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The temperature, supersaturation, seeding procedure, stirring speed and other pa-
rameters were varied in crystallization experiments of calcium carbonate performed in
aqueous solutions to control size, particle size distribution and morphology of the par-
ticles. Particle size information was obtained by focused beam reflectance measure-
ments and the Coulter Counter Multisizer. Crystals of CaCO3 could be crystallized as
spherical polycrystalline particles of the vaterite polymorph, needle-like crystals of
aragonite and both cube-like and novel plate-like crystals of calcite. Filtration experi-
ments for calcium carbonate, performed at a constant pressure difference of 2 bar,
show that spherical particles with a larger size show better filterability and that
spheres with a wider size distribution, as a result of high supersaturation and nuclea-
tion, give higher average cake resistance values. Comparing different particle mor-
phologies, plate-like crystals and needle-like crystals show worse filterability than
spherical particles and cube-like particles. VVC 2011 American Institute of Chemical

Engineers AIChE J, 58: 107–121, 2012

Keywords: calcium carbonate, crystallization (precipitation), focuses beam reflectance
measurement (FBRM), solid/liquid separations, constant pressure cake filtration

Introduction

The performance of the solid-liquid separation stage
depends strongly on crystal properties like size and shape
which are determined by the environment of the preceding
crystallization process.1 Solid-liquid separation involves the
separation of a solid and a liquid phase from a suspension.
Sedimentation, centrifugation and centrifugal sedimentation
(used in hydrocyclones) are examples for methods allowing
for the separation of solids from a liquid phase.2 In many
industrial processes filters are used to fulfil this separation
task. Among these are processes which apply the cake filtra-

tion-, depth filtration- and cross flow filtration principle. The
scope of this article only comprises cake filtration (at con-
stant pressure) and in the following only this separation tech-
nique is therefore considered.

The most widely applied relationship between permeabil-
ity, size, and bed porosity stems from the work of Carman3–5

which is found on Kozeny’s considerations. In his work on
liquid flow through a packed bed of solids Kozeny6 regards
the pore spaces within the particle bed as being equal to a
bundle of parallel capillaries with a common equivalent
diameter. By utilizing the well-known Poiseuille’s law for
laminar fluid flow in capillary tubes, Carman established a
relation between bed porosity, specific surface and permeabil-
ity. The following equation for the specific cake resistance,
av, (in m�2) is derived from the considerations of Carman and
Kozeny7:
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aV ¼ 36 C
1� eð Þ2
e3

1

D2
32

(1)

In this equation e is the particle bed porosity and D32 is
the surface to volume mean size of (monosized) spheres,
also called Sauter mean diameter. The particle bed porosity
is defined by the ratio of the voids volume Vv and the total
volume Vtot of the cake:

e ¼ Vv

Vtot

(2)

The relation between the Sauter mean diameter and the
specific surface area

SV ¼ As

Vs

(3)

(As is the particles’ surface area and Vs is the volume of
the particles) is given by the following equation:

D32 ¼ 6
1

SV
(4)

From Eq. 1 it can be seen that smaller particles (smaller

D32) with a higher specific surface area give rise to higher

cake resistance values and therefore to worse filtration

behavior. The Carman-Kozeny constant, C, depends on the

tortuosity which accounts for the actual fluid path length

through the bed, and the shape of the cross-section of a

channel through which fluid is passing.8 Assuming the aver-

age flow to be in a direction of 45� to the inflow surface of

the bed, and either rectangular, annular or elliptical shapes

of the capillaries, K equals to a value of 5 (Ref. 8). Experi-

mental tests for spherical, incompressible particles have veri-

fied a value of �5 for the Carman-Kozeny constant.9

In practice, however, suspensions are often composed of
nonspherical particles exhibiting a variation in size. This has
lead to concepts that are based on the Sauter mean diameter
being calculated from the whole particle size distribution,
and shape factors correcting for the deviation from spherical
shapes.10,11 In case of nonspherical particles Eq. 1 can be
written as

av ¼ 36 C
1� eð Þ2
e3

1

D2
sv

(5)

where Dsv is the surface to volume mean size of particles of
any shape. Defining a shape factor, w, for example as follows
in terms of Dsv and the Sauter mean diameter D32

11:

W ¼ Dsv

D32

(6)

Equation 5 can be rewritten as:

aV ¼ 36
C

W2

1� eð Þ2
e3

1

D2
32

(7)

The shape factor, W, is 1 for spheres and smaller than 1
for particles with a shape deviating from spheres. For a com-
prehensive account of other relationships between cake re-
sistance (and permeability) and particle characteristics, refer-
ence should be made to Ref. 12. This reference includes the
model of Hagen-Poiseuille, Richardson-Zaki, and Happel-
Brenner.

For constant pressure filtration experiments the general fil-
tration equation10 which derives from d’Arcys equation13

applied both to the filter medium and the filter cake, can be
written in the following form:

t

V
¼ am

g cs
2 A2Dp

V þ g b
A Dp

(8)

where t is time, V is the filtrate volume, am is the average

specific cake resistance in (m/kg), g is the dynamic viscosity

of the liquid phase, cs is the effective solids concentration in

kg dry cake/m3 filtrate,10 A is the filter area, Dp is the applied

pressure difference and b is the filter medium resistance. From

this equation the specific cake resistance can be calculated

based on experimental data allowing for the comparison of

suspension filterability. There are several assumptions under

which Eq. 8 has been derived. First, the feed suspension

concentration is assumed to be constant and sedimentation

does not occur. Then, liquid (with Newtonian rheology) is

flowing through the incompressible cake in a laminar way. A

direct consequence of these assumptions is that the cake height

increases proportionally to the filtrate volume obtained per

unit time. Finally all particles are assumed to deposit either on

the surface of the filter cloth or on the topmost layer of the

developing filter cake implying that particles do not enter the

filtrate stream. The relationship between the specific cake

resistance in m/kg (am) and in m�2 (av) is given by the

following equation7:

am ¼ aV
1

qs 1� eð Þ (9)

where qs is the solid’s density and e is the porosity.
This work is part of an industrially sponsored project. Pol-

ycrystalline particles with a roughly spherical shape were
identified in the industrial production of a secondary aro-
matic amine derivative, where filtrations problems are con-
sidered to be the major bottle neck. The striking similarity to
polycrystalline particles L-glutamic acid motivated a compar-
ative study of both these organic substances with respect to
crystallization from aqueous solutions14 and their filtration
behavior.15 To fulfil this task in a broader context a third,
inorganic substance had to be selected which could be pre-
cipitated as polycrystalline spheres. Calcium carbonate was
chosen as an inorganic counterpart crystallizing as particles
exhibiting polycrystalline features16 because of its impor-
tance in oil and gas industry where both precipitation phe-
nomena and solid-liquid separation are crucial for efficient
solid liquid-separation. The importance of calcium carbonate
furthermore resides in its wide occurrence, in nature, as an
important industrial product and problematic scaling mineral.

Filtration studies about calcium carbonate have been per-
formed and are reported in the literature, for example by
Wakeman and Tarleton8 concerning the calcium carbonate
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polymorphs aragonite and calcite. However to the author’s
knowledge there is not one single study about calcium car-
bonate concerning both the field of crystallization and filtra-
tion. This article is an attempt at bridging the gap between
crystallization and filtration of calcium carbonate. The ques-
tions treated in this article are listed in the following. First
the question is treated in which way calcium carbonate mor-
phology and the onset of nucleation affect suspension filter-
ability. For the industrial relevant aromatic amine compound
described in Refs. 14 and 15 it was not possible to crystal-
lize plate-like crystals in sufficient amounts for filtration
testing. Thus to study the filtration behavior of platelet-like
particles as compared to other particle shapes efforts were
undertaken to crystallize calcium carbonate exhibiting this
plate-like morphology. Needle-like and spherical particle
morphologies of L-glutamic acid were investigated according
to their filtration behavior in Ref. 15. To compare these par-
ticle morphologies with respect to their filtration behavior to
a system of another chemical compound it was also aimed
at producing these specific particle morphologies for cal-
cium carbonate. Other important questions treated in this
section are: what is the influence of crystal size on filtration
behavior? In what way do supersaturation, stirring speed
and calcium carbonate concentration affect crystal growth,
nucleation and as a consequence filtration behavior? To
investigate the answers to these questions batch and semi-
batch reaction crystallization experiments have been per-
formed at varying experimental conditions using both
seeded and unseeded strategies.

Experimental

Crystallization experiments

The crystallization experiments to produce different crys-
tal shapes and sizes of CaCO3 were carried out in stirred
aqueous solutions in a two 2 L stirred reactor, either in batch
experiments or semibatch experiments. The experimental set-
ups for both batch- and semibatch experiments are illustrated
in Refs. 17 and 18.

According to the procedure described in Ref. 17, adding
an aqueous solution of 0.2 M K2CO3 (1 L; Sigma-Aldrich,
�99%) to a stirred (2000 rpm) solution of 0.2 M (1 L)
Ca(CH3COO)2�H2O (Sigma-Aldrich, �99) at 30�C allowed
for the production of spherical seed crystals of the vaterite
polymorph (7–8 lm). These unseeded batch experiments
were performed at a temperature of 30�C to obtain a high
yield of spherical vaterite crystals. This becomes evident
from the work of Ogino et al.19 which shows that the ini-
tial composition of polymorphs arising from the amor-
phous precursor depends on the crystallization temperature.
The crystallization process was finished after 15 min to
avoid transformation of vaterite to a more stable poly-
morph. Crystallization was stopped by separating the crys-
tals from the aqueous solution by filtration. After filtration
the particles were washed with ethanol and then dried at
100�C.

The supersaturation ratio, S, defined by Eq. 10 was calcu-
lated by Eq. 11 for spherical vaterite crystals because these
particles were formed from initially forming amorphous cal-
cium carbonate.20

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aCa2þ aCO2�

3

Ksp

s
(10)

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksp; amorph

Ksp; vaterite

s
(11)

In Eqs. 10 and 11 a2þCa and a2�CO3 are the activity of cal-
cium- and carbonate ions, respectively, Ksp is the thermody-
namic solubility product, and Ksp, amorph and Ksp, vaterite are
the thermodynamic solubility products of amorphous calcium
carbonate and vaterite, respectively. The thermodynamic sol-
ubility product of the amorphous phase, Ksp, amorph, was cal-
culated by averaging the values given by Clarkson et al.21

and Brečević and Nielsen.20 The thermodynamic solubility
product of vaterite was taken from the article of Plummer
and Busenberg.22

Spherical vaterite particles of a larger size were grown by

adding seed crystals to a saturated (with respect to vaterite)

Na2CO3 solution (0.2 mol; Fluka, �99%), into which satu-

rated (also with respect to vaterite) CaCl2�2H2O-solution (0.2

mol; Fluka, �99%) was slowly added by a peristaltic pump.

Crystallization was performed at 30�C and at 2000 rpm in

those semibatch experiments. Two different procedures were
applied to increase the particle size. In procedure 1 seed crys-

tals produced in unseeded batch experiments were first

washed (ethanol) and dried. Then they were used (33 wt %

with respect to the expected final solid mass) as seed crystals

in a semibatch crystallization experiment. The product crys-

tals from this experiment were again washed, dried and used

as seed crystals (33 wt %) in the next semibatch experiment.
Several crystallization experiments were performed subse-

quently by this procedure. This stepwise crystallization

allowed for increasing the particle size. Calcium ions were

added by an addition rate of 0.1 and 0.2 mol/h in those experi-

ments. In procedure 2 the amount of seed crystal which were

produced in unseeded batch experiments was lowered to val-
ues below 33 wt % in a one-step procedure. For experiments

of procedure 2 the pumping rate was 0.75 mol/h.
Particles of calcite which were roughly cube-shaped were

crystallized at 10�C by adding Na2CO3 (0.2 M) instantane-
ously to a solution made of 0.2 M CaCl2�2H2O and stirring at
300 rpm for 22 h. Crystallization of calcite at room tempera-
ture by transformation of the vaterite polymorph would be
another way to produce cube-shaped particles of calcite, but
the unwanted extent of agglomeration is much higher at that
temperature. Therefore a lower temperature of 10�C has been
chosen to produce approximately cube-shaped calcite par-
ticles. Plate-like particles of calcite were crystallized by add-
ing 0.2 L of a solution containing 0.2 mol CaCl2 and 1.2 mol
LiCl (Sigma-Aldrich, �99) instantaneously to 1.8 L of a solu-
tion containing 0.2 mol of Li2CO3 (Merck, �99). The crystal-
lization temperature was 45�C, crystallization time was 64 h
and the stirring speed was set to 2000 rpm. Needle-shaped
particles of aragonite were crystallized by feeding 0.2 mol of
CaCl2�2H2O to 0.2 mol of Na2CO3 within 8.5 h at 90�C at a
stirring speed of 500 rpm. A high temperature of 90�C was
chosen as it yields nearly pure aragonite. After each crystalli-
zation experiment the crystal suspension was filtered, after-
wards it was washed with ethanol and then dried at 100�C.
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To investigate the influence of the addition rate and super-
saturation ratio on the nucleation and filtration behavior of
vaterite the addition rate of calcium ions was varied between
0.75 mol/h and 102.86 mol/h (direct addition without pump)
in semibatch experiments performed at 30�C and 2000 rpm.
The crystallization was finished directly after the calcium
ions containing solution was added (0.75 mol/h) or 15 min
after the completed addition in the experiment with 102.86
mol/h feed rate, respectively. For the seeded semibatch
experiment performed at 0.75 mol/h the initial supersatura-
tion, S0, was estimated from the second order growth rate
relationship23 (Eq. 12) assuming that neither crystal nuclea-
tion nor aggregation occurs.

G ¼ kg S� 1ð Þ2 (12)

On the basis of the given growth rate constants in Ref. 23,
Eq. 13 which expresses the integrated form for the activation
energy, Ea,

23,24 and the universal gas constant, R, the growth
rate constant, kg, at 30

�C was calculated to be 0.56 nm/s.

Ea ¼ RT1 T2
T2 � T1

ln
kg;2
kg;1

(13)

The initial growth rate, G0, was computed by the follow-
ing general equation for the growth rate, G, which expresses
the change in the particle radius with time:

G ¼ Dr
Dt

(14)

With the help of the total particle volume, Vs, and the
total number of particles, N, both measured with the Coulter
Counter Multisizer III (Beckman Coulter), the sphere radius,
r, could be calculated:

r ¼
ffiffiffiffiffiffiffiffiffiffiffi
3Vs

4pN
3

r
(15)

Particle suspension (1–3 mL) was diluted with �200 mL
saturated aqueous solution before Coulter Counter Multi-
sizer measurements were carried out. Saturated solution
was produced by dissolving and stirring vaterite particles
(amount in excess to solubility) in an aqueous solution con-
taining 0.15 M NaNO3. After around 1 hour, the suspen-
sion was filtered with a filter of 0.22 lm pore size. The fil-
tered solution was then used to dilute samples from the
performed crystallization experiments to measure particle
size distributions.

The influence of the CaCO3 concentration on the crystal
and filtration properties was investigated at 30�C and 2000

rpm for 0.1 and 0.2 mol CaCO3/L. The influence of the stir-

ring speed was investigated for the calcite polymorph of cal-

cium carbonate at a temperature of 30�C. Cube-shaped crys-

tals were obtained by adding 0.2 M Na2CO3 instantaneously

to 0.2 M of CaCl2�2H2O at this temperature. The stirring
speed was varied between 300 and 2000 rpm in and average

specific cake resistance values were determined after the

crystallization process.

After each of the above mentioned crystallization experi-
ments the crystal suspension was filtered, and subsequently
washed with ethanol and dried at 100�C. Scanning electron
microscopy (Zeiss Ultra 55 Limited Edition) and X-ray pow-
der diffraction (Siemens, D-5005 X-Ray) were used to inves-
tigate polymorphism and crystal morphology. To find the
polymorphic abundance of the calcite polymorph by means
of XRD the peak height of the calcite peak at a 2H value of
29.5 was compared. The experimentally determined XRD-
spectra of vaterite, aragonite and calcite are shown in
Ref. 17.

Filtration experiments

Before each filtration experiment 15 g of dried crystalline
substance was suspended in 350 g of pure ethanol. Ethanol
was chosen as solvent rather than water due the lower boil-
ing point allowing for short drying times, and because the
solubility of calcium carbonate is negligible in ethanol. The
particle size distribution was determined by the Coulter
Counter Multisizer III (Beckman Coulter) and the chord
length distribution was determined by focused beam reflec-
tance measurements (FBRM) (Mettler Toledo, M300) oper-
ated in the fine resolution mode at a scanning speed of 2 m/
s. The Sauter mean diameter D32 was obtained from the size
distributions (Coulter Counter) by means of Eqs. 3 and 4
subsequent to dilution of 1–3 mL suspension in 200 mL sat-
urated solution. The standard deviation, sPSD, and the coeffi-
cient of variation, cv, for the particle size distributions (PSD)
were calculated according to Eqs. 16 and 17.

sPSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Di � D32ð Þ2 As; i

� �
P

As; i

� �
vuut

(16)

where Di is the mean size of particles in the size interval i and
As,i is the surface area of particles within the size range i.

cv ðCoulterÞ ¼ sPSD
D32

(17)

The mean chord length, Lm, the standard deviation of the
chord length distribution, sCld, and the coefficient of varia-
tion, cv, were calculated according to Eqs. 18–20.

Lm ¼
P

Mi yið ÞP
yið Þ (18)

where Mi is the midpoint chord lengths and yi is the number of
counts/s, y, per interval, i:

sCld ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Mi � Lmð Þ2 yi

� �
P

yið Þ

vuut
(19)

cvðFBRMÞ ¼ sCld
Lm

(20)

The suspensions were filtered at 20�C and Dp ¼ 2 bar
pressure difference in a 1-L pressure Nutsche (BHS, TMG
400) with A ¼ 20 cm2 filter area. Filtrate volume, V, and
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filtration time, t, were recorded every 0.2 s by a data collec-
tion program. The cake porosity, e, was calculated based on
the cake height, h, measured after the filtration experiment,
the dry solid mass and the theoretical value for the solid’s
density, qs, of the respective polymorph of calcium carbon-
ate (qs,vaterite ¼ 2.67 g/cm3 (from Kralj et al.25); qs,aragonite ¼
2.93 g/cm3 (Nývlt and Ulrich, 199526), qs,calcite ¼ 2.71
g/cm3) according to Eq. 21.

e ¼
A h� ms

qs

A h
(21)

The dynamic viscosity, g, was determined for pure ethanol
and the effective solids concentration, cs, in kg per m3 fil-
trate was determined according to Eq. 228

cs ¼ ql=
1

s
� 1þ ql

qs

e
1� eð Þ

� �� �
(22)

where ql or qs are the density of the liquid or solids,
respectively, e is the cake porosity and s is the mass fraction of
solids in the feed suspension.

After combination of Eqs. 8 and 9 the specific average
cake resistance could be calculated from the slope of the
plot V-t/V and the following equation:

t

V
¼ aV

g cs
2 A2Dp

1

qs 1� eð Þ V þ g b
A Dp

(23)

Equation 7 which is derived from the Carman-Kozeny
equation was used to illustrate the effect of the particle size
on suspension filterability of spherical particles. Equation 7
was then also used in rearranged form (Eq. 24) to illustrate
the effect of crystal size and shape on the specific average
cake resistance aV.

a�0:5
V ¼ W D32

ffiffiffiffi
e3

p
� 1=6

1� eð Þ ffiffiffiffi
C

p (24)

In this equation, C is the Carman-Kozeny constant, w is
the shape factor, e is the porosity and D32 is the Sauter mean
diameter. Although not based on mechanistic reasoning the
Sauter mean diameter was also replaced by the mean chord
length, Lm, (Eqs. 7 and 24) to demonstrate the relationship
between the measured cake resistance values and FBRM
measurements.

After filtration the crystals were dried at 100�C and resus-
pended in ethanol, the particle size and chord length distri-
butions were measured before these crystals were filtered
again in the next filtration experiment. This cycle of drying,
resuspending, measuring particle characteristics and filtration
was repeated three times for all crystal types.

Results and Discussion

Influence of crystal shape and nucleation on filtration
behavior

Crystallization. It was possible to crystallize spherical
particles of the vaterite polymorph by adjusting the tempera-

ture to 30�C during the crystallization experiments (particles
from this experiment exp. CaCO3 1 are shown later in the
section ‘‘Influence of Initial CaCO3 Concentration on Filtra-
tion Behavior’’). Analysis by means of XRD has identified
the spherical particles as the vaterite polymorph of calcium
carbonate and has revealed that less than �5% of calcite nu-
cleate and grow along with the vaterite polymorph (see also
Ref. 18). Different size classes of spherical vaterite were
obtained by the two seeding strategies (procedure 1 and 2)
presented in the experimental section. Figure 1a shows
spherical crystals of vaterite which were produced by the
growth of 33 wt % seed crystals of D32 ¼ 7 lm by adding
0.2 mol Ca2þ in the course of 1 hour (exp. CaCO3 2). It can
be seen from Figure 1a that the level of nucleation of new
crystals is very small in this experiment. For higher addition
rates of 0.75 mol Ca2þ/h the nucleation rate was found to be
low in all experiments in which seed crystals (according to
procedure 1) of sizes (D32) 9.6 lm and lower were used. As
a further example, Figure 1b shows crystals grown from
crystal seeds with a mean size of approximately D32 ¼
9.6 lm. When the size of the seed crystals is further

Figure 1. Vaterite crystals grown at 30�C at 2000 rpm
at an addition rate of 0.2 mol/h Ca21 from
seed crystals (33 wt %) with a Sauter mean
diameter of (a) 7 lm (in exp. CaCO3 2) and (b)
D32 5 9.6 lm (in exp. CaCO3 3).
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increased, the specific surface area of the crystals decreases
which leads to the onset of nucleation. Significant nucleation
could be observed in exp CaCO3 7 which can be seen from
Figure 2 showing crystals originating from crystal seeds with
a mean size of D32 ¼ 23.3 lm. Though for sparingly soluble
salts secondary nucleation is normally marginal as compared
to primary nucleation,27 the secondary nucleation mechanism
could play a role in experiments in which larger crystal sizes
are observed. In Figure 3 size distributions of particles from
exp. CaCO3 2 measured before subsequently performed fil-
tration experiments are compared to crystals from exp.
CaCO3 7. Besides Figure 2 also the size distribution of par-
ticles from CaCO3 7 indicates a larger number of smaller
crystals nucleating and growing during the crystallization
experiment. Crystals from this experiments (Table 1) show
also a decreased mean size (D32 ¼ 22.03 lm) as compared
to crystals from exp. CaCO3 6 (D32 ¼ 23.33 lm). FBRM
measurements, on the other hand, show a reduction in the
mean chord length already for exp. CaCO3 6.

The particle size distribution for exp. CaCO3 2 shows a
more uniform shape supporting the conclusion drawn from
Figure 1a that calcium and carbonate ions are only con-
sumed by the growing crystals and not by nucleation of new
particles.

Chord length distributions which were measured by
FBRM (Figure 4) do not reflect the observed width of the
size distribution as measured by in the Coulter Counter. This
may be attributed to a lower sensitivity of the FBRM meas-
urements for particles in the investigated CaCO3 system.
Also the coefficient of variation extracted from the FBRM
chord length distributions indicates a lower sensitivity as
compared to Coulter Counter measurements as seen from the
results shown in Table 1. Thus the interpretation of the filtra-
tion results is in the following mainly based on the results
obtained from the Coulter Counter measurements.

When the amount of seed crystals is reduced from 33 to 9
wt % in procedure 2 only a small increase in the amount of
freshly nucleated crystals can be observed. Accordingly the
product crystal size increases due to the lower crystal surface
area per unit mass when using lower seed crystal amounts.
At a seed amount of 1 wt %, however, the magnitude of
nucleation is significant.18 XRD-analyis showed that the
nucleating polymorph in this case is not vaterite, as could be
expected from the other experiments performed with vaterite
seeds, but calcite. In the case 1 wt % seed crystals were
used secondary nucleation is not supposed to play a signifi-
cant role since the crystal structure of the nucleating poly-
morph is different from that of the seed crystals. Filtration
experiments are not shown for this experiment because of
the observed mixture of shapes.

Figure 2. Vaterite crystals (exp. CaCO3 7) originating
from crystal seeds (33 wt %) with a mean
size of D32 5 23.3 lm grown at an addition
rate of 0.1 mol/h Ca21 at 30�C and 2000 rpm.

Figure 3. Coulter Counter Multisizer size measure-
ments of vaterite crystals obtained from seed
crystals with D32 5 7.0 lm (in CaCO3 2) and
D32 5 23.3 lm (in CaCO3 7) at a seed crystal
amount of 33 wt %.

Table 1. Crystal Characteristics of Selected Experiments of Spherical, Needle-Like, Plate-Like and Spherulitic, Cube-Like
Particles Measured Before Filtration Testing

Experiment
Feed Rate
fr (mol h�1)

Sauter Mean
Diameter D32 (lm)

Mean Chord
Length Lm (lm)

Coefficient of
Variation cv (Coulter) (---)

Coefficient of
Variation cv (FBRM) (---)

CaCO3 2 0.2 9.61 � 0.08 13.08 � 0.03 0.19 � 0.02 0.79 � 0.00
CaCO3 3 0.2 13.22 � 0.04 14.94 � 0.08 0.13 � 0.00 0.78 � 0.00
CaCO3 5 0.1 22.20 � 0.11 22.14 � 0.25 0.32 � 0.01 0.67 � 0.00
CaCO3 6 0.1 23.33 � --- 21.54 � --- 0.45 � --- 0.73 � ---
CaCO3 7 0.1 22.03 � --- 21.06 � --- 0.48 � --- 0.76 � ---
CaCO3 8 (plates) --- 14.27 � 0.09 18.42 � 0.21 0.28 � 0.00 0.81 � 0.01
CaCO3 9 (cubes) --- 16.18 � 0.33 19.70 � 0.26 0.24 � 0.00 0.74 � 0.01
CaCO3 10 (needles) --- 17.16 � 1.47 12.88 � 0.49 0.41 � 0.01 0.92 � 0.00

Exp. CaCO3 4 is not shown.
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According to the experimental procedures described in ex-
perimental section it was possible to produce the calcite
polymorph in different morphologies. The calcite morphol-
ogy (Figure 5) which is also shown in Ref. 18 has, to the
author’s knowledge, not been shown before in the literature.
The plate-like morphology with hexagonal features could
only be obtained under the influence of significant levels of
Liþ. The spherulitic, cube-shaped crystals of calcite are
shown in Figure 6. Precipitation at room temperature
resulted in smooth calcite polyhedra, but the unwanted
extent of agglomeration is much higher at that temperature.
Needle-shaped particles (Figure 7) could be obtained at low
supersaturation and high temperature. In this experiment,
low supersaturation during the crystallization process was
obtained by a slow addition of Ca2þ. In Figure 8 the particle
size distributions (Coulter Counter Multisizer III) of the
investigated particle morphologies of calcium carbonate are
displayed.

Filtration. The influence of the Sauter mean diameter,
D32, on the specific average cake resistance av is illustrated
in Figure 9 for spheres of vaterite obtained by procedure 1
and 2 (black solid line) with a coefficient of variation cv
(Coulter Counter) lying between the limits of 0.13 and 0.19
and a porosity of e ¼ 0.53 to 0.59. Limits for the coefficient
of variation and the porosity were chosen as both parameters
supposedly also affect the magnitude of the Carman-Kozeny
constant. The examples exp. CaCO3 2 and exp. CaCO3 3
show that spherical particles with a Sauter mean diameter of
9.61 lm (see also Table 1) lead to higher values for the av-
erage specific cake resistance (av ¼ 5.7 � 1012 m�2; see Ta-
ble 2) than particles of D32 ¼ 13.22 lm (av ¼ 2.9 � 1012

m�2). Exp. CaCO3 2 and exp. CaCO3 3 constitute a part of
the underlying filtration results displayed in Figure 9 to-
gether with experiments produced by procedure 1 and 2
which are lying within the specified limits for the porosity
and the coefficient of variation. From the illustration in this
figure [data points from (2) to (3)] it can be seen that a
decrease in the Sauter mean diameter, D32, leads to worse
filterability as can be seen from the increase in av. The devi-
ation from the behavior predicted by theoretical calculations
based on mono dispersed spheres (ideal spheres, dotted grey

line in Figure 9) for which the shape factor w equals 1 can
be seen from the rise in the factor C/w2 from 5 in the ideal
case7–9 to 9.4. The value of 9.4 was calculated from the

Figure 4. FBRM measurements of vaterite crystals
obtained before the filtration experiments.

The crystallization experiments were performed with seed
crystals of D32 ¼ 7.0 lm (CaCO3 2) and D32 ¼ 23.3 lm
(CaCO3 7).

Figure 5. Crystals of calcite from exp. CaCO3 8: plate-
like particles produced at 45�C in the pres-
ence of Li1 at a magnification of (a) 800 and
(b) 1600.

Figure 6. Crystals of calcite from exp. CaCO3 9: spher-
ulitic, cube-like particles produced at 10�C.
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slope of the regression line for all data points between the
points marked with (2) and (3) in Figure 9.

Although there is no theoretical foundation for the connec-
tion between Lm and the cake resistance, the aforementioned
results can be confirmed (Figure 10): the specific average
cake resistance increases with decreasing size. In case of the
FBRM measurements, however, the particle size information
is represented by the mean chord length, Lm.

First, the increase in C/w2 for the investigated crystals can
be explained by the fact that the particles exhibit a size dis-
tribution instead of a uniform size which increases the value
of C. Second, deviations with regard to the perfectly spheri-
cal shape lead to a decrease in the shape factor w and there-
fore play a role in increasing the term C/w2 which accounts
for the decreased filterability. The specific cake resistance
value for each performed experiment has been recalculated
(Eq. 7) for a porosity of e ¼ 0.58 and the results are shown
in Figure 11 based on Eq. 24. The filtration results of spheri-
cal crystals of vaterite illustrated in Figure 9 are also shown
in the illustrations of Figure 11. Included in this figure are
furthermore results of filtration experiments performed with
spherical crystals exhibiting wider size distributions. The

coefficient of variation of the experiments CaCO3 5, exp.
CaCO3 6 and exp. CaCO3 7 are cv ¼ 0.32, cv ¼ 0.45, and
cv ¼ 0.48 (Table 1). Comparing exp. CaCO3 5 with exp.
CaCO3 6 the mean size increases from D32 ¼ 22.2 lm to
D32 ¼ 23.3 lm in exp. CaCO3 6. However the measured
specific cake resistance value does not decrease significantly
as would be expected considering the increase in the Sauter
mean diameter. Introducing large crystal seeds of D32 ¼
23.3 lm in exp. CaCO3 7 even yields product crystals of
smaller particle size (D32 ¼ 22.03 lm) comparable to the
size of crystals from exp. CaCO3 5. The particle size reduc-
tion has been explained by the onset of significant nucleation
throughout the crystallization experiment. It is proposed that
both the decrease in D32 (exp. CaCO3 6 and exp. CaCO3 7)

Figure 7. Aragonite polymorph of CaCO3 crystallized
as needle-shaped particles at 90�C by slowly
adding Ca21 ions to a solution containing
CO2�

3 ions (exp. CaCO3 10).

The magnification is 800 in (a) and 1600 in (b).

Figure 8. Results of Coulter Counter measurements of
plate-like, cube-shaped, and needle-like crys-
tals obtained before filtration testing.

For all particle morphologies three particle size distributions
are shown which are resulting from measurements per-
formed before each of the subsequently carried out filtration
experiments.

Figure 9. Average specific cake resistance av as a
function of the porosity e and the Sauter
mean diameter D32 for spherical crystals of
the vaterite polymorph of CaCO3 obtained by
procedure 1 and 2.

Experiments shown in this figure exhibit a coefficient of
variation of 0.13–0.19 and a porosity of 0.53–0.59. The
black solid line represents a linear fit of the displayed
results. The plot based on the Carman-Kozeny equation
shows that the specific cake resistance increases with
decreasing Sauter mean diameter, and with decreasing
porosity.
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as well as the increasing width of the size distribution (exp.
CaCO3 5 as compared to exp. CaCO3 7) reduce the filterabil-
ity of the investigated crystal suspensions (Table 2). The
larger width of the size distribution for exp. CaCO3 7
coheres with a larger value for the term C/w2 being 22.6 for
exp. CaCO3 5 and 35.5 for exp. CaCO3 7. Thus these results
show that filterability decreases due to crystal nucleation
when the seed crystal size exceeds a certain value. Table 2
also shows that the porosity is not significantly different
when comparing experiments CaCO3 2-CaCO3 7. This
means that the width of the size distribution does not affect
porosity to a large extent in these experiments, as would for
example be the case if smaller particles were migrating into
larger pores within the filter cake. It can therefore be pro-
posed that the observed deterioration of suspension filterabil-
ity as a consequence of a broader size distribution is mainly
caused by a change of the flow pattern within the filter cake
which affects the Carman-Kozeny constant.

On the other hand the obtained results (Tables 1 and 2)
show that suspension filterability increases with increasing
seed crystal size unless a certain seed crystal size at which
significant nucleation occurs is reached. The increase of fil-
terability with increasing seed size can be explained by a
lower number of particles on which surface calcium carbon-
ate can grow when large seed crystals are used.

The close distance of the measurement points for spheru-
litic cubes (exp. CaCO3 9) to the trendline of vaterite
spheres (Figure 11) shows that the filterability of spheres
and cubes is in the same range. This is also shown by the
term C/w2 which was calculated to be 14.9 for cube-like

crystals (Table 2). Plate-like crystals of exp. CaCO3 8 give a
value of 40 for C/w2 indicating low filterability. The higher
value of C/w2 for plates as compared to spheres can be
explained by a lower value for the shape factor w in this
case due to the high specific surface area of plate-like par-
ticles.8

For needle-like crystals of exp. CaCO3 10 C/w2 was found
to be highest (C/w2 ¼ 83.6). Qualitatively, the higher value
of C/w2 as compared to spherical particles of CaCO3 can be
explained by a larger surface area (lower w) of the needles.
However, the fact that C/w2 is higher for needles than for
plates which exhibit a lower value for the shape factor w
than needles8 supports the suggestion that also C is increased
in case of needle-like crystals. First, the large coefficient of
variation of 0.41 for needles indicates that the width of the
size distribution increases the constant C. Second, fibrous
particles with a high aspect ratio have been reported to ball
up or mat on the filter cloth during filtration, possibly lead-
ing to higher cake resistance values.8 And finally, also poros-
ity which is comparatively high for the investigated needle-
like crystals may play a role as for the constant C. Beck
et al.15 have also shown that the cake resistance of needle-
like crystals of L-glutamic acid is higher than for polyhedral
crystals with approximately the same mean chord length.
The high standard deviation in the measured mean diameter
D32 (Figure 11) furthermore indicates that the investigated
needle-like crystals are susceptible to breakage which leads

Table 2. Filtration Characteristics of the Experiments Shown in Table 1

Experiment Porosity e (---) Cake Resistance am (m kg�1) Cake Resistance av (m
�2) Constant C/W2 (---)

CaCO3 2 0.54 � 0.00 4.6 � 109 � 7.7 � 108 5.7 � 1012 � 9.0 � 1011 10.8
CaCO3 3 0.53 � 0.01 2.3 � 109 � 2.3 � 108 2.9 � 1012 � 3.4 � 1011 9.0
CaCO3 5 0.57 � 0.04 1.4 � 109 � 8.4 � 107 1.6 � 1012 � 3.5 � 1010 22.6
CaCO3 6 0.54 � 0.00 1.6 � 109 � --- 2.0 � 1012 � --- 22.2
CaCO3 7 0.54 � 0.00 2.8 � 109 � --- 3.4 � 1012 � --- 35.5
CaCO3 8 (plates) 0.70 � 0.01 2.2 � 109 � 2.3 � 108 1.8 � 1012 � 1.5 � 1011 40.0
CaCO3 9 (cubes) 0.65 � 0.01 9.8 � 108 � 2.6 � 108 9.4 � 1011 � 2.6 � 1011 14.9
CaCO3 10 (needles) 0.86 � 0.01 8.2 � 108 � 4.5 � 108 3.4 � 1011 � 2.2 � 1011 83.6

Figure 10. Average specific cake resistance av as a
function of the porosity e and the mean
chord length Lm for spherical crystals of the
vaterite polymorph of CaCO3.

Figure 11. Average specific cake resistance as a func-
tion of the Sauter mean diameter D32 for
spherical particles of CaCO3 of different
sizes (2-3) and distributions (CaCO3 5-
CaCO3 7), plates (CaCO3 8), cubical particles
(CaCO3 9) and needles (CaCO3 10), recalcu-
lated for a porosity of e 5 0.58.
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to comparatively higher values for the cake resistance of
needles. Table 2 shows that the high value for C/w2 for nee-
dles is often overshadowed by a high cake porosity associ-
ated with this particle morphology shifting the measured
cake resistance to comparably low values. However, the high
cake porosity of needle-like crystals involves also longer
drying times which makes this particle morphology industri-
ally less attractive.

As opposed to needle-like crystals, the standard deviation
of D32 for the other shapes is very low indicating (Table 1)
that breakage of spherical, cubical and plate-like crystals due
to filtration is negligible. Beck et al.15 have previously
shown that spherical particles of other substances, like L-glu-
tamic acid, give rise to high filtration resistance due to parti-
cle compressibility. This is not observed for the vaterite
spherulites. Particle compressibility due to disintegration, to-
gether with a higher value for the coefficient of variation
(FBRM) may be an explanation for the fact that the specific
cake resistance value is higher for aromatic amine ([2.4 �
109 m/kg) and L-glutamic acid (2.0 � 1010 m/kg) spherulites
than for spherical particles from experiment CaCO3 5 (1.4 �
109 m/kg) with comparable mean chord length.

In Figure 12 the filtration results presented in Figure 11 are
shown, however in dependence of the mean chord length, Lm,
as measured by FBRM. Although there cannot be established
a theoretical foundation for the connection between Lm and
the cake resistance by means of Eq. 7, many of the aforemen-
tioned results can be confirmed: needles and plates show
worse filterability than spheres (points 2-3) and nucleation
leads to a decrease in filterability (exp. CaCO3 5, 6, and 7).
This shows that FBRM can be used as a predictive tool for fil-

tration for the investigated size and shape variation performed
in this study. However unexpectedly, the difference of the
measured mean chord length values of various experiments is
measured to be smaller than for the Coulter Counter measure-
ments. This may be explained by the different measurement
approaches used for these techniques such as sample dilution
before the Coulter Counter measurements.

Influence of feed rate and supersaturation on filtration
behavior

Spherical vaterite seed crystals were grown both at low
(0.75 mol/h) and high feed rate (102.9 mol/h) of calcium

Figure 12. Average specific cake resistance as a func-
tion of the mean chord length Lm for spheri-
cal particles of CaCO3 of different sizes (2-3)
and distributions (CaCO3 5-CaCO3 7), plates
(CaCO3 8), cubical particles (CaCO3 9) and
needles (CaCO3 10) recalculated for a po-
rosity of e 5 0.58.

Figure 13. Vaterite crystals grown from seed crystals
(33 wt %) at 30�C at 2000 rpm at an addition
rate of (a) 0.75 mol/h Ca21 (exp. CaCO3 11)
and (b) 102.9 mol/h Ca21 (exp. CaCO3 12) to
a solution containing CO2�

3 ions and seed
crystals.

Table 3. Crystal Characteristics for Spherical Vaterite Crystals Grown From Seed Crystals at Low and High Feed Rate

Experiment
Supersaturation
Ratio S (---)

Feed Rate
fr (mol h�1)

D32 for Seed
Crystals (lm)

D32 for Product
Crystals (lm)

D32 for
Crystals Before
Filtration (lm)

Lm for
Crystals Before
Filtration (lm)

Coefficient of
Variation

cv (Coulter)

Coefficient of
Variation
cv (FBRM)

CaCO3 11 3.0 0.75 8.05 10.92 11.04 � 0.09 13.49 � 0.07 0.19 � 0.01 0.80 � 0.00
CaCO3 12 S[3.0 102.86 7.89 9.59 9.36 � 0.09 11.57 � 0.15 0.31 � 0.00 0.79 � 0.01

116 DOI 10.1002/aic Published on behalf of the AIChE January 2012 Vol. 58, No. 1 AIChE Journal



ions to a saturated solution containing carbonate ions and
crystals seeds. The results of these experiments are shown in
Figure 13a (exp. CaCO3 11) and Figure 13b (exp. CaCO3

12). In Figure 13b it can be seen that the number of freshly
nucleated vaterite crystals is significant in experiment exp.
CaCO3 12 in which the feed rate was set to a high value.
The onset of significant nucleation throughout the crystalli-
zation process of this experiment can be explained by a
higher supersaturation ratio associated with the high feed
rate. The supersaturation ratio is thus significantly larger in
exp. CaCO3 12 than S ¼ 3 calculated for exp. CaCO3 11.
Nucleation of crystals in exp. CaCO3 12 also influences the
measured particle size, mean chord length and coefficient of
variation. Table 3 shows that D32, Lm are lower whereas cv
(Coulter Counter) is larger for exp. CaCO3 12. The coeffi-
cient of variation from the FBRM measurements is only
insignificantly higher for exp. CaCO3 12, but as mentioned
before this is attributed to a lower sensitivity of the FBRM
measurements in this particle system. The influence of the
crystal properties displayed by the crystals produced in
exp. CaCO3 11 and exp. CaCO3 12 are illustrated in Table
4. This table clearly shows that nucleation of crystals
throughout the crystallization process leads to higher values
for the cake resistance. The increase in the average specific
cake resistance is caused by the lower product crystal size
of exp. CaCO3 12 and the wider size distribution (larger
cv) which increases the term C/W2. The experiments show
that it is crucial to control the level of supersaturation dur-
ing the process of crystallization so as to guarantee good
filtration behavior in the subsequent solid-liquid separation
stage. This observation is in accordance with Mullin who
shows24 that increasing the supersaturation leads to an
increase in both the nucleation and crystal growth rate. At
a high supersaturation, nucleation of new crystals dominates
over crystal growth. The consequence of this is that high
supersaturation levels lead to small crystals, normally also
exhibiting a broad particle size distribution. Scientific con-
tributions dealing with the control of supersaturation and
crystallization processes in general, can be found in Refs.
28–35.

Influence of initial CaCO3 concentration on filtration
behavior

Spontaneous precipitation experiments of calcium carbon-
ate were performed at low (0.1 mol CaCO3/L) and high cal-
cium carbonate concentration (0.2 mo/L). The results of
these experiments are shown in Figure 14a (exp. CaCO3 1
and Figure 14b (exp. CaCO3 13). Comparing these figures it
becomes evident that vaterite crystals are smaller when the
initial calcium carbonate concentration is comparably high.
Both Coulter Counter and FBRM measurements verified the
smaller particle size of crystals precipitated at higher cal-
cium carbonate concentration (Table 5). The supersaturation

ratio is S ¼ 7.1 in both experiments since the vaterite
spheres crystallized from the amorphous precursor compound
(see Experimental Section). The reason for the smaller parti-
cle size of crystals obtained in exp. CaCO3 13 may be
accounted for by a higher heterogeneous nucleation rate for
vaterite due to a larger amount of amorphous precursor sub-
stance. The coefficient of variation (Coulter Counter) is
slightly higher for particles from exp. CaCO3 13 (cv ¼ 0.32)
as compared to exp. CaCO3 1 (cv ¼ 0.29). The average spe-
cific cake resistance is found to be higher for particles pro-
duced at higher calcium carbonate concentration (av ¼ 1.5
� 1013 m�2) than for crystals from exp. CaCO3 1 (av ¼ 9.9
� 1012 m�2). These findings can be explained by the lower

Table 4. Filtration Characteristics for Spherical Vaterite Crystals Grown From Seed Crystals at Low and High Feed Rate

Experiment Porosity e (---) Cake Resistance am (m kg�1) Cake Resistance av (m
�2) Constant C/W2 (---)

CaCO3 11 0.56 � 0.00 2.7 � 109 � 3.3 � 108 3.2 � 1012 � 3.6 � 1011 9.9
CaCO3 12 0.61 � 0.01 6.5 � 109 � 2.7 � 108 6.8 � 1012 � 4.1 � 1011 24.5

Figure 14. Vaterite crystals grown from the amorphous
precursor phase at a temperature of 30�C at
2000 rpm.

The crystallization time was 15 min. The calcium carbon-
ate concentration was 0.1 mol/L in (a) (exp. CaCO3 1),
and 0.2 mol/L in (b) (exp. CaCO3 13).
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Sauter mean diameter and mean chord length, and slightly
higher C/W2 (see Table 6) of particles precipitated in exp.
CaCO3 13.

Influence of stirring speed on filtration behavior

Unlike spherulitic, cube-shaped crystals of calcite which
are shown in Figure 6, the cubical calcite particles shown in
Figure 15 are produced at a higher temperature (30�C) which
results in a comparably smoother morphology. However the
extent of aggregation is much higher at 30�C. As a compari-
son to the crystals depicted in Figure 15, the following figure
(Figure 16) shows how larger calcite cubes have grown
along with nucleated smaller sized cubes in experiment exp.
CaCO3 15 which was performed at 2000 rpm. The onset of
nucleation at 2000 rpm is converse to the observations made
for vaterite grown at the same temperature of 30�C and may
therefore be accounted for by differences in the nucleation
behavior of the polymorphic forms. XRD-analysis showed
that the resulting crystals in exp. CaCO3 14 and exp. CaCO3

15 are 100% calcite.
Coulter Counter size measurements, illustrated in Figure

17 verify the onset of nucleation at high agitation speeds.
Nucleation of crystals in exp. CaCO3 15 during the crystalli-
zation process also influences the measured particle size,
mean chord length and coefficient of variation. Table 7
shows that D32, Lm are lower whereas cv is larger for exp.
CaCO3 15. Table 8 indicates that nucleation of crystals
throughout the crystallization process leads to higher values
for the cake resistance. The increase in the average specific
cake resistance is caused by the lower product crystal size of
exp. CaCO3 15 and the wider size distribution (larger cv)
which influences the average cake porosity to decrease from
0.69 in exp. CaCO3 14 to 0.49 in CaCO3 15. The experi-
ments show that it is crucial to find an appropriate agitation
speed throughout the crystallization process to account for
good solid-liquid separation.

Summary and Conclusions

In stirred reaction crystallization experiments of calcium
carbonate in aqueous solutions the temperature, supersatura-
tion, seeding procedure and other parameters were varied to

control particle size, size distribution and morphology of the
particles. The effects of these particle characteristics on fil-
tration behavior were tested in lab-scale cake filtration
experiments performed at a constant pressure difference of
2 bar.

Crystals of CaCO3 could be crystallized as spherical poly-
crystalline particles of the vaterite polymorph, needle-like
crystals of aragonite and both cube-like and novel plate-like
crystals of calcite. The mean diameter and the size distribu-
tion of vaterite spherulites were varied by applying seeding
strategies in semibatch experiments. Thereby, saturated solu-
tions of Ca2þ were pumped in to saturated solutions of
CO2�

3 including seed crystals. By changing the amount and
size of the seed crystals, and the supersaturation ratio it was
possible to control crystal size, and the width of the size dis-
tribution by allowing for crystal nucleation. The crystals
were resuspended in ethanol, filtered, and then the specific
average cake resistance was calculated to describe the filter-
ability of the crystal suspensions. Assuming applicability of
the Carman-Kozeny equation the filterability was found to

Table 5. Crystal Characteristics for Spherical Vaterite Crystals Grown at Low and High Initial Calcium Carbonate
Concentration at S 5 7.1

Experiment

Concentration of
CaCO3 cCaCO3

(mol/l)

Sauter Mean Diameter
D32 for Crystals Before

Filtration (lm)

Mean Chord Length
Lm for Crystals Before

Filtration (lm)

Coefficient of
Variation

cv (Coulter) (---)

Coefficient of
Variation cv
(FBRM) (---)

CaCO3 1 0.1 6.99 � 0.01 9.63 � 0.03 0.29 � 0.00 0.81 � 0.01
CaCO3 13 0.2 6.03 � 0.00 8.38 � 0.07 0.32 � 0.00 0.79 � 0.01

Table 6. Filtration Characteristics for Spherical Vaterite Crystals Grown at Low and High Initial Calcium Carbonate
Concentration at S 5 7.1

Experiment Porosity e (---) Cake Resistance am (m kg�1) Cake Resistance av (m
�2) Constant C/W2 (---)

CaCO3 1 0.62 � 0.01 9.7 � 109 � 2.6 � 108 9.9 � 1012 � 4.9 � 1011 21.7
CaCO3 13 0.63 � 0.00 1.5 � 1010 � 5.1 � 108 1.5 � 1013 � 4.6 � 1011 26.8

Figure 15. Calcite crystals grown from the metastable
vaterite polymorph at a temperature of 30�C
at 300 rpm (exp. CaCO3 14).

The crystallization time was 22 hours.
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be higher for spherical crystals of CaCO3 with C/w2 ¼ 9
than for ideal spheres (C/w2 ¼ 5). This deviation from the
ideal case can be attributed to the fact that spherical particles
of CaCO3 display a particle size distribution rather than a

uniform size and smaller variations in the shape as compared
to ideal spheres. Smaller spherical particles produced in
seeded semibatch experiments as a result of nucleation of
new crystals at higher supersaturation ratio were found to
result in higher values for the specific average cake resist-
ance. Like higher supersaturation ratios achieved by high
feed rates, also seed crystals with a larger size caused the
onset of nucleation in seeded semibatch crystallization
experiments, and the filterability of the obtained crystal sus-
pensions was found to be deteriorated as a result of a
broader particle size distribution. Crystal suspensions stem-
ming from seeded crystallization experiments in which
nucleation did not occur showed that the suspension filter-
ability increased with increasing particle size. For the calcite
polymorph it was also shown that an increase in the stirring
speed leads to nucleation of smaller crystals which in turn
decreases suspension filterability.

At a normalized porosity of 0.58, plate-like crystals (C/w2

¼ 40) and needle-like crystals (C/w2 ¼ 84) show worse fil-
terability than spherical particles and cube-like particles (C/
w2 ¼ 15). This observation can be explained by the higher
specific surface area of plate-like crystals and needle-like

Figure 16. Calcite crystals grown from the metastable
vaterite polymorph at a temperature of 30�C
at a stirring speed of 2000 rpm (exp. CaCO3

15).

The crystallization time was 22 hours. The magnification
is 800 in (a) and 1600 in (b).

Figure 17. Results of Coulter Counter measurements
of calcite cubes crystallized at low (CaCO3

14) and high (CaCO3 15) stirring speed.

In all cases three particle size distributions are shown
which are resulting from measurements performed before
each of the subsequently carried out filtration experiments.

Table 7. Crystal Characteristics for Cube-Like Calcite Crystals Produced at Low (CaCO3 14) and High (CaCO3 15) Stirring
Speed

Experiment
Stirring

Speed n (rpm)

Sauter Mean Diameter
D32 for Crystals Before

Filtration (lm)

Mean Chord Length Lm
for Crystals Before
Filtration (lm)

Coefficient of
Variation cv
(Coulter) (---)

Coefficient of
Variation cv
(FBRM) (---)

CaCO3 14 300 39.7 � 0.6 31.5 � 0.9 0.3 � 0.01 0.68 � 0.01
CaCO3 15 2000 24.5 � 0.7 25.0 � 0.2 0.6 � 0.03 0.72 � 0.01

Table 8. Filtration Characteristics for Cube-Like Calcite Crystals Produced at Low (CaCO3 14) and High (CaCO3 15)
Stirring Speed

Experiment Porosity e (---) Cake Resistance am (m kg�1) Cake Resistance av (m
�2) Constant C/W2 (---)

CaCO3 14 0.69 � 0.01 3.3 � 108 � 7.8 � 107 2.8 � 1011 � 7.2 � 1010 40.8
CaCO3 15 0.49 � 0.00 1.7 � 109 � 1.6 � 108 2.3 � 1012 � 2.3 � 1011 11.7
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crystals as compared to spheres and cubes, and in case of
the needles also based on a wider size distribution. Needle-
like particles also show a reduction in the crystal size after
filtration as they break more easily than other particle mor-
phologies.

To achieve good filterability of particle suspensions crys-
tallization processes should therefore, when possible, be
designed in such a way that stable spherical particles of a
large a size as possible and with a narrow size distribution
are produced. The size and the size distribution of the crys-
tals can for example be controlled by a seeding strategy in
the crystallization step. Moderate supersaturation and the
right choice of both seed crystal amount and size minimize
nucleation and increase the size of the product crystals, and
therefore increase filterability.
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Notation

A ¼ area of filter medium
As ¼ surface area of particles
As,i ¼ surface area of particles in size interval i
a ¼ activity in mol L�1

C ¼ Carman-Kozeny constant
cCaCO3

¼ concentration of CaCO3 in mol/L
cs ¼ effective solids concentration in kg m�3filtrate
cv ¼ coefficient of variation
D ¼ sphere diameter
Di ¼ sphere diameter of particles in size interval i
Dsv ¼ surface to volume mean size of particles of any shape
D32 ¼ Sauter mean diameter
Ea ¼ activation energy in J mol�1

fr ¼ feed rate in mol h�1

G ¼ growth rate in m s�1

G0 ¼ initial growth rate in m s�1

h ¼ cake height
Ksp ¼ solubility product in mol2 L�2

kg ¼ growth rate constant m s�1

Lm ¼ mean FBRM chord length
Mi ¼ midpoint of FBRM chord length of interval i
ms ¼ mass of dry crystals
n ¼ stirring speed in rpm
N ¼ number of particles
R ¼ universal gas constant
r ¼ sphere radius
S ¼ supersaturation ratio
S0 ¼ initial supersaturation ratio
Sv ¼ specific surface area in m2 m�3

s ¼ mass fraction of solids in feed suspension in kg kg�1

sPSD ¼ standard deviation of particle size distribution
sCLD ¼ standard deviation of chord length distribution

T ¼ temperature
t ¼ time
V ¼ filtrate volume
Vs ¼ particle volume

Vtot ¼ total cake volume
Vv ¼ voids volume
yi ¼ number of FBRM counts/s in interval i
av ¼ average specific cake resistance in m�2

am ¼ average specific cake resistance in m kg�1

b ¼ filter medium resistance in m�1

Dp ¼ pressure difference
e ¼ porosity
g ¼ dynamic viscosity

ql ¼ density of liquid phase
qs ¼ density of solids
W ¼ shape factor
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