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Toward highly-effective and sustainable hydrogen production: bio-ethanol

oxidative steam reforming coupled with water splitting in a thin tubular

membrane reactorw
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Highly-effective sustainable hydrogen production from ethanol

and water was achieved in a tubular dense mixed-conducting

oxygen permeable membrane reactor, in which water splitting

took place at the tube side of the membrane and oxidative steam

reforming of ethanol occurred at the shell side simultaneously.

Due to the limitations of non-renewable fossil fuels and the

environmental problems, the need for alternative energy is

becoming ever more urgent. Hydrogen (H2) is receiving much

interest for its high efficiency in fuel cells1 and does not

produce air pollutants and greenhouse gas. Today, H2 is

mainly produced from natural gas via steam methane reforming,

and although this process can sustain an initial foray into the H2

economy, it represents only a modest reduction in vehicle

emissions, and ultimately only exchanges oil imports for

natural gas imports.2 This is clearly not sustainable. In order

to support a sustainable H2 economy, it is highly desirable to

produce H2 cleanly and renewably. Water is clean, abundant,

and renewable, and therefore an ideal H2 source.
2,3 Bioethanol,4 a

mixture of water and ethanol, is also considered an attractive

feedstock for H2 production because of the following advantages: it

is (1) a sustainable energy source easily produced by fermentation

of biomass or agricultural waste products; (2) non-toxic, easy to

store and transport, and has the outstanding advantage of offering

a nearly closed carbon cycle as the CO2 produced in the reforming

process is consumed during biomass growth.

Among the various ethanol reforming routes for H2 production,

autothermal reforming of ethanol, and more generally oxidative

steam reforming of ethanol (OSRE), is an attractive option.4,5

This process is a combination of ethanol oxidation reforming

and steam reforming and can be written as

C2H5OH + 2H2O + 1/2O2 - 2CO2 + 5H2,

DH0
298K = �68.3 kJ mol�1 (1)

The moderate existence of O2 and H2O can reduce CO and

coke deposition, which act as poison to fuel cell electrodes.

Moreover, H2O is favored for the water–gas shift (WGS)

reaction to increase the H2 production rate as follows:

CO + H2O 2 CO2 + H2, DH
0
298K = �41.2 kJ mol�1 (2)

The OSRE has been widely investigated in the catalytic fixed-bed

and micro-channel reactors.5–7 Most of these works focused on the

development of high efficiency catalysts, especially the non-noble

metal catalysts.7 In a recent paper, the OSREwas first attempted in

a La0.7Sr0.3Cu0.2Fe0.8O3�d mixed ionic and electronic conducting

(MIEC) membrane reactor by Park et al.8 At 700 1C, an ethanol

conversion of 58.7% with a H2 production rate of about 0.12 cm3

(STP) cm�2 min�1 was achieved at an H2O/ethanol ratio of 3. The

low performance of this reactor may be caused by the fact that this

process was far from optimal.

For the conversion of water to H2, dissociation of water is a

direct route which can be written as follows

H2O 2 1/2O2 + H2, DH
0
298K = 241.8 kJ mol�1 (3)

In the past 30 years, much research has focused on the study of

direct thermochemical water splitting (WS). However, no

attractive results were achieved until the use of a Gd-doped

CeO2 and Ni composite membrane by Balachandran and

coworkers.9 In a model reaction, a maximum H2 production rate

of 6 cm3 (STP) cm�2 min�1 was achieved using a 0.10 mm-thick

membrane at 900 1C by feeding H2 to the permeate side to

consume the permeated oxygen. Recently, Jiang et al.10 coupled

WS with partial oxidation of methane in a BaCo0.4Fe0.4Zr0.2O3�d
hollow fiber membrane reactor. At 950 1C, a H2 production

rate of 3.1 cm3 (STP) cm�2 min�1 was achieved. In their recent

work, the WS was combined with oxidation dehydrogenation

of ethane.11 At 800 1C, the H2 production rate was 1.0 cm3

(STP) cm�2 min�1.

In order to develop a highly-effective and sustainable route

for H2 production, we envision that water could be used not only

as a H2 source but also as an oxygen source, and provide oxygen

for OSRE. To explore the feasibility of this new idea, a novel

coupling reaction process is proposed in this communication,

which combines WS with OSRE in a tubular MIEC membrane

reactor. As shown in Fig. 1, WS takes place at the tube side of the

membrane and the OSRE occurs at the shell side simultaneously
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or, more clearly, ethanol and water react with oxygen, which

permeates through the membrane upon water dissociation, to

produce H2 and CO2 over supported transition metal catalysts.

The advantages of this coupling process include the following:

(1) the flammability issue of OSRE in the fixed bed reactor with

premixed feedstock can be avoided; (2) only water and ethanol

are used as feedstock for H2 production at both sides of the

membrane, this process fits into the scope of a sustainable

process for the future; (3) pure H2 can be obtained easily at the

tube side.

A SrCo0.4Fe0.5Zr0.1O3�d (SCFZ) perovskite tubular

membrane was applied for the in situ transfer of oxygen from

one side to another side because SCFZ oxide exhibits both

high oxygen permeation flux and good structural stability in

membrane reaction processes.12 Ni/Al2O3 was used for the

catalyst of ethanol reforming. To optimize the OSRE reaction,

air instead of water was firstly used as the oxygen source and

fed to the tube side of the membrane. During this process, the

oxygen permeation flux increases upon increasing the temperature,

and thus the O2/EtOH molar ratio can be regulated by the

reaction temperature. Accordingly, the H2O/EtOH molar ratio

and reaction temperature are two critical parameters of OSRE.

The effect of the H2O/EtOH molar ratio on the performance of

OSRE was investigated first (see Fig. S2, ESIw). The conversion of

ethanol is 100% and independent of the H2O/EtOH molar ratio.

A small amount of CH4 is detected in the reaction process whereas

no C2 products can be observed. Upon increasing the H2O/EtOH

molar ratio, the CO selectivity decreases, while the H2 and CO2

selectivities increase. At a high H2O/EtOH molar ratio, the CO is

consumed via the WGS reaction to produce H2 and CO2.

Therefore, a high H2O/EtOH molar ratio facilitates the H2

production. However, the existence of a larger amount of water will

induce low H2O conversion and high energy consumption. In our

following experiments, the H2O/EtOH molar ratio is fixed as 4.8.

The performance of OSRE was also sensitive to the operation

temperature (see Fig. S3, ESIw). The H2 and CO selectivities

decrease significantly upon increasing the temperature, whereas

the CO2 selectivity shows an opposite trend. Upon increasing the

temperature, the oxygen permeation flux increases rapidly,

resulting in a high O2/EtOH molar ratio. This leads to deep

oxidation of ethanol, and thus the consumption of H2. As the

O2/EtOHmolar ratio reaches 3, ethanol is completely oxidized to

CO2 and H2O. At 700 1C, the hydrogen production rate and the

oxygen permeation flux reach 54.2 and 0.6 ml (STP) cm�2 min�1,

respectively (see Table S1, ESIw). At 900 1C, the oxygen

permeation flux reaches 23.6 ml (STP) cm�2 min�1 whereas

the H2 production rate is greatly reduced. These results

indicate that relatively low temperature with a suitable

O2/EtOH molar ratio is beneficial for H2 production.

When water is used as the oxygen source, however, high

temperature facilitates the WS (see eqn (3)). In order to

demonstrate the simultaneous participation of WS and steam

reforming of ethanol in the coupling reaction process, two

blank experiments have been conducted (see ESIw). Fig. 2

shows the temperature dependence of the performance of WS

coupled with OSRE. The flow rate of ethanol is still 7 ml min�1

and the H2O/EtOH molar ratio 4.8. Upon increasing the

temperature, the H2 selectivity increases slightly first, and then

decreases from 750 1C to 900 1C, the CO2 selectivity decreases

monotonically while the CO selectivity and the O2/EtOH molar

ratio increase. However, the O2/EtOH molar ratio is just about

0.13 even at 900 1C. Therefore, water and ethanol are excessive.

In other words, H2 is produced from both OSRE and ethanol

steam reforming reactions at the outer side of the membrane.

These H2 production processes are probably controlled by

complex thermodynamic and kinetic laws.13 To confirm the

reliability of the experimental results, the complex reaction

processes were simulated at thermodynamic equilibrium in a

Gibbs reactor.14 The O2/EtOH molar ratio was fixed to be 0.1.

The calculated results are well consistent with the experimental

data (see Fig. S4, ESIw).
From the above two reaction processes (with air and water

as the oxygen sources, respectively), we can find that the

different membrane reaction performance is mainly caused

by the difference in the oxygen permeation flux. In the coupling

process, the oxygen permeation flux is greatly reduced even at

high temperature. Obviously, the oxygen permeation process is

restrained by the oxygen exchange on the surface of the tube side

of the membrane, or more exactly by the WS rate. Upon

increasing the temperature, both the surface oxygen exchange

rate and the equilibrium constant of the endothermicWS reaction

will increase according to the Van’t Hoff equation.10 Therefore,

the H2 production rate at the tube side of the membrane

increases from 1.3 at 700 1C to 3.4 ml (STP) cm�2 min�1 at 900 1C

Fig. 1 Schematic diagram of the coupling membrane reactor.

Fig. 2 Temperature dependence of oxygen permeation flux, ethanol

conversion (X) and selectivities (S) to the reaction products for water

spillting coupled with OSRE. Shell side: pEtOH = 0.06 atm, FEtOH =

7 ml min�1, n(H2O)/n(EtOH) = 4.8; tube side: pH2O
= 0.69 atm,

FN2
= 100 ml min�1.
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(see Table 1). At 900 1C, the total H2 production rate at the

ethanol side reached 56.7 ml (STP) cm�2 min�1 with about

16.9 ml (STP) cm�2 min�1 derived from the OSRE reaction.

Therefore, the match between the WS and OSRE reactions is

very important for the optimization of the coupling membrane

reaction process.

Fig. 3 shows the long-term performance of the coupled

membrane reactor operated under the optimized reaction

conditions with a temperature of 750 1C, a H2O/EtOH molar

ratio of 4.8, and an ethanol flow rate of 0.9 ml min�1. The H2,

CO and CO2 selectivities are steadily kept at around 126%,

50% and 49%, respectively, during the testing period. The H2

production rates at the tube side and shell side are about

1.8 and 6.8 ml (STP) cm�2 min�1, respectively. The O2/EtOH

molar ratio is estimated to be 0.5. It is noted that the H2

production rate of this coupled membrane reactor greatly depends

on the WS rate and oxygen permeation flux. Therefore, the

membrane materials with high oxygen permeability, especially

high surface oxygen exchange rate, and high structural stability

are desired for practical application. In addition, Suntivich et al.15

stated that H2 production from WS was limited by the slow

kinetics of the oxygen evolution reaction. Accordingly, a high

efficiency catalyst for WS is also desired.

In summary, we demonstrated a highly-effective sustainable

process for hydrogen production from ethanol and water in a

tubular SCFZ membrane reactor. This highly integrated

process with advanced membrane technology makes H2 a real

clean fuel. By coupling OSRE with WS reactions on the

opposite sides of the oxygen permeable membrane, hydrogen

production rates of 6.8 and 1.8 ml (STP) min�1 cm�2, respec-

tively, were achieved at 750 1C. For this coupling process, WS

is a key rate-limiting step. The technical solutions, such as

the development of a highly-effective catalyst for WS and

formulating new membrane materials with long-term thermal

and chemical stabilities, need to be carried out through further

study. In addition, the overall heat balance should be considered

for the sustainability of the coupling process because both WS

and steam reforming of ethanol are endothermic reactions. An

optimization of the coupling process is necessary to reduce the

total heat requirements.
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Table 1 Temperature dependence of H2 production rate at both sides
of the membrane for water spillting coupled with OSRE. Shell side:
pEtOH = 0.06 atm, FEtOH = 7 ml min�1, n(H2O)/n(EtOH) = 4.8; tube
side: pH2O

= 0.69 atm, FN2
= 100 ml min�1

Temperature/1C

H2 production
ratea/ml cm�2

min�1
Oxygen permeation
flux/ml cm�2 min�1

H2 production
rateb/ml cm�2

min�1

700 1.3 0.7 59.2 (6.7)
750 1.8 0.9 59.7 (9.2)
800 2.4 1.2 58.9 (11.8)
850 2.9 1.4 58.1 (14.4)
900 3.4 1.7 56.7 (16.9)

a At the tube side of the membrane from WS. b At the shell side, the

data in brackets are theoretical H2 production rates from OSRE,

which are estimated according to eqn (1).

Fig. 3 Long-term performance of the coupled memrbane reaction

process in a tubular SCFZ membrane reactor at 750 1C. S: selectivities

to the reaction products. Shell side: pEtOH = 0.06 atm, FEtOH =

0.9 ml min�1, n(H2O)/n(EtOH) = 4.8; tube side: pH2O
= 0.69 atm,

FN2
= 100 ml min�1.
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Toward highly-eff ective and sustainable hydrogen production: 

bio-ethanol oxidative steam reforming coupled with water 

splitting in a thin tubular membrane reactor

In a tubular mixed-conducting oxygen permeable membrane 

reactor, water splitting took place at the tube side and 

oxidative steam reforming of ethanol occurred at the shell side 

simultaneously for sustainable hydrogen production. This highly 

integrated process with advanced membrane technology makes 

hydrogen a genuinely clean fuel.
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