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The use of formaldehyde to prepare phenol-formaldehyde (PF) resins is one of the primary challenges for the world-
wide PF industry with respect to both sustainability and human health. This study reports a novel one-pot synthesis pro-
cess for phenol-5-hydroxymethylfurfural (PHMF) resin as a formaldehyde-free phenolic resin using phenol and glucose,
and the curing of the phenolic resin with a green curing agent organosolv lignin (OL) or Kraft lignin (KL). Evidenced
by °C NMR, the curing mechanism involves alkylation reaction between the hydoxyalkyl groups of lignin and the ortho-
and para-carbon of PHMF phenolic hydroxyl group. The curing kinetics was studied using differential scanning calo-
rimetry and the kinetic parameters were obtained. The OL/KL cured PHMF resins were tested in terms of thermal sta-
bility, and mechanical properties for their applications in fiberglass reinforced composite materials. The results
obtained demonstrated that OL/KL can be promising curing agents for the PHMF resins. © 2015 American Institute of
Chemical Engineers AIChE J, 61: 1275-1283, 2015
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Introduction

Phenol-formaldehyde (PF) resin,' the first commercial syn-
thetic resin, has been widely used in a variety of commercial
applications owing to its superior dimensional stability,
moisture resistance, strength, and high glass transition tem-
perature (Tg).z’3 However, the increased environmental
awareness and stringent environmental laws underscores the
need for the development of sustainable phenolic resin for
environmental benefits. Many manufacturers are now looking
for “greener” and more environmentally friendly alternatives
to synthetic materials.*

Biomass, mainly composed of lignin, cellulose (CEL), and
hemicellulose, is the primary feedstock for the production of
renewable chemicals.”® Lignin,7 tannin,® and cardanol® have
been used as substitutes for petroleum-based phenol. How-
ever, formaldehyde, a carcinogenic compound suggested by
the U.S. Occupational Safety and Health Administration,'®™"?
have not been paid enough attention yet. Glucose is plenti-
fully available by hydrolysis of CEL and hemi-cellulose that
are two main components in biomass.'>~'” Thus, developing
bio-based alternative (such as hydroxymethylfurfural
[HMF]—a derivative of glucose) to formaldehyde as a feed-
stock for the synthesis of phenolic resins is of great signifi-
cance."® HMF is structurally combined with furfural and
hydroxymethyl furan, and furfural is known to react with
phenol'® to form phenolic polymers. HMF is thus a potential
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substitute for formaldehyde in synthesizing phenolic resin
and producing phenol-5-hydroxymethylfurfural (PHMF)
resin—a green alternative to conventional PF resins. Our
research group has successfully developed a one-pot process
to synthesize PHMF resin with high conversion which is
submitted for publication.

Furthermore, hexamethylene tetramine (HMTA), the most
common compound currently used for curing of Novolac-
type phenolic resins, is also among the chemicals with envi-
ronmental concerns as it could decompose into ammonia and
formaldehyde even at room temperature.’*? Thus, HMTA
is classified as a hazardous air pollutant per the U.S. Federal
Environmental Protection Agency.”® Therefore, replacing
HMTA with more environmentally friendly curing agents
has become an important subject.

Simitzis et al. produced Novolac-type PF resins (Figure 1)
cured with mixture of HMTA and one of the following com-
ponents: the olive residue after separation of olive oil, Kraft
lignin (KL), hydroxymethylated Kraft lignin, and CEL. It
was found that although activation energy (E,) and pre-
exponential constant (k) varied with different cross-linkers,
the reaction order n is approximately the same (n = 1).
However, the mechanisms of the cross-linking reactions have
not yet been discussed and reported.24

In a literature work by Sergeev et al.,> 2,6-di (hydroxy-
methyl)-p-cresol, 3,3',5,5'-tetra (hydroxymethyl)-4,4’-isopro-
pylidenediphenol, and 2,6-bis(2-hydroxy-3-hydroxymethyl-5-
methylbenzyl)-4-methylphenol (Figure 2) were tested as
curing agents for Novolac resins. However, these chemicals
are all expensive and not feasible for industrial applications.
Lignin with hydroxymethyl group’ and similar structure to
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Figure 1. General structure of a novolac resin.

the above phenolic compounds is supposed to be a suitable
bio-based substitute for HMTA as the industrial curing agent
for Novolac phenolic resin.?® However, to the best of our
knowledge, there is few research regarding curing of pheno-
lic resins with lignin so far. Organosolv lignin (OL) is
obtained from wood or other lignocellulosic biomass by
extraction with various organic solvents.”” KL is the by-
product generated at a large amount worldwide (estimated at
50 million tons annually) from the Kraft pulping process.
Currently, KL is mainly utilized as a low-value fuel in
recovery boilers in Kraft pulp mills for process heat genera-
tion and pulping chemicals recovery. More valuable applica-
tions of KL for chemicals are of great significance and
interest not only to pulp mills for better economy but also to
the chemical industries for feedstock sustainability.

The main objectives of this work herein are to character-
ize PHMF resin synthesized with glucose-derived HMF as
sustainable substitute for formaldehyde and to realize the
curing of PHMF with OL or KL as a novel curing agent.
The synthesized PHMF resin was characterized for its cur-
ing characteristics, thermal behavior, and mechanical prop-
erties while being utilized as a polymer matrix for
composite materials. For comparison, the Novolac PHMF
resin was cured with HMTA and characterized under the
same conditions.

Materials and Methods
Materials

Dimethyl sulfoxide, tetrahydrofuran (THF), and acetone
were obtained from Fisher Scientific and were used as
received. Glucose, phenol, chromium (II) chloride (CrCl,),
chromium (III) chloride (CrCl;), tetraethylammonium chlo-
ride (TEAC), 1, 4-benzenedimethanol (BDM), and hexame-
thylenetetramine (HMTA) were purchased from Sigma-
Aldrich and wused as received. OL with M, = 2600,
PDI=3.6 and KL with M,, = 10,000, PDI = 2 were sup-
plied by Lignol and FPInnovations, respectively, and used
without further treatment. BGF fibreglass cloth was pur-
chased from Freeman, OH.

OH
OH ol OH
OH O oH
. o8 HeoUeve
) b b
OH OH
OH
Figure 2. Structures of curing agents used in refer-
ence 25.
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Synthesis of Novolac PHMF resin

The PHMF resin was synthesized with a one-pot synthesis
protocol as briefly described here. In a batch reactor (a
100 mL glass pressure reactor equipped with a magnetic stir
bar and a Teflon stopper), 0.0837 g CrCl,, 0.0907 g
CrCl3.6H,0, and 0.3739 g TEAC were added as catalyst
along with 7.05 g phenol (0.075 mol), 27.00 g (0.150 mol)
glucose, and 6.00 g water. The reactor was heated to 120°C
for 8 h. The mixture turned to green initially while as the
reaction progressed more glucose dissolved into the liquid
phase and the admixture became black. The reaction mixture
was cooled to room temperature, diluted, and analyzed with
high performance liquid chromatography (HPLC) to deter-
mine free phenol and glucose contents.

After the PHMF resin was prepared and water was
removed, it was first dissolved in acetone to separate
unreacted glucose. The solvents including the unreacted phe-
nol were removed by rotary evaporation and the product was
dried in a vacuum oven under 60°C overnight.

Product analysis

The FTIR spectra were obtained with a Nicolet 6700 Fou-
rier Transform Infrared Spectroscopy with smart ITR/ATR
accessory, scanning from 500 to 4000 cm ™.

'"H nuclear magnetic resonance (NMR) and 3¢ NMR
spectra were acquired using a Varian Inova 600 NMR (16—
32 scans at 298 K) spectrometer equipped with a Varian
5 mm triple-resonance indirect-detection HCX probe. A 2 s
recycle delay, 3.6 s acquisition time, a 45-degree tip angle
(pw =4.8 pus), and a spectral width from O to 14 ppm
(sw =9000.9 Hz) were used. Two-dimensional (2-D) NMR
spectra (COSY and HMQC) were obtained using standard
Bruker pulse programs. Dg-DMSO was selected as the sol-
vent of the resin and fine power was used for solid-state
(cured resin) cross-polarization magic-angle spinning
C NMR.

HPLC analysis was conducted with Waters Breeze instru-
ment (1525 binary pump with refractive index and ultraviolet
detector). Glucose and phenol contents were analyzed using
Bio-Rad Aminex HPX-87H column and HPLC grade
0.005 M H,SO, water as the mobile phase (flow rate
0.6 mL/min).

Molecular weights were measured on a Waters Styrylgel
HR1 gel permeation chromatography (GPC, 1525 binary
pump, UV detector set at 270 nm, Waters Styragel HRI1
column at 40°C) using THF as the eluent at a flow rate of
1 mL/min and linear polystyrene as standards for calibration.

The thermal curing properties of the resins were evaluated
with a differential scanning calorimetry (DSC, Mettler-
Toledo, Switzerland) under 50 mL/min N, at heating rate of
10°C/min between 40 and 250°C in an aluminum crucible.

Thermal stability of the uncured and cured PHMF resin
was measured using a TGA 2050 (Thermogravimetric Ana-
lyzer, TA Instruments). Approximately 10 mg of sample was
placed in a platinum pan and heated to 700°C at 10°C/min
in a nitrogen atmosphere of 50 mL/min. Thermomechanical
properties of the cured woven fibreglass cloth-PHMF compo-
sites were measured using dynamic mechanical analysis
(DMA) and universal testing machine. The composites were
formulated by mixing woven fibreglass cloth and matrix
(PHMF resin + curing agent) at a ratio of 1:1 (wt/wt). Prior
to compounding, the PHMF resin and the curing agent were
first dissolved in acetone to form a homogeneous admixture
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Scheme 1. Reaction mechanism of in situ generated
HMF from glucose (1) and the synthesis of
phenol-HMF (PHMF) resin (2).

and the acetone was removed by vacuum under 50°C. The
amounts of the curing agents were controlled at 20 wt %
and 15 wt % of the bulk resin for OL/KL and for HMTA,28
respectively. Carver (hydraulic unit model 3925) hot press
was used for composites fabrication. Fibreglass reinforced
composites were prepared by lay up method using BGF
fiberglass cloth and PHMF resin in a hot press under 5000
psi pressure with a curing procedure of 120°C for 30 min,
150°C for 30 min, and 180°C for 1 h. The cured composites
were cut into rectangular samples with approximate dimen-
sions of 20 X 10 X 1 mm3, which were tested using a
Netzsch 242C DMA in three point bending geometry, at a
driving frequency of 1 Hz with a deflection of 5 pm and the
temperatures ramped from 30 to 250°C at a scanning rate of
5°C/min. The pressed composites were also shaped into
dumbbell-shaped samples and their tensile strengths were
measured in accordance to ASTM 638 on an ADMET
Expert 7600 universal test machine.

Results and Discussion
Characterizations of the PHMF resin

The PHMF resin obtained was dark solid. Free phenol and
glucose contents in the product mixture were determined to
be 8.5 wt % and 12 wt %, respectively, by HPLC analysis.
'"H NMR spectrum of the purified PHMF resin shows the
following chemical shifts: 9.5 ppm (s, CHO), 7.3-6.3 ppm
(m, aromatic), 3.9 ppm (s, benzyl CH,), and 2.3 ppm
(s, CH). FT-IR spectra of the PHMF resin gives the absorb-
ance peaks (cm™ Y at 1012 (C-OH, aliphatic), 1226 (C—O,
aromatic), 1600-1400 (C—C, aromatic), 1702 (CHO), 2910
(CH,), 3275 (OH). The presence of benzyl CH, function

group could be the evidence of the reaction between phenol
and HMF (in situ converted from glucose).

Here, CrCl, catalyze both the HMF formation reaction
and the resinification reaction of HMF with phenol. This
reaction mechanism is proposed by Scheme 1. Glucose is
first isomerized to fructose which is subsequently dehydrated
to HMF in first step.’'* The reaction is followed by nucleo-
philic addition of the electron rich carbons of the para- and
ortho-positions of phenol to the electrophilic aldehyde group
in HMF. The hydroxymethyl group in HMF can simultane-
ously react with the para- and ortho-position of phenol OH
through a Friedel-Crafts alkylation. However, there might be
very little side reactions such as glucose conversion into
humin which is incorporated into resin or connection
between glucose aldehyde and phenol. The synthesized
PHMF resin has a number average molecular weight (M,,) of
765 g/mol and a weight average molecular weight (M,,) of
1850 g/mol, which evidences the successful resinification of
phenol with HMF formed in the process. For better under-
standing of reaction mechanism and comparison with 2-D
NMR spectrum, the corresponding NMR spectrum peak
assignments are summarized in Table 1.

In 'H NMR COSY spectra of PHMF resin (Figure 3), the
presence of off diagonal cross peaks from protons at
0 6.7/7.1 indicates the coupling of H*/H> while the existence
at & 6.4/7.4 is from H’/H'®. The very minor cross peaks at
8 2.4/2.8 indicates the anti-geometry of protons H'*/H'* and
H'S/H' (methylene and hydroxyl). The absence of cross
peaks from the protons methylene/para-substituted phenol
(H"'/H") indicates the connection between HMF and para-
phenol in the resins.

The above discussion can be affirmed by observation with
the 'H-'*C NMR-HSQC spectra of PHMF (Figure 4). The
crosspeaks at 6 9.4/178 ppm are due to H'/C! signals of
aldehyde in HMF. Two dominant H/C crosspeaks, 6 7.0/131
ppm from H'®/C'” signals of the meta- unsubstituted phenol
and  6.7/115 of aromatic proton (H*/C* and H’/C’) from
HMEF were observed. The high density of the crosspeaks at ¢
6.7/115 is consistent with high fractions of aromatics in
PHMF structure (Scheme 1). The H/C signals of hydroxyl
substituted methylene group (H'*/C'®) could be identified at
0 4.5/57 ppm.

29,30

Effects of the amounts of curing agents on glass
transition temperature

The glass transition temperature (7,) establishes the tem-
perature below which the resin is safely used, and thus, it is
believed to be an important parameter of polymeric and
composite materials. There have been many methods

Table 1. "H NMR and *C NMR Spectrum Peak Assignments

'"H NMR

Shift (ppm) Peak Assignment

3¢ NMR

Shift (ppm) Peak Assignment

9.5 CHO 1
8.3 OH of phenol 7
7.3-6.3 Aromatic 4, 5, 9, 10, 12
4.5 CH 13
3.9 benzyl CH, 6
2.5 DMSO
2.3 OH 14

178 Aldehyde carbon 1
162 o-carbon of the furan 2, 3
156, 157 Hydroxyl substituted phenolic carbons, 8
152 Carbon adjacent to oxygen and aldehyde
group of the furan ring, 2
131 m-carbon of unsubstituted phenol, 10
119 m-carbon of furan, 4, 5
115 o-carbon on phenolic ring, 9
57 C of methylene/methine, 13, 15
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Figure 3. 'H-'H NMR-COSY spectrum of PHMF resin.

developed in determining T, in polymer systems.3 * Here, the

T, was estimated by the midpoint of an endothermic step of

cured resin in the DSC profile. Neat resin was cured with
OL and KL, respectively, with four varying amounts of cur-
ing agents: 10 wt %, 20 wt % 30 wt %, and 40 wt %. As
presented in the Table 2, the T, values range from 110 to
135°C, reaching maximum at 20 wt % of the cross-linkers.
Low amount (10 wt %) of OL/KL is not sufficient for cross-
linking of the resin, but high addition amounts, 30 wt % and
40 wt %, of OL/KL resulted in reduced T,. Thus, the opti-

mal ratio of curing agent was determined to be 20 wt % of

the resin. The PHMF resin cured with OL/KL has a similar
T, with PF Novolac resins, which was reported to be
134°C.3
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Figure 4. 'H-'3C NMR-HSQC spectrum of PHMF resin.
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Scheme 2. Proposed curing reaction mechanism for

PHMF novolac with OL/KL.

Table 2. Glass Transition Temperature of PHMF Resin
Cured with OL/KL at Various Addition Amounts

Sample T, Sample T,

PHMF + OL (wt %) O PHMF + KL (wt %) °O)
10 120 10 119
20 133 20 128
30 130 30 125
40 120 40 123

Published on behalf of the AIChE

Curing mechanism

One objective of this article is to identify the reaction
occurring in PHMF/OL(KL) systems and to analyze their
effects on properties of the harden materials. However,
hydroxymethylene group might be formed on curing whereas
it also exists in OL/KL. To lower this complexity, BDM was
used as a model compound for OL/KL to study the curing
mechanism of the PHMF resin.

The monitoring along the curing process by FTIR spec-
troscopy (Figure 5) presents that hydroxyl group of BDM
almost disappeared after curing of the PHMF resin with 20
wt % addition of BDM. The functional groups taking part in
the curing process was confirmed by the formation of CH,
groups and their stretching vibration band at 2978 cm™ .
Further, the absorbance at 3652 cm ™' represents the phenolic
hydroxyl group without hydrogen bonding effects due to the
restricted structure after curing.
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Figure 5. FTIR spectra of PHMF resin (a), admixture of

PHMF with 20 wt % BDM before curing (b),

and cured PHMF with 20 wt % BDM (c).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

April 2015 Vol. 61, No. 4 AIChE Journal


http://wileyonlinelibrary.com

200 180 160 140 120 100 80 60 40 20 0

Lo J 9

2(‘][) ‘ léU ' ]f‘lU ' ]4-1(] : lé(} - ](;U -‘ 3‘() - E:O ‘ 4’() ' 2[0 ‘ U
Figure 6. '°C NMR spectra of PHMF (a) and cured
PHMF with 20 wt % 1, 4-BDM (b).

The carbon ('*C) NMR spectra in Figure 6 indicate key
disparities of the neat PHMF resin and the cured resin with
BDM. It is noted that the peak corresponding to unsubsti-
tuted aromatic carbon at the para-position in the PHMF resin
(119 ppm) disappeared, suggesting some group attached to
this para-phenolic carbon. While the formation of substituted
para-phenolic carbon (139 ppm) after curing implies that
hydroxyl group from the model compound reacted with
PHMEF. One possible explanation to these findings could be
the alkylation reaction of PHMF and BDM catalyzed by
chromium chloride.>® Based on the above analysis, the cur-
ing mechanism for PHMF Novolac with OL/KL is proposed
and depicted in Scheme 2. On another note, some peaks
detected at 72 and 64 ppm can be assigned to hydroxy-
methylene functional groups, suggesting some unreacted
BDM.
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Figure 7. Heat release vs. temperature in curing of
PHMF resins with OL at: 5°C/min (a), 10°C/
min (b), 15°C/min (c), and 20°C/min (d).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Curing reaction conversion vs. temperature
at: 5°C/min (a), 10°C/min (b), 15°C/min (c),
and 20°C/min (d).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Curing kinetics

The properties of cured resin are significantly dependent
on the extent of cure and explicit knowledge of the cross-
linkage behavior. Curing kinetics of the PHMF resins with
OL/KL or HMTA are thus studied using dynamic DSC, as
was reported in the literature.’® Similar to the sample prepa-
ration for DMA tests, the PHMF resin and the curing agents
were first formed a homogeneous admixture.

In recent decades, processing of thermosetting resins has
received increasing attention from the automotive, aerospace,
and construction industries. Processing of these materials is
important and the understanding of curing kinetics is herein
essential in the design of the operation conditions. Among
current analytical methods, dynamic DSC measurements

0.74
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100 120 140 160 180 200
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Figure 9. Curing reaction rate against temperature at:
5°C/min (a), 10°C/min (b), 15°C/min (c), and
20°C/min (d).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 3. Kinetics Data for Curing PHMF Resin with 20 wt % OL

Kissinger FWO Crane
Heating rate (°C/min)/
Peak Temperature (°C)/ E, E,
E, (kJ/mol) by Freeman—Carroll (kJ/mol) A (kJ/mol) n
5 10 15 20
142.30 149.59 154.62 157.84
61.49 118.13 139.02 127.07 124.88 2244 E+ 12 125.44 0.95

were commonly conducted. In this work, curing kinetics of
PHMF resins was investigated with proper amount of OL as
a lignin representative.

DSC curves of PHMF resins with OL at varying heating
rates (5°C/min, 10°C/min, 15°C/min, and 20°C/min) are
illustrated in Figure 7. The DSC curves imply that the curing
reaction occurs at around 150°C. As the heating rate
increases, a higher curing peak temperature was observed. A
possible reason is that the active groups in the resin react
with each other at a lagged temperature at an increased
ramping rate. The partially cured system will have higher
activation energy because of the increased steric hindrance
that reduces the accessibility of the curing agent to the resin.

The curing reaction conversion as per their individual tem-
perature range is given by integrating heat release curves
(Figure 8). The S shape conversion represents the shift to
higher temperature range along with increased ramp rate.
The conversion is further differentiated to get the reaction
rate profiles (Figure 9). A higher curing reaction rate and a
higher curing peak temperature were achieved at a higher
ramping rate, which could be attributed to the favorable
effect of temperature as the reaction proceeds.

Specifically, kinetic parameters are determined by the fol-
lowing classic models:

Freeman—Carroll method®”

Aln (do/dt)/Aln (1—o)=n—(E,/R)A(1/T)/Aln (1—o) (1)

At a certain heating rate, a straight line could be obtained
when  plotting  Aln (do/drf)/Aln (1—a)  againstA(1/T)/
Aln (1—0). The values of E, can be taken from the slope.

Kissinger model’®

E.B/(RT)=Ae "/ (KTy) )

where f is the heating rate, expressed by f=dT/dt. By tak-
ing the logarithm of Eq. 2, one has Eq. 3. A and E, can be
obtained by plotting—In (8/T,?) vs. 1/T,, where T, is the
peak curing temperature

RO

Flynn-Wall-Ozawa model (Eq. 4)°>%

0.4567E,
-y

1 =
og RT,

c “

- _ 0.4567E,
If one plots log f ~ 1/T,, the slope is —==5=*

1280 DOI 10.1002/aic
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Crane model (Eq. 5)41

If one plots Infi ~ 1/T,, the reaction order n can be

obtained by the slope: — nE—]‘g
d(In E,
(nf) _ Ea s
d(1/T,) nR

The kinetics parameters were calculated as per Eqs. 1-5
and are summarized in Table 3. Interestingly, £, obtained by
Freeman—Carroll method was found to increase significantly
with the scanning rate, implying strong dependence of curing
kinetic parameters on the heating rate. It is also speculated
that 5°C/min allowed the functional groups with enough
time for diffusion. The lower steric hindrance through the
curing process gave lower activation energy.

As a reference, the curing experiments of PHMF resin
with the conventional Novolac resin curing agent HMTA
were conducted, and the DSC curves are illustrated in Figure
10. The kinetics parameters from the experiments are pre-
sented in Table 4. Comparing the kinetics results in Tables 3
and 4, the calculated activation energy is 113 kJ/mol and
125 kJ/mol for PHMF resin cured with 15 wt % HMTA and
20 wt % OL, respectively. It is thus clear that the PHMF
resin could be cured more easily with HMTA than with OL,
likely due to the greater steric structure and lower reactivity
of OL.

Exothermic

50 ' 100 ' 150 ' 200 ‘ 250
Temperature[°C]
Figure 10. DSC spectra of the PHMF resin cured with

HMTA at various heating rates: 5°C/min (a),
10°C/min (b), 15°C/min (c), and 20°C/min (d).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 4. Kinetics Data for Curing PHMF Resin with 15 wt % HMTA

Peak Temperature (°C) Kissinger FWO Crane
Heating Rate (°C/min)
5 10 15 20 E, (kJ/mol) A E, (kJ/mol) n
131.59 139.12 143.90 148.17 112.69 149 E+ 11 113.69 0.95

Thermal stability

TGA experiments were performed to evaluate the thermal
stability of the PHMF resins harden with OL/KL/HMTA and
Figure 11 displays their thermograms. From the TGA data,
thermal stability factors, including the initial decomposition
temperature, 1’5 (the temperature at 5% weight loss), the tem-
perature at 50% weight loss, Tsgq, the temperature at the
maximum decomposition rate, Tp,.x, and the residual mass at
700° were obtained and are presented in Table 5. The results
show that the cured PHMF polymer is thermally stable up to
about 220-240°C (the T5). The T,.c for the OL-cured
(Tinax = 397°C) and the KL-cured PHMF (T',.x = 407°C) is
almost 100°C higher than that cured with HMTA.

In addition, from Figure 11 all cured PHMF resins exhib-
ited a sharp thermal decomposition behavior between 250°C
and 500°C, as similarly observed by other researchers in
cured PF resins*? and in lignin substituted lignin-PF resins.’
The fast decomposition is believed to be resulted from pyro-
Iytic degradation of the resins, involving fragmentation of
alkyl linkages, releasing monomeric/oligomeric phenolic
compounds into the vapour phase. Since ammonia decom-
posed from HMTA would form C—N bond which is less
strong, some harden resin may be broken into smaller frac-
tions at a lower temperature, comparing with those resin
cured with an agent (such as OL and KL) of a larger molec-
ular weight. Interestingly, the yields of solid residue from all
samples with different curing agents at 700°C were within a
narrow range (43-47 wt %), suggesting similar thermal sta-
bility at high temperatures.

100

60

50+

40

0 100 200 300 400 500 600 700
Temprature ("C)

Figure 11. Thermal stability of PHMF resin cured with

OL(a)/KL(b) and its comparison with that

cured by HMTA(c).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Thermomechanical properties of fiberglass reinforced
biocomposites using PHMF resin

Another objective of this work is to utilize the PHMF
resin as a polymer matrix of fiberglass reinforced biocompo-
sites. The biocomposites were prepared by hand layup
impregnation of the fibers with the PHMF resin cured on a
hot-press. The preparation method was detailed previously in
the section of “Materials and Methods.”

The DMA profiles of cured biocomposites are illustrated
in Figure 12, where the storage modulus (£') and tan ¢ are
plotted against temperature. Storage modulus, representing
the stiffness of a cured resin, is proportional to the energy
stored during a loading cycle. The T, of the cured biocompo-
site samples in this study was determined by the peak tem-
perature of individual plot of tan J. As we know, different
T, values of the thermosetting resins reflect different cross-
link densities. The width of the tan § peak reflects polymer
network heterogeneity, and a broader peak implies a more
heterogeneous polymer. From Figure 12, the T, value of the
biocomposite cured with OL is around 267°C, very close to
that with HMTA (280°C). Although the biocomposite cured
with KL presented a lower T, (220°C) compared with those
with OL and HMTA, it is still approximately 130°C higher
than that of a cardanol-formaldehyde phenolic resin-based
composite.43 More work is on-going in the authors’ group to
investigate on the mechanical properties to further increase
the glass transition temperatures and lower the curing tem-
peratures of the PHMF-based biocomposites.

To investigate the effect of various curing agents: OL,
KL, and HMTA on the mechanical properties of the result-
ing resins, Eq. 6 is used to calculate the crosslink density of
the cured systems

E=3v,RT ©)

The storage modulus (£) obtained from DMA is similar in
value to the elastic modulus (£) at temperatures well above
T,, and therefore, E can be considered to be equivalent to
the storage modulus at T,. v, is the crosslink density, calcu-
lated from Eq. 6, whose values were given previously in
Table 5, R is the gas constant and 7T is the temperature in
Kelvin. From the Eq. 6, E is proportional to v,, suggesting
that a higher crosslink density is corresponding to a larger
storage modulus (E). The crosslink densityv, for the

Table 5. Thermomechanical Properties of the Cured PHMF
Resin with Various Curing Agents

TS Tmax TSO 7000 C

Tg
Hardener (°C) (°C) (°C) wt% (°C)* v.*/10*mol m?)

OL 222 397 555 4326 267 4.28
KL 224 407 650 47.61 220 1.65
HMTA 238 298 607 47.15 280 4.14

Glass transition temperature determined by DMA.
"Crosslink density.
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composite is calculated and presented in Table 5. It can be
seen that v, of PHMF/OL is similar with PHMF/HTMA sys-
tem, but the PHMF/KL resin presents a little lower value of
v.. The reason might be that KL with high molecular weight
contains less reactive hydroxymethylene groups, hence lead-
ing to a lower crosslink density (storage modulus) than OL.
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Figure 12. DMA profiles of the woven fiberglass cloth-
PHMF resin composites cured with OL (a),
KL (b), and HMTA (c).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 6. Tensile Strengths of Woven Fiberglass Cloth-PHMF
Resin Composites Cured with Various Curing Agents

Sample Tensile Strength
PHMF + OL 99 =5 MPa
PHMF + KL 93 =2 MPa
PHMF + HMTA 109 = 4 MPa

Table 6 gives the comparison of the tensile strengths of
woven fiberglass cloth-PHMF resin composites cured with
OL/KL compared with that of the composites cured with a
commercial curing agent (i.e., HMTA). The OL/KL cured
composites have tensile strengths of around 95 MPa, with a
10% inferior to that of the HMTA cured composite. These
are actually comparable to phenolic sheet moulding compos-
ite which has a tensile strength of 96 MPa.** The tensile
strength of the long glass fiber reinforced PF resin molding
compounds was reported to be 115 MPa,** comparable to
the values obtained in this work for the PHMF-based compo-
sites. Interestingly, the woven fiberglass cloth-PHMF resin
composites cured with OL/KL are likely stronger than
banana fibres/PF composites (28 MPa)45 and sisal fibre/PF
composites (60 MPa).%¢

Conclusions

In this work, HMF was in situ generated from glucose
using chromium chlorides as catalysts and was polymerized
with phenol to produce a Novolac PHMF resin. The structure
was identified and the possible reaction schemes were pro-
posed and discussed. Curing of the PHMF was realized using
formaldehyde-free curing agents including OL or KL, start-
ing at 120°C and peaked at around 150°C. The curing
kinetic parameters for the PHMF resin were calculated. The
curing mechanism was elucidated using FTIR and '*C NMR.
The resin was successively applied as polymer matrix in
fiberglass to produce biocomposites with good thermome-
chanical property. The PHMF resin has a glass transition
temperature of 120-130°C, and the fiberglass reinforced bio-
composites using PHMF resin hardened with OL/KL has a
T, up to approximately 270°C, which is similar to those of
the HMTA-cured PF resin. The lignin (OL/KL) cured woven
fiberglass cloth-PHMF resin composites demonstrated com-
parable tensile fracture strengths (~95 MPa) to that of the
HMTA cured composite.
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