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Apparatus for salt separation under supercritical water conditions

Field of the Invention

This invention relates to an apparatus for salt separation under supercritical water

conditions.

Background of the Invention

It is known to use supercritical conditions for the treatment of organic waste in a

water based liquid or liquefied substance in order to separate out solids and extract

combustible gases, in particular methane. Such processes typically use an

oxidising agent to oxidise the organic material under supercritical conditions, for

instance as described in US 4822497, US 5543057 and JP20041 3 1560. One of the

known problems of known processes is the depositing of inorganic salts in the

interior surface of the pressurized chamber in which the supercritical conditions are

present. The use of a fluidized bed helps to reduce the deposits on the internal

walls of the reaction chamber on the one hand by encouraging the deposit of salts

on the grains of the fluidized bed and on the other hand by the abrasive effect on

the grains against the internal wall of the reactor as described in US 5543057.

In US 5543057, as in other processes requiring an oxidizing reaction, a portion of

the thermal energy contributing to the transformation from a subcritical to a

supercritical condition is provided by the oxidation reaction. As the composition of

the wet biomass may vary significantly, the control of this process may not always

be optimal and thus the control of the transition from subcritical to supercritical

temperatures may also not be well controlled. This can lead to unwanted deposits

in portions of the reactor. Moreover, there are processes in which it is not desirable

to have an oxidisation agent either for cost reasons, or because of the chemical

properties of the water based solution to be treated.

In processes for the precipitation of solids in a fluidized bed reaction chamber,

despite the presence of the fluidized bed with its abrasive effect to reduce deposits



forming on the reaction chamber in a wall, certain portions in the reaction chamber

may not be optimally circulated, thus allowing the deposit of salts on the walls, for

instance at the inlet of the reaction chamber.

Summary of the Invention

It is an object of the present invention to provide an apparatus for salt separation

under supercritical water conditions that is efficient and economical, in particular

that reduces the formation of deposits in the reactor chamber walls in a cost

effective and easy to control process.

It is advantageous to provide an apparatus for salt separation in the supercritical

conditions that can function efficiently in a continuous through flow process and

that has a low maintenance down time of the apparatus.

It is advantageous to provide an apparatus for salt separation in supercritical

conditions that can be easily scaled up as a function of the volume of aqueous

based liquid to be treated.

It is advantageous to provide an apparatus for salt separation that can be

employed with a large range of aqueous based liquids.

It is advantageous to provide an apparatus for salt separation under supercritical

water conditions that is compact.

It is advantageous to provide an apparatus for salt separation under supercritical

water conditions that is economical to manufacture.

It is advantageous to provide an apparatus for salt separation under supercritical

water conditions that is robust and reliable.

Objects of this invention have been achieved by providing the according to claim 1.



Disclosed herein is an apparatus for salt separation under supercritical water

conditions, comprising a heat exchanger and a fluidized bed reactor, the fluidized

bed reactor comprising a supercritical water pressure containing wall defining

therein a fluidized bed chamber connected to an inlet system at one end thereof

and an outlet system configured to separate solids from supercritical fluid at

another end thereof. The fluidized bed chamber receives a fluidized bed therein

and is configured to receive a liquefied aqueous substance for treatment through

the inlet system into the fluidized bed chamber. The inlet system comprises an inlet

chamber and a fluidization plate positioned between the inlet chamber and the

fluidized bed chamber. The fluidized bed chamber extends between the inlet

system and outlet system and defines an entry section adjacent the inlet system, an

outlet section adjacent the outlet system, and a mid-section extending between the

entry section and the outlet section, wherein the heat exchanger is configured to

generate a decreasing temperature gradient in the fluidized bed chamber from the

outlet section to the entry section, the temperature gradient in the outlet section

and mid-section being supercritical for aqueous substances and being subcritical

for aqueous substances in at least a first portion of the entry section adjacent the

fluidization plate.

In an embodiment, the heat exchanger may comprise a plurality of heat exchange

elements positioned within the fluidized bed chamber in a distributed manner, the

heat exchanger elements configured for receiving a heat exchange fluid therein

and connected to a heat exchange fluid inlet positioned at a level of the outlet

system of the fluidized bed reactor, the heat exchange system comprising a heat

exchange fluid outlet at a level of the inlet system of the fluidized bed reactor.

In an embodiment, the heat exchange elements may comprise a plurality of tubular

elements arranged in a spaced apart and distributed manner and extending from

the heat exchange fluid inlet to the heat exchange fluid outlet.

In an embodiment, the heat exchanger comprises at least first and second heat

exchange elements, the first heat exchange element being positioned in the entry



section of the fluidized bed chamber and configured to heat the liquefied aqueous

substance in the fluidized bed chamber at a temperature that remains subcritical

adjacent the fluidization plate, the at least second heating element positioned in at

least the mid-section and configured to heat the liquefied aqueous substance at a

supercritical temperature.

A further heating element may be arranged in at least the outlet section of the

fluidized bed chamber configured for maintaining the aqueous substance at a

supercritical temperature.

In an embodiment, the fluidized bed reactor may comprise a plurality of reactor

elements, each containing a fluidized bed chamber enclosed by a supercritical

water pressure containing wall, the plurality of reactor elements with fluidized bed

chambers being arranged in a distributed spaced apart manner and immersed in a

heat exchanger chamber configured to receive a heat exchange fluid therein.

In an embodiment, the heat exchange chamber may comprises a heat exchange

fluid inlet positioned at a level of the outlet system of the fluidized bed reactor, and

a heat exchange fluid outlet at a level of the inlet system of the fluidized bed

reactor.

In an embodiment, the heat exchange chamber may comprise one or more baffles

configured to impart transverse flow to the heat exchange fluid across the plurality

of fluidized bed chamber elements.

In an embodiment, the fluidized bed reactor is arranged such that inlet system is

vertically lower than the outlet system configured such that gravitational force on

grains of the fluidized bed pull the grains towards the fluidization plate against the

flow of fluid in the fluidized bed chamber.

The apparatus for salt separation under supercritical water conditions according to

the invention advantageously provides the heat for the separation with an



integrated heat exchanger using an external heating media. The apparatus for salt

separation under supercritical water conditions according to the invention

advantageously combines subcritical and supercritical conditions in the fluidized

bed in order to avoid deposits in pre-heating heat exchanger devices. Supplying

heat from an external source by an integrated heat exchanger is advantageous in

the case where the heat content of the organic matter oxidation is not sufficient to

supply enough heat for reaching the supercritical conditions. This eliminates the

need to use an oxidant flow or additional fuel in the reactor (other than the oxygen

already present in the subcritical fluid flow compounds). Avoiding the use of an

oxidant allows operating in a less aggressive environment for the reactor materials.

Further objects and advantageous aspects of the invention will be apparent from

the claims, and from the following detailed description and accompanying figures.

Brief Description of the drawings

The invention will now be described with reference to the accompanying drawings,

which by way of example illustrate embodiments of the present invention and in

which:

Fig. 1 is a schematic view of an apparatus for salt separation under supercritical

water conditions according to a first embodiment of the invention;

Fig. 2 is a schematic view of an apparatus for salt separation under supercritical

water conditions according to a second embodiment of the invention;

Fig. 3a is a schematic view of an apparatus for salt separation under supercritical

water conditions according to a third embodiment of the invention;

Fig. 3b is a schematic detail view of a portion of the apparatus according to figure

3a.

Fig. 4 is a schematic view of a fluidization plate according to an embodiment for the

apparatus of Fig. 1;



Fig. 5 is a schematic view of a fluidization plate according to an embodiment for the

apparatus of Fig. 3 .

Detailed description of embodiments of the invention

Referring to the figures, an apparatus for salt separation from a water based liquid

or liquefied substance under supercritical water conditions, comprises a heat

exchanger 4 and a fluidized bed reactor 6 .

The fluidized bed reactor 6 comprises one or more supercritical water pressure

containing walls 8 enclosing therein a fluidized bed chamber 10 receiving therein a

fluidized bed 12 and a water based liquid or liquefied substance for treatment 14.

Depending on the treatment to be effected, for which the apparatus according to

embodiments of this invention is employed, the liquid substance for treatment may

be brine or sea water, industrial or domestic waste water, wet biomass such as

water diluted manure or sewage sludges and other liquefied biomass. Regarding

wet biomass, many forms of organic waste may be treated by an apparatus

according to the invention, whereby the biomass may be ground and/or filtered

and/or further diluted with water to produce a sufficiently liquid substance that can

be injected into the fluidized bed reactor in a liquid stream. In an embodiment of the

invention, the viscosity of liquefied substance should preferably be less than 100

cps (centipoise).

In case of solid particles bigger than orifices of the fluidization plate 22, a gravity or

or centrifugal separation device (not shown) can be added before or in the

subcritical fluid inlet 15 . In such case the inlet flow may be separated into two

different flows: a high solid content flow and a low solid content flow. As illustrated

in figure 1, the high solid content flow may be injected via a downstream inlet

portion 15b connected to the reactor downstream of the fluidization plate and the

low solid content flow injected via an upstream inlet portion 14a connected to the

reactor upstream of the fluidization plate, to be used as a fluidizing flow.



The fluidized bed may comprise grains of solid material that have various

compositions and sizes as a function of the treatment to be effected on the liquid

substance. Fluidized bed grains can include the following materials with or without

catalytic coating: natural sand, artificial sands, ceramics, glass spheres, metal

spheres, pure catalyst.

Examples of treatment processes include biomass salt separation, gasification,

methanation and desalination.

The fluidized bed reactor 6 further comprises an inlet system 16 through which the

liquefied aqueous substance for treatment 14 is injected into the fluidized bed

chamber or chambers 10 , and an outlet system 18 for the extraction of precipitated

salts and supercritical fluid. A pumping system (not shown) upstream of the inlet

system 16 is configured to supply the liquefied aqueous substance for treatment 14

at a pressure in excess of the pressure necessary for supercritical water conditions,

namely at a pressure greater than 22.1 MPa. A pre heating system upstream of the

inlet system 16 is also provided in order to pre heat the liquefied aqueous

substance for treatment 14 to a temperature above 300° centigrade, preferably

above 350° centigrade but less that the temperature required for supercritical water

conditions such that the liquefied substance enters the inlet system at subcritical

water temperature conditions.

The inlet system 16 comprises an inlet chamber 20 separated from the fluidized

bed chamber 10 or plurality of chambers (depending on the embodiment) by a

fluidization plate 22. In an embodiment, the fluidization plate 22 comprises a

plurality of fluidization orifices 23 configured to allow the liquefied aqueous

substance for treatment 14 to pass therethrough but to hold the fluidized bed grains

in the fluidized bed chamber. In this regard, it may be noted that the fluidization

orifices 23 in the fluidization plate 22 do not necessarily need to have diameters

smaller than the diameter of the grains of the fluidized bed and in certain variants

the fluidization plate may on the contrary have orifices that are greater than the

largest grain size in order to allow grains of the fluidization bed to be mixed with the



liquefied aqueous substance for treatment injected through the inlet system 16. The

loss of fluidized bed particles via the outlet may be compensated by injecting

fluidized bed material in a compensatory quantity in the reactor, for instance via an

inlet 37 of the fluidized bed reactor 6 separate from the inlet system 16 as

illustrated in figure 1, and/or mixed into the liquefied aqueous substance for

treatment 14 prior to the sub-critical fluid inlet 15 . The plurality of orifices in the

fluidization plate are configured to inject multiple jets of liquid into the fluidized bed

chamber to create a turbulent flow mixing the fluidized bed and liquid within the

chamber. The fluidization plate 22 may be in the form of a plate with a plurality of

distributed fluidization orifices 23, or may comprise various nozzle inserts in

various configurations that may per se be known in the art to direct the fluid

injected into the fluidized bed chamber in a turbulent manner to obtain an optical

mixing effect including a rubbing of the fluidized bed grains against internal

surfaces in the chamber 10 . The fluidization plate 22 as best seen in figure 4 ,

further comprises orifices 35 for passage of the heat exchange elements 34

therethrough, according to the embodiment of figure 1.

In an embodiment, the fluidized bed chamber 10 is oriented in a vertical orientation,

the flow of liquefied aqueous substance for treatment being directed from a bottom

end towards a top end such that the fluidized bed grains remain within the chamber

by gravitational force acting against the flow of the liquefied substance. The heat

exchanger 4 is configured to heat the liquefied aqueous substance from a

subcritical temperature to a supercritical temperature progressively from the

fluidization plate 22 to the outlet system 18 whereby in a mid-portion 10b between

the fluidization plate 22 and the outlet system 18 , supercritical water conditions are

attained. Preferably, the temperature of the liquefied substance at the fluidization

plate 22 is subcritical and preferably an entry section 10 a representing at least 5%

of the overall distance between the fluidization plate 22 and the outlet system 18

remains with below critical temperature such that the precipitation of salts due to

supercritical conditions does not occur at the fluidization plate 22. In a mid-portion

10b of the fluidized bed chamber 10 , supercritical conditions are attained and

precipitation of salts, principally around the grains of the fluidized bed, occurs. In a



section of the fluidized bed chamber between a mid-portion 10a and an outlet end

portion 10c, the salt crystals formed on the fluidized bed grains are broken off the

grains by the knocking of the grains in turbulent manner against each other and the

wall surfaces of the chamber and/or heat exchanger walls such that the crystals

break apart and are carried by the flow of supercritical fluid into the outlet system

18 .

In an embodiment, the fluidized bed grains have a size and a density such that

their surface to weight ratio is lower than the salt crystals that are formed and

broken off such that the flow of supercritical aqueous substance carries the salt

crystals out through the outlet system 18 but not the fluidized bed grains. In this

regard, the flow rate of the supercritical fluid is configured to be sufficient to carry

out the salt grains but not sufficient to carry the fluidized bed grains out of the

outlet, the fluidized bed grains falling back by the force of gravity against the flow of

supercritical fluid. A substantially continuous process can thus be achieved without

recirculating fluidized bed grains. Nevertheless, in embodiments a small proportion

of fluidized bed grains can be fed into the reactor with the liquefied substance to

replace fluidized bed grains that may be carried out by the flow of supercritical

fluid.

The outlet system 18 may comprise a separation system for separating

supercritical fluid from solid particles, in particular the salt crystals, by means of a

cyclone device or other such separating devices that are per se known in the art

and that need not be described herein.

In order to ensure a well controlled temperature gradient within the fluidized bed

chamber 10 , a plurality of heat exchanger elements 34 are positioned in a

distributed spaced apart manner within the fluidized bed chamber 10 to ensure on

the one hand that in a mid-portion 10b of the chamber 10 , the entire fluid is in a

supercritical condition and at the same time within a portion adjacent the

fluidization plate that the entire substance for treatment remains at a subcritical

temperature.



In the embodiments of figures 1 and 2 , heat exchange elements are positioned

within the fluidized bed chamber 10 . Alternatively, as shown in the embodiment

illustrated in figures 3a, 3b, the heat exchanger comprises a heat exchange fluid

surrounding and in direct contact with a plurality of supercritical water pressure

containing walls 8 forming a plurality of fluidized bed chambers 10 . In a preferred

embodiment, the ratio of volume of heat exchange fluid per volume of supercritical

fluid per unit length is preferably in the range of 20% to 150%, more preferably in

the range of 20% to 80%.

Referring more particularly to the first embodiment illustrated in figure 1, the heat

exchanger 4 comprises an inlet 30 at an outlet end of the fluidized bed chamber 10

and an outlet 32 at an inlet end of the fluidized bed chamber 10 . In this

embodiment, the heat exchanger comprises a plurality of elements 34 separated

from each other and distributed in a spaced apart manner across the entire cross

section of the fluidized bed chamber 10 such that heat exchange between the walls

of the heat exchange elements and the aqueous substance to be treated in which

the heat exchange elements are immersed, is optimally and efficiently performed.

The heat exchanger 4 is fed with a fluid at a temperature greater than the critical

temperature of water through the inlet 30. The inlet temperature and latent heat

capacity of the heat exchange fluid is configured such that the amount of heat lost

to the aqueous substance in the fluidized bed chamber cools the heat exchange

liquid down to a subcritical temperature by the time it reaches the inlet system 16 of

the fluidized bed reactor 6 .

In the embodiment illustrated in figure 2 , the heat exchanger 4 comprises a plurality

of heat exchange elements 34a, 34b, 34c, at least a first heat exchange element

34a being positioned in an entry section 10a of the fluidized bed chamber 10 , and

at least a second heat exchange element 34b being positioned at least in a mid

section 10b of the chamber 10 . In a first variant, at least a third heat exchange

element 34c is positioned in an outlet section 10c of the fluidized bed chamber 10

although in another variant it is also possible to have the second heat exchange



element extending to the outlet section. The heat exchange elements positioned in

the mid and outlet sections 10b, 10c of the fluidized bed chamber supply heat at

above critical temperatures. The at least first heat exchange element 34a supplies

heat at below critical temperatures for water based substances, at least in a lower

portion thereof proximate the fluidization plate 22. In this configuration, the heat

exchange elements may be coupled to an external heat exchanger 4' or a plurality

of external heat exchangers configured to heat the individual elements 34a, 34b,

34c at the required subcritical, respectively supercritical temperatures.

Referring now to figures 3a and 3b, a third embodiment of the invention comprises

a plurality of supercritical water pressure containing walls 8 forming a plurality of

reactor elements 11 each containing a fluidized bed chamber 10 extending

between the fluidization plate 22 and outlet system 18 , the pressure containing

walls 8 being immersed in a heat exchanger chamber 36. The heat exchanger

chamber 36 can be provided with an inlet 30 positioned at the level of the outlet

system 18 of the fluidized bed chambers, and an outlet 32 positioned essentially at

a level of the inlet system 16 of the fluidized bed reactor. In this embodiment, the

fluidization plate 22 comprises one or a plurality of orifices for each fluidized bed

chamber 10 . In order to improve the rate of heat exchange and the uniformity of

heat exchange across the plurality of reactor elements 11 with fluidized bed

chambers 10 , the heat exchanger chamber 36 may be provided with one or more

transverse baffles 38 ensuring a transverse flow of the heat exchange fluid across

the reactor elements 11. The baffles may be configured to impart for instance a

serpentine flow path to ensure that in the outlet and mid sections 10b, 10c, of the

fluidized bed chambers 10 , supercritical conditions are attained in a homogeneous

manner, whereas in the entry section 10a temperatures remain subcritical.

In the embodiment of figures 3a, 3b, an advantage of providing a plurality of

individual fluidization chamber elements 11 is the ability to have a modular

construction whereby the number of fluidization chamber elements is increased or

decreased as a function of the volume per unit time of substance to be treated. An

individual reaction chamber element may be optimized for a defined rate of flow of



a fluid thus ensuring optimal efficiency in the salt separation process in each

individual chamber without needing to adjust for varying unit sizes other than

increasing or decreasing the number of fluidized bed chambers actively used. In a

variant, in order to adapt for smaller flow rates in a configuration with a certain

number of fluidized bed chamber elements, the fluidization plate may be

exchangeable in order to reduce or increase the number of fluidization bed

chambers through which the aqueous substance to be treated flows. Alternatively,

valves provided on the fluidization plate or other means may be provided to close

or open individual fluid bed chambers.

In addition to the precipitation of salts, the apparatus according to embodiments of

this invention may also be useful gasification of organic matter present in the fluid

to be treated simultaneously with the salt separation. The fluidizing medium may

also comprise catalysts for instance to induce the conversion of the organic content

of the fluid mixture into methane and hydrogen rich gases.
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Claims

1. Apparatus for salt separation (2) under supercritical water conditions,

comprising a heat exchanger (4) and a fluidized bed reactor (6), the fluidized bed

reactor comprising a supercritical water pressure containing wall (8) defining

therein a fluidized bed chamber ( 10) connected to an inlet system (16) at one end

thereof and an outlet system (18) configured to separate solids from supercritical

fluid at another end thereof, the fluidized bed chamber receiving a fluidized bed

(12) therein and configured to receive through the inlet system (16) a liquefied

aqueous substance (14) for treatment in the fluidized bed chamber, the inlet system

(16) comprising an inlet chamber (20) and a fluidization plate (22) positioned

between the inlet chamber (20) and the fluidized bed chamber ( 10), the fluidized

bed chamber extending between the inlet system (16) and outlet system ( 18) and

comprising an entry section ( 10a) adjacent the inlet system (16), an outlet section

( 10c) adjacent the outlet system ( 18), and a mid-section ( 10b) extending between

the entry section and the outlet section, characterized in that the heat exchanger

(4) extends along the fluidized bed chamber ( 10) and is configured to generate a

decreasing temperature gradient in the fluidized bed chamber from the outlet

section ( 10c) to the entry section ( 10a), the temperature gradient in the outlet

section and mid-section being supercritical for aqueous substances and being

subcritical for aqueous substances in at least a first portion of the entry section

( 10a) adjacent the fluidization plate (22).

2 . Apparatus according to the preceding claim, wherein the heat exchanger

comprises a plurality of heat exchange elements (36) positioned within the fluidized

bed chamber ( 10) in a distributed manner, the heat exchanger elements configured

for receiving a heat exchange fluid therein and connected to a heat exchange fluid

inlet (30) positioned at a level of the outlet system ( 18) of the fluidized bed reactor,

the heat exchange system comprising a heat exchange fluid outlet at a level of the

inlet system (16) of the fluidized bed reactor.



3 . Apparatus according to any preceding claim, wherein the heat exchange

elements (34) comprise a plurality of tubular elements arranged in a spaced apart

and distributed manner and extending from the heat exchange fluid inlet to the heat

exchange fluid outlet.

4 . Apparatus according to claim 2 , wherein the heat exchanger comprises at

least first and second heat exchange elements (34a, 34b), the first heat exchange

element (34a) being positioned in the entry section ( 10a) of the fluidized bed

chamber ( 10) and configured to heat the liquefied aqueous substance in the

fluidized bed chamber at a temperature that remains subcritical adjacent the

fluidization plate (22), and the at least second heating element positioned in at

least the mid-section ( 10b) and configured to heat the liquefied aqueous substance

at a supercritical temperature.

5 . Apparatus according to the preceding claim comprising a heating element in

at least the outlet section ( 10c) of the fluidized bed chamber configured for

maintaining the aqueous substance at a supercritical temperature.

6 . Apparatus according to claim 1, wherein the fluidized bed reactor (6)

comprises a plurality of reactor elements ( 1 1) each containing a fluidized bed

chamber ( 10) enclosed by a supercritical water pressure containing wall (8), the

plurality of reactor elements with fluidized bed chambers being arranged in a

distributed spaced apart manner and immersed in a heat exchanger chamber (36)

configured to receive a heat exchange fluid therein.

7 . Apparatus according to the preceding claim, wherein the heat exchange

chamber (36) comprises a heat exchange fluid inlet (30) positioned at a level of the

outlet system ( 18) of the fluidized bed reactor, and a heat exchange fluid outlet at a

level of the inlet system (16) of the fluidized bed reactor.

8 . Apparatus according to either of the two directly preceding claims, wherein

the heat exchange chamber (36) comprises one or more baffles (38) configured to



impart transverse flow to the heat exchange fluid across the plurality of fluidized

bed chamber elements.

9 . Apparatus according to any preceding claim, wherein the fluidized bed

reactor is arranged such that inlet system (16) is vertically lower than the outlet

system ( 18) configured such that gravitational force on grains of the fluidized bed

(12) pull the grains towards the fluidization plate (22) against the flow of fluid in the

fluidized bed chamber.
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