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Nickel  based  mixed  oxide  catalysts  derived  from  Ni–Mg–Zn–Al  hydrotalcite-like  precursors  are  prepared
and evaluated  for  H2-rich  gas  production  via  ethanol  steam  reforming.  It  has  been  found  that  the  catalyst
properties  (e.g.  BET  surface  area,  Ni  dispersion  and  reducibility)  and  catalytic  performance  depend  on

◦

ydrogen production
thanol
team reforming
ilamentous carbon
ydrotalcite-like compound

the Mg:Zn  molar  ratio.  MgO  and  ZnO  have  a  synergetic  effect.  At  700 C,  the  quaternary  catalyst  with  a
Mg:Zn  ratio  of  4 exhibits  the  highest  H2 yield  and  best stability,  viz.  no  apparent  variation  of  the  product
distribution  over  100  h  operation,  whereas  the  ternary  catalyst  without  Mg  suffers  severe  coke  accumu-
lation  after  7  h  on-stream.  Two  types  of  carbon  (filamentous  and  amorphous)  are found  deposited  on  the
catalyst  surface.  The  carbon  deposited  is  dominated  by  filamentous  carbon,  which  is likely originated
from  the  decomposition  of  methane,  and  does  not  cause  immediate  deactivation.
. Introduction

Hydrogen is considered to be the most viable energy carrier
n the near future and facilitates the low carbon economy with
he long-term potential to reduce pollutant emission [1–3]. Cur-
ently, large scale hydrogen production in industry is mainly from
team reforming (SR) of hydrocarbons (methane or naphtha oil)
nd coal gasification. Obviously, these processes are not sustainable
or CO2 neutral. As an alternative, bio-ethanol produced renew-
bly from many biomass sources, is a promising hydrogen carrier
nd has a great potential for contributing significantly toward
hort-to-medium-term targets of energy supply and environmen-
al protection [4].

Thermodynamic analysis has proved that ethanol steam reform-
ng (ESR) is entirely feasible to produce a high H2 content syngas [5].
owever, ESR is a complicated process that involves many reactions

6]. An excellent catalyst for ESR reaction requires a capability of
reaking the C–C and C–H bonds and of promoting the subsequent
ormation of CO2 and H2 [7].  Although many metals [8–11] have
een shown to be active in this process, Ni seems to be the most
referred active component. Nevertheless, the main challenges for
he Ni-based catalyst as well as the noble metal-based ones are

he deactivation due to sintering, coking and phase transforma-
ion [12]. Furthermore, ESR reaction for “on-board” and stationary
pplication is expected to be carried out at lower temperatures
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than that of the commercialized reforming processes. Under these
conditions, coking is encountered as a major obstacle.

It is believed that metal–support interaction contributes signif-
icantly to the catalyst activity and the resistance to carbon deposi-
tion. �-Al2O3 is attractive for its high thermal stability and large sur-
face area, but catalysts based on this support suffer severely from
coking because of its strong acidity [13–15].  Therefore, the applica-
tion of basic oxides (MgO, ZnO, La2O3 and Y2O3) [12–17] as supports
and the addition of alkali species (Li, Na, and K) [18,19] into �-Al2O3
have been conducted so as to improve the catalytic performance
and minimize the coking. Recently, Mg–Al mixed oxide supported
Ni catalyst was  found to give superior H2 and COx product selectiv-
ity, and improved catalyst stability in ESR compared to the single
oxide (MgO or Al2O3) supported Ni catalysts [20]. Yang et al. [21]
evaluated the effect of supports on ESR over Ni-based catalysts and
found that the selectivity to hydrogen follows a decreasing order:
Ni/ZnO ≈ Ni/La2O3 > Ni/MgO > Ni/�-Al2O3. Most recently, ESR over
ZnO/Al2O3 was ran by Chen et al. [22]. They found that a higher
ZnO loading is better for suppressing CO production, preventing
initial activity loss and improving long-term stability. Monzón et al.
[23] also found that the presence of ZnO in Ni/Al2O3 gives rise to
a selective catalyst with reduced rates of coking and methane for-
mation. Abello et al. [7,24] carried out ESR over a Ni/Zn–Al catalyst
prepared through a citrate sol–gel method and showed that the
catalyst is very active and selective to H2 and CO2. Therefore, ZnO

may  promote the ESR via the H2 and CO2 pathway [25].

During the past four decades, much effort has been gone into
assessing the potential use of hydrotalcite-like (HT-like) materi-
als either as-synthesized or after thermal treatment as catalyst

dx.doi.org/10.1016/j.cattod.2011.07.036
http://www.sciencedirect.com/science/journal/09205861
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Table 1
The chemical compositions and interlayer distances of the HT-like precursors.

Samples Ni:Mg:Zn:Al molar ratio Mg:Zn ratio Interlayer distance (Å)

NiMgAl 0.48:2.52:0.0:1.0 – 7.70
NiMg4Zn1Al 0.54:1.97:0.49:1.0 4:1 7.81
NiMg1Zn1Al 0.62:1.19:1.19:1.0 1:1 7.51
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that of sample NiMgAl, which is in line with what have been
NiMg1Zn4Al 0.69:0.46:1.85:1.0 1:4 7.58
NiZnAl 0.74:0.0:2.26:1.0 – 7.66

26–29].  For the application in heterogeneous catalysis, HT-like
aterials can be synthesized with several reducible bivalent (Ni,

o, Cu) and trivalent (Fe, Cr) cations in the structure together with
he non-reducible ones (Mg, Zn, Al) serving as precursors of mixed
xide catalysts or supported metal catalysts [30]. Ni/Al2O3 catalysts
erived from HT-like material have been studied in SR since 1970s
31]. HT-derived Ni/Mg–Al catalysts mainly composed of Ni–Mg–O
olid solution phase exhibit high activity and stability in reforming
f methane [32–34],  ethanol [6,20],  propane [35,36] and naphtha
37]. Zn–Al supported HT-derived Ni, Ni–Co and Ni–Cu catalysts are
lso used in SR processes. High activity and selectivity to H2 and CO2
n ethanol and acetic acid SR are reported over Ni and Ni–Co cata-
ysts [38,39].  For Ni–Cu system, Ni-rich catalyst exhibits relatively
igh metal–support interaction in which Ni is somewhat decorated
referentially by Al and Zn [40].

MgO  and ZnO are both basic and have close metal ionic radius
Mg2+, 0.72 Å, Zn2+, 0.74 Å) [41], but have different redox property.
he major objective of this study is to discuss the synergetic effect
f MgO  and ZnO in HT-derived Ni/Mg–Zn–Al catalysts and further,
o evaluate its influence on reforming activity and selectivity to
O2.

. Experimental

.1. Catalyst preparation

The HT-derived catalysts were prepared by a co-precipitation
echnique. The Ni loading was fixed at 15 wt.% and the Mg:Zn

olar ratio was varied as shown in Table 1. The atomic ratio,
 = (Ni2+ + Mg2+ + Zn2+)/Al3+ was fixed at 3/1. An aqueous solution
ontaining nitrates of Ni2+, Mg2+, Zn2+ and Al3+ was added slowly
ith vigorous stirring into an aqueous solution of sodium carbon-

te (1.0 mol  L−1). By adjusting the pH to 9.0, a heavy slurry was
ormed. After aging at 60 ◦C for 12 h, the slurry was  cooled down
o room temperature, filtrated, and washed with de-ionized water.
he material was dried overnight at 120 ◦C and then calcined in

 muffle furnace at 600 ◦C for 6 h with a ramp of 5 ◦C min−1. The
ormed powder was pressed, crushed and sieved to particles of
0–80 mesh.

.2. Catalyst characterization

BET surface areas were measured using an Autosorb-1C-MS
Quantachrome) instrument by adsorption of nitrogen at −196 ◦C
ith 200 mg  of sample previously degassed at 300 ◦C for 2 h under
igh vacuum.

X-ray diffraction (XRD) patterns were obtained at room temper-
ture using a Rigaku D/max 2500 v/pc instrument (Rigaku Corp.,
apan) with Cu K� radiation, 40 kV and 200 mA  power. The step-
cans were taken over the range of 2� from 5 to 90◦ in steps of
.02◦ and the intensity data for each one were collected for 0.15 s.
ADE5 software was utilized for data analysis.
Temperature-programmed reduction (TPR) was performed on
 ThermoFinnigan TPD/R/O 1100 reaction system at a heating rate
f 10 ◦C min−1 from room temperature to 900 ◦C using a mixture of
y 178 (2011) 206– 213 207

5 vol% H2/N2 as reduction gas. The H2 consumption was  measured
by a TCD.

H2-chemisorption was conducted with the Autosorb-1C-MS
(Quantachrome). The calcined catalyst sample (about 0.1 g) was
reduced at 700 ◦C for 2 h in H2/N2 and characterized at 40 ◦C. The
adsorption isotherm was  measured between 16 and 40 mmHg. The
amount of hydrogen chemisorbed is determined by extrapolating
the linear part of the isotherms to zero pressure.

Temperature-programmed oxidation (TPO) was  performed on
a ThermoFinnigan TPD/R/O 1100 reaction system at a heating rate
of 10 ◦C min−1 from room temperature to 900 ◦C using a mixture of
6 vol% O2/He as oxidation gas. Approximately 30 mg  of used cata-
lyst was employed for each experiment. Thermal gravimetric (TG)
analysis was  done with air as oxidant using a Perkin Elmer Pyris Dia-
mond TG-DTA. Approximately 30 mg  of used catalyst was  heated
from room temperature to 900 ◦C at a ramp of 10 ◦C min−1 and the
weight change was measured. High resolution transmission elec-
tron microscopy HRTEM images were recorded on a FEI Tecnai
G2 F20 equipment operating at 200 kV. Specimens were prepared
by ultrasonically suspending the sample in ethanol. A drop of the
suspension was  applied onto a copper grid supported transparent
carbon foil and dried in air before analysis.

2.3. Catalyst testing

ESR reactions were carried out in a fixed bed stainless-steel
tubular reactor, operating at atmospheric pressure, loaded with
200 mg  of catalyst mixed with 1.0 g of quartz particles (both
in 60–80 mesh). The catalyst was  pre-reduced at 700 ◦C for 2 h
with 30 ml  min−1 H2 prior to the introduction of vapor phase
ethanol–water feed mixture. A 3:1 molar ratio of H2O:C2H5OH
solution was  fed by a micro-pump at a rate of 4 ml  h−1 to the vapor-
izer, which was  maintained at 200 ◦C. 20 ml  min−1 N2 was  added
to the vaporized reactant feed as an internal standard to aid in
the analysis. The feed and reaction products were analyzed every
15 min  during several hours, 2 h for temperature dependent and 7 h
for coke formation experiments, and averaged using a PerkinElmer
Clarus 500 GC equipped with TCD and FID detectors.

3. Results

3.1. Characterization

3.1.1. X-ray diffraction pattern
The XRD patterns of the as-prepared HT-like precursors are

presented in Fig. 1. Obviously, all the samples show the character-
istic diffractions of HT-like structure. Although the peak intensities
show some differences between the patterns, no other oxide or
hydroxide phases were detected. The three quaternary precursors
(NiMg4Zn1Al, NiMg1Zn1Al and NiMg1Zn4Al) look less crystalline
than the ternary samples (NiMgAl and NiZnAl), as proofed by
the broadness of the peaks. The interlayer distance, as measured
from the position of the first peak ((0 0 3) peak) at the left hand
side is 7.70 Å for precursor NiMgAl, a little larger than that of
precursor NiZnAl (7.66 Å). However, the other three quaternary
precursors are 7.81 Å, 7.51 Å and 7.58 Å respectively, exhibiting a
non-monotonic trend along with the increase of the Zn content, as
listed in Table 1.

After calcination at 600 ◦C, the HT-like precursor was trans-
formed into metal oxides. As illustrated in Fig. 2, the Zn-containing
samples are much more complex in phase composition than
reported recently [42]. The diffraction pattern of NiMgAl proves
the formation of the Ni–Mg–O solid solution showing the major
structural characteristics of the MgO  phase. However, in the cases



208 G. Zeng et al. / Catalysis Today 178 (2011) 206– 213

F
N

w
p
i
a
t
i
o
2

3

o
p
a
r
d

i
N
T
N
N

F
N
M

ig. 1. XRD patterns of the hydrotalcite-like precursors: (A) NiMgAl, (B)
iMg4Zn1Al, (C) NiMg1Zn1Al, (D) NiMg1Zn4Al, (E) NiZnAl.

ith Zn addition, the wurtzite type phase, ZnO, and the spinel
hase, ZnAl2O4, appear and their peak intensities improve with the

ncrease of the Zn content. For NiMg1Zn1Al, peaks of NiO, MgO, ZnO,
nd ZnAl2O4 phases are observed. Further increase the Zn content,
he contribution of the ZnO and spinel phases increase while the
ntensities of the MgO  peaks reduce. Besides, XRD diffraction peaks
f MgO  and NiO phases at around 43◦ and 62◦ are shifted to higher
� angles, for 0.36◦ and 0.56◦, respectively.

.1.2. BET and H2-chemisorption
The BET surface area, pore volume and average pore diameter

f the calcined catalysts are listed in Table 2. It shows that the
ore structure is dependent on the Zn content [43]. All catalysts
re mesoporous and have high surface area. The addition of Zn
esults in a decrease in surface area but an increase in average pore
iameter.

The Ni dispersion and Ni surface area are also reported
n Table 2. It is noteworthy that all samples have high

i surface area and good Ni dispersion after reduction.
he Ni dispersion and surface area follow a same order:
iMg4Zn1Al > NiMgAl > NiMg1Zn4Al > NiMg1Zn1Al > NiZnAl.
iMg4Zn1Al exhibits the highest Ni dispersion, 3.02%, and

ig. 2. XRD patterns of the mixed oxide samples after calcination at 600 ◦C: (A)
iMgAl; (B) NiMg4Zn1Al; (C) NiMg1Zn1Al; (D) NiMg1Zn4Al; (E) NiZnAl. (�) NiO,
gO, Ni–Mg–O; (�) ZnAl2O4; (♦) ZnO.
Fig. 3. TPR profiles of the mixed oxide samples after calcination at 600 ◦C: (A) NiM-
gAl; (B) NiMg4Zn1Al; (C) NiMg1Zn1Al; (D) NiMg1Zn4Al; (E) NiZnAl.

largest Ni surface area, 20.1 m2 g−1, whereas the sample without
Mg (NiZnAl) has the lowest Ni dispersion and Ni surface area.

3.1.3. Temperature-programmed reduction
The TPR profiles of mixed oxides, shown in Fig. 3, reveal that all

the main reduction peaks of the samples are above 650 ◦C and that
the support composition has a significant effect on the reducibil-
ity of Ni. The samples with appropriate Mg:Zn ratios (NiMg4Zn1Al
and NiMg1Zn1Al) are more resistant to reduction than the ternary
catalysts (NiMgAl and NiZnAl) and the other Zn-containing sample
(NiMg1Zn4Al). The reducibility of Ni in the samples decreases in an
order: NiZnAl > NiMg1Zn4Al > NiMgAl > NiMg1Zn1Al > NiMg4Zn1Al.
Typically, the reduction of the unsupported NiO shows a single
broad peak located at approximately 364 ◦C, spanning 250–430 ◦C
[20]. It is apparent that very small amount of free NiO exists as a sep-
arate phase in NiMg4Zn1Al catalyst which evolves a small hydrogen
consumption peak at 290 ◦C, while NiMg1Zn1Al exhibits this peak
at 420 ◦C. These two  samples have separate NiO phase in close inter-
action with the other phases, i.e., MgO, ZnO and ZnAl2O4. Moreover,
it is interesting to note that the addition of Zn firstly shifts the main
broad reduction peak to high temperature, viz. NiMg4Zn1Al is the
most difficult one for reduction.

3.2. Catalytic performance

3.2.1. Effect of reaction temperature
Fig. 4 plots the temperature dependence of the product dis-

tribution during ESR over the different catalysts. Ethanol and the
possible intermediates like acetaldehyde, ethylene and acetone are
entirely converted to H2 and C1 products above 400 ◦C, indicating
the high activity of the Ni catalysts.

For NiMgAl, the H2 yield increases with the increase of the tem-
perature and reaches the maximum value of 5.07 mol/(mol ethanol)
at 700 ◦C. After this temperature, the H2 yield decreases slowly
with the further increase of temperature. The curves of CO2 and
CH4 yields show an initial increase at temperatures <500 and
450 ◦C respectively, and then a quick decrease until 700 ◦C. Fur-
ther increase the temperature, both of these two  yields reach
their relative constant low value, though actually the CH4 yield
is negligible. The CO yield presents an opposite variation trend to

those of CO2 and CH4, that it decreases quickly before 500 ◦C and
then increases apparently until 700 ◦C. After 700 ◦C, the CO yield
approaches a constant value. The maxima of CO2 yield located at
500 ◦C is 1.0 mol/(mol ethanol), while that of CH4 yield at 450 ◦C
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Table 2
Textural properties of the HT-derived mixed oxides and the reduced catalysts.

Samples BET (m2 g−1) Pore volume
(cm3 g−1)

Average pore
diameter (nm)

Ni dispersion (%) Surface area of Ni
(m2 g−1)

NiMgAl 209.7 0.46 8.79 1.99 13.2
NiMg4Zn1Al 185.2 0.40 8.70 3.02 20.1
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NiMg1Zn1Al 185.9 0.49 

NiMg1Zn4Al 121.3 0.35 

NiZnAl 104.1 0.32 

s 0.89 mol/(mol ethanol). At the same temperature as that of CO2,
O yield presents the minimum value, 0.21 mol/(mol ethanol). It is

nteresting to note that, the three yield curves of CO, CO2 and CH4
lmost meet at around 600 ◦C.

The Zn containing catalysts show similar trends for the yields
f products, however, with different position and curvature of the
urves. Several remarkable features of the catalytic performances
f the samples should be noted: (1) for Zn-containing samples, the
urves of CO, CO2 and CH4 yields do not meet at the same point, but
he CO and CH4 curves meet at a temperature region of 550–600 ◦C,
ower than that of the curves of CO and CO2 (600–650 ◦C) meet; (2)
he yield of H2 shows a minima at 450 ◦C for samples NiMg1Zn1Al,
iMg1Zn4Al and NiZnAl, whereas NiMg4Zn1Al has a slight max-

mum;  (3) at temperatures higher than 700 ◦C, the H2 yields of
iMg4Zn1Al and NiMg1Zn1Al curve down, while NiMg1Zn4Al and
iZnAl show relatively stable yields in the same temperature range;

4) the yields of H2 and CH4 show opposite trends for all samples,

owever, the variation of CH4 yield cannot take account of all the
2 improved since water conversion varies along with the increase
f temperature.

ig. 4. Effect of reaction temperature on the yields of products during ESR reac-
ion over Ni-based catalysts: (A) NiMgAl; (B) NiMg4Zn1Al; (C) NiMg1Zn1Al; (D)
iMg1Zn4Al; (E) NiZnAl. (�) H2; (�) CO2; (�) CH4; (�) CO.
10.71 1.67 11.2
11.69 1.68 11.2
12.24 1.39 9.25

The samples with a Mg:Zn ratio of 4 (NiMg4Zn1Al) and 1/4
(NiMg1Zn4Al) achieve their maximum H2 yields at 700 ◦C, 5.15 and
5.0 mol/(mol ethanol) respectively, while that of NiMg1Zn1Al and
NiZnAl appear at 750 ◦C, 5.05 and 5.01 mol/(mol ethanol) respec-
tively. Among all the Zn-containing catalysts, even though the
yields of CO increase significantly between 500 and 750 ◦C, as
shown in Fig. 4(B)–(E), CO2 is the predominant COx products until
600 ◦C. However, as an undesired by-product, CH4 yield exhibits a
slight maximum at 450 ◦C followed by a continued decrease until
almost zero.

In summary, high H2 yield, around 5.0 mol/(mol ethanol) and
low CH4 production especially for Zn-containing samples at
<0.11 mol/mol ethanol, are obtained at temperatures between 700
and 750 ◦C, while the yield of CO2 acts as the predominant COx

species until 600 ◦C. Among all the five samples, the one with
a Mg:Zn ratio of 4 (NiMg4Zn1Al) achieves the highest H2 yield,
5.15 mol/(mol ethanol), at 700 ◦C as well as a highest CO2 produc-
tion at the same temperature.

3.2.2. Coke formation
The average product distribution at 700 ◦C for ESR during 7 h

on-stream is shown in Table 3. The C1 product (CO, CO2 and
CH4) distribution is similar for all the catalysts. The CO yield
is almost the same for all the Zn containing catalysts, being
close to 1.3 mol/(mol ethanol). The H2 yield varied from 4.82 to
4.94 mol/(mol ethanol) with no apparent correlation with the cat-
alyst composition. Nevertheless, the Zn content shows a relatively
obvious effect on the CO2 and CH4 yields. NiMg4Zn1Al catalyst is
highly selective for CO2 formation. However, this selectivity fluc-
tuates with the further increase of Zn content, while that of CH4
shows an opposite variation trend.

Examinations of the used catalyst tell that carbonaceous species
are present on all the catalysts after reaction at 700 ◦C. TG anal-
ysis shows that the amount of carbon deposited increases from
18.97 wt.% to 55.05 wt.% with the increase of Zn content, as listed in
Table 4. XRD patterns of the used catalysts in Fig. 5 verify this trend,
at which the aboard diffraction peak at 2� = 26◦ proves the forma-
tion of coke. The intensity of this peak increases with the increase
of the Zn content. However, the peak is widened for all samples
indicating a poor crystallinity of the carbon phase.

The TPO curve of NiMg4Zn1Al tested at 700 ◦C is plotted in Fig. 6.

Two  main peaks with an area ratio close to 1:8 are presented in the
curve. The first one locates at around 380 ◦C, being likely due to the
combustion of poorly polymerized, H-rich coke attached on the Ni
particles [44,45].  The second but much larger peak locates in the

Table 3
Effect of support composition on yields of ethanol steam reforming reaction
(mol/mol ethanol) (T = 700 ◦C, H2O/C2H5OH = 3, time = 7 h, flow rate of mixed solu-
tion = 4 ml  h−1).

Samples H2 CO2 CH4 CO

NiMgAl 4.83 0.56 0.11 1.33
NiMg4Zn1Al 4.94 0.62 0.10 1.28
NiMg1Zn1Al 4.82 0.56 0.12 1.31
NiMg1Zn4Al 4.84 0.57 0.12 1.31
NiZnAl 4.86 0.60 0.11 1.29
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Table  4
Coke accumulated on the HT-derived mixed oxide catalysts after 7 and 100 h on
stream.

Samples Coke formation (wt%)

NiMgAl 18.97
NiMg4Zn1Al 21.77/27.18a

NiMg1Zn1Al 34.59
NiMg1Zn4Al 38.53
NiZnAl 55.05

a Value examined after 100 h time-on-stream. Other values are after 7 h on stream.
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ig. 5. XRD patterns of the used catalysts after experiments performed at 700 ◦C for
 h: (A) NiMgAl; (B) NiMg4Zn1Al; (C) NiMg1Zn1Al; (D) NiMg1Zn4Al; (E) NiZnAl. (�)
arbon; (�) Ni; (♦) ZnAl2O4.

emperature range of 500–850 ◦C, which should be attributed to the
xidation of coke deposited with a degree of graphitization, prob-
bly filamentous carbon [46]. The HR-TEM images of NiMg4Zn1Al
atalyst after ESR reaction at 700 ◦C are given in Fig. 7. The images
isplay the presence of a large amount of carbon deposits, which
ully covers the surface of the catalyst. While both amorphous and
lamentous carbons are observed, the filamentous type is obvi-

usly dominant, and has a highly graphitic nature as revealed by
he regular layered structure observed in Fig. 7(b). The diameter
f the filamentous carbon is in 10–15 nm,  which is believed to be
elated to the metal particle size [47,48],  and the arrangement of

Fig. 6. A TPO profile of NiMg4Zn1Al catalyst after reaction for 7 h.
Fig. 7. HR-TEM images of the used catalyst (NiMg4Zn1Al) after reaction at 700 ◦C
for 7 h.

the graphite layer is platelet. Most importantly, Ni particles appear
in two spatial arrangements: (1) dispersed on the support sur-
faces and in this case, amounts of coke deposited covered the metal
particle and support exterior, or (2) alternately, a fraction of Ni par-
ticles have been lifted off the support host surface (as illustrated
in Fig. 7(a), several carbon filaments are characterized by show-
ing Ni particles on top or an open end where a Ni particle became
detached) and in this case, those Ni particles initiated the growth
of the filamentous carbon.

3.2.3. Long-term stability
Fig. 8 presents the yields of H2, CO, CO2, and CH4 in the out-
let streams of NiMg4Zn1Al catalyst as a function of time-on-stream
at 700 ◦C. It can be seen that this catalyst exhibited a rather sta-
ble performance during 100 h on-stream. The amount of carbon
deposited is 27.18% (gcoke/gcat), only slightly larger than that after
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ig. 8. Stability test of NiMg4Zn1Al. (�) H2; (�) CO2; (�) CH4; (�) CO (T = 700 ◦C,
2O/C2H5OH = 3, time = 100 h, flow rate of mixed solution = 4 ml  h−1).

 h on-stream. The major variation of the gas product distribution
ith reaction time is that the CH4 yield progressively increases,

rom 0.09 to 0.34 mol/mol ethanol, at the expense of lowering CO2,
rom 0.70 to 0.53 mol/mol ethanol, during the first 30 h. The pres-
ure drop of the reactor was also seen slightly increase during the
00 h operation, indicating the occurrence of snail-paced coking on
he catalyst surface.

. Discussion

.1. Catalyst property

The XRD patterns show a general trend related to the chemi-
al composition, as evidenced from the broadened XRD peaks in
ig. 1. Mg2+ and Zn2+ has similar ionic radius, i.e. 0.72 Å and 0.74 Å.,
espectively. The co-existence of these ions in HT-like structure is
ossible. However, the co-incorporation of Zn and Mg in the quater-
ary precursors distorts the layer structure as compared to that of
he ternary precursors, resulting in broadened peaks and lowered
rystallinity, as well as varied interlayer distances. Moreover, after
alcination, the increasing Zn content shifts the reflection peaks of
iO and MgO  to higher 2� angle, which evidences the incorpora-

ion of Zn in MgO  lattice and possibly formation of ZnO–MgO (–NiO)
olid solution [49].

The high total Ni loading (15 wt.%), but low Ni surface area as
hown in Table 2 implies that a considerable amount of Ni in the
atalyst bulk is not exposed, and therefore, ineffective for cataly-
is. A small amount of larger Zn2+ ion addition (NiMg4Zn1Al) may
istort the layered structure of HT-like precursor, contributing to
orm more open porous structure, improving metal surface area.
owever, the Ni dispersion calculated from H2-chemisorption is
ery small and the calculated particle size is large, which is contra-
ictory to that seen in the HR-TEM images. HR-TEM images exhibit
ome Ni particles have sizes of around 12 nm and the diameters of
he filamentous carbon are in 10–15 nm,  which is also close to the
i particle size [47,48,50].  This discrepancy is ascribed to the par-

ial reduction and inaccessibility of the metal. The H2 uptake could
e also particle size-dependent [51]. Further increase of Zn content

eads to a decrease of the metal dispersion, which implies that the
nteraction of NiO with ZnO and/or ZnAl2O4 is not as strong as that

f NiO with MgO  in solid solution.

In the TPR curves, the NiMgAl catalyst shows a broad Ni2+

eduction peak at around 750 ◦C, which is a typical feature of
atalysts derived from Ni–Mg–Al HT-like precursors [5,20,32,37],
y 178 (2011) 206– 213 211

corresponding to the extraction of Ni from the bulk solid-solution
(Ni–Mg–O) or spinel phases (NiAl2O4). The weak peaks at low
temperature shown in Fig. 3(B) and (C) are associated with the
reduction of NiO that is in weak interaction with the support. Addi-
tionally, the high temperature reduction peaks apparently shift
forward or backward with the addition of Zn, which is related to the
competing interaction of ZnO, ZnAl2O4 and MgO  with NiO. Coleman
et al. [20] reported the study of Ni/Mg–Al mixed oxide materials
with different content of Al and Mg  and concluded that the increase
of Al content in Mg–Al mixed oxide increased the NiO reducibility,
with the reduction peak shifting to lower temperature, ascribing to
the enhancing interaction of MgO  and Al2O3 and correspondingly
weakening the interaction of MgO  and NiO. In this work, for NiMgAl
catalyst, most Ni is incorporated into the highly stable Ni–Mg–O
solid solution, resulting in the unique high reduction peak. The
addition of Zn into the Ni/Mg–Al mixed oxide leads to the forma-
tion of ZnAl2O4 phase (Fig. 2), reducing the interaction of MgO  with
Al2O3 in Mg(Ni, Al)O phase or the possible MgAl2O4 spinel phase,
and consequently, enhances the NiO–MgO interaction, thus shifting
the main reduction peak to higher temperature. However, in cases
with further increase of Zn content, the predominant interaction
would be NiO with ZnO and/or ZnAl2O4, which is not as strong as
that of NiO with MgO. Therefore, the catalyst with a Mg:Zn ratio
of 4, i.e. NiMg4Zn1Al, achieves the highest reduction temperature.
Summing up, the TPR and XRD profiles shown in Figs. 2 and 3 sug-
gest that NiO may  have a stronger interaction with MgO  than ZnO
and ZnAl2O4, and a synergetic effect of MgO  (interacting with NiO
to form Ni–Mg–O solid solution) and ZnO (competing Al2O3 from
MgO  to form ZnAl2O4 spinel) induces the hardest reducibility of
active metal species in NiMg4Zn1Al catalyst.

4.2. Catalytic performance

4.2.1. Effect of reaction temperature
ESR reaction is complex because it has a lot of possible reaction

pathways. The following reactions may take place simultaneously
or successively. However, the contribution to the product distribu-
tion by each reaction depends on the reaction conditions.

C2H5OH → CH3CHO + H2 �H◦ = 68 kJ mol−1 (1)

C2H5OH → C2H4 + H2O �H◦ = 45 kJ mol−1 (2)

C2H5OH → 1.5CH4 + 0.5CO2 �H◦ = −74 kJ mol− (3)

CH3CHO → CH4 + CO �H◦ = −19 kJ mol−1 (4)

CH3CHO + H2O → 2CO + 3H2 �H◦ = 187 kJ mol−1 (5)

C2H4 + 2H2O → 2CO + 4H2 �H◦ = 210 kJ mol−1 (6)

CH4 + H2O ↔ CO + 3H2 �H◦ = 206 kJ mol−1 (7)

CH4 + CO2 ↔ 2CO + 2H2 �H◦ = 247 kJ mol−1 (8)

CO + H2O ↔ CO2 + H2 �H◦ = −41 kJ mol−1 (9)

Inspecting the experimental results in Fig. 4 and the thermody-
namic equilibrium calculation shown in Fig. 9 [41], CO2 and CH4
are found to be the most occurring C-containing products at tem-
peratures <600 ◦C, indicating that the prevalent reactions at low
temperature region are ethanol dehydrogenation (1),  acetaldehyde
decomposition (4),  methanation (reverse 7) and water–gas shift
(WGS) (9) reactions, which also account for the low H2 yield. While
the reaction temperature raises, CH4 yield decreases continuously
until almost vanish, whereas the H2 and CO contents increase con-
currently, suggesting that dehydrogenation (1),  decomposition (4),

methane steam reforming (MSR) (7),  methane dry reforming (MDR)
(8) and reverse WGS  (reverse 9) reactions are the major reactions. It
seems likely that the temperature range of 550–650 ◦C is the tran-
sition region of WGS  to reverse WGS, and methanation to MSR.
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ig. 9. Thermodynamic equilibrium product distribution of ethanol steam reform-
ng as a function of temperature with a feed ratio of H2O:C2H5OH = 3:1 at
tmospheric pressure. (�) H2; (�) CO2; (�) CH4; (�) CO; (♦) C; (�) H2O.

oreover, the H2 yields show a decrease more or less after the
axima over the catalysts investigated, which probably relates to

he contribution of MSR  (7) and reverse WGS  (reverse 9) to the con-
ersion of H2O since the theoretical highest H2O conversion (52%)
ccurs at 700 ◦C.

.2.2. Coke accumulation and stability
Coke formation on Ni catalysts involves several different routes

nd intermediates [52,53], the most probable reactions are:

CO ↔ CO2 + C �H◦ = −172 kJ mol−1 (10)

2H4 ↔ 2C + 2H2 �H◦ = −53 kJ mol−1 (11)

H4 ↔ C + 2H2 �H◦ = 75 kJ mol−1 (12)

O + H2 ↔ C + H2O �H◦ = −131 kJ mol−1 (13)

The coke formation measurement after reaction (Table 3) and
he stability (Fig. 8) test illustrate that the Ni catalysts used in this
ork have good activity in ESR reaction, and that an appropriate

mount of Zn content leads to a high CO2 production and excellent
tability.

It shows in Table 4, that the increase of the Zn content promotes
he amount of carbon accumulation. Bezen et al. [42] reported that
he acid sites increase with the increase of Zn content in a Mg–Zn–Al

ixed oxide. The increased number of acid sites as well as the
ecreased Ni dispersion in the Zn-containing catalysts may lead
o the accumulation of more carbon. Compared to NiMgAl, even
hough much higher Ni dispersion and active metal surface area are
chieved, a little more coke still accumulated on NiMg4Zn1Al cata-
yst. The coke accumulation presented in Table 4 is well in line with
hat Mg  is more favorable than Zn for limiting coke accumulation
6].

Applying the TPO peak assignments from literature as a basis,
ur TPO profile indicates the presence of amorphous carbon (H-
ich) and filamentous carbon over the NiMg4Zn1Al catalyst after
unning SR for 7 h and following exposure to oxidative reaction.
n addition, the amount of amorphous carbon oxidized at around
80 ◦C is much small in the catalyst studied, which seems like more
eactive and easier to be removed by gasification and may  act as

 kind of intermediate during the reforming reaction [48,51,54].
e Lima [55–57] and Song [58,59] recently demonstrated that the

resence of active metal promotes the decomposition of dehy-
rogenated species (e.g., acetaldehyde, acetyl) and acetate species
roducing H2, CO and CHx species. The CHx species formed may
ither block the metal–support interface and coating the active

[
[
[
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metal resulting in deactivation, or diffuse behind the particle,
nucleating the growth of carbon filaments. In this study, the fil-
amentous carbon lifts the Ni particles from the support, coinciding
well with the results of Co-based catalyst [56,58], but this does
not directly lead to catalyst deactivation. In case of an appropriate
H2O:C2H5OH ratio employed, enough of the active surface of both
the support (filaments also act as a support) and metal remains
exposed and accessible to reactants and intermediates, such that
the catalyst deactivation rate is alleviated. Therefore, the catalyst
can maintain its high activity even after 100 h, presenting only a
small increase of coke accumulation compared to that of after 7 h
on-stream which further suggests that the coke accumulation is
rapid during the first several hours over the catalyst investigated.

5. Conclusions

A series of 15 wt.% Ni-loaded Mg–Zn–Al catalysts derived from
HT-like precursors were prepared via a co-precipitation method.
The catalyst with a Mg:Zn ratio of 4 distorted the HT-like struc-
ture, improved the Ni dispersion and the average pore diameter,
enhanced the NiO–MgO interaction and thus made the mixed oxide
NiO hard to reduce.

The catalytic performance test demonstrates that the catalysts
used in this work are highly active and stable even with a stoi-
chiometric feed composition. Ethanol and other possible reaction
intermediates are completely reformed into H2 and C1 prod-
ucts even at 400 ◦C. The temperature range of 550–650 ◦C seems
like the transition region of WGS  to reverse WGS, and metha-
nation to MSR. The quaternary catalyst with a Mg:Zn ratio of 4
(NiMg4Zn1Al) exhibits superior activity and the highest H2 yield
of 5.15 mol/(mol ethanol) at 700 ◦C. Significant amount of carbon,
mostly filamentous with a small amount of H-rich amorphous,
accumulated on the catalyst surface but did not directly lead to
deactivation during 7 h at 700 ◦C. The catalyst with a Mg:Zn ratio
of 4 maintains its excellent activity even after 100 h performance
at 700 ◦C.
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