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A B S T R A C T

Oxidative steam reforming (OSR) of glycerol to synthesis gas (syngas) was studied in a microchannel reactor that
involved a thin layer of Rh/Al2O3 catalyst coated to the inner wall of a rectangular channel. The effects of
reaction temperature (550–700 °C), molar inlet ratios of carbon-to-oxygen (C/O=0.75, 1.125; C and O: moles of
carbon and oxygen atoms at the inlet, respectively) and steam-to-carbon (S/C= 3-5) and microchannel reactor
configuration on product distribution and syngas composition were investigated. In all experiments, complete,
coke-free conversion of glycerol to gaseous carbon containing species was observed. The only exception was seen
at 550 °C and C/O=1.125 that led to 93% glycerol conversion and solid carbon deposition, the latter being
verified by XPS and Raman spectroscopy analyses. Decrease in C/O from 1.125 to 0.75 promoted oxidation of
H2, CO, CH4, C2H4, C2H6 and other carbon containing species on the catalyst surface, with the magnitude of
promotion being increased notably with temperature. Despite O2-enriched feeding, Rh remained at metallic state
as revealed by XPS characterization of the spent samples. Lowering C/O also elevated yields of CO2 and steam,
the latter which drived water-gas shift (WGS), an important side reaction that affected product distribution on
Rh/Al2O3 in favor of H2. Yields of C1-C2 hydrocarbons decreased at higher temperatures and at lower C/O and S/
C ratios due to their consumption via total oxidation and steam reforming routes, respectively. Microchannel
reactor packed with particulate form of catalyst gave yields of CO2 and H2 lower and yields of CO and C1-C2

hydrocarbons higher than those obtained in the coated configuration under identical conditions. These findings
seemed to correlate with the extents of oxidation reactions and WGS, which were believed to vary mainly with
different heat transport characteristics of the reactor schemes. H2/CO ratios close to the ideal value of 1 for
Fischer-Tropsch synthesis were obtained at 700 °C, S/C= 3–4 and C/O=1.125.

1. Introduction

Increasing concerns about global warming caused by the con-
sumption of fossil fuels together with the economic and technical issues
regarding their exploration and production have facilitated efforts re-
lated to research, development and commercialization of fuels derived
from renewable feedstocks. Among a number of such renewable fuels,
biodiesel is receiving increased commercial interest due to its properties
that make it compatible with the existing diesel engines and allow its
direct blending with the conventional diesel fuel [1]. As a result, bio-
diesel market has been showing an annual growth rate of ∼23% since
2005 [2].

Biodiesel is conventionally synthesized via transesterification of
animal-based or vegetable oils in the presence of an alcohol (methanol

or ethanol) and a catalyst such as potassium hydroxide [3,4]. This route
gives a biodiesel-rich product mixture including ∼10% glycerol by
weight as a by-product. Considering the increasing demand on and
throughput of biodiesel, transesterification stoichiometry causes for-
mation of glycerol in quantities that notably exceed the volumes needed
by industry [4]. Unless valorized into value-added chemicals, excess
glycerol is expected to have adverse effects on the production cost of
biodiesel. In this respect, conversion of glycerol into syngas (H2+CO)
becomes a promising option as it offers the potential of lowering the
dependence on natural gas, the conventional, non-renewable feedstock
of syngas [3–5]. Moreover, syngas obtained from glycerol can be con-
verted either into methanol on-site to be used back in biodiesel pro-
duction or into synthetic hydrocarbons via Fischer-Tropsch (FT)
synthesis [3,4].
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Owing to the distributed nature of its feedstocks, biodiesel synthesis
is usually characterized by decentralized production at small through-
puts. Such a production scheme calls for the need of processing units
that can be set-up and operated at any location, and can operate with
small minimum economic capacities. These requirements are possible
by process intensification that allows continuous, profitable operation
of the processing units at capacities which conventional counterparts
can handle only at excessive production costs [6,7]. Implementation of
a structured architecture involving parallel flow paths having char-
acteristic dimensions below ∼10−3 m is a commonly accepted ap-
proach for the intensification of two or three phase catalytic reactors
[8]. The resulting units, called microchannel reactors, involve a thin
(<∼10−4 m thick), porous layer of catalyst coated to the inner walls
of the cylindrical, square or rectangular shaped channels that are pre-
cisely machined onto substrates usually made of thermally conductive
metals [7–9]. Besides providing a significant volumetric intensification
(i.e. surface area-to-volume ratios ∼102 m2/m3 higher than those of
conventional units), microchannel reactors offer high heat and mass
transfer rates allowing efficient utilization of the catalyst bed. Ease of
scalability simply by numbering-up the channels in accordance with the
desired capacity, possibility of installation into remote production sites
(such as offshore oil rigs) and inherent safety due to reduced inventory
of reactive species are other benefits of microchannel reactors [8,9].

Attractive characteristics of microchannel reactors are highly com-
patible with the requirements of glycerol-to-syngas conversion, which
involves simultaneous reaction of glycerol, O2 and H2O vapor on a
catalyst at temperatures above ∼500 °C via the following overall re-
action [3]:

+ − + − → − +

+ + + −

° = − + +

x y x y

x y y
H x y

C H O (3/4 )O (3/2 )H O (3 (2 ))CO

(2 ))CO (11/2 )H
Δ 532 566. 261. kj/mol

3 8 3 2 2 2

2

(1)

In this route, known as oxidative steam reforming (OSR) or auto-
thermal reforming (ATR), syngas composition can be adjusted by reg-
ulating the amounts of H2O and O2 in the feed. Besides promoting
syngas production, presence of O2 at the inlet also suppresses solid
carbon (C(s)) formation, which can take place via the following possible
reactions under conditions of glycerol reforming:

2CO→ CO2+C(s) ΔH° =−172 kJ/mol (2)

CH4→ 2H2+C(s) ΔH° = 75 kJ/mol (3)

CO+H2→H2O+C(s) ΔH°=−131 kJ/mol (4)

CO2+ 2H2→ 2H2O+C(s) ΔH° =−90 kJ/mol (5)

In addition to the formation/removal of C(s), water-gas shift (WGS -
Reaction (6)), oxidation and steam/CO2 reforming of CH4 (Reactions
(7)–(9), respectively) and of higher hydrocarbons that are produced
during the complex network of glycerol breakdown [10] are other re-
actions that affect product distribution:

CO+H2O→ CO2+H2 ΔH° =−41 kJ/mol (6)

CH4+ 2O2→ CO2+ 2H2O ΔH° =−802 kJ/mol (7)

CH4+H2O→ CO+3H2 ΔH° = 206 kJ/mol (8)

CH4+CO2→ 2CO+2H2 ΔH° = 247 kJ/mol (9)

As summarized in a number of comprehensive reviews [3,4], studies
regarding catalytic OSR/ATR of glycerol in the literature are focused
mostly on development and testing of precious (Rh, Ru, Pt, Ir) and non-
precious (Ni, Co) metal-based catalysts for obtaining increased glycerol
conversions and syngas yields without carbon formation. In the ma-
jority of these studies, catalysts in particulate form are randomly
packed in tubes to obtain the so-called packed-bed reactor configura-
tion. However, it is known from previous studies that the reactor type,

which dictates the geometric form of the catalyst bed, affects catalytic
performance via modified transport rates. For example, comparison of
the particulate form of a Ni-based catalyst with its counterpart that is
wash-coated on the channels of a metal monolith in the context of CH4

steam reforming showed that the latter form gave notable increase in
catalytic activity due to improved transport rates [11]. Testing of the
same reaction on coated and particulate forms of a Rh-based catalyst
under identical conditions showed higher volumetric productivity in
the former [12,13]. Similar outcomes are reported for non-oxidative
and oxidative CH4 steam reforming on coated and particulate forms of
alumina supported Pt, Ni, Rh and Ru catalysts [14–16]. Potential ben-
efits of the structured (i.e. monolith or microchannel) reactors invol-
ving wash-coated form of the catalyst for glycerol reforming is ad-
dressed only in a limited number of studies. Liu et al. [17] tested
monolithic Pt and Rh/Pt catalysts coated as single and double layers,
respectively, for glycerol ATR carried out at 300–700 °C, S/C= 0.4–1.5,
C/O=1.67–2.5 and gas hourly space velocity
(GHSV)=1.5×104 h−1, and concluded near-complete glycerol con-
version and near-equilibrium product concentrations with negligible
coking. Similar monolithic configurations were used to ensure transport
resistance free investigation of the kinetics of glycerol ATR which was
found to have an activation energy of ∼131 kJ/mol [18]. Liu and Lin
[19,20] studied glycerol ATR on coated forms of LaMnO3 and LaNiO3

perovskites in monolith reactors and found that the latter favored H2

production, which was possible on LaMnO3 by Pt promotion to give
∼60% and ∼40% selectivity towards H2 and CO, respectively. Use of
structured reactors for glycerol ATR was also studied by Sadykov et al.
[21,22]. The authors tested Ni-Ru catalyst integrated to a metallic
substrate with high thermal conductivity, and observed near equili-
brium syngas yields with no transport resistances. They also empha-
sized the importance of optimizing the amount of O2 in the feed for
improving catalyst stability via reduced coking [22]. Oxidative con-
version of glycerol in the absence and presence of inlet H2O vapor was
studied at 900-1200 °C and C/O=0.8–1.6 in a different catalyst geo-
metry dictated by α-Al2O3 foam on which Rh-Ce/γ-Al2O3 was wash-
coated [23]. The findings showed selectivities up to ∼80% for CO and
∼56% for H2, the latter which increased up to 79% upon addition of
H2O vapor into the feed to obtain S/C= 4.5. The possibility of ad-
justing syngas composition via respective amounts of H2O vapor and O2

at the inlet was also reported by Rennard et al. [24] on similar foam
structures coated with Pt. Koc and Avci [25] studied glycerol reforming
in the absence and presence of O2 in the feed on Ni/Al2O3 coated to
FeCrAlY substrates. Although it was loaded with less catalyst and run at
contact times in the order of 10−2 s, the resulting microchannel reactor
delivered catalyst productivities that were significantly higher than
those obtained in a packed-bed reactor. Moreover, in accordance with
the previous findings [17,22,24], O2 in the feed helped regulating coke
formation and product distribution. Similarly, Bobadilla et al. [26,27]
reported superiority of Ni-based metallic monoliths in terms of highly
active and stable H2 production by glycerol steam reforming. The au-
thors emphasized that strong interaction between the catalyst particles
and the washcoated alumina layer improved functionality of the
monolithic catalyst.

Owing to the benefits of structured reactors and catalyst geometries
on glycerol reforming, the present work aims to carry out parametric
investigation of glycerol OSR run in a microchannel reactor with a
coated or packed bed of Rh/Al2O3 catalyst. In this context, the effects of
reaction temperature, molar inlet C/O (atomic carbon/atomic oxygen)
and S/C (steam/atomic carbon) ratios on glycerol conversion and
product yields are studied. Moreover, configuration of the micro-
channel reactor is investigated as an additional parameter for its pos-
sible impacts on the response of the catalyst. In addition to the activity
tests, X-ray Photoelectron Spectroscopy and Raman Spectroscopy
characterizations of the fresh (i.e. reduced) and 5 h spent Rh/Al2O3

catalysts are carried out to provide insight into the possible changes on
the catalyst surface driven by different reaction temperatures and O2
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amounts in the feed.

2. Experimental

2.1. Catalyst synthesis and the microchannel reactors

2wt.% Rh/Al2O3 catalysts were prepared using incipient-to-wetness
impregnation method. The support was chosen as δ-Al2O3 as it was
capable of providing both high surface area (82m2/g) and high thermal
stability [28]. To prepare the support, γ-Al2O3 was dried at 150 °C for
120min and calcined at 900 °C for 240min. Rh precursor (Rh(NO3)3,
Sigma-Aldrich) was impregnated over the support by a MasterFlex
computerized-drive peristaltic pump under vacuum conditions to ob-
tain a homogeneous slurry of catalyst. The resulting slurry was mixed
ultrasonically for 90min under vacuum, dried in an oven at 120 °C for
960min, and consequently calcined in a muffle furnace under air at
600 °C for 180min. The catalysts were applied to glycerol reforming in
the context of coated and packed microchannel reactor configurations.
Other than the particle size of alumina support, preparation procedures
of the Rh/Al2O3 catalysts used in different reactor configurations were
the same. Alumina (γ-Al2O3, Alfa Aesar, purity: 99%) with particle size
of 3×10−6 m was used in the preparation of the catalyst involved in
the coated configuration. While, to avoid pressure drop in the packed
scheme, catalyst preparation was started with γ-Al2O3 having a particle
diameter (dp) range of 180–255× 10−6 m, which was shown to be free
of intraparticle diffusion limitations in the previous studies [28].

FeCrAl plates (Goodfellow Cambridge Ltd.) with dimensions of
2× 10−3 m×5×10−3 m×2×10−2 m, were heat-treated in a
muffle furnace under air at 900 °C for 120min to enhance the adhesion
of the coated plates by forming a native alumina layer on the plates
[29,30]. The plates were then rasped carefully on their edges, coated
with Rh/Al2O3 and fit into the cylindrical housing to obtain a catalytic
microchannel with of dimensions of 7.5× 10−4 m (H)×4×10−3 m
(W)× 2×10-2 m (L) (Fig. 1a and b). The 310-grade stainless steel
cylindrical housing having a diameter of 1.9× 10−2 m and a length of
3.0× 10−2 m was manufactured by wire electro discharge machining
(EDM) technique. Integration of the catalyst with the FeCrAl plate in-
volved blade coating of the slurry with water-to-catalyst powder ratio
of 5:1 to reach 35–40mg of slurry per cm2 of plate surface. The coated
plate was then dried at 120 °C for 960min and calcined in a muffle
furnace under air at 600 °C for 180min, resulting in a mechanically
stable catalytic layer with mass and thickness of ∼20mg and
∼5×10−5 m, respectively (Fig. 1a). To configure the packed micro-
channel shown in Fig. 1c, heat-treated, but uncoated plate was first
inserted into the housing. The resulting channel was filled with 20mg
of Rh/Al2O3 which was diluted and mixed with δ-Al2O3 to obtain a bed
height (L=2×10−2 m) to particle diameter ratio (between 78 and
111, based on the dp range) sufficient to exceed the criterion (L/

dp > 50) for minimizing axial dispersion effects [8].

2.2. Reaction tests and characterization studies

Glycerol OSR experiments were conducted at atmospheric pressure
in a down-flow 2×10−2 m ID and 8×10−1 m long cylindrical quartz
reactor tube in which the housing, either with coated or particulate
catalyst, was placed (Fig. 1b and c, respectively). Coated plate or
packed catalyst/diluent mixture was immobilized by quartz wool
packing on both ends of the microchannel. The housing and quartz
reactor tube were designed such that the annulus-shaped gap between
the housing and tube was blocked after expansion of the housing at
reaction temperatures, minimizing the flow of any bypass stream
[14–16]. Quartz tube also involved a ring at its midpoint, which was
used to support the housing and ensure its stationary position. In ad-
dition, physical overlap between the quartz ring and the housing closed
the path for the slip of any bypass flow [14–16]. The tube, with the
catalyst loaded microchannel, was placed inside a furnace (Protherm
PZF 12/50/500) with three zones, each of which was PID controlled
to± 1.0 °C via K-type thermocouples and was finally connected to the
upstream and downstream sections which involved equipments for
precisely controlled gas/liquid feeding and product analysis, respec-
tively.

The experiments were aimed to investigate the effects of tempera-
ture (550–700 °C), steam-to-carbon ratio (S/C=3–5) and carbon-to-
oxygen ratio (C/O=0.75 and 1.125) at a weight-hourly space velocity
(WHSV) of 4.8× 103 NmL/gcat min. In all experiments, inlet flow rate
of glycerol vapor and total inlet flow rate were set at 3 and 96 NmL/
min, respectively. Default values of S/C and C/O were 5 and 1.125,
respectively, and changed only at time of studying their individual ef-
fects. Prior to the reaction tests, 40 NmL/min H2 flow was passed over
the catalyst at 800 °C for 120min to ensure reduction of the active
phase to its metallic state. A Shimadzu LC-20AD HPLC pump was uti-
lized to feed the deionized water and glycerol (Sigma-Aldrich, 99.5%)
mixture into the reaction system with constant and pulse-free flow. The
gaseous species, N2 (used as make-up gas), O2 and H2 (all supplied by
Linde with purities above 99.99%), were carried separately from
pressurized storage cylinders to the system by Bronkhorst F-201CV
series digital mass flow controllers. The feed which was composed of
the gaseous species (O2 and N2) and liquid glycerol-water mixture was
directly sprayed into the quartz reactor tube located within the three-
zone furnace by means of a 1/16 in. OD 316 stainless steel injection
tubing. In order to ensure complete evaporation of glycerol and water
upon their spraying, tip of the injection tubing was located in the
middle of the first zone which was controlled to 310 °C. Each of the
zones were 0.2 m long and the quartz tube was positioned such that the
catalyst loaded housing would be in the middle of the second zone
which was controlled to the pertinent reaction temperature.

Fig. 1. (a) Top views of the blank stainless steel
housing manufactured by EDM and the FeCrAl
plate coated with Rh/Al2O3 catalyst, (b) coated
configuration obtained by insertion of the cat-
alyst coated plate into the housing, (c) packed
configuration obtained by placing catalyst and
inert particles into the empty microchannel
generated upon insertion of the uncoated plate
into the housing.
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Temperature of the first zone was controlled to 310 °C to prevent con-
densation on the walls of quartz tube. The product stream leaving the
reactor was passed through two cold traps for the removal of con-
densable species (e.g. steam and, if exists, unconverted glycerol). After
the cold traps, species remaining in the gas phase were directed to two
on-line gas chromatography (GC) units connected in parallel. N2, H2,
CO and CH4 were detected and analyzed by a Shimadzu GC-2014 unit
equipped with a Molecular Sieve 5A packed column and a thermal
conductivity detector (TCD) involving 25 NmL/min Ar (Linde,
purity> 99.99%) carrier gas flow. Amounts of CO2, C2H4 and C2H6,
together with N2 and CH4 were quantified by a Shimadzu GC-8A unit,
equipped with a 80–100 mesh size Porapak Q packed column and a
TCD involving 25 NmL/min He (Linde, purity> 99.99%) carrier gas
flow. Sample injection to both GC units was realized by gas sampling
valves, each of which was equipped with a 1mL sample loop. Product
sampling and analysis were started 30min after the onset of the reac-
tion, and continued periodically at every 45min. The results reported in
Section 3 were based on the arithmetic average of the results of product
analysis carried out between 120th and 300thmin of the experiments
where the reaction continued in a steady pattern. Despite the presence
of oxidative conditions, exothermic temperature rise was not observed
and isothermal conditions were satisfied in the tests due to small re-
actant flow rates and catalyst loadings, and presence of metallic
housing that helped in immediate suppression of any possible hot-spots.
This behavior was in alignment with the previous studies that involved
similar catalytic microchannel reactor configurations for oxidative
conversion of methane [16,31]. Moreover, in both coated and packed
microchannel configurations pressure drop remained negligible, which
was confirmed by the pulse-free flow of the reactor effluent stream that
was monitored by means of a soap-bubble meter. In addition to the
catalytic experiments, additional tests without catalysts were carried
out to provide insight into the significance of any homogeneous reac-
tions. The so-called blank experiments were conducted at C/O=1.125,
S/C=3, 5, and at 700 °C, the highest temperature in the experimental
plan, to magnify the impact of non-catalytic phenomena on glycerol
conversion and product distribution. The experimental setup, whose
capability of reproducing the results was demonstrated previously for
microchannel enabled methane steam reforming [14], delivered a high

degree of repeatability (<∼2% difference between the successive
measurements) under glycerol OSR conditions.

Eqs. (10) and (11) defined glycerol conversion and product yield,
both of which were used as metrics for monitoring catalytic perfor-
mance:

Glycerol conversion= 100× (moles of carbon is gaseous products /
(3×moles of glycerol in the feed)) (10)

Yield of product i=moles of species i in gaseous products / moles of
glycerol fed (11)

Glycerol conversion was calculated on dry basis via carbon con-
taining species in the gaseous product stream detected via GC analysis
(CO, CO2, CH4, C2H4 and C2H6). Thermodynamic analysis calculations
carried out under the reaction conditions predicted that generation of
other hydrocarbons were highly suppressed and their total molar
composition remained below 1% [25]. Therefore, hydrocarbons other
than CH4, C2H4 and C2H6 were ignored in the formulation of Eq. (10).
Moreover, C(s) species, whose formation was assumed to be unlikely
under OSR conditions, were not considered in the formulation of Eq.
(10).

In addition to the microreactor tests, samples of reduced Rh/Al2O3

before the reaction and after testing at C/O=0.75 and 1.125 under the
complete temperature range (550, 600, 650 and 700 °C) were com-
paratively analyzed by X-ray Photoelectron Spectroscopy (XPS) by
using Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer. All
binding energies were referenced to the 484.8 eV C1s line. Data analysis
was performed by Thermo Avantage software; the peak intensities were
estimated by calculating the integral of each peak, after subtraction of
the S-shaped Shirley-type background, and by fitting the curve to a
combination of Lorentzian (30%) and Gaussian (70%) lines. Spent
catalyst samples highlighted by XPS for possible existence of C(s) species
were further analyzed by Raman spectroscopy via a Renishaw inVia
Raman microscope with the following operation parameters: 532 nm
100mW diode laser as the excitation source; laser intensity of ∼5mW;
10 s acquisition time; a total of 5 accumulations per spectrum. Before
measurements, Raman spectrum was calibrated by using a silicon wafer
peak at 520 cm−1. All the samples were analyzed under atmospheric

Fig. 2. XP spectra of Rh 3d region for fresh (reduced) and spent catalyst samples tested at different reaction temperatures with a feed mixture involving C/O equal to
(a) 0.75 and (b) 1.125 (S/C=5, WHSV=4.8×103 NmL/gcat min).
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condition without pre-treatment with the defocusing technique.

3. Results and discussion

3.1. Catalyst characterization

The surface state of Rh species was investigated performing de-
convolution analysis to Rh 3d XP spectra of the freshly reduced and
spent catalyst samples. The two peaks appeared in the Rh 3d spectra of
all the studied catalyst samples shown in Fig. 2 at around 307.3 and
312 eV, separated by 4.7 eV, were attributed to the Rh 3d5/2 and Rh
3d3/2 spin–orbit components, respectively, of the Rh° phase, that in-
dicated the metallic nature of the catalyst surface [32–34].

XPS analysis was also used to understand the possible existence of
C(s) species on the spent catalyst samples. The Rh 3d spectrum of the
catalyst sample tested at 550 °C with C/O=1.125 was found to have
lower intensity and was slightly shifted to higher binding energies
compared to the Rh 3d spectra of other spent samples. In order to in-
terpret this observation, which could be attributed to possible coke
deposition on the surface of the catalyst tested at 550 °C with C/
O=1.125, deconvolution analysis was carried out on the general
spectra of the spent catalyst samples to predict percentage of the carbon
containing species on the catalyst surface. The results, presented in
Fig. 3, revealed negligible existence of carbon containing species on the
surface of all samples except the one spent at 550 °C and C/O=1.125.
Considering that this condition was the only one that caused incomplete
(93%) glycerol conversion (Section 3.2), the related sample was further
investigated by Raman spectroscopy for the structural analysis of the
catalyst surface. Raman spectrum given in Fig. 4 confirmed presence of
C(s) species, showed a D band, associated with the disordered structural
mode of crystalline carbon species, and a G band, corresponded to the
graphitic carbon with high degree of symmetry, at around 1350 and
1580 cm−1, respectively. The relative intensity/area of D and G bands
(ID/IG) gave information about the degree of crystallinity and was very
useful while characterizing coke since the average coke crystallite size
(La) could be calculated based on Tuinstra–Koening correlation, La
(nm)= k/(ID/IG), where constant k is 4.4 nm [35,36]. The estimated
(ID/IG) and La values were 1.2 and 3.6 nm, respectively. In addition to
these two peaks, another one centered at 1450 cm−1, was detected
(Fig. 4). This peak could possibly be attributed to a statistical dis-
tribution of amorphous carbon on the interstitial position of the gra-
phitic islands [37] and to structural defects of the clusters [35,36].
Apart from the specific behavior noted at 550 °C and C/O=1.125, the
findings presented in Figs. 2 and 3 together with the Raman spectro-
scopy analyses carried out for the rest of the spent samples confirmed
the validity of the assumption of neglecting formation of C(s) species
under oxidative conditions.

3.2. Effect of temperature and C/O

The effects of reaction temperature and O2 concentration in the feed
mixture were studied by carrying out experiments at 550, 600, 650 and
700 °C with inlet C/O ratios of 0.75 and 1.125 at each temperature.
During these studies, S/C and WHSV were kept constant at 5 and
4.8×103 NmL/gcat min, respectively.

In all experiments, complete conversion of glycerol into gaseous
carbon containing species (Eq. (10)) was observed. The only exception
was noted at 550 °C and C/O=1.125 that gave glycerol conversion of
93%. These findings were related to the degree of oxidation of C(s)

species that formed during thermally induced breakdown of glycerol. In
contrast with their existence on Rh/Al2O3 surface at 550 °C and C/
O=1.125, C(s) species were completely oxidized into carbon oxides
(i.e. CO and CO2) in the rest of the experiments. This argument was
confirmed by Raman and XPS analyses, both of which also pointed out
deposition of C(s) species only at 550 °C and C/O=1.125 (Section 3.1).

Dependence of the yields of products of glycerol OSR on C/O at 550,
600, 650 and 700 °C was presented in Fig. 5a–d. Regardless of the re-
action temperature, yield of CO2 increased whereas those of H2, CH4,
C2H4 and C2H6 decreased upon changing C/O from 1.125 to 0.75. The
same change also caused reduction in the percentage of carbon con-
taining species on the catalyst surface at all temperatures predicted by
the XPS analysis (Fig. 3). Considering that CO2 was a primary product
of total oxidation, increased amounts of inlet O2 seemed to promote
oxidative conversion of H2, C1-C2 hydrocarbons and other carbon
containing surface species. Possibility of this route became stronger by
the inherently high activity of Rh/Al2O3 towards total oxidation of light
hydrocarbons that was reported in previous studies [31,38].

Changes in product yields with temperature were found to follow
patterns that somewhat depended on C/O ratio. At C/O=0.75, yields
of H2 and CO2 decreased upon increasing temperature from 550 to
600 °C. An opposite trend, however, was observed for both species in
the range of 600–700 °C, with the increase first being limited to
0.12mol/mol glycerol fed between 600 and 650 °C, and then became
significant (i.e. 0.67mol H2 and 0.92mol CO2 per mol glycerol fed)
above 650 °C (Fig. 5a–d). Temperature response of CO yield was found
to be just the opposite of those of H2 and CO2 in terms of trend, but
similar to them in terms of numerical difference. These findings pointed

Fig. 3. Percentage of carbon containing species on the surface of the spent
catalyst samples tested at different reaction temperatures with a feed mixture
involving C/O equal to (a) 0.75 and (b) 1.125 (S/C=5,
WHSV=4.8×103 NmL/gcat min).

Fig. 4. Raman spectrum of the spent catalyst sample tested at 550 °C and C/
O=1.125 (S/C=5, WHSV=4.8× 103 NmL/gcat min).
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out the impact of WGS (Reaction (6)) in differing characteristics. Pro-
duct distribution between 550 and 600 °C seemed to be dictated by
reverse WGS, which is endothermic and thermodynamically favored
with temperature. However, between 600 and 650 °C, promotion of
WGS was likely to occur as a result of additional steam supply from
oxidation of some of the H2 present in the reaction medium. The re-
sulting steam, together with its supply at the inlet, was believed to
overcome the opposing thermodynamic effect of temperature. This ar-
gument was supported by the fact that at lower concentrations of inlet
O2 (i.e. at lower extent of oxidation at C/O=1.125 that produced less
steam) product yields remained almost unchanged in the range of
600–650 °C.

The role of oxidation of H2, together with CO, CH4 and other
combustible species became more significant above 650 °C. This argu-
ment could be supported by comparing changes in the product yields in
the 650–700 °C range for two different C/O values. At C/O=1.125,
changes in the yields of H2, CO2 and CO were determined as 0.85, 0.76
and -0.71mol/mol glycerol fed, respectively, upon 50 °C increase in
temperature. The responses were measured to be 0.67, 0.92 and -0.85
for H2, CO2 and CO, respectively at C/O=0.75 (Fig. 5a–d). Higher
changes in CO and CO2 yields and limited increase in H2 yield at C/
O=0.75 pointed out oxidation of CO and H2 into CO2. In addition,
changes in CH4 yield (-0.05 and -0.03 moles/mol glycerol fed at C/
O=0.75 and 1.125, respectively) in the same temperature range also
indicated promotion of CH4 removal in O2-rich conditions. Besides
oxidation, WGS and hydrocarbon reforming induced by the steam
generated via oxidation were the other possible routes that simulta-
neously shaped up product distribution above 650 °C.

In addition to the catalytic experiments, complete glycerol conver-
sion was also obtained in the blank test carried out at 700 °C. Even
though this observation suggested that conversion occurred via homo-
geneous reactions, the use of catalyst caused substantial changes in
product yields (Fig. 5d). The results clearly showed that in the presence
of Rh/Al2O3, yields of H2 and CO2 were higher but that of CO was lower
than the counterparts measured in the absence of the catalyst. These
trends were in good accordance with the stoichiometry of WGS (Re-
action (6)), which acted as a catalytic side reaction. Such a particular
effect of catalyst on product mixture in glycerol reforming was also
reported in the literature [25,26]. Comparison of the blank and

catalytic tests also showed that yield of CH4 decreased on Rh/Al2O3

(Fig. 5d). In other words, CH4 that formed during breakdown of gly-
cerol [10,39] was decomposed catalytically most likely via its oxidation
and steam reforming (Reactions (7) and (8), respectively), as Rh/Al2O3

was reported to be highly active for both reactions [38,40]. Reforming
of CH4 with CO2 (Reaction (9)), on the other hand, was not taken into
account as its rate was reported to be notably smaller than that of
Reaction (8) in the presence of steam in the feed [41]. These arguments
were also valid for interpreting the changes in the yields of C2H4 and
C2H6 measured upon use of catalyst.

3.3. Effect of S/C

In order to investigate the effect of amount of steam in the feed,
experiments were conducted in the S/C range of 3–5 at two different
temperatures, namely 550 °C and 700 °C. In all experiments C/O and
WHSV were kept constant at 1.125 and 4.8×103 NmL/gcat min, re-
spectively.

The results presented in Fig. 6a and b showed that, at both tem-
peratures yields of H2 and CO2 increased, whereas those of CO de-
creased upon changing S/C from 3 to 5. As mentioned in Section 3.2
this trend could be attributed to WGS (Reaction (6)) which was ther-
modynamically and kinetically favored at higher amounts of inlet steam
to transform CO into H2 and CO2. Significance of WGS could also be
observed from the comparison of the outcomes of blank and catalytic
tests carried out at 700 °C and S/C= 3 (Fig. 6b). As the comparison was
carried out at the lowest S/C, it could be expected that the impact of
WGS would be more pronounced at higher concentrations of steam in
the feed. In all of the experiments including the blank test, complete
glycerol conversion was obtained. It could therefore be stated that the
catalyst did not affect conversion but changed the product distribution
in favor of H2.

Changes in the yield of CH4 provided some insight into the possible
side reactions running during OSR. The results presented in Fig. 6b also
revealed positive correlation of CH4 yield with S/C at 700 °C. Con-
sidering the fact that C/O remained constant, slightly higher CH4 yields
detected under steam-rich conditions could possibly be explained by
limited inhibition of Reaction (8) with steam. This argument was in
alignment with the previous outcomes that confirmed limited impact of

Fig. 5. Product yields obtained with feed mixtures involving C/O=0.75 and 1.125 at reaction temperatures of (a) 550 °C, (b) 600 °C, (c) 650 °C and (d) 700 °C (S/
C=5, WHSV=4.8×103 NmL/gcatmin).
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partial pressure of steam on the rate of CH4 steam reforming on Rh-
based catalysts [42,43]. Limited and non-monotonic effects of steam
concentration on the rate of CH4 steam reforming were also reported for
Ni-based catalysts in the literature [44]. In contrast with the trend at
700 °C, CH4 yield remained almost unaffected by S/C at 550 °C
(Fig. 6a). The magnified impact of steam at 700 °C could therefore be
used as another evidence pointing out a kinetic effect.

Responses of the yields of carbon oxides against changes in S/C
were found to depend on temperature. For example, CO2 yield in-
creased by ∼31% and ∼52%, whereas CO yield decreased by ∼19%
and ∼25% upon increasing S/C from 3 to 5 at 550 °C and 700 °C, re-
spectively (Fig. 6a and b). This trend might be explained by the in-
creased extent of oxidation of the carbon containing species on catalyst
surface into CO with temperature, and the post conversion of the re-
sulting CO into CO2 by WGS that was promoted with S/C as discussed
above. This possible route might have been accompanied either by the
oxidation of the surface species directly into CO2 or by their gasification
with steam. Regardless of the route, promotion of removal of carbon
containing surface species with temperature was confirmed by the
outcomes of XPS analyses (Fig. 3). Even though the final status of all
scenarios involved co-production of CO2 and H2, changes in H2 yield
against S/C were found to be almost the same at both temperatures (i.e.
∼26% and ∼23% at 550 °C and 700 °C, respectively), which were in
contrast with the responses of CO2 production. This outcome might be
explained by the consumption of some of the H2 via oxidation. Once
produced, CO2 stayed in the product mixture, as reverse WGS was
suppressed and dry reforming could provide only negligible conversion
of CO2 under steam-rich conditions [41].

3.4. Effect of microchannel reactor configuration

In order to investigate the possible effects of microchannel reactor
configuration on product distribution, comparative experiments were
carried out on coated and packed microchannel geometries at 550 and
700 °C (Fig. 7a and b, respectively). In all experiments C/O, S/C and
WHSV were kept constant at 1.125, 5 and 4.8×103 NmL/gcat min,

respectively.
The results showed that at both temperatures, yields of H2 and CO2

obtained for coated configuration were notably higher than those
measured for the packed one, which favored existence of CO and C1-C2

hydrocarbons in the product mixture (Fig. 7a and b). Moreover,
changes in the yields obtained in different configurations became
magnified with temperature. At 700 °C, yields of H2 and CO2 increased
by 0.83 and 0.37mol/mol glycerol fed, respectively, upon the use of
coated microchannel (Fig. 7b). However, the changes measured at
550 °C against reactor configuration were 0.42 and 0.27mol/mol gly-
cerol fed for H2 and CO2, respectively (Fig. 7a). Similar changes in
trends were observed also for CH4, C2H4 and C2H6. These findings could
be related to the improved heat transfer rates offered by the coated
microchannel reactors [11–16]. Due to its direct contact with the Fe-
CrAl plate, heat transport on the thin (< 10−4 m thick) catalyst layer
was inherently fast that favored its effective utilization via uniform
temperature distribution. This characteristic feature was thought to be
responsible for increasing the extent of catalytic oxidation of C1-C2

hydrocarbons into CO2 and H2O, the latter which, together with the
inlet steam, promoted WGS to elevate H2 yield. On the other hand,
inherently low heat transfer rates associated with the presence of voids
within the bed of catalyst and diluent particles [15,16], seemed to
suppress oxidation and subsequent yields of H2 and CO2 in packed
microchannel configuration. As the differences between the reactor
specific heat transport rates got reduced with temperature, reactor type
turned out to have less impact on product yields obtained at 550 °C
(Fig. 7a).

3.5. Syngas composition

The effect of S/C on syngas composition (H2/CO ratio) was pre-
sented in Fig. 8a. H2/CO ratio increased with both S/C and tempera-
ture. Moreover, setting OSR conditions to 700 °C and S/C=3–4 was
found to deliver H2/CO=0.9–1.2, which was very close to 1, the ideal
syngas composition for FT synthesis [45]. This finding also demon-
strated the possibility of syngas manufacturing with lower requirements

Fig. 6. Product yields obtained with feed mixtures involving S/C=3, 4 and 5 at reaction temperatures of (a) 550 °C and (b) 700 °C (C/O=1.125,
WHSV=4.8×103 NmL/gcat min).

Fig. 7. Product yields obtained in coated and packed microchannel reactor configurations at (a) 550 °C and (b) 700 °C (S/C= 5, C/O=1.125,
WHSV=4.8×103 NmL/gcat min).
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of inlet steam, whose production calls for the need of high energy inputs
and operating expenses. Upon further increase of S/C to 5, product
mixture became more abundant with H2 (i.e. H2/CO∼1.5), which was
desired for fuel cell applications [46]. The clear trends demonstrated in
Fig. 8a showed that product stream was tunable towards desired H2/CO
ratio, which could be achieved by suitably setting the conditions in-
cluding temperature, S/C and C/O.

The effect of amount of O2 in the feed on H2/CO ratio was shown in
Fig. 8b. Syngas compositions resulting from a feed stream with C/
O=1.125 exceeded those obtained with C/O=0.75 at all tempera-
tures due to the particular dependency of H2 and CO yields on inlet O2

quantity and temperature as explained in Section 3.2. In addition to
tuning S/C, keeping it at 5 but setting C/O=0.75 also delivered a near
ideal syngas ratio of 1.1 at 700 °C (Fig. 8b). However, this option would
require higher amounts of inlet steam and O2, and eventually increase
the cost of syngas production due to the high costs associated with air
separation. Moreover, at larger scales, intense O2 feeding would elevate
concerns and related measures regarding process safety and equipment
maintenance, as they become more susceptible to corrosion in O2-rich
atmospheres. Consequently, tuning C/O at 1.125 and S/C between 3
and 4 at 700 °C seemed promising for obtaining syngas from glycerol
OSR at H2/CO∼1 with reduced CO2 content and operating expenses.

4. Conclusions

The aim of this study was to carry out parametric investigation of
syngas production by glycerol OSR in a Rh/Al2O3 coated microchannel
reactor. The effects of feed composition, reaction temperature and mi-
crochannel reactor configuration were investigated. Glycerol was con-
sumed completely in all conditions except at 550 °C, C/O=1.125 and
S/C=5, at which conversion was observed to be 93%. XPS and Raman
spectroscopy characterization of the spent catalyst samples indicated
coke deposition at the condition that gave incomplete conversion,
whereas no coking was detected in the rest of the operating conditions.
XPS analysis of the fresh and spent samples also showed that Rh re-
mained at reduced state under all conditions. Temperature affected
product distribution via increasing the extent of oxidation of combus-
tible species in the product mixture. This effect became more pro-
nounced when C/O was reduced from 1.125 to 0.75. WGS, whose ex-
istence was negligible in the blank tests but became significant in the
presence of Rh/Al2O3, played important role in elevating yields of H2

and CO2 due to the additional steam formation via total oxidation at
higher temperatures and lower C/O ratios. Promotion of WGS in the
presence of steam was verified by reducing S/C from 5 to 4 and from 4
to 3, both of which led to monotonically decreasing yields of H2 and
CO2, and increasing yield of CO. Amounts of CH4, C2H4 and C2H6 in the
product mixture were reduced by increasing temperature and de-
creasing S/C and C/O ratios, all of which led to their consumption via

total oxidation and steam reforming reactions. Tuning the glycerol OSR
conditions to 700 °C, S/C= 3–4 and C/O=1.125 delivered syngas
with H2/CO=0.9–1.2, which was compatible with FT synthesis con-
ditions. Evolution of the desired syngas specifications at lower re-
quirements of steam and oxygen, both of which necessitate high man-
ufacturing costs, was noted as an additional benefit. Apart from
operating conditions, configuration of the microchannel reactor af-
fected product distribution. Under identical conditions, microchannel
reactor packed with particulate form of catalyst gave yields of CO2 and
H2 lower and yields of CO and C1-C2 hydrocarbons higher than those
obtained in the coated configuration. These findings seemed to corre-
late with the extents of oxidation reactions and WGS, which were
thought to depend mainly on the heat transfer rates associated with the
particular reactor scheme.
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