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Abstract 

Ventilation air methane is a major contributor to the carbon footprint of the coal mining 

industry. This contribution can be mitigated by combustion of methane to carbon dioxide. The 

use of efficient combustion devices, such as catalytic reverse flow reactors, can improve the 

economy of the process. However, the high water content of the ventilation air can inhibit 

catalysts (such as palladium) used in this process. The overcome this issue a novel reverse flow 

reactor with integrated separation, capable of adsorbing water from the feed before reaching 

the catalyst, is studied. The adsorbent is regenerated in situ thanks to the characteristic 

thermal pattern of reverse flow reactors. The application of this reactor design to the 

combustion of ventilation air methane has been demonstrated in a bench-scale device, 

operated at 0.15 m/s (n.t.p.) superficial velocity and different methane concentrations (1800-

5400 ppm) and switching times (100-600 s). A mathematical model for this reactor has been 

proposed, the water adsorption parameters have been determined experimentally, and the 

model has been validated by comparison to bench-scale experimental results.  

 

Keywords:  adsorption, water inhibition, monolithic catalyst, regenerative catalytic oxidation, 

chromatographic reactor. 
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Introduction 

Environmental problems related to global warming have gained importance in the last 

decades. Coal mining is an activity with significant environmental impact. During coal 

extraction, important amounts of methane in air (concentration 0.1 to 1% vol.) are emitted to 

the atmosphere through the ventilation system (VAM, ventilation air methane). This emission 

is the main contribution (roughly 78%) to the carbon footprint of the coal mining activity [1]. 

In the atmosphere, methane is accumulated and eventually oxidized to carbon dioxide, but 

with a very slow kinetics. Methane average lifetime is around 12 years, and its effect as 

greenhouse gas is 23 times that of carbon dioxide (100 years-averaged Global Warming 

Potential). For this reason, combustion of methane to carbon dioxide before releasing to the 

atmosphere is of great environmental interest in order to reduce the net warming potential 

[2]. When the concentration of methane is high enough, part of the combustion heat can be 

recovered to produce steam or electricity, improving the economy of the process.  

One suitable option for the oxidation of methane emitted in coal mining is the use of 

regenerative catalytic oxidation (RCO) in the so-called reverse flow reactors (RFR). This type of 

forced un-steady state reactor consists of a catalytic fixed bed in which the feed flow direction 

is periodically reversed. The selection of an appropriate flow reversal time (so called switching 

time) allows autothermal operation even for very lean methane concentrations. For moderate 

methane concentrations (more than 0.4%), it is also possible to recover a fraction of the heat 

released by the reaction. In this context, the catalyst has the advantage of reducing the 

ignition temperature of the methane/air mixture, increasing the thermal efficiency of the 

reactor and improving the efficiency of the heat recovery system. The typical reactor set-up 

consists of three beds: a catalytic bed in the center and two inert beds at both sides. At steady 

state, the feed stream enters the reactor at room temperature (20-30ºC), is heated in the inert 

beds, and releases the heat of combustion in the catalytic bed (400-600ºC) [3-4].  

Coal mine ventilation air usually contains high amount of water (nearly at the saturation 

point), which is well-known to have a negative effect on the activity of combustion catalysts 

(particularly supported precious metals) [5,6]. In a previous work performed with coal mine 

emissions [7], it was found that the inhibition caused by water on a Pd-supported catalyst 

depends on water concentration and is reversible. Tests carried out in a bench-scale reverse 

flow reactor indicated that the stability of the reactor was negatively affected by water, and 
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increasing the reactor size was proposed to overcome the loss of catalyst activity caused by 

water [7]. However, this solution increases the investment and operation costs of commercial 

devices. For this reason, in the present work, a novel reverse flow reactor with integrated 

water separation, taking advantage of the flow reversal concept, is studied.  

Several processes, such as reverse flow [8-10], loop [11-13] and chromatographic [14] reactors 

have been proposed for coupling reaction and separation by adsorption in forced unsteady 

state. Depending on the application, the compounds to be adsorbed are either reactants, 

products, catalyst inhibitors or the catalyst itself. Typically, these reactors can be used to 

prevent a reactant or product from leaving the reactor [15]. Moreover, these reactors have 

been found to be advantageous for the main reaction, increasing average reaction rates [16-

18], shifting reaction equilibria [19], immobilizing homogeneous catalysts [20-21], or removing 

catalyst inhibitors [22]. For example, in the selective catalytic reduction of nitrogen oxides with 

ammonia, forced unsteady state reactors are used to increase the amount of ammonia 

adsorbed in the catalyst, and hence increase reaction rate [17, 23-24]. Another example, in the 

field of volatile organic compounds abatement, is the use of forced unsteady state reactors 

(reverse flow reactors, simulated moving bed reactors or reactor networks) to concentrate the 

organic compound prior to the oxidation [16,18,25-31]. The capture of the CO2 generated by 

the reaction is also possible [15].  

Bos et al. [22], proposed a reverse flow reactor design for VOC catalytic combustion, in which 

the material of the inert beds is totally or partially replaced by an adsorbent able to retain the 

water entering with the feed. This way, the inhibitory effect of water is avoided, because when 

the feed reaches the central catalytic bed, is free of water.  

The adsorbent beds are not a mere guard bed, because the forced unsteady state character of 

RFR, together with its parabolic temperature profile (high temperature in the center and low 

temperature at the reactor sides), makes possible the self-regeneration of the adsorbent beds. 

Thus, in the first adsorbent bed (the first bed crossed by the feed when entering the RFR), 

water in the feed is adsorbed at low temperature (typically, the feed enters RFR at room 

temperature), and at the same time the feed temperature increases (because of the heat 

stored in the bed), so it reacts when reaches the central catalytic bed. The second adsorbent 

bed, placed after the catalytic bed, is at high temperature because the temperature plateau 

moves from the catalytic bed, causing the desorption of the water adsorbed in the previous 

cycle (TSA, temperature swing adsorption). Simultaneously, this bed stores the heat of 
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reaction. By inverting flow direction, the same process will happen in opposite adsorbent beds 

in the next cycle. The overall result is similar to water bypassing the central catalytic bed. 

Bos et al. [22] demonstrated experimentally the working principle of this reactor design, by 

feeding air-water to a RFR with beds of zeolite as adsorbent. The bed was heated and the flow 

direction reversed to simulate a RFR. However, no catalyst was used or chemical reaction 

considered. They stated that more work was required for a more rigorous proof of the concept 

and the optimization of the reactor design and operation.  

The aim of the present work is to experimentally demonstrate the validity of this concept 

(reverse flow combustor with integrated water adsorption), taking the catalytic combustion of 

ventilation air methane as case study. Due to the complexity of this reactor, in which many 

different phenomena take place, the use of mathematical models is needed for the 

optimization of design and operation. For this purpose, a phenomenological 1D heterogeneous 

dynamic model is formulated and validated with bench-scale experiments.  

In order to accomplish these scopes, an appropriate adsorbent material, able to absorb water 

and at the same time act as thermal regenerator is firstly selected. Then, the application of the 

reverse flow reactor with integrated separation to the combustion of methane in presence of 

water is demonstrated in a bench-scale device. The influence of key variables such as methane 

and water concentrations and switching time is experimentally determined. After that, a 

mathematical model based on conservation equations for the entire process is formulated, 

considering both the reaction and adsorption zones. The adsorption equilibrium and mass 

transfer parameters, needed for the process modeling, are determined experimentally. Finally, 

the mathematical model is validated with the experiments.  

 

Methodology 

Isothermal lab-scale adsorption experiments 

This reactor was used for adsorption experiments. The isothermal lab-scale reactor consisted 

of a stainless steel tube of 700 mm length and 9 mm diameter. The tube was filled with ground 

-alumina particles (500-710 m), which were hold in position with the help of a stainless steel 

mesh. The upstream part of the reactor was filled with 1 mm diameter glass spheres, used to 

help pre-heating the feed. The bed temperature, measured with a thermocouple introduced 
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inside the reactor tube, was regulated with a PID-controlled electric oven that surrounds the 

tube. 

The reactor feed consisted of air from a compressor (Ingersoll-Rand). Flow rate (0.5 L/min 

n.t.p.) was set using a mass flow controller. Water was added to the air by bubbling through a 

flask equipped with a temperature-controller heating blanket. Depending on the temperature 

of the blanket and the water level inside the flask, a relative humidity of 20-80% (measured at 

25ºC) can be obtained (equivalent mole fraction of water 0.006-0.023). Water content of the 

reactor effluent was measured using a hygrometer (Vatsaia HMI 32).  

 

Adiabatic bench-scale reactor 

The bench-scale reactor has been used to measure the rate of adsorption (mass transfer) and 

for the experimental demonstration of the reverse flow reactor with integrated separation 

applied to methane combustion in the presence of water.  

The experimental device has been described in detail in previous works [25, 26, 28-31]. Here, 

only the basic information is provided. The reactor consisted of a 0.7 m long and 0.05 m 

internal diameter 316 stainless steel tube. This tube was filled with the RFR characteristic 3 

bed layers: the catalytic bed in the middle (0.15 m long), formed by a commercial Pd-based 

monolith supplied by BASF (CPO-5M), and the heat storing-adsorbent beds (0.125 m long 

each) at both sides.  

The catalytic monolithic block was formed by parallel channels with 390 cpsi cell density; this 

determines a cell size of 1 mm and a bed (or open) porosity of 65%. The channels are coated 

with a layer of washcoating with an average thickness of 81 m and accounting for 20% (vol.) 

of the solid. These geometrical properties have been determined experimentally with a 

stereomicroscope (Stemi 2000-C, ZEISS), as published elsewhere [7]. The solid density ( ), also 

measured experimentally, is 2300 kg/m3. Solid heat capacity ( ) and thermal conductivity 

( ), respectively 900 J/kg K and 0.8 W/m K, have been obtained from the literature for 

cordierite-based monoliths.  

The temperature of the bed was measured in 5 points along the reactor axis using a multipoint 

thermocouple array. The reactor can be operated at nearly-adiabatic conditions with the help 
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of a multi-sectional electric oven, equipped with a dynamic temperature-control system able 

of compensating the heat transfer through the reactor wall [25, 26]. 

Reactor feed was prepared by mixing purified air from a compressor (Ingersoll-Rand) and a 

methane/air synthetic mixture (2.5% vol.) from a cylinder (Air Liquide) in adequate 

proportions. The flow rate was controlled using two mass flowmeters (Bronkhorst F201C); 

total flow rate was fixed to 15 L/min (n.t.p.). Water was introduced into the system using a 

bubbling flask equipped with a temperature-controlled heating blanket. A relative humidity of 

60-95% (measured at 25ºC, equivalent mole fraction of 0.017-0.027) was obtained using this 

device. 

The water content of the reactor effluent was measured using a hygrometer (Vatsaia HMI 32). 

Methane concentration was analyzed on-line using an infrared spectrometer (ABB URAS14). 

Water was eliminated from the gas stream at the spectrometer inlet using a bed of silica, in 

order to avoid interferences in the measurements. 

 

Reverse flow reactor model 

Mathematical models, when validated with experimental data, are very useful tools in the 

design, optimization and operation of commercial reactors. In this work the reverse-flow 

reactor with integrated separation was simulated with a phenomenological model obtained 

from mass and energy conservation equations. Based on the previous experience with forced 

unsteady state reactors, a 1D heterogeneous dynamic model has been found to be a good 

choice [3, 25, 28-30]. The model predicts the dynamic evolution of temperature and 

concentration along the reactor beds. Property gradients are expected only in the axial 

direction, because the reverse flow reactor will operate at adiabatic conditions. 

Heterogeneous models, where conservation equations are applied separately to the gas and 

solid phases, predict the accumulation of heat and mass in the solid with higher accuracy, 

which is of great importance for reverse flow reactors with integrated separation.  

The conservation equations corresponding to the model are shown in Table 1. These equations 

have been solved using Danckwerts boundary conditions. The meaning of the symbols is 

indicated in the list of symbols. The mass balances, formulated for methane and water, are 

valid for both the catalyst and adsorbent beds, but with different physical and transport 

properties in each case. For the methane balance, there is no accumulation in the solid 
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(  = 0), so the partial differential equation is simplified into an algebraic equation. For 

the case of water, an expression for the adsorption equilibrium is required to relate 

concentrations in the solid ( ) and at the gas-solid interphase ( ). This expression was 

determined experimentally, as explained later. 

Reaction rate for methane combustion on a Pd-based monolithic catalyst is given by a 

Langmuir-Hinshelwood equation that takes into account inhibition caused by water, obtained 

experimentally in a previous work [7]: 

 

 (1) 

Where  and  are methane and water partial pressures, respectively, and  and  

are temperature-dependent parameters (  = 8.314 J mol-1 K-1): 

 mol kgcat
-1 s-1 Pa-1 

 (2) 

 Pa-1 
 (3) 

This rate law was developed in the absence of mass and heat transfer resistances (e.g. using 

ground catalyst). When applied for a monolithic catalyst, an effectiveness factor is used to 

account for the mass transfer resistance in the washcoating layer. This effectiveness factor is 

calculated using Thiele modulus and the textural properties of the catalyst [7]. The expressions 

are summarized in Table 2.  

Transport properties, such as mass and heat gas-to-solid transfer coefficients and axial 

effective dispersion coefficients, are calculated using correlations from the literature, 

adequate for the type of bed (monolith or random particles), as indicated in a previous work 

[29, 31] and summarized in Table 2. The geometrical and physical properties of the beds are 

indicated in the following sections. Gas density is calculated using ideal gas law. 

This mathematical model has been solved by means of the ‘method of lines’, where the spatial 

derivatives are approximated by finite differences obtained from Taylor polynomials. The 

resulting set of ordinary differential equations is solved using MATLAB (function ode15s). The 
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switching of the feed direction is modeled by shifting the boundary conditions. This method 

has been proved to be accurate in previous works [29, 30]. 

 

Results and discussion 

Selection of the adsorbent 

In our reverse flow reactor with integrated separation, the adsorbent packed in the two non-

catalytic beds must trap water from the gaseous feed during the first semi-cycle, and adsorbed 

water must be desorbed in the second semi-cycle, so good adsorption capacity at inlet 

conditions (low temperature), and ability to desorb water at the conditions during the reverse 

cycle (130-350ºC) are required. Moreover, as the adsorbent replaces (at least partially) the 

inert bed in which heat is stored and released, good thermal properties are also desirable. 

Typical water adsorbents are -alumina, silica and molecular sieves (zeolites). -Alumina is the 

cheapest one, but usually exhibits the lowest adsorption capacity. Regarding thermal 

properties, the most important for reverse flow reactors is thermal inertia (product of density 

and heat capacity, ). Thus, a material with high thermal inertia is able to store more 

energy, reducing the size of the reactor [31]. Thermal inertia of -alumina, silica and molecular 

sieves are 530, 200 and 200 kJ/m3 ºC, respectively [32]. Taking into account these properties, 

-alumina was initially selected for our reactor. 

So, the adsorbent used was a commercial -alumina supplied by BASF in the form of cylindrical 

pellets (4 mm diameter). The equivalent diameter (sphere of equal surface to volume ratio) 

was calculated as 5.6 mm. This adsorbent is a mesoporous material with 7.1 nm BJH average 

pore size and 242 m2/g BET surface area, both properties measured by nitrogen physisorption. 

The density of the adsorbent, 1060 kg/m3, and the bed porosity, 40%, were also measured 

experimentally. The heat capacity (836 J/kg K) and the thermal conductivity (0.5 W/m K) were 

taken from the literature [32].  

The regeneration capability of -alumina has been studied in a temperature programmed 

desorption (TPD) experiment. The sample initially saturated with water at 20ºC was heated in 

a helium flow at 3ºC/min. The water desorbed from the sample was measured on-line using a 

mass spectrometer. The experiment indicated that water desorption starts at 100ºC and by 

200ºC 83% of the water had desorbed. This temperature matches the temperature of the inert 
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bed during the desorption cycle in the reverse flow reactor with integrated separation (130-

350ºC), so according to these results -alumina is a good choice.  

 

Demonstration experiments 

In this section, the operation of reverse flow reactors with integrated adsorption for 

combustion of organic compounds in humid air is tested by reacting methane in the adiabatic 

bench-scale RFR with integrated adsorption described previously. The total gas flow rate 

(measured at normal conditions) was 15 L/min (n.t.p.), which corresponds to a superficial 

velocity in the reactor of 0.15 m/s (n.t.p.). The feed was introduced in the reactor, initially pre-

heated, at room temperature (20ºC) with methane concentration in the range 1800-5400 

ppm. Water molar fraction was kept in the range 0.021 to 0.024, and reactor switching time 

was varied within the range 100-600 s.  

Figure 1 shows the temperature profiles obtained at the middle of cycle number 15 for two 

experiments (3600 ppm methane and switching times 100 and 300 s, respectively). In the 

same plots, the equivalent experiments carried out in the reactor without adsorbent and in the 

absence of water have also been depicted. As it has been explained, water produces an 

inhibitory effect on the catalyst, reducing the reaction rate. Thus, methane conversion 

decreases, resulting in a decrease in bed temperature, as observed when the experiment 

without adsorbent is compared to the experiment with no water. This effect reduces the 

stability of the reactor, as will be discussed later. On the other hand, the reverse flow reactor 

with water and integrated adsorption exhibits a temperature profile very close to the 

corresponding to the absence of water. This indicates that a similar amount of heat is being 

released by the reaction and hence the reaction is taking place at a similar reaction rate, and 

suggests that the adsorbent is trapping the water and preventing catalyst inhibition. These 

experiments demonstrate in a practical application and at bench-scale that the concept of the 

reverse flow reactor with integrated adsorption can be successfully implemented.  

Figure 1 gives also information on the effect of switching time. Thus, at low switching time the 

high temperature plateau in the center of the reactor is wider and at higher temperature, 

which is beneficial for the stability of the reactor. On the contrary, at high switching times the 

heat wave moves within the reactor bed in a wider extension. As a consequence, less heat is 

trapped inside the reactor and hence the reactor stability decreases. Switching time affects the 
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reactor in the same way with and without adsorbent. However, as switching time is also the 

regeneration time of the adsorbent (time during which water desorbs from the beds), some 

discrepancies might be observed if the adsorbent is not fully regenerated at the end of the 

cycle, e.g. using very small switching times. 

All the experiments carried out in the reverse flow reactor with integrated adsorption are 

analyzed in terms of stability using the switching time versus concentration plot in Figure 2. 

Stable operation means that the reactor reaches an oscillating pseudo-steady state that can be 

maintained indefinitely. For comparison purposes, the stability regions determined in a 

previous work [7] without adsorbent, in the presence (dotted line) and absence (dashed line) 

of water are also depicted. Stable operation is attained for combinations of feed methane 

concentration and switching time above the lines. The presence of water with no adsorbent 

reduces the stability of the reactor (range of variables that lead to stable operation). This can 

be overcome by increasing methane concentration, decreasing the switching time (to some 

extend) or increasing the reactor size. It can be clearly observed that within the experimental 

range considered, the stability of the reactor with water adsorption is similar to the reactor 

when no external water is added to the feed. 

 

Adsorption equilibrium 

The mathematical model of the reverse flow reactor with integrated adsorption requires the 

modeling of the water adsorption process. Experimental measurements of the adsorption of 

water in -alumina have been done in the isothermal fixed-bed reactor described in the 

methodology section. The reactor was filled with 1 g of ground -alumina particles (500-710 

m). This size was found small enough to consider negligible mass transfer resistances, as 

indicated below. 

Experiments have been done using the step-response method, in which a step of water 

concentration in air is imposed over a previously desorbed alumina sample (by heating at 

300ºC). Figure 3 shows, as an example, the breakthrough curve obtained at 44.5ºC and 0.022 

water mole fraction. The influence of the piping and the hygrometer on the response dynamics 

has been evaluated by means of blank tests at the same conditions, but in the absence of 

adsorbent, and the inherent breakthrough adsorption curves have been obtained by 

deconvolution of the blank tests, as shown in Figure 3. Thus, the dynamic response inherent to 
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the adsorbent is a step response, indicating the absence of axial dispersion in the bed (plug 

flow) and mass transfer resistances, and instantaneous adsorption. 

Breakthrough curves were determined for four temperatures (44-120ºC) and four water mole 

fractions (0.010-0.030). In all the cases, the inherent response of the adsorbent was a step 

response.  

The adsorption capacity of the adsorbent at the equilibrium ( ) was calculated from the 

breakthrough curves by means of a mass balance: 

 

(4) 

Where  is the ideal breakthrough time of the deconvoluted response. The results obtained 

at different operating conditions are depicted in Figure 4.  

Experimental adsorption equilibrium results were first modeled according to the Langmuir 

isotherm, but the results were not satisfactory. Best results were obtained using the 

Freundlich isotherm: 

 
(5)  

Where the adsorption equilibrium constant is considered to follow van’t Hoff equation, 

. 

The model parameters were fitted to the experimental data by the non-linear least-square 

method using MATLAB software (function lsqcurvefit). The exponent of Freundlich model was 

found to be  = 0.5 ± 0.1, the enthalpy of adsorption   = -25 ± 2 kJ/mol and = 2.5 ± 

0.3 m1.5 kg-1 mol0.5 at  = 373 K. 

The quality of the fitting can be evaluated in Figure 4. Overall, the model predicts well the 

experimental data.  
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Mass transfer in the adsorption sections 

In the previous section, the adsorption equilibrium was determined in absence of mass 

transfer resistances (using ground adsorbent). The aim of this section is to characterize the 

water mass transfer from the gas to the solid adsorbent when in form of pellets, as used in the 

RFR with integrated adsorption, so that water mass transfer can be incorporated to the reactor 

mathematical model. For this purpose, the bench-scale fixed-bed reactor described in the 

methodology section has been used.  

The step-response method is applied to a bed formed by a commercial adsorbent in the form 

of cylindrical pellets (diameter 4 mm). The length of the bed was 0.25 m (adsorbent weight 

310 g), equivalent to the total inert bed length used in the experiments with the reverse flow 

reactor. The methodology is based on applying step changes in the feed water concentration 

(mole fraction 0.029), while the rest of variables are maintained constant, as described in the 

previous section. The tests have been done at isothermal conditions using a multi-section 

electric oven surrounding the reactor tube. Before the experiment, the bed was heated above 

300ºC to desorb all the water.  

Figure 5 (symbols) shows the adsorption breakthrough curves obtained at different 

temperatures (28-163ºC) and 15 L/min (n.t.p.) flow rate, which corresponds to 0.15 m/s 

(n.t.p.) superficial velocity. These curves are inherent breakthrough curves, since the dynamics 

of the piping and hygrometer have been accounted for by means of blank tests. It can be 

observed that on increasing temperature, the adsorption capacity of the bed decreases (lower 

break time), as a consequence of the displacement of the adsorption equilibrium. The 

sigmoidal shape of the curves indicates the existence of important mass transfer resistance, 

deviations from plug flow, or both effects. 

The Peclet number,  , accounts for deviations from the ideal plug flow pattern 

(plug flow  =  and perfect mixing  = 0).  has been calculated for the operating 

conditions of this work using the correlation for random packings proposed by Edwards and 

Richardson [33]. The value obtained,  = 140-150, which indicates small deviations from plug 

flow, so the sigmoidal shape of the breakthrough curves can be attributed to mass transfer. 

The adsorption of water in a fixed bed consisting of commercial -alumina particles is modeled 

by the conservation equations in Table 1. The bed is considered isothermal, so only the mass 
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balances to water, with no reaction (  = 0), are considered. The balances are written in 

dimensionless form taking into account the following definitions: , , 

 and . 

 

(6) 

 

(7) 

Where  is the ideal break time (eq. 4),  is the solid concentration 

in equilibrium with the feed concentration ( ),  is the Peclet number, 

 is the Damköhler number and  is the 

dimensionless adsorption capacity. 

These partial differential equations are coupled by the equilibrium model (Freundlich 

isotherm): in dimensionless form,   with  = 0.5. The system of equations has been 

solved with MATLAB (function pdepe) using Danckwerts boundary conditions. 

The dimensionless form of the equations only contains four parameters ( , ,  and ). As 

indicated previously, axial mixing can be neglected, so  is not considered. The Damköhler 

number ( ) and the dimensionless adsorption capacity ( ) have been calculated by non-linear 

least-square fitting to the breakthought curves obtained at the different operating conditions: 

 = 510, 240, 140 and 100 ± 40;  = 18 200, 15 690, 13 370 and 12 350 ± 30; respectively, for 

28, 75, 114 and 163ºC. Model predictions in Figure 5 show that the model predicts well both 

break times and the shape of the curves. 

The fitted parameters, Da and , have been used to calculate the gas to solid global mass 

transfer coefficient of water, , and the water adsorption equilibrium constant,  , needed 

for the RFR modeling. Both properties are temperature-dependent.  
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The mass transfer coefficient is known to depend on temperature following a power-law 

expression, . This equation has been fitted to the values of aKc 

calculated at different temperatures. The fitting parameters, calculated by least-square 

regression, are  = 210 ± 20 s-1 and  = -3.6 ± 0.8, with  = 373 K. Figure 6a shows 

that the model is adequate in the temperature range considered. The regression coefficient is 

 = 0.98.  

The same procedure has been followed for the adsorption equilibrium constant. The 

adsorption equilibrium constant follows an exponential dependence with temperature, the so-

called van’t Hoff equation, . The linear representation of 

this equation is depicted in Figure 6b for the fitted parameters = 5.2 ± 0.5 m1.5 kg-1 mol0.5 

and  = -4.7 ± 1.2 kJ/mol, with  = 100ºC. The regression coefficient is  = 0.993. 

Model validation 

In this section, the proposed mathematical model (based on conservation equations) for the 

reverse flow reactor with integrated adsorption, including the models for water adsorption 

equilibrium and mass transfer developed in the previous chapter, is used to simulate the 

reverse flow reactor with integrated adsorption. The capability of the model is evaluated by 

comparison of model predictions to the experiments. No model parameter has been adjusted 

in this stage.  

Results obtained in the experiments performed at different operating conditions are shown in 

Figures 7 to 9. Comparison is done in terms of the evolution of the temperature profiles, found 

to be a good method in previous works with reverse flow reactors [29-31]. Thus, temperature 

is measured directly in the experiments and the values and shape of the curves depend on the 

interrelation of many key phenomenological properties, such as thermal capacity, heat 

transport rate, reaction rate, etc. Since temperature profiles in the reverse flow reactor are 

symmetrical, only the evolution of temperature in three reactor positions are depicted. 

Overall, the model is able to produce good predictions. 

Next, the performance of the model is discussed in more detail. Figure 7 corresponds to the 

experiment at 3600 ppm methane and 300 s switching time. These conditions lead to stable 

operation, but are close to the limit of instability (Figure 2). The model predicts the oscillations 
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of temperature caused by the periodic change in the flow direction, and the greatest 

discrepancies are observed in the middle of the bed. 

When decreasing switching time to 100 s, Figure 8, temperature increases at the beginning of 

the test due to the accumulation of heat. After some cycles, temperature decreases to the 

pseudo-steady state value, resulting in stable reactor operation. On the contrary, when the 

concentration of methane is decreased to 1800 ppm (switching time 300 s), Figure 9, the 

reactor is unstable and temperature decreases progressively towards extinction. The model is 

capable of predicting also the temperature evolution in this unstable experiment.  

According to these results, the mathematical model proposed for the reverse flow reactor with 

integrated adsorption can be considered as validated. Since this model has been validated at 

adiabatic conditions, the scale-up to industrial scale reactors (which are commonly adiabatic) is 

straightforward, and hence the model can be used in the design and optimization of this type 

of reactors.  

 

Conclusions 

Water present in coal mine ventilation air produces important inhibition on palladium-based 

combustion catalysts. This results in loss of efficiency in catalytic reverse flow reactors used to 

combust the ventilation air methane. In the present work, the reverse flow reactor with 

integrated water separation by adsorption, used for combusting methane in presence of 

water, has been experimentally tested and modeled. 

The reverse flow reactor used was a bench-scale unit, provided with catalytic bed (Pd 

containing commercial monolith) and -alumina adsorbing beds, and able of operating at 

nearly adiabatic conditions. Experiments in this device showed that the adsorbent is able to 

separating the water from the feed, eliminating catalyst inhibition. Moreover, the adsorbent is 

regenerated in situ at a higher temperature during the reverse cycles of the reactor, so that 

the reactor operation is efficient and stable. 

A 1D heterogeneous dynamic model based on mass and energy conservation equations has 

been developed for the reactor, including water adsorption equilibrium, that was found to fit 

the Freundlich isotherm, and the adsorption related mass transfer processes, that were found 

to be kinetically relevant. This reactor model was used for simulating all the bench-scale 

experiments. The model predicts well the behavior of the reverse flow reactor with integrated 
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adsorption, so it can be considered validated to be used in the design and optimization of such 

devices. 
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Nomenclature 

 solid surface to bed volume ratio (m2/m3) 

 molar concentration (mol/m3) 

 heat capacity (J/kg K) 

 axial dispersion coefficient (m2/s) 

 Damkhöler number (-) 

 effective diffusion coefficient in the porous catalyst (m2/s) 

 hydraulic diameter of the monolith (m) 

 particle diameter (m) 

 activation energy (kJ/mol) 

 molar flow rate (mol/s) 

 fraction of washcoating (% vol.) 

 gas to solid heat transfer coefficient (W/m2 K) 

 gas to solid mass transfer coefficient (m/s) 

 thermal conductivity of the gas (W/m K) 

 Freundlich equilibrium constant ((mol/kgads)/(mol/m3)m) 

 kinetic constant (mol/kgcat s Pa) 

 washcoat thickness (m) 

 Freundlich exponent 

 concentration of adsorbed species in the solid (mol/kg) 

 Nusselt number 

 partial pressure (Pa) 

  Peclet number (-) 
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 Prandlt number (-) 

 reaction rate (mol/kgcat s) 

 ideal gas law constant (8.314 J/mol K) 

 Reynold number (-) 

 Schmidt number (-) 

 Sherwood number (-) 

 time (s) 

 temperature (K) 

tsw  switching time (s) 
 gas superficial velocity (m/s) 

 gas interstitial velocity (m/s) 

 weight (kg) 

 dimensionless adsorbed concentration (-) 

 dimensionless gas concentration (-) 

 mole fraction (-) 

 spatial coordinate (m) 

 
Greek symbols 

b bed porosity (-) 

 enthalpy of reaction (J/mol) 

 Thiele modulus (-) 

 axial thermal conductivity (W/m K) 

 catalyst internal effectiveness factor (-) 

 dimensionless adsorption capacity (-) 

 ideal break time (s) 

 density (kg/m3) 

 dimensionless bed length (-) 

 dimensionless time (-) 

 
Subscripts 
0  inlet 
cat catalyst 
G gas 
ref reference 
S solid 
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Caption to figures 

 

Figure 1  Performance of the RFR with integrated adsorption (): temperature 
profiles at the middle of cycle 15. Comparison to equivalent experiments in 
the absence of water (▲) and with no adsorbent (). 

 a). yG0 = 3600 ppm, tsw = 100 s. 
 b). yG0 = 3600 ppm, tsw = 300 s. 

Figure 2  Summary of the experiments with the RFR with integrated adsorption: 
stable () and unstable () operation. Stability limits with no adsorbent: 

with water in the feed (), no water in the feed (▬ ▬). 

Figure 3  Adsorption breakthrough curve at 44.5ºC and 0.022 water mole fraction: 
() blank measurement, (▬) adsorption measurement and (▬) 
deconvoluted signal. 

Figure 4  Equilibrium adsorption capacity at different operating conditions (symbols) 
and Freundlich isotherm predictions (lines). Temperature: () 44ºC, () 
60ºC, () 80ºC, (▲) 120ºC. 

Figure 5  Adsorption breakthrough curves obtained in the presence of mass transfer 
resistance. Symbols: experiments. Lines: model fitting. Surface velocity 0.15 
m/s (n.t.p.). Step of water mole fraction 0.029. Temperature: (▲) 28ºC, () 
75ºC, () 114ºC, () 163ºC. 

Figure 6  a) Adjustment of the global mass transfer coefficient.  

 b) Adjustment of the Freundlich constant.  = 373 K 

Figure 7  Validation of the mathematical model for the RFR with integrated 
adsorption. Evolution of temperature at different catalytic bed positions: 
experiments (▬) and simulations (▬).  yG0 = 3600 ppm, tsw = 300 s. 

Figure 8  Validation of the mathematical model for the RFR with integrated 
adsorption. Evolution of the temperature at different catalytic bed 
positions: experiments (▬) and simulations (▬). yG0 = 3600 ppm, tsw = 100 
s. 

Figure 9  Validation of the mathematical model for the RFR with integrated 
adsorption. Evolution of the temperature at different catalytic bed 
positions: experiments (▬) and simulations (▬). yG0 = 1800 ppm, tsw = 100 
s. 

 



19 
 

 

 

Figure 1 

 

(a)    

(b)   



20 
 

 

 

Figure 2 

 

 

 

 

 



21 
 

 

 

Figure 3 

 

 

 

 



22 
 

 

 

Figure 4 

 

 

 



23 
 

 

 

Figure 5 

 

 

 

 

 



24 
 

 

 

Figure 6 

 

(a)   

(b)   



25 
 

 

 

Figure 7 

 

 

 

 

 



26 
 

 

 

Figure 8 

 

 

 

 



27 
 

 
 

Figure 9 

 

 

 

 

 



28 
 

 
 

List of tables 

 

Table 1  Conservation equations for the reverse flow reactor with integrated adsorption: 

heterogeneous 1D dynamic model.  

Mass balances 

 

 

Energy balances 
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Table 2  Expressions used to calculate physical, chemical and transport properties. 

Catalytic bed  

Kinetic equation (methane) 

 
  mol/(kgmonolith s Pa) 

  Pa-1 

Effectiveness factor (methane) 

 

Surface to volume ratio of the bed 
 

Mass transfer (methane) ,    = 2.977 (laminar) 

Heat transfer ,    = 2.977 (laminar) 

Axial dispersion (mass) 

 

Axial dispersion (energy) 

 

Adsorbent bed  

Adsorption equilibrium (water)       ,   = 0.5 

  (mol/kgads)(m3/mol)0.5 

Surface to volume ratio of the bed 
 

Global mass transfer (water)   s-1 

Heat transfer ,    

Axial dispersion (mass) 

 

Axial dispersion (energy) 

 

 = 8.314 J/mol K 
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