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We  report  the  influence  of  the  molecular  structure  on  the  gasification  behaviour  for  a  homologous  series
of linear  chain  (C1–C8) carboxylic  acids  and  alcohols  in  supercritical  water  (600 ◦C and  250  bar)  at  two
different  concentrations  (10  and  20 wt%).  The  initial  concentration  of carboxylic  acids  had  a significant
influence  on  the  gasification  efficiency  (GE),  whereas  no  such  effect  was  found  for  the  alcohol  series
studied.  Alcohols  were  found  to  be  much  easier  to gasify  than  the  organic  acids  and  the  carbon  GE trend
of  alcohols  was  opposite  to that  of acids,  especially  for the  short  chain  compounds.  With  increasing  chain
length  the  GE  stabilizes  to  around  50%  at the conditions  chosen.  From  gas  and  liquid  phase  product
cids
lcohols
hain length

analysis  decomposition  schemes  were  proposed  for the  short  chain  compounds.
A  remarkable  oscillatory  behaviour  of  the  methane  and  CO2 product  yield  with  increasing  chain  length

of the  acids  and  alcohols  was  found  experimentally.  A simple  model  was  derived,  based  on  essentially
a  �-scission  cracking  mechanism,  which  was  able  to explain  the  observed  product  spectrum  and  the
oscillatory  behaviour.  Additionally,  the  influence  of  the  number  and  positioning  of  OH groups  on  the
gasification  behaviour  was  studied.
. Introduction

Supercritical water (SCW), water heated under pressure to
bove its critical point (T > 374 ◦C, P > 220 bar), is attracting atten-
ion as a medium for chemical reactions [1–3]. Supercritical
ater gasification (SCWG) has been growing as a promising

echnology in converting (residual) organics present in aqueous
iomass/waste streams with a high water content (80%) to high
eating value product gases (e.g., H2, CH4, CO) and clear water
4–7]. A key advantage of the SCW is the possibility of tuning the
roperties of the reaction medium by varying the pressure and
emperature and thus optimizing the reaction conditions [4,8].
he water content in the aqueous biomass streams serves the
urposes of reaction medium, being a reactant and act as a catalyst
or the enhanced degradation rates of the organics in the biomass.
owever, the decomposition pathways of real biomass differs

n sub- and supercritical water (ionic- vs. radical reactions being

ominating) and is influenced by several variables such as feed
haracteristics (type of organics, solids/dry matter like cell walls,

∗ Corresponding author. Tel.: +31 53 489 2141; fax: +31 53 489 4738.
E-mail address: a.g.chakinala@gmail.com (A.G. Chakinala).

896-8446/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.supflu.2012.11.013
© 2012 Elsevier B.V. All rights reserved.

etc.) and process conditions (temperature, pressure, initial feed
concentration, reaction time, heating up rate, pH) [2,4].

Several intermediate compounds are formed during the course
of reaction when biomass is heated up under hydrothermal con-
ditions, the majority of the stable intermediate compounds being
similar to the compounds found in the hydrothermal liquefaction
[4]. These intermediate compounds constitute of alcohols, acids,
aldehydes, diols, ketones, phenols, furfurals and several other com-
pounds [4].  Some of these compounds convert readily into gases
(desired reaction), but additionally some of these compounds may
also undergo polymerization reactions, leading to the formation of
less reactive char/coke, which ultimately reduces the gas yield and
can even result in reactor plugging [5].

From earlier reports and our own  unpublished data it is known
that some compounds (for e.g., methanol) are not very reactive in
SCW in the absence of any catalyst and do not lead to char/tar for-
mation [11–14]. However, other, often larger, compounds such as
glucose and biomass feed containing sugar compounds are more
reactive, and rapidly lead to char/tar formation [2,5]. It is therefore
essential to understand more of the chemistry of biomass gasifica-

tion in supercritical water in terms of the gasification behaviour;
e.g., on the role of different functional groups and chain length
effects. For future development this may help to minimize the
char/tar formation and increase the carbon to gas conversion/gas

dx.doi.org/10.1016/j.supflu.2012.11.013
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
mailto:a.g.chakinala@gmail.com
dx.doi.org/10.1016/j.supflu.2012.11.013
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Fig. 1. Schematic diagram of the exp

ield, and where possible, to optimize/tune the product gas towards
ither H2 or CH4 rich gas.

The objective of this study is therefore to contribute to the
nderstanding of the chemistry of biomass gasification in super-
ritical water by elucidating the relationship between molecular
tructures (chain length, functional groups) on the gasification
ehaviour. Carboxylic acids and alcohols are most frequently
bserved intermediate products from the hydrothermal gasifica-
ion of a wide variety of organic compounds, wastes and biomass,
nd were therefore chosen for systematic study [6,7]. The goal of
his work was to investigate experimentally if and how the chain
ength of linear alcohols and acids affects the product distribution
uring SCWG of these compounds. In this work the following series
f experiments were carried out to study:

. The influence of chain length of linear organic acids ranging from
C1 to C8 compounds on the gasification behaviour in terms of
product gas yields and carbon to gas conversion.

. The influence of chain lengths of n-alcohols ranging from C1 to
C8 on the gasification behaviour.

. The effect of increasing number of OH groups and the position-
ing of these groups.

. Experimental methods

.1. Materials, experimental set-up and procedures
All chemicals used in this study were obtained from Sigma
ldrich with a high purity. The experiments were carried out in a
atch autoclave reactor (Inconel alloy: ∼72% Ni, 15% Cr and ∼8% Fe)
ntal batch autoclave reactor set-up.

having an internal volume of 45 mL  and a schematic diagram of the
set-up is shown in Fig. 1. For safety reasons, the reactor set-up was
placed in a high pressure room and is controlled from outside the
room during the experiments. The reactor is equipped with two ori-
fices, one for a thermocouple and the other to connect to a pressure
indicator and gate valve. The pressure and the temperature of the
reactor is recorded and monitored using Pico Log software. With the
help of a pneumatic arm, the autoclave can be immersed into and
removed out of the fluidized sand bed after the reaction. This sand
bed was heated by an electric oven (with preheated fluidization
gas).

The experimental procedure is as follows: in a typical run,
the calculated amount of aqueous feed solution is loaded into
the reactor and screwed tightly and connected to the pneumatic
arm of the set-up. The final reactor pressure reached is an out-
come of the initial amount of water added to the reactor which
is calculated based on the density of water at the experimental
conditions to be investigated. The line with the pressure reader
was connected to the autoclave and flushed with nitrogen several
times to remove any oxygen present in the system. The reactor
was then pressurized with 20 bar of nitrogen which served the
purpose for leak test. The line connecting to the autoclave was
removed and the high pressure room was  closed and the remainder
of the experiment was monitored from outside. Using the pneu-
matic arm, the autoclave is positioned on the fluidized sand bed
and then the reaction was  initiated by immersing the autoclave

with the help of a piston into the preheated fluidized sand bed
which had a temperature of ∼30 ◦C higher than the desired reaction
temperature. All the experiments were carried out at 600 ◦C ± 10,
260 ± 30 bar and 15 min  of reaction time. After the desired reaction
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ime, the reactor was lifted and quenched in a cold water
ath.

Gas samples were taken in a syringe and analyzed with an
ff-line gas chromatography. With the gas composition, the final
ressure and temperature inside the reactor, the amount of each
as produced was calculated. After the reactor was  cooled, it was
epressurized and the autoclave was disconnected from the arm
nd opened. The remaining product (liquid and solids in suspen-
ion) was then collected in a glass bottle and the reactor was
insed with acetone to remove any water-insoluble deposits. The
queous phase was analyzed for dissolved organic carbon with
n elemental analyzer (Fisions Instruments 1108 EA CHN-S). Gas
hromatography–mass spectrometry (GC–MS) analysis was  per-
ormed with an Agilent GCMS 6890N to identify the intermediate
ompounds in the liquid effluent after the reaction. The carbon bal-
nce closure was found to be in the range of 97–99% for C1 and C2
lcohols and acids. However, for higher chain lengths of carbon con-
aining alcohols and acids the carbon balance is not close to 100%
ue to the formation of char/tar formation.

.2. Terms and definitions

The gasification efficiency (GE) or carbon to gas conversion is
efined as the degree of conversion of carbon in the feed to “C”
ontaining gases.

Carbon) gasification efficiency, C GE (%) =
∑

iNc,i

Nc,feed
× 100

ydrogen gasification efficiency, H GE (%) =
∑

iNH,i

NH,feed
× 100

xygen gasification efficiency, O GE (%) =
∑

iNO,i

NO,feed
× 100

he yield (Yi) of product gas is defined relative to the carbon content
y:

i = Nc,i

Nc,feed

here Nc,feed, NH,feed, NO,feed are the number of moles of carbon,
ydrogen and oxygen in the feed. Whereas Nc,i, NH,i and NO,i are the
umber of moles of carbon, hydrogen and oxygen atoms, respec-
ively, in product gas (i = CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8).

. Results and discussion

Series of experiments are carried out to determine the influ-
nce of increasing the chain length of organic acids and alcohols,
he number of OH groups and the positioning of OH groups on the
asification behaviour in SCW.

The postulated reaction pathways, under the assumption of rad-
cal reactions being dominant, for the decomposition of acids and
lcohols in SCW are based on our experimental observations and
rom literature studies. As the complexity increases for higher chain
engths of carbon atoms, only for acids and alcohols with one, two
nd three carbon atoms the reaction schemes are presented and
ocus on the formation of permanent (product-) gases from these
xygenated model compounds.

The mechanisms proposed are formulated, on basis of a com-
etitive scheme for the three parallel base-type reactions; being
 O, C H and O H bond scission. For higher carbon chain atoms,
dditionally the C C bond breaking is taken into consideration. This
ompetition of bond scissioning dictates the product distribution.
t is tried to identify on basis of experimentally determined product
Fig. 2. The carbon to gas conversion of different chain lengths of organic acids.

distributions obtained in this work to derive from this preferred, or
dominating, reaction paths.

3.1. Gasification of organic acids

We  studied the influence of different chain lengths of organ-
ics acids and alcohols ranging from C1 to C8 on the gasification
behaviour in supercritical water.

Fig. 2 illustrates the trend in the carbon to gas conversion for
two different concentrations (10 and 20 wt%) of a homologous
series of linear organic acids, having carbon chain lengths from C1
(formic acid) to C8 (octanoic acid). It is evident from Figs. 2 and 3
that among all the acids, formic acid decomposes completely and
rapidly into gases. The carbon GE decreases initially rapidly with
increasing chain length after formic acid, but more slowly from
C3 onwards. The gasification efficiency trend shows a remarkable,
damped oscillatory behaviour. Organic acids with an even number
of carbon atoms were found to have higher GE than those with an
odd number of carbon atoms in the hydrocarbon chain. This trend is
persistent, even for higher organic acids, and is visible for both the
10 wt% and the 20 wt%  series. The initial feed concentration has a
significant impact on the carbon GE. This is possibly due to polymer-
ization reactions occurring during the initial phase of the reaction
leading to enhanced polymerization and subsequent tar and char
forming reactions with at high feed concentration. A polymeriza-
tion has a higher reaction order than degradation; therefore it is
always favoured at higher concentrations [8].  Visual observations
of the reactor after the experiments reveal/confirm some char and
tar formation with higher acids (after C2).

The dry gas composition and product gas yields with increas-
ing carbon chain length of organic acids with concentrations of 10
and 20 wt% are shown in Fig. 3a and b, respectively. It is clear from
Fig. 3a that there is hardly any influence of the initial feed con-
centration on the dry gas composition which suggests that the gas
formation mechanism remains unaltered with initial feed concen-
tration (Fig. 3a). This is in accordance with the assumption that the
polymerization is a competitive parallel reaction [8]. The trends of
product gas yields (mol/mol) are similar for both 10 and 20 wt% con-
centration. Higher gas yields are obtained for the less concentrated
feed stocks, as expected from the gasification efficiency results dis-
cussed earlier (Fig. 3b).

3.1.1. Formic acid

Formic acid is an often reported intermediate product in the

hydrothermal oxidation of a wide variety of organic compounds
and wastes. The smallest of all carboxylic acids decomposes rapidly
in SCW via two parallel paths, decarboxylation (forming CO2 and
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2) and dehydration (into CO and H2O) [9–12]. The postulated free-
adical mechanism for the formic acid decomposition in SCW is
hown in Fig. 5.

This free radical mechanism is discussed here because of the
ather high temperature and low density (70.8 kg m−3) in the
xperiments discussed here. High temperature and low densities
hould promote free radical reactions [13]. In addition this mech-

nism is used as basis for the free-radical mechanism used for the
igher carboxylic acids. On the other hand a molecular mechanisms
atalyzed by water has to be considered, explaining the preference
f decarboxylation at neutral conditions [9,14,15].
 (vol.%) and (b) product gas yields (mol/mol) (dark and thick symbols corresponds
ncentration).

Routes 1, 4 and 11 are initiation reactions for the free radical
chain mechanism. By this reaction, but mainly via the reactions
with free-radical inside the chain, the bond breaking of O H, C H,
and C O occurs. Water is able to serve as transfer medium: free
radicals reacting with water leads also to H• and OH• free radi-
cals taking part in the chain. For this no influence on the chemical
reaction rates is found [16]. On the other hand the solvent nature

of supercritical water seems to have a significant influence, also
in the free-radical mechanism [17,18].  Routes 1 and 4 are ther-
molytic scissioning of a bond, releasing H•. Routes 2 and 5 are
induced by OH•, while Route 3, 6 and 10 are initiated by H•
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adicals. In principle also other, carbon-containing free radicals, not
nly OH• and H•, would lead to the same products. But these would
ot lead to new and independent reaction pathways, because the
eactions of carbon containing free radicals are already considered.
outes 1–3 are abstraction of acidic hydrogen at the oxygen atom,

eading to the formation of HCOO• radicals which are stabilized by
esonance effects (delocalization of electron). The HCOO• radicals
urther decomposes into CO2 and releases one H• (Route 8). Route
–6 are the abstraction of hydrogen at �-carbon atom that leads to
ormation of OC•OH radical which further decomposes into CO2 and
eleases one H• (Route 9). Route 10, is a dehydration route where
• reacts with OH group present in the compound and forms water
nd CO and releases one H•. CO can be further converted into CO2
ia the WGS  reaction.
In the mechanism shown here, e.g., in Fig. 5, the WGS  reac-
ion is shown as a free radical reaction. As mentioned above, a

olecular mechanism via formic acid is also discussed. In this
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case the activation energies for the two  pathways, to CO and to
CO2, are nearly identical without water and the formation of CO2
is preferred in the case of complex formation with water. Still in
this case the difference is only around 31 kJ/mol [14]. In the case
not CO is formed but formic acid, small differences in the reaction
medium would change the preference to CO or CO2. It is therefore
not surprising that sometimes the preferred product determined
changes with reaction conditions: Wakai et al. [19] studied the
decomposition of formic acid (0.1 to 1 M)  at temperatures between
275 ◦C and 350 ◦C in quartz tubes. The carbon-containing products
were measured by NMR  after around 10 min  reaction time. At low
concentration and 300 ◦C CO2 was the main product. At higher
concentration CO was the dominant product. This was  explained
by an autocatalytic effect. For the 1 M solution, CO was the main
product in the whole temperature range and the CO concentration
was only slightly decreasing with temperature. The addition of
metal powder (SUS 316L, Hastelloy C-276, Inconel 625; all common
high-pressure vessel materials) supports decarboxylation.

Singleton et al. [20] in their experiments at low temperature
found that the dominant interaction of the OH• radicals is with the
acidic hydrogen of formic acid, rather than with the formyl hydro-
gen. Although at high temperatures, abstraction from the formyl
hydrogen would be expected to make a significant contribution
because of its anticipated positive activation energy [20]. Hence,
reactions 1–3 seem to be the major reaction pathways.

The overall reaction (decarboxylation) can be written as:

C O

O

H H

OCO + H2

Although dehydration (reactions 10, 11) may  occur to some extent,
the above (decarboxylation) is therefore expected to be the major
reaction pathway.

The experimental obtained gas composition, 51% CO2 and 48%
H2, confirms that decarboxylation is dominant over dehydration.
It could be argued that the dehydration reaction initially might
have taken place, forming CO which further oxidizes into CO2 via
WGS  reaction. Marginal amount (0.74%) of CO present in gas phase,
indicates, however, a low extent of the dehydration reaction, as oth-
erwise CO should have been present in significant amounts as seen
in our gasification experiments using alcohols (discussed next sec-
tion). It is very unlikely to convert CO to such a large extent (near
to equilibrium) without the presence of any catalyst. The high CO2
selectivity obtained is in-line with literature [9].  Remarkably, stud-
ies of formic acid decomposition in the gas phase [9,13,14] showed
that the main reaction pathway in the gas phase was dehydration,
which forms CO and H2O, and that decarboxylation, which forms
CO2 and H2, occurred to a lesser extent. However, based on litera-
ture [9,14,15] and our experimental results above indicate that the
main reaction under hydrothermal conditions is decarboxylation
and that dehydration is insignificant.

3.1.2. Acetic acid
Acetic acid is one of the stable intermediate products that are

often found during the degradation of several biomass wastes and
it is proven to be quite refractory in SCWG [1,4,6,7]. A postulated
mechanism for acetic acid decomposition, again based on a radical
reaction mechanism, is shown in Fig. 6. Considering the gas phase
composition found (46% CH4 and 51% CO2) it can be seen that the
more significant reaction pathway is hydrogen abstraction from the

carboxyl group (OH bond scission, path 1), as this leads to equimolar
formation of CO2 and CH4.

According to Meyer et al. [21] acetic acid does not decompose up
to temperatures of 400 ◦C and it starts to decompose into methane
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ig. 6. Postulated reaction mechanism of acetic acid decomposition in SCW (to kee
eaction pathways are analogous to those shown in Fig. 5).

nd carbon dioxide at above 450 ◦C. Watanabe et al. [22,23],  found
hat acetic acid was very stable in the absence of any additive
t 400 ◦C after 1 h of reaction time. They proposed two reaction
chemes, monomolecular decarboxylation (CH4 and CO2) with the
ddition of KOH and bimolecular decarboxylation (acetone and
O2) in the presence of ZrO2.

The dissociation energies of different bonds present in
cetic acid are as follows: D(CH3COO H) = 105.8 ± 2 kcal/mol,
(H CH2COOH) = 98 ± 2 kcal/mol (assumed to be the

ame as D(H CH2COCH3)) [24]. Although D(CH3COO H) >
(H CH2COOH), the experimental data show that the O H bond

s more likely to break. In case of breaking of C H bond breaking
n H CH2COOH (path 2 (and 4–6 in Fig. 5)), a ketene (CH2CO) is
ormed (via dehydration). Generally, ketenes are very reactive and
onvert into polymeric compounds and gases: coke (carbon), resin,
O, CO2 [25]. However, no large fraction of coke was  formed.

The overall reaction scheme for acetic acid considering COO H
ond breaking is:

H3COOH → CH4 + CO2

he GC–MS analysis of the liquid samples indicated the presence
f acetic acid in significant amounts. A minor amount of acetone

s also detected in the liquid phase, for which the formation route
s also shown in the proposed mechanism (Fig. 6). The dominating
athway, however, proceeds via an O H bond scission, resulting in
he formation of equimolar amounts of CO2 and CH4 (Fig. 3).
 scheme simpler, C H and O H bond scission reactions are just indicated and the

3.1.3. Propionic acid and other high molecular weight acids
For propionic acid decomposition a proposed mechanism is

shown in Fig. 7. The GC–MS analysis of the liquid phase product
after the reaction identified propionic acid and acetone as main
components (next to water) in the liquid phase. Very small amounts
of acetic acid were detected in the liquid phase, indicating that
breaking of C C bond (pathway 16 followed by 17) now also occurs
as initial step. Once acetic acid forms, it can produce acetone, CO2
and water via bimolecular decarboxylation [26]. Small amount of
benzene is also present in the liquid, pointing to the occurrence
of aromatization reactions, leading to the formation of very stable
aromatic compounds.

From the GC–MS analysis the major compound found in the liq-
uid phase after the reaction was, however, the unconverted acid
itself (>95% of the organic compounds in the aqueous phase). Acetic
acid was the major refractory compound that was identified in all
the acid cases (except for formic acid decomposition), indicating the
scissioning of C C bonds leading to the formation of lower acids,
which will then further undergo C C cracking till acetic acid forms.

Acetic acid may  convert into acetone by bimolecular decarboxy-
lation [26]. Acetic acid and acetone are the most stable compounds.
For lower acids, up to C4, acetic acid was present in small amounts
while for higher acids, acetic acid was the most abundant com-

pound in the liquid phase. That is in-line with concept that higher
hydrocarbons are easier to crack [27]. Benzene and toluene were
found in small amounts when gasifying higher acids, indicating that
aromatization reactions are also taking place. For higher acids we
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nd  the reaction pathways are analogous to those shown in Fig. 5).

uspect that abstraction of �-hydrogen becomes significant, lead-
ng to the formation of ketene. Jin et al. have studied the oxidation
eactions of high molecular weight carboxylic acid (stearic acid)
n SCW and they proposed the reaction of high molecular weight
arboxylic acids in SCW proceeds with the consecutive oxidation
f higher molecular weight carboxylic acids to lower molecular
eight carboxylic acids through several major pathways [28].

.1.4. Modelling approach
Overall, it is found that the gasification of linear carboxylic acids

n supercritical water starts predominantly with the scissioning
f the O H bond of the acid group. Subsequently, � scissioning
s dominating in fractionation and gas formation, as argued below.

With this simple approach, the characteristic oscillatory
ehaviour of the gas product distribution with increasing alkyl
hain length, as observed in Fig. 3a, can be explained. In case of
n even numbered carbon organic acids, initial acidic O H bond
cission followed by � scission leads to formation of CO2 and a
n − 1; hence odd number) alkyl radical. Continued � scission leads
o significant C2 formation and ends by the formation of a CH4
olecule (from CH3 radical). For an odd numbered carboxylic acid,
his process does not lead to the formation of a final CH4 molecule.

Exact this oscillatory behaviour of the gas composition trend is
een in Fig. 3, where more CH4 and less C2H6 have been found

Fig. 8. The gasification efficiencies of different chain lengths of alcohols (carbon GE
was shown for 20 and 10 wt%  feed concentration while the oxygen and hydrogen
GE was  shown for 10 wt% concentration).
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o  20 wt%  organic concentration, light and dotted trend lines represent 10 wt%  orga

n case of even numbered carbon organic acids. The oscillatory
ehaviour is super-positioned to another general trend that with

ncreasing chain length more CH4 is formed (Fig. 3b), most likely
ue to the increasing number of possible reactions and interactions
etween intermediates and apparently also resulting in more CH4.
The oscillations in the GE trend (Fig. 2) cannot be explained by
his, but may  be caused by constraints in the chemical analysis.

hen, e.g., C2H5 radicals recombine with other alkyl radicals this
eads to the formation of alkanes larger than butane which were
n (vol.%) and (b) product gas yields (mol/mol) [dark and thick symbols corresponds
ncentration].

not detectable by the installed GC. This may  be the reason of our
GE trend in which, in case of even numbered carbon acid GE is
higher than for odd numbered carboxylic acids.

A simple model was  developed to estimate the product gas dis-
tribution of different chain lengths of organic acids. Fig. 4 is the

model predictions of product gas distribution from different chain
lengths of organic acids. Two assumptions were made for the model
development that is complete conversion of acids to product gases
and 75% conversion of C2 compounds that is initially formed via
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-scission as described earlier to methane formation according to
he following reaction given below.

C2H6 → CH4 + C3H8

t is evident that the oscillatory behaviour of alkanes (CH4 and
2H6) and the decreasing trend of H2 and CO2 from the experi-
ents shown in Fig. 3a are very well in line with the model trends

resented in Fig. 4.

.2. Gasification of alcohols

In this section results for a study on the influence of the alkyl
hain lengths of linear n-alcohols ranging from C1 to C8 on the
asification behaviour in supercritical water will be reported.

The carbon GE trend for alcohols of different chain lengths, using
0 and 20 wt% solutions, is shown in Fig. 8. It is evident from the
gure that methanol has the lowest GE and ethanol the highest.
fter ethanol, a slight decrease in GE with increasing chain length

s noticed. This can be attributed to the formation of intermedi-
te compounds and their polymerization reactions leading to the
ormation of tar and char eventually reducing the GE. The alco-
ol concentration itself was found to have a minimal impact on
he carbon GE, see Fig. 8. This is in contrast with earlier findings
or the gasification efficiency for organic acids of different chain
engths; see Fig. 2 for comparison, where the concentration effect
s significant.

The product gas composition (vol.%) and yields (mol/mol) for
ifferent chain lengths of alcohols are shown in Fig. 9a and b,
espectively. From Fig. 9a, major differences in the gas composi-
ion is noticed until the C3 compound and after C3 (1-propanol), the
ry gas composition does not change much with increasing chain

ength, except for carbon distribution over CO and CO2. The dry gas
omposition on gasification of alcohols with increasing alkyl chain
ength shows opposite trends for CO and CO2, for which no expla-
ation was found. The sum (CO + CO2) is, however, consistent and in

ine with the carbon to gas conversion and also the oxygen balance
see Fig. 8) shows a monotonous trend with chain length, despite
he large variations in CO and CO2 fraction.

The difference between the total moles of oxygen atoms in the
CO + CO2) formed and the moles of gasified (parent) organic alco-
ols will give an estimation of the moles of oxygen atoms that must
ave transferred to or from water.

The oxygen and hydrogen gasification efficiencies for 10 wt%

eed concentrations are higher than the carbon gasification effi-
iency after C2 compounds (Fig. 8). From the oxygen-atom balance,
he number of moles of oxygen atoms released equals the moles of
rganics gasified. A large fraction of that oxygen is recovered in the
Fig. 11. Postulated reaction mechanism of methanol decomposition in SCW (reac-
tions are indicated with numbers).

gas phase in the form of CO and CO2 and the rest will be used to
produce water via dehydration reaction. The opposite, more oxy-
gen atoms in the gaseous products than released by the gasification
of the organic molecules (‘oxygen excess’) is also possible. In that
case, oxygen is obtained from the water phase and used to form
CO2 and additional hydrogen.

From the increase in the gap between CO and CO2 with increas-
ing organics concentration (Fig. 9a and b), it is suggested that this
may  have a large influence on the WGS  reaction, as the water con-
centration is decreasing when going from the 10 wt%  to 20 wt%
series.

The calculated oxygen-based GE was found to be higher than
the carbon-based GE from C4 to C8 alcohols, suggesting the par-
ticipation of water in the reaction. The number of moles of water
consumed per mole of organics with increasing chain length for
the alcohols studied can be appreciated from Fig. 10.  This implies
that with increasing chain length the extent of dehydration reac-
tion decreases, indicating that C OH bond becomes relatively more
difficult to scission in comparison to the other bonds and C C bond
cracking becomes dominant as we increase the chain length; which
is in line with findings for thermal cracking of hydrocarbons [24,29].
Dehydration reactions become negligible after butanol and there is
no significant influence of concentration on the extent of dehydra-
tion reaction.
3.2.1. Methanol
In the absence of any catalyst and at temperatures below

600 ◦C in SCW, methanol is confirmed in this work to be a stable
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ig. 12. Postulated reaction mechanism of ethanol decomposition in SCW (to keep
nd  the reaction pathways are analogous to those shown in Fig. 11).

ompound [30]. The activation energies for pure methanol are
eported as high as 191 kJ/mol, whereas the activation energy for
thanol was reported to be 145 kJ/mol [31,32].

A postulated mechanism for the methanol decomposition based
n the experimental results and literature [22,31–34] in SCW is
hown in Fig. 11.  Routes 1–3 are the abstraction of acidic hydro-
en at oxygen atom that leads to formation of H3CO• radical which
ecomposes into formaldehyde and releases one H• (Route 8). The
ormaldehyde that is formed can either decompose directly into CO
nd H2 (Route 9) or it can oxidize into formic acid which then fur-
her decompose to CO2 and H2. An alternative initiation reaction
s the abstraction of the hydrogen at the �-carbon atom (reactions
–6), which may  again lead to formaldehyde (Route 7). The scis-
ion of the C O bond, Route 11, is the dehydration route in which

 H• radical reacts with an OH group present in the compound and

orms water and CH3

•, which will lead to methane formation. The
ethyl radical can further take part in many other routes, as shown

n Fig. 10.  Considering the gas composition it can only be con-
luded that C O bond breaking, leading to CH4 formation, is the
eaction scheme simpler, C H and O H bond scission reactions are just indicated

least favoured initiation pathway, since the CH4 yield was found to
be very low. The two  other reaction pathways, C H and O H bond
breaking, lead to a similar product composition (CO + 2H2).

The overall reaction stoichiometric for 20 wt% methanol con-
centration, as based on the experimental gas yields and methanol
to gas conversion, can be written as:

29CH3OH + 3H2O → 47.25H2 + 5CH4 + 11CO

+ 10.5CO2 + 1.25C2H6

Traces of formic acid and formaldehyde were reported to be present
in the effluent liquid of methanol decomposition in SCW [31,33]
using HPLC analysis and were also found in this study.

The relative low GE of methanol (Fig. 8) in a metal reactor com-

pared to other studies [35] shows that the catalysis of the reactor
wall is of minor importance here. Possible explanation is the rela-
tive low surface-to-volume ratio and perhaps passivation reducing
the catalytic effect.
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.2.2. Ethanol
A  postulated mechanism for the ethanol decomposition in SCW

s shown in Fig. 12.  Considering the experimentally found gas com-
osition it can be seen that all the three routes, C O bond breaking,

 H, hydrogen abstraction and O H, hydrogen abstraction are
ompeting each other. Unlike the case of methanol where C O bond
leavage was least favourable, here the presence of C2H6 in signifi-
ant amounts indicates that C O bond cleavage is also a significant
eaction pathway. According to the scheme in Fig. 10,  the initiation
y O H bond scission and followed by C C scission should results

n around 50% carbon selectivity towards CH4. The dry gas com-

osition in Fig. 9b confirms therefore that this pathway is likely to
ominate.

GC–MS analysis of the liquid phase showed that ethanol is the
nly significant product present in the liquid phase. Writing the
reaction pathways for ethanol gasification in SCW in simple overall
equations:

C Obondscission CH3CH2OH + H2→ CH3CH3 + H2O

O Hbondscission CH3CH2OH → CH4 + CO + H2

The overall reaction considering the experimental gas yields of
20 wt% ethanol to gas conversion can be written as:

89C2H5OH → 49H2 + 71CH4 + 33CO + 26CO2 + 24C2H6 + 4H2O
Arita et al. [36] have reported the conversion of ethanol to hydro-
gen in supercritical water at 450–500 ◦C in a quartz reactor and
proposed two reaction schemes, based on dehydrogenation and
dehydration. Ethanol dehydrogenation was the major pathway that
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eads to acetaldehyde, which further decomposes to CH4 and CO,
hich is in-line with our proposed scheme shown in Fig. 12.  The
O formed reacts via WGS  to CO2 and produces H2. Acetaldehyde
nd trace amounts of methanol were detected in the effluent liquid
f ethanol reforming in SCW [37].

.2.3. 1-Propanol and higher alcohols
A similar radical reaction mechanism is postulated for 1-

ropanol and is shown in Fig. 13.  It can be noticed that the schemes
re rapidly gaining complexity going from methanol to ethanol
o 1-propanol. The GC–MS analysis of the liquid phase after
eaction showed the presence of significant amounts of uncon-
erted 1-propanol in the liquid phase (as dominant compound).

mall amounts of benzene and toluene are also detected in liquid
hase, indicative for the occurrence of aromatization reactions.
he GC–MS analysis of liquid phase products for other, higher
lcohols (here: 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol and
as conversion and (b) product gas yields (symbols with thick trend lines corresponds
ic concentration).

1-octanol) showed predominantly the presence of unconverted
alcohols and some acetone and only very minor amounts of
aromatic compounds derived from aromatization reactions. Kruse
et al. [4] have studied the conversion of different C4 compounds
(1-butanol, 1-butanal, cis-butene-diol) in a batch reactor at 500 ◦C,
300 bar for 1 h and also reported the formation of these aro-
matic compounds (e.g., phenol, benzene, toluene, alkylbenzenes,
alkylphenols, phenylethanones) for each of the C4 compounds
studied.

3.3. Influence of OH groups on gasification

3.3.1. Number of OH groups

Additionally we  studied the influence of the number of OH

groups and their position within the molecule on the product
gas composition and gasification yield. To study the influence of
number of OH groups, we chose 1-propanol, 1, 2-propanediol and
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Fig. 15. Effect of the positioning of OH group at

lycerol containing one, two and three OH groups, respectively, as
odel compounds.
To study the influence of positioning of the OH groups, we chose

-propanol and 2-propanol having one OH group at different loca-
ions. Another set of compounds used was 1, 2-propanediol and 1,
-propanediol having two OH groups located at different positions.

The influence of number of OH groups on the GE and gas yields
s shown in Fig. 14a and b, respectively. The initial feed concentra-
ion was found to have a minimal impact on the GE, which is in line
ith the results of alcohols as discussed earlier. From Fig. 14a it is

lear that the GE increases slightly with the number of OH groups
n the compound. The number of hydroxyl groups in the alcohols
lso significantly affected the product gas yields which is evident
rom Fig. 14b. With increasing number of OH groups, the com-
ined yield of CO and CO2 increases about proportional, whereas
he hydrogen yield increases clearly more than proportional. This
atter effect may  be related to an increased WGS  activity, or an
ltered decomposition mechanism. The yield of alkanes decreases
ith an increase in the number of OH groups as more oxygen atoms

re present in the reactant molecule and an increase in the num-
er of sites that can be attacked by hydroxyl radicals with increase

n number of OH groups. Additionally, an OH group stabilizes the
ntermediate radicals formed by its electron-releasing nature, eas-
ng the gasification process. As the number of OH groups increases,
he intermediates that are formed become more and more
table.

.3.2. Positioning of the OH groups
The influence of the positioning of OH groups at different

ocations in the molecular structure is studied with 1-propanol
nd 2-propanol, both having one OH group, and 1, 2-propanediol,
, 3-propanediol, both having two OH groups, on the gasification
fficiency and product gas yield is shown in Fig. 15.  It is clear from
he figure that the CH4 yield is higher and less C2H6 is formed with

-propanol than in case of 1-propanol. Again, these results can be
xplained assuming that �-scission is a significant (dominating)
eaction pathway in the formation of gases. In case of 2-propanol,
-scission leads to mainly methane and CO, while in case of
ent locations on the GE and product gas yields.

1-propanol, �-scission leads to the formation of methane, ethane
and CO.

The hydrogen yield in case of 1, 2-propane diol is much lower
than for 1, 3-propanediol and this clearly indicates the occur-
rence of dehydration reactions. The dehydration reaction is more
favourable in case of 1, 2-propanediol than 1, 3-propanediol as
explained below. In case of 1, 3-propanediol, there is only one
available site for dehydration reaction to occur (i.e., extraction of
the hydrogen atom present at second carbon atom followed by OH
removal present at � position) and there are two  factors that decel-
erate the dehydration route; steric hindrance caused by the two  OH
groups that surrounds the hydrogen atom on the second carbon and
the less stable radical formed in the absence of electron-releasing
substituent, oxygen atom.

For dehydration reaction in case of 1, 2-propanediol there are
three available sites where the hydrogen can be extracted. Extrac-
tion of any hydrogen attached to carbon atom will lead to formation
of a radical in which OH is present at � position and hence the
chances of OH removal and hence dehydration is more likely in the
case of 1, 2-propanediol.

4. Conclusions

The influence of alkyl chain length (C1–C8) for two  homologous
series of acids and alcohols as well as the number of OH groups
and their position on a C3 backbone on the gasification behaviour
in supercritical water is studied. Alcohols were found to be easier
to gasify than the corresponding acids. With increasing the chain
length of acids from C1 to C8, the gasification efficiency (GE) ini-
tially decreases drastically and then stabilizes. While formic acid
converts completely to gases, the rest of acids are quite prone to
conversion. Also the initial acid concentration has a high impact
on the gasification efficiency. Acids with an even number of carbon
atoms were found to have high GE than the adjacent odd carbon

atoms. A remarkable oscillating trend for the CH4 and C2 yield with
increasing carbon number was  noticed from the experimental data,
but can be understood and explained on basis of the reaction mech-
anisms postulated in this work, characterized by an initiation step
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The carbon GE trend of alcohols was quite opposite to that of
cids. Methanol was quite prone to gasify, while the other alcohols
re easier to convert. The GE is, however, not strongly influenced
y the alcohol concentration and marginal amounts of tar and char
ormation is noticed with higher alcohols. The electron donating
ature of OH group increases the rate of gasification by stabiliz-

ng the intermediate radical formed and we found an increase in
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umber of OH groups decreases the formation of hydrocarbons
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