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CHAPTER 3 

 

3. Conversion of 1- and 2-Tetralone over HY Zeolites 

 

3.1 Introduction  

The projected demand for transportation fuels exceeds the current 

capacity for light sweet crudes.1 Security and sustainability concerns enhance 

the need for access to alternative domestic sources. Unconventional crude oils 

(heavy oil, bitumen, tar sands, shale oils, and coals) are abundant in North 

America and may reduce the consumption of imported feedstocks.2 Therefore, 

these complex carbon resources are expected to contribute a growing fraction of 

transportation fuel production. Heavy crude oils have a density (specific 

gravity) approaching or even exceeding that of water. They usually are 

extremely viscous, with a consistency ranging from that of heavy molasses to a 

solid at room temperature. Conversion of heavy feedstocks to fuels via severe 

hydrotreating or cracking processes has been practiced for many years. 

However, these technologies present drawbacks related to the high consumption 

of hydrogen and demanding reaction conditions that they require. To convert 

complex carbon resources with typical H/C atomic ratios of about 1.1–1.2 to 

the range of transportation liquid fuels (H/C ∼1.8 to 2.0) a very significant 
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amount of hydrogen is needed. At the same time, the high temperatures and 

pressures associated with these processes result in exceedingly high capital 

costs. 

The use of heavy oil as a crude produces high aromaticity in the internal 

streams in the refinery (i.e. LCO) as well as a net increase in the volume of the 

heavier fractions (i.e. slurry oil) produced in the distillation units. One possible 

solution would be to recycle some of these heavier fractions through the 

catalytic cracking unit (FCC). However, it is well established that naphthalene, 

phenanthrene, and anthracene do not crack under typical FCC conditions, but 

instead they undergo condensation and form coke.3 

Functionalization with heteroatoms, such as S, N, and O may greatly 

affect the reactivity of the aromatic rings and allow unzipping the stable 

structure of the heavy molecules under milder conditions than those used in 

hydrotreating. Such functionalization may create reactive centers in the 

molecule that would help selectively activating the molecule via H-transfer, 

ring-opening, etc. Hence, this work focused on reaction of tetralones (1 and 2), 

as the representative molecules of oxygenated aromatics on HY zeolites. 
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3.2 Experimental  

A commercial HY zeolite from Zeolyst International (CBV 780, Si/Al 

ratio 40) was used as a catalyst. The reactions were conducted in a ¼″ stainless 

steel reactor at atmospheric pressure of hydrogen. The reactor temperature in 

the range 300–500 °C was controlled in a tube furnace. The feed reactants, 

tetralin, 1-tetralone, 1-tetralol, 1-naphthol, and 2-tetralone, were purchased 

from Sigma-Aldrich and used as received. The feed was introduced to the 

reaction system by bubbling hydrogen through a saturator adjusted at an 

appropriate temperature to obtain the desired vapor pressure of the specific 

reactant as shown in Figure 3.1. Space velocities were in the range 0.5–2.0 h−1. 

Prior to each run, the feed was directed through a bypass until the 

concentration reached steady-state, and then it was switched to the reactor. 

Carbon mass balance closure was checked in every run by comparing the total 

mass determined from the analysis of the reactor outlet with that from the by-

pass.  
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Figure 3.1 Schematic diagram of the system. 

 

The amount of coke formation during reaction was determined in an 

elemental analyzer and found to be less than 1 wt% of the total weight of the 

spent catalyst, which indicates that the coke formation per pass is very small 

and does not affect the carbon balance or product distribution in a significant 

manner. Products were analyzed every 0.5 h after the beginning of the run with 

an on-line HP5890 gas chromatograph equipped with HP-5 column and an FID 

detector. To minimize the effect of catalyst deactivation in the analysis of 

initial reactivity, the values reported in this work are those obtained in the first 

measurement (i.e., after 0.5 h on stream). The temperature program started at 

40 °C, linearly increased to 280 °C with a 15 °C/min heating ramp, and finally 

held for 8 min. 
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3.3 Results and discussion 

 

3.3.1 Thermal reactions of 1- and 2-tetralone (blank reactor) 

Before the catalytic measurements, runs without catalyst were conducted 

to determine the contribution of thermal reactions. The product yields obtained 

from 1- and 2-tetralone in a blank reactor filled with inert glass beads in the 

temperature range 300–500 °C are compared in Table 3.1. It is clear that the 

both compounds can be thermally decomposed and the conversion readily 

increases with temperature. Conversion of 2-tetralone is significantly higher 

than that of 1-tetralone at all temperatures. The higher reactivity of 2-tetralone 

is associated to its benzylic carbon that requires a relatively lower energy for C–

H dissociation4 and hence it can be thermally activated more readily than 1-

tetralone.5 
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Table 3.1 Thermal reactions of 1- and 2-tetralone. 

 

Reaction conditions: 1 atm H2, TOS 0.5 h. 

 

For 1-tetralone conversion, naphthol is the main product. At 500 °C, 

production of naphthalene becomes significant. This suggests that at high 

temperatures hydrogen transfer may be occurring.6 By contrast, 2-tetralone 

produces heavy coupling compounds (i.e. 4-ring) as the major product with a 

lower selectivity toward the corresponding naphthol than 1-tetralone. At the 

same time, no naphthalene is obtained in the temperature range studied. Trace 

amounts of dihydronaphthalene, tetralin, ring-contraction (RO) and ring-

opening (RO) products can be observed from 1-tetralone, while they do not 

appear from 2-tetralone conversion. 

Feed 1-Tetralone 2-Tetralone

Temperature 300 °C 400 °C 500 °C 300 °C 400 °C 500 °C

Conversion (%) 5.6 11.0 42.4 15.0 22.6 56.0

Product yields (wt%)

RO 0.0 0.3 1.7 0.0 0.0 0.0

RC 0.0 0.0 0.3 0.0 0.0 0.4

Tetralin 0.1 0.1 0.2 0.0 0.0 0.0

Dihydronaphthalene 0.6 0.8 1.8 0.0 0.0 0.0

Naphthalene 0.5 0.8 5.6 0.0 0.2 0.2

Tetralone 94.4 89.0 57.6 85.0 77.4 44.0

Tetralol 0.0 0.0 0.0 0.0 0.0 0.0

Naphthol 4.4 8.3 31.8 5.8 7.1 26.0

Heavies 0.0 0.7 1.0 9.2 15.4 29.3
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3.3.2 Catalytic conversion of 1- and 2-tetralone reactions over the HY zeolite  

As shown in Figure 3.2, the presence of HY catalyst greatly enhances the 

conversion of both 1- and 2-tetralone compared to the runs in the blank reactor. 

As in the case of thermal conversion, 2-tetralone displays a much higher 

reactivity than 1-tetralone. Reactive adsorption of aromatic ketones on acid 

sites is well known.7,8 Our results show that the position of the carbonyl 

functionality not only has an effect on the reactivity toward thermal activation, 

but also toward catalytic activation. 

Figure 3.3 shows the product distribution from 1- and 2-tetralone 

conversion over the HY zeolite as a function of temperature. It is seen that 

below 400 °C the acid-catalyzed reaction yields their corresponding naphthols as 

main products, suggesting an enhanced hydrogen transfer over the acid 

catalyst. Interestingly, as the temperature increases to 500 °C 2-naphthol was 

obtained from 1-tetralone and 1-naphthol from 2-tetralone, while the 

concentration of the corresponding naphthol decreased, suggesting that 

naphthol isomerization can take place over the acid HY zeolite at this high 

temperature.  
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Figure 3.2 Conversions of 1- and 2-tetralone as a function of temperature. 
Reaction conditions: 1 atm H2, TOS 0.5 h, W/F = 1.723 h. Solid and dashed 

lines represent catalytic and thermal conversion, respectively. 
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Figure 3.3 Product yields from the reaction of (a) 1-tetralone and  
(b) 2-tetralone as a function of temperature over HY zeolite. Reaction 

conditions: 1 atm H2, TOS = 0.5 h, W/F = 1.723 h. Tetralin (open triangle), 
dihydronaphthalene (filled square), naphthalene (open square), 1-naphthol (filled 

circle), 2-naphthol (open circle) and heavies (filled triangle). 

 

Also, coupling products, i.e. 4-ring compounds, were produced at high 

temperatures in significant amounts, suggesting the contribution of hydrogen 

transfer/coupling reactions, catalyzed by Brønsted sites.5  

Production of naphthalene and tetralin was noticeably enhanced over the 

HY catalyst compared to the thermal reaction. This enhancement again 
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deoxygenated products can be obtained. Only small amounts of ring-contraction 

and ring-opening products were found in this acid-catalyzed reaction.12  

Figure 3.4 shows the evolution of product distribution and conversions of 

1- and 2-tetralone with space time (W/F), over the HY zeolite at 300 °C. As 

described above, 2-tetralone is more reactive and sensitive to the presence of 

the acid catalyst than 1-tetralone. At this low temperature, the corresponding 

naphthols are the major products for both 1- and 2-tetralone, with no evidence 

of isomerization. Also, at low temperatures, deoxygenated products, 

naphthalene and tetralin only appear in relatively small amounts. 

As shown in Figure 3.5, during the reaction of 1-tetralone over HY at 

500 °C, while the overall conversion continuously increases with W/F, the yield 

of 1-naphthol goes through a maximum and then decreases at high W/F. This 

decrease in 1-naphthol is accompanied by a rapid increase in concentration of 

coupling products and 2-naphthol. While it is clear that secondary 

isomerization of 1-naphthol to 2-naphthol is an important reaction occurring at 

high temperature and W/F, formation of coupling products it also seems to be 

a secondary reaction. As shown in Figure 3.5, the first derivative of their 

concentration near zero W/F is approximately to zero. The experiment 

conducted with 1-naphthol as a feed (Table 3.2) indicates that this molecule 

can undergo coupling over HY. 
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Figure 3.4 Product yields from the reaction of (a) 1-tetralone and  
(b) 2-tetralone as a function of space time (W/F) at 300 °C over HY.  
Reaction conditions: 1 atm H2, TOS = 0.5 h. Tetralin (open triangle), 

dihydronaphthalene (filled square), naphthalene (open square), 1-naphthol (filled 
circle), 2-naphthol (open circle), heavies (filled triangle) and conversion (times) 
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Figure 3.5 Product yields from the reaction of 1-tetralone as a function of 
space time (W/F) at 500 °C over HY. Reaction conditions: 1 atm H2, 

TOS = 0.5 h. The values at zero W/F correspond to those obtained in the 
blank reactor (thermal). Tetralin (open triangle), dihydronaphthalene (filled 

square), naphthalene (open square), 1-naphthol (filled circle), 2-naphthol (open 
circle), heavies (filled triangle) and conversion (times). 
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Table 3.2 Reactions of tetralin, tetralones and 1-naphthol  
catalyzed by HY zeolite. 

 

Reaction conditions: 500 °C, 1 atm H2, TOS 0.5 h. 

 

 

 

 

 

 

 

Feed Tetralin 1-Tetralone 2-Tetralone 1-Naphthol

Catalyst HY HY HY Blank HY

Conversion (%) 11.5 98.7 99.9 0.0 36.4

Product yields (wt%)

RO 0.0 0.8 0.5 0.0 0.0

RC 0.0 1.2 1.6 0.0 0.0

Tetralin 88.5 0.2 0.4 0.0 0.0

Dihydronaphthalene 0.0 0.0 0.0 0.0 0.0

Naphthalene 11.5 10.4 3.3 0.0 0.0

Tetralone 0.0 1.3 0.1 0.0 0.0

Tetralol 0.0 0.0 0.0 0.0 0.0

1-Naphthol 0.0 24.3 12.8 100.0 63.6

2-Naphthol 0.0 18.8 34.3 0.0 27.5

Heavies 0.0 43.1 47.1 0.0 8.9
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3.4 Reaction pathways 

The significant difference in reactivity of the two isomers can be 

explained from the higher stability of 1-tetralone due to the conjugation of the 

carbonyl group and the π system of the aromatic ring. In addition, the presence 

of a benzylic α-carbon (adjacent to both the C=O and the aromatic ring) in 2-

tetralone leads to a more stable reaction intermediate,4 and consequently lower 

activation energy and higher rate for the thermal reaction. Conversely, 1-

tetralone is expected to form a less stable intermediate with cross-conjugated 

double bonds. At the same time, a higher probability of formation of the free 

radical intermediate in 2-tetralone can explain the higher rate of formation of 

coupling products observed with 2-tetralone, but not with 1-tetralone, which 

does not have any benzylic α-carbon.  

In parallel, dehydrogenation via C–H thermal cracking forming aromatic 

rings will be favored at high temperatures.13 This dehydrogenation would lead 

to the formation of the corresponding naphthols. As hydrogen would be 

produced in stoichiometric amounts during the dehydrogenation of 1-tetralone 

to 1-naphthol, a significant hydrogen transfer to fresh 1-tetralone can be 

expected. It is known that ketones are good hydrogen acceptors,14 leading to the 

formation of tetralol. This, in turn, can be readily dehydrated and subsequently 

dehydrogenated to produce stable naphthalene, as shown below.  
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This reaction path is confirmed by the experiment done with 1-tetralol 

as a feed (see Table 3.3), which shows the production of dihydronaphthalene 

and naphthalene, as proposed. However, thermal conversion of tetralones favors 

dehydrogenation over deoxygenation (i.e. hydrogenation then dehydration). 

Consequently, the production of the corresponding naphthol is dominant over 

naphthalene (Table 3.1).  
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Table 3.3 Reactions of 1-tetralol catalyzed by HY zeolite. 

 

Reaction conditions: 300 °C, 1 atm H2, TOS 0.5 h. 

 

The situation is somewhat different in the presence of HY, in which 

conversion of the tetralones result from a combination of thermal and acid-

catalyzed reactions. The presence of acid HY zeolite enhances the rate of the 

hydrogen transfer.9−11 Hence, both the overall conversion and formation of 

naphthol are enhanced. However, the parallel reaction, i.e. hydrogen transfer to 

form tetralol that produces dihydronaphthalene and naphthalene, is greatly 

enhanced. Moreover, dihydronaphthalene is readily disproportionated (i.e. 

intermolecular hydride transfer) producing naphthalene and tetralin,15,16 as 

shown below.  

Feed 1-Tetralol

Catalyst Blank HY

Product yields (wt%)

RO 0.0 0.0

RC 0.0 0.0

Tetralin 4.8 42.6

Dihydronaphthalene 59.5 0.0

Naphthalene 35.7 57.4

Tetralone 0.0 0.0

Tetralol 0.0 0.0

1-Naphthol 0.0 0.0

2-Naphthol 0.0 0.0

Heavies 0.0 0.0
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As illustrated in Table 3.3, this disproportionation is largely observed in 

the acid-catalyzed reaction of 1-tetralol, but not in its thermal reaction. 

Naphthalene, at high temperatures, can also derive from tetralin dehydro-

genation,17,18 which may explain the slight decrease in tetralin/naphthalene ratio 

observed at higher W/F. Thermal transformation of 1-naphthol to naphthalene 

could occur at high hydrogen pressures19 or high temperatures.20 However, this 

reaction did not occur under the conditions of this study.  

The observed isomerization and deoxygenation of 1-naphthol to 2-

naphthol and naphthalene over HY zeolite at high temperatures can be 

explained as follows. Protonation of 1-naphthol by a Brønsted site of the HY 

zeolite leads to the formation of naphthalene-1,2-oxide intermediate.21-23 Ring 

opening of this intermediate results in the formation of 2-naphthol. In a parallel 

path, acid-site assisted hydrogen transfer from carbon deposits or heavies can 

form a 1-hydroxy-1,2-dihydronaphthalene intermediate.21,24 This species can be 

readily dehydrated over the Brønsted sites to form naphthalene. The two 

parallel paths are illustrated in the following scheme.  

+
H+

- H2

acid
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OH OH
+

OH

OH+
OH

H
_

H+

- H2O

 

 

Since heavy products derive mainly from thermal coupling of oxygenated 

aromatic intermediates,5 the formation of heavies would be suppressed under 

rapid hydrogen transfer. Accordingly, a similar product distribution was 

obtained from both 1- and 2-tetralone reactions over the acid catalyst despite 

the higher conversion obtained for 2-tetralone. 

 

3.5 Conclusions 

Among the two isomers, 2-tetralone is the most active for both thermal 

activation and acid-catalyzed reactions. The lower reactivity of 1-tetralone is 

due to the conjugation of the double bond of the carbonyl group with the 

aromatic ring, which makes the molecule more stable. Hydrogen transfer during 

the reaction pathway has a significant effect on product distribution. 

Dehydrogenation of each tetralone to its corresponding naphthol is the major 
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pathway. The hydrogen transfer promoted by the acid catalyst leads to the 

formation of deoxygenated products, namely naphthalene and trace amounts of 

dihydronaphthalene, which is an intermediate product. Heavy coupling 

products, formed by coupling of the intermediates, can be readily suppressed 

over acid-catalyzed reaction at relatively lower temperatures by hydrogen 

transfer. 
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CHAPTER 4 

 

4. Conversion of 1-Tetralone over HY Zeolite: An Indicator of the 

Extent of Hydrogen Transfer 

 

4.1 Introduction  

The extent of hydrogen transfer in fluid catalytic cracking (FCC) 

processes has an important effect on the product distribution and catalyst 

stability.1-4 While hydrogen transfer has well known benefits, such as improved 

liquid yield and reduce coke formation, an excessive rate of hydrogen transfer 

may have negative effects. A major concern is the potential loss of olefinicity in 

the product by excessive hydrogen transfer, which has the undesired 

consequence of reducing octane number in the gasoline fractions.5-7  

It is widely accepted that, in the transition state, the carbenium ions on 

the acid sites can accept hydride ions from hydrogen-donor molecules and that 

the extent of this transfer can be modified by the nature of the catalyst, e.g., 

density or proximity of acid sites, presence of rare earth, etc.8,9 However, 

hydrogen transfer is a bimolecular reaction; therefore, the nature of both the 

hydride donor and hydride acceptor can impact the hydrogen transfer process. 

Therefore, it is anticipated that varying the nature of the hydrogen donor, the 
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extent and rate of hydrogen transfer can be varied. In the majority of the 

previous studies about the extent of hydrogen transfer,8,9 the focus has been on 

the effect of different zeolite catalyst parameters, such as zeolite structure, 

number of Al per unit cell, and acidity strength, rather than the intrinsic 

properties of the different hydrocarbons that may act as H-donors. A simple 

method that can predict a-priori the ability of a given feed component or a 

mixture of components may have interesting applications in FCC technology. 

This is the focus of this contribution.  

Being important components of typical FCC catalysts, HY, REY, and 

USHY zeolites have been the subject of many studies related to cracking and 

hydrogen transfer.10 In our previous study on 1-tetralone conversion on HY 

zeolites,11 we showed that naphthol is a dominant product, which can further 

transform to naphthalene via hydride transfer-dehydration reactions. It was 

suggested that naphthalene formed predominantly in the presence of hydrogen 

donor molecules. In this study, we have investigated the reactivity of 1-

tetralone in the presence of different hydrogen donor molecules, which typically 

exist in FCC feed stream such as paraffins, naphthenics, and aromatics. Using 

tetralone as an indicator is highly convenient since it only produces a small 

number of products, which facilitates the analysis and the quantification of the 

effects of the hydrogen donor. We have selected molecules with similar number 

of carbon atoms but with varying functionalities, which we anticipate that 

results in varying hydrogen transfer capacity.12-16 The relative rates of the 
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possible conversion paths of 1-tetralone were found to depend on the hydrogen-

donation capacity of the hydrocarbons co-fed to the reactor. DFT calculations 

were used to provide a correlation between the energy of hydride dissociation 

and the extent of hydrogen transfer observed experimentally. 

 

4.2 Experimental  

 

4.2.1 Catalytic activity testing 

The model hydrogen donors used in this study were n-decane, decalin, 

tetralin, and 1,5-dimethyl tetralin (DMT), while 1-tetralone was used as a 

hydrogen acceptor. These compounds are fairly heavy and their boiling points 

varied in a wide range. To avoid using a solvent that might interfere with the 

process of hydrogen transfer and minimize condensation in the system, the feed 

was introduced to the reactor using a vapor saturation vessel made of glass 

through which the carrier gas was bubbled. By adjusting the temperature of the 

saturator, the vapor pressure of the individual compounds can be readily 

controlled. When mixtures were co-fed into the reactor, each component was 

controlled independently in a separate saturator. The feed rate was regulated 

by the carrier gas flow, and an additional inert gas line was added to keep the 

total gas flow rate constant.  
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The reactions were conducted in a ¼″ stainless steel reactor. Commercial 

HY zeolite from Zeolyst International (Si/Al = 15 and 40) used as the catalyst 

was placed at the center of the reactor. Since the zeolites were purchased in the 

proton form, the only pretreatment needed was to heat them up in-situ under 

He flow at 450 °C for 1 h to remove adsorbed water or any other contaminants. 

The top and bottom parts of the packed bed were filled with 3 mm-diameter 

glass beads. The operating conditions were as follows: atmospheric pressure, 

450 °C, He carrier gas, space-time, W/F = 1.6 h, with respect to the mass flow 

rate of 1-tetralone in both pure and mixed feeds. Prior to each run, the feed 

was sent through the by-pass line until the concentration stabilized. At this 

point, it was switched to enter the reactor. The carbon mass balance was 

checked for every run by the analysis of the by-pass and the reactor outlet. The 

reaction products were sampled every 0.5 h on stream and analyzed on-line 

using an HP5890 gas chromatograph, equipped with an HP-5 column and an 

FID detector. A carbon elemental analyzer was used to measure the amount of 

coke deposits on the catalysts. The acid properties of the various zeolites were 

characterized by temperature programmed desorption of ammonia (NH3-TPD), 

conducted in a 0.25 in. o.d. quartz reactor. Before each experiment, the 50 mg 

of zeolite sample was pretreated for 0.5 h in flowing He (30 mL/min) at 600 °C 

to eliminate any adsorbed water. Then, the temperature was lowered to 100 °C, 

and the sample exposed to a 2% NH3/He, 30 mL/min stream for 30 min to 

reach saturation. After exposure, pure He was passed for 0.5 h over the sample 

to remove any weakly adsorbed NH3. To conduct the TPD, the temperature 
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was increased at a heating rate of 10 °C/min up to 650 °C. The evolution of 

desorbed species was continuously monitored by a Cirrus mass spectrometer 

(MKS) recording the signals m/z = 17 and 16 (corresponding to NH3). The 

density of acid sites was quantified by calibrating the MS signals with the 

average of ten 5-mL-pulses of 2% NH3/He.  

 

4.2.2 Computational methods 

To correlate the different extent of hydride transfer observed 

experimentally for the various compounds with their intrinsic molecular 

properties, density functional theory (DFT) calculations were carried out using 

the GAUSSIAN 03 suite of programs.17 Molecular geometries and zero-point 

energies (ZPE) for all species were optimized by the Berny analytical gradient 

method,18 and verified to be local minima by computing the Hessian matrix. 

DFT calculations for the doublet states of the radicals (i.e., protonated species) 

employed an unrestricted formalism. This study was computed at B3PW91 

density functional with using the 6–31+G(d,p) basis set, which were claimed to 

provide a good estimation for hydrogen transfer reactions.19  

Since, as discussed below, naphthol plays a central role in the hydride 

transfer mechanism,11 it was important to determine which protonated 

intermediate is most likely to form. Using DFT, the proton affinity (PA) of 
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naphthol in different protonated structures was compared, according to the 

expression:20,21  

PA= – �H(C10H9O
+) – �H(C10H8O) + H(H+)��  (1) 

where H(i) is the enthalpy of species i, being C10H9O
+ = the protonated 

naphthol in each specific structure; C10H8O = naphthol; and H+ = proton. That 

is, a large positive PA indicates a stable compound.  

To compare the experimentally observed trends with the theoretical 

predictions, hydride dissociation energies of various donor molecules were 

calculated as follows:  

Edis = ��H(R+) + H(hydride)� – H(R-H)�  (2) 

where R−H is the donor; and R+ is a corresponding carbenium ion.  

The relative activation energy of hydride dissociation (EA) can be 

expressed by a ratio of hydride dissociation energy (Edis) for each donor 

molecule over that for the C–H breaking of methane (482.6 kJ/mol);  

EA(x) = 
Edis(x)

Edis(CH4)
�  (3) 

where x is a particular donor molecule. A lower EA value indicates a better 

hydrogen transfer ability. In this simplified analysis, proton affinity and relative 

activation energy values are taken as intrinsic properties of the individual 
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molecules and were determined in the gas phase basis, independent of their 

interaction with the solid catalyst. In addition, the natural bond orbital (NBO) 

theory22 was applied to analyze the nature of bonds to determine the Wiberg 

bond index, as theoretically described in Chapter 2.  

 

4.3 Results  

 

4.3.1 Catalytic reaction of pure compounds over HY zeolites  

The total conversion and product distribution resulting from feeding the 

pure compounds (1-tetralone, n-decane, decalin, tetralin, and DMT) onto the 

HY (Si/Al = 15) zeolite are shown in Table 4.1. Observed cracking products 

are linear and branched alkenes/anes (C1–C6), cyclic olefins (C6–C10), and 

alkylbenzenes (e.g., ethylbenzene, toluene, and xylene). It is seen that DMT 

and 1-tetralone are significantly more reactive than the other compounds in the 

series. The crackability, i.e., conversion to lighter products, follows the order 

DMT > decalin > tetralin > n-decane. As expected, the presence of tertiary 

carbons in DMT and decalin increases the crackability of these molecules, as 

previously observed.23-25 Dehydrogenated products (i.e., alkylnaphthalenes) were 

obtained from DMT, but in a lower extent. Some naphthalene was also 

obtained from dehydrogenation of tetralin, but not from decalin.  
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Table 4.1 Catalytic reaction of pure compounds over HY zeolites. 

 

Reaction conditions: 450 °C, 1 atm He, HY (Si/Al = 15),  
W/F = 1.6 h, TOS 0.5 h. 

 

In contrast with the hydrocarbons, a major part of 1-tetralone 

conversion proceeded through dehydrogenation to form naphthols, without 

cracking. This is consistent with our previous study,11 in which dehydrogenation 

of 1-tetralone to 1-naphthol was found to be the dominant reaction pathway, 

and isomerization of 1-naphthol toward 2-naphthol was observed only at high 

temperatures (i.e., >400 °C). Only a small amount of naphthalene can be 

produced from 1-tetralone when fed alone.  

Feed 1-Tetralone n-Decane Decalin Tetralin DMT

Conversion 97.7 9.4 19.3 26.3 100.0

Product yields (wt%)

C1-C6 0.0 9.4 10.7 3.5 32.1

Cyclic olefins (C6-C10) 0.0 0.0 6.1 3.3 0.0

Alkylbenzenes 0.0 0.0 2.6 5.9 44.1

n-Decane 0.0 90.6 0.0 0.0 0.0

trans-Decalin 0.0 0.0 65.4 0.0 0.0

cis-Decalin 0.0 0.0 15.3 0.0 0.0

Tetralin 0.0 0.0 0.0 73.7 0.0

1,5-Dimethyltetralin 0.0 0.0 0.0 0.0 0.0

Alkylnaphthalenes 0.0 0.0 0.0 0.0 23.8

Naphthalene 4.4 0.0 0.0 13.6 0.0

1-Tetralone 2.3 0.0 0.0 0.0 0.0

1-Naphthol 74.0 0.0 0.0 0.0 0.0

2-Naphthol 11.3 0.0 0.0 0.0 0.0

Coupling products 8.1 0.0 0.0 0.0 0.0
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The extent of overall dehydrogenation follows the order 1-

tetralone > DMT > tetralin. That is, it appears that the presence of the 

aromatic ring and substituted groups (e.g., methyl) on the naphthenic ring 

readily improves the hydrogen transfer ability of the molecule, leading to an 

increased degree of dehydrogenation.26 It can be seen that coupling products 

(e.g., multi-ring oxygenates) are only produced from 1-tetralone. 

 

4.3.2 Catalytic reaction of hydrocarbon with co-fed 1-tetralone over HY zeolites  

In this experiment, 1-tetralone was co-fed with the hydrocarbons, i.e., n-

decane, decalin, tetralin, and DMT. The overall yields from catalytic reactions 

of the mixture feeds are shown in Table 4.2. Significantly different conversions 

and product selectivities, as compared with those from the pure feeds, were 

observed for each corresponding hydrocarbon (Table 4.3). Although the 

conversion of 1-tetralone remained close to 100%, the product selectivity, 

particularly towards naphthalene, was very sensitive to the nature of the 

hydrocarbon co-fed in to the reactor. It appears that, in the presence of a 

hydrocarbon that may act as a hydrogen donor, the naphthols deriving from 1-

tetralone behave as hydrogen acceptors and subsequently undergo dehydration 

to produce naphthalene, as previously proposed.11 The extent of this 

transformation depends on the co-fed hydrocarbon.  Therefore, the intrinsic 
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hydride transfer ability of a particular hydrocarbon species can be represented 

by the naphthalene-to-naphthol ratio derived from tetralone (Table 4.3).  

 

Table 4.2 Overall yields from catalytic reactions of mixture of hydrocarbons 
and 1-tetralone over HY zeolites. 

 

Reaction conditions: % co-fed concentration = 50 ± 5%, 450 °C, 1 atm He,  
HY (Si/Al = 15), W/F = 1.6 h, TOS 0.5 h. 

 

 

 

Feed 1-Tetralone n-Decane Decalin Tetralin DMT

Conversion 97.7 9.4 19.3 26.3 100.0

Product yields (wt%)

C1-C6 0.0 9.4 10.7 3.5 32.1

Cyclic olefins (C6-C10) 0.0 0.0 6.1 3.3 0.0

Alkylbenzenes 0.0 0.0 2.6 5.9 44.1

n-Decane 0.0 90.6 0.0 0.0 0.0

trans-Decalin 0.0 0.0 65.4 0.0 0.0

cis-Decalin 0.0 0.0 15.3 0.0 0.0

Tetralin 0.0 0.0 0.0 73.7 0.0

1,5-Dimethyltetralin 0.0 0.0 0.0 0.0 0.0

Alkylnaphthalenes 0.0 0.0 0.0 0.0 23.8

Naphthalene 4.4 0.0 0.0 13.6 0.0

1-Tetralone 2.3 0.0 0.0 0.0 0.0

1-Naphthol 74.0 0.0 0.0 0.0 0.0

2-Naphthol 11.3 0.0 0.0 0.0 0.0

Coupling products 8.1 0.0 0.0 0.0 0.0
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Table 4.3 Conversion and selectivity from catalytic reactions of mixture of 
hydrocarbons and 1-tetralone over HY zeolites. 

 

Reaction conditions: % co-fed concentration = 50 ± 5%, 450 °C, 1 atm He,  
HY (Si/Al = 15), W/F = 1.6 h, TOS 0.5 h. 

 

A clear trend is observed in this ratio, DMT > tetralin ≈ decalin >  

n-decane. It is likely that a relatively rapid formation of coke occurred at the 

beginning of the run (i.e., ∼first 10 min), whereas a quasi-plateau in activity 

was obtained later.27 The integrated amounts of coke formed over 1 h on stream 

Feed n-Decane Decalin Tetralin DMT

Conversion of 1-tetralone 98.1 95.0 96.0 94.7

Conversion of hydrocarbon 4.4 14.7 57.3 98.4

Selectivity of 1-tetralone product (wt%)

Naphthalene 10.7 59.7 60.3 82.1

1-Naphthol 65.4 27.4 25.3 13.4

2-Naphthol 18.8 3.9 8.3 1.6

Coupling products 5.1 9.0 6.0 2.9

Naphthalene/Naphthol ratio 0.1 1.9 1.8 5.5

Selectivity of hydrocarbon products (wt%)

C1-C6 100.0 22.3 4.9 9.8

Cyclic olefins (C6-C10) 0.0 26.2 4.3 0.0

Alkylbenzenes 0.0 35.6 7.0 9.4

n-Decane - 0.0 0.0 0.0

trans-Decalin 0.0 - 0.0 0.0

cis-Decalin 0.0 - 0.0 0.0

Tetralin 0.0 15.8 - 0.0

1,5-Dimethyltetralin 0.0 0.0 0.0 -

Alkylnaphthalenes 0.0 0.0 0.0 80.8

Naphthalene 0.0 0.0 83.8 0.0
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are rather low (Table 4.4). Therefore, it can be expected that the contribution 

of hydrogen from coke to the total to hydrogen transfer is negligible compared 

to the significant changes observed in product distribution.  

 

Table 4.4 Amount of coke on spent catalysts determined by  
an elemental analyzer. 

 

Reaction conditions: 450 °C, 1 atm He, HY (Si/Al = 15). 

 

In parallel to the changes in 1-tetralone products as a consequence of the 

enhanced hydrogen transfer, changes in overall conversions and product 

distribution from the individual hydrocarbons were clearly observed. For 

example, in the conversion of DMT in the presence of tetralone, 

dehydrogenated products (i.e., alkylnaphthalenes) became dominant rather than 

cracking products, which dominated in the pure DMT feed reaction. Similar 

Feed Coke (%)

Tetralone 1.28

n-Decane 0.98

Decalin 1.16

Tetralin 1.77

DMT 1.59

n-Decane + Tetralone 1.96

Decalin + Tetralone 2.21

Tetralin + Tetralone 2.07

DMT + Tetralone 1.12



83 
 

behavior was observed with tetralin. In this case, the conversion significantly 

increased with a higher selectively towards the dehydrogenated product, 

naphthalene. The dehydrogenation of DMT and tetralin can be ascribed to 

their intrinsic hydride donor ability, which is promoted in the presence of the 

hydride acceptor, 1-tetralone. In contrast to DMT and tetralin, no significant 

dehydrogenation products (i.e., tetralin or alkylbenzene) were obtained from 

decalin despite the high naphthalene/naphthol ratio observed in the parallel 1-

tetralone reaction. In fact, this ratio was as high as that obtained when co-

feeding tetralin. This suggests that the hydrogen transfer occurs from the 

cracking products, most of which end up as cycloalkenes and alkylbenzenes. 

Also, isomerization of (cis-, trans-) decalin, which involves hydrogen exchange 

but not net hydrogen donation may accelerate the hydrogen transfer process for 

the conversion of 1-tetralone into naphthalene and water. Therefore, a high 

yield of naphthalene was observed from 1-tetralone without a prominent change 

in the product distribution of decalin.  

In the case of n-alkanes co-feed, their weaker hydrogen-donor ability had 

little effect in the naphthalene/naphthol product ratio of 1-tetralone (i.e., only a 

slight increase from about 0.05 for pure 1-tetralin alone to 0.13 for the mixed 

feed with added n-decane). It can be suggested a small amount of hydrogen 

transfer from n-decane can take place, essentially associated with cracking and 

coke formation. However, the cracking of both n-decane and decalin, lacking 
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aromatic structure, is significantly suppressed in the presence of tetralone, due 

to a competitive adsorption of the oxygenate.  

At the same time, the yields of coupling products observed from all of 

the mixture feeds were significantly lower than that with pure 1-tetralone. This 

can be explained, again, by enhanced hydrogen transfer from the co-fed 

hydrocarbon, as well as by the dilution effect. The latter may be more 

important with the weaker hydrogen-donors (i.e., n-decane). However, a part of 

cracking products from decalin may participate in coupling formation, and 

result in a higher yield as compared to others. 

 

4.3.3. Effect of decalin concentration on the product distribution of 1-tetralone 

conversion over HY zeolites with varying acidity (Si/Al ratio 15 and 40)  

In addition to varying the nature of the hydrogen donor, we investigated 

the effect on hydrogen transfer of varying the concentration of the hydrocarbon 

as well as the acidity density of the catalyst. Increases in naphthalene yield 

were observed by increasing either the concentration of decalin (Figure 4.1a) or 

the acidity of the catalyst (Figure 4.2a). The contribution to naphthalene from 

decalin dehydrogenation is negligible under the reaction conditions investigated. 

Therefore, the enhanced concentration of naphthalene product can be solely 

ascribed to the tetralone conversion path, enhanced by hydrogen transfer. 

Since, in this path, hydrogen transfer enhances the conversion of naphthol to 
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naphthalene, a good indicator of the extent of hydrogen transfer is the 

naphthalene/naphthol ratio. This ratio clearly increases with either increasing 

concentration of the hydrogen donor (Figure 4.1b) or increasing acidity of the 

catalyst (Figure 4.2b). At the same time, since conversion of naphthol to 

naphthalene competes with isomerization, the 2-naphthol/1-naphthol ratio was 

found to decrease with increasing decalin concentration (Figure 4.1b). By 

contrast, when the acid density increases, both 1-naphthol isomerization and 

naphthalene production (i.e., hydrogen transfer) increase (Figure 4.2b) as 

expected.28,29 
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Figure 4.1 Effect of % co-fed decalin on (a) yield of naphthalene (NP); and (b) 
2-naphthol to 1-naphthol ratio, and NP to naphthol ratio.  

Reaction conditions: 450 °C, 1 atm He, TOS = 0.5 h.  
HY(Si/Al = 15) (open circle), HY(Si/Al = 40) (filled circle). 
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Figure 4.2 Effect of acidity on (a) yield of naphthalene (NP); and  
(b) 2-naphthol to 1-naphthol ratio, and NP to naphthol ratio.  

Reaction conditions: 450 °C, 1 atm He, TOS = 0.5 h.  
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4.3.4. Proton affinity of naphthol from DFT calculation  

As mentioned above, naphthalene formation occurs via the acid-

catalyzed dehydration of naphthol. Therefore, it is important to determine what 

kind of protonated naphthol species is the most probable structure.  

Figure 4.3 illustrates various possible protonated structures of naphthol and 

their corresponding proton affinity, which can be taken as a measure of their 

stability, i.e., the larger positive value the more stable. The various protonated 

species tested include the protonated keto-forms of 1-naphthol (1) and 2-

naphthol (2) to form carbenium ions; the oxiranium cation (3); the protonated 

enol-forms of 1-naphthol (4, 5) and 2-naphthol (6, 7). The results of the 

calculations show that protonated keto-forms are the most favorable species 

(PA = 900 and 910 kJ/mol for (1) and (2), respectively). By contrast, the 

species protonated at C=C bond (enol-form of both 1- and 2-naphthol (4, 6)), 

as well as that protonated at the oxygen atom (5, 7) are less likely to be 

formed, i.e., they have low PA values. The favorable configuration of the 

protonated keto-forms difference could be ascribed to the direct conjugation of 

the positive charge on the oxygen atom with the π-system of the aromatic ring. 

Hence, the high electron density in the ring makes it favorable to shift towards 

the protonated site, enhancing stability of the oxonium ion species.20,21 
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Figure 4.3 Possible C10H9O
+ ions. Protonation of naphthol is compared for the 

keto-forms of 1-naphthol (1) and 2-naphthol (2) to form carbenium ions; the 
oxiranium cation (3); and the enol-forms of 1-naphthol (4,5) and  
2-naphthol (6–7). The corresponding PAs in kJ/mol are shown  

in the parentheses. 
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4.3.5. Hydrogen transfer ability of hydrocarbon species from DFT calculations  

The hydride dissociation energies of various donor molecules calculated 

according to the Eqs. (2) and (3), relative to the C–H bond breaking in 

methane are shown in Figure 4.4 for different positions in each of the hydrogen 

donor molecule investigated. We can anticipate that the lower is the 

dissociation energy for a given molecular position, the more effective the 

hydrogen transfer should be. For a particular molecule, the energy required to 

dissociate the first hydride is lowest at the tertiary carbon, e.g., those in decalin 

and methyl tetralin, while the terminal carbon shows highest energy, e.g., those 

in n-decane, as expected.30,31 The dissociation from secondary carbons is 

relatively less probable as compared to that from tertiary carbons. Finally, the 

probability is particularly low (i.e., highest activation energy) for those from 

the aromatic ring, due to the higher electron density of carbons in the aromatic 

structure. The hydrogen on the aromatic ring is stabilized by sp2 hybridization 

and least likely to be removed. By contrast, the hydrogen dissociation from the 

benzylic carbon is preferentially favorable since the positive charge formed can 

be stabilized by the delocalized π-electrons of the resonance structure. This 

effect is more pronounced by combining this effect with the presence of a 

tertiary carbon, as observed in methyl tetralin. According to the calculations, 

methyl tetralin should be the best hydrogen donor. Indeed, the trend of 

hydrogen transfer ability (DMT > tetralin ≈ decalin > n-decane) predicted 
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according to the experimental naphthalene/naphthol ratios is consistent with 

the calculated relative activation energies for hydride dissociation.  

 

 

Figure 4.4 Relative activation energy of hydride dissociation at different 
locations of the donor molecules. The calculated values relative to methane,  

and computed by DFT. 

 

Moreover, the hydride transfer ability can be semi-quantitatively 

determined from the strength of individual –C–H bond in the naphthenic part 

of the molecules. As shown in Figure 4.5, a linear relationship can be found 

between the relative activation energy for hydride transfer reaction, as reported 

in Figure 4.4, and the Wiberg bond index calculated from the NBO analysis. 
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Figure 4.5 Relationships between the relative activation energy for hydride 
transfer reaction, and the bond index calculated from the NBO analysis. 

 

4.4. Discussion  

The catalytic conversion of 1-tetralone yields 1-naphthol as a primary 

product. Over strong acid sites, 1-naphthol can be isomerized to 2-naphthol, 

most probably via an oxiranium cation (3) as shown in the scheme below. At 

the same time, among all of the possible protonated naphthol species, the most 

stable structure is the most probable participant in the hydride transfer process. 

Therefore, the two keto-forms of naphthols (1,2) can the protonated species 

that can act as hydride acceptors, leading to dehydrogenation and formation of 
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cation (3) is less stable and therefore less probable in the intermediate state 

than the keto-form species.  

Depending on their hydrogen transfer ability, hydrocarbons can donate a 

hydride to the carbonyl carbon of the protonated keto-form of naphthol, 

generating the corresponding alcohol which can be rapidly dehydrated to 

produce naphthalene, as summarized in the scheme below. Since dehydration is 

relatively fast over acid catalysts,32 the rate at which naphthalene is produced 

can be determined by the rate of hydrogen transfer. The hydrocarbon acting as 

hydrogen donor is also converted according to their hydrogen transfer ability, 

giving rise to products that are also enhanced by the hydrogen transfer 

reaction, i.e., dehydrogenation and skeleton isomerization. From the 

applications point of view, the yield of naphthalene from 1-tetralone can be 

taken as a measure of the hydrogen transfer. So, the product distribution of 1-

tetralone conversion can be used as an indicator of the hydrogen transfer ability 

of a particular hydrocarbon or mixture of hydrocarbons for a given catalyst. A 

simple method like this could give refiners a tool to select feeds or predict what 

changes in olefinicity and octane number one could expect when the feed is 

changed.  
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DMT performed as the best hydrogen donor since it contains hydrogen 

on a tertiary benzylic carbon, which shows low relative activation energy for 

hydride dissociation (EA ∼0.693, Figure 4.4). Likewise, tetralin exhibits a high 

rate of hydrogen transfer due to the presence of benzylic hydrogens (EA ∼0.719). 

Both DMT and tetralin convert mainly to their corresponding dehydrogenated 

product when co-fed with 1-tetralone. Due to the presence of tertiary carbons in 

its structure, decalin also possesses low relative activation energy for hydride 

dissociation (EA ∼0.725), but unlike the molecules containing one aromatic ring, 

1 2

3
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decalin facilitates hydrogen transfer via isomerization (cis- and trans-). The 

small increase in the production of alkylbenzene from decalin is also an 

indication of hydrogen transfer. When co-feeding weak hydrogen donors, such 

as n-decane, the effects are much less apparent. Moreover, the competitive 

adsorption of 1-tetralone and its products on the surface readily suppress the 

overall conversion of n-decane. This inhibition is due to strong adsorption of 1-

tetralone and naphthol on the acid sites of the zeolite compared to a rather 

weak adsorption of the paraffin, lowering its reaction rate.  

 

4.5. Conclusions 

The acid-catalyzed reaction of 1-tetralone produces 1-naphthol as 

primary product, followed by secondary isomerization of 1-naphthol to 2-

naphthol. The presence of hydrocarbons in the feed, which can act as a 

hydrogen donor, promotes hydrogen transfer reaction to the surface protonated 

naphthol, facilitating the dehydration of the corresponding alcohols to form 

naphthalene. Therefore, the yield of naphthalene from 1-tetralone can be taken 

as a measure of the hydrogen transfer. So, the product distribution of 1-

tetralone conversion can be used as an indicator of the hydrogen transfer ability 

of a particular hydrocarbon or mixture of hydrocarbons. Both, the experimental 

naphthalene/naphthol ratios obtained experimentally and the DFT calculations 

show that the hydrogen transfer ability of hydrocarbon species follows the order 
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DMT > tetralin ≈ decalin > n-decane. It has been shown that the hydrogen 

transfer reaction is also sensitive to acid site density (Si/Al ratio) and by a 

hydrogen donor concentration.  
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CHAPTER 5 

 

5. Catalytic Conversion of Anisole over HY and HZSM-5 Zeolites in 

the Presence of Different Hydrocarbon Mixtures  

 

5.1 Introduction  

The unprecedented interest in renewable energy expressed in recent 

years by both government and industry has greatly accelerated research in this 

field.1 As a result of these efforts, a significant increase in the role of renewable 

sources is expected for the near future.2 In this regard, transportation is a 

crucial sector in which biomass-derived liquid fuels may have an important 

impact.3,4 Among the various approaches for production of biomass-derived 

liquids investigated during the last few decades, fast pyrolysis and catalytic 

pyrolysis appear as potential options.5 The products from these pyrolysis 

processes (so-called bio-oils) comprise different amounts of acids, esters, 

alcohols, furfural, aldehydes (including benzaldehyde with methyl and/or 

hydroxyl groups), and phenolics (phenol with methyl, methoxy and/or propenyl 

groups).6-9 Consequently, the oils directly obtained from fast pyrolysis (or even 

catalytic pyrolysis) processes cannot be directly used as transportation fuels 

without a prior upgrade. Their high oxygen and water contents cause chemical 
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instability, immiscibility with hydrocarbon fuels, high viscosity, high acidity, 

and low heating value.10  

A major challenge in processing bio-oils in commercial scale is the 

massive production volume that will need to be handled. Therefore, it will be 

desirable to utilize existing refining infrastructure. For example, fluid catalytic 

cracking (FCC) represents a possible upgrading alternative since it is one of the 

largest refinery processes, it has flexibility for handling varying feedstocks, and 

does not require hydrogen, a valuable commodity. The primary function of the 

FCC process is to convert gas-oil streams containing high-boiling-point and 

high-molecular-weight hydrocarbons to more valuable products, such as high-

octane gasoline and olefin-rich light gases, e.g. propylene. Co-processing bio-oils 

with conventional crude oil cuts in FCC units has been discussed in the 

literature.11-14  

Phenolics derived from lignin represent a significant fraction of bio-oil 

and are known to be much more refractory than other oxygenates in bio-oil.15-18 

Moreover, they tend to accelerate catalyst deactivation due to enhanced coke 

formation and strong adsorption on acid sites.13,14 The objective of this 

contribution is to quantify this deactivating tendency on acidic zeolites, using 

anisole as a model phenolic compound and to explore the effects of the presence 

of some hydrocarbons representative of FCC components. We conducted most 

of our studies on HY zeolites, which are typical active components in FCC 

catalysts.19 For comparison, the behavior observed on an HZSM-5 zeolite was 
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also investigated. The influence of feed composition on the activity, product 

selectivity, and catalyst stability was investigated for various hydrocarbons in a 

continuous flow reactor. In addition, experiments were performed using a pulse 

reactor to elucidate the reaction pathway for the specific mixture of anisole and 

tetralin, which is an effective H-donor.  

 

5.2 Experimental  

 

5.2.1 Catalytic measurements  

The catalytic measurements were conducted on a ¼” stainless steel 

tubular reactor. Commercial zeolites (HY (Si/Al = 15 and 40) from Zeolyst 

International and HZSM-5 (Si/Al=45) from Süd-Chemie were used as catalysts. 

Anisole, a phenolic model compound with a methoxy functionality, typically 

present in bio-oil phenolics, was used as the main feed. Various hydrocarbons 

including propylene (C3=), benzene (Bz), n-decane (n-C10) and tetralin (Tet), 

were used as co-feeds. In each run, the catalyst sample (50 mg, 40–60 mesh) 

was placed at the center of the reactor and held in place with plugs of clean 

glass wool. The top and bottom parts of the packed bed were filled with 3 mm-

diameter glass beads. The thermocouple was affixed to the outside wall of the 

reactor, at the height corresponding to the center of the catalyst bed. The 
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operating conditions were as follows: atmospheric pressure, 400 °C, He carrier 

gas (40 mL/min), space-time (W/F) 0.42 h, with respect to the mass flow rate 

of anisole in both pure and mixed feeds. Prior to each run, the feed was sent 

through a by-pass until the concentration stabilized. At this point, the feed 

stream was switched to enter the reactor. The feed was introduced from a 

syringe pump at a liquid flow rate 0.12-0.24 mL/h and vaporized before 

entering the reactor. All pipelines were kept heated at 300 °C to avoid 

condensation of reactants. The products were analyzed on-line using an HP5890 

gas chromatograph, equipped with an HP-5 column and a flame ionization 

detector (FID) detector. In parallel, the effluent was trapped in methanol, and 

analyzed by GC–MS (Shimadzu QP2010s) with the same HP-5 column, using 

reference standard compounds for identification. The space time (W/F), 

expressed in hours, is defined as the ratio between the mass of the catalyst and 

the mass flow rate of the feed.  

It must be noted that the thermal conversion (i.e. blank run with an 

inert at the same reaction temperature) was negligible for all mixed feeds 

investigated.  

 

5.2.2 Pulse experiment 

The same reactor system was modified to operate in the pulse mode. In 

this case, two six-port valves were placed in a heating box, connected to the 
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reactor inlet, outlet and sample loop to switch the flow and inject the pulse of 

reactant. The reactor includes 2 parallel ¼” stainless steel tubes, one for bypass, 

and the other for reaction, which are connected through 3-way valves, also 

placed inside the oven. The tubing was heated by heating tape to avoid 

condensation of the reactants.  

The feed was injected from a syringe pump, evaporated in the injection 

port and carried by He gas flow (He #2) into the sampling valve to fill the 

loop. Then, by switching the six-port valve, another He gas stream (He #1) 

was used to push the mixture from the sample loop into the reactor and carry 

it directly into the GC column for analysis. The 30mg catalyst sample (HY, 

Si/Al=40 or HZSM-5, Si/Al=45) was mixed with 70mg Hisil silica used as 

diluents and packed in the reactor tube. The catalyst bed was placed between 

two sections of 1-mm glass beads and fixed in place with clean glass wool. 

Before starting the pulse reaction experiment over the catalyst, the mixture 

from the sample loop was sent repeated times through the bypass line until a 

stable pulse size was measured in the GC. Then, the 3-way valves were switch 

to reactor tube. The products leaving the reactor were analyzed by the same 

GC-FID system mentioned above. The operating conditions for the pulse 

experiments can be specified as follows. Pulse: 1.0-sec retention time, size: 

0.0033 mmol tetralin and 0.0017 anisole mmol, atmospheric pressure, 450 °C.  
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5.2.3 Catalyst characterization  

The coke deposited during reaction was analyzed by temperature 

programmed oxidation (TPO) of 30 mg samples of spent catalyst, under a gas 

flow of 2% O2/He (30 mL/min). The heating ramp was 10 °C /min. The signals 

of H2O (m/z = 18) and CO2 (m/z = 44), were continuously monitored by a 

mass spectrometer (MKS). The total amount of coke deposits on the catalysts 

was quantified by a carbon elemental analyzer.  

The acidic properties of the various zeolites were characterized by 

temperature programmed desorption of ammonia (NH3-TPD), conducted in a 

0.25 in. o.d. quartz reactor. Before each experiment, a 50 mg zeolite sample was 

pretreated for 0.5 h in flowing He (30 mL/min) at 600 °C to eliminate any 

adsorbed water. Then, the temperature was lowered to 100 °C, and the sample 

exposed to a 2% NH3/He, 30 mL/min stream for 30 min to reach saturation. 

After exposure, pure He was passed for 0.5 h over the sample to remove any 

weakly adsorbed NH3. To conduct the TPD, the temperature was increased at a 

heating rate of 10 °C/min up to 650 °C. The evolution of desorbed species was 

continuously monitored by a Cirrus mass spectrometer (MKS) recording the 

signals m/z = 17 and 16 (corresponding to NH3) and 41 (corresponding to 

propylene). The density of acid sites was quantified by calibrating the MS 

signals with the average of ten 5-mL-pulses of 2% NH3/He. 
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5.2.4 Computational details  

The zeolite catalyst was simulated by an extensively used cluster model, 

which contains four tetrahedral atoms (4T) three silicon and one aluminum 

atom in order to generate the acidic site.20 The silicon and oxygen atoms 

bonded to aluminum are saturated with hydrogen atoms, therefore creating a 

small surface of zeolite. According to the quite small size of the cluster, reacting 

molecules on the cluster were optimized with care to ensure that reactants and 

products were coordinated similarly to the cluster for all reactions, which 

leading to the reliable energy trends.  

All calculations were performed by using GAUSSIAN 03 suite of 

programs.21 The B3LYP hybrid density functional combined with 6-31G(d) 

basis sets was utilized for all geometry optimizations. No geometric constraints 

were used in the optimizations.22-24 For all stationary points, vibrational spectra 

were calculated to ensure the correctness of calculations such as one imaginary 

frequency for transition states and zero for energy minima.  
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5.3. Results and discussion 

 

5.3.1 Catalytic reactions of pure anisole over HY zeolite  

The total conversion and product distribution obtained from feeding 

pure anisole (An) onto the HY zeolite are summarized in Table 5.1. The main 

products were phenol (Ph), cresol isomers (Cr), xylenol isomers (Xol), 

methylanisole isomers (MA), and trace amount of light gases (mainly methane 

for pure anisole feed and C1-C5 hydrocarbons for mixture feeds). In line with 

anisole conversion results previously observed on HZSM-5,25-27 we find here that 

transalkylation is the dominant reaction over HY. The transalkylation steps 

involved in the anisole conversion that account for the observed products, are 

as follows.25   

An + An � Ph + MA 

An + Ph  �  Ph + Cr 

An + Cr  � Ph + Xol 

MA + Ph � Cr + Cr 
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Table 5.1 Product distributions from conversion of anisole and anisole-tetralin 

mixture (∼50% tetralin) over HY zeolite. Reaction conditions: W/F = 0.42 h 
(wrt. anisole for co-feed reaction), T = 400 °C, P = 1 atm He. 

 

 

 

 

Feed Anisole Anisole + Tetralin

TOS 0.5 h TOS 3.0 h TOS 0.5 h TOS 3.0 h

Conversion of anisole 83.6 13.9 100.0 100.0

Conversion of tetralin - - 98.4 96.6

Yield (wt%)

C1-C5 1.2 0.2 8.8 8.2

Anisole 16.4 86.1 0.0 0.0

Phenol 35.2 6.8 28.1 29.2

Methylanisoles 3.3 4.2 0.0 0.0

Cresols 26.4 1.4 12.5 13.1

Xylenols 17.5 1.3 2.8 2.8

Benzene 0.0 0.0 2.1 1.9

Toluene 0.0 0.0 3.5 3.0

Alkylbenzene 0.0 0.0 9.7 8.8

Tetralin 0.0 0.0 0.8 1.7

Naphthalene 0.0 0.0 20.0 19.9

Alkylnaphthalene 0.0 0.0 9.9 9.5

Heavies 0.0 0.0 1.8 1.9

Selectivity of anisole products (wt%)

Methane 1.4 1.4 2.8 1.1

Phenol 42.1 48.9 63.7 64.0

Methylanisoles 3.9 30.2 0.0 0.0

Cresols 31.6 10.1 27.4 28.7

Xylenols 20.9 9.4 6.1 6.1
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Scheme 1 

 

It must be noted that these steps are not necessarily elementary and 

may involve intermediate steps.25 Two possible reaction pathways can be 

considered for the transmethylation steps involved in these reactions (see 

scheme 1). The first one is a dissociative pathway, in which an anisole (An) 

molecule generates phenol (Ph) and a methyl group, which may remain on the 

catalyst site as a surface methoxy. In a second step, this methoxy group can be 

transferred to another aromatic molecule. This aromatic molecule could be An 

yielding MA (as shown in Scheme 1), but it also could be any of the molecules 

included in the secondary reactions shown above (Ph, Cr) or an aromatic 

molecule present in the feed, (e.g., tetralin). The second possible reaction 

patway involves a non-dissociative bimolecular reaction. In this case, as shown 

in Scheme 1, two anisole molecules directly interact on the surface, producing 

Ph and MA. A similar non-dissociative bimolecular reaction could in principle 

O OH

O O

Dissociative (sequential path)

O OH O

Non-dissociative (bimolecular path)

+    S−CH3

+    S−CH3

S

2S
2 +
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be operative for the other reactions mentioned above, including the reaction 

with tetralin, which is discussed below.  

 A rather fast catalyst deactivation was observed as a function of time 

on stream (TOS). That is, within 3 h of reaction, the anisole conversion 

dropped from more than 83% to less than 14%. Both, coke formation and 

strong adsorption of phenolic compounds (i.e. anisole and its derivatives) may 

be responsible for the rapid catalyst deactivation.13,14 An interesting trend in 

product distribution can be observed as the catalyst deactivates. Figure 5.1 

shows the evolution of products (in yield %) as a function of TOS. It is first 

noted that phenol (Ph) is the most abundant product at all TOS. At the 

beginning of the run, the yield of cresol (Cr) and xylenol isomers (Xol) is higher 

than that of MA; however, this trend is reversed as the catalyst deactivates (i.e. 

at high TOS). A previous kinetic study25 demonstrated that Ph and MA are the 

two primary products arising from anisole disproportionation. By contrast, Cr 

and Xol appear as secondary products derived from subsequent transalkylation 

steps.  

The evolution of MA shows a maximum as a function of TOS. MA is 

only produced in the primary transalkylation while the subsequent steps only 

consume it. The catalyst deactivation causes and initial increase in MA due to 

a decreased consumption, but at long enough TOS the deactivation affects the 

primary step as well and the overall generation of products, including MA, 
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decreases. This maximum was not observed for Ph, which in secondary steps, is 

not only consumed but also produced. 

 

 

Figure 5.1 Product composition at the reactor outlet as a function of time on 
stream during anisole conversion over the HY zeolite.  

Reaction conditions: W/F = 0.42 h , T = 400 °C, P = 1 atm He. 

 

5.3.2 Effect of mixing anisole with different hydrocarbons over zeolites 

To compare the effect of co-feeding hydrocarbons on the reaction of 

anisole, reactions with mixed feeds were performed at the same W/F(An) = 

0.42 h with respect to the mass rate of anisole (F(An)). That is the total W/F 
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was in fact lower for the mixture because the total feed rate of the mixture (F) 

was higher than the feed rate of anisole alone (F(An)), which was kept 

constant. As seen in Table 1, the anisole conversion of feed containing 50% 

tetralin was enhanced dramatically to ∼100% (i.e. W/F became in excess) even 

though the total W/F was lower and the W/F(An) was the same as in the case 

of pure An.  

In addition to the changes in activity and stability, significant changes in 

product distribution were observed with the mixed feed in comparison to the 

reaction with the pure anisole. For example, the amount of methylanisoles, 

cresols, and xylenols obtained with pure anisole were significantly higher than 

those obtained with the mixed feed. At the same time, no changes in product 

distribution were observed as a function of TOS during the reaction. As we 

have recently discussed,28 tetralin is an effective H-donor in H-transfer 

reactions, and it is conceivable that a similar effect is responsible for the 

enhancement observed here.  

A similar set of experiments was conducted with different co-fed 

hydrocarbons (∼50% hydrocarbon − 50% anisole). The effect of the presence of 

different hydrocarbons in the mixture is illustrated with the different 

deactivation profiles shown in Figure 5.2 together with the profile obtained with 

anisole alone (dashed line). The addition of tetralin greatly increased the anisole 

conversion on the HY zeolite. Since the conversion was 100% during the entire 

reaction time it is not possible to evaluate the deactivation, but it is clear that 
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the activity remained very high during the 3 h of the experiment. It is 

suggested that H-transfer from tetralin, a good H-donating compound28 

participates in this enhancement in conversion, which also results in 

minimization of coke deposition.  

 

 

Figure 5.2 Anisole conversion over HY zeolite with different co-fed 
hydrocarbons as a function of time on stream. Pure anisole feed is indicated 

with a dashed line. Reaction conditions: W/F = 0.42 h (wrt. anisole for co-feed 
reactions), co-feed concentration = ∼50%, T = 400 °C, P = 1 atm He. 
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anisole. Benzene is not a H-donor molecule and therefore it is not surprising 

that it showed no enhancement in either anisole conversion or catalyst stability. 

Interestingly, as shown in Figure 5.2, adding only 5% of tetralin into the 

anisole/benzene mixture had a significant positive impact on anisole conversion. 

The addition of n-decane had a noticeable effect, although not as pronounced as 

that obtained with tetralin. Finally, co-feeding propylene had a negative effect 

on anisole conversion; it is evident that propylene itself can participate in coke 

formation29,30 and accelerates catalyst deactivation. 

The presence of tetralin not only enhanced anisole conversion, but also 

influenced product distribution, as shown in Figure 5.3. For instance, the degree 

of the secondary reaction of phenol alkylation can be measured by the ratio 

(Cr+Xol)/Ph. For the pure anisole feed, this ratio was about 1.2 at the start of 

the reaction and decreased to about 1.0 as the catalyst deactivated, since the 

contribution of the secondary reactions became less prominent (Figure 5.4a). 

Similar behavior is observed when the anisole feed was mixed with propylene, 

n-decane or benzene than for pure anisole (Figures 5.4 c and d). By contrast, 

the ratio was less than about 0.5 for the anisole/tetralin mixture and it 

remained unchanged as a function of TOS (Figure 5.4b). The reduced phenol 

alkylation in the presence of tetralin was compensated by an increase in the 

alkylation of tetralin. In fact, the alkylnaphthalenes/naphthalene ratio 

gradually increases with the concentration of anisole in the feed as compared 

with that of pure tetralin (Figure 5.5). This trend demonstrates that anisole can 
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transfer its methyl group from the methoxyl group to naphthalene, which is a 

product of tetralin dehydrogenation.  

 

 

Figure 5.3 Degree of phenol alkylation (i.e. (Cr+Xol)/Ph yield ratio) for pure 
anisole and mixture feed reactions over the HY zeolite.   

Reaction conditions: W/F = 0.42 h (wrt. anisole), T = 400 °C, P = 1 atm He, 
co-feed concentration = ∼50%, TOS = 0.5 h. 
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Figure 5.4 Relationship between conversion of anisole and degree of phenol 
alkylation as a function of time on stream for a) pure anisole, b) anisole-tetralin 

mixture, c) anisole-benzene mixture, and d) anisole-n-decane mixture feeds.  
Reaction conditions: W/F = 0.42 h (wrt. anisole), T = 400 °C, P = 1 atm He, 

co-feed concentration = ∼50%, TOS = 0.5 h.  
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Figure 5.5 Alkylnapthalenes/naphthalene product ratio for pure tetralin and 
mixture feed reactions over the HY zeolite. Reaction conditions: W/F = 0.42 h 

(wrt. anisole), T = 400 °C, P = 1 atm He, TOS = 0.5 h. 
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same trend is observed whether the amount of C deposits is compared to either 

the total amount of anisole or the total amount of feed passed over the catalyst.  

 

Table 5.2 Comparison of amount of carbon deposited on spent catalysts from 
the reactions of different mixture feed over the HY zeolite.  

Reaction conditions: W/F = 0.42 h (wrt. anisole for co-feed reaction),  
T = 400 °C, P = 1 atm He. TOS = 3 h. 

 

 

We rationalize the reduction in C deposits by an enhanced H-transfer, 

which as previously shown,31 inhibits coke formation that results in catalyst 

deactivation, in line with the higher stability shown in Figure 5.2 when tetralin 

is added to the feed.  

This concept is further supported by the almost insignificant effect on 

coke formation observed when other hydrocarbons with lower H-transfer 

capacity are used as co-feed. In fact, the amount of C deposited when 

incorporating n-decane and benzene to the anisole feed was about the same as 

Feed C (wt %) mgcarbon/ganisole mgcarbon/gtotal feed

Pure An 11.8 16.5 16.5

Pure Tet 3.0 - 4.1

An + Tet (50%) 6.0 8.4 4.2

An + Tet (35%) 8.8 12.3 8.0

An + n-C10 10.6 14.8 7.4

An + Bz 11.6 16.2 8.1

An + C3= 15.9 22.3 11.1
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that deposited when anisole was used as a pure feed. Moreover, when a coke-

forming molecule such as propylene was used, the C deposits increased to 15.9 

wt% C. That is, the trends in coke formation are consistent with the observed 

deactivation patterns (Figure 5.2).   

To gain further insight about the nature of the coke deposits, the 

evolution of H2O and CO2 during the TPO of the coked catalysts was 

monitored and quantified in a mass spectrometer. The integrated intensity 

ratios between the H2O and CO2 signals are reported in Table 5.3. It is 

apparent that the reaction under pure anisole produced a coke richer in H 

compared to that obtained under either pure tetralin or the anisole/tetralin 

mixture. This difference suggests that, in the absence of tetralin, anisole adsorbs 

strongly on the HY zeolite and forms carbonaceous deposits with a much lower 

extent of dehydrogenation.13,14 So, the deactivation due to anisole can be 

described as a molecular condensation process on the active surface, rather than 

the typical formation of polyaromatic coke. By contrast, in the presence of 

tetralin, elimination of anisole and its surface derivatives from the surface is 

assisted via H-transfer from tetralin. The coke thus formed is primarily arising 

from tetralin and from those species which cannot be eliminated from the 

surface via H-transfer. They become more dehydrogenated than the adsorbed 

anisole species, as suggested by the low H2O/CO2 ratio observed during TPO 

(Table 5.3). 
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Table 5.3 Amounts of carbon formed on the spent over the HY zeolite. 
Reaction conditions: W/F = 0.42 h (wrt. anisole for co-feed reaction),  

T = 400 °C, P = 1 atm He. TOS = 3 h. 

 

 

5.3.4 Recovery of anisole conversion by flushing the spent catalysts with tetralin  

Two additional experiments were conducted to shed further light on the 

role of tetralin in inhibiting deactivation by anisole (Figure 5.6). In the first 

experiment, a flow of pure anisole in He carrier was continuously fed for 2 h 

into the reactor at a W/F =0.42 h and T = 400 °C. After stopping the flow of 

anisole (in He), pure tetralin (in He) was injected at the same W/F during 1 h. 

Finally, the feed of pure anisole (in He) was restarted at the same initial 

conditions. It is observed that during the first 2 h of reaction, the conversion of 

anisole dropped from ∼80% to ∼20%. However, after passing pure tetralin (in 

He) for 1 h, the anisole conversion was observed to recover to about 40%. After 

re-injection of the pure anisole feed, the catalyst started deactivating again. The 

partial recovery of the catalyst activity by passing tetralin suggests that at 

least some of the catalyst sites deactivated by anisole (or its derivatives) can be 

regenerated in the presence of tetralin. That is, unlike the typical deactivation 

Feed C (wt %) mgcarbon/gtotal feed AH2O/ACO2

Pure Tet 3.0 4.1 0.26

An + Tet (50%) 6.0 4.2 0.28

Pure An 11.8 16.5 0.56
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by coke, the strong adsorption of phenolic compounds (e.g. anisole and phenol) 

can be partially reversible by H-transfer from tetralin.   

 

 

Figure 5.6 Effect of co-fed tetralin on anisole conversion over the HY zeolite. 
Reaction conditions: W/F = 0.42 h (wrt. anisole for co-feed reaction),  

co-feed concentration = ∼50%, T = 400 °C, P = 1 atm He. 

 

In the second experiment in this series, pure anisole (in He) was fed into 

the reactor for 2 h, under the same conditions as in the other sequence. 

However, in this case, after the first anisole reaction period, a 50/50 

tetralin/anisole mixture was co-fed while the anisole conversion was being 

measured. As shown in Figure 5.6, a remarkable increase in anisole conversion 
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that went from ∼20% to ∼100% was observed as a function of time on stream, 

exceeding even the initial conversion observed under pure anisole. In this case, 

the role of tetralin is not only helping remove fragments that deactivate the 

surface, but also starting the non-dissociative bimolecular transalkylation, 

which is very significant on the open structure of HY zeolite. 

 

5.3.5 Reaction pathways 

As mentioned above two possibilities can be considered for the 

transmethylation of aromatic molecules containing a methoxy group, a 

dissociative sequential pathway and a non-dissociative bimolecular pathway.  

To check whether these paths occur to a significant extent the following 

experiment was devised. After stabilizing the reactor and the detector, a pulse 

of anisole was first fed to the reactor followed by a pulse of tetralin sent 4-5 s 

later. Since the two reactants are not simultaneously present on the catalyst, it 

is anticipated that only if the dissociative (sequential) pathway is operative 

transmethylation will be observed. That is, the anisole from the first pulse, can 

dissociate and leave a methyl group on the surface, this group can subsequently 

react with tetralin sent in the subsequent pulse.  

Methylation preferentially occurs on activated aromatic rings. The 

aromatic ring in tetralin is highly activated and therefore it has the tendency to 
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accept a methyl group. At the same time, tetralin is a hydrogen donor and can 

easily dehydrogenate to naphthalene. Since the hydrogenation/dehydrogenation 

reactions can be equilibrated at the high temperature of the experiments, while 

alkylation involves tetralin, only alkylnaphthalene and naphthalene are 

observed in the products, as illustrated in Scheme 2.  

 

Scheme 2 

 

 

Accordingly, the ratio of methylnaphthalene-to-naphthalene represents 

the degree of transalkylation of tetralin. As shown in Figure 5.7, this ratio 

greatly increased with the addition of anisole since with pure tetralin, alkylation 

can only occur from cracking fragments. The significant increase observed 

during the sequential pulses (An→Tet) compared to pure tetralin supports the 

concept of the dissociative mechanism. It is conceivable that, while the 

separation time between the anisole and tetralin pulses was very short (4 sec.), 

a significant fraction of the methyl group may leave the surface under the 

CH3

- 2H2

- 2H2
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continuous flow of He; therefore, the degree of tetralin alkylation in the 

sequential pulse experiment (i.e. An→Tet) is always lower than that for the 

mixed pulses (i.e. An+Tet), in which the surface methyl groups can be 

consumed immediately, as also shown in Figure 5.7 (grey bars).  

 

 

Figure 5.7 Alkylnapthalenes/naphthalene product ratio (at the 5th pulse) for 
pure tetralin and mixture feeds over the HY and HZSM5 zeolites in pulse 

experiment. Reaction conditions:  T = 450 °C, P = 1 atm He.  
pure Tet: pure tetralin, catalyst/feed ratio = 70 (g/g);  An → Tet: pulse 

tetralin right after anisole injection, catalyst/feed ratio = 70 (g/g tetralin) and 
150 (g/g anisole); An + Tet: mixture of anisole and tetralin (30 wt% tetralin), 

catalyst/feed ratio = 70 (g/g tetralin).   

 

Interesting differences are observed when the results obtained on HY are 

compared to those obtained over an HZSM-5 zeolite of similar Si/Al ratio. 
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When the sequential anisole/tetralin pulses were sent over the catalysts, the 

degree of tetralin alkylation (as measured by the alkylnaphthalene/naphthalene 

ratio) was almost identical for both HZSM-5 and HY. As discussed above, only 

the dissociative reaction pathway is operative in this case since anisole and 

tetralin are not simultaneously present over the catalysts. This reaction mode 

shows no significant differences between the two zeolites, with comparable 

number of acid sites. In contrast, in the mixed feed pulse experiments the 

extent of alkylation was much lower for HZSM-5 than for HY. Certainly, the 

differences in structure show a greater effect for the bimolecular path. The 

HZSM-5 zeolite has 10-membered ring aperture channels, with the diameter of 

5.6 Å, whereas HY has 12-membered ring aperture channels with the diameter 

of 7.4 Å and much larger void spaces in the supercages.32 The more open 

structure of HY is favorable for the bimolecular re-arrangements required for 

the non-dissociative path, which results in an extra contribution towards the 

alkylation rate via the non-dissociative bimolecular path. By contrast, it has 

been long recognized that the much more restrictive pores in HZSM-5 inhibit 

bimolecular encounters.33 More recent molecular dynamics studies of aromatics 

in MFI structures support this concept.34 Similarly, one can predict that tetralin 

and anisole can diffuse with significant hindrance into the small channel of 

HZSM-5 and, as a result, the bimolecular reactions would be inhibited, making 

the dissociative reaction pathway dominant.  
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Furthermore, the two proposed mechanisms, dissociative and non-

dissociative, were theoretically investigated by the model described above. For 

dissociative reaction pathway, migration of the methyl group of anisole (i.e. R–

O–CH3) occurs via the zeolite surface. If we consider now the corresponding 

surface methoxide formation from anisole, the reaction starts with the 

adsorption of anisole on the Brønsted acid active site of a zeolite, as the end-on 

adsorption complex. The potential energy diagram for this reaction is shown in 

Figure 5.8 and selected geometrical parameters are listed in Table 5.4. The 

anisole adsorbs on the acidic site through the H-bonding interaction between its 

oxygen (O3) and the surface proton (H1). The H1-O1 distance, therefore, 

increases from 0.96 to 1.02 Å (Ads_An). At the same time, C1-O3 is weakening 

(i.e. lengthened by 0.05 Å) because the electron is transferred from O3 to H1 

during H-bonding.35 In the transition state, the proton (H1) is migrated to the 

oxygen of adsorb anisole (O3) to form the H1-O3 bond; thereby the C1-O3 

bond of the adsorbed anisole is cleaved to form the leaving phenol molecule. Its 

oxygen atom O3, C1, and the surface oxygen atom, O2, are aligned in a linear 

way. The breaking C1-O3 bond is elongated from 1.47 to 1.69 Å, and the C1-

O2 distance decreases to 2.27 Å. The activation energy for the protonation step 

is 48.9 kcal/mol, which is slightly higher than the protonation of dimethyl ether 

(42.9 kcal/mol).35 Next, the surface methoxide species and a methanol molecule 

are generated on the zeolite framework. The surface C1-O2 distance in the 

surface methoxide species is 1.46 Å (Z-OCH3). The calculated adsorption energy 

of the methoxide-phenol complex calculated is 7.9 kcal/mol.  
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Figure 5.8 Potential energy diagram for the surface methoxide formation step 
of the dissociative mechanism for anisole protonation.  

B3LYP/6-31G(d)+ZPE energies. 

 

A
d
s_

A
n

(0
.0

 k
c
a
l/

m
o
l)

T
S

d
is
so

Z
-O

C
H

3
+

P
h

(4
8
.9

 k
c
a
l/

m
o
l)

(7
.9

 k
c
a
l/

m
o
l)

O
1

O
2

O
3

O
3

O
1

O
2

O
2

O
1

O
3

A
lC
1

H
1

H
1 A
l

C
1

C
1

H
1

A
l



127 
 

Table 5.4 Optimized geometrical parameters of adsorption complexes  
for anisole protonation step to form surface methoxide  

of dissociative pathway (distances in Å). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Isolated
Anisole 

adsorption
Transition 

state
Surface 

methoxide

Anisole Zeolite (Ads_An) (TSdisso) (Z-OCH3)

Distances

O1-H1 - 0.96 1.02 3.56 -

H1-O3 - - 1.51 0.97 -

C1-O2 - - 3.98 2.27 1.46

C1-O3 1.42 - 1.47 1.69 -
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 Subsequently, the surface methoxide species on the zeolite surface acts as 

a methylating agent for an unsaturated molecule e.g. ethylene, propylene, 

phenol, and anisole. Propylene is used as an example for demonstration in this 

study. The corresponding calculated energy profile is shown in Figure 5.9, and 

geometric parameters are listed in Table 5.5. Propylene adsorbed on the surface 

methoxide and formed coadsorption complex (C3=_Z-OCH3) as an initial step. 

Next, the reaction proceeds via the transition state (TSmethyl) that involves the 

concerted bond breaking of the C1-O2 bond and the formation of the C1-C2 

bond. The C1-O2 distance increases from 1.46 to 2.29 Å, while the length of the 

C1-C2 distance decrease to 2.03 Å. At the same time C=C double bond of 

propylene (C2-C3) is weakening and the bond distance is slightly increased by 

0.02 Å. This step of propylene methylation shows the calculated activation 

energy 36.8 kcal/mol. The corresponding butoxide intermediate (Z-OC4) was 

produced and covalently bond to the O1 oxygen bridging atom of the zeolite 

framework. The adsorption energy of the butoxide intermediate is -14.6 

kcal/mol. Then butene product can be formed via deprotonation reaction as the 

final step. In addition to propylene as a methyl acceptor, a similar study 

reported the energy barrier for methylation of ethylene 21.4 kcal/mol.35 The 

activation energies for methylation are lower thane that of the methoxide 

formation. Therefore, it can be assumed that the anisole protonation to form 

the surface methoxide species is the limiting step of dissociative reaction 

pathway.  
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Figure 5.9 Potential energy diagram for the propylene methylation reaction 
step of the dissociative mechanism. B3LYP/6-31G(d)+ZPE energies. 
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Table 5.5 Optimized geometrical parameters of adsorption complexes for 
propylene methylation step of dissociative pathway (distances in Å). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Isolated
Coadsorption

complex
Transition 

state
Butoxide 

Propylene Methoxide (C3=_Z-OCH3) (TSmethyl) (Z-OC4)

Distances

C1-O2 - 1.46 1.46 2.29 3.69

C1-C2 - - 4.09 2.03 1.54

C1-C3 - - 3.87 2.32 2.49

C2-C3 1.33 - 1.34 1.36 1.53

C3-O1 - - 3.92 3.73 1.48
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 An alternative possible pathway is associative mechanism which has 

been assumed, where initially both reactants are loosely bound (physisorbed) to 

the cluster. Carbon-carbon bond formation then occurs in a single-step fashion 

and does not involve a methoxide intermediate. The energy profile for phenol 

methylation with anisole is shown in Figure 5.10, and selected geometrical 

parameters are listed in Table 5.6. This reaction is also initialized by adsorbed 

anisole and phenol over the Brønsted acid site (Ads_An+Ph). Then, phenol is 

methylated directly by anisole without the formation of the methoxide 

intermediate. Anisole is adsorbed on the acidic proton (H1) in the end-on 

formation via H-bonds. The neighboring phenol molecule is adsorbed weakly. 

The O1-H1 distance increases from 0.96 to 1.01 Å upon absorption, and the C1-

O3 bond distance increases by approximately 0.03 Å. In the transition state 

(TSasso) of this step, the adsorbed anisole is protonated at the O3 atom by the 

proton (H1) of zeolite. This methyl group undergoes an SN2 type umbrella 

inversion and transferred to react with the C2 of the phenol molecule leading to 

the formation of the alkoxide species (Z-OR). The O1-H1 bond and C1-O3 

distances are elongated to 1.60 and 4.46 Å, respectively, while the O3-H1 

distance is shortened to 1.00 Å. The corresponding calculated energy barrier is 

51.1 kcal/mol. Next, the alkoxide complex (Z-OR) is formed with a C3-O2 bond 

length of 1.51 Å and adsorption energy of 10.3 kcal/mol. A lower activation 

energy for alkoxide desorption is expected,35,36 thereby the direct methylation is 

considered as the limit step for associative reaction pathway which is slightly 

higher than the barrier for dissociative reaction pathway (48.9 kcal/mol). 
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Figure 5.10 Potential energy diagram for the associative phenol methylation 
with anisole reaction pathway. B3LYP/6-31G(d)+ZPE energies. 
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Table 5.6 Optimized geometrical parameters of adsorption complexes for 
associative phenol methylation with anisole (distances in Å). 

 

 

5.4. Conclusions  

 The conversion of anisole on HY zeolite produces phenol, cresols, 

xylenols and methylanisoles as main products during several transalkylation 

steps. Catalyst deactivation is significant under the reaction conditions and it is 

caused by strong adsorption of phenolic compounds and coke formation. The 

latter is an irreversible process, whereas the former is reversible and can be 

minimized by incorporation of molecules such as tetralin with high H-transfer 

capacity. Co-feeding tetralin or other H-donors has a beneficial effect on anisole 

conversion and reduces coke formation. Other hydrocarbons with a weaker H-

transfer capacity have lower (e.g., n-decane), negligible (e.g., benzene) or even 

detrimental effect on activity (e.g., propylene).  

Parameter Isolated
Coadsorption

complex 
Transition 

state
Alkoxide 
complex  

An / Ph Zeolite (Ads_An+Ph) (TSasso) (Z-OR+Ph)

Distances

O1-H1 - 0.96 1.01 1.47 1.6

H1-O3 - - 1.52 1.04 1.00

C1-O3 1.42 - 1.47 2.13 4.46

C1-C2 - - 3.86 2.82 1.55

C1-C3 - - 4.26 2.76 2.51

C2-C3 1.38 - 1.38 1.39 1.53

C3-O2 - - 5.82 3.57 1.51
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CHAPTER 6  

 

6. Anchoring Pd Nanoclusters onto Pristine and Functionalized 

Carbon Nanotubes  

 

6.1 Introduction   

 Carbon nanotubes are being widely used as a support material for 

supporting metallic nanoparticles for applications in heterogeneous catalysis,1 

fuel cells2,3 and sensors.4-6 Both multi- and single-wall carbon nanotubes 

(MWCNT and SWCNT) have been found to be effective in stabilizing small 

metal clusters. Recently, we have developed a novel carbon nanotube–transition 

metal oxide hybrid (i.e. SWCNT/silica) that simultaneously stabilizes water/oil 

emulsions and catalyzes reactions at the interface.7 This nanohybrid behaves as 

a solid surfactant (half hydrophilic/half hydrophobic) and can selectively 

catalyze reactions at each side of the interface in biphasic liquid system such as 

bio-oils. The two-faced catalytic nanohybrid, so called ‘Janus catalyst’8 can be 

synthesized in such a way that a catalytic function is placed on the 

hydrophobic side and a different catalytic function on the hydrophilic side. For 

example, base-catalyzed condensation reactions can occur in the aqueous phase 
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and metal-catalyzed hydrogenation on the organic phase. This combination is 

particularly relevant in the upgrading of bio-oils to biofuels.  

It is therefore desirable to tailor the metal-anchoring ability of carbon 

nanotubes to maximize the dispersion and stability of nanoclusters on the 

surface of SWCNT by tuning the interaction between the metal clusters and 

the hydrophobic carbon support. It has been proposed that defect sites or 

functional groups on carbon nanotubes result in stronger metal–support 

interactions and consequently higher metal dispersion.9 For instance, surface 

chemical modifications of MWCNTs by wet-chemical synthesis methods have 

been found to be the crucial in depositing Pt particles on MWCNTs.10 Likewise, 

oxygen functionalized sites can be created by acid11,12 and plasma9,13 treatments. 

In this contribution, we combine density functional theory (DFT) calculations 

and experimental preparations to compare the extent of Pd–nanotube 

interaction on pristine and oxidized SWCNT and MWCNT. 

 

6.2 Methods 

 

6.2.1 Experimental 

The SWCNT used in the experimental preparations were synthesized by 

the CoMoCAT technique,14 and used in the purified form (pristine) or oxygen-
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functionalized.15 The functional groups were introduced by treating the 

SWCNT with HNO3 3 M in reflux for 3 h. Following this treatment, the 

nanotubes were filtered through a vacuum filtration system and washed with an 

extensive amount of distilled water. The SWCNT collected on the filter paper 

were finally dried in a vacuum oven overnight at 80 °C.  

For the deposition of Pd nanoclusters, the pristine and functionalized 

SWCNT were dispersed on two separate dishes, which were then placed 

together inside a sputtering coater chamber (Hummer VI Triode Sputter 

Coater). The samples were coated by sputtering at a current of 5 mA for 1 min.  

The pristine and functionalized SWCNT were characterized by Raman 

spectroscopy, by using a Jobin Yvon LabRam 600 single-grating spectrometer 

with a CCD detector instrument and excitation laser wavelength of 633 nm. 

For transmission electron microscopy (TEM) characterization, the samples were 

dispersed in isopropanol and sonicated by a horn sonicator (Cole-Parmer), 

operating at an amplitude of 25% for 10 min before deposition onto the TEM 

grids. Images were obtained on a JEOL 2000 system operating at an 

accelerating voltage of 200 kV.  
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6.2.2 Models and computation 

A hybrid quantum mechanics/molecular mechanics (QM/MM) method 

was used to calculate the optimized structures and energies of the Pd 

nanoclusters on the pristine and functionalized single-wall carbon nanotubes 

(SWCNT). This technique has been extensively applied in previous SWCNT 

studies.16-20 Two different structures, based on a 265-atom armchair (7, 7) 

SWCNT, were investigated. In both cases, each C-dangling bond at the edges 

was terminated with an O atom. In the structure containing a wall defect, the 

dangling bonds in the defect were also terminated with an O atom, as depicted 

in Figure 6.1.  

 

 

Figure 6.1 Front and side view of the optimized armchair (7, 7) SWCNT with 
a functionalized site represented by a C265O31 model tube. 

 

The Pd/SWCNT structures were described at two levels of detail. The 

Pd4 cluster and the nanotube sites of interest (C13 for a perfect site; and 

∼1nm.
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C12O3 for a functionalized site) were treated at a higher level. The exchange–

correlation hybrid functional B3LYP (Becke, three-parameter, Lee–Yang–

Parr)21-23 with the LANL2DZ (Los Alamos effective core potential)24,25 was 

employed to describe the Pd4 cluster. The 3-21+G(d) basis set22,23,26 was applied 

in the case of SWCNT sites. The remaining part of the SWCNT was defined as 

the lower layer and treated by the universal force field (UFF).27,28 The position 

of atoms in this layer was kept frozen, while the Pd4 clusters were left free to 

move to the energetically most favored position.29 All calculations for the 

SWCNT model were performed by using the GAUSSIAN-03 program suit.30 

In addition, the adsorption of Pd nanoclusters on MWCNTs was also 

investigated in this work. Three layers of graphene sheets were used as a 

representative for MWCNT surface as shown in Figure 6.2. The interlayer 

distance and a typical C–C bond length are ∼3.4 Å and 1.41 Å, respectively.31 

Each C-dangling bond at the edges of the steps sites was terminated with –

COOH functional group.  Adsorption energies of Pd Nanoclusters on terrace 

sites and step sites were examined to elucidate a role of defects containing the 

functional group. The spin-polarized periodic DFT calculations were performed 

using the Vienna ab initio simulation package (VASP)32-36, in which the Kohn-

Sham equations are solved by self-consistent algorithms.  The dimensions of the 

unit cells are: a = 9.769 Å, b = 29.160 Å, c = 30.00 Å, and α = β = γ = 90°.  

A cutoff energy of 300 eV was used.  Brillouin zone sampling was restricted to 

the Γ-point.  Pd nanoclusters were freely optimized and a quasi-Newton forces-
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minimization algorithm was employed for the forces-minimization algorithm. 

Convergence was assumed to be achieved when forces were below 0.05 eV/Å. 

 

 

Figure 6.2 The representative model for MWCNT, consisting of three layers of 

graphene sheets with an interlayer distance of ∼3.4 Å. 

 

The binding energies between the Pd4 cluster and CNT (i.e., SWCNT 

and MWCNT) were computed using the expression: 

Eb = ET (Pd/CNT) – ET (Pd) – ET (CNT)  (1) 
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where ET (Pd) and ET (CNT) are total energies of a free standing Pd cluster 

and a bare CNT, respectively; and ET (Pd/CNT) is the total energy for the 

optimized configuration with Pd cluster adsorbed on the nanotube.  

 

6.3 Results and discussion 

 

6.3.1 Deposition of Pd on pristine and functionalized SWCNT  

Oxidization by nitric acid has proven to be a convenient way for grafting 

oxygenated functional groups, without causing a significant structural damage 

to the nanotubes.15,37,38 As seen in the Raman spectra (Figure 6.3), the sample 

treated in nitric acid showed a D band at ∼1300 cm−1, which is somewhat 

broader and more intense than that of the pristine sample, which indicates an 

increase in the amount of functionalized sites on SWCNT,39 but not large 

enough to compromise the nature of the nanotubes. In addition, it is observed 

that the Raman peaks of the functionalized SWCNT have been up-shifted in 

comparison to the pristine sample. These shifts have been previously attributed 

to lattice strains incorporated in the nanotube by the presence of the functional 

groups.39  
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Figure 6.3 Raman spectra of pristine (dashed line) and functionalized (solid 
line) SWCNTs. Spectra are normalized with respect to the G-band and shifted 

vertically for clarity. 

 

The extent of deposition of Pd on the pristine and functionalized 

nanotubes was measured by treating the two types of substrates under identical 

Pd vapor exposure conditions (identical sputtering time, position, and current). 

If different metal distributions are observed, they can only be due to different 

degrees of Pd–SWCNT interactions. An effective anchoring of Pd atoms from 

the vapor phase onto the surface would result in a higher concentration of 

clusters on the surface. By contrast, a weak interaction would not generate 

nucleation sites for condensation and the deposition would not occur in a 

selective manner. Indeed, a dramatic difference was observed in the degree of 

Pd deposition on the two nanotube samples. The effect of the functional groups 
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is evident in the TEM images of Figure 6.4, with the functionalized SWCNT 

(Figure 6.4a) and the pristine SWCNT (Figure 6.4b), which can be compared 

to the corresponding nanotubes before addition of Pd (Figures 6.4c and 6.4d, 

respectively).  

The strength of the Pd–SWCNT interaction can also be illustrated by 

the resistance to the mechanical sonication that both samples are subject before 

the TEM measurement. Since both samples were sonicated at the same power 

and for the same amount of time, only those clusters that are effectively 

attached to the surface remain, while clusters only loosely deposited are ‘shaken 

off’ during sonication and left in the solvent. 

 

 

 

 

 

 

 

 



146 
 

 

Figure 6.4 TEM images of (a) Pd nanoclusters dispersed on functionalized; 
and (b) pristine SWCNTs. The corresponding SWCNTs before Pd deposition 

are shown as reference in (c) and (d), respectively. 

 

 

 

20 nm 20 nm

10 nm 10 nm

(a) (b)

(c) (d)
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6.3.2 DFT calculation for Pd nanocluster adsorption on the pristine and 

functionalized SWCNT and MWCNT  

To simulate the adsorption of a metallic Pd cluster on a SWCNT, a 

Pd4 model with envelope-like C2v symmetry was chosen as the representative 

cluster in this study, as shown in Figure 6.5. First, the isolated Pd4 cluster was 

energetically optimized at triplet spin multiplicity, since the most stable cluster 

is obtained for the d8 electronic configuration of the metal valence 

electrons.18,40,41 Then, the combined Pd4/SWCNT systems were calculated, but 

unlike the calculation of the isolated Pd4 cluster, the Pd4/SWCNT systems were 

optimized at the lowest possible multiplicity.17,18 The SWCNT with the 

functionalized site that acted as the anchoring place for adsorption was 

optimized from an initial structure, which had a typical C–C bond 

length ∼1.41 Å and a nanotube diameter of 1 nm (see Figure 6.1). In the 

optimized structure we observed a slight extension of the C–C bonds (i.e. 1.42–

1.44 Å) around the functionalized site, due to the presence of O atoms.  

The adsorption models of Pd4 clusters on the pristine and functionalized 

SWCNT were investigated over the perfect and the oxidized defective sites, 

respectively. The corresponding optimized geometries are shown in Table 6.1. It 

is worth noting that the structure of the two resulting Pd4 clusters is distorted 

due to the interaction with the support. More specifically, this distortion results 

from the hybridization of the d orbital of the Pd atoms with the s and p 

orbitals of the adjacent C atoms,41,42 as seen in Figure 6.6. The final Pd–C bond 
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distance is ∼1.94–2.11 Å, which is slightly shorter than that reported for a 

larger cluster (Pd9) deposited on a nanotube.18  

 

 

Figure 6.5 The structure models for (a) a Pd4 cluster alone; (b) a perfect site 
(C13); and (c) a functionalized site (C12O3) on the SWCNT. The corresponding 

adsorptions of Pd4 on their sites are shown in boxes. 
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Table 6.1 Pd–Pd, Pd–C and C–O bond lengths of a C2v Pd4 cluster alone, and 
the adsorptions of Pd4 clusters on SWCNTs. 

 

 

The results on the functionalized SWCNT show some interesting 

differences. Unlike the pure covalent bonding obtained for the 

Pd4/SWCNTpristine system, deposition of Pd on the functionalized site 

(Pd4/SWCNTfunc.) involves a stronger type of interaction. The calculated Pd–O 

bond length is in the range 1.95–2.12 Å, which agree well with the results from 

X-ray diffraction (XRD) and extended X-ray absorption fine structure 

Isolated Pd4 Pd4/SWNTperfect Pd4/SWNTfunc.

Bond Length (Å) Bond Length (Å) Bond Length (Å)

Pd1 - Pd2 2.58 Pd1 - Pd2 2.80 Pd1 - Pd2 2.73

Pd1 - Pd3 2.84 Pd1 - Pd3 2.65 Pd1 - Pd3 2.70

Pd1 - Pd4 2.58 Pd1 - Pd4 2.80 Pd1 - Pd4 2.63

Pd2 - Pd3 2.58 Pd2 - Pd3 2.86 Pd2 - Pd3 2.71

Pd3 - Pd4 2.58 Pd3 - Pd4 2.90 Pd3 - Pd4 2.80

Pd2 - C1 2.10 Pd3 - O1 1.95

Pd1 - C2 2.11 Pd1 - O2 2.12

Pd4 - C3 1.94 Pd4 - O3 2.06

C1 - O1 1.42

C2 - O2 1.42

C3 - O3 1.37

Pd1

Pd2

Pd3

Pd4

C1
C2

C3

Pd1

Pd2 Pd3

Pd4

Pd1

Pd2

Pd3

Pd4
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C3
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(EXAFS) measurements.43,44 Formation of oxidized Pd species has been was 

suggested from an X-ray photoelectron spectroscopy (XPS) study of Pd 

nanoparticles supported on oxygen plasma-treated MWCNT.9  

The calculated energies for the adsorption of Pd4 on the pristine and 

functionalized sites are also remarkable different and in line with the type of 

interactions just described. The binding energy of 2.56 eV for Pd adsorption on 

the pristine site is similar to that previously calculated.28 However, the 

adsorption on the functionalized site increases by more than 70%, to 4.62 eV. 

This remarkable enhancement in adsorption energy can be ascribed to the 

modification of the electronic structures of the resulting cluster. 

For instance, the energy difference between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) can be taken as a good indicator of changes in electronic properties 

and chemical reactivity.45 We have calculated the HOMO–LUMO energy gap 

for the pristine and functionalized sites before the adsorption of Pd. A 

significant difference was observed between the two cases. The energy gap for 

the pristine structure is 1.14 eV, which is consistent with previous results.46,47 It 

is well known that the energy gap depends on diameter, chirality and even 

length of the nanotubes.48-51 For instance, no HOMO–LUMO gaps can be 

expected from metallic nanotubes of infinite-length. However, in this case, we 

have only compared the changes in energy gaps caused by the presence of the 

oxygen atoms in the defect, keeping the other structural parameters constant. 
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These calculations indicate that the presence of oxygen atoms at the 

functionalized site reduce the HOMO–LUMO gap to 0.82 eV.  

 

 

Figure 6.6 Frontier molecular orbitals of the Pd4 adsorptions on different sites 
of SWCNTs: HOMOs (left) and LUMOs (right). 

 

This reduction can be explained by the higher density of states near the 

Fermi level, arising from the overlap of the 2p electrons of the O atoms and the 

π electron system of the nanotube. This phenomenon does not happen in the 

case of a pristine carbon nanotube, which does not contain functional 

Pd4/SWNTperfect Pd4/SWNTfunc. Pd4/SWNTperfect Pd4/SWNTfunc.

HOMO LUMO
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groups.52,53 A smaller HOMO–LUMO gap should result in an easier excitation of 

electrons from the low-lying occupied levels to the upper empty level, which in 

turn enhances the chemical reactivity towards an adsorbate. That is, the 

functionalized site with the HOMO–LUMO gap modified by oxygen atom (i.e. a 

smaller gap) may be responsible for a stronger Pd4/SWCNTfunc. interaction.  

Moreover, the HOMO–LUMO gaps of both types of sites decreased upon 

the adsorption of the Pd cluster (i.e. it was reduced to 0.92 and 0.54 eV for 

Pd4/SWCNTpristine and Pd4/SWCNTfunc., respectively). A similar extent of partial 

charge transfer, about 0.57–0.60 eV, was observed in both cases, which can be 

ascribed to the electronic reorganization caused by the interaction of the 

SWCNT and a high work function metal such as Pd.54,55 That is, the presence 

of the 4d electrons of Pd in the antibonding orbitals of the nanotube leads to an 

enhancement of the electron density in the nanotube, and, consequently, a 

smaller energy gap.56 

Furthermore, the similar calculation was performed to understand the 

ability of wall defects in stabilizing Pd nanoclusters on the MWCNT model, as 

illustrated in Figure 6.7. The periodic slab model representing a 3-layer 

graphene was used as a platform for the adsorption of Pd nanocluetrs. Based on 

the calculation, the binding energy on the step sites is 1.36 eV higher than that 

on the terrace sites of MWCNTs. This demonstrates the preferential adsorption 

of Pd nanoclusters on oxidized defects of MWCNTs, which is consistent with 

the previous study on SWCNTs  and the experimental results of this study. 57 



 

Figure 6.7 The models for Pd

 

6.4. Conclusions  

The combination of experimental measurements and DFT calculations of 

binding energies suggests that the Pd nanoclusters

anchored on functionalized than on the pristine 

SWCNT and MWCNT)

the presence of oxygen atoms is responsible for the enhanced adsorption energy, 

leads to the formation of Pd
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The models for Pd clusters adsorption on terrace sites (left); 
and steps sites (right) of MWCNT.  

The combination of experimental measurements and DFT calculations of 

binding energies suggests that the Pd nanoclusters are much more effectively 

anchored on functionalized than on the pristine carbon nanotubes (both 

SWCNT and MWCNT). The modification of the electronic structure caused by 

the presence of oxygen atoms is responsible for the enhanced adsorption energy, 

to the formation of Pd–O bonds on the functionalized carbon nanotubes

 

 

clusters adsorption on terrace sites (left);  

The combination of experimental measurements and DFT calculations of 

are much more effectively 

carbon nanotubes (both 

. The modification of the electronic structure caused by 

the presence of oxygen atoms is responsible for the enhanced adsorption energy, 

carbon nanotubes. 
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CHAPTER 7 

 

7. Comparative Study of Adsorption of Aldehydes on Pd(111) and 

PdCu(111) Surfaces 

 

7.1 Introduction  

 As mentioned in Chapter 1, fast pyrolysis1-6 shows an attractive method 

for lignocellulosic biomass conversion.7-11 However, the bio-oil obtained has a 

relatively low heating value and typically contains a complex mixture of highly 

oxygenate compounds.12 Moreover, the low chemical/thermal instability, 

corrosiveness, and high viscosity limit the storability and processability of these 

oils.13 Catalytic upgrading is, therefore, needed to stabilize bio-oils and make 

them fungible with conventional petroleum fuels.14 Among the different 

oxygenate compounds existing in bio-oils; aldehydes exhibit the high reactivity 

and are undesirable as fuel components.  

Aldehyde hydrogenation to alcohols has been extensively studied over 

different metal catalysts.15-23 For instances on Cu, hydrogenation of furfural to 

furfuryl alcohol is the predominating path, whereas decarbonylation appears 

only at high temperatures and with high metal loadings.24,25 In contrast to Pd, 

the higher activity for decarbonylation was observed.26-31 The significant 
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difference between Cu and Pd is that, upon aldehyde adsorption, the former 

only leads to formation of -C=O-M (top, η1-(O)) surface species, while the 

latter can stabilize both di-coordinated η2-(C,O) and acyl η1-(C) intermediates 

that lead to decarbonylation.  

In this chapter, DFT calculations were performed. In particular, we 

compare here the adsorption of two different aldehydes, furfural and  

2-methyl pentanal. This would help to understand how the molecule interacts 

with the surface, and mechanistic reaction paths. It is not only exhibit 

interesting differences in their chemical behavior, but represents that aldehydes 

are of importance in the upgrading of renewable fuels. Furfural (FAL) is 

produced both during pyrolysis of cellulose and in the dehydration of sugars.32,33 

2-Methylpentanal (MPAL) is formed upon aldol condensation and hydro-

genation of propanal, which also can be obtained from glycerol, a biodiesel by-

product.34 It is important to state that the contribution of this chapter is 

mainly focused on the DFT calculation. Therefore, the supplemented 

experimental results reported were taken from Sitthisa et al.35 
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7.2. Methodology 

 

7.2.1 Experimental method35  

Pd/SiO2 and Pd-Cu/SiO2 catalysts were prepared by incipient wetness 

co-impregnation with aqueous solutions of the corresponding metal precursors 

(Pd(NO3)2 and Cu(NO3)2.H2O, Sigma Aldrich). Precipitated silica (HiSil 210, 

PPG Co.) having a BET surface area of 124 m2/g was employed as support. A 

liquid/silica ratio of 1.26 ml/g was used to achieve incipient wetness for all 

samples. The loading of Pd metals were 5.0 and 0.5 wt.% for the conversion of 

2-methylpentanal and furfural, respectively. After impregnation and drying in 

air at room temperature, the samples were further dried overnight at 110°C and 

calcined under 100 ml/min flow of air at 400°C for 4 h.  

The reactions of the two aldehydes (FAL and MPAL) were carried out in 

a tubular flow reactor. The pelletized and sieved catalyst (size 250-425 µm) was 

placed at the center of a quartz tube reactor, between two layers of glass bead 

and quartz wool, installed vertically inside an electric furnace. Prior to the 

reaction, the catalyst was pre-reduced under flow of H2 (60 ml/min, Airgas 

99.99%) for 1 h at 250oC. The hydrogen partial pressure was controlled at the 

molar ratios H2:FAL and H2:MPAL at 25:1 and 12:1, respectively. After 

reduction, the catalyst was cooled down to the reaction temperature and the 

feed introduced continuously via a syringe pump (Cole Palmer). To keep all the 
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compounds in the vapor phase all lines before and after the reactor were kept 

heated at 220°C using heating tapes. The products were analyzed online on a 

gas chromatograph (Agilent model 6890) using HP-5 capillary column and FID 

detector.  

 

7.2.2 Computational method  

Density functional theory (DFT) calculations were performed to 

investigate optimized structures and the adsorption energies (Eads) of molecular 

adsorption of 2-methyl pentanal (MPAL) and furfural (FAL) on Pd and Pd-Cu 

surfaces. Spin-polarized periodic DFT calculations were performed using the 

Vienna ab initio simulation package (VASP),36-40 in which the Kohn-Sham 

equations are solved by self-consistent algorithms. The valence electrons were 

described by plane wave basis sets with a cutoff energy of 300 eV and the core 

electrons were replaced by the projector augmented wave (PAW) pseudo-

potentials41,42 for improving the computational efficiency. The Brillouin zone 

was sampled with a 3×3×1 Monkhorst-Pack k-point mesh. The exchange-

correlation functional was described within the generalized gradient 

approximation (GGA) proposed by Perdew, Burke and Ernzerhof (PBE).43 The 

Methfessel-Paxon method was employed to determine electron occupancies with 

a smearing width of 0.2 eV. As illustrated in Figure 7.1, both Pd(111) and 

PdCu(111) slab models were constructed based on a 4×4 unit cell with lattice 
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constants of 3.950 and 3.757 Å, respectively. 44 The slab model consists of three 

metal layers with a ∼18 Å vacuum gap in the direction perpendicular to the 

surface. Surface adsorption of molecules was modeled taking place on the 

topmost layer of the slab. All the atoms of the adsorbates were allowed to relax 

to their optimized positions, while those of the metal slab were kept frozen in 

the originally optimized position. The model was relaxed until the forces were 

convergent to 0.03 eV/Å.  

 

 

Figure 7.1 The periodic supercell representing a) Pd(111), and  
b) PdCu(111) surfaces. 

 

a) b)
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In addition to the periodic slab model calculation, the cluster model was 

also theoretically investigated. Here, only MPAL was used, and the calculation 

was performed by the GAUSSIAN-03 program suit.45 A monometallic Pd10 cluster 

and a bimetallic Pd4Cu6 cluster were used as models. The exchange–correlation 

hybrid functional B3PW91 containing a combination of B3 exchange 

functional46 and PW91 correlation functional47,48 with relativistic effective core 

potential basis set of double-ζ quality (LANL2DZ)49 was used in this study. The 

isolated monometallic Pd10 cluster was energetically optimized at triplet spin 

multiplicity since the most stable cluster is obtained for the d8 electronic 

configuration of the metal valence electrons, whereas the most stable bimetallic 

Pd4Cu6 cluster has the lowest possible multiplicity in the ground state.50 The 

simulated adsorption models were freely optimized to the energetically most 

favored position.  

The adsorption energy, Eads, was calculated from the equation,  

Eads = Eslab/ads − Eslab − Egas 

in which Eslab/ads is the total energy of the slab with adsorbates, Eslab is the 

energy of the slab, and Egas is the energy of each adsorbate in the gas phase.  
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7.3. Results and discussion  

 

7.3.1 Periodic slab model 

DFT calculations were performed to compare the adsorption energetic 

for MPAL and FAL on both Pd(111) and PdCu(111) slabs. Calculating the 

adsorption of such large molecules is complicated because the system exhibits 

numerous possibilities. We have the selected the ones that we believe are most 

relevant for catalysis. To minimize the effect of adsorbate-adsorbate inter-

molecular interactions, we have chosen a low-coverage surface (1/16 ML) by 

setting a relatively large unit cell (4×4).  

The optimized structures of MPAL in the gas phase and on the various 

surfaces are illustrated in Figure 7.2. The corresponding adsorption energies 

(Eads) and bond lengths are summarized in Table 7.1. The calculations show 

that on Pd(111) the adsorption of the MPAL molecule occurs via the carbonyl 

group, interacting with the surface in a η2-(C,O) configuration, in which both C 

and O atoms of the carbonyl group are linked to the metal surface, while the 

aliphatic hydrocarbon part remains away from the surface. This theoretical 

result is consistent with the HEELS results obtained from Shekhar et al.,51 

which have shown that the η2-(C,O) aldehyde is the dominant species observed 

on clean Pd surfaces, with some η1 species only appearing at low temperatures. 

As summarized in Table 7.1, the adsorption energy for MPAL on Pd(111) is 
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27.0 kJ/mol. Also, it is worth noting that the C=O bond, d1, in the adsorbed 

state is 0.06 Å longer than that in the gas phase, which may be ascribed to the 

interaction of the carbonyl π* bond with Pd(111) surface (i.e. electron back-

donation). In contrast, the lengths for the other bonds d2, d3, d4, d5, and d6 

remain unchanged, indicating a low extent of interaction.  

A similar calculation was conducted for furfural (FAL). The optimized 

structures of FAL in the gas phase and adsorbed on the different surfaces are 

illustrated in Figure 7.3. The corresponding adsorption energies (Eads) and bond 

lengths are summarized in Table 7.2. On Pd(111), the presence of the aromatic 

ring in FAL plays a crucial role in promoting a flat adsorption on the surface. 

This results in a twofold increase in heat of adsorption of FAL (55.4 kJ/mol, 

Figure 7.2b) compared to MPAL (27.0 kJ/mol, Figure 7.1b). This result is 

consistent with DFT calculations of furan adsorption on Pd(111) made by 

Bradley et al.,52 who showed that preferred adsorption is with the ring 

essentially parallel to the surface. As opposed to Pd, our recent DFT 

calculations of FAL on Cu(111) surface53 have shown a strong repulsion 

between the furan ring and the Cu(111) surface, due to the overlap of the 3d 

band of the surface Cu atoms and the aromatic furan ring. As a result, the 

adsorption of FAL on Cu(111) is weak and can only occur in the η1 (O)-

aldehyde configuration, via the carbonyl O atom.  
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Figure 7.2 DFT optimized structures of 2-methylpentanal (MPAL) in gas 
phase (a), and its adsorption on Pd(111) (b) and PdCu(111) (c-e) slabs.  
Red, gray, white, blue, and yellow spheres represent O, C, H, Pd and Cu 

atoms, respectively. The corresponding bond lengths are given in Table 7.1. 
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Figure 7.3 DFT optimized structures of furfural (FAL)in gas phase (a), and 
its adsorption on Pd(111) (b) and PdCu(111) (c-e) slabs. Red, gray, white, 
blue, and yellow spheres represent O, C, H, Pd and Cu atoms, respectively.  

The corresponding bond lengths are given in Table 7.2. 
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Table 7.1 Adsorption energies (kJ/mol) and optimized bond lengths (Å) of  
2-methylpentanal on Pd(111) and PdCu(111) slabs (see Figure 7.2).  

 

 
 

Table 7.2 Adsorption energies (kJ/mol) and optimized bond lengths (Å) of 
furfural on Pd(111) and PdCu(111) slabs (see Figure 7.3).  

 
 

 

 

Model
MPAL MPAL/Pd(111) MPAL/PdCu(111)

(a) (b) (c) (d) (e)

Eads - 27.0 12.4 10.0 9.3

d1 1.22 1.28 1.24 1.23 1.23

d2 1.52 1.52 1.51 1.51 1.51

d3 1.54 1.54 1.54 1.54 1.54

d4 1.53 1.53 1.53 1.53 1.53

d5 1.53 1.53 1.53 1.53 1.53

d6 1.53 1.53 1.53 1.53 1.53

Model
FAL FAL/Pd(111) FAL/PdCu(111)

(a) (b) (c) (d) (e)

Eads - 55.4 9.6 7.4 4.0

d1 1.23 1.31 1.30 1.28 1.23

d2 1.46 1.47 1.47 1.45 1.46

d3 1.39 1.44 1.42 1.41 1.39

d4 1.43 1.44 1.44 1.42 1.43

d5 1.38 1.45 1.37 1.44 1.38

d6 1.37 1.40 1.39 1.40 1.37

d7 1.39 1.40 1.39 1.40 1.39
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A relevant comparison of the DFT results can be made for MPAL and 

FAL over the PdCu(111) surface. It is clearly seen that the presence of Cu 

significantly reduces the interaction of both aldehydes with the metal surface. 

Relative to those on the pure Pd, the heats of adsorption on the bimetallic 

surface are significantly reduced. That is, the adsorption strength of MPAL 

drops from 27.0 kJ/mol on Pd(111) to 12.4 kJ/mol on PdCu(111). Moreover, 

the heat of adsorption of FAL changes from 55.4 kJ/mol on Pd(111) to 9.6 

kJ/mol on PdCu(111). This dramatic reduction in the strength of interaction 

can be ascribed to the effect of the aromatic ring, which has a strong affinity for 

Pd, but not for Cu.  

Another aspect important to discuss is the significant changes in 

strength of interaction observed with respect to the place in which the molecule 

is adsorbed on PdCu(111). For instance, in the case of MPAL, the η2-(C-O) 

aldehyde adsorption with the C atom on top of Pd and the O atom on Cu (see 

Figure 7.2c) results in a higher adsorption energy (12.4 kJ/mol) than the other 

configurations (i.e. C/Cu-O/Pd or C/Pd-O/Pd) . The preferential adsorption 

mode results in the higher elongation of the carbonyl bond, d1. Again, as in the 

case of pure Pd, the lengths of the other bonds (d3, d4, d5, and d6) remain 

unmodified upon adsorption. In addition, the distances between C or O and the 

surface are significantly longer ∼0.4-0.7 Å than those on Pd(111). This 

difference is in agreement with the trends in adsorption energy and the length 
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of the C=O bond. A weaker interaction results in longer adsorbate-surface 

distances and shorter/stronger carbonyl bonds.  

The case of FAL is somewhat different due to the important role played 

by the furanic ring in the interaction with the surface. As mentioned above, on 

the pure Pd the presence of the ring greatly enhances the interaction. However, 

when Cu atoms are added, the stability of the adsorbed FAL is dramatically 

decreased. In the FAL adsorbed on Pd(111) all bonds are elongated, 

particularly the C=O and C=C bonds. To investigate this interaction, various 

FAL/PdCu(111) configurations were simulated. 

It is interesting to see the different calculated energies and bond lengths 

as the molecule is placed on different places on the alloy surface. That is, while 

the heat of adsorption is much lower than on pure Pd, it is not as low when the 

O atoms in FAL are placed over Cu atom and the furanic ring over Pd atoms. 

By contrast, the adsorption energy is even lower when the ring is placed over 

Cu atoms. As shown on the side view of Figure 7.3d, the molecule even bends 

away from the Cu atom due to the apparent repulsion. 

 

7.3.2 Cluster model 

Furthermore, a similar trend of absorption behavior of MPAL was 

observed for the cluster modeled calculation implemented by GAUSSIAN03. The 
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absolute value of the heat of adsorption is quite different from that derived 

from the periodic slab calculation; however, this semi-quantitative analysis is 

good enough for the predictive mechanistic study. The optimized structures of 

MPAL in gas phase and adsorbed MPAL on the clusters are illustrated in 

Figure 7.4; and the corresponding adsorption energies (Eads) and bond lengths 

are summarized in Table 7.3. The length of the C1-O bond increases with 

respect to that of the gas phase molecule upon formation of the η2-(C-O) 

aldehyde on the Pd10 cluster, while the C1-C2 bond length remains unchanged, 

indicating a weakening of the carbonyl bond. The presence of Cu in the cluster 

has a significant effect on the energetics of the system. It is observed that when 

the η2-(C-O) aldehyde species is modeled with the C1 coordinated to Pd and O 

coordinated to Cu, the adsorption energy (Eads) drops from 46.6 for pure Pd to 

9.2 kJ/mol for the bimetallic cluster. The O-Cu bond length for MPAL/Pd4Cu6 

is ∼0.1 Å shorter than the O-Pd bond for MPAL/Pd10. In contrast, the C1-Pd 

bond for MPAL/Pd4Cu6 is elongated from 2.14 Å on the pure Pd to 3.50 Å on 

the bimetallic cluster. That is, this configuration is more like an η1-(O) than an 

η2-(C-O) aldehyde. The carbonyl group is bonded to the surface mostly through 

the oxygen lone pair orbital. In the same manner, the stability of the acyl 

species was much higher on Pd than on the bimetallic cluster. In this case, even 

when in both cases the C1 atom was coordinated to a Pd atom, the adsorption 

energy on the pure Pd cluster (181.4 kJ/mol) was much higher than on the 

bimetallic cluster (136.5 kJ/mol). In agreement with this trend, a longer C1-Pd 

bond is observed on MPAL/Pd4Cu6 compared to MPAL/Pd10.  
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Figure 7.4 DFT optimized structures of 2-methylpentanal in gas phase (a), 

and its η2-(C-O) aldehyde adsorption on Pd10 (b) and Pd4Cu6 (c) clusters.  
The corresponding adsorbed acyl species are shown in (d) and (e), respectively. 

 

Table 7.3 Adsorption energies (Eads), and optimized distances of C1-O, C1-C2, 
C1-Metal and O-metal bonds for the systems illustrated in Figure 7.4. 

 

O C1

C2

(a)

(b) (c) (d) (e)

Structure (a) (b) (c) (d) (e)

Species Isolated η2-(C-O) η2-(C-O) Acyl-(C) Acyl-(C)

Cluster - Pd10 Pd4Cu6 Pd10 Pd4Cu6

Eads (kJ/mol) - 46.6 9.2 181.4 136.5

Bond length (Å)

C1—O 1.24 1.34 1.25 1.25 1.26

C1—C2 1.52 1.53 1.50 1.53 1.54

C1—M - 2.14 3.50 1.93 2.04

O—M - 2.08 1.98 2.38 3.15
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According to the DFT calculation, it can be suggested that addition of 

Cu leading to the formation of Pd-Cu alloy reduces the stability of the η2-(C-O) 

adsorption which is the precursor for decarbonylation reaction.35 That is, in 

both cases, with FAL and MPAL feeds, the yield of the decarbonylation 

products, furan and pentane, respectively, was greatly reduced, while the yield 

of hydrogenated products (FOL and MPOL) significantly increased. This 

behavior is in an agreement with the experimental result showing the effect of 

Cu loading (see Figure 7.5).   

 

 

Figure 7.5 Conversion and yield of products from the reaction of furfural (a); 
and 2-methylpentanal (b) on Pd/SiO2 as a function of Cu loading. Reaction 

condition: W/F = 3 h, Temp = 125°C, H2 pressure = 1 atm, TOS = 15 min.35 
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7.4. Conclusions 

Pd-Cu alloy formation leads to an electronic structure different from 

that of pure Pd. This electronic perturbation results in a lower extent of 

electron back-donation to the π* system of the aldehydes.  As a result, the 

formation of the side-on η2-(C-O) aldehyde species is less stable on Pd-Cu than 

on pure Pd, which in turn makes the formation of the acyl intermediate less 

likely. Therefore, the decarbonylation rate is greatly reduced on Pd-Cu alloys, 

but the hydrogenation rate is increased.   
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CHAPTER 8 

 

8. Examples of Combining Theoretical Calculations toward the 

Understanding of Experimental Results 

 

8.1 Example 1: Catalyst deactivation by a strong adsorption of oxygenate 

aromatic compounds on acid catalysts 

 

8.1.1 Experimental observation  

 One of the major problems in catalytic bio-oil upgrading is the catalyst 

deactivation. It is proposed that the deactivation is caused by not only coke 

formation, but also the strong adsorption of the oxygenate compounds on the 

surface of catalyst supports.1,2
 It is noted that this effect is much more 

pronounced on the aluminosilicate-type of catalysts, which contain acid sites. 

Here, there are several supporting evidences observed during the experiments 

such as a mass loss per pass of the feed in the pulse/flow experiment, and a 

hydrogen-rich coke deposited on a spent catalyst.  

The oxygen content presenting in bio-oil derived compounds, particularly 

phenolics, strongly interacts with acid sites of the catalysts. Among those 
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phenolic compounds in bio-oils, guaiacol exhibited highly completive adsorption 

and rapid catalyst deactivation. As a result, one could assume a highest heat of 

adsorption of guaiacol.  

Due to the fact that demethylation of guaiacol to produce catechol is 

fairly easy to take place on acid sites (see Appendix G), the experimental 

measurement of guaiacol adsorption heat with excluded effects from catechol by 

a calorimeter could be very complicated and tricky. In contrast, the DFT 

calculation provides a cleaner investigation and a better understanding of how 

the molecule interacts on the acid sites. Therefore, in this contribution, the 

adsorption of different molecules ranging from aromatic hydrocarbons to 

oxygenated aromatic compounds on Brønsted (B-acid) and Lewis acid (L-acid) 

sites was theoretically studied. 

 

8.1.2 Computational calculation 

The computational method preformed in this example is similar to that 

discussed in Chapter 5. Two cluster models were used to represent the surface 

acid sites. As illustrated in Figure 8.1, the former, a so-called 2T cluster, 

represent only the Brønsted; while the later, a so-called 4T cluster, contains 

both Brønsted and Lewis acid sites. The Brønsted site is created by locating an 

acidic proton/hydrogen at the oxygen bridge between aluminum and silicon 

atoms, and the Lewis sites is modeled by the existence of the extraframework of 



 

aluminum (EFAL), ALOH

framework aluminum.

aluminum atoms as necessary were used to compensate the positive charges of 

EFAL species.  

Here, the selected aromatic compounds used in the 

heats are benzene (BZ)

was constrained during

models. All the calculations in this study were performed using the G

03 program package.4

 

Figure 8.1 The simulated models of acid sites created by a) 2T, and 
b), 4T clusters models. Hydro

by white, red, gray and pink spheres, respectively.
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, ALOH2+, which coordinates with the oxyg

um.3 To keep the cluster model neutral, as many framework 
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heats are benzene (BZ), phenol (Ph), anisole (An) and guaiacol (Gua). 

during the configuration optimizations of adsorption complex 

models. All the calculations in this study were performed using the G

4  

The simulated models of acid sites created by a) 2T, and 
b), 4T clusters models. Hydrogen, oxygen, silicon and aluminum are represented 

by white, red, gray and pink spheres, respectively.
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8.1.3 Results and discussion 

The comparison of adsorption heats of different studied molecules on the 

2T cluster models which represent Brønsted acid sites is shown in Figure 8.2. 

Generally, the adsorption energy is highest for guaiacol (-16.4 kcal/mol) 

followed by phenol (-12.8 kcal/mol), anisole (-10.2 kcal/mol), and benzene 

exhibits the lowest adsorption heat (-5.6 kcal/mol). For oxygenate aromatics, 

there are two possible adsorption sites of the molecules, which are the 

oxygenate functional groups and the ring. The former shows a higher heat of 

adsorption than the later (see Figures 8.4 - 8.6). Interestingly, adsorption on 

the ring site of the oxygenate aromatics is also increase in the following order 

guaiacol > phenol > anisole. It can be suggested that the oxygenate functional 

groups themselves not only promote the interaction with the Brønsted acid site, 

but also affect on the adsorption at the ring site of the molecules. Along with 

the same analysis discussed in Appendix K, the presence of the substituents on 

the aromatic ring can modify the electronic structure of the molecules. The 

delocalized electrons at the aromatic ring of guaiacol, which contains two 

substituents (–OH and –O–CH3), are destabilized more than that of 

phenol/anisole and benzene, which have single and none substituent, 

respectively. As a result, a higher HOMO energy of guaiacol leading to a better 

interaction with the acid site is expected.  

According to Figure 8.3 illustrating the comparison of different initial 

adsorption structures of benzene on the acid site, it is interesting to see that the 
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optimized structures converge to exactly the same orientation in which the ring 

slightly tilts up – neither parallel or perpendicular to the surface. Another 

interesting case to see is the adsorption of guaiacol. As shown in Figure 8.6, the 

initial structures of guaiacol adsorption are oriented differently, whereas the 

optimized geometries converge to the same orientation, in which the hydroxyl 

(–OH) group aims toward the acidic proton. It is suggested that the adsorption 

by the –OH is more preferential than the –O-CH3. This concept can be 

successfully applied to the comparison between phenol and anisole, which 

phenol shows a higher heat of adsorption.  

The similar calculations were performed on a bigger cluster, namely 4T 

cluster model, which had both Brønsted and Lewis. Firstly, it is important to 

mention that the absolute values adsorption energies from the DFT calculation 

strongly depend on the size of the cluster used. However, the semi-quantitative 

trend of heat of adsorption can be achieved for the purpose of comparison. As 

shown in Figure 8.8, guaiacol shows a higher adsorption energy than anisole. 

Interestingly, almost a twofold increase of heat of adsorption was seen when 

both of the oxygenated functional groups interact with the two acid sites (see 

Figure 8.8e). In addition, the coordination of guaiacol and the acid site through 

–OH/Lewis acid and –O–CH3/Brønsted acid is recommended to be an 

appropriate orientation according to the charge and proton affinity analysis 

discussed in the Appendix A. Again, adsorption of benzene is relatively weaker 



183 
 

as compared with guaiacol and anisole, and it can only interact with Brønsted 

acid site (see Figure 8.9).  

 

 

Figure 8.2 Comparison of adsorption and HOMO energies of benzene, anisole, 
phenol and guaiacol on the 2T cluster models. Different adsorption locations on 

the molecules including at the ring, hydroxyl (-OH), and  
methoxyl (-O-CH3) groups were investigated. 
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Figure 8.3 The initial and optimized structures of benzene adsorption at  
the ring site in perpendicular (top) and parallel (bottom) manners on  

the 2T clusters. 
 

 

 

-5.639 kcal/mol

-5.638 kcal/mol

Initial Optimized
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Figure 8.4 The initial and optimized structures of anisole adsorption at  
the –O-CH3 (top) and the ring (bottom) sites on the 2T clusters. 
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Figure 8.5 The initial and optimized structures of phenol adsorption at  
the –OH (top) and the ring (bottom) sites on the 2T clusters. 

-12.790 kcal/mol

-9.182 kcal/mol

TOP VIEW

Initial Optimized
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Figure 8.6 The initial and optimized structures of guaiacol adsorption at  
the –OH (top) and the –O-CH3 (bottom) sites on the 2T clusters. 
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Figure 8.7 The initial and optimized structures of guaiacol adsorption at  

the ring site on the 2T clusters. 
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Figure 8.8 The Optimized structures of anisole on the Brønsted (a) and  

Lewis (b) acid sites; and guaiacol on the Brønsted (c), Lewis (d) and  
both Brønsted/Lewis acid sites (e) on the 4T clusters. 

AN on B-acid
-22.8 kcal/mol

GUA on L-acid
-30.5 kcal/mol

GUA on B/L-acid
-49.3 kcal/mol

GUA on B-acid
-27.8 kcal/mol

AN on L-acid
-27.7 kcal/mol

a)

c) d)

b)

e)
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Figure 8.9 The initial and optimized structures of benzene adsorption  
on the 4T clusters. 

 

 

8.1.4 Conclusions 

 Based on the DFT calculation, it can be said that oxygenate aromatic 

compounds existing in bio-oils, such as anisole and guaiacol, show a stronger 

adsorption than regular hydrocarbons i.e., benzene, on acid sites. That is an 

additional effect, in addition to the coke formation, for the rapid deactivation of 

the catalysts. The interaction is mainly contributed from the oxygen at the 

functional groups, in which the adsorption strength depends on the number of 

oxygen presenting in the molecule. The results from the DFT calculation are 

understandable and consistent well with the experimental investigation. 

 

 

Bz on B-acid
-12.4 kcal/mol

Optimized structureInitial structure

a) b)
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8.2 Example 2: Competitive adsorption of 1-pentene and isopropylamine (IPA) 

on cation-exchnaged zeolites 

 

8.2.1 Experimental observation  

 Small olefins produced from fluid catalytic cracking (FCC) processes in 

refineries are valueless in the sense of fuel production because they are too small 

and out of the fuels range. Therefore, the oligomerization of those small olefins 

is an important route to produce more desirable products such as motor fuels, 

plasticizers, medicines, dyes, resins, detergents, lubricants and additives.5 In this 

study, the objective is to maximize the production of liner hydrocarbons i.e., 

the diesel range fuels. Unfortunately, some branched hydrocarbons were 

produced from the undesirable isomerization/cracking. Cation-exchange zeolites 

were used as catalysts in the experiments, and it is possible that some Brønsted 

acid sites, which are responsible for the isomerization/cracking reaction, still 

remain on the catalysts. Interestingly, when isopropylamine (IPA) was pre-fed 

prior to the olefin feed, it was seen that the ratio of linear-to-branced 

hydrocarbon yield increase. This suggests the unwanted Brønsted acid sites 

were poisoned, in which the degree of isomerization/cracking is reduced. In this 

contribution, the DFT calculation of adsorption heats of 1-penten and IPA was 

compared. 
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8.2.2 Computational calculation  

Four different M-zeolite systems (M = H, Ni, Co and Fe) were studied 

to analyze the electronic properties of 1-pentene and IPA adsorbed on acidic 

proton and transition metals supported on a zeolite framework. A 3T model 

cluster [H3SiOAl(OH)2OSiH3] was chosen as the model for the zeolite surface, 

with the atom M located on a bridge between two oxygen atoms. Similar model 

have been used successfully in the literature6,7 to represent one of the possible 

sites for the location of the metallic ion inside the zeolite framework.8,9 All 

calculations and geometry optimizations were performed by using the 

GAUSSIAN 034 at a DFT level using Becke’s three-parameter hybrid 

functional10 and Lee, Yang, and Parr’s correlation functional11 (B3LYP). The 

Lanl2dz basis set12 were used for Ni, Co and Fe atoms, and 6–31+G(d, p) basis 

set for C, H, O, Al, and Si atoms were employed. The electronic charge 

distribution of the catalyst models was analyzed using the natural bond orbital 

(NBO) partition scheme.13,14 All atoms were relaxed during the optimization. 

 

8.2.3 Results and discussion  

The optimized structures of the adsorption complexes and their 

adsorption energies are shown in Figure 8.10. Based on this calculation, heat of 

adsorption of 1-pentene is highest on the Fe-T3 zeolite model (-52.2 kcal/mol), 

followed by Co-T3 (-40.3 kcal/mol) and Ni-T3 (-37.3 kcal/mol), whereas it 
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drops dramatically on the Brønsted acid site, H-T3, (-6.5 kcal/mol). The similar 

trend was seen for IPA adsorption on the transition metal atoms, and the 

corresponding adsorption heats of IPA are slightly lower than those of 1-

pentene. In contrast, the heat of adsorption of IPA on the Brønsted acid site is 

considerably high (-50.1 kcal/mol) and consistent well with the experimental 

value.15 As a result, isomerization/cracking can be suppressed because the linear 

products have less chance to access the Brønsted acid sites. This implies that 

Brønsted acid sites can be effectively poisoned by IPA. At the same time, the 

competitive adsorption of 1-pentene and IPA is expected on the cation-

exchanged zeolites. 

 

8.2.4 Conclusions   

Oligomerization of olefins, such as 1-pentene, takes place on the cationic 

transition metals exchanged in zeolites. These metals behave like a Lewis acid 

sites, in which two olefins can accommodate and react. However, the ion-

exchange zeolite always contains a certain level of Brønsted acid sites, even it is 

incredibly small, and this could lead to the isomerization/cracking to produce 

branched products. From the experimental observation, pre-feeding of IPA onto 

the catalyst is capable to maximize the yield of linear products. This effect can 

be elucidated by the DFT calculation which shows that the heat of adsorption 

of IPA is significantly high on the acidic proton site, as compared to 1-pentene.  



 

Figure 8.10 Geometries of the adsorption complex
heats of adsorption of 1
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Geometries of the adsorption complexes and the corresponding 
heats of adsorption of 1-pentene and IPA on the M-T3 model clusters

 

and the corresponding 
T3 model clusters. 
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8.3 Example 3: Relation of adsorption energies and decarbonylation activities of 

different aldehydes on Pd(111) 

 

8.3.1 Experimental observation  

Motivation and justification of decarbonylation of aldehydes were 

already presented in Chapter 8. Among all transition metals, Pd is the most 

active one for decarbonylation reaction. Catalytic measurements of different 

aldehydes including furfural (FAL), 2-methylpentenal (MPEL), 2-methyl-

pentanal (MPAL), and trimethylacetaldehyde (TMA) were conduct in gaseous 

phase fix-bed reactor at a moderate temperature and atmospheric hydrogen 

pressure. The experimental decarbonylation activities and activation energies () 

are shown in Figure 8.11. It is important to mention that the experimental data 

were taken from the work by Sitthisa et al. The decarbonylation activity is in 

the following order MPEL > FAL > MPAL > TMA. This trend agrees well 

with the activation energy results. That is the most reactive MPAL shows the 

lowest barrier, while the most unreactive TMA shows the highest barrier. As 

discussed in Chapter 8, it is proposed that the stability of the adsorption 

intermediate play a significant role on the catalytic activity. In this 

contribution, therefore, DFT calculation was performed in order to specifically 

investigate the adsorption of the η1(C)-acyl species, which is a key intermediate 

for decarbonylation, on Pd(111) surfaces.   
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Figure 8.11 Decarbonylation activities, activation energies and calculated 

adsorption heats of η1(C)-acyl species of furfural, 2-methylpentenal,  
2-methylpentanal and trimethylacetaldehyde on Pd(111) surfaces. 

(The experimental data were taken from the work by Sitthisa et al.) 

 

8.3.2 Computational calculation  

Within this example, periodic DFT calculations were performed using 

the Vienna ab initio simulation package (VASP).16-20 The slab model of Pd(111) 

surface and all other calculation details are the same as explained in Chapter 8. 
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8.3.3 Results and discussion  

The electron energy loss spectroscopic signature (EELS) of surface 

species formed during the adsorption of aldehydes on different metals has been 

extensively investigated elsewhere.  From the EELS results, it can be concluded 

that an η2-(C,O) aldehyde, in which both atoms (C and O) of the carbonyl 

group interact with the metal surface is the preferred species on clean Pd 

surfaces. In addition, they concluded that at high temperatures an acyl species 

(η1-(C)) can be formed via the C-H scission of η2-(C,O) intermediate. It is 

assumed that at the studied reaction temperature, most of the surface 

intermediates are the acyl species and it is a key element in the aldehyde 

decarbonylation, in which the rate and activity depends upon the stability and 

concentration on the surface. Moreover, it can be ascribed that the η1-(C) acyl 

species is determined as the precursor for decarbonylation reaction of aldehydes   
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The calculated heats of adsorption of the different aldehydes and the 

corresponding adsorption geometries are shown in Figure 8.11 and 8.12, 

respectively. In the case of MPEL, it is clearly seen that not only the carbonyl 

carbon bonds to the surface, but also the neighboring double bond can 

coordinate in a di-σ fashion to the Pd atoms. As a result, MPEL exhibits 

highest adsorption energy (33.4 kcal/mole). That double bond of MPEL is 

elongated ∼1.3 Å as compared to that of the isolated molecule (see Figure 

8.12b).  In other words, the double bond loses its characteristic and become a 

single.  

The similar behavior was observed on the adsorption of FAL (see Figure 

8.12a). A part of the furan ring can coordinate to the surface as well; however, 

the interaction is less pronounced due to the double bond conjugation effect 

within the ring. That is the acyl adsorption energy of FAL (27.5 kcal/mole). In 

the case of the molecule containing no double bond such as MPAL and TMA, 

the molecule solely interacts with the surface through the carbonyl carbon. 

Therefore, a relative lower heat of adsorption is expected. Furthermore, the 

steric hindrance effect (e.g., three methyl groups in TMA) can makes the 

molecule even harder to adsorb, and results in a lower heat of adsorption. In 

this particular investigation, the acyl adsorption heats of MPAL and TMA are 

22.0 and 16.3 kcal/mole, respectively.  

Generally, levels of reaction rate and activity can be simply determined 

by the surface concentration, which directly connects to the ability to adsorb on 



 

the surface i.e., the heat of adsorption

the catalyst will be poisoned. 

adsorption energies is consistent well with the

activities, in which the

better activity.   

 

Figure 8.12 Geometries of isolated and optimized structures of 
species of a) furfural, b) 2

d) trimethylacetaldehyde on Pd(111)
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heat of adsorption. However, if the adsorption is too strong, 

the catalyst will be poisoned. In this example, the trend of the calculated 

adsorption energies is consistent well with the experimental decarbonylation 

, in which the molecule which has a higher heat of adsorption

Geometries of isolated and optimized structures of 
species of a) furfural, b) 2-methylpentenal, c) 2-methylpentanal and 

d) trimethylacetaldehyde on Pd(111) surfaces. 

However, if the adsorption is too strong, 

he trend of the calculated 

experimental decarbonylation 

higher heat of adsorption shows a 

 

Geometries of isolated and optimized structures of η1(C)-acyl 
methylpentanal and  
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In addition to the analysis of the surface concentration, a strong 

interaction of a molecule and a surface leads to the weakening of the bonds 

within a molecule. In this particular case, the modification of the C-C bond has 

an impact on the decarbonylation activity, in which the ability of the C-C bond 

breaking depends upon the bond strength.  

 

8.3.4 Conclusions   

On Pd catalysts, it is suggested that the surface η1-(C) acyl species is the 

main precursor for decarbonylation of aldehydes. The stability of this acyl 

intermediate strongly influences on the decarbonylation activity. Interpretation 

of the stability may be related to 1) the level of the surface concentration that 

affects to the reaction rate; and 2) the molecular bond weakening that leads to 

a lower energy needed to break the C-C bond. The calculated heats of 

adsorption from the DFT show a consistent trend as observed in the 

experimental results. That is the decarbonylation activity is in an order as 

follow:  MPEL > FAL > MPAL > TMA.   
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APPENDIX A 

Mulliken Charges and Proton Affinity of Single-Ring  
Aromatic Compounds 

 

 

Table A.1 Calculated values of Mulliken charge (q) of benzene, toluene, 
xylenes, phenol, and cresols. 
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toluene 0.177 -0.179 -0.127 -0.138 -0.127 -0.179
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Figure A.1 Calculated proton affinity (PA) and atomic charge at oxygens of 
toluene, methoxybenzenes (anisole), and methoxyphenols (guaiacols).   

 

 

Comments 

• For electrophilic alkylation of aromatics, the alkylated products can be 

predicted by using DFT calculations. That is, an alkylating agent is 

likely to attack at the negatively charged atom in the aromatic ring (see 

Table A.1), in which the ortho- and para- positions are the preferential 

ones. However, this speculation might be altered due to the steric 

hindrance effect of highly substituent aromatics. 

• As seen in Figure A.1, the hydroxyl group (-OH) shows a higher electron 

density, while the methoxyl group (-O-CH3) shows a higher proton 

BLUE: charge at –OH

GREEN: charge at –OCH3

RED:  PA in kcal/mol
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affinity (PA). This suggests that the former ought to interact better with 

Lewis acid sites, and the later is easier to be protonated by Brønsted 

acid sites.  
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APPENDIX B 

Molecular Orbitals of Single-Ring Aromatic Compounds 
 

 

Nomenclatures 

Bz =  Benzene 

Tol = Toluene (Methyl benzene) 

Xy =  Xylene (Dimethyl benzene) 

Ph = Phenol (Hydroxybenzene) 

Cr = Cresol (Methyl phenol) 

Cat =  Catechol (Benzenediol, Dihydroxybenzene) 

An =  Anisole (Methoxybenzene) 

Gua =  Guaiacol (Methoxyphenol) 

 

 

Comments 

• The presence of substituents can activate the benzene ring, as a result in 

a higher HOMO energy. The activation of the ring plays an important 

role in electrophilic alkylation of aromatics as discussed in Appendix K.  

• In addition, the LUMO energy of substituent aromatics is lower than 

that of benzene. As a result, the HOMO-LUMO energy gap is smaller.  

 

 



 

Table B.1 Molecular orbital energies of different aromatic compounds
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Molecular orbital energies of different aromatic compoundsMolecular orbital energies of different aromatic compounds. 

 



 

Figure B.1 Molecular orbital shapes of benzene, toluene and xylenes.
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Molecular orbital shapes of benzene, toluene and xylenes.

 

Molecular orbital shapes of benzene, toluene and xylenes. 



 

Figure B.2
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Figure B.2 Molecular orbital shapes of phenol and cresols.

 

 

phenol and cresols. 



 

Figure B.3
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Figure B.3 Molecular orbital shapes of anisole and guaiacol.

 

 

Molecular orbital shapes of anisole and guaiacol. 



211 
 

APPENDIX C 

Molecular Orbitals of Furanic Compounds 
 

 

Nomenclatures 

FAN = Furan 

MFAN =  Methyl furan 

FOL = Furfuryl alcohol (2-Furanmethanol) 

MFOL = 5-Methyl furfuryl alcohol  

FAL =  Furfural (Furfuraldehyde) 

MFAL =  5-Methyl furfural 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure C.1 Molecular orbital energies of different furanic compounds
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Molecular orbital energies of different furanic compounds

 

Molecular orbital energies of different furanic compounds. 



 

Figure C.2 Molecular orbital shapes of different furanic compounds

 

 

 

 

 

 

 

213 

Molecular orbital shapes of different furanic compounds

 

Molecular orbital shapes of different furanic compounds. 
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APPENDIX D 

Potential Energy Surface (PES) of the Adsorbed Propylene  
on Zeolites 

 

 

 

Figure D.1 Plots of surface propoxide energy as functions of adsorption 
separation (C-O distance) and zeolite structure (Al-O-Si angle). 
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Figure D.2 Plots of LUMO energy of surface propoxide as functions of 
adsorption separation (C-O distance) and zeolite structure (Al-O-Si angle). 

 

 

Comments 

• The stability of adsorbed carbenium ions (i.e. surface propoxide) can be 

determined by the C-O distance. It shows that, in this particular case, 

the optimum distance is ∼1.5 Å (Figure D.1).  

• As the surface alkoxide is activated (i.e. the C-O distance increases), its 

energetic stability is reduced. At the same time, the LUMO energy 

decreases (Figure D.2). This surface alkoxide/carbenium ion can behave 

as an alkylating agent in the electrophilic alkylation of aromatics (as 
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discussed in Appendix K). Therefore, the modification of the LUMO will 

have an impact on the alkylation activity.     

• The frontier molecular orbitals have not been modified much by varying 

zeolite structures, i.e. the Al-O-Si angle.  

• It is exhibited that the surface propoxide species is less stable as the  

Al-O-Si angle increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Proposed Reaction Path of Hydrodeoxygenation of Phenol 

 

 

Figure E.1 The energetic 
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APPENDIX E 

Proposed Reaction Path of Hydrodeoxygenation of Phenol 
on Zeolites 

nergetic profile of phenol hydrodeoxygenation on zeolites

Proposed Reaction Path of Hydrodeoxygenation of Phenol  

 

hydrodeoxygenation on zeolites. 
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Comments 

• The above figure depicts the proposed reaction path of hydrodeoxy-

genation of phenol on zeolites, which proceeds through protonation, 

partial hydrogenation of the ring, and dehydration.   

• It is noted that the barrier of the hydrogenation step is significantly 

high, while protonation and dehydration is relatively easy to take place 

over acid sites. 

• The H-transfer ability of the donor molecules (e.g. hydrogen and 

cyclohexadiene) has an impact on the activation energy for the hydro-

genation step. As shown in this case, using cyclohexadiene as a H-source 

gives a lower barrier than using hydrogen, 

• It might be expected that the presence of metal such as Pt can promote 

the ring hydrogenation, and leads to a moderate activation energy.    
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APPENDIX F 

Relative Hydride Transfer Ability of Methylcyclohexene 
 

 

 

Figure F.1 Comparison of relative activation energy for hydride abstraction at 
different locations of methycyclohexene.   

 

 

Comments 

• It is hard to abstract a hydride at the carbon of C=C (B and C). 

• The position next to the C=C (A and D) shows a lower activation 

energy than that of the further ones (E and F).  

• The presence of alkyl group, resulting in a tertiary carbon, promotes the 

hydride transfer, i.e. hydride abstraction at A requited less energy as 

compared to F. 

A (0.79)

D (0.81)

E (0.85)

G (0.84)

C (0.89)

F (0.84)
B (0.88)



 

Natural Bond Orbital (NBO) Analysis of Single

 

 

Table G.1 Natural bond orbital (NBO) analysis of phenol, catec
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APPENDIX G 

Natural Bond Orbital (NBO) Analysis of Single
Aromatic Compounds 

Natural bond orbital (NBO) analysis of phenol, catec
anisole and hydrogenated phenol. 

Natural Bond Orbital (NBO) Analysis of Single-Ring  

Natural bond orbital (NBO) analysis of phenol, catechol, guaiacol, 
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Comments 

• Here, it is proposed that the crackability of the C-O bond of molecules 

(i.e. deoxygenation) can be semi- determined by the energy gap between 

HOMO and C-O anti-bonding orbital.     

• Based on this DFT calculation, demethylation is the easiest process since 

it shows the lowest energy gap. In addition, demethoxylation is easier 

than dehydroxylation. 

• It is marked that both hydroxyl groups (-OH) of catechol are not 

intrinsically identical, in which one of them is weaker than the other. 

Hence, it is possible that guaiacol can be converted to catechol and 

further to phenol.  However, C-O bond breaking of phenol is less likely 

due to its high energy gap. 

• Interestingly, hydrogenated phenol (i.e. cyclohexanol) shows the lowest 

energy gap. As a result, the C-O bond breaking is expected to be very 

easy, and this is consistent to the proposal mentioned in appendix E. 

That is the hydrogenation/dehydration of phenol.   
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APPENDIX H 

Adsorption of Hydroxybenzaldehydes on Ru(0001) Surfaces 
 

 

Table H.1 Calculated heats of adsorption (eV) of ortho- and para-
hydroxybenzaldehydes on Ru(0001) surfaces. 

 

 

 

Comments 

• For Ru, the crystal structure is hexagonal close-packed (hcp), which the 

top layer of the hcp(0001) is equivalent to that of the fcc(111) plane. 

• Based on this DFT calculation, it exhibits that the interaction of the 

molecules on the surface is predominated by the aromatic ring. In 

addition, the carbonyl group is likely to adsorb the surface, while the 

hydroxyl group tilts up. 

• Generally, ortho-hydroxybenzaldehyde gives a higher heat of adsorption 

than the para- one for a given orientation on the surface. 

Ortho- Para-

p
ar

al
le

l

1 -1.26 -1.21

2 -1.19 -1.00

3 -1.66 -1.57

4 -1.70 -1.51

η
1-(O)

5 -0.35 -0.32

6 -0.27 -0.26

η
2-(C-O)

7 -0.45 -0.42

8 -0.54 -0.40



 

Figure H.1 Possible adsorption configurations of 
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Possible adsorption configurations of o-hydroxybenzaldehyde 
on Ru(0001) surfaces. 

 

 

 

 

 

 

 

 

hydroxybenzaldehyde  



 

Figure H.2 Possible adsorption configurations of 
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Possible adsorption configurations of p-hydroxybenzaldehyde 
on Ru(0001) surfaces. 

 

 

 

 

 

 

 

 

hydroxybenzaldehyde  
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APPENDIX I 

Adsorption of Furan on Pd and Ni Clusters 
 

 

 

Figure I.1 Structures of M10 cluster (M = Pd and Ni). 
 

 

Comments 

• For 10-metal clusters, It is reported that the structures a and b are the 

most stable geometries of Pd and Ni clusters, respectively.   

• Adsorption energy of furan on Ni is higher than that on Pd. As a result, 

the bonds of the furan are weakened more on Ni (i.e. longer bond length, 

and lower bond index). 

• It can be ascribed that hydrogenolysis, C-O bond breaking, is more likely 

on Ni, as compared to Pd.  

• The trends, as mentioned above, of adsorption energies, bond lengths, 

and bond index are similar regardless the geometries of the cluster used 

in calculation (see Table I.1 and I.2). 

a) b) c)



226 
 

Table I.1 Calculated heats of adsorption and bond lengths of furan on 
different structures of Pd and Ni clusters.  

 

 

Figure I.2 Optimized geometries of furan adsorption on Ni and Pd clusters. 

O
C1
C2

C4

C3

M1

M2
M3

M4

Molecule THF Furan

Cluster Isolated Isolated Pda (Pdc) Nib (Nic)

Eads (eV) - - 1.12 (1.01) 1.25 (1.20)

kcal/mol) - - 25.5 (23.3) 28.8 (27.7)

Bond length (Å)

O – C1 1.47 1.39 1.46 (1.44) 1.47 (1.46)

O – C4 1.47 1.39 1.44 (1.45) 1.46 (1.46)

C1 – C2 1.55 1.37 1.48 (1.49) 1.50 (1.49)

C2 – C3 1.55 1.45 1.48 (1.49) 1.50 (1.50)

C3 – C4 1.56 1.37 1.47 (1.48) 1.50 (1.48)

Furan/Pda Furan/Pdc

Furan/Feb Furan/Fec
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Table I.2 Calculated bond index and natural bond orbital (NBO) analysis of 
furan on different structures of Pd and Ni clusters. 

 

 

 

 

 

 

 

 

 

 

 

O

C1 C4

C3C2

a b

c de

Molecule THF Furan

Cluster Isolated Isolated Pda (Pdc) Nib (Nic)

Bond Index

a 0.8989 1.0209 0.8960 (0.9251) 0.8995 (0.8918)

b 0.8989 1.0209 0.9564 (0.9175) 0.9043 (0.9093)

c 1.0169 1.6704 1.1938 (1.1506) 1.1150  (1.1523)

d 1.0169 1.6704 1.2374 (1.1866) 1.1362 (1.1624)

e 1.0130 1.2502 1.1929 (1.1570) 1.1233 (1.1216)

Bond Orbital Analysis

a O_sp3.00 O_sp2.42 O_sp2.89 O_sp2.97

C1_sp4.00 C1_sp3.33 C1_sp3.97 C1_sp3.88

b O_sp3.00 O_sp2.42 O_sp2.77 O_sp2.85

C4_sp4.00 C4_sp3.34 C4_sp3.63 C4_sp3.89

c C1_sp2.47 C1_sp1.46 +p C1_sp1.83 C1_sp1.95

C2_sp2.88 C2_sp1.96 +p C2_sp2.10 C2_sp2.46

d C4_sp2.47 C4_sp1.46 +p C4_sp1.75 C4_sp1.90

C3_sp2.88 C3_sp1.96 +p C3_sp2.19 C3_sp2.40

e C2_sp2.82 C2_sp1.07 C2_sp2.08 C2_sp2.28

C3_sp2.82 C3_sp1.06 C3_sp2.12 C3_sp2.32
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APPENDIX J 

Adsorption of Acyl Species of Aldehydes on (111) Surfaces  
of Pt, Pd and Rh 

 

 

 

Figure J.1 Heats of adsorption of acyl species of pentanal, methylbutanal and 
trimethylacetaldehyde on (111) surfaces of Pt, Pd and Rh. 

 

 

 

 

 

Acyl_H

Alkyl_H_CO

Decarbonylation

Compounds Metal
Adsorption energy (kcal/mol)

Acyl_H Alkyl_H_CO

C5AL Pt -18.7 -23.8

(pentanal) Pd -25.0 -34.1

Rh -26.6 -42.0

MBAL Pt -14.4 -21.9

(methyl butanal) Pd -26.9 -29.7

Rh -31.9 -38.9

TMA Pt -8.7 -15.0

(trimethyl Pd -12.7 -29.1

acetaldehyde) Rh -30.0 -32.6

Ea

O

H

O

H

O

H
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APPENDIX K 

Alkylation of Different Aromatic Compounds and Model Small 
Oxygenates in Bio-Oil Refining 

 

 

Computational method 

The alkylation activity was investigated by the density functional theory 

(DFT) calculations. The concept of orbital control which relates to the 

interaction of molecular orbitals of two fragments, a donor and an acceptor, as 

applied to the analysis.1,2 In order to study the energy levels of molecular 

orbitals, the DFT calculations were performed using Becke’s three parameters 

which employ the Lee-Yang-Parr correlation functional (B3LYP) and the  

6-31G* basis set.3,4 The GAUSSIAN-03 program was employed to carry out all 

the DFT calculations.5 No symmetry constraints were placed on any of the gas-

phase aromatic molecules (benzene, toluene and m-cresol) during optimizations 

to achieve the minimum-energy structures. The alkylating agent used in this 

study was simulated by the adsorbed iso-propoxide species on a simple zeolite 

cluster (see Figure K.3), in which the ‘dangling’ bonds are saturated by 

hydrogen atoms. Such a model has been extensively used to predict the 

properties of the zeolitic active sites.6 Again, optimizations of geometry were 

carried out when searching for the most stable configuration. Besides, the 
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activated alkoxide species were also investigated by fixing the C-O bond 

distance and relaxing the rest of the cluster. 

 

Results and discussion  

The results of alkylation of benzene, toluene and m-cresol with  

1-propanol are shown in Figure K.1. It is noted that m-cresol give the highest 

alkylate yield, followed by toluene, and lowest for benzene. It is obviously seen 

that the presence of different substituents plays a significant role in the 

reactivity of the aromatic compounds. In this project, the DFT calculation is 

integrated in this analysis in order to explore the reactivity of the different 

aromatics. Corma et al. have studied the electrophillic alkylation of aromatic by 

utilizing the concept of molecular orbital control.7 Formation of a covalent bond 

requires an interaction of the main molecular orbitals (i.e. the more energatic) 

which are the highest occupied molecular orbital (HOMO) of aromatics and 

lowest unoccupied molecular orbital (LUMO) of alkylating agents, as the 

electron donor and acceptor fragments, respectively. Base on this analysis, the 

reaction activity/selectivity is somehow determined by the energy of HOMO-

LUMO gap.  

The substituents such as methyl (-CH3) and hydroxyl (-OH) groups 

attaching to the aromatic rings can destabilized the electron in the (HOMO) as 

illustrated in Figure K.2. Therefore, m-cresol shows a highest HOMO energy, as 
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compared to toluene, whereas benzene shows the most stable HOMO electron. 

Assuming that the energy of the LUMO remains the same or at least the 

HOMO of the activated alkylating species cluster remains constant on the 

zeolite surface, therefore, the HOMO-LUMO energy gap is smallest for 

alkylation of m-cresol, higher for toluene and highest for benzene. This 

predicted trend of alkylation reactivity is consistent with the experiment results 

shown in Figure K.1.  

 

 

Figure K.1 Alkylation of different feed over H-Beta at 200 °C.  
W/F = 1h. Carrier gas H2 30ml/min.  
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In addition to the theoretical investigation of the aromatic, it is worth to 

explore the electrophillic agent further. As using acid zeolites as catalysts, the 

alkylating agent can be considered as a complex oxide or an adsorbed 

carbenium ion. As generally known, 1-propanol is readily hydrogenated to 

propylene. Therefore, the simulated propoxide species or adsorb propylene 

carbenium ion is used as the alkylating agent. According to stability of alkoxide 

species,8 the propoxide-zeolite complex may not react as an effective 

electrophile, and the geometry activation is needed (read more in Appendix D). 

As clearly shown in Figure K.3, the total energy of the propoxide is increased 

by elongation of the C—O bond, hence, significantly decrease of the LUMO 

energy can be achieved. This moment is likely to happen during the transition 

state. In addition, the position of the electrophilic attack can be predicted by 

considering the electron density on each potential position (see Appendix A), in 

which it is preferentially occur at ortho- and para- positions. 
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Figure K.2 Calculated HOMO energies (eV) of benzene, toluene, and m-cresol. 

 

 

Figure K.3 Calculated LUMO energy (eV) and total energy (Hartrees) of 
propoxide species (i.e. adsorbed propylene) at different separation distances. 
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Conclusions 

The activity of electrophilic aromatic alkylation can be semi-

quantitatively determined by the mean of orbital control analysis. The 

formation of covalent bond between aromatics and an alkylating agent is 

contributed from the interaction of their frontier molecular orbitals, which are 

the HOMO of aromatics and the LUMO of the surface carbenium species 

complex. The presence of substituent destabilizes the aromaticity and leads to a 

higher HOMO energy. Consequently, the corresponding smaller HOMO-LUMO 

gap, referring to the activity indicator, is expected. That is, as the same 

alkylating agent is used, the alkylation activity is in the following order:  

m-cresol > toluene > benzene.   
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