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ABSTRACT: The NH4Cl-assisted dehydration of xylose to
furfural was studied using traditional and microwave heating.
Significant differences in rate, pH profiles, and selectivity profiles
were observed between both heating systems. A comparative
kinetic analysis showed 7�13 times higher first-order rate
constants for the xylose dehydration reaction under microwave
heating. Dedicated experiments with varying irradiation power
and liquid mixing intensity suggested that the differences are
due to the development of overheated areas under microwave
heating. This hypothesis was supported by modeling the rate
enhancement observed under microwave heating using a simple
kinetic model that assumes a minor overheated fraction amid a
bulk liquid at target temperature.
KEYWORDS: Furfural, Overheating, Microwave effect, Kinetic model, MAOS

■ INTRODUCTION
Microwave-assisted heating is widely and successfully applied
in organic chemistry.1,2 The main characteristic of microwave-
assisted organic synthesis (MAOS) is rate acceleration,
observed in almost all reactions. Other results that cannot be
obtained using traditional heating have been also reported, e.g.,
unconventionally high yields and different reaction mecha-
nisms.1,3�5

Today, it is generally agreed upon that the observed rate
enhancements in microwave-heated reactions are the result of
solely thermal effects.6 Specifically, the use of reaction vials
made of silicon carbide (SiC), a highly microwave-absorbing
material, by Kappe et al. has proven to be extremely valuable in
investigating the nonexistence of specific, nonthermal micro-
wave effects.6,7 In other words, “heating is just heating, whether
by microwave or conventional methods”.7�9 However, micro-
wave heating is fundamentally different from conventional
heating, since it is derived from the selective interaction of the
electromagnetic radiation with matter that leads to an energetic
coupling at the molecular level.10 The presence of thermal
effects as superheating of the solvent occurs is often postulated
to explain the rate enhancement.1,2

Local overheating is a consequence of the inhomogeneous
electromagnetic field distribution along the sample. Temper-
ature gradients at microwave conditions have been modeled to
result from field inhomogeneity and have been detected by
fiber optic sensors, by IR thermography, and through specific

photochemical reactions.5,8,10�12 However, to the best of our
knowledge, there is no kinetic model that directly relates the
local overheating to the rate enhancement under microwave
heating.

Microwave heating has also been explored for the
conversion of biobased feedstock to fuels and chemicals, e.g.,
for manufacturing furfural and hydroxymethylfurfural.13�18

These furanic compounds have indeed been recognized
among the top value-added chemicals.19,20 The existence of a
specific, nonthermal microwave effect in the manufacture of
furans has already been excluded by using Kappe’s SiC
vessels.21 These claims were nuanced by Ashley et al.,22 who
showed significant microwave leakage through SiC. Even more
recently, De Bruyn et al. studied a demethylation reaction
under conventional and microwave heating and found
differences in kinetic behavior only when the reaction
conditions allowed gaseous product to form gas bubbles and
escape the reaction vessels.5 Through a comprehensive
modeling study, they claimed that the formation of gas
bubbles would deform the microwave field and would, thereby,
result in local overheating in the vicinity of the gas bubbles.5

However, even if any specific microwave effect can be ruled
out, no alternative explanation has been offered to explain the
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widely observed rate enhancement under microwave heat-
ing.13,18

The aim of this study is to examine the rate enhancement of
the dehydration of xylose into furfural under microwave
heating, considering the presence of local overheating. To do
so, this reaction was performed under traditional and
microwave heating, in a temperature range from 140 to 200
°C. Rates and selectivities for both heating methods were
monitored and compared. On the basis of the acquired
information, a kinetic model was developed that incorporates
local overheating.

■ RESULTS AND DISCUSSION
For this study an aqueous solution of xylose and NH4Cl (350
and 500 mM, respectively) was heated between 140 and 200
°C either in a Wood’s metal batch (traditional heating) or
using a CEM Discover SP reactor (microwave heating). To
ensure maximum comparability, the same amount of solution
(5 mL) and identical stirring conditions (ca. 1000 rpm) were
used in both heating methods. Halide salts have been reported
to have a positive effect on the selectivity of the xylose
dehydration reaction catalyzed by mineral acids.16,17 There-
fore, NH4Cl was chosen due to its Bro�nsted acid character-
istics, although without any initial pH adjustment.16,17

Accurate temperature monitoring under microwave con-
ditions is of crucial importance.6,7 Fiber optic sensors have
been used, coupled with IR temperature sensing, for internal
temperature measurements at microwave conditions. However,
such sensors showed surprisingly large temperature gradients
when homogeneity through effective mixing cannot be
ensured.8 In the present case we did not use such a sensor
due to the necessity to seal the vials on account of the
development of high pressure, and therefore, the temperature
was monitored with an IR temperature control system that was
accurate to +0.35 °C (±1 °C), as determined with an
independent thermocouple prior to use (Figure S1). Under
microwave heating, however, the comparison of operating
pressure to equivalent saturated steam pressure indicated a
temperature deviation between +4 (±1) °C at 140 °C to +10
(±4) °C at 200 °C (Figure S2). These calibration data and
their significance for the results will be discussed in more detail
below.

Due to the impossibility to take aliquots during the
experiments, all of the reactions were stopped, and the

solutions were cooled at the desired time and analyzed with 1H
NMR spectroscopy. The concentrations of furfural and
unreacted xylose in the crude reaction mixture were calculated
in order to determine the rate and the selectivity of the xylose
dehydration into furfural.

Conventional and Microwave Heating. The traditional
heating at 140 °C gave rise to the formation of furfural with 35
mol % yield after 70 h (Figure 1a). However, the reaction was
slow, and the conversion of xylose was still incomplete after 70
h. Performing the reaction at 200 °C resulted in a final yield of
45 mol % of furfural after 3 h and a conversion of 98% (Figure
1a). The yield of furfural was strongly dependent on the
concentration of NH4Cl (Figure S3). However, the maximum
yield typically did not exceed 45�48 mol % at a conversion
>90% due to the occurrence of side reactions. The main side-
reactions are xylose�furfural and furfural�furfural condensa-
tions, which lead to the formation of solid byproducts
(humins) as characterized using FTIR spectroscopy (Figure
S4). Overoxidation and fragmentation of xylose and/or furfural
into small molecules (e.g., furanic acid and short-chain
carboxylic acids, as identified by 1H NMR spectroscopy,
Figure S5) are also possible.19,20

As shown in Figure 1b, changing the temperature from 140
to 200 °C resulted in a shift in selectivity path for the reaction.
At 140 °C, the reaction starts by converting xylose to an
unidentified byproduct and produces furfural only after 35%
conversion (Figure 1b). In contrast, at 200 °C, the yield of
furfural increased from the onset of conversion. In both cases
the maximum furfural selectivity was ca. 50%.

The formation of an intermediate, usually xylulose, has been
postulated by several groups.19,20,23 However, control experi-
ments did not reveal traces of xylulose in our case (Figure S6).

In contrast, MS and HPLC analysis of the crude reaction
mixture showed the presence of high molecular weight species,
compatible with a sugar-like material after 2 h at 140 °C
(Figures S7 and S8). The analysis of crude reaction mixtures at
higher xylose conversion did not show the presence of these
species; products at much higher molecular weight (compat-
ible with highly condensed humic byproducts) were detected
instead (Figure S9).

Intriguingly, the pH appeared to drop from 5 to 3 during the
reaction both at 140 and at 200 °C. The pH change was
monitored by 1H NMR spectroscopy (Figure S10) following
the signal of the ammonium cation (NH4

+).24 Control

Figure 1. Yield of furfural (a) as a function of time and (b) as a function of conversion for the dehydration reaction of xylose at 140 and 200 °C
under traditional heating (350 mM xylose and 500 mM NH4Cl).
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experiments proved that the pH change could be caused by
such low concentrations of acidic byproducts and cannot be
linked to the simple heating of an aqueous NH4Cl solution.

This pH drop is connected to the shift in selectivity (i.e.,
yield-conversion profile at low conversions) of the system,
while at 200 °C the pH immediately drops to 3, resulting in a
linear selectivity path. In the reaction performed at 140 °C
there is a clear correspondence in the change of selectivity and
the pH drop (Figure 2). This relation is compatible with the

formation of oligosaccharides at mild pH conditions, with the
process reversing at pH = 3 because of the low stability of
sugar oligomers at pH < 3.5.25

Moving from traditional to microwave heating enhanced the
rate of formation of furfural (Figure 3a), both at 140 and 200
°C. However, a much smaller difference in initial selectivity to
furfural was observed between the runs at 140 and 200 °C
(Figure 3b).

Kinetic Analysis and Rate Enhancement. The xylose
dehydration reaction at 140 °C under microwave conditions
showed a higher rate and a different conversion behavior

compared with the same reaction performed at traditional
heating (Figure 4a). Traditional heating led to a plateau
between approximately 700�1600 min of reaction, which is
not visible under microwave conditions. The pH drop from 5
to 3 already observed in traditional heating was again observed
under microwave heating, but it occurred within the first 30
min of reaction at 140 °C, instead of over 2 h. This difference
may be rationalized by the rate enhancement generally
observed under microwave heating. In general, the initial
furfural selectivity is substantially influenced by the reaction
temperature under traditional heating but not under micro-
wave heating (Figure S11).

At 200 °C, a clear rate enhancement was observed for the
microwave heating, as expected (Figure 4b). Assuming first-
order kinetics for the xylose conversion at 200 °C, the initial
rate constant k was calculated from the initial slope of the early
ln(X0/Xt), where X0 and Xt are the concentration of the xylose
at time 0 and time t, respectively. The k(200 °C) value amounts
to 13.9 ± 0.4 min�1 for traditional heating and 197 ± 1 min�1

for microwave heating.
Factor A� ecting the Rate Enhancement. A number of

elements were considered to explain the rate enhancement by
microwave heating. We investigated eventual temperature
misreading, difference in heating profile, microwave irradiation
power, and extent of liquid mixing.

This rate enhancement cannot be attributed to different
heating profiles, as control experiments still showed the
formation of some furfural when the microwave irradiation
was tuned to follow the heating profile of an experiment with
conventional heating that did not produce any furfural (Figure
S12).

Any radiative, nonthermal effect has already been ruled out
by Xiouras et al.21 Therefore, we assumed the formation of
local overheated regions within the reaction vessel, where most
of the reaction takes place. Local overheating was also
discussed by De Bruyn et al. and successfully modeled with
COMSOL to be an effect of field inhomogeneity, confirming
the consistently observed nonuniformity of the microwave
field.5,8,26 This was explored further through two sets of
additional experiments.

The effectiveness of microwave heating appears to require a
minimum output power, as expected for the generation of local
overheating. The reaction has been analyzed at different
irradiation powers in an interval between 10 and 200 W.

Figure 2. Yield of furfural as a function of conversion, for the
dehydration reaction of xylose at 140 °C under traditional heating
(350 mM xylose and 500 mM NH4Cl) in relation with the pH drop,
evaluated with pH paper.

Figure 3. Yield of furfural (a) as a function of time and (b) as a function of conversion for the dehydration reaction of xylose at 140 and 200 °C
under traditional heating (350 mM xylose and 500 mM NH4Cl).
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However, with everything else being constant (irradiation for
20 min at 180 °C under vigorous stirring of ca. 1000 rpm,
optionally with active air cooling to keep the vessel
temperature under control only at power output >100 W),
the microwave unit needs to be allowed to deliver an
irradiation power above ca. 30 W to result in a high furfural
yield of about 40 mol %, compared to the 5 mol % observed at
low power or under traditional heating (Figure 5).

The effectiveness of microwave heating appears also to be
attenuated by thorough mixing of the reaction medium, as
expected if it would come from local overheating.

Lowering the stirring rate from 1000 to 400 rpm showed no
change in the furfural yield profile. The small magnetic stirrer
of the microwave unit is not very effective here as it pulls a
sizable vortex in the liquid, resulting in a behavior not
dependent on the stirring rate.

Adding microwave-silent glass mixing beads in the vial,
following a simple procedure described by Kappe et al. to
prevent local overheating, keeping all the other parameters

constant, lowered the furfural yield from 40 to 25 mol % at 70
W (Figure 5).6

The mixing can also be improved by inserting baffles in the
vessel.27 The addition of three glass baffles (pictured in Figure
S13) appeared to shift the power threshold for high furfural
yield to a higher power level (from 30 to 70 W) and to reduce
the maximum furfural yield from 40 to 18 mol % that is
achievable at high maximum power (Figure 5). These effects
are compatible with the hypothesis of local overheating and
with previous results in literature, since it should indeed be
partly annihilated upon improved mixing.7,8 Such effect, which
has a thermal origin, should not be observed if the effectiveness
of microwaves would have been due to hypothetical non-
thermal photonic excitation of the sugar or dipolar stabilization
of the solvation sphere around the sugar, which is again proven
to be inconsistent.28

Since microwave heating is nonhomogenous, the definition
of the uncertainty on the temperature sensing (�� err) is
crucial.6,7 Internal measurements with fiber optic sensors upon
microwave heating showed large fluctuations,8 so �� err was
first evaluated upon cooling (no microwave heating, with a
thermocouple sensor) and then upon microwave heating using
the autogenous pressure of water vapor as a cross reference.
Upon cooling, so without any overheating expected, � Terr
amounted to +0.35 (±1) °C (Figure S1). Upon microwave
heating, � Terr showed a higher average of +7 °C, but it
appeared to increase with target temperature from +4 (±1) at
140 °C to +10 (±4) °C at 200 °C; in this case, � Terr is always
>0 (Figure S2).

Finally, the rate enhancement cannot be assigned simply to a
higher bulk temperature of the liquid under microwave
heating, for it would correspond to an effective bulk
temperature that is 30 to 50 °C higher than measured.
These values exceed both the standard deviations evaluated
upon cooling (±1 °C) and upon heating (±7 °C). It would,
furthermore, have resulted in an excessive vapor pressure and,
eventually, a trip of the unit once it reaches the safety limit of
22.5 bar, corresponding to a steam pressure of 220 °C. These
phenomena were not observed.

All these observations are consistent with the hypothesis of
local overheating. Specifically, the thorough temperature
calibration convincingly showed that the average liquid
temperature derived from the vial pressure is slightly higher
than the average temperature measured by the IR detector.

Figure 4. Comparison of the rates of the xylose dehydration reaction under traditional and microwave heating at (a) 140 °C and (b) 200 °C (350
mM xylose and 500 mM NH4Cl).

Figure 5. Effect of maximum irradiation power setting and of mixing
conditions on the dehydration of xylose under microwave heating (20
min, 180 °C, 350 mM xylose and 500 mM NH4Cl).
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Regrettably, the equipment used here did not allow us to
measure temperatures profiles throughout the vials. However,
there is evidence in literature that has been provided through
more sophisticated equipment.

Thermographic analyses have suggested the formation of a
hot core in the vessel, where the radiation is the most
concentrated, under microwave heating.29 This is compatible
with the temperature gradients observed using multiple fiber
optic sensors upon heating.8 The existence of a gas�liquid
interphase and the formation of dispersed hot spots near gas
bubbles has also been explored as a possible explanation for the
rising of inhomogeneity in the microwave field distribution.5
Further analysis and experimental work could be performed to
shed light on the origin of the local overheating at microwave
conditions.

Kinetic Model with Local Overheating. To analyze the
reaction kinetics, additional runs were carried out at
intermediate temperatures (155, 170, and 185 °C) using the
initial setup used for the two different heating methods (vide
supra, Figures 1�3). The rate constants were determined as
described above, in conditions of maximum furfural selectivity
(ca. 50%), and compared using an Arrhenius plot (Figure 6).

Accordingly, the microwave heating resulted in a first-order
rate constant that is 7�13 times higher than that with
traditional heating and an apparent activation energy that is
about twice as high (Figure 6, Table 1). The complex behavior
observed under traditional heating at 140 °C (Figure 4a), not
compatible with first-order kinetics, led us to exclude this
specific point from the analysis.

Related papers have concluded on the presence of a specific
“microwave effect” from differences in rate and activation

energy (Table 1).1,2 One of them implied a different frequency
of collisions under microwave irradiation, after assuming an
identical pre-exponential factor for conventional and micro-
wave heating.2 If such an adjustment could be sensible in the
presence of ferromagnetic materials, it should not apply here.30

These kinetic data are also easily explained by local
overheating. A kinetic model was developed that considers
the reaction volume to be divided between a (large) fraction at
the measured temperature and a (small) fraction at much
higher temperature� the overheated fraction. This model leads
to an apparent rate constant under microwave heating, kMW,
that is the volume-weighted average of the rate constants at the
respective temperatures, as described in eq 1.

� �= Š +Š Šk k ((1 )e e )E k T E k T
MW 0

/ /a B 1 a B 2 (1)

where k0 is the pre-exponential factor, kB the Boltzmann
constant, Ea the activation energy, � the overheated volume
fraction (defined between 0 and 1), T1 the bulk temperature,
and T2 > T1 is the temperature of the overheated fraction.

Without any specific characterization available for the local
overheating, the model assumes an average temperature
difference � T between the bulk and the overheated region,
so T2 can be written as T2 = T1 + � T. This approximation
leads to the definition of a new equation (eq 2), in which the
rate enhancement obtained under microwave heating (kMW/
k1) is expressed as a function of k1 (see SI for complete
mathematical derivation).

� �= Š +
Š� +�

k

k

k

k
(1 )

T T T
MW

1

1

0

/ 1�L

�N

�M�M�M�M�M
�\

�^

�]�]�]�]�] (2)

The value of k0 is extrapolated from the Arrhenius plot of
the system under traditional heating as ln k0. So, to avoid
excessive manipulation of the data, eq 2 can be “linearized” as
eq 3.

� �Š = Š + Š Š� +�k kln ln ln((1 ) (e ) )k k T T T
MW 1

ln ln /1 0 1

(3)
Initial fittings of the kinetic data using a � and � T as fitting

parameters were not satisfactory and required � T to increase
with increasing target temperature. A better fit was achieved by
defining an “overheating factor” f as a fitting parameter to
define � T as � T = f (T1 � 373.15 K). The reference
temperature was here chosen as 100 °C, because local
overheating only develops beyond a minimum power output
(Figure 5) and because there is no recorded effect of rate
enhancement up to and including 100 °C (Figure S14) where
the average power output never exceeded 20 W.

Obviously, the definition of two volume fractions with each
their own temperature is an oversimplification, for we expect
local temperature gradients in the liquid. The temperature
distribution that has been visualized as a hot core29 is here
modeled as a single fraction of volume � with a single
temperature T2. The choice of � and f was not completely
arbitrary, and it was based on the existing literature on local
overheating.1,2,10�12 With a maximum 30% of overheated
volume at maximum � T of 200 °C, � is defined between 0 and
0.3 and f is defined between 0 and 2. The rate enhancement ln
kMW � ln k1 can then be fitted by setting � at an arbitrary value
between 0.05 and 0.3 and optimizing f to fit the data. Good fits
can be obtained for a variety of � and f combinations as
illustrated in Figure 7. Obviously, more detailed thermographic
studies similar to those reported by Scanche29 should be

Figure 6. Arrhenius plot of the dehydration of xylose into furfural
under traditional and microwave heating.

Table 1. Arrhenius Fit Parameters of the Dehydration
Reaction of Xylose into Furfural under Traditional and
Microwave Heating As Derived from the Arrhenius Plots
(Figure 6)

ln k0 Ea (kJ/mol) R2

microwave heating 35.3 (±0.2) 118.3 (±0.4) 0.998
traditional heating 20.8 (±0.5) 71.4 (±0.2) 0.999
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performed to check the validity of the � and f values proposed
here.

Beyond kinetics and rate enhancement, local overheating
can also explain the difference in the furfural selectivity profiles
between traditional and microwave conditions observed in our
system (see Figures 1b and 3b). Under microwave heating, the
reaction does not truly take place at 140 °C but effectively
proceeds at much higher temperatures in the overheated areas
(namely, 200 °C, based on the model if f = 1.5). Its selectivity
profile should therefore be compared with that of traditional
heating at high temperature and, indeed, corresponds well with
such profiles.

■ CONCLUSIONS
The present study confirms a significant rate enhancement in
xylose dehydration to furfural under microwave heating.
Several observations suggest that the rate enhancement is
due to local overheating (possibly as a hot core) under
microwave irradiation as the rate enhancement has only been
observed beyond a threshold irradiation power. This power
threshold was pushed to higher values to ensure a thorough
mixing of the liquid phase, which was also achieved by addition
of microwave-silent glass beads. The initial formation of sugar
oligomers and the delay in pH drop, which is observed under
traditional heating at low temperature, is insignificant at high
temperature as well as at microwave-heated conditions at low
and high temperatures.

The hypothesis of local overheating is further supported by
fitting the rate enhancement using a simple kinetic model that
assumes two reactions zones, i.e., a minor overheated zone
amid a bulk liquid at target temperature, and two interlinked
parameters, i.e., a volume fraction � and a temperature
overshoot factor f of overheating. Good fits were achieved with
various combinations of � and f, between 0.05�0.30 and 1.2�
2.0. In general, this study provides new insights to more clearly
relate the often-observed rate enhancement of microwave
heating to a thermal effect, i.e., local overheating, without the
need for a presumed and unspecified “microwave effect”.

■ EXPERIMENTAL SECTION
Chemicals. D-(+)-Xylose (>99%), D2O (99.9% atom D), and 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP, 98%
atom D) were purchased from Sigma-Aldrich; ammonium chloride
(NH4Cl, 99%) was obtained from Normapur.

Methods and Equipment. All chemicals are commercially
available and were used without further purification. 1H NMR spectra
were recorded at a 400 MHz Bruker spectrometer in a 1:1 H2O/D2O
mixture with TMSP as the internal standard. HPLC chromatography
(Agilent 1200) was performed with a Hiplex-Pb column operated at
70 °C with a Milli-Q water mobile phase at a flow rate of 0.6 mL/min
and a refractive index detector (at 55 °C). IR spectroscopy was
performed with an FT-IR spectrometer (Thermo Scientific Nicolet
6700) with a diamond ATR accessory (Thermo Optec Smart Orbit).
MS spectrometry was performed with an ESI-TOF spectrometer
(Waters Micromass LCT) with an automatic injection device
(Harvard Apparatus, Pump 11 Elite). A microwave reactor (CEM
Discover SP) equipped with a pressure sensor device (IntelliVent
Pressure Sensor Assembly) was used to perform the reactions under
microwave heating. The IR temperature sensor was calibrated
following the cooling of ethylene glycol from the boiling point to
room temperature in three different cycles (Figure S1). All of the data
analysis and fittings were performed using Origin 2016 (64 bit).

Xylose Dehydration under Traditional Heating. A solution (5
mL) of D-xylose (350 mM) and NH4Cl (500 mM) was heated with a
Wood’s metal bath at various temperatures between 140 and 200 °C
in a high-pressure-proof hard glass vessel (ACE Glass Incorporated).
The reaction mixing was performed with a magnetic stirrer (ca. 1000
rpm). The reactions were stopped, and the solution was subsequently
cooled with an ice bath prior to data collection. The crude reaction
mixture was analyzed with 1H NMR spectroscopy via a standardized
procedure and was occasionally verified with HPLC.

Xylose Dehydration under Microwave Heating. A solution (5
mL) of D-xylose (350 mM) and NH4Cl (500 mM) was heated at
various temperatures between 140 and 200 °C in the microwave
reactor. The reaction mixing was performed with a magnetic stirrer
(ca. 1000 rpm). The reactions were stopped, and the solution was
cooled by blowing cold air on the vessel prior to data collection. The
crude reaction mixture was analyzed with 1H NMR spectroscopy via a
standardized procedure and was occasionally verified with HPLC.

Figure 7. (a) Example of the fitting (solid line) of the experimental data (markers), with � arbitrarily set at 0.15 and f being fitted to 1.5 (see SI for
other examples of � settings and resulting f). (b) Visualization of fitting pairs of the two parameters � and f, pictured within the boundaries defined
in the text.
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