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a b s t r a c t

The paper focuses on selective microwave heating and its influence on a polyesterification process. As a
model reaction, the polyesterification reaction of adipic acid with neopentyl glycol is investigated. Non-
catalyzed and tin (II) chloride catalyzed reaction experiments have been performed with microwave
and conventional heating in an open, stirred vessel under a nitrogen atmosphere. Except faster heating
times obtained under microwave heating, no different effects on the polyesterification reaction were
found between the two heating modes. After 3-h experiments the conversion of the acid groups was
similar under microwave heating and conventional heating. Particular emphasis was given on elucidat-
eat transfer
olyesterification
fficiency
ultimode cavity

ing the important, though scarcely reported in the microwave literature, issues of energy consumption
and efficiency. Approximately 20–30% of the electric energy consumed by the microwave oven is con-
verted to thermal energy in the vessel during (non-reactive) heating of the individual components of the
polyesterification process. This fraction drops to ∼5% in the event of isothermal reaction experiments. A
vast amount of energy is lost in the magnetron and the multimode cavity; these losses do not hamper con-
ventional (conductive) heating, which is currently more economical. Finally, different ways of improving

d thu
the thermal efficiency an

. Introduction

Polyesterification is one of the most important reactions in the
hemical industry. Although the fundamental production technol-
gy of polyesters is well established, many efforts are being put into
he intensification of these processes. Since polyesterification is an
quilibrium reaction, one of the possibilities to maximize conver-
ion and to obtain a product with high molecular weight is using
n open reaction system with a continuous removal of water (by-
roduct) from the reaction mixture.

In recent years considerable research efforts have been devoted
owards the application of microwave heating in polymer syn-
hesis. There are many studies on the applications of microwave
rradiation in polymerization reactions under different pro-
ess conditions, which have been already reviewed elsewhere
1–3].

Proper temperature monitoring and agitation in microwave

eactors is of paramount importance for obtaining valid results
4,5]. The possible types of temperature sensors used under

icrowave conditions and their advantages and disadvantages
ere examined in [6,7]. The influence of using different microwave
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s the economic prospects of microwave technology are discussed.
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sources on heating efficiency, reproducibility of results and
microwave cavity design were investigated in [8–10]. Variations of
parameters such as the reaction vessel size, the volume of heated
materials and the microwave power output have also been exam-
ined in [9,11]. Several attempts have been made to synthesize the
polyesters under microwave heating. Jermolovicius and cowork-
ers [12] carried out a polyesterification reaction in microwaves
with removal of the generated water by azeotropic distillation.
Velmathi and coworkers have investigated the polymerization
of succinic acid with 1,4-butanediol with different catalysts in a
monomode microwave reactor under N2 atmosphere or under vac-
uum [13–15]. Reduced time of polymerization has been observed
compared to conventional heating. Nonetheless, questions can be
raised on the validity of the infra-red based temperature measure-
ment applied on the reactor wall [4] due to potential temperature
gradients between the reactor interior and the glass surface
temperature.

This paper presents experimental results for a non-catalyzed
and tin (II) chloride catalyzed polyesterification reaction between
an aliphatic dicarboxylic acid (adipic acid) and an aliphatic diol
(neopentyl glycol). The influence of reaction temperature and dif-

ferent heating modes (i.e. conventional heating using a heating
mantle (HM) vs. microwave heating (MW)) on the formation of
the by-product and its removal from the reactor has been investi-
gated. Specific attention was paid to the accuracy of temperature
measurements and the similarity of glass set-up in both heating

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:g.stefanidis@tudelft.nl
mailto:geo.stefanidis@gmail.com
dx.doi.org/10.1016/j.cej.2009.09.036


860 M. Komorowska et al. / Chemical Engine

Nomenclature

AV acid value (number) [mg KOH/g of polymer]
cp specific heat capacity [J/kg/K]
m mass [kg]
Mn number-average molecular weight [kg/kmol]
MW microwave
HM heating mantle
N normality of potassium hydroxide solution

[mol/dm3]
Ploss electric power consumed [W]
Pmw,gen the part of electric power, which is converted into

microwave power by the magnetron [W]
Ploss,magn the part of electric power, which is not converted

to microwave power [W]
Prefl,cavity microwave power, which is lost in the cavity by

reflection and cavity loss [W]
Pabs,sample the electromagnetic power, which is converted

into heat in the heated sample [W]
Ploss,sample power loss from the liquid sample to the surround-

ings due to heat conduction [W]
Qcons total electric energy consumed [kJ]
Qloss,sample total thermal energy losses from the liquid sample

via conduction [kJ]
Qthermal,sample total microwave energy that is converted into

thermal energy in the liquid sample [kJ]
Qmw,gen total microwave energy generated by the mag-

netron [kJ]
Qabs,sample total thermal energy that is absorbed by the sam-

ple as sensible enthalpy or converted into chemical
energy (via the polycondensation reaction) and
vapor heat [kJ]

Qreaction total heat of reaction [kJ]
Qvap total heat of vaporization [kJ]
t time [s] [min] [h]
T temperature [K]
U overall lumped heat transfer coefficient [W/K]
V volume [m3]
V1 volume of potassium hydroxide solution used for

titration of the polymer sample [ml]
V2 volume of potassium hydroxide solution used for

titration of the blank sample [ml]
W sample weight [g] or Watts

Greeks symbols
�TE thermal efficiency coefficient: represents the frac-

tion of electric energy converted into thermal
energy in the liquid mixture

�PE process efficiency coefficient: represents the frac-
tion of electric energy absorbed as sensible heat or
converted into chemical energy (via the polycon-
densation reaction) and vapor heat

�magn magnetron efficiency: the fraction of electric energy
converted into electromagnetic energy

s
T
m
a
e
a

melting points of the reagents are 153 ◦C and 124 ◦C, respectively.
The polyesterification reaction occurs in the liquid phase, hence
only melted or dissolved particles can react with each other. In the
ystems for a fair comparison between the two heating systems.
he impact of microwave heating of individual components (poly-
er product, water and ethylene glycol (EG)) is also examined

long with the effect of the applied microwave power. Finally, the

nergy consumption and energy efficiency in both heating systems
re compared and discussed.
ering Journal 155 (2009) 859–866

2. Experimental

2.1. Materials

The chemicals for the reactive system were purchased
from Aldrich Chemical Co. and include the following: 1,4-
butanedicarboxylic acid (commonly called adipic acid (AD)) (99.6+
% of purity, CAS 124-04-9); 2,2-dimethyl-1,3-propanediol (com-
monly called neopentyl glycol (NPG)) (99+ % of purity, CAS nr
126-30-7); tin (II) chloride (98% of purity, CAS nr 7772-99-8). For the
non-reactive experiments, 1,2-ethanediol (commonly called ethy-
lene glycol (EG)) (99+ % of purity, CAS nr 107-21-1) was purchased
from Aldrich Chemical Co. In this series of experiments, tap water
and the end-polymer product (actually oligomer due to the low
conversion, ∼73%, of COOH groups) obtained from the polyesteri-
fication reaction have been used as well.

For analysis of the end-polymer product the following chemicals
have been used: ethanol (99.9+ % of purity, CAS 64-17-5), which
was obtained from Chemproha Chemical Distributions; tetrahydro-
furan (THF) containing 250 ppm BHT as stabilizer (99+ % of purity,
CAS 109-99-9), potassium hydroxide pellets (KOH) (purity of 85+
%, CAS 1310-58-3) and potassium hydrogen phthalate (99.95+ % of
purity, CAS 877-24-7), which were purchased from Sigma–Aldrich
Chemical Co.

2.2. Experimental procedures

2.2.1. Set-up and chemical systems description
Non-reactive and isothermal reactive experiments have been

performed with microwave and conventional heating. Microwave
heating was performed in a microwave multimode cavity (MARS
CEM Corp.) of 1600 W maximum power output and an inboard
power control system based on temperature measurements
(details in the next section). Conventional (conductive) heating was
performed with an electric heating mantle (LabHeat, type KM-ME)
with electronic laboratory controller and a maximum power output
of 150 W. Both microwave and conventional heating experiments
have been performed in a 250 ml three-neck round-bottomed glass
reactor equipped with an overhead stirrer operated at 140 rpm. The
size of the microwave cavity is reasonably big (48.14 l); in order
to obtain comparable results in both heating systems the distance
between the reactor and the condenser was minimized by position-
ing the reactor in the upper part of the cavity. A standard distillation
kit was placed above the upper cavity wall and was connected to a
graduated cylinder in order to collect the distillate.

In the non-reactive system, a series of experiments was per-
formed to estimate the microwave power absorbed by the liquid
while ramping up the temperature. Pure substances, like EG,
tap water, and the end-polymer have been heated, in both the
microwave and conventional heating systems. EG was used for this
dynamic experiment due to being liquid as opposed to neopentyl
glycol which is solid at room temperature. Each of the experiments
has been repeated at least twice.

In the reactive system, the polyesterification reaction of adipic
acid with neopentyl glycol has been performed in slight excess of
glycol. The molar ratio of reagents was 1–1.1. The reaction was car-
ried out isothermally at two temperatures (140 ◦C or 165 ◦C) with
a maximum generated power of 800 W in the microwave cavity
and 150 W in the heating mantle. Both reagents, i.e. adipic acid and
neopentyl glycol are solids at room temperature; therefore, melt-
ing of the reagents is necessary in order to start the reaction. The
case of the tin (II) chloride catalyzed polyesterification reaction,
the solid catalyst has been placed in the reactor before starting
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o heat-up towards the set temperature. At the beginning of the
eaction, the evaporation of the formed water from the mixture of
iol, dicarboxylic acid and polymer occurs vigorously while after a
ertain time further removal of water is only possible by increas-
ng the temperature in the reactor or by applying vacuum. Except
or a nitrogen flow of 35–40 ml/min to help the removal of the
y-product, the above measures were not applied in this investiga-
ion, as it was not the aim of this investigation to achieve complete
onversion.

.2.2. Temperature measurement
During both types of experiments (conventional and microwave

eating), the temperatures in the glass reactor and at the top of
he distillation set-up were measured by fiber-optic (FO) sensors

ounted inside the experimental system in direct contact with
he reaction mixture and the vapor by-product, respectively. The
O sensors have thoroughly been discussed in the literature and
re considered to be a state-of-the-art temperature measurement
echnique under microwave conditions [5]. The FO sensor for tem-
erature measurement in the microwave reactor was provided by
he supplier of the microwave equipment, whereas the one for
emperature measurement at the top of the distillation kit was a
OT-L-BA Model from FISO. Both thermometers were protected by
glass capillary against potential damage. The FO sensors exhibit

hort response times (1.5 s in the reactor and 0.5 s at the top of
he distillation set-up). Small delays in temperature measurements
ould be caused by the glass protection, although, this was not con-
idered to be significant [16]. The measured temperatures were
egistered with PC software. In case of the conventional heating
xperiments with the electric HM, the temperature control was
ased on a Pt100 thermometer (provided along with the HM)

mmersed in the reaction mixture. In addition, temperature was
lso monitored by a FO sensor. The temperature measurements
ith the two methods differed by 1 ◦C at most during the entire

onventional heating experiment.

.2.3. Power control system and power consumption
Since the reaction experiments were performed isothermally,

he power control system of the microwave oven was adjusting
he amount of power generated by the magnetron based on the
emperature measured by the FO sensor immersed in the reaction

ixture. Therefore, the power control system controlled the power
nput upon reaching the set temperature. It is remarked that in
he reactive system, the power varied between 250 and 800 W in
rder to keep the temperature at the set-point (140 ◦C or 165 ◦C).
n the contrary, in the non-reactive system the power was set to
00 W (half of the maximum power that could be generated by the
agnetron).
For the measurement of the total energy consumption a com-

ercially available domestic power meter (Energy Logger 3500,
oltcraft) has been used. This power meter determined the amount
f power consumed (Pcons) by the microwave apparatus or the heat-
ng mantle device. Since electric devices consume power for the
eriod of idle mode, the power consumption has been measured
nly for a period when the devices were in the “on-mode”.

.3. Products analysis

To monitor conversion, several samples were taken from the
eactor during the course of an experiment. Conversion was esti-
ated from the acid group content in the sample, which was

easured by the acid number or acid value (AV). The latter was

etermined by titration, immediately after sampling, according to
he method for testing powder coating resins provided by DSM [17].
irst, the samples were weighed (±0.0001 g) and dissolved in 60 ml
etrahydrofuran (THF) at room temperature. A solution of 1% of
ring Journal 155 (2009) 859–866 861

phenolphthalein in ethanol was used as an indicator. The standard
0.1 M ethanol solution of potassium hydroxide was used to react
with COOH groups in the polymer. The end point was obtained
when the solution turned red. Standardization of the potassium
hydroxide solution was performed by potassium hydrogen phtha-
late titration [17]. AV is expressed in mg of potassium hydroxide
per g of polymer as follows:

AV = 56.1 · (V1 − V2) · N

W
(1)

The number-average molecular weight (Mn) of the polymer
product was determined by Gel Permeation Chromatography
(Waters GPC, with Breeze software) equipped with a refractive
index (RI) detector and styragel column set (HT2 and HT6E). THF
was used as effluent at a flow rate of 1 ml/min. The detector and
the column were kept at 37.5 ◦C. Calibration of the system has been
done with polystyrene standards with a narrow molecular weight
distribution. The polymer was dissolved in THF at a 1:1 ratio of
mg of polymer to ml of THF. The specific heat capacity of the end-
polymer mixture (required to calculate the energy absorbed by the
sample) has been measured by a Differential Scanning Calorimeter
DSC-7 (PerkinElmer) in N2 atmosphere with sensitivity of 0.4 �W
and calorimetric accuracy of ±1%, with temperature accuracy of
±0.1 ◦C.

3. Results and discussion

3.1. Distribution of energy in the microwave unit

The energy distribution in the microwave apparatus is given by
the following equation:

Pcons = Ploss,magn + Pmw,gen

= Ploss,magn + Prefl,cavity + Ploss,sample + Pabs,sample (2)

Eq. (2) simply states that the total amount of electric power con-
sumed Pcons by the microwave device is only partially converted
by the magnetron into microwave irradiation (Pmw,gen) that is sub-
sequently delivered to the microwave cavity. The rest is lost at
the magnetron (Ploss,magn). Pmw,gen is further analyzed into three
constituents: (1) the power effectively absorbed by the sample
(Pabs,sample), (2) the power that is lost in the microwave cavity due
to reflection at the cavity walls (Prefl,cavity), and (3) the power that is
lost in the microwave cavity via heat conduction from the heated
sample to the air outside the glass reactor Ploss,sample. A significant
amount of power consumed during the operation of the microwave
device is lost at the magnetron itself. The power efficiency of
the magnetron (�magn) has been estimated experimentally for the
non-reactive and reactive system. In the non-isothermal, non-
reactive experiments, power efficiencies of 43–50% and 56–63%
were estimated when operating the MW unit using 25% and 50% of
the maximum power of the magnetron (1600 W), respectively. In
the isothermal reactive experiments, �magn were somewhat lower
(40–44%) due to the magnetron operation at lower power levels
(oscillating in the range 250–800 W); as explained in Section 2.2.3,
the MW oven was adjusting the amount of power generated to
maintain a constant reactor temperature. Despite the big energy
losses in the magnetron, its power efficiency and consequently the
power efficiency of the process itself can be substantially improved
when operating the microwave unit at higher power levels. A cru-
cial issue in microwave technology that is scarcely reported in the

literature is the energy efficiency of the process. To shed light on
this issue, two efficiency metrics are defined below:

(1) The thermal efficiency of the glass reactor, �TE, which repre-
sents the amount of electric energy consumed by the MW oven
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(Qcons) that is eventually converted into thermal energy in the
glass reactor (Qthermal,sample):

�TE = Qthermal,sample

Qcons
= �magn

Qthermal,sample

Qmw,gen
(3)

Qthermal,sample = Qabs,sample + Qloss,sample (4)

2) The process efficiency, �PE, which is defined under the generic
convention of “what we get” over “what we pay for” and rep-
resents the “useful” amount of thermal energy that is actually
absorbed by the sample (Qabs,sample) during the experiment over
Qcons:

�PE = Qabs,sample

Qcons
= �magn

Qabs,sample

Qmw,gen
(5)

he efficiencies above are defined on total energy (Q) basis. Total
nergies are obtained by integrating power (P) over the time course
f experiments. In the case of non-reactive experiments (described
n Section 3.2), where a liquid sample is simply heated up, Qabs,sample
ncreases the sensible heat of the sample; in the case of isothermal
eactive experiments (described in Section 3.3), part of Qabs,sample
nables the polyesterification process and is converted to chemical
nergy, while the rest is converted to vapor heat. The difference
etween �TE and �PE in a MW oven represents the fraction of
hermal energy generated in the sample that is lost to the sur-
oundings of the glass reactor via heat conduction. The efficiency
alues reported hereafter have been calculated, according to Eqs.
3)–(5), via multiplying the average magnetron efficiency (�̄magn) by
he efficiency values on Qmw,gen basis. �̄magn = 0.6 and �̄magn = 0.42
re considered for the non-reactive experiments with constant
mw,gen (800 W) and reactive experiments with variable Qmw,gen

250–800 W), respectively.

.2. Non-reactive system

A series of non-reactive heating experiments (with MW and HM)
ave been performed with the individual components of the actual
olyesterification process in order to calculate heating times and
fficiencies. EG (liquid phase at room temperature), tap water and
he end-polymer product have been exposed to microwave irra-
iation and heated to two target temperatures of 80 ◦C or 145 ◦C
except water, which vaporizes). Fig. 1 shows the temperature
ncrease of the different substances mentioned above with time
sing microwaves. These experiments have been performed at a
onstant generated microwave power of 800 W. Fig. 1 shows that
rom the three substances, EG is heated up the fastest; the polymer
nd EG have comparable heating rates, whereas water is heated up
ignificantly slower. In Table 1, the heating rates of the polymer
s well as Qcons are presented at two operation powers of 800 and
00 W. In the last column of Table 1, the respective values with
M are quoted. It is shown that when doubling the applied power
rom 400 to 800 W (MW), the heating time is approximately halved,
hereas Qcons increases a little (<10%). In comparison of the two
eating modes, operating the microwave oven at 800 W results in
1 order of magnitude faster heating at the expense of Qcons being,
pproximately, twice as high. The power applied with HM, though,

Table 1
Electric energy consumption and heating time of a polymer product sam
in duplicate experiments.

Type of heating Heatin

MW

Power applied [W] 800
Heating time to set temperature [min] 2.5
Electric energy consumption (Qcons) [kJ] 245
Fig. 1. Sample temperature vs. heating time of water, EG, and the polymer product
(∼75% of conversion of COOH groups). A constant volume (175 ml) is used for all
samples. The magnetron is operated at 800 W.

is only 150 W (limited by the equipment itself). A more straight-
forward comparison can be done by linear extrapolation (in case
of MW) of the “electric energy consumption” and “heating time” to
“power applied” slopes, based on the data at 400 and 800 W, down
to the power level of 150 W used in HM. This yields 5.6 min of heat-
ing time (vs. 21.4 in HM) and 216 kJ electric energy consumption
(vs. 130 in HM). Albeit this linear extrapolation to a lower power
level for HM should be seen as a rough approximation, it gives a
feeling of the different heating times and electric energy require-
ments with the two heating modes on equal generated power level
basis. All in all, use of MW results in sample heating several times
faster than the conventional heating at the expense of higher elec-
tric energy consumption. Nonetheless, if it was not for the rather
low magnetron efficiency (40–60% as discussed above), the heat-
ing process would be energetically comparable for the two heating
modes or even favorable under MW.

As mentioned in the previous section, the electromagnetic
energy converted into heat in the sample is partially absorbed by
the sample itself increasing its temperature and thus, its sensi-
ble heat (Qabs,sample) and partially lost to the surroundings via heat
conduction. Qabs,sample is calculated by:

Qabs,sample =
∫ Tfinal

T0

mcp dT (6)

In Eq. (6), T0 is the initial temperature. The specific heat capacities
(cp) for ethylene glycol and water are known [18], whereas that for
the polymer sample has been measured. The total heat transferred
from the liquid to the surroundings (only for MW experiments) can
be calculated from:∫

Qloss,sample =

tfinal

t0

U(T(t) − To)dt (7)

U [in W/K] is an average lumped heat transfer coefficient
accounting for conduction heat transfer from the liquid to the sur-

ple (∼75% conversion, 175 ml sample volume) heated up to 145 ◦C

g of liquid polymer from room temperature up to 145 ◦C

MW HM

400 150 (pulsed)
4.4 21.4
227 130
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Table 2
Thermal and process efficiencies (�TE and �PE , respectively) for MW heating, and
�PE for HM in the event of EG, water and the polymer product. The liquid samples
(175 ml) are heated up to 80 ◦C and 145 ◦C. Heat losses from the sample (in case of
MW heating) are calculated based on a lumped heat transfer coefficient of 0.2 W/K.
The magnetron is operated at 800 W.

MW HM

�TE (%) �PE (%) �PE (%)

80 ◦C
EG 24.6 24.0 44
Water 20.4 20.4 41
Polymer 19.8 19.2 38

r
a
c
d
i
i
v
f
t
(
r
t
E
c
t
i
i
t
r
c
i
r
M
(
t
fi
l

3

3

p
t
a
a
t
s
t
o
∼
i
t
t
a
f
p
t
o
4

trends at the top of the column outside the oven remain simi-
lar, except during the sampling period. In case of the experiments
with HM, the sampling procedure was much simpler because it
was not necessary to switch off power every time a sample was
taken.
145 ◦C
EG 31.8 30.6 47
Polymer 26.4 25.2 45

oundings of the glass reactor via the glass wall and to the gas phase
bove the liquid via the gas–liquid interphase. In the microwave
avity, U has been determined, first, by fitting the exponential
ecrease in the sample temperature when the microwave power

s off (cooling curve). It was found to be ∼0.17–0.22 W/K depend-
ng on the temperature range and the compound examined. These
alues are in good agreement with those obtained via heat trans-
er correlations. Table 2 shows, in the second and third columns,
he thermal and process efficiencies calculated from Eqs. (3) to
7) for MW heating of EG, water and the polymer product. It is
emarked that these values hold for a round-bottomed glass reac-
or with 175 ml of liquid. The highest efficiencies are obtained for
G and the lowest ones for the polymer mixture. The process effi-
iencies are up to 2% lower than the thermal efficiencies signifying
hat the heat losses from the glass reactor during fast sample heat-
ng up to the target temperature are low. The process efficiencies
n HM (defined as in Eq. (5)) are higher compared to MW at both
emperatures. Thermal efficiencies for the HM experiments are not
eported as the definition of Eq. (3) does not have an equivalent
ounterpart for HM. In fact, 100% of the electric energy consumed
s converted to thermal energy via electric resistances outside the
eactor and is partially conducted into it. Higher efficiencies under
W heating can be attained if (a) a larger reactor volume is used;

b) the position of the glass reactor in the cavity is optimized in
hat it is placed at a spot of (local or global) maximum electric
eld strength, and (c) the magnetron is operated at a higher power

evel.

.3. Reactive system

.3.1. Pretreatment time
At the beginning of the process the reagents are in the solid

hase at room temperature and need to be melted. In this paper,
he above pretreatment time is denoted as delay time and is defined
s the time needed by the reaction mixture to reach the temper-
ture of 140 ◦C starting from switching on the heating device. At
his temperature, most of the solids are melted and the stirrer
tarts to operate. In case of MW experiments, the pretreatment
ime is on average 5 min for the experiments at both temperatures
f 140 ◦C and 165 ◦C. In the case of HM, the pretreatment time is
25 min, both for the experiments at 140 ◦C and at 165 ◦C. Dur-

ng the melting phase the power generated by the magnetron is at
he maximum level of 800 W, while during the HM experiments,
he power is at the maximum level of 150 W for the HM. It can be
ssumed that the difference in melting time is related to the dif-

erent energy input. One of the consequences of the difference in
retreatment times is that the temperature at the top of the dis-
illation column reaches its maximum value at later times in case
f HM compared to MW (90–100 min vs. 60–70 min at 140 ◦C and
0–45 min vs. 15–17 min at 165 ◦C). Furthermore, the maximum
Fig. 2. Temperature inside the reactor and at the top of the set-up vs. time in a MW
experiment at 165 ◦C including pretreatment time.

temperature reaches 100 ◦C in MW, whereas only 94.5 ◦C in HM is
obtained (see Figs. 2 and 3).

3.3.2. Sampling procedure
The reaction progress was tracked by taking samples from the

reaction mixture at predefined time intervals of ∼30 min. In case of
MW experiments, the MW equipment was shut down for ∼1 min
during the sampling (when no sampling was applied, the mag-
netron was continuously on). As a consequence, the temperature
in the reactor and at the top of the separation column decreased
significantly (8–12 ◦C in the reactor and ∼30–55 ◦C at the top of
the distillation set-up; see Figs. 2–4). After the sample was taken
and the oven was on again, it took less than a minute for the reac-
tion mixture to reach the set temperature, whereas the response at
the top of the column was rather slow (7–20 min). The time range
of the response depends on the stage of the reaction at which the
sampling takes place. In order to check the influence of taking sam-
ples, one extra 3-h microwave experiment without sampling was
performed and the results are shown in Fig. 4; the temperature
Fig. 3. Temperature inside the reactor and at the top of the set-up vs. time in a HM
experiment at 165 ◦C including pretreatment time.
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ig. 4. Temperature at the top of the set-up in the MW and HM experiments per-
ormed at 165 ◦C excluding the pretreatment time.

.3.3. Conversion in non-catalyzed and catalyzed reaction
ystems

Acid value measurements were performed to determine the
oncentration of the free acid groups in the reaction mixture. Then,
onversion of COOH groups was calculated based on Eq. (1). Fig. 5
hows conversion of COOH groups vs. time in case of MW and HM at
65 ◦C. At the beginning of the reaction when the reactants concen-
ration is high and conversion is low, the reaction rate is somewhat
igher under microwave conditions. At about 1.5 h (conversion
65%) the two conversion lines cross and then conversion in MW
ppears slightly lower than in HM. After 3 h of reaction at 165 ◦C
he conversion of COOH groups in both cases is ∼73%. At this point
he reaction is close to equilibrium and the trend lines approach
heir asymptotic values. As it was already discussed above, it was
ot the aim of these experiments to reach higher conversion. Fig. 5
lso presents one experimental point (filled square) representing
he MW experiment without taking samples at intermediate inter-
als (the oven was continuously on); no significant difference in
he end-conversion was found. Overall, it appears that the heating
ode does not significantly affect conversion.
Fig. 6 shows the data for non-catalyzed and SnCl2-catalyzed

eaction experiments with MW and HM at 140 ◦C. After 3 h of reac-
ion at 140 ◦C without catalyst (excluding pretreatment time), the

ig. 5. Conversion of COOH groups vs. time at 165 ◦C for non-catalyzed reaction
xperiments in MW and HM (excluding pretreatment time).
Fig. 6. Conversion of COOH groups vs. time at 140 ◦C for non-catalyzed and SnCl2-
catalyzed reaction experiments in MW and HM (excluding pretreatment time).

conversion of COOH groups is ∼53% in HM and ∼57% in MW. As
expected, these conversions are lower compared to the experiment
at 165 ◦C (Fig. 5). They show, however, that conversion is relatively
insensitive to the heating mode irrespective of the reaction tem-
perature (i.e. same finding for 140 ◦C and 165 ◦C). When using SnCl2
as catalyst for the polyesterification reaction, the end-conversion
(3-h reaction) increases by more than 10% in both heating modes
(Fig. 6: ∼66% vs. ∼53% in HM and ∼68% vs. ∼57% in MW). Nonethe-
less, it is again concluded that the presence of catalyst does not
affect the coupling of the reaction system under investigation with
microwave irradiation.

The product characteristics (polymer mixtures) were examined
by GPC and appeared to be independent of the heating method.
There are no significant differences in the product chromatograms
between the non-catalyzed experiments carried out at the different
temperatures with different sources of heat (data not shown). The
molecular weight dependence as a function of AV is shown in Fig. 7.
The left set of data represents the molecular weight of the polymer
product in the case of experiments at 165 ◦C, whereas the right one

◦
represents the molecular weight of the polymer product at 140 C.
As expected, the molecular weight is higher at the higher temper-
ature due to the higher acid conversion. The molecular weight of
the end-polymer product is in the range 700–800 at 140 ◦C and
900–1000 at 165 ◦C depending on AV. Overall, Fig. 7 shows that

Fig. 7. Number-average molecular weight vs. AV for non-catalyzed reaction exper-
iments at 140 ◦C and 165 ◦C in MW and HM.
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Table 3
Contribution of heat of reaction, heat of vaporization and heat losses to thermal
and process efficiencies (�TE and �PE , respectively) for MW heating, and to �PE for
HM. Qreaction and Qvap have been calculated based on the maximum obtained exper-
imental conversions of 55% and 75% at 140 ◦C and 165 ◦C, respectively. Qloss,sample is
calculated based on a lumped heat transfer coefficient of 0.2 W/K. Non-catalyzed
reaction experiments.

Conversion MW HM

140 ◦C 165 ◦C 140 ◦C 165 ◦C
55% 75% 55% 75%

Qloss,sample (kJ) 259 313 – –
Qreaction (kJ) 126 172 126 172
Qvap (kJ) 34 44 34 44
Qmw,gen (kJ) 4000 4070 – –
Qcons (kJ) 9524 9691 974 1087
ig. 8. Comparison of collected amount of distillate during non-catalyzed experi-
ents performed at 165 ◦C in MW and HM excluding pretreatment time.

he molecular weight of the polymer is not significantly influenced
y the heating method, which is consistent with the conversion
rofiles of Figs. 5 and 6 that were discussed above.

.3.4. Collected distillate
In this section, the by-product (water) formation and its removal

rom the reactor are discussed. Fig. 8 shows the distillate volume
s. reaction time in case of MW and HM at 165 ◦C. The dashed lines
epresent the estimated amount of water produced based on the
toichiometry and the measured conversion. The solid lines rep-
esent the actual amount of distillate in the collector outside the
W oven/HM. The difference between the two sets of lines is the

mount of water that remains in the polymer mixture and on the
lassware walls. As mentioned in Section 2.2.1, complete removal
f water could have been achieved by applying vacuum. It should
lso be noted here that a significant amount of water is vaporized
ff the reactor during sampling. The MW experiments show that
ater is formed slightly earlier compared to HM. More specifically,
15 min past the reactor temperature has reached 140 ◦C water is

ormed and removed from the reaction zone in the MW experi-
ents, whereas in HM the removal of water starts ∼35 min past

he reactor temperature has reached 140 ◦C. This is in consistency
ith the higher acid conversion at the beginning of the reaction
nder MW heating shown in Fig. 5. The water fraction remaining

n the reactor zone was slightly lower in the MW experiments. Fur-
hermore, the glycol content in the distillate was found to be less
han 1% (w/w). Collectively, the water distillate trends in Fig. 8 can
e seen as an alternative way to track reaction progress in MW and
M. These trends confirm the weak effect of the heating mode on

he polyesterification process investigated here.

.3.5. Efficiency
The electromagnetic energy converted into heat in the sample

n the reactive MW experiments is partially transformed to chemi-
al energy via the endothermic polycondensation process, partially
onverted to vapor heat and partially lost via the glass walls to
he surroundings due to conduction. To calculate the heat of reac-
ion at the reactor temperature, the required heats of formation
f the monomers and the water product are obtained from the
SPEN database. The heat of formation of the polymer product
s first computed at 25 ◦C (based on the repeated unit) according
o van Krevelen and Chermin [19] from group contributions and
tructural corrections based on experimental data, which are suffi-
iently accurate over the temperature interval of 300–600 K. This is
commonly used method if no experiments or ab initio calculations
�TE (%) 4.4 5.5 – –
�PE (%) 1.7 2.2 16.4 19.9

are performed. It is noted that the group contributions are given
to calculate standardized free enthalpies of formation at the ideal
gaseous state. It is mostly assumed, though, that they hold in liquid
phase as well. Eventually, the polymer heat of formation at 140 ◦C or
165 ◦C is computed by adding the sensible enthalpy content at the
given temperature to the standard enthalpy of formation. The sen-
sible enthalpy is calculated based on correlations between liquid
heat capacities and temperature for linear macromolecules [19].

Table 3 shows the contributions of heat of reaction (Qreaction),
heat of vaporization (Qvap) and heat losses (Qloss,sample) to �TE and
�PE, for MW heating, and to �PE for HM. Qloss,sample is calculated based
on an average heat transfer coefficient of 0.2 W/K (see also discus-
sion in Section 3.2). The total electrical energy consumed (Qcons)
is ∼9500–9700 kJ, whereas the total MW energy (Qmw,gen) deliv-
ered to the cavity during a reactive MW experiment is ∼4000 kJ.
A significant fraction of the latter is reflected and lost in the cav-
ity. Thermal efficiencies of 4.4% and 5.5% are calculated for MW
heating. These values are lower than those reported in Table 2 for
the non-reactive (pure heating) experiments. It is stressed here
that there is an important sample mass and volume reduction dur-
ing the experiment, which decreases the efficiency. In particular,
75–80% of the water (containing less than 1% organics) produced
in the mixture was collected as distillate but an additional amount
escaped from the system as vapor during sampling or remained in
the system affixed on the glass walls. In passing, the approximate
Qvap in Table 3 is computed assuming that the entire amount of
water produced has been vaporized off the liquid phase. Besides,
not only water but also an important amount (at least 16 g) of the
product mixture (also containing unreacted monomers being good
MW absorbers) has been removed from the system during sam-
pling. In total ∼17% of the initial mixture volume is estimated to
be lost during the experiments. Next to the decreasing absorb-
ing capability of the product mixture caused by the removal of
good MW absorbers, the volume reduction is particularly detri-
mental in MW heating, which is known to be volumetric heating
as opposed to conducting surface heating. However, some vol-
ume reduction is inevitable during the process, as water must
be distilled off to shift equilibrium to nearly complete conver-
sion. The latter is indispensable for production of polymer with
high molecular weight. As already explained in Section 3.2 (on
the non-reactive experiments), the MW efficiency can further be
enhanced by using a larger reactor volume, by optimizing its posi-
tion in the cavity so that it is placed at the maximum electric field
strength position, and by operating the oven at a higher power

level. The process efficiencies in MW heating are found to be ∼2%
(Table 3). Contrary to the non-reactive system, the relative con-
tribution of heat losses from the sample is now bigger due to the
higher temperature operation and the much longer duration of the
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eactive experiments. Besides, similar to the non-reactive system
onditions in Table 2, process efficiencies under conventional heat-
ng (HM) are higher compared to those in the MW experiments
Table 3).

. Conclusions

A microwave-assisted polyesterification reaction between
eopentyl glycol and adipic acid was investigated in this work and
ompared to a conventionally heated process in an electric heat-
ng mantle. The two heating modes are also contrasted as efficient

eans of merely heating up the individual substances of the pro-
ess. A compilation of the most important conclusions is given
elow:

MW heating of the individual components of the polyesterifica-
tion process is several times (>3) faster than conventional heating
at the expense of a higher electric energy consumption (∼ a factor
2). The latter is primarily attributed to the rather low magnetron
efficiency (∼40–60% depending on the power level applied in this
work).
The heating mode (MW vs. HM) does not significantly affect con-
version and the properties of the end-polymer product. After 3-h
reaction experiments (with no catalyst and with SnCl2 catalyst)
the conversion of acid groups was similar under MW heating
and conventional heating. As expected, the use of catalyst and
higher reactor temperatures improves conversion for both heat-
ing modes.
Approximately 20–30% of the electric energy consumed by the
MW oven is converted to thermal energy in the reactor dur-
ing (non-reactive) heating of the individual components of the
polyesterification process. This fraction drops to ∼5% in the event
of isothermal reaction experiments. A vast amount of energy is
lost in the magnetron and the multimode cavity; these losses
do not hamper conventional (conductive) heating, which is cur-
rently more economical.
From the operational point of view, higher efficiencies under MW
heating in multimode cavities can be attained when using larger
reactor volumes and when the position of the glass reactor in
the cavity is optimized in that it is placed at a spot of (local or
global) maximum electric field strength. This suggests that con-
certed modeling and experimental efforts are required to get the
best of the MW technology. In addition, the use of more effi-
cient monomode cavities and microwave transmission antennas

placed inside the reactor should be explored. In the long run,
microwave ovens powered by renewable energy sources such as
solar energy could circumvent the problem of low conversion effi-
ciency of the expensive electric energy to electromagnetic energy
by the magnetron.
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