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Abstract

Doping of Pr (5 and 10% loading) on Ce(sCoy 5O, catalyst (assigned as Prs-Ce-Co
and Pr;p-Ce-Co), used for steam reforming of ethanol (SRE), was prepared by incipient
wetness impregnation method. The topic focused on the effect of the reduction
pretreatment under 250 and 400 ‘C (assigned as H250 and H400). All samples were
characterized by XRD, TPR and TEM. Catalytic performance of SRE was tested from 250
to 500 C in a fixed-bed reactor In the preliminary test, we found that the activity can be
enhanced on increasing the content of Pr. Also, the reduction pretreatment can influence
the distribution of products, i.e. the byproduct of acetone is higher than 30 % under H250,
while, the CO byproduct is lower than 2 % under H400. According to the results, we
suggested that the Prjo-Ce-Co-H400 sample is a preferential SRE catalyst. The products
varied with the increasing of reaction temperature, i.e. the acetaldehyde is oxidized to
acetate and then, decomposes into CO, and methyl group. Further, the steam reforming of
methyl and water gas shift reaction accompany as the temperature exceeds 375 ‘C. The

hydrogen distribution approached 73% at 475 C.

Keywords: Steam reforming of ethanol; Hydrogen production; Ceg sC0¢ 50;.
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1. Introduction

The current shortage of global energy and stringent emission regulations has
stimulated interest in renewable energies. Fuel cells have been investigated as possible
devices for conversion of chemical energy into electrical energy via the hydrogen and
oxygen fuels. It provides clean and highly efficient electric power for both mobile and
stationary applications [1]. Using of hydrogen as an energy carrier can sustain economic
growth as well as reduce pollution and greenhouse gas emissions. From the renewable
point, the use of ethanol is preferred because it can obtain from biomass that offers high
hydrogen content, non-toxicity, safe storage and easy handling [2]. Production of
hydrogen from the steam reforming of ethanol (SRE) reaction could favor the use of
hydrogen as an alternative fuel, improving the difficulties of on-board hydrogen storage
and distribution. Moreover, a high yield of hydrogen can be obtained from the SRE
reaction [3-5]:

C,Hs0OH + 3 H,O - 6 H, + 2 CO;, (1)

In spite of reportedly high activity and selectivity, Co-based catalysts are not immune
to the problem of deactivation [3, 6-11]. However, cobalt is low-cost and can be instead of
the noble metals to study on the SRE reaction. Noble metal-supported catalysts have
exhibited catalytic ability in SRE reaction. Ceria (CeQ,), in particular, has been widely
used in SRE reaction, results in a high reducibility and an oxygen storage-release capacity.
So, the gasification of the deposited carbon can be easily removed, preventing the
deactivation of catalysts on steam condition [12]. The ceria-supported catalyst also
promotes the water gas shift (WGS) reaction which leads to a low CO production and a
high H; yield [13]. Moreover, ceria improves the dispersion of active phase and formation
of solid solution [14]. Ceria-supported Pt, Ir and Co catalysts have been shown a
significant activity over the SRE reaction [12, 15-20].

The doping of Pr into the ceria lattice can enhance the redox property of the oxide



support by creating more surface oxygen vacancies [21]. Pr-doping remarkably promoted
the oxygen storage capacity (OSC) of ceria by facilitating the mobility of the surface
oxygen species [22, 23]. Praseodymium and cerium have many similar characteristics; the
addition of Pr can depress the deactivation by the deposited carbon and decreases the CO
production [24]. In this work, we aimed to prepare the Pr-Ce-Co catalysts by incipient

wetness impregnation method to compare the effect of Pr on the SRE reaction.

2. Experimental
2.1. Catalyst preparation

The cobalt-cerium composite oxide, with 1:1 molar ratio was prepared by
co-precipitation-oxidation (CPO) method. Initially, a stoichiometric aqueous solution of
cobalt nitrate [Co(NOs3),-6H,0, Showa] and cerium nitrate [Ce(NOs3);-6H,0, Showa] was
mixed and stirred while a 6.4 M NaOH solution was added dropwisely to obtain
precipitation. Then, a H,O; solution was added drop-by-drop to oxidize the precipitant.
The obtained suspension was filtered and washed seven times with DI water. Finally, it
was dried at 110 ‘C overnight. Meanwhile, the as-prepared sample was further calcined
at 500 C for 2 h (assigned as Ce-Co).

The Pr-Ce-Co catalysts were prepared by wet impregnation method. Different Pr
amounts (5 and 10% loading) from an aqueous solution of Pr(NO3);-6H,O were prepared.
The obtained samples were dried at 110 ‘C for overnight and finally, calcined in air at
500 ‘C for 3 h. The as-prepared catalysts were named as Prs-Ce-Co and Prjp-Ce-Co,

being an indicative number of nominal Pr loading.

2.2. Characterization of catalyst
The BET surface area of the samples was measured using a Micromeritics ASAP

2012 analyzer by nitrogen adsorption at the boiling temperature of liquild nitrogen. XRD
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measurement was performed using a MAC Science MXP18 diffractometer with Cu K1
radiation (A = 1.5405 A) at 40 kV and 30 mA. Physical characterization of series
Pr-Ce-Co catalysts was list in the Table 1. The reduction behavior of the Pr-Ce-Co
catalysts was studied by temperature programmed reduction (TPR). About 50mg of the
sample was heated in a flow of 10% H,/N, gas at a flow rate of 10 ml-min_'. During TPR,

the temperature increased at a rate of 7 °C-min~' from room temperature to 900 °C.

2.3. Evaluation of catalytic activity

The catalytic activities of the composite oxides towards the SRE reaction were
performed at atmospheric pressure in a fixed-bed flow reactor. Catalyst in the amount of
100 mg was placed in a 4 mm i.d. quartz tubular reactor and held by glass—wool plugs.
The feed of the reactants comprised a gaseous mixture of ethanol (EtOH), H,O and Ar.
The composition of the reactant mixture (H,O/EtOH/Ar = 37/3/60 vol.%) was controlled
by an Ar stream flow (22 ml min ') through the saturator (maintained at 130°C)
containing EtOH and H,0O. The gas hourly space velocity (GHSV) was maintained at
22,000 h™! and the H,O/EtOH molar ratio was 13. Prior to the reaction, the sample was
activated by reduction with hydrogen at 250 and 400 ‘C for 3 h (assigned H250 and
H400). The SRE activity was tested stepwise by increasing the temperature from 250 to
500 °C. The analysis of the reactants and all the reaction products was carried out online

by gas chromatography with columns of Porapak Q and Molecular Sieve 5A to separate.

3. Results and discussion

Fig. 1 shows the TPR profiles of series Pr-Ce-Co catalysts. The Ce-Co sample
presents three reduction peaks around 313 (T,1), 375 (T12) and 487 ‘C (Ty). According to
our previous study and literature reports [12, 25], these peaks can be assigned as the

reduction of: continuous reductive cobalt oxides, Co3;O04 (T;1), CoO (T};) and surface CeO,
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(Ty3) as shown in the following equations. The reduction peak of Ce-Co is similar with
both Prs-Ce-Co and Prj¢-Ce-Co samples. The reduction temperature increases with the Pr
content. The doped Pr can increase thermal stability, so we can observe the reduction
signal shift to high temperature.
Co0304 + H; — 3 CoO + H,O (2)
CoO + H; —» Co + H,O 3)

Fig. 2 shows the XRD patterns of series Pr-Ce-Co catalysts. The diffraction patterns
(111), (200), (220) and (311) of Pr-Ce-Co samples match the JCPDS 89-8436 identifying
cerium oxide, CeO, with cubic structure. Comparison the (111) diffraction patterns of
Prs-Ce-Co and Prjp-Ce-Co with Ce-Co sample, the peak shifts slightly toward low angle.
Also, the signal of Pr and/or PrOy does not observe in Prs-Ce-Co and Pr;(-Ce-Co samples.
This indicates that the doped Pr incorporates into the ceria lattice [24, 26]. The particle
size of CeO;, in the Ce-Co, Prs-Ce-Co and Prjp-Ce-Co catalysts calculated by the
Debye-Scherrer formula according to the (111) diffraction peak of CeO, was 5.7, 6.2 and
6.9 nm, respectively. The intensity of diffraction patterns of Co3;O4 decreases with Pr
loading. The calculated particle size become small (from 5.81 nm to 4.39 nm) indicates
that the doped Pr can increase the dispersion.

Fig. 3 shows the ethanol conversion as well as the distribution of products at
different reaction temperature over the Prjo-Ce-Co-H250 catalyst. Ethanol is totally
converted at 375 ‘C. Except the main products of H, and CO», other byproduct of acetone
approaches 40% at this temperature. Only minor C, (CH3;CHO) and C, (CH4 and CO)
species observes at temperature below 400 “C. Concentration of acetone increases with
the temperature, then, decreases as the temperature exceeds 425 °C. At this temperature
region, the concentration of H, and CO; increases rapidly and that of acetone decreases
abruptly since the steam reforming of acetone is thermodynamically feasible under high

temperature [27]. According to the products distribution, the dehydrogenation of ethanol
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to form acetaldehyde then dehydrogenation into acetyl [Eq. (4)] and/or oxidizes to the
acetate [Eq. (5)] intermediates which is the main reaction of SRE initially. As the
temperature increases, C—C bond breaking occurs to form methyl group and carbon oxide
(CO or COy) [Eq. (6), (7)]. Further formation of the acetone byproduct comes from the
combination of acetyl and methyl group intermediates [Eq. (8)]. Then, steam reforming of
acetone [Eq. (9)] accompanied with the increase of temperature to increase the
concentration of H, and COs,. In the same time, the amount of CO also increases since the
unfavorable direct decomposition of ethanol [Eq. (10)] occurred that caused the slightly

low of hydrogen and produced a great amount of CO.

C,H;0H — CH3CHO + H, — CH3CO* + 1/2 H, ()
CH;CO* — CH3COO* (5)
CH;CO* —> CH3* + CO* (6)
CH;COO* —> CHs* + CO, (7)
CH;CO* + CH;* — CH;COCH; (8)
CH;COCH; + 5 H,0 — 8 Hy + 3 CO, (9)
C,H;0H — CH, + H, + CO (10)

Fig. 4 compares the effect of doped Pr on the SRE conversion and products
distribution over the Prjo-Ce-Co-H250 sample. Since the doped Pr could enhance the
thermal stability of Ce-Co sample, the temperature of complete ethanol conversion
approached to high temperature [Fig. 4(a)]. The temperature for hydrogen distribution is
high for the doped Pr samples. The direct decomposition of ethanol reaction accompanied
for the H250 pretreatment at high temperature that increased the concentration of CO.
Under this pretreatment, the hydrogen distribution only approached 65% [Fig. 4(b)]. Also,
amounts of acetone byproduct [Fig. 4(c)] obtained under the same pretreatment which

might be considered as the influence of residue ion under low temperature reduction. The

doped Pr with Pr(NO;);:6H,O precursor was difficult reduced under 250 ‘C. The doped
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Pr samples did not find CO at low temperature while increased 4% as temperature
exceeded 400 C.

Fig. 5 shows the ethanol conversion as well as the distribution of products at
different reaction temperature over the Prjo-Ce-Co-H400 catalyst. Apparently, under high
temperature pretreatment (H400), no influence of residue ion derived better activity and
products distribution. The main products were acetaldehyde and hydrogen at low
temperature, while, main products were H, and CO,. Only minor amounts of acetone (<
2%), CO (< 2%) and CHs (< 2%) were obtained. So, the hydrogen distribution
approached 72%. Comparison the activity with the pretreatment condition, only 20%
conversion arrived for H250 at 300 ‘C and 55% conversion for H400. In the same,
totally converted at 375 “C for H250 and 350 “C for H400. According to the products
distribution, the equations of (4) and (6) were the main reaction on the SRE. Since the
distribution of CO and CHs was lower, further water gas shift reaction (WGS),

consecutive dehydrogenation of methyl and oxidation of carbon might be occurred.

CO +H,0 — CO, + H, (11)
CH3;* - CHy* > CH* > C (12)
C +H,0 » H, +CO (13)

Fig. 6 compares the effect of doped Pr on the SRE conversion and products
distribution over the Prjo-Ce-Co-H400 sample. Apparently, the doped Pr samples needed
higher temperature to convert ethanol [Fig. 6(a)]. Since no influence of residue ion
derived the hydrogen distribution approaching 70% as the ethanol complete conversion
for all samples [Fig. 6(b)]. Comparison the acetone distribution for H400 with the H250,
apparent drop from 40% into lower than 10%, especially for the Pr10-Ce-Co-H400
sample only attained 2% [Fig. 6(c)]. Also, only minor amounts of CO (< 2%) obtained for
all samples. According to these results demonstrated that under high temperature

pretreatment, no influence of residue ion derived better activity and products distribution.
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4. Conclusions

The preliminary results showed that the influence of the residue ion on the sample
was key point. The H400 samples had the better catalytic activity and products
distribution than the H250 samples, i.e. the byproduct of acetone is higher than 30 %
under H250, while, the CO byproduct is lower than 2 % under H400. The doped Pr
enhanced the thermal stability and reduced the coke deposition. The Pr;p-Ce-Co-H400

sample shows the best catalytic performance with the less selectivity of acetone and CO.

Acknowledgement
We are pleased to acknowledge the financial support for this study by the National
Science Council of the Republic of China under contract numbers of NSC

99-2113-M-606-001-MY3 and 98-2627-M-606-001-.

References

[1] Batista MC, Santos RKS, Assaf EM, Assaf JM, Ticianelli EA. High efficiency steam
reforming of ethanol by cobalt-based catalysts. J Power Sources 2004;134:27-32.

[2] Liguras DK, Kondarides DI, Verykios XE. Production of hydrogen for fuel cells by
steam reforming of ethanol over supported noble metal catalysts. Appl Catal B
Environ 2003;43:345-54.

[3] Llorca J, Homs N, Sales J, Ramirez de la Piscina P. Efficient Production of Hydrogen
over supported cobalt catalysts from ethanol steam reforming. J Catal
2002;209:306-17.

[4] Vaidya PD, Rodrigues AE. Insight into steam reforming of ethanol to produce
hydrogen for fuel cells. Chem Eng J 2006;117:39-49.

[5] Cheekatamarla PK, Finnerty CM. Reforming catalysts for hydrogen generation in fuel

15



cell applications. J Power Sources 2006;160:490-9.

[6] Song H, Zhang L, Watson RB, Braden D, Ozkan US. Investigation of bio-ethanol
steam reforming over cobalt-based catalysts. Catal Today 2007;129:346-54.

[7] Pereira EB, Homs N, Marti S, Fierro JLG., de la Piscina PR. Oxidative
steam-reforming of ethanol over Co/SiO,, Co—Rh/SiO, and Co—Ru/SiO; catalysts:
Catalytic behavior and deactivation/regeneration processes. J Catal 2008;257:206-14.

[8] Llorca J, Homs N, de la Piscina PR, In situ DRIFT-mass spectrometry study of the
ethanol steam-reforming reaction over carbonyl-derived Co/ZnO catalysts. J Catal
2004;227:556-60.

[9] Profeti LPR, Ticianelli EA, Assaf EM. Production of hydrogen by ethanol steam
reforming on Co/Al,Os3 catalysts: Effect of addition of small quantities of noble
metals. J Power Sources 2008;175:482-9.

[10] Zhang B, Tang X, Li Y, Cai W, Xu Y, Shen W. Steam reforming of bio-ethanol for
the production of hydrogen over ceria-supported Co, Ir and Ni catalysts. Catal
Commun 2006;7:367-72.

[11] Wang H, Ye JL, Liu Y, Lin YD, Qin YN. Steam reforming of ethanol over
C0304/Ce0, catalysts prepared by different methods. Catal Today 2007;129:305-12.

[12] Ciambelli P, Palma V, Ruggiero A. Low temperature catalytic steam reforming of
ethanol.1.The effect of the support on the activity and stability of Pt catalysts. Appl
Catal B Environ 2010;96:18-27.

[13] Jacobs G, Patterson PM, Graham UM, Sparks DE, Davis BH. Low temperature
water-gas shift: kinetic isotope effect observed for decomposition of surface formates
for Pt/ceria catalysts. Appl Catal A Gen 2004;269:63-73.

[14] Lamonier C, Ponchel A, D'Huysser A, Jalowiecki-Duhamel L. Studies of the
cerium-metal-oxygen-hydrogen system (metal Cu=Ni). Catal Today 1999;50:247-59.

[15] Ciambelli P, Palma V, Ruggiero A. Low temperature catalytic steam reforming of

16



ethanol. 2. Preliminary kinetic investigation of Pt/CeQO, catalysts. Appl Catal B
Environ 2010;96:190-7.

[16] de Lima SM, da Silva AM, Jacobs G, Davis BH, Mattos LV, Noronha FB. New
approaches to improving catalyst stability over Pt/ceria during ethanol steam
reforming: Sn addition and CO; co-feeding. Appl Catal B Environ 2010;96:387-98.

[17] Zhang B, Cai W, Li Y, Xu Y, Shen W. Hydrogen production by steam reforming
of ethanol over an Ir/CeO, catalyst: Reaction mechanism and stability of the catalyst
Int J Hydrogen Energy 2008;33:4377-86.

[18] Siang JY, Lee CC, Wang CH, Wang WT, Deng CY, Yeh CT, et al. Hydrogen
production from steam reforming of ethanol using a ceria-supported iridium catalyst:
Effect of different ceria supports. Int J Hydrogen Energy 2010;35:3456-62.

[19] Cai W, Wang F, Zhan E, Veen AC Van, Mirodatos C, Shen W. Hydrogen production
from ethanol over Ir/CeO; catalysts: A comparative study of steam reforming, partial
oxidation and oxidative steam reforming. J Catal 2008;257:96-107.

[20] Llorca J, de la Piscina PR, Dalmon JA, Sales J, Homs N. CO-free hydrogen from
steam-reforming of bioethanol over ZnO-supported cobalt catalysts: Effect of the
metallic precursor. Appl catal B Environ 2003;43:355-69.

[21] Mullins DR. Adsorption of CO and C,Hs on Rh-loaded thin-film praseodymium
oxide. Surface Science 2004;556:159-70.

[22] Wang F, Cai W, Provendier H, Schuurman Y, Descorme C, Mirodatos C, Shen W.
Hydrogen production from ethanol steam reforming over Ir/CeO, catalysts: Enhanced
stability by PrOx promotion. Int J hydrogen Energy 2011;36:13566-74.

[23] Song Z, Liu W, Nishiguchi H, Takami A, Nagaoka K, Ta ita Y. The Pr promotion
effect on oxygen storage capacity of Ce—Pr oxides studied using a TAP reactor. Appl
Catal A Gen 2007;329:86-92.

[24] Barroso MN, Galetti AE, Abello MC. Ni catalysts supported over MgAl,O4 modified

17



with Pr for hydrogen production from ethanol steam reforming. Appl Catal A Gen
2011;394:124-31.

[25] Lin SSY, Daimon H, Ha SY. Co/CeO,-ZrO; catalysts prepared by impregnation and
coprecipitation for ethanol steam reforming. Appl Catal A Gen 2009;366:252-61.

[26] Reddy BM, Thrimurthulu G, Katta L. Structural characteristics and catalytic activity
of nanocrystalline Ceria-Praseodymia solid solutions. J Phys Chem
2009;113;15882-90.

[27] Hu X, Lu G. Investigation of the steam reforming of a series of model compounds

derived from bio-oil for hydrogen production. Appl Catal B 2009;88:376-85.

Figure captions

1. TPR profiles of (a) Ce-Co (b) Prs-Ce-Co (c) Pr;p-Ce-Co.

2. XRD patterns of (a) Ce-Co (b) Prs-Ce-Co (c¢) Prjp-Ce-Co.

3. Catalytic performance in the SRE reaction over Prjp-Ce-Co-H250 catalyst under
H,O/EtOH = 13 and GHSV = 22,000 h™".

4. Ethanol conversion and products distribution for SRE reaction over series
Pr-Ce-Co-H250 catalysts: (a) ethanol conversion (b) H, distribution (c¢) CsHgO
distribution (d) CO distribution.

5. Catalytic performance in the SRE reaction over Prjp-Ce-Co-H400 catalyst under
H,O/EtOH = 13 and GHSV = 22,000 h™",

6. Ethanol conversion and products distribution for SRE reaction over series
Pr-Ce-Co-H400 catalysts: (a) ethanol conversion (b) H, distribution (c) Cs;HeO
distribution (d) CO distribution.

7. TGA analysis of series Pr-Ce-Co-H400 catalysts after the SRE reaction.

Table caption

Physical characterization of series Pr-Ce-Co catalysts.
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Table 1 Physical characterization of series Pr-Ce-Co catalysts.

ICP (%) Surface area Partical size (nm)
Sample
Pr  Co Ce (m°/g) Co30,” CeO,”
Ce-Co 85 11.7 5.7
Prs-Ce-Co 3.54 231 43.5 80 9.3 6.2
Prip-Ce-Co 7.07 205 40.0 79 7.7 6.9

*Calculated from the (311) plane. **Calculated from the (111) plane.
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