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Sub- and supercritical water oxidation was applied to recover carbon as CO2, while maintaining nitrogen
as NH4

+ or NO3
�, from sludge obtained from an anaerobic fermenter running on a model waste composed

of plant residues and human fecal matter. The objective was to fully convert carbon in the organic waste
to CO2 while maintaining nutrients (specifically N) in the liquid effluent. In regenerative life support sys-
tems, CO2 and nutrients could then be further used in plant production; thus creating a closed carbon and
nutrient cycle. The effect of the operational parameters in water oxidation on carbon recovery (C-to-CO2)
and nitrogen conversion (to NH4

+, NO3
�) was investigated. A batch micro-autoclave reactor was used, at

pressures ranging between 110 and 300 bar and at temperatures of 300–500 �C using hydrogen peroxide
as oxidizer. Residence times of 1, 5 and 10 min were tested. Oxidation efficiency increased as tempera-
ture increased, with marginal improvements beyond the critical temperature of water. Prolonging the
residence time improved only slightly the carbon oxidation efficiency. Adequate oxygen supply, i.e.,
exceeding the stoichiometrically required amount, resulted in high carbon conversion efficiencies
(>85%) and an odorless, clear liquid effluent. However, the corresponding oxidizer use efficiency was
low, up to 50.2% of the supplied oxygen was recovered as O2 in the effluent gas and did not take part
in the oxidation. Volatile fatty acids (VFAs) were found as the major soluble organic compounds remain-
ing in the effluent liquid. Nitrogen recovery was high at 1 min residence time (>94.5%) and decreased for
longer residence times (down to 36.4% at 10 min). Nitrogen in the liquid effluent was mostly in the form
of ammonium.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

For future long-term crew-operated space missions, such as tra-
vel to and the colonization of neighboring planets, the crew cannot
rely on food, water and O2 being resupplied from earth in a sustain-
able way. As space ships only have limited supplies of food and
other resources, and extraction of useable resources in the direct
vicinity of the space ship/colony is either challenging or not always
possible, a combination of different technologies to completely
recycle all waste streams to food, water and O2 is mandatory.
Organic waste streams to be recycled include human feces and
urine, toilet paper, food waste and other organic wastes (including
plant waste). A combination of recycling technologies to generate
food, water and air is often termed a ‘regenerative life support sys-
tem’ (Clauwaert et al., 2017). These regenerative systems attempt
to close the cycles for carbon, hydrogen, nitrogen, phosphorus, sul-
fur and other inorganic nutrients. In the waste treatment compart-
ment of the ‘MELiSSA’ loop, the regenerative life support system of
the European Space Agency (ESA), organic waste is thermophili-
cally fermented at 55 �C and a pH of 5.3 to maximize the conver-
sion of organic waste into volatile fatty acids, ammonia and
other (micro) nutrients. However, since a fraction of the organic
waste is not rapidly biodegradable (e.g. cellulose and lignin from
plant fibers), a dedicated ‘fiber degradation unit’ (FDU) is foreseen
for the oxidation of fibrous, recalcitrant biomass. One potential
FDU technology to process organic waste (including difficult-to-
degrade constituents) is supercritical water oxidation (SCWO).
Using water above its critical point, i.e. T = 374 �C and P = 22.1
MPa (Bermejo and Cocero, 2006; Brunner et al., 1994), in the
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presence of an oxidizer (i.e., air, pure O2 or hydrogen peroxide), the
carbon and hydrogen in the waste can be converted, to a high
extent, into CO2 and H2O, respectively. Nitrogen is ideally con-
verted into ammonium or nitrate and recovered from the liquid
effluent for further use as a fertilizer in the MELiSSA loop. Combin-
ing biological degradation processes like fermention with SCWO is
beneficial, as the TOC (total organic carbon) load of the incoming
waste stream (to the SCWO unit) is already reduced in the preced-
ing fermentation process, thus limiting the equipment size and
oxidizer demand of the subsequent SCWO process.

Supercritical water has been studied for many years for its
unique properties. As water reaches supercritical conditions, the
hydrogen bonds between individual water molecules are largely
broken and consequently, the dielectric constant is reduced by at
least one order of magnitude compared to ambient conditions (er
= 80.1 at 20 �C) (Kruse and Dahmen, 2015). As a result, supercritical
water behaves as a non-polar solvent, able to dissolve organic com-
pounds and being perfectly miscible with oxygen (O2) which all
together results in the oxidation of organics in a single phase.
Supercritical water oxidation is considered a promising method
to rapidly and completely destroy organic matter, especially haz-
ardous wastes and hard-to-decompose organic wastes, such as
anaerobic fermentation sludge. Several process parameters, such
as temperature, residence time and oxygen concentration have
been demonstrated to affect the oxidation efficiency (Krajnc and
Levec, 1996; Rice and Steeper, 1998). SCWO to process organic
waste streams has been studied by several research groups (Al-
Duri et al., 2015; Helling and Tester, 1988; Lee et al., 1990; Li
et al., 2013; Portela et al., 2001; Savage, 1999; Schmieder and
Abeln, 1999; Wang et al., 2011). Chen et al. (2015) studied the
destruction of submarine food waste using supercritical water oxi-
dation. Conversion of TOC and TN (total nitrogen) at 500 �C, 240
bar, an oxidizer equivalence ratio (OER) of 2 and 60 s residence
time was 99.7% and 94.5%, respectively. Li et al. (2013) studied
the TOC removal of municipal sewage sludge using SCWO and
obtained a 97.9% COD (chemical oxygen demand) removal at
500 �C, 300 bar, an OER of 2 and 10 min residence time. The use
of model compounds has also attracted some attention
(Schmieder and Abeln, 1999). The results of these model com-
pound studies indicate that temperature, OER and residence time
are proportional to the oxidation efficiency.

The possibility of controlled and complete destruction of
organic (solid and liquid) wastes, with the ability to reclaim water,
nutrients and CO2 and without the drawbacks associated to incin-
eration, has led to the evaluation of SCWO technology as a suitable
candidate in regenerative life support systems for long-term space
missions (Bubenheim and Wydeven, 1994; Drysdale et al., 2003;
Kudenko et al., 2000; Takahashi and Tanaka, 1992). Most research-
ers applied model mixtures of wastes mimicking waste that is pro-
duced during crew-operated space missions. Takahashi (Takahashi
et al., 1989) studied a mixture of human urine, feces and wipes in a
batch reactor with 60 and 120 min residence time. The study
focused on removal of COD rather than conversion to carbon diox-
ide. It was found that carbon was converted to CO, CH4, C2H6 and
minor concentrations of other gas products. Few researchers had
clear results aiming specifically at the complete conversion to
CO2. In the present work, complete decomposition of the organic
waste and conversion to carbon dioxide are set as the main goals.
The idea is to reuse the carbon (as CO2) for growing plants, as part
of the regenerative life support system. A secondary goal was to
keep the nitrogen originating from the waste dissolved (NO3

� or
NH4

+) in the liquid effluent for potential further re-use as fertilizer.
In this study, both sub- and supercritical water oxidation of

sludge from a fermented model waste stream was investigated in
a batch reactor. Although similar conversion rates as SCWO will
not be attained with subcritical water oxidation, being a milder
process, it is less energy intensive and less prone to salt precipita-
tion (being one of the main problems in SCWO technology). Hence
the inclusion of subcritical water oxidation in this study. The effect
of reaction parameters including OER, temperature and residence
time on the oxidation degree of the fermentation sludge was inves-
tigated. The process performance was evaluated by means of
carbon-to-CO2 conversion efficiency, the nitrogen retention and
the oxidizer use efficiency. The overall objective was to identify
the oxidation in hot, compressed water as a feasible zero-waste
technique in which carbon and nitrogen can be fully reclaimed,
and furthermore, to find the optimal conditions for this process.
2. Materials and methods

2.1. Materials

Fermentation sludge was collected from a thermophilic mem-
brane bioreactor fermenting a mixture of red beet, lettuce, wheat
straw, toilet paper, and human feces. It was operated under anaer-
obic conditions, with slight overpressure (0.1 bar) and pH con-
trolled at 5.3 to inhibit methanogenesis. Ultra-thurax was
applied to homogenize the fermentation sludge and to reduce
the size of dispersed solids in the fermentation sludge. A homoge-
neous dispersion with a dry matter content of 4 wt% was obtained.
The characterization of the sludge can be seen in Table 1. For the
oxidation experiments, the final sludge concentration in the
micro-autoclave was set to be 2 wt%. The oxidizer was a 33 wt%
H2O2 solution, obtained from Sigma-Aldrich. Additional deionized
water was introduced to the micro-autoclave reactor for both
reaching desired sludge concentration and adjusting the pressure
in the sealed reactor at set-point temperature – see Section 2.2.
2.2. Apparatus and experimental procedure

All experiments were performed in a 45 mL batch cylindrical
autoclave with top and bottom covers, which was made of INCO-
LOY 825. Typically, fermentation sludge (further diluted to 2 wt%
DM in reactor) and H2O2 solution were introduced in the reactor
(prior to heating) according to the desired oxidizer equivalence
ratio. Deionized water was added to have a total amount of water
in the autoclave, which upon heating to set point temperature, will
yield the desired equilibrium pressure. Total amount of water was
calculated by multiplying the reactor volume with the water den-
sity at the desired (set point) temperature according to the com-
pressed water and superheated steam tables (Harvey, 1998). The
reaction pressure at 300 �C was set at 110 bar (requiring a total
of 16.08 g water), while pressures at 400 �C (16.08 g water), 450
�C (6.18 g water) and 500 �C (5.18 g water) were all set at 300
bar for supercritical conditions. The experimental pressure
obtained during the experiments was slightly higher than the equi-
librium pressure of water, as gaseous products were formed from
the oxidation reaction.

After sample and reactant introduction, the reactor was sealed
and a leakage test with 100 bar N2 was performed, which also
served to purge any air in the reactor’s headspace. Following this,
the reactor was pressurized using 3 bar N2 after which the reactor
was immersed into a hot sand bed fluidized by hot air. The reactor
temperature was measured with an in-line thermocouple and
pressure was measured by an in-line pressure transmitter. After
the set-point temperature was reached (heating at an average rate
of 0.9 �C/s), the autoclave was kept at this constant temperature for
a pre-set time and then retracted from the sand bed and immersed
into cold water for cooling down. The time at set-point tempera-
ture will be further referenced as ‘residence time’ throughout this
study. Cooling down from 500 �C to 200 �C was at rate of 10 �C/s.



Table 1
Fermentation sludge (undiluted) properties.

Dry matter Carbon Nitrogen Hydrogen Ash TOC

Basis wt.% wet basis wt.% dry basis g/dm3 wet basis

Value 4.0 44.5 2.2 6.2 6.4 17.792
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Once the temperature dropped to ambient, gas was released into a
eudiometer. A syringe was used to take samples for micro-GC anal-
ysis after the volume of produced gas was measured. Liquid pro-
duct was transferred from the autoclave to a glass bottle for
storage in a fridge (�20 �C), after which TOC was performed for
at least three times.

To study the influence of temperature, residence time and OER
upon oxidation, a 33 factorial design was adopted. Based on earlier
experimental reports as referenced in the introductory section, the
following levels were chosen: temperature (300, 400 and 500 �C),
residence time (1, 5 and 10 min.) and OER (0.5, 1.0, 1.5 and 2.0).
Every unique combination of process conditions in the micro-
autoclave experiments was carried out once, with the exception
of experiments at 500 �C, residence times (tR) of 10 min and OER
of 0.5, 1.0, 1.5, and 2.0, which were all executed 3 times in order
to estimate the experimental error. The maximum experimental
error was 4%. It was further assumed that this experimental error
was indicative for the whole range of conditions tested.

2.3. Product analysis

The gaseous effluent was analyzed with a micro GC Varian 4900
equipped with two analytical columns: 10 m Molesieve 5A (with
backflush) and 10 m PPQ with TCD detectors, using helium and
argon as carrier gases. The following compounds were measured
by the micro-GC: H2, N2, CH4, CO, CO2, C2H4, C2H6, C3H6, C3H8

and C4H10. The TOC (total organic carbon) of the liquid products
(after filtering to remove any suspended solids) was measured
with a TOC analyzer (TOC-5000 Shimadzu). After diluting the sam-
ple with Milli-Q water to bring its TOC to the range for determina-
tion (0–100 mg/L), the liquid sample was introduced into the
analyzer through a 45 lm filter to remove solids and the measure-
ment was repeated at least 3 times.

Qualitative analysis of the residual organic compounds dis-
solved in the liquid effluent was performed by GC–MS (Thermo
Scientific Trace GC Ultra, Thermo Scientific ISQ Single Quadrupole
MS). Dichloromethane (DCM) was used to extract organic compo-
nents in liquid effluent with a volume ratio of DCM: effluent =
1:10. The GC column was a Restek capillary column (Rtx-1707,
60 m � 0.25 mm � 0.25 lm, L � ID � df). Helium was used as a
carrier gas flow of 1 mL/min. 2 mL of sample was introduced for
each analysis which was repeated 3 times. The GC oven tempera-
ture program started with a 5 min hold at 40 �C followed by heat-
ing to 100 �C at 3 �C/min and holding for 4 min and followed by
heating to 280 �C at 7 �C/min. The final temperature was held con-
stant for 4 min. Product compounds were identified using a single
quadrupole MS. The MS used 70 eV electron ionization and the
mass selective detector scanned within an m/z-range of 29–300
amu. Identification methods are reported elsewhere (Yildiz et al.,
2016).

Quantitative analysis of the volatile fatty acids (C2-C8 fatty
acids (including isoforms C4-C6)) in the liquid (solid-free) effluent
were measured in triplicate times by gas chromatography (GC-
2014, Shimadzu�, The Netherlands). The GC was equipped with a
DB-FFAP 123–3232 column (30 m � 0.32 mm � 0.25 mm, L � ID �
df; Agilent, Belgium) operated at 140 �C and a flame ionization
detector (FID) at 250 �C. The detection limits (lower, upper in
mg/L) were as follows: C2 (40, 600), C3/C4 (7900), C5/C6
(8, 1000). Liquid (reactor effluent) samples were conditioned with
sulfuric acid and sodium chloride and 2-methyl hexanoic acid was
added as internal standard for quantification. Extraction of the
volatile fatty acids was performed with diethyl ether.

The total Kjeldahl nitrogen (organic and ammonia nitrogen) in
the sludge was measured by the Kjeldahl method according to
Standard Methods for the examination of water and wastewater
(Eaton et al., 1995). Nitrate and total nitrogen were determined
photometrically using the Nanocolor � Nitrate 8 kit and total nitro-
gen TNb 22 kit (Macherey-Nagel, Duran, Germany), respectively.
Ammonia concentrations were determined photometrically fol-
lowing the Berthelot reaction (Bucur et al., 2006). Reactions and
measurements were performed in 96-well plates and absorbance
was measured by a Tecan infinite plate reader. All measurements
have been carried out 3 times.

2.4. Data processing and evaluation

OER is defined as the ratio of oxidizer fed to the stoichiometric
amount needed for complete oxidation of carbon. When the OER is
equal to 1, one mol of carbon requires 2 mol of hydrogen peroxide
according to:

C þ 2H2O2 ! CO2 þ 2H2O

A number of performance parameters were defined to evaluate
the oxidation process. The oxidation efficiency (OE) is defined to
evaluate the carbon conversion efficiency, by calculating the mass
fraction (in %) of feedstock carbon (Cfeed in mg) that is recovered in
the CO2 of the gaseous effluent (CCO2 in mg):

OE ¼ 100% � CCO2

Cfeed

The oxidation process is also evaluated by the TOC removal effi-
ciency (TRE). The TRE quantifies the mass fraction (in %) of the total
organic carbon in the feed (TOCfeed in mg/dm3) that is removed
through oxidation:

TRE ¼ 100% � TOCfeed � Vfeed � TOCeffl � Veffl

TOCfeed � Vfeed

In which Vfeed and Veffl are the volumes of the feed loaded in the
reactor and of the liquid effluent, respectively (in dm3). TOCeffl is
the total organic carbon in the liquid effluent (in mg/dm3). It is
important to note that generally, the TRE is higher than the OE of
a given process, as some of the feedstock carbon may end up in
other forms than CO2 (i.e. as CO or CH4 in the gas stream or as car-
bonaceous solids).

As not all of the reactive oxygen supplied by the hydrogen per-
oxide takes part in the oxidation reaction or some of the reactive
oxygen yields oxidation intermediates (e.g. acetic acid), the oxi-
dizer use efficiency (OUE) is defined as,

OUE ¼ 100% � OH2O2 � Ogas

OH2O2

Here OH2O2 is the total amount of reactive oxygen supplied to
the reactor (in mg) while Ogas being the amount of oxygen in the
gaseous effluent (in mg). In this calculation, it was assumed that
1 mol of H2O2 supplies 1 mol of reactive O or 0.5 mol of O2 for
the oxidation of organic compounds, according to the reaction
H2O2 ? H2O + 0.5 O2. However, the aforementioned reaction is
the result of a multistep reaction involving the formation of both
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hydroxyl and hydroperoxyl radicals (Croiset et al., 1997). Because
this decomposition occurs during heating of the reaction mixture
containing the feedstock, other reactions involving these
peroxide-derived radical intermediates and the organic con-
stituents of the fermentation sludge feedstock may occur.

The OUE thus quantifies how efficiently the oxygen was used in
the oxidation reaction. A too low OUE indicates an inefficient oxi-
dation by H2O2 and hence a dependence on the externally supplied
oxidizer, which is an additionally constraint in life support systems
for long-term space applications.

Finally, the carbon mass balance closure was calculated by
means of the carbon recovery rate (CR), being equal to the carbon
(dissolved) in the effluent plus the carbon in the gaseous species
formed relative to the carbon in the feedstock. In the equation
below, Cx represents the carbon (in mg) in the respective con-
stituents of the gaseous effluent:

CR ¼ 100% � TOCeffl � Veffl þ CCO2 þ CCO þ Crest�gas

TOCfeed � Vfeed

The nitrogen distribution was calculated by means of ammonia
nitrogen recovery, nitrate nitrogen recovery and total nitrogen
(TN) removal. In the equations below, NH4

+-Neffl, NO3
�-Neffl and TNeffl

represent nitrogen in its respective form (nitrate, ammonia and
total nitrogen) in the liquid effluent (in mg/L). TNfeed represents
the TN (in mg/L) in the respective feed:

NHþ
4 � N recovery ¼ 100% � NH

þ
4 � Neffl

TNfeed

NO�
3 � N recovery ¼ 100% � NO

�
3 � Neffl

TNfeed

TN removal ¼ 100% � 1� TNeffl

TNfeed
�

� �
3. Results and discussion

3.1. Effect of residence time

The effect of residence time on TRE and OE of the fermentation
sludge oxidation was investigated at an OER of 1.5, and residence
times (tR) of 1, 5 and 10 min. Fig. 1 illustrates the effect of residence
time on total organic carbon removal (TRE) and oxidation efficiency
(OE). The TRE was found to be the lowest at tR = 1 min for both 300
and 400 �C. At 300 �C, the TRE increased from 77.5% at tR = 1 min to
80.8% at tR = 10 min. At 400 �C, the TRE increase was higher, from
77.9% at tR = 1 min to 88.1% at tR = 10 min. For 450 and 500 �C,
around 94% TRE was achieved for both temperatures at tR = 10
min. However, improvement at 500 �C over 450 �C was negligible.
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Fig. 1. Influence of residence time on TRE and OE in the oxidation of 2 wt%
fermentation sludge feedstock. (OER = 1.5 and T = 300, 400, 450 and 500 �C).
While a minimal positive effect from prolonging the residence
time from 1 to 5 min could be observed, the TOC removal efficiency
was clearly bigger at tR = 10 min. One possible reason might be the
long heating times inherent to this kind of setup (micro-
autoclave): over 400 s were needed to reach the desired set-point
temperature in the autoclave before recording residence time. This
heating stage is considered quite long compared to the typical res-
idence times achieved in continuous reactors under study. Organic
constituents in the sludge could already have undergone reactions
like decomposition, polymerization and oxidation during this heat-
ing stage resulting in the formation of refractory intermediates. As
demonstrated by (Cui et al., 2011), one of those refractory interme-
diates is acetic acid, which competes with the formation of CO as
an intermediate. The oxidation reaction of CO to CO2 however, is
rate-limiting. Prolonged residence times are expected to induce
additional degradation of those refractory intermediates like acetic
acid (Meyer et al., 1995).

The above conclusion is also valid for the oxidation efficiency.
As shown in Fig. 1, longer residence times improve the oxidation
efficiency but only to a small extent (compared to the effect of
temperature) while the improvement is more noticeable when
going from subcritical to supercritical conditions. Additionally,
the difference between TRE and OE, which is indicative for the frac-
tion of organic carbon that is converted but not to CO2, is signifi-
cantly smaller at supercritical conditions than at subcritical
conditions. The improved performance of the oxidation of organic
constituents in water at supercritical conditions and the role of the
residence time therein is consistent with previous literature
reports (Savage, 1999; Thornton and Savage, 1990).

Fig. 2 shows the effect of residence time on CR and OUE. Around
90% of the carbon mass balance is closed at 300 �C suffering a near
imperceptible decrease from prolonged residence times. Carbon
mass balance closure drops from 98.9% to 94% at 400 �C and from
near 100% to 96% at 450 �C with tR = 1 min increasing to tR = 10
min. Incomplete mass balance closure for carbon can be attributed
to coke deposits (observed on the inner reactor wall but not quan-
tified) and C-containing gas species that were not analyzed for (i.e.
other than CO, CO2, CH4, C2H6, C3H8 and C4H10). When the temper-
ature was 500 �C, a near 100% carbon mass balance closure was
achieved: oxidation was assumed to be enhanced, with little to
no coke deposit formation, at these more intense process condi-
tions (see Fig. 3).

After calculating the fraction of the supplied reactive oxygen
that manages to oxidize feedstock carbon to CO2, most of the oxy-
gen consumed from the feed was found as carbon dioxide (OUE >
60%), and the residence time was found to have no effect on the
OUE. Considering the residence time studied in previous SCWO
studies (Dong et al., 2014; Qian et al., 2015; Wang et al., 2011)
and in our tests, a residence time of 1 min was accepted as being
sufficient in all subsequent experiments. Longer residence times,
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Fig. 2. Influence of residence time on CR and OUE in the oxidation of 2 wt%
fermentation sludge feedstock. (OER = 1.5 and T = 300, 400, 450 and 500 �C).
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though marginally beneficial, were not deemed useful as they
would translate to larger reactor volumes and higher energy con-
sumption in future full-scale continuous reactors (Marrone et al.,
2005).

3.2. Effect of oxidizer equivalence ratio, OER

The effect of the OER on the performance of the oxidation of the
fermentation sludge feedstock, as expressed by both the TRE and
OE, was studied. Oxidation experiments were carried out at
tR = 1 min, and OER of 0.5, 1.0, 1.5 and 2.0. As shown in Fig. 4,
the TRE at all temperatures increases significantly with the increas-
ing OER. At an OER of 0.5, the TRE is about 50%, meaning that half of
the organic carbon in the liquid feed is removed by oxidation. The
oxidizer use efficiency attains near 100% values at this low OER
(also seen in Fig. 5). With the OER increasing from 0.5 to 2, the
TRE increased significantly, especially at supercritical conditions
reaching 92.2% at 500 �C with OER = 2. The net gain in TOC
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Fig. 5. Influence of OER on CR and OUE in the oxidation of 2 wt% fermentation
sludge feedstock (tR = 1 min and T = 300, 400, 450 and 500 �C.
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Fig. 4. Influence of OER on TRE and OE in the oxidation of 2 wt% fermentation sludge
feedstock (tR = 1 min and T = 300, 400, 450 and 500 �C).
oxidation improvement reduces as the OER is increased, meaning
that the more reactive oxygen is provided beyond what is stoichio-
metrically needed, the less efficiently it is consumed in the oxida-
tion. For instance, at OER = 2.0, the oxygen use efficiencies have
dropped below 60%.

TRE values up to 92.2% (and OE of 86.6%) could be reached for
the conditions studied and using a residence time of 1 min. Higher
temperatures may have to be applied to obtain still higher oxida-
tion efficiencies. This is in agreement with Qian et al. (2015) who
stated that moderate temperatures caused difficulties in com-
pletely decomposing high organic content feed streams. Depend-
ing on the carbon cycling rates in the life support system in
which this oxidation process is to be applied, these efficiencies of
oxidation, as given by the TRE and OE, may be considered too
low due to the accumulating carbon losses that will occur upon
carbon cycling. Longer residence times were also studied with
the aim of improving TRE and OE. Prolonging the residence time
to 10 min at an OER = 2, improved the TRE up to 98.6% and the
OE up to 97.1% (exp. 1 in supplementary Table A.2). Most likely,
refractory intermediates were further decomposed at longer resi-
dence times in the presence of a high concentration of oxidant
(high OER) - see also Section 3.4.

Due to changes in solubility of oxygen and organics in the
supercritical phase, the increasing trend of OE versus OER diverges
at OER = 1.0, where oxidation at 500 �C yields a significantly higher
efficiency versus 300 �C. As the OER increases, the gains in OE
become progressively smaller. The findings agree well with previ-
ous literature reports (Gong et al., 2014; Wen, 2014; Zou et al.,
2013) in which water at supercritical conditions was found to
enhance the effect of higher OER (>1) on the oxidation efficiency.
On the other hand, the difference (TRE – OE) becomes smaller when
the OER is increased, an effect which is enhanced at supercritical
conditions. The explanation of the latter is that at low OER, there
is insufficient reactive oxygen available in the reaction medium
to fully oxidize the formed intermediates, the latter ultimately
yielding of carbon-containing gas species like CH4 and CO as well
as carbonaceous solids (which are not measured in the TOC of
the liquid effluent).

The effect of OER on the carbon mass balance closure (CR) and
OUE is displayed in Fig. 5. Carbon mass balance closure was consid-
ered poor at substoichiometric conditions (OER = 0.5), being 85%
but increasing to 99.6% at OER = 2.0 in the case of a reactor temper-
ature of 500 �C. The liquid effluent (Fig. 7) at OER � 1 was a black
dispersion with pungent and acrid odor, clearly indicating the
presence of soluble and volatile intermediates (see analyses in Sec-
tion 3.4) and suspended carbonaceous solid particles, the latter
which are not quantified and thus result in the large deficiencies
in the carbon balance closure. As concluded by Park et al. (2008),
when hydrogen peroxide is present in limiting quantities in the
presence of hydrocarbons in water, it may act as a radical initiator
in polymerization reactions to form coke-like carbon-containing
solids. With OER increasing, the aqueous effluent becomes clear
and less smelly, indicating that higher OER suppresses the presence
of soluble and insoluble organic compounds in the liquid effluent.

3.3. Effect of temperature

The effect of temperature on TRE and OE of fermentation sludge
oxidation was investigated at a residence time of 1 min, OER of 1.5
and 2.0, and temperatures of 300, 400, 450 and 500 �C. Results are
shown in Fig. 4 while the effect on carbon distribution is given in
Figs. 6 and 8. There is an obvious higher increase in TRE and OE
especially when increasing the temperature from the subcritical
phase to supercritical phase. Clearly, the capacity of supercritical
water to increase the rate of radical reactions, including those with
hydroxyl (∙OH) and hydroperoxyl (∙OOH) radicals formed out of
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H2O2, contributes to the improvement of the oxidation of the feed-
stock. These observations of oxidation efficiency versus tempera-
ture are consistent with the results reported in (Gong et al.,
2014). Having more oxidizer present (OER = 2.0) enhances OE and
TRE, with a maximum of TRE = 92.2% and OE = 86.6% at 500 �C.
The observation of enhancement of higher OER on the oxidation
efficiency agrees well with previous studies (Miller et al., 2015).

As also shown in Fig. 5, CRwas always higher than 90%, and was
positively correlated with the oxidation efficiency likely because a
Table 2
Ammonia nitrogen recovery (ANR), nitrate nitrogen recovery (NNR) and total nitrogen (TN
and OER = 1.5).

300 �C 400 �C

ANR% NNR% TN removal% ANR%

1 min 79.1 ± 3.9 10.1 ± 1.1 5.5 ± 0.4 93.6 ± 8.1
5 min 79.4 ± 7.7 7.5 ± 0.8 6.1 ± 0.1 91.6 ± 1.5
10 min 87.2 ± 8.8 6.8 ± 0.2 7.3 ± 0.1 74.1 ± 3.7

a Nitrate was not found.
proper oxidation yields less carbonaceous solids which have not
been quantified and not included in the carbon mass balance.
3.4. Nitrogen distribution and VFA removal analysis

In the fermentation sludge used in the experiments, the total
nitrogen concentration was 897.5 mg N/L and was mostly in the
form of organic N compounds and 101 mg NH4

+-N/L. No nitrate
was present in the feedstock. The oxidation of N compounds in
the feedstock leads to different species, distributed over the differ-
ent product fractions (N-heterocyclic compounds in soluble and
insoluble form in the liquid effluent; NO3

� and NH4
+ in the liquid

effluent; N2, N2O, NOx in the gaseous effluent (Cabeza et al.,
2014; Lousteau et al., 2017; Shimoda et al., 2016)). All tested
parameters in the oxidation had an effect on the nitrogen distribu-
tion. After the oxidation experiments, low concentrations of nitrate
were detected, as shown in Table 2. Less than 10% of the feedstock
nitrogen was converted into nitrate depending on reaction condi-
tions and even no nitrate was measured in the liquid effluent when
the temperature was 450 �C. The ammonia-N retention increased
greatly starting at 11.3% and varied depending on reaction condi-
tions. Under subcritical conditions, ammonia-N retention showed
an increasing trend from 79.1% at tR = 1 min to 87.2% at tR = 10
min, which is opposite with the trend observed in the supercritical
phase where a longer residence time yielded less ammonia in the
liquid effluent. Nitrogen compounds from the feedstock decom-
posed into ammonia in the subcritical phase and peptides/protein
decomposition is further enhanced with increasing residence time.
In contrast under supercritical conditions, organic N compounds
decompose quickly and the ammonia itself can further decompose
leading to lower ammonia concentrations with longer residence
times. The conversion of feedstock N into ammonia or nitrate is
favorable for use in a regenerative life support system, as the
nitrogen-containing liquid effluent can be used as plant fertilizer.

Comparing the tests performed at 300 and 400 �C, both had at
least 50% of the feedstock N converted to ammonia, however at
supercritical conditions (400 �C), the conversion was higher, see
Table 2. Another pathway of N conversion is the production of
NOx. Al-Duri et al. (2016) stated that higher oxygen supply favors
NOx production as opposed to N2 production, This could not be ver-
ified in this study as NOx was not analyzed in the gas product. In
order for nitrogen to be oxidized, higher temperatures (650 �C
and above) are required (Al-Duri et al., 2016; Osibo, 2011). Another
gas constituent that is formed out of the feedstock N is N2. Unfor-
tunately, no accurate measurement of N2 could be made because
nitrogen was already used to flush and pre-pressurize the head-
space of the autoclave prior to the experiment. As such, no accurate
distinction could be made between N2 formed in the oxidation and
N2 initially added.

Total nitrogen removal from the effluent, by comparing total
nitrogen before and after reaction was always below 25% at tR �
5 min, which means that the majority of the feedstock nitrogen
is still in the aqueous phase after reaction, especially in the form
of ammonium. Comparing the test performed at 450 versus the
one at 400 �C, the ammonia-N recovery dropped and no nitrate
) removal results in the oxidation of 2 wt% fermentation sludge feedstock (tR = 1 min

450 �C

NNR% TN removal% ANR% NNR% TN removal%

6.3 ± 0.7 2.9 ± 0.2 66.4 ± 3.8 n/aa 5.4 ± 0.5
8.2 ± 0.5 9.9 ± 0.2 56.2 ± 6.2 n/aa 22.4 ± 1.8
5.2 ± 0.4 20.7 ± 0.1 35.2 ± 2.4 n/aa 63.6 ± 7.7
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was detected while the TN removal increased. As such, we can
assume that most feedstock nitrogen was converted into gas pro-
duct (N2, N2O or NOx) at elevated temperatures, and in combina-
tion with longer residence times. Consequently, the conditions
which favor carbon oxidation do not favor the retention of feed-
stock N in the form of ammonia in the effluent.

Fermentation sludge is the product from biological treatment
and contains complex components that cannot be readily decom-
posed by microorganisms. Some of these components are also hard
to be removed in the H2O2-mediated hydrothermal oxidation pro-
cess leading to residual TOC in the liquid effluent. Refractory inter-
mediates in the oxidation process contribute to the residual TOC. As
shown in the GC/MS analysis results in Table 3, few residual con-
stituents can be identified. VFAs are reported to be refractory inter-
mediates during the SCWO process. Lactate, formate, acetate,
propionate and butyrate were measured as VFA. As shown in
Table 4, VFA (expressed in mg C per L of effluent) constitute the
main fraction of the residual organic matter. At 400 �C and with tR
= 1 min, both the concentration of VFA and final TOC decrease with
increasing OER. On average, the VFA make up 38.4 wt% of all resid-
ual TOC, indicating the difficulty in eliminating these VFA in the oxi-
dation process. Comparing the results from experiments held at a
residence time of 5 min and 10 min, it is clear that longer residence
times improve TOC and VFA removal. The trends in residual VFA
concentration correlate well with oxidation efficiency and conse-
quently, oxidation in subcritical water (300 �C) still yields high con-
centrations of VFA (>1000 mg C/L) while in the most efficient
conditions, i.e. 500 �C andOER = 2.0, only 282 mg C/L VFA remained.

3.5. Reaction mechanism and discussion

It is a widely accepted hypothesis that the free radical reaction
mechanism is best suited to describe the oxidation in supercritical
water (Shanableh, 2005; Xu et al., 2015). This reaction mechanism
contains two major steps, namely, thermal decomposition and oxi-
dation. Thermal decomposition is the hydrolytic formation of
Table 3
Identities and relative amounts of components as analyzed by GC–MS, in the effluent
of fermentation sludge oxidation at 450 �C, 300 bar, OER = 2.0 and 1 min residence
time.

No. Time (min) Name Peak area (%)

1 10.5 2-Propanone, 1-hydroxy- 18.52
2 10.61 Heptane, 2,4-dimethyl- 7.45
3 11.91 2,4-Dimethyl-1-heptene 3.51
4 12.43 Octane, 4-methyl- 3.41
5 14.56 1,2-Ethanediol 3.09
6 15.02 1-Hydroxy-2-butanone 1.67
7 15.14 Acetic acid 2.98
8 17.18 Butanedial 3.58
9a 29.06 1,4-Dibromobenzene 5.36
10 43.81 D-Allose 4.43

a 50 mg/L 1,4-Dibromobenzene in DCM worked as internal standards.

Table 4
The effect of reaction conditions in oxidation of 2 wt% fermentation sludge on residual
VFAs in the liquid effluent.

Temperature (�C) OER RT (min) VFAs (mg C/L)a Final TOC (mg/L)

300 2.0 1 1121 1950

400 0.5 1 1316 4343
1.0 1 1273 2820
1.5 1 812 2103
2.0 1 710 1445
2.0 5 550 1031
2.0 10 143 795

500 2.0 1 282 774

a The concentration of carbon from VFAs.
smaller intermediate molecules, some of which could end up as a
final product (like acetic acids and other VFA). Oxidation is the sec-
ond step in which the smaller intermediates are converted (oxi-
dized) into the end products which are recovered in the effluent.
These two processes occur simultaneously with other parallel reac-
tions, including polymerization. According to previous studies (Jin
et al., 2001), thermal decomposition is faster than oxidation in sub-
critical water, but the opposite is true in supercritical water.

In this study, the thermal decomposition dominated during
heating time leading to the decomposition of the fermentation
sludge and accumulation of soluble organic matter. Meanwhile,
polymerization reactions also took place explaining the formation
of carbonaceous solids and tar-like, heavier organic compounds.
During the subsequent oxidation, these accumulated soluble
organic compounds were consumed, although some of these inter-
mediates only tend to be oxidized at a slow rate. The more oxidizer
available (OER), the better these intermediates were oxidized
toward CO2. However, the rate of oxidation was much slower at
300 �C than in supercritical water, which explained the lower TRE
and OE at 300 �C. Prolonged residence time did not increase TRE
and OE to a great extent probably because of the high reaction acti-
vation energy needed for the oxidation of some of the intermedi-
ates (Fang, 2014). In supercritical tests, thermal decomposition
still dominated during heating time. Nevertheless, oxidation, by
means of free radical reactions, took the lead in the supercritical
phase. At 500 �C, 300 bar, OER = 2.0 and 10 min residence time,
the SCWO process can remove 98.6% of the TOC and it convert
97.1% organic carbon to carbon dioxide. Nitrogen conversion
occurred over the entire temperature range studied. Ammonia
was formed as main intermediate. It accumulated during the sub-
critical phase and decomposed at higher temperatures, as also
demonstrated in (Shimoda et al., 2016). Because high temperatures
play an important role in decomposing ammonia to N2, N2O and
ultimately NOx, and as temperatures used in the tests in this study
were not considered high, ammonia accumulated and only minor
amounts of nitrate were recovered. With increasing temperature
and OER, ammonia and other aqueous nitrogen compounds further
decomposed. Higher temperature and OER together with longer
residence time could improve the carbon recovery and restrict
the ammonia accumulation. Detailed reaction pathways are hard
to obtain because of the complicated organic matter compositions
in the fermentation sludge used.

In our study, the organic waste was not directly introduced into
SCWO system which was different from many literature reported
studies (Bubenheim and Wydeven, 1994; Czupalla et al., 2004;
Drysdale et al., 2003; Kudenko et al., 2000; Takahashi and
Tanaka, 1992; Takahashi et al., 1989). Organic wastes were first
in anaerobic fermentation during which a large fraction of the
waste-TOC was converted to CO2. As such, the processing capacity
requirements and oxidizer need in the SCWO (or subcritical oxida-
tion) step have been largely reduced.
4. Conclusion

Temperature, OER and residence time are all positively corre-
lated with organic carbon removal efficiency and carbon oxidation
efficiency. Supercritical water is better suited for waste oxidation
than subcritical water. Both TRE and OE increased significantly
with temperature increasing from 300 to 400 �C. At temperatures
above 400 �C, the improving tendency was kept but less pro-
nounced (i.e., smaller marginal gains in TRE and OE with increasing
the temperature). With regard to the amount of oxidizer added, as
quantified by the OER, it strongly correlated with TOC removal, oxi-
dation efficiency and resulted in more carbon dioxide being pro-
duced. Low oxidizer use efficiencies at high OER implied that
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increasing OER at levels above stoichiometric could become uneco-
nomical. Residence time had the least effect on TOC removal and
conversion to carbon dioxide.

Regarding the nitrogen conversion, prolonged residence times
at supercritical conditions yielded a reduction of ammonia in the
aqueous effluent. Hence, in applying supercritical water oxidation
for recovering both carbon (as CO2) and nitrogen (as NH4

+ or NO3
�)

balanced reaction conditions should be considered (i.e. short resi-
dence times, temperatures marginally above the critical point
and higher OER).

More work on completely converting carbon to carbon dioxide
and fully recycling the nitrogen is necessary. For instance, the addi-
tion of a catalyst can be considered to improve conversion effi-
ciency. Future work should also focus on recycling the excess
(and unreacted) O2 in the effluent gas as a necessity to lower oxi-
dizer requirements.
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