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ABSTRACT: Soft drinks poly(ethylene terephthalate) (PET) bottles were depolymerized by glycolysis using a 1 : 3 molar ratio of PET

repeating unit to glycols like neopentyl glycol (NPG) and dipropylene glycol (DPG). Further, a series of waterborne polyurethanes

(WPUs) was synthesized using pure polypropylene glycol (PPG), and glycolyzed oligoesters/PPG blends in different molar ratios as

soft segment. Thermal property of WPU was tested by differential scanning calorimetry (DSC) and thermogravimetric analysis

(TGA). Moreover, viscosity and particle size of WPU were also investigated. The results show that introduction of a certain amount

of glycolyzed oligoester to soft segment makes the degree of hard-soft domain microphase separation smaller, and can also improve

thermal stability of WPU. Furthermore, WPUs synthesised from glycolyzed oligoesters and PPG blends possess larger particle size,

better particle size distribution, relative lower and more stable viscosity. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42757.
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INTRODUCTION

In the past few years, more attention has been paid to reducing

the emission of toxic and polluting materials into the atmos-

phere during production processes.1 Solvent-borne coatings not

only pollute the environment but also threaten human health

because of the relatively high volatile organic components

(VOCs) present in them. Waterborne polyurethanes (WPUs) are

taking an important role in polyurethane industry2,3 because of

the fact that they are eco-friendly and can be formulated into

coatings containing little or no co-solvent.4,5 WPU makes an

effective substitute for solvent-based analogues. While a wide

variety of properties known from polyurethane chemistry and

technology is also achievable from an aqueous medium, WPUs

have properties that are very close to solvent-borne polyur-

ethanes. Furthermore, WPU possesses superior properties such

as abrasion resistance, high flexibility at low temperature, excel-

lent adhesion to glass surfaces and film-forming ability at ambi-

ent temperature,6–9 which leads to continuously increasing

applications in many fields including coating, printing, ink,

adhesive and fibre processing.10,11

WPU is a binary colloidal system, which is classified into ani-

onic, cationic and nonionic systems, with particles dispersed in

an aqueous phase.12 The main methods of preparing WPU are

the acetone, prepolymer, hot melt and ketamine/ketazime proc-

esses, of which the acetone and prepolymer processes are the

two most commonly used methods in industry. In research, ace-

tone and prepolymer processes are usually mixed to synthesize

WPU, where acetone is added to prepolymer and the hydro-

philically modified prepolymer is directly mixed with water, and

acetone is removed through evaporation in the end.

Poly(ethylene terephthalate) (PET) is a very popular packaging

material because of transparence, light-weight with high

strength, high chemical inertness, selectively permeability to

gases, filter proof and user-friendliness.13 Nevertheless, extensive

applications of PET cause a large number of solid wastes annu-

ally.14,15 Although there are several proposed methods for recy-

cling waste PET,16–18 it is suggested that chemical glycolysis is

the most attractive method as PET waste can easily be decom-

posed into corresponding monomers or raw chemicals19–21 Gly-

colysis of PET using different alcoholysis agents, such as

ethylene glycol (EG), diethylene glycol (DEG), propylene glycol

(PG), polyethylene glycol (PEG), tetraethylene glycol (TEG) and

neopentyl glycol (NPG), has been widely studied.21–23 Pardal

and Tersac24 have compared the reactivity of different glycols in

PET glycolysis, including DEG, dipropylene glycol (DPG), glyc-

erol (Gly) and mixtures of these glycols. They found that PET

was not digested more quickly in mixtures of these glycols than

in pure glycols except for mixture of DPG and Gly. Colomines

et al.25 depolymerized PET with oligoesters, which were synthe-

sized via the trans-esterification of dimethyl isophthalate with

NPG or TEG. The study showed a dependence of glass transi-

tion temperature (Tg) and thermal stability of glycolysates on
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the nature of oligoesters. Cakić et al.26 also depolymerized PET

bottles by glycolysis with different molar ratios of PET to pro-

pylene glycol (PG), TEG and PEG. Later, these glycolyzed oli-

goesters were used to synthesize WPUs. The study indicated

that WPU with a lower molar ratio of PET/glycol in glycolysis

process showed lower thermal stability but higher film hardness.

These glycolyzed oligoesters of PET waste obtained using differ-

ent alcoholysis agents can be used to produce fresh industrial

products such as unsaturated polyesters, polymer-composites,

polymer concrete and others.27–29 Among them, WPU synthe-

sized from the production of PET waste has attracted much

attention recently. Saravari et al.30 prepared urethane oils from

glycolyzed products of PET waste using PPG and found that

properties of these urethane oils were comparable to those of

commercial urethane oil. Aiemsa-art et al.31 synthesized polyur-

ethane foams from glycolyzed products of PET waste with dif-

ferent glycolysis catalysts. It was found that the thermal

behaviour of the prepared foams was similar while their mor-

phology was affected by the catalyst used. Cakić et al.32 pre-

pared WPU with the soft segment PPG and found that it had

good thermal property. Patel et al.1 depolymerized PET by gly-

colysis with 1,4-butanediol (BDO) and then synthesized WPU

only with these glycolyzed oligoesters in the soft segment. They

found that WPU had a high glass transition temperature (Tg),

good flexibility and poor chemical and solvent resistance. How-

ever, as we can see from these studies, WPU was synthesized

either with polyols or glycolyzed oligoesters as the soft segment,

and no attempt has been made to prepare WPU with polyols

and glycolyzed oligoester blends as the soft segment. Besides,

other aspects of WPU, such as particle size, particle size distri-

bution and viscosity, are also seldom studied.

Hence, in this study we used NPG and DPG as alcoholysis

agents to obtain glycolyzed PET oligoesters, mixed oligoesters

with PPG in different molar ratios as the soft segment to pre-

pare WPUs and investigated their properties including thermal

stability, particle size and particle size distribution and viscosity.

This research is significant for not only offering an effective way

(namely glycolysis method) to recycle PET waste, but also syn-

thesizing WPU with high overall performance. Furthermore,

this work can make a contribution to protecting the environ-

ment and potentially alleviating the energy crisis.

EXPERIMENTAL

Materials

Postconsumer waste PET bottles with an average molecular

weight from 2.5 to 3.0 3 104 g/mol were collected. NPG and

DPG were received from Sinopharm Chemical reagent Co.,

Shanghai, China. N-Butyl titanate, supplied by Kelong Chemi-

cal, Chengdu, China, was used as the trans-esterification catalyst

for the depolymerization of PET. Isophorone diisocyanate

(IPDI), PPG (molecular weight Mw 5 2000) and dimethylolpro-

pionic acid (DMPA) were obtained from Jingchun Chemical,

Shanghai, China. BDO, triethylamine (TEA, 99 wt % purity)

and 1-methyl-2-pyrrolidone (NMP, 99 wt % purity) were pur-

chased from Fuchen Chemical, Tianjin, China. Dibutyltin dilau-

rate (DBTDL) was supplied by Qingxi Chemical, Shanghai,

China. Acetone of about 15–20 mL was used throughout the

process to reduce the viscosity and deionized water was used as

dispersing phase at last.

Preparation of Starting Materials

Waste soft drink PET bottles, after removing caps and labels,

were cut into chips (average size 5 mm35 mm). Then these

chips were washed with deionized water to remove adhesive

materials and dried in a vacuum drying oven at 508C and 0.05

MPa for 4 h prior to use. PPG and oligoesters which were pre-

pared by glycolysis of PET were dried and degassed in a vacuum

at 1208C for 2 h prior to use. All other chemicals were used as

received without further treatment.

Glycolysis of PET Waste

Small chips of PET waste were glycolyzed by NPG and DPG

with the molar ratio 1 : 3 of PET repeating unit to glycol. These

mixtures and 0.5 wt % n-Butyl titanate catalyst were charged in

a four necked glass reactor equipped with a mechanical stirrer,

thermometer and spiral condenser in an electric-heated thermo-

static oil bath. The glycolysis reaction was carried out at 1908C

for 1 h, subsequently the temperature was raised up to 2108C

under reflux in nitrogen atmosphere for about 5 h until all the

solids disappeared. The obtained glycolyzed oligoesters were

dried in a vacuum drying oven at 458C and 0.05 MPa for 8 h.

Then these oligoester polyols were used to synthesize WPU. The

glycolysis of PET waste with NPG and DPG proceeds according

to Scheme 1.

Synthesis of WPU from Glycolyzed Oligoesters/PPG Blends

with Different Molar Ratios and Pure PPG as Soft Segment

A series of WPU samples was synthesized via a simple and envi-

ronmental process that combined the prepolymer isocyanate

process with the acetone process. Glycolyzed oligoesters and

PPG were utilized as oligomer polyols, which were mixed with

each other using different molar ratios of glycolyzed oligoesters:

PPG 5 1 : 5, 2 : 4, 3 : 3, 3.5 : 2.5, and 4 : 2. These mixed

oligomer polyols and IPDI (molar ratio of isocyanate groups to

hydroxyl groups, NCO/OH 5 4) were charged in a four necked

glass reactor equipped with a mechanical stirrer, thermometer

and spiral condenser in an electric-heated thermostatic water

bath. The reaction was carried out at 808C for 2.5 h, then

DBTDL was added to the mixture as a catalyst and reacted for

30 minutes, afterwards, a certain amount of DMPA dispersed in

NMP at 608C was added. The reaction was allowed to proceed

at 808C for 2 h. Subsequently, the obtained prepolymer was

cooled to approximately 358C, and then BDO with a small

quantity of acetone and TEA dispersed in 120 g deionized water

were added to the glass reactor. Meanwhile the resulting prepol-

ymer was stirred under high speed for 30 min to obtain a

homogenous polyurethane dispersion. Eventually the removal of

acetone was completed in a vacuum drying oven at 508C and

0.05 MPa for 1 h. A moderate amount of acetone was intro-

duced into the system to reduce the viscosity throughout the

course of the experiment. PU2, PU3, PU4, PU5 and PU6 are

short for WPU in synthesis of glycolyzed oligoesters and PPG

blends with molar ratio of 1 : 5, 2 : 4, 3 : 3, 3.5 : 2.5, and 4 : 2.

As a comparison, WPU was prepared by using pure PPG as the

oligomer polyol separately with the same process, which is
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named PU1. The reaction scheme for synthesis of polyurethane

dispersion is illustrated in Scheme 2.

Preparation of WPU Films

Films were prepared by casting the aqueous dispersions on the

teflon surface, and allowing them to dry at room temperature

for 3 days and then at 408C in a vacuum drying oven for 12 h

to allow the complete removal of solvent. Afterwards the films

with teflon were kept in a desiccator to avoid moisture

absorption.

Characterization of WPU

Fourier Transforms Infrared Spectrometer (FT-IR). FT-IR was

performed on the dried polyurethane films to confirm the for-

mation of WPU, and the FT-IR spectra are recorded as a film

on KBr formed tablets under vacuum press in spectrophotome-

ter (SHIMADIU FTIR-8400S (CE)), in the wave band ranging

from 400 to 4000 cm21. An average of 20 scans were run to

reach a resolution of 16.0 cm21.

H-Nuclear Magnetic Resonance (1H NMR). Proton nuclear

magnetic resonance spectroscopy (1H NMR) spectra were

obtained on a Bruker-400MHz spectrometer, using sodium 2, 2-

dimethyl-2-silapentane-5-sulfonate (DSS) as an internal stand-

ard, with CDCl3 as solvent.

Gel Permeation Chromatography (GPC). GPC (USA Waters,

ALLIANCE) was performed on WPU to determine molecular

mass distribution, which was analysed with a DAWN EOS

(k5690.0 nm) and RI detector (Shodex RI-71). All samples

were dissolved in tetrahydrofuran (THF) of HPLC grade at the

constant concentration 0.1 wt %. The flow rate of carrier sol-

vent was 1.00 mL/min. Sample injection volume was 10 ll. The

average molecular masses, Mn, Mw and polydispersity index Q

were determined by the software Agilent ChemStation. Poly(-

methyl metacrylate) standards were used to make a calibration

curve.

X-ray Diffraction (XRD). XRD was performed on the polyur-

ethane films to analyze the crystallinity with an X-ray diffrac-

tometer (XRD-7000, SHIMADZU LIMITED, Japan). A scanning

of 2h angles between 108C and 608C below the scan speed of

8.0000 deg/min was carried out.

Particle Size and Particle Size Distribution. The mean particle

size and the particle size distribution of WPU were measured in

Coulter LS230 system (Beckman Coulter, Miami, FL), provided

with laser diffraction and polarized light detectors. A small

amount of sample was added into the deionized water tank.

The statistical model used to obtain the particle size distribution

assumed that the particles were polystyrene and took into

account the refraction index of the polystyrene (1.6) and the

water. The mean particle size was calculated as the average of

two experimental determinations.

Scheme 1. The glycolysis reaction of PET waste with NPG and DPG.
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Viscosity. The viscosity of WPU was measured by using Brook-

field viscometer DV-II1 (Brookfield Engineering Laboratories,

Stoughton, MA). About 250 mL of sample was placed in a

beaker at a room temperature of 258C and using the spindle

no.61 with a stirring speed of 100 rpm. The Brookfield viscosity

of every sample was calculated as the average of three experi-

mental determinations.

Thermogravimetric Analysis (TGA). TGA was performed

under nitrogen atmosphere with METTLER TOLEDO TGA/

DSC 1 analyzer and Gos Controller GC10 STARe System. Film

samples ranging from 4 to 10 mg were placed in an alumina

ceramic crucible and heated from 30 to 7008C with an air flow

of 100 mL/min and heating rates of 158C/min. During the heat-

ing period, the weight loss and temperature difference were

recorded as a function of temperature.

Differential Scanning Calorimetry (DSC). DSC analysis was

performed under nitrogen atmosphere with METTLER TOL-

EDO DSC 823e equipment to acquire thermograms of WPU.

The heating rate employed was 108C/min and the sample weight

was 5–15 mg. DSC was performed twice to ensure a consistent

thermal history with a temperature range from 250 to 2008C

on the second run.

Transmission Electron Microscope (TEM). Transmission elec-

tron microscope (TEM) was performed using a JEM-3010

microscope working at accelerating voltage of 200 kV. The sam-

ples were prepared through diluting one drop dispersion with

30 mL deionized water.

Liquid Chromatography-Mass Spectrometer (LC-MS). Liquid

chromatography-mass spectroscopy of PET glycolyzed oligoest-

ers was performed using LC-MS-IT-TOF (Shimadzu, Tokyo,

Japan). The sample was prepared through dissolving in THF at

a constant concentration 100 lg/mL. MS scan in positive ESI

mode. Nitrogen was used as carrier gas with the flow rate of

1.5 l/min. The m/z scanning range was from 100 to 3000.

Dynamic Mechanical Analysis (DMA). Dynamic mechanical

analysis (DMA) was conducted on METTLER TOLEDO DMA 1

STARe System in the shear mode at a frequency of 1 Hz with a

heating rate 38C/min by scanning the films from 280 to 408C.

The shear modulus (G0, G") as a function of temperature was

also obtained.

RESULTS AND DISCUSSION

Analysis of Bulk Structure of WPU

Figure 1(a) shows the Fourier transform-infrared (FT-IR) spec-

tra of PET glycolyzed oligoesters obtained from glycolysis. A

strong and broad characteristic transmission band of the free

hydroxyl group from 3411 to 3441 cm21 is observed. Bands

around 1719 and 1110 cm21 are attributed to the ester bonded

C@O and CAOAC stretching vibration, respectively, which is

Scheme 2. Synthesis route of WPU dispersions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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an evidence of the presence of the ester group. 2871 and

2926 cm21 are characteristic bands of the CAH stretching

vibrations in saturated hydrocarbons containing methyl groups.

Besides, the characteristic transmission bands around 773 cm21

originate from the out-of-plane vibration of the aromatic ring.

The analysis of the FT-IR spectra suggests that PET glycolyzed

oligoesters contain the ester group, the aromatic ring and the

alkyl group.

The chemical structure of WPU has been estimated by FT-IR

methods. Figure 1(b) shows the FT-IR spectra of WPU in syn-

thesis of pure PPG as PU1, and glycolyzed oligoesters-PPG

blends with molar ratio of 1 : 5, 2 : 4, 3 : 3, 3.5 : 2.5 and 4 : 2

as PU2, PU3, PU4, PU5 and PU6, respectively. According to

Rueda-Larraz et al.,33 the free stretching vibration of the NAH

group and the C@O group is confirmed by the presence of

transmission bands from 3445 to 3450 cm21 and 1730 to

1740 cm21. Once the NAH or C@O group is hydrogen bonded,

the transmission bands will move to low wave number. Mean-

while, Garcia-pacios et al.34 pointed out that the transmission

bands from 1690 to 1700 cm21 are assigned to the free urea

C@O stretching vibration, while the characteristic peak of the

hydrogen bonded C@O group moves to 1640 cm21. Because of

hydrogen bonding, FT-IR spectroscopy bands become wide and

strong, besides, the frequency of the functional group shifts in

an obvious range.

The assignment of the most characteristic IR bands is listed in

Table I.35,36 As seen in Figure 1, the FT-IR spectra of six samples

are quite similar. Strong and broad transmission bands at 3334

(PU1, PU2), 3342 (PU3, PU4) and 3452 cm21 (PU5, PU6) are

ascribed to the stretching of the hydrogen bonded NAH group.

A medium transmission band around 2974 cm21 implies the

presence of the CAH group. Peaks at 1711, 1537 and 1454 cm21

correspond to the appearance of the ester and urethane hydrogen

bonded C@O stretching, urea CAN stretching, bending NAH

vibration, and symmetric COO2 stretching. Besides, weak peak

at 1647 cm21 (PU3, PU4), relatively sharp peaks from 1247 to

1255 cm21 and at 1113 cm21 (PU2, PU3, PU4, PU5, PU6) indi-

cate the urea disordered hydrogen bonded C@O stretching, non-

symmetric NCOO and CAOAC stretching and CAOAC stretch-

ing. According to these characteristic peaks, the formation of the

urethane group (ANHCOOA), urea group (ANHCONHA) and

biuret group (ANHCONCONHA) are confirmed. The presence

of ANHCOOA and ANHCONHA units are linked to the side

reaction during synthesis of polyurethane. Moreover, the charac-

teristic peak of NCO at 2270 cm21 disappears, indicating the

complete conversion of isocyanate to polyurethane.

Figure 1. FT-IR spectra of the samples (a) PET glycolyzed oligoesters;

(b) The obtained WPU. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Characteristic IR Bands of the WPU

Wavenumber (cm21) Assignment

3446 st NAH (free)

3330 st NAH (bonded)

3000–2840 st CAH

2270 st N@C@O

1712–1707 st C@O (bonded ester and urethane)

1662–1618 st C@O (bonded disordered urea)

1610–1550 st CAN 1d NAH

1475–1450 d CH2

1470–1430 d asym CH3

1450–1400 st sy (COO2)

1395–1365 d sy CH3

1255–1247 st asym NACOAO 1 (CAOAC)

1124–1101 st (CAOAC)

770 out-of-plane d aromatic ring

st, stretching; d, bending; sy, symmetric; asym, non-symmetric; bonded
disordered urea: C@O of urea bonded to only one NH group nearby an
urea or urethane.
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In comparison with PU1, other samples have transmission

bands from 1380 to 1343 cm21, which arises from the presence

of symmetric CH3 in branched hydrocarbons, e.g., in the neo-

pentyl group. Meanwhile, peaks around 773 cm21 due to aro-

matic ring, with a lower intensity compared to that of the

glycolyzed products, can be found in all samples except for

PU1, according to Figure 1(a), which demonstrates that glyco-

lyzed oligoesters have participated in the reaction and have been

successfully incorporated into the main chain of the

polyurethane.

1H NMR can detect and quantify the chemical-shift effects of

hydrogen atoms in different constitutional situations. Figure

2(a) shows the 1H NMR spectrum of glycolyzed oligoesters. The

peak at 8.13 ppm is attributed to the presence of an aromatic

entity in the structure. Peaks at 4.21 and 4.30 ppm arise from

the CACH2AOACO linked to CH2 present at the a-position,

which implies the presence of the substituted neopentyl group.13

Furthermore, the peak at 4.01 ppm is attributed to the presence

of ethylene units in the structure. The peak at 1.02 ppm is

assigned to CACH2 attached as a b-substitution to the CH3

Figure 2. 1H NMR spectroscopy of the samples (a) PET glycolyzed oligoesters; (b) The obtained WPU. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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group. The peak observed at 3.49 ppm is attributed to the

CH2AOH group attached as a-substitution. From what has

been discussed above, the glycolysis reaction can be confirmed.

As seen in Figure 2(b), the 1H NMR spectroscopies of all WPU

are quite similar, indicating that types and frequencies of most

of the functional groups in WPU are nearly the same. It can be

seen that the peak at 7.29 ppm is attributed to CDCl3, which is

used as a solvent during measurement. Peaks from 0.88 to 1.00

ppm are attributed to the H protons of IPDI. Meanwhile, peaks

at 1.08, 3.08 and 3.34 ppm in PU1, PU3, PU4, PU5 and PU6

are assigned to the methyl, methyne, and methylene protons in

the PPG blocks, respectively, while peaks at 1.02 and 3.01 ppm

in PU2 are also assigned to the methyl and methyne protons in

the PPG blocks, respectively. The absent peaks for methylene

protons in PU2 in the 1H NMR spectrum may arise from the

strong interference of the solvent. In addition, the peak at 3.48

and 2.08 ppm is ascribed to the methylene protons of

ACH2CH2AOA in the BOD block and the ACH3 adjacent to

the ACH2ANHA on the alicyclic chain, respectively. Two sharp

peaks at 1.71 and 1.16 ppm (PU1, PU3, PU4, PU5 and PU6),

and at 1.78 and 1.15 ppm (PU2) are attributed to the methylene

protons of macroglycol and the methyl protons of DMPA,

respectively. Furthermore, two extremely weak peaks at 7.02 and

7.54 ppm (PU1, PU3, PU4, PU5, PU6) may be assigned to the

imino group of ACH2NHCOOA, ANHCOOCH2A linked with

the alicyclic chain, and the peak at 7.35 ppm in PU2 may also

be attributed to ANHCOOCH2A linked to the alicyclic chain,

which is evidence that WPU is successfully synthesized from

polyol and isocyanate. Moreover, the peak at 8.13 ppm ascribed

to the presence of an aromatic entity can be discovered in all

WPU except for PU1 demonstrating that glycolyzed oligoesters

are involved in synthesis of polyurethanes, which is in accord-

ance with the FT-IR results. In all samples, characteristic peaks

at 1.71 and 1.16 ppm in PU4 are the strongest, indicating that

the amount of –NHCOO– is the largest. The reason may be

that only when PET-glycolyzed oligoesters and PPG are in a

molar ratio of 3 : 3 (PU4) can they completely react with iso-

cyanate to synthesize WPU, namely more –NHCOO– groups.

However, for PU1, PU2 and PU3, compared with PU4, more

PPG is added to WPU, preventing the extra PPG from being

embedded in the main chain of WPU, namely less ANHCOOA
group. Inversely, for PU5 and PU6, the PET glycolyzed oli-

goester content is much more than PPG, leading to redundant

PET glycolyzed oligoesters, which remain unreacted. These

results correspond to TGA data, which shows that in the second

thermal decomposition, two decomposition peaks are observed

in PU5 and PU6 because of the existence of both glycolyzed oli-

goesters and PPG.

GPC Analysis

GPC evaluates the molecular weight distribution of the pre-

pared WPU. Figure 3 shows the GPC chromatograms of WPU

synthesised from pure PPG, and glycolyzed oligoesters–PPG

blends with different molar ratios. The number average molecu-

lar mass (Mn) of PET waste used in soft drink bottles is gener-

ally in the range of 2.523.0 3 104 g/mol.26 It was found that

on glycolysis of PET waste, the weight average molecular mass

(Mw) and number average molecular mass (Mn) of the obtained

oligoesters decrease, which is shown in Table II. The Mn and

Mw of oligoesters are observed to be 1499 and 1800 g/mol,

respectively. The reduction in molecular mass is approximately

6% of the mass of raw PET used for reaction. GPC chromato-

grams of pure WPU (PU1) and WPU synthesised from depoly-

merized PET (PU2, PU3, PU4, and PU5) are obtained.

However, PU6 synthesised from glycolyzed oligoesters and PPG

in the molar ratio of 4 : 2, has not been tested because of the

insolubility in THF. Table II, which includes the number average

molecular mass (Mn), the weight average molecular mass (Mw)

and the polydispersity index, shows that by using PET waste,

the molecular weight of the polyurethane dispersion is

decreased. The Mn of PU1 (Mn 5 20,010 g/mol) is higher than

that of PU2 (Mn 5 13,584 g/mol), PU3 (Mn 5 11,758 g/mol),

PU4 (Mn 5 15,290 g/mol) and PU5 (Mn 5 4904 g/mol). Com-

pared with PU1, the polydispersity index of other samples

increases (except for PU4), which presents quite a broad molec-

ular weight distribution. These results imply that the introduc-

tion of different molar ratios of glycolyzed oligoesters increases

the possibility of forming chains of polyurethane dispersions

with varying lengths. It may be because that two types of glyco-

lyzed oligoesters were formed during glycolysis reaction. When

using these various molar ratios of mixed glycolyzed oligoesters

as the soft segment, they exhibit different reactivity kinetics and

thus a reduction in molecular weight is expected.35

Figure 3. GPC chromatograms of the obtained WPU. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table II. Average Molecular Masses and Polydispersity Index of Glycolyzed

PET Oligoesters and WPU

Samples Mn (g/mol) Mw (g/mol) Mw/Mn

Glycolyed oligeosters 1499 1800 1.20

PU1 20,010 28,290 1.41

PU2 13,584 42,951 3.16

PU3 11,758 35,113 2.99

PU4 15,290 20,990 1.37

PU5 4904 9436 1.92
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LC2MS Analysis

GPC analysis shows that the molecular mass of the oligomeric

product is reduced to nearly 6% of the mass of PET. This

decreasing trend of the molecular weight confirms the break-

down of polymer structure, namely, the glycolysis reaction of

PET. Further, the possible structure of monomers in glycolyzed

oligoesters can be inferred by LC2MS analysis. As seen in Fig-

ure 4 the molecular weight of the product is 338, 368 and

398 g/mol, which indicates that there would be two possible

structures of monomeric units. One possibility is that the

monomeric unit contains neopentyl group or hydroxypropyl

group at both sides of the aromatic ring attached by ester group

whereas the other possible structure contains one unit of neo-

pentyl and hydroxypropyl group each. The possible structure of

monomer as predicted based on FT-IR, 1H NMR and LC2MS

analyses is as shown in Figure 5.

XRD Analysis

Polyurethane resin is a kind of block polymer where the hard

segment is present as the dispersed phase in the continuous soft

segment. The structure of the soft and hard segment in the

molecular chain and the degree of microphase separation will

affect the crystallization capacity of hard and soft segments, and

ultimately determine properties of WPU film.37 Hence, this

study investigates the crystallization capacity of WPU in synthe-

sis of pure PPG, and glycolyzed oligoesters2PPG blends with

different molar ratios. For polyurethane, crystallization is always

ascribed to the function of hydrogen bond, which causes order

in the segment.38

XRD patterns for glycolyzed oligoesters and WPU are shown in

Figure 6. The study of glycolyzed oligoesters depicted in Figure

6(a) shows the absence of crystalline peaks, which proves that

these compounds are totally amorphous. The reagents (NPG

and DPG) used in synthesis of glycolyzed oligoesters seem to

decrease or prevent crystallization of polyesters because of their

different chemical structures compared to the repeating PET

units. In Figure 6(b), two main diffraction peaks can be clearly

observed at 2h from 158 to 208 (main diffraction peak) and 438

for each sample, indicating a certain degree of crystallization,

which are the characteristic peaks of the soft segment in seg-

mented polyurethanes.34 As shown in Figure 6(b), from PU1 to

PU3, peaks (2h � 1582208) shift to the right and the intensity

of diffraction peaks (2h � 1582208) decreases. However, the

Figure 4. LC-MS analysis of PET glycolyzed oligoesters.

Figure 5. Structure of monomeric product (a) with both NPG or DPG

units; (b) with NPG and DPG units.

Figure 6. XRD of the samples (a) PET glycolyzed oligoesters; (b) The

obtained WPU. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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intensity of peaks for PU4, PU5 and PU6 gradually increases.

PU5 and PU6 have relatively sharp peaks. Varying intensity of

XRD peaks indicates decreased crystallinity of the soft segment

from PU1 to PU3 and increased crystallinity from PU4 to PU6

with the content of glycolyzed oligoesters increasing constantly

from PU1 to PU6.

Because of the ester group (C@O) in glycolyzed oligoesters, the

more introduction of glycolyzed oligoesters in WPU is, the

stronger hard-soft hydrogen bonding in WPU is. Therefore,

more hard segments are dispersed in the soft matrix and the

degree of microphase separation becomes smaller. In addition,

compared to PPG, the obtained glycolyzed oligoesters have a

rigid benzene ring and lower molecular weight. After reaction

with diisocyanate, small rigid molecular chain segments can mix

in the soft phase easily. Thus, the flexibility of molecular chain

reduces and the neat arrangement of soft segments when crys-

tallizing is hindered. So the crystallization capacity decreases

from PU1 to PU3. However, for PU5 and PU6, the molar ratio

of glycolyzed oligoesters to PPG is higher and they have more

ester group. Two kinds of the soft segments (glycolyzed oligoest-

ers and PPG) cannot completely mix at the molecular lever, and

phase separation of PPG and glycolyzed oligoesters may occur.

That is also verified by two decomposition peaks in the second

decomposition in TGA. Besides, according to Howard,39 PPG

can crystallize and glycolyzed oligoesters may facilitate crystalli-

zation of PPG in soft segments, which causes more microphase

separation. This is reflected in the high crystallinity observed in

XRD for PU5 and PU6.

Particle Size and Viscosity Analysis of WPU

Figure 7 shows particle size distribution of all samples. Compar-

ing PU1 with PU2, the mean particle size from 0.044 to 0.134

mm is both 68 nm. Only the volume of PU2 is slightly increased

(from 78.6% in PU1 to 84.3% in PU2) by seldom introduction

of glycolyzed oligoesters to WPU. Nevertheless, with the

increased introduction of glycolyzed oligoesters, the mean parti-

cle size of WPU increases from 68 nm (PU1) to maximum 1.14

mm (PU6). PU3, PU4, PU5, and PU6 show larger particle sizes

compared to PU1. It may be due to the presence of aromatic

ring on its backbone, which decreases the flexibility of soft seg-

ment. As known flexible particles are more deformable in shear

field, and thus at the dispersion stage, the dispersed phase can

be broken into smaller particles more easily.40 Besides, accord-

ing to Lee41 the larger the molecular weight is, the better the

flexibility of soft segment is. GPC results show that the molecu-

lar weight decreases from PU1 to PU6 (except for PU4). Thus,

with the increased molar ratio of glycolyzed oligoesters to PPG

(from PU1 to PU6), the flexibility decreases and the particle

size increases (except for PU4). According to Feng41 WPU syn-

thesised from branched polyol has a larger particle size than

that synthesised from linear polyol. Therefore, PU1 shows a

smaller particle size compared to other samples. Compared with

other samples, PU6 has a relatively larger particle size, which

could be attributed to excessive viscosity of the prepolymer dur-

ing the dispersion step in the synthesis procedure. It makes the

dispersion of prepolymer more difficult, and then inhibits the

polymer from fragmentating into smaller particles in water.

Generally, small latex particles are used to obtain films with bet-

ter appearance and mechanical property. Small WPU particles

are desirable when deep penetration of the dispersion into a

substrate is essential.42 In the printing procedure, printing sub-

strates absorb ink to accelerate the speed of drying. When used

as an ink binder, the smaller the WPU size is, the faster the dry-

ing processing is, and the better the printing results are. Hence,

nanosized WPU particles are more attractive in both research

and for end-use applications.42 In this study, nanosized PU3

(72 nm), PU4 (70 nm) and PU5 particles (71 nm) with a good

size distribution were synthesized, which is promising for appli-

cation in water-borne ink binder.

Viscosity is one of the most important performance indexes of

WPU, and it directly affects the storage stability of WPU. In

general, different viscosity is needed in different applications.

Figure 8 shows the viscosity of WPU versus time. It can be seen

that PU2, PU3, PU4, PU5, and PU6 exhibit lower viscosity and

their values are all below 20 mPa�S, even decreasing to approxi-

mately 5 mPa�S (PU5), while the viscosity of PU1 is up to 21

mPa�S. According to the previous study, the smaller the particle

size of the dispersion is, the higher the viscosity is. The particle

size analysis proves that particle size of PU1 is the smallest

among all samples. Thus, PU1 has a relatively higher viscosity

than other samples. Moreover, with the increased molar ratio of

PET2glycolyzed oligoesters to PPG, the viscosity increases

(except for PU5). This may arise from the stronger inter/intra-

molecular hydrogen bonding resulting from the carbamate

groups in WPU, which limits the molecular mobility. Mean-

while, the free volume decreases with the increased inter/intra-

molecular hydrogen bond force. However, for PU5, the lowest

viscosity is probably attributed to various reasons, such as

decreased content of DMPA, lower neutralization or incorrect

amount of acetone, which may arise from artificial errors. As

seen, WPU synthesized from pure PPG has a stable viscosity

within 180 s, while the viscosity of WPU in synthesis of PET

glycolyzed oligoesters and PPG is relatively unstable, especially

for PU4 and PU6. This may be caused by excessive introduction

of glycolyzed oligoesters to soft segment. Once the content of

glycolyzed oligoesters increases, PPG and glycolyzed oligoesters

cannot mix well at the molecular level and be embedded in the

main chain of WPU. Thus, the stability is bad, which is also

reflected in TG and DSC results.

Thermal Analysis of WPU

Thermal stability is an important parameter for end-use prod-

uct application. Therefore, thermogravimetric analysis (TGA)

and derivative thermogravimetric (DTG) was conducted to ana-

lyse the decomposition behaviour of cured films of polyur-

ethane dispersion. It is proposed that the thermal degradation

of polyurethane is primarily a process of depolycondensation,

which starts at about 2008C and presents a multimodal profile.

Polyurethane with different backbone structures has different

thermal stability.43

TGA curves of glycolyzed oligoesters and WPU are given in Fig-

ure 9 and Figure 10 shows TG and DTG curves of PU1. The

detailed data of thermal decomposition are summarized in

Table III. As depicted in Figure 9, glycolyzed oligoesters show
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two main stages of degradation. The initial stage of degradation

at 1168C may be due to the EG formed during the glycolysis

reaction. The later stage occurring at 3418C may be ascribed to

the glycolyzed oligoesters. For aqueous polyurethanes, two

stages of decomposition over the range 22024308C appear in

TGA curves of all samples. The first stage, between 2208C and

Figure 7. Particle size and particle size distribution of the obtained WPU in synthesis of glycolyzed oligoesters/PPG blends with different molar ratios.

(a) PU1; (b) PU2; (c) PU3; (d) PU4; (e) PU5; (f) PU6.
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3208C, corresponds to the decomposition of the hard segment,

which results in the formation of isocyanate and alcohol, pri-

mary or secondary amine and olefin and carbon dioxide. The

second stage, between 3208C and 4308C, corresponds to the

decomposition of polyol segments. The onset decomposition

temperature (T1) of the first decomposition stage increases only

slightly from PU1 to PU3 with a small weight loss, and PU4

has almost the same onset decomposition temperature but

more weight loss than PU1. However, compared with PU1, the

onset decomposition temperature of PU5 and PU6 is much

lower and the weight loss is relatively more. This indicates that

PU2 and PU3 possess higher thermal stability while PU5 and

PU6 have a lower stability, in contrast to PU1. This is ascribed

to the introduction of glycolyzed oligoesters in comparison with

PPG. Generally, the ester group is more difficult to thermally

decompose because of larger cohesive energy than that of the

ether group. For another, the introduced ester group makes the

hydrogen bonding stronger in WPU. Yet, introduction of a cer-

tain amount of glycolyzed oligoester to WPU can improve ther-

mal stability of the product. As seen in the second stage, PU2

and PU3 show lower onset decomposition temperatures (T2)

but also less weight loss, and PU4 has a higher onset decompo-

sition temperature but also more weight loss than PU1, so it is

difficult to determine thermal stability. Nevertheless, at 3648C

(the onset decomposition temperature of PU1), PU2 and PU3

have less weight loss, but PU4 has more weight loss than PU1.

It is obvious that the order of thermal stability is

PU3>PU2>PU1>PU4. Therefore, with increased amount of

glycolyzed oligoester, thermal stability of WPU increases.

Though thermal stability of PU4 is worse than PU2 and PU3

and it is nearly similar to PU1. Moreover, when the molar ratio

of PET glycolyzed oligoesters to PPG is 3 : 3 (PU4), glycolyzed

oligoesters and PPG can react completely, which is demon-

strated by 1H NMR result. It not only reduces the wastage of

raw materials but also increases the production of WPU. There-

fore, PU4 is more significant for end-use applications. At the

same time, double peaks appear at 2758C and 3358C for PU5

and at 2828C and 3648C for PU6. These may be attributed to

decomposition of glycolyzed oligoesters and PPG, respectively.

Thus, the results show that PU3 is the most stable sample while

PU5 and PU6 are the most unstable samples among all WPUs

(from PU1 to PU6).

Further information about phase structure and thermal prop-

erty of the obtained polyurethane dispersions can be obtained

from analysis of the DSC traces. Figure 11 shows transition

temperature of glycolyzed oligoesters and WPU in synthesis of

pure PPG, and glycolyzed oligoesters–PPG blends with different

molar ratios. According to Fang42 glass transition temperatures

(Tg) of PPG (Mn 5 2000) and glycolyzed oligoesters are approx-

imately 2698C and 243.18C, respectively. However, all samples

from PU1 to PU6 have different Tg compared to PPG and gly-

colyzed oligoesters, indicating that a certain number of hard

segments are dispersed in soft segments. It also suggests that the

reaction among PPG, glycolyzed oligoesters and other raw

materials disturbs the structured chain of PPG and glycolyzed

oligoesters, indicating generation of polyurethane. The Tg for

PU1, PU2, PU3, PU4, PU5, and PU6 are observed to be 243.7,

Figure 8. Viscosity of the WPU in synthesis of glycolysed oligoesters/PPG

blends with different molar ratios. [Color figure can be viewed in the

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

Figure 9. TG curves of glycolyzed oligoesters and the obtained WPU.

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

wileyonlinelibrary.com.]

Figure 10. TG and DTG curves of PU1. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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246.7, 241.5, 247.0, 253.4, and 260.18C respectively (Figure

9, Tg order: PU3>PU1>PU2>PU4>PU5>PU6), which is

almost the same order as the results obtained from TGA (ther-

mal stability: PU3>PU2>PU1>PU4>PU5>PU6), except

for PU2. According to Howard39 PPG can crystallize and glyco-

lyzed oligoester may facilitate the crystallization of PPG in soft

segments, which causes larger degree of microphase separation

and lower Tg for PU2. From PU1 to PU3 (except for PU2),

with the increased molar ratio of glycolyzed oligoesters to PPG,

the hard-soft hydrogen bonding becomes stronger because of

the ester group (C@O) in glycolyzed oligoesters, and more hard

segments are dispersed in soft matrix and the degree of micro-

phase separation is smaller. Hard segments are able to reduce

the room for movement of molecular chains of soft segments,

and then restrict mobility of soft segments, which makes Tg

higher. Besides, the molecular weight of glycolyzed oligoester is

smaller than PPG, as obtained from GPC results, and glycolyzed

oligoesters have a rigid benzene ring. After reaction with diiso-

cyanate, small molecule chain segments mix in the soft phase

easily, which reduces the flexibility of molecular chains and

makes Tg higher. On the other side, the ester group (C@O) has

a stronger polarity and more cohesive energy than the ether

group (CAO). With the increased molar ratios of glycolyzed

oligoesters to PPG, more ester groups are introduced into WPU

and then make it more difficult for soft segments to move,

namely higher Tg values. For PU5 and PU6, although the molar

ratios of glycolyzed oligoesters to PPG are higher and they have

more ester groups, two kinds of soft segments (glycolyzed oli-

goesters and PPG) cannot mix completely at the molecular

level, and phase separation of glycolyzed oligoesters and PPG

may occur. That is also verified by two decomposition peaks in

the second decomposition in TGA. Hence, the hard segment

cannot dissolve well in the soft segment, and the soft segment

can move more easily, namely lower Tg values.

TEM Analysis

The morphology of colloidal particles can be observed by trans-

mission electron microscopy. TEM images of WPU synthesised

from pure PPG and glycolyzed oligoesters2PPG blends are

shown in Figure 12. The dark dots or dark regions, which

resulted from the coagulation of particles, are WPU particles.

Figure 12 shows that PU1, PU2, PU3, PU4, and PU5 disper-

sions are composed of spherical particles with diameter of

672300 nm, while the PU6 dispersion is different from others.

Coagulation of particles could be obviously recognized in

almost every TEM image, except in Figure 12(a), namely PU1.

In other words, coalescence of particles occurs when glycolyzed

oligoesters are incorporated in WPU, and then larger particles

form because of particle coalescence. Thus, PU2, PU3, PU4,

PU5, and PU6 have larger particle sizes than PU1, which is con-

firmed by the results of particle size and particle size distribu-

tion. Therefore, differences among these samples indicate that

molar ratios of glycolyzed oligoesters to PPG in this study play

a role in influencing the particle morphology.

DMA Analysis

The dynamic storage modulus (G0) and loss modulus (G") of all

obtained WPU are shown in Figures 13 and 14. Figure 13 shows

that the storage modulus G0of all samples is maintained con-

stant in the glassy plateau region, and then it is rapidly

decreased due to the glass transition of the soft segment of

WPU. Figure 13 also shows that from 2808C to 2308C the

more introduction of glycolyzed oligoesters to WPU is, the

lower storage modulus G0 WPU possesses. However, after 258C

Table III. TGA Data of Polyurethane Films

First decompostion Second decomposition 3678C
Samples T1 (8C) Weight loss (wt %) T2 (8C) Weight loss (wt %) Weight loss (wt %)

PU1 242 2.57% 367 43.73% 43.73%

PU2 245 2.01% 344 27.81% 38.35%

PU3 244 1.00% 329 21.80% 39.15%

PU4 241 3.17% 369 49.56% 48.32%

PU5 223 3.01% 275 10.11% –

335 28.53%

PU6 220 3.09% 282 10.98% –

364 45.27%

Figure 11. DSC thermograms of WPU in synthesis of glycolyzed oligoest-

ers/PPG blends with different molar ratios. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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all obtained WPUs have nearly the same storage modulus G0.
The loss modulus G" peaks of all samples from 2458C to

2308C in Figure 14 are assigned to the glass transitions of

WPUs. As seen glass transition temperatures of PU1, PU2, PU3,

PU4 are approximately 235.18C, 236.38C, 233.88C, 236.88C.

Although the glass transition temperatures are slightly higher

than that measured by DSC, the variation tendency from PU1

to PU4 is almost the same (PU3>PU1>PU2>PU4). From

2508C to 2308C, with more introduction of glycolyzed oli-

goesters to WPU, namely from PU1 to PU6, the loss modulus

G" can be observed to decrease from maximal 34 MPa to 0.4

MPa. It also means the viscosity from PU1 to PU6 becomes

lower. Because of lower viscosity and better liquidity PU5 and

PU6 can easily flow during DMA experiment, it is hard to take

Figure 12. TEM images of WPU in synthesis of glycolyzed oligoesters/PPG blends with different molar ratios. (a) PU1 (b) PU2 (c) PU3 (d) PU4 (e)

PU5 (f) PU6.

Figure 13. Storage modulus (G0) of WPU in synthesis of glycolyzed oli-

goesters/PPG blends with different molar ratios. [Color figure can be

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

Figure 14. Loss modulus (G00) of WPU in synthesis of glycolyzed oligoest-

ers/PPG blends with different molar ratios. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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glass transition temperatures, and loss modulus G" peaks

around glass transitions are also hardly seen. Yet, at 258C PU1

has larger loss modulus G" while from PU2 to PU6 the loss

modulus G" waves little difference, that proves that at room

temperature PU1 has the highest viscosity and the viscosity

from PU2 to PU6 waves in a small range, which is coordinated

with particle size and viscosity analysis.

CONCLUSIONS

PET bottles used for soft drinks were depolymerized by glycoly-

sis using a 1 : 3 molar ratio of PET repeating unit to glycols like

NPG and DPG. A series of WPUs was synthesized in different

molar ratios of glycolyzed oligoesters and PPG blends as soft

segment. The main purpose of this paper is to investigate per-

formances of WPU synthesized from glycolyzed oligoesters.

The results of FT-IR and 1H NMR indicate that the ketone car-

bonyl and hydrazine have reacted and glycolyzed oligoesters have

been successfully introduced into the soft segment of polyur-

ethanes. According to TGA and DSC data, the introduction of a

certain amount of glycolyzed oligoester to soft segment, such as

PU2, PU3 and PU4, can make glass transition temperature, Tg,

of WPU increase, and thermal stability of these WPU samples

has also been improved. However, thermal stability becomes

worse with the increased content of oligoester. It may be caused

by introduction of ester group (C@O) into WPU, which makes

hard-soft hydrogen bonding stronger, and the degree of hard-soft

domain microphase separation smaller. This corresponds to XRD

results. XRD also shows that when the molar ratio of glycolyzed

oligoester and PPG is excessively high like PU5 and PU6, two

kinds of soft segments (glycolyzed oligoesters and PPG) could

not mix completely at molecular level and the phase separation

may occur. And this can be verified by two decomposition peaks

in the second decomposition in TGA, and also by the crystalliza-

tion of glycolyzed oligoesters and PPG. GPC shows that by using

PET waste the molecular weight of WPU is decreased, and the

introduction of different amounts of glycolyzed oligoester

increases the possibility of forming varying chain lengths of poly-

urethane dispersions. Furthermore, in contrast with pure WPU,

WPUs synthesised from glycolyzed oligoesters and PPG blends

possess larger particle size and relatively lower viscosity, especially

PU2 and PU3, which have a lower and more stable viscosity.

Nanosized PU3 (72 nm) and PU4 particles (70 nm) with a good

size distribution are promising for application in water-borne ink

binders. Thus, in contrast to other samples, PU3 has a better

combination of properties such as better thermal stability and

particle size distribution, lower and more stable viscosity.

In conclusion, it is believed that glycolyzed oligoesters obtained

from recycled PET would be applicable for synthesis of

environment-friendly WPU. And WPU incorporated with a cer-

tain amount of glycolyzed oligoester can show good performan-

ces, especially glycolyzed oligoesters and PPG blends in a molar

ratio of 2 : 4, namely PU3.
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