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Hydrogen was produced by steam reforming of dimethyl ether (DME) using a phys-
ical mixture of commercial HZSM-5 zeolite (for DME hydrolyzing) and Cu/ZnO/
Al O, (for methanol steam reforming) as a catalyst in a fixed bed reactor. The exper-
iments were performed at atmospheric pressure and in a temperature range from 270
to 310 °C. The effects of feed temperature and gas hourly space velocity (GHSV)
between 2420 and 4615 h™' on DME conversion and H, and CO concentrations in the
gas-phase products were investigated. In addition, the temperature changes along the
catalyst bed were measured. The results showed that DME conversion increased with
increasing temperature, and also, DME conversion decreased with increasing GHSV.
Finally, a homogeneous one-dimensional model was used to model the reactor of
hydrogen production by steam reforming of DME. The predicted temperature profile
along the catalyst bed and conversion were compared with the experimental data. The
model results and experimental data were found to be in good agreement.

1. Introduction

fuel cells has attracted much attention. The reason
is that production of energy by fuel cell is clean and

Sources of worldwide fossil fuels are rapidly reduc-
ing, whereas the energy consumption all over the
world is increasing. It needs to have new and more
alternative sources of energy. In addition, fossil fuels
currently provide 80% of world energy [1]. Due to
the high prices and environmental pollution of fossil
fuels, there are many attempts to replace customary
fossil fuels with clean sources of energy.

In recent years, the method of energy conversion in

“Corresponding author: Tel: +98 11 32334204; fax: +98 11 32334201.
E-mail address: m_taghizadehfr@yahoo.com (M. Taghizadeh).

pollutants such as sulfur oxides, nitrogen oxides,
carbon monoxide and dioxide will not produced by
fuel cells and also the yield of fuel cells is very high.
Hydrogen is the best fuel for fuel cells, which can be
produced from reforming of natural gas, hydrocarbons
(especially gasoline), alcohols and ethers. Using these
chemicals to produce hydrogen has some advantages
and disadvantages. Steam reforming of natural gas and
gasoline needs high temperature (600 °C for natural
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gas and more than 800 °C for gasoline) and a lot of
energy consumption. However, steam reforming of
methanol can be performed at lower temperatures
(150-300 °C) [2]. On the other hand, methanol is more
expensive than natural gas. In addition, one of the
disadvantages of methanol is its biological poisonous
behavior.

It should be mentioned that dimethyl ether and
methanol might be directly produced from synthesis
gas). While, DME is relatively inactive, non-corrosive,
non-carcinogenic and virtually non-toxic and is
recently proposed as a clean fuel due to producing
extremely low NOx [3, 4]. Physical properties and
therefore application and storage of dimethyl ether
and LPG are similar. Hydrogen can be produced by
dimethyl ether steam reforming and this method of
hydrogen production is more profitable than steam
reforming of methanol [5].

Steam reforming of dimethyl ether (DMESR) consists
of two sequential endothermic reactions: First,
hydrolysis of DME (DMEHYD) to methanol, second,
steam reforming of methanol (MeOHSR) to carbon
dioxide and hydrogen [6]:

DMESR:
CH,0CH +3H,0—6H,+2CO, AH=123 kJmol" (1)

DMEHYD:
CH,OCH,+H,0—2CH,OH AH=25 kJmol' (2)
MeOHSR:

2CH,0CH,+2H,0—6H,+2CO, AH=98 kJmol"'  (3)

Generally, the hydrolysis of dimethyl ether is
occurring in the presence of catalytic acid such as
alumina, zeolite, Ga,0~TiO,, WO,~ZrO,, while the
methanol steam reforming occurs on Cu-, Pt-, Ru-,
and Pb- catalysts [7—17].

In the literature, different models and simulations are
presented about steam reforming of methane [18, 19]
and methanol [20].

Previously, some kinetic models were proposed
by researchers for DME hydrolysis [21-23]. For
example Creaser et al. [21] have developed a global

kinetic model for autothermal reforming of dimethyl
ether over a Pd-Zn/Al,O, catalyst. In this work,
hydrogen is produced by steam reforming of dimethyl
ether and some different process parameters such as
temperature and GHSV are changed and the effects of
these parameters are investigated on DME conversion
and hydrogen production. Also, a one-dimensional
homogeneous model is used to model an adiabatic
fixed-bed reactor for steam reforming of dimethyl
ether. On the other hand, a kinetic model which was
proposed by Patel and Pant [24] for steam reforming
of methanol was used for DME steam reforming.
The results showed that the axial temperature and
conversion profiles in an adiabatic fixed-bed reactor
for hydrogen production were well predicted by
the proposed model. Also, some experiments were
performed and the accuracy of the model was
evaluated with the obtained experimental data.

2. Experiments
2.1. Materials

The used composite catalyst for steam reforming of
DME was a physical mixture of commercial zeolite
H-ZSM-5 (H-MFI90 of Siid-Chemie, AG-Germany)
and Cu/ZnO/AlO, (MK-121 of Haldor Topsoe A/S).
In order to prepare the composite catalyst, H-ZSM-5
and Cu/ZnO/Al O, powders were mixed in a ball mill
in equal weight ratio and then the mixture was agitated
for an hour. The obtained mixture was pressed under
10 bars and made into tablets by the press device.
The tablets were crushed and sieved (16-25 mesh),
until catalyst particles with an appropriate size for
the reactor testing were achieved. Distilled water
and dimethyl ether (GHC Gerling, Holz & Co., AG-
Germany) with purity of 99.9% were used as reactants.

2.2 DME steam reforming
Steam reforming of DME was investigated in an

adiabatic fixed bed reactor with an internal diameter
of 1.27 cm. A schematic diagram of the experimental
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apparatus is shown in Figure 1.

The reactor was filled with 15 g composite catalyst
including equal weight ratio of acid catalyst and Cu
catalyst based. All experiments were carried out at
ambient pressure for 4 h in a fixed bed reactor (ID
=19 mm, L = 900 mm). Reactor feed was a mixture
of DME and H,O in a molar ratio of 1 to 3 at normal
temperature and pressure (NTP).

2.3. The product analysis

When the temperature, pressure and feed and product
flow rates were became constant (steady state
conditions), the product was sent to an analyzer. For
this purpose, the outlet reactor stream was cooled to
room temperature and the remaining gas phase was
directed to an online gas chromatograph instrument
(Teif Gostar faraz Co., Iran). Two packed columns
including (HYSEP Q, COSTOM, Iran, mesh 80-100)
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for analyzing of DME and CH,OH and (Molecular
sieve SA, mesh 60-80) for H, and CO analyzing were
used. The gas chromatograph instrument was equipped
with a thermal conductivity detector (TCD) and also
with a flame ionization detector (FID). Finally, DME
conversion was calculated by the following equation:

Fo e, —F
xDME (%) — DME i DME ,out x 100

4)

DME ,in

3. Modeling

3.1. The model assumptions

The fixed bed reactor model is based on the following
assumptions:

¢ Ideal plug flow in the reactor is considered.

* The system is in steady state conditions.
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Figure 1. A schematic diagram of the experimental apparatus for steam reforming of DME: (1) DME cylinder, (2) water tank,

(3) dosing pump, (4) Flow meter (5) Mixer, (6) evaporator, (7) preheater, (8) adiabatic fixed bed reactor, (9) air cooler, (10)

condenser, (11) liquid-gas separator, (12) Back pressure regulator.
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* The reactor is considered adiabatic.

» The pressure drop across the reactor is negligible.

* The temperature gradient in the radial direction is
neglected.

* Concentration changes in the radial direction
are neglected and it is assumed that there are not
any convection and diffusion streams in the radius
direction.

* The diffusion of materials into the catalysts is
neglected.

3.2. Equations

One dimensional heterogeneous model and simulation
of the fixed bed reactor are selected. The mass and
energy balance equations for the gas phase can be
written as follows:

- Energy balance of the gas phase inside the reactor:

b
daz :ZrM (Tb,Cf’)(—AHr)pB Q)

- Mass balance of the components in the reactor:

b
—u ddi = ZvirM (Tb,Cl.b)pB (6)

upc,

Parameters for DME hydrolysis presented by Creaser
et al. [21] and the reaction rate and kinetic parameters
proposed by Patel and Pant [24] for modeling and
simulation of methanol steam reforming were used
in this work. The equations used in this study are
presented as follows:

E 1 1
ko CXI{ 1;2 [T - T]JyDMEyHZO

m

= (7

V(DMEyd) = 3
AH 1 1
1+ K ,ex ads | _—__

{ m2 p( R (Tm TJ]szOJ

kK. K PCHJOH Iy mo |4 F ;z F co,
rHoaycr,o1) p? - K'P P
H, r4 cH,0H H,0

Tspy = 2
KCH;O(])PCH3OH KOH(])PH20 KO(I)PHZO
1+ 1/2 1/2
PH2 PHz PHz
K P
cmotcmon 12
+ P + KHCOO(I)PHZ PCO2
H,
3

The kinetic parameters of the equations (7) and (8) are
reported in Table 1.

Table 1. Kinetic parameters of equations (7) and (8) [22].

k. (JmolTK™) 0.14x10°
Ky (Fmol™ K1) -37.2
Kewom mol K™ —415
K (Jmol' K™ 87.6
Keyoq (Jmol™ K7 -323
Koy (Jmol ™ K™ —46.8
Koo (Jmol™ K1) 162.3
k,, (molkg™s™t) 59.00
E,, (kI'mol™) 1739
K, (molkg's™) 3.871
AH ;. (kI'mol™) -31.71
T, (K) 300

3.3. Numerical solution of the equations

The energy equation for the reactor temperature
and the mass equations for each component should
be solved simultaneously. The boundary condition
equations are:

C=C, at z=0 9)
=T, at z=0 (10)

MATLAB 7.8.0.347 has been used to solve these
equations. For the integration of the equations of mass
and energy balances in the reactor, the fourth order
Runge-Kutta method was used.

4. Results and Discussion

The model results and the obtained experimental data
are shown in Figures 1 to 9.

4.1. Temperature changes in the catalyst bed

Figures 2—4 show the temperature variations of the
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catalyst bed at three different feed temperatures and
two different gas hourly space velocities. According
to the results, the temperature gradient is not fixed
along the reactor catalyst bed. So that, the temperature
gradient in the reactor inlet is high, and gradually the
temperature changes are decreased. This phenomenon
can be explained by endothermic behavior of the DME
steam reforming. At the beginning of the reaction,
the reaction rate is high and the rate of temperature
decreasing is high. When the reaction proceeds, the
reaction rate is decreased, so that the temperature
gradient is decreased, too. By increasing GHSVs or
decreasing the residence time, the rate of temperature
decreasing is increased, which is obvious.
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Figure 2. Catalyst bed temperature versus reactor length at

two different GHSVs. Feed conditions: T =270 °C, P=1 atm.
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Figure 3. Catalyst bed temperature versus reactor length at
two different GHSVs. Feed conditions: T =290 °C, P =1 atm.
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Figure 4. Catalyst bed temperature versus reactor length at

two different GHSVs. Feed conditions: T =310 °C, P=1 atm.

4.2. The influence of feed temperature and GHSV
on the conversion of dimethyl ether

In Figures 5-7 DME conversions versus length of
catalyst bed have been shown. According to these
figures, the DME conversion increases with increasing
temperature. In addition, with increasing GHSV
(24204615 h'), the DME conversion is reduced
which is due to the residence time decreasing.
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Figuur 5. DME conversion versus length of catalyst bed at two
different GHSVs. Feed conditions: T =270 °C, P=1 atm.
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Figure 6. DME conversion versus length of catalyst bed at two
different GHSVs. Feed conditions: T =290 °C, P=1 atm.
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Figure 8. The measured or experimental DME conversion

versus feed temperature at different GHSVs.
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Figure 7. DME conversion versus length of catalyst bed at two
different GHSVs. Feed conditions: T =310 °C, P=1 atm.

The conversion of DME at different feed temperatures
and GHSVs are measured and are shown in Figure 8.
The results show that, with increasing the temperature,
the conversion of DME is increased and with
increasing GHSV, the DME conversion decreases.

4. 3. The influence of temperature and GHSV on H,
concentration

The concentration of H, at different feed temperatures
and GHSVs are measured and shown in Figure 9. It
can be observed that when GHSV is 2420 h'!, the
maximum volume concentration of H, is obtained at

290 °C but when GHSV is 4615 h'!, the maximum
concentration of H, is obtained at 310 °C. In general, the
obtained results show that by increasing the residence
time and temperature selectivity respect to hydrogen
production is better than the reverse conditions. On
the other hand, at higher temperature (for example 310
°C) hydrogen concentration decreased or selectivity
respect to hydrogen production is decreased.
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Figure 9. The measured or experimental H, concentration

versus feed temperature at different GHSVs.

Figure 10 shows the measured CO and H,
concentrations in the products versus temperature
at a fixed value of GHSV. According to this figure

CO concentration is nearly constant against the
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temperature changes, but H, concentration clearly
increases against temperature.
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Figure 10. The measured or experimental H, and CO volume
concentrations versus feed temperature at GHSV = 2420 h!

and P=1 atm.

4.5. Relative deviation calculations

For comparing the simulation results with the
experimental data, the simulated and measured values
accompanied with the relative deviations in percentage
terms are reported in Table 2.

5. Conclusions

Steam reforming of dimethyl ether was studied in
this work and some experimental measurements
were done using a commercial catalyst at different
temperatures and GHSVs. Also, a one-dimensional
model was developed to simulate the adiabatic
fixed bed reactor for steam reforming of DME. The
temperature and DME conversions along the catalyst
bed in an adiabatic fixed bed reactor were predicted by
the model and compared with the experimental results.
Furthermore, the influences of feed temperature and
GHSVs (2420-4615 h™') on DME conversions were
studied. The results showed that the DME conversion
increases with increasing temperature, and also, the
DME conversion generally decreases with increasing
GHSV. The temperature change along the catalyst
bed showed that temperature gradient is high at
the inlet portion of the reactor and it is gradually
reduced along the catalyst bed. On the other hand
the concentration of hydrogen in the gas product is
increased by temperature increasing up to 300 °C and
GHSYV decreasing. But, at the higher temperature, e.g.
310 °C, the hydrogen concentration was decreased,
probably due to the decrease in selectivity with

Table 2. Comparison of the simulation results and experimental data at P=1 atm.

NO. T GHSV

Experimental DME

Model DME Relative

(°C) (b conversion (%) conversion (%) deviation” (%)
1 270 2420 74.7 78.01 —4.43
2 280 2420 78.1 78.68 —0.75
3 290 2420 83.7 81.8 2.27
4 300 2420 86.4 83.9 29
5 310 2420 87.9 87.42 0.55
6 270 3400 72.1 68.42 5.1
7 280 3400 74.2 77.7 —4.72
8 290 3400 80.1 79.76 0.43
9 300 3400 82.6 81.32 1.55
10 310 3400 83.7 87.06 —4.011
11 270 4615 68.1 67.71 0.57
12 280 4615 69.5 73.74 —6.10
13 290 4615 75.7 7777 —2.73
14 300 4615 78.4 81 —3.32
15 310 4615 79.9 78.56 1.68

¥ RD%=100x (x_, —X4)/x
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respect to hydrogen production. Finally, there is a
good consistency between the experimental data and
the results of the proposed model.
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NOMENCLATURE

C Concentration in fluid phase, kmol m™

c, Specific heat of fluid, kJ kg™ K™

X Conversion

F Molar flow rate of DME, mol s

AH Heat of reaction, kJ kg mol™'

K Thermodynamic equilibrium constant,
Jmol™ K™!

P Pressure, atm

r Reaction rate, mol m?s™!

T Temperature, K

u Superficial velocity, m h™!

z Reactor longitude coordinate, m

Y Mole fraction

k Reaction rate constant, mol kg™' s™

E Activation energy, kJ mol™

Greek letters

v Stoichiometry coefficient

Yo Gas phase density, kg m™

Pg Catalyst bed density, kg m™

Subscripts

i ith component

1 index for methanol reforming reaction

2 index for DME hydrolyze reaction

M Methanol

Ads Adsorption

0 Inlet condition

S Surface conditions
m mean

DME, , DME hydrolysis
Superscripts

b bulk condition
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