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Preparation and pyrolysis kinetics of melamine

phytates/rigid polyurethane foam composites
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Abstract: A series of melamine phytates/rigid polyurethane foam (MEL-PA/RPUF) composites were prepared by
one-step water-blown method with MEL-PA as flame retardant. Thermogravimetric analysis (TG) and thermal ana-
lysis kinetics were used to study the thermal stability of the composites and reveal its degradation mechanism. The
results show that the char residues of MEL-PA/RPUF gradually increases at 700°C with the increase of MEL-PA load-
ing. Based on TGA data, the reaction grade n, activation energy E and pre exponential factor A of the main degrada-
tion stage for the composites were calculated by the Coats-Redfern and Horowitz-Metzger integration methods. The
results show that MEL-PA promotes the initial degradation of the composites in air atmosphere, while the MEL-
PA/RPUF composites have higher thermal stability in the high temperature stage, and the two calculation methods
have the same law. In N, atmosphere, MEL-PA30/RPUF (mass fraction of MEL-PA is 10.3wt%) has higher n and E
compared with RPUF. The results indicate that the reaction of MEL-PA30/RPUF is more complex and the thermal
stability is higher. The mathematical model and experimental analysis by Criado method verify the feasibility of the
Coats-Redfern method. The results of thermal degradation kinetics of MEL-PA/RPUF composites provide reference
for the analysis of flame retardation performance of RPUF with different flame retardation systems.
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Table1 Composition of rigid polyurethane foam (RPUF) and melamine phytates/rigid
polyurethane foam (MEL-PA/RPUF) composites

Sample LY-4110/g PM-200/g A33/g AK-8805/g LC/g TEOA/g  Water/g  MEL-PA/g MEL-PA/wi%
RPUF 100 150 1 2 3 2 0 0
MEL-PA10/RPUF 100 150 1 2 3 2 10 3.7
MEL-PA20/RPUF 100 150 1 2 3 2 20 7.1
MEL-PA30/RPUF 100 150 1 2 3 2 30 103

Notes: LY-4110—Polyether polyol; PM-200—Polyaryl polymethylene isocyanate; A33—Triethylene diamine; AK-8805—Silicone surfactant;

LC—Dibutyltin dilaurate; TEOA—Triethanolamine.
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Fig.1 TG and DTG curves of RPUF and MEL-PA/RPUF composites under air ((a), (b)) and N, ((c), (d)) conditions
% 2 RPUF 1 MEL-PA/RPUF EZS &4 TH TGA £ §
Table 2 TGA results of RPUF and MEL-PA/RPUF under air condition
Tinax/ C Vinax/ (%-C™) :
Sample T 54/ C T 505/ C o max Chanr residueat
Step 1 Step 2 Step 1 Step 2 700°C /wt%
RPUF 271 376 312 569 0.569 0.425 1.2
MEL-PA10/RPUF 266 370 310 567 0.595 0.411 4.2
MEL-PA20/RPUF 250 373 326 570 0.582 0.391 4.4
MEL-PA30/RPUF 233 375 325 566 0.602 0.392 4.8
Notes: T _54—Omnset degradation temperature; T_;,,—Midpoint temperature of the degradation; T,,,—Maximum decomposition
temperature; V,,,,—Maximum decomposition rate.
_ E
%3 RPUF #1 MEL-PA/RPUF30 7 N, &5 TH TGA %2 k = Aexp “RT (3)
Table 3 TGA results of RPUF and MEL-PA/RPUF30 S . 2
i 13 (1) 53K (3) Al
under N, condition
da E
. o Tmax/ C Char residueat E = Aexp (_ﬁ)f(a) (4)
Sample T 50/ C Tgpe/ C— o
Step 1 Step 2 700°C/wt% Wor TLOH ik 5% . . 2E
W THE R g = dT/defR A (4) 15
RPUF 254 338 335 463 12.4 d E
MEL-PA30/ @ _ ( )
— = —=exp|l-——=|f (@ 5
RPUF 242 347 340 487 20.6 q 3 P\=%7 f(@ (5)
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Table 4 Expressions of integral mechanism function g () and differential mechanism function f (@) of Criado method

Reaction mechanism Code f(@) g(@)
Random nucleation and nuclei growth

Two-dimensional A2 2(1-a)[-In(1-a)]"* [-In(1-a)]?
Three-dimensional A3 3(1-a)[-In(1-a)]** [-In(1-a)]"?
Four-dimensional A4 4(1-a)[-In(1-a)]** [-In(1-a)]"*
Limiting surface reaction between both phases

One-dimensional R1 1 a
Contracting sphere R2 2(1-a)"? 1-(1-a)'?
Contracting cylinder R3 3(1-a)*? 1-(1-a)"®
Diffusion

One-way transport D1 1/(2a) a?

Two-way transport D2 [In(1-a)]™ (1-a) In(1-o)+a
Three-way transport D3 3/2[1-(1-a)"*"(1-2)** [1-(1-a)"*]?
Ginstling-Brounshtein equation D4 3/2[(1-a)3-1]" (1-2/3a)- (1-a)*®
Order of reaction

First order F1 1-a -In(1-a)
Second order F2 (1-a)? (1-)'-1
Third order F3 (1-a)® [(1-a)>-1]/2
Exponential nucleation

Power law, n=1/2 P2 2a'? a'?

Power law, n=1/2 P3 3a? 3

Power law, n = 1/4 P4 40°* 4
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n F1iy RPUF il MEL-PA/RPUF % £ 1K} 1n [%]

HUTWRR, MM LS, miE 2, K 37]
VIR, &id Z0GE, o] DL e 2 R 5L
R’, a7F 0.05~0.45 g [l A}, X} F RPUF, 4 n=5.5
By, RA(E&H A, MHF E{5°4 126.15 kJ-mol™, InA
{E°4 25.03, SARZALBEE) RPUF MLL, #AN 3.7wt%
) MEL-PA ¥, MEL-PA10/RPUF /) n=4, E{H[#{IX
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Fig.2 Results of Coats-Redfern method for RPUF and RPUF/MEL-PA composites with @ of 0.05~0.45 under air condition
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Fig.3 Results of Coats-Redfern method for RPUF and RPUF/MEL-PA composites with @ of 0.65~0.90 under air condition

*®5 ZERABETMHEZEA 20°C/min iJ Coats-Redfern i%53X43H) RPUF & MEL-PA/RPUF £ &# HIZh 1#E S
Table 5 Kinetic parameters of RPUF and MEL-PA/RPUF composites obtained by Coats-Redfern
method with heating rates of 20°C /min in air atmosphere

« Sample n E/(kJ-mol™) InA R
RPUF 5.5 126.15 25.03 0.99963
MEL-PA10/RPUF 4 107.65 21.02 0.99915
0.05-0.45
MEL-PA20/RPUF 2.5 70.07 13.66 0.99867
MEL-PA30/RPUF 0.2 45.45 6.94 0.99526
RPUF 0.4 25.33 1.13 0.98784
MEL-PA10/RPUF 0.2 17.30 -0.47 0.97172
0.65-0.90
MEL-PA20/RPUF 0.6 30.36 2.13 0.99286
MEL-PA30/RPUF 0.8 38.00 3.61 0.99332

Notes: a—Conversion rate; n—Reaction grade; E—Activation energy; A—Pre exponential factor.
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Fig.4 Results of Horowitz-Metzger method for RPUF and MEL-PA/RPUF composites with @ of 0.05~0.45 under air condition
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Fig.5 Results of Horowitz-Metzger method for RPUF and MEL-PA/RPUF composites with @ of 0.65~0.90 under air condition
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Table 6 Kinetic parameters of RPUF and MEL-PA/RPUF composites obtained by Horowitz-Metzger
method with heating rates of 20°C /min in air atmosphere
a Sample n E/(KJ-mol™) InA R
RPUF 7 157.06 31.82 0.99967
MEL-PA10/RPUF 5.5 139.87 28.16 0.99942
0.05-0.45
MEL-PA20/RPUF 3.5 103.21 20.09 0.99931
MEL-PA30/RPUF 1.5 72.35 13.10 0.99782
RPUF 0.4 39.22 3.55 0.99552
MEL-PA10/RPUF 0.1 28.85 1.63 0.99345
0.65-0.90
MEL-PA20/RPUF 0.8 51.83 5.86 0.99703
MEL-PA30/RPUF 1 60.01 7.36 0.99695

N, iX 55 Coats-Redfern ¥ 1 73 B 45 R % — 2
& 7(b) #', MEL-PA30/RPUF Hy 5256 i1 £k 5 F2 (WL
Bk FREAL ) W) & o (HAER 5 B, RPUF

5 MEL-PA30/RPUF [ 52 56 fh £k #7637 7 I 25 F1.
F2 WL, 160 5 & 2 i S i AL O 0, 2RI AE IS )
BB, MR B PR At s AR A T A R



EEMRER

- 2514 -
-11.0 [ (a) RPUF » 7=0, R=0.99203 -11.0 | (b) MEL-PA30/RPUF » =0, R*=0.97059
115 | n=0 * o n=0.5, R=0.98472
: n (1), -115 | An=1.0, R=0.99327
n B — 24
-120 | a |l n=1.5, R=0.99710
n=1. 12.0 n=1.8, R=0.99752
— 125 | n=2. _ _s | «n=2.0, R*=0.99717
& n=2. 3 > n=2.5, R*=0.99499
S -13.0 | n=3 s —130t * 1=3.0, R=0.99001
29 S0
£ -135 | £ -135 |
-14.0 -14.0
-145 | -145 |
-15.0 | -15.0 |
Q Q
& & ¢ O H & & 0.00160 0.00165 0.00170 0.00175 0.00180 0.00185
N N N N N N > e
Q. Q. Q. Q. Q. Q. Q. T/K
T /K
(c) RPUF (d) MEL-PA30/RPUF
* *
1.5 15 F
1o | ®n=0, R?=0.98646 1o | 70, R*=0.96638
P T e n=0.5, R=0.99376 < YT @ n=0.5, R=0.97909
05 | An=1.0, R=0.99784 0.5 | An=1.0,R=0.98834
: n=1.4, R=0.99891 N ‘ n=1.5, R=0.99424
= o | n=15R=0.99890 = 0 | n=2.0,R=0.99714
< < n=2.0, R*=0.99736 ° 3 < n=2.3, R*=0.99766
= —05 | »n=2.5,R*=0.99381 . = 0.5 | »n=2.5,R*=0.99757

* n=3.0, R*=0.98884

S L T
~90 80 —70 =60 —50 —40 —30 20 10 0 10 20
oK

* n=3.0, R*=0.99615

72'5 1 1 1 1 1 1 1 1 1 1
—-80 —70 —60 —50 —40 —30 —20 —-10 0 10 20
/K

6 N, %[~ RPUF #ll MEL-PA30/RPUF 7£ a & 0.1~0.7 {i[E| ] Coats-Redfern 7% ((a). (b)) #ll Horowitz-Metzger 7 ((c). (d)) JM#r4h R

Fig.6 Results of Coats-Redfern ((a), (b)) and Horowitz-Metzger ((c), (d)) methods for RPUF and
MEL-PA30/RPUF with « of 0.1~0.7 under N, condition
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Table 7 Kinetic parameters of RPUF and MEL-PA30/RPUF composites obtained by Coats-Redfern and
Horowitz-Metzger methods with heating rate of 20°C /min in N, atmosphere

Method Sample n E/(kJ-mol™) InA R
et RPUF 0.8 61.14 10.75 0.99820
Coats-Redfern MEL-PA30/RPUF 1.8 80.93 15.46 0.99752
S RPUF 1.4 89.13 16.86 0.99891
orowltz-Metzger y r1pA30/RPUF 23 109.66 21.67 0.99766
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Fig.7 Theoretical curves of solid-phase reaction mechanism and experimental curves of RPUF and MEL-PA30/RPUF obtained by Criado method
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