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Abstract

The catalytic activity of commercial CaO and MgO and their physical mixtures on the gasification reactions with steam was studied.

Steam gasification of naphthalene as model reaction was selected and experiments in a laboratory scale reactor were performed. Carbor
conversion for pure MgO and CaO was 54 and 62%, respectively. Every mixture showed a larger conversion than the weighted average of the
pure compounds conversions; i.e., they exhibited catalytic synergy. The largest catalytic activity, reflected by the carbon conversion (79%),
was obtained with a 10% Ca® 90% MgO mixture, which also showed the highest catalytic synergy (44.2%) among the assayed mixtures.

Characterization of catalysts by XPS, XRD, SBET and DTG/DTA lead to conclude that formation of new phases, sintering, modification of
dehydration or carbonation of the oxides in the mixture could not explain synergy, or basicity changes. Oxides forming the mixture have notbeen
modified by the preparation or during the catalytic gasification. A catalytic cooperation between the two separated oxides is observed. Thus,
synergy is attributed to MgO presence in the mixture, which inhibits formation of carbonaceous material as well as bidentate carbonate in the
CaO surface, while promotes the formation of unidentate carbonate of lesser stability at the reaction temperature and in the peg3gnce of H
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction confirmed the thermodynamic feasibility of steam gasifica-
tion, at conditions in which CaO acts as a catalyst for that
Gasification of solid fuels such as coal, biomass and reaction. In fact, high temperatures favor the formation of
solid organic wastes converts them into higher energy value hydrogen and carbon monoxide as the main reaction prod-
gaseous products (mainlyoHand CO), thus facilitating a  ucts for steam gasification of naphthalene, a model reaction
more effective and cleaner use of those energy-valuablefor tar gasification. Therefore, this catalytic process can
organic materials. However, gasification generates consider-contribute not only to reduce the formation of tars, but also
able amounts of condensable (tars). These mainly aromaticto enhance the yield and the calorific value of the resulting
byproducts are ascribed as responsible for operational prob-gas. Additional advantages of CaO and MgO as gasification
lems, such us fouling and clogging of pipes and equipments. catalysts are their low cost and widespread availability.
Furthermore, these tars possess mutagenic characteristics The catalytic activity of CaO and MgO has been tested
and pollute industrial waters. A technological alternative using naphthalene as a model compound for gasification
is to perform the catalytic reaction with steam as gasify- [1-4], due to its high thermal stability and large concentra-
ing agent by using CaO or MgO as catalysts. Gaft] tion in those tars formed during coal gasification. Gasnd
Huttinger[2] described gasification as a sequential two-step
process: (i) thermal decomposition (pyrolysis) of naphtha-
* Corresponding author. Tekt56-41-204534; fax:+56-41-247491. lene to gaseous products and solid carbon deposition on the
E-mail addressxgarcia@dig.udec.cl (X. Gaia). catalyst’s surface (CaO obtained by limestone calcination);
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(ii) gasification with steam of the deposited carbon. These are included with the aim to complete the characterization
authors reported a good catalytic activity exhibited by CaO, of the catalysts and to support the discussion. In particular,
and proposed a Langmuir—Hinshelwood-type kinetic model DRIFT (in situ) experiments were performed to determine
that satisfactorily described the experimental results. Betan-the basicity of catalysts by chloroform adsorption and after
cur et al.[3] extended that study to the utilization of MgO pretreatment of the samples with g€@nd/or steam at re-
and dolomite (MgO CaO) as catalysts, assaying the effect action temperature, to simulate gasification conditions. XPS
of operation variables on the catalytic activity of the differ- was selected for identification of surface atoms, carbon and
ent oxides as well as the possible inhibitory effect of sul- carbonate formation, transfer of the atoms in surface (mu-
fur in the reactive atmosphere. Results showed that sulfurtual contamination of the oxides) and for the determination
does affect the catalytic activity of CaO and MgO but does of the carbon and oxygen forms on the surface.
not completely poison them, which constitutes an advantage
over more traditional nickel-based catalysts. That work also
showed that the catalytic activity of the oxides decreases 2. Experimental
in the following order: MgO> dolomite (MgO - CaO >
limestone (CaO). The gasification of real tars at laboratory 2.1. Catalyst preparation
scale utilizing the developed CaO catalyst showed promis-
ing resultg[4]. CaO (Riedel de Haen, 96% purity) and MgO (BDH
In general, literature shows that, alkaline earth oxides Chem., light, 95% purity) were selected as catalyst precur-
present significant catalytic activity and selectivity in the sors. Mixing 100 g of the dried oxides for 20 min and then
gasification of tars to gaseous products. The principal diffi- adding distillated water until a mud was obtained produced
culty found among these oxides is related to catalyst deacti- physical mixtures of the required weight composition of
vation by carbon deposition and carbonate formation. CaO the two oxides. Afterwards the wet mixture was submitted
seems to be more active than MgO but much more proneto drying at room conditions for approximately 100 h and,
to deactivation, particularly by carbonate formati@p. On finally, at 378 K in an oven. The calcium oxide content in
the other hand, experiments with MgO have shown no de- the CaO/MgO mixtures was 5, 10, 30, 50, 70 and 90 wt.%.
activating effects either by carbonate formation, or by car- Calcination of the catalysts, pure oxides and mixtures, was
bon deposition. Other preliminary assays showed an inter-carried out “in situ”, i.e. within the gasification reactor by
esting resul{5], as a significant increase in the production heating up to reaction temperature, in argon (99.999% pure)
of gaseous products (mainly CO and)ivas observed upon  atmosphere, for 30 min.
mixing MgO with CaO. Important is the fact that, although
the catalyst contained CaO, it was not deactivated during the2.2. Pretreatment of catalysts
reaction and the mixture activity remained constant during
a long lasting experiment. The catalyst samples were subjected to the reaction tem-
Further and more detailed results are given in this work, perature (1033 K) for 2 h, either in argon, or in the case of
concerning the catalytic performances of pure CaO, pure pure CaO, pure MgO and the 10% C&®0% MgO mixture
MgO and their physical mixtures for naphthalene’s gasifi- sample, in a steam atmosphere as well.
cation. Our objective is to compare the catalytic activity of
the pure oxides with that of their mixtures. To discern on 2.3. Catalytic test
the influence of the catalyst components during gasification,
the effect of the mixture composition was evaluated and sev-  Catalytic activity was measured during steam gasification
eral analytical techniques were used to get a comprehensiveof naphthalene, as model compound. The experimental runs
characterization of the bulk and the surface of catalysts, be-were carried out in a stainless steel fixed bed laboratory reac-
fore and after the reaction. The characterization included thetor (length= 40 mm, internal diametees 30 mm) described
following techniques: (i) BET area determination to follow elsewherg2]. The naphthalene-steam molar ratio of the feed
the evolution of the specific surface area; (ii) XRD analyses was kept at 1/20, enough to assure complete gasification of
to study the formation of new phases during the catalysts naphthalene. The gas flow was varied to achieve residence
pretreatment or the catalytic reaction, and the stability of the times (calculated as the ratio between effective reaction vol-
crystallographic phases during reaction; (iii) TGA analyses, ume and volumetric flow at the reaction temperature) in the
for basicity determination in solids exposed to £&3sorp- range of 0.5-10s. The gaseous products D, CQ and
tion; (iv) DTG/DTA analyses to determine evolution of the CHj4) were analyzed by on-line gas chromatography using
solids as a function of temperature, in order to find out hy- a Perkin-Elmer, 8700 GC, and a Porapaq Q column. In all
dration and carbonation states of the catalysts. tests (pure oxides and their mixtures), 15 g of catalyst were
The surface characterization of the catalysts has beenloaded to the reactor with particle size: 1-2 mm, which
complemented with DRIFTS and XPS analyses. These re-formed a 4 cm height catalytic bed. At the selected operating
sults have been presented extensively in a previous {Bbrk  conditions, absence of diffusion limitations has been previ-
In the present paper, only the essential points of these result®ously demonstratejd]. Further details of the equipment and
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experimental procedure are presented elsewhare]. perature programmer controller (Micricon 823), a vacuum
Some experimental runs with an inert bed of ceramic mate- system and a flow measuring-controller (Brooks), was used
rial were utilized for comparison and as a controlling assay. to carry out these measurements.

Carbon conversion, defined as the fraction of elemen-
tal carbon of the naphthalene molecule converted to the2.4.4. DTG/DTA analysis

C-containing gaseous CO, G@nd CH, is calculated as A thermo analyzer (Setaram-TGA 92), equipped with a
follows: microbalance (B 92), an oven reaching up to 2023 K and a
e — NCH, +1co + co, ) PC-linked controller for the oven temperature and the gas
c= 10 X 710N flows at the entrance and exit, was used. Calcination of the
' solids and combustion of deposited char were performed in
In Eq. (1) 7; represents molar flow of products= CHg, a He/Q atmosphere (30 ml He- 30 ml O,). A sample of
CO, CQ), andno is the molar flow of naphthalene fed to  approximately 25 mg was placed in a @Dalumina pan,
the reactor. and the temperature was raised from ambient to 1073 K, at
Product yield is determined as 5 K/min.
n; mole
Yi = o <m0|a1aphthalen) ) 2.4.5. DRIFT analysis

A FTIR spectrometer Brucker IFS 88, with KBr optics
The deviation in the value of conversion of the Ga®1gO and a DTGS detector, in the 4000-400¢nrange, was
mixture from the expected weighted average conversion cal-used. The spectral resolution was 4¢mThe signal/noise
culated from the pure oxides was quantified as a percentageatio was maximized for accumulation of 200 scans and
of synergy, defined by the reference spectrum was obtained from an aluminum
mirror, thus allowing automatic spectra correction by sub-

. _ . 0 .
Xc.mixure — (Xc.cao- %Ca0 traction. An atmosphere and temperature controlled cham-

+Xc,mgo - MgO)

% synergy= % 100 ber (Spectra-Tech 0030-103), with ZnSe windows, was
Xc,cao- %Ca0+ Xc mgo - %MgO used. The samples were placed without any treatment, such
3) as pressure or dilution, inside the environment-controlled
chamber.
2.4. Catalysts characterization For basicity determinations, FTIR spectra before and af-

ter CDChk adsorption were analyzdg8]. Software (Brucker
Fresh and used samples were characterized by the follow-OPUS/IR 2.2) was used to calculate band intensities after

ing techniques. correction of the base line by a polynomial function. The
samples (particle size0.2 mm) were placed in the analysis
2.4.1. BET areas chamber, heated up to 1033 K and pretreated for 2 h with

BET surface areas of the samples were determined byN, (30 ml/min), before adsorption. The out-gassed sample
the one point method using adsorbed nitrogen at 77 K, in awas subjected to CDgladsorption for 30 min. The DRIFT
Micromeritics Flowsorb Il 2300 instrument. The solids were spectra were registered on the fresh sample and before and
previously degassed at 423K for 2 h under gas flow (30% after adsorption. The areas of the adsorbed GOgainds
N2, 99.9995% and 70% He, 99.9995%). The surfaces areaswere calculated with the above-indicated software.
of the fresh solids calcined at 473K, in air at the reaction  Fresh catalysts were analyzed after treatment under;a CO

temperature were also measured. and steam atmosphere at 1033 K (the reaction temperature).
After out-gassing the samples at 1033 K for 60 min. under
2.4.2. X-ray diffraction N2 flow (30 ml/min), CQ desorption was monitored. They

XRD analysis was carried out with a Kristalloflex difrac- were cooled to room temperature and subjected to a CO
tometer Siemens D5000, equipped with a copper anode (Cuflow for 15min after which each sample was heated se-
Ka; A = 1.5418 A). The equipment’s operational conditions quentially, again under Nflow (30 ml/min) up to 423, 573,
were 40kV, 50 mA. The 2range between°sand 80 was 723, 873 and 1033 K, kept for 30 min at each temperature
scanned at a rate of 0/in. Identification of the crystalline  and a spectrum was recorded at each listed temperature. At

phases was carried out by using JCPDS datafiise 1033 K, the exposure to CCflow was followed by treat-
ment under wet nitrogen (obtained by bubblingiN liquid
2.4.3. TGA analysis water at room temperature) and the corresponding DRIFT

The thermal desorption of CQpreviously adsorbed for  spectrum was recorded. More details about the above exper-
60 min at 323 K was consideredp99.998%) was used as  iments are given elsewhefg].
carrier gas and the temperature was raised to 1073K at a
heating rate of 5K/min. Volumetric flows of CGCand N 2.4.6. XPS analysis
were kept constant at 150 ml (STP)/min. A thermogravimet-  Surface composition, deposited carbon and variations
ric balance (Cahn 2000, model 113X), equipped with a tem- of binding energies of the C 1s, O 1s, Mg 2s and Ca 2s
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peaks of selected samples were obtained by XPS analy-and a mixture 10% Ca@ 90% MgO as gasification cata-
sis. Pressed samples, protected from charge effects, werdysts. For all catalysts, $Hiwas the main gaseous product,
out-gassed overnight at 7 10~’ mbar vacuum and room  followed by CO, CQ and CH,;. No other component in the
temperature. The X-ray photoelectron spectroscopy datagas phase was detected. Carbon conversion increases with
were obtained with a Surface Science Instruments SSX-100residence time leading to final conversions lower than 1.0 in
model 206 spectrometer with a monochromatic Ak K  the range of working residence times. Similar results were
source, operating at 10kV and 20 mA. The residual pres- observed for the other mixtures.
sure inside the analysis chamber was below>610~/ Pa. Fig. 2ashows catalytic activity (expressed as carbon con-
For analysis, the C 1s peak (of deposited C) was usedversion) of CaO/MgO mixtures, as a function of the mix-
as reference by adjusting its binding energy C—(C—-H) to ture composition; shown values were determined at 1033 K
284.8 eV; peak decomposition was performed with a Gaus- and 4 s of residence time in the reactor. A synergetic effect
sian/Lorentzian ratio of 85/15. Atomic compositions were in the catalytic activity is observed for the CaO/MgO mix-
calculated by using the Schofield’s sensitivity factors after tures. Catalytic activity of all prepared mixtures showed to
normalization of the peak’s areas, allowing calculation of be higher than that exhibited by either of the pure oxides,
relative atomic concentration ratios for comparison among CaO or MgO, resulting the 10% Ca©90% MgO mixture
sampled5]. the most active, with a 44.2% synergy, as calculated from
Eqg. (3) Other residence times were assayed as well and in
all cases the synergetic effect was verified.

3. Results H> production is not considered in the calculation of car-
bon conversion (seieq. (1) butFig. 2bshows that H yield
3.1. Catalytic activity varies, like the carbon conversion, with the mixture compo-

sition and the same synergetic effect was observed. On the
Fig. la—dshow gas yield and carbon conversion, respec- other handFig. 3c shows that synergy was also observed
tively, as function of the residence time, using MgO, CaO for the CO yield while the C@yield remains constant.

product yields
Product yields

(a) Residence time,s. (b) Residence time, s.

1,0
0,9 1
0,8 1
0,7 1
0,6 1
0,5 1
0,4 1
0,3 1
0,2 A
0,1 1
0,0

Product yields
Carbon Conversion, Xc (%)

0 2 4 6 8 10
0 1 2 3 4 5 6 7 & 9 10

Residence time (s
(©) Residence time (s) (d) ©)

Fig. 1. Gas yields and carbon conversion at 1033K: (a) MgO; (b) CaO; (c) 10%iC2@b6 MgO; (d) carbon conversion. Catalystill)(MgO; (@)
CaO; (A) 10% CaO+ 90% MgO.
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Fig. 2. (a) Carbon conversion as a function of Ga®IgO catalyst composition; (b) Hyields as a function of catalyst composition; (c) CO, Ogelds
as a function of catalyst composition.

3.2. Characterization 10% CaO+ 90% MgO mixture the expected average value
is 50.2 nf/g while the measured value, was 54/m On the
3.2.1. BET surface area other hand, the BET surface area for the mixture after the

Table 1compares values of BET surface area for fresh catalytic test was 37.1#/g, a value close to the weighted

(before and after calcination) and used catalysts. Addition- average of the used pure oxide catalysts (42@jn Dur-

ally, the table includes BET surface area values for some ing reaction, all solids lose surface area, probably due to
samples pretreated with steam. Calcination enhances surfacsintering occurring by the exposure of the catalysts to the
areas of all selected samples with the exception of 100% reactive atmosphere. The sintering effect ofCHis clearly
MgO where a slight area reduction is observed. For the freshdemonstrated by comparing the BET surface area of the
and calcined mixtures, the determined values of BET sur- 10% CaOt+ 90% MgO calcined sample with the correspond-
face areas are similar to the values calculated as a weightedng steam-pretreated sample (51 versus 2&n Appar-
average from the pure compounds. In particular, for the ently, no correlation is observed between BET surface areas

Table 1
BET surface area for Ca® MgO catalysts
Catalyst BET area (Alg)
Fresh Calcined Used 40 -pretreated
100% MgO 69.0 53.6 44.7 32.4
2.5% CaO+ 97.5% MgO - 73.8 — —
5% CaO+ 95% MgO - 65.5 - —
10% CaO+ 90% MgO 35.6 51.0 (50.2) 37.1 (41.6) 26.0 (30.5)
30% CaO+ 70% MgO 30.9 40.6 (43.5) 32.0 (35.3) -
50% CaO+ 50% MgO 23.9 28.9 (36.7) 26.5 (29.0) -
70% CaO+ 30% MgO 19.4 25.6 (30.0) 19.2 (22.7) -
90% CaO+ 10% MgO 16.1 21.7 15.1 -
100% CaO 16.4 19.8 13.3 13.2

The values in parentheses is the expected weighted average.
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Fig. 3. XRD of selected catalysts: (a) MgO; (b) CaO; (c) 10% Ga@0% MgO catalyst.

of the selected samples and their catalytic activity during in pure MgO fresh sample; this could indicate the presence

naphthalene gasification. of calcium as an impurity in the MgO sample.
According to JCPDS databadé], the oxide phases
3.2.2. XRD analyses found in the used catalystEi). 3a—¢, were MgO periclase

The XRD analyses of MgO, CaO and of the 10% GO  (JCPDS file: 4-0829) and CaO lime (JCPDS file: 4-777). No
90% MgO mixture are shown ifrig. 3a—c XRD-curves other phase was detected in the mixtures of Ga@gO; in
for fresh (calcined) and used catalyst are also pre- other words, the phases present in the mixtures correspond
sented. Hydroxides (Mg(OEhbrucite, file JCPDS, 7-0239; to the contributions of the pure components.
Ca(OH)-portlandite, file JCPDS, 4-073%], formed dur-
ing preparation of the catalyst, are the main phases presen8.2.3. TGA analysis
in the three fresh samples. In the calcium containing sam- The amount of CQadsorbed on the samples, expressed as
ples, some hydroxide phases are still present even aftermmol CQy/m? of catalyst, and measured by TGA analysis,
calcination (results not shown herfg)]. Mg(OH),-brucite is presented iffrig. 4 as a function of the mixture composi-
was not detected after calcination of pure MgO. tion. As shown, CQ adsorption increases with calcium con-
For the used catalysts, hydroxides are detected in all cal-tent in the catalytic mixture. It may be observed that no ad-
cium containing samples, confirming the high tendency to sorption occurs for the pure MgO while it increases sharply
hydroxylation of calcium to Ca(OH)portlandite. During for mixtures with calcium contents higher than 50 wt.%.
gasification, hydroxides are formed by reaction of the solids
with steam present in the atmosphere. 3.2.4. DTG/DTA analysis
Calcite (Ca(COy, file JCPDS: 5-058€)] is also detected Table 2andFig. 5 show DTG/DTA results obtained for
in the calcium containing samples, which is still present in fresh and used MgO, CaO and the 10% Ga®0% MgO
the used sample of pure CaO. Some calcite is also observednixture. The two detected DTG peaks for the fresh solids
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Table 2

DTG/DTA analyses of fresh and used catalysts

Catalyst T(K) Fresh sample Used sample
Endothermic peak Exo-peak Endo-peak
T(K) Change T(K) wt.% T(K) wt.%

MgO 293-1073 650 333 773 14.6 - -
924 34

10% CaO+ 90% MgO 293-1073 646 25.9 684 - 973 8.4
967 8.8 768 6.0

Ca0O 293-1073 758 9.6 693 0.3 967 11.3
968 8.9

(Fig. 5a, c and g can be attributed to dehydration and de-  For the used catalysts, two DTG/DTA peaks are also iden-
carbonation. The fresh solids, and especially calcium, aretified (Fig. 5b, d and ). The first peak is attributed to com-
mainly in the form of hydroxides and carbonates, which dur- bustion of the carbonaceous matter deposited on the solid
ing heating in the thermo gravimetric apparatus decomposesurfaces; a mass diminution related to heat release (positive
releasing HO and CQ. peak) confirms these phenomena. The second peak repre-
For the pure MgO and 10% Ca® 90% MgO samples, sents the carbonate release and it is associated to a mass
the first decomposition peaks appear at similar temperaturedoss together with heat consumption (negative peak). Only
(650 and 646 K) which are lower than the temperature of the first peak is detected for the used MgO catalyst, mean-
the first peak for the CaO (758 K). This result indicates a ing that there are no species present in this solid that may
beneficial effect of MgO in the mixture as it promotes decar- be released at a higher temperature.
bonation and dehydration at lower temperatures. However, Temperatures at which carbonaceous matter combustion
this behavior changes as shown by the DTG peaks detectedccurs increase in the order Ca010% CaG+90% MgO <
at higher temperatures (the second peak). For the pure CalMgO. This result suggests that the combustion of the de-
and the 10% Ca@ 90% MgO catalysts, the peaks appear at posited carbonaceous material is better catalyzed by CaO
a similar temperature, which is slightly higher than the cor- than by MgO. However, in the absence of a better char char-
responding temperature of the pure MgO sample (967/968acterization it is not possible to assure that this effect is due
versus 924 K). These results show that the mixture behaviorto the effect of the solid, or it is due to differences in the
resembles that of MgO at low temperatures but that of CaO carbonaceous material deposited on the solidble 2and
at high temperatures. Fig. 5 show that the pure oxides present a sole exothermic
Quantification of contributions is difficult because of event, produced by the combustion of the carbonaceous ma-
the different degree of carbonation that each catalyst couldterial (773 and 693 K, for MgO and CaO, respectively). By
achieve by exposure to the ambient during preparation. contrast, the mixture exhibits two exothermic events, one at
However, if the peaks detected at the higher temperatures684 K, which is close to the value exhibited by pure CaO
are attributed to carbonate elimination only, then it may be (693 K), and a second at 768 K, which is close to the event
concluded that both, thermal stability and the amount of exhibited by pure MgO (773 K). Thus, it can be inferred that
carbonates in pure MgO, are lower than those exhibited by the combustion of the carbonaceous material in the mixture

the mixtures and on pure CaO. takes place as if this material were deposited independently
on CaO and MgO, each component contributing to a char-
021 T acteristic and well-defined exothermic event.
. A re-adsorption of the C®produced during the combus-
g 0.18 7 tion of carbonaceous material is observed in the CaO and in
& 015 4 the mixture, but not in the MgO. The weight increase cor-
§ responding to this C®re-adsorption have been pointed in
© 012 - the TG curves ofigs. 5d and fat approximately 725K for
g 000 1 . the CaO and 660K for the 10% CaP90% MgO mixture.
2 %% 3.3. DRIFTS analysis

0,03 + *

3.3.1. Basicity determination

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ’ DRIFT spectra Fig. 6) of adsorbed CDGI in fresh

0 10 20 30 40 50 60 70 80 90 100 solids (MgO, CaO and 10% CaP90% MgO) showed two
% CaOMgO adsorption peaks for CDgl corresponding to weak and

Fig. 4. Basicity after C@ adsorption (TGA analysis). strong basicity thus allowing the determination of the
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Fig. 5. DTG/DTA spectra of fresh and used catalysts: ((a) and (b)) MgO; ((c) and (d)) CaO; ((e) and (f)) 10%3DaMgO.

amount of strong and weak basic sites. The strong basic-decarbonation by a temperature increase and to a second
ity values for CaO, MgO and 10% Ca® 90% MgO were treatment by exposing them to G@&nd HO,, as ob-
42.53, 11.7 and 11.42 absorbance units (a.u), respectivelyserved in curves 8-10 dfig. 7. Extended details of these
which are significantly higher than weak basicity of 0.60, results were presented elsewhfgk so here we summarize
0.42 and 0 for the same cataly$&. Basicity of CaO is those results that are relevant to the carbonation problem
higher than MgO, but these values do not correlate with stated above. DRIFT spectra of the fresh and treated sam-
their tested catalytic activity. Thus, basicity plays a role but ples showed peaks representative of unidentate carbonates,
it is not unique with regard to the activity of the assayed hydroxyls and adsorbed water in all fresh samples. After ex-

catalysts. posure to CQ@ at room temperature, the solids are carbon-
ated and hydrated, as expected. Subsequent heating of the
3.3.2. Reactive atmosphere simulation samples eliminates adsorbed water and, at the same time,

On the other handF{g. 7), the fresh solids were sub- an OH band at 3700 cnt appears. After degasification at
jected to CQ adsorption at ambient temperature, later to 1033 K hydroxides are still present only in the 100% MgO
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steady transformation to the more stable bidentate specie
before it disappears at 1033 K. This peculiar behavior is a
central point to explain the catalytic synergy exhibited by
the 10% CaGt 90% MgO mixture as compared to the pure
components. Besides carbonates, several species are gen-
erated during the heating process, i.e., during, C&ease

and re-adsorption in the presence of adsorbed water and/or
hydroxyl groups. These species, some of them intermedi-
ates of the reactions involved in naphthalene gasification,
would correspond to formiate species, from the interaction
of adsorbed CO with OH groups; carboxylic groups with
hydrogen bond or aldehydic groups. These species showed
a greater stability for pure CaO than for pure MgO and the
mixture since they can be found up to 873 K in pure CaO, but
only up to 723 K in pure MgO and the 10% Ca®0% MgO
mixture.

Exposure to CQ, as well as its adsorption at ambient
temperature, generates carbonates, formiate, carboxylic
acids with hydrogen bonds and aldehydic species, whose
IR bands intensities varied in the following order: MgO,
10% CaO+ 90% MgO and CaO. Carbonates in pure MgO
and 10% CaG- 90% MgO are of the unidentate type, while
in pure CaO are of the bidentate type. Exposure of pure MgO
to H,Ow, produces a fast disappearance of the species
formed in the CQ adsorption. For 10% Ca® 90% MgO,
the unidentate specie disappears more slowly to a prolonged
exposure to HO). For pure CaO, the formed species are
more stable since they remained after a long (30 min) ex-
posure to HOy. Further details of DRIFTS experiments
are given in[5].

Table 3 shows the IR bands reported in the literature
[7,9-13,15]for the carbonate and formiate species. Assign-
ments are different as the solids originated from different
precursors and they were subjected to different pretreat-
ments. The carbonate species differ in the gap of the asym-
metric tension band of the carbonate ion (ca. 14159m
which are 100, 300, 400cm or more for the uniden-
tate, bidentate and bridge carbonates, respectively. Other IR
bands reported are shownTable 4 [10,16-19]

3.3.3. XPS analysis

XPS results Tables 5-Y showed a significant reduction
(8.0—4.4 at.%) of the atomic percentage of the carbonates in
pure MgO; while in pure CaO and in 10% Ca®0% MgO,
this reduction was small (16.9-15.3 and 4.2-3.3 at.%, re-
spectively). The 10% Ca@ 90% MgO catalyst shows the
smallest content of carbonates among the three solids as-
sayed. Deposited char increases in all the solids during the
reaction and the content of the carbonaceous matter in the
deposited material showed the following order: 10% GaO
90% MgO < pure MgO < pure CaO. The latter indicates

and the mixture, while carbonates remain only on the cal- that the mixture has a larger capacity to inhibit char depo-

cium containing samples, as shown by curve Fig. 7.

sition as compared to the pure oxides. The smaller amount

As the temperature rises, unidentate carbonate decreasesf carbonates in 10% Ca® 90% MgO and in pure MgO

in pure MgO and in the mixture due to GQelease. On

confirms their smaller stability in these solids as compared

the contrary, in pure CaO the unidentate specie suffers awith those formed in pure CaO. The atomic percentage of
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Table 3
IR assignations for carbonates and formiate species
Unidentate (cm?) Bidentate (crml) Bridge (cnm?l) Bicarbonate (cm?) Formiates (crm?l) Literature
1530-1470 1630-1590 1660-1620 [10]
1370-1300 1270-1260 1410-1290
1080-1040 1030-1020 1050-990
880-850 840-830 840-830
820-750 760-740 705-695
690-670 680-660 1750
1500 1635-1550 1275
1420 1315-1290 [11]
1060 1050
860 980-850
1496 1642 2840; 1604; 1370 [12]
1332
1420-1410 1570-1560 1760-1720 2810; 1610; 1300 [13]
1350 1420 1780-1700
1350-1320

Three types of [15]

formiate—unidentate: 2811, 1649,

1304; bidentate: 2750-2715, 1610,

1388; bridge: 2839, 1622, 1342
1526-1461 1629-1619 1797-1776 1658-1630 [9]
1063-1075 1304-1299 1472-1415

1223-1213
von at 3610cnt?, 1230cnt?t High von, vco at 2143 et [71
Table 4
IR assignations for adsorbed water, carboxylic groups and aldehydes
Specie Wave number IR bands Literature
Adsorbed water Broad band at 3525¢h [10]
Broad band between 3600 and 2800¢m [17]
Broad band at 3600 and shoulder at 1640¢m [18,19]

Carboxylic acid vco at 1690-1760 cmt and voy at 3500-3650 crmt [16]
Carboxylic acid with H-bridge vco at 1690-1760 cmt and voy at 2500—2700 crmt [16]
Aldehydes vco at 1690-1760 cmt and vcy at 29003000 cmt [16]
Table 5

XPS analysis of MgO

Element Fresh Used Calcined, 1033 K, 30 min 2CHpretreated, 1033K, 2h
BE at.% BE at.% BE at.% BE at.%

C1s 284.8 10.2 284.8 19.4 284.8 12.9 284.8 9.4

C1s 286.3 3.2 286.3 10.7 286.3 2.2 286.3 2.1

C1s 289.8 8.0 289.8 4.4 289.8 3.0 289.5 1.7

O 1s 530.3 115 530.0 24.7 530.0 26.8

O 1s 531.6 51.0

O 1s 532.4 20.1 532.0 15.8 531.8 18.2

Mg 2s 88.8 27.6 89.1 33.8 88.3 41.3 88.3 41.9

Ca 2s

Ca/Mg

Ca/lC

Mg/C 1.3 1.0 2.3 3.2

C/CO;~ 2 2.7 7.8 6.0 7.7

a C: total carbon; C@ : C 1s~290¢V.



262 N. Alarodn et al./Applied Catalysis A: General 267 (2004) 251-265

Table 6

XPS analysis of CaO

Element Fresh Used Calcined, 1033 K, 30 min 2CHpretreated, 1033K, 2h
BE at.% BE at.% BE at.% BE at.%

C1s 284.8 17.7 284.8 26.3 284.8 19.3 284.8 22.0

Cls 286.3 25 286.3 171 286.3 51 286.3 4.2

C1s 289.4 16.9 290.5 15.3 289.6 15.6 289.6 15.3

O 1s

O 1s 531.2 49.9 531.5 47.7 531.5 46.7

O 1s 532.4 32.7

Mg 2s

Ca 2s 438.5 13.0 439.7 8.6 438.7 12.4 438.8 11.8

Ca/Mg

Ca/lC 0.35 0.15 0.31 0.28

Mg/C

C/COz~ 2 2.2 3.84 2.56 2.71

a C: total carbon: C@ : C 1s~290eV

carbonates in pure MgO subjected to either calcination or solids during the reaction. These solids exhibit the same
to H,Ov) treatment follows the same behavior as the used behavior when subjected to calcination and steam treatment
solid, i.e., decreases as compared to the fresh catalyst. Againat the reaction temperature, indicating th& Qresence. A
this reflects the carbonates instability on MgO at the reac- different behavior is observed with pure CaO, calcined CaO
tion temperature and in the presence etl,,. Calcination or CaO treated with By at the reaction temperature, as
and HO treatments do not produce a carbonate reduction no new species were formed.
in the mixture as compared to the fresh mixture, but for all  Even though char deposition does occur during the reac-
conditions, the carbonate content is significantly smaller that tion, the Ca/C ratio is approximately constant for the fresh
carbonate contents in pure CaO. In this regard, the mixtureand used 10% Ca&@ 90% MgO mixture (0.03—0.04 at.%),
behavior is similar to pure MgO. whereas in pure CaO this ratio decreases from 0.35 to
Formation of a new species containing oxygen during the 0.15at.%. This suggests that Ca in the mixture behave
reaction was detected for both pure MgO and the mixtures, differently than in pure CaO, i.e., Ca behaves different in
as shown by a new O 1s peak at 530 eV, associated t6an O contact with Mg with respect to the carbonate formation
form, which corresponds to oxygen bounded to the metal and the char deposition; this result, suggests strongly that
M-O (see O 1s’s peak assignations for different oxygen Mg might inhibit carbonaceous material deposition and
species in referencfb]). The generation of these species carbonate formation.
is attributed to the removal of OH and/or carbonate groups The Mg 2s atomic percentage in the mixture as compared
during the reaction, which is confirmed by the reduction to pure MgO remains constant during the reaction (32.7
of the O 1s atomic percentage and of carbonate in theseand 32.8 at.%), suggesting that atom transfer between oxides

Table 7

XPS analysis of 10% MgQ@ 90% MgO

Element Fresh Used Calcined, 1033 K, 30 min 2CHpretreated, 1033K, 2h
BE at.% BE at.% BE at.% BE at.%

C1s 284.8 9.1 284.8 18.6 284.8 13.6 284.8 16.7

C1ls 286.3 2.6 286.3 7.7 286.3 2.3 286.3 3.4

C1s 289.5 4.2 290.2 3.3 289.6 4.5 289.6 5.7

O 1s 530.1 5.6 529.8 20.4 530.4 22.6

O 1s 531.2 51.0

O 1s 532.0 30.9 531.8 19.8 532.2 16.9

Mg 2s 88.4 32.7 89.0 32.8 88.4 38.4 88.6 32.6

Ca 2s 438.9 0.5 439.5 1.2 438.5 1.2 438.7 2.1

Ca/Mg 0.02 0.04 0.03 0.06

Cal/lC 0.03 0.04 0.06 0.08

Mg/C 2.0

C/CO;~ @ 3.8 9.00 4.55 454

a C: total carbon; C@ : C 1s~290eV.
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does not occur or it is minimal; this would indicate that the 4.2. Effect of the residence time in the formation of

synergetic effect may not be explained by surface contami- reaction products

nation. On the contrary, Ca 2s in the 10% Ca®0% MgO

mixture increases its atomic percentage from 0.5t0 1.2at.% Carbon conversion increases with the residence tithe (

for pure CaO, indicating that a fraction of the CaO in the in the reactor. While the increase for< 2 s is due to CO,

mixture is free of carbonates and carbonaceous material.CO, and CH, contribution, for values of > 2s the CQ

Further details of XPS experiments are giverj5h yield becomes constant, thus the observed carbon conver-
sion increase results only from an increase of the CO and
CHjy yields that grow slower than for the case with 2 s.

4. Discussion According to the mechanism proposed in a previous study
[1], the first stage of the reaction corresponds to the irre-
4.1. Synergy between CaO and MgO versible dissociation of the naphthalene molecule on the

vacant active sites of the catalyst’s surface, generating hy-

Catalytic synergy was observed in practically all the range drogen, methane and deposited solid carbon as seemingly
of mixtures assayed (CaO content larger than 5%), i.e., car-primary products, as probably more than one step is needed
bon conversion during naphthalene gasification with GaO  to generate hydrogen and methane. The solid carbon reacts
MgO mixtures is larger than the pure oxides contribution. with steam, in a second step, to produce carbon monoxide
The largest synergy, with a value of 44.2%, was observed and/or carbon dioxide.
with the 10% Ca0O-90% MgO mixture (carbon conversion  The yield curves obtained in this work may be explained
Xc = 79%). Pure MgO and CaO showed carbon conver- in terms of this mechanistic pathway. At low residence times
sions of 54 and 62%, respectively. Previous works of @arc (r < 2s), product formation is small because of an insuffi-
and Huttinger[1,2] about the homogeneous gasification of cient contact time between naphthalene and the catalyst in
naphthalene showed, at all temperatures, very low yields ofthe reaction bed. Thus, hydrogen and solid carbon yields are
hydrogen, methane, carbon monoxide and carbon dioxide,small and, therefore, CO and G@®ields are small as well.
with maximum naphthalene conversions lower than 0.05. As the residence time increases, a higher contact time be-
The main products formed in that case were solid depositedtween the reactant and the catalyst favors the dissociation
carbon and tar. From these results, one may assume a neglief the naphthalene molecule, with solid carbon formation
gible contribution of the non-catalyzed homogeneous reac-on the surface of the catalysts. As a result of reactions be-
tion to the conversion values obtained during the catalytic tween this solid carbon deposited with steam and CO, higher
gasification. gaseous yields are obtained. Finally, at the highest assayed

As shown by XRD analysis, the lack of formation of new residence times, carbon deposited and carbonate formation
phases and the absence of any kind of mutual chemical con-increase significantly, deactivating part of the catalyst’s sites
tamination between MgO and CaO in the mixture strongly that leads to a measured stabilization in the yield of the
suggests that oxides in mixture behaves as if they were un-gaseous products.
mixed. The same conclusion can be withdrawn from BET  With regard to the CO and CQyields’, it can be stated
analysis of surfaces where the values for the mixtures cor-that, because of the higher availability of free catalyst’s sites,
respond to the value of the weighted area of the pure com-at low residence times, and as a consequence a favored oc-
ponents. An important fact is that the Mg 2s XPS atomic currence of the shift reaction, Gdormation is more im-
ratio percentage in the mixture remains constant during theportant than CO. However, at higher residence times, the
reaction, strongly suggesting that contamination by surface shift reaction is affected by a lesser availability of sites, the
atoms transfer between the oxides seems to be excluded. Otatter being deactivated by deposited carbon and carbonate
the other hand, the binding energy corresponding to Ca 2sformation, and CO formation becomes more important than
and Mg 2s peaks remains unchanged during the reaction,CO,. This assumes that shift reaction sites are the same ac-
which could support the fact that oxides have not been mod- tive sites than those for carbon oxidation and naphthalene
ified or that no new phase associating Mg with Ca has beendissociation.
formed. Therefore, it could be accepted that during the cat-
alytic reaction, oxides remain unchanged and that the syn-4.3. Consequences of the cooperation between CaO and
ergetic effect could be explained as a catalytic cooperation MgO
between both oxides that keep a good contact. On the other
hand, from the XRD, DRIFT and DTG/DTA analyses, it can Differences in carbonate formation would reflect the dif-
also be concluded that MgO exhibits a lesser carbonationferences between basic sites in MgO and CaO. It is well
capacity than CaO. known[8,9,12]that, according to their type, carbonates ex-

The catalytic behavior of the mixture resembles more to hibit a different behavior during the reaction. When uniden-
that of MgO than that of CaO, suggesting, in CaO and in tate carbonates are formed, adsorption takes place through a
the 10% CaO-containing mixture the existence of sites of carbon atom bond of the G@nolecule with an oxygen atom
different nature than in MgO. from the catalyst releasing a metallic atom. When bidentate
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carbonate is formed adsorption proceeds through a carborpusly, the OH at the interface of both oxides could play this
atom bond of the C®molecule with basic oxygen from the role. But the OH species formed on MgO might also migrate
solid and the simultaneous binding of oxygen from the;CO towards the CaO surface through a “spillover” process; these
to the metallic atom of the catalygt4]. species might react in the CaO surface reacting or generating
The greater stability of the bidentate carbonate formed in sites that would allow the formation of unidentate carbonate
the pure CaO surface could deactivate its sites and, henceand, consequently, diminishing the bidentate carbonate for-
inhibit adsorption and the dissociation of steam affecting the mation, as discussed above. At this state of the discussion,
necessary step for char gasification and for the occurrence ofwe could also make additional speculations. Other species
the “shift” reaction involved in the gasification mechanism could be also present and be able to migrate. H species mi-
[1,2,15] This would not be the case for the catalytic effect of gration cannot be ruled out; in this case, the atomic hydrogen
pure MgO or for the mixture where the free cation exposure would react with char precursors inhibiting its formation.
to steam favors its adsorption and the subsequent formationSimilar comments could be made with oxygen species and
of hydroxyl groups in sufficient amounts so that gasification spillover processes. Phenomena of this kind, in particular
can proceed. reaction of hydrogen and oxygen spillover with carbon
The effect of MgO in cleaning the surface and freeing precursors, have been previously reported in the literature
basic sites occupied by carbonates and deposited carthrough isotope interchange for the H, OH and O species
bonaceous material in CaO evidences cooperation in theduring several reactions involving metals, oxides, alumina,
10% CaO+ 90% MgO mixture. As stated in a previous sec- zeolites, etc[20-22] Although this phenomenon might be
tion, and observed in curve 7 &ig. 7, MgO and the 10% involved in the mixtures, this explanation at this moment is
MgO-containing catalysts show OH groups at the reaction just a speculation and needs further experimental work.
temperature of 1033 K, while the CaO catalyst does not.
This is the basis to explain the cooperative effect of MgO
with respect to the CaO catalyst. Furthermore, wherp CO 5. Conclusions
is introduced (curve 8 oFig. 7) carbonates, formiate, car-
boxylic acids and aldehydic species are fornfgdwhose Mixtures of CaO+ MgO with 5% or more of CaO
characteristic IR bands are shownTable 3 Again, differ- exhibit catalytic synergy in naphthalene gasification. The
ences between the bands for the CaO catalyst for one part10% CaO+ 90% MgO mixture exhibited the greatest syn-
and the bands for the MgO and MgO-containing mixture ergy (44%). Carbon conversion of the mixture (79%) was
are evident. In fact, carbonates are of a bidentate naturelarger than the ones exhibited by the pure oxides (54 and
for the former, and of a unidentate nature, for the latter. 62% for MgO and CaO, respectively).
When steam is introduced (curves 9 and 10), nearly all of Characterization of the mixture exhibiting the greatest
the carbonaceous matter disappears from the pure MgOsynergy and of the pure components through SBET, DRX,
and MgO-containing mixture, but they remain in the CaO TGA, DTG/DTA, XPS and DRIFT (in situ) techniques does
catalyst. These observations suggests strongly that when exnot allow an explanation for the observed synergy from the
posed to an expected ambient of £8,0, the CaO catalyst  formation, during the reaction, of a phase different from the
will keep highly stable bidentate carbonates, thus blocking phases presented by the fresh solids. No correlations were
active sites, while mixtures with MgO will generate less found between the catalytic activity and the catalysts SBET
stable unidentate carbonates thus allowing a cleaner surface®r with basicity measured by GCadsorption (TGA) and
for further reaction. Thus, the fast decomposition of uniden- CDCIz (DRIFTS).
tate carbonate at the reaction conditions contributes to the DRIFTS and XPS analyses did not show correlation be-
formation of intermediate compounds, such as formiate, tween basicity and the catalytic activity; however, carbon-
carboxylic and aldehydic groups. The reaction with steam ate formation and char deposition on the catalysts’ surface
easily removes these compounds, particularly the formiate. was observed. Moreover, formiate, carboxylic and aldehy-
The same cleaning effect produced by MgO over the CaO dic species were formed during simulation of the reactive
in the mixture is shown by the DTG/DTA results, thus con- atmosphere of gasification. XPS analysis did not give a clue
firming the cooperative effect described above. This is made of the existence of some phenomenon of contamination be-
evident by a lower combustion temperature of deposited chartween the metallic components forming the oxides during
when a mixture is utilized than for the pure components. the catalytic reaction.
This temperature decrease could be explained by the inhibi- For the catalysts MgO and 10% Ca©90% MgO the
tion of stable carbonate formation on the CaO surface. This formed carbonates in the surface are of the unidentate type
inhibition would be promoted by the MgO presence, thus and unstable in the presence 0$®}y,. In pure CaO the
generating greater activity of CaO in the char combustion, carbonates are of the bidentate type and quite stable, even
characterized by a lower temperature. in the presence of $Ov,.
These results give rise to some speculations: a migration The synergetic effect of the 10% Ca©90% MgO mix-
of OH™ cannot be excluded. As discussed above, the OH ture on naphthalene gasification might be explained by a
species could participate in the reaction mechanism. Obvi- catalytic cooperation, as separated phases, between the Mg
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