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Propositions accompanying the thesis of Axel Hengstermann

A NEW APPROACH TO INDUSTRIAL MELT
CRYSTALLIZATION OF ACRYLIC ACID

Water influences the crystal growth of certain crystal faces of acrylic acid. Additionally,
water induces the occurrence of a hollow cavity on face {002}. The higher the water
content and the supercooling of the melt, the more needle-like the crystal shape
becomes and the longer the occurring cavity (Chapter 2).

The operation of a melt crystallization and purification unit is limited by the filterability of
the occurring crystals. The filterability of acrylic acid crystals is influenced by the water
content and supercooling of the melt due to the occurring needle-like shape and the
hollow cavity on face {002} of acrylic acid crystals (Chapter 3).

The comparison of different measurement techniques for crystal size distribution often
leads to strong confusion or to the wrong conclusions (Chapter 3).

The measurement of the particle size distributions of different morphologies occurring in
a homogenous suspension is technically not possible, but needs to be developed for the
optimal design of eutectic (melt) crystallization processes (Chapter 4).

The attention to the precise prediction of solid liquid equilibriums needs to be improved
(Chapter 5).

The eutectic freeze crystallization (EFC) is a new technique to purify an organic
compound from an aqueous melt at a higher yield and a higher specific throughput.
(Chapter 6).

The internalization of a take home message of an auditorium is always a question of the
moderator’s presentation.

There is a big difference between correlation and causality — engineers can identify
problems by correlations, but they should only trust in causalities.

One should snap at the offered chances — some will be unique in life, like the proposal
for this PhD thesis.

The main difference between German and Dutch people is quite simple. For German
people the distance between Berlin and Amsterdam is exactly 651 km. For Dutch people
the distance is roughly 650 km.

These propositions are regarded as opposable and defendable, and have been
approved as such by the supervisor, Prof. dr. ir. P.J. Jansens.
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Stellingen behorende bij het proefschrift van Axel Hengstermann

A NEW APPROACH TO INDUSTRIAL MELT
CRYSTALLIZATION OF ACRYLIC ACID

Water beinvloedt de kristalgroei van sommige kristalvlakken van acrylzuur. Bovendien
heeft de aanwezigheid van water de vorming van holtes op de {002} kristalvlak tot
gevolg. Hoe hoger het watergehalte en de onderkoeling in de smelt, des te sterker
naaldvormig de kristallen en des te langer de gevormde holtes. (Hoofdstuk 2).

Het bedrijven van een smeltkristallisatie- en opzuiveringsproces wordt beperkt door de
filtreerbaarheid van de gevormde kristallen. De filtreerbaarheid van acrylzuur kristallen
wordt beinvloed door het watergehalte en de onderkoeling van de smelt tengevolge van
de vorming van naaldvormige acrylzuur kristallen met holtes op de {002} kristalvlalkken
(Hoofdstuk 3).

Het vergelijken van resultaten van verschilende meettechnieken voor de
kristalgrootteverdeling leidt vaak tot verkeerde conclusies (Hoofdstuk 3).

Het meten van deeltjesgrootteverdelingen van deelties met een verschillende
kristalvorm, aanwezig in een homogene suspensie is momenteel technische niet
mogelijk maar zal moeten worden ontwikkeld voor een optimaal ontwerp van
eutectische smeltkristallisatie (Hoofdstuk 4).

De wetenschap zou meer aandacht moeten besteden aan de nauwkeurige voorspelling
van thermodynamische eigenschappen van vast-vloeistof evenwichten. (Hoofdstuk 5).

Eutectische vrieskristallisatie is een nieuwe technologie om een organische stof te
zuiveren uit een waterige smelt met een hogere opbrengst en een hogere specifieke
capaciteit. (Hoofdstuk 6).

Het zich eigen maken van een “mee naar huis” boodschap voor een gehoorzaal is altijd
een vraag uit de presentatie van de moderator.

Er is een groot verschil tussen correlatie en causaliteit — ingenieurs kunnen problemen
identificeren met behulp van correlaties, maar zij zouden alleen vertrouwen moeten
hebben in causaliteiten.

Men moet in het leven gebruik moeten maken van de aangeboden kansen — sommige
zullen uniek blijken te zijn, zoals bijvoorbeeld het voorstel om dit proefschrift te schrijven.

Het belangrijkste verschil tussen Duitsers en Nederlanders is heel eenvoudig uit te
leggen. Voor Duitsers is de afstand tussen Berlijn en Amsterdam 651 km. Voor
Nederlanders is deze afstand ruwweg 650 km.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotor, Prof. dr. ir. P.J. Jansens.
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CHAPTER1

INTRODUCTION

1.1 Industrial needs and advantages of melt crystallization

In the recent past the economical and ecological requirement standards for the production of
all kind of chemical products have become tighter. Furthermore, the customer’s demand for
high purity products gets stronger. An example is acrylic acid as a pre-product for the
production of diapers and other hygiene products. The installed acrylic acid production
processes are often energy intensive and the common purification steps are not able to fulffill
the above-listed requirements. Therefore, the acrylic acid producers are anxious to develop
new innovative acrylic acid production processes to reduce the specific energy demand and

to improve the product quality.

As one of the oldest separation techniques, melt crystallization can still contribute to these
requirements. In comparison to distillation and extraction, crystallization demonstrates a
much higher selectivity per separation step, consumes less energy, and operates at lower
temperatures. The low operating temperatures offer the opportunity to carry out a separation

without thermal degradation, too.

Regarding the increasing demand for high purity acrylic acid melt crystallization is a
promising separation technique to reach these purity levels. Additionally, the cold separation
step leads to a higher achievable yield of acrylic acid due to the reduced propensity to
polymerize. Therefore, the scope of this thesis is to strengthen the innovative installation of

melt crystallization for the purification of acrylic acid on an industrial scale.

Currently, the most favored industrial technology for melt crystallization of acrylic acid is the
layer crystallization process. Layer crystallization requires liquid handling only but,
unfortunately, due to a low surface area for crystal growth it comes along with poor
distribution coefficients of the secondary components per stage. Therefore, it often leads to a
multi-stage process in order to reach high product qualities.

On the other hand suspension crystallization is an interesting technique for the separation
and purification of acrylic acid on industrial scale. Due to low crystal growth rates, the
technique offers the possibility of a single-step purification process. However, the process

potential and the resulting purity are always limited by the performance and the efficiency of
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the downstream solid-liquid separation technology. Therefore, the scope of this introduction
chapter is to elucidate the basic principle, the state-of-the-art of suspension melt

crystallization, and the required downstream separation technologies.

Table 1-1 gives a small overview of substances mainly purified by melt crystallization
because of a low temperature level, thermal instability or a required high purification level.
These products are predominantly purified by layer crystallization. The world production
scales [1] emphasize the potential for the installation of new innovative suspension

crystallization units.

Table 1-1  World production scale of several chemicals [1].

product world pr[?giLcj)C’:/i:? scale / basis
acrylic acid 3.2 2006
phenol 8.3 2004
p-xylene 3.2 2006
caprolactam 3.9 2005

1.2 Melt crystallization

Crystallization is generally defined as the formation of a solid state from a supersaturated
liquid. Supersaturation is present, if the thermodynamic solid-liquid equilibrium is exceeded
by evaporation of the solvent, cooling of the complete system, by a combination of both, or
by the addition of an anti-solvent. In case of melt crystallization supersaturation is generated

by cooling, therefore it is common to use the term supercooling instead of supersaturation.

Ulrich et al. [2] suggested a scientific definition to precisely differentiate the occurring
crystallization mechanisms:
e If mass transfer dominates the liquid-solid phase change, it is defined as “solution
crystallization".
e If heat transfer dominates the liquid-solid phase change, it is defined as “melt

crystallization”.
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1.2.1 Solid-liquid equilibrium

The knowledge of the solid-liquid equilibrium is essential in order to design melt
crystallization as a product purification and separation step. Additionally, the solid-liquid
phase diagram provides insight in crystal phase and thus the purity of the product that is
formed under the process conditions and in the general separation potential of a component.
The eutectic point in a phase diagram represents a special equilibrium state of the system.
Cooling below the eutectic point of a binary systems leads to the formation of two crystal
phases. This makes a further separation and purification of one component impossible, but
offers the possibility to form a second crystal phase which can be separated similarly from
the melt. Phase diagrams of many common binary systems are available in literature.

Matsuoka [3] published a stochastic analysis of a large number of binary organic solid-liquid
systems in 1977. According to the analysis, 86% of all investigated binary systems exhibit a
eutectic or peritectic behavior, and hence allow the separation of pure crystals. Obviously,
this depends on the feed composition and on the location of the eutectic and peritectic
points, respectively. The remaining systems (14%) form solid solutions and are not attractive

for separation by crystallization as they need multi-stage operation.

The eutectic point (EP) and its corresponding concentration xgp, respectively, limit the yield of
a crystallization step. Crossing the eutectic point is followed by the crystallization of more
than one component. The maximum recovery of a component from any eutectic system can

be calculated easily by the relating concentrations as shown in eq. 1-1.

R-_XF—Xep

= eq. 11
xp(1-Xep ) g

The industrial separation of a pure component from a melt is often an operation in a multi
component system. The graphical representation of multi-component systems with more
than three substances is not possible. However with a computer program it is still possible to
describe the system or it can usually be reduced to a ternary system consisting of the
substance to be crystallized, a major secondary component, and a set of side products which
can be summarized by one pseudo component. This approach is feasible because the
concentration distribution of the side products is often constant.

The graphical presentation of a solid-liquid equilibrium phase diagram of a ternary system is
quite complicated. The general concentration of a ternary mixture can be presented in a
triangular diagram. Figure 1-1 shows a typical graphical presentation of the ternary solid-
liquid equilibrium of acrylic acid, water, and acetic acid. The color graduation represents the

different levels of the equilibrium temperatures.
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Figure 1-1 Ternary phase diagram of the system acrylic acid, water, and acetic acid.

1.2.2 Industrial crystallization techniques

The industrial product separation and purification by melt crystallization can be carried out in
a suspension or a layer mode. Layer crystallization is a well known technology and is quite
comfortable to operate as it requires handling of liquid phases only. In contrast, the
suspension crystallization always deals with the transportation and filtration of solid particles
which often leads to complex operations. However, it is advantageous as it also leads to
formation of highly pure crystals in a single step operation in contrast to layer crystallization
with low crystal purities. Therefore, the layer crystallization often requires a multi-stage
operation. The major differences in the crystal purities can be explained, if the interactions
between the heat and mass transfer at the solid surface boundary layer in a supercooled
state are considered.

In the layer growth, the supercooling is generated through a cooled wall. The growth of
crystals takes place directly on a cooled wall. The schematic temperature and concentration
profiles are shown in figure 1-2. The heat of crystallization is removed through the crystal
layer, whereas the impurities are transported into the bulk which is not supercooled. The
formation of a pure crystal layer is possible, if the solid phase is in equilibrium with the liquid
phase at the crystal surface and the growth rate is small. However, these conditions result in
extremely low growth rates and large apparatus scales which would make this technology

uneconomical.



INTRODUCTION

i el : | mother
| B ' ' liquor
] Tg
] i
] |
|
. . T,
] i
/ | |
| |
..---"- | |
| i
| |
~’..\"""'--__I I
] ]
) ' 1 %
Omass | :
e
T |
| ':"‘lharrra.l
¥

Figure 1-2 Profiles for layer growth under stable conditions.

On the other hand, it is possible to have equipment sizes and production capacities which
allow economically feasible operations if high growth rates from 10-6-10-5 m/s are
established. The occurring temperature and concentration profiles of the boundary layer are
shown in figure 1-3. High growth rates in layer crystallization lead to increased supercooling
from the crystal layer towards the bulk. Furthermore, an occurring impurity gradient in the
crystal boundary layer lowers the equilibrium temperature T, and hence the supercooling.
This combination favors intrinsically unstable growth. Unstable growth occurs, if the
supercooling in the melt is higher than that at the crystal interface. This results in a random
protrusion on the flat crystal layer. The growing protrusion enters the region of higher
supercooling in the melt and minimizes the supercooling by a rough growth of the surface or
by a fast dendrite outgrowth. Due to fast growth impurities of the mother liquor are
incorporated in the crystal layer. This condition on the crystal layer is referred as
constitutional supercooling [4] and its occurrence on industrial scale is responsible for low
purity in a single crystallization step. Therefore, layer crystallization often requires a multi-
stage process.

In suspension growth, the crystals grow always from a supercooled bulk. In that case, the
maximum supercooling is localized in the bulk and decreases towards the crystal surface.
Additionally, a gradient of impurities occurs which decreases the equilibrium temperature.
These two conditions result in some degree of constitutional supercooling. Therefore, a
suspension growth is also intrinsically unstable. Figure 1-4 shows characteristic temperature

and concentration profiles at the solid surface boundary layer.
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Figure 1-3 Profiles for layer growth under unstable conditions.

In suspension crystallization, the growth rates can be kept low between 10®-10" m/s due to
a high available crystal surface for growth and good mixing conditions. If these conditions are
maintained, the degree of constitutional supercooling is rather small. Additionally, the system
is striving for minimization of its surface tension and consequently a reduction of its surface
stabilizes the system. This effect becomes stronger with a stronger curvature of the crystal
surface and compensates the unstable growth conditions due to constitutional supercooling.
In spite of the conditions leading to intrinsically unstable growth, suspension crystallization
offers a high selectivity at high specific production capacities because of low growth rates,

high available crystal surfaces, and good mixing conditions.
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Figure 1-4 Profiles under constitutional supercooling in suspension growth.
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1.2.3 Driving force for melt crystallization

Generally, a system at equilibrium has a minimum free energy AG. If a deviation from the
equilibrium state exists, the free energy would be above the minimum and the system would
have a tendency to reduce its free energy. In the crystalline state, the free energy is lower
than in the liquid state. The difference between these states can be regarded as the driving
force for melt crystallization. Crystallization is possible as long as a suitable deviation from

this thermodynamic equilibrium is established.

The driving force can be expressed by the difference between the chemical potentials of the

crystallizing component in the liquid state and in the equilibrium state:

a(p, T,x) }
Au=R-T-In| —— eq. 1-2
{ae(p,T,xe) d

In the case of an ideal mixture or constant activity coefficients in the concentration range

between x and x, eq. 1-2 reduces to:

Au:R-T~/n[XJ eq. 1-3

e

When the relative supercooling term x/x. is relatively small, the logarithmic term can be

expanded in a Taylor series, resulting in the following term for the relative supercooling S:

FrT % °a. 1-4
Differentiating eq. 1-4 allows an expression in terms of supercooling :
—dInx,
AB=—""C€ AT eq. 1-5
B8 aT q

As the supercooling is zero in case of equilibrium, AT may be omitted. When the van ‘t Hoff

equation is applied, the following expression of supercooling 8, can be derived:

—AH
RT,?

B= AT eq. 1-6
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Where:

AH,, = latent heat of fusion

AT = temperature difference between the melting point and the temperature of mother
liquor

R = universal gas constant

Te = equilibrium temperature

1.3 Crystal growth

Crystal growth takes place in a supercooled melt on existing surfaces. Different nucleation
mechanisms which explain the formation of new surfaces are known but they will not be
explained here as they fall out of the scope of this thesis.
The growth process on a crystal surface in a suspension can be divided into three steps:
e Mass transfer of the crystal growth units from the bulk through the solid-liquid
boundary layer to the crystal surface.
« Diffusion of the crystal units on the crystal surface and integration into the lattice with
the most favorable energy state.
e Transfer of the latent heat of fusion from the crystal surface into the bulk.
The addition of new crystal units will always take place at the most energetically favorable
positions that offer a high number of faces and attachment possibilities to minimize the
surface tension of the two-phase system. At low values of supercooling, the integration at a
kink site is more probable than on a step site which in turn is more probable than on a flat
site. Thus, the integration of new crystal units and hence the occurring growth mechanism
depends on the supercooling.
Due to the focus of this thesis on suspension crystallization operating at low values of
supercooling the following section will deal qualitatively with the growth mechanisms
occurring at moderate supercooling. Growth mechanisms occurring at high supercoolings

like crystal roughening and dendrite growth will not be part of the section.

1.3.1  Growth mechanisms in suspension

The addition of new crystal units on a crystal surface is always preferred at the most
energetic favorable position. Burton et al. [5] proposed that crystal growth is an energetically
cheap process, if it follows a “screw dislocation” mechanism. This mechanism avoids the
generation of new surfaces and enables a nearly endless kink and the stepwise integration of
the new crystal units. To maintain this ideal growth mechanism, a low supercooling and
stable conditions have to be ensured. Figure 1-5 shows a schematic drawing of a crystal

growth by “screw dislocation” mechanism.
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screw
dislocation

Figure 1-5 Mechanism of screw dislocation.

An increase of supercooling leads to the integration of new crystal units at less energetic
favorable positions. Therefore, the formation of a new crystal layer takes place by the
integration of new crystal units on a flat surface. Bennema and Gilmer [6] named this
mechanism as the “birth and spread” model. This mechanism generates a higher specific
crystal surface which is needed for a higher heat transport in the direction of the bulk. Figure
1-6 shows schematically the layer-by-layer “birth and spread” mechanism at a low growth

rate.

Nl D
_/\ =K

Figure 1-6 Birth and spread mechanism - layer by layer.

If the supercooling increases further, the formation of two-dimensional nucleus increases and
it approximates the size of the growth units. This may lead to the effect that the formation of
a new layer is as probable as the outgrowth of an already existing one. This fast formation of
a new two-dimensional nucleus can change the defined crystal shape. The layer-by-layer
mechanism changes into a surface roughening one. This effect is called “kinetic
roughening” [5]. Figure 1-7 shows the “outgrowing” effect of a “birth and spread” mechanism

at a high growth rate.
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Figure 1-7 Birth and spread mechanism - outgrowing crystal shape.

1.3.2 Growth rates

The velocity of crystal growth is defined as crystal growth rate. The simplest theory of crystal
growth bases on a spherical geometry without any preferred direction. However, crystals
growing at moderate supercooling will mostly provide a shape with regular defined flat faces
so that a differentiated look is necessary. The geometry of the crystal lattice as smallest
crystal unit defines the macro shape of the crystals. Additionally, the composition of the melt
and the occurring supercooling influence the growth of the different crystal faces. Therefore,

it is necessary to define specific crystal growth rates.

1.3.2.1 Linear growth rate G:

The linear growth rate G is related to the growth of a characteristic dimension L per time.
Most calculations of industrial crystallizers are based on the linear growth rate. Calculations
with the linear growth rate G have to be used with care, because of different measurement
methods for the characteristic length L and its definition. The characteristic length L can be a
particle diameter from a laser diffraction measurement or e.g. a length-based mean chord
from a Focus Beam Reflected Measurement (FBRM). The characteristic lengths of both
measurements are correct, but represent completely different particle dimensions.

There are different approaches existing to determine the linear growth rate. The mostly used
method is the MSMPR concept developed by Randolph and Larsen [7]. The method uses the

crystal size distribution after the steady state is reached following eq. 1-7.

n=ng- exp(— i) eq. 1-7

The linear growth rate by a characteristic length L is defined by the following equation:

_dL

G=
dt

eq. 1-8
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1.3.2.2 Face growth rate

The face growth rate s is the growth velocity of one specific face described by the Miller
Indices (hkl-crystal planes). Face growth rates s can be measured by simple lab
experiments with a single crystal. The knowledge of the different face growth rates s” of a
crystal is useful to characterize the crystal shape grown from realistic melts. The face growth

rate s” is clearly defined by the Miller Indices and only valid for this crystal face.

, ds
s'=—
dt

eq. 19
1.3.2.3 Overall mass growth rate

The overall mass growth rate R is defined as the increase of the crystal mass m;g of crystal

units from the melt onto the overall crystal surface A; by time.

1 dmg

G ZE i eq. 1-10

With the knowledge of the volume area shape factor k,, the surface shape factor ks, the solid

density ps, and the linear growth rate G eq. 1-10 can be transformed to:

1 dlkypst®) 3k -ps dL
% kg dt ks dt

Rs
3.k eq. 1-11
Rg =21V 'Ps g

ks

1.4 Solid-liquid separation and crystal purification in suspension crystallization

The product purity of a single crystallization step depends on the crystal growth rate which in
turn depends on the supercooling and the applied crystallization technique as presented in
section 1.2.2. Suspension crystallization offers the opportunity to form pure crystals in a
single step.

However, the generation of pure crystals does not necessarily mean a pure product. To
ensure this, crystals have to be separated from the mother liquid by a solid-liquid separation
and an additional washing device. In case of melt crystallization, the product melt is used
partially as the washing liquid to remove the adhering impure mother liquid. To ensure a high
overall yield of the crystallization unit, the wash liquid which is loaded with the side
components has to be recycled to the crystallizer. An accumulation of side components can

be avoided by a defined purge stream of mother liquid out of the crystallization unit. The

11
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required wash liquid which is recycled back to the crystallizer unit and is crystallized again.
This increases the energy consumption of the crystallization unit. Figure 1-8 demonstrates all

typical steps of a common melt crystallization process.

product
[wash fiqurd]
crystals ||
W ]
Q.
(hoamchenl) proiduct
rmadhar bgud mother liguid
(Reocycla) fpurge)
filtration &
crystallization purification makter

Figure 1-8 Melt crystallization process [8].

On industrial scale, different techniques are available for filtration and washing of the
crystals. The differences are in the operation technology. The technology selection depends
on the required product purity. Figure 1-9 taken from Ulrich et al. [2] shows a benchmark of
different separation technologies and the reachable product qualities as a function of the
impurity concentration in the crystallizer. An ideal case is given, if the separation of crystals,

the washing step and the melting of the crystals are combined in one device.

nesidual Moshre

100.0% 100,08
Wash column == | °5%
I
§ A e w i 515 %“
,EE Centrifuge / W ot 3'.5
= f ]
£3 6% fmmmmmmmoomon - -v[-*-:l.z--#-lﬂﬂ% 33
e e ki -
't / ;E
3 Filter E
&  Do4% press _.-"'l { b 08.5% o
."llll
I
89.2% - T 58.0%

40% 35% 30% 25% 20% 15% 10% 5% 0%
Impurity Concentration in Crystallizer (wi%)
Figure 1-9 Dependence of the product purity on the separation and washing
technology [2].
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1.4.1 Wash columns

Wash columns offer the opportunity to combine solid-liquid separation, washing, and melting
of the crystals in one apparatus. All types of wash columns are designed as cylinders. At
least one filter unit inside the cylinder separates the mother liquid from the crystals in such a
way that a crystal bed is formed. The crystal bed is transported through the cylindrical
column. The type of the crystal bed transport depends on the type of the wash column. In all
cases the crystal bed is disintegrated at the end of the column and the disperse crystals are
molten in the melt circuit. By closing the product outlet, pure melt is pushed backwards to the
crystal bed for a counter current washing. Due to the two occurring equilibrium states of the
crystals with the impure mother liquid and the pure melt, respectively, a sharp temperature
change occurs. This temperature change is called “wash front” and can be used to control

the efficiency of the counter current washing.

Three types of wash columns can be distinguished based on the transport mechanism of the
crystal bed. This transport can be under gravity, via mechanical force using a piston or a
screw, or hydraulic pressure. Figure 1-10, taken from Ulrich et al. [2], shows the three

different types of wash columns classified by their transport principles.

Gravity Transport Mechanical Transport Mechanical Transport Hydraulic Transport
Piston type Screw type

Figure 1-10 Different wash columns classified by their transport principles [2].

The product capacities of all types of wash columns are limited by the crystal bed properties.
The properties can be expressed in terms of porosity, permeability, and compressibility.
These properties are largely influenced by the occurring crystal morphology and the crystal
size distribution. With the help of Darcy’s law the liquid velocity v through a porous crystal
bed with height hgey, a liquid pressure p, and a viscosity of the liquid n via the occurring

permeability B is given by:
13
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p
v=8-. eq. 1-12
N hpeg q

In terms of a changing bed height, eq. 1-12 is reformulated to calculate the occurring

pressure drop.

dp_v-n
dhpag =5 eq. 1-13

Regarding eq. 1-12, it is obvious that the liquid flow through a porous bed at constant
parameters in terms of bed height and viscosity is a function of the permeability and the
pressure drop. If the permeability decreases by one order of magnitude at a constant
pressure drop, the liquid flow decreases by a factor of ten or the cross sectional area has to
increase by a factor of 10. It is also possible to compensate this with a higher pressure drop
dp. But in case of a compressible crystal bed this may lead to a further permeability and
porosity loss following the correlation of Tiller et al. [9]. Eq. 1-14 uses the compressibility
coefficient 1 for the description of the porosity change and o for the description of the

permeability change:

1+p:(fJ" :[BJ" eq. 1-14
Po €o By

The interrelations between the permeability, porosity, compressibility, the crystal morphology,
and the crystal size distribution will be the main objective of chapter 3 of this thesis. A

detailed explanation will be given in that chapter.

1.5 The system acrylic acid

The crystallization of acrylic acid from an aqueous melt is the scope of this thesis. Acrylic
acid is the smallest unsaturated carboxylic acid with the chemical formula C3H,O,. The
official IUPAC declaration is propenoic acid. The chemical structure consists of a vinyl group
directly connected to the carboxylic acid group. The molecular structure of acrylic acid is

shown in figure 1-11.

14
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Figure 1-11 Molecular structure of acrylic acid.

The world production scale of acrylic acid in 2006 was around 3.2 mio t/a [1]. Acrylic acid is
generally produced by a two-step oxidation of propylene with oxygen via acrolein as an
intermediate [10]. Acrylic acid is mainly used for the production of esters as copolymer and
for the production of superabsorbent polymers. Due to their application in diapers and
sanitary products, the production of superabsorbent polymers requires an ultra high purity. In
the recent years, the required purity level has increased consecutively so that it is not
economically possible to reach this level by a common distillation step. Therefore, melt
crystallization of acrylic acid has achieved great significance to satisfy the market

requirements.

1.5.1 Physical properties

Acrylic acid is a clear, colorless liquid. The boiling point at atmospheric pressure is 141.0°C
and the melting point is 13.5°C. Acrylic acid forms rectangular crystals in the solid state [11].

Other important physical properties of acrylic acid are listed in table 1-2:

Table 1-2  Physical properties of acrylic acid.

molar mass 72.06 kg/kmol
refractive index n? 1.422

density of the liquid (15°C) 1.056 kg/m’
viscosity (25°C) 1.149 mPas

45600 kJ/kmol
632.8 kJ/kg

11100 kJ/kmol
154.0 kJ/kg

heat of vaporization (1013 mbar)

heat of melting (13°C)
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1.5.2 Solid-liquid phase diagram acrylic acid and water

Chubarov [12] determined the solid-liquid equilibrium of acrylic acid and water, shown in
figure 1-12. The eutectic point is at 62 wt% acrylic acid and -11°C.

temperature / [°C]
o

5 ,;

10 1 ¢

0 20 40 60 80 100

concentration H,0 / [wt%]

Figure 1-12 Solid-liquid equilibrium [12].
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1.6 Objectives

The purification of acrylic acid by melt crystallization offers several advantages in contrast to
other separation techniques. Melt crystallization allows a separation at reduced thermal

stress coming along with less polymerization and a higher purity level.

In comparison to the currently installed layer crystallization processes the suspension
crystallization has several advantages for the separation and purification of acrylic acid on
industrial scale. Due to low crystal growth rates, this technique often offers the possibility of a
single-step purification. However, the process potential and the resulting purity are always
limited by the performance and the efficiency of the downstream solid-liquid separation
technology as reported in section 1.4. Wash columns represent an excellent technology to
combine the solid-liquid separation with a countercurrent washing device in one single unit.
The general feasibility as an end-of-pipe purification technology is reported in different

textbooks [8], papers, and company brochures [13].

However, the major parameters influencing the performance and also the resulting scale of a
crystallizer and a solid-liquid separation unit are often not reported in literature. Therefore, it
is essential to get knowledge of possible occurring problems. For instance the crystal shape
can be negatively influenced by different face growth rates of the crystal which are influenced
by the containing secondary components and the resulting equilibrium temperature. Different
face growth rates could lead in undesirable shapes like needles or plates. Furthermore, the
properties of a crystal bed, like permeability and compressibility are influenced by the shape
and especially by the occurring particle size distribution. A crystal bed with a low permeability
and a high compressibility reduces the capacity of a solid liquid separation and raises the

apparatus scale.

Therefore, the main task of the thesis was to investigate the technical feasibility of the acrylic
acid separation by suspension melt crystallization at an early stage of the production process
from an aqueous melt. This investigation requires the basic knowledge of the crystal
morphology and the slurry properties at various conditions. Therefore, the sub objectives of

this thesis are:

1. Analysis of the acrylic acid morphology and its dependency on various process

parameters, like water content and supercooling of the melt.
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2.

Investigation of the solid-liquid separation performance at different process
conditions, like water content of the melt, supercooling, and pressure difference over

the filter cake.

Elaboration of possible improvements on the crystallization process to extend the

operation window and to increase the yield of the crystallization step.

Benchmark analysis of the process improvement with one of the common industrial

process.

18
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1.7 Outline of the thesis

The thesis starts in chapter 2 with the morphology measurements of acrylic acid crystals in a
single crystal growth cell. The influence of water as a solute and of different supersaturation
in terms of supercooling on the morphology was investigated. Additionally, a possible face

growth mechanism explaining the cavity appearance on a certain face is postulated.

In chapter 3, the influence of the occurring morphology of acrylic acid crystals on the filtration
behavior of a crystal bed was examined. Continuous MSMPR experiments under different
conditions were carried out to generate required suspensions. The characterization of the
suspensions in relation to the morphologies and the crystal size distributions accompanied
the MSMPR experiments. The permeability and the compressibility behavior of the generated
suspension were determined by filtration experiments. Additionally, a model was developed
to predict the filtration behavior of an industrial solid-liquid separation step using simple

process variables.

Chapter 4 deals with the improvement of the filtration behavior due to the limited operation
range shown in chapter 3. Ice crystals, generated at the eutectic point, were identified to act
as permeability and compressibility enhancers. The influence of different fractions of ice
crystals on the permeability and compressibility was investigated systematically by simple

filtration tests.

The screening of a solvent to establish a novel eutectic crystallization step at a maximum
yield is the purpose of chapter 5. Therefore, a structured solvent screening method was
developed for a rapid identification of possible candidates to increase the yield of a eutectic
crystallization. For a fast validation, an experimental stage gate process was developed to
come up with the required information of each stage at a minimum work load. The
experimental stage gate bases completely on a thermal analysis using Differential Scanning
Calorimetry. Three different organic solvents were identified for this purpose. The ternary
solid-liquid phase diagrams of acrylic acid, water and each of the three solvents were
determined and a first qualitative and quantitative validation of the solvents” applicability use

was carried out.
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In chapter 6, the novel eutectic crystallization process is compared with a conventional
industrial downstream. Acetic acid was used as a solvent to increase the yield, because it is
a secondary product of the reaction anyway [14]. The technology benchmark considers
variables like the specific energy demand, the quantitative apparatus sizes, and the

qualitative evaluation regarding reduction of the possible polymerization due to thermal load.
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Nomenclature
Notation
Ac
B
G
4G
AH,,
hBed
ks

ky

ms

crystal surface
permeability

linear crystal growth rate
free enthalpy change
heat of fusion

bed height

surface shape factor
volume area shape factor
characteristic length
crystal mass

pressure

gas constant

overall mass growth rate
face growth rate
characteristic length of a specific face
time

temperature

velocity of a liquid

mass fraction
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[m?]

[m?]

[m/s]
[J/mol]
[J/mol]
[m]

[l

[

(m]

[kq]

[Pa]
[J/(mol-K)]
[kg/(m*s)]
[m/s]

[m]

[s]

(K]

[m/s]

[wt%]



CHAPTER 1

Greek symbols

supercooling

boundary layer

porosity

viscosity

compressibility coefficient for porosity
residence time

chemical potential

density

compressibility coefficient for permeability

Subscripts & Superscripts

EP

mass

thermal

0

actual

eutectic point
equilibrium state
feed

liquid phase
mass

solid phase
thermal

initial state
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CHAPTER 2

INFLUENCE OF SUPERCOOLING AND WATER CONTENT ON
CRYSTAL MORPHOLOGY OF ACRYLIC ACID

Abstract

The morphology of single acrylic acid crystals in a growth cell is studied as function of the water
content and of the supercooling 8 in the melt. The intention is to measure absolute growth rates
of the different crystal faces and the resulting aspect ratio of the crystals at different process

conditions to provide a basis for the design of suspension crystallization process.

The presence of water in the melt of acrylic acid induces the formation of hollow cavities at the
crystal extremities and increases the propensity to form a needle-like crystal habit. Further, the

higher the supercooling, the higher the tendency to form needle-like crystals and larger cavities.

The measured growth rates of the developed faces are simulated by using the birth and spread
model [6]. A model of the occurring growth mechanism which also involves the formation of a
hollow cavity at the crystal extremities is developed.

Based on the measured data, a general prediction of the filtration behavior is possible and a

pre-selection of rough process parameters can be made.

Published in Crystal Growth & Design, 2009, Vol. 9 (4), pp. 2000—-2007.
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2.1 Introduction

For the industrial acrylic acid production melt crystallization is an important separation
technique to reach required high-end purity levels. It suffices industry’s demands like high
selectivity, low energy demand, eco friendliness, etc. This highly selective process often
results in pure crystals which should be separated from their mother liquid. Adhered mother
liquid on the crystal surface requires an additional downstream washing step.

For design and scale-up of all known solid-liquid separation processes, the knowledge of
filtration parameters is necessary. They depend on crystal size distribution and crystal shape.
This work provides an insight of how the shape of acrylic acid crystals evolves at different

conditions and makes possible general prediction of filtration behavior.

2.2 State of knowledge

2.2.1 Acrylic acid crystal structure

The crystal structure of acrylic acid was resolved by Boese et al. [2] at a temperature of
125 K and is published in the Cambridge crystal structure database. Acrylic acid crystallizes
in a centered orthorhombic Bravais system, space group “Ibam” (z=8). The crystallographic
parameters are a= 9.952 A, b=11.767 A and ¢=6.206 A. The complete theoretical structure
resolved by Boese et al. [2] is shown in figure 2-1. The morphology of the crystal is
dominated by the main faces {110}, {002}, and {121} as shown in figure 2-2.

= " f121}

Figure 2-1 3D view of an acrylic acid crystal [2].
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002

110 110

Byl A
0oz
Figure 2-2 2D view of an acrylic acid crystal [2].

The BDFH-method describes the correlation between importance of a crystal face and its
interplanar distance. Prywer [3] stated that the larger the interplanar distance, the more
morphologically important is the corresponding crystal face. Therefore, a crystal growing
under realistic conditions possesses a limited number of faces which are the ones growing
most slowly. Hence, only the faces that are morphologically important and do not disappear
fast, as faces {110}, {121}, and {002}, will be considered. Face {121} is the fastest growing
one of the mentioned three faces. Based on its outgrowing character, it disappears quickly
and is observed only in the beginning of growth processes. The other faces resolved by

Boese et al. [2] where not found during growth experiments.

Sections 2.2.2 and 2.2.3 summarize the morphology of acrylic acid in presence of water as
an impurity based on work of Nordhoff et al. [1]. First, chemical composition of various faces
using Cerius? Software is explained. Then the effect of water as an impurity on the

morphology is scrutinized.

2.2.2 Chemical composition of the faces

The influence of polar secondary components on crystal growth of predominant faces and on
the resulting morphology development can be understood, if the chemical composition of
these faces is analyzed. The chemical composition of the developed faces of acrylic acid is

described by Nordhoff et al. [1] based on the structure resolved by Boese et al. [2].
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2.2.2.1 Face {110}:
The face {110} has polar moieties on whole of the surface [1]. Hydroxyl groups are oriented
perpendicular to the surface and therefore it is considered as a polar face. The growth rate of

this face can be affected by the presence of polar substances in the surrounding.

face 110

] . 1

SRR’
11 %7

Figure 2-3 Polar moieties on face {110} surface.

2.2.2.2 Face {002}:
Face {002} consists of acrylic acid molecules associated in the form of dimers which are held
together by hydrogen bonds as shown in figure 2-4 [1]. They are aligned in planes parallel to

the face as shown in figure 2-4.

'j_ . S

Figure 2-4 Acrylic acid dimers on face {002}.

The dimers, stacking layer by layer on the surface, are held together by Van der Waals
forces and are spread over the surface. In this case, carboxylic groups as well as hydroxyl
groups are implicated in dimer association. The hydroxyl groups are less available than on
the face {110}. Nevertheless, polar parts of the surface are easily accessible and polar
substances can be easily adsorbed onto the surface. This face can be seen as a semi polar

surface constituted by polar and nonpolar regions. The main structural feature of an acrylic
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acid crystal is the presence of planes parallel to face {002} and constituted by coplanar dimer
motifs. These two acrylic acid molecules connected together by two hydrogen bonds
correspond to the motif of the mesh. Each motif is joined to its neighbors by Van der Waals

contacts and molecular planes are also held together by means of Van der Waals forces.

2.2.2.3 Face {121}:

Face {121} is a nonpolar surface constituted mainly of the ethylene part of acrylic acid. Polar
substances are strongly repulsed by these nonpolar moieties and hence there should be only
very little influence on this face. Caused by highest face index and a high lattice density
plane, it grows very fast and disappears quickly as mentioned in section 2.2.1. This fact was
verified during the experiments and is described in this paper. The qualitative illustration of

this face is quite difficult and therefore not presented within this chapter.

2.2.3 Morphology development in presence of water

Nordhoff et al. [1] discovered that the crystal shape and habit of acrylic acid crystals in the
presence of water differed substantially from crystal shape and habit published by Boese et
al. [2]. A crystal shape with a cavity appearing on face {002} was observed. The authors
came up with calculations of face bounding energies between water and acrylic acid to
explain competitive interactions between the surface integration of new crystal units during
growth and a water blockage of the crystal faces, respectively.

Figure 2-5 shows a representative drawing and a picture of an acrylic acid crystal with

cavities, grown from a melt with 5 wt% water.

Figure 2-5 Acrylic acid crystal with cavities grown from a melt with 5 wt% water.

2.2.3.1 Influence of face bounding energies on surface integration processes

As already mentioned in section 2.2.2.3, face {121} is nonpolar in nature. Therefore, it is
assumed that water does not have any impact on it.

From chemical composition of the other faces, it appears obvious that face {110} is preferred

for adsorption of water molecules caused by its perpendicular orientated hydroxyl groups.
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Bonding of water molecules via hydrogen bonds with hydroxyl groups should be stronger
than the one with a semi polar face. In addition, calculated docking energies of one water
molecule on different faces confirm this theory. Nordhoff et al. [1] calculated a docking
energy of 14.65 kJ/mol and 41.05 kJ/mol for face {002} and {110} respectively.

In contrast the stronger hydrophilic character of the {110} face, it was stated by Nordhoff et
al. [1] that on face {002} water molecules create a network strongly bounded to the surface
by several hydrogen bonds. This water molecule network would pose additional resistance
for acrylic acid molecules to stack on face {002}. Due to this, the mass growth rate of this
face would be reduced drastically. Considering the surface binding energies only, face {110}
should be more affected by the presence of water than face {002}. An analysis of the surface
area which is blocked by one hydrogen bonded water molecule reveals that blockage is nine
times higher in the case of face {002} than in the case of face {110} [1]. This fact leads to the
conclusion that water has a stronger influence on face {002} than on face {001} as expected

from the calculated docking energies of the different faces.

2.2.4 Extension of the theory for surface integration processes

In section 2.2.3 the theoretical approach of Nordhoff et al. [1] is described. It bases on
bonding energy relations between water and acrylic acid. The authors give an idea, why
crystal shape looks different from that one proposed by Bose et al. [2], but they were not able
to come up with any growth mechanism to explain the cavity development. If a strong water
network on face {002} should be the only reason for a cavity formation, a monomolecular
layer induced by a very low impurity concentration would be sufficient to influence growth
behavior, but the opposite is the case. The higher the water concentration, the bigger are the
changes in crystal morphology. Therefore, there must be at least one additional effect
induced by the presence and particularly the concentration of water molecules in the melt.
Nordhoff et al. [1] disregarded a second possible cut through the crystal which seems to be
more probable. Using the Cerius? Software it is possible to establish another face {110}. This
cut parallel to the previous one changes its chemical composition and makes it quite
interesting for the prediction of the surface integration process of water on this face.

An additional influence on crystal growth and growth rates of different faces could be caused
by changing chemical and physical properties of the liquid phase in presence of water.

The following sections describe a hypothetical prediction of another composition of face
{110}, the changes of the liquid phase composition and a theoretical view of physical

properties of the melt which should have a major influence on crystal growth.

32



CRYSTAL MORPHOLOGY OF ACRYLIC ACID

2.2.41 Different chemical composition of face {110}

Nordhoff et al. [1] stated that face {110} has polar moieties all over. If face {110} is
investigated using Cerious?, it becomes obvious that it is also possible to cut the crystal on a
different plane parallel to the one described by Nordhoff. Hence a completely different
chemical composition and polarity of face {110} is given. The flat surface character changes
into a wavier one which exist of dimers established perpendicularly to the surface. This wavy
structure can be explained from the front end of the parallel planar dimer layers of face {002}
as already shown in figure 2-4. If face {110}, seen as the front side of face {002}, is analyzed
in detail, it is clear that it consists of the terminal nonpolar ethylene groups at the wave peaks
and of polar hydroxyl groups of the dimer bonding down in the wave trough.

If the chemical composition predicted by Nordhoff et al. [1] is compared with that one
predicted in this section, it is obvious that a planar cut through the crystal along hydroxyl
groups being part of dimer bonding as stated by Nordhoff et al. [1] is more energy extensive
than a wavy cut as described above in this section. If this fact is taken into account, an
adsorption of water molecules on the flat face {002} with polar and nonpolar regions is easier
than on a wavy one like {110}. If a polar water molecule should adsorb on this wavy face
{110}, a water molecule would have to pass peaks of nonpolar regions before docking on a
polar dimer bonding with complete nonpolar ethylene neighbor groups. An approach of the

possible wavy structure of face {110} is shown in figure 2-6.

face 110

% 2% 2
X233% 4%
t1%%

Figure 2-6 Alternative chemical composition of face {110}.

Considering the more nonpolar chemical composition of face {110} the higher affinity of water
to adsorb on face {002} can be clearly understood. Therefore, it is possible to dispose a new
series of face polarities shown below, incipient at the lowest polarity as well as according to

the affinity of water to it.
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{121} < {110} < {002}

2.2.4.2 Potential influence of the liquid phase composition on crystal growth of
acrylic acid

Boese et al. [2] figured out that face {002} is a semi polar face and consists out of acrylic acid

molecules associated in forms of dimers which are oriented in planes parallel to it. This fact

leads to the assumption that growth of face {002} is only possible, if dimers are already

formed in the liquid phase. Therefore, it is important to have a look at possible chemical

composition of the liquid phase and possible intra molecular interactions under influence of

A}‘ + ,"" 4 > 'M'm 4
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water.
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Figure 2-7 Hydrate formation out of acrylic acid and water.

Figure 2-8 Dimer formation out of two acrylic acid molecules.

As shown in figure 2-7 and figure 2-8, there are competitive interactions in presence of water
between forming associated dimers and hydrates from monomers and water molecules.
Depending on the specific equilibrium constants of mentioned molecular interactions, it
should be obvious that the concentration of needed dimers to implement on face {002}

decreases with an increasing water content.

Therefore, it is necessary to extend the theory postulated by Nordhoff et al. [1]. Beside the
fact that water molecules should form a strong network on face {002} caused by its higher
polarity than that of face {110}, a second fact has to be taken into account. If increasing
water content generates a competitive formation of hydrates in the liquid phase and if this
formation of hydrates is more favored than that one of dimers, the concentration of required

dimers for growth face {002} decreases.
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2.2.4.3 Potential influence of physical properties on crystal growth rate of acrylic acid

For an estimation of the overall growth rate trends under influence of water, it is necessary to
consider physical data which are responsible for heat and mass transfer at the resulting
solid-liquid equilibrium temperature. The estimation will give a rough indicator, if overall
growth rates of the faces will be accelerated or slowed down by the effect of water due to
decreasing equilibrium temperatures. The calculations will not be used to estimate crystal
morphology, e.g. development of aspect ratio.

The required estimation will base on equations for heat and mass transfer coefficients of a
liquid flow along a flat solid surface using the dimensionless numbers of Nusselt and
Sherwood, respectively.

Both descriptions of transport phenomena are functions of the occurring viscosity of the liquid
phase. Viscosity of pure acrylic acid is approximately three times higher than of pure water.
Therefore, viscosity decreases with increasing water content. It should be noted that the
increase in viscosity due to decreasing equilibrium temperature is compensated by presence

of water in the system.

Calculations of the occurring heat transfer coefficient « are carried out by using the equation
for the Nusselt number [eq. 2-1] suggested by Pohlhausen [10] und Krouzhiline [11]. The
equation is valid for a laminar liquid flow induced by thermal convection along a flat solid
surface. The required characteristic length L is set to a nominal crystal size of 500 ym. The
characteristic velocity v is set approximately to 0.001 m/s representing a thermal convective
liquid flow along the crystal surface. The velocity v is roughly calculated based on the

occurring temperature differences [10]. However, it will not be presented in this chapter.

1 1

Nu=0.663-Re? -Pr3 eq. 2-1
The used dimensionless numbers are defined as follows:
a-L
==~ eq. 2-2
n q
L.
Re=* f eq. 2-3
n
pr= f7'ACp eq. 2-4

If eq. 2-2 up to eq. 2-4 are set into eq. 2-1, it is possible to convert it into an expression for

the required heat transfer coefficient a.

35



CHAPTER 2

1 1
qo0664-A (v-L-p\2 (N:Cp’ eq. 2-5
L n A

The conclusion of analogy approves it to adopt the criteria equation for the Nusselt number
for approximate calculations of the mass transfer coefficient w. The characteristic length and

velocity are equal.

1

Sh=0.664-Re%’ .Sc? eq. 2-6
The used dimensionless numbers are defined as follows:
w-L
Sh=p —— eq. 2-7
(AA H,0)
L.
Re="—F eq. 2-8
n
n
SC = e eq. 2-9
P-Daa H,0) q

If eq. 2-7 up to eq. 2-9 are set into eq. 2-6, it is possible to convert it into an expression for

required mass transfer coefficient w.

1 1
w:0.664-D(AA H,0) (vaJz_ n 3 eq. 2-10
L n P-Diaa 1,0

The diffusivity coefficient of the system is calculated according to the equation suggested by
Wilke [9].

1/2
| \@H. oM T
Dppn,o =7.4x107° —( 0 HZO) eq. 2-11

nVAAO.G

The association parameter ¢ in eq. 2-11 is set to 2.6.

With the converted eq. 2-10 and eq. 2-5, it is possible to calculate approximate values for
heat and mass transfer coefficients as a function of the water content. The physical data
used for these equations are taken at the equilibrium temperature belonging to the

composition of the melt. A plot of the changing coefficients is shown in figure 2-9.
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Mass and heat transfer coefficients increase with increasing water content in spite of a
decreasing solid-liquid equilibrium temperature. The values of the heat transfer coefficient
increase linearly. The values for mass transfer increase strongly at low water contents and

converge to a limit afterwards.
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Figure 2-9 Heat and mass transfer coefficients at equilibrium conditions.

2.2.5 Prediction of crystal face growth rates

For a prediction of crystal shape and crystal growth rate trends under influence of water and
supercooling, it is necessary to summarize all facts of section 2.2.

1. Nordhoff et al. [1] stated a stronger water network on face {002} than on {110} based
on surface area calculations. Additionally, a second and more favorable possibility to
cut the crystal along face {110} was proposed in this chapter. The formation of a
water network on face {002} is more favored than on face {110} because of its polarity
differences. If the monomolecular water network is formed on face {002} it is less
energy attractive to integrate new acrylic acid units on the surface.

2. In this chapter it is postulated that there is a competitive formation of hydrates to the
formation of dimers which are needed as crystal units for integration on face {002},
too.

Considering these two arguments, growth of face {002} should be reduced completely in the
presence of water so that major growth takes place on faces {121} and {110}. Face {121} is

nonpolar as mentioned in section 2.2.2.3 and therefore its growth rate should increase with
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the increase in the polarity of the melt. If this theory holds, the growth rates should be in the

following sequence:

G121 >G110 > Goo2

A reliable qualitative prediction of the growth rates can be done, if the approximations of heat
and mass transfer are regarded. Heat and mass transfer coefficients seem to improve with
an increasing water concentration. This leads to the conclusion that growth rates of faces
which are not blocked by water, increase. It has to be mentioned that mass transfer
coefficients converge to a certain value, whereas the heat transfer coefficient improves

further on, because of improving values for heat capacity and conductivity.
If predictions of crystal shape and growth rate trends are combined, it is possible to make a

rough qualitative estimation of the growth rate experiments at different water contents as

shown in table 2-1.

Table 2-1  Qualitative expected face growth rate trends.

water content / [wt%]
face 0 5 10 15
002 ++ - - -
110 + + ++ ++
121 + ++ +++ ++++

2.3 Experimental

2.3.1 Equipment and setup

The apparatus consisted of single crystal growth cell, thermostat, microscope, camera,
computer, thermocouple, and a source of plane polarized light. All growth experiments were
carried out in a single crystal growth cell. The cell had a cavity in the centre between two

glass windows.
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Figure 2-10 Schematic draft of used experimental single crystal growth cell setup.
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The ampoule is 1 cm in width, approximately 0.5 cm in height and 3 cm in length with a
volume of around 15 ml. Experiments were carried out in batch mode. The cooling of the cell
was arranged by a thermostat circuit around the cavity.

The temperature in the cavity and around was monitored by two thermocouples with a
diameter of 1.3 mm. The cell was illuminated with the help of a lamp, emitting plane polarized
light, placed below the growth cell. Online monitoring of crystal growth was carried out via a
CCD-camera connected to a computer working with AxioVisio LE 4.5 for online picture

analysis.

2.3.2 Experimental procedure

The single crystal growth cell was fed with the mixture of acrylic acid and water in desired
proportion. For start up, the complete melt inside the cell was thoroughly crystallized. Then
the temperature of the cell was increased again until a single crystal was obtained. This
single crystal was allowed to stay at the melting point for approximately 20 minutes and then
the cell was cooled again to a desired temperature. The working procedure is analogue to
that one described by Jansens [5]. This temperature was fixed based on the solid-liquid

equilibrium diagram to maintain a desired driving force.
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The driving force is expressed in terms of the dimensionless supercooling 8. Calculations for
supercooling were made by applying eq. 2-12 which is usually used in melt crystallization.
This equation is obtained by simplifying definition of driving force based on chemical

potentials. The derivation of this equation is explained in chapter 1.

ﬂ=RA*L}"n27~AT eq. 2-12
Growing crystals were photographed at fixed time intervals. Images were transferred online
to the computer. With the help of AxioVisio LE 4.5 crystal lengths and widths of the crystal
were measured. Differences in length of each observed face were related to time. Herewith,
it was possible to measure optical growth rates of two faces at water contents of 0 wt%,
5 wt%, 10 wt%, and 15 wt%.

2.3.3 Experimental results

2.3.3.1 Growth rate measurements

One of the major factors influencing morphology of acrylic acid crystals is the presence of
water as an impurity in the system. Water alters and reduces the growth rate of face {002}
which leads to the formation of cavities. Nevertheless, within all experiments fastest growth
took place at the outer edge of face {002}. The images suggest that crystals growth takes
place on face {002}.

However, a closer inspection learns that visible growth perpendicular to face {002} is due to
growth of faces {121} at the outer edges surrounding face {002}. Therefore, the measured
values of growth rates at the outer edges of face {002} were used as growth rates of faces
{121}.

Figure 2-11 and figure 2-12 show the measured growth rates for face {110} and face {121},

respectively, as function of supercooling 8 and water concentration.
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growth rate face {121} / [m/s]

Figure 2-11 Optical

growth rate face {110} / [m/s]
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Figure 2-12 Optical growth rates of face {110}.

It is obvious that for all acrylic acid concentrations the growth rate of face {110} is lower than

that of face {121}. The growth rates show a strong exponentially dependency on

supercooling S.
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A direct relation between growth rates of both faces could provide useful information with
regards to overall crystal morphology. Figure 2-13 shows measured growth relations as a
function of water and supercooling 8. Relative growth rates increase exponentially with
increasing supercooling. This indicates that the linear growth rate of face {121} is much
higher than that of face {110}. The higher the linear growth rate of face {121} compared to
{110} the more elongated are the crystals. This shape evolution of the crystals may have a

strong influence on the performance of a downstream solid-liquid separation.
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Figure 2-13 Aspect ratio as a function of supercooling and water content.

2.3.3.2 Cavity angle measurements

As described in section 2.3.3.1, if water content and supercooling B8 increases, a cavity starts
appearing at the crystal extremities. It was observed that the cavity angle showed variations
with supercooling 8 and water content. For a typically observed acrylic acid crystal with a
cavity, the cavity angle y was defined as shown in figure 2-14.

The values of y were taken from all pictures and plotted against supercooling 8 at different

water contents as shown in figure 2-15.
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Figure 2-15 Cavity angle y as a function of water content and supercooling.

As can be seen from figure 2-15, cavity angle y increases with increasing supercooling and

water content. At same values of supercooling 8, the cavity angle increases with increase in
the water content.

2.3.4 Discussion of evaluated results

Comparing the predictions of growth rate trends and crystal shape discussed in paragraph
2.2.5 with the experimental ones, it is obvious that they are in line. Growth rate trends follow
qualitatively the predicted ones noted in table 2-1.

Apparently, the optical views on the growing crystals from an aqueous melt suggest that
growth of face {002} takes place. If a strong water network is formed on this face, an

immediate formation of a monomolecular layer of water should be sufficient to alter and
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inhibit growth of face {002}. Therefore, the water network on these faces initiates the forming
of a different crystal habit compared to the one proposed by Boese et al. [2]. However, this
immediate blockage by water cannot be responsible for the outcome of an elongate crystal
habit. For this purpose, growths of the other faces are probably responsible. The increased
polarity of the melt and the improved heat and mass transfer conditions support this

mechanism which was unknown until now.

2.4 Crystal morphology development — a qualitative approach

Based on the theory postulated in section 2.3.4, growth in the direction perpendicular to the
blocked face {002} is caused by growth of face {121} at the outer edge of the crystal. A
mechanism governing it can be described as follows. It will be explained based on a quarter
section of a crystal shown figure 2-16. It has to be kept in mind that the growth mechanism
takes place on a molecular scale, but to demonstrate the mechanism, the explanation is
enhanced.

1. Growth starts up from a basic crystal shown in (1). This crystal reveals an initial
shape with all developed faces. Faces {002} are completely blocked with water.

2. When supercooling is induced, growth of non-blocked faces starts and fastest
growing faces {121} disappear in a taper form as shown in (2). Any newly formed
faces {002} will be blocked again immediately by a strong water network.

3. Growth of faces {110} is proceeding step by step and new faces {121} are generated
continuously as shown in (3).

4. New generated faces {121} further disappear in a taper form as shown in position (4).

The postulated mechanism is valid, if growth of faces {121} takes place perpendicular to it

and is limited by another growing face like face {110}.

Figure 2-16 Schematic drawing of crystal morphology development.
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It was demonstrated in section 2.3.3.2 that the angle of the cavity y is a function of
supercooling. Therefore, it should also be a function of face growth rates. If figure 2-13 is
considered, angle y must be a tangent function of growth rates of pseudo face {121} and
{110}. To verify this growth mechanism with the help of the mentioned angle correlation, it is
necessary to analyze and model growth rates of each face. With the help of modeled face
growth rates, the cavity angle should be calculated and compared with angle values received

from experiments.

2.41 Growth rate analysis and modeling

Considering the theory of paragraph 2.4, it should be helpful to investigate which growth
mechanisms appear on these faces. A fit of the measured growth rates to well-known
equations for different mechanisms show that growth of both faces seems to follow a birth
and spread mechanism. Therefore, growth can be modeled via the equation proposed by
Bennema and Gilmer [6]. Herein, growth rate depends on supercooling at the interface with

two constant parameters A and B.

5

G=A. ﬁ(g] ~exp(_ﬁ8j eq. 2-13

Table 2-2 summarizes the results of a parameter analysis for the faces following the birth

and spread mechanism.

Table 2-2 Results of parameter analysis for faces {110} and {121}.

parameter A B
X equilibrium
AA

temperature Tn | 5, 110 121 110

[Wt%] [°C] K]
100 12.8 285.95 0.055 0.0009 1.39 0.90
95 8.5 281.65 0.013 0.0006 1.03 0.72
90 4.6 277.75 0.011 0.0006 0.87 0.69
85 1 274.15 0.009 0.0006 0.68 0.52

45



CHAPTER 2

In contrary to the proposed theory of Bennema and Gilmer [6] an analysis of both parameters
shows that the parameters A and B are not constant. It seems that water influences both
faces, {110} and {121}. This is demonstrated by a value jump of parameter A from pure
acrylic acid to a diluted mixture. Therefore, it should be useful to extend eq. 2-13 for melt

crystallization of acrylic acid as follows:

5
G(B,Xpn) = A(Xpa) -ﬂ[e) : exp(‘”*;/*“} eq. 2-14

The mentioned jump of A is probably caused by the influence of the water network formation
on both faces as described in section 2.2.3. It has to be mentioned that it was not possible to
distinguish the growth of face {121} from that of face {002} in an anhydrous melt. Therefore, it
is probably that parameter A of face {121} represents that one of face {002} grown from pure
acrylic acid. Furthermore, parameters A and B verify that the influence of water caused by its
polarity is higher on face {121} than on face {110}.

Parameter B decreases rapidly for both faces with an increasing water content, whereas
parameter A is quasi constant for face {110} and slightly increasing for face {121}. This could
lead to the following allocation, if eq. 2-14 is compared with an equation describing a classic
adsorption process:

e Parameter A should characterize the attachment frequency of new 2D nucleus on the
growth face. Therefore, the attachment frequency of new 2D nucleus on face {110}
seems to be quite low and constant. This is obvious, if the loosen blocking
monomolecular water network will be formed as calculated by Nordhoff et al. [1]. For
face {121} values of A decrease constantly. This could indicate that attachment
frequency of new 2D nucleus on face {121} is slightly decreasing with decreasing
acrylic acid content.

e Parameter B should be related to the probability of a new 2D nucleus to attach finally
on the crystal face. Therefore, it should include the temperature of the crystal and the
Boltzmann constant.

Parameter A and B show a linear function of the acrylic acid content with exception of pure
acrylic acid. With a linear fit of A and B to the acrylic acid concentration, eq. 2-14 can be

adapted to the growth rate of each face.

5
Grro(Xpa; B) = (2-10°% - xuq -6-107%). 3(6) : exp[_ 2.03- );AA +7-78) eq. 2-15

5

5 -3.42. 2.22
G127(XAA;ﬂ)=(O.041-xAA—0.025)-6(6]-exp( XE‘A* j eq. 2-16
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2.4.2 Cavity angle analysis

Using the postulated model of morphology development of section 2.4, it is obvious to check
if the angle y correlates directly with the growth rates of both faces. The definition of the
cavity angle yis already given in section 2.3.3.2. If the postulated model is correct, then the
occurring cavity angle y should be calculated via a tangent equation as follows. It is valid for

aqueous diluted acrylic acid mixtures only.

5
(0.041- x4, -0.025) - '3(6] .exp[wj

B
—2.03~XAA+1.18J
B

G121(Xpn) _

tan(y) = Gr10(Xan)

5 eq. 2-17
(2107 - x4 -6~10'4)-B[6) -exp[

The measured angle values of yfrom figure 2-15 and modeled ones from eq. 2-17 are plotted

against each other in figure 2-17.
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Figure 2-17 Comparison of measured and calculated cavity angles.

The deviation trend between measured and modeled cavity angles is obvious. All measured
cavity angles show higher values than the calculated ones. The drift becomes smaller with
increasing water content and higher supercooling. A significant explanation is currently not

possible.
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It has to be mentioned that growth rates and cavity forming were measured on a single
crystal positioned inside the cell. Additionally, the calculation of cavity angles is very

sensitive, so that small differences in modeled growth rates vary the angles a lot.

2.5 Conclusion

The main scope of this work was to investigate the effect of water and supercooling on
crystal morphology of acrylic acid. In absence of water, growth rates of pure acrylic acid
crystals follow a clear trend. It was observed that crystal morphology changes with increasing
water content and supercooling from cubic to more and more to needle-like crystals. Aspect
ratios of the crystals are important values to prove this behavior. A parameter fit of the
growth rate equation of Bennema and Gilmer [6] to the measured values suggested that
crystal growth of faces {110} and probably faces {121} follow a “birth and spread”
mechanism. Extending this equation, it was possible to directly predict growth rates at given
values of water content and supercooling.

One of the interesting facts noted, was the appearance of a cavity at the crystal extremity in
presence of water as it has already been published by Nordhoff et al. [1]. However, it was not
noted before that cavity geometry is a function of water content and supercooling. Within this
chapter, the authors postulate that apparent growth of face {002} in the presence of a cavity
has to be declared as growth of face {121}. A possible growth model was evaluated.

Hence, this work will be helpful to identify favorable operating conditions for solid-liquid
separation in terms of water content in the melt and the magnitude of driving force.
Moreover, it provides the necessary insight into physical phenomena taking place at the
solid-liquid interface which could assist further developments in this field. Further
crystallization experiments should be performed in a suspension mode to use these obtained
results. Experiments in suspension mode will help to outline, if the crystals can withstand the
stresses in the solid-liquid separation. As crystals have cavities at their extremities they may
crumble and choke filters. This could decrease the porosity and hence the permeability of
filter cakes. Hence, after growing the crystals in suspension mode, crystal size distribution

should be analyzed and tests according to permeability and filterability should be carried out.
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Nomenclature

Notation
a b, c crystallographic parameters Al
A first growth rate constant [-]
B second growth rate constant [-]
Cp heat capacity at constant pressure [W/(kg-K)]
Das diffusion coefficient [cm?/s]
G linear crystal growth rate [m/s]
AH, heat of fusion [J/mol]
L characteristic length [m]
Nu Nusselt number [l
Pr Prandtl number [-]
R gas constant [J/mol-K]
Re Reynolds number [-]
Sc Schmidt number [-]
Sh Sherwood number [-]
T absolute temperature [K]
Tm melting point temperature [K]
AT .temperature difference between melting point and K]
inner cell temperature
74 molar volume [em3/mol]
14 characteristic velocity [m/s]
X mass fraction [wt%]
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Greek symbols

a heat transfer coefficient
g supercooling

y cavity angle

A heat conductivity

n viscosity of the melt

P density

@ association parameter
® mass transfer coefficient

Subscripts & Superscripts

AA acrylic acid
A component A
B component B
e equilibrium
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[W/(m=K)]
[l

[’
Wi(m-K)]
[cp]
(kg/m?]
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CHAPTER 3

THE INFLUENCE OF WATER AND SUPERCOOLING ON
PERMEABILITY AND COMPRESSIBILITY OF ACRYLIC ACID
CRYSTAL BEDS

Abstract

The performance of a solid-liquid separation process is mainly determined by the size
distribution and the morphology of the crystals. To predict the filtration behavior a robust and
an applicable model based only on the crystallization process parameters is necessary.
Therefore, a model has been developed for the industrial system of aqueous acrylic acid melt
to predict the compressibility and the permeability of a crystal bed. For this purpose, common
equations derived for spherical particles have been adapted to nonspherical particles. The
Chord Length Distribution (CLD) obtained from an inline FBRM probe and the crystal aspect
ratio have been used in combination to determine the major input parameters for the model.
The integration of a complex mathematical convolution of the CSD from CLD data by the use
of complex models is avoided in this approach. Considering acceptable fault tolerances of
the model, a simple approach is combined with a robust measurement technique. The
adjustment of all required constants used in the permeability model was based on the simple
filtration tests.

Published in Chemical Engineering Technology, 2010, Vol. 33 (3), pp.433-443



CHAPTER 3

3.1 Introduction

Suspension crystallization is a highly efficient separation technology for industrial
applications. In the recent past, several developments have been made to push this
promising technology successfully to industrial scale. The overall efficiency of the process is
largely determined by an effective solid-liquid separation. To obtain high product purities, the
complete separation of the crystals and the mother liquor is required along with an efficient

washing step.

In chapter 2 [1] it was demonstrated that the amount of the water in the melt and the driving
force in terms of the supercooling are main influencing factors in the crystallization of acrylic
acid. With increase in the water content and the supercooling, a cavity starts appearing at the
crystal extremity of face {002} goes along with a needle-like shape development. This
morphology trend is often an indicator of problems coming up in the downstream facilities like
the solid-liquid separation and washing devices. Simple tests at lab scale confirm these

issues and show challenging filtration conditions at higher water content and supercooling.

Therefore, the scope of this chapter is to investigate the influence of the water content and
the supercooling in the melt on the performance of the downstream solid-liquid separation.
The filterability of the different crystal suspensions was determined by simple filtration tests.
In these tests different compressive stresses were applied on the crystal bed by means of
different liquid pressure drops. Later on, the experimental results were used as input
parameters for an extended model developed previously to calculate the permeability and

the compressibility.

3.2 State of knowledge

The main scope of the required model is to describe the permeability performance of a
crystal bed formed from the nonspherical acrylic acid crystals under the influence of the
mechanical stress. In chapter 2 [1] the water content and supercooling in the melt were
identified as the main parameters influencing the morphology of the acrylic acid crystals. The
permeability model for nonspherical acrylic acid crystals was based on the extension of the
well-known approaches for the spherical particles. Therefore, the approach for spherical
particles will be derived starting from the demanded permeability in paragraph 3.2.1 and will
then be extended to nonspherical particles by consideration of the aspect ratio « in 3.2.2.
The resulting calculation flow scheme will be drawn top down starting with all input

parameters in paragraph 3.3.
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3.2.1 Permeability model for spherical particles

3.2.1.1 Permeability as a function of compressibility

The resulting permeability B hardly depends on the compressibility of the crystal bed. The
compressibility of a crystal bed is defined as the change in the porosity or the permeability as
a response to a pressure change. Tiller [2] investigated the general compressibility behavior
of the particles. He found a correlation between the initial porosity & and the permeability By,
respectively, due to a certain pressure change. The correlation uses the specific
compressibility coefficients A for porosity and o for permeability, respectively, as shown in
eq. 3-1 from Tiller [2]:

-1 -1
(EJA _(BJ" =1+i eq. 3-1
) By Po

In this study, the relation between the permeability and the compressive pressure is used to
determine the compressibility coefficient o. The permeability was chosen over porosity
because the experimental measurement of permeability is much easier than measurement of
porosity. The next upwards requirement for the model is the determination of the initial

permeability B.

3.2.1.2 Permeability without compression

For the calculation of the initial permeability B, at zero stress, as an input parameter for
eqg. 3-1, a number of relations are available. All relations base on the porosity. The most
common one is the Kozeny-Carman equation, where K is the Kozeny constant and S, is the
specific surface area of the crystals. The Kozeny constant is 5 for spherical particles and has

to be determined experimentally for nonspherical particles [3].

By =——- — eq. 3-2

Based on the length mean size, a relation is suggested by MacDonald et al. [3] as written in
eq. 3-3. Ky is the MacDonald constant and L,; is the length-based mean size. The

MacDonald constant is 44.4 for spherical particles.

B=7.53.(L)2 33
Me =) 1—ep 2,1 eq. 3-

—_
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3.2.1.3 Porosity model for spherical particles

To predict the initial porosity & as an input parameter for the permeability equations
presented in paragraph 3.2.1.1, a model developed by Ouchiyama and Tanaka [4] can be
used. This model is based on a simplified packing model and predicts the porosity from the
particle size distribution and the initial porosity, &. The initial porosity is defined as the
porosity of the uniformly sized particles and is usually equal to 0.40 for loose random packing
or to 0.36 for dense random packing [5]. The particle size distribution is expressed as the
number fraction f(L).

Ouchiyama and Tanaka [4] developed the following equation for the calculation of the

porosity:
O]f(L). L3dL
e=1-— g eq. 3-4
[f0)- (=L, L+ T [rw). [(L+ Lf -(L~L, )} dL
0 0
Where

L, = number based mean size

(L~L,)=0  forL<L,
(L~L,)=L-L, for L>L,

and parametern is defined as:

jf(L).(L+En)2 -(1—3.LL"L ]-dL
_ +
ﬁ=1+i-(7—8-go)~L,,-0 . eq. 3-5

"3 O]f(L).(Et(L ~L,)dL
0

Strictly speaking, the model is only applicable to spherical particles packed under either
loose or dense random packing conditions, where the particle size and the initial porosity are
clearly defined. However, the crystals involved in industrial crystallization processes are
usually not spherical and the particle shape has a strong influence on porosity. Applications
to nonspherical particles has been successfully done by Ouchiyama & Tanaka in 1988 [4] but

cannot generally be used.
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3.2.1.4 Porosity from MSMPR kinetics

The model of Ouchiyama and Tanaka [4] uses the particle size distribution expressed as the
number fraction f(L) as an input parameter.

It is also possible to calculate the required variable f(L) via the well-known MSMPR-theory
developed by Randolph and Larson in 1988 [6]. This theory is based on the population
balance and accounts the size distribution of the crystals. The population density distribution
is defined as the number density of the particles as function of the size of the particles in a
certain volume. If the population balance is solved as suggested by Randolph and Larson [6],

the population density distribution for an ideally mixed MSMPR crystallizer can be written as:

n=ng- exp(— %} eq. 3-6

Herein, L represents a characteristic length of a crystal, G its growth rate, n and n, the
population density at size (L) and at size 0 respectively, and r the residence time of the
crystal under supercooling conditions. The required conditions within the experiment are

explained in details in paragraph 3.4.1.1.

The population density from the MSMPR-theory can be transformed to a size distribution
function for spherical particles as needed for the porosity model suggested by Ouchiyama
and Tanaka [4]:

- " (_GL) 1 (7 L

= T pGr G P aj eq. 3-7
jn(L).dL
0

The number based mean size can be written as a function of G-z and n, using the MSMPR-
theory [6]. Inserting these values in the porosity model of Ouchiyama and Tanaka [4], results

in the following equation:

e=1-

6
1

6-e‘7+ﬁ-(16—6-e‘7) eq. 3-8

Where
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ﬁ:1+17‘(7—8-50)

13 m eq. 3-9

Hence, the porosity of the crystals grown in an ideal MSMPR-crystallizer is not a function of
crystallization kinetics but only of the porosity of uniform-sized particles, &. The porosity of
the uniformly sized crystals is a function of the morphology of the crystals [8].

From Randolph and Larsson [6] it is known that the mean size of the particles in a MSMPR

crystallizer is determined by the growth rate and the residence time:

L",O =Gr
L2’1 =2-Gr eq. 3-10
L3,2 =3-Gr

The values can be used in the Kozeny-Carman and MacDonald relations to determine the
permeability. The permeability can now be calculated directly from the crystal size
distribution data (CSD) or from the MSMPR-fit. The MSMPR-fit includes the growth rate G,
the residence time 7, the nucleation rate By, and the initial population density n,, respectively,
from the semi-logarithmic plot of the population density vs. the crystal size data which has to

be determined.

3.2.2 Extended input to the permeability calculations for nonspherical particles

The model of Ouchiyama and Tanaka [4] demands the particle size distribtution for both
approaches presented in paragraphs 3.2.1.3 and 3.2.1.4. The characteristic length L and its
distribution depend on the chosen particle size measurement. Therefore, the model of
Ouchiyama and Tanaka [4] and the model extended with the kinetics from MSMPR must be
used with care, because they are only valid in combination with the same measurement
principles and the corresponding data.

The prediction of the permeability depends on the specific variables. The Kozeny-Carman
equation uses the specific surface of the crystals, whereas the MacDonald equation uses the
length-based mean size. The specific surface is a strong function of the size and the shape.
For needle-like crystals, the morphology can be described by an aspect ratio « which is the
proportion of two characteristics, e.g. LyL;. For acrylic acid L, represents the distance
between two faces {110}, whereas L, represents the distance between faces {002} [1]. The
Kozeny-Carman and MacDonald equations, respectively, require the knowledge of the
specific surface or a characteristic length L,. Table 3-1 gives an overview on the conversions
of the characteristic length L; depending on different aspect ratios « into the required

specific variables.
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Table 3-1 Conversion of a characteristic length L, into specific variables for
different aspect ratios.

shape cube rectangle needle general
aspect ratio a/ [-] Ly/L4=1 Ly/L,=4 LyL,=16 a
projected area A [m?] L 4L 16-L7 ol y?
volume V [m?] L 4L 16-L;° ald
surface S [m?] 6L, 1814 66-L2 (2+4-a) L
specific surface S, [m?m?] 6/L4 4,5/L 4 4,125/L; | [(2+4-a)/af/L4

3.3 Permeability model for nonspherical particles

The permeability prediction for a crystal bed of nonspherical particles as a function of
occurring pressure drop is possible using the extended models for spheres presented in
paragraphs 3.2.1 and 3.2.2. For an industrial application of the model, it is worthwhile to use
the input data in form of simple process conditions as follows:

e Water content in the melt

e Supercooling

e Pressure drop over the crystal bed

Several system specific input parameters must be determined by pilot plant experiments as a
function of water content and supercooling:
e The compressibility coefficient o for the compressibility model of Tiller [2].
e The Kozeny-Carman constant, Kxc for the zero permeability model of Kozeny-
Carman [3].
e The function for the aspect ratio a(xu.0, f) determined in chapter 2 [1].
e The initial porosity & of a bed of uniform-sized crystals for the model of Ouchiyama
and Tanaka [4].
¢ MSMPR [6] calculation to determine the crystal growth rate G, the nucleation rate
By, and the aspect ratio a as the input parameters for the calculation of the specific

surface.

The resulting workflow of the integrated final model is shown in the figure 3-1. The current

process conditions are used as the input parameters on the right side. The model is
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applicable for all different kinds of particle size measurements. Therefore, the PSD is used in

the model flow scheme for all kinds of size distributions. It is important to assure that the

determined model parameters are only valid for the used particle size measurements. The

flowsheet of the model will be explained by means of the subsequent path:

1.

From growth rate G the PSD is calculated with the MSMPR model as a function of
water content x, supercooling g, and residence time .

The porosity for the uniform-sized particles (&, = 0.40) is then calculated from the PSD
by using the Ouchiyama and Tanaka model.

The calculation of the specific surface via the PSD is adjusted by the aspect ratio «
as a function of water content x and supercooling £.

The calculated porosity ¢ and the specific surface S, are then input parameters for
the Kozeny-Carman relation together with the Kozeny-Carman constant Kyc to
calculate the zero-stress permeability By.

Finally, the compressibility coefficient o and the occurring pressure drop Ap over the

crystal bed are taken into account to calculate the resulting permeability B.

once-only extended permaabilty model procass
experimental parameters

determination
f\

4

il
1

Ean
o
<>

Figure 3-1 Model flow scheme of the extended permeability model using specific

parameters and process conditions.
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3.4 Experimental

3.4.1 Apparatus and setup

3.4.1.1 Continuous MSMPR crystallizer

To approach realistic process conditions as close as possible, a continuously operated
crystallizer, fulfilling the requirements of the Mixed-Suspension-Mixed-Product-Removal
(MSMPR) theory [6], must be applied. From a practical point of view, the fulfilment of the
requirements can be checked by following facts:

e PSD is constant at the top and the bottom of the crystallizer.

e Temperature gradient from top to bottom is zero, so that the supercooling is

homogeneous.
¢ Gentle mixing to avoid the crystal breakage.

e The process parameters and the particle size distribution are constant over time.

The flow sheet of the experimental setup is shown in figure 3-2. The crystallizer (CC) is a
17 litre double-walled stainless steel vessel with a two-bladed PTFE scraper inside rotating
at a constant revolution rate of 15 rpm. The internals are equipped with vanes to improve
mixing. Cooling is carried out through a cooling-jacket. The temperature is constantly
monitored by thermocouples (T) in the crystallizer. The crystal slurry is withdrawn from the
bottom of the crystallizer and is transported to two glass-tube heat exchangers (E). Here, the
crystals are melted to provide a crystal-free feed again to the crystallizer as required for the
MSMPR operation. The residence time in the crystallizer can be varied by changing the feed
flow measured by a flow meter (F). The chord length distribution is measured by an inline

Focused Beam Reflectance Measurement (FBRM).
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E1

Figure 3-2 Flow sheet of the continuously operating crystallizer setup.

FBRM

E2

P1

feed

cC

3.4.1.2 Operating conditions and supercooling

To identify the influence of the operating conditions on the crystal bed properties, the water
content in the feed and the supercooling are varied during different experiments. The
variation of the supercooling is realized by varying the residence time r and is calculated by
comparing the measured solid content with the calculated theoretical value corresponding to
the solid-liquid equilibrium at the measured temperature. In this way, the supercooling is
expressed as the difference between the equilibrium temperature at the measured mother

liquor concentration from the measured solid content and the actual temperature of the

mother liquor.

~AH,,

B = AT

RT?
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3.4.1.3 Permeability experiments

The main objective of this study is to identify the permeability of a crystal bed formed out of
acrylic acid crystals as a function of water content and supercooling and relate this to the
crystal properties. The filtration behavior is determined in filtration tests with a constant
pressure difference. The used setup is shown in figure 3-3. A glass tube with a filter in the
bottom is filled with the slurry of mother liquor and crystals. The crystals sediment and a bed
builds up to a final height h,. As the bottom valve is opened to the vacuum flask, the mother

liquor flows through the packed bed. The permeability can be calculated with eq. 3-12:

B=#%~IH(H2/H1) eq. 3-12
In this way, the hydrostatic head is used as the driving force for the flow and the pressure
difference over the bed is limited. To determine the permeability change as a response to the
pressure, different vacuum values are applied over the crystal bed in the filtration setup. To
calculate the permeability subsequently the pressure difference is translated into a liquid
head and is used as an input for eq. 3-12. The measured permeability is in any case
corrected for the resistance of the glass filter in the bottom which is determined in a filtration

experiment with pure liquid acrylic acid.

thirmostated
plass uba

slurry

WL

watyum fask

fittrate

Figure 3-3 Filtration set-up for permeability measurements [7].

3.4.2 Crystal property measurements

3.4.2.1 Particle size distribution PSD

Two different measurements for particle size distribution were available for characterization:
an offline Forward Laser Light Scattering (Malvern) method and an inline Focused Beam

Reflectance Measurement (FBRM) technique.
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The Forward Laser Light Scattering method uses an expanded laser light beam which
passes through a slurry flow cell. The laser light beam is diffracted by the particles and the
scattered light is focused by a Fourier transform lens on a detector. The laser light
interactions with the crystals in the flow cell result in an integrated intensity pattern on the
detector. The instrument software assumes that the particles are spherical. Therefore, the
diffraction patterns are converted into the particle size distribution of the spheres with the
equivalent projection area. The use of shape factors is possible to correct the deviation
between the assumption of a sphere and the effective occurring morphology.

The FBRM technique consists of a focused laser beam rotating at a constant high velocity,
propagating into the suspension. When the beam emitted by the laser hits a particle, it is
reflected through the probe window. The corresponding chord length is calculated as the
product of the duration of the backscattered signal and the beam velocity. The FBRM
technique only provides the distribution of chord length and does not assume any particle
morphology. Worlitschek [9] demonstrated the direct impact of the particle shape on the
chord length distribution. The transformation of the CSD from CLD data with complex
probability functions has been the subject of many publications [9;10;11].

Hence, the data of both measurement principles can be used carefully as input parameters
for the porosity model of Ouchiyama and Tanaka [4], if the measurement method, the
morphology of the crystals, and the morphology development are considered.

Due to the sensitivity of the binary system of acrylic acid and water to temperature, the inline
measurements of the particle size distributions provide an essential advantage. The inline
measurement of the particle size is less defective than an offline measurement, especially if
small fast-melting crystals are the focus of interest.

Therefore, experiments in this study have been carried out with the inline FBRM technique
which provides the online and the in-situ information about the Chord Length Distribution
(CLD) of a crystal population. With respect to the developed complex mathematical models
for restoration of CSD from CLD data [9;10;11], a simple approach as an engineering
industrial application is foreseen. If the measurement principle and the crystal morphology of
the elongated acrylic acid crystals are taken into account, the following assumption can be
made. The most detected chord length of an elongated crystal by FBRM is assumed to be
the one perpendicular to the elongated direction L,. It is taken into account that this is not
accurate and the results will be defective within a certain area. Therefore, the thus
determined chord lengths will relate to the characteristic dimension L,;. Taking the aspect
ratio « and the conversions of table 3-1 into account all required specific variable, like

volume, specific surface, etc. can be calculated from L.
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3.4.2.2 Used compounds and mixtures

It is known that water significantly influences the growth of acrylic acid crystals. Part of this
study is to identify the influence of water content on the crystal properties in a suspension
and the filtration behavior of the acrylic acid crystals. Fine Glacial Acrylic Acid (FGAA) is
used to prepare mixtures with 5 wt%, 10 wt%, and 15 wt% water.

3.4.3 Experimental procedure

3.4.3.1 Crystallizer

The setup is filled with a defined acrylic acid water mixture. A defined temperature gradient
program is used to cool down the crystallizer first in a batch mode to induce first nucleation.
Thereafter, the feed pump is started to operate the crystallizer in a continuous mode. The
absolute values of the present supercooling can be calculated by eq. 3-11. Based on the
constant supercooling, the solid content and the chord length distribution measured from the

FBRM, it was possible to detect the steady-state conditions.

3.4.3.2 Experiments

Once the steady state was achieved in the crystallizer and the related supercooling was
measured, the filtration experiments were started. The time required to sediment the crystals
was fixed to 2 minutes for all the experiments.

For all combinations of water content, supercooling, and pressure drop, experiments were

carried out twice. Table 3-2 summarizes the experimental parameters.

Table 3-2 Overview on experiment parameters.

water content x / [wt%] 5 wt% 10 wt% 15 wt% -

residence time 7/ [min] 60 30 20 15

pressure drop Ap / [mbar] (2x) 0 250 500 750
3.5 Results

3.5.1 Supercooling

The supercooling at different conditions was measured via the method mentioned in section
3.4.1.2. Results of the supercooling vs. the residence time are shown in the figure 3-4. The
supercooling increases with decreasing residence time. It is remarkable that the supercooling

at low water contents is higher than at the higher ones. This goes along with the qualitative
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mass transfer calculations demonstrated in chapter 2 [1]. They showed that the improvement
of mass transfer by water is more relevant than the decline of viscosity effects by lower

operating temperatures.
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Figure 3-4 Plot of appearing supercooling 8 vs. adjusted residence time r.

3.5.2 CLD measurement

The chord length distribution has been measured continuously during the experiments. All
the data is averaged to give the results for each experiment and is expressed in terms of
length-based mean chord /,; and coefficient of variation CV, ;. The data is plotted against
supercooling for varying water contents in figure 3-5.

The length-based mean chord /,; decreases for all water contents with increasing
supercooling. In general, this trend was expected for all water contents assuming that /,,
represents the distance between two faces {110} as already explained in paragraph 3.4.2.1.
At higher supercooling, more small particles are generated by a higher nucleation rate. Due
to the crystallizer setup, high supercooling is induced by short residence times only.
Therefore, expected higher growth rates cannot compensate the nucleation of the small
particles.

However, the length-based mean chord /5, assumed to represent primarily the distance
between the faces {110}, does not increase significantly with higher water contents. This was
also expected based on the results of chapter 2 [1]. Only a small increase of the face growth
rate of {110} by increasing the water content was found.

The coefficients of variation (CV,,) characterizing the distribution of the chord length are

plotted versus the supercooling in the figure 3-6. The CV,, for all the experiments were
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calculated from the squared CLD. The CV,; show a clear increasing trend with increasing
supercooling. Thus, with increasing supercooling the crystals become smaller and the
distributions wider.
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Figure 3-5 Plot of length-based mean chord /,; vs. supercooling g.
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Figure 3-6 Coefficient of variation CV, vs. supercooling .
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3.5.3 Filtration results

Filtration experiments were carried out twice for various water contents and supercoolings.
The calculated permeabilities are plotted as a function of the pressure drop over the crystal
bed. Figure 3-7 shows a representative plot for a water content of 5 wt%. Permeability
decreases significantly with increasing pressure drop. The trend lines indicate a power
relation, as predicted by Tiller [2]. Apart from the pressure drop over the crystal bed, the
permeability decreases with increasing water content as shown in figure 3-8 and figure 3-9.
This trend is especially clear for higher residence times and thus lower supercoolings, where
the influence of the water content on the crystal growth is dominant as predicted in
chapter 2 [1].
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Figure 3-7 Permeability results for 5 wt% H,O.
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Figure 3-8 Permeability results for 10 wt% H,0.
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Figure 3-9 Permeability results for 15 wt% H.O.

3.5.4 Compressibility

To determine the compressibility coefficient o from the permeability as shown in eq. 3-1, the
logarithm of the permeability is plotted against the logarithm of (1+p/p,). The slope of this plot
reveals the compressibility coefficient. The pressure value p, is set to 25 mbar because this
represents the pressure at the gravity force of a 25 cm liquid column. The resulting
compressibility coefficients for different water contents are plotted against the supercooling in
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figure 3-10. The compressibility coefficients increase with increasing water content and
supercooling.

This was expected taking into account the results of chapter 2 [1]. Apparently, the
morphology development influences the compressibility. The higher the water content and
the supercooling, the more elongated the crystals become and the more distinct the cavities
on faces {002} become. Cavities in general and higher cavity angles in particular make the
crystal extremities physically weak. Hence, the compressive forces exerted on the crystals
could easily break the crystals. Crystal breakage would imply a decrease of the crystal size.
Besides, many small crystals fragments are created that negatively influence the
permeability. To verify whether this phenomenon holds true in the filtration experiments,

crystal properties should be analyzed after being subjected to compressive pressures.
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Figure 3-10 Compressibility coefficient o vs. supercooling S.

3.6 Modeling results

The extended model is used to predict the permeability for varying water content,
supercooling and pressure drop. The MSMPR-fit is used to calculate the overall growth rates
which are used as input data for the porosity model. Results are compared with the
experiments from the previous paragraph and the parameters for the extended model are

adjusted for optimal agreement.
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3.6.1 Growth rates

The calculation of overall linear growth rates bases on the MSMPR-theory. The common
MSMPR-theory has been developed to use the CSD data. The restoration of the CSD from
CLD data has been the subject of several publications, for example of Ruf et al. [10] and Li et
al. [11]. Kougoulos and Jones [12] have successfully used CLD data in combination with the
morphology knowledge for MSMPR experiments. However, based on the assumptions made
in paragraphs 3.2.2 and 3.5.2 the CLD data is used as input data to calculate overall growth
rates. Calculated growth rates for all experiments are plotted against the occurred
supercooling in figure 3-11.
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Figure 3-11 Growth rates G vs. supercooling 8 from MSMPR calculations.

The calculated values follow a clear trend as expected from the MSMPR experiments and
the results of chapter 2 [1]:

e Growth rates increase with increasing supercooling.

e Growth rates increase with increasing water content. This was expected in spite of
the decreasing temperature, because the viscosity of the mother liquor decreases
with increasing water content.

The overall growth rates in the suspension are compared with the growth rates of face {110}
from growth cell experiments [1]. They are in the same order of magnitude, although knowing
that values of supercooling are much lower in suspension. This will be caused by the ideal
mixing of the MSMPR crystallizer instead of a stagnant melt in growth cell experiments.
Therefore, the overall growth rates are used for the model further on by considering the
aspect ratio.
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3.6.2 Porosity

The porosity is calculated by using the model of Ouchiyama and Tanaka. The porosity of a
bed of uniform crystals, &, and the CLD data calculated from MSMPR are input parameters
to the model. Typically, & has to be determined experimentally; but based on the
experimental setup and the high temperature sensitivity of acrylic acid crystals, it was not
possible to collect these data. Therefore, a standard value for & of 0.4 for densely packed
particles is used [5].

However, the calculated porosities turn out to be more or less constant as shown in figure
3-12. This might be caused by applicability of the model of Ouchiyama and Tanaka [4] for
uniform sized spherical particles only. The influence of the morphology change of acrylic acid
to needle-like particles on porosity is disregarded in the calculation. The influence of a
constant porosity to the further model results has to be regarded with care. The porosity
calculation should be carried out again with a different PSD measurement principle
accompanied by micrographs and should be verified with an experimental porosity

determination.
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Figure 3-12 Calculated porosity & data from MSMPR data vs. supercooling S.

3.6.3 Specific surface

The specific surface is calculated via CLD data from the MSMPR model and the knowledge
on morphology development from paragraph 3.2.2. The results are shown in figure 3-13. It is

obvious that the specific surface increases with the increasing supercooling. Additionally, the
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influence of water on morphology is stronger at low water content than at higher water
content. This trend correlates with the development of the crystal shape. At higher water

content and supercooling the crystal shape turns more and more to elongated needle-like

crystals.
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Figure 3-13 Calculated specific surface data S, from CLD plotted vs. supercooling £.

3.6.4 Permeability

Once the initial permeability By is calculated, it is related to the porosity ¢ and specific surface
Sy by the equation developed by Kozeny-Carman. Additionally, it was necessary to fit the
Kozeny constant for a better agreement with the absolute values of the experimental results.
The constant found for the MSMPR fit is Kkc = 6.25. This value is constant in all experiments.
Subsequently, the permeability is calculated under the influence of the mechanical stress in
forms of the pressure drop. The permeability B is related to the initial permeability By, by the
compressibility relation of Tiller [2] using the compressibility coefficient o.

In the graph below all experimental results are compared with the results of the modified
model extended to the morphology developments mentioned in chapter 2. In figure 3-14 the
permeability calculated from the MSMPR-fit is plotted vs. the experimental values. The data
points scatter around the line through the origin for equal calculated and measured
permeability.

The quality of the model does not differ significantly from the experimentally determined
permeabilites. The deviation is higher for higher water contents. This probably depends on
increasing elongation of the crystals. The average deviation of the model results from the
experimental results is 19.6%.
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Figure 3-14 Comparison of experimental permeabilities and calculated permeabilities
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3.7 Discussion

The extended permeability model shows a good agreement with experimental results.
Especially, values at low water content and supercooling show a coherent behavior.

The more elongated the crystals at higher water content and supercooling, the bigger is the
deviation between the modeling and the experimental results. This trend is mainly caused by
the morphology changes of the particles. Crystal morphology changes with increased water
content and supercooling from elongated cuboids to elongated needles with cavities at the
extremities.

The changes in the initial porosity & over all experiments are low. This is based on the used
porosity model for ideal spheres from Ouchiyama and Tanaka [4]; it does not take into
account the shape of the particles. Additionally, the used CLD data as input parameters for
the porosity model are not sensitive enough to detect morphology changes of acrylic acid
crystals either. This results in negligible changes of the initial porosity &. The porosity varies
around a constant value of 0.3. Therefore, the impact of the porosity as one of the input
parameters to the Kozeny-Carman equation for the calculation of the initial permeability By is
negligible.

Nevertheless, the CLD data from the FBRM provides important information if it is combined
with the knowledge of morphology development described in chapter 2 [1]. Using this

information, it is possible to calculate the required specific surface as another major input for
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the Kozeny-Carman equation. The more elongated the crystals at higher water content and
supercooling, the higher the specific surface and the lower the expected permeability.

For all experiments the required Kozeny-Carman constant is equally set to 6.25.
Subsequently, the prediction of the resulting permeability B as a function of the induced
pressure drops is possible using the determined compressibility coefficient. In spite of all
these deviations, the developed model is valid if the morphology change is taken into

account and the determination of the required input parameters is carried out carefully.

3.8 Conclusions and outlook

The main objective of this chapter was to determine and understand the effect of water and
supercooling on the permeability and compressibility of an acrylic acid crystal bed formed by
crystals grown in a suspension crystallizer. The following conclusions regarding the
crystallization and filtration processes can be drawn:
e The permeability of an acrylic acid crystal bed decreases with increasing
supercooling and water content in the melt.
e The compressibility increases with increasing water content and supercooling as well.
e The permeability trends observed in the experiments agree with the morphology
development to elongated crystals described earlier in chapter 2 [1].
¢ |n conjunction with the morphology development of the particles, it is possible to use
the CLD data from FBRM to calculate the specific surface as a major input parameter
for the initial permeability by means of the Kozeny-Carman equation.
e The crystallization kinetics from the MSMPR experiments were obtained out with a
common FBRM technique. Based on the obtained data it was possible to calculate
overall growth rates. These data match with the growth rates of the particular crystal

faces determined already by single crystal growth experiments.

Subsequently, a model to predict porosity and permeability for nonspherical particles was
developed and applied with success. The model results show a strong dependency of the
permeability on the specific surface of the particles. The complete disregard of the
morphology change constitutes a major deficiency in the porosity calculation based on
MSMPR data from CLD. Therefore, the model is less sensitive to porosity. It would be
advantageous to determine experimentally the porosity as a function of the morphology and
to extend the equation suggested by Ouchiyama and Tanaka [4].

The developed model can provide a basis for selecting the most favorable operating

conditions to minimize the pressure drop over the crystal bed of a filtration unit.

77



CHAPTER 3

Nomenclature

Symbols
A
B
By

fiL)

AH,,

cross sectional area
permeability
nucleation rate
density function
crystal growth rate
gravity constant
liquid level

crystal bed height
Kozeny constant

MacDonald constant

characteristic dimension of crystal

chord length

crystal population density

pressure
gas constant
surface
specific surface
temperature
time

volume

water content

latent heat of fusion
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[m?]
[m?]
[m®/s?]
[1/m]
[m/s]

[m/s?]

[(m]

[1/m]

[Pa]
[kJ/(mol-K)]
[m?]
[m?/m’]

(K]

[m?]
[wt%]

[kJ/mol]
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Greek Symbols

Subscripts

1

2
1,0
2,1
3,2

0
KC

Mc

Abbreviations
AA
CLD
CsD
Ccv

FBRM

aspect ratio

supercooling

liquid viscosity

porosity

density

residence time

compressibility coefficient for permeability

compressibility coefficient for porosity

characteristic index
characteristic index
number based
length based
surface based

zero stress
Kozeny-Carman

MacDonald

acrylic acid

chord length distribution
crystal size distribution
coefficient of variation

Focused Beam Reflectance Measurement
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FGAA fine glacial acrylic acid
MSMPR Mixed-Suspension-Mixed-Product-Removal
PSD particle size distribution
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CHAPTER 4

COMPRESSIBILITY IMPROVEMENT OF AN ACRYLIC ACID
CRYSTAL BED BY THE IN-SITU FORMATION OF ICE CRYSTALS

Abstract

The filtration performance of acrylic acid crystals is mainly influenced by the water content
and the occurring supercooling in the melt. Both parameters may lead to low solid-liquid
separation efficiencies and capacities by the reduction of the permeabilities and the increase
of the compressibility. These problems can be effectively addressed by crystallizing acrylic
acid and water at the eutectic point wherein the harder water crystals may act as an in-situ
filter aid. Within this chapter the idea is verified with batch crystallization and filtration
experiments.

The crystallization at the eutectic point of the binary system water and acrylic acid results in
the formation of two different crystal habits. Acrylic acid crystallizes in a needle-like shape,
whereas ice crystallizes with a spherical shape. The simultaneous formation of ice crystals
as a filter aid improves the filterability behavior of a crystal bed formed from the acrylic acid
crystals. The formation of ice crystals improves the initial permeability by a factor of 2. The
major impact of ice crystals is the improvement of the compressibility behavior. The
compressibility coefficients decrease from 0.25 for the acrylic acid crystals down to 0.15 with
the ice crystals at the eutectic composition. To summarize, the crystallization of ice crystals
at eutectic composition leads to a permeability improvement of 3-4 depending on the
mechanical stress.

These promising results show that the filterability improvement of an acrylic acid crystal bed
is possible by the in-situ formation of ice crystals. Additionally, the results reveal a possible
increase of the yield by overcoming the eutectic limitation, if the generated aqueous product

mixture can be used for any application.

Submitted for publication to AIChE on 02-11-2010
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4.1 Introduction

The morphology of acrylic acid crystals is largely influenced by the water content and the
supercooling in the melt as presented in chapter 2 [1]. It was found that the higher the water
content and the supercooling, the more elongated are the acrylic acid crystals. This trend has
a major influence on the compressibility of the crystal bed and hence on the downstream
solid-liquid separation processes like the filtration as demonstrated in chapter 3 [2]. On the
one hand, this can limit the capacity of a solid-liquid separation unit [3]. On the other hand,
this can limit the feasible water content of a technical crystallization process unit. This
second point requires an ambitious process synthesis.

Therefore, this chapter deals with the general idea for an improvement of the compressibility
and the permeability of the acrylic acid crystal bed. This would allow the application of easy
to operate process technologies as given by wash columns. The compressibility
improvement is often possible by adding a filter aid directly to the crystal suspension. There
are different requirements for a filter aid. In case of acrylic acid, the tendency to polymerize
has to be considered and the chemical interaction regarding further application limits the use
of any filter aids in general.

Therefore, the idea comes up to check the improvement of the compressibility by the
formation of an in-situ filter aid like ice crystals. Water is one of the major secondary
components of the technical production process. It is used in the further value chain of acrylic
acid and is a product of the esterification.

The simultaneous crystallization of ice and acrylic acid is already published in the patent
EP1492755A1 [4]. The formation of two separate crystal habits with different melting points is
reported. This implies that an improvement of the crystal bed compressibility by another solid

crystal phase e.g. ice crystals is possible. This has to be proven by simple bench mark tests.

The work starts with the state of knowledge on the common eutectic freeze crystallization
process for salts and water. Subsequently, a theoretical model to calculate the porosity of the
solid beds formed from two different morphologies is considered. This model helps to verify
the idea of an in-situ formation of a filter aid. Thereafter, the crystallization and the filtration
experiments are carried out with different solid fractions to determine the influence of ice on

the permeability and the compressibility.

4.2 State of knowledge about eutectic freezing

Eutectic Freeze Crystallization (EFC) is a process to form two products simultaneously due
to the eutectic property of a system. The crystallization at the eutectic point is only possible in

a ternary or a multi-component system. If this is not the case, the system solidifies
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completely. Often, a multi component system is reduced to a pseudo ternary system for the
sake of simplicity. Figure 4-1 shows a typical ternary phase diagram. Generally, it exhibits
three binary eutectic points and one ternary eutectic point (E).

Each arrowed line starts from the binary eutectic point of the corresponding two component
system and ends in the ternary eutectic point. By cooling down a three component mixture of
the composition F, the crystals of the component A start to form. Further cooling leads to
more crystals of A and the liquid composition changes following the line F-L. On reaching the
composition L, component C starts to crystallize as well. A further cooling changes the liquid
composition along the line L-E. As soon as the ternary eutectic point E is reached, solid B
starts to form in addition to A and C. The three components crystallize simultaneously and

the system solidifies completely.

Binary Eutectic

Figure 4-1 2D and 3D view of a ternary diagram.

A typical eutectic freeze crystallization process often starts from a pseudo binary system e.g.
components A and B with only a small amount of the third component C. If the melt is cooled
down below the eutectic equilibrium temperature of A and B, both solids of A and B are
formed. If ice is produced within the process, the separation of the two different solids can
easily occur due to the relative differences in the densities of the solids and the melt. Ice
which has a density of app. 900 kg/m?, floats to the top, while salt possessing a typical

density of 2000 kg/m?® sinks to the bottom as shown in figure 4-2 [5].
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Figure 4-2 Gravitational separation of ice and salt crystals [5].

The common eutectic freeze crystallization process for salt disposal and water recovery
requires several unit operations as shown in the figure 4-3 [6]. The feed is cooled down in a
suspension crystallizer below the eutectic temperature so that the salt and the water crystals
are formed. The formation of ice crystals due to the primary nucleation is difficult. Therefore,
the unit has to possess an additional crystallizer for the nucleation of ice followed by a
ripening vessel for the growth of ice crystals. In 1972, Huige [7] demonstrated the occurrence
of the so-called Ostwald ripening for ice crystals. Ostwald ripening means that the smaller
crystals have a lower melting temperature than the larger ones. Therefore, it is possible to
produce a suspension of large crystals, if the bulk temperature is established above the
lower melting temperature of the small crystals and below the melting temperature of the
larger ones. After the formation of the two different crystals, the suspension is fed to a solid-
solid-liquid-separation unit (SSLS). The heavier salt crystals settle down, while the lighter ice
crystals float to the top. Due to the high density difference between the ice and the salt
crystals, the separation is very efficient. At the top of the SSLS unit a suspension of ice
crystals can be collected and fed into a wash column for purification. The purified water
leaves the wash column at the top. The salt suspension is taken from the bottom of the SSLS
unit and is forwarded to a solid-liquid separation e.g. a belt filter sequence [5]. The arising
mother liquor is recycled back and mixed with the crystallizer feed to increase the yield of the

process. If a defined salt quality is required, a purge stream has to be realized.
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Figure 4-3 Scheme of the EFC process in analogy to Stepakoff et al. [6].

In the recent past, several developments have been made to improve the efficiency of a
eutectic freeze crystallization process due to advances in apparatus design and process

applicability. The presentation of the several developments is not a part of this chapter.

4.3 Approach to filtration improvement

4.3.1 Qualitative approach to porosity improvement with an in-situ formed filter aid

The improvement of the filtration characteristic of suspensions by the addition of another
particulate solid material is one of the best measured [8]. In cases of compressible and low
porous filter cakes, solid materials are added to the suspension to build up a porous,
permeable, and low compressible structure for retaining the solid particles and allowing an
easy pass-through of the liquid. Conventional filtration processes set several requirements to
the selected filter aids as follows [8]:

e Low specific surface or a coarse size

¢ Narrow fractional size distribution by removing the finer size fractions

e Create a particle bridging by an uniform dispersion in the particle bed

e Chemical inert material to prevent medium cracking and clogging

e Solids should possess a certain hardness
Based on these requirements, an idea was developed to use ice crystals as a filter aid to

improve the permeability and to decrease the compressibility of the crystal bed formed of
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acrylic acid crystals. Due to the application areas of acrylic acid, it is possible to identify
water as an optimal material which meets all required conditions of a filter aid:

e The solid hardness of ice at the eutectic crystallization temperature is high. This
indicates a low breakage tendency with a low compressibility. Additionally, the
hardness of ice increases with decreasing temperature [9].

e Water is an inert material in the major applications of acrylic acid.

o Water is part of the crystallization system so that it is possible to form ice crystals in-
situ.

e |t is possible to crystallize ice with a coarse distribution by the use of a ripening
vessel to induce Ostwald-Ripening [7].

In 1988 Van Pelt [10] demonstrated the possibility to control the crystallization of water by
adjusting the occurring supercooling so that large spherical ice crystals occur. Figure 4-4
shows spherical ice crystals with a diameter of 200 - 400 um from a Sulzer ripening vessel

(picture courtesy of Sulzer Chemtech) [11].

Figure 4-4 Ice crystals with a diameter of 200 - 400 um in a ripening vessel by Sulzer
[11].

4.3.2 Data estimation of an acrylic acid crystal bed near eutectic composition

The permeability and the compressibility of a crystal bed of acrylic acid crystals under the
influence of supercooling and mechanical force in form of the liquid pressure drop was
investigated in chapter 3 [2]. The experiments were carried out up to a water concentration of
15 wt%. Based on these experiments a model was developed to predict filterability under

different conditions.

Before measuring the permeability and the compressibility of a crystal bed formed of acrylic
acid and ice crystals at eutectic concentration, the performance of a crystal bed of acrylic
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acid crystals has to be extrapolated. There are two ways to do this. First, the order of
magnitude of the expected permeability can be estimated. Second, the quality of the
extrapolation and therefore the validation of the developed model of chapter 3 [2] can be

aligned by experimental data.

4.3.2.1 Initial permeability B, without compressive stress

The eutectic point of the binary solid-liquid equilibrium is about 38 wt% water. The approach
of the extrapolation starts with the estimation of the initial permeability B, of the crystal bed at
different supercooling conditions. Therefore, the initial permeabilities B, are plotted versus
the water content of the melt at different supercooling 8. The extrapolated graph is shown in
figure 4-5.
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Figure 4-5 Initial permeability B, extrapolation to 38 wt% water.

The initial permeabilities decrease with increasing water content and increasing
supercooling. At 38 wt% water the initial permeability of a crystal bed of acrylic acid crystals
is between 3-10"" m2 and 810" m2. If the logarithmic scale of the y-axis is taken into

account, the differences in the permeability due to the different supercooling decrease.

4.3.2.2 Compressibility coefficient o

The permeability of a crystal bed hardly depends on its compressibility. The compressibility is
defined as the change in porosity or the permeability with the pressure change. Tiller [12]
investigated the general compressibility behavior of particles. The change of the initial

porosity & and the permeability B, at zero stress p, due to a certain pressure change was
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found. It can be described by using the specific compressibility coefficients A for porosity and

o for permeability, as shown in eq. 4-1 from Tiller [12]:

-1 -1
(‘EJA :(Bjo _1. P eq. 4-1
€ By Po

The knowledge of the compressibility coefficients o is essential to calculate the resulting
permeability due to the mechanical stress. The compressibility coefficients o were calculated
from the logarithmic permeability slopes for water contents up to 15 wt% and a liquid
pressure drop up to 750 mbar.

If the compressibility coefficients o are plotted against the supercooling for different water
contents, straight lines occur. The extrapolation to water contents of 25 wt% and 38 wt%
water is carried out by fits of the y-axis intercepts and the line slopes. The extrapolated
behavior of the compressibility coefficients in dependence of supercooling is shown in

figure 4-6.
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Figure 4-6 Extrapolation of the compressibility coefficients to water contents of
25 wt% and 38 wt%.

The extrapolation to water contents of 25 wt% and 38 wt% shows that the difference in
compressibility due to the influence of water and supercooling gets smaller. This trend is
plausible, if the findings on crystal growth of acrylic acid from an aqueous solution of

chapter 2 [1] are considered.
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A model was developed which considers the influence of water and supercooling on the
crystal growth of acrylic acid in light of surface and bulk effects due to the coexisting water
molecules. Water forms a monomolecular layer on face {002} inhibiting its growth. On the
other hand, the consequences of bulk effect are two-fold. Firstly, for the growth of face {002},
dimers of acrylic acid are required as growth entities. In presence of water the competing
formation of acrylic acid hydrates takes place and reduces the amount of acrylic acid dimers.
Secondly, water improves the conditions of crystal growth by the improvement of heat and
mass transfer conditions. This leads to a faster growth of the remaining faces {121} and

{110} and finally to a needle-like crystal shape with a cavity on face {002}.

The needle-like shape and the appearing cavity consequently lead to breakable crystals and
hence to a higher compressibility of the crystal bed. The changes in the compressibility are
higher at lower water contents. This is plausible, if it is taken into account that the mentioned
effects depend on the molar concentration of water. A water concentration of 5 wt% of water
corresponds to a concentration of 17 mol%, whereas a concentration of 25 wt% corresponds
to concentration of 57 mol%. Taking this fact into account, it is obvious that the changes in
the compressibility at lower weight concentrations of water are higher and get negligible at
higher weight concentrations of water.

4.3.2.3 Permeability performance near eutectic concentration

The transformation of Tiller's equation allows the calculation of the permeability under the
influence of mechanical stress. The input parameters are the initial permeability B, and the
compressibility coefficient o. The transformation leads to eq. 4-2. The mechanical stress is
involved in forms of a quotient of the occurring liquid pressure drop over the crystal bed and
the pressure drop at zero stress.

-0
B =(1+p] -By eq. 4-2
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Figure 4-7 Permeability performance at 38 wt% water.

A comparison of the estimated values taken from figure 4-7 with the measured results at
15 wt% water shows a high difference at lower supercooling and less difference at higher
supercooling. This is caused by the compressibility and the morphology development as a
function of supercooling, respectively. Elongated crystals are observed already at a low
water content and high supercooling. As the supercooling becomes higher, the influence of

water on the development of elongated crystals becomes smaller.

4.3.3 Theoretical estimation of the porosity of nonspherical particles mixtures

An empirical correlation to predict the porosity & of the binary mixtures of spherical particles
was developed by Westman [13] based on the total bed volume V occupied by the specific
volume of the solid material (eq. 4-3). The presented porosity correlation is only used
theoretically to see the general trends by adding ice as a filter aid. The porosity trend is used
as an indicator for the filterability only, knowing that the permeability is a function of porosity
and compressibility.

v !
(1-¢)

eq. 4-3

Yu et al. [14] showed that the packing behavior of nonspherical particles is similar to the
packing behavior of spherical particles. Based on this finding Yu et al. [15] modified the

equation of Westman to apply it to both spherical and nonspherical particles. They added an
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empirical constant G which is independent from the composition of the solid composition but
depends on the aspect ratio of the particles.

2
V-ViX | gl V=ViXa ).
Vs Vs

) eq. 4-4
(V— X;— VX, j . [V— X - VSXS] _
V-1 V-1
Where
74 specific volume of the bed [m*/kg]
Vv initial specific volume of the large particles [m®/kg]
Vs initial specific volume of the small particles [m®/kg]
X volume fraction of the large particle [-]

Xs volume fraction of the small particle [-]

G empirical coefficient [-].

The general relation proposed by Yu et al. [15] for the coefficient G is shown in the equations
below [15]. The empirical constant G depends on the ratio r, of the diameter of the small
particles d;s to the large particles d,.

é =1.335ry %% (r, <0.824) eq. 4-5
é =1 (r> >0.824) eq. 4-6
=5 4-7
P d/ eq. 4-

Yu et al. [15] suggested to substitute the particle diameter by the packing equivalent
diameter d, for nonspherical particles form the volume equivalent particle diameter d, and the
Wadell’s sphericity .

d, :(3.1781—3.6821.1+1.5040.i2).dv eq.4-8
w w

The Wadell's sphericity v is defined as the ratio of the surface area As of a sphere with the
equivalent volume and the surface area of the actual particle A.. The crystals are assumed to

be regularly shaped. Therefore, the sphericity can be determined by eq. 4-9.
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y=— eq. 4-9

The practical application of the Westman equation to nonsperical particles as suggested by
Yu et al. [15] by using the Wadell’s sphericity v is disputable. The porosity calculations for
the fraction limit values Xs=1 and X=1 always result in a porosity of £ = 47.6 vol% due to the
geometry principles. For nonspherical uniformed single size particles, the porosity usually is

equal to 0.40 for loose random packing or to 0.36 for the dense random packing [16].

However, the Westman equation extended to nonspherical particles is used to estimate the
theoretical porosity of the mixtures formed of acrylic acid crystals and ice. Ice is assumed to
have a spherical shape, whereas the rectangle acrylic acid crystals are included by the
Wadell’s sphericity . For acrylic acid, the aspect ratio « as a function of water content in
the melt was measured in chapter 2 [1]. For the eutectic concentration of 38 wt% acrylic acid
and a maximum supercooling of 0.1 an aspect ratio for acrylic acid crystals of approximately
5.3 is expected. The calculations of the porosity are a function of the ratio of the diameters r,
of the small particles to the large particles only. The results for three different values of r, are
shown in the figure 4-8.
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Figure 4-8 Porosity calculation via extended Westman equation.

The calculated porosity values strongly depend on the ratio of the diameters r,. The porosity
decreases significantly as the ratio r, gets smaller. The drastic decrease in the porosity to

values near zero depends on the critical size of the smaller spheres which can pass through
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the openings formed by the larger monosized spheres. This results in a complete plug of the
free volume between the large particles. This geometric explanation for two different sphere

packings is shown in figure 4-9.

(Y )
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d"
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d

Figure 4-9 Critical ratio of entrance for different packings.

Based on the calculated porosities for different particle ratios resulting from the
transformation of rectangle crystals to spheres, it is possible to calculate the theoretical
permeability B, at zero stress by using the Kozeny-Carman eq. 4-10. The equation uses the
porosity, the specific surface area Sy, and the specific Kozeny constant Ky.. Based on the
Westman equation which uses the area based sphericity defined by Wadell, the Kozeny

constant for spherical particles can be used. The value for K. is 5 [17].

1 3 1
Byc=—- — eq. 4-10

The aspect ratios r, of the small particles (translated from rectangles) to the large ones has
been differed from 0.33 to 0.75. The size of the small rectangle particles representing the
acrylic acid crystals has been set to a length of 100 ym and 300 um respectively. These
particle diameters are in the order of magnitude of the real measured length of acrylic acid
crystals. The permeabilities are plotted against the mass fractions of the small particles in
figure 4-10. The plot represents the permeability translated to the monosized spherical

particles only.
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Figure 4-10 Theoretical permeability B, for monosized spheres and rectangles.

It is possible to draw the following conclusions for a rough transformation to a monosized

system existing out of a binary particle mixture:

1. The larger the individual particle fraction, the higher is the initial permeability.

2. The lower the diameter ratio r,, the lower is the permeability. The influence of the
ratio r, is significant.

3. The influence of the addition of a certain amount of large particles to the small
particles is smaller than the contrary case.

4. For a random particle packing, the critical ratio of the entrance comparable with the

diameter ratio is between 0.414 and 0.155. Below these values, it is possible that the
small particles completely plug the porosity cavity of the large particles which leads to
a dramatic permeability decrease.

The results could lead to the conclusion that addition of a filter aid is unfavorable due to an

apparent decrease in the permeability. However, the results of the permeability calculations

should be handled with care. In spite of the translation from rectangles to spheres, the model

always bases on a random packing of spheres. Therefore, a mixture of different spheres will

always result in a porosity and permeability minimum. A description of a random packing of

two different morphologies is not available. Additionally, a prediction of a desired

compressibility improvement based on the porosity and the permeability is not possible.

Therefore, an experimental validation is necessary.

98



COMPRESSIBILITY IMPROVEMENT OF AN ACRYLIC ACID CRYSTAL BED

4.4 Experimental

4.41 Objectives

The main objectives were to carry out by batch crystallization experiments followed by
permeability measurements to investigate the influence of ice crystals on the permeability
and the compressibility of an acrylic acid crystal bed. Therefore, the initial permeabilities of
crystal beds composed of pure ice and acrylic acid crystals, respectively, were determined
first. These values are compared with values of a mixture of ice and acrylic acid crystals. The
variation of the ratio is achieved by slightly differing the feed compositions from the eutectic
one. The composition of the crystal bed is analyzed after filtration. Primarily, continuous
crystallization experiments with a common scraped surface crystallizer were planned.
However, several contrary problems occurred which were not solvable at this early feasibility

stage.

4.4.2 Experimental setup and procedure

4.4.2.1 Batch crystallizer

All experiments were carried out with a batch crystallizer of 17 L hold-up. Figure 4-11 shows
the setup schematically. The crystallizer is a common scraped surface crystallizer typically
used for continuous experiments. It is equipped with an outer cooling jacket loaded with a
coolant to remove the energy from the crystallizer. To avoid encrustation on the wall, two
rotating spring-loaded PTFE scrapers oriented perpendicularly to the wall were installed.
Additionally, the centered drive shaft was equipped with six mixing vanes to ensure ideal
mixing. The crystallizer was fed batch-wise via the valve at the top. The crystallization
process was temperature controlled via the installed temperature indicators at the top and
the bottom. The two temperatures were used as the control parameter for the coolant

temperature. The control loop and the cooling circuit are not shown in the figure.
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Figure 4-11 Batch crystallizer with a cooling jacket, a mixing device, and scrapers.

4.4.2.2 Procedure

After filling the crystallizer with the feedstock, the inlet temperature was set to the melting
temperature of the mixture. When a constant crystallizer temperature was reached, a
temperature gradient of -0.3 K/min was started. The cooling was stopped when the desired
composition of the generated solids and the precalculated solid content was reached. The
temperature was kept constant for 12 hours to provide similar ripening conditions throughout
the experiments and to prevent the influence of the remaining supercooling. The slurry was

used to carry out the required permeability tests described within the next paragraph.

4.4.2.3 Permeability experiments

The permeability is determined by a constant pressure filtration test using the setup shown in
figure 4-12 [18]. Due to the floating crystals, the setup was enhanced by a small filter piston.
With its help the separation of the different crystals was prevented. The downwards motion of
the piston was done carefully to avoid any undefined compressing of the crystal bed. As a
result a bed with a final height h, was generated. Opening the bottom valve to the vacuum
flask leads to a flow of the mother liquor through the packed bed. The permeability can be

determined with eq. 4-11:

n-hy

=—>——.In(H;—H,) eq. 4-11
p-g-(t,-t;) e q

In this way, the hydrostatic head is used as the driving force for flow and the pressure

difference over the bed is limited. To determine the permeability change as a response to
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pressure, different vacuum values are applied over the crystal bed in the filtration setup. To
calculate the permeability, subsequently the pressure difference is translated into a liquid
head and used as input for eq. 4-11. The measured permeability is in any case corrected for
the resistance of the glass filter in the bottom which is determined in a filtration experiment

with pure liquid acrylic acid.

i |
ks Tk
ey
I LAY
A vae fhad;

Figure 4-12 Filtration setup [18].

4.4.3 Experiments

The influence of water crystals as an in-situ filtration aid on the filterability of acrylic acid
crystals was investigated for different water and acrylic acid fractions of the solids phase. All
combinations of the various solid fractions are shown in table 4-1. Filtration experiments
were carried out at four different pressure drops to determine additionally the compressibility

behavior. The filtration experiments were carried out at least twice.
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Table 4-1 Experiment overview.

solid fraction

Xuizo | [Wt%]

Xaa! [Wt%]

pressure drop / [mbar]

100 wt%

0 wt%

0 mbar

250 mbar

500 mbar

750 mbar

70 wt%

30 wt%

0 mbar

250 mbar

500 mbar

750 mbar

38 wt%

62 wt%

0 mbar

250 mbar

500 mbar

750 mbar

20 wt%

80 wt%

0 mbar

250 mbar

500 mbar

750mbar

0 wt%

100 wt%

0 mbar

250 mbar

500 mbar

750 mbar

4.4.4 Results

4.4.41 Observations

The experiments confirmed the statement of patent EP1492755A1 [4]. Crystallization at the
eutectic point results in two different crystal habits as shown in figure 4-13. As expected
acrylic acid crystallizes in a rectangular morphology and ice crystallizes in a cubic or nearly
spherical form. It was observed that the morphology of the ice crystals transforms from plate-

like crystals within the ripening time to cubic or nearly spherical particles. The shape and the
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size of the different crystals was roughly estimated with a microscope. The results of the

visual characterization are shown in table 4-2.

Table 4-2  Visual particle characterization.

shape length size aspect ratio
. cubes or . app. 100 to
ice crystals spheres diameter 200 um app. 1
acrylic acid long rectangles | small distance app- 50 10100 app.
crystals um 4t05

ice crystals

—

»

R "
-3
&y "

‘acrylic acid crystals

Figure 4-13 Separated ice and acrylic acid crystals.

4.4.4.2 Permeability

The permeabilities of all experiments follow a straight trend. The results are shown in figure
4-14 and figure 4-15. Figure 4-14 shows the initial permeability values B, plotted versus the
solid phase composition. The initial permeability B, of a crystal bed formed of pure acrylic
acid crystals is the lowest one. The crystal beds formed from ice crystals possess the highest
permeability. The difference between permeabilities of the crystal beds formed of the pure
components is a factor of 3.

e A straight increase of the measured initial permeability B, is observed with an

increasing amount of ice crystals in the solid phase. Based on the theoretical
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permeability calculations of paragraph 4.3.3 a minimum of the permeability was
expected.

The improvement of the permeability by the addition of 38 wt% ice crystals,
representing the eutectic composition, is by a factor 2.

With the help of the observed ranges of crystal sizes and aspect ratios of table 4-2, it
a parameter fit was carried out to model the initial permeabilities B, using the
presented Westman equation of section 4.3.3. The identified parameters for modeling

the initial permeabilities B, are listed in table 4-3.

Table 4-3  Parameter fit for the Westman equation

Wadell’s sphericity v/ [-] 0.634
diameter ratio r,,/ [-] 0.66
diameter of the large particles x; [um] 130
diameter of the small particles xs[um] 87

The calculated values of the initial permeabilities B, are represented by the dashed
lines in the figure 4-14. The calculated permeabilities show a good agreement with
the experimental values. They show a straight increase with increasing ice crystal
content.

The calculation of the initial permeabilities is quite sensitive to changes of the
diameter ratios. Already a diameter change of the small particles to 69 um which
goes along with the diameter ratio r, of 0.5, leads to higher changes of the calculated

initial permeability values as presented in figure 4-14 by the lower dashed line.

Figure 4-15 shows the permeability trend at different solid phase compositions as a function

of the occurring pressure drop which is similar to mechanical stress to the crystal bed.

For all solid mixtures the permeability decreases with an increasing pressure drop
over the crystal bed.

An increasing ice crystal fraction of the solid phase improves the permeability over
the complete range of pressure drop

The slopes of the permeabilities plots become flat with an increasing fraction of the
ice crystals. This indicates an improvement of the compressibility by the addition of

the ice crystals.
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Figure 4-14 Initial permeabilities B, vs. solid phase compositions.
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Figure 4-15 Permeabilities for different solid phase compositions vs. pressure drop.

4.4.4.3 Compressibility coefficients

The determination of the compressibility coefficients for all ratios of ice and acrylic acid
crystals is carried out by the transformation of eq. 4-12 from Tiller [12].

B p
[Og — |=0- /og(‘] + ] eq. 4-12
[Bo] Po d
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If the logarithm of the permeability quotients (B/By) are plotted vs. the logarithm of (1+p/py),
the compressibility coefficients are represented by the slopes of the straight lines. The
pressure value py is set to 25 mbar because this represents the pressure at gravity force of a

25 cm liquid column.
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Figure 4-16 Compressibility coefficent determination.

The slopes of the lines decrease with an increasing fraction of ice crystals. The
compressibility coefficients of all experiments are taken from the straight lines of figure 4-16

and are plotted vs. the ice crystal content of the solid phase as shown in figure 4-17.

The compressibility coefficients decrease with an increasing ice crystal fraction. The
difference of compressibility coefficients of the crystal beds formed of the pure components is
a factor of 3. The addition of ice up to a fraction value representing the eutectic composition

of 38 wt% reduces the compressibility coefficient by 40%.
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Figure 4-17 Compressibility coefficients vs. the AA concentration of the solid phase

4.5 Discussion and outlook

The experimental results provide an indication of the improvement in the filterability behavior
of an acrylic acid crystal bed by the in-situ formation of ice crystals. A straight improvement
of the permeability is possible by the addition of ice. The addition of 38 wt% ice crystals to an
acrylic acid crystal bed improves the permeability by a factor of 2. Additionally, the formation
of ice improves the compressibility of a crystal bed significantly. The compressibility
coefficients decrease from 0.24 for acrylic acid crystals to 0.15 at an ice fraction of 38 wt%.
This corresponds to an improvement of 40%. For ice fractions higher than 50 wt%, the
change in compressibility coefficients gets smooth. This could be caused by the fraction
ratios and sizes of the two crystal morphologies. To verify and explain this observation, it
would be helpful to measure the crystal size distribution of ice and acrylic acid in the solid

mixture. However, the measurements cannot be performed by available methods.

There is a difference between the measured and the estimated permeabilities and the
compressibility coefficients for a pure acrylic acid crystal bed generated from a melt close to
the eutectic composition. The estimated permeabilities of paragraph 4.3.2 are much lower,
whereas the estimated compressibility coefficients are much higher than the experimental
values presented in paragraph 4.4.4.3. The deviations are probably caused by the
differences of the continuous and batchwise experimental procedures. In particular, the
differences are in nucleation, nucleation temperature, conditions of supercooling, and crystal

growth. However, the scope of this work was to check the general feasibility to use ice as a
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permeability improver of an acrylic acid crystal bed. This has been demonstrated

successfully.

The presented Westman equation [13] is used to calculate the initial porosities. Combined
with the Kozeny-Carman equation a useful engineering model exists to carry out forecast
calculations of the occurring initial permeabilities. Finally, it is possible to calculate the final
permeability via the Tiller equation using the determined compressibility coefficients.

With the help of the complete model, a sensitivity analysis with different crystal sizes and
aspect ratios for the acrylic acid crystals has been done. A parameter set of crystal size and
shape was found to reproduce the experimental initial permeability values B, and finally the
occurring permeability under the influence of mechanical stress. The identified parameters of
crystal size and aspect ratio of acrylic acid crystals are within the range of values detected by
the visual particle characterization of section 4.4.4.1. The calculated values of the initial
permeabilities By are in a good agreement with the experimental values.

However, it was also found that the calculation of the initial porosity via the enhanced
Westman equation is quite sensitive and hence the absolute initial permeability values differ
significantly. On the other hand, the trends of the curves are also quite sensitive to small
changes in the diameter ratio r, so that a minimum in porosity and permeability can occur.
The sensitivity and the resulting difference can be explained as follows:

e The consideration of the crystal morphology in the model is not sufficient. It uses the
sphericity as an input parameter to adapt the model to nonspherical particles. This
means, that all morphologies are transformed by their geometric ratios to spheres of
different sizes. This must lead to a porosity minimum similar to that shown in that
shown in figure 4-9. The model does not represent the influence of needle-like
crystals accurately.

e The Westman equation [13] considers a monosized distribution only. An industrial
suspension disposes a size distribution of particles which will have an enormous
influence on the porosity and the permeability.

For the porosity modelling of the solid mixtures a random packing model considering different
crystal morphologies is required. Additionally, the influence of the size distributions of the
different morphologies has to be taken into account for a better prediction. However, this

requires the measurement of the size distribution of each crystal fraction first.

4.6 Conclusion

The addition of ice to an acrylic acid crystal bed improves the performance of a solid-liquid
separation process significantly. This trend offers the chance to develop a completely new

generation of suspension crystallization process. The use of a common wash column for the
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simultaneous purification of two solid phases crystallized under eutectic conditions is
possible as already demonstrated in WO2009130085A1 [19].
Therefore, the following conclusions can be drawn with regard to a technical scale:

1. The formation of ice crystals as an in-situ filter aid improves the filterability of acrylic
acid in general.

2. The improvement of the filterability generates permeability values which are
comparable with the permeabilities of the crystal bed of acrylic acid crystals grown
from a pure melt without the influence of water.

3. The ice crystals provide a major improvement of the compressibility behavior. The
compressibility coefficients are reduced from around 0.25 down to 0.15. This
represents a relative improvement of the absolute compressibility of 40%. The
improvement of the compressibility is a major key parameter to increase the
maximum capacity of wash columns [3].

Based on the improvement of the compressibility coefficients at a eutectic solid composition
the process potential and the economic can roughly estimated. At a typical pressure drop of
2 - 4 bars an improvement of the compressibility coefficient of 40% results in an increase of
the filtration capacity of approximately 50%. If the increase of the solid load caused by the
amount of 38 wt% ice crystals is considered, the net capacity increase is approximately 12%
at a constant filter cross-sectional area. On the other hand, the necessary cross-sectional

area of a solid-liquid separation unit can be reduced by 12%.

The results of the feasibility tests have to be verified by experiments from a continuously
operated crystallization process. Probably, a further improvement of the filterability is
possible, if the crystal suspension is taken from a setup with a ripening vessel to generate
bigger ice crystals.

The enhanced model of Westman enables the modeling of the porosities of two different
solids with two different shapes using the Wadell’s sphericity and finally the resulting initial
permeabilities using the Kozeny-Carman and Tiller equations. This model can be used as an
engineering tool to predict the resulting permeability of an industrial eutectic crystallization

unit, if the shape, the size, and the compressibility coefficients are known.
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Nomenclature

Symbols

A

B

Greek Symbols

particle surface
permeability
diameter

empirical coefficient
gravity constant
height of crystal bed
liquid level

Kozeny constant
MacDonald constant
pressure

ratio of diameters
specific Surface
time

volume

solid fraction

mass fraction

aspect ratio
supercooling
liquid viscosity
porosity

density
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[m]
[m/s]
[m/s?]
[m]
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-]

Pa



COMPRESSIBILITY IMPROVEMENT OF AN ACRYLIC ACID CRYSTAL BED

o compressibility coefficient for permeability [-]

A compressibility coefficient for porosity [-]

174 sphericity [-]
Subscripts

a surface equivalent

e equivalent

| indication for large particles

s indication for small particles
v volume equivalent

0 initial sate at zero stress

1 index number

2 index number
KC Kozeny-Carman

Mc MacDonald
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CHAPTER 5

SOLVENT SCREENING AND MEASUREMENT OF PHASE DIAGRAMS
FOR THE YIELD MAXIMIZATION OF AN ACRYLIC ACID
CRYSTALLIZATION

Abstract

The vyield of crystallization processes is mostly limited by the eutectic points as
thermodynamic limits and the economically acceptable temperature level. In some cases it is
possible to increase the yield and to improve the crystallization performance by the addition
of a dedicated third component.

Therefore, a structured solvent screening method is developed to rapidly identify possible
solvents to increase the yield and to improve the performance of a crystallization unit if
limiting factors are known.

For a fast validation, an experimental stage gate process is developed to come up with the
required information of each stage at a minimum work load. The developed stage gate
process bases completely on thermal analysis using Differential Scanning Calorimetry.

The solvent screening approach and the stage gate process are successfully adopted to
investigate the yield maximization of an acrylic acid crystallization from an aqueous melt by
adding a third component. For three possible components complete ternary solid-liquid

equilibrium diagrams are measured and evaluated.

Accepted for publication in Chemical Engineering Data on 08-26-2010



CHAPTER 5

5.1 Introduction

The recovery of acrylic acid by melt crystallization is limited in different ways. The yield is
limited by the eutectic point at 62 wt% acrylic acid and a temperature of -11°C. Additionally,
the performance of the suspension crystallization unit is limited by the water content of the
mother liquid. An increasing water content causes problems in the downstream solid-liquid
separation as demonstrated in chapters 2 and 3 [1;2].

Hence, the general scope of the present work is to increase the yield by the addition of a
third component and therefore by altering the eutectic limits. Further, the performance of the
crystallization should be improved in that way that the maximum recovery of acrylic acid
should be achieved at low water content in order to reduce compressibility problems.

The work flow is divided into two stages to save time and money. This results in a dedicated
solvent screening for the component identification and ends in a concerted experimental

work flow using fast thermal analysis methods.

5.2 Solid-liquid equilibrium
5.2.1 Theoretical prediction of a solid-liquid phase equilibrium

At thermodynamical equilibrium, the chemical potentials of all components in all coexisting

phases have to be equal. For the crystallizing component i this equilibrium is defined as:

U= eq. 5-1

Where the superscript L and S stand for the liquid phase and for the solid phase,
respectively. Two concepts exist to take the nonideality of a solution into account. The model
of Oonk [3] uses the activity coefficients and the model of Walas [4] uses the excess function
concept. Subsequently, the model by Oonk [3] based on activity coefficients is used because
it considers vapor-liquid data which are available for many components.

The equality of the chemical potential of each component in every phase can be

reformulated as the isofugacity criterion:

fh=fS eq. 5-2
The fugacities of the solid and the liquid phase are formulated using activity coefficients:
= xb ot 3. 53
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£S=x-7° 15 eq. 5-4

where f,° and f," are the (pure component) standard fugacities of the solid and the liquid, 5°
and j are the respective activity coefficients. Rearranging eq. 5-2 and eq. 5-3, one obtains

the solubility of component i in the liquid phase

r :7)("33,’8 Lf‘;? eq. 5-5

7i - foi
Unfortunately, the standard fugacities are not readily available, especially when the system
temperature lies above the triple point of the crystallizing component and below the one of
the other component. In this case ‘pure solid’ and ‘pure liquid’ represent hypothetical states.
However, for the calculation of the solubility only the ratio f,° / f,- is of importance. One

harnesses a thermodynamic cycle as illustrated in figure 5-1

triple point Tx i = -
melting
step A step C
heat up cool down
solid liguid
|r5
I/—H".I Ag=R.T:-In F I,r'"“
system (7, o 9
temperature T “__/ "L

Figure 5-1 Thermodynamic cycle for the calculation of the ratio £, 1 ot

The Gibbs enthalpy change for the transition from pure solid 1 to supercooled liquid 2 at

temperature T is given by

£S

Ag=R-T-In2- eq. 5-6
0/

In a closed system

Ag = Ah—TAs eq. 5-7

where the change in enthalpy 4h and entropy 4s can be expressed as the sum of the

changes for step A, step B, and step C:
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Tor T
Ah = J.cﬁ,,-dTJrAhg,’ + jc;,-dr
T Tor
;
= Angf + [opdT

Tr
Toj

eq. 5-8

T&Cs'd-r ARTF T oL

As= [PL—dT+ 2+ [ 2T
;T Toi i T
! eq. 5-9

T L
Ahg; C, i
_ 0_;;Tr i J' p,i IT
TOi TT_r T
0i
Here, Ac,; is the difference between the specific heat capacities of the solid and the liquid,
respectively, i. e. Ac,; = ¢,° — ¢,,;", and Ahy" is the melting enthalpy at the triple point.

Provided that the heat capacities are temperature independent between T and T, one

obtains:

AR T 1 Ac,; | TJT

In% = . ARSH1- ———Ac,,; T =T )+ =RL. n9 eq. 5-10
£ RT CUUTTT)RT w3 )R-T T q

Eqg. 5-10 can be simplified assuming that the first term is the predominant one and that the
others cancel out. Further, the triple point temperature is often substituted by the melting
temperature T,", hence 4hy,’" becomes the melting enthalpy Ah," at T,*. Finally one

obtains an equation for the calculation of solubilities.

£ o
—In 2t =InM:fi-Ahos,L- 1 eq. 5-11
fois Xis'vis R-T T,

In case of pure solids, the activity coefficients in the solid phase become unity and eq. 5-11 is

rearranged to directly yield the solubility:

L1 1 sL T
XF=— exp| - —— AhSE | 1-—— . 512
i }/IL P R.-T 0/ TO‘?L eq

The activity coefficients can be calculated by well-known thermodynamic models, e.g. NRTL
or UNIQUAC. For ideal systems eq. 5-12 simplifies to the Van't Hoff equation:
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ARSH( 1 1) Awshi(( 11
[nx.L — o |_° 1 |_Sfusti) 1 "
1 [TSL T] R [Tm T] eq. 5 13

For the prediction of the solid-liquid equilibrium of acrylic acid and water, it is important to
consider the aqueous milieu. Therefore, it is not possible to use the reduced ideal Van't Hoff
equation without including the activity coefficients. For mixtures of acrylic acid and water the
eq. 5-12 is used to predict solid-liquid equilibrium temperatures. The activity coefficients are
calculated from ASPEN Software. The UNIQUAC model combined with the Hayden-

O’Connell method was used. The results are presented in figure 5-2.

20 T
r — = calculated data acrylic acid
15 I = = = calculated data water
@ literature data by Chubarov | ¢
10 £ ,
; /
St o
5 | J
R /
£ L * See s .,
[ L
L . R /
ST . . .
N 'S R s
10 + * o .
: DY
15 £ N/
-20 + : : A :
0 0.2 0.4 0.6 0.8 1
Waal[1]

Figure 5-2 Solid-liquid equilibrium for acrylic acid and water - literature [5] and
calculated data.

It is obvious that the predicted solid-liquidus lines which are represented by the dashed lines,
differ significantly from literature data measured by Chubarov [5]. The temperature level of
the liquidus line for water is much higher than the measured values, whereas the acrylic acid
one is lower. Finally, the composition and temperature of the predicted eutectic point does
not match reality.

This implies that the presented equation eq. 5-12 based on activity coefficients is not useful
to predict the solid-liquid equilibrium for the aqueous acrylic acid system. In the near future
experimental measurements of solid-liquid equilibria will still remain the preferred way to
ensure reliable data for designing industrial applications. Therefore, this work is focused

completely on rapid experimental procedures.
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5.2.2 Thermal analysis methods for determination of thermodynamical properties

Thermal analysis methods are generally used to quantify and qualify several kinds of phase
changes and recalescence actions. For the design and the control of crystallization
processes at a maximum yield, the knowledge of phase diagrams is essential. These
limitations are given by the necessary operating temperature, the eutectic and peritectic

points, respectively [6].

In the past several techniques have been used to determine the solid-liquid equilibria:

. Thermal microscopy
. Thermal analysis

. Zone melting

. Single crystal growth

These techniques are not all universally applicable and some have only limited utility. The
choice depends on a number of factors: availability of instrumentation, amount of material
and time available, environmental sensitivity of the components and temperature range [6].
In the present work, the thermal analysis, more precisely the Differential Scanning
Calorimetry (DSC), is used as a rapid measurement for temperatures and enthalpies of
phase changes requiring only very small amounts of chemical samples. This opens up a new
high-throughput method to determine complete binary and ternary solid-liquid equilibrium
phase diagrams.

Differential scanning calorimetry principle

The Differential Scanning Calorimetry (DSC) is a thermo-analytical technique. Two
crucibles — one containing the sample, the other one as a reference — are heated or cooled
with the same rate. When the sample undergoes a (isothermal) phase change, unlike the
reference it will not follow the heating/cooling program of the DSC device. In order to
compensate the appearing temperature difference between sample and reference, the DSC
device has to increase or decrease the heat flow to the sample crucible.

The result of a DSC experiment is a curve of heat flux versus temperature or versus time.
The melting point and enthalpy of fusion of the sample material can be determined
simultaneously from the DSC curve. An endothermic phase change gives a negative peak,
whereas an exothermic phase change results in a positive peak. The peak area quantifies
the enthalpy of fusion. A pure sample gives a sharp peak, while an impure sample could
show a broader peak, overlapping peaks, an indefinite start, and an unincisive maximum. As
an example figure 5-3 represents a schematic plot of an exothermic heat flow versus
temperature. The temperature boundaries of the melting process are represented by T,.on

and T~ Whereas the index “m” represents the melting process, “on” represents the on-set
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and “end” the end-set, respectively. The peak represents the melting temperature T, of the

sample.

Ton: on T T end exothermal T

endothermal i

heat flow / [W]

»

temperature / [°C] i

Figure 5-3 Heat flow of a solid to liquid phase change.

T, stands of course also for the equilibrium crystallization temperature. However, due to
metastability effects which are intrinsic to crystallization processes, it is not possible to
measure the correct phase change temperature by cooling the sample. Keeping all these
conditions in mind, the DSC provides a suitable technique to measure rapidly and exactly
complete solid-liquid equilibrium phase diagrams, using the melting points of several
samples at different concentrations. Additionally, the latent enthalpy of fusion can be

obtained by measuring the area of the peak over time.

5.2.3 Determination of the binary eutectic point and equilibrium diagram

For the industrial application of crystallization it is important to know two aspects of a solid-
liquid system:

1. The maximum achievable yield

2. The minimum operation temperature to reach an economical recovery yield
These limits are given by the eutectic point. The eutectic point represents the minimum
temperature at which a solid-liquid equilibrium exists. On the other hand, the eutectic
concentration limits the possible yield of pure crystals. This becomes clear when applying the
lever rule for calculating the yield of a crystallization step close to the eutectic temperature as

shown in figure 5-4. The mass yield Y of component A is then given by

WEea —W
y-—FE4_ "EPA eq. 5-14

WEA (1 ~WEepa )
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where A is the mass of pure crystals A, F is the mass of the feed with concentration wg 4, and
Wep 4 is the mass fraction of A at the eutectic point. It is obvious that the higher wgp 4 the more

component A will remain in the mother liquor, hence the yield will decrease.

feed F

TEp hd
| |
| |
wa=1 WA WEP A
pure A —wi— pure B

Figure 5-4 Calculation of the maximum yield of a crystallisation unit.

For an extensive solvent screening it is necessary to identify the eutectic point by a
standardized method. The determination of the eutectic temperature is possible by a single
simple DSC experiment with only one composition of the binary system. Because of
subcooling effects due to metastability, phase changes are performed from the completely
solid state, hence heating up the sample.
In a binary mixture two exothermal peaks will occur. The first peak is caused by the phase
change from a complete solid state into a two-phase system with solid A and liquid of
eutectic composition. The second peak represents the transition from a solid-liquid mixture to
a complete melt.
For determination of the eutectic composition of a binary system Burger [7] proposed a
simple and rapid method. The melting of samples at eutectic composition always occurs at
the same temperature, but the enthalpy of fusion associated to the composition will increase
with the amount of solids that can form at this certain point. For a mixture of eutectic
composition, the DSC curve is similar to that of a pure component, i.e. it shows only one
peak. The enthalpy of fusion can be evaluated by integrating the peak area between the
measured curve and a virtual or true baseline of a DSC plot.
The method of Burger [7] can be performed either via the isobaric phase diagram or via the
mass related enthalpy of fusion of the eutectic peak. In the first case, the end melting
temperature of the mixture is plotted against its composition. In the second case, the
enthalpy of fusion per mass unit of the first peak [J/g] is plotted against the molar
concentration [mol%]. The second method proved to be the favorable one, because there is
a linear relationship between the specific enthalpy of fusion and the concentration. Further,
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the integration of the first peak is easily possible for all mixtures. The end-set of the melting
of those mixtures which composition lie near the eutectic can be determined only with

difficulty and with little accuracy.

Figure 5-5 shows an example of the second method. The specific enthalpy of fusion of the
first peak is plotted against the molar composition. The eutectic composition is then
determined by a linear extrapolation. The intersection point characterizes the eutectic

composition giving an additional point of the two-component phase diagram [7].

180 T
T eutectic point
160 f .-,

140 +

120f m

60 + W

40 +

eutectic enthalpy of fusion / [J/g]

20 f+

0 20 40 60 80 100

mole fraction of A/ [-]

Figure 5-5 Eutectic enthalpy of fusion of the system methyl-4-hydroxy benzoate with
p-hydroxy benzoic acid [7].

5.2.4 Approach to determine the ternary eutectic point and solid-liquid equilibrium

In analogy to a binary system, the feasibility of an industrial crystallization step depends
mainly on the temperature level and limitation by the ternary point (TEP). Therefore, the

proceeding described above to get rapid knowledge of the limits of a crystallization process

is adapted to ternary systems.
The temperature level of the ternary eutectic point can also be determined by the DSC.

Figure 5-6 shows qualitatively a typical DSC plot of a melting process of a ternary solid

system. The temperature level of the ternary point is marked with T,,. 7zp.
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Trm; on T TePTTER end TmiEP TEP enc Tr Tmens  ©Xxothermal T

endothermal ¢

heat flow / [W]

temperature / [°C] "

Figure 5-6 Enthalpy flow of a ternary system at solid to liquid phase changes.

As it is the case with the binary system, it is possible to calculate the enthalpy of fusion of the
ternary eutectic point. The ternary eutectic point is obtained as follows and demonstrated in
figure 5-7:

1. Aush rep reaches its maximum at the ternary eutectic composition (TEP).

2. For pure components and binary mixtures Aysh rep is zero, because in these cases
the ternary eutectic point does not exist! Therefore, Assh rep is zero for compositions
at the sides of the triangle.

3. Mixtures with compositions on the apparent lines between the ternary eutectic point
and the pure components (represented by the lines A-TEP, B-TEP and C-TEP) will
exhibit only two peaks belonging to the crystallization of the pure components A, B,
and C, respectively, and one peak representing the ternary eutectic point.

4. The maximum Agsh rep Of the pseudo-binary system B-C at constant mass fraction of
A, e.g. along AC-AB, is determined as described in section 5.2.3. The connection
between the respective composition and the pure component A results in a straight
line. The same is done for the pseudo-binary systems A-C and B-C. The intersection

of the connecting lines represents the ternary eutectic point.
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,D-,-". | ! x_.B

&n na

Figure 5-7 Determination of the triple eutectic point by adaption of the binary
method of Burger [7].

The approach is valid only for ternary systems, where the binary systems do not show any

peritectic points. The melting behavior of peritectic systems is different from eutectic ones.

5.3 Approach to a fast solvent screening method

5.3.1 Approach to a data base request for fast solvent screening

In general the search for an additional solvent as a component to increase the yield of a
crystallization process is quite difficult, because of the huge numbers of requirements and
properties which have to be fulfilled, e.g. non-toxicity, chemically inertness, crystalline
behavior, etc.
Based on the scope of this chapter and the mentioned requirements, a two-stage solvent
screening method was designed with the following objectives:
1. Reduce the number of necessary experiments to a minimum.
2. Consider the downstream requirements due to toxicity, product specifications, etc.
3. Use physical and chemical data to prepare a first rough estimation of the potential
benefit.
4. Use of solid-liquid binary data for a first rough estimation of the location of the
ternary eutectic point.
Mainly based on these four objectives a decision tree is developed for an automatic data

base request. The structure is shown in figure 5-8.
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5.3.2 State of the art

The idea to increase the yield of a crystallization unit is a common industrial need. Within the
next two sections two well-known approaches will be presented shortly. There are many
possible processes and substances published in patents and literature for aqueous systems
of acrylic acid. However, due to the resulting process complexity, industrial applications using
any of these processes are not known. Therefore, they will be presented for the sake of
completeness but the substance classes will not be considered in the solvent screening for

acrylic acid.

5.3.2.1 Salting out

Several approaches to increase the yield of an acrylic acid crystallization from aqueous
solutions have been described in the past. In some cases, the limiting eutectic point has
been removed successfully by the addition of certain salts to the aqueous solution.

Faerber [8] disclosed in 1957 that calcium chloride (CaCl,), sodium sulfate (Na,SQO,), and dry
metal salts such as nickel chloride (NiCl,) and nickel bromide (NiBry) can be used as drying
agents in combination with an aliphatic ketone. The salt dissolves in the aqueous phase and
reduces the solubility of acrylic acid. The acrylic acid is transported into the organic phase.
This displacement is called salting out. It was demonstrated that the acrylic acid could be
concentrated from the aqueous solution up to maximal 80% in the organic phase.

Otsuki Susumu et al. [9] showed a method to accelerate the separation of an organic solvent
phase from an aqueous phase to recover acrylic acid. They suggested to add an alkali metal
salt or an ammonium salt [NH,]* to the aqueous solution for accelerating the solvent
separation. Rather than accelerating the phase separation or drying the aqueous solution,
this patent discloses that the addition of such salts removes the eutectic point between
acrylic acid and water. In this case the eutectic limitation can be overcome by forming a
system of solid solutions.

One salt that eliminates the eutectic is sodium chloride. Other alkali metal salts like halides,
nitrates and sulfates, and ammonium salts can remove the eutectic as well. However, it has
been found that barium chloride, ferric chloride, and tin chloride have no significant effect on

the acrylic acid-water SLE [10].

At the end, salts can be used to shift and remove the eutectic point, respectively. Therefore,
it is possible to draw the following conclusion. The addition of salts opens up two types of
processes: The first possibility is to use the salting out effect in a liquid-liquid extraction. Salts
push acrylic acid into the organic phase which it can be crystallized from. This requires

further downstream units to recover and recycle at least the organic phase.
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Second, salts can make the binary eutectic system become a solid solution. This always
requires an extensive, economically unattractive multi-stage fractional crystallization. Hence,

salts will be disregarded as potential third compounds.

5.3.2.2 lonic liquid

lonic liquids (ILs) are defined as liquid salts which are liquid below 100°C [11]. lonic liquids
are organic salts and consist of large bulky and asymmetric organic cations and anions such
as tetrafluoroborate [BF,], halides, nitrate [NOs]’, sulphate [SO,4]", aluminum chloride [AICL,],
etc.

The group of the cation is variable; typical cations are alkyl chains such as methyl, ethyl,
butyl, etc., or other functional groups (e.g. fluoroalkyl, alkenyl, methoxy). The variability of the
anions and residual groups in the imidazolium, pyridinium, pyrrolidinium, ammonium, or
phosphonium cations are utilized to adjust the physical properties of the ionic liquids such as
melting point, viscosity, and density as well as the miscibility with water or organic solvents.
Furthermore, they can be functionalized to act as acids or bases. The change of the anion
dramatically affects the chemical behavior and stability of the ionic liquid.

The vast range of possible ionic liquids makes a dedicated screening quite extensive.
Additionally, in contrast to the use of common organic bulk chemicals a complete recovery of
the ionic liquid is required due to the high specific costs. Therefore, also ionic liquids will be

excluded from the solvent screening for a potential third component.

5.3.3 Screening results

The increase of the crystallization yield requires certain properties as listed in paragraph
5.3.1. Especially organic components can fulfil these features. The screening shows that
especially alcohols, ketones, and carboxylic acids should be considered. Especially
carboxylic acids with a low number of carbons (1-4) could be attractive for the installation in
an industrial process. In the end, the screening approach comes up with three components
which have to be investigated by simple lab experiments: propionic acid, butanoic acid, and
acetic acid. Propionic and acetic acid are typical by-products of the two-stage acrylic acid
oxidation process [12], so that a possible use would not generally change the complete
production process:
e Acetic acid shows properties in agreement with the requirements (Tgp = -27°C;
Xep= 58 wt% acetic acid; Ty, ac4a= 16.5°C).
e Butanoic acid shows good properties regarding the eutectic temperature and the
eutectic composition in the binary system with water. The eutectic temperature is not

too low (Tgr = -13.4°C) and the eutectic composition is xgp = 87 wt% butanoic acid.
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The binary system with water shows a miscibility gap which is not a fundamental
problem, because the process would be operated at high acrylic acid concentrations.
e Propionic acid shows good properties regarding the eutectic temperature and the
eutectic composition in the binary system with water (Tgp = -29.4°C; xgp = 87 Wt%
propionic acid), as required. Besides, some SLE data of acrylic acid and propionic
acid [14] are available (Tgr = -11°C, xgp = 74.87 Wt% propionic acid). However,
propionic acid exhibits one major disadvantage. The system propionic acid — acrylic
acid has a peritectic point [10] (Tpp = -17.1°C and xpp = 44.4 wt% propionic acid). A
crystallization could result in the formation of a solid solution. Nevertheless, propionic
acid will be considered as a possible component to increase the acrylic acid yield,

even if a two-stage process would be necessary.

5.4 Experimental

5.4.1 Objectives

The objectives of the experiments are the general check, if the identified components of the
screening approach from section 5.3.1 allow an increase of the crystallization yield of the
binary system acrylic acid and water. One requirement for this purpose is that the location of
the existing ternary eutectic point is far from pure acrylic acid hence at a low water content.
This would offer the opportunity to separate pure acrylic acid at a high yield without getting in

trouble with highly compressible acrylic acid crystals.

The temperature level of the ternary eutectic point is very important regarding crystallization
and solid-liquid separation conditions like liquid viscosity and density. A temperature below
(-30°C) makes an industrial crystallization process uneconomical. Crystal growth at low
temperatures often leads to kinetic problems induced by limited heat and mass transfer. This
may results in impure crystals, what could necessitate a two-stage process. A high difference
between the operation temperature and the melting point could also lead to operating
problems of wash column units for crystal separation and purification.

Therefore, the experiments are dived into three steps. First, the temperature level of the
ternary eutectic point will be determined by simple and fast DSC measurements. For each
system five mixtures at different composition will be analyzed. Further, the ternary eutectic
point and region will be determined via the advanced approach presented in paragraph 5.2.4.
Finally, if the temperature of the ternary eutectic point is higher than (-30°C), the complete

phase diagram will be measured.
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5.4.2 Experimental setup and procedure

The experiments were carried out on a Differential Scanning Calorimeter DSC 1 400W
combined with an automatic probe sampler and an external Intra Cooler from Mettler Toledo.
The used DSC setup allows measurements in a temperature range from -85°C up to 700°C
with a precision of 0.02 K. The generated raw data were evaluated with the Mettler Toledo
Software STARe. The software allows the calculation and analysis of all system data like
phase change temperatures (ternary, binary, and melting temperature) and specific enthalpy
of fusion. The ternary mixture samples were prepared from the pure components. The exact
compositions were calculated after weighing. The measurements were carried out with
hermetically closed crucibles to avoid changes of the sample compositions due to
evaporation of the sample or inclusion of moisture. Additionally, the measuring cell was
flushed continuously with nitrogen. All experiments were carried out with defined temperature
programs using temperature gradients of 1 K/min or 5 K/min, respectively. Generally, 5 K/min
is the preferred heating rate. If an overlap of peaks occurs, a slower temperature gradient of
1 K/min is required to obtain a decent base line and distinct peaks. The used temperature

programs of the different compositions are summarized in table 5-1.

Table 5-1 DSC temperature programs.
segment time period AA /H,O/AcA AA/H,O/PA AA/H,O/BA
1 10 min (-70°C) (-40°C) (-50°C)
2 varied (-70°C) — (20°C) | (-40°C) —(20°C) | (-50°C) — (20°C)
3 5 min (20°C) (20°C) (20°C)
4 10 min (-70°C) (-40°C) (-50°C)
5 varied (-70°C) — (20°C) | (-40°C) — (20°C) | (-50°C) — (20°C)
5.4.3 Results

5.4.3.1 Determination of the ternary eutectic temperature

For all three ternary systems different samples were analyzed by the presented DSC
measurement programs. Afterwards, the occurring curves were interpreted and the peaks
were related to the possible phase changes. As assumed, during the heating up almost all

samples of each system showed a first peak at a certain temperature. This peak was

130



SOLVENT SCREENING AND MEASUREMENT OF PHASE DIAGRAMS

identified to be the temperature of the ternary eutectic point called afterwards “ternary peak
temperature”.

The ternary mixture containing acetic acid shows an average ternary peak temperature of
-36.1°C with a standard deviation of 0.5°C. The results for different concentrations are

presented in table 5-2.

Table 5-2 Ternary peak temperatures acrylic acid / water / acetic acid.

Wan | [W1%] Witzo | [W1%] Waca | [Wt%] ttzmgaptifg
10% 50% 40% -35.5°C
20% 60% 20% -35.8°C
32% 20% 48% -36.5°C
37% 20% 43% 36.2°C
51% 40% 9% -36.7°C

average ternary peak temperature -36.1°C
standard deviation 0.5°C

If butanoic acid is used as a third component, the average ternary peak temperature is
around -33.2°C with a standard deviation of 0.6°C. The results for different concentrations

are presented in table 5-3.

Table 5-3 Ternary peak temperatures acrylic acid / water / butanoic acid.

Wan | [Wt%] Witzo | [Wt%] Wan | [Wt%] tteermnzgaptﬁf:
12% 58% 30% -32.9°C
15% 5% 80% -32.9°C
42% 8% 50% -32.5°C
46% 44% 10% -33.9°C
62% 28% 10% -33.8°C

average ternary peak temperature -33.2°C
standard deviation 0.6°C
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The system with propionic acid as a third component shows an average of around -31.2°C
with a standard deviation of 0.9°C. Table 5-4 shows the concentration of the samples and the

corresponding temperatures.

Table 5-4 Ternary peak temperatures acrylic acid / water / propionic acid.

Wan | [Wt%] Witzo | [W1%] Wea | [Wt%] ttzrrgigaptifg
8% 7% 85% -30.2°C
13% 57% 30% -31.8°C
12% 23% 65% -30.3°C
29% 6% 65% -31.7°C
38% 7% 55% -32.0°C

average ternary peak temperature -31.2°C
standard deviation 0.9°C

5.4.3.2 Determination of the ternary eutectic concentration (TEP)

For all three systems the determination of the Ternary Eutectic Points (TEP) has been
carried out as described in paragraph 5.2.4. The analysis of all three systems shows good
and clear results. The graphical constructions of the lines between the pure components and
the local maxima of the enthalpy of fusion of the ternary eutectic point and their extrapolation
result in one point. The absolute deviation of the intersection of the three lines of each
system was about 5 wt%. Therefore the precision of the determined ternary point is in a
circular concentration range with a diameter of 10 wt%.

Figure 5-9 represents the results of the system acrylic acid, water, and acetic acid. The
ternary eutectic point was identified at a concentration of 32 wt% acrylic acid, 30 wt% water
and 38 wt% acetic acid.
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Figure 5-9 Determination of ternary eutectic point; acrylic acid - water - acetic acid.

The system acrylic acid, water, and butanoic acid possess the ternary eutectic point with the
lowest water concentration. Figure 5-10 shows the graphical construction of the ternary

eutectic point at 35 wt% acrylic acid, 8 wt% water, and 57 wt% butanoic acid.
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Figure 5-10 Determination of ternary eutectic point; acrylic acid - water - butanoic

acid.

Propionic acid shifts the ternary eutectic point away from acrylic acid and water. Figure 5-11
shows its location at 20 wt% acrylic acid, 17 wt% water, and 63 wt% propionic acid.
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Figure 5-11 Determination of ternary eutectic point; acrylic acid - water - propionic
acid.

The values in each diagram represent the values of the specific enthalpy of fusion of the
ternary points. For all three systems, the extrapolated enthalpy of fusion of the ternary point
seems to be a function of the water content of this point. The higher the water content of the
ternary eutectic points, the higher the corresponding enthalpy of fusion. This goes along with
the fact that the enthalpy of fusion of water (333 J/g) is around twice the value of a typical

organic component (150 J/g).

The determination of the ternary eutectic point of each system has to be verified by the

measurements of the complete solid-liquid equilibrium diagrams.

5.4.3.3 Phase diagrams

With the knowledge about of the approximate location of the ternary eutectic point, it was
possible to perform selective DSC experiments to measure the complete ternary phase
diagram. For each system a dedicated sample table with at least 36 samples was worked
out. With this number of experiments the complete ternary diagram could be covered with a
concentration raster having width of 10 wt%. The repetition of certain experiments shows an
accuracy of the determination of phase changes temperatures by DSC of 0.05 K.

Subsequently, the temperatures were plotted against the concentration with the help of a
contour diagram. The calculation software MINITAB was used for this graphical evaluation.
The software classifies the temperatures into 12 intervals. This limited number of
temperature levels obviously restricts the level of detail of the graphical demonstration.
However, the graphical demonstration provides useful information on the solid-liquid

equilibriums of the investigated systems. For all three systems a selection of the numerical

134



SOLVENT SCREENING AND MEASUREMENT OF PHASE DIAGRAMS

data are listed in the appendix. The literature values of the binary systems [5;13] is not listed
in the tables.

Figure 5-12 shows the ternary solid-liquid equilibrium of the system acrylic acid, water, and
acetic acid. The region of the ternary eutectic point is represented in dark blue. This region
coincides with the results of paragrapgh 5.4.3.2. There are two descrepancies in the
diagram. The binary eutectic point of water and acetic acid shows a lower temperature than
the temperatures from this point towards the internal of the system. The second discrepancy

is at 80 wt% acrylic acid, where the same phenomena appears.

Waca | (W%
1

[ ] |
R
H-=- -n|
B = Ii
5
m oo s
- ow
R
] 14
0. 48 : 1 W S 00
whao | [wite] 30 BD B0 EP4D 20 i e

Figure 5-12 SLE diagram acrylic acid - water - acetic acid.

Figure 5-13 shows the graphical representation of the DSC results of acrylic acid, water, and
butanoic acid. Also for this system the region of the ternary eutectic point corresponds to
results of the previous section. The shape of the temperature regions is conclusive without

any discrepancies.

The results of the ternary system of acrylic acid, water, and propionic acid, shown in
figure 5-14, are coherent with the results of the previous section. However, the diagram
shows also two irregularities regarding the equilibrium temperature. Both discrepancies are

close to the ternary eutectic point, with the lowest temperature.
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Figure 5-13 SLE diagram acrylic acid - water - butanoic acid.
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Figure 5-14 SLE diagram acrylic acid — water - propionic acid.

5.5 Discussion

The solvent screening — with the aim of finding a third component to increase the yield of an
acrylic acid crystallization from aqueous mixtures — results in three potential components:
acetic acid, propionic acid, and butanoic acid. All identified components reveal similar
molecular structures. It is known that propionic acid forms a peritectic system. For further
investigations, it would be useful to differ the screening criteria, so that components with
higher melting points would be considered as well.

The determination of the ternary eutectic temperature by using the rapid technique explained
in paragraph 5.2.4 shows results well corresponding to DSC measurements. There are
deviations in the temperature values of up to 1 K. It was found by the analysis of the DSC
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plots that the determination of the eutectic temperature becomes more difficult with
increasing distance from the TEP. This is due to the decreasing peak area.

The determination of the ternary eutectic concentration by the approach based on a method
for binary eutectic systems shows apparently good results. It was found that the precision of
this method is depending mostly on the accuracy of the pseudo binary measurements at
constant concentration of one of the three components. For both approaches, it is necessary
that the DSC plots show a defined peak of the ternary eutectic point in relation to
temperature determination and the calculation of the relative enthalpy of fusion. The best
results are found, if the measurements are carried out at concentrations closer to the ternary
eutectic point than to the pure components. A practical approach to ensure this was to set
the constant concentration of one component close to one of its binary eutectic points.

The measurement of the full ternary liquid-solid equilibrium by DSC measurements is quite
comfortable once the samples are prepared. There are some discrepancies regarding the
presented equilibrium temperatures. It was found that these mistakes are caused by only
small deviations of the detected temperatures (0.5 K). If the set temperature ranges differ a
little bit, the existing discrepancies disappear and others appear. Therefore, the graphical
presentation requires a gliding temperature representation and a post control of all measured

equilibrium temperatures.

5.6 Conclusion and outlook

In consideration of the results presented in section 5.4 the following conclusions are drawn:

1. All three components could be used to modify the crystallization process from an
aqueous solution. Crystallization is possible at a moderate and acceptable
temperature level. For all cases it holds true that the ternary eutectic point offers the
farthest distance to pure acrylic acid. This goes along with the highest achievable
yield for each system. However, the possible modifications and resulting advantages
and disadvantages are different for all three systems.

2. Compared to propionic and butanoic acid, acetic acid needs to be added at smaller
concentrations to aqueous acrylic acid in order to achieve an increase in the
crystallization yield. Nevertheless, if the crystallization process could be designed in
that way that the mother liquor is at ternary eutectic composition, the crystals would
grow from a water concentration of around 30 wt% water. This could cause problems
due to high compressibility of the acrylic acid crystals [1; 2].

3. Butanoic acid allows to crystallize acrylic acid at a low water concentration (<10 wt%)
because of the location of the ternary eutectic point. But this requires the addition of a

lot of butanoic acid in comparison to acetic acid.
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4. The performance of propionic acid ranks in-between the ones of acetic acid and
butanoic acid regarding the required concentration range and the water content of the
mother liquor. Unfortunately, the peritectic point at 55.6 wt% acrylic acid cripples all
advantages. Additionally, the further downstream processing could turn out to be very
difficult, since the binary vapor-liquid equilibrium data are unfavourable. It will be quite
impossible to separate the components by distillation because of an azeotropic point
and a very close-boiling behavior.

With regard to the listed advantages and disadvantages, propionic acid can be neglected for
further considerations. For the other two components a theoretical process should be
designed, simulated, and benchmarked afterwards in terms of the possible overall yield,

energy consumption, and apparatus complexity.
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Nomenclature

Symbols

Cp

Greek Symbols

e

U

Subscripts

end

heat capacity at constant pressure
fugacity of component i

molar Gibbs enthalpy

molar enthalpy of fusion of component i
molar enthalpy

gas constant

molar entropy

temperature

mass fraction

mole fraction

yield

activity coefficient

chemical potential

end-set

component i

liquid phase

solid-liquid equilibrium / melting
on-set

solid phase

standard state

139

[J/(mol-K]

[Pa]

[J/mol]
[J/mol]
[J/(mol-K]
[J/(mol-K]
[K]

[wt%]
[mol%]

%

-]
[J]
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Abbreviations

A

AA

AcA

BuA

EP

H,0
PA
PP

TEP

Tr

component A
acrylic acid

acetic acid
component B
butanoic acid
component C
binary eutectic point
feed

water

propionic acid
peritectic point
ternary eutectic point

triple point
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Appendix

Table A-5 Equilibrium data for acrylic acid - water - acetic acid.

Waa WH20 Waca T Tm
[wt%] [wt%] [wt%] [°C] K]
29.9 253 44.8 -33.40 239.75
30.0 224 47.6 -31.60 241.55
31.7 28.3 40.0 -31.10 242.05
30.1 31.4 38.5 -30.40 242.75
16.4 43.7 39.9 -30.30 242.85
39.9 27.0 33.1 -28.20 244 .95
21.8 38.1 40.1 -27.40 245.75
234 33.4 43.2 -27.00 246.15
324 30.5 37.1 -26.90 246.25
49.6 19.7 30.7 -24.80 248.35
22.7 271 50.2 -24.60 248.55
30.0 34.9 35.1 -22.50 250.65
3.6 36.4 60.0 -21.80 251.35
27.8 37.2 35.0 -21.60 251.55
24.0 39.9 36.1 -20.60 252.55
7.3 32.8 59.9 -20.60 252.55
27.0 25.0 48.0 -20.00 253.15
255 445 30.0 -18.80 254.35
25.0 25.0 50.0 -17.20 255.95
20.0 35.9 441 -13.10 260.05
6.6 63.0 30.4 -12.40 260.75
2.5 275 70.0 -12.30 260.85
14.6 65.4 20.0 -11.80 261.35
5.7 24.2 70.1 -11.00 262.15
15.0 38.2 46.8 -10.50 262.65
16.0 24.0 60.0 -9.80 263.35
43.8 36.3 19.9 -9.40 263.75
49.0 21.0 30.0 -6.50 266.65
29.5 60.5 10.0 -6.20 266.95
18.2 1.8 80.0 -1.40 271.75
73.0 71 19.9 -0.60 272.55
64.0 16.0 20.0 0.30 273.45
66.3 237 10.0 1.50 274.65
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Table A-6 Equilibrium data for acrylic acid - water - butanoic acid.

Waa Whz0 Wga Tm Tm
[wt%e] [wt%e] [wt%] [°Cl [K]
31.9 8.0 60.1 -30.80 242.35
41.5 8.3 50.2 -29.30 243.85
48.0 121 39.9 -25.40 247.75
23.0 7.5 69.5 -24.50 248.65
33.1 16.6 50.3 -22.90 250.25
24.0 16.1 59.9 -22.40 250.75
15.0 5.0 80.0 -19.30 253.85
46.6 23.3 30.1 -18.40 254.75
58.3 11.6 30.1 -17.70 255.45
5.1 15.1 79.8 -14.50 258.65
15.0 15.0 70.0 -14.50 258.65
64.0 16.0 20.0 -13.50 259.65
48.0 32.1 19.9 -13.50 259.65
61.9 28.0 10.1 -13.40 259.75
36.0 24.0 40.0 -13.40 259.75
249 25.0 50.1 -11.30 261.85
16.8 33.2 50.0 -11.30 261.85
46.2 44.0 9.8 -10.90 262.25
35.0 35.0 30.0 -9.40 263.75
16.0 24.0 60.0 -9.00 264.15
7.5 22.2 70.3 -7.80 265.35
32.0 48.0 20.0 -7.00 266.15
8.1 32.0 59.9 -6.80 266.35
28.0 62.0 10.0 -5.80 267.35
233 46.6 30.1 -5.70 267.45
16.0 64.0 20.0 -4.40 268.75
12.0 47.9 40.1 -4.10 269.05
8.7 41.4 49.9 -3.90 269.25
11.6 58.4 30.0 -3.70 269.45
9.1 80.9 10.0 -3.40 269.75
80.9 9.1 10.0 -0.10 273.05

144




SOLVENT SCREENING AND MEASUREMENT OF PHASE DIAGRAMS

Table A-7  Equilibrium data for acrylic acid - water - propionic acid.

Waa Wh20 Wpea Tm Tm
[wt%] [wt%] [wt%] [°C] K]
23.3 1.7 65.0 -31.40 241.75
25.0 25.0 50.0 -30.90 242.25
29.3 5.9 64.8 -29.50 243.65
125 12,5 75.0 -29.00 244 15
33.6 16.6 49.8 -29.00 24415
18.7 6.3 75.0 -28.80 244.35
17.5 17.4 65.1 -27.50 245.65
31.3 13.7 55.0 -26.90 246.25
26.7 18.3 55.0 -26.30 246.85
6.3 18.8 74.9 -24.70 248.45
38.1 6.9 55.0 -24.20 248.95
41.9 8.3 49.8 -24.20 248.95
1.7 233 65.0 -23.30 249.85
7.6 7.5 84.9 -23.10 250.05
22.6 22.4 55.0 -23.10 250.05
46.9 23.1 30.0 -22.80 250.35
35.9 241 40.0 -21.30 251.85
18.3 26.7 55.0 -20.30 252.85
16.6 33.2 50.2 -19.50 253.65
48.0 32.0 20.0 -19.20 253.95
5.9 291 65.0 -18.10 255.05
48.1 12.0 39.9 -17.40 255.75
35.0 35.0 30.0 -16.30 256.85
24.0 36.1 39.9 -15.40 257.75
58.2 11.6 30.2 -15.00 258.15
62.1 279 10.0 -12.90 260.25
8.4 41.6 50.0 -12.40 260.75
64.1 16.0 19.9 -11.60 261.55
45.2 44.8 10.0 -11.30 261.85
233 46.7 30.0 -10.70 262.45
121 47.9 40.0 -10.60 262.55
32.1 48.0 19.9 -10.30 262.85
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BENCH MARK STUDY FOR A NOVEL ACRYLIC ACID RECOVERY

Abstract

A new approach to recover acrylic acid comprises an early stage eutectic crystallization of
acrylic acid and water (ice) in combination with a conventional hydraulic wash column for
crystal separation and purification. For an industrial implementation, the economical
advantages of the new recovery process have to be figured out. For the comparison of the
conventional and the novel recovery process, both have been simulated.

The early-stage separation of acrylic acid and ice recovers 78% of the acrylic acid without
any thermal load. This decreases the loss of acrylic acid caused by dimerization and
polymerization by 78%. The novel recovery process reduces the overall energy demand to
42%. Due to the water removal by the aqueous product itself, the amount of wastewater to
be incinerated is reduced to 23%. This comes along with a reduction of the natural gas
required for the wastewater incinerator of 77%. Based on specific design parameters of the
simulations, it was possible to estimate the differences of the main equipment dimensions.
The dimension of the distillation units is reduced to around 50%, whereas the dimension of
the melt crystallization units is double.

The presented results show that the novel recovery process is an innovative and promising
process considering sustainable requirements like reduced overall specific energy demand

and an improved yield due to the charge material.
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6.1 Introduction

The conventional acrylic acid recovery process needs at least three distillation units to purify
the acrylic acid coming from the two-stage oxidation reaction. The limited purification
potential of the distillation sequence requires the ultra-purification of acrylic acid by an end-
of-pipe melt crystallization. In the recent past, the main investigation activities have been
focused on the separation of pure acrylic acid by melt crystallization from the aqueous
bottom stream of the absorption column. However, the morphology of acrylic acid is mainly
influenced by water in the melt as found in chapter 2 [1]. These morphology changes lead in
a difficult solid-liquid separation of acrylic acid from aqueous solutions as shown in
chapter 3 [2].

Hence, the idea came up to crystallize acrylic acid and water simultaneously from the
aqueous bottom stream of the absorption column combined with a separation and a
purification step [3;4]. Due to the yield limitation of the eutectic crystallization process by the
ternary eutectic point of the system detected in chapter 5 [5], the effluent mother liquid has to
be fed to a conventional distillation sequence to separate the remaining acrylic acid to
increase yield of the recovery process.

Therefore, the scope of this work is a detailed simulation based comparison of the novel
process with the conventional one. The first one represents the conventional recovery
process as a benchmark and the second one represents the novel recovery process using
the eutectic crystallization as a cold separation step. Based on the results generated from the
two simulations — like the specific energy demand, the qualitative dimension of the main
separation units, and the amount of wastewater — the advantages of the novel acrylic acid

recovery process are evaluated.

6.2 State of knowledge

6.2.1 Reaction - acrylic acid from propene

Commercial acrylic acid is mostly produced from propene by a two-stage oxidation. Some
other process routes were developed in the past but their industrial use is negligible [6]. The
two-stage oxidation process is explained with the help of figure 6-1. Before entering the first
oxidation reactor R1, the propene feed stock is mixed with steam, air, and with recycled
waste gas of the absorption column A1. Both oxidation reactors R1 and R2 are fixed catalyst
bed shell-and-tube reactors. The reactor beds are packed with different metal oxide
catalysts. In the first oxidation stage R1, the propene is catalytically reacted at a temperature
of 300°C with air oxygen to form mainly acrolein as an intermediate. In the second oxidation

reactor R2, the acrolein is further oxidized at a temperature of 250°C to form acrylic acid. The

148



BENCH MARK STUDY FOR A NOVEL ACRYLIC ACID RECOVERY PROCESS

contact time for both reactions is around 2 seconds. The several oxidation reaction equations

are:
CH,=CHCHj3 + O, - CH=CH,CHO + H,0O AH = -340.8 kJ/mol
CH,=CHCHO + 2 O, —» CH,=CHCOOH AH = -254.1 kJ/mol

The selectivity of both oxidation stages is similar and at around 95%. Both oxidation steps
are exothermic reactions and require an intensive heat removal to avoid hot spots in the
reaction zones which reduce the activity of the catalysts. The reactors are equipped with co-
current cooling circuits using molten salts as coolants. Finally, the heat is removed from the
cooling circuit by cooling water producing steam of 11 bar. The steam is used in the further
downstream to provide the heat duty of the reboilers of the distillation columns.

The effluent gas reaction unit is cooled to about 200°C. The cooled gas is fed to the
absorbtion column A1 to be quenched with water. The water is taken from the recovery
section to reduce the amount of wastewater and to evaporate low boilers for disposing via
the waste gas incinerator. The effluent gas contains a large amount of steam from the
reaction and the induced moist air for the first stage. Therefore, the quench liquid is usually
obtained as an aqueous solution of 60 wt% acrylic acid, 37 wt% water, 2 wt% acetic acid,
and 1 wt% high boilers [7]. Additionally the oxidation reaction comes up with a lot more low
and high boilers like acrolein or maleic anhydride. However, for the sake of simplicity, the
small amount of low and high boilers is represented in this study by acetic acid and the

general notation high boilers.
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Figure 6-1 Two stage reaction process [6].
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Alternatively, the acrylic acid can be absorbed by a high boiling organic solvent with a boiling
point higher than 160°C such as biphenyl, diphenyl ether, or a carboxylic ester [6]. The
advantage of a high boiling solvent is the less absorption of steam in the absorbing column.
This goes along with a lower energy demand of the subsequent purification step, but it also
increases the loss of acrylic acid at the absorption column top. Subsequently, only the

downstream recovery of acrylic acid from an aqueous solution is subject of the description.

6.2.2 Recovery of acrylic acid

The separation of acrylic acid from an aqueous solution is quite complex. A conventional
distillation is not possible because of a tangential azeotropic behavior in the region of high
water concentrations [8]. The remaining acrylic acid concentration is around 10 wt% and
makes a separation a by simple distillation uneconomic.

Therefore, two possibilities are established in industrial processes to recover acrylic acid
from an aqueous solution [6;7]. The dehydration of acrylic acid is possible by a cold
extraction step using high or low boiling solvents. Several distillation units for the further
purification of acrylic acid and a solvent recycling follow the extraction. The second possibility
of dehydration is an azeotropic distillation using an azeotroping agent like toluene [7]. Both
recovery processes are established on industrial scale. In this study, the recovery by an
azeotropic distillation using toluene is the benchmark for a new acrylic acid recovery section

using a eutectic crystallization.

The description of the complete recovery process using an azeotropic distillation first, will
follow the process scheme presented in figure 6-2. The description and figure 6-2 are
prepared in accordance to the PERP report on acrylic acid [7] and the US patent
5910607 [9].

The aqueous solution is fed to the azeotropic distillation column K1 to remove mainly water,
and low boilers. Toluene is used as an azeotropic solvent to form an azeotropic mixture with
water and acetic acid. The resulting azeotropic mixture provides a lower boiling point than
the one of acrylic acid. The condensed liquid at the top of the distillation column K1 is fed to
a liquid-liquid phase separator. The heavier aqueous phase leaves the recovery section. The
lighter phase, containing toluene is fed back as solvent reflux to the distillation column K1.
The bottom stream of the azeotropic distillation column contains acrylic acid, toluene, acetic
acid, and high boilers. The separation in the stripping section can be operated smooth to
prevent high bottom temperatures and smaller boil-up ratios to minimize the apparatus

dimensions.
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The bottom stream of column K1 is feed to the acetic acid distillation column K2. The acetic
acid distillation K2 is operated at a lower pressure than the azeotropic distillation column K1.
This allows high acrylic acid concentrations in the bottom stream of the column. In contrast to
the azeotropic distillation, where it is hard to come up with a high acrylic acid concentration in
the stripping section, whereas the conditions the rectifying section are smooth. Considering
the VLE data [10] of acrylic acid and acetic acid, the reason for this is obvious. In the region
of the pure components, the distances between the vapour and the liquid lines become quite
small. A complete separation would lead to a high number of theoretical stages and an
according tall apparatus dimension. Therefore, acetic acid and toluene are enriched only in
the rectifying section of column K2. For a further separation of acetic acid, the distillate is
recycled to the azeotropic distillation K1, providing an outlet for acetic acid. Remaining acrylic
acid in the distillate is not critical to the recycling operation. The bottom stream of the column
K2 contains mainly acrylic acid, the remaining high boilers, and a low concentration of low

boilers.

The crude bottom liquid of K2 is fed to the high boiler distillation K3. The high boiler
distillation is operated at the same pressure like the acid distillation column K2. Due to the
high differences in the boiling points of acrylic acid and the containing high boilers, the
column needs only a small number of theoretical stages. There are several patents and
publications disclosing the use of thin-film or short-path evaporators for this separation. Other
patents disclose to feed the crude bottom liquid of the column K2 directly to a crystallization
unit for ultra purification.

However, the high boiler distillation K3 is operated at a high boil up ratio to ensure a low
acrylic acid concentration in the residue stream. The residue stream is passed to an
incinerator unit. The reflux ratio at the top of the column K3 is very small. The distillate of the

column K3 already contains mainly acrylic acid.

For different applications, the acrylic acid quality of the boiler distillation K3 is sufficient and a
part of the stream leaves the process at this point. For special applications, an ultra-pure
acrylic acid quality is required. Therefore, the remaining stream is fed to a melt crystallization
unit for further purification. Several melt crystallization techniques are available on industrial
scale. The major differences of these techniques are the crystallization modes themselves.
The two different crystallization modes layer and suspension mode show major differences in
the occurring solid handling, the washing device, and the specific energy demand. However,
in this study, it is assumed that the installed crystallization unit C1 is a one-stage suspension
crystallization unit composed of a crystallizer and a washing device. The effluent product

stream contains more than 99.95 wt% acrylic acid and is called fine glacial acrylic acid
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(FGAA). The yield is limited by the eutectic composition. The remaining components are
acrylic acid dimers representing the high boilers and acetic acid representing the low boilers.

The remaining mother liquid is passed to the incinerator.

el B mr | .
A ""l'" washe waler L o P T}
[T — toabsorption| | T L_l i crucke acrylic
W A | ] I y, i E——
W /I g colurm | \{l \-'( Ao
-. - + |/ 4
aqueous acrylic acid *1' ¥ J/i fina glaczal
from masclion Seckon | L acrylic acid
— WK1 « K2
| o e e
X % N Y
Ly o £ | , resicue b
r e L e IACIFrEen
e N T
i | b | = rasidusd 1o
g " InCinaration
T ’._:r i acatic acid high bodar m:,' :b .
i dissillation distillation PRER 0
distillation crysinfizatrion

Figure 6-2 Recovery section by azeotropic distillation.

6.3 Simulation

6.3.1 Simulation tool

For the simulation study of the acrylic acid recovery process the Aspen Simulation Engine
Software Version V7.1 from AspenTech Inc. is used. All simulation results for streams, heat
duties, column profiles, and heat exchangers will be on a mass base. The model uses
thermodynamic data from the conventional AspenTech database and the NRTL-HOC

property method.

6.3.2 Simulation of crystallization units

Due to the missing ability of the simulation tool to represent melt crystallization units, the
following simplifications and assumptions will be made. All melt crystallization units will be
designed as follows:

. The crystallizer unit will be represented by a single heat exchanger. The heat balance
of this apparatus will be enhanced by the removed heat of fusion.

. The solid-liquid separation unit will be represented by a separator block. This block
uses separation coefficients. By using a dedicated solver model for the separator block,
the separation coefficients are adjusted to come up with a specific concentration of the
stream representing the crystal fraction. Additionally, with the help of the solver model,

the solid fraction representing the product mass stream can be adjusted, too.
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. The melt crystallization unit possesses a heat exchanger for crystal melting. This heat
exchanger will be represented by a conventional heat exchanger, too. The heat
balance of this apparatus will also be enhanced by the required heat for melting.

. For the conventional crystallization unit, the thermodynamic description of the
temperature level and maximal yield will base on the binary solid-liquid equilibrium of
acrylic acid and acetic acid.

. For the novel crystallization unit operating under eutectic conditions, the ternary solid-
liquid equilibrium of acrylic acid, water, and acetic acid determined in chapter 5 [5] will
be used.

It is assumed that the crystallization units operate in suspension mode with a single stage.

Due to the use of wash columns a product recycle of 15 wt% is assumed. The product

recycle has to be crystallized again. This has to be taken into account adding the heat of

fusion to the crystallizer units. This has to be considered for the preparation of the heat
balance of a crystallization unit. The detailed design of a crystallization unit will not be

represented in this simulation study.

6.3.3 Specification of utilities

The reflection of industrial conditions is quite important for a realistic benchmark of a new
recovery process. Therefore, it is necessary to consider the conditions of available utilities
like cooling water for the condensers and steam for the reboilers. The available cooling water
for condensers will provide a supply temperature of 25°C so that the outlet streams of all
condensers well be set to 35°C. For reboilers 4 bar steam is available which corresponds to
a temperature of 144°C. For the operation of the melt crystallization units, a separate cooling
circuit is available. The required cooling duty on a separate temperature level will be
declared separately. The outlet temperature for the melters of the crystallization unit is set to

a value of 25°C.

6.3.4 Simulation margin and feed composition

For the benchmark of a new recovery process the simulation will be limited to the recovery
process only. The reaction section will be left out of consideration. The bottom outlet of the
absorption column will be the feed for the two simulation studies. The defined feed
composition is presented in table 6-1. The overall mass stream of the feed will be set to
10,000 kg/h. The temperature of the feed will be set to a constant value of 70°C for both

simulations.
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Table 6-1 Feed composition for recovery section.

component mass fraction / [wt%]
acrylic acid (AA) 60.0 wt%

acetic acid (ACA) 2.0 wt%

water (H,0) 36.5 wt%

toluene (TOL) 0 wt%

high boiler (HIBOI) 1.5 wt%

6.3.5 Conventional acrylic acid recovery process

One of the industrial relevant recovery processes has already been explained in section
6.2.2. According to this process design, the simulation of the recovery process was prepared.
The flow sheet created with AspenTech is shown in figure 6-3 and is used for the simulation.
A literature and patents research was done to gain reference values for various processes
and design parameters like number of theoretical stages, feed stages, temperature limits,
stream concentrations, etc. All design parameters for the different units are presented in the
following tables. The majority of the design and operation parameters are taken from the

patent US 5910607 [9] including a detailed description of the process.

Figure 6-3 AspenTech flow sheet of the conventional recovery process.
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Table 6-2

Design and operation parameters azeotropic distillation K1.

literature [9]

chosen for simulation

condenser pressure 150 — 400 mbar 150 mbar
bottom temperature <100°C 95°C
no. of theo. stages 5-30 28
feed stage (no.1 = top condenser) - 10
stage for recycle stream from K2 - 10
reflux stage - 2

reflux ratio

fixed, toluene from
phase separator B6

design parameter:

H,O content in bottom
stream no. 13

design specification

<0.01 wt%

operation variable

distillate rate

Table 6-3 Design and operation parameters acetic acid distillation K2.

literature [9]

chosen for simulation

condenser pressure 50 — 250 mbar 50 mbar
bottom temperature <100°C 65°C
no. of theo. stages 5-20 20
feed stage (no.1 = top condenser) - 5
reflux stage - 2
reflux ratio - 1.3

design parameter:

ACA content in bottom
stream no. 15

design specification

<0.01 wt%

operation variable

distillate rate
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Table 6-4 Design and operation parameters high boiler distillation K3.

literature chosen for simulation
condenser pressure no data available 50 mbar
bottom temperature no data available max. 105°C
no. of theo. stages - 4
feed stage (no.1 = top condenser) - 3
reflux stage - 2
reflux ratio - 1.4
desian parameter: ) AA content in bottom

gnp ’ stream no. 16

design specification: - <15 wt%
operation variable: - bottom flow rate

The rigorous simulation of the melt crystallization under realistic conditions is not possible
using the AspenTech Simulation Tool. However, as already explained in section 6.3.2,
separation blocks using split fractions are used within this study. The separator block was
used with the following parameters.

Table 6-5 Design and operation parameters melt crystallization W6, C1, W7, and

WS.
literature [3,11] chosen for simulation
design parameter - AA-content in
gnp mother liquid
design specification - 52 wt% AA
distribution coefficient ACA 0.05 0.05
distribution coefficient H,O 0.02 0.02
distribution coefficient TOL - 0,05
distribution coefficient HIBOI 0.013 0.013
crystallization temperature -20°C -20°C
outlet temperature for product and o
o - 25°C
mother liquid
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6.3.6 Novel acrylic aid recovery process using eutectic crystallization

The new acrylic acid recovery process follows the idea of crystallizing acrylic acid and water
simultaneously at the eutectic point directly from the bottom outlet of the absorption column.
The feed composition is already presented in section 6.3.4. The general feasibility of this
operation has been demonstrated by Patent WO 2009130085 [4]. The authors demonstrated
the possibility to use the known purification technologies, like wash columns, for the
separation and the purification of a crystal mixture from water and acrylic acid
simultaneously. Additionally, in chapter 4 [12] it was found that the in-situ formation of ice
and acrylic acid crystals improves the permeability and the compressibility of the acrylic acid
crystal bed during filtration and purification. The thermodynamic limit of the ternary system of
acrylic acid, water, and acetic acid is described in chapter 5. [5]. The ternary eutectic point
was identified at a concentration of 32 wt% acrylic acid, 30 wt% water, and 38 wt% acetic
acid at a temperature of around -35°C.

Therefore, a novel recovery process with an acrylic acid recovery at an early stage is
designed with respect to all results found in the previous chapters of this thesis. The
description of the novel process will be done with the help of figure 6-4.

The stream coming from the bottom outlet of the absorption column with a temperature of
70°C will be cooled within the installed heat exchanger W1A to a temperature of 35°C.
Afterwards the cooled stream is fed to the crystallization unit made up of the heat exchanger
W1B representing a crystallizer and the separation and purification unit C1 representing a
wash column. For the sake of simplicity, the design and connection of the crystallization unit
will not be shown within this study. Based on the resulting mother liquid composition
represented by stream no. 5, the outlet temperature of the heat exchanger W1B is set
afterwards to app. -15°C. The separation unit C1 is a conventional AspenTech separator
block using split fraction values for the different components. The split factors are calculated
by the required amount of acrylic acid crystals and the distribution coefficients for the by
products. The amount of acrylic acid crystals to be separated is set to the mass equal the
FGAA stream no. 22 of the conventional recovery process presented in section 6.3.5. With
regard to the binary eutectic composition of 62 wt% acrylic acid and 38 wt% water the
amount of water crystals which will be crystallized and separated in W1B and C1 is
calculated. The heat exchanger W3 represents the product melter. The outlet temperature of
the “aqueous FGAA” represented by stream no. 4 is set to 25°C.

The effluent mother liquid presented by stream no. 5 will be heated up to 70°C by the
installed heat exchanger W2. The warmed up mother liquid will be fed to a further distillate
recovery process to come up with the production of acrylic acid of around 99 wt%. The setup

and parameters of the distillate recovery process are equal to the values presented in section
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6.3.5. Table 6-6 shows the used process parameters for the novel crystallization unit

implemented to the conventional recovery process.

Table 6-6 Design and operation parameters melt crystallization W1B, C1, W2, and
Wa3.

literature chosen for simulation

AA product mass

design parameter 1 - stream no. 3

design specification 1 - app. 4600 kg/h AA

AA / H,0 concentration

design parameter 2 } in product stream no. 3

design specification 1 - 62 wt% / 38 wt%
distribution coefficient ACA - 0.05
distribution coefficient TOL - 0.05
distribution coefficient HIBOI - 0.013
crystallization temperature - -25°C

outlet temperature for product

and mother liquid - 25°C

Figure 6-4 AspenTech flow sheet of the novel recovery process using eutectic
crystallization.
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6.4 Results

The generated results show a coherent and plausible behavior. The detailed stream tables of

both processes are presented in table 6-7, table 6-8, table 6-9, and table 6-10.
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ic aci

Table 6-8 Stream table from simulation study of the conventional acryl

recovery process (part Il).
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Table 6-10 Stream table from simulation study of the new acrylic acid recovery

process using eutectic crystallization (part Il).
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Heat balance

6.4.1

With the help of the simulation results, it is possible to calculate the specific energy demand

of the different unit operations. The simulation of the melt crystallization units are enhanced

by the heat of fusion for acrylic acid and water. It is assumed that acrylic acid and water are

crystallized only once and a product recycle due to the wash column operation is required.

Therefore, the product outlet streams of the melt crystallization units are used for the
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calculation of the required heat streams for the crystallization and the melting operation. For
acrylic acid the heat of fusion is set constant to AH;= 154.9 kd/kg and for water to
AH= 333.3 kJ/kg. Figure 6-5 and figure 6-6 give a graphical representation of the specific

energy demand for heating and cooling.
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Figure 6-5 Comparison of the specific energy demand for heating.
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Figure 6-6 Comparison of the specific energy demand for cooling.

The differences in the calculated heat and cooling duties for the different unit operations are

obvious from the figures. The relative deviation of the required energies for both recovery
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processes are listed in table 6-11. There are differences in the energy savings between the
different distillation units. However, if the absolute values are regarded, it is obvious that the
energy saving of the eutectic crystallization is enormous in contrast to the azeotropic
distillation. Whereas, the savings of the acetic acid and high boiler distillations are high in the
relative deviation but small if the absolute savings are regarded.

The energy demand of the eutectic crystallization unit is quite high in comparison with the
conventional acrylic acid crystallization. This is caused by the great feed stream consisting
out of water and acrylic acid which is cooled down from 70°C to approximately -25°C.
Additionally, water is crystallized with a heat of fusion which is double in comparison with the
typical one of organics. However, the total energy saving is about 57.3% for heating and

55.3% for cooling.

Table 6-11 Deviation of the novel recovery process to the conventional recovery

process.
relative deviation to conventional process

heating cooling

[%] [%]

K1 30.1% 30.8%

K2 26.1% 20.7%

K3 45.7% 45.4%

C1 305.0% 301.2%

total 42.7% 44.7%

For the energy management of a production plant and also for the cost estimation of variable
utilities like steam, air, cooling water, and ammonia as coolant, it is important to get
knowledge of the different energy transfer levels. Therefore, the calculated heat and cooling
duties were divided into four classes:

e cooling water with a temperature level of 25°C for the condensers.

e coolant with a temperature level of -30°C for the melt crystallization units.

e heating water with a temperature level of 25°C for the melters (cp. cooling water).

e steam at a temperature level of 144°C for the installed reboilers.
The specific energy demand on the different temperature levels are shown in figure 6-7.
Regarding the coolant of -30°C, the efficiencies of the installed refrigerating plants have to be

considered.
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The costs of the different specific energies are base on energy costs of a chemical site with a
central energy supply. Due to confidential reasons, the specific costs are normalized to the
overall energy demand of the conventional process which represents the sum of all energy
streams. Figure 6-8 shows the different specific cost per kilogram acrylic acid.
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Figure 6-7 Classification of the specific energy demand by the temperature levels.
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Figure 6-8 Relative energy costs classified by the temperature levels and in
comparison to the energy costs of the overall process.
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6.4.2 Dimension of main process units

For a first rough estimation of the differences in the investment costs of the different recovery
processes, the dimensions of the main process units have been calculated. The calculation
bases on significant parameters which will determine the main dimension of the units. Due to
a limited access to cost estimation tools, the results of this section are limited to the

dimensions of the main process units.

6.4.2.1 Distillation units

The dimensions of the distillation units are designed with the help of the tray sizing tool of the
Aspen Simulation Engine Software V7.1. For acrylic acid, trays with a small hold-up are
preferred due to the tendency of polymerization. In the literature [18] the use of sieve trays is
suggested and tested successfully. For the design of sieve trays Aspen applies the shortcut
method developed by Kister and Haas [19]. The shortcut method uses a flooding correlation
for tray sizing. This method minimizes the amount of trial and error calculations. The first step
is to determine the capacity Factor (CSB) at the most heavily loaded point in the column. The
shortcut method for the calculation of the C-Factor bases upon an entrainment flooding
correlation. The detailed equations of the shortcut method will not presented in this chapter.
Next, the vapor velocity at flood based on the net column area minus the tray downcomer
area needs to be calculated. This calculation is done for the top and bottom section of the
column. Then, the bubbling area required for the top and bottom sections of the column
needs to be calculate. Following a conventional rule of thumb, columns should be designed
for 80% flood [19]. Afterwards, the downcomer top area needs to be dimensioned. This
calculation is again performed separately for the top and the bottom section of the column.
Once this has been completed the tower cross sectional area can be reckoned. The tower
diameter is then given by the total tower area which is the sum of the tray bubbling area and
the downcomer top area, minus the tower cross sectional area.

The tray and tower dimensions of the distillation units obtained with the help of the Aspen

tray-sizing tool are listed in table 6-12 and table 6-13 below.
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Table 6-12 Dimensions of the distillation units of the conventional recovery process.

column diameter downcomer area bubbling area
[m] [m?] [m?]
K1 2.98 0.70 6.28
K2 1.91 0.29 2.58
K3 1.55 0.19 1.70

Table 6-13 Dimensions of the distillation units of the novel recovery process.

column diameter downcomer area bubbling area
[m] [m?] [m?]
K1 1.6 0.20 1.81
K2 0.96 0.07 0.5
K3 1.0 0.08 0.71

The differences of the column dimensions are obvious. The diameter dpc of the azeotropic
distillation column K1 reduces from 2.98 m to 1.6 m. This is a dimension reduction of 46%.
The diameter dpc of the acetic acid distillation column K2 decreases from 1.91 m to 0.96 m
which corresponds to a reduction of 49%. A reduction of 35% is achieved for the diameter
dpc of the high boiler distillation column K3 (from 1.55 m to 1.0 m).

The dimensions of the necessary utilities for the distillation units, like condensers and
reboilers, increase proportionally to the differences in the heat balances. Therefore, a

detailed design study will not be part of this dimension section.

6.4.2.2 Dimension of the melt crystallization units

For the dimension of the melt crystallization units, the specific parameters are the heat
transfer coefficients of the scraped-surface crystallizers and the specific crystal load of the
wash columns. Available data in the literature concerning the specific components are
limited. Therefore, the following assumptions for the design of the crystallizer units and the
hydraulic wash column units are made:
Scraped-surface crystallier (ssc):

e heat transfer coefficient k = 2.5 kW/(m*K) [13]
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e diameter of scraped-surface crystallizer dssc = 0,305 m [14]

¢ length of heat exchanger Issc= 12,19 m [14]

Hydraulic wash columns:
e specific crystal capacity Bywc= 5000 - 10000 kg/(m3:h) [15]

e max. wash column diameter for p-xylene dywc= 1m [16]

The dimension of the scraped-surface crystallizer is calculated from the removed heat duty

as a result of the simulation study:

Asscreq. = ﬁ eq. 6-1

The number of required scraped-surface crystallizers units is readily obtained:

A

req.

Nssc = eq. 6-2

7 -dssc *Issc
The required area cross-section Anwc, rq for the use of wash columns is calculated from the
crystal stream mg which represents the crystal load of a wash column, and the crystal

capacity of a wash column Byyc:

m crystals

AHWC,req. = eq. 6-3

Bhwe

The number of wash columns nyyc is finally given by the ratio of required area cross-section
Areq. and specific area cross-section Auuc of a single wash column with a defined diameter

dhwe:

Nywe = — = eq. 6-4

The dimension of the scraped-surface crystallizer is obtained with the help of the presented
equations eq. 6-1 and eq. 6-2. The number of scraped-surface heat exchangers is rounded

up to the next integer number. The results are listed in table 6-14.
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Table 6-14 Design parameters and dimensions of the scraped-surface crystallizer

units.
conventional novel
process process

crystal stream m [ka/h] 4583 7430
heat duty g [kW] -389 -920
heat transfer coefficient k [kW/(m=K)] 2.5 2.5
AT K] 5 5
required heat exchanger surface Assc [m?] 31.12 73.6
diameter of heat exchanger dssc [m] 0.305 0.305
length Issc [m] 12.192 12.192
number of heat exchangers ngssc [-] 3 6

For the dimension of the wash column units, a specific crystal capacity of 7500 kg/(m?h) is
assumed. This matches the average value of the presented capacity range from the
literature [15]. The diameter of the wash columns for the conventional recovery section is set
in such a manner to come up with an integer number of wash columns. Therefore, the wash

column diameter for the novel process is set to this diameter which could lead in sum to a

different specific crystal capacity. The results are listed in table 6-15

Table 6-15 Design parameters and dimensions of the wash column units.

conventional novel
process process

crystal stream mj [kg/h] 4583 7430
capacity of wash column Byyc [kg/(m2-h)] 7500 7500
required cross section Ay [m?] 0.61 0.99
choosen column diamter dyuc [m] 0.9 0.9
cross section Anwe [m?] 0.61 0.61
number of wash columns nywc [ 1 2 (1.6)
resulting capacity of wash column kg/(m2-h)] 7500 6079
BHWC
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As expected from the mass and heat balance of the simulation, the melt crystallization unit of
the novel recovery process is bigger than that of the conventional recovery process. The
dimension results for the scraped-surface crystallizer show that the required number of
apparatus is double for the novel recovery process, whereas the crystal stream is only 60%
higher. This is caused by the higher value of the heat of fusion of water.

The increase of the crystal stream of 60% for the novel recovery process is reflected within
the capacity of the wash column units. In general, the number of wash columns for the new
process would be 1.6 considering the diameter of 0.9 m. Calculations show the possibility to
manage the purification theoretically with a single wash column with a diameter of 1.0 m, but
this results in a specific capacity of the wash column of around 9500 kg/(m?-h). This is close
to the maximum capacity and the maximum known wash column diameter mentioned in the
literature [15;16]. Due to uncertainties of the novel wash column operation to purify two
crystals simultaneously, the two-column option is chosen which comes along with a higher

investment, but with a lower specific crystal capacity.

6.4.3 Result summary

The general major advantages of the novel recovery process using the eutectic
crystallization quantitatively are highlighted in percentage values.
The major amount (around 78%) of acrylic acid is separated via a cold separation step
without any thermal load on the product. Only a small amount of the acrylic acid enters the
hot separation steps. The cold separation comes along with an increasing overall yield,
because the absolute amount of dimerization is reduced to at least 22% in comparison with
the conventional recovery process. The tendency of dimerization is not considered in the
simulation because of missing literature data.
The separation of acrylic acid and water via the eutectic crystallization reduces the amount of
water which has to be removed in the azeotropic distillation and disposed by a wastewater
incinerator. The amount of wastewater reduces to 22%. This reduction of 78% comes along
with the saving of natural gas necessary for the evaporation of wastewater in the incinerator.
The energy demand of the novel recovery process is reduced drastically in comparison to the
conventional recovery process. The specific energy demand for cooling is reduced to 45%
and for heating to 42%. The total energy cost saving for all energy levels is 45%.
The rough estimation of the unit dimension shows that the diameters of the distillation
columns will decrease by round about 40%. Due to the novel application of an early-stage
eutectic crystallization, the dimensions of the melt crystallization unit will double its size as
expected.
Despite all the advantages there is one disadvantage to be considered. The crystallization of
acrylic acid and water under eutectic conditions increases the required equipment for storage
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by 61%. If the aqueous acrylic acid has to be transported, the costs for transportation will

also increase by 61%.

6.5 Discussion

The presented results of the simulation study come along with the expectation regarding the
capacity reduction of the distillation units. The simulation study implies a few simplifications
due to missing data from the literature or due to limitations of the used simulation tool:

The simulation of the melt crystallization is simplified to a once-through operation without any
internal recycle streams. Additionally, it is assumed that the unit is a one-stage operation.
Due to the high occurring temperature differences of 23 K of the melt crystallization unit of
the conventional process and 15 K of the novel process, a two stage crystallization unit
provides different advantages [15]. Therefore, the melt crystallization step should be
scrutinized in detailed, considering a multi-stage process with all recycle streams.

The dimerization and polymerization of acrylic acid monomers is mentioned in the literature
[7;9]. Both phenomena are caused by operations at high temperature, e.g. found in
distillation columns. However, there are no data on the dimerization or polymerization
conversion of acrylic acid at different temperature levels and residence times available in the
literature. This tendency decreases the yield of all hot separation units. Due to the reduced
amount of acrylic acid which passes the distillation units within the novel recovery process,
the overall yield of the recovery section must be higher in comparison to the conventional
one. However, the evaluation of this improvement is not possible yet but should be regarded
by any model approach in further work.

The injection of inhibitor solutions in all installed unit operations has been left out of
consideration. From the literature [9], it is known that the inhibitor is injected to the reflux of
the distillation units. However, the required amount is not mentioned. For distillation units
operating at high reflux ratios the required amount of inhibitor is quite high. In case of the
novel recovery process, the amount of acrylic acid passing the distillation sequences is
reduced to 23%. Due to similar distillation parameters this comes along with a decrease of
the inhibitor demand of 77%. Further studies should consider the specific inhibitor demand
and should compare it for the different recovery processes.

No optimization of the distillation sequences of the novel recovery process has been
performed this study to ensure a direct comparison with the conventional recovery process.
Therefore, an optimization of the distillation sequences should be done in the future to
finalize the overall potential of the novel acrylic acid recovery process.

If the water of the aqueous product has to be separated in a downstream application, the

overall energy demand has to be enhanced by this specific step.
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6.6 Conclusion and outlook

The main objective of the simulation study was to come up with a novel acrylic acid recovery
process using the melt crystallization method of a eutectic crystallization for the production of
a fine glacial aqueous acrylic acid quality and a crude acrylic acid quality. AspenTech was
used as simulation tool, keeping in mind that the simulation of a melt crystallization process
is not possible without assumptions and simplifications. In spite of the limitations concerning
the melt crystallization unit, it is possible to draw the following conclusion regarding the novel
acrylic acid recovery process:

The required specific energy demand for the recovery section can be reduced to around
45%. The major energy savings are found in the azeotropic distillation for the dehydration of
the acrylic acid. The specific energy demand for removing the heat of crystallization
increases by a factor of three, but the absolute values are low compared with energy savings
in the distillation sequence. The calculation of the total energy costs bases on estimated
prices for the different energy levels. At this point, it has to be taken into account that these
values differ significantly on the available utilities of a chemical site.

The specific dimensions of the distillation units, like column diameter, reduce to around 40%.
This comes along with an estimated decrease in investment cost of around 25% according to
simple cost estimation tools [17].

The specific dimensions of the melt crystallization unit increase by factor two. The number of
scraped-surface crystallizers doubles, whereas the number of required utilities like residence
vessels, pumps, and instrumentation are similar at an increasing dimension. Due to limited
dimensions of the purification units, e.g. hydraulic wash columns, the number of main
apparatus and utilities doubles. Therefore, it is assumed that the investment costs double,
too.

78% of the acrylic acid will not be treated by any hot separation units which increases the
yield of the recovery process by assumed 78% due to less loss caused by dimerization and
polymerization.

The separation of water by the eutectic crystallization as a product compartment reduces the
amount of wastewater to 23%. This reduction corresponds to a reduction of the natural gas
demand of the wastewater incinerator.

The costs for transportation and storage will increase because of the additional amount of
water. The product mass increases due to the water content by 61%.

Regarding all these conclusions, the novel acrylic acid recovery process turns out to be an
innovative, powerful, and attractive alternative process with a high economical potential for
the production of acrylic acid. A lower dimerization and polymerization rate increases the
yield and reduces the raw material factor. Additionally, the novel process comes along with a

reduced specific energy demand to preserve natural resources like coal or natural gas
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required for the steam generation for the column reboilers and natural gas for the wastewater
incinerator.

It appears path breaking that it is possible to design an innovative and an eco-friendly
industrial recovery process by the use of one of the oldest known unit operations like melt
crystallization. This shows that it is the responsibility of a process engineer to work
continuously on process improvements and on the implementation of innovative processes

on industrial scale.
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Nomenclature

Symbols

A

BH wc

AH,

Greek Symbols
P
Subscripts

DC

HWC

req.

SSC

area cross-section [m3]
specific crystal load of a hydraulic wash column [kg/(m?-h)]
diameter [m]

latent heat of fusion [J/kg]
heat transfer coefficient [kW/m-K)]
length [m]

mass rate [kg/h]
number [l

heat flow [kd/s]
temperature difference [K]
volume flow rate [m3s]
velocity [m/s]
density [kg/m’]

distillation column

hydraulic wash column
liquid phase

required

scraped-surface crystallizer

solid phase
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Abbreviations

AA acrylic acid

ACA acetic acid

FGAA fine glacial acrylic acid
H,O water

HIBOI high boiler

TOL toluene
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ENGLISH SUMMARY

A NEW APPROACH TO
INDUSTRIAL MELT CRYSTALLIZATION OF ACRYLIC ACID

Axel Hengstermann

The quality standards for chemical substances have become higher in the recent past.
Additionally, the specific energy consumption of chemical products and their production
processes have become the focus of the public interest due to the contribution of the CO,
emission to the global warming and finally to the predicted climate change. Therefore, the
chemical industry is anxious to develop new innovative production processes to reduce the

specific energy consumption and to improve the product quality.

The applications of acrylic acid require a very low level of side components. This
concentration level is not possible to reach by a common distillation unit. Therefore, an end
of pipe melt crystallization unit for the ultra purification of acrylic acid is well-known in
literature. Despite of the installed melt crystallization units, the existing recovery processes
for acrylic acid are quite energy intensive.

Hence, the aim of the research described in this thesis was to check if it is possible to purify
acrylic acid via a suspension melt crystallization unit from an aqueous acrylic acid stream
directly coming from the synthesis unit in order to reduce the specific energy demand. The
early stage installation of a melt crystallization unit would lead to less thermal stress for the
acrylic acid and would reduce the yield loss due to polymerization of acrylic acid in the

distillation units.

For the development of a new melt crystallization unit the crystal morphology and its
development at varying side component concentrations belongs to the field of major interest.
Chapter 2 deals with the investigation of the crystal morphology of acrylic acid with respect to
the water content in the melt and the driving force applicable in terms of supercooling 8. The
intention was to measure the dependence of absolute growth rates and aspect ratios. The
results show that water in the melt induces the formation of a hollow cavity at the crystal
faces {002} and provokes a needle-like crystal habit up to an aspect ratio of 4. It was found
that the higher supercooling and water content, the higher the tendency to form needle-like

crystals and the larger the length of the occurring cavity.
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Afterwards, the growth rates of the developed faces were simulated by using the growth rate
equation for the birth and spread mechanism. Additionally, a qualitative model to describe
the formation of a hollow cavity at the crystal extremities was elaborated. Based on the
measured data and the developed model, a general prediction of the crystal morphology in

dependence of the water content and the supercooling of the melt was possible.

The performance of a solid-liquid separation process is often limited by the size distribution
and the morphology of the crystals. For the prediction of the filtration behavior a robust and
an applicable model based only on the crystallization process parameters is necessary.
Chapter 3 deals with the modeling and the experimental investigation of the filtration
behavior of acrylic acid crystals grown from aqueous melts. First, a model was developed to
predict the compressibility and the permeability of a crystal bed at different water contents
and supercooling of the melt. The model bases mainly on equations for non-spherical
particles from Ouchiyama and the use of the chord length distribution obtained form an inline
FBRM probe. Afterwards, experiments were carried out with a continuously operated
scraped surface crystallizer equipped with an inline FBRM probe to measure the chord
length distribution of the crystals. The permeability and compressibility of the resulting crystal
beds were determined by simple filtration tests at various pressure drops to consider the
influence of the mechanical stress on the crystal bed. It was found that the permeability
decreases from around 107"° m2 to 10> m2 with an increasing water content of 5 wt% to
15 wt% and supercooling of 0.02 to 0.1. Additionally, the compressibility coefficient increased
in parallel from 0.3 to 0.37. Considering acceptable fault tolerances, with the help of the
proposed model it was possible to reproduce the experimental results from a chord length
distribution from FBRM as one main input parameter. With the help of the developed model,
it will be possible to predict the performance of an industrial acrylic acid filtration unit or to

adjust the crystallization parameters previous in operation.

The filtration performance can often be improved by the addition of filter aids. However, the
use of filter aids within a melt crystallization process is not favored because of the additional
solid-liquid separation. Therefore, the idea came up to crystallize acrylic acid and water at
the eutectic point wherein the harder water crystals may act as an in-situ filter aid.

The scope of the work described in chapter 4 was to verify this idea with small batch
crystallization and filtration experiments. The crystallization at the eutectic point of the binary
system of water and acrylic acid resulted in the formation of two different crystal habits.
Acrylic acid crystallizes in a needle-like form, whereas ice crystallizes as spherical-like
crystals. The formation of the ice crystals from a eutectic melt improved the initial

permeability of a pure acrylic acid crystal bed by a factor of 2. The major impact of the ice
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crystals was the improvement of the compressibility behavior. The compressibility
coefficients decreased from 0.25 for the acrylic acid crystal bed down to 0.15 with the ice
crystals at the eutectic composition. These promising results show that the improvement of
filterability of an acrylic acid crystal bed is possible by the in-situ formation of ice crystals.
Additionally, the results show that it is possible to increase the yield of an acrylic acid
crystallization by overcoming the eutectic limitation, if the generated aqueous product mixture

can be used for any applications.

The vyield of crystallization processes is mostly limited by the eutectic points as
thermodynamic limits and the economically acceptable temperature level. In some cases it is
possible to increase the yield and to improve the crystallization performance by the addition
of a dedicated third component.

The design of a structured solvent screening method for the rapid identification of possible
solvents to increase the yield is described in chapter 5. For a fast validation, an experimental
stage-gate process was developed to come up with the required information of each stage at
a minimum work load. The stage-gate process based completely on thermal analysis using
Differential Scanning Calorimetry. The solvent screening approach and the stage-gate
process were successfully adopted to investigate the yield maximization of an acrylic acid
crystallization from an aqueous melt by adding a third component. The solvent screening
came up with three different solvents, namely acetic acid, propionic acid, and butanoic acid.
The complete ternary solid-liquid equilibrium diagrams of the components were measured
and finally evaluated. Finally, acetic acid was identified as the favored third component for a

eutectic crystallization unit of acrylic acid and water.

For the industrial implementation of the developed eutectic crystallization of acrylic acid and
water (ice) an economical benchmark was required to figure out the economical advantages
of the new recovery process.

Therefore, the benchmark of the novel eutectic crystallization step was the aim of chapter 6.
Simulations of the common and the novel recovery processes were prepared and evaluated
regarding the energy demand, the qualitative yield improvement, and the apparatus
dimensions.

The early-stage separation of acrylic acid and ice recovers 78 wt% of the acrylic acid without
any thermal treatment. This decreases the loss of acrylic acid caused by dimerization and
polymerization by 78%. The overall energy consumption of the novel recovery process is
reduced to 41%. The amount of wastewater to be incinerated is reduced down to 23%, due
to the water removal by the aqueous product itself. This comes along with a reduction of the

natural gas required for the wastewater incinerator of 77%. Based on specific design
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parameters of the simulations, it was possible to estimate the differences in the main
equipment dimensions. The dimensions of the distillation units reduce to around 40%,
whereas the dimensions of the melt crystallization units double. The results of the benchmark
show that the eutectic crystallization as a novel recovery process is an innovative and
promising process considering sustainable requirements like reduced overall specific energy
consumption and an improved yield due to the charge material.

Summarizing, the research described in this thesis is an example for an innovative process
development using the melt crystallization. Once again, the high selectivity and the energetic
advantages of the crystallization step offer the opportunity to improve a common recovery
process.
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EEN NIEUWE AANPAK VOOR INDUSTRIELE SMELTKRISTALLISATIE
VAN ACRYLZUUR

Axel Hengstermann

De kwaliteitsstandaarden voor chemische stoffen worden steeds hoger. Daarbij is het
specifieke energieverbruik van chemische producten en productieprocessen van algemeen
belang door de contributie van CO, uitstoot aan de opwarming van de aarde en uiteindelijk
aan de voorspelde klimaatverandering. De chemische industrie is daarom gebrand om
nieuwe innovatieve productieprocessen te ontwikkelen om de specifieke energie consumptie

te verminderen en de productkwaliteit te verbeteren.

De toepassingen van acrylzuur vereisen een zeer geringe hoeveelheid bijproducten. Deze
concentratie kan niet worden bereikt met een normale destillatie eenheid. Daardoor is een
stroomafwaarts smelt kristallisatie eenheid voor de ultra-zuivering van acrylzuur een bekend
gegeven in de literatuur. Ondanks geinstalleerde smelt kristallisatie eenheden zijn de
bestaande zuiveringsprocessen voor acrylzuur zeer energie intensief.

Het doel van het onderzoek in deze thesis is om na te gaan of het mogelijk is om acrylzuur te
zuiveren door middel van oplossings-smelt-kristallisatie vanuit een waterrijke acrylzuur
stroom die direct afkomstig is van de synthese eenheid, om zo het specifieke energieverbruik
te verminderen. Installatie van een smelt kristallisatie eenheid eerder in het proces zou
leiden tot minder thermische spanning voor het acrylzuur en zou het productverlies door

polymerisatie van acrylzuur in de destillatie eenheden verminderen.

Voor de ontwikkeling van een nieuwe kristallisatie eenheid zijn de kristalmorfologie en de
ontwikkeling daarvan bij verschillende concentraties van bijproducten van groot belang. In
hoofdstuk 2 wordt de kristalmorfologie van acrylzuur bestudeerd in relatie tot het water
gehalte in de smelt en de toegepaste drijvende kracht, genaamd supercooling . Het was de
bedoeling om de afhankelijkheid van absolute groei snelheden en breedte lengte
verhoudingen te meten. De resultaten laten zien dat water in de smelt de formatie van een
holle ruimte tot stand brengt op het kristal oppervliak {002} en aanzet tot een naald-vormige

kristal tot een maximale lengte-breedte verhouding van 4. Er kon worden vastgesteld dat bij
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hogere supercooling en watergehalte de neiging naar naald-vormige kristallen en de lengte
van de holle ruimte groter werden.

Naderhand zijn de groeisnelheden van de ontwikkelende oppervlakken gesimuleerd aan de
hand van de groeisnelheidsvergelijking voor birth and spread mechanismen. Daarnaast is er
een kwalitatief model ontwikkeld om de formatie van een holle ruimte aan de kristal uiteinden
te beschrijven. Aan de hand van de gemeten data en het ontwikkelde model kon er een
algemene voorspelling worden gemaakt van kristal morfologie onder invloed van water

gehalte en supercooling.

De prestatie van een vaste stof/vloeistof scheidingsproces is vaak gelimiteerd door de
grootte verdeling en morfologie van de kristallen. Voor de voorspelling van het filtratie gedrag
is een robuust en toepasbaar model dat enkel gebaseerd is op de kristallisatie proces
parameters noodzakelijk.

Hoofdstuk 3 behandelt het modelleren en het experimentele onderzoek van het filtratie
gedrag van acrylzuur kristallen die zijn ontstaan uit waterrijke smelten. Eerst is er een model
ontwikkeld om de kompressibiliteit en permeabiliteit van een kristalbed te voorspellen bij
verschillende water gehaltes en supercoolings van de smelt. Het model is met name
gebaseerd op vergelijkingen voor niet-bolvormige deeltjes van Ouchiyama en het gebruik
van snaar lengte verdeling verkregen met een in-line FBRM sonde. Vervolgens zijn
experimenten uitgevoerd met een continu-geopereerde geschraapt-opperviakte kristallisator,
uitgevoerd met een in-line FBRM sonde om de snaar-lengte verdeling van de kristallen te
meten. De permeabiliteit en kompressibiliteit van de kristal bedden werden vastgesteld door
eenvoudige filtratie testen bij verschillende druk verschillen om de invioed van mechanische
spanning op het kristalbed vast te stellen. Er kon worden vastgesteld dat de permeabiliteit
afneemt van ongeveer 107" tot 1072 bij een toenemend watergehalte van 5 gw% naar 15
gw% en supercoolings van 0.02 naar 0.1. Daarbij nam de kompressibiliteitscoefficient
tegelijkertijd toe van 0.3 tot 0.37. Met aanzienlijke fout toleranties in acht nemend, was het
mogelik om met behulp van het voorgestelde model de experimentele resultaten te
herproduceren met de FBRM snaar lengte verdeling als de belangrijkste invoerparameter.
Met behulp van het ontwikkelde model is het mogelijk om de prestatie van een industriéle
acrylzuur filtratie eenheid te voorspellen of om de kristallisatie parameters voor operatie te
veranderen.

De filtratie prestaties kunnen vaak worden verbeterd door de toevoeging van filter
hulpmiddelen. Het gebruik van filter hulpmiddelen bij smelt kristallisatie processen is echter
niet gewenst door de extra vast stof/vioeistof scheiding. Daardoor kwam het idee om
acrylzuur te kristalliseren bij het eutectisch punt, waarbij de hardere water kristallen als een

in-situ filter hulpmiddel fungeren.
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Het werk beschreven in hoofdstuk 4 is bedoeld om dit idee te verifieren met kleine batch
kristallisatie en filtratie experimenten. Kristallisatie bij het eutectisch punt van het binaire
systeem acrylzuur-water resulteerde in twee verschillende kristalvormen. Acrylzuur
kristalliseert naald-vormig terwijl ijs kristallen als bolvormige kristallen kristalliseren. Het
ontstaan van ijskristallen vanuit de eutectische smelt verbeterde de initiéle permeabiliteit van
een puur acrylzuur kristalbed met een factor 2. De grootste invloed van de ijskristallen was
verbetering van het kompressibiliteitsgedrag. De kompressibiliteitcoéfficiénten namen af van
0.25 voor het acrylzuur kristal bed naar 0.15 met de ijs kristallen bij de eutectische
samenstelling. Deze veelbelovende resultaten laten zien dat verbetering van de
filtreerbaarheid van het acrylzuur kristal bed mogelijk is door het in situ ontstaan van ijs
kristallen. Daarbij laten de resultaten zien dat het mogelijk is om de opbrengst van acrylzuur
kristallisatie te verhogen door het overwinnen van de eutectische grens, als de waterrijke

productmix die ontstaan is gebruikt kan worden voor andere toepassingen.

De opbrengst van kristallisatie processen is met name beperkt door de eutectische punten
als thermodynamische beperkingen en de economisch aanvaardbare temperatuur. In
sommige gevallen is het mogelijk om de opbrenst te verhogen en de kristallisatie prestaties
te verbeteren door toevoeging van een sepcifieke derde component.

Het ontwerp van een gestructureerde oplosmiddel-screeningsmethode voor snelle
identificatie van mogelijke oplosmiddelen om de opbrengst te verhogen wordt beschreven in
hoofdstuk 5. Voor snelle validatie werd een experimenteel mijlsteenproces ontwikkeld om
met minimale arbeidsinspanning tot de vereiste informatie te komen van elke stap. Het
mijlsteen proces is volledig gebaseerd op thermische analyse door gebruik van Differential
Scanning Calorimetry. De aanpak van oplosmiddel-screening en het mijlsteenproces werden
succesvol gebruikt om de opbrengst maximalisatie te onderzoeken van acrylzuur kristallisatie
uit een waterrijke smelt door toevoeging van een derde component. Bij de oplosmiddel-
screening kwamen drie verschillende oplosmiddelen naar voren, namelijk azijnzuur,
propionique zuur en butter zuur. De complete terniaire vaste stof-vloeistof evenwichts-
diagrammen van de componenten zijn gemeten en uiteindelijk geévalueerd. Uiteindelijk was
azijnzuur geidentificeerd als de geprefereerde derde component voor een eutectische
kristallisatie eenheid van acrylzuur en water.

Voor industriéle toepassing van de ontwikkelde eutectische kristallisatie van acrylzuur en
water (ijs) was een economische standaard vereist om de economische voordelen van het
nieuwe winningsproces te bepalen.

Daarom was de standaardisatie van de nieuwe eutectische kristallisatie het doel van

hoofdstuk 6. Simulaties van het huidige en het nieuwe winningsproces zijn samen gesteld en
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geévalueerd naar energie consumptie, kwalitatieve opbrengst verbetering en apparaat
afmetingen.

De scheiding van acrylzuur en ijs vroeg in het proces wint 78 gw% van het acrylzuur zonder
enige thermische behandeling. Dit vermindert het verlies van acrylzuur veroorzaakt door
dimerisatie en polymerisatie met 78%. De algehele energie consumptie van het nieuwe
winningsproces wordt verminderd tot 41%. De hoeveelheid afvalwater dat moet worden

verbrand wordt verminderd tot 23%, door afvoer van water door het waterrijke product zelf.

Dit gaat gepaard met een vermindering van de hoeveelheid aardgas vereist voor de
afvalwater verbrander van 77%. Het was mogelijk om de verschillen in de belangrijkste
apparaat afmetingen te schatten, gebaseerd op specifieke ontwerp parameters van de
simulaties. De afmetingen van de destillatie eenheden nemen af tot ongeveer 40% terwijl de
afmetingen van de smelt kristallisatie eenheden verdubbellen. De resultaten van de
standaard laten zien dat eutectische kristallisatie als nieuw winningsproces een innovatieve
en veelbelovend proces is gezien de duurzame eisen zoals verminderde algehele specifieke
energie consumptie en een verbeterde opbrengst door het grondstof.

Samenvattend is het onderzoek beschreven in deze thesis een voorbeeld van een
ontwikkeling van een innovatief proces met het gebruik van smelt kristallisatie. Nogmaals, de
hoge selectiviteit en de energetische voordelen van de kristallisatie stap bieden een

mogelijkheid om het bestaande winningsproces te verbeteren.
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EIN NEUER ANSATZ ZUR
INDUSTRIELLEN SCHMELZKRISTALLISATION VON ACRYLSAURE

Axel Hengstermann

Die Qualitdtsanforderungen fur chemische Produkte sind in der Vergangenheit stetig
gestiegen. Die Offentlichkeit richtet zudem ihren Fokus immer mehr auf den spezifischen
Rohstoff- und Energieverbrauch der Herstellungsprozesse. Ausschlaggebend hierfir sind die
Verknappung der Fossilenrohstoffressourcen und der Beitrag des emittierten CO, an der
Erderwarmung und des hiermit verbunden prognostizierten Klimawandels. Die chemische
Industrie ist daher bestrebt und angehalten neue und innovative Herstellungsprozesse mit
einem geringeren spezifischen Energieverbrauch und gleichzeitig verbesserten

Produktqualitaten zu entwickeln.

Spezielle Einsatzgebiete von Acrylsdure erfordern ein sehr  geringes
Nebenkomponentenniveau. Dieses Konzentrationsniveau ist bei der Acrylsdureaufarbeitung
auf herkdmmlichem Wege nur durch eine chemische Umwandlung der kritischen
Nebenkomponenten in schwersiedende Komponenten und einer nachgeschalteten
Destillationssequenz erreichbar. Aus diesem Grund wird die Feinreinigung von Acrylsaure
haufig Uber eine nachgeschaltete Kristallisation durchgefuhrt. Dieses Verfahren ist in der
Literatur ausreichend beschrieben. Dennoch ist der in der Literatur beschriebene

Acrylsaureprozess sehr energieintensiv.

Das Ziel dieser Forschungsarbeit war es daher, die Aufreinigung von Acrylsdure mit Hilfe
einer Suspensionskristallisation aus einem wéssrigen Acrylsaurestrom, der direkt aus der
Synthesesequenz kommt, zu untersuchen. Ziel war es zusétzlich, den notwendigen
spezifischen Energiebedarf zu reduzieren und gleichzeitig die thermische Belastung der
Acrylsdure zu minimieren und damit einen geringeren Verlust durch Polymerisation in den

nachgeschalteten Destillationssequenzen zu erzielen.

Bei der Entwicklung von neuen Suspensionskristallisationsprozessen ist die Kenntnis der
auftretenden Kristallmorphologie und deren Entwicklung unter dem Einfluss der
Nebenkomponentenkonzentration von groflem Interesse. Aus diesem Grund wurde in

Kapitel 2 die Morphologie von Acrylsdurekristallen unter dem Einfluss verschiedener
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Wassergehalte und Uberséttigungsgrade  untersucht. Es wurden die absoluten
Kristallwachstumsgeschwindigkeiten der unterschiedlichen Kristallflachen und das hieraus
resultierenden Seitenlangenverhaltnis bestimmt. Es wurde gefunden, dass Wasser in der
Schmelze fir die Ausbildung eines Hohlraumes auf der Kristallflache {002} verantwortlich ist.
Des Weiteren wurde gefunden, dass Wasser in der Schmelze die Wachstums-
geschwindigkeit der unterschiedlichen Kristallflaichen so beeinflusst, dass ein nadelférmiger
Habitus mit Seitenldngenverhaltnissen von bis zu 4 entsteht. Die Ausbildung nadelférmiger
Kristalle wird zudem mit zunehmendem Wassergehalt und zunehmender Ubersattigung
verstarkt, so dass sich zunehmend nadelférmige Kristalle ausbilden und die Lange des auf
der Kristallflache {002} ausgebildeten Hohlraumes zunimmt.

Im Anschluss an die experimentellen Untersuchungen konnten die Kristallwachstums-
geschwindigkeiten der einzelnen Kristallflachen unter Annahme des ,Birth and Spread*-
Mechanismus modelliert werden. Fir die Ausbildung des Hohlraums auf der
Kristallflache {002} konnte ein qualitatives Modell entwickelt werden. Mit Hilfe der
vermessenen Daten und dem aufgestellten Wachstumsmodell kann die Kristallmorphologie

als Funktion des Wassergehalts und der Uberséttigung vorhergesagt werden.

Die Filtrationseigenschaften  einer  Suspension  h&ngen signifikant von der
KorngréRenverteilung und der Kristallmorphologie ab. Zur Vorhersage der Filtrations-
eigenschaften industrieller Kristallsuspensionen ist ein robustes Modell wiinschenswert, das
als Eingangsgrofien lediglich einfach zu vermessende Prozessparameter benétigt. In Kapitel
3 wurde daher eine grundlegende Modellierung einer Fest-Flissig-Trennungen von
industriellen  Suspensionen erarbeitet. AnschlieRBend wurden in experimentellen
Untersuchungen die Filtrationseigenschaften von Acrylsaurekristallen aus wassrigen
Schmelzen vermessen und die notwendigen Modellierungsparameter ermittelt.

Es wurde zunachst ein Modell zur Vorhersage der Kompressibilitdt und der Permeabilitat von
Acrylsaurekristallen unter der Variation des Wassergehalts und der Uberséttigung entwickelt.
Das entwickelte Modell basiert auf bekannten Berechnungsgrundlagen fir nicht kugelférmige
Partikel von Ouchiyama und Tanaka unter der Verwendung einer inline Messung (FBRM) zur
Ermittlung der Sehnenldngenverteilung. Zur Ermittlung aller relevanten Parameter wurden
anschliefend kontinuierliche Suspensionskristallisationsversuche mit einem Kratzkristaller
durchgeftihrt. Die Sehnenlangenverteilung wurde mit einer inline FBRM-Sonde ermittelt.
AnschlieBend wurde mit einfachen Filtertests die Kompressibilitdét und Permeabilitdt in
Abhangigkeit vom verschiedenen Differenzdriicken ermittelt. Es wurde gefunden, dass die
Permeabilitdit mit zunehmenden Wassergehalten von 5 Gew.-% auf 15 Gew.-% und
zunehmender Uberséttigung von 0,02 auf 0,1 deutlich von 10" m? auf 10" m? reduziert

wird. Die Kompressibilitatskoeffizienten der Acrylsdurekristalle stiegen dabei von 0,3 auf
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0,37 an. AnschlieRend erfolgte die Modellierung der Permeabilitdten unter Verwendung der
vermessenen Sehnenldngenverteilung als Eingangsgrée. Die maximale Abweichung
zwischen den ermittelten und modellierten Permeabilitdten betrug 19%.

Unter Berlcksichtigung der ermittelten Fehlertoleranzen kann das entwickelte Modell zur
Vorhersage der Filtrationseigenschaften einer vorgeschalteten Acrylsaurekristallisation

genutzt bzw. die Parameter des Kristallisationsprozesses gezielt gesteuert werden.

Die Verbesserung der Filtrationseigenschaften erfolgt oftmals durch den Einsatz sog.
Filterhilfsmittel. Der Einsatz von Filterhilfsmitteln im Bereich der Schmelzkristallisation
gestaltet sich eher schwierig und konnte als nicht vorteilhaft identifiziert werden, da eine
zusétzliche Filtration zur Abtrennung des Filterhilfsmittels notwendig ist. FUr die Filtration von
Acrylsdurekristallen wurde daher untersucht, ob die Bildung harter Wasserkristalle am
eutektischen Punkt und deren Verwendung als Filterhilfsmittel méglich ist.

Das Ziel von Kapitel 4 war daher, die grundsatzliche Idee der in-situ Bildung von
Wasserkristallen als Filterhilfsmittel am eutektischen Punkt mit einfachen Batch-
kristallisationsversuchen und anschlieBenden Filtertests zu verifizieren.

Die Kristallisation von Acrylsdure und Wasser am eutektischen Punkt fiihrt zur Bildung
zweier unterschiedlicher Kristallmorphologien. Acrylsdure kristallisiert in einer nadelférmigen
Struktur aus, wohingegen Eis eine eher kugelférmige Struktur ausbildet. Die anschlielenden
Filtertest haben gezeigt, dass die Bildung von Eis aus einer eutektischen Mischung die
Permeabilitdt um den Faktor 2 verbessert. Vor allem aber verbessern die gebildeten
Eiskristalle die Kompressibilitdt des Kristallbetts. Die Kompressibilitatskoeffizienten sinken
von 0,25 fir reine Acrylsdurekristalle auf 0,15 fur eine Suspension aus Acrylsdure- und
Wasserkristallen, die am eutektischen Punkt gebildet wurden. Die Ergebnisse der
Machbarkeitsversuche haben gezeigt, dass die in-situ-Bildung von Eiskristallen die
Filtrierbarkeit von Acrylsdurekristallen deutlich verbessern kann. Zudem kann die
Ausbeutelimitierung einer reinen Acrylsdurekristallisation durch den eutektischen Punkt
durch eine eutektische Kristallisation von Acrylsdure und Wasser umgangen werden.
Voraussetzung hierfir ist, dass die wéassrige Acrylsdure in der entsprechenden Anwendung

eingesetzt werden kann.

Die Ausbeute von Kristallisationsprozessen ist fast immer durch eine thermodynamische
Grenze, z.B. dem eutektischen Punkt oder dem 6konomisch vertretbaren Temperaturniveau
begrenzt. Es ist jedoch bekannt, dass man z.B. durch die zielgerichtete Zugabe einer
Zusatzkomponente, z.B. einem Lo&sungsmittel, die Ausbeute bei gleicher Temperatur

signifikant erhéhen kann.
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In Kapitel 5 sollte daher ein Lésungsmittel oder eine Komponente gefunden werden, durch
deren Zugabe die Ausbeute einer reinen Acrylsdurekristallisation signifikant erhéht werden
kann. Zur ldentifikation eines geeigneten L&sungsmittels wurde daher eine strukturierte
Stufenmethode zum schnellen L&sungsmittelscreening entwickelt. Zur Reduzierung des
Arbeitsaufwands basiert der experimentelle Teil der Methode ausschlieBlich auf dem
Verfahren der dynamischen differentiellen Kalorimetrie (DSC).

Die Screeningmethode wurde anschliefend erfolgreich eingesetzt, um entsprechende
Lésungsmittel zur Ausbeutesteigerung der Acrylsaurekristallisation aus einer wéssrigen
Schmelze zu identifizieren. Als mogliche Lésungsmittel konnten Essigsdure, Propionsdure
und Buttersdure identifiziert werden. Zur genaueren Evaluierung der drei L&sungsmittel
wurden jeweils die terndren Fest-Flissig-Phasendiagramme mit Acrylsdure und Wasser
mittels DSC vermessen. Nach Auswertung der terndren Phasendiagramme konnte
Essigsaure als geeignetes Losungsmittel bzw. Komponente zur Ausbeutesteigerung einer

Acrylsaurekristallisation aus einer wassrigen Schmelze identifiziert werden.

Fir eine potentielle Implementierung der entwickelten eutektischen Kristallisation aus
Kapitel 4 von Acrylsaure und Wasser musste eine Wirtschaftlichkeitsanalyse erstellt werden.
Basierend auf der Wirtschaftlichkeitsanalyse wurden dann die aufgezeigten
verfahrenstechnischen Vorteile 6konomisch verifiziert.

In Kapitel 6 wurde daher ein aus der Literatur bekanntes Aufarbeitungsverfahren als
Benchmark mit dem neu entwickelten Verfahren verglichen. Fir die Analyse wurde von
beiden Aufarbeitungsrouten eine entsprechende Aspen-Simulation aufgebaut, so dass ein
direkter Vergleich bzgl. des spezifischen Energiebedarfs, der verbesserten Ausbeute und der
Apparatedimensionen erstellt werden konnte.

Der Einsatz der eutektischen Kristallisation von Acrylsdure und Wasser aus dem wassrigen
Synthesestrom ermdglicht die friihzeitige Abtrennung von 78% der Acrylsdure ohne eine
thermische Belastung. Hierdurch kann die Polymerisationsneigung und Dimerisierung von
Acrylsdure ebenfalls um 78% reduziert werden. Der spezifische Energieverbrauch des neuen
Trennverfahrens kann auf 41% reduziert werden. Gleichzeitig wird durch die eutektische
Kristallisation der Abwasseranfall um 77% gesenkt, da Wasser bereits als Teil des
Zielproduktes abgetrennt wird. Durch die Reduzierung der Abwasserfracht zu einer
Verbrennungsanlage wird gleichzeitig die bendtigte Erdgasmenge um 77% reduziert.

Eine Abschétzung der Apparatedimensionen hat zeigt, dass sich die Durchmesser der
Destillationskolonnen auf ca. 40% verkleinern. Die spezifischen Dimensionen der
Kristallisationseinheiten hingegen verdoppeln sich wie erwartet.

Die Ergebnisse der Benchmarkanalyse haben gezeigt, dass der Einsatz einer friihzeitigen

eutektischen Kristallisation von Acrylsdure und Wasser in Kombination mit einer kleineren
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Destillationssequenz einen innovativen und vielversprechenden Trennprozess darstellt.
Gleichzeitig kénnen der spezifische Energiebedarf und der spezifische Einsatzstofffaktor

nachhaltig verbessert werden.

Die vorgestellte Arbeit ist ein Beispiel fur die Entwicklung eines innovativen Prozesses durch
den Einsatz der Schmelzkristallisation als Trenntechnologie. Es konnte gezeigt werden, dass
die hohe Selektivitdt und der reduzierte Energiebedarf der Schmelzkristallisation die

Méglichkeit aufzeigt, einen bekannten Prozess nachhaltig weiterzuentwickeln.
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