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ABSTRACT

The production of H,-rich gaseous mixtures from steam reforming of crude glycerol was
investigated on ternary Ni—La—Ti catalysts. Ni—La—Ti mixed oxides containing 15 wt% of
Ni and a La/Ti atomic ratio of 1 were prepared by a coprecipitation method and charac-
terized by a variety of physical and spectroscopic techniques. Samples were calcined in air
at 700 °C or 850 °C for 2 h. Ni-La—Ti samples calcined at 700 °C (NiLaTi700) showed a well-
defined NiO phase and an amorphous La—Ti mixed oxide, while those calcined at 850 °C
(NiLaTi850), exhibited two well defined phases of NiO and LaTiO3; perovskite, respectively.
NiO was completely reduced to metallic Ni on both solids under pure H, at 650 °C and the
resulting Ni° phase remained as a separate phase under the steam reforming conditions.
Standard catalytic tests for the steam reforming of glycerol were performed at 500 °C or
650 °C by feeding the fixed-bed tubular reactor with a crude glycerol:water solution con-
taining 30 wt% glycerol. The best results were achieved on NiLaTi700 at 650 °C, obtaining H,
yields and H,/CO, molar ratios close to the theoretical values predicted by the steam
reforming reaction stoichiometry. A slight activity decay was observed on NiLaTi700 with
the progress of the reaction, probably reflecting the formation of small amounts of coke.
© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

contains impurities such as methanol, solvents and inorganic
salts [1]. Because of the increasing worldwide biodiesel pro-
duction, the development of efficient technologies to convert

Glycerol is the main by-product of the vegetable oils trans-
esterification with methanol which is nowadays the most
widespread method for biodiesel production. At industrial
level, crude glycerol (CG) is a low-value product that is ob-
tained in a glycerol:biodiesel = 1:10 per weight ratio and

* Corresponding author.

crude glycerol into more valuable products has been widely
investigated in order to offset the cost in biodiesel production
[2,3]. In particular, steam reforming is an attractive method to
process glycerol because hydrogen-rich gas mixtures that can
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be used to generate electricity directly in either a fuel cell or a
gas turbine are obtained [4,5]. Several research groups have
paid attention to the catalytic steam reforming (SR) of pure
glycerol [6—11]. The gas-phase reaction takes place according
to the following stoichiometry [8,10]:

C3H803 +3 Hzo -3 C02 +7 H2 (1)

In contrast, very few studies have been performed using CG
as carbon source [11-13], probably because the catalyst is
often rapidly deactivated by the CG impurities. Table 1 sum-
marizes the results reported in the literature.

Some of the impurities, such as methanol, are easily
decomposed, so its removal step, which is required to upgrade
crude glycerol to value-added products, is avoided by using
the steam reforming process. Other impurities, such as
unreacted triglycerides and biodiesel catalyst residues, are
undesirable to the reforming process since they contribute to
increase deposit formation, pore clogging and catalyst deac-
tivation. Catalytic bed regeneration becomes thus a key aspect
to be handled in this case in order to extent catalyst lifetime
and reduce energy consumption as much as possible. Nickel
catalysts are particularly attractive for promoting the CG
steam reforming because of the high activity of Ni and its
lower cost compared with noble metals (Ru, Rh, Pt) [8,15,16].
Different oxides like SiO,, Al,03, MgO, La;03, CeO,, ZrO,, TiO,
or their mixtures are used to provide high Ni dispersion as
well as suitable thermal, mechanical and chemical properties
[17,18]. Several deactivation phenomena may take place in
steam reforming reactions. On one hand, carbon deposits are
formed by side reactions involving the formation of non-
volatile compounds by polymerization of CHx species and/or
CO dissociation. The tendency to carbon deposition depends
on the atomic ratio O/C and H/C in the feed gas. Lower H,O/HC
and H,/CO ratios correspond to higher tendency toward coke
formation. On the other hand, metal sintering, and conse-
quently the loss of active sites, is favored under steam
reforming conditions [17,19—21]. The support properties play a
significant role regarding catalyst deactivation; for example,
in the case of Ni-based catalysts the following decreasing
stability order was observed for glycerol stem reforming: Ni/
Si0, > Ni/ZrO, > Ni/Al,03 [17]. Catalyst stability and activity
also depends on the preparation method. It has been reported
that Ni catalysts prepared by solid phase extraction (SFE)
techniques display well stabilized Ni species and are very
active and selective in steam reforming reactions [22—25]. Ni
crystallites highly dispersed into a suitable oxide support are
obtained after a thermal and/or reducing treatment of a mixed

oxide precursor. In previous works [26—28] we have studied
the steam reforming of ethanol and glycerol on ternary
Ni—La—Zr mixed oxides containing 5 wt% and 10 wt% of Ni.
Nanosized crystallites of metallic Ni and a pyrochlore com-
pound La,Zr,0; remained as the unique phases under typical
reforming conditions. High conversion to gas phase products
and H, yields close to the thermodynamic limits were ach-
ieved. Good stability was also observed and ascribed to very
low carbon formation. Other metals commonly used in the
preparation of conventional supported catalysts can be used
for the preparation of Ni catalysts with the same techniques.
In this sense, the ternary Ni—La—Ti system was selected as a
starting material on the basis of its properties to yield metallic
Ni and a lanthanum titanate compound under typical
reforming experimental conditions [29]. Additionally,
lanthanum titanates are known by their high thermal stability
and chemical resistance against typical corrosion agents
including alkaline metal compounds [30]. Chemical inertness
could contribute to preserve not only textural and structural
properties of the catalyst but also the properties (amount and
intrinsic activity) of the different active sites involved in the
whole reaction mechanism.

The aim of the present work is to study the ternary
Ni—La—Ti mixed oxide system for the preparation of Ni cata-
lysts by a SFC method and their behavior in the steam
reforming of glycerol. Crude glycerol without any process of
purification was used in the reforming tests.

Materials and methods
Materials

Nickel nitrate Ni(NO3),-6H,0O, lanthanum nitrate La(N-
03)3-6H,0, titanium isopropoxide (Ti(OCH(CHs),)4) and oxalic
acid (HO,CCO,H) were purchased from Sigma—Aldrich.
Ethanol was purchased from Carlo Erba. All chemicals were
reagent-grade and were used as received. The CG used in the
present work mainly consists of 64 wt% glycerol, inorganic
salts 5.7 wt%, methanol and water lower than 5 wt% and
polyglycerol impurities up to 26 wt%, provided by the manu-
facturer. Potassium methylate was used as transesterification
catalyst. CG composition was determined by elemental anal-
ysis (Thermo Scientific Flash 2000). Other CG characteriza-
tions were reported elsewhere [14]. The calculated average
elemental molar formula for CG determined from these re-
sults was C3sHo 0031 and was used to calculate conversion
and yield parameters.

Table 1 — Studies of CG steam reforming.

Method Catalyst Reaction conditions Stability Reference
s/c T (°C) WHSVcc® (h™Y)

SR Pt (0, 5%)/Al,0; 1.35 800 0.79-1.58 10 h [11]

SESR*® 20%Ni—20%Co/HT 3.0 525—-600 0.9 150 min [12]

SESR 18%Ni0/Al,04 3.0 400—700 0.34 15 min [13]

SR Ni10%Mgl0%/AC 3.7 650 3 6h [14]

@ Sorption enhanced steam reforming.

Y WHSVc defined as the ratio between the mass flow rate of crude glycerol fed and the mass of catalyst.
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Catalyst preparation

The catalysts were synthesized by a coprecipitation method.
A certain amount of nickel and lanthanum nitrates and ti-
tanium isopropoxide were dissolved in absolute ethanol.
Then, oxalic acid was added to the solution. The resulting
precipitates were aged for 1 h at 80 °C. After that, the sus-
pension was filtered and washed with absolute ethanol. The
obtained solid was dried overnight at 100 °C and then
calcined in two stages: first at 550 °C for 24 h and finally at 700
or 850 °C for 2 h. The resulting catalysts contained 15 wt% of
Ni on a weight basis and a La/Ti atomic ratio of 1. Catalysts
will be denoted as NiLaTiX, where X is the final calcination
temperature.

Catalyst characterization

BET surface area, pore volume and pore size were measured
by N, physisorption at —196 °C in a Beckman-Coulter SA 3100
sorptometer. Before measurement the samples were out-
gassed at 200 °C for 10 h in order to desorb moisture and other
weakly adsorbed residues.

Crystal structures of fresh, reduced and used catalysts
were determined by XRD analysis, using a Rigaku Ultima IV
diffractometer with CuKe radiation. Diffractograms were
recorded in the 26 range between 10° and 60° with a step of
0.02° and an integration time of 3 s per step. Phases present in
the samples were identified by comparison with ICDD files.

The morphological SEM analysis and EDS microanalysis of
the tested catalysts were studied using scanning electron
microscopy (Jeol JSM-5900V). Before and after use in reforming
tests, catalysts were subject to thermogravimetric analysis
(TGA) (Shimadzu TGA-50) under 50 mL min~*' air flow, with
temperature increasing from 20 °C to 900 °C at a rate of
5°Cmin %

Reduction of the catalyst was studied by temperature
programmed reduction (TPR) using 5% H,/Ar gaseous mixture
at 60 cm® min~! STP. The sample size was 150 mg. Samples
were heated from 25 to 850 °C at 10 °C min~*. Hydrogen con-
sumption was measured by mass spectrometry (MS) in a
Baltzers Omnistar unit.

Raman was used to characterize the nature of carbon
formed after reaction. Confocal Raman spectroscopy was
performed using WITec Alpha 300-R confocal Raman spec-
trometer with a 532 nm laser wavelength. The laser power
used was 30 mW and confocal Raman spectra were collected
by averaging a set of 4 spectra of 0.05 s integration time in
different areas to assess the homogeneity of the investigated
material.

Carbon build-up on the spent catalysts was analyzed for its
C and H contents (Thermo Scientific Flash 2000).

Catalytic tests

Crude glycerol steam reforming (CGSR) tests were carried out
in a 1.2 cm diameter and 30 cm length stainless steel tubular
fixed bed reactor located inside a tubular electric furnace.
The catalyst bed configuration consists in a 2 g SiC bed
placed above 0.2 g of the catalyst. Before reaction, the cata-
lyst was reduced under a 30 mL min~" pure hydrogen flow by

heating from room temperature to 650 °C, at a rate of
10 °C min~? and keeping the final temperature for 1 h.
Following reduction, the H, flow was stopped and the reactor
purged with argon. Then the reactor was brought to the re-
action temperature under argon. After that, the water:CG
solution (30 wt% of CG) was fed at 2.0 mL h™' with a peri-
staltic pump (Cole Parmer 74900 Series) through a device
consisting of two concentric tubes which are placed into the
tubular reactor. Water:CG solution was injected into the in-
ternal tube (0.2 mm i.d.) and argon through the external one
(2.1 mm i.d.). With this device, partial vaporization of glyc-
erol and other compounds in the CG would occur in the
sprayed liquid solution along with water. Proper adjustment
of the distance of the device to the catalytic bed allowed to
obtain a stable feed of the solution. The experiments were
performed at atmospheric pressure with time-on-stream
(TOS) of 10 h and reaction temperatures of 500 and 650 °C.
The steam-to-carbon (S/C) molar ratio was equal to 3.7.
Under these conditions the gas hourly space velocity (GHSV)
was 20 L h™'g™! and WHSV¢( defined as the ratio between
the mass flow rate of crude glycerol fed and the mass of
catalyst was 3 h™'. Unreacted glycerol and some of the
condensable reaction products were retained in a dry ice
trap at the reactor exit. A 45 h stability test was performed
with the NiLaTi700 catalyst under GHSV = 40 L h~'g~? and
WHSVgc = 6 h™! conditions. After 15 h of operation regen-
eration steps were carried out at 650 °C for 1 h under O,
atmosphere (20 mL min?).

Non-condensable products, mainly H,, CO, CO,, CHy, C,
(ethane and ethylene) and C; (propane and propylene) hy-
drocarbons, were analyzed with a gas-chromatograph (Shi-
madzu GC-14B) equipped with FID and TCD detectors in series
and columns Supelco CarboxenTM-1000 and Porapak Q. At the
end of reaction, glycerol and condensed liquid products were
collected and analyzed by HPLC (Shimadzu Prominence)
equipped with a Rezex RHM-Monosaccharide H+ (8%) column
and a refractive index detector.

Catalytic performance was evaluated in terms of glycerol
conversion, carbon conversion to non-condensable products
(Xc,cas) and hydrogen yield which were determined as:

Xaiy (%) = 100 * % 2)
Xccas(%) =100 * Z;:C#*” 3)
Xc1i(%) =100 * 7&“&:;“;;)(9) (4)
H, Yield (%) = 100 * (S:EI;CG) ©)

where Fc; is the molar flow of producti (i = CO, CO,, CHy, Cy,
Cs); n; the number of carbon atoms in product i; Fc vy is the
molar flow of carbon atoms in the CG-water solution fed to the
reactor and calculated over the 94.3% of the total weighted
amount of CG used for its preparation (5.7% corresponds to the
ash fraction determined by calcination); Ciiq, products is the total
mass of carbon in products retained in the liquid aqueous
solution in the dry ice trap (excluding glycerol); Cggp is the
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total mass of carbon in the CG-water solution fed during the
test; Fyo is the molar flow rate of H, (mol min’1); Fcc is the
molar flow rate of CG (mol min') and 8.4 is the theoretical
maximum of H, per mol of CG according to Equation (6)

derived from the elemental analysis results of CG
composition:
C35Ho0031 4 3.9H,0 < 3.5C0, + 8.4H, 6)

Results and discussion
Catalyst characterization

Fig. 1 shows the thermograms along with derivatives of CG
and the solid residue found in the catalytic bed in experiments
at 500 °C. CG shows the main mass loss between 120 °C and
270 °C corresponding to glycerol decomposition. A second
weight loss takes place between 420 °C and 490 °C and cor-
responds to the thermal degradation of impurities such as the
fatty acid methyl esters and that of their residues from early
degradation of glycerol [31].

For the solid residue remaining over the catalytic bed after
the steam reforming test, the TG shows a weight loss at the
same high temperature range thus revealing that it corre-
sponds to the combustion of the fatty fraction which is not
reformed under these experimental conditions. The inset to
the Figure shows the image of the brownish residues
remaining above the SiC bed at the end of the test. Weight
losses above 490 °C are more clearly observed in this analysis
and it may correspond to the thermal decomposition of po-
tassium carbonate [32]. Fig. 2 shows the weight loss and de-
rivative weight profile of the Ni—La—Ti precursors: i) dried at
100 °C (NiLaTil00) and ii) calcined at 550 °C for 24 h
(NiLaTi550). For the NiLaTil00, mass loss below 200 °C was
most likely due to the removal of physisorbed and bulk
ethanol that were initially present in the sample. Starting at
270 °C, a rapid weight loss process was initiated, attributed to
the decomposition of metal oxalates. This process was
continued at elevated temperatures in the order of 800 °C. For
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Fig. 1 — Weight loss and derivative weight profiles of CG
and the solid residue obtained after a 500 °C reforming test.

100 100
904
| 99
804
s ] g 98 ¥
X 2 =
S 701 H £
® )
X o
= 604 200 400 600 800 97 =
Temperature (*C)
504
— NilaTi100 - 96
sdl— NiLaTi550
95

-t 5r7rI+rJrirTrrryrryorrery
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 2 — Weight loss and derivative weight profiles for

temperature-programmed calcination of NiLaTi precursor
and NiLaTi550.

NiLaTi550, the mass loss starts close to 550 °C and is probably
due to the combustion of carbon residues formed during
metal oxalate decomposition.

X-ray powder diffraction patterns for calcined catalysts
(Fig. 3) showed the presence of two peaks at 260 = 37.4 and 43.4

NiLaTi850 reduced

a)
NiLaTi850 calcined
WA
C) NiLaTi700 reduced

d) NiLaTi700 calcined

b
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Fig. 3 — XRD patterns of NiLaTi catalysts: (a) reduced
NiLaTi850, (b) fresh NiLaTi850, (c) reduced NiLaTi700, (d)
fresh NiLaTi700 and (e—g) standard XRD cards of LaTiO3, Ni
and NiO respectively.
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ascribed to nickel oxide phase. These can be assigned to (111)
and (200) of the lattice plane of the cubic NiO. No peaks related
with La and Ti were observed in NiLaTi700, thus suggesting
that these metals are present as amorphous oxides homoge-
neously distributed in the solid structure. NiLaTi850 showed
six additional peaks located at 20 = 22.7, 32.3, 39.8, 46.3, 52.1
and 57.6 ascribed to LaTiOs; perovskite in a cubic structure
with Pm-3m space group. Reflections corresponding to
metallic nickel at 26 = 44.5 and 51.9 appear in both catalysts
after reduction in pure hydrogen at 650 °C for 1 h revealing
that NiO was totally reduced. LaTiO; reflections
remain unchanged thus showing its stability under these
reducing treatment.

The N, adsorption—desorption isotherms for the freshly
calcined catalysts are depicted in Fig. 4. Pore volume distri-
bution profiles are also included. All isotherms resembled the
Type 1V isotherm based on IUPAC classification, with A-type
hysteresis loops indicating the presence of non-porous parti-
cles and interparticle porosity due to pore space located be-
tween grains.

Table 2 shows the textural parameters for the fresh cata-
lysts. Low BET areas are similar to those already reported in
previous works for others coprecipitated catalysts prepared by
the same technique [26—28]. The decrease in BET area for the
catalyst calcined at high temperature may be attributed to
sintering taking place under more severe thermal treatment
conditions. EDS elemental analysis showed that surface nickel
compositions and Ni/(La + Ti) ratios agree well with the
theoretical value (15 wt% and 0.35 respectively). The crystallite
size of NiO particle estimated from Scherrer equation [33] on
the fresh catalysts was about 14.5 and 19.6 nm for NiLaTi700
and NiLaTi850, correspondingly.

H,-TPR measurements were carried out in order to inves-
tigate the reducibility of calcined catalysts. Fig. 5 shows the H,
consumption profiles and their deconvolution into Gaussian
peaks. A good fit between the computed peaks (black line) and
experimental curve (bold line) could be observed. The

180
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Fig. 4 — N, adsorption—desorption isotherms, and BJH pore
size distribution for NiLaTi catalysts.

Table 2 — Structural characteristics of fresh Ni—La—Ti
catalysts.

Parameter NiLaTi700 NiLaTi850
BET (m? g% 44 29
Pore volume (cm?® g) 0.27 0.19
Pore diameter (nm) 25 26
Ni (wt%)? 14.4 14.2
Ni/(La + Ti) ratio® 0.34 0.34
dnio (nm)°® 14.5 19.6
& Determined from EDS chemical analysis.
b Calculated from the (200) reflection of NiO in XRD.
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Fig. 5 — Deconvolution of the TPR profile for Ni—La—Ti
catalysts.

NiLaTi700 profile shows the reduction peak at the lowest
temperature formed by the sum of two peaks (with reduction
temperatures at 550 and 630 °C) and can be associated to NiO
outside and within the amorphous oxide structure. The peak
at 780 °C can be related to H, reacting with the O, released
along with the formation of the perovskite phase with an
oxygen-deficient crystalline network [34]. For NiLaTi850
catalyst a peak centered at 460 °C suggest a greater exposure
of Ni species in the biphasic system and/or a lower energy to
be reduced. This can be favored by the formation of the LaTiO5
perovskite, as shown in XRD results, which should be
accompanied by stronger interactions between La and Ti
metals within that structure and a weakening of their in-
teractions with the NiO phase. Recent results of our group
with a Ni—La—Sn mixed oxide clearly reveals this effect for the
biphasic system NiO-La,Sn,0; which is formed [35]. Another
two peaks at 551 °C and 683 °C may be attributed to small
particles of NiO incorporated in the perovskite support having
strong particle—support interactions.

Table 3 summarizes the results obtained in the H,-TPR
measurements. It is shown that Ni reducibility (determined by
the H, amount consumed by TPR/theoretical amount of H,
consumption for total reduction, assuming that NiO is stoi-
chiometrically reduced to Ni%) is close to unity in both
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Table 3 — Reducibility and deconvoluted peaks for NiLaTi catalysts.

Catalyst Reducibility Deconvoluted peaks
1 2 3
TMiasess ((C) H, uptake (%) Tmax (°C) H, uptake (%) Tmax (°C) H, uptake (%)
NiLaTi700 0.987 550 37.5 630 57.5 780 5.0
NiLaTi850 0.969 460 66.9 551 10.0 683 23.1

catalysts. It can be also observed that NiLaTi850 contains a
larger fraction of Ni being reduced at low temperature.

CGSR tests

Table 4 shows results of CGSR tests with both catalysts.
Glycerol conversion, calculated from HPLC analysis of the
liquid product sample, is almost complete at both tempera-
tures for the 10 h of operation. Total carbon conversion to gas
phase products (Xg.s) over SiC was 32.3% at 650 °C thus
showing that it has a limited catalytic activity. At 500 °C, the
reactor was plugged after 2 h of operation by formation of
solid compounds in the catalytic bed. At this temperature, the
capacity of SiC to break C—C bonds is even lower, allowing the
glycerol to react by dehydrogenation, dehydration, rear-
rangement and condensation reactions [36]. These reactions
of glycerol and also those of triglycerides impurities can give
yield to low volatile polymeric compounds which remain into
the reactor. Xg,s over both catalysts at 500 °C were 36.5 and
34.3% thus revealing a low decomposition of the different re-
action intermediates through reactions with rupture of C—C
bonds. Xg,s increased significantly at 650 °C and the highest
value was observed on NiLaTi700 (92.0%). This suggests that,
in addition to the most reactive components (methanol and
glycerol), fatty acids could also react under these reaction
conditions leading to gaseous products typical of the reform-
ing reactions [37]. NiLaTi700 also showed the lower amount of
carbon deposits thus evidencing that this catalyst is also the
most active to promote typical carbon gasification reactions
involving H,0, CO, and lattice oxygen. The better performance
of the NiLaTi700 catalyst can be explained mainly by the
higher surface area of this catalyst and the smallest Ni particle
size. The rate of the different reaction paths of the reforming
mechanism could thus be improved by the higher amount of
active sites involving either Ni and the mixed oxide com-
pound. A higher carbon gasification rate could also be ex-
pected in this catalyst and thereby smaller amounts of carbon
deposits as shown in Table 3. Changes in the nature of active
sites could also affect the catalytic activity. On one hand,

Table 4 — Catalytic results in CGSR tests using Ni—La—Ti

catalysts (P = 1 bar; GHSV =20 Lh~'g~?,

stronger interactions between Ni and the other two metal
oxides are expected to occur in NiLaTi700 and can also
contribute to the improvement of the catalytic performance.
In this sense, the literature reports the beneficial effect of
La,0s to facilitate Ni dispersion and to increase the basic sites
population of the support [38—41]. Stronger interactions be-
tween the active phase and the support are also reported in a
TiO,-supported Ni catalyst with a proper thermal activation,
preserving the catalyst from sintering and improving its sta-
bility in reforming reactions [42]. On the other hand, the
NiLaTi850 contains the LaTiOz perovskite with oxygen va-
cancies which can increase the mobility of lattice oxygen and
their interactions with carbon formed mainly over Ni sites
[43].

Table 5 shows product selectivity for the gaseous mixtures
obtained in the reforming tests. At 650 °C H, yields as well as
H,/CO, molar ratios approximate the theoretical ones ac-
cording to the stoichiometry shown in Equation (6) (70,6% and
2.4 respectively). The better reforming performance of the
NiLaTi700 catalyst is evidenced mainly by the lower CH,
selectivity and by the absence of other light hydrocarbons (C,
and Cs).

Negligible amounts of intermediate liquid products were
detected for both catalysts at the two temperatures tested.
These liquid products were mainly ethanol, methanol, acet-
aldehyde, acetone, acetic acid, ethane-1,2-diol, propane-1,2-
diol in agreement with those reported in the literature for
both steam and aqueous phase glycerol reforming [44,45]. At
low temperatures, polymeric compounds would be preferably
formed starting from these compounds leading to coke for-
mation [36,46—48]. At higher temperatures the basic proper-
ties of the catalysts, mainly due to the presence of La, as well
as the higher rate of pyrolysis and steam gasification reactions
allow an increased reaction rate of all the intermediate com-
pounds giving yield to gaseous products [46,48,49].

The carbon balance for all the runs was estimated with
data summarized in Table 4. A large fraction of the total car-
bon was not recovered at 500 °C. Due to low amount of liquid

Table 5 — Gaseous products distribution in CGSR tests

using Ni—La—Ti catalysts (P = 1 bar; GHSV =20 Lh~'g™?,
WHSV¢e; =3 h™%, TOS =10 h).

WHSVce =3 h™!, TOS =10 h). Catalyst Temp. (°C) Gaseous products distribution
o,
Catalyst Temp. Xgy Xgas Xiig Caep C balance (mol%)
(O C) (%) (%) (%) (mgc/gc’in) (%) H, CO, CcO CH, Cy C3
NiLaTi700 500 995 365 07 15.7 38.8 NiLaTi700 500 57.1 298 7.6 3.4 13 12
650 99.7 920 0.6 394 96.5 650 66.3  27.7 4.1 1.9 - -
NiLaTi850 500 99.3 343 07 18.9 36.9 NiLaTi850 500 55.8 29.6 8.0 3.9 15 1.2
650 995 745 038 199 95.2 650 66.4 236 5.0 2.5 1.8 1.0
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products (Xjjq = 0.6—0.8%), the unaccounted carbon is likely
due to carbon being retained as solid deposits on the reactor
walls and the SiC bed prior to reaching the catalyst. At 650 °C,
carbon recovery is almost total and differences can be due to
other reaction products which may be present at concentra-
tions below the detection limits of the gas chromatograph.

Fig. 6 shows H, evolution as a function of time for all the
10 h tests. H, yield was in the range 20—30% for both catalysts
at 500 °C and variations do not exceed 5%. At 650 °C, NiLaTi700
allows an initial H, yield of 94% which continuously decreases
until a final value of 80—82%. NiLaTi850 exhibits a lower initial
H, yield (69%) together with a progressive decay until ~50% at
the end of the test. These results show that both catalysts
deactivate but NiLaTi700 does it to a lesser extent. Deactiva-
tion in CGSR processes is reported by very few studies. Dou-
ette et al. found rapid deactivation with a commercial Ni-
based catalyst. The pressure quickly increased and the
reactor was found to be filled with sintered deposits [50]. Slin
et al. showed H, yield decays with an unspecified operating
time on a Pt-alumina catalyst working at various tempera-
tures between 580 °C and 780 °C [11].

Differences in the time-dependence of H, yields for both
catalysts can be related to differences in the amounts of car-
bon deposits formed by secondary reactions involving poly-
merization and/or breakage of C—H bonds of intermediate
species. The lower decay of H, yield observed in NiLaTi700 is
thus consistent with the lower amount of residual carbon in
this catalyst (Table 3). Physical deposition of the potassium
compounds onto the catalyst surface can also result in
blockage of sites and/or pores with the subsequent loss of
catalytic activity [21].

Post-reaction characterization

The catalysts used in CGSR tests at 650 °C were analyzed after
their use in the reforming tests. XRD analysis (Fig. 7) showed
that NiLaTi850 has preserved its crystalline structure with
regards to the reduced form before the test as shown in Fig. 3.
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Fig. 6 — Hydrogen yield of NiLaTi catalysts at: (a) 500 °C and
(b) 650 °C.
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Fig. 7 — XRD patterns of used NiLaTi catalysts: (a)
NiLaTi700, (b) NiLaTi850 and standard XRD cards of: (c)
LaTiO; and (d) Ni.

This result confirms the chemical stability of both phases
under the CGSR conditions and in the presence of potassium
compounds remaining in the reactor. For the catalyst obtained
by calcination at 700 °C reflections corresponding to metallic
Ni has been preserved, while the wide broad peak located in
the range between 26 = 20°—35° indicates the presence of
amorphous phases, that cannot directly be associated to any
chemical phase. Nevertheless, the position of this wide peakis
consistent with the presence of amorphous carbon [51] or
carbonates such as lanthanum oxide carbonate La,0,CO5 [52].
La,0,CO05 is reported to act as a carbon reservoir to react with
deposited carbon around the boundaries of Ni particles, thus
avoiding catalyst deactivation [53].

The size of the metallic Ni particles before and after reac-
tion was determined by Scherrer equation using the data from
the XRD pattern (111 reflection of Ni). As can be seen in Table
6, smaller Ni particle size was determined for NiLaTi700
catalyst. The degree of sintering was also calculated in CGSR
at 650 °C. This result seems to indicate that NiLaTi850 suffered
a higher sintering degree. NiLaTi700 catalyst was sintering-
resistant under reaction conditions and attributed to the

Table 6 — Metallic Ni particle diameter before and after the

steam reforming reaction at 650 °C.

Catalyst Metallic Ni particle Sintering (%)°
diameter (nm)®
Before After
NiLaTi700 10.6 11.3 6.6
NiLaTi850 16.7 20.9 25.1

Diameter of the metallic Ni particle before (dy,) and after reaction

(dar) determined by XRD.

@ Calculated from the (1 1 1) reflection of Ni in XRD.

® Degree of Ni sintering calculated with the formula: %
sintering = 100*(dar — dbr)/dbr-
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Table 7 — EDS chemical analysis of NiLaTi catalysts used

at 650 °C.

Element (wt. %) NiLaTi700 NiLaTi7850
Before After Before After

Ni 14.4 14.2 14.2 11.6
La 43.4 40.1 445 30.3
Ti 19.4 16.7 18.7 14.5
(0] 22.8 16.4 22.6 21.7
C — 10.8 — 19.6
K = 1.8 = 2.3

proper metal—support interaction avoiding particle migration
and subsequent coalescence.

EDS results in Table 7 show the amount of carbon and
potassium at the surface of used catalysts. NiLaTi850 shows
the highest amount of carbon which agrees well with the
highest deactivation rate already observed over this catalyst.
The amount of potassium that comes from the trans-
esterification catalyst was quite similar in both catalysts since
the amount fed was the same.

Raman spectra of spent catalysts (Fig. 8) show D and G
bands which are commonly used to identify the quality or
graphitic nature of carbons [54]. NiLaTi850 showed an average
Ipic value (taken from four different Raman spectrum spots) of
0.70, lower than the 1.42 of the NiLaTi700 catalyst. The lower
ratio of intensities Ipig for NiLaTi850 points out on higher
crystallinity of the carbon formed on this catalyst.

Thermograms for NiLaTi700 and NiLati850 after reaction at
650 °C are shown in Fig. 9. The weight losses are associated to
carbon dioxide produced by the complete combustion of
carbon-rich deposits in both catalysts and by decomposition
of La,0,C0;3 in NiLaTi700. The larger weight loss in NiLaTi850
is consistent with results obtained by the other characteriza-
tion techniques used in the present study and confirms the
greater tendency of this catalyst to be deactivated by carbon
formation.

H, production in the CGSR reaction was followed in the
45 h stability test performed with the NiLaTi700 catalyst at
650 °C. As shown in Fig. 10, after the regeneration steps with
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Fig. 8 — Raman spectra of spent catalysts.
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Fig. 10 — Long-term CGSR test with the NiLaTi700 catalyst
at 650 °C.

0,, the production of H, returns to values close to those of the
beginning, thus confirming that deactivation is mainly due to
blockage of sites by carbon deposits. Alkali compounds pre-
sent in CG can also accumulates inside the reactor and cause
clogging in the catalytic bed with the consequent increase of
the pressure drop. Nevertheless, alkali deposits may also play
a beneficial role since they favor steam gasification reactions
due to their active catalytic role [55]. They can also exert a
catalytic effect on the gasification of the carbonaceous de-
posits [56].

Conclusions

Ni—La—Timixed oxides prepared by a coprecipitation technique
were tested as catalysts in the crude glycerol steam reforming
reaction at 500 °C and 650 °C. A calcination temperature of
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700 °C lead to a solid material containing a well-defined NiO
phase and an amorphous mixed oxide containing La and Ti.
After calcination at 850 °C, a solid containing two well defined
phases, NiO and the LaTiO3 perovskite, is obtained. NiO is easily
reduced to metallic Ni on both solids in the presence of pure H,
at 650 °C and it remains as a separate phase under the steam
reforming conditions. The solid obtained at 700 °C displayed the
best performance in the steam reforming tests, allowing total
glycerol transformation and high selectivity for the production
of H,-rich gaseous mixtures. Low deactivation of this catalyst
was observed at 650 °C thus showing highly efficient carbon
removal from the boundaries of active sites.
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