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Abstract

In this work, the methodology for the optimal design, operation and scale-up

of reactive extrusion processes in twin-screw extruders previously presented in

Reference (Cegla and Engell, 2023). is applied to the production of hydropho-

bically ethoxylated urethanes (HEURs). The new process is a promising alter-

native to the current batch technology in large reactors with long residence

times. We demonstrate the use of model-based design and scale-up for this

case. A novel mechanistic finite volume twin-screw extruder model is used as

the process model, which is adapted to the process at hand by embedding a

detailed description of the HEUR chemistry and rheology. An economic cost

function is used to examine the scale-up process from an 18 mm extruder to a

27 and 75 mm extruders, considering a selected range of products. The com-

parison between the optimization results obtained for the individual products

with the optimization results for the production of multiple material grades

using the same screw setup shows the high flexibility of the extruder-based

process. Significant energy savings compared with the conventional batch pro-

cess can be achieved using reactive extrusion. To quantify the effort for the

transition to a purely continuous production in terms of flexibility and process

logistics, product changeovers are investigated.

Highlights

• Intensification of the HEUR production by reactive extrusion.

• Detailed model for the twin-screw extruder and the chemistry.

• Optimization of extruder, screw design, and operating conditions.

• Model-based scale-up from laboratory to industrial scale.

• Investigation of flexible industrial production of different HEURs.
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1 | INTRODUCTION

Worldwide, 43 million tons of paints and coatings were pro-
duced in 2021.1 In case of the waterborne systems, the
desired spreading performance during application is
adjusted by additions of rheological modifiers,2 which typi-
cally, constitute up to 5% of the overall product formulation.
Most common thickeners used in paints are functionalized
additives, based hydroxyethyl cellulose, alkali-soluble emul-
sion, or ethoxylated urethanes.3 Due to the structural and
functional versatility of the hydrophobically modified
ethoxylated urethanes (HEURs), they are currently most in-
demand specialty paint additives in terms of production vol-
ume.4 To produce these HEURs, an oligomeric diol, here
poly(ethylene glycol) (PEG), is reacted with a diisocyanate
(ISO) to generate a viscous hydrophilic backbone. This
backbone is end-capped with a hydrophobic alcohol. As the
thickening behavior of HEUR in a paint formulation is
induced by the physical interactions of the hydrophobic
tails, their performance can be tuned by the varying the
chain length of hydrophilic core, as well as the end-capping
alcohol.5 Industrial production of HEURs is usually per-
formed in batch reactors with a volume of several cubic
meters, adding all reactants simultaneously, in a so-called
one-step process. This leads to a broad molecular weight dis-
tribution, which is not advantageous for the product
properties,6 and the maximum molecular weight is limited
by the processing capabilities of the stirring equipment.
After the reaction is finished, the HEUR is formulated with
water to clean the reactor and transport the product.

In the European project SIMPLIFY,7,8 the transfer of
this process to a continuous and fully electrified production
using a corotating twin-screw extruder has been investi-
gated. This transition offers numerous benefits in terms of
process control, product quality, and cost-efficiency. Con-
tinuous production eliminates the energetically inefficient
steps typical for a batch system, such as long production
cycles, which additionally require cleaning of the reactor
between every charge. Moreover, the use of a twin-screw
extruder enables the production of new and more viscous
products by a two-step process and reduces the quantities
of hazardous ISO that are present in the apparatus.9,10 In
contrast to the work of Wolosz et al.11,12 that employs reac-
tive extrusion for the investigation of new isocyanate-free
synthesis routes for HEURs in a laboratory scale, this work
concerns a commercial product and its production at pilot
and industrial scale. For the development of the novel con-
tinuous process, the model and optimization algorithm pre-
sented previously13 is used. The model-based optimization
reduces the required number of experiments. This is espe-
cially important as wide range of HEUR grades exists to
satisfy the specific customer requirements14 and not all of
these can be extensively investigated for the necessary

adjustment of the production conditions. The model-based
optimization further enables an extrapolation from
lab-scale extrusion synthesis to larger scale production
equipment. The model consists of two parts, an accurate
description of the extruder with the internal flows and a
description of the rheological and chemical system. The
extruder model is based on finite volumes as proposed by
Eitzlmayr et al.15 and has been adapted to reactive extru-
sion. For the optimization, a memetic algorithm which is a
combination of an evolutionary strategy with a local
gradient-based search is applied. The modeling approach
and the optimization method were presented in Ref. 13 The
parametrization of the extruder model enables a straightfor-
ward scale-up. Typically, the scale-up of extrusion processes
is performed by keeping certain indicators constant, such
as in the approach of scale-independent optimization strat-
egy (SIOS). According to SIOS, the optimal operating point
of the extrusion process is determined experimentally by
adjusting the throughput and the speed of rotation, until
the maximum conveying capacity of the extruder is
reached, while maintaining good product quality.16,17 How-
ever, the authors of Ref. 18 showed that after scale-up, the
optimal configuration and operating parameters may lead
to significant deviations in the residence time or in the spe-
cific energy consumption on the different scales. Keeping
these indicators constant in a scale-up strategy would con-
sequently lead to a suboptimal or potentially infeasible pro-
cess. Therefore, simple scale-up approaches based on
similarities are unreliable, especially for very complex pro-
cesses such as reactive extrusion. In the work of Berzin
et al.,18 the viable solution space is determined based on
response surfaces for the different operation parameters
during scale-up. Drawback of the method is that during
optimization, the optimal processing conditions for one
screw configuration are determined, and in a second step
these conditions are used during the optimization of the
screw configuration itself, leading to suboptimal solutions.

In our work, the scale-up is performed based on the
optimization of an economic cost function for the differ-
ent equipment sizes and products. The proposed model-
based scale-up also allows the investigation of the
extruder length (length to diameter ratio) on the process
performance, which is, besides the screw diameter, the
second key characteristic of the extruder and essential for
production planning.

2 | MATERIALS AND METHODS

2.1 | Extruder model

The established dynamic extruder model is based on the
work of Eitzlmayr et al.19 which has been extended for
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the case of reactive extrusion. This model is presented in
detail in Ref. 13 Figure 1 shows the discretization of the
extruder into finite volumes of certain length with con-
veying and pressure driven flows between each element.

The overall flows between the elements depend on
the local screw geometry, rotation speed, and pressure
difference, as well as on the density and viscosity of the
material. To accurately describe the internal melt flows,
fluxes in both directions are considered using the back-
flow cell methodology. By this extension, it is possible to
accurately describe the residence time distribution char-
acteristics of the screw elements in the simulation of an
extruder.20 The pressure is modeled as a differential state
in order to have a fixed model structure for optimization.
The model is completed by the component balance equa-
tions that involve the local flows, concentrations, and the
contribution of the chemical reactions. The local concen-
trations are used to determine the melt properties, such
as the viscosity as function of the conversion. For each
element, the heat balance is solved with contributions of
convection, heat conduction, heat transfer between barrel
and melt and of the dissipation of mechanical energy. To
compute the steady-state behavior, the model is simu-
lated for a sufficiently long-time horizon. Typically, the

lengths of extruders are characterized by the length-
to-diameter ratio (L/D) which can be increased by multi-
ples of 4 up to 60. The length of an extruder block with
an independent heating and cooling system is typically
4 L/D. For optimization, four types of Leistritz Maxx
twin-screw extruders are considered in this work:
(1) 18 mm bench scale with L/D = 60, (2) 27 mm pilot
scale with L/D = 44, (3) 75 mm industrial scale with
L/D = 40, and (4) 75 mm industrial scale with L/D = 60.
The parametrization of the extruders is given in Table 1.
The centerline distance describes the distance between
the centers of the two screws.

2.2 | Chemical model of the HEUR
system in reactive extrusion

Our case study examines the production of hydrophobi-
cally modified ethoxylated polyurethane (HEUR) thick-
eners, performed in the extruder in a two-step approach.
As shown in Figure 2, the initial zones of the extruder
are used for the chain growth of the polymer backbone,
while chain termination is executed in the further sec-
tions of the barrel. From the chemical perspective, the
chain growth step yields an isocyanate-terminated prepo-
lymer, obtained by coupling of PEG, with a weight aver-
age molar mass (Mw) of 8000 g/mol, and an aliphatic ISO
used in molar excess. As the ISO, 4,40-Methylenebis
(cyclohexyl isocyanate) was used in this study. The maxi-
mum molecular weight Mw,max for the given stoichiomet-
ric ratio of PEG and ISO, can be reached by promoting a
sufficiently fast progress of the reaction through the
adjustment of the melt temperature and by ensuring
the required reaction time through setting of the

FIGURE 1 Schematic of the extruder discretized into finite

volumes.

TABLE 1 Geometrical parameters

of the Leistritz 18 mm Maxx, the

Leistritz 27 mm Maxx, and the Leistritz

75 mm Maxx extruders.

Parameter 18 mm 27 mm 75 mm 75 mm

D screw diameter (mm) 18.5 28.3 77.0 77.0

DC screw core diameter (mm) 11.2 17 46.4 46.4

CL centerline distance (mm) 15 23 61.5 61.5

L/D length/diameter ratio (�) 60 44 40 60

L screw length (m) 1.1 1.2 3.0 4.5

FIGURE 2 Composition of the hydrophobically ethoxylated urethane polymer molecule of length n. R1 is the residual of poly(ethylene

glycol), R2 is the residual of the diisocyanate, and R3 is the residual of the alcohol.
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parameters that influence the residence time in the
extruder. The chain termination step is achieved by sub-
sequent addition of a hydrophobic alcohol (1-octanol) at
a selected position in the extruder which then end-caps
the prepolymer. The correct stoichiometric ratio between
the reactants is crucial to control the molar mass of the
HEUR species and to form the double-end-capped struc-
ture which are the basic factors that determine the thick-
ening efficiency of the product.

The reaction kinetics of this step-growth polymeriza-
tion21 are modeled by a differential equation for Mw, sim-
ilar to,22 which is extended by a term for the chain
termination by the reacted alcohol Ar. In contrast to Ref.
23, Mw,max is considered in the reaction kinetics. The
parameter kct quantifies the effect of the reacted alcohol
on Mw,max . Effects of side reactions that occur for poly-
urethanes (PU) are not relevant in the given temperature
range for the investigated residence times.24 We therefore
propose to describe the reaction system by:

dMw

dt
¼ k0,cg � exp �EA,cg

RT

� �
� Mw,max �Mw Ar½ � �kct

Mw,max � Ar½ � �kct

����
���� ð1Þ

d A½ �
dt

¼�d Ar½ �
dt

¼ A½ � � 2Mw,rep

Mw
� Ar½ �

� �
�k0,ct � exp �EA,ct

RT

� �

ð2Þ

The melt behaves quasi-Newtonian. The influence
of the temperature on the viscosity is described by an
Arrhenius approach, while the influence of the molecular
weight is described by a power law. The exponent 3.4 is
reported in the literature as being valid for linear poly-
mers like polyurethanes.22,25 Consequently, the viscosity
is described by:

η T,Mwð Þ¼ η0 �M3:4
w � exp �EA,eta

RT

� �
: ð3Þ

Within this work, the ratio between PEG and ISO is
kept constant at a molar ratio 1:1.3, which corresponds to
a Mw,max of 60 kg/mol. A preliminary investigation of
the processing parameters, which are suitable for synthe-
sis of HEUR by reactive extrusion was performed using a
laboratory scale Thermo Scientific HAAKE MiniLab II
micro compounder with a capacity of 7 g. As the micro
compounder has a built-in by-pass capillary, which circu-
lates the material, it is possible to monitor the chain growth
via the melt viscosity, calculated based on the pressure drop
over the capillary. A recycle extruder was used to determine
the reaction kinetics as it has a similar pre-mixing and mix-
ing performance of the reactants as the pilot-scale process
and a larger reaction volume compared with a plate-cone

viscometer. To determine the kinetics of chain growth, the
first reaction step (PEG+ ISO) was carried out at two tem-
perature settings, yielding the viscosity profiles shown in
Figure 3. The intersection of the two viscosity curves
emphasizes the importance of modeling both influences of
the temperature: on the reaction rate and on the melt vis-
cosity. Subsequent experiments showed that the evolution
of the molecular weight in the chain growth step can be
limited by chain termination, induced by the addition of
alcohol ([PEG+ ISO]+ alcohol) at a specific reaction time
into the feed port of the recycle extruder. In a continuous
process, this corresponds to selecting the appropriate dosing
port along the barrel for the injection of the alcohol. Addi-
tional to the viscosity measurements, Fourier-transform
infrared spectroscopy (FTIR) and size-exclusive chromatog-
raphy measurements were carried out to determine the ISO
conversion and the molecular weight of the polymer.
Whereas diffusion limitations are observed in the batch
setups, in reactive extrusion full ISO conversion (unreacted
ISO below the limit of detection) was achieved and no limi-
tations by diffusion effects were observed. This is explained
by the significantly better mixing in a smaller volume for
reactive extrusion, at also higher temperatures, lower vis-
cosities, and shorter residence times. No production of side
products, for example, allophanate was observed, as deter-
mined by the FTIR measurements.

The value of Mw,max can be reduced by blocking of
the chain growth by an excess of alcohol. In industrial
practice, such control over the targeted molecular weight
of HEUR is achieved by adjustment of the stoichiometry
between PEG, ISO, and alcohol to ensure the desired
molecular architecture. To reflect this, the model can
subsequently be enlarged with additional degrees of

FIGURE 3 Measured evolution of the viscosity for the

determination of the reaction kinetics in the HAAKE MiniLab II

for experiments at 100 and 120�C.
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freedom that are required by the specific chemical
system. Within this work, the feed of PEG and ISO is
kept at a fixed molar ratio 1:1.3, which corresponds to a
Mw,max of 60 kg/mol, while the ratio of PEG and alcohol
is varied between 1:0.60 and 0.72 to modulate the tar-
geted molecular weight of the product. The proposed
reaction kinetics in Equations (1) and (2) showed a good
accordance with the experimental results. For the heat
capacity (2.5 kJ/kgK), thermal conductivity (0.23W/[mK]),
and density (1125kg/m3) of the reaction mixture the values
of pure PEG (Mw = 8000 g/mol) are assumed as it is the
main component with >95wt.%.26 The heat of reaction
for such a PU-system is negligible.22 The parameters of
the chemical and rheological models are presented in
Table 2.

2.3 | Optimization of the
production process

For the optimization of the reactive extrusion process,
the memetic algorithm described in Ref. 13 is applied.
This optimization method is a combination of an evolu-
tionary algorithm (EA) that has already been successfully
applied for the screw design optimization27,28 and a local
gradient-based optimization. The local optimization is
performed to reduce the optimization time by reducing
the search space of the EA and speeding up the search
for local optima. This is important since the more
detailed process model leads to larger computation times
per model evaluation. By including a local optimization,
a very accurate model can be employed which increases
the reliability of the results. Common cost functions used
in design optimization in the chemical industry focus on
economic considerations, such as the maximization of

revenues or net present value. A simple economic goal in
this case is to maximize the throughput, assuming that
the energy costs are significantly smaller than the prod-
uct revenue and there is sufficient demand for the
product:

min � _m ð4Þ

This leads to the minimization of the fixed costs per
mass of produced product, such as salaries, depreciation,
or amortization. As an alternative, a cost function can be
considered that also takes into account the energy
demand of the process per mass of product:

min
_Q
_m

ð5Þ

The energy is introduced into the process by electrical
energy for heating and for the electrical drive of the
extruder. It is also possible to impose constraints of arbi-
trary complexity that are formulated in terms of the inter-
nal model variables, for example, maximum values of
temperatures. The tradeoff between different types
of costs can be described by more complex economic cost
functions, for example, including a CO2 price. This is
computationally more efficient than a multi-objective
optimization as proposed by Teixeira for multiple perfor-
mance indicators such as mechanical strain and mechan-
ical energy input.29,30

2.4 | Scale-up

As reported by Kohlgrüber,31 the scale-up of twin-screw
extruders in practice often relies on the use of similarity

TABLE 2 Parameters of the model

of the HEUR reaction and of the

rheological model.

Parameter Description Value Unit

ΔH Reaction enthalpy 0 J/g

Mw,max Max. polymer molecular weight 6�104 g/mol

Mw,rep Molecular weight repetition unit 8�103 g/mol

kct Constant termination 1:73�105 1/s

k0,cg Rate constant growth 1:2�106 1/s

k0,ct Rate constant termination 6.77 1/s

EA,cg Activation energy growth 5:6�103 J/mol

EA,ct Activation energy termination 917 J/mol

R Universal gas constant 8.314 �J/(mol K)

η0 Reference viscosity 1:8�10�15 Pa s= g=molð Þ3:4

EA,eta Activation energy viscosity �2905 �J/mol

Abbreviation: HEUR, hydrophobically ethoxylated urethane.

4224 CEGLA ET AL.
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relations between the different equipment sizes. An
example for this approach is geometrically similar
extruders, for which the number of flights of the screw
elements and the ratio of core to flight diameter is con-
stant. This is typically the case within the same product
line of twin-screw extruders (e.g., Leistritz Maxx
extruders). Energetic similarity is also often used and is
quantified by the maximum allowed specific torque of
the extruders. Alternatively, it can be aimed at keeping
constant operating conditions such as shear rates, general
screw configuration, discharge pressures, specific heating
or residence times as reported in Ref. 32 In the past, also
power law expressions were suggested which originate
from single-screw extrusion, such as33,34:

X1

X2
¼ D1

D2

� �x

ð6Þ

where X1 and X2 indicate a quantity of interest
(e.g., residence time, pressure, shear rate) for the current
and the scaled-up extruder. The drawback of the
similarity-based approach is that its performance depends
on the choice of the relationship that is used for scale-up.
Also, the use of such relationships reduces the solution
space. Model-based optimization has a significantly
larger potential, as the optimal processing conditions and
configuration for larger equipment do not have to coin-
cide with the optima for smaller equipment.35

Ortiz-Rodriguez and Tzoganakis36 proposes the use of the
thermal time37 tT as a metric for scaling up, which is com-
puted from the residence time distribution, the tempera-
ture profile, and the activation energy E of the reaction:

tT ¼
Z t

0
e�E=RT t0ð Þdt0 ð7Þ

To quantify the absolute reaction progress, tT inte-
grates the reaction rate dependent on temperature over
the residence time. This concept was shown to be appli-
cable to the case of the degradation of polypropylene in
reactive extrusion.36 However, it is not applicable in case
of more complex reaction systems, as in those cases the
reaction progress is additionally a function of the concen-
tration profile, and the activation energies of all reactions
have to be considered. Examples that were studied using
the 1D-simulation tool Ludovic© are given in Refs. 18,38
Even though these approaches use process simulation,
simulation is employed only to explore feasible regions of
configurations and operating parameters rather than to
optimize the process for a given objective function. Also,
the complexity of the reaction system is limited by the
solution strategy, and therefore not applicable to
the HEUR system. The mechanistic twin-screw extruder

model presented in Ref. 13, can take into account com-
plex reaction systems. The model describes accurately the
strong coupling between the operating conditions, such
as the reaction temperature and the residence time.
Therefore, with this model in combination with the pro-
posed optimization strategy and different extruder
parametrizations, a model-based scale-up can be per-
formed. Extruders of different brands can be directly
parametrized in the model by their geometric properties
such as diameters, centerline distances, or screw core to
outer diameter ratios.

3 | RESULTS

In the following, the optimization of the HEUR produc-
tion is performed for the bench scale and subsequently
scaled-up to pilot and production scale. The process
model combines the extruder model (Section 2.1) and the
model for the chemical system (Section 2.2). The EA
summarized in Section 2.3 and presented in detail in Ref.
13 was applied with a population size of 20 individuals,
an elite percentage of 20% and a probability of 0.25 for
the inversion. The production of HEURs with different
molecular weights is of interest for the industrial applica-
tion, as it directly contributes to the thickening efficiency
of the product. Therefore, three target product grades
were defined with the following molecular weight ranges
that are typical for HEUR thickeners: 45–50, 50–55, and
55–60 kg/mol. To account for the temperature effects of
end-capping and chain growth, the barrel temperature
of the extruder is set using two different temperature
zones. The first zone comprises two third of the extruder
length and the second zone the last third of the barrel
length. This necessitates the adjustment in the cost func-
tion as shown in Section 2.3, as two barrel temperatures
significantly increase the heat losses due to heat conduc-
tion. These losses are calculated by the barrel heat con-
duction in the cross-sectional barrel area Asurf over the
distance Δx between the centers of two barrel elements
with the thermal conductivity coefficient of steel λsteel
and the temperature difference ΔT. The energy demand
for cooling is assumed as 10% of the total cooling energy
as cooling can be provided by for example, cooling
towers.

Thus the energy-related cost function for the HEUR
case is:

min
_Qheatþ _Qmechþ0:1 � _Qcool

_m
þ1:1 �ΔT � λsteel �Asurf

Δx � _m : ð8Þ

Within the optimization, the sequence of the screw
elements as well as the position of the alcohol feed is the

CEGLA ET AL. 4225
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discrete decision variables. Additionally to the two barrel
temperatures of the two sections, the overall throughput
and the speed of rotation are considered as continuous
decision variables. The optimization variables for the
bench, pilot, and production scale HEUR production are
summarized in Table 3.

3.1 | Optimization of the HEUR
production in a bench scale extruder

The first investigated case for the bench scale production
of HEUR is the design of an Leistritz 18 mm Maxx
extruder with L/D = 60. The geometry of the extruder is
presented in Table 1. This scale is optimal for R&D pur-
poses, providing valuable insights into the technical
aspects of the process at relatively low throughputs, thus
reducing the costs of the reactants. Furthermore, this
extruder size offers a high flexibility for rapid adjust-
ments of the configuration, of the measurement strategy,
as well as of the screw design.

The limitations imposed on the optimization are a
throughput in the range of 3–9 kg/h, a barrel tempera-
ture in the range of 80–200�C and a rotation speed in the
range of 120–300 rpm. The screw length is discretized
according to the shortest length of an available screw ele-
ment, that is, 15 mm. The available configurations of
screw elements are in Table 4 and the characterization of
the elements is given in Table 5. The feeding section is
fixed and has screw elements with a high pitch of 30 mm
to ensure that there is no back-flow to the feed port. The
other elements can be freely arranged by the optimizer
including screw mixing elements (SME), as well as

conveying elements with different pitches and a
left-handed element. The position of the alcohol feed can
be varied to every discrete position within 20% and 80%
of the overall extruder length.

Initial optimizations were carried out varying the
alcohol feeding position, as well as the amount of alcohol
fed as degrees of freedom for the optimizer and
Equation (5) as cost function. The results showed that
the optimal strategy to achieve the desired range for any
target Mw is to not feed alcohol and by that to maximize
the reaction rate given by Equation (1). The target Mw is
in this case is controlled by the barrel temperature.
Thereby the required residence time and, consequently,
the specific energy demand are minimized. Although
such operation would be theoretically possible, it violates
the requirements for the product properties of commer-
cial HEUR paint thickeners, as only a prepolymer is pro-
duced. To give the product the desired interaction in an
aqueous solution, it has to be end capped by the alcohol

TABLE 3 Overview of the

optimization variables for the HEUR

system.

Parameter Description Unit Type

Sconf Screw configuration — Discrete

Pfeed Position alcohol feed — Discrete

n Speed of rotation rpm Continuous

_m Throughput kg/h Continuous

Tb,1 Barrel temperature first section �C Continuous

Tb,2 Barrel temperature second section �C Continuous

Abbreviation: HEUR, hydrophobically ethoxylated urethane.

TABLE 4 Screw configurations for

the bench scale HEUR case.
Parameter 1 2 3 4 5–8 9 Die

Length (mm) 240 15 15 240 120 120 15

Element R30 L20 R30 R30 R20 SME Ø4 mm

Note: The positions of the underlined elements can be changed by the optimizer. R30 and L30 indicate

forward and backward conveying elements with a pitch of 30 mm. The SME elements have a pitch of
20 mm. A round die of 15 mm length and 4 mm diameter is used.
Abbreviations: HEUR, hydrophobically ethoxylated urethane; SME, screw mixing element.

TABLE 5 Flow and pressure characteristics of the different

screw elements for the Leistritz 18 mm Maxx extruder.

Screw element type A1 A2 σBCM

R30 0.5221 741 0

R20 0.3481 792 0

L20 �0.3481 792 0

SME (20) 0.3006 669 0.684

Note: A1 is the screw conveying parameter, A2 is the screw pressure
parameter, and σBCM is the back-flow ratio for the elements with mass
transport in both directions.13,15

Abbreviation: SME, screw mixing element.
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as shown in Figure 2. Therefore for the further optimiza-
tions, the alcohol feed was fixed to meet the stoichiome-
try of the target product composition at the various
throughputs.

The convergence of the optimization is illustrated in
Figure 4 for different runs over a total of 50 generations.
The value of the best found individual of a generation is
shown as well as the average value of the best 50% indi-
viduals of the population as a measure of the exploration
of the search space of the optimizer. The optimization
was repeated three times with different random seeds for
the EA to quantify the influence the stochastic effects.
Initially, fast improvements of the best solution are
observed. This effect is caused by the combination of the
EA with a local optimization for the continuous vari-
ables. With an increasing target molecular weight, more
specific energy is required for the production process, as
the product becomes more viscous. The main contribu-
tors to the quality of the solution are the position of the
feed port of the alcohol along the extruder and the posi-
tion of the restrictive left-handed element.

The high dependence of the process performance on
the position of the left-handed element is exemplarily
shown in Figure 5 for the target molecular weight range
of 45–50 kg/mol. Figure 5 depicts all solutions that satisfy
this constraint as a function of the position of the left-
handed restrictive element. The positioning of the ele-
ment at around 50 L/D shows the highest production effi-
ciency. This position of the element provides the optimal
location for the additional back pressure zone within the
extruder and therefore provides the optimal residence
time at the later stage of the reaction. Alternatively, the
barrel temperature would have to be increased to achieve
a similar reaction progress but with a lower energy
efficiency.

Figure 6 shows the influence of the alcohol feed posi-
tion on the process performance for the Mw range of 45–
50 kg/mol. The sharp edge after around 40 L/D occurs as
after a certain residence time, the degree of polymeriza-
tion is close to the target molecular weight and further
chain extension cannot be prevented. By overshooting
the target molecular weight, more viscous dissipation is
present in the melt, accelerating the chain growth further
and consequently requiring a higher energy input for the
process and leading to infeasible solutions. In direction of
the feed, this effect be compensated by a lower barrel

FIGURE 4 Convergence of the best values (solid) and mean

(dashed) of the best 50% individuals of the population for each

generation for different specifications of the molecular weight

range for three runs of the memetic algorithm.
FIGURE 5 Scatter plot of the fitness as a function of the

absolute position of the restrictive element for the Mw target range

of 45–50 kg/mol.

FIGURE 6 Scatter plot of the fitness as function of the position

of the feed element of the alcohol for the Mw target range of 45–
50 kg/mol.
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temperature profile. As the reacted alcohol stops the
chain growth reaction and leads to requiring more energy
input, the alcohol feed should be located as close to the
die as possible while satisfying the constraints.

Table 6 presents the optimal operating parameters for
the HEUR process in the 18 mm extruder for the differ-
ent cases. The optimal operation is at the upper bound of
the throughput as sufficient residence time can be pro-
vided. For a higher throughput a safe and stable opera-
tion cannot be guaranteed as back flow and overloading
of the feed may occur, especially for low speeds of rota-
tion. The optimal rotation speed for all cases is at the
lower bound. With a lower speed of rotation, a higher
melt level is achieved in the extruder leading to a larger
residence time, and also less mechanical energy is
required. However, reducing the rotation speed further
would lead to poor mixing of the reactants. A sufficient
mixing especially of PEG and ISO is required as other-
wise big deviations of the local stoichiometry may occur
leading to a very broad distribution of molecular weights
or to a highly cross-polymerized product that deposits on
the screw elements. This is ensured in the optimization
by the choice of the lower bound of the speed of rotation.
The optimal barrel temperatures of both sections rise
with increasing molecular weights as higher tempera-
tures are required for a faster progress of the reaction for
given residence times. As most of the residence time and
mechanical dissipation are present in the later stage of
the extruder due to the higher viscosity and the starved
zone, the second barrel temperature is increased to satisfy
the process constraints. Due to the higher activation
energy of the chain growth compared with the chain ter-
mination, as given in Table 2, higher temperatures are
preferred at the extruder die. The barrel temperatures in
the first zone as well as the temperature difference
between the zones even are increasing although this is
penalized in Equation (8). The minimum specific energy
input is increasing as the higher molecular weight prod-
uct is more viscous and the production requires more res-
idence time or more elevated temperatures. With a range
of 35–50 Wh/kg product, the energy requirement is rela-
tively low for extrusion applications. The typical range is
from 50 Wh/kg for the processing of powder coating
material to up to 250 Wh/kg for the industrial processing
of polypropylene.31 The high energy efficiency is caused

by the late viscosity build-up in the extruder and the pre-
heated liquid feeding of all reactants, avoiding the energy
input for the heat of fusion. Experimental results on the
Leistritz 18 mm Maxx with this HEUR system showed
energy requirements of 350–650 Wh/kg depending on
the operating conditions for throughputs between 2 and
3 kg/h. In the experimental results, the heating system is
contributing 78% to the total energy demand whereas the
motor is only contributing 22%. The 22% contribution of
the motor includes a high base contribution of the fric-
tion, for example, in the gear-box and bearing, which
cannot be neglected at low throughputs in practice. Addi-
tionally, the heating system of the extruder is not insu-
lated to allow a maximal flexibility of the configuration.
The heat losses to the environment of the 0.35 m2 total
barrel surface with a temperature difference of 100 K and
an heat transfer coefficient of 25 W/(m2K) between steel
and air can be approximated to 843 W. For the investi-
gated throughputs, this contributes 280–420 Wh/kg of
the measured 300–500 Wh/kg for the majority of the
required energy for heating. In combination, these two
effects explain the difference between the simulation and
the experimental results.

Figure 8 shows the screw designs for the optimal
solutions in Table 6. As shown above, the location of the
left-handed restrictive element is essential for the perfor-
mance. With increasing specified molecular weight, the
optimal position of this element shifts further towards
the feeding section. This causes a longer starved zone and
more residence time. Similarly, conveying elements with
a lower pitch of 20 mm are located at later stages of the
extruder. The position of the SME is moving towards
the feed for more viscous products, providing more back-
mixing in the earlier stages of the extrusion process.
These conclusions are supported by the simulation
results of the optimal solutions shown in Figure 7. The
profiles of the filling ratio over the length of the extruder
show that with an increased target molecular weight,
more residence time is provided towards the feed by the
screw configurations, especially by the left-handed ele-
ment. The pressure profiles indicate the location of the
left-handed elements and the introduced back-pressure
zones by pressure peaks. The die pressure is increasing
up to 20 bar for the more viscous products. The elevated
melt temperature profiles going up to 140�C do not

TABLE 6 Optimal operating

conditions for the HEUR case with cost

function Equation (8) and an 18 mm

extruder for different molecular

weights.

Case _m (kg/h) n (rpm) Tb,1 (�C) Tb,2 (�C) Fitness (Wh/kg)

45–50 9.0 120.0 103.8 114.7 36.97

50–55 9.0 120.0 104.3 120.2 42.88

55–60 9.0 120.0 105.4 126.0 49.32

Abbreviation: HEUR, hydrophobically ethoxylated urethane.
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compensate the viscosity increase due to the higher
molecular weight. A significant difference in the evolu-
tion of the molecular weight is observed in the last third
of the reaction. In the case of a target molecular weight
of 45–50 kg/mol, the alcohol is fed just before the starved
zone, significantly reducing the further increase of the
molecular weight. For the two higher target molecular
weight ranges, the alcohol is fed at later positions. Due to
the higher temperatures for the case of 55–60 kg/mol, the
target molecular weight can still be achieved.

Comparing the optimal screw profiles for the different
cases, similarities can be observed. Changing the screw
configuration for every product would significantly
reduce the flexibility as multiple sets of screws would
have to be available on site and the pulling and replacing

of the screws is much slower than the change of the oper-
ating conditions. This changeover time increases with the
size of the extruders. Therefore the application of
the same screw design for multiple products is desirable
to increase the flexibility of the production. This optimi-
zation problem is tackled by simulating the extrusion
process for all three products and summing up the fitness
values of the three cases and minimizing the overall
value.

The results of this optimization and of the previous
ones are given in Table 7. C1–C3 represent the values of
the cost function for the products for the individually
optimized screw geometry and feeding position of the tar-
get case. The final row gives the result for the joint opti-
mization of the configuration for all cases and adaptation

FIGURE 8 Optimal screw configurations

for the different hydrophobically ethoxylated

urethane products and the optimal combined

configuration for the Leistritz 18 mm Maxx

extruder. Indicated by the arrows are the feeding

positions of the alcohol. SME, screw mixing

element.

FIGURE 7 Simulation results for

the filling rate, pressure, temperature,

molecular weight, and concentration of

the reacted alcohol for the best

configurations for the different

molecular weights. All variables are

plotted over the axial position from the

feed to the die within the extruder for

the stationary case.
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only of the operating parameters to the products to
achieve the target molecular weight. The solution of the
overall optimization problem is only up to 6% worse than
the best individual solutions for each case and only 5%
worse than the sum of all best individual solutions. In
contrast, the individual best solutions are up to 30%
worse in total performance over all three products. The
corresponding optimal screw configuration for the pro-
duction of all three HEUR grades is shown in Figure 8.
The sequence of elements starting from the SME
section to the die is identical to the optimal design for the
middle target molecular weight of 50–55 kg/mol resulting
in a good performance for the higher molecular weights.
To increase the performance for the low-molecular
weight product, the initial section is adjusted to provide
more residence time in the first barrel section. So for the
production of HEURs with different molecular weights,
the application of a robust screw design for all products is
the preferred alternative over using multiple screws or
even multiple extruders.

3.2 | Optimization and scale-up of the
HEUR production to an industrial scale
extruder

The proposed model (Section 2.1) and optimization strat-
egy (Section 2.3) were applied to up-scale to production
extruders for the HEUR case study. For this investigation,
the 27 mm extruder with L/D = 44 was chosen as a pilot
scale equipment and two 75 mm extruders with L/D
ratios of 40 and 60 were considered as the target produc-
tion setup. The geometric parameters of the extruders are
given in Table 1 and the parameters of the available
screw elements can be seen in Table 8. All investigated
extruders share geometric similarities as they have the
same ratio between screw flight diameter and screw
shaft, but this is not required for the application of the
scale-up method.

The optimization of the 27 mm pilot scale extruder
for the HEUR production was carried out similarly to the
optimization of the 18 mm bench scale extruder with
the goal to find the best screw configuration for the

production of all three product grades. The discretization
length was adjusted to 30 mm to account for the length
of the larger screw elements. Figure 9 shows the resulting
optimal screw design. Analogies to the screw design of
the 18 mm extruder can be seen as the optimal position
of the restrictive element is similar. Three tooth mixing
element (ZME) provide an additional intense mixing just
before the starved zone.

The optimal operating parameters for the pilot scale
production are a throughput of 50 kg/h, a rotation speed
of 180 rpm and barrel temperatures of 93, 97, and 100�C
in the first section and 116, 129, and 140�C in the second
section for the different products. The melt temperatures
at the die for the three cases are 142, 156, and 169�C, they
are significantly lower than the degradation temperatures
of PEG and HEUR, which are above 200�C.39 The higher
temperatures of the barrel, compared with the 18 mm
extruder, are required as the surface-to-volume ratio
decreases with increasing extruder size. The viscosity
of the product is sufficiently high so that enough

TABLE 7 Fitness of the optimal

solutions for the different product

requirements on the Leistritz 18 mm

Maxx extruder with fixed designs and

adapted operating conditions.

Case C1 (Wh/kg) C2 (Wh/kg) C3 (Wh/kg) Ctotal (Wh/kg)

45–50 36.97 47.33 55.00 139.30

50–55 80.39 42.88 51.00 174.27

55–60 53.70 53.70 49.32 156.72P
Ci 39.17 45.49 51.00 135.65

Note: The columns give the cost function values of the optimized designs for the individual cases and

their sum.

TABLE 8 Flow and pressure characteristics of the screw

elements for the Leistritz 27 mm Maxx extruder with a length of

30 mm (left) and the screw elements for the 75 mm Maxx extruder

with a length of 60 mm.

27 mm elements A1 A2 σBCM

R15 0.1655 844 0

R20 0.2207 827 0

R30 0.3310 794 0

R40 0.4414 761 0

L30 �0.3310 794 0

ZME 15 0.0513 73 0.04

75 mm elements A1 A2 σBCM

R60 0.2837 820 0

R90 0.4255 784 0

R150 0.7091 711 0

L60 �0.2837 820 0

Note: A1 is the screw conveying parameter, A2 is the screw pressure
parameter and σBCM is the back-flow ratio for the elements with mass-

transport in both directions.13,15
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mechanical energy can be introduced into the system to
accelerate the reaction. Comparing the optimization
results of the 27 mm extruder in Table 9 with the results
of the 18 mm extruder, the energy requirement of the
scaled-up extruder is about 15%–20% higher. This is
caused by the increased melt temperature at the die for
the 27 mm case. With scale-up, the contribution of the
heat losses between the two barrel sections decreases as
the throughput is increasing faster than the barrel size. If
energy losses from the barrel to the environment were
taken into account, which were not considered in this
study, the efficiency of the larger extruder would improve
in comparison to the smaller one.

The subsequent scale-up to the production level was
performed for two extruders with a screw diameter of
75 mm and L/D ratios of 40 and 60 to analyze the influ-
ence of the extruder length on the optimal process design
and operation. In contrast to the 18 and 27 mm
extruders, no special mixing elements are included as
these elements are rarely applied for larger equipment.
The throughput was optimized in the range between
100 and 500 kg/h, the rotation speed in the range of
180–500 rpm and the barrel temperatures in the range of
80–160�C in the first barrel section and 80–200�C in the
second barrel section. A speed of rotation of 180 rpm was
the best operating condition for all 75 mm configura-
tions, providing a good tradeoff between mixing and
additional residence time. In case of L/D = 40, the most
energy-efficient operating conditions are achieved at
throughputs of 265, 242, and 229 kg/h with barrel tem-
peratures of 155 and 160�C for the case of a molecular
weight of 45 kg/mol and 160�C for all sections in the
other two cases. For the case of L/D = 60, significantly
higher throughputs of 489, 461, and 450 kg/h were found
to be optimal with barrel temperatures of 120�C in the

first section and 130�C in the second section. Overall as
shown in Table 9, the efficiency was increased by 16% for
L/D = 40 in case of the 75 mm extruder compared with
L/D = 60 of the 18 mm extruder. By choosing the 75 mm
extruder with L/D = 60, the specific energy consumption
can further be reduced by 13%, while almost doubling
the throughput. Higher heat losses to the environment
caused by the extended extruder length can be neglected
because of the good insulation of the extruder barrel. The
primary factor that contributes to reducing the specific
energy consumption is the increased contribution of
shear-induced heating, while the heating of the barrel
has a negative impact. The input of mechanical energy
by the motor is therefore more efficient, which is in

FIGURE 9 Optimal screw geometry for the Leistritz 27 mm Maxx extruder for the production of the three different hydrophobically

ethoxylated urethane products. Indicated by the arrow is the feeding position of the alcohol.

TABLE 9 Optimal energy

consumption for the different extruder

sizes for the different HEUR products

(C1 = 45–50 kg/mol, C2 = 50–55 kg/

mol, and C3 = 55–60 kg/mol).

Case C1 (Wh/kg) C2 (Wh/kg) C3 (Wh/kg) Ctotal (Wh/kg)

18 mm Maxx 39.17 45.49 51.00 135.65

27 mm Maxx 44.92 52.12 60.55 157.59

75 mm Maxx 32.00 38.22 43.98 114.19

75 mm Maxx 27.85 33.41 38.70 99.96

Note: For all extruders, a single screw configuration and feeding position was optimized for all products,
whereas the barrel temperatures, speeds of rotation, and throughputs were optimized for each product
individually.
Abbreviation: HEUR, hydrophobically ethoxylated urethane.

FIGURE 10 Evolution of the molecular weight over the length

of the extruder for the different extruder sizes and the three

different target molecular weights.
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agreement with the general scale-up of extruders, where
the contribution of the heating and cooling elements rela-
tive to the mechanical input is decreasing towards larger
equipment sizes. This is caused by the increase of
volume-to-surface ratio for larger extruders. Further-
more, the increase of the molecular weight happens later,
resulting in a smaller portion of energy introduced in the
part where the reaction was completed. This can be seen
in Figure 10. Additionally, lower barrel temperatures
were sufficient due to the longer mean residence time of
about 40 s for the L/D = 60 extruder compared with the
shorter residence time of 17 s for L/D = 40. These differ-
ences in the optimal evolutions emphasize that a simple
scale-up strategy is not always applicable in the design of
reactive extrusion processes. The different availability
of screw elements for different extruder sizes can be han-
dled easily by the model and the optimization-based
scale-up approach.

The optimal screw designs for the 75 mm extruder
with L/D = 40 and L/D = 60 are shown in Figure 11.
The restrictive element with 60 mm pitch (L60) is placed
as far as possible towards the die. Furthermore, the posi-
tions of the low pitch elements (R60) towards the die and
the high pitch elements (R150, R90) in the feeding zone
indicate that the optimal configuration is to maximize
the residence time in the later reaction zone, after the
addition of the alcohol at 28 L/D (L/D = 40) and 16 L/D
(L/D = 60). Overall the optimization results show that an
energetically efficient process can be performed at indus-
trially relevant throughputs of about 500 kg/h on a
75 mm extruder with a L/D = 60.

4 | DISCUSSION

4.1 | Optimization

The results of the optimization of the 18 mm bench scale
extruder in Section 3.1 and for the scale-up in Section 3.2
demonstrate the potential for flexible and energetically
efficient use of extruders for the production of HEUR
grades with different molecular weights. In the current
industrial practice, HEURs are produced in batches of
several cubic meters. The HEUR systems are highly

viscous and therefore during the batch reaction and the
subsequent formulation in water, a large energy input by
the stirrer is required over long periods of time. Produc-
tion times for the batch process are typically in the range
of 1–4 h with energy inputs of 1000–5000 Wh/kg. In con-
trast, the reactive extrusion process offers a significantly
better energy efficiency in the range of 27–60 Wh/kg, as
the overall residence time is much shorter due to higher
temperatures and more efficient local mixing. The experi-
mental study on the 18 mm extruder showed similar rhe-
ological properties of the melt and of the final aqueous
solution compared with the product produced in batch.
By transition from the batch process to the reactive extru-
sion process, the tedious cleaning step after each charge
can be omitted and the product can be further processed
as a solid. Moreover, the quantity of the processed haz-
ardous diisocyanates at a given location is significantly
reduced in the reactive extrusion approach compared
with a charge of a conventional reactor, due to their sig-
nificant difference in the volume. In practice, the hold-up
within the extruder is around 100 times smaller than in a
batch production with a similar production capacity.
Additionally, in the batch production, the maximum
achievable product viscosity, batch size, and the produc-
tion rate per vessel are constrained by the power of the
stirrer. The usual melt viscosities of the HEUR product,
in the range of 400–800 Pa s at 100�C, are at the lower
bound of the operating window of a typical extrusion
process and an easy scale-up to higher throughputs is
possible by the choice of larger extruders. Even for the
scale-up of the extruders to production capacities of
almost 500 kg/h using the 75 mm extruder with
L/D = 60, the equipment footprint remains small com-
pared with batch reactors.

This throughput corresponds to the production of
almost 1000 t/year for a 1 shift production per machine.
The presented model addresses all process-relevant
effects independent of the extruder size and enables a rig-
orous model-based scale-up and optimization. The results
are very promising. All process constraints are satisfied
and the most beneficial process configuration was deter-
mined. The use of the same reaction model and property
data as for the smaller equipment leads to a very fast and
transparent scale-up, as all process states are available

FIGURE 11 Optimal screw geometry for

the Leistritz 75 mm Maxx extruder for the

production of the different products. Indicated

by the arrows are the feeding positions of the

alcohol.
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from the simulation. The availability of this data source
in the model-based scale-up enables a more time- and
cost-efficient scale-up in reactive extrusion as experimen-
tal trials can be reduced to a minimum with accurate pre-
dictions of the process performance and product quality.

4.2 | Dynamic process operation

In Section 3, we showed that the efficient continuous pro-
duction of different HEUR products on the same extruder
is possible. The current industrial practice is a pure batch
production with the flexibility to change the product
grade only between the charges. We also discuss the
dynamic operation of the continuous reactive extrusion
process particular with respect to product changeovers. If
a similar flexibility can be achieved with the reactive
extrusion production, the existing logistics, procurement,
distribution, and shift planning structure can be used.
Necessary changes in this existing structure otherwise
may result in costs that dominate the savings from the
process improvement.40,41 Therefore in the following, the
dynamic product changeover between two different
HEUR grades is investigated.

Simulations of a product changeover between two
material grades in the continuous extrusion process for
the 18 mm Maxx extruder are shown in Figure 12 and
emphasize the flexibility of the new production concept,
as a product changeover can be performed within 300 s.
In Figure 12, the melt temperature and the molecular
weight Mw at the die are shown for product changeovers
to a product with a higher and with a lower viscosity.

At the throughput of 9 kg/h on the 18mm extruder the
mean residence time is around 85 s. This simulation
model considers the thermal inertia of the barrel temper-
ature for changeover, assuming a ramp for the barrel
temperatures. For the 18mm extruder, experiments on
the real equipment showed transition times of 50 s for a
10K temperature increase and 35 s for a decrease of the
barrel temperature by 10K. The evolution of the molecu-
lar weight in the early stage of the reaction is similar for
the different products as shown in Figure 7. The end-
capping in the later extruder section determines the qual-
ity of the product and primarily contributes to the
changeover time. Therefore, product changeovers are
possible within the order of magnitude of one residence
time. We expect a similar performance for product
changeovers for the 27 and 75mm extruders as the mean
residence times and the thermal inertia of the extruders
are in the same range. Finally, the continuous production
enables a direct reaction to process deviations mitigating
the risk of producing an entire off spec charge as in the
case of problems in batch production.

5 | CONCLUSIONS

In this article, we applied the detailed mechanistic reac-
tive extrusion model and the flexible and broadly applica-
ble memetic optimization method for the design and
optimization of the processing conditions from Ref. 13 to
the industrial production of HEUR paint thickeners. The
results of the optimization demonstrate the potential of
the reactive extrusion process as a cost-effective and envi-
ronmentally favorable alternative to the conventional
batch production. The transition from a batch reactor to
an extruder offers the possibility to significantly reduce
the energy consumption of the manufacturing process by
up to 90% and enables the production of new high-
molecular weight products. The outcomes of the simula-
tion and optimization show that it is possible to produce
HEUR grades with different molecular weights using a
single screw configuration. This approach can be applied
with only a minimal deviation from the established opti-
mal parameters, causing <5% loss of energy efficiency
compared with using tailored configurations that were
specifically optimized for each target molecular weight.
Model-based scale-up was investigated for the same prod-
ucts in four increasing sizes of the extruder and the Leis-
tritz 75 mm Maxx extruder with L/D = 60 was identified
as the most suitable equipment for an industrial produc-
tion rate of 500 kg/h. The proposed model-based optimi-
zation and scale-up are reliable and transparent, as all
relevant process quantities are accessible from the simu-
lation and the optimal configurations can be analyzed in

–
–

FIGURE 12 Simulation of product changeovers between the

two optimal operating conditions on the Leistritz 18 mm Maxx

extruder for changeovers between products of 45 and 55 kg/mol.

The dashed lines indicate the temperature and the solid lines

indicate the evolution of the molecular weight at the die.
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detail. Moreover, the dynamic simulations of the product
changeover showed the feasibility to switch between the
product grades within 300 s, ensuring minimal material
losses and offering the option for in-process troubleshoot-
ing which is unattainable in the conventional batch oper-
ations. This flexibility of the reactive extruder makes it
possible to produce amounts that differ from multiples of
a full batch in the conventional production, which is par-
ticularly relevant in the market of specialty additives. The
use of this increased flexibility will be further investigated
in future work on the application of demand-side man-
agement strategies42 to react dynamically to the varying
availability and price of electricity. Finally, a combination
of measured process data and the process model
described here can be employed for improved process
control of reactive extrusion processes.43
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