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a  b  s  t  r  a  c  t

The  four  isomers  of  butanol  offer  an  interesting  platform  from  which  to study  the  reaction  pathways  of
alcohols  in  an  autothermal  partial  oxidation  system,  as  they  comprise  one  tertiary,  one  secondary,  and
two primary  alcohols  with  the  same  number  of  carbon  atoms.  We  demonstrate  high yields  of syngas  or
unsaturated  molecules  at contact  times  on  the  order  of 10  ms,  and  investigate  the  reaction  pathways  of
each isomer  over  Rh,  RhCe,  Pt, and  PtCe  catalysts  for  a range  of  carbon-to-oxygen  (C/O)  ratios.

For each  isomer,  conversion  to equilibrium  syngas  products  is  essentially  complete  at  C/O =  0.8.  As C/O
ratio  increases,  the  major  product  from  the  primary  and  secondary  butanols  switches  to  the  correspond-
ing carbonyl,  producing  butyraldehyde,  isobutyraldehyde,  and  butanone  from  1-butanol,  isobutanol  and
2-butanol,  respectively.  Selectivity  to the  carbonyls  approached  30–50%  as  C/O  approached  2.0.  Dehydra-
latinum
erium

tion  to  the  corresponding  butenes  is relatively  minor  in  comparison,  representing  less than  20%  selectivity
at  C/O  =  2.0.  tert-butanol  reacted  differently,  selecting  mainly  for  the  dehydration  product  isobutene.  Ace-
tone  was  the  main  carbonyl  product  from  tert-Butanol,  but  selectivity  to  acetone  was always  ≤10%.  Global
mechanisms  in an  autothermal  reactor,  based  on  pyrolysis,  combustion  and  surface  science  literature,  are
proposed  for  each  alcohol.  Surface  chemistry  likely  accounts  for much  of the  syngas  formation  and  heat
generation,  while  the  carbonyls  and  alkenes  may  be formed  primarily  through  homogeneous  routes.
. Introduction

Significant research effort in recent years has focused on the
evelopment of renewable liquid fuels in order to decrease the
conomic and environmental impacts of fossil fuel consumption.
our-carbon alcohols have received particular attention because
hey can be produced in significant quantities from a variety of
enewable feedstocks [1–7] and have several advantages over
hort-chain alcohols. In particular, the butanols have many prop-
rties similar to currently consumed fossil fuels, including high
nergy density, low hygroscopicity, and low corrosivity [8,9].

Autothermal partial oxidation over noble metal catalysts has
hown promise as a technique to convert a variety of feedstocks
both renewable and fossil fuel-based) into syngas (a mixture
f H2 and CO) and longer-chain unsaturated molecules, both of
hich are important intermediates in the synthesis of a wide

ange of molecules [10–16].  Additionally, these reactions are

arried out at high temperatures with heat generated in situ and
ccur on millisecond time scales, allowing for the use of small and
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simple reactors that are appropriate for utilizing diffuse renewable
resources.

Recently, St. Clair and Lee [17] studied the autothermal partial
oxidation of isobutanol over Rh and �-Al2O3 catalysts and found
that Rh gave high yields of syngas while �-Al2O3 selected primar-
ily for the dehydration product isobutene. We  have recently shown
that the addition of Ce to Rh catalysts improves yields of hydro-
gen from several fuels [10,11,15,18],  and that autothermal short
contact time (SCT) reactors can also give high yields to nonequi-
librium products from light oxygenates [16,19]. Additionally, we
proposed that the behavior of a model compound of different func-
tional group classes (e.g. C2 alcohols, aldehydes, and acids) in an
autothermal SCT reactor could be extrapolated to other molecules
in the same class [16].

In this work we apply autothermal partial oxidation of the four
butanol isomers over Rh, RhCe, Pt, and PtCe catalysts to show that,
depending upon operation parameters, high selectivity to syngas or
nonequilibrium products may  be obtained. We  note that although
the formation of the nonequilibrium products may  be primarily
homogeneous, the exothermic reactions that occur mainly on the
catalyst surface are required to provide heat for gas-phase dehy-
drogenation and dehydration reactions. Additionally, the behavior

of the primary butanols during autothermal processing appears to
be similar to ethanol [16], supporting the hypothesis that mem-
bers of a functional group family behave similarly in autothermal
SCT reactors.

dx.doi.org/10.1016/j.apcata.2011.10.023
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:schmi001@umn.edu
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. Experimental

Experiments were carried out with a 19 mm  ID quartz tube as
hown in Fig. 1. Liquid fuel was fed through a stainless steel neb-
lizer at the top of the reactor at 1 mL  min−1 and was  atomized
ith 0.7 SLPM N2. Remaining N2 and O2 were fed around the nebu-

izer, and total N2 and O2 were maintained at air stoichiometry. Gas
ow rates were varied to obtain different carbon-to-oxygen (C/O)
atios, defined as the molar ratio of carbon in the feed molecule
o atomic oxygen in the O2 feed. The catalyst bed was  positioned
0 cm below the nebulizer and reactor walls between the nebu-

izer and catalyst were maintained at 175 ◦C to vaporize the fuel.
n 80 pores-per-linear-inch (ppi) ˛-Al2O3 foam monolith (Süd-
hemie) was positioned 3.5 cm upstream of the catalyst bed to mix
eactants. The catalyst bed was comprised of 3.25 g of 1.3 mm  cat-
lytic spheres. The spheres (St. Gobain-Norpro) consisted of 1 wt%

 or 1 wt% M-1  wt% Ce supported on ˛-Al2O3, where M = Rh or Pt.
 65 ppi ˛-Al2O3 foam monolith served as a back heat shield and

o hold thermocouples in place. Type K thermocouples (Omega)
ere located at the upstream and downstream edges of the sphere

ed, and the entire bed was wrapped with aluminosilicate cloth
nsulation to prevent heat loss and gas bypass during the experi-

ent. Spheres were prepared by incipient wetness impregnation of
queous catalyst precursor salts (Rh(NO3)3, H2PtCl6, and Ce(NO3)3)

ollowed by drying under vacuum. Rh and RhCe catalysts were pro-
uced in multiple cycles of deposition-dry-calcination at 600 ◦C,
here the calcination duration was ten minutes (to decompose the
itrate salt), followed by a final calcination at 600 ◦C for 6 h. Pt and

Fig. 1. Reactor configuration for the autothermal partial oxidation of the butanol
isomers.
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ig. 2. Conversion and catalyst backface temperature of the four butanol isomers for each catalyst as a function of C/O ratio. (a) 1-Butanol, (b) isobutanol, (c) 2-butanol and
d)  t-butanol.



J.S. Kruger et al. / Applied Catalysis A: General 411– 412 (2012) 87– 94 89

0%

20%

40%

60%

80%

100%

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

C/O  Rati o

H
 S

el
ec

ti
vi

ty

H2

1-B utano l

H2O

Rh
RhCe
Pt
PtCe

(a) 1-butanol

0%

20%

40%

60%

80%

100%

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

C/O  Rati o

H
 S

el
ec

ti
vi

ty

H2

i-B utano l

H2O

Rh
RhCe
Pt
PtCe

(b) isobutanol

0%

20%

40%

60%

80%

100%

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

C/O  Rati o

H
 S

el
ec

ti
vi

ty

H2

2-B utano l

H2O

Rh
RhCe
Pt
PtCe

0%

20%

40%

60%

80%

100%

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

C/O  Rati o

H
 S

el
ec

ti
vi

ty

H2

t-B utano l

H2O

Rh
RhCe
Pt
PtCe

over a

P
a
m
a
t
t
m
p

m
i
t
H
w
b
a
r
w
b
w

3

3

C
c
d

(c) 2-butanol

Fig. 3. Selectivities to H2 and H2O from each isomer as a function of C/O ratio 

tCe catalysts were prepared without the brief calcination steps
nd were reduced under flowing H2 and N2 at 600 ◦C for 6 h. The
ultistep calcination procedure was adopted for the Rh-based cat-

lysts to avoid loss of catalyst metal through delaminating bubbles
hat formed when a concentrated precursor solution was used. For
he Pt-based catalysts, the reduction procedure was  employed to

itigate metal loss through volatile intermediates in the decom-
osition of the precursor salt.

Analysis of products was performed on an HP6890 gas chro-
atograph equipped with thermal conductivity (TCD) and flame

onization detectors (FID). The column was 30 m with a PLOT-Q sta-
ionary phase. N2 from the feed was used as an internal standard.
2, O2, CO and CO2 were quantified with the TCD, while all others
ere quantified with the FID, except H2O, which was calculated

y difference from an oxygen atom balance. Carbon and hydrogen
tom balances typically closed within 10%. Each data point shown
epresents the average of three runs, and 95% confidence intervals
ere generally 5–10% absolute. Products up to C6 were analyzed,

ut no products > C4 were detected in selectivity >1%. Each catalyst
as run for at least 12 h without any observable deactivation.

. Results

.1. Conversion and temperature
Each of the butanols sustained autothermal operation for 0.8 ≤
/O ≤ 2.0, and higher C/O ratios were not attempted. At C/O = 0.8,
onversion was ≥99% and selectivities closely reflect those pre-
icted by thermodynamic equilibrium, which is primarily syngas.
(d) t -butanol

ll four catalysts. (a) 1-Butanol, (b) isobutanol, (c) 2-butanol and (d) t-butanol.

Conversion and back face temperature data are shown in Fig. 2. At
the temperatures observed here, residence times ranged from 6 to
20 ms,  calculated at the temperatures reported in Fig. 2.

Conversion was similar for 1-butanol across all four catalysts
and was essentially complete at C/O ≤ 1.0, as shown in Fig. 2. The Pt
catalysts yielded a higher temperature at the downstream edge of
the catalyst bed than their Rh counterparts by 50–100 ◦C. 2-Butanol
was similar to 1-butanol in that conversion was generally similar
across catalysts, and temperatures were higher over Pt-based than
Rh-based catalysts. Conversion of tert-butanol was generally higher
than the other butanols (Fig. 2), possibly due to its greater tendency
toward homogeneous pyrolysis. Like 1-butanol and 2-butanol, the
Pt catalysts gave a higher back face temperature that corresponded
to a lower selectivity to CO and H2 (Fig. 3). Conversion of isobu-
tanol fell off faster than the other isomers as C/O ratio increased
(Fig. 2). For isobutanol, the Pt catalyst operated roughly 100 ◦C
higher than PtCe over the entire C/O range; for the other three iso-
mers, PtCe gave temperatures comparable to or higher than the
Pt catalyst.

3.2. Syngas and combustion products

At C/O ≤ 1.2, CO and H2 were favored from all four isomers, as
shown in Figs. 3 and 4. Rh and RhCe generally gave higher con-
version to syngas than the Pt catalysts, and PtCe gave significantly

lower syngas yields than the other three catalysts for C/O ≥ 1.4. The
lower selectivity to syngas from the Pt-based catalysts is consistent
with the lower steam reforming activity of Pt [20,21],  although the
selectivity to H2O was  not significantly higher.
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ig. 4. Selectivities to CO and CO2 from each isomer as a function of C/O ratio over
nd  CO2. For clarity, only the minimum and maximum lines are shown. (a) 1-Butan

H2O and CO2 were present at 20–30% selectivity regardless of
atalyst or isomer; H2O was present in slightly higher selectivity
ver the PtCe catalyst, although the magnitude of difference is near
he limit of experimental uncertainty.

.3. C4 intermediates

1-Butanol, 2-butanol and isobutanol gave high selectivity to
arbonyl products as C/O ratio increased, with relatively minor
electivity to C4 olefins as shown in Fig. 5. The trend for tert-butanol
as reversed, with isobutene as the major product.

From the primary butanols, selectivity to the aldehyde reached
0–30% as C/O approached 2.0, though the Rh catalyst showed

ower selectivity to isobutyraldehyde. Selectivity to butanone from
-butanol reached 35–45% for the same C/O range. For 1-butanol
ver all catalysts and for 2-butanol over the Pt-based catalysts,
electivity to the carbonyl at C/O ≤ 1.4 was comparable to butene
electivity (shown as a sum of 1-butene and both 2-butene iso-
ers), but at C/O = 2.0, the carbonyl was favored by a factor of 2–3.

he ratio of carbonyl to butene was even higher over the Rh cata-
ysts for 2-butanol, reaching a factor of 5–10 in preference of the
arbonyl. For isobutanol, selectivity at C/O = 2.0 favored the car-
onyl over isobutene by a factor of 3–5.

Because tert-butanol lacks an ˛-H atom, formation of a carbonyl

annot occur through simple hydrogen abstraction reactions. A
ehydration route to isobutene is thus predominant, with selec-
ivities to isobutene reaching 60–70% over the Pt catalysts and
0–50% over the Rh catalysts. Acetone was the main carbonyl
r catalysts. ‘Other’ represents the sum of all carbonaceous products other than CO
 isobutanol, (c) 2-butanol and (d) t-butanol.

product formed from tert-butanol, but represented ≤10% selectivity
at all C/O ratios investigated.

3.4. Other intermediates

The other species observed in significant amounts were gen-
erally only ethylene and propylene. Selectivities to these two
olefins were similar over 1-butanol at 5–15% for C/O ≥ 1.4, regard-
less of catalyst. Isobutanol, however, showed higher selectivity to
propylene at 10–20% for C/O ≥ 1.4 and only minor selectivity to
ethylene, at ≤5%. The difference in selectivity to propylene from
isobutanol across catalysts cannot be explained by temperature
alone. Pt and Rh, which displayed the highest and lowest back-
face temperatures, respectively (Pt was over 100 ◦C higher than
Rh at all C/O ratios), gave comparable selectivities to propylene,
while RhCe and PtCe give noticeably higher selectivity to propylene.
This observation suggests that either production or consumption
of propylene (or both) occurs to some extent on the catalyst sur-
face. 2-butanol and tert-butanol showed lower selectivities to these
two olefins, although 2-butanol produced significant selectivity to
each over PtCe. It is difficult to discern the role of the PtCe cat-
alyst in the formation of ethylene and propylene from 2-butanol
because the range over which their selectivities are significant cor-

responds to the range where PtCe temperature was nearly 100 ◦C
higher than the other catalysts. Their formation may therefore be
homogeneous, possibly from the thermal decomposition of 1- and
2-butenes, which is discussed below (Fig. 6).
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. Discussion

.1. Chemistry of the isomers

Reaction schemes within a CPO reactor are complex networks
f homogeneous and heterogeneous reactions that are difficult
o untangle from analysis of integral data. However, the reaction
chemes shown below are not unprecedented in the literature, and
y observation of reaction intermediates and comparison between
atalysts, a qualitative formulation of the dominant reaction path-
ays is possible.

.1.1. 1-Butanol
Alcohols generally decompose by either dehydrogenation to

roduce a carbonyl or dehydration to produce an alkene [22,23].
or 1-butanol, dehydration and dehydrogenation routes are com-
etitive in the gas phase in the absence of O2 up to 500 ◦C, while
ehydrogenation predominates at higher temperatures [22,24].
his scheme is consistent with the product spectrum observed
ere, as temperatures were well above 500 ◦C and selectivity to the
rimary products at high C/O ratios (where secondary reactions
re less favored) demonstrates 2–3-fold difference in selectivity
n favor of the aldehyde over the alkenes. As C/O decreases (and
emperature increases), these primary products can further decom-

ose. The butyraldehyde intermediate can react by decarbonylation
o yield CO, H2 and C3H6, or by demethylation to yield propanal and

 CHx radical; the butenes may  decompose to produce propylene
nd a CHx radical [22,24,25].  Ethylene may  be formed by reactions
/O ratio over all four catalysts. Butenes represents the sum of butene isomers. (a)

of several intermediate species via demethylation and dehydration
reactions [24,26].

Other than the lower selectivity to syngas species for PtCe, there
are few features in the selectivity data to aid in distinguishing
between the different catalyst surfaces for 1-butanol. Further dis-
cussion of potential surface reactions of 1-butanol will therefore
not be attempted here; potential surface mechanisms of alcohols
in general are discussed below.

4.1.2. 2-Butanol
The major non-equilibrium product from 2-butanol for C/O ≥ 1.2

was butanone, which reached 35–45% selectivity as C/O increased
to 2.0. At C/O ≤ 1.4 over the Pt catalysts, dehydration reactions
appeared to be competitive with dehydrogenation, as selectivities
to the butenes and butanone were comparable. When the butenes
were produced in ≥ 2% selectivity, 1-butene was favored over either
isomer of 2-butene, with selectivities to 1-butene, cis-2-butene, and
trans-2-butene present generally in the ratio 2:1:1, respectively.
Negligible selectivity to acetaldehyde (<1%) and only minor selec-
tivity to propanal were observed in these experiments over any of
the catalysts, despite their prominence in the 2-butanol pyrolysis
literature [22,27].  We  note here that O2 conversion was less than
100% under some reaction conditions (PtCe for C/O ≥ 1.2); in other
similar experiments, the presence of O2 significantly decreased

selectivity to acetaldehyde [16,28], and in 2-butanol combustion,
acetaldehyde and propanal were much less prominent [29]. These
observations likely mean that oxygen persists until near the down-
stream edge of the catalyst bed, at least for the PtCe catalyst. This
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Fig. 6. Selectivities to ethylene and propylene as a function of C/O ratio ove

ypothesis is also consistent with the very small amounts of hydro-
arbon products observed both here and in 2-butanol combustion
29].

PtCe showed a higher selectivity to the ethylene and propylene
han the other three catalysts, despite the observed O2 break-
hrough. As discussed above, the range of C/O ratios over which
hese two alkenes show significant selectivity corresponds to sig-
ificantly higher temperatures over PtCe; we thus surmise that
hey may  be produced by homogeneous decomposition of either
utanone (via unstable ketene intermediates [30]) or the butenes
25,31]. Indeed, CH4 (not shown) was produced in nearly equal
uantities as C3H6, which is expected from the pyrolysis of 1- and
-butene; the additional C2H4 may  have been produced by oxida-
ive [23] or nonoxidative [30] decomposition of butanone. CH4 can
lso be produced by pyrolysis of butanone by reactions that also
roduce acetone and propanal [22], but the negligible selectivity to
cetone and propanal suggests that these pathways are minor.

.2. tert-Butanol

Other than the four equilibrium species, tert-butanol yielded
nly one main product, isobutene, which approached 70% selec-
ivity over PtCe at C/O = 2.0. Other light olefins were never present
n ≥1% selectivity, and acetone, the primary carbonyl-containing
roduct, was always ≤ 10% selectivity. Over PtCe, selectivity to

ropanal (not shown) was comparable to acetone.

Isobutene may  result mainly from homogenous dehydration,
ither molecularly or through sequential H and OH radical abstrac-
ions [26]. It is also possible that isobutene could be formed from
(d) t -butanol

our catalysts. (a) 1-Butanol, (b) isobutanol, (c) 2-butanol and (d) t-butanol.

surface reactions as well. We  note that selectivity to isobutene from
tert-butanol across catalysts (lowest on RhCe, highest on Pt and
PtCe) more closely matches the conversion than the temperature
trends. Thus, at least some of the isobutene may  come from surface
reactions; although selectivity to isobutene may also be related to
the ability of each catalyst to reform this intermediate.

It is also of interest that the activity of the catalysts toward C–O
bond scission may  be a factor in determining the conversion and
selectivity trends of each catalyst. The Pt-containing catalysts may
be more active for C–O bond scission [32], resulting in a higher con-
version of tert-butanol. However, some of the initial dehydration
of tert-butanol may  also be homogeneous; the lower temperatures
observed over the Rh-based catalysts (likely due to greater activity
for endothermic reforming) may  also result in lower initial conver-
sion of the incoming fuel.

The other nonequilibrium product was acetone, which may  have
been produced in the gas phase by subsequent H and CH3 abstrac-
tions [26]. We  also note that the negligible selectivity to CH4, C2H4
and C3H6 suggests that homogeneous decomposition of isobutene
is not significant [33,25,34].

4.3. Isobutanol

The main nonequilibrium products for isobutanol were isobu-
tyraldehyde, propylene, and isobutene. Gas phase mechanisms for

the production of these species are relatively straightforward, and
closely reflect the patterns of 1-butanol and 2-butanol. Isobutene
may  have been produced by either molecular dehydration or by
abstraction of H and OH radicals [26,29]. Sequential H abstractions
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ig. 7. Overall reaction pathways for butanol isomers. For brevity, only products wit
pecies  may  also adsorb to surface and react further. (a) 1-Butanol, (b) isobutanol, (

ay  have produced isobutyraldehyde, which in turn may  have
ecomposed to propylene and syngas species [22]. Alternatively,
ropylene may  have been produced either by abstraction of a pri-
ary H radical from isobutanol, followed by loss of a CH2OH radical,

r by demethylation of the parent alcohol followed by abstraction
f an OH radical [26,29].

PtCe and RhCe showed relatively high selectivities to the alde-
yde and propylene, Rh showed relatively low selectivities to both,
nd Pt showed high selectivity for the aldehyde and low selec-
ivity for propylene. As discussed above, these features cannot
e explained solely by temperature effects, suggesting that some

sobutyraldehyde and propylene are either produced or consumed
n the catalyst surface.

.4. Surface chemistry

Although the product spectra generally match a homogeneous
echanism well, surface reactions are certainly contributing to the

bserved products. Previous experiments have found that alcohols
ypically adsorb onto Pt and Rh surfaces by an oxygen lone pair,
ollowed by O–H scission [35–42].  Surface reactions after this point

ay  diverge on Pt and Rh [35], and to our knowledge have not
een well studied on PtCe or RhCe. A feature shared by alcohol
ecomposition pathways on these surfaces is the dehydrogenation
nd decarbonylation of intermediate species, and desorption of H2
nd CO from the surface. Under certain conditions, intermediates
ay  desorb [35,43], although we are unable to discern the relative

ontribution to the observed product spectrum with the current

nalytical setup.

It is also possible that intermediate carbonyl and olefin species
ormed in the gas phase are reacting on the catalyst surface. Under
ifferent conditions, Pt and Rh surface mechanisms for carbonyls
selectivity are included. Arrow thickness indicates relative selectivity. Intermediate
utanol and (d) t-butanol.

have been found to be similar [35–39],  and initial reactions in com-
bustion of the primary and secondary butanols lead primarily to
carbonyls that may  react on the surface [23]. The actual situation
is likely a convolution of the alcohol reacting on the surface and
in the gas phase, vapor-phase intermediates reacting further in the
gas phase and on the surface, and surface intermediates reacting
further on the surface and desorbing to the gas phase, where they
may  or may  not react further. To avoid unnecessary speculation,
we have kept our proposed mechanisms as general as possible,
proposing only what appear to be the dominant overall pathways
based on observed products and intermediates with ≥5% selec-
tivity. Fig. 7 shows general reaction schemes for the CPO of each
isomer.

4.5. Effect of catalyst

Trends for each alcohol were similar across the four catalysts
studied, namely, high selectivity to CO and H2 at low C/O ratios,
steady selectivity to H2O and CO2 across C/O ratios, and increasing
selectivity to intermediate species (e.g. aldehydes and olefins) at
high C/O ratios. However, the absolute selectivities were different
across catalysts, with PtCe consistently exhibiting lower selectiv-
ity to CO and H2 than the other catalysts. PtCe was  conversely
more selective for intermediate species than the other catalysts,
particularly for 2-butanol and iso-butanol.

The observed temperature and syngas selectivity trends across
catalysts appears to be related to endothermic reforming reactions
of the feed alcohols and intermediate carbonyls and alkenes to CO

and H2. The trend of selectivity for CO and H2 across catalysts, in
order of decreasing selectivity, was  RhCe ≈ Rh > Pt > PtCe, while
the trend of catalyst backface temperature was generally PtCe > Pt
> Rh ≈ RhCe.
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The addition of Ce likely has different effects for the Pt and Rh
atalysts. For Pt, addition of Ce may  lead to less active Pt centers
y promoting bulk oxidation of the Pt metal, while the oxidation
tate of Rh (and hence the catalytic activity) is more sensitive to the
urrounding environment than the presence of Ce [44]. In particu-
ar, the addition of Ce to Pt has been shown to inhibit oxidation of
ydrocarbons [45], consistent with the relatively higher selectivity
o olefins in the current experiments, and the observation that O2
onsumption was  less than 100% over PtCe over some of the C/O
ange investigated for each alcohol. In the present experiments, it
ppears that adding Ce to Pt also inhibits reforming reactions, as
iscussed above, at least for small oxygenates and alkenes.

. Conclusion

Primary and secondary alcohols decompose in the autother-
al  system mainly via a carbonyl intermediate in surface and

omogeneous reactions. This result provides support to our pre-
ious proposal that molecules within in a functional group class
ehave similarly in a SCT reactor [16]. Tertiary alcohols, with no ˛-

 atom available for dehydrogenation, decompose by dehydration,
lthough the lack of a dehydrogenation pathway does not neces-
arily lead to lower overall reactivity in an autothermal reactor.

Because of the similarity in trends across catalysts, it is difficult
o discern relative contributions of homogeneous and heteroge-
eous reactions. The actual situation is likely a convolution of
ultiple reaction schemes, although some effect of catalyst is

bserved in the selectivities to CO and H2. To that end, our results
re consistent with previous work [20,21] that found Pt and PtCe
o be less active reforming catalysts than Rh and RhCe for these

olecules, although as C/O approaches 0.8, all catalysts reform the
lcohol isomers to an equilibrium syngas stream. Alternatively, as
/O approaches 2.0, high selectivities to carbonyls and light olefins,
hich are important chemical intermediates, are achieved.

cknowledgement

Funding for this research was graciously provided by the Depart-
ent of Defense (DOD) through Fuel Cell Energy, Inc. in Danbury,

T.

eferences
[1] S. Atsumi, T. Hanai, J. Liao, Nature 451 (2008) 86–89.
[2] S. Atsumi, W.  Higashide, J. Liao, Nat. Biotechnol. 27 (2009) 1177–1182.
[3]  S. Atsumi, T.-Y. Wu,  E.-M. Eckl, S. Hawkins, T. Buelter, J. Liao, Appl. Microbiol.

Biotechnol. 85 (2010) 651–657.

[
[

[
[

General 411– 412 (2012) 87– 94

[4] N. Qureshi, B.C. Saha, B. Dien, R.E. Hector, M.A. Cotta, Biomass Bioenerg. 34
(2010) 559–565.

[5] N. Qureshi, B.C. Saha, R.E. Hector, B. Dien, S. Hughes, S. Liu, L. Iten, M.J. Bowman,
G.  Sarath, M.A. Cotta, Biomass Bioenerg. 34 (2010) 566–571.

[6] K. Smith, K.-M. Cho, J. Liao, Appl. Microbiol. Biotechnol. 87 (2010) 1045–
1055.

[7] W.  Higashide, Y. Li, Y. Yang, J.C. Liao, Appl. Environ. Microbiol (2011), AEM.
02454–10.

[8] V. García, J. Päkkilä, H. Ojamo, E. Muurinen, R.L. Keiski, Renew. Sust. Energ. Rev.
15  (2011) 964–980.

[9] M.  Kumar, K. Gayen, Appl. Energ. 88 (2011) 1999–2012.
10] J. Salge, G. Deluga, L. Schmidt, J. Catal. 235 (2005) 69–78.
11] E. Wanat, B. Suman, L. Schmidt, J. Catal. 235 (2005) 18–27.
12] L. Schmidt, R. Subramanian, J. Salge, G. Deluga, Indian Chem. Eng. Sec. B 47

(2005) 100–105.
13] P. Dauenhauer, J. Salge, L. Schmidt, J. Catal. 244 (2006) 238–247.
14] D. Rennard, P. Dauenhauer, S. Tupy, L. Schmidt, Energy Fuels 22 (2008)

1315–1327.
15] N. Degenstein, R. Subramanian, L. Schmidt, Appl. Catal. A 305 (2006) 146–149.
16] J.S. Kruger, D.C. Rennard, T.R. Josephson, L.D. Schmidt, Energy Fuels 25 (2011)

3157–3171.
17] J.G. St. Clair, I.C. Lee, Unpublished Results.
18] A. Donazzi, A. Beretta, G. Groppi, P. Forzatti, J. Catal. 255 (2008) 241–258.
19] D. Rennard, J. Kruger, L. Schmidt, ChemSusChem 2 (2009) 89–98.
20] G. Jones, J. Jakobsen, S. Shim, J. Kleis, M. Andersson, J. Rossmeisl, F.

Abild-Pedersen, T. Bligaard, S. Helvig, B. Hinneman, J. Rostrup-Nielsen, I. Chork-
endorff, J. Sehested, J. Nørskov, J. Catal. 259 (2008) 147–160.

21] J.J. Barbier, D. Duprez, Appl. Catal. B 3 (1993) 61–83.
22] G. Ingram, S.M.H. Rizvi, Microchem. J. 20 (1975) 324–352.
23] C. Bamford, C. Tipper (Eds.), Gas-phase Combustion, vol. 17, Elsevier, 1977, pp.

441–500.
24] M.R. Harper, K.M.V. Geem, S.P. Pyl, S.S. Merchant, G.B. Marin, W.H. Green, Com-

bust. Flame 158 (2011) 2075.
25] A.A. Shoaibi, A.M. Dean, J. Fuel Cell Sci. Technol. 7 (2010) 041015.
26] R. Grana, A. Frassoldati, T. Faravelli, U. Niemann, E. Ranzi, R. Seiser, R. Cattolica,

K.  Seshadri, Combust. Flame 157 (2010) 2137–2154.
27] A.M. El-Nahas, A.H. Mangood, H. Takeuchi, T. Taketsugu, J. Phys. Chem. A 115

(13) (2011) 2837–2846.
28] J.S. Kruger, D.C. Rennard, T.R. Josephson, L.D. Schmidt, Energy Fuels 25 (2011)

3172–3185.
29] C. Togbé, A. Mzé-Ahmed, P. Dagaut, Energy Fuels 24 (2010) 5244–5256.
30] C.D. Hurd, P. Perletz, S.S. Drake, J. Org. Chem. 10 (1945) 62–66.
31] P. Jeffers, S.H. Bauer, Int. J. Chem. Kin. 6 (1974) 763–771.
32] M. ZumMallen, L. Schmidt, J. Catal. 161 (1996) 230–246.
33] S. Douhou, D. Perrin, R. Martin, J. Chim. Phys. 91 (10) (1994) 1597–1627.
34] S. Santhanam, J.H. Kiefer, R.S. Tranter, N.K. Srinivasan, Int. J. Chem. Kin. 35 (2003)

381–390.
35] M. Mavrikakis, M.  Barteau, J. Mol. Catal. A. Chem. 131 (1998) 135–147.
36] N.F. Brown, M.A. Barteau, Surf. Sci. 298 (1993) 6–17.
37] C.J. Houtman, M.A. Barteau, J. Catal. 130 (1991) 528–546.
38] N.F. Brown, M.A. Barteau, Langmuir 8 (1992) 862–869.
39] N.F. Brown, M.A. Barteau, J. Phys. Chem. 100 (1996) 2269–2278.
40] C.J. Kliewer, C. Aliaga, M.  Bieri, W.  Huang, C.-K. Tsung, J.B. Wood, K. Komvopou-

los, G.A. Somorjai, J. Am.  Chem. Soc. 132 (2010) 13088–13095.
41] I. Lee, F. Zaera, J. Phys. Chem. B 109 (2005) 12920–12926.

42] X. Hu, R.A. Rosenberg, M.  Trenary, J. Phys. Chem. A 115 (2011) 5785–5793.
43] B.E. Bent, C.M. Mate, J.E. Crowell, B.E. Koel, G.A. Somorjai, J. Phys. Chem. 91

(1987) 1493–1502.
44] S.H. Oh, P.J. Mitchell, R.M. Siewert, J. Catal. 132 (1991) 287–301.
45] Y.-F.Y. Yao, Ind. Eng. Chem. Prod. Res. Dev. 19 (1980) 293–298.


	Autothermal partial oxidation of butanol isomers
	1 Introduction
	2 Experimental
	3 Results
	3.1 Conversion and temperature
	3.2 Syngas and combustion products
	3.3 C4 intermediates
	3.4 Other intermediates

	4 Discussion
	4.1 Chemistry of the isomers
	4.1.1 1-Butanol
	4.1.2 2-Butanol

	4.2 tert-Butanol
	4.3 Isobutanol
	4.4 Surface chemistry
	4.5 Effect of catalyst

	5 Conclusion
	Acknowledgement
	References


