 x 1023 mol-1); 

• σ: is the area occupied by an adsorbed nitrogen molecule (16.2 Å2).  

 

1.2.3. Pore volume  

The total pore volume is considered equal to the volume of the adsorbed nitrogen in the 

pores in the liquid state, at the relative pressure p/p0 = 1. It can be expressed by the equation: 

 

𝑉Jmnmop = 	
qrst	u	A
qvwxywz

= 1,547	𝑥	10C~	𝑥	𝑉                                     (Eq. 5) 

Where: 

• Vporous: it is the total pore volume (cm3g-1); 

• ρgas: is the density of the nitrogen in gaseous state; 

• ρliquid: is the density of liquid nitrogen; 
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• V: is the volume of gaseous nitrogen adsorbed in the pores of the material at p/p0 = 

1 (cm3g-1). 

 

The volume is estimated using the t-plot method, based on the relationship: 

V��� = Vi���j +	S�_� + 𝑡	                                                         (Eq. 6) 

Where: 

• Vads: is the volume of nitrogen adsorbed at the relative pressure p/p0 (cm3g-1); 

• Sext: is the specific surface not related to the micropores (external surface); 

• t: is the thickness of the nitrogen layer adsorbed on the material at the relative 

pressure p/p0. 

 

The thickness "t" can be determined using the Harkins-Jura equation: 

𝑡 = 	�
B~,��

�,�~�C6m� ?
?@

                                                            (Eq. 7) 

The determination of the micropore size distribution was performed by the Horvath-

Kawazoe method and the Saito-Foley method adapted to cylindrical pores. This method is 

based on the fact that the pressure p/p0 required to fill a pore of given size and shape is 

directly related to the adsorbate- adsorbent interaction energy: 

 

𝑅𝑇𝐿𝑛	 � J
J@
� = 𝑓	(∅(𝑟)Jmn�)                                                (Eq. 8) 

 

∅(r)pore: is the Lennard-Jones type interaction potential of a molecule of gas adsorbed at a 

distance r from the solid surface, depending on the characteristics of the solid and the gas. 

 

The porous materials can be characterized by the size distribution of its pores. In this case, 

it is assumed that the pores of each size independently contribute to the adsorption isotherm 

in a proportion relative to the total area of the sample. 
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1.3. Scanning electron microscopy, SEM 

The scanning electron microscopy technique allows to obtain two-dimensional images of 

the secondary electrons emitted by the analyzed sample after being bombarded with an 

electron beam. The secondary electrons are of low energy (less than 50 eV), for this reason 

the electrons closest to the surface are detected. As a result, bright areas and shadows are 

obtained depending on the topography of the sample, which is used for the physical 

characterization of particles, size, shape, characteristics of particle aggregates, etc. 

 

A possible additional analysis of the electron microscope is the X-rays produced when 

bombarding the sample with the electron beam. The electronic microprobe (EDS) analysis 

allows obtaining chemical information of most of the elements present in the sample and, 

by selecting a characteristic wavelength, it is possible to obtain a mapping of the different 

elements. 

 

1.4. Transmission electron microscopy, TEM 

In TEM analysis, an electron beam generated by a hot filament (electronic cannon) is used, 

which passes through two electrodes and a condenser lens. Parallel rays create an impact 

on the sample, where they are scattered as a result of the variable spatial refractive index. 

The scattered rays from the point of incidence in the sample are directed to the same point 

in the image formed by the objective lens. The total effect is equivalent to the transmission 

of primary electrons through the sample. 

 

1.5. X fluorescence spectrometry, XRF 

The technique of X-ray fluorescence spectrometry (XRF) consists in the bombardment of a 

sample with an electron beam or with X-ray photons, where a small part of the energy is 

inverted in the production of the characteristic X-ray spectrum of the elements that they 

form the bombed sample. The production process of this characteristic spectrum is 
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summarized in two processes, one of excitation and the other of emission. The excitation 

process with another X radiation is called secondary excitation, and the X radiation 

produced by the excitation of another X radiation is called secondary X radiation or 

fluorescence radiation. It is the secondary radiation X characteristic that is used for the 

chemical analysis in the X-ray fluorescence spectrometers. Being, the energies of the 

different electronic levels characteristic for each type of atoms, the X radiation emitted will 

be characteristic for each element. and, in principle, it will not depend on the chemical 

substance in which it is found, since, in general, these radiations are caused by transitions 

between the internal electronic levels, whose energies are not affected by the type of existing 

link. 

 

When the energy of electrons that impact on an atom is equal to greater than the energy of 

level K, the ejection of an electron from said K layer can occur, transitions from higher levels 

give rise to a series of characteristic radiations of lengths of similar waves that constitute the 

K series (they are called Kα, Kβ, ...). It is the highest energy series (shortest wavelength). 

 

If the vacancy occurs in one of the sublevels of the L layer, transitions from higher levels 

result in the characteristic radiations of the L series (Lα, Lβ, ...). The same can be said for 

layer M. 

 

Although the number of possible characteristic radiations for each element is large, in 

practice the intensity of many of them is very small (very small probability of the electronic 

transition that originates them), and can not be registered with the measuring equipment; 

In addition, the number of recorded radiations is even more limited, because the energy 

difference between some of them is so small that they appear together. This means that, in 

practice, the characteristic spectrum of an element can be deduced from two or three 

radiations of the K series, and from four to ten of the L series. The radiations of the M series 

in the normal work area only they appear normally for the heavier elements. 
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X-ray fluorescence spectrometry (XRF) is a very useful technique for determining the 

concentration of silicon and aluminum elements present in zeolites and determining the 

Si/Al ratio. 

 

1.6. Inductively coupled plasma, ICP 

Inductive coupling plasma (ICP) is a source of ionization that, together with an optical 

emission spectrophotometer (OES), constitutes the ICP-OES equipment. In this technique, 

the continuous introduction of the liquid sample and a nebulization system form an aerosol 

that is transported by the argon to the plasma torch, coupled inductively by radiofrequency. 

In the plasma, due to the high temperatures generated, the analytes are atomized and 

ionized generating the atomic emission spectra of the characteristic lines. The spectra are 

dispersed by the diffraction grating and the light sensitive detector is responsible for 

measuring the intensities of the lines. The information is processed by a computer system. 

 

This technique is useful to know the percentage of Si and Al present in the zeolite and, in 

this way, the results obtained by XRF can be complemented. 

 

1.7. Solid state nuclear magnetic resonance 2 7Al, NMR 

Nuclear Magnetic Resonance (NMR) of solids is a non-destructive technique that provides 

qualitative and quantitative information of solid materials. The only drawback of this 

technique is that it requires for the analysis of large amounts of sample due to its low 

sensitivity. 

 

In solid NMR, a system of nuclear spins in the presence of a static magnetic field is capable 

of absorbing radio frequency (RF) energy when irradiated with an RF source. Due to the 

low mobility of atoms and molecules, the spectra obtained show wide signals as a 

consequence of the different orientations of the spins in space. In addition, each nucleus is 
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affected, according to the relative orientation of the molecule, its electronic distribution, the 

external magnetic field and the fields created in nearby nuclei. The main interactions 

responsible for the amplification of the signals are the anisotropy of the chemical change, 

the dipolar couplings (homo and heteronuclear) and the quadrupole coupling. 

 

For atomic nuclei with a magnetic moment (nonzero spin), the magnetic field B0 removes 

the degeneration of energy levels. This Zeeman effect is translated by a Hamiltonian: 

 

𝐻� = −𝛾B�I�                                                               (Eq. 9) 

 

Where IZ is the spin operator in projection on the z-axis, by definition confused with the axis 

of the magnetic field. All the other interactions that the nucleus can undergo result in a 

Hamiltonian which is a first-order disturbance of the Hamiltonian Zeeman. These 

interactions are interesting since they explain the shape of the absorption lines, their 

displacement, their resolution or their enlargement. They are translated locally by 

fluctuations in the magnetic field felt by the nucleus. 

 

Due to the anisotropy of chemical displacement and the existence of di- or quadrupole 

interactions (nuclei with a spin greater than 1/2), the signals obtained are relatively wide 

compared to those observed in the liquid phase. 

 

The chemical shift of aluminum depends on its coordination: from 0 to 22 ppm for 

coordination 6 (AlVI) and from 50 to 80 ppm for coordination 4 (AlIV). The presence of extra-

lattice aluminum can thus be detected from the 27Al NMR spectra. 

 

1.8. IR (TOT band) infrared spectroscopy band structure 

Infrared spectroscopy is based on the interaction of the molecules with the electromagnetic 

radiation in the infrared zone, which leads to the absorption of this radiation and, 
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subsequently, the incident molecules will be excited and will be reflected in the form of 

changes in the intensities of the vibrations. These vibrations in turn depend on the atoms 

that form the bond in the molecule. The interferogram is the name of the format of the signal 

acquired by an infrared spectrometer and is a complex signal that must be analyzed; 

however, this format can be transferred to what we know as infrared spectrum, by means 

of an algorithm called Fourier transform which was developed in 1965. Practically all 

current infrared equipment comes with the Fourier transform included. 

 

This technique is very useful for the study mainly of zeolites because it allows to study the 

hydroxyl (OH) stretching vibrations bands in the range of 3500 – 3800 cm-1 (associated to the 

Brønsted acidity), to use the probe molecules pyridine for the quantification of the samples 

acid sites density and to determine the framework Si/Al ratio of the zeolites through the use 

of the zeolite structure bands.  

 

The zeolite network vibrations, observed between 300 and 1300 cm-1, can be classified in two 

categories according to whether they are insensitive to the zeolite structure (vibrations 

internal to the TO4 tetrahedra) or sensitive to the topology of the framework (vibration of 

the external links between tetrahedra). The position of the bands depends significantly on 

the composition of the zeolitic framework; a decreasing linear relationship is generally 

found between the wave number and the mol fraction of Al in the xAl framework (or the 

number of Al per elementary mesh NAl). The decrease of the vibration frequencies with the 

increase of the Al content is explained by the decrease of the average force constant of the 

TO bonds: the Al-O bond is longer than the Si-O bond and the aluminum less 

electronegative than silicon. Determining xAl, therefore the Si/Al ratio of any zeolite by the 

position of IR bands insensitive to the structure, seems immediate and otherwise 

inexpensive in sample (the measurement is done on the sample diluted in KBr). 

Unfortunately, even for these so-called structure-insensitive bands, a large dispersion is 

obtained in the frequency vs relation xAl if samples of various zeolites are used. Therefore, 
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an accurate determination of the Si/Al ratio requires the prior drawing of a standard duty 

for the zeolite considered. 

 

1.9. Thermodesorption of pyridine at 423 K followed by IR 

Pyridine adsorption and subsequent IR analysis is a way to easily measure the type, 

quantity and strength of acidic sites on a surface. 38 To distinguish between an acid Lewis 

site and acid Brønsted site, pyridine is coordinated with the first and protonated with the 

second, which is reflected in different modes of infrared vibration. 39  

 

The limitation of this technique is that it is not applicable to all solids. For the analysis, the 

material is compressed forming a block of this and then to be placed in the analysis cell, 

samples that are completely dark (such as coals) do not allow the passage of radiation to the 

detector. 

 

1.10. Raman spectroscopy, RAMAN 

The Raman spectroscopy analysis consists in making a monochromatic light beam of 

frequency ν0 impinged on a sample where a part of the light will be dispersed. Most of the 

scattered light has the same frequency as the incident light, but a very small fraction has a 

frequency change as a result of the interaction of light with matter. The light that maintains 

the same frequency ν0 as the incident light is known as Rayleigh scattering and does not 

provide any information on the composition of the sample analyzed. The scattered light that 

presents different frequencies of the incident radiation, is the one that provides information 

about the molecular composition of the sample and is what is known as Raman scattering. 

The new frequencies, +νr and -νr, are the Raman frequencies, characteristic of the chemical 

nature and physical state of the sample and independent of the incident radiation. 
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Raman is an analysis technique that is carried out directly on the material to be analyzed 

without the need of a special preparation and that does not involve any alteration of the 

surface on which the analysis is carried out, that is, it is not destructive. 

 

This technique is very useful in graphene oxide-based solids because it allows to recognize 

the presence of sp3 type carbons, as a product of graphite oxidation processes, which 

indicates the degree of oxidation of the material. 40 

 

1.11. X-ray photoelectron spectroscopy, XPS 

A sample irradiated with X-rays of a certain energy is capable of emitting a photoelectron. 

The principle of electronic X-ray spectroscopy is given by: 

 

ℎ𝑣 = E¡ + E¢                                                           (Eq. 10) 

Where:  

• hν: is the energy of the incident photon 

• Eb: is the electron bonding energy (photoionization energy) 

• Ek: is the kinetic energy (measured in the spectrometer) of the electrons that escape 

from the atoms of the solid. 

 

By means of this technique it is possible to examine the chemical nature and the binding 

energy of the atoms through the analysis of the photoemission peaks of the electrons. 

 

Because the free inelastic free path of photoelectrons is in the range of 0.5-5 nm, this 

technique provides information on the first surface layers of the solid. 

 

As a qualitative analysis, it provides information about the elements present in the sample 

and their respective oxidation state, but also allows a quantitative analysis, since the 

intensity of the peaks is a function of the number of atoms present on the surface of the 
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sample. In general, the relative amounts of the different elements on the surface are 

calculated according to: 

 
£¤
£¥
= ¦s§s¨s

¦©§©¨©
                                                                     (Eq. 11) 

Where: 

• σ: is the photoionization section, which indicates the efficiency of the 

photoionization and depends on the element analyzed, the incident X-rays and the 

atomic orbital. The values that have been calculated mainly by Scofield are 

tabulated; 

• λ: is the average free electron path (calculated by Penn and tabulated); 

• S: it is an instrumental function that depends on the spectrometer and calculated 

through a connection provided by each XPS apparatus. 

 

This technique is also very useful to know in carbocatalysts (particularly in graphene oxide) 

the degree of oxidation to be able to observe and quantify the C-O band. 

 

1.12. Elemental analysis, EA 

The elemental analysis technique allows to determine the total content of carbon, hydrogen, 

nitrogen and sulfur (C, H, N and S) present in organic and inorganic samples, which can be 

solid or liquid and have no calcium or phosphorus. The elemental analysis of C, H, N and S 

is based on the volatilization of a sample by total combustion (approximately 1173 K) in a 

pure oxygen atmosphere, releasing the elements to be measured in the form of CO2, H2O, 

NOx and SOx, respectively. A subsequent reduction process transforms the NOx and SOx 

into N2 and SO2, respectively. All gases thus formed (CO2, H2O, N2 and SO2) are analyzed 

quantitatively in a detector. 

The elemental analysis allows to know the C/O radius of the graphene oxide-based catalysts. 

In addition, the quantification of sulfur by elemental analysis in carbocatalysts 
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functionalized with this element to confer acidity, is a good approximation that 

complements the acidity measurements carried out by the titration processes. 41 

 

1.13. Boehm titration 

This technique allows to determine the amount of acid functional groups present on the 

surface of carbocatalysts, which is based on selective neutralization by equilibrium. It 

consists of neutralizing the surface acid groups present in the sample, knowing the pKa of 

a given acidic functional group, this can be neutralized by a base with a higher pKa value 

such as NaOH. 42  

 

1.14. Thermogravimetric analysis, TGA 

Thermogravimetric analysis (TGA) provides a quantitative measure of any weight change 

associated with thermally induced transitions. A continuous and accurate record of the 

weight shows the changes in a substance under certain environmental conditions. Using a 

suitable temperature program, it is possible to obtain qualitative and quantitative 

information about the composition and structure of the phases of a given catalytic system. 

By means of this technique it is possible to know the thermal stability of the catalysts based 

on graphene oxide. 
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Chapter 3: 
Zeolites in the etherification of 

glycerol with tert-butyl alcohol 
(Based on the publication: C. Miranda et al. / Journal of Catalysis 365 

(2018) 249–260) 
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1. Zeolites 

Although the systematic use of zeolites began in the mid-twentieth century, its discovery 

dates back to the eighteenth century. It was in 1756 when the Swedish geologist and Baron 

Axel Fredrick Cronstedt discovered that styrbite, a natural mineral, lost water by heating it 

with a torch flame (intumescence), and called this class of zeolite materials, from the Greek 

zeo means boiling lithos which refers to stone, since many zeolites seem to boil when heated.1-

3 

After the discovery of this type of material, new different structures of natural zeolites were 

also discovered but remained only as scientific findings for about 150 years. It was not until 

the late nineteenth and early twentieth century that some references began to appear to the 

applicability of these materials to ion exchange and the adsorption of a variety of molecules. 

Wiegel and Steinhoff 4 published in 1924 the first effect of selectivity of the form with 

dehydrated chabazite. They observed that this zeolite had the property of quickly and 

selectively adsorbing water and ethanol, but neither acetone nor benzene. Due to this fact, 

in 1932, McBain 5 designated these materials as molecular sieves.  

The first attempts to obtain zeolitic materials, tried to imitate nature, that is, syntheses were 

made at temperatures close to 773 K and high pressures using volcanic glasses or natural 

silicates. Milton and Barrer were the pioneers in the hydrothermal synthesis at the beginning 

of the 40s; Barrer studied the conversion of known phases, under the action of concentrated 

solutions of salts at high temperatures (443- 543 K), synthesizing a zeolite without natural 

analogue known as KFI (ZK-5). 6 Milton for his part introduced in his synthesis the use of 

more reactive starting materials (silicate and sodium aluminate) and using softer synthesis 

conditions of crystallization, which generated the discovery of new zeolitic structures, and 

together with Breck had already synthesized 20 zeolites in the early 50's, among them, the 

zeolites A and X, 7 whose properties and commercial uses greatly boosted the research in 

zeolites. 
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In the following decade there were numerous events both in new discoveries of structures 

and in the techniques of synthesis of zeolites. For example, in the 60s, quaternary 

ammonium cations began to be introduced, which had a great impact, giving rise to the first 

zeolites synthesized in the laboratory with a high content of silica (5 < Si/Al <100), such as 

Beta zeolite using the tetraethylammonium cation, 8 and later, in 1972, the zeolite ZSM-5. 9  

The first report on industrial application in catalysis appeared in the 1960s, where zeolites 

began to replace amorphous silica and alumina catalysts in catalytic cracking processes. The 

use of zeolites as catalysts grew rapidly due to their properties of ion exchange, internal 

acidity, high activity, thermal stability and, mainly, selectivity of forms. 3, 10, 11 

The use of fluoride anions in the synthesis of zeolites, in the 70s, was first introduced by 

Flanigen and Patton. 12 In the 1980s, it was discovered a completely new family of crystalline 

microporous materials, the aluminophosphates (AlPOs). 13 

Nearly 200 unique structures of natural and synthetic zeolite structures have been identified 

and more than 40 zeolite structures of natural origin are known. 14-16 

Each topology of the zeolite framework is identified by a capital code of three letters, 

established by the Structure Commission of the International Zeolite Association (IZA), 

following the rules set up by the International Union of Pure and Applied Chemistry 

(IUPAC) Commission on Zeolite Nomenclature in 1978. 17 

1.1. Structure  

From a structural point of view, a zeolite could be defined as a crystalline aluminosilicate, 

within the family of tectosilicates, three-dimensional silicates or silicates of structure in the 

framework constituted by a main structure of tetrahedrons [TO4], where T usually 

represents a tetravalent ion as Si4+ and/or trivalents such as Al3+. While the former results in 

as electrically balanced environment, the aluminum T-site results in a negative charge in the 

structure and must be compensated by the presence of a cation (M, alkali or alkaline earth 
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metals) in the framework (Figure III.1). These compensating cations can be easily exchanged 

by other ones, particularly by protons (H+), introducing then acidic properties. 18 

 

Figure III. 1 Negative charge induced by the AlO4- tetrahedron in the structure, 

neutralized by a compensating cation (M+). 

The structural formula of a zeolite is based on the crystallographic unit cell, the smallest unit 

of the structure, represented by:  

Mn+x/n [(AlO2)x(SiO2)y].zH2O 

Where n is the valence of the counter cation M, z is the number of water molecules per unit 

cell, (x+y) is the total number of SiO4 or AlO4- tetrahedra per unit cell and y/x the atomic 

Si/Al ratio. According to the Lowenstein rule, an oxygen atom can not be covalently bound 

to more than one aluminum atom in the framework, i.e., Al-O-Al groups do not exist in 

zeolite networks. Consequently, the atomic Si/Al ratio varies from a minimal value of 1 to 

infinite. 3, 10 

Structurally, the oxygen atoms which form two distinct covalent bonds, act as connecting 

bridges between close T-atoms, then forming the three-dimensional framework. Hence, 

neighboring T-sites join together to form more complex structures with well-defined shapes, 

such as rings and cages known as secondary building units (SBU). These SBU can then bond 

with each other to form larger structures as channels, pores and cavities from 0.2 to 1 nm, 

where only small molecules can penetrate and circulate.  The enormous variety of paths and 

sizes arranged by these structures is the origin of all the diversity of zeolites (Figure III.2). 

−" −"
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Figure III. 2 Tetrahedra arrangement, forming the sodalite (or β-cage) and, finally, the 

structure of some zeolites, showing the three-dimensional channel network. Taken from 19 

The size and shape of the pores are of fundamental importance since they are the major 

responsible for the molecular sieve properties and catalytic shape selectivity. The diameter 

of the channels of angstrom scale, prevents bulky molecules from entering the pores and, at 

the same time, hinders larger molecules formed in their interior to diffuse around or out 

freely. The acidity may also be adjusted from weak to very strong or even superacid, by the 

variation of the Si/Al ratio, the calcination conditions or cations exchange. 

Considering the pore size, the zeolites can be classified into three major categories 3:  

• small-pore zeolites, with 8 membered-ring pore apertures (8 T-atoms and 8 oxygen 

atoms) having free diameters of 0.30 – 0.45 nm (e.g. zeolite A);  

• medium-pore zeolites, with 10 membered-ring apertures, 0.45–0.60 nm in free 

diameter (e.g. zeolites ZSM-5 and MCM-22);  

• large- pore zeolites, with 12 membered-ring apertures, 0.60–0.80 nm (e.g. zeolites Y 

and Beta).  

Besides the pore sizes presented above, there are also zeolites with 6-membered ring pore 

apertures (e.g. sodalite, ZSM-39), which have no catalytic significance, since their pore 

apertures are too small, even for molecules like methane. 20 On the other hand, zeolite-like 
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materials with ultra-large pores such as VPI-5 (aluminophosphate 18 T-atoms, 1.27 nm), 21 

AlPO4-8 (aluminophosphate 14 T-atoms, 0.79 × 0.87 nm) 22 and Cloverite (gallophosphate 20 

T-atoms, 0.60 × 1.32 nm) 23 were discovered in the early nineties of the previous century. 

Zeolites can also be distinguished by their dimensionality, which determines the modes of 

diffusion of molecules in the pores. They may then be mono-, bi- or three-dimensional, in 

which the molecules can diffuse in only one, two directions in a plane or three directions in 

space, respectively. 

1.2. Acidity 

The concept of solid acids is of major importance in many aspects related to the applications 

of solid surfaces and, in particular, for catalytic purposes. 24 The concept of acid of solids 

was originally proposed by Walling, in the 1950’s, as the “ability (of a surface) to convert an 

adsorbed neutral base to its conjugate acid”, 25 as evidenced in zeolites by the higher heats 

of adsorption of nitrogen bases. 26 

To describe the acidity of the zeolites, it is pertinent to distinguish between the nature of the 

acid sites, their density and/or concentration, the strength of the acid sites and the 

distribution of the force and the location of these sites in the zeolite lattice. 

1.2.1. Nature of the acid sites 

The acidity of the zeolites is defined by two different types: Brønsted and Lewis acid sites. 

In the Brønsted theory, an acid is defined as a proton donor and a base as a proton acceptor 

(a base must have a pair of electrons available to share with the proton).27 For its part, a 

Lewis acid corresponds to a broader theory in which an acid is any species with a vacant 

orbital that can accept a pair of electrons, while a base is a species that has a pair of electrons 

not shared.28 The first type of acidity occurs when aluminum replaces silicon in the 

tetrahedral T-sites of the framework (Figure III.1). In this way, a cation is required to satisfy 

the Al tetrahedron. If this cation is a proton (which is usually the case), the proton is a strong 

Brønsted acid, Figure III.3.  
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Figure III. 3 Brønsted acid formation in the zeolites. Taken from 29 

Lewis acidity can arise from different situations such as the presence of different metal 

species located within the framework of zeolite and the compensating cations that surround 

the aluminum atoms. Furthermore, the presence of extra-framework aluminum species 

(EFAl), formed during the crystallization procedure or caused by dealumination processes, 

also contribute to this type of acidity. This type of Aluminum often dispersed in the zeolite 

pore structure, but it can also appear on the exterior of the zeolite crystals or even at the 

pore mouths. Different aluminum oxides and hydroxides present Lewis acidity, such as Al3+, 

AlO+, Al(OH)2+, Al(OH)2+, AlO(OH), Al(OH)3, [Al2O2OH]+ or [Al2O].30-32 The framework 

aluminum atoms can also behave as Lewis sites after the partial damage of the structure, 

caused by dehydroxylation reactions occurring at high temperatures (usually above 773 K) 

and which removes one of the oxygen atoms bonded to the aluminum. 33 

1.2.2. Acid sites density 

The density of the acid sites is the number of Brønsted and/or Lewis acid sites per catalyst 

unit. In zeolites, this density is represented as a function of the concentration of aluminum 

atoms, expressed by the silicon-aluminum ratio (Si/Al). The Brønsted density is relatively 

equal to the number of aluminum atoms in the frame balanced by the presence of protons, 

while the number of Lewis acid sites can be considered approximately equal to the sum of 

the extra-frame aluminum atoms and those that they are in the frame but present a free 

valance or are electrically compensated for the existence of a neighboring cation. In addition, 

in cases where other metals are incorporated in the framework structure and when they act 

as Lewis sites, the acid density even increases. 
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However, the information of the density is insufficient to characterize the acidity of the 

zeolites or to make any previous assumptions on their catalytic behavior. For example, for 

some acid catalyzed reactions, a zeolite with fewer but stronger sites can have a better 

performance and activity then other with larger densities of weaker sites. 

1.2.3. Acid sites strength 

It is well known that not all acid sites in zeolites have the same strength. The qualitative 

evaluation of the strength of the acid sites is not a difficult task, especially if one simply tries 

to compare the relative acidity between two or more sites. A quantitative analysis of the 

strength of acidic sites turns out to be a more complex task that requires the establishment 

of a reasonable and logical universal acidity scale. In this sense, some scales have been 

proposed and vary from the most theoretical principles, such as the energy of deprotonation 

of the Brønsted sites, to the most accessible methods from the experimental point of view, 

such as the energy of adsorption (or desorption) of gaseous bases, in particular ammonia. 

Below are the factors that can influence the strength of the Brønsted acid sites. 

1.2.3.1. Ionic exchange degree  

The strength of the Brønsted acid sites depends on the degree of exchange of sodium cations 

by the protons in the zeolite. In this sense, the higher the level of exchange, the stronger the 

protonic sites will be. However, in a high degree of exchange, there is not only a strong site 

formation, but also an increase in the strength of the protonic sites already present in the 

zeolite. 34 

1.2.3.2. [T-O-T] bond angle  

For the Brønsted sites, the local constrains and distortions in the structure can induce vital 

changes in the bond strength between the proton and the bridging oxygen, and therefore in 

the acidity of the site. As an example, there is a relation between the acid strength and the 

angle of the [T-O-T] bonds. As presented by Rabo and Gadja, 26 with the increase of this 

angle, the sites tend to be stronger, as in the case of MOR (143–180°) and ZSM-5 (133–177°), 
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having stronger sites than FAU (zeolites X and Y: 138–147°) and, consequently, being more 

active in reactions that depend on the acidic strength of the catalyst, such as the 

isomerization of light alkanes. 

1.2.3.3. Metallosilicates  

The synthesis of metallosilicates containing trivalent elements in the framework other than 

aluminum, such as boron, gallium, indium, iron, can also generate very variable Bronsted 

acid strengths. 35, 36 

1.2.3.4. Electrostatic environment  

Chaouati and co-workers, showed that an alkaline treatment of desilication on mordenite 

(Si/Al =10) allows the generation of extraframework aluminum (EFAl) and that this, 

together with silicon, induced the formation of a weak OH bridge.37 This is related to the 

low presence of aluminum T- atoms adjacent to a specific acid site (Next Nearest Neighbors, 

NNN), increasing the number of surrounding highly electronegative silicon atoms, which 

weakens the OH bond, although this usually translates in an increase in acidity. 

1.2.3.5. Interaction with Lewis sites 

In the same study conducted by Chaouati et al., it was determined that the presence of EFAl 

(Lewis acid sites) led to the reduction of the space close to the acid sites, and also increased 

the strength of Brønsted acid sites. 37 However, EFAl species may also have disadvantageous 

effects, as they may block the access to the active acid sites or the cations could neutralize 

the charge in the framework, causing a decrease in the number of Brønsted acid sites. 

For Lewis acid sites, the fact that they may have numerous origins, such as extraframework 

aluminum species, compensating cations or other framework metal species, may contribute 

to the variety of acid concentrations. 

 

 



_______________________________________________________________ 

 

53       
 

1.2.4. Location of the acid sites 

The location of the sites in the zeolitic lattice is also a significant factor, especially in terms 

of shape selectivity. In fact, if for instance a site is located in the external surface of the 

zeolite, it then presents smaller spatial hindrance than if that same site stands in one of the 

inner channels or cages. In some cases, if the reactant molecules are bulkier enough, they 

may not reach the vicinities of the sites, then the reaction is prevented.  

A typical example is the Y zeolite that presents two very distinct types of cages: the 

supercages that are accessible to very bulky molecules and the sodalite cages located in the 

hexagonal prisms that are inaccessible to all the organic molecules. 

1.3. Shape selectivity  

Shape selectivity is a simple concept: the transformation of reactants into products depends 

on how the processed molecules fit the active site of the catalyst. 38 In zeolites, most of the 

active sites are located in the intracrystalline pore structure, where spatial restrictions may 

exist in the formation of transition or intermediate reaction states, and in the diffusion of the 

molecules. This diffusion in the pores depends on the size and shape of the molecules and 

the structure of the zeolitic pore. Consequently, zeolites can allow or reject the entry of 

molecules into their porosity, may hinder the formation of some intermediate molecules 

within them, or prevent their diffusion out. 

Three types of selectivity of molecular forms are proposed, which are based on the principle 

of size exclusion. 39-41 

1.3.1. Reactant shape selectivity  

Is encountered when bulkier molecules in a reactant mixture are prevented from reaching 

the active sites within the zeolite crystal. Only molecules that are small enough to enter the 

pore openings of the zeolite can be converted at the active sites. 42, 43 Figure III.4. represents 

the reactant shape selectivity. 
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Figure III. 4 Representation of reactant shape selectivity. 

1.3.2. Transition state shape selectivity  

 it occurs in chemical reactions that involve transition states which are too bulky to be 

accommodated inside the zeolite pores. In this case, products are formed only from 

reactions with intermediates small enough to fit inside the pores of the zeolite. In restricted 

transition state selectivity, neither reactants nor potential products are hindered from 

diffusing in or out of the zeolite crystal. 43, 44 Figure III.5. represents the transition state shape 

selectivity. 

 

Figure III. 5 Representation of the transition state shape selectivity. 

1.3.3. Product shape selectivity   

It occurs when certain product molecules are too big to diffuse out of the zeolite pores (from 

the cages or in the larger intersections of the channels). Some zeolite structures have cavities 

which allow formation of both small and bulky products. However, the apertures are small, 

and the bulky product molecules must undergo further reactions to smaller molecules in 

order to leave the zeolite crystal. 42, 43  Figure III.6. represents the product shape selectivity. 

 

Figure III. 6 Representation of the product shape selectivity. 
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In general, both reactant and product shape selectivities occur due to mass transfer 

limitations. In reactant shape selectivity all molecules that diffuse to and from the active 

sites sufficiently fast will be converted, while in product shape selectivity molecules with 

high mass transport limitations remain in the adsorbed phase and continue to react for a 

longer period of time than species less affected by mass transfer limitations. Therefore, both 

reactant and product shape selectivities are affected by crystal sizes, whereas restricted 

transition state selectivity, which is not caused by mass transfer limitations, does not depend 

on crystal size. 43 

Another type of shape selectivity is the effect of the concentration related to the increase in 

the concentration of the reagents when they are inside the pores of the zeolite, which has a 

positive effect on the reaction rates, favoring the bimolecular reactions over monomolecular 

ones. 3, 10 

There are five other theories of the shape selectivity of the zeolite that are less recognized 45: 

selectivity of the pore blocking/blocking key form, 46 molecular traffic control, 47 inverse form 

selectivity 48 and window effect 49 and nest effect. 45 

1.4. Synthesis of zeolites  

Zeolites are materials that have been formed naturally and are also materials that can be 

synthesized in the laboratory. In both cases they are usually formed in the presence of water 

at moderate temperatures, although it is also possible for some examples in which water is 

replaced by an organic solvent, 50, 51 and there are even examples of synthesis in the absence 

of solvents. 52, 53 In general, zeolites are synthesized by solvothermal and more commonly 

hydrothermal methods. The hydrothermal synthesis of a zeolite consists in the preparation 

of a "homogeneous" solution of the different components of the synthesis gel that is 

introduced into a reactor. Then it is taken to a stove at the selected temperature and the 

autogenous pressure, that is, the one generated in the reactor by itself. After the set time, the 

product is recovered by filtration, followed by washing and drying. 
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The usual components of a gel in a hydrothermal synthesis are: source of silicon, aluminum, 

mineralizing agent and structure directing agents. 

1.4.1. Silicon source 

Alkoxides such as tetraethylorthosilicate, colloidal silica, sodium silicate or micronized 

silica, among others, can be used. The silicon source used has a decisive influence on the 

final result of the synthesis. 54 

1.4.2. Aluminum source 

The most commonly used are aluminum oxides such as pseudoboehmite, aluminum 

isopropoxide or aluminum sulfate among others. 

1.4.3. Mineralizing agent  

 The OH- or F- ions are responsible for mobilizing the silicon and aluminum species, 

providing the necessary precursors for the formation of Si-O-Al bonds. When the OH- ion is 

used, the necessary pH must be higher than 10, while with the F-, which form soluble 

compounds with silicon, the pH is usually lower. 

1.4.4. Structure directing agents (SDA) 

The structure directing agents, usually organic cations, are designed with a certain size and 

shape, looking for the conditions in which the SDA has a greater geometric specificity for 

the structure that it is desired to crystallize. 

For several years, the term template was used for the use of organic cations in the synthesis 

of zeolites, since the notion that had these was that they helped the crystallization of the 

zeolite through a specific effect of filling the cavities, assuming that the size and shape of 

the organic cation determined in some way the size and shape of the zeolite channels. 

However, the direction effect may be more or less specific depending on whether or not 

there is a strong interaction and good correspondence between the cavities of the zeolite and 

the organic cation. Currently, there is a tendency to reserve the term template for cases in 
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which there is a great specificity in the direction effect, a strong interaction and a high 

correspondence of cations and cavities. 

The mechanism through which the directing effect of structure by organic species takes 

place is not yet explicitly known. One of the main functions of organic SDA is to stabilize 

the microporous network through a series of interactions of different nature (Van der Waals 

type, electrostatic and hydrogen bonds) that contribute to the assembly of organic molecules 

and inorganic species. In this way, the first blocks from which the zeolite crystallizes are 

formed. The greater the stabilization of the SDA-zeolite system produced by the interaction 

in question, the more efficient the organic species will be in the direction of crystallization 

of the zeolitic material. 

First, there are Van der Waals type interactions that are described as the sum of two terms; 

one attractive, proportional to 1/R6 and one repulsive proportional to 1/R12, where R is the 

distance between the interacting species. There is therefore a distance at which this 

interaction is maximum, and this happens the better the adjustment between the organic 

species and the empty volume of the zeolite in which it is occluded. 

For this to happen, the size and shape of the organic species must allow a good "fit" of some 

molecules with others, avoiding overlaps that reduce their efficiency as SDA. Such is the 

case of some organic species that have aromatic rings that allow them to "package" forming 

supramolecular aggregates. 

The electrostatic interactions, which are established between the positive charge of the 

organic species and the negative charge of the inorganic network, contribute at first to keep 

the organic species together with the first inorganic units so that nucleation can begin. Once 

the skeleton is formed, they provide additional stabilization to the SDA-zeolite system. 55 

Figure III.7 shows the generic scheme corresponding to the synthesis process of a zeolite. 56 

This begins with a copolymerization of the silicate and aluminate ions that give rise to a gel. 

During the process of obtaining the zeolite, where numerous soluble species are involved 
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in an amorphous and crystalline phase, 57 reactions of dissolution, polymerization and 

depolymerization, condensation, precipitation and crystallization take place. All these facts, 

makes the synthesis is very susceptible to the modification of any factor that may cause 

some kind of physical change such as agitation during the same synthesis, the conditions 

used in aging and even the order and time chosen for the addition of the reagents. 58 

 

Figure III. 7 Diagram of the crystallization process of a zeolite. Taken from 56 

1.5. Synthesis of hierarchical zeolites 

In recent studies using zeolites, it has focused on obtaining mesoporous zeolites that can 

retain the same properties of zeolites that are used in the industry and that do not present 

diffusion problems due to the small size of their pores. 59 These materials have been called 

zeolites with a hierarchical pore structure, that is, zeolite crystals that simultaneously 

contain mesoporous and interconnected micropores. 60 Many new methods of preparation 

of hierarchical zeolites have been discovered, which are divided into: top-down and bottom-

up techniques. 59 On the one hand, bottom-up techniques involve the use of surfactants during 

the synthesis of the zeolite, in such a way that the elimination of these surfactants generates 

mesoporosity (or macroporosity) in the zeolite crystals, 61 Figure III.8. 
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Figure III. 8 An overview of the various synthesis routes towards zeolite materials 

combining micro- and mesopores. Taken from 62 

In these techniques it is important that there is an optimal interaction between the 

surfactants and the zeolite precursors for the introduction of the surfactant into the structure 

during crystallization. If not, the segregated phase could be mixed with the zeolite 

precursors and form amorphous mesoporous materials composed of silicates or 

aluminosilicates. On the other hand, top-down techniques consist of subjecting the zeolites 

to different post-synthesis treatments to generate mesoporosity. Among the latter, it is 

worth highlighting the treatments in a basic medium in the presence 63 or absence of 

mesoporous directing agents. 64 In this way, the materials obtained have open pores that 

improve the accessibility of large molecules within the porous structure. In recent years, a 

novel technique has been developed that consists of the post-synthetic mesostructure of 

zeolite through the use of surfactants in a basic medium and in a single step. 65 

Figure III.9. shows the classification of the hierarchical zeolites: i) crystals of hierarchical 

zeolite, ii) zeolites with nanosized crystals and iii) crystals of supported zeolites. The pore 

size distribution associated with each type, always confirms the presence of micropores with 

additional meso or macropores depending on the type. 
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Figure III. 9 Hierarchical classification and typical pore distribution of zeolites. Taken from 

66 

The introduction of mesopores into the zeolite crystals by top-down (or destructive post-

synthetic treatments) can be achieved through selective extraction of atoms from the zeolitic 

framework. As zeolites are aluminosilicates generally, the most two studied destructive 

techniques are dealumination and desilication processes. 

1.5.1. Dealumination 

The dealumination consists in the extraction of aluminum atoms from the structure of the 

zeolite. It can be produced by hydrolysis of the Al-O-Si bond by thermal or hydrothermal 

treatment with steam at high temperatures, chemical treatment with HCl or by direct 

substitution of aluminum by silicon with SiCl4 in the gas phase at elevated temperatures. 

Other less used dealumination treatments include reaction with chelating agents such as 

EDTA, which lead to aluminum complexation, reaction with oxalic acid, with aqueous 

(NH4)SiF6 or with F2 gas. 67-71 Originally, the dealumination treatments were done to control 

the concentration and the strength of the acid sites by increasing the Si/Al ratio of low-silica 

zeolites. 62 The defects created in the structure of the zeolite during the removal of aluminum 

atoms are then at the origin of a partial collapse of the framework, thus generating 

mesopores (Figure III.10.). 
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Figure III. 10 Mechanism of dealumination hydrochloric acid. Taken from 2 

1.5.2. Desilication 

Desilication consists in the hydrolysis of the Si-O-Si bond by means of the treatment with 

basic medium (e.g. NaOH, Na2CO3, NaAlO2, KOH, LiOH, etc.). This treatment allows the 

formation of mesoporosity while preserving the acidic properties of the zeolite (Figure 

III.11.).  

 

Figure III. 11 Hydrolysis of framework Si in alkaline medium. Taken from 72 

It has been known since long time that this technique yields lower Si/Al ratios with small 

changes in framework acidity. 73, 74 The desilication method can be used effectively for the 

introduction of mesopores when the Si/Al ratio of the parent material is in a certain range. 

At lower molar ratios Si/Al a limited formation of mesopores is observed, since the high 

concentration of Al atoms prevents the extraction of silicon, while at higher Si/Al molar 

ratios (lower Brønsted acidity) an uncontrolled silica extraction is observed producing the 

formation of large pores (Figure III.12). 
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Figure III. 12 Diagram of the influence of the content of Al in the treatment of desilication 

by treatment with NaOH. Taken from 62 

During the alkaline treatment also the dissolution of part of the Al of the zeolite takes place, 

generating an amorphous phase outside the structure. This amorphous alumina can 

partially block the pores of the zeolitic structure, therefore, it is necessary to perform an acid 

wash to eliminate it and unblock the microporosity. In addition, a characteristic of the 

alkaline treatment is the reduction of the Si/Al ratio due to the partial dissolution of the 

silica, which can be partially recovered, by performing the acid treatment after the alkaline 

in order to eliminate the amorphous alumina formed during the first step. 75 

On the other hand, the constructive techniques (bottom up), allow the hierarchization 

through the use of three types of structuring agents: templates, structure-directing agents, 

and species filling porosity (space-fillers) during the synthesis. 76 In recent years, great 

progress has been made in the synthesis and characterization of hierarchical zeolites that 

comprise the structured mesoporosity obtained through constructive methods. However, 

the high amounts of the organic materials used in such synthesis approaches, and 

consequently their high cost, is a real problem as it marks a major drawback on a large 

industrial scale. The high operating conditions associated with presence of large quantities 

of organic molecules used, are considered highly inconvenient and may be behind the 
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release of effluent gases that may cause environmental problems. In addition to detrimental 

effect on the final framework structure caused by high applied temperatures. These 

concerns get in the way of the eventual industrializing of the constructive synthesis 

methods, and, consequently, their effective application in industry is somehow limited. 62 

Table III.1. summarizes the advantages and disadvantages associated to the destructive and 

constructive approaches towards hierarchical zeolites synthesis. 

Table III. 1 Summary of the advantages and disadvantages of the destructive and 

constructive synthesis approaches for mesoporous zeolite materials. 62 

 Formation route Production cost 
health/safety/environment 
issue 

Hydrothermal 
stability 

Flexibility 
in Si/Al 

Destructive 
Dealumination Low No High Medium 

Desilication Low No High Little 

Constructive 

Zeolitization of 
mesoporous 
material 

High Yes Low Medium 

Soft templating Medium/High Yes Medium/High Yes 

Hard 
templating High Yes High Yes 

Mesostructuring 
of zeolites High Yes Medium/High Yes 

 

1.6. Zeolites in nanocrystals and their synthesis  

The high interest in the nanosized porous materials at the beginning of the new millennium 

is a part of the revolution in the nanotechnology. It is known that the driving force for many 

processes is the local environment of atoms exposed at solid surfaces compared to that in 

the bulk. 77 Therefore, in order to increase the number of surface atoms in the solids, two 

main approaches are applied: (a) decrease the size of dense particles or (b) create an open 

pore network within the bulk solid. The combination of these two approaches leads to the 

formation of nanosized zeolites with accessible and uniform pores. 78 The zeolite 

nanocrystals have several properties, as shown in Figure III.13. 



_______________________________________________________________ 

 

64       
 

 

Figure III. 13 Different properties of nanometric zeolites. Taken from 78 

The main methods to obtain crystals of zeolites in nanometric sizes are: (i) synthesis from 

clear precursor suspensions in the presence of organic template, (ii) low temperature 

synthesis from highly alkaline organic-template-free hydrogels, and (iii) alternative 

methods including ionothermal, seed-induced and confined space synthesis. 79-81 

1.6.1. Synthesis from clear precursor  

The method of synthesis of nanozeolites by means of "clear solution" is based on the 

principle that, in the absence of gel, the confluence of the nuclei between them is at a 

disadvantage, which inhibits their condensation. This absence of gelling is obtained with a 

high molar ratio of water/sodium hydroxide. The temperature of hydrothermal synthesis is 

generally moderate. 82-85 

1.6.2. Synthesis from strongly alkaline gels 

Another form of synthesis of zeolite nanocrystals is to work at low molar ratios of water / 

sodium hydroxide and in the absence of structuring agent. The kinetics of nucleation 

accelerate strongly, so it takes precedence over the crystalline growth stage. 86-88 Comparing 

with the "clear solutions" method, in this method the hydrothermal processes require 

shorter times and lower temperatures. 
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1.6.3. Alternative methods 

The use of porous matrices in the synthesis of zeolites has the objective of imposing a 

maximum size, of the same order of magnitude as the diameter of the pores of the matrix, 

where the forming crystals undergo steric stress. 89-91 

2. Zeolites as catalysts in the etherification of glycerol with tert-butyl alcohol 

Reports in which zeolites have been used in the etherification of glycerol with tert-butyl 

alcohol (TBA) are relatively few. Historically, the use of zeolites in this reaction, was born 

timidly with the Klepáćová and co-workers study, 92 where they discovered that the catalytic 

activity of large pore zeolites, such as HY and H-BEA, can make an alkylation of glycerol, 

as does Amberlyst® 15; Two years later, the same authors published a more developed work 

comparing the same zeolites (HY and H-BEA) with the ion exchange resins, Amberlyst® 15 

and Amberlyst® 35. 93 They conclude that glycerol conversion and selectivity to di-tert-butyl 

ether glycerol, are higher when acid resins are used, without giving too much relevance to 

zeolites. Selectivity to DTBG achieved with zeolites was around 25%, and TTBG was not 

detected when using these catalysts. This was attributed to steric hindrance effects because 

of the microporosity of the zeolites 

In 2013, Gonzales et al., 94 carried out the etherification of glycerol with TBA at 348 K, in three 

commercial acid zeolites: * BEA, MOR and MFI with respective Si/Al molar ratios of 10, 6.5 

and 20. the authors showed that the *BEA zeolite allowed to achieve the highest conversion 

(75% with catalyst loads of 5% by weight) for this transformation, which was confirmed by 

the previous studies of the Klepáćová group. A year later, Gonzalez et al., 95 showed that 

these results could be improved and its activity can be further improved by post-synthetic 

modifications, such as desilication (using alkaline agents) and fluorination treatments.  

In 2016, Simone et al., 96 synthesized MFI based nanosponge and nanosheet, featuring 

structured hierarchical systems of connected pores on different length scales. The authors 
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observed, that the hierarchical catalysts are both more active and selective towards the 

formation of higher substituted ethers compared to the purely microporous ones. 

The same year (2016) Manjunathan and co-workers 97 used zeolites (H-ZSM-5, H-Y and H-

BEA) to compare the catalytic activity with a sulfonic acid functionalized mesoporous 

polymer. Medium pore zeolite H-ZSM-5 gave lower glycerol conversion (10%) which is 

mainly attributed to the diffusion limitation of molecules due to pore size restriction. Large 

pore zeolites namely H-Y and H-beta showed higher glycerol conversion (59 and 77 % 

respectively) and h-GTBE selectivity compared to medium pore zeolite H-ZSM (28, 33 % for 

H-Y and H-BEA respectively and 0% with H-ZSM-5).  

Considering that in the literature there are few studies in which the use of zeolites in the 

etherification of glycerol with tert-butyl alcohol reaction is completely detailed, the 

following section shows the motivation and the objective of this section of the thesis. 

3. Motivation of the use of zeolites in the etherification of glycerol with tert-butyl 

alcohol 

The location of protonic sites within the pore system influences the catalyst activity, 

selectivity and stability. This is particularly the case with zeolite materials where the size of 

micropores is often close to those of reactant(s), product(s) and reaction intermediate(s), 

which is at the origin of what is referred as molecular shape selectivity (MSS). MSS results 

from constraints arising from the interaction of molecules or intermediates within the zeolite 

channels or cages of molecular size. 39, 98 Reactant or product selectivity can be observed 

when reactant or product molecules diffuse at very different rates within the zeolite 

micropores as a function of their sizes. Moreover, the formation of bulky transition states 

can be limited or inhibited within cages or channel intersections (restricted transition state 

selectivity). Despite, these constraints positive interactions (such as confinement, solvation 

99) can further occur between reactant and intermediate molecules and the intracrystalline 

zeolite pore volume, which affect the rates of catalytic reactions. Therefore, the differences 
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in activity of zeolite catalysts can result from the solvating characteristics of their channels, 

channel intersections and cages.  

4. Objective of the use of zeolites in the etherification of glycerol with tert-butyl 

alcohol 

To evaluate the impact of the zeolite voids and void interconnections on the activity, 

selectivity and stability of the liquid phase glycerol etherification with tert-butyl alcohol. For 

this purpose, different types of acidic catalysts: Amberlyst® 15, silica, alumina, silica alumina 

and four series of zeolites: MOR, FAU, *BEA and MFI structure type (Figure III.14) with 

different Si/Al molar ratio, morphologies and crystal size ranging from few nanometers to 

several micrometers, were compared. 

 

Figure III. 14. Structures of the zeolites studied. 

5. Experimental section 

5.1. Chemicals and catalysts 

The reagents glycerol (99%) and tert-butyl alcohol (99.4%) were obtained from Acros 

Organics. Table III.2., shows the catalysts used, the origin and, in the case of zeolites are 

designated as follows: the type of zeolite is indicated in brackets by using the IZA structural 

code, the range of crystal size is in subscript, i.e., MC, SC, NC for micrometer, sub-

micrometer, nanometer-sized, and NSp, NSh for nanosponge and nanosheets 

morphologies, respectively. The bulk Si/Al molar ratio is in superscript (the Si/Al radius and 

the crystal size determination are based on the results that will be shown later). For the 

mordenite and H-ZSM-5 catalysts, “d” indicates a desilication process, the values in 
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brackets are sodium hydroxide concentration (M) and temperature (K) used for alkaline 

treatment; “a” indicates a subsequent acid treatment. 

Table III. 2 Catalysts used and their origin where C: commercial, S: synthetized, M: 

modified. 

 Catalyst Origin Supplier Reference 
     
 A-15 C Acros-Organics 9037-24-5 
     
 SiO2 C Sigma-Aldrich 242179 
 Al2O3 S    
 SiO2-Al2O3 S    
 
MOR 
HxAlxSi48-xO96 
 

    
(MOR)𝐒𝐂B� C Sud-chemie (Clariant) T-4545 
d(0.4/358)-a-(MOR)𝐒𝐂B� M    

FAU 
HxAlxSi192-xO384 
 

    
(FAU)𝐌𝐂Z.±  C Zeolyst CBV500 
(FAU)𝐌𝐂B²  C Zeolyst CBV720 
(FAU)𝐌𝐂��  C Zeolyst CBV780 

*BEA 
HxAlxSi64-xO128 
 

    
(*BEA)𝐌𝐂B�  S    
(*BEA)𝐌𝐂B³  S    
(*BEA)𝐒𝐂�  S   
(*BEA)𝐒𝐂B� S    
(*BEA)𝐍𝐂BZ  C PQ Zeolites B.V. CP811 BL-25 
(*BEA)𝐍𝐂B³  S    
(*BEA)𝐍𝐒𝐩B²  S   

MFI 
HxAlxSi96-xO192 

    
(MFI)µ¶��  C Zeolyst CBV8014 
d(0.4/338)-(MFI)𝐌𝐂��  M    
(MFI)𝐍𝐂�³  C Clariant HCZP90 
(MFI)𝐍𝐒𝐡�³  S    
(MFI)𝐍𝐒𝐩Z�  S   

 

The process used for the synthesis and / or modification of the catalysts is described in annex 

A. 
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5.2. Characterization  

The details of the equipment, the preparation and/or the treatment of the sample to perform 

the respective characterization are shown below. The principle of each technique of interest 

for this study was detailed in the first chapter of this document.  

5.2.1. Chemical composition 

X-ray fluorescence spectrometry (XRF): The analyzes were carried out in a PHILIPS 

MAGIX type device. The samples were prepared as pellets by compacting approximately 

200 mg of zeolite powder using a press (applying a pressure of 2 tons for a few minutes). 

Inductively coupled plasma emission spectrometry (ICP-OES): The analysis was 

performed on an argon plasma using a Perkin-Elmer OPTIMA 2000DV spectrometer. The 

sample is dissolved in aqua regia and then vaporized with a plasma to measure the emission 

intensity of a radiation characteristic of the element to be analyzed. The uncertainty of the 

measure is 2%. 

5.2.2. Composition of the surface 

X-ray Photoelectron Spectroscopy (XPS): The XPS analysis is performed using an AXIS 

Ultra DLD KRATOS spectrometer. The photoelectron spectra are obtained using a 

monochromatic Al Kα source (1486.6 eV), which operates at 150W (10 mA, 15 kV). The 

pressure in the analysis chamber during the measurements is 9.0x10-8 Pa. The charge 

neutralizer is used for all measurements to compensate for the accumulation of positive 

charges from the insulating samples. The spectra were recorded with a constant pass energy 

of 160eV. The binding energy of the reference taken in this study is the core Si2p (103 eV). 

The composition and the elements in contact on the surface of the sample are analyzed 

according to the binding energies of Si2p and Al2p. The decomposition of the high-

resolution spectra is done using the CasaXPS software. 
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5.2.3. Determination of the Si/Al ratio of the zeolite framework 

Nuclear magnetic resonance (NMR) of the solid: The 27Al MAS (Magic Angle Spinning) 

NMR spectra were recorded at room temperature on a BRUKER ADVANCE II 400 MHz 

spectrometer according to the conditions described in Table III.3.  

Table III. 3 Analysis conditions of NMR spectra.107 

 27Al MAS 

Chemical reference Chlorosodalite  

Frequency (MHz) 104.28  

Pulse duration (µs) 0.42  

Pulse angle π/12 

Contact time (ms) / 

Recycling time (s) 0.58  

Rotation speed (kHz) 4 

Number of scans 100000  

Infrared spectroscopy of the structure bands (IR Region 300 to 1300 cm-1): The infrared 

spectra were carried out using a NICOLET MAGMA Fourier transformation apparatus (750 

spectrometer). The sample holder is installed in a glass measuring cell. The catalyst is 

formed in a tablet of 10 to 20 mg of surface area of 2 cm2 (the measurement is made in the 

sample diluted to 5% in KBr). Then it is entered into the measurement cell. 

Example: the number of framework aluminium atoms, NAl, and the Si/Al structure ratio of 

zeolite *BEA were determined by equations 1 and 2. 107,108 

𝐍𝐀𝐥	 = 	
B���C¹
~,~~±�

                                                              (Eq. 1) 

With: 

NAl: is the number of framework aluminium atoms, 

υ: is the wave number (cm-1) close to 1090 cm-1 (Figure III.15). 
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Figure III. 15 Structural bands of * BEA zeolite 

𝐒𝐢
𝐀𝐥
= 	 ±�C`»¼

`»¼
                                                                   (Eq. 2) 

5.2.4. Determination of the framework formula 

The formula of the framework can easily be deduced from the chemical composition of the 

zeolite and the structure of Si/Al ratio, provided that certain simplifying assumptions are 

made about the nature of extra-framework species and the composition of the structure. 

These simplifying assumptions depend in part on how the sample is prepared. In all cases, 

it is generally assumed that: all the Si atoms are located in the frame, the Al atoms can be 

either in the frame or outside the frame (EFAl); and that all cations are in exchange position. 

Example: the calculation for determining the composition of the elementary cell of an H- 

*BEA zeolite is presented below (Taken from 107): 

• Experimental data: 

FLUOX (% by weight): Si: 44.5 ; Al: 2.48 ; Na: 0.088 ; O: 52.5 

Si/Al atomic ratio of framework 22 (determined by NMR and IR) 

• Solution: 

framework formula without EFAl: 

NT: is the total number of atoms Al and Si in an elemental cell of zeolite 

*BEA  

Band close to 1090 cm-1

cm-1
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NT = NAl +NSi = 64 = NAl+ 22 NAl = 23 NAl where NAl = 2,8 and NSi= 61,3  

NNa/NSi = 0,002 ; NNa = 61,3 × 0,002= 0,1 ;  

NH+= NAl –NNa = 2,7  

Result H2,7 Na0,1 Al2,8 Si61,3 O128  

Number of EFAl per framework:  

(Si/Al)total = 17,3 ; Total number of Al per framework = 61,3/17,3= 3,5  

NEFAl=3,5 - 2,8= 0,7  

Result H2,7 Na0,1 Al2,8 Si61,3 O128 0,7 EFAl  

To calculate the mass of the framework and estimate the theoretical concentration at the 

protonic acid sites, it is generally accepted that EFAl is in the form of Al2O3.  

Mframe= 3942 g.mol-1  

CH+ = 2,7/3942= 685 µmol.g-1 

5.2.5. Structural analysis 

X-ray diffraction (XRD): The X-ray diffractograms were recorded at room temperature in a 

fixed-slot X'PERT PRO (PANalytic) diffractometer using the Kα copper line (λ = 1.5418 Å) 

at a voltage of 50 KV and an intensity of 40 mA. The measurements were made in a Bragg-

Brentano mode configuration in an angular range 2𝜃 that varies from 3 to 50 degrees in steps 

of 0.017 degrees and with a counting time of 1.81 seconds per step. The samples studied 

were pressed in the form of pellets in a stainless-steel sample holder (for measurements at 

large angles (5 < 2𝜃 < 50 degrees) or extended as thin films on glass plates (for measurements 

at small angles (0.5 < 2𝜃 < 5 degrees). 
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5.2.6. Morphology 

Scanning electron microscopy (SEM): The sample is first sieved to homogenize the size. he 

average size is then evaluated using a Philips XL 30 FEG microscope. The samples to be 

analyzed are deposited on a double-sided conductive adhesive and then covered with a thin 

layer of gold (10-20 nm) by sputtering. The samples are then placed in the SEM chamber. 

The vacuum is less than 2.0 x10-5 bar, the electron beam voltage varies from 5 to 15 kV and 

the intensity is about 130 µA. 

Transmission electron microscopy (TEM): The photographs obtained were made at room 

temperature on a FEI-PHILIPS CM200 device equipped with a thermionic gun, LaB6 

filament. This microscope reaches a resolution of 0.3 nanometers. The samples must have a 

thickness of less than 100 nm obtained by grinding or ultramicrotomy. They are dispersed 

in a solvent. A drop of the suspension obtained is deposited on a copper grid covered with 

a carbon layer. 

5.2.7. Textural properties 

Nitrogen adsorption-desorption: The textural properties were evaluated by nitrogen 

adsorption at 77 K on a MICROMERITICS ASAP 2420 MP apparatus over a wide pressure 

range (1.0 x10-7 to 1 Bar) on calcined samples. Before the nitrogen adsorption analyzes, the 

samples are degassed under vacuum at 363 K. for 1 h and then at 573 K for 15 h in order to 

eliminate all the adsorbed species, in particular the physisorbed water. 

5.2.8. Acidity  

Pyridine thermodesorption followed by infrared spectroscopy: Fourier transform Infrared 

spectra (FT-IR) of pyridine adsorbed samples were recorded on a Nicolet Magna 550-FT-IR 

spectrometer with a 2 cm−1 optical resolution. The zeolites were first pressed into self-

supporting wafers (diameter: 1.6 cm, ≈ 20 mg) and pretreated from room temperature to 723 

K (heating rate of 1.5 K min-1 for 5 h under a pressure of 1.33 10−4 Pa) in an IR cell connected 

to a vacuum line. Pyridine adsorption was carried out at 423 K. After establishing a pressure 
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of 133 Pa at equilibrium, the cell is evacuated at 623 K to remove all physisorbed species. 

The amount of pyridine adsorbed on the Brønsted (BAS) and Lewis (LAS) sites is 

determined by integrating the band areas at respectively 1545 cm-1 and 1454 cm−1 and using 

the following extinction coefficients measured at 293 K: e1545 = 1.13 and e1454 = 1.28 cm mol−1 

(Calibration curves in the Figure III.16.). It is worth mentioning that the values of the 

integrated molar extinction coefficients are close to those found by Dwyer et al., 109 and differ 

from the typically applied values presented by Emeis 110 (i.e. e1545 = 1.67 and e1445 = 2.22 cm 

mol-1). The difference is due to the temperature at which the spectra were recorded. In this 

thesis and that presented in reference 109, they were reordered at 293 K, whereas in the 

publication of Emeis at 423 K. According to Shi and Zhang 111 and Bauer et al., 112 the 

temperature dependence of extinction coefficient is represented by a simple power law: 𝜀 =

𝜀(𝑇�) �
Q
Q@
�
W
, where A is the temperature exponent and T0 the reference temperature. It is thus 

important to ensure for the accurate quantification of BAS and LAS that spectra are recorded 

at same temperatures used for the determination of molar extinction coefficients. 

 
The calibration curves were obtained by adding to the IR cell a known amount of pyridine vapor from a gas admission compartment 

(0.9122 cm3). The spectrums were recorded at 293 K. 

 

Figure III. 16 Molar extinction coefficient of Brønsted acid sites (band at 1545 cm-1) and 

Lewis acid sites (1455 cm-1). 

 
 
 
 
 

y = 1.0927x
R² = 0.9995

y = 1.4052x
R² = 0.991

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6

In
te

gr
at

ed
 a

ds
or

ba
nc

e 
(c

m
-1

)

Pyridine  (µmol)

y = 1.38x 

y = 1.13x 

y =  1.28x



_______________________________________________________________ 

 

75       
 

5.3. Glycerol etherification with tert-butyl alcohol 

Etherification experiments were performed in a batch reactor: a glass stirred autoclave (15 

mL) equipped with a temperature controller and a pressure gauge, Figure III.17.  

 

Figure III. 17 Reactor used for etherification of glycerol with tert-butyl alcohol reaction. 

For the etherification of glycerol with tert-butyl alcohol, the composition of the reaction 

mixture was: 2.79 g (3.0 x 10-2 mol) of glycerol, 9.00 g (1.2 x 10-1 mol) of tert-butyl alcohol 

(glycerol/tert-butyl alcohol molar ratio of 0.25) and constant catalyst loading of 7.5wt% 

(referred to glycerol mass). Stirring was fixed for all experiments to 1200 rpm to avoid 

external diffusion limitations. Zeolites were activated before testing at 473 K under reduced 

pressure during 12 h and the Amberlyst® 15 was washed with methanol and dried in 

vacuum at 333 K. The reaction temperature was fixed at 363 K and samples were taken at 

different times for 10 h under autogenous pressure, which can reach up to 5 bar. The reaction 

products were analyzed by gas chromatography using a chromatograph model Agilent 

Technologies 7820A equipped with an auto-sampler G4567A, DB-WAX column and an FID 

detector and butanol (Sigma Aldrich) as internal standard. The analyzes were performed 

using the following temperature program: 

 313 K

513 K

293 K min−1

5 min

5 min
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Glycerol, MTBG (3-tert-butoxy-1,2 propanediol and 2-tert-butoxy-1,3 propanediol) and 

DTBG (2,3-di-tert-butoxy-1-propanol and 1,3-di-tert-butoxy-2-propanol) response factors 

were determined by calibration performed with standards. MTBG and DTBG, which were 

not available commercially, were isolated from the products of the etherification reaction by 

column chromatography (1:9 Ethyl Acetate/petroleum ether) and identified by 1H-NMR.  

The 1H NMR spectra were performed at 400 MHz using CDCl3 as solvent, with a chemical 

shift (𝛿) referenced to internal CDCl3 standard of 7.26 ppm, annex B. 

Glycerol conversion (%), product selectivity (%) and the molar yield (%), were calculated 

using the following equations: 

Glycerol conversion (%) = 
glycerol converted moles 
initial moles of glycerol

                           (Eq. 3) 

Product selectivity (%) = 
moles of obtained product 

total moles of product
                           (Eq. 4) 

Molar yield (%) = 
moles of obtained product 

initial moles of glycerol
                                        (Eq. 5) 

The carbon balance with respect to glycerol was close to 97% for all the catalysts except with 

𝛾-Al2O3, which was lower than 90%. 

5.3.1. Catalyst regeneration and catalytic recycling  

 
After stopping reactions, catalysts were separated from reaction medium by centrifugation 

and spent catalysts were rinsed with 55.8 mL ethanol at 373 K under 10 MPa nitrogen 

pressure during 14.5 min using a Dionex ASE 350. The recovered rinsing solution was 

concentrated by evaporation on a rotavap and characterized by gas chromatography. The 

amount of confined organic molecules (after rinsing) was inferred through 

thermogravimetric analysis. Rinsed catalysts were used directly or after calcination (773 K/8 

h) in catalytic recycling experiments by applying the protocol described above. 
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6. Results and discussion  

This section is divided into two parts. The first shows the results of the characterization of 

the catalysts and the second part, deals with the influence of the catalysts on the glycerol 

etherification with tert-butyl alcohol. 

6.1. Characterization of catalysts  

6.1.1. Chemical composition and Si/Al ratio 

Table III.4. shows the molar proportions of silicon and total aluminum of the zeolites, in the 

frame and the Extra-framework aluminum. 

Table III. 4 Si/Al ratio, frame and aluminum Extra-framework. 

Catalyst Si/Al EFAlc 
 Tot.a Fra.b Atom 

per cell 
A-15 /   
SiO2    

Al2O3 /   
SiO2-Al2O3 20   

    
(MOR)𝐒𝐂B�	 10 11.6 0.6 

d(0.4/358)-a-(MOR)𝐒𝐂B� 9.8 10.9 0.4 
    

(FAU)𝐒𝐂Z.± 2.6 3.9 19.6 
(FAU)𝐒𝐂B² 17 16 0.4 
(FAU)𝐒𝐂�� 40   

    

(*BEA)𝐌𝐂B³  15 17 0.5 
(*BEA)𝐒𝐂�  9 17 3.1 
(*BEA)𝐒𝐂B� 10 13 1.4 

(*BEA)𝐍𝐂BZ.³ 12 15 1.0 
(*BEA)𝐍𝐂B³  15 23 (21) 1.4 

(*BEA)𝐍𝐒𝐩B²  17 22 (23) 0.8 
    

(MFI)𝐌𝐂��  40   
d(0.4/338)-(MFI)𝐌𝐂��  42   

(MFI)𝐍𝐂�³  45   
(MFI)𝐍𝐒𝐡�³  45   
(MFI)𝐍𝐒𝐩Z�  20   

a. XRF analysis; b. estimated  to TOT band at 1080-1200 cm-1 using the correlation given in ref.  108 or by 27Al and 29Si  NMR (in 

parenthesis), c. Extra-framework Aluminum  calculated from b and c. 



_______________________________________________________________ 

 

78       
 

The total Si/Al ratio is measured by X-ray fluorescence spectrometry. For some samples, the 

value obtained was verified and confirmed by inductive plasma spectrometry. 

The Si/Al ratio of the framework is calculated using a correlation that provides the 

aluminum frame number from the position of the structure band to approximately 1090 cm-

1. This indirect method, which is fairly easy to use, is validated by measurements obtained 

using a more complex technique that is 27Al NMR. In fact, it is known that aluminum NMR 

is used to identify and quantify the different coordination states of this nucleus. The NMR 

spectra of the aluminum of the various modified beta-zeolites have two signals, one of 

which is characteristic of the resonance of the tetracoordinated aluminum atoms and the 

other is characteristic of the resonance of the hexacoordinated aluminum atoms. Al (IV) 

tetracoordinated aluminum atoms resonate at a chemical change of +60 ppm and the 

hexacoordinated aluminum atoms of Al(VI) resonate at a chemical change of 0 ppm. The 

percentage by weight of the two aluminum species Al(IV) (intra-reticular aluminum located 

within the framework of the zeolite) and Al(VI) (extra-reticular aluminum) is quantified by 

integrating the signals corresponding to each of these species. The quantitative analysis of 

each of these two families allows to calculate the relationship of the Si/Al network and 

determine the number of extra-framework aluminum (EFAl) per zeolite frame. The extra-

framework aluminum number can also be calculated from the total Si/Al ratios and the 

frame. 

6.1.2. Structural results of zeolites 

Figure III.18., shows the X-ray diffractograms of the zeolites that were synthesized and/or 

modified; for the mordenite, it can be observed that after the basic treatment and then an 

acid treatment, there is a conservation of the crystalline structure. In addition, the 

desilication causes a decrease in crystallinity (deduced from the ratio of the areas of the 

diffraction peaks of the modified zeolites and the original zeolite taken as reference) of about 

25%. 
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Figure III. 18 X-ray diffractograms for synthesized or modified zeolites. 

For the Beta zeolite, it can be seen that all the diffraction peaks obtained for the different 
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NSp samples show both a widening and, at the same time, a decrease in the maximum 
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intensities compared to the larger crystal size samples, characteristic of these materials; this 

same effect occurs for MFI.  

6.1.3. Morphology of the zeolites  

Figure III.19 compares the SEM and TEM images of the MOR, FAU, *BEA and MFI-type 

zeolites. TEM image of (MOR)𝐒𝐂B� shows crystals with a length ranging from 100 to 500 nm 

and the alkaline treatment (d(0.4/358)-a-	(MOR)𝐒𝐂B�	yields to a lot of intracrystalline 

mesopores. SEM image of (FAU)𝐒𝐂Z.± displays large crystal (600 < ø <1000 nm) with a 

bipyramidal shape, and the TEM micrograph of (FAU)𝐒𝐂B² shows also large crystals (ø = 500 

nm). SEM image of the (*BEA)𝐌𝐂B³ , exhibits a truncated bipyramidal shape with crystal sizes 

ranging from 6000 to 10000 nm. The crystals of (*BEA)𝐒𝐂�  with a size ranging from 300 to 1500 

nm are aggregated. The (*BEA)𝐒𝐂B� sample, synthesized in alkaline medium at 423 K, consists 

on crystals with a smaller diameter (100–700 nm). Pseudo-spherical crystals with an average 

size of 40 nm are present for (*BEA)𝐍𝐂B³ ; the aggregation of the nanocrystals yields into the 

formation of intercrystalline mesospores. *BEA-type zeolite synthesized from a 

polyquaternary ammonium surfactant exhibits a sponge-like morphology.104 These 

nanosponges are formed by randomly aggregated nanoparticles delimited by ordered 

mesoporous channels. The corresponding TEM image reveals nanometer-sized *BEA units 

with a low thickness (2 nm) separated by narrow channels with a width of few nanometers. 

The (MFI)𝐌𝐂�� 	 zeolite have crystals with a diameter of 250 nm, and a desilication treatment 

on this zeolite yields to intracrystalline mesopores (d(0.4/338)-(MFI)𝐌𝐂�� ). For (MFI)𝐍𝐂�³  sample, 

the replacement of the conventional template (TPAOH) by a bifunctional organic compound 

generates the production of lamellar materials that are called nanosheets. 105 The overall 

thickness of the lamellar stacking of nanosheets was about 20-40 nm. The thickness of each 

nanosheet was 2 nm. 105 The increase of the carbon chain length and the number of 

quaternary ammonium of the used structuring agent (C18-6-6-18) lead to nanosponge 

morphology (𝑠𝑎𝑚𝑝𝑙𝑒	(MFI)𝐍𝐒𝐩Z� ). The morphology of nanosponges was spiky nanomaterials 

(composed of nanocrystals with a crystal size ranging from 3.7 to 4.6 nm) that are uniform 
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in size and shape as shown from SEM and TEM image in Figure III.19. Table III.5. 

summarizes all the sizes obtained for the zeolites. 

Table III. 5 Crystal sizes of the zeolites. 

Catalyst Crystal size 
 nm 

  
(MOR)𝐒𝐂B�	 500-100 

d(0.4/358)-a-(MOR)𝐒𝐂B� 500-100 
  

(FAU)𝐌𝐂Z.±  1000-600 
(FAU)𝐌𝐂B²  500  
(FAU)𝐌𝐂��   

  
(*BEA)𝐌𝐂B�  10000-6000 
(*BEA)𝐌𝐂B³  10000-6000 
(*BEA)𝐒𝐂�  1500-300 
(*BEA)𝐒𝐂B� 700-100 
(*BEA)𝐍𝐂BZ  20 
(*BEA)𝐍𝐂B³  40 

(*BEA)𝐍𝐒𝐩B²  2-4 
  

(MFI)µ¶��  250 
d(0.4/338)-(MFI)𝐌𝐂��  < 250 

(MFI)𝐍𝐂�³  20-50  
(MFI)𝐍𝐒𝐡�³  2 
(MFI)𝐍𝐒𝐩Z�  3.7-4.6 
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Figure III. 19 Scanning electron microscopy and transmission electronic images of 

commercial, modified and synthesized zeolites. 
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6.1.4. Textural results of zeolites 

For mordenite, the N2 adsorption/desorption isotherm of zeolite 	

(MOR)𝐒𝐂B�	 has an isotherm type I (characteristic of a microporous material). However, there 

is a hysteresis at a high relative pressure (p/p0 > 0.9), which corresponds to a mesoporosity 

created by the agglomeration of the crystallite. 113 On the other hand, a desilication treatment 

with 0.4 M NaOH and 358 K is sufficient to generate a low p/p0 hysteresis (> 0.4). This 

hysteresis reflects the presence of mesopores, Figure III.20a. 

With respect to the results of the series of beta zeolites, in the nitrogen isotherm of zeolite 

(*BEA)𝐌𝐂B³ , Figure III.20b, rapid increase in the amount of nitrogen adsorbed as a plateau is 

observed. According to IUPAC, this adsorption isotherm corresponds to type I. This zeolite 

is a purely microporous material with a volume of ~0.22 cm3g-1. The (*BEA)𝐒𝐂� 	sample has an 

isotherm comparable to those obtained in (*BEA)𝐌𝐂B³ . However, at high p/p0 values, there is a 

slight increase in the amount adsorbed, it is more pronounced in (*BEA)𝐒𝐂B�. These differences 

are reflected in an increase in the mesoporous volumes (0.12 and 0.29 cm3g-1). In (*BEA)𝐍𝐂B³ , 

the increase in the amount adsorbed in p/p0 greater than 0.8 is important. A narrow-type 

hysteresis H4 appears during desorption. The isotherm (*BEA)𝐍𝐂B³  decomposes at low 

pressure in an isotherm Ib and in a type IV at p/p0 high. The presence of this hysteresis is 

due to the presence of intercrystalline mesopores created by the agglomeration of 

nanocrystals. The isotherm for (*BEA)𝐍𝐒𝐩B²  after filling the micropores with N2 (type Ib), the 

additional accumulation of the amount adsorbed appears from p/p0 greater than 0.5 (type 

IV). The hysteresis that forms during desorption is H2 type. This type of hysteresis is 

generally observed in structured mesoporous materials.  

For the MFI zeolites, Type I isotherms characteristics of microporous materials were 

observed for big crystal ((MFI)𝐌𝐂�� ) and for nanosheet MFI (MFI)𝐍𝐒𝐡�³ . The isotherm (MFI)𝐍𝐒𝐩Z�  

decomposes similarly to the nano-sponge of *BEA. 
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Figure III. 20 Isotherms of adsorption and nitrogen desorption for the zeolites synthesized 

and/or modified: a. MOR; b. *BEA and c. MFI zeolites. 

Table III.6. reports the textural properties of the commercial and synthesized acidic 

catalysts. 
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Table III. 6 Textural properties of Amberlyst® 15, alumina, silica, alumina-silica and 

zeolites (commercial, modified and synthetized): MOR, FAU, *BEA and MFI. 

Catalyst SBETa Vmicrob Vmesoc 
 m2 g-1 cm3 g-1 cm3 g-1 

A-15 57 / / 
    

SiO2    
Al2O3    

SiO2-Al2O3  0.03 1.00 
    

(MOR)𝐒𝐂B�	 524 0.20 0.06 
d(0.4/358)-a-(MOR)𝐒𝐂B� 558 0.21 0.26 

    
(FAU)𝐒𝐂Z.± 624 0.34 0.07 
(FAU)𝐒𝐂B² 840 0.32 0.15 
(FAU)𝐒𝐂�� 795 0.29 0.20 

    

(*BEA)𝐌𝐂B³  588 0.22 0.02 
(*BEA)𝐒𝐂�  680 0.25 0.12 
(*BEA)𝐒𝐂B� 709 0.25 0.29 

(*BEA)𝐍𝐂BZ.³ 577 0.22 0.58 
(*BEA)𝐍𝐂B³  726 0.24 0.71 

(*BEA)𝐍𝐒𝐩B²  977 0.30 0.74 
    

(MFI)𝐌𝐂��  480 0.17 0.07 
d(0.4/338)-(MFI)𝐌𝐂��  507 0.17 0.30 

(MFI)𝐍𝐂�³   0.18 0.36 
(MFI)𝐍𝐒𝐡�³  492 0.18 0.36 
(MFI)𝐍𝐒𝐩Z�  888 0.30 0.98 

a. Specific surface area measured by BET; b. micropore volume using t-plot method; c. mesopore volume =Vtotal-Vmicro (Vtotal: 

determined from the adsorbed volume at p/p0=0.96), total microporous volume estimated by DR method. 

The silica, alumina and silica-alumina contrariwise to zeolite have practically no 

microporosity. The micropore volume value of the zeolites (Vmicro) is a “fingerprint” of their 

framework. Regardless of the crystal size (Fig. II.21a), MOR, FAU, *BEA and MFI-type 

zeolites have a Vmicro of 0.20, 0.30; 0.23 and 0.18 cm3 g-1, respectively which are the values 

expected for conventional well crystallized zeolites from the same structural type. 37, 101, 103 

The micropore volume of the nanosponge zeolites ((BEA)𝐍𝐒𝐩B²  and (MFI)𝐍𝐒𝐩Z� )) are higher 

owing to the presence of ultramicropores. The mesopores can be either intracrystalline or 

intergranular. 104, 105 The intergranular volume (Vmeso) depends on both size and shape of the 

zeolite crystals; smaller the crystal size, greater the mesopore volume (Fig. II.21b). Therefore, 
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Vmeso is near to zero on conventional micrometer zeolite samples. The alkaline treatment with 

NaOH on MOR and MFI zeolites allows generating intracrystalline mesopores while 

preserving their micropore volumes.  

 

 

Figure III. 21 Micropore (a) and mesopore (b) volumes as a function of zeolite crystal size. 
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Table III.7, shows the acidity values of the catalysts. 

 

 

0.0

0.1

0.2

0.3

0.4

1 10 100 1000 10000

V m
icr

o
(c

m
3 

g-1
)

Crystal size (nm)

MOR FAU BEA MFI a
Open symbol: nanosponge zeolites

0.0

0.2

0.4

0.6

0.8

1.0

1 10 100 1000 10000

V m
es

o
(c

m
3 

g-1
)

Crystal size (nm)

MOR FAU BEA MFI b
Full symbol:      intercrystalline mesopore
Open symbol:   intracrystalline mesopore



_______________________________________________________________ 

 

87       
 

Table III. 7 Acidic properties of Amberlyst® 15, alumina, silica, alumina-silica and zeolites 

(commercial, modified and synthetized): MOR, FAU, *BEA and MFI. 

Catalyst [PyH+]a [PyL]b 
 µmol g-1 µmol g-1 

A-15 2370 / 
   

SiO2 0 0 
Al2O3 0 321 

SiO2-Al2O3 43 96 
   

(MOR)𝐒𝐂B�	 1056 31 
d(0.4/358)-a-(MOR)𝐒𝐂B� 533 101 

   
(FAU)𝐒𝐂Z.± 403 149 
(FAU)𝐒𝐂B² 197 44 
(FAU)𝐒𝐂�� 100 20 

   
(*BEA)𝐌𝐂B³  752 215 
(*BEA)𝐒𝐂�  470 490 
(*BEA)𝐒𝐂B� 798 186 

(*BEA)𝐍𝐂BZ.³ 487 352 
(*BEA)𝐍𝐂B³  354 336 

(*BEA)𝐍𝐒𝐩B²  130 176 
   

(MFI)𝐌𝐂��  304 44 
d(0.4/338)-(MFI)𝐌𝐂��  224 55 

(MFI)𝐍𝐂�³  332 25 
(MFI)𝐍𝐒𝐡�³  83 119 
(MFI)𝐍𝐒𝐩Z�  151 44 

a, b. Concentrations of Brønsted ([PyH+]) and Lewis ([PyL]) sites able to retain pyridine at 423 K  

A portion of the sulfonic acid groups on the Amberlyst® 15 (A-15) are strong enough to 

protonate and retain pyridine at 423 K. The concentration of the Brønsted acid sites (BAS) 

amounts to 2300 µmol g-1, which corresponds to half of exchange capacity (between Na+ and 

H+) provided by the Rohm & Hass (4.7 mmol g-1). This result corresponds well to earlier 

reports,114 where acid site density on the dry macroreticular resin was measured from 

calorimetry of NH3 at 353 K. The dry alumina catalyst has only Lewis acid sites (321 µmol g-

1) while the SiO2 based material features no acidity able to retain pyridine at 423 K. On the 

other hand, the silica-alumina material features some BAS (43 µmol g-1). For the zeolites, the 

BAS concentration depends on both the Si/Al molar ratio and on their accessibility. For 
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instance, in the case of FAU type zeolites BAS located within the sodalite cages are not 

accessible by pyridine and do not amount to the bulk probed acidity. Hence, the ratio 

between the probed acid sites to the theoretical, calculated from the elemental composition 

of the zeolite ([PyH+]423K/[H+]Theoretical) depends strongly on the zeolite framework (Figure 

III.22).  

 

 

Figure III. 22 Proportion of theoretical Brønsted acid site probed by pyridine at 423 K as a 

function of zeolite crystal size. 

This ratio is low for FAU type zeolite and 0.8 for MOR, due to acid sites located on the 
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activity since the intrinsic strength of protonic sites, as demonstrated by Bokhoven et al.,117 

is identical regardless of the zeolite framework.  

 

The amount of EFAl sites per unit cell can be concluded through comparing the bulk and 

the framework Si/Al molar ratios. The quantity of EFAl sites is very high on aluminum rich 

zeolite, such as FAU, which can easily be removed by thermal treatment (essentially for 

FAU with a low Si/Al ratio).118 The presence of EFAl species can generate Lewis acid sites 

(LAS). *BEA zeolite features an important portion of LAS (176 – 490 µmol g-1) amounting to 

the total acidity. The total concentration of Lewis acid sites increases with the number of 

EFAl species. Yet, this correlation is not perfectly linear (Figure III.23) as not all of the EFAl 

species comprise LAS and can be of cationic or neutral nature, such as Al(OH)2+, Al(OH)2+, 

AlO+, Al3+, AlO(OH),  pseudobohemite and Al2O3. 119-122 Moreover, EFAl species can be 

located within or at the outer surface of the zeolite microporosity.  

 

 

Figure III. 23 Correlation between EFAl and the Lewis acidity. 
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and tert-butyl alcohol (TBA) in mono-, di- and tri- ethers (MTBG, DTBG and TTBG, 

respectively) are summarized as follows:  

 

G(l)+ TBA(l)    MTBG(l) + H2O(l) with ∆G1°298K = -7.47 kJ mol-1  (eq. 6) 

 

MTBG(l) + TBA(l)  DTBG(l) +H2O(l) with ∆G2°298K = -1.12 kJ mol-1               (eq. 7) 

 

DTBG(l) + TBA(l)  TTBG(l) + H2O(l) with ∆G3°298K = 7.40 kJ mol-1             (eq. 8) 

 

TBA(l)     IB(g) + H2O(l) with ∆G4°298K = -1.52 kJ mol-1             (eq. 9) 

It is worth to mention that the reverse reaction of TBA dehydration is negligible, since only 

a small amount of isobutene (IB) is dissolved in the liquid solution due to the low 

autogenous pressure (<0.5 MPa). The standard Gibbs free energy of formation used for 

MTBG, DTBG and TTBG are those obtained by Kiatkittipong123 by using the Gani’s 

method.124  Table III.8, shows the thermodynamic data.  

Table III. 8 Thermodynamic data. 

Name G° Origin 
 kJ. mol-1  
MTBG -394.97 Gani method 
DTBG -336.49 Gani method  
TTBG -269.49 Gani method  
TBA -177.6 database 
G -447.1 database 
H2O(l) -237.2 database 
IB(g) 58.08 database 

 

The authors predicted a minimization of the Gibbs free energy for an equilibrium 

conversion of glycerol (Xeq) at 363 K (with a supposed equimolar reactant mixture) of 75%. 
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Pico et al. found from two simplified kinetic models at 363 K with a TBA:G ratio of 1:4 (i.e. 

similar experimental condition to ours) a slightly higher value of Xeq, i.e. 80%.125 Hence, the 

etherification of glycerol and tert-butyl alcohol in mono-, di- and tri-ethers is a reaction 

limited by a thermodynamic equilibrium, under the experimental conditions of this thesis, 

the maximum glycerol conversion expected is of 80%. 

 

6.2.2. Kinetic model  

The external mass transfer effect over (*BEA)𝐍𝐂BZ.³ shows that the conversion and selectivity 

into MTBG and DTBG increases with increasing stirring speed and levels off at speeds 

higher than 800 rpm (Figure III.24), indicating the absence of external diffusion limitations 

at such stirring speeds. This results compare well to those obtained by Gonzáles et al., 95 and 

Karinen et al., 126 who observed a dependence of the product selectivity as function of the 

stirring rate and that at higher speeds, the reaction was more selective towards the ethers, 

while below 1000 rpm oligomerization of isobutylene was observed. Therefore, the stirring 

speed has been set to 1200 rpm for all experiments.  

 

 

Figure III. 24 (a) Conversion normalized by the conversion achieved at 1200 rpm and (b) 

Selectivity of MTBG and DTBG as function of the stirring rate on (*𝐁𝐄𝐀)𝐍𝐂𝟏𝟐.𝟓. 

The order of reaction for glycerol and tert-butyl alcohol were established on the (*BEA)𝐍𝐂BZ.³ 

catalyst at 363 K and estimated from the variation of the initial rate with the concentration 

of that reactant, using the natural logarithm of the rate equation: ln 𝑟� = ln 𝑘 + 	𝛼𝑙𝑛[𝐺𝑙𝑦]� +
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	𝛽𝑙𝑛[𝑇𝐵𝐴]�.	The initial rate are measured in a series of experiments at different initial 

concentration of Gly ranged from 2.0 x10-4 to 1.0 x10-3 mol cm-3 with a molar ratio TBA/Gly 

from 10 to 40. In these conditions, the concentration of the exceeding reactant can be 

considered as almost invariant. The slope of the straight line in Figure III.25 of lnr0 plot as a 

function of ln[Gly]0 then corresponds to the partial order with respect to Gly. Similar 

experiments were carried out by maintaining the concentration of Gly constant and varying 

that of TBA concentration from 4.0 x10-4 to 2.0 x10-3 mol cm-3.  

 

 
Figure III. 25 Natural logarithm of initial rates (lnr0) as a function of natural logarithm of 

the initial concentration (ln[X]0) of glycerol (full symbols) and TBA (open symbols). Kinetic 

study carried out on (*𝐁𝐄𝐀)𝐍𝐂𝟏𝟐.𝟓 at 363 K (data is given as absolute values). 

The partial kinetic orders with respect to Gly and TBA are both close to 1. It is worth 

mentioning that for the etherification on the solid-acid resin Amberlyst® 15, the kinetic 

orders found by Frusteri et al.127 are different and amount to an order of 0.3 with respect to 

Gly and an order of 1.7 with respect to tert-butyl alcohol. A possible explanation to this 

discrepancy might be due to the ability of the macroporous resin to enable the kinetically 

relevant steps between proximal adsorbates. Yet, Kiatkittipong et al.123 found that on 

Amberlyst® 15 the Langmuir-Hinshelwood (LH) activity based model is the best suited 

kinetic model to fit the experimental results. 
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Nevertheless, a LH mechanism involving elementary steps between adsorbates on identical 

sites is highly unlikely especially on high Si/Al zeolites due to the distance between two 

adsorbates species (several nanometers). The coupling between such spatially dispersed 

adsorbates to form C-O bonds in etherification is highly unlikely. Bimolecular reactions on 

zeolites typically occur through Eley-Rideal (ER) type mechanisms, such as for alcohol 

dehydration,128 alkane alkylation,129 olefin oligomerization130 and aromatics alkylation.131 

The partial kinetic orders with respect to glycerol and tert-butyl alcohol concentration equal 

to 1 are consistent with an ER mechanism, where TBA reacts with the adsorbed Gly. 

6.2.3. Activity and stability  

In Figure III.26, the glycerol conversion has been compared as a function of the reaction time 

for following catalysts: Amberlyst® 15 (A-15 as reference catalyst 93, 132, 133), g-Al2O3, SiO2, SiO2-

Al2O3 and commercial zeolites ((MOR)𝐍𝐂B� , (FAU)𝐒𝐂��, (*BEA)𝐍𝐂BZ.³, and (MFI)𝐍𝐂�³ ).  

 

 

Figure III. 26 Glycerol conversion as a function of reaction time. Test carried out at 363 K, 

1200 rpm, autogenous pressure, 7,5 % of catalyst (referred to glycerol mass) and 

glycerol/tert-butyl alcohol molar ratio of 0.25. 

By employing A-15 as the catalyst, the conversion increases rapidly and reaches a plateau 

at 64% within 1 h. The plateau is 16% lower than the predicted equilibrium value, which 

means that conversion is hampered by deactivation of the sulfonic resin, probably due to a 

product inhibition effect, e.g. by H2O. The catalysts based on SiO2 and 𝛾-Al2O3 show no 
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catalytic activity for the etherification (Table III.9, shows the conversion, selectivity and 

activity of catalysts). Hence, glycerol etherification at 363 K requires protonic sites. It is to 

note that the Lewis acid sites can catalyze the etherification reaction, yet merely at higher 

reaction temperatures (T>473 K 134-136). At low temperatures the alcohol remains strongly 

adsorbed on the Lewis sites, 137 thus yielding an incomplete carbon balance (< 90%). On 

silica-alumina catalyst, the glycerol conversion is extremely slow and amounts to only 2% 

after 10 h of reaction, ascribable to the low BAS concentration (43 µmol g-1). Employing 

(*BEA)𝐍𝐂BZ.³ allows to achieve an increasing conversion up to a pseudo-plateau lower than that 

of A-15 at approximately 54%.  

Indeed, the rate decreases with time due to reactant consumption and accumulation of 

products (MTBG) and more particularly water in the media. As there is no asymptotic 

approach towards the value of glycerol conversion equilibrium, this suggests that the 

catalysts deactivate (not by coking since the reaction temperature is too low, i.e. 353 K), but 

through a product inhibiting effect. 138 Using (MOR)𝐍𝐂B�  a much stronger deactivation is 

observed, achieving a plateau at only 6% after 1 h. Indeed, such mono-dimensional zeolites 

are extremely sensitive to deactivation. 139 Employing (FAU)𝐒𝐂�� and (MFI)𝐍𝐂�³  as catalysts, the 

glycerol conversion increases continuously with the reaction time, yet after 10 h the 

conversions are considerably lower than on (*BEA)𝐍𝐂BZ.³, and are 33% and 20% against 54%, 

respectively (Figure III.26). It is interesting to note that the catalytic behavior of both of the 

large pores zeolites, FAU and *BEA, is significantly different. The higher efficiency of *BEA 

could be due to either the small crystal size that favors the diffusion of reactant and products 

or as proposed by Veiga et al., 140 to the hydrophobic/hydrophilic balance of its surface. As 

far as the latter is concerned, the authors correlated catalytic activity and hydrophobicity 

index (drawn from the non-competitive adsorption of water and toluene) for FAU, MFI and 

*BEA zeolites. Yet, this relation is not consistent, as authors compared zeolites featuring 

different crystal size, as suggested by the indicated external surface (Sext). Indeed, the high-

value of Sext of *BEA zeolite indicates small crystal size, whereas for FAU and MFI zeolites, 
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Sext is low and corresponds hence to larger crystal sizes. Yet, the authors found *BEA to be 

the most active catalyst among all tested zeolites.  

 

Table III. 9 Glycerol etherification with tert-butyl alcohol: conversion and selectivity after 

10 h, initial activity (A0) and TOF obtained on Amberlyst® 15, silica, alumina, silica-

alumina and zeolites (commercial and synthetized): MOR, FAU, *BEA and MFI. 

Reaction conditions: 7.5 wt.% of catalyst (referred to glycerol mass), glycerol/tert-butyl alcohol molar ratio = 0.25, reaction temperature = 363 K, reaction 
time = 10 h, stirring = 1200 rpm. MTBG: glycerol monoethers; h-GTBE: glycerol diethers + glicerol triether. In parenthesis, selectivity to glycerol triether 
(%). a Turnover frequency per Brønsted acid sites probed by the pyridine at 423 K,  

 

Results of the catalytic etherification of glycerol with tert-butyl alcohol further compared in 

terms of initial activity (A0), where possible deactivation does not occur. A0 was estimated 

from the slope of the tangent at zero time fitted to the curves presented in Figure III.27. The 

initial activity of the sulfonic resin A-15 is the highest due to the important amount of BAS 

(Table III.7). On the tridimensional zeolites with large pores, i.e. FAU and *BEA zeolites, A0 

Catalyst Conv. (%) Selectivity (%) A0glycerol 

(mol h-1 g-1) x 104 
TOFa 

(h-1) x 102   MTBG h-GTBE 
A-15 64 75 25 (0.3) 15.00 63 

      
SiO2 0 0 0 0 0 

Al2O3 0 0 0 0 0 
SiO2-Al2O3 2 100 0 0.22 51 

      
(MOR)𝐍𝐂B� 	 9 97 3 0.57 5 

      
(FAU)𝐒𝐂Z.± 5 100 0 1.33 33 
(FAU)𝐒𝐂B² 33 82 18 (0.6) 3.26 166 
(FAU)𝐒𝐂�� 23 83 17 (0.6) 1.36 136 

      
(*BEA)𝐌𝐂B³  12 93 7 0.08 1 
(*BEA)𝐒𝐂�  61 74 26 9.90 198 
(*BEA)𝐒𝐂B� 57 81 19 5.60 70 

(*BEA)𝐍𝐂BZ.³ 54 70 30 (0.1) 7.00 151 
(*BEA)𝐍𝐂B³  57 71 29 (0.1) 4.80 161 

 (*BEA)𝐍𝐒𝐩B²  8 92 8 1.90 180 
      

(MFI)µ¶��  8 99 < 1 0.31 10 
																								(MFI)𝐍𝐂�³  20 99 < 1 0.89 41 

(MFI)𝐍𝐒𝐡�³  12 99 < 1 0.13 46 
(MFI)𝐍𝐒𝐩Z�  6 99 < 1 0.47 9 
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is proportional to the concentration of BAS, excepted for the catalyst featuring large crystals, 

i.e. (*BEA)𝐌𝐂B³  and (FAU)𝐒𝐂Z.±, that indicate the occurrence of diffusion limitation (DL), (Figure 

III.27).  

 
Figure III. 27 Initial activity of glycerol etherification with tert-butyl alcohol as a function 

of the concentration of protonic sites probed by pyridine at 423 K. (operating conditions: 

glycerol/tert-butyl alcohol molar ratio = 0.25, T = 363 K). 

The effectiveness factor (𝜂) relates the observed reaction rate with the intrinsic chemical rate 

(robs/rintrinsic) and can be calculated from the ratio of two crystal sizes (ÚN
Úc

) and the ratio of 

corresponding initial activities (naN
nWc

) by using an iteratively resolved algebraic loop; 141 the 

method is described below: 

 
The initial rate can be simplified in respect to a TBA/GLY ratio of 4 as follows: 

 

 𝑟W,� = 4𝑘[𝐺𝐿𝑌]�Z       (eq. 10) 

• The expression of Thiele modulus for reaction order of n 142 

 

𝜙p = ÝÞßB
Z
	𝐿Ý5GFàN

áâ
       (eq. 11) 

with, L: crystal size (nm), k: intrinsic kinetic constant (mol/m3 cat.s ), and  De: effective 

diffusion (m2/s) 
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• Effectiveness factor: 

h =	(actual mean reaction rate within pore)
(rate if not slowed by pore diffusion)

 = na, with diffusion 
na, without resistance

    (eq. 12) 

where for the shape here considerate,  

h = B
∅s

 ( 1
tanh 3∅s

 - 1
3∅s

)                    (eq. 13) 

 

• Combining (eq. 11) and (eq. 12): 

𝜙p = Ý~
Z
	𝐿Ý ã	5	

[äÚå]@N	áâ
                   (eq. 14) 

   

• Assumption: the same zeolite framework leads to identical k and De 

If two crystal sizes L1 and L2 and two kinetic rates (ka1 and ka2), are known, then,  

Þ    ∅tN
∅tc

 = ÚN
Úc

           (eq. 15) 

 

      Þ    raN
rac

 = æN
æc

                      (eq. 16) 

The solution becomes possible with this algebraic loop resolved by iteration. 141 For that we 

begin by an arbitrary value of 𝜂1 (e.g. 0.7), and solve the system by using the loop up to 

convergence. With this method, it is no need to have the value of rintrinsic to calculate the 

Thiele modulus and the efficiency factor. 

 

Figure III.28, reports 𝜂 as a function of the zeolite crystal size. The diffusion path being 

extremely short in *BEA nanosheets (*BEA)𝐍𝐒𝐩B² , no diffusion limitations occur (𝜂= 1). DL 

occur on the *BEA zeolite with crystal sizes above 100 nm. For the very acid MOR zeolite 

(1056 µmol g-1 [H+]), activity is very low due to the diffusion controlled reaction induced by 

the long diffusion path (crystal size > 200 nm), and further accentuated by the mono-

dimensional channel system. Although *BEA and MFI zeolites have identical acid 

strength117 and similar confining voids (see section 3.2), the turnover rate is very low on the 

medium pore zeolite (9-46 h-1) compared to that with large pores (150-198 h-1). This suggests 
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that diffusion limitations occur even with a diffusion path length of a few nm. The DL is 

thus in this case most importantly governed by zeolite pore size and the void connectivity. 

Indeed for *BEA the void is connected by six 12 MR (0.67 nm), while for MFI by four 10 MR 

(0.54 nm). The kinetic diameter of glycerol is 0.61 nm143 that explains the diffusion limitation 

encountered with the medium pore zeolite. 

 
Figure III. 28 Effectiveness factor (𝜼) in etherification of glycerol with tert-butyl alcohol as 

a function of the zeolite beta crystal size (operating conditions: glycerol/tert-butyl alcohol 

molar ratio = 0.25, T = 363 K). 

6.2.4. Selectivity  

The etherification of glycerol with tert-butyl alcohol (TBA) proceeds via a consecutive path 

that yields to the formation of water and five different alkyl glycerol ethers: MTBG (3-tert-

butoxy-1,2 propanediol and 2-tert-butoxy-1,3 propanediol), DTBG (2,3-di-tert-butoxy-1-

propanol and 1,3-di-tert-butoxy-2-propanol) and tri-tert-butoxy-propane (TTBG). Side 

reactions can occur such as the dehydration of TBA to isobutylene (IB) followed of its 

dimerization. No diisobutylene is detected (according to the chromatogram, Figure III.29) 

and the yield into isobutylene estimated from the autogenous pressure is negligible (less 

than 1%).  
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Figure III. 29 Typical chromatogram for the etherification of glycerol with tert-butyl 

alcohol; M1: 3-tert-butoxy-1,2 propanediol, M2: 2-tert-butoxy-1,3 propanediol, D1: 1,3-di-

tert-butoxy-2-propanol, D2: 2,3-di-tert-butoxy-1-propanol, T: tri-tert-butoxy-propane, IB: 

isobutylene. n-butanol as internal standard. 

 
Figure III.30, compares as function of conversion the molar yield of the MTBG (%) (primary 

product) and the DTBG (secondary product) on Amberlyst® 15 and commercial zeolites.  

 

Figure III. 30 Molar yields into MTBG, DTBG and TTBG as a function of glycerol 
conversion. 

Using A-15, the yield of the primary product reaches a maximum at ca. 50% glycerol 

conversion (Table III.9). The DTBG (secondary product) is starting to be formed at 30% 

glycerol conversion (extrapolated value at zero conversion). After 10 h of reaction, one 

quarter of the products are composed of DTBG, whereas the yield of TTBG (ternary product) 

is negligible (0.3%). Employing the large pores zeolites (*BEA, FAU and MOR) the di-

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60 70

M
ol

ar
 y

ie
ld

 (%
)

Glycerol conversion (%)

(MOR)!"#$  ¨ (FAU)!"#% ∎ (*BEA)'"#(.* ⦁ (MFI)+",$  ▲  
 
full symbol: MTBG; for A-15 + 
open symbol: DTBG; for A-15 x 
grey symbol: TTBG; for A-15 * 
 
 



_______________________________________________________________ 

 

100       
 

substituted ethers begin to be formed at a much lower glycerol conversion than for A-15, i.e. 

below 6% (Figure III.26). After 10 h of reaction, the selectivity into DTBG is 5% higher for 

(BEA)𝐍𝐂BZ.³ than for A-15. (FAU)𝐒𝐂B², is more selective for the formation of the di-substituted 

ether than the *BEA zeolite, the small difference provides from a higher yield into 1,2,3-tri-

tert-butoxy propane. For (MOR)𝐍𝐂B� 	the selectivity into DTBG is low (1%), ascribable to the 

low glycerol conversion (6%). The medium pore zeolite (MFI)𝐍𝐂�³  is almost totally selective 

to MTBG (99 %) even for a conversion of 20% (Table III.10).  

 

Table III. 10 Selectivity of glycerol monoethers (MTBG), glycerol diethers (DTBG) and 

glycerol triether (TTBG) at isoconversion. (X ≈ 20 %) obtained on MOR, FAU, *BEA and 

MFI catalysts. 

Catalyst X (%) MTBG (%) DTBG (%) TTBG (%) 

     
(FAU)𝐒𝐂B²  20 87 12.6 0.4 
(FAU)𝐒𝐂�� 23 83 16.4 0.6 

     
(*BEA)𝐒𝐂�  22 97 3 0 

(*BEA)𝐒𝐂B� 23 98 2 0 
(*BEA)𝐍𝐂BZ.³ 22 89 11 0 

     
(MFI)𝐍𝐂�³  20 99 1 0 

Glycerol etherification:  7.5 wt.% of catalyst to glycerol mass, glycerol/tert-butyl alcohol molar ratio = 0.25, T = 363 K. 
 

In comparison with the sulfonic resin (A-15), which is a macroporous solid that hence 

features no spatial constraint, the use of large pore zeolites favors at low conversions 

successive etherification reactions ascribable to the overconcentration of ethers in the 

micropores resulting from steric hindrance. It can thus be assumed that zeolite catalysis 

induces "product shape selectivity".93, 96 Yet, Gonzalez et al. claimed that the selectivity 

towards di- and tri-ethers is correlates with the strength of protonic sites. 94 Nevertheless, 

the correlation put forward is highly disputable and moreover merely valid for one zeolite 

(*BEA). Hence, the "product shape selectivity" mechanism through zeolite catalysis is a 

valuable mean that allows for explaining the observed selectivity. 
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6.2.5. Regeneration 

The deactivated catalysts were regenerated either by (i) rinsing with ethanol at 373 K under 

10 MPa nitrogen pressure by using a Dionex ASE 350 apparatus or (ii) through calcination 

in air at 823 K for 5 h. As expected, calcination allows to recover the entire activity of zeolite 

catalyst (Figure III.31).  

 

 

Figure III. 31 Recovered activity after washing with ethanol and calcination (823 K/6 h) of 

the deactivated catalysts. 

Furthermore, as far as MOR and *BEA zeolites are concerned, rinsing with ethanol allows 

to recover greatly the catalytic activities, which are 87 and 93%, respectively. The extracted 

molecules by ethanol rinsing are glycerol and desired conversion products, MTBG and 

DTBG (only in the case of *BEA). This confirms what has been put forward by Gonzales et 

al., who evidenced that the deactivation of *BEA zeolite during glycerol etherification 

resulted from zeolite micropores blocking with the reagent and products. 94 The retention of 

reactant and products within the micropores is thus due to steric hindrance.144 These 

confined molecules are prone to limit or inhibit the bimolecular reaction. It can thus be 

assumed that the auto-inhibition is responsible for rapid decrease of the reaction rate (as 

observed in Figure III-26). The inhibition effect is strongly pronounced for mono-

dimensional pore systems, e.g. (MOR)𝐍𝐂B� , where a single molecule confined in the pore 

mouths already prevents the access to reagents to an important amount of acid sites located 

within the crystal, leading to a very fast deactivation.  
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Rinsing the deactivated (FAU)𝐒𝐂��	 with ethanol permits to regenerate only partially catalytic 

activity (up to 60%), despite of recovering entirely the initial Brønsted acidity. Indeed, no 

interaction was observed between retained molecules (4.2 wt%) and zeolite –OH groups 

located in the supercages and in the sodalite cages (Figure III.32).  

 

 

Figure III. 32 FT-IR spectra of: fresh and spent (after rinsing with ethanol) zeolite (𝐅𝐀𝐔)𝐒𝐂𝟒𝟎. 

The loss of activity is thus merely due to a steric blockage of trapped molecules. The 

presence of the retained molecules within the surpercages decreases the available space that 

is enough to inhibit the bimolecular etherification reaction.  

 

In the case of (MFI)𝐍𝐂�³ , the ethanol washing allows to recover 30% of catalytic activity, as 

almost 5.0wt% of molecules remain retained within the micropores upon rinsing. This 

observation can readily be attributed to the steric blocking of the pore intersections through 

retained molecules. 

 

Washing with ethanol is more efficient on the zeolite featuring straight channels, such as 

*BEA and MOR zeolites, compared to zeolites possessing larger cavities than the pore size, 

i.e. the FAU supercage or presenting an intersected channel system, such as MFI, where the 

formation of large molecules is favored. The results obtained in this section thus clearly 

support the “product shape selectivity” mechanism suggested for the glycerol etherification 

over zeolites. 
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7. Conclusion 

The results showed that, in a reaction sensitive to diffusion limitation (liquid phase, low 

temperature, bimolecular mechanism, large products molecules), such as the glycerol 

etherification with tert-butyl alcohol the zeolite confining void is not sufficient to predict 

activity, selectivity and stability; the accessibility to the void volume has to be taken into 

account. As an example, *BEA and MFI zeolites feature the same confining voids but the 

difference in their access (over 1 Å) is sufficient to generate strong diffusion limitations in 

the case of the medium pore zeolite. For *BEA (12 MR zeolite) the activity is proportional to 

the concentration of BAS at the condition that the crystal size is lower than 100 nm (absence 

of internal diffusion limitations). For zeolites featuring the biggest confining voids (i.e. the 

FAU supercage) successive etherification is favoured, yet product desorption is hampered.  

 

For liquid phase reactions catalyzed by zeolite active sites the porous geometry (i.e. void 

volume, interconnection, size) has a crucial effect on confinement and shape selectivity and 

hence on catalytic key parameters (activity, selectivity and stability).  
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1. The carbon 

The carbon is the chemical element with the symbol C and the atomic number 6. It has three 

isotopes of natural origin (12C and 13C are stable, 14C is radioactive). It can be linked to other 

small atoms, including other carbon atoms, thus giving a series of kinetically stable 

allotropes with varying dimensions. 1 

 

The electronic configuration of carbon is 1s2 2s2 2p2 (where the p orbital is divided into px, py 

and pz). Due to the possibility of combining orbitals in this element, the carbon atoms can 

adopt three types of hybridization: sp3, sp2 and sp. 

 

Carbon sp3 hybridization 

The sp3 or tetragonal hybridization arises from the mixture of an orbital s with three p 

orbitals that originate four equivalent hybrid orbitals. These hybrid orbitals are oriented as 

far apart as possible by placing them at the vertices of a regular tetrahedron with bond 

angles of 109.5o. The four bonds formed are covalent sigma bonds (σ) that have the function 

of conferring structural stability to the molecule. 

 

It is important to bear in mind that although a high energy is required to carry out the 

hybridization, it is compensated with the energy released by the formation of 

extraordinarily strong bonds. 2 

 

Carbon sp2 hybridization 

In sp2 hybridization of carbon, three equivalent hybrid orbitals are generated from the 

mixture of one s orbital with two p orbitals. These three σ hybrid orbitals are oriented in a 

flat trigonal geometry and the angle of union between them is 120o. 
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In this case, the 2pz orbital remains unhybridized and is located perpendicular to the plane 

integrated by the hybridized orbitals σ and its electron is available for the formation of a pi 

(π) bond with other atoms. 

 

Carbon sp hybridization 

In sp or linear hybridization, two hybrid orbitals are generated by the combination of an 

orbital s with a p orbital. Both hybrid orbitals form an angle of 180o and, consequently, the 

molecular geometry is linear. In this process, the 2py and 2pz orbitals do not participate in 

the hybridization and their electrons are weakly bound and available for the formation of π 

bonds.  

Figure IV. 1 shows the carbon hybridization. 

 

 

Figure IV. 1 Hybridization of carbon orbitals. 

The multiple ways in which carbon atoms can be organized in space are linked to the type 

of hybridization that has been obtained from their orbitals and, therefore, this atom has a 

wide variety of allotropic forms with varied characteristics and properties. 

 

1.1. Allotropic forms of carbon 

For a long time, it was considered that carbon formed only two primary structures: diamond 

and graphite. The diamond is formed by carbon atoms with an sp3 hybridization where each 

atom is joined to four others in a tetrahedral arrangement that forms a three-dimensional 

sp3

sp2

sp
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network. This three-dimensional network of covalent bonds is what gives the diamond the 

properties of high hardness, excellent thermal conductivity, behavior electrical insulation, 

optical transparency and high melting points. On the other hand, the structure of the 

graphite is entirely different from that of the diamond. It presents an sp2 hybridization 

which causes its orbitals to be distributed in a flat trigonal geometry, with angles of 120o to 

each other. Each atom is covalently bound to three other carbon atoms in a hexagonal 

distribution mesh. These meshes are linked by weak Van der Waals links and, consequently, 

the graphite has a high anisotropy, so some of its properties vary considerably depending 

on the direction in which they are measured. In the plane, the graphite is a good electrical 

and thermal conductor, not in the normal direction to the surface due to the relatively high 

separation of layers. Mechanically, its planes can easily slide over each other, but in the 

perpendicular direction it has a high hardness. It is essential to highlight that graphite 

chemically is an inert material. 

 

However, in the last three decades a new exotic series of carbon allotropes has been 

discovered with a high potential in several fields, so much so that it has been called "the era 

of carbon allotropes" as proposed by Hirsch.3  

 

The first allotrope of this new series to be discovered was fullerene in 1985, when Smalley 

and Kroto 4 studied the nature of carbon in interstellar space; It consists of a family of 

structures where carbon atoms are organized into geodetic conformations that consist of a 

five- and six-member ring network that allows that structure to close in a sphere. Its 

hybridization is partially of type sp3 and sp2 depending on the number of atoms that 

constitute it, although, essentially, it is considered sp2. Fullerenes have high lubricity and 

good chemical reactivity. 

 

In 1991, S. Ijima discovered the nanotubes when he studied the deposit obtained by an 

electric discharge of graphite. Carbon nanotubes can be considered as the result of the 
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coiling of an atomic plane of graphite.5 This plane can be simple or multiple, which results 

in single wall or multiple wall nanotubes. The nanotubes behave as electrical conductors, 

semiconductors or insulators depending on the way they are wound with respect to the 

direction of a specific axis in the graphitic plane. This property is known as chirality. Its sp2 

hybridization provides them with a high resistance -10 times greater than that of steel-, low 

density, great flexibility, hardness and excellent thermal conductivity. 

Finally, and as the most unexpected discovery of all due to the predicted theoretical non-

existence of two-dimensional crystals, in 2004 a group of scientists led by Andre Geim and 

Kostya Novoselov 6 managed to isolate and identify graphene from a graphite crystal, where 

they used a technique called micromechanical exfoliation that is based on the weakness of 

the van der Waals type bonds with which the graphene sheets that make up the graphite 

interact and which consists of the repeated exfoliation of the piece of graphitic crystal using 

an adhesive tape. 

 

Today, three types of carbon allotropes can be clearly recognized 7: 

 

• Structures with sp3 hybridization such as diamond and lonsdaleite (a form detected 

in meteorites). 

• Structures with sp2 hybridization such as graphite and graphene, among others. 

• Structures with sp hybridization or hybridization mixtures such as carbines and 

fullerenes, respectively. 

 

2. Graphene 

Graphene is a nanosized two-dimensional structure of strongly cohesive carbon atoms on a 

uniform, slightly flat, undulating, thick-walled, honeycomb-like surface due to its 

hexagonal atomic configuration. 8 This sheet, composed of benzene rings without their 

hydrogen atoms, is considered the basis for the understanding of properties in other carbon 

allotropes. 9 With the exception of diamond, graphene can be visualized as the building 
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block from which all other allotropes are formed (Figure IV.2); this two-dimensional plane 

can be wrapped like a balloon liner that provides fullerenes; cylindrically rolled to form 

nanotubes; or superimposed three-dimensionally to produce graphite. 

 

 
 

Figure IV. 2 Allotropes of carbon with graphene as a building block for all other 

allotropes. Taken from 10 

Graphene in stacked layers constitutes laminar graphite and began to be widely used in the 

60s of the 16th century. 11 Graphene has been studied theoretically since 1947 by P. Wallace, 

12 later in 1956 by J. McClure 13 and in 1984 by G. Semenoff. 14 However, Peierls 15, 16 and 

Landau 17 showed that, in the standard harmonic approach, 18 thermal fluctuations should 

destroy the long-range order, which would essentially result in the merging of a 2D network 

into any finite temperature towards a 3D Network. In addition, Mermin and Wagner 

demonstrated that there could not be a long-range magnetic order in one and two 

dimensions. 19 Therefore, it was thought that the experimental production of graphene 

sheets would not be possible. It was not until 2004 that Geim and Novoselov experimentally 

obtained a graphene layer; 6 In addition, other two-dimensional materials were found, such 

as boron nitride and molybdenum disulfide. 20, 21 It was observed that these materials were 

continuous and with high crystalline quality. 22, 23 

 

The conciliation of the existence of crystals of atomic thickness with the theory is based on 

the argument that the crystals of said characteristics are stabilized in a metastable state at 
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the moment of their exfoliation and the formation of wrinkles on the exfoliated surfaces. 

The small surface of these materials (<< 1 mm) and their strong interatomic bonds mean that 

thermal fluctuations do not generate dislocations or other crystalline defects, even at high 

temperatures. 24, 25 Otherwise, it can be understood that the two-dimensional crystals, 

extracted from their corresponding three-dimensional structures, become intrinsically 

stable from the generation of wrinkles (a soft wrinkle) in the third dimension in a lateral 

scale of the order of 10 nm. 26 This three-dimensional deformation results in an increase in 

the elastic energy of the material, but suppresses thermal vibrations that, at a certain 

temperature, can minimize the total free energy. 27 

 

However, it is important to note that structures similar to graphene, such as the intercalation 

of compounds in graphite sheets (GIC), graphene oxide (GO) and reduced graphene oxide 

(rGO), were already known much earlier. In 1840 Schafhaeutl, reported the insertion of acid 

or alkali metal between the carbon sheets and the exfoliation of graphite with sulfuric acid 

and nitric acid. 28 Later, in 1859 Brodie, 29 in 1899 Staudenmair 30 and in 1958 Hummers 31 

also produced GO by exfoliating the graphite with strong oxidizing agents. In 1962, Boehm 

(who proposed the term "graphene" in 1986 as a combination of the word graphite and the 

suffix -ene, referring to polycyclic aromatic hydrocarbons) and collaborators reported for 

the first time laminar carbon containing a small amount of hydrogen and oxygen by 

chemical reduction of GO dispersions in alkaline media diluted with hydrazine, hydrogen 

sulphide or iron (II) salts. 32 The thermal reduction of the GO was also published by the same 

group in the same year. 33 

 

The word graphene today is often used to refer to a material composed of few leaves, 

comprising one to 10 overlapping layers and in which their properties are a function of their 

dimensionality. Taking as a discriminatory basis the specificity of its properties, graphene 

can be classified according to the number of layers stacked, the size and the C/O ratio, as 

proposed by Wick, 34 Figure IV. 3. 
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Figure IV. 3 Classification grid for the categorization of different graphene types 

according to three fundamental properties: number of graphene layers, average lateral 

dimension, and atomic carbon/oxygen ratio. Taken from 34 

Graphene since its discovery has aroused great scientific interest due to its remarkable 

properties; 35, 36 it is an excellent electrical conductor 37 and thermal, 38 transparent, 39 elastic, 

40, 41 highly impermeable, 42, 43 extremely strong 41 and one of the finest 2D materials. 43 

 

2.1. Methods of obtaining graphene 

As indicated above, graphene in free state was obtained for the first time in 2004 by 

micromechanical exfoliation. The micromechanical exfoliation technique consists of 

subjecting the clean, new surface, smooth of a graphite crystal, to a fine scraping, from top 

to bottom, using any object with a solid surface or, by means of a repeated peeling with an 

adhesive tape until the thinnest leaflets are extracted. Most of the extracted leaflets are three-

dimensional, that is, they are graphite; however, some are also two-dimensional, that is, 

graphene. To tentatively identify the latter, optical microscopy is used, taking advantage of 

the characteristic of two-dimensional crystallites to be visible in the upper part of a thin 

sheet of silicon oxide and produce a weak contrast of color interference with respect to an 

empty sheet. 44 Although this procedure provides large graphene crystallites (up to 100 µm) 

of high quality that satisfy the needs of fundamental studies and electronic applications, the 
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performance is extremely low and, being a manual process, the obtaining and identification 

of material is considerably laborious for this reason, other methods to obtain profitable 

graphene yields are currently being developed and refined. These methods, in broad 

strokes, can be classified into two main approaches: top to bottom and bottom to top. 

 

Top-down approach: this method of manufacturing nanostructures is initiated from a bulk 

material and involves the removal or reformation of atoms to create the desired structure at 

the nanoscale. 45 Although intrinsically simpler than the bottom-up approach, the main 

disadvantage of this technique is imperfection in the surface of the structure. These 

imperfections generated during the process could have a significant impact on the physical 

properties and chemistry of the surface because the surface/volume ratio in the 

nanostructures is very large. 

 

Bottom-up approach: in this process, atoms, molecules and even nanoparticles can be used 

as building blocks for the creation of complex nanostructures. By altering the size of the 

blocks and controlling their organization and assembly, this approach offers a greater 

opportunity to obtain structures with fewer defects, with a more homogeneous chemical 

composition and with greater order. The process is, in essence, highly controlled and 

involves a complex chemical synthesis. 46 

 

Applying this criterion, the bottom-up approach for the production of graphene allows to 

synthesize it through a wide variety of methods, among which are chemical vapor 

deposition (CVD), arc discharge and epitaxial growth in carbide. silicon (SiC), reduction of 

CO, the opening of carbon nanotubes and self-assembly of surfactants. The nature of the 

leaves obtained by this approach is, in general, of high quality; there is also a fine control of 

the size and thickness of the sheets, however, the yields are low and the production costs 

are very high. 47 
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In the top-down process, graphene sheets or modified graphene sheets are produced by 

separation or exfoliation of graphite or graphite derivatives. Since graphite is relatively 

inexpensive and available in large quantities, this process has received the most attention 

with respect to the large-scale production of graphene. 48 The production of graphene by 

direct exfoliation of graphite comprises micromechanical exfoliation, exfoliation by 

ultrasound in the presence of polyvinylpyrrolidone, assisted electrochemical 

functionalization with ionic liquids and dissolution in superacids.  

 

2.1.1. Obtaining graphene from graphite oxide 
 
Graphite oxide was prepared for the first time in 1859 by Brodie. In the formation of this 

derivative, the graphite is subjected to reaction with strong oxidizing agents such as 

potassium perchlorate (KClO3) in acid medium (H2SO4/HNO3). Future modifications were 

made by W. S. Hummers and R. E. Offeman 31 in 1957 who synthesized graphite oxide in 

shorter times and more safely. After the oxidation process, a material with a laminar 

structure similar to graphite is obtained, however, the basal planes that constitute this 

structure are sheets of graphene oxide that contain oxygen functionalities. 49, 50 The presence 

of these functional groups makes the sheets highly hydrophilic and causes the van Waals 

interactions between sheets to weaken allowing the introduction of water molecules 

between the sheets. The increased distance between sheets and their hydrophilicity allows 

graphite oxide to be easily exfoliated in water and in various polar organic solvents by the 

application of external energy such as ultrasonic vibration. 51, 52 The colloidal dispersions 

thus obtained are constituted by simple sheets of graphene oxide, stabilized by the 

electrostatic repulsion coming from the negative charge they acquire in dispersion due to 

the ionization of the hydroxyl and carboxyl groups located on the planes and at their ends 

(Figure IV.4.). 53 
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Figure IV. 4 The oxidation of graphite and the exfoliation of graphite oxide to obtain 

graphene oxide. Taken from 54 

The elucidation of the graphene oxide structure has been the subject of several studies, 55 

however, the Lerf-Klinowski model is the one that is believed to best describe it. In this 

model, graphene oxide is delineated as a material constructed by unoxidized aromatic 

segments of different sizes, which are separated from each other by oxidized regions 

containing epoxy and hydroxyl groups on the surface of their planes and carbonyl and 

carboxyl groups located probably at the ends of the leaves 56 as can be seen in Figure IV.5. 

 

 

 
 

Figure IV. 5 A proposed schematic (Lerf–Klinowski model) of graphene oxide structure. 

Taken from 56 

 The presence of oxygenated functional groups causes the rupture of the graphitic mesh, 

which causes the graphene oxide to behave electrically as an insulator. In order not to 

diminish the electronic applications of graphene, it is possible to restore the electrical 

conductivity of the leaves by restoring the π system through different reduction methods, 

which have been used satisfactorily and can be classified, in general, in chemical reduction 

and thermal reduction. 57 
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2.1.2. Chemical reduction of graphene oxide 

Colloidal graphene oxide suspensions can be chemically treated using various reducing 

agents, such as sodium borohydride (NaBH4) 58, 59 and hydrazine (N2H4), 51, 60-62 as the most 

commonly used. Although this route is efficient for the production of chemically reduced 

graphene sheets, the toxic nature and cost of the reducing agents have led to the 

investigation of alternative routes. Table IV.1, shows some alternative methods used for the 

reduction of graphene oxide. 

Table IV. 1 Reducing agents for graphene oxide towards chemically reduced graphene 

oxide. 

 

The reduction degree of graphene oxide or oxidation degree of graphene has certain 

influences on their properties, such as electrical conductivity, catalysis activity and semi-

conductive band positions. 72-74 That is why depending on the reduction route followed, it is 

possible to control the reduction of graphene oxide. 75 It is well known that the oxygenated 

functional groups on GO sheets mainly consist of hydroxyl, carboxyl and epoxy groups. 76 

In theory, these functional groups should have different reaction activities. 

 

Reducing agents C/O ratio Conditions Ref. 

L-Ascorbic acid - RT, 48 h 63 

L-Ascorbic acid/NH3 12.5 368 K, 15 min 64 

Gallic acid 5.3 368 K, 6 h 65 

Thiophene 10.9 353 K, 24 h 66 

Thiourea 5.6 368 K, 8 h 67 

Glycine 11.2 368 K, 36 h 68 

Zn/H2SO4 21.2 RT, 2 h 69 

Zn/HCl 33.5 RT, 1 min 70 

Al foil/HCl 21.1 RT, 20 min 71 
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2.1.3. Functionalization of graphene oxide and reduced graphene oxide 

The epoxide and hydroxyl groups located on the surface of the graphene sheets (graphene 

oxide or reduced graphene oxide) and the carboxylic acids located at their edges act as 

chemical anchoring sites for several organic and inorganic molecules. The introduction of 

specific molecular species in graphene can be obtained through two approaches: the 

formation of covalent bonds or the non-covalent interaction. 77 

 

Covalent interaction: The covalent attachment of a molecule on the surface of graphene 

involves the breaking of the bonds with sp2 hybridization and the formation of sp3 bonds. 

During this process, unpaired electrons are generated that cause a chain reaction from the 

starting point of the covalent bond and over the conjugate network, thus improving 

reactivity. Another important aspect to consider is the geometry of certain regions in the 

graphene sheet because, depending on the configuration of its edges (“zig-zag or 

armchair”), the reactivity in the area is favored or not. In parallel, Dreyer and his colleagues 

explain that this type of functionalization can occur through particular mechanisms, in 

carboxyl groups or in epoxies. 78, 79 The functionalization reaction in the carboxylic acids 

typically requires a prior activation and the subsequent addition of nucleophilic species to 

produce the covalent bond through the formation of amides or esters. On the other hand, 

the epoxide groups, located in the basal planes of graphene, can be easily modified by ring 

opening reactions. This reaction involves the nucleophilic attack by an amine. 

 

Non-covalent interaction: The non-covalent interactions are based on the π-π stacking of 

aromatic molecules in the graphene sheet; in van der Waals type interactions; and about π-

ionic interactions. The advantage of this type of functionalization is that there is no break in 

the conjugate network π and that both graphene and oxidized graphene can have this type 

of π-π stacking.  
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In addition to containing oxygenated groups that can confer a certain degree of acidity, the 

advantage of functionalizing the graphene oxide or the reduced graphene oxide has caused 

this material to be used as a catalyst in a wide series of reactions. From a broader 

perspective, the unique properties inherent to well-defined 2D nanomaterials, such as 

graphene and graphene oxide (GO), are suitable for facilitating a wide range of 

transformations and may offer extraordinary potential in the design of novel catalytic 

systems. 80 

 

3. Graphene oxide as a catalyst 

Graphene oxide possesses interesting and potentially useful reactivity, such as its ability to 

function as an oxidant and/or acid. 78 This solid can be used directly as a catalyst or as a 

support for metals, oxides and other chemical functionalities. 

Bielawski and co-workers revealed the potential of harnessing the reactivity of GO for 

various synthetic reactions. 81 The authors demonstrated the efficient oxidation of benzyl 

alcohol to benzaldehyde (conversion >90%) in the presence of GO as a heterogeneous 

catalyst. Overoxidation to benzoic acid was observed in only minimal amounts (7%) and 

only under certain conditions (e.g. at elevated temperatures). Interestingly, this and other 

oxidation reactions of alcohols were performed under ambient conditions and did not 

proceed under a nitrogen-blanketed atmosphere, which suggests that oxygen may be 

functioning as the terminal oxidant. 80 

 

Loh and co-workers also used graphene oxide in oxidation reactions with the oxidative 

coupling of amines to imines (up to 98% yield at 5 wt% catalyst loading, under solvent-free, 

open-air conditions). 82 In this case, the carboxylic groups at the edges of defects, along with 

the localized unpaired electrons, work synergistically to trap molecular oxygen and the 

amine molecules, thus facilitating intermolecular arrangements. 
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Sometimes, not only the oxygenated functionalities present in the graphene oxide are 

responsible for the catalytic activity, but the method to obtain it also plays an important role. 

For example, Garcia demonstrated that the GO obtained through the standard oxidation of 

graphite hummers was a highly efficient reusable heterogeneous catalyst for the 

acetalization of aldehydes. 83 The analytical and spectroscopic evidence suggests that the 

sulphate groups introduced spontaneously during the oxidation of Hummers are the sites 

responsible for the catalysis. The presence of these sulfate groups were also able to promote 

the ring opening reaction epoxides at room temperature. 84 

 

For his part Zhu, reported the use of GO as a catalyst in the production of alkyl levulinates 

by alcoholysis and esterification. 85 The control experiments and characterization results 

revealed that SO3H groups were the dominant active sites, while the surface carboxyl 

groups worked synergistically to adsorb furfuryl alcohol. 

 

The own acidity and the possible functionalization with acidic groups on the surface of 

graphene oxide, has aroused great interest among the scientific community and proof of this 

are the multiple reports of its use as an acid catalyst. 

 

Gao and co-workers, showed that GO is a high active catalyst towards glycerol esterification 

(with acetic acid) to valuable bioadditives. 86 The excellent performance of GO, complete 

glycerol conversion with 90.2% combined selectivity to di- acylglycerol and tri- acylglycerol, 

was mainly attributed to the rich SO3H groups and unique lamellar structure. 

 

Liu and co-workers, synthesized graphene oxide and increased its surface acidity by 

inserting sulfate groups (-HSO3) on the surface by hydrothermal sulfation with concentrated 

sulfuric acid. 87 The resulting catalyst (G-SO3H) was used in the esterification of acetic acid 

with cyclohexanol, the esterification of acetic acid with 1-butanol, the Peckmann reaction of 

resorcinol with ethyl acetoacetate, and the hydration of propylene oxide. In all these 



_______________________________________________________________ 

 

131       
 

reactions the catalyst showed to be very active, in addition to being recyclable and very 

stable. 

 

Upare and co-workers, reported the use of heterogeneous graphene oxide (GO)-based 

catalysts with sulfonic acid (SO3H) functional groups (GO–SO3H) were used for the selective 

decomposition of the hexose sugars, glucose and fructose into levulinic acid (LA), achieving 

yields of around 78% for LA and showed good reuse compatibility with reliable 

performance. 88 

 

In many of the studies in which graphene oxide or functionalized graphene oxide were 

used, the authors highlighted its great thermal stability and its great chemical stability, since 

it can be reused in several reaction cycles without loss of activity, which means that this 

solid is a promising catalyst. A great advantage of this catalyst is that it is tolerable to water.89  

 

4. Motivation of the study of graphene oxide in the etherification of glycerol with tert-

butyl alcohol 

As seen in the previous chapters, the etherification of glycerol with tert-butyl alcohol 

requires acidic Bronsted sites in the catalyst to promote the reaction. According to the 

review of the literature, graphene oxide has been shown as a catalyst of acidic characteristics 

that it is also possible to functionalize to increase its acidity. Another notable feature is that 

it can tolerate water without loss of catalytic activity, a crucial factor in the etherification of 

glycerol with tert-butyl alcohol, since it is a by-product. In several reports has also studied 

the thermal stability, finding that it can get to withstand temperatures close to 473 K, which 

would make it a catalyst of greater stability than the acid resin Amberlyst® 15 (catalyst 

reference). In the same review of the literature, there are no reports to date on the use of 

graphene oxide in the etherification of glycerol with tertiary butyl alcohol, making this 

thesis to be the first research where it is studied. 
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5. Objective of the use of graphene oxide in the etherification of glycerol with tert-

butyl alcohol 

When we visualize the non-existence of studies in which graphene oxide is used as a catalyst 

in the etherification of glycerol with tert-butyl alcohol, we intend to study this carbocatalyst 

in this system. To achieve this purpose, the synthesis of graphene oxide will be carried out 

using the modified Hummers method and, subsequently, a chemical reduction treatment 

will be carried out in three different routes, followed by functionalization with sulphonic 

acid groups. A complete study of the characterization of the solids in parallel will be carried 

out to relate the physicochemical properties with their catalytic behavior in the etherification 

reaction. 

6. Experimental section  

6.1. Chemical and catalysts 
 
Glycerol (99%) and tert-butyl alcohol (99.4%) were obtained from Fisher and Merck 

respectively. Commercial activated carbon (G60) was obtained from Darco. Amberlyst® 15 

(dry) ion-exchange resin was purchased from Across Organic. Graphite powder (<20 µm, 

synthetic) was obtained from Sigma-Aldrich. The preparation of catalysts based on 

graphene oxide is described below: 

 

Preparation of graphene oxide 

 

Figure IV. 6 Representation of obtaining graphene oxide from graphite. 

 
Graphene oxide was synthesized from graphite powder by Hummers method modified as 

originally presented by Kovtyukhova, et al. 31, 90 Graphite powder (2.01 g) was mixed with 

Graphite Graphene oxide

Hummers method

Oxidation, exfoliation
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of concentrated sulfuric acid (5 mL), potassium persulfate (2.04 g) and phosphorus 

pentoxide (2.03 g). The resulting mixture was heated at 353 K for 2 h. Then, the solid was 

filtered through a using a 0.2 micron Nylon Millipore filter and washed with deionized (DI) 

water (100 mL), MeOH (200 mL) and Et2O (200 mL). The resulting black paste (2.16 g) was 

dried at 313 K for 12 h. The pretreated graphite (2.16 g) was mixed with sulfuric acid (55 

mL) at 273 K and potassium permanganate (7.47 g) was then added by portion with careful 

attention. The reaction mixture was stirred at 308 K for 2 h and then the reaction mixture 

was cooled to 273 K, followed by the addition of 30% hydrogen peroxide (6 mL) in DI water 

(80 mL). The solid was centrifuged (4000 rpm, 30 min) and the liquid phase was removed. 

DI water (4 x 50 mL) was added and the centrifugation (4000 rpm, 20 min) was performed 

three times. The same procedure was carried out with MeOH and Et2O. The resulting brown 

solid (3.6 g) was dried at 313 K for 12 h. The solid brown obtained for this method was 

named (GO). To show the synthesis procedure in a clearer way, Figure C.1 of the annex C 

shows the synthesis scheme. 

Reduction of graphene oxide 

 

Figure IV. 7 Representation of obtaining reduced graphene oxide. 

The reduction of graphene oxide was carried out by three different routes: with hydrazine 

dihydrochloride, ascorbic acid and Zn/HCl. For the first route, graphite oxide synthetized 

(1.00 g) was sonicated in deionized water (500 mL) for 2 h. Na2CO3 (3.03 g) was added in 

order to increase the pH up to 9-10. Then, hydrazine dihydrochloride (30.00 g) was added 

to the suspension and the mixture was refluxed for 24 h. The solution was cooled down to 

room temperature (293 K) and filtered through Millipore membrane (filters nylon 0.45 mm, 

47 mm) and washed with deionized water (100 mL), MeOH (200 mL) and Et2O (200 mL). 

Graphene oxide

Reduction

Elimination of oxygenated groups
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The black powder (0.82 g) was dried at 333 K for 12 h. The solids obtained by this route was 

named (GO)RH. For the reduction with ascorbic acid, GO (0.51 g) was sonicated in deionized 

water (600 mL) for 2 h. Then, ascorbic acid (164.0 g) were added at 353 K under stirring for 

2 h. The solution was cooled down to room temperature (293 K) and filtered through 

Millipore membrane (filters nylon 0.45 mm, 47 mm) and washed with deionized water (100 

mL), MeOH (200 mL) and Et2O (200 mL). The black powder (0.32 g) was dried at 333 K for 

12 h. The solids obtained were named (GO)RA. Finally, for the reduction with Zn/HCl, GO 

(0.50 g) was sonicated in deionized water (500 mL) for 2 h and acidified (pH=1.9) with 

concentrated HCl. Then, zinc powder (1.02 g) was added at room temperature (298 K) under 

stirring for 10 min, follow of the addition of concentrated HCl (125 mL). After of 1 h, the 

black solid was filtered through Millipore membrane (filters nylon 0.45 mm, 47 mm) and 

washed with deionized water (1.5 L). The black powder (0.27 g) was dried at 333 K for 12 h. 

These solids were named (GO)RZ. To show the synthesis procedure in a clearer way, Figure 

C.2 of the annex C shows the synthesis scheme. 

 

sulfonation of reduced graphene oxide  

 

Figure IV. 8 Representation of obtaining sulfonated reduced graphene oxide. 

The graphene oxide synthetized (GO) as well the reduced graphene oxide (GO)RH, (GO)RA, 

and (GO)RZ, were sulfonated through 4-benzenediazoniumsulfonate generation in situ. For 

this purpose, the initial solid (0.27 g) was sonicated in deionized water (40 mL) for 2 h. Then, 

sodium nitrite (0.95 g) and sulfanilic acid (0.80 g) were added to the resulting solution, 

allowing the formation of the diazonium salt in situ, and the reaction was conducted at 298 

K for 24 h. The solution was filtered through Millipore membrane (filters nylon 0.45 mm, 47 

mm) and washed with 1N HCl (100 mL) and acetone (300 mL). The black powder was dried 

at 313 K at 333 K for 12 h. The resulting samples were named (GO)-S, (GO)RH-S, (GO)RA-S, 

Functionalization

grafts of sulphonic groups
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and (GO)RZ-S. To show the synthesis procedure in a clearer way, Figure C.3 of the annex C 

shows the synthesis scheme. 

 
6.2. Characterization  

The characterization of materials based on graphene oxide has been categorized into three 

main properties that will be essential to understand the performance of these catalysts in 

the etherification of glycerol with tert-butyl alcohol: i) textural properties, ii) elemental 

analysis and iii) acidity. The fundamentals of each characterization technique useful for 

carbocatalysts were detailed in the first chapter of this thesis. 

 

6.2.1. Textural properties 
 
Nitrogen adsorption-desorption: Surface area measurements with nitrogen adsorption 

were performed with a TriStar II plus. The samples were outgassed at 3 mTorr and 423 K 

for 12 h prior to analysis. 

 

Transmission electron microscopy (TEM): Characterization by transmission electron 

microscopy (TEM) was carried out on a JEOL JEM-2011TEM. To prepare samples for the 

TEM study, graphene derived samples were dispersed in ethanol, and deposited onto 

copper grids. 

 

Scanning electron microscopy (SEM): Scanning electron microscopy images (SEM) were 

obtained on a JEOL JSM-790CF microscope. 

 

X-ray diffraction (XRD): X-ray powder diffraction (XRD) patterns were recorded at room 

temperature on Empyrean X-ray diffractometer (Malvern Panalytical Ltd., Royston, UK) 

operating with Cu Kα radiation (λ = 0.15418 nm) with a scan speed of 1° min−1 and a scan 

range of 5–65° at 30 kV and 15 mA. 
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Raman spectroscopy: Raman spectroscopy was performed using a Raman HORIBA JOBIN 

YVON Labram HR800UV confocal microscope equipped with a Peltier cooled CCD 

detector. The exciter wavelength is 532 nm. The laser power delivered to the sample was 

0.02 mW (use of an optical density filter). The device was equipped with an Olympus 

confocal microscope that allows working backscatter. A diffraction grating with 600 

lines.mm-1 was used and the opening of the confocal hole is 200 µm. The spectral resolution 

was 1.5 cm-1. The spectrometer was calibrated with a silicon sample. The LabSpec 5 software 

allows the acquisition and processing of results. 

 

6.2.2. Chemical composition 
 

Elemental analysis: The contents of carbon, hydrogen, oxygen and sulfur (C,H,O and S) in 

graphene-based catalysts were obtained with an elemental analyzer NA2100 Protein, 

Thermoquest Instruments. 

 

X-ray Photoelectron Spectroscopy (XPS): XPS was performed in a high vacuum chamber 

(pressure ≤ 9.0 ×10−8 Pa) on a Kratos Axis Ultra DLD spectrometer equipped with a 

monochromatic radiation source Al Mono (Alkα: 1486.6 eV) operating at 150 W (15 kV and 

10 mA). Survey spectra were recorded with a step of 1 eV (transition energy: 160 eV). Based 

on the collected basic information, high-resolution XPS spectra were collected at a step of 

0.1 eV (transition energy: 20 eV). 

 

6.2.3. Acid properties  
 

Boehm titration: 0.1 g of catalyst was added to 20 mL of 2 M NaCl solution. After 24 h of 

stirring at room temperature, the solution was titrated with 0.1 M NaOH solution. The 

number of acid sites was then calculated from the amount of NaOH required in the titration. 

This method has been commonly used in previous studies, correlating the loading of SO3H 

calculated by elemental analysis. 91-93 
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6.3. Etherification of glycerol with tert-butyl alcohol and analysis 
 

Etherification experiments were performed in a batch reactor (described in chapter 3). 

 

The reaction products were analyzed by gas chromatography using a chromatograph model 

Agilent 6890, DB-WAX column and a FID detector and butanol (Sigma Aldrich) as internal 

standard. The analyzes were performed using the temperature program and the equations 

described in chapter 3. 

The carbon balance with respect to glycerol was close to 97 % for all the catalysts. 

 

7. Results and discussion 

In this section, the results and their respective discussion will be presented following the 

order established in the experimental procedure; the characterization of the solids and, 

subsequently, their application as catalysts in the etherification of glycerol with tert-butyl 

alcohol. 

 

7.1. Characterization of catalysts 

7.1.1. Textural properties  
 
Table IV.2 reports the BET Surface of activated carbon (AC), Amberlyst® 15 (reference 

catalyst) and graphene oxide (GO) series.  

Table IV. 2 Textural properties of Amberlyst® 15 (A-15), graphene oxide and sulfonated 

reduced graphene oxide. 

Catalyst 
 SBET 
 

(AC) 978 
(AC)-S 224 

(AC)RH 919 
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(AC)RH-S 163 
A-15 53 

Graphite - 
(GO) 5 

(GO)-S  
(GO)RH 22 
(GO)RZ  
(GO)RA 14 

(GO)RH-S 11 
(GO)RZ-S 10 
(GO)RA-S   7 

 

 The surface area obtained for activated carbon is characteristic of a microporous solid, 

where the reduction process leads to a small decrease in the initial value (from 978 to 919 

m2 g-1), while the sulfonation process drastically decreases the surface area, probably 

because of the obstruction of some pores. 94 As for the Amberlyst® 15, it has an area of 53 m2 

g-1, characteristic of this resin that can have pores of 400 to 800 Å, which makes it a 

macroporous structure. 95 On the other hand, graphene oxide (GO) sample exhibit N2 

adsorption isotherm typical of nonporous solids and have low surface area with 5 m2 g-1. 

The theoretical value for completely exfoliated and isolated graphene sheets is 2600–2700 

m2 g-1, however, the textural properties of GO in the wet/dispersed state differ significantly 

from those in the dried state, 96 and the restacking of the sheets upon drying leads to a strong 

decrease in the specific surface area. 97 

 

A reduction process using hydrazine dihydrochloride (RH) leads to a small increase in 

surface area by removing some oxygenated groups from the surface, while sulfonation 

generates areas in catalysts less than 11 m2 g-1 for GO reduced and sulfonated solid. 

 

The XRD patterns of graphite, pre-oxidized graphite, (GO), (GO)RA, (GO)RH, and (GO)RZ-S 

are shown in Figure IV.9.  
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Figure IV. 9 XRD patterns of Graphite, preoxidated graphite, (GO), (GO)RA, (GO)RH and 

(GO)RZ-S. 

According to XRD for the pre-oxidized graphite, it shows no structural changes after 

treatment with the mixture between concentrated sulfuric acid, potassium persulfate and 

phosphorus pentoxide, retaining the same very strong [002] peak at 26.57° as the starting 

graphite, but by XPS (Fig. IV.14) some oxygenated groups were observed. For (GO) appear 

a [001] peak at 10.13° due to the formation of hydroxyl, epoxy and carboxyl groups. These 

oxygenated functions introduced onto graphene sheets increased the interlayer spacing 

from 0.34 nm in graphite to 0.87 nm in (GO) as determined by the Bragg's law: 

 

                                nl=2d(002)sinq                                                         (Eq. 1) 

The stacking hight and the layered arrangement were calculated by the Scherrer equation: 

 

																																				𝜏 = éê
ë�j�ì

                                                        (Eq. 2) 

For graphite, the stacking hight and the layered arrangement was 41 nm and 110 sheets 

respectively for graphite and 10 nm and 12 sheets respectively for (GO). After reduction 

with ascorbic acid ((GO)RA), the oxygen- containing functional groups are removed and this 
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causes the reduced graphene oxide peak to shift to 24.33° and a weak [100] band 2q = 43.4o. 

This feature was attributed to the destruction of the layered structure during the exfoliation 

step and suggests an intermediate crystalline structure between graphite and amorphous 

carbon that has been called turbostratic structure or random layer lattice structure. 91, 98 For 

(GO)RA, the interlayer spacing was 0.37 nm and the stacking hight and the layered 

arrangement for this solid was 1.13 nm and 3 sheets. With a reduction process using 

hydrazine dihydrochloride ((GO)RH) not all oxygen groups are eliminated, for this reason 

apart from main peak to 2q = 26.18°, a peak at 13.16o is observed, suggesting that part of the 

initial structure of GO is maintained after the reduction process with this agent. The 

interlayer spacing was 0.34 nm for reduced graphene oxide and 0.67 nm for the remaining 

unreduced graphene oxide. On the other hand, a sulfonation process no affect the structure 

of the reduced oxide with Zn/HCl ((GO)RZ-S) where a [002] peak at 25.25o is predominant. 

Additionally, it has a broad shoulder at 2q = 22.23°, presumably induced by a bimodal or 

multimodal character of the interlayer spacing of (GO)RZ-S powder. 60 The stacking hight 

and the layered arrangement in this case was 1.41 nm and 4 sheets respectively. This result 

confirms the successful exfoliation with the reduction and with the respective 

functionalization. 

 

The Raman spectra of graphite, (GO), (GO)RH and (GO)RA are shown in the Figure IV.10. 

The Raman spectra of the materials confirm the observations of the XRD patterns i.e., the 

changes of structure during the oxidation process from graphite to graphene oxide. The 

Raman spectrum of graphite displays a strong peak at 1580 cm-1, corresponding to the G-

band and this is attributed to the first order scattering of the E2g phonon of the sp2 carbon-

carbon bond; 99 the Raman spectra of (GO), shows a slight shift of the G-band until 1584 cm-

1, and for (GO)RH, (GO)RA, the G-band appear around of 1590 cm-1. After oxidation process 

of the graphite to obtain graphene oxide, the D-band develops, which represents the defect 

sites associated with vacancies and grain boundaries, 100-102 possibly due to the extensive 
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oxidation. 51 The D-band around 1355 cm-1 is a breathing mode of A1g symmetry involving 

phonons near the K zone boundary. 103  

 

Figure IV. 10 Raman spectra of graphite, (GO), (GO)RH and (GO)RA. 

The morphological characteristics of the samples were investigated by microscopy. 

Scanning electron microscopy (SEM) images showed that the laminar form of the graphite 

was not significantly altered by the oxidation processes. The observed corrugation of GO 

sheets was attributed to the breaking of the planar polyaromatic structure, 91 (Fig. IV.11b). 

After the reduction process (with ascorbic acid), the restoration of the sheets by the pi-

interactions between the aromatic carbons is evident, while the ultrasound treatment, 

accompanied by the sulfonation of (GO)RA, leads to the separation of the layers and a 

completely corrugated morphology is observed (Fig. IV.11d).  

The results obtained from SEM images were supported by transmission electron microscopy 

(TEM) analyses (Fig. IV.12). The TEM image of the graphite shows dark areas that indicate 

the existence of several layers of polyaromatic structure. Electron clear regions present in 

GO, indicate much thinner films of a few layers of graphene oxide. Additionally, GO sample 

present sizes of 200 to 500 nm. The reduction with ascorbic acid of graphene oxide and 

subsequent sulfonation does not alter the morphology. On the other hand, the reduction 

with hydrazine generates large agglomerations, probably due to the combination between 
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the remaining graphene oxide that was not able to be reduced (determined by XRD) and the 

reduced layers present. This agglomeration is maintained even after sulfonation. 

 

  

  

Figure IV. 11 SEM images of: a) graphite; b) (GO), c) (GO)RA; d) (GO)RA-S. 

   

   

a b

c d

Graphite (GO) (GO)RH

(GO)RA (GO)RH-S (GO)RA-S



_______________________________________________________________ 

 

143       
 

   

   

Figure IV. 12 Transmission electronic images of the samples and EDS mapping showing 

the spatial distribution of C and S of (GO)RH-S and (GO)RA-S. 

 
7.1.2. Elemental Analysis 
 

Elemental analysis by combustion was used to investigate the degree of reduction of the 

powder samples and the degree of sulfonation. Table IV.3 summarizes the results of the 

elemental analysis, in addition to the determination of the C/O and S/C ratio.  

 

Table IV. 3 Elemental analysis of activated carbon, graphene oxide and sulfonated 

reduced graphene oxide. 

Catalyst 
 Elemental Analysis (%) C/O ratio S/C ratio 

 C O S  x10-2 

(AC) 73.16 24.89 0.00 3.92 -- 
(AC)-S 67.75 26.29 3.35 3.44 1.85 

(AC)RH 79.39 19.19 0.00 5.52 -- 
(AC)RH-S 68.70 25.33 3.94 3.62 2.15 
Graphite 97.70 2.30 0.00 56.64a -- 

(GO) 35.47 60.29 1.45 0.78 1.53 
(GO)-S 46.99 47.27 2.37 1.33 1.89 

(GO)RH 66.40 31.40 0.00 2.82 -- 
(GO)RZ 93.16 6.86 0.00 18.1 -- 

(GO)RH-S C S

(GO)RA-S C S
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(GO)RA 70.96 27.59 0.00 3.43 -- 
(GO)RH-S 60.14 34.82 3.29 2.30 2.05 
(GO)RZ-S 85.13 10.15 4.72 11.2 2.08 
(GO)RA-S   55.86 35.01 6.88 2.13 4.62 

a Measured by XPS.  

 

The obtained graphene oxide (GO) has a C/O ratio of 0.78, which reflects the good oxidation 

rate in the material with respect to the starting graphite, which has a ratio of 56.64. When 

performing the reduction processes in the GO, it is possible to observe notable differences 

in the ratio of C/O (Figure IV.13).  

 

 

Figure IV. 13 The C/O and S/C ratios of reduced and sulfonated graphene oxide, 

respectively. 

According to our results, the reduction with Zn/HCl was more effective than with hydrazine 

hydrochloride and ascorbic acid, generating a ratio of 18.1 against a ratio of 2.82 and 3.43 

for (GO)RH and (GO)RZ respectively. With respect to the S/C ratio, it is possible to observe 

that the graphene oxide contains residual sulfur, product of the synthesis method in which 

sulfuric acid was used. 85, 86 This sulfur, which is in the form of sulphate 104 and can be lodged 

in the middle of the leaves of the GO or forming covalent bonds, 105 moves with the 

reduction, probably thanks to the restoration of the leaves and the high solubility in water 

of the sulphate group. In this sense, it can be attributed that the presence of sulfur in solids 

(GO)RH, (GO)RZ and (GO)RA, is only due to functionalization with sulphanilic acid. The ratio 

S/C in these solids is greater in the catalyst (GO)RA, followed by (GO)RZ and (GO)RH. 

Clearly, these results indicate that the method of graphene oxide reduction significantly 
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influences the degree of functionalization. Probably the little agglomeration of the sheets 

after the reduction with L-ascorbic acid (Fig. IV.12), helps so that more -PhSO3H groups can 

be grafted on the surface. 

 

The XPS spectra of the C1s for graphite, shows a predominant peak at 284.4 eV 

corresponding to the sp2 carbon and a small peak at 286.4 eV corresponding to small 

amounts of C-O-H groups of alcohols or phenols 106 present in the starting material (Fig. 

III.14a). This same region confirmed that the pre-oxidation treatment of graphite with 

K2S2O8/P2O5 (Fig. IV.14b) generated a small number of groups of C-O and C=O groups 

characterized by the low intensity peaks at 286.4 and 287.7 eV respectively, while the peak 

represents Csp2 to 284.4 eV remains intense. The pre-oxidized graphite after of the treatment 

with KMnO4 an H2SO4 leading to the formation of the (GO) solid. In this material it is evident 

the presence of Csp3 carbons (284.2 eV) in a high content, as well as the functional groups 

C-O-C (286.2 eV), C=O (288.2 eV) and O-C=O (289.5 eV), which confirm the formation of 

graphene oxide (Fig. IV.14c). The reduction of GO by the use of hydrazine dihydrochloride 

partially restored the aromatic structure of the material, although some oxygenated groups 

remain in this solid, principally C-O-C (286.6 eV), Figure IV.14d. During the reduction, parts 

of the basal planes near the edges become reduced and subsequently snap together due to 

𝜋	- 𝜋 interactions, thus narrowing the interlayer distance. Consequently, the reducing agent, 

hydrazine dihydrochloride, cannot penetrate further into the interior of the GO particles, 

presumably leading to the lower degree of reduction 60 and greater agglomeration (TEM 

images, Figure IV.12). The reduction of the GO by ascorbic acid, led to a greater restoration 

of the aromatic structure compared with the hydrazine dihydrochloride, since the amount 

of oxygenated groups after the process was much lower (high C/O ratio), Figure IV.13b. 

According to Guo et al., L-ascorbic acid can significantly reduce the epoxy and hydroxylic 

groups, which are the most abundant groups in the GO (Figure IV.15). In addition, a high 

concentration of L-ascorbic acid, as in our case, can generate oxalic acid and guluronic acids 

(generated from the decomposition of dehydroascorbic acid) that are able to form hydrogen 
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bonds with residual oxygen groups and prevent 𝜋	- 𝜋 interactions of the graphene sheets, 

therefore there are no agglomerations, 63 (TEM images, Figure IV.12). The XPS spectrum of 

(GO)RZ-S (Figure IV.14f and Figure IV.15), show the few oxygenated groups that have been 

conserved after the functionalization process on the (GO)Rz. 

 

 

Figure IV. 14 XPS spectra for: a) graphite; b) pre-oxidized graphite; c) (GO); d) (GO)RH; e) 

(GO)RA; f) (GO)RZ-S. 

 

Figure IV. 15 Atomic concentration (%) determined by XPS of graphite, pre-oxidized 

graphite, (GO), (GO)RH, (GO)RA and (GO)RZ-S. 
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The quantitative energy dispersive X-ray spectroscopy (EDS) mapping of (GO)RH-S and 

(GO)RA-S, reveals a homogeneous distribution of -PhSO3H functionalities on the graphite 

oxide structure, suggesting that they are not exclusively located at the edges, 107 Figure IV.12. 

For the functionalization of the reduced graphene oxide with the aryl diazonium salt of the 

sulfanilic acid, it is necessary that a re-hybridization of the C atoms from sp2 to sp3, to form 

a covalent bond. It is also well known that a chemical reduction of graphene oxide generates 

a substantial amount of defects, including holes, in the basal plane, which are an advantage 

for the successful grafting of -PhSO3H groups. 105 

 
7.1.3. Acid properties  
 

The acidity measurements of the samples were correlated with the number of sulfonic 

groups (sulfur content) present in the surface and corroborated by the Boehm titration, 

Table IV.4. This approach has been used in other studies that find concordance between the 

results for sulfonated reduced graphene oxide. 91, 108 For the activated carbon (AC), the total 

acidity comprises the sulfonic groups and the original oxygenated groups present in this 

type of material. According to Cordoba et al.109 activated carbon G60 presents carboxylic 

acids, anhydrides and lactone groups, which give it surface acidity (0.71 mmol [H+] g-1). 

After the sulfonation process, the activated carbon increases the total acidity to 1.76 mmol 

[H+] g-1, of which 1.05 mmol [H+] g-1 corresponds to the sulfonated grafted groups. The 

acidity of the graphene oxide, in both cases, was influenced by the presence of sulfate groups 

remaining from the graphite oxidation processes: GO exhibited a total acidity of 0.51 mmol 

[H+] g-1, of which 0.45 mmol [H+] g-1corresponded to the sulfonated groups belong to the 

groups resulting from the functionalization. After the reduction of the graphene oxide, the 

disappearance of the remaining sulfate groups is evidenced and the acidity determined by 

the Boehm titration is almost null due to the few acidic oxygenated groups remaining on 

the surface of the reduced graphene oxide. Finally, the acid values obtained for the reduced 

sulfonated graphene oxides were the same through the Boehm titration and through 

elemental analysis. 
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Table IV. 4 Acidic properties of activated carbon, Amberlyst® 15 (A-15), graphene oxide 

and sulfonated reduced graphene oxide. 

Catalyst 
 

Acidity (mmol [H+] g-1) 
 

 
(AC) 0.71 

(AC)-S 1.05 (1.76)c  
(AC)RH -- 

(AC)RH-S 1.23 
A-15 2.37a 

Graphite -- 
(GO) 0.45 (0.51)a 

(GO)-S 0.74 (0.70)a 
(GO)RH -- 
(GO)RZ -- 
(GO)RA -- 

(GO)RH-S 1.03 (1.05)a  
(GO)RZ-S 1.48 (1.37)a 

(GO)RA-S   2.15 (2.12)a 

a In parenthesis = acidity determined by Boehm titration. 

7.2. Etherification of glycerol with tert-butyl alcohol 
 

According to our previous work with zeolites 110 (chapter 3), we determine the 

thermodynamics of the etherification of glycerol with tert-butyl alcohol by the use of 

discontinuous reactors at 363 K under autogenous pressure. The etherification of glycerol 

and tert-butyl alcohol is a reaction limited by a thermodynamic equilibrium, and in our 

experimental conditions the maximum glycerol conversion expected is of 80%. 

 

7.2.1. Kinetic model 
 
The order of reaction for glycerol and tert-butyl alcohol were established on the (AS)-S and 

(GO)RA-S catalysts at 363 K and estimated from the variation of the initial rate with the 

concentration of that reactant, using the natural logarithm of the rate equation: ln 𝑟�	 =	 𝑙𝑛𝑘 +

	𝛼ln	[Gly]� + 	βln	[TBA]�. The initial rate are measured in a series of experiments at different 

initial concentration of Gly ranged from 2.0 x10−4 to 1.0 x10−3 mol cm−3 with a molar ratio 

TBA/Gly from 10 to 40. In these conditions, the concentration of the exceeding reactant can 
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be considered as almost invariant. The slope of the straight line in Fig. IV.16 of lnr0 plot as a 

function of ln[Gly]0 then corresponds to the partial order with respect to Gly. Similar 

experiments were carried out by maintaining the concentration of Gly constant and varying 

that of TBA concentration from 4.0 x10−4 to 2.0 x10−3 mol cm−3. The partial kinetic orders for 

(AC) -S with respect to glycerol was 0.16, while the order for TBA was 0.84. For the catalyst 

(GO)RA-S, the order obtained with respect to glycerol was 0.42, while for the TBA 1.60. These 

results agree with the results obtained by Frusteri et al. 111 where they evaluated the solid-

acid resin Amberlyst® 15 in the etherification and the kinetic orders found were an order of 

0.3 with respect to Gly and an order of 1.7 with respect to tert-butyl alcohol, suggesting that 

the etherification reaction occurs with a molecular mechanism wherein TBA is quickly 

protonated on the acid sites forming a tertiary carbocation able to react with the glycerol 

strongly adsorbed on the catalyst surface. These results are also confirmed by Kiatkittipong 

et al. 112 where they show that in Amberlyst® 15 the model based on the activity of Langmuir-

Hinshelwood (LH) is the most suitable kinetic model to adjust to the experimental results.  

   

Figure IV. 16 Kinetical study of (AC)-S, a) and (GO)RA-S, b). 

7.2.2. Activity  
 

In Figure IV.17, the glycerol conversion has been compared as a function of the reaction time 

for following catalysts, (AC)-S, (AC)RH-S and Amberlyst® 15 (A-15, reference catalyst 113, 114), 

(GO), (GO)-S, (GO)RH-S, (GO)RZ-S, (GO)RA-S. By employing A-15 as the catalyst, the 

conversion increases rapidly and reaches a plateau at 64% within 1 h. The plateau is 16% 

lower than the predicted equilibrium value (80%), which means that conversion is 
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hampered by deactivation of the sulfonic resin, probably due to a product inhibition effect, 

e.g. by H2O. As expected, the graphite does not present conversion to glycerol because 

practically the amount of acidic sites is zero in this material (Table IV.4). With the activated 

carbon (G60) was also used directly, no conversion of glycerol was observed either. This 

indicates that although this solid has oxygenated groups that can confer acidity, these are 

not strong enough to promote etherification. After sulfonation of the AC, a conversion of 

glycerol (35%) was observed, suggesting that the presence of sulfonated groups could 

promote the reaction (Table IV.5). Subsequently, it was evaluated graphene oxide obtained 

(GO). The nature of these materials causes them to contain oxygenated groups on the surface 

that give acidity, as determined by the Boehm titration. However, as evidenced by activated 

carbon, these groups do not by themselves promote the etherification reaction with glycerol.  

For the graphene oxides synthesized here, it was found by elemental analysis that they 

contain sulfate groups remaining from the preparation, which could confer the appropriate 

acid strength to carry out the reaction. Indeed, one way to functionalize with acid groups is 

graphene oxide with direct immersion in concentrated sulfuric acid. 87 The conversion of 

glycerol achieved with (GO) was 19%. A sulfonation of these graphene oxides demonstrates 

that not only is it possible to increase the conversion, but it also improves the selectivity. 

(GO)-S achieves 50% of conversion of glycerol. In this study we used three reduction 

methods to compare the final effects in the etherification of glycerol with tert-butyl alcohol, 

where it is observed that the results are very similar in terms of glycerol conversion. When 

using sulfonated reduced graphene oxides, an increase of between 23 and 27% conversion 

of glycerol with respect to the conversion achieved with sulfonated graphene oxide is 

possible, indicating that the reduction process, before the sulfonation, it is essential to 

achieve the best results. Table IV.5 summarizes the conversion and selectivity achieved after 

10 hours of reaction. The activity of the catalysts also appears in the same Table. 
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Figure IV. 17 Glycerol conversion as a function of reaction time. (AC)-S, (AC)RH-S and 

Amberlyst®15, a); Catalysts based on (GO), b). Test carried out at 363 K, 1200 rpm, 

autogenous pressure, 7,5 % of catalyst (referred to glycerol mass) and glycerol/tert-butyl 

alcohol molar ratio of 0.25. 

Table IV. 5 Glycerol etherification with tert-butyl alcohol: conversion and selectivity after 

10 h, initial activity (A0) and TOF obtained on Amberlyst-15, activated carbon, graphene 

oxide and sulfonated reduced graphene oxide. 

Reaction conditions: 7.5 wt.% of catalyst (referred to glycerol mass), glycerol/tert-butyl alcohol molar ratio = 0.25, reaction 

temperature = 363 K, reaction time = 10 h, stirring = 1200 rpm. MTBG: glycerol monoethers; h-GTBE: glycerol diethers + glicerol 

triether. In parenthesis, selectivity to glycerol triether (%). a Turnover frequency per Brønsted acid sites probed by the pyridine 

at 423 K. 

 

Results of the catalytic etherification of glycerol with tert-butyl alcohol further compared in 

terms of initial activity (A0), where possible deactivation does not occur. A0 was estimated 
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b

Catalyst Conv. (%) Selectivity (%) A0glycerol 

(mol h-1 g-1) x 104 
TOFa 

(h-1) x 102   MTBG h-GTBE 
(AC) 0 0 0 -- -- 

(AC)-S 35 80 20 1.45 14 
(AC)RH-S 31 86 14 1.28 10 

A-15 64 75 25 (0.3) 15.00 63 

Graphite 0 0 0 -- -- 
      

(GO) 19 100 0 5.00 111 
(GO)-S 50 78 22 (0.2) 10.53 202 

(GO)RH-S 73 71 29 (0.7) 14.02 107 
(GO)RZ-S 76 88 12 (0.1) 12.71 194 
(GO)RA-S   77 73 27 (0.5) 15.89 74 
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from the slope of the tangent at zero time fitted to the curves presented in Figure IV.17. The 

initial activity of the catalyst based on sulfonated reduced graphene oxide is very close to 

the activity of the sulfonic resin A-15, which indicates that the amount of acidity of these 

catalysts is sufficient to promote the etherification of glycerol with tert-butyl alcohol. The 

similarity of this activity could be related to the fact that both the Amberlyst® 15 and the 

graphene-based solids contain the same acidic groups on the surface (-PhSO3H) and there 

is no microporosity in these catalysts. 

 

7.2.3.  Selectivity 
 
The etherification of glycerol with tert-butyl alcohol (TBA) proceeds via a consecutive path 

that yields the formation of water and five different alkyl glycerol ethers, which are MTBG 

(3-tert-butoxy-1,2 propanediol and 2-tert-butoxy-1,3 propanediol), DTBG (2,3-di-tert-

butoxy-1-propanol and 1,3-di-tert-butoxy-2- propanol) and TTBG (tri-tert-butoxy-propane). 

Side reactions can occur such as the dehydration of TBA to isobutylene (IB) followed of its 

dimerization. Under the performed reaction conditions, no diisobutylene is detected and 

the isobutylene yield estimated from the autogenous pressure is negligible (<1%). Fig. IV.18 

compares MTBG (primary product) and the h-GTBG (DTBG and TTBG) molar yields as 

function of the overall glycerol conversion employing Amberlyst® 15, and sulfonated 

reduced graphene oxide-based catalyst (GO). Table IV.5 reports conversion and product 

selectivity obtained after 10 h of reaction. 

 

Using A-15, the yield of the primary product (MTBG) reaches a maximum at ca. 50% 

glycerol conversion (Table IV.5). The DTBG (secondary product) is starting to be formed at 

30% glycerol conversion (extrapolated value at zero conversion). After 10 h of reaction, one 

quarter of the products are composed of DTBG, whereas the yield of TTBG (ternary product) 

is negligible (0.3%). For the catalyst (AC)-S, the formation of DTBG occurs at low conversion 

(~20%). This is related to the high microporosity of activated carbon, where a shape 

selective/confinement effect can occur. 110 In the case of the sulfonated reduced graphene 
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oxide- based catalysts, the selectivity toward DTBG is dependent of the method of synthesis: 

for the catalysts reduced with hydrazine dihydrochloride and ascorbic acid, values of 29 

and 27% respectively were obtained (Table IV.5). These solids, which do not have porosity, 

reach the formation of DTBG before of 30% conversion of glycerol (Fig. IV.18). Although the 

conversion after 10 h of reaction is similar in the three cases ((GO)RH-S, (GO)RZ-S and 

(GO)RA-S), the selectivity results obtained with (GO)RZ-S differ significantly when obtaining 

a selectivity towards DTBG of 12% (Table IV.5). These results suggest that for these catalysts, 

it is also important to consider the hydrophobic/hydrophilic balance. While this character 

has been previously discussed for zeolites in the etherification of glycerol with tert-butyl 

alcohol, 110, 115, 116 this character can also be related to catalysts based on graphene oxide; there 

is a synergy between the active sites (sulphonic groups) and the oxygen groups, where the 

latter can act as adsorption sites for reagents and products, particularly glycerol and MTBG, 

promoting the consecutive reaction MTBG à DTBG à TTBG. 

 

Figure IV. 18 Molar yields into MTBG, DTBG and TTBG as a function of glycerol 

conversion for catalyst based on sulfonated reduced (GO), compared to A-15 and (AC)-S. 

7.2.4. Stability 
 
The recyclability of (AC)-S and (GO)RA-S has been investigated comparing the percent yield 

toward DTBG. After being recycled 3 times, the conversion of glycerol using (GO)RA-S, 

decreases 11% and the Yield towards h-GTBE decreases more than 50% (going from 22 to 
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10%), Fig. IV.19. The same effect is observed with (AC)-S, although in this case the 

conversion decreases only 1%. When the catalysts are subjected to washes with ethanol by 

means of Soxhlet, it is possible to recover the initial conversion and yield. This suggests the 

adsorption of reagents and products in the active sites, which are evidenced when analyzing 

extracts of washing with solvents by gas chromatography, where the main peaks are 

glycerol and MTBG. These results show that it is possible to recover the initial activity by 

means of solvent washes, converting the catalysts based on sulfonated reduced graphene 

oxide, into serious candidates to effectively carry out the etherification reaction between 

glycerol and tert-butyl alcohol. 

 

  

Figure IV. 19 Results of recycling experiments for (GO)RA-S, a) and (CA)-S, b). 

 

Additionally, a thermal stability study was carried out. Figure IV.20, compares the TGA 

curves of Amberlyst® 15, (GO) and (GO)RA-S.  
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Figure IV. 20 TGA pattern of (GO)RA-S, (GO) and A-15. 

The overall weight loss of 64.5 % for GO occurs in three successive steps. The first one is a 

steady weight loss of 7.7 % attributed to the vaporization of adsorbed water molecules and 

occurs at around 393 K. Then a rapid loss of 20% due to the decomposition of the oxygen-

containing functional groups such as hydroxyl, epoxy, carbonyl, and carboxyl groups in the 

temperature range of 393-473 K. Finally, a weight loss of 36.8 % that can be attributed to the 

combustion of the carbon skeleton is observed in the temperature range of 273–1163 K 117. 

TGA curve for (GO)RA-S show overall less than 35 % weight loss in the same temperature 

range. A first mass loss of 4.4 % at around 373 K was attributed to volatiles desorption, 

mainly moisture. A second weight loss of 11.8 % at around 648 K that can be attributed to 

the decomposition of remnants oxygen groups (hydroxyl, epoxy, carbonyl, and carboxyl). 

The weight loss in the temperature range 648-1163 K can be attributed to decomposition of 

sulfonated groups. 117 The degradation of Amberlyst®15 proceeds in three steps: 

dehydration at 403 K, desulfonation at 508–603 K and oxidation of polymer at 603–828 K, 

representing a weight loss of 60.7 % at 873 K. These results suggest that the (GO)RA-S is 

more thermally stable than the reference catalyst Amberlyst® 15, which allows its use in acid 

reactions at temperatures in which the A-15 can not be used. 
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8. Conclusion  

The graphene oxide was obtained by the modified Hummers method and, subsequently, a 

chemical reduction was carried out by means of three different routes: i) reduction with 

hydrazine, ii) with Zn/HCl and iii) reduction with L-ascorbic acid. The results of these 

processes showed different C/O ratio on the graphene oxide surface. Finally, the reduced 

graphene oxides were subjected to functionalization. The sulfonation using diazotization is 

an easy and effective route to functionalize the reduced graphene oxide, since it generates a 

homogeneous dispersion in the carbon skeleton. The three solids obtained were evaluated 

in the etherification with glycerol with tert-butyl alcohol, finding very similar conversions 

of glycerol between these catalysts and that were higher than those obtained with 

Amberlyst® 15, which is the reference catalyst. In the same way, the catalysts showed a 

different selectivity at the end of the reaction, depending on the amount of oxygen groups 

that remain on the surface of the graphene oxide. This led us to conclude that the 

hydrophobic/hydrophilic balance is very important to achieve the best results with this type 

of catalyst. Regarding recyclability, these catalysts have been shown to be stable and easily 

regenerable, converting them into efficient solids in acid reactions where they involve the 

formation of water as a by-product, such as the etherification of glycerol with tert-butyl 

alcohol. 
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In this last chapter, we briefly describe the preliminary results obtained from the 

etherification of glycerol with isoamyl alcohol using acid catalysts that were previously 

evaluated in the etherification of glycerol with tert-butyl alcohol, such as Amberlyst® 15, 

sulfonated reduced graphene oxide and beta zeolite (CP-811-25L). Isoamyl alcohol was 

selected in this research, motivated by the search for new routes to take advantage of fusel 

oil, which are currently very limited in the local context, despite the fact that the bioethanol 

production industry in Colombia has had a strong growth in recent years. 

 

1. Fusel oil 

Within the process of obtaining bioethanol from the fermentation of first-generation raw 

materials such as sugar and starch or the second generation such as lignocellulosic biomass, 

it is possible to generate other light alcohols that remain as waste when the distillation is 

carried out and purification of bioethanol. This fraction, which consists of a mixture of 

alcohols from C2 to C5, is what is called fusel oil. The percentage of composition of alcohols 

present in the fraction can vary between 50 and 70% depending on the raw material used 

and the industry that carries out the distillation. 1 From this mixture of alcohols, isoamyl 

alcohol can be present up to 85%, becoming in the most abundant alcohol. 2 This alcohol has 

the molecular formula C5H12O, it is a colorless liquid and the main applications are in the 

field of photography and as a precursor of the esters and derivatives of isoamyl. 3 

2. Etherification of glycerol with isoamyl alcohol 

According to a thorough review of the literature, there are no reports directly addressing 

the etherification of glycerol with isoamyl alcohol. With this panorama, it was decided to 

design an experimental development, where the best catalysts of the work done with 

etherification using tert-butyl alcohol were selected. Likewise, it started from previously 

optimized conditions, such as the molar ratio, temperature and agitation. The reaction was 

carried out in the same reactor in which the etherification was carried out with tert-butyl 
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alcohol (described in the previous chapters). When satisfactory results were not obtained 

after analyzing by gas chromatography, it was decided to vary the conditions to try to 

generate a glycerol conversion to ethers. In a preliminary way, Table V.1 shows qualitatively 

after each test, the identification of the product of interest that would be glycerol isoamyl 

ether (GIAE). 

Table V. 1 Identification of GIAE in the reactions with Amberlyst® 15, sulfonated reduced 

graphene oxide and beta zeolite as catalysts 

Catalyst Temperature (K) Time (h) GIAE* 

A-15 

363 24  ND 
387 24 ND 
387 48 ND 
387 72 ND 
387 96 ND 

(GO)RA-S 
387 72 ND 
413 72 ND 
453 72 ND 

(*BEA𝐍𝐂BZ.³) 413 72 ND 
508 72 D 

* ND: non-detected; D: detected  
 
According to the results obtained under the conditions studied, it is possible to observe that 

only the etherification of glycerol with isoamyl alcohol occurs at high temperatures with 

zeolite beta, where in addition to this product, a cracking of the reactants was detected by 

gas chromatography mass, as well as the generation of the product di-isoamyl ether (DAE). 

This product was also detected in the reaction performed, at lower temperatures with the 

other catalysts. This observation allowed, in the first instance, also consider the possibility 

of investigating the etherification of isoamyl alcohol.  

 

3. Etherification of isoamyl alcohol 

Obtaining DAE of the etherification of the same isoamyl alcohol is a reaction that requires 

high temperatures to observe activity. 4 Tejero et al. studied the etherification of n-pentyl 
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alcohol to obtain di-n-pentyl ether (DNPE) using zeolites (beta, HY, HZSM-5 and MOR) as 

catalysts. The results showed that the best conversion (47.9%) was obtained at 453 K with 

the zeolite beta (SiO2/Al2O3 = 25). Lower reaction temperatures lead to a lower conversion. 

In this work they also studied the reaction kinetics, finding that two molecules of alcohol 

adsorbed on a single centre react to give the ether and water, adsorbed each one on a single 

centre as well, and the surface reaction being the rate-limiting step. 5 However, it is possible 

to obtain DAE at lower temperatures, but from the etherification of isoamyl alcohol with 

olefins, which in turn contain a tertiary carbon in their structure. In this sense, Cataluña and 

co-workers, designed a system to obtain di-amyl ethers of the reaction between isoamyl 

alcohol and C5 alkenes. 6 The maximum conversion was 48% when they attributed this value 

to the equilibrium limit. In this work we also studied some properties of interest for the use 

of DAE as an additive for fuels, concluding that they can potentially be applied in aviation 

fuel formulations. 

 

According to the results of our research, it is possible to generate DAE with Amberlyst® 15, 

in addition to the sulfonated reduced graphene oxide and the zeolite beta at 387 K and with 

a low catalyst load (8%). Table V.2 shows the conversion results. 

 

Table V. 2 Isoamyl alcohol conversion using Amberlyst® 15, sulfonated reduced graphene 

oxide and beta zeolite as catalysts. 

Catalyst Isoamyl alcohol conversion (%) 

A-15 17 

(GO)RA-S 14 

(*BEA𝐍𝐂BZ.³) 8 

Reaction time =72 h, catalyst load= 3%, stirring=1200 rpm, temperature reaction= 387 K 
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These preliminary results could serve as a basis for deepening this reaction, considering the 

great applicability of the product that is generated, likewise it could provide an opportunity 

for the valorization of fusel oil. 
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General Conclusions 

 

The etherification of glycerol with tert-butyl alcohol is a reaction that can be promoted by 

Brønsted acid catalysts of heterogeneous type. In turn, the products of this reaction are 

generated by successive routes, where mono tert-butyl ether of glycerol is the most likely, 

followed by the di and finally the tri-tert-butyl ether of glycerol, which is not obtained in 

large quantities. 

 

The study with zeolites showed that the catalytic activity depends on the size of the crystal 

and the size of the pores; sizes less than 100 nm - where there are no diffusion limitations-, 

zeolite Beta shows a dependence of the catalytic activity with the concentration of acid sites. 

While, with respect to the size of the pores, zeolites with large confinement voids favor 

successive etherification (such as Faujasite), although desorption of the products can be 

prevented. 

 

The use of non-porous catalysts in this reaction, such as sulfonated reduced graphene oxide, 

also shows good catalytic results. For this type of catalysts, the glycerol conversions were 

higher than those obtained with Amberlyst® 15, which has been established as a reference 

catalyst for this reaction. The amount of sulphonic groups (acid concentration) and the 

remaining oxygenated groups on the surface after reduction, act synergistically; where the 

sulphonic groups are directly responsible for the etherification reaction and the oxygenated 

groups generate a suitable hydrophilic/hydrophobic equilibrium which allows successive 

etherification and helps to obtain di and tri-tert-butyl ethers of glycerol. 

 

The reaction mechanism also depends on the catalyst used. The zeolites promote 

etherification by an Eley-Rideal mechanism and the sulfonated reduced graphene oxide 

does so by a Langmuir-Hinshelwood mechanism. The differences of these mechanisms in 

the same reaction are mainly between the probable distances of the adsorbates, where for 
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the zeolites it is greater, while for the sulfonated reduced graphene oxide, the adsorbates 

are closer thanks to the presence of oxygenated groups. 

 

With respect to the etherification of glycerol using isoamyl alcohol, this is a more complex 

reaction than etherification with tert-butyl alcohol, because the primary alcohol is more 

difficult to activate. The preliminary results of this reaction showed that the self-

esterification of isoamyl alcohol favors the etherification with glycerol. The results could be 

explained by the low solubility that occurs between these two alcohols. These results open 

a possibility for the valuation of fusel oil, where the product of self-etherification (isoamyl 

ether) is a potential candidate to be used in aviation fuel formulations. 
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Perspectives 

 

The research that uses acid zeolites in the etherification of glycerol with tert-butyl alcohol, 

ratifies and complements some observations and statements previously made in the 

literature. The finding that the use of zeolites with large pore sizes and small glass sizes 

makes it possible to subsequently explore other mesoporous nanometric materials to 

improve catalytic activity. 

 

On the other hand, the surprising results with reduced sulfonated graphene oxide in this 

reaction have opened the possibility that the use of carbocatalysts in the etherification of 

glycerol with tert-butyl alcohol could be extended. Recently it has been reported in the 

literature that it is possible to obtain 3D graphene, that is, it has a porous structure. The 

combination of pores, functionalization and an adequate hydrophilic/hydrophobic balance 

make these systems serious candidates for research. 

 

With respect to the etherification of the isoamyl alcohol, subsequent studies can be carried 

out with suitable reaction sets that allow to generate a greater conversion of this alcohol and 

in this way provide a future use of the fusel oil. 
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Annex A 

 
Synthesis of g-Al2O3: g-Al2O3 was prepared from aluminium nitrate nonahydrate 

(Al(NO3)3·9H2O). 7.36 g of Al(NO3)3·9H2O were dissolved in 50 mL deionized water with 

continuous stirring at 333 K for 2 h. When the solution was heated to 373 K and 13.6 mL of 

ammonia solution (28%) was added dropwise. After the addition of the ammonia solution 

was completed stirring continued for a further 12 h at 303 K. The precipitate obtained was 

filtered, washed with distillated water, and dried at 393 K for 12 h. The solid was calcined 

at 823 K for 5 h.  

Synthesis of SiO2-Al2O3 100: Aluminosilicate was prepared by co-precipitation. Aluminium 

nitrate nonahydrate (Al(NO3)3·9H2O) and tetraethylorthosilicate (TEOS, Sigma-Aldrich) 

were used as the starting materials. 18 g of Al(NO3)3·9H2O were first dissolved in absolute 

ethanol, then 0.5 g of TEOS were added and stirred vigorously for 3 h. After the solution 

was stirred, 25 wt% NH4OH aqueous solution (100 ml) was added rapidly with vigorous 

stirring to obtain a precipitate. The precipitates were immediately dried using an evaporator 

at 333 K for 2 h, then at 373 K for 15 h in an oven. The resultant solid was calcined at 573 K 

for 4 h to obtain the aluminosilicate. 

d(0.4/358)-a-(𝐌𝐎𝐑)𝐒𝐂𝟏𝟎 catalyst 37: The zeolite used as a starting material was a commercial 

protonic mordenite (MOR, Süd chemie) with a molar ratio Si/Al of 10. Briefly, 10 g of MOR 

were stirred at 400 rpm in 300 ml alkaline solution (0.4 M) at 358 K for 2 h. Then, zeolite 

suspension was centrifuged (6000 rpm) after being cooled down in ice–water mixture. The 

decantation of the liquid was followed by re-suspension with demineralized water. This 

procedure was repeated until pH was 7. Samples were subsequently treated with 0.5 M of 

HCl under stirring at 303 K for 10 min using the proportion of 10 ml per gram of sample. 

All samples were converted into their correspondent protonic form by three consecutive 

exchanges with 2 M, NH4NO3 using the proportion: 20 cm3/g of zeolite. The exchange was 
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carried out at 363 K for 4 h. After a careful wash up to pH 7, solid was calcined under air 

flow (100 ml min−1/g of zeolite) at 823 K for 5 h. 

Synthesis of *BEA-type zeolite micron-sized crystal 101: The synthesis mixture was 

prepared by hydrolyzing tetraethylorthosilicate (TEOS) (98 wt%, Aldrich) in an aqueous 

solution of tetraethylammonium hydroxide (TEAOH) (35 wt% in aqueous solution, 

Aldrich). Then a solution made by dissolving metal aluminum (99.95%, Aldrich) in aqueous 

TEAOH was added and the mixture was kept under stirring until the complete evaporation 

of ethanol formed upon hydrolysis of TEOS. Finally, hydrofluoric acid (40 wt% in H2O) was 

added. The obtained gel (composition in the Table II.3.), was hydrothermally treated at 443 

K for 14 days in a Teflon lined stainless steel autoclave. After the required crystallization 

time, the autoclave was cooled down to room temperature. The pH of the mother liquor was 

in the range 8–9.5. The product was filtered and washed extensively with distilled water. 

Finally, the sample was calcined under air at 823 K during 5 h with a temperature ramp of 

274 K per minute in order to remove the organic template. 

Synthesis of *BEA-type zeolite submicron-sized crystal 101: For the synthesis of the sub-

micron-sized (SC) *BEA-type zeolite, aluminum (Al, Fluka, 99%) was mixed with 

tetraethylammonium hydroxide solution (TEAOH, Aldrich, 35 wt. % in H2O) at room 

temperature. After, tetraethylorthosilicate (TEOS, Aldrich, 98%) was added to the initial 

solution and mixed until the complete evaporation of water and ethanol. To the dry gel 

obtained, water and hydrofluoric acid (HF, Aldrich, 40 wt. % in H2O) were added and mixed 

during 4 h to room temperature. The resulting white gel (Table II.3) were transferred to an 

autoclave to 443 K during 14 days. Finally, the solid was filtered and washed with water, 

dried at 373 K during 12 h and calcined to 823 K during 5 h. 

Synthesis of *BEA-type zeolite nanometer-sized crystal 102: A precursor solution of 

molecular composition 0.014 Na2O: 0.18 (TEA)2O: 0.020 Al2O3: 1 SiO2: 11.80 H2O was 

hydrothermally treated at 368 K for 9 days in a polypropylene bottle. The chemical reagents 

used were aluminum isopropoxide (98 wt%, Aldrich), tetraethylammonium hydroxide 
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(TEAOH, 35 wt% in aqueous solution, Aldrich), sodium hydroxide (99.99 wt%, Riedel de 

Haën) and silica powder resulting from the lyophilization of colloidal silica (Ludox AS-40, 

Aldrich). The resulting milky solution of *BEA zeolite was purified by several 

centrifugation–dispersion cycles in distilled water (at 20 000 rpm for 30 min). In order to 

remove the template occluded in the porosity (tetraethylammonium), the final sample was 

calcined under air at 823 K during 5 h with a temperature ramp of 274 K per minute. 

Synthesis of *BEA-type zeolite nano-sponge 103, 104: The NSp sample was synthesized using 

a poly-quaternary ammonium surfactant denoted by N4-phe, Figure II.14.  

 

Figure II. 2 Molecular structure of gemini-type quaternary ammonium surfactant N4-Phe 

used as a structure-directing agent for the synthesis of nano-sponge (NSp) *BEA-type 

zeolite. 

For the synthesis of poly-quaternary ammonium surfactant (N4-phe), 8.6 g of N,N,N’,N’- 

tetramethyle-1,6-diaminohexane (Sigma Aldrich) and 2 g of 1-bromodocosane (Sigma 

Aldrich) were dissolved in 100 ml acetonitrile/toluene solvent (1:1 v/v) and heated 333 K for 

12 h under magnetic stirring. This solution was evaporated for a removal of solvent and 

then a white solid was precipitated. The solid obtained was washed with diethyl ether, 

filtered and dried in a vacuum oven at 323 K. Subsequently, 1.52 g of C22-6-0 and 0.175 g of 

αα-dichloro-p-xylene (Sigma Aldrich) were dissolved in 13 mL chloroform and reflux over 

12 h. This solution was evaporated for a removable of solvent and then the final product 

(N4-phe) was precipitated. The solid was washed using diethyl ether, filtered and dried in a 

vacuum oven at 50 °C. 

After of synthesis of surfactant, ethanol (99.9%), sodium hydroxide (99.99 wt%, Riedel de 

Haën), sodium aluminate (56.7 wt% Al2O3, 39.5 wt% Na2O) and TEOS (98 wt%, Aldrich) 

were mixed to obtain a gel composition of 0.22 Na2O: 0.05 N4-phe: 0.025 Al2O3: 1 SiO2: 4 (ET)2O: 

N N N N
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71 H2O. The resulting gel mixture was maintained under magnetic stirring at 333 K for 6 h. 

The final gel was transferred to a Teflon-lined stainless-steel autoclave and heated at 413 K 

for 4 days under tumbling conditions at 60 rpm. After crystallization, the zeolite product 

was filtered, washed with distilled water and dried at 393 K. The products were calcined at 

873 K for 4 h under air in order to remove the organic surfactant. The protonated form of 

MC, NC and NS zeolites was obtained by double ion exchange of the calcined zeolite with 

a 1 M NH4NO3 solution (liquid/solid ratio: 20 mL/g) at 353 K for 1 h and calcination in a 

static oven at 823 K for 5 h. 

Table II. 2 Molar composition of the starting synthesis gels and thermal conditions for the 

preparation of micron-sized (MC), submicron-sized (SC), and nanometer-sized (NC) 

crystals and nanosponge (NSp)*BEA-type zeolites. 

Reagents Catalyst (*𝐁𝐄𝐀)𝐌𝐂𝟏𝟓  (*𝐁𝐄𝐀)𝐒𝐂𝟗  (*𝐁𝐄𝐀)𝐒𝐂𝟏𝟎 (*𝐁𝐄𝐀)𝐍𝐂𝟏𝟓  (*𝐁𝐄𝐀)𝐍𝐒𝐩𝟏𝟕  
      
Si TEOSd TEOSd Aerosil 

130 
SiO2a TEOSd 

Al Al(s) Al(s) NaAlO2 Al(O-
iPr)3 

NaAlO2 

Gel 
composition 
in molar 
ratio 

HF 0.573 0.680 -- -- -- 
Na2O -- -- 0.020 0.014 0.220 
(TEA)2Ob 0.226 0.340 0.140 0.180 -- 
N4-phec -- -- -- -- 0.050 
Al2O3 0.016 0.070 0.016 0.020 0.025 
SiO2 1 1 1 1 1 
(Et)2O -- -- -- -- 4.00 
H2O 7.03 7.14 15.75 11.80 71.00 

Temp. (K) 443 443 423 368 413 
Time (days) 14 14 16 9 4 

aLudox AS(40) 40% in water lyophilized for 5 days. bTEA: (CH3–CH2)N–. cN4-Phe: 

C22H45N+(CH3)2C6H12N+(CH3)3(Br)-. dTEOS: Si(OCH2CH3)4; Et: CH3–CH2–OH. 

Synthesis of (𝐌𝐅𝐈)𝐍𝐒𝐡𝟒𝟓  catalyst 105, 106: The diquaternary ammonium-type surfactant used for 

the synthesis of MFI-type nanosheets, has as formula ([C22H45-N+(CH3)2-C6H12-N+(CH3)2-

C6H13]Br2), called diquat-C6-C22, Figure II.15.  
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Figure II. 3 Bifunctional cationic surfactant (C22-6-6)106. 

Diquat-C6-C22 was synthesized as follows: 39.0 g of 1-bromodocosane and 172 g N,N,N’,N’- 

tetramethyl-1,6-diaminohexane (Sigma Aldrich) were dissolved in 1,000 ml acetoni- 

trile/toluene mixture (1:1 vol/vol) and heated at 343 K for 10 h. After cooling to room 

temperature, the product was filtered, washed with diethyl ether, and dried in a vacuum 

oven at 323 K. 56.2 g of the product and 24.6 g of 1-bromohexane (Sigma Aldrich) were 

dissolved in 300 mL acetonitrile and refluxed for 10 h. After cooling to room temperature, 

the product was filtered, washed with diethyl ether, and dried in a vacuum oven at 323 K.  

For the synthesis of the zeolite, initially, 0.24 g of sodium hydroxide (Riedel de Haen, 99%) 

was dissolved, at room temperature, in 7.17 g of distilled water in a 45 mL Teflon-lined 

stainless-steel autoclave. Subsequently, 0.73 g of diquat-C6-C22 and 0.18 g of sulfuric acid 

(Aldrich) were then added. After homogenization, 2.13 g of TEOS was added, and a white 

gel with the following molar composition, 1 SiO2: 0.3 Na2O: 0.1 diquat-C6−C22: 0.18 H2SO4: 

40 H2O, was then obtained. The gel was stirred at 1000 rpm during 4 h at 333 K. Then, the 

mixture was heated at 383 K for 10 days under rotation (30 rpm). After synthesis, the 

product was recovered by filtration, washed with distilled water, and dried overnight at 373 

K. The surfactant was finally removed by calcination in a muffle furnace at 823 K during 8 

h in air. 

Synthesis of (𝐌𝐅𝐈)𝐍𝐒𝐩𝟐𝟎  catalyst 103: MFI zeolite with nanosponge morphology was 

synthesized by using C18H37−N+(CH3)2−C6H12−N+(CH3)2−C6H12−N+(CH3)2−C18H37(Br−)3 named 

C18−6−6C18 as organic structure-directing agent, Figure II.16.  

 

N
N

NNN
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Figure II. 4 Bifunctional cationic surfactant (C18−6−6C18). Adapted from 103. 

For the synthesis of C18−6−6C18 surfactant, C18H37–N
+
(CH3)2–C6H12–Br(Br

-
) and C18H37– 

N
+
(CH3)2–C6H12–N(CH3)2 were prepared separately via organic reaction. First, 0.034 mol of 

N,N’–dimethyloctadecylamine (Sigma Aldrich)) and 0.34 mol of 1,6–dibromohexane (Sigma 

Aldrich) were dissolved in 1000 mL acetonitrile/toluene mixture (1000 wt% per total organic 

reactants, 1:1 v/v) and heated at 333 K for 12 h. After cooling to room temperature and 

solvent evaporation, solid product with the formula of C18H37–N
+
(CH3)2–C6H12–Br(Br

-
) was 

precipitated. This product was further filtered, washed with diethyl ether, and dried in a 

vacuum oven at 323 K for 2 h. Second, 0.030 mol of 1–bromooctadecane (Acros Organics) 

and 0.300 mol of N,N,N’,N’–tetramethyl–1,6–diaminohexane (Sigma Aldrich) were 

dissolved in 600 mL acetonitrile/toluene mixture (1:1 v/v) and heated at 333 K for 12 h. After 

quenching and purification, solid product with the formula of C18H37–N
+
(CH3)2–C6H12–

N(CH3)2(Br
-
) was obtained. Finally, equimolar amounts of C18H37–N

+
(CH3)2–C6H12–Br(Br

-
) 

and C18H37–N
+
(CH3)2–C6H12–N(CH3)2(Br

-
) were dissolved in acetonitrile (200wt% per total 

organic reactants) and refluxed for 12 h. After solvent evaporation, the precipitated product 

was filtered and dried in a vacuum oven at 333 K to obtain the final product, the C18−6−6C18  

surfactant.  

For zeolite synthesis, sodium hydroxide (Riedel de Haen, 99%), sodium aluminate (56.7 wt 

% Al2O3, 39.5 wt % Na2O), tetraethoxysilane (TEOS, Aldrich, 98%) and ethanol (99%) were 

dissolved in deionized water in a 45 mL Teflon-lined stainless-steel autoclave. After 

homogenization, C18−6−6C18 was added to set the molar composition of the gel to 100 SiO2: 22 

Na2O: 2.5 Al2O3: 5 C18−6−6C18: 800 ETOH: 7100 H2O. The gel was stirred at 1000 rpm for 6 h at 

333 K, and then placed in a tumbling oven (30 rpm) at 413 K for 4 days. After synthesis, the 

product was recovered by filtration, washed with deionized water and dried overnight at 

393 K. The C18−6−6C18 surfactant was removed by calcination at 823 K during 4 h in air. 
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Annex B 
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Figure B.1 3-tert-butoxy-1,2 propanediol NMR 1H. 
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Figure B.2 2,3-di-tert-butoxy-1-propanol NMR 1H. 

 
 

 

 



_______________________________________________________________ 

 

188       
 

Figure B.3 1,3-di-tert-butoxy-2-propanol NMR 1H. 

 
 

Annex C 

 

 

Figure C.1 Synthesis scheme of graphene oxide. 
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Figure C.2 Synthesis scheme of the reduction pathways. 

 

Figure C.3 Synthesis scheme of functionalized reduced graphene oxide or activated 

carbon. 
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