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Material covered by the study

MAIN FOCUS

Flexible polyurethane (PUFs)
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Polyamide 6 (PA6) fabric

Theme developed in two sequential master thesis
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APPROACH 1 APPROACH 2

Conventional and microwave PA6 glycolysis Polyamide 6 glycolysis and acidolysis
(acid catalysis) (basic catalysis)




Polyamide 6 glycolysis reaction

Polyamide 6 Ethylene glycol
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Glycolysis using conventional heating

~
= Glycol-polymer ratio

» Type and content of catalytic system

Operating

pa rameters ( DAP =hydrogen diammonium phosphate)

= Reaction temperature

" Reaction time

Various experimental tests were performed, using different settings

Polymer Glycol: Reaction
(q] Glycol polymer Catalyst [mmol/100g] T[°C] time [h]
ratio
G40 100 MEG 3:1 DAP 220 190 27

5_

Longreaction time

\% Main glycolysis test of nylon 6 performed with conventional heating

—— Acid catalysis with DAP

Excess of MEG



Characterization techniques of the samples
HPLC-MS

v C DO

Sample

Filtration liquids

WASHING

Solidresidue ——

Washed with hot water

FTIR



Analysis of the solid residue

DSC
0.25
Progressive reduction of the collected solid residue —— Sureao
0.00 ——— G40-16 residuo
Residue mass Estimated yield
Sample 025+
[d] n [%]
5h 1,5 20 - 0504
11h 0,8 50 S
% -0.75
19h 0,2 80 2
27 h less than 0,05 99 . _ .
' Melting point s«
0,657 granulo PAS essiccato 90 y -1.254 d ecrease 198°C
055; G40-44_11h-fit KOH 2 g o e
045j 175

T T T
150 170 190 210 230
Exo Up Temperature (OC) Universal VV4.5A TA

l

The remainingsolid fraction was
the depolymerization residue

Absorbance

————— T — e e s
2600 2400 2200 2000

FTI R Wavenumbers (cm-1)



Characterization of liquids and polyols

RT: .00 - 2010
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e-Caprolactam (114 m/z)
Monomer of polyamide 6
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Products of polyamide 6 glycolysis




Microwaves-aided glycolysis of PA6

A Conventional heatingrequired very longreaction times

OPERATIONS WITH MICROWAVE REACTORS ‘@‘
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* Fast heating
* Abatement of the reaction time
* Workingunder pressure

Pol Glycol: T p Reaction
o[);r]ner Glycol polymer Catalyst mmol/100g °C E)\;/vv]er time
ratio [min]
|/l" Results:
) . . . .
e e . pg::dpg;;.c 720 250 400 . Absence of solid residue after 30 min;
0

* Formation of the same compound
obtained with conventional heating.




Approach 2:
PA6 glycolysis with BASIC CATALYSTS

1° PHASE:
O
PA6 GLYCOLYSIS HoN N oH
and PA6 C e N

e-CAPROLACTAM O

FORMATION
g-Caprolactam

MEG

2° PHASE: s 8 i

N *  no” k" on — HD%:JMBWR-TDW*’E?
e-CAPROLACTAM H o O :0
REACTION g-Caprolactam Dicarboxylic acid Recycled polyols



1° PHASE: PA6 GLYCOLYSIS AND &-CPLFORMATION

Microwave heating

| MicroSYNTH
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SOLID
RESIDUE

Filtration

OPERATING J
PARAMETERS
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« Catalyst (NaOH, TBT, TiP, NaOGli)
* Content of catalytic system

* Glycol-polymerratio (3:1, 2:1, 1:1)

FTIR ;: residue =PAG6
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DSC : Depolymerization PA6
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1° PHASE: PA6 GLYCOLYSIS AND ¢-CPL FORMATION

Catalyst

Reaction time

Best catalytic

Material Polymer [d] MEG [g] Glycol: polymer ratio [mmol] T[°C] (min] SyS tem:

PA6 7 21 3:1 52 250 30 N a O H
Microwave heatingat 250°C:
' I NaOH GchoI.p.onmer TEC] Reactlc?n time Solid residue [%]
R [mmol] ratio [min]
L53 52 3:1 250 30 0(<1)
» Content of NaOH

L47 18 3:1 250 30 0(<1)

* Glycol-polymer ratio L55 5 31 250 30 15

L59 18 2:1 250 30 4

L61 18 1:1 250 30 11

Glycolyzate obtained
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1° PHASE: PA6 GLYCOLYSIS AND &-CPL FORMATION

114 m/z: e-CAPROLACTAM

Composition analysis (HPLC-MS):

Species lon Fragment Structure
113+1=
g-caprolactam (M+H% NH
114 m/z I : I T R T "
NH wert 227 m/z: e-CAPROLACTAM DIMER
g-caprolactam 1134113 +1= o] P
. (M+M+H) (o]
dimer 227 m/z HN 2.0e+07
1.5e+07+
1.08+074
Oe+084
0.0
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2° PHASE: e-CAPROLACTAM REACTION
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Sebacic acid Reaction intermediate

Reaction conditions
g-caprolactam

190°C
0 « 13h
H
OH » Nl _R.__O * NaOH as catalyst
* Ho N Hﬂ\{-/‘”'ﬂ‘él\m )fw’f Y o = y
0 O
MEG
Recycled polyols
r
Model reaction reageﬂtS: Wavenumber [cm™'] Bond Functional group
e Carbonyl group of the ester of
e-CAPROLACTAM (CPL) 4c ha racteristic 2=0 acid+MEG or CPL+MEG
Carbonyl group of CPL and
peaks He=0 acid+CPL
3 reagents MEG
-NH, Amide | from CPL opening
SEBACIC ACID Amide Il in the bond of
~1550
i acid+CPL

Zhang, S. et al. A novel synthetic strategy for preparing polyamide 6
(PA6)-Based polymer with transesterification.
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2° PHASE: e-CAPROLACTAM REACTION

FTIR analysis of the model reactions:

Reaction: CPL+SEBACIC ACID

40 R
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CPL + ACID =The reaction intermediate was formed
with and without NaOH

%T

Reaction: MEG + SEBACIC ACID +NaOH

8 85 58 888
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MEG + ACID =ester group was formed

" 1500
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2° PHASE: e-CAPROLACTAM REACTION

Reaction: CPL+SEBACIC ACID + MEG
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Comparison of reactions at the same time
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2° PHASE: e-CAPROLACTAM REACTION

Reactions between glycolyzate and sebacic acid:

Operatin Percentage of sebacic acid

P 9 relative to the moles of CPL
parameters present: 100%, 50% and 10%.

Glycolyzate CPL S.ebacic Sebacic acid TPC] Time [h]
Ke]l [mmol] acid[mmol] K]

ACID 24.0 53 53 10.73 190 13
100%

ACID

50% 24.0 53 26 5.36 190 13
ACID

10% 24.0 53 5.3 1.07 190 13

Y%oT

Wavenunbers (cm1)

1500
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Signal [uV]

2° PHASE: eeCAPROLACTAM REACTION

60000

50000

40000

30000

20000

10000

Molecular weight distribution (GPC):

- Sebacic Acid
Acid 50%
_ — Glycolyzate
| |
\
) /
21 22 23 24 25 26 27 28

Time [min]

Compositionanalysis (HPLC-MS):

114 m/z: e-CAPROLACTAM

] e c-C APROLACTAM before reaction

== c-C APROLACTAM after reaction

0.0 0.50 100 150 200 250 100 350 40 450 500 550 6.00
61187 Minutes, 0.5631 Al Minutes
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Characterization of final polyols

Removal of the MEG excess to reduce HV of
the obtained polyols. Subsequent evaluation
of HV and %H,0O with titration.

v

Distillation Potentiometric titrator Karl Fisher titrator

Polyols Hydroxyl Water content m!ﬁ
Value (HV) (%H,0) B w
400-600 mgKOH/g 0,1-0,2%

L» Slightincrease in products viscosity

7 ee®
‘-—.____/

Hydroxyl value (HV) Water content
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Production of new PUR foams

* New rigid foams were prepared with different recycled polyols
content (25-30%) usingboth conventional and microwave polyols;

« Basic catalysis led to polyols that highly accelerate the reaction
kinetics duringfoams formation;

* Onlyacidcatalysis polyols had been used to obtain new PUR foam.

YR

‘ isocyanate \

polyol poured into container polyol and isocyanate Solid polyurethane
followed by isocyanate being mixed is the result

By V. Ryan
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New foams characterization

COMPRESSION STRENGHT

Ref. Conventional Microwave
120 _
25RP  30RP  25RPMW  30RPMW Fosm S0URP conventons
0] 100—- :
/! 358 562 463 571 495 ]
[kPa] _ Better
Std Dev 20 9 20 19 21 50 39% THERMAL
! STABILITY
P <
(kg/m?] 58 66 69 65 66 £\ ) l
= | Associated to the
Similar CONDUCTIVITY only for conventional foams - : phosphorus
'@ Mt | | compounds
Ref. Conventional Microwave 204 :
1 |
25RP ~ 30RP  25RPMW  30RPMW 1 1 3770¢
1 TGAin air I
0 . : . :
o 50 250 450 650
>\ @ 10°C 27,2 27,5 26,7 35,3 37,5 Temperature (°C) Universal V4.5A TA

[mMW/(m-K)I" |

Max Std Dev=0,2 mW/(m-K) \L
*water blown foams

PROBABLE HIGH NUMBER OF OPEN CELLS
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CONCLUSIONS

Glycolysis could be a possible recyclingsolution for nylon 6;

Conventional heating processes required longreaction times while the use of microwave heating
reduced the reaction duration;

Foracid catalysis, the direct formation of polyester polyols terminated by phos phorus end-groups
was observed;

In basic conditions, glycolysis favored the formation of e-caprolactam, which was then transformed
into a polyol through ring opening;

Only for conventional polyols, the recycled foams presented improved physical-mechanical

properties and thermal stability compared to the virgin polyols reference foam.
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