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Abstract The performance of hydrogen production from

steam reforming of ethanol were investigated by using the

K-doped 12CaO � 7Al2 O3 catalyst (defined as C12A7–O–/

x%K). The conversion of ethanol and hydrogen yield over

C12A7–O–/x%K catalyst mainly depended on the temper-

ature, K-doping amount, steam-to-carbon ratios (S/C) and

contact time (W/F). In order to identify the catalyst’s

characteristic and active species on the catalyst’s surface,

Brunauer-Emmett-Teller (BET) surface area, CO2 tem-

perature programmed desorption (CO2TPD), X-ray

diffraction (XRD), Fourier transform infrared (FT–IR) and

X-ray photoelectron spectroscopy (XPS) were carried out.

Based on the characterization, it was found that active

oxygen species and doped potassium play important roles

in steam reforming of ethanol over C12A7–O–/27.3%K

catalyst.

Keywords Hydrogen production � Ethanol � Steam

reforming

1 Introduction

Hydrogen is the ideal source of chemical energy that can

be converted to electricity directly and efficiently via fuel

cells with zero emissions of hazardous species such as

volatile organic compounds, nitrogen oxides and carbon

oxides [1, 2]. A hydrogen production unit combined with

a fuel cell power generator is a promising alternative for

immobile and mobile applications in the future. Currently,

almost 90% of the H2 in the merchant market is derived

from the steam reforming of natural gas or the light oil

fraction at high temperature [3]. However, hydrogen

production from natural gas is always associated with the

emission of greenhouse gases and local pollutants. On the

other hand, H2 production from ethanol steam reforming

would not only be environmentally friendly, but also

would open a new prospect for the utilization of the

renewable resources that are globally available. Among

different technologies proposed, attention was focused on

the development of active, stable and selective catalyst for

ethanol steam reforming reaction. At the moment, metal

sintering and coke formation seems to represent the main

problems to overcome. Supported transition metal cata-

lysts, especially Co, Pt, Pd, Rh, Ru and Ni, were widely

investigated [4–10]. Co-based catalysts even though have

been proposed as appropriate systems for steam reforming

of ethanol [4] could be affected by deactivation mainly by

sintering and surface Co oxidation [5]. Among noble

metal based catalysts, Rh is significantly more active and

selective compared to Pt, Pd and Ru catalysts of similar

metal loading [6–9]. Steam reforming of ethanol on Ni

catalysts supported on La2O3, Al2O3, YSZ and MgO was

also investigated [10]. The observed higher activity and

stability of Ni/La2O3 was attributed to the formation of

lanthanum oxycarbonate species (La2O2CO3) which

reacting with surface carbon deposited during reaction

prevents the Ni deactivation. Ni–Cu bimetallic catalyst,

recently proposed, looks interesting but coke formation

drastically affects such systems [11]. Cu–Ni–K/c-Al2O3
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catalysts were proposed for ethanol gasification at low

temperature: limitation due to diffusion resistance has

been observed [12].

The microporous crystal 12CaO � 7Al2O3 (C12A7) has

a cubic structure with a lattice constant of 1.1989 nm,

which is characterized by a positive charged lattice

framework [Ca24Al28O64]4+ including 12 subnanometer

sized cages [13–17]. The two remaining O2– ions are

clathrated in the cages. The storage features of O– anions

in the bulk of C12A7 was first explored by Hosono et al.

[13] and further clarified by Hayashi et al. [18]. Re-

cently, we have found that the O– anions stored in the

cages of C12A7–O– could be desorbed into the gas-

phase by applying an extraction field under suitable

temperature [19, 20]. We also observed that O2– was

able to substituted by other mono-charge anion X–

(X– = OH–, H– etc.) to form the derivatives

[Ca24Al28O64]4+ � 4(X–) (C12A7–X–) [21–23]. It is well

known that active O– anion is a key intermediate in the

anion chemistry [24–30], particularly in low-temperature

oxidation of hydrocarbons [27–29]. Because C12A7–O–

has unique O– storage and emission feature, this material

can be used as a good catalyst to oxygenate or decom-

pose some chemicals (e.g., hydrocarbons etc.). For

example, C12A7 has been used as a catalyst mainly in

the pyrolysis of n-hexane [31], n-heptane [32–34],

methylcyclohexane [35] and partial oxidation of methane

[36, 37]. More recently, we found the C12A7–O– cata-

lyst was active in hydroxylation of benzene [38] and

steam reforming of bio-oil [39].

It is well known that compounds of alkali and alka-

line earth metals are active catalysts for the gasifica-

tion of carbon [40, 41]. Carbonates and hydroxides of

these metals have better catalytic activity than the other

salts [42]. Although a limitation of the C12A7 catalyst is

the coke deposition on the catalyst, K2CO3 is known to

be an active catalyst for the steam-coke reaction, and

many studies found that the coke deposition on the

catalyst was significantly decreased when C12A7 was

impregnated with K2CO3 [43] or appropriate promoters

[44] to enhance the coke-steam reaction. On the other

hand, due to the high reaction temperature (~973 K),

K2CO3, which has the highest melting point compared to

the other alkali carbonates, was chosen as the gasifying

agent.

In the present study steam reforming reaction of ethanol

over the K-doped catalyst of C12A7–O–/x%K have been

studied. The dependence of the catalytic activity and

selectivity on the content of potassium, reaction tempera-

ture, steam-to-carbon ratios (S/C) and contact time were

investigated. Long-term experiment and catalyst charac-

terization were also performed.

2 Experimental

2.1 Catalyst Preparation

The C12A7–O– sample was prepared by a solid-state

reaction at 1623 K for 16 h. The more detailed process for

preparation can be found elsewhere [22, 23, 38, 39]. The

C12A7–O– pellet was powdered and mechanically mixed

with various content of K2CO3. Finally, these mixtures

were calcined in air by a muffle furnace at 773 K for 4 h.

The potassium loading was 3.9, 11.7, 19.5, 27.3, 35.1 wt.%

of catalyst, which was measured by inductively coupled

plasma atomic emission spectroscopy (ICP-AES). These

series materials were defined as C12A7–O–/x%K (x = 3.9,

11.7, 19.5, 27.3, 35.1). Finally, all the sintered materials

were crushed into granules (250–350 lm).

Nickel catalysts supported on c–Al2O3 was prepared by

the wet impregnation method using nickel nitrate as the

metal precursor. A known amount of Ni(NO3)2 was dis-

solved in water and c–Al2O3 was added to the solution

under continuous stirring. The slurry was dried at 383K for

24 h and then calcined in air at 773 K for 4 h for complete

decomposition of nickel nitrate. The nickel loading was

10 wt.%. Before steam reforming reaction, the catalyst

sample was reduced at 773 K in H2 flow for 5 h.

Rhodium catalysts were prepared by impregnation of the

support c–Al2O3 with an aqueous solution of the metal

precursor salt Rh(NO2)3. The slurry was dried at 383 K for

24 and then calcined in air at 973 K for 4 h for complete

decomposition of rhodium nitrate. The rhodium loading of

the catalyst was 1 wt.%. Before reaction, the catalyst

sample was reduced at 773 K in H2 flow for 5 h.

2.2 Measurements of Activity and Selectivity

Catalytic performance tests have been conducted in the

temperature range of 723–973 K over the prepared cata-

lysts with 250–350 l m particles size. In a typical exper-

iment a desired flux of argon passed through the water–

ethanol mixture contained in a saturator, and then directed

to the flow reactor, which contained 0.3 g of the catalyst

diluted with an equal amount and size of quartz particles.

The temperature value in the catalyst bed was continuously

monitored and measured. The flow rate of the gas was

controlled by mass flowmeter. The gas hourly space

velocity (GHSV) was defined as the gas flow rate mL h–1)

to the catalyst volume (mL) ratio. The contact time,

described by W/F, is defined as the ratio of the mass of

catalyst (g) to the molar flow rate of the inlet ethanol

(mol h–1). The reactants and products were analyzed by an

on-line gas chromatograph, using Molecular Sieve 5A and

Porapak Q columns and a thermal conductivity detector.
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2.3 Catalyst Characterization

The Brunauer–Emmett–Teller (BET) surface areas of the

catalysts were determined using a COULTER SA 3100

analyzer with nitrogen as the sorbate at 77 K.

The basic property of the catalyst were character-

ized using the temperature programmed desorption of

CO2(CO2TPD). The experiments were performed using a

quartz-made microreactor with 200 mg catalyst. The cat-

alysts were treated at 773 K for 5 h in an argon flow of

20 mL min–1 prior to the TPD measurement. The pre-

treated samples were saturated with CO2 at room temper-

ature for 30 min (20 mL min–1). Then the samples were

flushed with Ar flowing at 20 mL min–1 for 30 min,

afterwards the temperature was increased to 1073 K at a

heating rate of 10 K/min. Gas that desorbed was monitored

using a mass spectrometer (Balzers, GSD 300 OmniStar).

Inductively coupled plasma atomic emission spectros-

copy (ICP-AES) were employed to estimate the total doped

metal content in the catalysts before and after the steam

reforming experiments by using an Atomscan Advantage

ICP-AES system (Thermo Jarrell Ash Co.).

X-ray diffraction (XRD) measurements were employed

to investigate the structure of the catalysts before and after

the steam reforming experiments. The catalysts are gen-

erally crushed into powder with the average diameter of

20–30 lm. Powder X-ray diffraction patterns were

recorded on an X’pert Pro Philips diffractometer with a

Cu–Ka source. The measurement conditions were in the 2h
range of 10–80�, step counting time of 5 s, and step size of

0.017� at 298 K.

Fourier transform infrared (FT–IR) spectra were mea-

sured at 298 K by a Bruker EQUINOX55 FT-IR spec-

trometer with KBr pellet method. The samples for FT–IR

measurements were mixed at a weight ratio of sample:

KBr = 100:3, then ground and pressed by a pressure of

400 atm to a pellet with a diameter of 1.0 cm and a

thickness of 0.3 mm. The infrared absorption spectra were

recorded and analyzed.

The X-ray photoelectron spectroscopy (XPS) measure-

ments were performed on a VG ESCALAB MKII instru-

ment, using Mg–Ka primary radiation (15 keV, 10 mA).

The normalized XPS intensities, which are proportional to

the effective concentrations of the corresponding elements

in the surface layer, were determined as the integrated peak

area divided by their corresponding sensitivity factor. The

C(1s) peak was used as a calibration standard for deter-

mining the peaks’ position and the elemental concentra-

tion. The present XPS and FT–IR measurements were

performed before and after the catalytic reforming exper-

iments (i.e., not in-situ characterization), which provided

indirect evidence for the changes of the catalysts’ charac-

teristics.

2.4 Kinetic Parameters Formulae

Ethanol conversion denoted as XEtOH, hydrogen yield

denoted as YH2
, and products selectivity (carbon oxides,

methane, ethane acetaldehyde) denoted as SP, are calcu-

lated according to Eqs. 1–3:

XEtOH ¼
moles EtOHin �moles EtOHout

moles EtOHin

� 100%; ð1Þ

YH2
¼ moles H2

moles EtOHin

; ð2Þ

SP ¼
moles P

vðmoles EtOHin �moles EtOHoutÞ
� 100%; ð3Þ

where P stands for products (i.e., carbon oxides, methane,

ethylene and acetaldehyde), v is the stoichiometry factor (6

for H2, 2 for C1 and 1 for C2 compounds).

All of the data presented were given as the average

value. Generally, the experiments were repeated for three

times. The difference for each repeating, in general, ranged

from 0% to 15%.

3 Results and Discussion

3.1 Effect of Potassium Content on Catalyst Activity

The prepared catalysts, C12A7–O– and C12A7–O–/x%K

were tested for steam reforming of ethanol at a given molar

steam-to-carbon ratio (S/C = 1.5, i.e. H2O/EtOH = 3) and

a total gas hourly space velocity (GHSV = 10,000 h–1) at

973 K under atmospheric pressure. The results are pre-

sented in Table 1. It was found that both C12A7–O– cat-

alyst and K-doped C12A7–O– catalysts showed high

activity for steam reforming of ethanol. The conversion of

ethanol was over 90% on all prepared catalysts at 973 K

and S/C = 1.5. On the other hand, the addition of potas-

sium to C12A7–O– catalyst significantly promoted H2 yield

for steam reforming of ethanol. As the potassium concen-

tration of 27.3% in C12A7–O–/x%K was added, a maxi-

mum hydrogen yield of 3.73 mol H2 � (mol C2H5OH)–1

was obtained. Further increasing K concentration over

27.3% resulted in the decrease of the hydrogen yield.

The ethanol conversion was essentially due to ethanol

cracking, dehydration, dehydrogenation and catalytic

steam reforming, with major production of H2, CO, CO2,

CH4, C2H4 and CH3CHO. By using the pure C12A7–O–

catalyst, a relatively large amount of coke was deposited on

the catalyst and the reactor wall. The amount of ethylene

was much higher over the C12A7–O– catalyst, suggesting

that C12A7–O– promoted the ethanol dehydration reaction

to ethylene, followed by polymerization of ethylene to
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form coke [43]. However, it was found that the addition of

potassium plays stimulative role in the hydrogen genera-

tion from ethanol steam reforming, which includes: (1)

increasing the hydrogen yield, (2) decreasing the ethylene

and acetaldehyde concentration in the product gas, and (3)

significantly decreasing the coke deposited on the catalysts.

Particularly, the C12A7–O–/27.3%K catalyst showed a

very promising performance. As compared with other

C12A7–O–/x%K (x = 3.9, 11.7, 19.5, 35.1) catalysts, not

only the amount of ethylene and acetaldehyde, but also the

amount of methane obviously decreased over C12A7–O–/

27.3%K. In present work, we mainly focused on the eth-

anol steam reforming reaction over C12A7–O–/27.3%K

catalyst. Table 1 also gives the ethanol steam reforming

reaction data of 10%Ni/c–Al2O3, 1%Rh/c–Al2O3 catalyst

and non-catalytic blank test at the same reaction conditions

with that of C12A7–O–/x%K. It was observed that rhodium

catalyst gave the highest H2 yield of 5.58 mol H2 � (mol

C2H5OH)–1 of all catalysts tested and the C12A7–O– /

27.3%K gave a H2 yield of 3.73 mol H2 � (mol C2H5OH)–

1, which was closed to that of nickel catalyst. Compared

with rhodium catalyst, the C12A7–O–/x%K catalyst is

cheaper and more environmentally friendly. Non-catalytic

blank test gave the much lower H2 yield of 0.42 mol

H2 � (mol C2H5OH)–1 and lower ethanol conversion of

42.1% than those as catalysts were used. Figure 1 presents

the H2 yield and the ethanol conversion of non-catalytic

blank test and over C12A7–O–/27.3%K catalyst as a

function of reaction temperature. With temperature

increasing from 773 K to 973 K, for non-catalytic blank

test, H2 yield increased from 0.04 to 0.42 mol H2 � (mol

C2H5OH)–1, ethanol conversion increased smoothly from

10.7% to 42.1%. While over C12A7–O–/27.3%K catalyst,

H2 yield increased from 0.16 to 3.73 mol H2� (mol

C2H5OH)–1, ethanol conversion increased rapidly from

15.2% to 100%. Thus, the catalytic steam reforming

reaction over C12A7–O–/27.3%K catalyst plays an

important role to the hydrogen yield. The material balance

was performed over a period of 4 h. Table 2 presents the

overall material balance of the ethanol steam reforming

reaction. For all the experiments performed, the overall

material balance closures, defined as outlet mass/inlet mass

(wt.%), was 100 ± 9%.

3.2 Effect of Reaction Temperature

Ethanol steam reforming reaction was investigated over

C12A7–O–/27.3%K catalyst at a given molar steam-to-

carbon ratio (S/C = 1.5) and a total gas hourly space

velocity (GHSV = 10,000 h–1) under temperature ranging

from 723 K to 973 K. In Fig. 2a and b, the yield of H2, the

conversion of ethanol and selectivity of other detectable

Table 1 The results of ethanol steam reforming over various catalysts and non-catalytic blank test at atmospheric pressure with T = 973 K,

GHSV= 10,000 h–1, and S/C = 1.5

YH2

b (mol mol–1) XEtOH
a (%) Dry gas composition (%)

H2 CO CH4 CO2 C2H4 CH3CHO

C12A7–O– 0.92 91.2 42.5 5.1 14.5 11.1 16.4 10.3

C12A7–O–/3.9%K 2.95 97.8 62.3 9.2 8.3 16.4 0.8 2.9

C12A7–O–/11.7%K 3.07 98.4 62.4 9.1 8.7 17.2 0.9 1.6

C12A7–O–/19.5%K 3.22 99.3 63.4 8.8 8.2 16.9 0.6 2.0

C12A7–O–/27.3%K 3.73 100 65.5 8.1 7.1 18.5 0.4 0.3

C12A7–O–/35.1%K 3.02 97.1 62.9 8.1 8.1 17.4 0.6 2.8

10%Ni/c-Al2O3 4.35 100 68.5 14.1 2.6 14.8 0.0 0.0

1%Rh/c–Al2O3 5.58 100 73.6 6.1 0.0 20.3 0.0 0.0

Non-catalytic blank 0.42 42.1 46.7 5.2 6.7 6.0 10.6 24.8

a XEtOH: Ethanol conversion defined by Eq. 1
b YH2

Hydrogen yield defined by Eq. 2
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Fig. 1 Effect of reaction temperature on the H2 yield and the ethanol

conversion of non-catalytic test (open symbols) and C12A7–O–/

27.3%K catalyst (filled symbols) at S/C = 1.5, GHSV = 10,000 h–1,

and P = 1 atm
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products (CO, CH4, CO2, C2H4, CH3CHO) from steam

reforming of ethanol are depicted as a function of reaction

temperature. As temperature lower than 723 K, H2 yield

was not detected due to low ethanol conversion. With

further increasing temperature, both the ethanol conversion

and H2 yield significantly increased. Ethanol conversion

was 100% and H2 yield reached a maximum value of

3.73 mol H2 � (mol C2H5OH)–1 at 973 K in our investi-

gated temperature range.

As the reaction temperature increased, H2 yield was

mainly controlled by ethanol dehydrogenation reaction

(reaction 4), ethanol cracking to methane (reaction 5)

followed by steam reforming of CH4 (reaction 6), ethanol

steam reforming to syngas (CO + H2) (reaction (7)) and the

water-gas shift reaction (reaction (8)) [45]:

C2H5OH! CH3CHOþ H2; ð4Þ

C2H5OH! CH4 þ COþ H2; ð5Þ

CH4 þ H2O! COþ 3H2; ð6Þ

C2H5OHþ H2O! 2COþ 4H2; ð7Þ

COþ H2O! CO2 þ H2: ð8Þ

On the other hand, observed from Fig. 2b, at the

lower temperature, the main by-product in the steam

reforming reaction of ethanol was acetaldehyde, which

was produced through ethanol dehydrogenation reaction

(reaction 4). When increased temperature from 723 K to

973 K, selectivity of acetaldehyde remarkably decreased

from 90.5% to 0.9%, indicating that the acetaldehyde

cracking and catalytic steam reforming of acetaldehyde

occur at a higher temperature. The selectivity of methane

gradually increased from 0% to 19.6% in the range

723–830 K, and remained a constant with about 20%

over 830 K. The methane is produced by cracking of

acetaldehyde [45]:

CH3CHO! CH4 þ CO: ð9Þ

Table 2 Overall material balance for ethanol steam reforming. T = 973 K, GHSV = 10,000 h–1, and S/C = 1.5

Catalyst Outlet mass/Inlet mass (wt.%)

H2 CO CH4 CO2 C2H4 CH3CHO Coke C2H5OH H2O Total

C12A7–O– 1.8 3.0 4.9 10.3 9.6 9.5 2.8 4.0 45.3 91.2

C12A7–O–/3.9%K 5.9 12.2 6.3 34.0 0.9 6.0 1.1 1.0 36.2 103.6

C12A7–O–/11.7%K 6.1 12.5 6.8 37.1 1.2 3.4 0.2 0.7 27.1 95.1

C12A7–O–/19.5%K 6.4 12.5 6.6 37.6 0.8 4.4 a 0.3 31.0 99.6

C12A7–O–/27.3%K 8.1 13.7 6.7 48.0 0.8 0.9 a 0 27.3 105.5

C12A7–O–/35.1%K 6.0 10.9 6.2 36.8 0.8 5.9 a 1.3 28.9 96.8

10%Ni/c–Al2O3 8.8 25.3 2.7 41.8 0 0 0.5 0 23.6 102.7

1%Rh/c–Al2O3 11.2 12.9 0 67.6 0 0 a 0 9.2 100.9

Non-catalytic blank 0.9 1.3 1.0 2.4 2.7 9.9 4.2 26.6 43.2 92.2

a, Not found
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Fig. 2 Effect of reaction temperature on the (a) H2 yield and (b)

ethanol conversion, selectivity of CO2, CO, CH4, C2H4, CH3CHO,

obtained over C12A7–O–/27.3%K catalyst at S/C = 1.5,

GHSV = 10,000 h–1, and P = 1 atm
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With increasing temperature, acetaldehyde largely

cracked, and both the selectivity of CH4 and CO increased

due to the reaction 9. Furthermore, as reaction temperature

increased, the rate of steam reforming reactions of methane

and acetaldehyde as well as the rate of water-gas shift

reaction increased, leading to a simultaneous increase in

the concentration of CO2 and H2. It was also found

that carbon deposition was negligible under the molar

ratio of water to ethanol being equal and higher than the

stoichiometry (i.e. S/C = 1.5).

3.3 Effect of Steam to Carbon Ratio

Besides temperature, S/C ratio is another important factor

to influence the steam reforming process of ethanol. Fig. 3a

and b show the H2 yield and the ethanol conversion over

C12A7–O–/27.3%K catalyst, measured as a function

of temperature at three different steam-to-carbon ratios

(S/C=1.5, 4.0, 12.0). With increasing S/C ratio, both the

conversion of ethanol and H2 yield increase. This indicates

that the increase of water content significantly promotes the

steam reforming reaction of ethanol. As the S/C ratio was

12.0 at the temperature of 973K, the H2 yield highly

reached 4.73 mol � mol–1.

Figure 4 presents the influence of S/C ratio on the

selectivity of all products obtained over C12A7–O–/

27.3%K catalyst at a given temperature of 973 K,

GHSV = 10,000 h–1 and P = 1 atm. With increasing S/C

ratio from 1.5 to 4.0, H2 selectivity increases from 62.1%

to 76.1%, CO2 selectivity increases from 53.8% to 67.1%,

while CO selectivity decreases from 23.5% to 9.8% and

selectivity to CH3CHO decreases from 0.9% to zero. As

further increasing S/C from 4.0 to 12.0, no distinct influ-

ence on the selectivity of H2, CO, CO2 and CH3CHO was

observed. Also, no prominent change was observed to the

selectivity of CH4 and C2H4. Moreover, the most signifi-

cant effect upon increasing S/C ratio is to increase the H2/

CO and CO2/CO ratio, as it was shown in Fig. 5. This

performance is attributed to the water gas shift reaction

(reaction 8), as it strongly moves towards the CO2forma-

tion with the consequent increase of H2 and the decrease of

the CO concentration in the outlet stream.

3.4 Effects of Contact Time and Time on Stream

The effect of contact time (W/F) on the performance of

the C12A7–O–/27.3%K at S/C = 1.5 with the reaction

temperature ranging from 723 K to 973 K is illustrated in

Fig. 6a and b, respectively, where the yield of hydrogen

and the conversion of ethanol with different contact time

were plotted as function of temperature. As one can

observe, both the H2 yield and ethanol conversion

increased with the increasing contact time (W/F) from

3.3 g�hr�mol–1 to 9.8 g�hr�mol–1. This indicates that con-

tact time is also an important factor for the steam

reforming reaction of ethanol, and increasing the contact
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Fig. 3 Effect of reaction temperature on the (a) H2 yield and (b)

ethanol conversion at different S/C ratios (S/C = 1.5, 4, 12), obtained

over C12A7–O–/27.3%K catalyst at GHSV = 10,000 h–1, and

P = 1 atm
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time between the reactants and catalyst is in favor of

steam reforming of ethanol.

The effect of time on stream on the H2 yield, ethanol

conversion and selectivity of the carbon-containing

products at T = 973K, S/C = 1.5 and GHSV = 10,000h–1

over C12A7–O–/27.3%K are depicted in Fig. 7a and b. It

was found that H2 yield, ethanol conversion and selec-

tivity to the carbon-containing products were stable in our

detected time range (about 700 min). Almost no carbon

deposition was observed on the surface of the catalyst for

700 min. It is considered that the composition of potas-

sium in the C12A7–O–/27.3%K catalyst contributes to a

significant decrease in the coke deposited on the catalyst

due to the rate increase of the coke-steam reactions [43].

Present results show that C12A7–O–/27.3%K is a stable

catalyst and have a longer lifetime than conventional

catalysts.
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3.5 Catalyst Characterization

The BET surface areas of the C12A7–O– and C12A7–O–/

27.3%K catalysts were determined using a COULTER SA

3100 analyzer with nitrogen as the sorbate at 77 K. The

BET surface area of C12A7–O– catalyst is about

1.45 m2 � g–1, and C12A7–O–/27.3%K catalyst is about

1.94 m2 � g–1. The amount of CO2 desorbed from C12A7–

O– and C12A7–O–/27.3%K was determined by the CO2

TPD measurements. The C12A7–O– catalyst had a site

density of CO2 adsorption sites of 1.85 · 1013 mole-

cules cm–2. As the potassium concentration of 27.3 wt% in

C12A7–O–/x%K was added, C12A7–O–/27.3%K had a

higher density of CO2 adsorption sites of 4.85 · 1014

molecules cm–2. It is well known that dehydrogenation of

alcohols is a base–catalyst reaction, which is an important

step (reaction 4) in the ethanol steam reforming reaction.

Addition potassium to the C12A7–O–/x%K, the amount of

basic sites increased, leading to a better activity of the

ethanol catalytic reforming reaction.

Three different samples (i.e. C12A7–O–, fresh C12A7–

O–/27.3%K, and used C12A7–O–/27.3%K) were measured

by X-ray diffraction (XRD) to investigate the structure

characteristic of the catalysts and their changes induced by

the ethanol steam reforming process. Figure 8a shows the

XRD spectrum for the C12A7–O– sample, in which the

peaks marked by ‘‘#’’ have been assigned to the lattice

framework of C12A7–O– by comparing the peak positions

and intensities of the XRD pattern with the data in the Joint

Committee of Powder Diffraction Standards (JCPDS)

cards. Figure 8b presents the XRD spectrum for the fresh

K-doped C12A7–O– sample (i.e. C12A7–O–/27.3%K). It

was found that the intensities of the peaks corresponding to

the C12A7–O– structure decreased as comparing with those

of the C12A7–O– sample, and this were attributed to the

concentration decrease of C12A7–O– in the C12A7–O–/

27.3%K. However, it is noticed that the C12A7–O– sample

after doping potassium does not destroy the positively

charged lattice framework structure of C12A7–O–. Besides

the peaks corresponding to the C12A7–O– structure, two

reproducible peaks at 31.4 � and 32.6 �, appeared for the

C12A7–O–/27.3%K sample (marked by ‘‘*’’). By com-

paring with the crystal phase positions of K2CO3, these

new peaks were attributed to K2CO3. Figure 8c shows

the XRD spectrum for the used C12A7–O–/27.3%K

sample by running the steam reforming of ethanol for

4 h (the reaction condition: T = 973 K, S/C = 1.5,

GHSV = 10,000 h–1). There are nearly no differences

between the diffraction spectrum of the initial C12A7–O–/

27.3%K sample and the used one, and this indicated that

the reforming reactions does not destroy the C12A7–O–/

27.3%K structure.

To further investigate the intermediate species on the

C12A7–O–/27.3%K surface formed during the process of

the steam reforming of ethanol, the Fourier Transform

Infrared (FT–IR) measurements were employed for the

fresh C12A7–O–/27.3%K and the used one after the steam

reforming of ethanol for 4 h (the reforming condition:

T = 973 K, S/C = 1.5, GHSV = 10,000 h–1). The absorp-

tion envelops in the 450–880 cm–1 region are attributed to

the C12A7 characteristic absorption structures, corre-

sponding to the Al–O stretching and bending modes in

AlO4 tetrahedral [46]. The two peaks near 1450 and

1377 cm–1 are attributed to the K2CO3 absorption struc-

tures, corresponding to the C–O stretching and bending

modes in CO3
2– [47, 48]. Even overlapping with a strong

absorption profile around 3400 cm–1 (due to the water

absorption band of the KBr transparent disk), there is a

distinguishable and repeatable peak near 3592 cm–1 for the

used C12A7–O–/27.3%K sample after the reforming of

ethanol (Fig. 9b). Because the 3592 cm–1 band is close to

the m(O–H–) [28, 49, 50], it was assigned to the stretching

vibration of O–H– on the sample surface. We have con-

firmed that the O– anion radicals existed on the surfaces of

C12A7–O– and K-doped C12A7–O– [18, 19], and it is well

known that active O– anion have strong oxidation power,

particularly in the oxidation of hydrocarbons [27–29, 36–

38]. Thus it may indicate that the observed OH– species on

the surface were formed by the reactions of ethanol or other

hydrocarbons with the active O– on the C12A7–O–/

27.3%K surface during the ethanol steam reforming.

Futhermore, XPS were employed to investigate the

atomic states and the elemental composition both on the
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Fig. 8 XRD patterns of (a) the fresh C12A7–O– sample, (b) the fresh

C12A7–O–/27.3%K sample, (c) the used C12A7–O–/27.3%K sample

after running the steam reforming of ethanol for 4 h

(GHSV = 10,000 h–1, S/C = 1.5, T = 973K). By comparing the peak

positions and intensities with the data in JCPDS cards, the peaks

marked with ‘‘#’’ have been assigned to the structure of C12A7 and

those with ‘‘*’’ have been assigned to the structure of K2CO3
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fresh C12A7–O–/27.3%K surface and the used C12A7–O–/

27.3%K surface after the steam reforming of ethanol.

Figure 10a shows the XPS spectrum for the C12A7–O–

sample, in which the peaks at 73.3, 346.4, 438.0 and

530.6 eV, have been assigned to Al(2p), Ca(2p3/2), Ca(2s),

O(1s) by comparing the peak positions with the data in the

NIST (National Institute of Standards and Technology)

Databases. The C(1s) peak at 284.6 eV was used as a

calibration standard for determining the peaks’ position

and the elemental concentration. As shown in Fig. 10b,

there were two new peaks appeared at 292.2 and 376.1 ev

for the potassium-doped samples of C12A7–O–/27.3%K

that were respectively attributed to K(2p3/2) and K(2s). The

K(2p3/2) and K(2s) peaks were also observed for the the

used C12A7–O–/27.3%K surface after the steam reforming

of ethanol (Fig. 10c).

Table 3 shows the atomic concentration of the surface

and the bulk of C12A7–O–/27.3%K, which were estimated

by the XPS and ICP-AES measurements, respectively. No

significant influence on the potassium concentration by the

steam reforming of ethanol was observed under our tested

experimental conditions. Moreover, the carbon deposition

on the surface of C12A7–O–/27.3%K was negligible

according to the XPS measurements. The binding energy of

O(1s) and K(2p3/2) for three different samples (i.e.,

C12A7–O–, fresh C12A7–O–/27.3%K and used C12A7–

O–/27.3%K after running the ethanol steam reforming for

4 h under GHSV = 10,000 h–1, S/C = 1.5, and T = 973 K)

are also given in Table 3. Comparing with the initial

C12A7–O–, the peak position of O(1s) for the fresh

C12A7–O–/27.3%K is slightly shifted from 530.6 eV to the

low binding energy of 530.5 eV, which may be caused by

the synergetic interaction between C12A7–O– and the

doped potassium. After the ethanol steam reforming reac-

tions, both the peak position of O(1s) and K(2p3/2) are not

significantly changed. The above XPS results show that the

steam reforming reactions of ethanol have negligible

influences on C12A7–O–/27.3%K, which agree with the

life-time measurement.

Present results shows that the C12A7–O–/27.3%K

catalyst has high activity and selectivity toward hydrogen

by the steam reforming of ethanol. For the C12A7–O–/

27.3%K catalyst, 4.73 mol � mol–1of the hydrogen yield

and 100% of the ethanol conversion was obtained at a

molar steam-to-carbon ratio (S/C = 12) and a total gas

hourly space velocity (GHSV = 10,000 h–1) at 973 K

under atmospheric pressure. The advantages of the

C12A7–O–/x%K catalyst may be cheap, environmentally

friendly, and possessing a long-term stability. Particularly,

negligible carbon deposition was formed even for S/C

ratio equal to the stoichiometric one, which would be

more appropriate to the hydrogen production from ethanol

steam reforming. It was noticed that the active O–

appeared both in the bulk and on the surface of C12A7–

O– or K-doped samples [18–20] and have a high reac-

tivity, particularly in strong oxidation for hydrocarbons

[27–29, 36–38]. The active species of O– may be involved

in the steam reforming of ethanol, because the interme-

diate of OH– has been observed by FT–IR. Moreover, the

addition of potassium to C12A7–O– would play a coop-

erative role in the steam reforming of ethanol over the

C12A7–O–/x%K catalyst. It was also found that adding

potassium significantly enhanced the hydrogen yield as

well as the ethanol conversion, and decreased the carbon-

deposited on the catalyst due to the increased rate of

carbon gasification [43].
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4 Conclusions

The present investigation shows that the C12A7–O–/27.3%K

catalyst exhibits high catalytic activity and long stability for

the reaction of ethanol steam reforming. The catalyst is very

selective to hydrogen production, depending on the experi-

mental conditions. Both the hydrogen yield and the carbon

conversion over the C12A7–O–/27.3%K catalyst were

sensitive to temperature, the S/C ratio, the contact time and

the potassium-doped content in the catalysts. Carbon for-

mation was found to be negligible even for the molar ratio of

H2O/C2H5OH equal to the stoichiometric one. The advan-

tages of the C12A7–O–/x%K catalyst would be cheap and

environmentally friendly, and possessing a long-term

stability, which would be useful to the hydrogen production

from ethanol steam reforming. Based on the characteriza-

tion, it was found that the active oxygen species and the

doped potassium play important roles in the steam reforming

of ethanol over the C12A7–O–/x%K catalyst.
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