
 
 

University of Birmingham

Processing of glycerol under sub and supercritical
water conditions
Tapah, Boris; Santos, Regina; Leeke, Gary

DOI:
10.1016/j.renene.2013.07.027

License:
Creative Commons: Attribution-NonCommercial-ShareAlike (CC BY-NC-SA)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Tapah, B, Santos, R & Leeke, G 2014, 'Processing of glycerol under sub and supercritical water conditions',
Renewable Energy, vol. 62, pp. 353-361. https://doi.org/10.1016/j.renene.2013.07.027

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository : checked 02/04/2014

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 19. Apr. 2024

https://doi.org/10.1016/j.renene.2013.07.027
https://doi.org/10.1016/j.renene.2013.07.027
https://birmingham.elsevierpure.com/en/publications/0f985a55-c656-4bcc-a66e-e16f452609a8


lable at ScienceDirect

Renewable Energy 62 (2014) 353e361
Contents lists avai
Renewable Energy

journal homepage: www.elsevier .com/locate/renene
Processing of glycerol under sub and supercritical water conditionsq

B.F. Tapah, R.C.D. Santos, G.A. Leeke*

School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
a r t i c l e i n f o

Article history:
Received 12 December 2012
Accepted 15 July 2013
Available online 13 August 2013

Keywords:
Glycerol
Ironechromium catalyst
Hydrogen
Carbon monoxide
Methane
Syngas
q This is an open-access article distributed unde
Commons Attribution-NonCommercial-ShareAlike L
commercial use, distribution, and reproduction in
original author and source are credited.
* Corresponding author. Tel.: þ44 1214145351.

E-mail addresses: Bft913@bham.ac.uk (B.F. Ta
(G.A. Leeke).

0960-1481/$ e see front matter � 2013 The Authors.
http://dx.doi.org/10.1016/j.renene.2013.07.027
a b s t r a c t

Converting glycerol, a by-product from biodiesel production into useful products and energy could
contribute to a positive life cycle for the biodiesel process. One kg of glycerol is produced for every 10 kg
of biodiesel and has the potential to be used as a source of H2, syngas or CH4 by an appropriate con-
version process. Catalytic Supercritical Water Gasification (CSCWG) processing of crude glycerol solutions
is one such viable option. Above its critical point [>221 barg, >374 �C], the properties of water, such as
the low relative permittivity and high ionic product make it capable of dissolving non-polar organic
compounds, allowing for high reactivity, and the ability to act as an acid/base catalyst. In this work, the
degradation of glycerol by CSCWG at temperatures [400e550 �C] and pressures [170e270 barg] was
investigated using a packed bed reactor (PBR) containing a Fe2O3 þ Cr2O3 catalyst. Glycerol feed con-
centrations were between 2 and 30 wt% at flow rates from [10e65 ml/min], which gave weight hourly
space velocities (WHSV) of [38e125 h�1]. The results indicated that high temperature and low feed
concentration tended to increase the gas yield and selectivity toward H2 production with some char
(<2.7 wt%). Syngas of up to 64 mole% was obtained with minimum 4:1 mole ratio of H2:CO. High yields of
volatile hydrocarbons were also obtained: 14 and 69 mole % for methane and ethylene, respectively,
which could be used for energy generation in SOFCs or turbines, reformed to syngas or converted to
chemicals by an appropriate route. Pressure had little effect on the gas yields in the subcritical water
region, but had a positive effect on H2 and CO2 in the supercritical region where char formation also was
increased resulting in loss of catalyst activity. Complete conversion of glycerol was achieved at high
temperature (550 �C). A maximum of 11 wt% liquid products were obtained at 400 �C (mainly allyl
alcohol, methanol and formaldehyde). Catalyst stability was also evaluated, which was found to reach
relative stability in the supercritical water environment for up to 9 h of operation.

� 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The world continues to explore alternative source of energy and
chemicals in order to reduce dependency on fossils fuels and to
ensure the security of energy supply. Biodiesel production could
play a significant role in this process. Large amounts of glycerol are
obtained as waste products from biodiesel production, with about
1 kg of glycerol produced for every 10 kg of biodiesel. In 2009, the
biodiesel product from the European Union and United States
reached a massive share of 9 and 2.7 million tons respectively, from
a total of 16 million tons worldwide. 1.6 million tons of glycerol was
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therefore, produced as an obligatory by-product [1]. Glycerol can be
used as an ingredient in various fields, for example, in the food
industry as humectants, solvents and sweeteners, and also in the
medical, pharmaceutical and cosmetic industries, but the demand
for glycerol in these processes is limited. Raw glycerol obtained
from biodiesel manufacture contains impurities, and its purifica-
tion process will, therefore be costly due to the requirement of
separation units, which require energy input. However, crude
glycerol is widely available and cheap and offers new opportunities
for chemistry and energy use [2,3].

Catalytic supercritical water gasification (CSCWG) is a promising
route in which organic material can be efficiently decomposed to
produce a mixture of gases and value-added liquid products
depending on the process conditions [4]. The gas mixture can
contain hydrogen, carbon monoxide, carbon dioxide, methane,
ethylene, and the liquid fraction, can contain value added products
(e.g. acetaldehyde, acetic acid, acetone, methanol and ethanol);
char can also be obtained [5,6]. Water, above its critical point
[�221 barg, �374 �C], has low relative permittivity (6 compared to
ts reserved.
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Fig. 1. Simplified Process Flow Diagram of CSCWG Equipment.
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80 at ambient), high ionic product (10�11 as compared to 10�14 for
subcritical) [7], which can be manipulated by changing pressure
and temperature. These properties offer a number of advantages for
organic material decomposition, such as enhanced capability to
dissolve non-polar compounds, high reactivity and the ability to act
as an acid/base catalyst.

The production of hydrogen and/or syngas by supercritical
water processing of crude glycerol solutions has been reported in
the literature [8e14,35]. The selectivity of the process toward either
H2 or syngas (H2 þ CO), or CH4 can to some extent be steered by
tuning the process conditions and by catalyst selection [15,16].
Several heterogeneous catalysts have been studied to promote
hydrogen yield and to reduce the formation of tars and char during
CSCWG reaction, such as Ru and Rh [17,18]. However, the aim of this
work is to combine the utilisation of an effective and low cost
catalyst (iron oxide based) at temperatures up to 550 �C, to attain
conversion of glycerol to gaseous products, which has not been
reported in the literature to date. Under less severe conditions,
conversion of glycerol to value added liquid products is also ex-
pected. The effects of temperature, pressure, feed concentration,
WHSV and time online on the product gas yields are reported.

2. Materials and methods

2.1. Materials

Glycerol (99% purity) was purchased from Sigma Aldrich, UK
and was used without further purification. Deionised water was
used to prepare a range of glycerol concentrations [2, 5, 10, 15, 20,
30 wt% glycerol]. The catalyst (Catal CT 54) was supplied by Catal
International Ltd and was a mix of unsupported iron oxide: chro-
mium oxide (91:9 wt% respectively) with spherical particles of
4 mm diameter and Brunauer-Emmett-Teller (BET) surface area of
58 m2/g, as measured. Chromium was blended with the iron to
stabilise the oxide element on its surface by promoting oxidation
resistance. This catalyst is reported to be capable of withstanding
extended steaming without loss of its mechanical strength, and it is
suitable for high temperature (HT)-WGS reactions for the conver-
sion of CO in reformate streams.

Gas standards for gas chromatography (GC) analysis were ob-
tained from Scientific and Technical Gases Ltd, UK and were
composed of a mixture of hydrogen, carbon dioxide, carbon
monoxide, methane, ethane and ethylene with nitrogen balance
gas. Liquids standards for GC analysis (methanol, ethanol, ally
alcohol, formaldehyde, acetaldehyde, valeraldehyde, acrolein),
were purchased from Sigma Aldrich, UK.

2.2. CSCWG reactor set-up and methods

The CSCWG experiments were carried out in a Hastelloy C276
tubular reactor with the following dimensions: OD Tube¼ 25.2mm
with a wall thickness of 3.2 mm, length of 11 cm, empty volumetric
capacity 30.5 cm3. The working conditions for the reactor system
were 600 �C at 300 barg. The reactor was packed in-house with
32.1 g of catalyst to fully fill the reactor bed. The integrity of the
packingwas validated using a HPLC spikemethodwhich resulted in
a chromatogram with a Gaussian response. This indicated that the
packing was uniform. The experimental rig was first flushed with
water, and the system pressure was increased to the desired con-
dition. The reactor temperature was set and controlled by a Parr
controller (Model 4843). The temperature of the system was
measured (�0.1 K) with four Type K thermocouples with one of the
thermocouples directly measuring the reactor temperature. Water
was passed through the reactor and ancillaries for 40 min in order
to equilibrate the system before the glycerol solution was intro-
duced at the desired flow rate by a high pressure diaphragm pump
(Lewa LCD1, GmBh). The product stream leaving the reactor was
cooled to approximately 30 �C using a shell and tube heat
exchanger. A pressure regulator was used tomaintained the desired
upstream reactor pressure and the pressure in the downstream
high pressure gaseliquid separator, where gas was separated from
the condensed liquid. A second downstream low pressure sepa-
rator (at approximately 20 barg) was used to maximise the gase
liquid separation. Gas and liquid products samples were collected
after the first 5 min and thereafter every 15 min. A simplified
schematic of the process is shown in Fig. 1.

2.3. Analytical methods for the gaseous products

Analysis of the gaseous products was undertaken by gas chro-
matography using Agilent 6890N GC equipped with thermal con-
ductivity detector (TCD) and a micro-packed column [Restek
Shincarbon 100/120 ST column (length 2 m, ID ¼ 1 mm)]. Helium
was used as carrier gas at a flow rate of 11.3 ml/min. The oven



Fig. 2. XRD patterns of fresh (a) and used (b) samples of non-supported Fe2O3 þ Cr2O3 catalysts. (a) Fresh, (b) Used. Fresh Catalyst 2 theta values: 32 Cr, 35 Fe, 39 Cu, 50 Al, 54
Si, and 63 Ca. Used Catalyst 2 theta values: 30 Cr, 35 Fe, 42 Cu, 54 Al, 57 Si, and 63 Ca. The Fe2O3 Powder Diffraction Data were analysed by comparing data to the indexed diffraction
pattern for CrFe2O3 found in the JCPDS database [38], Miller indices (h k l; indicating the set of lattice planes responsible for that diffraction peak) were assigned to each peak in the
diffraction pattern as shown below.

2q 32.8 35.4 39.9 50.4 54.3 57.7 63.8
h k l 1 0 0 1 1 0 1 1 1 2 0 0 2 1 0 2 1 1 2 2 0
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temperature was initially held for 8 min at 40 �C, and then the
temperature was increased at 50 �C/min up to 250 �C. The detector
temperature was 250 �C. A gas syringe of 2.5 ml capacity was used
to introduce the gas sample into the GC system through a packed
inlet and 6-port pneumatic sampling valve, equipped with 2 ml
loop. The chromatogram peaks of the gas products were identified
by comparing the retention time of the sample peaks with the gas
external standard. The concentrations of each of the gas compo-
nents in the sample (Cg, i) were determined from equation (1)
(nomenclature is given in after ‘Conclusions’):

Cg; i ¼
Ag; i
As

*Cs (1)

2.4. Characterisation of the Fe2O3eCr2O3 catalyst

A Micromeretics instrument (Model ASAP2010) was used for
BET surface area and porosity measurements of the fresh and used
samples of the catalyst. Nitrogen adsorption/desorption at 77 Kwas
used and the micropore diameter was estimated using the Barrette
JoynereHalenda method applied to the desorption side of each
isotherm. An emission scanning electron microscope (ESEM),
model XL30 (FEI company) was operated with back scatter electron
(BSE) detector and associated energy-dispersive spectrometer
(EDS) equippedwith X-ray detector, andwas used to performvisual
and chemical characterisation of the catalyst samples. X-ray
diffraction was performed to determine the physical profile of the
sample (using a Siemens model D5005) with 2.2 kW sealed Cu
Source operated at 20 kV, 30 mA and equipped with a scintillation
counter detector. These analyses were recorded over the 2q ranging
from 5 to 89� at a scan rate of 0.015�/min.

3. Results and discussion

Catalytic supercritical water gasification (CSCWG) of glycerol was
undertaken to study the effects of process parameters on the
composition and yields of gas products; process parameters included
temperature, pressure, glycerol feed concentration, WHSV and time
online. The investigations were undertaken between 400 and 550 �C
and 170 to 250 barg with glycerol feed concentrations at 2, 5, 10, 15,
20, 30wt%. ThemainproductsofCSCWGof glycerol in thepresenceof
the mixed iron oxide: chromium oxide catalyst was identified as a
mixture of gaseous products (hydrogen, carbon monoxide, carbon
dioxide, methane, ethylene) and liquid products that contained al-
cohols (methanol, ethanol and allyl alcohols), aldehydes (formalde-
hyde, acetaldehyde, propionaldehyde, allyl aldehyde, valeraldehyde).
The distribution of products in this work is similar to those reported
by other researchers [4,5,17,18] using Rh, Ni, Ru/ZrO2 and Ru/Al2O3

catalysts with the exception of hydroxyacetone and acrylic acid.

3.1. Catalyst characterisation

The fresh and used catalysts (after 172 h on-stream) were ana-
lysed using powder XRD, and the results are shown in Fig. 2 with the
assignations of the main 2 theta values. The patterns of the fresh and
used samples of Fe2O3þ Cr2O3were significantly different as seen by
the change in peak location, height and intensity of the patterns
(note that the same mass of 0.51 g was used for both samples). The
patterns reveal a relatively poor crystalline structure. Energy
Dispersive Spectroscopy (EDS) was undertaken to determine the
chemical composition of the catalyst surface. ESEM images of the
fresh (a) used (b) samples of the catalysts are shown in Fig. 3a and b,
respectively. The surfaces of both catalysts exhibit some porosity as
also confirmed by the range of pore sizes detailed in Table 1. The
presence of score marks can be seen on both images (a and b) and
may have occurred during catalyst preparation, where pellets were
crushed to pass through a 200 micron sieve, before mixing with of
1% graphite, in order to obtain a final pellet. It can be seen in image
(b) that the structure fragmented into smaller particles. This could be
due to sintering of the catalyst under supercritical water (SCW)
conditions [19]. This thermal degradation of the catalyst may have
contributed to a progressive loss of activity (refer to Section 3.3.3).

Surface area, pore volume and pore size of the catalyst samples
was determined from BET measurements, and the results are



Fig. 3. ESEM images of the fresh (a) and used samples (b) of Fe2O3 þ Cr2O3 catalyst. Images are at the same scale of 200 mm.
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shown in Table 1. The BET surface area of the catalyst was initially
58.1 m2/g and was reduced to 25.8 m2/g in the used sample. This
significant decrease may have resulted from sintering of the cata-
lyst and erosion under SCW conditions as evidenced in Fig. 3b. A
significant increase in the micropore area from 0.03 to 2.06 m2/g
may have resulted from the formation of new micropores within
the catalyst. It is expected that SCW will act as strong oxidant,
which could promote the reactivity and diffusion rate of the gases
on the catalyst, resulting to the formation of pores. On the other
hand, the presence of impurities and char on the surface of the
catalyst would concomitantly reduce the micropore area. The slight
increase in the total nanopore volume of the fresh and used sam-
ples (0.21 and 0.23 cm3/g respectively) and the minor change to the
micropore volume (0.0006 and 0.0007 cm3/g, respectively) suggest
that pore blockage and filling from coke deposition was negligible.
ESEM-EDS was used to quantify coke deposition and the results are
discussed in Section 3.3.3.
Table 1
Catalyst surface area, pore volume and pore size.

Properties Fresh
sample

Used sample
after 172 h
on-stream

Area
BET surface area: m2/g 58.1 25.8
Langmuir surface area: m2/g 80.4 35.8
Micropore area: m2/g 0.03 2.1
External surface area: m2/g 58.1 23.8

Volume
Single point adsorption total pore
volume of pores less than
1084.5096 Å diameter at
P/Po 0.98197675:

cm3/g 0.21 0.23

Micropore volume cm3/g 0.00063 0.00073
Pore size
Adsorption average pore

diameter (4V/Å� by BET):
151.3 Å� 364.4 Å�
3.2. Effect of temperature on the non-catalytic gasification of pure
glycerol

A series of gasification experiments without catalyst were
conducted for 15 wt% glycerol, at different temperatures to assess
the influence of gasification temperature on product gas composi-
tion and yield as shown on Figs. 4 and 5.

Temperature has a significant influence on the product gas yield
and composition, as expected. The overall gas product increased
with temperature from 67 to 76 wt% for 400e550 �C, respectively
(Fig. 4). This is attributed to thermal cracking of glycerol into gaseous
products. The formation of a mixture of gases containing: H2, CO,
CO2, CH4 and C2H4 (Fig. 5) resulted from the variety of reactions that
occur in this process, e.g. hydrocarbon cracking, water gas shift
(WGS) and methanation. It can be seen that when the temperature
increased from 400 to 550 �C, H2 and CO2 yield increased from 13 to
28mole % and 4e14mole % respectively. The CO yield increased from
6 to 18 mole% over the same temperature range.

CH4 yield is 19 mole % at 400 �C, but declines to 10 mole% at
550 �C. This indicated that CH4 formation was favoured at lower
temperature while high temperature can promote methane
reforming to the benefit of H2 production in SCW conditions.
Similarly, ethylene yield declines from 58 to 30 mole %, which
would have resulted from cracking under increasing temperature.
The catalytic effect of the hastelloy reactor should, however, not be
disregarded [20].
3.3. Effect of process conditions on the catalytic gasification of pure
glycerol

High temperature favours gas production, however, a viable and
economical process will need a suitable catalyst in order to achieve
higher gasification yields at lower temperatures and optimal
WHSV. In this section, a series of experiments were carried out at
various conditions (WHSV, pressure, temperature, feed concen-
tration and time on-line) in the presence of Fe2O3 þ Cr2O3 catalyst
to study their effect on gas yields.

3.3.1. Effect of WHSV
Gas product analysis at the reported conditions shows that the

main products were H2, CO, CO2, CH4, and C2H4. The effect of WHSV
appears to increase the selectivity toward H2 and CO yields as
shown on Fig. 6. Note Fig. 6 has a log y-axis for clarity.

It is evident that H2 yield increases sharply from 17 to 34 mole %
when WHSV increases from 19 to 125 h�1. Similarly CO increases
from 3.1 to 7.8 mole % for the same range of WHSV. This may be
due to reactions such as C(s) þ CO2 / 2CO (Boudouard,
DHR ¼ þ172.4 kJ mol�1 and/or CH4 4 C(S) þ 2H2,
(DHR ¼ þ74.8 kJ mol�1). CO2 increases from 4.8 to 5.5 mole % when
WHSV increases from 19 to 73 h�1, and remains fairly constant from
73 to 125 h�1.

Ethylene yield was 69 mole % at WHSV of 19 h�1, but decreased
steadily to 45 mole % at a WHSV of 125 h�1. At the same time,



Fig. 4. Gas and liquid product yields for non-catalytic SCWG of 15 wt% glycerol.
P ¼ 250 barg at F ¼ 65 ml/min, s ¼ 28 s. Fig. 6. Effect of WHSV on CSCWG of 20 wt% glycerol. T ¼ 500 �C and P ¼ 250 barg.
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methane yield also decreases from 9.4 to 8.7 mole % and is attrib-
uted to improved contact (due to higher turbulence) of the reacting
medium over the catalyst active sites, which seem to favour cata-
lytic cracking of hydrocarbons at shorter residence times. The high
yield of ethylene at lower WHSV (19e73 h�1), could be due to
poorermixing, and demonstrated that iron based catalysts could be
commercially utilised for the production of hydrocarbons [21,22] at
lower WHSV. The overall gas yield is moderately high at 76 wt%
when WHSV is 125 h�1 (refer to Fig. 11), which resulted from
uniform reactant distribution throughout the reactor bed, whereas
when WHSV is 73 h�1 with similar conditions, the overall gas yield
is reduced to 65 wt% (Figure not shown). Thus, the product distri-
bution (gas and liquids) is therefore dependent on the flow rate and
catalyst weight.

3.3.2. Effect of pressure
The effect of pressure was studied between 170 and 270 barg

(below and above the critical pressure of water) and was found to
have a small effect on the gas composition (H2, CO, CO2, CH4, C2H4)
and yield below the subcritical region (<221 barg), except for H2
and C2H4, as shown on Fig. 7. A positive pressure effect was
noticeable in the supercritical region, which resulted in the
increasing yields of H2, CO and CO2 coupled with a slight decrease
in the hydrocarbons.
Fig. 5. Gaseous products identified from the non-catalytic SCWG of 15 wt% glycerol.
P ¼ 250 barg at F ¼ 65 ml/min, s ¼ 28 s, LHSV ¼ 128 h�1.
At subcritical conditions, H2 yield increases with pressure from
37 to 52 mole %, while CO yield remains relatively constant at 2
mole %. The increases in H2 and CO2 yields with increasing pressure
are attributed to the promotion of the WGS reaction. However,
unidentified side reactions could occur also, as evidenced by the
small increase in CO yield in the supercritical region, which became
noticeable under the influence of high pressure. The ionic product
of water increases with increasing pressure, therefore, the hydro-
lysis reaction that plays a significant role in CSCWG also increases.
CO2 yield increases from 4 to 7 mole % when the pressure crossed
the supercritical water region, which further indicates that the
WGS reaction is favoured, an observation similar to other research
findings [23]. The process can be operated at an optimal pressure to
enhance the gas selectivity in order to either maximise H2, CH4 or
syngas yields.

Methane yield was relatively low (w 6 mole %) in subcritical
conditions, but it increased to 11 mole % in the critical regions,
whereas ethylene yield was 51 mole % at low pressure (170 barg)
and decreases sharply to 28 mole % at high pressure (270 barg),
which may indicate its reformation under supercritical water
conditions. It has been reported that using a suitable metal based
catalyst and moderate temperature (<500 �C) and pressure
(>71 barg), ethylene can be reformed into ethanol [24,25] as shown
by equation (2). Evidence of increasing ethanol yield in the in liquid
Fig. 7. Effect of pressure on gas product yield for 10 wt% glycerol. T ¼ 500 �C,
WHSV ¼ 125 h�1. Vertical dotted red line indicates supercritical conditions at 221 barg.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 8. Effect of temperature on gas products yield for 10 wt% glycerol. P ¼ 235 barg,
WHSV ¼ 125 h�1.

Fig. 10. Effect of glycerol feed concentration on gaseous products. T ¼ 500 �C, P ¼ 235
barg and WHSV ¼ 125 h�1.
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samples was observed (results are presented in a separate paper,
but are introduced in Section 3.4).

C2H4 þ H2O)
Presure > 71 barg; 300 < T < 500

�
C

metal based catalysts
/C2H5OH

(2)

3.3.3. Effect of temperature
The influence of reactor temperature between 400 and 550 �C

was studied to evaluate gas yields, and to maximise the overall
gaseous product. The results are shown on Figs. 8 and 9.

It can be seen in Fig. 8 that H2 yield increases at a low rate from
39 to 53mole %, while CO2 yield is initially low (4 mole %) at 400 �C,
but increases to 12mole % at 550 �C, whichmay be attributed to the
activity of theWGS reaction. Ethylene decreases from 48 to 22mole
% when temperature increases 400e550 �C respectively, and can be
attributed to thermal cracking at higher temperature (also seen in
Section 3.2). On the other hand, methane yield is low (8 mole %) at
400 �C, but increases slightly to 12 mole % at 550 �C. This could be
due to the effects of side reactions, such as methanation and
cracking of C2H4. Loss of catalyst activity would also favour side
reactions, such as methanation (3H2 þ CO / CH4 þ H2O) and
polymerisation of ethylene to form coke. After 172 h on-stream a
dark/black colour material deposited on the inside of the reactor
wall was identified as coke by ESEM-EDS analysis; the fresh and
Fig. 9. Effect of temperature on gaseliquid product yields for 10 wt% glycerol.
P ¼ 235 barg, WHSV ¼ 125 h�1. Note gas and liquid yields do not equal 100% as char
formed part of the overall product.
used samples, gave carbon dry catalyst weights of 4.5 and 7.2 wt%,
respectively; representing 2.7 wt% carbon (refer to Table 2). The
accumulation of carbon on the catalyst surface could contribute to
the consumption of hydrogen through gasesolid reactions i.e.
Cþ 2H2 / CH4 (DHR ¼�74.8 kJ mol�1). This reaction is exothermic
and consequently, temperature has a negligible effect on its for-
mation. Some researchers have reported that methane selectivity
could be 40e60 mole % for supported Fe [26], and as high as 95
mole % when the temperature is between 350 and 550 �C [26,27].
Other studies using Ni and Ru catalysts have revealed that low
temperature and high pressure favour the formation of CH4, but
reduce the decomposition reaction rate of glycerol [6]. In contrast,
high temperature (associated with a low pressure regime) favoured
the formation of H2 and CO. In light of this, and the results shown in
Figs. 5 and 8, the hydrocarbon yield can be attributed to the catalyst
choice, catalyst activity and reaction conditions (particularly tem-
perature) in CSCWG.

At 400 �C, syngas (H2:CO) yield was w42 mole % and increased
to 55 mole % at 550 �C. Syngas yield was high because of improved
H2 yield and as a result, H2:CO ratio increased from 13:1 at 400 �C to
26:1 at 550 �C. Water in the CSCWG process would have promoted
the WGS reaction (DHR ¼ þ41.0 kJ mol�1) and decreased CO con-
centration. The reverse-WGS (CO2þH2/ COþH2O; though this is
less thermodynamically favoured at higher temperature
DHR ¼ �41.0 kJ mol�1) and/or C(s) þ CO2 / 2CO may have
contributed in CO formation as suggested in other findings [29e31],
Fig. 11. Effect of glycerol concentration on gaseliquid product yields. T ¼ 500 �C,
235 barg and WHSV ¼ 125 h�1.



Table 2
EDS data of the fresh (a) and used samples (b) of Fe2O3 þ Cr2O3 catalyst.

Element Weight % Atomic %

(a) Fresh Fe2O3 þ Cr2O3

C K 4.6 14.8
O K 10.5 25.6
Al K 0.3 0.5
Si K 0.4 0.5
Ca K 0.3 0.3
Cr K 5.9 4.4
Fe K 75.6 52.5
Cu K 2.4 1.4
Totals 100.00
(b) Used Fe2O3 þ Cr2O3 (after 172 h)
C K 7.2 20.9
O K 12.5 27.3
Al K 0.7 0.9
Si K 1.3 1.6
Ca K 1.1 0.9
Cr K 6.8 4.6
Fe K 67.7 42.3
Cu K 2.7 1.5
Totals 100.00

Fig. 12. Effect of time online on gas product yield for 20 wt% glycerol. T ¼ 500 �C,
P ¼ 235 barg and WHSV ¼ 125 h�1.
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where Fe/Cu and Ru/Ni catalysts were used. These types of side
reactions are known to occur if the catalyst losses its activity. Fig. 9
shows that the overall gas yield increases from 67 wt% at 400 �C to
89 wt% at 550 �C; meanwhile the liquid product decreased from
35 wt% to 10 wt%, respectively. It is worth noting that gas yields are
higher than those obtained without Fe2O3 þ Cr2O3 catalyst (refer to
Fig. 4). The increase of gas yield is due to catalytic cracking and
thermal cracking of glycerol (and liquid products) as the tempera-
ture increased. At 550 �C, complete conversion of glycerol was
achieved as evident by the absence of glycerol in the analysed liquid
sample, whereas 49 wt% of unconverted glycerol was present in the
sample at 400 �C. It should be noted that continued operation at
�400 �C for feed concentrations greater than 50 wt% glycerol,
resulted in plugging of the reactor as a result of coke formation. This
problem, however, could be alleviated by raising the temperature
above 500 �C. It has been suggested that at lower temperatures the
reaction rates for coke formation are higher than the rates of
reforming and carbon gasification [32,33]. At temperatures,
<450 �C lower gas yields were obtained due to poor conversion of
reactants and the reduced role of the WGS reaction. Other works
have revealed that low temperature could also result in a less clean
product gas, which is likely to contain various amounts of light
hydrocarbons, such as C2H2 and C2H4, as well as up to 10 wt% heavy
hydrocarbons, the latter condense to form tar [28,34]. This is also
true in this work with the exception of C2H2, which was not
observed. Tar is obviously an undesirable by-product of CSCWG as it
can block valves, in-line filters and interfere with conversion
processes.

3.3.4. Effect of glycerol concentration
Feed concentration is a key parameter for the economical

evaluation of the gasification process. It is essential to use only the
necessary amount of feed in order to achieve optimum yields. The
effect of glycerol feed concentration was studied from 2 to 30 wt%
atWHSV¼ 125 h�1, P¼ 235 barg and T¼ 500 �C, and the results are
shown in Figs. 10 and 11.

It can be seen in Fig.10 that increasing feed concentration from 2
to 30 wt%, results in decreasing H2 yield from 62 to 29 mole%. CO2

also decreases from 9 to 6mole % while CO yield increases from 2 to
7 mole % with the same range of feed concentration, which may
point to the reduced role of the WGS due to high carbon to water
feed concentration. This would give less water to promote H2 for-
mation and also char reforming is likely to increase
(C(S)þ CO2 / 2CO [35,36]). Syngas decreased from 64 to 36mole %
with increased glycerol feedstock concentration. This is largely due
to decreasing H2 yield, which affected H2:CO ratios. As a result, the
ratio decreased significantly with increased glycerol concentration
from 31:1 to 7:1 to 4:1 for 2, 15 and 30 wt% respectively. Lowering
the feed wt% enhances the gasification process by efficient heat
transfer (due to improved thermal properties) and by distributing
the reactant uniformly throughout the reactor bed [37].

Methane and ethylene yields increased from 5 to 14 mole % and
23e44 mole %, respectively over the same range of feed concen-
tration. At high concentrations, the reactants would flood the
catalyst active sites and affect the gasification to the highest gas
products. The carbon balance showed that complete conversion of
glycerol to gaseous and liquid products was realised even for the
highest feed concentrations tested (30wt% glycerol) at 550 �C using
the reported catalyst. Fig. 11 shows that the liquid product de-
creases from 44 to 22 wt% when glycerol feed concentrations in-
creases from 2 to 30 wt%, respectively. Conversely, the gas yield
increased significantly from 55 to 77 wt% in the same range largely
as a result of increased light hydrocarbon and CO yields.

3.3.5. Effect of time online on gas yield
The effect of time online was studied by monitoring the gas

product yield for up to 9 h to provide important data about catalyst
stability. It can be seen in Fig. 12 that hydrocarbon yields increased
with time online; methane and ethylene yield increased slowly
from13 to 16mole % and 41e52mole%, respectively. The increase in
methanemay have resulted from gasesolid reactions that would be
occurring (C þ 2H2 / CH4) due to char formation. On the other
hand, CO and H2 remain stable during the first 3e4 h; they then
both decrease thereon from 34 to 28 mole % for H2, and from 5 to 2
mole % for CO. This could also be due to a decrease of active sites
resulting from the deposition of coke on the catalyst particles or
thermal transformation of the catalyst as evidenced by deposition
of fragments on the catalyst surface (refer to Fig. 3). Carbon mon-
oxide and hydrogen can also produce methane through methana-
tion side reactions: CO þ 3H2 / CH4 þ H2O and
CO2 þ 4H2 / CH4 þ 2H2O and may contribute for the low H2 yield.
Both of these reactions are exothermic and are favoured by lower
temperature as compared to steam reforming of methane (SRM),
which would occur at high temperature (700e800 �C). Evidence of
char formationwas revealed also by ESEM-EDS analysis of the fresh
and used sample after 9 h on-stream, which gave carbon dry
catalyst weight percentages of 5.2 and 5.5 wt%, respectively; rep-
resenting an accumulation of 0.3 wt% of char. However as seen in
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Section 3.3.3, temperature is a salient parameter for char formation,
especially over prolonged use.

3.4. Liquid product analysis of CSCWG of glycerol

Liquid product analysis showed that the main liquid products
were <11 wt% cumulatively. These were methanol, allyl alcohol,
ethanol, formaldehyde, acrolein, acetaldehyde and propionalde-
hyde. These products were also found in other studies [6,11]. The
wide variety of products reflects the complexity of the reaction
mechanisms involved in the hydrothermal decomposition of glyc-
erol, which can be summarised in the coexistence of competing
ionic and free radical pathways. The liquid products were formed
both in the subcritical and supercritical conditions; their compo-
sition and yield are discussed in a separate paper.

4. Conclusions

The catalytic gasification of glycerol was studied under sub and
supercritical water conditions (170e250 barg and 400e550 �C)
using an iron-chromium oxide (91:9 wt%) catalyst. Pure glycerol
was converted (up to 98% conversion) at 500 �C into gaseous
products largely containing hydrogen, methane and ethylene. In
addition, useful condensates, such as allyl alcohol and methanol
were also obtained. Complete conversion of glycerol was achieved
at 550 �C as indicated by no trace of glycerol in the liquid sample
analysis. In comparison to other gasification process, the gaseous
product was relatively clean with only five components in the
composition (H2, CO, CO2, CH4 and C2H4) with low traces of char
(<2.7 wt% after 172 h and 0.3 wt% after 9 h) in the overall products.
The temperature and glycerol feed concentration largely affected
the gaseous product yield. 550 �C is needed to achieve high yields of
gaseous products for up to 30% wt pure glycerol concentration.
However, pressure was found to have a moderate effect on the gas
composition and yield. H2 and CO2 yield increased with pressure as
a result of promoting the WGS reaction. The hydrogen and syngas
yields were as high as 62 and 64 mole % respectively, with a min-
imummole ratio H2:CO of 4:1 largely attributed to high yield of H2.
The highest yields of light hydrocarbons were,methane (22mole %)
and ethylene (69 mole %), which could be used as fuel gas with
medium heating value for producing electricity through a turbine
or SOFC or reforming to syngas. The iron oxide catalyst exhibited
potent stability after 9 h of operation, but was not selective at
promoting the production 2:1 ratio of H2:CO at the reported con-
ditions. 2:1 ratio of H2:CO is the desired syngas composition for FTS
into mixed alcohols.
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Nomenclature and abbreviations

Cg, i concentration of the component (i) in the gas sample
CS concentration of the external standard
Ai peak areas of the component (i) in the gas sample
AS peak areas of the external standard
Cl, i0 concentration of the component (i0) in the liquid sample
Al, i0 peak areas of the component (i0) in the liquid sample
AS0 peak areas of the internal standard in the liquid sample
y intercept of the linear calibration equation
P pressure, barg
T temperature, �C
F feed flow rate, ml/min
s residence time, s
CSCWG catalytic supercritical water gasification
SRM steam reforming of methane
SOFC solid oxide fuel cell
LHSV liquid hourly space velocity
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