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Jiřı́ Dybal • Jaroslav Kratochvı́l • Ludmila Kaprálková
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Abstract The effects of urea and urea-modified halloy-

site nanotubes (HNT) on structure and properties of poly

(e-caprolactone) (PCL) were evaluated using mechanical

testing combined with FTIR, DSC, DMA, and various

microscopic techniques. The results indicate important

changes in mechanical behavior by urea-mediated inter-

chain hydrogen bonding in PCL, whereas no linking

between PCL and HNT in the related nanocomposite was

found. As a result, the improved mechanical behavior of

nanocomposites with urea-modified HNT was caused by

combination of the matrix modification and urea-aided

enhanced dispersion of HNT. The additives do not have

any marked effect on PCL crystallinity. HNT increases and

urea reduces the overall rate of crystallization. Both addi-

tives show a moderate nucleating effect.

Keywords PCL � Urea � Halloysite � Nanocomposites �
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Introduction

During the last two decades, a remarkable improving of end-

use properties of polymers has been achieved by the incor-

poration of nanofillers. Numerous published papers were

aimed at the modification of polymer matrices by nanofillers

with various particle shape, size, and chemistry. In spite of

the tremendous achievements obtained by application of

carbon-based nanofillers, layered silicates are continually

the most industrially attractive nanofillers for every type of

polymer matrices, including the biodegradable ones.

The poly(e-caprolactone) (PCL) belongs to the most

important biodegradable polymers [1, 2]. However, there

are several factors holding back the progressive develop-

ment and applications of PCL. The main reason of limited

PCL utilization is unsatisfactory mechanical properties,

especially modulus and tensile strength. There was a great

effort dedicated to improvement of mechanical properties

of PCL by formation of blends [3–6] and composites [7, 8].

A very effective way to improve PCL mechanical proper-

ties is application of layered silicates [9–13]. Unlike tra-

ditional particulate fillers, such as calcium carbonate and

kaoline, the improvement of mechanical properties is

usually achieved at very low concentrations [14]. A further

significant benefit of nanofillers application is increased

biodegradability of PCL [11]. While most papers indicate

that the improvement of end-use properties can be achieved

by the application of layered silicates, it has recently been

documented that tubular silicates, like halloysites, are

useful, as well [15–17]. Dissimilarly to layered silicates,

where intercalation (modification) is inevitable to achieve

improvement of properties, there are examples in the lit-

erature documenting that no treatment of halloysite is

necessary to attain acceptable filler dispersion and out-

standing end-use properties [15–17]. A recent example of
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outstanding improvement of PCL properties by using small

amounts of untreated tubular halloysite (HNT) has been

documented by Lee and Chang [17].

In our recent work on PP/HNT composites, it was found

that modification of halloysite nanotubes by urea caused

improved halloysite dispersion in nonpolar polypropylene

matrix. However, due to poor interfacial interactions, no

improvement of mechanical properties was observed.

Surprisingly, improved mechanical properties were found

when the reactive modifier, 4,40-diphenylmethylenedima-

leinimide (DBMI) was used to provide linkage between PP

and HNT. The reaction between the DBMI ring and the OH

group of HNT was supported by urea [18]. Dissimilarly to

nonpolar polymer matrices, the application of urea and

urea-modified halloysite can be advantageous in polar

polymer systems. Based on the above, in the present work,

we have focused on the investigation of possibilities of

using urea-modified halloysite and urea itself in PCL.

Experimental

Materials

The poly(e-caprolactone) (CAPA 6800, PCL, Mw =

80,000 g mol-1, melting point = 60 �C, MFI = 2.4 g/

10 min (2.16 kg, 160 �C) was obtained from Perstorp, Swe-

den. Halloysite was received from Biela Hora, Michalovce,

Slovakia. Before modification, the halloysite was ground into

powder using a laboratory ball mill. The powdered halloysite

was purified and sieved. The average particle size of halloysite

agglomerates was 10 lm (Fig. 1).

Halloysite intercalation by urea

The intercalation of urea into the halloysite was performed

by mechanochemical means (dry grinding). A 10-g mixture

of the clay and urea (mixed in 2:1 ratio) was produced

using a Fritsch Pulverisette 5/2-type laboratory planetary

mill. Milling was performed for 30 min in an 80 cm3

capacity stainless steel bowl using 29 (110.3 g total)

stainless steel balls (10 mm diameter each). The rotation

speed was 374 rpm.

Composite preparation

The composites were prepared from poly(e-caprolactone)

and unmodified and/or intercalated halloysite (at 5 mass%)

via melt mixing in a Brabender W50-E chamber at 140 �C

using a rotor speed of 180 rpm with mixing time of 5 min.

PCL containing 1 % urea was prepared in the same way.

Dog-bone-shaped specimens (a gauge length of 40 mm,

EN ISO 527-2:2012, Sample size 5B) were prepared in a

laboratory microinjection molding machine (DSM). The

barrel and mold temperatures were 135 and 130 �C,

respectively.

Mechanical testing

Tensile tests were carried out using an Instron 5800

apparatus at 22 �C and crosshead speed of 20 mm min-1.

At least eight specimens were tested for each sample. The

Young’s modulus (E), maximum stress (rm), and elonga-

tion at break (eb) were evaluated; the corresponding vari-

ation coefficients did not exceed 7, 2, and 15 %,

respectively.

Dynamic mechanical thermal analysis (DMA) was per-

formed in single-cantilever mode using a DMA DX04T

apparatus at 1 Hz and heating rate of 1 �C min-1 from

-120 to 100 �C.

Differential scanning calorimetry

DSC analysis was carried out using a Perkin-Elmer 8500

DSC apparatus. Cyclohexane and indium were used for
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calibration. The instrument was cooled with liquid nitrogen

using an LN2 accessory at the set point of -90 �C and

flushed with dry nitrogen as a purge gas. The samples were

scanned between 0 and 90 �C in the heat–cool–heat cycle

with 5 �C min-1 rate of temperature change. Melting point

was identified as a maximum of the melting endotherm in

the first and second heating runs. The value of 139.5 J g-1

[19] was used as the heat of melting of 100 % crystalline

PCL in calculating its crystallinity. The non-isothermal

crystallization kinetics was evaluated empirically by ana-

lyzing the cumulative crystallization curves.

Spectrometry

ATR FTIR spectra were recorded on a Nicolet Nexus 870

FTIR spectrometer purged with dry air and equipped with a

MCT detector at a resolution of 4 cm-1. Samples were

measured on a horizontal micro-ATR Golden Gate unit

(SPECAC) with a diamond prism. The spectra were pro-

cessed by advanced ATR correction using the OMNIC

software.

The model quantum chemical calculations were per-

formed at the density functional level of theory (DFT)

using the Gaussian 09 program package [20]. The B3LYP

functional and the 6-311 ? G(2d,p) basis set were used

and the optimizations were unconstrained. Vibrational

frequencies of the normal modes were scaled by the stan-

dard scaling factor 0.9692 [21].

Characterization of structure

The structure of PCL spherulites was examined using

polarized light microscope Zetopan. The thin-layer

(*50 lm) samples were observed.

The fracture surface of composites was examined using

scanning electron microscope (SEM) Tesla BS-300 SEM.

Prior to analysis, the fracture surfaces were sputter-coated

with a gold layer of 40–50 nm thickness using a Balzers

SCD050 coating machine.

Results and discussion

Effect of urea modification on thermal stability of HNT

Particle size distribution of ground and sieved halloysite

from Biela Hora, Slovakia, is obvious from Fig. 1. The

dimensions of halloysite nanotubes are shown in Fig. 2.

More detailed characterization of HNT applied is described

elsewhere [18].

The TG-DTG patterns of the halloysite and the halloy-

site-urea complex are given in Fig. 3a and b, respectively.

The neat halloysite contains 10.5 % water which is lost at

83 �C at maximum rate. Dehydroxylation of the mineral

occurs at 526 �C with a mass loss of 14.0 % which is close

to the theoretical value.

The complex contains 2.6 % adsorbed water. Interca-

lated and surface-adsorbed urea decomposes at 233 and

340 �C (through the formation of biuret). The total amount

of the reagent lost is 57.4 %. The dehydroxylation of the

thermally deintercalated mineral takes place at 403 �C. The

Fig. 2 TEM image of halloysite nanotubes
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small mass loss step at 524 �C belongs to the dehydroxy-

lation of the non-expanded mineral [22].

Mechanical properties of PCL

From Table 1, it is evident that addition of 5 mass% of

unmodified halloysite leads to improvement of tensile

strength and Young modulus when compared to the neat

PCL. Our results, however, do not correspond to much

more significant improvement of PCL mechanical proper-

ties observed in recently published paper [17]. These dif-

ferences are connected primarily with diverse way and

conditions of composite preparation, but also with diverse

structure parameters and aspect ratio of used halloysite

types as well as formation of halloysite agglomerates in the

PCL matrix (Fig. 4a).

Unlike unmodified halloysite-based PCL composites,

remarkable improvement of elongation (nearly 50 % over

composite with unmodified HNT) and Young modulus was

observed in composites based on the urea-modified hal-

loyisite. As it is evident from Fig. 4 (similarly to our earlier

results on PP/HNT composites [18]), urea modification

significantly improved the dispersion of HNT and homo-

geneity of PCL composites (Fig. 4b). We ascribe this

improvement to change of interfacial energy between

HNT-urea and PCL [23].

To highlight the effect of urea itself, we further studied

the role of urea on PCL properties. By adding just 1 mass%

of urea, the improvement of mechanical properties, espe-

cially of maximum stress, was comparable to that of the

PCL composite containing 5 mass% of untreated halloysite

(Table 1).

As shown below (Table 2), urea has a negligible effect

on PCL crystallinity evaluated by DSC. Therefore,

improved mechanical properties are most probably caused

by PCL/urea interactions, i.e., an H-bond-based physical

network (interchain H-bond linkage) as indicated by FTIR

discussed in the next chapter. As a result, urea has a

multiple effect in the PCL/HNT system (influencing the

matrix parameters and HNT dispersion).

FTIR characterization of urea-induced interactions

ATR FTIR spectra of neat PCL and the mixtures of PCL

with 1 and 2 % of urea are shown in Fig. 5. The band at

1,726 cm-1 is assigned to the C=O stretching vibration of

crystalline PCL, while the band at 1,677 cm-1 corresponds

to the C=O stretching mode of pure urea. Significant

spectral changes are detected in the spectra of mixtures

compared to neat PCL, which suggests strong interactions

with urea. New relevant bands appear at 1,737; 1,693; and

1,655 cm-1. The band at 1,737 cm-1, which can also be

Table 1 Effect of additives on mechanical properties of PCL

Sample composition Max stress/MPa Strain at break/% Yield stress/MPa Modulus/MPa

Neat PCL 28.4 816 16.6 238

PCL ? 0.2 mass% urea 28.6 829 16.4 242

PCL ? 0.5 mass% urea 29.1 845 16 248

PCL ? 1.0 mass% urea 31.9 965 15.5 266

PCL ? 2.0 mass% urea 30.7 886 15.6 260

PCL ? 5 mass% HNT 29.5 589 17.1 258

PCL ? 5 mass% urea mod. HNT 33.3 1,100 15.5 297

Fig. 4 SEM of fracture surface

of a PCL/HNT, b PCL/(HNT-

urea) composites

1286 V. Khunová et al.
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detected as a small shoulder in the spectrum of neat PCL, is

attributed to the carbonyl groups of the amorphous portion

of PCL [24]. The bands at 1,693 and 1,655 cm-1 can be

assigned to the C=O stretching modes of PCL and urea in

the PCL/urea complex that are shifted to lower wave-

numbers relative to neat species due to hydrogen bonding

interactions.

Proposed interpretation of the FTIR spectra is supported

by the results of DFT calculations (Fig. 6). In the model

calculations of the PCL—urea interactions, the PCL chains

are represented by appropriate chain segments. The opti-

mized structure shown in Fig. 6 demonstrates that two PCL

chains can be bound through strong hydrogen bonds of

C=O groups with the NH2 groups of urea. Interaction

energy calculated as the difference between the pure

electronic energies of the final complex and isolated spe-

cies is 47.9 kJ mol-1. For the model structure shown in

Fig. 6, the calculated frequencies of the C=O stretching

vibrations of PCL in the complex are shifted to lower

wavenumbers by 23 and 31 cm-1 relative to the non-

bonded segments. In the case of urea, the C=O stretching

vibration in the complex is compared with corresponding

value obtained for the hydrogen-bonded urea dimer, which

may represent typical conditions in pure urea. In the

complex, the frequency of the C=O stretching mode of urea

is shifted to lower wavenumbers by 21 cm-1. The DFT

calculations do not reproduce the experimental vibrational

frequencies exactly; however, the relative values of cal-

culated frequencies are reliable and can be used for the

interpretation of the observed frequency shifts.

The DFT-optimized structure of the hydrogen-bonded

complex of two PCL segments and one molecule of urea

was calculated by the B3LYP/6-311 ? G(2d,p) method.

Bond lengths are given in Å, and vibrational frequencies

(in cm-1) of the C=O stretching modes calculated for the

complex are compared (in parenthesis) with corresponding

values obtained for the free segment (PCL) and urea dimer.

Table 2 DSC runs and non-isothermal crystallization kinetics

Sample 1st run 2nd run NIC kinetics

Tm/�C Cr/% Tm/�C Cr/% RCi/% Ti/�C |si|/K
-1

PCL 61.8 49.1 59.3 39.1 43.5 34.8 23.9

PCL/HNT 62.0 43.8 59.6 40.4 40.0 35.5 26.8

PCL/urea 62.7 48.0 59.1 40.0 44.0 35.7 22.9

PCL/urea-HNT 62.3 48.5 58.9 38.0 43.8 35.8 23.7

16501750 1700 1600 1550

1737

1724

a

1693

b

c

d

1655

A
bs

or
ba

nc
e

Wavenumbers/cm–1

1677

Fig. 5 FTIR spectra of a PCL, b PCL/urea (1 %), c PCL/urea (2 %),

d urea

1678 (1699)

1697 (1720)

1689 (1720)

2.06

2.11

Fig. 6 DFT structure of the hydrogen-bonded complex of two PCL

segments and one molecule of urea

Effect of urea and urea-modified halloysite 1287

123



The analogous analysis of composite indicates that

HNT–urea interactions could not be detected by ATR

FTIR.

Dynamic mechanical analysis

The above fact that improvement of mechanical properties

of urea-modified PCL consists predominantly in hydrogen

bonding interactions is confirmed by the course of tem-

perature dependence of both storage and loss moduli

(Fig. 7). This indicates low thermal stability of interactions

obvious from comparable strong decrease in mechanical

parameters above the melting points of PCL and urea-

modified PCL. DMA further indicates negligible decrease

in glass transition temperature (Tg) of PCL due to the

presence of urea. The negligible change in Tg by addition

of HNT is probably a result of compensation of two

effects—usual increase in Tg by added nanofillers, as fre-

quently mentioned in the literature, and higher chain

mobility due to increased free volume in the case of

anisotropic nanofillers with length far exceeding the typical

gyration radii of polymer chains [25, 26]. Presence of urea-

modified HNT also leads to slight increase in Tg, which

may indicate some urea-mediated hydrogen bond linking

between PCL and HNT.

Differential scanning calorimetry

Results of the DSC analysis are summarized in Figs. 8–11

and Table 1. From Table 1, it is obvious that the melting

temperatures Tm do not show any significant difference

between respective samples, either in the first (Fig. 8) or in

the second (Fig. 9) heating run. The melting temperatures

Tm are somewhat higher in the first heating run than in the

second one. The crystallinities Cr (based on the value

139.5 J g-1 for the 100 % crystalline PCL) of all samples

are significantly higher in the first run. The results suggest

that more perfect PCL crystals, as documented by higher

melting temperatures and higher crystallinities, have

developed in the as-prepared samples than in the remelted

ones.

The non-isothermal crystallization (NIC) kinetics was

evaluated purely empirically based on analysis of the

cumulative crystallization (CC) curves (Fig. 11). Position

of a CC curve on the T-axis relatively to that of neat

polymer reflects nucleation effect of added components.

The slope of linear part of the CC curves provides infor-

mation about overall rate of crystallization. Quantitative

evaluation of the NIC kinetics in based on two parameters,

viz temperature of the inflection point of the CC curve (Ti)

and slope of the tangent in the inflection point (si). This
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approach has several advantages. It is simple and unam-

biguous (unlike some theoretical models evaluating early

stages of crystallization); it does not refer to any particular

crystallization model; its result is the variable directly

proportional to the overall rate of crystallization in its

maximum and at relatively advanced stage of the crystal-

lization process—see the values of relative crystallinities

(RCi) in Table 1. On the other hand, this approach does not

provide information about dimensionality of the crystal

growth. To the best of our knowledge, such a simple

approach has not yet been reported in the literature.

The parameters obtained in evaluating the NIC kinetics

are shown in Table 1. Relative crystallinity RCi at the point

of the kinetic evaluation is 40–45 %. Temperature at the

inflection point of the CC curves Ti shifts to higher values

for the samples with additives. The addition of urea

increases Ti by about 1 �C. The addition of urea-modified

HNT has similar affect. The influence of non-modified

HNT is lower. Altogether, the effect of additives on the

crystallization temperature of PCL is relatively small,

which is also apparent from the position of the crystalli-

zation exotherms (Fig. 10) and the CC curves (Fig. 11).

The influence of additives on the overall rate of crys-

tallization, as given by the absolute value of the slope of

tangent in the inflection point of the CC curves |si|, is more

pronounced. The addition of HNT significantly increases

the crystallization rate possibly due to the above-mentioned

increase in the free volume and, hence, in the chain

mobility. On the other hand, the crystallization rate is

reduced by the addition of urea. Here, the chain mobility

and thus crystallization rate is probably reduced by the

H-bond interactions of urea with PCL—see the FTIR

results. In the sample containing urea-modified HNT, these

two contradictory effects basically compensate each other.
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Finally, polarized light microscopy observations (Fig. 12)

indicate slightly reduced size of crystalline domains in both

PCL/HNT and PCL/urea, when compared with neat PCL.

Conclusions

The results obtained highlight ability of low content

(B1 mass%) of urea to improve mechanical properties of

PCL by interchain hydrogen bond linkages as confirmed by

FTIR and DMA. The urea modification of HNT using dry

grinding technique leads to improved mechanical behavior

of the PCL matrix nanocomposites as well. In this case, the

matrix modification is accompanied by supporting the

dispersion of HNT in the PCL matrix.

The urea and halloysite do not have any marked effect

on PCL crystal perfection. The non-isothermal crystalli-

zation kinetics, as evaluated by a new purely empirical

approach, has revealed moderate nucleating effect if the

additives. The addition of HNT significantly increases the

overall rate of crystallization, possibly due to increased

free volume. Added urea reduces the crystallization rate

probably due to H-bond interactions with PCL.

The application urea-modified HNT as well as urea

alone presents an original and effective approach of

improving PCL end-use properties.
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