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Graphene-incorporated polymer composites have been demonstrated to have excellent mechanical and elec-
trical properties. In the field of graphene-incorporated composite material synthesis, there are two main
obstacles: Non-uniform dispersion of graphene filler in the matrix and weak interface bonding between the
graphene filler and polymer matrix. To overcome these problems, we develop an in-situ polymerization
strategy to synthesize uniformly dispersed and covalently bonded graphene/lignin composites. Graphene
oxide (GO) was chemically modified by 4,4'-methylene diphenyl diisocyanate (MDI) to introduce
isocyanate groups and form the urethane bonds with lignin macromonomers. Subsequential polyconden-
sation reactions of lignin groups with caprolactone and sebacoyl chloride bring about a covalent network
of modified GO and lignin-based polymers. The flexible and robust lignin polycaprolactone
polycondensate/modified GO (Lig-GOm) composite membranes are achieved after vacuum filtration, which
have tunable hydrophilicity and electrical resistance according to the contents of GOm. This research
transforms lignin from an abundant biomass into film-state composite materials, paving a new way for the
utilization of biomass wastes.

Keywords: graphene-incorporated polymer, lignin, biomass, graphene dispersion, covalent interface engi-

neering

1. Introduction

Graphene has been recognized as one of the strongest

materials in the world since it is discovered. Graphene has

also been predicted and demonstrated to be a good filler

material in the polymer composites (Potts et al., 2011;

Yousefi et al., 2014), such as insulating materials (Lee et

al., 2015; Zhao et al., 2014), graphene reinforced polymer

composites (Hu et al., 2017; Zhang et al., 2017), etc.

(Hung et al., 2014; Liu et al., 2017; Xiang et al., 2017).

In case that the graphene is horizontally aligned in the

graphene-reinforced composite films, the film can have

high strength and stiffness in two directions: the longitu-

dinal direction and the in-plane transverse direction. In the

in-plane direction of graphene-incorporated composites,

the in-plane alignment of GO flakes can provide the

nearly isotropic properties in the plane of composite

sheets, which is a big advantage over the aligned fiber

composites with poor transverse strength (Ci et al., 2008;

Rudolf et al., 2015; Wang et al., 2015b).

Unfortunately, the desirable mechanical properties of

graphene have not been translated into the graphene-

reinforced polymer composites due to the non-uniform

dispersion of graphene in the polymer matrix and weak

interface bonding between the graphene filler and polymer

matrix. On one hand, since graphene is prone to agglome-

rate in the dispersion or during the compounding process

because of its two-dimensional nature and high surface

energy, graphene filler in the polymer composites could

not exhibit efficient reinforcement effect. So the dis-

persion of graphene in the polymer matrix should be

uniformly controlled. On the other hand, the interface

engineering between graphene and polymer materials has

also become a tough issue which obstructs the mechanical

performance of the graphene/polymer composites due to

the easy crack initiation in the interface region, which

causes low load transfer capability of the composite

materials.

Regarding to these two problems in the graphene-

incorporated polymer composites synthesis, graphene*Corresponding author; E-mail: jdnam@skku.edu
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oxide (GO) is preferable to be used owing to its oxygen-

rich carbonaceous nature. GO essentially consists of intact

graphitic regions interspersed with hydroxyl and epoxide

groups on the top and bottom surfaces of each sheet and

carbonyl groups at the sheet edges. So it is wieldy to be

exfoliated, dispersed in solvents, and importantly, chemi-

cally modified for strong covalent bonding with the matrix

polymers (Kim et al., 2014; Ramanathan et al., 2008;

Stankovich et al., 2006; Yan et al., 2015).

In this sense, we aim to develop a new strategy for the

synthesis of uniformly dispersed and covalently bonded

GO-lignin composites. Lignin is an amorphous aromatic

biomass which is biodegradable by nature and excessively

abundant in the pulping industry. However, it has not been

desirably used yet but as a massive waste material mostly

burned as fuel (Bonini et al., 2005; Feldman et al., 1986;

Luong et al., 2012), which can be a promising alternative

to synthetic polymers to be used as filler, resin, adhesive,

etc. Notably, there are also difficulties in transforming

from pristine lignin into film-state materials. Our research

group has made thorough efforts in the polymerization of

lignin with ε-caprolactone (CL) and sebacoyl chloride

(SC) to improve the thermal stability and achieve the

melt-blending processing of lignin, meanwhile, it also

provides a routine to realize the film formation of lignin-

based materials (Luong et al., 2013). 

Herein, we developed a strategy to overcome the afore-

mentioned issues that an in-situ polymerization process is

used to prepare lignin polycaprolactone polycondensate/

modified GO (Lig-GOm) composite membranes. In order

to build a strong interface bonding between GO and lignin,

4,4'-methylene diphenyl diisocyanate (MDI) is used as the

linker to covalently bond the GO flakes with lignin

macromonomers. Thorough characterizations demonstrate

that, by this strategy, the GO and lignin can be covalently

bonded and the GO sheets can be uniformly aligned in an

in-plane direction. Finally, the polycaprolactone poly-

condensation with lignin implements the formation of

free-standing and flexible Lig-GOm composite membranes.

The results also exhibit that the Lig-GOm membranes have

tunable hydrophilicity and electrical resistance as well as

enhanced thermal stability. We believe this study on

graphene-incorporated lignin flexible membranes will

immensely broaden the applications of lignin and provide

a new way to utilize the biomass wastes.

2. Experimental Section

2.1. Preparation of GO
m

Graphite oxide was prepared from graphite flakes via

the Hummer’s method with the oxidation time of 2 h

(Wang et al., 2014a; Wang et al., 2014b; Wang et al.,

2015a). As-prepared graphite oxide of 2 g was dispersed

in 50 ml of N’N-dimethylacetamide (DMAc) by ultrason-

ication to obtain the graphene oxide (GO), and then the

GO dispersion was loaded into a 250 ml, 3 necked round

bottom flask equipped with a magnetic bar. Subsequently,

the dispersion was stirred under nitrogen atmosphere for

0.5 h. Afterward, 0.175 mM of 4,4'-methylene diphenyl

diisocyanate (MDI) was added into the dispersion with

vigorous stirring for 24 h at room temperature. The product

was vacuum filtered, washed with DI water and methy-

lene chloride, and then freeze-dried for 3 days to obtain

modified graphene oxide (GOm). Finally, GOm (0.4 g) was

dispersed in DMF (400 ml) with ultrasonication for 4 h.

Subsequently, GOm dispersion was obtained after removing

the precipitate by centrifugation at 4000 rpm for 15

minutes. The precipitate was dried and weighed to

calculate the concentration of GOm dispersion. 

2.2. Extraction of Kraft lignin from black liquor
One liter of pristine black liquor (pH = 12) was purged

with CO2 gas for around 30 min at 60ºC. When the pH of

the solution was decreased to 9, the lignin began to pre-

cipitate. Afterward, 5 L of 0.2 M alum solution was quick-

ly added to reduce the pH to 4 with vigorous stirring at

room temperature. At last, the precipitate from above

solution was washed, filtered, and vacuum-dried.

2.3. Synthesis of lignin-based GO
m
 composite mem-

brane
Lignin was dissolved in 25 ml of GOm dispersion (in

DMAc) with different weight ratio (0.5%, 1%, 2%, 3%,

and 3.5% of GOm) at 45ºC for 30 min. CL and SC were

added successively to the lignin solution at room

temperature, in which the molar ratio of CL and SC to

-OH groups in lignin, [CL]/[OH] and [COCl]/[OH], were

fixed at 5 and 2, respectively. The [CL]/[OH] and [COCl]/

[OH] were decided based on the molecular weights of CL

(114 g/mol), SC (239 g/mol), and a lignin repeating unit

(180 g/mol) which corresponds to coniferyl alcohol (Luong

et al., 2013). And then the triethylamine (TEA) (TEA/SC

molar ratio of 1) was added very slowly to the solution at

room temperature and the solution was held at 120ºC for

24 h under stirring. Then, the precipitate from above solu-

tion was washed, filtered and vacuum-dried for 72 h to

obtain Lig-GOm production. At last, the obtained Lig-GOm

was dispersed in DMF by ultrasonication for 2 h and dried

at 80ºC for 12 h after filtration.

2.4. Characterization
The FT-IR spectra of GOm were investigated using a

Bruker IFS-66/S spectrometer. FT-Raman was analyzed

using a Kaiser Optical System Model RXN 1 at an ex-

citation wavelength of 633 nm. The thermal stability was

performed using a thermogravimetric analyzer (TGA-

2050, TA Instruments Inc.) from 30ºC to 600ºC in the N2

atmosphere at a heating rate of 10ºC/min. X-ray diffrac-
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tion (XRD) was analyzed using an X-ray diffractometer

(Bruker AXS, D8 FOCUS) with a Cu Kα radiation. The

film-state specimens of GO, GOm, and Lig-GOm are all

prepared by the vacuum filtration process. The sheet resis-

tance of all specimens was performed using a four-point

probe method (Keithley 2420I-V) at room temperature.

The contact angle was studied using a DIGIDROP (GBX

Instrumentation Scientifique, France) at room temperature.

3. Results and Discussion

Graphite oxide was firstly exfoliated by ultra-sonication

and dispersed in the DMF solution. And then -NCO groups

in 4,4'-methylene diphenyl diisocyanate (MDI) reacted

with the -OH groups in GO to produce urethane links and

obtain the modified GO (GOm), as schemed in Fig. 1a.

During the reaction, a CO2 molecule is taken off when a

-COOH group reacts with a -NCO group to create a ure-

thane bond. As shown in Fig. 1b, the MDI treatment

changes the brown GO powders into black GOm. The FT-

IR spectra of the GO and GOm in Fig. 1c illustrate the

chemical bond changes in GO and GOm after treatment

with MDI. Comparing the two spectra of GO and GOm,

the spectrum of the GOm shows new peaks at 1264 and

1503 cm-1, which correspond to the C-N stretching and N-

H out-of-plane bending of urethane groups, indicating the

formation of urethane groups in the GOm (Chiono et al.,

2014; Wang et al., 2011). In 1401 cm−1, a strong peak

appears in the spectrum of GOm, which is ascribed as the

benzene rings from MDI (Nam et al., 2014). The differ-

ences in the spectra confirm the reaction of MDI with GO,

which makes the GOm reactive and facilitates the reaction

of GOm and lignin. In addition, owing to the modification

of GO by MDI, the stability of GOm in DMF has also been

greatly enhanced compared with GO dispersion. As pre-

sented in Fig. 1d, no precipitation has appeared even after

2 weeks, while most of GO has already precipitated within

3 days. 

Isocyanate group is very reactive with the hydroxyl

groups. Lignin has abundant hydroxyl groups so that the

Fig. 1. (Color online) Preparation method of MDI modified GO (GO
m
). (a) Chemical reaction of GO and MDI, (b) optical images of

GO and GO
m
 powders, (c) FT-IR spectra of GO and GO

m
, and (d) stability of GO and GO

m
 dispersion in DMF solvent.
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GOm can be cross-linked by the lignin macromonomers

and produces a covalent bonding of lignin and GOm. And

then, the in-situ open-ring polymerization of ε-caprolac-

tone with the -OH groups in the lignin macromonomers

can happen upon the GOm sheet surface, where the -OH

groups can be ascribed as the initiating agents for the

open-ring reaction. The resulting lignin polycaprolactone

(LigPCL) part was followed by a polycondensation reac-

tion with -COCl groups in sebacoyl chloride (SC) while

being catalyzed by trimethylamine (Luong et al., 2013).

The two -COCl groups on each side of the SC chain take

a LigPCL-GOm unit for each and subsequently crosslink

all of these LigPCL-GOm units as a continuous covalent-

bonded network. The chemical reaction was schemed in

Fig. 2a.

Even though the GOm dispersion is very stable as a solu-

tion state, the gray GOm membrane collected after vacuum

filtration is stiff and brittle with a rough surface, as shown

in the Fig. 2b. While by combining lignin-based polymers

and GOm, a black, robust, and flexible membrane with a

smooth surface can be successfully prepared. The SEM

image of Lig-GOm membrane is illustrated in Fig. 2c. Dif-

ferent from the clearly layer-by-layer alignment of GO

membranes (Wang et al., 2014a), it is hard to distinguish

each GOm layer in the Lig-GOm but we can still distin-

guish that most of the GOm flakes are horizontally aligned

resulting from the filtration force. In addition, the GOm

flakes are all throughout covered by the lignin-based poly-

Fig. 2. (Color online) Preparation method of Lig-GO
m
. (a) Schematic synthesis route of the Lig-GO

m
 derived from GO

m
, (b) optical

images of the GO
m
 and Lig-GO

m
 membranes, and (c) SEM image of the Lig-GO

m
 membrane.
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mers.

Raman spectroscopy is an efficient characterization

technique for carbon-based materials. Representative Raman

spectrum of GO has strong D and G peaks in the wave-

number of 1200-1700 cm−1, where the G peak corresponds

to the first order scattering of the tangential stretching

(E2g) mode, and the D peak, characteristic of the lattice

distortion in the graphene sheets, originates from the dis-

order in the planar sp2-hybridized carbon network (Fouda

et al., 2016; Kudin et al., 2008; Zhu et al., 2010). As illus-

trated in Fig. 3a, a D-peak at 1326 cm−1 and a G-peak at

1568 cm−1 are observed in Raman spectrum of GOm, indi-

cating that GOm after MDI treatment still maintains typical

characteristics of GO. The strong D-peak intensity results

from the defects caused by the oxidation of graphite. How-

ever, the D- and G-peaks disappear and instead a broad

band ranging from 1200 cm−1 to 1650 cm−1 is observed

upon Lig-GOm, because the covalently bonded polymer

chains in the Lig-GOm greatly affect the bond stretching of

sp2 in GOm and induce disordered structure. The disap-

pearance of D and G peaks in the spectrum of Lig-GOm

also demonstrates that the GOm sheets are uniformly dis-

tributed and completely wrapped by the lignin-based poly-

mers.

In the XRD pattern presented in Fig. 3b, the XRD pat-

tern of the GO sheets shows a peak at 12.03º (0.735 nm),

which corresponds to the (002) hexagonal planes of crys-

talline graphite and is ascribed to the oxidation from

graphite. After being modified by MDI, the peak of GOm

shifts to 8.20º (1.077 nm) due to the grafting of MDI on

the hydroxyl group, which enlarges the interlayer distance

of GOm flakes. But in the plot of Lig-GOm, a broad band

instead of sharp peaks is obtained at the range of 15º to

26º (peak value of 20.66º and corresponding d-spacing of

0.430 nm), which originates from the amorphous nature of

polymer materials. 

Thermal stability of pristine lignin, GOm, and Lig-GOm

is performed using a thermogravimetric analyzer (TGA).

The initial decomposition temperature (Tid) is defined

where weight loss reaches to 2%, in order to compare the

thermal stability in the early stage of weight loss. It is

important to use Tid because lignin usually evolves odor or

fume accompanied by weight loss in the early stage of

weight loss (Thanh Binh et al., 2009). As is shown in

Figs. 3c and 3d, the Tid of the pristine lignin, GOm, and

Lig-GOm is 80ºC, 157ºC, and 180ºC, respectively. This

proves that the Lig-GOm has substantially improved ther-

mal stability than lignin, and importantly, allowing com-

mon composite melt processes to be used at around 180oC

~200oC. The hydrophilic nature of lignin is substantially

decreased through the condensation reactions of hydroxide

groups in lignin, resulting in a less amount of water

Fig. 3. (Color online) Characterizations of Lig-GO
m
. (a) Raman spectra of GO

m
 and Lig-GO

m
, (b) X-ray diffraction analysis of GO,

GO
m
 and Lig-GO

m
. TGA thermograms of weight loss (c) and their derivatives (d) of GO

m
, pristine lignin, and Lig-GO

m
.
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evolution in Lig-GOm than pristine lignin during TGA test

(Luong et al., 2013). The rate of thermal decomposition

can be clearly seen in the derivative curves from TGA

results. In Fig. 3d, the decomposition rate of Lig-GOm is

higher than that of pristine lignin and GOm in 161-385ºC

because of the weak thermal stability of the lignin

polycaprolactone polycondensates. The weight of the final

remain of Lig-GOm is higher than that of pristine lignin

attributed to the good thermal stability of GOm.

The sheet resistance of Lig-GOm membrane greatly

depends on the content of GOm. As shown in Fig. 4a,

when the mass ratio of GOm increases from 0.5% to 3.5%,

the sheet resistance of Lig-GOm membrane decreases from

11 kΩ to 0.7 kΩ. It is obvious that more GOm will form

a more intensive electron conduction network and reduce

the sheet resistance of Lig-GOm. Besides of the electrical

resistance, the hydrophobicity of Lig-GOm can also be

tuned by the mass ratio of GOm as shown in Fig. 4b. As

the ratio of GOm increases, the contact angle decreases

subsequently, indicating a better hydrophilicity is achieved.

It is due to the increased amount of hydrophilic functional

groups in GOm such as hydroxyl, carboxyl, and epoxy

oxygen-containing groups. Thus, the free-standing and

robust Lig-GOm membranes as prepared in this work have

the capability to control the electrical resistance and the

hydrophilicity/hydrophobicity, which will greatly facilitate

the application of Lig-GOm membranes in practical indus-

tries.

4. Conclusions

In this study, we developed an in-situ polymerization

process to fabricate the graphene-incorporated polymer

composites with uniform graphene dispersion and cova-

lently bonded interface engineering. Lignin, PL, and CL

are used as cross-linkers to uniformly combine the GOm

flakes and form a compact covalently bonded network

which is confirmed by the characterizations. In addition,

the sheet resistance and contact angle of the membrane are

adjustable according to the concentration of GOm. By

controlling the content ratio of GOm in the Lig-GOm, the

sheet resistances can be tailored from 270 Ω to 11 kΩ and

the contact angle can be tuned between 43.9º to 95.1º,

which can facilitate the future applications of Lig-GOm to

certain areas. This study also provides a new way for the

utilization of the lignin biomass and the film-state of the

product will greatly facilitate and broaden the practical

application of lignin wastes.
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