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Abstract

Reducing the experimental time required to obtain a robust kinetic model with reliable kinetic 

parameters has been a long-standing objective in reaction engineering. In the present study, we compare 

the kinetic modeling of two sets of data obtained using periodic reaction conditions (PRC) and stationary 

reaction conditions (SRC). As a case study, we use the well-known methanol-to-hydrocarbon reaction 

on HZSM-5 zeolite. The SRC experiments are conducted with a temperature of 425−475 ºC, a total 

pressure of 2.5 bar, a partial pressure for methanol of 1.125 bar, a space time of 0.1−1.5 gcat h molC
-1, a 

initial molar ratio water:methanol of 0–0.66 and 16 h on stream. The PRC experiments involve 

sinusoidal variation in the methanol and water flowrates of 135 ± 88 µL min-1 and 20 ± 20 µL min-1, 

respectively, with a period of 16 h or sinusoidal variation in the temperature of 450 ± 25 ºC with periods 

of 8 and 16 h. Several strategies are then used in fitting the kinetic parameters of five models. We obtain 

relatively similar results in terms of model discrimination, the parameters, and confidence intervals with 

a cumulative experimental time of 64 h on stream under the PRC compared with 192 h on stream under 

the SRC, a reduction of 67% in the experimental time.

mailto:pedro.castano@kaust.edu.sa
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1. Introduction

The forced periodic operation of a catalytic reactor involves the manipulation of a single input or 

multiple inputs to establish periodic reaction conditions (PRC), under which the reactor performance 

and product distribution are observed. This strategy contrasts with the conventional use of stationary 

reaction conditions (SRC). There are numerous variables associated with potential improvements in 

catalytic reactor performance, and the effect of their modulation on the process activity and estability. 

For example, modifying the feed composition has proven useful when periodically varying the oxygen 

concentration in three-way catalysts for increasing methane oxidation [1] or when changing the 

oxygen/methane ratio to enhance H2 separation in membrane reactors [2]. Oscillations in temperature 

have also been shown to improve the average conversion both theoretically [3] and experimentally in 

processes such as CO oxidation [4,5]. In addition, as reported by Marin et al., the flow direction can be 

varied to enhance many processes [6]. 

To evaluate the effect of input variables under PRC, the nonlinear frequency response method is 

commonly used [7–9], which can provide information quickly for possible improvements in relation to 

conversion, selectivity, or lifetime, e.g., faster reaction rates for propylene oxidative coupling [10] or 

extended lifetimes for CO oxidation [11], propane steam reforming [12], and the water−gas shift 

reaction [13]. This approach can be used with a wide range of reactor configurations such as in 

electrochemical reactors, for the oxygen reduction reaction [14], in milli-scale reactors, for Fischer-

Tropsch synthesis [15,16], in membrane configurations, for the improvement of mass transport [17], in 

bioreactors, for industrial fermentation processes [18], and for thermogravimetric analysis [19]. PRC 

can also be used to obtain additional kinetic information [20,21] that can only be observed by the 

periodic manipulation of variables.

The methanol-to-hydrocarbon (MTH) reaction has been widely investigated [22] due to its significant 

economic potential and social interest [23], which arises from its role as a technology linking the coal 

and petrochemical industries [24] and the fact that methanol can be obtained through clean and 

sustainable pathways, such as using syngas and CO2 [25]. Processes based on the MTH reaction have 

been steadily improved [26,27] based on a wide variety of past research associated with the synthesis 
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and testing of new catalysts with different structures [28–30] and compositions [31,32], multiple 

reaction conditions [33,34], feed streams [35–37], and reactor configurations [38–40] and techniques 

[41–43]. 

In addition to this experimental research, several mathematical models have been developed to further 

understand the MTH reaction [44]. These models have mainly focused on understanding the reaction 

mechanisms [45,46], deactivation kinetics [47,48], and the effect of water in the reaction medium [49]. 

These models vary in terms of their complexity, from simpler models involving lumps [50,51] to more 

complex step-by-step [52,53], single event [54,55], and computational fluid dynamics (CFD) [56] 

models.

This type of research incurs significant time costs for the required experimental work and is resource-

intensive due to the need for different feedstocks or the preparation of new catalysts. In addition, the 

computational work required to develop mathematical models to fit the corresponding kinetic data can 

be equally as time-consuming. Therefore, the development of new methods for the faster and more 

efficient collection of experimental data is of great interest.

In this work, the feasibility of forced periodic operation as a tool for reducing the experimental workload 

necessary to develop a complete kinetic model is studied, with the MTH reaction employed as the model 

process. Two different sets of experiments are carried out: (1) SRC experiments with constant values 

for the operating variables, temperature, space time, and water/methanol molar feed ratio, leading to a 

total reaction time of 192 h (12 reactions, each with 16 h of time on stream, TOS); (2) PRC experiments 

with sinusoidal oscillations in the temperature or the flowrate of the methanol or water in the feed, 

covering a comparable range of conditions as in the SRC experiments, leading to a total reaction time 

of 64 h (four reactions, each with 16 h of TOS). The kinetic data obtained from both sets of reactions 

are then fitted separately to several kinetic models proposed for the MTH reaction and different 

deactivation equations for the deactivation of the catalyst. If the assumptions of the models are 

appropriate, the fitting of the kinetic data obtained from the SRC and PRC experiments should produce 

the same model discrimination route and comparable kinetic parameters of best-fit. In this specific 

scenario, the total experimental workload is reduced by two-thirds if the PRC experiments are employed; 
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thus, if similar results to the SRC experiments are produced, this will confirm that forced periodic 

operation can be used to obtain accurate kinetic information more efficiently. 

2. Experimental

2.1. Catalyst preparation and characterization

HZSM-5 zeolite with a high Si/Al ratio (Si/Al = 140) is selected as the catalyst due to its moderate 

acidity, which increases the selectivity for olefin formation while maintaining a long catalyst lifetime 

[57–59]. The catalyst is prepared using the wet extrusion of a mixed slurry composed of 50 wt% 

commercial HZSM-5 zeolite (Zeolyst International), a 20 wt% colloidal dispersion of α–Al2O3 used as 

a filler (Alfa Aesar) and 30 wt% pseudoboehmite (Sasol Germany) used as a binder [60]. 

Pseudoboehmite is added first to the colloidal dispersion and, after it is fully mixed, the zeolite is slowly 

added. After 3 h of mixing, the slurry is extruded and dried at room temperature for 12 h. The dried 

extrudate is sieved to a particle size of between 0.125 and 0.3 mm and then calcined at 575 ºC for 2 h 

with a heating ramp of 5 ºC min-1.

The agglomeration of zeolite with pseudoboehmite improves the mechanical resistance of the catalyst, 

which is useful for avoiding attrition problems in fluidized bed reactors, and increases the particle size, 

which reduces the drop in pressure in packed bed reactors [61]. In addition, the matrix composed of α–

Al2O3 as a filler and γ–Al2O3 created from the pseudoboehmite after calcination provides a hierarchical 

structure for a catalyst of moderate acidity and also attenuates the blockage of the micropore mouths of 

HZSM-5 crystals due to coke formation [62,63].

Calcination at a high temperature (575 ºC) leads to the controlled dehydroxylation of strong Brønsted 

acid sites. This thermal treatment is crucial to avoid the irreversible dehydroxilation and dealuminization 

that would take place when regenerating the catalyst via coke combustion at 550 ºC and in a more 

unstable steam-containing atmosphere. Thus, the catalyst can be fully regenerated and used in 

subsequent reaction/regeneration cycles [64,65].
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The textural properties of the catalyst are characterized via N2 adsorption−desorption at −196 ºC in a 

Micromeritics ASAP 2010 system. The sample is degassed at 150 ºC for 8 h to remove any impurities 

or water in its pores. The specific surface area (SBET) is obtained from the isotherms using the 

Brunauer−Emmett−Teller equation, the micropore volume (Vmicropore) is estimated using the t-plot 

method based on the Harkins-Jura equation, and the mesopore volume (Vmesopore) is calculated from the 

difference between the total pore volume and the micropore volume measured at a relative pressure of 

0.995. The acidity of the catalyst is determined via the adsorption−cracking−desorption of tert-

butylamine (t-BA) in a Setaram DSC-111 calorimeter [66–68]. The sample undergoes a sweeping 

process with He at 550 ºC to remove impurities and water before adsorption at 100 ºC. The physisorbed 

t-BA is then removed with He and temperature-programmed desorption (TPD) begins. The temperature 

is raised from 5 ºC min-1 to 500 ºC with 50 cm3 min-1 of He. The cracking of the chemisorbed t-BA 

molecules in the acid sites produces butene, whose signal is recorded using a Balzers Thermostar mass 

spectrometer (m/z = 56) coupled with the calorimeter. In this experiment, the ability of the acid sites to 

crack hydrocarbon chains is measured, which is attributed to the Bronsted acid sites.

The results of the characterization show that the catalyst has a high specific surface area with mesopores 

more common than micropores (Table 1). It also has moderate acidity (0.216 mmolt-BA g-1), which is 

essential for the promotion of olefin formation over aromatics or high carbon aliphatics [67,68].

Table 1. Fresh HZSM-5 (Si/Al = 140) catalyst properties.

SBET (m2 g-1) 271.2
Vmicropore (cm3 g-1) 0.038
Vmesopore (cm3 g-1) 0.30

 (Å)𝐷 78
Total acidity (mmolt-BA g-1) 0.216
Average acid strength (kJ mol-1) 82.13

2.2. Reactor configuration and conditions

The reactor setup (Demede Engineering & Research, Spain) consists of a fixed-bed down-flow reactor 

(internal diameter of 12 mm) shown in Fig. 1. The inert gas (N2) and reactive liquids (methanol and 
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water) are fed into the hot box system and mixed in an evaporator before entering the reactor. The 

catalyst is mixed with SiC (an inert solid with a particle diameter over 0.5 mm) to produce a constant 

bed height for the experiments and pre-treated at 550 ºC for 2 h in N2 before every reaction to remove 

water and impurities from the pores of the catalyst. As the reactor has a relatively high thermal inertia 

and to control the temperature better trougout temperature oscilation experiments, we designed and build 

a system able to cool down the reactor faster. The systems comprise an input with controlled flow rate 

of compressed air direcly facing the reactor. The additional system is shown in Fig. 1.

Fig. 1. Configuration of the lab-scale reactor used in this work with a costum made refrigereation system 

of the reactor using compressed air.

A small portion of the product gases is diluted in a He stream and sent for on-line analysis with a Micro- 

gas chromatograph (GC, Varian CP-4900). The GC is equipped with an MS-5 column for analyzing 

CH4 and CO, a PPQ column for analyzing CO2, C2-C4 olefins, and paraffins, and a 5CB column for 

analyzing methanol, dimethyl ether, and C5-C9 compounds. The carbonaceous reaction products are 

grouped into six different lumps based on their kinetic behavior: C1, composed of CH4, CO and CO2, 
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resulting from the thermal decomposition of methanol and dimethyl-ether; light olefins (O), composed 

of ethylene, propylene, and butene; light paraffins (P), composed of ethane, propane, and butane; BTX 

aromatics, composed of benzene, toluene and o-, m-, p-xylenes; C5+, composed of every non-aromatic 

compound with 5 or more carbon atoms; and oxygenates (Ox), composed of methanol and 

dimethylether. Given that kinetic modeling is developed based on carbon, the water molar fraction is 

calculated separately based on the stoichiometry of the reactions with oxygenate transformation.

To ensure sufficient catalyst activity while limiting the decomposition of oxygenates into C1 by-products 

[51,69,70], temperatures between 425 and 475 ºC are used in the present study; temperatures below 425 

ºC and above 475 ºC lead to low conversion and high amounts of C1 by-products, respectively (data not 

shown). A total pressure of 2.5 bar and a methanol partial pressure of 1.125 bar are also employed to 

ensure reasonable reaction rates [71] while still allowing a sufficient range of water-to-methanol ratios 

to work with.

Due to the complexity of the process and the number of kinetic parameters to obtain (i.e., at the reference 

temperature for the kinetic constants at each step of the proposed reaction scheme, for the deactivation 

equations and the adsorption constants quantifying the attenuating effect of water, and the corresponding 

activation energies and enthalpies for these constants), a three-step process is proposed for fitting the 

SRC and PRC data. For this, two sets of experiments are conducted under both PRC and SRC; one set 

occurs at a constant temperature (Set 1, presented in Table 2) and one set at a constant space time (Set 

2, presented in Table 3).

For Set 1, 450 ºC is used as the reference temperature, which is kept constant for the entire set. Six of 

the SRC experiments have a constant methanol flowrate of 101 µL min-1 and different catalyst loads to 

achieve different space time values (SRC1-6), while two have a water co-feed (SRC7-8) under two 

different water feed flowrates. The PRC experiments consist of only two runs with a fixed catalyst load 

of 150 mg. In the first run (PRC1), the methanol flowrate is modulated (a central value of 135 µL min-1, 

with an amplitude of 88 µL min-1 and a period of 16 h) to vary the space time while, in the second run 

(PRC2), the water feed flowrate is modulated (a central value of 20 µL min-1, with an amplitude of 20 
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µL min-1 and a period of 16 h) with a constant methanol flowrate of 101 µL min-1 to assess different 

water-to-methanol ratios.

Table 2. Stationary reaction conditions (SRC) and periodic reaction conditions (PRC) for the 

experiments at 450 ºC used as the first step in the kinetic modeling process.

Exp. w (mg) QMeOH (L min-1) QW (L min-1) p (h)
SRC1-6 15, 38, 75, 113, 150, 225 101 0 0
SRC7-8 150 101 30, 40 0
PRC1 150 135 ± 88 0 16
PRC2 150 101 20 ± 20 16

For Set 2, a fixed space time of 1 gcat h molC
-1 is used as a reference value. Under SRC, temperatures of 

425 and 475 ºC are used, both without (SRC9-10) and with water co-feed (SRC11-12). The kinetic data 

from SRC5 and SRC7-8 in Set 1 are also considered when fitting the data for SRC9-12. Under PRC, two 

reactions are considered (PRC3 and PRC4) involving temperature modulation (a central value of 450 ºC 

and an amplitude of 25 ºC), one without a water co-feed (a period of −16 h because it begins with a 

decrease in the temperature) and one with a water co-feed (a period of 8 h).

Table 3. SRC and PRC of the experiments with a space time of 1 gcat h molC
-1 used as the second step in 

the kinetic modeling process.

Exp. T (ºC) QW (L min-1) p (h)
SRC9-10 425, 475 0 0
SRC11-12 425, 475 30 0
PRC3 450 ± 25 0 −16
PRC4 450 ± 25 30 8

2.3. Fitting methodology

The methodology used for the kinetic modeling is based on Cordero-Lanzac et al. [60], in which the 

kinetic parameters for the reaction and deactivation rate equations are simultaneously calculated. The 

calculation is made by fitting the experimental values of the carbon-based molar fractions to the values 
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calculated from the mass conservation equation for each component of the proposed kinetic scheme 

using a Levenberg-Marquard (LM)-based method. The same assumptions made before are taken into 

consideration; a steady state is not considered because the catalyst deactivates, an ideal flow is assumed, 

there is a negligible drop in pressure, and there are negligible radial and longitudinal gradients in the 

concentration and temperature compared to the convective term. The mass conservation equation is 

given as

 (1)
𝑃

𝑅𝑇𝜀𝑏𝑁𝐶
∂𝒖
∂𝑡 =

∂
∂𝑙( ―

𝐹𝐶

𝑆 𝒖) + 𝜌𝑏𝒓𝑳

where P is the total pressure, R is the universal gas constant, T is the temperature, εb is the porosity of 

the particle bed, NC is the ratio between the carbon flowrate and the total molar flowrate, t is the time, l 

the length of the catalyst bed, FC is the carbon molar flowrate, S the section of the reaction, and ρb is the 

catalyst bed density.

Vectors u and rL, are formed from the combination of two separate terms; u contains the vector of each 

lump i molar fraction and the vector of activities, whereas rL includes the vector of the reaction rates for 

each j reaction and the vector of the deactivation rates as follows:

 (2)𝒓𝑳 = 𝑪[𝒓𝒋
𝒓𝒅]

where C is the matrix of the carbon balance coefficients of i + k rows and j + k columns, corresponding 

to lump i and reaction step j, with an extra row and column for every k deactivation equation. rj and rd 

are the reaction and deactivation rates, respectively, defined as

 (3)𝒓𝒋 = (𝒌𝒋∏𝑖𝑃
𝑛𝑅
𝑖 )𝜃 ∘ 𝒂𝒌

 (4)𝒓𝒅 = 𝛹(𝒌𝒅,𝑃𝐶𝑃)𝜃𝑑 ∘ 𝒂𝑑
𝒌

where Pi is the partial pressure for each lump i, nR is the reaction order, · represents element-by-element 

multiplication, kj and kd are the vectors of the kinetic and deactivation constants, respectively, PCP is the 

partial pressure of the coke precursors, d is the order of each k deactivation equation, and ak is the vector 

of activities. θ and θd quantify the attenuation of the reaction rate at each step of the reaction scheme 
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and of the deactivation rate, respectively, due to the competitive adsorption of water to acid sites 

[46,49,51]:

 (5)𝜃 = ( 1
1 + 𝑘𝐴𝑑𝑠𝑃𝑊)

 (6)𝜃𝑑 = ( 1
1 + 𝑘𝐷𝐴𝑑𝑠𝑃𝑊)

Every kinetic parameter k is obtained from the reparameterized Arrhenius equation:

 (7)𝒌 = 𝒌 ∗ ∘ exp [ ―
𝑬𝒂
𝑅 (1

𝑇 ―
1

𝑇 ∗ )]

 (8)𝒌 = 𝑘 ∗
𝐴𝑑𝑠 ∘ exp [ ―

∆𝐻
𝑅 (1

𝑇 ―
1

𝑇 ∗ )]
where k* and k*

Ads are the kinetic constant and water adsorption constant at the reference temperature 

T* (450 ºC), respectively, Ea is the activation energy, and H is the adsorption heat.

The system of partial differential equations presented in Eq. 1 is transformed into a system of ordinary 

differential equations (ODEs) and integrated with an implicit Runge-Kutta method. The initial 

conditions for solving the ODEs are

 (9)𝒚𝒊(𝑡 = 0,𝑙) = 𝒚𝒊,𝟎 

where yi, 0 is the vector of the initial concentrations of each lump i, and

 (10)𝒂𝒌(𝑡 = 0,𝑙) = 1

in which the full activity of the catalyst is considered. Because the initial concentration of each lump i 

at the reactor inlet is known, Dirichlet input boundary conditions are used:

 (11)𝒚𝒊,𝒊𝒏(𝑡,𝑙 = 0) = 𝒚𝒊,𝟎 

where yi, in is the vector of concentrations of each lump i at the inlet of the reactor.

The integration of the system of ODEs for the SRC and PRC experiments differs based on the time-

dependent nature of the modulated variable, which is the temperature, methanol flowrate, or water 

flowrate, according to the following expression:
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 (12)𝑥(𝑡) = 𝑥𝐶 +𝐴 𝑠𝑒𝑛(2𝜋𝑝 ―1𝑡)

where x(t) is the value of the manipulated variable at time t, xC is the central value of the manipulated 

variable, A is the amplitude of the oscillation, and p is the period of the oscillation. Therefore, every 

calculation dependent on the manipulated variable also needs to be considered time-dependent.

The kinetic parameters of best-fit are obtained by minimizing the objective function. This objective 

function is defined as the difference between the experimental and the calculated results of the molar 

fractions.

 (13)𝑂𝐹 = ∑𝑛𝑙

𝑖 = 1𝜔𝑖(∑𝑛𝑒

𝑛 = 1
1
𝑛𝑒

(𝒚 ∗
𝑖,𝑛 ― 𝑦𝑖,𝑛)2)

where nl is the total number of lumps, i is the weight factor of each lump i, ne is the total number of 

experimental values used and yi, n is the molar fraction on a carbon basis, with the superscript * denoting 

experimental data.

To confirm the validity of the proposed kinetic models, statistical analysis based on Fischer tests is 

carried out. The comparison is made considering the sum of squared errors (SSE), which is defined as 

follows:

 (14)𝑆𝑆𝐸 = ∑𝑛𝑙

𝑖 = 1(∑𝑛𝑒

𝑛 = 1(𝒚 ∗
𝑖,𝑛 ― 𝑦𝑖,𝑛)2)

When comparing Models A and B, with different degrees of freedom (νA > νB and SSEA > SSEB), the 

improvement achieved using Model B compared to model A is considered significant if the following 

inequality is fulfilled [46]:

 (15)𝐹𝐴 ― 𝐵 =

𝑆𝑆𝐸𝐴 ― 𝑆𝑆𝐸𝐵
𝑆𝑆𝐸𝐵

𝜈𝐴 ― 𝜈𝐵
𝜈𝐴

> 𝐹1 ― 𝛼(𝜈𝐴 ― 𝜈𝐵,𝜈𝐵)

where F1-α(νA - νB, νB) is the critical value of the Fischer distribution, with a confidence of 95%. 

Consequently, Model B is selected. Otherwise, the improvement is not significant and the model with 

the least number of parameters is considered the most suitable. If νA is equal to νB, Model B is considered 

significantly better than model A if the following inequation is fulfilled [72,73]:
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 (16)𝐹𝐴 ― 𝐵 =

𝑆𝑆𝐸𝐴
𝜈𝐴

𝑆𝑆𝐸𝐵
𝜈𝐵

> 𝐹1 ― 𝛼(𝜈𝐴,𝜈𝐵)

As previously explained, due to the large number of kinetic parameters included in the proposed kinetic 

models (see Section 3), a three-step process is employed for the optimization of the objective function 

and the calculation of the optimal parameters (and avoiding partial local minima, which are more likely 

when numerous parameters are fitted simultaneously). First, the model of best-fit is selected and the 

kinetic parameters are calculated by fitting the experimental data obtained at constant temperature (450 

ºC) using Set 1 of the experiments (Table 2). In this way, the kinetic constants for the reference 

temperature are obtained. In the second step, the activation energies of the reparameterized kinetic 

constants (Eq. 7) are determined by fitting the experimental data obtained at different temperatures for 

a given space time (1 gcat h molC
-1) using Set 2 of the experiments (Table 3). In this step, the kinetic 

constants obtained in Step 1 at 450 ºC remain fixed. In the third step, all of the kinetic parameters (i.e., 

the kinetic constants at the reference temperature and the corresponding activation energies) are 

recalculated via global fitting using all of the experimental data from Sets 1 and 2 for both the SRC and 

PRC.

3. Results

3.1. Stationary reaction conditions (SRC)

The reaction compounds are grouped into the six lumps explained in the experimental section. Fig. 2 

shows the conversion of oxygenates at different space times and a reaction temperature of 450 ºC (Fig. 

2a) and at different temperatures with pure methanol and with a water co-feed at 30 L min-1 with a 

FW/FMeOH of 0.66 and space time of 1 gcat h molC
-1 (Fig. 2b). Conversion of oxygenates is calculated 

using the following expression:

 (17)𝑋 =
𝐹𝑀𝑒𝑂𝐻,𝑖𝑛 ― (𝐹𝑀𝑒𝑂𝐻,𝑜𝑢𝑡 + 𝐹𝐷𝑀𝐸,𝑜𝑢𝑡)

𝐹𝑀𝑒𝑂𝐻,𝑖𝑛
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where FMeOH,in is the methanol carbon flowrate at the inlet of the reactor and FMeOH,out and FDME,out are the 

methanol and dimethyl-ether carbon flowrates, respectively, at the outlet of the reactor. 

With an increase in the space time (Fig. 2a), the initial conversion of oxygenates also increases, reaching 

almost complete conversion at a space time of 1 gcat h molC
-1. This slows down the deactivation rate of 

the catalyst, with rapid deactivation occurring when the space time is under 1 gcat h molC
-1 and almost 

total deactivation observed after reacting for 16 h. This illustrates the significant contribution of 

oxygenated compounds as precursors for coke formation.

Conversion is also improved by increasing the reaction temperature (Fig. 2b), with complete conversion 

observed at the beginning of the reaction at temperatures over 450 ºC. However, with higher 

temperatures, the deactivation rate is more rapid (with a final conversion of 55% and 15% at 450 ºC and 

475 ºC, respectively), which can be explained by the faster coke formation at high temperatures [60]. 

The reaction at 425 ºC exhibits a lower initial conversion rate (80%) but has a lower deactivation level, 

with a final conversion of 60% due to the slower formation of coke at lower temperatures.
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Fig. 2. Conversion of oxygenated compounds in accordance with time on stream in the SRC experiments 

at (a) 450 ºC and different space time values (SRC1-6) and for (b) space time values of 1 gcat h molC
-1 at 

different temperatures with a FW/FMeOH feed ratio of 0 (filled symbols) and 0.66 (empty symbols) (SRC9-

12).

The co-feeding of water with methanol significantly reduces the initial conversion levels, especially at 

425 ºC, due to competitive adsorption at acid sites on the catalyst between the water and the reactants 

[49,51]. Despite this, coke formation is reduced, thus reducing the deactivation rate, and maintaining 

the conversion levels for a longer TOS.

The distribution of the different lumps for a TOS of 0 in the SRC experiments (SRC1-12 in Tables 2 and 

3) is presented in Tables 4 and 5. The light olefin lump (O) produces a maximum yield of 50.1% at a 
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space time of 1 gcat h molC
-1, indicating that lights olefins are an intermediate product of the reaction. In 

contrast, the yields of the light paraffin lump (P), heavy aliphatic lump (C5+), and BTX aromatic lump 

continuously increase with the space time to 4.0, 37.0, and 8.7%, respectively, thus they represent the 

final products of the reaction scheme at this temperature. The C1 lump decreases with space time because 

it is created by the decomposition of the oxygenates.

Table 4. Yields (%) of different lumps at a TOS of 0 for different space times in the SRC experiments 

at 450 ºC.

Lump 0.1 0.25 0.5 0.75 1 1.5
C1 1.1 2.1 0.9 0.7 0.6 0.8
O 0.6 5.5 30.8 45.5 50.1 48.6
P 0.1 0.2 1.0 2.3 3.1 4.0
BTX 0.2 1.1 4.2 6.0 7.2 8.7
C5+ 0.8 3.2 23.9 35.5 36.7 37.0

There is an increase of almost 30% in olefins (from 42.4% to 55.0%) when the reaction temperature is 

raised from 425 to 475 ºC. The same effect is observed for the BTX aromatic lump with a 50% increase, 

while the initial yield of C5+ decreases from 36.7% at 450 ºC to 33.2 % at 475 ºC, indicating the cracking 

of C5+ compounds to form olefins at high temperatures. The yield of light paraffins slightly increases 

with temperature, as does C1, confirming the thermal decomposition of the feed into light gases. 

Competitive adsorption due to the addition of water to the feed is more evident at 425 ºC, with the initial 

product yields for all lumps significantly lower (e.g., O falls from 42.4% to 4.1%). At 475 ºC, the 

reduction in the product yield is less severe. An increase in the FW/FMeOH ratio from 0 to 0.88 leads to a 

greater decrease in the yields of O, BTX, and C5+ (44, 51, and 39%, respectively).

Table 5. Yields (%) of the different lumps at a TOS of 0 with different temperatures and FW/FMeOH feed 

ratios in the SRC experiments (space time of 1 gcat h molC
-1).

Lump 425 450 475
FW/FMeOH 0 0.66 0 0.66 0.88 0 0.66

C1 0.06 0.07 0.6 0.4 0.8 0.4 0.1
O 42.4 4.1 50.1 33.4 28.1 55.0 51.4
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P 2.4 0.2 3.1 1.4 1.8 3.3 4.8
BTX 5.8 0.9 7.2 4.8 3.5 8.7 7.8
C5+ 36.3 2.7 36.7 25.2 22.3 33.2 32.0

3.2. Kinetic modeling

The first step in developing the kinetic model is the discrimination of models and the calculation of the 

kinetic constants at the reference temperature using the experimental data from the Set 1 experiments 

(Table 2). For the proposed kinetic models, the fitting of the experimental data obtained from the SRC 

experiments is conducted separately from the fitting of the data obtained from the PRC experiments. In 

both cases, a preliminary model adapted from Cordero-Lanzac et al. [38] is initially tested for the 

dimethyl-ether-to-olefin (DTO) process within the 325-400 ºC range. The reaction considered are the 

following (1) Light olefins (O) formation form directly from oxygenates (Ox) and water in the 

autocoatalytic period, (2) Ox and O to form more O and water, (3) C5+ aliphatics formation from the 

oligomerization of O, (4) aromatics and (5) paraffins formation from hydrogen transfer reactions of O, 

and the (6) direct decomposition of O into C1. This mechanism of six reactions constitutes the reaction 

network of model M1.

Oxygenates

Olefins

Olefins
hydrocarbon

pool

H2O

Hydrogen
transfer

Paraffins

Oligomerization

k1

k2

k3

k4

k5

C5+ aliphatics

Aromatics
k3’

k4’

k7

k1 k2 k3 k3’ k4 k4’ k5 k7

C1 k6

k6

M1
M2
M3
M4
M5

(a)

(b)

Fig. 3. (a) Reaction network of reactions, representing (b) nine kinetic steps gathered in five different 

models (M1-M5). 
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The reaction rates for the six steps in the kinetic scheme for M1 are calculated according to Eq. 7, 

assuming the first order for all of the reactants in each step. Non-selective deactivation is also assumed, 

i.e., the same activity is considered when quantifying the reaction rates. For the first approach, a first-

order deactivation mechanism is proposed in parallel with the main reaction in which oxygenates are 

considered precursors to coke formation [64]. Consequently, based on Eq. 4, the deactivation equation 

is as follows:

 (18)𝒓𝒅 = ―
𝑑𝑎
𝑑𝑡 = (𝒌𝒅𝑃𝑂𝑥)𝜃𝐷𝐴𝑑𝑠𝑎

Fig. 4 compares the experimental data (points) with the values calculated using model M1 (dashed lines) 

in accordance with the space time for carbon-based molar fractions at a TOS of 0 obtained from the 

SRC experiments at 450 ºC without a water co-feed (SRC1-6 in Table 2). The final products BTX and 

C5+ are underestimated at low space time values and overestimated at high space time values. This means 

that, based on the proposed mechanisms, the direct formation of the final products from olefins is too 

slow for low-conversion levels and too fast under complete conversion conditions, which in turn means 

that olefin formation is strongly underestimated under the complete conversion of oxygenates.
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Fig. 4. Comparison of the experimental data (symbols) with changes in the space time of the carbon-

based molar fractions of the different lumps at a TOS of 0 to the values predicted using models M1 

(dashed lines) and M2 (continuous lines) for SRC experiments at 450 ºC (SRC1-6).
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To improve the prediction of the composition of the final products, the alternative model M2 is proposed, 

in which the direct formation reactions (k3 and k4) are substituted with co-reactions of oxygenates and 

olefins (reactions k3´ and k4´) [34,51] as shown in Fig. 3. An analysis of variance (ANOVA; Table S1 in 

Supplementary Material) comparing models M1 and M2 reveals a clear improvement in model M2 

compared to model M1. This improvement is also clearly observed in Fig. 4 (for values at a TOS of 0) 

and in Fig. 5 (according to the TOS of molar fractions for different space times and water co-feed 

flowrates). The continuous lines (model M2) show that the co-feeding leads to an increase in the 

formation of C5+ and BTX at low conversion levels (i.e., a high oxygenate concentration; Figs. 4b and 

Fig. 4d). It also slows their formation at high conversion levels (i.e., a low oxygenate concentration; Fig. 

4b and 4c).
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Fig. 5. Comparison of the experimental data (symbols) according to the TOS of the carbon-based molar 

fractions of different lumps to the values predicted by models M1 (dashed lines) and M2 (continuous 
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lines) for SRC experiments at 450 ºC (SRC1-8). QW = 0 L min–1, (a) w = 38 mg; (b) w = 113 mg; (c) w 

= 225 mg; QW = 30 L min–1 (d) w = 150 mg.

Following the same methodology for Set 1 of the PRC experiments (PRC1-2 in Table 2), the ANOVA 

results again illustrate that a better fit is obtained by adding the co-reaction stages to model M2. 

To further improve the model M2 and additionally, the formation of C5+ trough oligomerization (k3) and 

that of aromatics trough hydrogen transfer (k4) are considered in M3 and M4, respectively. The total 

number of kinetic steps for these models can be observed in Fig. 3(b). The ANOVA results (Table S2) 

for models M3 and M4 under PRC show that the improvement of the model following the inclusion of 

the direct formation reaction for C5+ is not statistically significant. However, the addition of a direct 

formation step for BTX (model M4) leads to a statistically significant improvement. The same 

conclusions are drawn from the ANOVA results for the SRC experiments in Table S1. 

When analyzing the results for the molar fractions according to the TOS for the main lumps in Set 1 of 

the PRC experiments (Fig. 6a), the predicted yields for the O lump and final products BTX and C5+ at a 

TOS of 4−8 and 10−14 h, which represent higher and lower space times, respectively, are consistent 

with the experimental data when using model M4. When water is used as a co-feed (Fig. 6b) and reaches 

its maximum value (4 h), the competitive adsorption at the acid sites reduces the conversion, 

consequently, increasing the concentration of oxygenated compounds in the reaction medium. When the 

contribution of oxygenates is not considered (M1), C5+ and BTX formation is lower than experimentally 

observed. When the water co-feed is removed and competitive adsorption is lower (12 h on stream), the 

formation of C5+ predicted using M1 is too high because it is not lowered by the lower partial pressure 

of the oxygenates, whereas model M4 correctly predicts the experimental values.
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Fig. 6. Comparison of the experimental data (symbols) in accordance with the TOS of the carbon-based 

molar fractions of the different lumps to the values predicted by models M1 (dashed lines) and M2 

(continuous lines) in PRC experiments at 450 ºC (PRC1-2). Flowrate oscillations of (a) QMeOH = 135 ± 

88 L, QW = 0 L min–1, corresponding to reaction PRC1 (b); and (c) QMeOH = 0.101 L, QW = 20 ± 20 

L min–1, corresponding to PRC2 (d).

For the second step of the kinetic model, a preliminary set of activation energies is obtained from fitting 

the experimental data at different temperatures with a fixed space time (Table 3) for the SRC and PRC 

experiments. Additionally, other kinetic models are tested in the search for a better fit for the data at 

different temperatures. Taking into consideration the possible cracking of C5+ into olefins (k7), this 

mechanism is included in model M5 as shown in Fig. 3 [74–76].
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In addition to this, an alternative deactivation equation is proposed. In particular, a first-order series-

parallel deactivation mechanism is included in M6 to determine whether the deactivation by coke results 

only from the oxygenated compounds as coke precursors or also from the reaction products (Eq. 19):

 (19)𝒓𝒅 = ―
𝑑𝑎
𝑑𝑡 = (𝒌𝒅𝟏𝑃𝑂𝑥 + 𝒌𝒅𝟐(𝑃𝑂 + 𝑃𝐶5 + + 𝑃𝐵𝑇𝑋))𝜃𝐷𝐴𝑑𝑠𝑎

The results show that the inclusion of the cracking reaction for C5+ leads to a significant improvement 

compared to M4 for the fitting of the SRC data (Table S3), which is in accordance with the decrease in 

the yield of C5+ at a TOS of 0 when the temperature is increased (see Table 5). Model M5 also represents 

a significant improvement for the fitting of the PRC data (Table S4). In contrast, the results for the fitting 

of the SRC and the PRC data when considering the contribution of the products as precursors of coke 

formation, i.e., model M6, did not lead to any improvement. These ANOVA results and the low value 

for the kd2 constant at the reference temperature and its corresponding activation energy obtained 

indicate that, under these conditions, the reaction products play a negligible role as coke precursors. This 

agrees with the results reported by Perez-Uriarte et al. [77] and Cordero-Lanzac et al. [37] for the DTO 

process at lower temperatures and by Jenssen et al. [78] for the MTH reaction. It is also in agreement 

with the experimental observations of Schulz [79] for the MTH reaction with HZSM-5 zeolite and the 

burning cigar mechanism [80].

The experimental and calculated yields in accordance with the TOS using models M4 and M5 are 

presented in Fig. 7 for the Set 2 SRC experiments and in Fig. 8 for the Set 2 PRC experiments. The 

improvement achieved by considering the cracking of C5+ to form olefins is indicated by the better fitting 

of the initial yields of the C5+ and O lumps at both low (Fig. 7a) and high temperatures (Fig. 7c and 7d), 

due to the high activation energy predicted for this step (Table 6). This same improvment is observed 

for the PRC data at the points where the temperature reaches its maximum value (10 h in Fig. 8a and 2 

and 10 h in Fig. 8b). In the third and final step, global fitting is carried out separately for the SRC and 

PRC data using model M5, which is the model of best-fit based on the previous steps.
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The parity plots for all the data from Sets 1 and 2 of the SRC and PRC experiments using final model 

M5 are displayed in Figs. 9 and 10, respectively. The calculated values deviate little from the 

experimental data, with only a few points diverging from the ±10 % lines, which can be attributed to 

experimental error. Therefore, the global fitting for both sets of reactions can be considered satisfactory.
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Fig. 7. Comparison of the experimental data (symbols) according to the TOS of the carbon-based molar 

fractions of the different lumps to the values predicted by models M4 (dashed lines) and M5 (continuous 

lines) for the SRC experiments with a space time of 1 gcat h molC
-1 (SRC9-12). T = 425 ºC, (a)  QW = 0 L 

min–1; (b) QW = 20 L min–1; T = 475 ºC, (c) QW = 0 L min–1; (d) QW = 20 L min–1.
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for the SRC experiments (a) with a pure methanol feed (SRC1-6 and SRC9-10); and (b) with a water co-

feed (SRC7-8 and SRC11-12).
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Fig. 10. Parity plots for the experimental and calculated carbón-based molar fractions using model M5 

for the PRC experiments (a) at 450 ºC with flowrate oscillations (PRC1-2) and (b) with constant flowrates 

and temperature oscillations (PRC3-4).

The kinetic parameters for model M5 obtained from the separate fitting of the SRC and PRC data are 

presented in Table 6. The kinetic constants at 450 ºC obtained in both fittings can be considered 

comparable, with resulting values laying within the confidence intervals for the two sets. In addition, 

most of the activation energies can be considered comparable. The obtained parameters illustrate the 

importance of the autocatalytic step for the formation of olefins k*
2, which is almost three orders of 

magnitude higher than the direct step k*
1. Moreover, a high reaction rate is observed at every temperature 
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within the studied range, as indicated by the low activation energy (Ea2), whereas the direct formation 

reaction is very temperature-dependent with a high activation energy (Ea1). Oxygenate decomposition 

into C1 and the cracking of C5+ are also very temperature-dependent (with low k*
6 and k*

7 and high Ea6 

and Ea7 values, respectively), in accordance with their thermal nature. The co-reaction of oxygenates 

and olefins to form C5+ is higher than that of BTX, with the latter receiving a small contribution from 

the direct formation reaction (k*
3'>k*

4'>k*
4). C5+ formation is also less controlled by temperature than 

BTX formation, with an Ea4' that is almost an order of magnitude higher than Ea3'.

Table 6. Comparison of the kinetic and adsorption constants at 450 ºC and the activation energy and 

adsorption heat values obtained for the MTH SRC and PRC experiments using model M5.

SRC PRC
Steps in the reaction network

k1
* 1.64 (±0.12) 10-1 1.66 (±0.09) 10-1

k2
* 9.57 (±0.24) 101 9.19 (±0.78) 101

k3’
* 2.67 (±0.12) 101 2.74 (±0.24) 101

k4
* 3.25 (±0.39) 10-1 3.53 (±0.56) 10-1

k4’
* 4.43 (±0.23) 4.76 (±0.36)

k5
* 9.26 (±2.92) 10-1 1.39 (±0.39)

k6
* 1.52 (±0.16) 10-2 1.47 (±0.02) 10-2

k7
* 1.21 (±0.19) 1.25 (±0.16)

Ea1 6.10 (±1.46) 101 5.32 (±1.74) 101

Ea2 1.91 (±0.25) 2.01 (±0.36)
Ea3’ 2.72 (±1.86) 3.25 (±1.85)
Ea4 7.41 (±0.09) 7.77 (±0.52)
Ea4’ 1.01 (±0.26) 101 1.10 (±0.18) 101

Ea5 5.55 (±0.55) 5.89 (±0.91)
Ea6 1.62 (±0.51) 101 1.67 (±0.26) 101

Ea7 2.45 (±0.02) 101 2.43 (±0.02) 101

Adsorption/deactivation
kAds

* 2.73 (±0.13) 2.34 (±0.25)
HAds 1.34 (±0.26) 101 1.42 (±0.35) 101

kD
* 3.25 (±0.09) 10-1 3.40 (±0.09) 10-1

EaD 5.34 (±0.47) 101 7.04 (±0.95) 101

kDAds
* 3.96 (±0.36) 3.90 (±0.23)

HDAds 4.66 (±0.23) 7.95 (±3.57)
k*

1,3,5-7: molC g-1 h-1 bar-1

k*
2,3’,4’: molC g-1 h-1 bar-2

k*
Ads,DAds: bar-1

k*
D: h-1 bar-1

Ea, H: kJ mol-1
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The greatest differences observed between the parameters of best-fit for the SRC and PRC data are for 

the activation energies for the direct formation of olefins (Ea1) and in the activation energy for the 

deactivation constant (EaD). These two parameters are one order of magnitude higher than the other 

activation energies and thus have a greater impact on the fitting of the experimental data. A possible 

explanation for this difference is that the period selected for the collection of the kinetic data is not 

suitable. With a period of −16 h, all of the kinetic parameters obtained in the 425−450 ºC range 

correspond to a TOS lower than 8 h and thus a low deactivation state for the catalyst, whereas the kinetic 

data in the 450−475 ºC range is obtained from a TOS of over 8 h, meaning only data from a high catalyst 

deactivation state is considered. Consequently, the effect of temperature on the kinetic constants for the 

reaction rates and deactivation cannot be clearly discerned. To avoid this, kinetic data should be obtained 

for different levels of deactivation for all of the temperatures within the studied range.

To confirm this, an additional PRC experiment is conducted. PRC5 uses the same conditions as PRC3 

but with a period of 4 h (Fig. S1) and its data is fitted alongside the data from PRC1-2 (oscillating space 

time at a constant temperature) and PRC4 (oscillating temperature at a constant space time with a water 

co-feed). The kinetic parameters of best-fit (with the same starting values as in Table 6) are presented 

in Table 7. In this case, the activation energy for the deactivation constant EaD falls within the confidence 

interval for the corresponding parameter obtained from the SRC, as do the other kinetic parameters. 

Therefore, to ensure accurate model predictions under PRC, sufficiently low periods should be used to 

produce sufficient data for different TOS values and thus different catalyst states for all of the 

temperatures within the studied range. In this case, changing the period of oscillation from −16 h to 4 h 

produced three additional data points at different deactivation levels for both the maximum and 

minimum temperatures (at 1, 5, 9, and 13 h instead of only 12 h for 475 ºC and at 3, 7, 11, and 15 h 

instead of only 4 h for 425 ºC).
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Table 7. Kinetic and adsorption constants at 450 ºC and the activation energy and adsorption heat values 

obtained for PRC1-2 and PRC4-5 with model M5.

ki
* Eai, H

Steps in the reaction network
k1 1.64 (±0.10) 10-1 5.27 (±1.24) 101

k2 9.75 (±0.46) 101 1.93 (±0.12)
k3’ 2.78 (±0.12) 101 3.27 (±1.37)
k4 3.44 (±0.27) 10-1 7.41 (±0.04)
k4’ 4.77 (±0.22) 1.10 (±0.18) 101

k5 1.29 (±0.43) 5.74 (±0.44)
k6 1.54 (±0.06) 10-2 1.52 (±0.08) 101

k7 1.32 (±0.08) 2.45 (±0.03) 101

Adsorption/deactivation
Ads 2.43 (±0.25) 1.33 (±0.17) 101

D 3.36 (±0.07) 10-1 6.71 (±0.87) 101

DAds 3.81 (±0.19) 6.44 (±4.91)
k*

1,3,5-7: molC g-1 h-1 bar-1

k*
2,3’,4’: molC g-1 h-1 bar-2

k*
Ads,DAds: bar-1

k*
D: h-1 bar-1

Ea, H: kJ mol-1

One of the limitations of of PRC to calculate the deactivation function is the fact that coke properties 

depend on the history of the catalyst. The reason for that is that a catalyst with a remaining activity a, 

should not necesarilly behave as another one with the same value of activity but used in different 

conditions. The amount, nature and location of coke certainly depends on the conditions used and several 

combinations of these parameters could lead to the same value of remaning activity. In other words, as 

the conditions of the PRC are not steady by definition, the deactivation function at any given time is 

calculated by assuming that the past conditions were the same, which is not true. Thus, the deactivation 

parameters calculated using PRC in coke deactivating reactions should be taken with care, regadless of 

the fitting.

4. Conclusions

A new methodology designed to reduce the experimental times and resources required to develop a 

complex kinetic model using PRC is proposed, with the MTH reaction employed as the model reaction. 

By separately fitting the kinetic data obtained both from a set of 12 SRC runs at different space times 
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and temperatures with and without a water co-feed and from a set of only four PRC runs with the 

modulation of the methanol or water flowrate and temperature, the same model discrimination paths and 

comparable kinetic parameters are obtained. These results illustrate that PRC are useful for obtaining 

reliable kinetic models and reducing time and resource costs. To ensure the correct calculation of the 

activation energies of the kinetic constants, a sufficiently low period for the temperature modulation is 

required to provide kinetic data at different deactivation levels of the catalyst for all of the temperatures 

in the studied range.

The results obtained for the best-fitting kinetic parameters for the MTH reaction with a catalyst based 

on HZSM-5 zeolite illustrate the importance of the autocatalytic reaction in the formation of olefins in 

comparison to the direct formation reaction, with the kinetic constant (450 ºC) of the former reaction 

almost three orders higher than that of the latter, although the contribution of the direct formation 

reaction increases noticeably at higher temperatures due to its high activation energy. These results are 

consistent across both the SRC and PRC runs. 

The obtained model discrimination route, which is the same for both operating conditions, highlights 

the need for the co-reaction of oxygenates and olefins to form the final products C5+ and BTX. However, 

the smaller contribution (one order of magnitude lower) of the direct formation reaction for BTX is still 

considered significant. The direct formation of light paraffins from olefins is slow at every temperature 

studied. The low kinetic constant at 450 ºC and the relatively high activation energy for the oxygenate 

decomposition reaction (R6) show that the formation of C1 compounds is insignificant at 425 ºC but of 

greater importance at 475 ºC. A step accounting for the cracking of C5+ compounds to form light olefins 

is necessary to correctly fit the trend for both lumps with high space time values at 475 ºC. 

The deactivation equation of best-fit confirms that oxygenated compounds are precursors for the 

formation of coke, which is the cause of the deactivation of the catalysts, with a negligible contribution 

from the products. Coke formation is very slow at 425 ºC but very rapid at 475 ºC, which agrees with 

the high activation energy calculated for the deactivation constant (about 60 kJ mol-1).

The lump-based kinetic model and the proposed mass conservation equations can be used to fit 

stationary and periodically modulated data. This approach can also be easily implemented for the design 
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of various reactor configurations (e.g., fixed-bed, fluidized-bed, captive, or catalyst circulation) and is 

thus useful for optimizing operating parameters or the selectivity towards a target product. With the 

incorporation of periodic operation, the experimental time required to obtain reliable kinetic data can be 

greatly reduced, thus allowing for the development of mathematical models that can be used for a wide 

range of reaction systems.

Nomenclature

A Amplitude of oscillation

a Catalyst activity

C Matrix of carbon balance coefficients

CFD Computational fluid dynamics

𝐷 Mean pore diameter, Å

Ea Activation energy, kJ mol-1

F1-α Critical value of the Fischer distribution for confidence of 1-α

FC Carbon molar flowrate, molC s-1

FDME Dimethyl-ether molar flowrate, mol s-1

FMeOH Methanol molar flowrate, mol h-1

FW Water molar flowrate, mol h-1

k Kinetic constant

k* Kinetic constant at the reference temperature

l Catalyst bed length, m

MTH Methanol-to-hydrocarbon

NC Carbon-to-total molar flowrate ratio

ne, nl Number of experiments and number of lumps, respectively

nR Reaction order

OF Objective function
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p Period, h

P, Pi, PCP Total pressure, pressure of lump i and pressure of coke precursors, bar

PRC Periodic reaction conditions

Qi Volumetric flowrare if i, L min-1

R Constant of ideal gases, J mol-1 K-1

rL, rj, rd Vector of the reaction rates, individual reaction rates for each reaction and 

deactivation rates, respectively

S Transversal section of the reactor, m

SBET Brunauer-Emmet-Teller (BET) surface, m2 g-1

SRC Stationary reaction conditions

SSE Sum of squared errors

t Time, h

T Temperature, K

T* Reference temperature, K

TOS Time on stream, h

TPD Temperature programmed desorption

u Vector of lumped molar fractions

w Catalyst weight, g

X Conversion

x(t), xC Evolution of the manipulated variable with time and center value of the 

manipulated variable, respectively

yi,0 Carbon-based molar fractions of each lump i at time 0

yi,n, y*i,n Carbon-based molar fractions of each lump i calculated and experimentally 

derived, respectively

Greek letters

 Confidence interval

 Heat of adsorption, kJ mol-1
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b Catalyst bed porosity

 d Water attenuation factors for the reaction steps and the deactivation respectively

b Catalyst bed density

 Degrees of freedom

 Weight factor

Lumps

BTX Aromatics, including benzene, toluene, and xylenes

C1 Light gases, including methane, CO, and CO2

C5+ Heavy aliphatics, including every aliphatic with 5 or more carbon atoms

O Light olefins, including ethene, propene, and butene

Ox Oxygenated compounds, including methanol and dimethyl-ether

P Light paraffins, including ethane, propane, and butane
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