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Control of Ethanol Dehydration in the Supercritical Water Reforming of Ethanol into Hydrogen
Jonathan E. Wenzel, Jason W. Picou and Sunggyu Lee, Missouri University of Science and Technology
Abstract

Ethanol, a renewable resource, may be reformed non-catalytically into hydrogen by a novel
process utilizing supercritical water which acts synergistically as a solvent and as a reactant. Ethanol
reformed by this process does not require energy-intensive separation following fermentation or
subsequent distillation. In addition this novel process produces little or no carbon build-up inside the
reactor even after days of continuous operation. The principal reactions that occur are: (1) direct
reformation of ethanol into hydrogen and carbon oxides, (2) pyrolytic decomposition of ethanol into
hydrogen, methane, and carbon oxides, and (3) dehydration of ethanol. Dehydration of ethanol occurs as
an undesired reaction in the non-catalytic reformation of ethanol to hydrogen. A preliminary series of
supercritical water reformation of ethanol experiments were conducted to validate a novel 400 mL
Haynes Alloy 230 tubular reactor for supercritical water reformation process. It is found that the ethanol
dehydration reaction is present as a side reaction even in the water-rich mixture of the current process
and its byproduct ethylene further undergoes hydrogenation reaction with the process ultimate product,
hydrogen, producing ethane. Experiments were performed between 857 K and 1042 K at 24 MPa. The
effects of temperature and space time upon molar concentration of ethylene and ethane in the gaseous
ambient products are discussed. The optimal process conditions that minimize this wasteful ethane
formation are found and experimentally demonstrated.

Introduction

Ethanol is a widely available chemical feedstock produced from domestic sources that is a
gateway fuel towards energy independence in the United States. Ethanol is commonly used as an
oxygenated additive in gasoline in replacement of MTBE for air quality control. An alternative means
of utilizing ethanol as an energy source is converting ethanol into hydrogen for use in internal
combustion engines and fuel cells. Ethanol is conventionally reformed into hydrogen by means of
steam-reforming in the presence of a catalyst. Catalytic reformation of ethanol is susceptible to catalyst
poisoning by feedstock impurities, catalyst degradation, coking, and the production of several
undesirable products in addition to hydrogen." A novel, non-catalytic, approach to reforming ethanol
into hydrogen is to use supercritical water as a reaction medium. In this approach supercritical water
acts synergistically both as a solvent and as a reactant.> This process is not susceptible to many of the
pitfalls of catalytic reformation and was originally developed for the reformation of military logistic fuel
(JP-8) to hydrogen.® Another advantage supercritical water reformation has over catalytic steam
reforming is that supercritical water is denser by orders of magnitude than steam requiring smaller
reactor volumes than catalytic reactors.

The reformation products of supercritical water reformation of ethanol include hydrogen, carbon
oxides, methane, and ethane. This process completely converts ethanol into gaseous products with no
noticeable coking or fouling and with only trace amounts of carbonaceous species in the liquid effluent.
In addition most of the carbon oxides are in the form of carbon dioxide thus eliminating the need for a
separate water gas shift reactor. In previous work, using a 1-liter tubular Inconel 625 Grade 1 reactor,
three principle reactions were determined to occur in the supercritical water reformation of ethanol into
hydrogen: (1) direct reformation of ethanol into hydrogen and carbon oxides, (2) pyrolytic
decomposition of ethanol into hydrogen, methane, and carbon oxides, and (3) dehydration of ethanol.?
Kinetic parameters were also regressed for the direct reformation reaction and the pyrolytic



decomposition reaction.” The third, undesired reaction, dehydration of ethanol to form ethylene and
subsequent hydrogenation of ethylene to form ethane was studied in further detail as part of the
validation of a novel 400 mL Haynes Alloy 230 tubular reactor for supercritical water reformation of
military logistic fuel.

Background

Water is in a supercritical state when its pressure is greater than 22.064 MPa and its temperature
is greater than 374°C, as shown in Figure 1.> Above these conditions water exhibits both liquid and gas-
like properties with heat capacity, thermal conductivity, viscosity, and electrolytic conductivity varying
with temperature and pressure. In addition supercritical water has a low dielectric constant in
comparison to ambient water, making it a non-polar solvent. As a result water can form a Type |
supercritical mixture with ethanol at temperatures and pressures below water’s critical point and a
continuous critical mixture curve, Figure 2.°
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Figure 1: Phase diagram for water.
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Figure 2: Experimentally determined critical points of ethanol-water mixtures.
There are three principal concurrent chemical reactions that occur in supercritical water

reformation of ethanol: direct supercritical water reformation, pyrolytic decomposition of ethanol, and
dehydration of ethanol. The direct supercritical water reformation reaction is



C,Hs0OH + 3 H,O0 — 2CO, + 6H» (1)

On the other hand, the decomposition of ethanol is the summation of the dehydrogenation of ethanol (2)
to form acetaldehyde and the decarbonylation of acetaldehyde (3) to form methane and carbon
monoxide. Carbon monoxide is then subsequently converted into carbon dioxide by the water gas shift
reaction:

dehydrogenation: C;HsOH — C,H4O + H; 2
decarbonylation: C,H,0 — CH4+ CO 3)
water gas shift: CO + H,O — CO, + H, 4)

This reduces to an overall stoichiometric equation:
C;Hs0H + H,0 — CH4 + CO; + 2H, (5)

In addition, ethanol can be dehydrated to form ethylene which subsequently reacts with hydrogen to
form ethane:

dehydration: C,Hs0H — C,H4 + H,0 (6)
hydrogenation: C;H, + Hy — CyHs (7

According to Arita et al. (2003)", at 773 K in a sealed quartz reactor the principal products of
supercritical water reformation of ethanol are acetaldehyde, methane, carbon oxides, ethylene, and
ethane. However, the decarbonylation reaction occurs very quickly, in supercritical water reformation in
an Inconel 625 Grade 1 reactor acetaldehyde concentrations become negligible? above 873 K and in
catalyzed systems acetaldehyde concentrations become negligible above 923 K.

Experimental Section

Chemicals

The feed ethanol used for this work was 95% ethanol by volume with the balance being water.
The feed water used for this work was distilled and deionized. The carrier gas for the gas chromatograph
was Ultra Pure Carrier Grade (UPC 5.5) Argon with a purity of 99.9995%.

Apparatus

Experiments were conducted using a custom-designed Haynes® Alloy 230 supercritical water
reformation reactor system. This system consists of a feed system, integrated heat exchanger for heat
recovery, reactor, sample collection system, and data acquisition and control system. A schematic
process flow diagram is shown in Figure 3. The feed system consists of micrometering pumps for water
and ethanol and provides accurate feed-rate measurements for material balances. The reactor is tubular
with an internal volume of 383 mL and constructed of Haynes® Alloy 230 permitting supercritical water
experiments to be conducted at pressures and temperatures up to 36.3 MPa at 800°C. Various sampling
systems allow for the collection of gaseous and liquid effluent from the reactor at ambient conditions for
compositional analysis and material balances. A wet-test meter is used for determining the gaseous
effluent flow rate.
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Figure 3: A schematic of supercritical water reformation system at MS&T.

Analysis of the gaseous effluent was performed using a HP 5890 Series A gas chromatograph
with a thermal conductivity detector. Liquid effluent was analyzed for total carbon content using a
Dohrmann DC-190 TOC.

Procedure

Experiments were performed according to the following procedure: start-up of the system to
operating conditions, sample and data collection, and shut-down of the system. To start-up the system,
the supercritical water reactor (SWR) was heated and once the internal temperature of SWR approached
the operating temperature, water was fed into the reactor. Once the SWR inlet temperature and
integrated heat exchanger temperature stabilized, the experimental run started by feeding ethanol into
the reactor. Depending on the experimental run’s residence time, the production of gaseous effluent
would reach a steady flow-rate half an hour after ethanol was fed into the reactor. During an
experiment, multiple gas and liquid samples were collected and reactant fed rates and effluent flow rates
were recorded. The data acquisition and control software recorded temperature and pressure at various
locations in the system. At the conclusion of an experimental run, additional experiments were
conducted by changing experimental conditions and allowing the system to stabilize. To shut-down the
system, the reactor was slowly depressurized and allowed to cool.

Results and Discussion

As part of an evaluation of the Haynes® Alloy 230 reactor, seven ethanol reformation
experiments were performed. The experiments were carried out between 850 and 1050 K at a constant
pressure of 24.2 MPa. At the conclusion of the experiments the reactor was opened for inspection and
found to be free of carbon deposits. The test conditions, ambient reactor effluent gas flow rate, and
compositions on a water free basis are listed in Table 1. Table 2 lists the mole fractions of the reactor
effluent.



Table 1: Supercritical Water Reformation Conditions and Ambient Gas Effluent Concentrations

T/ EtOH/ H,O/ | P/ GasRate/| Hy/ CO/ CH4/ CO,/ CyHg/ CoHyl/
RunID K g min® g min*|{MPa L min™ |mol-% mol-% mol-% mol-% mol-% mol-%
WE_135 858 0.7 18.8 240 035 |30.8% 26.3% 27.5% 1.7% 9.3% 4.2%
WE_137 896 0.9 205 (242 090 |25.4% 34.7% 31.2% 1.1% 11.2% 0.7%
WE_138 911 0.9 189 |242 110 |26.2% 32.9% 29.4% 2.9% 11.1% 0.0%
WE_139 960 0.9 20.1 (242 122 |34.4% 20.1% 30.1% 10.5% 9.1% 0.0%
WE_140 1020 0.8 208 |24.2 149 |41.6% 4.7% 29.6% 18.8% 4.6% 0.0%
WE_1431042 0.9 188 (241 148 |41.9% 1.4% 30.5% 21.1% 2.3% 0.0%
WE_ 1411019 04 105 (242 071 |424% 1.2% 30.1% 21.5% 3.1% 0.0%

Table 2: Supercritical Water Reformation Feed and Effluent Mole Fractions Acetaldehyde Free Basis

Reactor Feed Reactor Effluent Acetaldehyde Free Basis

T/ EtOH/ H,O/ | H,O/ H,/ CO/ CH4l/ CO,/ CoHg!/ CyH4!
RunID K mol-% mol-% | mol-% mol-% mol-% mol-% mol-% mol-% mol-%
WE_135 858 1.37% 98.63%98.69% 0.40% 0.34% 0.36% 0.02% 0.12% 0.06%
WE_137 896 1.61% 98.39%96.86% 0.77% 1.04% 0.94% 0.03% 0.34% 0.02%
WE_138 911 1.77% 98.23%|95.88% 1.05% 1.32% 1.18% 0.12% 0.45% 0.00%
WE_139 960 1.76% 98.24%95.69% 1.42% 0.83% 1.25% 0.43% 0.38% 0.00%
WE_140 1020 1.49% 98.51%95.12% 2.04% 0.23% 1.46% 0.92% 0.23% 0.00%
WE_143 1042 1.44% 98.56%|95.42% 1.98% 0.06% 1.40% 1.00% 0.14% 0.00%
WE_141 1019 1.76% 98.24%|94.76% 2.26% 0.08% 1.64% 1.14% 0.12% 0.00%

It is important to note that one of the test conditions, Run ID WE_135, is below 873 K. In
previous supercritical water reformation studies at temperatures between 773 K and 873 K, ethanol was
completely dehydrogenated to form acetaldehyde though there remained detectable quantities of
acetaldehyde since the decarbonylation of acetaldehyde did not proceed to completion.> ’ Based on an
atomic carbon balance in Table 3 between the carbon fed as ethanol and the carbon exiting the reactor as
gaseous species at ambient conditions, and the lack of a solid product, it is evident that a there is a liquid
product collected ambient conditions for Run WE_135, acetaldehyde. In addition, total carbon analysis
of the liquid effluent of Run ID WE_137 had a total carbon content of 2274 ppm, which is indicative
that acetaldehyde was not completely converted by the decarbonylation reaction. Closure of the carbon
balance at higher temperatures suggests that the decarbonylation reaction has proceeded to close to
completion.

The presence of ethylene and ethane are indicative that ethanol is being dehydrogenated, which
is remarkable given that the molar ratio of water to ethanol is approximately 60 for the experiments
considered. The production of ethylene and ethane as a by-product in the supercritical water
reformation of ethanol is a concern due to multiple reasons. First, ethanol is being consumed in
reactions that do not produce hydrogen. Second, ethylene could potentially be polymerized producing
coke and fouling a reactor. In addition when ethylene is hydrogenated to ethane, hydrogen, the desired
product, is consumed. Hence, it is desirable to limit the amount of ethylene and ethane produced. It
should be also noted that both ethylene and ethane can be reformed to generate hydrogen in the
supercritical water reformation process; however, its kinetic rate is slower than that of the ethanol
reformation at the conditions studied in this paper.



Table 3: Atomic Carbon Balance on Carbon exiting the Reactor as a Gaseous Species at Ambient Conditions

T/ Carbon In Carbon Out
Run ID K mmol-min?  mmol-min?  Closure
WE_135 858 29.0 115 40%
WE_137 896 37.4 32.4 87%
WE_138 911 37.7 38.5 102%
WE_139 960 40.1 38.2 95%
WE_140 1020 35.0 36.9 105%
WE_143 1042 17.0 16.7 98%
WE 141 1019 37.4 34.0 91%

At temperatures of 896 K and below, detectable amounts of ethylene are observed, whereas at
higher temperatures ethylene concentrations are below detection limits. When comparing runs WE_135
and WE_137 it is apparent that the hydrogenation of ethylene to ethane is less active at lower
temperatures. It may be possible that either the hydrogenation reaction is less active due to lower
temperatures or at the lower temperature experiments the mole fraction of hydrogen was lower (Table
2). It is likely that both circumstances are contributing to the detectable presence of ethylene which
merits further study. In experiments at temperatures of 911 K and above, all the ethanol fed is converted
to gaseous products and ethylene is completely hydrogenated into ethane. In addition at higher
temperatures more gaseous effluent is produced as shown in Table 1 and ethane is less abundant. This is
indicative that ethanol is preferentially being reformed instead of being dehydrated. The effect of
temperature upon the combined mole fractions of ethylene and ethane are shown in Figure 4.
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Figure 4: Combined mole fraction of ethylene and ethane versus temperature.

Experimental Runs WE_140 and WE_141 provide a comparison of the effect of residence time
upon conversion of ethanol in supercritical water reformation. Run WE_140 has approximately half the
residence time of WE_141. At an increased residence time hydrogen content of the reactor effluent
increases while ethane content of the reactor effluent decreases. This may be attributable to the
contributions of the ethane reformation that takes place simultaneously in the reactor, thereby deceasing



the ethane concentration while increasing the hydrogen yield. Kinetic studies to determine the effect of
residence time and temperature in a Haynes® Alloy 230 reactor would provide considerable insight on
minimizing the ethanol dehydration reaction while maximizing ethanol reformation.

Conclusions

Supercritical water is used as a solvent and as a reactant in the non-catalytic reformation of
ethanol into hydrogen. Three principal reactions that occur in the supercritical water reformation of
ethanol are (1) direct reformation into hydrogen and carbon dioxide, (2) pyrolytic decomposition of
ethanol into methane, carbon dioxide, and hydrogen, and (3) dehydration of ethanol. The supercritical
water reformation of ethanol was studied in order to produce hydrogen from renewable feedstocks such
as corn ethanol and also as part of the validation trials of a novel supercritical water reactor constructed
of Haynes® Alloy 230. It was found that the undesired competing reaction in supercritical water
reformation, the dehydration of ethanol is less pronounced as temperature is increased in relation to the
reformation reactions when the reactant feed rates and reactor pressure are kept constant. Also an
increase in reactor residence time may decrease the selectivity of the dehydration of ethanol over that of
the reformation of ethanol to hydrogen.
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