
Polyurethanes (PUs) are multiblock copolymers con-

taining repeated urethane groups which are formed

from the stepwise addition reaction of polyol with iso-

cyanate. Depending on the type and composition of

raw materials, a most broad property spectrum from

elastomer to rigid plastics is tailored, and most widely

used as coating, adhesive, sealant, elastomer, and

various types of foam with an annual production

over 18 million tons 2015.

Since they are closely related to our daily life, par-

ticular attentions have been paid to reduce the envi-

ronmental impacts and enhance sustainability. Ear-

lier attempt was to replace petroleum based polyols

by bio-based ones using vegetable oils which are ‘bro-

ken’, ‘functionalized’, and ‘polymerized into polyols’.

They are greenhouse gas neutral with virtually no

odors from the end products giving much reduced

volatile organic compounds (VOC) during manufac-

turing, and are more sustainable through the life cycle.

However, generally poor properties of bio-based

polyol PU are to be enhanced by proper techniques.

More harmful than polyols is isocyanates whose syn-

thetic route involves phosgene which is highly toxic.

So, an isocyanate-free route to synthesize PU has re-

cently gained great interests. The route is based on an

old reaction of dicyclocarbonates and diamines, where

isocyanate group is not present at any step. Hydroxyl

groups at the β-carbon atom of the urethane moiety

increase adhesion. Rich intra- and intermolecular hy-

drogen bonds and the absence of unstable biuret and

allophanate units augment thermal stability and chem-

ical resistance to non-polar solvents.

Isocyanate-free PU based on multicyclic carbonates

and polyamines is fabricated using toxic solvent at

high temperature, which poses difficulties for indus-

trial application. One promising way is that they can

be used to modify epoxy matrix for coating applica-

tion in industry. They are solvent-free, cured at low

temperatures, based on renewable raw materials, and

show resistance to weathering, abrasion, and solvents.

The lack of commercially available multifunctional

cyclic carbonates is a fundamental problem to be re-

solved.

A most significant way to reduce VOC was to re-

place organic solvent by water.

Waterborne PU was introduced in market in 1980s

and steadily replaces solvent-borne type in many ap-

plications although the market is yet to expand. Cer-

tain inferior properties pertinent to ionomer nature

should be resolved by molecular architecture and hy-

bridization.

Much care was paid to foam production regarding

blowing agent. Use of chlorine-containing ones was

restricted by Montreal Protocol (1987) and Kyoto

Protocol (1997). Carbon dioxide, pentane, HFC-134a

and HFC-245fa steadily expand their usage to reduce

ozone depletion potential and global warming poten-

tial. Global spread of non-emission and non-fugitive

catalysts contributes to cleaner atmosphere. All the

efforts are expected to continue for cleaner and

greener environment.
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1. Introduction

Carbon fiber (CF) reinforced polymer composites

have been widely used in aerospace, automobiles,

constructions and other industry fields because of

their excellent mechanical properties, such as high

specific strength, specific modulus and damping ca-

pacity [1–3]. As well known, the mechanical proper-

ties of fiber reinforced composites are largely domi-

nated by the fiber-matrix interfacial adhesion. Good

interfacial bonding is essential to ensure the load

transfer from the matrix to the fiber reinforcements,

which is helpful to reduce the stress concentrations

and improve the overall mechanical properties of

final composite products. However, the fiber-matrix

interfacial adhesion tends to be weak since the CFs

surfaces are smooth, non-polar and chemical inert

[4, 5]. In order to improve the interfacial bonding

properties, a series of effective methods have been

successfully developed for surface modification of

CFs, such as chemical oxidation, high-energy radia-

tion, grafting, and plasma treatment, etc. [5–8].

Recently, the utility of graphene oxide (GO) or func-

tionalized GO as additives to enhance the interfacial

properties of CF reinforced polymer composites has

begun to attract more attention [2, 9]. Because the

functionalized GO has various functional groups and

large specific surface area, it can be uniformly dis-

persed and firmly adsorbed on the surface of CFs to

prepare a new hierarchical reinforcement. Therefore,

the interfacial adhesion of composites can be im-
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proved by this new hierarchical reinforcement due

to consuming much more energy by pulling out the

functionalized GO from the matrix or breakage of

them. On the other hand, the introduction of the func-

tionalized GO can increase the modulus of polymer

matrix significantly [10–12], that is to say, it can re-

duce the modulus difference between matrix and fiber,

which is also beneficial for the applied load trans-

ferring more effectively from matrix to CFs.

CF reinforced bismaleimide (BMI) composites have

been widely used as one of advanced composites

owing to their superior mechanical and thermal prop-

erties [13, 14]. Nevertheless, the properties need to be

further improved when they are used in some specific

environments. Nowadays, GO or functionalized GO

have been used for modifying the BMI resin by some

researchers. For example, Yan and coworkers [15,

16] grafted hyperbranched polysilane (HBPSi) and

hyperbranched polytriazine (HBPT) onto the re-

duced GO surfaces, respectively. The results revealed

that the introduction of HBPSi (or HBPT) function-

alized reduced GO could decrease the frictional co-

efficient and the wear rate of the BMI resin dramat-

ically. Liu et al, [13] reported a 39% increase in

impact strength by adding 0.3 wt% aniline function-

alized graphene nanosheets in BMI resin. Our previ-

ous work [17] also found that the suitable addition of

silane functionalized GO (MPTS-GO) could signifi-

cantly improve the mechanical properties of the BMI

composites. Although substantial research has point-

ed out that the addition of graphene into polymer

matrix can result in the considerable improvements

of new or modified properties, there are few reports

to study the effect of graphene on enhancing the

properties of CF/BMI composites, especially the in-

terfacial adhesion.

Herein, we report the fabrication of a novel covalent

functionalized GO by using maleic anhydride. Then

the maleic anhydride functionalized GO (MAH-GO)

was introduced into the CF/BMI composite system

to improve the mechanical properties. Because the

carbon-carbon bond of maleic anhydride is high re-

active activity, the MAH-GO is easy to participate

in the curing reaction of BMI resin, and thus improv-

ing its dispersibility and strengthening the interac-

tion with the resin. The aim of the current investiga-

tion is to determine the role of MAH-GO on the

interfacial adhesion of CF/BMI composites.

2. Experimental section

2.1. Materials

The BMI resin used was the 4,4′-bismaleimide

diphenyl methane (BDM) modified with the O,O′-

diallyl bisphenol A (DBA). BDM and DBA were

both supplied by Honghu New Materials Technical

Co. LTD., China. Unidirectional carbon fiber

(T700SC-12k, diameter: 7 μm) was purchased from

Toray Industries, Inc., Japan. Pristine graphite pow-

der was obtained from Qingdao Jinrilai Graphite

Co., Ltd., China. Maleic anhydride (MAH), ethanol,

acetone, and dimethylformamide (DMF) were of an-

alytical grade and obtained from Sinopram Chemical

Reagent Co., Ltd., China.

2.2. Fabrication of GO and MAH

functionalized GO (MAH-GO)

GO was prepared by oxidizing natural graphite pow-

der based on a modified Hummers method [17, 18].

To functionalize GO, 0.5 g GO was placed in a

250 mL dried beaker with 100 mL DMF and soni-

cated for 1 h to form a homogeneous solution. 15 g

MAH was then added into the mixture solution and

transferred into a three-necked flask with refluxing at

80°C for 1 h. After the reaction finished, the product

was washed with ethanol several times to remove all

the unreacted MAH. The solid was finally dried under

vacuum to obtain the MAH-GO. The preparation

process of MAH-GO is shown in Figure 1.

2.3. Fabrication of CF reinforced BMI

composites

According to the different weight ratios, the MAH-

GO was firstly added into 100 mL ethanol and son-

icated for 1 h to promote its dispersion. 51 g DBA was

then added into the ethanol solutions and sonicated

for another 1 h. In order to remove all the ethanol, the

mixture container was transferred into an oil bath and

distilled according to the scheduled process: 80 °C

for 1 h, 100°C for 2 h, 120°C for 1 h, and 140°C for

6 h. Then, 68 g BDM was added to the mixture, and

this was followed by prepolymerization for 30 min

at 140 °C. The molar ratio of DBA to BDM was

0.87:1. 150 mL acetone was added into the resultant

prepolymer under refluxing for 1 h to obtain a ho-

mogenous thin resin solution. The unidirectional CF

was impregnated by passing through this resin solu-

tion. Two glass bars were used to scrape off excess
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resin solution from the CF carefully, and then the sol-

vent was removed in a vacuum oven at 80 °C to ob-

tain the prepregs. The composites were prepared by

using compression molding method. The preparation

procedure of CF composites is represented in Fig-

ure 2. The referential CF/GO/BMI composites were

also prepared in the same procedure.

2.4. Characterization 

Transmission electron microscopy (TEM) micro-

graphs were used to observe the morphologies of GO

and MAH-GO sheets by using a TEM instrument

(TecnaiG220, FEI, USA). The sheets were firstly dis-

persed in de-ionized water by sonication for 30 min

and then some pieces were collected on carbon-coat-

ed copper grids for TEM observation.

Fourier transform infrared (FT-IR) spectra were

recorded on a spectrometer (Spectrum 100, Perkin

Elmer, USA) using KBr pellets at room temperature.

The frequency range of FT-IR was 4000–400 cm–1.

X-ray photoelectron spectroscopy (XPS) measure-

ments were used to determine the surface groups of

GO and MAH-GO by using an XPS instrument (ES-

CALAB 250, Thermo, USA). The nonlinear least

squares fitting (NLLSF) program with a Gaussian-

Lorentzian production function was used for curve
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Figure 1. Schematic of preparation process of MAH-GO

Figure 2. Fabrication process of CF/MAH-GO/BMI composites



fitting of C1s spectra. The surface chemical compo-

sition was calculated from the areas of relevant spec-

tra peaks.

Thermogravimetric analysis (TGA) were measured

under a nitrogen atmosphere from 60 to 700° with a

thermal analyzer (TGA-7, Perkin Elmer, USA) at a

heating rate of 10°C·min–1.

Scanning electron microscopy (SEM) observations

were conducted with a scanning electron microscope

(∑IGMA, Carl Zeiss, Germany). Each sample was

coated with gold prior to SEM observation.

The interlaminar shear strength (ILSS) of CF com-

posites was carried out by the short beam three point

bending test on a universal testing machine (WOW

1000, Jinan Shidai Shijin Testing machine Group

Co., Ltd., China) according to the ASTM D2344.

The cross-head speed was 2 mm·min–1. The width

of test specimen was 6 mm and the thickness was

2.4 mm. A span-to-depth ratio of 5:1 was used.

The flexural properties of composites specimens were

carried out using three-point bending mode on the

above mentioned WOW1000 testing machine ac-

cording to ASTM D-790. The crosshead rate was

2 mm·min–1. The length between supports span was

16 times the depth of test specimen. At least seven

samples were tested in each experiment and the av-

erage value was reported.

3. Results and discussion

3.1. Characterization of GO and MAH-GO

TEM micrographs of the GO and MAH-GO sheets

are given in Figure 3. The GO and MAH-GO sheets

show almost similar structures with a few thin rip-

ples in their surfaces. FT-IR, XPS and TGA analysis

were used to testify the surface functionalization of

GO. Figure 4 illustrates a comparison of FT-IR spec-

tra of GO and MAH-GO. In the case of GO, the peak

located at 1716, 1637, 1375, 1227 and 1048 cm–1 are

assigned to the stretching vibrations of C=O of car-

boxylic and carbonyl groups, C=C, –OH of the car-

boxyl group, C–O of the epoxy group and C–OH

group, respectively. Similar patterns were observed

in other studies [10, 19]. These observations indicate

that the GO contains abundant oxygen-containing

functional groups. After surface covalent function-

alization, the bands at 1716, 1637 and 1375 cm–1 be-

came stronger. Meanwhile, the new band appeared

at 860 cm–1, correspond to the in-plane bending vi-

bration of C–H of CH=CH group. Another two new

bands at 1100 and 1172 cm–1 are assigned to the

stretching vibration of C–O of the ester group. The

appearance of ester group clearly implies that the

MAH molecules were reacted with the electrophilic

groups of the GO surfaces, which provided more ev-

idence for this successful chemical functionalization.
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Figure 3. TEM images of (a) GO and (b) MAH-GO

Figure 4. FT-IR spectra of GO and MAH-GO



XPS is a useful tool in determining the chemical com-

positions of graphene surfaces. Figure 5 shows the

XPS C1s spectra of GO and MAH-GO. It is shown

that both of the C1s spectra contain six peaks, which

are assigned to C=C (284.4 eV), C–C (284.8 eV),

C–OH (285.6 eV), C–O–C (286.7 eV), C=O

(287.3 eV) and C(=O)O (288.6 eV) group, respec-

tively. However, as shown in Table 1, the O/C ratio

of GO increased slightly from 0.378 to 0.397 after

interacting with MAH, which may be caused by the

higher oxygen atom concentration in the MAH mol-

ecules. Moreover, it is noted that the concentration

of C–OH group decreased from 15.98 to 9.79%, and

the concentrations of C=O and C(=O)O groups in-

creased from 20.13 to 25.24% and 9.63 to 11.14%, re-

spectively. The change of these functional group con-

centrations are caused by the grafting of MAH

molecules onto the GO surface. Meanwhile, it may

be concluded that the C–OH groups acted as elec-

trophilic groups and reacted with the MAH mole-

cules (see the Figure 1) in the light of the significant

decrease of its content.

Figure 6 presents the TGA and DTG curves of

graphite, GO and MAH-GO. As can be seen, the pris-

tine graphite is thermally stable. After oxidation, the

GO show significant decomposition at approximate-

ly 230°C, which is likely due to the decomposition

of labile oxygen-containing functional groups [9, 10,

20], yielding CO, CO2 and H2O. From the DTG curve

of MAH-GO, it is clearly shown that there are two

weight loss peaks appeared at 176 and 256 °C, re-
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Figure 5. C1s XPS spectra of (a) GO and (b) MAH-GO

Table 1. The chemical compositions of GO and MAH-GO

Samples O/C

Contents of chemical groups

[%]

C=C C–C C–OH C–O–C C=O C(=O)O

GO 0.378 21.14 20.68 15.98 12.44 20.13 9.63

MAH-GO 0.397 23.10 19.70 9.79 11.03 25.24 11.14

Figure 6. (a) TGA and (b) DTG curves of graphite, GO and MAH-GO



spectively. This result may be caused by the differ-

ence of thermal stability between the grafted MAH

molecules and the original labile groups. However,

the MAH-GO does not exhibit excessive highly ther-

mal stability, which is explained by the fact that the

grafted MAH are also small molecules. By compar-

ison, the weight loss of MAH-GO observed up to

700°C (about 71.1%) is higher than that of GO (about

55.3%), which further alludes to the successful graft-

ing of MAH molecules onto the GO surfaces. The

result is consistent with that derived from FT-IR and

XPS analysis.

In this study, the aim of covalent functionalization of

GO by using MAH is to react the MAH-GO with the

BMI resin so as to improve the dispersibility of func-

tionalized GO in the resin matrix. According to the

literatures [21, 22], the ene reaction and Diels-Alder

reaction have been proposed to be involved in the

curing process of BDM and DBA. In view of the

high activity of carbon-carbon double bond of graft-

ed MAH, it may be concluded that the MAH-GO

could participate in the curing reaction of BMI resin.

In order to testify whether the reaction between them

occurred or not, the maleic acid was used to react

with DBA based on the molecular structure of graft-

ed MAH. Figure 7 shows the FT-IR spectra of male-

ic acid and DBA before and after reaction.

In the spectrum of maleic acid, the peaks located at

863, 1587 and 1705 cm–1 are assigned to the in-plane

bending vibration of C–H of CH=CH group, the

stretching vibrations of C=C and C=O, respectively.

After react with DBA, the peaks at 1587 and 863 cm–1

are disappeared. This phenomenon indicated that the

carbon-carbon double bond of maleic acid reacted

with the DBA molecules. Therefore, the conjugation

effect between the C=O and C=C was not existed.

As a result, the characteristic band of the C=O stretch-

ing mode of MA split into two peaks (1718 and

1778 cm–1). These results confirmed that the MAH-

GO could take part in the curing reaction of BMI

resin.

3.2. Effect of MAH-GO on the interfacial

property of CF/BMI composites

The ILSS test is an effective method for evaluating

the interfacial adhesion property of fiber composites.

The effects of GO and MAH-GO on the ILSS of CF/

BMI composites are shown in Figure 8. It is shown

that the ILSS of CF/BMI composites increased first-

ly and then decreased with the increase of filler load-

ing. At 0.1 wt% loading of GO, the ILSS of compos-

ites reached the maximum value of 88.5 MPa, cor-

responding to a slight increase of 5.3% compared to

the CF/BMI composite. It is exciting that the maxi-

mum improvement of ILSS obtained in the compos-

ites containing MAH-GO is far higher than the GO

counterparts, which is 24.4% at 0.15 wt% loading.

The corresponding ILSS value is 104.6 MPa. The re-

sult indicted that the interfacial bonding between the

carbon fibers and BMI resin was enhanced by the in-

troduction of GO and MAH-GO, and the MAH-GO

showed a substantially improved effect.

Although the further increase in the MAH-GO con-

tent lead to the decrease of ILSS, which is possibly

attributed to the agglomeration of excessive filler, it

is still much better than that of the CF/BMI compos-
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Figure 7. FT-IR spectra of maleic acid and DBA before and

after reaction

Figure 8. ILSS of neat BMI resin and its composites with

different filler loading



ite. Meanwhile, it is also noted that the ILSS of com-

posites decrease severely when the GO content be-

yond its optimum value. Based on the above results,

it is safe to conclude that the dispersion of MAH-GO

in the resin was superior to that of GO due to the

chemical interaction between the grafted MAH mol-

ecules and the BMI resin. Moreover, the MAH-GO

nanosheets bring this advantage into the CF/BMI

composites to enhance the interfacial adhesion.

To better understand the addition of GO and MAH-

GO in enhancing the interfacial adhesion of the CF/

BMI composites, the fracture morphologies of the

composites were studied by using SEM, as shown in

Figure 9. For the CF/BMI composite, quite a number

of fibers have smooth surfaces and there is little resin

adhered on the surfaces (see the red box in Fig -

ure 9a). In addition, it is clearly shown that many CFs

are pulled out from the resin matrix and the gaps be-

tween CFs and resin are quite large (see the red ar-

rows in Figure 9d). These phenomena indicate that

the interfacial adhesion of the CF/BMI composite is

weak and the fiber debonding occurs easily. When

the GO or MAH-GO was introduced into the com-

posite system, the fracture morphologies are obvi-

ously different (Figure 9b, 9e and Figure 9c, 9f). Es-

pecially for the CF/MAH-GO/BMI composite, the

fibers are tightly surrounded by the resin and there

are no pulled-out fibers. A large amount of matrix is

attached on the CFs surfaces. Moreover, Figure 9g

shows that many MAH-GO nanofillers (see the red

arrows) are adsorbed on the surface of CFs although

few of MAH-GO agglomerates (see the blue arrow)

are also existed. Therefore, the interfacial adhesion

of composites was improved because more energy

was consumed by pulling out the MAH-GO nano -

fillers from the matrix.

3.3. Flexural properties of CF/BMI composites

The flexural properties of CF/BMI composites were

measured and illustrated in Figure 10. The flexural
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Figure 9. Fracture morphologies of the composites: (a), (d) CF/BMI; (b), (e) CF/BMI with 0.1 wt% GO; (c), (f), (g) CF/BMI

with 0.15 wt% MAH-GO



strength for CF/BMI composite was 1.36 GPa. With

the increase of filler loading, the flexural strength in-

creased firstly and then decreased. This tendency is

similar to that of the ILSS of the composites. The

flexural strength of CF/GO/BMI and CF/MAH-GO/

BMI composites reached the maximum values of

1.51 and 1.75 GPa when the GO and  MAH-GO con-

tent was 0.1 and 0.15 wt%, 11.0 and 28.7% improve-

ment more than that of the CF/BMI composite, re-

spectively.

The improvement of flexural strength should be at-

tributed to the enhancement of the interfacial adhe-

sion between the CFs and MAH-GO (or GO). The

enhanced interfacial adhesion allows better load trans-

fer from the resin matrix to the CFs [2, 23]. Another

possible reason is the synergistic effects [24] of mi-

croscopic CFs and nanoscale MAH-GO (or GO). The

CFs and the MAH-GO (or GO) might act as a good

combination of reinforcement and to carry the load

during the flexural deformation of resin matrix.

Figure 10b shows the effects of GO and MAH-GO

content on the flexural modulus of CF/BMI compos-

ites. It is obviously that the incorporation of GO and

MAH-GO yielded an improvement of the compos-

ites stiffness and the MAH-GO enhanced the flex-

ural modulus of composites greatly compared with

the GO. When the filler content was 0.1 wt%, the

flexural modulus of CF/GO/BMI and CF/MAH-

GO/BMI composites reached the maxium values of

84.63 and 98.87 GPa, which increased 27.9 and

49.7% with respect to that of CF/BMI composite, re-

spectively. The study also indicates that excessive

GO and MAH-GO gave the negative effects to the

flexural properties of composites due to the agglom-

eration. The agglomeration will decrease the surfi-

cial contact area of the graphene filler and thus give

bad effect in improving the mechanical properties of

the CF composites.

4. Conclusions

In this study, we have demonstrated a novel and facile

method for improving the interfacial adhesion prop-

erty of CF/BMI composites. Firstly, the covalent func-

tionalized GO was synthesized by grafting MAH onto

the GO surfaces. Then, the CF/BMI composites with

both the GO and MAH-GO at different loadings were

prepared. The effects of GO and MAH-GO on the

interfacial adhesion of CF/BMI composites were in-

vestigated and compared. Due to the high reactivity

of carbon-carbon double bond in the grafted MAH

molecules, the MAH-GO reacted with the BMI resin

during the curing process. This strong chemical inter-

action between the MAH-GO and the resin matrix

gave a substantial increase in the ILSS and flexural

properties of CF/BMI composite. The enhancement

of interfacial adhesion was testified by SEM images

of the fracture morphologies.
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1. Introduction

Use of nanoparticles in numerous applications has

become a major area of interdisciplinary research in

recent times. The method of nanoparticle synthesis

is an important factor in determining the type of ap-

plication. The research, particularly on semiconduc-

tor nanoparticles is motivated by its possible uses in

various fields like nonlinear optics, solar cells, light-

emitting devices, electronics, biological labels, and

catalysis. The size-dependent mechanical, optical and

electronic properties are very much essential. When

a particle approaches the size of a few nanometers,

its diameter becomes equal to or less than the bulk

semiconductor exciton diameter (for cadmium sul-

fide it is 5–6 nm [1]), such that quantum confinement

of electron-hole pairs increase the band gap relative

to that in the bulk materials. Hence, the control of

particle size allows tuning of the band gap which

gives the desired above mentioned electronic and op-

tical properties. Reinforcement of inorganic nanopar-

ticles inside solid polymer matrices are attracting in-

creased attention because the combination of both

these materials provides a simple route to stable and

processable materials having properties of both com-

ponents incorporated in the matrix [1].

However, these composites normally cannot be re-dis-

solved while protecting the colloidal state of nanopar-

ticles. The single polymer molecule represents an im-

portant type because isolated nanocomposites based

on a single molecule can be obtained, which have very

desirable processing characteristics. Mainly, all the

applications which are based on single polymer mol-

ecule can be applied to the single molecule-nanopar-

ticle composites also. In most of these cases, the nano -
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composites were further used in various applications

in their thin-film form [1].

Composite materials consisting of metal nanoparti-

cles embedded in transparent host matrix have at-

tracted the attention of researchers as advanced tech-

nological materials for use in solar cells for photo-

electric conversion, transistors for electronic switch-

es [2–6] because of their unique optical, electronic

[7], mechanical [8] and structural [9] properties. Large

interfacial area between the nanofiller and polymer

matrix is a key advantage of nanocomposites since

the nanomaterials have high aspect ratio and high

surface area. Similarly the dielectric properties of

polymers doped with micro and nano fillers have

also attracted considerable attention, due to their tech-

nological importance for devices such as heating el-

ements, electrical igniters, electrodes for fuel cells

and crucibles for vacuum induction furnaces and elec-

tric feed [10]. Polymer nanocomposites are known to

possess good barrier, mechanical properties, reduced

flammability, increased heat distortion temperature

and reduced solvent uptake [11].

The study of the effect of temperature on dielectric

and frequency is one of the most convenient and sen-

sitive methods of investigating polymer structure.

The polarization of dielectric is contributed by di-

electric, polar and ionic means [12]. Electronic polar-

ization occurs during very short intervals of time,

ionic polarization in the range of a few seconds

whereas the dipole polarization takes relatively longer

durations.

In this study, poly vinyl alcohol (PVA) has been used

as a host matrix for incorporating cadmium sulfide

(CdS) nanoparticles due to its water soluble, trans-

parent and highly durable nature. It is a semi-crys-

talline hydrophilic polymer with a 1,3 glycol struc-

ture. Due to its biodegradability and non-toxicity it is

highly suitable for environmental processes [13, 14].

The primary focus here is to explore the effects of

CdS nanoparticles loading on properties of PVA/CdS

composite films. Crystallinity of pure CdS nanopow-

der and prepared PVA/CdS nanocomposites was

studied by X-ray diffraction (XRD) analysis. Scan-

ning electron microscopy (SEM) and Fourier trans-

form infrared spectroscopy (FTIR) techniques were

used to investigate the surface morphology of pre-

pared films and influence of CdS nanoparticles on

structural characteristics of PVA films. The dielectric

constant, dielectric loss and conductivity of PVA/CdS

nanocomposite films at different frequencies were

studied in order to probe the role of nanofiller in PVA

matrix. Also, the effect of CdS content on thermal

properties of PVA/CdS nanocomposites was inves-

tigated in detail.

2. Experimental procedure

2.1. Reagents and materials

All chemicals used were of analytical grade and used

without further purification. Cadmium nitrate,

[Cd(NO3)2·4H2O (≥99%)], Nice Chemicals Pvt. Ltd,

Cochin, India, Thiourea [NH2CSNH2] AR grade

(≥99%), and L-valine [C5H11NO2] BO grade were ob-

tained from SDFCL (SD Fine–CHEM LIMITED),

Mumbai, India. PVA [C2H4O)n] LR grade having mo-

lecular weight from 85000 to 124000 (86–89%) was

obtained in powder form from SDFCL (SD Fine –

CHEM LIMITED), Mumbai, India. Double distilled

water was used for dissolution and casting of PVA

films.

2.2. Synthesis and characterization of CdS

nanoparticles

CdS nanoparticles were prepared using hydrother-

mal method [15, 17]. An aqueous solution was pre-

pared by mixing 3.08 g of Cadmium nitrate

(Cd(NO3)2·4H2O), 2.285 g of Thiourea (NH2CSNH2)

and 0.3518 g of L-valine (C5H11NO2) were dissolved

in 80 mL of distilled water to form a solution. Here,

thiourea and L-valine act as fuel and stabilizer re-

spectively. The fuel used here supplies required en-

ergy for the reaction. The solution is kept in teflon

lined stainless steel container and stirred for 30 min-

utes. Then the container was placed in an autoclave

at a temperature of 180–200°C, for 4 hours, and later

allowed to cool to room temperature. The product

was then washed thoroughly with distilled water and

ethanol, and centrifuged. The residue was heated at

80°C for an hour to produce nano powder of CdS.

The overall reaction can be represented as shown by

Equation (1):

Cd(NO3)2 + NH2CSNH2

→ CdS + 2N2O + 2H2O + CO2 (1)
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2.3. Fabrication of PVA/CdS nanocomposite

films

PVA/CdS nanocomposite films were prepared by so-

lution intercalation film casting method. Films were

cast from a CdS water suspension, in which PVA

was dissolved by heating at 75–80°C for 4 hr with

constant stirring on a water bath. The solid content of

the PVA solution was maintained at 7.5% by wt. The

solution was then ultrasonicated at 80–90°C for 30–

40 min for uniform distribution of nanomaterial in

the solution and to minimize any possible agglom-

eration and immediately poured into a clean glass

mould and then dried at room temperature for

48 hours. PVA nanocomposite films were cast with

different solutions containing varying amounts viz.

0.5, 1, 1.5 and 2 wt% of CdS nanoparticles. The cast-

ed films were free from air bubbles with uniformly

dispersed CdS nanoparticles in PVA matrix. The

thickness of the nanocomposite film samples casted

were in the range of 0.18–0.22 mm [16].

2.4. Measurements

FTIR spectra of the samples were measured in the

spectral range of 4000–500 cm–1 using FTIR in

transmittance mode with resolution of 4 cm–1. XRD

analysis was recorded using Brucker’s D-8 advanced

wide-angle X-ray diffractometer. The X-ray source

was Ni-filtered Cu-Kα radiation (40 kV, 30 mA). The

dried membranes of uniform thickness (~200 μm)

were mounted on a sample holder and the X-ray trac-

ings were recorded in the range of 0–80° at a speed

of 8° per min. Surface images were recorded by SEM

(Model JSM-5910-JEOL JAPAN) at an operating

voltage of 5 kV. For the electrical characterization

of composites, high frequency LCR meter (Agilent

4294A) was employed having a frequency range

from 4 kHz to 1 MHz. The test was carried out at

constant voltage of 1 V and at room temperature.

DSC measurements of neat PVA and PVA/CdS nano -

composites were performed using a NETZSCH DSC

200F3 instrument in the temperature range of 30 to

250°C in nitrogen atmosphere. Both the heating and

cooling rates were maintained at 10°C·min–1.

3. Results and discussion

3.1. Fourier transform-infrared spectroscopy

(FTIR)

Any possible interaction between PVA matrix and

CdS nanoparticles can be understood by FTIR analy-

sis. The FTIR spectra of PVA and CdS reinforced

PVA nanocomposite films are shown in Figure 1.

The spectrum shows peaks at 3285, 2923, 1724,

1373, 1239, 1087, and 842 cm–1. The broad peak

around 3285 cm–1 indicates stretching of hydroxyl

groups(O–H) [40] and peaks at 2923 and 2850 cm–1

are due to C–H asymmetric stretching vibration. The

peaks observed at 1724 and 1373 cm–1 correspond

to C=O stretching (of vinyl acetate group of PVA),

out-of-phase deformation and in-plane deformation

of the methyl group respectively. The peak at

1239 cm–1 corresponds to the C–O–C out of phase

stretching and the peak at 1087 cm–1 was due to the

COS stretching vibration mode and also indicates the

C–O stretch of secondary alcoholic groups. Out-of-
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Figure 1. FTIR samples of PVA loaded with CdS nanoparti-

cles at (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt%

(d) 1.5 wt%, (e) 2 wt%



phase stretching vibration was observed at 842 cm–1

due to sulfate ions in are linked with water molecules

by hydrogen bonding [41].

The vibration absorption peak of Cd–S bond at

405 cm–1 is observed in the spectrum. The observed

at peak at 3285 cm–1 is very broad when compared

to the as synthesized complex, which is purely due

to the adsorbed moisture by the sample. The peak

observed at 2923 cm–1 evidences the capping of alkyl

group over the formed CdS. There was no form of

additional peak in IR spectra; however a small shift

in the peak position of the band is observed (which

is not considerable) corresponding to C=O stretch

and C–O–C stretch vibrations indicates physical in-

teraction between hydroxyl groups of PVA and nano

CdS. The hydroxyl groups of PVA have a very strong

tendency to form charge-transfer complex with CdS

nanoparticles through chelation.

3.2. X-ray diffraction analysis

Figure 2 shows XRD patterns of the synthesized CdS

nanoparticles. Comparison with the standard (JCPDS

No 41- 4019) [15] clearly revealed the formation of

single phase CdS with a hexagonal crystal structure.

The crystalline nature of pure nano CdS was ob-

served by various sharp peaks shown in Figure 2.

Seven separate diffraction peaks can be seen at the

2θ values of 24.98, 26.5, 28.14, 31.8, 43.8, 48.2 and

51.9°. It was observed that varying the solvent dur-

ing synthesis of nano CdS presented preferential

growth in different crystalline directions [18]. Sim-

ilarly it can be believed that a less pronounced pref-

erential growth occurred in the nanocomposite film

samples of this study.

XRD patterns of pure polyvinyl alcohol and PVA/CdS

nanocomposites having 0.5, 1, 1.5 and 2 wt% of CdS

respectively are shown in Figure 3. All the compos-

ites showed a peak at approximately 2θ = 19.4° [19]

corresponding to (1 0 1) crystal plane for polyvinyl

alcohol, which indicates the semi-crystalline nature

of PVA. The crystalline nature of PVA results from

the strong intermolecular interaction between PVA

polymer networks. The mean particle size of synthe-

sized nano CdS calculated by using Scherrer equa-

tion was found to be 37.68 nm.

XRD profiles of the composites showed no shifting

or broadening of peak at 2θ = 19.4°, but showed ap-

pearance of smaller new peaks at 24.98, 26.4, 28.16,

30.65, 44.33, 47.92, 51.81 and 54.48° which clearly

indicated the presence of CdS nanoparticles inside

the PVA matrix.

3.3. Thermal characterization of the PVA/CdS

nanocomposites 

Differential scanning calorimetry (DSC)
The thermal properties of PVA/CdS composite films

were analyzed by DSC [39] to investigate the effect

of CdS filler content on glass transition temperature
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Figure 2. XRD profile of pure CdS nanoparticles

Figure 3. XRD profiles of (a) 0 wt%, (b) 0.5 wt%, (c) 1 wt%,

(d) 1.5 wt%, (e) 2 wt% CdS nanoparticles loaded

PVA nanocomposites



(Tg), melting temperature (Tm), heat of fusion (ΔH),

percentage crystallinity (% xc) and crystallization tem-

perature (Tc) of PVA. DSC analysis was performed

in successive cycles of heating and cooling as shown

in Figure 4. Outline of the DSC data corresponding

to these curves is shown in Table 1.

During heating of a sample, for example, from room

temperature to its decomposition temperature, peaks

with positive and negative ΔdH/dt may be recorded;

each peak corresponds to a heat effect associated

with a specific process, such as crystallization or

melting. The important information from DSC curves

is the temperature at which process occurs and the

peak temperature is associated and the temperature

at which maximum reaction rate occurs.

The analysis was carried out from 25 to 250 °C of

temperature at a rate of 10°C/min. All peak values

have been shown in Table 1. The incorporation of

CdS nanoparticles decreased the Tg and Tm of PVA.

This decrease may be due to the agglomeration of

CdS nanoparticles, which decreases the polymeric

network strength and also the intermolecular inter-

action between PVA chains. The values of Tg and Tm

do not vary much with the content of CdS in the ma-

trix which indicates that the PVA barely interacts

with the nanoparticles. It may be due to increase in

the free volume (which may also be due to adsorp-

tion because of the limited mobility of the adsorbed

chains). The suppressed melting point shows that the

interaction with the nanofiller hampers crystalliza-

tion. This may also explain the larger supercooling

(lower Tc).

Although an increase in the nanoparticle content

does not affect crystallinity (melting enthalpies in

Table 1 are almost unchanged), it can be concluded

that the presence of the CdS-nanofiller prevents crys-

tal thickening. The observed effects can be explained

by the reduced mobility of the PVA chains attached

to the surface of the CdS nanoparticles. This is also

supported by the FTIR data given above.

The glass transition, strictly speaking, is not a true

phase transition, because the first derivative of the

heat capacity curve is a continuous function of tem-

perature as shown by phase-modulated DSC meas-

urements. This means that the polymer shows signs

of a spectrum of glass transition temperatures, each

corresponding to different segmental relaxations. Fig-

ure 4 tells not just a shift of the slope in the heat ca-

pacity curve to higher temperatures with an increase

of the content of the inorganic phase, but also a

lengthening of its temperature range. It seems that

incorporation of CdS into the polymer matrix affects

the distribution of chain segments, most likely due

to a change in chain packing density in the surround-

ing area of the surface of the nanofillers.
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Table 1. Thermal properties of PVA/CdS nanocomposites

showing Tg, Tm, ∆Hm, % xc and Tc as a function of

CdS content  in PVA matrix

Composition

[wt%]
Tg

[°C]

Tm

[°C]

∆Hm

[J/g]
% xc

Tc

[°C]
PVA CdS

100.0 0.0 81.6 224.3 40.54 4.390 189.8

99.5 0.5 71.3 189.1 40.89 5.768 95.2

99.0 1.0 68.4 190.2 41.49 4.572 118.5

98.5 1.5 71.2 191.5 37.29 4.408 109.9

98.0 2.0 69.2 190.0 35.72 4.171 118.6

Figure 4. (a) DSC heating curve and (b) cooling curve of pure PVA and PVA/CdS nanocomposites



3.4. Scanning electron microscopy (SEM)

Surface morphology of PVA and PVA/CdS nanocom-

posite films was understood from the SEM images

shown in Figures 5. The images clearly show CdS

nanoparticles which have porous, agglomerated, aci-

cular (Needle like components) structure, size below

80 nm and also confirmed from the images reported

elsewhere [20, 21]. The varying sizes obtained may

be due to agglomeration of the nanoparticles which

takes place in order to minimise the high surface en-

ergy that exists in individual nanoparticles. Figure 6

shows SEM images of (a) neat PVA, (b) PVA–

0.5 wt% CdS, (c) PVA–1.0 wt% CdS, (d) PVA–

1.5 wt% CdS, (e) PVA–2.0 wt% CdS. From these im-

ages, it was observed that nanoparticles were aglom-

erated at all concentrations at varying degree. These

agglomerated CdS nanoparticles were seen homoge-

neously distributed throughout the PVA matrix at

lower concentrations. Agglomeration of these nano -

particles lead to big masses as seen in some of the

images such as in Figure 6b–6e. The white spots

shown in all the SEM images (Figure 6) are CdS

nanoparticles. As a result of agglomeration, the par-

ticle sizes were seen to increase with increase in filler

concentration. The mean particle size obtained from

the images was 40 nm (approxmately same as ob-

tained from Scherrer formula) while the largest par-

ticle size obtained due to agglomeration was 240 nm.

The nanoparticles were seen to be dispersed closely

to each other in PVA matrix with increase in

nanofiller concentration from 0.5 to 2.0 wt%. This is

because with increase in nano filler loading, the num-

ber of particles increases and so the interparticle dis-

tance decreases.

3.5. Effect of CdS nanoparticles addition on

different electrical properties of PVA

matrix

3.5.1. Dielectric permittivity

The effective dielectric permittivity in nanocompos-

ites is determined by dielectric division in the bulk

of the composite material. In the present case, these

are: polarization associated with PVA as well as CdS

nano particles and interfacial polarization at the PVA-

nanoparticle interfaces. The prepared nanocomposites

have a large volume fraction of interfaces where in-

terfacial polarizations are most likely to occur. Sev-

eral dielectric properties of polymer nano composites

have been evaluated in the past and the permittivity

values in nanocomposites are reported to be lower

than that of base polymers when insulating oxides

are used as the fillers [12, 22–25].

In order to investigate the effect of nanoparticles on

PVA matrix, CdS nanoparticles were incorporated

into PVA matrix and analyzed for dielectric proper-

ties. Measurements of capacitance C (in Farad) and

loss tangent were made over the range from 4 Hz to

1 MHz. The dielectric constant (εr or ε′), dielectric

loss (ε″) and electrical conductivity values were cal-

culated from capacitance and loss tangent using the

Equations (1)–(3). The frequency-dependent ε′, ε″

and tanδ values of the PVA/CdS nanocomposites at

different filler concentrations are presented in Fig-

ure 7 and 8, respectively.

The dielectric parameter as a function of frequency

is described by the complex permittivity in the form

given by Equation (2):

(2)if ~ f ~ f ~= -) l mQ Q QV V V
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Figure 5. SEM image of CdS nanoparticles taken at (a) micrometre and (b) nanometre scale



where ε′(ω) is real part and ε″(ω) imaginary part are

the components for energy storage and energy loss

respectively in each cycle of the electric field.

The measured capacitance C was used to calculate

the dielectric constant, ε′(ω) using the Equation (3): 

(3)

where t is the film thickness in [m], A is surface area

of sample in [m2], ε0 is the permittivity of air

(8.85·10–12 F/m) and ω is the angular frequency in

[s–1] given by ω = 2πf; and f is frequency in [s–1].

A
C t

0$
$f ~ f=lQ V
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Figure 6. SEM photomicrographs of PVA loaded with CdS nanoparticles at (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 1.5 wt%,

(e) 2.0 wt%



Whereas, the dielectric loss ε″(ω)  is given by Equa-

tion (4):

(4)

where tanδ(ω) is tangent delta and ε′(ω) is dielectric

constant.

The dielectric properties of materials are mainly de-

termined by their abilities to polarize at a given fre-

quency. For multi component systems, when free

charge carriers migrate through the material, space

charges build up at the interfaces of the components

remaining to the mismatch of the conductivities and

dielectric constants of the materials at the interfaces

[26, 27]. This is called interfacial polarization. The

interfacial polarization in polymers having structural

in homogeneities (such as nanoparticles) can be

identified by low-frequency dielectric measurement

based on Maxwell-Wagner-Sillar’s method [27–29].

The changes in the permittivity values as a function

of frequency are attributed to dielectric relaxations

especially at low frequency which is due to micro-

Brownian motion of the whole chain (segmental

movement). Nevertheless, these changes are also af-

fected by the interfacial polarization process known

as Maxwell-Wagner-Sillar, exist in heterogeneous

dielectric materials and are produced by the travel-

ling of charge carriers [30, 31].

It is observed from Figure 7 and Figure 8 that the

values of ε′, ε″ and tanδ were found to be strongly in-

fluenced by frequency. The value of ε′, decreased with

increasing frequency whereas the dielectric loss ε″

increased with frequency. This shows that strong low-

frequency dispersion takes place that characterizes

the frequency dependence of ε′ and ε″ in PVA/CdS

nanocomposite films. In general, there are four pos-

sible mechanisms that could contribute to the low-

frequency dielectric behaviour of PVA/CdS nanocom-

posites: electrode interface, AC electrical conductiv-

ity, dipole orientation and charge carriers. In princi-

ple, at low frequencies and temperatures, all four

types of polarization mechanisms contribute to the

values of ε′ and ε″. As the frequency increases, the

contributions of interfacial, dipolar, and ionic polar-

izations become ineffective, leaving behind only the

AC electrical conductivity parameter. Furthermore,

decrease in ε′ with increasing frequency can be ex-

plained by the fact that as the frequency increased,

the interfacial dipoles had less time to orient them-

selves in the direction of the alternating field. How-

ever, the value of ε″ increased with increasing fre-

quency, which can be credited to the high interfacial

traps formed at the PVA/CdS interface that negative-

ly influences the electrical properties [32] that illus-

trate the dependence of various dielectric behaviors

on CdS content and on the frequency of the applied

AC field.

From Figure 7 it is observed that ε′ value gradually

decreased with increase in CdS loading from 0.5 to

1 wt% in the PVA matrix and further increase in CdS

content had no effect and ε′ was observed to be con-

stant for 1 and 1.5 wt%. Also, less difference was ob-

served between ε′ values for 1, 1.5 and 2.0 wt% as

compared to the ε′ values for 0, 0.5 and 1.0 wt% CdS

content. These results suggest that there is an exist-

ing threshold CdS content for the dielectric behavior

of these nanocomposites.

As shown by Figure 5, the majority of nano-sized

CdS particles were well-dispersed in the PVA matrix

when the CdS content exceeded 1 wt% and these

well-dispersed particles emerge as mini-capacitors

within the composites (Figure 5d and 5e).  Hence it

can be said that the high values of dielectric constant

for PVA/CdS composite films observed is the result

of the accumulation of these nano-sized capacitors.

Since these particles were fixed within the PVA ma-

trix, the charge associated with an individual particle

was confined to a small area surrounding the particle

and could not jump to adjacent particles.  In the in-

vestigation of a CdS/PVA composite material pre-

tanf ~ f ~ d ~=m lQ Q QV V V
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Figure 7. Dielectric constant of PVA/CdS nanocomposites

as a function of log frequency



pared by sonication in present study, it is found that

that the CdS nano-crystalline domains (~90 nm) can

give rise to large dielectric constants.

3.5.2. Dielectric loss

Dielectric loss is the portion of energy of an alter-

nating electric field in a dielectric medium that is

converted into heat. It can be expressed in terms of

either the loss angle (D) or corresponding loss tan-

gent (tanδ). Figure 8 shows the effect of frequency

on dielectric loss for PVA/CdS nanocomposites. It

is seen that the dielectric loss increases with increase

in frequency.  This increase is substantial at high fre-

quencies in the range of 105–106 Hz and may be due

to heat generated within the composite as a result of

rapid alignment of dipoles with the rapidly changing

direction of electric field. The dielectric losses may

have also increased because of increase in conduc-

tion losses with increase in frequency. In spite of

these factors, the dielectric loss behaviour with fre-

quency seems to be quite complicated and requires

further study.

3.5.3. AC conductivity

AC conductivity is the alternating conductivity of

sample that arises from the motion of charge carriers

through the polymer and is measured using the Equa-

tion (5) [33–35]:

(5)

where Gp is the conductance, t is the film thickness

[m], A is surface area of sample  [m2].

Figure 9 illustrates the dependence of AC electrical

conductivity (σac) on frequency [36]. The variation

is studied in the frequency range from 4 kHz to

1 MHz at room temperature for the PVA/CdS com-

posites. It can be noted that the AC electrical conduc-

tivity generally increased with increasing frequency;

in particular, a sharp increase in σac is found beyond

1 kHz frequency. This may be due to increased elec-

tronic interaction processes taking place inside the

composites as a result of which the composites be-

came more relatively conductive. In PVA, as the bond

rotates with increased frequency, the existing flexi-

ble polar groups cause dielectric transitions. This

changes the composition of the polymer chains due

to the formation of charge transfer complexes. The

AC conductivity increases [37] and polymer chains

become more flexible.

3.5.4. Loss tangent (D or tanδ)

Variation in loss tangent (tan δ) of PVA/CdS compos-

ites as a function of frequency is shown in Figure 10.

It can be seen from the figure that tanδ decreased ini-

tially and then increased with increasing frequency in

the range from 4 Hz to 1 MHz passing through a

minimum at 6.5·104 Hz  frequency gradually. The

decrease was seen at lower concentrations of CdS

nanofiller. The increase in this value indicates the in-

crease in loss storage ratio and hence the composite

becomes a semi-conductor and is similar to the ob-
A

G t
ac

p $
v =
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Figure 8. Dielectric loss of PVA/CdS nanocomposites as a

function of log frequency

Figure 9. AC Conductivity of PVA/CdS nanocomposites as

a function of log frequency



servations made by Chao-Hsien Ho et al. [38] from

the studies on PANI–DBSA/PAA (polyaniline, do-

decyl-benzene sulfonate and poly-acrylic acid) films.

These experimental results show that ε′, ε″ and tanδ
had a strong dependence on the measured frequency.

The capacitance of the PVA/CdS composites at high

frequencies in the accumulation region was basically

controlled by the dielectric properties of the bulk in-

sulator.

4. Conclusions

PVA/CdS nanocomposites containing varying weight

percentages of CdS nanoparticles were prepared by

solution intercalation technique. Effects of CdS nano -

particles on structural and electrical properties of

PVA films were observed. Various peaks obtained in

FTIR analysis showed good physical interaction be-

tween PVA matrix and nano CdS. SEM analysis

showed porous and acicular CdS nanoparticles which

tend to agglomerate at higher concentrations in the

polymer matrix. DSC analysis shows that presence

of nanoparticles in PVA matrix influence thermal

properties like Tg and Tm and heat capacity. Electri-

cal properties of PVA/CdS nanocomposites have been

reported for the first time probably by hydrothermal

method of synthesizing the nanomaterial. These prop-

erties were observed to be strongly dependent upon

applied frequency and CdS nanofiller content. Dielec-

tric constant decreased with increase in frequency and

with increase in filler concentration; AC conductiv-

ity and dielectric loss increased with frequency and

decreased with increase in CdS content. The loss tan-

gent increased with increase in concentration of nano -

filler showed that the CdS/PVA nanocomposite films

can be good semiconductors.
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1. Introduction to polymer nanoparticles

(PNP)s

Particles with diameters below the micron dimen-
sion: generally, in the range 10–100 nm are nanopar-
ticles (NP)s [1]. Polymer-based NP (PNP) is a col-
lective term which is given to any kind of polymer
NP, but specifically is applied for nanospheres and
nanocapsules [2]. The historical development of PNPs
was created by Paul Ehrlich with the first experimen-
tal efforts by Ursula Scheffel. Extensive works were
conducted by the group of Peter Speiser at ETH Zürich
in the late 1960s and early 1970s [3].
The field of PNPs is quickly growing and playing a
key role in extensive field of areas ranging from pho-
tonics, electronics, sensors, medicine, pollution con-
trol and environmental technology. PNPs have long

been used as main components in established every-
day coatings, paints and adhesives products. More re-
cently, they have found applications in biomedical
fields such as bio-imaging, drug delivery and diag-
nostics. PNP-based materials with unique physical and
chemical characteristics might become future com-
mands for the progress of new nanomaterials [4–7].
As a contribution to updating the state of knowledge
and due to importance of PNPs, the present review
focuses on PNPs. The aim of this review article is
primarily to provide short information about tradi-
tional preparation ways of PNPs. Then, we would like
to show some recently reported methods like using
ultrasonic and microwave tools as other environmen-
tally friendly approaches for the PNPs preparation
in the first section. From our point of view, the use
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of these methods as low cost and safe ways should
be highlighted. Furthermore, their importance accord-
ing to their applications discusses. We will also show
some properties of them such as morphology and bi-
ological activity.

2. Green techniques in synthesis of NPs

The manufacturing techniques of PNPs are classified
due to whether the particle formation involves a poly-
merization reaction or NPs are produced directly
from a preformed polymer or by direct polymeriza-
tion of monomers using classical polymerization or
polyreactions [7, 8]. Direct polymerization of mono -
mers can be accomplished through different poly-
merization techniques such as micro-emulsion, mini-
emulsion, surfactant-free emulsion and interfacial
polymerization. The preparation of PNPs from pre-
formed polymers can be carried out via methods like
solvent evaporation, salting-out, dialysis and super-
critical fluid technology. Methods like rapid expan-
sion of supercritical solution and rapid expansion of
supercritical solution into liquid solvent and surfac-
tant-free emulsion polymerization can be success-
fully applied for manufacturing surfactant-free PNPs
and moreover they are environment friendly [2]. In
this section we want to introduce ultrasonic and mi-
crowave tools as another environmentally friendly
approaches for the PNPs preparation.

2.1. Ultrasonication

Ultrasound (US) is presently a common laboratory
tool applied to disperse NPs and colloids and to neb-
ulize solutions into fine mixtures [9]. This method
is advantageous because it is nontoxic, rapid in re-
action rate, and produces very small particles [10].
US provides rather unusual reaction conditions (such
as: temperatures of ~5000 K, pressures of ~1 GPa,
and cooling rates of ~1010 K·s–1) in contrast to the
traditional energy sources. In fact, acoustic cavita-
tion causes sonochemistry. Irradiation of liquids with
acoustic waves of US creates the bubbles and makes
the bubbles to oscillate. The bubbles collect ultra-
sonic energy while growing. A bubble can overgrow
and collapse within a very short lifetime and a large
energy concentration is attained. Consequently, var-
ious chemical reactions can proceed at room temper-
ature using US irradiation [11, 12]. For example, the
synthesis of colloidal silver NPs by using starch as

reducing and stabilizing agent under sonication was
accomplished by Kumar et al. [13]. Sonochemical
reduction showed a remarkable potential for produc-
ing desired particle size colloidal silver NPs. It was
more environmentally friendly and safer than other
synthetic methodology. A variety of 1,3,5-triaryl-
1,3,5-hexahydrotriazine was synthesized using ul-
trasound assisted reactions from the reactions of aryl
amines with aqueous formaldehyde by Singh et al.
[14]. The use of ultrasound provided an efficient,
clean and rapid methodology for the synthesis of var-
ious 1,3,5-hexahydrotriazine derivatives. In addition,
it caused greater yields than the previously reported
conventional methods.

2.2. Microwave (MW)

A fast technique of heating materials for industrial,
domestic, and medical usages is MW heating. Reduc-
tion of the reaction time, controlling the reaction con-
ditions, monitoring of temperature, pressure, and re-
action times, higher yields in shorter reaction time are
key advantages of MW apparatus [15, 16]. Medium
needs to have a high dielectric constant for perform-
ing reaction in a solvent under MW irradiations. There
are excellent organic solvents such as 1-methyl-2-
pyrrolidone (NMP), dimethylsulfoxide (DMSO) and
N,N-dimethylformamide (DMF) for carrying out the
reaction but solvents should be removed at the end of
the reaction and they are also toxic [16, 17]. Room
temperature ionic liquids (IL)s efficiently absorb MW
energy due to their high polarity. ILs are green or-
ganic salts consisting only of ionic species that melt
being below 100 °C or even at room temperature
which have attracted much attention as solvent for the
polymerization [18]. The combination of MW-assist-
ed reactions with IL has been applied for the synthe-
sis of various nanomaterials [19].
Recently, Sun et al. [20] synthesized fluorescent car-
bon dots using single precursor, ammonium citrate
dibasic using cheap home-use microwave oven as a
facile and ultrafast method for the first time. In 2015,
Hasanpoor et al. [21] obtained ultrafine zinc oxide
(ZnO) particles with controlled morphology using
microwave irradiation by various methods. They ex-
amined the effect of precursor type as well as the time
and the microwave irradiation power on the structure
and size of ZnO NPs. By increasing the time of syn-
thesis needle-shaped particles with a diameter of 50–
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150 nm could be attained and with increasing the mi-
crowave power flower-shaped particles were ob-
tained.

3. Recent development in synthesis of PNPs

In this section, novel and modified processes for the
production of PNPs through the polymerization of
monomers are discussed. Till 2013, emulsion poly-
merization is the best-proven and most generally used
method [22]. In nano-emulsion formation, the spon-
taneous emulsification occurs with mixing of an aque-
ous phase and organic phase. The aqueous phase con-
sists of hydrophilic surfactant and water, whereas the
organic phase is a homogeneous solution of lipophilic
surfactant, oil and water-miscible solvent. At the end
of the reaction, PNPs with very small droplets (50–
100 nm) will form [23]. It is known that this method
requires large amounts of surfactant/co-surfactant to
make small NPs which increases cost and causes dif-
ficulty of purification [8]. So, ‘acoustic emulsifica-
tion’ as one of the powerful tools for fast and envi-
ronmentally friendly emulsion production was applied
by Nakabayashi et al. [22] to obtain size-controlled
poly(methyl methacrylate) (PMMA) NPs. They de-
veloped a novel synthesis method for size-controlled
PNPs under surfactant free conditions using sequen-
tial ultrasonic irradiation. Figure 1 shows sequential
ultrasonic irradiation (20 kHz → 500 kHz →
1.6 MHz → 2.4 MHz) steps for acoustic emulsifica-
tion of a water insoluble monomer methylmethacry-
late (MMA) in an aqueous medium. Polymerization
happened by the addition of initiator [ammonium
peroxodisulfate (APS)] and to stop the polymeriza-
tion, the reaction vessel was cooled to 25°C. PMMA

samples which were synthesized from emulsion (a)
showed average particle size of 241 nm. Ultrasoni-
cation with 2.4 MHz after 20 kHz, 500 kHz, and
1.6 MHz produced particles with size of 23 nm. High-
er frequency of ultrasonication could break up the
larger droplets to create smaller droplets.
Recently, Mallakpour and coworkers [24] reported
in detail the use of MW irradiation for the polycon-
densation of diacids containing different amino acids
such as phenylalanine, leucine, isoleucine, valine and
alanine with aromatic diamine. Step-growth poly-
merization reactions were carried out in molten tetra-
n-butylammonium bromide salt (TBAB) and IL/tri -
phenyl phosphite (TPP) under MW irradiation. Under
this conditions, poly(amide-imide) (PAI) nanostruc-
tures were obtained. According to field emission scan-
ning electron microscopy (FE-SEM) micrographs,
the PAI was obtained with the particle size of smaller
than 45 nm in more cases. Then, the effect of ultra-
sonic irradiation on the size and shape of PAI NPs
was investigated. FE-SEM micrographs showed that
after sonication process, the size of PAI particles was
decreased and reached to 28–38 nm (Figure 2).
The influence of sonication and MW irradiations on
the morphology and shape of different poly(ester-
imide)s (PEI)s and PAIs containing natural amino
acids was investigated and novel PNPs obtained by
our group. Due to the presence of amino acids in their
backbones, these polymers are expected to be bio -
degradable and hence could be categorized under en-
vironmental benign materials [25–32]. In 2013, the
synthesis of several chiral nanostructure PAIs was
performed under conventional heating and MW ir-
radiation in IL media by Mallakpour and Dinari [33]
to highlight the effect of MW heating. To provide the
optimum reaction conditions, the influence of MW
power levels and duration of heating was inspected
and the results were summarized in Table 1. The best
inherent viscosity and yield were obtained after 3 min
at 90% (810 W) of MW power level according to this
Table. The inherent viscosities of the resulting poly-
mers under oil bath conditions (conventional heating)
were in the range of 0.41–0.58 dL·g–1 and the yields
were 83–94%. The FE-SEM images of the resultant
PAIs prepared by MW irradiation showed nanostruc-
ture morphology of PAI with size smaller than 60 nm
while the size of PAI synthesized under conventional
heating was smaller than 70 nm.
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Figure 1. Photographic observations of tandem acoustic
emulsification of MMA in aqueous solution. Pho-
tograph (a) represents the original MMA in aque-
ous solution mixture. Emulsification conditions
were (b) 20 kHz, 8 min; (c) 20 kHz, 8 min →
500 kHz, 10 min; (d) 20 kHz, 8 min → 500 kHz,
10 min → 1.6 MHz, 10 min; and (e) 20 kHz,
8 min → 500 kHz, 10 min → 1.6 MHz, 10 min →
2.4 MHz, 10 min [22].



Mallakpour and coworkers [34, 35] prepared the op-
tically active and biodegradable polymers containing
S-valine and L-leucine amino acids under MW irra-
diations. The obtained PAIs showed relatively spher-
ical morphology with particle size smaller than 50 nm
in more cases. The results showed that the diacids
and aforesaid polymers were all nontoxic to fungal
growth and all samples were colonized by fungal
mycelia. The resulting samples showed weight loss
due to fungal degradation while no weight loss could
be detected in bisphenol-A (BPA) as control. Fig-
ure 3a demonstrates that BPA completely inhibited
wheat seedling growth compared to grown seedling
in control soil and lastly killed the plantlet because
of its toxicity for plant growth. On the other hand,
wheat seedling growth in soil containing the mono -
mers and PAIs proposed that polymeric products have
not substantial inhibition influence on normal plant
growth (Figures 3b–e).
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Figure 2. FE-SEM micrographs of (a and b) PAI-5a, (c and d) PAI-5b, and (e and f) PAI-5c after sonication process [24]

Table 1. Optimization of reaction conditions for the prepa-
ration of PAI1a using MW irradiation in molten
TBAB [33].

aMeasured at a concentration of 0.5 g/dL in DMF at 25°C,
bDecomposition occurred at higher power or extended irradiation
time

Polymer
Microwave

power

Reaction time

[s]

Yield

[%]

ηinh
a

[dL/g]
[α]D

25 a

PAI1a 100 60 67 0.32 –46.64

PAI1a 100 120 62 0.32 –47.02

PAI1a 100 180 58 0.31 –47.00

PAI1a 100 240b – – –

PAI1a 90 60 74 0.32 –50.80

PAI1a 90 120 78 0.38 –52.41

PAI1a 90 180 92 0.47 –52.43

PAI1a 90 240b – – –

PAI1a 80 60 50 0.30 –49.47

PAI1a 80 120 57 0.31 –50.52

PAI1a 80 180 59 0.34 –50.14

PAI1a 80 210 63 0.35 –49.87



The facile preparation of diverse and functional NPs
with negatively and positively charged functionalities
derived from a CO2-based triblock amphiphilic poly-
carbonate system from a sequential copolymeriza-
tion and chemical transformation strategy was re-
ported by Wang et al. in 2015 (Figure 4) [36].
The results indicated that polymer 5 have not formed
shell–core structure. In contrast, the dynamic light
scattering (DLS) studies of anionic block polymer 4

and cationic polymer 6 presented that they under-
went gathering to form NPs with high uniformity,
giving a similar intensity-averaged hydrodynamic
diameters of 26±15 nm. Both displayed a similar
critical micelle concentration (CMC) of 66 mg·mL–1

in DI water. They expressed that these CO2-based

polycarbonates could afford a powerful platform for
biomedical applications.
In 2015, Crucho and Barros [37] reported prepara-
tion of PNPs from the chemical modification of poly
(D,L-lactide-co-glycolide) (PLGA) with sucrose and
a cholic acid moieties (abbreviated as Suc-PLGA-
Chol). They expressed that altering the polymer back-
bone not only can improve the physicochemical fea-
tures of the PNPs but also their safety in biomedical
applications. The synthesis of Suc-PLGA-Chol poly-
mer conjugates was done through esterification. Vir-
tually perfect spheres of lyophilized Suc-PLGA-Chol
PNPs with a mean particle size of 260±50 nm were
observed in SEM image. Several experimental param-
eters such as polymer concentration, organic solvent
and evaporation rate were examined too. To evaluate
dependence of the size of PNPs on the solubility pa-
rameters, acetone, acetonitrile, tetrahydrofuran as or-
ganic solvents were used for the preparation of Suc-
PLGA-Chol PNPs. Using the most water miscible
solvent (acetone) smaller particles were obtained. It
could be ascribed to a more effectual solvent diffu-
sion and faster polymer dispersion into water. The
mean particle size of PNPs increased with increasing
polymer concentration which is attributed to the slow-
er solvent diffusion and formation of larger droplets
during phase mixing. In 2015, Kumar’s group re-
ported an effective and simple technique for synthe-
sizing highly fluorescent, protein-based NPs [38]. Fig-
ure 5 shows current approach of the synthesis of
Prodots which made from bovine serum albumin
(nBSA), glucose oxidase (nGO), horseradish perox-
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Figure 3. Effect of (b) PAI2, (c) diacid 7b, (d) diacid 7a and
(e) PAI1 compared with (a) BPA on survival and
growth of wheat seedlings [35]

Figure 4. Synthesis of amphiphilic block polycarbonates with different charges. Boc = tert-butoxycarbonyl [36]



idase (nHRP), catalase (nCatalase), and lipase (nLi-
pase). The amino groups of the lysine residues of pro-
teins were coupled with fluorescein isothiocyanate
(FITC) followed by controlled aggregation of pro-
teins. Then, cross-linking the protein units was done
by 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
(EDC). In this study, FITC labeling of proteins was
accomplished to cross-link these clusters and form
stable particles.
Transmission electron microscopy (TEM) micro-
graphs showed nGO particles with size ~10 nm, while
nHRP had a diameter of ~20 nm and nLipase a di-
ameter of ~15 nm. Prodots showed enhanced ther-
mal stabilities and improved half-life besides to con-
served biological activity, and these unique proper-
ties may facilitate their usage in imaging. Their aim
of producing stable, fluorescent, functional, biocom-
patible Prodots of controllable size was testing the
potential of the Prodots for cellular imaging. The re-
sults showed enhanced thermal stabilities and im-
proved half-life besides to conserved biological ac-
tivity of Prodots, and these unique properties may
facilitate their usage in imaging.
Klymchenko’s group [39] investigated the effect of
one to two charged groups per polymer chain to ob-
tain ultrasmall PNPs as nanocarriers. Positively
charged trimethylammonium groups or negatively
charged carboxylate and sulfonate were introduced
into the PLGA, PMMA, and polycaprolactone (PCL).
They concluded that the existence of charged groups
per polymer chain can strongly decrease the size of
PNPs made by nanoprecipitation(PPN). As it could
be observed from TEM images, the size of particles
made from uncharged chains was largest for all three

polymers (above 100 nm). The TEM images of un-
charged and carboxy PMMA particles represented a
strong affinity of aggregation. Trimethylammonium
and sulfonate-bearing polymers obtained the small-
est particles (below 25 nm). They further exhibited
that small NPs of 15 nm size preserve the capacity to
encapsulate capably large quantities of ionic dyes with
bulky counterions which creates PNPs 10-fold brighter
than quantum dots of the same size.
Kausar and coworkers [40] synthesized polystyrene
(PS) NPs through modified nanoprecipitation cosol-
vent evaporation technique (NcoSE) and two widely
used strategies, i.e., solvent evaporation and NPP to
examine the scope of the novel technique. The usage
of modified NcoSE method improved several mate-
rial properties such as the simplicity of fabrication,
effectiveness, homogeneous and uniform morphol-
ogy, narrow size distribution, and suitability for the
composite fabrication compared to other extensively
used techniques. FE-SEM image showed the spher-
ical morphology, uniform size distribution and or-
dered nanostructures for obtained PSNPs/SiNPs by
NcoSE method while the rough and unclear surface
topology of grafted NPs were observed for PSNPs/
SiNPs synthesized through NPP and solvent evapo-
ration methods. Silica NPs and graphite were incor-
porated into the obtained PS NPs to study the scope
of this novel method. The results revealed the im-
proved conductivity and thermal properties of PS
and Si NP-grafted graphite CNs.
In 2015, polyamic acid (PAA) formation was at-
tained using precipitation with a compressed fluid
antisolvent technique [41]. The particle size of ob-
tained PAA was decreased with decreased PAA con-
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Figure 5. Prodot synthesis by FITC labeling followed by EDC cross-linking of the resulting protein clusters [38]



centration, decreased temperature and increased pres-
sure. Subsequently, the polyimide NPs synthesized
by thermal imidization treatment of PAA.

4. Application of PNPs

Due to the attendance of characteristic properties
presented by PNPs, these materials exhibit important
roles in several applications including NCs prepara-
tion, optoelectronic and drug delivery. In this sec-
tion, the design, morphology examination as well as
application of two classes of PNPs are reviewed in
detail: conducting polymers including polypyrrole,
polyaniline (PANi), polyacetylene, poly(p-pheny-
lene-vinylene) and polythiophene which have been
a popular subject of exploration [42] and biosafe
PNPs that are another important class of polymers
and have many advantages such as biocompatibility
and biodegradability. They are easily removed from
the body by the normal metabolic path or they can
have susceptibility to fungal enzymatic degradation
[43–45].

4.1. Application of conductive nanostructure

polymers

Conducting micro-/nano-structure polymers received
increasing attention due to their specific electronic
properties and potential applications in rechargeable
batteries, electrochromic displays [46], corrosion in-
hibition and camouflage [47]. Conductive polymers
are polymers with highly unpaired (π) conjugated
polymeric chains. In comparison to their bulk forms
nanostructured conductive polymers, provide several
advantageous features, such as large surface areas, im-
proved mechanical properties for strain housing and
shortened paths for charge/mass/ion transport [48].
Among the conducting polymers, polypyrrole (PPy),
is one of the most widely studied electronic materials
which have potential applications in drug delivery,
sensors and corrosion protection [49, 50]. Samanta
et al. [51] synthesized PPy NPs without the use of
dopants. They loaded these PPy NPs with fluores-
cein sodium salt, a negatively charged model drug,
and rhodamine 6G, a positively charged model drug.
PPy was used because it is an electrically conducting
polymer which is both nontoxic and biocompatible.
The obtained NPs exhibited good drug loading ca-
pacity. They showed that PPy NPs can be adjusted
to release drugs at both acidic and basic pH by vary-

ing the pH. In other work, Chen et al. [52] synthe-
sized PPy NPs with size of 50 nm as a metal-free ul-
traviolet (UV)/
near-infrared (NIR) shielding material and mixed
them with polyacrylic acid (PAA) resin for the prepa-
ration of PPy–PAA full-polymer films. Their results
showed that PPy–PAA films have great potential as
novel coating in the application of cost-efficient en-
ergy-saving windows without potential pollution.
Alizadeh et al. [53] synthesized two types of poten-
tiometric sensors, based on the nano-sized molecu-
larly imprinted polymer (MIP) for high selective de-
termination of promethazine. Two different methods
containing microemulsion polymerization and sus-
pension polymerization in silicon oil were applied to
prepare nano-MIP(1) and nano-MIP(2), respectively.
SEM images of the obtained polymers showed very
small and spherically shaped particles. The results
of the rebinding experiments represented that the
binding sites of the nano-MIP(2) obtained by sus-
pension polymerization in silicon oil had more affin-
ity to target molecules, comparison to those of the
nano-MIP(1). The results of the rebinding experi-
ments for both MIPs in aqueous phase are shown in
Table 2. It can be observed that in the case of promet-
hazine, the adsorption ability of the nano-MIP(2) is
more than that of the nano-MIP(1). In addition, it is
clear that the difference between the adsorption ca-
pability of the chlorpromethazine and promethazine
on the MIP(1) is more than that of nano-MIP(2),
demonstrating higher selectivity of nano-MIP(2),
compared to nano-MIP(1). Also, the nano-MIP(2)
based sensor, displayed higher selectivity and sensi-
tivity, compared to the nano-MIP(1) based electrode.
Vaitkuviene et al. [54] synthesized pure polypyrrole
(Ppy NPs) by one-step oxidative polymerization and
in order to study about biocompatibility of Ppy, their
cyto-compatibility was assessed. The effect of dif-
ferent concentration of Ppy NPs on primary mouse
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Table 2. Adsorption capabilities of promethazine and chlor-
promethazine to the nano-MIP(1) and nano-MIP(2)
and their relevant NIPs [53]

Polymer type

Adsorption amount

[mmol/g]

Promethazine Chlorpromethazine

nano-MIP(1) 0.51 0.36

nano-MIP(1) 0.47 0.23

nano-MIP(2) 0.85 0.47

nano-MIP(2) 0.37 0.26



embryonic fibroblasts (MEF), mouse hepatoma cell
line (MH-22A), and human T lymphocyte Jurkat cell
line was examined. Achieved results exhibited that
Ppy NPs at low concentrations are biocompatible,
whereas at high concentrations they got cytotoxic for
MEF, Jurkat and MH-22A cells, and it was conclud-
ed that cytotoxic effect is dose-dependent.
Polyaniline (PANi) is one of the oldest known and
the most widely studied conducting polymer due to
unique doping mechanism, its relative ease in prepa-
ration, low specific mass, good environmental stabil-
ity and controllable conductivity [55–57]. It has nu-
merous applications in rechargeable batteries, anti-
corrosion coatings, energy storage, photovoltaic de-
vices, catalyst, electrochromic displays and electron-
ic switches [58, 59]. Berti et al. [60] developed and
characterized conductive PANi nanostructures for
applications in electrochemical biosensing. PANi
nanotubes were arranged in an ordered structure di-
rectly on an electrode surface using nanoporous alu-
mina membranes as nano-mould. Then, grafting of
PANi was done with a MIP receptor to create a
model sensor for catechol detection. Actually, PANi
nanostructures as conductive nanowire system al-
lowed direct electrical connection between the syn-
thetic receptor (MIP) and the electrode. A signifi-
cantly lower detection limit for catechol attained,
thus representing that the nanostructures are capable
of improving the analytical performance of the sen-
sor. A simple chemical route for synthesizing highly
crystalline PANi NPs was proposed by Mahato et al.
[61]. It was carried out by an in-situ polymerization
of aniline monomers in a hot and dilute aqueous
acidic solution. The particles with diameter ranging

from 15 to 30 nm appeared as circular disk like struc-
tures in TEM image (Figure 6). The polymer exhib-
ited good thermal stability. The PANi NPs were uti-
lized for preparing composite with graphene NPs
(2wt% loading). It was tested as a coating material
for protection of mild steel from corrosion in 0.1 N
HCl. Still surface with composite coating (thickness
of ~0.5 mm) showed good corrosion protection to
mild steel surface in acidic environment.
Recently, Hong et al. [62] demonstrated an acidic
environmental sensing technique based on PANi NPs.
In this regards, PNs were immobilized to an aminat-
ed glass substrate to sense environmental pH condi-
tions. The fabricated PANi NPs showed outstanding
capabilities to sense acidic environments at the sin-
gle NP level. In 2016, Luo et al. [63] reported the
design and production of a novel MIP conductive
PANi NPs using polymeric micelle as nanoreactor
for enhanced paracetamol (PCM) detection. The ob-
tained PANi sensor showed high selectivity toward
PCM. It also revealed a wider linear range over PCM
concentration which was attributed to numerous ef-
fective recognition sites among the PANi matrix and
it was due to the large specific surface area of PANi
NPs. Considerably lower detection limit was ob-
tained compared to previously reported PCM elec-
trochemical sensors that should be attributed to the
electrical conductivity of PANi.

4.2. Application of biodegradable

nanostructure polymers

Biodegradable polymers can be classified as artifi-
cial or natural. Polysaccharides, nucleic acids and
proteins are the illustrative natural biodegradable
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Figure 6. (a) TEM image and (b) selected area diffraction pattern of the PANi NPs [51]



polymers. Polyesters and polyamides are typical ex-
amples for the artificial polymers [64]. Due to their
biodegradability, good biocompatibility and minimal
side effects, usage of biodegradable polymers for bio -
medical applications has increased in recent decades.
The biodegradable polymeric NPs provide con-
trolled release of bioactive compounds, and improve
properties such as stability and bioavailability [65].
Nano-particulate delivery system can effectively con-
trol particle size, surface character; it enhances per-
meation, solubility, flexibility, and release therapeu-
tically active agents to reach the target and attain
specific activity at a predetermined rate and time [66,
67]. PLGA is one of the most successfully applied
biodegradable nanosystem for the development of
nanomedicines because it is a copolymer and can hy-
drolyze in the body to produce the biodegradable
metabolite monomers, lactide and glycolide that are
finally removed from the body by the citric acid
cycle [68]. Poly(lactic acid) (PLA) is one of the most
popular members of biodegradable polymers that
can be naturally degraded in compost or soil by en-
zymes or fungi [69]. Surface grafting copolymeriza-
tion of glycidyl methacrylate (GMA) on PLA NPs
was accomplished through emulsion/evaporation pro-
cedure as a novel method by Li et al. [70]. Rho-
damine B (RhB) initially interacts with sodium do-
decyl sulfate (SDS) through electrostatic interaction
to generate hydrophobic complex of SDS-RhB. Ac-
cording to the high-affinity of SDS-RhB with GMA,
hydrophilic RhB can be successfully joined into PLA
NPs. The obtained results indicated that the PLA
with particle size smaller than 200 nm can prevent the
macrophage uptake. On the other hand, the bigger
PLA particles with polyethylene glycol (PEG) sur-
face modification showed the lowest internalization
by macrophage comparison to those with poly(eth-
ylene oxide-propylene oxide) copolymer or poly
(vinyl alcohol) (PVA) surface. Yoo’s group reported
synthesis of PLGA NPs with well-defined sizes of
~70 nm (NP70), ~100 nm (NP100), ~200 nm
(NP200), ~400 nm (NP400), ~600 nm (NP600) and
~1000 nm (NP1000) [71]. The NPs showed high yield
with a narrow size distribution. Uniform size distri-
bution and mean size of 103.7 nm for NP100,
204.6 nm for NP200, 421.1 nm for NP400, 604.8 nm
for NP600 and 990.0 nm for NP1000 were obtained.
The obtained results showed as particle size becomes

smaller, cellular uptake and toxicities increased in
tumor cells and decreased in macrophages (Figure 7).
They also found that paclitaxel (PTX)-loaded NPs
showed a size-dependent inhibition of tumor cell
growth and the size-dependency was influenced by
cellular uptake and PTX release.
Reinforcement of biomolecules within biodegrad-
able NPs and further insertion of such carriers into
tissue-engineered scaffolds will provide a controlled-
release drug delivery system. With this in mind,
Nazemi et al. [72] investigated the influence of
adding PLGA NPs on a chitosan-bioactive glass
(CH–BG) scaffold. They prepared two groups of scaf-
folds (with and without NPs) and studied drug re-
lease. The SEM micrographs showed nearly spheri-
cal morphologies of the PLGA NPs which were uni-
formly distributed on the scaffolds pore walls. Ac-
cording to these images, the PLGA NPs loading into
the CH–BG scaffolds did not considerably affect the
microarchitecture of the scaffolds. It was reported
that the incorporation of these NPs slightly de-
creased the swelling behavior of the scaffolds where-
as increased the mechanical strength. In addition, it
was mentioned that the obtained scaffolds containing
PLGA NPs could be used as bioactive bone tissue
engineering scaffolds with the potential of localized
delivery of biological molecules (Figure 8).
Folic acid (FA)-conjugated chitosan (CS)-function-
alized PLGA nanocarriers for treatment of prostate
cancer were designed by Dhas et al. [43]. PLGA NPs
were coated using FA–CS conjugates for binding
with folate receptors. A cell toxicity assay verified
that functionalized PLGA NPs were more effective
than un-functionalized ones according to modified
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Figure 7. Quantification of the cellular uptake by KB carci-
noma cells (closed circle) and RAW264.7 cells
(open triangle). Data were expressed as mean ±SD
(n = 6) [71]



surface, which can improve the efficiency of NPs by
increasing cell targeting and/or tissue targeting and/or
site-specific delivery PLGA NPs.
Mallakpour et al. [73] designed chiral bioactive PEIs
containing L-phenylalanine and L-leucine amino
acids with nanoscale size and good thermal stability.
In vitro toxicity studies and soil biodegradation test
confirmed that synthesized polymers could be de-
composed by soil microorganisms hence they were
biodegradable. They applied the obtained PEI contain-
ing L-leucine amino acid as matrix to prepare multi-
walled carbon nanotubes (MWCNT)s bionanocom-
posites (BNC)s [74]. Thermal analysis showed im-
provement in thermal stability of the composites com-
pared to the neat PEI by the addition of the CNTs.

Abdolmaleki and coworkers synthesized optically
active and potentially biodegradable poly(ester-
amide)s (PEAs) based on tyrosine amino acid [75].
Nano spherical-shaped spheres of PEAs with aver-
age mean diameter as low as 79 up to 500 nm were
obtained in this study. Higher number of colonies was
counted from water extracts of soil containing diol
and PEA than control treatments (Figure 9). In fact,
soil burial test and dehydrogenase activity assay con-
firmed biodegradability of PEA NPs due to the pres-
ence of amino acid in the polymer backbone.
Afterward in 2014, they used from mentioned PEA
for the fabrication of PEA/ZnO BNCs. They ex-
pressed that the synthesized NCs are expected to cat-
egorize as biologically active materials due to using
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Figure 8. (a) The Swelling behavior in PBS solution, (b) the mechanical behavior of the scaffolds from compression tests,
and (c) the in vitro release profile of DEX from either free NPs or NPs incorporated within the scaffolds [72]

Figure 9. Fungal and bacterial colonies grown from soil water extract, 6 days after inoculation on PDA Petri plates: (a) PEA,
(b) diol, and (c) control [75]



polymer based on biodegradable amino acid [76].
Hu et al. [77] studied assembled PNPs from gallic
acid (GA) grafted chitosan (CS, GA-g-CS for GA
grafted CS) and caseinophosphopeptides (CPP) to
deliver (–)-epigallocatechin-3-gallate (EGCG) as
novel functional foods. GA is a naturally occurring
phenolic acid with high antioxidant activity. The
GA-g-CS conjugates, compared with CS, exhibited
much higher solubility under alkaline and neutral en-
vironments. Strong antioxidant activity and cytotox-
icity against Caco-2 colon cancer cells were obtained
by the GA-g-CS-CPP NPs. Paclitaxel is one of the
most effective chemotherapeutic agents but it has
poor water solubility and low therapeutic index so it
needs an urgent solution to increase therapeutic ef-
ficacy of paclitaxel. According to this subject, in 2015,
Thu et al. [78] designed synthesis of folate decorated
paclitaxel loaded PLA-tocopheryl polyethylene gly-
col 1000 succinate (Fol/PTX/PLA–TPGS) NPs by a
modified emulsification/solvent evaporation method.
Targeting effect of the samples was evaluated by in
vivo on tumor bearing mouse and in vitro on cancer
cells. Research work showed that the cellular uptake

of drug into cancer cells are improved by folate dec-
orated NPs [79]. In this study, PTX loaded NPs in-
duced better targeting influence than free PTX, and
also the best operative targeting was related to Fol/
PTX/PLA NPs. For examination of in vivo targeting
effect of NPs, PTX in different constructions (free
PTX, PTX/PLA–TPGS NPs and Fol/PTX/PLA–
TPGS NPs) was intravenously administrated into
mouse. The Fol/PTX/PLA–TPGS NPs demonstrated
the best tumor growth inhibition after 42 days of
treatment (Figure 10).
Barba group synthesized new nanovectors based on
copolymer of α, β-poly(N-2- hydroxyethyl)-D,L-as-
partamide (PHEA) and PLA to control release of
lipophilic drugs [80]. The drug release happened in
shorter times in comparison to PLA corresponding
to the presence of hydrophilic PHEA, so the pro-
duced NPs could be introduced for semi-long term
release drug delivery systems. Xu et al. [81] intro-
duced novel PEG–PLA–polycaprolactone (PEG–
PLA–PCL) NPs/DNA complex as a valid gene vesi-
cle. This complex was even better choice for trans-
fecting rabbit bone marrow stromal cells than con-
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Figure 10. Tumor images of mouse after 42 days of treatment: (a) control, (b) free PTX, (c) PTX/PLA–TPGS NPs and
(d) Fol/PTX/PLA–TPGS NPs [79]



ventional liposomes. The synthesized PLA/PCL par-
ticles as vehicles through supercritical fluid technol-
ogy were applied by Moraes group [82]. The use of
low PCL fractions (up to 20%) obtained suitable re-
lease of 17α-methyltestosterone hormone.
In general, encapsulation of drug happens into the
polymeric particle and it is released in a controlled
way by diffusion and erosion of the polymeric ma-
trix. However, it was found that the hydrophobic char-
acter of the PLGA causes the nonspecific adsorption
of plasma proteins directing to the uptake of the par-
ticles by the mononuclear phagocyte system and
therefore their fast clearance from the body. It is rec-
ognized that this problem can be prevented if the
particles are surface modified by the adsorption or
grafting of hydrophilic polymers such as polyethyl-
ene glycol (PEG) or poly(ethylene oxide) (PEO) to
improve its surface biocompatibility [83, 84]. In 2016,
Gyulai et al. [83] with the aim to increase the poten-
tial of targeted drug delivery synthesized the end
group derivative of Pluronics a promising drug car-
rier systems. Then, Pluronic and Pluronic-amine sta-
bilized PLGA NPs were prepared by nanoprecipita-
tion. When the Pluronic-amine derivative was applied
for the NPs stabilization, intracellular antibacterial
effect and in vitro efficiency increased. Also, tuneable
surface modification of PLGA NPs had been accom-
plished by Kiss et al. in 2013 [84]. Rhodamine-6G
labelled PLGA NPs were prepared by a double emul-
sion solvent evaporation freeze-drying method by
Nkabine et al. [85]. The obtained PLGA NPs were
non-cytotoxic to three different mammalian cell
lines, which confirmed their safe usage as drug car-
rier systems.

4.3. Application of other class of

nanostructure polymers

Amphiphilic poly(dimethylsiloxane) (PDMS)-con-
taining poly(ether amine) (PDMS-gPEA) were syn-
thesized by Di et al. [86]. The prepared PDMS-gPEA
could directly self-assemble into stable uniform-
sized NPs in aqueous solution. Temperature, pH and
ionic strength could control their aggregation. The
responsive PDMS-gPEA NPs showed the unique se-
lective encapsulation of water-soluble dye and great
potential in smart separations. Kuruppuarachchi et
al. [87] used from polyacrylamide NPs with poten-
tial of delivery for photodynamic agents in photody-

namic therapy for cancer. Dang et al. [88] investi-
gated preparation of PS NPs with dendrimer-Ag
shell and studied their application in catalytic reduc-
tion of 4-nitrophenol (4-NP). The presence of faintly
thin outer layer of PS microsphere was related to the
PAMAM dendrimer shell was observed in TEM im-
ages. The attached silver NPs onto the fourth PAMAM
dendrimer shell were observed too. The synthesized
PS@PAMAM-Ag NPs were packed into a column
for reduction of 4-NP in the presence of NaBH4 and
showed adequate catalytic activity. Their results in-
dicated that reactants could be catalyzed directly by
the column system with stable flow rate and column
pressure. They mentioned that this approach can de-
crease the loss of catalyst and prevent tedious and
repeated separation using filtration or centrifugation
for typical catalytic reactions. So, they concluded
that it may also find application in other fields such
as for antibacterial materials and in water treatment.
Fritzen-Garcia, Creczynski-Pasa and coworkers [89]
studied adsorption of peroxidase on PEGylated poly -
urethane (PU-PEG) NPs using a purified horseradish
peroxidase (HRP). TEM image of the PEGylated PU
NPs was shown in Figure 11a. Figure 11b displays
incubated NPs by HRP with several little ‘bubbles’
around the NPs. As could be observed in Figure 11c,
the localization of HRP molecules labeled with Au
particles (dark spots with 10 nm size) is possible. Fig-
ure 11d representing the schematic of the TEM image
of Figure 11c. This system was used as a modified
carbon paste electrode for determination of dopamine
in pharmaceutical products that showed improved
detection limit and good performance in dopamine
determination with less amount of enzyme adsorbed
on PU-PEG NPs.
PS NPs with particle size range of 29.4–52.7 nm
were manufactured via emulsion polymerization by
Kong et al. [90]. Due to the lowered water to cement
ratio, the use of superplasticizers has drastically al-
tered the properties of concrete including workabil-
ity, durability, impermeability and strength. Adsorp-
tion of polycarboxylate (PCE) superplasticizers on
the cement surface creates the steric hindrance and
electrostatic repulsion force which leads to better
dispersion of cement grains in water media. Ob-
tained results represented that the synthetic PNPs
can also provide plasticizing influence to cement
mixtures like as the traditional superplasticizers such
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as PCE. TEM image of obtained PS NPs are shown
in Figure 12 and displayed narrow particle size dis-
tribution of PNPs.
According to their funding, adsorbed PS NPs on the
surface of cement grains could improve the fluidity
of the fresh cement pastes (fcps) effectively. The flu-
idity of fcps increased with increase in quantity of

PNPs. Also, the plasticizing effectiveness of PNPs
was lower than that of PCE, which should be owing
to their larger particle size and thicker adsorption
layer on the surface of cement. Pu et al. [91] intro-
duced semiconducting PNPs (SPNs) as near-infrared
photoacoustic contrast agents for photoacoustic mo-
lecular imaging. They selected poly(cyclopentadithio-
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Figure 11. TEM images of (a) PEGylated PU NPs; (b) in the presence of HRP and (c) HRP molecules labeled with Au par-
ticles; (d) scheme representing the image 11c [89]

Figure 12. TEM images of the synthesized PS NPs [90] 



phene-alt-benzothiadiazole) and poly(acenaphthoth-
ienopyrazine-alt-benzodithiophene) for the prepara-
tion of SPNs. Results showed that these NPs not
only can generate a stronger signal than the usually
used gold nanorods and single-walled carbon nan-
otubes on a per mass basis but also they are an ideal
nanoplatform for enhancing photoacoustic molecu-
lar probes. Mallakpour et al. [92] synthesized poly
(amide-benzimidazole-imide) (PABI) nanostructure
containing amino acid. FE-SEM images showed
nano-patterns of PABI particles with homogenous
spherical shape. Then, PABI/Ag BNC was fabricated
through in situ procedure. TEM image of obtained
PABI/Ag NC represented good dispersion of Ag NPs
in the PABI matrix. Also, resulting PABI/Ag NC ex-
hibited antibacterial behavior rather than the pure
PABI. Pure PABI was biologically active and under-
goes biodegradability in soil burial test due to the
presence of amino acid and also nitrogen functional
groups in polymer backbone. More antibacterial ef-
fectiveness of the BNC rather than the pure PABI
was obtained by embedding Ag NPs into the poly-
mer matrix.
Because PS does not decompose in the cellular en-
vironment and is biocompatible with cells, it can be
used as new drug delivery systems [93]. PS as bio-
compatible NPs with particle size of 44 nm were
used as a model by Arciello and coworkers to ana-
lyze the endocytosis and uptake paths in primary
human renal cortical epithelial (HRCE) cells [94].
These cells play a key role in the clearance of drugs.
Results showed that PS NPs didn’t exhibit any toxic
influence to renal cells, and they were not released
overtime. Therefore, they concluded that NPs could
be used at low doses and, could to deliver drugs to
specific targets upon functionalization with particu-
lar biomolecules. Also, they indicated that PS NPs
entered HRCE cells through multiple mechanisms,
either energy-independent or energy-dependent (en-
docytosis).

5. Conclusions

The combination of nanotechnology and polymers
will be extremely useful in various applications, pro-
ducing materials with unique properties. The first
section of this review has provided information about
recent developments in synthesis of PNPs. The using
of ultrasound and MW irradiations as fast and green

available methods was introduced for the preparation
of PNPs too. Then, this review paper has focused on
the properties and application of novel synthesized
PNPs. The discussed nanostructured polymers have
been applied as nanoreactors, coating materials,
electrochemical biosensors, drug delivery, nanocar-
riers, catalysts and polymer composite fabrication.
Due to main applications of PNPs in various fields,
the demand for such materials is highly significant,
and this is possibly one of the most important fields
of research for the future. As could be observed in
this review there has been a considerable research
interest in the area of drug delivery using PNPs de-
livery systems as carriers for small and large mole-
cules. The polymers used in delivery systems should
be compatible with the body in the terms of adapt-
ability (non-toxicity) and (non-antigenicity) and
should be biodegradable and biocompatible. So, tox-
icity and environmental impact issues of these nano-
materials are of particular concern but are often ig-
nored. Hence, the safety of PNPs, acute as well as
long-term toxicity, should be addressed further, and
special attention should be paid to off-target effects,
demanding careful design and proper controls, as
well as extreme caution in interpretation of data from
in vivo studies. Another key issue about usage of
PNPs is their potential effects on global economics,
as well as speculation about various doomsday sce-
narios. These worries have accounted for a discus-
sion among advocacy groups and governments on
whether special statutory regulation of nanobiotech-
nology is warranted.

Acknowledgements
We are grateful for the financial support provided by the Re-
search Affairs Division, Isfahan University of Technology
(IUT), Isfahan. Further partial financial support from the Iran
Nanotechnology Initiative Council (INIC), National Elite
Foundation (NEF) and Center of Excellency in Sensors and
Green Chemistry (IUT) is also gratefully acknowledged.

References
[1] Hanemann T., Szabó D. V.: Polymer-nanoparticle com-

posites: From synthesis to modern applications. Mate-
rials, 3, 3468–3517 (2010).
DOI: 10.3390/ma3063468

[2] Rao J. P., Geckeler K. E.: Polymer nanoparticles: Prepa-
ration techniques and size-control parameters. Progress
in Polymer Science, 36, 887–913 (2011).
DOI: 10.1016/j.progpolymsci.2011.01.001

Mallakpour et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 895–913

908

http://dx.doi.org/10.3390/ma3063468
http://dx.doi.org/10.1016/j.progpolymsci.2011.01.001


[3] Lu X-Y., Wu D-C., Li Z-J., Chen G-Q.: Polymer nano -
particles. Progress in Molecular Biology and Translation-
al Science, 104, 299–323 (2011).
DOI: 10.1016/B978-0-12-416020-0.00007-3

[4] Wang Y-J., Larsson M., Huang W-T., Chiou S-H.,
Nicholls S. J., Chao J-I., Liu D-M.: The use of polymer-
based nanoparticles and nanostructured materials in
treatment and diagnosis of cardiovascular diseases: Re-
cent advances and emerging designs. Progress in Poly-
mer Science, 57, 153–178 (2016).
DOI: 10.1016/j.progpolymsci.2016.01.002

[5] Nasir A., Kausar A., Younus A.: A review on preparation,
properties and applications of polymeric nanoparticle-
based materials. Polymer-Plastics Technology and En-
gineering, 54, 325–341 (2015).
DOI: 10.1080/03602559.2014.958780

[6] He G., Pan Q., Rempel G. L.: Synthesis of poly(methyl
methacrylate) nanosize particles by differential micro -
emulsion polymerization. Macromolecular Rapid Com-
munications, 24, 585–588 (2003). 
DOI: 10.1002/marc.200390089

[7] Nagavarma B. V. N., Yadav H. K. S., Ayaz A., Vasudha
L. S., Shivakumar H. G.: Different techniques for prepa-
ration of polymeric nanoparticles – A review. Asian Jour-
nal of Pharmaceutical and Clinical Research, 5, 16–23
(2012).

[8] Zhang G., Niu A., Peng S., Jiang M., Tu Y., Li M., Wu
C.: Formation of novel polymeric nanoparticles. Ac-
counts of Chemical Research, 34, 249–256 (2001).
DOI: 10.1021/ar000011x 

[9] Kharissova O. V., Kharisov B. I., Ruíz Valdés J. J., Mén-
dez O. U.: Ultrasound in nanochemistry: Recent ad-
vances. Synthesis and Reactivity in Inorganic, Metal-Or-
ganic, and Nano-Metal Chemistry, 41, 429–448 (2011).
DOI: 10.1080/15533174.2011.568424

[10] Zhang J., Du J., Han B., Liu Z., Jiang T., Zhang Z.:
Sonochemical formation of single-crystalline gold nano -
belts. Angewandte Chemie, 118, 1134–1137 (2006).
DOI: 10.1002/ange.200503762

[11] Safarifard V., Morsali A.: Applications of ultrasound to
the synthesis of nanoscale metal–organic coordination
polymers. Coordination Chemistry Reviews, 292, 1–14
(2015).
DOI: 10.1016/j.ccr.2015.02.014

[12] Bang J. H., Suslick K. S.: Applications of ultrasound to
the synthesis of nanostructured materials. Advanced
Materials, 118, 1039–1059 (2010).
DOI: 10.1002/adma.200904093

[13] Kumar B., Smita K., Cumbal L., Debut A., Pathak R.
N.: Sonochemical synthesis of silver nanoparticles using
starch: A comparison. Bioinorganic Chemistry and Ap-
plications, 2014, 784268/1– 784268/8 (2014).
DOI: 10.1155/2014/784268

[14] Singh A. K., Shukla S. K., Quraishi M. A.: Ultrasound
mediated green synthesis of hexa-hydro triazines. Jour-
nal of Material Environment Science, 2, 403–406 (2011).

[15] Dubey R., Moorthy N. S. H. N.: Comparative studies
on conventional and microwave assisted synthesis of
benzimidazole and their 2-substituted derivative with
the effect of salt form of reactant. Chemical and Phar-
maceutical Bulletin, 55, 115–117 (2007).
DOI: 10.1248/cpb.55.115

[16] Mallakpour S., Rafiee Z.: Application of microwave-
assisted reactions in step-growth polymerization: A re-
view. Iranian Polymer Journal, 17, 907–935 (2008).

[17] Leadbeater N. E., Torenius H. M.: A study of the ionic
liquid mediated microwave heating of organic solvents.
The Journal of Organic Chemistry, 67, 3145–3148 (2002).
DOI: 10.1021/jo016297g

[18] Mallakpour S., Rafiee Z.: Ionic liquids as environmen-
tally friendly solvents in macromolecules chemistry and
technology, Part I. Journal of Polymers and the Envi-
ronment, 19, 447–484 (2011).
DOI: 10.1007/s10924-011-0287-3

[19] Mallakpour S., Rafiee Z.: New developments in poly-
mer science and technology using combination of ionic
liquids and microwave irradiation. Progress in Polymer
Science, 36, 1754–1765 (2011).
DOI: 10.1016/j.progpolymsci.2011.03.001

[20] Sun X., He J., Meng Y., Zhang L., Zhang S., Ma X.,
Dey S., Zhao J., Lei Y.: Microwave-assisted ultrafast
and facile synthesis of fluorescent carbon nanoparticles
from a single precursor: Preparation, characterization
and their application for the highly selective detection
of explosive picric acid. Journal of Materials Chemistry
A, 4, 4161–4171 (2016).
DOI: 10.1039/C5TA10027E

[21] Hasanpoor M., Aliofkhazraei M., Delavari H.: Mi-
crowave-assisted synthesis of zinc oxide nanoparticles.
Procedia Materials Science, 11, 320–325 (2015).
DOI: 10.1016/j.mspro.2015.11.101

[22] Nakabayashi K., Kojima M., Inagi S., Hirai Y., Atobe
M.: Size-controlled synthesis of polymer nanoparticles
with tandem acoustic emulsification followed by soap-
free emulsion polymerization. ACS Macro Letters, 2,
482–484 (2013).
DOI: 10.1021/mz4001817

[23] Sundar S., Kundu J., Kundu S. C.: Biopolymeric nano -
particles. Science and Technology of Advanced Mate-
rials, 11, 1–13 (2010).
DOI: 10.1088/1468-6996/11/1/014104

[24] Mallakpour S., Zadehnazari A.: Simple and efficient
microwave-assisted polycondensation for preparation
of chiral poly(amide-imide)s having pendant phenol
moiety. Polymer Science Series B, 54, 314–322 (2012).
DOI: 10.1134/S1560090412060048

[25] Mallakpour S., Zeraatpisheh F.: Novel chiral and
organosoluble nanostructure poly(ester–imide)s con-
taining N,N′-(3,3′,4,4′-benzophenonetetracarboxylic)-
3,3′,4,4′-diimido-bis-(L-tyrosine methyl ester) as a new
amino acid based diol: Production, morphology, and
thermal properties. Designed Monomers and Polymers,
16, 488–497 (2013).
DOI: 10.1080/15685551.2012.747167

Mallakpour et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 895–913

909

http://dx.doi.org/10.1016/B978-0-12-416020-0.00007-3
http://dx.doi.org/10.1016/j.progpolymsci.2016.01.002
http://dx.doi.org/10.1080/03602559.2014.958780
http://dx.doi.org/10.1002/marc.200390089
http://dx.doi.org/10.1021/ar000011x
http://dx.doi.org/10.1080/15533174.2011.568424
http://dx.doi.org/10.1002/ange.200503762
http://dx.doi.org/10.1016/j.ccr.2015.02.014
http://dx.doi.org/10.1002/adma.200904093
http://dx.doi.org/10.1155/2014/784268
http://dx.doi.org/10.1248/cpb.55.115
http://dx.doi.org/10.1021/jo016297g
http://dx.doi.org/10.1007/s10924-011-0287-3
http://dx.doi.org/10.1016/j.progpolymsci.2011.03.001
http://dx.doi.org/10.1039/C5TA10027E
http://dx.doi.org/10.1016/j.mspro.2015.11.101
http://dx.doi.org/10.1021/mz4001817
http://dx.doi.org/10.1088/1468-6996/11/1/014104
http://dx.doi.org/10.1134/S1560090412060048
http://dx.doi.org/10.1080/15685551.2012.747167


[26] Mallakpour S., Zadehnazari A.: Synergic effects of
molten ionic liquid and microwave irradiation in prepa-
ration of optically active nanostructured poly(amide-
imide)s containing amino acid and dopamine moiety.
Polymer-Plastics Technology and Engineering, 51,
1090–1096 (2012).
DOI: 10.1080/03602559.2012.689059

[27] Mallakpour S., Ahmadizadegan H.: Poly(amide-imide)s
obtained from 3,5-diamino-N-(thiazol-2-yl)-benzamide
and dicarboxylic acids containing various amino acid
units: Production, characterization and morphological
investigation. High Performance Polymers, 25, 156–
164 (2013).
DOI: 10.1177/0954008312459547

[28] Mallakpour S., Zarei M.: Novel, thermally stable and
chiral poly(amide-imide)s derived from a new diamine
containing pyridine ring and various amino acid-based
diacids: Fabrication and characterization. High Perform-
ance Polymers, 25, 245–253 (2013).
DOI: 10.1177/0954008312461658

[29] Mallakpour S., Dinari M.: Novel nanostructure amino
acid-based poly(amide–imide)s enclosing benzimida-
zole pendant group in green medium: Fabrication and
characterization. Amino Acids, 43, 1605–1613 (2012).
DOI: 10.1007/s00726-012-1236-8

[30] Mallakpour S., Zadehnazari A.: Microwave-assisted
synthesis and morphological characterization of chiral
poly(amide–imide) nanostructures in molten ionic liq-
uid salt. Advances in Polymer Technology, 32, 21333/1–
21333/12 (2013).
DOI: 10.1002/adv.21333

[31] Mallakpour S., Zadehnazari A.: Tailored synthesis of
nanostructured polymer thin films from optically active
and thermally stable poly(amide-co-imide)s containing
hydroxyl pendant groups in a green ionic solvent. Poly-
mer-Plastics Technology and Engineering, 51, 1097–
1105 (2012).
DOI: 10.1080/03602559.2012.689060

[32] Mallakpour S., Zadehnazari A.: New organosoluble,
thermally stable, and nanostructured poly(amide-imide)s
with dopamine pendant groups: Microwave-assisted
synthesis and characterization. International Journal of
Polymer Analysis and Characterization, 17, 408–416
(2012).
DOI: 10.1080/1023666X.2012.669646

[33] Mallakpour S., Dinari M.: Straightforward and green
method for the synthesis of nanostructure poly(amide-
imide)s-containing benzimidazole and amino acid moi-
eties by microwave irradiation. Polymer Bulletin, 70,
1049–1064 (2013).
DOI: 10.1007/s00289-012-0875-y

[34] Mallakpour S., Khani M.: Microwave-assisted con-
struction of nanostructured poly(amide-imide)s con-
taining environmentally friendly natural amino acids
via implementation of molten salt ionic liquid as an ac-
tivating media. Polymer-Plastics Technology and En-
gineering, 53, 38–45 (2014).
DOI: 10.1080/03602559.2013.843687

[35] Mallakpour S., Khani M., Sabzalian M. R.: Synthesis 
and biodegradability assessment of poly(amide-imide)s 
containing N-trimellitylimido-L-amino acid and 5-(2-
benzimidazole)-1,3-phenylenediamine. Polymer Bul-
letin, 71, 2159–2172 (2014).
DOI: 10.1007/s00289-014-1179-1

[36] Wang Y., Fan J., Darensbourg D. J.: Construction of 
versatile and functional nanostructures derived from 
CO2-based polycarbonates. Angewandte Chemie Inter-
national Edition, 54, 10206–10210 (2015).
DOI: 10.1002/anie.201505076

[37] Crucho C. I. C., Barros M. T.: Formulation of function-
alized PLGA polymeric nanoparticles for targeted drug 
delivery. Polymer, 68, 41–46 (2015).
DOI: 10.1016/j.polymer.2015.04.083

[38] Deshapriya I. K., Stromer B. S., Pattammattel A., Kim
C.  S., Iglesias-Bartolome R., Gonzalez-Fajardo L., Patel 
V., Gutkind J. S., Lu X., Kumar C. V.: Fluorescent, 
bioactive protein nanoparticles (prodots) for rapid, im-
proved cellular uptake. Bioconjugate Chemistry, 26, 
396–404 (2015).
DOI: 10.1021/bc500621h

[39] Reisch A., Runser A., Arntz Y., Mély Y., Klymchenko
A. S.: Charge-controlled nanoprecipitation as a modular 
approach to ultrasmall polymer nanocarriers: Making 
bright and stable nanoparticles. ACS Nano, 5, 5104–
5116 (2015).
DOI: 10.1021/acsnano.5b00214

[40] Nasir A., Kausar A., Younus A.: Novel hybrids of poly-
styrene nanoparticles and silica nanoparticles-grafted-
graphite via modified technique. Polymer-Plastics Tech-
nology and Engineering, 54, 1122–1134 (2015). DOI: 
10.1080/03602559.2014.996904

[41] Lin H-W., Tan C-S.: Preparation of polyamic acid and 
polyimide nanoparticles by compressed fluid antisol-
vent and thermal imidization. The Journal of Supercrit-
ical Fluids, 99, 103–111 (2015).
DOI: 10.1016/j.supflu.2015.01.028

[42] Chabukswar V., Dhomase N., Bhavsar S., Horne A., 
Mohite K., Gaikwad V.: Studies on morphology and 
conductivity of poly (N-methyl aniline) nanoparticles 
prepared in nonstirred reaction medium. Macromolec-
ular Symposia, 298, 43–50 (2010).
DOI: 10.1002/masy.201000019

[43] Dhas N. L., Ige P. P., Kudarha R. R.: Design, optimiza-
tion and in-vitro study of folic acid conjugated-chitosan 
functionalized PLGA nanoparticle for delivery of bica-
lutamide in prostate cancer. Powder Technology, 283, 
234–245 (2015).
DOI: 10.1016/j.powtec.2015.04.053

[44] Mallakpour S., Behranvand V.: Surface treatment of 
nano ZnO using 3,4,5,6-tetrabromo-N-(4-hydroxy-
phenyl)-phthalamic acid as novel coupling agent for the 
preparation of poly(amide–imide)/ZnO nanocompos-
ites. Colloid and Polymer Science, 292, 2275–2283 
(2014).
DOI: 10.1007/s00396-014-3264-2 

Mallakpour et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 895–913

910

http://dx.doi.org/10.1080/03602559.2012.689059
http://dx.doi.org/10.1177/0954008312459547
http://dx.doi.org/10.1177/0954008312461658
http://dx.doi.org/10.1007/s00726-012-1236-8
http://dx.doi.org/10.1002/adv.21333
http://dx.doi.org/10.1080/03602559.2012.689060
http://dx.doi.org/10.1080/1023666X.2012.669646
http://dx.doi.org/10.1007/s00289-012-0875-y
http://dx.doi.org/10.1080/03602559.2013.843687
http://dx.doi.org/10.1007/s00289-014-1179-1
http://dx.doi.org/10.1002/anie.201505076
http://dx.doi.org/10.1016/j.polymer.2015.04.083
http://dx.doi.org/10.1021/bc500621h
http://dx.doi.org/10.1021/acsnano.5b00214
http://dx.doi.org/10.1080/03602559.2014.996904
http://dx.doi.org/10.1016/j.supflu.2015.01.028
http://dx.doi.org/10.1002/masy.201000019
http://dx.doi.org/10.1016/j.powtec.2015.04.053
http://dx.doi.org/10.1007/s00396-014-3264-2


[45] Mallakpour S., Dinari M.: Progress in synthetic poly-
mers based on natural amino acids. Journal of Macro-
molecular Science Part A: Pure and Applied Chemistry,
48, 644–679 (2011).
DOI: 10.1080/15226514.2011.586289 

[46] Ashrafi A., Golozar M. A., Mallakpour S.: Morpholog-
ical investigations of polypyrrole coatings on stainless
steel. Synthetic Metals, 156, 1280–1285 (2006).
DOI: 10.1016/j.synthmet.2006.09.014

[47] Ayad M. M., Salahuddin N., Ali M.: Polyaniline–organ-
oclay nanocomposites as curing agent for epoxy: Prepa-
ration and characterization. Polymer Composites, 30,
467–473 (2009).
DOI: 10.1002/pc.20599

[48] Shi Y., Peng L., Ding Y., Zhao Y., Yu G.: Nanostruc-
tured conductive polymers for advanced energy storage.
Chemical Society Reviews, 44, 6684–6696 (2015).
DOI: 10.1039/c5cs00362h

[49] Moghaddam A. B., Nazari T., Badraghi J., Kazemzad M.:
Synthesis of ZnO nanoparticles and electrodeposition
of polypyrrole/ZnO nanocomposite film. International
Journal of Electrochemistry Science, 4, 247–257 (2009).

[50] Tai H., Jiang Y., Xie G., Yu J., Zhao M.: Self-assembly
of TiO2/polypyrrole nanocomposite ultrathin films and
application for an NH3 gas sensor. International Journal
of Environmental Analytical Chemistry, 87, 539–551
(2007).
DOI: 10.1080/03067310701272954

[51] Samanta D., Meiser J. L., Zare N. R.: Polypyrrole nano -
particles for tunable, pH-sensitive and sustained drug
release. Nanoscale, 7, 9497–9504 (2015).
DOI: 10.1039/c5nr02196k

[52] Chen X., Yu N., Zhang L., Liu Z., Wang Z., Chen Z.:
Synthesis of polypyrrole nanoparticles for constructing
full-polymer UV/NIR-shielding film. RSC Advances,
5, 96888–96895 (2015).
DOI: 10.1039/c5ra20164k

[53] Alizadeh T., Ganjali M. R., Akhoundian M.: Synthesis
and application of different nano-sized imprinted poly-
mers for the preparation of promethazine membrane
electrodes and comparison of their efficiencies. Inter-
national Journal of Electrochemical Science, 7, 7655–
7674 (2012).

[54] Vaitkuviene A., Kaseta V., Voronovic J., Ramanauskaite
G., Biziuleviciene G., Ramanaviciene A., Ramanavicius
A.: Evaluation of cytotoxicity of polypyrrole nanopar-
ticles synthesized by oxidative polymerization. Journal
of Hazardous Materials, 250–251, 167–174 (2013).
DOI: 10.1016/j.jhazmat.2013.01.038

[55] Patil S. L., Chougule M. A., Pawar S. G., Sen S., Patil
V. B.: Effect of camphor sulfonic acid doping on struc-
tural, morphological, optical and electrical transport
properties on polyaniline-ZnO nanocomposites. Soft
Nanoscience Letters, 2, 46–53 (2012).
DOI: 10.4236/snl.2012.23009

[56] Phang S. W., Tadokoro M., Watanabe J., Kuramoto N.:
Effect of Fe3O4 and TiO2 addition on the microwave
absorption property of polyaniline micro/nanocompos-
ites. Polymers for Advanced Technologies, 20, 550–557
(2009).
DOI: 10.1002/pat.1381

[57] Song E., Choi J-W.: Conducting polyaniline nanowire
and its applications in chemiresistive sensing. Nanoma-
terials, 3, 498–523 (2013).
DOI: 10.3390/nano3030498

[58] Hu C., Chen Y., Chen X., Zhang B., Yang J., Zhou J.,
Zhang M. Q.: Enhancement of photoresponse proper-
ties of conjugated polymers/inorganic semiconductor
nanocomposites by internal micro-magnetic field. Chem-
istry A European Journal, 18, 1467–1475 (2012).
DOI: 10.1002/chem.201101769

[59] Bhadra J., Sarkar D.: Size variation of polyaniline nano -
particles dispersed in polyvinyl alcohol matrix. Bulletin
of Materials Science, 33, 519–523 (2010).
DOI: 10.1007/s12034-010-0079-8

[60] Berti F., Todros S., Lakshmi D., Whitcombe M. J., Chi-
anella I., Ferroni M., Piletsky S. A., Turner A. P. F.,
Marrazza G.: Quasi-monodimensional polyaniline nano -
structures for enhanced molecularly imprinted polymer-
based sensing. Biosensors and Bioelectronics, 26, 497–
503 (2010).
DOI: 10.1016/j.bios.2010.07.063

[61] Mahato N., Parveen N., Cho M. H.: Synthesis of highly
crystalline polyaniline nanoparticles by simple chemi-
cal route. Materials Letters, 161, 372–374 (2015).
DOI: 10.1016/j.matlet.2015.08.138

[62] Hong Y., Hwang S., Yoon D. S., Yang J.: Scattering
analysis of single polyaniline nanoparticles for acidic
environmental sensing. Sensors and Actuators B: Chem-
ical, 218, 31–36 (2015).
DOI: 10.1016/j.snb.2015.04.098

[63] Luo J., Sun J., Huang J., Liu X.: Preparation of water-
compatible molecular imprinted conductive polyaniline
nanoparticles using polymeric micelle as nanoreactor
for enhanced paracetamol detection. Chemical Engi-
neering Journal, 283, 1118–1126 (2016).
DOI: 10.1016/j.cej.2015.08.041

[64] Zhang S., Wu Y., He B., Luo K., Gu Z.: Biodegradable
polymeric nanoparticles based on amphiphilic princi-
ple: Construction and application in drug delivery. Sci-
ence China Chemistry, 57, 461–475 (2014).
DOI: 10.1007/s11426-014-5076-0

[65] Marin E., Briceño M. I., Caballero-George C.: Critical
evaluation of biodegradable polymers used in nano -
drugs. International Journal of Nanomedicine, 8, 3071–
3091 (2013).
DOI: 10.2147/IJN.S47186

[66] Bennet D., Kim S.: Polymer nanoparticles for smart
drug delivery. in ‘Application of nanotechnology in
drug delivery’ (Sezer E. A. D.) InTech, Rijeka, 257–310
(2014).
DOI: 10.5772/58422

Mallakpour et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 895–913

911

http://dx.doi.org/10.1080/15226514.2011.586289
http://dx.doi.org/10.1016/j.synthmet.2006.09.014
http://dx.doi.org/10.1002/pc.20599
http://dx.doi.org/10.1039/c5cs00362h
http://dx.doi.org/10.1080/03067310701272954
http://dx.doi.org/10.1039/c5nr02196k
http://dx.doi.org/10.1039/c5ra20164k
http://dx.doi.org/10.1016/j.jhazmat.2013.01.038
http://dx.doi.org/10.4236/snl.2012.23009
http://dx.doi.org/10.1002/pat.1381
http://dx.doi.org/10.3390/nano3030498
http://dx.doi.org/10.1002/chem.201101769
http://dx.doi.org/10.1007/s12034-010-0079-8
http://dx.doi.org/10.1016/j.bios.2010.07.063
http://dx.doi.org/10.1016/j.matlet.2015.08.138
http://dx.doi.org/10.1016/j.snb.2015.04.098
http://dx.doi.org/10.1016/j.cej.2015.08.041
http://dx.doi.org/10.1007/s11426-014-5076-0
http://dx.doi.org/10.2147/IJN.S47186
http://dx.doi.org/10.5772/58422


[67] Soppimath K. S., Aminabhavi T. M., Kulkarni A. R.,
Rudzinski W. E.: Biodegradable polymeric nanoparti-
cles as drug delivery devices. Journal of Controlled Re-
lease, 70, 1–20 (2001).
DOI: 10.1016/S0168-3659(00)00339-4

[68] Kerimoğlu O., Alarçin E.: Poly(lactic-co-glycolic acid)
based drug delivery devices for tissue engineering and
regenerative medicine. ANKEM Derg, 26, 86–98 (2012).
DOI: 10.5222/ankem.2012.086

[69] Eili M., Shameli K., Ibrahim N. A., Yunus W. M. Z. W.:
Degradability enhancement of poly(lactic acid) by
stearate-Zn3Al LDH nanolayers. International Journal
of Molecular Sciences, 13, 7938–7951 (2012).
DOI: 10.3390/ijms13077938

[70] Li F., Zhu A., Song X., Ji L., Wang J.: The internaliza-
tion of fluorescence-labeled PLA nanoparticles by macro -
phages. International Journal of Pharmaceutics, 453,
506–513 (2013).
DOI: 10.1016/j.ijpharm.2013.06.033

[71] Choi J-S., Cao J., Naeem M., Noh J., Hasan N., Choi
H-K., Yoo J-W.: Size-controlled biodegradable nano -
particles: Preparation and size-dependent cellular up-
take and tumor cell growth inhibition. Colloids and Sur-
faces B: Biointerfaces, 122, 545–551 (2014).
DOI: 10.1016/j.colsurfb.2014.07.030

[72] Nazemi K., Azadpour P., Moztarzadeh F., Urbanska A.
M., Mozafari M.: Tissue-engineered chitosan/bioactive
glass bone scaffolds integrated with PLGA nanoparti-
cles: A therapeutic design for on-demand drug delivery.
Materials Letters, 138, 16–20 (2015).
DOI: 10.1016/j.matlet.2014.09.086

[73] Mallakpour S., Soltanian S., Sabzalian M. R.: Fabrica-
tion and in vitro degradation study of novel optically
active polymers derived from amino acid containing
diacids and 4,4′-thiobis(2-tert-butyl-5-methylphenol).
Journal of Polymer Research, 18, 1679–1686 (2011).
DOI: 10.1007/s10965-011-9573-y

[74] Mallakpour S., Soltanian S.: Functionalized multi-wall
carbon nanotube reinforced poly(ester-imide) bionano -
composites containing L-leucine amino acid units. Jour-
nal of Polymer Research, 21, 335–342 (2014).
DOI: 10.1007/s10965-013-0335-x

[75] Abdolmaleki A., Mallakpour S., Borandeh S., Sabzalian
M. R.: Fabrication of biodegradable poly(ester-amide)s
based on tyrosine natural amino acid. Amino Acids, 42,
1997–2007 (2012).
DOI: 10.1007/s00726-011-0931-1

[76] Abdolmaleki A., Mallakpour S., Borandeh S.: Tailored
functionalization of ZnO nanoparticle via reactive cy-
clodextrin and its bionanocomposite synthesis. Carbo-
hydrate Polymers, 103, 32–37 (2014).
DOI: 10.1016/j.carbpol.2013.12.013

[77] Hu B., Wang Y., Xie M., Hu G., Ma F., Zeng X.: Poly-
mer nanoparticles composed with gallic acid grafted
chitosan and bioactive peptides combined antioxidant,
anticancer activities and improved delivery property for
labile polyphenols. Journal of Functional Foods, 15,
593–603 (2015).
DOI: 10.1016/j.jff.2015.04.009

[78] Thu H. P., Nam N. H., Quang B. T., Son H. A., Toan N.
L., Quang D. T.: In vitro and in vivo targeting effect of
folate decorated paclitaxel loaded PLA–TPGS nanopar-
ticles. Saudi Pharmaceutical Journal, 23, 683–688
(2015).
DOI: 10.1016/j.jsps.2015.02.002

[79] Zhang H., Li F., Yi J., Gu C., Fan L., Qiao Y., Tao Y.,
Cheng C., Wu H.: Folate-decorated maleilated pullu-
lan–doxorubicin conjugate for active tumor-targeted
drug delivery. European Journal of Pharmaceutical Sci-
ences, 42, 517–526 (2011).
DOI: 10.1016/j.ejps.2011.02.006

[80] Cavallaro G., Craparo E. F., Sardo C., Lamberti G.,
Barba A. A., Dalmoro A.: PHEA–PLA biocompatible
nanoparticles by technique of solvent evaporation from
multiple emulsions. International Journal of Pharma-
ceutics, 495, 719–727 (2015).
DOI: 10.1016/j.ijpharm.2015.09.050

[81] Xu X., Yang J., Ding L., Li J.: Bone morphogenetic pro-
tein-2-encapsulated grafted-poly-lactic acid–polycapro-
lactone nanoparticles promote bone repair. Cell Bio-
chemistry and Biophysics, 71, 215–225 (2015).
DOI: 10.1007/s12013-014-0187-y

[82] Sacchetin P. S. C., Setti R. F., de Tarso Vieira e Rosa P.,
Moraes Â. M.: Properties of PLA/PCL particles as ve-
hicles for oral delivery of the androgen hormone 17α-
methyltestosterone. Materials Science and Engineering:
C, 58, 870–881 (2016).
DOI: 10.1016/j.msec.2015.09.071

[83] Gyulai G., Magyar A., Rohonczy J., Orosz J., Yamasaki
M., Bősze Sz., Kiss É.: Preparation and characterization
of cationic pluronic for surface modification and func-
tionalization of polymeric drug delivery nanoparticles.
Express Polymer Letters, 10, 216–226 (2016).
DOI: 10.3144/expresspolymlett.2016.20

[84] Kiss É., Gyulai G., Pénzes Cs. B., Idei M., Horváti K.,
Bacsa B., Bősze Sz.: Tuneable surface modification of
PLGA nanoparticles carrying new antitubercular drug
candidate. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 458, 178–186 (2014).
DOI: 10.1016/j.colsurfa.2014.05.048

[85] Nkabinde L. A., Shoba-Zikhali L. N. N., Semete-
Makokotlela B., Kalombo L., Swai H., Grobler A.,
Hamman J. H.: Poly (D,L-lactide-co-glycolide) nano -
particles: Uptake by epithelial cells and cytotoxicity.
Express Polymer Letters, 8, 197–206 (2014).
DOI: 10.3144/expresspolymlett.2014.23

Mallakpour et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 895–913

912

http://dx.doi.org/10.1016/S0168-3659(00)00339-4
http://dx.doi.org/10.5222/ankem.2012.086
http://dx.doi.org/10.3390/ijms13077938
http://dx.doi.org/10.1016/j.ijpharm.2013.06.033
http://dx.doi.org/10.1016/j.colsurfb.2014.07.030
http://dx.doi.org/10.1016/j.matlet.2014.09.086
http://dx.doi.org/10.1007/s10965-011-9573-y
http://dx.doi.org/10.1007/s10965-013-0335-x
http://dx.doi.org/10.1007/s00726-011-0931-1
http://dx.doi.org/10.1016/j.carbpol.2013.12.013
http://dx.doi.org/10.1016/j.jff.2015.04.009
http://dx.doi.org/10.1016/j.jsps.2015.02.002
http://dx.doi.org/10.1016/j.ejps.2011.02.006
http://dx.doi.org/10.1016/j.ijpharm.2015.09.050
http://dx.doi.org/10.1007/s12013-014-0187-y
http://dx.doi.org/10.1016/j.msec.2015.09.07
http://dx.doi.org/10.3144/expresspolymlett.2016.20
http://dx.doi.org/10.1016/j.colsurfa.2014.05.048
http://dx.doi.org/10.3144/expresspolymlett.2014.23


[86] Di C., Jiang X., Wang R., Yin J.: Multi-responsive poly-
mer nanoparticles from the amphiphilic poly(dimethyl-
siloxane) (PDMS)-containing poly(ether amine) (PDMS-
gPEA) and its potential application for smart separa-
tion. Journal of Materials Chemistry, 21, 4416–4423
(2011).
DOI: 10.1039/c0jm03569f 

[87] Kuruppuarachchi M., Savoie H., Lowry A., Alonso C.,
Boyle R. W.: Polyacrylamide nanoparticles as a deliv-
ery system in photodynamic therapy. Molecular Phar-
maceutics, 8, 920–931 (2011).
DOI: 10.1021/mp200023y

[88] Dang G., Shi Y., Fu Z., Yang W.: Polymer nanoparticles
with dendrimer-Ag shell and its application in catalysis.
Particuology, 11, 346–352 (2013).
DOI: 10.1016/j.partic.2011.06.012 

[89] Fritzen-Garcia M. B., Monteiro F. F., Cristofolini T.,
Acuña J. J. S., Zanetti-Ramos B. G., Oliveira I. R. W.
Z., Soldi V., Pasa A. A., Creczynski-Pasa T. B.: Char-
acterization of horseradish peroxidase immobilized on
PEGylated polyurethane nanoparticles and its applica-
tion for dopamine detection. Sensors and Actuators B:
Chemical, 182, 264–272 (2013).
DOI: 10.1016/j.snb.2013.02.107

[90] Kong X., Shi Z., Lu Z.: Synthesis of novel polymer
nano-particles and their interaction with cement. Con-
struction and Building Materials, 68, 434–443 (2014).
DOI: 10.1016/j.conbuildmat.2014.06.086

[91] Pu K., Shuhendler A. J., Jokerst J. V., Mei J., Gambhir
S. S., Bao Z., Rao J.: Semiconducting polymer nanopar-
ticles as photoacoustic molecular imaging probes in liv-
ing mice. Nature Nanotechnology, 9, 233–239 (2014).
DOI: 10.1038/nnano.2013.302

[92] Mallakpour S., Abdolmaleki A., Borandeh S., Sabzalian
M. R.: One pot fabrication of optically active and effi-
cient antibacterial poly(amide-benzimidazole-imide)/Ag
bionanocomposite. Journal of Polymer Research, 22,
129–136 (2015).
DOI: 10.1007/s10965-015-0743-1

[93] Loos C., Syrovets T., Musyanovych A., Mailänder V.,
Landfester K., Nienhaus G. U., Simmet T.: Functional-
ized polystyrene nanoparticles as a platform for study-
ing bio–nano interactions. Beilstein Journal of Nan-
otechnology, 5, 2403–2412 (2014).
DOI: 10.3762/bjnano.5.250

[94] Monti D. M., Guarnieri D., Napolitano G., Piccoli R.,
Netti P., Fusco S., Arciello A.: Biocompatibility, uptake
and endocytosis pathways of polystyrene nanoparticles
in primary human renal epithelial cells. Journal of
Biotechnology, 193, 3–10 (2015).
DOI: 10.1016/j.jbiotec.2014.11.004

Mallakpour et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 895–913

913

http://dx.doi.org/10.1039/c0jm03569f
http://dx.doi.org/10.1021/mp200023y
http://dx.doi.org/10.1016/j.partic.2011.06.012
http://dx.doi.org/10.1016/j.snb.2013.02.107
http://dx.doi.org/10.1016/j.conbuildmat.2014.06.086
http://dx.doi.org/10.1038/nnano.2013.302
http://dx.doi.org/10.1007/s10965-015-0743-1
http://dx.doi.org/10.3762/bjnano.5.250
http://dx.doi.org/10.1016/j.jbiotec.2014.11.004


1. Introduction

High performance structural composites are year by

year replacing metals in load-critical structures of

aircrafts and other industrial applications. This ten-

dency is clearly driven by the need for structural ma-

terials with superior mechanical properties, low spe-

cific weight and corrosion resistance. On the other

hand, during their service life, multi-layered com-

posites are prone to delaminations, as a result of out

of plane loads. The presence of delaminations dra-

matically decreases their residual compression prop-

erties and also affects other in-plane properties of the

composite. Additionally, polymer matrix composites

are sensitive to microcracking formation within the

polymer phase due to service-induced loading or

even during the manufacturing. Under fatigue load-

ing conditions that a real-world structure experiences

on its service life, the initially minor microcracks are

linked together to create significantly larger cracks.

Cracks and delaminations work together to result in

remarkable suppression of the load-bearing capacity

of the composite part, even with minimal visual in-

dication of damage being present.

The interlaminar fracture toughness is the key-char-

acteristic in initiation and propagation of delamina-

tions in fibre reinforced polymer (FRP) composites.

A constant concern of various researchers has been

the enhancement of the fracture behavior of high

performance structural composites, especially car-

bon fibre reinforced polymers (CFRP). In this direc-
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tion, a series of approaches has been proposed in-

cluding thermoplastic interleaves, micro- and nano-

particles, other microfibres, z-pins etc [1–5]. How-

ever, the most common and widespread approach is

the interleaving. The incorporation of very thin layers

can be a feasible way to enhance the interlaminar

properties without compromising other mechanical

properties. For example, Magniez et al. [6] succeed-

ed in the toughening of the CFRPs by interleaving a

thin layer (~20 μm) of electrospun poly(hydroxy -

ether of bisphenol A). This type of enhancement im-

proved the fracture toughness in mode I and mode II

by up to 150 and 30% respectively. Aksoy and Carls-

son [7] achieved toughening of graphite/epoxy com-

posites using thermoplastic and thermoset inter-

leaves with various thicknesses. Both types of inter-

leaves enhanced the interlaminar fracture toughness

to a great extent, although thermoplastic interleaves

were more effective than the thermoset interleaves

because of the larger energy-absorbing capability of

the thermoplastic polymer. Molnár et al. [8] investi-

gated the interleaving effect of polyacrylonitrile elec-

trospun mats on interlaminar shear stress and impact

tests of unidirectional and woven CFRPs. It was

shown that the interlaminar shear strength of the

woven and unidirectional CFRPs was enhanced at

the rate of 7 and 11% respectively. In the case of im-

pact tests carried out on woven CFRPs the absorbed

energy was increased at the rate of 64% compared to

the neat ones. Drakonakis et al. [9] investigated the

role of the host matrix and the micro-particle inter-

leaving effect to the multilayer structures. From the

three different matrices which were utilized, it was

shown that the dicyanate was the toughest epoxy

while the mode II fracture characteristics were con-

siderably increased with the incorporation of Nylon 6

micro-particles.

Conventional repair techniques of composites are ex-

pensive, require extensive human work, and cannot

repair defects deep inside the material. Thus, utiliza-

tion of composites in human safety critical compo-

nents has always to be accompanied with damage di-

agnostic tools. It is also of note that conventional

damage detection equipment is in some cases not

able to detect tiny defects deep inside the material.

However, these defects could rapidly propagate be-

tween two periodical inspections and lead the com-

posite part to catastrophic failure. This challenging

situation acted as an inspiration for the seeking of

new repair methods; cheaper and applicable at the

early stages of damage evolution. With an aim to ad-

dress some principal weak points of conventional re-

pair techniques, an emerging approach called ‘self-

healing polymers’ [10] has been proposed but not yet

been applied to commercial composites. This smart

technology aims to in-situ and autonomously repair

damage and thus to lead to extension of the effective

life-span of composite structures. Self-healing com-

posites promise to mitigate the importance for de-

tecting damage and to reduce the frequency of sched-

uled inspections.

An alternative approach to the ‘conventional’ dam-

age tolerance design philosophy is to provide a ma-

terial with the ability to self-repair. To this direction,

scientists have drawn inspirations by the ability of

the biological systems to repair external wounds in

order to develop similar repair systems within the

material. Two main ways for implementing the heal-

ing functionality within a material have been report-

ed over the past two decades: a) the extrinsic one,

e.g. [11, 12], where the healing agent is liquid and

stored in advance within the material, and b) the in-

trinsic one, e.g. [13, 14], where the inherently ther-

mally reversible bonds of the material create the heal-

ing effect under external heating.

However a more effective way to address the long-

standing problem of weak through-the-thickness

strength of structural composites is probably the de-

velopment of new composites that combine high in-

terlaminar fracture toughness with the ability to self-

heal. For example, Wang et al. [15] investigated the

combined self-healing and toughening performance

of CFRP interleaved with patches of two thermoplas-

tics. The hybrid composite had enhanced mode I but

reduced interlaminar shear properties while reason-

able mechanical property recovery after healing was

achieved via both thermoplastics in both loading

cases. In addition, Yang et al. [16] proposed a new

type of self-healing composite material containing a

three-dimensional thermoplastic (EMAA) fibre sys-

tem created by stitching. The hybrid composite was

tougher than the reference and high recovery of the

mode I fracture characteristics was achieved after

multiple healing cycles. Very recently, Kotrotsos et al.
[17] proposed a hybrid composite with a matrix mod-

ified with thermoplastic micro-particles. The com-
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posite had enhanced mode II fracture toughness and

was able to significantly restore the mode II fracture

characteristics after healing.

A more promising approach for self-healing com-

posites might be found by merging reversible bonds

into epoxide networks, since this approach allows

the healing to be unlimited as no chemicals are con-

sumed. A new technology that could be beneficial for

self-healing in composites has been built on supra -

molecular polymers (SP) [18–20]. Especially those

based on reversible hydrogen bonding arrays show

great promise for self-healing materials [21–24], since

these materials can typically withstand multiple heal-

ing cycles without substantial loss of performance,

as a consequence of the highly directional and fully

reversible non-covalent interactions present within

the polymer matrix. In this study, we have employed

the ureiodypyrimidone hydrogen bonding unit (UPy)

as developed by Sijbesma et al. [25] because of its

strong self-association, its synthetic accessibility, and

the highly dynamic nature of low Tg-polymers com-

prising the UPy [26]. Most interestingly, UPy-poly-

mers have recently been shown to give unprecedent-

ed toughening in polybutadiene based interpenetrat-

ing networks [27]. In recent investigation, Zhang et
al. [28] discussed the state of our understanding

about ionomers and the historical applications of

these nanostructured polymers. It was also discussed

the modern methods for synthesizing new ionomers

and described a number of relatively new applica-

tions for ionomers and the potential use of these ma-

terials in contemporary technologies, including, shape

memory and self-healing materials and supramolec-

ular polymer systems.

The scope of the present work is the use of flexible

SP comprising UPy-moieties as interleaves into con-

ventional CFRPs in order to enhance the fracture

properties of these hybrid composites and to take ad-

vantage of the SP’s healing capability. This study is

presenting an overview of the role of the SP in the

fracture behavior and the repeatable ability to heal

the cracks into CFRPs. It is complementing and ex-

tending the work of study [29] where mode I fracture

was investigated. Here, reference as well as the hy-

brid composites were subjected to mode II interlam-

inar fracture toughness tests and compared. After the

fracture, the hybrid composites were subjected to

heating under controlled loading in order to activate

the SP interleave and the cracks to be healed. The

healing process was repeated up to four times. Fi-

nally acoustic emission (AE) monitoring was imple-

mented during the testing. Recordings led to better

understanding of the involved failure mechanisms as

well as some conclusions regarding the healing

mechanism.

2. Experimental

2.1. Materials

The composite materials which were used in this

study were fabricated from UD carbon fibre-epoxy

pre-preg CE-1007 150-38. The pre-preg tape was sup-

plied by SGL Group, Germany. The SP was devel-

oped and supplied by Suprapolix. The supplied ma-

terial (batch identification code: SPSH01) is based

on a low Tg (–66 °C) polymer modified with UPy-

moieties, and was chosen to play the toughening and

healing role as an interleaf in the present study. This

polymer owes its mechanical properties to the re-

versible, non-covalent interactions, such as hydrogen

bonding, between the macromolecules.

2.2. Preparation of SP interleaf and composite

manufacturing

The as-received polymer piece was converted into a

thin film by a two-step heating/pressing treatment

using a hot press machine [29]. Firstly, the bulk SP

block was pressed under 5 kN at 90 °C for 30 min.

Then, heating was stopped and the SP material was

left under 25 kN mechanical load overnight to cool-

down and reach its final form. Consequently, a thin

film of SP was obtained. The thickness of the film was

measured to be approximately 120 μm with no signif-

icant thickness variations, using a digital caliper. Fi-

nally, the SP film was cut into 20 mm wide strip using

a conventional film cutter. The selected strip’s width,

based on experience ensures that the crack propaga-

tion would not overcome the healing agent area dur-

ing the mode II experiments. The melting tempera-

ture (Tm) of the SP material was measured to be 77°C,

using the Perkin-Elmer DSC 8500 differential scan-

ning calorimeter. The DSC samples were heated from

ambient temperature to 150°C at a rate of 5 °C/min.

Above this temperature, the UPy-UPy hydrogen

bonding interactions start to diminish significantly

and thereby the interactions between adjacent poly-

mer chains of the material [26].
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Two UD laminated plates made of 22 pre-preg layers

were manufactured for the needs of the current study;

the reference laminate and the hybrid laminate con-

taining the SP interleaf on the mid-plane, both appro-

priate for deriving mode II interlaminar fracture spec-

imens. Figure 1 shows schematically the plate con-

figuration with respect to the fracture pre-crack and

the healing agent location. During the manufacturing

process two 13 μm-thick sheets of polytetrafluoroeth-

ylene (PTFE) film were placed in the mid-thickness

plane of both laminates as shown in Figure 1 to act as

initial pre-crack according to the request of the in-

terlaminar fracture test. In the case of the hybrid lam-

inate, a SP strip was carefully placed on the mid-plane

as shown in Figure 1b, 1c. Following the lay-up, the

laminates were vacuum bagged and cured in auto-

clave for 2 h at 130°C under 6 bar pressure, accord-

ing to the pre-preg supplier guidelines. The dimen-

sions of the plates were 300 mm×150 mm×3 mm. Ul-

trasonic C-scan inspection was performed on the pro-

duced plates. A Physical Acoustics Corporation (PAC)

UT C-Scan system was used with a 5 MHz transduc-

er. Five mode I (double cantilever beam, DCB) sam-

ples were cut from both the reference and the hybrid

plate.

2.3. Mechanical testing and AE monitoring

Quasi-static interlaminar fracture toughness tests

were performed at a 25 kN Instron Universal testing

machine at room temperature conditions. Two alu-

minium tabs were glued on the DCB specimen outer

surfaces (Figure 2a) using a two-component epoxy

adhesive in order to bear the peel forces from the load

cell. Both the reference and the hybrid DCB speci-

mens were tested in mode I according to AITM

1.0005 [30] standard of Airbus defence and space,

to create a natural sharp pre-crack. After the testing,

the fractured samples were cut into mode II (ENF)

specimens according to AITM 1.0006 [31] standard

of Airbus. ENF specimen dimensions and experi-

mental set-up are both illustrated in Figure 2b, 2c. The

pre-cracked ENF test specimens were loaded in

3-point bending, at a cross-head speed of 1 mm/min.

Five replicates were tested for each fracture tough-

ness assessment. The GIIC was determined using the

Areas method [31], and calculated using the Equa-

tion (1):
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Figure 1. Schematic representation of the mid-plane of (a) the reference plate and (b) the SP containing hybrid plate. (c) Pho-

tograph of the mid-plane of the hybrid plate, where a SP strip was carefully positioned, together with the PTFE

film.



where d is the cross-head displacement at crack de-

lamination onset, P is the critical load to start the

crack, a is the initial crack length (from the support

point to the end of the crack), w is the width of the

specimen and L is the span length (L = 100 mm).

Based on Equation (1), the crack length (a) has to be

known in order the GIIC value to be calculated. For

brittle materials the moment of unstable crack growth

can be clearly determined; Pmax is attributed to the

critical load at the onset of crack growth. On the other

hand, for hybrid materials containing ductile inter-

leaves in which the crack is growing through the duc-

tile interleaved layer [29], the crack initiation occurs

long before Pmax. In addition, in mode II loading of

the pre-cracked specimen the crack tends to close

which hinder a clear visualization of its tip. Thus,

mode II fracture characterization of CFRPs with a

ductile interlayer remains a major challenge includ-

ing uncertainties on the results. Based on these,

whereas for the reference case CFRPs the GIIC cal-

culations were extracted directly from the P-d data

without any concern, for the hybrid CFRPs the mon-

itoring of the crack growth using high resolution dig-

ital camera system was carried out. It is suggested

that the crack initiation point of the hybrid CFRPs

corresponds to the onset of the visual deviation of

linearity in P-d curves. In addition, a vertical line

with pencil was marked at the end of the starter film,

as shown in Figure 2b. It is suggested that the sepa-

ration of the line into two lines corresponds to the

crack initiation.

In addition, during the tests the AE activity of the

samples was monitored. AE is an ideally suited non-

destructive technique for the on-line monitoring of

the crack propagation. In this test campaign AE was

utilized to support the extraction of useful conclu-

sions, regarding the damage mechanisms activated

during the mechanical experiments and investigate

any changes due to the presence of the healing agent

in the system. An AE sensor was mounted on the

specimens’ surface as shown in Figure 2b, 2c. The

sensor type is wideband WD 100–900 kHz manufac-

tured by PAC, USA. The transducer was attached on

the specimens’ surface using a suitable glycerine-

based coupling agent. AE signal acquisition was per-

formed via a four channel 16 bit PCI/DSP-4 by PAC

data acquisition system. Pre-amplification of 40 dB

and band-bass filtering of 20–1200 kHz was per-

formed using general purpose voltage preamplifiers

with 0/20/40 dB variable gain (2/4/6-AST Auto Sen-

sor Testing Preamplifiers by PAC). A threshold of

40 dB was chosen and the timing parameters were

set at Peak Definition Time (PDT) = 50 μs, Hit Def-

inition Time (HDT) = 100 μs and Hit Lockout Time

(HLT) = 300 μs. HDT is defined as the maximum

duration time of a signal to avoid the monitoring of

its reflections. HLT is the waiting time of the system

after the last threshold overcoming, to start the new

recording. PDT identifies the maximum time be-

tween the peaks of two consecutive signals.

The study is deployed in two levels. The first level

covers the assessment of the performance change

due to the introduction of the healing agent in the

reference CFRP system. It is possible that the ap-

proach to introduce the healing functionality may

jeopardize the load-bearing capacity of the compos-

ite. This change in performance is commonly re-

ferred to as the knock-down effect. The second level

of this study deals with the healing functionality of

the composite system and its performance. Essen-

tially, once the healing agent has been incorporated,

the system is expected to have a healing functional-

ity; meaning the capability to heal damage in the form

of cracks (intrinsic or externally activated). The ex-

tent to which this functionality delivers its purposes

is assessed in the second level of this work. Details

on the procedure are given in the next paragraph.
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Figure 2. Schematic depiction of the hybrid ENF test spec-

imen configuration as derived from DCB speci-

men as well as the topology of the AE transducer.

(a) DCB specimen, (b) Side view of the ENF spec-

imen, (c) Top view of the ENF specimen. Dimen-

sions in mm.



2.4. Healing procedure and healing efficiency

calculations

After the testing procedure, the composites were sub-

jected to a simple healing cycle. The healing cycle

activated the healing agent in order to bridge the cre-

ated crack and heal the system to recover its mechan-

ical performance. The cycle comprised a 15 min dwell

at 100 °C under loading of 1 kN using a hot press

machine. The aforementioned healing characteristics

were chosen in order to be sure that the healing agent

would flow along the crack area. The samples were

then left to cool-down to room temperature. After

the healing process, the samples were retested using

the same configurations and procedures described

previously. The testing-healing process was repeated

until the specimens had received 5 tests and 4 heal-

ing events. Reference composites were tested on

their original state (un-healed). The calculations of

the healing efficiency (H.E.) of the estimated system

were based on Equation (2):

(2)

where a is the property under examination (i.e., Pmax

or GIIC), ahealed refers to the value of the property

after healing and ahybrid refers to the property before

healing. The H.E. value refers only to the composites

with healing functionality.

3. Results and discussion

3.1. Production and quality issues of

composites with healing functionality

Forming the SP material in film form was straight-

forward as it was easy to process it using processes

similar to those used in thermoplastics forming. The

handling of the SP film did not create any special

concerns. At room temperature the film was stable

and did not exhibit tackiness. During composite pro-

cessing it did not create any problem. The tackiness

of the pre-preg was sufficient for holding the film in

position. The incorporation of the SP film in the mid-

plane of the hybrid laminate did not appear to have

a significant effect on the thicknesses of the samples.

C-scan images confirmed CFRP plates’ quality and

showed the absence of manufacturing induced

porosity or delaminations, as can be seen in Figure 3.

In both plates the rectangular-shaped PTFE strip,

which was positioned in the mid-plane of the lami-

nate is clearly distinguished. Additionally, Figure 3b

shows clearly the position of the SP film insert, which

was incorporated in the mid-plane of the hybrid lam-

inate. The fiber volume fraction of all manufactured

plates was calculated to be close to 60%.

3.2. Mode II fracture toughness: Reference vs.

hybrid CFRP

The introduction of the healing agent in the CFRP

architecture is expected to have an impact on the ma-

terial performance. At this part of the work the im-

pact on mode II fracture toughness is assessed. The

mechanical response of the reference and the hybrid

CFRP to mode II fracture loading in combination

with AE monitoring and crack evolution camera

recording was studied.

Typical load-displacement (P-d) curves for the ref-

erence and the hybrid plate are given in Figure 4a.

All specimens within each set showed a similar be-

havior. The average values and standard deviation

for the two material sets are shown in Figure 4b. As

previously mentioned, the P-d behavior of the two

material sets differs. For the reference material, the

applied load increases linearly until the onset of the

pre-crack propagation where the load drops abruptly.

On the other hand, for the hybrid CFRP the initially

linear P-d relation is followed by a distinguishable

deviation from linearity and much latter the load drop

appears. Whereas the load drop for the reference case

is attributed to the crack evolution onset, for the hy-

%a
a

100H.E.
hybrid

healed $=
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Figure 3. C-scan inspection image of the produced plates: (a) Reference CFRP, (b) Hybrid CFRP



brid CFRP the Pmax indicates the load bearing capac-

ity of the composite before undergoing major dam-

ages. Interestingly, the hybrid laminate exhibits a sig-

nificantly higher Pmax and respective displacement.

As seen in the Figure 4a, Pmax is more than double

that of the reference CFRP (120% increase) while the

displacement at failure is approximately 4 times larg-

er than the reference. From the recorded mechanical

data the GIIC was calculated. For the calculation, the

displacement (d) at crack propagation onset is need-

ed to be known. The crack initiation points for the

reference and the hybrid CFRP, determined as de-

scribed in section 2.3, are marked in Figure 4a. The

snapshot of Figure 4a corresponds to the marked

crack initiation point for the hybrid specimen. In this

snapshot a slight separation of the pencil line into

two lines is observed. The GIIC for both material sets

was calculated using in Equation (1) the (P, d) values

that correspond to the indicated points of the curve.

The average values and standard deviation are

shown in Figure 4b. The GIIC values for the hybrid

CFRP exhibit an increase of 100% which is related

both to the slightly higher corresponding load (P)

recorded but also to the displacement (d) at that in-

stance. Nevertheless, this important toughening

takes place at a cost of the laminate bending stiff-

ness; a 40% decrease at the linear portion of the

curve between the reference and the hybrid CFRP is

observed.

AE was recorded during the tests for both materials

to support the investigation and are summarized in

Figure 5. The AE characteristics in terms of cumula-

tive AE hits and energy were calculated at the thresh-

old of crack initiation (i.e., Pini) for both types of

samples as well as at the Pmax point for the hybrid

samples. It is important to highlight that the brittle na-

ture of the reference composite made the Pini and Pmax

points to coincide while in the case of the hybrid duc-

tile samples these points differ significantly, as shown

in Figure 4a. It is evident in Figure 5 that the AE ac-

tivity is significantly less in the hybrid case despite

the fact that the test lasts much longer and the spec-

imen experiences much higher loading and displace-

ment. A similar behavior was observed in a previous

work [29] in which the AE characteristics were

strongly reduced during mode I experiments of hy-

brid CFRPs containing the same material interleaf.

For the hybrid samples the AE activity is much high-

er at the fracture point in comparison to the point in

which the crack initiates as anticipated. The AE ac-

tivity almost doubled for both the AE characteristics

(energy and hits) after the crack initiation point. Ap-

parently, the viscoelastic SP interleaf plays a crucial
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Figure 4. (a) Mode II interlaminar fracture toughness test: representative load-displacement curves for the reference and hy-

brid CFRPs. (b) Comparison between the reference and the hybrid CFRP, for the maximum load (Pmax) and the

mode II interlaminar fracture toughness energy (GIIC)

Figure 5. AE activity during mode II interlaminar fracture

toughness tests of the reference and the hybrid

CFRP at crack initiation and at fracture point



role in suppressing damage mechanisms otherwise

activated at much lower loads/displacements as in

the reference case composite material. The macro-

scopic bending stiffness of the hybrid composite de-

creases as a knock-down effect but in return the SP

interleaf offers extra resistance to the crack initiation

as well as larger capacity of strain energy storage

(much larger displacements).

As post-tests inspection revealed, the in-plane crack

propagated through the SP interleaf rather than along

the SP-epoxy interface. This observation indicates

that the interface of the interleaf to the host matrix

is stronger than the properties of the interleaf, thus

guiding the crack to a lower energy path through the

interleaf [29]. This behavior essentially maximizes

the effectiveness of the interleaf and explains the

higher resistance to crack propagation. In addition,

high displacements are recorded while the load in-

creased steadily. This can be related to the SP’s duc-

tile behavior in combination with its strength. Even

when the crack initiated, the presence of the SP in-

terleaf arrested the crack and prevented propagation

due to the developed bridging [29] within the crack

sides. This results in a lowering of the stress at the

crack tip, and consequently in an increased mode II

interlaminar fracture toughness. As a matter of fact,

similar findings have been reported in by Aksoy and

Carlsson where thermoplastics were investigated for

interleave toughening. The high deformation of the

interleaf resulted in the creation of ‘shear-lips’. The

deformation mechanism of the interleaf is believed

to be similar to the formation of ‘shear lips’ in mode

II fracture of ductile thermoplastic polymers [7]. The

same toughening mechanism was also observed and

analyzed in detail in the preceding work [29] where

support from optical microscopy micrographs from

both the cross-section and the fractured surfaces was

provided. In Groleau et al. [33] investigation a sim-

ilar mechanism is described in which the interlay-

ered nylon particles played the role of toughening

agent into the composite while exhibited plastic de-

formation and bridging. During the bridging process

the particles absorbed energy through extensive plas-

tic deformation and thus the GIIC value was in-

creased.

As mentioned earlier, the flexural stiffness of the hy-

brid CFRP is lower than that of the reference mate-

rial. The interleaf has lower stiffness than the UD

composite plies and thus results in reducing the equiv-

alent global stiffness of the CFRP plate. Following

classical lamination theory this effect, affected by

the supramolecular polymer’s mechanical properties

and the thickness of the interleaf, can be quantified.

This is confirmed in fact by studies where thermo-

plastic interleaves are used to design composites

with controllable stiffness [32].

SP provide a unique combination of properties as a

material system. Many similarities exist between SP

and elastomers, in terms of mechanical behavior, as

well as with thermoplastics, primarily in terms of

handling and processing. This gives rise to assess SP

as engineering materials in general. Thus, on top of

the healing functionality SP have repeatedly exhib-

ited on polymer level [33] and which is later on fibre

reinforced composite level, SP offer a complemen-

tary option in material selection which can deliver

improved in-plane fracture toughness as described

earlier based on the collected experimental data.

The results from the first study level clearly show

that the presence of the supramolecular interleave in

the composite resulted in a considerable increase of

the mode II interlaminar fracture toughness charac-

teristics. On the physical side, it is believed that the

mechanisms delivering this increase in the exhibited

fracture toughness are related both to the SP-epoxy

interface as well as the structural properties of the

interleaf itself. Thus, it is obvious that the fracture

toughness characteristics of the composite have been

enhanced significantly by the introduction of the SP

interleaf. On the contrary, the performance of the

CFRP is greatly enhanced. It can be concluded that,

regardless of the healing functionality performance,

this finding is extremely positive and of great inter-

est.

3.3. Assessment of healing functionality of

composites

The healing functionality of these supramolecular in-

terleaves into CFRP composites was assessed by sub-

jecting the samples to a healing cycle consisting of

heating and compression as described in section 2.4.

Indeed, a large recovery of the interlaminar charac-

teristics (Pmax and GIIC) during the repeated mode II

experiments was observed when the fractured sam-

ples had been subjected to multiply healing cycles.
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In Figure 6a the recorded load-displacement data are

shown for a representative hybrid CFRP specimen.

There are five curves; one for the initial test (before

healing) and one after each consecutive healing event.

In all curves the general trend is the same; the initially

linear P-d relation is followed by a visual deviation

from linearity. In subsequent healing cycles, the sam-

ple exhibited a drop for the Pmax. Nevertheless the

lowest value still remains well above that of the ref-

erence value (approximately 80% higher). In Fig-

ure 6a a magnification of the curve at the crack ini-

tiation points is given and for each curve the points

are marked. In the histogram of Figure 6b the effect

of the number of healing cycles on the mode II frac-

ture characteristics (Pmax and GIIC) of the hybrid

CFRP is seen. As for the Pmax, the four healing cycles

were able to reduce the recorded Pmax value at a rate

of approximately 33%. After the first healing acti-

vation the Pmax of the hybrid CFRP showed a de-

crease of approximately 16%. The same behavior was

observed after the second healing cycle when com-

pared to the first one. Following the third healing

cycle the decrease of the Pmax was calculated to be

close to 4% comparing to the second one while the

same decrease proportion was calculated after the

fourth healing event. On the other hand the GIIC val-

ues exhibit a slight increase with increasing the num-

ber of healing activations; the GIIC value after the

fourth healing cycle is 14% higher than that in the

original (no-healed) situation. This behavior is attrib-

uted to the fact that the displacement value at crack

propagation onset increases as the healing cycles in-

crease (see Equation (1)). In Figure 6c the actual H.E.

values for the two magnitudes of interest, calculated

based on Equation (2), are given as a function of the

number of healing cycles. In subsequent healing cy-

cles a drop for the H.E.Pmax
is observed. Nevertheless

the lowest value still remains above 70% of the ref-

erence value. On the other hand a slight total in-

crease for the H.E.GIIC
at the rate of approximately
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Figure 6. (a) Mode II interlaminar fracture toughness test: representative load-displacement curves for the hybrid CFRP be-

fore and after the healing cycles and determination of the crack initiation point. (b) Bar diagrams for the maximum

load (Pmax) and mode II interlaminar fracture toughness energy (GIIC) values of the hybrid CFRP, before and after

the healing cycles. (c) The effect of the number of healing cycles on the healing efficiency of the hybrid CFRP, in

terms of the Pmax and the GIIC.



7% is observed. The bending stiffness of the hybrid

laminate presents a gradual decrease with increasing

number of healing activations.

The repeatability of the healing effect is confirmed

by the repetitive behavior of AE monitored during

the healing cycles. This is more evident in the results

of the bar chart in Figure 7 in which the cumulative

AE hits and the cumulative AE energy values are de-

picted for both the crack initiation and fracture

points. As clearly shown in this bar chart, the AE ac-

tivity is reduced after the first healing cycle for both

points and stayed rather stable after each consecutive

healing cycle for the crack initiation point. For the

fracture point a slight reduction of the AE character-

istics after each healing cycle is the general trend

whereas a slight increase was observed after the

fourth healing cycle. The aforementioned behavior

is a solid indication of the fact that the H.E. for the

Pmax value is reduced after each healing cycle. The

ability of the SP material to partially remedy previ-

ously damaged sites in the vicinity of the crack path

and thus produce new AE events (from the healed

sites under re-loading) is finite and with a decreasing

trend.

The partial recovery may is associated with the degra-

dation of the epoxy-SP interface after each loading

cycle which is only partially healed after the subse-

quent healing. Snapshots of the sample during the

mode II experiments at the crack initiation and frac-

ture points before and after the healing cycles are il-

lustrated in Figure 8a.

The high H.E. proportions and the ability of the

supramolecular interleaf to heal the cracks are attrib-

uted to the SP material’s chains that have the ability

to reconnect themselves after the mechanical rapture

during the mode II experiments. Critical parameters

are a good coverage of the fractured surfaces by the

SP material and a sufficiently low viscosity of the

reversible polymer at 100 °C in order to be able to

flow into the crack flanks and to reposition itself

equally over the debonded surface. Therefore, the

observed reduction in the Pmax value with increasing

number of healing cycles can probably be attributed

to an uneven spreading of the SP interleaf over the

fracture surface during the healing cycle. An impor-

tant point to note is the observation that the apparent

flexural stiffness of the system decreases after mul-

tiple healing activations. A number of reasons have

been identified to answer to this observation. Firstly,

the tests extended to very large deformation which

can lead to the breakage of the fibres on the outer

layers. As a matter of fact, Figure 8b shows evidence

of broken fibres on the loading cross-head side. It is

proposed that these excessive damages were reflect-

ed as portion reduction in the load vs. displacement

curve. Secondly, during the healing agent activation

it is possible that not the complete interface surface

of the crack is recovered and bridged. Thus the sys-

tem cannot recover the stiffness it formerly had. Fi-

nally, the healing functionality of the SP may de-

grade after multiple activations; an observation also

noted in [29] with the same material. According to

this work the bulk SP material is able to withstand

at least seven healing cycles with excellent healing

recoveries (still higher toughness values compared

to the reference one), but in this loading case and be-

cause of the carbon fiber rupture the experiments

were stopped after the fourth loading cycle. The post-

testing examination of the fracture surface of the

healed laminates revealed that the healing agent was

clearly separated between the two adjacent fracture

surfaces. Thus, the healing effect of the SP material

was fully utilized.

4. Conclusions

In this work, the use of supramolecular polymers was

investigated in the form of interleaves in CFRP as a

means to integrate healing functionality to the com-

posite. Mode II interlaminar fracture toughness tests

were performed to assess the effects the SP material

brings to the composite. It was shown that the SP in-

terlayer which was introduced at the mid-plane of

Kostopoulos et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 914–926

923

Figure 7. AE activity during mode II interlaminar fracture

toughness tests of the hybrid CFRP at crack initi-

ation and just before failure, before and after mul-

tiple healing cycles



the lay-up notably increased the fracture toughness

of the hybrid composite system, when compared to

the reference one. The Pmax doubled while the GIIC

multiplied two times. SP have incorporated a healing

functionality to the composite. This has been justi-

fied by the effective recovery of more than 85% of

the maximum load and 100% of the fracture tough-

ness of the hybrid composite. A decreasing healing

ability was observed in terms of load bearing capac-

ity. AE has been utilized in-situ during the tests of-

fering useful insights to the deformation and failure

mechanisms taking place in the various materials in-

volved i.e. hybrid, reference, before-after healing ex-

plaining inconsistencies or differences in their macro-

scopical behavior. These findings are considered very

interesting for applications where damage tolerance

is desired, such as in aeronautics. Such hybrid com-

posite materials could dramatically decrease the re-

pair down time of aircrafts.
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1. Introduction

Increasing concerns about depletion of petroleum-

based resources and environmental problems caused

by petroleum-based materials have led to consider-

able efforts to develop materials based on renewable

resources such as vegetable oils, cellulose, lignin,

starch, etc. [1]. The use of renewable raw materials

can significantly contribute to sustainable develop-

ment due to degradability and low toxicity of the re-

sulting products. Conventional polyurethanes (PU)

are usually synthesized by a polyaddition reaction be-

tween polyols, which are petrochemical in origin and

polyisocyanate, which forms urethane linkages [2] re-

sulting in a crosslinked polymer. Nevertheless, poly -

urethanes can be obtained by using renewable sources

such as vegetable oils and can replace fossil fuel-de-

rived oligomers partially or totally.

Castor oil is a major candidate in these replacement

efforts due to its inherent advantages over other veg-

etable oils [3]. Besides its renewability, low cost and

easy availability in large quantities, castor oil is not

edible, and does not compete with food, and has free

secondary hydroxyl groups. Approximately 90% of

fatty acids in castor oil are ricinoleic acid (C18:1),

which have a hydroxyl functional group at the 12th

carbon. This provides a hydroxyl value of between

160 and 180 mg KOH g–1 [4, 5]. However, this low

hydroxyl value along with the presence of secondary

hydroxyls results in low functionality and low reac-

tivity [6, 7], leading to low crosslinking density, which

consequently produces semi-flexible and semi-rigid

materials among other limitations [8]. Sharma et al.
[7] investigated flexible polyurethane foams synthe-

sized partially and completely from castor oil. They

showed that foams made from 100% of castor oil
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were unstable and collapsed indicating the inferior

reactivity of castor oil with isocyanate. The modifi-

cation of castor oil increases its hydroxyl value and

hard segment composition to improve the rigidity,

physical and mechanical properties and crosslinking

density of the final PU products [9]. Nevertheless, the

hydroxyl value of modified castor oil is limited.

A renewable and promising source for sustainable

chemicals and bio-based polymeric materials is lignin.

Its phenylpropanoic structure and high content of di-

verse functional groups (such as phenolic and aliphat-

ic hydroxyls, carbonyls, carboxyls) allow it to be

used as an alternative for polymer development es-

pecially in the substitution of petroleum-based poly-

ols in polyurethane synthesis. Many tons of lignin are

generated as by-products of industrial processes such

as pulp and paper. Most of the lignin extracted from

pulp and paper operations is burned during pulp-spent

liquor treatment. This offers energy recovery and re-

generation of pulping chemicals with less than 2%

recovered for utilization as a chemical product [10].

However, the amount of lignin produced exceeds the

requirements for energy generation. The type of pulp-

ing process determines the type of lignin industrially

available because it unavoidably modifies the lignin

structure from that in the original feedstock. To in-

crease the potential applications of lignin in poly-

meric materials, some chemical modifications have

been developed [11, 12], but these add stages to the

process and/or raise their costs considerably. There-

fore, the direct use of industrial lignin is the most fa-

vorable option because it is a relatively cheap raw

material. Unmodified lignin has poor stability [13]

and difficult melt processing [14], which make its di-

rect use uncompetitive. However, many studies have

focused on the incorporation of lignin in polymer

materials by blending it with synthetic or other bio-

based polymers [15–17].

Current studies have shown increasing interest in di-

versifying the sources of the hydroxyl groups. Mo-

hamed et al. [18] successfully synthetized an eco-

friendly waterborne polyurethane dispersion, from

castor oil and aromatic polyamide sulfone, via copoly-

merization reaction. Alternatively, combining lignin

and castor oil as polyols for polyurethanic materials

is promising. This can produce diversified materials

with varied properties and applications. de Oliveira

et al. [19] characterized polyurethanic materials

based on sulfonated lignin (unmodified and modified

by oxypropylation) and castor oil. The DMA results

pointed out that the glass transition temperature (Tg)

of the samples increased and thus the degree of cross -

linking with the increase of hydroxyl groups derived

from different combinations of sulfonated lignin/

sulfonated ligin oxypropylated/castor oil as polyols.

Cinelli et al. [20] characterized flexible polyure -

thanes foams from liquefied lignin and two different

chain extenders: castor oil and poly(propylene gly-

col) (PPG). The single use of unmodified or modified

castor oil as a polyol is already consolidated [3, 21].

Modified lignins have also been studied for this ap-

plication [22, 23]. However, the combination of mod-

ified castor oil (MCO) and unmodified industrial

lignin shows an interesting opportunity for renewable

and low cost polyols for preparation of PU.

The aim of this work is to develop and to character-

ize polyurethane obtained from renewable sources by

using polyols including modified castor oil and un-

modified paper and pulp residue lignin. The influ-

ences of the basic chemistry reactions formed from

different combinations were investigated. Fourier

transform infrared spectroscopy (FTIR) was used to

identify functional groups of the polymers. The ther-

mal and mechanical properties were studied using

thermogravimetric analysis (TGA), dynamic mechan-

ical analysis (DMA) and tensile property measure-

ments. Our research efforts focused on the develop-

ment of novel 100% renewable polyols able to syn-

thetize polyurethanes with a wide range of glass tran-

sition temperature (Tg) and mechanical properties.

The wide range of lignin-containing polyurethane

mechanical properties can make it suitable for the re-

placement of petroleum-based PU on several appli-

cations.

2. Experimental section

2.1. Materials

Technical Kraft lignin (TKL) was obtained as a

byproduct of pulp and paper production. It was kind-

ly supplied by Suzano Papel e Celulose (Suzano, SP,

Brazil) with the following characteristics: brown

color, Mw = 3388 g·mol–1 (obtained by gel perme-

ation chromatography) pH 8.1, solid content = 92.5%,

ashes = 10% and total hydroxyl index equivalent to
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243 mg KOH g–1 (determined by 31P nuclear mag-

netic resonance). The TKL was dried at 80°C for 6 h

before polyol preparation.

Castor oil (CO) and two types of modified castor oil

(MCO1 and MCO2) were provided by CPA Brazil

(Diadema, SP, Brazil) with a hydroxyl index of 159,

237 and 286 mg KOH g–1 and acid index of 0.95, 3.87

and 4.25 mg KOH g–1, respectively (determined by

titration). MCO1 and MCO2 were synthetized using

a stainless steel industrial reaction kettle equipped

with mechanical stirring, temperature monitoring,

cooling control system and N2 inlet. Castor oil was

modified by reacting with glycerol and Ca(OH)2

(1% of reactant total mass) at 230°C for 8 h. Varying

castor oil/glycerol ratios gave modified castor oils

with different hydroxyl index. The reaction scheme

of castor oil modification is shown in Figure 1.

Diphenylmethane diisocyanate (MDI) was acquired

for polyurethane preparation from Kalium Chemical

(São Paulo, SP, Brazil). It contained 30 and 32%

(minimum and maximum) NCO group values.

2.2. Polyurethane preparation

Natural renewable source lignin-containing polyols

were obtained by adding 10, 20 or 30 wt% of tech-

nical Kraft lignin (TKL) with castor oil (CO) or with

modified castor oils (MCO1 or MCO2). Lignin-con-

taining polyols were obtained by stirring 50 g of CO,

MCO1 or MCO2 and the respective lignin weight

ratios. Polyol preparation was carried out under air at

room temperature, for 10 min at 80 rpm in a 200 mL

beaker. Polyurethanes (PU-CO, PU-MCO1 and PU-

MCO2) were prepared by mechanically mixing MDI

and the natural renewable source lignin-containing

polyols (NCO/OH equivalent molar ratio of 1.2) for

2 min at 20 rpm in a 200 mL beaker [19]. Polyol com-

positions are presented in Table 1.

The mixed polyurethane was poured into the cavities

of an open silicon mold, with cavity dimensions ac-

cording to ASTM D638-10 specimens Type I. The

cure was carried out at room temperature for 7 days.

Figure 2 shows representative reaction schemes be-

tween TKL/MDI/modified castor oil, which eluci-

dates the urethane group formation and consequent

polymeric structure.

2.3. Characterizations

2.3.1. Fourier transform infrared spectroscopy

(FTIR)

The spectroscopic measurements in the infrared re-

gions (FTIR) were performed in a Thermo Nicolet

Nexus 4700 spectrometer in transmittance mode; 10

scans were performed from 4000–500 cm–1 with a

resolution of 4 cm–1 in each sample.

2.3.2 Thermogravimetric analysis (TG)

Thermogravimetric analysis (TG) was carried out

using Netzsch equipment model STA 449F3. The

samples (11.0 mg) were heated from 25 to 800 °C

under nitrogen atmosphere and 50 mL·min–1 flow

and a heating rate of 10°C·min–1.
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Figure 1. Schematic drawing of castor oil modification reaction

Table 1. Nomenclature and compositions of developed polyols according to TKL and oil wt%

PU-CO PU-CO/L10 PU-CO/L20 PU-CO/L30

TKL [wt%] 0 10 20 30

CO [wt%] 100 90 80 70

PU-MCO1 PU-MCO1/L10 PU-MCO1/L20 PU-MCO1/L30

TKL [wt%] 0 10 20 30

MCO1 [wt%] 100 90 80 70

PU-MCO2 PU-MCO2/L10 PU-MCO2/L20 PU-MCO2/L30

TKL [wt%] 0 10 20 30

MCO2 [wt%] 100 90 80 70



2.3.3. Dynamic mechanical analysis (DMA)

Glass transition temperature (Tg) of renewable poly-

ol based polyurethanes was investigated by DMA

using a thermal analyzer model Pyris Diamond,

Perkin Elmer. Measurements were carried out in flex-

ural mode (single cantilever) with a temperature range

from –50 to 150 °C, frequency of 1 Hz, oscillation

amplitude of 10 mm and heating rate of 2 °C·min–1.

The dimension of specimens was 30 mm×12 mm×

2 mm, which were obtained by casting PU into the

cavities of an open silicon mold. Storage modulus at

rubbery plateau (E′R) was used to calculate cross -

linking density.

2.3.4. Mechanical properties 

The mechanical properties (5 specimens for each con-

dition) were tested according to ASTM D638 with

Type I test specimens using an Instron universal test-

ing machine model 5569 (CECS, Federal University

of ABC, Santo André, SP, Brazil) with a crosshead

speed of 50 mm·min–1 and a non-contact extensome-

ter (Instron SVE). Type I test specimens presented

following dimensions: overall length (165 mm), width

of narrow section (13 mm), overall thickness (5 mm)

and gage length (50 mm).

2.3.5. Scanning electron microscopy (SEM)

After mechanical testing, SEM was used to observe

the cross sectional morphology of the fractured sur-

faces of the samples using a Jeol 6460LV scanning

electron microscope with an electron beam at an ac-

celerating voltage of 25 kV. The samples were set on

the SEM sample holder and sputter coated with a

thin layer of gold.
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Figure 2. Schematic drawing of polyurethane groups formation from TKL/MDI/MCO reaction



3. Results and discussion

3.1. Fourier transform infrared spectroscopy

(FTIR)

Figure 3 shows the FTIR analysis for CO, MCO1

and MCO2 oils. All spectra present the characteristic

peak at 3400 cm–1. This corresponds to the hydroxyl

group. MCO1 and MCO2 show increase in this band

intensity (Figure 3b), which is related to hydroxyl

value increasing after modification. Other character-

istic absorption bands are observed at 2920 cm–1

(methyl), 2850 cm–1 (methylene), 1740 cm–1 (esters)

and 1161 cm–1 (C–O–C) [23-26].

Figure 4 compares the FTIR spectra of PU-CO, PU-

MCO1 and PU-MCO2. A characteristic band of ure-

thane stretching at 3330 cm–1 is present on all sam-

ples, which corresponds to hydrogen bonded N–H

group in disordered form [19, 24]. The increasing in-

tensity of this band (Figure 4b) shows the increased

amount of urethane groups for PU-MCO1 and PU-

MCO2, which might be associated with reaction of

NCO with increased hydroxyl level of MCO1 and

MCO2. The absence of NCO stretching at 2260 cm–1

indicates that the isocyanate groups have been entirely

reacted [19, 24, 27]. Other main absorption bands

confirm polyurethane formation including absorp-

tions in the region between 1704–1709 cm–1 (car-

bonyl group hydrogen bonding to the urethane group)

and 1215 cm–1 (urethane linkages) [19, 23, 27].

Figure 5 shows the FTIR spectra of lignin-containing

polyurethanes (varying the TKL wt% into the poly -

urethanes) and of TKL (Figure 5b, 5d and 5f). The

band at 3425 cm–1, TKL spectrum (Figure 5b, 5d and

5f), is characteristic of its aromatic and aliphatic OH

bond stretching [15, 28, 29]. The presence of lignin

in polyurethane resulted into the formation of a wider

band in the 3330–3425 cm–1 region due to merging

of the bonded NH band (3330 cm–1) with lignin OH

bond stretching (3425 cm–1) [27]. It can be observed

in parts b, d and f of Figure 5 that the intensity of the

merged region increases with the increasing of lignin

quantity for all samples.
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Figure 3. FTIR spectra of vegetable oils (CO, MCO1 and MCO2) (a) from 3700 to 600 cm–1 and (b) from 3700 to 3000 cm–1

Figure 4. FTIR spectra of PU-CO, PU-MCO1 and PU-MCO2 (a) from 3700 to 600 cm–1 and (b) from 3700 to 3000 cm–1



As can be seen in Figures 5a, 5c and 5e the spectra

of lignin-containing polyurethanes show that as the

lignin content increases, the peak of the carbonyl

stretching vibration (around 1700 cm–1) gradually

shifted to higher wavenumbers. Carbonyl bands of

polyurethane can be divided on three main regions:

the hydrogen bonded carbonyl in ordered crystalline

domains at 1700–1709 cm–1 [19, 24, 27], the hydro-

gen bonded carbonyl in disordered amorphous con-

formations at 1714–1720 cm–1 [19, 30] and the free

carbonyl groups (non bonded) at 1731–1745 cm–1

[23, 31]. The carbonyl band shifting indicates that the

presence of lignin induces the change from a hydro-

gen bonded ordered crystalline domain (PU-CO, PU-

MCO1 and PU-MCO2) to a disordered amorphous

conformation and to the formation of free carbonyl

groups (PU-CO/lignin, PU-MCO1/lignin and PU-

MCO2/lignin) [27]. The absence of NCO stretching

at 2260 cm–1 in all lignin-containing polyurethane

spectra indicates that the isocyanate groups have

been entirely reacted [19, 24, 27].

3.2. Thermogravimetric analysis (TGA)

The TGA and derivative TG curves for castor oil-

based PU and castor oil/lignin-based PU are present-

ed in Figures 6 and 7. The stability of the PU is related

to the hard segment nature (rigid aromatic ring of

MDI and TKL), soft segment (introduced by flexible

chains of castor oil) and the molar ratio of the hard

segment to soft segment [32]. In general, the thermal

degradation of polyurethane occurs in a two to three

steps, and the composition of the decomposed prod-

ucts depends on the structure of the PU material [33].
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Figure 5. FTIR spectra of PU-CO/lignin compositions (a) from 3700 to 600 cm–1, (b) PU-CO/lignin and lignin (TKL) from

3700 to 3000 cm–1; of PU-MCO1/lignin compositions, (c) from 3700 to 600 cm–1, (d) PU-CO1/lignin and lignin

(TKL) from 3700 to 3000 cm–1; and PU-MCO2/lignin (e) from 3700 to 600 cm–1, (f) PU-CO2/lignin and lignin

(TKL) from 3700 to 3000 cm–1
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Figure 6. (a) TGA curves of PU-CO, PU-MCO1 and PU-MCO2 and (b) DTG curves of PU-CO, PU-MCO1 and PU-MCO2

Figure 7. (a) TGA curves of PU-CO and PU-CO/lignin, (b) DTG curves of PU-CO and PU-CO/lignin, (c) TGA curves of

PU-MCO1 and PU-MCO1/lignin, (d) DTG curves of PU-MCO1 and PU-MCO1/lignin, (e) TGA curves of PU-

MCO2 and PU-MCO2/lignin and (f) DTG curves of PU-MCO2 and PU-MCO2/lignin compositions



A first step decomposition is observed around 270°C

and is related to the thermal decomposition of unsta-

ble urethane bonds [27]. The second step occurs

above 320°C. The mass loss occurs at a fast rate in

this step. It is associated to the soft segment and de-

pends on its structure and three-dimensional arrange-

ment [33]. The third one is above 380°C and is also

related to other remaining structures formed after the

second decomposition, diisocyanate and lignin aro-

matic rings [1, 25, 34].

Figure 6 shows the TGA and derivative curves of

PU-CO, PU-MCO1 and PU-MCO2, respectively. The

PU-MCO2 and PU-MCO1 showed lower degrada-

tion temperature for first step decomposition (max-

imum peaks at 289.3 and 294.2°C, respectively) and

presented higher mass loss compared to PU-CO

(320.0°C) due to increasing urethane groups that were

improved by castor oil modification. The second step

decomposition may correspond to the chain scission

of CO (PU-CO 393.6°C, PU-MCO1 372.3 °C, and

PU-MCO2 370.9°C), the soft polyurethane segment,

also observed by Hablot et al. [35]. In the third step

of decomposition, DTG peaks are shown at 448.5°C

for PU-CO, 457.1 °C for PU-MCO1, and 459.4 °C

for PU-MCO2.

Figure 7 shows TGA and DTG curves of PU-CO/

lignin, PU-MCO1/lignin and PU-MCO2/lignin com-

positions. The presence of lignin for all conditions

decreased the onset of thermal decomposition. The

degradation onset in the 250–290 °C temperature

range corresponds to the decomposition of unstable

urethane bond from hard segment, but also the cleav-

age of unstable ether linkages of lignin (Figure 7a,

7c and 7e) [23]. Derivative curves for PU-CO/L20,

PU-CO/L30 and PU-MCO1/L30 revealed two de-

composition peaks, as can be seen in Figure 7b and

7d. The two first stages, hard and soft segment degra-

dations, became close resulting in one larger peak,

also observed by Zhang et al. [23]. The larger peaks

have shifted to lower temperature and smaller inten-

sity, compared to the second step decomposition of

lignin free polyurethane, at 300–400°C range. Lignin

incorporation did not significantly affect the degra-

dation behavior but it rather increased the amount of

char formation, observed in TGA curves above

500°C. It was found that the char residue of lignin-

containing polyurethanes increases as the lignin con-

centration increases. Table 2 presents additional ther-

mogravimetric parameters, including initial decom-

position temperature for degradation step (Tonset),

final decomposition temperature for degradation step

(Toffset), temperature for 50% mass loss (T50%) and

% mass of remaining char at 750°C.

3.3. Dynamic mechanical analysis (DMA)

The evolution of tanδ as function of temperature is

presented in Figure 8 and might be attributed to the

glass transition temperature (Tg) [23]. A wide Tg range

might be obtained for polyurethanes, which is de-

pendent on polymer segment, hard and soft nature,

and composition [19].

Figure 8a shows the glass transition temperature of

PU-CO and PU-CO/lignin conditions. Tanδ values

shifted to higher temperature as TKL wt% increases.

PU-CO presented the Tg at –0.76 °C and is mainly

related to soft segments [19]. Increasing lignin con-

tent shifted the Tg to a maximum value of 47.5°C for

PU-CO/L30, mainly due to lignin rigid segment

movements [19]. Lignin mass percentage and Tg shift-

ing presented a linear dependence. Lignin mass frac-

tion increasing also induced the tanδ peak broaden-

ing, which implies in the sample heterogeneity and

might be related to augment of molecular weight of

polyol component [36]. In this study, it might have

been induced by high molecular weight and hetero-

geneous molecular structure of TKL added.

Tan δ curves of PU-MCO1 and PU-MCO2 based

polyurethanes are presented in Figures 8b and 8c. As

general tendency, the Tg shifted to higher tempera-

tures as TKL content increased. It can be seen in Fig-

ures 8a, 8b and 8c that all lignin-containing polyure -
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Table 2. Thermogravimetric parameters of PU-CO/lignin,

PU-MCO1/lignin and PU-MCO2/lignin

Tonset

[°C]

T50%

[°C]

Toffset

[°C]

Char residue

[%]

PU-CO 290.7 421.5 484.6 11.2

PU-CO/L10 287.7 434.8 485.9 17.0

PU-CO/L20 284.2 438.1 480.9 22.2

PU-CO/L30 282.3 437.2 478.8 24.6

PU-MCO1 267.1 453.7 486.3 13.3

PU-MCO1/L10 265.6 452.6 487.9 19.5

PU-MCO1/L20 264.8 440.9 486.3 26.1

PU-MCO1/L30 264.3 444.9 477.8 26.5

PU-MCO2 267.3 441.8 492.6 13.9

PU-MCO2/L10 263.6 440.9 488.7 18.4

PU-MCO2/L20 258.0 429.0 480.3 20.3

PU-MCO2/L30 259.9 441.5 485.5 24.6



thanes show a single tanδ peak, which is an indica-

tive of polyol components miscibility. PU-CO is the

only condition that presented a small secondary peak,

which might be associated to a slight phase separa-

tion between soft and hard segments in this compo-

sition.

It is of interest to evaluate the effects of CO modifi-

cation and TKL addition on polyurethane crosslink-

ing density (ν), which can be calculated using stor-

age modulus at rubbery plateau [36]. The crosslink-

ing density can be obtained, for samples submitted

to normal stress (tensile and flexural operation mode),

Equation (1) [37]:

(1)

where R is the gas constant, E′R is the storage mod-

ulus at rubbery plateau and T the absolute tempera-

ture. Storage modulus at rubbery plateau and calcu-

lated crosslinking density are presented in Table 3.

Castor oil modification increased polyurethane cross -

linking density from 293 mol·m–3 (PU-CO) to

E
RT3
Ro =
l
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Figure 8. DMA curves (tanδ) of (a) PU-CO/lignin, (b) PU-MCO1/lignin and (c) PU-MCO2/lignin

Table 3. Storage modulus at rubbery plateau and crosslinking density of PU-CO/lignin, PU-MCO1/lignin and PU-

MCO2/lignin

PU-CO PU-CO/L10 PU-CO/L20 PU-CO/L30

E′R [MPa] 2.5 6.1 6.9 13.2

ν [ mol·m–3] 293 670 731 1360

PU-MCO1 PU-MCO1/L10 PU-MCO1/L20 PU-MCO1/L30

E′R [MPa] 3.2 13.4 19.1 22.4

ν [ mol·m–3] 331 1365 1919 2209

PU-MCO2 PU-MCO2/L10 PU-MCO2/L20 PU-MCO2/L30

E′R [MPa] 5.4 9.1 13.1 14.6

ν [ mol·m–3] 560 918 1288 1407



560 mol·m–3 (PU-MCO2). The crosslinking density

increasing of PU-CO/lignin, PU-MCO1/lignin and

PU-MCO2/lignin is a direct response of TKL wt%

rising. However, PU-MCO1/lignin presented higher

crosslinking density than PU-MCO2/lignin, besides

the higher crosslinking density value for PU-MCO2

in comparison to PU-MCO1.

3.4. Scanning electron microscopy (SEM)

Lignin-containing PU-COs presented a smooth tran-

sition from a ductile fracture (smooth grooves, white

arrows) to a brittle one (sharp surfaces, black arrows)

[38] near the TKL concentration value of 30 wt%,

as illustrate in Figure 9a and 9b; for the PU-MCO1,

there is a change in fracture mechanism at 20 wt%
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Figure 9. SEM images of the fractured surface of the lignopolyurethanes with magnification of 10 000× (a, b and c) and

5000× (d, e and f)



TKL content (Figure 9c and 9d). This behavior is sim-

ilar for PU-MCO2, where the value is 10 wt% lignin

content (Figure 9e and 9f). It reveals that for PU-

MCO1 and PU-MCO2 this behavior is anticipated

due to lower lignin content.

3.5. Mechanical properties

Figure 10 summarizes the mechanical behavior of

the polyurethanes. First, the increased hydroxyl index

from CO to MCO1 and MCO2 substantially in-

creased the ultimate tensile stress (Figure 10a) and

the Young modulus (Figure 10c) of PU-MCO1 and

PU-MCO2 versus PU-CO. Polyurethane mechanical

behavior is mainly determined by the crosslinking

density given by the functionality of its reactants and

the stoichiometry between them [11, 39].

Figures 10b and 10d allow analyzing the effects of in-

creasing hydroxyl index on strain. Higher hydroxyl

indices decreased elastic strain (Figure 10d), which

might be associated to higher amounts of rigid seg-

ments and higher crosslinking density in the polymer

structure [11, 24]. Comparison of Figure 10b and

10d highlights the presence of plastic deformation

in PU-CO, PU-MCO1 and PU-MCO2 before rup-

ture. Considering that plastic deformation of ther-

mosets starts after chain scission and is not governed

by the crosslinking density [40, 41], a comparison

of the increasing hydroxyl index and the ultimate

strain is not feasible.

The introduction of TKL in the polyol strongly af-

fected the mechanical behavior and increases the ul-

timate tensile stress (Figure 10a) and Young’s mod-

ulus (Figure 10c) of lignin-containing polyurethanes.

The maximum tensile stress was 23.50 MPa, and the

maximum Young’s modulus was 2.00 GPa for PU-

MCO2/L30. The hardening effect caused by intro-

duction of TKL might be elucidated by two mecha-

nisms: i) Besides its participation as a co-monomer,

lignin has a reinforcement role derived from its char-

acteristics (aromatic rigid structure and Young’s mod-

ulus between 2.31–4.65 GPa) [20, 39, 42, 43];

ii) Crosslinking density increasing [11, 20, 44].

The ultimate strain for PU-CO and PU-MCO1 in-

creased by adding TKL up to 20 and 10 wt%, respec-

tively. As TKL weight contents rises for these com-

positions, the ultimate strain decreases. This ultimate

strain trend inversion converges to ductile-to-brittle

transition, as shown in Figure 9, and is related to more

rigid segments and consequently to glass transition

temperature shifting. The ductile-to-brittle transition
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Figure 10. Mechanical results of samples with different amounts of lignin: (a) ultimate stress, (b) ultimate strain, (c) Young

modulus and (d) elastic strain



occurred around 45 °C for lignin-containing poly -

urethanes, based on CO or MCOs, as can be observed

in DMA results.

Results pointed out that the mechanical properties of

lignin-containing polyurethane are in agreement with

the mechanical properties of petroleum based poly -

urethanes, such as polyurethane adhesives (Young

modulus: 0.73 to 2.25 MPa; ultimate tensile stress:

17.84 to 40.03 MPa) [45, 46] and crosslinked poly -

urethanes (typical ultimate tensile stress: 1.70 to

41.00 MPa) [47–49]. PU-MCO2/L30 presented the

highest Young modulus in comparison with recent

published results concerning 100% bio-based poly-

ols based polyurethanes [23, 50, 51].

4. Conclusions

Polyurethanes based on renewable raw materials

(technical Kraft lignin, castor oil and modified castor

oil) were prepared. The results indicated that the start-

ing materials change the polymer’s properties. The

oil modification process improved hydroxyl concen-

tration and lead to polyurethanes with enhanced me-

chanical properties versus ones synthesized from un-

modified castor oil. The introduction of TKL in-

creased the glass transition temperature of the mate-

rials from –0.76 °C for PU-CO to 47.5 °C for PU-

CO/L30 and had a twofold effect on the mechanical

properties. The reinforcement co-monomer and fur-

ther increase in hydroxyl content led to a higher

crosslinking density. The products show the feasibil-

ity of developing polyurethane-type materials with

large property range, by using an industrial low cost,

unmodified and largely available residue combined

with no edible renewable source oil.
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1. Introduction

Epoxy resins have excellent properties such as ad-

hesion, corrosion resistance, and mechanical strength.

Therefore, they are classified as high-performance

thermosetting resins for coatings and linings. In par-

ticular, the amine-cured epoxies can cure at ambient

conditions and are known as the most common coat-

ings for metal equipment and concrete constructions

under corrosive environments [1]. When these coat-

ings are used in chemical solutions such as process

fluids in chemical plants and sewage water in com-

munities, the water and solute molecules gradually

penetrate into the epoxy resins, especially under low

pH acid conditions [2–7]. After the penetrants reach

the interface between the resin coating and the sub-

strate, the substrate can be corroded by the pene-

trants. In order to use these protective materials for

a long-term, it is important to non-destructively eval-

uate the amounts and depths of the penetrants in the

polymer coatings/lining. However, there are only a

few non-destructive testing (NDT) methods that can

measure the amounts of water and solutes inside coat-

ings/linings. For example, the ultrasonic test (UT),

which is one of the most common NDT methods, can

measure the variation of the sound velocity in degrad-

ed samples [8]. However, it is still difficult to estimate

the penetrants in resin by UT. On the other hand, with

portable FT-IR Attenuated Total Reflection (ATR)

spectroscopy, it is possible to non-destructively de-

tect water, sulfate, or other penetrant in plastics [9,

10], but the depth of FT-IR ATR measurement into

plastics is only submicron at most [11, 12], which is

much smaller than typical thickness of resin coat-

ings/linings (typically more than 1 mm). Therefore,
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FT-IR ATR spectroscopy is also not suitable for the

NDT method of coatings/linings.

The terahertz frequency ranges between 0.1 and

10 THz correspond to the spectral region between

microwave and far-IR. Due to the progress in tera-

hertz time-domain spectroscopy (THz-TDS), it has

received an increased interest during the past decade.

The main advantages of THz-TDS for NDT studies

are the high penetration of THz electromagnetic

waves into polymers [13–18], high sensitivity to the

inter/intra molecular vibrations (especially for water)

[18–26], and ability to estimate the materials dielec-

tric properties without direct contact [27–29].

The THz spectra of various thermoplastics [13–15]

and thermosets [16, 17] measured by THz-TDS were

reported. In contrast with FT-IR spectra, the THz

spectra shows a few clear features to distinguish poly-

mer molecular structures. However, THz spectro -

scopy can be useful for monitoring the glass transi-

tion of the polymer because the polymer chain mo-

tion above and below the glass transition temperature

affects the THz refractive index [14]. In addition,

owing to the significant difference of dielectric prop-

erties between polymers and other materials, spectral

features of inclusions such as inorganic fillers [15]

and carbon nanotubes [17] in polymer materials were

also recognized in the THz spectra.

The dielectric properties of liquid water, aqueous so-

lutions, and water in materials were also studied with

to understand hydrogen bonding state i.e. ‘free water’

and ‘bound water’ [23–26]. Although free and bound

water was experimentally studied by FT-IR [10, 30,

31], NMR [32], thermomechanical analysis [31, 32]

etc., it is still a highly controversial subject. Since the

interactions of the bound water and free water show

slightly different dielectric properties [14, 20, 22–

25, 29], THz-TDS could have an advantage to dis-

tinguish these two states of water. In fact, the THz di-

electric spectra of bulk water is composed of several

spectral peaks related to the different relaxation times

and intermolecular stretching vibration of water [23,

24].

The detection and imaging of liquid water and mois-

ture in materials by THz spectroscopy had been pre-

viously studied and various applications had been

demonstrated on medical, agricultural, food, and other

products [20, 27]. Note that water molecules in ma-

terial can also exist as both ‘free’ and ‘bound’ water

and it is difficult to separate experimentally the con-

tributions from bound and free water to the THz spec-

tra [20]. In certain cases, the assumption that only

bound water exists in a material makes it possible to

measure its content [18, 20]. For example, the

amounts of water in polyamide and wood plastic com-

posites were estimated with THz-TDS by measuring

the complex refractive index as a function of water

content [18]. In the case of wood materials in humid

environment, the real and imaginary parts of the com-

plex dielectric function of the samples strongly cor-

related with density and moisture content [21].

As described above, the interpretation of THz spec-

tra for penetrants in polymer still remains unclear

but if penetrants such as sulfuric acid in polymer af-

fect THz spectra, THz spectroscopy may help to non-

destructively monitor polymer degradation by cor-

rosive solution penetration and evaluate the pene-

trant content in polymer. To the best of our knowl-

edge, there is no study with THz spectroscopy on pen-

etrants in polymeric materials except for water.

In this work, the epoxy resin immersed in sulfuric acid

aqueous solutions was observed by THz-TDS. It was

shown that the imaginary part of the complex refrac-

tive index in THz range was correlated linearly and

independently with the amounts of water and sulfu-

ric acid in epoxy resin.

2. Experimental

2.1. Specimens and immersion environments

Epoxy resin (EP) specimens were prepared in the fol-

lowing manner. Firstly, a bisphenol-A-type epoxy

resin (EPOMIK® R140, Mitsui Chemicals, Inc.,

Japan) was mixed with equivalent ratio of curing

agent (polyether amine, JEFFAMINE® D-230, Hunts-

man Corporation, Japan). The mixture was evacuat-

ed in a deforming device to remove air bubbles, then

it was cast into a metal mold and placed into an oven

at appropriate temperature until curing was com-

pletely finished. After that, the broad cured EP plate

2 mm thick was taken out from the mold and cut into

specimens with 30×30 mm dimensions.

Ion-exchanged water and 2.0 M sulfuric acid aque-

ous solutions (Kanto Chemical Co., Inc., Japan) were

used as environmental solutions. The beakers with

such solutions were set in a water bath at 70 ºC. The

EP specimens were immersed into solutions and then

taken out periodically. Then, they were wiped off

Kusano et al. – eXPRESS Polymer Letters Vol.10, No.11 (2016) 941–949

942



with paper towel to measure their mass by an ana-

lytical balance, thickness by a micrometer, and trans-

mission spectrum by THz-TDS. After these meas-

urements, the specimens were dried in air at 50 ºC

until their masses remained constant for a day. Then,

their mass, thickness, and transmission spectrum

were measured again.

2.2. Degradation analysis

In acid aqueous solutions, the water and acid could

penetrate into the immersed resin specimen with time

[4–6]. In order to evaluate the amounts of penetrants,

the mass of the specimen was measured soon after

removal from the solution (mwet) and after drying in

air at 50 °C (mdry). The wet (Mwet) and dry (Mdry)

mass fractions were determined by Equations (1)

and (2):

(1)

and

(2)

where m0 was the initial mass.

After drying, the specimens were cut and their cross

sections were analyzed by energy dispersive X-ray

spectroscopy, EDS (equipped on JSM-6510 LA,

JEOL Ltd., Japan). The sulfur element mapping on

the cross section provides the penetration depth of

sulfuric acid.

2.3. Terahertz time-domain spectroscopy

The THz-TDS instrument with bound IR-spectra soft-

ware (IRS-2000, Aispec Co. Ltd., Japan) was used

to measure transmission spectra of the EP speci-

mens. Figure 1 displays typical transmission-type

THz-TDS setup [28, 29]. In this optical arrangement,

the modulated femtosecond laser pulse of about 10 fs

duration at a wavelength of 780 nm is split into the

pump and probe beams. The pump beam helps to gen-

erate ultrashort current flow inside illuminated pho-

toconductive substrate in the gap between biased an-

tenna electrodes (a low-temperature-grown Ga–As

film). Then, the broadband THz radiation from this

gap is reshaped spectrally and redirected spatially by

antenna electrodes and optical elements towards

sample. Finally, THz radiation arrives to the second

identical photoconductive antenna (PCA) at the same

time with the laser probe beam. As a result, the mod-

ulated current is generated at the PCA detector gap

and registered with lock-in amplifier. In order to

record the time-domain signal of the pump beam, the

optical length of the probe beam is changed by mov-

ing a corner reflector as indicated by an arrow in Fig-

ure 1 (in other words, the time the probe beam ar-

rives at the PCA is changed). As a consequence, THz

waveform can be digitized at fine time intervals.

The THz waveform transmitted through specimens

was measured under ambient conditions (24 ºC,

~40% RH). In addition, the waveform without spec-

imens at the same ambient conditions was also meas-

ured as a reference every time. Since the THz beam

focuses on sample and the beam width at sample is

less than 10 mm, the dimensions of the EP specimens

were large enough not to consider whether the edge

of the specimen affected the transmission spectra in

this study. The measured waveforms were converted

into the frequency domain THz transmission spec-

trum and phase delay data by fast Fourier transform

(FFT). From the spectrum and phase delay data of

specimen and reference, IR-spectra software calcu-

lates the complex refractive indexes (ñ = n – iκ) of

the EP specimens in THz range. The mathematical al-

gorithm is described in detail elsewhere [28, 29].

Since the transmittance of electromagnetic waves

through a 2 mm thick epoxy specimen rapidly de-

creases with increasing frequency above 1 THz, the

effective frequency range is limited up to 1 THz. For

the same reason, the range is also limited to above

0.2 THz.

M m
m m

0

0
wet

wet=
-

M m

m m

0

0

dry

dry
=

-
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Figure 1. The scheme of the THz-TDS system used in ex-
periments



3. Results

3.1. EP immersed in water

Firstly, the EP specimen after immersion in ion-ex-

changed water was observed. Figure 2 shows Mwet

of the EP specimen with immersion times in ion-ex-

changed water. As shown in this figure, Mwet increas-

es proportionally with square root of immersion time

due to penetration of the water molecules into EP

network by Fick’s law of diffusion [2, 3]. After about

900 hours (37.5 days), the Mwet reached to a satura-

tion level. The mass after drying in air at 50 ºC, mdry

returns to the initial value, m0 because water mole-

cules in EP have completely evaporated.

Figure 3 shows the spectral change of n and κ of EP

through water immersion from 0 to 49 days. Both of

them are shifted vertically and incrementally with

immersion time. After drying, such spectra return to

their initial values (0 days). In order to correlate the

complex refractive index with water content in EP,

n and κ at 0.4 and 0.6 THz as representative values

are plotted with Mwet. As shown in Figure 4, both n

and κ at 0.4 and 0.6 THz increase linearly with Mwet.

The slopes of n at 0.4 and 0.6 THz and those of κ at

0.4 and 0.6 THz are also the same, respectively. This

behavior is in a good agreement with the complex

refractive index spectrum of polyamide (PA) im-

mersed in water reported by Jördens et al. [18] even

though PA absorbs more water than EP and saturates

at about 10 mass%.

3.2. EP immersed in sulfuric acid solution

In addition to water, sulfuric acid solutions are also

known to penetrate into the EP network [4–6]. There-

fore, EP specimens after immersion in the sulfuric

acid solution and after drying are studied gravimet-

rically and spectroscopically. Up to about 150 hours,

Mwet increases linearly with square root of immersion

time (see Figure 5) as the same tendency as the spec-

imens immersed in water shown in Figure 2. After

about 150 hours (6.3 days), the Mwet becomes con-

stant due to saturation with water and sulfuric acid.

On the other hand, the mass after drying in air at

50 ºC decreases to some extent but mdry does not re-

turn to m0. Mdry also increases linearly with square

root of immersion time and becomes constant after

150 hours. While water molecules evaporate com-

pletely from EP network through the drying process,

sulfuric acid remains due to its much lower volatility.

Therefore,  Mdry indicates the sulfuric acid mass frac-

tion MS in the specimen.

The EDS mapping of the sulfur element for the cross

section of the specimen is shown in Figure 6. This

EP specimen was immersed in the sulfuric acid so-

lution for 84 hours. The image represents that sulfu-

ric acid penetrates into the specimen and distribute
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Figure 2. The wet mass fraction of the EP specimen with im-
mersion times in ion-exchanged water

Figure 3. (a) The real and (b) imaginary parts of the complex refractive index for the EP specimen after immersion in water



uniformly from both sides up to 0.7 mm depth. The

depth with square root of immersion time is also

shown in Figure 5. The depth also increases linearly

with square root of time and leveled off at 150 hours

because the acid penetrates to whole thickness at this

immersion time. These observations are consistent

with other reports [4–6]. In addition, epoxy resin it-

self scarcely changes in respect of the molecular

structure or chemically degrade despite the penetra-

tion of sulfuric acid [5].

The n and κ spectra of the ‘wet’ specimens soon after

removal from the sulfuric acid solution are shown in

Figure 7. Although both spectra display increase with

immersion time, the n spectra show almost parallel

lines or constant increment at all frequencies. On the

other hand, the increment of κ at higher frequency is

larger than that of lower frequencies. Figure 8 shows

n and κ spectra of the ‘dry’ specimens which are im-

mersed in the solution and subsequently dried. Again,
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Figure 5. The wet and dry mass fractions of the EP specimen
after immersion times in 2.0 M sulfuric acid solu-
tion. In addition, gray plots are penetration depth
of sulfuric acid in the specimen measured by EDS
(see Figure 6)

Figure 6. The EDS mapping of sulfur element at the cross
section of the EP specimen (2 mm thick) after im-
mersion in 2.0 M sulfuric acid solution for
84 hours. Sulfur element shows that sulfuric acid
penetrates into the specimen from both surfaces
and reached to 0.7 mm depth.

Figure 4. (a) The real and (b) imaginary parts of the complex refractive index at 0.4 and 0.6 THz for the EP specimen with
water mass fraction



the κ at higher frequency displays larger increments

and n does not show this tendency. This can be seen

more clearly in Figure 9, where κ at 0.4 and 0.6 THz

are plotted against Mdry. The figure demonstrates lin-

ear dependence with the same slope of n and with dif-

ferent slopes of κ at 0.4 and 0.6 THz. Such behavior

is observed for sulfuric acid aqueous solutions with

different concentrations [33]. These results indicate

that penetrated sulfuric acid causes larger increase of

the κ at the higher frequencies.

4. Discussion

As discussed in section 3.1, the ñ of the EP specimen

increased with the Mwet. Although the THz spectra

of the ñ of bulk water are already known [18, 23, 24,

34], as mentioned in section 1, it is challenging to

separate experimentally the contributions from bound

and free water in materials [18, 20]. In our study,

some water molecules in the specimen can be bound

to the amine and hydroxyl groups in the resin. As a

result, the water state could be different from that of

bulk water. This behavior is consistent with the

trends observed for water immersed polyamide (PA)

specimens reported by Jördens, et al. [18]

However, the ñ of the epoxy specimen immersed in

the sulfuric acid solution showed different changes

from that immersed in water, especially for the κ at

the higher frequencies. The ñ increased with the frac-

tion of the sulfuric acid in the specimen. As men-

tioned in section 3.2, the sulfuric acid does not cause

the chemical decomposition of the epoxy network by

hydrolysis and other reactions [5]. From these re-

sults, it is guessed that the change of the ñ can be at-

tributed mainly to the sulfuric acid in epoxy resin. The
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Figure 7. (a) The real and (b) imaginary parts of the complex refractive index of the EP specimen soon after removal from
the 2.0 M sulfuric acid solution

Figure 8. (a) The real and (b) imaginary parts of the complex refractive index of the EP specimen measured after immersion
in the 2.0 M sulfuric acid solution and subsequent drying in air 50°C



lager κ at the higher frequencies can be attributed to

the sulfuric acid spectral band above 1.0 THz with

the tail extending to 0.2 THz. To understand this in

more detail, the measurement at higher THz frequen-

cies and with thinner samples are necessary (not a

subject of the present work).

Since the increments of the ñ in Figure 7 were caused

by both water and acid, it is estimated that the incre-

ment Δn and Δκ are decided by a linear equation of

water and acid mass fractions in EP independently.

Here, In,W and In,S are the corresponding slopes from

Figures 4a and 9a, where subscripts W and S indicate

water and sulfuric acid, respectively. While water

mass fraction in EP specimen MW is the difference

between Mwet and Mdry, sulfuric acid mass fraction

MS is Mdry. The linear equation of Δn is described as

Equation (3):

(3)

where the subscript ω indicates frequency. Likewise,

Δκ is described as Equation (4):

(4)

Figure 10 represents comparison between the incre-

ments by measuring with THz-TDS (Figure 7) and

by calculating with the linear Equations (3) and (4)

at 0.4 THz. Both the measured and calculated Δn0.4

and Δκ0.4 increase with Mwet. While the calculated

Δκ0.4 agrees well with the measured Δκ0.4, the calcu-

lated Δn0.4 is higher than the measured Δn0.4. These

behaviors are observed at other frequencies. The dif-

ference between calculated and measured Δn0.4 may

be attributed to free and bound water in the specimen

because THz radiation is sensitive to both water

states [18–26]. Since amine cured EP resins have

some hydrophilic groups such as hydroxyl groups

and amine groups, water becomes bound to such

groups to some extent. On the other hand, sulfuric

acids react with amine groups in EP resins and form

amine salt [4, 5]. Therefore, the state of water in the

sulfuric acid immersed specimen may differ from

that in the water immersed specimen so that calcu-

lated and measured Δn0.4 does not show agreement

with each other. THz-TDS and some complementary

analyses such as FT-IR [10, 30, 31], NMR [32], ther-

momechanical analysis [31, 32] could help to deter-

mine penetrant states in the EP resin. Nevertheless,

it is confirmed that THz spectroscopy is a promising

method to evaluate sulfuric acid in epoxy resin.

5. Conclusions

The ñ of the EP specimens were measured by THz-

TDS after immersion in water and sulfuric acid so-

lutions. It was found that n and κ depended linearly

with water and sulfuric acid mass fraction in speci-

mens, and ∆κ of sulfuric acid immersed specimens

n I M I Mn,W, W n,S, SD = +~ ~ ~

I M I M,W, W ,S, SlD = +~ l ~ l ~
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Figure 9. (a) The real and (b) imaginary parts of the complex refractive indexes at 0.4 and 0.6 THz with the mass fraction
of sulfuric acid for the EP specimen, which were measured after immersion in the 2.0 M sulfuric acid solution and
subsequent drying in air 50°C.



was lager at higher frequency. THz-TDS can help to

discern whether the specimen contains sulfuric acid.

The increments of the ñ were described with linear

equations involving water and sulfuric acid mass

fractions. As for ∆κ, good agreement between cal-

culation and measurement was observed. On the

other hand, calculated ∆n was higher than the meas-

ured ∆n. The difference may be attributed to free and

bound water in the specimen. Therefore, THz-TDS

can help to find out penetrant states in the EP resin,

making it a promising NDT method to evaluate the

penetration of the corrosive chemicals into resin

coatings.
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1. Introduction

Corrosion is a significant research area for finishing

of metallic industry. Therefore, protective organic/

polymeric coatings are typically utilized as a primer

to protect metal surface from corrosion [1–3]. In the

past decades, different classic polymers, such as
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Abstract. In this work, potential anticorrosive coating resulted from the composite with synergistic effect of biomimetic
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perhydrophobic methyl-modified silica (MS) microspheres were synthesized by performing the conventional base-catalyzed
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forming the programmed heating through nanocasting technique with PDMS as soft template materials for pattern transfer
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coating. The appearance/dispersion capability of silica microspheres in BET coating was confirmed by the energy dispersive

X-ray spectroscopy (EDX) and Si-mapping. The roughness level of BET and BEC-3% were detected by AFM. The BET-

silica composite was found to exhibit a contact angle (CA) of ~153°, revealing the synergistic effect of biomimetic epoxy

morphology and incorporated superhydrophobic MS microspheres, which is found to be more hydrophobic than that of neat

epoxy thermoset (CA = 81°). Corrosion protection of as-prepared coatings was demonstrated by performing a series of elec-

trochemical measurements (Tafel, Nyquists and Bode plots) upon CRS electrodes in saline condition. It should be noted

that the BET coatings upon CRS electrode revealed an effectively enhanced corrosion protection as compared to that coatings

without biomimetic morphology. Moreover, the BET coating with superhydrophobic MS microspheres upon CRS electrode

was found to exhibit better corrosion protection as compared to a counterpart coating without MS microspheres.
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epoxy resin, [4, 5] polyurethane [6, 7] and polyimide

[8, 9] have been used by the environmentally shel-

tered coatings to enhance the anticorrosive effect

upon various metallic substrates. In order to facilitate

the corrosion protection of various metallic sub-

strates, versatile alternative practical coatings are

being continuously developed such as conducting/

electroactive polymers, [10, 11] conventional poly-

mers containing filler with large aspect ratio [12, 13]

and polymer coatings with superhydrophobic sur-

face [14, 15].

Recently, great attention is paid to the potential of

applications on bio-mimetic materials with super-hy-

drophobic surfaces structure due to their diverse po-

tential and unprecedented hierarchical surfaces [16–

26]. Moreover, the studies of anticorrosive polymer

coatings with roughly superhydrophobic or biomimet-

ic surface attracted intensive research interests [27–

34]. For example, Liu et al. [35] found that the sur-

face of copper block was found to display superhy-

drophobicity after treatment of n-tetradecanoic acid

solution for a period of time, leading to the as-formed

surface with better anticorrosion performance.

Moreover, Wang et al. [36] demonstrated that the

steel surface treated with specific surface modifica-

tion to give coating with micro-/nano- hierarchical

superhydrophobic structures upon steel, leading to

an excellent corrosion protection property. Further-

more, Yang et al. [37] reported that the eletroactive

polymer with the biomimetic topography also show-

ing superhydrophobicity, which exhibited superior

anticorrosive ability based on a series of electro-

chemical investigations in 3.5 wt% NaCl solution.

Enhancement of corrosion protection of above-men-

tioned superhydrophobic coatings may be attributed

to the trapped gas within the valleys between the hills

of the superhydrophobic surface [35].

On the other hand, the research activity in terms of

polymer coating incorporated with hydrophobic in-

organic particles has also evoked great research in-

terests [38–43]. For example, Sun et al. [44] had ex-

plored that the superhydrophobic surfaces covered

with cauliflower-like cluster binary micro-nano coat-

ings and promoted excellent corrosion resistance

property in the 3.5 wt% NaCl solution. Moreover,

Weng et al. [45] demonstrated that the as-prepared or-

ganic-inorganic superhydrophobic composite coating

was found to boost the corrosion resistance property

in saline condition (e.g., 3.5 wt% NaCl solution)

based on a series of electrochemical corrosion meas-

urements. Chang et al. [46] found that the UV-cured

biomimetic composites containing thermoplastic

PMMA and micro-silica particles was found to give

the coating surface with increased roughness, which

may effectively increase the superhydrophobicity

and therefore facilitate the corrosion resistance of

metallic substrates in saline.

In this work, the synergistic effect of biomimetic mor-

phology and incorporated superhydrophobic silica mi-

crospheres is used to prepare the BET-silica compos-

ite anticorrosion coatings. First of all superhydropho-

bic methyl-modified silica (MS) microspheres were

synthesized by sol-gel reactions and characterized by

FTIR, 13C and 29Si NMR spectra. Moreover, nano-

casting technique was utilized with PDMS (poly di-

methyl siloxane) as pattern-transfer polymer by using

natural leaf of Xanthosoma Sagittifolium as natural

template, leading to the formation of artificial BET-

silica composite coatings. Furthermore, 3 wt% of as-

prepared superhydrophobic MS microspheres was

added into BET to give the BET-silica composite

coatings. SEM and contact angle measurements were

applied to investigate the morphology and hydropho-

bicity of coating surface. Finally, anticorrosion per-

formance of the developed BET-silica composite coat-

ings upon CRS electrodes was evaluated by a series

of electrochemical measurements (Tafel Nyquists

and Bode plots) in 3.5 wt% NaCl aqueous solution.

2. Experiment

2.1. Materials and measurements

In this study, the bisphenol A diglycidyl ether

(DGEBA; Aldrich; Japan) and trimethylolpropanetris

[poly(propylene glycol), amine terminated] ether (T-

403; Aldrich; American) were used as received with-

out further treatment. Trimethoxy (methyl) silane

(MTMS; Aldrich, 98.0%; American), (3-amino-

propyl) trimethoxysilane (APTMS; Fluka, 98.0%;

Switzerland) were used as sol-gel precursor and

epoxy coupling agent, respectively. Ethanol (EtOH;

Aldrich, 95%; American), ammonium hydroxide so-

lution (NH4OH; Aldrich, 28.0–30.0%; American),

polyvinylpyrrolidone (PVP, Mw = 40,000, polymeric

stabilizer, Aldrich), and N, N-dimethyl acetamide

(DMAc; 99.0%, Aldrich; American) were used as re-

ceived without further purification. The liquid com-
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ponents (Sylgard 184) of polydimethylsiloxane

(PDMS; American) were supplied by Dow Corning

Corporation. All reagents were reagent grade unless

otherwise stated.

Fourier-transform infrared (FTIR) spectra were

recorded using an FTIR spectrometer (JASCO FT/IR-

4200) operating at room temperature. The X-ray pho-

toelectron spectroscopy XPS measurement was per-

formed on Microlab MKII electron spectrometer with

a base pressure of 10–10 Torr. The Sorvall RC-5C

Plus Super-speed Centrifuge was used to separate

methyl-modified silica (MS) particles by centrifugal

force (7500 rpm). Both 13C and 29Si MAS solid-state

NMR experiments were performed on a 400 MHz

solid-state NMR spectrometer. 13C MAS NMR spec-

tra were obtained at 100.63 MHz with 7 kHz apply-

ing 90° pulses and 2.0 s pulse delays. To enhance car-

bon sensitivity, cross-polarization (CP) techniques

were employed. 29Si MAS NMR spectra were record-

ed at 79.49 MHz applying 90° pulses, 300 s pulse de-

lays, and 5.0 ms contact time, with samples in 5.0 mm

zirconia rotors spinning at 7 kHz. Surface morpholo-

gies of the superhydrophobic samples were observed

by using SEM (JOEL JSM-7600F). Silica dispersion

was detected by EDX (OxFord xmax 80). Contact an-

gles were measured using a First Ten Angstroms FTA

125 at ambient temperature. Water droplets (about

4 µL) were carefully dropped onto the surfaces of

samples, and contact angle was determined from the

average of five measurements at various positions

on the samples surface. Corrosion potential and cor-

rosion current of sample-coated CRS electrodes were

electrochemically measured using a VoltaLab 50 po-

tentiostat/galvanostat. Electrochemical impedance

spectroscopy (EIS) study was recorded on AutoLab

(PGSTAT302N) potentiostat/galvanostat electro-

chemical analyzer.

2.2. Synthesis of methyl-modified silica (MS)

microsphere

The MS microspheres were synthesized via conven-

tional base-catalyzed sol-gel reactions of MTMS in

the presence of APTMS molecules. A typical proce-

dure to prepare the MS microspheres was given as

follows: the surfactant (PVP, 0.1 g) and NH4OH

(0.1 mL) was dissolved in 40 mL of water and kept at

5 °C. The mixture of 2.04 g MTMS (20 mmole) and

0.136 g APTMS (1 mmole) was added drop-wise to

the aqueous solution for about 1 hour at 5°C. The sol-

gel reaction was continued under magnetic stirring

for 6 hours at room temperature. Finally, the as-pre-

pared silica microspheres were washed repeatedly

with ethanol (EtOH) and separated from the aqueous

mixture by centrifugal sedimentation of 7500 rpm to

remove the surfactant and re-dispersed in water.

2.3. Preparation of PDMS template

The PDMS pre-polymer was obtained by mixing the

elastomer base and a curing agent at a specific weight

ratio (10:1, w/w). The PDMS pre-polymer was poured

into a mold of 6×6 cm2 fixed to a piece of fresh, nat-

ural Xanthosoma sagittifolium leaf (veins of leaf were

removed in area of about 6×6 cm2) and cured in oven

programmed at 60 °C for 6 hours. After curing

process, the PDMS blocks were detached from the

molds, to be used as a negative template for the fol-

lowing nanocasting process of pattern transferring

[47].

2.4. Preparation of CRS electrode coated with

biomimetic epoxy thermoset (BET)

The 1.024 g of DGEBA was dissolved in 5 g of

DMAc under stirring for 1 hour, followed by adding

0.88 g of T-403 functioning as curing agent under

stirring for 12 hours. Finally, the solution was cast

onto the PDMS template, and then the cold-rolled

steel (CRS) electrode was pressed against upon the

surface of as-prepared epoxy slurry. Subsequently, the

thermal curing process of epoxy thermoset was pro-

grammed at 50°C for 1 hour, 120°C for 2 hours and

140°C for 0.5 hour. The CRS electrode coated with

BET can be obtained by detaching from PDMS tem-

plate.

2.5. Preparation of CRS electrode coated with

biomimetic epoxy-silica composite

(BEC-3 wt%)

The representative procedure for the preparation of

CRS electrode coated with biomimetic epoxy-silica

composite (BEC) was given as follows: 1.024 g of

DGEBA and 0.075 g of the as-prepared MS particles

were dissolved or dispersed into 5 g of DMAc under

magnetic stirring for 1 hour, followed by introducing

0.5 g of T-403 for 6 hours under stirring. The mixed

solution was eventually dropped and cast onto the

PDMS template, the CRS electrode was then pressed
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against the surface of mixing slurry. Subsequently,

the thermal curing process of BEC was programmed

at 50°C for 1 hour, 120°C for 2 hours and 140°C for

0.5 hour. The CRS electrodes coated with BEC was

then obtained by detaching from the PDMS template.

2.6. Electrochemical corrosion studies

Epoxy thermoset coatings of about 30 µm in thickness

were obtained after drying in a fume hood for

24 hours. Edges of the coupons were locked on the

artificial electrode for corrosion testing. The coated

and uncoated coupons were connected to the working

electrode of an electrochemical cell. For the anticor-

rosion measurement aspect, polarization curves were

obtained by using cyclic voltammetry (VoltaLab 50

potentiostat/galvanostat) at an operational temperature

of 30°C. The three-electrode configuration was em-

ployed in the circuit, with the sample as the working

electrode, the graphite rod as the counter electrode,

and the saturated calomel electrode (SCE) as the ref-

erence electrode. 3.5 wt% aqueous solution of saline

was utilized as the electrolyte. Open circuit potential

(OCP) at the equilibrium state of system was used as

the corrosion potential (Ecorr in [V] vs. SCE). For the

potentiodynamic polarization experiments, the poten-

tial was scanned from -500 to 500 mV at a scanning

rate of 50 mV·s–1. Corrosion current (Icorr [μA·cm–2])

was determined by superimposing a straight line

along the linear portion of the cathodic or anodic

curve and extrapolating it through Ecorr [mV]. All raw

data were taken at least three times to ensure the re-

producibility and statistical significance.

3. Results and discussion

A representative process of base-catalyzed sol-gel

reactions of MTMS and APTMS was used to prepare

superhydrophobic MS microspheres. Moreover, the

typical procedure for the preparation of biomimetic

epoxy incorporated superhydrophobic MS micros-

pheres coatings by replicating fresh Xanthosoma
sagittifolium leaf through nanocasting technique was

used, as shown in Figure 1. It should be noted that a

large amount of MTMS in the sol-gel process may

lead to as-prepared silica microspheres with a con-

siderable amount of methyl groups attached to the

surface, resulting in better superhydrophobicity. On

the other hand, a small amount of APTMS used in

the sol-gel process indicates that few primary amine

groups may adhere to the surface of silica micros-

pheres, implying the formation of chemical bonding

between primary amine and the epoxide ring of

epoxy pre-polymer.

3.1. Characterization of superhydrophobic

methyl-modified silica microspheres

Figure 2 show the representative NMR, FTIR spec-

troscopy and SEM image of MS microspheres. Solid-

state 29Si NMR provided quantitative information

about the condensation reaction and solid-state
13C NMR spectroscopy was particularly useful in
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Figure 1. Preparation flow chart of superhydrophobic methyl-silica (MS) microsphere and incorporated superhydrophobic

MS microspheres onto the biomimetic epoxy thermoset surface to manufacture the CRS coated with biomimetic

epoxy thermoset composite



monitoring the hydrolysis reaction of sol-gel

process. Figure 2a shows the 29Si NMR spectrum,

two clear resonance peaks derived from Tm (Tm =

RSi(OSi)m(OH)3–m, m = 1–3; T3 at δ = –65.2 ppm and

T2 at δ = –55.7 ppm) were observed [48]. T1 peaks

were too small to be analyzed in the photography. The

formation of T1 and T0 species was insignificant, sug-

gesting that non-reactive organically modified pre-

cursor was present. Figure 2b shows the results of
13C NMR analysis. The sample exhibited three peaks

with nearly equal intensity at the position around 11.1,

26.1, and 43.5 ppm. Three peaks could be attributed

to three different kinds of Carbon atoms for the

APTMS group, confirming the existence of APTMS

bonded to silica. Figure 2c displays the FTIR spec-

trum of MS microspheres. The presence of charac-

teristic bands of MS at wavenumber of 774 and

2979 cm–1 were attributed to the stretching vibra-

tions of Si–C and C–H. The MS exhibited well-de-

fined absorptions at ca. 1411 cm–1, which belonged

to the characteristic of symmetric deformations in

Si–R groups. The presence of Si–O–Si linkages

could be assigned to the absorptions at the location

of 1136 and 1024 cm–1. Moreover, the band occur-

ring at the location of 1273 cm–1 showed a well-de-

fined C–H absorption of Si–CH3 [49]. Furthermore,

the bond at 1531 cm–1 was due to N–H bending vi-

bration. Because the mole ratio of MTMS/APTMS

in sol-gel reaction was 20, meaning that the Si–CH3

had a stronger absorption than N–H in MS, as shown

in Figure 2c. Moreover, there were much more methyl

groups providing the superhydrophobicity of the sil-

ica surface. Furthermore, the N–H group could pro-

vide the strong chemical bonding with epoxy. The

Figure 2d shows the SEM image of the as-prepared

MS microspheres at 10000 magnification, revealing

an average particle size of ~1 µm in diameter.

3.2. Investigating the thermal curing of epoxy

thermosets by FTIR Spectroscopy and

XPS analysis

FTIR was utilized to investigate the curing process of

the epoxy thermoset. For example, FTIR spectra of

epoxy slurry (before curing), biomimetic epoxy ther-
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Figure 2. The identification of as-prepared superhydrophobic methyl-silica microsphere of (a) 29Si NMR spectroscopy,

(b) 13C NMR spectroscopy, (c) FTIR spectroscopy and (d) image of SEM observation at magnification 10000×



moset (after curing) and biomimetic epoxy-silica

composite are shown in Figure 3. After the pro-

grammed heat treatment, the disappearance of char-

acteristic peak of epoxide ring (915 cm–1) and of the

primary amine of epoxy thermoset could be identi-

fied as a proof of the accomplishment of the ring-

opening polymerization, as shown in Figures 3b and

3c. Moreover, XPS was utilized to measure the char-

acteristic peak of BET and BEC, as shown in Fig-

ure 4. From the Figure 4b, the Si 2p and Si s were

found to be locatet at the positions of 102.9 eV (Si–O

group) and 153.5 eV, indicating that the MS micros-

pheres were randomly dispersed onto the BEC sur-

face.

3.3. Microscopic observations and EDX

spectroscopy for biomimetic morphology

Macroscopic photograph of natural, fresh leaf of Xan-
thosoma sagittifolium is shown in Figure 5a. More-

over, microscopic SEM overview image at a magni-

fication of 1000× for Figure 5b fresh natural leaf, Fig-

ure 5c PDMS soft negative template, Figure 5d bio-

mimetic epoxy thermoset and Figure 5e composite

with synergistic effect of biomimetic epoxy ther-

moset morphology and incorporated superhydropho-

bic MS microspheres. In Figure 5b, there were much

smaller micro papillary hills and nano textures tan

those found on the fresh natural Xanthosoma sagitti-
folium leaves. Moreover, the Figure 5c shows the

SEM image of the cured PDMS negative template

prepared by casting the liquid PDMS directly onto a

natural and fresh Xanthosoma sagittifolium leaves.

The Figure 5d was the SEM image of BET at mag-

nification of 1000×. It should be noted that the mor-

phology of BET is almost the same as that of fresh

Xanthosoma sagittifolium leaves, implying that the

nano-casting technique was successful in transfer-

ring the pattern of natural leaves. To well-understand

the papilla-like and texture on the surface, Figure 5e

shows the SEM image of BET at a magnification of

3000×. From the cross-section Figure 5f at a magni-

fication of 5000×, the height of papilla-like was found

to be 6–9 μm. This observation depicted that the tem-

plate effectively replicated the structure of leaf sur-

face.

For the morphology study of biomimetic epoxy sil-

ica containing 3 wt% composite (BEC-3%), the SEM

image at a magnification of 1000× of BEC-3% im-

ages, Si mapping and EDX of the BEC-3% surface

are presented in Figures 6. Morphology of BEC-3%

was very similar to that of BET, implying that the ma-

jority of incorporated MS microspheres may be em-

bedded into the BET matrix, as shown in Figure 6a.

In Figure 6b, the lots of red spots representing the

mapping of Si element of BEC was clearly found, in-

dicating that the MS microspheres were randomly

dispersed in the BET matrix. Moreover, the EDX

showed that the appearance of peaks for Si, O and N

element of BEC-3%, implying that the MS micros-

pheres may probably be there inside or on the BET

coating. Hydrophobicity enhancement of BEC-3%

coating resulted from both the biomimetic morphol-
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Figure 3. The identification of FTIR spectroscopy for

(a) epoxy slurry (before curing), (b) epoxy ther-

moset (after curing) and (c) composite with bio-

mimetic epoxy thermoset and incorporated super-

hydrophobic MS microspheres

Figure 4. The identification of XPS for (a) biomimetic epoxy

thermoset and (b) composite with biomimetic epoxy

thermoset and incorporated superhydrophobic MS

microspheres



ogy and incorporated MS microspheres, respective-

ly, can be further identified by the contact angle

measurement of water droplets and will be discussed

in the following section.

3.4. Atomic force microscope

In Figure 7, the three dimensional AFM images of

biomimetic epoxy thermoset and biomimetic epoxy

silica containing 3 wt% composite on the CRS sub-
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Figure 5. The morphology observations for (a) macroscopoc photograph of the fresh natural Xanthosoma sagittifolium leaves.

Microscopic SEM overlook image at magnification of 1000× for (b) fresh natural leaf, (c) PDMS soft negative

template, (d) biomimetic epoxy thermoset and (e) biomimetic epoxy thermoset at magnification of 3000× (f) cross-

section for biomimetic epoxy thermoset at magnification of 5000×



strate vividly showed higher surface roughness. From

the AFM image, the surface morphology was coin-

cident with the SEM observation. Moreover, well-

understanding the surface roughness on the BET and

BEC coatings, AFM was studied and performed in

which height images were obtained and average

roughness levels of the surfaces were determined

[50]. The arithmetic average roughness, Ra levels of

the BET and BEC-3% coatings were measured. The

BEC-3% coating had the higher RMS roughness of

2.322 μm than BET coating (2.205 μm).
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Figure 6. The surface studies of as-prepared biomimetic epoxy-silica composite of (a) SEM microscopic observation at mag-

nification of 1000×, (b) Si mapping and (c) energy-dispersive X-ray spectroscopy

Figure 7. The surface roughness studies of three dimonsional morphology atomic force microscope for (a) CRS electrode

coated with biomimetic epoxy thermoset and (b) CRS electrode coated with biomimetic epoxy-silica composite



3.5. Surface hydrophobicity of as-prepared

coatings measured by contact angle

In this study, the contact angle (CA) of water droplets

upon six different surfaces of coatings were illustrated

in Figure 8. The CA for fresh leaf of Xanthosoma
sagittifolium was 146°, as shown in Figure 8a. The

CA for neat epoxy thermoset with smooth surface was

81°, as shown in Figure 8b. Moreover, the CA upon

surface of BET was 123°, as shown in Figure 8c. It

indicated clearly that the biomimetic morphology may

increase the CA of neat epoxy thermoset by up to 42°,

reflecting that the biomimetic morphology could ef-

fectively promote the hydrophobicity of neat material.

Moreover, the CA of neat as-prepared dry fine powder

coating of superhydrophobic MS microspheres on

glass was found to be 158° because of the methyl

group attached onto the surface, as shown in

Figure 8d. With incorporated 1 wt% of MS micros-

pheres into BET, the as-obtained BEC-1% with syn-

ergistic effect of biomimetic morphology and super-

hydrophobic silica microspheres was found to exhibit

the CA = 137°, as shown in Fig ure 8e. Moreover, in-

corporated 3 wt% of MS microspheres into BET, the

as-perpared BEC-3% was revealed the CA = 153°, as

shown in Figure 8e. It indicated that introducing

3 wt% silica microspheres into BET coating may fur-

ther promote the hydrophobicity of BET by further

increasing the CA of coating by ~30°. In summary,

the BEC coating with synergistic effect of biomimetic

epoxy thermoset morphology and incorporated MS

microspheres revealed an increment in CA of 72° as

compared to that of neat epoxy thermoset with smooth

surface, implying that this composite could be a po-

tential candidate as corrosion protection coating, as

discussed in the following section.

3.6. Potentiodynamic measurements

Polarization curves for the CRS electrode coated with

neat epoxy thermoset, biomimetic epoxy thermoset

and biomimetic epoxy-silica composite can be ob-

tained by performing all the measurements in elec-

trolyte of 3.5 wt % NaCl aqueous solution.

Corrosion current was obtained by extrapolating Tafel

plots, from both the cathodic and anodic polarization

curves for the respective corrosion process. Extrap-

olating the cathodic and anodic polarization curves

to the point of intersection provides both the corro-

sion potential and corrosion current. Tafel plots for

(a) bare CRS electrode, (b) CRS electrode coated

with smooth epoxy thermoset, (c) CRS electrode coat-

ed with biomimetic epoxy thermoset, (d) CRS elec-

trode coated with biomimetic epoxy-silica contain-

ing 1 wt% composite and (e) CRS electrode coated

with biomimetic epoxy-silica containing 3 wt% com-
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Figure 8. Water contact angle for (a) the fresh natural Xanthosoma sagittifolium leaves (b) RS electrode coated with smooth

epoxy thermoset, (c) CRS electrode coated with biomimetic epoxy thermoset, (d) methyl-silica microsphere tablet,

(e) CRS electrode coated with biomimetic epoxy-silica containing 1% composite and (f) CRS electrode coated

with biomimetic epoxy-silica containing 3% composite



posite are shown in Figure 9 and the corresponding

data were summarized and listed in Table 1.

Tafel plots of CRS electrode coated with all three

samples exhibiting the corrosion potential (Ecorr) was

more positive than the bare CRS electrode. On the

other hand, the corrosion current (Icorr) of the CRS

electrode coated with samples was found to be lower

than the bare CRS electrode. First of all, studies for

the effect of biomimetic epoxy morphology on cor-

responding corrosion protection upon CRS electrode,

it should be noted that the corrosion potential of CRS

electrode coated with BET (Ecorr = –504.0 mV) was

found to be more positive than that of neat epoxy

thermoset (Ecorr = –672.5 mV). Moreover, the cor-

rosion current of CRS electrode coated with BET

(Icorr = 0.33 µA/cm2) was found to be lower than that

of neat epoxy thermoset (Icorr = 0.78 µA/cm2). Based

on the Ecorr and Icorr data obtained from Tafel plots,

the BET was found to show better corrosion protec-

tion upon CRS electrode than that of epoxy ther-

moset with smooth surface. The increase of anticor-

rosion performance of the coating may be attributed

to the more hydrophobic surface (CA = 123°) of

BET than that of neat epoxy thermoset (CA = 81°).

Secondly, the further studies for the effect of incor-

porated superhydrophobic 1 wt% MS microspheres

existing in BET on corrosion protection upon CRS

electrode, it should be noted that the corrosion po-

tential of CRS electrode coated with BEC-1%

(Ecorr = –387.2 mV) was found to be more positive

than that of BET (Ecorr = –504.0 mV). Moreover, the

corrosion current of CRS electrode coated with

BEC-1% (Icorr = 0.31 µA/cm2) was found to be

lower than that of BET (Icorr = 0.33 µA/cm2). After-

ward, incorporated superhydrophobic 3 wt% MS mi-

crospheres existing in BET on corrosion protection

upon CRS electrode, it described that the corrosion

potential of CRS electrode coated with BEC-3%

(Ecorr = –344.4 mV) was found to be more positive

than that of BEC-1% (Ecorr = –387.2 mV). More-

over, the corrosion current of CRS electrode coated

with BEC-3% (Icorr = 0.19 µA/cm2) was found to be

lower than that of BET and BEC-1% (Icorr =

0.31 µA/cm2). The BEC-3% was found to show bet-

ter corrosion protection upon CRS electrode than

that of BET and BEC-1% based on the conclusion

obtained from the Ecorr and Icorr data. The further in-

crease of anticorrosion performance of coating may

be associated with incorporated suitable amount MS

microspheres enhance the hydrophobicity of BET

and BEC-1% coating.

Enhancement of coatings in anticorrosion upon CRS

electrode can be further confirmed by electrochem-

ical impedance spectroscopy (EIS), as discussed in

the following section.

3.7. Electrochemical impedance spectroscopy

measurements

In this study, EIS was utilized to evaluate the corro-

sion protection for CRS electrode coated with epoxy

thermoset, BET and BEC. Generally, corrosion be-

havior of a metal can be modeled with an equivalent

circuit which consists of a double-layered capacitor

that is parallel with a charge transfer resistor and

connected in series with an electrolyte solution re-
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Figure 9. Tafel plots of electrochemical corrosion measure-

ment for (a) bare CRS electrode, (b) CRS elec-

trode coated with smooth epoxy thermoset, (c) CRS

electrode coated with biomimetic epoxy ther-

moset, (d) CRS electrode coated with biomimetic

epoxy-silica containing 1% composite and (e) CRS

electrode coated with biomimetic epoxy-silica

containing 3% composite

Table 1. Contact angle and electrochemical corrosion meas-

urements of bare CRS electrode, CRS coated with

smooth epoxy thermoset, BET and BEC

Sample

code

Electrochemical corrosion measurements

Ecorr

[mV]

Icorr

[μA/cm2]

Contact

angle

[°]

Hysteresis

Coating

thickness

[μm]

CRS –852.8 220.5 – – –

Epoxy –672.5 0.78 81±3 32 28±2

BET –504.0 0.33 123±3 21 29±2

BEC-1% –387.2 0.31 137±3 17 30±2

BEC-3% –344.4 0.19 153±2 9 31±2



sistor. Impedance (Z) depends on the charge transfer

resistance (Rct), the solution resistance (Rs), the ca-

pacitance of the electrical double layer, and the fre-

quency of the AC signal (ω).

The high-frequency intercept was equal to the solu-

tion resistance and the low-frequency intercept was

equal to the sum of the solution and charge transfer

resistances [51]. Figure 10 shows the Nyquist plots

for (a) bare CRS electrode, (b) CRS electrode coated

with smooth epoxy thermoset, (c) CRS electrode coat-

ed with biomimetic epoxy thermoset, (d) CRS elec-

trode coated with biomimetic epoxy-silica contain-

ing 1% composite and (e) CRS electrode coated with

biomimetic epoxy-silica containing 3% composite.

The samples were immersed in 3.5 wt% NaCl aque-

ous electrolyte for 40 min before EIS measurements.

The charge transfer resistances of all samples, as de-

termined by subtracting the intersection of the high-

frequency end from the low-frequency end of the

semi-circle arc with the real axis, were 0.156, 574.8,

3140, 3961 and 5250 kΩ·cm2, respectively.

EIS Bode plots (impedance vs. frequency) of all sam-

ples were shown in Figure 11. Zreal was also a measure

of corrosion resistance. Low Zreal value could be per-

formed from high capacitance to low resistance of the

coating. The Bode magnitude plots for (a) bare CRS

electrode, (b) CRS electrode coated with smooth

epoxy thermoset, (c) CRS electrode coated with bio-

mimetic epoxy thermoset, (d) CRS electrode coated

with biomimetic epoxy-silica containing 1% compos-

ite and (e) CRS electrode coated with biomimetic

epoxy-silica containing 3% composite showed Zreal

values of 2.104, 5.724, 6.333, 6.814 and

7.017 kΩ·cm2, respectively, at low frequency end. It

should be noted that the result obtained from the EIS

(Nyquist plots and Bode plots) was found to be con-

sistent with the previous conclusion obtained from the

Tafel plots. It also demonstrated that the composite

with synergistic effect of biomimetic epoxy thermoset

morphology and incorporated MS microspheres ex-

hibiting better corrosion protection as compared to

that of neat epoxy thermoset with smooth surface.

In this work, the superhydropobic composite coat-

ings with synergistic effect of biomimetic epoxy ther-

moset morphology and incorporated MS micros-

pheres had the best corrosion protection. The possible

mechanism of enhancing corrosive protection prop-
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Figure 10. Nyquist plots of electrochemical corrosion meas-

urement for (a) bare CRS electrode, (b) CRS

electrode coated with smooth epoxy thermoset,

(c) CRS electrode coated with biomimetic epoxy

thermoset, (d) CRS electrode coated with bio-

mimetic epoxy-silica containing 1% composite

and (e) CRS electrode coated with biomimetic

epoxy-silica containing 3% composite

Figure 11. Bode plots of electrochemical corrosion measure-

ment for (a) bare CRS electrode, (b) CRS elec-

trode coated with smooth epoxy thermoset,

(c) CRS electrode coated with biomimetic epoxy

thermoset, (d) CRS electrode coated with bio-

mimetic epoxy-silica containing 1% composite

and (e) CRS electrode coated with biomimetic

epoxy-silica containing 3% composite

Figure 12. The mechanism of enhancing corrosive protec-

tion properties



erties was that superhydrophobic surface composed

of hills trapped the gas within the valleys between the

hills. Therefore, the free radical, O2 and H2O in the

corrosion solution could not effectively separate and

reach to metal substrates, as shown in Figure 12.

4. Conclusions

In this work, the coating of composite with syner-

gistic effect of biomimetc epoxy thermoset morphol-

ogy and incorporated superhydrophobic MS micros-

pheres was found to reveal better anticorrosion per-

formance on CRS electrode based on a series of elec-

trochemical measurements (Tafel plots) in saline

conditions. First of all, MS microspheres were pre-

pared by performing the sol-gel reaction of MTMS

in the presence of APTMS, followed by character-

ized through FTIR, 13C NMR and 29Si solid-state

NMR spectroscopy. The PDMS was employed as

negative soft template to duplicate the surface struc-

tures of natural leaf of Xanthosoma sagittifolium.

Moreover, the coatings with surface of biomimetic

epoxy thermoset and biomimetic epoxy-silica com-

posite were prepared by pouring the corresponding

epoxy and epoxy-silica slurry upon PDMS template,

followed by a series of programmed heating treat-

ment. The surface morphology study of coatings with

biomimetic morphology was investigated by the SEM

observations. The distribution of MS microspheres in

BEC-3% coatings was identified by Si mapping and

EDX studies, implying that the majority of MS mi-

crosphere was embedded in the BET coating. More-

over, the surface hydrophobicity of coatings with/

without biomimetic morphology and with MS mi-

crospheres was confirmed by the measurements of

contact angle (CA) of water droplets. It clearly indi-

cated that the contact angle of BEC-3% (CA = 153°)

and BET (CA = 123°) was found to be much higher

than that of neat epoxy thermoset (CA = 81°). The

CRS electrode coated with BET was found to exhibit

better anticorrosion performance than that of neat

epoxy thermoset based on a series of electrochemical

measurements. This may be attributed to the higher

surface hydrophobicity of BET, resulted from the

biomimetic morphology, than that of neat epoxy

thermoset. Moreover, the CRS electrode coated with

BEC-3% was found to reveal better anticorrosion

performance than that of BET. This may be related

to the incorporated 3 wt% of superhydrophobic MS

microspheres into BET to enhance the hydrophobic-

ity of coating. In summary, the composite coating with

synergistic effect of biomimetic epoxy thermoset

morphology and incorporated superhydrophobic MS

microspheres upon CRS electrode revealed signifi-

cantly increased corrosion protection performance

as compared to that of neat epoxy thermoset with

smooth surface.
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