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Steam reforming of two representative components in the aqueous fraction of bio-oil,

acetone and ethanol, was investigated over nickel based supported catalysts (Ni/Al2O3).

The effect of Rh incorporation (NieRh/Al2O3) and the properties of different g-Al2O3 used as

support was tested. Hydrogen-rich gas is produced at temperatures higher than 673 K in

both acetone and ethanol reforming with maximummole fraction of 0.6e0.7. The reactions

involved and the possible routes were studied. Rh incorporation and nanostructured

alumina affects the Ni metal size and the amount of carbon deposited onto catalysts’

surface after reforming tests; besides, acetone is also found as an important intermediate

in ethanol reforming, and Rh improve hydrogen production with negligible intermediates

presence. The effect of S/Acetone or S/Ethanol feed molar ratios, space velocity and tem-

perature over acetone/ethanol conversion and over H2/CO ratio were modeled using the

Matlab software in order to find the regions and the optimal operating conditions in both

processes. Simulation results are consistent with the experimental data.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Development of clean, sustainable, and cost-competitive

hydrogen production processes is essential to the market

success of hydrogen-powered vehicles and fuel cells.

Hydrogen is recognized as an important energy carrier and

plays an important role in the future global economy [1,2]. The
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perspective of using hydrogen as a fuel in the future depends

to a great extent on finding alternatives to the existing pro-

duction technologies and feedstock. Most efforts are being

dedicated to develop the utilization of renewable energy

sources. Most hydrogen is currently produced from fossil fuels

such as natural gas, naphtha and coal, and the traditional

processes for hydrogen production are the catalytic steam

reforming followed by water gas shift conversion [3e9].
ished by Elsevier Ltd. All rights reserved.
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However, one of the limitations of current hydrogen genera-

tion is the depletion of these sources and the substantial

amounts of CO2 emitted to the atmosphere during the process

steps associatedwith this production. Biomass is an abundant

and carbon-neutral renewable energy resource for the pro-

duction of alternative liquid fuels and a variety of chemicals.

Much experimental and modeling works have been per-

formed to date on converting biomass to hydrogen using

different thermochemical pathways, mostly involving gasifi-

cation or pyrolysis of biomass at various temperatures and

pressures [10e14]. Fast pyrolysis for liquids production is

currently of particular interest as the liquid can be stored and

transported, and used for energy, chemicals or as an energy

carrier. Recent developments in flash pyrolysis technologies

make possible to convert biomass efficiently to a bio-oil, a

mixture of oxygenated compounds including acids, alcohols,

ketones, esters, ethers, aldehydes, phenols, and its de-

rivatives, as well as carbohydrates, and a large proportion of

lignin-derived oligomers. Steam reforming of aqueous bio-oil

fractions is therefore an interesting alternative to produce

hydrogen in a renewable way. Due to the complexity of steam

reforming of bio-oils, it is useful to study the individual

reforming behavior of the different chemical families in bio-

oil, where alcohols, acids and ketones are the three major

chemicals families [15]. Reforming of model-oxygenated

components have been studied in last decades [16e19], most

of the studies reported in literature have been focused on the

reforming of acetic acid [20e24]. Whereas acetone steam

reforming has been less studied, ethanol steam reforming

have been extensively studied [25e27]. On the other hand,

acetone-reforming study is interesting in the key of acetone is

an important intermediate during reforming of ethanol.

According to literature, different supported catalysts have

been used in steam reforming of oxygenated compound:

NieZneAl [28], Ni/ZrO2 [29], CoeCe/Al2O3, CoeLa/Al2O3 [30],

Pt/ZrO2 and Pt/CeO2 [31] and lanthanum oxide or La2O3

modified alumina [32], metal which is used to prevent thermal

sintering of alumina [33]. Ni-based catalysts have been widely

used for reforming of bio-oil, due to the high CeC bond-

breaking activity and the relatively low cost. However, Ni/

Al2O3 catalyst is subject to coking, which leads to its fast

deactivation during steam reforming. Rh-based catalyst re-

ported high reforming capabilities and, all metals in general

show higher selectivity towards CO2 indicating some ability to

promote water gas shift and other reactions [34,35], Rh is also

able to reform ethylene with ease what implies a reduction in

carbon deposition. The nature of support also plays an

important role towards product selectivity and the deactiva-

tion behavior of the catalyst. Acidic supports like Al2O3 are

more prone to deactivation on account of coke formation.

In the present study, Ni-based Al2O3 supported catalysts

were prepared and tested for hydrogen production via steam

reforming of acetone (SRA) and ethanol (SRE). Acetone and

ethanol were selected as model compounds for the various

carbonyl-containing (mainly aldehydes and ketones) and al-

cohols (phenols) constituents of the aqueous fraction of bio-

oil (from biomass fast pyrolysis). The influence of the incor-

poration of small amount of Rh to the Ni/Al2O3 and the

properties of different g-Al2O3 used as support was also

investigated. Furthermore a mathematical model was
Please cite this article in press as: Gonz�alez-Gil R, et al., Product
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developed to simulate the processes and predict the best

operating condition to obtain a H2-rich stream.
Experimental

Catalyst preparation and characterization

Heterogeneous catalysts were prepared by incipient wetness

impregnation method using a commercial g-Al2O3 Puralox TH

100/150 from Sasol (ABET ¼ 144 m2 g�1and Vp ¼ 0.97 cm3 g�1)

denoted as Al2O3 (TH) and a synthesized nanofibrous gamma

alumina (ABET ¼ 300 m2 g�1and Vp ¼ 0.70 cm3 g�1), denoted as

Al2O3 (N) as supports. Al2O3 (N) was prepared from NaAl2O3

with a non-ionic surfactant (Tergitol 15-TS-5, Sigma) in ratio

of Tergitol/Al ¼ 0.5 to control the fibers, size and morphology

[36,9]. Ni(NO3)$6H2O and Rh(NO3)3$x(H2O) were used as Ni and

Rh precursors respectively for all catalysts. Monometallic Ni (9

at nm�2; labeled as Ni/Al2O3(TH) or Ni/Al2O3(N)) catalysts were

prepared, as well as a bimetallic NieRh/Al2O3 using the min-

imum Rh content, in atomic ratio 1:100 respect to Ni loaded (9

at nm�2 of Ni and 0.09 at nm�2 of Rh; labeled as RheNi/

Al2O3(TH)). After impregnation, catalysts were dried at room

temperature for 24 h, and calcined at 873 K for 2 h. A deep

characterization study of the fresh catalysts as well as of the

gamma alumina used as support can be found in our previous

studies [9,37].

Catalysts were characterized after 10 h of reaction by

different methods. XRD data have been recorded with an

X'Pert MPD PRO diffractometer (PANalytical) using CuKa1 ra-

diation and a Ge (111) primary monochromator. The amount

of carbon deposited on catalyst surface after 10 h of reaction

was analyzed by elemental analysis (CNHSO) using an

Elemental Analyzer PerkineElmer 2400 CHN and by Raman

spectroscopy. Raman spectra were collected in a DXR Raman

Microscope (Thermo Scientific) working at l ¼ 532 nm and

10 mW and incorporating a CCD detector.

Catalytic activity

The experiments were performed at atmospheric pressure in

a Micro Activity PID Eng&Tech system consisting of a fixed-

bed flow reactor (i.d. 9 mm) and a mass flow controller

unit. An HPLC pump (Gilson 307) was used for feeding the

liquid reactants (a mixture of acetone or ethanol and water)

to the reactor. The fixed bed reactor was equipped with a

coaxial thermocouple placed at the center of catalyst bed to

monitor the reactor temperature. Separation and quantifica-

tion of the gas products were attained by on-line gas chro-

matograph (Agilent 7820A GC) equipped with thermal-

conductivity detector (TCD) and flame ionization detector

(FID).

A temperature range from 473 to 973 K at atmospheric

pressure was used, with a steam to carbon molar ratio (S/C)

equal to 3 in case of acetone [38] and S/C equal to 2 for ethanol

reforming [39]. The inlet flow of the acetone/ethanolewater

mixture was set at 009 Ncm3h�1 (0.004 molacetoneh
�1 and

0.007 molethanolh
�1) with a helium flow of 30 Ncm3min�1 as

diluent. The catalyst (0.1 g, 250e420 mm) diluted with an equal

amount of quartz was placed in the reactor working at
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9000 h�1, operating under plug flow conditions. Previous tests

with different catalyst particle sizes and dilutions were per-

formed to confirm the non-existence of heat or mass transfer

limitations. Before the reaction, the catalysts were reduced in

situ in H2-atmosphere (20% H2eHe, 0.5 Ncm3s�1) during 2 h at

873 K. Results are reported based on the oxygenated-

compound conversion, products mole fraction and H2/CO

and H2/CO2 molar ratios, on dry basis. C, H and O balances

were closed with deviations lower than 5%.
Reaction network analysis

Steam reforming of model components with chemical for-

mula of CnHmOk can be described by Eq. (1). The yield is also

influenced by the Water Gas Shift reaction, WGS, (Eq. (2))

depending on the conditions of the reactions. The overall

reforming reaction can be represented as Eq. (3), and, for

acetone and ethanol, according to Eqs. (4) and (5) respectively,

although at high temperatures the WGS is shifted to the left

and CO will be also present in significant amounts.

CnHmOk þ (n�k) H2O / n CO þ (nþ(m/2) e k) H2 (1)

CO þ H2O 4 CO2 þ H2 (2)

CnHmOk þ (2n � k) H2O / n CO2 þ (2n þ (m/2) e k) H2 (3)

C3H6O þ 5H2O / 3CO2 þ 8H2 (4)

C2H5OH þ 3H2O / 6H2 þ 2CO2 (5)

Thermal decomposition for most oxygenates can occur

forming mainly coke and a mixture of gases as presented in

Eq. (6). Moreover, acetone decomposes according to an endo-

thermic reaction into ketene and methane (Eq. (7)), at tem-

peratures above 773 K, according to literature and

unpublished previous results [40e44]. Furthermore, under

these conditions, ketene decomposition or ketene coupling

can occur as a parallel process with ethylene and CO as

principal products (Eq. (8)).

CnHmOk / CxHyOz þ gas (H2, CO, CO2, CH4 …) þ coke (6)

CH3COCH3 / CH2CO þ CH4 (7)

CH2CO / 1/2C2H4 þ CO (8)

Additionally, ketene may be converted to acetic acid via

hydration (Eq. (9)) and, via Eq. (10), ketene hydration can also

contribute but to a lesser extent to the formation of methane

and carbon dioxide. Carbon monoxide and acetic acid may

also arise from the alternative reforming of acetone via
Please cite this article in press as: Gonz�alez-Gil R, et al., Product
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reaction in Eq. (11). Steam reforming of ketene (Eq. (12)) also

contribute to increase H2 content.

CH2CO þ H2O / CH3COOH (9)

CH2CO þ H2O / CH4 þ CO2 (10)

CH3COCH3 þ 2H2O / CH3COOH þ CO þ 3H2 (11)

CH2CO þ H2O 4 2CO þ 2H2 (12)

For ethanol reforming, an alternative reaction can occur,

with insufficient steam supply, as presented in Eq. (13).

Depending on the acidity of the catalyst, two major undesir-

able routes should be also included, dehydrogenation to form

acetaldehyde (Eq. (14)) which, in the current reaction condi-

tions can be reformed too (Eq. (15)), and dehydration to

ethylene (Eq. (16)), the main source of coke formation. Ethanol

decomposition pathways can also contribute to final products,

as shown in Eq. (17) and Eq. (18), with methane formation,

which can be also reformed (Eq. (19)); and acetone [45e50],

which can undergo the network proposed above. In both

cases, SRA and SRE, methane formed can be reformed ac-

cording to Eqs. (19) and (20) under these conditions. As it can

be seen, the hydrogen production varies significantly with the

different reactions network.

C2H5OH þ H2O / 4H2 þ 2CO (13)

C2H5OH / C2H4O þ H2 (14)

C2H4O þ H2O / 2CO þ 3H2 (15)

C2H5OH / C2H4 þ H2O (16)

C2H5OH / CH4 þ CO þ H2 (17)

2C2H5OH / C3H6O þ CO þ H2 (18)

CH4 þ H2O / CO þ H2O (19)

CH4 þ 2H2O / CO2 þ 4H2 (20)
Mathematical model

Reactions, kinetics and thermodynamics parameters for

mathematical model are listed in Table 1 [41,44,51]. Based on
ion of hydrogen by catalytic steam reforming of oxygenated
n and experimental study, International Journal of Hydrogen

http://dx.doi.org/10.1016/j.ijhydene.2015.05.167
http://dx.doi.org/10.1016/j.ijhydene.2015.05.167


Table 1 e Reactions set and some kinetics parameters used in the mathematical model for the simulation of acetone and
ethanol steam reforming.

DH0
298K (KJmol�1) ko (mols�1kgcat�1 atm�n) �DG0

298K (KJmol�1) Ea (kJmol�1) Reaction kinetic

Steam reforming of acetone

Eq. (4) 246.30 5.10$10�3 112.78 195.55 r1 ¼ k1$

 
pCH3COCH3

� p3
CO2

$p8
H2

K1eq$p5
H2O

!
$P�0:5

Eq. (7) 80.77 1.93$106 44.32 374.11 r2 ¼ k2$

�
pCH3COCH3

� pCH4
$pCH2CO

K2eq

�
$P�0:5

Eq. (19) 206.00 8.95$109 141.86 154.00 r3 ¼ k3$

 
pCH4

� pCO$p
3
H2

K3eq$pH2O

!
$P�0:5

Eq. (2) �41.00 6.08$106 �28.67 70.00 r4 ¼ k4$

 
pCO � pH2

$pCO2
K4eq$pH2O

!
$P�0:5

Eq. (8) 80.00 1.00$106 �42.64 274.21 r5 ¼ k5$ pCH2CO
� p0:5

C2H4
$pCO

K5eq

� �
$P�0:5

Steam reforming of ethanola

Eq. (17) 49.00 7.26$105 e 87.00 r1 ¼ k1$PC2H5OH

Eq. (20) 165.10 8.78$1010 113.59 156.00 r2 ¼ k2$

 
PCH4 $P

2
H2O

�
 

PCO2
$P4

H2
K2

!!

a Eqs. (19) and (2) and their kinetic parameters are also considered in ethanol steam reforming.

Fig. 1 e XRD patterns of the catalysts after reaction. (a) Ni/

Al2O3(TH) after SRA; (b) NieRh/Al2O3(TH) after SRA; (c) Ni/

Al2O3(TH) after SRE; (d) NieRh/Al2O3(TH) after SRE and (e)

Ni/Al2O3(N) after SRE.
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our experimental results, five majors reactions, namely

acetone reforming (Eq. (4)), acetone decomposition (Eq. (7)),

methane reforming (Eq. (19)), Water Gas Shift (Eq. (2)) and

ketene decomposition (Eq. (8)), are considered for acetone

steam reforming, where hydrogen, carbon monoxide, carbon

dioxide, methane, ketene, ethylene and water were consid-

ered as the products for the simulation model. In ethanol

reforming process, ethanol decomposition (Eq. (17)), methane

steam reforming (Eqs. (19) and (20)) and WGS are considered,

being hydrogen, carbon monoxide, carbon dioxide and

methane the products considered in themathematical model.

The reaction system is an isothermal and one-dimensional

fixed-bed reactor in which catalysts are packed. In order to

represent the steady-state operation of the steam reforming, a

pseudo-homogeneous model was adopted to develop the

mathematical model subject to the assumption that the pro-

cess occurs without axial dispersion. A Matlab subroutine

function was used to numerical integrate the differential

equations, mass balance of each component, Eq. (21) and en-

ergy balance Eq. (22), along the length of the reactor, thus

determining the temperature and concentration profiles.

dFi=dz ¼ fðri; TÞ (21)

dT
dz

¼

�
4$U
rB$D

��
Tf � T

�þ ��PDHri$ri
�

P
Fi$Cpi

$rB$A (22)

X
DHri ðTÞ ¼

�
DH0

ri
ðTRÞ

�
þ DCpðT� TRÞ

DHri (i ¼ 1e5 or 1e4) corresponds to the enthalpy of each

reaction. The calorific capacities (DCp) are appraised for

polynomial expressions in function of the temperature.

Considered all boundary conditions are given at z ¼ 0,

therefore, the set of ODEs constitutes the initial value prob-

lem. In present study, the set of ODEs is solved by using ODE

solver “ode45” and “ode15s” in Matlab, depending on the

problem stiffness. The performance has been analyzed in
Please cite this article in press as: Gonz�alez-Gil R, et al., Product
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terms of conversion of acetone or ethanol and H2/CO molar

ratios.
Results and discussion

Characterization

Fig. 1 shows the XRD pattern of the catalysts after SRA and

SRE. All diffractograms present the characteristic lines of

pseudo-amorphous gamma Al2O3 (JCPDS 75-0921), which

were slightly shifted to lower Bragg's angle due to the presence

of NiAl2O4 (JCPDS 01-1299). Besides, metallic Ni (JCPDS 89-

8489) was also registered. Strong signals that can be observed

in some of the diffractograms correspond to quartz (JCPDS 01-

070-3755) used as a catalysts diluent in the experiments, been,
ion of hydrogen by catalytic steam reforming of oxygenated
n and experimental study, International Journal of Hydrogen
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Table 2 e Average particle size of Ni0, carbon content and
carbon graphitic fraction of the catalysts after SRA and
SRE reactions.

Catalyst DpNi0 (nm)a C (wt%)b XG
c

SRA SRE SRA SRE SRA SRE

Ni/Al2O3 (TH) 9 20 2 17.2 0.31 0.42

NieRh/Al2O3 (TH) n.d. 13 1 5.8 0.38 0.30

Ni/Al2O3 (N) e n.d. e 2.7 e 0.36

n.d. means not determined.
a Average particle size of Ni0, calculated by the Scherrer equation.
b Carbon content of the catalysts after ASR and ESR reactions,

obtained by elemental analysis.
c Carbon graphitic fraction calculated from D and G Raman signals

after ASR and ESR reactions.
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in some cases very difficult to separate from it. Average par-

ticle size of Ni0 was calculated by the Scherrer equation, the

results obtained are summarized in Table 2. It is worth notice

that the Ni0 size is lower than 20 nm for all systems and that,

as was reported before [9], the incorporation of Rh, even in

very low concentration (Ni:Rh¼ 100:1, in atomic ratio), and the

alumina support affect the Ni0 metal size. No graphitic carbon

signals were detected by XRD. Carbon content (wt%) on cata-

lysts after reaction was studied and the results are presented

in Table 2. For SRA, the amount of carbon deposited is very low

compared to the obtained for SRE. Moreover, it can be deduced

that, as well as the DpNi0, the carbon content seems to be

dependent not only on the Rh incorporated but also on the

properties of the alumina support. When Rh is added to Ni/

Al2O3 (TH) catalyst, the amount of carbonmeasured decrease,

Rh promotes the carbon gasification aided by the steam in the

feed and the support effect can be explained also with regard

to the acidity. Al2O3 (N) presented a Na content >1 atom nm�2
Fig. 2 e A. Raman spectra of the catalysts after SRA reaction. (a)

catalysts after SRE reaction (a) Ni/Al2O3(TH); (b) NieRh/Al2O3(TH

Please cite this article in press as: Gonz�alez-Gil R, et al., Product
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and Al2O3 (TH) < 0.005 atom nm�2 [37], so strong modification

of the alumina acidic sites reflected in the catalytic activity in

ethanol dehydration to ethylene, principal coke precursor.

Raman spectra of the catalysts after SRA and SRE were regis-

tered (Fig. 2) in the 1200e1700 cm�1 region. All the spectra

present two signals in 1320e1330 cm�1 and 1580e1590 cm�1

related to the defect mode, A1g (signal D) and to the graphite

mode, E2g (signal G) respectively. The catalysts after SRA

presented two weak signals and the catalysts after SRE pre-

sented two intense and asymmetrical, suggesting the super-

position of carbon from different nature. The integrated

intensity ratio of these two signals, D and G is related to the

graphite crystallite size and it is possible to get the graphitic

fraction, XG (Table 2), according to [52]. Thereby, it is the

catalyst Ni/Al2O3 (TH) the one which presents the highest XG

value (0.42) after SRE, indicating that the carbon is more

structured and could impact the activity and stability of the

catalyst. This is in agreement with the results from elemental

analysis (C, wt%) and XRD after reaction and it can be deduced

that the presence of both Rh and nanofibrous support can be

related to the Ni particle size.
Steam reforming of acetone (SRA)

Acetone was selected as a model compound for the various

carbonyl-containing (mainly aldehydes and ketones) constit-

uents of the bio-oil. Fig. 3 shows the results in terms of mole

fraction for Ni/Al2O3 (TH) and NieRh/Al2O3(TH) catalysts

during the SRA as function of temperature from 473 to 973 K.

To evaluate the contribution of the thermal decomposition of

acetone, the results for the homogeneous (non-catalytic) re-

action was also examined and plotted considering the same

reaction condition but packing the reactor with inert quartz

particles of the same weight and particle size. For non-

catalytic test (Fig. 3A) no activity was detected below 723 K.
Ni/Al2O3(TH); (b) NieRh/Al2O3(TH). B. Raman spectra of the

) and (c) Ni/Al2O3(N).
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Fig. 3 e Steam reforming of acetone. Experimental conditions: gas flow rate acetone¡water ¼ 0.015 cm3 min¡1, S/C ¼ 3

diluted in He (30 ml min¡1), GHSV ¼ 9000 h¡1. (A) Non-catalytic test. (B) Ni/Al2O3(TH) and (C) NieRh/Al2O3(TH).
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An acetone conversion value of 53% was registered at the

maximum temperature studied (973 K). Methane and ethylene

are the reaction products at low temperature (723 K). At 773 K

besides CO as major product, CO2 and CH4 are also presents

thought, at this temperature the production of H2 is minimal.

These results confirm that acetone is thermally decomposed

under the conditions used in this study (Eqs. (7)e(8)) and are

according to the results reported by Navarro et al. [53]. A high

temperature (>823 K) is needed to obtain a maximum, and

almost constant, H2 selectivity value (0.6). The H2/CO value

was close to 3.3 at the highest temperature used and the H2/

CO2 value around 7, a far higher value than the stoichiometric

of Eq. (4) (2.7) indicates that acetone steam reforming (Eq. (4))

is not occurring under these conditions; registering a CO/CO2

molar ratio >3.
Products distribution for SRA over Ni/Al2O3 (TH) catalyst is

plotted in Fig. 3B. The conversion of acetone is 82% at the

highest temperature, 973 K. H2, CO, CO2 and CH4 are the only

products detected. Maximum hydrogen mole fraction (0.69) is

attained at 673 K, a much lower temperature than the needed

for the non-catalytic test. An increase in the temperature is

accompanied by a slight decrease in hydrogen concentration

due probably to the Reverse Water Gas Shift (RWGS) reaction.

In contrast to the non-catalytic experiment, CO2 concentra-

tion is higher than CO in the whole range of temperatures

considered, due to the occurrence of the acetone steam

reforming reaction (Eq. (4)), registering a CO/CO2 molar

ratio < 1. The H2/CO molar ratio achieved is 5, and a H2/CO2
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value of 2.5, close to the stoichiometric value according to Eq.

(4).

Fig. 3C plots the activity of the NieRh/Al2O3(TH) in SRA.

Total conversion of acetonewas achieved and H2, CO, CO2 and

CH4 are the main products detected. In addition, traces of

ethylene and ethane, and C3 compound (0.08e0.14%),

including the C3-allene are also registered (not represented in

the Figure). This is in agreement with the reported in the

literature [34,53,54] except acetic acid, that is not detected in

our tests. At 673 K a high decrease in the CO2 production is

denoted, due, possibly to the RWGS equilibrium. Methane

mole fraction is relatively high at low temperatures, indicating

that decomposition of acetone via Eq. (7), which is favored at

temperatures over 750 K, occurs under these conditions.

Ketene, also formed, may be converted via Eq. (8) to ethylene

and CO [14], as even though in small amounts, ethylene was

found in the products. In addition, at high temperature, the

hydrogenmole fraction raised (0.7) muchmore than expected,

due not only to acetone steam reforming but also to methane

steam reforming. Additionally, steam reforming of ketene, a

very unstable and reactive molecule, according to Eq. (12) is a

possible reaction that can contribute to hydrogen concentra-

tion, as indicated in literature [14] since no ketene was found

in the products. The H2/COmolar ratio reached at 973 K is 7.3,

higher than the value obtained with Ni/Al2O3 (TH), H2/CO2

valueis close to 3.3 at the maximum studied temperature. Rh

role can be justified by the equilibrium between ethylene and

ethane via hydrogenation. The small amount of the C3-allene
ion of hydrogen by catalytic steam reforming of oxygenated
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Fig. 4 e Steam reforming of ethanol. Experimental conditions: gas flow rate ethanol¡water ¼ 0.015 cm3 min¡1; S/C ¼ 2

diluted in He (30 ml min¡1), GHSV ¼ 9000 h¡1. (A) Non-catalytic test. (B) Ni/Al2O3(TH). (C) NieRh/Al2O3(TH) and (D) Ni/

Al2O3(N).

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 7
detected in all temperature range is also justified by rhodium

presence. These findings are in accordance with the reaction

2CH2CO 4 CH2¼C¼CH2 þ CO2, contributing to raise the CO2

selectivity. The incorporation of Rh to Ni modifies in different

way the routes of formation of oligomer product observed on

monometallic Ni catalyst.
Steam reforming of ethanol (SRE)

Ethanol was selected as part of the alcohols from bio oil and

additionally, ethanol steam reforming is interesting by itself

because it has been proposed as an alternative to fossil fuels.

Fig. 4 depicts the results in terms of productsmole fraction for

Ni/Al2O3(TH), NieRh/Al2O3(TH) and Ni/Al2O3(N) catalysts dur-

ing the SRE as function of temperature from 473 to 973 K.

Products distribution of the homogeneous (non-catalytic) re-

action is also shown in Fig. 4A. No activity was observed below

673 K. The maximum ethanol conversion was 70% at the

highest temperature studied. It is noticeable that for the

whole range of temperatures under study, the products dis-

tribution corresponds to a series of reactions. The maximum

H2 content (0.43, expressed in mole fraction) is registered at

873 K. For further temperature increases, the intermediate

products obtained are, mostly, acetaldehyde and ethylene

coming from ethanol dehydrogenation (Eq. (14)) and dehy-

dration (Eq. (16)) reactions. Furthermore, CH4, CO and H2 are

obtained as a result of acetaldehyde decarboxylation and
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ethanol decomposition. The effect of water gas shift (Eq. (2))

and methane steam reforming (SRM) (Eqs. (19) and (20)) re-

actions is insignificant, as low CO2 and high CH4 amounts are

detected. Moreover, CH4, CO and H2 mole fractions remain

constant at temperatures >800 K.

Fig. 4B shows the products distribution obtained for the

SRE process with the Ni/Al2O3 (TH) catalyst. An ethanol con-

version of 90% was reached. As it can be observed, at low

temperatures (<673 K), themain products are acetone (C3H6O),

acetaldehyde (C2H4O) and ethylene (C2H4), which is consistent

to the reported in literature [26]. These intermediates are due

to ethanol decomposition/oligomerization (Eq. (18)), ethanol

dehydrogenation (Eq. (14)) and ethanol dehydration (Eq. (16))

reactions, respectively. 0.60 of H2 mole fraction is registered at

723 K which is maintained when temperature increases. Final

products such as CH4, H2 and COwere also observed due to the

ethanol direct decomposition. With regard to the in-

termediates, the amount of acetone observed is significant,

(0.20) whilst acetaldehyde and ethylene is lower than 0.05.

Zhang et al. [55] agree that acetone and acetaldehyde are the

main intermediates observed below 700 K. Therefore these

results imply that for the temperature range between 473 and

673 K the process goes mainly though ethanol decomposition

and subsequent oligomerization to acetone (Eq. (18)). In

addition, for the temperature range between 673 and 773 K,

the occurrence of the WGS and SRM reactions was denoted

due to the increase of the H2 and CO2 production and the
ion of hydrogen by catalytic steam reforming of oxygenated
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Fig. 5 e Mathematical modeling results for Steam

Reforming of Acetone (SRA). Effect of temperature and

steam/acetone (S/A) on (A) acetone conversion and (B) H2/

CO molar ratio for three inlet flow of acetone.
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decrease for CH4 and CO. However, above 773 K the occur-

rence of the SRM reactions causes the decrease in the CH4

content and the subsequent increases in the H2 and CO2 pro-

duction. Moreover, the RWGS reaction causes, again, an in-

crease in the CO selectivity in detriment of the H2 and CO2.

Above 800 K, the opposite effect of the SMR and RWGS re-

actions causes a constant H2 and CO2 production whilst CO

selectivity increases, which implies that the SRM reaction

occurs mainly through reforming of methane to CO2 with two

molecules of water.

Products distribution obtained with the NieRh/Al2O3 (TH)

catalyst is given in Fig. 4C. 80% of ethanol conversion was

reached. At low temperatures (<600 K), in comparison with

the Ni/Al2O3(TH) monometallic catalysts, it is noticeable that

the presence of intermediates is negligible. Secondary re-

actions such as dehydration, dehydrogenation and decom-

position reactions towards acetaldehyde, ethylene and

acetone, respectively, are restricted and only the ethanol

decomposition to CH4, CO and H2 is significant. With the in-

crease of temperature, the products distribution reflects the

same trend as before due to the occurrence of the SMR, WGS

and RWGS reactions. Moreover, the addition of Rh, as

observed reduces the temperature where maximum H2

selectivity is obtained and increases its value, reaching amole

fraction of 0.7 at 723 K.

Products distribution obtained with the Ni/Al2O3 (N) cata-

lyst are shown in Fig. 2D. In comparison with the mono-

metallic TH-alumina supported catalyst, non-significant

differences were obtained in the products distribution.

Hydrogen production reaches, in both cases, values around

0.6e0.7 for temperatures above 800 K, which is consistentwith

other results found in literature for the SRE process [51,56].

Nevertheless, it is worth pointing out that the absence of

ethylene with this catalyst is influenced by the nature of the

support and mainly by the acidic properties. As can be found

in Ref. [37] the Na content in the nanofibrous support implies

weaker OH's acidity in comparison with the commercial TH-

alumina support, which means lower selectivity towards

ethylene formation, which is the main precursor of carbon

formation and, therefore, catalyst deactivation.

Mathematical modeling results of SRA and SRE. Study of
operating conditions

Steam reforming of the model compounds, a mixture of

acetone/water or ethanol/water, was simulated in a temper-

ature range of 773 and 1300 K in acetone steam reforming and

between 473 and 1173 K for ethanol steam reforming, in order

to study the process behavior. The effect of S/Acetone or S/

Ethanol feed molar ratios and temperature over acetone/

ethanol conversion and over H2/CO ratio was presented in 3D

diagrams, for different space velocities, aiming to found the

regions and the optimal operating conditions in both

processes.

Fig. 5 shows the simulation results of SRA taking into ac-

count the reaction and the kinetics parameters in Table 1. The

effect of feed molar ratio and temperature on acetone con-

version is plotted in Fig. 5A and on the H2/CO is presented in

Fig. 5B. SRA simulation was studied between 773 and 1273 K

and using three inlet molar flows of acetone: 0.004 mol h�1
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(which was used in the experimental test of SRA), 0.1 and

1 mol h�1. For 0.004 mol h�1 and 0.1 mol h�1, a complete

acetone conversion is predicted for the whole temperature

range and feedstock ratio used. Though, when the acetone

molar inlet flow is 1 mol h-1 a 60% of conversion was reached

at low temperature and S/Acetone ¼ 1. H2/CO ratio is further

influenced by space velocity, finding different surfaces

depending also on the molar flow. Using a space velocity of

1 mol h�1 of acetone, a plane surface is found with an

approximately constant H2/CO value below 0.5. A decrease in

acetone feedstock, 0.1 mol h�1, is accompanied by a quite

difference in the surface obtained, achieving amaximum local

value of H2/CO close to 1.5 at 1273 K and S/Acetone ¼ 1. At

lower temperature and higher steam to acetone ratio used, the

surface decrease to a value of 0.5. The maximum hydrogen

content is found with experimental data at S/Acetone be-

tween 2 and 3. On the other hand, it was found that the H2/CO
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Fig. 6 e Mathematical modeling results for Steam

Reforming of Ethanol (SRE). Effect of temperature and

steam/ethanol (S/E) molar ratio on (A) ethanol conversion

and (B) H2/CO molar ratio for three inlet flow of ethanol.
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ratio is particularly dependent on temperature. The H2/CO

ratio produced was increased by increasing the temperature

but in experimental conditions, a maximum value close to 4.7

was found between 773 and 873 K and S/Acetone between 2

and 3. The composition of inlet feedstock is an important

parameter to consider, so as steam is a co-reactant, and

agreeing with S/Acetone effect studied, a steam to acetone

ratio over 5 promotes steam reaction with high hydrogen

yield. According to 3D diagram and in agreement with our

experimental results, an S/Acetone ratio close to 9 (equivalent

to S/C ¼ 3, optimum ratio to reduce coke formation) satisfies

criteria for high hydrogen concentration and for syngas

composition, using a reactor temperature of 973 K.

According to the reactions network and the kinetics pa-

rameters proposed in Table 1, results from the mathematical

model simulation of steam reforming of ethanol (SRE) in
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function of temperature (473e1173 K) and S/Ethanol ratios, for

three inlet flow of ethanol: 0.007 mol h�1 (which was used in

the experimental tests of SRE), 0.1 and 1mol h�1, are shown in

Fig. 6. Ethanol conversion curves are plotted in Fig. 6A and H2/

CO ratio in Fig. 6B. It is noticeable that an increase of ethanol

in the feed (low S/Ethanol) is accompanied by a shift of the

response curves towards lower conversions, which means

that to guarantee a total ethanol conversion, high tempera-

tures are needed. L�opez et al. [51] studied the effect of the feed

composition, steam to carbon molar ratio, using structured

catalysts. This parameter could affect the ethanol conversion

according to the operating temperature through equilibrium

limitations and dilution effects. However, due to the large

value of the ethanol fed considered here for fixed-bed catalyst,

which is higher than those typically used for structured cat-

alysts, the feed composition S/Ethanol does not present a

significant effect on the ethanol conversion. As observed, total

ethanol conversion is achieved above 700, 900 and 1100 K for

0.007, 0.1 and 1 mol h-1respectively. Thus, the ethanol fed,

expressed here as the ethanol feed flow rate, has influence on

the ethanol conversion, regardless of the S/Ethanol ratio.

Nevertheless, the steam to ethanol molar ratio and tempera-

ture have a significant effect on the H2/CO ratio. The H2/CO

molar ratio increases with temperature and S/Ethanol ratio

until a maximum value close to 13.4 at S/Ethanol ¼ 8 and

873 K. When the ethanol feed flow rate is incremented in one

and two orders of magnitude (0.1 and 1 mol h�1), the H2/CO

maximum value decreases and is reached at the higher tem-

perature studied (6.5 and 2.2 at 1173 K and S/Ethanol ¼ 8 for

ethanol feed of 0.1 and 1 mol h�1 respectively). As mentioned

before, the increase in the ethanol feed is related to lower

reaction periods, lower ethanol conversion and, therefore,

lower H2/CO ratio. It can be observed that the feed composi-

tion plays an important role in regard to the selectivity of H2/

CO due to the fact that an increase in the partial pressure of

H2O in the feed implies a displacement of the equilibrium of

the SRM and WGS reactions (Eqs. (19), (20) and (2), respec-

tively) towards a higher H2 production in detriment of a lower

CO production. Besides, it is noticeable that a higher content

of H2O in the feed entails that the SRM occurs principally

through steam reforming towards CO2 with two molecules of

water rather than to CO with one molecule of water. This ef-

fect is not significant at higher temperatures where both SRM

reactions are promoted.
Conclusions

Acetone and ethanol can be efficiently reformed to a hydrogen

rich stream over the catalysts used, with H2 production be-

tween 0.6 and 0.7 (expressed as mole fraction) above 800 K.

Different reforming routes were observed. H2, CO, CO2 and

CH4 are the major products detected for Ni/Al2O3(TH) and

NieRh/Al2O3(TH) in the SRA and SRE. Besides steam reforming

of acetone, reverse water gas shift and steam reforming of

methane occurs. Rh also play an important role in the SRA

since it allows full acetone conversion promoting H2 produc-

tion with minimal carbon deposition after catalytic test.

Ethanol reforming occurs mainly via ethanol decomposition

to acetone, acetaldehyde and ethylene followed by steam
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reforming and decomposition of these intermediates. Rh

incorporation, even in minimal loading 1:100 (Rh:Ni) diminish

the intermediate products promoting the ethanol decompo-

sition reaction. The effect of the alumina is understood in base

to its acidity, since no ethylene was found with Ni/Al2O3(N)

and the carbon content after reaction is significantly reduced.

Matlab modeling permitted to find out the optimal operating

regions and predict the experimental data obtained.
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