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a b s t r a c t

In this work, the performance of an industrial dense PdeAg membrane reformer for

hydrogen production with methane mixed reforming reaction was evaluated. The rate

parameters of mixed reforming reaction on a Ni based catalyst optimized by using the

experimental results. One-dimensional models have been considered to model the steam

reforming industrial membrane reformer (SRIMR) and mixed reforming industrial mem-

brane reformer (MRIMR). The models are validated by experimental data.

The proficiency of MRIMR and SRIMR at similar conditions used as a basis of compar-

ison in terms of temperature, methane conversion, hydrogen yield, syngas production rate

and CO2 flow rate. Results revealed that the methane conversion, hydrogen yield and

syngas production rate in MRIMR is considerably higher than SRIMR. Furthermore, the

operation temperature of MRIMR could be 195 �C lower than that for SRIMR. This would

contribute to a major decrease in process costs as well as a reduction in catalyst sintering.

On the other hand, although MRIMR consumes CO2, the exited CO2 flow rate at the SRIMR is

three times more than that of at the MRIMR, which is a main advantage of MRIMR from the

environmental issues point of view.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Methane Steam reforming (MSR) is a common industrial

process in which methane is converted into useful products,

such as hydrogen and synthesis gas (syngas). In this process,

Ni-based catalysts are mostly employed to produce syngas at

high temperatures (800e1,000 �C) [1,2]. The AL2O3 is mainly

used as a support in industrialmethane reformers. There have

been many researches dedicated to MSR reactions on Ni/

AL2O3 catalysts [3e9].

The conventional reformers including a number of

reforming tubes loaded by the catalyst and placed in a

furnace. The following two endothermic reactions, namely

steam reforming, are taken place in the reformer [3]:

CH4 þH2O⇔ COþ 3H2 DH ¼ þ206 kJ=mol (1)

CH4 þ 2H2O⇔ CO2 þ 4H2 DH ¼ þ165 kJ=mol (2)

Furthermore, the following reaction known as the water

gas shift reaction should be considered in the MSR reaction

system.
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COþH2O⇔ CO2 þH2 DH ¼ �41:7 kJ=mol (3)

Dry reforming of methane (equation (4)) is an alternative

process for syngas production. The carbon dioxide could

provide from waste products [10].

CH4 þ CO2 ⇔ 2COþ 2H2 DH ¼ þ247:9 kJ=mol (4)

The dry reforming reaction is an appropriate method for

consuming CO2 and methane simultaneously. Therefore, it

has been taken into consideration from environmental as-

pects [2]. However, there are two disadvantages for dry

reforming reaction:

1- The carbon deposits causing deactivation of the catalyst

during the reaction [11e13].

2- At the same operating conditions, steam reforming pro-

vides higher methane conversion than dry reforming [14].

One alternative to overcome the mentioned problems

would be to combine the dry and steam reforming (mixed

reforming). The methane mixed reforming (MMR) process

could decrease catalyst deactivation via oxidation of the

carbonaceous products [15,16]. The MMR reactions are as

follows [17]:

CH4 þH2O4COþ 3H2 ðsteam reformingÞ (5)

CH4 þ 2H2O4CO2 þ 4H2 ðsteam reformingÞ (6)

COþH2O4CO2 þH2 ðwater� gas shiftÞ (7)

CH4 þ CO242COþ 2H2 ðdry reformingÞ (8)

Choudhary and Rajput [18] indicated that methane could

be totally converted to syngas with high selectivity for carbon

monoxide and hydrogen by MMR. Furthermore, the

enhancing effect of combined steam and carbon dioxide

reforming process on methane activity and hydrogen to car-

bon monoxide ratio was proved by Hegarty et al. [19].

Metal support catalysts are commonly used forMMRdue to

their high thermal conductivity [20]. The application of Ni

based catalysts for MMR reaction was studied by some re-

searchers [18,19,21e24].

The MMR reaction was performed on Ni/YeAl2O3 catalyst

at high temperatures by the work by Sona et al. [25]. By

applying this catalyst the methane conversion of 98.3% ach-

ieved and also a low amount of carbon coke deposit formation

observed in this process (3.6% after 200 h).

The application of membrane reactors in methane

reforming has recently drawn particular attention. By using

membrane reactor the full conversion could occur at low

temperatures for methane reforming with Ni based catalysts

[26].

Different techniques recently used to make supported Pd

based membranes with elevated selectivity and permeability

[27e31]. Unfortunately, such membranes exhibit high

permeability and low selectivity or vice versa. Therefore,

supported Pd based membranes are unsuitable to produce

pure hydrogen because of their low hydrogen selectivity [32].

Dense Pd-based membranes have high hydrogen selectivity

and good permeability. Furthermore, in comparison with

supported membranes, dense membranes have the following

two advantages:

1- They can operate at high pressure and temperature.

2- They have a considerable mechanical strength and could

be easily acquired [33].

There are few studies investigating the industrial produc-

tion of hydrogen by methane reforming in membrane re-

formers. Basile et al. [34] experimentally studied the methane

steam reforming reaction in a dense PdeAg membrane

reformer.

The methane conversion of 65% was achieved at the

moderate temperature of 450 �C and the pressure of 5 bar. In

the other work, their team modeled an industrial membrane

reformer based on the experimental tests [35]. They indicated

that at the optimum conditions (550 �C, P ¼ 25 bar and S/

C¼ 2.5), 98.9% of themethane conversion could be obtained in

an industrial membrane reformer with the membrane thick-

ness of 20 mm and 6 m length [35].

Jokar et al. [36] investigated the MMR in an experimental

membrane reactor. They used Ni/CeO2 as a catalyst and a

membrane reactor with 150 mm thickness and 10 cm length.

The best experimental results were observed at T¼ 450 �C and

p¼ 350 kPa. At these conditions, 64% of conversion and 52% of

hydrogen yield was achieved in the reactor.

As mentioned, all the previous works focused on modeling

of industrial MSR reformers. Unfortunately, there is no

investigation on the application of MMR for an industrial

membrane reformer. Consequently, there is no exact rate for

MMR reactions in a membrane reformer which normally

operates at low temperatures (<550 �C). The objective of this

work is to predict the performance of this kind of reformer,

based on the experimental results obtained from Jokar et al.

[36]. In this regard, the reaction rate constants are estimated

and the industrial reformer is modeled. The results are then

compared with common industrial membrane reformer with

steam reforming reaction at optimal conditions given in De

Falco et al.'s work [35].

Membrane reforming reactor model

A detailed kinetic model has been developed to evaluate the

performance of an industrial membrane reactor.

Description of membrane reforming reactor

Fig. 1 shows the schematic diagram of an industrial mem-

brane reformer. Syngas is produced in the shell side by pass-

ing gasmixture comprisingmethane, steam, inert gas (such as

nitrogen) and steam and/or carbon oxide over Ni-based cata-

lysts. The pure hydrogen is permeated to the tube side, from

where it is removed by sweep gas, such as nitrogen or steam.

The reactions take place in the shell side to give a higher heat-

transfer rate due to the direct contact of reactants with the hot

wall.
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