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Abstract: The influence of process water recycling during the Supercritical Water Gasification (SCWG)
of dry biomasses was investigated. Dry biomass has to be diluted with water to a dry matter content
of approximately 10 wt.% to gasify it in the process of supercritical water gasification. The treatment
of wastewater in the SCWG process is cost intensive due to organic contaminants; therefore, the
recycling of the process effluent is attractive. Salt separation is needed to avoid accumulation of
salts in the effluents, since salts enhance corrosion rates and might cause blocking of the flow when
the effluent is recycled. The grass Reed Canary Grass and grapevines were gasified. The recycling
of the process effluent did not influence the composition of the product gas. In both cases the
carbon efficiency decreased by 4% when wastewater was used to dilute the biomass. An increase in
organic carbon and potassium in the reactor effluent was observed after gasification of the biomass
with recycled process effluent. The addition of potassium hydroxide to the feed as a homogenous
catalyst needs to be closely monitored and adjusted according to the potassium content of the reactor
effluent. Insufficient salt separation proved to be an issue regarding formation of solid deposits in the
reaction system.

Keywords: supercritical water; biomass; gasification; process design

1. Introduction

Supercritical water gasification uses water as a reaction medium to effectively convert
biomass into gaseous products. The temperatures and pressures are above the critical point
of water (T > 374 ◦C, p > 22.1 MPa) so that the water is in its supercritical state [1]. Due
to the special properties of supercritical water, it is very well miscible with the organic
feedstock, which makes fast and homogeneous reactions possible [2].

A particular advantage of SCWG is that the feedstock does not need to be dried [3,4].
Thus, wet organic waste products with high moisture content, such as sewage sludge
and animal manure, can be converted in addition to wet biomass, such as microalgae and
lignocellulosic [4–6]. The composition of the produced gas and the gasification efficiency
of SCWG depend on the process parameters, such as temperature, pressure, and biomass
concentration in the feed [4,7–9]. The organic molecules are hydrolyzed and further
decomposed to gases (Equations (1) and (2)) [3,10].

CxHyOz + (x− z)H2O→ xCO + (x− z + 0.5y)H2 (1)

CxHyOz + (2x− z)H2O→ xCO2 + (2x− z + 0.5y)H2 (2)

Subsequently, the water gas shift reaction (Equation (3)) and methanation reactions
(Equations (4) and (5)) take place [10–12].

CO + H2O → CO2 + H2 (3)
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CO + 3H2 → CH4 + H2O (4)

CO2 + 4H2 → CH4 + 2H2O (5)

SCWG produces a gas mixture consisting mainly of H2, CH4, and CO2. C2 and C3
compounds and CO are contained in small proportions [13–16]. SCWG thus represents a
process by which hydrogen can be obtained from biomass. The demand for hydrogen as a
clean fuel in the context of the energy transition to renewable energies is high. Another
advantage of SCWG is that the gas produced is already compressed; therefore, no further
compression is required for subsequent syntheses or storage of the gas [16–18].

The application of SCWG on dry biomass is contradictory to the usual application
of the SCWG technology, pyrolysis and conventional gasification are generally more ap-
propriate; however, there are scenarios in which the SCWG technology is suitable, e.g.,
for decentralized processing of dry biomass for the production of syngas. In the H2020
EU-Project CERESiS (ContaminatEd land Remediation through Energy crops for Soil im-
provement to liquid biofuel Strategies), the goal is to produce Fischer–Tropsch fuels from
dry biomass. Through SCWG the needed syngas is produced. SCWG is conducted in
one process step, whereas a combination of pyrolysis and conventional gasification would
combine two separate processes that require separate plants. Additionally, common en-
trained flow gasifiers require a larger size than 1 MW for operation. SCWG can be operated
at smaller scales. This fits in the framework of the H2020 EU-Project CERESiS, where
decentralized applications are needed. Within this CERESiS-project SCWG and pyrolysis
of dry biomasses are both assessed and compared with each other.

When dry biomass is processed, a high amount of water with low salt content is
necessary to dilute the biomass so that the slurry can be pumped [19] and enough water
is available for the reaction. Typically, the dry matter content is 5 to 20% in the feed
slurry [19,20]. The providing of salt-free water and the purification or disposal of the
process effluent is cost-intensive; therefore, recycling of the process effluent is attractive.
This is possible due to low concentrations of salts in the reactor effluent [20]. Salts are poorly
soluble in supercritical water [21–23] and can block the flow and cause corrosion [5,24]. A
salt separation implemented in the process can reduce the amount of salts in the reactor
effluent [25] and therefore enable the recycling of process water [15]. Dry biomass contains
little water and thus most of the effluent can be reused. In the past, the recycling of process
effluent was only investigated for wet biomasses (in a small set of experiments at the
Karlsruher Institute of Technology [26]) but not for dry biomasses. The schematic process
diagram can be seen in Figure 1.

Figure 1. Schematic diagram of the recycling process.

Another possible way to treat the wastewater could be the SCWG of just the wastew-
ater to further reduce the organic content. This was demonstrated by Yan et al. who
gasified the liquid effluent obtained via the hydrothermal carbonization of household
kitchen waste [27]. Alternatively, aqueous phase reforming can be used to treat waste water
that is contaminated with organics [28,29]. In both cases, an additional process is needed
to treat the wastewater. This step is omitted when recycling the wastewater to create new
feed slurry.
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To optimize the process of SCWG of dry biomasses, the influence of process water
recycling has to be investigated. In this paper, the process water recycling during the
supercritical water gasification of dry biomasses is tested and the effects on the SCWG
process are described. Two different biomasses, a grass and a biomass with wooden stems
and branches, were used for the experiments.

2. Materials and Methods
2.1. Preparation of Educts

In the first experiments, Reed Canary Grass (lat. Phalaris arundinacea) was used as
biomass. The grass was cultivated in Warden Law, England [30] and provided as a dry
powder by the University of Strathclyde. The dry matter content of the biomass was 97.4%.
To compare it with a woody biomass, the stems and branches of grapevines, provided by
the University of Tuscia, were processed. The dry matter content of the grapevines was
95.1%. The grapevines were delivered in about 10 cm long pieces. The composition of the
biomasses is given in Table 1.

Table 1. Composition of biomasses in wt.% (dry mass).

Biomass C O H N S

Reed Canary Grass 48.9 35.9 7.46 <0.3 0.09
Grapevines 47.1 42.8 4.47 1.2 0.003

To create a feed slurry the biomass had to be in form of a powder. The size of the
grapevines was reduced by three steps of milling: first in a wood chipper (GE 260, Viking
GmbH, Langkampfen, Austria) to about 2 cm long pieces, then in a mill with 4 mm sieve
(Pulverisette 25, Fritsch GmbH, Idar-Oberstein, Germany), and lastly in a mill with 0.2 mm
sieve (Pulverisette 14, Fritsch GmbH, Idar-Oberstein, Germany) (see Figure 2). Reed Canary
Grass was milled (SM 100, Retsch GmbH, Haan, Germany) by University of Strathclyde
and delivered with reduced size (0.25 mm). To adjust the dry mass in the feed slurry to
about 8 wt.%, distilled water was added to the biomass. Xanthan was added to the mixture
as a thickening agent (0.5 wt.%) to ensure that no phase separation occurred. Xanthan is
also gasified under the SCWG conditions. As a homogeneous catalyst, KOH (5000 mg
K+/kg feed slurry) was added. KOH enhances the water gas shift reaction and therefore
increases the H2-yield [31,32]. It also weakens the intermolecular bonds of the biopolymers
due to its alkaline character [33], which increases decomposition of the macromolecules (in
feed pH = 9,3). The components were mixed and thermally pretreated at temperatures up
to 70 ◦C for two hours in a mixer (Thermomix TM31, Vorwerk Deutschland Stiftung & Co.
KG, Wuppertal, Germany). After cooling, samples of the final slurry were taken to analyze
dry matter content and the elemental composition.

Figure 2. Different size reduction steps of grapevines (scale in cm).

2.2. Apparatus

The laboratory tests are carried out in the “Laboratory Plant for Energetic Utilization of
Agricultural Materials” (German acronym: LENA) at the Karlsruhe Institute of Technology.
LENA is a high-pressure plant that can be operated at temperatures of up to 700 ◦C and
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pressures of up to 30 MPa. The pressure is regulated by a TESCOM back-pressure regulator
(Emerson Automation Solutions, Selmsdorf, Germany). In the present configuration, the
reaction system consists of a preheater, a salt separation, and a gasification reactor (see
Figure 3). Thermocouples are mounted on the outside of reactors. D’Jesus showed, in a
similar reactor with an inner diameter of 8 mm, that the temperature gradient between the
reaction medium and the outside of the reactor wall can be neglected [26]; thus, the outer
temperature measurement is representative of the reaction temperature.

Figure 3. High-pressure laboratory equipment for supercritical water gasification.

The preheater has a length of 750 mm and an inner diameter of 8 mm. It is made
of the nickel-based alloy Inconel 625. Due to an installed liner (stainless steel 316), the
inner diameter is reduced to 3.2 mm. The preheater is heated from the outside by three
electric spiral heaters. Two thermocouples are attached to the outer wall of the pipe for
each heater. The supercritical state of water is reached in the preheater. A T-fitting is located
downstream of the preheater where salt separation takes place. At T > 374 ◦C, inorganic
compounds drop vertically into the salt concentrate (pipe below the T-piece) due to the low
solubility in supercritical water, whereas the biomass slurry is transported to the side to the
SCWG reactor. The salt concentrate is ejected from the system into a collection container
(atmospheric pressure) by a high-pressure valve that opens the outlet of the pipe below the
T-piece for a short time in defined intervals. Within the H2020-project CERESiS, this salt
concentrate is further treated to regain purified water.

The gasification reactor is made of the nickel-based alloy Inconel 625 and has a length
of 1800 mm and an inner diameter of 8 mm. It is heated from the outside by six electric rod
heaters. Nine thermocouples are mounted on the outer wall of the reactor for temperature
monitoring. The reaction mixture is converted into gaseous products in the reactor.

Gas meters (Ritter Apparatebau GmbH & Co. KG, Bochum, Germany) and scales
(Soehnle Industrial Solutions GmbH, Backnang, Germany) are installed to quantify the
products. Liquid and gas samples are taken at regular intervals during the experiment. A
steady-state operating condition for the evaluation is defined in which the gas composition
and gas production are constant.

The system is brought to pressure by pumping water with an HPLC pump and then
heated up. For this purpose, the temperatures are set in the process control system. The
day before the actual experiment with biomass, a preliminary test with ethanol solution
(5 wt.% ethanol) is started. Gasification of this solution brings the system into a liquid–gas
equilibrium. This allows a steady state to be reached more quickly in the main experiment
because the dead volumes of the high-pressure–low-temperature part of the plant will
be filled with a gas mixture with a similar gas composition as the product gas from the
subsequent experiment with biomass. In addition, the system can be checked for leaks
before the main experiment. For the main experiment with biomass, the feed slurry is
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stored in a tank under the same pressure as the experiment. Water is pumped into the tank
by a HPLC pump, which pumps the feed slurry indirectly via a piston (see Figure 4).

Figure 4. Pumping system of the LENA lab plant.

2.3. Analysis

Gas samples of the product gas are analyzed immediately after sampling in the gas
chromatograph 5890 series II plus (Hewlett-Packard GmbH, Waldbronn, Germany) with a
fused silica capillary column (Carboxen 1010 PLOT 30 m, SUPELCO). The volume fractions
of the gas components H2, CO, CH4, CO2, C2H4, C2H6, C3H8, and C3H6 are determined
by a thermal conductivity and a flame ionization detector. Gas samples are taken every
30 min.

During the experiment, small liquid samples are collected out of the effluent streams
in regular intervals. The rest of the effluent streams are collected in a glass container
(total effluent). In the liquid samples and in the total effluent, the Total Carbon (TC) is
determined by combustion and Total Inorganic Carbon (TIC) by acid extraction in a TOC-
analyzer (DIMATOC 2100, DIMATEC Analysentechnik GmbH, Essen, Germany). Total
Organic Carbon (TOC) is determined by subtracting TIC from TC. The concentration of
trace elements (Al, Ca, Cr, Cu, Fe, K, Mg, Mo, Na, Ni, S, Si, and Zn) is determined by
ICP-OES (Inductively Coupled Plasma–Optical Emission Spectrometry) in an Agilent 725
spectrometer (Agilent Technologies, Waldbronn, Germany).

Solid samples are analyzed via SEM-EDX (Scanning Electron Microscope–Energy Dis-
persive X-ray Spectroscopy) in a GeminiSEM 500 (Carl Zeiss AG, Oberkochen, Germany).

2.4. Data Interpretation

The key figures that are necessary for the interpretation of the acquired data (carbon
efficiency (CE), conversion of the total organic carbon (TOC-conversion), and residence
time (τ)) are defined in the following section.

The carbon efficiency (CE) describes how much of the carbon in the feed was trans-
ferred to the gas phase and is defined as:

CE =
∑ βi × xi ×

.
VGas×p

R×T ×Mc
.

mFeed × α
(6)

xi: Concentration of component ‘i’ in the gas product (vol%)
α: Carbon concentration in the feed (wt.%)
βi: Number of carbon atoms of component ‘i’ in the gas product
.

mFeed: Feed mass flow (g/h)
Mc: Molar mass of carbon (g/mol)
p: Pressure (Pa)
R: Universal constant of gases (J/(K ×mol))
T: Temperature (K)
.

VGas: Gas flow under ambient conditions (L/h)
The TOC-conversion TOCconv compares how much TOC ends up in the reactor effluent

to the TOC content of the feed slurry. It is defined as:

TOCconv = 1−
.

mR,e f f luent × TOCR +
.

mS,e f f luent × TOCS
.

mFeed × α
(7)
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.
mR,e f f luent: Mass flow of reactor effluent (g/h)
.

mS,e f f luent: Mass flow of salt concentrate (g/h)
TOCR: TOC content of reactor effluent (mg/g)
TOCS: TOC content of salt concentrate (mg/g)
During the process a big part of the carbon of the feed slurry is converted into various

products such as gases, dissolved inorganic compounds, or organic residue (coke, tar, and
soot). The remaining TOC ends up in the wastewater. The TOC-conversion is thus an
evaluation criterion of the wastewater quality.

The residence time (τ) is calculated according to Equation (8). To determine the mass
content of the reactor, the density under the existing temperature conditions has to be
determined. Therefore, the temperature profile of the reactor is divided into sections of
length l. In these sections, the temperature is assumed to be constant so that the density of
the mixture in the section can be determined and the mass content in the reactor can be
calculated. For simplicity, the density of the mixture is assumed to be the density of water.

τ =
π ×

(
d
2

)2
× l × ρH2O

.
mFeed

(8)

d: Inner diameter of the reactor (m)
l: Length of section with constant temperature (m)
ρH2O: Density of water at given temperatures (kg/m3)
At T = 650 ◦C and p = 28 MPa the density of pure water is ρH2O = 73.51 kg m−3

(value obtained from the IAPWS-IF97). The density of the SCWG product (a mixture of
mainly H2O, CO2, H2, CH4) when gasifying 8 wt.% ethanol has a density of ρproduct =
69.23 kg m−3 (calculated with Aspen HYSYS (Aspen Technology, Bedford, MA, USA)). The
reaction product of ethanol is similar to the product when gasifying biomass. Due to the
small difference between the densities of water and the reaction product of the gasification
of ethanol, only small errors are made when using the density of water to calculate the
residence times.

3. Results and Discussion

In total, seven experiments were conducted (see Table 2).

Table 2. Experimental Conditions of SCWG process.

Experiment Number Feed
Duration TPreheater,max

Interval of Salt
Separation

h ◦C s

1 Reed Canary Grass (8 wt.%) + distilled water 3.5 * 460 180

2 Reed Canary Grass (8 wt.%) + distilled water 6.5 500 120

3 Reed Canary Grass (8 wt.%) + distilled water 2.5 * 500 240

4 Reactor effluent of 2 5.0 500 -

5 Reed Canary Grass (8 wt.%) + reactor
effluent of 1 and 3 4.8 500 120

6 Grapevines (8 wt.%) + distilled water 5.8 500 120

7 Grapevines (8 wt.%) + reactor effluent of 6 4.5 500 120

* Premature end of experiment due to formation of solid deposits in the SCWG reactor.

The pressure of the system was 28 MPa, and the temperature of the SCWG reactor
was set to 650 ◦C. The flow rate was set to 700 g h−1. The duration of the experiment was
limited by the available amount of feed slurry and therefore varies between the experiments.
TPreheater,max describes the maximum temperature that was set in the preheater. Except for
experiment 1, the maximum temperature of the preheater was 500 ◦C. Afterwards, salts are
separated with the help of a high-pressure valve that opens in certain intervals (see Table 2
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for the chosen intervals) for a very short time (20 ms). In experiments 1 and 3, the interval
was extended. Both experiments (1 and 3) ended prematurely due to formation of solids in
the SCWG reactor. For that reason, the other experiments were conducted with an interval
of 120 s.

3.1. Gasification of Reed Canary Grass

To investigate the influence of the recycling of the reactor effluent gasification, experi-
ments with the grass Reed Canary Grass were conducted (see Table 3). At first, Reed Canary
Grass was mixed with distilled water (as described in 2.1) and gasified (experiment 2). The
TOC content in the feed slurry was 36,115 mg kg−1. The reactor effluent of experiment
2 was then gasified under the same conditions (experiment 4). The reactor effluent had
some inhomogeneities (oily substances) on its surface that could not be detected during
the TOC measurement. These oily substances were also recycled and gasified. Due to
the inaccuracies in the TOC-measurement, CE and the TOC-conversion might deviate in
experiment 4. Due to the low organic carbon content of the effluent, a high gasification
efficiency could be reached. As the proportion of organic components decreases, the relative
excess of water increases, which results in an increased conversion efficiency [34]. The
mixing of organic components with supercritical water is favored by a small amount of
organic matter. This leads to better splitting of organic components towards gases [35].
Nanda et al. and D’Jesus observed an increase in gasification efficiency with decreasing
organic content [26,36]. A lower organic content also results in a higher hydrogen yield [34].
This has been experimentally confirmed by Lu et al. and Nanda et al. [36,37]. The H2
content in the product gas of the gasified reactor effluent is significantly higher (about 46%)
than in the product gas of gasification experiments with biomass (about 31%) (see Figure 5).
The high CE and the high H2 content indicate that the reactor effluent can be efficiently
gasified and could be used for creating new feed slurries.

Table 3. Results of gasification experiments.

Experiment Number Feed CE
%

TOC-Conversion
%

TOC Content in
Effluent
mg kg−1

1 Reed Canary Grass (8 wt.%) + distilled water 67.35 89.69 3765

2 Reed Canary Grass (8 wt.%) + distilled water 59.14 83.83 3204

3 Reed Canary Grass (8 wt.%) + distilled water 57.73 86.85 3230

4 Reactor effluent of 2 102.73 59.32 1311

5 Reed Canary Grass (8 wt.%) + reactor
effluent of 1 and 3 55.31 86.11 3902

6 Grapevines (8 wt.%) + distilled water 55.18 86.20 3027

7 Grapevines (8 wt.%) + reactor effluent of 6 51.80 86.51 3805

Figure 5. Gas composition of experiments with Reed Canary Grass for three different feeds.
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Two further experiments (experiment 1 and 3) were conducted under similar condi-
tions as experiment 2 to produce additional reactor effluent. The TOC content of the reactor
effluents was similar to experiment 2 (see Table 3). The dry biomass was then mixed with
the reactor effluents (instead of distilled water) to create a feed slurry with recycled process
water (experiment 5).

The TOC content of the feed slurry with recycled reactor effluent was
42,044 mg kg−1. The experiments show that the recycling of process water does not
influence the gas composition of the product gas. In both experiments, the content of H2
is 31%, CO2 is 48%, and CH4 is 16%. The carbon efficiency decreases slightly by about
4% from 59.1 to 55.3% when the effluent is recycled (as shown in Figure 6), which is most
probably due to the higher TOC content of the feed.

Figure 6. Carbon efficiency and TOC content of reactor effluent of gasification experiments with Reed
Canary Grass for three different feeds.

In general, CE is low under the selected process conditions. Due to high flow rates
(700 g h−1), the residence time is short, which affects CE negatively. Gasification rates
increase with increasing residence time due to further cracking of biomass molecules.
This has been demonstrated experimentally in many studies [26,37,38]. In the conducted
experiments, the residence time is 57 s in the section of the SCWG reactor with temperatures
higher than 600 ◦C. Earlier work at the Karlsruher Institute of Technology with corn silage
(5 wt.%) in a similar lab plant showed comparable CEs in this range of residence times
(τ = 50 s; CE = 60%) [39].

The TOC-conversion is about 0.85 in both experiments, but the reactor effluent of
the experiment with recycled process water shows a higher TOC content than the reactor
effluent of the experiment with distilled water due to the higher TOC content in the feed
slurry. As shown in Table 4, the content of all detected organic compounds rises when the
effluent is recycled, especially the concentration of phenols. Regarding SCWG, phenols
are relatively inert [19] and thus might accumulate when recycling the effluent more often.
Further investigation on rising TOC content is needed in order to determine how often the
reactor effluent can be recycled without excessive enrichment of TOC in the effluent.

Table 4. Organics in reactor effluents of the experiments with Reed Canary Grass (in mg L−1).

Effluent of
Experiment Formic Acid Acetic Acid Resorcinol Phenol

2 640 57 177 361
5 742 76 187 618

To avoid corrosion and solid deposits, the content of other elements, especially salts
and metals, has also to be monitored. As shown in Table 5, the concentration of calcium,
phosphorus, zinc, aluminum, and magnesium is approximately the same in the reactor
effluent after recycling.
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Table 5. Elemental composition of effluents of experiments with Reed Canary Grass (in µg mL−1).

Effluent of
Experiment Al Ca K Mg Na S Si Zn P

2 <2 (0.1) 2.51 2180 <0.8 (0.1) 46.1 20.6 75.5 <0.2 (0.02) 6.8
5 <2 (0.3) 2.12 3850 <0.8 66.2 43.4 102 Not detected 5.8

The concentrations of sodium, sulfur, and silicon rise when the reactor effluent is
recycled but remain at a low level. The most significant change can be seen with potassium.
The concentration of potassium rises from 2180 to 3850 µg mL−1 when the reactor effluent is
reused. The implemented salt separation does not separate the salt components efficiently
(detailed description in Section 3.3) but limits the accumulation of salt building elements
and metals in the reactor effluent.

Most of the experiments were only conducted once due to limited time and resources
and the high effort it takes to prepare and conduct the experiments. One experiment
was repeated (experiment 2 and 3) to produce additional reactor effluent. In these two
experiments the carbon efficiency deviated only 1.4%. A possible source of error in TOC
measurement and in CE are the inhomogeneities in the reactor effluent, which contains a
small amount of an oily phase that is too small to be separated (as stated above).

3.2. Gasification of Grapevines

In a second set of experiments grapevines were studied under the same conditions
as Reed Canary Grass. At first, the milled grapevines were mixed with distilled water (as
described in Section 2.1) to create a feed slurry with about 8% dry mass and then gasified
(experiment 6). The reactor effluent of this experiment was then used to create the feed
slurry for the second experiment with recycled process water (experiment 7). KOH and
xanthan were also added. The TOC content of the feed slurry with distilled water was
35,120 mg kg−1 and with reactor effluent was 41,876 mg kg−1. The experiments show that
the gas composition is not influenced by the reuse of the process effluent. The yield of
the different compounds varies about ±1% (see Figure 7). In both experiments the mean
content of H2 is 32%, CO2 is 49%, and CH4 is 15%.

Figure 7. Gas composition of gasification experiments with grapevines for two different feeds.

Similar to the findings with Reed Canary Grass, the carbon efficiency decreases from
55.2 to 51.8% when the reactor effluent is recycled (see Figure 8). At the same time the TOC
content of the reactor effluent rises from 3027 mg kg−1 to 3805 mg kg−1. In Table 6, it is
shown that, similar to the gasification of Reed Canary Grass, the content of all detected
organic compounds in the effluent increases when the effluent is recycled. The TOC-
conversion does not change (TOC-conversion = 86%).



Processes 2023, 11, 797 10 of 18

Figure 8. Carbon efficiency and TOC content of reactor effluent of gasification experiments with
grapevines for two different feeds.

Table 6. Organics in reactor effluents of the experiments with grapevines (in mg L−1).

Effluent of
Experiment Formic Acid Acetic Acid Resorcinol Phenol

6 470 32 178 440
7 808 121 312 760

A maximum TOC content of the reactor effluent needs to be defined to avoid too
high TOC contents in the feed when the effluent is reused multiple times. It might also be
possible to reduce the biomass content in the feed to lower the TOC content and therefore
produce process effluent with constant TOC content. This needs to be investigated in
further experiments in the future.

In addition to the TOC content, the concentration of various elements (salt building
elements and metal contaminants) in the effluent is monitored. When the effluent is
recycled, the contents of most contaminants (aluminum, calcium, sodium, sulfur, and zinc)
are not affected, as can be seen in Table 7. These elements either get separated in the salt
concentrate or form solid deposits and therefore do not accumulate in the reactor effluent.
A rise in the concentration of potassium from 2430 to 2840 mg µL−1 can be seen. This could
also be observed in the gasification of Reed Canary Grass (see Section 3.1), although the
accumulation is not as significant during the gasification of grapevines.

Table 7. Elemental composition of reactor effluents of experiments with grapevines (in µg mL−1).

Effluent of
Experiment Al Ca K Mg Na S Si Zn P

6 <2 (0.06) <2 (1) 2430 <0.8 (0.06) 33.3 4.1 26 n.d. n.d.
7 <2 (0.3) 6.06 2840 <0.8 (0.3) 31.7 6.8 15.9 n.d. <4 (3.2)

n.d. = not detected.

The recycling of reactor effluent when gasifying grapevines shows only minor disad-
vantages regarding CE and the accumulation of TOC in the effluent. In future experiments,
the accumulation of potassium in the effluent can be avoided by not adding KOH to the
feed when K+ is already contained in the effluent. The same accounts for the gasification of
Reed Canary Grass.

3.3. Separation of Salts

Separation of salts is important during the process of SCWG since salts can form
solid deposits, cause blockage of the flow [16,40], and also enhance corrosion rates at
T > 500 ◦C [19,40–42]. As described in Section 2.2, the salt separation is realized in the form
of a T-fitting where salts are supposed to drop vertically down into the salt concentrate
due to low solubility in supercritical water at T > 374 ◦C and due to gravity. The organic
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material and water leave the T-fitting upwards in an angle of 45◦ to the SCWG reactor
where the organics are gasified (see Figure 9).

Figure 9. Design of salt separation in LENA plant for the current experiments.

The temperature at this T-fitting was T = 388 ± 3 ◦C during all experiments and
thus slightly supercritical (measurement on the outside of the T-fitting). Above its critical
point water acts as an nonpolar solvent [43] in which salts generally dissolve poorly. The
change in solubility with rising temperature depends on the kind of salt and therefore
influences the ability to separate the salts by precipitation [23]. In binary salt–water-systems,
it is distinguished between type 1 and type 2 salts [21,44,45]. Type 1 salts (e.g., K2CO3,
NaCl, CaCl2) are soluble in dense supercritical water and only precipitate with further
rise in temperature, whereas type 2 salts (e.g., Na2CO3, K2SO4, Na2SO4) are (almost)
non-soluble [44,46].

Since the temperature of salt separation was at 388 ◦C and thus only slightly above the
critical point of water, not all salts could be sufficiently removed at the T-fitting. This leads
to precipitation of some salts in the SCWG reactor due to the further rising of temperatures.
The composition of solid deposits that are collected from the SCWG reactor after the
experiments cannot be quantitatively detected. The composition of the samples is very
heterogeneous (as shown in Figure 10) and therefore can only be qualitatively described
(see Section 3.4).

Figure 10. Solid sample from SCWG reactor in experiment 5 and experiment 6.

Relevant salt forming elements in the SCWG process are K, P, S, Cl, Ca, Mg, Na,
and Si [47–49]. In Figure 11, the distribution of relevant salt building elements in the
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products of experiment 2 is displayed (distribution of elements is similar in all experiments).
Depending on the element, between 10 and 80% of the feed content can be detected in the
liquid products of the process. Ca, Mg, Na, S, and Si can only be detected to 20% or less. A
total of 80% of K can be detected, 40% in the reactor effluent and 30% in the rinse water
(after the experiments the reactors are flushed with water). Only 10% is separated into the
salt concentrate. As described in Sections 3.1 and 3.2, the accumulation of potassium in
the effluent can be reduced by reducing the amount of potassium that is added to the feed
slurry when creating the feed slurry with recycled process water. The mass deficit of all
elements, which is displayed in Figure 11, is very high (except for potassium). Most of it
can be assumed to be solid deposits in the reaction system, especially in the SCWG reactor,
which can only be partially collected. In case of calcium, magnesium, and phosphorus
most of the feed-content is separated either in the salt concentrate or in the form of solid
deposits. Thus, these elements do not accumulate in the reactor effluent when it is recycled,
as can be seen in Table 5.

Figure 11. Distribution of salt building elements in the products of experiment 2 (concentration in
feed = 100%).

Due to the high mass deficit and therefore the high amount of salt deposits that
are formed in the reactor, the salt separation conditions and the hardware installed are
insufficient under the selected process conditions. Salt separation needs to be optimized
to ensure that the precipitating salts are removed before a temperature of approximately
450 ◦C is reached in the SCWG reactor. The geometry of the salt separation T-fitting might
show potential for optimization. A sharper redirection of the flow could result in better
salt separation. In future experiments, an inner temperature measurement should also be
completed to accurately determine the temperature of salt precipitation. Also, the flow
velocity should be optimized.

3.4. Formation of Solid Deposits

Aside from salts that can precipitate and block the flow in continuous SCWG plants,
coke and char formation poses an additional process challenge. Due to the dilution of the
biomass in supercritical water, the contact rate of the biomass molecules with each other
decreases, which inhibits the formation of coke [19]. Therefore, the coke and char formation
rate is smaller than in conventional gasification [50] but cannot be completely neglected.
Coke and char formation can also cause blockage of the flow and decrease the gasification
efficiency [50–52]. Two of the conducted experiments had to be stopped prematurely due
to blockage of the flow in the SCWG reactor. After the end of these experiments, the reactor
was opened and solid deposits were removed using a drill. The same procedure was also
applied when the experiment was finished according to plan. In all experiments (except for
experiment 4 where only the reactor effluent was gasified), solid deposits were found in the
top section of the SCWG reactor (about 300–500 mm from the top) in which a temperature
of 500 ◦C was set. An additional indication of the formation of solid deposits is the poor
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carbon balance of the experiment in the range of 70 to 80%. The collected samples were
dried and analyzed via SEM-EDX.

The composition cannot be analyzed quantitively due to the heterogeneity of the
solids (see Figure 10) but can be qualitatively analyzed. Many different structures can be
seen by SEM-EDX analysis of the solid sample of experiment 5 (see Figure 12). Part of the
solid deposit is made up mainly by carbon (area 3). This is visible in the EDX analysis
(see Figure 13). Spherical structures can be seen that are fused together in stacks. Spheri-
cal carbon structures are known from hydrothermal processes, especially hydrothermal
carbonization (HTC) [53–56]. The HTC process is used to synthesize spherical carbon
structures. According to Sun et al. and Li et al., the formation of the carbon spheres follows
the LaMer model [56,57], which mainly consists of two steps: nucleation and growth [58].
Sun et al. investigated the HTC of glucose [56]. It is proposed that glucose polymerizes
to form aromatic structures and oligosaccharides. Due to further dehydration of these
intermediates, nuclei are formed. These nuclei grow due to diffusion of further organics to
the surface of the nuclei [56]. During long reaction times, cross-linking and polymerization
of spheres can lead to irregular structures [59]. This effect can also be seen in Figure 12. Mul-
tiple spheres are fused together and have formed stacks. The sphere formation from glucose
has been studied in autoclaves at T < 200 ◦C by many authors [56,57,60,61]. Zheng et al.
investigated HTC of starch at temperatures of 500 to 600 ◦C [62]. They also found spherical
structures, with some spheres fused together. As outlined, the formation mechanism and
carbon structures are well described for the process of HTC. In the process of SCWG, the
formation of solid carbon is supposed to be limited [19]. In this work, the solid deposits
occurred in the SCWG reactor (T > 500 ◦C). Since the solid samples cannot be collected
during the experiment and quenched down to room temperature, the point in time that
these spherical structures are formed cannot be determined. The solids were collected after
the lab plant cooled down to room temperature. While cooling down, the temperature
range of HTC (typically 160 to 250 ◦C [13]) is passed. A possible origin for the spherical
structures could be the formation under the temperature conditions of HTC.

Figure 12. SEM recordings of solid deposits of experiment 5.

Spherical structures that are stuck together can also be seen in the SEM recordings of
the solid deposits of experiment 6 (see Figure 14). The spherical structures are also made up
of carbon in this case (see Figure 15) but are larger than in the solid sample of experiment 5.

In area 1 clusters can be seen. These structures consist mainly of silicon in the form
of silicon oxide (see Figure 13). Under the conditions of supercritical water gasification,
silicon oxide seems to form clusters. Since the solid deposit is mainly made of silicon, the
separation of silicates, such as K2(SiO2)n [48], needs to be optimized or a biomass with
low silicon content needs to be selected in order to avoid solid deposits and eventually
blockage of the flow in the SCWG reactor. Silicon also makes up part of the solid sample of
experiment 6, but potassium makes up the biggest part in the form of planar structures (see
Figures 14 and 15). As described in Section 3.3, potassium does not become separated by
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the salt separation sufficiently. This can result in solid deposits in the SCWG reactor as can
be seen in experiment 6. Thus, no KOH should be added to the feed when K+ is already
contained in the recycled effluent.

Figure 13. EDX analysis of solid deposits from experiment 5.

Figure 14. SEM recordings of solid deposits of experiment 6.

Figure 15. EDX analysis of solid deposits from experiment 6.

Besides the described structures, a planar structure can be seen in area 2. The EDX
analysis (see Figure 13) shows that this structure mainly consists of nickel. Therefore, this
is a corrosion product that originated from the reactor wall. It is known that alkaline salts
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cause corrosion under the process conditions present [42,63]. The reactor wall thickness
needs to be monitored in order to ensure safe operation of the laboratory plant.

Salt building elements (Si, Mg, Ca, P, and K) can also be detected throughout both
samples (see Figures 13 and 15). This indicates that various salt deposits have formed and
thus shows that the salt separation prior to the SCWG reactor is insufficient (as described
in Section 3.3).

The composition of the solid deposits is complex. Corrosion can be minimized by
limiting the amount of the salts in the SCWG reactor. The solid deposits seem to be mainly
made up of salts (especially silicon and potassium compounds). This issue needs to be
addressed by optimizing the salt separation.

3.5. Estimation of Water Savings through Effluent Recycling

In the experiments, the feed slurry was pumped with 700 g h−1. In the slurry, approxi-
mately 640 g h−1 is water. On average, 570 g h−1 of reactor effluent is collected. Due to
separation of the salt brine after the preheater, not the whole amount of water in the feed
slurry can be collected in the reactor effluent. In a continuous process, the deficit (70 g h−1)
needs to be made up with distilled water. This amounts to water savings of 89% when the
complete reactor effluent is recycled (see Equation (9)).

water savings =
.

mreactor e f f luent
.

mwater in f eed
=

570 g
h

640 g
h
= 0.89 (9)

To create a feed slurry with 8 wt.% biomass, for 1 kg of dry biomass usually about
11 kg of fresh distilled water is necessary. With the recycling of process water, only about
1.2 kg of fresh water is needed.

4. Conclusions

It was demonstrated that the recycling of the SCWG effluent to produce new feed
slurry was possible for dry biomasses. The gasification was successful with a grass, Reed
Canary Grass, and a wooden biomass, grapevines. About 89% of the needed water to dilute
the feed can be saved by reusing the effluent. There were only minor differences between
the gasification of the two biomasses. In both sets of experiments the gas composition was
not influenced by the reuse of the effluent. The carbon efficiency decreased only by 4%,
probably due to the higher TOC content of the feed. The TOC content and the content of
potassium rise in the reactor effluent when the effluent is recycled. In order to minimize
accumulation of potassium, the added amount of KOH to the feed needs to be reduced. The
TOC content needs to be monitored to define the maximum recycling cycles. Continuous
experiments with multiple recycling cycles should be conducted in the future to verify the
findings of this study and to find the limitations of the recycling. The salt separation that
was installed was insufficient under the selected conditions. This did not influence the
recycling of the process effluent since most salts built solid deposits in the reaction system
and therefore did not accumulate in the effluent.
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