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Abstract:

An enhanced small-scale reaction calorimeter has been built for
nonisothermal applications. Its unique design, combining com-
pensation heater and heat flow sensors together with a solid
intermediate thermogtat is particularly suited for data oriented
process development (determination of chemical reaction param-
eters i.e. rate congants, reaction enthalpies, and reaction monitor-
ing with optional in situ devices) in a wide range of applications
in chemical and life-science oriented industries.The performance
of the calorimeter is successfully demonstrated for kinetic inves-
tigation under nonisothermal conditions. Three different methods
for determining the time-resolved reaction heat have been tested.
Thefirg is based on the traditional heat balance, the second on
the twin principle, while the third is a novel method based on a
rigourous heat flow modelling usng mathematical finite methods.
Asa case sudy, weinvestigated the eterification of n-butanol with
acetic anhydride catalysed by tetramethylguanidine using a tem-
peratureramp from 30to 80 °C. Each method accountsdifferently
for the dynamics and the heat accumulation in the system.
However, all three methods show minor differencesin theresulting
kinetic parameters and reaction enthalpies. In this temperature
range, kinetic and mechanistic analysis resolved two competitive
paralle catalytic and noncatalytic steps.

Introduction

During early stages of process development chemical and
pharmaceutical industry needs flexible and versatile tools to
assess information about chemical reaction systems. For several
decades, calorimetry has become a standard analytical technique
in laboratories for monitoring the heat liberated or absorbed by
chemical and biological reactions. Reaction calorimetry (RC)
allows simulating industrial plants at a litre-scale, including
dosing, mixing, and controlling of the reactor temperature and/
or pressure,! and using simultaneously multiple in situ analytical
devices. RC has been successfully employed during process
development for investigation of thermal safety?® but also to
elucidate reaction mechanisms and associated activation ener-
gies, rate constants, and heats of reaction,*> and to optimise
chemical processes in a data oriented way.
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Several publications are dedicated to reaction calorimeters,
reviewing their different principles (power compensation, heat
flow, and heat balance), and their operational modes (adiabatic,
isoperibolic, isothermal, temperature modulations, and Peltier).26—8
Isothermal mode is often preferred to reduce the amount of
information to be interpreted (e.g., temperature dependency
of the chemical system).2 However, temperature modulations
(mostly temperature ramps) are widely used for crystallisa-
tion® and polymerisation.'® Moreover, for simple reactions,
the activation energy, E,, can be determined simultaneously
to the reaction enthalpy, AH, and the pre-exponential factor
of the Arrhenius equation in one single nonisothermal
experiment,'* while the usual approach requires to perform
the reaction at several different temperatures to draw an
Arrhenius plot.*2 That way, a considerable gain of time and
of test substance is expected. However, it is well-known that
the determination of the reaction heat during a temperature ramp
is a challenging task as the temperature ramp often shifts the
baseline of the heat signals due to temperature dependencies
of the overall heat transfer coefficient, the heat loss, and/or
because heat may undesirably accumulate into the system?!.13
and may require several time-consuming calibrations.

To compensate for baseline shift due to the system itself,
twin-system calorimeters, such as a Differential Scanning
Calorimeter (DSC)'* or a Differential Reaction Calorimeter
(DRC),’ have been designed for the differential measurement
principle such that a sample vessel and a reference vessel run
in parallel. Naturally, for a good consideration of the dynamics
of the system, the physical properties of the reference should
be close to those of the sample. In a single vessel, a similar
approach consists of repeating the measurement with a nonre-
active reference.®
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Scheme 1. Esterification of n-butanol (BuOH) by acetic anhydride (AA), catalysed by 1,1,3,3-tetramethylguanidine (TMG)
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To study reaction mechanisms, in situ IR-spectroscopy is
often preferred to calorimetry. Multivariate spectra provide more
information on the chemical system, and optimisation of the
kinetic parameters is more robust than the monovariate calo-
rimetric data. However, under nonisothermal conditions, the
validity of Lambert—Beer’s law is often limited due to
temperature dependent spectral shifts in the absorbance spectra.t’

The goal of this study is to demonstrate that nonisothermal
calorimetric investigations without time-consuming calibration
steps may provide quick kinetic and mechanistic information
without performing an extensive kinetic study. To do so, we
first test the performance of our reaction calorimeter to control
the reaction temperature under nonisothermal conditions, since
until now, our prototype calorimeter has been used under strictly
isothermal conditions only. As a case study, the kinetics of the
solvent-free base-catalysed esterification of n-butanol by acetic
anhydride is reinvestigated. We applied three different methods
to perform the heat balance. The first two methods have been
already commonly used and employ either a global heat balance
or a measured reference. In the third method, we present a novel
approach based on a heat flow model of our reactor and a
simulated blank. Kinetic modelling with only few nonisothermal
measurements indicate a mechanism of two competitive parallel
reactions.

Experimental Section

Reaction. Ecological impact from chemical and pharma-
ceutical industry has been gradually decreasing during the past
few years, encouraged by political decisions for CO, reduction
factors. Solvent-free reaction environment is a promising
solution to produce chemicals under green conditions as pre-
and post- treatment of solvent (purification, separation and
recycling) can be avoided. However, as no thermal buffer and
high chemical concentrations are present, the reaction has to
be particularly well-characterised. As an example, we investi-
gated the solvent-free esterification of n-butanol (BuOH) by
acetic anhydride (AA), catalysed by 1,1,3,3-tetramethylguani-
dine (TMG) to form butyl acetate (BUOA) and acetic acid (AH),
Scheme 1. This reaction is of particular relevance in industry
for solvent, pharmaceutical, perfume and explosive manufacturing.

Few studies showed that an autocatalytic behaviour of
esterification between anhydrides and alcohols'® may lead to
several safety issues. For example, in case of thermal runaway,
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the boiling point of the reaction mixture may be reached
increasing dangerously the pressure of the reactor.’® To our
knowledge, only few investigations studied the base-catalysed
esterification, and the researchers reported mainly a pseudo-
second-order reaction mechanism, with?® or without?*?? fast
equilibrium of an activated catalyst complex. All these studies
were performed below 50 °C under multiple isothermal condi-
tions. In the present study, we investigated the reaction from
30 to 80 °C to cover also the temperature range reported in
literature for the esterification of acetic anhydride by methanol.*®
The experiments were carried out in a semibatch mode using
the following procedure. The reactor was initially flushed with
dry N, and then loaded with 22 mL of acetic anhydride (Acros
Organics, 99+%) and 1.25 mL of 1,1,3,3-tetramethylguanidine
(ABCR-Chemicals, 99%). After the steady-state has been
reached (T, = 30 °C), 21.4 mL of n-butanol (Acros Organics,
99%, extra pure) was fed at 3 mL/min with a syringe pump
(kdS 200, kdScientic) and a gastight Hamilton syringe (series
1000, 25 mL). The temperature ramp was started after the end
of the dosing to avoid perturbance by heat of mixing during
the nonisothermal phase. The ramp was applied simultaneously
to the temperatures of the reactor, T,, the jacket, T and the cover,
Teover (Se€ Figure 1). A heating rate of 1 °C/min was chosen in
line with typical heating rates reported in literature!*® and also
due to limitation in the temperature control of the cover, Teoer-
An overview of the reaction conditions is given in Table 1.
Instrumentation. All experiments were performed in a high
performance small-scale reaction calorimeter, which has been
under ongoing development in our laboratories for the last 10
years. As illustrated in Figure 1, the system is composed of
one stirred vessel (in Hastelloy) and a hexagonal metal jacket
(in copper) designed as an intermediate thermostat. The jacket
temperature is controlled by six Peltier elements (Melcor, HT
6-12-40-T2) placed on the lateral sides of the jacket. The heat
pumped through the Peltiers is carried away by coolers
connected to a cryostat (Haake P1-C50P). The temperature of
the bulk is controlled by an electric compensation heater, whose
power varies as the reaction liberates or consumes energy.
Sample volumes of 20—50 mL bridge the gap between
commercially available reaction calorimeters typically working
in the one-litre scale, and microvolume thermo-analytical
instruments. Thus, the device is particularly useful for research
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Figure 1. (Top) Schematic of the combined reaction calorimeter, CRC.v5, with independent PID control of T, Tj, and Teye. (Bottom) Images
of (a) the calorimeter CRC.V5, (b) the dectrically heated cover allowing for eight inserts, and (c) the copper jacket with the cooling system.

and development in fine and pharmaceutical chemical industry
where only small amounts of test substances are available.
Despite the small volume of the reaction vessel, an attenuated
total reflection Fourier transform infrared (ATR-FTIR) DiComp
probe (Mettler-Toledo) is mounted directly at its bottom. A
magnetically coupled pitched blade turbine with speeds up to
2000 rpm is used for stirring. The maximum pressure and
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temperature are up to 60 bar and about 200 °C, respectively.
Instrumental control and data acquisition are operated with the
Labview software, version 8.5, at a sampling rate of 10 Hz
running on a 3.40 GHz Pentium 4 personal computer. The
working principle of the calorimeter combines the compensation
heater and heat balance principles. For details, we refer to Zogg
et al.®



Table 1. Experimental conditions for the semi-batch
esterification of n-butanol (BuOH) by acetic anhydride (AA),
catalysed by 1,1,3,3-tetramethylguanidine (TMG) under
non-isothermal conditions

initial reactor temperature, T, 30 °C
initial jacket temperature, Tjo 28 °C
initial cover temperature, Teovero 28 °C
AT, AT, ATcover 50 °C

start of the ramp 10 min after starting the dosing

heating rate 1 °C/min

cryostat temperature, Teyo 45 °C

initial reactor content 22 mL (0.233 mol) AA + 1.25
mL (10 mmol) TMG

dosing 21.4 mL (0.233 mol) BuOH

dosing rate, fgos 3 mL/min

stirrer speed 500 rpm

pressure atmospheric

The calorimeter used in this study is our latest version, the
CRC.V5. Novelties of CRC.v5 compared to the previous version
CRC.v4,% are (a) an electrical heater mounted directly into the
cover, aiming at the diminution of heat loss and reducing the
thermal inertia of the cover (a new system for thermostatting
the cover, allowing also cooling, is under development and has
been patented®®), and (b) six heat flow sensors (Captec, France)
located between the jacket and the Peltiers for measuring the
heat flow due to cooling, {0 (The expressions heat flow sensor
and heat flux sensor are both present in literature. As we are
interested in the flow [W] and not the flux [W/m?], heat flow is
preferred here.) The advantages of measuring Qeoo With heat
flow sensors instead of doing a heat balance over the Peltier
elements, as performed previously,?*?* are the following: (a)
the temperature drop across the sensors is extremely reduced,
(b) the real heat flow, (eI, IS proportional to measured voltage
and can be measured at real time, and (c) the sensitivity of the
sensor, e.g. the proportionality constant between the heat flow
and the measured voltage, is independent of the temperature.?®

Data Treatment. The elucidation of the kinetic parameters
and the reaction enthalpies requires first the determination of
the power profile due to the reaction, Qrar. Three different
methods for calculating ..t are used: the global heat balance,
the blank experiment, and the simulated blank. Finally, the
technique for optimising the kinetic parameters and the reaction
enthalpies is explained.

Method 1: Evaluation with the Global Heat Balance. In reaction
calorimetry, the classic method to determine the heat of reaction
is to perform a global heat balance of the calorimeter,” as given in
eq 1. For the notation, we refer to the list of symbols.

qacc = qreact + QComp + qmix + qstirr + qdos - qcool -
qloss (l)

The power due to dosing, q¢os cOrresponding to the power
required to bring the dosed material at the reactor temperature
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is given in eq 2, density, paos [kg/m?], and heat capacity, Cpdos
[J/(kg-K)], are taken from literature.?”

qdos = fdos * Pdos * Cp,dos * (Tdos - Tr) 2

The power, (i, dissipated by the stirrer is negligible (<0.05
W). In the CRC.V5, the power due to cooling, (o IS measured
at real time by the six heat flow sensors covering each lateral
side of the jacket.

The heat flow sensors do not cover the entire lateral surface
of the jacket. Thus, a convective heat flow bypasses the heat
flow sensors due to the temperature gradient between the jacket
(T;) and the coolers (Teyo), see also Figure 1. When the
temperature of the cover and the jacket are equal and the
environmental temperature is constant (0.5 °C), the heat loss,
(s, 1S expressed as a function of T; and Tey,, 0Only:

qloss =ar (Tj - TCFyO) +b (3)
where the two temperature-independent parameters a [W/K]
and b [W] are determined at steady-state directly before and
after the reaction.

The heat accumulation is given by the sum of the individual
heat capacities and corresponding temperature gradients at the
various locations of the reactor, where the thermocouples are
located. In our case, we consider only the temperature of the

reactor, T,, and of the jacket, T;:

) daT, dT;

Oace = Cp,ra + Cp,ja (4)
C,, is the total heat capacity of the bulk [J/K], and C, j is the
total heat capacity of the calorimeter [J/K], including the jacket
and the vessel, commonly called calorimeter constant. Cj, , is
calculated experimentally with temperature oscillation calorim-
etry,® and C,; is calibrated from an experiment without
chemical reaction, applying a temperature ramp. The derivatives
of the temperatures were calculated employing a Savitzky—Golay
filter,2® with the following parameters: 121 data points, corre-
sponding to 12.1 s of experiment, and a sixth-order polynomial
fit.

Method 2: Evaluation with the Blank Experiment. With this
method, the evaluation of the power due to the reaction, Qreact,
requires to repeat the measurement with a reference. The
assumption is that systematic errors are common to both reactive
and reference experiments and therefore cancel out.!® Here, as
a reference, we dosed 21.4 mL of AA into 23.25 mL of AA.
ASSUMING Qqos, Gioss; @and (acc cancel out in both experiments,
Oreact IS determined by the difference between the measurement
and the reference:

. [ . blank : . blank
Oreact = (O — o) — (Geee — o) (5)

where meas and blank are the reactive and blank (reference)
experiments, respectively. Naturally, as the physical properties
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(29) Maeder, M.; Neuhold, Y.-M. Practical Data Analysis in Chemistry;
Elsevier: Amsterdam, 2007.
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of the reference (AA dosed in AA) and those of the sample
(BUOH dosed in AA:TMG) are different (e.g., at 30 °C, paa =
1071 g/L, PBUOH = 802 g/L, CpAn = 1.869 kJ/g, Cp, BuoH = 2.170
kJ/g?"), this induces an error in the determination of Geact. This
is an inevitable issue also known from investigations with twin
reactor systems such as DSC and DRC.

Method 3: Ewvaluation with the Simulated Blank. The
evaluation of the power due to the reaction, Qeact, by heat flow
simulation of the blank is similar to method 2, but the reference
is simulated by a dynamic heat flow model rather than being
measured. The heat flow and temperature profiles through the
reactor content, the vessel and the jacket are simulated for a
preselected reactor content. More details are given in Appendix
A and by Richner.?® (e is determined by the difference
between the measurement and the simulated reference:

Oheact = (oot — Geoot) — (comp — Gcomp) ~ (6)
where meas and sim are the reactive (measured) and the
simulated (reference) experiments. Partial volumes of the
different components are assumed additive, i.e. a possible excess
volume is not considered.

Kinetic Analysis. Zogg et al.8 reviewed different evaluation
techniques for the identification of reaction enthalpy and reaction
model parameters under isothermal conditions from calorimetric
measurements. With nonisothermal conditions, the similar
techniques can be applied. For the simultaneous identification
of the reaction enthalpy and the model parameters (rate constant
and activation energy), we used a model-based evaluation, for
which a reaction mechanism must be postulated. The reaction
rate ri(k;, t) for a reaction i is given by the set of ordinary
differential equations (ODE) corresponding to the rate law, see
also eq 11. The temperature dependence of the rate constant k;
is given by the Arrhenius equation, eq 7, where Kg; is the rate
constant at the reference temperature T

_ ~(EaRUT-1T,e
ki = Kregj € ! ()

For the respective number of reactions N,, the reaction
enthalpies, AH; n, the activation energies E,; n and the
reference rate constant, Ker1._n,, are determined for the experi-
mental calorimetric data using Matlab’s nonlinear least-squares
curve-fitting tool, Isqcurwefit, with eq 8 as the objective function.

N, 2
qreact - Vrz ri(_ArHi)] } 8
i=1

min
kret 1. NpAHL NpEa 1 N,

Additionally, we determined the total process enthalpy, AH,
that includes reaction enthalpy and heat of mixing, by a simple
model-free evaluation technique that consists of directly inte-

grating Qreact-

Results and discussion

Temperature Control. Figure 2a shows the temperatures
of the reactor, the jacket, and the cover during the course of
the esterification under nonisothermal conditions. The temper-
ature deviations from the set points are below 0.2 °C for T,
and T; and 0.4 °C for Teoyer. In all cases, the maximum deviation
appears directly after the start and the end of the ramp while
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during the ramp the deviations are within the noise level (0.03
°C for T, 0.01 °C for Tj and 0.04 °C for Tcower). The
compensation heater provides a fast control of the reactor
temperature, and the powerful cooling system allows an ideal
control of the jacket temperature. In comparison, under iso-
thermal conditions at 40 °C in commercially available 75 mL
and 5 L reactors, the reactor temperature deviates above the
set point up to 13 and 40 °C, respectively.?

This demonstrates that the CRC.v5 provides a well controlled
environment also when working under nonisothermal condi-
tions. The corresponding powers of the compensation heater
and of the cooling are shown in Figure 2b.

Heat of Reaction. In the next sections, we assess the three
different methods for the determination of Qeac, and the issues
regarding possible change of the global heat transfer, the heat
loss, and the heat accumulation during the reaction.

Global Heat Transfer. In the CRC.V5, the power due to
cooling, @eool, IS Measured online via heat flow sensors, without
calibration of the global heat transfer, UA. In contrast, in their
nonisothermal kinetic study with RC1, Hoffmann et al.l!
calibrated UA before and after the reaction, interpolated the
values in between, and performed about 20 additional calibra-
tions of UA to validate the interpolation. In the CRC.v5, due to
the calibration-free measurement of the cooling power, the
possible changes of UA would not be an issue for method 1
(global heat balance). In method 2 (blank experiment), a change
of UA during the reaction would deviate from the reference
measurement. For such a case, a second reference with the
products should be measured.*® The drawback is indubitably
the increased number of experiments per investigation, which
may not even be feasible if, e.g., the phase of the product
changes within the temperature range. Finally, with method 3,
the possible change of UA during the course of the reaction is
already accounted for by the heat flow model. The internal heat
transfer coefficient is a model parameter that is reoptimised
during the course of the experiment. Further details are given
in Appendix A.

Heat Loss. Solvent vaporisation and condensation in the
vessel are known to contribute to the total heat loss and
consequently shift the baseline of the heat signal. In this case,
heat loss is often evaluated by trial and error adjustment of the
baseline.3® According to Henry’s law, the mass fraction of
solvent in the gas phase should decrease with increasing reactor
pressure. In the CRC.v5, 25 mL of water at 75 °C have been
pressurised from 1 to 45 bar resulting in a decrease of heat
loss from 2.99 to 2.98 W, only. Consequently, we neglect
vaporisation/condensation effects and heat loss can be calibrated
as a function of the apparatus only, independently of the reactor
content. Due to the fast temperature control of the cover, the
heat loss can be calculated as a function of the jacket and
cryostat temperatures only (assuming a constant temperature
of the environment during the course of the reaction, in our
case, £0.5 °C), and thus be determined by a proportional
correlation.

Heat Accumulation. In small-scale reactors, the heat ac-
cumulated by embedded probes may represent a large contribution

(30) Ubrich, O.; Srinivasan, B.; Lerena, P.; Bonvin, D.; Stoessel, F. Chem.
Eng. Sci. 2001, 56, 5147-5156.
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Figure 2. Temperature and power during the esterification of BUOH and AA catalysed by TMG under nonisothermal conditions.
(a) Measured temperatures of thereactor, T, (black line), the jacket, T; (red line), and the cover, Tee (blueline). The dashed lines
represent the corresponding set-point temperatures. (b) Power of the compensation heater (black) and of the cooling (grey). The
vertical dashed grey and black lines represent the start and the end of the dosing and of the temperature ramp, respectively. The

experimental conditions are given in Table 1.

of the total heat accumulated by the system. We investigated the
effect of the bottom mounted IR-probe on the baseline by
measuring two references, with and without IR-probe. Figure 3
shows the resulting Ocomp and Geoor. VWe can observe peaks at the
beginning and the end of the temperature ramp (at 800 s and
3800 s). We may distinguish the narrow and the broad peaks with
a width of 50 s and ~400 s, respectively.

The narrow peaks are due to the dynamics of the calorimeter,
that is of major importance for the deviations from the set point
temperatures.® The dynamics should be fast to accurately control
the temperature of the reaction medium as discussed above.
The compensation heater and the cooling system have time
constants of 4 s and 15 s, respectively,? which is more than 10
times faster than in standard reaction calorimeters® The
drawback is a strong peak of the power at the beginning and
the end of the temperature ramp. With methods 2 and 3, the
dynamics are taken into account by the blank measurement and
the heat flow modelling, respectively. Thus, both methods allow
for compensating the dynamics. Method 1 does not account
for the dynamics at all, and consequently shows the highest
peaks (see Figure 4).

The broad peaks (width ~400s) are due to heat accumulation
in thermally noncontrolled parts of the system. As shown in
Figure 3, these peaks are not observed on Qcm, for the
measurement without the IR-probe while ¢, from both cases
perfectly superimposed. We can conclude that (a) the major
contribution to the broad peaks comes from the IR-probe and
() Geool is ot affected by the IR-probe. The difference of Geomp
is about 1.3 W that corresponds to a heat capacity of 80 W/K.
In method 1, few calibrations would be required to account for
this effect. With commercial calorimeters, this is usually
performed by the manufacturer and hidden in the control
software. Method 2 accounts perfectly for it, while for method
3, the shape of the IR-probe is too complex to be accurately
modelled within our heat flow model. Simulation with com-
mercial finite element software such as FemLab or Ansys could
provide more accurate results but the simulation of an entire
reaction would require extensive computational time and, thus,
cannot be used on an everyday basis. One could expect that
the heat accumulation in the cover would contribute to a
significant shift of the baseline. However, due to the well

Vol. 14, No. 3, 2010 / Organic Process Research & Development o 529



T, [°C]

20 ; 4

10r ﬁ Inertia of IR-probe
| l

3 5 \ %:‘
._: ok dynamics of the controllers ——————————» HJ\;\-“W:"{N#H’”A‘J*)_
/ !

& I

£ -5 | o
e ) I M'*-\.za-‘w |
= oy, 1
Rt '“““M»Mm,, o I

-10f | 1

1000 2000 3000 4000 5000

time [s]

Figure 3. Effect of the IR bottom-mounted probe on the calorimeter dynamics during a temperature ramp of 1 °C/min with 44.7
mL of AA asreactor content. Power of the compensation heater, Qcomp, (full lines) and heat of cooling, geoa, (dashed lines) with and

without IR-probe (black and grey lines, respectively).

T T L T T

1 I
6F o Temperature ramp
1 I

-
-

‘jrr'lre'l‘ [\V]

Wﬂm-

it

0 1000 2000 3000
time [s]

4000 5000 6000 7000

Figure 4. Reaction power, (e« during the esterification of BUOH and AA catalysed by TM G under nonisothermal conditions, with
Oreact determined by: method 1 (global heat balance, black), eq 1, method 2 (blank experiment, dark grey), eq 5, and method 3
(simulated blank, light grey), eq 6. The vertical grey and black lines represent the periods of dosing and of the temperature ramp,

respectively. The experimental conditions are given in Table 1.

controlled temperature of the cover (see Figure 2), this cannot
be observed with the CRC.v5.

The power of the reaction, (react, determined from the three
different methods is shown in Figure 4. The deviations between
the three methods are observed only after the start and the end
of the temperature ramp for the reasons explained above. The
noise level that comes principally from the calculation of the
derivatives of the reactor and jacket temperatures is higher for
method 1 (0.28 W). The simulated reference is free of noise;
thus, the noise level with method 3 (0.15 W) is lower than that
with method 2 (0.22 W).

Kineticsand Reaction M echanism. During the dosing, the
profile of Qret Shows an endothermic heat effect in addition to
the heat released by the esterification reaction. This endothermic
effect was already observed? and can, for example, be explained
by a shift of the equilibrium from the activated catalyst complex
towards its dissociated components during the dosing (i.e.,
volume change), or more complex solvation effects. The mixing
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of TMG into AA liberates —0.85 + 0.05 kJ/mol of TMG (not
shown here). The addition of BuOH into AA absorbed also
5.28 + 0.10 kJ/mol of BuOH as shown later in Figure 7. Thus,
the dosing of BUOH into the TMG:AA mixture might follow
a complex equilibrium mechanism. The investigation of such
phenomena was not the scope of this study and not further
pursued. For the optimisation of the kinetic parameters, the
calorimetric measurements during the dosing period were not
considered.

For the model-based evaluation we first postulated the
esterification to be a pseudo-second-order reaction mechanism
with a steady-state assumption on the TMG concentration after
dosing, similarly to Puxty et al.® The optimised kinetic
parameters obtained from the three different methods for the
heat balance are given in Table 2. Figure 5 shows Qreac

(31) Puxty, G.; Neuhold, Y.-M.; Ehly, M.; Jecklin, M.; Gemperline, P.;
Nordon, A.; Littlejohn, D.; Basford, J. K.; De Cecco, M.; Hungerbi-
hler, K. Chem. Eng. Sci. 2008, 63, 4800-4809.



Table 2. Overview of the kinetic parameters and reaction enthalpy for the esterification of n-butanol with and without TMG
for different reaction mechanisms and three evaluation methods of ¢eac®

model experiment  AHP [kJ/mol]  AHE [KI/mol]  Kery [M7257Y]  Ear [kI/Mol]  Keer2 M2 571 Eap [kI/mol]

With TMG

catalytic eq9 method 1 —54.4+2.6 —64.0 +£2.8 32402 x 10 274 +£0.7 - -
method 2 —48.8 + 3.6 —59.4 +3.3 28402 x 10 343+16 - -
method 3 —483+£1.6 —595+21 34402 x 10 31.0+24 - -
With TMG

parallel eqs 9 and 10 method 1 —544+£26 —57.1+37 32406 x 1074 15.7+£5.8 14404 x10° 84 + 16
method 2 —48.8 £ 3.6 —55.4+34 27404 x 104 182 +4.9 1.04+04 x10°° 87 + 12
method 3 —48.3 + 1.6 —544+14 34401x10* 13.6 £4.7 1.74+06 x 107° 88 + 8
Without TMG

noncatalytic  eq 10 method 1 —47.7+20 —67.3+1.0 - - 324+0.1x10°° 84 +04
method 2¢ —48.6 —69.2 - - 2.6 x 1078 91.2
method 3 —477+11 —67.0+14 — - 3.64+04 x 107 83.5+2.0
With TMG

literature eq 9 Puxty et al.22 - — 431 404+1x10* 37.34+0.01 - -
Puxty et al.3 - - 5x 107 30¢ - -
Puxty et al.3! - - 6 x 1074 31e - -

aMethod 1: global heat balance. Method 2: blank experiment. Method 3: simulated blank. Errors for this study are given in one standard deviation based on three
replicates; see text and given references for more details on errors. T,s = 40°C. ® AH is given by the integral of (e, and thus includes also the heat of mixing. ¢ AH is the
heat of reaction obtained from optimisation excluding the dosing period, and thus does not include the heat of mixing. ¢ One single experiment. ¢ Measurement based on

near-IR spectroscopy.
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determined with methods 2 and 3, and the resulting simulation. (dCgyon Crkt) — ko) + faos e — Co®)
For comparison, simulations with published kinetic parameters3! a BT 202 Ty (t) v 7dosBuOH - BUOH
are also shown. Apparently, none of the simulations fits the dCan  _ _, Ked) — ro(kot) — faos Cnld)
measurement reasonably. This is particularly the case for the dt e YA e

i i - f
relatlv_ely flat power profile between 600 and 3000 s corre dCayon _ Fkod) + Tolkot) — <25 Cooa®
sponding to the temperature ramp. dt Vi(t)

Autocatalytic behaviour is frequently observed during es- dCpay  _ (ko) + 1(Kot) — Jaos - Can(®)
e - . 18 dt A 2\R2 V(t) AH
terification between anhydrides and alcohols,'® due to the '
formation of organic acid. However, as TMG is a strong base, dCrve  _ _ﬁ - Crua®
the acid activity is assumed to be low, and no autocatalysis is dt Vi(®) ©
expected. Here, we propose that a base-catalysed and an v _ fios
uncatalysed reaction path take place simultaneously, following dt
. - rket) = K- Cguon(®) - Can®) - Crye(t)
a parallel mechanism of pseudo-second-order (with constant LoD = K Co o) Canll)
Crwme after dosing) and second-order rate laws, respectively. 2 kf’ _ k2 _B(:?'(*Ea,lm)(ﬁr/iunef)
K _ ref’l_ —(EadRY(UT—1Tyep)
ke 2 - kref,Z €

BuOH + AA + TMG — BUuOA + AH + TMG (9)

k:
BUOH + AA — BUOA + AH (10)

The resulting ordinary differential equations (ODES) are
given in eq 11.

(€3))

To show that within this temperature range the uncatalysed
reaction already is competing, we investigated the reaction under
the conditions given in Table 1 but without the catalyst. Figure 7
shows the resulting fits for Qe Calculated with methods 2 and 3.
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Figure 6. Fitted (black line) and measured (grey line) reaction power, Greaat, during the esterification of BUOH and AA catalysed
by TM G under nonisothermal conditions. The kinetic model includes both a catalytic and noncatalytic reaction step. The contributions
to (react Of bOth reaction steps are given by the dashed and dotted lines, respectively. Qreaet 1S determined with methods 2 (a) and 3
(b). The reaction conditions are given in Table 1.
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Obviously, the reaction “starts” after 1600 s at about 45 °C, which
may explain that the uncatalysed reaction was not observed in the
published studies only covering a temperature range of 30—50 °C.
The endothermic peak before 500 s is due to the heat of mixing of
BuOH into AA. The second peak at 900 s (start of the temperature
ramp) is due to the dynamics of the calorimeter as already discussed
above. Activation energy and reaction enthalpy (see Table 2)
correspond well to the data published by Widell and Karlsson,'®
who used methanol instead of n-butanol (E, = 68.1 kJ/mol and
AH = —67.1 kJ/mol). In this particular case, as TMG is not
present, autocatalytic behaviour may also occur. However, con-
sidering the good quality of the fit, including an additional step
would not be reasonable.

Finally, the kinetic parameters for the two parallel reactions,
egs 9 and 10 have been simultaneously optimised for the
calorimetric measurements with TMG used as catalyst. As the
reaction enthalpy, AH, is a state function, i.e. depending only on
the initial and final states of the system, A\H is assumed to be the
same for both reaction steps. The resulting parameters are given
in Table 2 and illustrated in Figure 6 for methods 2 and 3.
Obviously, the additional contribution of the uncatalysed reaction,
shown as the dotted line in Figure 6, allows to explain the profile
of Qreact- The quality of the fit, given by the sum of the residuals,
is improved by about 25% with the parallel reaction steps compared

to the fit with the catalysed reaction step only. The activation energy
of the uncatalysed reaction, optimised for the data with and without
TMG, are equal within the error limits. E; and ke of the catalysed
reaction are 25% and 50% below the values given in literature.3!
However, Figure 4 in Puxty’s publication®! (3D contour plots of
the response surfaces) does show a high ambiguity (valley shape)
regarding the minimum of the objective function for the determi-
nation of the kinetic parameters.

Theoretically, from one single nonisothermal measurement, the
simultaneous evaluation of the model parameters of two parallel
reactions results in two different sets of optimal parameters (e.g.,
two local minima of the objective function eq 8, with N, = 2).
Complementary information such as an additional measurement
under different conditions or analysis with chromatographic
techniques is necessary. Here, we assumed that the catalysed
reaction is faster than the uncatalysed one, and thus, we set the
parameter constraints in the objective function accordingly. With
all three methods, the constraint lower and upper bounds were AH:
—100 to —1 kJ/mol, ker1: 107 to 0.1 m™2 s7%, E,y: 1—100 kI/
mol, Kero: 1078 t0 3 x 107° m™2 57, and E,,: 50—100 kd/mol.
Any initial estimates within these boundaries converged to the same
optimised parameters.

The errors in Table 2 are calculated by the standard deviation
of the optimised values, based on three replicates of the
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experiment. Note that the errors given for the corresponding
literature values? based on a second-order global analysis tend
to be unreasonably small due to possible nonrandom contribu-
tions between the individual experiments and too large a degree
of freedom.®> Thus, the errors from both studies are not
straightforwardly comparable. Surprisingly, despite the simul-
taneous optimisation of five parameters to a monovariate
measurement, the variance/covariance matrix? did not show
strong correlations between the five parameters. We can observe
that the activation energy of the catalysed reaction, E,; and the
rate constant of the uncatalysed reaction, K, have a high error
(about 30%). However, the difference between the simulated
reaction powers is below the noise level of a measurement. For
comparison, in his publication on nonisothermal calorimetry,
Hoffmann et al.** also gave an error of 50% on the pre-
exponential factor of a second order reaction.

Conclusions

The reaction calorimeter, CRC.v5, combines the principles
of power compensation and heat balance. For the first time,
the performance of the CRC.v5 was demonstrated under
nonisothermal conditions. Usually, it is a challenging task to
account for possible baseline shift due to temperature modula-
tion without extensive time-consuming calibration. The CRC.v5
allows for an independent control of the reaction, the jacket,
and the cover temperatures. The heat of cooling is measured at
real time with heat flow sensors, and thus does not require
calibration of the global heat transfer coefficient.

We applied three different methods for the determination
of the reaction power employing either a global heat balance,
a measured reference or, as a novelty, a simulated reference. A
rigourous dynamic heat flow model of the calorimeter allows
the simulation of a reference measurement rather than measuring
it, thus saving a considerable amount of experimental time. The
shifts due to the reactor dynamics and the heat accumulation
of the system are not equally accounted for in all three methods
of heat balancing. The choice of one method depends on the
reaction and operating conditions. Reaction time, heating rate,
and reactor dynamics are three important factors to consider.
For example, if the reaction time is faster than the dynamics,
method 2 should be preferred. If large changes of physical
properties of the reaction mixture are expected, method 3 should
be used. For other cases, method 1 could provide enough
accuracy. In our case study, only minor differences in the kinetic
parameters and reaction enthalpies have been observed. Obvi-
ously, the good thermal dynamics of our reactor does not favor
one of the methods for heat balancing. The results of the
experiments indicate that the solvent-free base-catalysed es-
terification of n-butanol by acetic anhydride follows a mecha-
nism of two competitive parallel catalytic and noncatalytic steps.
The reaction enthalpy and the model parameters (rate constant
and activation energy) of both reactions could be simultaneously
evaluated from one single nonisothermal calorimetric measure-
ment using a model-based evaluation method, under the
assumption that the activation energy is lower for the catalysed
reaction than for the uncatalysed reaction.

Method 3 requires preceding experimental work to determine
the parameters for the heat flow model. In comparison, with
commercial reaction calorimeters, the dynamics is empirically
corrected by numerous calibrations (performed generally by the
manufacturer). From the scientific point of view, we consider
a physically meaningful model superior to an empirical calibra-
tion due to an intrinsic understanding. This technique could
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easily be adapted and implemented into commercial calorimeters
capable of measuring the heat of cooling at real time, e.g. via
heat flow sensors.

Model-based kinetic analysis of a single nonisothermal
experiment should be done with caution to avoid erroneous or
rather naive interpretations. Reasons for this can be due to the
experimental setup (e.g., inefficient stirring) but also due to the
mechanistic model that may lead to inevitable ambiguities in
the kinetic parameters. For this study, the well-stirred vessel
allowed us to exclude mass transfer effects. A reasonable
assumption in the form of a simple and validated constraint
broke the mathematical ambiguity.

List of Symbols and Definitions

Table 3. List of symbols and definitions

symbol unit description
A m? heat exchange area
a W/K calibration parameter of the heat loss
b W calibration parameter of the heat loss
Can M concentration of acetic anhydride
Cguoa M concentration of butyl acetate
AH M concentration of acetic acid
CguoH M concentration of n-butanol
Crvie M concentration of 1,1,3,3-tetramethylguanidine
Co.r JK total heat capacity of the reactor content
Coi JIK total heat capacity of the jacket
Cp,dos JI(kg-K) heat capacity of the dosing

e K error between actual and set temperature values

Ea i kJ/mol activation energy of the ith reaction

ki (L/mol)™*/s  rate constant of the ith reaction of nth order

Kret.i (L/mol)"*/s rate constant of the ith reaction of nth order at T
K WIK gain of the controller

Npottom W/(m?+K) heat transfer coefficient of the heat loss at the
bottom of the vessel
internal heat transfer coefficient (reactor side)
heat transfer coefficient of the heat loss from the
jacket to the coolers
Ntop W/(m?+K) heat transfer coefficient of the heat loss from the
jacket to the cover

he W/(m2-K)
hside W/(mz' K)

AH J/mol process enthalpy

AH; J/mol reaction enthalpy of the ith reaction

faos mL/min dosing rate

N, — number of reactions

Gace W heat accumulation

Qcomp W power of the compensation heater

Geool W heat flow of the cooling

Udos W heat flow of dosing

Omix W heat due to mixing

Gloss W heat flow lost to the environment

Gpip W simulated power calculated by the PID controller
Cphase w heat flow due to phase change

Oreact w heat produced by the reaction

Ostirr w power due to the stirrer

Qu,ext W/md density of heat from an external source

r m radial coordinate

ri mol/(L-s) reaction rate of the ith reaction

t S time

T K or °C temperature

Teryo K or °C temperature of the cryostat and of the coolers
Teos K or °C temperature of the dosing

Tenv K or °C temperature of the environment

T K or °C temperature of the jacket

T, K or °C temperature of the reactor content

Thrset K or °C set-point temperature of the reactor content
U W/(m?-K) heat transfer coefficient

V, L or m? volume of the reactor content

z m Cartesian coordinate

A W/(m-K) thermal conductivity

P kg/m?® fluid density

0 S derivative time of the PID

[ S integral time of the PID

Tacomp s time constant of the compensation heater
¢ rad angular coordinate

o, S dead time of the reactor temperature measurement
blank blank measurement

dos dosing

meas measurement

sim simulation

0 initial value
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Figure A-1. Illustration of the boundary conditions for the heat flow model of the CRC.v5. (a) top view (b) side view. Note that
both the cover and the bottom mounted | R-probe (not shown here) are outside the boundaries of the model.

Appendix A

M odéling with Finite Difference M ethod. The temperature
and heat flow profiles through a solid body due to thermal
conduction are governed by Fourier’s law. In cylindrical
coordinates, it is given by:

OT(przt) _ A [0 (6T, 0 (0T\ . (6T Yvex
ot pcp[rér(rér)+r25¢(6¢)+6z(6z)+ p
(A-1)

The finite difference model used in method 3 was based on
the discretized form of eq A-1. This equation was discretized
along the spatial variables r and z while we assumed a symmetry
along the radial axis (e.g., (6T)/(6¢) = 0). An optimal
discretization considered 273 elements, leading to 273 ODEs
that were solved in Matlab.

In eq A-1, Qv ext represents the external heat sources, such
as the heat loss, the power of cooling and the compensation
power. The boundaries of the model are illustrated in Figure
A-1. hgp, Nporiom aNd hgige are three different heat loss coefficients
that were characterised by a set of experiments at steady-state
where Ty, Tj, Teover, and T Were alternately changed. The
internal heat transfer coefficient, h, is determined by an
optimisation procedure performed with Matlab’s single-variable
optimiser, fminbnd, over a fixed interval, given by eq A-2.

min{[Gzam, — Ocomp) (A-2)
The material properties (thermal conductivity, 4, density, p,

and heat capacity, c,) were taken from literature® for copper
(jacket) and air (gas phase of the reactor), and from the producer

[Haynes International] for Hastelloy (vessel). The heat capacity
of the bulk, Cy, ; was determined experimentally by temperature
oscillations. The advantages are the following: (a) with tem-
perature oscillation, even during the course of a reaction, the
heat capacity can be determined, and (b) heat capacity of the
inserts (embedded probes), the stirrer, the optional baffles, and
the heater are accounted for. For details on temperature
oscillation calorimetry, we refer to Richner et al.?® As the mass
of reactants is known and the vessel content is assumed to be
perfectly mixed, A and p of the bulk are not required.

The modelling of ¢comp and Geonr includes the dynamics of
the calorimeter, characterised by the PID settings of the thermal
regulator, and the time constant and dead time of the thermo-
couples. The PID controller modelling for Geomp involves the
three separate parameters given by:

qscﬁp(t) = K[E(t) + ‘[ll. J;te(t')dt' +7p- %

(A-3)
with
e(t) = Tr,set = Tt - ¢Tr) (A-4)

K, 7, and 7p are the gain [W/K], the integral time [s], and the
derivative time [s], respectively. ¢ is the dead time of the sensor.

The time constant characterises the dynamic response of a
sensor or, more generally, of a system. The theoretical response
A(t) to a signal step AA of a linear system of first order is A(t)
= Ay + AA[1 — exp (—t/7)]. Thus, combining the PID control,
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eq A-3, the dead time, eq A-4, and the time constant, z,

gives:

Geamp(®) = Gomp(t — 1) + [Amy(®) — Goamp(t — D] x
[1 — e Vem]  (A-5)

where qél)%p is the simulated value of the compensation heater,
0fanp the target value given by eq A-3, and ¢im(t — 1) the

(32) Bugnon, P.; Chottard, J.; Jestin, J.; Jung, B.; Laurenczy, G.; Maeder, M.;
Merbach, A.; Zuberbiihler, A. Anal. Chim. Acta 1994, 298, 193-201.

(33) Perry, R., Green, D. W., Maloney, J. O. Perry’s Chemical Engineers’
Handbook, 7th ed.; McGraw-Hill: New York, 1997.
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value at the previous time. Equations A-3—A-5 are applied
analogously for ¢ as a function of T;. The dynamic parameters
were characterised by performing experimental temperature
steps on T, and multiobjective optimisation. More details on
experimental conditions and optimisation procedures are given
elsewhere.?®
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