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ABSTRACT: In this study, thermoplastic polyurethane (PU) composites were successfully prepared from waste cotton fabric (WCF)

and reclaimed PU foam derived from the shoe manufacturing industry through melt mixing. A pan-mill-type mechanochemical reac-

tor made in our laboratory was applied to determine the mechanochemical activation of WCF. The intramolecular and intermolecular

hydrogen bonds of WCF could be broken up through pan milling because of the fairly strong shearing and squeezing forces. More-

over, the simultaneous reduction of particle size and the large increment of the specific surface area of pan-milled WCF benefitted its

dispersion and the interfacial adhesion with the PU matrix. Mechanochemically activated WCF could be used as a low cost but effec-

tive functional additive to enhance the melt processability and mechanical properties of PU/WCF composites. With the addition of

75-phr WCF, the heat shrinkage of the melt-reprocessed PU decreased sharply from its original 11.4 to 0.3%. Meanwhile, the tensile

strength of the composites was enhanced from 10.3 to 23.2 MPa. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3555–3563, 2013
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INTRODUCTION

Nowadays, polyurethane (PU) foams are used extensively as cush-

ion materials because of their superior physical properties (e.g.,

high tensile strength, abrasion and tear resistance, low-temperature

flexibility, oil and solvent resistance, paintability) and high versatil-

ity.1,2 A considerable amount of PU foams are used in footwear

(shoe soles). With the increasing quantity of PU wastes, the recy-

cling of PU has become an urgent and important task. The meth-

ods used to recycle postused PU foams include mechanical recy-

cling, recycling back to chemical feedstock, and recovery of

energy. In the mechanical recycling process, PU foam was smashed

into a fine powder and used as a filler for polymer and concrete

materials.3,4 However, this usually results in the deterioration of

the mechanical properties of the obtained composites. Numerous

studies on the chemical recycling of PU foams, such as through

hydrolysis,5 glycolysis,6 aminoalcoholysis,7 and methanolysis,8 have

been described in the literature. More recently, the degradation of

PU by microorganisms was realized.9 However, the difficulty of

purifying the degraded products limits the large-scale industrial

application of chemical recycling technology. On the other hand,

the incineration process10 for energy recycling is inevitably accom-

panied by the emission of toxic gases; this further aggravates envi-

ronmental pollution. Therefore, there is still a challenge to develop

a cost-effective method for the recycling of PU foams.

Waste cotton fabric (WCF), which is derived from used clothes

and surplus from textile industries, represents another type of

environmental problem. Nowadays, most WCF is landfilled or

incinerated.11 Efficient technology for the recycling of WCF is still

under development.12–14 WCF is neither meltable nor soluble in

most common solvents because of its large amount of intramo-

lecular and intermolecular hydrogen bonds and its high degree of

crystallinity in structure, which destroys its processability.15

The aim of this study was to prepare thermoplastic composites

from reclaimed PU foam and WCF and, thereby, to provide a

cost-effective technology for recycling these two waste polymers

simultaneously. WCF was pretreated by a self-designed pan-

mill-type mechanochemical reactor to obtain a cellulose ultra-

fine powder and break up the hydrogen bonds in the cellulose.

The pan-mill-type mechanochemical reactor was a novel pulver-

izing instrument.16–22 The milled materials suffered from strong

pressures and shear forces because of the space changes in the

unit cells and the complex motion in both the circular and
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radial directions. While undergoing stress, the polymer bonds

were distorted, and the bond angles and distance were extended.

When the imposed stress was beyond the chemical bonding

energy, bond rupture occurred.23 Our previous studies24,25 con-

firmed that the hydrogen bonds in cellulose could be effectively

broken up to expose reactive hydroxyl groups on the cellulose

surface, with the induction of fairly strong shearing and compres-

sion forces. In this study, the mechanochemically activated WCF

was used as a low cost but effective functional additive for the

enhancement of the melt processability and mechanical proper-

ties of reclaimed PU foam. The influence of the WCF content on

the composites’ melt processability, mechanical properties, and

dynamic mechanical properties is discussed in detail.

EXPERIMENTAL

Materials

The waste PU foam used in this study was derived from sole

materials and was kindly provided by Jiangsu Meiah Rubber &

Plastics Technology Co., Ltd. (Zhenjiang, China). It was smashed

by an industrial crusher and used as such without any further pu-

rification. The obtained PU granules had an irregular shape with

a particle size of 2–5 lm. The WCF used in this study was

obtained commercially from the surplus of textile industries.

Mechanochemical Activation of the Cellulose Fibers

The mechanochemical activation of cellulose was achieved

through high shearing and compression forces generated by the

pan-mill-type mechanochemical reactor. The details of the

pan-mill equipment and operation procedure can be found in

our previous publications.24,25 Generally, we obtained granules

(5–10 mm in diameter) of the cotton cellulose fibers with easier

access to the pan mill by chopping the pulp. After that, they

were fed in a hopper set at the middle of the moving pan. The

milled powder was discharged from the brim of the pans. The

discharged powder was then collected for the next milling cycle.

The whole milling process at ambient temperature was main-

tained at a rotating speed of 30 rpm and a specific pressure.

Preparation of the Thermoplastic PU/WCF Composites

By altering the content of WCF in the composites, we prepared

four composites with PU/WCF weight ratios of 100/25, 100/50,

100/75, and 100/100, respectively. We prepared the blends in a Bra-

bender Plasticorder PLE-330 (Duisburg, Germany) by melt mixing

the components at a temperature of 180�C and a rotor speed of 30

rpm for 8 min. After that, all of the samples were molded on a Min-

iJet injection molding machine (Thermo Fisher Scientific, Karls-

ruhe, Germany) under a pressure of 10 MPa at 210�C for 5 min.

Morphological Observation

Scanning electron microscope (JEOL model JSM-5600, Tokyo, Ja-

pan) was used to observe the morphology of the cellulose fibers and

the liquid-nitrogen-fractured surface of the composite samples.

Before scanning electron microscopy (SEM) evaluation, the samples

were sputter-coated with gold to prevent charging during the tests.

Size and Specific Surface Area Analysis

The average particle size and particle size distribution of the cellu-

lose powder were measured by a Masterizer 2000 laser particle ana-

lyzer (Malvern, Britain). The range of size analysis was 0.3–100 lm.

An appropriate amount of each sample was dispersed in the sus-

pension medium (water) with a p-octyl poly(ethylene glycol) phe-

nyl ether emulsifier as a dispersing agent and stirred at a pumping

speed of 2400 rpm. We obtained more correct data by breaking up

the flocculates ultrasonically. Then, the particle size and its distribu-

tion were calculated from the light-scattering pattern. The specific

surface area of the WCF powder was estimated simultaneously.

Fourier Transform Infrared (FTIR) Analysis of Cellulose

FTIR spectroscopy was performed by means of a Nicolet 20SXB

FTIR spectrometer (Madison, Wisconsin), with 32 scans taken

for each sample at a resolution of 2 cm�1, ranging from 400 to

4000 cm�1. KBr pellets of the samples were prepared by the

mixture of 2 mg of WCF powders with 200–300 mg of KBr in a

carnelian mortar. The pellets (diameter ¼ 1 cm) were prepared

in a standard tool under a pressure of 4 MPa. Both the cellulose

powders and KBr were dried before testing.

Wide-Angle X-ray Diffraction (WAXD) Analysis

WAXD measurements were performed in a Philips Analytical

X’Pert X-diffractometer (Almelo, Netherlands) with Cu Ka radi-

ation at k ¼ 0.1540 nm (40 kV and 40 mA). The measurements

were conducted on powder compacted into small mats. WAXD

data were collected at 2h values from 5 to 50� with a step inter-

val of 0.02�. The degree of crystallinity could be expressed rela-

tive to the crystallinity index (CrI). The equation used to calcu-

late CrI was described by Segal et al.26 in the following form:

CrI %ð Þ ¼ I002 � I amð Þ=I002½ � � 100

where I002 is the counter reading at the peak intensity at a 2h
angle close to 22� and represents the crystalline part and Iam is

the counter reading at the peak intensity at a 2h close to 18�

and represents the amorphous part in cellulose.

Raman Analysis

Raman spectra were recorded on a Bruker Fourier transform Raman

spectrometer VERTEX-70 (Bruker Optics, Ettlingen, Germany) with

a diode-pumped Nd:YAG laser at an operating wavelength of 1064

nm. The measurements were performed with a 180� angle scattering

geometry with 100 scans and a laser power of 500 mW at the sam-

ple location. Samples of the PU/WCF composites were obtained

from injection molding. The interferograms were apodized with the

Blackman–Harris four-term function and Fourier-transformed.

Tensile Tests

The stress–strain properties were measured according to ASTM

D 412-80 with dumbbell test pieces with an Instron 5567 uni-

versal testing machine (Boston, Massachusetts) at a crosshead

speed of 500 mm/min. Each sample was measured at least five

times to eliminate experimental error. All of the tests were con-

ducted at a room temperature of 23�C.

Heat-Shrinkage Measurements

Strips of the samples were taken for this experiment. The sam-

ples with and without pretreatment were prepared with a Haake

MiniJet, (Karlsruhe, Germany) at 210�C. The samples were

taken out and set aside for 24 h to allow any elastic rebound.

From the length of the barbell mold and the sample, the heat

shrinkage (%) was calculated as follows:27

Heatshrinkage %ð Þ ¼ L � Loð Þ=L � 100

where L is the length of the barbell mold and Lo is the length of

the sample after shrinkage.
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Dynamic Mechanical Analysis (DMA)

DMA was carried out on a dynamic mechanical thermal ana-

lyzer (TA Q800, New Castle, PA Pennsylvania) from Polymer

Laboratory. The measurements were conducted under a tension

mode with dimensions of 14 � 4 � 2 mm3 and a heating rate

of 5�C/min from �100 to 120�C at atmospheric pressure. The

frequency was fixed at 1 Hz.

RESULTS AND DISCUSSION

Morphological Development of WCF During Pan Milling

The morphological development of WCF during pan milling was

estimated by SEM observation. The SEM micrographs of the WCF

powder before and after milling are shown in Figure 1. Figure 1(a)

shows the SEM micrograph of the initial WCF powder, which con-

sisted of comparatively tangled fibers and bundles with a smooth

surface. Figure 1(b) shows the SEM micrograph of the WCF pow-

der after 5 cycles of pan milling. The WCF fibers began to lose

their fibrillar structure, and some with untangled structures were

also obtained. Figure 1(c) shows the SEM micrograph of the WCF

powder after 40 cycles of pan milling. The fibrous structure of

WCF was completely destroyed, and a fine powder was obtained

because of the effects of strong shearing and squeezing stresses

during pan milling. At 40 cycles, for example [Figure 1(c)], the

particle size of WCF became smaller and exhibited a more uniform

and finer powder structure as the milling times were prolonged;

this indicated that mechanochemical milling was an effective pre-

treatment method for reducing the particle size. A similar result

was achieved in the research of Ghose.28

Size Reduction During Pan Milling and Specific

Surface Area Analysis

To further investigate the effect of mechanochemical milling on

the morphology of WCF, the average particle size and particle size

distribution of the WCF powder were measured. The results are

shown in Figure 2. Figure 2(a) shows the effect of pan milling on

Figure 1. SEM images of the WCF powders (a) before and after (b) 5 and (c) 40 cycles of pan milling.
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the particle size and specific surface area of WCF. The results indi-

cate that the average particle size of the WCF powder decreased

sharply with increasing milling time as a result of the pulveriza-

tion of large particles. Meanwhile, the specific surface area

increased with increasing milling time; this indicated that the sep-

aration and breakage of the WCF fibers into small particles pro-

duced a greater surface area at the cut edges.

The effect of pan milling on the particle size distribution of

WCF is shown in Figure 2(b). The particle size of the WCF

powder moved to a smaller diameter with increasing milling

time. The average volume of the mean diameter was 63 lm af-

ter 10 cycles of milling. After 40 cycles of milling, the average

particle size decreased to 15.8 lm, and the particle size distribu-

tion curve became the widest of four samples because of the

generation of some smaller particles.

FTIR Analysis of Cellulose

FTIR spectroscopy is a useful tool for obtaining rapid informa-

tion about the structure of cellulose and the chemical changes

that take place in cellulose because of various treatments. The

spectra of the WCF powder before and after 40 cycles of milling

are shown in Figure 3. The absorption peak around 1060 cm�1

was ascribed to ACAOA stretching vibrations, which are the

symbol of a glucose ring. The intensity of this peak was not

changed after pan milling; this demonstrated that the mechano-

chemical degradation of cellulose could have hardly occurred at

glucose rings. No new absorption peaks arose after milling; this

illustrated that no other functional groups were generated dur-

ing milling. A similar result was reported by Staudinger and

Dreher,29 who treated cellulose from spruce by ball milling. The

broad and strong peak ranging from 3200 to 3600 cm�1 and

assigned to AOH groups showed a marked increase after

mechanochemical pretreatment and was ascribed to the intra-

molecular and intermolecular hydrogen bonds of cellulose.30

Schwanninger et al.31 reported that the OAH stretching vibra-

tion region became broader during mechanical milling because

of the breakage of the hydrogen bonds of cellulose. The broad-

ening of the peak at 3412 cm�1, which was ascribed to OAH

stretching vibration after pan milling, is shown in Figure 3; this

accorded well with this view.

WAXD Analysis of Cellulose

To investigate the crystalline structural changes of the WCF cellu-

lose, WAXD analysis was conducted. Figure 4 shows the WAXD

patterns of the WCF cellulose before and after 20 cycles of pan

milling. The results indicate that intensive mechanical action on

the polymers was able to cause damage to the macromolecular

chains and led to the mutual displacement of separate structural

units. The displacement of structural elements of the polymeric

chains was first accompanied by the distortion of the initial pack-

ing of the chains and a loss of ordering. The sharp, high diffrac-

tion peak of the WCF cellulose appeared at a 2h value close to 22�

and was assigned to the (002) lattice plane of cellulose I.32,33 The

two overlapping flatter diffractions at a 2h value close to 15� were

assigned to the (101) and (101�) lattice planes of cellulose I.34

The most significant change was the weakening of the diffraction

peak intensity, which indicated that the crystalline ordered scat-

tering units were sharply reduced because of a breakage of the

original crystallites and a considerable rupture of the intermolec-

ular hydrogen bonds. Vittadini et al.35 reported that the amor-

phous part of cellulose was more readily accessible by reactants

and had more activation. Thus, a decrease in the crystallinity of

WCF after mechanochemical pretreatment benefitted its interfa-

cial adhesion with the polymer matrix.

Raman Analysis of the PU/WCF Composites

Raman analysis is an important method for studying the struc-

tural changes of hydrogen bonds. Raman shifting can provide

an insight on the interfacial interaction between the fillers and

PU matrix. To investigate the changes in the intramolecular and

intermolecular hydrogen bonds of the PU/WCF composites, we

conducted Raman spectroscopy. Figure 5 shows the partial

Raman spectra of the PU and PU/WCF composites. In general,

the variation of the Raman scattering intensities of the urethane

functional groups (NAH stretching, amide I at about 1732

cm�1, amide II at about 1530 cm�1, and amide III at about

1303 cm�1)36 could be used to investigate the hydrogen bonds

of PU. Strong peaks in this spectral range of about 1000–2000

cm�1 appeared in the Raman spectra of the pure PU and PU/

unpretreated WCF composites; this indicated the existence of

Figure 2. Effects of pan milling on the (a) particle size and specific

surface area and (b) particle size distribution of WCF powders. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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abundant exposed NAH groups. It was interesting to note that

with the addition of mechanochemically activated WCF, the

Raman peaks of the PU/WCF composites in this spectral range

weakened and almost disappeared. The results indicate that the

free hydroxyl groups exposed on the WCF surface could estab-

lish new hydrogen bonds with the NAH groups of the PU mol-

ecules; this led to the significant weakening of the Raman peaks

of NAH groups.

Mechanical Properties of the Thermoplastic PU/WCF

Composites

The ultrafine pulverization and hydrogen-bond breakage of

WCF due to the mechanochemical pretreatment could have also

influenced its adhesion ability to the reclaimed PU matrix and,

thus, altered the mechanical properties of the PU/WCF compo-

sites. The effect of the mechanochemical pretreatment on the

elongation at break of the PU/WCF composites is shown in

Figure 6. It was apparent that the elongation at break values of

the composites prepared from the mechanochemically activated

WCF were much better than those of the untreated WCF, and

this effect became more evident with increasing WCF content.

With the addition of more than 50-phr untreated WCF to the

composites, the elongation at break sharply decreased to lower

than 2.3%. This result limits its application as a thermoplastic

elastomer. On the other hand, with the addition of the 50-phr

mechanochemically activated WCF to the PU matrix, the elon-

gation at break values of the PU/WCF composites were even

Figure 5. Raman spectra of the pure PU and PU/WCF composites. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. WAXD patterns of the WCF cellulose before and after 20 cycles

of pan milling. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. FTIR spectra of the WCF cellulose before and after 40 cycles of pan milling. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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higher than that of the pure PU matrix. The enhancement of

the elongation at break through the mechanochemical pretreat-

ment of WCF could be ascribed to the improved interfacial ad-

hesion between the activated WCF and PU matrix. In view of

the poor mechanical properties of the untreated WCF-filled

composites, the mechanochemically activated WCF was used for

the preparation of all of the PU/WCF composite samples in this

study.

The effects of the pretreated WCF content on the tensile

strength and Young’s modulus values of the PU/WCF compo-

sites are shown in Figure 7. The tensile strength of the PU/WCF

composites increased with increasing pretreated WCF content.

With the addition of 75-phr pretreated WCF to the PU matrix,

the tensile strength increased from its original 10.3 to 23.2 MPa,

an enhancement of 125.2%; meanwhile, the Young’s modulus

increased from its original 31.8 to 664.6 MPa, an increase of

over 20 times. This was attributed to the good interfacial bond-

ing between the pretreated celluloses and the PU matrix, which

facilitated effective stress transfer. The results demonstrate that

the mechanochemically activated WCF was low in cost but was

an efficient reinforcing filler for the PU matrix. The reinforcing

effect of cellulose was consistent with the results of other

researchers.37–39

Figure 9. (a) E0 and (b) tan d versus temperature curves of the PU/WCF

composites with various WCF contents. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Effects of the pretreated WCF content on the tensile strength

and Young’s modulus values of the PU/WCF composites. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. Effect of the pretreated WCF content on the heat shrinkage of

the PU/WCF composites.
Figure 6. Effect of the mechanochemical pretreatment on the elongation

at break of PU/WCF composites with various WCF contents.
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Heat Shrinkage of the Thermoplastic PU/WCF Composites

The PU matrix used in this study was reclaimed PU foam and

was derived from the shoe manufacturing industry. It had poor

melt processability, and it was difficult to obtain its integrated

sample. To investigate the effect of the pretreated WCF content

on the melt processability of the PU/WCF composites, the heat-

shrinkage value was measured and is shown in Figure 8. The

heat-shrinkage value sharply decreased with increasing pre-

treated WCF content. With the addition of more than 50-phr

pretreated WCF to the composites, almost no heat shrinkage

was observed. Meanwhile, the error range of the PU/WCF com-

posites decreased with increasing WCF content; this further

confirmed the enhancement in melt processability. The results

indicate that the mechanochemically activated WCF could be

used as a functional filler to enhance the melt processability of

reclaimed PU foam. The fairly strong shearing and compression

forces exerted by the pan-mill equipment destroyed the hydro-

gen bonds and released reactive hydroxyl groups, which estab-

lished a new hydrogen-bond network with PU molecules.40 As a

result, the interfacial adhesion between the pretreated WCF and

the PU matrix was improved. The rigid WCF effectively re-

stricted the heat shrinkage of the PU matrix. Furthermore, the

small particle size of the cellulose powder displayed excellent

morphological stability and dispersability against shrinking

because of the steric effect of the composites.

DMA

DMA is a useful technique that is commonly used to character-

ize the time and temperature dependency of the viscoelastic na-

ture of polymers. The ratio of the loss modulus (energy lost as

viscous dissipation) and storage modulus (E0; elastic energy

stored during deformation) is known as tan d and indicates the

damping characteristic of materials.

The dynamic mechanical parameters (E0 and tan d) for the

blend composites are plotted as a function of temperature at a

constant frequency of 1 Hz (Figure 9). The E0 values of the PU/

WCF composites increased with increasing pretreated WCF con-

tent, as shown in Figure 9(a); this corresponded well with the

mechanical properties results. The tan d versus temperature

curves are shown in Figure 9(b). The tan d peak was associated

with the glass transition of the PU molecules. The glass-transi-

tion temperature, which represents one of the major viscoelastic

transitions of a material, is often obtained from the maximum

of the tan d curve.41 The glass-transition temperature of the PU

moved to higher temperatures with increasing pretreated WCF

content; this was attributed to the hindered cooperative motion

of the polymer chains. This result indicated that strong interfa-

cial interaction between the pretreated WCF and PU matrix was

realized. The same phenomenon has been observed in other

fiber-reinforced elastomer composites.42,43

Figure 10. SEM photographs of the PU/WCF composites filled with (a) 25-phr unpretreated WCF, (b) 50-phr unpretreated WCF, (c) 25-phr activated

WCF, and (d) 50-phr activated WCF, respectively.
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Morphological Observation on the Fractured Surface of the

PU/WCF Composites

Figure 10(a, b) shows the SEM images of the liquid-nitrogen-

fractured surfaces of the PU composites filled with 25- and 50-

phr unpretreated WCF, respectively. A clear interface could be

seen in the PU/unpretreated composites; this indicated the poor

adhesion between the two phases. In contrast, the interface of

the PU composites filled with 25- and 50-phr pretreated WCF

were vague and made it difficult to distinguish the two phases.

The mechanochemically activated WCF was well coated and

firmly embedded in the PU matrix because of its large specific

surface area and increased interfacial interaction. This was con-

sistent with the results of Raman spectroscopy described earlier

and indicated the strong hydrogen-bonding interactions

between the mechanochemically activated WCF and the PU

matrix.

CONCLUSIONS

An activated WCF ultrafine powder was successfully prepared

through a mechanochemical route and was used as a reinforce-

ment to enhance the melt processability and mechanical proper-

ties of reclaimed PU foam. The following conclusions were

drawn:

1. The fairly strong shearing and compression forces exerted

by the pan mill destroyed the hydrogen bonds of the WCF

cellulose and released reactive hydroxyl groups, which were

beneficial to the interfacial interaction between the WCF

and PU matrix.

2. The mechanical properties of the PU/WCF composites

were significantly improved through the mechanochemical

pretreatment of WCF. This was ascribed to the improved

interfacial adhesion between the WCF and PU matrix, as

confirmed by the DMA results.

3. Mechanochemically activated WCF powder could be used

as a low-cost but effective functional filler to enhance the

melt processability of reclaimed PU foam. The heat

shrinkage of the composites sharply decreased with

increasing pretreated WCF content.
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