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ARTICLE INFO ABSTRACT

Keywords: Soil and groundwater contaminated with heavy metals pose a threat to animals and humans. The use of plants by

Supercritical water phytoremediation can help to free the soil and groundwater from the pollutants, but these plants will then

léwr%ass. become contaminated themselves. The aim of the present work is the energetic utilization of contaminated
asification

biomass and the separation of contaminants e.g. heavy metals. This is achieved by gasification of the contam-
inated biomass under conditions of supercritical water in a continuous laboratory plant. The separation of heavy
metal contaminants like zinc, manganese or iron by process-integrated salt separation is necessary to avoid
secondary contamination. Reed Canary Grass, Napier Grass and grapevine plants were gasified. Plant type had no
effect on gasification efficiency or heavy metal removal. A mean carbon gasification efficiency of 58.3 % was
achieved. In all cases, the reactor effluent was free of heavy metal contamination. The general ability to separate
salts and heavy metals by salt separation was demonstrated (up to 35 % of heavy metal species detected in the
salt brine). The separation is strongly dependent on the preheating temperature (increase in separation of salts
when increasing preheating temperature from 460 to 550 °C) and needs to be further improved to avoid the
formation of solid deposits in the reaction system. Excessive solid deposition, consisting of coke, salts and
corrosion products, limited the experimental duration.

Process design
Heavy metals

1. Introduction

Due to the careless handling of harmful substances in the past de-
cades, pollutants like heavy metals have been distributed in air, water
and soil. The groundwater and soils have been contaminated by mining,
industry, transport and agriculture, which poses a threat to humans and
animals that feed of the plants growing on contaminated sites [1,2].
Phytoremediation is a technology that uses plants to remove contami-
nants from soil, groundwater, and air [3]. Within the H2020 EU-project
“ContaminatEd land Remediation through Energy crops for Soil
improvement to liquid fuel Strategies” (CERESIS) the phytoremediation
(in form of phytoextraction) of soils that are contaminated with heavy
metals (e.g. Pb, Zn, Cr, Mn) and organics is investigated. For phytoex-
traction it is important to dispose or recycle the plants used appropri-
ately to prevent secondary contamination [2,4,5]. The Supercritical
Water Gasification (SCWG) process is suitable for this purpose as many
studies have shown [2,6-10]. In SCWG, organic pollutants can be
decomposed and inorganic pollutants like heavy metal salts can be
separated in concentrated form. In addition, a hydrogen- and
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methane-rich product gas is produced [11], which for example can be
converted to Fischer-Tropsch fuels after further purification and con-
version steps. SCWG uses supercritical water as reaction medium [12].
The critical point and thus the end of the vapor pressure curve in the
phase diagram of water is reached at a temperature of 374 °C and a
pressure of 22.1 MPa. In the subsequent supercritical state, no distinc-
tion between liquid and gas phase is possible [13]. The dielectric con-
stant is a measure of the polarity of a substance. Under ambient
conditions, water has an increased dielectric constant and thus is a polar
solvent. When the temperature is increased the dielectric constant of
water drops sharply [13]. In the supercritical range, it drops further
[14], wherefore supercritical water acts as a nonpolar solvent, gases and
organic molecules dissolve well [13,15-17]. It is therefore an interesting
reaction medium for homogeneous reactions between organic matter
and gases [12]. Inorganic salts dissolve poorly in supercritical water and
precipitate [18-20]. In SCWG, biomass molecules are hydrolyzed and
the hydrolysis products are further decomposed to gases [14,21,22]. The
exact reaction mechanisms for biomass are not known due to its complex
structure such as lignin, cellulose, hemicellulose. However,
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decomposition can generally be described by hydrolyzation (eqgs. (1) and
(2)) [16,23-26]. The global reaction 2 result from the combination of eq.
(1) and eq. (3).

C.H,0, + (x — 2)H,0 - xCO + (x — z+0.5y)H, @

C.H,0, + (2x — 2)H,0 - xCO, + (2x — z+0.5y)H, @

After formation of gaseous products, the water gas shift reaction and
methanation reactions take place (egs. (3)-(5)) [23,25,27]. The reaction
products are mainly Hy, CH4 and CO;. CO, Cz and C3 components are
present to a small extent [10,11,28-31].

C0+H20 - C02+H2 (3)
CO +3H, —» CH, + H,0 (C))
CO, +4H, — CH, + 2H,0 5)

In literature many experiments with model compounds like glucose,
methanol or ethanol were reported [32-34]. When processing biomass,
usually wet biomasses were used like sewage sludge, spent grains or
animal manure [14,18,35,36]. As SCWG is conducted with water as a
reactant the moisture of these biomasses is no issue, as it for example
would be in conventional gasification. In contrary dry biomasses are
used in the present study as this is the kind of biomass processed in the
CERESIS project. More water is thus needed to create the biomass slurry,
but previous work shows that the process effluent could be recycled and
thus the amount of fresh water needed decreases drastically [10].

In recent studies the fate of heavy metals in the process of SCWG was
investigated in batch reactors [2,9,37-40]. Chen et al. demonstrated
that during the gasification of lignite no heavy metals were transferred
into the gas phase and only low concentrations in the liquid phase were
detected. Most heavy metals were detected in the solid biochar, that
formed in the process [9]. Su et al. postulate in the gasification of the
hyperaccumulator sedum plumbizincicola that the formed biochar helps
to absorb the heavy metals, where they form complexes with inorganic
components [2]. In the gasification of the same plant Su et al. investi-
gated the influence of alkali catalysts and found that the addition of
alkali enhanced the immobilization of heavy metals into the biochar, as
these catalysts increase gasification efficiencies and thus reduce the
amount of organics in the biochar [37]. Thus, it is easier for heavy
metals to complex with inorganics in the biochar and to precipitate [39].
Li et al. discovered that during the gasification of oily sludge longer
residence times and higher temperatures were beneficial for the trans-
formation of heavy metals from the liquid to the solid phase [40]. During
continuous SCWG the formation of char and coke is unwanted since it
can lead to blockage of the flow and decreases the gasification efficiency
[41-43]. Since batch processes are of little interest for an industrial
application of the SCWG process the separation of heavy metals in a
continuous process needs to be investigated. For this purpose, contin-
uous lab-scale SCWG experiments were conducted with subsequent
analysis of the produced samples.

2. Materials and methods
2.1. Preparation of Educts

The grasses Reed Canary Grass (lat. Phalaris arundinacea) and Napier
Grass (lat. Pennisetum purpureum) and wooden stems and branches of
grapevines were used as biomass sources for the gasification experi-
ments (see Table 1 and Fig. 1). The grapevines were delivered in pieces
about 10 cm long, which were milled to a powder using a wood chipper
(GE 260, Viking), a mill with a 4 mm sieve (Pulverisette 25, Fritsch), and
a mill with a 0.2 mm sieve (Pulverisette 14, Fritsch). For the size
reduction of Napier Grass the Pulverisette 14 was sufficient. The bio-
masses were chosen as they are relevant for the CERESIS project. The
CERESIS project strategy is to identify high biomass productivity, low
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Table 1
Origin of biomasses.
Biomass Napier Grass Reed Canary Grass Grapevines
Country of Brazil England Italy
origin
Site/main soil Former Cr Former landfill/clean Vineyard/
issue tannery/Cr soil capping pesticides
Delivered Form  Straw Powder (0.25 mm About 10 cm long
sieve) pieces
Dry Matter / 89.9 97.4 95.1

wt.%

contaminant uptake species suitable for a particular climatic zone,
following the results of the BioReGen project [44]. Also, there was a lack
of literature on the SCWG of dry biomasses.

The elemental composition and the contamination of the biomasses
are presented in Table 2 and Table 3. To create a feed slurry, water was
added to the biomass powder to adjust the dry mass to about 8 wt% (up
to 20 wt% of dry matter is possible to gasify [28], but higher dry matter
content than 8 wt% (value from experience) might lead to plugging in
feed tubing as the lab-plant is equipped with quarter-inch pipes). Xan-
than was added as a thickening agent (0.5 wt%, based on slurry mass) to
prevent phase separation, and KOH (5000 mg K+/kg feed slurry) was
added as a homogeneous catalyst. KOH enhances the water gas shift
reaction, increases Hy-yield and weakens the intermolecular bonds of
the biopolymers due to its alkaline character (pH = 9.3 in feed), which
increases decomposition of the macromolecules [45-47].

The components were mixed and thermally pretreated at a temper-
ature of 70 °C for 2 h in a mixer (Thermomix TM31, Vorwerk). Low
temperature thermal pretreatment is conducted because part of the or-
ganics is solubilized after this pretreatment and thus easier to gasify [48,
49]. After cooling, samples of the final slurry were taken to analyze dry
matter content and elemental composition.

2.2. Apparatus

The "Laboratory Plant for Energetic Utilization of Agricultural Ma-
terials" (German acronym: LENA) at the Karlsruhe Institute of Tech-
nology is used for laboratory tests. It is a continuous high-pressure plant
that can operate at temperatures up to 700 °C and pressures of up to 30
MPa. The current setup includes a preheater, a salt separation unit, and a
gasification reactor (see Fig. 2). The dimensions of the preheater and
reactor can be seen in Table 4. The set temperatures of the preheater are
such that the reaction medium reaches its supercritical state. Salt sep-
aration occurs downstream of the preheater using a T-fitting, where
inorganic compounds are separated from the biomass slurry due to their
low solubility in supercritical water. The salts (and heavy metals) are
supposed to drop down vertically into the salt brine at the T-fitting
(separation by gravity) while the organics are transported sideways to
the gasification reactor (a schematic drawing can be seen in Ref. [10]). A
small amount of the salt brine is semi-continuously separated in a
defined interval by two needle valves that act as a sluice (they open 20
ms apart). The salt brine is immediately depressurized and collected in a
glass container. Since only a small amount of liquid is separated (about
3-5 g per sluice operation) the pressure in the lab-plant is not signifi-
cantly affected by this.

Gas meters (Ritter GmbH) and scales (Soehnle GmbH) are used to
quantify the products of the experiments, positioned in the low-pressure
part of the lab-plant. Liquid and gas samples are taken at regular in-
tervals form a glass container in the low-pressure part of the plant during
the experiment to ensure a steady-state operating condition. The system
is pressurized and heated using a HPLC pump and a process control
system. A preliminary test using an ethanol solution is run the day before
the main experiment to bring the system into liquid-gas equilibrium
(dead volumes of the plant are filled with a gas mixture similar to the gas
produced by biomass gasification) and to check for leaks. The feed slurry
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Fig. 1. Gasified biomasses as delivered (left to right: grapevines, Napier Grass, Reed Canary Grass).
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Fig. 2. High-pressure lab-plant for the gasification of biomass.
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Table 2
CHNS analysis of biomasses, based on dry weight (in wt.%).
Biomass C H N S
Napier Grass 43.2 6.00 1.0 0.200
Reed Canary Grass 48.9 7.46 <0.3 0.090
Grapevines 47.1 4.47 1.2 0.003

is stored in a tank and indirectly pumped into the system by a piston
using a HPLC pump.

In total seven experiments were conducted (see Table 5). During the
experiments the pressure was 28 MPa and the temperature of the SCWG
reactor was 650 °C. Three different plants were processed. In addition,
three different preheating temperatures and three different flow rates
were set for the gasification of Reed Canary Grass. The duration of the
experiments was limited by the available amount of feed slurry (some

experiments were ended prematurely due to blockage of the flow). Each
experiment was conducted once due to the limited time and resources
and high effort it takes to prepare the experimental setup.

2.3. Analysis

Gas samples of the product gas are analyzed using a gas chromato-
graph (5890 series II plus by Hewlett Packard Inc.) with a fused silica
capillary column (Carboxen 1010 PLOT 30 m, SUPELCO). The volume
fractions of various gas components, including Hy, CO, CH4, CO3, CoHy,
CyHg, C3Hg and C3Hg, are determined using a thermal conductivity and
flame ionization detector. Sampling is done every 30 min. Liquid sam-
ples are collected from effluent streams at regular intervals for analysis
of Total Carbon (TC) by combustion and Total Inorganic Carbon (TIC) by
acid extraction in a TOC-analyzer (DIMATOC 2100, DIMATEC). Total
Organic Carbon (TOC) is determined by subtracting TIC from TC. Trace

Table 3

Heavy metal contamination of biomasses (in ppmw).
Biomass Pb Ni Zn Cd Cr Mn Fe
Napier Grass 126.18 12.63 49.93 1.05 27.25 70.83 348.10
Reed Canary Grass 0.50 0.60 37.00 <0.10 0.90 490.00 61.00
Grapevines 0.05 0.06 26.61 <0.10 0.15 50.40 42.80
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Table 4
Dimensions of preheater and reactor.
Preheater Reactor
Material Inconel 625 with SS 316 Liner Inconel 625
Length/mm 750 1800
Inner Diameter/mm 3.20 8.00

Electric Heating 3 spiral heaters 6 rod heaters

Table 5

Process parameters of conducted experiments.
Experiment Number  Feed Duration  Tpreheater,max ~ FlOW rate

h °C gh™!

1 Napier Grass 4.50 500 700
2 Grapevines 5.75 500 700
3 Reed Canary Grass  6.50 500 700
4 Reed Canary Grass  3.50° 460 700
5 Reed Canary Grass  3.92° 550 700
6 Reed Canary Grass  6.25 500 500
7 Reed Canary Grass  0.25° 500 300

@ Premature ending of the experiments due to blockage of the flow.

elements, including Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, S,
Si, and Zn, are determined using ICP-OES (Inductively Coupled Plasma -
Optical Emission Spectrometry) in an Agilent 725 spectrometer. Solid
samples are analyzed using SEM-EDS (Scanning Electron Microscope -
Energy Dispersive X-ray Spectroscopy) in a GeminiSEM 500 (Carl Zeiss
AG). A sample of the biomass feed is dried at 105 °C in an oven for 24 h,
and afterwards the C, H, N, and S contents are analyzed in the element
analyzer vario EL cube (by Elementar Analysensysteme GmbH), and the
trace elements are analyzed via ICP-OES.

2.4. Data interpreation

Three key figures will be discussed to evaluate the experimental data:
carbon efficiency, residence time and TOC-conversion. The analysis
conducted according to section 2.3 is used for the calculation of the key
figures. The TOC-conversion TOC,,,, compares the amount of TOC in the
effluent streams TOCggenss to the TOC content of the feed TOCr.q (eq.
(6)) and therefore is an indicator of the purity of the effluents. The part
of the TOC that is not present in the effluent streams was either trans-
formed to gaseous products or to dissolved inorganic compounds or
formed solid deposits in the system. The higher TOC,,py is, the lower the
TOC content in effluents is and thus the better the waste water quality is.

_ TOCFeed - TOCEjﬂuznm

TOC(;(,,W _ _ mR,qfﬂuent * TOCR + m&e‘fﬂuem * TOCS
TOCreea

MEeed™ O

=1

(6)

a Carbon concentration in the feed (wt.%)
Mreq Feed mass flow (g/h)

TR effiven: Mass flow of reactor effluent (g/h)
Mg efuen: Mass flow of salt brine (g/h)

TOCg TOC content of reactor effluent (mg/g)
TOCs TOC content of salt brine (mg/g)

The carbon efficiency CE, a measurement of the gasification effi-
ciency, is defined as:

CE— C in Product Gas _ > ﬂi"‘xi*%*Mc
TOC in Feed

@)

’ *
Mpeea™ A

x; Concentration of component ‘i’ in the gas product (vol%)
p; Number of carbon atoms of component ‘i’ in the gas product
M, Molar mass of carbon (g/mol)
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p Pressure (Pa)

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

T Temperature (K)

Vias Gas flow under ambient conditions (1/h)

To calculate the residence time 7 (eq. (8)) in the reactors the mass
content of the reactor at given temperatures and thus given densities has
to be calculated. To determine the density at a given point in the reactor
the temperature profile is divided in section of length [ (defined by the
many thermocouples installed). In each section the average temperature
is calculated and used for determining the density in this section. The
total residence time is calculated by adding up the residence times in the
different sections. Due to the high water content in the reaction mixture
the density of the mixture is assumed to be equal to the density of water.

2
”7'f <§) *l*szo
T=——t )

MFeed

d Inner diameter of the reactor (m).
[ Length of section with constant temperature (m).
Pm,0 Density of water at given temperatures (kg/m>).

3. Results and discussion
3.1. Influence of biomass type

To investigate the influence of the dry biomass type on the process of
SCWG three different dry plants were processed. Two grasses, Napier
Grass and Reed Canary Grass, and a plant with wooden stems and
branches, grapevines, were gasified (see Table 6). The mean steady-state
carbon balance was 77 % with a standard deviation of 4.3 % in all ex-
periments, as not all carbon could be detected either in gas or liquid
effluent and solid deposits formed. Obviously, solids remain in the
tubing of the plant causing fouling. This leads to premature end of
several experiments, mechanical cleaning of the plant had to be per-
formed frequently. The experiments for comparison of the different
biomasses (experiments 1, 2 and 3) were finished according to plan.

The feed composition regarding the CHNS content and the content of
the main salt building elements can be seen in Table 7. There are some
differences between the feed compositions, especially the potassium
content of the biomass slurry of Napier Grass is higher than the other
two kinds of feed. This is due to the high potassium content of the
biomass Napier Grass, which has been described in literature [50,51].

Minor differences between the plants regarding carbon efficiency
were noticed (experiments 1, 2 and 3) (see Table 6). The mean CE for all
plants is 58.3 % with a maximum deviation of 3.1 %. The CE is therefore
not influenced by the kind of dry plant that was processed in the present
experiments. D’Jesus et al. also noticed only small differences in CE

Table 6
Results of the gasification experiments.

Experiment Feed CE TOC- TOC content in
Number % conversion effluent
% mg kg !

1 Napier Grass 60.45 78.03 3933

2 Grapevines 55.18 86.20 3027

3 Reed Canary 59.14  83.83 3204
Grass

4 Reed Canary 67.35 89.69 3765
Grass

5 Reed Canary 63.38  85.66 3310
Grass

6 Reed Canary 61.92 89.13 2821
Grass

7 Reed Canary - - -
Grass
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Table 7

Content of CHNS and main salt building elements in the feed slurry in wt.% (based on dry matter).
Experiment Number Feed C H N S K Ca Mg Si P
1 Napier Grass 39.3 5.6 0.9 0.2 6.90 0.45 0.03 0.88 0.12
2 Grapevines 43.6 5.7 0.5 <0.1 4.13 1.53 0.10 0.46 0.13
3 Reed Canary Grass 39.6 5.5 0.4 0.1 4.68 0.29 0.08 2.27 0.13

when gasifying clover grass (44.9 wt% C in biomass) and corn starch
(44.4 wt% C in biomass) in a similar lab-plant [52]. Thus, when bio-
masses with similar elemental composition are gasified (similar carbon
content) the CE does not seem to be significantly influenced by the type
of plant. A small difference in the TOC content of the reactor effluent is
visible. The TOC-conversion is 78 % for Napier Grass, 84 % for Reed
Canary Grass and 86 % for grapevines. Since the TOC conversion com-
pares the amount of TOC that is contained in the effluents with the TOC
content of the feed it is an indicator of the effluent purity. During
experiment 1 with Napier Grass a 20% higher TOC content in the
effluent is visible than in the other two experiments although CE is
roughly the same. This can be explained by the formation of solids
during the experiments 2 and 3 with Reed Canary Grass and grapevines.
After each experiment the reactor and the preheater are opened and
checked for solid deposits. After the experiment with Napier Grass no
solid deposits were found in the system. After the other two experiments
solid deposits were found at the top of the SCWG reactor (300-500 mm
from the top, where a temperature of 500 °C was set). The carbon
contained in these solid deposits can not be gasified and is not contained
in the reactor effluent and therefore the TOC content of the experiments
with Reed Canary Grass and Grapevines was lower than in the experi-
ment with Napier Grass even though the carbon efficiency and therefore
the amount of gas produced was roughly the same. The gas composition
is also not influenced by the kind of dry plant that is processed (see
Fig. 3). The mean Hj-content of the product gas is 31 vol% with only
little deviation. The most visible difference can be seen when comparing
the CO, and CHy-contents of the product gas of Napier Grass and
Grapevines. About 4 vol% more CO, and 1.5 vol% less CH,4 is contained
in the product gas of Napier Grass than in the product gas of grapevines.
The methanation reactions seem to take place in a slightly greater
extend in the case of Napier Grass. Methanation reactions are kinetically
limited and therefore longer reaction times result in an increased
CHy-yield [29,53,54]. The flow rate was set at 700 g h~! during all three
experiments and thus the residence times were the same initially. As
mentioned before, solid deposits occurred during the gasification of
grapevines. These solid deposits reduce the free diameter of the reactor
and so the residence time decreases over the course of the experiment.
This could be a possible reason for the small differences in gas
composition.

As the heavy metal contamination (see Table 3) of the biomasses is

[=2)
o

[
o

S
o

Napier Grass

M Reed Canary Grass

N
o

Grapevines

Gas Content / vol.%
w
o

fay
o

n

C2+

H2

Fig. 3. Gas composition of the gasification of three different feeds.

rather low, the gasification process is presumably not significantly
influenced by the heavy metals. Thus, the achieved gasification results
can be transferred to non-contaminated biomasses of the same species.

3.2. Influence of the preheating temperature

The temperature settings of the preheater are crucial for the sepa-
ration of salts in the LENA lab-plant. Salts need to be separated from the
reaction medium since salts can cause blockage of the flow due to pre-
cipitation [55,56] and enhance corrosion rates at T > 500 °C [56-59].
Salts are generally poorly soluble in supercritical water [20] and thus
can be separated by precipitation. In binary salt-water systems salts are
distinguished between type 1 and type 2 salts [19,60,61]. Type 1 salts
are soluble in dense supercritical water and only precipitate when the
temperature is further increased, while type 2 salts are almost
non-soluble in supercritical water. Downstream of the preheater a
T-fitting is located where salts are supposed to be separated by precip-
itation. Since the T-fitting at which salts are supposed to be separated is
not externally heated the reaction medium needs to be preheated suf-
ficiently so the temperature is supercritical at the T-fitting. The salt
separation is conducted upstream of the gasification reactor to avoid
extensive salt deposition in the reactor. To investigate the influence of
the preheating temperature on the separation of salts three different
maximum preheating temperatures (460-550 °C) were set. This resulted
in the following temperatures at the T-fitting (measurement on the
outside) (see Table 8).

To evaluate the quality of salt separation the concentration of rele-
vant salt building elements (Ca, K, Mg, Na, S, Si and P [62-64]) is
monitored in the effluents of the lab-plant. During the experiment 4 only
a subcritical temperature of 370 °C could be reached at the T-fitting.
Thus, the separation of salts based on precipitation does not work. This
can be seen when looking at the distribution of the salt building ele-
ments (see Fig. 4). Less than 20 %, in most cases even less than 10 % of
the salt building elements can be detected in the salt brine. Potassium
and sodium are mostly detected in the reactor effluent and the rinse
water (after every experiment the system is flushed with water). For all
other salt building elements, a big mass balance deficit can be seen. The
balance deficit, as mentioned, can be assumed to consist of solid deposits
that mainly stayed in the reaction system (some solids were also con-
tained in the salt brine). Solid deposits cannot be quantitively collected
and analyzed (due to their inhomogeneities) and therefore cannot be
calculated into the mass balance of the elements. After experiment 4
solid deposits were discovered in the top part of the SCWG reactor where
a temperature of 500 °C was set. The formation of solid deposits in the
reaction system poses a danger to long-time operation of the process.

The increase of the preheating temperature to 500 °C (experiment 3)
resulted in a slightly supercritical temperature of 388 °C at the T-fitting.
The separation of calcium, sodium and phosphorus into the salt

Table 8
Temperatures of the T-fitting for salt separation.

Experiment Number Tpreheater,max T1-Fitting Duration of Experiment
°C °C h

4 460 370 3.5°

3 500 388 6.5

5 550 394 3.9°

# Premature ending of the experiments due to blockage of the flow.
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the solid deposits of the SCWG reactor (experiment 3) displays a mixture
of carbon and salt building elements (see Fig. 5). Especially silicon and
potassium can be detected. On the right side of the micro photography a
big planar structure consisting of nickel can be seen. This can be
assumed to be a corrosion product from the reactor. The reactor is made
of the nickel-based alloy Inconel 625. Since salts are known to enhance
corrosion rates this shows the importance of a functioning salt separa-
tion. The functionality of the salt separation was still not given for the
selected process conditions.

In both experiments (experiments 4 and 3) the solid deposits
occurred in the section of the reactor where a temperature of 500 °C was
set (on the outside of the pipe). An inner temperature measurement in
the reaction medium was not possible. Therefore, the reaction temper-
ature has to be estimated based on data given in literature. Due to a
relatively big inner diameter of 8 mm in the SCWG reactor a low flow
speed results. D’Jesus could not detect any temperature gradients be-
tween inside the medium and outside of the pipe in a SCWG reactor with
8 mm inner diameter [66]. In the section where the solid deposits
occurred the temperature in the reaction medium can therefore be
assumed to be above 450 °C (and below 500 °C). This temperature range
seems to be critical for the separation of most salts. This has been
experimentally confirmed by Schubert et al. [19]. According to Schubert
et al., a temperature of 430 °C is necessary to separate more than 90 % of
K3PO4 and 470 °C to separate more than 90 % of Ca(NO3); into the salt
brine [19]. In experiments 4 and 3, in which a maximum preheating
temperature of 460 and 500 °C was set, these temperatures seem not to
be reached in the reaction medium within the preheater and thus the
precipitation of salts could not take place at the T-fitting. Due to a small
inner diameter of the preheater (3.20 mm) and thus higher flow speed a
lower maximum temperature of the reaction medium is reached.

A further increase in the preheating temperature to 550 °C (experi-
ment 5) resulted in 394 °C at the T-fitting. Even though this temperature
is only 6 °C higher than when the preheating temperature was 500 °C, an
improved salt separation can be seen for almost all salt building ele-
ments. Almost 30 % of Ca and P can be separated. The separation of K,
Na, Mg and S also improves by about 5 %. Solely silicon is not influenced
by the increasing temperature. The mass deficit is still very high for most
salt building elements (except K and Na). During this experiment solid
deposits formed in the preheater, leading to faster plugging even though
the salts were separated more efficiently as the inner diameter of the
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preheater was smaller than that of the reactor. Due to the high maximum
preheating temperature of 550 °C the temperature in the reaction me-
dium can be assumed to be higher than 450 °C in the preheater. This
resulted in improved salt separation but also in precipitation of salts in
the preheater and led to blockage of the flow in the preheater. In Fig. 6 it
can be seen that Ca, Mg, Si and K are part of the solid deposit in the
preheater.

3.3. Influence of residence time

To investigate the influence of the residence time on CE and the
formation of solid deposits during the gasification of Reed Canary Grass
three different throughputs were set (see Table 9). Experiment 7 did not
reach a steady state and therefore it can not be considered in the eval-
uation of the trend of CE and TOC. For the other two experiments (3 and
6) CE only slightly rises with increasing residence time (17-24 s) (see
Table 9). Generally, it is known that CE rises strongly with increasing
residence time [53,67,68]. This cannot be observed in the present
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Fig. 7. Steady state gas composition for three different residence times in the
SCWG reactor (T > 600 °C), no steady state reached for the mean residence
time of 41 s.
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Table 9
Residence time and salt separation temperature of three different experiments.

Experiment Number Duration Flow rate Tpreheater TReactor (T>600 °C)  LT-Fitting

h gh™! s s °C
3 6.5 700 4.6 17 388
6 6.25° 500 7.4 24 400
7 0.25° 300 12.4 41 420

# Premature ending of the experiments due to blockage of the flow.

experiments. A possible reason for this could be the formation of solid
deposits in the SCWG reactor (as stated in section 3.2). This assumption
can be made since the TOC content of the effluent decreases while CE
only rises slightly with increasing residence time. Experiment 6 had to
be finished prematurely due to blockage of the flow in the SCWG reactor.
After experiment 3 solid deposits were also detected in the same part of
the reactor but they did not lead to blockage of the flow. Therefore, more
solid deposits were formed during experiment 6. A lower flow speed and
thus higher residence time in the temperature range of 450-500 °C
seems to be disadvantageous for the chemistry of SCWG towards gases
and favors the formation of solid deposits. Faster heating to the desired
temperature of 650 °C should be implemented since tar and char pro-
duction are significantly influenced by the heating rate [69]. This might
avoid coke formation and additionally enable better salt separation as
the salts seem to deposit in a temperature range of 450-500 °C, which so
far has not been reached at the salt separation T-fitting.

The gas composition is not significantly influenced by the increase of
the residence time (see Fig. 7). It is well known from literature that the
CHy4 rises with increased residence time due to the kinetic limitation of
the methanation reactions [29,53,54]. This cannot be observed in this
set of experiments. A slight increase of Hy can be seen when the resi-
dence time is increased from 17 to 24 s. This effect has been reported by
other authors [68,70]. As stated above, experiment 7 did not reach
steady state operation due to blockage of the flow. Solid deposits
blocked the flow in the preheater. As described in section 3.2, a tem-
perature of above 450 °C in the reaction medium seems to be critical for
the formation of solid deposits that consist of coke and salts (see Figs. 5
and 6). In order to achieve higher residence times, the throughput was
reduced from 700 to 300 g h™!. This resulted in reduced flow speed in
the preheater. Due to the reduced flow speed higher temperatures can be
reached in the preheater. An indicator for this is the temperature at the
salt separation (T-fitting) downstream of the preheater (see Table 9).
When a throughput of 700 g h~! was set the temperature was 388 °C but
when the throughput was 300 g h™! it was 420 °C at the T-fitting.
Therefore, it can be assumed that the critical temperature range of T >
450 °C was reached within the preheater (assuming some thermal losses
in the not heated part of the plant) and led to precipitation, combined
with a low flow speed. This explains why solid deposits formed in the
preheater and blocked the flow after a short time and a further increase
in residence time could not be investigated.

To achieve higher residence times a larger reactor should be imple-
mented in future experiments instead of reducing the throughput. In that
way consistent temperatures of the reaction medium will be ensured.
This will avoid the change of a second parameter — the temperature
profile — when the residence time is changed and thus clear correlations
between residence time and CE can be determined.

3.4. Separation of heavy metals

In batch SCWG experiments with contaminated biomasses most
heavy metals remain in the forming biochar and only low concentrations
are measured in the liquid effluents [2,9,37]. The suggested separation
mechanism by Lin et al. is that the heavy metals compound with inor-
ganic components in the reaction mixture and precipitate due to low
solubility in supercritical water [39]. Therefore the addition of inorganic
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components in alkali metal catalysts (K, Ca, Na) promotes the precipi-
tation [37]. Since batch experiments are not relevant for an industrial
application of SCWG in this study the experiments were conducted in a
continuous lab-plant. KOH was added to the feed as a homogeneous
catalyst. To evaluate the separation of heavy metals the liquid effluents
were analyzed. For many heavy metals the content was below the
detection limit in the liquid effluents. Ni, Co, As, Pb, Cd, Cu and Sn were
not detectable in the effluents. Most experiments (experiments 3 to 7)
were conducted with the grass Reed Canary Grass. The heavy metal
contamination of this plant from highest to lowest is Mn > Fe > Zn > Cr
> Ni > Pb > Cd (for exact concentration see Table 3). The mean content
of detectable heavy metals is displayed in Fig. 8.

Only three heavy metals are detectable, Mn, Fe and Zn. The content
of the other heavy metals was below the detection limit in the feed slurry
and therefore also in the effluents. About 21.5 £ 8 % of Mn, that was in
the feed slurry, can be detected in the salt brine. 9.0 & 1 % of Fe and 10.2
=+ 3.6 % of Zn are detected in the salt brine. Less than 0.6 % of the heavy
metals can be detected in the reactor effluent and none in the rinse
water. The separation of contaminants is based on the precipitation in
supercritical water due to low solubility. Since heavy metals are only
detected in the salt brine it can be assumed that they form heavy metal-
salt-compounds as proposed by Lin et al. [39] and precipitate into the
salt brine.

Most of the amount of the heavy metals that are fed into the system
cannot be found in liquid effluents. One reason for this are the detection
limits of the analysis method (ICP-OES). The heavy metals might for
example be so diluted that they are not detected in the rinse water even
though it might contain some. Another reason is the formation of solid
deposits in the reaction system which are also insoluble in water under
ambient conditions. As described in section 3.2 solid deposits form in the
system, especially in the SCWG reactor. These solid deposits also contain
heavy metals as can be seen in Fig. 9, in this part of the solid deposit Cr,
Ni and Fe.

Only one experiment (experiment 1) was conducted with Napier
Grass and one with grapevines (experiment 2).

In grapevines Mn, Fe and Zn make up the biggest part of the heavy
metal contaminants. Only 3.5 % of the fed Fe can be detected in the
effluents (see Fig. 10). 35 % of Mn and 10 % of Zn can be detected in the
salt brine. The heavy metals show a similar behavior as in the gasifi-
cation of Reed Canary Grass. Fe, Pb, Mn and Zn are the main contami-
nants of Napier Grass. In the experiment with Napier Grass almost no
heavy metals were detected in the effluents (see Fig. 11) but as seen in
the other gasification experiments the only detected heavy metals were
found in the salt brine. Little to none were found in the reactor effluent
or the rinse water. Pb was not detected at all.

In batch experiments it was proposed that the heavy metals formed
compounds with inorganics and precipitated. Due to the detection of
heavy metals in the salt brine this mechanism seems to be justified. As
described in section 3.2 the salt separation of this lab-plant does not
work sufficiently under the selected conditions. In the future an
improved salt separation should reduce the formation of solid deposits
or transport the solids towards the salt brine and improve the precipi-
tation of salts and thus also of heavy metals into the salt brine. Even
though, the salt separation was not optimal in the conducted experi-
ments, it is shown that in principle the separation of heavy metals from
the reaction mixture is possible during continuous SCWG. It can also be
noted that under the chosen conditions the reactor effluent can be
considered free of heavy metals (concentration below quantification
limit) and therefore can be treated as not contaminated. This is the most
important aspect as this effluent would either be discharged or recycled
to create new feed in a commercial application. In the framework of the
CERESIS project a novel procedure for the separation of the heavy
metals from the salt brine is currently under development (results not
yet reportable) and thus the separation of heavy metals into the salt
brine is the desired pathway.
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4. Conclusion were not influenced by the type of plant that was gasified (Reed Canary

Grass, Napier Grass, grapevines). CE was 58.3 % with a maximum de-

It was demonstrated that the separation of heavy metal contaminants viation of 3.1 % for all three plants. The reactor effluent was heavy
from biomasses was possible with a process integrated salt separation. metal-free under all conditions tested (concentrations below quantifi-
The carbon efficiency CE and the capability of heavy metal separation cation limit). Salt and thus heavy metal separation strongly depend on
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the preheating temperature prior to salt separation. Salt separation
temperatures of 394 °C or lower are not sufficient for complete salt
separation. This led to formation of solid deposits containing coke, salts
and heavy metals in the reaction system. Due to the relatively low CE,
the formation of solid deposits and the remaining TOC in the effluent,
the realization of the SCWG process in this process design is not
recommendable, further process development is necessary. To avoid
blockage of the flow and enable long-time runs further improving of the
salt separation, especially the temperature profile, needs to be done in
future experiments. The geometry of the salt separation T-fitting might
show potential for optimization. A possible optimization could be a
sharper redirection of the flow. In future experiments an inner temper-
ature measurement, which is very difficult due to the high pressure and
high temperature environment, should also be completed to accurately
determine the temperature of salt precipitation. The set temperature of
the preheater should be in such way that the salt separation temperature
can then be reached right before the T-fitting. At the same time the flow
speed of the preheater needs to be high enough to transport precipitating
salts to the salt brine and to avoid blockage of the preheater. Addi-
tionally, faster heating rates should be applied to reduce solid coke de-
posit formation.
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