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An investigation on reaction scheme and kinetics for ethanol steam reforming on skeletal nickel catalysts is described.
Catalytic activity of skeletal nickel catalyst for low-temperature steam reforming has been studied in detail, and the rea-
sons for its high reactivity for H, production are attained by probe reactions. Higher activity of water gas shift reaction
and methanation contributes to the low CO selectivity. Cu and Pt addition can promote WGSR and suppress methana-
tion, and, thus, improve H, production. A reaction scheme on skeletal nickel catalyst has been proposed through tem-
perature programmed reaction spectroscopy experiments. An Eley-Rideal model is put forward for kinetic studies, which
contains three surface reactions: ethanol decomposition, water gas shift reaction, and methane steam reforming reac-
tion. The kinetics was studied at 300-400°C using a randomized algorithms method and a least-squares method to solve
the differential equations and fit the experimental data; the goodness of fit obtained with this model is above 0.95. The
activation energies for the ethanol decomposition, methane steam reforming, and water gas shift reaction are 187.7 kJ/
mol, 138.5 kJimol and 52.8 kJ/mol, respectively. Thus, ethanol decomposition was determined to be the rate determining
reaction of ethanol steam reforming on skeletal nickel catalysts. © 2013 American Institute of Chemical Engineers
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Introduction

Currently most of the energy we use comes from fossil
fuels, and particularly, the utilization of fossil fuels has been
surged in the 20th century. Thus, their reserves come at a
time of diminishing,1 and the emission of NO, and SO,
from fossil fuels results in severe pollution of the environ-
ment.” The status encourages us to develop green and renew-
able energy framework, including hydrogen energy. Among
a variety of production technologies of hydrogen, steam
reforming is one of the most widely employed.3’4 Bioethanol
steam reforming for hydrogen production has become a
research emphasis in energy and catalysis fields since bioe-
thanol is cheap, easy to handle, low in toxicity, and thermo-
dynamically feasible to decompose.5 Nickel-based catalysts
have been extensively used in ethanol steam reforming
(ESR) due to its excellent ability in C—C, C—H, C—O bond
cleavage and dehydrogenation.lel

The specific surface area of active nickel species is impor-
tant to obtain high-ethanol conversion and H, yield.'*'*
Skeletal nickel-based catalysts have been shown to have
higher specific surface areas than conventional supported
nickel catalysts, and they have superior activity in steam
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reforming reaction, even at low temperatures.'* However,
the role of the catalyst in controlling the selectivity to H,
has not been thoroughly understood, and a kinetic study is
necessary for scaling-up the process and guiding its opera-
tion. Several kinetic studies have been applied for supported
metal nanocatalysts. Idem et al. has proposed a Kkinetic
model on a 15% Ni/Al,O5 catalyst for the production of
hydrogen from crude ethanol reforming, in which an Eley-
Rideal (E-R) assumption was used and the rate-determining
step (RDS) was the dissociation of adsorbed ethanol.'® Llera
et al. proposed a Langmuir-Hinshelwood (L—H) model using
a nickel based catalyst in the temperature range of 873-923
K, which involving ethanol decomposition (ED), ESR, meth-
ane steam reforming (MSR), and water gas shift reaction
(WGSR).'® They used surface reactions of the above four
reactions as RDSs. In Graschinsky’s work, the reaction
scheme of ESR on Rh supported catalysts also consists of
the four surface reactions (ED, ESR, WGSR and MSR), in
which the RDS is a reaction between two adsorbed species,
and a Langmuir Hinshelwood (L—H) model was used to fit
the experimental data.'” Ciambelli et al. carried out a prelim-
inary kinetic study for steam reforming of ethanol on Pt/
CeO, using power law model and proposed that the main
promoted reactions were ED, MSR, and WGSR.'® Tempera-
ture programmed desorption experiments were also
employed to suggest a surface reaction mechanism involving
the following step (1) ethanol dissociative adsorption on
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catalyst surface to form acetaldehyde intermediate, (2) decar-
bonylation to produce mainly H,, CH; and CO, and
(3)WGSR of CO adsorbed on Pt sites to produce H, and
CO,. Additionally, Laborde et al. proposed a general kinetic
model for ESR based on a L—H mechanism which was valid
for a wide range of water/ethanol feed ratios and tempera-
tures.'” These kinetic investigations on a nickel-based cata-
lyst have been proved to be useful in the design of ethanol
steam reformer. It can be seen that power-law model, E-R
model and L—H model kinetic expressions are reported in
the kinetic studies,'®'®2%2! and the four surface reactions
(ED, ESR, MSR, WGSR) have been typically considered in
the reaction scheme as the RDSs.

It is a general consensus that ethanol adsorption on the
active site is the first step,ls’zzf24 although few others pro-
posed that the ethanol simply decomposes at the active site
without molecular adsorption.?’*>2® Water activation can
follow different routes. It could dissociatively adsorb on the
surface to form OH and H,>'*”?® or reacts with adsorbed
species (e.g., CO) following the E-R mechanism.">** Never-
theless, Ni surfaces or pure Ni catalysts have low probability
to dissociate water due to the less defect sites to active water
compared to supported catalys‘[s.30

Indeed, the earlier kinetics and mechanisms were all
investigated on supported catalysts, and the role of pure
nickel on the distribution of products remained elusive.
Therefore, this article describes a series of skeletal nickel-
based catalysts for ESR,'* which showed high reactivity
compared to conventional supported catalysts in low-
temperature steam reforming. The enhanced activity was
believed to be ascribed to the increased active nickel surface
areas. The aim of this work is to elucidate the products dis-
tribution and postulate a kinetic scheme from temperature
programmed reaction spectroscopy (TPRS) experiment.
WGSR and methanation probe reactions were also carried
out to understand the origin of the elimination of CO in
ESR. A kinetic model based on E-R assumptions was then
built-up to fit the experimental data.

Experimental
Catalysts preparation

Preparation of the Skeletal Ni Catalysts. Under gentle stir-
ring, 2 g of Ni-Al alloy powder (50 wt % Ni + 50 wt % Al,
Shanghai Chemical Reagent Factory) was added to an aque-
ous solution of NaOH (120 mL, 20 wt %) at 323 K. The
resultant mixture was stirred at 343 K for 3 h. The precipi-
tate was sequentially washed with distilled water and etha-
nol, and stored in ethanol prior to the use.

Preparation of Alloyed Skeletal Ni Catalysts. A certain
amount of Cu(CH3COO), (Tianjin Fuchen Chemical Reagent
Factory, 99.5%), Co(CH3COO), (Tianjin Fuchen Chemical
Reagent Factory, 99.5%) and Pt(NOj), (Guiyang platinum
industry, Ltd.; Pt content, 5.7%) solution was added to the
above skeletal Ni catalyst, respectively. The volume of solu-
tion was kept at 70 mL. The solution was stirred at 343 K
for 1 h. The precipitate was washed with water until no ions
were detected in the filtrate, and then it was washed with
ethanol and stored in ethanol. Prior to activity test and char-
acterization, all catalysts were dried at 80°C under vaccum
for 5 h and were protected under the nitrogen ambient.

Preparation of Ni/SiO, catalyst. Commercial SiO, (Qing-
dao Yurui chemical Co., Ltd.) was calcined at 973 K for
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2 h. Ni/SiO, was prepared by the incipient wetness impreg-
nation method. SiO, was impregnated in a Ni(NO3),-6H,O
ethanol solution (1 M) by mechanical agitation at 323 K for
12 h, followed by evaporated at 333 K using vacuum rotary
until the ethanol was removed. The resultant solid was dried
at 373 K for 12 h, and then calcined at 973 K for 2 h. The
amount of Ni loading was fixed to 15 wt %.

Activity test

Ethanol Steam Reforming. Catalytic tests were conducted
at atmospheric pressure in a quartz fixed-bed reactor loaded
with 0.1 g catalyst mixed with 1 mL quartz particles. Prior
to the test, the catalysts were reduced at 673 K in situ for 1
h in a flow of 10 vol % Hy/N, (50 mL/min). The liquid solu-
tion (0.033-0.26 mL/min) with a water/ethanol molar ratio
of 8 (equals to steam to carbon ratio (S/C)=4) was fed
through an HPLC pump into a heated chamber (423 K) to
evaporate the solution completely in the stream of N, (400
mL/min). The products were analyzed online by two gas
chromatographs. One is equipped with a FID, and a
Porapak-Q column with N, as a carrier gas to analyze the
organic species such as ethanol and methane. The other one
is equipped with a TCD and a TDX-01 column using He as
a carrier gas to monitor the incondensable gas species
including hydrogen, carbon dioxide, carbon monoxide and
methane.

Probe Reactions. Catalytic activity of WGSR and metha-
nation for all catalysts was evaluated in the same flow reac-
tor at 623 K. Appropriate amounts of catalysts (25 mg, 60—
80 mesh) were loaded between the two layers of quartz wool
in the quartz tube reactor. Before the test, the catalysts were
reduced at 673 K in situ for 1 h in a flow of 10 vol % H,/N,
(50 mL/min). For WGSR, water was fed at 0.032 mL/min
through an HPLC pump into a heated chamber (423 K) to
evaporate the water completely in the mix stream of N, (40
mL/min) and CO (20 mL/min). For methanation, CO (20
mL/min), H, (60 mL/min), and N, (20 mL/min) were fed
after mixing thoroughly. The products were analyzed online
by gas chromatographs equipped with a TCD and a TDX-01
column using He as a carrier gas.

Characterization

BET Experiment. Textual properties of the catalysts were
measured using a Micromeritics Tristar 3000 analyzer by
nitrogen adsorption at 77 K. The specific surface areas were
calculated from the isotherms using the BET method, and
the pore distribution and the cumulative volumes of pores
were obtained by the BJH method from the desorption
branches of the adsorption isotherms.

CO Pulse Chemisorption. CO adsorption capacity on Ni
surfaces was determined by CO pulse chemisorption (Micro-
meritics AUTOCHEM 1II 2920). After the catalyst was
reduced at 673 K for 1.0 h under 10% H,/Ar flow, it was
cooled down to room temperature under the He atmosphere,
and then CO pulses were injected until the eluted peak area
of consecutive pulses was constant. The CO/Ni atomic ratio
(the amount of CO adsorbed divided by the amount of nickel
atom in the catalyst) was calculated from the volume of CO
adsorbed and the amount of nickel in the catalyst.

TPRS Experiment. TPRS experiment was carried out in a
flow reactor (4 mm internal diameter) connected to a QIC 20
HIDEN quadrupole mass spectrometer. Prior to any measure-
ments, all samples were reduced in situ using a flow of 10
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Table 1. Physical Properties of Skeletal Ni based Catalysts

M/Ni BET surface Average pore Pore Particle Crystal
Sample (wt. %)* area/(mz/g) diameter/(;\) Volume/(cm3/g) size/(nm)® size/(nm)® SH/(mz/gNi)d
skeletal Ni 0.0 56.1 41.9 0.069 6.3+ 1.5 5.1 14.2
Cu/skeletal Ni 1.7 52.6 43.1 0.076 6.6 £ 1.5 5.1 14.5
Co/skeletal Ni 1.2 51.1 44.2 0.073 54+1.2 4.7 14.7
Pt/skeletal Ni 1.1 99.2 31.2 0.047 44+14 4.8 14.9
Ni/SiO, n.a. 384.3 32.9 0.24 79+1.3 7.5 6.3

“determined by ICP-OES.

°determined from TEM graph (statistics on 20 particles randomly picked up from TEM images).
°Ni crystal size determined by the Scherrer equation from the (111) plane of Ni in XRD patterns.

dactive surface area determined by H, pulse chemisorption.

vol% H,/Ar (30 mL/min). After purging with Ar for 15
min, the sample was cooled under Ar to room tempera-
ture (293 K). For adsorption/desorption of ethanol, a mix-
ture containing 0.3% EtOH in Ar was directed through
the catalyst bed at a rate of 30 mL/min for 30 min in
order to saturate the catalyst surface with ethanol.
Adsorption was followed by purging with Ar for 15 min.
The temperature was subsequently ramped from 293 K to
1073 K with a linear rate of 10 K/min under Ar flow
(30 mL/min). For adsorption/desorption of ethanol-water
solution, a mixture containing 0.3% EtOH and 2.4% H,O
in Ar was directed through the catalyst bed at a rate of
30 mL/min for 30 min. Then Ar was purged for 15 min
so as to clean all lines; after this treatment, temperature
was ramped from 293 K to 1073 K with a linear rate of
10 K/min under Ar flow (30 mL/min). For temperature-
programmed surface reaction, a mixture containing 0.3%
EtOH and 2.4% H,0O in Ar was directed through the cat-
alyst bed at a rate of 30 mL/min while temperature was
ramped from 293 K to 1073 K with a linear rate of 10
K/min. The reactor effluent was continuously monitored
by the mass spectrometer and gas-phase composition was
calculated from the mass spectrometer signal at mf/e
ratios of 44, 40, 31, 28, 15, 2 for CO,, Ar, C,HsOH,
CO, CHy, and H,, respectively.

Conversion, selectivity and TOF calculations

F in—F “
XEtOH: EtOH ,in EtOH ,out %100%

FEon in

(moles of H, produced ) %100

Su, (%)=
1,(%) 6 (moles of ethanol converted )

(moles of j produced )Xi

Si(%)=
(%) 2X(moles of ethanol converted )

X100

where j represents the carbon containing species in the prod-
ucts, including CO, CO, CH4, C,H,, C,Hg, CH3;CHO, and
CH;COCHs5. i is the number of carbon atoms in the carbon-
containing species

TOF = (molar flow rates of reactants converted)/(moles of
active nickel calculated from H, chemisorption)

Yield = (molar flow rates products produced)/(moles of
active nickel calculated from H, chemisorption)

The carbon balance was within =5% for all catalytic runs.
Data for the catalyst activity were collected when the reac-
tion reached stable conditions, and repeated tests have been
run to confirm the activity.

It should be emphasized that according to the definitions, the
sum of the selectivities of H, and the carbon-containing species
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does not lead to unity since they are calculated based on inde-
pendent hydrogen and carbon balances, respectively.*®>!

Results
Probe reaction analysis

Physicochemical properties of skeletal nickel-based cata-
lysts and reference Ni/SiO, are shown in Table 1.'* Skeletal
Ni and Cu/skeletal Ni catalysts have comparable BET sur-
face area, nickel size, and active nickel surface area, while
the Ni/SiO, catalyst possesses larger nickel size and BET
surface area compared to skeletal Ni-based catalysts.

The skeletal nickel-based catalysts show high reactivity in
low-temperature steam reforming;14 and there was no CO
formed in the products. This was proposed to be due to the
high activity in WGSR and methanation reactions of the cat-
alyst.*> Both probe reactions were therefore examined (Fig-
ures 1 and 2). From Figure 1, one can see that the skeletal
nickel-based catalysts are more active on WGSR compared
to the conventional supported Ni/SiO, catalyst, and the
alloyed metal shows a promotional effect. CO conversion
rate is higher on Cu/Ni, Co/Ni, Pt/Ni over the pure nickel
catalyst. Since methane is the main hydrogen containing
product, H, yield can be affected by the extent of the metha-
nation reaction.” Experimental and theoretical investigations
have demonstrated that CO dissociation on Ni is the rate-
determining step for the methanation reaction.>7 CO
adsorption ability of skeletal nickel catalyst is higher than
that of Cu/Ni and Pt/Ni and lower than Co/Ni (Table 2).

A
-~

skeletal Ni Cu-skeletal Ni Co-skeletal Ni Pt-skeletal Ni Ni-Si02
Figure 1. WGSR reactivity on skeletal nickel-based cat-
alysts and the Ni/SiO, catalyst.
1 atm, 623 K; H,0:CO:N, = 2:1:2; total flow rate: 100

mL/min. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 2. Methanation reactivity on skeletal nickel-
based catalysts and the Ni/SiO, catalyst.
1 atm, 623 K; H,:CO:N, =3:1:1; total flow rate: 100

mL/min. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Therefore, we can rationalize that the presence of Cu and Pt
could suppress the dissociation of CO on the Ni surface, and
consequently suppress the methanation reaction, whereas Co
could enhance the dissociation of CO on the Ni surface.
Accordingly, the CO conversion rate on skeletal nickel and
Co/Ni catalysts is higher compared to that on Cu/Ni and Pt/
Ni, and CH, yield is higher on skeletal nickel and Co/Ni
(Figure 2). Additionally, methanation reactivity of Ni/SiO,
catalyst is much lower than that of skeletal nickel-based cat-
alysts, which may be due to the higher nickel surface area
that is typical considered as an active site for methane
formation.

Accordingly, one can deduce that the higher activity of
WGSR and methanation on skeletal nickel-based catalysts
contributes to the elimination of CO in ESR. In order to elu-
cidate the products distribution on skeletal nickel-based cata-
lysts, skeletal nickel catalyst was chosen as a model to study
the reaction scheme and kinetics of ESR. The effects of
space-time, S/C, and temperature on products distribution
were first examined. Figure 3a shows the effect of space-
time on products distribution. At high-space times, only Ho,
CO, and CH,4 are produced and no CO is formed. Upon
reducing the space-time, CO is a primary product accompa-
nied by the decrease of CO, and H, yield. These results

Table 2. CO Adsorption Properties of Skeletal
Nickel-based Catalysts

Skeletal Cu/Skeletal Co/Skeletal Pt/Skeletal
Cat. Ni Ni Ni Ni
CO/Ni atomic 0.0055 0.0046 0.0057 0.0051

ratio

suggest that CO, could be formed by consecutive reaction
(e.g., WGSR, as can be evidenced by the above probe reac-
tion test). The yield of CH, decreases slightly with a
declined space time, which can be due to the decreased reac-
tivity of methanation reaction.

Figure 3b and 3c show the effect of S/C and temperature
on ESR reactivity. It can be seen that H, and CO, yield
increase with increasing S/C, while CO, CH, yield decrease
with increasing S/C, which is due to the higher WGSR reac-
tivity on increasing steam content (the order of water on
WGSR is about 0.5).*® Increasing water content can facilitate
ethanol conversion and H, yield from thermodynamic point
of view;** however, the promoting effect is not pronounced
for the skeletal Ni on ethanol conversion, which is probably
due to the low activity of Ni in dissociating water.*® This
indicates that water may take part in the reaction in molecu-
lar form. The effect of temperature on reactivity was further
studied at high-space velocities (Figure 3c). One can see that
ethanol conversion increases sharply with increasing temper-
ature, which is due to the increasing reactivity of ethanol
reforming. CO and CO, yields both increased slightly,
implying that the WGSR reactivity is similar between 573
and 673 K. CH, yield decreases, implying the decreased
reactivity of methanation. The overall effect of WGSR and
methanation contributed to the increased H, yield. The ther-
modynamic composition was calculated for the studied con-
ditions, the equilibrium H, yield is lower compared to
experimental results (25% yield compared to 36% yield),
which further prove the higher reactivity of skeletal nickel
catalyst toward H, production.

Reaction scheme analysis

The reaction scheme of steam reforming of ethanol as a
function of temperature was investigated employing TPRS
experiments over skeletal Ni-based catalysts and Ni/SiO,
catalyst. Figure 4a shows that ethanol desorption peaks
appearing between 333 and 423 K. ED and dehydrogenation
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Figure 3. Effect of (a) space time (b) S/C, and (c) temperature on ESR reactivity over skeletal nickel.

Reaction conditions (a) 1 atm, 623 K, S/C = 4, ethanol in feed: 3.25%, (b) 1 atm, 623 K, W/F, 2 g-h/mol, ethanol in feed: 3.25%,
and (¢) 1 atm, S/C =4, W/F =2 g-h/mol, ethanol in feed: 3.25%. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 4. Temperature programmed reaction of ethanol on skeletal Ni, Cu/skeletal Ni, and Ni/SiO, catalysts.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

reactions (Egs. 1 and 2)® are initiated in the same tempera-
ture range producing H,, CO, CH, and CH3;CHO. The con-
centration peaks of CO and CH, are similar, as expected
from Eq. 1, in contrast to H, concentration which is signifi-
cantly higher probably due to the occurrence of dehydrogen-
ation of ethanol (Eq. 2). The decrease in the concentration of
CO was observed at 423-623 K, which is accompanied by
increased concentrations of CO, and H, concentration, attrib-
uted to the WGSR*° (Eq. 3). However, the difference in the
concentrations of H, and CO, and the evolution of CH4
peak evidence that the methanation also took place at this
temperature range41 (Eq. 4). In the temperature range of
623-873 K, the increase of H, and CO concentrations, in
association with the lowest CO, and CH, concentrations,
indicate that MSR (Eq. 4) is the main reaction, which is
completed at about 873 K

C,HsOH — CO+CH4+H, (1)
C,HsOH — CH3CHO+H, 2)
CO+H20 Al C02+H2 (3)
CH4+H,0 <~ CO+3H, 4)
C,Hs;OH — C,H4+H,0 5)

The ethanol desorption on Cu/skeletal nickel is similar
with that of skeletal nickel except for desorption tempera-
tures of H, and CO,, which could be due to the different
adsorption ability on copper and nickel.** On the Ni/SiO,
catalyst, a higher desorption peak of C,H; and CH;CHO
appears in the 333-423 K range, which is due to ethanol
dehydrogenation (Eq. 2) and dehydration (Eq. 5) reactions.
Additionally, there is no methane desorption peak observed
in the 423-623 K range, indicating the lower methanation
reactivity on the Ni/SiO, catalyst. However, the H, desorp-
tion peak in 623-873 K range is higher compared to that on
skeletal nickel-based catalysts, implying the higher reactivity
of MSR on supported nickel catalysts at high temperatures.

There are no significant differences between TPRS of
ethanol-steam (Figure 5) and ethanol desorption on various
skeletal nickel-based catalysts. However, different patterns
were observed on Ni/SiO,; weak CO concentration was
detected in 623-873 K range. This could be owing to the
dissociation of water on the oxide surface® (Eq. 6) and the
enhanced reaction of adsorbed hydroxyls with CO. Kim
et al.** have reported that the hydroxyl groups (—OH) pres-
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ent on the silica surface could result in high selectivity
toward the WGSR than to methanation

supported catalysts

H0 [H]+[OH] ©)

dissociatively adsorption

In order to further study the instantaneous reaction pathway
at different temperature range, we have carried out the tran-
sient experiments at a steady state (denoted as the temperature
programmed surface reactions). The surface reactions over var-
ious catalysts were investigated as a function of temperature,
employing transient experiments in which temperature was
ramped linearly from 323 to 1073 K at a rate of 10 K/min
while an ethanol-steam mixture was flowing at a steady rate
over the catalyst. Figure 6 shows that there is no difference
between skeletal nickel and Cu/Ni. There are mainly three H,
concentration peaks (e.g., three reactions producing H,)
observed, and C2 products and/or intermediates were all con-
verted. The first H, concentration peak in the 333-423 K range
can be ascribed to ED;6 CO and CHj concentration peaks
were also observed in this temperature range. The second con-
centration peak is accompanied by CH, and CO, in the 423—
623 K range, indicating the high activity of methanation and
WGSR about 523 K. The third peak could be attributed to ED
and MSR; since water is highly consumed at this temperature
range, WGSR reactivity is inhibited.** The transient reaction
results on Ni/SiO, catalyst were similar with that on skeletal
nickel-based catalysts, except that ethanol and C2 products
were not fully converted at the first concentration peak range
implying that skeletal nickel-based catalysts are more active in
C—C bond cleavage. The second concentration peak (methana-
tion and WGSR) appears at ~573 K (50 K higher than that of
skeletal nickel-based catalysts). This result suggests that skele-
tal nickel-based catalysts are more active compared to conven-
tional Ni/SiO, catalyst due to the larger active nickel surface
area.*® In the 623-873 K range, H,, CO, and H,O concentra-
tion peaks are similar between skeletal nickel-based catalysts
and Ni/SiO, catalyst, implying the comparable MSR and ESR
reactivity at high temperatures.

Accordingly, we can obtain a preliminary reaction pathway
of ESR on nickel based catalysts (as shown in Scheme 1).
Ethanol first dehydrogenates to CH;CHO on nickel, since the
bond breaking sequence on pure nickel follows the following
order: O—H, —CH,—, C—C, and —CH,.>° While when there
is acidic support, ethanol also dehydrates to C,H,. Nickel has
high ability in C—C bond cleavage, so the formed CH;CHO
would fast decompose into CH, and CO.® which can also be
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Figure 6. Temperature-programmed surface reaction of EtOH and H,O on (a) skeletal Ni, (b) Cu/skeletal Ni, and (c)

Ni/SiO, catalysts.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

proved by the low signal of CH3;CHO in temperature pro-
grammed transient reactions. The formed CH, would be
reformed to CO and H, in the presence of steam, and CO
will be transformed into CO, through WGSR.*” Water will be
dissociated with the help of support,*®*® otherwise it partici-
pates in the reaction in molecular form (without dissociation)
(e.g., skeletal nickel catalyst).

Kinetic model

The following hypotheses are assumed to narrow the wide
variety of possible models.

1. All species are adsorbed on the same type of active site.
As demonstrated in previous investigations for nickel-based
catalysts under similar conditions,'®%* ethanol, CO and meth-
ane adsorb and react on the same type of active site.

2. The existence of a controlling step in the reaction is
assumed. This allows solving the system using the RDS
method.

3. From TPRS experiments and product distributions at
different reaction conditions, coke deposition rate was
slow,'* and formation of C,H, and CH;CHO was nearly
negligible. Therefore, the production of C,H, and CH;CHO

Hz
H,0
dehydrogenation g_’
icka ~ CH;CHO . 4 CO, H,
C,H.OH— nicke * |___decomposition (fast) nickel /acidic sites
A dehydration nickel co
—— C,H, CO,, H,
nickel /acidic sites
H,0

H,0

Scheme 1. Reaction scheme of ESR on nickel based catalysts.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 3. Quotient (the Equilibrium Constant (K) Divided by
the Ratios of Partial Pressures (Q)) of MSR and WGSR at
ESR Conditions in Figure 5

573 K 623 K 673 K
WGSR 0.0018 0.0039 0.222
MSR 0.00012 0.0065 0.0069
Pco,®Pu,
0, (WGSR)= ezt
_ (Puy)'ePco
0,(MSR)= PePrg

and the reactions involving the formation and/or consump-
tion of coke are discarded in our kinetic model.

4. As described earlier, dissociative probability of water
adsorption on skeletal nickel catalyst is fairly low, so we
assume that water takes part in reaction in molecular form.
Thus, the E-R mechanism is proposed for the kinetic study.

Based on the information available in the literature and our
obtained experimental results, the model can be expressed as follows

C,HsOH+x £ C,HsOHx 7
C,HsOH# — CH ;CHO%+H 8)
CH ;CHO% +—2CH 4+ COx ©9)
CH 4% +H,0 & CO%+3H, (10)
CO*+H,0 & CO,%+H, (11)
CO* & CO+x (12)
CO % &5 CO L+ (13)
CH.# & CH 4+ (14)
< 1.4
3
&l
312 s
g
210
g
£os —m— 573K
£ —e— 673K
Z 0.6
2
ELX;
2
2 0.7
o —a—a——a—8——H8
"o 5 10 15 20 25

Vg /m/s

()

01 \
2=(.982
721
&g
3 -4 e, T
= e
=< 2=0.993
= .6
= ethanol decomposition
-8 * methane steam reforming oy o ey
4 water gas shift reaction .
-10 T T T T T T T T T - -
0.00145 0.00155 0.00175

T
0.00165
K

Figure 8. Arrhenius plot of rate coefficients for the
kinetic model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

It has been reported that the possible controlling steps are
c—C rupture15 and surface reactions (e.g., ESR, ED, WGSR,
and MSR).'"?2! If the former is the controlling step, the
MSR and WGSR would be in equilibn’um.16 According to a
previous investigation by the Dumesic group,* the quotient
(Qp/K) is used to judge if a reaction is in equilibrium (e.g., if
the quotient equals 1, the reaction is in equilibrium). How-
ever, Table 3 indicates that both reactions are far from equi-
librium. Therefore, in our model surface reactions (ED
(reactions 8 and 9), MSR (reaction 9), and WGSR (reaction
10) were first considered as not in equilibrium. Since
CH3CHO is not detected in the products, reaction 9 was very

£ 1.0 —o—o —e
s
80
=
=
£ 0.8
P
=
S 0.6 —=— 573K
.g —— 673K
z
%0.4-
=
g
£ 0.2]
=
—s L a
0.0 T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Dmax /pm

(b)

Figure 7. Ethanol conversion rate on skeletal nickel catalyst as a function of (a) gas velocity, and (b) particle size

at 300 and 400°C.

Reaction conditions: P =1 atm, ethanol in feed: 3.25%, S/C =4, and W/F =2 g-h/mol. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table 4. Constants of Reaction Rate and Adsorption Balance under Different Temperature

1 -1 1

Temperature/K ko/(mol/g/h) ks/(mol/g/h) k4/(mol/g/h) K /atm Kcofatm ™! Kcoo/atm Kepa/atm ™
673 0.063 0.76 1.95 9.75 3.74 38.09 7.41
623 0.00085 0.035 0.69 17.70 158.62 194.73 15.89
573 0.00017 0.0096 0.37 31.17 561.59 1947.30 129.90
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Figure 9. Van’t Hoff plot of adsorption coefficients for
the kinetic model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Table 5. Activation Energy and Index Factor of ESR

Reaction ED MSR WGSR
Activation energy/kJ/mol 187.7£5.8 138.5+39 52.8*+1.0
Index factor/(mol/g-cat./h)  1.32%¥10"  2.90%10'°  2.20%10°

Table 6. Adsorption Enthalpy of the Reactants

Reactants Ethanol CO CO, CH,

—37.2 —158.0 —126.4 —92.8

Adsorption enthalpy/
(kJ/mol)

fast, and reactions 8 and 9 were combined in calculation for
simplicity. Solving the system we obtain

tep =ko K P Gy (15)
Pcy,Puw,o  PcoPu,’
=k — C 16
I'SRM 3( K KoKs v (16)
PcoPu,0 Pco,Pn,
=k - C, 17
I'was 4( K KKe a7
1
= (18)
1+KIPet+PCO/K5+PCOZ/K6+PCH4/K7
ki =k Eai (19)
i=K0iCXp| — o5
0iXP\ T RT
AHy
KiZKi - 20
oeXP( RT ) (20)

We eliminate internal and external diffusional resistance to
ensure that experimental results used for kinetic analysis falling
into reaction control zone. Preliminary ESR runs were carried
out with different catalyst particle size and with different gas
space velocity. The effect of gas velocity on ethanol conver-
sion rate was evaluated varying the volumetric flow rate from
200 to 1000 mL/min at 573 and 673 K (Figure 7a). Since the
ethanol conversion rate is almost constant in the gas velocity
above 10 m/s for the temperatures examined, a volumetric flow
rate of 600 mL/min has been used for all the kinetic runs in
order to eliminate the external diffusional resistance.

The effect of catalyst particle size was also evaluated
varying the particle size from 150 to 850 um at 573 and 673
K (Figure 7b). Ethanol conversion rate is almost constant for
a particle size diameter ranging from 150 to 400 um, indicat-
ing that the reaction rate is not limited by internal diffusion
resistance in this range of diameter values. Moreover, in
order to eliminate channeling effects, the following condi-
tions must be satisfied

(L;/d,) > 50
(d/dp) > 10

L, refers to the length of catalyst bed, d refers to the inner
diameter of the flow reactor, and d,, refers to the particle size
of catalyst. Therefore, we selected a particle diameter range
of 60-80 mesh for the catalytic runs.

Parameter estimation

Kinetic runs were carried out by varying the S/C or tempera-
ture, keeping constant the other operating conditions, and
measuring the rates of ethanol conversion and of H,, CO, CO,,
and CH, yield. A randomized algorithms method was used to
solve the differential equations (Eqs. 15-18), and the experi-
mental data were fitted by a least-squares method. The
obtained kinetic values are listed in Table 4; according to Egs.
19, 20, the rate and adsorption coefficients of the Arrhenius
plot and Van’t Hoff plot are shown in Figures 8 and 9. Activa-
tion energy and adsorption enthalpy can then be derived from
the slopes of the Arrhenius plot and Van’t Hoff plot as listed in
Tables 5 and 6. Table 5 shows that ED should be rate deter-
mining reaction of ESR on skeletal nickel catalyst with the
highest activation energy. The activation energy of WGSR is
much lower than that of ED and MSR, which may account for
the particularly low CO level observed on this catalyst.

The goodness of fit obtained with this model is above
0.95. The estimated values for this model are consistent with
those reported previously'®!'”'%21-%0 a5 shown in Table 7.
The kinetic model was further examined by estimating the
flow rate of products using the kinetic expressions and
parameters obtained in this work. Experimental measured
flow rate of products vs. the values calculated using the

Table 7. Activation Energy Values Reported in the Literature

Activation Energy [kJ/mol]

Reference T [K] Catalyst Kinetics ED MSR WGS
This work 573-623 Skeletal nickel ER 187.7 138.5 52.8
Llera er al.'® 873-923 Ni-Al-O LHHW 122.9 174.0 166.3
Graschinsky er al’ 773-873 Rh(1%)MgA1,0,/AL,05 LHHW 85.9 151 107
Mas et al.' 823-923 Ni-Al-O ER 278.7 123.5 —

Vaidya er al.* 873-973 Ru/y-Al 05 Power law 96 — —

Sahoo et al.*! 673-973 Co/Al,O5 LHHW 71.3 — 43.6
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Figure 10. Parity plots for the various flow rates of
products.

retained model is shown in Figure 10. One can see that the
estimation error for each flow rate is within 10%, which can
be appreciated that the fit is satisfactory. This could be a cri-
terion that strengthens our proposed kinetic model.

Conclusions

The low-temperature reactivity of ESR on skeletal nickel
catalyst is detailed at 573-673 K. The catalysts are very
active and selective for the production of H, at low tempera-
tures, allowing high-ethanol conversion with very low selec-
tivity to CO. Moreover, Cu and Pt addition can promote
WGSR and MSR, and thus further improve H, production.
The reasons for the low CO level were also attained by
probe reactions. A series of TPRS experiments were carried
out to obtain the reaction pathway of ESR. Moreover, we
have first proposed a mechanism of ESR on pure nickel cata-
lyst, which includes ED, WGSR, and MSR reactions. An E-
R mechanism was used for the kinetic study, a randomized
algorithms method and a least-squares method to solve the
differential equations and fit the experimental data, and the
goodness of fit obtained with this model is above 0.95. The
activation energies of the ED, MSR, WGSR reactions are
estimated to be 187.7 kJ/mol, 138.5 kJ/mol and 52.8 kJ/mol,
respectively. Thus, ED was the rate determining reaction of
ESR on skeletal nickel catalyst. It should be noted that this
kinetic study is only useful for skeletal nickel or unsupported
nickel catalysts.
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