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CORROSION INHIBITION IN
HYDROTHERMAL PROCESSING

BACKGROUND

Field

[0001] The disclosed technology generally relates to cor-
rosion inhibition in hydrothermal processing, and more
particularly to corrosion inhibition within reaction chambers
configured for hydrothermal oxidation of corrosive materi-
als such as heteroatom-containing organic waste.

Description of the Related Art

[0002] Increasing public health concerns continue to drive
new legislation and regulation standards aimed at providing
a cleaner and safer environment. In particular, treatment of
environmentally hazardous organic wastes is an ever-grow-
ing environmental challenge, in part due to increasing envi-
ronmental regulation standards. For example, many EPA
(Environmental Protection Agency) goals demand destruc-
tion of the organic waste to levels up to 99.9999%. However,
treatment processes that are capable of meeting the increas-
ing regulation standards are often difficult to implement
and/or are costly. Conventional technologies for treating
organic and toxic wastes include adsorption, incineration,
and land-based disposal technologies, among other tech-
nologies. Each of the conventional technologies has its pros
and cons. For example, conventional land-based disposal
technologies, while they may generate less greenhouse gases
and be relatively cheaper, can result in the contamination of
surrounding soil and groundwater. As a result, there is a
growing public concern and regulatory response that
increasingly restrict or prohibit land-based disposal tech-
nologies. In addition, while some conventional disposal
technologies may be environmentally acceptable, they may
not be economically feasible. For example, many technolo-
gies using conventional thermal energy, e.g., incineration,
are expensive to implement because they involve heating the
organic waste to very high temperatures (e.g., temperatures
exceeding 900° C., and often with excess air of 100% to
200%). They also involve the use of complex pollution
abatement systems to manage the products of incomplete
combustion and other contaminants that result. In particular,
with aqueous wastes, the energy required to bring the water
component of the waste to the incineration temperature can
be substantial. While for aqueous wastes having relatively
high organic content, e.g., >25%, the heat used to generate
the high temperature can be generated from wastes them-
selves, for wastes having lower organic content, the supple-
mental fuel to satisfy the energy balance can render the
process cost-prohibitive.

[0003] As an alternative to incineration, wet air oxidation
(WAO) has been proposed to treat organic-containing
wastes. WAO of organic-containing waste is typically con-
ducted in a temperature range of 150° C. to 350° C. and a
pressure range of 2 MPa to 20 MPa. However, a number of
compounds, e.g., m-xylene and acetic acid are resistant to
oxidation at these conditions. Additionally, WAO often does
not achieve the 99.9% destruction efficiencies as may be
desirable under government regulations. To address these
concerns, WAO processes have been extended to higher
temperatures and pressures. For example, U.S. Pat. No.
2,944,396 discloses the addition of a second oxidation stage
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after a wet oxidation reactor, in which unoxidized volatile
combustibles that accumulate in the vapor phase of the first
stage wet oxidation reactor are oxidized in a second oxida-
tion stage, which is operated at temperatures above the
critical temperature of water at about 374° C.

[0004] A substance that is above the temperature and
pressure of its thermodynamic critical point, i.e., the limit of
vapor-liquid equilibrium, is referred to as a supercritical
fluid. Above this critical point, phase transformation may not
occur, and the substance is considered neither a liquid nor a
gas, but a homogeneous, supercritical fluid. U.S. Pat. No.
4,292,953 discloses a modified wet oxidation process for
power generation from coal and other fuels in which, as heat
is liberated by combustion, the reaction mixture exceeds the
critical temperature of water, with operating pressures of
about 69 bar (1000 psi) to about 690 bar (10,000 psi)
spanning both the sub- and supercritical water pressure
ranges. U.S. Pat. No. 4,338,199 discloses a wet oxidation
process which has come to be known as supercritical water
oxidation (SCWO) because oxidation occurs essentially
entirely at conditions supercritical in temperature (>374° C.)
and pressure (>about 3200 psi or 220 bar) for water. SCWO
at 500°-650° C. and 250 bar has been shown to give rapid
and near complete oxidation of organic compounds. A
related process known as supercritical temperature water
oxidation (STWO) can provide similar oxidation effective-
ness for certain feedstocks but at lower pressure. This
process has been described in U.S. Pat. No. 5,106,513
utilizes temperatures in the range of 600° C. and pressures
between 25 and 220 bar. These various oxidation processes
which feature high water content will hereinafter be referred
to collectively as “hydrothermal oxidation” (“HTO”) if
carried out at a temperature in the range of about 374° C. to
about 800° C. and pressures above about 25 bar. Character-
istics of the HTO process will be described below for the
specific case of SCWO, though other HTO environments
will have much in common.

[0005] The oxidation occurring in the SCWO process is
comparable to incineration in that carbon and hydrogen in
the organic waste react to form conventional combustion
products, primarily CO, and H,O. However, treating chlo-
rine-, sulfur- and/or phosphorus-containing organic wastes
by the SCWO process can result in the formation of corro-
sive agents. Halogenated hydrocarbons may react to form
strong acids, for example, chlorinated hydrocarbons (CHCs)
may react to form HCI. In contrast to normal combustion,
which forms SO,, the final product of sulfur oxidation in
SCWO includes the sulfate moiety, SO, . Similarly, the
SCWO product of phosphorus oxidation includes the
orthophosphate (PO, ) or metaphosphate (PO,~) moiety. It
has been recognized that these moieties may result in the
formation of strong acids, leading to acid corrosion prob-
lems for the processing equipment. Various methods for
managing the effects of corrosion in SCWO have been
surveyed by Marrone and Hong (“Corrosion Control Meth-
ods in Supercritical Water Oxidation and Gasification Pro-
cesses”, P. A. Marrone and G. T. Hong, J. Supercritical
Fluids, 51(2) 83-103, 2009.) Approaches to neutralizing
corrosion-causing acids by forming salts have been dis-
closed, such as adding alkaline materials to neutralize the
acids and thereby reduce acid corrosion. For example, the
addition of sodium hydroxide during the SCWO processing
of chlorine-, sulfur- and phosphorus-containing organic
wastes leads to the formation of sodium salts, e.g., NaCl,
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Na,SO,, NaPO;, etc., which are typically much less corro-
sive than the acids that would otherwise form.

[0006] However, while reducing corrosion, the formation
of salts in the reactor creates serious processing problems.
Salts are generally insoluble at SCWO reactor conditions,
which can lead to the formation of precipitated salts that
accumulate in the reactor and associated piping, which in
turn can cause plugging. The problem is well recognized and
various methods for handling salt precipitation in SCWO
have been surveyed by Marrone, et al. (“Salt Precipitation
and Scale Control in Supercritical Water Oxidation—Part B:
Commercial/Full-scale Applications,” P. A. Marrone, M.
Hodes, K. A. Smith and J. W. Tester, J. Supercritical Fluids,
29, 289-312, 2004).

[0007] In addition to the problem of reactor plugging, the
addition of alkali does not entirely eliminate the corrosion
problem because the resulting salts remain somewhat cor-
rosive. Therefore, even when alkali is added, the inner
surfaces of SCWO reactors are typically fabricated of cor-
rosion-resistant materials such as nickel-based alloys, tita-
nium, ceramics, or even precious metals (see e.g. U.S. Pat.
Nos. 5,527,471 and 5,545,337). Titanium has proven to be a
particularly useful material for fabricating SCWO reactor
liners and internal parts. It is much less expensive than
precious metals, less brittle than ceramics, produces only the
innocuous corrosion product titanium dioxide, and is more
resistant than many materials to corrosive attack from halide
and sulfate salts. Titanium, however, is vulnerable to attack
by phosphorus in both acid and salt forms, and is often used
as a sacrificial part in such applications.

[0008] Japanese patent JP2002001088(A) discloses that
multivalent cations such as iron, aluminum, calcium, mag-
nesium, and/or barium are superior to sodium in preventing
phosphorus corrosion. Although phosphorus corrosion may
be reduced or eliminated by using these cations instead of
sodium, they form solids that cause reactor plugging.
[0009] Thus, there remains a significant need for methods
of reducing corrosion while simultaneously avoiding salt
plugging in hydrothermal systems during the treatment of
feed materials such as organic wastes.

SUMMARY

[0010] It has now been found that corrosion in hydrother-
mal systems during the hydrothermal treatment of materials,
e.g., organic wastes, can be mitigated while simultaneously
avoiding salt plugging by adding a selective corrosion
inhibitor in conjunction with forming a salt melt within the
reactor. Corrosion and plugging can be reduced or elimi-
nated by properly choosing the type and amount of corrosion
inhibitor and melt-forming constituents.

[0011] In one aspect, a method of inhibiting corrosion in
a hydrothermal system during hydrothermal treatment of a
feed material includes providing a hydrothermal reactor
having inner surfaces, e.g., chamber walls, that are suscep-
tible to corrosion at hydrothermal operating conditions, the
hydrothermal operating conditions comprising a tempera-
ture greater than about 374° C. and a pressure greater than
about 25 bar. The method further includes introducing to the
hydrothermal reactor a feed stream comprising the feed
material, the feed material comprising a corrosive agent that
is corrosive to the inner surfaces of the hydrothermal reactor
at the hydrothermal operating conditions. The method fur-
ther includes introducing to the hydrothermal reactor a
corrosion inhibitor that selectively reacts at least partially
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with the corrosive agent to form an insoluble inorganic
compound at the hydrothermal operation conditions. The
method further includes providing the constituents of a salt
mixture to the hydrothermal reactor so as to form a salt melt
at the hydrothermal operation condition, the salt melt having
the insoluble inorganic compound dispersed therein. The
method also includes operating the hydrothermal reactor at
the hydrothermal operating condition for a period of time or
a residence time effective to treat the feed material. The
method also includes removing at least a portion of the salt
melt from the hydrothermal reactor.

[0012] In another aspect, a method of oxidizing a feed
material comprises providing a feed stream comprising
water, a corrosion inhibitor, a phosphorus compound, and
salt composition that forms an alkali metal salt melt at a
temperature greater than about 374° C. and a pressure
exceeding about 25 bar. The method additionally includes
introducing the feed stream and an oxidant into a reactor
chamber and oxidizing the feed stream at the temperature
and the pressure, wherein the reactor chamber has an inner
surface comprising a material which is susceptible to cor-
rosion when in contact with a phosphorus-containing cor-
rosive agent formed from the phosphorus compound in the
reactor chamber. The method additionally includes selec-
tively reacting the corrosion-inhibitor with the phosphorus-
containing corrosive agent, thereby precipitating in the reac-
tor chamber a solid phosphorus-containing inorganic
compound. The method further includes forming in the
reactor chamber an alkali salt melt and flowing away from
the reactor chamber a mixture comprising the solid phos-
phorus-containing inorganic compound and the alkali salt
melt.

[0013] These and other embodiments are described in
greater detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a pressure-temperature (P-T) phase dia-
gram of water.
[0015] FIG. 2A is a graph showing the variation of density

of water as temperature is varied through the supercritical
temperature at a pressure of 25 MPa (250 bar).

[0016] FIG. 2B is a schematic graph showing the variation
of solubility of oxygen and hydrocarbon in water as tem-
perature is varied through the supercritical temperature at a
pressure of 25 MPa (250 bar).

[0017] FIG. 2C is a schematic graph showing the variation
of solubility of salts in water as temperature is varied
through the supercritical temperature at a pressure of 25
MPa (250 bar).

[0018] FIG. 3 is a schematic illustration of a supercritical
water oxidation (SCWO) treatment system.

DETAILED DESCRIPTION

[0019] In the following, various embodiments directed to
inhibiting corrosion in hydrothermal oxidation (HTO) pro-
cesses are described. As described herein, an HTO process
refers to an aqueous oxidation process in which the liquid
feed to the reactor comprises at least about 50 weight %
water on the basis of the total weight of the liquid feed, and
carried out at a temperature in the range of about 374° C. to
about 800° C. and at a pressure exceeding about 25 bar. Such
combinations of water, temperature and pressure are referred
to herein as hydrothermal operating conditions. While vari-
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ous embodiments described herein are directed to inhibiting
corrosion in HTO processes, embodiments are not so lim-
ited, and the concepts may be applied to a variety of
hydrothermal systems including non-oxidative hydrother-
mal processes, such as hydrothermal gasification.

[0020] As described herein, a heteroatom refers to an
element other than C, H, O and N that may or may not be
bonded to C, H, O and/or N atoms of the feed molecules. In
various embodiments, a heteroatom may be Cl, S, F or P. A
feed may comprise one or more heteroatoms, e.g., in the
form of an inorganic compound or an organic compound,
such as an organosulfur compound, an organophosphorus
compound, an organochlorine compound, an organofluorine
compound or a combination thereof. Inorganic compounds
may include salts such as NaCl, Na,SO, and NH,Cl, acids
such as HCl and H,SO,, and bases such as NaOH and
Na,COs;.

[0021] As described above, inhibiting corrosion of reac-
tors during aqueous oxidation reactions of feeds that include
heteroatoms can pose competing challenges. On the one
hand, formation of corrosive agents such as corrosion-
causing acids formed by some of the heteroatoms (e.g., Cl,
S, F and/or P) in the feed can be suppressed by reacting with
alkalis that form salts that include the heteroatoms. How-
ever, without effectively transporting the resulting salts
through the reactor and removing them, the process can
become unsustainable due to accumulation of the salts
within the reactor.

[0022] Furthermore, of particular importance for the vari-
ous embodiments, the salt NaPOj is still highly corrosive to
titanium.

[0023] Advantageously, various embodiments are
described in which corrosive agents are effectively reduced
by forming salts of their corrosion-causing elements while
simultaneously suppressing accumulation of these and other
salts in the reactor. For example, in embodiments, corrosion-
causing acids formed from the heteroatoms released by or
contained in the feed (such as chlorine and/or sulfur) are
suppressed by reacting the acids with an alkali to form an
insoluble inorganic compound by, for example, precipitating
NaCl and Na,SO,. In an embodiment, an additional, selec-
tive corrosion inhibitor comprises an alkaline earth metal
such as magnesium (Mg) or calcium (Ca) to preferentially
bind the phosphorus constituent and form an insoluble
inorganic compound, e.g. Ca;(PO,), or Mg,(PO,),. The
proportions of NaCl and Na,SO,, are controlled so as to form
a melt at the hydrothermal operating condition. The melting
point of the salt melt can be controlled by adding salts, acids,
or bases containing the appropriate cations and/or anions to
the reactor (e.g., in or with the feed stream and/or sepa-
rately). If the feed material already contains sufficient cor-
rosion inhibitor and/or melt-forming constituents to form a
melt, further adjustment of feed composition is not required.
Those skilled in the art can use routine experimentation
guided by the detailed teachings provided herein to select
the types and amounts of corrosion inhibitor and melt-
forming agents to form a suitable salt melt at the hydrother-
mal operating conditions used for the hydrothermal treat-
ment of a particular feed material.

[0024] Various surfaces of SCWO reactors are formed of
corrosion-resistant materials, such as nickel-based alloys,
titanium, ceramics, or even precious metals. See, e.g. U.S.
Pat. No. 5,527,471 and U.S. Pat. No. 5,545,337. As noted
above, titanium has proven to be a particularly useful
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material for fabricating the inner surfaces of hydrothermal
systems such as SCWO reactor liners and internal parts.
Embodiments disclosed herein are particularly advanta-
geous for suppressing corrosion in reactors that contain
titanium-based parts.

[0025] FIG. 1 is a pressure-temperature (P-T) phase dia-
gram 100 of water showing the vapor pressure curve. Pure
water has a critical temperature 104 of about 374° C. and a
critical pressure 108 of about 221 bar (3206 psia). The
relatively high critical temperature, combined with the
unique characteristics of the water molecule’s structure,
leads to some useful effects on behavior of water as a solvent
above its critical point. Water is a polar molecule which,
under ambient conditions, exhibits a high degree of hydro-
gen bonding. As a result, liquid water can dissolve other
polar substances such as inorganic salts relatively easily,
while not readily dissolving nonpolar substances such as
hydrocarbons. As temperature and pressure are increased
along the vapor pressure curve from ambient conditions up
to the critical point, however, the density of water decreases
by over an order of magnitude, and the water molecules
become sufficiently separated from each other such that their
dipole-dipole interactions are greatly diminished. With the
loss of hydrogen bonding and weakened interactions
between molecules, water in its supercritical state starts to
behave more like a nonpolar solvent rather than a polar
solvent. As a result, nonpolar compounds such as most
hydrocarbons and gases (e.g., O,, N,) become highly
soluble in supercritical water, and polar compounds such as
inorganic salts become insoluble in supercritical water—a
reversal of water’s behavior compared to its behavior under
ambient conditions. As shown in FIG. 1, a typical SCWO
reactor condition is at a pressure of about 235 bar (3400 psi)
and a temperature of about 650° C. The combination of high
temperature and its ability to bring organic species and
oxygen together in a single, homogeneous, dense phase
provides favorable conditions for use in the destruction of
organic compounds. In the following, it will be appreciated
that, while FIG. 1 illustrates the critical temperature 104 and
the critical pressure 108 for pure water, when impurities are
added (e.g., material such as organic waste), the critical
temperature can increase or decrease from that of pure water,
and the critical pressure can increase or decrease from that
of pure water.

[0026] FIGS. 2A to 2C further illustrate some of the
properties of supercritical water. FIG. 2A is a schematic
graph 204 showing the variation of density 208 of water as
a function of temperature at an example pressure of 25 MPa
(250 bar), as the temperature of water is varied through the
supercritical temperature 202 at 374° C. As temperature is
increased from ambient conditions through the critical point
at 25 MPa, the density of water decreases rapidly around the
supercritical temperature 202, and the water molecules
become sufficiently separated from each other such that their
dipole-dipole interactions are greatly diminished.

[0027] FIG. 2B is a schematic graph 212 showing the
variation of solubility 216 of oxygen and hydrocarbons in
water as a function of temperature at an example pressure of
25 MPa as the temperature is varied through the supercritical
temperature 202. As discussed elsewhere herein, with the
loss of hydrogen bonding and weakened interactions
between molecules, water in its supercritical state starts to
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behave more like a nonpolar solvent such that most hydro-
carbons and gases (e.g., O,, N,) become highly soluble in
supercritical water.

[0028] FIG. 2C is a schematic graph 220 showing the
variation of solubility 224 of salts in water as a function of
temperature at an example pressure of 25 MPa as the
temperature is varied through the supercritical temperature.
In particular, the solubility 224 is that of NaCl, for illustra-
tion purposes. A consequence of water’s behavior in the
supercritical state as being more like a nonpolar solvent is
that inorganic salts become less soluble or insoluble in
supercritical water, which is a reversal of water’s behavior
under ambient conditions. As illustrated in reference to FIG.
2C, the solubility of NaCl gradually increases through and
past pure water’s supercritical temperature 202. However,
for the illustrated condition, the solubility of NaCl can drop
rapidly as the temperature crosses a phase boundary tem-
perature 228, beyond which solid and/or liquid NaCl
becomes more stable and precipitates from the mixture.

[0029] FIG. 3 provides a representative flow diagram for
a continuous-flow SCWO system 300 for treating organic-
containing waste, according to embodiments. In the SCWO
system 300, organic-containing waste is pressurized in a first
pump 302 and fed through a feed nozzle 320 into a SCWO
reactor 322. Depending upon the heating value of the
organic-containing waste, it can optionally be enriched with
fuel pressurized through a second pump 304 or diluted with
water pressurized through a third pump 308. The pressurized
water may be preheated in preheater 310, which may be any
sort of industrial heater such as a gas-fired or electric heater.
A regenerative heat exchanger may also be utilized,
although for plant startup a net input of heat is required. In
addition to the above streams, an additive stream may be
supplied to the reactor 322 through a fourth pump 306. The
use of additives is application-specific and may include for
example an alkali such as sodium hydroxide to neutralize
acids formed in the SCWO reactor 322, and/or other addi-
tives to aid in the transport of salts through the SCWO
reactor 322, and/or additives to accelerate the SCWO reac-
tion. While a single additive pump is shown in FIG. 3,
additional additive pumps may be used as necessary. The
oxidation reaction occurring in the SCWO reactor 322 uses
a source of oxygen, for example high-pressure compressed
air supplied through a compressor 312. It will be appreciated
that sources of oxidant other than high pressure air may be
supplied to the SCWO reactor 322, for example, pure
oxygen from a compressed gas or cryogenic source,
enriched air from a pressure swing absorption unit, hydro-
gen peroxide solution, or nitric acid solution, to name a few.

[0030] While FIG. 3 illustrates various streams being
separately pressurized and fed to the SCWO reactor 322
through nozzle 320, other arrangements may be used
depending upon the application. For example, in some
applications, it may be preferable to introduce the fuel,
water, or additives to a single feed tank that supplies the feed
pump 302. Alternatively, the fuel, water, or additives may be
supplied at low pressure from individual tanks but mixed
on-line upstream of the high-pressure feed pump 302. Like-
wise, those skilled in the art will appreciate that corrosion
inhibitors may be added at any convenient location, for
example, in the feed tank, at the inlet of the high-pressure
feed pump, or directly into the reactor. The various high-
pressure streams are injected through feed nozzle 320 into
the SCWO reactor 322, and the fluid jet emanating from the
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nozzle tip leads to back-mixing of the hot fluid already in the
reactor with the incoming cold feed, propagating the oxida-
tion reaction.

[0031] Within the reactor organic compounds are oxidized
to form, among other products, CO, and water, in a resi-
dence time of 10-15 seconds. Advantageously, in many
SCWO processes, despite the short residence time, little or
no CO or other gaseous hydrocarbons characteristic of
incomplete or inefficient combustion are produced. Also
unlike typical combustion processes, little or no NO, com-
pounds or SO, are produced. Instead, nitrogen that may be
contained in organic feed compounds is converted primarily
to N,, with possibly smaller amounts of N,O. When present
as part of the waste feed, heteroatoms (e.g., Cl, S, F and/or
P) may be in the form of or converted to their corresponding
mineral acids (e.g. HCl, H,SO,, HF, H;PO,) in the SCWO
process. The mineral acids can aggressively corrode internal
parts of the SCWO reactor, including the feed nozzle 320,
thermowells for monitoring the internal reactor temperature
(not shown), and various portions of the inner walls or wall
liner (not shown) of the SCWO reactor 322. If cations such
as sodium are present in the feed, or have been introduced
as an additive such as sodium hydroxide, corrosion is
mitigated by the formation of salts by reaction with the
acids, e.g. NaCl, Na,SO,, NaF, and/or Na;PO;.

[0032] Once the reaction in the SCWO reactor 322 has
achieved the desired destruction and removal efficiency, the
reactor stream may be cooled. The cooling of the reactor
stream may be performed in two steps. The first step may
include introduction of high-pressure, ambient-temperature
quench water through a fitth pump 314 to produce a quench
zone in a bottom portion of the SCWO reactor 322. The
quench water brings the combined stream to a subcritical
temperature where salts are dissolved and prevented from
plugging the reactor outlet. The subcritical temperature
reduces gas solubility, and leads to formation of an entrained
gas phase primarily comprising nitrogen, excess oxygen,
and carbon dioxide. The reactor effluent is subsequently
further cooled, e.g., in a cooler 324, depressurized through
letdown valve 326 and separated into a gas effluent stream
332 and a liquid/solid effluent stream 330 in separator 328.
Advantageously, the SCWO system 300 is enclosed up to
the point of final discharge to the environment, facilitating
post-processing and monitoring prior to release. This feature
can be useful, e.g., when treating toxic or radioactive wastes.
In some implementations, excess heat of reaction can be
recovered for use within the process, or for external pur-
poses, such that the SCWO process can be self-sustaining
for organic concentrations exceeding certain limits, e.g.,
>1%. SCWO processing is not limited to disposal of organic
compounds and complex organic wastes. Inorganic waste
constituents, such as nitrates or ammonia, can be destroyed
with similar efficiency by the addition of suitable reducing
or oxidizing agents.

[0033] Those skilled in the art will appreciate that the
methods described herein are applicable to reactor designs
other than those shown in FIG. 3, for example elongated
straight pipe reactors, elongated coiled pipe reactors, trans-
piring wall reactors, and hydrothermal flame reactors. Reac-
tor orientation may vary, including both horizontal and
vertical.

[0034] As described elsewhere and above, the feed may
include heteroatoms such as Cl, S, F and/or P, in organic or
inorganic form, that may result in formation of correspond-
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ing mineral acids such as HCI, H,SO,,, HF, H,PO,, that can
aggressively corrode inner surfaces of the SCWO reactor. To
reduce or minimize corrosion, a base can be added to the
feed or the reactor, such that acids formed during the
oxidation reaction are neutralized to form salts. These salts
can adhere to and accumulate on the reactor walls and other
surfaces within the reactor, and can inhibit and ultimately
block the process flow unless they are removed or their
accumulation is controlled. To address this issue, methods
for controlling salt accumulation according to embodiments
include forming a salt mixture composition to result in the
formation of a salt melt. Such salt melts typically include
cations that form salts with melting temperatures not too far
above the SCWO reactor operating temperature of ~650° C.
Salts of sodium and potassium that possess melting tem-
peratures up to about 900° C. have been found to be suitable
melt-formers. Such a melt can flow through the SCWO
reactor until it reaches the quench zone, where the melt is
dissolved into the cooler fluid.

[0035] Controlling the salt composition can be accom-
plished in various ways. In the case described above, the
feed material contains anionic elements, i.e., Cl, S, F and/or
P, and alkali metals such as sodium and/or potassium may be
added to form a salt melt. It is generally most convenient to
form a salt mixture to enable the formation of a salt melt. In
a salt mixture, eutectic-type interactions occur yielding a
melting temperature lower than that of any of the pure
constituent salts. For example, if a feed contains or only
contains anionic element(s) of a salt, e.g., Cl, adding a
mixture of sodium- and potassium-containing melt-forming
agents would yield a low-melting salt mixture. In another
example, if a feed contains or only contains cationic element
(s) of a salt, e.g., Na, a mixture of hydrochloric and sulfuric
acids could be added to obtain a low-melting salt mixture. In
another example, if a feed material already contained a salt,
e.g., NaCl, another salt, e.g., Na,SO, salt could be added to
attain a low-melting salt mixture. In yet another example, if
a feed material contains P as the only heteroatom, both NaCl
and Na,SO, salts could be added to produce a low-melting
salt mixture. In the first three examples above, the presence
of phosphorus will tend to increase the mixture complexity
and can further lower the mixture melting point.

[0036] To create the salt mixtures, the relative amounts of
each constituent can be varied to obtain a target melt
temperature. The suitable melt temperature can vary
depending upon the selected operating temperature and
pressure of the SCWO reactor. The high partial pressure of
water also aids in depressing the salt mixture melting point.
As the partial pressure of water varies with the selected
oxidant, e.g., air vs oxygen, the selected oxidant can also
affect the targeted melt temperature. The lowest attainable
melt temperature can occur in the vicinity of the eutectic
point of the water-free salt mixture, with some offset due to
the effects of water. The salt melt will generally have a small
content of water, on the order of 10 wt %.

[0037] While use of a neutralizing alkali greatly reduces
acid corrosion, it is not eliminated. Therefore, reactors
typically employ corrosion-resistant materials for fabricat-
ing reactor components that contact the process fluid, e.g.,
feed nozzles, thermowells, and reactor liners. For example,
nickel-based alloys C-276 and 625, and/or titanium can be
employed. Titanium in particular may be suitable in many
applications as its major corrosion product, titanium dioxide
(Ti0,), is nontoxic, unlike the corrosion products of nickel
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and chromium released during corrosion of nickel-based
alloys. Titanium has outstanding resistance to corrosion by
halides and sulfate salts in a SCWO environment. It is,
however, vulnerable to attack by phosphate salts. Without
being bound to any theory, it is believed that corrosive attack
on titanium may involve, among other possible reaction
paths, the reaction represented by Equation [1] as:

9NaPO4+5TiO,—NasTisP,0;+Na P50, 1]

[0038] See “Solubility of Titanium Dioxide in Phosphate-
Halide Melts”, V. P. Kochergin and M. S. Ulanova, Russ. J.
Inorg. Chem. 14:1337-1339, 1969, the disclosure of which
is hereby incorporated by reference in its entirety. In accord
with this reaction, sodium metaphosphate salt (NaPO;) can
strip the passivated layer of TiO, from the metal surface,
leaving the reactive metal underneath vulnerable to oxida-
tive attack. TiO, quickly reforms on the surface by reaction
with water, but is then stripped away again by new meta-
phosphate salt present in the salt melt flowing down the
reactor liner wall.

[0039] It will be appreciated that, despite being described
herein in the context of inhibiting corrosion of reactors
having Ti-containing surfaces, various embodiments
described herein are applicable to reactors having other
metals. For example, the method may also be used to
mitigate phosphorus corrosion of nickel-based alloys.
[0040] The corrosion reaction represented by Equation [1]
might be avoided if a cation that bound phosphorus more
strongly than sodium could be used for acid neutralization in
the SCWO reactor. For example, Japanese patent
JP2002001088(A) discloses that multivalent cations such as
iron, aluminum, calcium, magnesium, and/or barium are
superior to sodium in preventing phosphorus corrosion.
However, although phosphorus corrosion may be reduced or
eliminated by using these cations instead of sodium, they
form high-melting solids that normally do not form salt
melts under hydrothermal operating conditions and hence do
not provide a solution to the problem of reactor plugging.
[0041] To address these and other observations, the inven-
tors have discovered various embodiments in which corro-
sion caused by phosphorus may be reduced or prevented
while retaining the presence of a flowable melt in part by
adding corrosion inhibitors into the feed stream. The dis-
covery is based in part on consideration of relative stabilities
of possible species that may be formed by the corrosion
inhibitors, based on thermochemical equilibrium calcula-
tions at SCWO reactor conditions. Examples of corrosion
inhibitors include alkaline earth metals, particularly Ca and
Mg. For calcium, the order of thermodynamic stability of
various species, in decreasing order of stability, is as fol-
lows:

Cas(PO,)3F>Ca3(PO,),>Cas(PO,)
3OH>CaS0 >CaF,>CaCO;>CaCl,>Na salts

[0042] For magnesium, the order of thermodynamic sta-
bility of possible species, in decreasing order of stability, has
been found is as follows:
Mg;3(PO,),, >Mg80,, >MgF,, >MgCOs;,
>MgCl,>Na salts

[0043] The inventors have discovered that Ca and Mg may
be used to selectively bind phosphorus (along with some
fluoride, if present, in the case of calcium), not only over
sodium salts but also over the other anions that may be
present in the hydrothermal system. As a result, it is possible
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to add only enough Ca or Mg additive to bind the phospho-
rus, while retaining sodium and its associated melts for the
other anions. In other words, the phosphorus is selectively
reacted with calcium and/or magnesium to prevent the
formation of the highly corrosive NaPO; in Equation [1].
Thus, calcium and/or magnesium phosphate solids that have
relatively low reactivity with titanium can be formed and
transported through the reactor along with the melt formed
by the sodium salts.

[0044] The corrosion inhibitors, e.g., calcium and/or mag-
nesium additives, may be added to the SCWO reactor by
suitable means, for example using additive pump 306 in
FIG. 3, or an additional pump (not shown) if pump 306 is
already in use. In some applications, corrosion inhibitors
may be introduced into a feed tank that supplies the feed
pump 302.

[0045] According to embodiments, the quantity of corro-
sion inhibitor can be adjusted based on the amount of
phosphorus that may be present in the feed, e.g., to a
quantity that can stoichiometrically bind the phosphorus.
However, the quantity of corrosion inhibitor can be adjusted
upwards or downwards, depending on circumstances. For
example, if some of the corrosion inhibitor is found to bind
with anions other than phosphorus, a super-stoichiometric
quantity of corrosion inhibitor may be used. Alternatively, if
the quantity of corrosion inhibitor is found to be interfering
with flow of the melt, a sub-stoichiometric or partially
neutralizing quantity of corrosion inhibitor may be used. In
this latter case corrosion inhibition may be less complete,
but still of significant advantage. According to embodi-
ments, the amount of corrosion inhibitor added can be
adjusted on the basis of a ratio between the stoichiometric
molar concentration of the inhibitor element (e.g., Ca or Mg)
and the stoichiometric molar concentration of the corrosive
element (e.g., P) in the resulting inorganic compound. For
example, when the corrosion-inhibitor comprises calcium,
and the resulting inorganic compound is calcium phosphate
(Cas(PO,),, the ratio of stoichiometric molar concentrations
between Ca and P would be 3:2. According to embodiments,
the ratio may be adjusted to be within +/-100%, +/-50% or
+/-30% of the stoichiometric ratio.

[0046] The corrosion inhibitors may be introduced in any
convenient and practical form. Examples include calcium
hydroxide, milk of lime, magnesium hydroxide, magnesium
carbonate, milk of magnesia, calcium chloride solution,
calcium acetate solution, calcium EDTA solution, calcium
carbonate suspension, calcium sulfate suspension, etc. It is
also possible to combine the corrosion inhibitor with a
reaction accelerant as described in U.S. Pat. No. 5,232,604,
the disclosure of which is hereby incorporated by reference
in its entirety. For this purpose, the corrosion inhibitor may
be added as calcium or magnesium nitrate or nitrite. Use of
a reaction accelerant may expedite release of phosphorus
from an initial organic form and improve the selective
binding of phosphorus with the corrosion inhibitor.

[0047] In the following, further details of a method of
inhibiting corrosion in a hydrothermal reactor, e.g., the

reactor 322 (FIG. 3), according to embodiments, is
described.

[0048] The method comprises providing a hydrothermal
reactor having an inner surface that is susceptible to corro-
sion at a hydrothermal operating condition, where the hydro-
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thermal operating condition comprises a temperature greater
than about 374° C. and a pressure greater than about 25 bar
as described above.

[0049] As described herein, an inner surface includes any
surface within the reactor that comes in contact with the
materials comprising the feed stream during hydrothermal
operation.

[0050] According to embodiments, the reactor chamber
has an inner surface comprising a material, e.g., a metal,
which corrodes when in contact with a corrosive agent, e.g.,
a phosphorus-containing phase formed at the hydrothermal
operating condition. The material can be any of the materials
of the walls of the reactor discussed above with respect to
FIG. 3. In particular embodiments, the material includes
titanium.

[0051] It will be appreciated that the hydrothermal oper-
ating condition can depend on the reactants present in
addition to water. According to various embodiments, the
hydrothermal operating condition can have a temperature
range of about 374° C. to about 800° C., about 500° C. to
about 800° C. or about 600° C. to about 750° C., among
other temperature ranges. According to various embodi-
ments, the hydrothermal operating condition can have a
pressure range of about 25 bar to about 350 bar, about 100
bar to about 300 bar or about 150 bar to about 250 bar,
among other pressure ranges.

[0052] The method additionally comprises introducing to
the hydrothermal reactor a feed stream comprising the feed
material, where the feed material comprises a corrosive
agent that is corrosive to the inner surface of the hydrother-
mal reactor at the hydrothermal operating condition. The
feed stream can include, e.g., a hetero-atom-containing
compound, where the hetero-atom can be one or more of Cl,
P, F and/or S, and where the hetero-atom, e.g., P, can be the
corrosive agent.

[0053] According to embodiments, the method uses the
reactor 322 (FIG. 3) configured to receive the feed, which
can include heteroatom(s), according to embodiments. In
some embodiments, the feed is an aqueous organic waste
containing about 1 wt. % to about 50 wt. % organic matter,
about 2 wt. % to about 30 wt. % organic matter or 5 wt. %
to 20 wt. % organic matter, according to embodiments. It
will be appreciated that, from a commercial standpoint, the
targeted concentration ranges can represent relatively dilute
concentrations of organic matter for which incineration is
cost-ineffective, such that SCWO can be cost-competitive
over incineration. That is, these concentrations may repre-
sent concentration ranges that are too dilute for incineration
to handle efficiently but too concentrated for practical appli-
cation of an adsorption-based process such as activated
carbon treatment, such that the method according to embodi-
ments can be relatively cost-effective.

[0054] According to various embodiments, the organic
waste comprises one or more compounds having one or
more of Cl, P, F and/or S. For example, the organic waste can
include one or more of: dichlorodiphenyltrichloroethane
(DDT), decachlorobiphenyl, pentachlorophenol, polychlo-
rotrifluoroethylene, ammonium chloride, 1,2-dichloroben-
zene, polyvinyl chloride (PVC), 1,4-dichlorobenzene,
ammonium perchlorate, 2,4-dichlorobenzene, 1,2-dichloro-
ethylene lactic acid, ammonium sulfate, 2,4-dichlorophenol,
2,4-dichlorophenoxyacetic acid, dimethyl methyl phospho-
nate (DMMP), tetrachloroethylene, methylene chloride, car-
bon tetrachloride, thiodiglycol, methylphosphonic acid
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(MPA), 2-chlorobiphenyl, 3-chlorobiphenyl ethylene glycol
naphthol trichloroacetic acid, 4-chlorobiphenyl, 1,1,1-
trichloroethane, chloroform, 1,1,2-trichloroethane,
4-chloro-3-methylphenol, trichloroethylene, 2-chlorophe-
nol, 2,4,6-trichlorophenol, 4-chlorophenol, o-chlorotoluene
heaxchlorobenzene, VX (o-ethyl-S [2-(diisopropylamino)-
ethyl]-methylphosphonothiolate) and hexachlorocyclopen-
tadiene, to name a few.

[0055] According to various embodiments, the organic
waste can be in any phase (e.g., solid or liquid) that can be
dissolved or slurried into a form that can be introduced into
the reactor 322 (FIG. 3) under pressure.

[0056] The method additionally includes introducing to
the hydrothermal reactor 322 (FIG. 3) a corrosion inhibitor
in an amount that is effective to at least partially react with
the corrosive agent to form an insoluble inorganic com-
pound at the hydrothermal operating condition.

[0057] The corrosion inhibitor can be an inorganic and/or
an organic compound which includes an alkaline earth metal
in the form of an ion selected from magnesium (Mg) ion and
calcium (Ca) ion. The corrosion inhibitor can be provided in
any suitable form, such as part of an organic or inorganic
compound containing the inhibiting ion.

[0058] In embodiments, the corrosion inhibitor includes
compounds of Mg or Ca that are basic or salts of weak acids,
e.g., Mg(OH),, Ca(OH),, MgCO;, and/or CaCOj,, which
can be particularly effective in neutralizing acids that may be
corrosive to the inner surface of the hydrothermal reactor.

[0059] However, embodiments are not so limited and the
corrosion inhibitor can include oxides, halides, and sulfates
of alkaline earth metal, since due to the higher stability of the
phosphate salts described above, the original anions will be
displaced by phosphate. For example, when the corrosion
inhibitor includes Mg ion, the inhibiting ion can be provided
in the form of one or more of MgO, MgCl, and MgSO,, to
name a few examples, all of which will form Mg,(PO,),
Likewise, when the corrosion inhibitor includes Ca ion, the
inhibiting ion can be provided in the form of one or more of
Ca0, CaCl,, and CaSQO,, to name a few examples, all of
which will form Ca;(PO,),. The inhibiting ion can also be
provided in the form of nitrates (e.g., Mg(NO,),, Ca(NO,),)
or nitrites (e.g., Mg(NO,),, Ca(NO,),) of the alkaline earth
ions.

[0060] In various embodiments, the method includes
selectively reacting the corrosion-inhibitor with phosphorus
in a phosphorus-containing phase, thereby precipitating in
the reactor chamber a phosphorus-containing inorganic
compound, according to embodiments. Selectively reacting
can reduce the phosphorus available for corroding the reac-
tor chamber such that a substantial amount of the phospho-
rus in the phosphorus-containing waste compound is pre-
vented from corroding the inner surface, according to
embodiments.

[0061] The corrosion of the inner surfaces, e.g., chamber
walls, of a SCWO-based reactor can be caused by a variety
of phosphorus-containing phases, including a supercritical
phase of water having phosphorus-containing species dis-
solved or dispersed therein that may be present in reactor
during the oxidation of the organic waste, as well as sub-
critical phases including corrosive compounds, such as acids
or salts that may be present in the reactor during the
oxidation of the organic waste. For example, when the
corroding element is phosphorus and the material is tita-
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nium, corrosion is typically caused by vapor phase phos-
phoric acid (H;0,) or liquid phase sodium metaphosphate
per Equation [1].

[0062] It will be appreciated that, while the method is
particularly described in the context of P being the primary
corrosive species, embodiments are not so limited, and can
be applied to inhibit corrosion caused by other elements.
[0063] As discussed elsewhere and herein, by reacting the
corrosion inhibitor, e.g., an alkaline earth ion, with phos-
phorus atoms or phosphorus-containing ions of the phos-
phorus-containing phase, corrosion-causing phosphorus can
be minimized or prevented from reaching the surfaces, e.g.,
titanium atom-containing surfaces, of the reactor walls.
However, as discussed elsewhere herein, the organic waste,
in addition to containing phosphorus-containing waste com-
pounds, can contain one or more additional heteroatoms
(e.g., Cl, F and/or S). When the corrosion inhibitor, e.g., an
alkaline earth compound, is introduced into the reactor in the
presence of P as well as other heteroatoms of Cl, F and/or S,
excessive amounts of salts can be formed, leading to clog-
ging or plugging of the reactor. In particular, salts formed by
the alkaline earth compound and other anions present, e.g.,
Cl, F and/or S can form “sticky” salts, which can adhere to
various surfaces, including the walls of the reactor 322.
[0064] Recognizing this fact, according to various
embodiments, the corrosion inhibitor is selectively reacted
with phosphorus in the phosphorus-containing phase under
the oxidation temperature and pressure such that a substan-
tial amount of the phosphorus in the phosphorus-containing
waste compound is neutralized or prevented from corroding
the inner surface of the reactor. However, because the
corrosion inhibitor selectively reacts with phosphorus to
form a phosphorus-containing solid, e.g., Cay(PO,), or Mg,
(PO,),, other heteroatoms (S, Cl, and/or F) can still cause
excessive precipitation of solid compounds, e.g., salts, that
cause plugging or clogging. To prevent such excessive
precipitation of solids having heteroatoms other than P, a
flowable base melt is formed, according to embodiments.
[0065] In particular, according to embodiments, excessive
precipitation of sticky salts of the alkaline earth element and
CL, F and/or S is minimized or prevented, by forming a salt
melt, e.g., an alkali salt melt having a having a eutectic
composition. Thus, the method according to embodiments
additionally includes introducing to the hydrothermal reac-
tor melt-forming agents in an amount effective to form a salt
melt at the hydrothermal operation conditions, wherein the
insoluble inorganic compound is dispersed in the salt melt.
In embodiments, the melt-forming agents include alkali
metal compounds, which can include one or more of lithium,
sodium and potassium. The compound having the alkali
metal can be any inorganic or organic compound containing
the alkali metal. According to various embodiments, a
flowable base melt is provided by a primary salt melt
comprising a mixture of two or more of alkali metal fluoride,
alkali metal chloride, and/or an alkali metal sulfate melt. For
example, where the alkali metal is sodium, the base melt can
be formed by a mixture of NaCl and NaSO,.

[0066] If a feed contains or only contains anionic element
(s) of a salt, e.g.,, Cl, adding a mixture of Na and K
neutralizing agents would yield a low-melting salt mixture.
In another example, if a feed contains or only contains
cationic element(s) of a salt, e.g., Na, a mixture of hydro-
chloric and sulfuric acids could be added to attain a low-
melting composition. In another example, if a feed material
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already contains a salt, e.g., NaCl, another salt, e.g.,
Na,SO,, could be added to attain a low-melting composi-
tion. In yet another example, if a feed material contains P as
the only heteroatom, both NaCl and Na,SO, salts could be
added to produce a low-melting composition.

[0067] Without subscribing to any theory, the selective
reaction between the corrosion-inhibitor and phosphorus in
the phosphorus-containing phase can be correlated to a
higher salt melting point and the associated higher salt
stability. As a result, when the corrosion-inhibitor comprises
calcium, calcium phosphate (Ca;(PO,),, whitlockite) may
be formed in the reactor, which is thermodynamically more
stable, e.g., has a more negative Gibbs free energy of
formation, than calcium sulfate, calcium fluoride, calcium
chloride, or calcium carbonate, and more stable than the
sodium metaphosphate (NaPO,) that may be formed as part
of the method. Likewise, magnesium phosphate is similarly
more thermodynamically stable than magnesium sulfate,
magnesium chloride, or magnesium carbonate that may be
formed as part of the method. Thus, alkaline earth metals,
e.g., calcium and magnesium, have much stronger affinity
for phosphorus than does sodium under the circumstances
according to embodiments, such that they may react with
phosphorus and thereby inhibit the tendency of phosphorus
to corrosively attack metal (e.g., titanium) on the reactor
surfaces. Thus, by effectively reacting the corrosion inhibi-
tor with phosphorus, titanium corrosion can be reduced
dramatically, or even nearly eliminated, according to
embodiments. According to various embodiments, at least
50%, at least 70% or at least 90% of an initial amount of
phosphorus in the organic compound is precipitated in the
form of inorganic compound(s) comprising P and the cor-
rosion inhibitor.

[0068] The method according to embodiments further
includes, after introducing into the hydrothermal reactor the
corrosion inhibitor and the melt-forming agent, operating
the hydrothermal reactor at the hydrothermal operating
condition for a period of time effective to treat the feed
material, and removing at least a portion of the salt melt
from the hydrothermal reactor. To effectively carry away the
inorganic solid using the base salt melt without excessive
salt build-up, the amount of the inorganic solid should not be
excessively high, according to embodiments. According to
embodiments, where the phosphorus-containing inorganic
compound is primarily Ca;(PO,), or Mg;(PO,),, the amount
of phosphorus-containing inorganic compound does not
exceed about 30 wt. %, about 20 wt. % or about 10 wt. %
of the mixture of the phosphorus-containing inorganic com-
pound and the alkali salt melt, such that adequate flowability
is achieved, according to embodiments. Thus the mixture
provides adequate flowability of the inorganic solids along
with the primary salt melt, according to embodiments.
[0069] While the salt melt can be formed by addition of
various elements as described above, it will be appreciated
that, if the organic feed by itself is already of a composition
sufficient to form a melt, further adjustment of composition
may not be needed.

[0070] Thus, systems and methods for SCWO-based pro-
cessing of heteroatom-containing feeds disclosed herein
minimizes corrosion resulting from a heteroatom, e.g., phos-
phorus, by reacting or complexing with a corrosion inhib-
iting element, while at the same time minimizing process
risk from excessive salt accumulation from other heteroa-
toms, e.g., Cl, S, and/or F. Advantageously, according to the
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method, by precipitating in the hydrothermal reactor a solid
inorganic compound formed from the corrosive element and
the corrosion inhibitor, the amount of corrosive element
available for corrosion can be substantially reduced. For
example, when the method is employed in various embodi-
ments, the inner surfaces of the reactor do not corrode by
more than 1 mil/hr., more than 0.5 mil/hr., or more than 0.1
mil/hr. In addition, when the method is employed, the rate of
corrosion of the inner surface of the reactor does not exceed
more than 10%, more than 25%, or more than 50% of the
rate of corrosion observed without introducing the corrosion
inhibitor to precipitate the inorganic compound.

[0071] In the above, apparatus, systems, and methods for
SCWO processing of feed materials are described in con-
nection with particular embodiments. It will be understood,
however, that the principles and advantages of the embodi-
ments can be used for any other systems, apparatus, or
methods with a need for hydrothermal treatment of feed
materials. In the foregoing, it will be appreciated that any
feature of any one of the embodiments can be combined
and/or substituted with any other feature of any other one of
the embodiments. For example, the methods described
herein are applicable to hydrothermal reactors having an
inner surface that include materials other than titanium, such
as for mitigating phosphorus corrosion of nickel-based
alloys.

[0072] Unless the context clearly requires otherwise,
throughout the description and the claims, the words “com-
prise,” “comprising,” “include,” “including” and the like are
to be construed in an inclusive sense, as opposed to an
exclusive or exhaustive sense; that is to say, in the sense of
“including, but not limited to.” Likewise, the word “con-
nected”, as generally used herein, refers to two or more
elements that may be either directly connected, or connected
by way of one or more intermediate elements. Additionally,
the words “herein,” “above,” “below,” “infra,” “supra,” and
words of similar import, when used in this application, shall
refer to this application as a whole and not to any particular
portions of this application. Where the context permits,
words in the above Detailed Description using the singular
or plural number may also include the plural or singular
number, respectively. The word “or” in reference to a list of
two or more items, that word covers all of the following
interpretations of the word: any of the items in the list, all of
the items in the list, and any combination of the items in the
list.

[0073] Moreover, conditional language used herein, such
as, among others, “can,” “could,” “might,” “may,” “e.g.,”
“for example,” “such as” and the like, unless specifically
stated otherwise, or otherwise understood within the context
as used, is generally intended to convey that certain embodi-
ments include, while other embodiments do not include,
certain features, elements and/or states. Thus, such condi-
tional language is not generally intended to imply that
features, elements and/or states are in any way required for
one or more embodiments or whether these features, ele-
ments and/or states are included or are to be performed in
any particular embodiment.

[0074] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the disclo-
sure. Indeed, the novel apparatus, methods, and systems
described herein may be embodied in a variety of other
forms; furthermore, various omissions, substitutions and
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changes in the form of the methods and systems described
herein may be made without departing from the spirit of the
disclosure. For example, while blocks are presented in a
given arrangement, alternative embodiments may perform
similar functionalities with different components, and some
blocks may be deleted, moved, added, subdivided, com-
bined, and/or modified. Each of these blocks may be imple-
mented in a variety of different ways. Any suitable combi-
nation of the elements and acts of the various embodiments
described above can be combined to provide further embodi-
ments. The various features and processes described above
may be implemented independently of one another, or may
be combined in various ways. All suitable combinations and
subcombinations of features of this disclosure are intended
to fall within the scope of this disclosure.

What is claimed is:

1. A method of inhibiting corrosion in a hydrothermal
system during hydrothermal treatment of a feed material,
comprising:

providing a hydrothermal reactor having an inner surface

that is susceptible to corrosion at a hydrothermal oper-
ating condition, the hydrothermal operating condition
comprising a temperature greater than about 374° C.
and a pressure greater than about 25 bar;

introducing to the hydrothermal reactor a feed stream

comprising the feed material, the feed material com-
prising a corrosive agent that is corrosive to the inner
surface of the hydrothermal reactor at the hydrothermal
operating condition;

introducing to the hydrothermal reactor a corrosion

inhibitor that reacts with the corrosive agent to form an
insoluble inorganic compound at the hydrothermal
operating condition;
introducing to the hydrothermal reactor melt-forming
constituents in an amount effective to form a salt melt
at the hydrothermal operation condition, the salt melt
comprising the insoluble inorganic compound;

operating the hydrothermal reactor at the hydrothermal
operating condition for a period of time effective to
treat the feed material; and

removing at least a portion of the salt melt from the

hydrothermal reactor.

2. The method of claim 1, wherein an area of the inner
surface that is in contact with the feed stream during the
operating corrodes at a rate of less than 1 mil per hour during
the operating of the hydrothermal reactor at the hydrother-
mal operating condition.

3. The method of claim 1, wherein the corrosive agent
comprises phosphorus.

4. The method of claim 3, wherein the corrosion inhibitor
comprises magnesium (Mg) or calcium (Ca).

5. The method of claim 1, wherein the salt melt comprises
a mixture of sodium salts.

6. The method of claim 5, wherein the sodium salt
comprises two or more anionic elements selected from the
group consisting of CL, S, F and P.

7. The method of claim 1, wherein the inner surface of the
hydrothermal reactor chamber comprises titanium (T1).

8. The method of claim 1, wherein the feed material is an
organic waste that contains an organophosphorus com-
pound.
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9. The method of claim 8, wherein the corrosive agent
comprises a phosphorus-containing acid or salt formed by
reaction of the organophosphorus compound at the hydro-
thermal operating condition.

10. A method of oxidizing a feed material, comprising:

providing a feed stream comprising water, a corrosion

inhibitor, a phosphorus compound and melt-forming
agents that form an alkali metal salt melt at a tempera-
ture greater than about 374° C. and a pressure exceed-
ing about 25 bar;

introducing the feed stream and an oxidant into a reactor

chamber and oxidizing the feed stream at the tempera-
ture and pressure, wherein the reactor chamber has an
inner surface comprising a material which is suscep-
tible to corrosion when in contact with a phosphorus-
containing corrosive agent formed from the phosphorus
compound in the reactor chamber;

selectively reacting the corrosion inhibitor with the phos-

phorus-containing corrosive agent, thereby precipitat-
ing in the reactor chamber a solid phosphorus-contain-
ing inorganic compound;

forming in the reactor chamber an alkali salt melt; and

flowing away from the reactor chamber a mixture com-

prising the solid phosphorus-containing inorganic com-
pound and the alkali salt melt.

11. The method of claim 10, wherein the corrosion
inhibitor is a compound comprising an alkaline earth metal,
and wherein selectively reacting the corrosion inhibitor with
the phosphorus-containing corrosive agent comprises react-
ing the alkaline earth metal with the phosphorus-containing
corrosive agent in the reactor chamber.

12. The method of claim 11, wherein precipitating the
solid phosphorus-containing inorganic compound comprises
precipitating an alkaline earth metal phosphate.

13. The method of claim 11, wherein the alkaline earth
metal is magnesium (Mg) or calcium (Ca).

14. The method of claim 13, wherein providing the
corrosion inhibitor comprises providing a compound
selected from the group consisting of magnesium nitrate
(Mg(NO,),, calcium nitrate (Ca(NO,),), magnesium nitrite
(Mg(NO,),) and calcium nitrite (Ca(NO,),).

15. The method of claim 10, wherein the alkali salt melt
is a melt of sodium (Na) salts.

16. The method of claim 15, wherein the sodium salt melt
comprises two or more anion-forming elements selected
from the group consisting of Cl, S, and F, and wherein
selectively reacting the corrosion inhibitor with the phos-
phorus-containing corrosive agent includes selectively
reacting against one or more of anion-forming elements.

17. The method of claim 10, wherein the inner surface of
the reactor chamber comprises titanium (Ti).

18. A method of inhibiting corrosion in a supercritical
water oxidation (SCWO) system during oxidation of an
organic waste material at a SCWO operating condition,
comprising:

providing a SCWO reactor having a titanium inner sur-

face;

introducing to the SCWO reactor a feed stream compris-

ing the organic waste material, the organic waste mate-
rial comprising an organophosphorus compound;
introducing to the SCWO reactor an alkaline earth com-
pound that reacts with phosphorus to form an insoluble
phosphorus-containing compound under SCWO con-
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ditions, the alkaline earth compound comprising at
least one of magnesium and calcium;

introducing to the hydrothermal reactor sodium-contain-

ing salt constituents in an amount effective to form a
salt melt at the hydrothermal operation condition, the
salt melt comprising the insoluble phosphorus-contain-
ing compound;

operating the SCWO reactor at the SCWO operating

condition for a residence time effective to treat the
organic waste material and thereby release phosphorus;
and

removing at least a portion of the salt melt from the

SCWO reactor.

19. The method of claim 18, wherein the alkaline earth
compound is selected from the group consisting of calcium
hydroxide, calcium carbonate, calcium chloride, calcium
sulfate, calcium oxide, magnesium hydroxide, magnesium
carbonate, magnesium chloride, magnesium sulfate, magne-
sium oxide, and mixtures thereof.

20. The method of claim 18, wherein the sodium-con-
taining salt constituents include one or both of sodium
chloride and sodium sulfate.

#* #* #* #* #*



