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Abstract

The aqueous phase after HTL (hydrothermal liquefaction) of wet biomass still contains signifi-
cant amounts of organic compounds, which is disadvantageous for re-cultivation of microalgae
therein and decreases the process efficiency. HTG (hydrothermal gasification) was investigated
for its suitability of removing those compounds. A number of catalytic and non-catalytic batch
tests were carried out at 350-600 °C and 220-340 bar with a reaction time of 1h. The aqueous
byproduct from HTL of swine manure served as a feed. AC (activated carbon), a-Al,O3, TiO,
(rutile), diatomaceous earth (DE), MnO, and Raney-nickel were assessed for their catalytic
activity. Raney-nickel and AC showed the highest catalytic activities, whereas Al,O3, TiO; and
DE did not have any catalytic effect. The highest CODr (COD removal efficiency) could be
reached at 600 °C and was in the range of 91.3-98.1%. Effective gasification went hand in hand

with an increase in pH from 5-6 to about 8-9.
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1. Introduction and theoretical background

1.1. Motivation

In 2012 the global primary energy supply reached 13371 Mtoe, of which only 10.0% were
provided through biofuels and waste and only 2.4% through hydropower [1]. Asa consequence,
the atmospheric carbon dioxide concentration has been rising and reached nearly 400 ppm in
2014 (compared to 317 ppm in 1960) [2]. The IPCC (Intergovernmental Panel on Climate
Change) has been working for years collecting and evaluating environmental data, which have
proved that anthropogenic emissions of greenhouse gases influence the climate system. In
addition, the IPCC reports demonstrate how the world would look like in 100 years if human
kind did not change the way of living [3]. More intense research in the fields of renewable
energy and development of more sustainable technologies are urgently needed to stop this
transformation and to meet the energy demand at the same time.

In the last few decades the interest in gaining energy from biomass has increased. How-
ever, many biomass sources contain high amounts of water, which is undesirable for classical
liquefaction- and gasification processes. As a result, so-called hydrothermal processes have been
developed, which comprise thermochemical conversion technologies in hot compressed wa-
ter [4]. In the following sections the chemistry in sub- and supercritical water will be summa-
rized and the potential and the challenges of the hydrothermal technologies outlined.

1.2. Properties of sub- and supercritical water

Water is non-toxic, has no negative impact on the environment and can be found in high
amounts in most plants and living creatures. In biomass conversion processes water plays an
important role as a solvent, a reactant, a catalyst and as a catalyst precursor [5,6]. The reasons

are related to the properties of (pure) water above and below its critical point:

e Phase regions:

At the critical point of water (T. = 374 °C, p. =22.1 MPa, p. = 322 kg/m3) the density of the
liquid- and the vapor phase reach the same value and the two phases combine to a single
homogenous fluid [7]. Water at T > T. and p > p. is called supercritical water, otherwise
subcritical water.

e Density and viscosity:

Compared to liquid water, supercritical water has a lower viscosity resulting in a higher
mass transfer rate. Compared to water vapor, supercritical water has a higher density
resulting in a higher heat transfer rate [5,7].



e Relative permittivity:

The static (zero-frequency limit) relative permittivity is a dimensionless parameter that
describes the polarity of a solvent compared to vacuum and the strength of its electrostatic
interactions with ionic solutes [8,9]. If a solvent has a high static relative permittivity, it
is very polar and has a high solubility for dissociating ionic salts. If a solvent has a low
static relative permittivity, it is non-polar and has a high solubility for non-polar organics
and gases [10]. The static relative permittivity of liquid water decreases drastically with
increasing temperature, especially when reaching the supercritical region. At 30 MPa
water has a static relative permittivity of about 80 at 25 °C and less than 2 at 450 °C [9]. In
comparison, at ambient conditions methanol has a static relative permittivity of about 33,
acetone of about 21 and diethylether of about 4 [11].

e Jonization constant:

At pressures between 0.1 MPa and 50 MPa the ionization constant of water, which is
defined as the product of its ion concentrations resulting from self-dissociation, increases
with increasing temperature from about 104 (mol?L2) at room temperature to about 107!
(mol?L-?) at 250-300 °C. After reaching a maximum it decreases drastically again [12]. In
the temperature range of 250-300 °C, where the ionization constant is around three orders
of magnitude higher than at room temperature , water does not only act as a solvent but

also as a catalyst for ionic reactions like acid- and base catalyzed reactions [13].

1.3. Hydrothermal liquefaction and gasification
1.3.1. General aspects

Hydrothermal processes cover biomass conversion technologies in a water-rich milieu at ele-
vated temperatures and sufficient pressures to keep the water in either liquid or supercritical
state [14]. Depending on the temperature, hydrothermal processing is divided into three re-
gions. At temperatures below about 250 °C it is known as hydrothermal carbonization and the
main product is hydrochar, which is similar to low rank coal. At temperatures between around
250 and 350 °C it is known as hydrothermal liquefaction (HTL) and the main product is bio-crude,
which is similar to petroleum crude. At temperatures higher than about 350 °C the process
is known as hydrothermal gasification (HTG) and the main product is a synthetic fuel gas [15].
Moreover, Osada et al. [16] defined three regions for hydrothermal gasification: subcritical
water gasification (< 374 °C), low-temperature supercritical water gasification (374-500 °C) and
high-temperature supercritical water gasification (> 500 °C). However, the boundaries of those
regions are not strict. For example, Faeth et al. [17] were able to produce high yields of bio-crude
through fast HTL of the microalgae Nannochloropsis sp. at 600 °C and at a very short reaction
time of 1 min (The reaction time was not long enough for gasification.).
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Nearly all kinds of biological/organic materials could be processed hydrothermally. To avoid
competition with the food industry, much research and development is focusing on using
residuals, wastes and low intensity energy crops like crop residues, wood (residues), food
processing waste, manure, sewage sludge, switchgrass and algae (macro-, microalgae). A
suitable dry matter content of the feed for hydrothermal treatment is in the range of 5-35 wt%.
Feedstocks with high water content (e.g. algae) can be blended with feedstocks that have a low
water content (lignocellulosic biomass) to get an appropriate dry matter content [5,14,15,18].

In the next few sections the important processes and coherences related to HTL and HTG will
be described.

1.3.2. Biomass degradation

In sub- and supercritical water at temperatures higher than about 250 °C the polymeric structure
of biomass is broken down to smaller molecules. Depending on temperature, reaction time and
presence of catalysts, the reaction products are mainly liquid or gaseous components (see Figure
1.1).

Biomass
Liquid/supercritical water
>250°C
Subcritical Supercritical Superecritical, > 500°C Sub-/supercritical, < 500°C
No HTG catalyst No HTG catalyst No HTG catalyst Active HTG catalyst
Sufficient reaction time Short reaction time Sufficientreaction time Sufficient reaction time
HTL HTG
Main product: bio-crude Main product: fuel gas
Byproducts: aqueous/gaseous/solid phase Byproducts: aqueous phase, tar/coke

Figure 1.1: Comparison of the conditions promoting HTL and HTG.

In the absence of an active gasification catalyst, HTL is the dominant conversion process either
under subcritical conditions if the reaction time is long enough for biomass degradation to
liquid products [19] or under supercritical conditions if the reaction time is not long enough
for further degradation to gaseous products [17]. The reactions that take place during HTL are
very complex and their exact pathways and kinetics are difficult to determine due to the big
variety of biological materials. The attempts of understanding those mechanisms have been
summarized in a few comprehensive reviews [4,14,20,21]. The HTL product consists of a
bio-crude phase, an aqueous phase, a gas phase and a solid residue phase [22]. The bio-crude

is a very viscous oil that has a high oxygen content of up to about 20 wt% [14]. It is a complex
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mixture containing various hydrocarbons, acids, alcohols, ethers, amides, ketones, phenols,
benzofurans, N-heterocyclic compounds. The same components found in the bio-crude can
be detected in low concentrations in the aqueous phase due to their slight solubility in water.
The major groups appearing there are acids and N-heterocyclic compounds [19,23]. The gas
produced by HTL mainly consists of CO, [24,25].

At temperatures above 500 °C (high-temperature supercritical region) and sufficient reaction
time, HTG is the dominant conversion process. Below 500 °C (subcritical-, low-temperature
supercritical region) complete biomass degradation is only possible in the presence of an active
gasification catalyst [14,19]. The main gasification reactions can be summarized by the following
equations [26,27]:

CH Oy + (2-y)H0 & CO2+(2-y+x/2)Hy .. AHp >0 (1.1)
CH.Oy+(1-y)H0 & CO+(1-y+x/2)Hy .. AHp>0 (1.2)
CO + H,O & CO; + Hy .. AHp = —41Kk]J/mol (1.3)

CO + 3H; & CHy + H,O .. AHp =-211Kk]J/mol (1.4)

CO;, +4H;, < CHy + 2H,0 .. AHp =-233Kk]/mol (1.5)

Equations 1.1 and 1.2 represent the steam reforming reactions, Equation 1.3 is the water-gas
shift reaction and Equations 1.4 and 1.5 express the methanation reactions. Furthermore, Equa-
tions 1.3, 1.4 and 1.5 describe the equilibrium between CO, CO,, H,, CH4 and H,O. In addition,
traces of hydrocarbons, like C;Hg and CoHy, might be produced, too [28]. According to Le
Chatelier’s principle, the following conclusions can be drawn: Since Equations 1.3, 1.4 and 1.5
are exothermic and the number of moles decreases during the methanation reactions, lower
temperatures and higher pressures favor the formation of CH4, whereas higher temperatures
and lower pressures favor the formation of Hy. A number of experimental and thermodynamic
studies confirmed a higher CHy4 concentration at lower temperatures and a higher H, con-
centration at higher temperatures. Interestingly, they showed that pressure had no significant
influence on the gasification results [14,28]. Tar and coke are undesired byproducts, which
are relatively unreactive compounds. Although their formation is suppressed by the solvent
properties of near- and supercritical water (see Section 1.2), they might be formed in the absence
of an active gasification catalyst or during heat-up [5, 14].

1.3.3. Heterogeneous catalysis in HTG

Under subcritical and low-temperature supercritical conditions (350-500 °C) an active catalystis
needed to achieve high gasification efficiencies [16]. The two methanation reactions (Equations
1.4 and 1.5) exhibit high activation energies without a catalyst and obtain low reaction rates
resulting in a product composition far from the thermodynamic equilibrium [5]. Compared to
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homogeneous catalysts, heterogeneous catalysts are usually more selective, easier recyclable
and environmentally friendlier [29]. The findings regarding heterogeneous catalysis in HTG
have been summarized in a couple of excellent reviews [5,27-35]. Many different materials have
been tested for their suitability as an HTG catalyst. They can be divided into three categories:

activated carbon, (un)supported transition metals, metal oxides [31].

Activated carbon showed high catalytic activity at relatively high temperatures (around 600 °C),
but deactivation occurred after about 4 h in a continuous test [36]. Raney-nickel is an example
for an unsupported metal catalyst that has gained a lot attention due to its high activity [31].
However, its skeletal structure is not stable in the hydrothermal environment and undergoes
sintering [37]. In addition, oxidation seems to be a major cause for deactivation [38]. A number
of materials have been tested for their suitability as catalyst supports. Only a few showed suffi-
cient stability in sub- and supercritical water, including carbon (activated, graphitic, pyrolytic,
nanotubes), ZrO, (monoclinic), TiO, (rutile) and a-Al,O3 [5,31]. The two most frequently in-
vestigated supported metal catalysts are Ni and Ru. They show very high activities on different
supports over a wide temperature range [31]. Nevertheless, they both have considerable draw-
backs. Ni might deactivate through sintering or oxidation [5,33] and Ru is prone to poisoning
by sulfur [32], which can be found in all biomass types in organic and inorganic forms due
to its biogeochemical cycle [39]. Although metal oxides have been rather used as a catalyst
support for hydrothermal gasification, a few of them have been tested for their catalytic activity
including CaO, ZrO,, CeO,, Fe;O3, RuO; and MnO; [28, 31, 33].

Apart from controlled catalysis through the addition of certain catalysts, uncontrolled catalysis
can take place in two ways. Firstly, alkali salts, which are present in various biomass sources [40],
have a catalytic effect on different degradation reactions [4]. Secondly, most of the reactors used
for hydrothermal conversion of biomass are made of alloys (e.g. Inconel, Hastelloy) containing

high amounts of Ni, which can act as a catalyst at the surface of the inner wall [14,29].

1.4. Problem statement

At the University of Illinois at Urbana-Champaign (UIUC) an integrated waste-to-energy sys-
tem, called Environment-Enhancing Energy (E*-Energy), was developed [41]. The idea is to
combine algal wastewater treatment with bio-fuel production via HTL. In this process the CO,-
rich gaseous phase and the aqueous phase from the HTL step are recycled for algae cultivation.
Moreover, important nutrients for algae growth like N, P and K, which can be found in high

amounts in the aqueous phase, are recycled, too [42—45].

Recent studies have tested the suitability of the aqueous HTL byproduct for algae cultivation.
It turned out that some components therein had an inhibiting effect on the algae growth.
The process water had to be significantly diluted (> 100 times) to gain acceptable growth
rates. Especially autotrophic microbes seem to be very sensitive to the organic substrate level
[41,43,46]. A promising way to remove the organic compounds in the aqueous HTL byproduct
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is through HTG [15]. Elliott and co-workers effectively demonstrated cleanup and fuel gas
production from water soluble organics through catalytic HTG. They were able to achieve high
carbon gasification efficiencies when continuously processing algal HTL wastewater over a
7.8%-Ru/C catalyst at around 350 °C and 20 MPa [47,48].

To the best of our knowledge, the studies of Elliott’s group [47,48] are the only ones published so
far describing HTG of aqueous HTL byproduct. Further investigations at different temperatures
and with the use of various catalysts are of great interest to evaluate the applicability of a
combined HTL-HTG process in more detail.

1.5. Scope of this work

HTG experiments should be performed in a batch mode. The aqueous byproduct from HTL
of swine manure, which had been produced during a continuous test in summer 2014, should
be used as a feed. The influence of temperature and catalyst on the gasification efficiency (ex-
pressed as COD removal efficiency) should be assessed. Activated carbon (AC), a-Al,O3, TiO,
(rutile), diatomaceous earth (DE) and MnO,; should be examined for their catalytic suitability

due to following reasons:

e Since Ru/C was the only catalyst used so far for HTG of HTL wastewater, it was decided
to investigate "simple", low-cost materials first before testing "fancy", high-cost materials

including noble metals.

e Only a few metal oxides have been tried as HTG catalysts, although some of them showed

catalytic activity [28,31].
e a-Al,O3 and rutile TiO, seem to be stable in a hydrothermal environment [5,49].

e MnO; should be stable in a hydrothermal environment up to about 500 °C [5,49] and
showed catalytic activity when gasifying black liquor at 500 °C [28].

e Only a few studies have been published describing the use of AC as a HTG catalyst
[36,50,51].

e DE was included in the catalyst screening because it was available due to experiments of

other group members.

In addition, comparison tests with Raney-nickel (RaNi), which is a well-known active HTG cat-
alyst [31], should be carried out. Nevertheless, the main purpose of this project was to develop
an experimental setup and procedure for HTG tests and to conduct pioneering experiments.
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2. Experimental setup and analysis

2.1. Reactor setup

A reactor setup similar to the ones used by Prof. Vogel’s [52] and Prof. Savage’s group
[63] was designed. The batch reactors (Figure 2.1) consisted of a stainless steel tube (length:
14in, outer diameter: 0.5in, wall thickness: 0.083in), a stainless steel capillary (length: 10in,
outer diameter: 0.125in, wall thickness: 0.035in), a pressure gauge, a high-pressure valve and
corresponding fittings. All parts were purchased from Swagelok and selected to meet pressure-
and temperature ratings (see Appendix A).

Cold section

-

Hot section

Figure 2.1: Batch reactor.

A fluidized sand bath (Techne, SBL-2D) was used as a heater including a controller (Techne,
TC-8D), which regulated the temperature at the bottom of the sand bath. An additional thermo-
couple was dipped into the sand bath from the top ensuring uniform temperature distribution
and sufficiently turbulent fluidization. The vessel of the sand bath was covered with a shield,
which was made of stainless steel wires wrapped in aluminum foil, to prevent spilling over of
sand. A simple construction was used for mounting the batch reactors (see Figure 2.2).

2.2. Experimental schedule

Based on the scope of this work (see Section 1.5) and the experience gained during the exper-
iments, the assessment was conducted by an experimental approach including the following
steps:

1. A catalyst screening of AC, a-Al,O3, TiO; (rutile), DE and MnO; in the temperature range
of 350-500 °C was performed with the aim to identify the promising catalysts.

2. The most interesting tests of step 1 were repeated for consistency reasons.
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3. The catalytic experiments of step 2 were conducted with a higher catalyst/feed ratio to

determine the influence of the catalyst amount.
4. Comparison tests using a RaNi catalyst were performed.

5. Additional high-temperature experiments at 600 °C were conducted.

Figure 2.2: Fluidized sand bath.

2.3. General procedure
2.3.1. Preparation of the feed

The starting material was an aqueous product, which had been produced by Mitchell James
Minarick during a continuous HTL test of swine manure in summer 2014 and had been stored
in a cold room at 5°C. About 2L of the wastewater were filtered twice (Whatman®, grade 1)
to make use of depth- and surface (cake) filtration, stored in a glass jar and steadily kept in a

refrigerator at 5 °C, unless the feed was needed for a test or analysis.
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2.3.2. Preparation of the sand bath

In the morning of an experimental day the oil level and the oil filter of the air compressor were
checked and - if necessary — refilled and cleaned. Then the air compressor and the heaters of
the sand bath were turned on and the setpoint of the temperature controller defined. Since
the thermocouple of the controller was positioned at the bottom of the sand bath, where the
temperature was a few degrees lower than at the top, the setpoint was usually defined at 5-10 °C
above the desired temperature. During heat-up, which took about 2-3 h, the fluidization was
monitored and the air flow adjusted if needed. A small temperature difference between top

and bottom of the sand bath at steady-state indicated adequate fluidization.

2.3.3. Preparation of the batch reactor

Before a reactor could be used for a new experiment, it had to be cleaned. The Swagelok
fittings of the hot section (see Figure 2.1) were brushed under tap water, sonicated (Kendal,
HB-S5-49DHT), rinsed with DI (deionized) water and dried with pressurized air. The internal
wall of the reaction volume (tube, cap, reducer) was brushed under tap water with soap, rinsed
with ethanol and finally rinsed with DI water. The cold section (capillary, T-piece, valve), which

was moist inside from a previous test, was dried and rinsed with Helium.

Assembling, filling and pressurization of the reactor was done in the following way:

1. The threads of the reactor cap were lubricated with a nickel paste (LOCTITE® N-5000™)
to protect the threads from the sand of the bath and to ease opening later on.

2. The cap was attached to the tube and the connection tightened.

3. When a blank test (no catalyst) was conducted, the entire feed was added to the reaction
tube with the help of a pipette. When a catalytic test was conducted, half of the feed was
added first, then the catalyst funneled and the other half of the feed added finally. All
catalysts (Appendix B) were used as they had been delivered. Information regarding the
amount of feed will be discussed in Section 3.2.

4. The threads of the reducer, which connected the reactor tubing and the capillary, were

lubricated with a nickel paste for the same reasons as described before.

5. The reducer (including the cold section) was attached to the tube and the connection
tightened.

6. The reaction volume was rinsed three times by pressurizing (to about 60 bar) and depres-
surizing the system three times with Helium. To avoid water evaporation during later
heat-up, the reactor was kept at 40 bar after the third flushing.

7. The reactor was inspected for leakage with the help of soap water. Comments regarding

leakages can be found in Section 3.2.
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2.3.4. Experimental procedure

As soon as the sand bath had reached steady-state with respect to temperature, the tests could
be started. Usually two reactions were carried out simultaneously. The fittings of the reaction
tubes were treated with pressurized air to remove residual soap water (from the leakage test)
and nickel lubricant. Moreover, the reactors were shaken gently to mix feed and catalyst. Then
the reactors were dipped into the sand bath and mounted and a stopwatch was started. The
temperatures at the bottom and the top of the sand bath as well as the pressures inside the
reactors were read off and noted down every minute for the first ten minutes, afterwards every
five minutes. The progressions of temperature and pressure of all reactions can be found in
Appendix D. After 1h the reactors were taken out, quenched in a bucket filled with tap water
and cooled down to room temperature.

As a next step, the product gases were released and did not have to be collected because no
instrument for appropriate gas analysis was available (see Section 2.4.9). Finally, the reactors
were opened at the top of the reaction tube, the liquid/solid products poured into 15 mL plastic
vials and the samples stored in a refrigerator/cold room at 5 °C.

2.4. Analytical tools
2.4.1. Separation of the samples

The reaction products contained a liquid and a solid (tar, coke, catalyst) phase and had to be
separated for COD analysis. The samples were taken out of the refrigerator/cold room and
homogenized (Barnstead/Thermolyne®, Maxi Mix II, Type 37600) for a few seconds. After-
wards they were centrifuged (International Equipment Company, IEC Centra-7 Centrifuge) at
5000 rpm for 15min. As a result, the liquid phases floated on the top and could be pipetted into
new 15 mL plastic vials. The samples were kept in a refrigerator/cold room at 5 °C.

2.4.2. COD (Chemical Oxygen Demand)

The COD of the feed and the liquid samples had to be measured to calculate the CODr (COD

removal efficiency):

COD of aqueous residue
COD of feed

CODr =1 + 100% (2.6)
Before the samples could be analyzed, they had to be diluted 100-times to stay below the
allowed concentration maximum. Digestion and measurement were carried out according
to Hach® Method 8000 using a COD reactor (Hach®, Product#: 2125915) and a DR/2000
Spectrophotometer (Hach®, Product#: 4480000, Method#: 435). Whenever a new measurement
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series was carried out, correct calibration of the analyzer was checked by measuring a standard
solution (Hach®, Product#: 1218629). Each diluted sample was analyzed 3-times to provide
the SD (Standard Deviation) of the measurements.

2.4.3. Total nitrogen

The total nitrogen content of the feed was determined. Before the feed sample could be analyzed,
it had to be diluted 100-times to stay below the allowed concentration maximum. Digestion
and measurement were carried out according to Hach® Method 10072 using a COD reactor
(Hach®, Product#: 2125915) and a DR/2010 Spectrophotometer (Hach®, Product#: 4930000,
Method#: 395). Correct calibration of the analyzer was checked by measuring a standard
solution (Hach®, Product#: 194749). The diluted feed sample was analyzed 3-times to provide
the SD of the measurements.

2.4.4. pH-value

The pH-values of the feed and some products were determined using pH paper (Micro Essential
Laboratory, Hydrion®).

2.4.5. TOC (Total Organic Carbon)

The TOC of the feed was analyzed according to SM 5310B by Illinois State Water Survey.
NVOC (Non-Volatile Organic Carbon) was measured using a Tekmar Dohrmann Apollo 9000
HS carbon analyzer, a Gilson 223 sample changer and a TOC Talk software. 500 uL of a 2000-
times diluted sample were injected into the instrument and combusted catalytically (platinum)
at 850°C. The CO, formed was measured directly by a NDIR (Non-Dispersive InfraRed)

sensor.

2.4.6. Water content

The water content of the feed was determined according to ASTM D6304 by Illinois State Water
Survey. The measurements were repeated until the SD was acceptably low.

2.4.7. Inorganic elements
The feed was also analyzed for inorganic elements by the Mycroanalysis Laboratory. Ca, K,

Mg, Na, P and S were measured via ICP-OES (PerkinElmer 2000DV), whereas Cl with an ion

selective electrode (Thermo Scientific™ Orion"") [54].
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2.4.8. GC-MS (Gas Chromatography - Mass Spectrometry)

To get additional information about the chemical composition of the feed, GC-MS analysis was
conducted by Wan-Ting (Grace) Chen with the help of the Roy J. Carver Biotechnology Center.
A description of the analytical procedure can be found elsewhere [23].

2.4.9. Gas analysis

With the use of a gas chromatograph equipped with a TCD (Thermal Conductivity Detector),
helium is an appropriate carrier gas for analysis of CO, CO,, CHy, CoHg and C3Hg because
of the big difference in thermal conductivity. However, helium is not appropriate for analysis
of hydrogen due to the rather small difference in thermal conductivity [37,55]. Unfortunately,
all gas chromatographs found on campus used helium as the carrier gas and were not able
to analyze gas samples containing Hy, CO, CO, and CHy, which were diluted by helium
or nitrogen (because of pressurization, see Section 2.3.3). Furthermore, no instrument was
available that could be set up for such kind of gas mixtures.
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3. Results and discussion

3.1. Analysis of the feed

For evaluation of the experiments and comparison of the results with literature, it was very
important to get information regarding the composition of the feed. The analytical results are

summarized in Table 3.1 and in Figure 3.1.

Table 3.1: Feedstock characteristics.

Parameter Unit Value SD
Water content wt% 93 2.4
COD mg/L 96520 973.1
TOC mg/L 33400 -
Total nitrogen mg/L 7367  152.8
Ca-content mg/L 31 0
K-content mg/L 4131 25
Mg-content mg/L 222 1
Na-content mg/L 902 7
P-content mg/L 69 0
S-content mg/L 331 5
Cl-content mg/L 3700 -

pH value -log(mol/L)  5-6 -

2522 r 1.2 ® N-heterocyclic
compounds

® Carboxylic acids
® Amides & amines
(non-cyclic)

® Phenols

m Ketones

= Others

Figure 3.1: Relative peak areas of the major organic groups identified in the feed through GC-MS
(in %).

The concentrations of COD and TOC are in a typical range for post-HTL wastewater [41].
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The total nitrogen content is similar to one gained after HTL of swine manure with a dry
matter content of 20 wt% at around 300 °C [44]. High concentrations of K, Na and CI were
measured, too, after HTL of the microalgae Spirulina [43]. Surprisingly, our P-content is
much lower compared to the one measured in earlier studies [41,44]. As already determined
previously [41], the aqueous byproduct from HTL of swine manure is more acidic (pH 5-6) than
the aqueous byproduct from algal HTL (pH 7-8) [41,43,47,48]. The GC-MS results, showing
mostly carboxylic acids and N-heterocyclic, are in accordance with literature [23,46]. More
detailed GC-MS results can be found in Appenix C.

3.2. Water tests

Before the actual tests with the real feed were started, water tests were carried out, firstly,
to get familiar with handling of the experimental procedure and, secondly, to determine the
amount of feed needed to get into the desired pressure range of 220-340 bar at a certain reaction
temperature. The minimum pressure was defined by the critical pressure of water, whereas
the maximum pressure was limited by the pressure ratings of the Swagelok parts. Although
this is a wide pressure range, the pressure inside the batch reactors turned out to be very
sensitive with respect to feed volume and temperature, especially in the area of the liquid-
supercritical phase change. At the beginning of the tests, the thermodynamic data of water [7]
helped to estimate the correct feed amount. However, it took a couple of tests to obtain the
relations summarized in Table 3.2. Leakage issues, which frequently occurred during those
water tests, made the determinations even more difficult. In most of the cases, leakages arose
at the 0.5in nut& ferrule connections of the reaction tube. After taking more care of cleaning,
lubricating the threads with a nickel paste (see Section 2.3.3) and tightening the connections
more than suggested by Swagelok [56], the leakage issues became much better. Finally, it was
even possible to conduct all experiments with only two reactors.

Table 3.2: Amount of feed used depending on the reaction temperature.

Reaction temperature (in °C) Feed amount (in mL)

350 16.0
400 10.0
450 6.0
500 3.5
600 1.8

3.3. Visual observations

Although visual observations cannot give quantitative information, they deliver valuable qual-

itative information. They might reduce the number of experiments and analytical costs and
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are helpful for prospective workers with interpretation of their first results. Figure 3.2 shows
selected examples of the liquid/solid reaction product. The darker the liquid phase was, the
lower was the gasification efficiency (Figure 3.2a). In such a case a tarry phase was produced,
which indicated that HTL had taken place rather than HTG. This was the case when the temper-
ature was too low or when the catalyst was not active enough (see Section 1.3). The color of the
liquid product became clearer with increasing temperature and catalytic activity showing better
gasification (Figure 3.2b,c). Despite the high gasification efficiencies at high temperatures, some
coke was produced, too (Figure 3.2d).

(a) (b) (c) (d)

Figure 3.2: Selected examples of liquid/solid reaction products. (a) 450 °C-blank; (b) 500 °C-
MnQO;; 600 °C-RaNi; 600 °C-blank (coke residue).

3.4. First series of tests

As a first step, a temperature/catalyst screening was conducted. Reactions at 350, 400, 450
and 500 °C with and without the addition of heterogeneous catalysts (AC, Al,O3, TiO,, DE,
MnQO,) were carried out. The reaction time was 1h to make sure that equilibrium was reached.
In all catalytic tests, the catalyst/feed ratio (in gcatalyst/gFeed) Was 0.1. The aim was to find
out which temperature range and catalysts were worthy of being considered in the following
experiments. Therefore, each experiment was performed only once. The dependence of the
CODr on temperature and catalyst is depicted in Figures 3.3, 3.4, 3.5 and 3.6.

As expected from literature reviews (see Section 1.3), the CODr increased with temperature.
Only AC and MnO; showed considerable catalytic activity. The CODr of the tests with Al,O3
was only slightly higher at 350, 400 and 450 °C than the ones of the blank tests. In comparison,
Waldner [37] reached a carbon conversion of 26.9% when continuously gasifying a 10 wt%
synthetic liquified food solution over a-Al,O3 with a WHSV (weight hourly space velocity) of
27.2h! at 400 °C and 300bar. TiO, showed slight catalytic activity only at 400°C. At higher
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temperatures the CODr was even lower than the ones of the blank tests. An inhibition effect

of TiO, on the gasification efficiency was also observed by Youssef when gasifying an aqueous
solution containing 9000 mg/L starch and 18 000 mg/L catechol at 500 °C and 280bar [57]. DE

did not show any catalytic activity and seemed to rather have an inhibitory influence, too.
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19.3
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ARRO3 TiO2 DE MnO2

Figure 3.3: Effect of catalysts on CODr (350 °C; catalyst/feed ratio: 0.1; reaction time: 1h).
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Figure 3.4: Effect of catalysts on CODr (400 °C; catalyst/feed ratio: 0.1; reaction time: 1h).

AC showed the highest catalytic activity and resulted in the highest CODr at each temperature.

The results from the tests at 350 and 400 °C with AC suggest that a phase change from sub-

to supercritical state did not have a significant influence on the gasification results in terms of
CODr. Sato et al. [58] stated a carbon gasification efficiency of 12.6% after HTG of bean curd
refuse for 30 min over AC at 400 °C (1 gac/8Rrefuse)- Yamagouchi et al. [59] reached a carbon

gasification efficiency of 8.4% when gasifying a 3.2 wt% lignin solution for 1h at 400 °C and
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370bar with charcoal (1.5 gcharcoal/gLignin)- Xu et al. [36] were able to reach a carbon gasification
efficiency of 51% through continuous HTG of a 1 M glucose solution over AC with a WHSV of
13.5h! at 500°C and 345bar. Youssef et al. [60] reached a CODr of 66% when gasifying hog
manure for 30 min over AC (2.5 gac/mLyanure) at 500 °C and 280 bar.

60
50 A 47.8
—_ 40.8 41.5
°\° 40 1 36.9
= 32.6
Nen? 29.9
S 30 A
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0 T T T T T T T T T T T T T T T T T T T T T T T

Blank AC ARRO3 TiO2 DE MnO2

Figure 3.5: Effect of catalysts on CODr (450 °C; catalyst/feed ratio: 0.1; reaction time: 1h).
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Figure 3.6: Effect of catalysts on CODr (500 °C; catalyst/feed ratio: 0.1; reaction time: 1h).

The second most active catalyst turned out to be MnOs,. Its activity compared to the blank tests
was the highest at 400 and 450 °C. In comparison, Guo [28] reported a CODr of 96.7% when he
gasified a 7.8 wt% black liquor solution for 10 min over MnO; (0.1 gnino,/ gLiquor) at 500 °C.
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3.5. Second series of tests

In the first test series, only AC and MnO, showed some catalytic activity and the CODr reached
high values only at 500 °C. Those tests were identified as promising systems for further ex-
amination. To have more reproducible results, the blank tests and the catalytic tests with AC
and MnO; at 500 °C were repeated each twice. Like before, the reaction time was 1h and the
catalyst/feed ratio 0.1. The results regarding CODr are showed in Figure 3.7.

100
95 A
90.6
90 -
@ 85 A
e i 78.7
= 80
o\:/
= 751 73.0
2 70 1 67.7 69.3
o 65.2
O 65
60 A
55 A
50 T T T T T T T T T T T T T T T T T T T T T T T T
Blank 1 Blank 2 AC_1 AC 2 MnO2_1 MnO2_2

Figure 3.7: Repeat tests for blank, AC and MnO, (500 °C; catalyst/feed ratio: 0.1 except for
AC_2!!l; reaction time: 1h).

It can be seen that the CODr of the two repeated blank tests and the two repeated MnO; tests
was in the same range as before. The blank tests showed a CODr of 65-68%, whereas the MnO,
tests a CODr of 69-73%. Moreover, the CODr of one of the two repeated tests with AC also
reached a similar value as before (78.7%). Interestingly, the CODr of AC_2 reached even more
than 90%. The reason for this was that only about have of the feed was unwittingly put into the
batch reactor. As a result, the catalyst/feed ratio was much higher (about 0.2), the gasification
more successful and the CODr higher. This circumstance was figured out during the test when

the reaction pressure reached only about 205-210bar (see Appendix D.2).

3.6. Third series of tests

In the previous test series, one experiment was accidently carried out with a higher catalyst/feed
ratio resulting in a higher CODr. Therefore, it was of interest to conduct further experiments
with a higher catalyst/feed ratio to quantitatively determine the influence of the catalyst amount
on the gasification efficiency. The tests were carried out at 500 °C with the use of AC and MnO,
as catalysts again. The reaction time was maintained at 1 h, but the catalyst/feed ratio increased
to 0.2. The CODr results of those tests are illustrated in Figure 3.8.
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Figure 3.8: Effect of a higher catalyst amount on CODr (500 °C; catalyst/feed ratio: 0.2; reaction
time: 1h).

Contrary to the expectations, doubling the catalyst/feed ratio did not lead to significantly higher
values for the CODr. One of the two tests with carbon (AC_3) led to a CODr that was a few
percents higher than the CODr of the previous tests, the other one (AC_4) did not. A possible
explanation for the high CODr of 90.6% with AC in the second test series (AC_2) could be that
the reacting molecules were a in a gas state rather than in a supercritical state due to the low
pressure (p < p.), which made it easier for them to reach the surface of the carbon catalyst.
Doubling the amount of the MnO, catalyst did not have a positive effect at all; to the contrary,
it even worsened the CODr by a few percents. This conclusion could be misleading in the
sense that the MnO, might have settled because of its high density of 5.03 g/cm3 [61] so that
the reacting molecules could not reach the entire catalyst surface. This question could only be

answered with the use of a stirred batch reactor or a continuous reactor.

3.7. Fourth series of tests

To interpret and assess the results gained so far in more detail, it was decided to run additional
tests with a well-known HTG catalyst. Raney-nickel was chosen because of its high activity
and — compared to noble metal catalysts — low price. The experiments were carried out at 350,
400 and 500 °C with a reaction time of 1h. The Raney-nickel catalyst was delivered as a 50/50-
wt% Raney-nickel/water slurry. To have a rather too low than a too high catalyst/feed ratio, a
slurry/feed ratio of 0.1 was used leading to an actual catalyst/feed ratio of 0.05. For consistency

reasons, each test was run twice. The results regarding CODr are depicted in Figure 3.9.

As expected from the previous tests, the CODr increased with increasing temperature. Further-
more, Raney-nickel showed catalytic activity at each temperature since the CODr was always
higher than in the corresponding blank test. Although the catalyst/feed ratio was only half of
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the catalyst/feed ratio in earlier catalytic tests, the CODr reached values in the range of the tests
with AC (compare Figure 3.9 with 3.3, 3.4 and 3.6). At 400 °C the CODr with Raney-nickel was

even higher than the one of the AC experiment.
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Figure 3.9: Effect of a RaNi catalyst on CODr (350 °C, 400 °C, 500 °C; catalyst/feed ratio: 0.05;
reaction time: 1h).

In comparison, Elliott et al. [62] were able to reach a carbon gasification efficiency of 93% after
treatment of a 10 wt% p-cresol solution for 90 min at 350 °C and 200 bar with Raney-nickel (no
catalyst/feed ratio stated). Afif et al. [63] reached a carbon gasification efficiency of 69% when
gasifying a 3wt% activated sludge solution for 15 min at 380 °C (1.8 graNi/gsludge). Waldner et
al. [52] were able to reach complete carbon gasification through HTG of sawdust slurries (<
30 wt%) for 90 min over RaNi (0.5 grani/gsawdust) at around 400 °C and 300 bar. Finally, Guo et
al. [28] reached a CODr of 96.2% when gasifying a 7.8 wt% black liquor solution for 10 min over
RaNi (0.1 grani/gLiquor) at 500 °C.

3.8. Fifth series of tests

Although a lot of experiments had been performed, no acceptably high CODr could be reached
so far. The previous tests showed that an increase in temperature significantly increased the
CODr. Therefore, it was decided to go one step further and carry out experiments at 600 °C.
Blank tests and catalytic tests with AC, MnO, and Raney-Ni were conducted. As before, the
reaction time was 1 h and the catalyst/feed ratio 0.1 for AC and MnO; and 0.05 for Raney-nickel,
respectively. Each test was run twice for consistency reasons. To be mentioned at this point,
the fact that 600 °C is above the flash point of MnO, (535°C, [61]) was figured out after the
experiments. However, no special behavior/result was observed during or after the tests. The
CODr results for the experiments conducted at 600 °C are showed in Figure 3.10.
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Figure 3.10: Effect of catalysts on CODr at high temperature (600 °C; catalyst/feed ratio: 0.1 for
AC and Mny;, 0.05 for RaNi; reaction time: 1h).

It can be seen that the CODr increased a lot and reached values above 90% in all tests. The CODr
was the lowest for the tests with MnO,. It seems that MnO, had a small inhibitory effect on the
gasification, which might have had something to do with the temperature having been above
the flash point of MnO,. The CODr of the blank tests reached even more than 96%; however,
some coke was produced (see Figure 3.2d). In how far coke was generated in the catalytic
tests, too, could be only determined by analysis of spent catalysts, which was not included in
the course of this project. The highest CODr of 97-98% was reached with AC. In comparison,
Xu et al. [36] reached a carbon gasification efficiency of 95-100% through continuous HTG of a
1.2M glucose solution over AC and charcoal derived from different sources with a WHSV of
12.6-25.7 h! at 600 °C and 345 bar.

In addition, the pH values of our examples were in the range of 8-9, which might have been

related to the formation of ammonia [15].
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4. Summary and recommendations

4.1. Summary of the experiments

e Catalytic and non-catalytic tests regarding HTG of HTL wastewater were carried out.
The tests were performed in a 20.1 mL tubular batch reactor at 350-600 °C and 220-340 bar
with a reaction time of 1h. AC (activated carbon), a-Al,O3, TiO, (rutile), diatomaceous
earth (DE), MnO, and Raney-nickel were assessed for their suitability as heterogeneous

catalysts.

e The CODr (COD removal efficiency) increased with temperature independent from the

use of a catalyst.
e The higher the CODr was, the clearer became the liquid product.
e AC and Raney-nickel showed the highest catalytic activities.

e AlOg3, TiO, and DE did not have any catalytic effect in the temperature range of 350-
500 °C. TiO, and DE even seemed to have an inhibitory influence on the CODr.

e Doubling the amount of AC and MnO, did not result in significantly higher values for
the CODr. Settling of the catalyst might have prevented the molecules from reaching the

entire catalytic surface.

e The CODir of the tests with Raney-nickel was as high as the one of the corresponding AC
tests, although the catalyst/feed ratio was only half as high.

e The highest COD removal efficiencies could be reached at 600 °C. The CODr of the blank
tests was around 96%, the one of the Raney-nickel tests in the range of 93.9-97.4% and
the one of the AC-catalyzed tests in the range of 97.2-98.1%. However, in the case of the
blank tests, coke production was observed.

e The pH of the liquid phases after treatment at 600 °C was in the range of 8-9 very likely
due to the formation of ammonia.

4.2. Recommendations for future work

Based on the experience gained from the tests and literature review, the following recommen-
dations should be considered:

e The most promising and interesting experiments should be repeated for better repro-
ducibility.

e Additional tests using different reaction times and catalyst/feed ratios should be con-

ducted to get a deeper understanding of the relationships and processes taking place.
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Gas analysis would deliver very valuable information. If it turns out that at a certain
temperature and/or with a certain catalyst Hj is the favored product rather than CHy,
HTG of HTL wastewater might be an interesting way to produce Hj, which is needed for
hydrotreatment of the bio-crude gained from HTL [Elliott2015].

Further tests with different HTL wastewaters (e.g. from HTL of algae, municipal waste)
should be performed to determine the general validity of the results of this project.

Other catalysts, which might be more active at lower temperatures (350-500 °C), should
be tested.

If possible, tests at even higher temperatures could be run. Maybe at 650 °C complete

gasification without a catalyst is possible.

Continuous tests have to be conducted to assess catalyst- and process stability. Moreover,
they would better show the influence of the catalyst amount on the gasification efficiency
and the CODr.

When moving from batch- to continuous mode, aspects like catalyst poisoning [47,48],
corrosion [51] and plugging through coke deposition [51] and salt precipitation [64] have
to be considered.

Finally, a profitability analysis should be conducted. Especially heat integration will play

an important role for making the process feasible [65,66].
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A. Batch reactor parts

Table A.1: Swagelok parts of the batch reactors.

Component Product number
Reactor cap S5-810-C
Reactor tubing SS-T8-5-083-20
Reducer (reactor, capillary) S5-810-6-2
Capillary SS-T2-5-035-6ME
Reducer (capillary, T-piece) S5-200-R-4
T-piece SS-400-3-4TFT
Pressure gauge PGN-50-CNG400-LAQ
High-pressure valve SS-1VM4-54-BKB
Plug S5-400-P
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B. Catalysts

Table B.1: Catalysts used for the experiments.

Catalyst CAS number Supplier Product name/number
Activated carbon (powder) 7440-44-0 unknown DARCO® ULTRA 100
Aluminum oxide 1344-28-1 Sigma-Aldrich® 342653
Titanium oxide 1317-80-2  Sigma-Aldrich® 637262
Manganese oxide 1313-139  Sigma-Aldrich® 243442
Diatomaceous Earth - unknown Dterra" NutriDE™
Raney®-Nickel 7440-02-0  Sigma-Aldrich® 221678
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C. GC-MS results

Table C.1: Results gained from GC-MS analysis of the feed.

Compound Retention time (in min) Area Relative peak area (in %)
Pyrazine 6.69 11302323 1.46
PYRAZINE, METHYL- 8.18 60971865 7.89
Pyrazine, 2,5-dimethyl- 9.72 14472884 1.87
PYRAZINE, ETHYL- 9.93 18977128 2.45
PYRAZINE, ETHYL- 9.94 10732945 1.39
PYRAZINE, 2,3-DIMETHYL- 10.38 7218705 0.93
2-Cyclopenten-1-one, 2-methyl- 10.86 4847897 0.63
Pyrazine, 2-ethyl-5-methyl- 11.31 7443994 0.96
Pyrazine, 2-ethyl-5-methyl- 11.92 3527877 0.46
Pyrazine, 2-ethyl-5-methyl- 12.89 2908903 0.38
2-CYCLOPENTEN-1-ONE, 2-METHYL- 14.76 4224351 0.55
2-Cyclopenten-1-one, 2,3-dimethyl- 15.20 4341926 0.56
Propanoic acid 15.43 62051043 8.03
Propanoic acid, 2-methyl- 16.24 16053929 2.08
2-Cyclopenten-1-one, 3-ethyl- 17.27 1056188 0.14
BUTYRIC ACID 17.55 185190261 23.95
Butonic acid, 3-methyl (IS) 18.54 37270921 4.82
Butanamide, N-ethyl- 19.81 3911212 0.51
PENTANOIC ACID 20.04 43627837 5.64
ACETAMIDE 20.77 29556220 3.82
Pentanoic acid, 4-methyl- 21.38 10039497 1.30
Propanamide 21.60 12540592 1.62
PYRROLIDINE, 1-ACETYL- 21.78 10929026 141
Hexanoic acid 22.23 15433945 2.00
Phenol, 2-methoxy- 22.38 6271601 0.81
N-(3-Methylbutyl)acetamide 22.66 3346112 0.43
2,5-Pyrrolidinedione, 1-ethyl- 22.75 3506307 0.45
BUTANAMIDE 23.19 25701898 3.32
Butanoic acid, pyrrolidide 23.52 2464409 0.32
BUTANAMIDE, 3-METHYL- 23.68 2200771 0.28
1-(1H-PYRROL-2-YL)ETHANONE 24.56 2414485 0.31
Phenol 25.29 9323151 1.21
2-Pyrrolidinone 25.74 21465415 2.78
Phenol, 4-methyl- 26.72 3972653 0.51
2-Piperidinone 27.38 24879086 3.22
3-Pyridinol, 2,6-dimethyl- 30.16 3802803 0.49
3-PYRIDINOL, 2-METHYL- 30.52 10151733 131
Glycerin 30.74 4327918 0.56
4-Amino-2-hydroxytoluene 31.16 5304897 0.69
3-PYRIDINOL, 6-METHYL- 32.10 9046230 1.17
3-Pyridinol 3241 43274014 5.60
ACETAMIDE, N-(2-PHENYLETHYL)- 34.93 3183289 0.41
Benzenepropanoic acid 35.51 3183562 0.41
CYCLO(L-PROLYL-L-PROLYL) 43.43 5003343 0.65
Tyramine, N-formyl- 50.79 1639734 0.21
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D. Progressions of temperature and pressure

D.1. First series of tests
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Figure D.1: R1: Blank, R2: AC (350 °C).
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Figure D.2: R1: AL,O3, R2: TiO, (350 °C).
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Figure D.5: R1: Al,O3, R2: TiO; (400 °C).
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Figure D.6: R1: DE, R2: MnO, (400 °C).
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Figure D.7: R1: Blank, R2: AC (450 °C).
480 400
——T - Top ——T - Bottom ——P-RI1 ——P-R2
475 350
o 470 300
[e]
=
= 465 250
2
= 460 200
-
£
2 455 150
E 450 100
445 50
440 T T T T T T T 0

0 10 20 30 40 50 60
Time (in min)

Figure D.8: R1: Al,O3, R2: TiO; (450 °C).
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Figure D.9: R1: DE, R2: MnO; (450 °C).
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Figure D.10: R1: Blank, R2: AC (500 °C).
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Figure D.11: R1: Al,O3, R2: TiO, (500 °C).
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Figure D.12: R1: DE, R2: MnO; (500 °C).
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D.2. Second series of tests
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Figure D.13: R1: Blank_1, R2: Blank_2 (500 °C).
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Figure D.14: R1: AC_1, R2: AC_2 (500 °C).
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Figure D.15: R1: MnO;_1, R2: MnO,_2 (500 °C).
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D.3. Third series of tests
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Figure D.17: R1: MnO;_3, R2: MnO,_4 (500 °C).
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D.4. Fourth series of tests

(9%}
N
W

Temperature (in °C)
(U]
3

430

425

E Y
e &)
S w»m O

Temperature (in °C)
S
v

——T - Top ——T - Bottom ——P-R1 ——P-R2
¢
0 10 20 30 40 50 60
Time (in min)
Figure D.18: R1: RaNi, R2: RaNi_1 (350 °C).
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Figure D.19: R1: RaNi, R2: RaNi_1 (400 °C).
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Figure D.20: R1: RaNi, R2: RaNi_1 (500 °C).
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D.5. Fifth series of tests
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Figure D.21: R1: Blank, R2: Blank_1 (600 °C).
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Figure D.22: R1: RaNi, R2: RaNi_1 (600 °C).
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Figure D.23: R1: AC, R2: AC_1 (600 °C).
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Figure D.24: R1: MnO;, R2: MnO,_1 (600 °C).
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E. COD results

E.1. First series of tests

Table E.1: COD data of the first series of tests.

Reaction temperature (in °C) Catalyst Catalyst/feed ratio (in g/g) CODr (in %) SD
350 Blank - 17.12 0.00
350 AC 0.1 37.01 0.00
350 Al,O3 0.1 17.84 0.45
350 TiO, 0.1 17.12 0.21
350 DE 0.1 15.63 1.21
350 MnO, 0.1 19.33 0.16
400 Blank - 18.19 0.48
400 AC 0.1 35.94 0.61
400 Al,O3 0.1 19.67 0.48
400 TiO, 0.1 21.67 0.37
400 DE 0.1 18.77 0.36
400 MnO, 0.1 29.41 0.32
450 Blank - 36.94 2.47
450 AC 0.1 47.82 0.16
450 Al,Og3 0.1 40.84 0.89
450 TiO, 0.1 32.59 0.32
450 DE 0.1 29.86 0.65
450 MnO, 0.1 41.53 0.59
500 Blank - 69.78 0.51
500 AC 0.1 76.76 0.06
500 Al,O3 0.1 69.13 0.41
500 TiO, 0.1 64.91 0.22
500 DE 0.1 64.19 0.42
500 MnO, 0.1 71.09 0.27
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E.2. Second series of tests

Table E.2: COD data of the second series of tests.

Reaction temperature (in °C) Catalyst Catalyst/feed ratio (in g/g) CODr (in %) SD
500 Blank_1 0.1 64.39 047
500 Blank_2 0.1 65.22 0.47
500 AC_1 0.1 78.73 0.32
500 AC_2 >0.1 90.64 0.16
500 MnO,_1 0.1 72.96 0.68
500 MnO,_2 0.1 69.26 0.24

E.3. Third series of tests
Table E.3: COD data of the third series of tests.

Reaction temperature (in °C) Catalyst Catalyst/feed ratio (in g/g) CODr (in %) SD
500 AC_3 0.2 84.60 0.39
500 AC 4 0.2 78.69 0.39
500 MnO,_3 0.2 65.02 0.32
500 MnO,_4 0.2 68.19 0.89

E.4. Fourth series of tests
Table E.4: COD data of the fourth series of tests.

Reaction temperature (in °C) Catalyst Catalyst/feed ratio (in g/g) CODr (in %) SD
350 RaNi 0.05 29.69 7.09
350 RaNi_1 0.05 35.28 7.09
400 RaNi 0.05 48.23 0.26
400 RaNi_1 0.05 51.93 1.35
500 RaNi 0.05 76.65 0.83
500 RaNi_1 0.05 73.24 1.20
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E.5. Fifth series of tests

Table E.5: COD data of the fifth series of tests.

Reaction temperature (in °C) Catalyst Catalyst/feed ratio (in g/g) CODr (in %) SD
600 Blank - 96.44 0.24
600 Blank_1 - 95.99 0.24
600 RaNi 0.05 96.20 2.00
600 RaNi_1 0.05 93.89 0.63
600 AC 0.1 98.17 0.39
600 AC_1 0.1 97.20 0.18
600 MnO, 0.1 94.89 0.98
600 MnO,_1 0.1 91.30 0.21
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F. Valve issue

The valves that were used for the experiments (see Appendix A) were not the ones of first
choice. Initially, other valves were purchased (Swagelok, SS-BVM4-SH), which were believed
to be the most suitable and robust ones. However, it turned out that gas could also exit through
the threads of the valve during depressurization of the reactor because it had no packing. This
would have been disadvantageous if a product gas had to be collected. Therefore, another
type (Swagelok, SS-3HNRS4-G) was ordered, but it would have taken two months for delivery.
Fortunately, a third type (the one actually used) was found in the lab with pressure- and

temperature ratings just high enough for the experiments.
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