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Increasing world energy consumption leads to the search for new technologies that are able to obtain
power. Also due to the increasing amount of waste stream would be suitable to find mechanisms to gain energy
from them. Supercritical water gasification is a conversion process that represents a potential for the technol-
ogy on degradation of liquid organic wastes to produce usable energy gases (methane, hydrogen, CO, higher
hydrocarbons) along with the treatment of waste water. Supercritical water gasification is a very complex
process, hence is necessary a detailed examination on experimental equipment using model compounds. In this
paper the results of isopropyl alcohol gasification on a vertical continuous apparatus are depicted. Experiments
were carried out under various process conditions to determine the most appropriate setting for an effective

gasification.
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1. Introduction

Global energy demand and consumption has since
the industrial revolution augmented drastically and keeps
on increasing. Therefore, new energy gaining technolo-
gies such as supercritical water gasification (SCWG) are
developed and examined. Hydrothermal gasification is a
thermochemical conversion process, where the organic
substances are converted into gaseous products in water
under high pressures and temperatures, in a medium
known as supercritical water [1-3].

1.1. Supercritical water

Water becomes critical fluid when it reaches its crit-
ical temperature (374 °C) and pressure (22.1 MPa). Prop-
erties of supercritical water (SCW) are very different
from properties of water at normal conditions as well as
from those of steam. At temperatures near the critical
temperature water has a high specific heat capacity.
When the temperature reaches a critical point specific
heat capacity reaches its maximum, which is above
100 kJ.kg.Kt. The maximum value of heat capacity is
related to phase change of the fluid at that point. Amount
of heat required to heat 1 kg of water by 1 °C is at that
point maximum, which determines its excellent heat
transfer properties and excellent cooling characteristics
[3, 4].

The value of the dielectric constant of water drops
gradually as the temperature rises to a value comparable
to dielectric constants of organic compounds. As a result
of its decrease, SCW acts as a nonpolar solvent, thus or-
ganic compounds (wastes) can be converted into energet-
ically usable gases. Nevertheless, the change in the die-
lectric constant also decreases the solubility of inorganic
salts. This can cause depositions or even plugging in case

of gasification of real waste material, which usually con-
tain inorganic salts. Decrease of the dielectric constant
along with decrease of other properties of SCW are
shown in Fig.1. [3, 5, 6]

Additionally, solubility of gases and reaction inter-

mediates in SCW is excellent. From this perspective is
water at supercritical conditions an ideal reaction me-
dium for gasification since it allows reactions to take
place without the interphase barrier. Thanks to the ab-
sence of the interphase barrier ongoing reactions are ho-
mogeneous. Thus the gasification process can be carried
out more effectively [3, 7].
The density of water decreases rapidly (Fig.1) with tem-
perature. The density of SCW is lower than the density
of subcritical water, but it is higher than the density of
subcritical steam. The property of water that depends on
its density is the ionic product because the ion product
describes the number of ions per volume unit.
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Fig.1 Dependence of density, dielectric constant and ion
product on temperature, some dielectric constants of
common solvents are marked for comparison [5]
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The quantity of present hydrogen bonds also de-
pends on the water density. As a result of these properties
the medium has no longer the structure of a mixture of
ions, but clusters of water molecules and water loses the
hydrogen bond [3].

There are more properties of SCW that help the gas-
ification process most notably high diffusivity, low vis-
cosity and low surface tension. These characteristics help
to improve the mass and energy transfer in the reactor
[1,3].

2. Hydrothermal gasification

The main advantage of hydrothermal gasification is
that it is suitable for gasification of very wet compounds
or water (waste) solutions containing organic matter. The
conversion of SCWG, unlike the conventional gasifica-
tion processes, is not affected by the feedstock moisture
content [8, 9].

Other great advantage of the SCWG process is with-
out any doubt the simplicity of product separation. Hy-
drogen and methane are separated from water in the high
pressure separator because their solubilities decrease rap-
idly with temperature. Inorganic compounds stay dis-
solved in the liquid phase as well. Solid particles and lig-
uid organic products leave the system with the aqueous
phase. The gas produced by SCWG is therefore relatively
clean (low dust and tar content), and leaves the system at
high pressure. As a result any further treatment or utili-
zation of the produced gas is considerably simpler [7,10].

The main disadvantage of SCWG are high capital
and operating costs. These are caused by the extreme
conditions that the process requires and big amount of
water that is heated and cooled. An application of heat
exchangers is therefore necessary for future industrial
technologic applications. In addition to that, the process
conditions place great demands on the mechanical and
thermal properties of the used materials [11-13].

Supercritical water gasification can take place under
a wide range of conditions and it is affected by a number
of operating parameters. It is necessary to understand
how changes in operating parameters affect the process
and its results in order to be able to successfully operate
or design an SCWG unit. Some of the operating parame-
ters can be changed independently for instance concen-
tration. Others can be mutually linked. For example, with
change of the flow-rate, the heating rate and the residence
time are affected. This interrelation between experi-
mental parameters makes it difficult to understand the in-
fluences of different operating parameters on the process
operation and efficiency [14, 15].

Another problematic aspect to determine the impact
of different operating parameters on the process is the
fact that the gasification unit design itself can affect the
SCWG process. Thus a different apparatus can show a
different behavior because of the reactor design. The re-
actor material also has to be taken into consideration be-
cause of the catalytic effect of reactor walls [16, 17]. All
these issues and the fact that research groups over the
world perform experiments on different apparatus make

it difficult to draw general conclusions about the effects
of operating parameters [16, 18].

3. Experimental part

Hydrothermal gasification tests were carried out in
a vertical continuous apparatus. All the gasification prod-
ucts were analyzed. As gasification substances were cho-
sen isopropyl alcohol (IPA) based on other experimental
works. There were used prepared aqueous solutions with
concentration of 50 g/l and 75 g/I. To verify the influence
of the catalyst was used, based on literature review, po-
tassium carbonate in concentration 5 g/l [19, 20].

3.1. Vertical apparatus

In Fig. 2 the scheme of a vertical continuous appa-
ratus for hydrothermal gasification built at UTC Prague
at the turn of 2014/2015 is shown. The material (water /
isopropy! alcohol solution) is dispensed into the reactor
by one of the high pressure pumps HPP 5001 (Laboratory
devices Prague). Pump parameters are the following: vol-
ume of 400 ml, flow range from 0.1 ml/minto 9.9 ml/min
and a maximum pressure of 50 MPa.
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Feed of material from the pump to the reactor was
performed via a steel capillary with an internal volume of
2.2 ml. The capillary is equipped with a needle valve,
which serves to separate the high pressure part with the
reactor from pumps. This valve is used when switching
from one pump (water) to the other (isopropyl alcohaol).
The body of the reactor is made of AISI 316 steel and the
volume is 40.6 ml. The reactor is placed in a steel tube
with an inner diameter of 200 mm, which serves as pro-
tection of the heating segments, especially in case of re-
actor damage. The steel tube should also equally transfer
heat from the heating elements. Thus improving the tem-
perature profiles of the reactor. The tube is isolated on
top and bottom with Sibral to prevent the stack effect.

The body of the reactor is heated by three separately
controlled heating segments (furnaces) supplied by Kan-
thal, Sweden. Individual segment consist of two semicir-
cular sections, each with a maximum output of 900 W.
The heating elements were delivered already insulated by
Sibral. Furnaces cover the entire length of the reactor, in
order to eliminate heat loss. As a result the residence time
of material in the supercritical zone is hereby increased.

Temperatures in the reactor are monitored by ten
temperature sensors, whose location is indicated by col-
ored arrows in the scheme. Temperatures are recorded by
MS Data Logger COMET MS6D and obtained curves of
temperatures dependence on time is displayed online on
computer in MS+ software.

3.2. Experimental set up

The experiments begin by filling the first pump with
water and then pressurizing the pump, with closed needle
valve, to 30MPa. Thereafter, the needle valve is opened
and the pump filled (flow 1 or 2 ml/min) the whole appa-
ratus with water, and pressurized the apparatus to 25MPa
(maximum pressure due to material of the reactor).

Setting up the pressure in the whole system is pro-
vided at the end by a back pressure regulator. After the
pressure is stabilized, the furnaces are set to the 620 °C
each. This temperature was chosen based on previous ex-
perience with the apparatus and due to reactor material.
Simultaneously when turning on the furnaces started
temperature logging from the temperature sensors in the
system. Immediately after heating up started was turned
on the heating of the cooling bath.

While the apparatus heated up (about 75 minutes)
the second pump was filled with the isopropyl alcohol
solution. After heating the reactor and the temperature
was stabilized the needle valve was closed. Then was
stopped the first pump with water, which was subse-
quently depressurized. The second pump with the pre-
pared solution for the conversion was pressurized and led
into the apparatus as in the case of water. After a suffi-
cient amount of time was indicated beginning of the gas-
ification by fluent evolution of the gas. This phenomenon
could be seen in the bubbler filled with water, which was
connected with the top of the separation flask. Once pres-
sure has been stabilized flow and temperature values in

the system, samples were taken from separation flask for
analysis.

During the sampling periods, a sampling bag (previ-
ously cleaned 3 times with N2) was used to collect the
produced gas. The gas-liquid separator was emptied from
the previous liquid before gas sampling. The valve was
closed during the sampling. The accumulated liquid that
flowed during this time was collected at the end and ho-
mogenized before transfer into the sampling vials.

At the end of each experiment, water was pumped
during the cooling period. Water is the most suitable me-
dium for heating and cooling since if organic compounds
will be used side reactions at lower temperatures can take
place. The side reactions can lead to tar, char or polymers
formation that can deposit in the reactor.

For the analysis of gas samples was used a gas chro-
matograph HP 6890, equipped with two analytical chan-
nels. The first channel is fitted with the flame ionization
detector and was used for the analysis of hydrocarbons
from methane to toluene (C1 - C8). The second channel
fitted with the thermal conductivity detector was used for
the analysis of permanent gases. Helium was used as car-
rier gas. Calibration of the chromatograph was performed
by gas samples of known composition, under the same
conditions. It was used external standard method. Calcu-
lations were performed using HP Chemstation software
and the results were normalized to zero oxygen content.
Volume of the gaseous sample collected into a sample
bag was determined using a wet gas meter.

Liquid samples were analysed on CHNS-O Ana-
lyzer FlashEA 1112. The weights of analysed samples
ranged between 2 and 3 mg. The device was equipped
with an automatic system for dispensing samples. Com-
mercially available standards were used for calibration.
Accuracy of basic methods for determination of C, H, N,
S, given by the manufacturer was <0.1 % for each ele-
ment. Elemental analysis provided information on the
mass fraction of the total carbon content of the liquid
sample. Samples did not contain almost any inorganic
carbon. Total carbon content in these samples is therefore
identical with the value of total organic carbon (TOC).

From the results of gas analyses, was established the
composition of gas mixtures. From the analysis of TOC
was seen a decrease of organic carbon in the liquid. From
the results of gas analysis was calculated CCE (carbon
efficiency = (1 - carbon ratio at the reactor gas outlet /
carbon (TOC) at the reactor inlet) * 100).

4. Results and discussion

Four experiments with IPA with various adjustment
of the conditions were performed. Basic experiment was
carried out with flow rate 2 ml/min concentration of IPA
50 g/l and without addition of catalyst KoCOs. In Fig. 3
temperature data from basic experiment with subsequent
reduction of flow to 1 ml/min is depicted. In Fig. 3 colors
of the curves corresponds with colored arrows that indi-
cate the individual temperatures sensor in the apparatus
scheme in Fig. 2. After feeding of IPA solution into su-
percritical reactor temperature fluctuations occurring at
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lower temperatures can be observed. They are probably
caused by irregular gas production along with side reac-
tions which take place at low temperatures. With decreas-
ing flow and thus prolonging residence time, temperature
rises and fluctuations almost disappear. In Fig. 3 dashed
horizontal lines show the time of sampling of the gaseous
product.

Complete results obtained from analysis of liquid
and gas product are presented in Table 1. From values of
TOC can be seen that the biggest drop of carbon content
in liquid phase is achieved in the experiment with lower
flow rate. This result suggests that for this vertical appa-
ratus longer residence time is the most important factor
for a more effective gasification. Lower flow rate results
in higher temperatures in the reactor, as previously men-
tioned, which also contribute to a higher efficiency of the
process. Also carbon efficiency at low flow rate was the
highest. During the mentioned experiment was produced

as well the largest amount of methane, which was our
goal product considering its wide usage.

According to TOC values, the second most im-
portant factor in our equipment for SCWG is catalyst ad-
dition. Similarly as lower flow rate, catalyst addition re-
sults in higher temperatures in supercritical areas, which
again help the efficiency of the process. However potas-
sium carbonate increases hydrogen yield in the product
gas. It should be mentioned that hydrogen was not as a
desired product as methane. Addition of catalyst also pre-
vents other reactions except gasification from taking
place. This effect can be confirmed by low amount of
higher hydrocarbons, which are pyrolysis precursors, in
the produced gas. Low concentration of higher hydrocar-
bons is also observed in product gas of experiment with
lower flow rate. This fact also supports the hypothesis,
that longer residence time is one of the key parameter of
this technology.
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Fig. 3 Temperatures measured during experiment with isopropyl alcohol.
Table 1 Results obtained during hydrothermal gasification of isopropy! alcohol.
Cira Q TOCin  TOCou H: CHs GCsHs CsHg CHs CHg CO, CO CCE
[o/1]  [ml/min]  [g/1] [ [w%]  [w% [e%] W% [e%] [Ww%] [w%] [w«%] [%]
50 1 25 9.2 24.1 38.4 15 4.3 1.3 8.2 11.7 23 496
50 2 25 16 33.2 28.6 8.5 9.8 29 5.2 55 35 291
50K” 2 24 12 42.4 335 0.6 2.6 0.5 2.8 15.3 0 40
75 2 36 23 35.4 26.1 5.1 9.8 2 5.8 5.3 29 361

*The sample labeled K includes the addition of 5 g/l catalyst K,COs.
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Experiment with higher concentration of IPA
showed not a significant decrease of TOC value com-
pared to experiments with catalyst or lower flow rate.
Production of methane was the lowest form all experi-
ments and the amount of higher hydrocarbons is similar
to the basic experiment. Thus increasing concentration of
substrate without change of any other parameter is not
effective.

5. Conclusions

Effects of flow-rate, concentration of substrate and
presence of catalyst were tested on a vertical continuous
supercritical gasification apparatus with isopropyl alco-
hol.

The most positive effect on carbon efficiency and
decrease of carbon in feedstock has decreasing flow rate.
Thus longer residence time along with higher tempera-
tures in reactor caused both by lower flow rate results in
a better conversion of organic matter and desired gasifi-
cation reaction takes place. This assumption was also
confirmed by the low content of higher hydrocarbons in
the produced gas.

Another key parameter of this technology is addi-
tion of catalyst, potassium carbonate. Results of the ex-
periment are very similar to those from experiment with
lower flow rate. However addition of catalyst increases
the amount of hydrogen in product gas which was not as
desirable as methane. The highest amount of methane in
gas was in the experiment with lower flow rate. Product
gas in the presence of catalyst contains the lowest con-
centration of higher hydrocarbons. This fact suggests that
the addition of catalyst prevents from forming undesired
secondary products such as tar and char. It is important
for further experiments with real waste waters where the
formation of these products is expected.

Increasing substrate concentration does not have
that large impact on the efficiency of the gasification pro-
cess. However gasification efficiency can be improved
by additional optimization of the other parameters such
as lower flow rate or catalyst addition.

The data acquired from the experimental results will
be used as a pattern for further experiments with real or-
ganic waste compounds. Super critical water gasification
is a promising future approach to obtain energy from
such compounds, but needs more examination due to the
process complexity, material and equipment demands.

Acknowledgments

The presented work was financially supported by
specific university research MSMT No. 20-SVV/2016.

References

1. Kruse, A., Hydrothermal biomass gasification. The
Journal of Supercritical Fluids, 2009. 47(3): p. 391-
399.

2. Administration, U.S.E.I., International Energy Out-
look 2013. Vol. 1. 2013, Washington D.C. 312.

3. Basu, P., Chapter 7 - Hydrothermal Gasification of
Biomass, in Biomass Gasification and Pyrolysis.
2010, Academic Press: Boston. p. 229-267.

4. Zychova Markéta, R.M., Macak Jan, Janda Véclav,
Vlastnosti a pouziti superkritické vody. Chemické
Listy, 2013. 107: p. 126-135.

5. He, W., et al., Application of hydrothermal reaction
in resource recovery of organic wastes. Resources,
Conservation and Recycling, 2008. 52(5): p. 691-
699.

6. Yoshida, T. and Y. Matsumura, Gasification of
Cellulose, Xylan, and Lignin Mixtures in Supercriti-
cal Water. Industrial & Engineering Chemistry Re-
search, 2001. 40(23): p. 5469-5474.

7. Zhang, L., C. Xu, and P. Champagne, Overview of
recent advances in thermo-chemical conversion of
biomass. Energy Conversion and Management,
2010. 51(5): p. 969-982.

8. Peterson, A.A., et al., Thermochemical biofuel pro-
duction in hydrothermal media: A review of sub-
and supercritical water technologies. Energy & En-
vironmental Science, 2008. 1(1): p. 32-65.

9. Matsumura, Y., Evaluation of supercritical water
gasification and biomethanation for wet biomass uti-
lization in Japan. Energy Conversion and Ma-
nagement, 2002. 43(9-12): p. 1301-1310.

10. Antal, M.J., et al., Biomass Gasification in Supercri-
tical Water. Industrial & Engineering Chemistry Re-
search, 2000. 39(11): p. 4040-4053.

11.Yoshida, T., Y. Oshima, and Y. Matsumura, Gasifi-
cation of biomass model compounds and real bio-
mass in supercritical water. Biomass and Bioenergy,
2004. 26(1): p. 71-78.

12. Matsumura, Y. and T. Minowa, Fundamental design
of a continuous biomass gasification process using a
supercritical water fluidized bed. International Jour-
nal of Hydrogen Energy, 2004. 29(7): p. 701-707.

13. Marias, F., et al., Energetic analysis of gasification
of aqueous biomass in supercritical water. Biomass
and Bioenergy, 2011. 35(1): p. 59-73.

14.Fiori, L., M. Valbusa, and D. Castello, Supercritical
water gasification of biomass for H2 production:
Process design. Bioresource Technology, 2012. 121:
p. 139-147.

15. Pairojpiriyakul, T., et al., Hydrogen production from
catalytic supercritical water reforming of glycerol
with cobalt-based catalysts. International Journal of
Hydrogen Energy, 2013. 38(11): p. 4368-4379.

16. Susanti, R.F., et al., Continuous supercritical water
gasification of isooctane: A promising reactor de-
sign. International Journal of Hydrogen Energy,
2010. 35(5): p. 1957-1970.

130



PALIVA 9 (2016),4.5.126 - 131 Supercritical water gasification of isopropyl alcohol on vertical continuous apparatus:
process conditions

17. Taylor, J.D., et al., Hydrogen production in a com-
pact supercritical water reformer. International Jour-
nal of Hydrogen Energy, 2003. 28(11): p. 1171-
1178.

18. Lu, Y.J., et al., Hydrogen production by biomass
gasification in supercritical water with a fluidized
bed reactor. International Journal of Hydrogen
Energy, 2008. 33(21): p. 6066-6075.

19. Susanti, R.F., et al., High-yield hydrogen production
by supercritical water gasification of various feed-
stocks: Alcohols, glucose, glycerol and long-chain
alkanes. Chemical Engineering Research and De-
sign, 2014. 92(10): p. 1834-1844.

20. Castello, D., A. Kruse, and L. Fiori, Supercritical
water gasification of hydrochar. Chemical Enginee-
ring Research and Design, 2014. 92(10): p. 1864-
1875.

131



