
Structural and performance efficiency is evident
throughout nature. Natural materials are a basis for
materials design; because they have evolved creating
properties that suit particular or diverse environ-
ments. Replicating natural materials is a strategy for
designing optimally performing materials. There are
several routes to biomimicry: 1) use biomaterials:
minerals, wood and natural fibres directly in com-
posites, 2) adapt natural processes: layer-by-layer
formation, orientation and self-assembly to synthetic
materials, 3) form synthetic or semi-synthetic struc-
tures that replicate natural morphologies. A further
dimension is scale. Preparation of biomimetic mate-
rials has trended towards nano-scale where compo-
nents, morphology and techniques are combined.
Nano-dimensions provide large interfaces and struc-
tural perfection. Articles in EXPRESS POLYMER LET-
TERS present developments in biomimetic polymer
materials that attract much interest.
Material design, processing and component selection
are requirements of characterisation techniques, with
sensitivity and resolution at the nano-scale. X-ray
scattering and transmission electron microscopy are
theoretically suited. Surface force microscopy is a
collection of techniques with growing specificity.
The diffraction limitation of optical microscopy is
circumvented with fluorescent nano-imaging adap-
tions. Infrared and Raman microscopy are emerging
with nano-scale variants. Computation and interpre-
tation of data form standard structure–property tech-
niques provide indirect or inferred information about
nano-materials.
Most natural structural materials are composites,
since component properties are retained, not aver-
aged, and incongruous properties: hardness, tough-

ness and strength are achieved simultaneously. Nacre
is tough, hard and strong, yet it contains mainly cal-
cium carbonate with minimal organic binder. Multi-
phase composites that contain platelets or fibrous
inclusions focus anisotropic performance, with ori-
entation imposed by processing or self-association.
Natural materials are often not space-filling; they
contain voids interspersed with structural regularity,
commonly hexagonal features. Some voids are chan-
nels to convey nutrients to the living system. Syn-
thetic analogies are foams and membranes. Foams
decrease density more than mechanical properties,
while membranes are functional materials. Foam,
honeycomb and cantilevered structures are prepared,
though they present most challenge at the nano-scale.
Finite element modelling predicts that uniform
strength is unnecessary; stress must be effectively
transferred from regions of stress concentration.
Biomimetic concepts have expanded to self-repair,
typically containing reagent microcapsules or
reversible reaction functionality. A living system
with channels to convey repairing substances is an
analogy, though in a renewable material a complex-
ity is removal of damaged materials from repair sites
to allow continued renewal. Can micro or nano
bricks and mortar structures be prepared and con-
trolled though self-assembly, including self-repair?
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1. Introduction
Poly(ethylene terephthalate), (PET), is a thermoplas-
tic semi-crystalline polyester with excellent tensile
and impact strength, chemical resistance, clarity,
process ability, transparency, and appropriate ther-
mal stability [1]. It is mainly used in the textile indus-
try, to manufacture of video and audio tapes, X-ray
films, food packaging, water and soft-drink bottles.
The global consumption of PET packaging was
almost 15.5 Mt in 2009, while it is expected to reach
19.1 Mt by 2017, a 5.2% increase per annum [2, 3].
The increased consumption of PET is creating seri-
ous environmental problems as vast waste stream
reaches every year due to short life duration of PET
etc. Disposing of the waste to the landfill is becom-
ing undesirable due to legislation pressures, rising

costs and the poor biodegradability of such poly-
mers. Therefore, other ways of PET waste treat-
ment, such as recycling is highly desired.
Polymer wastes can be recycled in many ways for
example, the energetic valorization which consists of
using energy emanating from PET burning. Another
method called mechanical recycling where the
polymers are transformed into other objects after a
step in the molten state. The recycled PET is used in
different applications which do not require very high
quality standards [4, 5]. Among all polymer recy-
cling methods, chemical method has attracted more
attention due to sustainable development principles.
This method is very useful for the condensation of
polymers, such as polyamides, polyurethanes and
polyesters, which are vulnerable to solvolytic chain
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cleavage. The key advantage of this method includes
the huge availability of the different chemical prod-
ucts which can be obtained with different reagents
[6–9].
Recently, several processes such as alcoholysis,
aminolysis, hydrolysis, and glycolysis have been
used for PET chemical recycling. Glycolysis reac-
tion is more interesting, and can be described as a
molecular depolymerisation by transesterification
between PET ester groups and a diol. The ester link-
ages are therefore broken and replaced with hydroxyl
terminals. The monomers or higher oligomers
obtained can be used as building blocks to synthe-
size other polymers with higher economical values.
For example, saturated and unsaturated polyesters
[10–12], polyurethanes [13–15], coating materials
[16–19] and additives [20–22] have been synthe-
sized from such building blocks in recent years.
A large number of reagents have been used for gly-
colysis of PET such as ethylene glycol [23–26],
diethylene glycol [27, 28], propylene glycol [29],
neopentyl glycol [14], 1,4-butanediol [30, 31], and
some synthetic oligoesters [32, 33]. To the best of our
knowledge, no one has ever been used BHET as diol
for the PET glycolysis. Similarly, several studies have
been carried out on the reaction of PET and ethyl-
ene glycol for the synthesis of hydroxytelechelic
oligomers of PET [34–36] which were mainly used
for producing unsatured polyester resins [34, 35]
and very few polycondensations have been carried
out by using hydroxytelechelic oligomers of PET
with !-caprolactone [37]. Copolyesters with PET
and !-caprolactone units are mainly synthesized by
polycondensation of dimethyl terephthalate, ethyl-
ene glycol and !-caprolactone [38], or by transester-
ification in copolyester blend [39, 40].
In this context, in order to explore a new method for
PET recycling herein, the glycolysis of the PET per-
formed with its structural units BHET was reported.
This paper presents a continuous reactive extrusion
process and evaluates the potentiality of the poly-
esterification of hydroxytelechelic oligomers result-
ing from the glycolysis of PET with the carboxyt-
elechelic PCL oligomers as a new method for val-
orization of PET wastes. All the obtained products
are investigated by proton nuclear magnetic reso-
nance spectroscopy (1H NMR), size exclusion chro-
matography (SEC) and differential scanning
calorimetry (DSC).

2. Experimental part
2.1. Reagents
Poly(ethylene terephtalate) (PET) (—Mn =
26 000 g·mol–1), bis(2-hydroxyethyl) terephthalate
(BHET), poly(!-caprolactone) diol (PCL) (—Mn =
530 and 2000 g·mol–1), zinc acetate (Ac2Zn), and
titanium tetrabutyl oxide (Ti(OBu)4), are obtained
from Sigma-Aldrich ( St Quentin Fallavier, France).
All other chemicals (solvents and reagents) were
used of analytical grade and were obtained from
Somaprol (Casablanca, Morocco).

2.2. Glycolysis of PET by BHET
PET pellets (20.03 g; 0.104 mol (PET monomer
unit)), BHET (26.50 g; 0.208 mol of hydroxyl equiv-
alent), and 0.20 g of zinc acetate (Ac2Zn) were put
into a 500 mL reactor equipped with a mechanic
stirrer, a nitrogen inlet and a vacuum outlet. The
reactor was heated under nitrogen at 250°C for 2 h.
After the die, the modified PET crystallized in bulk
and it is grinded into powder, and the residual BHET
is removed by precipitation in hot water. The white
product was dried under a vacuum at 80°C for 48 h.
The powder was obtained in an 85% yield and char-
acterized by 1H NMR spectroscopy with trifluo-
roacetic acid (TFA) and Deuterated chloroform
(CDCl3) as the solvent.
1H NMR: " (ppm): 8.10 (aromatic protons) 4.70 (CH2
between two esters functions); 4.55 (CH2CH2OH);
4,15 (CH2OH).

2.3. Synthesis of carboxytelechelic
poly(!-caprolactone) oligomers

The carboxytelechelic poly(!-caprolactone) oligo -
mers of molecular weight —Mn = 2300 g·mol–1 and
—Mn = 730 g·mol–1 are prepared from hydroxyt-
elechelic oligomers of molecular weight 2000 and
530 g·mol–1 respectively, according to the proce-
dure described in the literature [41].
In a 500#mL two-necked flask equipped with a con-
denser, a nitrogen inlet and a magnetic stirrer, 20 g
(0.01 mol) of PCL, 2.2 g (0.022 mol) of succinic
anhydride and 1 mol % of DMAP with 200#mL of
1,4-dioxan solvent were introduced. The reaction has
occurred at 50°C. After 10 hours of reaction, the sol-
vent was removed by evaporation under vacuum at
100°C and the residual product was solubilized in
chloroform. The reaction mixture was washed with
acidic water (pH = 1) in order to remove residual suc-
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cinic acid. After drying on Na2SO4, the solvent was
removed by evaporation and under vacuum at 60°C.
The mass yield of the reaction was 80%. The prod-
ucts are characterized by pH titration of carboxylic
functions, 1H NMR spectroscopy and SEC.
The titration of carboxylic functions of the products
(of the addition of succinic acid onto hydroxyl func-
tion) is carried out by following a classic method: a
known mass of the product is titrated by a solution
of KOH in methanol (MeOH) solvent with tetrahy-
drofuran (THF) as solvent and phenolphthalein as
color indicator. The carboxyl ratio is given by the
Equation (1):

                                           (1)

where CKOH represents the concentration of KOH
solution, VKOH is the equivalent volume and m is the
mass of oligomer titrated. These tests were performed
at least in duplicate, and the difference between the
various obtained values was within the experimen-
tal error of 5%.
1H NMR: " (ppm): 8.4 (acid proton); 4.1 (CH2
between two ester functions, one linked to capro-
lactone unit (in $) and one linked to succinic unit
(in %)); 4.0 (CH2 of caprolactone unit in $ of ester
function); 3.6 (CH2 between two ester functions,
one linked to caprolactone unit (in %) and another
linked to succinic unit (in $)); 2.6 (CH2 between an
ester and a carboxylic function); 2.3 (CH2 in $ of a
carboxyl group and methylenic carbon); 1.1–1.7
(Internal CH2 of caprolactone unit).

2.4. Copolyesterification of hydroxytelechelic
PET oligomers and carboxytelechelic
poly(!-caprolactone) oligomers

The reaction of copolyesterification of carboxyt-
elechelic oligomers with hydroxytelechelic oligomers
of PET is performed in a bulk, in a four-necked flask,
with a condenser, a nitrogen inlet, a mechanical stir-
rer and a high vacuum inlet.
The hydroxytelechelic PET oligomers, the carboxyt-
elechelic poly(!-caprolactone) oligomers (—Mn = 730
or 2300 g·mol–1) and 1 wt% of catalyst (Ti(OBu)4)
(or without catalyst) are introduced and the reaction
mixer is heated at 240°C under nitrogen until the
complete fusion of oligomers of PET. After, the pres-
sure is led to 10–1 mbar in the reactor and the reac-
tion temperature is kept constant at 240°C. The

copolyesters are obtained with yield ranging from
85 to 90%. Subsequently the products are character-
ized by SEC, 1H NMR as well by DSC.
1H NMR: " (ppm) 8.1 (aromatic protons); 4.2 (CH2
between two ester functions, one linked to capro-
lactone unit (in $) and another linked to succinic
unit (in %));  4.0 (CH2 of caprolactone unit in $ of
ester function); 3.6 (CH2 between two ester func-
tions, one linked to caprolactone unit (in %) and one
linked to succinic unit (in $)); 2.65 (CH2 between
an ester and a carboxylic function); 2.3 (CH2 in $ of
a carboxyl group and methylenic carbon) ; 1.0–1.7
(internal CH2 of caprolactone unit).

2.5. Apparatus
2.5.1. Nuclear magnetic resonance (NMR)
The 1H NMR spectra are recorded on a Bruker spec-
trometer 250 MHz at room temperature. The solvent
used for oligomers of PET is CDCl3/TFA (20:1).
The solvent for the other products is CDCl3. Chem-
ical shifts are given in ppm relative to Tetramethyl-
silane as an internal reference.

2.5.2. Size exclusion chromatography (SEC)
The size exclusion chromatograms are recorded on
an IOTA2 apparatus supplied by JASCO with a PU-
980 Intelligent HPLC pump. The columns employed
were PLgel 5 µm Mixed-D 300&7.5 mm, VARIAN
INC. The molecular weights of poly(!-caprolactone)
oligomers and of copolyesters are measured respec-
tively with THF or chloroform/ hexafluoropropan-
2-ol (CHCl3/HFIP) (98/2 wt) as solvent at a flow
rate of 1#mL·min–1. Samples are injected using an
injector of the Agilent 100 Series. The calibration
curves are obtained from polystyrene (PS) stan-
dards. These tests were performed at least in dupli-
cate, and the difference between the various obtained
values was within the experimental error of 5%.

2.5.3. Differential scanning calorimetry (DSC)
DSC analyses were performed with a 204 F1 NET-
ZSCH. Experiments are carried out under nitrogen
with samples ranging from 7 to 15 mg. The temper-
ature was calibrated with ultra-pure indium, octane
and dodecyloctane. The temperature range of the
first heating scan was between –80 to 280°C, with a
heating rate of 10 K·min–1, followed by a cooling at
20 K·min–1. A second scan was immediately per-
formed with a heating rate of 10 K·min–1. Glass tran-

ICOOH 5
CKOH~VKOH

mICOOH 5
CKOH~VKOH

m
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sition temperature was taken at the midpoint of
change in heat capacity. These measurements were
performed at least in duplicate.

3. Results and discussion
3.1. Synthesis of PET oligomers
The synthesis of hydroxytelechelic oligomers of
PET was performed by glycolysis of PET with its
monomer BHET using zinc acetate (Ac2Zn) as the
catalyst. This reaction of depolymerization is
described in Figure 1.
As described in several previous studies [32, 35,
36] the PET glycolysis products are $, '-hydroxyl
oligomers. Indeed, different SEC analysis, 1H NMR
spectroscopy, and matrix-assisted laser desorption
ionization time-of-flight mass spectrometry was
established; these studies show a good correlation
in the determination of hydroxyl end groups and
molecular weights below 4000 g·mol–1.
The four peaks of the 1H NMR spectrum as reported
in Figure 2, correspond to the signals of PET oligo -
mer protons. The average molecular weight of the
oligomers is calculated from 1H NMR spectroscopy
using the integrations of the aromatic protons and
the methylene protons adjacent to the hydroxyl end
functions. The integration ratio of these signals
allowed the calculation of the number of tereph-
thalic base units in the oligomers through Equa-
tion (2):

                                                        (2)

where Ix ppm represents the integral value of the
peak centered at x ppm.
So it is easy to determine the average molecular
weight of the oligomers. The m value is about
100/14.7 = 6.8. The PET oligomer has an average

molecular mass of 1360 g·mol–1, with an average
polymerization number (–—DPn) of 13.6.
In these conditions, the molar weight of the obtained
glycosilation products were lower than the products
reported in the literature (about 1450 g·mol–1 [35]
and 1800 g·mol–1 [36]), these values were obtained
during the PET glycolysis with the ethylene glycol,
using dibutyl tin oxide as the catalyst.
The PET oligomer is soluble only in few solvents,
for this reason, it is used in the molten state for fur-
ther polyaddition. The differential scanning calorime-
try (DSC) analysis gives the glass transition temper-
ature (Tg = 78°C), melting point (Tm = 235°C) and
crystallization temperature (Tc = 175°C) of the gly-
colysed PET oligomers.
The product has a melting temperature close to that
of PET, but slightly lower. This is in good agree-
ment with the literature data [5, 35], which shows
that the melting temperature depends on   and varies
from 110 up to 220°C when –—DPn varies from one to
five. For –—DPn above five, the melting temperature is
very close to that of PET.

m 5
I8.10 ppm

I4.15 ppm

m 5
I8.10 ppm

I4.15 ppm
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Figure 1. Depolymerization of PET by BHET

Figure 2. 1H NMR spectrum of hydroxytelechelic oligomers
of PET



3.2. Synthesis of carboxytelechelic of
poly(!-caprolactone) oligomers

The carboxytelechelic PCL oligomers are not com-
mercially available.Their synthesis was performed
by reacting succinic anhydride with the hydroxyl
functions of the commercial PCL oligomers using
dimethylaminopyridine (DMAP) as a catalyst, as
shown in Figure 3.
The synthesis and characterization of the carboxyt-
elechelic poly(!-caprolactone) oligomers of molec-
ular weight —Mn = 2300 g·mol–1 and —Mn = 730 g·mol–1

from hydroxytelechelic oligomers of molecular
weight 2000 and 530 g·mol–1 respectively [41] has
been described. The structure of these oligomers is
confirmed by 1H NMR, pH titration of carboxylic
functions and size exclusion chromatography. In
their 1H NMR spectra, it can be noticed that the pres-
ence of a broad signal at 8.4 ppm corresponding to
the acid proton. The $- and %-protons of the acid func-
tion appears as a multiplet centred at 2.6 ppm. Other
peaks correspond to the protons of the aliphatic
chain of PCL. The peak integration ratios of differ-
ent signals confirmed clearly the esterification reac-
tion between the succinic anhydride and the PCL
diol. The titration of the carboxyl functions allowed
us the calculation of the carboxylic functionality of
PCL, which has been determined to be 1.98 in both
cases, as described in the experimental part.

3.3. Synthesis and characterization of
copolyesters

The copolyesterification of hydroxytelechelic PET
oligomers and carboxytelechelic PCL oligomers
was performed in the molten state, under vacuum
(10–1 mbar) and high temperature so as to get rid of
water formed, to shift the esterification equilibrium.
The reaction is performed at 240°C because of the
high melting point of PET oligomers, using Ti(OBu)4
as a catalyst, as shown in Figure 4.
As reported in the literature, the Ti(OBu)4 is more
reactive when being used at a reaction temperature
of 240°C and enhances somewhat the —Mn obtained
[42]. For titanium catalytic system, studied by Fradet
and Marechal [43], the acid function coordinates with
Ti, and some experiments of Fradet and Marechal
show that the system follows thermodynamic laws.
Indeed, the rate constant of the reaction increases
with increasing of the temperature. Other works
enlighten the same phenomenon and give further
explanations onto titanium alkoxide activity for ester-
ification or transesterification reactions [42, 44].
To study the influence of the molecular weight of
PCL carboxytelechelic on the properties of co-poly-
esters, the polyesterification reactions were estab-
lished with the PCL oligomers of —Mn = 2300 g·mol–1

and —Mn = 730 g·mol–1. In the same way, in order to
evaluate the influence of the catalyst on these prop-
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Figure 3. Synthesis of carboxytelechelic PCL oligomers

Figure 4. Copolyesterification of hydroxytelechelic PET oligomers and carboxytelechelic PCL oligomers



erties, an uncatalyzed reaction with the oligomers
of —Mn = 730 g·mol–1 was accomplished. All the
characterization results of the obtained copolyesters
are reported in Table 1.
The molecular weights of the obtained copolyesters
are comprised between 19 500 and 22 500 g·mol–1

and the polydispersity index is close to 2. This value
is characteristic for the polycondensation reactions.
The molecular weight of the copolyester 1 is lower
than the copolyester 2. This can be easily explained
by the lower reactivity of terminal carboxylic func-
tions of the high molecular weights oligomers as well
as by the steric environment, which prevents hydroxyl
functions of PET oligomers to reacting with the car-
boxylic functions. It can be also noticed that the
uncatalyzed reaction gives molar mass polyester
(copolyester 3) slightly lower. The obtained result is
in good agreement with the literature [42, 43].
The 1H NMR spectrum of polyesterification prod-
ucts (Figure 5) showed the main conventional spec-
troscopic fingerprints of PET and PCL blocks,
respectively, and the chemical linkage between the
different blocks.
From the spectra, some signals coming from ester–
ester interchange reaction between base monomers
units are represented in Table 2. The ester-ester
exchange reaction is a well-known phenomenon
that occurs in a polyester chain [45–47]. This reac-
tion comes from internal trans-esterification reac-
tions, leading to inversion of monomers base units
into the polyester chain. Their study focused on the

polymers blends, but not on a chemical reaction
between PET oligomers and the PCL.
The 1H NMR spectroscopy allows then the calcula-
tion of the percentage of ester–ester interchange
reaction. This side reaction rate can be determined
by using the value of the integration of the peaks at
4.6 and 8.0 ppm (named respectively, I4.6 and I8.0). If
the trans-esterification reaction had not occurred, the
ratio I4.6/I8 would not have been modified between
the spectrum of oligomers of PET and the copoly-
esters. The percentage of transesterification phenom-
enon can be easily determined when comparing the
ratio of the integration of the signals at 8 and 4.6 ppm
of the PET precursor oligomers and the one of the
copolyester. As a result the percentage of transester-
ification is given by the Equation (3):
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Table 1. Properties of products of copolyesterification

aExperiments led by using carboxytelechelic poly(!-caprolactone) oligomers with molecular weight of 2300 g·mol–1.
b Experiments led by using carboxytelechelic poly(!-caprolactone) oligomers of molecular weight of 730 g·mol–1.
cDetermined by size exclusion chromatography in CHCl3/HFIP (98/2 wt) with monodisperse PS standards
dDetermined by DSC at 20°C·min–1.
eDetermined by 1H NMR spectroscopy.

Copolyester PET
[g]

PCL
[g]

Ti(OBu)4
[wt%]

—Mn
[g·mol–1]c

—Mw
[g·mol–1]c Ip

c Tg
d

[°C]
Tm

d

[°C]
Ester-ester reaction

[%]e

1 25 40a 1 21 000 38 800 1.85 –20 – 35
2 25 13b 1 22 500 38 200 1.70 –10 200 15
3 25 13b 0 19 500 37 000 1.90 –6 208 8

                                                               (3),transesterification 5 c 1 2 a I4.6 ppm

I8.0 ppm

b in copolyester

a I4.6 ppm

I8.0 ppm

b in PET oligomer
¥,transesterification 5 c 1 2 a I4.6 ppm

I8.0 ppm

b in copolyester

a I4.6 ppm

I8.0 ppm

b in PET oligomer
¥

Figure 5. 1H NMR spectroscopy of copolyesters



This percentage has been calculated for each exper-
iment (Table 1) and a correlation between the ester–
ester interchange reaction and the thermal behav-
iour of the copolyesters has been investigated.
When the copolyesters are synthesized from PCL of
—Mn = 730 g·mol–1, the non-catalyzed reaction gave
polyester with about 8% of transesterification reac-
tion, and the ester-ester interchange reaction with tita-
nium-catalyzed copolyester is quantified at about
15%. The results show a link between titanium and
ester-ester interchange reaction. It can be a remark
also, that the exchange percentage of ester-ester is
higher for the copolyester 1 (35%). This is probably
due to the low reactivity of PCL used with higher
molecular weight. Therefore, the low amount of
ester–ester interchange reaction in the copolyester 2
is clear and it can be attributed to the utilization of
PCL with low molecular weight.
The DSC thermogram shows that the copolyester 1
does not present a crystalline phase and has only
one glass transition temperature (Tg), comprised
between the Tg of the PET oligomers and the PCL.
The intermediate Tg shows that this copolyester does
not present phase segregation phenomenon. It can
be explained by the ester-ester interchange reaction.
This reaction prevents the copolyester from having
thermoplastic elastomer behaviour because length
of soft and hard segments decreases and phase seg-
regation is then defavorized.
The immiscibility of PET and PCL was shown by
Ma and Prud’homme [46]. However, in our case, the
obtained DSC analysis showed that this polyester is
constituted by only one phase. This can be linked to
the secondary reaction, occurring during polyesteri-
fication, which leads to a homogenous mixture.

The use of the Fox-Flory law for blends of miscible
polymers could be interesting in order to verify the
miscibility of the two phases present in the copoly-
ester 1. If the glass transition temperature of the
copolyester, determined by DSC analysis, is close
to the calculated one, the hypothesis of non-phase
segregation is confirmed. The Fox-Flory equation
(Equation (4)) gives the theoretical value of glass
transition temperature of –24°C for this copoly-
ester:

                                                        (4)

where !i is the fraction weight of polymer i in the
blend and Tgi the glass transition temperature of the
polymer i.
The comparison between this value and the experi-
mental value obtained by DSC analysis (Table 1)
shows that this co-polyester approaches a mono
phase compound behaviour. It can be linked with
the ester-ester exchange reaction that produces ran-
dom co-polyester in which phase segregation phe-
nomenon cannot occur.
The co-polyesters 2 and 3 present only one glass
transition temperature (about –6°C with non-cat-
alyzed reaction and –10°C with titanium catalyzed
reaction) and only one melting point (Tm) ranging
between 200 and 208°C (Table 1). However no
crystallization temperature (Tc) can be observed.
These obtained co-polyesters are phase segregated.
They present amorphous and crystalline phases. The
Tg of each co-polyester was different if compared to
the theoretical one, calculated using the Fox-Flory
law, and which confirms the coexistence of crys-
talline and amorphous phases in these co-poly-

1
Tg

5 a vi

Tgi

1
Tg

5 a vi

Tgi
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Table 2. 1H NMR study of transesterification products
Chemical shift

[ppm] Coming from Chemical structure

4.50 Esterification

4.40 Esterification

4.25 Transesterification

4.20 Transesterification



esters. Thus, it proves the immiscibility of the two
phases. Therefore, it seems that when the ester-ester
exchange reaction ratio is not high, the trans-esteri-
fication reactions do not prevent the co-polyester
from being a segregated product.
The decreasing of the co-polyesters Tm shows also
an evolution in the phase segregation. This phe-
nomenon could be explained by the coexistence of
a crystalline phase with a high content of PET and a
low content of PCL, and an amorphous phase with a
high content of PCL and a low amount of PET. The
decreasing of PET amount in the crystalline phase
can be explained by the loss of the crystallizing
point. However Tm and Tc of the PCL have not been
detected in the crystalline phase. This hypothesis is in
accordance with the work of Ma and Prud’homme
[46] which showed the immiscibility of PET and
PCL.

4. Conclusions
In the present work, PET is depolymerized by its
BHET monomer. Hydroxytelechelic oligomers were
obtained in good yield with a molecular weight of
—Mn = 1360 g·mol–1. The thermal properties of the
obtained oligomers were found comparable to the
properties of the starting PET.
Further, the synthesis of co-polyesters was achieved
by polyesterification of the reactive $–', hydroxy
oligomers of the PET and $–', carboxy PCL. The
chemical structure of the synthesized co-polyesters
was established by SEC and 1H NMR spectroscopy.
The comparison of the molecular weights of the
obtained co-polyesters showed that the catalyst
enhances the molecular weight of the obtained co-
polyesters, and the use of carboxytelechelic PCL
oligomers with high molecular weight (—Mn =
2300 g·mol–1) gives a co-polyester with a lower
molecular weight. This may be due to the low reac-
tivity of the terminal carboxylic functions.
Furthermore, the presence of the titanium catalyst
improves both the polyesterification and the ester–
ester exchange reaction. This phenomenon also
affects the thermoplastic properties of the obtained
co-polyesters. The phase segregation is limited at
high ester-ester exchange reaction ratio. However,
when the ester-ester exchange reaction ratio is not
high, the trans-esterification reactions do not pre-
vent the co-polyester from being a segregated prod-
uct. The phase segregation permits, in this case, to
obtain a thermoplastic elastomer compound. This

may be achieved using oligomers carboxytelechelic
PCL with a lower —Mn (e.g. —Mn = 730 g.mol-1).
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1. Introduction
Wet electrospinning is a variant of the well-known
electrospinning technology. The modification is
based on the usage of a liquid collector instead of a
solid, mostly metallic one. Wet electrospinning was
first introduced in [1, 2] as a method for the lab-scale
production of nanofibrous scaffolds for tissue engi-
neering. To produce bulky and fluffy material using
the common electrospinning method is a tricky mat-
ter. This task could be achieved either using special
collectors [3] or by the usage of porogen particles,
that is, chemical blowing agents, imbedded in
between the nanofibers [4]. Wet electrospinning is a
relatively simple and effective method to produce
three dimensional (sponge-like) materials without
sophisticated devices and without special chemical

additives. The main application of such bulky mate-
rials is predominant in tissue engineering. Materials
produced by wet-electrospinning are poly(glycolic
acid) [5], chitin [6], cellulose [7], poly(trimethyl-
enecarbonate-co-!-caprolactone)-block-poly-(p-diox-
anone) [8], copolymer of poly(glycolic acid) and
poly(lactic acid) and blend of polycaprolactone and
collagen or polycaprolactone and elastine [9]. A
detailed study devoted to the immersion precipita-
tion process in the electrospinning of polyacryloni-
trile (PAN) dissolved in N,N-dimethyl-formamide
(DMF) was developed by Fang et al. [10]. The Fang
group demonstrated that using a non-solvent as a
coagulant, ethanol in this case, polymer solution
jets of PAN-DMF can be solidified rapidly resulting in
instantaneously ‘frozen’ solid structures that can then
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be observed using scanning electron microscopy
(SEM). The research confirms the important effect
of the liquid collector bath height, the collecting
distance, the electric field intensity and the concen-
tration of the original polymer solution on the final
morphology. We have used the Fang group method
to study the evolution of PCL fiber morphology
during wet electrospinning.
The immersion precipitation is a widely used method
of classic fiber spinning technologies. In this respect,
the wet electrospinning is a variant of the classic
wet fiber spinning method. In this process the spin-
neret is submerged in a chemical bath that is a non-
solvent for the polymer but which is compatible
with the used solvent of the polymer [11]. Compared
to the classic wet spinning process, wherein the noz-
zles are directly immersed into a coagulation bath, a
small air gap (usually about 10 mm) is between the
nozzle and the coagulation bath in the dry-jet-wet
spinning process [12]. The air gap prevents polymer
precipitation inside the spinnerets. The formation of
a ‘skin’ of coagulated polymer occurs on first contact
between a polymer jet filament and the coagulation
bath [13]. The ‘skin’ clearly prevents the fiber from
breaking up into spherical drops due to Plateau-
Rayleigh instability [14]. This instability usually
appears in the electrospinning of extremely dilute
polymer solutions, where the resultant droplet forma-
tions are described as a ‘pearl effect’ on the fibers,
‘beads-on-a-string’, or simply as ‘polymer beads’
[15].

This study focuses on PCL (dissolved in chloroform/
ethanol) wet electrospinning with water/ethanol
mixtures employed as the liquid collector. The influ-
ence of the liquid collector composition on the final
electrospun fibrous structure is studied here. The
experiments are accompanied by theoretical analy-
sis to suggest the general conditions needed for the
production of bulky fibrous materials by wet elec-
trospinning technology. The bulky, biodegradable,
fibrous materials are of great interest for use as
scaffolds for tissue engineering and this article pro-
vides a detailed study of the wet electrospinning
process leading to their laboratory manufacture.

2. Materials and methods
Poly-!-caprolactone (PCL), having an average molec-
ular weight of 42 500 [Mn], density 1.145 g·cm–3,
melting point 60°C from Sigma Aldrich Inc. and
dissolved in a chloroform/ethanol mixture (9:1 by
weight), is mixed for 24 hours by a magnetic stirrer.
The polymer concentration in the solution is 15 wt%.
The solution of PCL in pure chloroform is used to
evaluate the influence of the ethanol in the three
component PCL solution. The dish of the liquid col-
lector used for wet electrospinning is filled with a
mixture of distilled water and ethanol at various
volume fractions (10:0; 9:1; 8:2; 7:3; 6:4; 5:5; 4:6;
3:7; 2:8; 1:9; 0:10).
The electrospinning apparatus used for wet electro-
spinning experiments (Figure 1) consists of a syringe
equipped with a metal hypodermic needle of inter-
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Figure 1. A schematic diagram and a photo of the standard dry needle electrospinning apparatus (a), wet electrospinning (b)
and a photo of the device used in the experiments (c). The diagram shows the syringe connected to the feeding
pump (1); metal hypodermic needle (2); metallic or liquid collector (3) and grounded high voltage source (4).



nal diameter 0.9 mm and length 33 mm. The needle
is connected to the positive pole of a high voltage
source (Spellman SL 150) and placed in the feeding
device (KDScientific KDS-100). A grounded metal-
lic plate is placed inside the dish/pool filled with the
collector liquid. A shielding plate made of polyvinyl
chloride (PVC) was used to focus a jet into the liq-
uid collector. The process parameters are: positive
voltage of 20 kV at the needle; the distance between
needle end and the liquid collector surface is adjusted
to 100 mm; pool depth 10 mm; pool inner diameter
40 mm; feeding velocity 7 mL·h–1. Each sample was
prepared from 0.5 mL of PCL solution, thus the final
average area mass density of the electrospun mate-
rial is about 68 g·m–2. The wet electrospun samples
were dried at a laboratory temperature of 20°C and
a relative air humidity of 60±5 %RH.
The surface tension (bubble tension meter Krüss
PocketDyne) and the conductivity (WTW Inolab
GnInd 720) of the collector liquid were measured.
Samples structures were analyzed using scanning
electron microscopy (FEI Company – Phenom) and
image analyzer software (Lucia G 4.82, LIM). Cross-
sectional micro-photographs were obtained from
samples broken at low temperature in liquid Nitro-
gen.

3. Results and discussion
The results presented here are divided into two main
parts. The first part describes the fiber morphologies
obtained using various conditions for the PCL wet
electrospinning process. The last part focuses on the
influence of the liquid collector on the electrospin-
ning process and the material structure, that is, the
creation of nanofibers, microfibers and beads in
various combinations. These morphological transmu-
tations are closely related with the varying condi-
tions under which the wet electrospinning processes
were run. Explanations of the causes of the trans-
mutations are discussed thereafter. 

3.1. Fiber morphology
The wet electrospun samples had a similar total sur-
face density, about 60 g·m–2, and dry thickness of
500±20 "m. The surface mass density was smaller
than expected bulk one, because some fibers were
able to stay at the edges of the pool or did not fly
directly onto the liquid collector surface. The scan-
ning electron microscope images reveal an inner
structure composed of fibers belonging to two groups

of distinct diameters. Figure 2a shows representative
sample morphology produced using the liquid col-
lector consisting of 90 wt% of ethanol. In this case,
the diameters of the nanofibers group range from 95
up to 1000 nm, while the diameters of the microfiber
fraction range between 2700–5000 nm as can be
seen in Figure 3. The average diameter of the nano -
fibers group is 239±94 nm, while the average diam-
eter of the microfiber fraction is 3664±731 nm, see
Figure 2a, 2b and Figure 3. Diameters of fibers elec-
trospun onto the metal plate collector was measured
for comparison. Their average diameter is 162±62 nm.
This dry electrospun material consists of nanofibers
that only interconnect the spherical particles/beads
having an average equivalent diameter of
14.6±4.2 "m, see Figure 2c. A microfiber fraction
without any nanofibrous element is generated when
pure chloroform is used as a solvent and wet elec-
trospinning is performed into the water/ethanol
(1:9) liquid collector. The fiber diameter of this wet
electropun PCL material is 2.0±0.6 "m, as shown in
Figure 2d. Thanks to the wet electrospinning method,
microfibers are solidified in the liquid of the collec-
tor (see Figure 2a and 2b). Therefore the Plateau-
Rayleigh instability does not develop in this case
unlike in the sample created from the same PCL
solution by classic electrospinning that uses the
metal plate collector. In the latter, originally created
microfibers are detached from the spherical poly-
mer bodies interconnected by nanofibers only (see
Figure 2c). When electrospinning onto the water
surface took longer than in the previously described
experiments, that is, more than 0.5 mL of solution is
delivered, then special structures consisting of a
‘frozen’ microfibers and drops developed from them
were found (Figure 4). 
The twofold structure of the fibers, as depicted in
Figure 2a and 2b, is clearly caused by the two-com-
ponent solvent (chloroform/ethanol). Chloroform is
a good solvent for PCL, but ethanol is not. The sol-
vent composition influences the final fiber structure.
This statement results from the fact that the wet elec-
trospun PCL material from chloroform solution only,
see Figure 2d, does not generate the dual structure,
that is, it is composed of fibers of nearly uniform
diameters. The structure of the wet electrospun PCL
from the chloroform/ethanol solution into the mix-
ture of water/ethanol results in a dual structured mate-
rial composed of micro and nanofibers. Conversely,
classically electrospun chloroform/ethanol solution
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Figure 2. Scanning electron images of electrospun materials – three images in line with different magnification for each of
these materials: (a) PCL fibers (from chloroform/ethanol 9:1 solution) wet electrospun into water/ethanol (1:9)
liquid collector; (b) cross-sectional view of the same sample – PCL fibers (from chloroform/ethanol 9:1 solution)
wet electrospun into water/ethanol (1:9) liquid collector; (c) PCL material electrospun from chloroform/ethanol
9:1 solution onto the metal plate collector; (d) PCL nanofibrous layer electrospun from pure chloroform solution
into water/ethanol (1:9) liquid collector. The scale is 120 "m on the left, 20 "m in the middle and 10 "m on the
right side.



of PCL provides beads on strings that are collected
on a metallic collector. Thus one can conclude that
the dual structure with micro and nanofibers is cre-
ated in the spinning space between the spinning
electrode and the collector, where whipping and
branching of the polymer liquid jet occurs. Jet
branching during the electrospinning process was
described for various polymer solutions including
PCL in the work [8]. The creation of beads in dry elec-
trospun samples is the consequence of the Plateau-
Rayleigh instability of a thicker fraction of fibers

trapped on the collector. Probably, nanofibers do
not undergo the Plateau-Rayleigh instability thanks
to the higher degree of their cohesion compared
with the much thicker microfibers that contain more
solution. The characteristic hydrodynamic time for
the fiber-bead transition is evidently longer than the
flight time of a jet element inside the spinning
space.
More detailed analysis shows (see Figure 5) that the
fraction of nanofibers decreases with an increasing
concentration of water in the liquid collector bath.
These changes of the material’s morphology are the
consequence of increased surface tension of the liq-
uid collector caused by the higher water ratio. The
higher surface tension obstructs fibers from being
immersed into the collector liquid and hence the
collected fibers are not completely submerged. The
fibers trapped on the liquid collector surface are in
contact with other nascent fibers and it leads to a
compact material structure with smaller pores and
smaller fibers absorbed by bigger ones before their
complete solidification. These changes are reflected
in the transition from the three-dimensional struc-
tures with high porosity to a compact structure with
lower porosity.

3.2. The effect of changing the liquid collector
Fibers were immersed fully into the water/ethanol
bath only in the case of the high ethanol concentra-
tion that is, 2:8; 1:9 and 0:10 of weight ratios. In these
cases a three-dimensional fibrous structure is cre-
ated in the bulk of the liquid collector. Lower ethanol
concentrations cause fibers to collect on the liquid
surface as can be seen in Figure 6. The reason for
this phenomenon is the increasing value of the col-
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Figure 3. Histogram of fiber diameters in the PCL fibrous material electrospun into the liquid collector (water/ethanol
weight ratio 1:9) (a), and SEM image representing dual structure of the wet electrospun material (scale bars rep-
resent 1 and 6 "m) is put in to proof the nanofibers presence in the sample (b).

Figure 4. Scanning electron images of electrospun material:
PCL fibers (from chloroform/ethanol 9:1 solution)
wet electrospun into distilled water only. 2.5 mL
of PCL polymer solution were used, which is five
times more than for the production of other sam-
ples described here. The scale is 240 "m.



lector liquid surface tension with the water ratio.
Theoretical analysis of this phenomenon is intro-
duced in paragraph 3.3.

The existence of the transition point when immers-
ing PCL fibers into the collector liquid depicted in
Figure 6 is supplemented by observing convention-
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Figure 5. Scanning electron images of electrospun materials: PCL fibers (from chloroform/ethanol 9:1 solution) wet elec-
trospun into different liquid collectors described above each image. Scale bar represents 120 "m.



ally electrospun PCL material after its being applied
to distilled water and ethanol. The layer of nano -
fibers floats on the distilled water surface whereas it
sinks into the ethanol bath as depicted in Figure 7.
The electrical conductivity of the liquids used as a
collector slowly decreases with increasing ethanol
concentration in the PCL solution as is visible in
Figure 8. Both the electrical conductivity of the
used collector liquid and the collecting distance are
important in the process of wet electrospinning. The
distance between the end of needle spinning elec-
trode and the level of the liquid collector affect the
electric field strength inside the spinning space as
has been described in detail by Fang et al. [10].
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Figure 6. Graphical representation of the effect on fiber behavior of liquid collector composition: The horizontal line close
to 40 mN·m–1 represents the transition region above which some fibers remain laying on the liquid collector level
and only part of them are dipped in the liquid. Below this transition line all fibers are submerged in the liquid. Sur-
face tension measurements of the liquid collector are carried out at temperature of 25°C. Standard deviations are
below 0.2 mN·m–1. Each measurement was repeated four times. The gray line in the graph represents the surface
tension of PCL measured with the same PCL by Yildirim [16].

Figure 7. The photo of dry electrospun PCL layer having
the surface density of 6 g·m–2 inserted into the
distilled water (left side) and ethanol (right side)

Figure 8. The collector liquid electrical conductivity depends on the ethanol concentration. The measurements were carried
out at 25°C. Each measurement was repeated four times. Standard deviations are below 0.1 "S·cm–1.



Based on the images from the scanning electron
microscope (Figure 2a, 2b and Figure 5), the 9:1
water/ethanol mixture with a conductivity of
1.2 "S cm–1 and a surface tension of 26 mN·m–1

was chosen as the most appropriate liquid collector
composition. Materials obtained using this kind of
collector liquid have a fibrous three-dimensional
structure with high porosity and almost no defects
such as attached fibers or beads.

3.3. Lift force on a partly submerged cylinder
Efforts to clarify the problem of fiber mass immer-
sion into a collector liquid during wet electrospin-
ning led to the following theoretical explanation.
The condition for spontaneous and complete immer-
sion of a cylindrical fiber (cylinder) lying on a liq-
uid surface are related to the study of water-spiders
moving on the water's surface [17].
A lift force acting on a partly submerged cylinder in
a liquid in rest is composed of two components. The
first is the surface tension force fT, while the second
is called the pressure force fP. Both these forces
were introduced by Keller [18]. The nature of fT and
fP is derived from the mechanical analysis of the
cross-sectional geometry of the partly submerged
cylinder depicted in Figure 9. The angle ! that exists
between a vertical line passing the cylinder axes
and a line connecting the axis with a contact line is
considered here in the interval (0, "/2). The deformed
liquid surface, due to the cylinder weight and the liq-
uid surface tension #, together with the immersed part
of the cylinder forms a shape resembling a ship’s
hull below its waterline. The hull volume can be split
into three departments subdivided by vertical walls.
Two wing departments, denoted as 1 and 3, occupy
a space equal to the liquid displaced by the menis-
cus up to the vertical walls containing the contact line
of a liquid, gas and solid. The central department 2 is

restricted by the same vertical walls, the immersed
cylinder surface from the bottom and by the water
line from above.
Keller [18] showed that the surface tension force fT
is equal to the vertical component of the liquid sur-
face tension multiplied by the total length of the
two contact lines as well as being equal to the
weight of the liquid displaced by the meniscus
inside compartments 1 and 3. 
The angle $ contained by a horizontal line and the
liquid surface at the contact line C, see Figure 9,
can be expressed using tan$C = z#(xC) where z#(xC)
is the x derivative of the liquid-gas interface dis-
placement z(x) at the contact line. The interface z(x)
between a liquid and a gas at rest satisfies the
Laplace-Young equation (Equation (1)):

                                         (1)

where % is the liquid density and g denotes the acceler-
ation due to gravity. The differential operator identity

allows us to write a second x derivative

of z as . Introducing the capillary

constant, , one obtains the first integral

of the Relation (1) in the form (Equation (2)):

                                   (2)

The relation between the

tangent of the liquid meniscus slope z#(x) = tan$ and
its displacement z(x) is derived from the integration
of Equation (2) as shown in [19]. Conditions at infin-
ity, z = z# = 0 for x$%, result in A = 1. Dimension-
less displacement Z = z/a, introduced here for the
sake of brevity, allows us to express the last relation
in a comprehensive manner (Equation (3)):

                  (3)

Integration of Equation (3) gives the liquid surface
profile curve (Equation (4)):
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Figure 9. A liquid surface is deformed owing to a partly
submerged cylinder. Solid, liquid and gas meet in
a contact line C. Cylinder has the radius r. Contact
angle is denoted by &. The height of the curved
liquid surface is described by the function z(x).



where x0 is an integration constant. The shape of
the liquid surface meniscus obtained from Rela-
tion (4) is shown in Figure 10.
Total lift force due to surface tension fT is also given
here, for the sake of brevity, in its dimensionless
form FT being normalized using the product of the
liquid surface tension # and the cylinder length l,
that is, FT = fT/(#l). For FT holds (Equation (5)):

         (5)

The pressure force fP equals the weight of the liquid
which would fill compartment 2. Similarly to the
introduction of FT, the dimensionless pressure force
FP = fP/(#l) equals to %g multiplied by the area of
compartment 2, see Figure 9. The last compartment
comprises a rectangle and a circular segment. The
rectangle has an area SO = 2rsin!·z, while the circu-
lar section area is 

. For the angle ! takes force ! =

" –&& + arctan(z#). Therefore the dimensionless pres-
sure force FP can be written in a comprehensive man-
ner using the capillary length a and the dimension-
less radius R = r/a in the following manner
(Equa tion (6)):

             (6)

For the total dimensionless lift force FL = FT + FP
holds (Equation (7)):

where  has to be substituted from (3). The relation-
ship between FL and Z for R = 0.1 and & = 1.5 is
plotted in Figure 11.
Water surface tension against air at 25°C is #water =
71.97 mN/m and its density is % = 997.0479 kg/m3.
From that follows the water capillary length awater =
3.837 mm. Ethanol at 20°C against air has the sur-
face tension #ethanol = 22.27 mN/m, its density is
789.45 kg/m3 and its capillary length is aethanol =
2.399 mm. Diameters of nanofibrous materials in
this work are below 5'10–6 m. Therefore their dimen-
sionless radii, R = r/a, are small, R ( 6.515'10–4 for
water and 2.084'10–3 for ethanol.
Assuming that a cylindrical fiber is long, its radius
is around 1 µm and the contact angle & is less than
90°, then the condition for the equilibrium between
maximum lift force fL and the cylinder weight w is
(Equa tion (8)):

2#Lsin& + "r2%Lg = "r2%SLg                                (8)

where %S denotes the fiber mass density. From Rela-
tion (8) one derives the dimensionless relationship
between the contact angle &, the dimensionless fiber
radius R and the ratio of densities %S/% (Equa-
 tion (9)).
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Figure 10. The shape of the liquid surface meniscus is plot-
ted using inversion function x(z) obtained from
Equation (4)

  (7)FL52Z!22Z21R2 ep2u1arctan1z922 1
2
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2

sin 32p22u12arctan1z924f1 2RZ sin 3p2u1arctan1z92 4

Figure 11. The relationship between FL and Z for R = 0.1
and & = 1.5



Substituting the following values: r = 5'10–6 m, a =
3.837'10–3 m, % = 1000 kg/m3 and %S = 1145 kg/m3,
one arrives at the contact angle & value to immerse
the cylindrical fiber that is negligibly small, that is.
One concludes the analysis of the problem with a
final statement, that complete submersion and fiber
mass density greater than the mass density of liquid
are two necessary conditions for immersion of a
micro or nanofibers.
The contact angles of the solutions used as liquid
collectors onto a PCL membrane were measured
experimentally and found to support the above intro-
duced theoretical condition for fiber immersion into
a liquid (see Figure 12). The membrane made from
four conventionally electrospun PCLs is produced by
hot press at temperature 60°C and loading 3,5 kPa
nanofibrous layers. The membrane's surface density
is 24 g·m–2.
The contact angle measurements proved that fibers
immersing into the liquid collector have to have
zero contact angle, which confirms the theoretical
explanation written in this chapter. The results
shown in Figure 12 showed the contact angle of a
drop on the PCL membrane is zero for water/ethanol

mixtures (6:4; 5:5; 4:6; 3:7; 2:8; 1:9; 0:10). PCL
fibers were mainly found to collect during wet elec-
trospinning on the liquid collector surface where
there were higher contact angles (see Figure 6).

4. Conclusions
Wet electrospun material morphologies are com-
pared with those obtained by common electrospin-
ning that employs a metallic collector. The compar-
ison of internal morphologies of dry and wet elec-
trospun materials shows that PCL beads appearing
in dry spun fibers are generated by a fraction of
thicker fibers developed during electrospinning
process. These thicker fibers were generated in the
whipping zone of a jet that has been trapped using
instantaneous solidification caused by immersion of
the jet into the non-solvent of the liquid collector. A
very important phenomenon which was found dur-
ing these experiments was the relatively slow dynam-
ics of the creation of big PCL droplets between nano -
fibers. These droplets are probably formed due to
the ‘slow’ Plateau-Rayleigh instability that occurs
after the not-completely-solidified fiber is captured
on the solid collector. The theoretical explanation of
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Figure 12. Photos of distilled water drops and water/ethanol mixture (9:1; 8:2; 7:3) drops placed onto a membrane made
from PCL that are used for contact angle measurements. The static contact angles are measured 30 seconds after
a drop impacts onto the membrane surface. For other water ethanol mixtures the resultant contact angles are the
same as for pure ethanol drops. A drop falls down and disappears leaving a trace with zero contact angle.



spontaneous immersion of a cylindrical fiber into a
liquid is also introduced here.
The main result of the study is the occurrence of the
dual fibrous structures composed of microfibers and
nanofibers distributed uniformly in all samples with
a three-dimensional structure produced from PCL by
wet electrospinning into ethanol/distilled water mix-
ture. Such materials can be used as a scaffold for tis-
sue engineering. The fibers of bigger diameter have
better mechanical properties and a larger pore size is
important for three-dimensional cell distribution.
Fibers of smaller diameter ensure good cell adhesion
inside the scaffold. The optimal material electrospun
into the liquid reservoir water/ ethanol with weight
ratio 1:9 for its three-dimensional structure and high
porosity and with almost no structural defects was
chosen as the best material for further in-vitro tests as
a scaffold for tissue engineering.
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1. Introduction
Diabetes is an increasingly important worldwide
public health problem. The metabolic disorder
results from either insulin deficiency, in type 1 dia-
betic patients, or from insulin resistance and its
complications in type 2 patients. Both conditions
can result in hyperglycemia leading to blood glu-
cose concentrations higher than the normal range
80–120 mg/dL (4.4–6.6 mM) [1]. The diagnosis
and management of diabetes requires the careful
monitoring of blood glucose levels. The glucose bio -
sensor has thus become one of the most important
physiological monitoring devices, accounting for
about 85% of the entire biosensor market [1].
A biosensor is a device which combines an immobi-
lized bio-recognition element with a transducer. It
can monitor chemical substances on the inside or
outside of an organism by generating a signal repre-
sentative of the analyte’s concentration after cou-

pling the biochemical and transducer reactions [2].
Glucose biosensors are based on electrochemical
principles and frequently employ enzymes as the
biological recognition element. The biosensor’s
performance and sensitivity often strongly depends
on the influence imposed on the enzyme’s structure
by immobilization. Such influences result from the
choice of host molecule and the immobilization
method used. In attempts to retain enzymatic activ-
ity and stability various molecules have been used
to immobilize enzymes on different substrates, e.g.
poly(vinyl alcohol) (PVA) [3], poly(ethylene oxide)
(PEO) [4], chitosan [5], polymethylmethacrylate
(PMMA) [6], poly(vinyl pyrrolidone) (PVP) [7]
and polyurethane (PU) [8]. PVA is often used as an
immobilization matrix because of its inherent non-
toxicity, high thermal stability, good biocompatibil-
ity and its desirable physical properties such as its
elastic nature, good film forming properties, and its
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Abstract. In this study, poly(vinyl alcohol) (PVA)/Glucose oxidase (GOx)/graphene biocomposite membranes were pre-
pared using an electrospinning technique and used  for enzyme immobilization. The PVA/GOx/graphene membrane’s mor-
phology was examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), while its
electrochemical sensitivity was studied by chronoamperometry. Kinetic parameters were determined to clarify the role of
graphene in enzyme immobilization, while a spectrophotometric assay was used to quantify the active enzyme. The results
indicated that the presence of graphene helps to stabilize the enzyme’s conformation, facilitate the catalytic reaction, and
increase the survivability of the enzyme.
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high degree of swelling in aqueous solutions – all of
which contribute to making it a good matrix for
enzyme immobilization [9]. Different methods,
such as the cross-linking of PVA [10], freeze-thawed
PVA [11], enzyme encapsulation in PVA/silicate
hybrid materials [3], have been successfully
employed to immobilize the enzyme molecules in
various membranes. However, because of the com-
paction and low-conductivity of the PVA membrane,
substrate infiltration and electron transfer between
the enzyme membrane and the electrode remains
problematic [12].
Electrospinning has proved to be an efficient
method for generating nanofibrous membranes with
large surface area to volume ratios and high porosi-
ties, because electrospun nanofibrous membranes
can immobilize biological molecules with higher
loadings [13–15], while enzyme activity can be
enhanced by decreasing the diffusion resistance of the
substrate. In addition, nanofibrous membranes can
be easy prepared in situ by electrospinning; the
enzyme-immobilized materials therefore show great
potential for biosensor development [16, 17].
Electrochemical biosensors using nanomaterials
have recently attracted much attention. Many nano-
materials, such as carbon nanotubes [5, 18], gold
nanoparticles [19, 20], and metal oxides [21, 22]
have been used in biosensors. More recently a new
class of carbon material, graphene, which is a two-
dimensional sheet of carbon atoms, has attracted
increasing attention with respect to its potential
applications in phtoelectronic devices, supercapaci-
tors, sensors and nanocomposites applications [6,
23–32]. Due to their planar morphology and thus
larger accessible surface area, graphene may per-
form better than any other carbon-based materials
for an electrode sensor fabrication. Kang et al. [6],
reported the direct electrochemistry of GOx on
graphene. Their results demonstrated that graphene
possesses both an excellent electrochemical cat-
alytic activity and an electron transfer promoting
ability making it extremely attractive for applica-
tions in enzyme-based biosensors.
Shan et al. [25] prepared graphene sheets protected
by polyvinylpyrrolidone that, exhibited high elec-
trocatalytic activity towards the reduction of O2 and
H2O2, which could be stably dispersed in water.
Because of their favorable electronic properties and
biocompatibility, graphene-based composites accom-
plished the direct electron transfer of redox enzyme

while maintaining a good level of bioactivity. The
authors claimed direct electron transfer from the
GOx via the graphene sheets. Shan et al. [26] also
constructed graphene/Au/chitosan nanocomposite
electrodes and suggested that the synergistic effect
of graphene and Au nanoparticles might promote
electrocatalysis towards H2O2. The high sensitivity
and good stability of such a modified electrode con-
tributed to the construction of a practical glucose
biosensor. Su et al. [27] reported the synergy mech-
anism of electrospun PVA/chitosan nanofibers and
graphene nanosheets for efficient glucose biosens-
ing. These results indicate graphene shows signifi-
cant potential for fabricating an electrochemical
sensing interface. The graphene based enzyme sen-
sor exhibited excellent sensitivity and long-term
stability for measuring glucose. Song et al. [28]
showed that graphene possesses intrinsic peroxi-
dase catalytic activity due to the presence of car-
boxylic groups at the edges of the graphene sheets,
so there is no need for the GOx enzyme; addition-
ally, such a biosensor exhibits a longer stable shelf-
life, as it does not contain any biomolecule within
the matrix.
In our previous study [33, 34], PVA/GOx electro-
spun membranes, with porous structures and large
specific surface areas, were demonstrated to have
promising enzyme immobilization capabilities com-
pared to cast membranes. In this work we have
attempted to understand the interactions between
graphene and GOx: here the effects of adding
graphene on sensitivity, enzyme kinetics and the
activity of electrospun nanofibrous membranes are
presented.

2. Materials and testing methods
2.1. Material
Poly(vinyl alcohol) (PVA) 98~99% hydrolyzed,
molecular weight 146 000–186 000 was purchased
from Sigma-Aldrich. Graphene oxide aqueous solu-
tion (50 wt%, N002-PS) was purchased from
Angstron Material Inc., U.S.A. Glucose oxidase
(153 100 units/G, G7141, Sigma-Aldrich) was used
in the form of powder as received. Disodium phos-
phate dodecahydrate (Na2HPO4·12H2O, Showa
Chemical Industry Co.) and sodium hydrogen phos-
phate dihydrate (NaH2PO4·2H2O, Showa Chemical
Industry Co., Japan) were used for preparing the
phosphate buffer solution (PBS, 0.1M and pH 6.8).
Dextrose Anhydrous (D(+)-Glucose) was pur-
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chased from Showa Chemical Industry Co., Japan.
Glutaraldehyde (GA) solution with 25% concentra-
tion and 4-Aminoanipyrine (4-AA), peroxidase
(POD) with 150 U/mg and N-Ethyl-N-(2-hydroxy-
3-sulfopropyl)-m-toluidine (EHSPT) were pur-
chased from Sigma-Aldrich. A Pt electrode with a
length of 10 mm, width of 10 mm and thickness of
0.5 mm was purchased from Leesan Precious Metal
CO., LTD, Taiwan.

2.2. Sample preparations
2.2.1. Preparation of the electrospinning

solution
A 7% (w/v) PVA solution was prepared by adding
7 g of PVA powder into 93 mL of distilled water.
Then, the solution was heated and stirred at ~ 80°C
for 3 hours, after which, the solution was kept at
room temperature. The 7% (w/v) PVA solution was
mixed with 14 mg of GOx powder and graphene
oxide solution, creating the electrospinning solu-
tion. Solutions were prepared to have final contents
equivalent to 0, 5, 10, 20 and 40 ppm graphene.

2.2.2. Preparation of the PVA/GOx electrospun
membranes

A self-assembled electrospinning device with an
injection spinneret (0.008 mL/min) powered by a
syringe pump (KDS 101 Series, Kd scientific,
USA) was used for the PVA/GOx membrane prepa-
ration. The syringe pump was connected to a Teflon
tube attached to a stainless steel needle (0.31 mm
internal diameter) that acted as the spinneret. A cop-
per grid covered by construction paper acted as the
collector. An electrostatic controller (LGC-300 series,
Taiwell, Taiwan) connected to the collector, and a
ground wire connected to the spinneret acted as the
collector charging system. The PVA/GOx electro-
spun nanofibrous membranes were directly electro-
spun and deposited onto the Pt electrode (area
10 mm2) under the following electrospinning con-
ditions: applied voltage 14 kV, spinning time 10 min,
and working distance 18 cm at 40% relative humid-
ity (RH). Based on the experimental results, the addi-
tion of graphene did not influence the electrospin-
ning behavior.
Aqueous solutions of glutaraldehyde and sulfuric
acid were prepared for PVA nanofibrous membrane
cross-linking. The concentrations of glutaraldehyde
and sulfuric acid were 5 and 2.5%, respectively. PVA
nanofibrous membranes were treated with the vapor

of the cross-linking solutions for 15 min. Then the
sample was rinsed in a PBS solution 3 times
(5 min/each time).

2.3. Electrochemical measurements
In this study, the glucose biosensor’s electrochemi-
cal measurements were made using a three-elec-
trode system with a potentiostat (CH Instruments
Electrochemical Analyzer) [3]. The auxiliary elec-
trode was a Pt wire, and an Ag/AgCl electrode was
used as a reference. The working potential was 0.8 V.
Amperometric measurements were carried out under
stirring, and the response current was marked with
the change value (!i) between the steady-state cur-
rent and background current. All experiments were
performed at room temperature.

2.4. Evaluation of enzyme activity
To study the activity of the immobilized enzyme in
the PVA/GOx electrospun nanofibrous membranes,
a simple, spectrophotometric assay was used. The
enzyme activity for GOx at 30°C was measured
using a UV-Vis Spectroscopy spectrophotometer
(Chrom Tech, Singapore).
First, we prepared a working solution (25 mL), con-
taining 0.1 M phosphate buffer (pH 5.7), 15% glu-
cose solution, 0.5% 4-aminoanipyrine, 40 mM
EHSPT solution, and 5 U/mL GOD. The samples,
each within the range of 0.5 to 1.7 mg, were
immersed in a working solution and mixed by gen-
tle inversion. Then, we recorded the increase in
absorbance of the quinoneimine dye formed, as
shown by Equations (1)–(4), at 555 nm against
water for 30 sec (8 times) in a spectrophotometer,
thermostatically controlled at 30°C. The absorbance
(per minute) was calculated from the initial linear
portion of the curve. The reaction in the working
solution was as follows (Equations (1) and (2)):

B –D – Glucose + O2 + H2O"
glucose oxidase

D – Glucono – # – lactone + H2O2       (1)

2H2O2 + 4 – AA + EHSPT"
POD

Quinomeimine dye + 4H2O                      (2)

The specific activity, expressed in µmol oxidized sub-
strate/min/mg enzyme preparation, was calculated
by the use of the Beer-Lambert law (Equations (3)):

Abs. = !·b·c                                                           (3)
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where Abs. is the measured absorbance per minute,
b is the light path length (in this case 1 cm), and c is
the concentration [µmol/mL] of the measured sub-
stance (quinoneimine dye) at the absorbance con-
cerned. The Millimolar extinction coefficient ! for
the quinoneimine dye under the assay conditions is
32.8 cm2/µmol. Because 1 U (enzyme activity) results
in the formation of one micromole of hydrogen per-
oxide (half a micromole of quinoneimine dye) per
minute, the activity of the immobilized enzyme in
solution (25 mL) is 2·25c. When analyzing solid
and semi-solid samples, which are weighed out for
sample preparation, the activity [U/mg] is calcu-
lated from the amount weighed as Equation (4):

    (4)

Weightsample ~ the weight of sample [mg].

3. Results and discussion
3.1. The morphology of PVA/GOx electrospun

nanofibrous membranes
Figure 1 shows the deposited configuration of the
PVA/GOx electrospun membrane on the Pt elec-
trode. The electrospun membrane was well-distrib-
uted on the Pt electrode and had a semitransparent
appearance. Figure 2 shows the SEM image of the
electrospun nanofibrous membrane after cross-link-
ing. A partially dissolved porous structure was found
in the cross-linked PVA electrospun nanofibrous
membrane proving the existence of a large reaction
area between glucose and GOx. The dispersion of

graphene within the electrospun PVA nanofibers
was examined by TEM and is shown in Figure 3. The
graphene layers were folded and randomly distrib-
uted within the electrospun PVA nanofibers. The
successful loading of graphene in PVA nanofibers
may play an important role in the immobilization of

GOx activity 1U>mL sample solution 2
Weightsample 1mg>mL sample solution 2

GOx axtivity 1U>mg of preparation 2 5GOx axtivity 1U>mg of preparation 2 5
GOx activity 1U>mL sample solution 2
Weightsample 1mg>mL sample solution 2
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Figure 1. The deposited configuration of the electrospun
membrane on the Pt electrode

Figure 2. SEM image of the electrospun nanofibrous mem-
brane after cross-linking

Figure 3. TEM image of the electrospun nanofibrous membrane modified by graphene using different magnifications



enzyme molecules and the access of enzymes to the
substrate.

3.2. Electrochemical characterization
3.2.1. Sensitivity analysis
Figure 4 shows the current-time (i-t) curves of dif-
ferent PVA membrane samples containing various
graphene contents obtained by the chronoampero-
metric method. The glucose concentration was suc-
cessive increased, by adding the analyte, from 1 to
34 mM. The plot of current vs. glucose concentra-
tion in Figure 4 generated the calibration curves of
PVA samples containing different content of
graphene as shown in Figure 5. A linear response to
current is apparent for glucose concentrations from
0 to 10 mM. The sensitivity of the PVA/GOx elec-
trospun membrane was determined by the slope of
the linear least-squares calibration plot over the
range 0 to 10 mM, see Table 1. The sensitivity of the
PVA/GOx electrospun membrane increased with
increasing graphene concentrations up to 20 ppm,
but decreased at 40 ppm. The highest sensitivity

was 38.7 mA/mM, found for the PVA/GOx sample
with 20 ppm graphene, representing a 109% increase
compared to the PVA/GOx sample without graphene
addition (sensitivity: 18.5 mA/mM). The sensitivity
increase with increasing graphene additions is
thought to result from enhanced enzyme conforma-
tional stabilization due to the presence of graphene,
facilitating the electrocatalytic reaction while simul-
taneously increasing the enzyme’s survivability.
However, the sensitivity decrease at high graphene
addition (40 ppm) may be attributed to the aggrega-
tion of graphene within the electrospun PVA nano -
fibers. A plateau in current response was observed
for glucose concentrations beyond 10 mM, result-
ing from operation of Michaelis-Menten kinetics
and will be discussed further in the next section.
Figure 6 shows the amperometric response to suc-
cessive additions of 1 and 4 mM glucose on the PVA/
GOx samples with different graphene contents. It
can be seen that the PVA/GOx membranes respond
rapidly to the injection of glucose, and reach a
steady-state current within 10–14 sec. after each
injection. The fast response apparent with 20 ppm
graphene is attributed to the fast electron transfer and
good electrocatalytic properties provided by graphene
and to the close contact between the GOx and the
graphene layers. The close contact between the GOx
and the graphene layers allows the glucose concen-
tration change to be quickly monitored with the sig-
nal being transferred to the electrode through numer-
ous electron transfer pathways provided by the
graphene layer.
Compared to our previous study results [19] that
showed the best performance of gold nanoparticles,
added in PVA/GOx membranes, to have a sensitiv-
ity of 37.7 µA/mM and a response time of 5.7 sec;
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Figure 4. The current-time (i-t) curves of samples contain-
ing different graphene contents

Figure 5. The resulting calibration curves of samples con-
taining different content of grapheme

Figure 6. Amperometric response of PVA samples to suc-
cessive additions of 1–4 mM glucose



membranes with added graphene showed a higher
sensitivity, but a longer response time. We know that
the layer structure of graphene nanoplates exhibits
an electrical barrier leading to reduced conductivity.
The current-to-voltage response for pure PVA and
nanogold, graphene modified PVA membranes are
shown in Figure 7. The determined values are
7.7·10–5, 2.0·10–4 and 4.9·10–4 mhos for PVA, PVA/
graphene and PVA/nanogold electrospun mem-
brances respectively. Thus, the response time is
influenced by electrical conductivity under similar
sensitivity.

3.2.2. Enzyme kinetics
As shown in Figure 5, when the glucose concentra-
tion was high, the response current had a slow and
non-linear increase. These results reveal a Michaelis-
Menten dynamic characteristic. The apparent
Michaelis-Menten constant (Km

app) can be calcu-
lated from the Hanes-Woolf regression [3] as
shown by Equations (5)–(7):

                                          (5)

                                                      (6)

Km
app = y – intercept·Imax                                       (7)

where S is glucose concentration, I is the steady-
state current, and Imax is the maximum current
measured under saturated substrate conditions.
The Km

app, which gives an indication of enzyme sub-
strate kinetics for the biosensor, was estimated
based on the data obtained from the S/I vs. S curve,
shown in Figure 8. The Km

app values for different
PVA/GOx samples were determined and are listed
in Table 1. The Km

app value decreased with the
increase in graphene concentration. The Km

app value
for the PVA/GOx sample without graphene was
13.2 mM, whereas a much smaller value: 1.1 mM
was obtained for a sample with a 20 ppm graphene
addition. The lower value of Km

app proved that the
addition of graphene could facilitate the electrocat-
alytic reaction between GOx and glucose while
increasing the biological affinity of immobilized
enzymes to glucose. The Imax value increased with
increases in the graphene concentration. The results
also support the notion of an electrocatalytic effect
driving higher rates of enzyme reaction at high
graphene loadings (20 ppm).

3.3. Enzyme activity
To study the activity of the immobilized enzymes in
the PVA/GOx electrospun membranes a spec-
trophotometric assay was used. Figure 9 shows the
linearity of the reaction curves of the PVA/GOx
electrospun membranes modified by graphene. The
specific enzyme activity was calculated by the
Beer-Lambert law. The enzyme activity of the
immobilized enzymes in the electrospun nanofi-
brous membrane without graphene addition was
0.56±0.12 U/mg, whereas for the PVA/GOx sample

Imax 5
1

Slope

S
I
5

1
Imax

S 1
Km

app

Imax

S
I
5

1
Imax

S 1
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app

Imax

Imax 5
1
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Table 1. The amperometric response of PVA/GOx samples
modified by graphene

Content
[ppm] 0 5 10 20 40

Sensitivity [µA/mM] 18.50 21.40 35.30 38.70 28.50
Response time [s] 13.90 12.70 10.20 9.90 23.80
Reaction rate [µA/s] 3.52 7.92 8.22 9.76 2.43
Km

app [mM] 13.20 4.20 3.20 1.10 13.80
Imax [µA] 434.80 357.10 476.20 588.20 454.50

Figure 7. The current-to-voltage response for PVA and
nanogold, graphene modified PVA electrospun
membranes

Figure 8. Hanes-Woolf curve for PVA/GOx electrospun
membrane with 20 ppm graphene content



with 20 ppm of graphene it was 0.93±0.31 U/mg,
i.e. a 66% increase compared to the sample without
graphene. This result indicated graphene may stabi-
lize the enzyme’s conformation and hence increase
its survivability. Graphene may also facilitate the
catalytic reaction because of its high surface area
and surface energy. Nanomaterials like graphene
with good electrical properties display high affinity
for immobilized enzymes, due to their ability to
improve the transfer of electrons between the active
redox center of the enzyme and O2 in the bulk solu-
tion during the redox process. Moreover, graphene
may supply direct-electron-transferring channels
from the active center of GOx to O2, such effects
accelerate the regeneration of GOx and thus increase
the relative activity of the enzymes. A schematic illus-
tration (Figure 10) reveals the interaction between
graphene and enzyme within PVA/GOx electrospun
nanofibrous membranes.

5. Conclusions
In this study, graphene modified PVA/GOx electro-
spun membranes were prepared to examine the
immobilization mechanism between graphene and
GOx. TEM images revealed that graphene nanoplates
were dispersed within the nanofibers. The electro-

chemical measurement results show that the sensi-
tivities increased with increasing graphene concen-
trations up to 20 ppm. The highest sensitivity
recorded 38.7 µA/mM was for a PVA/GOx mem-
brane with 20 ppm graphene representing a 109%
increase over a membrane made without graphene.
The Km

app for the 20 ppm graphene content mem-
brane was 1.1 mM, which was much lower than the
membrane without grapheme (13.2 mM). The lower
Km

app value was attributed to the facilitation of the
catalytic reaction between GOx and glucose and the
higher biological affinity between the immobilized
enzyme and glucose. The activities of the immobi-
lized enzyme in the PVA/GOx membrane with and
without graphene added were 0.93 and 0.56 U/mg,
respectively. These results indicate that the pres-
ence of graphene contributes to the maintenance of
the enzyme’s conformational stability which in turn
facilitates the catalytic reaction while extending its
working lifespan.
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1. Introduction
Benzoxazine resins are a novel class of thermoset-
ting phenolic resins, which can be synthesized from
raw materials, such as phenols, formaldehyde and
primary amines. Holly and Cope [1] were the first
who reported the synthesis of benzoxazine in 1944.
The polymerization and curing process of a benzox-
azine compound is subjected to thermally acceler-
ated, cationic ring-opening polymerization with or
without an added initiator [2]. Benzoxazine poly-
merization is autocatalyzed as the newly produced
phenolic structure, generated with ring opening
mechanism, acts as an initiator and catalyst [2–5]. No
by-products are formed during the curing process,
resulting in no void in the final structure. Polyben-
zoxazines have excellent mechanical properties
such as high modulus, high strength and high glass
transition temperature (Tg), which is usually higher

than their curing temperature. This, in combination
with other advantages, such as high char yield, stor-
age stability of the resins at room temperature, low
heat release, near-zero shrinkage during curing, supe-
rior FST (fire, smoke, toxicity) properties and low
water uptake, make polybenzoxazines very promis-
ing materials for future applications [2, 4–7]. More-
over, the versatile chemistry of benzoxazines offers
the possibility of designing benzoxazine molecules
with novel and/or specific properties, which give
applicative functions. Designed properties of ben-
zoxazine molecules may be achieved by a proper
selection of phenol and amine compounds for the
synthesis.
The polymerization and curing temperature of ben-
zoxazine resins, which usually take place in temper-
ature range between 140 and 220°C, may be higher
than desirable for some industrial applications.
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Their low cross-linking density, which is surpris-
ingly low considering their high stiffness and Tg com-
pared with other thermosets, is an additional prob-
lem. The main reason for high stiffness is the pres-
ence of strong H-bonds between polybenzoxazine
molecules. Therefore, to further improve material
properties a number of studies are directed toward
reducing the curing temperature of benzoxazine,
finding new low-temperature curing catalysts and
increasing the cross-linking density of polybenzox-
azine material [3, 5, 6, 8, 9].
A promising way to achieve a higher cross-linking
density is the incorporation of epoxy resins into the
benzoxazine matrix [8, 10, 11], because the ring-
opening polymerization of a benzoxazine produces
phenolic groups, which can react with epoxy com-
pounds. Unfortunately, also copolymerization of ben-
zoxazines with epoxy resins takes place at elevated
temperatures [8, 10–18]. However, combining epoxy
and benzoxazine resins seems a very perspective
approach to design thermosets of enhanced proper-
ties, since also epoxy resins possess some excellent
properties, such as good chemical resistance to sol-
vents and good adhesion to many substrates [8, 11,
18, 19]. One of promising applications may be an
epoxy-benzoxazine coating for different substrates.
Due to environmental and economic concerns water-
based emulsions to organic solvent-based polymer
solutions are preferred in coating industries. The
main drawback of an emulsion coating system is the
presence of a non-polymerizable surfactant in its
formulation, which reduces coating’s cross-linking
density, film hardness and weakens its corrosion pro-
tection function. By applying a benzoxazine mole-
cule, which acts as reactive surfactant in an epoxy
water-based emulsion, this problem could be over-
come. Moreover, such approach may offer the pos-
sibility of preparing novel blends from epoxy resins
and to them incompatible polymers in emulsions,
where benzoxazine surfactant would acts as com-
patibilizer as well. Sawaryn et al. [20, 21] have
already designed benzoxazine surfactants. They
confirmed that benzoxazine surfactants could stabi-
lize benzoxazine miniemulsions.
The aim of the work presented in this article was to
apply reactive benzoxazine surfactants in epoxy
emulsions. The surfactants should be able to stabilize
oil in water (o/w) epoxy emulsions and should be
capable of crosslinking with epoxy resins and there-
fore become part of cured epoxy-benzoxazine

copolymer network. Water-based epoxy-benzox-
azine emulsions were prepared using two benzox-
azine surfactants and different epoxy resins. Thin
epoxy-benzoxazine films were prepared directly
from emulsions to investigate, if benzoxazine surfac-
tant could be properly incorporated into the epoxy
structure after drying, film formation and curing
process, which is of great importance for possible
industrial applications. Thermal properties and hard-
ness of cured films were investigated as well.

2. Experimental
2.1. Materials
Paraformaldehyde (%95.0%), 3,3$-dimetoxybenzi-
dine (o-dianisidine), sodium hydroxide and anhy-
drous sodium sulfate (%99.0%) were purchased
from Sigma Aldrich, Chemie GmbH, Steinheim,
Germany. Synthetic epoxy resins of bisphenol A
diglycidyl ether type with different molar weights
were purchased from Sigma Aldrich Co., St. Louis,
MO, USA. The epoxy resins with molar weights
340, 377 and 1750 g/mol, are further referred to as
Epoxy 340, Epoxy 377 and Epoxy 1750, respec-
tively. As a bio-renewable resin, epoxidized soy-
bean oil (Drapex 39, Galata Chemicals, Southbury,
CT, USA) with 6.5% epoxy oxygen content and
epoxide equivalent weight 246 g/eq, was used. Phe-
nolic components, bisphenol A (%98.0%) and 4-
tert-butylphenol (%98.0%), along with chloroform
(%99.0%) and dichloromethane (%99.0%) were used
as received from Merck KGaA, Darmstadt, Ger-
many. Polyether monoamine (Jeffamine M-1000,
molar weight 1000 g/mol) and N-phenyl bisphenol A
based 1,3-benzoxazine (Araldite MT 35600 CH,
BA-a benzoxazine) were received from Huntsman
Holland BV, Rozenburg, Holland and Huntsman
Advance Materials BVBA, Everberg, Belgium,
respectively. Chemical structures of epoxy, benzox-
azine and amine materials used are depicted in Fig-
ure 1.

2.2. Synthesis of benzoxazine surfactants
Benzoxazine surfactants were synthesized from Jef-
famine M-1000, phenol component (bisphenol A or
4-tert-butylphenol) and paraformaldehyde. Chloro-
form was used as a solvent for all syntheses.

Synthesis of 4-tert-butylphenol-based surfactant
The 4-tert-butylphenol-based benzoxazine surfac-
tant (Figure 2a) was synthesized according to
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Chernykh et al. [22]. Jeffamine M-1000 (50.0 g,
0.05 mol) and paraformaldehyde (3.003 g, 0.1 mol)
were stirred in a round-bottomed flask in 80 mL of
chloroform at room temperature for 30 minutes,
and then 4-tert-butylphenol (7.511 g, 0.05 mol) was
added. The reaction mixture was refluxed for 24 h
in a flask equipped with a condenser. The reaction
was followed by thin layer chromatography (TLC).
A yellow viscous liquid solution was obtained. The
solution was washed three times with 1M NaOH
aqueous solution and finally several times with dis-
tilled water, until neutral pH value. The organic

phase was dried with anhydrous Na2SO4 and the
solvent was removed at low pressure. A yellowish
solid was obtained (yield ~85%). This benzoxazine
surfactant is further referred to as Boxsurf 1.

Synthesis of bisphenol A-based surfactant
Bisphenol A-based benzoxazine surfactant (Fig-
ure 2b) was prepared by analogy to the procedure
described above for the synthesis of 4-tert-butyl -
phenol-based benzoxazine surfactant. Because of the
bi-functionality of bisphenol A, the molar ratio of
phenol, paraformaldehyde and Jeffamine M-1000
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Figure 1. Chemical structures of epoxy and benzoxazine resins as well as amine curing agent used in this study

Figure 2. Synthesis of benzoxazine surfactants from Jeffamine M-1000, paraformaldehyde and phenolic compounds
(4-tert-butyl phenol for synthesis of Boxsurf 1 (a) and bisphenol A for synthesis of Boxsurf 2 (b))



was changed from 1:2:1 to 1:4:2. A yellowish solid
was obtained (yield~90%). This benzoxazine sur-
factant is further referred to as Boxsurf#2.
The formation of both benzoxazine surfactants was
confirmed by Fourier transform infrared spec-
troscopy (FT-IR) using KBr disks on Perkin Elmer
Spectrum 1000 spectrometer (Waltham, USA) and
by 1H nuclear magnetic resonance (NMR) analysis
on Bruker Avance III 500 MHz NMR spectrometer
(Billerica, USA). By FT-IR analysis also polymer-
ization of benzoxazines at three different tempera-
tures (150, 180 and 210°C) was investigated.

2.3. Preparation of epoxy emulsions with
benzoxazine surfactants

A chosen amount of benzoxazine surfactant was
solubilized in 6.5 g of water (continuous phase) and
heated to 60°C. The pure epoxy resins (dispersed
phase) were heated to 60°C as well. Elevated tem-
perature was necessary to ensure lower viscosity of
the dispersed phase. The continuous and dispersed
phases were mixed together at elevated temperature
(60°C) using a vortex stirrer (Ultra-Turrax IKA
T25, Staufen, Germany) at 8400 rpm for 1 h. Weight
ratio between water and dry matter (epoxy and ben-
zoxazine) was constant for all experiments, namely
1:1. Emulsions prepared by this procedure were
slowly cooled to room temperature. Average parti-
cle sizes and distributions of so prepared emulsions
were determined using Microtrac Bluewave, FLEX
10.6.2 (Meerbusch, Germany) instrument. O-diani-
sidine (0.65 g), which was used as a curing agent
for the curing process of epoxy-benzoxazine sys-
tem, was dissolved in a small amount of dichloro -
methane. The solution of dichloromethane and cur-
ing agent was mixed with pre-prepared emulsions
at room temperature. This ensures no polymeriza-
tion or curing process of epoxy resins during emul-
sification.

2.4. Preparation of epoxy-polybenzoxazine
thin films

Epoxy-polybenzoxazine thin films were made
directly from aqueous emulsions containing the cur-
ing agent. Approximately 5 g of the emulsion was
transferred to a glass plate by a four sided applicator
frame (Zehntner ZAF 2010, Sissach, Switzerland)
and 120 µm thick films were made. Three films for
emulsion formulation were made. Films were dried

and cured according to the temperature program
shown in Figure 3 in a programmable thermostatic
oven (APT. line™ FP, Binder, Tuttlingen, Germany).
The long residence time at 210°C, recommended also
by group of Grishchuk [14, 15, 18], was selected
based on FT-IR analysis to achieve complete curing
of both epoxy and benzoxazine resins. Transparent
brownish epoxy-polybenzoxazine thin films were
obtained after curing.

2.5. Curing and thermal properties of
epoxy-polybenzoxazine thin films

Curing behavior of each resin was studied using dif-
ferential scanning calorimetry (DSC, DSC 1, Met-
tler Toledo, Greifensee, Switzerland). Before DSC
measurements the water from emulsions was evap-
orated at 50°C and under low pressure. Curing agent
was added after drying to prevent curing during
drying. Then 5–8 mg of samples were sealed in an
aluminum pan with a lid. The purge nitrogen gas flow
was maintained to be constant at 30 mL/min. The
samples were heated from –100 to 300°C using
10°C/min heating rate. Two heating runs for each
sample were performed. From DSC results also Tg
of non-cured and cured epoxy-polybenzoxazine
films could be determined.

2.6. Hardness measurement 
Pendulum hardness
A König pendulum hardness tester (BYK pendulum
hardness tester, Wesel, Germany) was used to meas-
ure the surface hardness of the cured films. The pen-
dulum hardness is determined by measuring oscilla-
tion time of pendulum from 6 to 3° at room temper-
ature. This test is based on the principle that the
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Figure 3. Cure cycle of epoxy-benzoxazine thermosetting
copolymers



harder the measured surface, the greater the ampli-
tude time of pendulum oscillation (ASTM D 4366).
The glass plate was used as a reference sample.

Pencil hardness
A Pencil hardness measurement is a relatively sim-
ple method to determine the hardness of coating
films. The investigated film is placed on a firm hor-
izontal surface and the pencil is held firmly against
the film at 45° angle and pushed away from the
operator in a 6.5 mm stroke. The minimum hard-
ness able to scratch the surface of the cured film
was determined by this method with BYK 5800
pencil hardness tester (Wesel, Germany) (ASTM D
3363-74, 2000) [23].

3. Results and discussion
Both synthesized benzoxazine surfactants consist of
a hydrophobic head group with benzoxazine unit
and a hydrophilic polyether tail. The long polyether
chain consists of hydrophilic poly(ethylene oxide),
PEO and hydrophobic poly(propylene oxide), PPO.
Jeffamine M-1000 used in this study contains 19 PEO
units and only 3 PPO units. The theoretical values
for the hydrophobic-lipophilic balance, HLB, accord-
ing to Griffin [24] were calculated from the differ-
ent molar weight of hydrophobic and hydrophilic
units of molecule of surfactants. HLB values for
both surfactants were 14, which indicate a predom-
inantly hydrophilic character of synthesized surfac-
tants and potential ability for stabilization of o/w
emulsions [20, 21].

3.1. Characterization of benzoxazine
surfactants

The chemical structure of benzoxazine surfactants
was confirmed by FT-IR and 1H NMR spectroscopy.
As representative example the FT-IR spectrum of
Boxsurf#2 is shown in Figure 4, where the charac-
teristic signal for oxazine ring, which corresponds
to the asymmetric stretching vibration of C–O–C
group, can be observed at around 1250 cm–1. The
formation of the tri-substituted aromatic ring was
confirmed by typical signals at around 1503 and
952 cm–1, while the strongest absorption band at
1105 cm–1 corresponds to C–O–C stretching vibra-
tion of polyether chain [20, 21].
Curing and polymerization of benzoxazine surfac-
tants was investigated with FT-IR analyses as well.
In Figure 4 the FT-IR spectra of Boxsurf#2 after its

exposure to different elevated temperatures for
3 hours are shown. The diminishment or disappear-
ance of signals at 1503 and 952 cm–1 confirmed
benzoxazine curing. During curing, the peak at
1503 cm–1 disappears and shifts to around 1450 cm–1

because tri-substituted aromatic ring becomes tetra-
substituted. Due to curing also the peak at 952 cm–1

disappears, as a result of oxazine ring-opening
process. Results in Figure 4 clearly indicated that
Boxsurf#2 should be cured for at least 3 hours or
longer at 210°C to achieve a high degree of cure.
The 1H NMR spectroscopy (Figure 5) enabled deter-
mination of the amount of benzoxazine rings in
benzoxazine surfactants. The amount of closed ben-
zoxazine rings in Boxsurf#2 was calculated from the
ratio between signals at 4.9 ppm (corresponding to
oxazine –CH2 group in –O–CH2–N- group) and
1.6 ppm (corresponding to methyl groups of bisphe-
nol#A). It was found that 75% of Boxsurf#2 was bi-
functional (had two benzoxazine units) and the rest
was mono-functional. On the other hand, the amount
of closed benzoxazine rings in Boxsurf#1, which
was calculated from the ratio between signals at 4.9
and 1.3 ppm (corresponding to methyl group of t-
butyl group), was 90%. Accordingly, the spectra of
Boxsurf#1 and Boxsurf#2 also showed that some
unreacted phenol (signals at 7.2 ppm) was still pres-
ent. Other characteristic signals in 1H NMR spectra
were attributed to oxazine –CH2 group in Ph–CH2–N–
group (at 4.0 ppm), to methylene groups of the poly-
ether chain (from 3.3 to 3.7 ppm) and to aromatic
rings (from 6.6 to 7.1 ppm) [20, 21]. The purity of
Boxsurf#1 and Boxsurf#2, calculated from NMR data,
was 91 and 72%, respectively.
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Figure 4. FT-IR spectra of Boxsurf 2 before and after 3 h of
polymerization at 150, 180 and 210°C



3.2. Formation and stability of epoxy
emulsions 

The aim of the next part of the research was to check
if stable epoxy water-based emulsions could be
obtained by using synthesized benzoxazines as sur-
factants. The emulsions were made following the pro-
cedure described in the experimental section. Dif-
ferent epoxy resins were chosen as dispersed phase.
Effects of surfactant amount and molar weight of
epoxy resins on the emulsion average particle size
and distribution and emulsion stability were stud-
ied. Detailed compositions of investigated emulsions
are collected in Table 1. High amount of surfactants
were chosen, so epoxy-benzoxazine copolymeriza-
tion process after emulsification, can be studied.
The viscosity of dispersed phase is one of the cru-
cial criteria for the preparation of stable o/w emul-
sions, because a too big difference in viscosity
between dispersed and continuous phases may leads
to unstable emulsion system [20, 21, 25]. In the
worst case emulsion cannot be obtained at all. Due
to high viscosities of epoxy resins at room tempera-
ture and to prevent epoxy resin cooling during emul-
sification step, dispersed and continuous phase were
first heated to 60°C. In experiments with Epoxy 1750
the temperature was still too low to ensure a suffi-
cient reduction of viscosity and a solvent (dichloro -
methane) was added to the dispersed phase to fur-
ther reduce the viscosity of the system. However it
was still impossible to obtain a stable emulsion with
Epoxy 1750.

After emulsification, the emulsions were stored in
covered test tubes at room temperature to determine
their stability with time. It was observed that after
3–4 days almost all systems showed a tendency to
settle. The extent of settling increased with decreas-
ing concentration of Boxsurf#1 or Boxsurf#2. Emul-
sions with Boxsurf#1 showed slightly better stabil-
ity compared to emulsions with Boxsurf#2, although
the HLB value of surfactants was very similar. The
hydrophobic part of the Boxsurf#2 molecule is
entrapped between two hydrophilic tails (Figure 2),
which may hinder hydrophobic interactions between
emulsifier and epoxy resin in emulsions. On the other
hand, the emulsion stability decreased with increas-
ing molar weight of the epoxy resin applied mainly
due to the increased particle size, which was a con-
sequence of higher resin viscosity. However, when
the covered test tubes containing samples, which
had settled, were just lightly shaken by hand, emul-
sions easily became perfectly homogenous again.
This is of great importance especially for applica-
tion purposes. The only system, which was stable
even after a few weeks of storage and did not show
any signs of settling, was the system with Drapex 39.
This is due to low density of epoxidized soybean oil
(0.99 g/mL at 25°C). The density of synthetic epoxy
resins was 1.16 g/mL at 25°C.
Table 1 summarizes results of number average par-
ticle size (dnum) and particle size distribution meas-
urements for emulsions with different epoxy resins
and concentrations of benzoxazine surfactants. It

                                              Ambro!i" et al. – eXPRESS Polymer Letters Vol.8, No.8 (2014) 574–587

                                                                                                    579

Figure 5. 1H NMR spectra of Boxsurf 1 and Boxsurf 2 in CDCl3



may be seen in Table 1 that emulsions with the low-
est average particle size were obtained for the emul-
sion containing epoxidized soybean oil, i.e. for the
system with the lowest viscosity and density of the
dispersed phase.
However, bimodal particle size distribution curves
for emulsions were observed (Figure 6). The more
intense peak, representing the diameter of a major
number part of particles, appeared between 0.5 and

1 µm. The second peak was broader and appeared
above 1 µm (with peak maximum between 2 and
3 µm). Interestingly the magnitude of the second
peak increased with increasing surfactants amounts.
Since surfactant should be in excess, the first peak
most likely represented the size of epoxy particles,
emulsified by the surfactant, while the second peak
represented the size of clusters of unused surfac-
tant. This was confirmed by particle size measure-
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Figure 6. Number particle size distribution for emulsion E.1 (a) (12.5% Boxsurf 2 and 87.5% Epoxy 340) and emulsion
E.6 (b) (33.3% Boxsurf 2 and 66.7% Epoxy 340) determined immediately after emulsification

Table 1. Number average particle diameters (dnum) and polydispersity indexes (dvol/dnum) for emulsions measured immedi-
ately after emulsification and after one week of storage. Mass of water was the same for all emulsions (6.5 g).

*Emulsions were shaken only by hand prior to measurements

Emulsion
Epoxy resin

amount Surfactant amount
Average particle size and distribution

Immediately *After 1 week
dnum dvol/dnum dnum dvol/dnum

[g] [g] [g/L] [µm] [–] [µm] [–]
Epoxy 340/Boxsurf 2

E.1 5.69 0.81 125 0.80 10.7 0.91 11.3
E.2 5.57 0.93 143 0.87 10.0 0.84 11.1
E.3 5.41 1.09 168 0.87 9.4 0.97 9.8
E.4 5.20 1.30 200 0.89 5.9 0.96 8.1
E.5 4.88 1.62 249 0.97 4.2 1.30 5.3
E.6 4.34 2.16 332 1.09 3.2 1.55 3.7

Epoxy 340/Boxsurf 1
E.7 5.41 1.09 168 0.85 7.5 0.91 8.7
E.8 5.20 1.30 200 0.85 6.9 1.20 5.0
E.9 4.88 1.62 249 0.93 3.6 1.41 3.1

Epoxy 377/Boxsurf 2
E.10 5.41 1.09 168 0.72 10.9 0.86 11.1
E.11 5.20 1.30 200 0.78 7.1 0.87 8.0
E.12 4.88 1.62 249 0.91 4.1 1.00 4.4

Epoxy 1750/Boxsurf 2
E.13 5.41 1.09 168 not stable
E.14 5.20 1.30 200 not stable
E.15 4.88 1.62 249 not stable

Drapex 39/Boxsurf 2
E.16 5.41 1.09 168 0.82 3.0 0.77 4.4
E.17 5.20 1.30 200 0.64 3.4 0.64 3.8
E.18 4.88 1.62 249 0.83 2.7 0.77 3.7



ment of pure surfactant emulsions, where a single
peak with maximum at around 2.5 µm was observed.
Therefore it may be concluded that molecules of the
surfactant were in excess and effectively covered
the surface of epoxy particles with diameter between
0.5 and 1 µm.
Pure surfactant particles are large due to the hydro -
philic nature of polyether tails, which swell in water.
The result of this phenomenon is the increasing
number average particle size of emulsions with
increasing benzoxazine concentration, which is not
usual. For example, the number average particle size
for emulsion Epoxy 340/Boxsurf#2, was increasing
from 0.80 to 1.09 µm when concentration of ben-
zoxazine surfactant increased from 125 to 332 g/L.
Ratio between volume (dvol) and number (dnum)
average particle diameters (dvol/dnum), as a measure
for the polydispersity, decreased with increasing
surfactant concentration for all emulsions, because
dnum increased and dvol decreased with surfactant
concentration. The dnum increase and simultaneous
dvol decrease for such systems were observed else-
where [20, 21, 25–27].
Since emulsions showed a tendency to settle after a
few days, particle diameters were measured again
after one week. Before measurements the test tubes
containing emulsions were shaken (only by hand)
to obtain homogeneous systems. The measured
results are listed in Table 1 and are very similar to
the results obtained immediately after emulsifica-
tion. This suggested that emulsions were stable (they
only settle, but not coagulate) and may be used for
practical applications. The settling, which depended
on the amount of surfactant used, was due to differ-
ence in density between dispersed and continuous
phase. Over time the two peaks in distribution curves
separated even more, indicating some surfactant
redistribution between particles and confirming that
two different kinds of particles did not coagulate.
As a consequence also dvol/dnum values increased
just slightly with time.

3.3. Curing behavior of epoxy-benzoxazine films
Thermal properties of both surfactants were investi-
gated by DSC analysis using two heating runs. Fig-
ures 7 and 8 show thermograms in higher and lower
temperature region of interest, respectively. In DSC
thermogram, obtained at heating rate 10°C/min,
Boxsurf#1 showed an exothermic peak, which cor-
responded to curing, with onset (Ti) and maximum

(Tp) at 230 and 262°C, respectively. Boxsurf#2 had Ti
and Tp at 205 and 250°C, respectively. Boxsurf#1
released less heat (27.5 J/g) than Boxsurf#2 (32.2 J/g)
during its curing process. Results in Figure 7 indi-
cate that higher benzoxazine functionality of Box-
surf#2 shifted the onset temperature of the curing
process to a lower temperature. However, the cur-
ing temperature intervals for both surfactants were
very broad; the peaks in Figure 7 extended up to
almost 300°C. We believe this was because of the
steric hindrance of the curing process, which was
induced by long polyether chains.
To estimate the effect of polyether chains on curing,
N-phenyl bisphenol-A based 1,3-benzoxazine (BA-
a benzoxazine), was scanned by the same DSC
method (Figure 7). Results showed that consider-
ably more heat were released during BA-a benzox-
azine curing (300 J/g) and that the exothermic peak
was not as broad as for benzoxazine surfactants. Sim-
ilar results were obtained also by Ning and Ishida
[28, 29]. The main reason for differences in reaction
enthalpy is, without doubt, the chemical structure of
benzoxazine surfactants, which contain long hydro -
philic tails and have therefore less reactive oxazine
groups per gram of material. The steric hindrance
induced by long polyether tails prolonged the cur-
ing process to higher temperatures.
The catalytic effect of amine moieties on curing
processes of benzoxazines was demonstrated and
published by several authors [2, 10, 13–15]. O-diani-
sidine (10 wt%), with diamine structure, was used as

                                              Ambro!i" et al. – eXPRESS Polymer Letters Vol.8, No.8 (2014) 574–587

                                                                                                    581

Figure 7. DSC thermograms of Boxsurf 1 and Boxsurf 2
with and without 10 wt% of curing agent and
DSC thermograms of BA-a benzoxazine in the
curing temperature range. Full lines represent
first heating runs (material before cure) and
dashed lines represent second heating runs (cured
material).



curing agent to reduce the temperature of curing.
Added curing agent had a positive effect on the cur-
ing process of both surfactants (Figure 7), since the
onset temperature of curing was reduced. However,
as a consequence of lowered curing onset tempera-
ture, even broader exothermic peaks were observed.
This indicates that during the curing process differ-
ent reactions take place [8, 14, 15, 17, 19]. Figure 7
also shows that benzoxazine surfactants were com-
pletely cured already after first DSC runs, since no
exothermic peak was observed in DSC thermograms
of second runs. To estimate the effect of added cur-
ing agent on degree of cure, isothermal curing of
benzoxazine surfactants, with and without curing
agent, was carried out at 180°C for 30 minutes.
Then dynamic DSC thermograms were scanned and
the degree of cure was calculated according to
Equation (1):

       (1)

where &Hr is the heat of reaction of the partially
cured specimen and &H0 is the heat of reaction of
the uncured resin. Degree of cure after 30 minutes at
180°C increased with the addition of the curing agent
(10 wt%) from 17.4 to 68.0% and from 39.3 to
72.3% for Boxsurf#1 and Boxsurf#2, respectively.
Positive effect of curing agent addition was thus
clearly seen in both cases, although broader curing
peaks were observed in DSC thermograms (Fig-
ure 7) when o-dianisindine was added.
In DSC thermograms of Boxsurf#1 and Boxsurf#2 in
the lower temperature region (Figure 8) an endother-
mic peaks due to a pronounced melting transition
could be observed. The minimums of melting peaks
of Boxsurf#1 and Boxsurf#2 were observed at 29 and
30°C, respectively. These melting transitions were
observable also after curing, because polyether
chains, which melted, were not involved in curing
reactions. Added curing agent had no impact on
melting.
Curing behavior of epoxy-benzoxazine films was
investigated next. The aim of this investigation was
to confirm if benzoxazine molecules are well incor-
porated in the epoxy structure upon emulsification,
film formation and curing and to investigate how
different molar weights of epoxy resin and different
benzoxazine contents influence on film curing
process. For curing 10 wt% of o-dianisidine as cur-
ing agent was used.

Curing parameters of neat epoxy and neat benzox-
azine resins, as well as curing parameters of their
mixtures, are listed in Table 2. In accordance with the
literature [14, 15, 30–32], epoxy resins, if a proper
curing agent is used, usually polymerize at lower tem-
peratures than benzoxazine resins, which is well
observed by comparing Figures 7 and 9. The only
exception was found for systems with Drapex 39,
where no curing process was detected under these
conditions. To achieve fully cross-linked structure of
Drapex 39, the concentration of added curing agent
should be higher (stoichiometric ratio) and the time
of curing should be longer. We must be aware of the
fact that epoxidized soybean oil is a large triglyceride
molecule (Figure 1) with large steric barriers that

Degree of cure 3, 4 5 a1 2 DHr

DH0

b
~
100Degree of cure 3, 4 5 a1 2 DHr

DH0

b
~
100
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Figure 8. DSC thermograms of Boxsurf 1 and Boxsurf 2
with and without 10 wt% of curing agent in the
polyether chains melting temperature range. Full
lines represent first heating runs (material before
cure) and dashed lines represent second heating
runs (cured material).

Figure 9. DSC thermograms of Epoxy 340, Epoxy 377,
Epoxy 1750 and Drapex 39 with 10 wt% of o-
dianisidine in the temperature range from –100 to
300°C with heating rate 10°C/min



hinder chemical reactions. In addition, the concen-
tration of epoxy groups per weight of the Drapex 39
molecules is significantly lower compared to syn-
thetic epoxy resins [30].
The heat released during curing reactions (reaction
enthalpy, &H) was determined from the area under
the exothermic peak in DSC thermograms. Curing of
epoxy resins is a more exothermic process than cur-
ing of benzoxazine surfactants. Therefore the value
of &H decreased with increasing amount of benzox-
azine in the mixture (Figure 10). &H value, on the
other hand, increased with increasing concentration
of epoxy groups in epoxy resin, which is confirmed
by Figure 9 and results listed in Table 2, where it can
be seen that Epoxy 340, which has the lowest molar
weight, releases more heat during curing compared
to other epoxy resins.
Some epoxy-benzoxazine combinations have two
exothermic peaks in their thermograms (Figure 10),

which became more distinguishable with increasing
benzoxazine content, because curing of an epoxy-
benzoxazine system is a multiple step process includ-
ing more than one reaction [8, 14, 15, 17, 19].
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Figure 10. DSC thermograms for uncured system Epoxy
340/Boxsurf 2 in the range from –100 to 300°C
with heating rate 10°C/min

Table 2. Curing parameters of epoxy-benzoxazine mixture with addition 10 wt% of curing agent

*No exact determination of Tg value is possible.

Film
Surfactant

content
Epoxy
content

Onset temperature
(Ti)

Peak temperature
(TP)

Released heat
(!H)

Tg of uncured
resin

Tg of cured
resin

[%] [%] [°C] [°C] [J/g] [°C] [°C]
Epoxy 340/Boxsurf 2

E.1 12.5 87.5 144 193 133 –20 65
E.2 14.3 85.7 149 193 126 –22 63
E.3 16. 7 83.3 151 194 123 –22 58
E.4 20.0 80.0 151 194 120 –25 48
E.5 25.0 75.0 154 195 115 –27 39
E.6 33.3 66.7 154 196 108 –32 27

Epoxy 340/Boxsurf 1
E.7 16.7 83.3 154 195 164 –23 56
E.8 20.0 80.0 154 195 154 –25 48
E.9 25.0 75.0 157 198 128 –27 39

Epoxy 377/Boxsurf 2
E.10 16.7 83.3 132 183 128 –16 57
E.11 20.0 80.0 130 185 101 –21 49
E.12 25.0 75.0 132 187 97 –22 40

Epoxy 1750/Boxsurf 2
E.13 16.7 83.3 110 170 79 – 61
E.14 20.0 80.0 111 174 75 – 53
E.15 25.0 75.0 113 178 70 – 42

Drapex 39/Boxsurf 2
E.16 16.7 83.3 – – – –62 –51
E.17 20.0 80.0 232 275 15 –60 0
E.18 25.0 75.0 247 277 9 –62 –4

Pure compounds
Epoxy 340 0.0 100.0 154 194 202 –14 66
Epoxy 377 0.0 100.0 96 183 146 –9 83
Epoxy 1750 0.0 100.0 70 172 53 60 107
Drapex 39 0.0 100.0 – – – <–30* <–30*

Boxsurf 1 100.0 0.0 194 213 26 –57 –35
Boxsurf 2 100.0 0.0 187 212 31 –55 –33



3.4. Thermal properties of uncured and cured
films

Thin films were prepared directly from aqueous
emulsions. Films could be made even for system
Epoxy 1750/Boxsurf#2, although stable emulsions
were not obtained. Glass transitions of uncured
samples were well defined for all epoxy resins, both
surfactants and their blends (films made form emul-
sions), except for neat Drapex 39, which had a mul-
tistep transition; most likely the glass transition
(between –60 and –40°C) was followed by cold crys-
tallization and melting (Figure 9). With increasing
molar weight, Tg values of epoxy resins shifted
toward higher temperature. The Tg values of uncured
resins increased from –14 to 60°C when molar weight
increased from 340 to 1750 g/mol, respectively.
Uncured benzoxazine surfactants showed their
glass transition at lower temperature than epoxy
resins; Tg values of –57 and –55°C for Boxsurf#1
and Boxsurf#2 were determined, respectively. For
uncured epoxy-benzoxazine films only one Tg was
observed, which indicated that homogeneous blends
of epoxy and benzoxazine at molecular level were
obtained. The incorporation of benzoxazine in epoxy
resins resulted in a decreased Tg value (Table 2) as
expected. It has to be mentioned, that Tg for uncured
Epoxy 1750/Boxsurf#2 film was not obtained because
its Tg appears at higher temperature than onset cur-
ing (Ti). In such cases process of vitrification occurs.
Due to vitrification signals looking as small endother-
mic peaks on DSC curves are often observed (Fig-
ures 9 and 10).
By comparing Figures 8 and 10 one may observe
that combining benzoxazine surfactants with epoxy
resins resulted in a complete disappearance of the
benzoxazine melting peak (by DSC analysis of Jef-
famine M-1000 it was confirmed, that this is the melt-
ing peak of polyether chain crystals). This observa-
tion supports the observation of a single Tg, indicates
that benzoxazines were dissolved in epoxy resins to
a certain level, and confirms that intermolecular
interactions between epoxy and benzoxazine, which
prevent crystallization of polyether chains, were
formed. It may be assumed that H-bonds present in
the epoxy-benzoxazine blend prevented orientation
and arrangement of polyether chains into crystal
structure. Intermolecular bonds in the epoxy-ben-
zoxazine system have been demonstrated and stud-
ied by several authors [4, 15, 33, 34].

Therefore, from results obtained by DSC measure-
ments it may be concluded that benzoxazine surfac-
tant should be homogeneously incorporated in epoxy
matrix and that secondary interactions between
epoxy and benzoxazine compounds were estab-
lished.
As expected, the glass transition temperatures of
films increased significantly (Table 2, Figure 11)
after curing process. Cured films with higher ben-
zoxazine amounts had lower Tg values. For exam-
ple, the Tg value for system Epoxy 340/Boxsurf#2,
decreased from 65 to 27°C, when the amount of ben-
zoxazine increased from 12.5 to 33.3%. Differences
in Tg values of neat epoxy resins and neat benzox-
azines are the main reason for such behavior, since
cross-linking density of benzoxazine surfactants is
probably much lower than that of epoxy resins. The
highest Tg values were observed for cured systems
containing epoxy resin of the highest molar weight
(Epoxy 1750). The increase of cured system Tg value
with molar mass of the uncured resin can be
explained by non-stoichiometric amount of amine
curing agent. In case of stoichiometric epoxy resins/
curing agent ratios, lower cross-linking densities of
cured epoxy resins with higher molar weight are
expected because of the increase in the chain length
between crosslinks. The lowest Tg values were
observed for systems with Drapex 39, since these
films were not properly cured. As explained before,
the large steric hindrance and lower concentration of
epoxy groups in Drapex 39 are the main reasons for
such behavior.
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Figure 11. DSC thermograms of Epoxy 340, Boxsurf 2 and
their mixtures E.1 (87.5% Epoxy 340 and 12.5%
Boxsurf 2) and E.6 (66.7% Epoxy 340 and
33.3% Boxsurf 2). Full lines represent uncured
films and dashed lines represent cured films.



3.5. Hardness of cured films
There are several methods used for measuring the sur-
face hardness of a coating, which give complemen-
tary results. The pendulum hardness test (König)
and the pencil hardness test were used in the present
study.
Pendulum hardness of the cured materials was
measured for 120 µm thick films (Figure 12a). The
measured values for neat epoxy resins were much
higher than those for neat benzoxazines. Therefore,
pendulum hardness of cured epoxy-benzoxazine
films decreased with increasing amount of benzox-
azine and also with decreasing molar weight of
epoxy resins, as predicted by Tg results. The results
showed that cured epoxy-benzoxazine films with
small amounts of benzoxazine surfactant had lower
pendulum hardness but still comparable to that of the
control glass plate, whose hardness was 250 s. Fig-
ure 12a also shows that slightly higher film hard-
ness with Boxsurf#2 than Boxsurf#1 was obtained.
Boxsurf#2 is a bi-functional molecule with two reac-
tive sites, which probably contribute to higher cross-
linking density of cured copolymer network and,
consequently, the hardness of films was improved.
The results obtained by pencil hardness tests are
shown in Figure 12b. The results were in good agree-
ment with those obtained by pendulum hardness
measurements: Pencil hardness of cured films
increased with increasing amount and molar weight
of epoxy resins. However, a maximum value of pen-
cil hardness was observed for films containing
around 80–90% of epoxy resins and 10–20% of ben-
zoxazines, which indicated that a lower amount of
benzoxazine surfactant even improved surface prop-
erties of cured films. The differences between
detected tendencies of dependency of pendulum and

pencil hardness from benzoxazine content might be
sought in principles of hardness determination tech-
niques; the pencil hardness reflects combination of
modulus, tensile strength and adhesion properties,
while the pendulum hardness depends mainly on
the loss factor of investigated coating. Pencil hard-
ness of films for Drapex 39/Boxsurf#2 film could
not be determined, because its hardness was lower
than that of the softest pencil, 9B.
To conclude, the results of hardness measurements
were in excellent agreement with determined Tg
values. This means that thermal properties and hard-
ness of cured films improved with the increasing
amount of epoxy resins, increasing functionality of
benzoxazine surfactant and with increasing molar
weight of epoxy resins.

4. Conclusions
Mono- and bi-functional benzoxazine nonionic sur-
factants were successfully synthesized and used as
surfactants for water-based epoxy emulsions. All
emulsions, except emulsions made with epoxidized
soybean oil, settled after few days, but a homoge-
neous system was easily obtained again, only by
light emulsion shaking in a covered test tube. Emul-
sions contained emulsified epoxy particles and
larger clusters of benzoxazine surfactant, indicating
that surfactant was in excess and that the molecules
of the surfactant effectively covered the surface of
epoxy particles. Slightly more stable emulsions
with smaller particles were obtained with mono
functional benzoxazine surfactant.
Different epoxy resins were used to investigate the
impact of molar weight of epoxy resin on the for-
mation and stability of emulsions. By decreasing the
molar weight of synthetic epoxy resin the emulsion
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Figure 12. Pendulum hardness (a) and pencil hardness (b) of cured films as a function of benzoxazine content



stability was improved. It was found that emulsion
with epoxidized soybean oil was the most stable
and had the smallest average particle size, due to
relatively low resin density and viscosity.
Thin films were successfully made directly from
emulsions. They were dried and cured in a thermo-
static oven at 210°C. Only one glass transition tem-
perature was observed for films before and after cur-
ing, although neat benzoxazine and epoxy had con-
siderably different glass transition temperatures.
After curing, the benzoxazine melting point disap-
peared as well, meaning that epoxy-benzoxazine
films were homogeneous at molecular level. Tg values
of cured films were higher than those of uncured
films. However, results indicate that Tg value of
films, before and after curing, and consequently film
hardness, decreased with increasing benzoxazine
content, which was due to low Tg values of benzox-
azine surfactants, containing polyether chains in the
structure. Tg values were strongly affected by molar
weight of epoxy resin as well.
On the basis of the obtained results, we can con-
clude that already small amounts ('12.5 wt%) of ben-
zoxazine surfactant can stabilize water-based epoxy
emulsions. The necessary amount of benzoxazine
surfactant could be that low that the key film prop-
erties of neat epoxy resin, such as cross-linking den-
sity, glass transition temperature and hardness, are
insignificantly affected. In the next step of the
research the lowest concentration of benzoxazine
surfactant, which still provides stable emulsions will
be determined and the amount of curing agent will
be optimized.
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1. Introduction
Superhydrophobic surfaces with water contact angle
(WCA) larger than 150° have attracted extensive
interest in recent years [1, 2]. Superhydrophobic poly-
mers such as polystyrene (PS) are quite attractive
owing to their low cost, light weight and ease of
processing [3–5]. However, the performance of these
materials deteriorates considerably when exposed
to extreme environmental conditions (e.g., heat and
tension), which severely limits their applications in
harsh environments [6]. Polyimide (PI), a widely
used polymer, can overcome these drawbacks due
to its unique physical and chemical properties such
as excellent thermal stability, high strength and

good chemical resistance [7–10]. Therefore, super-
hydrophobic PI is believed to be more durable for
applications in anti-corrosion [11], anti-contamina-
tion [12], etc.
Superhydrophobic surfaces should have high sur-
face roughness as well as low surface energy [1].
Generally, CF3-terminated flat surfaces with the
lowest surface energy have a WCA not greater than
120°. Larger WCA could only be obtained by alter-
ing the surface roughness [13]. Techniques includ-
ing template [11, 14–16], electrospinning [6, 17, 18],
laser [12, 19] and plasma [20–22] are used to con-
struct surface structures for superhydrophobic PI.
However, complex operations, novel precursors,
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masks or vacuum instruments are usually involved.
Hence, facile strategies suitable for industrial fabri-
cation are urgently required.
In this paper, a facile UV photo-oxidation method,
which can be easily performed in air at atmospheric
pressure, was proposed for the first time to tailor sur-
face morphology of commercial PI films to achieve
superhydrophobicity. The evolution of topography
and WCA during prolonged UV treatment was inves-
tigated. Thermal endurance of the superhydropho-
bic PI films and formation mechanism of the super-
hydrophobicity were discussed.

2. Experimental
2.1. Materials
Pyromellitic dianhydride-oxydianiline (PMDA-
ODA) type PI films (Kapton 100H, C22H10O5N2)
were obtained from Toray DuPont (Tokyo, Japan).
1H,1H,2H,2H-Perfluorodecyltriethoxysilane (FAS,
C10F17H4Si(OCH2CH3)3) was supplied by Alfa Aesar
(Ward Hill, MA, USA). Ultra-pure water was pre-
pared using a Milli-Q-Plus system (Millipore, Bed-
ford, MA, USA). Analytical grade ethanol was pro-
vided by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Prior to use, all PI films were
ultrasonically cleaned for 5 min with purified water
followed by ethanol and dried in an oven (DHG-
9023B, Bilon, Shanghai, China) under 100°C for 1 h.
Other chemicals were used as received.

2.2. Fabrication of hydrophobic polyimide
The method consisted of two main steps, i.e. UV
photo-oxidation and consequent fluoroalkylsilane
modification (UV/FAS), as shown in Figure 1. UV
photo-oxidation was conducted in a chamber (HWS-
80, BiLon, Shanghai, China) with a mercury-quartz
lamp (GPHO287T5VH/4, SunMonde, Shanghai,
China) emitting UV light at 254 and 185 nm. The
output at 185 nm was equivalent to about 10% of
that at 254 nm according to the instructions of the
UV lamp. PI films were irradiated 10 mm from the
lamp for 24, 48, 72 or 144 h in air at atmospheric
pressure, where the intensity of the 254 nm UV
light was measured to be 10 mW/cm2. Fluoroalkyl-
silane modification was then carried out with FAS
in a heated reactor. Specifically, a few droplets (30–
50 µL) of FAS were dispensed at the bottom of a
Teflon container (200 mL) using a micro-adjustable
pipette (720000, Dragon, Shanghai, China) while the
UV-treated PI films were placed vertically in the

Teflon container, which was further sealed in a stain-
less steel autoclave. The reactor was then annealed
at 120°C for 2 h to enable the vapor of FAS to react
with the modified PI films. Finally, the samples
were heated at 150°C for 3 h to volatilize unreacted
FAS molecules. 

2.3. Thermal treatment
Thermal endurance of superhydrophobicity of the
films was assessed by measuring WCA after anneal-
ing for 2 h under various temperature conditions. A
piece of 25!70 mm2 superhydrophobic PI film was
fabricated using the method described above (72 h
of UV photo-oxidation). Then it was cut into seven
pieces with identical dimension. One piece is pre-
served in air at atmospheric pressure without any
further treatment, the other six pieces were annealed
for 2 h at 100, 150, 200, 250, 300 and 350°C, respec-
tively. Then the wettability was studied after the
thermally treated films cooled down.

2.4. Characterization
The morphology and element distribution were char-
acterized by scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray spectroscopy
(EDS) on an FEI Magellan 400 microscope (Hills-
boro, OR, USA). The surface roughness was ana-
lyzed using an atomic force microscope (AFM)
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Figure 1. Schematic illustration of the processes involved
in the fabrication of hydrophobic PI films



(Nanoscope V Multimode AFM system, Bruker, Ger-
many) in tapping mode. The surface chemical com-
position and bonding were examined using an X-ray
photoelectron spectroscopy (XPS) (ESCALAB-250
instrument, Thermo VG Scientific, West Sussex,
UK). Elemental content was calculated from XPS
spectra, based on the peak area of C1s, O1s, F1s and
Si2p and corresponding sensitivity factors using the
Avantage software. The static WCA was measured
with 5 µL water using a contact angle system
(SL200B, Solon, Shanghai, China) at ambient tem-
perature. The average WCA value was obtained by
measuring the same sample at five different posi-
tions. The sliding angle (SA) was determined by
slowly tilting the sample stage until the 10 µL water
droplet starting moving.

3. Results and discussion
3.1. Surface morphology and wettability
The pristine PI film possessed a flat and slightly
hydrophilic surface (WCA = 74. 5°) as shown in Fig-
ure 2a. To obtain hydrophobicity, FAS treatment was
firstly performed on the pristine PI films directly
since FAS containing fluoroalkyl chains is com-
monly used to lower the surface energy [1, 14, 16].
The modified PI surface exhibited hydrophobicity
with a WCA of 105.1° (Figure 2b), which was still
far below the criterion value (i.e., 150°) of superhy-
drophobicity. This indicated that the reduction of
surface energy was not enough to render the flat PI
surface superhydrophobicity and modification of
surface structure was required. For this reason, UV
irradiation was carried out, in an attempt to change
the surface morphology. After 72 h of UV radiation
exposure, as expected, significant surface roughen-
ing was observed and an obvious reduction of WCA
to nearly 0° (Figure 2a, 2c) was measured. Further
treatment by FAS after 72 h of UV irradiation
resulted in a WCA of up to 156.8° (Figure 3c) and a

low SA less than 5° (Figure 3g), indicating a super-
hydrophobic surface. The notable changes of WCA
clearly demonstrated the importance of specific sur-
face topography for the wettability. Moreover, UV
irradiation was proven to be an effective way to
alter the surface topography of PI films.
The evolution of surface morphology and corre-
sponding WCA with UV radiation exposure time
was further investigated. As presented in Figure 3a–3l,
nanoprotrusions emerged, aggregated and intercon-
nected progressively when UV radiation exposure
prolonged from 24 to 144 h. After 72 h, micro/
nanostructures with protrusions, ridges and chan-
nels were formed on the surfaces, leading to signif-
icant surface roughening. The roughness of the sur-
faces was further quantified by AFM. The root
mean square (RMS) roughness and WCA values
against UV irradiation time are plotted in Figure 4.
As shown in Figure 4, the RMS roughness increased
from 1.74 to 53.70 nm with irradiation time extended
from 0 to 144 h. Simultaneously, the WCA increased
from 105.1 to 159.2° due to the surface roughening.
Additionally, water drops (10 µL) were found to
readily roll off the resultant hydrophobic PI films
when UV photo-oxidation time exceeded 72 h.
Therefore, the wettability of PI films could be tuned
by changing the UV irradiation time and 72 h of
exposure time was enough to achieve superhy-
drophobicity. Considering possible adverse effects
on the substrates during UV radiation exposure, min-
imum UV irradiation time should be used, provided
that the required superhydrophobicity is achieved.

3.2. Thermal endurance
High thermal stability is a significant advantage of
PI over other polymers. It is reasonable to expect
the as-prepared superhydrophobic PI films to be
thermally stable. In order to validate the hypothesis,
we invested the thermal endurance of superhydropho-
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Figure 2. SEM images of pristine (a), FAS (b) and UV (c) treated PI films. The insets are optical images of water droplets
on corresponding surfaces.
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Figure 4. WCA and RMS roughness plotted against UV
irradiation time

Figure 5. WCA plotted against thermal treatment tempera-
ture

Figure 3. 0° (a–h) and 45° (i–l) tilt SEM images of UV/FAS treated PI films. The UV treatment periods are 24 h (a, e, i),
48 h (b, f, j), 72 h (c, g, k) and 144 h (d, h, l), respectively. The insets are optical images of static water droplets
(a–d) on corresponding horizontal surfaces and water droplets (g, h) sliding on slightly tilted surfaces.



bicity by annealing the UV (72 h)/FAS-treated PI
films below the glass transition temperature (Tg) of
PI [7]. Figure 5 presents the WCA values of sam-
ples annealed at corresponding temperatures (100–
350°C) for 2 h. Long time thermal treatment seemed
to have little effect on the WCA. Only a slight fluc-

tuation of WCA around 155° was observed. The SA
was also below 5° for all samples investigated in
Figure 5. The WCA larger than 150° and SA less
than 5° after annealing of the superhydrophobic
films demonstrated the highly stable superhydropho-
bicity. To the contrary, most well-known polymers
such as PS cannot sustain their superhydrophobicity
at high temperature due to unstable micro/nano -
structures [6]. The remained superhydrophobicity
of PI films can be ascribed to the thermally stable
surface topography and composition. This is con-
firmed by the well-preserved micro/nanostructures
of 350°C annealed UV (72 h)/FAS-treated PI (Fig-
ure 6) and almost unchanged surface elemental
content (relative intensity of peaks) as determined by
XPS shown in Figure 7. Specifically, the amount of
F changed little from 53.4 at.% (before annealing)
to 52.1 at.% (after annealing). In addition, the dis-
tribution of elements for UV (72 h)/FAS-treated PI
films during annealing at 350°C were further inves-
tigated. As shown in Figure 8, F and Si (derived
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Figure 6. SEM images of annealed (350°C) superhydrophobic PI films using different magnifications

Figure 7. XPS spectra of UV (72 h)/FAS-treated PI before (a)
and after (b) annealing at 350°C

Figure 8. FESEM-EDS mappings for F and Si of UV (72 h)/FAS-treated PI before (a–c) and after (d–f) annealing at 350°C



from FAS) presented the coincident distribution
patterns with the corresponding SEM images both
before and after heat treatment at 350°C. Little
change in the distribution of F and Si was found
after annealing. It is worth pointing out the non-uni-
form distribution of F and Si revealed by the
FESEM-EDS mappings. It is clearly shown that
FAS distributed preferentially at the ridges on both
the as-prepared and the annealed films. FAS modi-
fication was proven to be a chemical process that
was more likely to occur at the ridges. The strong
chemical bonding of FAS on the surface also con-
tributed to the stable superhydrophobicity.

3.3. Formation mechanism
Based on the previous discussion, we propose a pos-
sible formation mechanism for the superhydropho-
bic PI films, which was illustrated in Figure 9. Dur-
ing the UV irradiation, low-molecular-weight poly-
mer chains were firstly formed on the film surfaces
because of the UV photo-oxidation induced chain
scission and recombination [23]. Meanwhile, active
oxygens such as atomic oxygens generated during
UV radiation also reacted with PI [23]. These oxi-
dized polymer chains had a tendency to aggregate
into nanoprotrusions due to high energy dangling
bonds and polar groups. Driven by the different inter-
face free energy levels between irradiated surface

and underlying PI, the nanoprotrusions further inter-
connected to form ridges through surface dynamics
(e.g., etching, migration and redeposition) [24]. The
evolution of the nanoprotrusions with prolonged
UV irradiation resulted in the increase of surface
roughness, as shown in Figure 3 and Figure 4. Con-
sequently, unique micro/nanostructures with the
RMS roughness larger than 49.00 nm were con-
structed. Simultaneously, oxidized polymer chains
generated hydrophilic groups in the presence of
water molecules in air on UV-treated surfaces (e.g.,
OH groups) [23], especially at the ridges since more
oxidized polymer chains aggregated there. These
groups reacted with FAS (fluoroalkyl silanization).
Thus, fluoroalkyl chains were firmly grafted onto
the UV-irradiated surfaces, resulting in stable super-
hydrophobicity on the PI films.

4. Conclusions
In summary, UV irradiation was used for the first
time to prepare superhydrophobic PI films. Unique
micro/nanostructures consisting of protrusions, ridges
and channels were constructed on the PI surfaces
after 72 h of UV photo-oxidation. The surface rough-
ening led to continuously increased hydrophobicity
after further fluoroalkyl silanization. Superhydropho-
bic surfaces with WCA larger than 156.8° and SA
less than 5° were achieved for the micro/nano-struc-
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Figure 9. Proposed mechanism for the formation of superhydrophobic PI films



tured and FAS-modified PI films, indicating that the
water drops will easily roll off a slightly tilted sub-
strate. The superhydrophobicity remained even after
annealing under 350°C. Stable micro/nanostruc-
tures and chemical bonding of FAS were responsi-
ble for the high thermal endurance of superhy-
drophobicity. These heat endurable superhydropho-
bic PI films would find lots of practical applications
in anti-corrosion, anti-contamination and anti-icing
systems.
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1. Introduction
Carbon nanotubes (CNTs) have shown potential to
improve the performance of fiber-reinforced com-
posites when added in small quantities in the poly-
mer matrix. They can influence the composite
mechanical, electrical and thermal properties [1–3].
Reported improvements, however, vary signifi-
cantly from one study to another and are not always
reproducible. Variations in the dispersion state of
nanotubes are likely to be responsible for these
problems.
Agglomeration represents an important challenge
when using CNTs as reinforcement in polymers and
their composites. The excessive surface area of
CNTs creates substantial van der Waals attraction
forces, which together with the low viscosity of the
matrix can give rise to the formation of relatively

large agglomerates during composite production.
The reinforcing efficiency of CNTs in the agglom-
erated form is known to be significantly lower than
of individually dispersed CNTs [4, 5]. A uniform
dispersion of nanotubes within the polymer matrix
is, therefore, an important prerequisite for improved
mechanical properties at minimal CNT contents [6,
7]. Additionally, the presence of CNT agglomerates
in the liquid resin can impose serious issues when
this resin is used to produce a fibre reinforced com-
posite. Large clusters of nanotubes can be filtered
out by the fibre reinforcement during the impregna-
tion step or act as defects in consolidated composite
[2]. However, agglomeration of the initially dis-
persed nanotubes is not always an undesirable phe-
nomenon. For example, formation of an agglomer-
ated CNTs network is beneficial and even necessary
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for electrical conductivity of the composite [7–10].
The results of recent study suggest that the presence
of such a network in the matrix, can enhance certain
mechanical properties of a fibre reinforced compos-
ite [11].
During the multi-step composite production process
various factors can affect the dispersion of CNTs.
These effects could not be necessarily anticipated
and generalized through the characterization results
of any other step. For instance, when the nanotubes
are introduced to the epoxy resin at high concentra-
tions (masterbatches), the dispersion state can be
affected by storage history, processing conditions
and also by curing reaction which can induce so
called secondary agglomerations [9]. This may or
may not lead to the formation of a three dimen-
sional network of CNT agglomerates depending on
the different factors and the initial dispersion state
of the liquid resin.
Depending on the physical state of the system, vari-
ous direct or indirect methods for the assessment of
the CNT dispersion in epoxy based composites
have been reported in the literature. Scanning and
transmission electron microscopy are widely used
to directly visualize CNT dispersion in the solid
state [12–15]. Optical microscopy is also commonly
used to observe larger CNT agglomerates both in
liquid dispersions and solid nanocomposite films
[9, 16–19]. However, microscopic techniques could
not be efficiently employed at liquid state (espe-
cially in high concentration dispersions) and could
merely provide a qualitative measure of the disper-
sion state over a small field of view.
Indirect methods based on static or dynamic rheo-

logical analyses could efficiently be employed to
obtain quantitative measures of the nanoparticle
dispersion in liquid resins [4, 19–22]. This is mainly
based on the fact that the dispersion quality of the
nanoparticles often affects the viscosity and vis-
coelastic properties of liquid suspensions in differ-
ent ways. However, rheological characterizations
are better to be confirmed by other techniques, such
as microscopy, because reagglomeration of the nan-
otubes during measurement sometimes leads to
erratic viscosity measurements [19, 22].
Conductive nature of CNTs has made it possible to
use electric conductivity measurements to investi-
gate percolation behaviour of particles with respect
to the filler concentration, dispersion quality, etc.,
both in liquid and solid states [4, 23, 24]. Disper-

sion state of CNTs controls interactions between
nanotube clusters, hence affecting the electrical
properties of the blend. It is generally accepted that
a better CNT dispersion shows a higher electrical
conductivity [4, 23]; nevertheless, intensive agglom-
eration of the nanotubes may result in the formation
of interconnected networks with enhanced conduc-
tivity. Schultz et al. have shown that the insulator to
conductor transition in the epoxy/CNT composites
could be controlled by re-arranging CNT networks
at a constant nanotube concentration.
However, most of the studies concerning the appli-
cation of CNTs in polymer composites either ignore
the dispersion assessment or rely on certain prelim-
inary evaluations limited to a specific stage of the
manufacturing process.
The purpose of our research is to address this defi-
ciency by assessing the evolution of the CNT dis-
persion state during the entire composite prepara-
tion process, in a comparative fashion. This com-
parison is made using a stepwise analysis which is
illustrated on two extreme cases of the dispersion
morphology. The chosen systems for the analysis
are epoxy based resins with CNTs that are identical
in terms of the type and concentration of the com-
ponents. The only difference is the storage time of
the masterbatch. More specifically, CNTs used in
the two systems were chosen from masterbatches of
the same type, which were stored for a different
time. The difference in aging led to a different
agglomeration morphology, enabling us to establish
the stepwise dispersion characterization in a com-
parative manner. However, the aging mechanism,
as well as the effect of masterbatch aging on CNTs
dispersion, although being observed in this work,
are not by themselves the focus of the present study
and demands another detailed investigation.
The characterizations were conducted in four stages,
i.e.: CNT/epoxy masterbatch, diluted masterbatch,
transition stage (during curing) and cured nanocom-
posite, as schematically shown in Figure 1. Such a
detailed analysis provides information on the state
of the CNT dispersion at each step, explicating dif-
ferent properties observed in the resulting nano -
composites. At each step, key factors that can influ-
ence CNT dispersion are discussed. The main pur-
pose of this study is to emphasize the importance of
a stepwise dispersion analysis in preparation of the
nanocomposite, and to introduce a series of differ-
ent methods, suited for characterization at each
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step. This will greatly facilitate the reproducibility
of the results, which is currently one of the biggest
challenges involved in manufacturing of CNT mod-
ified fibre reinforced composites.

2. Experimental
2.1. Materials
The epoxy monomer used in this work (Epikote
828LVEL) was a diglycidyl ether of bisphenol A
(DGEBA). This was cured with 1,2-diaminocyclo-
hexane (Dytek DCH-99) as hardener which was
added to the resin at 15.2 phr (parts per hundred
resin). Multi-wall carbon nanotubes (MWNTs) were
supplied by Nanocyl in the form of highly concen-
trated, pre-dispersed mixtures (masterbatches) with
a similar bisphenol-A epoxy resin (Epocyl NC
R128-02). MWCNTs incorporated in this master-
batch have an average diameter of around 9 nm, a
specific surface of 250–300 m2/g and a carbon
purity >90%.
For the study of the CNT dispersion two CNT/epoxy
model systems were prepared based on the same
type of materials with equal compositions. How-
ever, CNT masterbatches used in the two systems
spent different times in storage. One system is pre-
pared from a fresh (non-aged) version of the CNT
masterbatch Epocyl NC R128-02. The other system
is prepared from an older (aged) version of the same
masterbatch, which was received and stored almost
two years before the experiments. DSC analysis of
the two systems does not show any trace of curing
in the aged masterbatch. Melting endotherm observed
in the DSC curve of the aged masterbatch, (Fig-
ure 2) indicates that during storage, the epoxy resin

in the masterbatch mixture has been partially crys-
tallized. As it is shown, this endotherm vanishes in
the second temperature sweep. However, although
both systems under study are thermally treated
before the experiments are carried out, it seems that
partial crystallization of the epoxy resin has signifi-
cantly contributed to the agglomeration of carbon
nanotubes in the aged system, where CNTs are
repelled from the epoxy crystallites. In the text to
follow non-aged and aged systems are to be referred
to as ‘N’ and ‘A’, respectively. In both systems nano -
tube masterbatches were diluted with DGEBA epoxy
so that a final CNT concentration of 0.3 wt% is
attained. In order to homogenize the concentrated
mixtures, prior to dilution, the masterbatches were
thoroughly stirred using a marine type blade stirrer
at 600 rpm for 10 minutes at room temperature. The
same stirring procedure was repeated following
dilution of the systems and the addition of the hard-
ener. The blends were then degassed using a vacuum
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Figure 1. Schematic overview of the multistep characterization of the CNT dispersion state during preparation of CNT/epoxy
nanocomposite

Figure 2. DSC Thermograms of the aged and non-aged
masterbatches before thermal treatment, showing
the first (solid line) and second (dashed line) heat-
ing cycles for the aged system



oven for 15 minutes. Solid samples were produced
by pouring and then curing the resin mixtures in alu-
minum molds at 70°C for one hour followed by post
curing at 140°C for another one and a half hours.
The produced samples were then cut into the test
specimens specified further.

2.2. Characterization methods
Rheological measurements at stage 1 and stage 2
(see Figure 1) were carried out at room temperature
using an AR2000 rheometer, equipped with a 2°
cone and plate geometry. The oscillation time sweep
was performed at sufficiently low strain and angu-
lar frequency (!) values of 0.5% and 0.5 rad/sec, to
guarantee a linear behaviour. This oscillatory test
was performed in order to investigate the structure
recovery behaviour of the mixture through the
measurement of the time evolution of shear storage
modulus (G"), right after the sample experienced a
pre-shear of 100 s–1 for two minutes.
Optical microscopy was used in order to observe
the nanotubes behaviour during curing at stage 3.
Imaging was carried out using an Olympus BHS
Microscope. The samples of a few milligrams weight
were put between two glass slides and placed in a
Mettler FP82-HT hot stage. The micrographs were
then obtained by a JVC TK-C1381 camera during
the course of curing on time intervals of 5 seconds
programmed through Qwin software from Leica
Company.
Charge contrast scanning electron microscopy was
carried out on the nanocomposite at stage 4 using a
FEI NOVA Nanolab 600 microscope with a TLD
(through the lens) detector. This was done on 5 #m
thick sections which were cut from the solid cured
samples using a Leica Ultracut UCT microtome. No
conductive layer was coated on the films so as to take
advantage of the contrast effect in electron charging
(or ‘voltage contrast’) of the sample surface. This
made it possible to have an in depth view into the
cured film so that the nanotubes embedded in the
resin film could be observed.
Environmental Scanning Electron Microscopy
(ESEM) micrographs were captured from the solid
nanocomposite samples using a Philips ESEM XL30.
Multiple images taken from each sample were then
digitally combined into one single larger image, in
order to observe a wider region. The images were
taken with sufficient overlap so that the stitching is
done more accurately.

The electrical properties of the nanocomposite sam-
ples were measured at stage 4 by means of a
Solartron Frequency Analyzer SI 1225 together with
a Solartron Electrochemical Interface SI 1287. Meas-
urements were carried out at frequencies ranging
from 0.1 to 106 Hz with a constant amplitude of 2 V
and a DC potential of 0.4 V. Samples with a dimen-
sion of 1 mm$10 mm$10 mm were cut and then the
two surfaces of each sample were covered with a
conductive silver paint.
Glass transition temperature (Tg) of the samples
were identified at stage 4 using a dynamic mechan-
ical analyzer (TA-Instruments DMA Q800 V 7.5).
The analyses were carried out by heating the samples
from 25 to 250°C with a heating rate of 3°C/min
using dual cantilever clamps at a frequency of 1 Hz.
Similar to the three point bending loading mode, it
is possible to make reliable Tg measurements using a
dual cantilever fixture [25]. Samples for this meas-
urement were in the form of rectangular pieces of
3.5 mm thickness, 35 mm length and 11.5 mm width.

3. Results and discussion
3.1. Masterbatch (stage 1)
Highly concentrated CNT/resin mixtures (master-
batches) are nowadays widely used both at labora-
tory and industrial scales to facilitate the processing
of nanocomposite materials [26–28]. Although the
increased viscosity of the CNT masterbatch can limit
diffusion and sedimentation of CNTs by restricting
the Brownian motions, reduced distances between
the nanotubes at high loadings can give rise to the
strong attractive forces, leading to further agglom-
eration of CNTs during sufficiently long storage
periods. Recovery of the storage and loss moduli of
the two concentrated (masterbatch) systems after
they were subjected to a pre-shear of a 100 s–1 for
two minutes are shown in Figure 3a. Such a high
pre-shear is able to destroy looser clusters of CNTs
[20, 29].
Both systems reflect a solid-like behaviour as G"%>%G&.
Moreover, a significantly higher shear storage mod-
ulus for the aged masterbatch compared to the fresh
one, observed throughout the recovery period, rep-
resents a much more pronounced elastic contribu-
tion. This indicates a stronger interaction between
the nanotubes in case of the aged system where
apparently a more robust network of CNT agglom-
erates exist. Moreover, the fresh masterbatch repre-
sents an obvious recovery over time for G" (a factor
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of 3), whereas in case of the aged version the corre-
sponding recovery is smaller and faster. This sug-
gests that CNT agglomerates (agglomerate network)
existing in the aged masterbatch, are either very dif-
ficult to break under the applied pre-shear or re-
structure extremely fast as soon as the shearing is
ceased. The complex viscosity of the aged system
also shows higher values in the whole frequency
range from 100 to 0.1 rad/s, being more consider-
able at lower frequencies (Figure 3b). This indicates
that the motion of the matrix molecules is more
restricted in the aged masterbatch which confirms
the findings in the oscillatory recover analysis.

3.2. Diluted masterbatch (stage 2)
The concentrated masterbatch mixtures were diluted
under shear mixing to the final CNT concentration
of 0.3 wt%. This will be the ultimate concentration
of nanotubes in the final composite material. It has
been previously reported that the matrix preparation
process can largely affect the dispersion of CNTs both
before and after the curing process. For instance,
Schulz et al. [9] showed that application of a high
pre-shear can even enhance the agglomeration and
network formation of CNTs during the following
mixing steps, due to the so called shear induced
nanotube agglomerate formation. Mixing time, inten-
sity, and temperature are amongst the other impor-
tant processing parameters that can influence the
agglomerate formation at this stage [7, 8, 22]. In these
works it has been proven that the dispersion state of
the nanotubes after completion of the curing process
depends greatly on their dispersion quality at the
resin preparation level; Therefore, evaluation of the

dispersion quality following the resin preparation
step is deemed necessary, even if the initial CNT mas-
terbatch is well mixed. In the present work we take
advantage of the accuracy and sensitivity of the rhe-
ological analysis to characterize the dispersion/
agglomeration state of CNTs.
Characteristics of the microstructure and dispersion
state of a suspension can be revealed by measuring
the low and high frequency viscoelastic moduli [21,
22]. Figure 4a presents linear viscoelastic storage
and loss shear moduli of the diluted samples as a
function of frequency.
Significant differences are observed in the vis-
coelastic behaviour of the two systems. Shear mod-
uli of the ‘A’ system are considerably higher than that
of the ‘N’ system. Furthermore, the storage modulus
(G") of the resin system ‘A’ (solid circles) develops a
plateau at low frequencies (!'0). A frequency inde-
pendent rubbery plateau of G" is caused by highly
interacting nanotubes, and is a well-known charac-
teristic of a network or a structured entanglement in
the suspending medium [21, 30, 31]. This, together
with a loss modulus (G&) remaining lower than G"
all over the swept frequency range, indicates the
presence of a network of entangled CNT clusters
with a pseudo–solid-like behaviour. This situation
is quite comparable to the cases where a solid-like
gel network is emerged following an increase in the
nanofiller content as observed in [21, 30].
In contrast, the diluted ‘N’ resin system represents
the typical hallmarks of a liquid-like material with a
perfectly linear G&(!) staying higher than G" over a
wide range of frequencies. The crossover of G" and
G& at 50 rad/s shows that an interconnected network
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Figure 3. Rheological behaviour the aged (circles) and fresh (triangles) CNT masterbatches: a) recovery of the storage, G"
(solid symbols) and loss, G& (closed symbols) moduli as a function of time following a pre-shear of 100 s–1 for
two minutes; b) log-log plot of the complex viscosity, ()*(, vs angular frequency



of the CNTs is formed only at higher frequencies. At
this point, the initially dispersed agglomerates entan-
gle with each other and thenceforth a dominantly
elastic (rather than viscous) behaviour is observed
[32].
An even more pronounced distinction between the
two types of samples can be made through the eval-
uation of the corresponding loss factor, tan *
(= G&/G"), as a function of frequency (Figure 4b)
obtained from the dynamic moduli presented in Fig-
ure 4a. The variations in the intensity of the peak
value of tan* can be employed as an effective empir-
ical measure to quantify nanotube dispersion state
in a liquid matrix [22]. A better dispersed system nor-
mally exhibits a higher peak value (or tan* in gen-
eral), which here is the case for the ‘N’ system. This
is due to the fact that the storage modulus, G", of the
system with better dispersed CNTs is most often
lower than that of a poorly dispersed system, as it
was also the case in our system (Figure 4a) where the
‘A’ system exhibits a more solid-like behaviour.
Lower tan* values observed in the ‘A’ system again
imply its enhanced elastic properties compared to the
‘N’ system. Such a difference between viscoelastic
properties of the two diluted systems may originate
from the distinct elasticity of the entangled nan-
otube clusters at the masterbatch level, where
stronger interactions were found in the ‘A’ system.
Our observations at this stage indicate that the shear
forces applied during the dilution step were not suf-
ficient to homogenize the dispersion including the
aged CNT masterbatch, so that a solid-like behav-

iour induced by an interconnected network of CNT
agglomerates still persists.

3.3. Transition from liquid to solid (stage 3)
Addition of the hardener and the subsequent curing
reaction can both independently provoke further
agglomeration (reagglomeration) of the nanotubes
in an epoxy/CNT resin system [7, 16, 19, 33]. This
type of reagglomeration is sometimes referred to as
‘secondary agglomeration’ so as to differentiate it
from the primary or initial agglomeration, normally
existing in the dry un-processed (raw) bulk CNTs
[7, 10]. Addition of hardener can enhance CNT reag-
glomeration by lowering the viscosity and hence
increasing the mobility of the nanotubes, even at the
same temperature and before the onset of curing
[16]. Furthermore, hardener can enhance ionic con-
centration of the dispersion, thereby leading to a
reduction in the stability of the dispersion [33]. Cur-
ing temperature plays a very important role in nano -
particle reaggregation and cluster formation, as it
can control the mobility of the particles by altering
the matrix viscosity as well as the kinetics of the
curing reaction. A trade-off exists between viscosity
and curing rate as both are differently affected by
temperature. A lower curing temperature will cause
prolonged gelation times, so that nanoparticles (or
local clusters) will have more time to organize them-
selves into agglomerated structures. However, this
process will be slower here due to the higher vis-
cosity of the system in comparison with curing at
higher temperatures. Higher curing temperatures on
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Figure 4. Rheological behaviour of the aged (circles) and non-aged (triangle) CNT (diluted to 0.3 wt% CNT) samples at
70°C. a) Storage, G" (solid symbols) and loss, G& (closed symbols) moduli as a function of angular frequency;
b) Loss factor, tan*, against angular frequency



the other hand, can create the same effect by boost-
ing the mobility of the particles and lowering the
viscosity; but instead, the onset of gelation will
arrive faster. Rheological evidence discussed in the
previous sections, already revealed possible pres-
ence of an interconnected network-like CNT struc-
ture with considerable elastic contribution in the ‘A’
resin system (Figure 4). In this part of the analysis,
morphological evolution of the two systems under
study was monitored during the curing reaction
using an optical microscope equipped with a heat-
ing element. Figure 5a–5d shows the optical micro-

graphs obtained right before and after the curing
reaction.
The difference between the microstructure of the two
systems prior to curing (Figure 5a and 5c) is already
visible. CNT clusters in the non-aged system (Fig-
ure 5c), look denser (and hence darker) while the
ones in the aged system (Figure 5a) look swollen
and further pushed into each other in such a way
that the boundaries of the clusters are less distin-
guishable. This can be due to gradual resin diffu-
sion during storage. Partial crystallization of the
epoxy resin in the aged-CNT masterbatch, (Fig-
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Figure 5. Optical micrographs of the 0.3 wt% diluted CNT/epoxy suspensions during curing following the addition of hard-
ener at 70°C for: system ‘A’ before (a) and after (b) curing and system ‘N’ before (c) and after (d) curing. Images
have a 50 µm scale bar



ure 2) as discussed in section 2.1, seems to be
responsible for the non-homogeneity in CNT dis-
persion at this stage, as can be seen in Figure 5a.
As a result of the curing reaction, the tenuous struc-
ture of the aged CNT clusters in ‘A’ system (Fig-
ure 5a) is transformed into a more robust three
dimensional interconnected network with clear and
well defined borders (Figure 5b). This is markedly
different from the micro-structure of the ‘N’ system
after curing reaction (Figure 5d). In this case, further
aggregation of the clusters apparently did not lead to
the formation of any macroscopic network being
observed in the former case (Figure 5b). Instead,
homogenously dispersed initial clusters have slightly
grown into the individually distinguishable larger
clusters. The higher contrast of these local clusters
with the background might suggest a higher pack-
ing density of CNTs inside the agglomerates, in
comparison with the lower contrast interconnected
network of the ‘A’ system.

3.4. Solid (cured) nanocomposite (stage 4)
Upon completion of the curing reaction, the final
microstructure of the nanotubes will be frozen by
the reaction induced glass transition. Characteriza-
tion of the resulting nanocomposite matrix can pro-
vide important information about the dispersion
quality of CNTs in the solid state.
Due to the conductive nature of the CNTs the con-
ductivity measurement is currently considered a
popular technique for quantitative evaluation of the
CNT dispersion or network formation; especially to
determine the electrical percolation of the nano -
fillers upon increasing the filler concentration [23,
34]. Electrical percolation is identified by a sudden
rise of several orders of magnitude in conductivity
as a function of the volume fraction of the filler par-
ticles.
Figure 6 compares specific conductivity of the two
samples, as a function of frequency.
The graphs are obtained using the modulus of the
complex admittance function, calculated based on
the AC impedance spectroscopy results of the sam-
ples at room temperature [23]. The sample contain-
ing aged CNT demonstrates specific conductivity
values of about five orders of magnitude higher
than that of the ‘N’ sample at the lowest registered
frequencies. Comparable to the results of our previ-
ous rheological analysis, where a partial mechani-
cal percolation was identified in the ‘A’ system at

stage 2 (diluted masterbatch, Figure 4a), here at
stage 4, the cured film of the same system reveals a
frequency independent specific conductivity at lower
frequencies (<103 Hz). This is a typical response of
a percolated system in which conductive fillers cre-
ated electrically connected pathways throughout the
sample’s thickness [23, 24, 33]. However, the fre-
quency dependent increase in the specific conduc-
tivity observed at higher frequencies implies that
this system is not fully percolated [24]. On the other
hand, specific conductivity of the ‘N’ system
monotonically increases with frequency. Such a lin-
ear frequency dependent increase in conductivity is
a characteristic of highly resistive materials. In fact
the slope of unity observed on the log-log plot for
this sample, can be explained by the expression ! =
"#"#0 which is used for dielectric materials [23]
(where !: conductivity, #": real part of the dielectric
constant, ": angular frequency and #0: vacuum per-
mittivity). This is in fair agreement with our previ-
ous microscopic observations where formation of a
network like morphology in the ‘A’system was ver-
ified.
Charge contrast SEM images shown in Figure 7a
and 7b can provide better visualization of the nan-
otubes within the epoxy matrix.
In this technique the inherent difference between
the charging potential of the conductive CNTs and
the dielectric matrix will give rise to a charging con-
trast [12, 20, 35]. Using a right detector (as explained
in the experimental section), such a contrast will
make it possible to gain some insights into the place-
ment of the nanoparticles embedded in the matrix.
Clusters of highly entangled nanotubes could read-
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Figure 6. Log-log plot of the specific conductivity versus fre-
quency of the cured ‘A’ (circles) and ‘N’ (squares)
nanocomposites, measured at room temperature



ily be identified in these micrographs. The ‘A’ system
distinguishes itself from the other system by larger
localized clusters while a more homogenous state of
dispersion can be observed in the ‘N’ system.
Dispersion morphology of CNTs in the two sys-
tems, could be compared at a larger scale using mul-
tiple ESEM images stitched together in Figure 8a
and 8b. Although unlike the charge contrast SEM,
here the CNTs embedded in the matrix are not com-
pletely visible; one still can clearly observe large
agglomerates of CNTs in the ‘A’ system (bright clus-
ters), while this is not the case in the ‘N’ system,
where isolated CNT aggregates are far apart.
Thermo-mechanical properties of the solid matrix
materials were measured by DMA over a range of

temperature. Figure 9 shows damping coefficient,
tan*, of the epoxy/CNT nanocomposites as well as
the neat sample as a function of temperature. The
major peak position of tan%*, which corresponds to
the alpha relaxation or the glass transition tempera-
ture, Tg, shows the highest value for the neat epoxy
resin. Tg value of the ‘A’ system is only slightly
lower than that of the neat epoxy while in case of
the ‘N’ system a considerable decrease of about
26°C is observed.
Effect of CNTs on the glass transition temperature
of epoxy resins is controversial and a concrete con-
clusion based on the available data could hardly be
made. Allaoui and El Bouina [36], have summa-
rized some of the available results in a review paper.
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Figure 7. Charge contrast SEM micrographs of the cured a) ‘N’ and b) ‘A’ nanocomposites. Both images were taken at
35 000$ magnification and have a 2 µm scale bar

Figure 8. Stitched ESEM micrographs of the cured a) ‘A’ and b) ‘N’ nanocomposites. All images were taken at 10 000$
magnification and have a 2 µm scale bar. Arrows indicate CNT agglomerates.



Most of the reported results suggest an increase or
almost no change in the Tg values [16, 19, 37–41]
while some reductions have also been reported [42,
43]. Such inconsistent results are attributed to a com-
plex simultaneous influence of various parameters
such as aspect ratio, functionality, packing density
and purity (presence of metallic catalysts) of the
nanotubes. Type and stoichiometric ratio of epoxy/
hardener system as well as rheological properties of
the CNT containing resin are also of great impor-
tance. Specific composite processing and curing
condition can control the fate of the composite mate-
rial in favor of some of these competing factors.
It can be elucidated from Figure 9 that a better dis-
persion of the CNTs results in a lower Tg which
seems to be caused by a reduced curing degree of
the ‘N’ system.  A possible explanation is that the cat-
alytic effect of CNTs on curing [43, 44] expedites
the second stage of the epoxy curing reaction which
is dominantly diffusion-controlled. This results in a
lower crosslinking degree and hence a lower Tg. It
is also likely that individual CNTs block the reac-
tion sites in the epoxy monomer; consequently, a
better dispersed system more dominantly hinders
the curing reaction. This will have the same effect
on the crosslinking degree as well as the glass tran-
sition temperature. This can result in a lower cross -
linking degree, thus reducing the Tg of the cured
epoxy. Kim et al. [45] even took advantage of the
CNTs hindering effect on epoxy curing as a means
of assessing the state of dispersion.
There is no doubt that dispersion evaluation tech-
niques are not limited to those employed in this
study; however, it was impossible (and perhaps not
necessary) to cover all of the techniques reported in

the literature in a single report. Instead, these meth-
ods were chosen in view to collect the most impor-
tant information regarding the dispersion state of
CNTs in each step. Moreover, the assessment meth-
ods employed at each step of the work, could be
performed in more detail provided that more in
depth information is desired. In such cases, inter-
ested reader is referred to the relevant references
provided in each section of this study.

4. Conclusions
1. A methodology for the multi-step characteriza-

tion of the CNT dispersion state at different stages
of the nanocomposite preparation was devel-
oped. It enabled us to investigate the evolution of
the CNT dispersion in the initial masterbatch,
diluted masterbatch, during transition to the solid
(cured) state and in the final cured nanocompos-
ite.

2. This methodology was applied to two CNT con-
taining epoxy based systems with extreme cases
of dispersion morphologies. These different dis-
persion morphologies were induced by storing
the CNT masterbatches for a different time.

3. Characterizations performed on the two systems
revealed that fresh CNT masterbatch exhibits a
transition from a solid-like to a dominantly liq-
uid-like behaviour upon dilution, as expected;
while the aged masterbatch keeps behaving dom-
inantly solid-like after dilution. Following cur-
ing reaction, the aged system showed orders of
magnitude higher electrical conductivity owing
to the partial percolation of CNTs together with
a higher Tg in comparison with the non-aged sys-
tem.

4. The underlying cause for such distinct behaviour
was found to originate from very different struc-
tures of the two systems. The existence of a highly
interacting microstructure in the aged system was
evident from the early stages of the stepwise char-
acterization. This was later on evolved into a
clearly visible network of CNT agglomerates dur-
ing curing reaction. The footsteps of this network
were identified in the postcuring solid state,
where an electrical percolation induced by this
network was detected. A correlation between the
electrical conductivity measurements of the cured
material and rheological analysis of the liquid
resin was then elucidated. The results obtained in
different steps of the dispersion characterization
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Figure 9. Tan* versus temperature of the cured neat epoxy
(squares) and ‘A’ (circles) and ‘N’ (triangles) nano -
composites, obtained by DMA at a frequency of
1 Hz



were always consistent and in good agreement
with the morphological observations.

5. Various factors are able to independently control
and alter the dispersion state of nanotubes during
the nanocomposite manufacturing process. This
work emphasizes the necessity of a stepwise eval-
uation of the dispersion quality so as to enhance
reproducibility in manufacturing CNT/epoxy
nanocomposites with specific physical, thermal,
electrical and mechanical properties.
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1. Introduction
Polylactide (PLA) is one of the most widespread
biomass-based, biodegradable (compostable) and
biocompatible polymers [1, 2]. It is water-insoluble,
can be either transparent or semi-transparent depend-
ing on polymer crystallinity, and optically active [1,
3]. It can be processed as a conventional thermo-
plastic polymer. PLA is used for packaging materi-
als, in agriculture, in textile industry (fibers), in med-
icine (scaffolds), and in pharmacology (drug deliv-
ery systems) [1, 3]. The main drawbacks of PLA are
high brittleness, slow crystallization rate, and high
permeability to gases. The ways for overcoming these
problems are to use plasticizers, copolymerization
with other components, making composites, and
blending with other polymers [1, 4]. The latter allows
fabrication of new materials with improved/modi-

fied properties. Besides, this way is less expensive
than chemical modification or synthesis of tailor-
made polymers.
If willing to keep PLA-based system fully biodegrad-
able and biocompatible, the second component
should also possess these properties. Polyhydrox-
yalkanoates, aliphatic polyesters, synthesized by
microorganisms, are often used as components for
blending with PLA and other natural polymers [5, 6].
The miscibility of PLA and poly(3-hydroxybutyrate)
(PHB) strongly depends on both components molec-
ular weight, as expected [7, 8]. For example, using
differential scanning calorimetry (DSC) the authors
reported that bi-phasic mixtures were obtained when
mixing PHB of Mw = 650 000 g/mol with PLA of
Mw above 20 000 g/mol [8]. Below this value, the
polymers were miscible in the whole range of com-
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positions. Bartczak et al. [9] used atactic PHB for
making PLA/PHB blends. They found that PLA and
PHB form non-miscible or partially miscible blends.
They also showed that PHB is well dispersed in the
PLA matrix at various ratios and the glass transition
temperature of blend decreases with increasing PHB
concentration. The impact strength of a thin film of
the PLA/PHB blend (80/20 wt%) achieves 120 kJ/m2

as compared with 50 kJ/m2 for neat PLA [9].
Another frequently used polymer from polyhydrox-
yalkanoate family mixed with PLA is poly(hydrox-
ybutyrate-co-hydroxyvalerate) (PHBV). Its proper-
ties are known to depend on hydroxyvalerate (HV)
content [10]. At very low HV content, PHBV is
similar to conventional petrochemical thermoplas-
tics, such as polypropylene, in terms of melting tem-
perature, crystallinity, and tensile strength [11–15].
Most of literature agrees on immiscibility of PLA
and PHBV [16–19]. Boufarguine et al. [17] created
multilayered films of PLA/PHBV (90/10 wt%) using
multilayer co-extrusion. The formation of highly
crystalline thin and long lamellas of PHBV improved
gas barrier properties as compared to neat PLA.
Foams with various cell densities were produced
from PLA/PHBV and PLA/PHBV/clay blends using
microcellular injection molding technique [20].
Bicomponent PLA/PHBV fibers were prepared
using bicomponent melt spinning [21]. In vitro bio-
compatibility studies with human dermal fibrob-
lasts demonstrated no toxicity of the fibers making
them promising for medical applications.
Because of PLA/PHBV immiscibility, the morphol-
ogy of most of the blends presents either ‘inclu-
sions’ of the dispersed phase (usually more or less
spherical droplets in the cases of conventional pro-
cessing) or co-continuous phases. The properties of
the blend will depend on the proportion in which in
components are mixed, their individual properties,
and also on the size distribution of the dispersed
phase. In our previous work [18], we reported
molten-state rheology of the PLA/PHBV blends and
their morphology. The present work is devoted to the
detailed analysis and understanding of PLA/PHBV
blends characteristics in the solid state: morphology
and mechanical properties, both evolving as a func-

tion of blend composition. Morphology is investi-
gated using statistical analysis of scanning electron
microscopy (SEM) images and analytical descrip-
tion of the histograms of the minor-phase particles’
size. Mechanical properties (tensile strength, Young’s
modulus, elongation at break, and impact strength)
are analyzed with the increment of 10 wt%. The elas-
tic properties of blends are compared to the calcu-
lated ones according to different theoretical predic-
tions. We also demonstrate that ductile properties of
PLA/PHBV blend with PHBV in the minor phase
disappear after one month after injection.

2. Experimental
2.1. Materials
Both polymers, PLA (3051D, injection molding
grade) produced by NatureWorks Co. Ltd., USA,
and PHBV (Enmat Y1000P) produced by Tian An
Biological Materials Co., People’s Republic of China,
were provided by Natureplast, France. Their main
characteristics, as given by provider, are collected
in Table 1.

2.2. Blends preparation
PLA/PHBV blends were prepared by components
melting in a Haake Rheomix 600 internal batch
mixer (Thermo Fisher, Germany), the composition
varied from 0/100 to 100/0 wt% with the increment
of 10 wt%. The mixing temperature (165°C), rotor
speed (60 rpm), and mixing time (6 min) were cho-
sen according to minimization of PHBV thermal
degradation [18]. Because of high viscosity of molten
polymers which induced energy dissipation in the
mixing chamber, the temperature exceeded the set
value by ca. 10°C for all blends. The prepared blends
were cooled to ambient temperature and cut into
granules using an M 50/80 granulator (Hellweg,
Germany).

2.3. Morphology characterization
The morphology of the blends was studied using a
high-resolution scanning electron microscope
SUPRA 40 FEG-SEM (Zeiss, Germany). The sam-
ples were fractured in liquid nitrogen and sputter-
coated with gold-palladium. The obtained images
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Table 1. Physical properties of PLA and PHBV as given by provider

Polymer Glass transition temperature
[°C]

Melting temperature
[°C]

Melt flow index, g/10 min
[190°C/2.16 kg]

Density
[g/cm3]

PLA 55–60 145–155 12–20 1.25
PHBV 5 165–175 15–30 1.25



were segmented and processed by digital analysis
using UTHSCSA ImageTool 3.0 software (Health
Science Center, the University of Texas, San Anto-
nio, USA) resulting in histograms describing minor
phase particle size distribution. The histograms
were consequently described using the model of
reversible aggregation [22, 23].

2.4. Mechanical properties characterization
Dumbbell-shape tensile bars were obtained from the
blends according to ISO 527-2 1BA standard using a
Haake Mini Jet II injection molding machine (Thermo
Fisher, Germany) at 190°C. Impact bars were made
according to ISO 179 standard by compression
moulding using a hydraulic press (Carver, USA).
The tensile properties were measured two days after
injection according to ISO 527-1BA standard using
a tensile testing machine (Erichsen, Germany) at
crosshead speed of 5 mm/min at room temperature.
For a selected blend, PLA/PHBV = 90/10, the evo-
lution of mechanical properties were followed in
time, during one month. Charpy impact strength of
the blends was measured using CEAST 9050
(Instron, USA).

2.5. Background of the model of reversible
aggregation

For statistical analysis of the size distributions of
dispersed-phase particles we used the model of the
reversible aggregation [22, 23]. The model is based
on principles of irreversible thermodynamics and
describes microstructure evolution in liquids. Accord-
ing to the model, a stationary microstructure in a
liquid permanently fluctuates creating a sequence
of the equivalent microstructures, and after liquid
freezing, only one of many possible microstructure
configurations is realized. The microstructure ele-
ments, the aggregates, represent the dynamic units
which are permanently composed and decomposed
(a condition of reversibility) under thermal fluctua-
tions with energy kT (k is the Boltzmann constant
and T is the absolute temperature). It is supposed that
the quasi-stationary equilibrium is quickly reached
as a result of self-organization in the system. The
model has successfully been applied to different
objects and processes, including analysis of mor-
phology of incompatible polymer blends [24–28].
In the model, statistical distribution h(s) of the pla-
nar size s of the microstructural entities can be read
as Equation (1) [22, 23]:

                                 (1)

where a is the normalizing parameter and !u0 is the
aggregation energy. The latter parameter can be
treated as a potential barrier to be overcome for the
formation of a statistical ensemble. Its value should
rather be compared to the energy of thermal fluctu-
ations: !u0/kT.
In some cases, the aggregates form not a single but
multiple statistical ensembles. For blended incom-
patible polymers they are the ensembles of dis-
persed and coalesced particles [24–28]. In this case,
Equation (1) should be read as Equation (2):

                        (2)

where N is the total number of statistical ensembles,
while i accounts the number of a statistical ensem-
ble.
As the size parameter s we chose the planar area of
the minor phase particles in the SEM images. Equa-
tion (2) allows determination of the mean area
<si>of the minor-phase particles belonging to the i-
th statistical ensemble as the normalized mathemat-
ical expectation Msi as shown by Equation (3):

    (3)

Assuming that the shape of the entities related to
the i-th statistical ensemble is circular, their mean
diameter <di> can be determined using a simple
geometrical consideration, see Equation (4):

                                        (4)

3. Results and discussion
3.1. Blend morphology
In Figure 1, the SEM micrographs of PLA/PHBV
blends of various compositions are presented. All
images show that blended polymers are immiscible
and the particles of the minor phase are well distin-
guished.
Figure 2 presents the histograms resulting from the
statistical analysis of the minor phase particles
shown in Figure 1 and their analytical descriptions
using Equation (1) or Equation (2). As follows from
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Figure 2, the histograms corresponding to the blends
with low PLA content ("#10 wt %, see, e.g., Fig-
ure 2a) can adequately be described using Equa-
tion (1). Similarly, the histograms corresponding to
the blends with low PHBV content ("10 wt%, see,
e.g., Figure 2d), can also be successfully described
using Equation (1). For the description of the histo -
grams corresponding to the blends with the larger con-
tent of the minor component (PLA content >10 wt%,
Figure 2b, and PHBV content >10 wt%, Figure 2c),
the bimodal distribution (Equation (2), N = 2) rather
than Equation (1) is suitable.
Mixing of molten immiscible polymers is known to
be accompanied by two processes: i) break-up and
dispersion of a minor phase droplets and ii) their
coalescence [24–28]. The latter is especially pro-
nounced when no compatibiliser is used. Taking
this into consideration, the physical meaning of two
statistical ensembles of the minor phase particles
observed in Figures 2b and 2c and described with
Equation (2) becomes clear: the first ensemble (i = 1)
contains only the individual dispersed particles,
while the second one (i = 2) contains exceptionally
the coalesced particles.

The mean diameter of both dispersed and coalesced
particles belonging to the minor phase was calcu-
lated using Equations (3) and (4). In Figure 3, this
parameter is plotted as a function of blend composi-
tion. In most cases (except PLA/PHBV = 10/90), the
mean diameter of dispersed PLA and PHBV particles
varies from 0.7 to 1.2 µm; it very slightly increases
with increasing minor phase concentration. The mean
diameter of the coalesced particles increases more
rapidly with increasing minor phase fraction. When
the concentration of the minor component exceeds
40 wt%, the mean diameter of the coalesced parti-
cles significantly increases: the blend is formed of
co-continuous phases (infinite diameter) with some
inclusions of individual coalesced droplets. The
result obtained is similar to that for the PLA/poly-
styrene blends [29]. According to the authors, large
particles of the minor phase can be explained by
weak interactions between the components and
their incompability.

3.2. Mechanical properties
Tensile and impact properties of the blends of vari-
ous compositions are presented in Table 2. It shows
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Figure 1. SEM images of the PLA/PHBV blends of the compositions: (a) 10/90, (b) 40/60, (c) 75/25, and (d) 90/10 wt%



that both neat components (PLA and PHBV) and the
majority of the blends are relatively brittle: their elon-
gation at break varies from 3 to 6% and impact
strength varies from 1 to 2.5 kJ/m2. Only two PLA/
PHBV compositions, with low content of PHBV,
demonstrate high deformability: 50.7% (80/20 wt%)
and 204% (90/10 wt%). This phenomenon is similar
to that reported for PLA blended with some other

PHA-based polymers with the latter being in the
minor phase: for example, with poly(3-hydroxybu-
tyrate-co-3-hydroxyhexanoate), so-called ‘Nodax’
copolymers, the elongation was 100–200% [30, 31].
It is known that both PLA and PHBV are subjected
to aging: for example, PLA loses it ductile proper-
ties in 4–5 days at ambient temperature [32] and the
mechanical properties of PHBV are stabilized after
20–30 days [33]. We followed the evolution of the
elongation at break during one month for PLA/PHBV
composition 90/10 wt%. The decrease of the elon-
gation after 4, 14 and 24 days is shown in Figure 4:
in about one month, the mixture stored at room tem-
perature loses its ductile properties dramatically. A
slight increase of Young’s modulus, impact strength
and tensile strength of the PLA/PHBV blends in
time is within the experimental errors and thus is
not shown.
In Figure 5, Young’s modulus E and tensile strength
S of the PLA/PHBV blends are presented as a func-
tion of blend composition. The experimental results
are shown with points and theoretical predictions
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Figure 2. Statistical area distributions of the minor-phase particles in the PLA/PHBV blends of the compositions: (a) 10/90,
(b) 40/60, (c) 75/25, and (d) 90/10 wt %. Their analytical description (black lines) using Equation (1) or Equa-
tion (2) (i = 2) with the equation parameters presented in boxes is provided along with the mean particle area <s>
and mean particle diameter <d> calculated with Equations (3) and (4), respectively. In sub-figures (b) and (c),
individual statistical ensembles related to dispersed and coalesced particles are presented as blue and red lines,
respectively.

Figure 3. Mean diameter of both dispersed and coalesced
minor-phase particles of the PLA/PHBV blends as
a function of the blend composition



for Eblend and Sblend, calculated according to Voigt
(Equation (5)) and Reuss (Equation (6)) models,
are given with solid and dashed lines, respectively:

,$                      (5)

,$                    (6)

where fi is mass fraction of each component in the
blend and Ei or Si are neat component Young’s mod-
ulus and tensile strength values, respectively.
It is clear that tensile strength increases with increas-
ing concentration of PLA phase (Figure 5a) and fol-
lows, within the errors, the trends predicted by both
models. Both give rather similar Sblend values and
none of them can be privileged in terms of better
matching the experimental data.
Young’s modulus of the blends is in-between the
values of neat components, from 2300 to 2600 MPa
(Figure 5b), and increases, in overall, with increas-
ing of PLA fraction in the blend, except for some
blends with low PHBV weight fraction (80/20 and
90/10 wt%). Because of a very small difference
between the moduli of neat PLA and PHBV, both
models predict very similar Eblend values. The modu-
lus of the blends with the components in equal pro-
portions, forming co-continuous phases, is slightly
above the additive prediction. Because the maxi-
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Table 2. Mechanical properties of PLA/ PHBV compositions

PLA/PHBV composition Stress at break
[MPa]

Elongation at break
[%]

Young’s modulus
[MPa]

Impact strength
[kJ/m2]

0/100 38.8±0.4 3.9±0.6 2310±80 1.20±0.20
10/90 39.8±0.2 3.8±0.5 2320±30 –
20/80 42.7±1.2 3.4±0.2 2380±50 0.95±0.30
30/70 46.1±0.8 3.7±0.3 2420±50 –
40/60 47.5±0.6 6.6±1.1 2410±20 –
50/50 53.6±0.4 4.1±0.7 2610±60 1.34±0.18
60/40 56.4±1.0 5.5±0.9 2610±60 –
70/30 57.0±0.8 9.8±2.2 2580±20 –
80/20 56.5±0.8 50.7±33.4 2490±70 2.63±0.50
90/10 58.0±0.3 204.3±20.5 2360±40 2.55±0.55

100/0 67.5±0.5 4.8±0.4 2630±30 2.00±0.90

Figure 4. Elongation at break of the PLA/PHBV blends as a
function of the blend composition as measured
two days after injection. The results of testing the
90/10 wt% composition after 4, 14 and 28 days
are also presented

Figure 5. (a) Young’s modulus and (b) tensile strength of the PLA/PHBV blends as a function of the blend composition. A
comparison with the theoretical predictions (Voight and Reuss models) is also presented with solid green and
dashed red lines, respectively.



mum deviation of experimental values from the
predictions given by models is within 10%, we will
not speculate about the reason of this slight increase
of blend Young’s modulus. Blends with low PHBV
fraction, such as PLA/PHBV = 80/20 and 90/10,
show moduli lower than the additive values, with
the maximal deviation from the theoretical predic-
tion being within 15%. One of the reasons of this neg-
ative deviation could be that after two days the mix-
ture is still ductile and thus has weaker Young’s
modulus. As mentioned above, Young’s modulus of
the blend PLA/PHBV = 90/10 wt% slightly increases
in time, practically reaching the additive values.

4. Conclusions
The morphological and mechanical properties of
fully bio-based blends, PLA/PHBV, prepared by
melt mixing, were investigated in details as a func-
tion of composition with the increment of 10 wt% in
the full range of compositions. We statistically ana-
lyzed blend morphology using their SEM images
and applying principles of irreversible thermody-
namics. Two statistical ensembles of the minor-phase
droplets involving dispersed and coalesced particles
were found. When a content of the minor phase was
low ("10 wt%), only dispersed particles of the minor
phase were found, whereas at the higher minor-
phase concentration, both dispersed and coalesced
minor-phase particles were observed. For 50/50 wt%
composition, no dispersed particles were found.
The mean diameters of both dispersed and coa-
lesced minor-phase particles were calculated and
plotted against blend composition. The mean diam-
eter of the dispersed minor-phase particles was shown
to be small (about 1 µm) and practically not varying
with composition. The mean diameter of the coa-
lesced particles was found to increase more consid-
erably and achieves ca. 5 µm for the 50/50 wt% com-
position exhibiting co-continuous morphology.
Young’s modulus and tensile strength of the PLA/
PHBV blends were investigated as a function of
blend composition. Both characteristics were found
to increase with increasing proportion of the PLA
component. The results obtained correspond, within
the experimental errors, to the theoretical predic-
tions according to Reuss and Voigt models.
Blends with low content of PHBV in the minor phase
showed very high elongation at break, about 200%,

for samples studied two days after injection. We
found that this property decreases dramatically in
one month (from 200 to few %) because of the aging
process in both components, though tensile strength,
Young’s modulus, and impact strength did not change
considerably in time.
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