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ARTICLE INFO ABSTRACT

Keywords: It is important to know the limitations of the supercritical water gasification (SCWG) in terms of behavior of

Sflpercriti“al water different biomasses, especially when determining whether SCWG is a suitable conversion process for a certain

ilo;nass biomass. Ten different biomasses (eight different plant species, of which two were grown in two different sites)
ydrogen

were processed to evaluate this aspect. Moist and dry, woody and grassy biomasses were gasified in the same
experimental setup under similar conditions. Only small differences could be seen in the gasification experi-
ments. The carbon gasification efficiency was 60.3 & 5.1 %, the gas compositions were very similar. Solid de-
posits formed in all experiments in the same temperature zone of the reactor containing coke, salt building
elements and heavy metals, sometimes leading to plugging. Nevertheless, an experimental duration of 6 h could
be achieved for the dry biomasses. The experiment with the moist biomass Reed Canary Grass was ended early
due to plugging of the feed tubing which is due to the different size reduction procedure for moist biomasses
resulting in bigger biomass particles. This emphasizes the importance of sufficient size reduction prior to the
experiment. Potassium addition as a homogeneous catalyst, in form of potassium hydroxide, has proven to be
beneficial regarding gasification efficiency, but poses a threat regarding plugging due to salt deposits in the

Homogeneous catalyst

system.
1. Introduction supercritical water, promoting rapid and homogeneous reactions,
making it a highly effective process for biomass conversion [7].
Cleaning of contaminated soils, groundwater and air is important In the supercritical water, the biomass molecules undergo hydro-
due to the threat that they pose to animals, humans and the environment lyzation and are subsequently further decomposed, according to the
[1]. Phytoremediation is a technology to clean the soil, groundwater and model reactions Eqgs. 1 and 2. The produced gaseous species react ac-
air by the use of plants [2]. Within the EU H2020-project CERESiS cording to the Water-Gas-Shift (WGS) reaction (Eq. 3) and to the
(“ContaminatEd land Remediation through Energy crops for Soil methanation reactions (Egs. 4 and 5) [8-11].
improvement to liquid fuel Strategies”) the phytoremediation of
contaminated soils is investigated [3]. The main focus lies on the CHy 0.+ (2x = 2)H20-3CO; + (2x =2+ 0.5y) M
remediation of }1.ea.\7y-metal contaminated soils. The plants that are used C.H,0, + (x — 2)H,0—~xCO + (x — 7+ 0.5y)H, (2
for phytoremediation are subsequently contaminated and need to be ’
treated in some way in order to avoid secondary contamination [4-6]. CO+H,0< CO, +H, 3)
Within CERESIS the conversion of these plants in the processes of Fast
Pyrolysis (FP) and Supercritical Water Gasification (SCWG) is assessed. CO +3H, < CH, + H,0 4
SCWG is an innovative technology that utilizes water as a reaction
medium to efficiently convert biomass into gaseous products. SCWG CO, +4H, < CH, +2H,0 )

operates at high temperatures (T > 374 °C) and pressures (p > 221 bar),
creating a supercritical state of water. This state allows for exceptional
miscibility with the organic feedstock due to the non-polar character of

Typically, the gas generated through SCWG is predominantly
composed of Hp, CHy4 and CO,, with smaller amounts of Cy and Cs
compounds and CO [12-15]. Considering the global efforts towards
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cleaner and more sustainable energy sources, the production of
hydrogen from biomass using SCWG has obtained significant attention.
Hydrogen is considered a clean fuel crucial for facilitating the transition
from fossil fuels to renewable energy sources [16]. The product gas can
be further upgraded via steam reforming of the produced hydrocarbons
to increase the Hj yield [17]. SCWG provides a promising pathway for
sustainable hydrogen production, utilizing organic biomass resources
and minimizing greenhouse gas emissions.

As described above, in the framework of the EU-project CERESiS the
focus lies on the phytoremediation of contaminated soil around the
globe. As different biomasses can be grown in different parts of the
world due to limitations like climate or soil quality, it is important to
investigate whether there are major differences between different bio-
masses regarding the downstream processing via SCWG. For this pur-
pose, continuous SCWG experiments were conducted with biomasses
from different regions of the world (England, Italy and Brazil) in the
framework of the current study. In addition to the investigation of the
processability, the influence of potassium addition as a homogeneous
catalyst, in form of potassium hydroxide, on the process with biomasses
relevant for the CERESIS project was assessed.

2. Materials and methods
2.1. Preparation of educts

Ten different biomasses were used (eight different plant species of
which two plants were evaluated from two different growing sites) (see
Fig. 1 and Table 1).

They were provided by the CERESiS partners from Scotland, Italy
and Brazil in various forms. The biomasses Silvergrass (lat. Miscanthuts)
and Short rotation coppice were grown in two different locations in
England, abbreviated with ST and HH. The dry biomasses (DM > 90 wt
%) had to be milled to a size of 0.25 mm or smaller. Biomasses E, F, G
and J (see Fig. 1) were milled prior to delivery. The size of biomasses A,
B, C and D was reduced by a mill with a 0.2 mm sieve (Pulverisette 14,
Fritsch GmbH). For biomass I (wooden stems and branches of grape-
vines) two preliminary size reduction steps were carried out: first in a
wood chipper (GE 260, Viking GmbH) to about 2 cm long pieces, then in
a mill with 4 mm sieve (Pulverisette 25, Fritsch GmbH).

Biomass H (RCG) was provided in moist form (DM = 54.2 wt%). The
size was reduced by a meat grinder, as a mill was not sufficient due to the
high water content. In different size reduction steps (see Fig. 2) the size
was reduced below 1 mm. A size analysis has not been performed.Fig. 3.

The reduced size biomass H can be seen in Fig. 2. The biomass is not
in the form of powder and displays small fibers. Except for the different
size reduction pathways, the further feed preparation was carried out in

Fig. 1. Pictures of biomasses as received from project partners (A: PV; B: AD; C:
EC; D: SC; E: ST-MC; F: HH-MC; G: ST-SRC; H: RCG; I: GV; J: HH-SRC; for
abbreviation see Table 1).
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Table 1
Labeling of biomasses in the current study.

English name Latin name Abbreviation in the following text
Switchgrass Panicum virgatum PV

Giant Reed Arundo donax AD

Grapevine Vitis vinifera GV

Silvergrass Miscanthus MC (either grown in HH or in ST)
Short rotation - SRC (either grown in HH or in ST)

coppice
Reed Canary Grass Phalaris arundinacea RCG
Sugar Cane Saccharum SC
officinarum
Energy Cane - EC

Fig. 2. Inner setup of meat grinder and size reduced Reed Canary Grass (RCG)
(Biomass H).

the same way.

The feed slurry was created by adding distilled water to the biomass
powder in such a ratio that a dry matter content of 8 wt%. was achieved.
Xanthan, provided by Carl Roth GmbH, was added as a thickening agent
(0.5 wt%) to prevent phase separation, and KOH (5000 mg K*/kg feed
slurry, if not stated otherwise in the text), provided by Merck KGaA, was
added as a homogeneous catalyst. After the addition of the additives the
feed was thermally pretreated at T =70 °C in a mixer for two hours
under constant stirring (Thermomix TM31, Vorwerk Deutschland Stif-
tung & Co. KG).

Additionally, in four experiments methanol, provided by Merck
KGaA, was added to the feed slurry (2 wt% methanol). With the addition
of methanol, that is easily decomposed under supercritical conditions,
the influence of a hydrogen donor on the gasification efficiency and the
suppression of coke formation in the system was investigated, as
described in Section 2.1.

Before every experiment with the CERESiS biomasses pre-
experiments were carried out with ethanol solution (5 wt% ethanol).
The ethanol was supplied by VWR Chemicals. These pre-experiments
were conducted to reach a gas-liquid-equilibrium in the system prior
to feeding the biomass. With this procedure dead volumes in the lab-
plant are filled with a water phase and gases with very similar compo-
sition like the later experiment and steady-state operation can be
reached more quickly during the main experiment.

2.2. Apparatus

The experiments are carried out in the continuous SCWG-plant LENA
(German acronym for “Laboratory Plant for Energetic Utilization of
Agricultural Materials”). It can be operated at T <700°C and
p < 300 bar. In the present configuration the LENA plant consists of two
main parts: a preheater and SCWG reactor. The preheater is made of a
750 mm long SS316 pipe (9/16 in. outer diameter, 8 mm inner diam-
eter). The pipe is heated from the outside by two spiral heaters. Tem-
peratures are monitored by six thermocouples on the outside of the pipe.
After the feed is preheated to about 350 °C it enters the gasification
reactor which is made of the nickel-base alloy 625 and has a length of
1500 mm (9/16 in. outer diameter, 8 mm inner diameter). Seven spiral
heaters and 21 thermocouples are mounted on the outside of the pipe. In
the reactor the main reactions between organics and water take place to
form mainly gaseous products.

Downstream of the reactor a filter bearing (F01) is installed to collect



J. Dutzi et al.

Vana Preheater
\/‘ ,\/

:

Ethanol
solution

wwsmww

FO1

Sustainable Chemistry for the Environment 5 (2024) 100062

Gas Sample

Liquid Sample

PaN
Reactor Effluent Gas Meter

¥ Gas Sample

™ Liquid Sample

Flue Gas

A

Salt Brine Gas Meter

Fig. 3. Process scheme of the LENA plant in the current configuration.

solids and tars that formed in the process. Salts that precipitated in the
supercritical state of water (in the gasification reactor) might re-dissolve
in the cooled water in the filter bearing. The formed salt brine can be
retracted from the sump of the filter bearing by a two needle-valves, that
open shortly after each other (20 ms) and act as a sluice. They open
every 5 min and separate about 3 ml of salt brine into a glass container.
The product gas and the reactor effluent leave the filter towards the
back-pressure regulator (BPR) provided by Tescom. After the BPR fol-
lows the phase separation. Gas and liquid samples can be collected and
analyzed. The products are quantified using scales and gas meters.

To start up the experiment the system is pressurized with water using
a high-pressure pump by Prominent and subsequently heated. To reach a
gas-liquid-equilibrium in the system ethanol solution is gasified prior to
feeding the biomass. With this procedure steady-state operation can be
reached faster during the main experiment. The ethanol solution is fed
into the system by a HPLC pump during the night before the experiment
with biomass. For the biomass experiment the feed slurry is stored in a
pressurized tank. A water-driven piston pumps the feed into the system
in defined amounts (for details see [18]). Pressure, flow and tempera-
tures are set and monitored in the process control system.

2.3. Analysis

The gas samples obtained from the product gas are subjected to
immediate analysis using the gas chromatograph 5890 series II plus
(Hewlett-Packard GmbH), equipped with a fused silica capillary column
(Carboxen 1010 PLOT 30 m, SUPELCO). The thermal conductivity and
flame ionization detectors are utilized to determine the volume fractions
of gas components, namely Hy, CO, CHy4, CO,, CoHy4, CoHg, C3Hg and
CsHpg. Gas samples are collected in 30-minute intervals.

Throughout the experiment, small liquid samples are regularly
collected from the effluent streams. The remaining effluent streams are
collected in a glass container, forming the total effluent. The Total
Carbon (TC) content in both liquid samples and total effluent is deter-
mined through combustion, while Total Inorganic Carbon (TIC) is
extracted through acid extraction in a TOC analyzer (DIMATOC 2100,
DIMATEC Analysentechnik GmbH). Total Organic Carbon (TOC) is then
calculated by subtracting TIC from TC. The concentration of trace ele-
ments, such as Al, Ca, Cr, Cu, Fe, K, Mg, Mo, Na, Ni, S, Si, and Zn, is
determined using ICP-OES (Inductively Coupled Plasma-Optical

Emission Spectrometry) with an Agilent 725 spectrometer (Agilent
Technologies).

For the analysis of solid samples, SEM-EDS (Scanning Electron
Microscope-Energy Dispersive X-ray Spectroscopy) is performed using a
GeminiSEM 500 instrument (Carl Zeiss AG).

2.4. Data interpretation

To interpret the acquired data the carbon efficiency CE and the TOC-
conversion are calculated, using data from steady state operation.
Steady state is achieved once gas amount and gas composition are
constant. This is ensured by frequent measurement of these variables, as
described in Section 2.3.

Carbon Efficiency (CE) quantifies the fraction of carbon present in
the feed that undergoes transfer to the gas phase during gasification. It
serves as a significant indicator, describing the effectiveness of con-
verting organic components within the feed solution into gaseous
products. The properties of these gases are estimated using the ideal gas
law. CE is calculated as follows:

R
Mpeeq * A

V Gas
CE DBk x —Gi‘;” * M.,

(6)

x; Concentration of component ‘i’ in the gas product (vol%).

a Carbon concentration in the feed (wt%).

p; Number of carbon atoms of component ‘i’ in the gas product.

Treeq Feed mass flow (g/h).

M, Molar mass of carbon (g/mol).

p Pressure (Pa).

R Universal constant of gases (J/(mol*K)).

T Temperature (K).

VgesGas flow under ambient conditions (1/h).

TOC-conversion quantifies the fraction of Total Organic Carbon
(TOC) present in the feed slurry that undergoes conversion into various
forms, gases, dissolved inorganic compounds, and organic residues such
as coke, tar, and soot. This conversion figure serves as a significant in-
dicator, providing insights into the quality of the wastewater. The TOC-
conversion is defined as follows:

_ mR.zﬁZucnt * TOCR + mé‘.cjﬂuem * TOCS

TOC oy = 1 )

mFeed *a
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TR efriencMass flow of reactor effluent (g/h).

Mg efuencMass flow of salt concentrate (g/h).

TOCRTOC content of liquid ‘i’ (mg/g).

TOCsTOC content of salt concentrate (mg/g).

To assess the deviation of the results the mean value p and the
standard deviation ¢ are calculated according to Eq. 8 and eq. 9.

u:%i‘xi ®

9

nNumber of values considered (-).
x;Value of sample i (%).

3. Results and discussion

The SCWG experiments were conducted with a reaction temperature
of 650 °C and a pressure of 280 bar. Higher temperatures would be
beneficial regarding CE and TOC conversion [19-21] but due to limi-
tations of the used reactor material are not possible. The pressure was
chosen out of experience. Generally, a change in pressure does not have
significant influence on CE, as shown in [20,22]. The biomass content in
the feed slurry was 8 wt% and the flow rate was set to 200 g h™l. The set
temperature profile can be seen in Fig. 4. The set temperature profile
resulted in a 900 mm long zone in which the temperature was greater
than 600 °C (relevant for gasification; mean residence time in this zone
was 65 s).

3.1. Influence of the addition of potassium hydroxide and methanol to the
biomass slurry on the gasification efficiency

The influence of hydrogen that is present in the reaction system on
the coke formation during the gasification of biomass was investigated
by adding methanol to the feed slurry. Methanol is a molecule that can
easily be gasified under the conditions of SCWG [22-24]. Boukis et al.
found that methanol is completely gasified at temperatures of 600 °C
and decomposition is already measurable at temperatures of 400 °C
[22]. In the process of methanol gasification hydrogen is formed early in
the system. The present hydrogen could inhibit coke formation as
already described in other processes like mild pyrolysis [25] or oil
upgrading [26] where hydrogen is introduced to reduce coke formation.
In hydrothermal liquefaction hydrogen introduction to the system by
either directly feeding it [27] or by feeding a hydrogen donor like
methanol [28] or tetralin [29] decreased coke formation noticeably.
Even though coke formation is generally reduced in the environment of
SCWG due to the high water surplus and thus low contact rates of

700
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biomass molecules [30,31] it cannot be neglected as prior work shows
[18]. In comparison, in experiment 5 no methanol was added (see
Table 2).

The influence of the added methanol is assessed by comparing
experiment 5 (no methanol, 5000 ppm K1) and experiment 4 (2 wt%
methanol, 5000 ppm K*). When comparing the CE, experiment 4 dis-
plays an 7% higher CE (see Table 2). The gas composition is very
different, as shown in Fig. 5. Much more hydrogen is present in the
system during experiment 4, as expected from the gasification of
methanol.

To evaluate whether PV was gasified better in presence of methanol
(less carbon deposits), the CE of experiment 4 is corrected by the gasified
amount of carbon that originates from methanol. Methanol can be
considered completely gasified under the present conditions [22]. When
correcting CE to only the carbon originating from PV, CE is 69.8 % and
thus nearly the same as during experiment 5.

From these results it can be concluded that more hydrogen is present
in the system when methanol is added to the feed, as displayed in Fig. 5.
With 2 wt% methanol this amount of hydrogen is either not enough to
suppress coke formation or the idea of introducing hydrogen to the
system to reduce coke formation is not valid in case of SCWG. Either way
further investigation with higher concentrations of methanol or other
easy to decompose substances should be conducted in the future.

Secondly, the influence of alkaline catalysts on the process of SCWG
was investigated. Ions of alkaline metals are known as homogenous
catalysts in the process of SCWG [32,33]. They increase the gasification
efficiency and catalyze the WGS shift reaction, thus increase the
hydrogen content of the product gas [11,34]. This has been described in
experiments with the biomass model compound glucose by Sinag et al.
[35]. They were able to significantly increase the Hy yield. D’Jesus
found that the addition of potassium in form of KHCOj3 increased the
gasification efficiency during corn starch gasification from 82 %
(0 ppm K™) to 92 % (500 ppm K™) [20]. Additionally, alkaline metals in
form of KOH or NaOH weaken the intermolecular bond between
biomass macromolecules due to their alkaline character [36]. Thus,
these macromolecules are easier to break and thus gasify.

A downside of the addition of the alkaline metals is that they form
solid salts in the process that can precipitate [37-39] and can cause

Table 2
Experiments varying K* concentration and methanol addition (Treaction =
650 °C, p = 280 bar).

Exp. Nr. Methanol / wt% K* / ppm CE/ % TOC conversion / %
1 2 0 61.0 94.8
2 2 1000 64.8 95.1
3 2 3000 63.3 96.0
4 2 5000 75.0 95.0
5 - 5000 68.0 94.8
.
e o * o * o .
. * .o .
L
° L
400 600 800 1000 1200 1400

Length of Reactor / mm

Fig. 4. Outside temperature profile, representative of the conducted experiments.
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Fig. 5. Gas composition without and with addition of methanol (Tgreaction =
650 °C, p = 280 bar).

blockage of the flow and blockage of the flow [21,40]. This has also been
reported by the authors’ previous publication [18].

To investigate the influence of potassium on the biomass PV, the
potassium concentration was varied between 0 and 5000 ppm (see
Table 2). Potassium was present in the feed in form of KOH. The biomass
slurry was thermally pretreated at mildly elevated temperatures [41,42]
(a temperature of 70 °C) in a mixer after the addition of KOH to enable
alkaline hydrolysis. Additionally, 2 wt% of methanol was added in ex-
periments 1, 2, 3 and 4.

The conducted experiments displayed that the gasification efficiency
increased from 61 to 75 % with increasing potassium concentration from
0 to 5000 ppm (see Fig. 6). Since the gas volume increased and the TOC
conversion of these experiments was the same (as displayed in Table 2),
it can be assumed that less coke formed in the process. This possibly
originates from the alkaline pretreatment which enables easier splitting
of the biomass molecules. This assumption is supported by the duration
of the experiments which is limited by the formation of solid deposits
and thus by plugging of piping. While a duration of 8 h was the set goal,
only the experiments with 3000 and 5000 ppm K ' were able to reach it.
The experiment without added K* ended after 7 h and the experiment
with 1000 ppm K after 6.5 h due to plugging of the gasification reactor.
The experiments with higher concentrations also showed deposits after
opening the reactor but to a smaller extend.

The gas composition was also influenced by the addition of KOH (see
Fig. 7). The amount of hydrogen increased from 44 to 50 vol% when the
potassium concentration was increased from 0 to 3000 ppm. As the
produced amount of gas simultaneously increased from 1.02 to 1.15
NIggs e the absolute hydrogen amount produced increased as well. At
5000 ppm K the hydrogen content decreased. This might be an outlier,
since the WGS is catalyzed by potassium and thus the Hy should have
further increased [35]. The WGS should also increase the CO5 concen-
tration in the product gas according to Eq. 3. This is not the case in the
present experiments. A possible reason for this could be the increased
formation of KHCO3 or KoCO3 with increasing amount of CO2 present,
according to Eq. 10 [43].

0 1000 2000 3000 4000 5000 6000
K* Concentration / ppm

Fig. 6. Carbon Efficiency (CE) in dependency on potassium concentration in
the feed with 2 wt% methanol in the feed (Treaction = 650 °C, p = 280 bar).
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Fig. 7. Gas composition in dependency on potassium in the feed (with indi-
cation of maximal and minimal value) (Treaction = 650 °C, p = 280 bar).

KOH + CO, < KHCOs 10)

In all cases the pH value dropped from pH = 9.3 + 0.1 in the feed to a
pH = 6.5 £ 0.3 in the reactor effluent. Thus, most of the potassium is
presumably not present in form of KOH anymore.

Potassium is not known to enhance the methanation reaction [44].
Thus, the methane content is relatively stable. The ethane content
slightly increases with increasing potassium in the feed. This might be
due to the better splitting of the macromolecules due to the alkaline
character [36].

As stated at the beginning of this section a downside of the addition
of alkaline metals is the formation of salts that can possibly deposit and
thus need to be removed from the mixture at some point [45,46]. Once
supercritical temperatures are reached salts are beginning to precipitate
due to decreasing solubility. Salts are separated in two groups, type 1
and type 2 salts [38,39,45]. Type 2 salts are poorly soluble in super-
critical water (e.g. KoSO4) while type 1 salts only begin to precipitate at
further elevated temperatures (e.g. K2CO3) [37,45]. The precipitating
salts can cause corrosion at T > 500 °C [30,47-49] and blockage of the
flow as described by Dutzi et al. [18]. A salt separation was not per-
formed prior to the reactor. A filter bearing was installed after the
gasification reactor to collect precipitated salts that were transported
downstream. A salt separation prior to the gasification reactor would
increase the complexity of the lab-plant, as the arrangement of preheater
and reactor would need to be changed. An additional salt separation
device would need to be implemented in the hot part of the reaction
system. This could lead to leakages, as the number of screw connections
increases. Additionally, such a salt separation would also separate part
of the organic matter of the preheated feed and thus decrease the
amount of gasifiable carbon. Possible benefits would be the reduced risk
of solid deposits in the reactor if the salt separation work sufficiently. To
implement such a salt separation is possible, as shown in [18]. For the
present study of the influence of biomasses it was chosen not to imple-
ment a salt separation prior to the gasification reactor to keep the

100 * . M M ] * M
X
S 90
3
80
S 70
'g 60 O Mass Deficit
§ 50 B Salt Brine
k% [ Reactor Effluent
o 40
p— FO1 Liquid
C
< 30 .-E:.‘ W FO1 Solids
E 20 B8

7

5w o 7 —
“ o E U = = =

Ca

K

Mg Na S Si P

Fig. 8. Distribution of salt building elements in the products for experiment 2
(1000 ppm K* added) (Tgeaction = 650 °C, p = 280 bar).



J. Dutzi et al.

process as simple as possible.

In Fig. 8 the distribution of salt building elements in the product
fractions is displayed for experiment 2. For all elements the mass bal-
ance is poor, at maximum 30 wt% of the fed masses can be detected in
the products. Possible reasons for this can be dilution of the salt building
elements in liquid effluents below detection limits and also the forma-
tion of solid deposits in the system. These solid deposits that were not
transported to the filter bearing and stayed in the gasification reactor
cannot be collected to analyze them quantitively. Thus, in general a salt
separation prior to the gasification reactor is recommended, as the salt
do not reach the filter after the gasification reactor.

Since the salt separation is very poor and most salt building elements
remain in the system, especially potassium poses a threat to plugging the
reactor, as the mass that stays in the system is the highest of all salts due
to the addition of KOH as homogeneous catalyst. In all experiments
where KOH was added the mass balance was not complete, as shown in
Fig. 9. In case of no added KOH, 60 wt% of the potassium in the biomass
could be detected in the products. The worst mass balance appeared in
case of 1000 ppm K'. The more potassium was added into the feed the
better the mass balance was due to an increased amount of potassium
leaving the system in form of reactor effluent, either detected in the
reactor effluent or in the filter of the reactor effluent. Almost no potas-
sium deposited into the salt brine collected at T < 100 °C. Even though
the mass deficit decreased with increasing amount of KOH added, the
absolute amount of potassium that remained in the system increased as
shown in Table 3 when processing the same amount of feed. In order to
avoid excessive deposits, the potassium concentration was not further
increased beyond 5000 ppm.

3.2. Influence of the biomass type on the gasification in SCWG

SCWG is supposed to be able to process a wide variety of biomasses,
either moist or dry. In literature it has been reported that kitchen waste,
animal manure, sewage sludge, dry plants and many more biomasses
have been gasified [21,50-52]. For example, D’Jesus et al. found that
corn silage and clover grass were equally gasified and produced similar
product gases [32]. Dutzi et al. have previously gasified two different
dry biomasses (Reed Canary Grass and grapevines) and found that they
behaved similarly in the system [18]. It is important to understand the
influence of the biomass on the process of SCWG. In the case of CERESIS,
it must be known if some plants need to be excluded for the phytor-
emediation because a subsequent processing in SCWG would not be
possible. For this purpose, ten different biomasses were evaluated under
the same conditions. The feed was prepared according to Section 2.1.
The biomasses are listed in Table 4. They are very similar in composi-
tion, e.g. the carbon content is for example 45.0 + 2.0 wt%. The
appearance though is very different (as displayed in Fig. 1). The biomass
GV for example is a woody biomass while MC is a grass. Thus, in these
experiments a wide range of differently structured plants is covered.

The experiments displayed quite similar results. The mean CE is 60.3

100 —
X
- 90
3
\ 80
c 70
2
g 60 OMass Deficit
,g 50 @ Salt Brine
.g 40 [MReactor Effluent
2 3 FO1 Liquid
‘g 20 WFO1 Solid
olids
o 10 7
E .
w

0 1000 3000
K* Concentration / ppm

Fig. 9. Potassium distribution in products during experiments with different
potassium concentrations in the feed (Treaction = 650 °C, p = 280 bar).
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Table 3

Amount of potassium remaining in the system.
Added K* / ppm 0 1000 3000 5000
K" in Feed / ppm 180 1110 2940 5050
Mass Deficit / % 40.3 69.8 56.9 45.1
Mass Deficit / ppm 72.5 774.9 1674.0 2275.3
Mass remaining in system* / g 0.15 1.55 3.35 4.55

" when 2 kg of feed were pumped into the system

Table 4
Dry Matter (DM) content of biomass and elemental analysis (CHNO) based on
dry matter (in wt%).

Exp. Nr. Biomass DM C H N (6]
5 PV 97.7 43.6 6.4 0.4 46.8
6 SC 92.8 43.2 6.0 0.7 n.d.
7 AD 95.5 43.1 6.4 0.4 46.2
8 GV 95.1 47.1 4.5 1.2 47.2
9 ST-MC 99.4 45.9 6.9 0.8 40.7
10 ST-SRC 100.0 47.7 7.4 0.5 42.3
11 HH-MC 99.6 45.2 6.8 0.5 41.3
12 HH-SRC 100.0 48.2 7.0 0.6 42.1
13 RCG 54.2 43.7 9.2 1.3 45.8
14 EC 93.5 42.4 6.1 0.7 n.d.
Mean p 45.0 6.7 0.7 44.1
Standard deviation ¢ 2.0 1.1 0.3 2.5

*n.d. = not determined

% with a standard deviation of 5.1 % (as can be seen in Table 5). The
ability to gasify the different plants was thus similar. Regarding the
gasification efficiency no differences was detectable between moist
biomass like RCG (CE = 59.4 %) and the dry biomasses (mean CE of dry
biomasses p = 60.4 + 5.4 %). Thus, the ability to gasify biomasses does
not seem to depend on the degree of humidity of the biomass. Seem-
ingly, biomasses with similar elemental composition (see Table 4), if
moist or not, if woody or grassy, can similarly be gasified. Assuming
Gaussian distribution of the CE of similar biomasses, a typical signifi-
cance interval ( + 20) can be set (see Fig. 10). With this tool, future
biomasses can be evaluated regarding the ability to gasify them. In case
the CE lies inside the significance interval no significant deviation can be
detected. If for example, calculating the mean and standard deviation
without considering the biomass EC (i.e. prior to the last experiment) it
becomes clear that the gasification of EC falls into this interval and thus
is not significantly different from the other results.

When visualizing the gas compositions (Table 5) in box plots (see
Fig. 11) it becomes clear that the gas compositions of the gasification of
different biomasses are quite similar. The variance in CyHg content (3.8
+ 0.7 vol%) and in CH4 content (16.9 &+ 1.8 vol%) is very low. In Hy
content and CO- content more variance is visible. 33.5 & 3.2 vol% of Hy
are formed. In case of RCG (moist biomass) most hydrogen formed

Table 5
Carbon Efficiency (CE) and gas composition of different biomass experiments
under same conditions.

Exp. Nr. Biomass CE H, CH4 CO, CoHg

% vol% vol% vol% vol%
5 PV 68.0 34.4 17.7 42.3 3.8
6 SC 55.0 37.3 17.7 39.8 3.7
7 AD 68.2 33.9 19.6 39.4 4.9
8 GV 53.2 35.2 16.7 43.4 3.4
9 ST-MC 60.4 27.9 16.6 48.8 4.5
10 ST-SRC 65.1 32.3 19.2 42.1 4.3
11 HH-MC 55.6 31.7 17.3 44.7 4.1
12 HH-SRC 57.0 30.3 13.2 52.6 2.6
13 RCG 59.4 39.7 15.0 41.6 2.5
14 EC 60.7 32.7 16.2 45.6 3.9
Mean p 60.3 335 16.9 44.0 3.8
Standard deviation ¢ 5.1 3.2 1.8 3.9 0.7
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Fig. 10. Carbon Efficiency (CE) of different biomass experiments in Gaussian curve (Treaction = 650 °C, p = 280 bar).
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Fig. 11. Gas compositions of different biomasses (Tgeaction =
650 °C, p = 280 bar).

(39.7 vol%). This might be due to the fact that RCG shows a higher
hydrogen content in the dry biomass (see Table 4). Possibly it is also
beneficial to feed the biomass in moist form to generate more Hs. In case
of CO4, 44.0 £ 3.9 vol% are formed. HH-SRC showed deviations in the
CO5 and CH4 content (outliers in Fig. 11).

One significant difference appeared in the gasification of moist and
dry biomass. The experiments with dry biomass all lasted at least 6 h
prior to clogging, except for the biomass GV, but this must have been an
outlier as Dutzi et al. showed that this biomass is equally gasified as
grasses with similar elemental composition [18]. With RCG, which was
the only biomass processed in moist form, the experiment ended after
3 h but not due to formation of solid deposits in the reaction system but

due to blocking of the feed tubing. As described in Section 2.1, RCG was
ground up with a meat grinder to a size smaller than 1 mm. As the feed
tubing has an inner diameter of 2.5 mm this size reduction was not
sufficient. In future experiments with moist biomasses a different size
reduction approach needs to be chosen.

As described above the gasification efficiency is far from 100 %.
Some carbon remained in the reactor effluent, but only in small amounts
(TOCeffluent = 2000 =+ 510 ppm). Since the TOC-conversion was 95.3
+ 0.8 % in all cases and almost no TIC was detectable most of the carbon
that did not form gaseous products deposited in some way. Additionally,
tarry material formed that could not be quantified. After all experiments
solid deposits were found in the gasification reactor about 50 cm from
the top (set temperature on the outside 500 °C). In some cases, these
deposits led to blockage of the flow and thus to an early end of the ex-
periments. Dutzi et al. described this phenomenon in detail based on
Reed Canary Grass and grapevines [18]. They found that these deposits
consist of coke and salts that precipitate in the process. This can be
confirmed by the EDS-analysis of solid deposits that were mechanically
removed from the gasification reactor after these experiments (see
Table 6). The solids in the reactor mainly consisted of carbon and sec-
ondly of salt building elements like Si, K and Ca. Not all solids deposited
in the gasification reactor, in some cases the solids also dropped into the
filter bearing below the reactor. These solids were also collected and
analyzed via EDS. The analysis is shown in Table 7. It can be seen that
also most of these solids are made of carbon in form of coke. In some
cases, salt building elements like K (experiments 7, 9 and 11) or Si
(experiments 11 and 13) are predominant. In experiments 11 and 13 the
carbon seems to be present in form of carbonate CO3, rather than coke.
Some amounts of corrosion products are also in the solids, an extreme
case is experiment 14 with 9.42 wt% Cr and 22.7 wt% Ni. Prior, this had

Table 6

EDS-analysis of solids from reactor (in wt%).
Exp. Nr. 6 7 8 10 11 12 13
C 81.15 71.64 89.50 68.87 79.91 74.02 81.55 47.98
(0] 9.12 15.05 5.91 13.68 11.04 13.87 11.25 27.28
Salt building elements
Na 0.03 0.03 0.04 0.03 0.05 0.08
Mg 2.27 0.64 0.28 0.57 0.66 0.41 0.66 0.43
Al 0.20 0.04 0.06 0.09 0.09 0.05 0.27
Si 3.79 7.05 1.55 5.11 0.48 6.08 0.55 17.74
P 0.16 0.95 0.09 0.44 0.34 0.43 0.40 0.42
S 0.14 0.12 0.29 0.03 0.04 0.09
K 1.29 0.90 0.15 2.35 0.62 1.38 0.25 1.91
Ca 0.64 3.58 0.66 4.23 6.48 3.47 5.33 3.41
Metals
Cr 0.22 0.42 2.41
Fe 0.24 0.18 0.16 0.39
Ni 0.74 0.49 2.14
Mo 0.37 0.15
Zn 0.11 0.02
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Table 7

EDS-analysis of solids from FO1 (in wt%).
Exp. Nr. 5 6 7 8 9 10 11 12 13 14
C 81.38 57.24 41.68 63.27 46.91 92.17 16.29 91.60 26.05 36.45
(0] 8.64 21.39 24.21 24.78 22.40 4.38 41.16 4.80 37.04 18.13
Salt building elements
Na 0.04 0.07 0.21 0.32 0.82 0.06 1.02 0.01 0.07
Mg 0.96 3.82 0.76 0.08 1.81 0.06 0.19 0.17 0.85 2.2
Al 0.09 0.30 0.07 0.17 0.15 0.03 0.07 0.52 0.26
Si 2.19 8.24 7.07 1.02 4.86 0.08 15.78 0.32 27.65 5.13
P 0.20 1.25 0.70 0.08 0.42 0.37 0.16 0.49 0.96 0.48
S 0.20 0.06 0.42 0.59 0.26 0.10 0.13 0.17 0.16 0.34
Cl 0.06 0.53 0.11 0.47 0.35 0.04 0.12
K 2.51 3.10 11.86 6.37 15.18 1.08 19.02 0.83 1.64 1.29
Ca 0.65 3.03 1.63 1.08 0.35 1.43 3.69 1.62
Metals
Cr 0.36 0.14 0.86 1.28 0.15 9.42
Fe 0.29 0.35 0.44 0.81 0.18 0.90 1.98
Ni 1.63 0.15 3.19 0.24 0.20 22.70
Mo 0.79 0.69 5.98 3.07 5.89 0.34 4.02
Zn 0.08 0.15

been reported by Dutzi et al. who found Ni plates in the deposits [18].

As stated in Section 2.2, it is important to remove salt building ele-
ments from the system prior to the gasification reactor. There they
precipitate and subsequently can cause blockage of the flow and
corrosion (as can be seen in solid sample of experiment 14). The coke
formation has to be reduced as well to ensure high CE and long opera-
tion. Possible measures could be the reduction of the dry matter in the
feed to increase the water surplus and to reduce the contact rates of
biomass molecules and intermediates that could polymerize [20,53,54].
Faster heating rates could as well be beneficial because unwanted side
reactions at temperatures below 600 °C could then be reduced [34,55,
56]. Kruse et al. found high concentrations of these aromatic in-
termediates at subcritical temperature [55].

Based on these insights, it can be concluded that plants with similar
elemental composition behave similarly in the process of SCWG.
Regarding the framework of CERESIS, this leads to the conclusion that
the biomasses can be chosen according to their ability to remediate the
grounds without the need to worry about the processing of a wide range
of biomasses.

4. Conclusion

In the present study the processability of different biomasses in
SCWG was investigated in order to assess their potential use for pre-
ceding phytoremediation. For ten different biomasses, it was demon-
strated that the macroscopic appearance, i.e. woody or grassy biomass,
and the level of humidity did not influence the carbon efficiency. Carbon
efficiency was 60.3 + 5.1 % for all biomasses. For all biomasses, solid
deposits formed in the same part of the reaction system (containing
coke, salt building elements and heavy metals), leading to plugging in
most cases. The feed preparation is important in the process of SCWG.
Sufficient size reduction is important to avoid plugging of the feed
tubing (plugging occurred when size of biomass particles was reduced to
about 1 mm with tubing with inner diameter 2.5 mm). It can be
concluded that no significant differences could be determined. Thus,
when pretreating the biomasses in the same way all of them could be
gasified equally well and thus all of them can be considered for pre-
ceding phytoremediation. Additionally, the influence of potassium as a
homogeneous catalyst (0 to 5000 ppm K in the feed slurry), in form of
potassium hydroxide, on plants like Panicum virgatum was assessed.
While the carbon efficiency increased from 61 to 75 % with increasing
potassium concentration in the feed the amount of salt containing de-
posits in the reaction system did as well. Once a sufficient salt separation
is installed further experiments with concentrations of potassium
beyond 5000 ppm could be interesting to look at. As an additional fac-
tor, the influence of a hydrogen donor in the system was investigated in

one set of experiments conducted with 2 wt% methanol in the feed so-
lution. While more hydrogen was present in the system during these
experiments no effect on the carbon efficiency or coke formation was
visible. Possibly 2 wt% of methanol was not enough to cause change.
Future experiments should be conducted with higher concentrations of
methanol or another hydrogen donating molecule or alternatively
elemental hydrogen.
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