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Abstract
A new efficient method for the chemical decomposition of polyamide 6.6 by the glycolysis and amino-glycolysis processes 
was proposed. The glycolysis was conducted using the mass excess of ethylene glycol (EG) as a decomposing agent in the 
presence of a catalyst. Also, a mixture of EG and triethylenetetramine was used as another decomposing agent in the amino-
glycolysis process. The described process of decomposition did not require the use of elevated pressure. The hydroxyl and 
amine numbers, rheology behavior and the presence of characteristic chemical groups in the obtained glycolysates and 
aminoglycolysates were determined in order to characterize the reaction products. The decomposition products were defined 
as non-Newtonian fluids that could be described by suitable mathematical models. The conducted studies showed that the 
properties of the obtained intermediates depend on the mass excess of the decomposing agent used. The resulting semi-
products are suitable for reusing in the synthesis of polyurethanes, which has been confirmed by the exemplary synthesis. 
In the reaction, 10 and 15 wt% of commercial polyol were replaced with the recovered intermediates.

Keywords Polyamide recycling · Chemical decomposition · Poly(ester urethane)s · Rheology · Mechanical properties

Introduction

It is commonly known that the amount of plastic waste has 
increased considerably over the last few years. In 2015, the 
global polymer production was estimated at 322 million tons 
per year [1]. This is due to the fact that plastics find use 
in a wide range of industrial applications, e.g. packaging, 
electrical and electronic industries, medicine, building and 
construction, motorization, and much more. In the 1990s, 
approximately 73% of plastic waste was stored, which is dis-
advantageous from the environmental point of view because 
many polymers are not biodegradable [2, 3]. In accordance 
with the Council Directive 1999/31/EC, the quantitative lim-
its of waste disposal in landfills have been enforced and, con-
sequently, the amount of waste decreased and the negative 

effects on the environment were reduced [4]. Nowadays, 
there has been an increased interest in the further reduc-
tion of the amount of waste. There are three major types of 
recycling process which can be used to dispose of waste, i.e. 
mechanical recycling methods, chemical recycling methods 
and the recovery of energy. In 2014, approximately 30.8% 
of plastics across the European Union (EU) were stored in 
landfills, 29.7% were reclaimed by recycling processes, and 
39.5% by the recovery of energy [1].

Polyamides (PAs) are a group of crystalline polymers 
which are commonly represented by two commercial 
products, i.e. polyamide 6 (nylon 6) and polyamide 6.6 
(nylon 6.6) [5]. The most common types of polyamide are 
obtained in the form of fibres or thermoplastics [6]. Blends 
of two different types of polyamides (PA6/6.6 or PA6/12) 
or polyamides with other polymers, such as polypropylene 
or polyethylene, are another attractive alternative [7]. The 
hydrolytic route (ring-opening polymerization) is used to 
form polyamide 6, while polyamide 6.6 is obtained via step-
growth reactions between diamines and diacids [8]. Poly-
amides are characterized by high chemical resistance, and 
good mechanical and thermal properties [5, 9]. In order to 
improve the properties of aliphatic polyamides, the incor-
poration of aromatic moiety into an aliphatic backbone is 
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applied [8]. This procedure makes it possible for polyamides 
to be used widely in various applications by the automotive, 
electrical, electronic, construction, packaging, and other 
industries [1]. It should be pointed out that polyamides are 
also used in Selective Laser Sintering (SLS) technology to 
build complex 3D structures. At present, polyamide 12 (PA 
12) is the most widely commercialized material in polymeric 
Additive Manufacturing (AM) technologies. On the other 
hand, polyamide 6 could be easily utilized in SLS technol-
ogy due to its advantageous thermo-mechanical properties 
and laser sintering processibility that is comparable to that 
of PA 12 [10]. Therefore, world demand for polyamides is 
increasing year by year. Considering the increased interest in 
using those materials, the related waste management prob-
lems will follow.

The mechanical recycling process is the easiest way to 
recycle polyamides. One of the techniques with the potential 
application is melt extrusion [11]. The mechanical recycling 
is appropriate from both an economic and environmental 
point of view. In practice, the use of costly waste separation 
and cleaning is the significant impediment to this process. 
Moreover, it is very difficult to identify and discern with 
precision PA 6 from PA 6.6. It is essential that recyclates 
have well-defined and repetitive properties, even after multi-
ple processes [12]. Lozano-González et al. [13] investigated 
the effect of multiple processes of nylon 6 by the injection 
moulding method at a temperature of 235 °C. The authors 
observed that the physicomechanical properties of the mate-
rial remained constant until the eighth cycle. Afterwards, 
during the multiple processes, the percentage of elonga-
tion decreased by about 70%, while the molecular weight 
increased, most likely as a result of the recombination of 
broken chains.

The chemical recycling process is another possibility to 
reduce the amount of waste. The purpose of chemical recy-
cling is to recover and reuse monomers [14]. This method is 
used for polyamides as well as polyurethanes [14–16] and 
polyesters [17, 18]. The reactivity of polyamides depends 
on the polar amide groups present in the main polyamide 
chain, which can react with decomposing agents. The typical 
decomposing agents are ammonia (ammonolysis) [19, 20], 
water or steam (hydrolysis) [3, 21–23] and glycols (glycoly-
sis) [5]. The products of the decomposition of polyamide are 
oligomers or small-molecular-weight chemical compounds 
with different physicochemical properties and functionality. 
The aim of polyamide depolymerization is to obtain caprol-
actam and hexamethylenediamine, which can be utilized in 
the synthesis of new polyamide or other polymers, because 
their properties resemble those of commercial reagents [3].

Hydrolysis and ammonolysis of polyamide have been 
widely described in the available literature. Wang and 
Zhang [23] examined hydrolysis of polyamide 6 in sub-
critical water. The authors replaced traditionally utilized 

homogeneous acids with H- form zeolites. Based on the 
conducted experiments, it was concluded that the tempera-
ture and reaction time are the decisive factors of depolym-
erization via hydrolysis. Moreover, the amount of water used 
does not affect the disintegration of nylon. On the basis of 
their studies, the scientists demonstrated the mechanism of 
degradation. Firstly, the hydrogen bonds are broken, which 
is followed by the formation of oligomers as a result of a 
nucleophilic substitution reaction between water and the car-
boxyl groups. Patil and Madhamshettiwar [22] optimized 
the conditions of hydrolytic depolymerization in the acidic 
medium of nylon 6.6. The scientists observed that the most 
effective reaction is achieved at a temperature of 80 °C, with 
an excess of acid. A novel, promising method described in 
the literature is the hydrothermal treatment of waste plastics. 
The aliphatic polyamides are dissolved in super-heated and 
supercritical water, which results in the hydrolyzed prod-
ucts [24, 25]. With regard to the ammonolysis of polyamide, 
Kalfas [20] demonstrated the mechanism of nylon disinte-
gration, which is based on the breakage of amide bond and 
the dehydration of amide end-groups.

The reports on the glycolysis of nylon 6.6 are rather lim-
ited. Up to now, the glycolysis of nylon 6 was studied more 
accurately [26, 27]. Kim et al. [5] examined the degradation 
mechanism of polyamide 6.6 by ethylene glycol that is based 
on the decomposition of the model compound, namely, N,N-
hexamethylenebis(hexamide). The authors also character-
ized the obtained glycolysates using GPC, GC-MS, and 
FTIR analysis. The process was carried out at a temperature 
of 275 °C and the [PA 6.6]/[EG] molar ratio of 1:2. The 
proposed mechanism for the decomposition of polyamide 
6.6 includes the formation of hexamethylenediamine, esters 
and another primary amine.

Our study has been undertaken in order to establish the 
conditions of glycolysis and amino-glycolysis of polyamide 
6.6 (nylon 6.6) using ethylene glycol (EG) and triethylene-
tetramine (TETA) as decomposing agents. The proposed 
method does not require the use of elevated pressure. In 
the present work, the parameters such as, density, hydroxyl 
and amine numbers, number- average molecular weight and 
rheometric properties of the obtained semi-products were 
examined. The chemical structure of products was character-
ized by means of Fourier transform infrared (FTIR) spec-
troscopy. The aforementioned investigations were absolutely 
critical with reference to substituting glycolysates or amino-
glycolysates for completely or partially commercial polyols 
in the polyurethane synthesis. Hence, this work laid out a 
new method of polyurethane synthesis with glycolysates 
(EG:PA6.6 = 2:1, 3:1, 4:1) as a part of the polyol system. 
The synthesis of poly(ester urethane)s was realized by a 
one-step method. The resulting materials were examined in 
relation to their mechanical properties (static tensile proper-
ties, hardness and rebound resilience), while the presence of 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


4417Journal of Polymers and the Environment (2018) 26:4415–4429 

1 3

characteristic chemical groups was confirmed by the FTIR 
analysis.

Experimental

Materials

Zytel 101L NC010, known as polyamide 6.6 (PA 6.6), was 
purchased from DuPont. Diammonium hydrogen phos-
phate  (Mn = 132,07 g/mol) and ethylene glycol (EG)  (Mn 
= 62,07 g/mol), both purchased from POCH S.A. and used 
as received, were applied as a catalyst and decompos-
ing agent, respectively. Triethylenetetramine (TETA)  (Mn 
= 146,23 g/mol) was obtained from ILT Poland PVT and 
used as received. The synthesis of poly(ester urethane)
s was realized using 4,4′-diphenylmethane diisocyanate 
(MDI, ONGRONAT®3000,  Mw = 250,25 g/mol, viscos-
ity 10 mPa s at 43 °C, NCO content min. 33.4 wt%, den-
sity 1.18 g/cm3 at 43 °C; BorsodChem, Hungary,) and α, 
ω- dihydroxy(ethylene-butylene adipate) (POLIOS 55/20, 
 Mw= 2000 g/mol; Purinova, Poland). 1,4-butanediol (BDO, 
 Mw = 90.12 g/mol, purity 99%, viscosity 69 mPa at 20 °C, 
density 1.02 g/cm3 at 25 °C; Brenntag, Poland) and 1,4- 
diazabicyclo[2.2.2]octane (DABCO; Sigma-Aldrich) were 
used as a catalyst and chain extender, respectively.

Glycolysis

Glycolysis of PA 6.6 with the excess of EG as a decompos-
ing agent with a different mass ratio (PA/EG = 1:2, 1:3, 1:4, 
1:5 and 1:6) was carried out in a 2 L glass reactor equipped 
with Liebig condenser, temperature controller, and anchor 
stirrer. Firstly, EG was batched and then heated to 150 °C. 
Next, the catalyst diammonium hydrogen phosphate (2 wt%) 
was added gradually and the mixture was heated to 190 °C. 
Fifteen minutes after the temperature of reaction mixture 
had been stabilized, the granulated polymer was added every 
5 min in approximately 25 g portions. Time of the reaction 
was counted starting with the addition of the last portion of 
the granulated plastic. Each process took ca. 1.5 h. After-
ward, the reaction mixture was cooled down to 100 °C. The 

samples were collected and characterized by using selected 
methods.

Amino‑Glycolysis

The amino-glycolysis of PA 6.6 with EG and TETA as 
decomposing agents with different mass ratios (PA/EG/
TETA = 1:1:1 and 1:2:2) was carried out in a 2 L glass 
reactor equipped with Liebig condenser, temperature con-
troller, and anchor stirrer. Firstly, the mixture of EG and 
TETA was batched and then heated to 150 °C. Next, the 
catalyst diammonium hydrogen phosphate (2 wt%) was 
added gradually, and all reagents were mixed and heated to 
190 °C. Fifteen minutes after the temperature of the reac-
tion mixture had been stabilized, the granulated substance 
was added in portions of 25 g each, every 5 min. The reac-
tion time was counted from the point when the last portion 
of granulated substance was added. Each process took ca. 
1.5 h. Afterward, the reaction mixture was cooled down to 
100 °C. The samples of aminoglycolysates were collected 
and characterized by using selected methods.

Synthesis of Poly(ester urethane)s

The synthesis of poly(ester urethane)s was carried out by 
means of a one-step method. The synthesis was performed in 
bulk through a reaction between 4,4′-diphenylmethane diiso-
cyanate (MDI), 1,4-butanediol (BDO) as a chain extender, 
and the mixture of polyol (POLIOS 55/20) with glycolysates 
(EG:PA = 2:1, 3:1, 4:1) prepared in the previous step. The 
obtained glycolysates were mixed in an amount of 10 wt% 
with a commercial polyol. In order to partially bond free 
amine groups, 1 wt% of orthophosphoric acid was added per 
glycolysates used. The reaction was conducted at a tempera-
ture of 60 °C in the presence of 0.3 wt% of DABCO as a cat-
alyst. The reaction mixtures were poured into a metal mould 
at 70 °C (dimension of mould cavity: 120 mm × 110 mm 
× 2 mm), cured and finally seasoned at 100 °C for 24 h in 
a laboratory oven. The codes of the obtained materials and 
the weight content of hard (HS) and soft (SS) segments are 
presented in Table 1.

Table 1  Formulations of 
prepared poly(ester urethane)
s as well as hard and soft 
segments content in the 
prepared polyurethanes

Code of sample (%) POLIOS 
55/20 (g)

Glycolysed 
sample (g)

MDI (g) BDO (g) Hard segments 
content (wt%)

Soft segments 
content (wt%)

PUR-2:1–10 54 6 40.4833 8.6243 50.5 49.5
PUR-3:1–10 54 6 42.3678 8.7861 51.4 48.6
PUR-4:1–10 54 6 46.4339 9.1351 53.3 46.7
PUR-2:1–15 51 9 45.9850 9.0965 55.6 44.4
PUR-3:1–15 51 9 48.8119 9.3392 56.8 43.2
PUR-4:1–15 51 9 54.9109 9.8626 59.1 40.9
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Methods of Characterization

The presence of characteristic groups in the chemical 
structure of glycolysates and aminoglycolysates was deter-
mined by means of a Nicolet 8700 FTIR Spectrophotom-
eter (Thermo Electron Corporation) and the ATR (Heated 
Golden Gate from Specac Ltd.) technique. Scans were 
recorded at room temperature in the range between 500 and 
4500 cm−1. The spectra were acquired using 64 scans, with 
a nominal resolution of 4 cm−1.

The sample density was determined according to ISO 
1675 by using a pycnometer equipped with a mercury-in-
glass thermometer. The measurements were realized at 
25 °C and consisted of three mass determinations, i.e. the 
mass of dry pycnometer  (m1), the mass of pycnometer filled 
with distilled water  (m2) and the mass of pycnometer filled 
with the sample  (m3). Density was obtained using the fol-
lowing formula:

where  m1 is the mass of dry pycnometer (g);  m2 stands for 
the mass of pycnometer filled with distilled water (g); and 
 m3 is the mass of pycnometer filled with the sample (g); ρH20 
density of water in (g/cm3).

The hydroxyl number of each sample was determined by 
using a standard titration method, in accordance with ISO 
2554. Each analysis was repeated at least three times, and the 
reported results are averages of all conducted measurements 
per sample. The following formula was used to calculate the 
hydroxyl number:

where α—the molar mass of potassium hydroxide (56.1 g/
mol);  V2—the volume of potassium hydroxide used dur-
ing blank feed titration  (cm3);  V1—the volume of potassium 
hydroxide used during sample titration  (cm3);  CKOH—the 
molar concentration of potassium hydroxide; m—mass of 
sample (g).

The number- average molecular weight was calculated 
based on the obtained values of hydroxyl number by using 
the following formula:

where f—the functionality of the compound, assumed f = 2; 
56100—the molecular weight of potassium hydroxide (mg/
mol);  LOH—hydroxyl number (mg KOH  g−1 sample);  LK—
acid value (mg KOH  g−1 sample), assumed  LK = 0.

� =
m3 − m1

m2 − m1

�H2O
,

LOH =
� (V2 − V1)CKOH

m
,

M̄w =
56 100 f

LK LOH
,

The amine number was determined using the industry 
standard method BN-69/6110-29. The following formula 
was selected to calculate the amine number of the obtained 
samples:

where  V2—the volume of hydrochloric acid used during 
blank feed titration  (cm3);  V1—the volume of hydrochloric 
acid used during the sample titration  (cm3);  CHCl—the molar 
concentration of hydrochloric acid; m—a mass of sample 
(g).

Rheological measurements were carried out using a rotary 
rheometer R/S-CPS+ (Brookfield) equipped with a cone-plate 
arrangement. The measurements were realized with a con-
trolled shear rate, but different programs were applied for 
glycolysates and aminoglycolysates. The following program 
was used for glycolysates: increasing shear rate from 0 to 
300 s−1 for 150 s; constant shear rate (300 s−1) for 30 s; and 
decreasing shear rate from 300 to 0 s−1 for 150 s. Every sam-
ple was analyzed at two different temperatures, i.e. − 25 and 
50 °C. In the case of aminoglycolysates, the measurements 
were conducted using the following program: increasing shear 
rate from 0 to 150 s−1 for 75 s; the constant shear rate of 
a certain value for 15 s; decreasing shear rate from 150 to 
0 s−1 for 75 s. The resulting measurements were analyzed by 
means of Rheo3000 software. The viscosity and flow curves 
at different temperatures were plotted based on the rheologi-
cal measurements.

Static tensile tests (i.e. tensile strength and elonga-
tion at break) were performed using a Universal Testing 
Machine (Zwick/Roell Z020) at room temperature, in 
accordance with ISO 37. Test samples were cut into the 
standard shape of the dumbbell (width ca. 6 mm, thick-
ness ca. 2 mm, length 115 mm), while the gauge length 
was equal 25 mm. The measurements were performed at a 
cross-head speed equal 100 mm/min. The reported results 
are averages calculated from five independent determina-
tions per specimen.

Hardness was measured according to the ISO 868 standard 
using an electronic Shore type D durometer (Zwick Roell HPE 
3010). The instrument was applied perpendicularly to the test 
sample for 3 s. The reported results are averages of ten inde-
pendent measurements.

Rebound resilience was determined using a Schob type 
machine (Gibitre Instruments) according to the ISO 4662 
standard. The specimens were 29 mm in diameter and 12 mm 
in height. The results are averages calculated from five inde-
pendent measurements per specimen.

LA =
56.1 (V1 − V2)CHCl

m
,
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Results and Discussion

Characterization of Glycolysates 
and Aminoglycolysates

The glycolysis and amino-glycolysis processes were car-
ried out for different mass ratios of polyamide 6.6 and 
decomposing agents (considering the molar mass of 
repeating units). Based on the data presented in Table 2, 
it is apparent that a large excess of decomposing agents 
per repeating units in PA 6.6 was used. The solid samples 
were obtained as a result of amino-glycolysis, while the 
samples resulting from the glycolysis reaction were in the 
liquid state.

The calculated values of number- average molecular 
weight ranged from 91.02 to 254.40 g  mol−1, as presented 
in Table 2. These results testify to the fact that the obtained 
products are low-molecular-weight compounds, while the 
reaction yield was as expected. This finding is undoubtedly 
favorable because the obtained compounds can be used in 
the synthesis of polyurethanes.

Changes in the density, and the hydroxyl and amine 
numbers of the obtained glycolysates and aminoglyco-
lysates are presented in Table 3. As can be seen, the den-
sity of glycolysates decreased with the increasing amount 

of EG acting as a decomposing agent. This is due to the 
fact that EG has a lower density than the glycolysates 
(1.1105 ± 0.0012 g/cm3). The obtained glycolysates had 
a density ranging from 1.1355 ± 0.0003 to 1.1259 ± 
0.0006 g/cm3 for samples GL 2/1 and GL 6/1, respectively. 
A similar effect was observed for the produced aminogly-
colysates. The density of aminoglycolysates decreased as 
the amount of decomposing agent increased. The density 
of the final products depended on the low-density amine 
used in the reaction (0.98 g/cm3; ILT Poland PVT data 
sheet) and ranged from 1.0864 ± 0.0004 to 1.0712 ± 
0.0005 g/cm3.

The obtained values of hydroxyl number ranged 
between 441.03 ± 51.89 and 1232.75 ± 13.12 mg KOH 
 g−1 (see Table 3). It is noteworthy that the aminoglyco-
lysates displayed lower hydroxyl numbers than the glyco-
lysates. It is evident that the hydroxyl number increased 
with the increasing amount of EG used as a decomposing 
agent. This can be explained by the presence of partially 
unreacted EG in the post-reaction products. Furthermore, 
EG has a high value of hydroxyl number, i.e. 1462 ± 
39.42 mg KOH  g−1. The high value of standard devia-
tion indicates that the products obtained in the process 
are heterogeneous, which may be due to the presence of 
monomeric as well as oligomeric compounds. A longer 
reaction time would increase the degradation degree of 

Table 2  Codes, number- 
average molecular weight 
and state matter of prepared 
glycolysed and amino-
glycolysed samples and 
formulation of applied 
decomposing agents

a A molar mass of repeating units

Code of sample Mass ratio Molar ratio M̄w (g/mol) State of matter

PA 6.6 EG TETA PA 6.6a EG TETA

GL 2/1 1 2 – 1 7.3 – 165.7 Liquid
GL 3/1 1 3 – 1 10.9 – 143.2 Liquid
GL 4/1 1 4 – 1 14.6 – 110.8 Liquid
GL 5/1 1 5 – 1 18.2 – 97.6 Liquid
GL 6/1 1 6 – 1 21.5 – 91.0 Liquid
AmGL 1/1/1 1 1 1 1 3.6 1.5 254.4 Solid
AmGL 2/2/1 1 2 2 1 7.3 3.1 227.3 Solid

Table 3  Characteristics of 
obtained glycolysed and amino-
glycolysed samples—density, 
hydroxyl and amine number

Code of sample Density (g/cm3) IOH (mg KOH  g−1) INH (mg KOH  g−1)

GL 2/1 1.1355 ± 0.0003 676.99 ± 26.49 19.47 ± 1.33
GL 3/1 1.1321 ± 0.0005 802.41 ± 34.46 18.22 ± 0.76
GL 4/1 1.1317 ± 0.0004 1012.76 ± 26.72 16.00 ± 0.43
GL 5/1 1.1284 ± 0.0006 1149.93 ± 44.39 10.75 ± 0.12
GL 6/1 1.1259 ± 0.0006 1232.75 ± 13.12 9.67 ± 0.12
AmGL 1/1/1 1.0864 ± 0.0004 441.03 ± 51.89 372.57 ± 16.64
AmGL 2/2/1 1.0712 ± 0.0005 493.63 ± 29.02 453.65 ± 7.59
EG 1.1105 ± 0.0012 1462.42 ± 39.42 –
PA 6.6 1.1628 ± 0.0063 – –
TETA 0.9750 ± 0.0009 – 1131.88 ± 2.78
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oligomeric compounds. In consequence, a mixture of low-
molecular-weight compounds could be obtained.

The obtained values of amine number ranged from 9.67 
± 0.12 to 19.47 ± 1.33 mg KOH  g−1 for the glycolysates. 
In the case of aminoglycolysates, the amine number was 
approximately 400 mg KOH  g−1. Based on the results pre-
sented in Table 3, it is apparent that the amine number 
decreased with the increasing amount of EG. This was 
probably caused by the presence of partially unreacted EG 
in the mixture of the reaction products. It is noticeable that 
the amine number of aminoglycolysates is significantly 
higher than that of glycolysates. This relationship is due 
to the fact that the reaction products are composed of non-
reacted diamines.

The proposed mechanism of polyamide 6.6 glycolysis 
caused by the reaction with an excess of the decompos-
ing agent is presented in Scheme 1. At the beginning of 
the process, the oligomeric compounds with the hydroxyl 
and/or amine end-groups are obtained. In the final stage, 
the mixture of low-molecular-weight products, specifically 
unreacted ethylene glycol, hexamethylenediamine or a com-
pound with β-hydroxyethylester end-groups can be obtained 
[5, 28].

In the case of amino-glycolysis, the obtained oligomeric 
compounds can have amine end-groups derived from trieth-
ylenetetramine used as a decomposing agent. In both types 
of the aforementioned chemical decomposition, esters and 
primary amines can also be obtained. The proposed mecha-
nism of the reaction is presented in Scheme 2. The presence 
of characteristic groups in the chemical structure of amino-
glycolysates and glycolysates was confirmed by the FTIR 
analysis, as presented further in this paper.

The presence of characteristic groups in the chemical 
structure of obtained samples was determined by means 
of FTIR spectroscopy, as depicted in Fig.  1 (spectra of 
glycolysates) and Fig. 2 (spectra of aminoglycolysates). 
A comparison of typical vibrations and their intensity for 
both types of material is presented in Table 4. The char-
acteristic stretching vibration of hydroxyl group in the 
3100–3500 cm−1 range was observed in both types of sam-
ples. Furthermore, the strong absorption bands at 1058 
and 871 cm−1 corresponding to the stretching vibrations of 
C–OH and OC–C groups, respectively, were observed in 
the spectra of obtained glysolysates and aminoglycolysates. 
This finding indicates that the partially unreacted EG plays 
a key role among the reaction products [29]. The strong 

Scheme 1  Probable products of polyamide 6.6 decomposition caused by the reaction with an excess of ethylene glycol. Adapted from Kim et al. 
[5]
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absorption peaks visible at 2935 and 2852 cm−1 respectively 
correspond to the symmetric bending oscillation of –CH3 
and –CH2 groups. The presence of these groups in the mix-
ture of products was confirmed by a peak at 1455 cm−1 that 
is characteristic for deformation vibration of –CH2 group. 
The absorption band at 3300 cm−1 is attributable to stretch-
ing vibrations of the unbounded  NH2 group, which forms 
during the breakdown of amide bonds. The peaks present 
at 1631 and 1537 cm−1 are assigned to stretching vibration 
of –NC=O group and deformation vibration of –NH group, 
respectively. These vibrations indicate that the decomposi-
tion process of PA 6.6 was incomplete [30]. Moreover, the 
peak at 1200 cm−1 marks the presence of stretching vibra-
tion of C–O group, which is associated with the presence of 

esters in the mixture of reaction products. The FTIR spectra 
of glycolysates obtained after the PA 6.6 decomposition for 
different PA/EG mass ratios are presented in Fig. 1. The 
slight differences observed in the absorption bands at 3300, 
1631 and 1537 cm−1 are related to the vibrations of the 
amine and amide groups. The intensity of the peaks changed 
with the increasing amount of EG used as a decomposing 
agent. The observed decrease in the peak intensity, corre-
sponding to the vibrations of amide groups, was possibly 
caused by the increased amount of partially unreacted EG, 
which reduced the content of this compound in the mixture 
of products. Furthermore, the growing degree of polymer 
decomposition is very significant. A similar relationship 
was observed in case of absorption peaks corresponding 

Scheme 2  Probable products of 
polyamide 6.6 decomposition 
caused by the reaction with an 
excess of ethylene glycol and 
triethylenetetramine
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to the amine groups. It should be assumed that the excess 
of EG does not affect the chemical structure of obtained 
products. The chemical structures of obtained glycolysates 
and aminoglycolysates were compared. In the case of ami-
noglycolysates, a new bending vibration appeared in the 
1300−500 cm−1 range. The absorption bands at 1276 and 
686 cm−1 correspond to the stretching vibrations of –C–N 
group as well as deformation vibration of –NH in primary 
amines. This can be explained by the presence of partially 
unreacted TETA in the mixture of products after the decom-
position process. In addition, the peak at 576 cm−1 is attrib-
utable to deformation vibration of –C=O group in amides. 
The peak at 3300 cm−1 assigned to bending vibrations of 
–NH, and the absorption bands at 1631 cm−1 and 1537 cm−1 

respectively attributable to bending vibrations of –NC=O 
and –N–H groups in amides are more intensive compared to 
the corresponding peaks in the spectra of glycolysates. This 
suggests that the decomposition of PA 6.6, with TETA as a 
decomposing agent, is less efficient. Moreover, a decrease 
in the peak intensity corresponding to the vibration of amide 
group, and an increase in the peak intensity characteristic 
for amines and glycols were observed. This finding is com-
parable with the results obtained for the glycolysates, and 
is associated with the amount of decomposing agents in the 
mixture of products.

In Figs. 3, 4, 5, the rheograms of glycolysates at 25 and 
50 °C, and of aminoglycolysates at 80 °C are presented. The 

Fig. 1  The differences between the FTIR spectra of glycolysates 
obtained by means of glycolysis of PA 6.6 with EG as a decomposing 
agent for different mass ratios (PA/EG = 1:2. 1:3. 1:4. 1:5 and 1:6)

Fig. 2  The differences between the FTIR spectra of aminoglyco-
lysates obtained by means of amino-glycolysis of PA 6.6 with EG and 
TETA as decomposing agents for different mass ratios (PA/EG/TETA 
= 1:1:1 and 1:2:2)

Table 4  Assignments, wavenumbers and intensity of the bands in 
the FTIR spectra of prepared glycolysed (GL) and amino-glycolysed 
(AmGL) samples

Wavenumber  (cm−1) Assignments Intensity

GL AmGL

3300 ν N–H w s
3282 ν O–H s m
2935 ν  CH3 s s
2852 ν  CH2 s s
1631 ν NC=O m vs
1537 δ N–H w s
1455 δ  CH2 vw w
1276 ν C–N – w
1200 ν C–O w w
1058 ν C–OH vs vs
871 ν OC–C s s
686 γ N–H – m
576 δ NC=O – w

Fig. 3  Rheological flow curves of glycolysates obtained for different 
mass ratios (PA/EG = 1:2, 1:3, 1:4, 1:5 and 1:6) at a test temperature 
of 25 °C
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characterization of rheological properties of a given material 
is significant for optimizing the polymer processing, where 
temperature and pressure play an important role [29]. Dif-
ferent temperatures were chosen based on the sample ability 
to shear flow. The shape of the curves demonstrates that the 
shear stress increased with increasing shear rate. Moreover, 
at higher test temperatures, the shear stress was smaller in all 
cases. The rising curves are located under the return, which 
could indicate that the obtained samples are characterized by 
thixotropic behavior. At 25 °C, the maximum values of shear 
stress reached 641, 338, 60, 32 and 28 for samples GL 2/1, 
GL 3/1, GL 4/1, GL 5/1 and GL 6/1, respectively. At a higher 
test temperature, a decrease in shear stress was observed for 
all samples. It is visible in the graphs that the hysteresis 
loops formed. For samples GL 2/1, GL 3/1, AmGL 1/1/1 
and AmGL 2/2/1, the hysteresis loops are extensive, while 
for samples GL 4/1, GL 5/1 and 6/1, they are narrower. The 
phenomenon is characteristic for thixotropic fluids, and it 
is connected to the content of molecules with chains of dif-
ferent lengths. The chemical compounds with longer chains 
have a tendency to move at a higher temperature [15]. The 
surface area of the loop defines the energy used during the 
breakdown of chemical structure [31]. The most unstable 
characteristics and the highest fluctuation of shear stress, 
were observed at 80 °C in case of aminoglycolysates coded 
as AmGL 1/1/1. The maximum values of shear stress were 
about 1400 and 614 for samples AmGL 1/1/1 and AmGL 
2/2/1, respectively.

In Table 5, the parameters of the applied Ostwald (also 
known as the Power Law) and Herschel–Bulkley rheologi-
cal models are presented. These mathematical models of 
rheological behavior are mostly employed to characterize 
non-Newtonian fluids. The Herschel- Bulkley model is 
specifically used to describe fluids characterized by non-
linear behavior and displaying the yield stress. The Ostwald 
model is usually dedicated to shear-thinning fluids without 

Fig. 4  Rheological flow curves of glycolysates obtained for different 
mass ratios (PA/EG = 1:2, 1:3, 1:4, 1:5 and 1:6) at a test temperature 
of 50 °C

Fig. 5  Flow curves of aminoglycolysates obtained for different mass 
ratios (PA/EG/TETA = 1:1:1 (a), 2:2:1 (b)) at a test temperature of 
80 °C

Table 5  Model functions 
based on rheological data 
for glycolysed and amino-
glycolysed samples

Sample T (°C) Model Equation τo (Pa) m (Pa·sn) n Σ R2

GL 2/1 25 Ostwald � = k ⋅ �n – 151.05 0.2311 71.617 0.9787
50 Ostwald � = k ⋅ �n – 111.67 0.1950 61.571 0.9604

GL 3/1 25 Ostwald � = k ⋅ �n – 132.29 0.2261 20.324 0.9938
50 Ostwald � = k ⋅ �n – 82.85 0.1129 10.052 0.9980

GL 4/1 25 Hershel–Bulkley � = �o + k ⋅ �n 0.3809 0.4365 0.8604 0.7748 0.9978
50 Hershel–Bulkley � = �o + k ⋅ �n 0.1931 0.1025 0.9565 0.2684 0.9983

GL 5/1 25 Ostwald � = k ⋅ �n – 0.0574 1.1071 0.7105 0.9935
50 Ostwald � = k ⋅ �n – 0.0072 1.3026 0.1799 0.9966

GL 6/1 25 Ostwald � = k ⋅ �n – 1 0.5426 3.2461 0.9641
50 Ostwald � = k ⋅ �n – 0.0026 1.4340 0.3650 0.9744

AmGL 1/1/1 80 Ostwald � = k ⋅ �n – 670.74 0.1029 184.63 0.9701
AmGL 2/2/1 80 Ostwald � = k ⋅ �n – 179.84 0.2038 184.36 0.8886

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


4424 Journal of Polymers and the Environment (2018) 26:4415–4429

1 3

yield stress [32]. All measurements were analyzed using 
Rheo3000 software. With reference to data presented in 
Table 5, all prepared samples were analyzed by means of 
the Ostwald model, with an exception of sample GL 4/1. 
For this specific sample, the yield stress (τo) amounted to 
0.38 Pa at 25 °C, and 0.19 Pa at 50 °C. Samples GL 6/1 (at 
50 °C) and GL 5/1 (at 25 and 50 °C) had the flow index (n) 
values greater than 1, thus they displayed dilatant behavior 
[32]. This type of fluid is characterized by being thicker 
under applied stress. The dilatant behavior of the aforemen-
tioned samples was also confirmed by the viscosity curves 
presented in Figs. 6 and 7. The viscosity of these samples 
increased proportionally with increasing shear rate. The 
remaining samples behaved as pseudoplastic fluids, meaning 
that they became thinner with increasing shear rate. The con-
sistency index (m) gives information about the viscosity of 
the material. The lower the consistency index, the lower the 
viscosity of the fluid [15]. According to the data presented 
in Table 5, the viscosity of the obtained samples decreased 
with the increasing amount of decomposing agent used. The 
viscosity drop was also observed as a result of increased test 
temperature.

In Figs. 6, 7, 8, the obtained viscosity curves at different 
temperatures for all prepared samples are depicted. The same 
testing parameters as for the flow curves were used. It can be 
observed that samples GL 2/1 and GL 3/1 exhibited shear 
thinning at 25 and 50 °C. At both temperatures, the viscosity 
decreased with increasing shear rate, while at 300 s−1, the 
viscosity reached a constant value. The same tendency was 
also observed for samples AmGL 1/1/1 and AmGL 2/2/1. 
On the basis of viscosity curves, the aforementioned samples 
were described as non-Newtonian pseudoplastic fluids. The 
observed decrease in viscosity was connected to the physi-
cal breakage of crosslinks [33]; it improved the mobility of 
molecules and the free volume between them [29, 34]. In 

the case of sample GL 6/1 at 25 °C, the viscosity decreased 
with increasing shear rate. However, at a higher tempera-
ture (50 °C), the same sample displayed dilatant behavior. 
Samples GL 4/1 and GL 5/1 exhibited shear thickening 
behavior at both temperatures until reaching the plateau of 
limit viscosity, but this phenomenon is poorly visible on 
the obtained curves. The presented viscosity curves are in 
agreement with the results from mathematical modeling, as 
shown in Table 5.

In Fig. 9, the mean values of viscosity of the obtained 
glycolysates and aminoglycolysates for different tempera-
tures are presented. The average viscosity was determined 
for the shear rate of 300 s−1. Under these conditions, the 
viscosity reached a constant value (plateau). It follows from 
the diagram that the higher content of decomposing agents 
in the reaction mixture resulted in a decrease in viscosity. 
Moreover, it can be seen that the viscosity decreased with 

Fig. 6  Viscosity curves of glycolysates obtained for different mass 
ratios (PA/EG = 1:2, 1:3, 1:4, 1:5 and 1:6) at a temperature of 25 °C

Fig. 7  Viscosity curves of glycolysates obtained for different mass 
ratios (PA/EG = 1:2, 1:3, 1:4, 1:5 and 1:6) at a temperature of 50 °C

Fig. 8  Viscosity curves of aminoglycolysates obtained for different 
mass ratios (PA/EG/TETA = 1:1:1, 1:2:2) at a temperature of 80 °C

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


4425Journal of Polymers and the Environment (2018) 26:4415–4429 

1 3

increasing temperature. In comparison to glycolysates, the 
viscosity of aminoglycolysates was much larger than that 
of other samples shown in Fig. 9. The viscosity of amino-
glycolysate samples was related to the content of solvolys-
ing agent. The viscosity increased as the number of agents 
decreased. The average viscosity values of samples AmGL 
2:2:1 and AmGL 1:1:1 were 10.81 and 26.43 Pa s, respec-
tively. The high viscosity of amino- glycolysates in compari-
son to glycolysates depended on the presence of partially 
unreacted diamine, which has a higher viscosity than glycol.

Characterization of Poly(ester urethane)s

The analysis of FTIR spectra (Figs. 10, 11) confirms the 
presence of characteristic groups in the chemical structure 
of synthesized poly(ester urethane)s containing 10 and 15 
wt.% of glycolysates, the latter being obtained with dif-
ferent weight ratios (EG:PA6.6 = 2:1, 3:1, 4:1). The FTIR 
spectra recorded for the samples with recovered interme-
diates have been compared with the spectra of poly(ester 
urethane) synthesized without glycolysates. The registered 
spectra did not differ significantly, while slight differences 
in the intensity of absorbance bands were observed. In 
the case of all prepared polyurethanes, the band attribut-
able to free isocyanate group in the range from 2250 to 
2270 cm−1 was not detected. This finding confirms that 
the reaction between the isocyanate and hydroxyl groups 
had been successfully completed under applied conditions 
[35]. The most important bands assigned to the character-
istic vibrations of urea bond are stretching vibrations of 
N–H group registered at 3300 cm−1, and a double peak 
in the 1680–1740 cm−1 range corresponding to stretching 
vibrations of carbonyl (C=O) group. The spectra dem-
onstrate that the peak at 3300 cm−1 becomes bigger with 
increasing hard segment content [36]. The absorption band 
at 1700 cm−1 corresponds to the hydrogen-bonded car-
bonyl groups, while that at 1725 cm−1 is attributable to 
the free carbonyl groups. The noticeable changes in the 
band intensity at 1700 cm−1 with the increased amount of 
glycolysate intermediates is associated with the hydrogen 
bonding interactions [37]. The out-of-plane bending of 
N–H groups was found at 1596 cm−1. The bond assigned 
to the stretching vibrations of C–N groups in the urethane 

Fig. 9  The average viscosity of glycolysates obtained for different 
mass ratios (PA/EG = 1:2, 1:3, 1:4, 1:5 and 1:6) at temperatures of 25 
and 50 °C, and the average viscosity of aminoglycolysates obtained at 
a temperature of 80 °C

Fig. 10  FTIR spectra of 
prepared poly(ester urethane)
s in which polyol has been 
partially replaced by 10 wt% of 
glycolysates
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linkage was observed at 1527  cm−1. The characteris-
tic stretching vibration of C–O–C bond occurred in the 
1140–1220 cm−1 region. The peaks at the wavenumbers 
from 1360 to 1477 cm−1 are characteristic bending vibra-
tions of methyl and methylene groups derived from the 
polyol chain [38]. In the comparable region, deformation 
vibration of –CH3 groups and bonds between the carbon 
atoms were detected [15]. The asymmetric and symmetric 
stretching vibrations of C–H groups (–CH2– and –CH3) 
were present at 2957 and 2873, respectively. Based on the 

comparative analysis of FTIR spectra for poly(ester ure-
thane)s obtained by using 10 and 15 wt % of glycolysates, 
it was concluded that all prepared materials had similar 
chemical structure with slight but noticeable differences.

In Fig. 12, the values of hardness and rebound resil-
ience of poly(ester urethane)s synthesized with 10 wt% of 
glycolysates and those in which polyol was replaced with 
15 wt% of glycolysate intermediates are presented. As 
mentioned earlier, glycolysates contribute hard segments 
to the polyurethane structure. This results in the structure 

Fig. 11  FTIR spectra of 
prepared poly(ester urethane)
s in which polyol has been 
partially replaced by 15 wt% of 
glycolysates

Fig. 12  Comparison of hardness 
and rebound resilience meas-
ured in the obtained polyure-
thanes
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characterized by higher chemical branching and even 
crosslinking [39]. The hardness values increased with 
the increasing content of hard segments, so the highest 
hardness was observed in polyurethanes synthesized with 
the use of glycolysates with higher EG/PA 6.6 ratios (i.e. 
4:1). It should be noted that the increased shear of glyco-
lysate intermediates in the polyol mixture resulted in the 
higher value of polyurethane hardness. It can also be seen 
that the values of hardness and Young’s modulus followed 
the same tendency, which is connected to the hard seg-
ment content. The reverse tendency was observed in the 
case of rebound resilience. With the increasing amount of 
hard segments, rebound resilience decreased.

The results from the static mechanical testing are pre-
sented in Table 6. Both tensile strength and elongation at 
break were comparatively low due to the incorporation 
of hard segments from glycolysate intermediates into the 
chemical structure of poly(ester urethane)s. The tensile 
strength of all obtained polyurethanes ranged from 5.99 
± 0.14 to 7.46 ± 0.11 MPa for PUR-2:1–10% and PUR-
4:1–10%, respectively. As can be seen, the tensile strength 
slightly increased as the concentration of glycolysates 
and the excess of ethylene glycol increased. It could be 
related to the disturbance of domain structure or the lack 
of strain-induced crystallization of soft segments. The 
elongation at break decreased when the petrochemical 
polyol was replaced with glycolysate intermediates. Apart 
from the hard segment content, the introduction of com-
pounds with different chain lengths, such as glycolysates, 
decreased the chain mobility [39]. Consequently, due to 
the content of glycolysate intermediates, the obtained 
poly(ester urethane)s were characterized by a lower 
elongation at break. Moreover, the Young’s modulus 
increased as a result of adding more glycolysate inter-
mediates and the excess of EG to replace the petrochemi-
cal macrodiol. The values of this parameter ranged from 
93.4 to 117.4 MPa for PUR-2:1–10% and PUR-4:1–15%, 
respectively. This is probably due to the fact that higher 
chain branching caused greater stiffness of the samples. 
It should also be pointed out that increasing the amount 

of hard segments leads to the higher brittleness of the 
obtained materials.

Conclusions

In this paper the glycolysis and amino-glycolysis of polyam-
ide 6.6 (PA 6.6) are described. The excess of ethylene glycol 
(EG) as well as the mixture of ethylene glycol and triethyl-
enetetramine (TETA) were effectively used as decomposing 
agents during the chemical decomposition of polyamide 6.6. 
The presented method does not require the use of elevated 
pressure. In the aforementioned processes, the mixtures of 
low-molecular-weight compounds were obtained, as con-
firmed by FTIR spectroscopy. The spectral analysis showed 
that the molecules with the hydroxyl and amine groups 
were present among the obtained products. The character-
istic absorption bands corresponding to partially unreacted 
decomposing agents were observed. The variable amounts 
of EG and TETA effected changes in the hydroxyl and amine 
numbers. In the case of glycolysates, a distinct increase in 
the hydroxyl number, and a decrease in the amine number 
occurred. The low value of calculated number- average 
molecular weight (90–250 g/mol) serves as evidence of sat-
isfying yield. On the basis of rheological measurements, the 
flow and viscosity curves were constructed for the prepared 
products. In the present study, the rheological behavior of 
fluids was described by using the Ostwald-de Waele or Her-
shel–Bulkley mathematical model, in dependence on the 
value of the coefficient of determination. All products have 
been classified as non-Newtonian fluids. The glycolysates 
obtained at 50 °C for the mass ratios of 4:1, 5:1 and 6:1 dis-
played dilatant behavior. The other analyzed fluids exhibited 
shear thinning at all temperatures tested.

Novel poly(ester urethane)s were successfully synthe-
sized with glycolysate intermediates originating from the 
recycled polyamide 6.6. Selected glycolysates (EG:PA6.6 
weight ratios equal 2:1, 3:1 and 4:1) replaced the com-
mercially used polyol in the amount of 10 or 15 wt%. The 
absorption bands attributable to the vibrations of urea 
bond were observed in the registered FTIR spectra. All 

Table 6  Comparison of tensile 
strength, elongation at break 
and Young’s modulus of 
prepared poly(ester urethane)s

Code of sample (%) Tensile strenght (MPa) Elongation at break (%) Young’s 
modulus 
(MPa)

PUR-2:1–10 5.99 ± 0.14 19.72 ± 0.52 93.4 ± 1.8
PUR-2:1–15 7.13 ± 0.40 9.39 ± 0.34 104 ± 2.6
PUR-3:1–10 6.39 ± 0.30 15.03 ± 3.30 99.1 ± 1.8
PUR-3:1–15 6.73 ± 0.34 7.87 ± 1.11 110 ± 3.6
PUR-4:1–10 7.46 ± 0.11 18.55 ± 1.41 104.3 ± 2.4
PUR-4:1–15 7.05 ± 0.09 7.24 ± 0.11 117.4 ± 3.5
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prepared materials displayed similar chemical structure, 
with slight but noticeable differences. It was also observed 
that the values of hardness and Young’s modulus increased 
with the increasing content of glycolysates. The tensile 
strength of all obtained polyurethane materials ranged 
from 5.99 ± 0.14 to 7.46 ± 0.11, thus the results are not 
significantly different. The downward tendency in the val-
ues of elongation at break and rebound resilience has been 
noticed for the polyurethanes synthesized with a different 
excess of ethylene glycol. This finding can be explained 
by the introduction of hard segments into the chemical 
structure of polyurethanes via the addition of glycolysates.

Based on the obtained results, it can be concluded that 
the proposed method of polyamide 6.6 (PA 6.6) decom-
position is an efficient chemical pathway that can satisfy 
the present trend in polymer waste management, i.e. the 
reduction of unfavorable environmental impacts caused by 
these materials. The obtained decomposition products are 
suitable for being reused in the synthesis of new polymers, 
especially polyurethanes. As demonstrated in this study, 
the application of glycolysate intermediates in the synthe-
sis of polyurethanes, as a part of polyol mixture, resulted 
in obtaining materials with satisfactory properties.
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