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DESCRIPTION

Background

[0001] Fly ash 1s a fine powdered waste product entrained in the combustion gases from
combustion and incineration processes. The fly ash contains a mixture of mineral oxides and a
range of other chemical compounds which may have a detrimental effect on the environment.
Present environmental standards therefore generally forbid discharging the fly ash to the
atmosphere.

[0002] Thus, present day combustion/incineration plants typically apply capturing technology to
separate the fly ash out of the combustion gases before venting the gases to the atmosphere.
This produces huge amounts of captured fine powdered ash which must be disposed of. For
example, NOAH AS, an Industrial waste disposal company operating in Scandinavia receives
more than 300 000 metric tonnes of fly ash every year from incineration plants.

[0003] Due to the content of heavy metals, fly ash from incinerators is considered a harmful
waste and is subject to environmental restrictions requiring specially secured waste disposals
for deposition of the fly ash. For example, fly ash from a municipal incineration plant in Oslo,
Norway, Is treated with sulphuric acid to encapsulate the fly ash in gypsum, which then is sent
to disposal at a landfill for hazardous waste. However, the disposal of huge amounts of fly ash
In landfill deposits for harmful waste is problematic both from an economical and a resource
point of view.

[0004] Fly ash from Incinerators of municipal waste contains relatively large concentrations of
volatile metals, such as e.g. zinc vaporised in the incineration and condensed to salts, oxides,
silicates or other compounds In the fly ash. Fly ash may contain around 1.5 wt% zinc such that
disposal of fly ash In landfills often buries vast amounts of zinc. This Is problematic from a
resource point of view because It Is estimated that known global reserves on zinc containing
ores holds around 220 million metric tonnes of zinc, while the annual global zinc consumption
IS about 13 million metric tonnes, of which about 1/3 is recycled. These figures inform that it is
necessary to significantly increase the recycle ratio to secure future access to zinc.

[0005] To extract and recycle the volatile metals In the fly ash also makes sense from an
economical point of view, because the deposition of vast amounts fly ash per year in leakage
secured landfills is costly. Without the volatile metals, the fly ash may no longer be classified as
environmental hazardous waste and may be disposed In ordinary land-fills or applied as raw
material for other products, for example foam glass aggregate. In addition, the extracted metal
products can be developed to commercial commodities enabling generating revenue from
waste fractions.

Prior art



DK/EP 3556468 T3

[0006] From US 5 512 257 1t 1Is known a process where fly ash from incineration plants is
treated with an acidic aqueous solution for the purpose of removing heavy metals. The residual
solid matter is filtered. The filtration residue i1s treated with a precipitating agent for heavy
metals. The thereby obtained inert residue can be directly dumped.

[0007] US 4 617 180 discloses a process for purifying flue gases developed during the
combustion of waste materials and containing solids of various compositions as well as
pollutant gases and heavy metals in gaseous form, wherein the primarily solid components are
removed from the flue gas in a separating system and are collected as flue ashes and wherein
the flue gas is washed for the purpose of binding the pollutant gases of the residual solids
components, particularly in the slag. It 1s the object of the present invention to provide a
process wherein, during flue gas purification, the gaseous heavy metal contaminants as well as
the heavy metal contaminants which are present in the flue ash and in the slag in soluble form,
can be removed from the flue gas purification process In the most compact form, with
simultaneously achieving good, or even improved, initial purification of HCI, SO5, and NO,. All

other residues should be recyclable for further use. The remainder of heavy metal components
which are not bound In the slag are isolated from the slag by a subsequent weakly acid
treatment.

[0008] From JP 2001/113242 1t 1Is known a method including a salt elution process in which fly
ash 1s added with a mineral acid to be converted into slurry, a heavy metal separation process
In which the slurry is neutralized to be separated into precipitates containing heavy metals and
filtrate containing salts, a dissolved oxygen removing process for removing dissolved oxygen
from the filtrate, an iron salt coprecipitation process in which an iron (ll) salt is added to adjust
pH at 8-11, preferably at 8-9 and 9-11 In turn In two stages, to coprecipitate selenium and other
heavy metals with iron hydroxide, a precipitate washing process for washing the heavy metal-
containing precipitates, and a heavy metal recovery process in which the washed precipitates,
after being repulped with a mineral acid, i1s neutralized again for solid-liquid separation. The
filtrate In the heavy metal recovery process Is used as water to make the slurry in the salt
elution process.

[0009] JP 2003/181413 discloses a treatment method of fly ash comprising a heavy metal
elution process in which preferably a solution of sodium hydroxide as an alkali agent is added
to the fly ash and, thereby, the fly ash is slurrified, a calcium separating process in which the
slurry 1s diluted and is fractionated into a calcium-containing deposit and a heavy metal-
containing filtrate, a heavy metal separating process in which a mineral acid 1s added to the
heavy metal- containing filtrate, thereby, the filtrate i1s adjusted to pH 7-10 and, thereafter, the
heavy metal Is fractionated to hydroxides or sulfates or a lead separating process in which
sulfuric acid as the mineral acid i1s added to the heavy metal- containing filtrate and the filtrate
IS adjusted to <=pH 5, preferably <=pH 4 and, thereafter, Is fractionated to a lead-containing
deposit and a zinc-containing filtrate and a zinc separating process in which the alkali agent is
added to the zinc-containing filtrate, the zinc-containing filtrate 1s adjusted to pH 7-10,
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preferably, to pH 8-9 and, thereafter, is fractionated to a zinc-containing deposit and a salt-
containing filtrate.

[0010] From JP 2005/272955 1t iIs known a treatment method for fly ash where heavy metals
can be recovered from fly ash generated at the time of incinerating waste such as shredder
dust at a high recovery rate, and can be recycled for a refining raw material or the like. After an
acld leaching stage where acid such as hydrochloric acid i1s added to slurry comprising fly ash
showing acidity when being dissolved In pure water such as fly ash generated at the time of
Incinerating waste such as shredder dust to regulate its pH to <=3, preferably to 1 to 2, thus
heavy metals are ionized, If required, a sulfurizing stage where a sulfurizing agent is added
thereto Is performed, and a heavy metal recovering stage where heavy metals such as copper
and zinc are separated and recovered by floatation 1s performed.

[0011] JP 2007/1867/61 discloses a valuable metal recovery method comprises the steps of:
dechlorination-washing fly ash containing the valuable metal and chlorine with a washing liquid
with a pH of 10 to 12; mixing the dechlorinated fly ash, a zinc-containing raw material, a flux,
and coal; drying the mixture; crushing the dried product; forming the crushed product into an
agglomerated ore; and melt-reducing the agglomerated ore. Alternatively, the valuable metal
recovery method comprises the steps of: recovering zinc as crude zinc oxide by melt-reduction
of the agglomerated ore; further dechlorination-washing the recovered crude zinc oxide with a
washing liquid with a pH of 10 to 12; and using the dechlorinated crude zinc oxide In zinc
refining.

[0012] WO 2005/040437 A1 discloses a method of the wet treatment of a fly ash, which
comprises a step of subjecting a fly ash obtained from a combustion flue gas generated in the
Incineration of a municipal refuse or the like to an acid leaching treatment by the use of
hydrochloric acid acidic solution having a pH of 3.5 or lower.

Objective of the invention

[0013] The main objective of the invention is to provide a method and reactor for forming a
suspension of partly dissolved fly ash in a mineral acid.

[0014] A further objective of the invention is to provide a method and reactor which utilises
empirical information of how the pH and temperature of the mineral acid responds to added fly
ash to regulate the addition of fly ash to an optimized dissolution degree of the one or metals
which are to be extracted from the fly ash. A further objective of the invention is to provide a
method and plant for extracting one or more metals from fly ash utilising the method according
to the invention for forming a suspension of partly dissolved fly ash in a mineral acid.

Description of the invention
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[0015] The Invention may be considered as a method for automatic regulation of the addition
of solid fly ash to a mineral acid to achieve an optimized dissolution degree of the fly ash, and
a reactor for executing the automatic regulation and obtain a slurry with an optimized content
of dissolved metals to be extracted in downstream processing.

[0016] Thus, In a first aspect, the invention relates to a method for forming a suspension of
partly dissolved fly ash in an aqueous mineral acid solution, wherein the method comprises the
following process steps:

1. 1) supplying a mass, L, of an aqueous mineral acid solution to a dissolution reactor and
then measuring and registering the initial temperature, To, and initial, pHo, of the
agqueous mineral acid solution,

2.2) setn =1, where n Is an integer, and select a target pH, pHig, to be reached in the

suspension,
3.3) for n < N, where N iIs an Iinteger from 3 or higher, execute steps 1), 11) and i) In
successive order:
1. 1) adding and mixing an amount S, of solid fly ash into the aqueous mineral acid

solution,
2. 1) when the amount S, Is dissolved, measuring and registering the temperature

and pH of the aqueous mineral acid solution at this n'th step as T, and pH,,

respectively, and determining and registering an accumulated amount of fly ash,
Sn acc, Peing added to the aqueous mineral acid solution at this n'th step, and

3. 1) set n =n+1 and go to step 1),
4. 4) apply the registered temperatures To to T, and the registered pH-values pHg to pH,,

and the registered amounts of added fly ash, Sy, 3¢, and equations:

[2=p, —B,AT, and AT, =y, (SL) — 2 (Sf)

where [, = 10-PAN AT =T -Tp, and B4, B, V1, and y, are parameters, to determine the
parameters 31, Bo, Y1, and y, by regression analysis,
5. 5) determining a total amount, Sy, of solid fly ash to be added to the aqueous mineral

acid solution from the relation:

=L 2 4 4y, (BazQoP ey
Stor = 3ol + (n2 + 41— |
and

6.6) If S;y acc < Stot, €XeCUte steps J) and J))):
) adding and mixing an amount S, Into the aqueous mineral acid solution,

1)) 1 Sp ace < Stot, S€t N =n+1 and go to step )),

or else:

1)) stop feeding and mixing solid fly ash into the aqueous mineral acid solution.
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[0017] Fly ash i1s a mixture of particulate matter captured In flue gases exiting a
combustion/incineration process, I1.e. particles being sufficiently small and light to be entrained
and carried away with the flue gas. Fly ash consist thus of a mixture of particulate condensed
matter, particles of ash, and particles of more or less unburnt remains of the fuel being
combusted. The composition of the fly ash is thus highly dependent on the process parameters
of the combustion/incineration process and the fuel being combusted. The invention according
to the first aspect of the invention is not tied to any specific source of fly ash, it may apply fly
ash formed In any combustion process. However, an especially suited and preferred fly ash is
fly ash from incineration of municipal waste (hereby denoted; MSWI fly ash) due to its relatively
high content of heavy metals and other metals which may be converted to valuable
products/commercial commodities, and further because MSWI-fly ash typically also contains
relatively high fractions of chlorides which may be converted to commercial commodities such
as road salt or other products. MSWI-fly ash i1s particularly varying in composition due to
relatively huge variations in the composition of the waste being incinerated, however, the
following elements are usually present in various amounts, ref [1]; Al, Ca, Cl, K, Na, Si, and O,
and heavy metals such as; Cr, Cu, Pb, and Zn.

[0018] Fly ash contains both soluble compounds, typically salts such as oxides and chlorides
of the above-mentioned elements (and other elements), and non-soluble compounds. The
solubility of several typical salts in the fly ash is relatively low in neutral water (pH around 7).
For example, MSWI-fly ash added to liquid water in a solid to liquid weight ratio of 1 : 10, only
dissolves a minor fraction of the salt content and the pH stabilises around pH = 12, depending
on the CaO content in the fly ash. However, at lower pH values, the solubility of these salts
Increases significantly. The stronger the acid, the higher dissolution rates of the salts. Thus, the
term "forming a suspension of partly dissolved fly ash” as used herein, means that an amount
of fly ash is added to an aqueous mineral acid solution having a pH of 2 or less (before
addition of the fly ash) to enable a dissolution rate of the salt content of the fly ash. The mineral
acid may be any mineral acid, such as e.g. hydrochloric acid, nitric acid, nitrous acid, sulphuric
acid, sulphurous acid, etc. For example, MSWI-fly ash added to an 1 M aqueous hydrochloric
acid in a solid to liquid weight ratio of 1 : 10, will result in substantial dissolution of the salt
content of the fly ash and the pH becomes stabilized in the range of from pH =1 to pH = 3,
depending on the composition of the fly ash.

[0019] The major part of the soluble salts In fly ash 1s basic and consumes mineral acid when
dissolving. The pH of the suspension Increases In proportion to how much base being
dissolved. However, the solubility of at least some of the basic compounds in the fly ash
decreases significantly when the pH becomes higher. Thus, the amount of fly ash being added
to the aqueous mineral acid solution may advantageously be balanced between, on one hand,
the need for adding as much fly ash as possible to obtain as high concentration as possible In
the suspension of the compounds Iintended to be extracted from the fly ash, and on the other
hand, to restrict the amount of added fly ash to give an over-stoichiometric amount of acid to
ensure that the suspension Is sufficiently acidic to dissolve most or all of the dissolvable
compounds In the fly ash. |l.e. to avoid the pH of the suspension to become too high and cause
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Insufficient dissolution of added fly ash. The optimal balance is obtained when adding as much
fly as possible ash to the aqueous mineral acid solution, but not more than which is effectively
dissolved. The term "arget pH, pHiyg" as used herein represents the pH-value of a

suspension after having added an optimally balanced amount of solid fly ash to an aqueous
mineral acid and the dissolvable compounds of the fly ash have reached chemical equilibrium
with the mineral acid. Different salts have different solubility as function of pH. The target pH
which should be selected depends therefore on which metal salt(s) in the solid fly ash is being
Intended to be dissolved and later extracted by precipitation. However, in practice, target value
representing the optimal balance may advantageously be chosen to be in one of the following
ranges; of from pHiarg = 1.0 to pHigg = 4.0, more preferably of from pHig.q = 1.5 t0 pHigg = 3.0,

more preferably of from pHigg = 1.9 t0 pHiarg = 2.5, and most preferably of from pHigg = 1.5 t0

[0020] The simplest thinkable method for regulating the addition of solid fly ash is to apply one
or more pH-sensor(s) In the mineral acid and terminate the feed of solid fly ash when
measuring a pH equal to the selected target pH, pHizq. However, pH measurements In

suspensions have shown to be prone to systematic error readings, especially at low pH-values.

[0021] Another simple approach for regulating the amount of solid fly ash to the mineral acid is
to apply the acid balance which may be defined by the relation:

pH = —log, (CO = E) (1)

L
where Cq Is the Initial concentration of mineral acid in the aqueous mineral acid solution, L Is

amount (by mass) of the aqueous mineral acid solution, Cg I1s the concentration of dissolvable

base In the solid fly ash, and S i1s amount (by mass) of solid fly ash added to the suspension.
From relation (1) the total amount of solid fly ash, Set, to be added to obtain pHigeg Is:
Stor =

= [Cy — 107PHrarg] (2)
Cp
Eqgn. (2) provides satisfactory estimates of total amount of solid fly ash, Sy, to be added to the

mineral acid to arrive at the selected target pH when the strength of the mineral acid and the
composition, 1.e. the contents of and which basic salts being present in the solid fly ash, are
known prior to the formation of the suspension of partly dissolved fly ash in an aqueous
mineral acid solution. However, the exact strength of the mineral acid and/or content of basic
salts in the fly ash is not always known, especially when applying waste fractions as the raw
materials. Then there may be significant variations in the composition of the fly ash being
added during the formation of the suspension, 1.e. the composition of addition S, may be

significantly different from the composition of addition S,+1, especially when applying fly ash

from municipal waste incineration.

[0022] In such cases, It Is highly advantageous to be able to regulate the amount of fly ash
being added without prior knowledge of acid strength and/or composition of the fly ash, and
even more advantageous If the regulation of amount of added fly ash may automatically
adapts itself in relation to varying (and unknown) fly ash composition during addition. Besides,
also utilising the acid balance (egn. 2) to regulate the feed also Includes relying on pH
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measurements which may be prone to systematic errors. Thus, the method according to the
first aspect of the invention utilises both how the pH and the temperature of the aqueous
mineral acid solution responds to solid fly ash being added and mixed into it to regulate the
feed of fly ash.

[0023] The dissolution of fly ash in a mineral acid 1s exothermic, the temperature of the
suspension being formed Iincreases In proportion to the content of basic salts being added
together with the fly ash. The temperature increase resulting from the exothermic dissolution of
compounds In the fly ash iIs usually not higher than around 20 - 25 °C. At such moderate
temperature increases, It iIs a good approximation to neglect the heat loss to the environment
and set that the exothermic heat of dissolution equals the increase In heat content of the
suspension, such that the temperature increase, AT, In the suspension is given by the heat
balance:
CpS. S

AT = a(Cy — =)~ (3)

2L 7 L
where "a" I1s a constant to be determined, L is amount (by mass) of the aqueous mineral acid

solution, Cg Is the concentration of dissolvable base in the solid fly ash, and S is amount (by
mass) of solid fly ash added to the suspension, and Cgj Is the initial concentration of mineral

acid In the aqueous mineral acid solution.

[0024] Relation (3) may also be given as:

=T+ 53 --
AT = a(l' + =) 5 (4)
where
[ = ¢, — 5= ot

L
to illustrate that the pH increase given by relation (1) is connected to the temperature increase

given In relation (3).

[0025] The acid balance function, egn. (1) Is numerically challenging because at low pH
relatively large changes in added fly ash only lead to very small changes in pH, whereas at
higher pH, only small changes in added fly ash may lead to large changes in pH. This may be
alleviated by combining the acid balance and heat balance, i.e. equations egn. (1) and egn. (3)
can be combined to give:

1 (5 2CRAT
pH = — ;loglo (Co2 —— ) (5)

a

[0026] This expresses pH as a function of AT, not involving the added amount of S. Egn. (5)
may be parametrized and given on form:

[“= B — BAT (6)
where B4 and [, are parameters to be determined. Likewise, the heat balance may be

parametrized and given on form:
N & $\2 _
a7 =1 (3) - 7 2) )
where y41 and yo are parameters to be determined. The parametrised egns. (6) and (/) may be

applied together with the registered measurements of the pH and temperature of the aqueous
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mineral acid solution and the registered amounts of solid fly ash, S, added to the aqueous
mineral acid solution to determine the parameters B4, B2, y1, and y> by non-linear regression

analysis. When these parameters are determined, egns. (6) and (/) may be combined and
reformulated to provide an expression of added amount of solid fly ash as a function of the pH
of the suspension/agqueous mineral acid solution. This relation may then be applied to
determine the total amount, Sipt, to be added to the aqueous mineral acid solution to arrive at

the selected target pH, pHigg:

r—
L Bi—(10” P targ)2 -
Stor = E [Vl + \ )/12 + 4y, (T)] (8)

[0027] The determination of the parameters 31, Bo, Y1, and y» by regression analysis should

Include at least three measurements of the pH and temperature as a function of added amount
of solid fly ash to be able to obtain sufficiently accurate parameters to provide a representative
determination of Si. The method according to first aspect of the invention sets thus N = 3 or

higher to enable using the regression analysis with at least three successive additions of an
amount S, of fly ash and subsequent measurements of the corresponding pH and temperature

change In the aqueous mineral acid solution before applying the regression analysis and
subsequent use of eqgn. (8) to determine Si;. However, the regression analysis becomes

refined and more reliable the more measurements being used Iin the analysis, such that the
number N of successive additions of S, and subsequent measurements of the corresponding

pH and temperature change in the aqueous mineral acid solution may advantageously be any
Integer from (and including) 3 to (and including) 10, preferably from 4 to 8, more preferably
from S to 7.

[0028] The N additions of S, should not lead to the accumulated amount S, 5. becoming
larger than the S;y required to reach the selected target pH. The amount S, should thus not be
larger than about 1/10 of Sy, preferably smaller. One way of obtaining this objective I1s simply
to make an educated guess of total amount to be added, S.qt, and set S, to be k'th fraction of

Sest, 1.€. set:

Sest \
Sn — T (9)

where K Is an integer selected to be from (and including) 5 to (and including) 100, preferably
from 7 to 75, more preferably from 10 to 50, and more preferably from 20 to 30.

[0029] Alternatively, the estimation of total amount to be added, S.q, may be determined by

applying the acid balance (egn. (2)) of the mineral acid. As a rule of thumb, the number N of
successive additions S, and measurements of pH and T to be made before executing the

regression analysis to determine Sip, may advantageously be chosen to be about half the
selected value for k. Then the risk of obtaining a S, a¢c being larger than Syt becomes very

small and at the same time obtain sufficient empirical determinations of the pH and
temperature response of the aqueous mineral acid solution to obtain an acceptable
representative determination of Sy, There I1s no need for making each addition, S, of fly ash
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equally large. The method according to the first aspect of the invention will function equally well
as long as the accumulated amount does not significantly overshoot the required Siot to reach

the selected target pH and as long as each amount S, being added Is measured and

accounted for in the accumulated amount Sy, g¢c.

[0030] The amount S, of each successive addition of fly ash may advantageously be made

relatively small after having made approximately ¥4 of the k additions to avoid that the stop
criteria; Sy acc < Stot does not lead to the final successive addition of fly ash being so large that

the S, acc significantly overshoots the empirically determined maximum amount Syt. This may

In one embodiment be obtained by setting S, =

Sest

ak’

where a Is an Integer selected to be from 2 to 10, preferably from 3 to 10, more preferably
from 5 to 10, when n becomes equal to or larger than the greatest integer less than or equal to
% of k, i.e. when n = LO.75k< . The parenthesis LxJ as used herein, denotes the floor function

which returns the greatest integer less than or equal to a real number x.

[0031] The method according to the first aspect may further comprise a refinement of the
determination of Sig by performing a new measurement of pH and T and then determining the

parameters B4, B>, Y1, and y> and applying these to determine Si,t once more after each
successive addition larger than N, Ii.e. which follows after the first determination of Sy, In step

5). This may be obtained by adding a step j)) to be executed after step j) and before step Jj)) In
step 6):

J)) when the added amount S, Is dissolved, measuring and registering the temperature and pH
of the aqueous mineral acid solution at this n'th step as T, and pH,, respectively, and
determining and registering an accumulated amount of fly ash, S, scc, Peing added to the

aqueous mineral at this n'th step, and then repeat steps 4) and 5) to provide a refined
determination of Sy

[0032] This refinement provides the advantage that each addition of S, and following

registration of how the pH and T of aqueous mineral acid solution responds to the added fly
ash being made until Sit IS achieved, are being applied in the regression analysis such that the

determination of Sy Includes maximum available empirical data over the entire range of
accumulated amount of added fly ash. l.e., the estimate of Sy Is thus based on real time

modelling of all available datasets from the actual process run while ongoing. In this manner,
the regulation of the feed of fly ash becomes independent of prior knowledge of the
composition of the fly ash being added, optionally also of the concentration of the mineral acid
being applied, and adapts automatically to the variations in the fly ash composition by being
made according to empirical information on how the temperature and the pH of suspension
under formation responds to the addition of the fly ash from beginning to the end of the
addition of fly ash. This example embodiment of the regulation is thus well suited to be used
when the solid fly ash being applied i1s e.g. known to have relatively huge variations in the
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composition such as e.g. MSWI-fly ash. The formation of the suspension may advantageously
comprise stirring of the aqueous mineral acid solution during addition of the solid fly ash, by
use of an impeller, gas stirring, or in any other known or conceivable manner.

[0033] The aqueous mineral acid solution applied to dissolve dissolvable compounds In the fly
ash may advantageously be a strong acid to provide a high capacity for solving the basic
compounds In the fly ash. In practice, the mineral acid should have an initial pH of 2 or lower to
enable solving sufficient amounts of the (metal containing) basic salts in the fly ash, preferably
an initial pH of 1.5 or lower, and most preferably an initial pH of 1.0 or lower. The leaching, I.e.
the dissolution rate of fly ash, may be enhanced by adding one or more oxidizing agents to the
aqueous mineral acid solution, such as e.g. O3, H2O5, or any other known and conceivable

oxidizing agent.

[0034] The Invention may apply any mineral acid, preferably a mineral acid such as e.g.
hydrochloric acid, nitric acid, or other mineral acid. The mineral acid may advantageously be a
waste fraction from other industrial processes, such as e.g. hydrochloric acid formed when
scrubbing combustion gases from incineration of municipal waste.

[0035] In a second aspect, the Invention relates to a dissolution reactor for forming a
suspension of partly dissolved fly ash in an agqueous mineral acid solution, comprising:

a reactor space (1) adapted to receive and contain a mass, L, of the aqueous mineral acid
solution at initial concentration, Cp, and initial pHo,

a pH-sensor (2) adapted to measure and register the pH in the agueous mineral acid solution,
and optionally a temperature sensor (3) adapted to measure and register the temperature of
the agueous mineral acid solution, and,

a supply of solid fly ash (4) adapted to feed an amount S, of solid fly ash into the aqueous

mineral acid solution in the dissolution unit to form a suspension at a controlled flow rate and to
register the accumulated mass, S, a¢¢, Of solid fly ash being added,

a supply (5) of agqueous mineral acid solution adapted to feed the amount L of aqueous
mineral acid solution to the reactor space (1), and

a control unit (6), which Is:

adapted to receive the registered the pH-values from the optional pH-sensor (2), and optionally
the registered temperatures from the temperature sensor (3), and

adapted to regulate the supply of solid fly ash (4) and optionally the supply (5) of aqueous
mineral acid solution,

and which:
comprises a computer hardware with computer software contains instructions which when
executed, utilises the registered pH from the pH sensor (2), and optionally the temperatures
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from the optional temperature sensor (3), and controls the supply of solid fly ash (4) to regulate
the feed of solid fly ash according to the method of the first aspect of the invention.

[0036] The dissolution reactor according to the second aspect of the invention is schematically
llustrated in figure 1, and may operate as follows: The reactor space (1) which i1s adapted to
receive and contain a mass L of aqueous mineral acid solution is filled with mineral acid
solution from a mineral acid supply (5). The mineral acid supply may advantageously be
controlled by the control unit (6), or alternatively be operated manually or by another process
control unit. WWhen the reactor space (1) has received the mass L of mineral acid, the control
unit (6) engages the supply (4) of solid fly ash to initiate feeding solid fly ash to the aqueous
mineral acid solution. The supply (4) measures and registers the mass flow solid fly ash being
added to the acid to determine the accumulated mass, S which has been added. This
Information is passed to the control unit (6). The temperature sensor (3) and optionally the pH-
sensor (3) measures and registers the temperature, and optionally the pH of the aqueous
mineral acid solution before and at successive intervals of time during the entire feeding of the
fly ash, and passes this information to the control unit (6). The control unit (6) applies this
Information and executes the instructions in its computer software to regulate the feed of solid
fly ash to form the suspension. The dissolution reactor according to the second aspect of the
Invention may advantageously further comprise an impeller (/) for stirring the mineral acid
during the formation of the suspension. The operation of the impeller may advantageously be
controlled by the control unit (6).

[0037] In a third aspect of the Invention, the method for extracting one or more metals from
solid fly ash, wherein the method comprises:

selecting a target pH, pHiarg, providing an optimized dissolution rate of those salts in the fly ash

containing the one or more metals to be extracted and form a suspension according to any of
claims 1 to 10,

passing the formed suspension to a separator separating the suspension into a solid fraction of
undissolved fly ash and a first liquid fraction containing dissolved fly ash,

disposing the solid fraction of undissolved fly ash,

adding a base to the first liquid fraction to increase the pH to a level where one or more solved
metals in the first liquid fraction precipitates as metal hydroxides,

passing the first liquid fraction with precipitated metal hydroxides to a separator separating the
first liquid fraction with precipitated metal hydroxides into a solid fraction of precipitated metal
hydroxides, and a second liquid fraction, and

collecting, and optionally passing the solid fraction of precipitated metal hydroxides to further
processing.
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[0038] The term "selecting a target pH, pHis.g, providing an optimized dissolution rate™ as used

herein, means that the final pH of the suspension to be obtained by the addition of solid fly ash
IS aimed at providing the maximum dissolution rate of the one or more salts in the solid fly ash
containing the one or more metals to be extracted.

[0039] The process steps of separation of the suspension into a liquid fraction and then to
separate at least parts of the liquid's content of metal ions by increasing the pH until they
precipitate as metal hydroxides followed by separating and collecting the precipitated metal
hydroxides, such process steps have been In industrial use and is thus well known to the
person skilled in the art.

[0040] The Iinvention according to the third aspect may apply any known or conceivable
method for separating solids and liquid of the suspension, such as e.g. filtration. Likewise, the
Invention may apply any known or conceivable method for separating precipitated solids from a
liguid phase. The separation of precipitated metal hydroxides from the liquid residue may be
obtained In any known or conceivable manner, such as e.g. filtering, centrifuging, settling, gas
stirring, etc. The separated and collected precipitated metal hydroxides may be passed to a
post-processing and or refining to be converted to commercial commodities. Typical examples
of commercial commodities which may be made from the precipitated metal hydroxides
Include, but are not limited to, elemental metals such as Al, Ca, K, Na, Si, Cr, Cu, Pb, Zn, or an
oxide, or a hydroxide, or a chloride thereof. Of these, chemical compounds of one or more of
the elements Al, Zn, Pb, and Cu are especially preferred commercial commodities of interest
for the present invention.

[0041] The major part of the heavy metal content of fly ash is solvable in strong acids. The
solid fraction separated from the suspension thus consists mainly of remains considered non-
hazardous to the environment and may be disposed as ordinary waste Iin land-fills, or
alternatively, it may be applied as raw material in other industrial processes in any known or
concelvable manner.

[0042] The precipitation of metal hydroxides may advantageously be performed In a
precipitation reactor having one or more pH-sensors to enable regulating the precipitation
process. The solubility of most metal hydroxides shows a marked dependence on pH and
tends toward a minimum with increasing pH [ref 2]. For example, the solubility of hydroxides of
non-amphoteric elements such as e.g. Ca and Be have a decreasing solubility with increased
pH up to around pH = 8, hydroxides of amphoteric elements such as Al, Cs, Co, Cu, Ni, Pb, Zn,
or Sn has a minimum solubility at around pH = 7, and the solubility of oxyanion-forming
elements such as e.g. Cr, Mn, Mo, Sb, V, Ag, Se, or W, do not decrease before pH becomes
above around pH = 10. This feature enables precipitating tailored compositions of metal
hydroxides by adding base to reach one or several predetermined pH-levels. For example, a
first metal hydroxide or mixture of metal hydroxides may be precipitated by adding base to
reach a first predetermined pH and then separating and collecting the precipitated hydroxides,
and then adding further base to precipitate a second metal hydroxide or mixture of metal
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hydroxides at a second predetermined pH, etc.

[0043] The iInvention may advantageously apply a strong base, selected from one or a mixture
of the following: NaOH, KOH, Ca(OH),, CaO, or Mg(OH)»,, as addition to the first liquid fraction

and cause metals to precipitate. The addition of base may advantageously be combined with
stirring the liquid residue from the solid-liquid separation by use of an impeller, gas stirring, or
In any other known or conceivable manner.

[0044] The second liquid residue usually contains valuable rest-fractions of metals since the
solubility of the metal hydroxides are not zero. The method according to the third aspect of the
Invention may thus further comprise a post-processing of the liquid residue from the separation
of the precipitated metal hydroxides, comprising:

mixing the second liquid fraction with solid magnetic particles having one or more adsorbents
on their surface which selectively adsorbs the metal ions to be extracted,

feeding the mixture of magnetic particles and the second liquid residue to a magnetic
separator separating the mixture into a fraction of magnetic particles and a third liquid fraction,

desorbing the adsorbed metal ions from the adsorbents on the magnetic particles and collect
the desorbed metal ions as a product fraction,

disposing the third liquid fraction, and optionally,

regenerating the one or more adsorbents on the desorbed magnetic particles.

[0045] The magnetic particles, may advantageously have a dso particle size in the range of
from 10 nm to 10 ym, preferably from 50 nm to 5 ym, and most preferably from 100 nm to 1
um, and they may either be ferromagnetic, ferrimagnetic, superparamagnetic or combinations
of these properties. As used herein, the term "dso particle size" means the median diameter of
the particle size distribution. For example, if D50=10 um, then 50% of the particles in the
sample are larger than 10 um and 50% are smaller than 10 um. The particle size distribution

may be determined according to standards ASTM E2651-13 or |ISO 13317-1-2001.

[0046] The mixing of magnetic particles and liquid may be obtained by stirred tanks, static
mixers, tubular reactors or combinations. The magnetic particles may be separated from the
iqguid by means of appropriate magnetic fields, either set up by permanent magnets or
electromagnets in any known or conceivable manner.

[0047] The adsorbent on the particle surface depends on which metallic ions that are to be
adsorbed. The Invention may apply any known or conceivable adsorbent able to adsorb
metallic ions from an aqueous solution. Examples of suited adsorbents include, but Is not
imited to; polyaspartic acid, polystyrenesulfonate, chitosan, polyacrylamide, or non-coated
magnetite or elemental iron particles, and mixtures thereof.
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[0048] The particles and adsorbed metal ions are separated by means of one or several
known techniques typically including a first step of exposing the magnetic particles with
adsorbed metal ions to an environment that facilitates desorption. In principle, this could be an
acidic or basic solution, or an organic solvent. In some systems, the contaminants may be
exposed to an environment that facilitate reaction with the contaminants, causing the
contaminants to release from the adsorbents.

[0049] After desorption, the magnetic particles may advantageously be washed, dried, quality
checked and then, If necessary, subject to a surface conditioning process restoring the surface
properties of the particles. The surface conditioning may comprise coating new adsorbent etc.
Particles that pass the quality control and thus considered to be practically indistinguishable
from new and unused particles, may advantageously be transferred to a particle reservoir for
later use.

[0050] The third liquid fraction exiting the separator is usually sufficiently stripped of heavy
metals to be considered a non-hazardous material, and may be disposed as a non-hazardous
waste. However, the third liquid fraction contains often sufficient Cl-ions to be desalinated to
form road salt or other products.

[0051] In a fourth aspect of the Invention, the dissolution reactor according to the second
aspect Is implemented In a plant for extracting metals from fly ash, by the dissolution reactor
according to the second aspect further comprising:

a first separator (8) adapted to separate the suspension (9) formed in the dissolution reactor
(1) Into a solid fraction (10) of undissolved fly ash and a first liquid fraction (11) containing
dissolved fly ash,

a precipitation reactor (12) adapted to receive the first liquid fraction (11),

a supply of a base (13) adapted to add base to the first liquid fraction (11) contained In the
precipitation reactor (12),

a second separator (14) adapted to receive the liquid fraction containing precipitated metal
hydroxides (15) and to separate it into a solid fraction (16) of precipitated metal hydroxides and
a second liquid fraction (17).

[0052] The plant according to the fourth aspect of the invention is schematically illustrated In
figure 2. As seen on the figure, the plant comprises a similar dissolution reactor for producing a
suspension (9) as described above for the second aspect of the invention. The formed
suspension (9) Is passed Iinto a first separator (8) which separates the suspension (9) into a
solid fraction (10) consisting of the undissolved remains of the fly ash, and a first liquid fraction
(11) consisting of the aqueous mineral acid solution and the dissolved fly ash. The first liquid
fraction (11) is passed on to a precipitation reactor (12) where the pH of the first liquid fraction



DK/EP 3556468 T3

IS Increased by adding one or more bases from a base supply (13) to make at least parts of
the solved metals to precipitate in the form of solid metal hydroxides. The liquid fraction (15)
having precipitated metal hydroxides Is then passed on to a second separator (14) which
separates the liquid fraction (15) having precipitated metal hydroxides into a solid fraction (16)
of precipitated metal hydroxides and a second liquid fraction (17).

[0053] As described above for the third aspect of the invention, the separators (8, 14),
precipitation reactor (12) and the supply of base (13), are commonly applied process
equipment well known to the person skilled in the art. The invention according to the fourth
aspect may apply any known or concelvable separator, precipitation reactor.

[0054] As described above for the third aspect of the invention, the second liquid fraction (17)
exiting the second separator (14) usually contains valuable rest fractions of metal ions. The
Invention according to the fourth aspect may thus further comprise:

a supply (19) of magnetic particles having one or more metal ion adsorbing adsorbents on
their surface,

a mixing tank (18) adapted to receive the second fluid fraction (1/7) and magnetic particles from
supply (19) and to mix the liquid and particles,

a magnetic separator (22) adapted to receive the mixture (21) of the second liquid fraction and
magnetic particles, and to separate the mixture (21) into a solid fraction (25) of magnetic
particles and a third liquid fraction (24).

[0055] The mixing of particles and liquid in mixing tank (18) may advantageously be enhanced
by use of an impeller (20).

[0056] The magnetic particles and adsorbents may advantageously be the same as described
above for the third aspect of the invention. Likewise, the plant according to the fourth aspect of
the Invention may further comprise any process equipment for regenerating used magnetic
particles (fraction (25)) and pass them into supply (19) for reuse, and/or for extracting the
adsorbed metal ions and converting them into commercial commodities as described above.

List of figures

[0057]

Figure 1 Is a schematic drawing of an example embodiment of a dissolution reactor according
to the invention.

Figure 2 I1s a schematic drawing of an example embodiment of implementation of the
dissolution reactor shown In figure 1 into a plant for extracting metal content from fly ash.
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Figure 3 Is a schematic drawing of the same plant as shown In figure 2, but with mixing reactor
and magnetic separator unit for extraction of rest fractions of metal ions.

Venfication of the invention

[0058] A series of four laboratory tests were performed to verify the regulation of addition of fly
ash according to the first aspect of the invention. Each test applied 3000 ml of concentrated or
nearly concentrated hydrochloric acid having an initial pH of from -1 to 0, as the aqueous
mineral acid solution and having a temperature around 20 "C (ambient room temperature).

[0059] Then, successive amounts, S, of solid MSWI fly ash from the incineration plant for

municipal waste at Haraldrud in Oslo, Norway was added to the HCIl-acid under stirring. The
composition of the fly ash was not determined, i.e. the verification tests were carried out with
unknown contents of dissolvable basic salts in the fly ash being added. After each successive
addition and mixing of fly ash into the HCl-acid, the pH and temperature of the resulting
suspension/agueous mineral acid solution was measured using a Thermo Scientific Eutech pH
450 equipped with both a pH-sensor and a thermometer.

[0060] After five successive additions S, of fly ash (l.e. N = ) and subsequent measurements

of resulting pH and temperature, the empirical data and eqgns. (6) and (/) were applied to
determine the parameters 34, Bo, Y4, and y,> by a Gauss-Newton algorithm, and the determined

parameters 31, B>, Y4, and y, were applied in eqn. (8) to determine Siy. In addition, the
determined parameters 31 and 35, were applied in eqgn. (6) to determine a target temperature
Increase, ATy, t0 be reached when obtaining the selected target pH, I.e. to determine ATy,

from the relation:
(1O_tharg)’2' = B — BZ'ATtarg
Table 1 Results of test 1, selected target pH: 1.3
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[0061] The determination of Sipt and ATy was refined by repeating the determination of the
parameters B4, B>, Y1, and y, by the Gauss-Newton algorithm after each additional addition
and mixing of S, until the selected target pH was obtained Iin the suspension/aqueous mineral

acid solution. The results and added amounts, S, are summarized in tables 1 to 4 below.

[0062] The results given In Table 1 show that the method according to the first aspect of the
iInvention 1s able to fairly accurate utiize measurements of how the pH and temperature of
agueous mineral acid responds to successive additions of fly ash, and to utilize this empirically
determined response to determine a threshold value for how much fly ash to be added in order
to obtain a selected target pH (which usually 1s selected to represent an optimal dissolution
degree of one or more metallic salt(s) which i1s/are to be extracted from the fly ash). The
threshold value determined by the method, Sigt, I1s within 1 % from the measured accumulated

amount Sy a¢cc being when the selected target pH, pHiag, Is obtained. Thus, even though the

pH-measurements are applied as stop criterium In the example embodiment, instead of the
accumulated amount S, ¢, the example embodiment show that the method according to the

first aspect of the invention provides a method for regulation the feed of fly ash to obtain an
optimized dissolution degree of the metal salts to be extracted from the fly ash.

[0063] The importance of including the temperature response in the early stage of the fly ash
addition, when the pH-measurements are less reliable, is illustrated by the results of the three
next example embodiments presented In tables 2, 3 and 4, respectively. In these example
embodiments 2, 3 and 4, it was added a relatively large portion of fly ash in the early stage
such that the regression analysis was fed with scarce empirical data over the temperature
response at the early stage of the addition. As a result, both the modelled temperature AT 54

and the modelled total amount of fly as, Si,, became slightly overestimated (by 5 to 10 %) as

compared to the registered temperature when terminating the addition. This illustrates that to
obtain the best fit for the temperature model, datasets should be recorded and evaluated at
relatively equal intervals in S throughout the process. To minimize deviations due to heat loss,

it Is advantageous to attempt maintaining a relatively constant fly ash feed rate.
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[0064] The results from all four tests demonstrates that the measured temperature can be
used actively in control algorithms for the leaching of fly ash Iin acid to support the pH
measurements iIs feasible and preferable.

Table 2 Results of test 2, selected target pH: 1.2

Measured Modelled

o i A
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Table 3 Results of test 3, selected target pH: 1 2
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Patentkrav

1. Fremgangsmade til dannelse af en suspension af delvist oplest flyveaske 1 en vandig
mineralsyreoplasning, hvor fremgangsmaden omfatter felgende procestrin:

1) tilforsel af en masse, L, af en vandig mineralsyreoplesning til en oplgsningsreaktor og
derefter maling og registrering af den vandige mineralsyreoplgsnings initiale temperatur, To, og
initiale, pHo,

2) indstil n = 1, hvor n er et heltal, og udvaelg et mal-pH, pHiur, der skal opnas 1
suspensionen,

3) forn <N, hvor N er et heltal fra 3 eller hgjere, udferelse af trin 1), 1) og 111) 1 successiv
rekketolge:

1) tilsetning til og blanding af en mangde S, af fast flyveaske 1 den vandige
mineralsyreoplgsning,

11) nar maengden S, er oplest, maling og registrering af den vandige
mineralsyreoplgsnings temperatur og pH pa dette n. trin som henholdsvis Ty og pHn, og
bestemmelse og registrering af en akkumuleret maengde flyveaske, Sn, acc, der er tilsat den
vandige mineralsyreoplesning pa dette n. trin, og

111) indstil n =n+1 og ga til trin 1),

4) anvend de registrerede temperaturer To til Ty og de registrerede pH-vardier pHo til

pHy, og de registrerede mangder tilsat flyveaske, Sy, acc, 0g ligningerne:

F,f — B, — B,AT, 0g AT, = v, (Sn,a.cc) —v, (Sn,acc)Z,

L L
hvor I';, = 107" ATy = Tu-To 0g B1, B2, Y1 0g 72 er parametre til at bestemme parametrene
B1, B2, v1 0g v2 ved regressionsanalyse,
5) bestemmelse af en totalmangde, S, af fast flyveaske, der skal tilsettes den vandige

mineralsyreoplgsning ud fra forholdet:

| —
; B, —-(10 PHigrg )2

T — 2 :
Su = T T

) |

0g

6) hvis Sp acc < Stot, udferelse af trin 1) og 131):

1) tils@tning til og blanding af en mangde Sn 1 den vandige mineralsyreoplosning,
117) hvis Sy ace < Siot, Indstil n =n+1 og ga til trin j),

eller ellers:

1117) stop tilfersel og blanding af fast flyveaske 1 den vandige mineralsyreoplgsning.
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2. Fremgangsmade 1folge krav 1, hvor trin 6) endvidere omfatter trin jj), der skal udferes
efter trin j) og for trin jjj):

1) nar den tilsatte maengde S, er oplest, maling og registrering af den vandige
mineralsyreoplosnings temperatur og pH ved dette n. trin som henholdsvis Tn og pHn, 0g
bestemmelse og registrering af en akkumuleret mangde flyveaske, Sn acc, tilsat det vandige
mineral pa dette n. trin, og derefter gentagelse af trin 4) og 5) for at tilvejebringe en forfinet

bestemmelse af Stot.

3. Fremgangsmade ifelge krav 1 eller 2, hvor fremgangsmaden endvidere omfatter
omrgring af den vandige mineralsyreoplesning under dannelse af suspensionen af delvist oplost

flyveaske ved hjelp af en omrgrer eller ved gasomrering.

4. Fremgangsmade ifolge et hvilket som helst foregaende krav, hvor mangden S,

bestemmes ved forholdet:

Sest
S — ées
n k

hvor Sest er et estimat af totalmangden af flyveaske, der skal tilsaettes, og k er et heltal
udvalgt til at vaere fra (og indbefattende) 5 til (og indbefattende) 100, fortrinsvis fra 7 til 75, mere
fortrinsvis fra 10 til 50, og mest fortrinsvis fra 20 til 30.

5. Fremgangsmade ifelge krav 4, hvor, nar n > [0,75k], maengden S, bestemmes ved
forholdet:
Sest
on = ak

hvor a er et heltal udvalgt t1l at vaere et hvilket som helst heltal fra 2 t1l 10, fortrinsvis fra

3 t1l 10, og mere fortrinsvis fra S til 10.

6. Fremgangsmade ifelge et hvilket som helst foregaende krav, hvor estimatet af

totalmangden, der skal tilsettes, Sest, bestemmes ved anvendelse af syrebalancen:

Sest = 7= [Cy = 107PHiera],

B

hvor Cg er koncentrationen af opleselig base 1 den faste flyveaske.

7. Fremgangsmade 1felge kravene 4 til 6, hvor N udvalges til at vare et heltal, der svarer

til k/2.
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8. Fremgangsmade 1folge et hvilket som helst af kravene 1 til 6, hvor tallet N er et hvilket
som helst heltal fra (og indbefattende) 3 til (og indbefattende) 10, fortrinsvis fra 4 til 8, mere
fortrinsvis fra 5 t1l 7.

9. Fremgangsmade ifolge et hvilket som helst foregaende krav, hvor den vandige
mineralsyreoplesning er saltsyre eller salpetersyre, eller en blanding deraf, med et imitialt pH <

2, fortrinsvis < 1,5, mest fortrinsvis < 1,0.

10. Fremgangsmade ifelge et hvilket som helst foregaende krav, hvor ét eller flere
oxideringsmidler tilsettes den vandige mineralsyreoplgsning, fortrinsvis O3z og/eller HxO»,

tilsetningen af €t eller flere oxideringsmidler sker fortrinsvis 1 trin 1).

11.  Fremgangsmade til ekstraktion af ét eller flere metaller fra fast flyveaske, hvor
fremgangsmaden omfatter:

udvealgelse af et mal-pH, pHure, der tilvejebringer en optimeret oplgsningsrate for disse
salte 1 flyveasken indeholdende det ene eller flere metaller, der skal ekstraheres, og dannelse af
en suspension ifglge et hvilket som helst af kravene 1 ti1l 10,

overforsel af den dannede suspension til en separator, der separerer suspensionen 1 en
fast fraktion af uoplest flyveaske og en forste vasketraktion indeholdende oplest flyveaske,

eliminering af den faste fraktion af uoplest flyveaske,

tilsetning aft en base til den forste vaskefraktion for at ege pH’et til et niveau, hvor ¢t
eller flere oploste metaller 1 den forste vasketraktion pracipiteres som metalhydroxider,

overforsel af den forste vaskefraktion med pracipiterede metalhydroxider til en
separator, der separerer den forste vaeskefraktion med pracipiterede metalhydroxider 1 en fast
fraktion af pracipiterede metalhydroxider, og en anden vaskefraktion, og

indsamling, og eventuelt overforsel af den faste fraktion af pracipiterede

metalhydroxider til yderligere forarbejdning.

12.  Fremgangsmade ifelge krav 11, hvor basen er udvalgt fra én at: NaOH, KOH, Ca(OH),,
Ca0 eller Mg(OH)y, eller en blanding af to eller flere deraf.

13. Fremgangsmade ifolge krav 11 eller 12, hvor fremgangsmaden endvidere omfatter:
blanding af den anden vaskefraktion med faste magnetiske partikler med ¢t eller more

adsorptionsmidler pa deres overflade, der selektivt adsorberer de metalioner, der skal
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ekstraheres,

tiltorsel af blandingen af magnetiske partikler og den anden vaskerest til en magnetisk
separator, der separerer blandingen 1 en fraktion af magnetiske partikler og en tredje
vaskefraktion,

desorption af de adsorberede metalioner fra adsorptionsmidlerne pa de magnetiske
partikler og indsamling af de desorberede metalioner som en produktfraktion,

eliminering af den tredje vaskefraktion, og

eventuelt,

regenerering af det ene eller flere adsorptionsmidler pa de desorberede magnetiske

partikler.

14.  Oplesningsreaktor til dannelse af en suspension af delvist oplest flyveaske 1 en vandig
mineralsyreoplesning, hvilken oplgsningsreaktor omfatter:

et reaktorrum (1) tilpasset til at modtage og indeholde en masse, L, af den vandige
mineralsyreoplgsning ved initial koncentration, Co, og 1nitialt pHo,

en pH-sensor (2) tilpasset til at male og registrere pH’et 1 den vandige
mineralsyreopleosning,

en temperatursensor (3) tilpasset til at male og registrere temperaturen pa den vandige
mineralsyreopleosning,

en tilforsel af fast flyveaske (4) tilpasset til at tilfore efterfolgende mangder, Sy, af fast
flyveaske 1 den vandige mineralsyreoplgsning 1 reaktorrummet (1) og til at registrere den
akkumulerede masse, Sp, acc, af tilsat fast flyveaske,

en tilforsel af vandig mineralsyreoplosning (5) tilpasset til at tilfore maengden L af vandig
mineralsyreoplesning til reaktorrummet (1), og

en styreenhed (6), der er:

tilpasset til at modtage de registrerede pH-vardier fra pH-sensoren (2), de registrerede
temperaturer fra temperatursensoren (3), og den registrerede akkumulerede masse, Sy, acc, af fast
flyveaske tilsat den vandige mineralsyreoplesning, og som:

omfatter en computerhardware med computersoftware indeholdende instruktioner, der,
nar de udferes, anvender det registrerede pH fra pH-sensoren (2), temperaturerne fra
temperatursensoren (3), og den registrerede akkumulerede masse, Sn, acc, af fast flyveaske tilsat
for at bestemme totalmangden af fast flyveaske til tilsetning til den vandige
mineralsyreoplesning ifglge fremgangsmaden 1felge et hvilket som helst af kravene 1 - 10, og

der regulerer tilforslen af fast flyveaske (4) til den vandige mineralsyreoplosning (5) 1
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overensstemmelse dermed.

15.  Oplesningsreaktor ifolge krav 14 endvidere omfattende en omrerer (7) placeret 1 den

vandige mineralsyreoplosning.

16.  Anlzg t1l ekstraktion af metaller fra flyveaske omfattende en oplgsningsreaktor 1folge
krav 14 eller 15, hvilket anleg endvidere omfatter:

en forste separator (8) tilpasset til at separere suspensionen (9) dannet 1
oplgsningsreaktoren (1) 1 en fast fraktion (10) af uoplest flyveaske og en forste vaeskefraktion
(11) indeholdende oplest flyveaske,

en praecipitationsreaktor (12) tilpasset til at modtage den forste vaesketraktion (11),

en tilfersel af en base (13) tilpasset til at tilfere base til den forste vaskefraktion (11)
indeholdt 1 praecipitationsreaktoren (12),

en anden separator (14) tilpasset til at modtage vaskefraktionen indeholdende
precipiterede metalhydroxider (15) og til at separere den 1 en fast fraktion (16) af pracipiterede

metalhydroxider og en anden vaskefraktion (17).

17.  Anlagifelge krav 16, der endvidere omfatter:

en tilfersel af magnetiske partikler (19) med ét eller flere metalionadsorberende
adsorptionsmidler pa deres overflade,

en blandetank (18) tilpasset til at modtage den anden fluidfraktion (17) og magnetiske
partikler fra tiltorsel af magnetiske partikler (19) og til at blande vasken og partiklerne,

en magnetisk separator (22) tilpasset til at modtage blandingen (21) af den anden
vaskefraktion og magnetiske partikler, og til at separere blandingen (21) 1 en fast fraktion (25)
at magnetiske partikler og en tredje vaeskefraktion (24), og eventuelt,

en omrgrer (20) placeret 1 blandetanken (18).

18.  Anlaeg ifolge krav 16 eller 17, hvor de magnetiske partikler:

har en middelpartikelstorrelse dso, 1 intervallet pa fra 10 nm til 10 um, fortrinsvis fra 50
nm til 5 um, og mest fortrinsvis fra 100 nm til 1 um, og hvor middelpartikelstarrelsen, dso,
betyder mediandiameteren af partikelstgrrelsestordelingen, bestemt 1fglge standarderne ASTM
E2651-13 eller ISO 13317-1-2001, og hvor de magnetiske partikler enten er ferromagnetiske,

ferrmmagnetiske, superparamagnetiske eller kombinationer af disse egenskaber.
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Patentkrav

1. Fremgangsmade til dannelse af en suspension af delvist oplest flyveaske 1 en vandig
mineralsyreoplasning, hvor fremgangsmaden omfatter felgende procestrin:

1) tilforsel af en masse, L, af en vandig mineralsyreoplesning til en oplgsningsreaktor og
derefter maling og registrering af den vandige mineralsyreoplgsnings initiale temperatur, To, og
initiale, pHo,

2) indstil n = 1, hvor n er et heltal, og udvaelg et mal-pH, pHiur, der skal opnas 1
suspensionen,

3) forn <N, hvor N er et heltal fra 3 eller hgjere, udferelse af trin 1), 1) og 111) 1 successiv
rekketolge:

1) tilsetning til og blanding af en mangde S, af fast flyveaske 1 den vandige
mineralsyreoplgsning,

11) nar maengden S, er oplest, maling og registrering af den vandige
mineralsyreoplgsnings temperatur og pH pa dette n. trin som henholdsvis Ty og pHn, og
bestemmelse og registrering af en akkumuleret maengde flyveaske, Sn, acc, der er tilsat den
vandige mineralsyreoplesning pa dette n. trin, og

111) indstil n =n+1 og ga til trin 1),

4) anvend de registrerede temperaturer To til Ty og de registrerede pH-vardier pHo til

pHy, og de registrerede mangder tilsat flyveaske, Sy, acc, 0g ligningerne:

F,f — B, — B,AT, 0g AT, = v, (Sn,a.cc) —v, (Sn,acc)Z,

L L
hvor I';, = 107" ATy = Tu-To 0g B1, B2, Y1 0g 72 er parametre til at bestemme parametrene
B1, B2, v1 0g v2 ved regressionsanalyse,
5) bestemmelse af en totalmangde, S, af fast flyveaske, der skal tilsettes den vandige

mineralsyreoplgsning ud fra forholdet:

| —
; B, —-(10 PHigrg )2

T — 2 :
Su = T T

) |

0g

6) hvis Sp acc < Stot, udferelse af trin 1) og 131):

1) tils@tning til og blanding af en mangde Sn 1 den vandige mineralsyreoplosning,
117) hvis Sy ace < Siot, Indstil n =n+1 og ga til trin j),

eller ellers:

1117) stop tilfersel og blanding af fast flyveaske 1 den vandige mineralsyreoplgsning.



10

15

20

25

30

, DK/EP 3556468 T3

2. Fremgangsmade 1folge krav 1, hvor trin 6) endvidere omfatter trin jj), der skal udferes
efter trin j) og for trin jjj):

1) nar den tilsatte maengde S, er oplest, maling og registrering af den vandige
mineralsyreoplosnings temperatur og pH ved dette n. trin som henholdsvis Tn og pHn, 0g
bestemmelse og registrering af en akkumuleret mangde flyveaske, Sn acc, tilsat det vandige
mineral pa dette n. trin, og derefter gentagelse af trin 4) og 5) for at tilvejebringe en forfinet

bestemmelse af Stot.

3. Fremgangsmade ifelge krav 1 eller 2, hvor fremgangsmaden endvidere omfatter
omrgring af den vandige mineralsyreoplesning under dannelse af suspensionen af delvist oplost

flyveaske ved hjelp af en omrgrer eller ved gasomrering.

4. Fremgangsmade ifolge et hvilket som helst foregaende krav, hvor mangden S,

bestemmes ved forholdet:

Sest
S — ées
n k

hvor Sest er et estimat af totalmangden af flyveaske, der skal tilsaettes, og k er et heltal
udvalgt til at vaere fra (og indbefattende) 5 til (og indbefattende) 100, fortrinsvis fra 7 til 75, mere
fortrinsvis fra 10 til 50, og mest fortrinsvis fra 20 til 30.

5. Fremgangsmade ifelge krav 4, hvor, nar n > [0,75k], maengden S, bestemmes ved
forholdet:
Sest
on = ak

hvor a er et heltal udvalgt t1l at vaere et hvilket som helst heltal fra 2 t1l 10, fortrinsvis fra

3 t1l 10, og mere fortrinsvis fra S til 10.

6. Fremgangsmade ifelge et hvilket som helst foregaende krav, hvor estimatet af

totalmangden, der skal tilsettes, Sest, bestemmes ved anvendelse af syrebalancen:

Sest = 7= [Cy = 107PHiera],

B

hvor Cg er koncentrationen af opleselig base 1 den faste flyveaske.

7. Fremgangsmade 1felge kravene 4 til 6, hvor N udvalges til at vare et heltal, der svarer

til k/2.
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8. Fremgangsmade 1folge et hvilket som helst af kravene 1 til 6, hvor tallet N er et hvilket
som helst heltal fra (og indbefattende) 3 til (og indbefattende) 10, fortrinsvis fra 4 til 8, mere
fortrinsvis fra 5 t1l 7.

9. Fremgangsmade ifolge et hvilket som helst foregaende krav, hvor den vandige
mineralsyreoplesning er saltsyre eller salpetersyre, eller en blanding deraf, med et imitialt pH <

2, fortrinsvis < 1,5, mest fortrinsvis < 1,0.

10. Fremgangsmade ifelge et hvilket som helst foregaende krav, hvor ét eller flere
oxideringsmidler tilsettes den vandige mineralsyreoplgsning, fortrinsvis O3z og/eller HxO»,

tilsetningen af €t eller flere oxideringsmidler sker fortrinsvis 1 trin 1).

11.  Fremgangsmade til ekstraktion af ét eller flere metaller fra fast flyveaske, hvor
fremgangsmaden omfatter:

udvealgelse af et mal-pH, pHure, der tilvejebringer en optimeret oplgsningsrate for disse
salte 1 flyveasken indeholdende det ene eller flere metaller, der skal ekstraheres, og dannelse af
en suspension ifglge et hvilket som helst af kravene 1 ti1l 10,

overforsel af den dannede suspension til en separator, der separerer suspensionen 1 en
fast fraktion af uoplest flyveaske og en forste vasketraktion indeholdende oplest flyveaske,

eliminering af den faste fraktion af uoplest flyveaske,

tilsetning aft en base til den forste vaskefraktion for at ege pH’et til et niveau, hvor ¢t
eller flere oploste metaller 1 den forste vasketraktion pracipiteres som metalhydroxider,

overforsel af den forste vaskefraktion med pracipiterede metalhydroxider til en
separator, der separerer den forste vaeskefraktion med pracipiterede metalhydroxider 1 en fast
fraktion af pracipiterede metalhydroxider, og en anden vaskefraktion, og

indsamling, og eventuelt overforsel af den faste fraktion af pracipiterede

metalhydroxider til yderligere forarbejdning.

12.  Fremgangsmade ifelge krav 11, hvor basen er udvalgt fra én at: NaOH, KOH, Ca(OH),,
Ca0 eller Mg(OH)y, eller en blanding af to eller flere deraf.

13. Fremgangsmade ifolge krav 11 eller 12, hvor fremgangsmaden endvidere omfatter:
blanding af den anden vaskefraktion med faste magnetiske partikler med ¢t eller more

adsorptionsmidler pa deres overflade, der selektivt adsorberer de metalioner, der skal
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ekstraheres,

tiltorsel af blandingen af magnetiske partikler og den anden vaskerest til en magnetisk
separator, der separerer blandingen 1 en fraktion af magnetiske partikler og en tredje
vaskefraktion,

desorption af de adsorberede metalioner fra adsorptionsmidlerne pa de magnetiske
partikler og indsamling af de desorberede metalioner som en produktfraktion,

eliminering af den tredje vaskefraktion, og

eventuelt,

regenerering af det ene eller flere adsorptionsmidler pa de desorberede magnetiske

partikler.

14.  Oplesningsreaktor til dannelse af en suspension af delvist oplest flyveaske 1 en vandig
mineralsyreoplesning, hvilken oplgsningsreaktor omfatter:

et reaktorrum (1) tilpasset til at modtage og indeholde en masse, L, af den vandige
mineralsyreoplgsning ved initial koncentration, Co, og 1nitialt pHo,

en pH-sensor (2) tilpasset til at male og registrere pH’et 1 den vandige
mineralsyreopleosning,

en temperatursensor (3) tilpasset til at male og registrere temperaturen pa den vandige
mineralsyreopleosning,

en tilforsel af fast flyveaske (4) tilpasset til at tilfore efterfolgende mangder, Sy, af fast
flyveaske 1 den vandige mineralsyreoplgsning 1 reaktorrummet (1) og til at registrere den
akkumulerede masse, Sp, acc, af tilsat fast flyveaske,

en tilforsel af vandig mineralsyreoplosning (5) tilpasset til at tilfore maengden L af vandig
mineralsyreoplesning til reaktorrummet (1), og

en styreenhed (6), der er:

tilpasset til at modtage de registrerede pH-vardier fra pH-sensoren (2), de registrerede
temperaturer fra temperatursensoren (3), og den registrerede akkumulerede masse, Sy, acc, af fast
flyveaske tilsat den vandige mineralsyreoplesning, og som:

omfatter en computerhardware med computersoftware indeholdende instruktioner, der,
nar de udferes, anvender det registrerede pH fra pH-sensoren (2), temperaturerne fra
temperatursensoren (3), og den registrerede akkumulerede masse, Sn, acc, af fast flyveaske tilsat
for at bestemme totalmangden af fast flyveaske til tilsetning til den vandige
mineralsyreoplesning ifglge fremgangsmaden 1felge et hvilket som helst af kravene 1 - 10, og

der regulerer tilforslen af fast flyveaske (4) til den vandige mineralsyreoplosning (5) 1
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overensstemmelse dermed.

15.  Oplesningsreaktor ifolge krav 14 endvidere omfattende en omrerer (7) placeret 1 den

vandige mineralsyreoplosning.

16.  Anlzg t1l ekstraktion af metaller fra flyveaske omfattende en oplgsningsreaktor 1folge
krav 14 eller 15, hvilket anleg endvidere omfatter:

en forste separator (8) tilpasset til at separere suspensionen (9) dannet 1
oplgsningsreaktoren (1) 1 en fast fraktion (10) af uoplest flyveaske og en forste vaeskefraktion
(11) indeholdende oplest flyveaske,

en praecipitationsreaktor (12) tilpasset til at modtage den forste vaesketraktion (11),

en tilfersel af en base (13) tilpasset til at tilfere base til den forste vaskefraktion (11)
indeholdt 1 praecipitationsreaktoren (12),

en anden separator (14) tilpasset til at modtage vaskefraktionen indeholdende
precipiterede metalhydroxider (15) og til at separere den 1 en fast fraktion (16) af pracipiterede

metalhydroxider og en anden vaskefraktion (17).

17.  Anlagifelge krav 16, der endvidere omfatter:

en tilfersel af magnetiske partikler (19) med ét eller flere metalionadsorberende
adsorptionsmidler pa deres overflade,

en blandetank (18) tilpasset til at modtage den anden fluidfraktion (17) og magnetiske
partikler fra tiltorsel af magnetiske partikler (19) og til at blande vasken og partiklerne,

en magnetisk separator (22) tilpasset til at modtage blandingen (21) af den anden
vaskefraktion og magnetiske partikler, og til at separere blandingen (21) 1 en fast fraktion (25)
at magnetiske partikler og en tredje vaeskefraktion (24), og eventuelt,

en omrgrer (20) placeret 1 blandetanken (18).

18.  Anlaeg ifolge krav 16 eller 17, hvor de magnetiske partikler:

har en middelpartikelstorrelse dso, 1 intervallet pa fra 10 nm til 10 um, fortrinsvis fra 50
nm til 5 um, og mest fortrinsvis fra 100 nm til 1 um, og hvor middelpartikelstarrelsen, dso,
betyder mediandiameteren af partikelstgrrelsestordelingen, bestemt 1fglge standarderne ASTM
E2651-13 eller ISO 13317-1-2001, og hvor de magnetiske partikler enten er ferromagnetiske,

ferrmmagnetiske, superparamagnetiske eller kombinationer af disse egenskaber.
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Patentkrav

1. Fremgangsmade til dannelse af en suspension af delvist oplest flyveaske 1 en vandig
mineralsyreoplasning, hvor fremgangsmaden omfatter felgende procestrin:

1) tilforsel af en masse, L, af en vandig mineralsyreoplesning til en oplgsningsreaktor og
derefter maling og registrering af den vandige mineralsyreoplgsnings initiale temperatur, To, og
initiale, pHo,

2) indstil n = 1, hvor n er et heltal, og udvaelg et mal-pH, pHiur, der skal opnas 1
suspensionen,

3) forn <N, hvor N er et heltal fra 3 eller hgjere, udferelse af trin 1), 1) og 111) 1 successiv
rekketolge:

1) tilsetning til og blanding af en mangde S, af fast flyveaske 1 den vandige
mineralsyreoplgsning,

11) nar maengden S, er oplest, maling og registrering af den vandige
mineralsyreoplgsnings temperatur og pH pa dette n. trin som henholdsvis Ty og pHn, og
bestemmelse og registrering af en akkumuleret maengde flyveaske, Sn, acc, der er tilsat den
vandige mineralsyreoplesning pa dette n. trin, og

111) indstil n =n+1 og ga til trin 1),

4) anvend de registrerede temperaturer To til Ty og de registrerede pH-vardier pHo til

pHy, og de registrerede mangder tilsat flyveaske, Sy, acc, 0g ligningerne:

F,f — B, — B,AT, 0g AT, = v, (Sn,a.cc) —v, (Sn,acc)Z,

L L
hvor I';, = 107" ATy = Tu-To 0g B1, B2, Y1 0g 72 er parametre til at bestemme parametrene
B1, B2, v1 0g v2 ved regressionsanalyse,
5) bestemmelse af en totalmangde, S, af fast flyveaske, der skal tilsettes den vandige

mineralsyreoplgsning ud fra forholdet:

| —
; B, —-(10 PHigrg )2

T — 2 :
Su = T T

) |

0g

6) hvis Sp acc < Stot, udferelse af trin 1) og 131):

1) tils@tning til og blanding af en mangde Sn 1 den vandige mineralsyreoplosning,
117) hvis Sy ace < Siot, Indstil n =n+1 og ga til trin j),

eller ellers:

1117) stop tilfersel og blanding af fast flyveaske 1 den vandige mineralsyreoplgsning.
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2. Fremgangsmade 1folge krav 1, hvor trin 6) endvidere omfatter trin jj), der skal udferes
efter trin j) og for trin jjj):

1) nar den tilsatte maengde S, er oplest, maling og registrering af den vandige
mineralsyreoplosnings temperatur og pH ved dette n. trin som henholdsvis Tn og pHn, 0g
bestemmelse og registrering af en akkumuleret mangde flyveaske, Sn acc, tilsat det vandige
mineral pa dette n. trin, og derefter gentagelse af trin 4) og 5) for at tilvejebringe en forfinet

bestemmelse af Stot.

3. Fremgangsmade ifelge krav 1 eller 2, hvor fremgangsmaden endvidere omfatter
omrgring af den vandige mineralsyreoplesning under dannelse af suspensionen af delvist oplost

flyveaske ved hjelp af en omrgrer eller ved gasomrering.

4. Fremgangsmade ifolge et hvilket som helst foregaende krav, hvor mangden S,

bestemmes ved forholdet:

Sest
S — ées
n k

hvor Sest er et estimat af totalmangden af flyveaske, der skal tilsaettes, og k er et heltal
udvalgt til at vaere fra (og indbefattende) 5 til (og indbefattende) 100, fortrinsvis fra 7 til 75, mere
fortrinsvis fra 10 til 50, og mest fortrinsvis fra 20 til 30.

5. Fremgangsmade ifelge krav 4, hvor, nar n > [0,75k], maengden S, bestemmes ved
forholdet:
Sest
on = ak

hvor a er et heltal udvalgt t1l at vaere et hvilket som helst heltal fra 2 t1l 10, fortrinsvis fra

3 t1l 10, og mere fortrinsvis fra S til 10.

6. Fremgangsmade ifelge et hvilket som helst foregaende krav, hvor estimatet af

totalmangden, der skal tilsettes, Sest, bestemmes ved anvendelse af syrebalancen:

Sest = 7= [Cy = 107PHiera],

B

hvor Cg er koncentrationen af opleselig base 1 den faste flyveaske.

7. Fremgangsmade 1felge kravene 4 til 6, hvor N udvalges til at vare et heltal, der svarer

til k/2.
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8. Fremgangsmade 1folge et hvilket som helst af kravene 1 til 6, hvor tallet N er et hvilket
som helst heltal fra (og indbefattende) 3 til (og indbefattende) 10, fortrinsvis fra 4 til 8, mere
fortrinsvis fra 5 t1l 7.

9. Fremgangsmade ifolge et hvilket som helst foregaende krav, hvor den vandige
mineralsyreoplesning er saltsyre eller salpetersyre, eller en blanding deraf, med et imitialt pH <

2, fortrinsvis < 1,5, mest fortrinsvis < 1,0.

10. Fremgangsmade ifelge et hvilket som helst foregaende krav, hvor ét eller flere
oxideringsmidler tilsettes den vandige mineralsyreoplgsning, fortrinsvis O3z og/eller HxO»,

tilsetningen af €t eller flere oxideringsmidler sker fortrinsvis 1 trin 1).

11.  Fremgangsmade til ekstraktion af ét eller flere metaller fra fast flyveaske, hvor
fremgangsmaden omfatter:

udvealgelse af et mal-pH, pHure, der tilvejebringer en optimeret oplgsningsrate for disse
salte 1 flyveasken indeholdende det ene eller flere metaller, der skal ekstraheres, og dannelse af
en suspension ifglge et hvilket som helst af kravene 1 ti1l 10,

overforsel af den dannede suspension til en separator, der separerer suspensionen 1 en
fast fraktion af uoplest flyveaske og en forste vasketraktion indeholdende oplest flyveaske,

eliminering af den faste fraktion af uoplest flyveaske,

tilsetning aft en base til den forste vaskefraktion for at ege pH’et til et niveau, hvor ¢t
eller flere oploste metaller 1 den forste vasketraktion pracipiteres som metalhydroxider,

overforsel af den forste vaskefraktion med pracipiterede metalhydroxider til en
separator, der separerer den forste vaeskefraktion med pracipiterede metalhydroxider 1 en fast
fraktion af pracipiterede metalhydroxider, og en anden vaskefraktion, og

indsamling, og eventuelt overforsel af den faste fraktion af pracipiterede

metalhydroxider til yderligere forarbejdning.

12.  Fremgangsmade ifelge krav 11, hvor basen er udvalgt fra én at: NaOH, KOH, Ca(OH),,
Ca0 eller Mg(OH)y, eller en blanding af to eller flere deraf.

13. Fremgangsmade ifolge krav 11 eller 12, hvor fremgangsmaden endvidere omfatter:
blanding af den anden vaskefraktion med faste magnetiske partikler med ¢t eller more

adsorptionsmidler pa deres overflade, der selektivt adsorberer de metalioner, der skal
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ekstraheres,

tiltorsel af blandingen af magnetiske partikler og den anden vaskerest til en magnetisk
separator, der separerer blandingen 1 en fraktion af magnetiske partikler og en tredje
vaskefraktion,

desorption af de adsorberede metalioner fra adsorptionsmidlerne pa de magnetiske
partikler og indsamling af de desorberede metalioner som en produktfraktion,

eliminering af den tredje vaskefraktion, og

eventuelt,

regenerering af det ene eller flere adsorptionsmidler pa de desorberede magnetiske

partikler.

14.  Oplesningsreaktor til dannelse af en suspension af delvist oplest flyveaske 1 en vandig
mineralsyreoplesning, hvilken oplgsningsreaktor omfatter:

et reaktorrum (1) tilpasset til at modtage og indeholde en masse, L, af den vandige
mineralsyreoplgsning ved initial koncentration, Co, og 1nitialt pHo,

en pH-sensor (2) tilpasset til at male og registrere pH’et 1 den vandige
mineralsyreopleosning,

en temperatursensor (3) tilpasset til at male og registrere temperaturen pa den vandige
mineralsyreopleosning,

en tilforsel af fast flyveaske (4) tilpasset til at tilfore efterfolgende mangder, Sy, af fast
flyveaske 1 den vandige mineralsyreoplgsning 1 reaktorrummet (1) og til at registrere den
akkumulerede masse, Sp, acc, af tilsat fast flyveaske,

en tilforsel af vandig mineralsyreoplosning (5) tilpasset til at tilfore maengden L af vandig
mineralsyreoplesning til reaktorrummet (1), og

en styreenhed (6), der er:

tilpasset til at modtage de registrerede pH-vardier fra pH-sensoren (2), de registrerede
temperaturer fra temperatursensoren (3), og den registrerede akkumulerede masse, Sy, acc, af fast
flyveaske tilsat den vandige mineralsyreoplesning, og som:

omfatter en computerhardware med computersoftware indeholdende instruktioner, der,
nar de udferes, anvender det registrerede pH fra pH-sensoren (2), temperaturerne fra
temperatursensoren (3), og den registrerede akkumulerede masse, Sn, acc, af fast flyveaske tilsat
for at bestemme totalmangden af fast flyveaske til tilsetning til den vandige
mineralsyreoplesning ifglge fremgangsmaden 1felge et hvilket som helst af kravene 1 - 10, og

der regulerer tilforslen af fast flyveaske (4) til den vandige mineralsyreoplosning (5) 1
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overensstemmelse dermed.

15.  Oplesningsreaktor ifolge krav 14 endvidere omfattende en omrerer (7) placeret 1 den

vandige mineralsyreoplosning.

16.  Anlzg t1l ekstraktion af metaller fra flyveaske omfattende en oplgsningsreaktor 1folge
krav 14 eller 15, hvilket anleg endvidere omfatter:

en forste separator (8) tilpasset til at separere suspensionen (9) dannet 1
oplgsningsreaktoren (1) 1 en fast fraktion (10) af uoplest flyveaske og en forste vaeskefraktion
(11) indeholdende oplest flyveaske,

en praecipitationsreaktor (12) tilpasset til at modtage den forste vaesketraktion (11),

en tilfersel af en base (13) tilpasset til at tilfere base til den forste vaskefraktion (11)
indeholdt 1 praecipitationsreaktoren (12),

en anden separator (14) tilpasset til at modtage vaskefraktionen indeholdende
precipiterede metalhydroxider (15) og til at separere den 1 en fast fraktion (16) af pracipiterede

metalhydroxider og en anden vaskefraktion (17).

17.  Anlagifelge krav 16, der endvidere omfatter:

en tilfersel af magnetiske partikler (19) med ét eller flere metalionadsorberende
adsorptionsmidler pa deres overflade,

en blandetank (18) tilpasset til at modtage den anden fluidfraktion (17) og magnetiske
partikler fra tiltorsel af magnetiske partikler (19) og til at blande vasken og partiklerne,

en magnetisk separator (22) tilpasset til at modtage blandingen (21) af den anden
vaskefraktion og magnetiske partikler, og til at separere blandingen (21) 1 en fast fraktion (25)
at magnetiske partikler og en tredje vaeskefraktion (24), og eventuelt,

en omrgrer (20) placeret 1 blandetanken (18).

18.  Anlaeg ifolge krav 16 eller 17, hvor de magnetiske partikler:

har en middelpartikelstorrelse dso, 1 intervallet pa fra 10 nm til 10 um, fortrinsvis fra 50
nm til 5 um, og mest fortrinsvis fra 100 nm til 1 um, og hvor middelpartikelstarrelsen, dso,
betyder mediandiameteren af partikelstgrrelsestordelingen, bestemt 1fglge standarderne ASTM
E2651-13 eller ISO 13317-1-2001, og hvor de magnetiske partikler enten er ferromagnetiske,

ferrmmagnetiske, superparamagnetiske eller kombinationer af disse egenskaber.
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DRAWINGS

Figure 1
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Figure 2
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Figure 3
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