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Abstract: The polycondensation reaction to produce polydextrose can be intensified by using micro-
process engineering. Fluid Guiding Elements are additively manufactured internal inserts that have
already shown their potential to intensify heat transfer in double-pipe heat exchangers. This study
investigated the intensification of the polydextrose yield when these internal inserts were used.
Different reactor lengths and internal inserts geometries, as well as different operating conditions,
were analyzed. The experiments showed that the reactant concentration had no effect on the product
yield. Furthermore, it was shown that the process could be intensified at higher temperatures,
with relatively low residence times and lower pressures. It was confirmed that the good heat
transfer characteristics of the internal inserts allow them to continuously evaporate water during
the reaction and to further reach the required reaction temperature, thus shifting the equilibrium
towards the desired product. These findings are of special significance for the optimization of the
polycondensation reaction of polydextrose.

Keywords: process intensification; additive manufacturing; micro-process engineering; heat exchang-
ers; polycondensation; polydextrose

1. Introduction

The condensation reaction of polydextrose is a reversible reaction that can be carried
out at high temperatures and small residence times, with high yield and selectivity in
micro-channel reactors [1]. Polydextrose (CAS Reg. No. 68424-04-4, see molecule structure
in Figure 1) is a sugar substitute used as a bulking agent [2–5] in the food industry [6,7],
with half the energy of sugar (1–2 kcal instead of 4 kcal/g [8]). Polydextrose is therefore
added to a variety of foods, such as sugar-free confectionery, dairy products, baked goods,
and beverages [8]. The polycondensation reaction to produce polydextrose is a step-growth
polymerization where one molecule of water is released each time two glucose monomers
combine [9]. Process intensification can therefore be achieved when the water (product
of the polycondensation) is removed from the reaction mixture, i.e., as per Le Chatelier’s
principle, the equilibrium of the reaction is shifted to the products.

In recent times, additive manufacturing has been applied in chemical and process
engineering [10–12] due to, e.g., the design freedom of apparatuses enhancing the perfor-
mance [13,14].With the emergence of additive manufacturing processes for metals, [15,16],
new possibilities have opened up in construction design, allowing for the design of internals
adapted to their respective applications for process intensification [17].

Fluid Guiding Elements (FGEs) [18] are internal inserts manufactured via powder
bed fusion of metals using a laser-based system (PBF-LB/M). Their good heat transfer
characteristics have been shown previously [17].The FGEs are made of repeating units, the
fluid guiding units (FGUs), which can be lined up in all three spatial directions. The idea
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behind the geometry of the FGUs, shown in Figure 2a, is that at each point, only a partial
flow of the fluid is in contact with the wall where the heat transfer takes place. Through
this, the internal inserts create a constantly unsteady flow regime due to the constant
change in the flow form along the flow direction. As a result, no thick boundary layer
is formed, which slows down the heat transfer due to the lower temperature gradients
towards the wall. This leads to a high heat transfer performance with a relatively low
pressure drop. Using a double-pipe heat exchanger with FGEs in the inner tube and annular
gap, respectively (see Figure 2b,c), it has already been shown that a significant increase
in heat transfer (up to over twice the transferred power) compared to an empty tube is
achieved. This enables a significant reduction in the apparatus size [17].
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This study aimed to investigate the effect of different process parameters (e.g., temper-
ature, pressure, feed concentration, and residence time) on the production of polydextrose
to achieve higher yields and to intensify the process.

For this purpose, internal inserts based on the Fluid Guiding Elements design [17] are
used in double-pipe reactors.

2. Materials and Methods
2.1. Double-Pipe Reactors Equipped with Additively Manufactured Internal Inserts

The most relevant dimensions of the heat exchangers are summarized in Table 1. In
the inner pipe (inner diameter: 10 mm), as well as in the ring gap of the double tubes,
Fluid Guiding Elements manufactured according to [17,18] were used. The geometrical
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characteristics of the three different Fluid Guiding Elements are detailed in Table 2. The
reacting glucose solution flows in the inner pipe (reaction side), and the heat transfer
oil flows in a counter-current configuration in the 3 mm-thick annular gap. The length
designations of 30, 40, and 50 cm for the reactors refer to the approximate total contact
length of the oil with the inner tube.

Table 1. Dimensions of the inlet and outlet pipes of the different reactors used in this study. HE-01
with 30 cm length, HE-02 with 40 cm length, and HE-03 with 50 cm length.

Tube Outer
Diameter Inner Diameter Wall Thickness Contact Length

Inner 12 mm 10 mm 1 mm 30 cm/40 cm/50
cmOuter 18 mm 15 mm 1.5 mm

Table 2. Geometry parameters of the different FGE types.

Tube Number of Partial Streams Repetition Length (FGU) Length of an Element Void Fraction

A 3 9 mm 89%
B 3 6 mm 55 mm 88%
C 2 9 mm 91%

Three different FGE geometries were tested in the inner pipe, while the FGE geometry
for the annular gap (oil side) was not modified. For the design of the different FGE
geometries, the repetition length and the length between the blades were varied so that
different FGU shapes and lengths were obtained. Different FGU lengths for a given FGE
length led to a variation of the number of FGUs. The geometrical characteristics of the three
different FGEs in the inner pipe are detailed in Table 2 and depicted in Figure 3. Starting
from type A (left in Figure 3), the repetition length (black bar in Figure 3) for type B (middle)
was shortened from 9 to 6 mm so that the partial flows alternated more frequently over the
same length. In type C, the number of partial flows was reduced to two, which alternated
constantly so there were no straight pipe sections. The repetition length was 9 mm, as in
type A, so that the contact lengths for the partial streams remained the same but the layer
thickness was considerably greater. The internal inserts were manufactured using stainless
steel powder (316 L) with a particle size between 5 and 45µm, using the PBF-LB/M-System
Realizer SLM125 (DMG Mori, Bielefeld, Germany).
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2.2. Experimental Plant for the Production of Polydextrose

The experiments for the lab-scale production of polydextrose were conducted in the
experimental set-up depicted in Figure 4. The reaction solution and rinsing water were
stored in two double-jacketed tanks (Storage tank 1 and Storage tank 2) and heated by
a thermostat(LAUDA) each. The entire length of the supply line, from the tanks to the
reactor, was heated using heating cords. An eccentric screw pump (P-01, SEEPEX, Bottrop,
Germany) supplied the medium into the plant. The pump flow was measured using a
Coriolis flow meter (FI01, RHEONIK, Odelzhausen, Germany). Three double-pipe heat
exchangers (HE01 to HE03) of different lengths were available as reactors. They could
be arranged in any order. The two configurations investigated more thoroughly in this
work are shown in the process flow diagram in Figure 4 and indicated by boxes with a
dash-dotted frame, i.e., the 30 cm-long reactor followed by the 40 cm-long reactor (70 cm) or
the 50 cm reactor used as a stand-alone reactor. Pressure and temperature were measured
upstream and downstream of each reactor. A back pressure regulator (VC01, Swagelok,
Solon, OH, USA) was installed downstream of the reactors to adjust the system pressure.
The adjoining pipes were heated externally using heating cords, just like the supply pipe.
This configuration led to 9 cm of bare pipe and 14 cm of insulated length between the reactor
outlet and the pressure regulator. The reactors themselves were heated in a counter-current
configuration, with heat transfer oil flowing at 300 kg/h, using a thermostat(Tool-Temp,
Sulgen, Switzerland). The temperature of the oil was measured at each reactor, both at the
inlet and the outlet (TI09 to TI14). To measure the mass flow, the oil from the thermostat
flowed through a Coriolis flow meter (FI02, Endress + Hauser, Reinach, Switzerland) before
it flowed through the heat exchangers. The mass flow could be controlled by a needle
valve (V03, Swagelok, Solon, OH, USA). The product was collected in a stirred water bath.
Samples of the product could be taken at the outlet of the pipe before the product ended in
the water bath.
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2.3. Experimental Procedure

The procedure was based on the following steps:

• Solution preparation. The first step was to prepare the feed solution with glucose
and deionized water. For each experiment, the solutions were prepared in storage ank
BR01 and heated to 80 ◦C.

• Warm-up phase. The heating cords and the oil thermostat were switched on to ensure
that the reactors were brought to the target temperature. Simultaneously, heated
deionized water from storage tank 2 was pumped through the system. When the
target-set temperature was reached, 1%wt. (regarding the dry mass) of catalyst(citric
acid) was added to storage tank 1. Next, the pump feed was switched from storage
tank 2 (DI water) to storage tank 1 (reacting glucose solution).

• Reaction conditions. Different experiments were set to determine the effect of the
glucose solution in the feed (50–80%). In addition, the reactor setting was varied, using
the 70 cm or the 50 cm reactor configuration. The influence of the type of inserts was
also investigated, as well as the effect when no inserts (Type 0) were placed inside
the reactor. The oil set temperature varied between 200 and 235 ◦C, and the system
pressure was set between 1 and 3 bar g. Oscillations in pressure could be observed
due to the ongoing evaporation. The pump was set to deliver feed mass flow rates
between 1.5 and 2.5 kgh−1. A summary of the operating conditions is given in Table 3.

Table 3. Operating conditions set during the study.

Set Glucose
Solution

/%wt.

Reactor
Configuration

Type of
Inserts

Oil Set
Temperature

/◦C

Pressure
/Bar g

Feed Mass Flow
Rate

/kgh−1

50, 60,
70, 80

70 cm,
50 cm A, B, C, 0 200, 210, 220,

225, 230, 235
1.5, 2, 2.5,

3, 4 2, 3.15, 3.50, 3.75

• Samples. Each operation point was held between 15 and25 min to reach a steady state.
When sampling, the product was mixed with cold deionized water and neutralized
with sodium hydroxide up to a pH value >5 to prevent further reactions.

• Analysis. The samples were analyzed using HPLC according to the established
method [19]. The product yield was determined as the total number of oligomers that
had a polymerization degree ≥2(polymerized glucose).

• Calculations. Due to the evaporation in the reactor, the density of the flowing medium
along the reacting path was not constant. For an exact determination of the residence
time, the course of the density of the reaction mixture over the length should be
known. However, the kinetics of evaporation in the reactor were difficult to determine.
Considering the known parameters, a Mass Hourly Volumetric Velocity (in kgh−1m−3)
can be defined for a comparison of the experiments, as follows:

MHVV =

.
M

VReactor
(1)

where
.

M is the mass flow rate in kg/h and VReactor is the total volume of the reactor. To
have a reference value to evaluate the experimental results in terms of time, the residence
time was also calculated as the formal hydrodynamic residence time (τFormal hydrodynamic in
sec) of liquid water at normal temperature pressure conditions (NTP):

τFormal hydrodynamic =
VReactor

.
V

=
VReactor

.
M

3600 ·ρWater−NTP

(2)

where
.

M is the mass flow rate in kg h−1, VReactor is the total volume of the reactor, and
ρWater−NTP is the density of liquid water at NTP conditions.
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3. Results
3.1. Effect of Temperature and Pressure

To determine the influence of temperature and pressure on the product yield, the
oil temperature was increased from 200 ◦C up to 225 ◦C in steps of 10 or 5 ◦C. At each
temperature level, samples were taken at pressures between 2 and 3 bar g. Figure 5 shows
the influence of the temperature and pressure on the polymer yield for a constant formal
hydrodynamic residence time (i.e., 89 s ± 2 s). In Figure 5a, the product yield is plotted
against the average temperature at the reactor outlet (Tout, measured by the thermocouple
at the reactor outlet, TI07). Tout was always the highest temperature measured in the reactor
path. For a better overview, the data points are formatted differently for the three different
pressure levels shown, i.e., 2 bar g, 2.5 bar g, and 3 bar g. The curve clearly confirms that
higher temperatures lead to higher product yields. In addition, it can be observed that
the higher the product yield, the smaller the scatter in the y-direction becomes. From this
observation, we can conclude that the nearer the reaction is to the equilibrium, the less
impact small differences in temperature and residence time have. In Figure 5b, the polymer
yield is plotted against the pressure at the reactor outlet, pout. Comparing the points in the
same oil set point temperature, it becomes apparent that lower pressures lead to higher
product yields. The reason for this fact probably lies in the increased water evaporation at
lower pressures. The glucose is only in the liquid phase, and thus, the reaction only takes
place in the liquid phase. As the pressure is reduced, more water evaporates, which leads to
smaller water concentrations in the liquid phase. At higher temperatures, the equilibrium
already lies at higher polymer yields anyway, so the pressure effect is less pronounced.
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3.2. Effect of Glucose Concentration in the Feed

Considering the previous studies in a microreactor with micro-channels which led to
a patent [1], it was expected that higher mass fractions of glucose in the feed would have a
positive effect on the product yield. In fact, more water in the feed should affect the reaction
equilibrium in such a way that less glucose can react. In the current study, however, it
was seen that the mass fraction of glucose in the feed had almost no effect on the product
yield, and therefore, the local reaction equilibrium. Figure 6 displays the product yield
vs. glucose concentration in the feed (% in mass) for different set oil temperatures. For
instance, as seen in Figure 6, at an oil set temperature of 220 ◦C, product yields of 85% were
reached at a feed glucose concentration of ~60%, whereas 88% of product was yielded at
~80% of glucose concentration in the feed. In the set of experiments shown in Figure 6,
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the same pump speed was always set. This means that higher feed concentrations, and
therefore higher densities, led to an increase in the mass flow rate. Consequently, this fact
resulted in shorter residence times for higher feed concentrations. This might be one of the
possible reasons for the similar product yield values for different feed concentrations.
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3.3. Effect of Residence Time

The effect of the residence time on the product yield was also investigated. For
that, experiments were performed at the same mass flow rate for each concentration,
using reactors of different lengths. In Figure 7a,b, the product yields obtained with the
70 cm reactor setup (squares) and with the 50 cm reactor (crosses) are plotted against the
temperature at the reactor outlet, Tout. Figure 7a shows the results for a feed concentration
of 80%wt. and a common mass flow rate of 3.7 kg h−1 ± 0.05 kg h−1,whereas Figure 7b
illustrates the product yield for a glucose concentration of 60%wt. and a common mass
flow rate of 3.10 kgh−1 ± 0.05 kg h−1.In both cases, only results obtained at an outlet
pressure of pout 2 ± 0.5 bar are shown. As expected, for a given feed concentration, i.e.,
80%wt., and common mass flow rate, i.e., 3.7 kg h−1 ± 0.05 kg h−1, the product yields
obtained with the longer set-up (70 cm) are higher as a consequence of the larger residence
time that a higher reactor volume offers. It is very remarkable that this difference in
product yield between the reactors is higher at lower temperatures. For example, this can
be seen in Figure 7a, where the difference in product yield between both reactors lengths
is much higher at an oil set temperature of 200 ◦C (difference in product yield of 18%wt.)
than when a temperature of 220 ◦C is set (difference of 4%wt.). In fact, the nearer the
reaction is to the equilibrium (i.e., at higher temperatures), the less impact differences in
residence time have. It can be observed that the same oil set temperatures always result
in almost-5 ◦C-higher reactor outlet temperatures for the reactor with a larger residence
time. Accordingly, the outlet temperature is the governing factor for reaching higher
yields. In Figure 7c,d, both reactor configurations (70 cm and 50 cm) are compared for
different formal hydrodynamic residence times (between 50 s and 150 s). From Figure 7c,d,
it becomes clear that higher residence times do not necessarily lead to higher polymer
yields; rather, the reaction temperature is the dominant factor. If the reaction rate increases
strongly with the temperature, it is conceivable that only the residence time at the highest
temperature accounts for the majority of the conversion. The effect on the product yield
visible in Figure 7c,d is therefore a superposition of the effects of residence time and reaction
temperature, which itself depends on the residence time.
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solution in feed (d) 60%wt. glucose solution in feed. The MHVV is also indicated in the graph. The
results for a 70 cm reactor are compared with the results with a 50 cm reactor. The pressure was
2 ± 0.5 bar. Literature values according to [1] are given as a comparative value.

As a comparative value, the literature data regarding the polymer yield achieved with
one microchannel reactor (µchannels, one-stage reactor) are shown—Example 2 in [1]. In
that case, for a glucose concentration of 80% in the feed, a polymer yield of 54.7% was
obtained. The residence time was given as 70 s, which is only about 5 s shorter than
in the comparable experiments made in this study. This corresponds to ~5% deviation.
Furthermore, the patent described the example of a two-stage reactor process. In this case,
the flow was circulated through a collection chamber before entering the second reactor.
In the chamber, water was partly evaporated to increase the degree of polymerization of
polydextrose in the second reactor. Despite these extra steps, the final polymer yield given
in the patent (Example 3 in [1]) was only 80% (“µchannels, two-stage reactor” in Figure 7),
definitely lower than the values obtained in this work.

3.4. Effect of Internal Inserts Geometry

In Figure 8, an empty 50 cm reactor is compared to a 50 cm reactor filled with in-
ternal inserts of type A. Here, the polymer yield is represented against the temperature
at the reactor outlet for a 60% glucose solution in the feed and the same mass flow rate
(~3.15 kgh−1).Since the applied oil temperatures were the same, it can be seen in Figure 8
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that the internal inserts definitely contribute to intensifying the process and therefore
increasing the polymer yield. The values obtained with an empty reactor at 235 ◦C fall
close to those obtained with the reactor fitted with internal inserts at 220 ◦C oil temperature.
Furthermore, the enhancing effect of the internal inserts on the heat transfer can be seen in
Figure 8a. Without internal inserts, the reaction temperature for an oil set temperature of
235 ◦C is only about 200 ◦C, whereas when the reactor is fitted with internal inserts, the tem-
perature reached in the reactor is about 220 ◦C for the same oil set temperature. Therefore,
the internal inserts contribute to the enhancement of the heat transfer and consequently
to the process intensification. From Figure 8b, it is remarkable that higher residence times
(obtained in the empty reactor) do not necessarily lead to larger polymer yields. Therefore,
the earlier conclusion—that temperature is the most influencing factor in this process—is
supported once more.
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Figure 8. Comparison of the polymer yield versus (a) temperature at the reactor outlet and (b) hydro-
dynamic residence time, using internals type A and no internals (empty reactor) in a 50 cm reactor,
for 60%wt. glucose in feed, with mass flow rate 3.15 ± 0.05 kg h−1 and pressure in the range of
2 ± 0.3 bar. The MHHV is also indicated in the graph. The color scale represents oil set temperatures.

Three different FGE geometries were additively manufactured (see Table 2 and Fig-
ure 3). Comparing the geometry of type B with type A, the partial flows alternated more
frequently over the same length. More frequent alternation means more frequent renewal
of the in-flow effect, so it was expected that the heat transfer would be better for type B.
In type C, the contact lengths for the partial streams remained the same as in type A, but
the layer thickness was considerably greater. Therefore, a reduction in heat transfer was
expected for type C. Considering the total volume of the 50 cm reactor, as well as the void
fraction of each type mentioned in Table 2, the volume relative to the reactor fitted with
type A decreased by 1.3% for type B and increased by 1.0% for type C. Therefore, it seems
justified to assume that the effect due to the use of different types of internals is primarily
due to the differences in geometry and not due to the differences in residence time caused
by the void fraction variation.

Figure 9 illustrates the polydextrose yield in a 50 cm reactor fitted with inserts of
the three different types against the temperature at the reactor outlet (feed: 60% glucose
solution, mass flow rate: 3.15 kg h−1 ± 0.5 kg h−1). For a better overview, individual plots
for the single set temperatures are shown. Thus, Figure 9a shows the polymer yield vs. the
reactor temperature for a set oil temperature of 220 ◦C, Figure 9b shows the results for a set
oil temperature of 225 ◦C, Figure 9c depicts the polymer yield for a set oil temperature of
230 ◦C, and finally, Figure 9d displays the product yield for a set oil temperature of 235 ◦C.
At the same applied oil temperatures, it is notable that outlet temperatures of the reaction
mixture consistently varied in the same order (B > A > C) (Figure 9).It is well known that
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these systems are able to provide an improvement of heat transfer at the expense of pressure
drop. In fact, for the same mass flow rate, a pressure drop of 0.45 bar was measured for the
reactor fitted with FGE type B.A pressure drop of 0.25 bar was measured for FGE type A;
for type C, a 0.12 bar pressure drop was recorded. These values were significantly lower
than the pressure drop values measured for the device used in [1], which were in the range
of about 2 bar.
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2 ± 0.3 bar. The color scale represents oil set temperatures.

4. Conclusions

In this work, the performance of PBF-LB/M-manufactured, regularly structured
internal inserts known as Fluid Guiding Elements was studied. Two reactor configurations
with double-pipe reactors of lengths 70 and 50 cm were equipped with these internal inserts
to investigate their suitability for the production of polydextrose. It was confirmed that
higher temperatures and lower pressures led to higher polymer yields, most probably due
to the evaporation of water and the achievement of the required temperature.

Furthermore, the residence time and the reaction temperature obtained had a clear
positive influence on the product yield. Higher polymer yields were only possible at higher
temperatures. A possible cause for this observation is an equilibrium limitation.

The obtained product yield was almost independent of the mass fraction of glucose in
the feed in the range of 50 to 80%. When using a finer-structured geometry (type B), an
increase in the temperature of the reaction mixture at the reactor outlet and higher product
yields for the investigated residence times were observed.

Considering the obtained results, the production of polydextrose in a double-pipe
reactor equipped with additively manufactured, FGE-based internal inserts shows benefits
in comparison to the previous patented solution with microchannels: higher product yields
can be obtained, and less glucose solution in the feed is possible. Thus, not only can the
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intermediate step of water separation be avoided, but also the use of a second microchannel
reactor. Accordingly, the results presented in this study enable a simplification of the process
via the elimination of equipment, which leads to a reduction in investment, maintenance,
and energy costs.
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