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Flame retardant study of formalized polyvinyl alcohol fiber coated
with melamine for maldehyderesins and the synergistic effect of

copper ions

Yan Jiang, Wanli Zhou, Mengjin Jiang, Pengging Liu,Jianjun Xu’

State Key Laboratory of Polymer Materials and Engineering, College of Polymer Science
and Engineering, Sichuan University, Chengdu 610065, China

Abstract: The formalized polyvinyl alcohol fibers (PVF fit®rwere grafted with acrylic acids after
being activated in dilute potassium permangandteisn, and then the grafted PVF fibers (PVF-g-AA
fibers) were reacted with melamine formaldehyde YMkgomer solution to form flame-retardant
coatings on their surface. The coated PVF fibendF(B-AAMF fibers) were further treated with
copper sulfate solution for absorbing copper iangriomote their flame retardant performance. The
structure of the fibers was characterized by FTfRcsra and SEM photos. The flame-retardant
performance of the fibers was evaluated by limitoxygen index (LOI) and microcalorimeter tests
(MCC tests). It is found that MF coatings effechivamproved the flame resistance of PVF fibers, but
the flame retardant efficiency was not satisfact@gpper ions have an obvious synergistic effect on
the flame resistance of the fibers. SEM photoshaf cesidues, results of TGA and TG-IR revealetl tha
the flame retardance of MF coatings is mainly dugdseous phase .The effect of copper ions on the
thermal decomposition of MF resins was analyzedh pitrolysis-gas chronograms-mass spectrometry
(PyGC-MS), and it is found that copper ions catatiythe thermal decomposition of MF resins, which
synchronized the decomposition of MF resins and RWErs. Copper ions are also effective in
improving the char residues of PVF-g-AAMF fiberdielflame resistance of the fibers was improved
dramatically by the synergistic effect betweendhefted MF resin and the copper ions.

Keywords: formalized polyvinyl alcohol fiber; flame resistam graft polymerization; melamine
formaldehyde resin; metal ions; synergistic effect;

1. Introduction

The formalized polyvinyl alcohol fibers (PVF fibgreave been widely used in
many areas because of their excellent propertiesveder, PVF fibers are readily
ignitable in the air, and their limiting oxygen md (LOI) is only about 19%.

Although, there has been reported a lot of favardlaime retardants (FRs) that can be
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used to improve the flame resistance of polyvinidobol (PVA) sheets and
membranes. [1-5] Most of those FRs cannot be use®WVA fibers directly because
of the rigorous preparation requirement of PVA fgeAs is well known, the as-spun
PVA fibers have to be thermal stretched and hdaatsabout 220°C to improve their
crystallinity and orientation degree. Unfortunatelylot of frequently-used FRs, such
as many organo-siloxane FRs, will decompose atdhnmperature and thus PVA fibers
will lose their flame retardancy after heat settprgcess. [6] Moreover, PVA fibers
should be formalized to improve their resistancéndd water before being used in
many cases. The formalization process should balyead with the strong acidic
environment, which would dramatically affect theusture of many effective FRs,
such as melamine polyphosphate (MPP), melamineucgten (MCA), ammonium
polyphosphate (APP) and most phosphate FRs. Thereddopting a post-treatment
seems to be an attractive way to avoid these sgreress conditions and obtain a
flame retardant PVF fiber. Although the post-treattnmethods are very convenient
and effective, the flame-retardant durability sliblé taken into account as the flame
retardants are easy to be washed away after lomgtisage.

In this paper, permanent flame retardant coatimgghe surface of PVF fibers were
well designed. The PVF fibers were firstly grafweih acrylic acids, and then the
carboxyl groups on the surface of the grafted PWfer§ were reacted with the
melamine formaldehyde (MF) resin. As a result, flaene retardant coatings were
finally formed on the surface of PVF fibers.

MF resin and its derivatives are always consideoede excellent flame retardant



materials, and also have been widely used in mpplications. [7-9] In our previous
work, the MF resin and PVA composite fibers werepared by wet spinning. [10]
The obtained composite fibers were found to beesdihguishing in the air when the
content of MF resins is over 50%, i.e. The flamt@naant efficiency of MF resins is
not very high. So, it is interesting to investigé#t¢he surface coating technic could
make MF resin more efficient in flame retarding Pilfers.

Moreover, the transition metal ions (such as”’C€&" and Zi") have been
reported owning effective flame resistant effectatrylic fibers, alginic acid fibers,
viscose fibers, etc. [11-17] However, the syneigisffect of metal ions and MF
resins has seldom been reported. Therefore, itlss worthwhile to study the
synergistic effect of metal ions and MF resins.

In the present work, PVF fibers coated with MFmesere further treated in copper
sulfate solution for absorbing copper ions to prtendheir flame retardant
performance. The synergistic effect between copper and MF resin was studied in
details.

2. Experimental
2.1 Materials

Potassium permanganate, concentrated sulfuric #eRB%), formaldehyde
aqueous solution>B7%), melamine, triethylamine, glacial acetic aeid copper
sulfate pentahydrate (all from Ke Long Co., Ltdhe@gdu, China), were analytically
pure and used as received. Acrylic acid (AA), adacchased from Ke Long Co., Ltd.,

was analytically pure and used after removing inbibFormalized polyvinyl alcohol



(PVF) fiber, a commercial product, whose acetyhatiegree was about 25%-30%,
was kindly provided by Sichuan Vinylon Works, SINEX®, Chongqging, China.
2.2 Preparation of Acrylic Acid Grafted PVF fibers (PVF-g-AA fibers)

The acrylic acid grafted PVF (PVF-g-AA) fibers megrepared according to the
method described in many reports [18, 19], asasvshin Scheme 1. PVF fibers were
firstly immersed into the 0.05 mol*Lpotassium permanganate solution at 40°C for
10 min to generate free radicals on their surfabe. solid-liquid ratio of the reaction
system was 1:40. Then, the activated PVF fibereweashed with de-ionized water
until the washing water became colorless. Afteregging out extra water, the
activated PVF fibers were immersed into an aqueaaosylic acids solution
(concentration: 20 wt%) at 50°C for different tiniesa nitrogen atmosphere. Sulfuric
acid was added into the system to initiate thetigiateaction, and the concentration
of sulfuric acid in the reaction system was 0.08 b The solid-liquid ratio of the
grafting reaction system was 1:80. PVF-g-AA fibevere finally obtained after
washing and drying. The grafting degree was caledlaccording to the following
formula:

G=(M-Mg)/M(X 100%
M, and M are the weight of the fibers before and aftertgrgf respectively.

k
P—H + Mn* d

Complex Pe + Mn*" + HY

Scheme 1 The initiation reaction of dilute potassium permganate solution
2.3 Preparation of MF resin Coating PVF Fibers (PVF-g-AAMF fibers)

The prepolymer of MF resin was synthesized agngrtb the method used in our



previous work. [5, 10] Melamine, formaldehyde smotand distilled water were
added into a 500 ml three-necked flask at 80°C. iodar ratio of melamine to
formaldehyde was 1:2 and the solid content of ffstesn was 5%. Triethylamine was
added to the solution to adjust the pH of the sydt® 9-10. The reactants were stirred
until the products became homogeneous, and there#otion continued for 12 hours
to obtain transparent homogeneous MF prepolymeitisok.

PVF-g-AA fibers were then put into the prepared pMEpolymer solutions at 80°C
for 1h. The reaction between carboxyl groups whigime from the surface of
PVF-g-AA fiber and MF prepolymer is shown in Schetnél'hen, glacial acetic acid
was added into the reaction system to adjust thefgHe system under 6, and in that
situation, MF prepolymer started to crosslink. Aftering for 1 hour, the fibers were
taken out and washed with much water to removelhiysically adsorbed MF resins.
The mass fraction of MF resins was calculated ksvs:

W=(my-m;z)/m, X 100%
m;and m are the weight of the fibers before and after tiegcwith MF resins,

respectively.

)
HOH,CHN—C& __ C-NHCH,OH
N

Scheme 2 The proposed reaction between carboxyl groupdviiadesins



2.4 Absorbing Copper lons (PVF-g-AAMFCu fibers)

PVF-g-AAMF fibers were immersed into the 0.50 niot aqueous solution of
copper sulfate for 1h at 80°C. The solid-liquidaaif the reaction system was 1:40.
Then, the fibers were washed with hot water foresaivtimes to remove the residual
copper sulfates. The proposed structure of the BMWAMFCu fibers is shown in

Scheme 3.

N Cu2+

Scheme 3 The proposed structure of PVF-g-AAMFCu fibers
2.5 Preparation of Model Flame Retardants (MFCu resins)

MF resin powders were immersed into the 0.50 mbhfueous solution of copper
sulfate for 1h at 80°C. The solid-liquid ratio difetreaction system was 1:40. Then,
the MF resins chelated with copper ions (MFCu ®simere finally obtained after
washing with hot water for several times in thegess of filtration.

2.6 Experimental Techniques

Infrared spectra were recorded using a Nexus-56{o(&t, USA) Fourier
6



transform infrared spectrophotometer (FTIR) on mbe@owder by transmittance
methods. The wave number resolution was Z,cand the scan region was from 4000
cm* to 400 cnil.

The LOI values were measured on an LOI analyzerd@idF-3, Jiangning Co.,
China) according to ISO 4589-2. An average of astiéive replicas was adopted.

Scanning electron micrographs of the combustiondueswere obtained by a
JSM-5900LV scanning electron microscope (JEOL). abeelerated voltage was 20
kV.

Thermal gravimetric analysis (TGA) was carried offAinstrument Q600. The
fiber samples were cut into powder and dried irnauum oven at 80°C for 12 hrs.
The measured temperature was varied from 100°©Q@6C at a heating rate of 10 °C
min™ under a nitrogen atmosphere or synthetic air ¢mmdi

Thermal gravimetric analysis/infrared spectromdir®-FTIR) was performed to
analyze the volatilized products after the pyradysi samples under a nitrogen flow
of 35.0 mL min*. All samples were approximately 10 mg and weret ke[d00°C for
5 min first to remove the absorbed water, then viim&ted up to 700°C at a heating
rate of 10 °C mif.

The microcalorimetry (MCC) tests were conducted @n FTT0001
microcalorimeter instrument (FTT, UK). The driedwmtered fiber samples, placed in
a 40uL alumina crucible, were heated from 100°C to 75@t@ heating rate of 1 °C
s' in a stream of nitrogen flowing at 80 mL nfinThen, the mixer of the volatile

anaerobic thermal degradation products and nitrggenstream was mixed with a 20



mL min™ stream of oxygen gas before entering to a 900°Cbcstor.

The content of copper ions absorbed by the fibers determined by an ICPS-8100
inductively coupled plasma emission spectromet&ini@dzu, Japan). The samples
were immersed in the concentrated sulfuric aciddin at 25°C with stirring so that
all the metal ions of the samples were replacedibynd released to the solution.
Then, the content of copper ions in the acid sofutvas tested by ICP.

Scanning electron micrographs (SEM) of the samplese obtained by a
JSM-5900LV scanning electron microscope (JEOL). &beelerated voltage was 20
kV.

Pyrolysis-gas chronograms-mass spectrometry (Py@&-Mas performed on a
PY-2020is pyrolysis apparatus (Frontier, Japanptlwith a GC-MS-QP2010 gas
chromatograph/mass spectrometer (Shimadzu, Japha)samples were pyrolyzed
under selected temperature for 12s, and the pysojy®ducts were separated and
identified by gas chromatograph/mass spectrometer.

3. Resultsand Discussion
3.1 Sructural Characterization
3.1.1 FTIR Spectra

Figure 1 is the FTIR spectra of PVF, PVF-g-AA aPdF-g-AAMF fibers. The
broad peak around 3415 ¢nis the stretching vibration absorption of —OH ahé
peaks at 2942 cfand 2862 cil are due to the stretching vibration of —SHn the
molecular chain. After being grafted with acrylicds, there appears a strong peak at

1725 cnt, the characteristic absorption peak of C=0 of oaybic groups, which



indicates the successfully grafting of acrylic aci@ihe peaks at 1585 ¢nand 1488
cm® of figure 1c are attributed to the in-plane begduibration of triazine rings of
MF resins and the peak at 1332 tis the stretching vibration absorption of C—N,
besides, the peak at 811 tiis the out-of-plane bending vibration of triaziriegs of
MF resins. From the results of the FTIR spectra@ait be concluded that the fibers

were grafted with acrylic acids and covered with MBins successfully.

i L | i i | L 1 i
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm”

Figurel The FTIR spectra of PVF (a), PVF-g-AA (b) and PYAAMF (c) fibers
3.1.2 SEM Photographs

SEM was used to observe the morphology of therdibbefore and after
modification, and the results are shown in Figuré 2an be seen that the surface of
PVF fibers is very smooth and the cross-sectiaompact from inside and out. After
being grafted with acrylic acids, the surface o ftbers is still quite smooth, as is
shown in Figure 2c. However, compared with the sisection of PVF fibers, there
appears a loose external surface after grafted;hwihdicates that acrylic acids were

grafted on the surface of the PVF fibers. Moreoteis thin outer layer becomes
9



much thicker after reacted with MF resins (Figufe @&d the surface of the fibers
becomes rough (Figure 2e). We can easily get thelgsion that the compact interior
section of PVF-g-AAMF fiber is PVF substrate anc tlbose outer layer is the

specially designed flame-retardant coating.

Figure 2 SEM photographs of the surface and cross-secftitredibers; (a-b): PVF
fiber; (c-d): PVF-g-AA fiber; (e-f): PVF-g-AAMF fibr
3.2 Flame Resistance of PVF-g-AAMF Fibers
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The LOI values of a series of PVF-g-AAMF fibers ftjrey with MF resins at
different degree were tested and the results avenrshn Figure 3. The initial LOI
value of PVF fibers is only about 19.0% which me®W- fibers burn easily in the
air. After grafting with acrylic acids and then tiog by MF resins, the LOI value
improves significantly. Moreover, it can be seeat tine LOI values of PVF-g-AAMF
fibers improve rapidly with the increasing of gnaftf degree at the very beginning.
However, with the further increasing of graftinggdee, the LOI values of the fibers
improve slowly. The flame resistance of PVF-g-AANiBer is supposed to depend on
its MF coatings. The content of MF resins versusftorg degree is also tested to
verify this assumption, and the results are alsawshin Figure 3. It can be found that
the growth trend of MF resins is similar to thatL@l values as expected. PVF fibers
without grafting any acrylic acids can not reacthwMF resins. As a result, the
protective MF coatings can not be formed on theifaxe. However, after grafting,
the carboxyl groups on the surface of the PVF-gfibars will react with MF resins
to form the protective coatings. At the beginningge, the protective MF coatings
will become thick with the increasing of acrylid@s, so the content of MF resins and
LOI values increased. However, with the furtherréasing of acrylic acids, the
reaction between MF resins and the inner acrylidsacnay become harder and
blocked, so the content of MF resins and LOI valggew slowly at last.
Unfortunately, result from this slow growth of LQdersus grafting degree, the
grafting degree should be above 30.0% to obtairiléimee resistant fiber (LOI>27%).
However, a little increase of grafting degree dmel dontent of MF resins will lead to

11



a sharp decrease in the mechanical propertiesdittérs.

PVF-g-AAMF fibers were treated with an agueous sokuof copper sulfate to
absorb copper ions and improve the flame retardfitiency of MF coatings, The
LOI values of the PVF-g-AAMFCu fibers are also shmoiw Figure 3. It can be seen
that copper ions can improve the LOI values of RWAAMF fibers significantly.
For example, for PVF-g-AAMF fibers grafting acrylcids at a degree of 5.1%, the
LOI of the fibers increases from 22.0% to 30.8%mébsorbed with Gt which is
even higher than that of the untreated PVF-g-AANMiers grafting acrylic acids at a
degree of 58.0%. This remarkable synergistic eflacgely promotes the flame
retardant efficiency of MF coatings. As a consegeeithe needed grafting degree to
obtained flame-resistant fibers is dramaticallyusst. Although the higher grafting
degree will give the fibers thicker MF coatings dmelter flame resistance, taking the
decrease of mechanical properties of fibers witjh lgrafting degree and MF resins

contents into account, the grafting degree is pablg below 20%.
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Figure 3 The MF content and LOI values of PVF-g-AAMF fibeesrsus grafting
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degree
3.3 Heat Release Behavior

MCC test is a useful method to investigating theloostion properties of polymer
materials. Results include peak heat release patBR), total heat release (THR) and
temperature at the peak heat release ratg)(TFigure 4 presents the curves of the
heat release rate of PVF, PVF-g-AA, PVF-g-AAMF dahdF-g-AAMFCu fibers, and
the corresponding experimental data are summainizéable 1.

It can be inferred from Figure 4 that PVF fibergate much more combustible
products during heating and HRR reaches a shatpwitta a pHRR of 190.4 WY
and pHRR is slightly reduced after grafting withrydic acids. After covering with
MF resins, the pHRR decreases remarkably to 99g/*Mihdicating that MF coatings
are effective to reduce the heat release rate. héumore, the pHRR of
PVF-g-AAMFCu fibers is reduced to only about 48.3 ¢, illustrating that the
copper ions lead to a dramatically decreasing effibat release rate and have an
obviously synergistic flame retardancy effect.

THR is characterized as the total energy releasgdcdmbusting the gasses
generated in the process of material decompositidmch is another important
parameter for fire hazard evaluation. The datadish Table 1 show that the THR
value of PVF fibers is 18.9 kJ'cand it reduces to 15.3 kJ @fter the fiber grafting
with acrylic acids, indicating that the combustilgjasses generated by acrylic acids
during heating are less than that of PVF fibeal$b can be found from Table 1 that
the THR of PVF-g-AAMF fiber is about 11.9 kJ*gNamely, THR of PVF-g-AA

13



fibers drops 22.2% after coating with MF resinswduer, the content of MF resins
of the tested PVF-g-AAMF fibers is 35.0+£2.1%, imply that the decrease of THR is
simply attributed to the introducing of MF resinsdaVIF resins can not enhance the
formation of char to prevent the generation of costible gasses. Therefore, the
flame-retardant effect of MF resins may be mostig do the gaseous phase rather
than condensed phase. However, the THR value fudbereases to 6.4 kJ' gifter
absorbing C&. The much lower THR value of PVF-g-AAMFCu fibersnepared
with PVF-g-AAMF fibers demonstrates that coppersidrave the effect on promoting
the content of char residue charring process, lblyepreventing the generation of

combustible gases during heating. [2]

200

150 |-

PVF-g-AAMF

HRR/(kJ/g)
g

50 |-
<\~ PVF-g-AAMFCu

200 300 400 500 600 700
Temperature/-C

Figure4 The HRR curves of PVF, PVF-g-AA, PVF-g-AAMF and tadgons treated

PVF-g-AAMF fibers

Table 1 MCC test parameters

pHRR®  pHRR, THR Tinaxt” Tinaxs
Sample
(W g*) (W g*) I(kJ g*) I(°C) 1(°C)

14



PVF 190.4 145.7 18.9 384 433

PVF-g-AA 83.2 132.7 15.3 369 437
PVF-g-AAMF 94.4 99.7 11.9 369 429
PVF-g-AAMFCu 34.1 48.3 6.4 345 427

a: The first peak of heat release rate; b: The rmbqmeak of heat release rate; c:
Temperature at the first peak of heat release dafeemperature at the second peak of
heat release rate.
3.4 Thermal Properties

As is well known, the combustion process is vergnpbicated, materials undergo
thermal degradation and thermal oxidative degradatrocesses during burning. [20]
Therefore, TGA measurements can serve as usefchiods of polymer flammability.
[21, 22] The thermal gravimetric (TG) curves of B\AVF-g-AA, PVF-g-AAMF and
PVF-g-AAMFCu fibers tested in a nitrogen atmospleard air atmosphere are shown
in Figures 5 and 6, respectively. And the corregipmninformation of TGA results is
also summarized in Tables 2 and 3. Figure 5 sholarlg that the thermal
degradation process of PVF fibers can be divided iwo stages. It is well known
that polyvinyl alcohol dehydrates at the beginnighermal decomposition process
and generates unsaturated compounds. [23, 24] foher¢he weight loss of the first
stage from approximately 318°C to 400°C is relatedegradation and elimination of
volatile products. When the further increase oftdmaperature, the main chains start
to break down and produce a lot of volatile prodwartd a few char residues finally.

Compared to PVF fibers, PVF-g-AA fibers exhibitsliea initial weight loss (T, the

15



temperature at 5% weight loss) and lower thernadikty below 400°C (decreased
Tmaxa) IN @ nitrogen atmosphere. It may result from dinstable carboxyl groups of
acrylic acids which are very easy to eliminate wated carbon monoxide/dioxide
during heating. However, ihx2 of PVF-g-AA fibers is close to that of PVF fibers,
which may due to the energy needed to break theegul@r chain of PVF and
PVF-g-AA fibers down are nearly the same.

It also can be found from Figure 5 and Table 2 ®¥F-g-AAMF fibers show
almost the same thermal stability with that of PYAA fibers at the first
decomposition stage (the identicah &nd Tnaxy) and the weight loss below 360°C is
mainly due to the decomposition of the interioryéicracids. As we can see from
Table 4, MF resins are extremely stable [25] urB8C, and MF resins decompose
rapidly at 407C and produce some non-flammable gasses and someedidue.
However, the char residue of PVF-g-AAMF fiber ighya little higher than that of
PVF-g-AA fiber at 800°C, as is given in Table 2indicates that the protective effect
of MF coating is non-durable and MF coatings canimecrease the content of the char,
so it can be inferred that the flame retardancB\&¥-g-AAMF fiber may be mostly
provided by the effect of gaseous phase rather ttardensed phase, which is
consistent with the results of MCC test.

After further absorbing copper ions, the,Tand Tmxa of the fibers reduce
significantly, as is shown in Table 2. Namely, R€F-g-AAMFCu fiber begin to
decompose earlier at first stage, which reveal$ topper ions have impacts on
catalyzing the degradation of PVA-g-AAMFCu fiber.hd thermostability of

16



PVA-g-AAMFCu fiber is different with that of PVF-&A fiber. The presence of
copper irons with flame-retardant MF resins and/laciacids, PVF fiber seemed to
convert alkylperoxy radicals to more stable speciégy strongly affect the extent of
carbon formation from and of oxygen uptake by plafio molecules as a result of
reactions occurring mainly in the condensed phasshancing the polymer
flame-retardant actionMoreover, the thermal decomposition rate is alsahér
reduced after absorbing copper ions and resultiseriarge increase of char residues.
The char residue of PVF-g-AAMF fibers at 800°C #igantly increases from 17.2%
to 34.4% after absorbing €u Table 2 also lists the content of copper ions in
PVF-g-AAMFCu fibers detected by ICP and the coroegping theoretical calculating
char residue of PVF-g-AAMFCu fibers. It can be sé®at the theoretical calculating
char residue of PVF-g-AAMFCu fibers should be frdi6.3% (CuO) to 23.2%
(CuO), which is much lower than the measured vé&B4e4%). Therefore, it can be
speculated that the gaseous phase and condenssd pbth have an important
function in protecting the fibers from burning.

It also can be found from Figure 6 that the therstability of PVF and PVF-g-AA
fibers below 400°C in air condition are much lowtean that of themselves in
nitrogen condition (the lower oI and Thax). However, the J, and Taxa Of
PVF-g-AAMF are unchanged no matter heating in airdition or nitrogen condition,
which may because MF coatings are very stablericaidition and so can prevent
oxygen getting into the interior of the fiber. Thfare, the substrates of
PVF-g-AAMF fibers (PVF-g-AA fiber) still undergo émmal decomposition rather

17



than thermal oxidative decomposition even in an amosphere. Although MF
coating improves the thermal stability of PVF-g-Affbers significantly in air
condition, it can not highly promote the formatioh char residue, as is shown in
Figure 6, i.e., the barrier action of MF coatingson-persistent and will be exhausted
at high temperature after MF coatings begin to dgmmse. Thus, it can be inferred
that the flame retardant effect of MF resins is tlydsased on the gaseous phase and
may be with some positive effect of condensed phasbas been mentioned above

Notably, the stability of PVF-g-AAMF fibers in ndgen and air conditions are
reduced after absorbing copper ions, declaring #@pper ions catalyze the
decomposition of PVF-g-AAMF fibers. It can be setgarly from the DTG curves of
figure 6 that the two decomposition stages of PVA&AAIMFCu fibers coincide with
that of PVF fibers. Therefore, the gaseous phasendl retardant effect of
PVF-g-AAMFCu fibers is much better than that of RFFAAMF fibers.

It can be drawn from above that copper ions imprtwe flame resistance of
PVF-g-AAMF fibers by improving both the effect ohgeous phase and condensed

phase.
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Figure5 TG curves of PVF, PVF-g-AA, PVF-g-AAMF and PVF-gAMFCu fibers

tested in nitrogen atmosphere

Table 2 TG Data of PVF, PVF-g-AA, PVF-g-AAMF and PVF-g-AARCu fibers

tested in nitrogen atmosphere

Char/(%, Contentof Chaf/(%,

Sample Tl/(°C)  Tmaxt/(°C)  Tmaxs!(°C)
800°C) Cu 9% cal.)
PVF 318 358 433 15.1 — —
PVF-g-AA 267 349 440 13.0 — —
PVF-g-AAMF 265 342 421 17.2 — —
PVF-g-AAMFCu 254 323 430 34.4 5.61 16.3-23.2

a: Temperature of 5% weight loss; b: The maximuta-ceegradation temperature of
the first stage; c: The maximum-rate degradatiomptrature of the second stage; d:
Detected by ICP; e: Calculated char residue, Chal)(=5.61% Char (Ci) +

94.39% Char (PVF-g-AAMF).
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Figure6 TG and DTG curves of PVF, PVF-g-AA, PVF-g-AAMF and
PVF-g-AAMFCu fibers tested in air condition

Table 3 TG Data of PVF, PVF-g-AA, PVF-g-AAMF and PVF-g-AARCu fibers

tested in air atmosphere

Sample TICC)  Tmad/(°C)  Tmax/(°C)  Char/(%, 800°C)  Ch&i(%, cal.)
PVF 258 316 486 0.7 —
PVF-g-AA 221 298 445 1.3 —
PVF-g-AAMF 273 341 537 2.7 —
PVF-g-AAMFCu 244 342 488 11.4 8.9-9.6

a: Temperature of 5% weight loss; b: The maximuta degradation temperature of
the first stage; c: The maximum rate degradationpgrature of the second stage;
Calculated char residue;
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3.5 Carbon Residue Morphology

PVF-AAMF and PVF-g-AAMFCu fibers are burned on doo&ol blast burner in
the air, and the char residues of the fibers atieated and analyzed to clarify the
combustion behavior of the fibers, The SEM photbthe char residue are shown in
Figure 7. PVF and PVF-g-AA fibers burn rapidly withuch smoke after being
ignited by blast burner, and almost no carbon tesid produced, so Figure 7 only
gives the char residues of PVF-g-AAMF and PVF-g-AR®U fibers. It can be found
that the residues of both PVF-g-AAMF and PVF-g-AAGAF fibers almost
completely retains the fibrous structure after wgnn air, which may because the
low concentration of oxygen in the air makes péfilzers decompose without the
participation of oxygen during burning. It also che seen from Figure 7a that
PVF-g-AAMF fibers appear a lot of bumps after bami which may because MF
coatings obstruct the escape of volatile gassedupenl by the inner substrates during
heating. The bumps of PVF-g-AAMFCu fibers, howewae much fewer and smaller
than that of PVF-g-AAMF fibers, as is shown in Figub. It can be well explained
by the lower volatile gasses produced during hgativhich has been confirmed by

MCC tests and TGA results.
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Figure 7 The SEM photos of the char residues of PVF-g-AAfdfand

PVF-g-AAMFCu (b) fibers collected after burningair

3.6 \Wolatilized Products Analysis

Thermal gravimetric analysis/infrared spectromef{fG-FTIR) technique was
applied to study the flame-retardant mechanisnhéngaseous phase, and the results
are shown in Figures 8 and 9. The FTIR spectrd@fvblatile gasses generated by
PVF fiber at different pyrolysis temperature arewh in Figure 8a. It can be found
that a large amount of volatile gases are generdtgohg heating and the main
volatile gases are carbon dioxide (2358'cr2320 crmt and 669 cr), carbon
monoxide (2178 cihand 2112 cif), formaldehyde (2822 ¢t 2726 cm and 1745
cm™), water (3565 c), aromatic compounds (1560 ¢ril540 crit and 1508 cil),
carbonyl compounds (1716 &) methyl compounds (2932 ¢hand 2860 ci) and
methylene compounds (2895 ¢n2861 cnt and 1470 ci). The absorption peaks of
the volatile gasses released by PVF-g-AA fibersrduineating are shown in figure 8b,
almost the same with that of PVF fibers. It canelasily comprehended that all the
pyrolysis gases of PVF and PVF-g-AA fibers besidagon dioxide and water are
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combustible, which results in the high flammabilifyPVF and PVF-g-AA fibers. It
also can be seen from Figure 8c that the absorpgaks of the combustible gasses
are very weak after being covered by MF resins.uBaneously, there are also much
ammonia (965cm and 930 cr), hydrogen cyanide (3333 €m3272 cnit and 714
cm?) and isocyanic acid (2251 €m 2284 cnt). Ammonia is supposed to be
nonflammable and is a favor to improve the flantardancy of the fibers. Therefore,
the flame resistance of the fiber is improved faghler content of nonflammable
gasses and lower content of combustible gassegearerated during heating. The
peak intensities of combustible gasses are furddkrced after absorbing copper ions,
as is shown in Figure 8d, and the peak intensdfesmmonia are improved at the
same time, which results in the higher flame retatefficiency.

Some specific volatilized products, including carbalioxide (2358 cm),
formaldehyde (1745 ci), carbonyl compounds (1716 @jn methyl compounds
(2932 cnt), methylene compounds (2895 &m ammonia (965 ci), hydrogen
cyanide (714 cm) and isocyanic acid (2284 cthare selected to study for revealing
their changes at different temperature and thelteeswe shown in Figure 9. The
intensities of absorbance were all normalized éosthimples’ content. Figure 9a shows
the peak intensities of the volatile gasses pradiuog PVF fibers at different
temperatures. It can be seen that PVF fibers hegiecompose at about 260°C with
the release of formaldehyde and carbonyl compoundgch declaring that the
cross-linked structure formed during acetylationgasss is not stable and easy to be
destroyed at relatively low temperature. Carborxid® can be detected from about
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340°C, meaning hydroxyl groups on side chains startdecompose at that
temperature. Methyl and methylene compounds aretlyngenerated during the
second decomposition stage at about 450°C withsaking of molecular backbones.
It can be found from Figures 9(b-e) that PVF-g-AAlitbers release CLat very low
temperature about 224°C, but the decompositionymtsdof its MF coatings (N
HCN, and HNCO) start to be detected at a relativiiyr temperature about 350°C.
Therefore, it is proved that the weight loss of PY¥RAMF fibers occurs at the very
beginning, so the flame retardant efficiency of MBatings is relatively low.
Compared to PVF-g-AAMF fibers, PVF-g-AAMFCu fiberegerates C@ at a
relatively lower temperature about 170°C, which raagount for the catalytic effects
of copper ions on the decomposition of acrylic acals has been reported by many
researchers. Moreover, NHand HCN begin to be detected at a much lower
temperature about 267°C and 300°C respectivelycatidg that copper ions also
have the effect of catalyzing the decompositioMMéf resins. The catalytic effect of
copper ions makes the decomposition temperatukdFofesins more close to that of
PVF fibers and results in a higher flame retarddfitiency. Besides, it also can be
found that the amount of NHs highly improved (Figure 9c) after absorbing gep

ions, which also helps to improve the flame retatdsficiency.
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Figure 8 Volatile gasses spectra measured by TG-FTIR fdf By, PVF-g-AA (b),

PVF-g-AAMF (c) and PVF-g-AAMFCu (d)
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Figure 9 Changes of pyrolysis products at different tempgest (a): peak intensities

of volatile gasses released by PVF fiber at difietemperature; (b-e) peak intensities

of CO,, NHz, HCN and HNCO released by the three kinds of §lzrdifferent

temperature, respectively

3.7 XPSanalysis of MF and MFCu Resins

X ray photoelectron spectroscopy (XPS)

is an aitalyt technique for

characterizing surface elements and their chersiedés. The model flame retardants
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(MF and MFCu resins) were synthesized, and theyewasasured by XPS to verify
how the C@" are absorbed on MF resin, and the results arershmWwigure 10 and
Figure 11. Figure 10 a shows the full pattern of M&in and MFCu resin. Signals at
around 288.2 eV, 401.3 eV and 534.5eV corresponting@ls, N1s, Ols peeks.
What's more, there is a new peak of Cu2p arisear@ind 950 eV after absorbing
CU?*, and the enlarged image was shown in Figure 1Meb.dignals at around
938.2eV and 944.7eV in are peaks of Gu2pand Cu2p,, which reveals the
presence of Cii. In Figure 11, there is only one single signabaiund 398.5 eV
which is assigned to the N1s peak of MF resin fiothe nitrogen atoms are in a large
conjugated system and the chemical environmenthemt are the same. After
absorbing Ctf, the peak of N1s can be separated into two pddies peak at 399.5
eV is assigned to the coordinate bonds betweét &l the N atoms in —NH— groups.
And the peak at 398.2 eV is assigned to the C-Nd$an three triazine rings.
Because of the strong coordinate bonds’*@an exist stably in PVF fiber and helps

to improve the flame retardant efficiency.

Is  O1s
a Cls JP’)

0 200 400 600 800 1000 1200
Bending energy/eV

Figure 10 XPS spectra of (a) MF resins and MFCu resins, (i§Cof MFCu resins
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Figure 11 XPS spectra of MF resins and MFCu resins: N1s

3.8 Thermal Properties of MF and MFCu Resins

The model flame retardants (MF and MFCu resins)ewsamthesized, and their
thermal stability was measured by TGA to verify tatiect of copper ions on
catalyzing the decomposition of MF resins, andrésellts are shown in Figure 12 and
Table 4. It is clearly that the thermal stability MF resins is largely reduced after
being absorbing copper ions. The first decompasistage of MF resins is from
390°C to 445°C, which is much higher than that ¥FHibers (318°C to 402°C).
Comparatively, the first decomposition stage of MREsins is reduced to the range
from 307°C to 390°C, which is even lower than th&tPVF fibers. Therefore, the
flame retardant efficiency is largely improved ati®sorbing copper ions.

It also can be seen that the char residues oaMFMFCu resins from 450°C to
700°C is nearly the same, indicating that coppésican not improve the char
residues of MF resins. However, it has been praleae that copper ions improved

the char residues of PVF-g-AAMF fiber, as is shawfigure 5. It may due to copper
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ions improve the char residues of acrylic acidse Tifluence of metal ions on the
thermal degradation of acrylic acids has been studnd reported in many reports,
and it was found that copper ions have the effédmproving the char residues of

acrylic acids and also can catalyze acrylic acidgrade at a lower temperature

simultaneously. [27]
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Figure 12 TG and DTG curves of PVF fiber, MF and MFCu resasted under
nitrogen condition

Table4 TG Data of PVF, MF and MFCu tested in nitrogen@gphere

Sample TYCC)  TmalCC)  Tmad/(°C) Char/(%, 700°C)

PVF 318 358 433 151

MF 390 407 — 26.3
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MFCu 307 327 — 27.3

a: Temperature of 5% weight loss; b: The maximute degradation temperature of
the first stage; c: The maximum rate degradatiarperature of the second stage;
3.9 Pyrolysis Gas Chromatography/Mass Spectrometry

PyGC-MS was used to analyze the pyrolysis prodottdF and MFCu resins at
different temperatures. The main products of the tesins are given in Tables 5 and
6, respectively. It can be seen that methanamideasof the main products of the two
resins, which may because HCHO and 3NEan not be separated by gas
chromatography and the radicals of them generateabiss spectrometer reacted with
each other and then formed a large amount of mathae. From the results of
PyGC-MS and studies of many researchers [28-38]thlermal degradation of MF
resin can be depicted in Scheme 4. It also caroledf from Tables 5 and 6 that the
main products of MF and MFCu resins are almostsdrae. However, COHNCO,
and R-NHCH of MFCu resins are less than that of MF resin,tbatcontent of HCN,
HCHO, NH; and R-NH are more than that of MF resin. It indicates #@iper ions
promote the decomposition of RNH@BICH,NHR in the way of the second route, as
is shown in Scheme 4. The hypothetical catalydiscef copper ions is shown in
Scheme 5. The similar conclusions that metal ioas catalyze the thermal
decomposition of many polymers also have been tegpdoy a lot of researchers.
[36-38]

Table 5 The main pyrolysis products of MF resins at défertemperature

Compounds m/(z) R.T./(min) Peak area/(%,
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400°C 440°C) 500°C

Co, 44 1.643 5.18 8.03 48.69
L 45 1.830 35.75 35.67 —
2
HNCO 43 6.988 2.37 — .
NH,
¢
RN
'n \T 154 15.608 7.29 6.19 —
HiCHN—C C—NHCH,4
\N/
NH,
L
R
TI \T 140 15.980 24.93 44.40 35.34
HZN——C\N/C—NHCHg
NH,
!
RN
TI \T 126 16.431 145 0.37 1.29
HZN—C\N/C—NHZ
NH,
¢
RN
TI \T 111 13.310 — 4.01 3.55
H—C\N/C—NHZ
NHCH;
!
R
'n \T 168 15.703 — — 6.10
HaCHN——C\__C——NHCH;

Table 6 The main pyrolysis products of MFCu resins at défé temperature

Peak area/(%,
Compounds m/(z) R.T./(min)
310°C 360°C) 420°C

CO, 44 1.643 — —

e 45 1.830 31.21 6.53 17.23
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( \N 140 11.629 3.44 0.74 0.23
N\
QN/
N| T 140 15.639 29.16 64.77 63.60
C
T 126 16.900 35.40 2.20 1.59
C

N| T 111 13.125 — 3.66 1.99
C
N 154 15.831 — 7.70 —

T 168 15.663 — 4.99 —
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Scheme 4 The supposed thermal degradation of MF resin

,C“2+
N SN N
_‘ﬁ/ %?——NH‘ ) ‘0----CH2——NH—([:E/ %T-—
N N / N_ _N
~,F C ~
C G, C

|

Scheme 5 The hypothetical catalysis effect of copper ions

4. Conclusions

In this paper, PVF fibers coated with MF resins nepared successfully, and it is
found that MF coatings have the effect of improvihg flame resistance of PVF
fibers. However, the flame retardant efficiencyM# coatings is very low. TG and
TG-FTIR results reveal that the low efficiency ofFMoatings is mostly due to its
very high thermal stability. Fortunately, the flametardant efficiency is highly
improved after absorbing copper ions. It is foumak topper ions can catalyze the MF
resins to decompose at a relatively low temperatanel it also can promote MF
resins to generate more BHvhich is considered to be helpful to improve tlagne
resistance. Moreover, copper ions also improve dhar residues of the fibers.
Therefore, the flame retardant efficiency is figathproved by improving the effect
of gaseous phase and condensed phase.
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Figure Captions:

Figurel The FTIR spectra of PVF (a), PVF-g-AA (b) and PYAAMF (c) fibers
Figure 2 SEM photographs of the surface and cross-sectitmedibers; (a-b): PVF
fiber; (c-d): PVF-g-AA fiber; (e-f): PVF-g-AAMF fibr
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Figure 3 The MF content and LOI values of PVF-g-AAMF fibeesrsus grafting
degree

Figure4 The HRR curves of PVF, PVF-g-AA, PVF-g-AAMF and taleons treated
PVF-g-AAMF fibers

Figure5 TG curves of PVF, PVF-g-AA, PVF-g-AAMF and PVF-gAMFCu fibers
tested in nitrogen atmosphere

Figure6 TG and DTG curves of PVF, PVF-g-AA, PVF-g-AAMF and
MF-g-AAMFCu fibers tested in air condition

Figure 7 The SEM photos of the char residues of PVF-g-AAfdfand
VF-g-AAMFCu (b) fibers collected after burning iir a

Figure 8 Volatile gasses spectra measured by TG-FTIR fdf B, PVF-g-AA (b),
PVF-g-AAMF (c) and PVF-g-AAMFCu (d)

Figure 9 Changes of pyrolysis products at different tempeest (a): peak intensities
of volatile gasses released by PVF fiber at difietemperature; (b-e) peak intensities
of CO,, NH3, HCN and HNCO released by the three kinds of §lzrdifferent
temperature, respectively

Figure 10 XPS spectra of (a) MF resins and MFCu resins ,([®pCof MFCu resins
Figure 11 XPS spectra of MF resins and MFCu resins:(a) N1s

Figure12 TG and DTG curves of PVF fiber, MF and MFCu resegsted under
nitrogen condition

Table captions:

Table 1 MCC test parameters
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Table 2 TG Data of PVF, PVF-g-AA, PVF-g-AAMF and PVF-g-AARCu fibers
tested in nitrogen atmosphere

Table 3 TG Data of PVF, PVF-g-AA, PVF-g-AAMF and PVF-g-AARCu fibers
tested in air atmosphere

Table4 TG Data of PVF, MF and MFCu tested in nitrogenagphere

Table 5 The main pyrolysis products of MF resins at deéf@rtemperature

Table 6 The main pyrolysis products of MFCu resins at ddfe temperature
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