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DESCRIPTION

[0001] The present invention relates to a method for the oxidation of organic sludges, I.e.
organic and optionally inorganic matter in aqueous mixtures.

[0002] More specifically, the present invention resides Iin the field of oxidizing/mineralizing
agueous organic matter operated in a cyclic batch mode and at least partially at supercritical
temperatures and pressures.

[0003] According to an estimate of the world health organization (WHO) for 2015
approximately 2.4 billion people worldwide have no access to 'improved sanitation facilities'. An
iImproved sanitation facility i1s a facility that allows hygienic separation of human excreta from
human contact. Around 1.04 billion people worldwide practice open defecation, 761 million
people use public or shared toilets and 693 million people use toilets that do not meet the
minimum hygiene standards of the VWWHO. The lack of safe sanitation infrastructure is especially
encountered In rural areas of low-income countries and in informal urban settlements, so-
called 'slums’. Regions that are mostly concerned are South-east Asia and sub-Saharan Africa.
More general, the concept might be desirable wherever urine and feces need to be treated
properly. Examples are mountain shelters, ships, trains, prison camps, refugee camps,
research camps, quarantine offices. Problems that arise from lacking or unsafe sanitation
Infrastructure are, for example, contamination of drinking water, the promotion of diseases and
high infant mortalities (VWHO, 2013. Progress on sanitation and drinking water: 2013 update).

[0004] In 2012 the BILL & MELINDA GATES FOUNDATION launched a worldwide competition
for international research projects to develop alternative sanitation concepts that are applicable
for regions that lack improved sanitation (REINVENT THE TOILET CHALLENGE'"). Within the
scope of this competition the Swiss research institute EAWAG In Dubendorf, In co-operation
with several other research institutes, developed a toilet that separates the waste streams, I1.e.
urine and feces, and recovers cleaning water for reuse. The toillet was called BLUE

DIVERSION TOILET.

[0005] The treatment of urine and feces remained an unsolved issue of this toillet. To tackle
this problem the AUTARKY project was launched that was also funded by the BILL & MELINDA
GATES FOUNDATION. An on-site treatment concept was developed to treat the waste streams
that guarantees safe sanitation and enables the recovery of resources from urine and feces.

[0006] Method and systems according to the art are disclosed for example in the US Patents
Nos. 3,885,254, 5,252,224 and 5,106,513 as well as In the US Patent Application No.
2004/034906 A1 and Japanese Patent Application No. 2001-121167.

[0007] These methods and systems according to the prior art have a number of disadvantages
which often are the killing criteria for use in the field.
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[0008] Continuous systems require a pump. This limits the dry matter content of the feed
because, above a certain dry matter content, the feed can no longer be pumped. The check
valves of the pump may also become plugged.

[0009] Usually, these systems are designed to treat large amounts of feed, otherwise they
become Inefficient and/or not economical.

[0010] Most continuous systems need a skilled operator which is not available in particular In
under-developed countries and/or areas. The goal here has to be a solution that I1s operated

by the user of the toilet with a minimum of interactions.
[0011] Non-thermal (e.g. biological) solutions do not destroy all pathogens.

[0012] Continuous systems rely on homogeneous feeds with a constant heating value to
provide constant process performance, i.e. a constant product (process water and gas) quality.

[0013] (Atmospheric) combustion systems are inefficient because they usually require external
energy because of the high water content of fecal sludge. Further, (atmospheric) combustion
systems produce an odorous exhaust gas or soot and they require additional gas
cleaning/odor treatment.

[0014] Prior art systems do not provide sterile water.

[0015] Large systems with a high throughput need several hours for starting up and cannot be
operated intermittently.

[0016] The present invention therefore has the objective to treat mixtures of organic matter
and water ("sludges”) that may also contain harmful components such as pathogens, in a way
that the organic sludge can be converted to the largest extent possible to the harmless
products CO,, H,O, NH4 using a readily available and cheap oxidant, in a safe enclosure, and

within less than ca. one hour. To be applicable under a vast spectrum of conditions, the
process should be suited to treating relatively small amounts of feed mixtures at a time, of

varying composition and consistence, but in particular for treating fecal sludges. The process
should operate without any external thermal energy supply, except for the initial starting of the

Process.

[0017] This goal is achieved according to the present invention by a method for an oxidation of
an organic sludge, comprising the following steps:

1. a) collecting the organic sludge and pretreating the organic sludge to generate a
pourable pulp;

2. b) conveying a portion of the pourable pulp into an injection chamber, preferably by
gravitation;

3. €) Injecting the portion of the pourable pulp and an oxidant into a reaction vessel,
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4. d) inttially pressurizing and heating-up the reaction vessel in order to initiate an oxidation
reaction In the reaction vessel; said oxidation reaction producing excess heat being at
least partially stored within the reaction vessel and completely reacting the portion of
organic sludge;

5. ) opening the reaction vessel to exhaust under depressurization of the reaction vessel
the reacted components of the portion of the organic sludge and closing the reaction
vessel after the reacted components are removed from the reaction vessel, thereby
maintaining a temperature of at least 200°C In the reaction vessel, wherein the excess
heat released by the oxidation reaction is stored at least partially intermittently in a solid
shell around the reaction vessel and/or Iin the wall of the reaction vessel and/or in a solid
body placed inside the reaction vessel; and

6. f) repeating the cycle of injecting another portion of the pourable pulp and the oxidant
Into the reaction vessel and relaunching the oxidation reaction in the reaction vessel
without an external supply of heat.

[0018] The treatment of the organic sludge, such as fecal matter, which may have also an
Inorganic content is accomplished by thermal decomposition of the fecal matter and reaction
with oxygen iInto carbon dioxide, water and its mineral compounds Iin the high pressure
reaction vessel. This process i1s known as 'hydrothermal oxidation' (HTO). Above the critical
temperature and pressure water forms a homogeneous mixture with gases such as O5, No,

CO». Reactions In this single-phase fluid mixture are not hindered by slow mass transfer from

one phase to the other, as Is the case of typical "wet oxidation” processes operated at
subcritical conditions with air or pure oxygen. Further, once the oxidation i1s started with an
Initial amount of external heat, the process is self-sustaining because the temperature after the
release of the reacted products Is controlled by appropriate release of the reacted products
and/or by an appropriate heat capacity of the reaction vessel and/or by an appropriate amount
of the next portion of the organic sludge. Due to these adjustments, the temperature in the
reaction vessel does not drop under 200°C and the next portion of organic sludge already
"sees’ a temperature of at least 200°C after being injected. Of course, the organic sludge can
be macerated or diluted with water to the extent desired.

[0019] Reaction-wise, excellent conditions can be offered when the temperature and the
pressure reached in the reaction vessel are greater than the critical temperature and the
critical pressure of pure water, respectively. One of the advantages is that the heat needed to
heat up the contents of the reactor is significantly less under supercritical conditions than it
would be under atmospheric pressure (or in general at pressures below the critical pressure).

[0020] The supply of the oxidant that has to be provided has to be solved In a way that it Is
avallable even In under-developed areas. Therefore, the oxidant may be ambient air, pure
oxygen, oxygen-enriched air, or other oxygen-containing gases, wherein for the latter the
oxygen can be preferably derived from decomposed hydrogen peroxide or can be preferably
obtained by ambient pressure or pressurized water electrolysis. In the latter case, the co-
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produced hydrogen could be used to improve the ignition of the mixture.

[0021] Further, a suitable supply of the oxidant can be achieved when the oxidant is
pressurized to a value above 1000 hPa and below about 40 MPa before entering the reaction
vessel. Preferably, the portion of organic sludge can be pushed by the compressed oxidant
from the Injection chamber into the reaction vessel, wherein the oxidant may be stored
Intermittently in a pressure vessel or gas bottle. The pressurized oxidant can therefore be the
supplied together with the organic sludge being effectively the propellant charge for the portion
of organic sludge.

[0022] In order to maintain the reaction temperature in the reaction vessel during exhausting
and refilling at the desired level, the heat capacity of the reaction vessel is designed in a way
that the excess heat released by the oxidation reaction Is stored at least partially intermittently
In a solid shell around the reaction vessel and/or in the wall of the reaction vessel and/or in a
solid body placed inside the reaction vessel. Further, the solid body placed inside the reaction
vessel may comprise a catalytic surface promoting the oxidation reaction.

[0023] Since the oxidation reaction Is - once being started - maintained by the appropriate
pressure and temperature level, only the initial heating up has to be provided externally.
Suitably, the initial heating up of the reaction vessel can be carried out using electric energy,
e.g. by resistive, inductive, or microwave heating, and/or using combustion flame and/or using
a heat transfer gas, or a fluid or a solid and/or using direct solar irradiation. All electricity used
In the process can be provided by a solar panel and/or a battery and/or a wind turbine or the
like and can also be used for example for the compression of air.

[0024] In order to maintain the preferred reaction conditions In the reaction vessel, and/or to
make the sludge more pourable, the organic sludge can be heated to a temperature below ca.
100°C before being Injected Iinto the reaction vessel. Preferably, the excess heat can be
partially used to preheat the organic sludge and/or the oxidant and/or to evaporate and/or
sterilize urine and/or to destroy pathogens, toxic chemicals, such as warfare agents,
pharmaceutical wastes, biohazards before being released to the environment. Further, the
heat of the exhausted reacted products can be used for this purpose, too.

[0025] In order to realize a simple controlling of the method, some of the pressurized oxidant
can be used for pneumatic actuation of valves, I.e. inlet and outlet valves of the Injection
chamber and the reaction vessel, and/or drives and/or safety devices.

[0026] Suitably, the oxidant pressure can be generated by an electric compressor. Further, the
heat of the reacted products when being exhausted can be used to generate electricity, In
particular by a thermoelectric generator, and/or useful heat and/or the reacted products can
undergo a treatment to reduce the carbon monoxide concentration, e.g. by bringing the
reacted products in contact with an oxidation catalyst, e.g. manganese oxide, cobalt oxide, or
platinum.
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[0027] Furthermore, the depressurization of the reactor vessel during exhausting of the
reacted products can be used to move another device and/or to create mechanical energy,
e.g. for electric power generation.

[0028] Usually, under-developed areas suffer from clean water supply or from water In
general. It is therefore advantageous when the water content in the reacted products can be at
least partially recovered. The reacted aqueous product can be preferably treated by activated
carbon, biological treatment, ion exchange or reverse osmosis to provide clean and/or sterile
water and/or the mineral content in the reacted products can be at least partially recovered
and preferably being used as fertilizer.

[0029] Preferred embodiments of the present invention are hereinafter explained in more
detail with reference to the attached drawings which depicts In:

Figure 1
schematically a system for the oxidation of an organic sludge;
Figure 2
schematically the provision of the HTO process in cyclic batch operation; and
Figure 3
proof-of-concept for the cyclic batch operation of a lab-scale prototype running on a
model solution.

[0030] Figure 1 schematically depicts a system 2 for the oxidation of an organic sludge 4. The
organic sludge which may also comprise inorganic components Is stored in a feces tank 6. This
feces tank 6 can for example be connected to the bowl of a toilet. The organic sludge 4 is
ground/homogenized In a grinder’/homogenizer unit 8 and then portion-wise conveyed by
gravitation into a slurry injector 10. The slurry injector 10 is pressurized with compressed air
stemming from a compressed air storage tank 12. The compressed air is provided by an air
compressor 14 to the compressed air storage tank 12. Once the slurry injector 10 is filled with
a portion of the organic slurry 4, the portion of the organic slurry is conveyed by means of the
compressed air as propellant agent into a reaction vessel 16 having an inlet valve 18 and an
outlet (or relief) valve 20. In one variant, the inlet valve 18 acts as an injector valve for the
portion of the organic sludge 4 to be oxidized In the reaction vessel 16. In another variant, the
Injection valve and the injector volume can be two separate units. The portion of the organic
sludge is filled into the slurry injector from the feces tank 6, typically by gravitational force. In
the present example, the organic sludge is homogenized and/or ground to provide a pourable
pulp before being filled into the slurry injector 10 in order to avoid blockages.

[0031] The portion of the organic sludge i1s then propelled into the depressurized but hot
reaction vessel by a flow of the pressurized air coming from the compressed air storage tank
12. This tank 12 i1s periodically refilled from the air compressor 14. After the portion of the
organic sludge has been Injected into the reaction vessel, together with an appropriate amount
of air, the Inlet valve 18 Is closed. The mixture of organic sludge and air remains for a certain
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time In the reaction vessel 16, where the organic matter is oxidized to mainly CO, and H5O.

[0032] Then, the contents of the reaction vessel 16 are rapidly discharged by opening the
relief (outlet) valve 20. The contents are typically collected in a release tank 26, preferably after
being cooled In a cooling unit 22 to avoid steam escaping from the release tank 26. The
release tank 26 Is used to separate the condensed water from the gases (mainly CO»5, N5, O»).

The minerals contained In the feed to the release tank 26 are also kept in the release tank 26,
either dissolved in the water or as precipitated solids. The gases may then be released to the
atmosphere or used elsewhere. The water and/or the minerals may be collected from the
release tank 26 and used as fertilizer or for other purposes. The heat removed from the hot
effluent during cooling may be stored and used for other services, e.g. for evaporating water
from urine In a diversion toilet or for producing steam or hot water. Alternatively, a
thermoelectric generator (TEG) 24 may be coupled to the cooling unit 22 to produce electricity.

[0033] In the present invention, the HTO process I1s designed as a cyclic batch process which
IS depicted In Fig. 2. During the HTO reaction excess heat i1s produced that i1s used to sustain
the necessary reaction temperature between ca. 300 and 500°C. Figure 2 schematically
represents the temperature cycling during self-sustaining operation of the system 2.

[0034] The HTO process is Initially started by externally heating the reaction vessel 16 to
reaction temperature, for example by focalized sun irradiation. The reaction vessel 16 can be
already filled for instance with a portion of the organic (fecal) sludge 4 and compressed air.
Once the exothermic reaction has ignited, the reaction heat further increases the process
temperature. A large portion of the reaction heat is transferred to and stored in the wall of the
reaction vessel. To increase the storage capability, additional heat storage shells, e.g. made
from brass, may be fixed around the reactor. Thus, no more external heating Is necessary
once the reaction has started. After the organic material iIs decomposed and no more heat Is
produced the reactor is emptied and re-filled with e.g. a new portion of organic fecal sludge 4
and compressed air. The reaction ignites automatically as the material enters the hot reaction
vessel 16, and the next cycle starts.

[0035] Filling and emptying of the reaction vessel 16 Is realized by using compressed air as
carrier for the organic sludge and as oxidant. Other oxidants are also conceivable.

[0036] An important aspect Is to avoid operating within the steam region of water (i.e. at p <
Psat fOor T <Toand atp <pgforT = Tg pe and T, being the critical pressure (22.1 MPa) and

temperature (374°C) of pure water, respectively, and ps4t the saturation pressure of pure

water). Within this region an increased formation of tars and coke was observed, which are
undesired products.

[0037] One advantage of operating the process in the supercritical region iIs that the heat
demand for heating the feed up to reaction temperature is less than if operated at the same
temperature but within the steam region.
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Advantages of the process

[0038]

e [The process according to the present invention does not require the drying of organic
sludge.
e Almost complete destruction of organic matter to CO, and H>O. Organic N Is mostly

converted to NH3. NOx are not formed.

e Complete inactivation of pathogens (worm eggs, viruses, bacteria, fungi, etc.) due to
temperature level well above 200°C.

o Particularly suited to treating small volumes of organic sludges.

e Small footprint; no special requirements for operation.

e Low risk of plugging due to the absence of a mechanical pumping device.

e Can accommodate large variations In feed composition (dry matter content,
INhomogeneous mixtures, inorganic matter).

» Provides a self-sustaining operation with respect to the thermal energy consumed for
HTO.

e |ntermittent operation possible due to fast start-up.

» Process does not require a skilled operator.

[0039] The operation principle of the method according to the present invention has been
demonstrated in a lab-scale rig using the following sequence:

a) Preheating the empty and depressurized reaction vessel 16 to 380°C;

b) Filing the Injection chamber 10 with 2 mL of organic model solution (here a solution
containing ca. 22% glycerol, 11% ethanol and 67% water was used) with a syringe pump at
ambient pressure; the syringe pump was used only for ease of operation and because a
solids-free solution was used.

c) Pressurizing the injection chamber 10 with 184 bar of synthetic air from the compressed air
storage tank 12;

d) Opening the Inlet valve 18: the mixture of air and model solution iIs injected into the hot
reaction vessel 16;

e) Closing the inlet valve 18. The temperature progression in the reaction vessel 16 i1s shown In
Fig. 3. The mixture heats up quickly and ignites. It reaches peak temperatures between ca.
415°C and 425°C. The pressure reaches peak values of ca. 290-310 bar;

e) After a predetermined (desired) reaction time, in this scenario 10 s, opening the outlet valve
20: the reacted mixture 1s suddenly released into the release tank 26, here filled with cold
water. The pressure In the reaction vessel 16 drops to almost ambient but the reaction vessel
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16 remains hot (1.e. above 380°C); in this regard the design of the reaction vessel 16 and the
amount of the organic sludge filled into the reaction vessel 16 need to be considered carefully
In order to maintain the desired hot environment in the reaction vessel 16 when the next
portion of the organic sludge is filled into the reaction vessel 16;

f) Closing the outlet valve 20;

g) Depressurizing the (empty) injection chamber 10 by opening a corresponding vent valve 28;
and

h) Starting the next cycle by repeating the sequence from step b) on.

[0040] The measured temperature cycles of ten such sequences is shown In Figure 3. After
the first sequence an external heater of the reaction vessel 16 was turned off to monitor the
autothermal operation. The subsequent operational cycles were reproducible. The
temperature of the brass shells around the reaction vessel 16 increases with each cycle,
Indicating that surplus heat is generated, which leads to autothermal operation.
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Patentkrayv

1. Fremgangsmade til oxidering af organisk slam (4), omfattende falgende trin:
a) at iIndsamle det organiske slam (4) og forbehandle det organiske slam (4) til
generering af en heeldbar gredet masse;

b) at fremfere en del af den heeldbare gredede masse (4) til et indsprajtning-
skammer (10), fortrinsvis ved hjeelp af tyngdekraft;

c) at indsprajte delen af den heeldbare gredede masse (4) og et oxiderings-
middel Ind | en reaktionsbeholder (16);

d) Indledningsvis at trykbelaste og opvarme reaktionsbeholderen (16) for at
INndlede en oxideringsreaktion | reaktionsbeholderen (16); hvor oxideringsreak-
tionen genererer overskudsvarme, som mindst delvist lagres | reaktionsbehol-
deren (16) og medferer fuldstaendig omseaetning af delen af organisk slam (4);
e) at abne reaktionsbeholderen (16) til udledning under trykaflastning af reak-
tionsbeholderen (16) af de omsatte bestanddele af delen af den organiske
slam (4) og lukke reaktionsbeholderen (16), efter at de omsatte bestanddele
er flernet fra reaktionsbeholderen (16), hvorved der opretholdes en temperatur
pa mindst 200 °C i reaktionsbeholderen (16), hvor den overskudsvarme, der
afgives ved oxideringsreaktionen, lagres mindst delvist med mellemrum | en
massiv kappe omkring reaktionsbeholderen (16) og/eller 1 veeggen af reakti-
onsbeholderen (16) og/eller 1 et massivt legeme, der er anbragt inden | reakti-
onsbeholderen (16); og

f) at gentage cyklussen med at indspr@jte en yderligere del af den heeldbare
gredede masse (4) og oxideringsmidlet ind | reaktionsbeholderen (16) og gen-
starte oxideringsreaktionen | reaktionsbeholderen (16) uden en ekstern var-
metilfarsel.

2. Fremgangsmade ifalge krav 1, hvor temperaturen og trykket, som nas i re-
aktionsbeholderen (16), er hgjere end henholdsvis den kritiske temperatur og
det kritiske tryk af rent vand.

3. Fremgangsmade ifalge krav 1 eller 2, hvor oxideringsmidlet er luft, rent oxy-
gen, oxygenberiget luft eller andre oxygenholdige gasser, hvor oxygenet for
sidstnaevnte fortrinsvis udledtes fra nedbrudt hydrogenperoxid eller fortrinsvis
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opnas ved omgivelsestryk eller trykvandselektrolyse.

4. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor oxi-
deringsmidlet seettes under tryk til et tryk over 1000 hPa og under ca. 40 MPa,
for det kommer Ind | reaktionsbeholderen (16).

5. Fremgangsmade ifalge krav 4, hvor delen af organisk slam (4) skubbes af
det komprimerede oxideringsmiddel fra indsprajtningskammeret (10) Ind | re-
aktionsbeholderen (16), hvor oxideringsmidlet lagres med mellemrum 1 en tryk-

beholder (16) eller gasflaske (12).

6. Fremgangsmade ifalge krav 1, hvor det massive legeme, der er anbragt
Inden | reaktionsbeholderen (16), omfatter en katalytisk overflade, der fremmer
oxlderingsreaktionen.

7. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor den
Indledende opvarmning af reaktionsbeholderen udferes under anvendelse af
elektrisk energi, f.eks. ved hjeelp af modstands-, induktions- eller mikrobalge-
opvarmning, og/eller under anvendelse af forbreendingsflamme og/eller under
anvendelse af en varmeoverferselsgas eller en fluid eller et faststof og/eller
under anvendelse af direkte solindstraling.

8. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor det
organiske slam (4) opvarmes til en temperatur under ca. 100 °C, f@r det Iind-
sprejtes | reaktionsbeholderen (16).

9. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
overskudsvarmen delvist anvendes til at forvarme det organiske slam (4) og/el-
ler oxideringsmidlet og/eller til at fordampe og/eller sterilisere urin og/eller til at
pdeleegge patogener, toksiske kemikalier, sasom krigsferelsesmidler, farma-
ceutisk affald, biologiske farlige stoffer, far den afgives til omgivelserne.
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10. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
noget af oxideringsmidlet under tryk anvendes til pneumatisk aktivering af ven-
tiler og/eller drivanordninger og/eller sikkerhedsindretninger.

11. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
trykket af oxideringsmidlet genereres af en elektrisk kompressor.

12. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
varmen fra de omsatte produkter, nar den udledes, anvendes til at generere
elektricitet og/eller udnyttelig varmeenergi, og/eller de omsatte produkter gen-
nemgar en behandling til reduktion af koncentrationen af carbonmonoxid,
f.eks. ved at bringe de omsatte produkter | kontakt med en oxidationskatalysa-
tor.

13. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
trykaflastningen af reaktionsbeholderen (16) anvendes til at beveege en anden
Indretning og/eller til at frembringe mekanisk energi.

14. Fremgangsmade ifalge et hvilket som helst af de foregaende krav, hvor
vandindholdet | de omsatte produkter mindst delvist genindvindes og fortrins-
vis behandles med aktivt kul, biologisk behandling, ionbytning eller omvendt
osmose til tilvejebringelse af rent og/eller sterilt vand, og/eller mineralindholdet
| de omsatte produkter mindst delvist genindvindes og fortrinsvis anvendes
som g@dningsmiddel.
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