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Investigation of the Mixing- and Devolatilization
Behavior in a Continuous Twin-Shaft Kneader

Oliver Seck,' Tobias Maxisch," Hans-Joachim Warnecke,*' Dieter Bothe™?

Summary: The technical synthesis and processing of polymer materials is the basis
for major branches of the chemical industry. Well introduced for high-viscosity
processes are screw extruders. However, in case of large residence times a large
volume kneader is more appropriate, but the latter still requires further under-
standing for intensification purposes. To achieve this, silicone oil of high viscosity is
used as kneading material. First, the axial mixing behavior is characterized by
studying the residence time distribution. The response functions show that the
classical dispersion model leads to an appropriate description of the experimental
data. By means of a fast chemical reaction of second order the radial mixing behavior
including transport on the molecular scale is studied. The amount of detected
product is a measure for the contact-area produced by kneading and therefore for the
mixing efficiency. Furthermore, the mass transfer from the silicone oil phase to the
gas phase is investigated in two cases. Firstly, the transfer component is dissolved in
the liquid phase and, secondly, it is dispersed in it. Both industry relevant cases are
experimentally and theoretically investigated. The kneader enables high surface
renewal and larger concentration gradients for the efficient mass transfer.
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Introduction

For the production of various commodities
and polymers machines are required which
can handle high viscous materials in con-
tinuous operation,[l’z] not only for radial
mixing to achieve homogeneous reaction
conditions, but also for devolatilization
during or after the reaction. For such
purposes a thorough self-cleaning of the
reaction chamber is necessary to ensure
that no adhesion or dead zones occur in the
machine.’! In case of large residence time
twin-shaft kneaders are more appropriate
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than extruders due to their larger free
volume.”! The decoupling of rotational
frequency and throughput offers advan-
tages, too. These features allow for diverse
operation modes for production and pro-
cessing.

Due to their advantages and the good
performance in mixing, kneaders of all
types are common tools not only in
industrial processes but also in scientific
work. The usage of kneaders is mentioned
by various authors in many work fields. For
example in modification of polymers,>~)
molding®®® or even pharmaceutics.!'”’
Besides this, kneaders are also used for
production of polymers.!"!l Thus, kneaders
are commonly used but they are neither
well understood nor deeply investigated.

In contrast, in case of twin-screw extru-
der as a similar device both experimental
and theoretical works are well known. One
of the main topics in experimental work is
the investigation of the axial mixing behavior
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in terms of residence time distribution. Many
approaches for various applications are
reported in (127171 I a few articles these
methods are extended to some specific
types of kneaders,'®'! but investigations
concerning twin-shaft kneaders are not
reported.

Radial mixing has been investigated
with several techniques in stirred
tanks!**?! and in static mixers.[”?! In case
of extruders these techniques are reported,
t00[23,24]’ but not in case of twin-shaft
kneaders.

The same can be stated concerning
theoretical work. Early investigations in
modeling extruders and some types of
kneaders are based on simplified
approaches like tanks in series!®! or super-
position of basic transport functions. (¢!
Later work employs more sophisticated
approaches, for example the combination
of flow fields for single elements obtained
by CFD-calculations with a cluster
model®! or direct numerical simulation
combined with mapping techniques.**>!

But, due to their complex structural
shape no results have been reported up to
now concerning twin-shaft kneaders.

Regarding devolatilization of the knead-
ing material, the mechanisms of mass
transfer of dissolved components to be
removed has to be considered. Investiga-
tions of the devolatilization process in twin-
screw reactors are reported mainly since
the 1990s. Besides experimental works!>!~
31 on mass transfer both with and without
bubbles these papers also provide modeling
approaches.[34‘37] Still, an investigation for
twin-shaft kneaders is missing. First steps in
this direction are carried out in the present
work for two different cases: Either the
component is completely dissolved in the
kneading material or it is dispersed as a
second phase.

Due to the deep knowledge developed
over decades, industry still prefers screw
machines to kneaders and designs the latter
mainly based on empirical knowledge. A
profound understanding of the involved
mixing processes is still lacking. Therefore,
the aim of this work is to develop experi-
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mental methods which allow for the model
based examination of the mixing and
devolatilization behavior in a continuously
operated twin-shaft kneader.

Experimental set-up

The twin-shaft kneader as a continuous
chemical reactor for highly viscous fluids
used here consists of two co-rotating shafts
equipped with self-cleaning kneading ele-
ments (Figure 1).

Each kneading element carries a disc
with five bars attached to it’s edge. The
encounter of two corresponding bars from
the two shafts causes primarily the knead-
ing effect and is defined as one kneading
step. Hence, the geometrical design results
in five kneading steps per rotation.

The schematic set-up of the continuous
twin-shaft kneader is shown in Figure 2.

The kneading tools are located in the
reaction chamber R which has a volume
Of Vyeac =5 L. Silicone oil with a viscosity of
m =100Pa s is used as kneading material. It
is pumped out of the 250 L storage tank T1
into the reaction chamber by a system of
two gear pumps (P1, P2). The mass flow of
the silicone oil is adjusted by the perfor-
mance of the pumps and is independent on
the frequency of the rotating shafts driven
by the motor M. The weir W at the outlet of
the apparatus serves for setting the filling
level. The injector I allows for tracer
impulse input at the inlet of the reaction
chamber. The Pumps P3 and P4 enable to
add continuously two independent side
flows of tracer from tank T2, resp. T3.

Axial Mixing
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Figure 1.
Top view on shafts equipped with kneading elements.

www.ms-journal.de



Macromol. Symp. 2010, 289, 155-164

P1 g
8

P!

T2 T3

=R EE
=

i
s?ﬁ

N

Figure 2.
Schematic experimental set-up.

To determine the axial mixing behavior the
kneader is operated continuously. The
tracer Sudan® Yellow 3G is dosed by
pressure impulse via injector 1. At the
outlet of the kneader samples are taken and
their mass load X of tracer in dependence
on time is measured via photometry at a
wavelength of A =405 nm. The mass flow m
of silicone oil and the rotational frequency n
of the mixing tools are varied and account
together with the height of the weir for the
adjustment of a defined filling level.

First, to normalize the measured
response function curves the mean resi-
dence times 7 are calculated. They result
from the discrete first moment of the
distribution of the tracer load X; in each
individual sample at constant time intervals
and the individual residence time 7; accord-
ing to eq. (1)

X

- <1>

i

=

The degree of axial backmixing can be
described by the Bodenstein number Bo.
Low Bodenstein numbers less than 1
indicate high backmixing and values higher
than 100 correspond to plug flow behavior,
i.e. to marginal backmixing. According to
the axial dispersion model for a bilaterally
closed reactor, the Bodenstein number is
determined by the normalized variance of
the impulse function®):
, 2

7 = o~ o[l exp(~Bo)] ©)
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Table 1.
Axial mixing parameters in dependence on mass flow
and rotational frequency

Meoms [kgh™ nmin '] y[-] t[min] Bo [-]
1.89 40 0.51 80.4 31.0
302 5 0.77 7.4 77.0
3.12 22 0.63 568 43.0
3.12 40 0.53 5.4  36.0
5.26 5 0.90 489 53.0
5.23 22 0.68 377 58.5
5.25 40 0.60 342 42.0
7.07 22 0.66  27.7 53.0
7.06 40 0.64  27. 45.5
10.51 40 0.67 17.6 47.5
with

Y HX

2 i

g =51 3)

D YP.¢

i
and
t

For a totally opened weir the resulting
filling levels vy, mean residence times, and
Bodenstein numbers are summarized in
Table 1.

Passing through the reaction chamber
the silicone oil is affected by successive
kneading steps. The overall number of
effective kneading steps U results from five
kneading steps per rotation multiplied by
the mean residence time, hence

U =5nt. 5)
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Figure 3.

Bodenstein number as a function of the effective
number of kneading steps.
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The dependence of the Bodenstein
number on the number of effective knead-
ing steps U is shown in Figure 3.

The decrease of the Bodenstein number
qualitatively indicates an increase in back-
mixing due to kneading.

Radial Mixing

To achieve a narrow molecular weight
distribution of the polymer, a fast homo-
genization of the reactants in cross sectional
direction is required. Therefore fast radial
mixing is highly important.

At first, radial mixing is studied at zero
mass flow, i.e. in batch mode. Here the
experimental investigation of the radial
mixing behavior is realized by stacking
homogeneous layers of silicone oil charged,
resp. uncharged with tracer. The stacked
volumes are mixed by kneading and the
quality of the mixture is analyzed. Samples
at three different radial positions are taken
in dependence on the number of kneading
steps U. Because back mixing is small, it is
possible to take sample triples at different
axial positions during a single experiment
instead of taking samples time-dependent
at the same position.

Initially a non-reactive tracer is used to
characterize mixing solely on macro scale.
In this case a layer of silicone oil charged
with Sudan®™ Red 7B is followed by an
uncharged one. The taken samples are
measured by means of photometry at a
wave length of L =525nm.

0.1 - -

0.01

0.001

Ur]

Figure 4.
Radial macro mixing: variation coefficient of tracer
load as a function of kneading steps.
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Figure 4 shows that homogenization on
the macro scale sets in after approximately
25 kneading steps shown by the variation
coefficient criterion sX,, < 0.01. Each
value of the variation coefficient is calcu-
lated by the mass load variance s of each
radial sample triple divided by the theore-
tical average mass load X ;.

By means of a fast chemical reaction of
second order type

A+ A, =P (6)

the radial mixing behavior is studied

including transport down to the molecular
scale. Since the two reactants cannot
coexist they react directly at the contact-
area between two fluid elements, each one
charged with one of the reactants. Thus, the
amount of generated product is a measure
of the contact-area produced by kneading
and characterizes the advance in mixing.

An appropriate chemical reaction for (6)
is the deprotonation-reaction (Figure 5) of
2-nitrophenol (2NPH) with dibutylamine
(DBA), because all reactants are soluble in
silicone oil and the product 2NP" can be
detected by means of VIS-photometry at
A =445nm simultaneously with the educts
which are measured at A =405nm.

The experiments are carried out by
stacking two layers, one for each educt.
To prevent early reaction by diffusion
before start, they are separated by an
additional thin protection layer. The sam-
pling procedure is the same as described
above.

The development of the variation coef-
ficient of mass load of the product
(Figure 6) describes the mixing down to
micro scale. Whereas the corresponding
quantity of the educt shows the progress of

NO,

OH
©/ + NHCHy), — = ©/ + NHCHy),

2NPH + DBA —= 2NP

Figure 5.
Acid-base- reaction of 2-nitrophenol and dibutyla-
mine.
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Figure 6.

Macro and micro mixing: variation coefficient of non
reactive and reactive tracer load as a function of
kneading steps.

mixing on macro scale as investigated with
Sudan®™ Red 7B before.

The generation of product and, hence,
the homogenization is finished after about
50 kneading steps according to the same
variation coefficient criterion of s X ;11 < 0.01.

In continuous mode, mass flow is passing
axially the apparatus, so that mixing and
reaction are studied in dependence on
reactor length z. Both kinds of experiments
with reactive and non-reactive tracer are
realized by a main flow of silicone oil on
which one, resp. two side flows, loaded with
tracer, are added. The flow rates are totally
independent on each other and their dosage
occurs at the same axial position z=0.

The radial distribution of the tracers
occurs fast due to rotation of the kneading
elements. In axial direction the distribution
occurs by mass flow. After reaching steady
state, samples are taken along axial posi-
tion. The tracer load is analyzed by
photometry. The stationary normalized
load profiles X 7;,,1 of the educt and of
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Figure 7.

Axial macro and micro mixing: normalized non reac-
tive and reactive tracer load as a function of axial
position, resp. number of kneading steps.
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the generated product are exemplarily
shown in Figure 7.

The load profile of the non-reactive
tracer shows a stronger rise than the one of
the generated product, because the latter
also takes into account transport down to
the molecular scale. For the chosen condi-
tions, the reactive tracer has reacted to
completion after a distance of z=84 mm
which equals U=53. The non-reactive
curve reaches its asymptotic value after a
distance of z=40mm corresponding to
U=25.

As tracer is found even at a position z < 0
small effects of backmixing are observed.

Devolatilization

Devolatilization of high viscous material is
an important downstream process as well as
an essential step for polymerization. To
understand and describe the basic mechan-
ism of devolatilization in a twin-shaft
kneader, the mass transfer behavior is
investigated experimentally. Concerning
the component which has to be removed
it is important to discriminate if the
component is dissolved or dispersed in
the kneading material.

An example for devolatilization of a
dissolved component is the removal of
monomer or solvent after polymerization
to improve the product quality.

In case of polycondensation, insoluble
molecules are generated and dispersed, e.g.
water. For economic reasons the conden-
sate has to be removed to shift the
equilibrium of reaction to the product side.
The process efficiency increases with the
volatility of the contamination because of
higher vapor pressure.

Concerning the main parameters of this
study - rotational frequency and mass flow -
twin-shaft kneaders offer two advantages in
comparison to screw-extruders:

1. The mass flow is independent of the
rotational frequency.

2. Kneaders are operated with a filling
level y <70%, so the remaining part of
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Concentration profiles according to film theory.

the reaction chamber serves for devola-
tilization. In contrast to extruders, no
separate devolatilization chamber is
required. The devolatilization length /g,
is equal to the length of the mixing
chamber /;¢qc.

By rotation of the shafts the mass
transfer between the kneading material
and the gas phase is enhanced due to the
generation of stretched and thinned fluid
films.

For the evaluation of the experiments,
the two-film theory®>*" is used as basic
model (Figure 8).

Assuming stagnant fluid films on both
sides of the interface I, the molar flux J
[mol s'm?] of the transfer component
occurs due to molecular diffusion according
to Fick’s first law

1 I
c—c _Dgp—p (7)

J=D =
"T85 T RT o,

with D diffusion-coefficient, ¢ concentra-
tion, p partial pressure, § layer thickness, R
universal gas constant, T temperature, i
index: g gas phase, [ liquid phase. The
quotient

ki == ®)

yields the mass transfer coefficient «.
Taking into account phase equilibrium at
the interface described by Henry’s law

pl=Hd, )

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with H the respective Henry’s law constant,
this enables to eliminate the interface
concentration, resp. pressure and leads to

(10)

Then, the mass flownof the transfer
component yields from
m=JAM (11)
with A interfacial area and M molecular

weight. Introducing the specific interfacial
area a

A

a= 12
y Vreac ( )

leads to

m=JayVieaM (13)

and

i1 — My Vieac (C—£> (14)

! RT 1 :
matmea H

Equation (14) is the basic equation to
determine the specific mass transfer coeffi-
cient kj a, resp. k, a.

Devolatilization of a Dissolved
Component

Due to the significant difference of the
viscosity of both involved phases it is
assumed that the main barrier for diffusive
mass transport lies on the liquid side, so
molar transfer resistance on the gaseous
side is negligible, i.e.

1 RT 1

— > 15

kia H kga (s
Thus, equation (14) reduces to

m:My%Mha&fgy (16)

To simplify the evaluation, the concen-
tration is kept constant by choosing a
material system with low partial pressure
of the transferred component. Further-
more, p is adjusted to zero by continuously
eliminating the transferred component
from the gas phase by reactive absorption

www.ms-journal.de
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which additionally enhances the analytic
sensitivity significantly.

Here, the chemical reaction of 2-nitro-
phenole 2NPH and dibutylamine DBA
(Figure 5) is used again. It offers the
following advantages: The vapor pressure
of 2NPH is very low (ponprg=06.9Pa,
T=20 °C),[41] so that its concentration in
the high viscous bulk phase does not change
detectably. The reactive absorption of
gaseous 2NPH in the DBA leads to p=0.
Thus, with the mass concentration 3/

B=Mclkgm™3] 17)
equation (16) simplifies to
11 =y Vieae ki a B. (18)

The transferred mass monpy is deter-
mined by VIS photometry at a wavelength
of L =405nm.

Firstly, batch mode experiments are
done by filling the kneader with a mass
m=3.0kg of 2NPH silicone oil solution
with a mass concentration Bynppo=0.2gL.
Above the liquid phase a cuevette filled
with dibutylamine (Vpga=3.0mL) is
placed. Then the liquid phase is mixed
and finally, the machine is sealed and
devolatilization starts. The operating con-
ditions are T=20°C and p = 1013 mbar.

The experimental set-up is shown in
Figure 9.

The values of mass concentration f of
product 2NP~ in DBA in dependence on
time and rotational frequency of the
kneading tools are shown in Figure 10.

The curves for different frequencies
show a sigmoidal progression, with a small

INPH,
UDB.‘-\
A i Sl Y A 9 o Y I O Y A I e L ¢
T 0 T A O LA S AL
Jiit it it itiiritiity
FIrTrTrysriryrryririly
Figure 9.

Schematic set-up for devolatilization of a dissolved
component.
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Mass concentration of 2-nitrophenol degassed from
silicone oil in dependence on time at different
rotational frequencies.

almost linear regime near the inflection
point.

The 2NPH mass flow can be calculated
from the slope of the curves in the linear
regime and enables the evaluation of the
transfer coefficient k; a. The results are
shown in Table 2.

As shown in Table 2 a higher rotational
speed results in a larger k; a value.

Note that in case of no rotation
(n=0min"") a free surface exists. Then
the order of magnitude of k a can be
estimated by

DA
kia=——. 19
e é Vreac Y ( )
Using the estimated values D=

107" m? A =814cm? and 8=1mm yields

kja =108 x 10710571, (20)

This estimated value supports reliably of
the experimental values.

For devolatilization of a dissolved com-
ponent the deprotonation of 2-nitrophenol
is an efficient method. However, the
resulting mass transfer coefficients are very
small compared to mass transfer usually
found in industrial devolatilization pro-

Table 2.
Mass transfer parameters for the devolatilization of
dissolved 2-nitrophenol in silicone oil

nfmin " mavenlgs ] kia[s7] (kia) [-]
1.86 x 10°° 3.1x10°"° 1.00

5 3.68 X107  61x107° 1.97

40 47.78 X 107°  79.6 x 107 ° 25.67
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cesses, due to extremely low diffusion
coefficients. Therefore, a transfer compo-
nent of higher volatility and faster diffusion
in silicone oil has to be chosen. N-heptane
dissolved in silicone oil is appropriate. The
analysis is performed by combining weigh-
ing of the condensed n-heptane transferred
into cooling traps and headspace gas
chromatography of its content in the liquid
phase.

First exploratory experiments show a
fast mass transfer of n-heptane and hence a
more efficient discharging in comparison to
2-Nitrophenol.

Devolatilization of a Dispersed
Component

For gathering general knowledge of devo-
latilization of a dispersed component, the
kneader is operated on batch mode. For this
purpose the experimental set-up is supple-
mented by a vacuum pump and three
cooling traps in series (Figure 11).

In order to achieve a dispersion with a
starting load of Xpp00=0.1, silicone oil
(m=3,0kg) is filled into the kneader
followed by water (mass myp00=2300g).
Finally, the kneader is sealed and devola-
tilization starts. The operating conditions
are: temperature T=80°C, system
pressure p =100 mbar.

In dependence on time and rotational
frequency, the degassed amount of water is
condensed in the cooling traps and deter-
mined by weighing. A relative mass of 95%
is found in the first trap, the remaining mass
is found in the second one. The third trap is
uncharged, which indicates that all mass has
been trapped.

PR
in vacuum

Figure 11.
Schematic set-up for devolatilization of a dispersed
component.
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Mass of degassed water in dependence on time at
different rotational frequencies.

The experimental results qualitatively
show an increase of devolatilization effi-
ciency at higher temperature and lower
system pressure. The transferred mass in
dependence on devolatilization time and on
rotational frequency is shown in Fig 12.

It shows a linear dependence of mass on
devolatilization time as long as the amount
of dispersed water in silicone oil does not
change significantly. Concerning rotational
frequency, a higher speed results in a higher
mass transport. To achieve reliable results
experiments are stopped after a relative
mass transfer of 25% in order to keep the
system pressure constant.

Due to the fact that water is not soluble
in silicone oil mass transport within the
liquid phase does not exist. Water on the
surface moves directly into the gas phase as
the vapor pressure of water is
PH,0,, =473 mbar at T=80°C and the
system pressure is p = 100 mbar.

Thus, ki a vanishes in equation (14) and
results in

. kgaMVVreac
m=->"—————

R cH-p)

eay)

The product ¢ H has to be replaced by
the partial pressure of H,O and p by the
system pressure. This leads to the evalua-
tion equation for k, a

MH20 kg a Vreac Y

M0 = RT

(P06 = P7)-
(22)
The mass flows mippfollow from the
slopes in Figure 12.

www.ms-journal.de
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Table 3.
Mass transfer parameters for degassing dispersed
water from silicone oil

n[min™]  rolgs™]  kgals ] (kga)" [-]
0 177x10°¢  257x10 3 1.00
15 413%X10°°  6.01x103 234
22 832Xx10°° 1212x1073 472
40 .66 X10°°  16.99 x 10 3 6.61

Table 3 summarizes the data of mass
flow, mass transfer coefficients k, a and
transfer coefficients related to k, a at
n=0min"" (kea)".

As expected, higher rotational speed
results in larger transfer coefficients k, a.
The kneader works more efficiently at
moderate frequencies.

The presented method to evaluate the
devolatilization behavior is suitable to
investigate the influence of the structural
shape of the kneading elements on the
apparatus performance.

Conclusion

New techniques are developed to investi-
gate the mixing- and devolatilization beha-
vior in high viscous liquids in twin-shaft
kneaders. They allow for determining
mixing in axial and radial direction on
macro scale as well as down to micro scale.
In the latter case a reactive tracer is used.

The results show that radial mixing is
fast and therefore no cross-sectional con-
centration gradients exist. Thus, the knea-
der almost behaves like a plug flow reactor.
The mixing process down to micro-scale is
significantly slower than that on macro
scale.

The twin-shaft kneader is generally well-
suited for devolatilization purposes due to
fast surface renewal of high viscous fluids by
kneading. It has to be taken into account if
the component to be removed is dissolved
or dispersed. Deodorization of remaining
monomers after polymerization, resp. elim-
ination of dispersed by-products, e.g. water,
in case of polycondensation can be
described by two film theory.

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The presented methods offer the oppor-
tunity for investigation of the influence of
the structural shape on the twin-shaft
kneader’s performance.
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