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La-Ce-Co mixed oxide derived Co catalysts were prepared by co-precipitation method varying the molar
ratio of Ce/La in the range of 0.1- 0.9, keeping Co content constant (1 mol). The physico-chemical
properties of the samples were investigated by Atomic Absorption Spectrometer(AAS), X-ray diffraction
(XRD), Laser Raman spectroscopy, Scanning electron microscopy (SEM), X-ray photoelectron

>

spectroscopy (XPS), UV- diffused reflectance spectroscopy, BET surface area, hydrogen chemisorption

and temperature programmed reduction techniques. These catalysts, after reduction, were evaluated for
glycerol steam reforming in the temperature range of 500-700 °C and at atmospheric pressure. The
characterization results of catalysts after reduction revealed the collapse perovskite structure and
dispersion of Co-metal on the mixed oxide (La,03-CeO,) support. The possibility for tuning the

o

dispersion of the Co metal for deriving maximum activity and minimum coke formation was examined.

The catalyst derived from the mixed oxide, La, 7Ce ;Co0O5 exhibited the best catalytic activity at 700 °C
with complete conversion of glycerol and 68% hydrogen yield. Active cobalt area contributes major part
of the BET surface area of the reduced catalysts, and this is correlated well with the turn over frequency
(TOF). The high dispersion with the formation of Co particles of 4-5 nm size, helped in achieving low

20 coke formation.

1. Introduction

After realizing that global warming is majorly caused by
burning of fossil fuels, the search for renewable feedstock has
been intensified to meet the energy requirements of the world.
»s Biomass conversion to hydrogen has thus acquired greater
prominence. The advantage of using hydrogen in fuel cells has
further enhanced its significance in the energy conversion and
management sector'. Glycerol, which is obtained as a by-
product in biodiesel production, can form an important source
30 for hydrogen generation. More and more crude glycerol would
be available as the production of biodiesel increases. The direct
use of crude glycerol in food, health care and pharmaceutical
industry is not possible due to the presence of unreacted
methanol, catalyst residues and water as impurities. Since
purification is cumbersome and expensive, proper utilization of
crude glycerol becomes an important issue for improving the
economics of biodiesel production. An efficient application of
crude glycerol is to generate hydrogen by steam reforming,
thus affording clean energy’” made available to the fuel
40 industry.

v
&

Among the different reforming processes for glycerol
conversion to hydrogen, aqueous phase reforming (APR)* and
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steam reforming (SR)'®"® are well investigated. APR is a

pressure process and offers lower hydrogen selectivity. SR, on
the other hand, is favourable even at atmospheric pressure.
so However, the endothermic nature of SR demands high reaction
temperatures leading to the formation of a variety of products
and severe coking of catalyst. Thus, the design of catalyst
becomes a challenging task.
The reactions associated with steam reforming process are
ss summarized below.

C;HgO3+3H,0 — 7TH,+3CO, — — — Steam reforming

C;H3O5; — 4H,+ 3CO — — — Direct decomposition
CO + H,O — Hy+ CO, -— = WGS reaction
CO +3H,— CHy4 + H,0 -— = Methanation
CH,4 + CO,— 2H,+2CO — — — Methane dry reforming
2CO — CO,+C -— = Carbon formation

Pd", Ir, Co'®, Rh, Ru", Pt"*!® and Ni'* > ' ¥ are
investigated as catalysts for the steam reforming reaction. The
¢ noble metals are considered economically less viable because
of their low availability and high cost. Though, Ni is cheaper
compared to the noble metals it is associated with severe
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coking under reforming conditions. Extensive work has been
reported in the literature to make Ni catalysts more adoptive,
especially for the steam reforming of glycerol'” *°. Recent
review on glycerol steam reforming illustrating the several
challenging issues in producing the highly pure hydrogen®'.
The new concept like continuous sorption-enhanced steam
reforming by moving-beds and riser systems'® ', sorption
enhanced chemical looping chemical looping' was efficient
methods and offering the good stability for the catalysts.
Highly dispersed Ni particles are recommended for suppressing
the carbon formation to a great extent’’. The attainment of
such small particles depends on factors like the method of
preparation, type of precursor used in the preparation®,
calcination and reaction temperatures®. Replacement of the
conventional catalysts with well defined structures like
hydrotalcites, and modification of the support and active metal
with suitable promoters® are reported. CeO, modification of
Al,0; is stated to have stabilized the Ni° particles by enhancing
nickel-ceria interactions. However, higher ceria content reduces
the capacity of the Ni catalyst to convert intermediate
oxygenated hydrocarbons into H,. Ni catalysts with basic oxide
supports (Ex. dolomite, MgO) afford a much higher conversion
of glycerol and the selectivity towards hydrogen than the acidic
oxide supports (Ex. SiO,, ALO;)*. Molybdate modification is
found to decrease the acidity and the strong metal-support
interaction in Ni/y-Al,O; catalyst leading to a stable catalytic
activity’’. The substitution of 50% La with Ce in LaNiO;
mixed oxide has provided more deactivation-resistant catalyst,
through the CeO,-La,05 solid solution formation®®. Synergetic
interaction of La and Ca in Laj sCa, sNiO; is found to increase
the metal dispersion and minimize coke formation over the Ni
sites?. The addition of small amount of lanthana (3 wt. %) to
Al,O; support is advantageously adopted to improve metal
dispersion and decrease Ni particle size®. Similarly, the
inclusion of CaO to ZrO, is shown to enhance the reforming
activity of Ni by minimizing the carbon formation®'. Pt is a
good promoter to increase the reducibility of Ni catalysts
through the H, spillover. The side reactions are prevented,
thereby increasing the catalytic activity’>. Cu insertion into the
LaNiO; perovskite has minimized the sintering of Ni particle
offering good stability to the catalyst **.

Though Co based catalysts are more resistant to carbon
deposition than the Ni based ones, detailed work as described
above, has not been done in the identification of the influence
of particle size on the activity and coke resistance in steam
reforming of glycerol. Coke formation in steam reforming can
be minimized by fixing the active metal in a well-defined
structure like perovskite™. These structures enhance the
activity and stability®, because they lead to nanosized particles
of active metal well dispersed on the supports®, during the
course of pre-reduction. La and Co containing perovskites have
been widely studied for oxidation reactions, with the
incorporation of Ce in it. Ce sets up redox couple under the
reaction conditions and it also possesses high oxygen storage
capacity. These characteristics of the catalyst have been
exploited in CO oxidation. In the case of WGS reaction it is
used to maximize hydrogen production®”*!. La,0; on the other
hand, imparts stability to the catalyst***. Co in combination

10
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with La and Ce would be advantageous for the maximization of
¢ hydrogen selectivity. The aim of this work is to tune Co
dispersion in order to arrive at maximum hydrogen yield and
minimum coke formation during the reforming reaction. La-
Ce-Co mixed oxides, with varying La/Ce ratio, are selected as
precursors.
2. Experimental

6:

%

2.1 Catalyst preparation

The La,Ce;,CoO; (x=0.1, 0.3, 0.5, 0.7, 0.9) mixed oxides
were prepared by co-precipitation method. Requireed quantities
of the nitrate salts of the metals [La(NO3);6H,0,
Ce(NO;)36H,0 and Co(NOs), 6H,O (99.0%, Sigma Aldrich)]
were dissolved in water and the precipitation was carried out
using 5 % aq. NH,OH with rigorous stirring, maintaining the
pH at 10. The resulting precipitate was filtered, washed with
distilled water and dried at 100 °C for 24 h. The solid mass
s was then carefully ground in a mortar and finally calcined at
700 °C for 6 h. The cobalt content was fixed such that the
finished catalysts contained 1 mol of Co in the mixed oxides.

7

=)

2.2 Characterization techniques

BET surface areas were determined by N, adsorption on a
SMART SORB 92/93 instrument (Ms. SMART Instruments,
India). Prior to the measurement, the samples were dried at 150
°C for 2 h. X-ray diffraction (XRD) patterns of the catalysts
were obtained on an Ultima-IV diffractometer (M/s. Rigaku
Corporation, Japan) using nickel-filtered Cu Ko radiation (A=
ss 1.54 A). The nature of the phase in the sample was checked
using the data base of the Joint Committee on Powder
Diffraction Standards (JCPDS). FT-IR spectra were recorded
on a Biorad-Excalibur series (USA) spectrometer using the
KBr disc method. Temperature programmed reduction (TPR)
of the sample was performed in a flow of 5% Hy/Ar gas
mixture flowing at a rate of 30 mL/min with a temperature
ramp of 10 "C/min. Prior to the TPR run, the sample (20 mg)
was pretreated with Ar at 200 °C for 2 h. The hydrogen
consumption was monitored by using the thermal conductivity
detector (TCD) of a gas chromatograph. Scanning electron
microscopic pictures of the catalysts were obtained on a S-520
electron microscope (M/s. Hitachi Japan) running at an
accelerated voltage of 10 kV. The samples were mounted on
aluminum stubs using double-adhesive tape and gold coated in
a Hitachi HUS-5GB vacuum evaporator. The Raman spectra of
the samples were collected on a Horiba-Jobin Yvon LabRam-
HR spectrometer equipped with a confocal microscope,
2400/900 grooves/mm gratings, and a notch filter. The visible
laser excitation at 532 nm (visible/green) was used. The
scattered photons were directed and focused onto a single-stage
monochromator and measured with a UV-sensitive LN,-cooled
CCD detector.). XPS measurements were conducted on a
KRATOS AXIS 165 with a dual anode (Mg and Al) apparatus
using Mg Ko anode. The non-monochromatized Al Ka X-ray
source (hv ) 1486.6 eV) was operated at 12.5 kV and 16 mA.
Before acquisition of the data, the samples were out-gassed for
3 h at 100 °C under a vacuum of 1.0 x 107 torr to minimize
surface contamination. The XPS instrument was calibrated
using Au as standard. For energy calibration, the carbon 1s
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photoelectron line was used. The carbon 1s binding energy 285
eV was taken as reference. A charge neutralization of 2 eV was
used to balance the charge up of the sample. The spectra were
deconvoluted using a Sun Solaris based Vision-2 curve
resolver. The location and the full width at half-maximum
(FWHM) value for the species were first determined using the
spectrum of the pure sample. Symmetric Gaussian shapes were
used in all cases. UV-Vis DRS spectra were recorded in the
region of 200-800 nm at a split width of 1.5 nm and scan speed
0f 400 nm/min with GBC Cintra 10e spectrometer. Pellets were
made from the solid mixture contaianing 15 mg of the sample
and required quantity of dried KBr, ground thoroughly for
uniform mixing. The spectra were recorded at room
temperature. H, Chemisorption studies were performed using
an Autosorb iQ (Quantachrome USA) unit. Catalyst samples
(100 mg), taken in a quartz reactor, were first reduced in H, gas
at a flow rate of 60 mL/ min and with a heating rate of 10
‘C/min up to 650 'C. The samples were then flushed with He
for 1 h followed by cooling. H, gas was then introduced in
pulses and the adsorption uptake was analyzed using the
thermal conductivity detector of a gas chromatograph. The
coke content of the used catalysts was determined in a CHNS
analyzer (ElementaV, Germany). Elemental anaysis was
carried out to know the compostion of the mixed oxides using
the Atomic Absorption Spectrometer (AAS) (M/s ANALYST-
300, PERKIN-ELMAR, USA). BET, XRD, FT-IR, Laser
Raman, and UV-DRS characterizations were also carried out
on the reduced catalysts to investigate the structural changes
during reduction. The catalysts were reduced with H, (30
mL/min"at 650 °C/5h cooled to the room temperature and
passivated with N, flow, before the analysis.

2.3 Reforming activity

Steam reforming of glycerol was performed in a fixed bed
reactor. About 1g of the catalyst was loaded in the middle of
the reactor, suspended between two quartz wool plugs. Prior to
the reaction, the catalyst was reduced with pure hydrogen
(100mL/min) for 5h at 650 ‘C. After reduction, the hydrogen
gas was swept away with N, and the reactor bed temperature
was brought to the required level under N, flow. An aqueous
solution of 30 wt.% glycerol was introduced into the preheater,
kept above the reactor, at a rate of 0.08 mL/h using a HPLC
pump (LabAlliance). After reaching the steady state, over a
period of 1 h, the product mixutre coming out of the reactor
was condensed , the liquid products seperated in a gas-liquid
seperator and the gas products analyzed, on-line using a gas
chromatograph (Agilent,7820A) equipped with a carboseive
packed column for quantifying H,, CO, CHy and CO, The
liquid products (acetone, hydroxy acetone, methanol, ethanol
and 1,2- and 1,3-propanediol) and unreacted glycerol were
analzed by gas chromatograph using an innowax capilary
column. The data acquisition was done using the following
equations.

H, Produced experimentally

H, yield= x100%

H,Calculated theoretically

molecules of H, produced experimentally 1

H, selectivity= -
2 Y C atoms in gas products

X§X100%;

R is the H,/CO, reforming ratio (7/3) for glycerol.

C in the gas products
x100%

Carbon conversion to vapour = -
C fed into reactor

i Produced experimentally

i selectivity= x100%;

C atoms in gas products

ss  where i is CO, CH,and CO, produced experimentally.

3. Results and discussion
3.1 AAS, BET surface area and X-ray diffraction
Table 1. Catalysts composition determined from AAS

Catalysts La Ce Co
a b a b a b
LagsCe1Co0s | 6423 | 0.895 | 06.94 | 0.097 |28.83| 0.955
Lag7Ceo3Co0s | 49.50 | 0.699 | 20.78 | 0.296 |29.72| 0.998
LagsCeosCoOs | 3567 | 0.499 | 35.22 | 0.497 |29.11] 0.968
Lag3Ceo7Co0s | 20.12 | 0.277 | 50.10 | 0.698 |29.78| 0.978
Lag CeosCo0s | 06.90 | 0.097 | 63.27 | 0.898 |29.83| 0.998

a= wt .% , b= molar ratio

e The composition of the catalysts, determined by the AAS
(Table 1) clearly matches with those of thereotical values. In
all the catalysts, the AAS results clearly indicate that the
variation of La/Ce with fixed Co loading is in accoradnce with
the catalyst composition.

* % LaCoOs 0 Co304 V CeO:

A)

-
(e) : A .A A_A**

@ A Y

Intensity (a.u)

v v
'IAIAAAA S

T T T
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+La0, ®Ce0, oCo
®) ¢ | * ¢
4 ¢
= NACAS NN
! M—U
Sl T
2 |
g ]
g| © S \--/
H
A A S MM
(b)
(a)
— — e —————
10 20 40 50 60 70 80
2 theta (deg.)
65 Fig. 1 XRD Patterns of (A) calcined and (B) reduced catalysts

(a) Lao.1Ce.5Co0; (b) Lag 3sCe7Co0; (c) LagsCepsCo O (d) Lag7CeosCo O;
(e) Lag.sCep.1Co O
BET area values of the samples are presented in the Table 2.
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The surface area of the fresh catalysts dropped from 20.1 to 8.5
m?/g with increasing La content. However, after reduction in
hydrogen, the surface area increased with increasing La content
upto catalyst Lay,;Cey3Co0; and then on it decreased. The
decrease in the case of the fresh catalysts may be due to
perovskite formation as reported in the literature*. In the case
of the reduced samples the increase in surface area can be
associated with the collapse of the structure and formation on a
well dispersed Co on oxide supports.
1o The XRD patterns of the calcined catalysts are displayed in
Fig.1 (A). The peaks appearing at 36.0, 43.7 and 64.0° are
assignable to the cubic Co;04 [PCPDF-801541]. The
prominent reflections for sample (a) appearing at 28.5, 33.0,
474, 56 and 69.4° are characteristic of CeO, in its fluorite
structure [PCPDF-710567]. Thus, samples from (a) to (c)
contain predominantly Co;0, and CeO, In the case of samples
(d) and (e), the peaks observed at 20 values of 32.6, 46.7, 58.3
and 76.9° indicate the presence of the characteristic
rhombohedral LaCoO; perovskite [PCPDF-861665]. The
20 peaks due to Co;0, dominated the patterns of low La
containing samples, whereas catalyst (e) contained no Co30,.
With increasing CeO,, the substitution of Ce for La seems to
have increased, as reflected by the broadening of the lines.
The XRD patterns of reduced samples are displayed in Fig.
25 1(B). The peaks positioned at 20 values of 44.1, 51.6 51.7, 55.9
and 75.6° are assigned to the metallic Co particles”*®. The
peak observed at 28.5° can be assigned to the CeO, phase
[PCPDF-710567]. CeO, undergoes partial reduction during
hydrogen treatment. However, the partially reduced phase
30 either remained amorphous or was reoxidized (when exposed
to air during the analysis). This indicates that the perovskite
structure is destroyed during the reduction process®’.

o

o

3.2 Fourier transform infrared spectroscopy

© )

Transmittance (%)
Z

T T T v T T
4000 3400 2800 2200 1600 1000 400
Wavenumber (ecm’™')

[ ®&__

Intensity (a.u)

T T T T T T
4000 3400 2800 2200 1600 1000 400

Wavenumber(cm™')
Fig. 2 FT — IR spectra of (A) calcined and (B) reduced catalysts (a)
35 Lao1CeqsCo0s (b)Lag sCeo7Co0; (c) LagsCeosCo0s (d)Lag.;Cen3Co0; (e)
Lao,QCEQJCOOg
The FT-IR spectra of the calcined mixed oxide samples are

shown in Fig. 2(A). The spectra display two distinctive bands

Intensity (a.u)

originating from the stretching vibrations of the M-O bond. The
w first band at 570 cm™ is associated with the vibrations in the
spinel lattice, where the Co cations exist in an octahedral
position and the second band at 661 cm™ is attributed to the
LaCoO; vibrations. The Co/Ce peak intensity ratio decreased
with incresing La content, as also reported in the literature®’.
The peak at 3500 cm™ can be attributed to the vibrational
frequency of the —OH group of the adsorbed water. The bands
at 1038, 1381 and 1633 cm™ correspond to the vibrational
frequencies of the residual v(NO;)* **°'. The spectra of the
samples show an absorption band at about 1380 cm ' which is
s0 the characteristic vibration mode of CeO,” The fundamental
vibrational modes of La-O which normally appear between
920-940 cm™ are not very clear™. In the FT-IR spectra of the
reduced samples shown in Fig.2(B), the intensity of the bands
at 570 and 661 cm™ is considerably decreased indicating the
reduction of cobalt oxide to its metallic state.

4

@

5

a

3.3 Temperature programmed reduction

100 200 300 400 500 600 700 800
Temperature e}
Fig. 3 TPR of (a) Lag.1Cep9Co0; (b) Lag3Cer7C00; (c) LagsCepsCo0s
(d) Lap.7Ce.3C00s3 (e) LagsCep1C003

The TPR patterns shown in Fig. 3 can be divided into two
e groups; the high Ce containing ((a) to (c)) and the low Ce
containing ((d) and (e)) ones. In the case of catalysts with
higher Ce content the reduction peak maxima are seen at lower
temperatures due to the presence of well dispersed, small
Co050, particles in intimate contact with CeO, and are quite
identical with the cerium supported cobalt oxide. The small
hump in the beginning of the first peak at 430 °C represents the
isolated cobalt oxide species and the reduction peak at 484 °C
corresponds to the reduction of Co** to Co?", while the second
reduction peak at 617 °C represents the reduction of Co*" to
2 Co. In the first three catalysts, CeO, supports the reducibility
of Co304. With decreasing Ce content this effect decreases.
This is reflected in the positions of the peak maxima®. The
reduction profile of the LaCoO; perovskite is different from the
simple cobalt oxide supported on La,0;. In samples (d) and (e)
the formation of the perovskite occurs, as shown in the XRD
patterns. These TPR profiles are also similar to the ones
reported in the literature® >°. The high temperature peak is
shifted to higher region. In sample (d) this peak is observed at

6:
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relatively lower temperature (632 °C) than in sample (e) The Laser Raman spectra of the calcined and reduced samples

because of the presence of more amount of Ce in (d). are presented in Fig. 5(A) & 5 (B), respectively. The five active
modes A, (679 cm™), F,, (619, 515 and 192 cm™) and Eg (473

ncm’') for the cobalt oxide species are observed in all the
samples®” %2, Raman band at high frequency Ay (679 cm™) can
be attributed to the characteristic vibration of oxygen atom
inside the CoOy octahedral unit®, whereas F,, and Eg modes
are due to the vibration of tetrahedral (CoO,4) and octahedral

25 sites®. In sample (d), the width of the peaks is small indicating
the formation of the perovskite. The major red shift in the
Raman spectrum of catalyst (e) is because of factors like
increase in particle size and crystallinity®. The larger crystal
size is also reflected in TPR, XRD and SEM Results. In the

s reduced samples the above characteristic peaks are
cospicuoulsy absent indicating the formation of metallic Co as
a consequence of reduction.

3.4 Scanning electron microscopy

3.6 X-ray photoelectron spectroscopy

Co 2P
()
Fig. 4 SEM images of (a) Lag.1Ceo.9C00s (b) Lag3Ceq7C00s (c)
s LaosCeo5Co0s (d) Lag7Ceo.3Co0; (e) LagsCe1Co0s m
The SEM images of the fresh catalysts are shown in Fig. 4. The AN
particle dimensions seem to have changed with composition. @ .
Samples (a) to (c) display fine distribution of mixed oxide
particles. The formation and development bulk LaCoOs particle
10 could be seen in samples (d) and (e). The decrease in BET
surface area (Table 1) of fresh samples supports this N
observation. (©)
3.5 Laser Raman
) A)
(b)
E (d)
z2
§ |©.
®) (a)
(@)
100 200 300 400 500 600 700 800 900 1000
Raman Shift (cm™)
- 808 800 792 784 776
- Binding Energy (eV)
@~
2| @ Fig. 6 Co 2p XPS spectra of calcined (a) Lag.1Ceo9C003 (b) Lag3Cep7C003
§ | 3s (c)Lao sCeosCo0s (d) LaosCeosCo0s (€) LagsCen1Co0;
E © Co2p XPS spectra: Co2p XPS spectra are shown in Fig. 6. The
= core level peaks of the Co2ps, (B.E.:779.2-780.2 eV) and
| ® e e Co2py, (B.E.: 794.1-795 eV) observed for the calcined
catalysts are quite identical with the B.Es reported for the CoO
@) 40 in equilibrium with Co;0,%. The intensity of the satelite peaks
positioned at ~ 6 eV increased from (a) to (c) indicating that the

oo me 3w R‘:om_n:‘:m (::.) 0 we s e proportion of the Co;0, is more in these samples. Particularly,

Fig. 5 Laser Raman of (A) calcined and (B) reduced catalysts ; (a) in sample (d) the intesity of the 791.1 eV peak increased and

15 Lag:CeosCo0s (b) LagsCeo,Co0s (c) LagsCeosCo0s(d) LagsCensCo0s (e) has become equal to the intensity of the 787.8 eV peak clearly
Lao.sCeo1C00; 45 indicating that cobalt existed as CoO along with Co;04 in
LaCoO; perovskite.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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O Is XPS spectra: The spectra of Ols are presented in Fig.7.
Two B.Es are identified for oxygen; the first peak between
529.9-530.2 eV and the second between 531.1-531.9 eV. These
peaks can be assigned to the O attached to the Co metal of CoO
s and the O present in water and surface adsorbed O-H group
attached to the Co metal, respectively. From the O 1s XPS
spectra it is obsereved that the B.E of the oxygen attached to Co
metal increased with increasing the La,O; content. The peak
intensity of the lattice oxygen increased with La,O; content in

10 the catalysts .

w
=3

O1ls
(O]
«@
©
®)
@
536 532 528
Binding Energy (V)

Fig. 7 O 1s XPS spectra of calcined (a) Lap1Ceo9C00;3 (b) Lag3Cep7C003
(C) La0_5Ce0_5C003 (d) Lao,7CEQ,3C003 (e) Lao,QCEQJCOOg

3.7 UV-DRS

The UV-DRS spectra of the calcined and reduced samples are
s shown in Fig. 8(A) & (B), respectively. UV-DRS is an

important technique to know the geometry of the metal centres

existing in the material. The band found at 260 nm is purely

due to the charge transfer of the oxygen to ligand in the metal

oxide. The bands located at 380 and 660 nm resemble that of
o Co30, structure. The broad band obtained in the 540-750 nm
region is a result of the combination of the Co*" present in the
tetrahedral (Td) and the Co®" present in the octahedral position
(Oh). The formation of the perovskite structure is evidenced
with the blue shift of the 380 and 660 nm bands observed for
the samples (d) and (e). This is because of the incorporation of
Co in the perovskite geometry ¢ .

The UV-Vis DRS spectra of the reduced samples do not
reveal the characteristic bands of Co®* or Co?* belonging to the
octahedral or tetrahedral sites. Only the charge transfer bands
of the O = Ce (CeO,) and O = La (La,0;) vibrational bonds
are present, as also reported in the literature’™’'. This
information further supports the XRD and FT- IR results of the
reduced samples.

S

380 nm

A

296 nm
660 nm

260 nm

Absorbance (a.u)

T T
200 300 400 500 600 700 800

Wavelength (nm)

M
(e)
\N\W(d)

Absorbance (%)
0

/4\\/\/\‘_(“’

200 3(‘)0 -III)I) Sl‘}l) (yll)() 7l‘ll) H(‘Hl
Wavelength (nm)
Fig.8 UV- DRS of (A) calcined and (B) reduced catalysts; (a)
35 Lao1Ceq9C00s (b) LagsCeo.7C00s (c) LagsCeosCoOs(d) Lag;Ceo3Co0; (e)
Lap9Ce0,Co03

3.8 Catalytic activity

Glycerol steam reforming is a metal-active reaction. Hence,
metal dispersion plays a promising role. The values of
40 dispersion of Co, as determined by the H, pulse
chemisorptions, are presented in Table 1. It can be observed
that the active metal dispersion increased with increasing La
content and the highest dispersion is achieved for the sample
Laj,Ce(3C0o0; Further increase of La decreased the metal
ss dispersion. This could be due to the formation of the perovskite
(LaCoO3) in the fresh sample and also the larger particle size.

All the catalysts showed complete conversion of glycerol,
due to high reaction temperature. However, the hydrogen yield
so varied with temperature, as shown in Fig. 9(A). The hydrogen
yield increased with increasing temperature because of the
endothermic nature of the reaction.
The progress of steam reforming depends on the reducibility
of the metal oxide™. Among, all the catalysts studied
ss Lag 7Cep3Co0; exhibited the highest hydrogen yield (68%) at
700 °C. This is due the presence of easily reducible Co species
with suitable crystal dimensions. When the fresh samples are
reduced at higher temperatures, the perovskite structure
collapses leading to the formation of well dispersed Co
o species™ ", as evidenced by the XRD patterns of the reduced
catalysts.
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Table 2 BET surface area, H, chemisorption and CHNS data

BET surface

w

=3

BET surface area area . Average Co Carbon
Active Metal Surface . . .
Catalyst Fresh samples Reduced Area (m?/g)"® crystallite Dispersion Content
(m*/g) samples calm’e size (nm)®° (%) ¢ (wt. %)
(m’/g)
LayCe9Co0s 20.1 23.8 20.8 9.7 10.3 3.7
Lag3Ce7C005 16.8 38.0 31.6 6.4 15.6 2.8
LaysCe sCo0; 12.6 43.4 40.7 5.0 20.1 1.7
Lag 7Ce3C003 11.3 58.0 452 4.5 222 0.7
Lag 9Cey1C005 8.5 19.0 15.0 13.5 7.4 2.4
a Active metal surface area (ASA) = (Nm X S X Am)/166 where ASA is in m? per gram of sample, b Average particle size(d) = 122;i§f ;

Nmx SxM
100L

Dispersion (D) =

; Nm = The number of adsorbed gas molecules, S = adsorption stoichiometry, Am = The cross-sectional area occupied by

each active metal surface atom, M and L are the molecular weight and percent loading of the supported metal, f is a particle shape correction factor (= 6

for spherical particles). Z = density of the supported metal
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The distribution of gases in the overall reaction products is
depicted in Fig. 9(B). The entire carbon in glycerol is
converted to carbon products beyond 600 °C, at which the CO,
formation started decreasing with simultaneous increase in CO
composition. The selectivity towards hydrogen almost
remained constant. An interesting feature of the catalyst is that
the amount of methane formed is very low.

In order to verify the effect of dispersion on the activity,
hydrogen chemisorption was carried out on these catalysts. The
Co dispersion and particle size are presented in Table 2. It is
interesting to observe that the major portion of total surface

Hyuptake (u mol/g)

H, yield (%)
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Fig. 10 (A) The variation of H, uptake, (B) metal surface area and
hydrogen yield with La content

area of the reduced catalyst (approx. 80%) is due to the
contribution of small Co particles. That is the reason why the
BET area of the reduced catalysts follows similar trend as that
of the fresh catalysts. The H, uptake which is used to calculate
the active metal area follows similar trend (Fig. 10(A)). Fig.
10(B) shows a nearly parallel behavior existing between the
metal surface area and the hydrogen yield, when drawn against
the La content in the catalysts. It can be observed from the
Table that the dispersion is the highest in the case of
Lag;Ce(3Co00; catalyst.

Turn over frequency (TOF), is a measure of rate of H,
production per active cobalt site per second. In the present
study

This journal is © The Royal Society of Chemistry [year]
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Table 3. Activity comparison with literature reported values

S. No catalysts Reaction conditions Glycerol conversion Hydrogen Reference
1 NiO (24.1 %)-MgO (26.1 %) 650 °C, 1 atm 88.0% at 650 °C. selectivity 78.5 % 77
AL,053(49.8%) 1.0 g, 10 wt% glycerol
1 0O 0, o]
2 LagsCagsNiOs 550 Cil atm 100% at 550 °C Yield 82.2% 78
S/IC=3.0
Ni 29.2 wt%—Cu31.1 wt%— 600 °C, 1 atm, 1.0g o o .. o
3 AL39.7wi% S/C=3.0 71.9%at 600 °C. selectivity 78.6%. 79
. 700 °C,1 atm, 1.0g 88% - o
4 Lag sCeg sNiOs3 30 wt.% at 700 °C selectivity 70 % 80
700 °C, 1 atm, 1.0g 30 wt.% 100% . o
5 Lay7Ceo3C005 elycerol, 0.08 mL min” a1 700 °C yield 68 % Present study

H,-chemisorption technique was used to find out the number of
surface cobalt atoms. TOF is found to be sensitive to the
particle size. Literature also reports that the activity of carbon
s nano fibre supported Co catalyst in the FT synthesis depends
on the Co particle size and the TOF with respect to hydrogen
consumption increases with increase in Co particle size and
reaches a maximum when Co particle size is 6 nm’®. In the
present investigation also, a particle size of 4-5 nm seems to be
10 the optimum value for getting high TOF. This behaviour is
displayed in Fig. 11, drawn to explain the variation of TOF
with Co metal area. The turnover frequency increased steadily
with metal surface area (upto 40.7 m%g), beyond which a
sudden jump is noticed. The rate of hydrogen production
1s reached its maximum (68% yield) as the particle size
corresponding to the metal area of 45.2 m’/g is approached.
The highest metal area is achieved for the catalyst
Lay-Ce(3Co0; Table 2 also discloses the extent of coke
formation, analyzed after the reaction. It is also found to be the
20 lowest for this catalyst.

1.0 4
0.8
&
)
[
© 0.6+
[
[]
0.4
0.2 4 "
e
0 5 10 15 20 25 30 35 40 45 50

Metal surface area (m:/g)
Flg. 11 Variation of TOF with metal surface area

Glycerol conversion and hydrogen yield depend upon the
nature of the catalyst, the steam/glycerol (S/C) ratio and
reaction temperature. Even though, a direct comparison is not

2s possible, Table 3 displays the recent literature reports on
hydrogen generation from glycerol using different catalysts
along with the optimum catalyst identified in this work. It can
be observed that Lag;Cep3C00; compares well or even better
in some cases.

30 4. Conclusions

The Co catalysts derived from La-Ce-Co mixed oxides are
active for the glycerol steam reforming producing hydrogen-
rich gas products. Characterization of reduced catalysts reveals
the structure collapse and dispersion of smaller Co metallic
particles on the mixed oxide (La,O3;-CeO,) support. It is
possible to tune the dispersion of Co metal (obtained after
reduction of the fresh catalysts), and thus the reforming activity
and coke formation by using different Co-containing mixed
oxides as starting materials. Lanthana plays a vital role in the
40 enhancement of metal active surface area as well as the
dispersion. Lag;Ce(3C00; is found to be the best initial
composition for arriving at the maximum hydrogen yield. The
active metal area with major share in total area of the reduced
samples correlates well with the TOF. It can be concluded that
the Co metal dispersion is proportional to hydrogen yield and
minimizes coke formation on the catalyst surface.
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H
c—OH
HO=-nc
H, 0 + ™ —OH
H

Co nanoparticles

La -Ce-Co Reduction . &'
mixed oxide

La . Ce = Co v 0

Cobalt nano particles derived from the La-Ce-Co mixed oxide, after reduction, are highly active
for the glycerol steam reforming to produce hydrogen.

Page 10 of 10



