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The thriving research and development in additive manufactur-
ing and especially 3D printing in chemical engineering and
heterogeneous catalysis enables novel and innovative ap-
proaches for the shaping of catalysts. In this work, tailor-made
monoliths with complex transport pore channels are designed
and printed by fused deposition modelling (FDM) from
polystyrene filament. Subsequently, sulfonic acid groups are
introduced by sulfonation for a catalytic functionalization of the
structured monoliths’ accessible inner surface. As a catalytic test

reaction, the aqueous phase hydrolysis of sucrose was chosen.
For this reaction the functionalized monoliths exhibited a
superior catalytic performance in both batch and continuous
reaction mode in comparison to a macroporous sulfonic acid-
functionalized ion exchange resin as commercial benchmark
catalyst. This is due to the higher accessibility of the sulfonic
acid groups on the surface of the monoliths’ pore channels and
hence, enhanced effective reaction kinetics by decreased mass
transfer limitations.

Introduction

In heterogeneous catalysis the shape of the catalyst and the
morphology of a fixed-bed or a structured packing in a reactor
or column play a fundamental role.[1–4] Activity, selectivity, flow-
related properties such as mass transfer, fluid distribution,
dispersion and pressure drop are all influenced by the catalyst
geometry and its packed structure.[1–4] For the precise control of
these properties various packing configurations have been
studied theoretically[1,3,5] and experimentally,[6] posing explicit
advantages to randomly packed beds.[7] Industrial implementa-
tion of optimally structured fixed-beds is still a challenging
process.[8-10] One of the most prominent class of structured
packings are monolithic catalysts.[4,11] Early designs with mostly
straight channels were developed to include a broad variety of
different geometries, pore systems and complex channel
structures.[12–13] The monolithic structures showed in general
enhanced film transport and reduced pressure drop.[14–15]

Emerging fabrication methods such as 3D printing played a key
role in promoting the design and research process in this
field.[16–18] 3D printing monoliths allows a high flexibility in
design, interlocking or hierarchical channels, tailored and
enhanced transport properties like increased turbulence and
improved fluid/surface contact.[7,14,19–21]

Additive manufacturing methods have already been suc-
cessfully deployed in various research fields facilitating applica-
tions for microfluidic devices,[22] biomaterials,[23] electrochemical
devices[24] and catalysis.[25–29] The specific printing process of
fused deposition modelling (FDM) features melt extrusion and
the deposition of various kinds of thermoplastic polymeric
filaments. Due to the resulting versatility, high speed, and low
investment cost this procedure became the most commonly
used 3D printing method.[27,30] The initial utilization of FDM in
reaction engineering was mainly in manufacturing tailored
equipment and reactors.[31] Subsequently catalyst supports and
catalytic materials were prepared via this printing method.[32–34]

As an early example Sorkski et al.[35] printed an active catalyst
for the photo degradation of Rhodamine 6G by incorporating
TiO2 nanoparticles into ABS filament.[35] Recently Sun et al.
successfully prepared a catalytic monolith for the Fenton
oxidation of aromatic molecules by printing a PLA filament with
an incorporated iron catalyst.[36] Another example are the
nanoporous gold monoliths manufactured by Zhu et al.[37] The
precise tailoring of 3D structures and the development of novel
catalysts respectively catalyst supports achieved improved mass
transport and reaction rates in Li et al.[7] study for syngas
methanation and all the reported examples.

A great challenge for the use of FDM in catalysis is the
processing of composite filaments containing active filler
materials in a printable matrix material. Printable filaments
typically consist of thermoplastic polymers and mostly inorganic
or hybrid solid particles as filler material as several studies
showed.[38–40] Recently we have reported the incorporation of
nanoporous polymer particles into monolithic composite
materials.[18] A major goal for catalytic applications is to
incorporate active components or to catalytically activate a
printed geometry.

A common route to introduce functional acidic groups in
organic materials is sulfonation. The sulfonation of aromatic
hydrocarbons is well established with various methods of
processing.[41–47] The insertion of sulfonic acid groups in the
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materials of choice enables acid reactions in protic solvents.[44]

There are several possible approaches to the sulfonation of
polystyrene. One is the use of concentrated sulfuric acid,[41,45]

another is the use of sublimated sulfur trioxide in the gas phase,
which can be generated most conveniently by sublimation of
oleum.[46–47] These methods were applied in this work to
functionalize the obtained monoliths. Further options include
the sulfonation of polystyrene (PS) with acetyl sulfate[42] or the
direct synthesis of polystyrene sulfonate.[43]

A suitable model reaction for polymer-based acidic catalysts
is the hydrolysis of sucrose for the following reasons. The
disaccharide sucrose consists of α-D-glucose and β-D-fructose,
connected over an α,β-1,2-glycosidic bond.[48–49] This bond can
be hydrolysed either by enzymes, like for example invertase, or
chemocatalytically by Brønsted acids (see Figure 1).[48–49] The
reaction passes through a fast formed transition state with the
hydrolysis of the sucrose cation as the rate limiting step
resulting in a formal second order reaction.[50–52] With surplus of
water in an aqueous medium and a constant catalyst mass the
reaction rate can be formulated as a first order kinetic, only
dependent on the sucrose concentration.[50–52] With this simpli-
fication of the kinetic model, the reaction rate constant can be
calculated with the Arrhenius equation as a function of the
reaction temperature.[50–52] Additionally, the optical activity of
the sugars can easily be observed in detail through the change
of specific rotation, making this an ideal model reaction.[50–52]

Heterogeneous catalysts such as Y zeolites,[53] heteropoly
acids,[50] and metal oxide catalysts such as V2O5/γ-Al2O3

[54] have
been characterized with the hydrolysis of sucrose. Especially
well understood catalysts for this reaction are ion exchange
resins such as Amberlite Ir-120[55] or Amberlyst 15.[56–58]

Amberlyst 15 (EMD Millipore Corporation)[58] will be used as a
benchmark catalyst to compare the 3D printed acid functional-
ized monoliths presented in this work. The properties of
Amberlyst 15 are listed in the supporting information.

In this work we prove the advantages of solid acid-
functionalized monoliths obtained by the combination of the
fast FDM process with subsequent acid functionalisation. The
monoliths were printed from high impact polystyrene (HIPS)
filament and activated by sulfonation. The obtained acidic
monoliths were then catalytically tested in batch and continu-
ous processing using the hydrolysis of sucrose as a model
reaction. The catalysts performance was directly compared to
Amberlyst 15 as commercial acidic ion exchange resin as the
most suitable benchmark catalyst. The aim was to produce
tailored monoliths with superior hydrodynamic properties and
thereby improved catalytic activity in a fast and cost effective
manner.

Results and Discussion

3D printing of monoliths

The monoliths were prepared by FDM 3D printing based on our
previous work.[18] Herein, we focused on the ABAB and ABCD
structure type monoliths. The ABAB geometry consists of an
AB-type packing of parallel aligned filaments with orthogonal
orientation of each subsequent layer. This structure exhibits
one-dimensional axial pore channels with radial connections. In
the ABCD-type stacking of orthogonal alternating layers the A
and C layers as well as B and D, respectively, are offset each by
the diameter of one filament. Hence, there is no one-dimen-
sional straight pore channel but rather a 3D pore system with
increased tortuosity. The detailed structure (Figure 2) was
designed in Autodesk Inventor and printed using a FDM 3D
printer and high impact polystyrene (HIPS) filament. The
monoliths were printed in two sizes: one for the batch reactions
with a length of 4 cm, a diameter of 3 cm, and a total volume of
6.30 cm3 for the ABAB type and 6.34 cm3 for the ABCD type. The
second type of monoliths was precisely fitted to a tubular
reactor with a length of 13 cm, a diameter of 3 cm, and a
volume of 27.14 cm3 for the ABAB and 27.32 cm3 for the ABCD
type. The hydrodynamic properties pressure drop and residence
time of the two monoliths were reported in our previous
work[18] and are displayed in the supporting information for the
different monoliths (Figure S1) with a comparsion to a CFD
based simulation (Figure S2-S5) that proofs the increased
mixing in the more complex channel structures compared to
straight pore channels based on the cell Reynolds number and
the cell velocity magnitude (Figure S2).

Sulfonation of HIPS monoliths

In order to functionalize the HIPS monoliths as acid catalysts
the accessible surface was sulfonated. Different methods for the
sulfonation of the accessible aryl groups were initially screened
such as the sulfonation with oleum in the liquid or the gas

Figure 1. Acid-catalysed hydrolysis of sucrose to α-D-glucose and β-D-
fructose.

Figure 2. ABAB (top) and ABCD (bottom) grid structures in: I. front view, II.
top view, III. the complete geometry of the cylinder, IV. photographs of
printed HIPS-monolith.
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phase as well as using sulfuric acid at ambient temperature or
80 °C (Table 1).

The sulfonation degree was quantitatively analysed using
the back titration method established in literature.[41] The
standard deviation of this analytical method was determined by
titrating five times a defined amount of Amberlyst 15. This
resulted in a reference acid amount of 5.06 � 0.0568 mmol g� 1.

Although all methods resulted in successful sulfonation
especially at elevated temperatures the mechanical stability
decreased significantly reduced the reproducibility. Hence, the
most suitable method was the sulfonation of the HIPS

monoliths with sulfuric acid at ambient temperature (22 °C)
with concentrated sulfuric acid. The progressing sulfonation can
be observed optically (Figure 3 I.). After one hour a homoge-
neous brownish coloration of the monolith was observed
turning fully into black colour after six hours. Figure 3 II. shows
the results of repeated experiments for the ABAB and ABCD
structure for three and seven days sulfonation time. The results
indicate a good reproducibility of the sulfonation degree. It has
to be noted that the optical change can be a good qualitative
indication to the sulfonation degree but is unfit for quantitative
comparison. With longer reaction times the amount of sulfonic
acid groups increased and only a minor difference in between
the structures was observed.

With an optimized airtight reaction vessel, the time depend-
ency of the sulfonation was determined (Figure 4). The highest
increase in the degree of sulfonation occurred over the initial
24 hours with an amount of acid sites of 0.26 mmolg� 1.
Thereafter, the sulfonation occurred at a rather linear rate and
after five days a sulfonation degree of 0.64 mmolg� 1 was
obtained. It should be noted that even after seven days there
was no obvious structural change in the monoliths and
sulfonation degrees above 0.7 mmolg� 1 could be achieved. The
empirical optimum in this experiment was achieved after a
sulfonation time of three days with an amount of sulfonic acid
groups of 0.48 mmolg� 1 with a negligible decrease of the
stability of the monoliths (Figure 4 II and III)

For comparison, the commercial reference catalyst Amber-
lyst 15 is a macro-porous sulfonic ion exchange acid resin with
an amount of sulfonic acid groups of ca. 4.9 mmolg� 1.[56] This
sulfonation degree is one order of magnitude higher as due to
the macroporosity a significantly higher surface area is acces-
sible compared to the monoliths with only the pore channel
surface being accessible. Nevertheless, for liquid phase proc-
esses mass transfer limitation might occur for the macroporous
resin and the catalyst efficiency might be significantly reduced
as demonstrated in the following

Table 1. Display of the different tested sulfonation methods with criteria
for their operational capability

Sulfonation Method Structural integrity Sulfonation
degree
[mmolg� 1]

Repro-
ducibility

gas phase with
oleum/SO3

flaking of particle at
water contact

up to 0,7
(after one
week)

low

liquid phase with
oleum

quick dissolution of
monoliths

up to 0,2
(till structure
loss)

low

liquid phase with
hot sulfuric acid

only up to 80 °C for
120 min

up to 0,6
(till structure
loss)

low

liquid phase at RT
(22 °C) with sulfuric
acid

ensured, only after
7 days a slight bulge is
observed

up to 1,0
(after one
week)

high

Figure 3. I. Optical change of the monoliths during sulfonation after a) five
minutes, b) one hour, c) six hours; II. measured total sulfonation degree of
the different monolithic structures in mmol·g� 1. For the estimation of
reproducibility, the complete process was carried out twice. The standard
deviation includes only the analytical method.

Figure 4. I. Time dependency of the sulfonation of HIPS monoliths of 1–5 days; II. A batch of HIPS monoliths after three days of sulfonation; III. ABAB and
ABCD monoliths before (left) and after (right) sulfonation in sulfuric acid at 22 °C for 1 d.
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Catalytic testing under batch conditions

The catalytic performance of the acidic-functionalized mono-
liths in comparison with Amberlyst 15 as a commercial bench-
mark catalyst was evaluated using the hydrolysis of sucrose as
test reaction. For the experiments under batch conditions a
reactor with a 3D-printed monolith holder was applied (Fig-
ure S1) to allow full immersion of the monolith in the liquid
reaction mixture. It consists of a closed glass reactor with a
magnetic stirring bar, an access point for temperature measure-
ment and sampling and the above-mentioned monolith holder.
The 3D-printed monolith holder enables to align the monoliths
orthogonally or in parallel in regard to the direction of the
liquid flow. With this setup the ABAB and the ABCD monoliths
were analysed in orthogonal and parallel alignment. As a
benchmark reference the commercial catalyst Amberlyst 15 was

measured as suspended catalyst. All experiments were carried
out at 79 °C as ideal reaction temperature based on previous
work from Zajšek et al.,[51] a reaction volume of 150 mL with a
sucrose concentration of 50 gL-1 and a stirring speed of
500 rpm. For comparable results the sulfonic acid groups of the
monoliths and the benchmark catalyst were determined and
the initial weight was adjusted in order to achieve a molar ratio
of 0.1 for the sulfonic acid to sucrose amount for all experi-
ments. The quantification of the reaction mixture was carried
out by sampling and a calibrated offline HPLC analysis. Based
on the quantitative concentration time profiles (Figure 5) the
reaction rate constants (Figure 6) were calculated based on
Equation 1.

r ¼ �
dcs
dt
¼ k � cSHþ � cH20 (1)

r specific reaction rate
cs concentration of sucrose at the time t
k reaction rate constant
cSHþ concentration of the sucrose cation
cH20 concentration of water

For both monoliths (ABAB and ABCD) the highest reaction
rate constants were observed when being aligned in the
direction of flow. Interestingly, the ABAB monolith with the
linear pore channels exhibited a slightly lower value than the
ABCD structure. In our previous research we carried out various
hydrodynamic experiments and determined an up to 75%
higher mean residence time of the ABCD structure in compar-
ison to the ABAB structure for flow rates between 1–
10 mLmin� 1.[18] In the SI we also supported the experimental
data with CFD simulation. The longer residence time of the
ABCD structure indicates a longer contact time and a better
mixing in the ABCD’s pore structure with increased tortuosity
and the overall better accessibility, which would validate the
presented findings. Both monoliths orthogonally aligned to the
direction of flow show a significantly decreased rate constant
due to a decreased accessibility of the functionalized pore
channels. Overall, the ABCD monolith in direction of flow
exhibited a sixfold increase of the reaction rate constant in
comparison to Amberlyst 15 as benchmark catalyst. This
significant increase is a result of the improved accessibility of
the reaction solution in the pore channel structure of the
monolith that contains all catalytically active functional groups.
In contrast, the macroporous ion exchange resin has much
smaller pores in which mass transfer limitations occur to a
much larger extend. In this case the mass transfer significantly
limits the substrate conversion. This clearly demonstrates the
advantage of the structuring of catalytic monoliths and well
accessible surfaces. Of course, a direct comparison of the
catalytic performance of suspended particles vs. a monolith in a
batch reactor is only of limited significance. Therefore, experi-
ments with a tubular reactor and a packing of the Amberlyst 15
were carried out and will be discussed in the following chapter.

Figure 5. Time dependent conversion of sucrose in the batch reaction setup.
Comparison of the monoliths in regards to the alignment and the reference
catalyst Amberlyst 15 in suspension.

Figure 6. Reaction rate constant of the monoliths in regard to the alignment
and the reference catalyst Amberlyst 15.
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Catalytic testing with a continuously operated reactor

For the investigation of the catalytic performance under
continuous process conditions a plug flow reactor setup was
used as displayed in Figure S7. The monoliths were precisely
modelled to fit the tube reactors dimensions. With this
convenient setup an ideal, reproducible flow through the
monoliths is achieved and can be directly compared to a
packed bed of the commercial Amberlyst 15 spheres. Quantifi-
cation of the reaction mixture was carried out as for the batch
experiments by an offline HPLC. A blank experiment without
any catalyst showed no detectable conversion of sucrose.

Experiments with an ABAB-monolith, an ABCD-monolith
and a packed bed of Amberlyst 15 were carried out at a
temperature of 80 °C and a feed with a sucrose concentration of
50.0 gL� 1.To determine the flow dependency each experiment
was also repeated with three different volume flows (Figure 7).
The tested monoliths were precisely tailored to the tubular
reactor and sulfonated over the course of one day (Figure 4 III).
The total amounts of sulfonic acid groups in the reactor based
on the monoliths size and the resins mass in the catalyst bed
were 13.24 mmol for Amberlyst 15, 3.3 mmol for the ABAB-
monolith and 3.75 mmol for the ABCD-monolith. With the
known number of acid groups and the measured conversion
under stationary conditions the turn over frequency (TOF) could
be calculated by Equation 2.

TOF ¼
cS0 � cs
NSulf � t

¼
_V � cS0 � X

NSulf
(2)

cS0 feed concentration of sucrose
cs concentration of sucrose at the time t
NSulf number of catalytically active groups
_V volume flow
X conversion

The results displayed in Figure 7 confirm the outstanding
catalytic performance of the monoliths compared to the packed
bed of the ion exchange resin. The TOF of the prepared
monoliths clearly exceeds the TOF of the commercial catalyst
Amberlyst 15. The largest difference was measured at the
lowest flow rate of 0.5 mLmin� 1: the TOF of the ABAB-monolith
was 4.6 times higher than that of the ion exchange resin while
the TOF of the ABCD monolith was 3.5 times higher. With
higher volume flows the difference decreases slightly. At the
highest volume flow of 8 mLmin� 1 still a 2.5 times higher TOF
for the ABAB and a 1.9 times higher TOF for the ABCD structure
was observed.

It has to be noted that because of the significantly higher
degree of functionalization a significantly smaller amount of the
Amberlyst 15 was used in order to get comparable results. Due
to this, the volume of the Amberlyst 15 packing is around ten
times smaller than the volume of the monoliths despite
exhibiting an overall higher acid amount. To ensure a proper
packing of the Amberlyst 15 the reactor length was reduced by
inserting a closed filling material with a channel in the size of
the tubing. The repeated continuous experiments and the
batch experiments shown above, however, indicate a signifi-
cantly higher catalytic activity of the monoliths in comparison
to the benchmark. This can be ascribed, as mentioned above, to
the much better accessibility of the functional acid groups on
the surface of the pore channels while the spherical resin
contains most of the functional groups within its macroporous
structure with severe mass transfer limitations, as schematically
displayed in Figure 8. Surprisingly, the ABAB structure shows a
higher TOF in comparison to the ABCD structure. In our
previous research[18] we carried out various hydrodynamic
experiments and determined an up to 75% higher mean
residence time of the ABCD structure in comparison to the
ABAB structure for flow rates between 1–10 mLmin� 1. The
longer residence time leads to a longer contact time and thus,
to a smaller TOF, which is clearly verified by the experimental
data. Besides the clear evidence of the superior catalytic
performance of acidic monoliths compared to packed beds of
spherical acidic ion exchange resins this influence of the pore
channel structure on the flow properties demonstrates the

Figure 7. Comparison of the TOF of the prepared monoliths with the
commercial ion exchange resin Amberlyst 15 with a continuous setup at
steady state conditions.

Figure 8. Schematically display of the accessibility of the sulfonic acid groups
of Amberlyst 15 structure in regards to the monolithic structure.
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great potential of 3D printed structured monoliths in improving
the performance of catalytic monoliths.

Conclusion

The time and cost efficient FDM-based 3D printing of common
HIPS filament was successfully applied to print tailored mono-
liths for fixed bed reactor applications. Different methods of
introducing sulfonic acid groups were tested pointing out the
sulfonation at room temperature with concentrated sulfuric
acid as optimal compromise. With this method a high
concentration of sulfonic acid groups on the surface of the pore
channels and structural integrity of the monoliths were
achieved. The functionalized printed structures were compared
to the commercial benchmark catalyst Amberlyst 15 in the
hydrolysis of sucrose. In batch as well as in continuous process
conditions the prepared monoliths showed a superior catalytic
performance than the reference material due to the much
better accessible functional acid groups on the surface of the
pore channels and thus, avoiding severe mass transfer
limitations as found for the macroporous ion exchange resin as
catalyst. Also, the opportunity to tailor the pore channel
structure enables a targeted optimization of the hydrodynamic
properties of reactive fluids. Hence, the acquired results proof a
great potential of the 3D printing in catalysis. With the
presented methods, the high speed and versatility of FDM it
can be directly applied to manufacture tailored catalyst with
superior performance.

Experimental Section

Materials

Sulfuric acid (H2SO4, 96%), fuming sulfuric acid (oleum, 20 wt%
SO3), hydrochloric acid (HCl, 37%), sodium hydroxid (NaOH, 98%)
and 3,3-Bis(4-hydroxyphenyl)-1(3H)-isobenzofuranone (Phenolph-
thalein) were purchased from Sigma Aldrich. D(+)-Sucrose
(C12H22O1, 99.5%), D(+)-Glucose (C6H12O6, 98%) and D(� )-Fructose
(C6H12O6, 99.5%) were purchase from Carl Roth. HIPS filament was
purchased from 3D Printshop, Berlin, and Amberlyst 15 from EMD
Millipore Corporation. HCl and NaOH were diluted with deionized
water to 0.01 N HCl and NaOH solution, respectively. All other
chemicals were used as received.

Printing of monoliths

The monoliths were designed with the software Autodesk
Inventor®. The ‘.stl’ files were converted into ‘.gcode’ files with the
software Renkforce Repetier® host and printed with a Renkforce
RF2000 3D printer using HIPS filament. The optimized printing
temperature for this filament was determined with calibration
towers to be 220 °C with a heat bed temperature of 90 °C for
optimal adhesion.

Sulfonation of HIPS-monoliths and determination of the
sulfonation degree

The respective printed HIPS monoliths were placed in 96 wt%
H2SO4 and completely submerged. After the respective reaction
times ranging from 1 hour to 7 days the reaction was stopped by
removing the monoliths from the solution and subsequent washing
with water until a neutral pH was achieved. The sulfonation degree
was determined in accordance to the procedure described by Lei
et al.[30] The respective monolith was stirred in 500 mL 0.01 N NaOH
solution. 30 mL of the resulting solution was then titrated with
0.01 N HCl solution, using phenolphthalein as indicator. With the
known starting concertation of NaOH and the amount of required
HCl the sulfonation degree was calculated.

Batch hydrolysis of sucrose

In a glass reactor with a 3D printed inset to fix the catalytic
monoliths in the solution (see supporting information Figure S6)
the respective catalyst was tested at a temperature of 79 °C and a
stirring rate of 500 rpm. The initial sucrose concentration was
50 gL� 1 with a total volume of 150 mL.

Continuous hydrolysis of sucrose

For this setup a tubular reactor with a diameter of 3 cm and a
length of 17 cm was used in the setup as displayed in Figure S7
(see supporting information). The feed solution was pumped with
flow rates of 0.5–8.0 mLmin� 1 and an initial sucrose concentration
of 50 gL� 1. The direction of the flow was from bottom to top of the
reactor to ensure the full immersion of the catalyst surface. The
reactor was heated to 80 °C.

HPLC characterization

A high-performance liquid chromatography (HPLC) unit type Nexera
XR (Shimadzu Corporation) with an Aminex HPX-87 C Carbohydrate
column (Bio Rad) was used for quantitative analysis of the reaction
mixture. The column temperature was set to 80 °C and MilliQ-pure
water was used as eluent with a flow rate of 0.6 mLmin� 1. For
analysis, an online refractive index detector (RID) was used.
Calibration was done with different concentration series of the
sucrose, fructose and glucose solutions, respectively.
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