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(57) Abrege/Abstract:
The Invention relates to a method and apparatus of removing sulphate, calcium and/or other soluble metals from waste water

wherein NaOH and Al(OH), are contacted at a temperature of at least 60°C and the molar ratio NaOH:AI(OH), at least 1.0, for
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(57) Abrege(suite)/Abstract(continued):
preparing sodium aluminate, the waste water Is contacted with the obtained sodium aluminate and a first calcium compound for

producing a sludge containing ettringite, a solid-liquid separation Is performed for the sludge containing ettringite for separating
solids from the liquid thereby producing a first solution, the first solution Is contacted with a carbonating agent for neutralising the
first solution and precipitating calcium contained In the first solution as calcium carbonate, and a solid-liquid separation Is
performed for separating precipitated calcium carbonate from the first solution in order to obtain water having a reduced sulphate,

calcium and/or other soluble metals content.
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METHOD OF REMOVING SULPHATE FROM WASTE WATER

FIELD OF THE INVENTION

The present invention relates to a method of removing sulphate,
calcium and/or other soluble metals from waste water, and more particularly to
a method of removing sulphate, calcium and/or other soluble metals from
waste water by using sodium aluminate.

BACKGROUND OF THE INVENTION

Sodium aluminate chemical i1s needed In a so-called ettringite pre-
cipitation process, which Is used for sulphate and calcium removal from water,
especially from mining industry waste waters. Ettringite precipitation process is
an efficient way of removing sulphate from waste waters to levels much lower
than can be achieved with traditional gypsum precipitation processes. Howev-
er, sodium aluminate can be expensive and not always readily available in all
locations where needed.

Publication WO 98/55405 discloses a process for removing sul-
phates and calcium from a water stream which comprises the steps of combin-
Ing the water stream and an amount of amorphous aluminium trihydroxide
(Al(OH)3); allowing the formation of ettringite as a precipitate and removing the
precipitated ettringite from the water stream. The water stream may also be
combined with both an amount of aluminium hydroxide and an amount of lime
(Ca0). The process may Include a desupersaturating step, which may involve
passing the water stream through a high solids precipitator to cause precipita-
tion of calcium sulphate on gypsum seen In the form of calcium sulphate dihy-
drate (gypsum). The process may also include a post treatment step of adding
carbon dioxide to the water stream to precipitate dissolved lime as calcium
carbonate and to reduce the pH of the water stream.

Publication DE 37 09 950 discloses a method for separating sul-
phate ions from waste waters through precipitating poorly soluble calcium alu-
minate sulphates with aluminate ions In the presence of calcium ions. The
source for aluminate ions Is sodium aluminate or material containing sodium
aluminate. In addition to sodium aluminate or the material containing sodium
aluminate also lime Is added. Thereby can Ca(OH), and CaO be used. Alt-
hough publication DE 37 09 950 discloses that sodium aluminate may be pre-
pared by using Al(OH), and sodium hydroxide, it is silent about any suitable
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parameters of the method and their possible effect on the precipitation method
of ettringite.

BRIEF DESCRIPTION OF THE INVENTION

An object of the present invention is thus to provide a method and
an apparatus for implementing the method so as to alleviate the above disad-
vantages. The objects of the invention are achieved by a method and an ar-
rangement, which are characterized by what is stated in the independent
claims. The preferred embodiments of the invention are disclosed In the de-
pendent claims.

The invention Is based on the idea of producing sodium aluminate
on-site and utilizing it in a sulphate removal process. More specifically, the In-
vention is based on the idea of producing sodium aluminate on-site by using a
specific combination of process parameters and utilizing the thus obtained so-
dium aluminate in the sulphate removal process thereafter.

Sodium aluminate is an expensive and not necessarily easily avail-
able chemical Iin all locations where needed for the ettringite precipitation pro-
cess. However, raw materials for sodium aluminate, NaOH and AlI(OH)s; are
readily available and less expensive. The preparation of sodium aluminate on-
site results in a smaller carbon foot print as there is no longer need to transfer
rather diluted solution of sodium aluminate.

A further advantage of the method and arrangement of the invention
IS that when the sodium aluminate prepared according to the present invention
IS used significantly lower sulphate content in the waste water is achieved with
a smaller amount of precipitation chemicals. The stabilizing agents necessary
to be present in commercially available sodium aluminates seem to interfere
with the ettringite precipitation reaction thereby resulting in a lower sulphate
removal rate. With the present invention and the process parameters used In
the sodium aluminate preparation method the reactivity of the sodium alumi-
nate is at an excellent level.

Another advantage of the present invention is that when the sodium
aluminate 1s produced in the conditions of the present invention a minimum
amount of residual Al(OH)s remains in the sodium aluminate solution after the
preparation reaction. This means that there is higher concentration of soluble
aluminium in the sodium aluminate.
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It was also surprisingly found out that with the present invention the
amount of soluble aluminium and sodium In the filtrate coming from ettringite
process can be minimized. It was also surprisingly found out that the unreacted
Al(OH)s In the sodium aluminate solution does not have a negative effect with-
In the ettringite precipitation step nor does it further react to ettringite salt as
would have been expected by a person skilled in the art. Thus a simple pro-
cess was found, where no filtration Is needed for removing unreacted solid
matter after the formation of sodium aluminate and before its utilisation in the
ettringite precipitation step.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following the invention will be described In greater detail by
means of preferred embodiments with reference to the attached drawings, In
which

Figure 1 is an example embodiment of the present invention;

Figure 2 Is a contour plot of the residual solids [g/l] after reaction as
a function of reaction temperature and NaOH:AI(OH)s-molar ratio;

Figure 3 Is a diagram showing the amount of the residual sulphate
after 15 min reaction time as a function of the Al/SO4-molar ratio;

Figure 4 Is a diagram showing the amount of the residual sulphate
after 30 min reaction time as a function of the Al/SO4-molar ratio;

Figure 5 Is a diagram showing the amount of the residual sulphate
after 60 min reaction time as a function of the Al/SO4-molar ratio;

Figure 6 Is a diagram showing residual Al after 30 min reaction time
as a function of the Al/Initial SO4-molar ratio;

Figure 7 Is a diagram showing Residual Na after 30 min reaction
time as a function of the Al/Initial SO4-molar ratio.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a method for treating waste water,
especially by separating sulphate, calcium and/or other soluble metals from the
waste water. The method comprises the following steps

a) a sodium aluminate preparation step, wherein NaOH and Al(OH)s
are contacted at a temperature of at least 60°C and the molar ratio NaOH:AI(OH);
at least 1.0, for preparing sodium aluminate,
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b) an ettringite precipitation step, wherein the waste water is con-
tacted with the obtained sodium aluminate and a first calcium compound for
producing a sludge containing ettringite,

c) a first separation step, wherein a solid-liquid separation is per-
formed for the sludge containing ettringite for separating solids from the liquid
thereby producing a first solution,

d) a neutralisation step, wherein the first solution is contacted with a
carbonating agent for neutralising the first solution and precipitating calcium
contained In the first solution as calcium carbonate, and

e) a second separation step wherein a solid-liquid separation IS per-
formed for separating precipitated calcium carbonate from the first solution in
order to obtain water having a reduced sulphate, calcium and/or other soluble
metals content.

The present method is based on the idea of preparing sodium alu-
minate on-site and using it in an ettringite precipitation method. The process
parameters used In the sodium aluminate preparation step have an advanta-
geous effect on the properties of the prepared sodium aluminate and thereby
also on the outcome of the ettringite precipitation process.

The waste water may be any water from which it is desired to re-
move sulphate, typically sulphate, calcium and/or other soluble metals. Typi-
cally the waste water Is process water or effluent, more typically the waste wa-
ter Is sulphate-containing water, such as mine water, recycle water from con-
centrator or discharge water from concentrator.

The method of the present invention is especially suitable for treat-
Ing the waste waters from concentrators, where sulphate is a problem In recy-
cle or discharge streams. The specific problem in concentrator's plant waters Is
the simultaneous high sulphate and calcium load, making the configuration of
the present invention feasible.

In the sodium aluminate preparation step NaOH and Al(OH)s are
contacted at a temperature of at least 60°C and the molar ratio NaOH:AI(OH)3
at least 1.0, for preparing sodium aluminate. NaOH is typically used as liquid
and Al(OH)s is typically in the form of powder. These two reagents are typically
contacted In a reactor, typically in a reactor which can be heated and which
comprises means for mixing, such as a mechanical mixer. The temperature of
the reaction is maintained in at least 60°C, typically in at least 90°C, more typi-
cally at least 95°C.The molar ratio of NaOH:Al(OH); is maintained in a value of
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at least 1.0, typically at least 1.2, more typically at least 1.25. The upper [imit of
the molar ratio is typically at most 2.0, more typically at most 1.5. Typically the
temperature of the reaction is in the range of 60-180°C, more typically in the
range of 85-1250C, yet more typically 90-1050C, even more typically 95—-105°C.
The molar ratio of NaOH:AI(OH)s is typically in the range of 1.0—-2.0, more typi-
cally in the range of 1.2-1.5, even more typically 1.2—1.40, yet more typically
1.25—1.4. It was surprisingly found out, that if the temperature of the reaction is
maintained in at least 60°C, typically at least 90°C, more typically at least 95°C
and the molar ratio of NaOH:AI(OH); Is maintained in a value of at least 1.0,
typically at least 1.2, more typically at least 1.25, the amount of residual solids
remaining after the reaction is decreased significantly. However, it was also
found out that the sodium content in the treated water obtained after the
ettringite precipitation rises to undesirably high levels if the used molar ratio is
more than 2.0, typically more than 1.5. It was also surprisingly found out that
when the sodium aluminate was prepared in the conditions wherein the tem-
perature of the reaction is maintained in at least 60°C, typically at least 90°C,
more typically at least 95°C and the molar ratio of NaOH:AI(OH); is maintained
In a value of at least 1.0, typically at least 1.2, more typically in at least 1.25,
the amount of sulphate in the treated water was significantly lower compared
to If commercially available sodium aluminate were used.

According to an embodiment of the invention the temperature in the
sodium aluminate preparation step is maintained in at least 90°C and the molar
ratio of NaOH:AI(OH)s Is maintained in a value of at least 1.2, typically the
temperature is maintained in at least 95°C and the molar ratio of
NaOH:AI(OH)s Is maintained Iin a value of at least 1.25.

According to an embodiment of the invention the temperature in the
sodium aluminate preparation step is maintained in the range of 60—180°C and
the molar ratio of NaOH:AI(OH)s is in the range of 1.0-2.0, typically the tem-
perature is in the range of 85-125°C and the molar ratio of NaOH:AI(OH)3 is in
the range of 1.2—-1.5, more typically the temperature is in the range of 90-105°C
and the molar ratio of NaOH:AI(OH)s Is In the range of 1.2-1.4, yet more typi-
cally the temperature is in the range of 95-105°C and the molar ratio of
NaOH:AI(OH)s is in the range of 1.25-1.40.

Typically heat Is provided to the sodium aluminate preparation step
In any suitable way known In the art.
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When the sodium aluminate is prepared according to the present in-
vention the amount of unreacted Al(OH)3 is typically less than 10% in the sodi-
um aluminate solution. More typically, when the temperature of the sodium
aluminate reaction is at least 95°C and the molar ratio of NaOH:AI(OH); is at
least 1.25 the amount of unreacted AI(OH)s Is typically as low as less than
3.5%. Even though the sodium aluminate contains some unreacted Al(OH); it
was surprisingly found out that this does not affect the ettringite precipitation
reaction in the subsequent step. Thus, no separate filtering step iIs needed be-
fore the sodium aluminate solution can be fed to the ettringite precipitation
step.

The retention time of the sodium aluminate preparation step is typi-
cally 15 min to 120 min, typically 30 to 90 min.

A further advantage achieved by the method of the present inven-
tion Is that in the preparation of the sodium aluminate the amount of sodium
used can be easily controlled, thus the sodium aluminate can be prepared by
using the lowest possible amount of sodium needed In the reaction.

After the preparation of the sodium aluminate it can either be direct-
ly used In the ettringite precipitation step or optionally it can be stored in any
suitable way up to 7 days. Typically the sodium aluminate is stored less than
24 hours before used In the ettringite precipitation step. If the prepared sodium
aluminate is used In the ettringite precipitation step within 7 days of its prepara-
tion the reactivity of the sodium aluminate is still at a suitable level. After that
aluminum hydroxide starts to precipitate out of the sodium aluminate solution
thus lowering the results of the ettringite precipitation reaction in the ettringite
precipitation step.

After the preparation of the sodium aluminate, and the optional stor-
Ing, the sodium aluminate solution is diluted to a suitable concentration. The
dilution is typically performed by adding water to the sodium aluminate solu-
tion. Typically the sodium aluminate solution used In the ettringite precipitation
step comprises 10 to 12.5 weight-% aluminum, more typically 10.5 to 12.0
weight-%.

In the ettringite precipitation step the residual sulphate contained in
the sludge Is precipitated with sodium aluminate, as presented above, to a de-
sired level. The lowest achievable levels are 10 mg/l of sulphate. It will also be
possible to precipitate other sulphates, such as potassium and sodium sul-
phates, from the water In the ettringite precipitation step. Sulphate Is precipi-
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tated as ettringite by adding the obtained sodium aluminate and calcium com-
pound, typically at pH from 10.5 to 12.5.
Ettringite Is precipitated according to the following equation:

2 AI°"+6 Ca“*+3 SO, +34 H,0 -> CagAly(SO4)3(OH)12*26H,0 + 4 HY (1)

According to an embodiment of the invention the retention time in
the ettringite precipitation step is typically from 10 to 60 minutes, more typically
from 15 to 30 minutes.

According to an embodiment of the invention in the ettringite precipi-
tation step the molar ratio of AlI°*/SO,* is typically approximately from 2:3 to
1:1.

According to an embodiment of the invention the solid-liquid separa-
tion is performed by settling, filtering, clarification, decanting, by using hydro-
cyclone and/or by using Dissolved Air Flotation. The clarifier may be for exam-
ple a conventional round clarifier with an optimized feed well design or a lamel-
la type of clarifier. The filter is typically selected from the range of filter presses
(vertical or horizontal filter presses), but also belt filters may come into ques-
tion.

The composition of the solids depends on the composition of the
feed water. According to an embodiment of the invention the solids separated
In the first separation step comprise ettringite, optionally gypsum and optionally
calcium carbonate, metal hydroxides and other inert components present in
the feed materials to the method. The presence of gypsum In the solids sepa-
rated Iin the first separation step depends on whether an additional gypsum
removal step has been present. The solids formed In the gypsum precipitation
step comprise typically metals as hydroxides, such as heavy metals as hydrox-
ides and gypsum. For example copper and other soluble metals present in the
feed precipitate typically as corresponding hydroxides already at the gypsum
precipitation step. The solids separated Iin the first separation step may be
landfilled. The gypsum and ettringite solids are advantageously piled in a sin-
gle stacking area as gypsum functions as a stabilising compound for ettringite.

According to an embodiment of the invention a part of or all of the
solids separated Iin the first separation step are recycled back to an optional
gypsum precipitation step and/or to the ettringite precipitation step. The recy-
cling of the underflow, I.e. the solids from the first separation step is so called
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seed recycling. By doing this the particle size of the precipitate iIs made larger
and this provides a sludge which Is easier to settle, in other words sludge from
which it is easier to separate the solids.

In the neutralisation step the first solution Is contacted with a car-
bonating agent for neutralising the first solution and precipitating calcium con-
tained In the first solution as calcium carbonate. Typically the carbonating
agent IS any suitable carbonating agent, such as CO,, sodium carbonate or
sodium bicarbonate. More typically the carbonating agent is CO,. The neutrali-
sation step Is typically performed by decreasing the pH and precipitating calci-
um as calcium carbonate (CaCO3) by adding CO, to the first solution. If the
calcium concentration (Ca-hardness) needs to be lowered further a sodium
hydroxide (NaOH), or other alkaline stream may be added to the process step
thereby allowing further removal of Ca as CaCOj3; by adding alkalinity and
avoiding the pH to decrease to the unfavourable area for CaCOj; precipitation,
below pH 8 to 9. The retention time In the neutralisation step is typically from 5
to 15 minutes.

According to an embodiment of the invention in the neutralisation
step the first solution Is contacted with an alkaline, such as sodium hydroxide,
for increasing the precipitation of calcium as calcium carbonate. The carbon
dioxide Is used for both neutralising the solution and for removing the calcium
hardness from the solution. The neutralisation and calcium precipitation reac-
tions for CO, neutralisation may be summarized by the following equations:

CO;, + H,O -> CO3* + 2 HY (2)
COs;“ + Ca“" -> CaCOs (3)
H* + OH -> H,O (4)

The ettringite and optional gypsum are separated before the neutral-
isation step, as the lowering of the pH increases the solubility of the precipitat-
ed ettringite. It is possible to recycle the calcium carbonate solids to the begin-
ning of the process to be used as neutralising agent to acidic waste waters to
be processed. Calcium carbonate may also be used for producing alkaline
buffering capacity for the gypsum and ettringite residues.

The second separation step may be performed by solid-liquid sepa-
ration, for example as stated above.
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The calcium content of the waste water is reduced to a desired lev-
el. Examples of calcium content in the waste water can be below 10 mgl/I.

Before the sodium aluminate preparation step and/or the ettringite
precipitation step the method may also comprise an optional gypsum precipita-
tion step, wherein the waste water Is contacted with a calcium compound for
producing a sludge containing gypsum. Optionally the formed gypsum may be
removed from the sludge before feeding to the ettringite precipitation step.

According to an embodiment of the invention the calcium compound
used In the gypsum precipitation step and/or in the ettringite precipitation step
are selected independently from the group consisting of calcium hydroxide,
calcium oxide, calcium carbonate and any mixtures thereof.

Typically the calcium compound in the gypsum precipitation step Is
calcium hydroxide, which allows the removal of soluble sulphates depending
on the pH-dependent solubilities of the counter-cations, especially K, Na and
Ca, of the soluble sulphate species. Sulphate and metal impurities from the
solution will typically precipitate according to the following equation:

SO, +Ca(OH),+Me*/ Me** /Me* ->MeOH/Me(OH), / Me(OH);+CaS0O,  (5)

wherein Me Is a metal.

According to an embodiment of the invention the ettringite precipita-
tion step may be performed In the sludge containing gypsum, 1.e. without an
optional gypsum removal step. Ettringite has a tendency to dissolve at a pH
below 10. According to an embodiment of the invention the gypsum content in
the sludge may stabilize the solids and prevent the leaching of ettringite during
landfilling, for which reason it is sometimes feasible to carry out the ettringite
precipitation in gypsum-containing sludge. An advantage of this is that a pre-
cipitate which settles more easily i1s achieved and additionally forms a more
compact and low moisture precipitate during filtration.

According to an aspect of the present invention, the present inven-
tion relates also to an apparatus for removing sulphate, more typically for re-
moving sulphate, calcium and/or other soluble metals from waste water, which
apparatus comprises:

a) a sodium aluminate preparation unit, which is adapted for prepar-
Ing sodium aluminate by contacting NaOH and Al(OH); at a temperature of at
least 60°C and the molar ratio NaOH:AI(OH); at least 1.0,
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b) an ettringite precipitation unit, which is adapted for producing a
sludge containing ettringite by contacting the waste water with the obtained
sodium aluminate and a first calcium compound,

c) a first separation unit, which is adapted for producing a first solu-
tion by performing a solid-liquid separation for the sludge containing ettringite
by separating solids from the liquid,

d) a neutralisation unit, which is adapted for neutralising the first so-
lution by contacting the first solution with a carbonating agent and thereby pre-
cipitating calcium contained in the first solution as calcium carbonate, and

e) a second separation unit, which is adapted for performing a solid-
liquid separation by separating precipitated calcium carbonate from the first
solution and thereby obtaining water having a reduced sulphate, calcium
and/or other soluble metals content.

According to an embodiment the temperature in the sodium alumi-
nate preparation unit is maintained in at least 9°C, typically in at least 95°C.

According to another embodiment of the invention the molar ratio of
NaOH:AI(OH);3 iIs maintained in a value of at least 1.2, typically at least 1.25.

According to an embodiment of the invention the temperature in the
sodium aluminate preparation unit is maintained in at least 90°C and the molar
ratio of NaOH:AI(OH)s is maintained in a value of at least 1.2, typically the
temperature is maintained in at least 95°C and the molar ratio of NaOH:AI(OH)3
IS maintained in a value of at least 1.25.

Typically in the sodium aluminate preparation unit the temperature
is maintained in the range of 60—180°C, more typically in the range of 85-125°C,
yet more typically 90—-105°C, even more typically 95-105°C. Typically the mo-
lar ratio of NaOH:AI(OH)s 1s In the range of 1.0-2.0, more typically 1.2-1.5,
even more typically 1.2—-1.4, yet more typically 1.25-1.4.

According to an embodiment of the invention the temperature in the
sodium aluminate preparation unit is maintained in the range of 60-180°C and
the molar ratio of NaOH:AI(OH)s is in the range of 1.0-2.0, typically the tem-
perature is in the range of 85-125°C and the molar ratio of NaOH:AI(OH)3 is in
the range of 1.2—1.5, more typically the temperature is in the range of 90-105°C
and the molar ratio of NaOH:AI(OH)s Is In the range of 1.2-1.4, yet more typi-
cally the temperature is in the range of 95-105°C and the molar ratio of
NaOH:AI(OH)s is in the range of 1.25-1.4.
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According to an embodiment of the invention the apparatus com-
prises means for performing the steps of the method presented above.

According to an embodiment of the invention the apparatus com-
prises a storage tank for storing the sodium aluminate before it iIs used In the
ettringite precipitation unit.

According to an embodiment of the invention the apparatus com-
prises a gypsum precipitation unit a’) prior to the ettringite precipitation unit b),
which gypsum precipitation unit is adapted for contacting the waste water with
a second calcium compound for precipitating gypsum.

According to an embodiment of the invention the apparatus com-
prises optionally a gypsum removal unit a”) between the gypsum precipitation
unit a’) and the ettringite precipitation unit b). The gypsum removal unit is
adapted for performing a solid-liquid separation for removing precipitated gyp-
sum from the sludge. Typically the gypsum removal unit is a clarifier. Floccu-
lants are typically used to aid the settling of the precipitates in the clarifier.

Typically the gypsum precipitation unit comprises stirred reactor
tank and necessary Inlets and outlets for providing and recovering process
streams.

Typically the ettringite precipitation unit also comprises stirred reac-
tor tank and necessary inlets and outlets for providing and recovering process
streams.

The first and second separation units typically comprise any suitable
equipment for separating solids from liquid, such as a settling device, a filter, a
clarifier, a lamella clarifier, hydrocyclone, decanter or DAF (Dissolved Air Flota-
tion). One or more of these equipments may be used in any combination if
necessary. Typically the separation units comprise a clarifier, such as a con-
ventional round clarifier with an optimized feed well design followed by a filtra-
tion unit to further dewater the produced clarifier underflow.

The neutralisation unit comprises typically a carbonation basin or a
stirred tank reactor.
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2 process water

4 second calcium compound

o gypsum precipitation step

9 first calcium compound

10 ettringite precipitation step

12 first solid-liquid separation step
14 flocculant

13 underflow

16 filter

13 filtrate water

20 solid product

22 solid recycle

24 carbonating agent

20 neutralisation step

28 second solid-liquid separation
30 solid recycle

32 freated water

100 sodium aluminate preparation step
101 sodium hydroxide (NaOH)

102 aluminium hydroxide (Al(OH)s3)
103 heat

Referring to Figure 1, which Is an example embodiment of the In-
vention, In the method water to be processed, I.e. process water 2, may op-
tionally be fed to a gypsum precipitation step 6 (shown with dashed line), which
typically Is a gypsum reactor. If gypsum precipitation step 6 Is present, a sec-
ond calcium compound 4, typically lime milk (calcium hydroxide), Is also fed to
the gypsum reactor thereby precipitating gypsum. A sludge containing gypsum
IS formed and the sludge may be fed to an ettringite precipitation step 10,
which is typically an ettringite reactor. The formed gypsum may also be re-
moved from the sludge before feeding the water to the ettringite precipitation
step. The optional gypsum removal step is not shown In the figure. If gypsum
precipitation step is not present the process water 2, i.e. the waste water to be
treated Is fed directly to the ettringite precipitation step 10.
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Sodium hydroxide (NaOH) 101 and aluminium hydroxide (Al(OH)s3)
102 are fed to the sodium aluminate preparation step 100, wherein they are
contacted, typically in a heatable reactor comprising means for mixing. Heat
103 Is also provided to the sodium aluminate preparation step 100. The tem-
perature of the reactor is kept in at least 90°C and the molar ratio of
NaOH:AI(OH)3 Is at least 1.2. Sodium aluminate Is formed and either fed di-
rectly to the ettringite precipitation step or stored, possibly in a temporary stor-
age tank (not shown in the figure), for up to 7 days.

The formed sodium aluminate and a first calcium compound 9, typi-
cally calcium hydroxide, are fed to the ettringite precipitation step 10 thereby
producing a second sludge containing ettringite and optionally gypsum if the
gypsum precipitation step has been present and the precipitated gypsum has
not been separated. The second sludge is subjected to a first solid-liquid sepa-
ration step 12, which is typically performed by a clarifier. A flocculant 14, may
also be fed to the clarifier. From the first solid-liquid separation step 12 the un-
derflow 13 Is fed to a filter 16 and/or back to the ettringite precipitation step 10
and/or to the optional gypsum precipitation step 6 as seeds in solid recycle 22.
In the filtration step 16 the underflow Is filtered thereby producing a solid prod-
uct 20 containing gypsum, ettringite and soluble metals in precipitated form
and filtrate water 18. The filtrate water 18 Is conveyed back to the first solid-
liquid separation step 12. The overflow from the first solid-liquid separation
step 12 I1s conveyed to a neutralisation step 26, which is typically performed In
a neutralisation reactor. Carbonating agent, typically carbon dioxide, 24 is fed
to the neutralisation step 26 thereby neutralising the solution and precipitating
calcium contained Iin the solution as calcium carbonate. Further removal of cal-
cium may be achieved by optionally adding an alkaline to the neutralisation
step, typically the alkaline is sodium hydroxide. The solution from the neutrali-
sation step is conveyed to a second solid-liquid separation step 28 wherein the
precipitated calcium carbonate Is separated from the water thereby producing
treated water 32. The solids obtained in the second solid-liquid separation step
may optionally be conveyed to gypsum precipitation step 6 and used as solid
recycle 30 and/or to ettringite precipitation step 10.
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EXAMPLES

Experiments for Sodium Aluminate preparation

Set of experiments were done in order to investigate the preparation
of sodium aluminate. Two main variables, the molar ratio of NaOH:AI(OH)s3
(from 1 to 1.5, where >1 Iindicates over stoichiometric ratios) and the reaction
temperature (from 70 to 120°C), were varied. Due to high boiling point of sodi-
um hydroxide solution, it was possible to do experiments in atmospheric pres-
sure.

Table 1. Experimental set-up

Na/Al- Al(OH)3 Reaction
molar ratio [e] temperature | Dilution water

ol ,

Experiments

Sodium hydroxide (50% solution, technical grade) was first heated
up to 50°C. Al(OH); was added.

After dosing the Al(OH)s powder, the mixture was heated to reaction
temperature indicated in the table 1. Temperatures of 70°C, 95°C, 107°C or
120°C were tested. Mixture was kept at reaction temperature for 60 min.

Mixture was first cooled down to 90°C (in case the reaction tem-
perature was higher than 90°C) and after that the dilution water was added in
order to fix the total aluminum concentration to 11.9 weight-% Al in all experi-
ments from EXP1-EXPS.
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Results

After the sodium aluminate solution had cooled down the amount of
residual solid and X-ray diffraction (XRD) analyses of the residual solid were
analyzed.

It was found out that if the NaOH:AI(OH)s-molar ratio is lower than
1.25 the amount of unreacted residual solids increases significantly; molar ratio
1.25 yielded residual solids 3.2 g/L as a comparison to molar ratio 1.00 yielded
residual solids 203.9 g/L, when the reaction temperature was 120°C. Results
are shown In Figure 2, which is a contour plot of the residual solids [g/l] after
reaction as a function of reaction temperature and NaOH:AI(OH)s-molar ratio.

The residual solids from different experiments were analyzed with
XRD. In all cases the residual solids was 100% Al(OH)s, so there were not de-
veloping any insoluble reaction products during the sodium aluminate produc-
tion, and the residual solids were truly unreacted Al(OH)s.

Table 3. Sulphate removal tests solids and XRD analyses result

Na/Al- Reaction XRD analyses of

molar ratio temperature | Residual solids | the residual solid
°C
120
I4

EXP 1
EXP 2
EXP 3
EXP 4
EXP 5
EXP 6
EXP 7
EXP 8

1.500
1.500
1.250
1.250
1.250
1.000
1.000
1.375

Al(OH)3
Al(OH)s
Al(OH)s
Al(OH)3
Al(OH)s3
Al(OH)s
Al(OH)s
Al(OH)s

36.7

-

120

9
91.2

203.9
260.4

~
-

120
/
107

-

- N O
N N[N o

It was found out that the most suitable reaction conditions are
T>90°C, preferably T>95°C and NaOH:AI(OH)s-molar ratio>1.2, preferably
>1.25.

The stability of the sodium aluminate samples were followed for 7
days. It was found out that the sodium aluminate which is properly produced
can be stored up to 7 days, if needed.
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Testing of developed sodium aluminates in Ettringite precipitation

Synthetic sulphate waste water was produced by neutralizing H>SO4
solution (6.17 ml 98% H>SO4 in 7 | water) with 60 ml of Ca(OH)2-slurry (300 g/l).
After neutralization the SO4 concentration of the solution was analyzed (filtered
with 0.45 um filter). The sulphate concentration of the waste water was 1550 mg/l.

The ettringite precipitation was done by adding 9.25 ml of unfiltered
sodium aluminate solution to the sulphate waste water. The sodium aluminate
dosage was calculated so that the residual sulphate level would be 250 mg/l.

The reaction time was 30 min. After the reaction sample was taken
and the residual sulphate was analyzed. The results are shown In the table 4.
One can see that when the sodium aluminate is produced in the conditions
where as little as possible residual AI{(OH)s3 Is remaining in the sodium alumi-
nate solution (i.e higher concentration of soluble Al in the sodium aluminate)
after the reaction it also performs better in the ettringite precipitation. One can
also see that the unreacted Al(OH)s In the sodium aluminate solution doesn't
react in the ettringite precipitation as one would have expected. On the other
hand, any remaining minor residues of Al(OH)s; doesn't interfere the ettringite
precipitation meaning no filtration is needed.
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Table 4. Sulphate removal tests solids and XRD analyses result

Targetted residu- |Measured residual
al SO4 (Needed |S0Og4after Ettringite
sodium aluminate reaction
dosage was cal- [Img/L]

Na/Al- Reaction culated based on

molar ratio temperature this)
C] [Mmg/L]

EXP 1 120 250 248
EXP 2 70 250 233
120 250 246
95 250 83
70 250 416

EXP 6 1.000 120 250 716
EXP 7 1.000 70 250 350
EXP 8 1.375 107 250

Example: Sulphate removal from real industrial waste water

Analyzes of the original waste water is shown in the table 5 below.
Sample Is taken after the first neutralization process 1.e. gypsum precipitation.

Table 5. Analyzes of the waste water samples

ICP Na ICP Mg ICP Al ICPCa IC S04

[mg/L] [mg/L] [mglL] [mgn] (M)
Sample | 24 | 3130 | <01 | 467 | 13470

Before the Ettringite precipitation process part of the sulphate is
precipitated first as gypsum with CaO-slurry.

The gypsum precipitation was done with the CaO. After the gypsum
precipitation adjustment the batch was filtered and the filtrate was then taken
to Ettringite precipitation.
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In the table 6 below is shown the analyzes of the initial waste water
and the filtrate going to the Ettringite precipitation

Table 6. Analyzes of the iInitial waste water and analyzes of the filtrate
after the gypsum precipitation

ICP Na ICP Mg ICP Al ICP Ca IC SO4

[mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
pH 7.5 23 3160 | <0,1 483 | 13470

pH 10.5 25 28 <0.1 02/ 1727

Ettringite precipitation

Ettringite precipitation experiments were done with three different Al
chemicals: Al(OH)s-slurry (200 g/l), Outotec’s sodium aluminate and with com-
mercial sodium aluminate. Three different dosages were used of each Al
chemical.

First 3 | of the waste water from the gypsum precipitationwas meas-
ured and CaO needed for the Ettringite precipitation was added (27 ml of 200 g
CaOl/l slurry). The CaO-slurry and the waste water was mixed for 30 min be-
fore dosing of the aluminum chemical. The aluminum chemical was dosed and
after that the mixing was continued for 30 min.

Results from the Ettringite precipitation experiments are shown in
the figures 3—5. Target for the residual sulphate after Ettringite precipitation is
250 mg SOy4/I. One can see that 15 min, 30 min or the 60 min reaction time
Al(OH)s has not removed any of the sulphates. With Al(OH)s much longer re-
action time would have been needed.

Experiments made with two different sodium aluminates show that
the Ettringite precipitation with sodium aluminate is very fast. The precipitation
reaction is over in 15-30 min. Interesting finding was that the consumption of
the Outotec’s on-site sodium aluminate is smaller than with commercial sodium
aluminate. Commercial sodium aluminate products are stabilized with for ex-
ample organic acids (tartaric acid, gluconic acid etc.) to give them longer
shelve life. If stabilizing agents are not used the Al(OH)s precipitates out of the
sodium aluminate solution. It is clear that these stabilizing agents interfere the
Ettringite precipitation and therefore higher dosage is needed in order to get
the same effect as with non-stabilized Outotec’s on-site sodium aluminate.
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From the results one can see that with the Outotec’s on-site Na-aluminate the
needed Al/SO4 molar ratio (i.e. molar ratio of Al dosage to SO4 Iin the waste
water) would be 0.60 and with commercial Na-aluminate the needed ratio
would be 0.66. This finding gives additional benefit to Outotec’s on-site sodium
aluminate production.

The residual Al and Na after the ettringite precipitation are shown In
the figure 6 and 7. One can see that when the Outotec’s on-site sodium alumi-
nate is used the residual Al and Na (both related to the usage of the sodium
aluminate) are smaller than in the case of the commercial sodium aluminate.
This Is due to fact that one needs to use Outotec’'s product less for the same
level of SO4 removal and since the Outotec’s product doesn't contain any sta-
bilizing agents the aluminum can be fully utilized. In the case of commercial
sodium aluminate the stabilizing agents prevent part of the aluminum to precip-
itate as Ettringite and therefore some of the aluminum remains as soluble Al In
the solution.

The analyses of the waste water at different treatment steps are
shown in the table 7. One can see that Al/SO4 molar ratio of 0.609 is more
than enough to reach target level of residual SO4 when Outotec’s on-site sodi-
um aluminate is used. With commercial sodium aluminate the ratio needs to be
around 0.66 to reach target residual SO4 level.
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Table 7. Analyzes of the initial waste water (pH7.5), after the gypsum pre-
cipitation (pH10.5) and after the Ettringite precipitation

ICPNa ICPMg ICPAI ICPS ICPCa ICPMn ICPFe ICPZn ICPCd ICPPb ICSO4
[Img/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
pH 7.5 23 3160 <0,1 4490 483 9.67 <0,1 <0,1 0.19 <0,1 13470
pH 10.5 25 28 <0.1 585 627 <0.1 <0.1 <0.1 <0.1 <0.1 1727
Outotec’s
Na-alumin-
ate
AUSOA. 316 <0.1 <0.1 63 463 <0.1 <0.1 <0.1 <0.1 <0.1 176
molar ratio
= 0.609
Commer-
cial
Na-alum-
inate 358 <0.1 0.28 111 393 <0.1 <0.1 <0.1 <0.1 <0.1 308
Al/SO4-
molar ratio
= 0.641

10

15

Test work presented showed that the commercial AIl(OH)s is not re-
active enough with sulphate containing waste water and the 60min reaction
time is not enough to get any effect from Al(OH)s.

When Outotec’s on-site sodium aluminate and commercial sodium
aluminate were compared, it was concluded that Outotec’s on-site sodium
aluminate iIs more reactive in Ettringite precipitation. Most likely the stabilizing
agents used Iin the commercial sodium aluminate products interfere the precipi-
tation of Ettringite salt. With Outotec’'s sodium aluminate the Al/initial SO4-
molar ration needed for targeted 250 mg/l residual sulphate level was 0.6. With
commercial Na-aluminate the molar ratio to reach the same residual sulphate
level was roughly 0.66.

It was also noticed that with commercial sodium aluminate there
remains some soluble aluminum in the treated water after the Ettringite precipi-
tation. With Outotec’'s sodium aluminate the residual soluble aluminum was
below ICP detection limit (<0.1 mg/). Same thing could be seen In residual so-
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dium content; with Outotec’s sodium aluminate the residual sodium was small-
er than when commercial sodium aluminate was used.

It will be obvious to a person skilled in the art that, as the technology
advances, the inventive concept can be implemented In various ways. The In-
vention and its embodiments are not limited to the examples described above
but may vary within the scope of the claims.
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CLAIMS

1. A method of removing sulphate, calcium and/or other soluble
metals from waste water comprising

a) a sodium aluminate preparation step, wherein NaOH and AI(OH)s
are contacted at a temperature of at least 60°C and the molar ratio
NaOH:AI(OH)s at least 1.0, for preparing sodium aluminate,

b) an ettringite precipitation step, wherein the waste water is con-
tacted with the obtained sodium aluminate and a first calcium compound for
producing a sludge containing ettringite,

c) a first separation step, wherein a solid-liquid separation is per-
formed for the sludge containing ettringite for separating solids from the liquid
thereby producing a first solution,

d) a neutralisation step, wherein the first solution is contacted with a
carbonating agent for neutralising the first solution and precipitating calcium
contained In the first solution as calcium carbonate, and

e) a second separation step wherein a solid-liquid separation Is per-
formed for separating precipitated calcium carbonate from the first solution In
order to obtain water having a reduced sulphate, calcium and/or other soluble
metals content.

2. The method according to claim 1, wherein the temperature in the
sodium aluminate preparation step is maintained in at least 90°C, typically in at
least 95°C.

3. The method according to claim 1 or 2, wherein the molar ratio of
NaOH:AI(OH)s3 iIs maintained in a value of at least 1.2, typically at least 1.25.

4. The method according to any one of the preceding claims, where-
In the temperature in the sodium aluminate preparation step is maintained in at
least 90°C and the molar ratio of NaOH:AI(OH);3 is maintained in a value of at
least 1.2, typically the temperature is maintained in at least 95°C and the molar
ratio of NaOH:AI(OH)s Is maintained in a value of at least 1.25.

5. The method according to any one of the preceding claims, where-
In the temperature in the sodium aluminate preparation step is maintained In
the range of 60—180°C, more typically in the range of 85-125°C, yet more typi-
cally 90—-105°C, even more typically 95—105°C.
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6. The method according to any one of the preceding claims, where-
In In the sodium aluminate preparation step the molar ratio of NaOH:AI(OH); Is
In the range of 1.0-2.0, typically 1.2-1.5, more typically 1.2—1.4, yet more typi-
cally 1.25-1.4.

/. The method according to any one of the preceding claims, where-
In the temperature in the sodium aluminate preparation step is maintained In
the range of 60—180°C and the molar ratio of NaOH:AI(OH); is in the range of
1.0-2.0, typically the temperature is in the range of 85-125°C and the molar
ratio of NaOH:AI(OH); Is in the range of 1.2—-1.5, more typically the tempera-
ture is in the range of 90—105°C and the molar ratio of NaOH:AI(OH); is in the
range of 1.2-1.4, yet more typically the temperature is in the range of 95—
105°C and the molar ratio of NaOH:AI(OH)s is in the range of 1.25-1.4.

8. The method according to any one of the preceding claims, where-
In the waste water Is process water, effluent or sulphate-containing water, such
as mine water, recycle water from concentrator or discharge water from con-
centrator.

9. The method according to any one of the preceding claims, where-
In the method comprises a gypsum precipitation step a’) before the ettringite
precipitation step b) in which gypsum precipitation step a’) the water to be
treated is contacted with a second calcium compound for precipitating gypsum.

10. The method according to claim 9 wherein the gypsum precipita-
tion step a’) is followed by a gypsum removal step a”'), wherein a solid-liquid
separation is performed for removing precipitated gypsum from the formed
gypsum sludge.

11. The method according to any one of the preceding claims
wherein the first calcium compound and the second calcium compound are
selected independently from the group consisting of calcium hydroxide, calci-
um oxide, calcium carbonate and a mixture thereof.

12. The method according to any one of the preceding claims,
wherein the retention time in the ettringite precipitation step is from 10 to 60
minutes, typically from 15 to 30 minutes.

13. The method according to any one of the preceding claims,
wherein in the ettringite precipitation step the molar ratio of AlI**/SO,~ is ap-
proximately from 2:3 to 1:1.
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14. The method according to any one of the preceding claims,
wherein the solid-liquid separation is performed by settling, filtering, clarifica-
tion, decanting, by using hydrocyclone and/or by using Dissolved Air Flotation.

15. The method according to any one of the preceding claims,
wherein the solids separated In the first separation step comprise ettringite and
optionally gypsum, calcium carbonate, metal hydroxides and other inert com-
ponents present in the feed materials to the method.

16. The method according to any one of the preceding claims,
wherein part of or all of the solids separated in the first separation step are re-
cycled back to the gypsum precipitation step and/or to the ettringite precipita-
tion step.

17. The method according to any one of the preceding claims,
wherein in the neutralisation step the carbonating agent is selected from the
group consisting of CO,, sodium bicarbonate and sodium carbonate.

18. The method according to any one of the preceding claims,
wherein In the neutralisation step the first solution Is contacted with an alkaline
for increasing the precipitation of calcium.

19. The method according to claim 18, wherein the alkaline is sodi-
um hydroxide.

20. An apparatus for removing sulphate, calcium and/or other solu-
ble metals from waste water, which apparatus comprises:

a) a sodium aluminate preparation unit, which is adapted for prepar-
Ing sodium aluminate by contacting NaOH and Al(OH); at a temperature of at
least 60°C and the molar ratio NaOH:AI(OH); at least 1.0,

b) an ettringite precipitation unit, which is adapted for producing a
sludge containing ettringite by contacting the waste water with the obtained
sodium aluminate and a first calcium compound,

c) a first separation unit, which is adapted for producing a first solu-
tion by performing a solid-liquid separation for the sludge containing ettringite
by separating solids from the liquid,

d) a neutralisation unit, which is adapted for neutralising the first so-
lution by contacting the first solution with a carbonating agent and thereby pre-
cipitating calcium contained in the first solution as calcium carbonate, and

e) a second separation unit, which is adapted for performing a solid-
liquid separation by separating precipitated calcium carbonate from the first



10

15

20

25

30

35

CA 02939399 2016-08-10

WO 2015/128541 PCT/FI12015/050108

29

solution and thereby obtaining water having a reduced sulphate, calcium
and/or other soluble metals content.

21. The apparatus according to claim 20, wherein the apparatus
comprises a gypsum precipitation unit a’), which is adapted for precipitating
gypsum by contacting the waste water with a second calcium compound.

22. The apparatus according to claim 20 or 21, wherein the gypsum
precipitation unit a’) is followed by a gypsum removal unit a”), which is adapted
for performing a solid-liquid separation for removing precipitated gypsum from
the sludge.

23. The apparatus according to any one of claims 20 to 22, wherein
the apparatus comprises a storage tank for storing the obtained sodium alumi-
nate.

24. The apparatus according to any one of claims 20 to 23, wherein
the temperature in the sodium aluminate preparation unit iIs maintained in at
least 90°C, typically in at least 95°C.

25. The apparatus according to any one of claims 20 to 24, wherein
the molar ratio of NaOH:AI(OH)s Is maintained in a value of at least 1.2, typi-
cally at least 1.25.

20. The apparatus according to any one of the preceding claims 20
to 25, wherein the temperature in the sodium aluminate preparation unit Is
maintained in at least 90°C and the molar ratio of NaOH:Al(OH)3; is maintained
In a value of at least 1.2, typically the temperature is maintained Iin at least
95°C and the molar ratio of NaOH:Al(OH); is maintained in a value of at least
1.25.

27. The apparatus according to any one of the preceding claims 20
to 206, wherein the temperature Iin the sodium aluminate preparation unit Is
maintained in the range of 60—180°C, more typically in the range of 85-125°C,
yet more typically 90-105°C, even more typically 95-105°C.

28. The apparatus according to any one of the preceding claims 20
to 27, wherein In the sodium aluminate preparation unit the molar ratio of
NaOH:AI(OH)s is in the range of 1.0-2.0, typically 1.2—-1.5, more typically 1.2—
1.4, even more typically 1.25-1.4.

29. The apparatus according to any one of claims 20 to 28, wherein
In the sodium aluminate preparation unit the temperature i1s maintained in the
range of 60—-180°C and the molar ratio of NaOH:AI(OH)3 is in the range of
1.0-2.0, typically the temperature is in the range of 85-125°C and the molar
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ratio of NaOH:AI(OH); Is in the range of 1.2—-1.5, more typically the tempera-
ture is in the range of 90—105°C and the molar ratio of NaOH:AI(OH)3 is in the
range of 1.2—1.4, yet more typically the temperature is in the range of 95-105°C
and the molar ratio of NaOH:AI(OH)s is in the range of 1.25-1.4.

30. An apparatus which comprises means for performing the steps
of the method according to any one of the claims 1 to 19.
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Figure 1.



CA 02939399 2016-08-10

WO 2015/128541 PCT/FI12015/050108

+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
*
+*
+*
+*
*
+*
+*
*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
>
+*
+*
+*
*
+*
+*
+*
*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+* +
+*

LU R I R A I I I I I I I R I I I I I R I I I I I I I I I I I I I I I A I R I I I I DR O I O O I I I I I D I I D I I O I U U I I O I I I O U U I I U I I I I I U I I R I I I I I I DR O D D O R I U U D I D D D R D D O I O 4
LIS R IR IR R I R R I I NN I I AN AN NN A A A I I I N
LR U R LR B B I B I I I I I A I I A I I I I I I I I I I I I I I I I R O I D O I I I I D I B I R O I I D A I I I D D I I I O O U N O I I I I I O U U O I U O D I I I U D R I N I D D D I R U U U U U U U B B

+*

+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*

+*

+*

+*

*

+*

+*
+*

* + +

+*
+*

v
+*
+*
+*
+*
+*
+*
+*
* + 4
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
*
+*
+*
+*
+*
*
+*
+*
+*
*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
>
+*
+*
+*
*
+*
+*
+*
+*
*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
* + +
+*
+*
+*
+*

+*
+*
+*
+*
+*
+*

+*
OOOOOOOOQO 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000.0.0000

+*
+*

+*
+*
+*
+*
+*
+*

+*
L R I R I I I R I O I I I I I R I I I R I R R I I A I I I I O D D R I I U I I O D I O I I I I I I I I I I I I R I D R I I I R O I I D U I I I I R I I I I I O D O I R D U U U U O U U U U U U O O
+*
+*

*
+*

+*
+*
+*
+*
+*

+*
LR U B D N R
+*

+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
>
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
* + +
* + 4
* + +
+* +
* + +

+*

L
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
LR R

+*

+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
* +
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*

L}
+*
+* *
*
+* +*
*
+* +*
+*
+* *
+*
+* +*
*
+* +*
+*
+* *
+*
+* +*
*
+* +*
+*
+* *
+*
+* +*
*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
* *
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
* >
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
* +*
+* *
+* +*
+* +*
+* *
* >
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
+* +*
+* *
+* +*
LR B
+* +*
+* *
+*
+* +*

+*

LR R I I I I I I I R I I I I I I I I I I I I I I I I I I D B O I I U I I I I U U I I I I I O R I O I I I I O O I L B R U R R D I R I O D U D D I U D U U D D U U D U D U O U I U D U D U B O R
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000.0.0000

+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
* + 4
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+* +*
+* +* +
* e
* e
* + +
LR R
LR R B D I R
* e
* + ¢ +* +
* e

* LR R I R I I I I I I I I O I I I I I A I I I R I I I I R B R D I I O R I I I I U R I I I I O I I I I U I I I I R I I U I O I O R I I O O I I D D O D D D I U O D D U U U U I I U U D O
LR TR R D I I I I I D I D I D D I D R D D R D R D D R D D D D D I D O D P D D I D R D R R D DR R D R D R R DR R R DR DR DR DR R DR DR DR DR R DR DR DR DR R DR DR DR DR DR R DR R DR DR DR DR DR DR DR R DR R R R R DR DR DR DR DR DR DR D DL DL D DR R DR DR R
LR R I I I I I I I I I I I I I I I A I I I A I I I I B R I I I I I O A I I I I I I I I I A I I A I I I I I I I I I I D I I R O I R I R N I I I D U D O N D U O U U D D U D U I O O O B

* + 4+

+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+* +
+* +
+* + ¢
+* +

LR R R I I I I I I I R I R I I I I I R I I I I R I I R R R I I I I O A I I I I I P I I O I I I I I I I O I I I I U U I U I I I R R U I O U I I U O D U U D I U U D D I U U D U U U O D B
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000.0.0000

* e
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
*
+*
+*
+*
+*
*
+*
+*
+*
*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
>
+*
+*
+*
*
+*
+*
+*
+*
*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+* +

+*
+* +
+* +
+* +
+* +
+* +
+* +
+* +

LR R I I 2
+* +

+*
LRI IR I I I I I IR I AN I I I L R
+*
* e
+*

+*
+*

LRI IR I NI I NI NI NN A I I N
LR R I I I I I I I I I I I I I I I I I I I I I I O O D B R I I O O I I I I I O I I I I O I O O I O I I I R I I U I U O I I I U U I D U R D U R I U U D U R U U O I U U U U R O B I +*

+*

*
+*
+*

+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
* + 9+
+*
+*
+*

+*

+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
+*
*
>
+*
*
+*
*
+*
*
+*
*
+*
*
+*
+*

+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*

+*

+* +*
PR B I I I I I I I I I I R I I U U U U L O N L U U L D U R 2

LR R I R I I I I I R I I I I I I U I I I I I U I I I I I I I I I I O O I R I I O R I O R I I I I D I D I I I R R I I I I I D I D D I R U U R I D U I D U R I O I D D D U D U I O U U U U U U U U U U D O I
LRI IR IR I AN NI NI I I N

LR R I I I N I I I I I I I I I I I I I I I R I I A I I I I I I I I I A B A I I O I A I R I I I I O I I O I O R I I I R U R D O I I O I U O R I U R I U I D I D I D D D U U U U O D U N U D U U N U U I O 2
LR R I I R I I I I I IR I I I I I I I R R I I I I I I A I D I O I I U I A R I I I I I I I I I I I D I I I I I R R R D I I I I I O R U D O O O I I D I I I I I U I O O D U O DR U R U U U U U U D I U U B O
LRI IR I I NN NI TN AR AN I N

+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
* + +
+* +
+* +
+* +
* + ¢
+* +

LR R B I R I I I I IR I I R I I I I I I I I I I I I D A I I I I I B I O I I I I I I I O R I O I I I I I U I I R I I R R U I I I I I U I D I R I I R D D I I D U D O I I D D U R U I U U U U U U B O
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000.0.0000

. . .
LI L L B B B B O O O O

e : N :
e, R R R SR
> % s A
I.I ..l. N LA !-
3 s Nt e b
.\ LJ LA J LJ I. . v-
\ LJ L LJ LJ
Q:"\-\\-:::}‘}‘:::::.:‘ e l-l-l.l-l-l.l-l-l.l- -:.:-:- . . :-l
L L L L L L -l.l.l- v-l

l“
P
r A

LY T Y Y Y Y Y OY YN Ay Y YT YT YTIYTYTSYSY
\\\\\\\\\\\\\\\\\\'&\\\\
' 1

%

70 75 80 90 95 100 105 110 115
Temperaturs {°

_

[ — |

Figure 2. Contour plot of the residual solids [g/l] after reaction as a function of reaction
temperature and NaOH:AI(OH); — molar ratio.
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Figure 3. The amount of the residual sulphate after 15 min reaction time as a function of
the Al/SO4 —molar ratio (i.e. molar ratio of Al dosage to initial SO4 in the waste water). Red
line indicates the stoichiometric molar ratio of Ettringite and the blue line is the target for
the residual SO4.
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Figure 4. The amount of the residual sulphate after 30 min reaction time as a function of
the Al/SO4 —molar ratio (i.e. molar ratio of Al dosage to initial SO4 in the waste water). Red
line indicates the stoichiometric molar ratio of Ettringite and the blue line is the target for
the residual SO4.
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the residual SOg.
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Figure 6. Residual Al after 30 min reaction time as a function of the Al/Initial SO4
—molar ratio.
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Figure 7. Residual Na after 30 min reaction time as a function of the Al/Initial SO4
—molar ratio.
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