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Blends between the widely used thermoset resin, epoxy, and the most abundant organic material, natural

cellulose are demonstrated for the first time. The blending modification induced by charge transfer

complexes using a room temperature ionic liquid, leads to the formation of thermally flexible thermoset

materials. The blend materials containing low concentrations of cellulose were optically transparent

which indicates the miscibility at these compositions. We observed the existence of intermolecular

hydrogen bonding between epoxy and cellulose in the presence of the ionic liquid, leading to partial

miscibility between these two polymers. The addition of cellulose improves the tensile mechanical

properties of epoxy. This study reveals the use of ionic liquids as a compatible processing medium to

prepare epoxy thermosets modified with natural polymers.

Cellulose is the most abundant organic material and important

renewable resource on the Earth.1 Cellulose is biodegradable

and readily available for the manufacturing of sustainable

materials at low cost and energy consumption.1 Commercially,

cellulose is one of the widely used polymers with applications

ranging from packaging to biomaterials and high value elec-

trode devices.2 Structurally, cellulose is a very stable compound

insoluble in water or most organic solvents due to the large

network of intermolecular hydrogen bonding.3 There are only a

few solvent systems available for the direct dissolution of

cellulose such as N,N-dimethylacetamide/lithium chloride tetra

butyl ammonium uoride/dimethyl sulfoxide, N-methyl-

morpholine-N-oxide monohydrate, etc., however most of these

solvents are not very environment friendly.4,5 Moreover cellulose

and its derivatives have been also blended with synthetic poly-

mers such as polyethylene oxide,6 polyvinyl chloride,7 nylon8 etc.

using solvents other than ionic liquids. Nevertheless blends of

cellulose with a thermosetting polymer such as epoxy have

never been reported.

Epoxy resins, on the other hand are a class of important

thermosetting polymers widely used in coatings, adhesives,

paints, and as matrix material for automotive and aerospace

composites. Cured epoxy resins are highly brittle and have low

impact resistance due to their highly cross-linked structure.9

The properties of epoxy can be tuned by blending with other

polymers and the blend morphology plays a signicant role in

the nal properties of such thermosets.10–13 A large number of

epoxy blends have been studied in the past by incorporating

secondary rubbery segment or thermoplastic that phase sepa-

rates from the matrix during curing, leading to different

morphologies with encouraging properties.14–16 Epoxy/cellulose

ber composites and epoxy blended with cellulose derivatives

such as cellulose acetate and hydroxyethyl cellulose acetate have

been extensively investigated.17–20 However, epoxy and natural

cellulose blends have never been investigated even though they

are the most commonly used polymeric materials. This is

primarily due to the fact that cellulose is insoluble in epoxy

resin and there is no suitable solvent to dissolve cellulose in

epoxy resin. The insolubility between cellulose and epoxy can be

attributed to the fact that they both are structurally stabilized by

forming inter-associated hydrogen bonds. To our knowledge,

there has been no solvent or process to break the intermolecular

hydrogen bonding within cellulose or epoxy and form inter-

molecular interactions between them. For this reason, research

on these materials has been limited to composites and nano-

composites where various forms of cellulose were used as an

insoluble ller reinforcement material in epoxy.21

Here, for the rst time, we report the dissolution and

blending of epoxy and cellulose using room temperature ionic

liquid (IL) as a co-additive solvent. In the last decade, IL was

identied as a new class of solvent both for the regeneration

and chemical modication of cellulose. In the past, we have

extensively used ILs for the blending modication of natural

polymer blends.5,24 Among, imidazolium based ILs, 1-butyl-3-

methylimidazolium chloride BMIM[Cl] is reported to be the
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most efficient and widely used IL in terms of dissolving cellu-

lose.25 Though BMIM[Cl] is considered as a toxic chemical, no

adverse effect of using these chemical in these blends as it

becomes a part of the epoxy cross-linked network. In the present

study, diglycidyl ether of bisphenol A (DGEBA) epoxy blends

containing cellulose up to 40 wt% were prepared from 1-butyl-3-

methylimidazolium chloride BMIM[Cl]. In this work, we inves-

tigate how the intractable natural polymer cellulose can be

blended with epoxy using the IL solvent BMIM[Cl]. Epoxy and

cellulose were blended together in BMIM[Cl] to study the

miscibility and hydrogen bonding interactions between these

two polymers and also to examine the phase separated

morphologies in these blends.

The interactions among epoxy/IL and epoxy/cellulose groups

were analysed using IR spectroscopy. We assume that a charge

transfer complexation occurred between ions of IL and hydroxyl

groups of cellulose and epoxy network. We created classic epoxy

networks of DGEBA cured by a stoichiometric mixture of

diamine curing agent, 4,40-methylenedianiline (MDA) and used

charge transfer complexation reaction to conne the bulky ILs

within the permanently cross-linked networks. The EDA

complexation of ILs has been reported with intractable natural

polymers such as cellulose, during their dissolution process.26,27

In epoxy and cellulose, the hydroxyl oxygen atom acts as the

donor and the hydrogen atom as the acceptor whereas in the IL,

the charged species BMIM+ acts as the acceptor and Cl� as the

donor (Fig. 1). The two centers of the species must be positioned

close enough to allow the charge transfer and complexation.

The complexation leads to the uniform connement of ILs

molecules within the epoxy/cellulose chains and thus all

components become part of the cross-linked network. Or in

other words IL link epoxy and cellulose chains by forming EDA

complexes with both polymers.

The EDA complex formation results in the stretching of

hydroxyl groups of epoxy network which was monitored by

infrared spectroscopy (Fig. S1a†). The presence of hydroxyl

groups makes epoxy a self-associating polymer. The hydroxyl

stretching region of spectra shows a broad band (3390 cm�1)

and a shoulder band (3565 cm�1) corresponding to the

stretching vibrations of self-associated hydroxyl groups and

non-associated free hydroxyl groups, respectively.28 However,

upon charge transfer complexation in the presence of ILs, the

peak corresponding to the free hydroxyl groups disappears and

associated hydroxyl stretching band at 3390 cm�1 is shied to

lower frequencies indicating hydroxyl groups of epoxy are

stretched due to complexation. This redshi also conrms that

the bonding in EDA complexes is stronger than the self-

associated hydrogen bonding in cured epoxy network,

providing materials with modied and more exible network

structure.

In order to dissolve cellulose, the inter and intra-molecular

interactions have to be disrupted. It is reported that high

chloride concentration in BMIM[Cl] is efficient in breaking

down the highly networked hydrogen bonding and thereby

dissolving cellulose by forming complexes.25 The inter and

intra-molecular hydrogen bonding interactions in epoxy/

cellulose blends were determined by FTIR spectroscopy

(Fig. S1b†). The broad band in the 3000–3500 cm�1 region can

be assigned to a wide distribution of the stretching vibration of

free, self-associated and inter-associated hydroxyl groups epoxy

and cellulose. When blending with cellulose, the peak

(3315 cm�1) corresponding to the complexed epoxy/IL network

shied towards higher wavenumber region (3360 cm�1). This

upward shiing indicates the existence of hydrogen bonding

and/or EDA complexation between epoxy/cellulose hydroxyl

groups and IL. Also small amounts of peak broadening was

observed in blends containing higher amounts of cellulose

(especially at 20 and 30 wt%) which also indicates the presence

of hydrogen bonding interactions in these blends. The inter-

action between hydroxyl group of epoxy and hydroxyl group of

cellulose mediated via IL is assumed to be the driving force of

the partial miscibility of between these polymers.

The blends were all transparent at 100 �C before curing, thus

indicating the macroscopic homogeneity of the mixtures in the

molten state. The MDA-cured ER/cellulose networks were also

completely or near-transparent with cellulose content up to

10 wt%; however, they appeared translucent or opaque with

higher cellulose content at room temperature as shown in

Moreover, the specimens were all appeared in different colors

and was very obvious when compared with neat resin (green)

and cellulose added blends (brown shades). This is assumed to

be raised from the charge transfer reactions in the blends.29

Fig. 2a–e. Themorphologies of the cured ER/cellulose blends

were observed using SEM and the cryo-fractured images are also

shown in Fig. 2f–i. The microstructure of neat epoxy sample

shows smooth surface with distinct line of fracture propagation

(image not shown). This is due to inherent brittleness of epoxy

resin. The blends with 10 wt% cellulose show a homogenous

morphology with no apparent microphase of cellulose (Fig. 2f)

indicating complete miscibility between epoxy and cellulose.

The blends containing 20 wt% and above cellulose content

show micro phase separated structures. This indicates the

absence of homogeneous miscibility between epoxy and cellu-

lose. The SEM images of 20 wt% sample show cellulose

microphase of �10 mm are embedded within epoxy matrix and

the size of the cellulose phase increases with increase in cellu-

lose concentration in the network (Fig. 2g–i).

Fig. 1 The proposed formation of EDA complexes between (a) epoxy/

BMIM[Cl]22 and (b) cellulose/BMIM[Cl]23 (the chemical structure of the

BMIM[Cl] is given in Scheme S1†).
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The ER/cellulose blends containing IL possess interesting

phase behavior since IL acts like intermediating link between

the two dissolved phases in the network structure. In the DSC

thermograms (Fig. S2†), the neat epoxy containing 40 wt% IL

shows a glass transition temperature (Tg) at 70 �C and Tg of

cellulose phase could not be examined from the DSC experi-

ments. However, the Tg of cellulose in dielectric, NMR and other

studies is described to be in the high temperature region

(�250 �C).30 It can be seen that in the blends, the Tg of epoxy is

shied to lower temperatures with addition of the cellulose. For

example, the Tg of epoxy in the blends containing 40 wt%

cellulose is 55 �C.

In binary blends, a decrease of the Tg is usually interpreted as

increase of the mobility of the chain segments of epoxy network,

indicating increase in free volume of system.31 Reduction of Tg
with llers addition is usually observed when very small size

llers are used in nanocomposites.32,33 One possibility for the

reduction in Tg could be the preferential interaction between

the cellulose, IL and cross-linked network that would lead to

non-stoichiometric balance between epoxy monomer and

curing agent, thus leading the partial inhibition of crosslinking

reaction.

The phase behavior of the blends was also investigated using

DMTA. The storage modulus (G0) and tan d versus temperature

curves of the neat epoxy resin and blends with cellulose up to

40 wt% tested at 1 Hz is shown in Fig. S3.† All the samples show

well dened relaxation peak corresponding to their Tg. The Tg
values of the blends decrease with increase in cellulose content.

Young's modulus of ER is slightly increased by of �8–10% by

the addition of 20 wt% cellulose but a reduction inmodulus was

observed in 30 wt% and above cellulose content.

Tensile strength and elongation at break are important

mechanical properties of the ER/cellulose blends, which mainly

depend on blend components and interfacial interaction

between them. Table 1 summarizes the values tensile properties

of ER/cellulose blends. Addition of cellulose considerably

improves the tensile strength of epoxy. The blends containing

10 wt% of cellulose show the highest tensile strength of 66 MPa,

which is 37% higher than neat epoxy containing 40 wt% IL. The

incorporation of a small amount of the cellulose can effectively

enhance the tensile strength of epoxy thermosets. The increase

in tensile strength can be attributed to the miscibility between

epoxy and 10 wt% of cellulose. The tensile strength decreases in

blends above 10 wt% of cellulose owing to partial miscibility or

microphase separation at these blend compositions. Moreover,

the percentage elongation of the blends was decreased by the

increase in cellulose content. The thermal decomposition

behavior of ER/cellulose blends containing IL was also exam-

ined (Fig. S4†). The onset decomposition temperature (Td) of

neat epoxy containing IL is 286 �C. It can be observed that the Td
of ER/cellulose blends decreases marginally with increase in

cellulose content. The least thermal stability was exhibited by

the blend containing 40 wt% cellulose at 260 �C.

The neat epoxy and epoxy/cellulose blends, all containing 40

wt% of IL were thermally exible. The materials can be revers-

ibly bent or twist many times by applying local heat and force.

Fig. 3 shows the fusilli and curved shape produced by heating

blends containing 10 wt% cellulose. No signicant difference in

Fig. 2 Photographs of the ER/cellulose blends containing, (a) 0 wt%, (b) 5 wt%, (c) 10 wt%, (d) 15 wt% and (e) 20 wt% of cellulose. SEM

micrographs of cryogenically fractured surfaces of ER/cellulose blends containing, (f) 10, (g) 20, (h) 30 and (i) 40 wt% of cellulose. All blends

contain 40 wt% IL.

Table 1 Tensile mechanical properties of epoxy/cellulose blends

containing 40 wt% IL

Cellulose (wt%) Tensile strength (MPa) % elongation

0 47.15 � 4 3.5 � 0.5

10 66.01 � 8 3.2 � 0.29
20 54.68 � 5 2.1 � 0.28

30 39.42 � 1 1.2 � 0.3

40 19.87 � 8 0.5 � 0.11
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exibility was observed with cellulose content. We assume that

the thermal exibility of epoxy/cellulose blends arise from the

connement of IL molecules in between the highly cross-linked

network. As previously explained the strong interaction between

bulky IL ions and the epoxy/cellulose hydroxyl groups links the

brittle chains network. When heated, these bonds break and the

presence of detached bulky ions leads to exible networks.

Epoxies are inherently brittle and making exible and

formable epoxy networks is one of the stimulating research

topics these days. Recent reports regarding the formation of

recyclable and thermally malleable epoxy materials have been

welcomed both by the scientic and industrial community. The

present work reports a method to make exible epoxy thermo-

sets by introducing ionic liquid which acts as a link between the

cross-linked networks by forming EDA complexes. Natural

cellulose was added as a renewable and inexpensive polymer to

improve the mechanical properties of epoxy/IL network. Here

the addition of 10 wt% of cellulose lead to 37% increase in the

tensile strength with no signicant reduction in elongation.

The mechanism of microphase separation in epoxy/cellulose

blends in the presence of IL is given in Fig. 4. It is assumed that

the mixing of various amounts of cellulose in IL at 100 �C leads

to miscible or swollen cellulose solution. Adding epoxy and

further heating and cross linking reaction results in the

formation of EDA complexes between IL ions and epoxy

hydroxyl groups as well as the phase separation of cellulose

occurs within the system during curing reaction. The size of

cellulose phase depends on the concentration of the cellulose

component in the system.

Conclusions

Partially miscible epoxy blends modied with natural cellulose

were prepared for the rst time. The miscibility between epoxy

and cellulose was induced by the introduction of BMIM[Cl]

ionic liquid which acts as a coupling agent by forming EDA

complexes between the two polymers. The blending modica-

tion leads to transparent, thermally exible thermosets with

improved tensile strength. This study shows a processing route

by which miscible or partially miscible epoxy blends can be

prepared with other natural polymers such as wool, silk, etc.
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