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Interfacial engineering of epoxy/carbon nanotubes
using reactive glue for effective reinforcement
of the composite

Tsuyohiko Fujigaya1,2, Yusuke Saegusa1, Shogo Momota3, Nobuhide Uda3 and Naotoshi Nakashima1,2

We describe a novel strategy for reinforcing an epoxy resin using carbon nanotubes (CNTs), in which polybenzimidazole (PBI)

was used as the glue to enable effective adhesion between the epoxy matrix and the CNT surface. Because PBI strongly

interacts with the surfaces of the CNTs and reacts with epoxy matrices to form covalent bonds, the PBI-wrapped CNTs are a

promising novel epoxy-CNT hybrid. The PBI-wrapped CNTs (CNT/PBI) exhibited an effective reinforcement of the epoxy resin

hybrid, resulting in a higher tensile strength and Young’s modulus (that is, +28.1% and +8.8%, respectively) compared with

those of the hybrid using oxidized CNTs in place of PBI-wrapped CNTs (+18.6% and −4.8% reinforcement for tensile strength

and Young’s modulus, respectively). Scanning electron microscopy measurements of the fracture surfaces of the CNT/PBI-epoxy

hybrid revealed that only very short CNTs were observed for the CNT/PBI-epoxy hybrid due to effective load transfer resulting

from the formation of covalent bonds between the PBI on the CNTs and the epoxy resin, which is in contrast to that observed

for oxidized CNT-epoxy, which exhibited long CNTs in the fracture surfaces owing to slippage at the interfaces.
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INTRODUCTION

Carbon fiber reinforced plastics (CFRPs), which are typically com-
posed of carbon fiber (CF) and an epoxy resin, have attracted much
attention as alternatives to metal-based materials owing to their
remarkable mechanical properties, as well as being lightweight.1,2

One of the most successful examples of a CFRP is its use as structural
materials in aircraft, in which the total weight of the aircraft was
reduced by 20% owing to the replacement of ~ 50% of the aluminum-
based material with a CFRP-based material. This reduced weight
substantially decreased the fuel consumption as well as CO2 emissions.
This success motivated industrial research to further improve their
material properties while maintaining their light weight. A promising
strategy involves the replacement of CF with stronger materials.
Therefore, carbon nanotubes (CNTs) with a higher Young’s modulus
of 270–950 GPa and tensile strength of 11–63 GPa3 than those of CF
(typically, 200–700 GPa and 3–7 GPa for Young’s modulus and tensile
strength, respectively) have emerged as promising alternatives.
However, unlike CF, CNTs form strong bundle structures that

hinder homogeneous mixing with an epoxy matrix.4 When the
dispersion of CNTs in epoxy matrices is poor, the CNT bundles tend
to induce a stress concentration, which hampers the effective
reinforcement of the composites.5 In addition, the interfacial adhesion
between the CNTs and the matrix is very weak, resulting in
insufficient load transfer to the CNTs in the composites. Therefore,

the primary requirement for effective reinforcement is homogeneous
dispersion of the CNTs in the epoxy matrices. Several types of
strategies for dispersing CNTs into epoxy matrices have been
investigated to improve the wettability with an epoxy matrix.6–16

The studies include (i) the dispersion of CNTs using surfactants, such
as sodium dodecyl sulfate and Triton X, before mixing with an epoxy
resin,4,17 (ii) the surface oxidation of CNTs,18 (iii) the surface
modification of the CNTs with either functional groups or polymers
based on covalent bonds and (iv) surface wrapping with a polymer-
based non-covalent functionalization.19 The second requirement for
effective reinforcement is effective load transfer between the CNTs and
the epoxy matrix,20 and covalent bonding between surface functional
groups on the CNTs and the epoxy resin has been proposed.21–24

However, the introduction of a covalent bond typically induces
damage to the surface of the CNTs, which decreases their mechanical
toughness.25 Therefore, a novel strategy for achieving effective load
transfer along with homogeneous dispersion of the CNTs into the
epoxy resin while maintaining the intrinsic structure of the CNTs is
needed.
In this study, we explored a novel strategy that involves a specific

polymer with a strong affinity for CNT surfaces as well as reactivity
with the epoxy monomer being used as reactive ‘glue’ between the
CNTs and the epoxy resin. Polybenzimidazole (PBI) was selected as
the polymer, as PBI has a strong affinity for the surfaces of CNTs,
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which provides homogeneous CNT dispersion on the basis of a stiff
nanometer-thick coating (1–2 nm) on the CNTs,26–29 and the polymer
has an imidazole moiety in the main chain, which can be used as a
reactive site with the epoxy group.30–33 Yang et al. reported a similar
concept, reinforcing the epoxy-CNT composite using a pyrene
derivative carrying an epoxy unit, in which the pyrene group interacts
with the surface of the CNTs and the epoxy unit reacts with the epoxy
matrix.34,35 However, CNT aggregation was observed for composites
with only a 0.3 wt% loading of CNTs, which was most likely owing to
insufficient coating of the CNTs with the pyrene derivative. In general,
non-covalent functionalization of CNTs with small molecules is an
equilibrium process and requires an excess amount of solubilizer in
the bulk solution.36 Therefore, these dispersant molecules are easily
detached from the CNT surfaces resulting in aggregation when the

third additive (that is, epoxy resin in this case) is added. In contrast,
non-covalent modification of CNTs using polymeric dispersants is
sufficiently strong, which leads to the formation of a homogeneous
CNT-epoxy composite.

EXPERIMENTAL PROCEDURE

Materials
Multi-walled carbon nanotubes (purity 495%, diameter 40–90 nm), which

were purchased from Hodogaya Chemical (Tokyo, Japan), were used as the

CNTs. The epoxy resin (diglycidyl ether of bisphenol A, JER 807) and curing

agent (aromatic amine, JER-CURE W) were obtained from Mitsubishi

Chemical (Tokyo, Japan). DMAc (N,N-dimethylacetamide), phosphoric acid

and sodium hydroxide were purchased from Kishida Chemical (Osaka, Japan),

Nacalai Tesque (Kyoto, Japan) and Wako Pure Chemical (Osaka, Japan),
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Figure 1 (a) Scheme of the model reaction between BI and glycidyl phenyl ether. (b) MALDI-TOF MS spectrum of the product of the model reaction.
(c) Photos of the PBI film without (left) and with (right) the epoxy dissolved in DMAc by heating. (d) Schematic illustration of cross-linking of the PBI film
containing epoxy resin by heating. BI, 2,2'-m-phenylenebisbenzimidazole; DMAc, N,N-dimethylacetamide; PBI, polybenzimidazole. A full color version of this
figure is available at Polymer Journal online.

Polybenzimidazole acts as a glue for carbon nanotubes/epoxy composites
T Fujigaya et al

184

Polymer Journal



respectively. 1,2-Phenylenediamine and DMF (N,N-dimethylformamide) were
purchased from Sigma-Aldrich Japan (Tokyo, Japan). Isophthalic acid and
glycidyl phenyl ether were purchased from TCI (Tokyo, Japan). All of the
chemicals were used as received. PBI was obtained from Sato Light Industrial
(Tsu, Mie, Japan).

Characterization
The 1H NMR and FTIR spectra were measured using an AV 300 M spectro-
meter (Bruker Biospin, Yokohama, Japan) and a Spectrum 65 FTIR
(PerkinElmer Japan, Yokohama, Japan) spectrophotometer equipped with an
ATR apparatus with a resolution of 4 cm− 1, respectively. The MALDI-TOF
mass (MS) spectrograph was obtained using an Autoflex (Bruker Daltonics,
Yokohama, Kanagawa, Japan). The fracture surfaces of the composites were
observed using scanning electron microscopy (SU9000, Hitachi High-Tech,
Tokyo, Japan) with an accelerating voltage of 10 kV. For the tensile test, the
composites were cut into rectangular specimens that were 60mm×8mm×1-
mm. The extension rate and gauge length were 1mmmin− 1 and 20mm,
respectively. The tests were performed using an Autograph AG 5000 (Shi-
madzu, Kyoto, Japan) with a 2 kN load cell.

Preparation of a MWNT/PBI
To PBI (4.0mg) dissolved in DMAc (20ml), the CNTs (20mg) were added
and sonicated for 3 h using a bath-type sonicator (BRANSON 5510). Then, the
mixture was filtered and washed with DMAc to remove any unbound PBI. The
obtained solid (CNT/PBI) was dried in vacuum at 80 °C for 24 h.27

Plasma functionalization of CNTs
The CNTs were oxidized using a low-pressure RF plasma system (CUTE-MP/R,
FEMTO Science) at 50 kHz and a power of 200W under an oxygen flow at
10 s.c.c.m.min− 1 at 0.48 Torr for 60min.

Synthesis of 2,2'-m-phenylenebisbenzimidazole (BI)
Isophthalic acid (0.166 g, 1.00mmol) was stirred with 1,2-phenylenediamine
(0.234 g, 2.20mmol) in phosphoric acid (10ml) at ~ 200 °C for 5 h. The
colored melt product was poured into 200ml of vigorously stirred cold water.

After cooling, the generated precipitate was collected by filtration and dispersed
in a 10% aqueous sodium carbonate solution (100ml). Then, the resulting
solid was filtered and dried in vacuum at 60 °C in the presence of V2O5 to
afford a white powder (0.243 g, 78.4%).37

1H NMR (300MHz, DMSO-d6): δ/p.p.m. 13.30 (s, 2H), 9.07 (t, J= 3.0 Hz,
1H), 8.28 (dd, J= 3.0, 9.0 Hz, 2H), 7.75 (t, J= 9.0 Hz, 1H), 7.65 (br, 4H),
7.28-7.22 (m, 4H). 13C NMR (75MHz, DMSO-d6): δ/p.p.m. 150.7, 130.9,
129.6, 127.5, 124.6, 122.2. FTIR (ATR): 3063, 1439, 1281, 1232, 802, 727 cm− 1.
MALDI-TOF MS (Matrix: dithranol): m/z for C20H14N4, [M+H]+ calculated
311.12, found 311.17.

Reaction of BI with glycidyl phenyl ether
BI (2,2'-m-phenylenebisbenzimidazole; 0.31 g, 1.0 mmol), which was dissolved
in N,N-dimethylformamide (5ml), was added to glycidyl phenyl ether (0.30 g,
2.0 mmol), and the mixture was stirred at 90 °C for 50 h under a nitrogen
atmosphere. The mixture was poured into water to produce a precipitate,
which was collected by filtration and purified by silica gel chromatography
using ethyl acetate as the eluent. The obtained solid was dried at 80 °C for 24 h
to yield an orange solid (0.22 g, yield 36%).38 IR (ATR): ν= 1587 (νC=N), 1440
(δC–N), 1243 (νC–O): MALDI-TOF MS m/z for C38H34N4O4, [M+H]+;
calculated 611.26, found 611.49; m/z for C24H24N4O2, [M+H]+; calculated
461.19, found 461.24.

Fabrication of epoxy-based cross-linked PBI membrane
PBI (100mg), which was dissolved in DMAc (2.0ml), was added to an epoxy
resin (20mg) under mechanical stirring. Then, the mixture was cast on a glass
dish and dried at 80 °C for 4 h to remove any solvent, followed by heating at
150 °C for 4 h to promote the curing reaction.39

Preparation of composites
The epoxy resin (3.164 g) was mixed with the curing reagent (0.835 g) for
15min and then degassed for 5min using a conditioning mixer (AR-100,
THINKY). The CNT/PBI was added (0.7 wt%) to the solution, stirred for
30min with a high-shear mixing homogenizer (2500E, POLYTRON) at room
temperature and further stirred at 70 °C for 3 h under vacuum. The blend cast

Figure 2 (a–c) Optical microscopic images of the epoxy dispersion containing (a) CNT/PBI, (b) CNT and (c) oxCNT. The inset in a is a photo of the epoxy
dispersion containing CNT/PBI. Scale bars represent 200 μm. (d) DMAc dispersions of CNTs (left), oxCNT (center) and CNT/PBI (right). CNT, carbon
nanotube; DMAc, N,N-dimethylacetamide; PBI, polybenzimidazole. A full color version of this figure is available at Polymer Journal online.

Polybenzimidazole acts as a glue for carbon nanotubes/epoxy composites
T Fujigaya et al

185

Polymer Journal



on a Teflon mold (60mm×30mm×10mm) was cured at 100 °C for 2 h
followed by 150 °C for 4 h. The CNT-epoxy and oxCNT-epoxy composites
were also prepared using a similar procedure.

RESULTS AND DISCUSSION

Model reactions
The key step in the present method is the chemical reaction between
the PBI-coated CNTs and the epoxy resin. To confirm the ring
opening reaction of an epoxy group by PBI upon heating, we carried
out a model reaction between BI and glycidyl phenyl ether (Figure 1a).
In the MS spectra of the product after mixing at 90 °C for 50 h, peaks
were observed at m/z= 461.24 and 611.49, which correspond to a
monoadduct (461.54) and diadduct (611.26), respectively (Figure 1b).
These results indicate that the thermal reaction of the epoxy group
with BI occurred. Furthermore, the reaction between PBI and the
epoxy resin using a PBI/epoxy composite film prepared from the
thermal treatment of the PBI/epoxy 100:20 (wt/wt) mixture at 80 °C
for 4 h and 150 °C for 4 h was also carried out. The obtained

composite film was insoluble in DMAc, which is in contrast to the
PBI film without the epoxy resin that is soluble in DMAc (Figure 1c).
This result indicated that the reaction between PBI and the epoxy resin
proceeded in the film,39 and therefore, the cross-linking of PBI by the
epoxy provided an insoluble material, as schematically illustrated in
Figure 1d.

Preparation of composites
Next, the PBI-coated CNTs were incorporated into the epoxy resin.
PBI-coated CNTs (CNT/PBI) were prepared according to a previously
reported method.27 An epoxy resin was mixed with CNT/PBI
(0.7 wt%) at room temperature without using any solvents. As we
previously reported,26–29 the CNTs were homogeneously wrapped by
PBI, the thickness of the PBI layer was 1 ~ 2 nm, and free PBI was not
observed. The prepared CNT/PBI was efficiently dispersed in the
epoxy resin because no visible aggregation was observed using optical
microscope observations (Figure 2a). This result is in contrast to that

Figure 3 (a) Stress–strain curves of epoxy only (black line), CNT-epoxy (green line), oxCNT-epoxy (blue line) and CNT/PBI-epoxy (red line). (inset) Photo of
the CNT/PBI-epoxy film. (b) Tensile strength and Young’s modulus of epoxy only, CNT-epoxy, oxCNT-epoxy and CNT/PBI-epoxy. (c–f) SEM images of the
fracture surface of oxCNT-epoxy (c, d) and CNT/PBI-epoxy (e, f) and at low (c, e) and high (d, f) magnification after the tensile tests. Black arrows and yellow
circles indicated the CNTs and holes, respectively. The insets in d and f illustrate fractures of the composites. Scale bars represent 5 μm. CNT, carbon
nanotube; PBI, polybenzimidazole; SEM, scanning electron microscopy. A full color version of this figure is available at Polymer Journal online.
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observed for the sample using as-produced (non-functionalized)
CNTs, which contained large aggregates (Figure 2b). We assume that
good wettability between PBI and the epoxy resin would lead to
effective dispersion of CNT/PBI in the epoxy resin. Because aggrega-
tion induces the force concentration and results in a severe decrease in
strength,40 we prepared oxidized CNTs (oxCNTs) as a control sample
by plasma-assisted oxidation41–43 and determined that oxCNTs exhibit
no visible aggregation after mixing with the epoxy resin (0.7 wt%), as
shown in Figure 2c. In addition, although the pristine CNTs
aggregated in DMF, both oxCNTs and CNT/PBI exhibited good
dispersion in the solvent, which indicates that the dispersibility of
CNT/PBI is similar to that of oxCNTs (Figure 2d).
Homogeneous mixtures of the epoxy resin with 0.7 wt% of the CNT

(CNT-epoxy), CNT/PBI (CNT/PBI-epoxy) and the oxCNT (oxCNT-
epoxy)44,45 were each cured in a Teflon mold to produce composite
films (inset in Figure 3a). The mechanical properties of the obtained
films were measured, and the representative stress–strain curves are
shown in Figure 3a. It is important to note that CNT-epoxy (green line
in Figure 3a) resulted in a large decrease of 9.5 and 2.1% in the tensile
strength and Young’s modulus, respectively, (Figure 3b) owing to
aggregation of the CNTs in the epoxy matrices as shown in Figure 2b.
This result confirms the negative impact of aggregation on the
reinforcement. Importantly, CNT/PBI-epoxy exhibited a higher tensile
strength (77.0 GPa) and Young’s modulus (3.60GPa) than those of
oxCNT-epoxy (71.3 GPa and 3.15 GPa for tensile strength and Young’s
modulus, respectively). In addition, only CNT/PBI exhibited reinforce-
ment in both the tensile strength (+28.1%) and Young’s modulus
(+8.8%) owing to the addition of CNTs (Figure 3b). Owing to the
similar dispersion for both CNT/PBI and oxCNT in the epoxy
matrices, the increased reinforcement in CNT/PBI-epoxy results from
superior load transfer at the interface between CNT/PBI and the epoxy
resin, which is most likely owing to the formation of covalent bonds
between PBI and the epoxy matrix. In scanning electron microscopy
measurements of the fracture surface after the tensile tests, long fiber
structures and holes were observed for oxCNT-epoxy (Figures 3c and
d), and short fibers were observed for CNT/PBI-epoxy (Figures 3e and
f). As previously described,5 the pulling of the long CNTs indicated
insufficient load transfer between the CNTs and the matrix and that for
the short CNTs, an effective load transfer is likely.46 This result
indicates that the PBI coated on the CNTs functioned as a glue to
improve the load transfer at the epoxy/CNT interface.

CONCLUSIONS

In conclusion, we have developed a novel strategy for reinforcing an
epoxy composite using PBI as a reactive glue for effectively introdu-
cing CNTs. The PBI coating on the surfaces of the CNTs enabled good
dispersion of the tubes into the epoxy matrix. During thermal curing
of the epoxy resin, the covalent bonds were formed between PBI and
the epoxy group. Therefore, CNT/PBI exhibited an effective reinforce-
ment of the epoxy resin, resulting in a higher tensile strength and
Young’s modulus (28.1 and 8.8%, respectively) than those of oxCNT
(+18.6% and − 4.8% for tensile strength and Young’s modulus,
respectively). Effective load transfer owing to the formation of covalent
bonds in CNT/PBI-epoxy was also observed in the scanning electron
microscopy measurements of the fracture surfaces, which possessed
very short CNTs. This result is in contrast to that observed for
oxCNT-epoxy, which contained long CNTs in the fracture surfaces.
The concept of polymer coating of CNTs with PBI is applicable not

only to the reinforcement of composites containing CNTs but also to
many other different carbon materials, such as CF, carbon black and
graphene. Because PBI possesses very high thermal and chemical

stability, the composites would be applicable for use under ultimate
circumstances, which is an advantage of the current strategy.
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