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Abstract

Microwave-promoted heating can successfully accelerate a reaction and reduce the formation of by-products. It is also
advantageous for organic synthesis because it can improve the reaction yield and opens possibilities for the development
of new types of reactions. Microwave-assisted chemistry is also considered as “sustainable chemistry” In this study, the
effect of microwave heating on the curing reaction of phenol-formaldehyde resin is investigated. The phenol-formalde-
hyde resin is a material that absorbs microwaves efficiently. It has been found that microwave heating accelerates the
curing reaction of phenol-formaldehyde resin. Based on differential scanning calorimetry (DSC), it was found that the
mechanisms of curing by traditional external heating and by microwave-promoted heating were different. The observed
DSC profile showed an increase in the selectivity of the curing reaction by microwave heating, different from the curing
reaction by traditional external heating. The observed results can be explained by the relative permittivity and dielectric
loss tangent of each component of the phenol-formaldehyde resin.
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1 Introduction

Chemical industry has a long history, dating back to the
late 19th century, and since then, it has been supporting
our modern life for over 100 years. However, the basic
principle of manufacturing process, which involves the
use of “heat” and “pressure” has not changed much since
its conception. Therefore, chemical industry has been
continuously consuming enormous amount of energy.
Additionally, chemical plants have become large in size
in order to control heat and pressure, and as a result vast
stretches of land are required to ensure safety. One of
the efforts to innovate the manufacturing process in
chemical industry was the use of “microwaves”. Micro-
waves are electromagnetic waves having a wide range of
wavelength, from 1 mm to 1 m, and its frequency ranges
from 300 MHz to 300 GHz, making them suitable for use
in a variety of applications like communications, drying,
cooking, etc. A microwave oven (frequency 2.45 GHz)
can heat the object to the target temperature in a short
time by utilizing the internal heat generated when the
object undergoes vigorous molecular-level rotation and
vibration induced by the microwave. The same principle
is also applied for performing chemical reactions using
microwaves. This technique is commonly used in fields
like organic synthesis [1-7], complex synthesis [8], nano-
particle synthesis [9], solvent extraction [10], and poly-
mer synthesis [11-15]. This process can also achieve high
selectivity during synthesis and has been recognized as
an excellent manufacturing tool. Microwave-enhanced
heating can easily accelerate a reaction and normally
produce very little by-product. It is quite advantageous
for organic synthesis because it increases the reaction
yield and opens up the possibilities of developing new
reaction types. In addition, microwave-assisted chemis-
try satisfies the required criteria for being “sustainable”
and “green” [16, 17]. Horvath described that, in general,
sustainable chemistry should use resources, including
energy, at a rate such that they can be replaced naturally,
and the generation of waste must not exceed the rate of
remediation. Saving energy is one of the most important
issues in all industries. Considering this factor microwave
heating is one of the recommended heating methods for
industrial usage.

When a dielectric substance is irradiated by micro-
wave, an intense dipole is induced, and the dielectric
starts an oscillating rotation. The electric field of micro-
wave irradiation propagates into the dielectric sub-
stance, triggering molecular vibration, and generating
heat by oscillating friction. At a constant microwave fre-
quency and electric field intensity, the specific induc-
tive capacity and loss angle of the dielectric substance
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increase, resulting in a large calorific value per unit
volume. Since the specific inductive capacity and loss
angles of phenolic resins are larger than those of other
polymers, phenolic resins are suitable for microwave
heating.

Phenolic resins have excellent material properties,
such as good heat resistance, incombustibility, low fume
production, electric insulation, dimensional stability,
and formability [18, 19]. Moreover, phenolic resins are
inexpensive. Therefore, they have been produced and
practically used since the beginning of the 20th century
and have gained significance in various fields of the resin
industry, such as molding materials, laminated products,
plywood glues, and friction materials [20-22]. Recently,
progress towards the development of electronic prod-
ucts has also been made using phenolic resins [23-25].

Phenolic resins are synthesized by adding formalde-
hyde to phenol, which proceeds via the formation of
hydroxymethylphenol, also known as resol (prepoly-
mer). Under alkaline conditions, this reaction is kineti-
cally favored over the competing condensation reaction.
Generally, the average molecular weight of the prepoly-
mer is as low as 200-500. It is a sticky liquid that is solu-
ble in organic solvents like alcohol and acetone. When
the phenol-formaldehyde resin is heated or acidified, a
condensation reaction occurs between the hydroxym-
ethyl groups and the phenol nuclei (at the ortho- and/or
para-position), forming a solid with a highly cross-linked
three-dimensional network structure [23, 26-28].

In this study, we have investigated the use of micro-
wave heating for initiating thermosetting of a phenol-
formaldehyde resin. The aim of our study was to reduce
the thermosetting time and the electricity cost as well
as to improve the uneven heating occurring due to heat
transfer during the molding heating press of plywood.
However, herein we found, unexpectedly, a difference
in the results of differential scanning calorimetry (DSC)
of the thermosetting reaction using microwave irradia-
tion and traditional thermal heating. Microwave irradia-
tion not only reduced the thermosetting time but also
increased the selectivity of the curing reaction of the
prepolymer.

2 Experimental details
2.1 Materials

Phenol (99%), formaldehyde solution (formaldehyde con-
tent 37 wt%), and sodium hydroxide (97%) were obtained
from Kanto Chemical Co., Inc. and were used without fur-
ther purification.
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2.2 Prepolymer preparation

A prepolymer of phenol-formaldehyde resin was prepared
by adding formaldehyde to phenol, following the conven-
tional method, maintaining a formaldehyde/phenol molar
ratio of 2.0 and NaOH/phenol molar ratio of 0.2 [18]. Phe-
nol (30.65 g, 0.326 mol) and 37% solution of formalde-
hyde (52.85 g, 0.651 mol) were added to a three-necked
round-bottom flask equipped with a mechanical stirrer,
a thermometer, and a reflux condenser. A sample (1 mL)
corresponding to the starting time of the reaction (0 min),
was collected from this solution, Subsequently, the reac-
tion was initiated by adding a 48 wt% solution of sodium
hydroxide (5.5 g, 0.066 mol). The reaction temperature
was maintained at 90 °C, and 1 mL samples were collected
from the reaction mixture at the reaction time points of
15, 30, 45, 60, and 70 min (Supplementary Material Fig-
ures S1and S2). Subsequently, the reaction was quenched
by cooling the collected samples in liquid nitrogen. The
samples (before heating) were stored in a freezer (—18 °C),
until they were subjected to either conventional heating
or microwave irradiation. All the subsequent curing reac-
tions (conventional heating and microwave irradiation)
were performed using these samples.

2.3 Microwave irradiation

Heating by microwave irradiation was carried out using
a microwave oven for organic synthesis IDX IMCR-25003
(microwave frequency: 2.45 GHz, magnetron used, Model
H0911-13 manufactured by Hitachi, Ltd., power: 0-300 W),
which was equipped with a temperature control system.
During the course of irradiation, the temperature was
maintained at 180 °C.

2.4 GPC measurements

GPC measurements were carried out using a chromatog-
raphy system equipped with a Jasco PU-2080 Plus Intel-
ligent HPLC pump, a column oven (Shimadzu CTO-2A,
operating at 38 °C), a Rheodyne injector, and TOSOH TSK
gel G3000HXL-G2000HXL-G1000HXL columns (linear,
7.8 mm x 300 mm). The columns were calibrated using
polystyrene standards (TSK Standard PS purchased from
Tosoh Co.). Resin samples were diluted to 5 mg mL™" with
tetrahydrofuran containing 1.6 mg mL™' of formic acid.
Tetrahydrofuran was used as the eluent at a flow rate of
1.0 mL min~". The separated compounds were detected
by a Shimadzu SPD-2AS UV detector at the wavelength of
254 nm. The obtained data were analyzed using a Jasco
807-IT integrator.

2.5 DSC experiments

All the DSC measurements were carried out using a Shi-
madzu DSC-60 instrument operating with the thermal
analysis software TA-60WS. The apparatus was calibrated
using indium and zinc samples. Liquid resin samples
(8-9 mg) were sealed in Shimadzu stainless steel pressure
capsules (222-0267-92). The temperature of the samples
was increased linearly under N, atmosphere (flow rate:
50 mL min™), starting at room temperature and continu-
ing up to 250 °C at a heating rate of 10 °C min~". The calo-
rific value was calculated from the exothermic peak area.

3 Result and discussion
3.1 Preparation of prepolymer

Figure 1 demonstrates that the molecular weight of the
prepolymer of the phenol-formaldehyde resin increased
with reaction time (see Supplementary Material Figure S2).
Before quenching the reaction after 70 min, the number-
average molecular weight (M,) of the prepolymer of phe-
nol-formaldehyde resin increased to a maximum of 223,
and the weight-average molecular weight (M,,) increased
to a maximum of 721. All the subsequent curing reactions
were performed using the prepolymers of phenol-formal-
dehyde resin.

1000

(0]
o
o

600

400

Average molecular weight
N
o
o

Molecular weight distribution

Reaction time [min]

Fig. 1 Dependence of the average molecular weight and molecular
weight distribution of the phenol-formaldehyde resin (prepolymer)
on the reaction time (o; number-average molecular weight (M), l;
weight-average molecular weight (M,,), A; molecular weight distri-
bution (M,,/M,))
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Fig.2 GPC chromatograms of the phenol-formaldehyde resins
before heating (black line) and after thermal (orange line: 270 s; red
line: 360 s) and microwave heating (blue line: 45 s; green line: 60 s)
at 180 °C

3.2 Curing reaction

The thermosetting reaction was performed on the pre-
pared phenol-formaldehyde resin by applying standard
thermal heating (in a preheated oven at 180 °C) as well as
microwave irradiation. Figure 2 compares the GPC chroma-
tograms of the samples heated thermally with those of the
samples irradiated with microwave (see Supplementary
Material Figure S3). The M,,and M,, values of the thermally
heated sample were 310 and 1405, respectively, after 360 s
(Fig. 2, red line). In contrast, the corresponding values of
the microwave-heated resin reached 397 and 1483 after
irradiating for only 45 s (Fig. 2, blue line). This shows that
microwave irradiation of the phenol-formaldehyde resin
triggers the formation of a higher-molecular-weight resin.
It has already been reported in a patent by Pike et al. [29]
that the effective reaction of phenol-formaldehyde resin
upon microwave-promoted heating proceeds more
rapidly than curing by traditional heating. The results
obtained in our study supported the same.

Figure 3 shows the difference in the GPC chromato-
grams of the thermally heated sample (after 360 s; Fig. 3,
red line) and the microwave-irradiated sample (after 45 s;
Fig. 3, blue line) of comparable molecular weights. The GPC
chromatogram of the phenol-formaldehyde resin before
heating (Fig. 3, black line) was subtracted from both of the
previous chromatograms. This demonstrates that during
both the heating methods molecules with weights of 1000
or less (e.g., phenol, formaldehyde, or mono- and di-phe-
nol nuclei, as depicted in Scheme 1) were consumed by
the additional polymerization reaction, and the number of
components exceeding molecular weight 1000 increased.
Moreover, the consumption of unreacted phenol and
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Fig.3 Overlay of the GPC chromatogram of the phenol-formal-
dehyde resin before heating (black line) and the GPC difference
chromatograms of the phenol-formaldehyde resin subjected
to 360 s of thermal heating (red line) and 45 s of microwave
heating (blue line). The difference chromatograms result from
the subtraction of the GPC chromatograms measured before
heating from those measured after heating the phenol-for-
maldehyde resin. (2-HMP: 2-(hydroxymethyl)phenol, 4-HMP:
4-(hydroxymethyl)phenol,  2,6-DHMP:  2,6-di(hydroxymethyl)
phenol, 2,4-DHMP: 24-di(hydroxymethyl)phenol, 2,4,6-THMP:
2,4,6-tri(hydroxymethyl)phenol)

2-hydroxyphenol (2-HMP was higher for the microwave-
irradiated resin than for the thermally heated resin. This
suggests that the reactivities of these two chemical spe-
cies were increased by microwave irradiation, which is
probably due to the good microwave absorption prop-
erties of the resin (see Supplementary Material Table S1).

3.3 DSC analysis

The characteristic temperature range and the heat of reac-
tion of the DSC curves provide information on the reac-
tivity. The DSC curves of the phenol-formaldehyde resins
hardened by thermal heating and microwave irradiation
are shown in Fig. 4. Two exothermic peaks were observed
at 150-160 °C and near 140 °C. Pakkanen et al. [24, 25]
ascribed the first peak to the condensation of methylol
groups and phenol to form methylene bridges and the
condensation of two methylol groups to form dibenzyl
ether bridges (Scheme 2). The peak at 140 °C is related
to further reactions of the resin, e.g. the condensation of
dibenzyl ether bridges to methylene bridges via elimina-
tion of formaldehyde. During the thermally heated ther-
mosetting reaction, both peaks decreased in intensity with
increasing thermosetting time.

The Arrhenius equation provides a quantitative basis for
the relationship between the activation energy (E,) and
the rate constant (k) of a chemical reaction. The equation,
is written as:
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Scheme 1 Synthesis scheme of the phenol-formaldehyde resin (prepolymer) by adding formaldehyde to phenol
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Fig.4 DSC curves of resins before and after being subjected to a
thermal heating and b microwave heating for different heating
times

Ea
k = Aexp ~aT

where Ais the pre-exponential factor, R is the universal gas
constant, and T is the absolute temperature (usually in Kel-
vin). This is probably the case in traditional heating, where
kinetically controlled reactions prevail at lower tempera-
tures. This is because, according to the Arrhenius equa-
tion, only molecules having kinetic energy greater than
the required activation energy E, can react. It is interpreted
that the reaction proceeds beyond the activation energy
barrier. However, during microwave heating, the value of
the pre-exponential factor A in the Arrhenius equation
increases with the change in the permanent dipole. This
change in permanent dipole occurs with a time delay
with respect to the change in the microwave electric field.
Therefore, the reaction rate constant increases and the
heat generated increases the temperature. Thus, thermo-
dynamically controlled reactions are also accelerated [30].
As a result, it may be possible to reverse the selectivity of
the reaction, which is determined by the magnitude of the
activation energy. This explains why microwave reactions
are favored over traditional heating.

Figure 4 demonstrates that all the three curing reac-
tion processes shown in Scheme 2 proceeded success-
fully. However, the peak at 140 °C decreased only during
the curing reaction under microwave irradiation. Thus,
the two peaks in the DSC curves of Fig. 4 show a remark-
able separation with increasing microwave irradiation
time. This suggests that under microwave irradiation, the
two reactions at 140 °C cannot proceed as easily as the
reactions at higher temperatures (150-160 °C), which
occur immediately (Scheme 2).
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Scheme 2 Reaction scheme
of the three curing reactions:
a formation of the methylene
group, b formation of the
dimethylene ether group, and
c the condensation reaction

CHOH  +

(a) Fromation of methylene group

) — mCH@ + H,0
\ 7 on g ’

(b) Formation of dimethylene ether group

CH,OH +

(c) Condensation reaction

"W‘NCH2_O_CH2‘N"W
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140 T
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%100

80
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dThermaI heating
OMicrowave heating

AH[J

0 100 200 300 400 500 600 700
Thermosetting time [s]

Fig. 5 DSC analysis of the dependence of the calorific value on the
thermosetting time (O; thermal heating, O0; microwave irradiation)

Calorific values were calculated from the DSC peaks,
and the dependence of the calorific values on the micro-
wave irradiation time is shown in Fig. 5. This demonstrates
that the calorific value decreases under microwave irradia-
tion, which further indicates that the curing reaction is ini-
tiated as soon as the microwave irradiation starts. In con-
trast, the decrease in the calorific value of thermal heating
is delayed by approximately 200 s, indicating slower ini-
tiation of the curing reaction. Moreover, after continuing
thermal heating for 600 s, the calorific value decreased to
zero. In contrast, microwave heating caused a decrease in
the calorific value to only 50 J g~', which corresponds to
one-third of its initial value of 150 J g~'. According to the
literature [24, 25, 31, 32], the exothermic DSC peak of the
curing reaction at ~ 140 °C s related to the reaction of phe-
nolic rings and hydroxymethyl groups, and the exothermic
peak at 150-160 °C is attributed to the reaction between
two hydroxymethyl groups, leading to the formation of
a dimethylene ether group, in addition to the removal
of formaldehyde from the dimethylene ether groups via
formation of methylene bridges. Therefore, microwave
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HOCH,

— MWCHZ_O_CHQ"‘N‘N‘ + Hzo

—_— """’WCHZN"‘N + CH20

heating increases the selectivity and reaction rate of the
reactions at higher temperatures (150-160 °C) compared
to the reactions occurring at lower temperatures (approxi-
mately 140 °C). The elucidation of this relationship is cur-
rently underway in our laboratories.

Dielectric loss, i.e. power (P) consumed as heat by the
dielectric per unit volume is

P=w-g,-Cy-V>-tané

In this equation, the relative permittivity ¢, and the dielec-
tric loss angle tan 6 are values specific to the substance.
The product, ¢, - tan §, is called the dielectric loss factor.
This indicates the degree of microwave power absorbed
by the dielectric.

In other words, the amount of heat generated in the
dielectric is proportional to the frequency (w), the electro-
static capacitance in vacuum (C,), the square of the volt-
age (V?), and the loss factor. If the frequency and voltage
are the same, the higher the loss factor, greater is the heat
generated. Therefore, the loss factor can be considered
a factor that represents the ease with which a substance
can generate heat due to high-frequency dielectric heat-
ing. The value of loss factor is determined by the type of
dielectric, temperature, and frequency, and it also varies
depending on the type of dielectric. Since the amount of
heat generated is proportional to the loss factor, when a
high-frequency voltage is applied to an object composed
of several different dielectrics, instead of a single dielectric,
the amount of heat generated by each dielectric becomes
non-uniform. In other words, among the reactions that
occur in the curing reaction of phenol-formaldehyde resin,
it can be considered that a specific reaction is preferen-
tially (selectively) caused by microwave irradiation.

Of course, this also applies to cases where phenol-for-
maldehyde resin is used for wood panel manufacturing.
Because the loss factor of phenol-formaldehyde resin is
higher than cellulose [33], the main component of wood,
heating of the wood panel during curing of phenol-for-
maldehyde resin is avoided.
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4 Conclusions

Microwave irradiation polarizes phenol-formaldehyde res-
ins, which changes their thermal motion and heat genera-
tion, and thus, causes a difference in the reactivity of the
resin during the curing reaction. Microwave-promoted
heating not only accelerates the curing reaction more
than traditional heating, but also selectively promotes
the curing reaction that occurs at higher temperatures.
The condensation of methylol groups and phenol to form
methylene bridges and the condensation of two methylol
groups to form dibenzyl ether bridges dominate the reac-
tion that occurs at lower temperatures, which is the con-
densation of dibenzyl ether bridges to methylene bridges
with the elimination of formaldehyde.

Using this technique, control over the curing reaction of
phenol-formaldehyde resins was attained at the molecular
level, making this technique potentially useful for fabricat-
ing phenolic resins with high performance and advanced
features.
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