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Abstract
The ethylene oligomerization and aromatization reaction kinetics on ZSM-5 with different Si/Al ratio was modeled by the single-event concept combined with the Brönsted kinetic model for establishing a quantitative acidity-activity relationship. The NH3 desorption activation energy is related to the reaction activation energy and de/protonation heat based on the linear free energy theory by introducing γ, δ as the kinetic parameters of reaction sensitivity to the acid strength. Total 36 parameters in the subtype elementary step level were estimated for each kinetic model. The hybrid genetic optimization algorithm was generated to obtain the kinetic model parameters, which can efficiently and accurately fit the change of product distribution of for 3 three catalysts within C8 hydrocarbon in the reaction network. The performance of the kinetic modeling is confirmed by experimental data. The regressed kinetic modeling can predict the influence of zeolite with same topology and different acidity on product distribution.
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1. Introduction
Olefins and aromatics, as important basic chemical homologous series, were mainly obtained by petroleum through traditional production processes such as catalytic cracking, naphtha steam cracking, reformed olefins cracking, olefin disproportionation, and catalytic reforming. With the gradual consumption of petroleum resources and oil price fluctuations, many non-petroleum process from coal, natural gas, shale oil and gas and biomass have been developed for production of olefins and aromatic chemical stocks as the good supplementary of the petroleum route, such as the Mobil methanol to hydrocarbons (MTH), methanol to olefin of Dalian Institute of Chemical Physics (DMTO), the ethanol to ethylene processes (Halcon/SD method), UOP/Hydro-MTO synthesis gas dehydration to olefin, syngas to gasoline process (TIGAS). Ethylene oligomerization and aromatization has been widely focused on by researchers as the academic meaningful of the key steps from light olefins to higher hydrocarbon and industrial applicable for production of α-olefins, aromatics and gasoline components, such as Mobil process from olefins to synthetic gasoline and diesel (MOGD), Shell higher olefin process (SHOP), and the ethylene trimerization 1-hexene process of Phillips Petroleum Company, FCC dry gas to aromatics (DTL) of China Petrochemical 1,2. 
The zeolite acidity influents the products distributions and different elementary steps reaction rate for the C2-C7 hydrocarbon inter-conversion. The qualitative relationship between the type, strength, amount of catalyst acidity and catalytic activity has been investigated3,4,5,6. The establishment of quantitative reaction kinetic relationship between the acidity and the reaction rate of the elementary steps and the product distribution can provide theoretical support for catalyst design, screen for the optimal reaction conditions to the aimed product. The olefin oligomerization and aromatization are a complex hydrocarbon conversion process with a large reaction network, consisting thousands of reaction steps, reaction products and intermediates. The traditional lumped kinetic modeling with pseudo components is not sufficiently to serve as a tool for the activity and acidity relationship, which is dependent on the different feedstock.
The single-event kinetic modeling based on detailed reaction network of true elementary steps can overcomes the drawback of the lumped kinetic models 7,8, which was initially developed by the Froment and co-worker and applied to the radical chemistry in thermal cracking 9-12. It was extended to the acid-catalyzed chemistry in hydroisomerization and hydrocracking 13, catalytic cracking 14-18 , oligomerization 19-21, xylene isomerization 22  and  bifunctionally catalyzed paraffins hydrocracking 23-25 and catalytic reforming 16 and Fisher-Topsch synthesis 26,27. However, the single-event kinetic parameters vary with the different acid catalysts, which is lack to predict catalytic performance of different acid catalyst for the same hydrocarbon conversion process. The kinetic modeling needs to extend to establishment the acidity-activity relationship between acidity distribution property and elementary steps reaction rate and product distribution. The Brönsted equation has been used as a common model to quantitatively describe the relationship between catalyst acid strength and catalysis performance for liquid homogeneous acid catalyst 14, 28. Although the zeolite with the same topology can adjust the acidity by changing the Si/Al ratio and incorporate different heterogeneous atoms, which makes it an ideal solid acid catalysts to establish the acidity and activity relationship. However, the zeolite are known to non-unique acid sites and a wide range of acid strengths distribution in the surface, original to different structure, topology and chemical composition of the acid sites. Moreover, its lack of a unique scale of acidity similar for instance to the dissociation constant (pKa) for solution as the physical meaning as kinetic parameter. With assumption that solid acid have a unique acid strength in their surface, Costa et al. 29, 30 and Borges et al.29, 30 extended the Brönsted equation with linear free energy relationships to correlate the ammonia desorption activation energy (DAE) and the activity of solid acid catalyzed n-hexane cracking. Jin et al. 32, 33 developed a modify Brönsted equation to correlate the acidity of ZSM-5 between pyridine synthesis catalytic activity, the acidity of MCM-41 between ethylene oligomerization catalytic activity. 
The Evans-Polanyi relationship has been introduced into the single-event kinetic model by Park & Froment 34, 35 for the methanol to olefin (MTO) process. Martinis and Froment 15, 36 estimated the elementary step rate coefficients in terms of the single-event concept together with the application of the Evans-Polanyi relationship, the stabilization energy concept, and thermodynamic constraints for the alkylation of isobutane with butenes. Therefore, through the linear free energy relationship, the basic probe molecule desorption activation energy as the scale of quantitative acid strength distribution can be introduced to the single-event kinetic modeling to predict the acidity and activity relationship for the complex hydrocarbon conversion reaction. 
Based on the catalytic performance of a series of ZSM-5 with different Si/Al ratio, the single-event kinetic modeling will be developed for the quantitative structure-activity relationship between acidity distribution properties with elementary steps kinetic parameters of oligomerization and aromatization process. The strength distribution of acid sites in zeolite will be discriminated by interrupted-temperature programmed desorption (IT-TPD) of NH3. The desorption activation energy (DAE) as a measure of the acid strength of zeolite, can be used to correlate the mathematic relationship of the standard enthalpy of reaction and protonation heat of the protonation. The sensitivity factor of the elementary reaction types to acid strength can be derived with this new extension of single-event kinetic theory.
2. Theoretical section
2.1 Single-event concept
The single-event concept links the reactivity of a molecule to its geometry and to a limited number of intrinsic kinetic parameters, which depend only on the type of molecule and the type of reaction elementary step. According to transition state theory, the transformation of a reactant into a product via an intermediate, the activated complex, contains entropy and enthalpy contribution. By introduction of frequency factors Ã and single-event number ne the effect of reactant structure can be factored out from Entropy part contribution of reaction rate coefficient k as show in the Appendix Scheme S1.
Furthermore, a reduction in the total number of parameters required for modeling of the activation energies is carried out by observing the similarity in structural transformation in different types of elementary steps. The activation energies for the acid site elementary steps are modeled based on the type and nature of the reactant and the product carbenium ions. It is considered that the difference in the energy levels of the reactant and product carbenium ion depends only on their nature, i.e., methyl, primary, secondary or tertiary. Therefore, by introducing subtype elementary steps cataloged based on the type of carbenium ions of product and reactant, the effect of structure of reactant and product can be factored out from energy part contribution of k. 
2.2 The linear-free energy theory of solid acid catalysis reaction 


However, the energy of carbenium ions of a particular carbon number not only depends on the number of alpha carbon atoms but also on their hyperconjugative, mesomeric, inductive nature, although the latter effects are much weaker. To eliminate the effects of the above assumption, the Evans-Polanyi relationship has been introduced into the single-event kinetic model for the hydrocracking of paraffins, as done by Park & Froment 34, 35 and Martinis and Froment 15, 36.  According to the Evans-Polanyi relationship, the activation energy varies linearly with the energy change associated with the elementary step. When the homologues are subjected to the same type of elementary step reaction, according to the linear free energy theory, the activation energy () varies linearly with the reaction heat enthalpy () associated with the elementary step as

  ( 1 )

[kJ] is the activation energy under adiabatic reaction conditions, and γp is the correlation coefficient, for exothermal reaction，for endorthermal reaction .
Since the adsorption of the basic probe molecule on the acidic catalyst and reaction of the carbocation reaction on the acidic catalyst are both achieved by protonation, reaction heat enthalpy and the heat of adsorption of the probe molecule at the acidic site are linearly related 37. Furthermore, the adsorption heat of the probe molecule is equal to the value of the desorption activation energy with the opposite sign.

  ( 2 )


[kJ] is the desorption activation energy of a probe molecule, the activation energy () is deduced as



,  ,   ( 3 )

[kJ], is a constant related to the intrinsic activity of the chemical reaction, γa [mol∙kJ-1] is the sensitivity of the reaction to the acid strength of the catalyst.
2.3 Relationship between activation energy and acidity
According to single-event kinetic concept with a single acid site, the elementary step rate constant of a single acid site can be defined as

   ( 4 )


Here,  is the single-event elementary step frequency factor, which is not dependent on the acid strength and the carbenium type for a certain type of elementary step. Considering the acid sites with different strength, the total single event reaction rate constant  at all acid sites of the solid acid can be written as

  ( 5 )


Q is the total number of acid sites, [mol] the number of acid sites with a same. 
For the type of elementary step w, for conversion of a carbenium type, x, into another carbenium, y, through the subtype elementary step (x:y), the single-event rate coefficient becomes to

[bookmark: _Ref30334557]  ( 6 ) 
Its expression can be written as


,  ( 7 )



[bookmark: OLE_LINK1]is the activation energy of the different subtypes, which expresses the difference in the energy levels of the reactant and product carbenium ion for different subtype in the same elementary step.  [kJ] is the intrinsic activity energy of the subtype step,  [mol∙kJ-1] is the sensitivity of the reaction to the acid strength of the catalyst of the different subtypes. The reaction rate constant of the elementary step can associate the reaction activation energy with the acidity of the catalyst.



[bookmark: _Hlk500920021]The rate coefficient of an elementary step, is a multiple  of .

  ( 8 )
2.4 Relationship between heat of protonation and acidity





[bookmark: _Hlk500920254]The equilibrium constants () of the de/protonation steps can be parameterized further using the single-event expression for the rate coefficient. The deriviation of the de/protonation equilibrium constants according to the single-event pre-exponential factor is illustrated in the Appendix Scheme S2, with protonation entropy ()，3 protonation enthalpies i.e., , and  21.

  ( 9 )
Both the adsorption of basic probe molecules on acidic catalysts and the carbenium ion reaction on acidic catalysts are realized by protonation, so the de/protonation heat of the carbenium ion has a linear relationship with the desorption activation energy of the base probe molecular at the acid site. 

  ( 10 )

The equilibrium constants () of the de/protonation steps of a single acid site is defined as 

[bookmark: _GoBack]  ( 11 )

Here, is the intrinsic heat of protonation for a certain type of carbenium ions, δ is the sensitive factor for protonation at different acid sites.
For the type of protonation of olefin to carbenium ion with the type w, the total single-event de/protonation equilibrium constants at all acid sites of the solid acid can be written as


[bookmark: _Ref30334567], ( 12 )


The equilibrium constants () of the de/protonation steps is the multiply of the  with the global symmetry number ratio of olefins and the corresponding carbenium ions. 

  ( 13 )	
2.5 Composite Single-event Rate Coefficient in the Rate Equations

[bookmark: _Hlk500920302]With the single-event rate constant and de/protonation equilibrium constants, the reaction rate  of the mono- and di-molecule reaction can be written as


[bookmark: _Ref30333439] and  		( 14 )

Because the de/protonation steps are assumed to be in equilibrium, the concentration of the carbenium ions  can be represented by 

[bookmark: _Ref30333369] ( 15 )	


[bookmark: _Hlk500920327]The total concentration of acid centers is Q. The concentration of free acid sites is represented by [H+], while [H+]* is the concentrations of free acid sites relative to the total concentration of acid sites. The related  and can be described by the following equations.

	( 16 )

Combining Eq.14 & Eq. 15, the reaction rate  is written as

  (17 )		
Eq.14 becomes to

[bookmark: _Ref30333238] ( 18 )
To reduce the correlation between pre-exponential factors and activation energies, reparametrization has been applied. The composite single-event rate coefficient has been provided by

[bookmark: _Ref30333793] ( 19 ) 
The rate equation 18 becomes to



，，  ( 20 )

(dimensionless) is the lumping coefficient for the reaction through subtype elementary step (x:y) 38.
2.6 The continuity equation with the single-event kinetic modeling
The calculation of the molar outlet flow rates follows from the reactor model. A pseudo-homogeneous, one-dimensional, ideal plug flow reactor model was used to simulate the experimental data. Accordingly, the continuity equation for a gas phase component i can be written as

 		 ( 21 )
The objective function defined as the weighted squared residuals between the experimentally observed and model calculated molar outlet flow rates for the different responses was minimized with respect to the model parameters 39:
The formulation of the net rate of formation of the olefin isomers involves rather large networks and leads to complicated equations. That is why groups of isomers (GOI) of homologous hydrocarbons were introduced. This also reduces the number of continuity equations to be integrated in the kinetic modeling and in simulations. The species are grouped according to carbon number. 

For the olefin species, expressing the concentration of the olefin isomer Oij in terms of the concentration of the olefinic GOI (CO) by using its pseudo-equilibrated mole fraction , the global rate of conversion from the olefinic GOI g type to h type by sub-elementary step w (m:n) can be written as

 ( 22 )
The de/protonation steps are assumed to be in equilibrium. Consequently, the net rate of reaction for each olefin isomer not only depends on the elementary steps containing that olefin isomer itself, but also on the net rate of formation of the corresponding carbenium ion that produces the olefin isomer by de/protonation. Rates have been formulated for the elementary steps of olefins, paraffins, naphthenes and aromatics. Taking into account the rate controlling steps in which the olefins participate, such as alkylation, β-scission, hydride transfer and cyclization, their global net rates of formation can be written as





  ( 23 )
2.7 Kinetic Parameters Estimation







During the optimization process, the single-event kinetic parameters of ,, and  were firstly to be estimated according to Eq. 19. Beside the initial step of dimerization of ethylene, the conversion of a primary carbenium ions into other primary ions is not retained in alkylation. The reaction rates of alkylation of carbenium ions with carbon numbers higher than two, such as primary, secondary propyl carbenium and butyl carbenium ion are much slower than those of methyl and ethyl 21, 35. Therefore, for alkylation only the methylation and ethylation were considered, the subtype elementary steps including Ealkyl(p:p), Ealkyl(p:s), Ealkyl(p:t) Ealkyl(s:s), Ealkyl(s:t) are considered with the same unique value of .The methane, ethane, propene and propane were observed experimentally. Therefore, for the aliphatic and exocyclic β-scission not only the secondary but also the methyl and primary carbenium ions are generated through these two processes. Therefore, the six activation energies, namely from secondary and tertiary to primary, secondary and tertiary carbenium ions are considered: i.e., Ealip-β(s:x), Ealip-β(t:x) and Eexo-β(s:x), Eexo-β(t:x), respectively with the  and . However, the Eexo-β(t:t) and Eexo-β(s:t) are eliminated in the continuity equations because the corresponding components were not detected in the experimental results.

The hydride transfer in hydrocarbons with carbenium ions produce paraffin molecules with light carbon number. As the rate of the hydride transfer elementary steps slows down with increasing carbenium number only the methyl, ethyl, and primary, secondary propyl carbenium ions are considered to attack the hydrocarbon molecules. Therefore, for the hydride transfer only Eht(p:s), Eht(p:t), Eht(s:s) and Eht(s:t) are considered with a unique value of .
[bookmark: _Hlk500920150]Considering the nature of the carbenium ions of reactant and product, i.e., tertiary (t), secondary (s), primary (p) or methyl, respectively, only a maximum of four distinct activation energies, E(s:s), E(s:t), E(t:s) and E(t:t) are required for the inter-conversion of secondary and tertiary carbenium ions of cyclization, and endocyclic elementary step. However, because of no C7+ olefins in the experimental results, the Eendo-β(t:t) are not obtained during the parameters estimation.
The elementary steps for de/protonation are considered to reach equilibrium, while hydride shift and methyl shift isomerization, aliphatic PCP branching isomerization and cyclic PCP branching isomerization are considered to reach pseudo-equilibrated. These steps are not included as rate determining steps in the reaction network. 




It was further assumed that the de/protonation equilibrium enthalpy  of the reference olefin can have only three values, depending on the nature of the protonated carbenium ion 38. Therefore, irrespective of the olefinic species, only three single-event de/protonation equilibrium coefficients, i.e, , and  are required in the model.  Consequently, 36 single-event kinetic parameters need to be considered as shown in Table 1.



According to the equation 6 & 12 ,,and δ are introduced in the model parameters of acid strength distribution to expand the single-event kinetic theory. The parameters to be estimated are shown in Table 2.
2.8 The theoretical basis for solid acid strength standard by deconvolution of the NH3-TPD spectrum
  NH3-TPD spectrum of the 12.5H-ZSM-5, 19H-ZSM-5, 25H-ZSM-5, 60 H-ZSM-5, 70H-ZSM-5 are shown in Figure S1. It can be seen from the figure that for the same type of ZSM-5 zeolite, the total acid content of the high-silicon zeolite is reduced, especially in the weak acid position. This reduction trend is more obvious. The total acid content is not directly proportional to the silicon-aluminum ratio.
Based on the statistical concept of the acid strength distribution and the interrupted TPD-method analysis results of the differentials spectra (DS) of 12.5ZSM-5 NH3-TPD with different starting temperature, the total acid sites of the aluminosilicate displayed in the NH3-TPD spectra were multi-peak disconvolution to obtain the quantitative acid distribution data based on five DSs with Gaussian distribution, which have their own peak temperatures, viz. about 423, 473, 515, 580 and 620 K 32, 33. The DAE corresponding to the five desorption temperatures are 63, 90, 124, 150, and 175 kJ mol-1, respectively. Each difference spectrum can be identified as a single acid strength site. ZSM-5 zeolites with different Si/Al ratios can be considered to have the same type of acid site, but the amount of acid at each acid strength site is different, resulting in different acid strength distributions. Therefore, the five acid strength positions of NH3-TPD obtained from the analysis of 12.5H-ZSM-5 were used to perform peak fitting of the acid strength positions of NH3-TPD patterns of ZSM-5 with different Si/Al of NH3-TPD spectrum of the 12.5H-ZSM-5, 19H-ZSM-5, 25 H-ZSM-5, 60H-ZSM-5, 70H-ZSM-5. The results are shown in Figure S2. Each sample had a different amount of acid at five acid strength levels. Overall, of the five samples tested, the sample with the lower Si/Al ratio had the weakest acid strength, and the sample with the higher Si/Al ratio had the strongest acid strength.
3 Experimental and parameter estimation
3.1 Catalyst preparation
Ammonia-type ZSM-5 molecular sieves with Si / Al of 12.5, 19, 25, 60, 70 were selected. The high-silicon molecular sieve with Si/Al = 60 and 70 was prepared by the template method. The molecular sieves were dried at 373 K for 12 h, then calcined at 823 K for 5 h in the muffle furnace to obtain hydrogen-type molecular sieves with different Si/Al ratios.
3.2 Reaction kinetic data
The oligomerization experiments used for the parameter estimation were carried out in a fixed bed isothermal reactor with an internal diameter of 0.08 m and a total length of 0.4 m. In all the kinetic experiments performed, ZSM-5 with different Si/Al ratios of 19, 25, 60 and 70 was diluted with 0.5 g quartz sand and located in the isothermal part of the reactor. After catalyst loading, the catalyst was pre-treated in situ under a nitrogen flow (50 mL/min), at atmospheric pressure and 823 K for several hours. The inlet feed contained 20 mol% of ethylene, diluted with nitrogen. The all experiments were implemented at 623-823 K, at atmospheric pressure and at different WHSV of ethylene feed (4.15, 5.33, 7.47, 12.4 and 18.7 gcatalys∙h∙mol-1). 
All the hydrocarbon products from C2 to C8 were analyzed by an on-line FULI 9790 II GC equipped with paralleled TCD and FID detector, and a Porapak Q（Φ3×3m）and KB-PLOT Q (0.32mm×20um×30m) column, respectively. The carbon balance was calculated by using nitrogen as an internal standard to determine the flow rate before and after the reactor. The methane peak area was used to correlate the FID and TCD data to calculate the mass fraction in the product composition.
3.3 Estimation of kinetic parameters




The hybrid genetic algorithm proposed by Park and Froment 40 in MATLAB was used to estimate the single-event kinetic parameters, i.e, ,, and ,. The determination process of kinetic parameters is mainly composed of two parts: Genetic algorithm (GA) for global optimization and Levenberg-Marquardt (L-M) algorithm for local optimization. The performance of genetic algorithms can be improved by increasing population diversity. The parameters used in GA running were: population size = 20, 40, 60; Selection function; remainder, roulette and tournament; crossover fraction = 0.8; crossover function: crossover-scattered, two point; mutation probability = 0.2; mutation function: adaptfeasible. The other parameters in GA were held at their default values. The L-M optimization was performed at the end of each time of GA iteration, and the value obtained in the local optimization is used as the initial population of the next generation for global searching of genetic algorithm. The loop calculation is stopped when a satisfied object function is achieved with the calculation convergence. 
The objective function defined as the weighted squared residuals between the experimentally observed and model calculated molar outlet flow rates for the different responses was minimized with respect to the model parameters 39 :

		(1)
[bookmark: _Hlk500108736]According to the experimental results, methane, ethane, propane, propene, butene, pentene, cyclopentene, hexene, heptene, benzene, cyclohexene, toluene, cycloheptene and xylene are list in the continuity equation for the parameters estimation 38. The cycloolefins and aromatics with the same carbon number were aggregated into one back-lump. Therefore, total 12 responses were record in the Eq. 22. 





The non-linear least-squares regression method was implemented in Matlab to minimize the sum of square errors (R2) created by the difference between the reaction rate constant () of Brönsted type kinetic modeling based on the acid strength distribution and the single-event kinetic rate constant () of three catalyst under the 623, 723 and 823 K to obtain the kinetic parameters of ,,and δ.
4. Result and discussion
4.1 Single event kinetic modeling based on the single zeolite catalyst
The kinetic parameters list in Table 1 for Eq. 2 were calculated with the ethylene oligomerization and aromatization activity data of 25ZSM-5 at a temperature of 623,673, 723, 773 K and 823 K and ethylene feed WHSV of 4.15, 5.33, 7.47, 12.4 and 18.7 g catalys∙h∙mol-1. Beside the reactant ethane, the total 12 responses were detected in the experimental results. The single-event kinetic model regression resulted in the estimated parameters with corresponding 95% individual confidence intervals as shown in Table 3.
 The hybrid genetic algorithm (GA) of a global optimization genetic optimizer followed by a local Levenberg-Marquardt (L-M) optimizer for each iteration was applied for the parameters estimation to accelerate the calculation efficiency and avoid the accession of the local minima. The set for the global optimizer with population size of 40, roulette selection function, crossover-scattered function, mutation-adaptfeasible function are more efficient for parameters fitting, although variation of the global optimizer set can also give the consistent results. Hybrid GA algorithm result shows that the best values of the objective function did not change significantly any more after about 600 GA iterations, while the L-M optimization for each global minimization reached the stable value of the objection function of the order of 10-7 after 500 GA iterations. Finally, the entire hybrid calculation was continued for 7 times. Figure 1 shows the minimization progress performed by the hybrid genetic algorithm. It can be seen that the global searched objection function value and the local optimizer searched objection function value reach the same almost same value after 7 times hydrid GA searching, the hydrid GA method can reach the global optimal solution even after only 4 times. The results show that this algorithm is efficient, stable and accuracy for achieving the convergence of objective function. Moreover, the obtained kinetic parameters are independent on the initial value of the single-event kinetic parameters, even with variation of the initial activation energy value in the maximum range of 50 KJ∙mol-1. 
The agreement between experimental (points) and calculated yields (curves) for various ethane oligomerization and aromatization products is shown in Figure 2. As result the kinetic model can fit the curve of the product yields as a function of space time more accurately, which proves that back-lumping of products is reasonable. With respect to the response of each experimental independent variable, T, space-time, and the predicted value of response, the residuals of the yield of all product components are shown Figures 3 for all 290 observations. The residual represents the difference between the simulated values obtained from the integration of the continuity Eq. 22 based on the parameter values reported in Table 3 and the experimental observations. From the random distribution of the simulated points along the x-axis at each temperature, space-time and calculated mass fraction, it can be seen that these responses are well simulated. Figure 4 presents parity plots between the various all products yield of experimental data and the calculated corresponding values of kinetic model for all range of experimental conditions, and the parity plots for the predicted and experimental values of ethylene conversion are presented in Figure S3. The agreement between model calculation and experimental data in terms of yield is remarkable, taking into account the complex product pattern encountered in the ethylene oligomerization and aromatization. 
The elementary steps of hydrocarbon conversion follow the carbenium mechanism. The activation energy in the same type of elementary steps is consistent with the stability of carbenium ions of product and reactant, such as methyl, primary, secondary and tertiary carbenium ions. Less stable reactants and more stable products lead to lower activation energies, otherwise higher activation energy is required. For alkylation reaction from the methyl or ethyl carbenium ion to secondary or tertiary carbenium, the value Ealkyl(p:s) (78.4 kJ∙mol-1) is higher than that Ealkyl(p:t) (75.3 kJ∙mol-1). As the initial stage of ethylene oligomerization the Ealkyl(p:t) (174.8 kJ) mol-1 of ethylene dimerization is much higher than the activation energy of (p:s) and (p:t). The alkylation of (s:s) (111 kJ∙mol-1) is higher than that of (s: t) (110 kJ∙mol-1), as the formation of a tertiary carbenium ion requires less energy because it is more stable than a secondary ion. The calculated alkylation activation energy value is consistent with Ealkyl(p:s)(82 kJ∙mol-1), Ealkyl(p:t) (64 kJ∙mol-1), Ealkyl(s:s)(128 kJ∙mol-1), Ealkyl(s:t) (112 kJ∙mol-1) of the methanol to olefin process on ZSM-5 41.
Among the aliphatic β-scissions the calculated activation energy of six subtypes of elementary steps, i.e., (s:p), (s:s), (s:t), (t:p), (t:s) and (t:t) also follows the tendency of carbenium ions stability. The activation energy of (s:p) is 142.59 kJ mol-1, which is higher than that of (s:s) 140 kJ mol-1 as the secondary carbenium ions is more stable than the primary one. The activation energy of (s:t) 131.1 kJ mol-1 is lower than that of (s:s), because of the lower stability of tertiary carbenium ions. The same tendency is shown for Ealip-β(t:p) 153.51 kJ mol-1 > Ealip-β(t:s) (143.69 kJ mol-1) > Ealip-β(t:t) (127 kJ mol-1). Moreover, the calculated aliphatic β-scissions activation energy values is consistent with the results of catalytic cracking of (cyclo)alkanes on an REUSY catalyst 42. For the exocyclic, endocyclic β-scission, hydride transfer and cyclization, a similar tendency as for alkylation and aliphatic β-scission is observed. 
4.2 Estimation of kinetic parameters of three catalysts
The activity data obtained using ZSM-5 with Si/Al ratio 60, 70 by ethylene oligomerization and aromatization at a temperature of 623, 723 and 823 K, at atmospheric pressure and at different WHSV of ethylene feed (5.33, 7.47 and 12.4 gcatalys∙h∙mol-1). The number of experiments data of total 108 response were applied for fitting kinetic parameters for each of ZSM-5 with Si/Al ratio of 60,70, respectively. All the product components detected in the online analysis, which are consistent with the components tested by the Si/Al ratio of 25.
The results show that propylene, butene and aromatics are the main products. Under the conditions of experimental tests, the results show that the conversion is higher on ZSM-5 at high temperature, high space-time and low Si/Al ratio. The selectivity of alkanes and aromatics decreases with the increase of the Si/Al ratio, while the selectivity of olefins increases with the increase of the Si/Al ratio. It can be deduced that a large number of strong acid sites in ZSM-5 with lower Si/Al ratio can promote the oligomerization, cycliczation and aromatization reactions more effectively, which causes the relatively lower selectivity of light olefin, the relatively higher selectivity of aromatics. With the increase of space-time, the longer residence time between the reactants and catalyst can benefit the ethylene conversion and the higher carbon numbers olefins and aromatics production, indicating the intensified oligomerization and aromatization reactions. With the increase of temperature, the conversion of ethylene improves significantly, and the aromatic components in the product increases. The high temperature accelerates to the aromatization, because the oligomerization and aromatization process is an endothermic reaction. The distribution of the product is consistent with the literature 43, 44.
The information of Table S1 & S2 shows the calculated results of single-event kinetic parameters of ZSM-5 with Si/Al ratios of 60, 70, respectively, applicable to hydrocarbon products in the carbon number range up to 8. It is also proved that the kinetic modeling can accurately fit the change of product yield with space-time by taking into account all subtypes elementary steps and products within C8 in the reaction network. As result the model can fit the curve of the product yields as a function of space time accurately as shown in Figure S4 & S5.
The residuals deviations of the yields of all products with respect to the setting of the responses of every experimental independent variable, T, space-time and the predicted values of the response are shown in Figure S6 & S7. Figure S8 & S9 present parity plots of all products between experimental data and predicted data of the kinetic modeling for all experimental conditions, while the parity plots for the predicted and experimental values of ethylene conversion are presented in Figure S10 & S11. 
Figure 5 & Figure S12 shows the relationship between the calculated activation energy, protonation entropy and protonation enthalpies with the ZSM-5 of different Si/Al ratio. The results show that the activation energies of most reaction elementary steps are monotonically increasing with the increasing Si/Al ratio of ZSM-5. It was deduced that with the increase of Si/Al ratio the total amount of acid active sites decreases, which causes the increase of activation energy for these subtype elementary steps. The protonation entropy is almost unchanged with the change of ZSM-5 zeolite as the catalyst, which confirms the uniform of single-event frequency factor for ZSM-5 catalyst with different Si/Al ratio and same zeolite framework topology. However, some elementary steps are not follow this rule, such as (s:s), (s:t) in alkylation and hydride transfer, (t:p) in β-scission, (s:s), (s:p), (t:s), (t:p) in exocyclic β-scission. 
  The elementary step single-event rate constant k value obtained using ZSM-5 with Si/Al ratio 25,60 and 70 by Arrhenius type equation according to the parameter values reported in Table 3, S1 & S2 at the temperature of 623,723 and 823 K is show in support information Table S3, S4 & S5. The calculated k values prove that the order of the reaction rate is alkylation > hydride transfer > cyclization > β-scission > endocyclic β-scission > exocyclic β-scission. These results are consistent with the observation that butene and aromatics show higher selectivity than propene. The selectivity of longer chain olefins is higher than that of odd light olefins, because the alkylation is the first reaction step form the oligomerization of even olefins, then the second step of β-scission is followed by. Although the hydrogen transfer reaction k is extremely higher, the alkane selectivity is lower, because the reaction rate is also dependent on the contents of aromatics during the reaction. In addition, the most of single-event reaction rate constant decreases as the Si/Al ratio increases for alkylation, aliphatic β-scission, and cyclization reactions, which is consistent with the phenomenon that ethylene conversion decreases with decreasing the total amount of acid sites with the increased Si/Al ratio of ZSM-5. It can be found that the reaction rate of subtype elementary steps of kalkyl(s:s), kht(s:s), kβ-alip(t:p), kcyclic(t:s), kexo-β(s:s), kexo-β(s:p), kexo-β(t:s), kexo-β(t:p) are not consistent with this tendency, which shows random distribution with the increase of Si/Al ratio of ZSM-5, similar with the random tendency of corresponding calculated activation energy value. Moreover, it can find that the calculated k value of these subtype elementary steps is very smaller than others by comparison the value for three catalysts.
4.3 Simplification of the kinetic model
[bookmark: _Hlk499999557]The established single-event kinetic models are elementary step level based on the detailed reaction network generated by a self-made computation algorithm as descripted in the previous paper 21. The generated reaction network of olefin oligomerization on ZSM-5 with elementary steps of de/protonation, isomerization, alkylation, β-scission, cyclization and hydride transfer is computer-generated and consists of 10669 elementary steps involving 3059 species within the C2-C8 range. However, it’s possible that not all the elementary steps are rate determined steps and has the same level of contribute for the product distributions. Especially, considering the carbenium ions reactant can be transformed with different mechanism to different kind of carbenium ions, the subtype with small reaction rate has little possibility to process during the actual reaction. Therefore, some of the subtype elementary step can be ignored from the complex reaction network. Therefore, these subtype elementary steps with smaller reaction rate constant were applied to reduce the reaction network. The reduced kinetic parameters are listed in Table 4.
The set of reduced parameters was further calculated with the activity data of ZSM-5 with the Si/Al ratio of 25, 60, 70 based on the Eq. 12, respectively. The information of Table S6, S7 & S8 shows three set of calculated parameters of the single-event kinetic approach for each catalyst. The calculation results are still almost consistent with the corresponding results of the unreduced parameters, which indicates that these reduced subtype elementary steps are not the rate-determining steps in the ethylene oligomerization and aromatization and can be neglected in the reaction network.
The agreement of space time on products between experimental (points) and calculated yields (curves) on ZSM-5 with Si/Al ratio of 25 for various ethane oligomerization and aromatization products is shown in Figure S13, and the experimental values are agreement with the calculated values. The residuals deviations of the yields of all products with respect to the setting of the responses of every experimental independent variable are shown in Figure S14. Figure S15 present parity plots of all products between experimental data and calculated data of the kinetic model for all experimental conditions, while the parity plots for the predicted and experimental values of ethylene conversion are presented in Figure S16. The elementary step rate constant k value obtained on ZSM-5 with Si/Al ratio of 25, 60 and 70 by Arrhenius equation according to the parameter value of Table S6, S7 & S8 are show in support information Table S9, S10 & S11. Compared with the k values calculated of the unreduced parameters the order of the reaction rate also followed the same sequence. It was also found that as the Si/Al ratio increases, the value of k also decreases. 
4.4 Correlation activity with acid strength distribution










According to the linear free energy theory, the single-event kinetic modeling was further developed for establishing quantitative relationships between different acid strength sites and hydrogen transfer, alkylation, β-scission, and aromatization elementary steps corresponding to alkane, light olefins and aromatic products in ethylene oligomerization and aromatization. Table 3 shows the model parameters that need to be calculated to correlate activity with acid strength distribution by equivalent the Brönsted equation type reaction rate constant and single-event type rate constant expression according to Eq. 24 & 8 and Eq. 25 & 13.  The single-event rate constant  value was used to calculate the parameters of the intrinsic activation energy () and the corresponding acid response factor (γ), the single-event de/protonation equilibrium constant  was used to calculate the intrinsic heat of protonation () and the sensitive factor of different acid sites (δ), according to the kinetic modeling parameters value at temperatures of 623, 723 and 823 K on ZSM-5 with Si/Al ratios of 25, 60 and 70. Sinceis an intrinsic property of the reaction, it is constant at different acid sites. The effect of different acid sites on each subtype elementary step was considered with one sensitive factor γ for different acid strength sites. The desorption activation energy () of the probe molecule calculated in NH3-TPD was used as a parameter of the acid site distribution of the catalyst, which correlate the information of the acid strength distribution with the acid catalyzed reaction activity. The information of Table 5 & 6 shows the set of calculated parameters of the intrinsic activation energy, intrinsic protonation enthalpy and their acid strength sensitivity factor of each subtype elementary steps according to the corresponding  based on ZSM-5 with different Si/Al ratios at three temperature. The parity plots for calculated data of  based on the acid strength distribution parameters in addition to the  are presented in Figure S17, which shows that the calculated  with the Brönsted type equation kinetic parameters corresponding to each subtype elementary step is quite agreement with the  value.
The calculated value of intrinsic activation energies and intrinsic protonation enthalpy obtained by regression of Eq. 26 and Eq. 27 also follows the stability of the carbenium ions, that is, the process of less stable reactants to more stable products by a lower intrinsic activation energy. Moreover, the calculated aliphatic β-scissions intrinsic activation energy value is close to E。olig (76 kJ/mol) of isobutane alkylation with butenes over proton-exchanged Y-zeolites based on the single-event kinetic modeling 15. The calculated values of intrinsic alkylation and β-scission activation energies based on the acid distribution are in accordance with those for the light olefin transformation over ZSM-5 with different acid strength 37. It can be seen from Table 5 & 6, the activation energy of the oligomerization reaction is lower than that of the corresponding cracking reaction, and all activation energy decreases with increasing acid strength, which means that stronger sites can increase the activity. These activity enhancements have been experimentally observed by other authors on several hydrocarbon transformations over several type of zeolite 45, 46, 47. The intrinsic protonation enthalpy values of ∆H。Pr(p) , ∆H。Pr(s) and ∆H。Pr(t) are -72.06, -116.35 and -146.32 kJ mol-1, respectively, which are also obey the stability of carbenium ions. The values of intrinsic protonation enthalpy obtained are almost close the calculated value by DFT calculation 48.
It is known that a higher sensitivity factor corresponds to more sensitivity of acid strength on reaction elementary step. Considering all the elementary reactions, the sensitivity factor of aliphatic β-scission step is higher than that of the corresponding alkylation reaction, which illustrating that the effect of acid strength is stronger during the β-scission process. The alkylation with lower activation energy can be catalyzed by the medial acid strength sites, while the aliphatic β-scission with higher activation energy level which needs stronger acid sites 21. 
Figure 6 & S18 show the influence of acid amount of different strength acid sites is varied for different elementary steps. It can be seen that for the acid sites of DAE 63, 90, 150, 175kJ mol-1, the turn over frequency (Aci) of alkanes, propylene, butene, high-carbon olefins and aromatics is not increase monotonically with the increase of the acid amount, as shown in the Figure S18. However, their activity increases with increasing the acid amount of acid sites DAE = 124 kJ mol−1, 175 kJ mol-1 as in Figure 6. This indicates that excess acid sites DAE = 63, 90, 150 can inhibit the activity of the product, which may correspond to the coke formation during the reaction. The acid position of the catalyst DAE = 124 kJ mol-1, 175 kJ mol-1 can be regarded as the positive active site of ethene oligomerization and aromatization.
4.5 Verification of calculation results 


The fitted intrinsic Brönsted type equation kinetic parameters of the different acid strength from ZSM-5 catalysts with Si/Al ratios of 25, 60 and 70 were used to regress the single-event kinetic parameters of ZSM-5 with Si/Al ratio of 19 for ethylene oligomerization and aromatization. The fitted , , and the corresponding acidity sensitivity factor γ and δ are substituted into the linear free energy equation Eq. 28 and Eq. 29, and the corresponding single-event activation energy and protonation heat parameters are obtained to further predicte the products distribution by integrating in the continuity equation Eq. 30.  The experimental data of 19ZSM-5 at the temperature of 723 K with three space velocity were compared with the calculation results of the improved single-event kinetic modeling. The calculated single-event kinetic parameters results are shown in the Table S12. Figure 7 shows that the predicted product yields and the experimental yields are in accordance with each other with the disturbance less than 2. Figure S19 present parity plots of all products between experimental data and predicted data of the kinetic model for all experimental conditions. These results demonstrate that Brönsted type equation parameters calculated by the linear free energy theory can be used to predict the influence of zeolite with same topology and different acid sites distribution on product distribution. 
5. Conclusion
Based on the carbenium ions mechanism the micro-kinetic model with the sensitivity factor of the elementary types to acid strength can be derived according to the linear free energy theory for establishing a quantitative acidity-activity relationship of ethylene oligomerization and aromatization on ZSM-5 with different Si/Al ratio. The acidity strength distribution of the series of ZSM-5 was quantificationally determined by interrupted temperature programmed desorption ammonia method and the deconvolution of NH3-TPD differential curves. The NH3 DAE is related to the reaction activation energy and de/protonation heat based on the linear free energy theory by introducing γ, δ as the kinetic parameter of reaction sensitivity to the acid strength, which has a definite physical meaning in catalytic reaction kinetic modeling. The hybrid genetic optimization algorithm based on the iteration of the genetic algorithm running parameters followed by the Levenberg-Marquardt optimizer, was generated to obtain the kinetic model parameters, which can efficiently and accurately fit the change of product distribution with 3 space-time and 3 temperature by taking into all 12 products response within C8 in the reaction network. 
Total 36 single-event kinetic parameters in the subtype elementary step level were estimated for each kinetic model of ZSM-5. By comparison of elementary step reaction rate constant (k) values for ZSM-5 with Si/Al ratio of 25, 60 and 70, the subtype elementary steps, i.e, (s:s) in alkylation and hydride transfer, (t:p) in β-scission, (s:s), (s:p), (t:s), (t:p) in exocyclic β-scission, (t:s) in cyclization can be neglected from the reaction network as kinetic insignificant steps. The calculated k values prove that the order of the reaction rate is alkylation > hydride transfer > cyclization > β-scission > endocyclic β-scission > exocyclic β-scission.
The calculated value of activation energy and protonation enthalpy follows the stability of the carbenium ions. The activation energy of most reaction elementary steps monotonically increases with the increasing Si/Al ratio of ZSM-5, while the corresponding k decreases as the Si/Al ratio increases for alkylation, aliphatic β-scission, and cyclization. These calculated results are consistent with phenomenon of the decreased ethylene conversion and the total amount of acid sites with the increased Si/Al ratio of ZSM-5.


The reaction rate constant () of Brönsted type kinetic modeling was correlated with the single-event kinetic rate constant () with the quantitative acid distribution property to derive the micro-kinetic parameters with the sensitivity factor of the elementary steps to acid strength according to the linear free energy theory for establishing a quantitative acidity-activity relationship. Considering all the elementary steps, the sensitivity factor (γ) of aliphatic β-scission is higher than that of the corresponding alkylation, which illustrates that the effect of acid strength is stronger during the β-scission. The alkylation with lower activation energy can be catalyzed by the medial acid strength sites, while the aliphatic β-scission with higher activation energy level needs stronger acid sites. The acid position of the catalyst DAE = 124 kJ mol-1, 175 kJ mol-1 can be regarded as the positive active site of ethylene oligomerization and aromatization by comparison of the influence of acid amount of different strength acid sites on different elementary steps. The fitted intrinsic Brönsted type equation kinetic parameters of the different acid strength from ZSM-5 with Si/Al ratios of 25, 60 and 70 can be used to accurately predict the product distribution of ZSM-5 of ZSM-5 with Si/Al ratio of 19.
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