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6.1 Abstract

The deoxygenation of methyl octanoate over a CsNaX zeolite catalyst has 
been investigated as a model reaction for the production of hydrocarbons from 
biodiesel. Several operating parameters were investigated, such as the type of basic 
catalyst used, the co-reactant incorporated in the reactor as a solvent of the liquid 
feed, and reaction temperature. The CsNaX zeolite catalysts used in the study was 
prepared by ion exchange of NaX with 0.1 M of CSNO3 solution. A significant role 
of the co-reactant was found on the activity, selectivity, and stability o f the catalyst. 
That is, when methanol was co-fed enhanced stability and decarbonylation activity 
were observed. By contrast, when nonane was used, the catalyst deactivated rapidly 
and the selectivity to coupling products was enhanced. Temperature programmed 
desorption (TPD) o f methyl octanoate and methanol, as well as flow catalytic รณdies 
suggest that methyl octanoate first decomposes to an octanoate-like species. The 
decomposition of such species leads to the formation of heptenes and hexenes as 
major products. Octenes and other hydrogenated products are formed in lower 
amounts via hydrogenation by hydrogen produced on the surface by methanol 
decomposition, but not from gas phase H2, followed by dehydration. A significant 
amount of Cs cation was eliminated after the washing leading to the loss of basic 
strength. Hexenes are produced as main product over these washed CsNaX catalysts. 
Moreover, it was found that Cs cation did not enhance the additional decarbonylation 
activity. When the polarizable Cs cation is not present in the catalyst reduced activity 
and formation of undesired products, such as aromatics and pentadecanone, occur. 
Similarly, the highly polar environment within the micropores o f the zeolite X seems 
to enhance the activity greatly, whereas non-zeolitic basic catalysts, such as MgO, 
exhibit low activity.

Keywords: Basic zeolites, CsNaX, Biofuels, Methylesters, Deoxygenation, 
Decarbonylation, Deacetalation, Hydrogenation, TPD, TPRx
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6.2 Introduction

The demand of renewable fuels as replacements of fossil fuel has been 
increasing for the past several years. Among the various biomass-derived fuel 
investigated, fatty acid methyl-ester biofuels (FAME) obtained by trans-esterification 
of triglycerides from natural oils and fats with methanol have received considerable 
attention [1-4]. They exhibit high cetane number and are considered to bum cleanly; 
however, there is growing concern about the fungibility of these fuels with 
petroleum-derived diesel due to the oxidative and thermal instability [5-7]. Reduction 
of the oxygen content in the fuel would readily improve the stability of the fuel and 
therefore its utilization potential. Various processes including hydrogenolysis [8 , 9], 
decarbonylation [10, 11], and decarboxylation [12, 13] o f FAME have been proposed 
to transform the biodiesel into the hydrocarbon base fuel.

The decarbonylation and decarboxylation have advantages over 
hydrogenolysis because, while the hydrocarbons thus produced may contain less 
carbon than its fatty acid counterpart, the former reactions require much less 
hydrogen than the latter [8 ]. Moreover, the properties o f the fuel obtained by 
decarbonylation / decarboxylation are not significantly different from those obtained 
from hydrogenolysis [12]. Typically, decarbonylation takes place over the supported 
noble metal catalysts at relatively high temperature (> 350°C) [14]. For example, 
Pd/C has been found to be an effective catalyst for decarbonylation /  decarboxylation 
[12]. However, CO produced from the reaction may competitively adsorb on the 
metal surface, leading to a reduction or even loss in the catalytic activity as 
conversion increases. Hence, total and hydrogen partial pressures are generally high, 
in order to keep the surface clean and facilitate the oxygenate-metal surface 
interaction, and reduce the catalyst deactivation [15].

An alternative family of catalysts that may overcome some of these 
limitations is that of solid bases. This is because the FAME is fairly electrophilic 
while the decarbonylated by-product, CO, is nucleophilic. Thus, while the adsorption 
of FAME over basic catalyst may be strong and the reaction can be readily promoted 
at atmospheric pressure, the by-product CO would promptly leave the basic surface. 
As a result, considerably lower temperature and hydrogen partial pressure may be
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required. Among possible solid base catalysts, low-silica zeolites containing highly 
polarizable cations, such as cesium, may be good candidates. These catalysts have 
been found to exhibit relatively high activity towards reactions involving oxygenates 
[1 6 , 17], as well as hydrogenation and hydrogenolysis of acrylonitrile and 
propionitrile [18]. It has been suggested that, in addition to the need for strong 
basicity, an active catalyst requires the co-existence o f acid and basic sites for 
reactions such as hydrogenation and hydrogenolysis [1 9 ]. In fact, an alkali- 
exchanged zeolite such as the CsNaX contains conjugate acid-base pairs, in which 
the exchangeable alkali cation has Lewis acidity and the oxygen that bridges Si and 
A1 near the exchangeable cation has basicity [20].

The purpose of this work is to investigate deoxygenation reactions on Cs- 
and NaX zeolite catalysts using methyl octanoate as a model feed that may mimic 
some of the most relevant reactions involved in the refining of biodiesels. The effects 
of varying reaction conditions such as temperature, hydrogen partial pressure, feed 
concentration, presence of competing molecules, as well as catalyst formulations 
were investigated in a flow reactor. The washing with deionized water was applied to 
study the role o f excess cesium. In addition, temperature programmed techniques 
were employed to elucidate possible reaction pathways thought to be relevant in the 
deoxygenation of FAME.

6.3 Experimental

6.3.1 Catalyst Preparation and Characterization

Commercial molecular sieve (UOP type 13X, NaX), MgO (LOT No. 
130337), NaY (CBV 100) were obtained from Fluka, Schweizerhall, and Zeolyst, 
respectively. The as-received materials were calcined at 723 K and 973 K, 
respectively. The Cs-containing zeolite (CsNaX) was prepared by ion exchange of 
molecular sieve 13X with 0.1 M of CsNÛ3 solution at 353 K for 24 h. The solid 
material was filtered and left to dry at 80°c overnight. The sample was then calcined 
at 723 K for 2 h in a flow of dry air. It was designated as CsNaX(20). The washing 
with deionized water was applied to the samples prepared with the same procedure as
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used for the preparation of CsNaX(20). The samples after washing repeatly for 4 and 
7 times were designated as CsNaX(5) and CsNaX(2), respectively. The numbers in 
the parenthesis represent the amount of excess cesium. It has been demonstrated that 
crystallinity in all CsNaX samples is largely retained after this treatment [21]. 
Surface areas of the CsNaX and NaX catalysts were determined by nitrogen 
adsorption at 77 K using a Micromeritics ASAP 2000 apparatus. X-ray diffraction 
(XRD, Bruker AXS D8Discover) was employed to investigate the catalyst structure. 
The hydrogen uptake of the catalysts was measured by Temperature Programmed 
Reduction (TPR) in an apparatus constructed for this purpose.

6.3.2 FTIR of Adsorbed Acetonitrile

FTIR technique was carried out to determine the basic strength o f the Cs- 
containing NaX zeolite catalysts using acetonitrile as a probe molecule. The samples 

. were prepared and pretreated in a flow of 2% Cb/He at 723 K for 2 h. After the 
pretreatment, it was cooled down to room temperature and a blank spectrum was 
taken. Then, the acetronitrile (10 pi) was injected to the sample cell in a flow of He. 
The helium gas was kept flowing for 1 h to purge the excess acetonitrile. After that, 
the sprectrum was taken again.

6.3.3. Temperature Programmed Desorption (TPD) o f Isopropylamine

The catalyst acidity was tested by the amine TPD technique. First, 50 mg 
of sample was pretreated at 723 K in a flow of 2% (VH e for 1 h. After the 
pretreatment, the sample was cooled in He to room temperature and then consecutive 
10 pi pulses of isopropylamine (IPA) were injected to the sample until saturation was 
achieved, as indicated by a constant m/z=44 signal in the MS. After removing the 
excess IPA by flowing He for 3 h, the sample was linearly heated to 973 K at a 
heating rate of 10 K/min. Masses (m/z) of 44, 41, and 17 were monitored to 
determine the evolution of desorbing species and MS fragments. The signal 44 is 
only due to IPA; by contrast, 41 and 17 are due to propylene and ammonia,
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respectively, but also to MS fragments of IPA. To determine whether there is 
desorption or decomposition, one follows the evolution of the three signals 
simultaneously. In this case, no decomposition was observed and the three signals 
kept the same ratio throughout the desorption. The amount of desorbed IPA was 
calibrated with 50 pi pulses of 2% propylene in He (m/z=41).

6.3.4 Temperature Programmed Desorption (TPD) of Methyl Octanoate

The evolution of pre-adsorbed methyl octanoate over CsNaX catalysts was 
followed by temperature programmed desorption in an apparatus equipped with a 
mass spectrometer (MS). In each run, 50 mg of the sample was initially pretreated in 
a flow of 2% 0 2 /He for 2 h at 723 K. Then, the sample was cooled in He flow to 423
K. A 100 pi pulse of methyl octanoate was injected to the sample, and a He flow was 
introduced for 3 h at 423 K in order to remove the excess methyl octanoate. The 
sample was then heated to 1173 K at a rate of 10 K/min. Masses (ไท/z) of 2, 28, 56, 
and 74 were monitored to determine the evolution of hydrogen, carbon monoxide, 
hydrocarbons, and methyl octanoate, respectively.

6.3.5 Temperature Programmed Desorption (TPD) and Temperature 
Programmed Reaction (TPRxf of Methanol

Methanol was chosen as a probe for the zeolite surface and as a co-reactant 
to help reduce the rate of catalyst deactivation during the conversion of methyl 
octanoate. Therefore, the desorption and decomposition of methanol over CsNaX 
and NaX catalysts were investigated by TPD and TPRx techniques in the same 
apparatus described in the previous section. In each run, 50 mg of the sample was 
initially pretreated in a flow of 2% 0 2/He for 2 h at 723 K. Then, the sample was 
cooled in He flow to room temperature. In the desorption experiment, 10 pi of 
methanol was repeatedly injected over the sample at room temperature until reaching 
saturation, as indicated by a steady MS signal. After the removal of the excess 
methanol by flowing He for 3 h at room temperature, the sample was heated to 1173
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K at a rate of 10 K/min. For the TPRx experiment, methanol was continuously fed 
through the sample bed at a flow rate of 1 ml/h. The sample was linearly heated from 
room temperature to 973 K at a heating rate of 10 K/min. Masses (m/z) of 2, 28, 31, 
and 45 were monitored to determine the evolution of hydrogen, carbon monoxide, 
methanol, and dimethylether, respectively.

6.3.6 Catalytic Activity Measurements for the Deoxygenation of Methyl 
Octanoate

The deoxygenation of methyloctanoate was carried out at atmospheric 
pressure, in a fixed bed flow reactor made with 14 in. quartz tube. Prior to the 
reaction, the catalyst samples were pretreated in situ under flow of 2% 0 2 /He at 723 
K for 2 h. Then, the catalyst bed was cooled to the reaction temperature (698 K) 
under flow of He' (25 ml/min). The reactant feed of 10 %wt methyl octanoate in 
methanol solvent was introduced into the reactor using a syringe pump via a heated 
vaporization port. Alternatively, in some runs, nonane was used as a solvent instead 
of methanol. Unreacted feed and products were quantified using an online GC-FID 
equipped with a capillary HP-5 column, following a temperature program to 
optimize product separation.

6.3.7 Temperature Programmed Oxidation (TPO) of Coke Deposits after
Reaction

The temperature programmed oxidation (TPO) was employed to investigate 
and quantify the nature and amount of coke deposited on the spent catalysts. 30 mg 
of the sample was packed in the 1/4” quartz tube reactor. The temperature was 
ramped to 1173 K with a heating rate of 10 K/min and the TPO profiles were 
recorded under flow of 2% 0 2 /He. The CO2  produced by the oxidation of the coke 
deposits was further converted to methane over a methanation catalyst (15% 
Ni/A^Os) in the presence of hydrogen at 673 K. The corresponding methane was 
then analyzed online by an FID detector. The amount of oxidized coke was 
calibrated using 100 pi pulses of pure CO2  injected to the same system.
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6.4 Results

6.4.1 Characterization of the Fresh Catalysts

The NaX and all of Cs-containing NaX catalysts were characterized by 
XRD and BET surface area analysis. The XRD pattern of all Cs-exchanged NaX 
catalysts showed almost the same pattern as that of NaX, which confirms that the Cs- 
containing NaX catalysts have the same crystalline phase after the cesium exchange 
and washing. However, the decreases in the peak intensity of all of the cesium 
exchanged NaX zeolite catalysts were observed. This lowering of peak intensity 
might be contributed from the difference in X-ray adsorption coefficient of the parent 
NaX catalyst when larger cations (Cs+) are incorporated into the NaX zeolite catalyst
[22]. The bulk (ICP) compositions of all catalysts are presented in Table 6.1. It 
shows that the significant amount of Cs cations of the CsNaX(20) catalyst have been 
exchanged with Na ions in the zeolite frameworks leading to the significant drop in 
BET surface area and pore volume, compared to the parent NaX zeolite catalyst. It 
must be noted that the CsNaX (20) catalyst was prepared without the washing 
treatment; hence, excess Cs cations remained on the catalyst in the bulk particles of 
cesium oxide, cesium carbonate, cesium peroxide, and cesium superoxide resulting 
in the drop in the surface area due to the pore blockage by these species. A 
significant fraction of the cesium species could be eliminated by the washing 
treatment as observed from the CsNaX(5) and CsNaX(2) catalysts. This leads to a 
partial recovery of surface area.

The temperature programmed reduction (TPR) was carried out to quantify 
the hydrogen consumption of the fresh zeolite catalysts. As shown in Figure 6.1, a 
significant amount of hydrogen consumption can be observed at around 823 K over 
the CsNaX(20) zeolites whilst no hydrogen was consumed by the NaX sample. In 
addition, relatively less amount of hydrogen consumption was found, when the 
washing treatment was applied as observed for the CsNaX(5) and CsNaX(2) 
catalysts. Therefore, it is clear that the high hydrogen consumption observed on the 
CsNaX(20) is due to the reduction of the excess cesium species. The Cs bulk species 
(oxides ore carbonates) may be formed from excess Cs during the activation in air
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during the calcination step [23,24]. The hydrogen consumption increases with the 
amount of excess cesium species in the sample.

Table 6.1 Elemental analysis data of NaX and CsNaX catalysts

Catalysts Surface area 
(m2/g)

Total Composition 
Si/Al Cs/Al

Excess cesium 
per unit cell

NaX 695 1.2 - -
CsNaX(2) 522 1.1 0.36 2.2
CsNaX(5) 439 1.2 0.40 4.9
CsNaX(20) 367 1.2 0.60 19.8
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Figure 6.1 TPR profiles of the CsNaX and NaX catalysts; all of them treated in air at 
723 K before starting the TPR.
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6.4.2 Acid-Base Characterization of the Fresh Catalysts

The basic characteristic of all Cs-containing catalysts were analyzed by 
FTIR techniques using acetronitrile as probe. The adsorption band appearing at 2254 
cm'1 is assigned to the stretching vibration frequency of C=N group of the 
acetronitrile. It is anticipated that the stretching vibration frequency of the -CN 
group of the adsorbed acetonitrile should decrease, compared to that of acetonitrile 
vapor if the basic strength increases. This is because the -CN group of the adsorbed 
acetonitrile would be stretched when the electron density of such molecule increases 
with increasing in the basic strength of the active sites. Therefore, the longer -CN 
bond leads to the decrease in the vibration frequency of the adsorbed acetonitrile [25].

Regarding to the IR spectrum illustrated in Figure 6.2, it shows that the 
adsorption band of the NaX (2257 cm'1) is slightly higher than that of vapor 
acetonitrile. As expected, the presence of cesium cations in the catalysts results in the 
shift of the adsorption band to lower frequency. Particularly, the frequency of the 
adsorption band was lowered when the cesium content in the CsNaX catalysts was 
decreased. This clearly suggests that the basic strengths of the CsNaX catalysts are in 
the order of CsNaX(20) > CsNaX (5) > CsNaX (2). As expected, the CsNaY catalyst 
shows less basic strength although it has the same pore structure as the CsNaX(20) 
catalyst. This is because of the difference in Si/Al ration between Y and X zeolites.

Consistent with this view, the TPD of isopropylamine suggested that alkali- 
exchanged zeolite possesses some acidity. As shown in Figure 6.3, the evolution of 
adsorbed IP A at lower temperature (-453 K) is responsible for the weak adsorption 
of IPA on the zeolite framework, while that at higher temperature may represent acid 
sites, but not the strong Bronsted sites typically found in HY or HZSM-5: In those 
cases, the isopropylamine does not desorb at high temperatures as a whole molecule, 
but rather it decomposes into propylene and ammonia. In the present zeolites, there is 
no decomposition, but rather desorption. Quantification of the desorbed amount 
resulted in about 2.9 pmol/gcat for the weakly adsorbed IPA on the CsNaX(20) 
catalyst, but no strongly adsorbed species. By contrast, on the NaX zeolite, about 4.6
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pmol/gcat were weakly adsorbed and 3.6 pmol/gcat strongly adsorbed, which is 
consistent with the presence of some residual acidity on this catalyst.

2 3 5 0  2 3 0 0  2 2 5 0  2 2 0 0  2 1 5 0

Wavenumber (cm'1)
2100 2 0 5 0

Figure 6.2 FTIR of adsorbed acetonitrile over the CsNaX and NaX catalysts.

0 100 200 300 400 500 600

Temperature (°C)

Figure 6.3 Evolution of m/z = 44 during TPD of isopropylamine.
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6.4.3 Temperature Programmed Desorption (TPD) and Reaction (TPRx) of
Methanol

The evolution profiles obtained from TPD of adsorbed methanol are shown 
in Figure 6.4. A significantly higher amount of undissociated methanol is desorbed 
from the NaX catalyst than from the CsNaX(20) catalyst. Moreover, while the NaX 
zeolite exhibited two desorption peaks at temperatures around 423 K and 573 K, the 
CsNaX(20) zeolite only had the lower-temperature peak. Similar differences in the 
TPD profiles of adsorbed methanol on NaX and CsNaX have been previously 
observed [26]. These differences were suggested to arise from a stronger interaction 
of the adsorbate with the Na cations in the NaX, as compared to those in the 
CsNaX(20). However, other adsorption studies [27, 28] would indicate that one 
could also assign the lower temperature TPD peak to methanol adsorption on sites 
located in the supercages of the NaX and the higher temperature peak to sites located 
in the smaller sodalite cages. The difference in binding strength in the two sites can 
be explained in terms of the shorter-range interactions taking place in the small 
cavities of the sodalite cages. Accordingly, the disappearance of the high temperature 
peak from the TPD of the CsNaX(20) indicates that the presence of the much larger 
Cs cations in the small sodalite cage dramatically reduces its accessible pore volume, 
thus preventing the adsorption of methanol on these sites. Based on this description, 
adsorption on the CsNaX(20) zeolite catalyst would occur only in the larger 
supercages, but even this peak is smaller than the corresponding one on the NaX, due 
to the larger extent of blocking by Cs

To investigate the temperature range that is more relevant to the reaction 
studies, the decomposition of methanol over the CsNaX(20) catalyst was examined 
by temperature programmed reaction (TPRx) under continuous flow of methanol. As 
shown in Figure 6.5(a), the decomposition of methanol starts at 573 K, and in 
agreement with previous studies [29], hydrogen (H2 ), and carbon monoxide (CO) are 
the main decomposition products. However, it is interesting to note that they do not 
appear at the same time. To make this trend more clearly visible, the H2 /CO ratio is 
plotted in Figure 6.5(b). A sharp rise in this ratio is observed above 573 K, but it 
goes back to a constant low value at higher temperatures. This observation suggests
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that methanol primarily decomposes into แ 2  that desorbs and a fragment that remains 
on the surface. The species retained on the surface has been previously identified by 
13c  NMR [30] and suggested to be a formate-like species. As the temperature is 
increased, this formate-like species can further decompose evolving CO. Beyond this 
temperature the continuous decomposition produces both CO and แ 2 .

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0

Temperature (°C)

Figure 6.4 TPD profiles of adsorbed methanol over the CsNaX(20) and NaX 
catalysts.
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Figure 6.5 (a) Temperature Programmed Reaction of continuous flow methanol over 
CsNaX (b) H2 /CO signal of continuous flow of methanol over the CsNaX(20) 
catalyst.

The desorption characteristics of methyl octanoate over the CsNaX(20) 
catalyst are shown in Figure 6.6. Unlike the case of methanol, the TPD of adsorbed 
methyl octanoate reveals no evolution of the parent methyl octanoate molecule, 
suggesting that this is strongly adsorbed. Instead, decomposition products are 
observed. CO and H2  were initially evolved above 573 K and 673 K, respectively.
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From the areas, we have quantified the amount of CO evolved below 723 K to be 
about 1. 6  pmol/gcat- This amount of CO is produced by the decomposition of methyl 
octanoate at the methoxyl group. On the other hand, a larger amount, 6 . 8  pmol/gcat of 
CO, is produced at temperature higher than 723 K from the decarbonylation of 
methyl octanoate. It is important to note that contrary to methanol, essentially no 
hydrogen is evolved up to about 673 K. A significant amount of hydrogen (4 
pmol/gcat) was only produced at 723 K.

200 300 400 500 600 700 800

Tem perature (°C)

Figure 6 . 6  TPD profile of adsorbed methyl octanoate on the CsNaX(20) zeolite 
catalyst.
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6.4.4 Reaction under Continuous Flow of Methyl Octanoate

6.4.4.1 CsNaX Catalysts
The effect of co-feeding methanol was investigated during the 

decarbonylation of methyl octanoate over the basic CsNaX(20) zeolite catalyst. The 
conversion from the reactions using nonane or methanol as solvent are compared in 
Figure 6.7. It can be seen that when nonane was used, a high activity was observed at 
the beginning of the reaction; however, this activity was rapidly lost by catalyst 
deactivation. On the other hand, while a relatively lower activity was observed when 
methanol was cofed into the reaction system, a much better stability with time on 
stream was obtained.

F ig u r e  6 .7  C o n v e rs io n  o f  10 % w t  m e th y l o c ta n o a te  o v e r  th e  C s N a X (2 0 )  c a ta ly s t

u s in g  n o n a n e  a nd  m e th a n o l as s o lv e n t as a fu n c t io n  o f  t im e  o n  s tre a m . R e a c tio n

C o n d it io n s :  6 9 8  K ,  1 a tm , พ / F  =  198  g * h /m o l,  2 5  m l/ m in  o f  F ie .
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The product distributions from the decarbonylation of 10 %wt methyl 
octanoate over the CsNaX(20) catalyst using nonane and methanol as solvents are 
compared in Figure 6 .8 (a) and 6 .8 (b), respectively. In the reaction co-feeding nonane, 
the dominant product was 8 -pentadecanone, a coupling product of methyl octanoate. 
Deoxygenated products, namely octene, heptene and hexane were also observed, but 
with lower selectivities. When methanol was used as a solvent, very small amounts 
of coupling products (i.e. 8 -pentadecanone) were obtained. In this case, the reaction 
products were mostly heptenes, hexenes, and octenes; that is, the dominant reactions 
were decarbonylation (elimination of CO), deacetalation (elimination of CH3 CHO), 
and hydrogenation/dehydration (elimination of O). It is clear that while the 
conversion of methanol itself is rather low (~5%), its presence greatly affects the 
product distribution and stability of the catalyst.
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Time on stream (min)

Figure 6.8 Product distributions from the reaction of 10% wt methyl octanoate over 
the CsNaX(20) catalyst using (a) nonane and (b) methanol as solvent as a function of 
time on stream. Reaction Conditions: 698 K, 1 atm, พ /F = 198 g*h/mol, 25 ml/min 
of He. Heptenes (▼ ), Hexenes (■ ), Octenes ( • ) 5 Pentadecanone (O ), Coupling 
ester (A), Octane (□ ), Tetradecene (♦ ), Heptane (V ) , Hexane (O).
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Table 6.2 summarizes the product distribution from the reaction of 10% wt 
methyl octanoate in methanol at various space times (พ /F). As discussed above, the 
major product is Cj hydrocarbons (i.e. heptenes), which is the expected product from 
direct decarbonylation of methyl octanoate over the CsNaX(20) catalyst. In addition, 
significant amounts of hexene are obtained. As discussed below, we believe that 
hexenes are products of deacetalation. In significantly lower concentrations octenes 
and coupling products, together with small amounts of octanes and oxygenates, were 
also observed. As shown in Figure 6.9(a) and 6.9(b), the yields of heptenes and 
hexenes increase parallel to the overall conversion as a function of W/F, suggesting 
that both are primary products. That is, hexene is not a secondary product arising 
from the cracking of heptene. By contrast, as shown in Figure 6.9(b), the evolution of 
octene follows a different pattern; it seems to reach a plateau at an overall conversion 
near 40% and the start of this plateau coincides with the increase in the formation of 
secondary products such as lower oxygenates, octanoic acid, and tetradecene (see 
Figure 6.9(c)). On the other hand, the coupling products exhibit a drop in the 
concentration as a function of W/F, indicating that these heavier compounds tend to 
react further into lighter compounds as the catalyst bed increases.
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Table 6.2 Product distribution from reactiom of 10 %wt methyl octanoate in 
methanol over the CsNaX(20) catalyst at various space time

W/F (g.h/mol)
99 198 396

Conversion 24.0 37.2 62.3
Yield (%)
Hexenes 4.5 8.8 19.3
n-Hexane 0.2 0.1 0.3
Heptenes 8.9 14.6 26.1
n-Heptane 0.1 0.2 0.8
Octenes 3.0 6.1 6.7
n-Octane 0.4 0.8 1.0
Octanal 0.6 0.5 0.4
Oxygenates 1.9 2.0 3.3
Octanonic acid 0.8 1.1 2.2
Tetradecene 0.3 0.3 0.6
Pentadecanone 2.0 1.5 0.9
Coupling ester 1.2 1.1 0.8

Reaction Conditions: 698 K, 1 atm, 25 ml/min of He.
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Figure 6.9 Conversion (a), yields of major products (b), yields of minor products (c) 
from the reaction of 10 %wt methyl octanoate in methanol over the CsNaX(20) 
catalyst as a function of พ /F. Reaction Conditions: 698 K, 1 atm, 25 ml/min of He. 
Heptenes ( • ) ,  Hexenes (O), Octenes (▼ ), Octane (V ), Heptane (■ ), Hexane (□ ), 
Oxygenates (A), Pentadecanone (A ), Coupling ester (♦ ), Octanoic acid (O ), 

Octanal ( • ) ,  Tetradecene (0).
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A major consideration in the production of fuels from biomass is the 
consumption of hydrogen [31], which is typically needed in reactions involving 
deoxygenation steps. We have investigated the impact of the presence of hydrogen 
on the overall activity and product distribution observed in the conversion of 1 0  %wt 
methyl octanoate in methanol over the CsNaX(20) catalyst. Table 6.3 summarizes 
the conversion and product distribution obtained on the CsNaX(20) catalyst at 
various reaction conditions.

Table 6.3 Product distribution from reaction of 10 %wt methyl octanoate over the 
CsNaX(20) catalyst using methanol as solvent at various conditions

Conditions
Carrier gas He h 2 He
Reaction Temperature (°C) 425 425 400
Conversion 37.2 34.8 1 0 . 8

Decabonylation / Coupling Ratio 11.4 8.3 5.0
Olefm/Paraffin Ratio 25.7 24.5 14.2
Selectivity (%)
Hexenes 23.7 22.3 2 0 . 2

n-Hexane 0.3 0.9 1 . 8

Heptenes 39.4 40.7 35.8
n-Heptane 0.5 0.9 1 . 8

Octenes 16.4 10.9 9.2
n-Octane 2 . 2 1.4 0.9
Octanal 1.3 2 . 0 1 . 8

Oxygenates 5.4 6 . 6 8.3
Octanonic acid 3.0 3.4 3.7
Tetradecene 0 . 8 1 . 1 0.9
Pentadecanone 4.0 6 . 0 9.2
Coupling ester 3.0 3.7 6.4
Reaction Conditions: W/F = 198 g*h/mol.
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Interestingly, very similar activity, stability (not shown) and product 
selectivity were observed at 698 K when comparing the reaction under แ 2 and under 
He. The main decarbonylation products, C7 and Cs olefins, were dominant under 
both gases, indicating little effect of gas-phase hydrogen in this reaction. It is also 
interesting to note that the octene yield obtained when using He was higher than 
when using H2  as a carrier gas. This result demonstrates that the decarbonylation 
over the CsNaX(20) catalyst does not require gas-phase hydrogen when methanol is 
used as a solvent. The presence of hydrogen also had no effect on the catalyst 
stability, indicating that hydrogenation of carbonaceous residues does not take place.

To investigate the effect of reaction temperature, Table 6.3 includes data 
from a run conducted at 673 K, rather than at 698 K. At the lower temperature in He, 
the conversion decreases as expected compared to the same reaction at 698 K. The 
changes in selectivity are consistent with a higher activation energy for the 
decarbonylation and deacetalation reactions compared to the rest, particularly the 
coupling reactions. That is, while the selectivity to hexene and heptene slightly 
decreases at 673 K, the selectivity to the coupling products increased.

Another important aspect worth to mention is the effect of excess cesium 
cation of the CsNaX zeolite catalysts. The reaction of 10%wt methyl octanoate in 
methanol was carried out over the CsNaX(2) and CsNaX(5) catalysts at the same 
conditions as that on the CsNaX(20) catalyst in a flow of He. The conversion from 
the reaction over the different content of excess cesium species as a function of time 
on stream is shown in Figure 6.10. It can be seen that the CsNaX(5) catalyst initially 
provided a higher activity, compared to the CsNaX(20) catalyst. Then, the activity 
was slowly deactivated after 150 min time on stream. The similar catalytic acitivity 
was also observed over the CsNaX(2) catalyst.
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Figure 6.10 Conversion of 10 %wt methyl octanoate in methanol over the CsNaX 
catalysts with different excess cesium content. Reaction Conditions: 698 K, 1 atm, 
พ /F = 198 g*h/mol, 25 ml/min of He.

The product distributions from the reactions over the various CsNaX 
catalysts at 20 min and 300 min time on stream are summarized Table 6.4. It was 
found that heptenes is the main product obtained from the CsNaX(20) catalysts, 
which is arise from the direct decarbonylation of the methyl octanoate. While, the 
selectivity to heptenes decreases with decreasing in the excess cesium contents per 
unit cell, the hexenes selectivity increases. Hexenes become a major product from 
the reaction over the CsNaX(2) catalyst, containing the least content of excess 
cesium. This may suggest that the increase in hexene concentration is presumably 
due to the formation of cyclic-like species, which takes place on the acid sites.
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Moreover, the reduction of octene concentration was observed when the excess 
cesium concentration decreases.

Table 6.4 Product distribution from reaction of 10 %wt methyl octanoate in 
methanol over the various CsNaX catalysts

Catalysts
CsNaX(20) CsNaX(5) CsNaX(2)

Excess cesium 
per unit cell 19.8 4.9 2.2
TOS (min) 20 300 20 300 20 300

Conversion 37.2 29.0 52.6 19.3 55.6 12.4
Selectivity (%)
Hexenes 23.7 20.2 25.1 23.5 30.2 24.7
n-Hexane 0.3 0.6 2.1 1.4 10.0 2.1
Heptenes 39.4 42.6 36.4 32.8 24.1 23.3
n-Heptane 0.5 2.4 4.7 4.1 6.2 4.7
Octenes 16.4 9.5 4.7 9.1 3.6 7.0
n-Octane 2.2 1.1 1.7 1.6 1.3 1.0
Octanal 1.3 6.8 11.7 4.1 11.2 9.1
Oxygenates 5.4 1.7 2.1 1.3 1.9 2.2
Octanonic acid 3.0 2.2 3.6 6.3 3.0 4.6
Tétradecene 0.8 0.0 1.2 0.0 2.6 0.0
Pentadecanone 4.0 11.5 5.5 14.2 5.0 17.6
Coupling ester 3.0 1.3 1.2 1.7 2.9 3.0
Reaction Conditions: 698 K, 1 atm, W/F = 198 g*h/mol, and 25 ml/min of He.

In line with this observation, the ratio of a-olefins to olefins as a function of 
excess cesium per unit cell is shown in Figure 6.11. It was found that the ratio 
decrease with increasing excess cesium content in the zeolite. This indicates that 
amount of excess cesium plays important role in the product distributions from the 
reaction. It also suggests that the olefins could be derived from the isomerization of
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a - o le f in s  b y  th e  a c id  fu n c t io n  o f  th e  c a ta ly s t le a d in g  to  th e  in c re a s e  in  th e  r a t io  w h e n

th e  e xcess  c e s iu m  decreases . T h is  is  e v id e n c e d  b y  th e  IR  o f  a d s o rb e d  a c e to n it r i le

s h o w n  in  F ig u re  6 .2 .

Excess cesium per unit cell

Figure 6.11 The olefins to a-olefins ratio as a function of excess cesium per unit cell.

6.4.4.2 NaX and MgO Catalysts
The deoxygenation activity of methyl octanoate over NaX and MgO 

catalysts were also studied and compared to that on the CsNaX catalysts. Figure 6.12 
illustrates the product distribution obtained over NaX as a function of time on stream, 
keeping the same conditions as those used over the CsNaX(20) catalysts (compare 
with Figure 6.8(b)). In significant contrast with the product distribution obtained on 
the CsNaX(20) catalyst, it was observed that on this catalyst hexenes, heptenes, and 
multi-substituted aromatics were the dominant products at the beginning of the 
reaction. Then, as the catalyst deactivated, the aromatic products tended to disappear
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a n d  o n ly  h e x e n e s  a nd  h e p te n e s  w e re  o b ta in e d  as m a in  p ro d u c ts  a t lo n g e r  t im e  o n  

s tre a m . M o re o v e r ,  o n  th is  c a ta ly s t,  m e th a n o l c o n v e rs io n  to  d im e th y l  e th e r w a s  

o b s e rv e d  to  a s ig n i f ic a n t  e x te n t, w h i le  a b se n t o n  th e  C s -c o n ta in in g  c a ta ly s t.  B o th  

c y c l iz a t io n  a n d  e th e r i f ic a t io n  a re  re a c tio n s  ty p ic a l ly  c a ta ly z e d  b y  a c id s , w h ic h  

in d ic a te s  th a t th e  N a X  z e o lite  u sed  in  th is  s tu d y  c o n ta in s  s o m e  a c id ity ,  in  a g re e m e n t 

w i t h  p re v io u s  re p o r ts  [3 2 ] ,

Time in stream (min)

Figure 6.12 P ro d u c t d is t r ib u t io n  f r o m  th e  re a c t io n  o f  10 % w t  m e th y l  o c ta n o a te  in  

m e th a n o l o v e r  N a X  z e o li te  c a ta ly s t as a fu n c t io n  o f  t im e  o n  s tre a m . R e a c tio n  

C o n d it io n s :  6 9 8  K ,  1 a tm , พ / F  =  198 g * h /m o l,  2 5  m l/ m in  o f  H e . H e x e n e s  ( • ) ,  

H e p te n e s  ( T ) ,  M u lt is u b s t i tu te d  a ro m a tic s  (O ), H e p ta n e  (V ) , O c te n e s  ( ■ ) ,  H e x a n e  

(O), O c ta n e  ( □ ) ,  a n d  C o u p l in g  h y d ro c a rb o n s  ( ♦ ) .
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A ls o ,  t y p ic a l  o f  a c id  c a ta ly s ts , ra p id  d e a c t iv a t io n  is  o b s e rv e d  w i t h  N a X  (see 

F ig u re  6 .1 3 ) .  A s  s h o w n  b e lo w , th is  d e a c t iv a t io n  is  p ro b a b ly  d u e  to  c o k e  fo rm a t io n  

o v e r  th e  a c id  s ite s , le a d in g  to  a m o re  ra p id  d ecrease  in  th e  p ro d u c t io n  a l l  th e  a c id  

c a ta ly z e d  p ro d u c ts , n a m e ly  m u lt i- s u b s t i tu te d  a ro m a tic s , s m a ll a lk a n e s , a n d  d im e th y l 

e th e r. I t  is  in te re s t in g  th a t  as th e  a c id  s ite s  b e c o m e  d e a c tiv a te d , d e c a rb o n y la t io n  can  

s t i l l  p ro c e e d  a n d  d e a c tiv a te  a t a lo w e r  ra te , le a d in g  to  a g ra d u a l d ec rease  in  h exenes  

a nd  h e p te n e s  w i th  t im e  o n  s tre a m . In  l in e  w i th  th is  c o n c e p t, th e  a c t iv i t y  o f  th e  

C s N a X (5 )  a n d  C s N a X (2 )  c a ta ly s ts  fa l l  b e tw e e n  th a t  o f  th e  C s N a X (2 0 )  a n d  th a t o f  

N a X  c a ta ly s ts . A g a in ,  th e  a d d it io n a l (u n s e le c t iv e )  a c t iv i t y  a nd  m o re  ra p id  

d e a c t iv a t io n , as c o m p a re d  to  th e  C s N a X (2 0 )  c a ta ly s t,  ca n  b e  re la te d  to  th e  s m a ll 

a m o u n t o f  a c id  s ite s  g e n e ra te d  a fte r  th e  su cce ss ive  w a s h in g  tre a tm e n ts . T h is  can  be 

e v id e n c e d  b y  th e  I R  re s u lts  o f  a d s o rb e d  a c e to n it r i le  s h o w n  in  F ig u re  6 .2 .

Time on stream (min)

Figure 6.13 C o n v e rs io n  o f  10  % w t  m e th y l o c ta n o a te  in  m e th a n o l o v e r  N a X  as a 

fu n c t io n  o f  t im e  o n  s tre a m , c o m p a re d  to  th a t o n  th e  C s N a X (2 0 )  c a ta ly s t.  R e a c tio n  

C o n d it io n s :  6 9 8  K ,  1 a tm , พ / F  =  198  g * h /m o l,  2 5  m l/ m in  o f  H e .
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T o  c o m p a re  to  a n o n z e o li t ic  b a s ic  c a ta ly s t,  th e  re a c t io n  o f  1 0%  m e th y l 

o c ta n o a te  in  m e th a n o l w a s  in v e s tig a te d  u n d e r  th e  sam e  c o n d it io n s  as th o se  u sed  fo r  

th e  z e o lite  c a ta ly s ts . T h e  c o n v e rs io n  a nd  p ro d u c t  d is t r ib u t io n  o b ta in e d  o v e r  th is  

c a ta ly s t a re  s h o w n  in  F ig u re  6 .1 4 (a )  a n d  6 .1 4 (b ) ,  re s p e c t iv e ly .  I t  c a n  b e  seen th a t a 

s ig n i f ic a n t ly  lo w e r  c o n v e rs io n  w as  o b ta in e d  o v e r  M g O  c o m p a re d  to  th a t o v e r  th e  

C s N a X (2 0 )  c a ta ly s t.  In  a d d it io n  to  d if fe re n c e s  in  b a s ic ity ,  th e  lo w e r  c a ta ly t ic  a c t iv i t y  

o f  M g O  c a n  be  a ttr ib u te d  to  its  lo w e r  s u rfa ce  a rea  (< 4 0  m 2/g ) ,  as c o m p a re d  w i th  th a t 

o f  th e  z e o lite s  (> 4 0 0  m 2/g ) .  M o re o v e r ,  M g O  n o t  o n ly  s h o w s  d if fe re n c e s  in  the  

a c t iv i t y  le v e l,  b u t  a lso  in  s e le c t iv i ty ,  w h ic h  is  m u c h  lo w e r  to w a rd s  th e  ta rg e t 

h y d ro c a rb o n  p ro d u c ts  a n d  h ig h e r  to  u n d e s ire d  c o n d e n s a t io n  p ro d u c ts  (s u c h  as 8 - 

p e n ta d e c a n o n e ) c o m p a re d  to  th e  h ig h  s e le c t iv i ty  to  C y C g  h y d ro c a rb o n s  d is p la y e d  b y  

th e  C s N a X (2 0 )  c a ta ly s t.
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Components

Figure 6.14 C o n v e rs io n  (a )  a n d  p ro d u c t  d is t r ib u t io n s  (b )  o f  10 % w t m e th y l  o c ta n o a te  

in  m e th a n o l f r o m  th e  re a c t io n  o v e r  th e  C s N a X (2 0 )  a nd  M g O  c a ta ly s ts . R e a c tio n  

C o n d it io n s :  6 9 8  K ,  1 a tm , พ / F  = 1 9 8  g * h /m o l,  2 5  m l/ m in  o f  H e . ( A )  H e x e n e s , (B )  

H e x a n e , (C )  H e p te n e s , ( D )  H e p ta n e , (E )  O c te n e s , (F )  O c ta n e , (G )  O c ta n a l, ( H )  

O x y g e n a te s , ( I )  O c ta n o ic  a c id , (J )  T e tra d e c e n e , ( K )  P e n ta d e c a n o n e , ( L )  C o u p lin g

ester.
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6 . 4 . 4 . 3  C s N a Y  a n d  C s / S i 0 2  C a t a l y s t s

T o  c la r i f y  th e  ro le  o f  th e  excess c e s iu m  sp ec ies , th e  re a c t io n  o f  m e th y l 

o c ta n o a te  o n  th e  C s /S iC >2 c a ta ly s ts  w e re  c a rr ie d  o u t  a t th e  sam e  c o n d it io n s . T h e  

c o n v e rs io n  a n d  th e  p ro d u c t  d is t r ib u t io n  o b ta in e d  o v e r  th e  c a ta ly s t a re  i l lu s t r a te d  in  

F ig u re  6 .1 5 . I t  c a n  b e  c le a r ly  th a t  th e re  is  n o  a c t iv i t y  o f  th e  m e th y le s te r  ta k in g  p la c e  

o v e r  th e  C s /S iC >2 c a ta ly s t.  T h e  v e ry  m u c h  lo w e r  a c t iv i t y  o f  th e  C s /S iC >2 c a ta ly s t is  

p re s u m a b ly  b e ca u se  o f  i t s  lo w e r  s u rfa c e  a rea , c o m p a re d  th e  z e o lite  c a ta ly s ts . 

A l th o u g h ,  h e x e n e s  w e re  fo u n d  as m a in  p ro d u c t f r o m  th e  re a c tio n , i t  w a s  o b ta in e d  in  

v e ry  l o w  a m o u n t. T h is  o b s e rv a t io n  sugges ts  th a t th e  excess  o f  c e s iu m  sp ec ies  does  

n o t  p la y  ro le  in  th e  a d d it io n  d e c a rb o n y la t io n  o r  h y d ro g e n a t io n  a c t iv i t y  o f  th e  C s N a X  

c a ta ly s ts .

Figure 6.15 Conversion and product distributions o f 10 %wt methyl octanoate in
methanol over the Cs/Si02 catalyst. Reaction Conditions: 698 K, 1 atm, พ /F = 1 9 8
g*h/mol, 25 ml/min o f He.
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I t  is  w e l l  k n o w n  th a t th e  z e o lite  Y  has th e  s im i la r  p o re  g e o m e try  to  th e  

z e o lite  X .  H o w e v e r ,  th e  d if fe re n c e  in  S i /A l  o f  b o th  z e o l i te  re s u lts  in  th e  d if fe re n c e  in  

th e  a c id -b a s ic  c h a ra c te rs  as m e n t io n e d  e a r ly . T o  c o n f i r m  th e  e f fe c t  o f  b a s ic  s tre n g th , 

th e  re a c t io n  o f  1 0  % w t  o f  m e th y l o c ta n o a te  in  m e th a n o l w a s  c a r r ie d  o u t  o v e r  th e  

C s N a Y  c a ta ly s t  u n d e r  th e  sam e  c o n d it io n s . I t  w a s  fo u n d  th a t  th e  c a ta ly t ic  a c t iv i t y  o f  

th e  C s N a Y  c a ta ly s t w a s  s im i la r  to  th a t o f  th e  C s N a X (2 0 )  c a ta ly s t as s h o w n  in  F ig u re  

6 .1 6 . In  c o n tra s t w i t h  th e  p ro d u c t  d is t r ib u t io n  o b ta in e d  f r o m  th e  C s N a X (2 0 )  c a ta ly s t, 

i t  s h o w e d  th a t  th e  C s N a Y  c a ta ly s t y ie le d  th e  h e xe n s  as th e  m a in  p ro d u c ts  fo l lo w e d  

b y  th e  h e p te n e s  d u r in g  th e  re a c t io n  p e r io d . T h is  o b s e rv a t io n  m a y  b e  a ttr ib u te d  to  th e  

decrease  in  th e  b a s ic  s tre n g th  o f  th e  C s N a Y , c o m p a re d  to  th e  C s N a X (2 0 )  c a ta ly s ts  

as s h o w n  in  F ig u re  6 .2 .
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Figure 6.16 Conversion and product distributions o f 10 %wt methyl octanoate in
methanol over the CsNaY catalyst. Reaction Conditions: 698 K, 1 atm, พ /F = 198
g*h/mol, 25 ml/min o f He.
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6 .4 .5  C h a ra c te r iz a t io n  o f  s p e n t  C a ta ly s ts

T h e  c o k e  re s id u e s  le f t  o n  th e  c a ta ly s ts  a f te r  th e  c o n v e rs io n  o f  m e th y l 

o c ta n o a te  w e re  q u a n t i f ie d  b y  T P O . F ig u re  6 .1 7  s h o w s  th a t w h e n  n o n a n e  w a s  used  as 

a s o lv e n t , m o re  th a n  tw ic e  as m u c h  c o k e  w a s  d e p o s ite d  o n  th e  C s N a X (2 0 )  c a ta ly s t 

as w h e n  m e th a n o l w a s  used . T h is  d if fe re n c e  in  c o k e  d e p o s it io n  e x p la in s  th e  d if fe re n t  

d e a c t iv a t io n  ra te s  o b s e rv e d  w h e n  n o n a n e  w a s  u se d  in s te a d  o f  m e th a n o l as s o lv e n t. I t  

c a n  a lso  b e  seen  th a t  th e  o x id a t io n  o f  th e  d e p o s its  f r o m  th e se  re a c t io n s  a pp e a re d  a t a 

r e la t iv e ly  lo w e r  te m p e ra tu re  (—553  K ) ,  as c o m p a re d  to  th a t  o f  c o n v e n t io n a l 

h y d ro c a rb o n  c o k e  d e p o s ite s  (> 8 2 3  K ) .  T h is  su gg es ts  th a t  th e  d e p o s its  o n  th e  

C s N a X (2 0 )  a re  m a in ly  h ig h - m o le c u la r - w e ig h t  o x y g e n a te s  ra th e r  th a n  th e  ty p ic a l 

p o ly n u c le a r  a ro m a t ic  c o ke .

0 200 400 600 800

Temperature (°C)

Figure 6.17 T P O  p r o f i le s  o f  th e  sp e n t C s N a X (2 0 )  c a ta ly s ts  f r o m  th e  re a c t io n  o f  10 

% w t  m e th y l  u s in g  n o n a n e  a n d  m e th a n o l as s o lv e n t.
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F ig u re  6 .1 8  s h o w s  th e  T P O  p ro f i le s  o f  th e  c o k e  d e p o s ite d  d u r in g  th e  

re a c tio n  o f  1 0 %  m e th y l  o c ta n o a te  in  m e th a n o l o v e r  N a X ,  c o m p a re d  to  th e  C s N a X (2 0 )  

c a ta ly s t. I t  is  c le a r  th a t  o n  N a X  n o t  o n ly  a s ig n i f ic a n t ly  h ig h e r  a m o u n t o f  d e p o s its  

w a s  fo rm e d , b u t  a ls o  th e re  is  a n  im p o r ta n t  f r a c t io n  o f  th e  d e p o s its  th a t d eco m p o se s  a t 

s ig n i f ic a n t ly  h ig h e r  te m p e ra tu re  (6 2 3  K ) ,  as c o m p a re d  w i t h  th a t  in  th e  C s N a X (2 0 )  

c a ta ly s t. I n  l in e  w i t h  th e  c o n c e p ts  d is c u s s e d  a b o v e , th is  a d d it io n a l d e p o s it  m a y  be 

d e r iv e d  f r o m  th e  re s id u e s  re s u lt in g  f r o m  a c id -c a ta ly z e d  re a c tio n s . W h i le  th e  

o x id a t io n  te m p e ra tu re  o f  th e se  spec ies  is  h ig h e r  th a n  th a t o b s e rv e d  w i t h  th e  b a s ic  

C s N a X  c a ta ly s t,  i t  is  m u c h  lo w e r  th a n  th a t t y p ic a l ly  o b s e rv e d  o v e r  s tro n g  a c id  

c a ta ly s t. H e n c e , th e se  d e p o s its  s h o u ld  n o t  b e  re fe r re d  to  as p o ly n u c le a r  a ro m a tic  c o k e , 

b u t  ra th e r  as o x y g e n a te d  a ro m a tic  c o m p o u n d s  fo rm e d  o v e r  th e  w e a k  a c id  s ite s  o f  

N a X .

0 200 400 600 800

Temperature (°C)

Figure 6 .1 8  T P O  p r o f i le s  o f  th e  s p e n t C s N a X (2 0 )  a n d  N a X  c a ta ly s ts  f r o m  th e  

re a c t io n  o f  1 0  % w t  m e th y l  o c ta n o a te  in  m e th a n o l.



6.5 Discussion

T h e  r a p id  d e a c t iv a t io n  o f  th e  C s N a X (2 0 )  z e o lite  c a ta ly s t o b s e rv e d  d u r in g  

th e  re a c t io n  o f  m e th y l  o c ta n o a te  in  n o n a n e  is  p re s u m a b ly  d u e  to  th e  a d s o rp t io n  o f  

m e th y l o c ta n o a te  o n  th e  h ig h ly  b a s ic  s ite s  o f  th e  z e o lite  th a t  m a y  n o t  be  g re a t ly  

a ffe c te d  b y  th e  p re s e n c e  o f  th e  h y d ro c a rb o n  s o lv e n t . S u c h  s tro n g  a d s o rp t io n  m a y  

le a d  to  a ra p id  d e a c t iv a t io n  b y  s ite  (a n d  p ro b a b ly  p o re )  b lo c k a g e . U n d e r  these  

c o n d it io n s ,  th e  a d s o rb e d  m e th y l o c ta n o a te  ca n  re a c t w i t h  each  o th e r  ( s e lf ­

c o n d e n s a t io n )  fo r m in g  th e  o b s e rv e d  h ig h - m o le c u la r - w e ig h t  o x y g e n a te s  (e .g . 8 - 

p e n ta d e c a n o n e ). S u c h  c o m p o u n d s  c a n n o t r e a d i ly  d if fu s e  o u t  f r o m  th e  p o re s  o f  th e  

z e o lite  a n d  le a d  to  fu r th e r  b lo c k a g e . T h e  fo rm a t io n  o f  h ig h -m o le c u la r  w e ig h t  

p ro d u c ts  is  u s u a lly  d e r iv e d  f r o m  ( i )  c o n d e n s a t io n  ( m o s t ly  a ld o l ty p e )  o f  th e  

c a rb a n io n  in te rm e d ia te s  w i t h  a v a ila b le  e le c t r o p h i l ic  sp ec ies  [ 33  ] ,  o r  ( i i )  s e lf ­

c o n d e n s a t io n  [3 4 ] ,  I t  m u s t b e  n o te d  th a t th e se  c o u p lin g  p ro d u c ts  d o  n o t  n e c e s s a r ily  

fo r m  a h a rd  c o k e , s in c e , as th e  T P O  re s u lts  s h o w , th e y  c a n  b e  re m o v e d  a t r e la t iv e ly  

lo w  o x id a t io n  te m p e ra tu re s  ( i.e .  b e lo w  573  K ) .

B y  c o n tra s t, th e  use o f  m e th a n o l as a s o lv e n t g e n e ra te s  a c o m p le te ly  

d if fe r e n t  s itu a t io n . F ir s t ,  th e  c a ta ly t ic  s ta b i l i t y  o f  th e  C s N a X (2 0 )  c a ta ly s t is  g re a tly  

e n h a n ce d . M e th a n o l b e in g  a h ig h ly  p o la r  m o le c u le  i t  ca n  c o m p e t i t iv e ly  in te ra c t w i th  

th e  z e o lite  b a s ic  s ite s  [1 8 ] .  S e v e ra l re p o rts  [3 5 ,3 6 ]  h a ve  su g g e s te d  th a t a d s o rp t io n  o f  

m e th a n o l d e r iv e s  m a in ly  f r o m  in te ra c t io n s  b e tw e e n  th e  m e th o x y l  o x y g e n  a n d  th e  

e x c h a n g e a b le  c a t io n  a n d  in te ra c t io n s  b e tw e e n  th e  h y d r o x y l  h y d ro g e n  a n d  th e  

f r a m e w o rk  o x y g e n .

W h e n  M + is  C s+, a h ig h ly  p o la r iz a b le  c a t io n , th e  in te ra c t io n  b e tw e e n  M +- 0  

is  r e la t iv e ly  w e a k e r  th a n  th a t w i t h  h ig h e r  L e w is  a c id  N a +. H o w e v e r ,  o v e r  C s N a X , th e  

f r a m e w o rk  O - H  in te r a c t io n  b e c o m e  s tro n g e r  a n d  h e n ce  th is  w e a k e n  th e  O - H  o f
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m e th a n o l. A s  s h o w n  in  th e  T P D  a n d  T P R x  s tu d ie s , th is  in te ra c t io n  lea ds  to  th e  

d e c o m p o s it io n  o f  m e th a n o l to  y ie ld  p r im a r i ly  a s u rfa c e  C O H 2 a n d  h y d ro g e n . T h e  

s u rfa c e  C O H 2 w o u ld  th e n  fo rm  a fo rm a te - l ik e  sp e c ie s , w h ic h  ca n  be fu r th e r  

c o n v e r te d  in to  a c a rb o n a te - lik e  sp ec ies  as th e  te m p e ra tu re  in c re a s e s , as e v id e n c e d  b y  

N M R  s ig n a ls  a t 1 66  a n d  171 p p m , re s p e c t iv e ly  [3 0 ] .

c h 3

+ Cs H Na+ + Cs '^ C H 2 Na+

ร ' 0 / ๐ \  / ๐ \
y\l Si 7\l

^ ๐ / ' ๐ \  / ๐ \  
s r  TM Si >

+ น2

formate-like species (13c NMR signal ~166 ppm)

U n d e r  o u r  re a c t io n  c o n d it io n s ,  w e  e x p e c t b o th  s u rfa c e  fo rm a te  a nd  s u rfa c e  

c a rb o n a te  sp ec ies  w i l l  be  p re se n t. T h e se  sp e c ie s  ca n  r e a d i ly  c o m p e te  w i t h  th e  

a d s o rp t io n  o f  m e th y l  o c ta n o a te , th u s  lo w e r in g  i ts  s u rfa c e  c o v e ra g e  a n d  in h ib i t in g  th e  

s e lf -c o n d e n s a t io n  re a c t io n . A s  a re s u lt ,  th is  a d s o rp t io n  in h ib i t io n  supp resses  th e  

fo rm a t io n  o f  h ig h - m o le c u la r  w e ig h t  o x y g e n a te s , re s u lt in g  in  b e tte r  c a ta ly t ic  s ta b i l i ty .  

A ls o ,  c o n s is te n t w i t h  th e  a b o v e  d is c u s s io n , a lo w e r  in i t ia l  a c t iv i t y  ca n  be e x p e c te d  

fo r  th e  re a c t io n  in  th e  p re se n ce  o f  m e th a n o l,  as e x p e r im e n ta l ly  o b s e rv e d . S in c e  th e re  

is  n o  s ig n i f ic a n t  d if fe re n c e  in  a c t iv i t y  a nd  p ro d u c t  s e le c t iv i ty  w h e n  h y d ro g e n  is  u sed  

as c a r r ie r  gas, w e  m a y  s u g g e s t th a t th e  h y d ro g e n , p ro d u c e d  in  s i t u  f r o m  th e  m e th a n o l 

d e c o m p o s it io n , c a n  fu r th e r  fa c i l i ta te  th e  h y d ro g e n a t io n  o f  m e th y l  o c ta n o a te  a n d  its  

p r im a r y  p ro d u c ts . H e n c e , v a r io u s  o le f in s  a nd  a lk a n e s , s u c h  as o c te n e , h e x a n e  a nd  

h e p ta n e  w e re  o b ta in e d  f r o m  th e  re a c t io n  u s in g  m e th a n o l as a  s o lv e n t .

A s  s u g g e s te d  b y  T P D  re s u lts  (F ig u re  6 .6 ) ,  th e  m e th y l  o c ta n o a te  is  s t r o n g ly  

a d s o rb e d  o n  b a s ic  s ite s  o f  th e  C s N a X (2 0 )  c a ta ly s t.  D u e  to  th e  h ig h ly  p o la r iz a b le  

n a tu re  o f  m e th y l o c ta n o a te , th e  in te ra c t io n  b e tw e e n  c a rb o n y l e s te r a n d  th e  b a s ic  

f r a m e w o rk  o x y g e n  w o u ld  r e a d i ly  w e a k e n  th e  c a rb o x y l ic  C -O  b o n d , le a d in g  to  th e  

d e c o m p o s it io n  o f  th e  e s te r in to  tw o  s u rfa c e -a ld e h y d e s , as g e n e ra lly  o b s e rv e d  o v e r  

ty p ic a l b a s ic  c a ta ly s ts  [3 7 ] .  I n  th is  case, th e  d e c o m p o s e d  m e th o x y l  g ro u p  w o u ld  a lso  

fo rm  th e  fo rm a te - l ik e  sp ec ies  (s u r fa c e - fo rm a ld e h y d e )  w h i le  th e  o th e r  f ra g m e n t 

w o u ld  fo r m  an  “ o c ta n o a te - l ik e  sp e c ie s ”  (s u r fa c e -o c ta n a ld e h y d e ) , in  p a ra l le l w i t h  th e



103

fo rm a t io n  o f  th e  fo rm a te - l ik e  sp ec ies  d isc u s s e d  a b o v e . T h is  fo rm a te - l ik e  spec ies  

w o u ld  th e n  d e c o m p o s e  in to  c a rb o n  m o n o x id e  a n d  h y d ro g e n , in  a  m a n n e r  s im i la r  to  

th a t o b s e rv e d  w i t h  m e th a n o l.  T h is  p r im a r y  d e c o m p o s it io n  o f  th e  m e th o x y l g ro u p  is  

e v id e n c e d  in  th e  p re s e n t s tu d y  b y  th e  o b s e rv e d  C O  e v o lu t io n  p r io r  to  th e  fo rm a t io n  

o f  h y d ro c a rb o n  ( - 5 7 3 -6 7 3  K ) .  T h e  fa c t  th a t  th e  a m o u n t o f  C O  e v o lv e d  a t th is  

te m p e ra tu re  ra n g e  ( - 1 . 6  p m o l/g )  is  r e la t iv e ly  s m a ll c o m p a re d  to  th a t  e v o lv e d  a t 

h ig h e r  te m p e ra tu re s  ( - 6 . 8  p m o l/g ) ,  su gg es ts  th a t  th e  d e c o m p o s it io n  o f  th e  fo rm a te ­

l ik e  sp ec ies  w a s  n o t  th e  d o m in a n t p a th , b u t  th e  sp ec ies  w a s  re ta in e d  o n  th e  s u rfa c e  u p  

to  h ig h e r  te m p e ra tu re s .

I t  is  p ro p o s e d  th a t  d e c o m p o s it io n  o f  su ch  “ o c ta n o a te - l ik e  s p e c ie s ”  le a d s  to  

th e  fo rm a t io n  o f  th e  tw o  m a jo r  h y d ro c a rb o n  p ro d u c ts  o b s e rv e d  o n  th e  C s N a X (2 0 )  

c a ta ly s t,  h e p te n e  a nd  h e x e n e . In  th e  f i r s t  case, th e  w e l l - k n o w n  P -h y d ro g e n  

e l im in a t io n  [3 8 ]  a n d  s u b s e q u e n tly  d e c o m p o s it io n  w o u ld  re s u lt  in  h e p te n e  as m a jo r  

p ro d u c t  o f  th e  re a c t io n , w i t h  p a ra l le l e v o lu t io n  o f  C O  a n d  แ 2 . T h is  re a c t io n  m a y  w e l l  

be  re fe r re d  to  as a  re v e rs ib le  re a c t io n  o f  th e  t y p ic a l  h y d r o fo r m y la t io n  [3 9 ] .  I n  th e  

se co n d  case, th e  d e c o m p o s it io n  o f  a  c y c l ic - l ik e  in te rm e d ia te  c a n  le a d  to  th e  

fo rm a t io n  o f  m o re  e le c t r o p h i l ic  a c e ta ld e h y d e  ( e n o l- fo r m )  a n d  h e x e n e , as s h o w n  

b e lo w . T h e  a c e ta ld e h y d e  m a y  be  e v o lv e d  as a b y -p ro d u c t  o r  m a y  u n d e rg o  fu r th e r  

a ld o l c o n d e n s a t io n  /  a lk y la t io n  to  fo r m  C 3 -C 5  o x y g e n a te s , as o b s e rv e d  in  s m a ll 

a m o u n ts  b y  G C -M S .
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S i/  S T N » / xAi

+ Cs Na+

S i'
“

v \l Si vu

+ç ร ผ่ Na+

y ' \̂  ”
Si vu  Si vu

"octanoate-like species"

I t  m u s t  b e  n o te d  th a t w h i le  h y d ro g e n  is  n o t e s s e n t ia l ly  re q u ire d  f o r  th e  

p ro d u c t io n  o f  h e p te n e s  a n d  h e xe n e s  i t  is  n e ce s s a ry  fo r  th e  fo rm a t io n  o f  o c te n e s  and  

a lka n e s  v ia  h y d ro g e n a t io n /d e h y d ra t io n .  T he se  re a c tio n s  c a n  in d e e d  o c c u r  o n  c e s iu m - 

e x c h a n g e d  z e o lite s  [4 0 ] .  A s  d isc u s s e d  a b o ve , d u e  to  th e  h ig h ly  p o la r iz a b le  c e s iu m  

c a tio n s , th e  b a s ic  s ite s  a s so c ia te d  w i t h  i t  ca n  re a d i ly  d e c o m p o s e  th e  m e th a n o l /  

m e th o x y l g ro u p , c re a t in g  a h y d ro g e n  s u rfa ce  fu g a c i ty  w e l l  a b o v e  th a t in  e q u i l ib r iu m  

w i t h  h y d ro g e n  in  th e  gas p ha se  [4 1 ,4 2 ] ,  W i th  s u c h  h ig h  v i r t u a l  p re s s u re  o f  h y d ro g e n , 

th e  a d s o rb e d  “ o c ta n o a te - l ik e  sp e c ie s ”  m a y  w e l l  be  h y d ro g e n a te d  fo r m in g  p r im a r i ly  

an  o c ta n o l th a t  th e n  r a p id ly  u n d e rg o e s  d e h y d ra t io n  to  fo r m  o c te n e s .



105

T h e  s m a ll a m o u n ts  o f  o c ta n e , h e p ta n e  a n d  h e x a n e  in  th e  p ro d u c t  g iv e  

e v id e n c e  f o r  th e  h y d ro g e n a t io n  a c t iv i t y  o f  th e  C s N a X (2 0 )  c a ta ly s ts  (see  T a b le  6 .2 ) . 

H o w e v e r ,  th e  e x te n t o f  th is  re a c t io n  is  s m a ll in  c o m p a r is o n  to  th a t  o f  th e  o c ta n o a te -  

l ik e  sp e c ie s  d e c o m p o s it io n .  T h is  is  because  o le f in s  a re  less  a d s o rp t iv e  o n  th e  b a s ic  

s ites , as c o m p a re d  to  th e  m o re  e le c t ro p h i l ic  o c ta n o a te - l ik e  sp e c ie s . T h e se  

h y d ro g e n o ly s e d  /  h y d ro g e n a te d  p ro d u c ts  ca n  b e  p a r t ic u la r ly  p ro m o te d  in  th e  re a c t io n  

w i t h  m e th a n o l,  b u t  n o t  r e a d i ly  w i th  n o n a n e  (F ig u re  6 .8 ) .

A  h ig h e r  a m o u n t o f  h e xe n e s  a nd  h e xa n e  o b s e rv e d  f r o m  th e  C s N a X (2 )  a nd  

C s N a X (5 )  c a ta ly s ts , c o m p a re d  to  th e  C s N a X (2 0 )  c a ta ly s t  g iv e  a n  e v id e n c e  f o r  th e  

a d d it io n a l a c id i t y  o f  th e  C s N a X (5 )  a nd  C s N a X (2 )  c a ta ly s ts . T h is  is  b eca u se  th e  

C s N a X (5 )  a n d  C s N a X (2 )  c a ta ly s ts  c o n ta in  less  excess  c e s iu m  p e r  u n i t  c e ll  le a d in g  to  

th e  decrease  in  th e  b a s ic  s tre n g th  a n d  th e  in c re a s e  in  th e  a c id i ty  o f  th e  L e w is  s ite s  in  

th e  z e o lite s , as e v id e n c e d  b y  th e  s h if t  o f  th e  a c e t ro n it r i le  a d s o rp t io n  b a n d  to  lo w e r  

fre q u e n c y . H e n c e , th e  h e xe n e s  y ie ld e d  f r o m  th e  re a c t io n  o v e r  th e  C s N a X (2 )  and  

C s N a X (5 )  w e re  o b ta in e d  f r o m  th e  d e c o m p o s it io n  o f  th e  c y c l ic - l ik e  sp e c ie s  o n  th e  

c a ta ly s t s u rfa c e  ta k in g  p la c e  o n  th e  a c id  s ites . C o n s is te n t w i t h  th is  v ie w ,  h e xe n e s  

w e re  o b ta in e d  as a  m a in  p ro d u c t  o v e r  th e  C s N a Y  c a ta ly s t,  w h ic h  c o n ta in s  sam e  p o re  

s tru c tu re  as th e  C s N a X  c a ta ly s ts  b u t  d if fe r e n t  b a s ic -a c id  c h a ra c te r . A  h ig h e r  r a t io  o f  

o le f in s  to  a - o le f in s  w a s  o b s e rv e d  w h e n  th e  e xcess  c e s iu m  d ecre a se d . T h is  in d ic a te s  

th e  is o m e r iz a t io n  o v e r  th e  a c id  s ite s  o f  th e  C s N a X (5 )  a nd  C s N a X ( 2 )  c a ta ly s ts . 

M o re o v e r ,  i t  m u s t  be  n o te d  th a t th e  excess c e s iu m  c a t io n  d oe s  n o t  p ro v id e  a n y  

a d d it io n a l d e c a rb o n y la t io n  a n d  h y d ro g e n a t io n  a c t iv i t y  o f  th e  C s N a X  c a ta ly s ts  as 

s h o w n  b y  th e  a c t iv i t y  o v e r  th e  C s /S i0 2. I t  su gg es ts  th a t th e  ro le  o f  th e  e xcess  c e s iu m  

c a t io n  is  to  p ro v id e  m o re  L e w is  b a s ic ity  to  th e  z e o lite s .

T h e  o b s e rv e d  s m a ll a m o u n ts  o f  8 -p e n ta d e c a n o n e  a n d  lo n g -c h a in  o le f in s  

s u g g e s t a n o th e r  re a c t io n  p a th  o n  th e  C s N a X (2 0 )  c a ta ly s ts . W e  b e lie v e  th a t  8 - 

p e n ta d e c a n o n e  is  n o t  d e r iv e d  f r o m  th e  “ o c ta n o a te - l ik e ”  in te rm e d ia te  re s p o n s ib le  fo r  

th e  p ro d u c t io n  o f  h e p te n e s  a n d  h e x e n e . In s te a d , th is  la rg e  p ro d u c t  is  l i k e ly  to  a rise  

f r o m  th e  d e c o m p o s it io n  o f  a n  a c id  a n h y d r id e . T h e  a d s o rb e d  m e th y l  o c ta n o a te  m a y  

u n d e rg o  a  c o n d e n s a t io n  re a c tio n , fo rm in g  d io c ta n o ic  a c id  a n h y d r id e . T h e  a c id  

a n h y d r id e  m a y  u n d e rg o  a  d e c a rb o x y la t io n  to  k e to n e  [4 3 ]  o n  th e  b a s ic  s ite s  s in c e  th e  

h ig h ly  n e g a t iv e  f r a m e w o rk  ch a rg e  o f  o x y g e n  w o u ld  a c t as an  a c c e p to r  f o r  th e  a c id ic
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C 0 2. T h is  p a th  w o u ld  e x p la in  th e  h ig h  y ie ld  o f  8 -p e n ta d e c a n o n e  o b s e rv e d  in  th e  

re a c t io n  w h e n  n o n a n e  is  u sed  as a s o lve n t.

D u e  to  its  lo w  m o b i l i t y ,  8 -p e n ta d e ca n o n e  is  l i k e ly  to  s ta y  o n  s u rfa c e  lo n g  

e n o u g h  to  b e  h y d ro g e n a te d  b y  th e  a d so rb e d  H  to  fo r m  a lc o h o l,  b u t s u c h  a h e a v y  

a lc o h o l w o u ld  u n d e rg o  d e h y d ra t io n , fo rm in g  a lo n g -c h a in  in n e r  o le f in .  I n  fa c t,  as 

W /F  in c re a se s , 8 -p e n ta d e c a n o n e  is  seen to  be  re a d i ly  c o n v e r te d  a n d  th is  is  c o n s is te n t 

w i t h  th e  o b s e rv e d  in c re a s e  in  th e  y ie ld s  o f  lo n g -c h a in  o le f in s  a t lo n g e r  sp ace  t im e s .

T h e  c o m p a r is o n  o f  th e  c a ta ly t ic  b e h a v io r  o f  th e  C s N a X (2 0 )  c a ta ly s t  w i t h  

th o s e  o f  N a X  a n d  M g O  in d ic a te s  th a t th e  p re se n ce  o f  p o la r iz a b le  C s  c a tio n s  re s u lt  in  

a c a ta ly s t w i t h  u n iq u e  p e r fo rm a n c e . F irs t ,  o n  th ese  c a ta ly s ts , th e  d e c a rb o n y la t io n  /  

d e a c e ta la t io n  a c t iv i t y  is  n o t  as p ro n o u n c e d  as o v e r  th e  C s N a X (2 0 )  c a ta ly s t.  A ls o ,  

s in c e  th e  N a  c a t io n  is  m u c h  h a rd e r  th a n  th e  C s c a t io n  [4 4 ]  i t  h o ld s  th e  n e g a tiv e  

f r a m e w o rk  c h a rg e  m o re  t ig h t ly  and  th u s  i t  p ro v id e s  le ss  L e w is  b a s ic ity  to  th e  

f r a m e w o rk  o x y g e n  [4 5 ] .  T h a t is ,  th e  p re sen ce  o f  N a  as e x c h a n g e a b le  c a t io n , lea ds  to  

a n  in c re a s e  in  th e  (w e a k )  a c id i t y  o f  the  L e w is  s ite s  in  th e  z e o lite ,  as e v id e n c e d  b y  

IP A - T P D .  T h is  w e a k  a c id i t y  w o u ld  e x p la in  th e  fo rm a t io n  o f  a ro m a tic  p ro d u c ts  a nd  

th e  r a p id  d e a c t iv a t io n  o v e r  N a X .  C o n s is te n t w i t h  th is  v ie w ,  a  h ig h e r  a m o u n t o f  c o k e  

d e p o s its  w a s  fo u n d  o n  N a X ,  w i t h  an  im p o r ta n t  f r a c t io n  o f  th e  c a rb o n a c e o u s  spec ies 

d e c o m p o s e d  a t r e la t iv e ly  h ig h  te m p e ra tu re  (F ig u re  6 .1 8 ).
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I t  s h o u ld  be  n o te d  th a t th e  y ie ld  o f  h e xe n e  is  h ig h e r  th a n  th a t o f  h e p te n e  

o v e r  N a X ,  b u t  th e  o p p o s ite  is  t ru e  fo r  th e  C s N a X (2 0 )  c a ta ly s t.  T h is  d if fe re n c e  

sugges ts  th a t  in  th e  case  o f  N a X  a d d it io n a l h e xe n e s  a re  p ro d u c e d  b y  c ra c k in g  o f  

h ig h e r  m o le c u la r  w e ig h t  c o m p o u n d s , n o t  o n ly  f r o m  th e  d e a c e ta la t io n  th a t o c c u rs  in  

th e  C s N a X (2 0 )  c a ta ly s t. T h e  a d d it io n a l y ie ld s  d u e  to  c ra c k in g  w o u ld  a ls o  be  a p p lie d  

to  h e p te n e  a n d  o th e r  h y d ro c a rb o n s  fo rm e d , a nd  h e n ce  th ese  re a c t io n s  g iv e  a h ig h e r  

in i t ia l  c o n v e rs io n  o v e r  th is  c a ta ly s t. I t  is  a lso  in te re s t in g  to  n o te  th a t , a f te r  th e  w e a k  

a c id  s ite s  a re  d e a c tiv a te d  in  N a X ,  th e  p ro d u c t io n  o f  h e p te n e  a n d  h e x e n e  s lo w ly  

decreases w i t h  t im e  o n  s tre a m  (F ig u re  6 .1 2 ). A s  p ro p o s e d  a b o v e , th e se  p ro d u c ts  a rise  

f r o m  b o th  c ra c k in g  o v e r  a c id  s ite s  a n d  b y  d e c a rb o n y la t io n  /  d e a c e ta la t io n  o v e r  b a s ic  

s ites . A s  th e  a c id  s ite s  a re  d e a c tiv a te d  w h i le  th e  la t te r  a re  s t i l l  a c t iv e , a g ra d u a l 

decrease  o n ly  in  these  tw o  p ro d u c ts  w i th  t im e  o n  s tre a m  is  o b s e rv e d . A c c o r d in g ly ,  

s in c e  a f te r  a b o u t 2 5 0  m in u te s  o n  s tre a m  th e  a c id  fu n c t io n  h as  bee n  c o m p le te ly  

e lim in a te d ,  th e  re s id u a l a c t iv i t y  ca n  be a s c r ib e d  to  th e  d e c a rb o n y la t io n  /  

d e a c e ta la t io n  a c t iv i t y  o f  N a X .

T h e  s u g g e s tio n  th a t th e  a lk a li-e x c h a n g e d  z e o lite s  c o n ta in  b o th  a c id  a nd  

b a s ic  fu n c t io n s ,  is  in  a g re e m e n t w i t h  e a r lie r  s tu d ie s  [4 6 ,4 7 ] th a t  in d ic a te  th a t  N a X  

ca n  be  re g a rd e d  as a n  a m p h o te r ic  c a ta ly s t, in te ra c t in g  w i t h  p o la r  o x y g e n a te s  in  a 

m a n n e r  t o ta l ly  d if fe r e n t  f r o m  th a t  o b s e rv e d  o v e r  th e  C s N a X (2 0 )  c a ta ly s t.  F o r  

e x a m p le , o v e r  N a X ,  m e th a n o l c o m p e te s  w i th  m e th y l  o c ta n o a te  f o r  a d s o rp t io n  a n d  

c o n s e q u e n tly  D M E  is  la rg e ly  p ro d u c e d  b y  d e h y d ra t io n  o f  m e th a n o l.  A ls o ,  o n  th is  

c a ta ly s t,  in  a d d it io n  to  d e c a rb o n y la t io n , m e th y l o c ta n o a te  u n d e rg o e s  a c id -c a ta ly z e d  

re a c tio n s , s u c h  as c ra c k in g , is o m e r iz a t io n , a lk y la t io n ,  d im e r iz a t io n ,  a nd  e v e n  

a ro m a tiz a t io n . H e n c e , m u lt i- s u b s t i tu te d  a ro m a tic s  a re  o b ta in e d  o v e r  N a X  s in c e  

m e th a n o l c a n  r e a d i ly  a c t as a m e th y la t in g  a g e n t o v e r  w e a k ly  a c id ic  s ite s . W h e n  th e  

a c id  s ite s  a re  d e a c tiv a te d , th e  c ra c k in g  p ro d u c ts  a n d  a ro m a tic s  v i r t u a l ly  d isa p p e a r. 

O n ly  d e c a rb o n y la t io n  a n d  d e a c e ta la t io n  a c t iv i t y  d u e  to  n e g a t iv e  f r a m e w o rk  c h a rg e  o f  

N a X  re m a in s . H o w e v e r ,  th is  is  to  a  m u c h  lo w e r  e x te n t th a n  o n  th e  C s N a X (2 0 )  

c a ta ly s t.  I n  a d d it io n ,  i t  ca n  be  seen  th a t o n  N a X ,  w i th o u t  C s , n o  h y d ro g e n a t io n  

a c t iv i t y  c a n  b e  o b s e rv e d  a n d  th e  use  o f  m e th a n o l as a  s o lv e n t , d o e s  n o t  fa c i l i ta te  th e  

m a in te n a n c e  o f  th e  d e s ira b le  re a c tio n s .
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B y  a n a ly z in g  th e  b e h a v io r  o b s e rv e d  o n  th e  M g O  c a ta ly s t,  o ne  c a n  c o n c lu d e  

th a t  n o t  o n ly  th e  b a s ic ity  is  re q u ire d  fo r  d e c a rb o n y la t io n , b u t  a ls o  th e  h ig h ly  p o la r  

e n v iro n m e n t o f  th e  z e o lite  m ic ro p o re  seem s to  p la y  a n  e s s e n tia l r o le  in  a d s o rp tio n  

a n d  d e c o m p o s it io n  o f  th e  a d s o rb e d  spec ies . A l th o u g h  M g O  is  w e l l  re g a rd e d  as a 

h ig h ly  b a s ic  c a ta ly s t,  i ts  tw o  d im e n s io n a l s u rfa ce  c a n n o t r e a d i ly  fa c i l i ta te  th e  

a d s o rp t io n  a n d  d e c o m p o s it io n  o f  m e th y l o c ta n o a te . I n  a d d it io n ,  a  m u c h  lo w e r  s u rfa ce  

area, as c o m p a re d  to  th a t  o f  th e  z e o lite s , w o u ld  s h o w  a  s ig n i f ic a n t  e f fe c t  o n  a c t iv ity .  

H e n c e , o n  th is  c a ta ly s t o n ly  s m a ll a m o u n ts  o f  d e o x y g e n a te  p ro d u c ts  w e re  o b ta in e d , 

as c o m p a re d  to  th a t  o n  th e  C s N a X  ca ta ly s ts . B y  c o n tra s t, th e  M g O  c a ta ly s t  seem s to  

d is p la y  e n o u g h  b a s ic i ty  to  a c t iv a te  th e  c o u p lin g  re a c t io n  o f  m e th y l  o c ta n o a te , th u s  

re s u lt in g  in  th e  fo rm a t io n  o f  8 -p e n ta d e ca n o n e . A s  m e n t io n e d  a b o v e , th e  8 -  

p e n ta d e c a n o n e  is  fo rm e d  v ia  th e  d e c o m p o s it io n  o f  a n  a c id  a n h y d r id e  in te rm e d ia te . 

A s  th e  a c id  a n h y d r id e  is  a “ h a rd ”  sp ec ies , i t  w o u ld  possess  a b e tte r  in te ra c t io n  a nd  

d e c o m p o s it io n  to  8 -p e n ta d e c a n o n e  o v e r  th e  “ h a rd ”  M g O  base.

W h i le  M g O  ca n  r e a d i ly  d e c o m p o s e  m e th a n o l to  C O  a n d  H 2  [ 4 8 ] ,  s m a ll 

a m o u n ts  o f  o c te n e  a n d  h y d ro g e n a te d  p ro d u c ts  ca n  b e  fo u n d  o v e r  th is  c a ta ly s t. I t  is  

b e lie v e d  th a t th e  absence  o f  h ig h ly  p o la r is a b le  c e s iu m  c a t io n  a n d  th e  h ig h ly  p o la r  

e n v iro n m e n t in  re s tr ic te d  p o re  o f  th e  z e o lite s , re d u c e  its  a b i l i t y  to  a d s o rb  a nd  

d is s o c ia te  h y d ro g e n . T h e re fo re , h y d ro g e n a t io n  c a n n o t b e  r e a d i ly  p ro m o te d  a n d  y ie ld s  

o f  o c te n e , h e p ta n e  a n d  h e x a n e  a re  re la t iv e ly  s m a ll.

6.6 Conclusions

I t  c a n  be  c o n c lu d e d  th a t  th e  d e c a rb o n y la t io n  /  d e a c e ta la t io n  a c t iv i t y  o f  

m e th y l  o c ta n o a te  c a n  o c c u r  a t h ig h  ra te  a n d  f o r  a  lo n g  t im e  o n  s tre a m  o v e r  C s N a X  

w h e n  c o - fe e d in g  m e th a n o l.  M e th y l  o c ta n o a te  s t ro n g ly  a d s o rb s  o n  C s N a X , b a s ic  s ite s  

a n d  c a n n o t b e  d e s o rb e d  u n le s s  d e c o m p o s e d . W h e n  a  w e a k  a d s o rb e n t as n o n a n e  is  c o ­

fe d  C s N a X  r a p id ly  d e a c tiv a te s . B y  c o n tra s t, w h e n  m e th a n o l is  c o - fe d  w i t h  m e th y l 

o c ta n o a te  th e  c a ta ly s t s ta b i l i t y  is  g re a t ly  e n h a n ce d  d u e  to  th e  p re s e n c e  o f  

d e c o m p o s e d  f ra g m e n ts  o f  m e th a n o l o n  th e  s u rfa c e . T h e se  fra g m e n ts  a re  fo rm a te - l ik e  

sp ec ies  th a t  p re v e n t  s e lf -c o n d e n s a t io n  a n d  fo rm a t io n  o f  h ig h e r  m o le c u la r  w e ig h t  

o x y g e n a te s . T h e  T P D  re s u lts  su g g e s t th a t  th e  d e c a rb o n y la t io n  o f  m e th y l  o c ta n o a te
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p ro c e e d s  v ia  p r im a r y  d e c o m p o s it io n  a t th e  m e th o x y l g ro u p , p re s u m a b ly  p ro d u c in g  

an  o c ta n o a te - l ik e  s p e c ie s  as in te rm e d ia te . T h e  d ir e c t  d e c o m p o s it io n  o f  th is  spec ies  

g iv e s  h e p te n e s  a n d  h e xe n e s  as m a in  p ro d u c ts . O c te n e s  a n d  o th e r  h y d ro g e n a te d  

p ro d u c ts  a re  fo rm e d  b y  h y d ro g e n a t io n  /  d e h y d ra t io n , in  w h ic h  th e  s u rfa c e  h y d ro g e n  

p ro d u c e d  f r o m  m e th a n o l d e c o m p o s it io n  p la y s  a n  im p o r ta n t  ro le .

R o le  o f  c e s iu m  is  to  p ro v id e  th e  b a s ic ity  to  th e  z e o l i te  c a ta ly s ts . W h e n  C s  is 

n o t p re s e n t ( N a X  z e o li te )  th e  c a ta ly s t b a s ic ity  is  m u c h  lo w e r  a n d  th e  w e a k  a c id  s ites  

d o m in a te  th e  b e h a v io r  o f  th e  c a ta ly s t. T h e  n e t re s u lts  a re  a d ecrease  in  th e  

d e c a rb o n y la t io n  /  d e a c e ta la t io n  a c t iv i t y ,  to g e th e r  w i t h  a n  in c re a s e  in  th e  s e le c t iv i ty  

to w a rd  u n d e s ire d  p ro d u c ts .  T h e  p o o r  p e r fo rm a n c e  d is p la y e d  b y  th e  M g O  c a ta ly s t 

in d ic a te s  th a t  n o t  o n ly  th e  b a s ic ity  is  re q u ire d  fo r  d e c a rb o n y la t io n , b u t  a ls o  th e  h ig h ly  

p o la r  e n v iro n m e n t  c h a ra c te r is t ic  o f  th e  z e o lite  m ic ro p o re  seem s to  p la y  a n  e sse n tia l 

ro le .

6.7 Acknowledgments

T h is  w o r k  w a s  f in a n c ia l ly  s u p p o rte d  b y  th e  O k la h o m a  S e c re ta ry  o f  E n e rg y , 

th e  O k la h o m a  B io e n e rg y  C e n te r, T h a ila n d  R e s e a rc h  F u n d  u n d e r  th e  R o y a l G o ld e n  

J u b ile e  P h .D . P ro g ra m , th e  C e n te r  fo r  P e tro le u m , P e tro c h e m ic a ls , a n d  A d v a n c e d  

M a te r ia ls  ( P P A M ) ,  a n d  th e  P e tro c h e m ic a l a n d  E n v iro n m e n ta l C a ta ly s is  R e se a rch  

U n i t  o f  th e  R a tc h a d a p is e k s o m p o te  E n d o w m e n t. T h e  a u th o rs  w o u ld  l ik e  to  th a n k  

A s s o c . P ro f .  T a w a n  S o o k n o i f o r  h is  h e lp s  a nd  s u g g e s tio n s  a n d  M r .  S u ra p a s  S it th is a  

fo r  T P O  a n a ly s is .

6. 8 References

[1 ]  D .  E . L o p e z , K .  S u w a n n a k a m , D . A .  B ru c e , J. G . G o o d w in  J r ., J . C a ta l .  2 4 7  

(2 0 0 7 ) ,  43

[2 ]  I .  N .  M a r ty a n o v ,  A .  S a y a r i,  A p p l.  C a ta l. A  3 3 9  (2 0 0 8 )  4 5

[3 ]  D .  A .  G . A ra n d a , R . T . p .  S an tos , N .  c. O . T a n p a n e s , A .  L .  D . R a m o s , o .  A .  

c. A n tu n e s , C a ta l .  L e tt .  122  (2 0 0 8 )  2 0



110

[4 ]  M .  D .  S e r io , R . T e sse r, L .  P e n g m e i, E . S a n ta ce sa ria , E n e r g y  a n d  F u e l s  2 2

( 2 0 0 8 ) 2 0 7

[5 ]  G . K n o th e ,  F u e l  P r o c e s s .  T e c h n o l .  8 6  (2 0 0 5 )  1059

[ 6 ]  G . K n o th e ,  A .  c. M a th e a u s , T . พ .  R y a n  I I I ,  F u e l  8 2  (2 0 0 3 )  971

[7 ]  G . K n o th e ,  F u e l  P r o c e s s .  T e c h n o l .  8 8  (2 0 0 7 )  6 6 9

[ 8 ]  พ .  F . M a ie r ,  P. G r u b m il le r ,  I .  T h ie s , P. M .  S te in , M .  A .  M c K e rv e y ,  P . R . 

S c h le y e r , A n g e w .  C h e m .  I n t .  E d .  18 (2 0 0 3 )  9 3 9

[9 ]  D .  ร .  B ra n d s , G . U - A - S a i,  E . K .  P o e ls , A .  B l ie k ,  J .  C a t a l .  1 86  (1 9 9 9 )  169

[1 0 ]  T .  A .  F o g lia ,  p . A .  B a r r ,  J .  A m .  O i l .  C h e m .  S o c . ,  53 (1 9 7 6 ) ,  7 3 7

[1 1 ]  I .  K u b ic k o v a ,  M .  S n a re , K .  E ra n e n , P. M a k i- A r v e la ,  D . Y .  M u r z in ,  C a t a l .  

T o d a y ,  106  (2 0 0 5 )  197

[1 2 ]  P . M a k i- A r v e la ,  I .  K u b ic k o v a ,  M .  S nare , K .  E ra n e n , D . Y .  M u r z in ,  E n e r g y  

F u e l s ,  21 (2 0 0 7 )  3 0

[1 3 ] M .  S n a re , I  K u b ic k o v a ,  P. M a k i- A r v e la ,  K .  E ra n e n , J. W a m a , D . Y .  M u r z in ,  

C h e m .  E n g .  J . 134  (2 0 0 7 )  2 9

[1 4 ]  G . N .  R o c h a f i lh o ,  D .  B r o d z k i ,  G . D je g a -M a r ia d a s s o u , F u e l  7 2  (1 9 9 3 )  543

[1 5 ]  M .  S n a re , I .  K u b ic k o v a ,  P. M a k i- A r v e la ,  D .  C h ic h o v a , K .  E ra n e n , D .  Y .  

M u r z in ,  F u e l  8 7  (2 0 0 8 )  933

[1 6 ]  I .  R o d r ig u e z ,  H . C a m b o n , D . B ru n e i,  M .  L a s p e ra s , J .  M o l .  C a t a l .  A - C h e m i c a l ,

1 3 0 (1 9 9 8 )  195

[1 7 ] X .  F . Z h a n g , E . ร .  M .  L a i,  R . M a r t in -A ra n d a ,  K .  L .  Y e u n g , A p p l .  C a t a l .  A -  

G e n e r a l  261  (2 0 0 4 )  109

[1 8 ]  T . S o o k n o i,  J. D w y e r ,  J .  M o l .  C a t a l .  A :  C h e m .  211  (2 0 0 4 )  155

[1 9 ]  p .  B e l ir a m e ,  P. F u m a g a ll ip ,  G . Z u re tt i ,  I n d .  E n g .  C h e m .  R e s .  3 2  (1 9 9 3 )  2 6

[2 0 ]  D .  B a r th o m e u f,  C a t a l .  R e v .  38  (1 9 9 6 )  521

[2 1 ]  M .  L a s p e ra s , H .  C a m b o n , D . B ru n e i,  I .  R o d r ig u e z , p .  G e n e s te , M i c r o p o r o u s  

M a t e r i a l s ,  7 , 61 (1 9 9 6 )

[2 2 ]  บ . D . J o s h i 5 P .N . J o s h i, ร . ร .  T a m h a n k a r , v .v .  J o s h i, c .v . R o d e , v.p . 

S h ira lk a r ,  A p p l .  C a t a l .  A :  G e n . 2 3 9  (2 0 0 3 )  2 0 9  

Y .  รน ท , z .  L iu ,  P . P ia n e tta , D . L e e , J .  A p p l .  P h y s .  102  (2 0 0 7 )  0 7 4 9 0 8[23]



I l l

[2 4 ]  E . A .  P o d g o m o v , I . p .  P r o s v ir in ,  V .  I .  B u k h t iy a r o v ,  J . M o l. C a ta l. A :  C h e m .  
158 (2 0 0 8 )  3 3 7

[2 5 ]  T . S o o k n o i,  J. D w y e r , ,/. M o l. C a ta l. A :  C h e m .  211  (2 0 0 4 )  155 .

[2 6 ] R . S c h e n k e l, A .  J e n ty s , ร .  F . P a rk e r, J. A .  L e rc h e r, J. P h y s . C h e m . B  108

( 2 0 0 4 )7 9 0 2

[2 7 ] N .  T a k a h a s h i, A .  M i j i n ,  T . Is h ik a w a , K .  N e b u k a , H .  S u e m a tsu , J . C h e m . S o c .,  
F a r a d a y  T ra n s . I, 83  (  1 9 8 7 ) 2 6 0 5

[2 8 ]  F . Y a g i,  H .  T s u j i ,  H .  H a t to n ,  M ic r o p o r o u s  M a te r .  9  (1 9 9 7 )  2 3 7

[2 9 ]  ร .  Im a m u ra , T . H ig a s h ih a ra , Y .  S a ito , H .  A r i ta n i ,  H .  K a n a i,  Y .  M a ts u m u ra , N .  

T s u d a , C a ta l .  T o d a y ,  5 0  (1 9 9 9 )  3 69

[3 0 ]  M .  H u n g e r ,  บ .  S c h e n k , M .  S e ile r , J. W e itk a m p , J . M o l.  C a ta l. A :  C h e m .  156  

(2 0 0 0 )  153

[3 1 ]  G . พ .  H u b e r ,  A .  C o rm a , A n g e w . C h e m . In t. E d .  4 6  (2 0 0 7 )  7 1 8 4

[3 2 ]  H . B . S c h w a rz , ร .  E rn s t,  J. K a rg e r ,  B .  K n o r r ,  G . S e if fe r t ,  R . Q . S n u rr , B .

S ta u d te , J. W e itk a m p ,  J . C a ta l.  167  (1 9 9 7 )  2 48

[3 3 ] J. L i ,  J. T a i,  R . J. D a v is ,  C a ta l. T o d a y ,  116  (2 0 0 6 )  2 2 6

[3 4 ]  N .  D .  P l in t ,  N .  J. C o v i l le ,  D .  L a c k ,  G . L .  N a ttra s s , T .  V a l la y ,  J . M o l.  C a ta l. A :
C h e m .  165  (2 0 0 1 )  2 7 5

[3 5 ]  D . F . P la n t,  A .  S im p e r le r ,  R . G . B e ll,  J. P h y s . C h e m .  5  110  (2 0 0 6 )  6 1 7 0

[3 6 ]  P . M ig n o n ,  P . G e e r l in g , R . S c h o o n h e y d t, J . P h y s . C h e m . B  110  (2 0 0 6 )  2 4 9 4 7

[3 7 ]  H .  N .  W r ig h t  J r., H .  J. H a g e m e y e r  J r., U S  P a te n t 3 ,7 1 4 ,2 3 6  (1 9 7 3 )

[3 8 ]  N .  T a k a h a s h i, H .  M a ts u o ,  M .  K o b a y a s h i,  J. C h e m . S o c .,  F a r a d a y  T ra n s . 1 , 80  

( 1 9 8 4 ) 6 2 9

[3 9 ]  G . C u m a , P . F a m u la r i ,  M .  M a rc h e t t i,  B .  S e c h i, J . M o l.  C a ta l. A :  C h e m .  2 1 8  

(2 0 0 4 )2 1 1

[4 0 ]  T .  S o o k n o i,  J. D w y e r ,  S tu d . S u r f.  S c i. C a ta l .  9 7  (1 9 9 5 )  4 23

[4 1 ]  E . Ig le s ia ,  J. E . B a u m g a r tn e r ,  G . L .  P r ice , J . C a ta l .  1 34  (1 9 9 2 )  5 4 9

[4 2 ]  M .  B o u d a r t ,  C a ta l. L e t t .  3 (1 9 8 9 )  111

[4 3 ]  M .  G l in s k i ,  พ .  S z y m a n s k i,  D . L o m o t ,  A p p l.  C a ta l. A  281  (2 0 0 5 )  107

[4 4 ]  R . G . P e a rso n , J. A m . C h e m . S o c .  85 (1 9 6 3 )  3 53 3



112

[4 5 ] Y .  O k a m a to , M .  O g a w a , A .  M a e z a w a , T . Im a n a k a , J. C a ta l .  112  (1 9 8 8 )  4 2 7

[4 6 ] F . H o rs t ,  F . H a r tm u t ,  G . E k k e h a rd , H . B e rn d , J. H e rv e , K .  C h r is t in e ,  K .  O la f,

K .  K n u t ,  P h y s . C h e m . C h e m . P h y s  1 (1 9 9 9 )  593

[4 7 ] J. A .  L e rc h e r ,  A .  J e n ty s , A .  B ra it ,  M o l. S ie v e s .  S c i. T e c h .  6  (2 0 0 8 )  153

[4 8 ]  D .  c . F o y t ,  J. M .  W h ite ,  J. C a ta l .  4 7  (1 9 7 7 )  2 6 0


	CHAPTER VI CONVERSION OF METHYLESTERS OVER CsNaX ZEOLITE CATALYST
	6.1 Abstract
	6.2 Introduction
	6.3 Experimental
	6.4 Results
	6.5 Discussion
	6.6 Conclusions
	6.7 Acknowledgments
	6. 8 References


