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[57] ABSTRACT ’

A system for effective utilization of reaction heat and in situ
separation of solid and gaseous products in wet oxidation of
waste and wastewater. This invention does not require
special preheaters for preheating feed streams, therefore
reducing the possibility of scale and char formation in the
heat exchange zone. The cold feed stream is introduced into
the reactor with part of the effluent which has been recycled
through a high temperature pumping means to form a hot,
near critical oxidant-containing mixture. The cold feed is
directly heated up by the oxidant-containing mixture. The
reaction mixture is separated by in situ crossflow filtration
elements, including sintered material. Catalyzed reactions
and sintered material gas separation are also described.

9 Claims, 3 Drawing Sheets
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1
METHOD AND APPARATUS FOR

REVERSE-INJECTION WET OXIDATION,

SINTERED MATERIAL CATALYTIC

REACTION, SINTERED MATERIAL

FILTRATION AT SUPERCRITICAL
CONDITIONS, SINTERED MATERIAL GAS
SEPARATION, AND HIGH TEMPERATURE

PRESSURIZATIION

This is a divisional of copending application Ser. No.
07/743,520 filed Aug. 9, 1991, now abandoned.

1. Field of the Invention

This invention generally relates to detoxification of
wastewaters containing dissolved and/or suspended solids.
Generally speaking, cold oxidant-containing fluid is directly
heated by a hot recycling fluid, and mixed with a cold waste
fluid which contains compounds to be oxidized. Solid and
gaseous products may be separated in situ by crossflow
filtration attachments. Sintered materials may be used as
filter, gas separation, or catalyst elements. Thermal energy
generated by the process may be recovered. A novel high
temperature pumping means is also described.

2. Description of the Prior Art

The concept of wet oxidation of wastewater and sludge
has been used since the 1960s. The need for complete and
effective destruction of hazardous waste materials resulted
in further investigation of wet oxidation at reaction condi-
tions near the supercritical point of water (about or above
705° E. (374° C.) and about or above 3205 psia (221 bar)).
It has been demonstrated in lab-scale tests that supercritical
water oxidation is a viable waste treatment alternative to
meet new environmental regulations. The growing interest
and demand for wet oxidation requires that a practical
process and apparatus be developed to apply wet oxidation
to waste and wastewater treatment.

Current literature and practice have taught that the ther-
mal energy carried in the reactor effluent may be used to heat
the incoming feed through heat exchangers located either
outside or inside of the reaction vessel. For example, one
known process utilizes external heat exchangers with a
subsurface (i.e. underground) vertical reaction vessel pro-
cess. Another known process utilizes internal heat exchang-
ers. Other similar subsurface concentric tube reactor pro-
cesses have been described. A problem with the heat
utilization systems presently used is that scale formation in
heat exchangers and/or heat exchange zones is often fast and
severe. One cause of the scale formation is that the waste-
water or sludge in the feed is relatively slowly heated,
allowing time for scale products to form. Cleaning of the
scale in heat exchange units requires service time and
additional costs. Scale formation may also cause localized
corrosion.

Conventional practice for removing residue solids in wet
oxidation reactor vessels has been to shut down the wet
oxidation system, completely drain the reactor, and then
physically remove the solids. One known method periodi-
cally removes solids from a wet oxidation reactor, with only
a temporary suspension of feed to the plant. This method
apparently works without draining the entire liquid portion
of the reactor contents, and without having to cool the
reactor contents. Other systems use a solid separation appa-
ratus in a two zone pressure vessel wherein precipitates and
other solids fall or are sprayed from a supercritical tempera-
ture superzone into a lower temperature subzone. The feed
material may comprise various waste products which are
subsequently oxidized in the superzone. The resultant brine
or slurry at the lower temperature subzone of the vessel is
removed via a pipe.
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Crossflow filtration has been used for removal of heavy
metals and suspended solids from battery wastewaters. Lab-
scale and pilot plant studies have also treated municipal
sewage effluent by crossflow filtration. These studies, how-
ever, have been conducted at relatively low temperatures
and pressures, and little, if any, information on crossflow
filtration under high pressure and high temperature condi-
tions is known.

Relatively little is also known about the use of catalysts
for supercritical wet oxidation processes. The difficulty and
cost of operating at supercritical conditions has deterred
supercritical catalyst studies.

In the past, oxidants have been introduced in wet oxida-
tion processes by either (1) premixing the oxidant-contain-
ing fluid and the compound to be oxidized, or (2) injecting
the compound to be oxidized or the oxidant-containing fluid
at various locations in heat exchange or reaction zones. Both
types of processes tend to produce scale and/or char in the
reactor because of lack of oxidant available (at reaction
conditions) to the compound to be oxidized. In process (1),
the oxidant tends to degrade or react before reaction condi-
tions are reached (either because of instability of the oxidant,
or because of reaction between the oxidant and the com-
pound to be oxidized). Thus the amount of oxidant available
when the mixture reaches reaction conditions is reduced,
causing scale and/or char formation due to insufficient
oxidation of the compounds to be oxidized at reaction
conditions. In process (2), insufficient mixing often allows
some of the compounds to be oxidized to reach reaction
conditions prior to contacting the oxidant, thus again caus-
ing scale and/or char formation due to insufficient oxidation
of the compounds to be oxidized at reaction conditions.

In addition to the above problems, high temperature and
pressure reactor system development has been hindered
because there presently is no known equipment for pumping
fluids at supercritical or near-supercritical conditions
wherein the equipment will not be damaged by those con-
ditions in a short amount of time.

SUMMARY OF THE DISCLOSURE

This invention, in a general aspect, relates to a system of
treating a feed stream comprising water containing organic
or other oxidizable matter with an oxidant stream under
supercritical conditions for water to oxidize the oxidizable
matter. The resulting reaction fluid product stream is pref-
erably filtered and passed in indirect heat exchange with
fluids in the reaction zone (i.e., supercritical conditions) or
entering the reaction zone. Following such heat exchange,
the reaction fluid product stream is cooled sufficiently to
enable hot liquid components to be removed from the
reaction fluid. Following such removal, a portion of the
reaction fluid (primarily water) is recycled and mixed with
the oxidant-containing fluid entering the reaction zone. This
hot recycle fluid thus preheats the oxidant-containing fluid
prior to such fluid contacts the feed fluid in the reactor.

The process of the invention is potentially autogenic (i.e.
self-sustaining) if enough heat produced from the reaction is
transferred to the feed and oxidant mixture to bring that
mixture to reaction conditions. The amount of heat produced
from the reaction is dependent on the heat content of the
components in the feed fluid. The type and concentration of
the components in the feed fluid to be oxidized may be
adjusted to make the process autogenic (see Example 2
below). Heat is extracted from the reaction fluid product
stream to heat not only the reaction zone, but also fluids
entering the reaction zone. Concomitant with the heat
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extraction, water contained in the reaction fluid product
stream is condensed, separated, and recycled to mix with
and preheat the oxidant stream. Preheating of the oxidant
stream, coupled with intense heating of the reaction zone,
results in very rapid heating of the feed stream to reaction
conditions. This rapid heating of the feed stream, in turn,
greatly reduces charring and undesirable reactions of the
oxidizable material in the feed stream.

In a preferred aspect of the invention, the hot product
stream is filtered through a sintered filter to remove particu-
lates from the product stream. The filter preferably com-
prises sintered metal, and arranged such that particulates
may fall or otherwise be dislodged from the filter and
collected. It is believed that the surface of sintered filters,
especially sintered metal filters, is particularly well suited
for the removal of such particulates.

The method of the invention comprises the steps of
mixing a recycle fluid with a first oxidant-containing fluid,
and then reacting that mixture with a cold feed fiuid that
comprises a compound to be oxidized. This reaction process
is referred to as a “reverse-injection” process because the
feed is injected to a hot oxidant-containing fluid to heat the
feed, instead of slowly heating the feed via heat exchangers
or other heating equipment. “Cold,” as used in this specifi-
cation, only reflects that the fluid being described has not
been preheated. The terms “feed fluid” or “feed stream,” as
used in this specification, may comprise waste and waste
water streams, as well as other gaseous, liquid, and solid
streams that comprise a compound to be oxidized. The
compound to be oxidized may be organic or inorganic.

The reaction generally takes place at subcritical condi-
tions but accelerates significantly when supercritical condi-
tions are reached. Hence the terms “pre-reaction fluid” and
“reaction fluid” reflect the location of the fluid in the reactor,
as reflected by the position of the fluid in reference to the
supercritical zone (i.e., the zone of the reactor at supercriti-
cal conditions for water). The exact location of the super-
critical zone in the reactor may change, depending on reactor
conditions and the feed components. Preferably the process
and apparatus are designed such that the supercritical zone
is at or near the point that the feed fluid is added to the
reactor.

If a fluid is travelling to the supercritical zone, it is
“pre-reaction fluid.” Generally the pre-reaction fiuid com-
prises the recycle fluid and the oxidant-containing fluid. If
the fluid is in or has left the supercritical zone, it is “reaction
fluid.” Further embodiments of the invention include means
to cause heat transfer between: (1) the pre-reaction finid; and
(2) the reaction fluid.

The reactor may be arranged to provide for heat transfer
to the pre-reaction fluid both before and after the feed fluid
is added. Preferably, this heat transfer means is an indirect
heating exchanger, such as a shell and tube heat exchanger.
Other heat transfer means may also be used to transfer heat
in this invention— e.g., injection of hot fluids, conduction
heating, or direct fire heating to the outside of the equipment.
Further heat may also be recovered from the reaction fiuid
by heat exchange between that fluid and a heat recovery unit.

Solids or gases may also be separated from the reaction
fluid, either before, during or after the reaction using a
crossfiow filtration attachment generally comprising a filter
element and other auxiliary elements. Preferably the reac-
tion fluid is cooled and the reactor comprises means to
segregate the gas and liquid in the reactor prior to contacting
the gas with a sintered material separation means. The filter
element may comprise sintered materials. “Sintered mate-
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rials” in this context means porous materials made by
sintering. “Sintering” is the agglomeration of metal, earthy
powders, or other materials at temperatures below the melt-
ing point (usually by using heat and pressure to decrease the
total surface area of the materials). The pores in the filter
element allow reaction fluid to permeate through the ele-
ment. A solids pressure letdown line may be utilized in
conjunction with the filtration attachment to rid the system
of solids. Sintered materials may also be used as a catalyst
for the reaction.

Materials such as metals and/or alloys, ceramics, or metal
oxides with or without a noble or transition metal coating
may be used for the sintered materials. Manganese oxide,
cerium oxide, platinum, ruthenium, or mixtures thereof may
be especially effective as sintered materials. The sintered
materials may be incorporated into cylindrical shapes, such
as pipes and tubes, or other geometric forms.

In addition to the above, this invention also describes a
novel system of increasing the pressure of a high tempera-
ture fluid such as the recycle fluid. This method includes a
reciprocating piston arrangement coupled to a dual check
valve arrangement that allows low temperature recycle fluid
to contact the piston. A cooling means preferably separates
the piston from the recycle fluid so that preferably only
lower temperature fluid contacts the piston. The low tem-
perature fluid is pressurized and then contacts with the
recycle fluid to pressurize the hot recycle fluid into the
reactor.

It is accordingly a general object of this invention to
provide a method for improving wet oxidation of wastewater
containing dissolved and/or suspended solids. In one aspect,
the invention provides a method and apparatus for effective
utilization of the reaction heat. In another aspect, it provides
a method for heating feed compounds in a supercritical
reactor without using a conventional heat exchanger
arrangement (i.e., the feed compounds are primarily heated
by direct mixing with hot oxidant-rich fluid, rather than by
heating with conventional heat exchangers). In still another
aspect, the invention provides a method and apparatus for in
situ (i.e. in the reactor) separation of residue solids and
gases. In yet another aspect, it provides a better and safer
method for introducing oxidants into the reactor vessel. It is
a feature of the invention that it provides a method and
apparatus for catalytically enhancing wet oxidation. Another
feature of the invention is that it provides a novel method of
increasing high temperature fluid pressure without directly
contacting hot recycle fluid with the pressurization means.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing apparatus and process flow
for a single-tube reactor arrangement.

FIG. 2 is a diagram showing apparatus and process flow
for a multiple-tube reactor arrangement.

FIG. 3 is a diagram showing a vertical gas separation
apparatus with several separation elements.

FIG. 4 is a diagram showing a single element gas sepa-
ration apparatus.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The process flow is briefly described with reference to
FIG. 1. A portion of the reaction fluid from the reactor is
recycled into the reactor 10 from line 6 to line 1. A
pressurization means 14 is used to pressurize the recycle



5,454,950

5

fluid so that it will flow into the reactor 10. The pressuriza-
tion means 14 (schematically shown in FIG. 1) may com-
prise the dual check and piston arrangement shown in FIG.
2 (see description below). The recycle fluid tends to prima-
rily comprise water. The recycle fluid (through line 1) and an
oxidant-containing fluid (through line 2) form a mixture
which is then preferably heated by reaction fluid in a
counter-current heat exchanger 12. Heat exchanger 12 is
preferably integral to reactor 10.

The “oxidant-containing fluid,” as defined herein, may
comprise any gaseous, liquid or solids stream that comprises
an oxidant. Typically the oxidant-containing fluid is an
aqueous stream comprising dissolved oxygen or air. Other
fluids comprising oxidants (e.g., liquid hydrogen peroxide)
may be used.

As the mixture flows in the annular fiow chamber (i.e. the
premix section) of the reactor it is heated. Either before or
after the mixture reaches supercritical conditions for water,
it is then further mixed with a feed fluid (which is introduced
through line 3 and comprises compounds to be oxidized) to
form a reaction fluid. The compounds to be oxidized typi-
cally comprise organic wastes, hazardous wastes, and/or
waste water. Additional oxidant(s) or a second feed fluid
may be introduced through line 4, if needed.

A major advantage of the system described above is that
the feed fluid is heated directly and rapidly by mixing with
the hot, oxidant-rich recycle fluid. In this manner the use of
costly heaters or heat exchangers to heat the feed fluid and
the oxidant-containing fluid may be minimized or elimi-
nated. The ratio of oxidant-rich recycle fluid vs. feed fluid is
maintained such that the temperature of the feed fluid may
be increased relatively quickly to start an oxidation reaction
(see Example 1 below). Since the oxidation reaction is
exothermic, the heat of reaction provides excess heat for
later recovery, or for the recycle fluid to transfer to the
pre-reaction fluid.

As the reaction fluid flows, it preferably reaches an in situ
crossflow filtration attachment 11. Crossflow filtration is
effective at supercritical conditions because of the low
densities of the reaction fluid at these conditions. As shown
in FIG. 1, the reactor may be vertically arranged so that the
mixture flows downward into the reactor. A vertical arrange-
ment is preferred but not necessary. The attachment 11 is
preferably a sintered metal tube with a pre-selected pore
size. A preferred pore size is about 0.05-5 microns average
diameter. Smaller pore sizes are generally preferred because
if the pores are small enough they will resist plugging by
solid particulates (the particulates are generally too large to
fill the pores; gravity and convective forces tend to dislodge
the particulates from the pore openings). The solids that
cannot pass through the pores settle to the funnel-shaped
bottom 18 and pass through a pressure letdown valve 20.
Line 5 comprises a high concentration of solids (or ash)
which is cooled and treated further. After filtration, the hot
filtered reaction fluid in heat exchanger 12 then comprises
primarily water and dissolved gaseous products.

After filtration, the reaction fluid is then preferably
returned through the core (i.e. central flow chamber) of tube
12 in the opposite flow direction (as shown in the FIG. 1
embodiment this direction is upward). Preferably, a substan-
tial amount of thermal energy in the hot reaction fluid is
transferred via indirect and coaxial heat transfer to the
incoming fluids (lines 1, 2, 3, and 4) in the reaction vessel
10. Further heat may be recovered from the reaction fluid in
a heat exchange section 16. Preferably the heat exchange
section 16 will evaporate cooling water (entering through
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line 7 and leaving through line 8) to steam, but other heat
recovery mechanisms are also possible.

In a preferred embodiment, organic compounds are oxi-
dized. Since the complete oxidation product of organic
compounds (hydrocarbons in particular) is carbon dioxide,
in a preferred embodiment the reaction fluid comprises
mainly water and carbon dioxide. The phase behavior of
water-carbon dioxide (H,O—CO,) has been well described.
For example, at a pressure of about 3625 psia (about 250
bar) and a temperature of about 662° F. (about 350° C.), the
CO,-rich phase contains 12.0 mol % (25 wt %) CO, and the
H,O-rich phase contains 2.6 mol % (6.1 wt %) CO.,.
Generally, a decrease in temperature at constant pressure
increases the segregation of CO, to the CO,-rich phase from
the H,O-rich phase. In other words, as the temperature is
decreased at constant pressure the CO, tends to concentrate
in the CO, phase. In subcritical conditions, the CO, segre-
gates and concentrates as a gas as the temperature is
decreased at constant pressure. Since gas thus forms in the
reactor as the reaction fluid is cooled, means are employed
to remove the gas prior to separating a portion of the reaction
fluid to form the recycle fluid (otherwise the presence of
excess pressure of CO, will tend to inhibit the oxidation
reaction in the reactor).

To remove the gas in the reaction fluid, as the reaction
fluid is cooled to a suberitical temperature (but preferably
not far from the critical temperature of about 705° F. (about
374° C.)), it may preferably pass through a second and
preferably finer pore sized crossflow filtration attachment
13. Preferably a number of funnel shaped gas traps 51, as
shown in FIG. 3, are present in the filtration attachment 13.
The upper rim 52 of each gas trap is sealed to the tube wall
50, so that the gases are trapped between the tapered wall 51
and the tube wall. In this manner the gas is substantially
“segregated” from the liquid in the reaction fluid stream (i.e.,
a two phase gas-liquid mixture resuits).

Tube wall 50 is a barrier that preferably comprises porous
sintered materials. Due to the lower density and viscosity of
the gases (as compared to the liquids present), the gases then
preferentially permeate through the tube wall 50 and out of
the reactor 10 through stream 8. Some liquids may also
permeate the tube wall 50 in like manner, however the rate
of liquid permeation will be substantially less than the rate
of gas permeation due to the density and viscosity differ-
ences between the gases and the liquids present. In other
words, the gases preferentially permeate faster because it is
easier for gases to pass through the small pores in the tube
wall 50 than it is for the heavier liquids. In this manner gas
is substantially “separated” from (i.e., separated by a physi-
cal barrier) liquid in the reaction fluid.

Another way in which the separation through the sintered
material may be enhanced is by a selecting a sintered
material that has surface tension properties preferentiaily
favorable to gas permeation, rather than liquid permeation.
As such, in the case of liquid water in the reaction fluid,
hydrophobic sintered material is preferred for this purpose.
Additives or coatings to make the materials hydrophobic are
well known in the art.

In FIG. 1, the remaining reaction fluid flows through the
center holes of the gas traps 51, and then reaches section 14.
The diameter and height of the collar 53 of each gas trap 51
may be varied to improve segregation and separation effi-
ciency.

The rate of liquid versus gas permeation may be cali-
brated for each reactor. Different pore sizes and pore distri-
butions for tube 50 may be used, depending on the specific
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system criteria required. Sintered materials (as discussed
above for the filtration attachment 11) may be used for the
tube wall 50. A preferred range for the sintered material
pores for tube 50 is 0.01 to 0.2 micron average diameter. A
more preferred range is 0.05 to 1.5 microns.

In addition, the gas traps 51 may comprise regular (non-
sintered and thus impermeable) tubing 54 that is arranged
with sintered metal tube 50 to minimize the permeation of
liquid through the sintered material. The sintered metal tube
50 is thus only located where needed to allow for gas
permeation. With this arrangement, the liquid level is pref-
erably controlled at joint 58 of tubes 50 and 54 at the bottom
section, and at the rims 52 of the gas traps 51 (except for the
last gas trap 51 and above at the top of FIG. 3, all of which
is completely filled with reaction fluid) .

FIG. 4 shows an alternative and simpler gas-liquid sepa-
rator which may be incorporated in the filtration attachment
13. This design involves a single tube 55 passing through a
capped sintered metal tube 56 joined at joint 59 with a
regular metal tube 57. As the reaction fluid is cooled down
by heat exchange across the tube 57, the gases bubble
through, reach the sintered tube 56 section, and permeate
through tube 56. The remaining reaction fluid is drawn
through tube 55.

Referring back to FIG. 1, section 14 schematically rep-
resents an optional pressurization means to pressurize the
recycle fluid. The reaction fluid enters section 14 from
filtration attachment 13 and leaves through line 6. A portion
of the reaction fluid may be recycled into the reactor from
line 6. One embodiment of section 14 is provided below in
the apparatus and process flow descriptions for the recycle
fluid pressurization system shown in FIG. 2, specifically
those sections relating to equipment 29, 42, 43, 44, and 45
in FIG. 2. Line 29 in FIG. 2 represents line 9 in FIG. 1.
Alternately, section 14 may just be a section of pipe, and the
pressurization of recycle fluid may be accomplished by
recycling a portion of line 6, using pressurization means
external to the equipment shown in FIG. 1.

The system shown in FIG. 2 is but one of many possible
“recycle means” to recycle a portion of the reaction mixture.
Various piping and pumping arrangements may possibly be
used to recycle a portion of the reaction mixiure back into
the reactor, including conventional reciprocating and cen-
trifugal pumps.

Items 15 and 17 are dividers that may be used for isolation
purpose. Item 19 and 21 depict flange attachments.

With reference to FIG. 2, a modified apparatus and
process flow are described as follows. Through line 22, the
filtered and de-gased reaction fluid may be recycled into the
reactor vessel 31. This recycle fluid (through line 22) and an
oxidant-containing fluid (through line 23) may be mixed and
heated up by heat from counter-current heat exchange tube
32. As the mixture of recycle fluid and oxidant-containing
fluid flows, it is heated via heat exchange with reaction fluid
and reaches supercritical conditions for water. At some point
(preferably when the mixture is at or nearly at supercritical
conditions) the mixture then meets a feed stream (through
line 24). The mixture mixes with the feed stream and forms
a reaction fluid at supercritical conditions. Additional oxi-
dant(s) or a second feed may be introduced through line 25,
if needed.

The apparatus and process described above provide for
the cold feed fluid to be heated rapidly and directly by
mixing with the hot, oxidant-rich recycle fluid. The ratio of
oxidant-rich recycle fluid vs. feed fluid is maintained at such
a level that temperature of the feed may be increased
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relatively quickly to start an oxidation reaction (see Example
1 below). Hence unwanted reaction byproducts that are
produced when the feed and the oxidant are together at lower
temperature are reduced. As the reaction mixture flows
downwards, it preferably reaches an in situ crossflow filtra-
tion attachment in the outer annular section 33 and in the
inner annular section 34. In FIG. 2 the crossflow filtration
attachments are represented by the double-hatched lines in
sections 33 and 34. The attachments 33 and 34 preferably
may comprise sintered metal tubes with a pre-selected pore
size or pore size distribution. The filtered reaction fiuid flows
upwards through the annular section between tube section
33 and 32, and tube 34. The length of tube 33 may vary (or
even be zero) depending upon the required crossflow filtra-
tion area. At a given flux, the filtration rate is approximately
proportional to the filter area.

The crossflow filtration process continues as the reaction
fluid flows upwards through the annular section between
tube 34 and tube 35. The concentrated reaction fluid then
flows downwards through tube 35. Some reaction fluid then
flows through line 26, and comprises a relatively high
concentration of solids (or ash) and salts. It leaves the
reaction vessel for further treatment.

It is desired that the hot recycle fluid be repressurized to
return it to the reactor. Present commercial pumps are
generally expensive and wear relatively quickly at high
temperature, supercritical, or near-supercritical water con-
ditions. “High temperature,” in this context, means at a
temperature of greater than about 400° F. (about 204° C.);
“near-supercritical” in this context means greater than about
650° F. (about 343° C.) but less than about 705° F. (about
374° C.). Accordingly, FIG. 2 shows a novel preferred pump
assembly recycle means that pressurizes fluids at high
temperatures, supercritical, or supercritical water conditions
without contacting the pump to those conditions. This pump
assembly is arranged using assemblies of known check
valves (42), heat exchangers (43), cylinders (44), and pis-
tons (45).

The hot reaction product fluid 27 comprises mostly water
and dissolved gaseous products. It first passes through a heat
exchanger 47 to cool down the stream 22 to a subcritical
temperature, and then enters a gas-liquid separator similar to
crossflow filtration attachment 13 in FIG. 1. The gas-liquid
separator is preferably as shown in FIGS. 3 and 4, although
other means to separate gas and liquid are well known in the
art (e.g., settling tanks, de-misting equipment, membranes,
etc.). The gas leaves the process in conduit means 28, while
the remaining fluid 22 is recycled back into the vessel 31.
The recycling of stream 22 may be achieved through a high
temperature and high pressure dual check valve assembly 42
(or two individual check valves may be used) .

In FIG. 2, a first check valve means in assembly 42 is
connected to a piston 45 and cylinder 44 assembly through
line 29. The fluid in line 29 moves back and forth pursuant
to the pumping action of the piston 45. The reciprocating
action of the piston 45 is transmitted via the fluid-filled line
29 to the chamber within pump assembly 42 that is between
the first check valve and the second check valve, and then
through a second check valve in assembly 42. With every
stroke of the piston 45 a portion of the fluid in line 29 is
pushed into line 22 and a portion of the fiuid from line 27 is
drawn into line 29. In this manner pressurized recycle fluid
is provided in line 22.

The content in line 29 near the piston assembly may be
further cooled by the attached heat exchanger 43 so that
liquid water is maintained in the piston assembly. The heat
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exchanger 43 tends to (1) increase the pumping efficiency
because water at low temperature is much more incompress-
ible, and (2) recover heat when the cool fluid 30 (preferably
water) is converted into vapor 46 (preferably steam). In
addition, the heat exchanger 43 maintains the piston 44 and
cylinder 45 in a lower temperature environment, which
lowers both capital and maintenance costs for the described
system.

Alternately, the piston 44 and cylinder 45 may pump
ambient or heated liquid (e.g. water) from another source
(not shown) into line 29 to pressurize the liquid in assembly
42. In this manner the liquid in assembly 42 is still pres-
surized and the piston 44 and cylinder 45 are not contacted
with high temperature, or near-supercritical water. The
selection of materials to build the pressure vessels and the
attachments (other than the previously described crossflow
filtration attachments) is well known in the art.

The recycle fluid in line 22 generally carries a substantial
amount of thermal energy which may be transferred to
stream 23 and then the streams 24 and 25 in the reaction
vessel 31. The preferred recycle ratio (stream 22 vs. stream
24) is further described in Example 1. Items 36, 37, 38, 39,
40, and 41 are tube and flange attachments suitable for high
pressure and high temperature operation.

W

15

. i .2
The sintered materials used for the crossflow filtration

elements may also act as suitable catalysts for the reactions
taking place within the reactor. The large surface area of the
sintered materials may contribute to the catalytic effect of
these elements because most wet oxidation processes are
catalyzed through the heterogeneous reaction mechanisms
existing between the process fluid and the reactor surface.
Preferred sintered materials are noble metals, ceramics tran-
sition metals, metal oxides, or metal alloys. More preferred
sintered materials are stainless steel (316L, 321, 347), Has-
telloy, Inconel, titanium, manganese oxide, cerium oxide,
platinum, ruthenium, or mixtures thereof. The sintered mate-
rials are preferably mounted on a substrate, in a manner
similar to the way platinum catalysts are mounted for
automobile catalytic converters. It is believed that the com-
bination of the high surface area of the sintered materials,
together with the low densities of reactants at supercritical
conditions, is the feature that makes sintered materials
suitable catalysts at supercritical conditions.

EXAMPLE 1—RECYCLING MASS RATIO

The mass ratio (R) of the recycle fluid vs. the feed fluid
affects temperature at the mixing zone. Since water gener-
ally has the largest specific heat capacity among the major
components involved (such as oxygen and carbon dioxide),
it is reasonable to use the properties of water for a first and
conservative approximation. In particular, enthalpy of water
from National Institute of Standards and Technology
(“NIST” ) Standard Reference Database 10 is used to
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calculate the temperature of the mixture of feed and recycle
fluid (“T,,”). It is further assumed that the temperatures of
the feed and recycle fluids are 70° F. and 850° F. (about 21°
C. to 454° C.), respectively, and both fluids are at a pressure
of about 3500 psi (about 241 bar). The enthalpy of the
mixture of these two fluid streams (“H,,”) at a given recycle
mass ratio R is H,=H/(1+R)+H,R/(1+R), where H,and H,
are enthalpy (at 3500 psi (about 241 bar)) of the feed and
recycle streams, respectively. The calculated results for a
range of mass ratios are shown in Table 1.

Based on the results in Table 1, the mixture temperature
is practically limited to a range of about 500° F. to 700° F.
(about 260° C. to 371° C.) at the specified fluid temperatures
and pressure. Otherwise, the ratio R may become too large
to make the operation practicable. A mixture temperature of
500°-700° E. (about 260° C. to 371° C.) as shown in Table
1 correspond to a recycle mass ratio of approximately 0.5 to
1.5. Practically, if the recycle mass ratio is less than 0.5 the
mixture temperature at the feed port will be below about
500° E. (about 260° C.), which is usually not high enough to
boost the oxidation reaction. However, if a mixture tem-
perature of greater than about 700° F. (about 371° C.) is
desired, a recycle mass ratio of greater than 1.5 is generally
required. In such a case the pumping energy for recycling
becomes cost prohibitive.

TABLE 1

Mixture Temperature and Mass Ratio Relation
at 3500 psi (about 241 bar)

Mixture

Temperature (Tyy) Mass Ratio (R)

°F. °C) Ib. Recycle/lb. Feed
500 (260) 0.550
550 (288) 0.672
600 (316) 0.826
650 (343) 1.040
700 371 1.450
750 (399) 6.690
800 427) 18.500

EXAMPLE 2—THRESHOLD FEED
CONCENTRATION FOR AUTOGENIC WET
OXIDATION CONDITIONS

Energy balance calculations for autogenic (i.e. self-sus-
taining) wet oxidation conditions requires heat values of the
components involved. As given in Table 2, the heat value
(amount of heat generated upon complete oxidation) of
different materials varies considerably. However, the heat
value expressed as the heat delivered per pound of oxygen
consumed in the oxidation tends to remain basically constant
(5300-6300 BTU/Ib O,) (about 12296-14616 KI/Kg).

TABLE 2

Threshold Feed Concentration for
Autogenic Wet Oxidation Conditions

Heat Value 1b. O, per Heat Delivered
Material BTU/M. (KI/Kg) 1b. Material  BTU/b. O, (Ki/Kg O,)
Acetic acid 6270 (14546) 1.07 5860 (13595)
Pyridine 14950 (34684) 2.53 5909 (13709)
Fuel oil 19376 (44952) 3.26 5944 (13790)
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TABLE 2-continued

12

Threshold Feed Concentration for
Autogenic Wet Oxidation Conditions

Heat Value ib. O, per Heat Delivered
Material BTU/Mb. (KI/Kg) Ib. Material BTU/b. O, (KJ/Kg O,)
Lactose 7100 (16472) 1.13 6283 (14577)
Carbon 14093 (32696) 2.66 5298 (12291)
Sewage sludge 7820 (18142) 1.33 5862 (13600)
(primary)
Sewage sludge 6540 (15173) 1.19 5496 (12751)
(activated)

15

Threshold feed concentrations for autogenic wet oxida-
tion of several materials are calculated based on 1 1b, of a
given material and the amount of oxygen required for
complete oxidation. See Table 3 below. The following
assumptions are made in the energy balance calculation: (1)
the highest temperature in the reaction zone is 850° F. (about
454° C.), (2) both feed and oxygen are at a pressure of 3500
psia (about 241 bar) (pumping energy is not considered—
i.e., the energy required to pump the feed fluid and oxygen
to the pressure is neglected in the calculation), (3) the
enthalpy changes of the organic material and oxygen are
approximated by that of water, and (4) energy loss to
environment is neglected. For example, 1.07 Ib. (Kg) of
oxygen is required to completely oxidize 1 1b. (Kg) of acetic
acid. Since the energy required for raising water temperature
from 70° F. to 850° E. (21° C. to 454° C.) at 3500 psi (241
bar) is 1138.6 BTU/Ib (2641.6 KI/Kg) (see NIST Standard
Reference Database 10), the energy required for heating 1 1b
acetic acid plus 1.07 Ib oxygen from 70° F. to 850° F. (21°
C. to 454° C.) at 3500 psi (241 bar) is approximately 2356.9
BTU (about 5468 KJ) (i.e. 2.07x1138.6 BTU) (2.07x2641.6
KI). In the case of no energy recovery, 3913.1 BTU (9078.4
KI) (i.e., 6270 BTU minus 2356.9 BTU) (14546 KJ minus
5468 KI) of thermal energy will be available for heating. If
energy recovery is considered, a given percent of heat value
of the materials being oxidized (for example, acetic acid) is
added to the available thermal energy for heating water in
the feed. The calculated threshold feed concentrations for
autogenic oxidation of various materials are given in Table
3.

TABLE 3

Threshold Feed Concentration for Autogenic
‘Wet Oxidation Conditions

Threshold Feed Concentration (wt %)
Material 0% E.R.* 25% ER. 50% E.R.
Acetic acid 25.1 19.0 15.3
Pyridine 10.5 8.0 6.4
Fuel oil 8.1 6.1 5.0
Lactose 217 16.6 134
Carbon 11.5 8.7 6.9

*E.R.-Energy recovery (the percentage is based on the heat value of a given
material).

Based on Table 3, it is apparent that as the amount of E.R.
is increased, then less organic compounds to be oxidized are
needed in the feed to reach autogenic reaction conditions.
Thus, persons skilled in the art will be able to calculate
minimum feed conditions for various specific autogenic
processes, and apply them as disclosed in this specification.

To start the unit initially, it will usually be necessary to
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provide external heating means to heat the recycle fluid for
starting purposes. Such heating means are well-known in the
act. It is preferable to utilize a clean source of initial recycle
fluid (e.g., water) so that the starting external heating means
does not become fouled with scale, char, or reaction prod-
ucts from such recycle fluid.

Further modifications and alternative embodiments of
various aspects of the invention will be apparent to those
skilled in the art in view of this description. Accordingly, this
description is to be construed as illustrative only and is for
the purpose of teaching those skilled in the art the general
manner of carrying out the invention. It is to be understood
that the forms of the invention shown and described herein
are to be taken as the presently preferred embodiments.
Elements and materjals may be substituted for those illus-
trated and described herein, parts and processes may be
reversed, and certain features of the invention may be
utilized independently, all as would be apparent to one
skilled in the art after having the benefit of this description
of the invention. Changes may be made in the elements
described herein or in the steps or in the sequence of steps
of the methods described herein without departing from the
spirit and scope of the invention as described in the follow-
ing claims. Similarly, isomers and homologs of reactants
may be used and still come within the scope of the invention.

We claim:

1. A method of treating an aqueous’ stream containing
oxidizable matter which comprises:

mixing a cold aqueous stream containing oxidizable mat-
ter with a hot oxidant-containing stream and reacting
the resultant mixture under supercritical conditions for
water in a reaction zone to form a product stream
including water;

heating said mixture by indirect heat exchange with the
product stream;

condensing water in the product stream to form a hot
condensate comprising water; and

recycling at least a portion of the hot condensate to mix
with and heat the oxidant-containing stream prior to
that stream mixing with the cold aqueous stream con-
taining oxidizable matter.

2. A method of removing oxidizable matter from a waste

water stream which comprises the steps of:

(a) mixing a cold waste water stream with a hot oxidant-
containing stream and allowing the resultant mixture to
react in a reaction zone at supercritical conditions for
water for a time sufficient to oxidize oxidizable matter
to an oxidation product stream including water and
carbon dioxide;

(b) cooling the product stream by indirect heat exchange
with said mixture in the reaction zone to form a hot
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condensate stream comprising water; and

(c) recycling at least a portion of the hot condensate
stream to mix with and heat the oxidant-containing
fluid stream prior to step (2).

3. A method of oxidizing a compound comprising:

mixing a recycle fluid with a first oxidant-containing fluid
to form a pre-reaction fluid;

mixing the pre-reaction fluid with a cold feed fluid that
comprises a compound to be oxidized to form a reac-
tion fluid that is then reacted at supercritical conditions
for water;

separating a portion of the reaction fluid to form the
recycle fluid; and

crossflow filtering solids from the pre-reaction fluid or the
reaction fluid.
4. A method of oxidizing a compound comprising:

mixing a recycle fluid with a first oxidant-containing fluid
to form a pre-reaction fluid;

mixing the pre-reaction fluid with a feed fluid that com-
prises a compound to be oxidized to form a reaction
fluid is then reacted at supercritical conditions for
water;

separating a portion of the reaction fluid to form the
recycle fluid; and

crossflow filtering solids from the pre-reaction fluid or the
reaction fluid wherein the crossflow filtering is through
a sintered filter.

5. A method of oxidizing a compound comprising:

mixing a recycle fluid with a first oxidant-containing fluid
to form a pre-reaction fluid;

mixing the pre-reaction fluid with a cold feed fluid that
comprises a compound to be oxidized, to form a
reaction fluid that is then reacted at supercritical con-
ditions for water;

separating a portion of the reaction fluid to form the
recycle fluid; and

separating gas from the reaction fluid by preferentially
permeating gas crossflow filtering solids from the pre-
reaction fluid or the reaction fluid through a sintered
material.

6. A method of oxidizing a compound comprising:

mixing a recycle fluid with a first oxidant-containing fluid
to form a pre-reaction fiuid;

mixing the pre-reaction fluid with a cold feed fluid that
comprises a compound to be oxidized to form a reac-
tion fluid that is the reacted at supercritical conditions
for water;

separating a portion of the reaction fluid to form the
recycle fluid;

separating gas from the reaction fluid by preferentially
permeating gas through a sintered material; and

mixing a second oxidant-containing fluid with the pre-
reaction fluid or the reaction fluid.

10

15

20

25

30

35

40

45

50

55

60

65

14

7. A method of oxidizing a compound comprising:

mixing a recycle fluid with a first oxidant-containing fiuid

to form a pre-reaction fluid;

mixing the pre-reaction fluid with a cold feed fluid that

comprises a compound to be oxidized to form a reac-
tion fluid that is then reacted at supercritical conditions
for water;

separating a portion of the reaction fluid to form the

recycle fluid;

pressurizing the recycle fluid by withdrawing the recycle

fluid from an upstream portion of the recycle path;
isolating the withdrawn recycle fluid from the upstream
portion; and

pressurizing the isolated recycle fluid into a downstream

portion of the recycle path.

8. A method of oxidizing a cornpound comprising: mixing
a recycle fluid with a first oxidant-containing fluid to form
a pre-reaction fluid;

mixing the pre-reaction fluid with a cold feed fluid that

comprises a compound to be oxidized to form a reac-
tion fluid that is then reacted at supercritical conditions
for water;

separating a portion of the reaction fluid to form the

recycle fluid;

pressurizing the recycle fluid by withdrawing the recycle

fluid from an upstream portion of the recycle path;
isolating the withdrawn recycle fluid from the upstream
portion;

pressurizing the isolated recycle fluid into a downstream

portion of the recycle path;

wherein recycle fluid is withdrawn in a fluid system

separately pressurizable from the recycle path.

9. A method of oxidizing a compound comprising:

mixing a recycle fluid with a first oxidant-containing fluid

to form a pre-reaction fluid;

mixing the pre-reaction fluid with a cold feed fluid that

comprises a compound to be oxidized to form a reac-
tion fluid that is then reacted at supercritical conditions
for water;

separating a portion of the reaction fluid to form the

recycle fluid;

pressurizing the recycle fluid by withdrawing the recycle

fluid from an upstream portion of the recycle path;
isolating the withdrawn recycle fluid from the upstream
portion;

pressurizing the isolated recycle fluid into a downstream

portion of the recycle path;

cooling the withdrawn recycle fluid;

wherein the withdrawn recycle fluid is withdrawn in a
fluid system separately pressurizable from the recycle
path.
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