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Process and Prediction of Particle Size
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Purpose. A descriptive model for microparticle preparation by micromixers was developed to allow
prediction of nascent microsphere size and provide a better understanding of a microscale oil/water
(O/W) emulsion process.
Methods. Nascent blank microparticles were prepared by an O/W emulsion method using a micromixer.
Seven dimensionless groups were derived from the relevant process parameters. A multiple linear
regression model was established on an empirical basis to describe the relationship between the key
process parameters and the resulting Sauter particle diameter.
Results. The investigated micromixer is particularly suitable for processing of low-viscosity systems. The
particle size is mainly controlled by flow velocity. Reynolds number and the viscosity ratio were found
to be the most important dimensionless groups regarding the preparation procedure. Particle size was
predicted with an accuracy up to 100% applying the empirically derived equations.
Conclusions. An O/W process using micromixers for microparticle preparation with a multitude of
influencing parameters was successfully characterized by application of dimensional analysis. Dimen-
sionless groups turned out to be suitable for prediction of microparticle size with high precision.

KEY WORDS: dimensionless groups; microparticles; microfabrication; O/W emulsion; particle size;
prediction; static mixer.

INTRODUCTION

The large and growing variety of pharmaceuticals on the
market and in development requires versatile delivery sys-
tems that can adapt to the needs of particular applications,
especially the capacity to generate a specified delivery rate.
Thus, poly (lactide-co-glycolide) (PLGA) microparticles have
increasingly been applied for the controlled delivery of drugs
with different physical and chemical properties (1).

The oil/water (O/W) emulsion/solvent evaporation
method is a common technique for preparation of polymeric
microparticles (2,3). The basic preparation process involves
the emulsification of a polymer dissolved in a volatile solvent
into an aqueous surfactant solution. The active substance to
be encapsulated is also dissolved or dispersed in the solvent
phase. In a second step, the solvent is eliminated using, for
example, vacuum evaporation or cross-flow extraction, result-
ing in the formation of solid particles (4). For encapsulation of
hydrophilic molecules, such as proteins and peptides, the wa-
ter/oil/water (W/O/W) emulsion method was developed (5).
Thereby, a primary water/oil (W/O) emulsion containing the
active ingredient in the disperse phase is emulsified with an
aqueous surfactant solution. A W/O/W double emulsion is
formed, which is then subject to a solvent elimination process
as described above. Within the production of microparticles
through emulsion methods, scale-up is always a big obstacle,
as most techniques work batchwise (6). Consequently, the
transfer from the lab to industrial scale requires cost-
extensive and time-consuming process adaptation. Static mi-
cromixers, so far mainly used as reactors for very fast chemi-
cal reactions and liquid-liquid extraction processes (7–9), rep-
resent a versatile possibility to overcome the problems
associated with scale-up for production. Micromixers (IMM,
Mainz, Germany) are distinguished by a mixing volume be-
low 100 �l at a total size of 1 cm3 per assembled mixer.
Thereby, scaling-up is achieved by “numbering-up.” That
means simply to multiply the number of micromixers and run
them in parallel (10). By connection of two micromixers, also
preparation of multiple emulsions is feasible (7).
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ABBREVIATIONS: cs, surfactant concentration of the aqueous
phase; dparticle, Sauter diameter of nascent microparticles; dchannel,
width of product channel; Oh, Ohnesorge number (dimensionless
quotient [viscous forces/inertia driven forces] under simultaneous
consideration of the interfacial tension); Re, Reynolds number (di-
mensionless quotient [inertia driven forces/viscous forces]); v, flow
velocity; Vd, volume of the solvent phase (disperse phase in O/W
emulsion process); Vt, total volume of formulation; We, Weber num-
ber (dimensionless quotient [interface affecting forces/interfacial ten-
sion]); �, interfacial tension; �d, dynamic viscosity of the solvent
phase (disperse phase in O/W emulsion process); �c, dynamic viscos-
ity of the aqueous phase (continuous phase in O/W emulsion pro-
cess); �product, apparent viscosity of nascent microsphere dispersion;
�d, density of the solvent phase (disperse phase in O/W emulsion
process); �c, density of the aqueous phase (continuous phase in O/W
emulsion process); �, volume-based phase ratio.

Pharmaceutical Research, Vol. 22, No. 2, February 2005 (© 2005)
DOI: 10.1007/s11095-004-1195-1

2760724-8741/05/0200-0276/0 © 2005 Springer Science+Business Media, Inc.



Using a continuous flow setup, mixing is achieved by
pumping two phases into the micromixer, which is composed
of two sets of comb-like intermeshing channels that are re-
sponsible for generation of multilamellar liquid layers. These
fluid lamellae disintegrate into droplets when discharging the
mixing zone via a rectangular outlet channel. The mean resi-
dence time of the process good in the mixing zone amounts
less than 100 ms (10). A detailed description of the underlying
mixing principle is given by Ehrfeld et al. (8). The well defined
internal microstructure offers a large effective exchange sur-
face for mass and heat transfer, thereby avoiding the heating
processes observed with other continuously operated homog-
enization equipment like high pressure homogenizers or rotor
stator systems (7,11–13). That makes them particularly suit-
able for processing of heat sensitive substances (14). The
compact construction of the operation unit additionally pro-
vides an opportunity for production automation and aseptic
manufacturing (15).

In order to characterize and quantify complex engineer-
ing problems, dimensional analysis is often applied in re-
search and development (16). This analytical method involves
the conversion of process parameters into a smaller number
of dimensionless groups and has been mainly applied for pre-
diction of scale-up processes (17). The development of a
quantitative relationship between a target parameter and the
respective dimensionless groups provides a possibility to pre-
dict the target variable and to elucidate physical interrelation-
ships of a given process. The model equation often serves as
a basis for an overall comparison of the investigated system
with similar processes in this field and enhances the funda-
mental understanding of the technical process (17). Dimen-
sional analysis has been used successfully to describe micro-
encapsulation processes with stirred tank reactors (6), static
macro mixers (18), and injection methods (19), but it has not
been adopted for modeling of microscale processes.

The purpose of the current work was to establish a model
for prediction of particle size and elucidate the principles of
O/W processes performed with static micromixers. Dimen-
sional analysis was applied to the microsphere preparation
procedure, and seven dimensionless groups were derived
from the relevant process parameters. In the following, a
quantitative correlation between the dimensionless groups
and the resulting nascent microparticle diameter was estab-
lished empirically. Afterwards, additional experiments were
performed to validate the derived equations for prediction of
particle size. That will minimize experimental effort for future
process optimization steps, serve as basis for comparison with
further homogenization systems, and provide a better under-
standing of the basic principles of microscale processes.

MATERIALS AND METHODS

Materials

Resomer RG 858 [poly (D,L-lactic-co-glycolic acid 85:15)]
and RG 752, 755, 756 polymers [poly (D,L-lactic-co-glycolic
acid 75:25) of different molecular weight] were purchased
from Boehringer Ingelheim (Ingelheim, Germany). Po-
loxamer 188 (Synperonic F68) was obtained from SERVA
(Heidelberg, Germany).

Methods

Determination of Viscosity, Density, and Interfacial Tension

The viscosities of polymer and Poloxamer 188 solutions,
respectively, were determined by Ubbelohde capillary visco-
simetry (Schott GmbH, Mainz, Germany). The interfacial
tension between solvent and aqueous phases was measured
with a processor tensiometer K12 (Krüss GmbH, Hamburg,
Germany) equipped with a Wilhelmy plate. Density measure-
ments were performed using an oscillation density measuring
unit (DMA 55, Chempro Paar, Graz, Austria).

Preparation of Microparticles

Nascent microspheres were prepared by an O/W emul-
sion method. The experimental setup is shown in Fig. 1. Mi-
cromixers of different product channel widths and a mixing
element with 40-�m microchannels (IMM, Mainz, Germany)
were used for emulsification. The polymer was dissolved in
ethyl acetate and homogenized with an excess of an aqueous
Poloxamer 188 solution.

All applied solutions were kept at a defined temperature
using a temperature-controlled water bath (Lauda GmbH,
Königshofen, Germany). The fluids were conveyed into the
micromixer by two high pressure liquid chromatography
(HPLC) pumps (LaChrom L-7150, Merck-Hitachi, Tokyo,
Japan). The size of the nascent microspheres was measured
immediately after preparation and no further hardening steps
were performed.

Determination of Particle Size

The size of the nascent microparticles was measured us-
ing a laser diffractometer (MasterSizer with Software MS
3.01, Malvern Instruments, Malvern, UK). The system was
capable of detecting particles in the range from 0.1 to 80 �m.
The results are given as Sauter diameter, the mean of the
volume based surface distribution.

Fig. 1. Experimental setup for microparticle preparation with a mi-
cromixer (according to an O/W emulsion method).

Preparation of Microparticles by Micromixers 277



Generation of Dimensionless Groups and Experimental
Design to Establish Model Equation

In pre-experiments (data not shown), nine relevant inde-
pendent process parameters were identified, which exert an
influence on the target parameter “particle size,” expressed as
Sauter mean diameter (Eq. 1; see “Abbreviations” footnote
above for notation).

dparticle = f�v, dchannel, �d, �c, �d, �c, �, cs, �� (1)

As target parameter, dparticle, the size of the nascent,
nonsolidified particles obtained directly after preparation was
chosen. No further hardening steps were performed, as it was
aimed to investigate primarily the first process step of a mi-
cromixer-based microparticle preparation procedure. The
model to be developed should enhance the understanding for
the plain microscale process in general and serve as a basis for
extension with a second correlation covering the hardening
process step currently under conceptualization. The correla-
tion for prediction of nascent microsphere size will be appli-
cable to particles composed of various types of PLGA poly-
mers, since nascent microparticle size was proven to be
independent from the type of applied PLGA polymer (pre-
experiments, data not shown). Consequently, the hereby es-
tablished model can be easily supplemented with a second
model for prediction of terminal microsphere size by corre-
lating nascent with solid particle size under consideration of
polymer concentration and PLGA type related size reduction
(18). Recoalesence events after the first process step, leading
to failure prediction, are rather unlikely, as Poloxamer 188
was used as stabilizing surfactant. Poloxamer 188 is distin-
guished by an ultra fast interfacial adsorption kinetics in the
range of a few milliseconds (20). For this reason, it is unlikely
that the nascent microspheres would undergo significant co-
alescence over time, even though negligible recoalescence
events might occur directly after droplet disruption (21).

The concentration of Poloxamer 188 in the aqueous
phase is given in Eq. 1 in two presentations, as interfacial
tension � and percentage concentration cs. The used surfac-
tant concentrations were above the critical micellation con-
centration and thus, only slight variations of � were measured.
For that reason a more accessible parameter was added to the
relevance list, the surfactant concentration cs. However, the
parameter � remained included in the relevance list, since it
allowed derivation of Ohnesorge number, which is often used
for comparison of different homogenization systems (17).

The influencing process parameters (dparticle, v, dchannel,

�d, �c, �d, �c, �, cs, �) were transformed into seven dimen-
sionless groups, using a specific matrix method proposed by
Pawlowski (22) (see “Appendix”)

�1�f(�2, �3, �4, �5, �6, �7) (2)

The individual dimensionless characteristics are

�1 = target parameter =
dparticle

dchannel
(3)

�2 =
�c

�d
(4)

�3 =
�c

�d
(5)

�4 = � (6)

�5 = cs �given as volume percent� (7)

�6 =
v * dchannel * �d

�d
= Reynolds number �Re� (8)

�7 =
�dchannel * �d * ��0.5

�d
=

Reynolds number �Re�

Weber number �We�0.5

=
1

Ohnesorge number �Oh�
= �Oh�−1 (9)

The density ratio ∏2 (Eq. 4) showed minor variations
over a wide range of polymer and surfactant concentrations
(computation not shown) and was not considered for further
calculations.The relationship between the target parameter
∏1 and the dimensionless groups can be presented as a power
product relationship (Eq. 10).

dparticle

dchannel
= a * ��c

�d
�b

* �c
* cs

d
* Ree

* Oh−f (10)

The determination of the coefficients a–f will allow con-
clusions about the effects of the process parameters on the
nascent microsphere size. A total of 68 microsphere batches
(prepared in triplicate) grouped in six series was screened in
a randomized order to assess the respective coefficient’s value
(cf. Table I). The blank nascent microspheres were prepared
according to the O/W emulsion process mentioned before (cf.
“Preparation of Microparticles”). In every series, one process
parameter was modified, which led to the variation of the
respective dimensionless group(s). The resulting change in

Table I. Investigated Influencing Parametersa

Series Investigated influencing parameter Modified via Affected dimensionless group(s)

Ia v (�product < 1.9 mPas) Volume flow Re (�6)
Ib v (�product > 1.9 mPas) Volume flow Re (�6)
IIa dchannel (�product < 1.9 mPas) Purpose-built upper mixer housing Re (�6), Oh−1 (�7)
IIb dchannel (�product > 1.9 mPas) Purpose-built upper mixer housing Re (�6), Oh−1 (�7)
IIIa �d (�product < 1.9 mPas) Polymer concentration in solvent phase �c/�d (�3), Re (�6)
IIIb �d (�product > 1.9 mPas) Polymer concentration in solvent phase �c/�d (�3), Re (�6)
IV � O/W flow ratio (at constant total flow rate) � (�4)
V �c Temperature �c/�d (�3)
VI cs Surfactant concentration �c/�d (�3), cs (�5)

a Experimental design used to establish Eqs. 11 and 12 for prediction of particle size.
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the target parameter ∏1 was recorded by measuring the size
dparticle of the nascent microparticles.

In pre-experiments, it was additionally demonstrated
that the mixing performance of the micromixer changed,
when the apparent viscosity of the nascent microsphere dis-
persion (“product viscosity”) exceeded approximately 1.9–2.0
mPas and larger particle sizes were obtained. Product viscos-
ity is a characteristic, which controls the dispersion perfor-
mance in a large number of homogenization systems by af-
fecting the nature of shear force transmission within the sys-
tem (23). Generally speaking, the viscosity of a disperse two-
phase system is mainly influenced by the viscosity of the
continuous phase and the amount of disperse phase (24). In
order to investigate the influence of product viscosity �product

on the process performance in parallel to the coefficient de-
termination (see Eq. 10), in series I, II, and III �product was
adjusted to two different values by variation of continuous
phase viscosity �c. Table II summarizes the conditions used to
establish a model for prediction of particle size.

No viscosity enhancing agents were used for modification
of �c, as it had been demonstrated in pre-experiments that
such additives had led to agglomeration events. Hence, �c was
altered by adding various amounts of surfactant to the aque-
ous phase. The parameter �product was not added to the list of
relevant process parameters (cf. Eq. 1), because it is directly
linked with two other variables (�c,, �), which are already
included in the relevance list.

RESULTS AND DISCUSSION

Effect of the Individual Parameter on Particle Size

Parameters Influencing Particle Size via the Differential
Pressure Drop

The particle size dparticle was mainly controlled by the
flow velocity v (Fig. 2) and the width dchannel of the product
channel (Fig. 3), which both have an impact on the dissipative
pressure drop, the pressure difference between infeed and
outlet of the mixing zone. The pressure drop corresponds to
the energy input in homogenization systems in which volume
flow introduces the shear force (e.g., static mixers or micro-
fluidizers). Generally, particle size decreases with increasing
pressure drop in suchlike systems (22). As it is shown in Fig.
2, dparticle was reduced from 6.6 to 0.6 �m, when v was raised
from 0.7 to 2.1 m/s. Because v can be adjusted very precisely

via the volume flow, it is well suitable for control of particle
size. Also Freitas et al. and Haverkamp et al. reported a re-
duction in particle respectively droplet size by increasing the
flow rate (15,25). The maximum v generated in the micro-
mixer reached 2.1 m/s (7.5 km/h), a value well below the
average observed in static macromixers (26). Thus, the fine
degree of dispersion achieved with the micromixer may be
mainly due to the small process volume that facilitates homo-
geneous dissipation of the entire energy input in a volume of
less than 20 �l (24). Figure 2 also illustrates the effect of
product viscosity �product on particle size, in particular when
exceeding 1.9 mPas (as discussed in “Generation of Dimen-
sionless Groups”): Working with equal v, the particle diam-
eters of series Ib (�product > 1.9 mPas) were up to 60% larger
than the diameters of series Ia (�product < 1.9 mPas).

The second process parameter directly linked with the
dissipative pressure drop in the micromixer is the width of the
rectangular product channel dchannel. An enlargement in
dchannel generates larger particle sizes, since the dissipative
pressure drop decreases. A reduction in dchannel by factor 4
resulted in a 3-fold decrease of dparticle (Fig. 3). The increase
in dparticle was more pronounced at batches with higher
�product (series IIb): Polymer threads were formed, when
dchannel reached 240 �m. Hence, the respective batch had to
be excluded from the analytic considerations. The question is
given if dchannel actually controls particle size simply by rela-
tion with the dissipative pressure drop. Further dispersing
mechanisms, for example, laminar elongational flow, may
play a role as well. This flow phenomenon is often observed
at strong diminutions of the cross-section, for example, at

Table II. Experimental Conditions Applied for Characterization of the O/W Preparation Processa

Series
v

[m/s]
dchannel

[�m]
cs

(% (w/w)]
�20

[mN/m]
�c

[mPas]
�d

[mPas]
�d

[g/ml]
�

[Vd/Vt]

Ia 0.69–2.08 60 2.0 8.9 1.36 3.52 0.92 0.10
Ib 0.69–2.08 60 4.0 8.9 1.98 3.52 0.92 0.10
IIa 0.52–2.08 60–240 1.0 9.6 1.20 0.96 0.92 0.10
IIb 0.52–2.08 60–240 3.0 9.6 1.67 0.96 0.92 0.10
IIIa 1.67 60 2.0 8.9–16.2 1.36 0.96–29.20 0.91–0.96 0.10
IIIb 1.67 60 4.0 8.9–16.2 1.98 0.96–29.20 0.91–0.96 0.10
IV 1.81 60 2.0 9.3 1.36 2.33 0.92 0.03–0.25
V 1.67 60 2.5 9.3 0.96–2.07 2.20–2.62 0.91–0.92 0.10
VI 1.53 60 0.1–5.0 9.3 1.03–2.26 2.33 0.92 0.10

a Experimental conditions employed to establish Eqs. 11 and 12. Equlibrium values of � were used for calculation, as interfacial equlibrium
state in the mixing zone is supposed to be reached within milliseconds (23).

Fig. 2. Effect of flow velocity on particle size. n � 3.
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high pressure homogenizers with an orifice valve (21). How-
ever, the effect of dchannel appears to correlate simply with
flow velocity v, since a smaller dchannel does not seem to fa-
cilitate the disintegration of the fluid lamellae superpropor-
tionally (cf. Figs. 2 and 3). In general, dchannel was found to be
as effective for variation of particle size as the flow velocity,
but the number of commercially available housings with dif-
ferent dchannel would be a limiting factor.

Parameters Influencing Particle Size via the
Product Viscosity

In mixing systems like static mixers and rotor stator sys-
tems, the energy input besides operating properties (like vol-
ume flow) is also a function of the physical properties of the
material to be processed (23). Concerning the micromixer,
the dissipative pressure drop (and thus the energy input) on
the one hand is a function of the flow velocity and on the
other hand it is also determined by �product. In pre-
experiments it had been demonstrated that the mixing per-
formance of the micromixer changed, when �product exceeded
a crucial value (see “Generation of Dimensionless Groups”).
The process parameters continuous phase viscosity �c, surfac-
tant concentration cs (as the addition of Poloxamer 188 has
also an effect on �c) and phase ratio � have an immediate
influence on �product, and thus an indirect impact on the dis-
sipative pressure drop as well (24).

The relationship between dparticle and �c is shown in Fig.
4. Raising �c from 0.96 to 2.07 mPas was followed by an
increase in dparticle by factor 2. A remarkable increase in
dparticle could be observed particularly when �product reached
approximately 1.9 mPas.

A remarkable increase in particle size was also detected
when �product exceeded a crucial value by modification of �
(cf. Fig. 5, batch containing 25% disperse phase). In contrast,
nearly no differences in dparticle were observed for batches
containing up to 12% disperse phase (�product � 1.79 mPas).
Karbstein et al. mentioned also the possibility of an elevated
collision frequency of recently formed droplets by increasing
the amount of disperse phase in an emulsion (27). However,
nascent microparticles are supposed to be stabilized effi-
ciently with Poloxamer 188 and should show little recoales-
cence tendency (20).

The range of dparticle obtained after modification of cs is
shown in Fig. 6. Concentrations from 0.1% to 1.5% Po-
loxamer 188 resulted in similar dparticle of about 1 �m, which
seems to be the marginal dispersity under the investigated
conditions. The low emulsifier concentration required may be
related to an ultra fast establishment of equilibrium condi-
tions due to the mixing volume in the microliter range and a
large surface to volume ratio generated by the micromixer
(9). Concentrations above 2.5% led in contrast to an increase
in dparticle. This observation is contradictory to the general
assumption that, the higher the surfactant concentration, the
finer the degree of dispersion, due to facilitated emulsifica-
tion and improved stabilization (28). As it is displayed in Fig.
6, the addition of increasing amounts of surfactant elevated
simultaneously �product and resulted consequently in an al-
tered size of the disperse phase as discussed previously.

Generally speaking, the hereby obtained results demon-
strate the specific suitability of the micromixer for low-
viscosity systems.

Parameters Influencing Neither Differential Pressure Drop
Nor Product Viscosity

The influence of disperse phase viscosity �d on particle
size was pronounced to a minor extent (Fig. 7). Within series
IIIa and IIIb, �d was varied in the range of 1 to 30 mPas,
typical for polymer solutions used in microencapsulation pro-
cesses. An increase of �d by factor 30 was followed by a just
3-fold increase in dparticle. Generally speaking, with increasing
�d a liquid requires higher shear forces for disintegration (12).
Concerning the micromixer, �d determines the resistance of
the fluid layers against disintegration by the time they enter
the product channel. The minor influence of �d found con-
firmed the findings by Freitas et al. that particle sizes were
essentially unaffected by �d (15). The authors assume that in
the case of the micromixer, pumps used for conveyance of the

Fig. 3. Influence of product channel width on particle size. n � 3.

Fig. 4. Effect of continuous phase viscosity on particle size. n � 3. Fig. 5. Impact of phase ratio on particle size. n � 3.
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fluids are flow-rate controlled and respond automatically to
increased viscosities by increased pressure. Therefore, flow
velocity gradients of the fluid lamellae formed in the micro-
mixer remain unchanged and so do the particle sizes. How-
ever, in other pressure controlled systems like high pressure
homogenizers �d still has a significant influence on particle
size, event though a decrease in homogenization pressure is
compensated (11). Potentially, the lamellar structure of the
fluid layers in the micromixer facilitates the cutting off of
microdroplets, thereby minimizing the effect of �d.

Dimensional Analysis

In a proximate step the experimental data (cf. Figs. 2–7)
were presented using Eq. 10. The coefficients a to f were
calculated using a multiple regression method and Eqs. 11
and 12 were derived:

�1 =
dparticle

dchannbel
= 16.95 * ��c

�d
�0.94

* �0.38
* cs

−0.05
* Re−1.86

* Oh−0.65 �product � 1.9 mPas (11)

�1 =
dparticle

dchannbel
= 17.28 * ��c

�d
�0.99

* �0.71
* cs

−0.32
* Re−1.95

* Oh−0.74 �product � 1.9 mPas (12)

Two equations were devised to accommodate the
different process performance for systems below and above
�product � 1.9 mPas. In the following the notations for dimen-
sionless groups defined in Eqs. 3–9 will be applied for better
readability.

In Eqs. 11 and 12, Reynolds number [Re] represents the
most important dimensionless group with regard to the inves-
tigated process. That can be concluded by comparison of the
exponents of the individual dimensionless characteristics: A
high modulus of an exponent matches a great influence of the
corresponding dimensionless figure on the target parameter.
The coefficient of [Re] shows clearly the highest modulus and
indicates also a reverse proportional dependence of target
parameter ∏1 from [Re]. Consequently, the higher the value
of [Re], the smaller the value of ∏1, which includes the pa-
rameter dparticle. The overall value of [Re] is in specific de-
termined by v included in this group (cp. Eq. 8), as the other
parameters present in [Re] like �d and dchannel show values
three to four decimal powers lower than v and the disperse
phase density �d vary negligibly (cf. Table II).

Also the viscosity ratio ∏3 has a remarkable bearing on
∏1. The relationship between ∏1 and ∏3 is directly propor-
tional: A high over-all value of ∏3 results in an increase in ∏1

(i.e., in dparticle). The value of ∏3 is mainly set by the param-
eter �c (Eq. 5). Consequently, in ∏3 the importance of the
�product is reflected again: An increase of �c leads to a raise of
�product with its aforementioned implications on dparticle (see
“Effect of the Individual Parameter on Particle Size”).

The Ohnesorge number [Oh] exerts a smaller impact on
dparticle than [Re], as it can be seen in Eqs. 11 and 12. This
difference is certainly related to the presence of v in [Re]. The
value of [Oh] is in specific determined by dchannel. The func-
tional relationship of [Oh] and ∏1 is reverse proportional: A
reduction in [Oh] implicates a decrease in dparticle. Even if
none of the factors included in [Oh] exerts a direct effect on
�product, the extent of influence of [Oh] on dparticle is affected
by the prevailing �product. That is reflected by the difference
in the associated exponents in Eqs. 11 and 12. As it is illus-
trated in Fig. 7, the relationship between dparticle and �d,
which is included in [Oh], is clearly influenced by �product.
Presumably, �product controls the shear force vector acting on
the disperse phase and thereby against the resistance of �d

(23).
In contrast, the groups � and cs have little influence on

dparticle. The effect of � is more pronounced in Eq. 12 cover-
ing products with �product > 1.9 mPas. The surfactant concen-
tration cs shows nearly no influence on particle size, as the low
modulus of the exponents indicates in Eqs. 11 and 12. That
confirms the experimental findings discussed prior, that is to
say over a broad range of cs similar dparticle were obtained

The huge meaning of [Re] for the O/W process is even
more obvious comparing the calculated over-all values of the
individual dimensionless groups in Table III: [Re] shows val-
ues six times higher than [Oh]. Surprisingly, the values of
likewise strong assessed ∏3 are comparably small. The group
∏3 may gain more importance when the values of [Re] and
[Oh] decrease. Particle diameters increased suddenly super-
proportionally when v dropped below 0.8 m/s, as it is shown in
series Ia and Ib (Fig. 2). That fact may be related to a growing
influence of �d on dparticle.

The relationship between the target parameter ∏1 (in-
cluding the determined dparticle) and individual dimensionless
groups (calculated on the basis of values given in Table II)
was plotted in Fig. 8. This chart also shows the range of va-
lidity for certain process characteristics. Only three dimen-
sionless groups ([Re], � and ∏3) were plotted, since it was not
possible to vary the other dimensionless figures selectively,Fig. 7. Influence of disperse phase viscosity on particle size. n � 3.

Fig. 6. Particle size as a function of the surfactant concentration. n � 3.
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thereby keeping constant the values of the other dimension-
less groups: The variation of certain process parameters in
these cases always affected various dimensionless groups, as it
is illustrated in Table I (series II, III, VI). For presentation of
Fig. 8, only the data obtained in series Ia, Ib, IV, and V were
used. As it can be seen in Fig. 8, the groups ∏3 and � show
sudden changes in their functional relationship with ∏1. The
dimensionless groups ∏3 and � have in common that the
process parameters used for modification (�c, �) both have
also an impact on �product (cf. “Generation of Dimensionless
Groups”). [Re] in contrast shows no changes of its functional
relationship with ∏1, as [Re] was varied selectively via the
parameter “flow velocity” that has no influence on �product.
However, v has the strongest effect on ∏1, as the pronounced
decline of the graphs presenting [Re] indicates. Finally, it can
be concluded that the observed superproportional increase in
∏1 was clearly related to modified �product. The dispersion
performance of the micromixer changed due to an altered
shear force transmission (see “Generation of Dimensionless
Groups”). Consecutively, the micromixer is especially suit-
able for processing of low-viscosity systems. Such formula-
tions are commonly prepared by high pressure homogenizers
and microfluidizers under drastic conditions (27). The micro-
mixer allows processing of low-viscosity systems under cer-
tainly milder conditions than the mentioned high pressure
systems (13,14). In general, the dependence of dispersion per-
formance on product viscosity has been well-documented for

a broad range of homogenization systems, for example, for
high-pressure homogenizers an optimum viscosity range of
1–200 mPas is given (12).

Validation of Model Equation

In the following step, Eqs. 11 and 12 were validated for
prediction of particle size. Both equations were broken up
after the variable dparticle to obtain a convenient model for
calculation of estimated particle size (Eqs. 13 and 14).

dparticle = �16.95 * ��c

�d
�0.94

* �0.38
* cs

−0.05
* Re−1.86

* Oh−0.65�
* dchannel �product < 1.9 mPas (13)

dparticle = �17.28 * ��c

�d
�0.99

* �0.71
* cs

−0.32
* Re−1.95

* Oh−0.74�
* dchannel �product > 1.9 mPas (14)

The precision of the prediction was tested by preparing
20 additional batches of microspheres employing random
combinations of process parameters. Subsequently, the ex-
pected Sauter particle diameter of each batch was calculated
using Eqs. 13 and 14 and compared with the experimentally
determined particle diameter. Actually measured and pre-
dicted particle sizes are summarized in Table IV.

The validation batches showed particle sizes in the range
from 0.75 to 4.79 �m. As it can be seen in Fig. 9, particle
diameters were predicted with an accuracy up to 100%. In
general, batches prepared applying high v or showing low
�product or �d, demonstrated the best accordance with the
prediction (see column “deviation” in Table IV).

Batches A–L represent batches with �product below 1.9
mPas (Table IV). Out of these batches, batch L showed a
perfect accordance with the predicted particle diameter. This
batch was distinguished by a low �product due to the small
amount of the disperse phase of 3.3%. Larger deviations were
observed mainly with batches showing �product above 1.7
mPas (batches G, H, and K) or an elevated � (batch J).

The batches with product viscosities above 1.9 mPas
comprise batches M–T in Table IV. Hereby, especially the
particle sizes of batches with lower �product were predicted
with high accuracy (batches M, P, Q, and S). The deviation
between actual and calculated particle diameter ranged be-
tween 1% and 8% with regard to these batches. Batches R
and T, which are characterized by the highest �d, showed the
largest deviation. The higher dispersion resistance of the dis-

Fig. 8. Influence of dimensionless groups on the target parameter
(logarithmic plot). Variations of the slope of the straight lines indicate
changes in the functional relationship between the target parameter
and the individual dimensionless group (values of dimensionless
groups are given in Table III).

Table III. Values of Individual Dimensionless Groupsa

Series
dparticle/dchannel

(�1) [*10−3]
�d/�c

(�3)
�

(�4)
cs

(�5)
Re

(�6)
Oh

(�7)

Ia 5.59–51.86 0.39 0.10 0.02 21.32–63.86 8.81
Ib 6.72–56.19 0.56 0.10 0.04 21.32–63.86 8.81
IIa 4.95–5.39 1.25 0.10 0.01 224.74–234.17 33.55–65.74
IIb 5.28–9.91 1.74 0.10 0.03 227.77–234.17 33.55–57.29
IIIa 7.01–22.43 0.05–1.42 0.10 0.02 6.40–187.84 1.11–33.54
IIIb 7.49–19.27 0.07–2.06 0.10 0.04 6.40–187.84 1.11–33.54
IV 5.51–16.36 0.58 0.03–0.25 0.02 83.97 8.81
V 7.40–14.66 0.44–0.79 0.10 0.025 69.20–81.78 12.13–14.39
VI 8.36–17.66 0.44–0.97 0.10 0.001–0.05 70.98 13.61

a Values of the individual dimensionless groups were calculated on basis of process variables given in Table II.
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perse phase made the prediction less reliable, as the standard
deviation of batches with �d above 10 mPas indicates, too (see
Fig. 7, series IIIb).

The mean overall deviation in prediction amounted to
11%; 10 of 20 batches showed a deviation of less than 10%.
This value can be considered as a very good accordance deal-
ing with such a complex process with nine influencing param-
eters. Generally, deviations of dparticle in the range 1–5% cor-
respond to the approximate reproducibility depending mainly
on the applied v and �product (cf. Figs. 2 to 7). In addition, the
laser diffraction analyzer used for determination of particle
size showed within the investigated size range an analytical
accuracy of 1.5% to 4% (calibration data not shown), which
should be considered for error propagation, too.

In the current study, two equations were established by
means of dimensionless groups. These models allow the pre-

diction of nascent microparticle size with high precision under
simultaneous consideration of all relevant process param-
eters. That will help to minimize the number of pre-
experiments for future process optimization steps and give a
better understanding of the dispersion behavior of low-
viscosity systems in the microscale range. The physical inter-
relations, which form the basis of the dispersion process, were
elucidated. Performing a small number of experiments, di-
mensionless groups represented an effective tool to charac-
terize this complex dispersion procedure with a multitude of
influencing parameters. The influence of the single process
parameters on particle size and interactions were elucidated
covering a practice relevant field of activity. The micromixer
was shown to be an economic and versatile system for prepa-
ration of low viscous disperse systems using mild homogeni-
zation conditions.
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APPENDIX

Derivation of the Dimensionless Groups

The relevance list required to describe the O/W emulsion
process consists of ten parameters (see “Generation of Di-
mensionless Groups”):

�dparticle, dchannel, v, �d, �c, �d, �c, �, cs, ��

A physical relationship between n independent physical
quantities can be described by m = n − r independent dimen-
sionless groups, according to Buckingham’s theorem (29).

Fig. 9. Correlation between predicted and effectively measured par-
ticle diameter (the predicted diameter was calculated according to
Eqs. 13 and 14). The straight line corresponds to a concordance of
100% (particle sizes are given in Table IV).

Table IV. Prediction of Particle Size by Means of Dimensionless Groupsa

Batch
v

[m/s]
dchannel

[�m]
cs

[% w/w]
�20

[mN/m]
�c

[mPas]
�d

[mPas]
�d

[g/ml]
�

[Vd/Vt]
�product

[�m]
dpredicted

[�m]
dmeasured

[�m]
Deviation

[%]

�product < 1.9 mPas
A 1.88 60 2.0 9.6 1.36 0.96 0.92 0.10 1.70 0.65 0.75 12.8
B 1.74 60 1.5 8.9 1.31 2.33 0.92 0.08 1.57 0.84 0.74 13.2
C 1.67 60 1.5 9.6 1.31 2.09 0.92 0.10 1.64 0.97 0.89 9.4
D 0.76 120 0.25 9.6 1.05 9.60 0.92 0.05 1.18 1.60 1.42 12.7
E 0.97 120 1.0 9.3 1.20 2.33 0.92 0.125 1.58 1.9 1.86 4.8
F 0.76 120 0.25 9.6 1.05 2.09 0.92 0.062 1.21 2.16 1.97 9.6
G 1.11 60 1.5 8.9 1.31 2.33 0.92 0.125 1.72 2.29 1.86 23.1
H 0.97 120 2.0 8.9 1.36 3.52 0.92 0.125 1.79 2.35 2.69 12.6
I 0.69 180 2.0 9.6 1.36 0.96 0.92 0.10 1.70 2.36 2.38 0.8
J 1.39 60 1.0 16.2 1.20 11.50 0.91 0.10 1.50 2.42 1.98 22.2
K 0.60 180 1.0 9.6 1.20 0.96 0.92 0.167 1.70 3.41 2.87 18.8
L 0.76 60 2.0 8.9 1.36 18.00 0.93 0.033 1.47 4.79 4.79 0.0

�product > 1.9 mPas
M 1.88 60 2.5 9.6 1.57 0.96 0.92 0.10 1.96 0.77 0.83 7.8
N 1.88 60 3.0 9.6 1.67 2.09 0.92 0.10 2.09 0.81 0.98 20.5
O 1.75 60 4.0 9.3 1.98 2.33 0.92 0.20 2.97 2.18 2.04 6.4
P 1.25 60 2.5 9.3 1.57 2.33 0.92 0.10 1.96 2.28 2.21 3.1
Q 1.11 60 2.5 9.3 1.57 2.33 0.92 0.10 1.96 2.94 2.78 5.4
R 1.74 60 2.5 16.2 1.57 11.50 0.91 0.20 2.36 2.93 3.34 14.0
S 0.97 60 2.5 8.9 1.57 2.33 0.92 0.10 1.96 3.60 3.54 1.7
T 1.74 60 4.0 16.2 1.98 11.50 0.91 0.20 2.97 2.97 3.59 20.9

a Experimental conditions used to validate Eqs. 11 and 12. The expected particle diameter dpredicted was calculated from the process variables
given in this table applying Eqs. 13 and 14.
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The parameter r represents the rank of the dimensional ma-
trix and is often equal to the number of fundamental dimen-
sions, which are present in the process parameters (here:
length L, time T, mass M). In this case, seven linearly inde-
pendent solutions are set in advance.

m = n − r = 10 − 3 = 7

The volume-based phase ratio � and the surfactant con-
centration cs are already dimensionless. Two dimensionless
characteristics were constituted, the ratios of ({�c/�d}) and
({�c/�d}). The three remaining characteristics were derived by
application of a special matrix method proposed by
Pawlowski (22) and described in detail by Zlokarnik (30).

The dimensional matrix was built using the parameters
dparticle, dchannel, v, �d, �d, and � . The arrangement of the
parameters in the dimensional matrix took place in a way that
a matrix of unity could be built with as less transformations as
possible. Thus, the matrix of unity was reached with four
transformations.

�d dchannel �d v dp �

Mass M 1 0 1 0 0 1
Length L −3 1 −1 1 1 0
Time T 0 0 −1 −1 0 −2

core matrix residual matrix

(A1)

⇓

�d dchannel �d v dp �

Mass M 1 0 0 −1 0 −1 +T
Length L 0 1 0 −1 1 −1 +3M − 2T
Time T 0 0 1 1 0 2 −2T

core matrix residual matrix
(A2)

In the next step, the dimensionless groups were formed:
Each element of the residual matrix formed the numerator of
a fraction, whereas the denominator was built of the elements
of the core matrix with the exponents listed in the residual
matrix.

The following dimensionless groups were derived:

�dparticle

dchannel
� = target parameter

�v * dchannel * �d

�d
� = Reynolds number

�dchannel * �d * �

�d
� =

Reynolds number

Weber number0.5

= Ohnesorge number−1
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