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Abstract

Synthetic resins are one of the most used catalysts in the production of additives for gasoline fuelled cars. Ethers like MTBE
(methyl{-butylether), TAME {-amylmethylether) or ETBE (ethyHoutylether) are now widely used to enhance the anti-knock
performance of the fuels. Now more than 14,000,000t per year of the above-mentioned ethers are produced world-wide. On
the other hand there is much less use of catalytic ion exchange resins in the production of fine chemicals. Reasons might be
selectivity aspects, the availability of resins in a shape which is well suited for technical reactors and a lack of knowledge
with respect to the accessibility and stability of the active sites.

In this study the preparation and characterisation of polymer/carrier composite components for catalytic applications is
described. Monolithic rods for chemical reactions with simultaneous separation were prepared by a precipitation polymerisa-
tion process and investigated. The distribution of the cross-linker concentration across the particle radius is calculated based
on co-polymerisation parameters and discussed. The active sites are sulfonic acid groups. The distribution of the active sites
was measured by scanning electron microscopy. For the cyclisation reaction of 1,4-butanediol to tetrahydrofuran and water
the application of rods as a monolithic chemical reactor was demonstrated. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction enhance the accessibility of active sites by preparing
monolithic materials was done by Spes, who prepared
In the past there were several approaches to rise shaped bodies of sintered polymers with resin particles
the accessibility of active sites in resins for catalytic with an open pore structure [1-3]. Chaplits prepared
or chromatographic applications. One route was the moulded catalysts which were used in reactive distil-
development of macroporous resins nearly 50 years lation processes [4]. The production and use of fibres
ago. Sulfonated resins of this type are now widely withion exchange properties is described by Yoshioka
used in reactive distillation processes for the produc- [5,6]. Today state of the art is wrapping resin beads
tion of ethers as components for gasoline to enhancewith glass fibres clothing and forming bales. The bales
the anti-knock performance of the fuel. Early work to are put into a column to perform the catalytic reaction
of alcohols and olefines to form ethers with simulta-
"+ Corresponding author. Tel+49-5323-72-2187; neous separation by distillation. This technique. was
fax: +49-5323-72-2182. introduced by the CDTECH company [7—9]. A simi-
E-mail addresskunz@icvt.tu-clausthal.de (U. Kunz). lar approach is the wrapping of resins inside stainless
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steel wire sieves as performed by the SULZER com-
pany [10] or others [11]. At our institute composite

by different transport velocities. This may lead to
selectivity problems. On the other hand micrometer
particles will have a high pressure drop and thus a
low productivity of the reactor. With regard to Pfeiffer
et al. [18] the use of perfusion resins does not solve
the problem because only a small amount of the fluid
phase passing a chromatographic column is forced
to flow through the pores of the polymer particles.
So it is necessary to start the preparation of a new
material with better accessibility of the active sites by
decreasing the polymer particle size that also ensures
low pressure drop. This seems to be contradictory but
can be solved by the technique developed by us.

Our approach to enhance the accessibility of
active sites is the preparation of monolithic polymer/
carrier composites with very small but interconnected
polymer particles within the pore system of a car-
rier material which allows a convective flow and an
enhanced mass transfer. The choice of appropriate
carrier materials in different shapes in combination
with a precipitation polymerisation process (disper-
sion polymerisation) allows us to produce monolithic
components with improved accessibility of active
sites and simultaneously a low pressure drop in
flow-through applications like chromatographic or
membrane reactors. In contrast to existing approaches
a forced convective flow involving the whole polymer
phase can be achieved.

Before the preparation procedure was started
requirements for the polymer/carrier composites were

materials in the shape of Raschig-rings of inorganic defined:

supports and sulfonated resins were developed and

successfully used for the synthesis of ethers by Kunz ®
et al. [12—14]. An other approach for chromatographic
applications to rise active site accessibility is the de-
velopment of perfusion resins with very large pores,
e.g. by Afeyan et al. [15]. The improvement of active

material should be a strong acid catalyst;

e active sites should be sulfonic acid groups;

o shape of the catalyst should be rod, plate and tube;
e pore size of the carrier should be in the micrometer
range;

site accessibility inside resins for catalysis is described ® Pelymer particle size should be small (in the
in detail by a recent review of Hudson [16,17].

micrometer range).

As an extension in this paper the use of polymer/  aAq monomers styrene and divinylbenzene were

carrier monolithic composites for chromatographic chgsen. These monomers were successfully used in
reactors is demonstrated. Commercially available . production of commercial resins and can easily be

beads with diameters in the millimetre range are not ciyated by sulfonation. The preparation of a mono-
well suited for this intended application. A pure poly-  jithic composite material requires a carrier material
mer phase will not have stable mechanical dimensions i, the following properties:

when the solvent changes its polarity. The diffusion
path length of millimetre sized particles is long, caus- e available in different shapes (rod, disc, tube);
ing a separation of the reactants inside the particles o large pore volume;
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e open, interconnected pores; catalytic component for chemical reactions. The

e high mechanical strength; activity per volume can be adjusted by changing the

e free of substances influencing the polymerisation monomer concentration during the polymerisation

process; step.

e chemical stability during all preparation steps. The polymer load of rods prepared this way is
9-10wt.%, the capacity based on the resin mass is
4.5meq.gl.

2. Experimental

2.1. Preparation of the samples 3. Theory

2.1.1. Polymerisation 3.1. Calculation of cross-linker profiles

Based on our previous work an adopted proce- inside single polymer particles
dure for the preparation of reactive chromatographic
columns was developed. As well suited, porous glass The swelling behaviour of ion exchange resins
carriers with pore diameters ranging from 50 to depends on the cross-linker concentration. Correlated
300um were chosen. The preparation of the desired with the swelling behaviour is the mechanical stabi-
catalytic composite components was done by a preci- lity. A model for the growth of the cross-linked par-
pitation polymerisation process (dispersion polymeri- ticles is suggested. Based on the co-polymerisation
sation). A solution of the monomers styrene and the equation and on the assumption that the particles are
cross-linker divinylbenzene (43.2g styrene, 3.86g growing like the shells of an onion it is possible to
divinylbenzene; concentration of divinyloenzene calculate the cross-linker concentration profile across
65%, rest is ethylstyrene) in a hydrocarbon solvent the polymer particle diameter.
(C14-C17 n-alkane, 300ml) was prepared. After The following assumptions were made:
the addition of a radical initiator (azoisobutyronitril,
330 mg) the carrier material in the shape of monolithic
rods (porous glass, 110 mm length, 5.3 mm diameter)
was immersed in the solution and air bubbles were
removed by vacuum (20min at room temperature).
Then the polymerisation process is started by ris-
ing the temperature to 7Q. After 12 h, the carrier
rods were removed from the polymerised mixture
and rinsed with trichloromethan to remove the high
boiling solvent and residues from the polymerisation
process. The rods were dried in vacuum at@@or
1 day.

e At the first moment of precipitation (separation of
phases) the polymer particle has the shape of a
sphere caused by surface tension. In addition, the
shape of a sphere is probable because the polymer
chains are flexible and form a coiled tangle.

e The cross-linker concentration inside the polymer
can be described by the co-polymerisation equation.
The co-polymerisation equation is independent of
the polymer forming mechanism, so it is adequate
to use it for this case.

e The particles grow in spherical shells like an onion.
This seams reasonable because the monomers
diffuse to the outer surface of the particles where
they are bound to the existing polymer phase.

e No concentration gradients in the monomer phase
were assumed. The diffusive mass transport
of monomers is faster than the polymerisation
reaction.

2.1.2. Sulfonation

After the polymerisation step the copolymer parti-
cles were activated by sulfonation with chlorosulfonic
acid. The 100 ml of trichlormethane were mixed with
10ml chlorosulfonic acid. Then the dried polymer
filled monolithic rods were added. For 24 h the mix-
ture was kept at room temperature. Then the excess of The monomers used for the preparation of polymer/
sulfonating agent was discarded and the rods treatedcarrier-components are styrene and divinylbenzene.
with cold water. After washing with methanol the rods The reactivity of the two monomers in the radical
were dried in vacuum. The result is a polymer/carrier polymerisation reaction is different, divinylbenzene
composite with strong acid properties, suited as a has the higher reactivity. That means that during the
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polymerisation process divinylbenzene is built into the
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concentration in the actually formed polymer phase

polymer at a higher rate than styrene. This leads to moves along the curve until it stops at the upper right

a non-uniform distribution of the cross-linker divinyl-
benzene in the polymer phase.

The different reactivity of the monomers is
expressed by the ratiag andry of two rate con-
stants. The rate constak{; describes the speed of

corner when all monomers have been consumed.
Commercial ion exchange resins are produced by
suspension polymerisation. In this industrial process
droplets of the monomers are dispersed in water. In
the case of macroreticular resins a pore forming agent

monomer 1 molecules to be added to the growing is added. Each droplet behaves as a batch reactor.
polymer chain terminated by the same monomer The concentration of the pore forming agent inside

molecule, whereas the rate constkyit describes the

the droplets is low, so during particle growth the pore

speed of monomer 2 to be added to the growing chain forming agent is included in the polymer phase. Each

terminated by monomer 1. The constakis andky;

droplet forms one polymer particle. The size of the par-

are the constants for the vice versa case. The valuesticles is in the millimetre range. After the polymerisa-

for the co-polymerisation parameters and r, for
styrene ang-divinylbenzene are; = 0.14 andr; =
0.50, for styrene andtdivinylbenzene the values are
r1 = 0.65 andr, = 0.60 (values taken from [19]).

With these data the co-polymerisation diagram
can be calculated, as it is shown in Fig. 1 for the
co-polymerisation of styrene witp-divinylbenzene.
Most commercial ion exchange resins produced
have cross-linker concentrations in the range of
2-20mol% DVB (divinylbenzene). This means, that
the co-polymerisation diagram is valid for these prod-
ucts in the upper right corner of the co-polymerisation
diagram. In a batch polymerisation the cross-linker

1.0 T T T T

tion the pore forming agent is removed by evaporation
or by solvents. This creates the pores of macroreticu-
lar resins. The concentration of the cross-linker inside
the particles of commercial resins is uniform across
the diameter, because the polymer growth starts at
many locations inside the whole droplet. The final
particle is an agglomerate of many smaller particles.
In our precipitation polymerisation (dispersion
polymerisation) the solvent for the monomers is in a
large excess compared to suspension polymerisation.
This leads to a separation of the particles at an early
state of growth. Particle formation begins when the
polymer chains formed are no longer soluble in the
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Fig. 1. Co-polymerisation diagram of styrene gmdivinylbenzene.
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Fig. 2. Model for particle growth during precipitation polymerisation.

solvent. Monomers reach the surface of the first par- shape. In Fig. 2 the model equations and a schematic
ticles by diffusion and convection. According to their drawing of a polymer particle is depicted.
reactivity they are built into the growing polymer Based on the aforementioned assumptions and the
chains at the surface of the already existing particles. conditions mentioned in Section 2 the calculated
Because of the large amount of solvent, the polymer p-divinylbenzene concentration profiles for different
particles include no solvent. initial concentrations of DVB in the starting mixture
This leads to the model, that the polymer particles are shown (Fig. 3). As expected the concentration of
in precipitation polymerisation grow in an onion shell the cross-linker drops rapidly leading to a particle
like manner. At the beginning of the particle growth with low degree of cross-linking at the outer surface.
there is a large amount of divinylbenzene in the reac- This result is independent of the absolute size of the
tion mixture, so it is built into the polymer particles particle, so the calculated curves were normalised
according to its high reactivity at a higher rate than for better comparison. The typical diameter of the
styrene. Consequently, a highly cross-linked core and particles discussed here is in the micrometer range
a less cross-linked shell of the polymer particles is (compare Fig. 6).
obtained. The described model gives an explanation that the
For the calculation of divinylbenzene concen- polymer particles formed during precipitation poly-
tration profiles inside the polymer particles the merisation are non-porous. In an onion shell like
co-polymerisation equation was combined with a shell growth the solvent is not included inside the polymer
like growth. In a first step the formation of the particle particles. Polymer growth only happens at the surface
layers was calculated by using the co-polymerisation of the particles at a well-defined interface and not all
equation for the starting mixture composition. Caused over the polymer phase as it is the case in suspen-
by the higher reactivity of DVB the polymer formed sion polymerisation. As well known for commercial
contains more DVB than styrene. The remaining resins, highly cross-linked resins swell less than low
monomer phase now has a new composition, with a cross-linked ones. Consequently, the core of the par-
lower concentration of DVB. Now for this mixture ticles formed in a precipitation polymerisation swells
the concentration of the next formed polymer phase less than the shell. This leads to a high mechanical
is calculated. This polymer forms a shell surrounding stability.
the first polymer particle. The particle formation was As shown in Fig. 3 the composition of the particles
divided in many shells until all the monomers were changes smoothly with the diameter. This amplifies
consumed. The shells were assumed with sphericalthe mechanical stability because we have a material
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Fig. 3. Calculated cross-linker concentration profiles for particles of stypatiehylbenzene formed during precipitation polymerisation.

which gradually changes its properties. The calcu- 4. Results and discussion

lations presented here were performed peDVB.
Similar results can be obtained forDVB. The only

The course of particle formation inside the pore

difference is, that the concentration drops more slowly. volume of the carrier materials is depicted in Fig. 4.

T = 3 h Start of precipitafion

e Monomers H, Oligoradical
* Solvent

T > 3h Particle formation and growth

@ Particle ‘ Carrier

Fig. 4. Course of precipitation polymerisation inside porous carrier materials.
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In the beginning of the preparation process a homoge-is different compared with macroreticular resins
neous solution fills the pore volume. After initiating obtained by suspension polymerisation. The pores
the polymer chains grow and at a certain molecular in classical macroreticular resins are much smaller
mass the polymer is no longer soluble in the chosen (several 10 nm), the resin particles are much bigger
solvent. Small polymer particles are formed. At this (mm range). A convective flow involving the whole
moment there are still monomer molecules in the polymer phase will hardly occur in conventional resin
surrounding solution. They diffuse to the existing beads. Even with perfusion resins with much larger
particles and cause further growth. In classical disper- pores a convective flow through the particles hap-
sion polymerisation processes detergents are used tgpens with low efficiency, in a packed bed most of the
keep the particles separated. For our application this solvent by-passes the particles.
is not desired, so detergents were omitted. Therefore,
the particles are coming in contact and are connected4.1. Sulphur distribution of the polymer phase
by polymer bridges. At the end of the polymerisation
process the polymer phase consists of small intercon- The polymer phase within the carrier, poly(styrene-
nected particles, filling a certain space of the carrier co-divinylbenzene), is modified with active sites. For
pore volume. The space occupied by the solvent most applications it is necessary that these active sites
remains as a pore volume between the particles. In are distributed uniformly in the carrier to avoid zones
Fig. 5 typical dimensions of the new materials are of lower capacities. Problems can occur sulfonating
depicted. monolithic rods of larger diameters and with higher
The empty carrier contains pores ranging from 50 polymer loads because the sulfonation solution has to
to 300pnm, the polymer particles themselves have a reach the polymer phase completely. In the case of
diameter of 1-2um, the pores between the polymer large diameters of the polymer/carrier components the
particles are in the range of 1—g@@. This morphol- sulfonation procedure has to be carried out carefully
ogy was confirmed by scanning electron microscopy. and has to be repeated once or twice to ensure that the
An example is given in Fig. 6. This morphology polymer matrix is sulfonated completely.

Particle ‘ Carrier

Fig. 5. Typical dimensions of polymer/carrier composites prepared by precipitation polymerisation.
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Fig. 6. Morphology of polymer/carrier composites by scanning electron microscopy.

The distribution of the active sites was determined to be distributed homogeneously inside the pore sys-
via electron probe microanalysis (EPMA), mea- tem of the carrier. Both criteria are important for an
suring the sulphur atoms. The measurements wereenhanced mass transfer and an optimal accessibility
performed with an electron micro probe SX 100 of of the active sites.
the Cameca company. A microscopy is depicted in
Fig. 7. The brighter area represents the sulphur atoms,4.2. Sulphur distribution inside a single ion
darker areas the glass matrix and the pore structureexchange resin particle
of the carrier. Monolithic rods of different sizes were
analysed both in the core and in the shell of the Diffusion path length inside the ion exchange resin
rod by integrating the bright areas. As a result one should be as short as possible. This task is important
obtains the sulphur content of the investigated sample. for chromatographic purposes in order to have a good
Results of all samples are given in Table 1. The val- resolution and a symmetric peak. With regard to cat-
ues of the sulphur content in the core and in the shell alytic properties, short diffusion path length, activity
of the rod are almost equal and meet the theoretical and selectivity are required. For example esterification
expectations. This implicates that the polymer matrix reactions are often homogeneously catalysed by inor-
is sulfonated completely and offers a homogeneous ganic acids. Heterogeneous catalysts like acidic ion
exchange capacity. The polymer matrix itself seems exchange resins are not generally applicable, because
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Fig. 7. Sulphur distribution of a poly(styrene-co-divinylbenzene) polymer phase.

the reactants might be separated inside the polymer The particle diameter is fixed by the described
phase due to different swelling behaviour and diffu- preparation method, so that the sulfur distribution
sion velocities. In this case side reactions take their inside a polymer particle is varied in the follow-
course and diether or alkenes are formed. ing. The sulfonation method was varied with regard
Ways to shorten the diffusion path are the min- to the two parameters time and chlorosulfonic acid
imisation of the resin particle diameter and a partly concentration. Table 2 presents the influence of both
sulfonation, so that just the outer surface of a resin parameters. By using a diluted acid combined with
particle is activated. This can improve the selectivity a short reaction time of 1 min it is possible to get

of resin catalysts. polymer samples with low degree of sulfonation.
Table 1
Sulphur content in dependence on the carrier size and polymer loading in the core and in the shell of monolithic rods
Monolith 1 Monolith 2 Monolith 3 Monolith 4 Monolith 5
Column length (mm) 110 110 110 150 150
Column diameter (mm) 5.3 5.3 5.3 12 12
Polymer load (mass%) 5.4 8.6 13.6 5.4 12.8
Core sulfur content (mass%) 6.0 8.5 14.0 6.1 11.6

Shell sulfur content (mass%) 5.7 8.5 135 6.2 12.4
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Table 2

Specific capacity of the composite catalysts depending on the sulfonation coriditions

Time (min) Capacity of composites (meq., Capacity of composites (med:4),
sulfonation with 10% chlorosulfonic acid sulfonation with 1% chlorosulfonic acid

1 0.426 0.072

5 0.540 0.148

30 0.566 0.221

One day 0.630 0.618

aSolvent for chlorosulfonic acid was trichloromethane, experiments done at room temperature.

Assumingg = 1/3gmax the depth of penetration = EPMA was not calibrated with respect to the sulphur
amounts to 13% of the particle radius. Consequently density inside polymer resins. These measurements
it can be expected that the active sites are localised indicate that it was possible to apply selective sul-
in the shell of the particle and the diffusion paths are fonation even in the complicated morphology of our

reduced significantly. new monolithic composite materials.
To prove this, the sulphur distribution was mea-  The experimental test of the new prepared surface
sured by EPMA with a resolution of Oum. As activated ion exchange resin with regard to selectivity

described before a microprobe SX 100 of the Cameca and chromatographic aspects is a task of the future.
company was used, measuring backscattered elec-Preliminary results indicate, that a surface sulfonated
trons. The results are presented in Fig. 8. It is obvi- polymer phase leads to an improved selectivity in the
ous that the distribution is nearly homogeneous for esterification of high molecular mass alcohols with

g = gmax Where(q is the exchange capacity of the long chain acids.

sample andjmax is the exchange capacity when the

whole polymer particle is sulfonated (corresponds to 4.3, Monolithic column as reactor for chemical

a value of 4.5meq.g'). If the degree of sulfonation  reaction with simultaneous separation
is reduced to one-third, the distribution is changed

completely and most active sites are situated in the
shell of the particle. The great difference between the
absolute values in Fig. 8 refers to the fact, that the

With regard to Agar and Ruppel [20], Westerterp
[21], Mazotti et al. [22] there is an increasing interest
in the combination of a chemical reaction and a sepa-
ration in a multifunctional reactor unit during the last
years. Especially for reversible reactions or reactions

2500 T B with product inhibition a higher conversion and a bet-
S Pl . ter selectivity is expected. The simultaneous product
vk B A=, separation is a big advantage in processes where a high

2000 LT 1 product purity is demanded, e.g. in the pharmaceutical

industry. Recently the concept of a chromatographic

>
E
T‘g 1500 '.'r'esin sphere (D=5 um) L reactor was developed. In this reactor unit simultane-
3 T : | ously with the chemical reaction a separation process
g 120r based on different adsorption strength of the reactants
§ 80 | occurs. In many cases ion exchange reactions like es-
I terification and etherification are carried out in these
40} . p chromatographic reactors. The ion exchange resin has
. S A . . to be capable both to catalyse the reaction and to sep-
-0.4 0.0 0.4 0.8 1.2

arate the species of the reaction system. Now a days
commercially available ion exchange resins are used.

Fig. 8. Sulphur distribution across the diameter of a single resin A catalytic monolithic composite column based
particle. on poly(styrene-co-divinylbenzene) activated with

z/D [-]



U. Kunz et al./Journal of Molecular Catalysis A: Chemical 177 (2001) 21-32

31

0.05 T T T T T T v T
4 tetrahydrofuran Parameter values:
0.04
¥ =120.0°C
. F = 1.0 m/min
N, 4800 = 5625 mmol
2 0.03 Noorunn = 21.5 Mequ, .
-
c
S 0.02 \
[3)
S
2 001 \ 1 water
=2 A\ / S
.\« / g
0.00 = S s 18 TEE
-0.01 R 1 " 1 L 1 ) 1 . 1
0 10 20 30 40 50
Time t/ min

Fig. 9. Conversion of 1,4-butanediol with simultaneous separation of the products tetrahydrofuran and water on a monolithic column;
column length: 180 mm; columms: 12 mm.

sulfonic acidic sites as described in Section 2 should reactor after a pulse injection of the reactant 1,4-

also be capable for such a process. Experimentsbutanediol. A mathematical model describing the

were carried out characterising the monolithic col- chemical reaction with the integrated separation based
umn as a medium for an acid ion exchange catal- on the above-mentioned kinetics, the different sorp-
ysed reaction with an integrated separation. As a tion strength of the species and considering special
model reaction the etherification of 4-butanediol= effects of the monolithic column was prepared by

tetrahydrofurart- water diluted in 1,4-dioxane was  Altwicker [24].

chosen. Investigations by Limbeck et al. [23] on the

reaction mechanism and the reaction rate have shown

that this reaction is inhibited by the by-product water: )
5. Conclusions and outlook

(T inovam) (T Fanenn)
~ \1+ Kn,0y@n,0/ \ 1+ Kgpagp Based on a precipitation polymerisation process in-
side the pore volume of megaporous carrier materials
where r is the specific rate (mofseq ™), a monolithic polymer/carrier components are available.
the activity of componenti, k the rate constant The stability against swelling forces of the polymer
(mols~teq 1), and K; is the sorption constant of particles is high because the precipitation polymeri-
component. sation leads to particles with a gradual change of the
So, the reaction rate is decreasing continuously with cross-linker concentration across the particle diam-
an increasing amount of water in the reaction mixture. eter. This is supported by model calculations. The
For a first evaluation of the new composite mate- accessibility of the active sites is high due to the small
rials monolithic rods were equipped with a pressure particle size of the polymer phase and the forced
resistant casing. Standard HPLC connectors were convective flow through the monolith. The pressure
attached. As a solvent dioxan was pumped through drop of composite rods in flow-through applications
the monolithic column at a volumetric flow rate of is one order of magnitude lower than for commercial
1 mimin~1. As shown in Fig. 9, the reaction products resins due to large pores between the interconnected
can be separated in the monolithic chromatographic polymer particles. These materials in the shape of the
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