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Abstract 

 In this work, graphite (G), ammonium iron (II) sulfate (AFS) and aluminium nitrate were added to polyvinyl 

alcohol (PVA) at 25% loading level to improve its flame retardancy. In addition, PVA/(G+AFS+AN) composite 

was prepared. The flammability and smoke density of PVA composites were evaluated by UL94 flame chamber, 

limiting oxygen index (LOI) and smoke density chamber. Vertical flame spread test (UL94V) indicated that PVA 

composites achieved V0 class in PVA/(G+AFS+AN)and PVA/AFS samples. Horizontal burning rate (UL94H) 

data showed that PVA composites achieved H0 class. LOI of PVA was enhanced from 19.1% to 21.3%, 25.2%, 

26.1% and 27.2% in PVA/G, PVA/AN, PVA/AFS and PVA/(G+AFS+AN)composites, respectively. The 

maximum specific optical density (Dsmax) of PVA was decreased in all PVA composites due to the formation of 

protective char layer on polymer surface. The maximum reduction in Dsmax value of PVA was 64% and it was 

observed in PVA/(G+AFS+AN). XRD analysis of char residue after smoke density test of PVA/(G+AFS+AN) 

indicated the presence of coquimbite phase, graphite and magnetite in the char residue. Thermogravimetric 

analysis (TGA) data of PVA and PVA/(G+AFS+AN) composite showed that the new flame-retardant system 

improved the thermal stability of neat polymer and the temperatures at which 50% (T50%) weight loss takes place 

were greatly enhanced. In addition, the char residue at 750 ℃ was increased. 
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1. Introduction 

PVA is widely used in many applications because it 

is easy to process, has excellent chemical resistance, 

water soluble and biodegradable polymer [1- 4]. PVA 

can be used in the manufacturing of fibers, proton 

exchange membranes, clothes, packing materials, 

adhesives, films and artificial biomedical devices [5-

14]. Unfortunately, PVA is highly flammable 

material with LOI (19 ±0.1%) and fails to achieve 

class in UL94V test [13-19].  Therefore, much 

research work was directed to improve the flame 

retardancy of PVA. To attain excellent flame 

retardancy, PVA was mixed with inorganic additives 

like montmorillonite (MMT), α-zirconium phosphate 

(ZrP) and hectorite (HC). Lu et al. [17, 19] presented 

that addition of 8 phr of ZrP, MMT and HC to PVA 

were able to decrease the first peak of heat release 

rate (pHRR1) rate in Microscale Combustion 

Calorimeter (MCC) test. The reductions in pHRR1 

showed the following order: HC <   MMT < ZrP 

[17]. Also, the authors published that addition of 

ethylamine modified zirconium phosphate (ZrP-EA) 

at 8 phr to PVA reduced pHRR1 and total heat 

release (THR) of PVA by 42% and 16.6%, 

respectively [19].  Liu et al. [2] studied the effect of 

inserting MMT to PVA(85%)/APP(15%) system. The 

authors stated that LOI value of 

PVA(85%)/APP(15%) increased from 27.9% to 

30.8% in PVA(85%)/APP(14.3%) /MMT (0.7%) 

composite. Zhao et al. [20] studied the effect of 
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adding different kinds of layered double hydroxides 

(LDH) to PVA(85%)/APP (15%) system. They 

reported that PVA(85%)/APP (15%) had LOI value 

27.5% and failed to achieve class in UL94V test. In 

contrast, PVA(85%)/APP (14.7%)/Zn-Al –LDH 

(0.3%), PVA(85%)/APP (14.7%)/Ni-Fe –LDH 

(0.3%) and PVA(85%)/APP (14.7%)/Zn-Fe –LDH 

(0.3%) showed LOI values 30.6%, 33.6% and 32.8%, 

respectively and these composites were able to 

achieve V0 in UL94V test. Increasing the wt.% of 

LDH to be more than 0.3% led to decreasing in LOI 

values [20].  Luo et al. [21] applied (α-ZrP) and APP 

to improve the flame retardancy of PVA aerogels. 

The authors showed that the best flame-retardancy 

synergism was obtained between 13%APP and 2% α-

ZrP where PVA85%/APP13%/2%ZrP composite had 

LOI result (43.1%) while PVA85%/APP15% 

composite showed LOI value (37.5%). As well cone 

calorimeter data lay out that adding APP15% and 

APP13%/2%ZrP to PVA decreased its pHRR by 

68.8% and 82.5% respectively. Cai et al. [22] 

reported that addition of pseudo-boehmite nanorods 

to PVA improved the LOI value. The Δ LOI value 

(LOI of the composite – LOI of PVA) reached 10.5% 

at loading level 37.5 wt% of pseudo-boehmite 

nanorods. Haung et al. [23] prepared nanocomposites 

based on PVA and graphene nanosheets and studied 

the effect of graphene on the flammability properties 

of PVA. The interesting result in this work was that 

addition of 5 wt% graphene to PVA increased time to 

ignition in cone calorimeter test from 18 s in PVA to 

45 s in PVA/5 wt% graphene nanocomposite. 

Moreover, pHRR and THR of PVA was decreased by 

64.3% and 34.4%, respectively [23]. Wang et al. [24] 

used nanosheet from hexagonal boron 

nitride@ZnFe2O4 (h-BN@ZnFe2O4) hybrid to 

enhance the flame retardancy of PVA. Cone 

calorimeter data indicated that pHRR of PVA 

containing h-BN@ZnFe2O4 (7 wt%) was lower than 

neat polymer by 59%. In addition, PVA 

nanocomposites produced lower concentrations from 

CO, CO2 and hydrocarbon gases relative to pure 

PVA. Xu et al. [4] prepared PVA foam beads by 

super critical CO2 foaming and pelletizing. The 

authors used a solution of potassium silicate (KSi) to 

coat the surfaces of PVA beads. The flammability 

tests indicated that PVA/28.6 wt% KSi sample 

attained V0 and 33.7% in UL94 and LOI tests, 

respectively.  

 

Graphite is one of carbon base materials 

which are including also carbon black, graphene, 

carbon nano tubes and fullerene. G consists of 

accumulated graphene nano sheets where the carbon 

atoms inside sheets form hexagonal cells with 

covalent bonds and the carbon layers are linked by 

van der Waals forces. Although, G is naturally 

abundant and cost-effective compound compared 

with the other carbon based materials, it is scarce to 

be used as flame retardant material. This is referred to 

that carbon flakes in graphite are closely stacked 

which restricts the penetration of polymer chains into 

the openings of the graphite sheets [25].  Abdelkhalik 

et al. [26] dispersed G flakes in melamine salt of 

pentaerythritol phosphate (MPP) and used the new 

mixture (MPP- G) to improve the flame retardancy of 

natural rubber.  The authors stated that addition of 40 

phr G to natural rubber reduced its pHRR by 39.1% 

while inserting 40 phr (MPP- G) decreased the pHRR 

by 64.3%. 

 

The aims behind this work were mixing G, 

AFS and AN with PVA to improve its flame 

retardancy. Moreover, the synergistic effect between 

(G + AFS + AN) on the flammability properties of 

PVA was studied. The smoke density, vertical flame 

spread , horizontal rate of burning, LOI and thermal 

stability properties of the prepared composites were 

studied by smoke density chamber, UL94V, UL94H, 

LOI and TGA instruments. 

 

 

2. Experimental 

2.1. Materials 

Graphite powder with carbon content 98% was 

purchased from LOBA Chemie Company, India. 

Aluminium nitrate, Al (NO3)3.9H2O, with purity 98% 

and Ammonium iron (II) sulfate, 

(NH4)2SO4FeSO4.6H2O, with purity 99% were 

obtained from WINLAB Company, UK. Polyvinyl 

alcohol with molecular weight 115000 and degree of 

polymerization 1700 – 1800 was obtained from 

Oxford Lab Chem, India. Deionized water was 

obtained using purite select fusion unit, UK. 

 

2.2. Preparation of PVA composites 

To prepare PVA/G composite, 75 g of PVA were 

dissolved in deionized water (1 L) by heating at 

80 °C using hot plate with mechanical stirrer at 800 

rpm for 1 h. After dissolving PVA in water, 25 g of G 

were added to PVA solution and stirred at 800 rpm 

for 30 min. Then, PVA/G composite was poured into 

glass plates to cool to room temperature. Finally, the 

sample in glass plate was placed in an oven at 65 ℃ 

for 96 h to remove the excess water. The other PVA 

composites which contained AFS, AN, (AFS + AN) 

and (G + AN + AFS) were prepared by the same 

procedure. During preparation of PVA/(G+AN+AFS) 

composite, G was physically mixed with AN and 

AFS using spatula, then the mixture was added to 

PVA solution. Table 1 shows the formulations of 

PVA composites.   
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Table 1:Formulations of PVA composites. 
Sample code  PVA 

(g/ 

Lwater) 

G 

(g/ 

Lwater) 

AN 

(g/ 

Lwater) 

AFS 

(g/ 

Lwater) 

PVA 100 0 0 0 

PVA/G 75 25 0 0 

PVA/AN 75 0 25 0 

PVA/AFS 75 0 0 25 

PVA/(AFS+ AN) 75 0 12.5 12.5 

PVA/(G + AFS + AN) 75 2.2 11.4 11.4 

 

 

2. Measurements 

X-ray diffractograms were taken using Empyrean 

diffractometer from Panalytical Co., the Netherlands, 

with CuKα radiation, 1.54 Å, 40 kV and 40 mA. The 

range of diffraction angle was 2θ = 4° to 100° and the 

scanning rate was 0.013° per second. Scanning 

Electron microscope (SEM) images were taken by 

Quanta 250 FEG (Field Emission Gun) produced by 

FEI Company, the Netherlands. The SEM was linked 

with EDXS unit which has an accelerating voltage of 

30 kV. Thermal analysis data were collected by 

thermogravimetric analyser (TGA50) which was 

obtained from Shimadzu Company, Japan. Samples 

were positioned in platinum crucible and samples 

weights were about 6 – 6.5 mg. The measurements 

were carried out under nitrogen atmosphere with flow 

rate 30 mL/min, the heating rate was 10 ℃/min and 

the temperature increased gradually from room 

temperature to 750 ℃. LOI test was carried out at 

room temperature using oxygen index instrument 

which was purchased from Fire Testing Technology 

Company, UK. The measurements were executed 

according to standard test method ISO 4589. Vertical 

and horizontal burning rate measurements were 

performed using UL94 chamber according to ASTM 

D 3801 and ASTM D 635. The rate of burning was 

calculated as the average of five test samples. 

Maximum specific optical density (Dsmax) was 

determined by smoke density chamber, supplied by 

Fire Testing Technology Company, UK, according 

ISO 5659 part 2 at horizontal heat flux 25 kW/m2. 

The tests were carried out under flaming conditions. 

The data reported are the average of three tested 

samples.  

 

4. Results and discussion 

4.1. Flammability of PVA and its composites 

4.1.1. LOI data 

 

Table 2  

Results of LOI, UL94H and UL94V tests for PVA and its composites. 

 

a: is the expanded uncertainty.  b: (LOI of composite – LOI of PVA). 

 

The flammability properties of PVA and its 

composites were evaluated by LOI test. The data in 

Table 2 shows that LOI of PVA was 19.1%. Addition 

of G, AFS, AN, (AFS+AN) and (G+AFS+AN) to 

PVA improved its LOI value. ΔLOI is the difference 

between LOI value of PVA composite and LOI of 

pure PVA. It is clearly seen in Table 2 that LOI of 

PVA was increased by 2.2%, 7%, 6.1%, 6.7% and 

8.1% in PVA/G, PVA/AFS, PVA/AN, PVA/(AFS + 

AN) and PVA/(G+AFS+AN), respectively. The 

maximum improvement was observed in 

PVA/(G+AFS+AN) composite which confirmed the 

synergistic effect between G/AFS/AN to enhance the 

flame retardancy of PVA. This may be referred to 

formation of char layer which containing 

polyaromatic structure, Al2O3, Fe2O3 and graphite 

that are chemically interacted and prevented the 

polymer from the effect of flame [27-37].  

 

  4.1.2. Horizontal burning rate (UL94H) and 

vertical flame spread (UL94V) results  

 

Horizontal burning rate test presented that PVA burnt 

completely and its rate of burning was 40.6 mm/min, 

see Table 2. Moreover, PVA failed to achieve class in 

Sample  LOI % 
a (±0.3) 

bΔ LOI 

% 

UL94H  (mm/min) 
a(±1.2)  

UL94V 

PVA 19.1 - 40.6 No rating 

PVA/G 21.3 2.2 H0 No rating 

PVA/AN 25.2 6.1 H0 No rating 

PVA/AFS 26.1 7 H0 V0 

PVA/(AFS + AN) 25.8 6.7 H0 No rating 

PVA/(G+AFS+AN) 27.2 8.1 H0 V0 
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vertical flame spread test. This indicates that PVA is 

highly flammable material at ambient conditions. 

Addition of 25 wt% G to PVA decreased its rate of 

burning to 36 mm/min (achieved H0 class) but the 

samples failed to achieve class in UL94V test. 

PVA/AFS, PVA/AN, PVA/(AFS+AN) and 

PVA/(G+AFS+AN) samples achieved H0 class in 

UL94H test. Moreover, PVA/AFS and 

PVA/(G+AFS+AN) composites achieved V0 class in 

UL94V test. According to LOI, UL94H and UL94V 

data, PVA/AFS and PVA/(G+AFS+AN) presented 

the best flame retardancy effect on PVA.  

 

4.1.3. Smoke density data 

 

 
Fig. 1. Maximum specific optical density (Dsmax) of 

PVA and its composites. 

 

Smoke density data of PVA and its composites are 

presented in Fig. 1. Pure polymer has maximum 

specific optical density (Dsmax) 328.  This value was 

decreased by adding the selected fillers to PVA. The 

amount of reductions in Dsmax value of PVA were 

37.5%, 28.9%, 21.3%, 27.1% and 64.3% for PVA/G, 

PVA/AFS, PVA/AN, PVA/(AN+AFS) and 

PVA/(G+AFS+AN), respectively. The composite 

PVA/(G+AFS+AN) showed the maximum reduction 

in Dsmax. This reduction in smoke density is referred 

to the formation of insulating char layer on PVA 

surface which was able to keep the polymer from the 

effect of heat [36, 37].  

 

4.1.4. XRD, SEM and EDXS analysis of char 

residue and flame retardant mechanism 

 

The char residue of PVA/(G+AFS+AN) composite 

after smoke density test was analysed by XRD, SEM 

and EDXS. XRD curve in Fig. 2 shows that, a new 

phase coquimbite (Al1.80Fe6.20S12O84, card No. 96-

900-0207) was formed with typical peaks at 10.66°, 

17.88° and 24.93°, respectively [34]. In addition to 

coquimbite phase, the main peaks of G and magnetite 

were appeared [26, 35]. SEM image, Fig. 3, for char 

residue indicated the formation of coherent insulating 

char layer during PVA/(G+AFS+AN) combustion. 

EDXS analysis in Fig. 3 presented that C, O, Al, Fe, 

N and S were the main components of char layer.  

 

  The mechanism of PVA/(G+AFS+AN) 

composite flame retardation can be described as 

follow: during PVA composite combustion, it 

decomposed to give CO, CO2 and H2O in the gas 

phase [30-32]. In addition, AFS and AN degraded to 

produce SO2, NO and NO2 gases [28, 29]. On the 

other hand, XRD, SEM image and EDXS analysis 

indicated that in the condensed phase Al, Fe, C, O, N, 

and S elements were interacted during combustion to 

form char layer which acted as physical barrier on 

polymer surface. This physical barrier protected the 

polymer matrix from the effect of heat and flame. 

Moreover, it reduced the amounts of flammable 

volatile organic compounds which were leaving 

polymer matrix to combustion zone [26, 36, 37]. 

Also, the insulating char layer succeeded in reducing 

the smoke production of PVA composites relative to 

pure polymer. 

 

4.2. TGA data of G, AFS, AN, PVA and its 

composites 

 

TGA data of G, AFS, AN, (G+AFS+AN), PVA and 

PVA/(G+AFS+AN) composite are presented in Table 

3 and Fig. 4(a,b,c,d). G sample is characterised by 

high thermal stability, it did not show weight loss till 

687 ℃ and its total weight loss at 750 ℃ is 1.2%. This 

weight loss is referred to moisture loss and separation 

of adsorbed oxygen atoms [21]. AFS decomposes 

through dehydration, deammonisation and 

desulfonation [28]. These reactions occur within six 

decomposition steps as it is clear in TGA and 

Dr.TGA curves (Fig. 4(a,b)). Dehydration takes place 

in the temperature range 60 ℃ – 167 ℃.  The Dr.TGA 

curve shows that the temperature at which maximum 

decomposition of AFS occurs (Tmax) lies within this 

decomposition step where Tmax is 95 ℃.  The increase 

in temperature leads to phase transition (changing 

from amorphous state after releasing water molecules 

to crystalline state) nearly at 200 ℃ [28]. The phase 

transition is accompanied by deammonisation which 

involves decomposition of 
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Fig. 2. XRD analysis of char residue of 

PVA/(G+AFS+AN) composite after smoke density 

test. 

 

 
Fig. 3. SEM image and EDXS analysis (elements are 

in wt%) of char residue of PVA/(G+AFS+AN) 

composite after smoke density test. 

ammonium sulfate [28]. After losing ammonia, the 

salt becomes mixture of ferrous sulphate and ferric 

sulphate. Within the temperature range 450 ℃ – 

660 ℃, this mixture decomposes to form α-Fe2O3 

[28].  According to the data in Table 3, AFS left 

19.7% as a char residue at 750 ℃. The thermal 

decomposition of AN takes place through 

condensation of two moles from the initial monomer 

(AN) [29]. Then, the resulting product 

Al2(NO3)613H2O loses HNO3 + H2O subsequently 

N2O3 and O2 which are resulting from N2O5 

decomposition. During this process oxynitrate 

compound Al2O2(NO3)2 is formed and it is 

transformed to Al2O3 [29]. AN sample started to lose 

adsorbed moisture and crystallization water at 45 ℃ 

and lost 4.9% of its weight in the temperature range 

45 ℃ – 75 ℃. The second decomposition stage 

(between 78 ℃ – 160 ℃) shows the greatest weight 

loss (62.6%) in AN curve. This weight loss is 

referred to releasing water vapour and nitric acid 

[29].  Fig. 4b displays that Tmax of AN lies within this 

decomposition step where Tmax value is 129 ℃.The 

next weight loss is 16.1% and it is found in the 

temperature range 160 ℃ – 400 ℃. During this stage 

N2O3 and O2 are released besides traces of HNO3. In 

the temperature range 400 ℃ – 750 ℃ (Fig. 4a), the 

residual char of sample is thermally stable due to 

formation of Al2O3 and the weight loss is only 1.6% 

[29]. AN sample left lower amount from char residue 

(14.4%) at 750 ℃ compared with G and AFS. 

  

TGA of PVA and PVA/(G+AFS+AN) 

composite, Fig. 4c, shows a slight weight loss in the 

temperature range 60 ℃ – 160 ℃ which is referred to 

losing of adsorbed water. It was reported that PVA 

decomposes through two steps where the first step 

involves weight loss due to dehydration and 

depolymerization of PVA followed by polyene 

formation. The second decomposition step includes 

pyrolysis of polyene formed during the first step, and 

it accompanied by producing certain volatile organic 

compounds [30-32]. PVA attains T50% and T80% at 

268 ℃ and 417 ℃, and leaves 2.3% as char residue at 

750 ℃. Fig. 4d presents that Tmax of PVA locates at 

266 ℃. PVA/(G+AFS+AN) composite decomposed 

through two main steps like PVA and the addition of  

(G+AFS+AN) to PVA improves T50% and T80% values 

(see Table 3). T50% and T80% of PVA were increased 

by 87 ℃ and 247 ℃ in PVA/(G+AFS+AN) 

composite. Also, Fig. 4d indicates that Tmax of 

PVA/(G+AFS+AN) is 285 ℃ and it is higher than 

Tmax of pure PVA (266 ℃). This great improvement in 

T50% and T80% is referred to formation of insulating 

char layer which protected the polymer from the 

effect of heat. The char layer is expected to contain 

Al2O3, graphite and Fe2O3. The residual char at 

750 ℃ was enhanced from 2.3% in pure polymer to 

19% in PVA/(G+AFS+AN) sample. Moreover, the 

theoretical char residue is 7.8% while the practical 

value is 19%. This confirms the synergistic effect 

between G, AFS and AN to enhance formation of 

char layer on PVA surface which acts as a physical 

barrier and protect the polymer from the effect of 

heat at high temperature [36].   
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Table 3 

TGA results of G, AFS, AN, PAV and PVA/(G+AFS+AN) composite. 

Sample code aTi 

℃ 

bT50% 

℃ 

cT80%  

℃ 

d Char at           

750 ℃  (%) 

e Char at              

750 ℃  (%) 

G 687 - - 98.8 - 

AFS 60 433 714 19.7 - 

AN 45 136 277 14.4 - 

PVA 60 268 417 2.3 - 

PVA/(G+ AFS+AN) 59 355 664 19                7.8 

a:temperature at which material started decomposition. 

b : temperature at which 50% weight loss takes place. 

c : temperature at which 80% weight loss takes place. 

d: practical char residue. 

e: theoritical char residue. 

 

 
Fig. 4. (a) TGA of G, AN, AFS; (b) Dr.TGA of G, AN, AFS; (c) TGA of PVA and PVA/(G+AFS+AN) 

composite; (d) Dr.TGA of PVA and PVA/(G+AFS+AN) composite. 

 

 

5. Conclusions 

1. In this study G, AFS, AN, (AFS + AN) and 

(G + AFS + AN) were added to PVA. The 

flammability properties of PVA composites 

were studied and compared. 

2. Horizontal burning rate test showed that all 

composites achieved H0 class. The flame 

did not propagate in PVA/AFS, PVA/AN, 

PVA/(AFS + AN) and PVA/(G + AFS + 

AN) samples. 

3. Vertical flame spread test indicated that 

PVA/AFS and PVA/(G+AFS+AN) samples 

achieved V0 class. In contrast, PVA/AN, 

PVA/G, PVA/(AN+AFS) samples failed to 

achieve class in UL94V test. 

4. LOI value of PVA was improved and it 

increased by 2.2%, 7%, 6.1%, 6.7% and 

8.1% in PVA/G, PVA/AFS, PVA/AN, 

PVA/(AFS + AN) and PVA/(G+AFS+AN), 

respectively.   

5. The maximum value for specific optical 

density, Dsmax, of PVA was reduced by 
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37.5%, 28.9%, 21.3%, 27.1%, 64.3% for 

PVA/G, PVA/AFS, PVA/AN, PVA/(AN + 

AFS) and PVA/(G+AFS+AN), respectively.  

6. PVA/(G+AFS+AN) composite showed the 

highest LOI value (27.2%) and the lowest 

Dsmax  (117). This confirmed the synergistic 

effect between the components (G/AFS/AN) 

to improve the flame retardancy of PVA. 

7. XRD analysis of char residue of 

PVA/(G+AFS+AN) composite after smoke 

density test showed the formation of 

coquimbite phase (Al1.80Fe6.20S12O84). 

Besides, G and magnetite were also found in 

the char residue. This indicated that the 

components (G/AFS/AN) retard the flame in 

the condensed phase by forming char layer 

(containing Al, Fe, O, C, S and N atoms) on 

polymer surface to protect it from the effect 

of heat and flame.  

8. TGA data indicated that addition of 

(G+AFS+AN) to PVA enhanced its thermal 

stability at high temperatures and increased 

the formation of char residue at 750 ℃. 
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