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The particle formation process during the precipitation of barium sulfate from aque-
ous solutions of barium chloride and sodium sulfate was studied experimentally and
numerically. Particle formation was examined offline and in situ on timescales ranging
from 55 ms to 1 s. Precipitation experiments were performed in a tubular reactor of
adjustable length equipped with a flow-through cuvette. The mass fraction of the crys-
talline precipitate was followed time-resolved using wide-angle X-ray scattering
(WAXS), performed at the synchrotron radiation facility ANKA of FZK Karlsruhe
GmbH. A high degree of correspondence between numerical and experimental results
was achieved using nucleation kinetics based on experimental findings in combination
with diffusion-controlled growth kinetics in the population balance equation. Further-
more, the online measurements showed that the lattice ion ratio (educt ratio) has no
influence on nucleation kinetics, which means that the adsorption of lattice ions on
pre-nuclei has no influence on their respective interfacial energy. � 2008 American Insti-

tute of Chemical Engineers AIChE J, 54: 1178–1188, 2008
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Introduction

Precipitation or reaction crystallization is an important
industrial process. Many substances, such as fine and bulk
chemicals, pharmaceuticals, biochemicals, catalysts, pig-
ments, photographic materials, and ceramics, are produced
by precipitation. Desired product properties are a defined par-
ticle size and a narrow particle size distribution, but also spe-
cific particle morphology or product crystallinity. In cases of
very low solubility of the precipitated substances and for
economic reasons, high supersaturations have to be used for
precipitation processes. Because of these high supersaturation
levels, the associated primary processes nucleation and crys-
tal growth proceed very quickly, often on timescales below
one second. These short timescales are the reason why parti-

cle formation processes during the early stages of precipita-
tion of sparingly soluble substances are still insufficiently
studied—if at all.

Precipitation of barium sulfate has been widely studied in
the past decades. Numerous theoretical and experimental
research studies are reported on nucleation and growth
kinetics1–4 and on the influence of reactor geometries and
mixing conditions on the resulting particle size or to test pre-
cipitation models.5–8 Most of these studies were carried out
as batch or semi-batch processes, where mixing of the reac-
tants has a dominant influence due to the very fast nucleation
and growth kinetics of barium sulfate. Little attention has
been paid to the pure solid formation mechanisms on short
timescales without the influence of mixing.

Recent investigations have tried to cover this gap by per-
forming experiments with fast sampling devices and Kryo-
TEM investigations.9 Based on their Kryo-TEM observations,
Judat and Kind9 proposed a new growth mechanism for bar-
ium sulfate based on ordered aggregation of nanoscale pri-
mary particles, followed by a subsequent recrystallization
step. The disadvantage of this measuring technique is that
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only qualitative ideas on what is happening are provided and
no quantitative values for the primary process kinetics can be
extracted. The Kryo-TEM investigations in particular are
highly sensitive with respect to sample preparation and the
sample penetration with the electron beam in the microscope,
which can easily lead to artifacts.

To observe the particle formation process of sparingly
soluble substances, a fast, nondestructive measuring method
is required, capable of measuring in a milliseconds time
range. A possible approach is to use X-ray (XRD) synchro-
tron radiation to monitor the precipitated crystalline matter
in situ. Different methods have been applied. One possibility
of monitoring barium sulfate crystallization was shown by
Hennessy et al.10 They precipitated barium sulfate from sea
brines and recorded one diffraction pattern over a time period
of 20 min. Yoon et al.11 investigated the crystallization of
barium titanate nanoparticles in a glass capillary. The expo-
sure time for one XRD data set was 60 s. Using a reaction
cell, Norby et al.12 obtained time-resolved XRD patterns at
30-s intervals during the precipitation of barium sulfate. Ueno
et al.13 studied the crystallization of a polymorphic substance
in a batch crystallizer penetrated by an X-ray beam, recording
diffraction data at intervals of 10 s. Heeley et al.14 and Mac-
Calman and Roberts15 made online XRD measurements by
continuously pumping the product suspension from a batch
crystallizer through a separate measurement cell. The time re-
solution was 10 s. It is fairly self-evident that all experimental
approaches presented above are not fast enough to monitor
precipitation reactions in a time range below 1 s. Much
shorter timescales can be achieved using the stopped-flow
technique, where the time limitation is only given by the ex-
posure time needed for diffraction data of sufficient quality.
Bolze et al.16 were able to study the formation mechanism of
calcium carbonate with a time resolution of 100 ms using the
stopped-flow method. Quayle et al.17 studied different crystal-
line materials with the stopped-flow technique using time
frames down to 20 ms. However, Quayle notes a big disad-
vantage using the stopped-flow technique if the precipitated
crystals start to sediment and particles move out of the pene-
trating X-ray beam. To overcome the limitations associated
with the exposure time, Haselhuhn et al.18 developed a contin-
uous-flow technique. They studied the pseudo-polymorphic
behavior of precipitated calcium oxalate by means of a fast
mixing device, combined with tubular reactors of different
lengths connected to a flow-through cell. Using this concept,
the time of precipitation is clearly defined by the length of the
tube reactor and the volume flow rate of the suspension run-
ning through it. It was possible for the first time to make time-
resolved observations of the particle formation process between
15 ms and 30 s. All of these studies used synchrotron radiation
to provide the high photon flux necessary for short measuring
times as the solids content in suspension is commonly very
small in precipitation processes and it must be considered that
the radiation is also absorbed by the solvent.

The aim of this study is to follow the particle formation
process of a sparingly soluble substance, namely barium sul-
fate, with the help of online and offline measurements. In
combination with the numerical description of the precipita-
tion process based on population balance modeling, quantita-
tive information on the temporal evolution of the primary
crystallization kinetics is revealed.

Materials and Methods

Barium sulfate was precipitated from aqueous sodium sul-
fate and barium chloride solutions according to Eq. 1:

BaCl2 þ Na2SO4 ! BaSO4 # þ 2NaCl (1)

Stock solutions were prepared from the corresponding
crystalline reagent grade solids, barium chloride dihydrate
(Roth, 4453.4, pro analysis) and sodium sulfate (Merck,
1.06649.5000, pro analysis), dissolved in distilled water. All
precipitation experiments were carried out at a constant tem-
perature of 258C as continuous experiments in a Y-mixer
(Figure 1, top). The Y-mixer consists of two feed tubes of
0.5-mm diameter and an outflow tube of 2-mm diameter.
Reactants were fed to the mixing device with equivolumetric
flow rates of 300 ml/min, adjusted and kept constant by two
PID controllers. From the Y-mixer the product suspension
flows through a reaction tube of variable length.

For offline measurements, about 200 ml of suspension
were collected in a beaker and analyzed 5 min after prepara-
tion. Depending on the size of the produced particles, static
or dynamic light scattering was used to measure the particle
size distributions (Malvern Mastersizer-S with a wet sample
dispersing unit or Malvern Zetasizer 3000, respectively).
Suspensions with mean particle sizes smaller than 300 nm

Figure 1. Interior view of Y-mixing device (top) and Y-
mixer coupled with flow-through cell for
shortest residence time of 55 ms (bottom).
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were measured with the dynamic light scattering method.
With the Y-mixer set-up as it is presented here, it was ascer-
tained by experiment that, under the employed flow condi-
tions, mixing should have no influence on the resulting parti-
cle size distribution and therefore on the solid formation pro-
cess.19 In addition, selected samples were analyzed by
scanning and transmission electron microscopy (SEM: Leo
1530 Gemini, TEM: Philips Cm 200 Feg/St).

For the in situ measurements, a flow cuvette was attached
to the mixer reaction tube system (Figure 1, bottom), which
was already used successfully by Haselhuhn et al.18 The cell
has a path length of 1 mm and is equipped with X-ray trans-
parent polyimide windows of 25 lm thickness. By adjusting
the tube length between the Y-mixer and the flow-through
cell, reaction times between 54.5 ms and 28.7 s can be real-
ized. The flow cell was mounted in transmission geometry at
the diffraction beamline of the ANKA synchrotron facility at
Forschungszentrum (FZK) Karlsruhe GmbH. Detailed infor-
mation on the synchrotron source and the beamline can be
found in Göttlicher and Hagelstein.20 Measurements were
performed at a wavelength of 1.38 Å.

Figure 2 shows WAXS (wide angle X-ray scattering) data
scattered by barium sulfate crystals in suspension. The solid
mass fraction of barium sulfate was xBaSO4

5 0.015.
The collected diffraction data clearly show the presence of

crystalline material. For further investigations, the (211) peak
was chosen. Exposure time for one XRD pattern, after
steady-state conditions of the educt volume streams were
achieved, was 200 s.

By considering the system as a two-phase system consist-
ing of solution and barium sulfate crystals, the mass fraction
of the crystalline barium sulfate phase can be calculated
from the integral intensity IBaSO4

of the (211) Bragg peak:

IBaSO4
¼ Kð211ÞBaSO4

� xBaSO4

qBaSO4
� lm

(2)

In this equation, K(211) BaSO4
is a constant (which depends

on factors such as the wavelength of the incident radiation,

the cross-sectional area of the incident beam, temperature
and geometry), lm is the mass absorption coefficient of the
mixture of phases and qBaSO4

is the bulk density of barium
sulfate. For experiments with the flow-through cuvette, the
constant K(211)BaSO4

was determined with the help of barium
sulfate suspensions with defined solid contents. Several sus-
pensions of known solid content were pumped in a loop
through the measuring cell. Figure 3 shows the results of the
calibration.

The quality of the calibration is excellent also due to the
fact that all calibration measurements were performed in the
absence of supersaturation. In the course of the experiments,
it was noticed that the presence of supersaturation in the so-
lution can lead to crystal growth on the windows of the flow-
through cell. The measured intensity Im then consists of two
terms: the scattering of the crystals in suspension IBaSO4

,
which is the desired value and the contribution of the crystals
grown on the window (Ic). To quantify the contribution of
the crystals grown on the cell windows, the measured inten-
sity has to be corrected. This was done by performing a con-
secutive, identical run with pure water after each measure-
ment. The integral intensity Ic measured during this water
run was subtracted from the intensity measured during the
experiment (Im):

IBaSO4
¼ Im � Ic (3)

Figure 4 clarifies this experimental approach for the base-
line-corrected (211) peak of the barium sulfate XRD pattern
recorded at supersaturated conditions:

The (211) peak in the measurement as well as in the cor-
rection run was fitted with the help of WinPLOTR software.21

All corrections were made under the assumption that the
scattered contribution of the crystals grown on the windows
is constant during the measurement as well as during the cor-
rection run. Figure 5 shows eight measurements in succession
for the integral intensity measured under one supersaturated
condition (upper points), which means one selected reaction
time (t 5 67 ms), followed by eight measurements with pure
water for the correction term (lower points).

Figure 2. Diffraction pattern and characteristic Bragg
peaks of barium sulfate suspensionwith amass
fraction of xBaSO4

5 0.015 recorded at a X-ray
wavelength of 1.38 Å.

Figure 3. Mass fraction of barium sulfate in suspen-
sion, as determined by XRD synchrotron
experiments versus the gravimetrically deter-
mined values.
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Figure 5 clearly demonstrates that the above made assump-
tion is justified. All eight measurements show about the same
value of integral intensity for the measurement as well as the
correction term. This means that the scattered contribution of
the crystals grown on the cell windows is present and con-
stant directly after the supersaturated solution has entered the
measurement cell and the intensity does neither increase nor
decrease during both runs. The increased scattering of the in-
tensity values is due to the fact that the integration time for
the XRD pattern was not the above-mentioned 200 s but had
to be decreased to 80 s due to the limited volume of the
educt storage tanks.

Modeling the precipitation process

The precipitation process is modeled and simulated assum-
ing plug-flow conditions through the mixer and the reaction
tube. Particles in the model are characterized by the diameter
L of a volume equivalent sphere and the temporal evolution
of the particle size distribution is modeled on a one-dimen-
sional population balance equation including terms for nucle-
ation and growth (Eq. 4).

To solve the population balance equation, the commercial
software PARSIVAL by Cit GmbH was applied using the
Galerkin h-p method with a time discretization of Rothe’s
type.

@nðLÞ
@t

¼ BðSa; cclÞ|fflfflfflfflffl{zfflfflfflfflffl}
nucleation

� @ GðSa; LÞ � nðLÞ½ �
@L|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

growth

(4)

The first term on the right-hand side addresses nucleation.
It comprises a kinetic expression for the nucleation rate, mul-
tiplied by a function describing the size distribution of
nuclei. In this case a narrow Gaussian distribution is used as
nuclei distribution, with a standard deviation of five percent
of the mean size of the critical nucleus.

The secondary process aggregation is neglected in the pop-
ulation balance equation, based on the fact that all offline

measurements of particle sizes were carried out under barium
ion excess. This excess of barium ions leads to ion adsorp-
tion on the precipitated particles, creating positive charges on
the particles surface that lead to repulsive electrostatic parti-
cle–particle interactions.8,19,22 This ion excess is absolutely
necessary to stabilize particles against aggregation and to
obtain reliable information on the primary particles present
in suspension. The validity of neglecting aggregation is con-
firmed by a comparison of the result of an image analysis
(measuring 1000 single particles) with the result of a
dynamic light scattering measurement. This was done for the
highest studied supersaturation of Sa 5 1000 at R 5 5. Fig-
ure 6 clearly shows that, under these conditions, particles in
the sub-100 nm range are produced and can clearly be identi-
fied as single particles. The particle size distributions meas-
ured by dynamic light scattering and image analysis corre-
spond very well, demonstrating that a primary particle size
distribution is obtained.

Supersaturation

The thermodynamic driving force for the primary crystalli-
zation processes nucleation and growth is supersaturation.
Because of the relatively high ionic strength in supersatu-
rated solutions (up to 0.5 mol/l in this study), ion activities
instead of concentrations are used for the calculation of the
supersaturation.

The activity-based supersaturation is defined as follows,

Sa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aBa2þ

free
� aSO2�

4;free

Ksp

s
¼ c�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cBa2þ

free
� cSO2�

4;free

Ksp

s
(5)

with the value of the solubility product Ksp 5 9.82 � 10211

mol2/l2 at 25 8C taken from Monnin.23 The mean activity
coefficient c6 can be calculated as a function of
ionic strength using the semi-empirical method proposed by
Bromley.24

The index ‘‘free’’ on the activities and concentrations of
the ions points out that, for the calculation of the supersatu-
ration, the activities of the ‘‘free’’ ions in solution have to be

Figure 4. Examples of baseline-corrected diffraction
pattern of barium sulfate in supersaturated
solution and of the subsequent correction
run with pure water.

Figure 5. Integral intensity of the measurement and the
correction termasa functionof time for particles
at one defined residence time of t5 67ms.
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used, i.e. barium sulfate does not behave like a strong elec-
trolyte that dissociates completely in water. Barium sulfate
rather forms undissociated metal-sulfate (ion-pair) complexes
BaSO0

4ðaqÞ, as discussed in Monnin,23 which reduce the num-
ber of ‘‘free’’ barium and sulfate ions through the following
reaction:

Ba2þfree þ SO2�
4;free , BaSO0

4ðaqÞ (6)

The equilibrium between complex and free ions is defined
by:

Kip ¼
cBa2þ

free
� cSO2�

4;free
c�2

cBaSO0
4ðaqÞ

� cBaSO0
4ðaqÞ

¼ 5:5 � 10�3 mol

l
(7)

Assuming that the value of the activity coefficient of neu-
tral species such as ion-pair complexes is close to unity, the
activity-based supersaturation Sa can be calculated.

From Eq. 5 it can be seen that a supersaturation is not nec-
essarily created by equal free ion concentrations, i.e. under
stoichiometric conditions. Therefore the free ion ratio R,
which is another expression for the educt ratio of the compo-
nents, is defined as:

R ¼
cBa2þ

free

cSO2�
4;free

(8)

Nucleation

Nucleation kinetics of barium sulfate have been studied by
several authors (Nielsen,1 Mohanty et al.,2 and Angerhöfer3)
under stoichiometric conditions (R 5 1). Although all three
authors studied the same crystalline substance, namely bar-
ium sulfate, their reported experimental data and the pro-
posed models are not very consistent (Figure 7).

All experimental data were fitted by the following nuclea-
tion rate equation, for the heterogeneous and homogeneous

region respectively:

Jhet=hom ¼ Jmax;het=hom � e �Ahet=hom

ln2 Sa

� �
(9)

Jmax,het/hom [m23 s21] and Ahet/hom [-] are kinetic parame-
ters and have to be adapted to the experimental data. Addi-
tionally, the parameter Ahom in the exponent can be
expressed as a function of bulk properties,

Ahom ¼ 16p V2
m c3cl

3ðkBTÞ3
(10)

i.e. Vm 5 8.95 � 10229 m3, the molecular volume (calculated
from the molar mass and the bulk density of barium sulfate)
and the interfacial energy ccl. The size of the critical nucleus
Lc, to estimate the distribution of nuclei in the population
balance equation, was calculated using the following equa-
tion taken from Mersmann25:

Lc ¼ 4cclVm

mkBT ln Sa
(11)

The fitting of the experimental nucleation rate data was
done by using the original data of the above mentioned
authors. The quantity to describe the driving force of the pre-
cipitation process, used to present the nucleation data in the
original literature—concentrations in the case of Nielsen,1 con-
centration-based supersaturation in the case of Mohanty et al.2

and Angerhöfer3—was recalculated to an activity-based super-
saturation Sa as it was defined in the previous section.

Although all experimental data are presented well by Eq.
(9) (lines in Figure 7), with different parameters for Jmax,

and A, for the heterogeneous and the homogeneous nuclea-
tion region respectively (see Table 1), it is clear that there
are great differences and uncertainties between the three
authors. The interfacial energy was only recalculated for the
homogeneous nucleation region.

(a) The kinetic parameters as well as the nucleation rates
differ by orders of magnitude between the data measured by
Nielsen1 and Mohanty et al.,2 although in their experiments
the same range of supersaturation was investigated.

Figure 6. Comparison of particle size distributions
obtained by TEM image analysis and
dynamic light scattering for particles pro-
duced by a supersaturation of Sa 5 1000 at
R 5 5; the insert shows a TEM picture of the
produced nanoscale particles.

Figure 7. Nucleation rates of barium sulfate measured
by different authors.
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(b) The slopes of the logarithmic nucleation rates, particu-
larly in the homogeneous nucleation region, vary signifi-
cantly, resulting in different interfacial energies ccl.

(c) All authors present different values for the so-called
critical supersaturation Sa,crit, which is the value at which the
change from the heterogeneous to the homogeneous nuclea-
tion region occurs.
A similar comparison of measured nucleation rates, not

only for barium sulfate, was made by Roelands et al.26 Fur-
thermore, Roelands discusses the fact that the use of concen-
tration-based (Sc) instead of activity-based (Sa) supersatura-
tions will lead to different slopes in the nucleation data fits,
resulting in different values for the interfacial energy. With
the activity-based supersaturation model used in this study,
Roelands’s thesis can not be supported by the authors. Based
on the nucleation data measured by Nielsen,1 it was found
here that the use of Sa or Sc has only a negligible influence
on the resulting interfacial energies ccl. Using only the data
of the homogenous region, the difference in ccl was less than
2%. Such a high degree of correspondence is probably due to
the fact that all nucleation experiments were performed under
stoichiometric conditions. However, it should be noted that the
use of activity-based supersaturation becomes much more sig-
nificant under non-stoichiometric conditions (R = 1).

Different nucleation kinetics were tested to describe the
particle formation process of barium sulfate and will be dis-
cussed in the results and discussion section.

Crystal growth

Crystal growth can usually be considered as a two-step
process: the diffusional transport of building units to the sur-
face and the integration of these units into the crystal lattice.
As is the case for all consecutive processes, it is the slower
of the two that is the rate-controlling step, i.e. the one that
determines the overall kinetics.

The growth of barium sulfate can be considered as diffu-
sion- or transport-controlled at high supersaturations, which
is experimentally supported by the findings of Nielsen27 and
Angerhöfer et al.3 Both authors obtained the change in
growth rate from integration- to diffusion-limited growth at
supersaturations between Sa � 38 – 40. The supersaturations
investigated as part of this study are considerably higher,
between Sa � 250 – 1000; therefore integration-controlled
growth is neglected. Therefore, the kinetic expression for
growth rate is given by, i.e., see8:

G ¼ Shmin � 2DBaSO4Vm

L
� ffiffiffiffiffiffiffi

Ksp

p � ðSa � 1Þ (12)

This linear growth rate, which mainly depends on particle
size and supersaturation, was derived for spherical particles

based on the mass transport equation. The mass transfer coef-
ficient can be calculated by setting the Sherwood number to
Shmin 5 2. This is valid under the assumption that there is
no motion between particles and surrounding fluid, which is
true for particles of a diameter L smaller than 10 lm.28 The
diffusion coefficient DBaSO4

5 1.1 � 1029 m2/s is calculated
using the Stokes-Einstein equation.

Results and Discussion

Offline measurements

As discussed in a previous section, the initial free ion ratio
was set to R 5 5 to avoid any effect of aggregation. Figure
8a–d shows scanning electron microscopy (SEM) and trans-
missions electron microscopy (TEM) pictures of particles
produced at three different supersaturations between Sa 5
250 and Sa 5 1000, with an initial free ion ratio of R 5 5.
The particles produced at the highest supersaturation of Sa 5
1000, R 5 5 were already presented in the insert of Figure 6
and are again shown in Figure 8d).

All crystals shown in Figure 8a–d are single crystals,
which was confirmed by electron diffraction in a TEM. Espe-
cially the crystals in Figure 8b, c look more like aggregates
than single crystals, but the visible surface structures are not
the result of aggregated primary particles, but are attributed
to a high degree of dendritic crystal growth. This leads to a
very rough and furrowed crystal surface. At a low supersatu-
ration of Sa 5 250, particles with a plate-like base and plate-
lets growing out of the base plate are found. Well-defined
edges and corners are observed. Increasing supersaturation to
Sa 5 500, crystal size changes only slightly, but particle
morphology is greatly affected. The edges of the crystals
become more rounded, rough and imperfect, clearly showing
dendritic growth structures. This is due to the fact that crys-
tal growth is faster at higher supersaturations, but the nuclea-
tion rate is only slightly increased in this supersaturation
range, which means only a small increase in particle number.
A further increase of supersaturation to Sa 5 600 leads to a
dramatic change to smaller particle sizes but with dendritic
particle morphology still present. Now the homogeneous
nucleation mechanism has taken control, leading to more and
smaller particles. At an initial supersaturation value of Sa 5
1000, the homogeneous nucleation rates are very high, lead-
ing to a huge number of particles being formed. In conse-
quence of this high nucleation rates the primary particle
sizes remain below 50 nm and therefore nanoparticles are
produced.

The effect of supersaturation on measured mean (volume-
weighted) particle size compared with simulation results over
a wide range of supersaturation is presented in Figure 9.

Table 1. Fitted Kinetic Parameters, Critical Supersaturation and Recalculated Interfacial Energy for Nucleation Rate Data,
Measured by Different Authors

Author

Heterogeneous Homogeneous

Ahet Jmax,het m
23�s21 Sa,krit Ahom Jmax,hom m23�s21 ccl J�m22

Nielsen1 42.35 9.13�1011 391 3943.36 3.25�1059 0.1299
Mohanty et al.2 109.22 1.33�1019 498 2473.58 3.72�1045 0.1112
Angerhöfer3 39.69 1.94�1014 237 381.15 1.77�1019 0.0596
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Initial supersaturation was varied between Sa-values of
250 and 1000. Two regions can be identified in the dia-
gram: on the left-hand side the particle size remains almost
constant, with increasing supersaturation between Sa 5
250–550. This is the region of heterogeneous nucleation
with increasing supersaturation, more heterogeneous nuclei
are activated, leading to the formation of more particles.
On the other hand, as supersaturation is increased, a larger
amount of mass is brought into the system and deposited
on this increased number of particles. The result of these
two contrary working effects is an almost constant final
particle size. If the critical supersaturation is crossed (Sa [
550), homogeneous nucleation is the dominant nucleation
mechanism, which leads to a continuously decreasing parti-
cle size with increasing supersaturation.19

As can be seen in Figure 9, using fitted nucleation data
measured by Nielsen1 for the heterogeneous and the homoge-
neous region (solid line), a good qualitative correspondence
between simulation and experiment is already achieved. It is
remarkable that in the heterogeneous region in particular, the
simulation overestimates the mean particle size, although fewer
particles are created by this nucleation mechanism and nuclea-
tion takes place on a more moderate timescale in comparison
to the homogeneous nucleation region. As a result, the experi-
mental error made by Nielsen, which inevitably results from
particle counting and the measurement of induction times, should
actually be smaller in the heterogeneous nucleation region.

If the nucleation data measured by Angerhöfer3 is used, an
excellent degree of correspondence is achieved between
experiment and simulation. The differences between the

Figure 9. Comparison of experimental data precipitated
under constant initial free lattice ion ratio R 5
5 with simulation results using different semi-
empirical nucleation kinetics combined with
diffusion-controlled crystal growth.

Error bars show double the value of the standard deviation
based on ten different experiments.

Figure 8. SEM and TEM images of precipitated barium sulfate at various supersaturations but at constant initial
free lattice ion ratio R 5 5, (a) Sa 5 250, (b) Sa 5 500, (c) Sa 5 600, (d) Sa 5 1000.
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nucleation kinetics can be explained by the different experi-
mental set-ups used by the two authors. Nielsen and Anger-
höfer worked with a fast mixing device to reduce the influ-
ence of mixing. Both authors used counting techniques to
obtain the number of particles being formed. Nielsen deter-
mined the particle number by counting particles observed in
a microscope. Angerhöfer employed an automatic single par-
ticle counter working on a light-blocking principle. The dif-
ference in the experimental set-up of the two authors is
revealed by the characteristic time, taken as the nucleation
time for the calculation of nucleation rates. The nucleation
rate is defined as the number of nuclei N emerging in a time
period tn, which is the formation time of the critical nucleus:

J ¼ N

tn
(13)

Nielsen optically determined the induction time tind, which
represents the sum of the time necessary for the critical nu-
cleus to be formed, tn, and the time this nucleus needs to
grow to a visible size tg.

tind ¼ tn þ tg

This means that the measurements taken by Nielsen over-
estimate the nucleation time, resulting in the underestimation
of the nucleation rate, which leads to larger particles in the
simulation. Angerhöfer overcame this disadvantage using a
reaction tube connected to the mixing device, which defines
the time of nucleation for the crystal. As the crystals leave
the tube, subsequent quenching immediately stops the pri-
mary processes by reducing the remaining supersaturation so
far that equilibrium conditions are almost reached. This dif-
ference in nucleation timescale can clearly be seen in the
simulation plot (dashed line). Here nucleation kinetics mea-
sured by Angerhöfer were used. A high degree of correspon-
dence between experiment and simulation is found for the
heterogeneous nucleation region, indicating that the nuclea-
tion as well as the growth kinetics reflect the correct order of
magnitude and in fact seem to be the right choice. Addition-
ally, the critical supersaturation was shifted to the left, coin-
ciding very well with the experimentally obtained values.
Unfortunately, the data obtained by Angerhöfer for the ho-
mogeneous region can not be used because the nucleation
rates are way too low to produce reasonable results. Anger-
höfer explains this fact with the occurrence of aggregation in
the sampling beaker, with the result that only aggregates are
counted instead of primary particles, leading to a strong
decrease in the number of counted particles. The nucleation
rate data measured by Mohanty et al.2 is much too high to
produce any reasonable simulation result. For further valida-
tion of the primary crystallization kinetics in situ, time-
resolved measurements were performed.

In situ observations

All experiments described in this section were performed
at an initial supersaturation of Sa 5 600 but with different
initial free lattice ion ratios R. Figure 10 shows the time-
resolved evolution of the (211) peak of barium sulfate as a
function of time, beginning with a time of 55 ms up to 750
ms, precipitated from an initial supersaturation of Sa 5 600

under stoichiometric conditions (R 5 1). Each peak consists
of the actual measurement and the scattering intensity
obtained by a successive water run (correction term) as dis-
cussed earlier in this study. All peaks presented in Figure 10
are baseline-corrected.

Across very short timescales (t 5 55 ms–105 ms), the con-
tribution of the correction term is very high. This indicates
that across these very short timescales a high degree of
supersaturation is present in the liquid surrounding the crys-
tals. In the subsequent solids formation process, supersatura-
tion is decreased, leading to smaller correction terms. In the
case of t 5 750 ms, no correction term was recorded due to
the fact that solubility equilibrium was already reached and
no incrustations on the cell windows occurred. Again, the
mass present in the system is proportional to the area
between the experiment and the correction curve. It is
obvious that the mass in the system increases over time. In
other words, Figure 10 shows the in situ observed evolution
of a crystalline phase over time.

Using a mass balance, the actual concentration of barium
and sulfate ions in solution cBa2þðtÞ and cSO2�

4
ðtÞ can be cal-

culated. This allows the calculation of the actual supersatura-
tion present in solution during the precipitation process. No
information from the simulations is required for this calcula-
tion. Figure 11 shows the reduction of supersaturation over
time for three different initial free lattice ion ratios R, com-
pared with simulation results using the nucleation kinetics
measured by Nielsen1 in combination with diffusion-con-
trolled crystal growth.

The experimental data of the in situ experiments are a lot
more scattered compared with the calibration results. This is
certainly due to the effect of the supersaturation now present
in the system. Several conclusions can be drawn from Figure
11. No major difference in supersaturation depletion results
from precipitation performed under stoichiometric conditions
(R 5 1) or under barium ion excess (R 5 2, 5). After 55 ms,
the shortest reaction time for which measurements were pos-
sible, the supersaturation is already depleted. The solubility
equilibrium is reached far below one second, which explains
the lack of reliable kinetic data for precipitation processes at
such high supersaturations in the open literature.

Figure 10. Time-resolved and baseline-corrected evo-
lution of the (211) peak during precipitation
from Sa 5 600, R 5 1, solid line: experiment,
dotted line: correction term.
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The simulation results demonstrate a high degree of corre-
spondence with experimental results, independent of the cho-
sen free lattice ion ratio. The only explanation for these
results is that both the nucleation and growth rate are only
affected by supersaturation as the thermodynamic driving
force at a constant temperature of 258C. This is even more
evident when the temporal evolution of the crystalline matter
in suspension is discussed (Figure 12).

Solubility equilibrium is reached after around 570 ms, inde-
pendent of the free lattice ion ratio R. However, the mass at
the end of the precipitation process does differ for all three ion
ratios; the temporal evolution until the point that the equilib-
rium state is reached does not. The difference in total precipi-
tated mass between the three initial free lattice ion ratios is
due to the definition of supersaturation. The more the ion ratio
deviates from stoichiometric conditions (R 5 1), the more the
mass at the end of the process is decreased. The reason for this
is that (as for the formation of barium sulfate both ions are
necessary in a stoichiometric ratio), in a system with an excess
of barium (i.e. high R), the amount of precipitated mass is con-
trolled by the concentration of sulfate ions.

Again all simulation curves almost perfectly fit the experi-
mental data. This clearly indicates that at this supersaturation
of Sa 5 600, the primary processes can be described with
primary kinetics consisting of nucleation and crystal growth.
The investigated supersaturation is fairly close to the supersa-
turation of Sa 5 585 presented by Judat and Kind,9 recalcu-
lated from the concentration-based supersaturation of Sc 5
2500. Judat and Kind proposed a particle formation hypothe-
sis based on TEM and Kryo-TEM observations, which
included an ordered aggregation step of nanoscale primary
particles followed by a recrystallization step. This hypothesis
can not be held any longer due to the fact that the simulation
with experimentally obtained nucleation kinetics in combina-
tion with diffusion-controlled growth is consistent with the
measured data.

Figure 12 further supports the conclusion drawn before:
the nucleation and growth rate are independent of the free
lattice ion ratio present during the precipitation process. The
crucial parameter is supersaturation. In detail: nucleation
kinetics found under stoichiometric conditions (R 5 1) are
able to describe the particle formation process under non-
stoichiometric (R = 1) conditions if an adequate, activity-
based supersaturation model is used to describe the thermo-
dynamic driving force. As a reverse finding, it can be con-
cluded that the adsorption of lattice ions, as is definitely the
case for barium ions on barium sulfate particles,19 does not
influence the nucleation kinetics, which means the interfacial
energy. This would imply that theoretical models, used to
calculate the interfacial energy based on adsorption iso-
therms, would lose their physical meaning.

This finding is supported by several authors for small
supersaturations: Gunn and Murthy29 as well as Symeopoulos
and Koutsoukos30 report that the dependence of the measured
induction time is only given by the educt concentrations,
irrespective of the molar ratio of barium to sulfate ions. The
results presented by Aoun et al.4 contradict this: they show
that nucleation and growth kinetics are slowest for stoichio-
metric conditions and accelerate if the ratio is either
increased or decreased from this value. The explanation of
the findings of Aoun et al.4 is backed up by the fact that, for
the experiments reported, only the concentration of the
excess ion was changed, whereas the concentration of the ion
in defect was kept constant. This means that the experiments
were performed with different supersaturations and therefore
thermodynamic driving forces, which definitely has to result
in different nucleation as well as growth kinetics and is not
the result of an acceleration effect caused by variable lattice
ion ratios and therefore non-stoichiometry.

Conclusions

The particle formation process of the sparingly soluble
substance barium sulfate was studied experimentally and

Figure 12. Comparison of crystalline mass of barium
sulfate in suspension, measured in situ as a
function of time, with simulation data for an
initial supersaturation of Sa 5 600 and dif-
ferent initial free lattice ion ratios.

Figure 11. Depletion of supersaturation during precipi-
tation of barium sulfate, measured in situ
after different residence times in the tubular
reactor, compared with simulation results
for an initial supersaturation of Sa 5 600
and various initial free lattice ion ratios (R 5
1, 2, 5).
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numerically. The first part of the experimental section con-
sisted of offline studies based on light-scattering and electron
microscopy results. An in situ measuring technique is pre-
sented that allows time-resolved observations of the particle
formation process of crystalline materials in timescales rang-
ing from a few milliseconds to several seconds. A precipita-
tion model based on the population balance equation was
presented and different nucleation kinetics were tested.

The results of the offline measurements showed the pres-
ence of a heterogeneous and homogeneous nucleation region.
If heterogeneous nucleation is the dominant nucleation mech-
anism, the particle size at the end of the process is independ-
ent of supersaturation. If the critical supersaturation is
crossed and homogeneous nucleation takes control, particle
size continuously decreases with increasing supersaturation.

In situ measurements showed the potential of WAXS-syn-
chrotron radiation studies to observe particle formation pro-
cesses of sparingly soluble substances on millisecond time-
scales. The mass fraction of crystalline barium sulfate could
be detected down to values of one mass percent (xBaSO4

5
0.001). Supersaturation and precipitated crystalline mass of
barium sulfate was followed online and time-resolved
between 55 and 750 ms during the solid formation process.

Furthermore, online and offline measurements support the
ideas of the precipitation model presented here. The use of a
proper thermodynamic model is of great importance, i.e. to
describe the supersaturation in such a way that the properties
of the electrolyte solution are taken into account. This was
realized using an activity-based approach in combination
with ion pair complex formation to calculate supersaturation.
Semi-empirical nucleation kinetics in combination with diffu-
sion-controlled crystal growth can very accurately predict the
mean particle size at the end of the precipitation process as
well as the temporal evolution of the particle formation pro-
cess. The results presented here demonstrate that both pri-
mary formation kinetics, i.e. kinetics for nucleation and crys-
tal growth, only depend on supersaturation as the thermody-
namic driving force and do not depend on the free lattice ion
ratio, which means educt ratio.
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Notation

Ahet/hom5kinetic factor in nucleation rate expression
ai5molar activity of species i, kmol m23

B5nucleation term, m24 s21

ci5molar concentration of species i, kmol m23

DBaSO4
5diffusion coefficient, m2 s21

G5growth rate m s21

IBaSO4
, Ic, Im5 integral scattered intensity
Jhet/hom5nucleation rate, m23 s21

Jmax,het/hom5pre-exponential factor in nucleation rate equation, m23 s21

kB5Boltzmann constant (1.381 � 10223), J K21

Kip5 ion-pair complex formation constant, kmol m23

Ksp5 solubility product constant, kmol2 m6

L5particle diameter, m
Lc5 size of a critical nucleus, m

n(L)5particle number density of size L, m24

N5number of nuclei
q05normalized number density distribution, m21

Q05 cumulative number density distribution
R5 free lattice ion ratio
Sa5 activity-based supersaturation

Sa,crit5 critical supersaturation
Sc5 concentration-based supersaturation
Sh5Sherwood number
T5 temperature, K
t5 time, s

Vm5molecular volume, m3 Kmol21

xBaSO4
5mass fraction of barium sulfate in suspension

xV,505mean (volume-weighted) particle size, m
ci5 activity coefficient
ccl5 interfacial energy, J m22

lm5mass absorption coefficient of mixture, m2 kg21

m5dissociation number
qBaSO4

5density of barium sulfate particles, kg m23
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