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Abstract

Thermal decomposition of pentaerythritol phosphate (PEPA) and its blend (PEPAMP) with melamine phosphate were studied by TG, DSC,
TOF MS, and FTIR of volatile and solid decomposition products. Both PEPA and PEPAMP produce intumescent char on heating, however
that of PEPAMP is less stable to thermo-oxidative decomposition. The main decomposition pathway of PEPA is liberation of phosphoric acid
followed by formation of a foamed carbonized residue. In the mixture of PEPAMP, reaction between the components occurs, which strongly
reduces the heat release peaks of PEPA. In addition, condensates of melamine and their products of hydrolysis are formed. The hydrolys
reaction causes a low-temperature decomposition of the melamine ring, which results in the formation of urea, carbon dioxide and ammonie
The thermal decomposition of PEPA and PEPAMP is discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [3], a PPO/HIPS blenf#], epoxy resing5] and smoke sup-
pressant for thermoset materig. It affects the limiting
Intumescence is a strategy in flame retardancy, which oxygen index values of poly(butylene terephthalate) (PBT),
involves the formation on heating of a swollen multicellu- which steadily increase from 21.9 to 26.9 upon addition of
lar thermally stable char insulating the underlying material 0-30wt.% of the additive. Moreover, at the 30 wt.% load-
from the flame actiofil]. A typical intumescent system com- ing the formation of an intumescent char is observed on the
prises a dehydration catalyst (a) for char formation (usually specimen$7].
a phosphoric acid derivative, ammonium polyphosphate for At the same time, the single component approach might
example), a carbon rich polyol compound (b) and an organic have a drawback because the ratio between the chemical
amine or amide (c) that are capable of producing the char structures performing the different functions is not effective
(a+b) and of blowing it to a foamed structure ({2). The to achieve maximum of the fire retardant effect, and com-
components can be separately introduced; however, the nexbination with synergistic components may be needed. Thus,
developments have been aimed at the synthesis of a sincompounds of nitrogen are regarded synergistic for PEPA to
gle compound, which provides all the functions required impart flame retardant and intumescent character to a variety
for intumescence. One of these compounds is 2,6,7-trioxa-1-of polymerg8,9]. In PBT, a mixture of PEPA with melamine
phosphabicyclo[2,2,2]octane-4-methanol 1-oxide (pentaery- phosphate (MP) exhibits a stronger effect, as the limiting
thritol phosphate, PEPA) which has been claimed to be effec- oxygen index values of the formulations rise from 21.9 to
tive as both flame retardant in glass fiber reinforced PET 31.7 upon addition of 0—30wt.% of the mixtufé]. The
synergistic effect is likely to come from reaction between
* Tel.: +375 172 224500 fax: +375 172 264696, pyrolyzing additives. This study was therefore aimed at elu-
E-mail address: balabanovich@bsu.by. cidation of chemical reactions taking place on pyrolysis of
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the mixture of MP and PEPA. For comparison, the thermal eter of 3 cm) that contained the sample and of a cold-water

decomposition of PEPA was studied as well. In this respect, condenser at the upper part. While an argon stream passed

the pyrolysis studies of another intumescent additive, pen-through, the bottom part was heated up at a rate 6CIfin

taerythritol diphosphate (3,9-dihydroxy-2,4,8,10-tetraoxa- to 400°C and kept at this temperature for 10 min. High boil-

3,9-diphosphaspiro[5,5]-undecane 3,9-dioxifl),11], are ing products, HBPs, that condensed at the inner wall of the

of importance for understanding of the thermal decomposi- condenser were collected and analyzed by FTIR. Gaseous

tion of PEPA. products were collected by directing the argon stream from
the condenser to a liquid nitrogen trap containing KBr win-
dows and analyzed by FTIR too.

2. Experimental

2.1. Materials 3. Results and discussion

PEPA(l) Great Lakes NH-1197, registered trademark of 3.1. Thermal analysis

Great Lakes Chemical Corporation) and PEPAMP (Great

Lakes NH-1511, registered trademark of Great Lakes Chemi-  In DSC (Fig. 1), PEPA shows three endothermal phenom-

cal Corporation), a blend of PEPA with a phosphate synergist, ena at 115, 145, 16C before melting at 218C. In addition,

MP(ll), with the overall phosphorus content of about 15% two exothermal effects at 296 and 34D (Fig. 1) are asso-

(given by the manufacturer) were used as received. ciated with the two successive steps of weight loss of 17 and
14% in the ranges of 220-310 and 310-360n TG. A 21%

o NH, - HsPOy ,G\in HZPO(:: wgight loss is ob§erveq during the third ;tage at 360<850
0 )\ )k (Fig. 2). Comparing this thermal behavior (curve 1) to that
O=P~ OH = Ho . . .
% N {“ N JN\ under air (curve 2) reveals retardation of the weight loss pro-
HaN Ny NH, HoN Ny NH, cess above 320C followed by its acceleration above 440.
0 an 218°C
-24
145°C
1H5°C . A67°C PEPAMP

2.2. Thermal analysis

Thermal analysis was carried out using a Mettler TA 3000
thermal analyzer provided with a thermogravimetry mod-
ule and a differential scanning calorimetry (DSC) cell. The
temperature precision of the thermobalance and of the DSC
cell was+2 and+0.2°C correspondingly. The weight data
precision wast+1 g under constant conditions. Standard
measurements were performed at a heating rate o€4@in
in an argon flow of 90 cfimin. The non-volatile fraction

reproducibility at 600C was 4+2%. The sample size was Fig. 1. DSC curves of PEPA and PEPAMP. Run under a nitrogen flow
8-9mg. (90 crP/min) at a heating rate of 1C/min.

340°C

296 °C
200 250 300
Temperature / °C

Endo — eat flow / Wi/g

100 150 350 400

2.3. TOF MS analysis

The experiments were performed on a GCT time-of-flight
(TOF) MS detector operating in field ionization (FI) mode,
which provides a robust soft ionization MS technique. The
detector designed for the characterization of volatile com-
pounds by exact mass measurement.

Weight / %

2.4. Analysis of pyrolysis products

Solid residues collected at different steps of thermal
decomposition in thermogravimetry under nitrogen were
investigated by IR spectroscopy on a Perkin-Elmer “Spec-

T T T 1
300 400 500 600

Temperature / °C

T
200

trum 1000” FTIR spectrometer using KBr pellets.
Moreover, volatile products were collected with the aid
of a glass set-up consisting of a round bottom flask (diam-

Fig. 2. Thermogravimetry of PEPA (1 and 2) and PEPAMP (3 and 4). Run
under a nitrogen (1 and 3) or an air (2 and 4) flow (9Gmin) at a heating
rate of 10°C/min.
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As reported in[12,13], MP loses weight very gradu-
ally, leaving 33% solid residue at 60C. The weight loss
at 100-320C (6°C/min) proceeds without melting and is
accompanied by two endothermal phenomena at 265 and
305°C assigned to two dehydratation processes which result
in the formation of melamine pyrophosphate and melamine
polyphosphate correspondenthy].

The addition of MP changes the thermal decomposi-
tion behavior of PEPA remarkably, as the exotherm at
296°C vanished (Fig. 1). Just after melting of PEPA in
PEPAMP, a next endothermal effect is observed followed
by an exothermal one. The first effect is attributed to
dehydratation of MP (i.e. to the formation of melamine
pyrophosphatgl4]), whereas the second one can result from
reaction between MP and PEPA. It should be noted that the
first effect of dehydratation should proceed up to 265
[14], indicating that it is interrupted by the exothermal — , — ,
reaction. 4 35 31 2618 15 12 10 7

In TG, PEPAMP exhibits gradual weight loss leaving 47% Wavenumber / cm™!
solid residue at 600C (Fig. 2, curve 3). Thermal oxidation
leads to an intensive volatilization of the sample above’&30

Absorbance

> 495
IS

x 100

Fig. 4. Infrared spectra of original PEPA (a) and its solid decomposition

4 products collected in thermogravimetry in inert atmosphere on heating

(Curve ) . L (10°C/min) to: 5% weight loss (b), 20% weight loss (c) and 35% weight
In conclusion, the data of thermal analysis indicate the |oss (q). Pellets in KBr.

occurrence of reaction between PEPA and MP on heating.
The FTIR spectrum of PEPA is shownhiig. 4(Spectrum
3.2. FTIR study of PEPA a), band assignments Table 1. With respect to four absorp-
tion bands around 915, 854, 768 and 670¢mthey are
When the white powdery PEPA or PEPAMP were sub- present in the IR spectra of spirophospdfls15], bicyclic
jected to a flame (Fig. 3) or heated in TG, they formed char
with intensive foaming (i.e. an intumescent char). Detailed 1,0 1
study in TG under nitrogen (X@/min) showed that PEPA  assignment of IR absorption bands of PEPA and MP

gave a black solid residue at about 27) which started  g5nq yosition (cm?) Assignment Reference
to form a foamed char at about 280. PEPAMP produced
) : . PEPA
white foam from 270C, which started getting “blackness” 3390 OH stretch [21]
at about 340C. IR spectroscopy has been utilized to study 2963, 2910 Assymmetric and [21]
chemical processes occurring in the condensed state of the symmetric CHi
additives on heating. stretch _
1471 Ch deformation [21]
1300 P=0 [20]
1178, 1152, 1061, 988,455 Not assigned
1026 Stretching of [20,21]
P—O-C +C-O(H)
958 CHOH deformation Present study
915, 854, 768, 670 Typical of cyclic Present study
structures
877,841 Typical of bicyclic Present study
structures
632 OH deformation [21]
Melamine phosphate
3392, 3158 Assymmetric and [21]
symmetric NH stretch
1673 G=N stretch + NH [21]
deformation
1615, 1557, 1518, 1480, 1407  Ring stretch [21]
2681, 2341, 1248, 958,511  Typical oE@-O-H [20]
1108, 1050 P@ stretch [20]
786 Ring deformation [21]
613 NH: deformation [21]

Fig. 3. PEPA (50 mg) before (1) and after (2) exposure to flame. PEPAMP
(50 mg) before (3) and after (4) exposure to flame. 2 FTIR absorption bands were taken from a reference melamine phosphate.
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phosphiteg[16,17] and arsenite$17], and bicyclic phos- PEPA starts to decompose after melting (2C8
phateg[18], i.e. being typical of cyclic structures. Bicyclic Figs. 1 and 2), i.e. at relatively lower temperature although
phosphites exhibit a strong absorption band around 73%cm it does not possess any hydrogen atoms onptuarbon,
[17,19]; it moves to 594 cm! in bicyclic arsenites (replac-  which are necessary for the cyclic transition state (i.e. for the

ing phosphorus by arseni§)7] and to 877 and 841 cnt cis-elimination). The reactive alcoholic group and impurities
in the bicyclic phosphate (Table 1). Therefore, the two latter may depress the thermal stability of the P—O—C bonds. The
absorption bands are likely associated with bicycleRQs main changes observed in the OH and P—O-C spectral region

vibrations. The CH-(OH) and OH deformation vibrations at 5% weight loss (Fig. 4b) supposens-esterification of

absorb at 958 and 632 cth These absorption bands are typ- PEPA by the free alcoholic group, which leads to a distrac-
ical of a bicyclic phosphite P(OCHCCH,OH and arsenite  tion of the bicycle and production of new alcoholic groups
As(OCH,)3CCHyOH and disappear on etherificatifiv]. (Fig. 5A, 1st step). In this reaction, three or more molecules

At 5% weight loss (Fig. 4, Spectrum b), the OH stretching can be involved simultaneously.
band at 3390 cm! decreased in intensity. Simultaneously, a At the same time with therans-esterification reaction,
new OH band at 3429 cnt developed, indicating that there  scission of the P—-O—C bond occurs, most likely by carbo-
was a production of new alcoholic —OH groups. The same nium ion mechanism, which has been postulated for the ther-
trend was followed by other bands associated with ~&bH mal decomposition of pentaerythritol diphosphitd 1]. In
and OH groups at 958 and 632 thi In addition, there was  accordance with this mechanism, the formation of carbonium
a significant decrease of the bicycle-related bands at 877 andons occurs from protonation (with an acid impurity or from
841 cnm'l, indicating degradation of the bicyclic structure.  an acid resulted from hydrolysis of a P-O—C bond, for exam-

During the first stage of weight loss the —OH band was ple) of the phosphoryl group (Fig. 5A, steps 2 and 3) followed
destroyed (Spectrum c). New bands appeared at 2350 (noby skeleton rearrangement to give the more stable carbonium
shown), 1637, 999 and 476 cth characteristic of a P-OH  ion (step 4). In the next step, an olefin is generated byithe
group [20], whereas a new band at 1737chis likely elimination mechanism followed by deprotonation to form a
attributed to an ester carbonf@d1l]. The progression of the diene. At once, the dienes or olefins formed in this way are
P—OH group indicates decomposition of a P-O—C bond. involved in exothermal polymerization or Diels—Alder reac-
However, the Spectrum (c) is still dominated by strong tions producing new aliphatic bonds (Fig. 4c) and causing
absorption bands of the P-O-C groups at 1026%nthe the first exotherm in DSC (Fig. 1). Simultaneously, a foamed
855 cnt! band points to existence of a cyclic structure left char is produced.
undecomposed after the first stage of weight loss. In the course of the described reactions phosphoric acid

Itisimportant to note that, during the first stage, the overall moieties are liberated (Fig. 4c). Above 20D the P—-OH
profile of the C—H stretch spectral region changed remark- groups quickly condensates to give a pyrophosphate being a
ably. The 2912 cm! band moved to 2924 cmt. There is an strong phosphorylation agent. The phosphorylation of PEPA
increase in the intensity of the 2964 tfband, indicating results in disappearing of the free alcoholic group (Fig. 4c),
the formation of new aliphatic bond21]. as shown irig. 5B.

The untouched P—O—-C bonds of ring structures vanished At least one P-containing ring is left after the first stage of
during the second stage of weight loss (Spectrum d). The thermal decomposition at 220-310 (Fig. 4c). It undergoes
spectrum is dominated by the strong absorption bands ofscission on further heating in the range of 310-36Gy
polyphosphoric acids at 2732, 2350 (not shown), 1635, 1223, a similar mechanism shown Fig. 5A, liberating phospho-

1014, 495 cm?! (O=P-OH) and 932 cm! (P—O-P)20]. ric acid that condensates to a polyphosphoric acid (Fig. 4d).
Olefinic bonds created at this stage are involved in exothermal
3.3. Thermal decomposition of PEPA polymerization again (Fig. 1, the second peak). Aromatiza-

tion of this residue is likely to occur during this or next step

Pyrolysis of non-cyclic organophosphorus compounds of decomposition.
containing ester P—O—C bond(s) involves elimination reac-
tions to give olefins and corresponding phosphorus- 3.4. FTIR study of PEPAMP
containing acidf22,23]. No carbonaceous residue formation
was observed in these reactions. In addition, the pyroly- The IR spectrum of PEPAMP (Fig. 6, Spectrum a) exhibits
sis studies revealel@2,23] that the thermal stability of the  the absorption bands of both MP and PEPA (Table 1). By
P—O-C bond decreases with increasing branching in theheating to 250C there were dramatic spectral changes in
alkyl group in the order ethyl »-octyl~ B-phenethyk n- all regions of the IR spectrum (Spectrum b). The absorption
propyl= s-butyl > 2-octyl~ i-Pr > cyclohexyl, as inferred bands at 1299, 958 and 877 cidisappeared, indicating
from temperature at which gas evolution starts, i.e. 340, 245, rapid decomposition of PEPA. The sharp 3392¢nband
240, 240, 240, 215, 210 and 195 correspondently. Acyclic ~ due to the OH stretching was eliminated as well. These
cis-elimination mechanism has been postulated for the ther-facts signify reaction of MP and PEPA or of decomposition
mal decomposition of alkyl esters of phosphorus-containing products of MP and PEPA, as plain PEPA keeps certain
acids[22]. absorption bands &0, P-O-C) up to 300C (Fig. 4,
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Fig. 5. Proposed mechanism of the formation of phosphoric acid moieties during the first stage of the pyrolysis of PEPA (A) and of the phosphorylation of
PEPA (B).

Spectrum b). The additional support for the reaction comes  New absorption bands at 1198 and 1157 émppeared in
from the exothermic effect at 24T in DSC (Fig. 1), as  Spectrum b, associated with the formation of a pyrophosphate
neither PEPA nor MIPL4] exhibit an exothermic effectatthis  salt. The bands were assigned based on the IR spectrum of
temperature. a reference melamine pyrophosphate. This result is in agree-
ment with the data on the pyrolysis of MIF3]; the pyrophos-
phate anion undergoes decomposition at 3002830
[13].

a2 & §§ However, in contrast to the pyrolysis of MP, the formation
of the pyrophosphate is not a dominant process at’250
Formation of another product was revealed from the appear-
ance of bands at 1225 (shoulder), 1089, 1028 and 504 cm
ascribable to a phosphate or monobasic phosphate E4ipn
(see alsd-ig. 7, Spectrum d). The product was dominant at
300°C (Spectrum c) and mostly destroyed at 400(Spec-
trum d), probably with liberation of polyphosphoric acids,
as detected by their absorption bands at 2338, 1251 (broad),
993, 908 and 496 cnt.

A next set of reactions is generated by amino groups,
started between 250 and 300, as inferred from the develop-
ment of a strong shoulder at 1640 that 300°C (Spectrum
c), ascribable to the deformation vibration of a primary and/or
of a protonated secondary amino group. By further heating to
400°Cthe 1673 cm? band was eliminated (Spectrum d), and
the shoulder at 1640 cm moved and ended up at 1622t
being one of the major and strongest peaks in the Spectrum

T T . 1 ‘ . . (d), associated with the formation of a protonated tertiary
3500 3000 2500 2000 1500 1000 500 amino group[25]. It persisted heating to 50C (Spectrum
Wavenumber / em ™! e). One of possible reactions causing these transformations
is a progressive condensation of the primary amino groups to
Fig. 6. Infrared spectra of original PEPAMP (a) and its solid products of the e secondary and tertiary ones.

thermal decomposition collected in thermogravimetry in inert atmosphere . .
on heating (10C/min) to 250°C (b), 300°C (c), 400°C (d) and 500C (e). A next product not observed in the pyrolysis study of MP

Pellets in KBI. [13] is associated with the shoulder at 1745 ¢mascribable

1673

3302 3

Absorbance
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spectrum (Fig. 7, Spectrum b) is identical to that of a refer-
ence ammonium carbamate.

Next to ammonium carbamate, white strings of another
volatile were detected. Its FTIR spectrum (Fig. 7, Spectrum
c) is identical to that of ureg29].

Other four volatile products condensed at the wall of
the flask just above the foamed char, forming distinguishing
rings. The top one formed white crystals and was identified as
melamine (Fig. 7, Spectrum d) by comparison with the FTIR
spectrum of a reference product. The less volatile product,
the next ring lower, was of white color. Its FTIR spectrum
(Spectrum e) exhibits the absorption bands of a phosphate
ion (1229, 1089, 1048 cnt) and of a condensed melamine
salt (1636 crl). The presence of the symme-triazine ring of
melamine is supported by its deformation vibration at 815
and 767 crml.

The next two less volatile products were of gray color.
Their FTIR spectra are indicative of melamine condensates
(1630, 1555, 1460, 1401, 757 c) as well as of a con-
densed phosphate (1254, 1088, 982 ¢nSpectrum fj24],
and of a phosphate or monobasic phosphate (1232, 1086,
1046 cnT!, Spectrum g). Carbonyl structures are detectable
by the absorption band at 1736-1738¢n{hydrolysis of

Absorbance

(9)

, , : , melamine).
3500 3000 2500 2000 1500 1000 500 It is unlikely that melamine condensates volatilize on the
Wavenumber / cm ! pyrolysis of PEPAMP. They are likely to results from a vapor-

phase reaction of evolved melamine and phosphoric acid.
Fig. 7. FTIR spectra of t.he gaseous (a) anql condensable (b—g) pyrolysis  The FTIR study did not reveal a formation of either PEPA-
products of PEPAMP emitted in the degradation apparatus. related HBPs or reaction products between PEPA and MP
from the pyrolysis of PEPAMP.

to a G=0 stretch. The shoulder formed at 30D (Spectrum
c) and transformed to a real peak at 400(Spectrum d; see  3.5. TOF MS study of PEPAMP
alsoFig. 7, Spectrum f) disappearing on further heating to
500°C (Spectrume). Itis plausible supposing thatthe absorp-  In this study, a small quantity of PEPAMP was loaded
tion band develops from transformations of melamine and onto the probe and directly inserted into the ion source. The
is indicative of ammeline-type (4,6-diamino-1,3,5-triazin- temperature of the probe tip was rapidly heated to €00
2(1H)-one) structureR6] (hydrolysis of melamine). i.e. PEPAMP was subjected to a vacuum pyrolybig}. 8

At 500°C, the polyphosphoric acid moieties became illustrates a typical TOF total ion chromatogram of volatile
dominant in the residue (Spectrum e). The absorption bandspyrolysis products. Itis indicative of two main products, mass
at 3117 and 1401 crrt are characteristic of ammoniuji]. spectra of which are presentedTiable 2, which also shows
These bands were observed in the pyrolysis residue of PBTthe assignment of the mass spectral peaks. The light one is
fire retarded with ammonium polyphosphate and 2-methyl- a salt of a protonated PEPA and melamine, mass spectral
1,2-oxaphospholan-5-one 2-oxid@7]. Weil et al. [28]
found the similar absorption bands in the IR spectrum of the
pyrolysis residue of EVA fire retarded with 5,58,5",5"-
hexamethyltris(1,3,2-dioxaphosphorinanemethan)amine
2,2,2'-trioxide and melamine pyrophosphate and assigned
them to an artifact from hydrolysis of some of the
imidophosphoric acid subsequent to the char formation.

The main gaseous pyrolysis product of PEPAMP is ammo-
nia (Fig. 7, spectrum gR6]. Some volatile carbonyl com-
pounds are formed in a much lower yield, as detected by the
absorption band at 1737 cth[21]. The next minor gaseous
product is carbon dioxide. It undergoes reaction with ammo-

nia, producing a_-mmonium carbamate that forms white crys- rig. 8. TOF chromatogram of vacuum pyrolysis products of PEPAMP. Mass
tals at the wall in the upper part of the condenser. Its FTIR spectra of the products presentedible 2.

Detector response

Time / us
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Table 2
MS data of two vacuum pyrolysis products of PEPAMP
Abundance (%) lon (Da) Formula Assigned structure
Experimental Calculated
Peak 1 inFig. 7
HoN N NH
2 YY 2
+
40 126.0651 126.0654 C3HgNe NN
NH,
° P OH
HO—P-O
49 181.0268 181.0266 CsH100sP \
o]
10 253.1386 253.1386 CgH13N12 Protonated dimer of melamine
NH,
NT N
100 307.0890 307.0920 CgH16NeO5P
gH16N6O5 OO_\ S_OH /[[\ )\
HO / N NH2 N NH2
O
Peak 2 inFig. 7
OH
@]
30 98.9845 98.9845 H404P HO—ﬁ’—OH
OH
100 127.0739 127.073912 GH7Ng Protonated melamine
22 196.9633 196.9616 H7;OgP» Protonated dimer of phosphoric acid
@

HQN\(NTNHZ * HyPOy4
x
T

NH

6 225.0479 225.0501 C3H10NeO4P

N

NH,

> AN
10 351.1116 351.1155 CoH16N1204P )"f\ /"L "ll )N\
@ )\
P =
NH,”~ N N NH,

NH, - H4PO4 * NH,

N

fragmentation of which is accompanied by formation of the with PEPA. One of possible reactions can be reaction of the
protonated PEPA and melamine. pyrophosphate linkage P—O-P with the alcoholic group of

The heavy product (Table 2) is a protonated dimelamine PEPA, as shown ifig. 5B. In this way, the HO— group will
phosphate. It shows successive losses of melamine to form thédoe destroyed (Fig. 6, Spectrum b), yielding a phosphorylated
protonated phosphoric acid. Alternatively, melamine phos- PEPA. However, the PEPA bicycle will remain intact in the
phate can be eliminated yielding the protonated melamine. course of this reaction.

In conclusion, the vacuum pyrolysis of PEPAMP reveals  As shown by the DSC and FTIR data, melamine exhibits
the formation of a reaction product of PEPA and melamine, a destructive effect on PEPA. Primary aromatic amines
and dimelamine phosphate being the primary pyrolysis prod- are reported30] to be alkylated with trialkyl phosphates.
ucts. The formation of dimelamine phosphate is in agreementMelamine is knowr{31] to react with dialkyl phosphonates
with the FTIR study of volatile products where condensation or trialkyl phosphates at 10@€, producing monoalkylme-
and hydrolysis products of melamine phosphate were found,laminium phosphonate or phosphate and/or melaminium
being the secondary pyrolysis products. The reaction productphosphonate or phosphate. In a similar way, alkylation of
of PEPA and melamine is likely to undergo further condensed melamine is likely to occur from a mixture of PEPA and
state decomposition under the nitrogen flow pyrolysis and MP followed by the formation of alkylated melamine salt. A

therefore was not observed among the HBPs. reaction product of PEPA and MP has been supported by the
TOF MS study, and its further rearrangement to an alkylated
3.6. Thermal decomposition of PEPAMP melamine cannot be excluded.

In the next step above 25C, phosphates of the conden-
After melting of PEPA at 218C, dehydration of MP sates of melamine are produced with evolution of ammonia,
starts to form melamine pyrophosphate followed by reaction which together with evolved water causes foaming of the
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0]
Il I =
NHp *© HO—Powwe NHo - HO—Pww
L, TR 1
N® N +HO0 NN +2H,0 H\N N/H (|:l>
PNBY — )\ | Wil + HO—Pow
N A AT
HaNT SN ONH, P07 N, 2N [P SNo  OH
H ’

1743 cm-1 -

+2H20
i ——>  HNCONH, + 2CO, +2NH,

+ 3H,0
M —»  3CO, +2NHg

Fig. 9. Proposed mechanism of the low-temperature decomposition of melamine phospate.

material. At this step of the thermal decomposition, forma- 4. Conclusions

tion of carbonyl compounds also occurs, most likely due to

hydrolysis of melamin¢32]. A proposed mechanism shown PEPA is a thermally stable to 22Q@ compound, a foamed

in Fig. 9is supported by the formation of urea and ammo- char yield from which exceeds 45%. However, PEPA decom-
nium carbamate in the HBPs. According to this mechanism, poses exothermally and this can negate the thermal insulating
a successive hydrolysis of melamine takes place to form characteristic of the char and additionally warm up the bulk
carbon dioxide, ammonia or urea. In the gas-phase, reac-of the polymer. In respect with this, the addition of MP to
tion of carbon dioxide and ammonia leads to the formation PEPA shows a positive outcome, as the exothermal effects
of ammonium carbamate (Fig. 7, Spectrum b). However, are essentially lowered. Both PEPA and PEPAMP produce
the hydrolysis reaction is not a dominant one, as, @0a equal amount of char, however, that of PEPAMP is less sta-
minor gaseous product, whereas ammonia is a major oneble to the oxidative degradation.

The main source of ammonia is the condensation reaction of The condensed-phase chemistry of the char formation of
melamine. PEPAMP involves reaction between PEPA and melamine,

Melamine phosphate shows loss of the melamine struc- formation of melamine condensates and polyphosphoric
ture with formation of free —€N groups, starting from  acids, and a low-temperature decomposition of melamine,
650°C [13]. In the present study, a first sign of loss of yielding carbon dioxide and ammonia.
the melamine ring is observed at 3@ (Fig. 6c¢), indi-
cating its low-temperature decomposition. A similar effect
was.reported from pyrolysis of H!PS_ fire retarded V\{it_h Acknowledgment
a mixture of melamine and a derivative of a phosphinic
acid at 30@C_’ W_here the formation of carbon dioxide The author is grateful to Mr. G. Zwick for a number of
and urea derivatives was four[@3], and from pyroly-  poipf| discussions of the TOF MS analysis.
sis of HIPS fire retarded with melamine polyphosphate
[34]. Pure melamine phosphate does not show this reaction
[13].
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