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Abstract 
Conversion of ethanol to higher alcohols was studied over MgO/KNaX, prepared 

by ion exchange with Mg (OAc)2, followed by KOH washing. The catalysts were 
characterized by XRF, XRD, SEM, BET, 27Al MAS NMR, EXAFS, NH3- and CO2-TPD. All catalysts 
showing MgO nanopetals and aggregates on the external surface, contained occluded 
[Mg4(OH)4]4+ clusters in the zeolite cavities, providing medium basic (Mb) and acid (Ma) sites. 
Ethanol conversion and higher alcohols selectivity (up to 78%) increased with Mb/Ma ratio 
due to the increase in both MgO (4–6 wt%) and K (14.7–17.3 wt. %) loadings. Decreasing 
occluded [Mg4(OH)4]4+ clusters and/or increasing MgO aggregates led to the lower 
conversion and yields of higher alcohols. The essential role of the occluded [Mg4(OH)4]4+ 
clusters in producing higher alcohols was verified by the reactions using various control 

catalysts. The MgO/KNaX showed high stability even after steaming at 380 ◦C, as well as 

being regenerated by calcination (450 ◦C in air) 
 
Keywords: aldol condensation, ethanol, higher alcohols, Guerbet reaction, magnesium 
oxide (MgO), hydrogen transfer process and occluded [Mg4(OH)4]4+ clusters 
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Chapter 1 

Introduction 

 

1.1 Research Motivation  

Bioethanol has been commercially available and widely used in transportation 

fuel, however its business profit margin is not high. Conversion of bioethanol into value-

added chemicals is the promising alternative to not only increase the profitability but also 

subsidize the petrochemical dependence. The conversion of bioethanol to higher alcohols 

derivatives, such as butanol, hexanol, and octanol, has been extensively investigated 

because they have a strong relevance to various industries [1-3]. For instance, butanol and 

hexanol are used as a plasticizer and solvents in polymer production, and octanol is 

commonly used in foods, perfumes, and lubes [4-5].  

To convert ethanol directly to a higher alcohol, hydrogen transfer with a 

simultaneous aldol condensation, known as Guerbet reaction [6-10], is involved. This 

reaction is catalytically promoted by different active sites in each step. Lewis basic/acid 

sites promote the dehydrogenation of ethanol to acetaldehyde and hydrogen transfer 

from the alcohol to higher aldehyde. While the aldol condensation of the aldehydes 

needs proximity of acid-base sites [11]. The rate of these steps must be deliberately 

adjusted. A faster hydrogen transfer leads to low conversion with small alcohol/aldehyde 

products. Conversely, a higher condensation rate results in coke formation. Accordingly, 

the basic and acid sites must be placed in close proximity [12] since isolated sites could 

promote side reactions, such as dehydration to ethylene or dehydrogenation to 

acetaldehyde. 

Alumina [13, 14], MgO [15-20], LaMnO3 [21] and basic zeolite [22-26] have been 

employed for ethanol conversion due to the presence of proximate Lewis acid-base pairs, 
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which can reduce the energy barrier to generate acetaldehyde and promotes the aldol 

condensation of two acetaldehydes. Although alumina and LaMnO3 were reported to be 

active for ethanol conversion, the reaction yields only a trace amount of butanol, 

presumably due to their low basic/acid ratio. Regarding basic zeolite catalysts, such as Rb-

KX, KX, the dehydration to ethylene is still more favorable despites their higher basic/acid 

ratio. Comparatively, MgO possessing high basicity with very low acidity is prone to 

promote aldol condensation, which can improve butanol yield with lower ethylene 

selectivity. Nevertheless, the low surface area of MgO tends to give a relatively low activity. 

To increase the MgO surface area, the highly dispersed MgO supported on SiO2 (MgO/SiO2) 

was developed [27-28]. However, MgO/SiO2 has poor selectivity to higher alcohols and 

mainly promotes dehydration, due to the additional weak acid site from the silanol. 

Zeolites as the catalyst support offer a high surface area with cavities to 

accommodate highly dispersed MgO. Incorporation of MgO in KNaX can be simply 

achieved by Mg2+ ion exchange, followed by base washing. The method can produce 

various types of MgO species, such as occluded MgO clusters, MgO nanopetals and MgO 

aggregates [29]. In addition to the increased active MgO surface area, the method is also 

able to brings up the proximate acid/basic pair for Guerbet reaction. Zhang, et al. reported 

that the presence of MgO nanopetals in MgO/KNaX promoted aldol condensation of the 

acetaldehyde-ethanol mixture in a batch reactor, providing about 94.5% C4-aldehyde 

selectivity and 5.5% butanol selectivity. Interestingly, Ricchiardi et al. showed that the 

occluded [Mg4(OH)4]4+ clusters inside the faujasite zeolite cavities provided the “super 

basic site” [30]. This might offer a closed proximity of acid-base sites within the framework, 

which would be beneficial to balance H-transfer/aldol condensation in Guerbet reaction. 

However, relevant insights into the supported occluded [Mg4(OH)4]4+ clusters in the 

catalysis are still lacking. Though, the role of this occluded [Mg4(OH)4]4+ clusters inside the 

zeolite X cavities in Guerbet reaction has not been demonstrated. 

 Herein, MgO species supported in the cavity of zeolite X (i.e., the MgO/KNaX 

catalysts) were prepared (via ion exchange) for conversion of ethanol to higher alcohols 
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via Guerbet reaction. The findings provided additional evidence to support the presence 

of occluded [Mg4(OH)4]4+ clusters inside KNaX zeolite and its essential role in promoting 

higher alcohols production directly from ethanol. The effect of Mg(OAc)2 concentration 

(used in the ion exchange method for loading Mg species), crystal structure and surface 

area on higher alcohol selectivity was evaluated by various characterization of XRF, XRD, 
27Al MAS NMR and N2 physisorption. The incorporated Mg species, including occluded 

[Mg4(OH)4]4+ clusters, MgO nanopetals, and MgO aggregates over MgO/KNaX, were 

investigated by SEM and EXAFS. The acid/base properties deriving from the occluded 

[Mg4(OH)4]4+ clusters were determined by NH3- and CO2-TPD. Ethanol conversion over 

MgO/KNaX was studied in a gas-phase reactor at 380 ˚C under atmospheric N2. The 

importance of medium basicity to medium acidity (Mb/Ma) of the MgO/KNaX catalysts was 

demonstrated. The role of the occluded [Mg4(OH)4]4+ clusters inside the zeolite cavity was 

also revealed. The stability of the MgO/KNaX catalysts was studied, as well as their ability 

to be regenerated. 

 

1.2 Objectives of the study 

1.2.1 To obtain high active, selective, and stable catalysts for the production of  

higher alcohols from ethanol. 

1.2.2 To study effect of the MgO loading over KNaX prepared by Mg2+ ion exchange. 

1.2.3 To investigate the presence of the occluded [Mg4(OH)4]4+ clusters, MgO 

nanopetals and MgO aggregated species  

1.2.4 To understand the effect of MgO species and stability of catalyst on the 

conversion of ethanol to higher alcohols 
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1.3 Scopes of the study 

1.3.1 Synthesis of 4-8MgO/KNaX and MgKNaX catalysts by ion-exchange and 

precipitation technique 

1.3.2 Synthesis of 6MgO/KNaX(imp) by wet-impregnation method  

1.3.3 Synthesis of 5MgO/KNaX(PB) and 5MgO/KNaX(St) by pre coking and water 

steaming technique 

1.3.4 Characterization of catalysts by NH3-temperature programmed desorption 

(NH3-TPD), CO2-temperature programmed desorption (CO2-TPD), surface area analysis, X-

ray fluorescence (XRF), X-ray diffraction (XRD), Scanning electron microscopy (SEM) and 

Solid 27Al magic angle spinning nuclear magnetic resonance spectra (27Al MAS-NMR) and 

Extended X-ray absorption fine structure spectroscopy (EXAFS) 

1.3.5 Study the ethanol conversion activity of the MgO/KNaX catalysts in a 

continuous fixed-bed reactor  

1.3.6 Analysis of liquid products by on-line gas chromatography with flame 

ionization detector (GC-FID) 

 

1.4 Benefits of the study 

 It is expected that this study could provide an alternative catalyst with high activity, 

selectivity, and stability for the production of higher alcohols from ethanol. This strategy 

could increase the value-added ethanol which is widely produced from raw materials 

available in our country.  
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Chapter 2 

Theory and Literature Reviews  

 

2.1 Alcohol  

An organic compound that is composed of the hydroxyl functional group (-OH) is 

classified as an alcohol. There are three types of alcohols which are primary, secondary 

(sec-, s-), and tertiary (tert-, t-), based upon the number of carbon atoms connected to 

the carbon atom that bears the hydroxyl functional group [31]. In general, the hydroxyl 

group makes the alcohol molecule polar. In addition, these groups can form 

intermolecular hydrogen bonding causing alcohols to have higher boiling points than 

comparable hydrocarbons and ethers.  

Industrially, the most important alcohols are methanol, ethanol, 1-propanol, 1-

butanol, 2-methyl-1-propanol (isobutyl alcohol), the plasticizer alcohols (C6-C11), and the 

fatty alcohols (C12-C18). They are prepared mainly from synthesis gas (methanol), from 

olefins via the oxo synthesis, or by the Ziegler process. Alcohols are used as solvents and 

diluents for paints (mainly C4-C6 alcohols) [32], as intermediates in the manufacture of 

esters and a whole range of organic compounds [33], as flotation agents [34] and in recent 

times increasingly as fuel or fuel additives, e.g., methanol, ethanol, and tert-butyl alcohol 

[35]. For industrial purposes, isomeric mixtures are preferred since the pure alcohols are 

too expensive. Moreover, mixtures of alcohols with differing carbon numbers can be 

advantageous for certain purposes. Therefore, the amounts of alcohol mixtures available 

on the market are similar the quantities of the pure, individual alcohols.  

Reactions of alcohols can be proceeded via cleavage of the O-H bond or the C-O 

bond either homolytic cleavage or heterolytic cleavage. Under normal conditions, 

alcohols are stable [36]. Alcohols can undergo oxidation to give aldehydes, ketones, or 
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carboxylic acids, or they can be dehydrated to alkenes. They can react to form ester 

compounds and undergo nucleophilic substitution reactions if activated first. The lone 

pair electrons on the oxygen of the hydroxyl group also make alcohols nucleophiles [37]. 

Catalytic oxidation or dehydrogenation of primary and secondary alcohols over copper, 

silver, iron, molybdenum, etc., leads to the formation of aldehydes and ketones [38].  

2.1.1 Ethanol 

Ethanol or ethyl alcohol, also called drinking alcohol, is the principal type of 

alcohol found in alcoholic beverages, produced by the fermentation of sugars by yeasts. 

It is a neurotoxic psychoactive drug and one of the oldest recreational drugs used by 

humans [39]. It can cause alcohol intoxication when consumed in sufficient quantity. Its 

structural formula, CH3CH2OH is often abbreviated as C2H5OH, C2H6O or EtOH [40]. Ethanol 

is also referred to an alcohol spirit, spirit of wine, grain alcohol, absolute alcohol, and 

ethyl hydrate. Depending on its water content, preparation, and final use, several ethanol 

products exist on the market. 99% alcohol (often referred to as absolute alcohol) is used 

extensively for tinctures and pharmaceutical preparations, as a solvent and preservative, 

as an antiseptic, and in perfume. If the alcohol is used for purposes other than as a 

beverage, it is denatured by the addition of substances such as methanol, pyridine, 

formaldehyde, or sublimate. The denatured alcohol is then used by industry and 

commerce, principally as a solvent, as a raw material for manufacturing chemicals, or as 

a fuel.  

The chemical properties of ethanol are dominated by the OH-functional group, 

which can undergo many industrially important chemical reactions, e.g., dehydration, 

halogenation, ester formation, and oxidation [41]. Ethanol can also be produced efficiently 

not only by chemical synthesis from petroleum and coal-based feedstock. It can thus play 

a commercial role as a raw material for various chemicals with increasing importance. 

Conversion of ethanol to "alkochemicals" is an entirely new approach to producing familiar 
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petrochemicals. Some of these routes are already being used industrially in large alcohol 

producing countries [42].  

 

2.2 Higher alcohols  

2.2.1 Butanol  

Butanol (butyl alcohol) refers to a four-carbon alcohol with a formula of C4H9OH. 

There are four possible isomeric structures for butanol, from a straight chain primary 

alcohol to a branched-chain tertiary alcohol [43]. Butanol is considered as a potential 

biofuel (butanol fuel). Butanol at 85% strength can be used in cars designed for gasoline 

(petrol) without any change to the engine (unlike 85% ethanol), and it contains more 

energy for a given volume than ethanol and almost as much as gasoline, so a vehicle 

using butanol would return fuel consumption more comparable to gasoline than ethanol. 

Butanol can also be used as a blended additive to diesel fuel to reduce soot emissions. 

It is used as a solvent for a wide variety of chemicals and textile processes, in organic 

synthesis and as a chemical intermediate. It is also used as paint thinner and a solvent in 

other coating applications, where it is used as a relatively slow evaporating latent solvent 

in lacquers and ambient-cured enamels. It finds other uses such as a component of 

hydraulic and brake fluids [44].  

2.2.2 Hexanol  

1-Hexanol CH3(CH2)4CH2OH, is prepared according to the Ziegler process from 

ethylene or is made from natural products derived from coconut or palm oils. It is used 

as a solvent, as a basic material for the perfume industry, and to produce plasticizers (in 

this case usually as a mixture with higher n-alcohols). Nitrates of 1-hexanol are 

recommended as cetane number improvers. 2-Methyl1-pentanol CH3(CH2)2CH(CH3 )CH2OH 

,is prepared by aldol condensation of propionaldehyde and subsequent hydrogenation of 

the intermediate 2-methyl-2- pentanal, it is used as a solvent [45]. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



8 
 

2.2.3 Octanol  

2-Ethyl-1-hexanol [CH3(CH2)3CH(C2H5)CH2OH] is the most important C8 alcohol. 1-

Octanol [CH3 (CH2 )6 CH2 OH] capryl alcohol. Its esters are widespread in nature e.g., they 

occur in grapefruits, oranges, or green tea. 1-Octanol is manufactured by the Aldol process 

and from natural products. The alcohol is used in the perfume industry. 2-Octanol is 

obtained by the alkaline hydrolysis of castor oil. It is used as a solvent in the paint industry, 

as a wetting agent in the textile industry, and as a component of brake fluids [46]. 

 

2.3 Aldehyde 

Aldehydes are represented by the general formula RCHO, where R can be 

hydrogen or an aliphatic, aromatic, or heterocyclic group. According to IUPAC 

nomenclature, aldehydes are identified by the ending "al." However, many of them still 

are called by their common names. The polarity of the carbonyl group of aldehydes not 

only facilitates the typical aldehyde reactions-addition of nucleophiles, reduction, and 

oxidation but it also makes the α-hydrogen atom acidic. For these reasons, aldehydes can 

undergo a wide variety of reactions [47]. 

2.3.1 Acetaldehyde 

Acetaldehyde (CH3CHO) was observed in 1774 by SCHEELE during reaction of black 

manganese dioxide and sulfuric acid with alcohol. Its constitution was explained in 1835 

by LIEBIG who prepared pure acetaldehyde by oxidation of ethanol with chromic acid and 

designated this product “aldehyde”. A concentration of the term “alcohol 

dehydrogenatus”. 

Acetaldehyde is mobile, low-boiling, highly flammable liquid with a pungent odor. 

Because of its high chemical reactivity, acetaldehyde is an important intermediate in the 

production of acetic acid, acetic anhydride, ethyl acetate, peracetic acid, butanol, 2-

ethylhexnaol, pentaerythritol, chlorinated acetaldehyde (chloral), glyoxal, alkyl amines, 
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pyridines, and other chemicals. Acetaldehyde is an intermediate in the metabolism of 

plant and animal organisms, in which it can be detected in small amounts. Lager amounts 

of acetaldehyde interfere with biological processes. As an intermediate in alcoholic 

fermentation processes, it is present in small amounts in all alcoholic beverages, such as 

beer, wine, and spirits. Acetaldehyde also has been detected in plant juices and essential 

oils, roasted coffee, and tobacco smoke [48]. 

2.3.2 Butanal 

Butanal is an organic compound with the formula CH3(CH2)2CHO. This compound 

is the aldehyde derivative of butane. It is a colorless flammable liquid with an acrid smell. 

It is miscible with most organic solvents. It can be produced by the catalytic 

dehydrogenation of n-butanol. At once, it was produced industrially by the catalytic 

hydrogenation of crotonaldehyde, which is derived from acetaldehyde [49]. 

2.3.3 Hexanal 

Hexanal is an alkyl aldehyde found in human biofluids. Human milk samples 

collected from women contains hexanal. Among mediators of oxidative stress, highly 

reactive secondary aldehydic lipid peroxidation products can initiate the processes of 

spontaneous mutagenesis, carcinogenesis, can also act as a growth-regulating factors and 

signaling molecules. In specimens obtained from adult patients with brain astrocytoma’s, 

lower levels of n-hexanal are associated with poorer patient prognosis [50]. 

 

2.4 Guerbet reaction 

An important reaction to produce higher alcohols from ethanol is “Guerbet 

reaction”. The Guerbet reaction of alcohols is the oldest and best understood material in 

the class of compounds first synthesized by Marcel Guerbet [51].  
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In these reactions, ethanol is adsorbed on the catalyst surface and 

dehydrogenated to acetaldehyde, follows by aldol condensation of aldehydes to larger 

unsaturated aldehyde. Final step is hydrogen transfer, which promotes the formation of 

higher alcohol from unsaturated aldehyde. The reaction mechanism is on both acidic and 

basic active sites [52]. 

Dehydrogenation starts by alcohol chemisorption on acid- basic site pairs, which 

cleaves O-H bonds to form surface alkoxide intermediates bound to the acid center. The 

α-hydrogen in the alkoxide group is then abstracted by a neighboring basic site to form 

adsorbed aldehydes. Then, aldol condensation reactions on MgO samples involved also 

the formation of a carbanion intermediate on Lewis acid strong Brønsted base pair sites. 

After aldol condensation, the product of aldol condensation will be dehydrated to 

crotonaldehyde. Finally, crotonaldehyde will be hydrogenated to 1- butanol as shown in 

Figure 2.1 

 

 

Figure 2.1 Mechanism of Guerbet reaction [52] 
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2.5 Catalyst 

In 1931, ethanol coupling was first observed over mixtures of MgO, Al2O3, and CuOx. 

Metal oxides are promising catalysts for ethanol conversion because they give high 

product selectivity and controllable synthetic processes; for instance, Mg - Al oxide 

catalysts with different structures show high selectivity for n-butanol in ethanol 

conversion. Mixed metal oxides catalysts have acid and basic sites, which active in aldol 

condensation reactions [53]. 

2.5.1 Magnesium oxide 

Magnesium oxide (MgO), or magnesia, is a white hygroscopic solid mineral that 

occurs naturally as periclase and is a source of magnesium. It has an empirical formula of 

MgO and consists of a lattice of Mg2+ ions and O2- ions held together by ionic bonding. 

MgO has Brønsted basic site that can promote aldol condensation in Guerbet reaction. 

The isolated O2- ion on MgO surface would be unable to from ethoxide intermediates. 

Thus, the incorporation of small amounts of metal cations to MgO drastically increased 

the acetaldehyde formation rate because of the generation of new surface Lewis acid-

strong base pair sites [54]. 

Basic mixed oxides are mostly based on MgO. It was found that the selectivity to 

1-butanol increased with the number of strong basic sites. Catalysts with higher 

concentration and strength of the basic sites lead to high selectively to C4 products 

whereas the presence of acid sites promotes ethanol dehydration [15]. However, it 

provides low surface area in comparable to other metal oxide. Therefore, the 

improvement of surface area can be achieved by supporting on high surface material such 

as zeolite X.  

2.5.2 Faujasite zeolite (NaX) 

Zeolites are porous crystalline aluminosilicates of SiO4
4- and AlO4

5- tetrahedra 

connected by oxygen bridges. Among various types of zeolites, NaX zeolite offers a large 
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pore diameter (0.74 nm). The framework is composed by linking sodalite cavity through 

double six-rings which create a large super-cage cavity accessible by a three-dimensional 

12-ring pore system shown in Figure 2.4, and 2.5 [55]. Because of its well-defined structure, 

large pore volume, and appropriate ion exchange capability, NaX zeolite is widely used as 

ion-exchanger, absorbent and catalyst [56]. 

 

 

Figure 2.2 The crystal structure of NaX Zeolite [55]. 

 

Figure 2.3 12-Ring of the NaX [55] 

 

NaX are commonly used in base-catalyzed reactions since the strength of their 

basic sites (framework O ions) can be adjusted by varying the Si/Al ratio and the 

electronegativity of the exchangeable alkali metal cations used for compensating the 
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negative framework charges. At the same time, zeolites offer the possibility of controlling 

reaction selectivity by adjusting the extent of molecular confinement. In consecutive 

reactions like the acetaldehyde self-condensation of interest in this work, the formation 

of the higher alcohol products (>C6) may be inhibited by confinement. This characteristic 

distinguishes zeolites from other types of basic catalysts and makes them a better 

candidate for obtaining high selectivity to C4 products since further condensation to 

heavier C6 and C8 hydrocarbons may be inhibited. While the aldol condensation of 

acetaldehyde in the vapor phase has been previously investigated on NaX, no reports 

have been found on the aldol condensation of acetaldehyde in liquid phase over NaX, 

which is the focus of the present contribution. Moreover, in this work, we have investigated 

the aldol condensation in the presence of an alcohol, which can undergo hydrogen 

transfer via Meerwein-Pondorf-Verley (MPV) reaction and significantly affect the product 

distribution [57].  

Apart from impregnation, to obtain highly dispersed MgO, the addition of MgO to 

NaX can be obtained by ion-exchange but it is unfavorable because Na+ is a hard cation. 

The new strategy is firstly exchange Na+ with K+ at 80 ˚C and then re-exchange to Mg2+ 

washing by KOH solution. As a result, MgO forms white small extra-framework crystal that 

gain much of potential for Guerbet reaction. 

 

2.6 Literature review 

In 1890, the Guerbet reaction involving the coupling of two alcohol molecules was 

first named after Marcel Guerbet, who studied the self-coupling of 1-butanol to produce 

the branched saturated alcohol, 2-ethylhexananol (C8H18O) [51]. The Guerbet reaction 

involves a complex sequence of many other reactions such as dehydrogenation, 

aldolization, dehydration, and hydrogenation. Many recent publications on Guerbet 

reactions over heterogeneous catalysts are widely done using basic zeolite [22], and 

magnesia (MgO) [15]. C. Yang, et al., studied the synthesis of 1-butanol in single step over 
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zeolites in 20th century. They found that ethanol can mainly convert to 1-butanol over Li, 

K and Rb cation-exchanged 13X zeolites by bimolecular condensation. Even though, the 

selectivity was higher than 40%, the conversions were lower than 0.2% [22]. In addition, 

the distribution of acid sites and basic sites on the catalyst surface are related to the Ca/P 

ratio of HAP as an account of the yields of ethylene, 1-butanol, and 1,3- butadiene. In our 

CCR work group, T. Klinubon, and A. Hongmeuan, [58], prepared MgO by sol-gel method. 

They found that, because of the high dispersion, the conversion can be enhanced 30%. 

Moreover, the incorporation of Zn, Ni, and Cu over MgO by strong electrostatic adsorption 

(SEA) increases the Lewis acid characteristic. As such, the ethanol conversion was 

improved. In similar to Toni Riittonen’s work, the most promising catalyst (20.7% Ni/Al2O3 

and HTC-500) showed 25% ethanol conversion with 80% selectivity to 1-butanol could 

be reached [59]. The addition of Lewis acid additive can assist in the hydrogen transfer 

process. 

In 2013, S. Ndou, et al., investigated dimerization of ethanol to 1-butanol over 

alkali earth metal oxides and modified MgO catalysts for the synthesis of fine chemicals 

from alcohols. Higher alcohols are produced through Guerbet reaction, which is an 

important industrial process that is used to increase the carbon number of alcohols. In 

this reaction, a primary or secondary alcohol react with itself or another alcohol to 

produce a higher alcohol. Magnesium oxide was suspended in warm water with stirring 

and then solidified by evaporation of water. It was dried at 120°C for 16 h and finally 

calcined in air at 400°C for 6 h. The metal oxide supported catalysts were prepared by an 

impregnation procedure using an appropriate amount of aqueous metal hydroxide/nitrate 

solutions (incipient wetness method). The catalysts were dried at 120°C for 16 h and 

calcined in air at 400°C. The catalytic experiments were carried out in a vertical fixed-bed 

glass reactor. Using of magnesium oxide and metal oxide supported catalysts provided 

18.39% and 7.33% yield of butanol, respectively [15]. 

In 2016, L. Zhang et. al., [29] studied the effects of different types of zeolite 

faujasite catalysts to selective aldol condensation of acetaldehyde in the liquid phase. 
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From CO2 TPD, the addition of K reduced total basic sites, resulting in increased aldol 

condensation of NaX. However, NaX products have a lower C4 / (C6 + C8) ratio than NaY 

because NaX has a higher total base site. As a result, increased activity for condensation 

reactions but decreased C4 product yield. Therefore, it can be concluded that the addition 

of K into NaX results in higher carbon product yield and increase the aldol condensation 

of acetaldehyde. They also investigated the acetaldehyde-ethanol conversion activity of 

MgO-KNaX with different MgO amounts and compared with MgO and KNaX. The basicity 

and scope of molecular captivity in KNaX zeolites have been adjusted by controlled 

agglomeration of Mg as extra-framework species through ion-exchange and precipitation. 

The extent of condensation of C2 aldehyde, depends on the amount of extra-framework 

MgO. An increasing amount of Mg outside the framework increased the (C6+C8)/C4 and 

C8/C6 ratios. Especially, MgO-KNaX-0. 99, which only has Mg in the cation form, is the 

lowest active condensation catalyst. MgO-KNaX-1. 32 results in higher (C6+ C8)/ C4 and 

C8/C6 ratios than those of MgO-KNaX-1.14, specifically at increase C2 aldehyde conversion 

levels. Differences in the product distribution are attributed not only to the inflated 

basicity of MgO-KNaX-1.32, but also to the increased number of K+ ions inside the super 

cages that increase the steric confinement and enhance conversion outside the zeolite 

cages. 
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Chapter 3 

Research methodology 

 

3.1 Reagents 

  

3.2 Apparatus 

1. Laboratory glassware 
2. Reflux setup 
3. Thermometer 
4. Hotplate & stirrer 
5. Magnetic bar 
6. Vacuum pump 
7. pH meter 
8. Oven 

Chemicals Grade of purity Manufacturers 
1. Ethanol (C2H5OH) 
2. Nitrogen gas (N2) 
3. Air 
4. Hydrogen gas (H2) 
6. Potassium carbonate (K2CO3) 
7. Magnesium acetate (Mg(CH3COO)2) 
8. Potassium hydroxide pellets (KOH) 
9. Deionized water 
10. Sodium hydroxide pellets (NaOH) 
11. Sodium aluminate (NaAlO2) 
12. Sodium silicate solution (Na2Si3O7) 
13.  Furfuryl alcohol (C5H6O2) 

99.99% 
High purity (99.99%) 
High purity (99.99%) 
High purity (99.99%) 

99.0% 
- 
85.0% 
- 
99.0% 
56.0% 
26.5% 
98.0% 

Carlo Erba 
Praxair 
Praxair 
Praxair 
Carlo Erba 
Carlo Erba 
Merck 
 
Carlo Erba 
Sigma-aldrich 
Sigma-aldrich 
Sigma Aldrich 
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9. Syringe (10mL) 
10. Syringe pump (KD Scientific) 
11. Furnace 
12. USA standard sieve; 600 and 850 microns 
13. Catalytic testing rig 
14. Mass flow controller 
15. Gas chromatograph with flame ionization detector (GC-FID) 
16. Temperature programmed desorption (TPD) system 
17. X-ray diffractometer (XRD) 
18. X-ray fluorescence spectrometers (BRUKER S8 TIGER, Scientific and 

Technological 
Research Equipment Centre, Chulalongkorn University) 
19. Scanning electron microscope (LEO 1455 VP, Scientific Instrument Service 

Center,KMITL) 
20. Surface area analyzer 
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3.3 Experimental procedure  

3.3.1 Catalyst preparation 

3.3.1.1 Preparation of Zeolite X  

 The zeolite X samples were prepared according to those reported 

by Yao et al. [60], with a slight modification. In synthesis, the freshly prepared sodium 

aluminate solution containing 3.0 g of NaAlO2, 1.5 g of NaOH and 9.6 g of DI water was 

dropped wisely added into the sodium silicate solution containing 11.1 g of Na2Si3O7, 0.6 

g of NaOH and 33.6 g of DI water. The molar composition of the synthesis gel was 

3:3.5:1:180 of SiO2: Na2O : Al2O3 : H2O. Subsequently, the slurry was aged at 30 ˚C for 30 

min. The mixture was put into a Teflon-lined stainless-steel autoclave, then placed in an 

oven at 110 ˚C for 5 h. After that, the autoclave was naturally cooled to room 

temperature. Next, the solids were filtered and washed with deionized water until the pH 

of the filtrate reached ~6–7. Finally, the obtained solids were dried overnight at 110 ˚C 

and calcined in a horizontal tube furnace air at 450 ˚C (1 ˚C/min) under air (30mL/min) 

for 3 h. 

3.3.1.2 Preparation of KNaX catalyst 

 The KNaX zeolite was synthesized by the ion exchange method, as 

reported by Kim, et al [61]. Briefly, 6 g of NaX was added into 300 mL of 0.1 M potassium 

carbonate (K2CO3) solution. This solution was stirred (900 rpm) at 80˚C for 24 h. Then, the 

mixture was vacuum filtered and dried at 110˚C for 8 h. 

3.3.1.3 Synthesis of MgO/KNaX catalyst 

 The xMgO/KNaX catalysts – x is the wt.% MgO loading - were 

prepared by the Mg2+ ion exchange and precipitation, respectively. Briefly, 2 g of KNaX was 

added into 100 mL of the desired magnesium acetate (Mg(OAc)2) solution (0.1, 0.3, 0.5, 0.6 

or 1.0 M for 4, 5, 6, 7, or 8). The mixture was stirred at room temperature for 24 h. Then, 

the solids were vacuum filtered and dried overnight at 110˚C. Afterward, the obtained 
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solid were added to 100 mL of KOH solution and stirred at room temperature for 20 min 

in order to precipitate the Mg2+ ions to Mg(OH)2. It is noted that in this step, the 

concentration of the KOH solution use for the precipitation is the same as the 

concentration of Mg(OAc)2. The solids were vacuum filtered, dried overnight at 110˚C, and 

followed by calcination in a horizonal tube furnace at 450˚C (1˚C/min) under air 

(30mL/min) for 3 h, to obtain the xMgO/KNaX catalysts. 

3.3.1.4 Synthesis of exchangeable MgKNaX 

 The exchangeable MgKNaX catalyst was prepared by the ion 

exchange method similar to those of xMgO/KNaX sample but using only 0.01 M of 

Mg(OAc)2 for the ion exchange. The obtained sample was denoted as MgKNaX.  

3.3.1.5 Synthesis of 6MgO/KNaX(Imp) 

 The 6MgO/KNaX(Imp) was prepared by the wetness impregnation 

method. To prepare 2 g of the catalyst, magnesium acetate (Mg(OAc)2) 0.64 g was dissolved 

in 20 mL deionized water.  This magnesium solution was sprayed on the supports (1.88 g) 

till wetness, then the sample was dried at 80˚C. The process was repeated until the 

prepared Mg(OAc)2 solution was used up. Then, the catalyst was dried overnight at 80 ˚C 

and calcined in a horizontal tube furnace at 450˚C (2˚C/min) for 3 h under air (30 mL/min). 

3.3.1.6 Synthesis of pore blocking: 5MgO/KNaX(PB) 

 The selective pore blocking of 5MgO/KNaX would be prepared by 

following the procedure reported by Chen, et al [62]. Briefly, 0.3 g of 5MgO/KNaX was 

sieved and treated at 450 ˚C (2 ˚C/min) under atmospheric air (30 mL/min) in the fixed-

bed reactor for 1 h. After that, furfuryl alcohol was fed by a syringe pump (1 mL/h) at 100 

˚C under atmospheric N2 (160 mL/min) for 1 h. Then, the sample was thoroughly flushed 

under N2 (160 mL/min) for 1 h to remove the external absorbed furfuryl alcohol. The 

sample was then heated to 420 ˚C (2 ˚C/min) for 1 h, to form a coke inside the zeolite 

cavity. The obtained sample was ascribed as 5MgO/KNaX(PB).  
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3.3.1.7 Synthesis of steaming treatment: 5MgO/KNaX(St)  

 The 5MgO/KNaX was treated under steam at 380 ˚C to test the 

stability. The procedure is listed as the following. Briefly, 0.3 g of 5MgO/KNaX was firstly 

calcined at 450 ˚C (2 ˚C/min) under air (30 mL/min) in the fixed-bed reactor for 1 h. After 

that, water was fed by a syringe pump (1 mL/min) at 380 ˚C under N2 (160 mL/min) for 1 

h. The obtained sample is denoted as 5MgO/KNaX(St). 

 

3.4 Catalyst characterization 

3.4.1 X-ray diffraction (XRD) 

The structure and crystalline phase of the prepared catalyst can be 

determined by an X-ray diffractometer. The sample was prepared by packing material 

onto the sample holder. The analysis was done by employing Cu-K∝ radiation at 40 kV 

and 30 mA. The sample was scanned over the covering range of 2Ө = 5-75º with 1.20º/min, 

and a scanning rate of 1 s/step. X-ray diffraction pattern of the sample was compared with 

the X-ray diffraction pattern of standard catalyst for structure determination. 

3.4.2 X-ray fluorescence (XRF) 

X-ray fluorescence (XRF) is the issuing of characteristic "secondary" X-rays 

(or fluorescent) from a material that has been excited by bombarding with high-energy  

X-rays. The released energy is a characteristic radiation that tells the composition of the 

sample. This technique can be done according to the following procedure: approximately 

0.5 g of the catalyst sample and 4.5 g of boric acid were weighed, then mixed together, 

and compressed into an alumina pan before bringing into the XRF sample holder in XRF 

instrument. 
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3.4.3 Scanning electron microscopy (SEM) 

Scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam of electrons. 

The operating parameters for SEM used for imaging were 15 kV and magnification of about 

40000x. In order to reveal the character of the surface, the sample was manually dispersed 

on a SEM stub and then coated with a gold thin film. After that, the sample was placed 

into a chamber. Then, the sample holder was adjusted, title and moved in the X, Y, and 

Z directions. 

3.4.4 NH3-temperature programmed desorption (NH3-TPD) 

The acid sites of the catalyst were identified using temperature-

programmed desorption of ammonia (NH3-TPD) measurement. Sample was preheated in 

the flow of air zero (30 mL/min) at 450˚C for 2 h and evacuated. After that, the sample 

was exposed in 20 kPa of 1%NH3/He gas at 30˚C until saturation coverage was reached. 

Afterward, the sample was flushed with He at room temperature for 1 h, the temperature 

was then increased at a linear rate of 10˚C/min from 50 to 600˚C under vacuum. 

3.4.5 CO2-temperature programmed desorption (CO2-TPD) 

The basic sites of the catalyst were identified by CO2-TPD measurement, 

using the same procedure as on the previous occasion described in NH3-TPD. 

3.4.6 Surface area analysis 

The surface area of the catalysts can be determined by a nitrogen gas 

adsorption analyzer. The sample was prepared by weighing approximately 0.05 g of the 

sample and loaded into the sample cell, which was attached to the outgassing station 

equipped with a heating mantle. The temperature was raised to 300˚C during the 

outgassing process. After that, nitrogen gas was introduced to the sample cell where the 

adsorption isotherm can be measured in a pressure range of 10-6 to 1.0 P/P0. 
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3.4.7 Solid27Al magic angle spinning nuclear magnetic resonance spectra (27Al 

MAS NMR) 

Solid 27Al magic angle spinning nuclear magnetic resonance spectra (27Al 

MAS-NMR) were recorded using a JEOL Resonance JNM-ECZ400R spectrometer (400MHz). 

Roughly 100 mg of sample was loaded into the spinner. The spinning rate during the 

measurement was 10 KHz. 

3.4.8 Extended X-ray absorption fine structure spectroscopy (EXAFS)  

Extended X-ray absorption fine structure spectroscopy (EXAFS) was 

conducted at Beamline 8 of the Siam Photon Laboratory, Synchrotron Light Research 

Institute (SLRI), Thailand, with the electron beam energy of 1.2 GeV and beam current of 

120-80 mA. ~10 mg of the sample was placed into the holder and placed in the 

experimental chamber. Spectra were recorded in transmission mode at room temperature 

for the Mg K-edges using Beryl (1010) crystals. Normalized spectra and data were processed 

with Athena software and analyzed by Artemis software. 

3.4.9 Thermal gravimetric analysis (TGA) 

. The carbon deposit was quantified by thermogravimetric analysis (TGA) on 

a Pyris 1 TGA (Perkin). Briefly, the sample (~10 mg) was heated from 50 to 900 ˚C with a 

heating rate of 10 ˚C/min under air (50 mL/min). 

 

3.5 Catalytic activity testing 

Ethanol conversion activity of the prepared catalysts was investigated in a 

continuous flow fixed-bed glass reactor (8.0 mm) at atmospheric pressure. The catalyst 

powders were pelletized and crushed to the desired size (850-600 µm). The catalyst was 

packed into a glass tube reactor and topped with glass wool and glass beads. The gas 

flow rate was controlled by a mass flow controller and checked by a bubble flow meter. 
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The schematic of the catalytic testing rig is shown in Figure 3.1. After that, the catalytic 

activity testing was carried out at 380˚C under nitrogen flow (160 mL/min). Before the 

catalytic testing, the catalyst was activated at 450˚C for 1 h (2˚C/min heating rate) under 

30 mL/min air zero flow. Ethanol was introduced into the reactor using a syringe pump at 

1.0 mL/h. The catalytic testing was conducted for a total time on stream (TOS) of 8 h. The 

product steam was analyzed online through a gas chromatograph. 

 

 

Figure 3.1 The schematic of the catalytic testing rig. 
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3.6 Products analysis 

The product analysis was generally performed using an online gas chromatograph. 

The gas sample was collected in gas sampling loop, then periodically injected into GC 

column (Rt-Q-BOND columns) connected to flame ionized detectors (FID). The 

temperature of the injection port was set at 200˚C, 35˚C for column oven, and 250˚C for 

FID detector. The GC temperature condition was started at 90˚C, hold for 2 min, and then 

heated up to 250˚C. Pressure of the carrier gas was fixed to 8.84 psi all time. Each 

component was separated as passed through the column with an inert N2 carrier gas and 

their presence in the effluence were recorded as a chromatogram. Each peak area from 

the chromatogram was measured and calculated. Then each peak was determined by 

comparing with standard and the composition of each product was determined by 

calibration of standard. 
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Chapter 4 

Results and Discussion 

 

4.1 Catalyst characterization  

The elemental composition of all samples is summarized in Table 4.1. After the 

ion exchange of NaX by 0.1 M K2CO3, a significant increase of K (12 wt.%) was observed for 

the KNaX sample, as compared to the parent NaX (Table 4.1, entry 1-2). While the amount 

of Na in the KNaX is decreased (from 12.3 to 4.6 wt.%). This indicates that the K+ has 

replaced Na+ in the NaX. Furthermore, the nominal positive/negative charge ratio ((Na+ 

and K+)/Al3+) of KNaX is ~1, suggesting that the incorporation of K+ is in the exchangeable 

sites of the zeolite X, similarly to those reported in the literature [63]. A slight decrease in 

the surface area (from 660 to 627 m2/g, Table 4.1) was observed. This is presumably due 

to the incorporation of a larger cation, K+ [63]. 

 

Table 4.1 Elemental composition and physical properties of the catalysts. 

 

 

Ion exchange of KNaX with 0.1 M Mg(OAc)2 and subsequent washing with 0.1 M 

KOH yields a 4MgO/KNaX sample with 4.4 wt.% of MgO (Table 4.1, entry 3). The amount 

of Na+ in this sample decreased further from 4.64 to 2.16 wt.%, whilst the K content 
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increased from 12 to 14.7 wt.%. The further incorporation of K+ was due to the 

precipitation of Mg2+ in the exchangeable site with KOH rather than from the direct 

exchange of K+ with Na+. It is likely that, upon ion exchange of 0.1 M Mg(OAc)2, Mg2+ could 

initially replace the remaining Na+. However, such exchangeable Mg2+ was precipitated out 

as Mg(OH)2 when washing with 0.1 M KOH (pH > 9) [64]. The similar concentration of KOH 

compared with [Mg2+] is required to prevent reverse exchangeability of Mg2+with K+ or 

H3O+ during precipitation. Hence, the K+ could be finally present as the countered ion of 

the negative framework charge, as deduced from a (Na+, K+)/Al3+ of ~1. Moreover, the 

nominal positive/negative charge ratio ((Na+, K+, 2Mg2+)/Al3+) of the 4MgO/KNaX exceeds 

the theoretical value after calcination, emphasizing that the MgO could exist mainly as 

the extra-framework species. 

As the Mg(OAc)2 concentration used during the ion exchange increased from 0.1 to 

1.0 M, the MgO loading increased from 4.4 to 8.3 wt.% (Table 4.1, entry 3-7). Consistently, 

the amount of Na+ decreased from 2.2 to 0.4wt.% whilst the K+ content increased from 

14.7 to 19.7wt %. The nominal positive/negative charge ratio ((Na+, K+, 2Mg2+)/Al3+) also 

increased from 1.56 to 2.28, indicating the presence of higher amount of extra-framework 

MgO species. Accordingly, the sample surface area decreased notably from 617 to 306 

m2/g for 4MgO/KNaX to 8MgO/KNaX. The two-fold decrease in surface area with only ~8 

wt.% MgO loading also suggests that the extra-framework MgO species was occluded 

within the zeolite cavities. In line with this view, a significant drop in pore volume was 

evidenced for all MgO incorporated samples. 

According to the XRD diffraction patterns, the faujasite zeolite characteristic 

diffraction peaks remained after catalyst preparation, with a slight decrease in crystallinity 

(~10%) after K+ ion exchange (Figure 4.1, a-b).  The crystalline sizes of NaX and KNaX are 

similar (~108 nm). The slight decrease in the intensity (10%) of KNaX could be attributed 

to the X-ray absorption by a heavier atomic weight, K+. After MgO incorporation (in KNaX), 

the faujasite characteristics were still observed with a similar crystalline size (~105 nm) for 

all samples (Figure 4.1, c-g).  
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Figure 4.1 XRD pattern of all catalysts. 

 

However, no MgO crystalline peak was detected. This could suggest that the 

incorporated MgO could be present as (i) occluded salt in zeolite cavities or (ii) highly 

dispersed MgO particles on the external surface. Although the XRD intensity of the MgO 

incorporated samples decreases, as compared to KNaX, these samples exhibit relatively 

the same intensity (~60%, for 4-7MgO/KNaX, Figure 4.2). Such decrease in the intensity 

could mainly derive from the perturbation of the occluded MgO species without the 

deconstruction of zeolite [65]. This is evidenced by 27Al MAS-NMR showing only tetrahedral 

Al species (~66 ppm) for these samples (Figure 4.3). It is worth noting that a slight shift to 

a higher field of Al peak in the MgO/KNaX samples is detected compared with KNaX. This 

could be attributed to the shielding effect of the occluded salt [66], which again supports 

the co-existing of the extra-framework MgO and the framework Al. In support manner, 
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Ricchiardi, et al. have proposed that a highly solvated Mg cation cluster can exist as 

[Mg(OH)4] 4+cluster within the sodalite and supercage cage of the faujasite framework [30]. 

 

 

Figure 4.2 Relative XRD intensity of all catalysts using 2Ө at 6.10˚. 
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Figure 4.3 27Al MAS NMR spectra of samples. 

 

In addition to the occluded [Mg4(OH)4]4+clusters, highly dispersed MgO particles 
were evidenced on the external surface as well, particularly at high MgO loadings (Figure 
4.4). As compared to the octahedral crystals with flat faces of NaX and KNaX, the rough 
external surfaces were observed without change in crystallite size (~6.5-7.0 µm, Figure 
4.5). These petal-like nanostructures could be the anisotropic brucite structure of Mg(OH)2 
or MgO [67] as implied by the surface Mg composition of 5MgO/KNaX shown in Figure 4.6. 
As the concentration increased from 0.1 to 0.6 M [Mg2+], a higher amount of MgO 
nanopetals were decorated over the zeolite external surfaces. Excessive loading of these 
species could decrease the external surface, as evidenced by 4MgO/KNaX to 7MgO/KNaX, 
which could be presumably due to agglomeration of MgO nanopetals (into MgO 
aggregates).  
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Figure 4.4 SEM images of (a, a') NaX, (b, b') KNaX, (c, c') 4MgO/KNaX, (d, d') 5MgO/KNaX, 
(e, e') 6MgO/KNaX, (f, f') 7MgO/KNaX and (g, g') 8MgO/KNaX.  
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Figure 4.5 Particle size of a) NaX, b) KNaX, c) 4MgO/KNaX, d) 5MgO/KNaX, e) 6MgO/KNaX, 
f) 7MgO/KNaX and g) 8MgO/KNaX.  

 

Figure 4.6 SEM images and elemental dispersion of a) KNaX and b) 5MgO/KNaX 
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Figure 4.4 also showed the agglomeration of MgO nanopetals on MgO/KNaX 
surface, for example on 8MgO/KNaX in Figure 3g. This could presumably be the MgO 
aggregate and/or the fragment of the destructed zeolite X at high MgO loadings. The 
finding is in line with the observed low XRD intensity (~29%) of 8MgO/KNaX, as compared 
to others (Figure 4.1-4.2). Additionally, destruction of zeolite structure was also evidenced 
by the additional signal at 15 ppm of the octahedral Al species in the 27Al MAS-NMR 
spectrum (Figure 4.3e). The presence of the species suggests the leaching of framework Al 
from the zeolite, presumably due to the use of the exceedingly high concentration of 
Mg(OAc)2 (1.0 M) during ion exchange, which resulted in the hydrolysis of the framework 
Al under the condition used. Destruction of zeolite was also supported by the significant 
decrease in the specific surface area of the samples, that is, 306 m2/g for 8MgO/KNaX vs. 
617 m2/g for 4MgO/KNaX. 

Incorporation of K+ and Mg2+ modified the acid-base properties of the catalysts 
significantly, as shown by the NH3- and CO2-TPD profiles in Figure 4.7. The acidity (NH3 
µmol/g) and basicity (CO2 µmol/g) calibrated with standard gas were tabulated in Table 
4.2. The weak acid sites are referred to NH3 adsorbed on the Lewis acid cations, i.e., Na+ 
or K+, at external surface and those in the zeolite cavities (supercages and sodalite cages). 
The weak acid site at ~136˚C is more pronounced for NaX (Figure 4.7a) but disappeared 
when K was incorporated. More NH3 desorbed from KNaX, as compared to NaX, 
particularly from sodalite cage (~220 ˚C) and double-6 ring (~260 ˚C) of the zeolite X. As 
Na+ was exchanged by a larger K+, the exchangeable site in those cages become more 
restricted. Therefore, the exchanged K+ tends to occupy the supercage, leaving the small 
cages available for NH3 adsorption.   
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Figure 4.7 NH3-TPD profiles (a-h) and CO2-TPD profiles (a'-h') of all samples.  
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The weak basic sites are referred to physiosorbed CO2 on the external surface 
(<150 ˚C) and those within the zeolite cavities (150-250˚C). The sharp increase in the 
basicity of KNaX (24.2 µmol/g), as compared to that of NaX (~2.7 µmol/g, Table 4.2) was 
observed, particularly with the new medium basic site at ~236 and 320 ˚C (Figure 4.7b). 
This is derived from the Lewis basic site at the negative framework charge, countered by 
a more polarizable K+. 

Table 4.2 Acidity and Basicity of all samples. 

 

Wa: Weak acid site, Ma: Medium acid site, Sa: Strong acid site, Wb: Weak basic site, Mb: 

Medium basic site   

 

When 4.4wt.% MgO was incorporated, a significant decrease in the basicity (4.3 

µmol/g) was observed for 4MgO/KNaX compared with its parent (24.2 µmol/g). It is 

possible that the extra-framework MgO species, formed by the precipitation of Mg(OH)2 

upon washing with 0.1 M KOH, could occupy inside the pore as occluded [Mg(OH)4]4+ 

clusters, as discussed earlier [30]. The presence of the [Mg(OH)4]4+ clusters also causes the 

decrease in NH3 desorption of the 4MgO/KNaX (Table 4.2, Figure 4.7c). The observed weak 
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acid sites in 4MgO/KNaX could be attributed to some of the remaining exchangeable Mg2+ 

species, as typically observed in the literature [68]. Since a relatively low concentration of 

KOH was used in this sample, the Mg2+ in 4MgO/KNaX might not be entirely precipitated 

into Mg(OH)2. 

As MgO content increased from 4.4 wt.% to 6.5 wt.%, basicity of 7MgO/KNaX was 

enhanced to 18.2 µmol/g (Table 4.2, entry 3-6), particularly the medium basic site at 320 

˚C (Figure 4.7c'-f'). The rise of medium basic sites could be attributed to the presence of 

a higher amount of (i) the nanopetals as observed by SEM and (ii) the occluded 

[Mg4(OH)4]4+ clusters. Ricchiardi, et al. also proved that the occluded [Mg4(OH)4]4+ clusters 

are highly basic, interacting strongly with CO2 [30, 69], supporting the findings in the current 

work. In addition, the observed increase in medium basic site with MgO content, may be 

derived from the increase in the softer exchangeable K+ cation (Table 4.1).  Such highly 

polarizable K+ weakly interacts with the negative framework charge, leading to a higher 

electron density of the framework oxygen. This would generally result in higher basicity 

of the zeolite catalysts. 

Furthermore, an increase in MgO loading also caused the increase in the medium 

acid sites (30 to 186 µmol/g, Table 4.2, entry 3-6) and a slight increase in the strong acid 

for the samples with >5 wt.% MgO loadings. The medium acid sites could be attributed 

to that the occluded [Mg4(OH)4]4+ clusters that interact with NH3 through hydrogen bonding 

[30]. While the acid sites could be attributed to the Mg2+ defect site of MgO aggregates 

[70]. In short summary, the occluded [Mg4(OH)4]4+ clusters particularly provide both 

medium acid and medium basic sites. 

It is worth noting that weak acid sites (~136 ˚C) due to the exchangeable cations 

cannot be found in the samples with MgO loading higher than 4.4wt.%. Further increase 

in MgO loadings to 8.3wt.% led to the decrease in both basic and acid sites, especially the 

medium acid site at 260 ˚C (Figure 4.7g, g'). This could result from the partial collapse of 

the framework, as discussed earlier, leading to the reduced number of occluded 
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[Mg4(OH)4]4+ clusters. The observed basicity could be derived from the nanopetels and 

MgO aggregates on the external surface of the 8MgO/KNaX sample.  

The existence of the occluded [Mg(OH)4]4+ clusters can be supported by Mg K-edge 

EXAFS spectra. It can be seen from Figure 4.8 that 6MgO/KNaX exhibits a relatively shorter 

Mg-O radial distance (1.63 Å), as compared to bulk MgO (1.66 Å). Similarly, their radial 

distance of the second coordination shell, presumably (Mg-Mg and/or Mg-Al), is shorter 

(2.64 vs. 2.67 Å, see Figure 4.8). This could be attributed to the presence of electropositive 

[Mg(OH)4]4+ clusters possessing a relatively lower electron density. Accordingly, the 

stronger interaction between Mg2+ and OH- in this cation cluster would be expected, as 

compared to the bulk MgO. The shorter Mg-O radial distance was also observed for all 

samples with ≤6.5 wt.% MgO (see Figure 4.9). In a similar trend, the MgKNaX containing 

only the exchangeable Mg2+ (Table 4.3) shows an even shorter radial distance for both 

coordination shells (1.55, 2.60 Å, Figure 4.8). However, 8MgO/KNaX shows a similar Mg-O 

scattering (1.66 Å) as the bulk MgO. This emphasizes the increase in MgO nanopetals 

and/or MgO aggregates at the external surface at 8.3wt.% MgO loading, as discussed earlier.  

 

 

Figure 4.8 Magnitudes of k-weighted Fourier-transformed Mg K-edge EXAFS spectra of 

MgKNaX, 6MgO/KNaX, 8MgO/KNaX and MgO. 
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Figure 4.9 Magnitudes of k-weighted Fourier-transformed Mg K-edge EXAFS spectra of 

4MgO/KNaX, 5MgO/KNaX, 7MgO/KNaX, MgO and 6MgO/KNaX(imp). 

 

Table 4.3 Elemental composition and physical properties of the samples. 

 

Imp – Impregnation, PB – Pore Blockage by treating with furfuryl alcohol at 420˚C and St 

– Steam treatment at 380 ˚C 

 

To get more details from the second coordination shell of the occluded 

[Mg4(OH)4]4+ clusters, the wavelet transform function of k2-weighted EXAFS was applied 

using HAMA software. The contour plot presenting the relation between wavenumber 
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space (k-space) and radial space (R-space) is shown in Figure 4.10. The 6MgO/KNaX and 

8MgO/KNaX show two main features associated with the second coordination shell with 

wavelet coordinates {R-space, K-space} at {1.5-1.7Å, 4.0-5.0 Å-1} and {1.5-1.7Å, 6.0-7.0 Å-1}. 

These two features cannot be observed in the sample with exchangeable Mg2+ cation 

(MgKNaX, Figure 4.10a). Interestingly, the wavelet coordinate at {1.5-1.7Å, 4.0-5.0 Å-1} was 

only observed in the samples with occluded [Mg4(OH)4]4+ clusters (Figure 4.10b and c). 

While the wavelet coordinate at {1.5-1.7Å, 6.0-7.0 Å-1} resembles that of bulk MgO (Figure 

4.10d). Since the difference in k value for the observed backscattering amplitudes (values 

of k) would depend on the number of the nuclei in the second coordination shell of Mg, 

the wavelet coordinate at {1.5-1.7Å, 4.0-5.0 Å-1} would represent the smaller MgO cluster, 

as compared to that at {1.5-1.7Å, 6.0-7.0 Å-1}. Accordingly, it is reasonable to postulate 

that the first wavelet coordinate at {1.5-1.7Å, 4.0-5.0 Å-1} could be attributed to the smaller 

cluster of occluded [Mg4(OH)4]4+species. While the wavelet coordinate at {1.5-1.7Å, 4.0-5.0 

Å-1} could correspond to the larger clusters of MgO nanopetals and MgO aggregates on 

the external surface of all samples (Figure 4.8-4.10). 
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Figure 4.10 Wavelet transform of k2-weighted Mg K-edge EXAFS spectra of catalysts. 
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4.2 Effect of the MgO loading over KNaX  

Ethanol conversion over 6MgO/KNaX in a continuous flow gas-phase reactor at  

380 ˚C produced C4-C8 products, with ~75% selectivity (~9.8% yield, as shown in Figure 

4.11 and Table 4.4). Amongst these, higher alcohols, including C4-/C6-/C8-alcohols, were 

identified as the major products (~55% selectivity), whilst acetaldehyde (~16%) and C4-

aldehyde (~7.7%) were detected as well. A much lower conversion of about 7% and yield 

of higher alcohols (~3.3 %in total) were obtained over the catalyst without occluded 

[Mg4(OH)4]4+ clusters, KNaX (Table 4.4, entry 2). As the exchangeable K+ was also increased 

in 6MgO/KNaX, the findings emphasize the key role of the occluded [Mg4(OH)4]4+ clusters 

within the basic framework of KNaX, that promoted the Guerbet reaction of primary 

alcohol. It is worth noting that, under this reaction conditions, no ethanol conversion was 

observed thermally without catalyst. 

 

 

Figure 4.11 The ethanol conversion over 6MgO/KNaX and KNaX in a continuous flow gas-

phase reactor (Reaction condition; temperature: 380 ºC, EtOH feed rate: 1 mL/h, pressure: 

1 atm, contact time: 16 g.h/mol, flow rate of N2 carrier gas: 160 mL/min) 
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Table 4.4 Guerbet reaction over MgO/KNaX catalysts. 

 

(Reaction condition; temperature: 380ºC, EtOH feed rate: 1 mL/h, pressure: 1 atm, contact 
time: 16 g.h/mol, flow rate of N2 carrier gas: 160 mL/min) Imp – Impregnation, PB – Pore 
Blockage by treating with furfuryl alcohol at 420˚C and St – Steam treatment at 380 ˚C 

 

Dehydrogenation of ethanol can be activated by Lewis acid-base sites of the 

occluded [Mg4(OH)4]4+ clusters to produce acetaldehyde as the intermediate (Scheme 1) 

[69, 71-75]. The basic site, derived from OH moiety of the clusters as discussed previously 

(Figure 4. 7 ), could also promote aldol condensation within the highly polarizable 

framework of the zeolites (KNaX) to produce higher aldehydes, i.e., crotonaldehyde [29, 

76 -79 ]. In presence of Lewis acid sites, i.e., Mg2+, and the confinement within the highly 

polarizable micropores of the zeolite, H-transfer from the feed to the coupling products 

(higher aldehydes) can be facilitated to yield higher alcohols [8 0 -8 2 ]. However, 

dehydration of ethanol and crotyl alcohol can be competitively promoted over the acid 

sites, which produce unsaturated products, such as ethylene and butadiene (Scheme 1) 

[83-88].  
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Scheme 4.1 Proposed reaction mechanism of ethanol conversion. 

 

The ratio of the medium basic site (Mb) and medium acid site (Ma) of the catalysts 

seems crucial for the Guerbet reaction to produce higher alcohols. It can be seen from 

Figure 4.12 that without the medium basic site, higher alcohols could not be formed. 

Ethylene and diethyl ether were the only products for the catalysis over NaX and MgKNaX, 
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as shown in Table 4.4, entry 3-4. A linear relationship between the Mb/Ma and total higher 

alcohols was established, which prove the important effect of the basic site on 

dehydrogenation and condensation activity of the catalyst, particularly that from the 

occluded [Mg4(OH)4]4+ species within the K+ containing framework.  

 

 

Figure 4.12 The relationship between Mb/Ma ratio and total higher alcohol yield. (Mb is 

medium base deriving from CO2-TPD at 320 ˚C, and Ma is the medium acidity deriving 

NH3-TPD at 260 ˚C)  

 

As shown in Table 4.4 and Figure 4.13, the ethanol conversion and yield of higher 

alcohols follow the ratio of Mb/Ma with an increase of MgO loading. As the [Mg4(OH)4]4+ 

clusters increase from 4MgO/KNaX to 6MgO/KNaX, the basicity derived from the -OH of 

this cationic cluster could be readily pronounced [20]. However, the rise in medium acidity 

from the hydrogen bonding of this -OH becomes less pronounced because the cluster is 

highly solvated and stabilized inside the zeolite cavities with polarizable K+ cations [30]. 
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Hence, some of the -OH moieties could already interact with the oxygen frameworks via 

H-bonding. Accordingly, the higher Mb/Ma ratio is enhanced upon the increase in the MgO 

and K content. The dehydrogenation and condensation are thus promoted, leading to the 

increased yield of higher alcohols, whilst the yield of ethylene from ethanol dehydration 

was decreased, as shown in Table 4.4.  

 

 

Figure 4.13 The corelation between the higher alcohol yields and the Mb/Ma ratio of the 

MgO/KNaX catalysts. 

 

A further increase in MgO loading to 6.5wt.% (7MgO/KNaX) led to a decrease in the 

occluded [Mg4(OH)4]4+ clusters and an increase in the MgO nanopetals, which hence 
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resulted in a decrease in the medium basic site and an increase in the medium acid site, 

respectively. Accordingly, a lower Mb/Ma ratio was obtained, causing a lower yield of higher 

alcohols. However, 8MgO/KNaX with a very high Mb/Ma ratio of 0.12 provided even lower 

yields of higher alcohols. Since the high basicity of 8MgO/KNaX is derived from the higher 

amount of MgO nanopetals and MgO aggregates on the external surface, as evidenced by 

SEM (Figure 4.4f-g) and EXAFS (Figure 4.8), the observed lower yields of higher alcohols 

suggest that incorporation of MgO at the external surface of the support is less active as 

compared with the occluded species.  

Comparing at the similar 6 wt.% MgO loading, the impregnated catalyst 

(6MgO/KNaX(Imp)) showed a lower activity providing a lower yield of higher alcohols 

(Table 4.4, entries 1 and 9). This could be again derived from the high amount of the less 

active MgO aggregates and the low amount of the occluded [Mg4(OH)4]4+ clusters in 

6MgO/KNaX(Imp). The existence of MgO aggregates in the impregnated sample is 

evidenced by the EXAFS spectra, where the Mg-O radial distance of 6MgO/KNaX(Imp) is 

similar to that of the bulk MgO (Figure 4.9). During the impregnation, the incorporated 

Mg(OAc)2 could be promptly precipitated on the basic surface of KNaX (as seen in the 

CO2-TPD, Figure 4.7b´). In addition, the external surface area of 6MgO/KNaX(Imp) decreases 

by half (Table 4.3) compared with that of the ion exchange sample (6MgO/KNaX), whilst 

their crystallinity was maintained (Figure 4.14). Such external MgO nanopetals and MgO 

aggregates on 6MgO/KNaX(imp) also caused a significant decrease in NH3 and CO2 

desorption signals, as shown in Figure 4.15 and Table 4.5.  
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Figure 4.14 XRD pattern of 6MgO/KNaX(Imp). 

 

 

Figure 4.15 NH3-TPD profiles (a-b) and CO2-TPD profiles (a'-b') of MgKNaX and 

6MgO/KNaX(Imp). 
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Table 4.5 Acidity and Basicity of catalysts.  

 

Wa: Weak acid site, Ma: Medium acid site, Sa: Strong acid site, Wb: Weak basic site, Mb: 

Medium basic site   

 

Based on the discussion above, it seems that the occluded [Mg4(OH)4]4+ clusters 

inside the K+ exchanged zeolite X provide the suitable medium acidity and medium 

basicity that would promote the Guerbet reaction selectively to produce higher alcohols. 

To gain further insights into the importance of the occluded [Mg4(OH)4]4+ clusters in the 

cavity of zeolite X, the catalysis over the control of 5MgO/KNaX(PB), which was primarily 

treated with furfuryl alcohol at 420˚C, was carried out. The surface area (26 m2/g) and 

pore volume (0.01 cm3/g) of 5MgO/KNaX(PB) are dramatically decreased (Table 4.3), as 

compared to that of its parent (539 m2/g and 0.39 cm3/g, respectively). This suggest that 

the cavity of this sample was blocked by the coke deposit (~5 wt.%, Figure 4.16). The 

activity of 5MgO/KNaX(PB) dropped significantly from 11.4% to 2.7% conversion, together 

with the consecutive decline of higher alcohol yield from 5.9 to 0.6% (Table 4.4, entry 

11). Despite that the pore blockage cavity of 5MgO/KNaX(PB) was achieved,  the external 

surface was still available as the sample was thoroughly flushed by N2 (160 mL/min) for 1 

h prior to heating to 420 ˚C. No structural collapse after the treatment was observed, as 

confirmed by the 27Al MAS-NMR in Figure 4.17a. Accordingly, the decrease in the activity 

of 5MgO/KNaX(PB) could be due to the inaccessibility of the feed to the occluded 

[Mg4(OH)4]4+ clusters inside the zeolite X. Whereas the MgO nanopetals on the external 
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surface mainly promoted ethanol dehydration to ethylene (Table 4.4, entry 10). This 

emphasizes the essential role of the occluded [Mg4(OH)4]4+ clusters which promote the 

Guerbet reaction.  

 

 

Figure 4.16 TGA of 5MgO/KNaX(PB).  
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Figure 4.17  27Al MAS-NMR spectra of 5MgO/KNaX(PB), 5MgO/KNaX after 3 cycle and 

5MgO/KNaX(St).  
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4.3 Catalytic stability 

The ethanol conversion over the 5MgO/KNaX for 8 hours on stream is shown in 

Figure 4.18a. The activity of the catalyst is slightly decreased over time. The higher alcohols 

also decrease with a gradual increase in acetaldehyde. This suggests the deactivation of 

the catalyst, particularly the medium acid/base sites that are essential for the aldol 

condensation. The loss of these sites could presumably result from i) the structural 

collapse due to the presence of water produced during the reaction and/or ii) the coke 

formation blocking the active occluded [MgOH]44+ clusters.  

 

 

Figure 4.18 Time on steam of ethanol conversion over 5MgO/KNaX and 5MgO/KNaX(St)  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, 

( ) C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol (Reaction condition: at 380 ºC and 1 

atm ; EtOH feed rate: 1 mL/h; contact time: 16 g.h/mol; flow rate of N2 carrier gas: 160 

mL/min). 
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To assess the first hypothesis, the 27Al MAS-NMR spectra of the 5MgO/KNaX after 

3 cycles on stream shows only tetrahedral Al3+ species (Figure 4.17b), indicating the well-

defined framework structure. In a supportive manner, the reaction over 5MgO/KNaX(St) – 

primarily treated with steam at 380 ˚C for 1 h – showed a similar activity (Table 4.4 ) and 

time on stream profile (Figure 4.18b). This clearly indicates that the presence of water 

produced during the reaction has no effect on the catalyst stability. In fact, only 

tetrahedral Al3+ species were detected in 5MgO/KNaX(St), as shown in Figure 4.17c. 

In turn, the initial deactivation of the catalyst appears to result from the high 

molecular weight products deposit on the highly active acid/basic sites, as evidenced by 

the TGA of 5MgO/KNaX after 8 hours on stream (~10% of carbon deposit, Figure 4.19). The 

activity can be recovered simply by calcination under air at 450˚C for 1 hour to regenerate 

the catalyst up to three cycles, as shown in Figure 4.20. Higher alcohols were obtained as 

main products in all cycles, indicating the recovery of the active sites, particularly 

occluded [MgOH]44+ clusters. Compared to other catalysts reported for the gas-phase 

ethanol conversion to higher alcohols (Table 4.6 ), this MgO/KNaX catalyst does provide 

not only high activity and selectivity for higher alcohols, but also offers high stability and 

regenerability. 
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Figure 4.19 TGA of 5MgO/KNaX after 8 hours on stream. 

 

 

Figure 4.20 Regeneration of 5MgO/KNaX (Reaction condition: at 380 ºC and 1 atm; EtOH 
feed rate: 1 mL/h; contact time: 16 g.h/mol; flow rate of N2 carrier gas: 160 mL/min). 
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Table 4.6 Overview of the Catalysts for the Guerbet reaction. 

 
a: initial point, Nd: No data  
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CHAPTER 5 

Conclusion and Suggestions  

 

5.1 Conclusion 

Higher alcohols, including C4-C8-alcohols, can be obtained as major products from 

the direct ethanol conversion over the MgO/KNaX catalysts. The occluded [Mg4(OH)4]4+ 

clusters can be easily manipulated by the concentration of Mg(OAc)2 (0.1-0.5 M) during ion 

exchange of the catalysts. A higher Mg(OAc)2 concentration (≥0.6 M) leads to higher MgO 

nanopetals and MgO aggregates. The occluded [Mg4(OH)4]4+ clusters inside the cavity of K+ 

exchanged zeolite X are responsible for the observed activity for Guerbet reaction, as 

compared to the MgO nanopetals and MgO aggregates. Since the occluded [Mg4(OH)4]4+ 

clusters offer both the medium basic (Mb) and medium acid (Ma) sites within the cavity, 

the dehydrogenation of ethanol, aldol condensation and H-transfer can be readily 

promoted. The total higher alcohol yields depend on the Mb/Ma ratio of the MgO/KNaX 

catalysts. 6MgO/KNaX with a Mb/Ma ratio of 0.024 offers relatively high alcohol selectivity 

(~80%), as compared to other catalysts reported in the literature. The MgO/KNaX showed 

high structural stability even after steaming at 380 ˚C. Despite a slight deactivation due to 

high MW molecule adsorption, the MgO/KNaX can be regenerated simply by calcination 

under air at 450 ˚C. 

5.2 Suggestion  

5.2.1 The activity and selectivity can be also enhanced by the use of highly 
crystallinity of zeolite X. 
 5.2.2 A high molecular weight molecule adsorption is a result of the over-potential 

active site, for overcome this, another metal oxide such as RuO would be a possibility. 
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Appendix A 

CALCULATION 

 

Calculation of catalytic parameters 

 Contact time, W/F 

 To calculation, contact time (W/F) in reaction can used the equation below.  

    W/F = 
Weight of catalyst (g)

Molar feed rate (
mol
h

)
 

 In the reaction using ethanol feed 1 ml/h (density 0.789 g/ml) and using 0.275 g 

of catalyst, the W/F is calculated as follow 

    W/F = 
(0.275 g cat.)(46 

gEtOH
mol

)

(1
mL
h

)(0.789
gEtOH

mL
)

 

           = 16.0 g.h/mol 

In similar manner, W/F of catalysts with different catalyst weight and different 

feed rate are calculated as well as this method. 
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Calculation of %yield of products from gas chromatography 

Table A1 The summation of the peak area of products. 

Products Peak area 
Ethylene 146 
Acetaldehyde 146 
Butadiene 342 
Ethanol (Feed) 8871 
C4- aldehyde 141 
C4-alcohol 617 
C6-alcohol 321 
C8-alcohol 554 
Total 11157 

 The area of all peaks was computed accounting for variations in the detector 

response to different chemical types in the normalizing procedure. The ratio of area to 

total area was used to estimate the molarity of the examined. However, from table A1 

these peak aera was modified by the response factor of each compound.  

To calculate the percent yield of each component in sample as follow: 

  %Yield of each product = 
Peak area of product × 100

Total area
 

For example, % yield of C4-alcohols can be calculated, as shown below 

  % Yield of C4-alcohols = 
617×100

11157
 

        = 5.5 % 

(Information of ethanol conversion over 6MgO/KNaX, contact time = 16.0 g•h/mol, 

pressure = atmospheric, time on stream = 60 min, and flow rate of N2 carrier gas = 160 

ml/min) 
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The percent yield of each product obtained from above calculation is shown 

below. 

Table A2 Yield of product derived from normalization method 

Products %Yield 
Ethylene 1.1 
Acetaldehyde 1.7 
Butadiene 2.5 
Ethanol (Feed) 79.5 
C4- aldehyde 1.7 
C4-alcohol 5.5 
C6-alcohol 2.9 
C8-alcohol 5.0 
Total 100 

 

Average % yield  

 The % yield for each product of all catalysts was averaged based on time on steam 

of each catalytic testing, which can be calculated from equation below, then these data 

were shown in table 4.4. 

 Average % yield of product = 
∑ % yield of the product

The number of injection point in time on steam 
 

Conversion 

%Conversion can be calculated using the total area and feed area (ethanol), as 

following equation below: 

   %conversion = 
(Total Area -  Feed area) × 100

Total area
 

For example, from data in table A1  
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   % Conversion = 
(11157-8871)×100

11157
 

      = 20.5 

 Or another calculation, %conversion can be analyzed by yield of ethanol, which 

it equal to previously method. 

   % Conversion = 100 – 79.5  

= 20.5 % 

Average % conversion  

 The ethanol conversion of all catalysts was averaged based on time on steam of 

each catalytic testing, then these data was shown in table 4.4. 

Average % conversion of product = 

∑ % conversion of the product

The number of injection point in time on steam 
 

Selectivity 

%Selectivity can be obtained from following equation: 

  %Selectivity of each product = 
%Yield of each product×100

%Conversion
 

For example. 

  %Selectivity of C4-alcohols = 
5.5×100

20.5
 

      = 27.0 % 

 Or other method, %selectivity can be direct calculated from peak area. Whilst 

follow by equation below. 

  %Selectivity of each product = 
peak area product ×100

total area of product
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For example. 

  %Selectivity of C4-alcohols = 
617 ×100

2,286
 

      = 27.0 % 

 

Average % selectivity 

 The products selectivity of all catalysts was averaged based on time on steam of 

each catalytic testing, then these data was shown in table 4.4. 

 Average % selectivity of product = 

∑ % selectivity of the product

The number of injection point in time on steam 
 

Mass balance  

 The mass balance for this reaction is higher than 99%.  The analysis was performed 

online with total gas counted. A very small coke deposit (27 mg on 275 mg catalyst) was 

obtained over 8 hours on stream (0.78 g/h ethanol feeding). 

 %Mass balance can be calculated following equation below. 

  %Mass balance = 
mol feed remain ×100

mol feed total
 

 In this case, the feed remain was calculated from total feed (mol) minus the loss 

of converted feed (mol), whilst is high molecular weight adsorption product and infer to 

only butanol. 

For example, the mass balance can be following from time on steam over 

5MgO/KNaX, as shown below. 

Mol feed total = 
1 mol ethanol

46 g ethanol
𝑥

0.789 g ethanol

1 ml ethanol
𝑥

1 ml ethanol

1 hour
𝑥 8 hours  
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= 0.13721 mol ethanol 

From TGA in Figure 4.19, the catalyst shown 10 wt. % deposit of products 

adsorption. This result led to the finding in mol feed remain, as calculated below.  

Mol feed converted = 
2 mol ethanol

1 mol butanol
𝑥

1 mol butanol

74 g butanol
𝑥

10 g butanol

100 g cat.
𝑥 0.275 g cat. 

= 0.00074 mol ethanol  

Indicating that, the mol remain ethanol in this reaction is  

0.13721 – 0.00074 = 0.13647 mol ethanol remain 

Therefore,   %Mass balance = 
0.13647 × 100

0.13721
  

= 99.47 %  

The nominal negative framework charge ratio 

This ratio can be calculated using the data from elemental compositions of each 

sample The nominal negative framework charge ratio of (Na+,K+)/Al3+ as shown follow 

equation. 

(Na+,K+)/Al3+ = 
(mol Na+ + mol K+)

mol Al3+
 

For example, of NaX, the content of Na, K and Al were finding from the XRF in 

table 4.1  

(Na+,K+)/Al3+ = 
( 

12.3 g Na
23 g Na

)+( 
0.05 g K
39 g K

)

(
14.4 g Al
27 g Al

)
 

 = 1.01  
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Acidity and basicity 

 From raw signal of each sample was analyzed from TPD, these signals needed to 

calibration the baseline, in this work using origin program, then deconverloop and 

integration the other peak samples with magic plot student program.  

 To compare with other sample, the volume of standard gas and pulse standard 

gas of the instrument were needed to know. Therefrom, to calculation amount of acidity 

as follow equation below. 

Amount of acid site = 
raw signal peak x volume of standard ammonia gas  (mol) 

signal peak of pluse standard ammonia  gas  x weight of sample 
 

 Similarly, for amount of basic site can be calculation with previous equation. 

Differently, the volume of standard gas and pulse standard gas were using carbon dioxide. 
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APPENDIX B 

GAS CHROMATOGRAM 

 

Analysis of gas product from gas chromatography 

 Prior to analysis, the structure of each product in the sample is identified by GCMS 

(Gas chromatography with mass spectrometer detector). Then, quantitative analysis of 

each product was carried out by GC-FID (Gas chromatography with flame ionization 

detector) with the condition expressed in Table B1. 

 

Table B1 The GC condition for quantitative analysis 

Column RT®-Q-BOND, 30 m x 0.53 mm x 20 µm 
Temperature program 90˚C (2 min hold) to 250˚C at 25˚C/min 
Carrier gas Nitrogen at 160 mL/min 
Injection 250˚C 
Detector FID 

 

In Gas chromatography analysis step, when initial feed was pump (1 ml/h) until 60 

min, the first analysis point was become to injected until the gas in the loop runs out (30 

second for sample loop size 15 µL). Then, over the next 8 hours, analyze each point every 

1 hour. In addition, the sample out was connected to trap-waste 2 sections as i) potassium 

permanganate (KMnO4) solution trap and ii) paraffin oil trap for polar and non-polar 

products trapped, respectively. 
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Table B2 The retention time and response factor of products  

Products  Retention time Response factor 
Ethylene 2.03 1.20 
Acetaldehyde 5.10 0.76 
Butadiene 5.80 1.20 
Ethanol 6.46 1.00 
Diethyl ether  7.80 1.00 
C4-aldehyde  9.33 0.76 
C4-alcohols 9.96 1.00 
C6-alcohols 14.67 1.00 
C8-alcohols 26.33 1.00 
C10-alcohols 39.80 1.00 

 

 

Figure B1 Analysis parameter for ethanol conversion  

(Injection 200 ˚C and FID 250 ˚C)  
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APPENDIX C 

CATALYTIC ACTIVITY DATA 

 

 The catalytic performances of all catalysts were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol. Except, table C14 was shown only catalytic testing of contact time 

as 48.0 g.h/mol, those data can be seen below respectively. This data was averaged 

depend on the time on steam of each catalyst, then these data were shown in table 4.4. 

Table C1 Activity in Guerbet reaction over NaX  

Time on stream (min) 30 60 90 120 150 180 

Conversion (%) 36.6 35.0 37.0 35.4 35.5 35.9 
Yield of product (%)       
Ethylene 32.8 31.1 33.2 31.3 31.5 31.8 
Diethyl ether  3.9 4.0 4.1 4.1 4.0 4.1 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 3 h. 
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Table C2 Activity in Guerbet reaction over KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 8.3 7.1 7.1 6.7 6.9 5.6 8.3 7.1 
Yield of product (%)         
Ethylene 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Acetaldehyde 2.3 2.2 2.3 2.3 2.4 2.0 2.3 2.2 
Butadiene 0.9 0.7 0.7 0.7 0.6 0.5 0.9 0.7 
C4-aldehyde 0.4 0.3 0.3 0.3 0.3 0.2 0.4 0.3 
C4-alcohols(a) 3.7 3.0 3.1 2.8 2.9 2.3 3.7 3.0 
C6-alcohols(b) 0.5 0.3 0.3 0.2 0.2 0.2 0.5 0.3 
C8-alcohols(c) 0.2 0.2 0.0 0.0 0.0 0.0 0.2 0.2 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

 

 

 

 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C3 Activity in Guerbet reaction over 4MgO/KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 14.0 11.2 10.7 10.7 10.1 9.8 9.4 9.5 
Yield of product (%)         
Ethylene 2.8 2.8 2.7 2.8 2.4 2.2 2.1 2.1 
Acetaldehyde 1.3 1.4 1.5 1.6 1.7 1.8 1.7 2.0 
Butadiene 2.2 1.8 1.6 1.6 1.5 1.4 1.3 1.4 
C4-aldehyde 1.0 0.8 0.7 0.7 0.7 0.6 0.6 0.6 
C4-alcohols(a) 2.7 2.2 2.1 2.1 2.0 2.1 2.2 2.0 
C6-alcohols(b) 1.9 1.3 1.2 1.2 1.2 1.1 1.1 0.9 
C8-alcohols(c) 1.7 0.5 0.4 0.3 0.3 0.3 0.2 0.3 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C4 Activity in Guerbet reaction over 5MgO/KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 16.9 13.1 12.3 11.6 11.2 10.4 10.7 10.2 
Yield of product (%)         
Ethylene 1.6 1.6 1.5 1.4 1.3 1.3 1.3 1.2 
Acetaldehyde 1.5 1.7 1.8 1.9 2.0 2.0 2.1 2.1 
Butadiene 2.0 1.7 1.5 1.5 1.3 1.3 1.3 1.2 
C4-aldehyde 1.3 1.0 0.9 0.9 0.8 0.8 0.8 0.7 
C4-alcohols(a) 4.3 3.6 3.4 3.2 3.2 2.9 3.1 2.8 
C6-alcohols(b) 3.2 2.1 1.9 1.9 1.6 1.4 1.4 1.3 
C8-alcohols(c) 2.9 1.4 1.3 0.8 1.0 0.8 0.8 0.8 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C5 Activity in Guerbet reaction over 6MgO/KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 20.5 17.1 14.0 13.3 12.3 12.2 11.8 10.9 
Yield of product (%)         
Ethylene 1.1 1.1 1.0 1.0 1.0 1.0 0.9 0.9 
Acetaldehyde 1.7 2..0 2.0 2.1 2.2 2.3 2.3 2.2 
Butadiene 2.5 2.1 1.8 1.7 1.6 1.5 1.5 1.4 
C4-aldehyde 1.7 1.3 1.1 1.0 0.9 0.9 0.8 0.7 
C4-alcohols(a) 5.5 5.0 4.4 4.3 3.9 4.1 4.0 3.7 
C6-alcohols(b) 2.9 2.3 1.8 1.8 1.6 1.6 1.6 1.2 
C8-alcohols(c) 5.0 2.1 1.5 1.3 1.1 0.9 0.6 0.6 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C6 Activity in Guerbet reaction over 7MgO/KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 18.2 16.0 13.6 12.2 11.9 11.2 10.9 10.6 
Yield of product (%)         
Ethylene 0.8 0.9 0.8 0.8 0.7 0.7 0.7 0.7 
Acetaldehyde 1.5 1.8 1.9 2.1 2.2 2.2 2.2 2.2 
Butadiene 2.7 2.3 1.9 1.9 1.7 1.6 1.5 1.4 
C4-aldehyde 1.5 1.3 1.0 0.9 0.9 0.8 0.7 0.7 
C4-alcohols(a) 5.9 5.6 4.8 4.0 4.2 3.8 3.8 3.8 
C6-alcohols(b) 3.0 2.5 1.8 1.5 1.5 1.2 1.1 1.1 
C8-alcohols(c) 2.7 1.6 1.3 0.9 0.8 0.7 0.6 0.6 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



81 
 

Table C7 Activity in Guerbet reaction over 8MgO/KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 9.0 7.1 6.5 5.6 5.9 5.6 5.6 5.5 
Yield of product (%)         
Ethylene 1.0 0.9 0.9 0.9 1.0 0.9 1.0 1.0 
Acetaldehyde 2.1 2.3 2.2 2.0 2.2 2.2 2.2 2.2 
Butadiene 1.4 1.1 0.9 0.9 0.9 0.8 0.8 0.7 
C4-aldehyde 0.5 0.4 0.4 0.3 0.3 0.3 0.3 0.2 
C4-alcohols(a) 2.4 2.0 1.8 1.5 1.6 1.3 1.4 1.3 
C6-alcohols(b) 0.6 0.1 0.1 0.0 0.0 0.0 0.0 0.0 
C8-alcohols(c) 0.7 0.3 0.2 0.0 0.0 0.0 0.0 0.0 

 
The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C8 Activity in Guerbet reaction over MgKNaX 

Time on stream (min) 30 60 90 120 150 180 210 240 

Conversion (%) 35.3 0.0 32.3 29.2 27.4 28.4 0.0 26.8 
Yield of product (%)         
Ethylene 31.3 0.0 28.7 25.2 23.0 24.2 0.0 22.4 
Acetaldehyde 1.0 0.0 0.9 0.9 0.9 0.8 0.0 0.8 
Diethyl ether 3.0 0.0 2.8 3.1 3.5 3.4 0.0 3.6 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C9 Activity in Guerbet reaction over 6MgO/KNaX(Imp) 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 14.0 12.4 10.1 9.8 9.6 8.8 9.0 9.2 
Yield of product (%)         
Ethylene 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
Acetaldehyde 2.8 2.9 2.7 2.8 2.9 2.7 2.8 3.0 
Butadiene 1.5 1.2 1.1 1.0 0.9 0.8 0.9 0.9 
C4-aldehyde 0.9 0.7 0.6 0.5 0.5 0.5 0.4 0.4 
C4-alcohols(a) 5.2 4.7 3.7 3.6 3.5 3.1 3.3 3.3 
C6-alcohols(b) 2.1 1.6 1.1 1.1 1.0 0.8 0.9 0.9 
C8-alcohols(c) 0.5 0.3 0.0 0.0 0.0 0.0 0.0 0.0 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C10 Activity in Guerbet reaction over 5MgO/KNaX(PB) 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 3.5 2.5 2.7 2.6 2.7 2.7 2.7 2.8 
Yield of product (%)         
Ethylene 1.0 0.9 0.9 0.9 0.8 0.8 0.8 0.8 
Acetaldehyde 1.1 1.1 1.3 1.2 1.3 1.2 1.2 1.3 
Butadiene 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
C4-aldehyde         
C4-alcohols(a) 0.4 0.4 0.4 0.5 0.5 0.6 0.5 0.6 
C6-alcohols(b)         
C8-alcohols(c)         

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C11 Activity in Guerbet reaction over 5MgO/KNaX(St) 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%)  12.8 11.8 11.5 10.5 10.2 10.4 10.0 
Yield of product (%)         
Ethylene  1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Acetaldehyde  1.8 1.8 2.0 1.9 2.0 2.1 2.0 
Butadiene  1.6 1.6 1.5 1.3 1.3 1.3 1.4 
C4-aldehyde  0.9 0.8 0.9 0.7 0.6 0.7 0.6 
C4-alcohols(a)  4.6 4.2 3.9 3.7 3.5 3.8 3.6 
C6-alcohols(b)  2.1 1.8 1.7 1.5 1.3 1.4 1.3 
C8-alcohols(c)  0.8 0.5 0.5 0.4 0.3 0.2 0.2 

 
The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C12 Activity in Guerbet reaction over 5MgO/KNaX-cycle 2 

Time on stream (min) 540 600 660 720 780 840 900 960 

Conversion (%) 15.7 12.8 11.2 11.0 10.5 10.2 10.3 10.0 
Yield of product (%)         
Ethylene 0.8 0.8 0.7 0.7 0.7 0.7 0.6 0.7 
Acetaldehyde 1.9 2.1 2.1 2.2 2.2 2.2 2.3 2.4 
Butadiene 1.5 1.2 1.1 1.0 1.0 0.9 0.9 0.9 
C4-aldehyde 1.4 1.0 0.9 0.9 0.8 0.8 0.7 0.7 
C4-alcohols(a) 5.7 4.6 4.0 4.0 3.9 3.7 3.9 3.7 
C6-alcohols(b) 2.9 2.0 1.6 1.5 1.4 1.4 1.4 1.2 
C8-alcohols(c) 1.5 1.2 0.8 0.8 0.5 0.4 0.5 0.4 

 
The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C13 Activity in Guerbet reaction over 5MgO/KNaX-cycle 3 

Time on stream (min) 1020 1080 1140 1200 1260 1320 1380 1440 

Conversion (%) 14.1 12.2 11.0 11.2 10.1 9.9 9.5 9.8 
Yield of product (%)         
Ethylene 0.9 0.8 0.8 0.7 0.7 0.7 0.7 0.6 
Acetaldehyde 2.0 2.2 2.2 1.9 2.3 2.3 2.3 2.3 
Butadiene 1.6 1.3 1.1 1.0 1.0 1.0 0.9 0.9 
C4-aldehyde 1.9 1.0 0.9 0.9 0.8 0.7 0.7 0.7 
C4-alcohols(a) 4.9 4.1 3.8 4.1 3.5 3.6 3.4 3.7 
C6-alcohols(b) 2.3 1.9 1.5 1.7 1.3 1.2 1.2 1.2 
C8-alcohols(c) 0.7 0.9 0.7 0.8 0.5 0.5 0.3 0.4 

 
The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol 

(Reaction condition; temperature: 380 ˚C, contact time: 16.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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Table C14 Activity in Guerbet reaction over 6MgO/KNaX 

Time on stream (min) 60 120 180 240 300 360 420 480 

Conversion (%) 38.8 31.9 29.2 26.2 24.1 0.0 0.0 0.0 
Yield of product (%)         
Ethylene 1.0 1.0 1.0 0.9 0.9 0.0 0.0 0.0 
Acetaldehyde 1.1 1.5 1.7 1.8 1.9 0.0 0.0 0.0 
Butadiene 3.8 2.9 2.6 2.3 2.0 0.0 0.0 0.0 
C4-aldehyde 2.4 2.0 1.9 1.6 1.5 0.0 0.0 0.0 
C4-alcohols(a) 17.9 14.8 13.4 12.5 10.5 0.0 0.0 0.0 
C6-alcohols(b) 7.3 5.5 4.8 4.6 4.5 0.0 0.0 0.0 
C8-alcohols(c) 2.5 2.0 1.8 1.3 1.4 0.0 0.0 0.0 
C10-alcohols(d) 2.7 2.1 2.0 1.2 1.4 0.0 0.0 0.0 

 
The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 48.0 g.h/mol and run reaction for 5 h. 

 

  

(a) n-butanol and i-butanol, (b) n-hexanol and i-hexanol, (c) n-octanol and i-octanol,  
(d) n-decanol 

(Reaction condition; temperature: 380 ˚C, contact time: 48.0 g•h/mol, pressure: 

atmospheric, flow rate of N2 carrier gas: 160 mL/min) 
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APPENDIX D 

CATALYTIC TIME ON STEAM PROFILES 

The time on steam profiles of all catalysts was reported under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol. Except, Figure D14 was shown only profile of contact time as 48.0 

g.h/mol, those data can be seen below respectively. 

 

Figure D1 Time on steam profile over NaX 

( )  Ethanol conversion, ( ) Ethylene and ( X ) Diethyl ether 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 3 h. 
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Figure D2 Time on steam profile over KNaX 

  

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D3 Time on steam profile over 4MgO/KNaX 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D4 Time on steam profile over 5MgO/KNaX

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

 

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D5 Time on steam profile over 6MgO/KNaX 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D6 Time on steam profile over 7MgO/KNaX 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D7 Time on steam profile over 8MgO/KNaX 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D8 Time on steam profile over MgKNaX 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D9 Time on steam profile over 6MgO/KNaX(Imp). 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D10 Time on steam profile over 5MgO/KNaX(PB). 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D11 Time on steam profile over 5MgO/KNaX(St). 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D12 Time on steam profile over 6MgO/KNaX cycle2. 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D13 Time on steam profile over 6MgO/KNaX cycle3. 

 

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 16.0 g.h/mol and run reaction for 8 h. 

 

  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-aldehyde, ( ) 

C4-alcohol, ( ) C6-alcohol, and ( ) C8-alcohol  
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Figure D14 Time on steam profile over 6MgO/KNaX  

( )  Ethanol conversion, ( ) Ethylene, ( ) Acetaldehyde, ( ) butadiene, ( ) C4-

aldehyde, ( ) C4-alcohol, ( ) C6-alcohol, ( ) C8-alcohol and (   ) C10-alcohol  

The catalytic performances of catalyst were investigated under N2 atmospheric 

pressure with a rate 160 mL/min at temperature 380 ˚C condition, which using contact 

time as 48.0 g.h/mol and run reaction for 5 h. 
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APPENDIX E 

Temperature profile of NH3- and CO2-TPD  

 More detail, after the sample was activated with air zero (30 ml/min) for an hour. 

Then, waiting the reactor was cooled to 30 ˚C, then adsorption with NH3 or CO2 gas at 

least 1 h, for emphasize that the sample was adsorption to maximum point. Continuously, 

this sample was thoroughly flushed with reference gas until the baseline is stable 

(approximate 1 h in this work). Afterward, the sample was heated using rate 10 ˚C/min up 

to 900 ̊ C and hold for an hour, which recorded the signal at 50-900 ̊ C. Finally, this sample 

was pulsed with standard gas during hold time at 900 ˚C, as follow the time profile below. 

 
Figure E1 Analysis temperature profile of NH3- and CO2-TPD. 
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APPENDIX F 

N2 physisorption isotherm of all catalysts.  

  

More detail, the samples were necessary calcined before analysis process. Surface 

area of the catalysts was measured via a gas absorption analyzer (Quantachrome 

Autosorb-1). Nitrogen (N2) was used as probe molecules. The sample weight approximate 

0.03-0.05 g was putted in sample cell, then attached to the outgassing station equipped 

and activated this sample to cleaning by vacuum at 300 ˚C. Until the sample was 

completely outgases process. The cell was filled by nitrogen then moved to analysis 

station rapidly. Adsorption isotherm was measured in a pressure range of 10-6 to 1.0 P/P0 

at -203 ̊ C cooling by liquid nitrogen. After the analysis, the cell was uninstalled and closed 

immediately. The cell with catalyst was weighted and compared to the blank cell for 

certain amount of catalyst without humidity. The surface area of the catalysts was 

calculated by using Brunauer, Emmett, and Teller equation (BET). The N2 physisorption 

isotherm of all catalysts was presence below.  
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Figure F1 N2 adsorption-desorption isotherm of NaX 

Sample weight after out gases: 0.038 g and analysis time: 380.1 min. 
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Figure F2 N2 adsorption-desorption isotherm of KNaX 

Sample weight after out gases: 0.018 g and analysis time: 367.9 min. 
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Figure F3 N2 adsorption-desorption isotherm of 4MgO/KNaX 

Sample weight after out gases: 0.0197 g and analysis time: 387.0 min. 
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Figure F4 N2 adsorption-desorption isotherm of 5MgO/KNaX 

Sample weight after out gases: 0.0214 g and analysis time: 377.1 min. 

 

  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



109 
 

 
Figure F5 N2 adsorption-desorption isotherm of 6MgO/KNaX 

Sample weight after out gases: 0.0273 g and analysis time: 376.7 min. 
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Figure F6 N2 adsorption-desorption isotherm of 7MgO/KNaX 

Sample weight after out gases: 0.0319 g and analysis time: 370.2 min. 
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Figure F7 N2 adsorption-desorption isotherm of 8MgO/KNaX 

Sample weight after out gases: 0.0125 g and analysis time: 364.2 min. 
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Figure F8 N2 adsorption-desorption isotherm of MgKNaX 

Sample weight after out gases: 0.0441 g and analysis time: 409.0 min. 
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Figure F9 N2 adsorption-desorption isotherm of 6MgO/KNaX(Imp) 

Sample weight after out gases: 0.0261 g and analysis time: 401.6 min. 
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Figure F10 N2 adsorption-desorption isotherm of 5MgO/KNaX(PB) 

Sample weight after out gases: 0.0676 g and analysis time: 394.7 min. 
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Figure F11 N2 adsorption-desorption isotherm of 5MgO/KNaX(St) 

Sample weight after out gases: 0.0227 g and analysis time: 413.3 min. 
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