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Abstract

In order to improve the crosslinking reaction rate of two-component waterborne polyurethanes (2K-WPUs) in the absence
of ungreen external catalysts, waterborne polyols containing different tertiary amines in molecular structure were synthe-
sized from a turpentine-based epoxy resin (TME) and secondary amines (N-benzylethanolamine and diethanolamine). Then
self-catalytic 2K-WPUs were prepared with the waterborne amino polyols and a hydrophilically modified hexamethylene
diisocyanate tripolymer. The structure and micromorphology of TME based polyols were identified using nuclear magnetic
resonance (‘"H NMR, >C NMR), Fourier transform infrared spectroscopy (FT-IR) and transmission electron microscopy
techniques. The crosslinking reaction of 2K-WPUs was monitored using differential scanning calorimetry (DSC) and FT-IR
methods. Kinetics analysis from DSC showed the activation energy of the crosslinking reaction of 2K-WPUs reduced obvi-
ously by using amino polyols, which indicated the tertiary amines chemically bonded in the polyols could self-catalyze the
crosslinking reaction of 2K-WPUs without adding small molecular toxic catalysts. Small steric hindrance of the tertiary
amines led to high catalytic activity. The properties of the crosslinked products of the waterborne TME based polyols were
investigated by DSC, thermogravmetric analysis and dynamic mechanical analysis (DMA). The results showed high hydroxyl
value of the polyol and aromatic ring in the polyol structure resulted in high storage modulus (G') and glass transition
temperature (77,) of the crosslinked products. More C-N bond content of the crosslinked products of the waterborne amino
polyols decreased the thermal stability in the first degradation stage of the products.
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Introduction

Waterborne polyurethanes (WPUs) have the merits of envi-
ronmental friendly, non-toxic, odorless and safe to use, and
therefore are now substituting for traditional solvent-based
resins [1-4]. However, most WPUs are linear thermoplastic
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polymers with hydrophilic ionic groups in the main chain,
so the mechanical properties and water resistance of WPUs
are lower than those of solvent-based counterparts [5—8].
Two-component waterborne polyurethanes (2K-WPUs) pro-
vide an external crosslinking way to offer attractive potential
in WPUs enhancement by increasing crosslinking density
among water-dispersed particles, and have almost the same
high performance as solvent-based resins. Due to the high
performance, such as good abrasion resistance, hardness
and flexibility, and good chemical and solvent resistance,
2K-WPUs have grown commercially application in coating
and adhesive fields over the last decade [9-11]. 2K-WPUs
typically consist of hydroxyl-functional resin dispersion
and hydrophilically modified polyisocyanate. However,
compared with homogeneous crosslinking process of
solvent-based two-component polyurethane systems, the
crosslinking process of 2K-WPUs is a more complicated het-
erogeneous phase process including water volatilizing, par-
ticle merging and chemical crosslinking [12, 13]. Therefore,

@ Springer


http://orcid.org/0000-0001-5566-2114
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-019-01638-1&domain=pdf

714

Journal of Polymers and the Environment (2020) 28:713-724

the crosslinking process of 2K-WPUs is slower and more
inefficient than that of solvent-based two-component polyu-
rethane systems.

Adding catalysts can accelerate the crosslinking pro-
cess of 2K-WPUs. Metal organic compounds and tertiary
amines have been reported to be good catalytic activity for
the crosslinking reaction of isocyanate groups (-NCO) and
hydroxyl groups (~OH), and are widely used as catalysts
for the crosslinking reaction of polyurethane system [14,
15]. At present, tin, bismuth, zinc, zirconium and other
metal contained organometallic compounds have been
used as catalysts for the crosslinking reaction of water-
borne polyurethane [16]. Cakic et al. compared the effects
of organo-zirconium and organo-manganese (III) on the
crosslinking reaction of 2K-WPUs [17].The results showed
organo-manganese obtained higher catalytic activity than
organo-zirconium, and both catalysts enabled accomplishing
more optimal physical-mechanical properties of 2K-WPUs
coatings. Werner Blank et al. studied the catalytic effect of
organotin and organo-zirconium on the crosslinking reaction
of 2K-WPUs [18-20].The results showed the organic zirco-
nium catalyst was more selective for the reaction of -NCO
with —OH in 2K-WPUs system than dibutyltin dilaurate.
However, with the increasing requirements of environmen-
tal protection and human health, organometallic compounds
catalysts have been restricted in many application fields of
coatings, especially in food packaging and children’s toys.
Triethylamine, triethanolamine, N,N-dimethylethanolamine
and other small molecular tertiary amines are another kind
of widely used catalysts for the crosslinking reaction of
polyurethane. Van Maris systematically studied the cata-
lytic activity of tertiary amines for the reaction of -NCO
with —OH with kinetic models, and clarified the relation-
ship between the structure and catalyzing property of small
tertiary amines [21]. The results showed the catalytic activ-
ity of tertiary amines was mainly determined by the alka-
line strength of tertiary amines and the steric effects of the
substitution groups bonded to nitrogen atom. Generally,
strong alkalinity and small steric hindrance of the tertiary
amine lead to the high catalytic activity [22]. However,
small molecular tertiary amines only play a catalyst role in
polyurethane crosslinking reaction and do not participate
in the crosslinking reaction. They exist in the cross-linked
polymer in a free state and are easy to volatilize, which not
only produces unpleasant odor, but also increases the emis-
sion of toxic volatile organic compounds (VOCs). Recent
studies have shown workers exposed to a certain concen-
tration of tertiary amines in the air for above 30 min can
cause blurred vision, and long-term exposure can cause
occupational diseases such as glaucoma [23]. The National
Institute of Occupational Safety and Health of the United
States has studied the volatility of small molecular tertiary
amines used in polyurethane industry and their hazards. A
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method for determining the concentration of tertiary amines
in the air has been developed for enterprises to monitor the
concentration of tertiary amines in operation area to ensure
workers’ health [24].

In view of the potential embryotoxicity and teratogenicity
of bisphenol A epoxy resin, synthesis of epoxy resin from
renewable feedstock has been growing concerned [25, 26].
Resent years, we have prepared a biomass based epoxy resin
from turpentine [27, 28]. In order to improve the crosslink-
ing reaction rate of 2K-WPUs in the absence of external
catalysts, in this paper a new type of waterborne polyols
containing different tertiary amines in molecular structure
was designed and synthesized from the turpentine based
epoxy resin and secondary amines. The tertiary amine
groups chemically bonded in polyols can self-catalyze the
crosslinking reaction between polyols and polyisocyanate
to formulate 2K-WPUs in the absence of small molecular
tertiary amines, which could solve the key problem of toxic
emission of VOCs. Waterborne turpentine-diethanolamine
based polyol (WTDP) contained tertiary amines with two
hydroxyethyl groups, and waterborne turpentine-benzyleth-
anolamine based polyol (WTBP) contained tertiary amines
with a hydroxyethyl group and a benzyl group (Scheme 1).
Different structures of tertiary amines with different steric
hindrance effects led to different self-catalytic activities.
The structure and micromorphology of the polyols were
confirmed by Fourier transform infrared (FT-IR) spectrum,
nuclear magnetic resonanc (NMR) spectrum and transmis-
sion electron microscopy (TEM). The effects of tertiary
amine groups on self-catalytic activity of the crosslink-
ing reaction of 2K-WPUs were determined by differential
scanning calorimetry (DSC) by comparing with a similar
structure polyol, waterborne turpentine-neopentylglycol
based polyol (WTNP) without tertiary amine groups. The
relationship between the structure of the polyols and the
properties of the crosslinked products of the polyols was
investigated by DSC, thermogravmetric analysis (TGA) and
dynamic mechanical analysis (DMA).

Experimental Details
Materials

The turpentine based epoxy resin with endocyclic structure
(Scheme 1) and epoxy value of 3.5 mmol g~! was synthe-
sized from turpentine, maleic anhydride and epichloro-
hydrin, named as terpene-maleic ester type epoxy resin
(TME) [27]. N-Benzylethanolamine (BEA), hexamethylene
diisocyanate (HDI) and 2,2-bis (hydroxymethyl) propionic
acid (DMPA) were purchased from Aladdin Industrial Co.,
Shanghai, China. Neopentyl glycol (NPG), Diethanolamine
(DEA), and Sodium hydroxide (NaOH) were supplied by
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Scheme 1 Synthesis of TME
based polyols
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Shanghai Lingfeng Chemical Reagent, Co., Ltd., China.
Acetone and alcohol were obtained from Nanjing Chemi-
cal Reagent, Co., Ltd., China. The hydrophilically modified
hexamethylene diisocyanate (HDI) tripolymer with isocy-
anate group (-NCO) content of 13% and solid content of
80 wt% was supplied by Wuhan Shiquanxing Polyurethane
Technology Co., Ltd., China.

Preparation of TME Based Polyols

Turpentine-neopentylglycol based polyol (TNP) was syn-
thesized as follow (Scheme 1): A 500 mL four-necked flask
equipped with stirrer, dropping funnel, thermometer, con-
denser, and heating mantle was charged with 100.0 g TME,
36.4 g NPG and 5.0 g acetone. The reactants were heated to
90 °C and mixed for 20 min with constant stirring. Then 1.0
g boron fluoride ethyl ether was added drop by drop in about
1 min to catalyze the reaction of epoxy groups and hydroxyl
groups. The reaction was continued for 1 h at 100-110 °C.
A yellow transparent solid product TNP was obtained, yield
> 98%.

Turpentine-diethanolamine based polyol (TDP) and
turpentine-benzylethanolamine based polyol (TBP) were
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synthesized as follow (Scheme 1): A 500 mL three-necked
flask equipped with stirrer, thermometer, condenser, and
heating mantle was charged with 100.0 g TME, 36.8 g DEA
(or 52.9 g BEA) and 16.0 g alcohol. The reactants were
heated to 80 °C and reacted for 1 h with constant stirring.
Finally, remove ethanol with vacuum distillation, and a yel-
low transparent solid product TDP (or TBP) was obtained,
yield > 98%.

TNP, '"H NMR (500 MHz, CDCl;, 8): 5.98-6.25
(-CH=CH- in endocyclic structure); 4.75-5.25 (-CH-0O-);
3.10-4.40 (-CH,—0-); 2.00-2.40 (-CH-C=0); 1.60-1.90
(-CH-C-); 1.11-1.55 (-CH,—C-); 0.61-1.05 (CH;-C).
13C NMR (500 MHz, CDCl,, §): 170.9-173.5 (-CO-0-);
134.3-136.0 (-CH=CH- in endocyclic structure); 60.9-72.7
(-O-CH,-, -CH-OH, -CH,-OH); 42.8 (-CH-C=0);
33.2-37.0 (quaternary carbons); 28.5-31.5 (tertiary car-
bons); 16.1-24.2 ( -CH,~CH,— and -CH;). FT-IR (cm™):
3100-3700 (O-H); 1738 (C =0 in ester); 2954, 2876,
1458, 1376 (-CH;, -CH,—); 1170,1110 (-C-0-C-); 1040
(-CH,—OH).

TDP, '"H NMR (500 MHz, CDCl;, §): 5.98-6.25
(-CH=CH- in endocyclic structure); 4.75-5.25
(-CH-0O-); 3.10-4.40 (-CH,-0-); 2.35-3.05 (-CH,—N-);
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2.00-2.40 (-CH-C=0); 1.60-1.90 (-CH-C-); 1.11-1.55
(-CH,-C-); 0.61-1.05 (CH;-C-C). '*C NMR (500
MHz, CDCl;, 8): 170.9-173.5 (-CO-0-); 134.3-136.0
(-CH=CH- in endocyclic structure); 60.2-69.9
(-O-CH,—, -CH-OH, -CH,—OH); 58.0 (-CH,—N-); 42.8
(-CH-C=0); 33.2-37.0 (quaternary carbons); 28.5-31.5
(tertiary carbons); 16.1-24.2 ( -CH,—CH,— and —CH,).
FT-IR (cm™'): 3000-3700 (O-H, N-H); 1738 (C=0 in
ester); 2954, 2876, 1458, 1376 (-CH;, —CH,~); 1170
(-C-0-C-); 1068 (—-C-N-); 1040 (-CH,—OH).

TBP, '"H NMR (500 MHz, CDCl;, 8): 6.88-7.90
(-CH=CH- in aromatic ring); 5.98-6.25 (-CH=CH- in
endocyclic structure); 4.75-5.25 (-CH-0O-); 3.10-4.40
(-CH,-0-); 2.35-3.05 (-CH,-N-); 2.00-2.40
(-CH-C=0); 1.60-1.90 (-CH-C-); 1.11-1.55
(~CH,-C-); 0.61-1.05 (CH;—C). '*C NMR (500 MHz,
CDCl;, 6): 170.9-173.5 (-CO-0-); 137.4-139.0,
126.5-130.6 (-CH=CH- in aromatic ring); 134.3-136.0
(-CH=CH- in endocyclic structure); 60.9-79.7
(-O-CH,—, -CH-OH, -CH,—OH); 58.0 (-CH,-N-); 42.8
(-CH-C=0); 33.2-37.0 (quaternary carbons); 28.5-31.5
(tertiary carbons); 16.1-24.2 ( -CH,—CH,— and —CH,).
FT-IR (cm™"): 3000-3700 (O-H, N-H); 1738 (C=0 in
ester); 2954, 2876, 1458, 1376 (-CH,, —CH,-); 1600,
1500 (aromatic ring);1170 (—-C-O—-C-); 1068 (-C-N-);
1040 (-CH,—OH); 737, 698 (one-substituted aromatic
ring).

Scheme 2 Preparation of water-

borne TME based polyols Gt

Preparation of Waterborne TME Based Polyols

Waterborne TME based polyol dispersions were prepared
as follow (Scheme 2): 6.0 g DMPA, 15.2 g HDI and 21.0 g
acetone were placed in a 500 mL four-necked flask equipped
with stirrer, dropping funnel, thermometer, condenser, and
heating mantle. The mixture was heated to 56 °C (the reflux
temperature of acetone) and reacted for 4 h with constant
stirring. Then, 52.3 g TNP (or 52.4 ¢ TDP or 58.8 g TBP)
was added into the four-necked flask. The reaction was con-
tinued for 2-5 h at about 60 °C. 1.8 g NaOH dissolved in 10
g water was added drop by drop in about 1 min and contin-
ued stirring for 30 min. The reaction product was dispersed
with water directly at stirring rate of 400 rpm at 60 °C, and
the water was added drop by drop in about 30 min. Finally,
anionic TME based polyol dispersions with solid content of
35 wt% were obtained after removal of acetone by a rotary
evaporator under reduced pressure. The waterborne polyol
prepared with TNP, TDP or TBP, was denoted as WTNP,
WTDP or WTBP, respectively. The technical parameters of
WTNP, WTDP, WTBP resins and dispersions were sum-
marized in Table 1.

WTNP, '"H NMR (500 MHz, CDCl,, 8): 8.20-8.50
(-O-CO-NH-); 5.98-6.25 (-CH=CH- in endocyclic struc-
ture); 4.75-5.25 (-CH-0-); 4.01-4.60 (-CH,~O-CO-NH-);
3.30-4.40 (-CH,-0O-); 2.60-3.20 (-CO-NH-CH,-);
2.00-2.40 (-CH-C=0); 1.60-1.90 (CH-C-); 1.11-1.55
(-CH,-C-); 0.61-1.05 (CH;-C). '*C NMR (500
MHz, CDCl;, d): 170.9-173.5 (-CO-0-); 157.0
(-O-CO-NH-); 134.3-136.0 (-CH=CH in endocyclic
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Table 1 Technical parameters of WTNP, WTDP, WTBP resins and dispersions

Polyol resin

Polyol dispersion (35 wt%)

OH value (mg Molecular weight Average particle Viscosity Storage stability Appearance

g_l) M,,) diameter (nm) (mPa s) (months)
WTNP 158.7 2094 195.7 16.6 >12 Semitransparent with blue light
WTDP 265.4 1983 426.7 32.6 >6 Milk-white
WTBP 121.2 2724 257.4 21.6 >12 Milk-white with blue light
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structure); 60.1-71.0 (-O-CH,—, -CH-OH, —-CH,-OH);
56.2 (-CH,—-O—CO-NH-); 42.8 (-CH-C=0); 33.2-37.0
(quaternary carbons); 28.5-31.5 (tertiary carbons);
16.1-24.2 (-CH,-CH,— and -CH;). FT-IR (cm™}):
3100-3700 (O-H, N-H); 1738 (C=O0O in ester); 1700
(C=0 in urethane); 1540 (-CO-NH-); 2954, 2876, 1458,
1376 (-CH;, -CH,-); 1250 (~C-O—-C- in urethane); 1130
(-C-0-C-); 1040 (-CH,—OH).

WTDP, '"H NMR (500 MHz, CDCl;, 9): 8.20-8.50
(-O-CO-NH-); 5.98-6.25 (-CH=CH- in endocy-
clic structure); 4.75-5.25 (——CH-0O-); 3.90-4.60
(-CH,—~O-CO-NH-); 3.30-4.40 (-CH,-0-); 2.30-3.10
(-CO-NH-CH,-); 2.00-2.30 (-CH-C=0); 1.60-1.90
(-CH-C-); 1.11-1.55 (-CH,—C-); 0.61-1.05 (CH;—-C). *C
NMR (500 MHz, CDCls;, ): 170.9-173.5 (-CO-0-); 157.0
(-O-CO-NH-); 134.3-136.0 (-CH=CH- in endocyclic
structure); 60.1-70.0 (-O-CH,—, -CH-OH, -CH,—OH); 58.0
(-CH,-N-); 57.4 (-CH,—~O-CO-NH-); 42.8 (-CH-C=0);
33.2-37.0 (quaternary carbons); 28.5-31.5 (tertiary car-
bons); 16.1-24.2 ( -CH,—CH,— and —-CH;). FT-IR (cm™):
3000-3700 (O-H, N-H); 1738 (C=0 in ester); 1700 (C=0
in urethane); 1540 (-CO-NH-); 2954, 2876, 1458, 1376
(-CH;, -CH,-); 1170,1130 (-C-0-C-); 1068 (-C-N-);
1040 (-CH,—OH).

WTBP, 'H NMR (500 MHz, CDCl;, §): 8.20-8.50
(-O-CO-NH-); 6.88-7.90 (-CH=CH- in aromatic
ring); 5.98-6.25 (-.CH=CH- in endocyclic structure);
4.85-5.25 (—CH-0-); 4.01-4.80 (-CH,-O-CO-NH-);
3.30-4.35 (-CH,—0O-); 2.40-3.30 (-CO-NH-CH,-);
2.00-2.40 (-CH-C=0); 1.60-1.90 (-CH-C-); 1.05-1.55
(-CH,—C-); 0.61-1.05 (CH5-C). 13C NMR (500 MHz,
CDCl,, 6): 170.9-173.5 (-CO-0O-); 157.0 (-O-CO-NH-);
137.4-139.0, 126.5-130.6 (-CH=CH- in aromatic ring);
134.3-136.0 (-CH=CH- in endocyclic structure); 60.9-71.7
(-O—CH,-, -CH-OH, —-CH,—0OH); 59.0 (-CH,-N-); 56.2
(-CH,-O-CO-NH-); 42.8 (-CH-C=0); 33.2-37.0 (qua-
ternary carbons); 28.5-31.5 (tertiary carbons); 16.1-24.2
(-CH,~CH,— and —CH;). FT-IR (cm™'): 3000-3700 (O-H,
N-H); 1738 (C=0 in ester); 1700 (C=O0 in urethane); 1540
(-CO-NH-); 2954, 2876, 1458, 1376 (~CH;, —CH,—); 1170
(-C-0-C-); 1068 (—-C-N-); 1040 (-CH,—OH); 737, 698
(one-substituted aromatic ring).

Preparation of 2K-WPUs from Waterborne TME
Based Polyols

Three kinds of 2K-WPUs were prepared by blending
waterborne TME based polyols (WTNP, WTDP or WTBP)
with the hydrophilically modified HDI tripolymer respec-
tively in molar ratio of hydroxyl group to isocyanate group
1:1.2. The well-mixed blend dispersions were degassed
under vacuum at ambient temperature. Subsequently, the
resulting dispersions were cast on clean Teflon plates and

dried for 7 days at room temperature. The crosslinked films
with a thickness of approximately 100 pym were obtained.

Kinetics Model for the Crosslinking Reaction
of 2K-WPUs from Waterborne TME Based Polyols

DSC is a convenient way to study the crosslinking reac-
tions of thermosetting polymers. The heat release of the
crosslinking reactions can be precisely measured with
DSC. The effects of tertiary amine containing polyols
on self-catalytic activity of the crosslinking reaction of
2K-WPUs was determined with DSC. DSC kinetic data
are always analyzed with the following general expression:
% — k@ )
where a is the conversion, da/dt is the crosslinking rate, fla)
is some function of a [29]. The apparent rate constant k is
usually assumed to be in the Arrhenius form:

k(T) = Aexp(—E,/RT) @

where A is the pre-exponential factor, E, is the activation
energy, R is the gas constant (8.314 J/mol K), and T is the
absolute temperature.

Then, the reaction rate equation can be obtained as
follows:
da da
S =P = Aexp(-E,/RT)f (@) 3)

According to the Arrhenius form, the apparent rate
constant k of the reaction is exponentially dependent on
the the activation energy (E,). The crosslinking reaction
with low E_ has larger rate constant and high reaction
rate. So E, values can indicate the catalytic activity of the
crosslinking reaction of 2K-WPUs. We used the Friedman
and Flynn—Wall-Ozawa methods which are two the most
frequently cited model-free methods to calculate E, of the
crosslinking reaction of the waterborne polyols containing
different structures [30, 31].

Sample tubes filled with about 1 g sample of each
2K-WPUs were freeze-dried in a vacuum freeze-drying
machine with the sampling temperature below — 30 °C for 24
h to remove water. After dried place about 5 mg 2K-WPUs
samples in hermetically sealed high-volume stainless-steel
pans, weighed, and then scanned with a Perkin—Elmer Dia-
mond DSC from 30 to 200 °C at three different heating rates:
5, 10 and 20 K/min. Each DSC test used a fresh specimen.
High-volume stainless-steel pans capable of withstanding
vapor pressure up to 3.8 MPa were used to prevent the test
samples from evaporating at high temperatures. The DSC
tests on every condition were duplicated twice.
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Characterizations

FT-IR spectra of the polyol samples were measured on
an ALPHA-II Fourier transform infrared spectrophotom-
eter (Bruker, Switzerland) in an attenuated total reflection
(ATR) mode. Each sample was scanned ranging from 4000
to 500 cm™! with an average of 32 scans.

NMR spectra were recorded on an AVANCE AV-500
nuclear magnetic resonance spectrometer (Bruker, Swit-
zerland). The polyol samples were solved in deuterated
chloroform. Chemical shifts were calculated relative to
TMS for NMR control.

Gel permeation chromatography (GPC) was used to cal-
culate the average molecular weight (M,,) of the polyols.
The GPC analysis was performed on a Waters 1550 GPC
system (Waters, USA) consisting of two styragel columns
connected in series, a Waters 2487 ultraviolet detector and
a Waters 2414 refractive index detector. The polyol sam-
ples were solved in tetrahydrofuran at a concentration of
10 mg mL~" and filtered through a 0.45 um hydrophobic
fluoropore polytetrafluoretyhylene filter before injection
into the GPC system.

Particle size test was carried out on a Nano-ZS
ZEN3600 Zeta-sizer (Malvern Instrument Co., UK). The
polyol dispersions were diluted to a solids content of
0.2%-0.3% with deionized water, and 1 mL of the disper-
sion was placed in a cuvette for performing particle size
analysis.

The particle morphology of polyol dispersions were
observed with a Tecnai G2 20 S-TWIN transmission elec-
tron microscopy (FEI, USA). The waterborne TME based
polyols were diluted in water to 0.5 wt% and dispersed by
sonication for 10 min. A drop of diluted polyol dispersion
was dripped on a C-coated Cu grid, and dried for 2 h for
TEM measurement.

The glass transition temperature (7,) of the crosslinked
products of 2K-WPUs was measured with DSC. DSC
measurements were carried out on a differential scanning
calorimeter (PerkinElmer Diamond, USA) at heating rate
of 20 K min~! and nitrogen gas flow of 20 mL min~'. The

Fig.1 TEM images of WTNP
(a), WTDP (b), and WTBP (c)
dispersions
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specimen was crumple-sealed in aluminum crucible and
scanned from — 50 to 180 °C.

The thermal stability of the crosslinked products of
2K-WPUs was measured with TGA. TGA) was performed
with STA 409 PC/PG thermogravimetric analyzer (Netzsch
Co., Germany) at a heating rate of 10 K min~! under a nitro-
gen atmosphere from 25 to 800 °C.

DMA was carried out on a Q800 dynamic mechanical
analyzer (TA instrument, USA) at frequency of 1 Hz, tem-
perature range of —100-180 °C, and heating rate of 3 K
min~'. The size of the specimens cut from the crosslinked
products of 2K-WPUs was 40 mm X 6.5 mm X 0.1 mm.

Drying time was measured according to standard test
method GB/T 1728-1979. Gloss was measured accord-
ing to standard test method GB/T 9754-2007. Mechanical
properties of the films were evaluated according to standard
test methods (impact strength GB/T 1732-1993, adhesion
GB/T 1720-1989, flexibility GB/T 1731-1993, pencil hard-
ness GB/T 6739-1996). Water resistance, antifouling and
blocking resistance properties were measured according to
standard test method GB/T 23999-2009.

Results and Discussion

Micromorphologies of Waterborne TME Based
Polyols

Figure 1 shows the TEM images of waterborne TME
based polyols dispersions. The particle sizes of WTNP
and WTBP dispersions distributed in nano scale with par-
ticle sizes from 80 to 500 nm. The storage stability of
WTNP and WTBP dispersions was longer than one year.
However the particle size of WTDP dispersion distributed
in a wide range, and some micron-sized particles existed
in the range of 1-3 um. The particle size uniformity and
the storage stability of WTDP dispersion were poor.
Because TDP contained four primary hydroxyl groups,
while TBP and TNP contained only two primary hydroxyl
groups. When TDP was extended by hydrophilic chain
segments (Scheme 2), it was easier for TDP to carry out
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intramolecular chain extension reaction, which resulted in
the other TDP grafting less hydrophilic chain segments.
As a result, the particle size uniformity of WTDP disper-
sion was poor.

Kinetics of the Crosslinking Reaction of 2K-WPUs
from Waterborne TME Based Polyols

Figure 2 shows the DSC curves of the crosslinking reac-
tion of 2K-WPUs from waterborne TME based polyols.
By integrating the area under the exotherm peak of DSC
curves, a versus time (#) curves of the crosslinking reac-
tion were obtained (Fig. 3). As seen the consuming time
at the same «a of the three polyols in Fig. 3, amino polyols
(WTDP and WTBP) got fast crosslinking reaction rate,
while the similar structure polyol (WTNP) without ter-
tiary amine group got the slowest crosslinking reaction
rate among the three polyols. The catalytic mechanism of
tertiary amine was that -NCO groups were attacked by
tertiary amine to form intermediates and reacted with -OH
groups (Scheme 3) [22]. Compared with WTBP, WTDP
contained tertiary amines with smaller steric hindrance
effect, resulting in higher self-catalytic activity and faster
crosslinking reaction rate. In order to investigate the kinet-
ics of the crosslinking reaction of the three polyols, E, of
the crosslinking reactions were calculated with the Fried-
man and Flynn—Wall-Ozawa methods.

Friedman gave a straightforward method to determine
E, as a function of the extent of @, which is the most com-
mon differential isoconversional method for kinetic analy-
sis [32]. According to the Friedman method, E, can be
calculated by using the following logarithmic form of the
reaction rate equation (Eq. 3):

Heat Flow (mW)

g T
40 80 120 160
Temperature (°C)

Fig.2 DSC curves of the crosslinking reaction of 2K-WPUs
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Fig.3 Relative curves of a versus time (f) of the crosslinking reac-
tionof 2K-WPUs

E
ln(ﬂd“) = 9% = iiaf(a)] - =

dT dr &

The reaction rate da/dt can be obtained by differentiat-
ing the curves of a versus r. Assuming da/d? to be only a
function of a and T, In(da/dr) is described as Eq. (4). With
Eq. (4), a plot of In(da/d¢) versus 1/T at the same a from
DSC curves with various heating rates yielded a straight line
with slope—FE /R. The relationship between E, and a was
obtained by repeating this procedure. Table 2 listed the val-
ues of E, calculated at different conversions using the Fried-
man method. E, tended to fluctuate in a conversion interval
ranging from 0.2 to 0.8. The E, values of the crosslinking
reaction of the polyols containing tertiary amine groups
were obviously lower than that of the crosslinking reaction
of WTNP. Low E, favors fast reaction rate, which indicates
the tertiary amine groups contained in the polyol structure
can self-catalyze the crosslinking reaction of 2K-WPUs.
Compared with WTBP, WTDP with smaller steric hindrance
effect of the tertiary amine groups got lower E, values of
the crosslinking reaction. These results agreed well with the
results from Fig. 3.

The Friedman method is an isoconversional differential
method. Flynn, Wall, and Ozawa have provided an iso-
conversional integral method which does not require any

VAANCO + RgN — > saaN=C——0°
.
[S]
sWIMN=—C——O0 "+ ROH ——> ~WwwNH—C—OR'+ RsN
s

Scheme 3 Catalytic mechanism of tertiary amine on the crosslinking
reaction between —NCO group and —OH group
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assumptions concerning the form of the kinetic equation
other than the Arrhenius-type temperature dependence for
the calculation of activation energy values [33-35]. This
Flynn—Wall-Ozawa method is also a model-free method
which contains measuring the temperatures corresponding
to fixed values of a from DSC with various heating rates.
According the Flynn—Wall-Ozawa method, da/dt in Eq.
(3) was integrated and then Doyle Eq. (5) was obtained by
applying a Doyle approximation [36].

AE, E,
Inp=1In —5.331 - 1.052— 5)
Rg(a) RT

In Eq. (5) g(@) was the integral form of the kinetic model.
A plot of In S versus 1/T was obtained from thermal curves
recorded at several heating rates. For constant a, this plot
should be a straight line whose slope could allow evaluation
of E,. E_ values calculated at different conversions by the
Flyn—Wall-Ozawa method are shown in Table 3. The calcu-
lated result from the Flyn—Wall-Ozawa method was similar
with that from the Friedman method. WTNP without tertiary
amine group got the highest E,, of the crosslinking reaction,
and WTDP with small steric hindrance tertiary amine groups
got the lowest E, of the crosslinking reaction. These results

indicated the tertiary amine groups in the polyol structure
could improve the crosslinking rate of the 2K-WPUs, and
tertiary amine groups with smaller steric hindrance exhibited
higher catalytic activity.

FT-IR Analysis of the Crosslinking Reaction at Room
Temperature

Most applications of 2K-WPUs require the crosslinking
reaction to take place at room temperature. FT-IR was
employed to investigate the crosslinking properties of the
three kinds of 2K-WPUs prepared from WTBP, WTDP
and WTNP polyols respectively at room temperature (25
°C and 60% humidity). The change of vibration absorption
peak of —-NCO group in FT-IR spectra was used to track
the crosslinking reaction of the 2K-WPUs (Fig. 4). WTDP
prepared with diethanolamine contained high hydroxyl con-
tent and small steric hindrance of tertiary amine group. The
crosslinking reaction between WTDP and polyisocyanate
was fast. And —-NCO group disappeared completely in FT-IR
spectra after curing for 3 days at room temperature, which
indicated that the crosslinking reaction had been completed.
However the application period of 2K-WPUs from WTDP
was short, less than 1 h, as a result of the high self-catalytic

Table2 E, (kJ/mol) of the

< = X Samples a Average

crosslinking reaction of

waterborne TME based polyols 0.2 0.3 0.4 0.5 0.6 0.7 0.8

from the Friedman method
WTNP 62.4 63.8 62.7 65.4 66.3 70.2 67.9 65.5
WTBP 38.0 49.0 49.2 56.2 51.3 483 49.8 48.8
WTDP 30.2 39.4 41.7 50.9 44.0 41.0 39.5 41.0

Table.?» E“ (kJ/mgl) of the Samples o Average

crosslinking reaction of

waterborne TME based polyols 0.2 0.3 0.4 0.5 0.6 0.7 0.8

from the Flyn—Wall-Ozawa

method WTNP 69.1 68.9 69.4 69.3 69.1 68.2 66.5 68.6
WTBP 60.2 59.1 57.8 57.0 56.3 55.6 54.8 57.3
WTDP 49.7 47.9 47.5 46.3 47.8 47.7 47.5 47.8
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Fig.4 FT-IR spectra of the crosslinking reaction of 2K-WPUs at room temperature
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activity of WTDP. WTNP prepared with neopentyl glycol
did not contain tertiary amine group. The crosslinking reac-
tion between WTNP and polyisocyanate was quite slow,
and —-NCO group still could be found in FT-IT spectra after
curing for 6 days at room temperature. WTBP prepared with
benzylaminoethanol contained tertiary amine groups with
big steric hindrance effect. The crosslinking reaction rate
of WTBP was slower than that of WTDP and faster than
that of WTNP. -NCO groups of 2K-WPUs from WTBP
disappeared after curing for 4 days at room temperature.
The application period of the 2K-WPUs from WTBP was
about 2 h.

FT-IR results of the crosslinking reaction at room tem-
perature were in agreement with the kinetics analysis of
the crosslinking reaction of 2K-WPUs from DSC. Ter-
tiary amine groups in the polyol structure could improve
the crosslinking rate of the 2K-WPUs, and tertiary amine
groups with smaller steric hindrance exhibited higher cata-
lytic activity.

Structures Characterization of the Crosslinked
Products of 2K-WPUs from Waterborne TME Based
Polyols

Figure 5 shows the FT-IR spectra of the crosslinked products
of WTBP, WTDP and WTNP. The characteristic absorp-
tion peak of - NCO group near 2270 cm™! all disappeared
in the spectra of the three crosslinked products, indicating
that the products had been crosslinked completely. Typi-
cal characteristic absorption peaks of amide bond band I
(1680 cm™!, C=0) and band III (1535 cm™!, C-N) appeared
in FT-IR spectra, corresponding to the molecular structure
characteristics of polyurethane [37]. Comparing the spectra

Transmittance (%)

v T T T v T v T v T v T v
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig.5 FT-IR spectra of the crosslinked products of 2K-WPUs from
waterborne TME based polyols

of the three crosslinked products, the products of WTNP had
strong characteristic absorption peaks of ether-type C—O-C
at 1109 cm™', while the products of WTDP and WTBP had
characteristic absorption peaks of C-N—C at 1104 cm™!,
which were consistent with the structural characteristics
of ether polyol (WTNP) and amino polyols(WTDP and
WTBP). WTBP was prepared with benzylaminoethanol, so
the characteristic absorption peaks of aromatic ring appeared
at 737 cm™! and 698 cm™" in the FT-IR spectra of the prod-
uct of WTBP.

Thermal Properties of the Crosslinked Products
of 2K-WPUs from Waterborne TME Based Polyols

DSC curves of the crosslinked products of WTBP, WTDP
and WTNP are shown in Fig. 6. 2K-WPUs belongs to ther-
mosetting resin, and all the three crosslinked products got
glass transition temperature (7,) higher than room tem-
perature. Compared with WTNP, WTDP contained higher
hydroxyl value resulting to higher crosslinked density, so
the T, of its crosslinked product was higher than that of
WTNP. WTBP contained lots of aromatic rings which are
hard segments in molecular structure, resulting to the highest
T, among the three crosslinked products.

Figure 7 shows the thermogravimetric curves of the
crosslinked products of WTDP, WTBP and WTNP. The
thermal degradation of polyurethane usually involves a two-
stage degradation [38, 39]. The first stage is the breaking of
C-N (305 kJ/mol) bond with smaller bond energy, and the
second stage is the breaking of C—C (346 kJ/mol) and C-O
(358 kJ/mol) bonds with larger bond energy. The thermo-
gravimetric curves of the crosslinked products of the three
polyols showed similar trends, and there were two distinct
degradation peaks in the DTG curves. Comparing the three
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<< WTNP
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Fig.6 DSC curves of the crosslinked products of 2K-WPUs from
waterborne TME based polyols
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100 shown in Fig. 8. The peak temperature of tan delta corre-
sponds to the temperature at which o relaxation associated
with the glass transition of the polymers occurs, i.e. glass

75

N |
T T

0 200 400 600 800
Temperature (‘C)

Fig.7 TG and DTG curves of the crosslinked products of 2K-WPUs
from waterborne TME based polyols

crosslinked products, the thermal stability of the first degra-
dation stage differed greatly due to the different C-N bond
content of the three crosslinked products. Because WTNP
was not an amino polyol, its crosslinked product contained
the least C—N bond and exhibited the best thermal stabil-
ity in the first stage among the three crosslinked products.
While WTDP contained higher hydroxyl content and more
C-N bonds, its crosslinked product exhibited lower thermal
stability in the first stage. In the second degradation stage,
the thermal stability of crosslinked product of WTBP was
the best because of its aromatic ring structures.

Dynamic Mechanical Properties of the Crosslinked
Products of 2K-WPUs from Waterborne TME Based
Polyols

The storage modulus (G’) and loss factor (tan delta) of the
crosslinked products of WTBP, WTDP and WTNP are
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Fig.8 DMA curves of the crosslinked products of 2K-WPUs from
waterborne TME based polyols
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transition temperature (7). The results from loss factor
curves were consistent with those from DSC analysis. The
T, of the crosslinked products of WTBP was the highest, fol-
lowed by that of WTDP, and that of WTNP was the lowest.
The reasons had been given in DSC analysis. The storage
modulus (G") of the crosslinked products of the three polyols
showed a similar trend with temperature. G’ decreased grad-
ually with an increase of temperature. When the temperature
was close to Tg, o relaxation of the crosslinked products
occurred, resulting to a sharp decrease of G'. Among the
three crosslinked products, the crosslinked product of WTBP
got the highest G’ at the same temperature, because WTBP
contained aromatic rings. G’ of the crosslinked products of
WTDP was higher than that of WTNP at the same tempera-
ture, because WTDP contained higher hydroxyl value and
got higher crosslinked density.

Application of the 2K-WPUs as Waterborne Wood
Coatings

2K-WPUs from waterborne TME based polyols were applied
as waterborne wood coatings, and a commercial 2K-WPU
from Wanhua was used as a control. The properties of the
films were shown in Table 4. The impact strength, adhesion,
flexibility, water resistance and antifouling resistance prop-
erties of the 2K-WPUs from waterborne TME based polyols
were just similar to those of the commercial product. The
drying time of the 2K-WPUs with amino polyols (WTDP
and WTBP) was faster than that of the commercial product
as a result of the self-catalytic property of the tertiary amine
groups in WTDP and WTBP. The film from WTBP had

Table 4 Properties of the films of 2K-WPUs

Items WTNP WTDP WTBP Com-
mercia
product®

Surface drying time (min) 40 20 30 45

25°C

Hard drying time (h), 25 °C 6 2 3 8

Gloss (60°) 86.3 89.3 924 87.6

Impact strength (50 cm) Pass Pass Pass Pass

Adhesion (grade) 1 1 1 1

Flexibility (mm) 0.5 0.5 0.5 0.5

Pencil hardness H 2H 2H H

Water resistance (24 h) Pass Pass Pass Pass

Stain resistance/vinegar (1 h)  Pass Pass Pass Pass

®The commercial product and its data were supplied by Wanhua
Chemical Group Co., Ltd, China
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higher gloss and pencil hardness, because WTBP contained
aromatic rings. The film from WTDP had faster drying time,
because WTDP contained high hydroxyl value and tertiary
amine group with small steric hindrance.

Conclusions

Three kinds of waterborne polyols were prepared by modify-
ing a biomass based epoxy resin (TME) with N-benzylethan-
olamine, diethanolamine and neopentyl glycol, respectively.
The polyols containing tertiary amines self-catalyzed the
crosslinking reaction between polyols and polyisocyanate in
the absence of external catalysts, which resulted in high effi-
ciency of the film formation of 2K-WPUs. Steric hindrance
effect of the tertiary amine groups of the polyols affected the
catalytic activity of the reaction. Smaller steric hindrance
led to faster crosslinking reaction rate. The different struc-
tures of the tertiary amines in the polyols also affected the
properties of the crosslinked products. Storage modulus
(G") and glass transition temperature (Ty) of the crosslinked
products were increased when the polyols contained high
hydroxyl value and aromatic ring. The thermal stability of
the crosslinked products of amino polyols was a little worse
than that of the crosslimked products of the polyol without
tertiary amines, because the amino polyols contained more
C-N bond which had smaller bond energy than those of C-C
and C-O bonds. Compared with the commercial 2 k-WPU,
using waterborne amino polyols to formulate 2K-WPUs can
improve the film formation efficiency without adding small
molecular catalysts, which could reduce the toxic emission
of VOCs.
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