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In this work, experiments were performed to determine the filterability of calcium carbon-
ate produced with an alternative calcium carbonate production concept. The concept 
uses steelmaking slag as raw material and has potential to fix CO2 emissions and utilize 
steelmaking slag, simultaneously. As calcium carbonate is precipitated in a solution 
containing ammonium chloride, calcium chloride, and ammonia, the product needs to 
be washed and hence filtered. In this work, different separation processes, including 
washing, filtering, and drying, were tested on two calcium carbonate slurries produced 
from steel converter slag and CO2 by a laboratory-scale pilot facility, with the aim of 
obtaining a solid product with a low chloride content using a minimum amount of wash-
ing water. The order of maximum filtration rates achievable of the calcium carbonate 
slurries was determined by experimental work. The tests included pressure filtration and 
vacuum filtration and the test series contained altogether 21 different filtration cycles 
with varying combinations of filtering, washing, and drying steps. The filtered cakes were 
analyzed by their residual moisture content, chloride content, and conductivity, and the 
filtrates by their residual solids content, chloride content, and conductivity. Pressure fil-
tration gave a high capacity (400–460 kg/m2h) and a low cake residual moisture content 
(12–14 wt-%). Vacuum filtration gave slightly higher filtration rates (500–610 kg/m2h at 
the lowest residual chloride contents of the cakes), but the cake residual moisture also 
stayed higher (25–26 wt-%). As the vacuum filtration tests used a filter cloth with higher 
permeability than that of the pressure filtration tests, a slightly higher filtration rate was 
expected. However, both filtration technologies seem suitable for filtering and washing 
calcium carbonate prepared with the studied method as a residual chloride content 
as low as 10 ppm of the filtered solids can be achieved with quite a small amount of 
washing water and the filtration rate is fast.
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TaBle 1 | chemical composition of Pcc products by process (unit: %, 
statton, 2012).

Pcc (carbonation) Pcc (solvay)

CaCO3 98.36 98.62
CaSO4 0.08 0.63
MgCO3 0.7 0.21
Al2O3 0.09 0.01
Fe2O3 0.07 0.01
SiO2 0.1 0.02
NaCl – 0.10
% H2O lossa 0.6 0.30
pHb 9.4 8.5

aAt 110°C.
bSaturated solution.

FigUre 1 | The studied concept for producing calcium carbonate 
from cO2-rich gas and slag.
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inTrODUcTiOn

Calcium carbonate is the most commonly used filler material in 
paper making (Naydowski et al., 2001). Ground calcium carbon-
ate (GCC) is manufactured by grinding high quality limestone to 
very small sizes and is mostly used as a pigment, included as an 
externally applied coating in coated papers. Therefore, GCC has 
a broad distribution of shapes and sizes, which reduces their opti-
cal performance (Clark, 1992). Precipitated calcium carbonate 
(PCC) is also used in papermaking as a coating and filler mate-
rial. In conventional production of synthetic (i.e., precipitated) 
calcium carbonate, flue gas containing CO2 is bubbled though a 
hydrated lime slurry (calcium hydroxide), from which calcium 
carbonate precipitates. By adjusting the precipitation process 
parameters, the shape and size of the crystals produced can be 
controlled to optimize their optical properties for use in paper 
making. PCC is normally also brighter than GCC, since organic 
impurities and some metal oxides can be separated during the 
PCC production process (Naydowski et al., 2001). The produc-
tion of PCC binds CO2 as carbonate, but CO2 is also emitted 
when limestone is calcined for providing lime for the process. 
PCC production requires also relatively pure limestone. To 
minimize transportation costs, the limestone is calcined before 
transportation to the PCC production facility, which is normally 
located at the paper mill site.

An alternative production concept for calcium carbonate 
production is being developed that omits the need for fresh 
limestone and its calcination (Eloneva et al., 2009). This concept 
has the potential to reduce CO2 emissions and simultaneously 
utilize steelmaking slag. In this process, calcium is selectively 
extracted from steelmaking slag using ammonium salt solutions 
in the extraction step:

 NH Cl NH Cl4 4aq aq aq( )→ ( ) + ( )+ −  (1)
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Calcium carbonate is subsequently precipitated in the carbona-
tor by bubbling CO2-containing flue gas through the solution:

 

2
2

3
2

2 2 3

4

NH Ca H O CO CaCO
NH

aq aq l g s
aq

( ) + ( ) + ( ) + ( )→ ( )
+ ( )

+

+

 
(5)

The calcium carbonate is separated by filtration, and the solvent 
is returned to the extractor, as the ammonium salt is regenerated 
in the carbonator (Figure 1). Both the calcium carbonate and the 
unreacted part of the slag from the extractor (slag residue) are 
washed in order to remove solvent remnants (mainly ammonium 
salt). Laboratory experiments have shown that calcium carbonate 

purity up to 99.8  wt-% can be achieved (Eloneva et  al., 2009). 
Similarly, the particle shape can be adjusted – both rhombohedral 
and scalenohedral calcite can be produced, as well as aragonite. 
A pilot facility of the concept was recently completed at Aalto 
University, enabling production of 5–10  kg batches of calcium 
carbonate (Said and Järvinen, 2015). Although the particles that 
have been produced with the pilot so far are coarser than those 
required for paper applications (typically P50 <~1–2 μm for fill-
ing applications), the calcium carbonate could be subsequently 
ground and possibly be an alternative to GCC in coating applica-
tions (Teir et al., 2015). As grinding is expected to result in a broad 
particle size distribution, the calcium carbonate is not necessarily 
suitable as an alternative to PCC in filler applications, where a 
narrow particle size distribution is needed.

One challenge of the concept presented in Figure  1 is that 
the produced calcium carbonate is precipitated in a solution of 
ammonia and ammonium chloride, which raises concern that 
chloride may be embedded in the product and hinders its com-
mercial use. However, the maximum chloride content that can be 
allowed in a PCC product is not clear as there does not seem to 
be any standard or guideline available for this. For comparison, 
commercial PCC is also produced as a by-product of ammonia 
production in the Solvay process (Ciullo, 1996). As the calcium 
carbonate is produced in presence of sodium chloride, the Solvay 
PCC product contains 0.10% NaCl (Table 1), which has contrib-
uted to the Solvay PCC process being less used than the con-
ventional carbonation process (Mattila and Zevenhoven, 2014a). 
Also ESAPA (2004) reports difficulties with commercializing 
calcium carbonate containing chloride impurities. According 
to ESAPA, attempts were made to recover CaCO3 produced as 
a by-product from brine purification for a Solvay process, but 
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TaBle 2 | summary of the XrF analysis of steel converter slag (only compounds found in amounts ≥0.1 wt-% listed).

caO FeO siO2 MnO al2O3 MgO V2O3 Ti P cr na2O

51.40 14.60 13.70 1.80 1.60 1.50 2.05 0.55 0.45 0.25 0.1

TaBle 3 | summary of calcium carbonate batch production parameters.

extraction carbonation

Batch solvent (l) concentration of nh4cl (M) slag (kg) T (°c) solution (l) cO2 (l/min)

Calcite 170 1 17 20 150 13
Aragonite 170 1 17 55 150 13
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the chloride content in the effluent to be treated and impurities 
remaining after treatment were found to be problematic. Due 
to these impurities, the product could not compete with more 
pure products available on the market. In the conventional PCC 
production process, PCC is precipitated in water and requires no 
further purification.

Although no detailed product quality assessment has yet 
been performed on the calcium carbonate produced by the 
studied concept, the analyses performed so far indicate that the 
chloride can be removed by washing and does not end up in 
the product (Mattila et al., 2012). According to the best knowl-
edge of the authors, the only published data on filtration and 
washing performance is that of Hudd (2014), who performed 
washing experiments of PCC (commercial rhombohedral 
calcite) and ammonia chloride mixtures using both a vacuum 
filter and pressure filter. Hudd studied a staged filtration, with 
both countercurrent and crosscurrent flow of washing water, 
so the experimental parameters for each filtration stage were 
kept constant. Hudd assumed that the filtered cake needs to be 
separated from the filter cloth and mixed with washing water 
after which the mixture is filtered again, and the procedure is 
repeated using either fresh or recycled washing water a few 
times. Although a low chloride content in the calcium carbonate 
can be achieved with this method, it requires a relatively large 
amount of washing water.

The objective of the work presented here was to select suitable 
filtration technologies and determine the maximum filtration 
rates achievable for the calcium carbonate slurries produced 
with the new concept. The focus was on minimizing the amount 
of residual chloride (i.e., solvent remnants of the ammonium 
chloride solution) on the carbonate product by varying the 
parameters for filtration and washing while keeping the filtra-
tion rate high. In order to minimize the use of washing water, a 
different washing approach than that used by Hudd was tested: 
washing water was added directly on top of the filtered cake, after 
which the water was pressed through the cake. The concentra-
tion of possible metals leached from steel slag was not studied 
here as this can be minimized by managing process parameters 
(Mattila and Zevenhoven, 2014b). The tests included pressure 
filtration and vacuum filtration, and the test series contained 
altogether 21 different filtration cycles with varying combinations 
of filtering, washing, and drying steps. The filtered cakes were 
analyzed by their residual moisture content, chloride content, 

and conductivity, and the filtrates by their residual solids content, 
chloride content, and conductivity.

MaTerials anD MeThODs

Production of calcium carbonate for 
Filtration Tests
The steelmaking slag used in the experiments was steel converter 
slag from Raahe steel plant in Finland. The steel converter slag 
had been ground to a particle size <250 μm. The chemical com-
position of the slag was analyzed by X-ray fluorescence (XRF) 
spectroscopy (Table 2).

The pilot facility at Aalto University was used for preparing 
two batches of calcium carbonate slurry for subsequent filtration 
tests. The pilot facility consists of three reactors of 200 l volume 
each, connected to two stages of filtration (a full description of the 
test facility can be found in Said and Järvinen, 2015). So far, both 
rhombohedral calcite and aragonite has been successfully pro-
duced with the pilot plant (Said and Järvinen, 2015). Therefore, 
one batch of each calcium carbonate type was produced. The 
parameters are summarized in Table 3 and the procedure was as 
follows: first, a batch of 17 kg of steel slag was mixed with 170 l, 
1M NH4Cl (aq) solvent to selectively dissolve calcium from the 
slag at room temperature (~20°C). The mixture was agitated for 
1 h at 200 rpm, after which the Ca-rich solution was separated 
from the residual slag through 1-μm filter bags. To maximize 
the removal of solid particles, the filtrate was further pumped 
through a series of filters consisting of two 1-μm filters and one 
0.45-μm filter. After filtration, 150 l of the Ca-rich solution was 
pumped to a carbonation reactor, where it was heated up to the 
desired temperature. After reaching the targeted temperature, 
pure CO2 gas was bubbled through the solution, forming a slurry 
containing calcium carbonate precipitate. After carbonation, 
the slurry from the reactor was preliminarily filtered using an 
identical filtration system as described above for separating the 
PCC from the liquid. Both slurries were produced with identical 
parameters except for the carbonation reactor temperature, which 
was set to 20°C for precipitating rhombohedral calcite and 55°C 
for producing aragonite (Table  3). After preliminary filtration, 
the moist calcium carbonate solids and 100  l additional filtrate 
were transported in separate containers to Outotec Dewatering 
Technology Center for further filtration tests. The particle size 
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distributions of the produced calcium carbonates were measured 
using a laser diffraction particle size analyzer.

Test Methods for Filtration and Washing
When choosing a process suitable for solid–liquid separation of 
calcium carbonate, for this concept, the requirements for efficient 
washing must be taken into consideration. In addition, the liq-
uid content of the product should also be as low as possible to 
maximize the recovery of ammonium chloride and minimize the 
need for make-up. Solid–liquid separation processes considered 
in this work were processes that allow large-scale (~100,000 tpa) 
separation of calcium carbonate at the lowest possible cost 
considering the requirements: efficient filtration for particle sizes 
<100 μm, minimum amount of liquid in product, and efficient 
washing of the product. A comparative performance of the main 
types of commercial solid–liquid separation processes (Table 4) 
is given by Couper et al. (2010). Sedimentation, centrifugation, 
liquid cyclones, screens, and ultrafiltration have both poor wash 
possibilities and poor removal of liquid from the solid product. 
In contrast, vacuum drum filters, horizontal pressure filters, and 
basket centrifuges are good at removing liquids from the solid 
product and have excellent wash possibilities. For the experimen-
tal work, vacuum filtration and pressure filtration were selected, 
since both are well suited for large quantities of solids. However, 
as the pilot facility at Aalto was only able to produce about 5 kg 
PCC per day (one batch), only small, laboratory-size equipment 
was used for the test series (0.5–2.7 l of slurry filtered per test). 
The pressure filtration and vacuum filtration were separately 
optimized for minimizing the chloride content, while keeping 
the filtration rate as high as possible. In order to minimize the 
use of washing water, a different washing approach than Hudd 
(2014) was tested: washing water was added directly on top of the 
filtered cake, after which the water was pressed through the cake.

Pressure Filtration Tests
The pressure filtration test cycle is schematically presented 
in Figure 2. In pressure filtration, the slurry is fed into a filter 
chamber by pumping. Part of the filtrate passes through a filter 
cloth and exits beneath the chamber. Pressure is produced by 
pumping water or air over a diaphragm that expands and presses 
the slurry, removing more liquid out of the slurry. This is also 
referred to as the first pressing. After the first pressing, solids can 
be washed if needed. In washing of the solids, the washing liquid 
is fed into the empty space above the cake that has been formed 
inside the chamber as a result from the first pressing. Then the 
washing liquid is pressed through the cake (the second pressing). 
After the cake has been pressed, it is air dried with pressurized 
air, after which the cake is mechanically removed from the filter 
cloth (“solids discharge” in Figure 2). The cake, i.e., filtered solids, 
is then ready for further processing. For the experiments, an 
Outotec Labox 100 test unit was used with an AINO K11 filter 
cloth having the filtration area of 0.01 m2. The filter cloth has a 
permeability of 0.08  m3/m2  min (air permeability measured at 
200  Pa). While industrial-scale filter units normally consist of 
several filter chambers run in parallel, the test unit had only one 
chamber (Figure 3). Parameters that were varied were chamber 
depth, temperature, wash liquid (water) volume, pressure, and 

the quantity of slurry used (Table 5). Air was employed as press-
ing media. The produced cake was further analyzed with various 
analytical methods (see Analysis Methods).

Vacuum Filtration
In vacuum filtration, liquid is drawn out from the slurry through 
a filter cloth by forming a vacuum on the opposite side of the 
filter cloth. The slurry sample is poured into a cylinder on top 
of the filter cloth, and then vacuum is applied to the slurry 
underneath it. The solid is trapped by the filter, and the liquid 
is drawn by the vacuum through the filter into the flask below. 
The time period that there is excess water on the cake is called 
the filtration time. When the excess water has been sucked out of 
the cake, the vacuum is turned off, the mother liquid is collected, 
and then the cake can be washed. Washing is done by turning the 
vacuum back on and by pouring the washing liquid on the cake 
carefully to ensure its equal distribution on the cake. When there 
is no more washing liquid on the cake surface, the cake drying 
begins. Washing can be performed in multiple stages and also in 
a co-current or a counter current mode. In the experiments, an 
Outotec Larox® Büchner (BVB) test unit was used with a filtration 
area of 0.01 m2. An ARTO S11 filter cloth, which is the tightest 
filter cloth available for the test equipment, was used. The filter 
cloth has a permeability of 0.3  m3/m2  min (air permeability at 
200 Pa). During filtration, the vacuum was kept at 0.5 bar for all 
experiments. The Büchner test unit setup is illustrated in Figure 4. 
Parameters that were varied were slurry volume, temperature, 
and wash liquid (water) volume (Table 6).

Analysis Methods
The moisture contents of the filtered cakes were analyzed from 
~50 g of filtered samples (wet samples), which were dried in a 
laboratory oven at 60°C in air. The drying time was 38 h 15 min. 
The moisture contents were calculated from the mass losses 
of the samples. The filtrate solids contents were measured by 
pouring 100 ml of filtrate through a filter paper. The paper with 
solids on was then dried in the oven overnight at 105°C and 
weighed.

The chloride contents were determined as follows. A pre-
weighed sample (~10 g) of the dry cake was mixed with 100 ml 
ion exchanged water. The suspension was stirred vigorously with 
a magnetic stirrer for 60 min. The suspension was filtered and 
the chloride content of the clear solution was analyzed by an ion 
chromatograph (IC). In the case of the lowest chloride contents, 
potentiometric titration with AgNO3 was used instead of ion 
chromatography. In these analyses, increased sample weights 
(~25 g) were also used. The chloride contents corresponding to 
both wet cake and dry cake were calculated from the analyzed 
chloride content of the solution. The assumption for measuring 
the chloride contents by this manner was that all the chlorides in 
the filtered cake are water soluble. It was also assumed that the 
chlorides were situated on the particle surfaces, and not locked 
inside the particles, so they were able to dissolve into water during 
stirring of the suspension. Two stirring times (30 and 60 min) 
were tested before starting the analysis series, and they were 
found to give almost identical results. For the analysis series, the 
longer stirring time (60 min) was adopted.
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TaBle 4 | comparative performance of solid–liquid separation equipmenta (couper et al., 2010).

Product parameters Feed conditions favouring use equipment characteristics Direct costs

solids 
in liquid 
product

liquid in solid  
product

Wash 
possibilitiesb

solids 
concentration

solids density Particle 
size

Power space and 
holdup

initial Operating Maintenance

Filtration
Vacuum drum filter F G Ec High to medium – Medium High Medium High High Medium
Disc filters F G P to F Medium – Fine High Medium Medium to high High Medium
Horizontal filters F G G to Ec high to medium – Coarse High Medium Medium High Medium
Precoat filter E Pd P to Fd Very low – Slimy High to medium Medium High Very high Medium
Leaf (Kelly) filter G to Ec F F to G Low – Fine, slimy Medium to low Medium Medium Very high Medium

Sedimentation
Thickener G to E P P Medium Dense Medium Low Very high Medium to low Low Very low
Clarifier G P very P Low Medium dense Fine Very low Very high Medium to low Low Very low
Classifier P P P to F Medium Dense coarse Low High Medium to low Low Very low

Centrifugation
Disc F to G P P Low to medium Medium Fine High Low High High High
Solid bowl P F P to F Medium to high Medium Medium to 

fine
High Low Medium to high High High

Basket P to F E Ec Medium to high – Coarse High Low Medium High High

Liquid cyclones
Large P P to F P Low to medium High Medium Medium to low Low Very low Medium High
Small multiple P to F P Very P Low Medium to high Fine Medium to low Low Low Medium Medium

Screens P P to F P Medium to high – Coarse to 
medium

Low Very low Very low Medium Medium to high

Ultrafiltration E P to F P Low – Very fine Medium to high High High High Very high

aP, poor; F, fair; G, good; E, excellent.
bDecantation wash always possible.
cDisplacement wash feasible.
dSolids product contaminated by precoat material.
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FigUre 3 | Test unit setup for pressure filtration.

FigUre 2 | Pressure filtration test cycle.
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As the chloride analyses were performed at another location, 
Outotec Research Center, at the end of the filtration test series, 
conductivities of the filtrates were measured online for getting 
instant indications of the washing results during the tests. The 
conductivities were measured with a HANNA instruments con-
ductivity meter. The cake conductivity was measured after mixing 
dry cake in the ratio of 1:1 with distilled water.

Solid samples of the washed and dried cakes from the pressure 
filtration tests were analyzed using a scanning electron micro-
scope (SEM) equipped with energy-dispersive x-ray spectroscopy 
(EDS), as well as with X-ray diffraction (XRD).

resUlTs

The moist carbonate samples and the filtrate were transported 
by road from the Aalto pilot plant to the Outotec premises for 
the filtration tests. The results from the particle size analysis of 
the produced calcium carbonate showed a wide size distribution 

of particles, with P50 <41 μm and P80 <84 μm for the calcite batch 
(Figure 5) and P50 <27 μm and P80 <50 μm for the aragonite batch 
(Figure 6). These samples had already been pre-filtered at Aalto, 
so the solid contents needed to be altered to simulate the solid 
contents of the slurry at a full-scale facility before filtration. It 
is very likely that a thickener would be used for raising the solid 
contents of the slurry prior to filtration to about 20–40  wt-%. 
However, the performance of a thickener was not included in these 
tests, so different solid concentrations were chosen for the two 
slurries. Some of the liquid had leaked from the calcite contain-
ers, resulting in a solids content of 60 wt-% for the calcite slurry. 
The calcite sample was therefore diluted to the solids content of 
25 wt-% for the filtration experiments with its own NH4Cl filtrate 
that was delivered with the samples. The moisture content of the 
aragonite batch was at 40 wt-% solids, so this batch was used with-
out dilution. The pressure filtration tests were performed with 
the filter cloth AINO K11 while the vacuum filtration tests were 
performed with the filter cloth ARTO S11 (the tightest filter cloth 
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FigUre 4 | Test unit setup for vacuum filtration.

TaBle 5 | Parameters used in the pressure filtration tests.

Test number 1 2 5 6 7 12 13 14 15

Slurry Calcite Calcite Calcite Calcite Calcite Aragonite Aragonite Aragonite Aragonite
Chamber depth (mm) 33 60 60 60 60 33 60 60 60
Solids in slurry (wt-%) 19.7 17.7 18.2 20 19.9 37.5 38.2 42 37.3

Temperature (°C)
Slurry 17 17 18 18 18 55 55 55 53
Wash liquid – – 24 24 24 – – 24 50

Duration of (min)
Pumping 1.5 1 0.75 1 1 1 1 1 1
First pressing – 1.5 0.5 0.5 – 1.5 1.5 – 0.5
Washing – – 0.5 1.33 1.5 – – 5 1.5
Second pressing – – 1.5 1 1 – – 1.5 1.5
Air drying – 1 1 1 1 1 1 1 1
Technical time 4 4 4 4 4 4 4 4 4
Total cycle time (min) 5.5 7.5 8.25 8.83 8.5 7.5 7.5 12.5 9.5

Pressure of (bar)
Slurry feed 6 4 4 4 4 6 4 4 4
First pressing – 16 6 8 – 16 12 – 8
Wash liquid – – 5 2 – – – 6 6
Second pressing – – 16 12 12 – – 12 12

Quantity of slurry (l) 1.8 2.7 2 2.3 2.5 0.7 1.3 1.2 1.5

Quantity of filtrate during
Pumping (kg) 1.51 2.12 1.68 2.04 2.03 0.276 0.605 0.663 0.79
First pressing (kg) – 0.12 0.017 0.01 – 0.108 0.136 – 0.078
Washing (l) – – 0.729 0.607 0.709 – – 0.037 0.078
Second pressing (kg) – – 0.185 – 0.106 – – 0.137 0.111
Air drying (kg) – 0.12 0.083 – 0.151 0.129 0.179 0.19 0.23
Total (w/o wash filtrate) 1.51 2.36 1.784 2.053 2.181 0.513 0.92 0.853 1.102

Consumption of wash liquid (l) – – – 1 1 – – 0.04 1
Air flow (l/min) – 30 35 35 25 12.5 10 15 <10
Air pressure (bar) – 4 3 3 3 6 6 6 6

Cake
Moisture (wt-%) 29.3 21.3 19 12 11.9 11.7 13.5 11 13.7
Thickness, average (mm) 36 48 33 39 42 23 43 45 52
Dry weight (kg) 0.42 0.55 0.42 0.54 0.56 0.34 0.64 0.69 0.73

Filtration rate (dry solids, kg/m2h) 452.7 436.1 307.2 363.6 398.8 270.7 508.9 329.5 463.1
Filtration rate (filtrate, l/m2 h) 1647 1888 1297 1395 1540 410 736 409 696
Wash ratio (m3/ton DS) – – 2.4 1.9 1.8 – – 0.1 1.4

Washing results
Cake conductivity (μS/m) – 7000 70 57 52 9100 9700 8500 110
Wash filtrate conductivity (μS/m) – – 1285 – 330 – – – –
Cake chloride content (ppm) 10022 18 10 5657 5812 4655 109
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for Büchner at the moment) and a vacuum of 0.5 bar. Both filter 
cloths produced a very clear filtrate for both the calcite and the 
aragonite slurry. AINO K11 gave filtrates with <10 mg/l solids, 
while ARTO S11 gave filtrates with ~10–15 mg/l solids. No cake 
cracking was observed in any of the vacuum filtration tests.

Pressure Filtration
A detailed listing of the parameters used in each pressure filtra-
tion experiment is given in Table 5.

Tests with Calcite Slurry
The first tests were performed using the calcite slurry. The initial 
test run with a 33-mm chamber showed that the slurry filtered 
very easily (test number 1, Table 5). The chamber was full after 
~40 s of pumping, and the cake solids content was above 70 wt-% 
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FigUre 5 | Particle size distribution of the solids in the calcite slurry.

TaBle 6 | Parameters used in the vacuum filtration tests.

Test number 3 4 8 9 10 11 16 17 18 19 20 21

Slurrya Calc Calc Calc Calc Calc Calc Arag Arag Arag Arag Arag Arag

Pressure drop over wet filtercloth (bar) 0.15 0.2 0.2 0.2 0.25 0.25 0.15 0.25 0.25 0.25 0.25 0.25

Filtration

Quantity of slurry (ml) 500 1000 750 1000 1000 1000 500 750 1000 1000 1000 1000

Settling time (s) 5 5 5 5 5 5 5 5 5 5 5 5

Separation time (s) 15 44 28 44 50 52 15 31 52 61 54 52

Drying time (s) 60 60 60 10 10 10 60 60 60 10 10 10

Mother liquor (ml) 420 840 625 800 785 780 290 440 580 530 515 520

Washing

Temperature (°C) – – – 20 20 22 – – – 50 50 55

Volume in (ml) – – – 225 450 1125 – – – 270 540 1080

Volume out (ml) – – – 250 480 1160 – – – 340 590 1135

Wash time (s) – – – 20 42 111 – – – 49 96 193

Drying

Air flow (l/min) 15 15 15 15 15 15 15 10 10 10 10 10

Vacuum (bar) 0.4 0.4 0.35 0.4 0.4 0.45 0.4 0.45 0.45 0.47 0.47 0.47

Drying time (s) – – – 60 60 60 – – – 60 60 60

Cake

Thickness (mm) 10 20 16 21 21 21 24 37 49 49 48 48

Moisture (wt-%) 21.5 24.7 23.7 21.1 25.0 23.7 25.6 26.0 28.0 25.6 28.4 26

Dry weight (g) 109.9 227.1 181.6 242.7 229.6 232.8 266.1 402.8 534.6 561 523 543.2

Conductivity (μS/m) 13500 – – 103 106 73 21100 23000 22700 7400 895 174

Chloride content (ppm) 8553 8771 15133 252 3 48 13464 13993 10826 4455 598 127

Total time (s) 80 109 93 139 167 238 80 96 117 185 225 320

Wash ratio (l/kg DS) – – – 0.9 2 4.8 – – – 0.5 1 2

Filtration rate (dry solids, kg/m2 h) 494 750 703 629 494 352 1197 1151 1645 1092 837 611

Filtration rate (filtrate, l/m2 h) 2250 3303 2903 2590 2156 1513 2250 2813 3077 1946 1600 1125

aCalc, calcite; Arag, aragonite.
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FigUre 6 | Particle size distribution of the solids in the aragonite slurry.

FigUre 7 | Wash filtrate conductivity during solids washing in Test 
run #7 (>1.5 min means that this sample was taken during pressing, 
after a washing time of 1.5 min).
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even without pressing and drying. Pressing or drying was not 
performed due to a leakage of pressing air in the test unit caused 
by a mishap in the unit assembly.

As the slurry was found to be easily filtered, test number 2 
was performed with a 60-mm filter chamber and the pumping 
pressure was reduced to 4 bar. Pressing was then performed with 
16-bar pressure, followed by 1 min air drying with 4-bar pressure, 
which resulted in a cake conductivity of 7000 μS/m indicating a 
high salt concentration (the analyses carried out later verified a 
high cake chloride content of 10022 ppm) and that subsequent 
washing is needed.

Test runs number 5–7 were performed with solids washing 
using various pressures and pressure schemes: test number 6 was 
performed with a higher pressure in the first pressing (8 vs. 5 bar 
in test number 5) and a lower washing liquid pressure (2 vs. 5 bar 
in test number 5). Test run number 7 was performed without the 
first pressing, and the wash liquid was introduced right after the 
slurry feed. Washing filtrate samples were taken at the beginning 
of washing, after 45 s of washing and during pressing. The con-
ductivity measurements of these samples are shown in Figure 7. 
Test number 7 produced the highest filtration rate with washing: 
399  kg/m2h. The cake produced with this test had the lowest 
chloride content (10 ppm) and a low moisture content (12 wt-%).

Tests with Aragonite Slurry
The first test run with aragonite (test number 12, Table 5) showed 
that the aragonite slurry was about as easy to filter as the calcite 
slurry. Further tests were therefore performed using the higher 
60-mm chamber instead of the 33-mm chamber used in test 
number 12. Pressures were also lowered in the slurry feed to 4 bar 
(6 bar in test number 12) and in the last pressing to 12 bar (16 bar 
in test number 12). Test run number 13 was also performed 

without solids washing while the filtration cycle was the same as 
in test number 12. Test number 12 resulted in a cake conductivity 
of 9100 μS/m (which corresponded to a cake chloride content of 
5700 ppm), which indicated that subsequent washing is needed.

Test runs number 14 and 15 were performed with solids 
washing using room temperature water (Table 5). Washing was 
performed right after the slurry feed, without the first pressing. 
It was observed that the washing liquid could not penetrate the 
cake. After 5 min of washing, only ~40 ml of washing liquid had 
been introduced to the cake although a relatively high pressure 
of 6 bar had been used. Test run number 15 was performed with 
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FigUre 10 | conductivity and final chloride content of the aragonite 
cake with vacuum filtration using different wash ratios.

FigUre 9 | Filtration rate of the washing tests of calcium carbonate 
cakes with vacuum filtration. The final chloride content of the cakes 
added as text next to the corresponding samples.

FigUre 8 | conductivity and final chloride content of the calcite cake 
with vacuum filtration using different wash ratios.
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solids washing after the first pressing. The temperature of the 
wash liquid was also raised to ~50°C, in order to simulate real 
process conditions (aragonite is produced at a temperature of 
50°C or more). A slurry feed of 1 min was followed by 0.5 min 
first pressing with 8-bar pressure. Then washing liquid was 
introduced to the cake with 6-bar pressure. After 1.5 min, 1  l 
of wash liquid had been introduced to the cake, and the cake 
conductivity was measured to be 110 μS after washing. Test run 
number 15 gave a filtration rate of 463  kg/m2h with the final 
chloride content of 109 ppm and moisture content of 14 wt-% 
in the cake.

Vacuum Filtration
A detailed listing of the parameters used in each pressure filtra-
tion experiment is given in Table 6.

Tests with Calcite Slurry
Büchner vacuum filtration tests were included as it was observed 
in the first pressure filter tests that the calcite slurry was very easy 
to filter. Test runs number 3, 4, and 8 were performed without 
solids washing and varying the slurry sample volume with 
500–1000 ml for finding the volume giving the maximal filtra-
tion rate (Table 6). Larger slurry samples gave higher rates, and 
therefore 1000 ml was selected for subsequent washing tests.

The optimal wash ratio was tested by varying the washing liq-
uid volume in test run numbers 9, 10, and 11 [0.9, 2.0, and 4.8 l/kg 
DS (dry solids), respectively]. The filtration cycle was otherwise 
equal in all three runs: after filtration there was 10 s intermediate 
drying, followed by solids washing and 60 s final drying (Table 6). 
The washing liquid temperature was ~20°C in all tests. The cake 
conductivity dropped from the original 13,500  μS/m without 
washing to ~100 μS/m with 1 l/kg DS wash ratio. Higher wash 
ratios did not affect the cake conductivity much (Figure 8). The 
chloride analyses varied somewhat, giving the lowest chloride 
content in the cake with the wash ratio of 2.0 l/kg DS. The filtra-
tion rate dropped from 629 kg/m2h for 0.9 l/kg DS wash ratio to 
352 kg/m2h for 4.8 l/kg DS (Figure 9). The moisture contents in 
the cakes were 21–25 wt-%.

Tests with Aragonite Slurry
Test runs number 16–21 were performed using the aragonite 
slurry preheated to a temperature of ~55°C (Table 6). The slurry 
sample volume was varied in test runs number 16–18 without 
solids washing between 500 and 1000 ml, respectively, in order to 
find the volume giving the maximal filtration rate. Again, larger 
slurry samples gave higher rates, so 1000 ml was selected for the 
subsequent washing tests.

Different solids washing ratios were tested in test run numbers 
19, 20, and 21 (0.5, 1.0, and 2.0 l/kg DS, respectively) with a wash-
ing water temperature of ~50°C (Table 6). Before solids washing, 
the separation phase was followed by 10 s intermediate drying. 
After washing, 60 s of drying was performed. Figure 10 shows 
how the cake conductivity and chloride content dropped with 
higher wash ratios, with the lowest content of 127 ppm Cl for the 
2 l/kg DS wash ratio. The filtration rate dropped from 1092 kg/
m2h for 0.5  l/kg DS wash ratio to 611  kg/m2h for 2.0  l/kg DS 
(Figure 9). The moisture contents in the cakes were 26–28 wt-%. 

Since the aragonite slurry required much more washing time than 
calcite slurry, a washing ratio of 5 l/kg was not tested as it would 
have significantly increased the washing time thus lowering the 
filtration rate.
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FigUre 12 | eDs spectra of solids separated by pressure filtration from the calcite slurry (left) and from the aragonite slurry (right).

FigUre 11 | seM images of solids separated by pressure filtration from the calcite slurry (test number 5, left) and from the aragonite slurry (test 
number 15, right).
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Mineralogy and Morphology of the Filtered 
and Washed cakes
The SEM image of solids from the filtered, washed, and dried 
calcium carbonate cakes show that the calcite batch con-
tained mostly rhombohedral calcite, somewhat agglomerated 
(Figure 11, left-hand image). The only identified crystal structure 
in the XRD analyses was calcite (Figure S1 in Supplementary 
Material). However, the XRD analyses of the aragonite sample 
identified both aragonite and calcite phases, with calcite being the 
dominating phase1 (Figure S2 in Supplementary Material). The 
SEM image of the aragonite sample shows needle-shape crystals 
(typical for aragonite) embedded in large blocks of (probably 
calcite) agglomerates (Figure 11, right-hand image). While the 
EDS analysis for the calcite solids identifies only the expected 
elements contained in calcite (Figure 12, left-hand image), the 

1 For the sake of differentiating between the two samples tested, this is still refer-
enced to as the “aragonite” batch in the text.

EDS spectrum from the aragonite solids also identifies traces of 
chloride (Figure 12, right-hand image).

DiscUssiOns anD cOnclUsiOn

The experimental results show that both the calcium carbonate 
slurries produced with the studied concept are easy to filter with 
pressure filtration and with vacuum filtration. Pressure filtration 
gave a high capacity (400–460 kg/m2h) and a low cake residual 
moisture content (12–14 wt-%). Vacuum filtration gave slightly 
higher filtration rates (500–610  kg/m2h at the lowest chloride 
contents of the cakes), but the cake residual moisture also stayed 
higher (25–26  wt-%). However, vacuum filtration used a filter 
cloth with slightly higher permeability, which is expected to give 
a higher filtration rate. The cake thickness achieved (up to 5 cm) 
is similar to that of industrial scale filters.

For calcite, the washing liquid penetrated the cake easily, even 
with a low wash water pressure. The results show that washing of 
the calcite slurry can be performed either directly after the slurry 
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feed, or after an intermediate (or first) pressing. The chloride 
content of the calcite cake can be dropped from 10000 ppm to 
~10 ppm using a 2 l/kg DS wash ratio. This is an important result 
when considering industrial scale-up of the process. Although 
Hudd (2014) assumed that multiple filtration stages would be 
needed, the results presented here show that the residual chloride 
content of the calcium carbonate can be minimized using filtra-
tion and washing in a single stage, without the need for multiple 
filtration and washing stages. However, the acceptable level of 
chloride in calcium carbonate for paper applications is yet to be 
determined.

High capacities were achieved also for the aragonite slurry, with 
both filtration technologies carrying out the washing treatment 
at 55°C. However, SEM images revealed that the aragonite batch 
was not the best representative of aragonite. Previous experiences 
at similar parameters with the Aalto pilot facility had yielded 
typical aragonite needle-shaped particles (Said and Järvinen, 
2015). However, the previously reported aragonite precipitation 
had been performed for a shorter time (40 min) and at a slightly 
higher temperature (58°C) than the precipitation of the materials 
in this study. The longer reaction time with CO2 may have caused 
a lower final solution pH, causing calcium carbonate to dissolve 
and recrystallize as calcite. Previous (unreported) experiments 
for producing aragonite with the pilot facility have indicated that 
aragonite formation is sensitive to the volume flow of CO2. This 
may be partly due to the temperature of the incoming gas as it is 
not preheated before entering the reactor. It is also possible that 
the slurry underwent Ostwald ripening2 during transportation. 
However, due to the large agglomerations visible in the SEM 
images the more likely explanation is that the reheating of the 
aragonite slurry for the filtration tests had caused more calcium 
carbonate to precipitate as calcite, since it is well known that 
calcium carbonate is less soluble in water at higher temperatures. 
The precipitation of calcium carbonate during reheating had 
possibly formed bigger agglomerates that could have enclosed 
some of the solution. If this is the case, the chloride in the filter 
cake, which was detected both with EDS and the pulping method, 
comes from this enclosed solution, because filtration is not very 
efficient at removing solution enclosed by particle agglomerates. 
As we cannot rule out the possibility that our aragonite sample 
had been altered in the filtration testing, it is something that 
needs more attention in future experimental work.

The aragonite slurry was also more difficult to wash, and the 
test parameters that were successfully used for calcite filtration 
were not suitable for filtration of the aragonite batch. The dif-
ficulty in aragonite filtration could partly also be due to a thicker 
cake in the aragonite experiments. Using a temperature of 50°C 
for the washing water and higher pressure/vacuum, washing of 
the aragonite cake was also performed successfully with both 
filtration technologies, although the residual chloride content 
remained higher than that for the calcite cake. The cake residual 
chloride content with pressure filtration technology dropped 
from ~5700 to 109 ppm with 1.4 l/kg DS wash ratio. With vacuum 

2 Ostwald ripening is the name of the phenomenon when small crystals or sol 
particles dissolve over time and redeposit onto larger crystals or sol particles.

filtration, the chloride content dropped from >13,000 to 127 ppm 
with 2.0 l/kg DS wash ratio.

The final chloride content in the cake produced from the 
aragonite slurry was higher (around 100 ppm) than that produced 
from the calcite slurry (around 10 ppm). This is probably due to 
the differences in particle size distribution of the solids in the two 
slurries, but also the different crystal morphologies. Although 
varying the wash ratio with 1–5 l/kg DS had little effect on the 
final chloride content of the calcite cake (Figure 8), it seems to 
have a larger effect on that of the aragonite cake (Figure 10). Sadly, 
either the filtration or the precipitation procedure had resulted in 
an unrepresentative aragonite sample, consisting both of calcite 
and aragonite. This became evident first weeks after the filtration 
experiments when SEM images were taken of the filtered batches. 
However, it does imply that the aragonite filtration needs to be 
performed immediately after precipitation, and that the tem-
perature of the process needs to be controlled and monitored. 
Further testing with a representative aragonite sample is therefore 
required. Also further tests with calcite are recommended for 
evaluating the washing liquid consumption more accurately and 
the effect of particle size on the washing result.

In summary, the results showed that a low chloride content of 
the cake can be achieved with quite a small amount of washing 
water and the filtration rate is fast with both filtration methods 
tested. More work with larger filter units is needed for optimizing 
the filtration for a full-scale commercial filtration plant. It is very 
likely that a thickener would be an effective option for concentrat-
ing the slurry before the filter, due to the relatively large-sized 
particles. The selection of the filtration method depends also on 
possible additional requirements by the subsequent milling of 
calcium carbonate, required for grinding the produced calcium 
carbonate down to the particle sizes required by various paper 
applications. Possible milling options for the produced calcium 
carbonate include jet milling and vertical fine grinding mills. In 
jet milling, it is better to have a low moisture content in the cake as 
the moisture will evaporate during milling. In this case, pressure 
filtration would be preferred as the washing liquid penetrates the 
cakes very easily giving a lower residual moisture content in the 
cake than vacuum filtration. Further tests with pressure filtration 
could for instance be carried out with an Outotec PF 0.1 filtration 
unit as it allows easier control of the washing liquid volumes used. 
For vertical fine grinding mills both filtration options should be 
suitable as this mill type is less sensitive to cake moisture content. 
Therefore, further tests for both vacuum and pressure filtration 
are recommended to be performed with bigger test units. In 
addition, milling of the produced calcium carbonate should also 
be tested.
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