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A modular 3D printed isothermal heat flow
calorimeter for reaction calorimetry in continuous
flow
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Utilization of highly reactive compounds in novel flow syntheses requires new tools for process develop-
ment. This work presents such a tool in the form of a modular calorimeter designed for direct heat flux
measurements in continuous flow applications. The calorimeter consists mainly of 3D printed parts, which
can be adapted and reassembled easily to meet user-defined applications. By utilizing selective laser melt-
ing (SLM) of stainless steel and digital light processing (DLP) of a UV curable resin, a device is produced to
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meet the requirements of handling highly reactive organic compounds. Calorimeter segments are
temperature-regulated independently of each other by a microcontroller, allowing isothermal operation
conditions. Direct heat flux measurements are possible in the device through Seebeck elements which are
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calibrated internally at prevailing process conditions with the aid of heating foils. Functionality of the
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Introduction

New synthetic pathways are enabled in flow chemistry by uti-
lizing highly reactive compounds in milli and micro fluidic
devices.»* During development of these syntheses, thermody-
namic, fluid dynamic, and kinetic investigations are rarely in-
cluded, but are obligatory for a safe and efficient industrial
application. Development is mainly carried out in milli and
micro fluidic devices, whereby isothermal conditions are of-
ten assumed due to high surface-to-volume ratios and the
resulting high heat transfer rates.” Based on this assumption,
possible hot spot formation is not checked and misinterpreta-
tion of reaction data can occur.* By trying to achieve higher
productivities of the used milli and micro devices by scale-
out, underestimation of the length scale change can affect re-
actor performance and therefore the reaction outcome.’ In
this context, scale-out is defined as a slight change of a length
scale to increase productivity, while preserving characteristics
of the reactor, such as flow regime or surface phenomena. In
addition, reaction and mixture data for these new syntheses
are most of the time not easily available since a variety of dif-
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designed calorimeter is shown by good agreement of conducted heat flux measurements with literature.

ferent substances can be formed at slightly different reaction
conditions. However, these data are required for safety evalua-
tions as well as for an efficient process.®

Reaction calorimetrical investigations with their different
modes of operation” play a crucial role to provide fundamen-
tal data like enthalpy of reaction, activation energy, heat ca-
pacity of a reaction mixture as well as reaction rate. A key pa-
rameter for reactor design and safety evaluation is the
reaction enthalpy. Standard equipment for reaction enthalpy
measurements like batch calorimeters, e.g. the RC1 from
Mettler Toledo,® can only be used to a certain extent for novel
reactions under extreme reaction conditions as seen today in
flow chemistry. While there exist batch calorimeters with rela-
tively small volumes,®™*" their mode of operation is different
compared to flow chemical setups, i.e. they cannot provide
the conditions required to gather meaningful thermodynamic
and kinetic data for continuous flow applications in harsh re-
action environments.

Modifying batch calorimeters to meet flow applications is
possible through standard HPLC equipment,'? nevertheless,
this approach has some drawbacks. It does not provide opti-
mal connectivity of parts to the calorimeter, leads very often
to poor mixing performance caused by standard laboratory
tubing and connectors, and requires existing software to be
adaptable. Another possibility to use existing technology for
heat flux measurements is infrared thermography.'® Disad-
vantages of this method are a required optical access to the
ongoing reaction as well as an expensive camera providing
necessary resolution of the small channels.

This journal is © The Royal Society of Chemistry 2020
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Flow calorimeters recently developed use thermoelectric
principles to directly detect heat fluxes through the Seebeck
effect."*™® Their general setup consists of a chip-like reactor
separated from a heat sink by Seebeck elements which gener-
ate voltage signals proportional to the transferred heat flux.
These elements can be manufactured directly on the reactor
chip''® or bigger and cheaper commercially available
Seebeck elements can be used.'® By miniaturization of
Seebeck elements, spatially resolved measurements are
shown and additional information about reaction time scales
are obtained by some designs.'”*® Calibration of the Seebeck
elements can be done externally or internally by integrated
heating in the assembled device, which accounts for heat
losses of the system.”*?

All of the mentioned designs lack the possibility to react
locally to changing temperature caused by a reaction in the
corresponding section of the reactor. Heat fluxes from each
section are transferred through a Seebeck element uniformly
to one heat sink, with its temperature being regulated by a
thermostat set to the desired reaction temperature. Sufficient
heat transfer from heat sink to reactor cannot always be en-
sured in such a setup due to the poor heat transfer character-
istics of the utilized Seebeck elements. As a result, isothermal
conditions cannot be achieved if highly reactive compounds
are used and formation of local hot spots within the reactor
is likely. To overcome the poor thermal conductivity of
Seebeck elements, it is desired to control locally the tempera-
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ture within a reactor by specifically applying increased heat
fluxes.

The designed calorimeter described within this work is
guided by the abovementioned devices but utilizing the ad-
vantages of 3D printing as well as already existing knowledge
of reactor design®>*' and microcontroller-based regulation.
We present here a novel isothermal heat flow calorimeter
which can withstand harsh reaction conditions commonly
found in flow chemistry by a combination of two different ad-
ditive manufacturing techniques and cheap, commercially-
available electronics. In addition to its modular and extend-
able design, the calorimeter's segments are regulated inde-
pendently from each other and allow to react locally to ongo-
ing reactions. Applicability of the flow calorimeter is shown
by studying thermodynamic properties such as reaction en-
thalpy, heat capacity and molar excess enthalpy, and thus
providing necessary data for reactor scale-out as well as safety
aspects.

Experimental
Design of the flow calorimeter

The presented calorimeter features modular and extendable
segments with exchangeable elements, as shown in Fig. 1
and S3 in the ESL} Its elements were designed to utilize ad-
vantages of additive manufacturing by accommodating read-
ily available commercial laboratory and electrical
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Fig. 1 Exploded view of the designed calorimeter. lts modular segments were manufactured using additive manufacturing while considering
commercial components already during the design phase. Each segment is independently temperature-controlled through the aid of a microcon-
troller and can be calibrated at prevailing process conditions with integrated heating foils.
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components while focusing on reducing standard
manufacturing processes. This design for additive

manufacturing enables the production of highly complex ge-
ometries in a short time with minimal waste.

Two additive manufacturing techniques were used to man-
ufacture the device, selective laser melting (SLM) and digital
light processing (DLP). Reactor plate and cooling blocks were
manufactured by SLM of stainless steel to provide high chem-
ical and mechanical stability as well as excellent heat transfer
rates, allowing the usage of highly reactive compounds and
organic solvents at elevated pressures. The casing of the calo-
rimeter was manufactured by DLP of a cheap UV-curable
resin. This material in combination with an internal support
structure showed good thermal insulation against the envi-
ronment while providing necessary strength to fixate the
whole device. Both manufacturing techniques allow reactor
elements to be produced, which can be easily modified to
meet a desired configuration of the device in terms of num-
ber of reaction segments with different size and mixing
geometries.

The calorimeter measures direct heat fluxes using the
thermoelectric Seebeck effect with the aid of Seebeck ele-
ments contacting the reactor plate. A Seebeck element con-
sists of a series of thermocouples, which themselves are
consisting of two dissimilar electrical conductors connected
at one end. By applying different temperatures at each end of
a thermocouple, it generates an electrical voltage propor-
tional to the temperature difference. By arranging thermo-
couples in series across two surface areas as within Seebeck
elements, it is possible to measure the transferred heat by
means of an electrical voltage. Conversely, when a voltage is
applied to such a device, a hot and cold side is formed,
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which allows it to transfer heat. This configuration is de-
scribed by the Peltier effect and the same electronic compo-
nents are referred to as Peltier elements within this work.

The generated voltages from the Seebeck elements are
measured by a self-made electrical circuit utilizing a micro-
controller which is programmed with the Arduino integrated
development environment (IDE). To obtain the actual heat
flux, a calibration with integrated heating foils has to be
made. With these heaters, an exothermic reaction can be
simulated and by applying a defined power input, a calibra-
tion at prevailing process conditions can be obtained. This
calibration already accounts for heat losses of the device op-
erated at a defined temperature. Influences of the heating
foils during an actual calorimetric measurement were not in-
vestigated and neglected as they are assumed to be very
small. Furthermore, ideal heat input of the heating foils was
assumed within this work.

In contrast to other designs, this device features a
microcontroller-based temperature control of each calorime-
ter segment. This allows to ensure an operation of each seg-
ment independently as close as possible to the desired iso-
thermal set point. The reactor segment's temperature is
measured and transmitted to a microcontroller which adjusts
the heat flux of a Peltier element through a PID based control
strategy, see Fig. 2.

17,18

Reactor control strategy

Isothermal temperatures are ensured in the designed calo-
rimeter through a PID control of each reactor segment sepa-
rately. Here the advantages of additive manufacturing allow
accommodation of standard commercial electronic parts,
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Fig. 2 Control strategy for the calorimeter. The temperature of each reactor segment is adjusted separately by means of a microcontroller-based
temperature control. Peltier elements provide the necessary heat flux to regulate the reactor segments.
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which are used in this temperature regulation. The standard
regulation circuit to achieve this constant temperature is
shown in Fig. 2. This circuit is continuously repeated and
started by measuring the temperature of each reactor seg-
ment via thermocouples (TJ36-CPSS-116G-4, omega.de) at-
tached in the middle of each reactor segment. The small volt-
age signal produced by a thermocouple is recognized by an
amplifier (MAX31856, adafruit.com) which directly converts
this voltage to a readable temperature within the same chip
and transfers it to the microcontroller (Arduino Mega 2560).
The continuously looping control strategy of the microcon-
troller is implemented through the Arduino IDE and com-
pares the desired temperature set point for each reactor seg-
ment to the measured values. The calculated controller errors
are passed through a standard PID control procedure and
lead to specific set values of the current time step. These set
values are correlated to electrical voltages between 0 to 5 V
through an on board pulse width modulation (PWM) of the
microcontroller which gradually opens the gates of metal ox-
ide semiconductor field-effect transistors (MOSFET; IRFZ
44N, reichelt.at) to supply a defined amount of current to
each cooling Peltier element (QC-127-1.4-6.0MS, quick-cool-
shop.de). This defined electrical current to the Peltier ele-
ment generates a heat sink depending on the operation of
each reactor segment. To ensure a steady cooling perfor-
mance, the hot sides of the Peltier elements are cooled by the
custom-designed and SLM printed cooling blocks. The cold
side of the Peltier elements contacts Seebeck elements of
identical construction, which recognise the heat fluxes from
the respective reactor segments. Before repeating the control
circuit, the measured data is written to a COM port of the
microcontroller and is directly processed via an attached PC.
Evaluation of the steady state data can be carried out by cal-
culating mean values over a user-defined interval via spread-
sheet calculations.

The control strategy presented above only allows the inves-
tigation of exothermic measurements. Endothermic measure-
ments can be recognized by the Seebeck elements, since the
thermoelectric voltage can change signs. However, the electri-
cal contacts of the Peltier elements would have to be
switched to enable a temperature control. This would result
in switched cold and hot sides to provide the necessary
heating of endothermic events. In addition, no internal cali-
bration for endothermic events is possible with the
implemented heating foils.

PID characteristics

PID parameters influence the time needed to reach a certain
set point and account for varying heat fluxes in the system.
First estimation of PID parameters was done by experimental
step response evaluations, based on a known and sudden
electrical heat flux applied to the reactor segments through
the integrated heating foils, Fig. 3. A later fine tuning of pa-
rameters led to PID values of P = 20, I = 0.52 and D = 0 for
cooling at 25 °C. The differential parameter was set to zero

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Temperature and measured thermoelectric voltage of the
Seebeck element during the temperature control of reactor segment
rl with a suddenly applied electrical heating pulse of 6.6 W. Different
times to reach a desired stable temperature can be seen by varying the
regulation parameters.

since it was not necessary to account its depressing effect for
sudden high valued changes in the recorded signals. The pa-
rameters depend also on the time needed for each control
loop performed on the microcontroller. With these parame-
ters a steady state was reached after approximately 2.5 mi-
nutes starting from the sudden change.

Manufacturing - 3D printing

Elements of the calorimeter that require high thermal con-
ductivity, good chemical stability, and mechanical strength
were manufactured by SLM of stainless steel. One of these el-
ements was the reactor plate with the integrated reaction
channel and connector ports. The other parts printed with
SLM were the cooling blocks. These elements were 3D
printed according to modified CAD models with software-
generated support structures to provide the necessary stabil-
ity and layer-wise connection during the printing procedure.
Especially the thin connection points between reactor seg-
ments had to be modified to withstand deformation caused
by thermal stresses during the manufacturing. Additional
material was added to account for such deformations as well
as to provide sufficient space for surface modification to al-
low later an exact contact between the printed parts and
electronic components.

React. Chem. Eng., 2020, 5, 1410-1420 | 1413
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The reactor plate was designed with a precooling section
and two reaction sections utilizing a split and recombine
structure, Fig. 2. The internal diameter was set to 0.8 mm,
which gives a combined reaction volume of 220 pL for both
reaction segments. Due to the modular design, these reaction
sections can be duplicated and changed depending on the
desired task to reach a defined residence time as well as
mixing properties. Reactor sections were separated from each
other to reduce heat conduction between them. The addi-
tional material mentioned above was removed by laser cut-
ting to separate the sections. Connections of the reactor plate
to peripheral tubing can be made with standard flat bottom
HPLC fittings. Maximum operation pressure of the reactor is
therefore limited only by the specifications of the used fit-
tings, in this case 100 bar.

The designed cooling block for heat removal of the Peltier
elements needed an internal support structure before print-
ing (see ESIt Fig. S1). Besides being necessary for fabrication,
this structure increases the internal contact area for the heat
transfer of the coolant to the metal. If needed, a connector
port for temperature measurements close to the Peltier con-
tact area can be implemented as well. This temperature mea-
surement is indicated in Fig. 1, but was not used within this
work.

Additive manufacturing was then carried out by an SLM
system from EOS which utilizes an ytterbium fibre laser with
400 Watt maximum power input, scanning through each of
the 40 pm high sliced layers. A 316L stainless steel powder
bed with a mean particle size of 35.9 pm was used for the cal-
orimeter elements. Post-processing of the stainless steel parts
included several cleaning procedures with compressed air,
treatments within an ultrasonic bath to free entrapped parti-
cles, sandblasting of the outer surfaces, CNC milling and la-
ser cutting to achieve the planned geometries. Accurate con-
tact of the reactor plate and cooling block to the Seebeck and
Peltier elements was ensured by the CNC milled surfaces,
which have the same roughness properties as standard
milled stainless steel parts. Besides removing of excess parti-
cles, no further surface treatment of the internal channels
was carried out.

Casing elements of the calorimeter were designed to be
easily 3D printable without any additional support structure,
see Fig. S2 in ESLf All elements feature prism like internal
structures, which connect each layer, give the parts necessary
mechanical strength, reduce the amount of material needed
during production and provide necessary thermal insulation
against the environment. All casing elements were designed
to be printed by DLP of a UV curable resin. The elements
were produced with the Photon from Anycubic and a stan-
dard black resin from the same manufacturer. Based on pre-
liminary knowledge of the printer, a layer height of 50 um
with a normal exposure time of 14 seconds was chosen to
produce the casing elements. Due to the small printing area
of the device, several printing jobs had to be carried out but
the whole production time did not exceed two days. By using
this approach of 3D printed casing, future adaption and ex-
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tension of the calorimeter can be easily carried out. Post-
processing of these parts included only the removal of the
parts from the build platform and cleaning with ethanol. The
parts could be used directly after printing but a final curing
in sunlight until the next day was envisioned.

Reactor setup and external equipment

The experimental setup shown in Fig. 4 was used within this
work. For continuous measurements, the designed calorimeter
needed additional equipment to solve the overall heat balance.
To close the heat balance, it was necessary to add additional
temperature sensors in both inlet streams. Here, standard
T-junctions (PEEK, bore 0.020 in, thread 10-32) were modified
by drilling a 1.6 mm hole in the middle connector to bring the
sensor tips within the flowing liquid stream. Due to fluctuations
of room temperature, a heat exchanger was added to bring both
inlets to a steady temperature. For this heat exchanger, stainless
steel coils (1/16” OD, 0.03” ID, 1 m) were used and heated
within a water bath on top of the heating plate of a laboratory
magnetic stirrer (IKA® RCT standard). Fluids were pumped into
the reactor with HPLC pumps (Knauer Azura P4.1S) utilizing
back pressure regulator (BPR) to achieve a smoother operation
of these pumps and a certain backpressure over the reactor. For
the mixing characterization, the HPLC pumps were exchanged
with syringe pumps (Lambda VIT-FIT) due to the pulsing nature
of the HPLC pumps used, which influences the mixing perfor-
mance. Within these experiments, no BPRs were used. A con-
stant operation of the calorimeter segments was envisioned by a
continuous coolant supply from a thermostat (Lauda Alpha
Ra12) to the cooling blocks.

Heat balance of the system

A heat balance of the reactor plate is needed in addition to
the direct heat flux measurements for the calculation of the
produced reaction heat. A general heat balance is depicted in
eqn (1).

dQ . . .

E = ~Qconv ~ Qu T Qxx (1)
The reactive heat flux Q. shown in eqn (2) is depending on
the total volumetric flow rate V, initial and limiting concen-
tration ¢,, molar reaction enthalpy Azi and chemical conver-
sion X regarding the rate limiting substance.

Om = VCOAhRX (2)

Convective heat fluxes Qcony Of inlet and outlet streams are
shown in eqn (3)—(5) with temperature T;, density p;, molecu-
lar mass MM;, and molar specific heat capacity cp; of a re-
spective substance or mixture at fluid port A, B or out. In
these equations, Ty was used as reference temperature and
a sign convention was used throughout this work which de-
picts heat carried out of the system with negative values.

. . P
Qout = Vout ﬁfut Cp,out (Tset - Tout) (3)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Experimental setup used for all measurements. An additional pre-cooling was added directly before the reactor to achieve almost constant
input temperatures. A quench pump is indicated in the setup for later applications, but in this work the quench port was plugged with an HPLC

plug.

. .p

Qina =Va Ml\I;IA oA (Tset = Tina) (4)

Q' B — VB L CrB (Tset ~Tin B) (5)
in, MM > ,

Heat fluxes directly measurable through the Seebeck ele-
ments, placed at the reactor segments pre, r1 and r2, are
added together to the transmitted heat flux O, as shown in

eqn (6).
Qtr = Qtr,pre + Qtr,rl + Qtr,rz (6)

Each heat flux from the reactor segments is a function of a
measured voltage signal Ugg;. In this work, a fit in the form
of a second order polynomial was used for eqn (7).

Our,i = feativr (Usg,) (7)

No heat losses were added within the calculation due to the
internal calibration with heating foils in the device. It was as-
sumed that this calibration already accounts for heat losses
to the environment at a specific operation point.

In a steady state operation, the temporal change of energy
equals zero in eqn (1) and the reaction enthalpy can be calcu-
lated as shown in eqn (8) whereby convective heat fluxes of
inlet streams need to be subtracted and the heat fluxes of the
outlet have to be added.

Otr - Oin,A - Q‘in.,B + Qout
VeoX

Reaction to characterize mixing efficiency

A key parameter to perform homogeneous flow syntheses is
mixing performance. Depending on the intrinsic reaction rate
of a synthesis, different products and side products can be
obtained if mixing of two miscible streams is the rate limit-

This journal is © The Royal Society of Chemistry 2020

ing factor. Therefore, mixing performance of the designed re-
actor plate was evaluated experimentally. This can be done
with mixing-sensitive reactions, e.g. a system with consecutive
and competitive reactions as described in literature.?*>* De-
spite being well documented, the Villermaux-Dushman sys-
tem>* is adapted in various works to customize the redox re-
action to the mixing time of the reactor, which complicates a
comparison of different reactors.>**® Also, the reaction can
be altered by light, heat, and dissolved oxygen.>*

Because of these limitations, the diazo coupling published
by Bourne et al.>*> was chosen for mixing evaluations of the
designed reactor plate, see Scheme S1 in the ESL{ In a first
step, diazo coupling of 1-naphthol (A) and diazotised
sulfanilic acid (B) takes place and gives the monoazo isomers
p-R and o-R. Poor mixing promotes the secondary coupling of
p-R and o-R with B giving the bisazo dye S. Better mixing is
indicated by less formation of the secondary coupling prod-
uct S.

k
A+B —pR 9)
A+B 52 oR (10)
k20
pR+B 25 (11)
Fap
0-R+B —8S (12)

Reaction rates of this coupling are well defined at standard
conditions of 25 °C, in a sodium carbonate/bicarbonate
buffer (444.4 mM), at a pH of 9.9.%” Final solutions for the
characterization included 1.2 mM of A in an 888.8 mM so-
dium carbonate/bicarbonate buffer and 1 mM diazotized
sulfanilic acid in an aqueous solution.

Solutions were pumped with equal flow rates through the
reactor plate at total flow rates of 0.2, 0.5, 1, 2, 4, 6, 8 and 10
ml min~'. Samples were collected after approximately three
residence times and stored in a dark container. Before
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analysis, samples needed to be diluted (1:8) with the 444.4
mM buffer to account for the long path length of 10 mm of
the available UV-vis flow cell (Flow Cell-Z-10, Avantes). Spec-
tral data was produced by passing the light from a UV light
source (AvaLight-DS-DUV) through the flow cell and to a de-
tector (AvaSpec-ULS2048) with an integration time of 1.05
ms, averaging of 100 samples and saving the obtained data
from an interval of 390 to 700 nm in 10 nm steps. Concentra-
tions were calculated by a multi-parameter-linear-regression
of the absorption spectra as described in a previous work.?*

Calorimeter calibration

Direct calibration of the assembled calorimeter is possible
through the incorporated heating foils. This calibration
method can account for heat losses to the environment al-
ready during calibration. To increase the measurement accu-
racy of the device, a calibration for each temperature set
point should be made.

For the calibration of each reactor segment, a known and
steady electrical heat flux was supplied to the respective seg-
ment simultaneously. This heat flux was delivered by inte-
grated heating foils (TSC0400040gR7.91, pelonistechnologies.
com) for each reactor segment separately and recognized by
the respective Seebeck element opposite the reactor plate as a
thermoelectric voltage Usg;. Heating foils were connected in
parallel to a power supply (Manson NRP-3630) which pro-
vided a known electrical power input. Each foil's electrical re-
sistance had to be measured to calculate the true applied
electrical heat flux for the respective foil. Because of the inac-
curate voltage and current display of the power supply, an ex-
act voltage and current measurement was installed with digi-
tal multimeters for exact power input characterization.
Changes in the electrical resistance of all elements (ESI{ Fig.
S4) were seen by varying temperatures with a changing over-
all resistance of the system. This changing resistance was
accounted in the calibration experiments. Calibration data
was obtained at steady state conditions with 31 points be-
tween zero and 7 W applied to each reactor segment for an
operation temperature of 25 °C.

Functionality test of the calorimeter setup

A functionality test of the whole setup was carried out by
adding warm deionized water into the calorimeter with the
goal to cool it down to 25 °C and measure the transferred
heat. In addition to the heat transfer evaluation, it was also
planned to see how the calorimeter reacts to unstable inlet
conditions. To achieve such an unstable behaviour, the
precooling water bath was heated to approximately 40 °C and
set to 36 °C in the beginning of the experiment when the
pumps were started. The slow cooling of the water bath gen-
erated varying inlet temperatures. Together with changing
pump rates of 0.5, 1, 2, 3, 4 and 5 ml min~" for the respective
pumps, unstable inlet conditions were simulated. All experi-
ments were carried out twice except for the flow rate of 5 ml

min .
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Reaction to generate heat fluxes

To verify performance of the reaction calorimeter, exothermic
neutralization of sodium hydroxide (NaOH) with acetic acid
(AcOH) was used. The reaction equation of this neutralization
is depicted in eqn (13).

CH;COOH + NaOH — H,O0 + CH;COONa (13)
This neutralization was chosen since it is very well character-
ized and a standard reaction used in calorimetry. Another ad-
vantage is that the reaction products are not depending on
mixing while the reaction is quasi instantaneous and leads to
full conversion. The starting solutions were prepared by dis-
solving solid NaOH (sodium hydroxide >99%, Carl Roth) in
deionized water and dilution of AcOH (acetic acid puriss. p.
a., ACS reagent, Sigma Aldrich) with deionized water, both to
1, 2, 3 and 4 mol L. For the actual neutralization reactions,
the solutions were fed in an equimolar ratio into the calorim-
eter inlets with 1, 2, 4, 6 and 8 ml min'. Each operation
point was evaluated twice at steady state by calculating mean
values over a significant number of samples (more than 100).
The correct operation was checked for each measurement
point by measuring pH value of the outlet stream after
reaching a steady state.

Excess molar enthalpy measurements

Excess molar enthalpy H® is an essential thermodynamic
property for the design of chemical processes, which address
the non-linearity of solutions. It can be used to determine
the vapour-liquid equilibria by utilizing the Gibbs-Helmholtz
equation.”®?°

To demonstrate an additional application of the designed
calorimeter, measurements of excess molar enthalpy of meth-
anol (CHROMASOLV™ >99.9%, Honeywell) and deionized
water at 25 °C were carried out. Within the experiments a
constant total flow rate of 4 ml min~" was used while differ-
ent flow rates of the respective pumps were set to obtain mix-
ture data throughout the binary system.

Additional heat capacity measurements

The segment-wise control of each reaction sections makes it
possible to set different temperatures and therefore gives an-
other possibility to calculate heat capacities of the pumped
liquids if the mass flux is known. For this kind of experi-
ment, the precooling plate was set to 25 °C and both reac-
tion segments were set to 23 °C. A different mode of opera-
tion like this requires a new calibration to recognize the
heat necessary to decrease the flowing fluids temperature by
the calorimeter. To prove this measurement principle, water
was pumped through the calorimeter equally with both
pumps at total flow rates of 2, 4, 6, 8, 10, 12 and 14 ml
min~'. Operating points between 2 and 10 ml min™" were re-
peated twice.
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Results and discussion
Reactor plate performance evaluation

Applicability of the designed reactor plate for fast reactions
was evaluated prior to heat flux measurements. For this eval-
uation mixing performance of the reactor plate was investi-
gated with a mixing sensitive reaction system proposed by
Bourne et al.>* Product formation and therefore decreasing
yield of the bisazo dye S indicates a high mixing perfor-
mance. As shown in Fig. 5, relatively low yields were obtained
at total flow rates above 4 ml min™" for the designed reactor
plate. Therefore, the current calorimeter/reactor design
should be operated at total flow rates above 4 ml min™" to
achieve sufficient mixing performance if the reaction is
known to be fast and limited by mixing. Late mixing within
the designed calorimeter would influence the product forma-
tion of a fast and mixing sensitive reaction but does not in-
fluence the heat flux detection. A reaction without mixing
sensitivity would proceed to produce heat downstream until
the fluid is well mixed and the reaction is completed.

A comparison of reactor performance with literature is
possible with the Bourne reaction since it was carried out at
the proposed standard conditions.”” Compared to commer-
cial equipment,®® the designed reactor plate performed very
well. It is compared in Fig. 5 with a standard T-mixer
(Upchurch Scientific), a X-mixer (Little Things Factory GmbH,
type X) and the Slit interdigital micromixer SIMM-V2-ss
(Institut fur Mikrotechnik Mainz GmbH). This comparison is
of course still dependent on the chosen pumps; however,

05 + a °
04 | .3 .
RN Q
_ 03¢
>i,, r \\“ \ \‘\
02 + A L
01+ N A—A e g
- \ \‘6 ---------------
0 ——— g g g ﬁ
D 5 10 15 20
-0.1 +

Flowrate [ml min-1]

----- A-—- Reactor Plate - T-mixer (d=0.5 mm)

rrrrr ®- LTF-MX

Fig. 5 Evaluation of the reactor plate's mixing performance. Lower
yield of the bisazo dye S at higher flow rates indicates increasing
mixing performance. The evaluated reactor plate performed well
compared to commercial mixers evaluated within literature.3° It is
compared to a standard T-mixer (Upchurch Scientific), an X-mixer (Lit-
tle Things Factory GmbH, type X) and the Slit interdigital micromixer
SIMM-V2-ss (Institut flr Mikrotechnik Mainz GmbH).
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both evaluations utilized high-accuracy syringe pumps and
similar pumping performance can be assumed.

Calibration with integrated heating foils

Calibration of the calorimeter was carried out with the inte-
grated heating foils for each element. As described above,
each reactor segment was calibrated simultaneously by apply-
ing a known power input to the respective heating foil. With
this direct calibration method, heat losses to the environ-
ment were assumed to be accounted for the obtained
calibration.

The calibration at 25 °C for each reactor segment is shown
in Fig. 6. As reported in literature," a correlation of heat flux
and thermoelectric voltage Ugg; of the respective Seebeck ele-
ment was found in the form of a polynomial of second order.
This polynomial matches to the theoretical Joule heating by
electrical power input P expressed with electrical potential U,
when assuming an ideal resistor R, and expressing electrical
current with Ohm's law as shown in eqn (14).

p=vrl
R

(14)
Electrical resistance R of the individual element is dependent
on temperature and manufacturing for each element. There-
fore, a calibration for each new set point needs to be made if
any other operation temperature is needed. A correlation of
set point temperature and heat flux calibration was not done
within this work.

Functionality test with warm water

After obtaining a calibration for the calorimeter, a general
functionality test was done. This experiment was meant to in-
vestigate the effects of unstable and varying inlet temperature
on the calorimeter performance and to estimate the influence
of temperature changes occurring within later operations.
Therefore, warm water with changing temperature and differ-
ent flow rates was pumped into the calorimeter to see how its
regulation accounts for these changes. Additionally, with this
experiment the outcome of changing inlet conditions on the
calculated heat balance was evaluated.

Experimental data of this experiment can be seen in the
ESIt in Fig. S5 and S6. Within this experiment, the necessary
heat flux to cool down both feeds was calculated and com-
pared to the heat capacity of water 75.34 ] mol™ K '.*" A heat
capacity of 73.36 ] mol™* K" with a variation of +2.62 ] mol™
K™ was obtained from the measurements. Increasing accu-
racy of the measurement was seen at higher flow rates above
2 ml min™" total flow rate. At these high flow rates, tempera-
ture measurements of in- and outlets can be expected to bet-
ter represent the true fluid temperature in and out of the de-
vice because of heat losses between the sensors and the
device. Excluding flow rates below 2 ml min™" leads to a value
of 75.74 ] mol™ K* with a variation of +1.18 ] mol™* K" for
the remaining experiments. An accurate function of the de-
vice even at changing process conditions could be shown
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Fig. 6 Calibration of the reactor segments with known heat fluxes produced by means of electrical energy. This calibration already accounts for
the true resistance of each heating foil as well as the change of resistance with applied current.

with a deviation of 0.53% of the mean value from the litera-
ture value.

Proof of concept AcOH-NaOH neutralization

The neutralization of AcOH with NaOH was chosen to evalu-
ate the calorimeter's applicability for a fast chemical synthe-
sis. The obtained data are depicted in Fig. 7 for different
mole fluxes of AcOH at changing total flow rates.

From the obtained experimental data, (see ESI{ Fig.
S7-S9 for a comparison between experiments and Fig.
S10-S17 for time resolved data of the respective measure-
ment) it can be seen that at lower flow rates the reaction

finished in the first reactor segment and only remaining
heat gets transferred through convection to the second
segment. Above flow rates of 6 ml min™ a certain in-
crease of detectable heat flux can be seen on the second
segment. Most probably the reaction was shifted down-
stream at increasing flow rates. The pulsating nature of
the HPLC pumps at higher flow rates is likely to be the
main factor influencing this behaviour. Probably higher
and lower concentrated plugs travel through the calorime-
ter and may experience back mixing to a uniform concen-
tration field after a certain amount of mixing elements.
Nevertheless, a constant operation for each measurement
point was obtained after approximately 3 minutes.

AcOH mole flux [mol s1]

4.97E-05
+ 9.94E-05
3.31E-05

4.97E-05
I 2.65E-04
- 2.32E-04

K4 1.66E-05

Elr
Er 8.29E-06

=17

Measured

{iHeat Balance

r 3.31E-05

— Literature

Fig. 7 Neutralization of AcOH with NaOH with a comparison to the theoretical heat of neutralization for 1 mol of water.®2 The grey area
represents the directly measured heat flux with indication of the energy balance shown by an extending frame.
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Fig. 8 Measured molar excess enthalpy HE at 298.15 K for water (1) +
methanol (2). With a slight offset, the obtained data nicely resembles
measurements from literature.*°

Measured heat fluxes with contribution of the heat balance
were compared to the expected neutralization enthalpy of -57.4
kJ mol™* for the neutralization of AcOH with NaOH.*?> Within all
evaluations, heat capacity of pure water was used for the calcula-
tions. All measurements obtained a reaction heat of -52.95 kJ
mol ™ with a variation of +6.68 k] mol ™. As in the previous ex-
periment, low total flow rates of 1 and 2 ml min™ gave dramati-
cally bigger errors compared to higher flow rates. Without these
low flow rates, a reaction heat of —57.00 k] mol™ with a varia-
tion of +1.08 kJ mol™ can be obtained from the measurements.
The higher error occurring at lower flow rates was assumed to
be caused by ineffective temperature measurements of the inlet
stream due to heat losses. In this case, the heat balance was
most probably not closed correctly.

Mixing heat of methanol and water

Molar excess enthalpy of methanol and water as a function of
the mole fraction of water was chosen as an additional evalu-
ation case. A total flow rate of 4 ml min™" was constantly kept
throughout the experiments as lower flow rates showed sig-
nificantly reduced performances in previous experiments. Ex-
perimental data of this measurement can be found in the
ESIt in Fig. S18 and S19.

In Fig. 8, the obtained measurements at 25 °C were com-
pared to the literature values presented by Pifeiro et al.’® A
slight offset to the reported values from literature can be
detected but the general shape of the curve was perfectly
mimicked by the obtained measurement data. Apart from the
qualitative comparison of the two curves, no further evalua-
tions were carried out with the data at current state.

Additional heat capacity measurements

Heat capacity of water was measured in a different mode of
operation by performing a temperature change of 2 °C be-

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

tween the calorimeter segments. This new configuration re-
quired a new calibration (see ESI{ Fig. S20).

From all measurements a heat capacity of 80.45 J mol*
K ' with a variation of +7.51 ] mol™ K* was obtained. In con-
trast to the other measurements, discarding low flow rates
did not shift the obtained value closer to the literature value
of 75.34 J mol™ K" (ref. 31) but the variance of measurement
did improve. Without low flow rates, a heat capacity of 84.01
J mol™ K with a variation of +2.70 ] mol™ K ' was
measured.

As seen from the experimental data during measurements
(see ESIt Fig. S21 and S22), this temperature jump did not
produce a high change in recognizable heat flux due to the
low temperature difference. Increasing measurement error
can be attributed to the small detectable heat flux where re-
duced measurement efficiency can be expected. This problem
could be solved by applying greater temperature jumps be-
tween the segments. But accurate heat capacity measure-
ments are generally shown with an experimental setup as
reported before within the functionality test with warm water.

Conclusions

A modular reaction calorimeter is presented for direct and
isothermal heat flux measurements intended to be used for
highly reactive organic compounds as commonly found in
flow chemistry. Its design is based on a combination of com-
mercially available electronics and additive manufacturing.
With this combination, elements can be adapted and
reassembled easily to fit specific applications. To ensure iso-
thermal operation, calorimeter segments are temperature-
regulated independently from each other by means of a
microcontroller-based Peltier cooling. Internally-calibrated
Seebeck elements measure the transferred heat flux of each
calorimeter segment.

The designed calorimeter was validated with a series of ex-
periments which produce a well-known heat flux. Through
these experiments, the calorimeter design was proven to be
applicable to measure reaction heats of fast reactions, impor-
tant material properties like specific heat capacities, and
system-specific properties as molar excess enthalpies.

Improvements of mixing performance for lower flow rates
should still be considered for future models of the reactor
plate. Adaptations of the existing calorimeter can be easily
made due to its modular design. The reactor plate used can
be exchanged to meet the requirements of different flow syn-
theses for higher or lower flow rates to provide additional
mixing performance if required. In addition, additional con-
nector ports can be added to the design if mixing of multiple
streams is desired.

Future work will focus on extending the reactor plate to
increase internal volume of the device as well as the addition
of smaller Seebeck elements for a more locally resolved mea-
surement. Further improvements of the setup will be made
by coupling a controllable heat exchanger to both inlets for a
precise preconditioning of the streams. Additionally, it is
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planned to investigate hazardous chemical syntheses with
the current device as well as with advanced versions of it.
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