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Abstract: In this work, Density Functional Theory (DFT) was used to choose the 10 

suitable ZSM-5 model. The effect of P modification of ZSM-5 on the rate-limiting 11 

step of stepwise reaction pathway of ethylene dimerization, that is, ethylene 12 

protonation, was studied. 14T was used to search the transition state. On the 13 

extra-framework modified H3PO4/HZSM-5 zeolite, the adsorption energy of ethylene 14 

decreases, which makes the products desorb quickly after formation and reduces the 15 

incidence of dimerization or polymerization. Ethylene polymerization reaction is the 16 

main cause of coking deactivation of ZSM-5. That ethylene protonation reaction is the 17 

rate-limiting step of ethylene dimerization suggests that after P modification, the 18 

activation energy of ethylene dimerization increases to inhibit ethylene dimerization, 19 

prevent deep ethylene polymerization and thus improve the resistance to coke 20 

deposition of ZSM-5 and prolong the life of zeolite. Based on the study results, the 21 

inhibition mechanism of P modification to ethylene dimerization was explored to 22 
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provide beneficial theoretical guide for designing and improving the catalyst of 1 

ethanol dehydration to ethylene.   2 

Keywords: Density Functional Theory (DFT); Ethylene Dimerization; Phosphorus 3 

acid; ZSM-5 zeolite 4 

1. Introduction 5 

The development level of ethylene industry is one of the important indicators to 6 

measure the economic power of a country. And it plays an important role in the 7 

national economy development. Global oil resources are becoming increasingly 8 

strained, thus severely restricting the development of ethylene industry. The 9 

exploitation of various non-oil raw materials for ethylene production is drawing the 10 

worldwide attention. Ethanol dehydration to ethylene has broad development 11 

prospects, and plays an important role in promoting the economic development and 12 

environmental protection [1, 2, 3, 4].  13 

Over 200 years ago, Bondt et al. was first to detect the selective conversion of 14 

ethanol to ethylene in mildly acidic homogeneous solution[5]. Activated alumina 15 

(γ-A12O3) shows relatively high activity and selectivity, when used as the catalyst of 16 

ethanol dehydration reaction. At present, the catalyst employed in industry is mainly 17 

γ-A12O3. However, when γ-A12O3 is used as the catalyst, some problems exist. For 18 

example, the concentration of the reactant ethanol is required to be relatively high, 19 

which is usually higher than 95% (volume fraction); the production capacity of 20 

operation equipment is relatively small, and the energy consumption is relatively large; 21 

the reaction temperature is relatively high, which is usually about 380℃[6]. Since 22 
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1980s, researchers have been using zeolite to catalyze ethanol dehydration to ethylene 1 

reaction. The zeolites used mainly include H-NaZSM-5 zeolite, HZSM-5 with various 2 

ratios of silica to alumina, SAPO-34 zeolite, HBeta zeolite, 4A zeolite, H- mordenite, 3 

V-MCM-41, HY zeolite and so on[7, 8, 9, 10]. Among those zeolites, ZSM-5 is often 4 

used in the catalytic dehydration study because of its relatively good lipophilic and 5 

hydropholic property. When ZSM-5 is used in ethanol dehydration to ethylene 6 

reaction, under the condition of the temperature of 250~300℃ and space velocity of 7 

1~2h
-1

, the conversion is above 99.5% and the selectivity is above 99.4%[11]. 8 

Phillips et al. studied the dehydration reaction over HZSM-5 of ethanol solution 9 

with various volume concentrations (80~100%)[5]. They found that coke deposition is 10 

significant for HZSM-5. In order to improve aforementioned problems, researchers 11 

modified ZSM-5 through such methods as hydrothermal treatment, ion exchange and 12 

impregnation [12, 13, 14, 15]. Murata et al.[16] studied the influence of P content of 13 

P-ZSM-5 on modification effect. They found that with P content of P-ZSM-5 14 

increasing, conversion of ethanol increases and the selectivity of ethylene increases 15 

significantly. However, excess p destroys the Bronsted acid sites on the surface of 16 

ZSM-5. The researches of Zhang et al.[17] showed that when P content of P-ZSM-5 is 17 

3.4wt%(P/Al=0.95), the main product of ethanol dehydration reaction is ethylene, 18 

with the selectivity of ethylene larger than 99.4%, and the reaction temperature 19 

ranging from 573K to 713K. Ramesh et al.[18] prepared a series of P-ZSM-5 with 20 

various P content and applied them in the ethanol dehydration to ethylene reaction. 21 

They found that the introduction of P into ZSM-5 will reduce the adsorption of 22 
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polymer in reaction and thus improve the selectivity and thermostability of the 1 

catalyst. C5
+
, especially aromatic hydrocarbons, obviously exist on the catalyst after 2 

reaction, resulting in coke deposition in the ZSM-5 without P, while in P modified 3 

ZSM-5, the catalyst is still active after the reaction undergoes 200h, suggesting the 4 

lifetime of P modified ZSM-5 increases. That is to say, under these conditions, the 5 

ethylene dimerization reaction may lead to coke deposition which will cause the 6 

catalyst to be deactivated[19,20]. Due to the pore confinement effect, ZSM-5 zeolites 7 

are effective catalysts for ethylene dimerization[21]. Currently, many researchers base 8 

their studies of ethylene dimerization on the stepwise and concerted mechanisms[21, 9 

22, 23, 24, 25]. Zhang Jia et al. conducted a theoretical study on the stepwise pathway 10 

of dimerization reaction and concerted dimerization reaction pathway of ethylene on 11 

HZSM-5[26]. The calculation results showed that concerted reaction needs more 12 

activation energy, and thus the dimerization reaction of ethylene on HZSM-5 occurs 13 

as the stepwise reaction, in which the first step that the ethylene molecule is 14 

protonated is the rate-limiting step. The stepwise reaction pathway is shown as 15 

follows:  16 

C2H4+HZSM-5→C2H4-HZSM-5                                  (1) 17 

C2H4-HZSM-5→CH3CH2-ZSM-5                                 (2) 18 

CH3CH2-ZSM-5+C2H4→C4H9-ZSM-5                             (3) 19 

In this work, Density Functional Theory (DFT) was used to choose the suitable 20 

ZSM-5 model. The effect of P modification of ZSM-5 on the rate-limiting step of 21 

stepwise reaction pathway of ethylene dimerization, that is, ethylene protonation, was 22 
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studied. This study was conducted to explore the effect of P modification on ethylene 1 

dimerization. Based on the study results, the inhibition mechanism of P modification 2 

to ethylene dimerization was explored to provide beneficial theoretical guide for 3 

designing and improving the catalyst of ethanol dehydration to ethylene to reduce 4 

coke deposition which will deactivate the catalyst.  5 

2. Computational Model and Methods 6 

ZSM-5 zeolite has the MFI framework topology, characterized by a 7 

three-dimensional pore system with straight and sinusoidal channels. The pore 8 

vacancies are defined by 10 member oxygen-rings that are wide enough (about 5.5 Å) 9 

to allow molecules as large as benzene to pass. As is shown in Figure 1, among the 10 

twelve crystallographic distinct T sites, T4 and T10 sites, marked in green, only 11 

appear in the 10 member O-ring which forms the straight channel. Similarly, T8 and 12 

T11 sites, marked in blue, only appear in the 10 member O-ring which forms the 13 

sinusoidal channel. Thus, there are eight T sites which are common to both straight 14 

and sinusoidal channels [27, 28]. Many studies reported that the T6, T9 and T12 sites, 15 

marked in purple, are the most stable positions for Al atoms [29,30,31], but some 16 

other studies suggested that T12 site is the most stable position for Al atoms [32, 33, 17 

34, 35, 36].  18 

 19 
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 1 

Figure 1 The unit structure of ZSM-5 zeolite 2 

To avoid the influence of the size of the cluster model, the 8T, 14T and 18T 3 

models of ZSM-5 are respectively optimized and compared to choose the most 4 

suitable size of cluster model. Only the situation that the T12 site is replaced by Al is 5 

taken into consideration in this study. 6 

All calculations were performed using DMol
3
 module of MS (Materials Studio) 7 

[37, 38]. In the DFT simulation, the generalized gradient approximation (GGA) in the 8 

RPBE parameterization was used in all calculations. With the consideration of the 9 

electronic polarization effect, the double numerical plus polarization (DNP) basis set 10 

was used in the calculation. The numerical basis sets in DMol3 minimize or even 11 

eliminate basis set superposition error (BSSE) in contrast to Gaussian basis sets, 12 

where BSSE can be a serious problem[39, 40]. The transition state was completely 13 

determined by LST/QST. The allowable deviations of the total energy, gradient and 14 

displacement are 1×10
-5

Ha, 0.004Ha/Å and 0.005Å, respectively.  15 

3. Results and Discussion 16 

3.1 The Comparison of 8T, 14T and 18T  17 

3.1.1 Unmodified HZSM-5 18 
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The acidity of zeolite plays an important role in the ethanol dehydration reaction. 1 

Acidic properties can influence the reaction activity of zeolites as acid catalysts, and 2 

the acid strength can be influenced by the chemical composition, such as the 3 

species[41]. Studies suggest that the deprotonation energy (DPE) is an effective way 4 

to measure the acidity of zeolite. Deprotonation energy cannot be directly measured 5 

experimentally. Deprotonation energy denotes the energy that it takes to remove an 6 

acidic proton from the zeolite. It can be shown in the following Formula (1), 7 

Zeo-OH→Zeo-O
-
+H

+                                                        
Formula (1) 8 

The deprotonation energy (DPE) of zeolite, DPE= EZeo-OH - EZeo-O-,where EZeo-OH 9 

and EZeo-O- represent the energy of zeolite before and after the removal of proton. The 10 

smaller the DPE is, the easier it is to remove the proton, and the stronger the acidity 11 

of zeolite is.  12 

Figure 2 shows the optimized configurations of 8T, 14T and 18T when HZSM-5 13 

is not modified. The specific parameters and the deprotonation energy can be seen in 14 

Table 1. The 8T model is 1/3 of the entire channel. The 14T model is 1/2 of the entire 15 

channel. The 18T model is the whole channel. Table 1 shows that the numbers of 16 

atoms contained in each model are 34, 58 and 73, respectively. The number of atoms 17 

contained in the 18T model is more than double of the number of atoms contained in 18 

the 8T model. In the quantum chemical calculations, the larger the number of atoms 19 

contained in the model is, the slower the computation is. Thus, to save some 20 

computational time and ensure that the computation model is as close to the reaction 21 
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system as possible, with the premise that it is ensured that the model parameters are 1 

not influenced by the model size, relatively small model should be adopted.  2 

From Figure 2, the bond lengths of bridge hydroxyls in 8T, 14T and 18T models 3 

are 0.975Å, 0.975Å, 0.976Å, respectively, which are almost equivalent and all are 4 

consistent with the calculation value of Xin[42]. The deprotonation energies of those 5 

models are 298.18kcal/mol, 295.22kcal/mol and 295.72kcal/mol, respectively, which 6 

are all in the experimental value range of 291~300kcal/mol[43] and are in good 7 

agreement with the study result of Brandle, 1200 kJ/mol (286.68kcal/mol) [44] , and 8 

the study result of Zheng, 294 kcal/mol[45]. 9 

 10 

(a) 8T 11 

 12 

(b) 14T 13 

 14 
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(c) 18T 1 

Figure 2 The configurations of unmodified ZSM-5 zeolite cluster models 2 

Table 1 The deprotonation energy of the unmodified ZSM-5 zeolite cluster models 3 

Model atoms 

Ozeo-Ha 

(Å) 

EZeo-OH 

(Ha) 

EZeo-O- 

(Ha) 

DPE 

(kcal/mol) 

8T 34 0.975 -2807.7426  -2807.2675 298.18 

14T 58 0.975 -5004.0379 -5003.5675 295.22 

18T 73 0.976 -6542.4003 -6541.9290 295.72 

Experiment - - - - 291~300[43] 

Besides the comparison of the geometry structure of each model, in this study, 4 

adsorption energy of ethanol was also compared. In the Figure 3, the stable 5 

configurations of ethanol molecules adsorbed on unmodified 8T, 14T and 18T models 6 

are shown. Table 2 lists the geometric parameters and adsorption data of the ethanol 7 

adsorption on each model. The adsorption energy of ethanol can be shown in the 8 

following Formula (2): 9 

Ea=ET-C2H5OH-ET-EC2H5OH                                                         Formula (2) 10 

Where, Ea represents the adsorption energy of ethanol, kcal/mol; 11 

      ET-C2H5OH represents the total energy of the system after ethanol is adsorbed on 12 

the catalyst surface, Ha; 13 

      ET represents the total energy before adsorption, Ha; 14 

      EC2H5OH represents the total energy of ethanol before adsorption, Ha; 15 

      1Ha=627.51kcal/mol. 16 
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 1 

(a) 8T 2 

 3 

(b) 14T 4 

 5 

(c) 18T 6 

Figure 3 The optimized models of ethanol absorbed on unmodified ZSM-5 zeolite 7 
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Table 2 Adsorption energy of the ethanol adsorbed on unmodified ZSM-5 zeolite 1 

Model 

Ozeo-Ha 

(Å) 

O-Ha 

(Å) 

ET 

(Ha) 

EC2H5OH 

(Ha) 

ET-C2H5OH 

(Ha) 

Ea 

(kcal/mol) 

8T 1.051 1.510 -2807.7426 -155.0447 -2962.8152 -17.50 

14T 1.063 1.464 -5004.0379 -155.0447 -5159.1118 -18.32 

18T 1.067 1.460 -6542.4003 -155.0447 -6697.4744 -18.50 

 2 

    From Figure 3, the O atom of ethanol is adsorbed on the H atom of bridge 3 

hydroxyl of the zeolite in the 8T, 14T and 18T models. The H atom of hydroxyl in 4 

ethanol molecule always prefers the Al atom in the zeolite. The three models show 5 

almost no difference from the perspective of the adsorption configuration. From the 6 

adsorption data listed in Figure 3, the distances between the O atom of ethanol 7 

molecules and H atoms of bridge hydroxyl of zeolite are 1.510Å, 1.464Å and 1.460Å, 8 

respectively. The bond lengths of bridge hydroxyl of zeolite are 1.051Å, 1.063Å and 9 

1.067Å, with the difference between each other within 0.1Å, suggesting the O atom of 10 

ethanol molecule forms hydrogen bond with the bridge hydroxyl of the zeolite. The 11 

adsorption energy of each configuration is -17.50kcal/mol, -18.32kcal/mol and 12 

-18.50kcal/mol, respectively, with the difference within 1kcal/mol, suggesting the 13 

difference of adsorption energy data of ethanol adsorption on each model is not 14 

significant. And all the values are close to the experimental values of Lee, -130±5 15 

kJ/mol (31.05±1.20 kcal/mol)[46]. 16 

In the summary, as for unmodified HZSM-5, the results of geometric parameters 17 
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and deprotonation energy of each model are almost the same, whether it is the 1 

optimized zeolite model or the zeolite configuration with ethanol adsorbed. Thus, 8T, 2 

14T and 18T all can be used to study the related properties of unmodified HZSM-5.  3 

3.1.2 Extra-framework Modified H3PO4/HZSM-5 Zeolite 4 

Figure 4 shows the optimized configurations of 8T, 14T and 18T of the 5 

extra-framework modified H3PO4/HZSM-5 zeolite. The detailed parameters and 6 

deprotonation energy are listed in Table 3. 7 

 8 

(a) 8T 9 

 10 

(b) 14T 11 

 12 
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(c) 18T 1 

 2 

Figure 4 The optimized models of extra-framework modified ZSM-5 zeolite 3 

Table 3 Deprotonation energy of the extra-framework modified ZSM-5 zeolite 4 

Model atoms 

EZeo-OH 

(Ha) 

EZeo-O- 

(Ha) 

DPE 

(kcal/mol) 

8T 42 -3452.0915 -3451.6159 298.41 

14T 66 -5648.3875 -5647.9095 300.00 

18T 81 -7186.7492 -7186.2677 302.17 

 5 

From Figure 4 and Table 3, the H1 and H2 in phosphorus acid molecule form 6 

hydrogen bonds with O atoms in zeolite, respectively. The O4 atom in phosphorus 7 

acid molecule forms hydrogen bond with the bridge hydroxyl in zeolite. The 8 

deprotonation energy of each model is 298.41kcal/mol, 300.00kcal/mol and 9 

302.17kcal/mol, respectively. The deprotonation energies of 14T and 18T are very 10 

close.  11 

Figure 5 shows the stable configurations of ethanol adsorbed on 8T, 14T and 18T 12 

of extra-framework modified H3PO4/HZSM-5 zeolite. Table 4 lists the geometric 13 

parameters and adsorption energy data of ethanol adsorbed on each model.  14 
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 1 

(a) 8T 2 

 3 

(b) 14T 4 

 5 

(c) 18T 6 

Figure 5 The configurations of ethanol adsorbed on the extra-framework modified 7 

ZSM-5zeolite 8 

Table 4 Adsorption energy of ethanol adsorbed on the extra-framework modified 9 

ZSM-5 zeolite 10 

Model 

Ozeo-Ha 

(Å) 

O-Ha 

(Å) 

ET 

(Ha) 

EC2H5OH 

(Ha) 

ET-C2H5OH 

(Ha) 

Ea 

(kcal/mol) 
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8T 1.027 1.593 -3452.0915 -155.0447 -3607.1607 -15.44 

14T 1.633 1.575 -5648.3875 -155.0447 -5803.4548 -14.17 

18T 1.638 1.550 -7186.7492 -155.0447 -7341.8187 -15.57 

From Figure 5, in 8T, 14T and 18T, ethanol molecule forms hydrogen bond with 1 

H2 in phosphorus acid. But the configuration of 8T is different from that of 14T. From 2 

Table 4, the distances between the O atom of ethanol molecule and H atom of the 3 

bridge hydroxyl of zeolite are 1.593Å, 1.550Å and 1.603Å, respectively. The bond 4 

lengths of bridge hydroxyl of zeolite are 1.027Å, 1.033Å and 1.021Å, respectively. 5 

The difference of bond length between each other is within 0.1Å, suggesting the O 6 

atom forms hydrogen bond with H atom of bridge hydroxyl of zeolite. The adsorption 7 

energies of each model are -15.44kcal/mol, -14.17kcal/mol and -15.57kcal/mol, 8 

respectively. The adsorption energy of 8T shows little difference from those of 14T 9 

and 18T.  10 

In summary, as for extra-framework modified H3PO4/HZSM-5 zeolite, the 11 

configuration of 14T with ethanol absorbed is close to that of 18T. Thus, 8T is not 12 

suitable to be used to study the related properties of extra-framework modified 13 

H3PO4/HZSM-5 zeolite. 14 

3.1.3 Framework Modified H3PO4/HZSM-5 Zeolite 15 

Figure 6 shows the configurations of 8T, 14T and 18T of framework modified 16 

H3PO4/HZSM-5 zeolite. The detailed parameters and deprotonation energy are listed 17 

in the Table 5.  18 
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 1 

(a) 8T 2 

 3 

(b) 14T 4 

 5 

(c) 18T 6 

Figure 6 The configurations of P framework modified ZSM-5 zeolite 7 

Table 5 Deprotonation energy of the P framework modified ZSM-5 zeolite 8 

Model atoms 

EZeo-OH 

(Ha) 

EZeo-O- 

(Ha) 

DPE 

(kcal/mol) 

8T 39 -3375.5873  -3375.1027 304.13 
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14T 63 -5571.8819 -5571.3960 304.94 

18T 78 -7110.2415 -7109.7543 305.76 

From Figure 6, the optimized configuration of 8T is greatly different from those 1 

of 14T and 18T. However, the optimized configuration of 14T and 18T are almost the 2 

same. In 8T, all the H atoms of H2PO4
-
 form hydrogen bond with the O atoms on one 3 

side of Al atom in the zeolite. In the 14T and 18T, however, the H atoms of H2PO4
-
 4 

form hydrogen bond with the O atoms on both sides of Al atom in zeolite.  5 

From Table 5, the deprotonation energies of 8T, 14T and 18T are 304.13kcal/mol, 6 

304.94kcal/mol and 305.76kcal/mol, respectively. The deprotonation energy 7 

difference between each model is within 2kcal/mol. The deprotonation energies of 8 

14T and 18T are very close, with the difference of 0.78kcal/mol. 9 

Figure 7 shows the stable configurations of 8T, 14T and 18T of ethanol adsorbed 10 

on the framework modified H3PO4/HZSM-5 zeolite. The parameters and adsorption 11 

energy data of ethanol on each model are listed in Table 6.  12 

 13 

(a) 8T 14 
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 1 

(b) 14T 2 

 3 

(c) 18T 4 

Figure 7 The configurations of ethanol adsorbed on framework modified ZSM-5 5 

zeolite 6 

Table 6 Adsorption energy of ethanol adsorbed on framework modified ZSM-5 zeolite 7 

Model 

Ozeo-Ha 

(Å) 

O-Ha 

(Å) 

ET 

(Ha) 

EC2H5OH 

(Ha) 

ET-C2H5OH 

(Ha) 

Ea 

(kcal/mol) 

8T 1.044 1.519 -3375.5873 -155.0447 -3530.6532 -12.33 

14T 1.051 1.462 -5571.8819 -155.0447 -5726.9359 -5.85 

18T 1.039 1.523 -7110.2415 -155.0447 -7265.2981 -7.51 

From Figure 7, whichever of 8T, 14T and 18T is chosen, ethanol molecule form 8 

hydrogen bond with the H atom in phosphorus acid. However, because the 8T 9 
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configuration of framework modified H3PO4/HZSM-5 zeolite is greatly different from 1 

those of 14T and 18T, leading to the result that the configuration of 8T is still greatly 2 

different from those of 14T and 18T.  3 

From Table 6, the distances between O atom of ethanol and H atom of bridge 4 

hydroxyl in zeolite are 1.519Å, 1.462Å and 1.523Å, respectively. The bond lengths of 5 

bridge hydroxyl in zeolite are 1.044Å, 1.051Å and 1.039Å, respectively. The 6 

difference between the bond length data is within 0.1Å, suggesting O atom of ethanol 7 

forms hydrogen bond with H atom of bridge hydroxyl in zeolite. The adsorption 8 

energy of each model is -12.33kcal/mol, -5.85kcal/mol and -7.51kcal/mol, 9 

respectively. The difference of adsorption energy of ethanol adsorbed on 14T and 18T 10 

is within 2kcal/mol. The adsorption energy of 8T differs greatly from those of 14T 11 

and 18T. The adsorption energy of 8T is almost double of that of 18T, suggesting the 12 

adsorption energy of ethanol adsorbed on 8T differs greatly from those of 14T and 13 

18T.  14 

In summary, as for the parameters and deprotonation energy of the framework 15 

modified H3PO4/HZSM-5 zeolite after optimization and with ethanol adsorbed, the 16 

results of 8T differ greatly from those of 14T and 18T. However, the results of 14T 17 

and 18T differ little. Therefore, 8T can’t be used to study the related properties of the 18 

framework modified H3PO4/HZSM-5 while both 14T and 18T can be used. 19 

Through comparing the geometry configurations, deprotonation energy and 20 

ethanol adsorption energy of 8T, 14T and 18T of ZSM-5 before and after P 21 

modification, 14T was chosen as the computational model of the Transition State 22 
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search. 1 

3.2 Ethylene Adsorption 2 

In the framework modified H3PO4/HZSM-5 zeolite, two atoms of the phosphorus 3 

acid form hydrogen bonds with O atoms of zeolite framework, which enhances the 4 

stability of the configuration, but makes it more difficult for ethylene molecules to be 5 

adsorbed on the acidic sites of the framework modified H3PO4/HZSM-5 zeolite. In the 6 

extra-framework modified H3PO4/HZSM-5 zeolite, not only do two H atoms form 7 

hydrogen bonds with O atoms of the zeolite framework, but also one H atom is 8 

exposed in the channel of zeolite, which makes it easier for ethylene molecules to be 9 

adsorbed on the extra-framework modified H3PO4/HZSM-5 zeolite. Thus, after 10 

calculation, the properties of the extra-framework modified H3PO4/HZSM-5 zeolite 11 

and unmodified HZSM-5 zeolite are compared.  12 

Figure 8 shows the stable configurations of ethylene adsorbed on the catalyst 13 

model before and after ZSM-5 modification. The distances between C1 atom and C2 14 

atom of ethylene with acidic protons of the catalyst, Ha and H2, are listed in Table 7. 15 

From Figure 8 and Table 7, on the unmodified catalyst model, ethylene forms 16 

hydrogen bond with the acidic proton of the catalyst while on the extra-framework 17 

modified H3PO4/HZSM-5 zeolite, ethylene forms hydrogen bond with H2 atom of 18 

phosphorus acid in the catalyst model.  19 
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 1 

(a) Un- Front View                 (b) Un- Side View 2 

 3 

(c) Ex- Front View                  (d) Ex-Side View 4 

Figure 8 The configurations of ethylene adsorbed on the unmodified and modified 5 

ZSM-5 zeolite 6 

*Un-: unmodified ZSM-5 zeolite;  7 

Ex-: extra-framework ZSM-5 zeolite; 8 

 9 

Table 7 Geometric parameters of ethylene adsorbed on the unmodified and modified 10 

ZSM-5 zeolite 11 

Model 

C-H 

(Å) 

C-O 

(Å) 

C-C 

(Å) 

Un C1-Ha   2.270 C2-Ha   2.261 C1-Ozeo 3.234 C2-Ozeo 3.214 1.343 

Ex C1-H2  2.318 C2-H2  2.348 C1-O2 3.298 C2-O2 3.272 1.342 

The adsorption energy of ethylene on the unmodified and modified ZSM-5 12 
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zeolite is listed in Table 8. The value of adsorption energy of ethylene on the 1 

unmodified ZSM-5 agrees with the values calculated by Wang[47]. From Table 8, on 2 

the extra-framework modified H3PO4/HZSM-5 zeolite, the adsorption energy of 3 

ethylene decreases, which makes the products desorb quickly after formation and 4 

reduces the incidence of dimerization or polymerization. 5 

Table 8 Adsorption energy of ethylene adsorbed on the unmodified and modified 6 

ZSM-5 zeolite 7 

Model 

ET 

(Ha) 

EC2H4 

(Ha) 

ET-C2H4 

(Ha) 

Ea 

(kcal/mol) 

Ea 

(kJ/mol) 

Un -5004.0379 -78.5759 -5082.6296 -9.88 -41.34 

Ex -5648.3875 -78.5759 -5726.9732 -6.10 -25.54 

3.3 Ethylene Protonation 8 

Figure 9 shows the stable configurations of ethyl on the unmodified and 9 

modified ZSM-5 zeolite. To ensure that the atoms of reactants and products can 10 

completely be matched when transition state search is conducted, adsorption 11 

configuration of ethyl on the catalyst is obtained through moving the adsorption 12 

configuration of ethylene. Table 10 lists the adsorption energy of ethyl on the catalyst. 13 

 14 

(a) Un- Front View                   (b) Un-Side View 15 
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 1 

(c) Ex-Front View                   (d) Ex- Side View 2 

Figure 9 The configurations of C2H5 adsorbed on the unmodified and modified 3 

ZSM-5 zeolite 4 

 5 

Table 9 Geometric parameters of C2H5 adsorbed on the unmodified and modified 6 

ZSM-5 zeolite 7 

Model 

C-H 

(Å) 

C1-O2 

(Å) 

C-C 

(Å) 

Un C1-Ha    2.270 C2-Ha   2.261 1.534 1.514 

Ex C1-H2  2.318 C2-H2  2.348 1.495 1.517 

 8 

   Table 10 Adsorption energy of C2H5 adsorbed on the unmodified and modified 9 

ZSM-5 zeolite 10 

Model 

ET 

(Ha) 

EC2H4 

(Ha) 

ET-C2H5 

(Ha) 

∆E 

(kcal/mol) 

∆E 

(kJ/mol) 

Un -5004.0379 -78.5759 -5082.6385 -15.45 -64.65 

Ex -5648.3875 -78.5759 -5726.9863 -14.32 -59.92 
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3.4 The Transition State Search of Ethylene Protonation Reaction before and 1 

after Modification 2 

The stable configurations of ethylene adsorption and ethylene protonation were 3 

investigated above. The transition state search was conducted with Dmol
3
 module. 4 

Figure 10 shows the energy figures of the ethylene protonation reaction and the 5 

transition state configurations of the unmodified and modified ZSM-5 zeolite. Table 6 

11 lists the geometric parameters of transition state configurations of ethylene 7 

protonation.  8 

From Figure 10 and Table 11, on the unmodified ZSM-5 zeolite, Ha of bridge 9 

hydroxyl moves close to C1, with the distance changing from 2.270Å to1.202Å. C2 of 10 

ethanol moves close to Ozeo of the bridge hydroxyl of the zeolite, with the distance 11 

changing from 3.214Å to 2.493Å. The bond length of C-C in ethylene changes from 12 

1.343Å to 1.398Å. Then, Ha atom moves closer to C1, and C2 moves closer to Ozeo 13 

until ethylene is protonated. On extra-framework modified H3PO4/HZSM-5 zeolite, 14 

H2 of the phosphorus acid moves close to C2 of ethylene, with the distance changing 15 

from 2.348Å to 1.216Å. The C1 of ethylene moves close to O2 of phosphorus acid, 16 

with the distance changing from 3.298Å to 2.376Å. The bond length of C-C of 17 

ethylene changes from 1.342Å to 1.401Å. Then, H2 moves closer to C2 and C1 moves 18 

closer to O2 until the ethylene is protonated.  19 

     20 
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1 

Figure 10 The energy figures of the ethylene protonation reaction 2 

(a) and (b) are the transition state configuration of the ethylene protonation before modification 3 

(c) and (d) are the transition state configuration of the ethylene protonation reaction after 4 

modification 5 

 Table 11 Geometric parameters of the transition state of the ethylene 6 

protonation reaction 7 

Model 

C-H 

(Å) 

C-O 

(Å) 

C-C 

(Å) 

Un C1-Ha   1.202 C1-Ozeo 2.493 1.398 

Ex C2-H2  1.216 C2-O2  2.376 1.401 

The charge population analysis of ethylene protonation is shown in Table 12. 8 

From Table 12, on the unmodified zeolite, Ozeo and C1 obtain electrons while Ha and 9 

C2 lose electrons. The charge of Ha decreases from original +0.359|e| to +0.263|e| of 10 

the Transition State (TS), suggesting Ha obtains electrons during the process of 11 

reactant to the transition state. The charge of C2 increases from original -0.200|e| to 12 

+0.051|e|, suggesting C2 loses electrons during the process of reactant to the transition 13 
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state. Therefore, during the process from reactants to the transition state, only C2 loses 1 

electrons. From Table 12, during the process from the transition state to products, only 2 

C2 loses electrons. All the results suggest that the C of ethylene that forms ethyl with 3 

zeolite loses electrons. C-O bond between ethylene and zeolite is formed through 4 

charge transfer.  5 

Table 12 Mulliken population analysis of the ethylene protonation reaction 6 

Model 

Mulliken Charge |e| 

 C1 C2 Ha(H2) Ozeo(O2) 

Un 

Reactant -0.205 -0.200 0.359 -0.769 

TS -0.253 0.051 0.263 -0.924 

Product -0.228 0.100 0.093 -0.827 

Ex 

Reactant -0.192 -0.176 0.305 -0.553 

TS 0.051 -0.237 0.267 -0.749 

Product 0.070 -0.207 0.097 -0.597 

 7 

Figure 10 shows the energy change during the reaction process. C2H4+T 8 

represents ethylene molecule and zeolite. C2H4/T represents ethylene adsorbed on 9 

zeolite. TS represents the transition state. C2H5/T represents ethyl and zeolite.  10 

From Figure 10, the reaction: C2H4+H-ZSM-5→C2H5-ZSM-5 can be obtained. 11 

On the unmodified catalyst, the reaction activation energy is 139.70kJ/mol. On the P 12 

modified catalyst, the reaction activation energy is 165.96kJ/mol. On the P modified 13 

catalyst, the activation energy of ethylene protonation increases. That ethylene 14 
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protonation reaction is the rate-limiting step of ethylene dimerization suggests that 1 

after P modification, the activation energy of ethylene dimerization increases to 2 

inhibit ethylene dimerization, prevent deep ethylene polymerization and thus improve 3 

the resistance to coke deposition of ZSM-5 and prolong the life of zeolite. 4 

4. Conclusions 5 

In this work, Density Functional Theory (DFT) was used to calculate the 6 

activation energy of the rate-limiting step of ethylene dimerization, ethylene 7 

deprotonation, on the unmodified and P-modified ZSM-5 zeolite. The following 8 

conclusions can be obtained.  9 

(1) 14T was used to search the transition state, after comparing the geometric 10 

parameters, deprotonation energy and ethanol adsorption energy of 8T, 14T and 11 

18T.  12 

(2) On the extra-framework modified H3PO4/HZSM-5 zeolite, the adsorption energy 13 

of ethylene decreases, which makes the products desorb quickly after formation 14 

and reduces the incidence of dimerization or polymerization. 15 

(3) Ethylene polymerization reaction is the main cause of coking deactivation of 16 

ZSM-5. That ethylene protonation reaction is the rate-limiting step of ethylene 17 

dimerization suggests that after P modification, the activation energy of ethylene 18 

dimerization increases to inhibit ethylene dimerization, prevent deep ethylene 19 

polymerization and thus improve the resistance to coke deposition of ZSM-5 and 20 

prolong the life of zeolite. 21 
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