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A B S T R A C T   

With the purpose to obtain an eco-friendly flame retardant for epoxy resin, a facile method for the synthesis of a 
bio-based epoxy monomer containing DOPO units (DGEBDB) from lignin-derived vanillin and guaiacol, was 
presented in this work. During the synthesis process, guaiacol acted as both reactant and solvent. And it could be 
recycled in situ and re-used as the fresh one. In order to evaluate the flame retardancy of DGEBDB, it was mixed 
with diglycidyl ether of bisphenol A (DGEBA) and cured with 4,4-diaminodiphenylmethane (DDM). Results 
showed that, DGEBDB demonstrated a good compatibility with DGEBA, and the mechanical properties of cured 
resins were obviously improved with the addition of DGEBDB. As expected, the limiting oxygen index (LOI) of 
cured resin reached 30.2% with the content of phosphorus only 0.67 wt%, in which the weight ratio between 
DGEBDB and DGEBA was 1:9 (B1D9/DDM). When the weight ratio of DGEBDB to DGEBA was further increased 
to 2:8 for the B2D8/DDM system, the UL-94 V-0 grade was achieved. Meanwhile, the mechanism of DGEBDB in 
improving the flame retardancy of cured resin was discussed and revealed. This easily available and eco-friendly 
DGEBDB was proved to be a highly efficient reactive flame retardant for epoxy resin.   

1. Introduction 

Epoxy resins have been commercially available for more than 60 
years and became nearly ubiquitous in the fields of aerospace, coating, 
adhesive and circuit packaging, due to their excellent properties [1–3]. 
Diglycidyl ether of bisphenol A (DGEBA) is one of the mostly used one, 
which owns more than 90% market share of all the epoxy resins [4]. 
However, it still suffers from extremely high flammability and its oxygen 
index is only about 20%, implying the fast burning speed after lighting 
[5]. Therefore, how to improve its fire resistance and broaden applica
tion field is still a major problem to be solved urgently. 

In the last two decades, the incorporation of organic compounds 
bearing nonmetal boron, halogen, silicon, and phosphorus as well as 
transition metal [6–10], either as reactants or additives, has been proven 
to be a quite feasible approach to improve the fire resistance of epoxy 
resins. Among them, the phosphorus-containing compounds, such as 
phosphates and 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO), have attracted much attention due to their non-toxic and 

inexpensive features [7,11–13]. Contrast to the addictive flame retar
dant that is easy to process, the reactive ones have attracted increasing 
interests in recent years, considering the durable flame retardancy and 
stable thermomechanical properties of resulted product. However, 
during the synthesis of a promising reactive flame retardant, not only 
the complicated chemical synthesis, but also the usage of organic sol
vents and toxic catalysts is inevitable, which posed a heavy burden on 
our living environment and threaten humans’ health seriously [14,15]. 
For example, phosphoramidates are frequently used to improve the fire 
resistance of polymers, which could be synthesized from chlor
ophosphates through the nucleophilic substitution reaction. However, 
this reaction is accompanied by hazardous phosphoryl halides and 
release of chlorine hydride [16]. Atherton-Todd reaction of phosphites 
could avoid the phosphoryl halides, but still fails to refrain from harmful 
acid-catching agent and poison solvent [13]. DOPO could be easily 
chemically attached on the pendant C¼C double bond in itaconic acid. 
However, besides the toxic xylene was necessary for the homogeneous 
reaction, its LOI index did not exceed 30% until the phosphorus content 
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was higher than 2 wt% in the cured system [7]. Xiong et al. designed an 
addition reaction between DOPO and Schiff base, and the harmful sol
vents and toxic catalyst were also indispensable [17]. Even if a direct 
reaction could take place between DOPO and conjugated carbonyl 
groups, it is also necessary to be refluxed in organic solvent [18]. 
Meanwhile, according to the principle of green chemistry and owing to 
the increasing concern on fossil reserve depletion and greenhouse gas 
emission, synthesis of efficient flame retardant from sustainable build
ing blocks should have greater significance [19,20]. In recent years, 
using renewable bio-based building block to prepare fire-safe epoxy 
system has been widely recognized [21,22]. Since the bisphenol A type 
epoxy currently has an overwhelming market share, the synthesis of 
high-efficient flame retardants from renewable resources to improve its 
fire resistance remains a subject of interest. 

Lignin, which is the second richest natural resource in the world, 
widely exists in various plants. Up to now, both its abundant availability 
and success in yielding useful platform chemicals have made it an ideal 
starting material for the synthesis of bio-based polymers [23,24]. In the 
last two decades, the preparation of epoxy resins from lignin derivatives, 
such as vanillin and eugenol, has achieved a series of successes [25–29]. 
Moreover, a further combination reaction of different lignin derivatives 
has also shown great potential in the design and synthesis of bio-based 
thermosets with superior performance [30–33]. Considering the re
quirements of sustainable development, if the lignin-based compounds 
could be prepared under environmental-friendly condition, the “green 
þ green” strategy could be implemented. 

In this work, with the objective to obtain an efficient flame retardant 
for epoxy resin from bio-based feedstock, two lignin-derived com
pounds, vanillin and guaiacol, were taken to combine with DOPO (BDB, 
Scheme 1) via a straightforward method. And then a DOPO-containing 
epoxy monomer (DGEBDB, Scheme 1) was synthesized. The chemical 
structure and yield of DGEBDB were carefully characterized, before it 
was added into DGEBA matrix to evaluate its overall properties in terms 
of curing behaviors, mechanical strength, thermal stability and fire 
resistance. We hope this work could bring us a green flame retardant for 
epoxy through an eco-friendly manner. 

2. Experimental 

2.1. Materials 

Tetrabutylammonium bromide, 4,4-diaminodiphenylmethane 
(DDM), vanillin, guaiacol and epichlorohydrin (ECH) were obtained 
from Aladdin-reagent Co., China. 9, 10-dihydro-9-oxa-10-phosphaphe
nanthrene-10-oxide (DOPO) were bought from Guangzhou Jinshengji 
chemical co., Ltd., China. Sodium hydroxide, acetone, and dichloro
methane were supplied by Sinopharm Chemical Reagent Co., Ltd., 
China. Diglycidyl ether of bisphenol A (trade name DER331, abbrevi
ated as DGEBA) with epoxy value around 0.53 was purchased from Dow 
Chemical Company. All chemicals were all used without further 
purification. 

2.1.1. Synthesis of 6-(bis(4-hydroxy-3-methoxyphenyl)methyl)dibenzo [c, 
e] [1,2] oxaphosphinine 6-oxide (BDB) and recovery of guaiacol 

Vanillin (7.7g, 0.051 mol), guaiacol (37.2g, 0.3 mol), catalytic dose 
of p-TSA (0.4g, 0.002 mol), and DOPO (10.8g, 0.05 mol) were added 
into a 250 mL round-bottom glass flask equipped with a reflux 
condenser. After the mixture was agitated at 100–105 �C for 2 h, the 
solution underwent an in-situ recovering process by vacuum distillation 
at the same temperature. The recycled solvent was stored for the next 
use. After that, tiny amount of acetone was added into the glass flask 
containing precipitation. Then, the white powder (BDB) was precipi
tated which was further dried in a vacuum oven (yield: 82.7%). Anal. 
Calcd for C27H23O6P: C, 66.67; H, 5.11; O, 21.34. Found: C, 66.93; H, 
5.06; O, 21.45. 

2.1.2. Synthesis of bio-based epoxy compound (DGEBDB) 
BDB (40 g, 0.068 mol) was firstly dissolved in ECH (62.8 g, 0.68 mol) 

with tetrabutylammonium bromide (2 g, 2 wt% of the reaction system) 
in a 250 mL three-necked flask assembled with constant pressure 
dropping funnel and a reflux condenser, then the mixture was stirred for 
2 h at 75–85 �C with the help of magnetic stirrer. After the solution was 
cooled down to room temperature, dropwisely adding 20 g of 40 wt% 
aqueous NaOH (0.2 mol) solution into the mixture and further reacted 
for another 4 h. An extraction process was conducted and then, the so
lution in lower levels was distilled by rotary evaporator, in which white 
precipitation was emerged. DGEDB was obtained after being dried in a 
vacuum oven. Anal. Calcd for C33H33O8P: C, 69.61; H, 6.01; O, 19.08. 
Found: C, 68.23; H, 5.94; O, 19.13. 

2.2. Preparation of epoxy composites with flame resistance and its curing 

Epoxy resins (mole ratio of DGEBA and DGEBDB was 9: 1, 8: 2, and 7: 
3, named as B1D9, B2D8, and B3D7) were well blended with DDM (0.5 
times of epoxy group) without solvent. Upon getting the transparent 
mixture, it was immediately transferred into a heat mold (made by 
stainless steel) at 120 �C. Then, the curing reaction was conducted at 
140–160 �C for 2 h, 180 �C for 2 h, and 200–220 �C for 2 h. Finally, when 
it was cooled and stayed unused for one day, and the cured material was 
obtained. 

2.3. Characterization 

1H, 13C and 31P nuclear magnetic resonance (NMR) spectra for 
different systems were collected on a 400 MHz Bruker AVANCE III 
spectrometer. DMSO or CDCl3 was used as solvent and tetramethyl 
silane as internal standard reagent. Elementary analysis was recorded on 
Organic Element Analyzer (Elementar, Germany), the specimens were 
tested three times for the accuracy. Dynamic rheological analyzer (DRA) 
(Anton Paar Physica MCR-301) tests were performed to investigate the 
rheological behavior of resins containing different content of DGEBDB. 
All the samples were not only scanned from 25 to 200 �C using a heating 
rate of 10 �C/min, but also isothermally heated in a steady-shear mode 

Scheme 1. Synthesis of BDB and DGEBDB.  
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at 150 �C for 10 min, with the strain of 0.1% and frequency of 1 Hz, 
respectively. The diameter of upper plates was 25 nm while the lower 
one was 50 mm. FT-IR (transmission mode) spectra was conducted on 
Thermo Nicolet 6700 infrared spectrometer (Thermo-Fisher Scientific). 
The scanning range was 400–4000 cm� 1 and each specimen was scan
ned 32 times. Before curing reaction, the resin mixtures with different 
component were observed by Polarizing Microscope (BX51, Japan). The 
fracture surfaces of cured resins were observed by SEM (EVO18, Ger
many). Samples were sputtered with a thin layer of gold before testing. 
The mechanical properties of samples with the dimension of 60 mm �
10 mm � 3.5 mm were tested by Universal Mechanical Testing Machine 
(Instron 5569A). The speed of crosshead is 2 and 5 mm/min for flexural 
and tensile performances, respectively. All the specimens were evalu
ated for at least 5 times, and their average was reported. Differential 
scanning calorimetric (DSC) for evaluating curing reactivity and glass 
transition temperature were recorded on METTLER TOLEDO-TGA/DSC 
I. The high purity nitrogen was used as the protecting gas and its flow 
rate was 20 mL min� 1. The cured resins were tested in the range of 
25–300 �C. The heating rate was 10 �C/min for DGEBDB, while the 
mixed resins were heated by varied rates of 5, 10, 15 and 20 �C/min. 
Thermogravimetric analysis (TGA) was performed on a Mettler-Toledo 
TGA/DSC1 thermogravimetric analyzer (METTLER TOLEDO, 
Switzerland). Nitrogen was used as purge gas (50 mL/min), and each 
sample was heated from 50 to 800 �C. The heating rate was 20 �C/min. 
DMA curves were collected on a Mettler-Toledo DMAQ800 (tensile 
mode, frequency of 1 Hz and amplitude of 5 μm). Each testing sample 
with bar shape was heated from 30 to 360 �C with the rate of 3 �C min� 1 

for three times. The reported results were the averages to guarantee 
accuracy. Positron Annihilation Lifetime Spectroscopy (PALS) was 
implemented on a fast-slow coincidence timing spectrometer at Wuhan 
University. The positrons source time was 22Na with radiation activity of 
0.2 10 μCi. The time resolution in this experiment was 0.23 ns. All the 
specimens (1.5 cm � 1.5 cm � 1 mm) were laid on each side of the 
source to ensure that the positrons were not penetrated. Each spectrum 
contains more than 106 counts. According to the literature [34], the 
lifetime spectra were analyzed into three positron lifetime components. 
According to ASTM D3801, UL-94 measurement was conducted on a 
5400 vertical burning tester (China). Each specimen with 100 mm � 13 
mm � 3.2 mm dimension was tested for at least five times. Limited 
oxygen index (LOI) measurement was conducted following ASTM 
D2863-97 standard (5801 digital oxygen index analyzers, China). The 
morphology of carbonaceous layer after UL-94 burning was photo
graphed by SEM. Microscale combustion calorimeter (MCC) was tested 
on MCC-2. About 5 mg dried sample was recorded from 100 to 700 �C. 
The heating rate was 1 �C/s under nitrogen stream. X-ray photoelectron 
spectra (XPS) were obtained on a Kratos Axis Ultra DLD (Kratos, Japan) 
and the excitation source was Mg Kα. In order to improve test accuracy, 
all the samples were grounded into powders and all the reported en
ergies of spectra were calibrated by C1s set at 284.8 eV. 

3. Results and discussion 

3.1. Synthesis, characterization and solvent recovery 

As discussed earlier, in order to obtain the high-efficient flame 
retardancy, the synthesis of phosphate precursors was usually compli
cated, and the toxic and harmful solvents were inevitable. Currently, it is 
urgent for us to avoid or decrease the environmental damage caused by 
the dangerous reagents during chemical reaction, especially the volatile 
organic solvent [33,35,36]. In addition, from the environment and en
ergy viewpoints, the chemical synthesis should not only ensure few steps 
and less pollution, but also a higher yield as well as economical and 
renewable feedstocks [37]. In this work, we made full use of the com
bination between bio-based compounds bearing special functional 
groups (guaiacol and vanillin) and DOPO without addition of any poison 
solvents and high-risk agents to obtain the bisphenol BDB. Then, BDB 

was further converted into a reactive epoxy monomer (DGEBDB) using a 
simple two-step method widely employed in industry, indicating its 
great potential for industrialization (Scheme 1). 

After optimizing the synthesis condition, the high purity of BDB was 
confirmed by 1H NMR, 13C NMR, and 31P NMR (Fig. 1a). It was worth 
noting that guaiacol served as both reactant and solvent in this reaction, 
and it could be recovered in situ by vacuum distillation when the re
action was done. We repeated the recovery of guaiacol two times and 
reused it for the synthesis of BDB. The appearance of fresh and distillated 
guaiacol as well as the resulted BDB were recorded by digital photos and 
their chemical structures were identified by 1H NMR (Fig. 1b). The 1H 
NMR signals for recovered guaiacol (RG) seemed to be almost the same 
as those of the original one. And their products possessed nearly the 
same detection results except the slightly difference in hydroxyl peaks, 
which was due to the tiny amount of water. The unchanged appearance 
and structural information here indicated an efficient and feasible 
recovering and reusing process of guaiacol. 

Table 1 shows the yield of RG and BDB produced either in the 
original or recovered guaiacol under same reaction conditions. It was 
easy to understand that the weight of RG decreased along with the 
recycling times, because a part of guaiacol participated in the formation 
of BDB. Excluding the consumed part in each reaction, the average 
recovering yield of guaiacol during the recycling processes was as high 
as 95%. Besides, when the RG was employed for the synthesis of BDB 
again, without addition of fresh guaiacol, the yield of target product 
(BDB) was also high up to 82–83%, similar to the yield when fresh 
guaiacol was used. Thus, it was easy to conclude that a green and facile 
synthesis method with high yield was used to prepare BDB, where most 
of guaiacol could be recovered through the in situ distillation under mild 
condition and reused as the fresh one. 

Based on above successful synthesis, the epoxy groups as a common 
and representative reactive group were grafted onto BDB and a bio- 
based reactive epoxy monomer, DGEBDB, was obtained. During the 
synthesis process, not only an expeditious and industrially viable two- 
step method was adopted, but also the traditional sedimentation based 
on massive use of long-chain alkane organic compounds was avoided 
[38]. In order to confirm the success of epoxidation and high purity of 
DGEBDB, the 1H, 13C and 31P NMR, FT-IR spectra was collected. Fig. 2a 
shows the 1H NMR spectrum of DGEBDB, a series of typical signals 
regarding the epoxy group were noticed, which were marked by a, b, c, f, 
and g. The 13C NMR spectrum was taken for further structure identifi
cation (Fig. 2b), where the characteristic signals a, b, c, d, and e were the 
powerful evidence for the successful epoxidation. Due to the diverse 
aromatic ring in DGEBDB, it was hard to verify the existence of DOPO 
motif through the 1H NMR or 13C NMR signals, then the 31P NMR was 
employed. In Fig. 2c, the peak showing at 32.6 ppm revealed that DOPO 
motif was successfully attached on the monomer. FT-IR was also used to 
identify the structure of DGEBDB. As could be seen in Fig. 2d, a series of 
peaks located at 1238, 1026, 904 and 854 cm� 1 were attributed to the 
epoxy groups [28], and 3064 cm� 1 (Ph-H stretching in the DOPO ring), 
1592 (P-Ph stretching), 1201 (P¼O stretching), and 1142 (P–O–C 
stretching) cm� 1 stood for DOPO [19]. All these evidences proved that 
the target product, DGEBDB, was successfully synthesized. 

3.2. Processability and compatibility 

The different resins were prepared as described in experimental 
section, the DGEBDB: DGEBA with different ratios (1: 9, 2: 8, and 3: 7, 
named as B1D9, B2D8, and B3D7, respectively) were blended, in which 
each system was cured by 4,4-diaminodiphenylmethane (DDM). In 
general, the curing of epoxy resin undergoes the ring-opening of epoxy 
group and further polymerization. Resin that can be cured at lower 
temperature means higher ring-opening activity, and a certain decrease 
of curing temperature can reduce energy consumption as well as make 
the processing more convenient [32]. For the sake of evaluating the 
processability of epoxy resins, it is necessary to investigate its curing 
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activity and polymerization temperature [39]. The curing behaviors of 
different mixture systems (DGEBA/DDM, B1D9/DDM, B2D8/DDM, and 
B3D7/DDM) under varied heating rates were monitored by DSC. As 
shown in Fig. 3a, b, c, and d, with the increasing content of DGEBDB, the 
peak curing temperature of DGEBDB/DDM systems decreased gradually 
under the same condition. Which indicated that DGEBDB might have a 
little higher ring-opening activity than that of DGEBA, and the addition 
of DGEBDB promoted the polymerization of epoxy mixtures. 

As we know, the activation energy (Ea) is an important parameter for 
intuitively evaluating the reaction activity. Herein, both Kissinger and 
Ozawa methods were used to calculate the Ea of DGEBA/DDM and 
DGEBDB/DDM systems [40,41]. The Kissinger method can be expressed 
by the following equation (1): 

ln

 
q

T2
p

!

¼ ln
�

AR
Ea

�

�
Ea

RTp
(1)  

where q is the heating rate (oC/min), Tp is the peak temperature in 
curing process (K), A represents the pre-exponential factor (min� 1) and 
R serves as the universal gas constant (8.314 J/mol.K). Ea will be ob
tained from the average of each curing reaction, the unit of which is J/ 
mol. 

As regards the modified Ozawa method, it was delivered by Equation 
(2): 
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Where gðαÞ ¼
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0

dα
fðαÞ ¼ � lnð1 � αÞ and Ea can be obtained from the 

slope of ln q against Tp
� 1. By linear fitting of transverse coordinates and 

longitudinal coordinates calculated by Kissinger and Ozawa formula, 
the Ea and ln A of both DGEBA/DDM and DGEBDB/DDM can be ob
tained from the slope and intercept of resultant lines in Fig. 3e and f. As 
could be seen in Table 2, neither Ea nor ln A of DGEBDB/DDM and 
DGEBA/DDM showed obvious difference. However, on the one hand, 
there was indeed a visible effect on lowering the polymerization tem
perature when the content of DGEBDB was increased (Fig. 3a–d), indi
cating that the addition of DGEBDB slightly accelerated the 
polymerization of DGEBDB and DGEBA mixture, instead of hindering. 
On the other hand, the very close value of Ea enabled both DGEBA and 
DGEBDB to copolymerize well under the same curing conditions, which 
was beneficial to the formation of a homogeneous and compatible 
system. 

As an ideal reactive flame retardant for epoxy, besides its capability 
to improve the fire resistance, it should be well compatible with the 
matrix and pose negative impact on the properties of target composites 
as little as possible [9]. Accordingly, we first observed whether the 
mixed systems were homogeneous or not by both macro and micro as
pects. As shown in Fig. 4a, all the mixtures were homogeneous, trans
parent and pale-yellow liquids, indicating the good compatibility 
between DGEBDB, DGEBA and DDM. This result was further proved by 
the polarized microscope photograph for B3D7/DDM system showing in 
Fig. 4b, in which neither tiny particles nor undissolved substance was 
observed, implying the good dissolution of DGEBDB in the DGEBA 
matrix again. DSC and dynamic rheological analyzer (DRA) were used to 
study the thermal behavior of DGEBDB during the possible heating 
process. As shown in Fig. 4c, it displayed a very sharp melting peak at 
123.1 �C without any other enthalpy change, suggesting its high-purity 
again. In addition, we also monitored the viscosity change of DGEBDB 
starting from the temperature near its melting point. Its viscosity 
remained nearly unchanged after a sharp decline around 120 �C, which 
indicated the stability of DGEBDB and only a typical melting process 
took place on the heating-up case. 

Fig. 1. (a) Chemical structure identification for BDB by 1H, 13C, and 31P NMR; (b) Appearance and structure comparison between the fresh and recycled guaiacol as 
well as the obtained BDB produced from them. 

Table 1 
Yield of recovered guaiacol (RG) and BDB produced from RG.  

Recycling 
times 

Theoretically 
unreacted guaiacol (g) 

Recovered 
RG (g) 

Yield of 
RG (%) 

Yield of 
BDB (%) 

Original 37.20 – – 82.74 
1 31.03 29.42 94.81 82.14 
2 24.17 23.06 95.42 83.57  
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Fig. 2. 1H NMR (a), 13C NMR (b), and 31P NMR (c) spectra of DGEBDB; FT-IR spectra from 800 to 3600 cm� 1 of DGEBDB (d).  

Fig. 3. DSC curves for DGEBA/DDM (a), B1D9/DDM (b), B2D8/DDM (c), and B3D7/DDM (d) at different heating rates; The related fitting curves for DGEBA/DDM 
and DGEBDB/DDM based on Kissinger (e) and Ozawa (f) equations. 
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Processing window is usually used to assess resin’s workability. 
Resin with appropriate processing window is available for the resin 
transfer molding (RTM), which is usually taken to prepare polymeric 
composites and developed rapidly in recent years with reduced cost and 
improved efficiency [42,43]. In general, as for the resin suitable for 
RTM, its viscosity should be stably below 1 Pa s at least for half an hour 
at the processing temperature [44]. Fig. 4d displayed the relationship of 
viscosity and temperature for DGEBA/DDM, B1D9/DDM, B2D8/DDM 
and B3D7/DDM, respectively. It showed that, from 25 to 150 �C, their 
viscosities remained very stable and as low as 1 Pa s. When the 

temperature was further increased, the sharp rise in their viscosities, 
indicating the rapid curing reaction, was observed. This result corre
sponded to above DSC results very well. For further processability 
investigation, B3D7/DDM system was taken as an example and its vis
cosity change along with time at different temperature (80, 90, 100, and 
110 �C) was depicted in Fig. 4e. As expected, its viscosity was increased 
faster at a higher temperature. And when the processing temperature 
was set at 80 �C, the B3D7/DDM system could maintain its viscosity 
below 1 Pa s for more than 30 min. Based on the results in Fig. 4d, it was 
reasonable to believe that, at the temperature lower than 80 �C, its 
viscosity below 1 Pa s would last longer, which indicated that there was 
long enough time to conduct the resin injection during RTM process 
[45]. Besides, when the temperature was increased up to 150 �C, all the 
resin systems reached gel point (viscosity of 103 Pa s) only in several 
minutes (Fig. 4f), indicating their high curing activities. All these results 
highlighted that DGEBDB was well compatible with DGEBA matrix and 
hardly on negative impact on its processability was detected. The highly 
efficient RTM was applicable for the processing of DGEBDB/DGEBA 
mixtures. 

Before thermal and mechanical properties evaluation, it is necessary 
to ensure that the epoxy resin is fully cured. Accordingly, FT-IR mea
surement for the different epoxy mixtures after curing reaction was 
conducted. As shown in Fig. 5a, all the systems exhibited similar FT-IR 
curves. And compared with the FT-IR spectra in Fig. 2d, which 
showed very strong characteristic signals for epoxy group at 904 and 

Table 2 
Curing kinetics data of different systems.  

Specimens Heating 
rates (q) (�C 
min� 1) 

Tp (K) Ea (kJ/mol) ln A 

Kissinger Ozawa Kissinger Ozawa 

DGEBA/ 
DDM 

5 425.6 53.80 58.14 14.45 15.78 
10 443.5 
15 454.6 
20 462.7 

DGEBDB/ 
DDM 

5 405.8 54.91 58.85 15.64 15.87 
10 419.9 
15 429.8 
20 439.3 

a The dimension of A is min� 1, and α was 0.5. 

Fig. 4. Compatibility investigation on DGEBDB/DGEBA mixtures: macroscopical scale (a) and polarizing microscope image (b); Non-isothermal DSC and related 
viscosity curves determined by DRA for DGEBDB(c); Viscosity as a function of temperature (d) and viscosity-time curves at different temperatures for B3D7/DDM (e), 
viscosity-time curves for all the DGEBDB/DGEBA mixtures isothermally recorded at 150 �C (f). 
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854 cm� 1, the bonds for epoxy group in Fig. 5a could be regarded as 
completely disappeared, indicating the full curing reaction in some 
extend. In addition, this result also indicated that, instead of a physically 
mixed additive, DGEBDB was chemically bonded together with DGEDB. 

3.3. Thermal and mechanical performance 

The thermal and mechanical properties of all the materials were 
estimated by DSC, TGA and DMA (Fig. 5). The related values including 
Tg (temperature at glass transition), Td10% (10% degradation occurred 
temperature), Tmax (temperature at which the fastest thermal degrada
tion was observed), and char yield at 800 �C were collected in Table 3. 
As shown in Fig. 5b, the Tg of DGEBA/DDM determined by DSC curve 
was about 175.2 �C, which was similar to the previously reported value 
[38], implying that the curing conditions and results in this work were 
reasonable and credible. With the addition of DGEBDB, a slight decre
ment in the Tg value for cured resin was noticed, from 173.1 �C for 
B1D9/DDM to 155.3 �C for B3D7/DDM. It is known that the Tg of epoxy 
material is closely related to the cross-link density of network and the 
rigidity of chain segment. Generally, DOPO, as a rigid group, should 
have a positive contribution to the Tg [45]. However, the addition of 
DGEBDB bearing DOPO led to a decreased Tg here. The reason might be 
that DOPO was served as a pendent group and its contribution to Tg was 
negligible, while the cross-link density of cured resins might be lowered. 
Fig. 5c shows the TGA curves for the cured resins. Based on the data 
listed in Table 3, it was found that among the three 
phosphorus-containing systems, Td10% showed a decreasing trend with 
the increasing content of DGEBDB, the Td10% for B1D9 was a little higher 
than those for both B2D8 and B3D7 systems. The reason might be 

ascribed to that DGEBDB is a monomer containing multiple aromatic 
rings and easily decomposed chemical bonds (P–O and P–C), in which 
the aromatic units can improve its thermal stability while the relative 
weak bonds will reduce the initial degradation temperature. It was the 
synergistic effect that resulted in their differences in Td10% values. As for 
the Tmax determined by DTG curves inserted in Fig. 5c, all the systems 
exhibited a one-stage degradation process and a similar trend as Td10%. 
In addition, a smaller peak intensity and a lower Tmax were noticed for 
the DGEBDB richer systems, which showed the similar results as some 
nonflammable epoxy systems under nitrogen atmosphere [46], sug
gesting that the earlier char stabilization and the lower weight loss rate. 
And this result was also attributed to the synergistic effect of multiple 
aromatic rings and easily decomposed P–O and P–C bonds. What should 
be emphasized here was that the char yield was obviously increased 
with the introduction of DGEBDB. As for DGEBA/DDM, the char yield 
was only 14.9%, while it was gradually increased to 23.3% for 
B3D7/DDM. Sometimes, the char yield of thermoset is related to its 
flame retardancy. The high char yield represents a lower flammability, 
and the systematical investigation on their flame retardant properties 
will be conducted in the following section. 

Fig. 5d illustrates the DMA curves of all the cured systems. Obvi
ously, Tg determined by the peak temperatures of tan δ curves were a 
little higher than the ones obtained from the DSC curves in Fig. 5b. This 
was reasonable due to the difference between DMA and DSC measure
ment. Notably, the single glass transition peak in Fig. 5d clearly sup
ported that DGEDBD unit was compatible with DGEBA after curing 
reaction except for the slightly asymmetric profile of tan δ peak for the 
B3D7/DDM system. That indicated a slight heterogenicity probably 
caused by the more rigid structure of DGEDBD, which might inhibit the 

Fig. 5. FT-IR spectra (a), DSC curves (b), TGA and DTG curves (c), and Tg determined by DMA (d) for all the cured resins in this work.  

Table 3 
Tg and thermal degradation behaviors for all the cured systems.  

Samples Tg based on DSC (oC) Tg based on DMA (oC) Td10% (oC) Tmax (oC) Char yield at 800 �C (%) E0 at RT (MPa) νe/103 (mol/m3) 

DGEBA/DDM 175.2 177.8 379.6 385.8 14.9 2287 8.8 
B1D9/DDM 173.1 176.4 385.5 395.9 19.1 1833 7.0 
B2D8/DDM 161.6 169.2 376.1 392.1 21.2 1621 6.3 
B3D7/DDM 155.3 168.9 375.3 389.9 23.3 1575 5.2  
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molecular motions during curing reaction. The storage modulus (E’) and 
crosslinked density (νe) obtained from DMA results were collected in 
Table 3, in which νe was calculated by rubber elasticity theory (equation 
(3)): 

ve¼E’=3RT (3)  

where the E0 in this equation is the corresponding storage modulus of the 
polymer in the rubbery plateau region, R is the gas constant and T (Tg þ

30) is the absolute temperature. As could been seen, the storage modulus 
at room temperature decreased with the increasing content of DGEBDB, 
which was attributed to the decreasing cross-link density, while the 
calculated νe values showed a good support for this deduction. 

In order to make a further confirmation of compatibility, SEM images 
for the fracture surface of all the cured systems are shown in Fig. 6. 
Besides the typical features for brittle fracture were observed, the uni
formly fractured surface without any domains represented a single- 
phase and homogeneous cross-linked network, which also indicated 
the good compatibility between DGEDBD and DGEBA after curing re
action [47]. 

Fig. 7a and b show the tensile and flexural properties of all the cured 
resins. Both the tensile strength and modulus were increased with the 
addition of DGEDBD. DGEBA/DDM system showed an average tensile 
strength and modulus of 74.1 and 2375.6 MPa, respectively. For B1D9/ 
DDM, B2D8/DDM and B3D7/DDM, their tensile strength was 84, 87 and 
91 MPa, with the tensile modulus of 2640, 2771, and 2854 MPa, 
respectively (Fig. 7a). Their flexural performance showing in Fig. 7b also 
illustrated an almost the same variation trend as the tensile properties. 
From DGEBA/DDM to B3D7/DDM, an obvious increment in flexural 
modulus and strength was observed. Especially, the flexural modulus of 
B3D7/DDM was increased by 54% compared with that of DGEBA/DDM, 
which should be attributed to the higher rigidity of DGEDBD. 

As is known, modulus reflects the deformation resistance of material, 
which mainly depends on the features and density of chemical bond 
along with the intermolecular force, while the free volume directly af
fects the stuffing density of chemical bonds [48,49]. In a simple term, 
there is usually a negative correlation between the free volume and 
mechanical properties. Accordingly, the deep reason for the improve
ment of modulus was investigated with the help of PLAS in the way of 
calculating free volume. Generally, in PLAS measurement, there will be 
para (p-Ps) and ortho positronium (o-Ps) when positrons and electrons 

collide, which are only effective to the amorphous polymers. Three 
relative parameters corresponded to τ1 (para positronium), τ2 (free 
positron) and τ3 (ortho positronium) were produced after annihilation 
occurs, and the longest-lived τ3 reflected the free volume. Furthermore, 
the radius (R) of free volume can be obtained by τ3 via Eq. (4). 

τ¼ 1
2

�

1 �
R

Rþ ΔR
þ

�
1

2π

�

sin
�

2πR
Rþ ΔR

��� 1

(4)  

FFV ¼CVFI3 (5) 

In which, ΔR is the electron layer with the thickness of 0.1656 nm 
[50]. Fig. 7c shows the τ3 values and R. As could be seen, from DGE
BA/DDM to B3D7/DDM, τ3 was decreased with the increasing content of 
DGEBDB, and so did R. Fractional free volume (FFV) represents the 
content of free volume in polymers, as shown in Eq. (5), where C (value 
is 0.0018 Å� 3) is an arbitrarily scaling factor for a spherical cavity and 
VF ¼ 4πR3/3 serve as the average value of free volume. It’s clear that R 
and I were two physical quantity related to FFV. As shown in Fig. 7d, the 
calculated FFV values followed the descending order from DGEBA/DDM 
to B3D7/DDM. By comparing the chemical structures of DGEBA and 
DGEBDB, it was easy to conclude that the pendent DOPO group and 
methoxyl attached on benzene ring in DGEBDB should be responsible for 
the FFV reduction after the addition of DGEBDB. In the curing process, 
these side groups were more likely to fill the voids, therefore both the 
number and size of these voids will be reduced. In other words, the lower 
FFV meant a larger filling density due to the presence of more side 
groups in the DGEBDB richer systems, which had a positive contribution 
to the modulus of cured resins. 

3.4. Flame retardancy 

In order to systematically investigate the fire safety of cured resins 
with the introduction of DGEBDB, both UL-94 vertical-burning experi
ment and limiting oxygen index (LOI) test were conducted. And the 
related values were collected in Table 4. The UL-94 vertical burning test 
was thought to be a visual method for the combustion characterization. 
As shown in Fig. 8a, DGEBA/DDM demonstrated visible flammability, 
which was almost entirely burned out in 60 s. In contrast, the cured 
resins containing DGEBDBD did not show an intensive combustion. After 
ignition, even the burning B1D9/DDM, in which the mole ratio of 
DGEBDB to DGEBA was only 1:9 and the phosphorus content was 0.67 

Fig. 6. SEM images for the fracture surfaces of different cured systems: DGEBA/DDM (a), B1D9/DDM (b), B2D8/DDM (c), and B3D7/DDM (d).  
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wt%, could self-extinguish in 7.2 s. When it was ignited for the second 
time, its self-extinguishing time was only 4.2 s. With the increasing 
content of DGEBDB in the cured systems, from B2D8/DDM to B3D7/ 
DDM, the flame was getting smaller and the value for t1þt2 was short
ened from 4.7 to 1.9 s, the phosphorus content of the former one was as 
low as 1.27 wt% while that of the latter one was only 1.81 wt%. In 
addition, no flaming drips from the burning samples were observed 

during the combustion. As for the LOI measurement, the flammable 
DGEBA/DDM system showed low LOI of 24.2%. While the LOI was 
increased with the content of DGEBDB in the cured systems. For B3D7/ 
DDM, whose phosphorus was calculated to be only 1.81 wt%, its LOI was 
as high as 33.4%. Summarily, DGEBA/DDM showed no combustion 
grade (UL94 NR). However, both B2D8/DDM and B3D7/DDM were 
rated as the highest flame-retardant grade (UL-94 V0). Compared with 

Fig. 7. Mechanical properties of all the cured resins: tensile strength and tensile modulus (a); flexural strength and flexural modulus (b); PALS results for the fully 
cured resins: o-Ps lifetime and R of free volume holes (c); o-Ps intensity (indicative of hole amount) and fractional free volume (FFV) (d). (Dotted lines were plotted 
here only for easy observation.) 

Table 4 
UL-94 burning and LOI results for cured systems.  

Specimens Phosphorus content (%) LOI (%) UL-94 MCC 

t1 þ t2 (s) UL-94 Flaming drips Tp (oC) HRR (J/g.K) THR (kJ/g) 

DGEBA/DDM 0 24.2  NR yes 397.3 724 25.1 
B1D9/DDM 0.67 30.2 11.4 V-1 none 385.7 500 22.1 
B2D8/DDM 1.27 32.4 4.7 V-0 none 380.7 386 20.5 
B3D7/DDM 1.81 33.4 1.9 V-0 none 386.4 348 18.4  

Fig. 8. Digital photographs for UL-94 test of different systems: (a) DGEBA/DDM, (b) B1D9/DDM, (c) B2D8/DDM, and (d) B3D7/DDM.  
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previously reported results [18,51], the higher efficiency and advan
tages of DGEBDB in improving the fire-resistance of epoxy resin was 
indubitable. For example, Artner and his coworkers [51] once synthe
sized a DOPO-containing reactive flame retardant, the LOI of the 
resulting resin could up to 48%, but it failed to achieve UL-94 V-0 grade. 
Wang [18] reported a flame retardant epoxy monomer with properties 
similar to DGEBDB, but the phosphorus content was higher than 7 wt %. 

Microscale combustion calorimetry (MCC) can not only quantify the 
flammability of samples by specific data, so as to more accurately 
compare the flame retardancy of different samples, but also has the 
advantage of small sample requirement. Herein, MCC was taken to 
evaluate the combustion and heat release of decomposed gases within a 
certain temperature range, in which the specific heat release rate (HRR) 
and total heat release (THR) of all the cured resins were recorded. Fig. 9 
presents the typical MCC curves for THR vs. temperature as well as HRR 
vs. temperature, and the values for THR, HRR, and peak heat release 
temperature (TP) were collected in Table 4. Results showed that all the 
cured systems demonstrated TP in the temperature range of 386–397 �C. 
Compared with the Tmax (temperature at which the fastest degradation 
occurred) obtained from TGA curves in Fig. 5c, a little deviation was 
observed for the same specimen, which might be caused by the principle 
difference between MMC and TGA. With the increasing content of 
DGEBDB, the value of HRR at TP for different cured resins showed great 
difference. From DGEBA/DDM to B3D7/DDM, HRR was decreased from 
724 to 348 J/g.K, showing a reduction by 52%. Meanwhile, the THR also 
showed a downward trend with the introduction of DGEBDB. All the 
results suggested that the flammability of B1D9/DDM, B2D8/DDM, and 
B3D7/DDM were considerably lower than that of DGEBA/DDM. 

It is well recognized that a deep insight into the mechanism of fire- 
resistance will be helpful for us to optimize the flame-retardant modi
fication process. As we know, DOPO and its derivatives generally act in 
gas phase by reducing the free radical, and some of them with special 
structure can play a positive role in the gas and condensed phase 

simultaneously [52]. Considering the multi-aromatic structure of 
DGEBDB, it is not difficult to speculate its positive influence in charring. 
Thus, important information could be obtained by investigating the 
carbonaceous structure of combusted resins, which was recorded care
fully and photographed by SEM (Fig. 10). Based on the preliminary 
observation on the morphology of char residues, the higher flame 
retardant efficiency of DGEBDB containing systems was partly attrib
uted to the char layers in the condensed phase [53,54]. From Fig. 10a, it 
was seen that the char residue on the surface of burnt DGEBA/DDM was 
loose and porous. After the addition of DGEBDB, a denser and flatter 
carbon layer was formed on the surface of burnt resins (Fig. 10c and d), 
which effectively contributed to heat insulation, oxygen barrier and 
inner material protection [55,56]. In addition, the relatively high inte
grated char structures of cured B1D9/DDM, B2D8/DDM and 
B3D7/DDM during combustion could maintain the original shape of 
resins, then slow down the release of combustible gas and the spread of 
combustion rate [57]. When carefully look at the higher resolution 
pictures inserted in Fig. 10, a small amount of fluffy char on the surface 
of combusted B1D9/DDM was observed (Fig. 10b). For B2D8/DDM 
system, the denser carbon layer was formed, and no fluffy char was 
found on the surface of residues (Fig. 10c). As regards B3D7/DDM sys
tem, the carbon layer on the surface of burnt material was quite flat, 
which was in a good agreement with its best flame-retardant properties. 
It concluded that not only DGEBDB played an important role in 
condensed-phase flame-retardant, but also the observed morphologies 
could partly explain the non-flammability of the cured resins. 

The involved elements’ contents in the exterior carbon layer of burnt 
DGEBA/DDM, B1D9/DDM, B2D8/DDM, and B3D7/DDM were analyzed 
by XPS (Fig. 11), and the related results are displayed in Table 5. It 
showed that the content of phosphorus element in them were 0, 0.18, 
0.43, and 1.77%, respectively. Accordingly, where the oxygen content 
was also increased from 11.35% for the DGEBA/DDM system to 17.45% 
for the B3D7/DDM as well, this was due to the fact that the phosphorus 
element in the surface char residues remained more oxygen atoms in the 
form of pyrophosphate and/or polyphosphate (133.6 eV, P2p; 191.2 eV, 
P2s) [58]. As for the cured DGEBA/DDM, the C1s peak was split into 
three typical bands with the binding energies of 284.6, 286.1, and 288.6 
eV (Fig. 11c), in which the predominant band showing at 284.6 eV was 
corresponded to C–H, C–C and C¼C in aliphatic or aromatic species, and 
the other two bands were assigned to C–N/C–OH/C–O–C and O¼C, 
respectively [19,59]. Fig. 11d, e, and f were the split C1s peaks for cured 
B1D9/DDM, B2D8/DDM, and B3D7/DDM. After adding flame re
tardants, the proportion of 284.6 eV area increased slightly, meaning 
that more carbon was retained after the material burned possibly due to 
contribution of DGEBDB. In addition, the new peak at 290.8 eV, indi
cating the presence of C–P bond, emerged in the systems containing 
DGEBDB [12]. These results suggested an important role of DGEBDB in 
enhancing the fire-safety of cured DGEBA. 

4. Conclusions 

Two lignin-derived compounds, vanillin and guaiacol, were suc
cessfully combined with DOPO, via a facile and green reaction without 
extra organic solvents, where guaiacol served as not only a reagent, but 
also a good solvent. In addition, guaiacol could be well recovered in situ 
and reused. The synthesized BDB was efficiently converted into an epoxy 
monomer DGEBDB using the method widely employed in industry. 
DGEBDB had a good compatibility with the commercial epoxy resin 
DGEBA, then they were mixed with different ratios and DGEBDB showed 
great potential in serving as a reactive fire-resistant with superior flame 
retardation properties agent for DGEBA. Besides the high curing reac
tivity and excellent processability of DGEBDB, good mechanical and 
thermal properties of cured resins, DGEBDB promoted the flame- 
retardant-grade of highly flammable cured DGEBA to UL-94 V-0 with 
the phosphorus content of only 1.27 wt%. Summarily, a bio-based, 
reactive flame retardant for epoxy was successfully synthesized in a 

Fig. 9. MCC curves of four systems: specific heat release rate (HRR) vs. tem
perature (a) and total heat release (THR) vs. temperature (b). 
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Fig. 10. SEM graphs of exterior carbon layers for the burned: DGEBA/DDM (a), B1D9/DDM (b), B2D8/DDM (c), and B3D7/DDM (d).  

Fig. 11. XPS spectra for the surface of residual char layers of burnt resins: overall spectra (a); enlarged picture containing peaks for P2s and P2p (b); peak splitting for 
C1s signals of DGEBA/DDM (c), B1D9/DDM (d), B2D8/DDM (e), and B3D7/DDM (f). 
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green solvent, which showed great potential to make the epoxy resins or 
related composites safer and greener. However, the employed epichlo
rohydrin is still toxic and petroleum-based in this work. In the future, if 
all the reagents and process could be eco-friendly, it will be more 
significant. 
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