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The constitution and structure of sodium phosphosilicate coatings were investigated by paper 
chromatography, X-ray diffraction, and infrared spectroscopy. All the tests performed indicated 
that heating phosphosilicate coating samples resulted in the polymerization of the silicate to 
crystalline silica (0~-crystobalite) while the phosphate depolymerized. The extent of the depoly- 
merization of the phosphate depended on the total Na20 in the phosphosilicate system. The 
assumption that the maximum quantity of Na20 in the phosphosilicate system, up to a molar 
ratio of 3:1 Na20: P205, associates with the phosphate, gave a good estimate of the 
phosphate chain distribution in the phosphosilicate system. 

1. I n t r o d u c t i o n  
Intumescent coatings are important for fire protection 
due to their property of swelling (i.e. intumescing) to 
form a fire-protective barrier when exposed to fire. 
Previous work [1, 2] identified the mechanism of 
dehydration and intumescence of soluble silicate coat- 
ings. These studies also examined the effects of the 
molar ratio, and the cations (lithium, sodium, pot- 
assium), on the properties of intumescence, water 
absorption, and solubility. This information provided 
means of improving such coatings. 

There are limitations to such coatings, however, one 
being the relatively low melting point of 900-1000 ~ 
This, although far higher than organically based coat- 
ings, is still too low for some applications such as fuel 
fires or fires of long duration which increase continu- 
ously in temperature. Literature indicates that adding 
phosphate to sodium silicate glasses can increase the 
melting point [3] and it is believed that phosphate will 
provide the same increase in temperature for aqueous- 
based silicate coatings. 

Although there is an abundance of literature on the 
constitution of phosphosilicate glasses, there is little 
information on phosphosilicate coatings. To under- 
stand the effect that phosphate has on the high- 
temperature stability, and intumescence of silicate 
coatings it is necessary first to understand the consti- 
tution of silicate and phosphate solutions and how 
combinations of the two can alter the melting point. 

The purpose of the first part of this study was to 
determine the constitution of a sodium phosphate/so- 
dium silicate coating. Particularly, the study investig- 
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ated whether the phosphate reacts with silicate and 
the effect it has on the constitution, or, alternately, if 
the phosphate anions and silicate anions maintain 
their distinct nature in the coating. X-ray analysis, 
infrared spectroscopy, and paper chromatography 
were used to give direct information on the constitu- 
tion of the phosphosilicate coatings. 

2. Background 
2.1. Constitution of alkali silicates 
Soluble silicates form various ionic species in solution 
and this can be illustrated by the solubility curve of 
Fig. l [4]. At low concentration (area A, Fig. 1) mono- 
nuclear Si(OH)4 is in equilibrium with its ionic species 
(e.g. SiO(OH);- and SiO2(OH)-2). 

At higher concentrations (area B, Fig. 1) the equilib- 
ria in solution becomes extremely complex as mono- 
meric Si(OH)4 , and its ionic species, form siloxane 
(-Si-O Si-) units. As polymerization proceeds, con- 
densation leads quickly to ring structures followed by 
addition of monomer and other cyclic units to form 
larger three-dimensional units. These condense to a 
compact state with -Si(OH) and -S iO-  groups re- 
maining on the outside. Such polymeric units can 
reach dimensions of 1-2 nm diameter. The number 
and size of the polymeric units depends on the concen- 
tration of silica and SiO2:M20 (M = sodium, pot- 
assium, lithium) molar ratio. Increasing silica concen- 
tration and increasing SiO2:M20 molar ratio [5-7] 
both result in increasing particle size. 
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Figure 1 Species in equilibrium with amorphous silica at 25 ~ [4] 
(A, mononuclear species; B, polysilicate ions in solution; C, solution 
unstable with respect to amorphous silica). 

Upon drying, the cations in solution act as cross- 
links between particles through coordination with 
negatively charged oxygen atoms (surface SiO- 
groups) [-5, 83. In the case of monovalent ions, such 
linkages are broken due to dissociation upon sub- 
mersion in water, the rate of dissolution depending on 
the strength of the ionic bonds between particles. In 
the case of multivalent cations, such as Ca 2 +, strong 
bonds link adjacent silicate particles and form in- 
soluble precipitates when added to a silicate solution. 

Previous work indicated [,1] that the rapid evolu- 
tion of water vapour associated with ionically bonded 
water provided the main driving force for intumes- 
cence. However, only silicates with monovalent ca- 
tions have the intumescence property. Apparently, the 
strong bonds formed by multivalent cations prevent 
expansion of the silicate matrix (i.e. intumescence) 
upon exposure to fire. 

2.2. Cons t i tu t ion  of alkali p h o s p h a t e s  
The constitution of sodium phosphate glasses has 
been studied extensively by paper chromatography 
[,9-21] and thin-layer chromatography [22-29]. 
These studies have demonstrated the dependence of 
the constitution on the Na: P ratio. Glasses with Na: P 
ratios of 1.0-2.0 are primarily linear chains with a 
distribution of chain lengths. The average chain length 
is given by the equation 

= 2/(Na/P - 1) (1) 

The true ~ will be somewhat less than this due to the 
presence of cyclic polymers in the glass. The percent- 
age of these cyclic polymers increases with the average 
chain length of the sodium phosphate glass going from 
1% by weight, at ~ = 4.5, to about 10% by weight at 

= oo (i.e. Na/P  = 1, metaphosphate glass) [,13, 19]. 
As long as Na :P  is less than 2 (~ > 2), no ortho- 

phosphate (~ = 1) will be found in the glass [10, 14, 17, 
30]. Only orthophosphate and pyrophosphate are 
found between Na :P  > 2 and Na :P  = 3 (i.e. between 

< 2 and ~ = 1). At Na :P  = 2, the glass contains 
about 90% pyrophosphate, with the remainder being 
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split approximately equally between orthophosphate 
and triphosphate [30]. 

When NaH2PO 4 is melted and rapidly cooled, the 
melt solidifies as a glass. This is referred to as 
Graham's salt having the chemical formula (NaPO3),. 
Equation 1 would give an average chain length of 
infinity for this glass; however, it has been found 
experimentally that this glass also contains a distribu- 
tion of chain lengths including metaphosphates, and 
the actual average chain length becomes dependent on 
the water vapour pressure present during melting 
because water is absorbed by the sodium phosphate 
glass and forms - P - O H  end groups [31]. When this 
glass is annealed it is converted into Kurrol's sodium 
salt, Maddrell's salt, or one of three forms of sodium 
trimetaphosphate Na3(P309), depending on the tem- 
perature and water vapour pressure. 

Glasses with Na :P  ratio < 1 contain branching 
points which result in a cross-linked three-dimen- 
sional structure. These glasses are sometimes called 
ultraphosphates and contain a number of branch 
points, the number of which depends on the Na :P  
ratio. 

In aqueous solution, the phosphate anions con- 
tained in the glass remain as discrete units [-10, 14, 
17]. These units are stable in water at and above pH 7, 
and 25 ~ but degrade at higher temperatures and 
lower pH. This degradation is referred to as hydrolysis 
and proceeds by monomeric phosphate units (ortho- 
phosphate) being removed from the end of the poly- 
meric phosphate chains. A new - O H  terminating unit 
is formed at the end of the chain [31, 32]. A second 
mechanism of degradation which becomes increas- 
ingly important as the chain length increases is the 
coiling of chains to form metaphosphates. This mech- 
anism is also promoted by low pH and higher temper- 
atures. 

Cross-linked phosphates are hydrolysed preferen- 
tially at the cross-linking points and this hydrolysis 
proceeds relatively rapidly, as compared to linear 
chains, essentially causing all branching groups to be 
destroyed by the time dissolution is completed. The 
cross-linked structure is therefore not present in solu- 
tion. 

The dissolution rate of phosphate glasses has a 
minimum at a Na :P  ratio of about 0.57 0.59 which 
corresponds to cross-linked phosphate glass [-32]. It 
can be noted that while the dissolution rate of cross- 
linked phosphate glasses is low, the hydrolysis rate is 
relatively high, compared to polyphosphates, 
occurring predominately at the cross-links. The linear 
chain phosphates decrease in solubility rate as the 
length of the chain increases but still the dissolution 
rate is much higher than that of the cross-linked 
phosphates. 

2.3. C o n s t i t u t i o n  of s o d i u m  phosphos i l i ca te  
g lasses 

Si 4+ normally has a four-fold tetrahedral coordina- 
tion with oxygen, p5 +, having a similar ionic size, also 
results in four-fold tetrahedral coordination with oxy- 
gen, with the extra charge on the ps+ atom being 



satisfied by the formation of a double bond with one of 
its neighbouring oxygen atoms. Sodium phospho- 
silicate glasses have been studied extensively to deter- 
mine the constitution of these glasses and whether or 
not Si 4 + and ps+ form mixed polymeric networks. 

Chakraborty and Chondrate [33] investigated 
sodium phosphosilicate glasses with 1 : 1 SiO2 : P205 
molar ratio (i.e. SiP20 7 glass) by infrared and Raman 
spectroscopy and concluded that the structure of this 
glass was significantly different from that of its SiP20 7 
crystalline polymorphs. The glass contained P O  4 

tetrahedral units with P = O  bonds, and Si O  4 tetra- 
hedral units without any indication of six-fold co- 
ordination (i.e. SiO 6 units) which occurs in crystalline 
SiP2OT. Devitrification of the glass resulted in a 
change from four-fold silicon coordination to six-fold 
coordination. This change occurs as P - O - S i  bonds 
are formed at the expense of P = O. When Na20  was 
added to the glass, the silicate network retained its 
bridged structure, whereas the Na20  associated with 
the phosphate to form non-bridging P O - .  The result 
was an amorphously phase-separated glass, with one 
region rich in silica and the other region rich in 
sodium metaphosphate. The devitrification products 
of a 1 : 1 SiO 2 : P20  5 molar ratio glass with 5 mol % 
Na 20  was a mixture of cubic SiP2OT, 3SIO2"2P20, 
and Na~P2OT. 

The absence of P - O  Si bonds in sodium phos- 
phosilicate glasses, and the increased polymerization 
of the silicate region of the glass at the expense of the 
depolymerization of the phosphate region of the glass, 
are independently confirmed through Raman spectro- 
scopy by Nelson and Tallant [34, 35], and through 
NMR spectroscopy by Yang and Kirkpatrick [36]. 
The depolymerization effect on phosphate has also 
been confirmed by paper chromatographic investiga- 
tions on the dissolved glasses in the M O - P 2 0  s SiO2 
system (where MO = PbO, BaO, MgO, CdO, SrO, 
Bi20 3, TeO z, and MnO) [37, 38]. 

There is also an ample amount of literature [39-42] 
that indicates that P O Si bonds are formed in phos- 
phosilicate and sodium phosphosilicate glass at cer- 
tain concentrations. Whereas Yang and Kirkpatrick 
conducted their NMR experiments on alkaline earth 
phosphosilicate glasses with a maximum of 10 wt % 
P 2 0 5 ,  Sekiya et aI. [39] conducted NMR experiments 
on samples of Si O  2 :PzO5 glass with 28 mol % P205 
and 50 mol % P205. At 28 mol % P205, no six-co- 
ordinated Si 4 + (i.e. SiO 6 units) was found as in Yang 
and Kirkpatrick's investigation; however, at 50 mol % 
P205, both four-coordinated and six-coordinated 
Si 4+ were found in the glass. It is interesting to note 
that Nelson and Tallant [34] not only indicated that 
discrete phosphate and silicate regions were formed, 
they also indicated the possible substitution of p5 + for 
Si 4 + in the silicate network at high phosphorus levels. 

The consensus seems to be that Si 4 § remains four- 
coordinated with oxygen at low to intermediate P20  5 
levels but six-coordinated Si 4 + may be present at high 
P2Os levels, thus indicating the formation of P - O - S i  
bonds in phosphosilicate glass. 

P O-Si  bonds which may be present in the phos- 
phosilicate glass are not expected to be stable in 

aqueous solution. Saeki et al. [43] demonstrated that 
crystalline Si3(PO4) 4 decomposes rapidly in aqueous 
solution to form silicate anions and orthophosphate 
anions. At pH 11 and 20 ~ the Si3(PO4)4 was 50% 
decomposed after 90 min. 

3. Experimental procedure 
3.1. Sample preparation 
Samples prepared by the following two methods were 
compared in terms of constitution. 

(a) Coatings prepared from mixtures of aqueous 
solutions of sodium silicate "N" (3.33 molar ratio; 
37.6% in water) and sodium phosphate (chain length 
= 9, 37.6% in water). 

(b) Glasses prepared by combining sodium silicate 
"SS-65 PWD" (3.33 molar ratio, anhydrous powder) 
and phosphate glass (chain length = 9, anhydrous 
powder) by melting together at high temperature 
(1350 1550oc). 

The compositions shown in Table 1 were prepared 
by the two methods. 

3.2. X-ray  analys is  
Selected samples were ground and sifted through a 
200 mesh sieve tray. These powdered samples were 
analysed using a Phillips X-ray diffractometer with 
CuK~ radiation providing a wavelength of 0.154 16 nm. 

3.3. Paper chromatography 
Separations of the phosphate chains were performed 
using cellulose on polyester thin-layer chromato- 
graphy (TLC) sheets, silica on polyester TLC sheets, 
and chromatography paper, using various solvents. A 
satisfactory method was found to be paper chromato- 
graphy, using Schleicher and Schuell no. 589 White 
Ribbon. 

The selected solvent was acidic consisting of 70 ml 
isopropanol, 20 ml trichloroacetic acid (25%), 10 ml 
water, and 0.3 ml ammonia (30%) [46]. 

The paper sheets were cut as described by Huhti 
and Gartaganis [46] as shown in Fig. 2. This method 
of cutting the paper gives a dramatic improvement in 
the separation of the phosphate bands. A 15 wt % 
solution of sample was applied along a 1 cm line 
drawn at the top of the 1 cm x 3 cm tab. Five to six 
applications were normally sufficient, drying each ap- 
plication with a blow dryer prior to applying the next. 
To get good distinct separations, the line must be kept 
as thin as possible (1 mm wide or less). These sheets 
were placed in a developing tank, maintained at 4 ~ 
in a refrigerator to minimize hydrolysis, for 16-20 h. 

Once the chromatograms were developed, they 
were allowed to dry and then sprayed with an acid 
molybdate solution (5 ml perchloric acid - 60 wt %, 
10ml 1N HC1, 60ml water, 25ml ammonium 
molybdate tetrahydrate solution - 4 wt%). The chro- 
matograms were dried 4-5 min at 80 90~ in an 
oven, and then exposed to ultraviolet radiation for 
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T A B  LE 1 Composit ions prepared 

Na-silicate 
(SiO 2 : N a 2 0  = 3.33) 
(wt %) 

Na-phosphate  
(Na20  : P205 = 1.22) 
(wt %) 

N a 2 0  : PzO5 : SiO 2 N a 2 0  : P205 : SiO z 
(molar ratio) (tool%) 

0 100 
50 50 
60 40 
70 30 
80 20 
90 10 
95 5 
97.5 2.5 

100.0 0 

1.22:1.00:0.00 55.0:45.0:00.0 
2.05:1.00:2.76 35.3:17.2:47.5 
2.46:1.00:4.14 32.4:13.1:54.5 
3.15:1.00:6.45 29.7:9.4:60.9 
4.54:1.00:11.07 27.3:6.0:66.7 
8.67:1.00:24.87 25.1:2.9:72.0 
17.00:1.00:52.48 24.1:1.4:74.5 
33.57:1.00:107.74 23.6:0:7:75.7 
1.00:0.00:3.33 23.1:0.0:76.9 

Starting line 

Figure 2 Paper chromatography sheets after cutting. 

several minutes; the phosphomolybdate complex was 
reduced to form blue bands [47]. 

The phosphate bands were then cut from the chro- 
matogram, including a blank band, and placed in 
separate solutions of 25.00 ml of 0.1N ammonium 
hydroxide for 1 h. Aliquots of 20.00 ml of each solu- 
tion were then transferred to Erlenmeyer flasks and 
1.5 ml Lucena-Conde and Prat's molybdate reagent 
[13] was added. Each of the flasks was then heated in 
the same water bath (100 ~ for 1 h. These solutions 
were diluted to 50 ml with 0.1 N ammonium hydrox- 
ide and the transmission was measured at 840 nm with 
a Bausch and Lomb Spectronic 20 using the blank 
sample as the reference. 

Normally, orthophosphate through hexaphosphate 
could be clearly separated and sometimes hepta- 
phosphate. Small amounts of cyclic units would be 
obscured by the tetraphosphate and pentaphosphate 
bands, without using a second basic solvent to do a 
two-dimensional chromatogram. The results of the 
tests, however, were such that this was not a signific- 
ant factor. 

3.4. Infrared s p e c t r o s c o p y  
Infrared spectroscopy was used to gain information 
on the change in structure of the phosphosilicate 
coating upon heating. The tests were conducted in the 
1500-600 cm-1 range using a Perkin-Elmer model 
681 IR spectrometer. 

4178 

4. Results and discussion 
4.1. Paper chromatography results 
The paper chromatography results provided an ex- 
cellent insight into the reactions that occur between 
the sodium phosphate and sodium silicate. 

The initial chain length distribution of the t~ = 9.09 
sodium phosphate glass, which was used in all the 
prepared sodium silicate/sodium phosphate composi- 
tions, is given in line 12 of Table II. Tests were carried 
out on a newly prepared 50%/50% solution to deter- 
mine if the silicate in a phosphosilicate solution would 
interfere with the chromatographic results. Com- 
paring line 12 with lines 13 and 14, it appears that the 
silicate causes little or no interference. This is probably 
due to the use of the strongly acidic solvent which 
would tend to polymerize the silicate to high molecu- 
lar weights thereby preventing the silicate from mov- 
ing up the chromatography paper. A good 
separation of the individual phosphate bands was 
achieved. 

The paper chromatography results indicated that 
adding sodium phosphate to sodium silicate, when 
heated, resulted in the depolymerization of the phos- 
phate. The simple assumption that the maximum 
quantity of N a2 0  in the phosphosilicate system, up to 
a molar ratio of 3:1 Na20:P2Os,  associates with the 
phosphate, gave a good estimate of the phosphate 
chain distribution in the phosphosilicate system. This 
redistribution of N a2 0  results in the polymerization 
of the silicate regions. The NazO:P2Os:SiO 2 molar 
ratios for each composition (given in Table I) were 
rewritten in terms of NazO:PzOs/SiO 2 :Na20  and 
the assumed chain length for the N a a O : P 2 0  5 molar 
ratio was calculated from Equation 1 and is given in 
Table II. 

Compositions of 5%/95% to 30%/70% sodium 
phosphate/sodium silicate, all have sufficient N a20  to 
give a 3.00: 1.00 molar ratio of Na20:  P205 (the max- 
imum amount). If the assumption that the maximum 
amount of NazO becomes associated with the phos- 
phate were true, then the only phosphate unit in these 
compositions would be orthophosphate (i.e. ~ = 1.00). 
This is shown to be true for the samples intumesced 
from room temperature to 905 ~ (lines 1-4 in Table 
II). Compositions of 40%/60% and 50%/50% sodium 
phosphate/sodium silicate do not contain sufficient 
NazO to completely convert to orthophosphate and 



TAB LE II Paper chromatography results 

Line Composition, Ortho 
sodium phosphate/ 
sodium silicate (wt %) 

Pyro Tri Tetra Penta Hypoly Rewritten molar Assumed 
ratio Na20:  P205: (actual b) 
SiO2:Na20 a(i00% phosphate 
SiO 2 in silicate region) chain 

length, 

Intumesced samples (room temperature - 905 ~ in 45 rain) 
l 5%/95% 100% 
2 10%/90% 100% 
3 20%/80% 100% 
4 30%/70% 100% 
5 40%/60% 66.0% 34.0% 
6 50%/50% 15.6% 76.1% 8.3% 

Melted samples (5/95, 10/90, at 1350 ~ 20/80, 50/50 at 1450 ~ 40/60 at 1550 ~ each for 2 h) 
7 5%/95% 100% 

10%/90% 84.2% 15.8% 
20%/80% 81.6% 18.4% 
40%/60% 80.7% 19.3% 
50%/50% 17,0% 83.0% 

prepared by mixing individual phosphate and silicate solutions 
100% Na-phos. (0 days) 1.1 2.2 4.5 8.7 7.7 75.9 
50%/50% (1 day) 1.4 2.4 6.5 8.8 6.7 74.1 
50%/50% (8 days) 1.0 1.5 5.6 8.7 7.5 75.7 
50%/50% (78 days) 8.5 7.8 23.3 14.5 6.6 39.3 

(solutions which were dried at ambient conditions) 

8 
9 

10 
11 

Solutions 
12 
13 
14 
15 

Coatings 
16 
17 
18 

100% Na-phos. (112 days) 29.5 60.3 4.1 
50%/50% (72 days) 20.7 38.9 38.7 
50%/50% (114 days) 20.8 53.1 25.0 

Reference data 
19 1 : 5 : 1 L i : N a : K  phos. [17] 1.26 2.00 
20 1:1 Li:Rb phos. [47] 0.7 2.2 
21 t:1 Li:Rb phos. [47] 57.l 40.8 
22 1 : 1 Li: Rb phos. [47] 36.0 62.4 
23 1:1 Li:Rb phos. [47] 16.7 82.0 
24 1:1 Li:Rb phos. [47] 4.6 91.8 3.4 

2.5 1.4 2.5 
1.2 0.6 
0.9 0.3 

5.97 9.89 
6.1 10.5 

3.00:1.00/52.48:14.00 1.00 
3.00:1.00/24.87:5.67 1.00 
3.00:1.00/11.07-1.54 1.00 
3.00:1.00/6.45:0.15 1.00 
2.46:1.00/4.14:0.00 a 1.37 
2.05:1.00/2.76:0.00 a 1.90 

3.00:1.00/52.48:t4.00 1.00 
3.00:1.00/24.87:5.67 1.00 
3.00:1.00/11.07:1.54 1.00 
2.46:1.00/4.14:0.00" 1.37 
2.05:1.00/2.76:0.00" 1.90 

1.22:1.00/0.00:0.00 9.09 b 
2.05:1.00/2.76:0.00" 1.90 
2.05:1.00/2.76:0.00 a 1.90 
2.05:1.00/2.76:0.00 a 1.90 

1.22 : 1.00/0.00:0.00 9.09 b 
2.05 : 1.00/2.76:0.00" 1.90 
2.05 : 1.00/2.76:0.00 a 1.90 

9.34 71.54 M 2 0 : P 2 0  s = 1.22:1.00 9.00 b 
9.0 71.5 M20 : P205  - 1.22:1.00 9.00 b 

2.1 M 2 0 : P 2 0  s = 2.60:1.00 1.25 b 
1.6 M20:P2Os  = 2.33:1.00 1.50 b 
1.3 M 2 0 : P 2 0  5=2.14:1.00 1.75 b 
0.2 M 2 0 : P 2 0  5 = 2.00:1.00 2,00 b 

thus also contain pyrophosphate, and pyrophosphate 
and tripolyphosphate, respectively. Equation 1 gives 
assumed chain lengths of 1,37 and 1.90 for the 40% 
/60% and 50%/50% compositions, respectively. 
These chain lengths cannot be prepared with sodium 
phosphate glasses; however, Murthy and Westman 
[30] were successful in forming lithium-rubidium 
phosphate glasses with chain lengths as low as 1.25. 
They also found that the cation had only a minimal 
influence on the chain-length distribution, as can be 
seen for the chain length equal to 9.00 phosphate 
glasses shown in lines 19 and 20 in Table II. It is thus 
reasonable to use the lithium-rubidium phosphate 
data for comparison purposes. 

The phosphate chain distribution for the intu- 
mesced 40%/60% composition (line 5) with an as- 
sumed ~ =  1.37 compares quite well with the 
lithium-rubidium phosphate glass with fi = 1.25 (line 
21). The intumesced 50%/50% sample with assumed 

= 1.90 (line 6) compares well with the 
lithium-rubidium glass with r~ = 1.75 (line 23), al- 
though no tripolyphosphate would be expected for 
this chain length. 

The glass samples which were prepared by melting 
the sodium silicate and sodium phosphate powders 
together at high temperature (lines 7-11 in Table II) 
showed the same general pattern as the intumesced 
samples. The one important difference was the pres- 

ence of pyrophosphate in all the samples, excluding 
the 5%/95% sample. This is believed to be an indica- 
tion of the formation of Si O-P  bonds containing 
silicon phosphate components (S iO 2 : P 2 0 5 ,  
3SIO2:2P205) which give pyrophosphate upon dis- 
solution in water (as indicated by paper chromato- 
graphy tests). Apparently, the higher temperatures 
and longer heating period (2 h), compared to the 
intumesced samples, was required to produce the 
silicon phosphate in appreciable quantities. It appears 
that the 5%/95% sample contained insufficient phos- 
phate to form silicon phosphates, which is in agree- 
ment with Turkdogan et  al.'s results for the 
NazO-P2Os-SiO 2 ternary system with P205 content 
between 0 and 7.5 tool% [3]. 

Tests were performed to investigate the stability of 
the coating in solution and when dried. Line 15 indic- 
ates a significant degree of depolymerization of the 
phosphate in the 50%/50% sodium phosphate/so- 
dium silicate coating solution after 78 days. Com- 
paring this with line 17, it can be seen that the rate of 
degradation is even higher in the 50%/50% sample 
which had been dried at ambient conditions for a 
period of 72 days. 

Comparing the 100% sodium phosphate coating 
dried at ambient conditions for 112 days (line 16) with 
the 50%/50% coating dried at ambient conditions for 
114 days (line 18), it can be seen that the 100% sodium 

4179 



phosphate coating degraded at a slightly faster rate. It 
cannot, therefore, be said that the sodium phosphate 
and sodium silicate react to depolymerize at ambient 
conditions based on the paper chromatography data. 
However, formation of a silicate precipitate and the 
brittleness of the 50%/50% coating indicates that 
polymerization of the silicate does occur and this may 
be the cause of the depolymerization of the phosphate 
through reassociation of the Na20 from the silicate 
region to the phosphate region. In the 100% sodium 
phosphate sample, the mechanism of depolymeriz- 
ation would simply be hydrolysis. 

4.2. X-ray diffraction results 
Coating samples of differing sodium phosphate/so- 
dium silicate weight percents were intumesced in a 
furnace from room temperature 905 ~ over 45 min 
following the ASTM Ell9 (1983) temperature rise 
curve. These are the same samples which were tested 
by paper chromatography with the results shown in 

E 
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50/50 

40/60 

30/70 

L~Na3PO 4 I I 
/ 

Na3PO4 
,,/, 

Na4P207 
/ 

i 

Na4P207 

20 10 
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Figure 3 X-ray diffraction patterns of phosphosilicate coating sam- 
ples after intumescing by heating from RT 905~ The sample 
compositions, as labelled on the chart, are from 0/100 sodium 
phosphate/sodium silicate to 100/0 sodium phosphate/sodium 
silicate. 

lines 1-6 of Table II. Portions of each intumesced 
sample were crushed to a powder and analysed on the 
X-ray diffractometer. The results are shown in Fig. 3. 

The 100 wt % sodium silicate sample showed a 
weak SiO2 pattern corresponding to c~-cristobalite. 
This SiO 2 pattern intensified with increasing sodium 
phosphate content, and was present in all the samples 
tested. This supports the hypothesis that the poly- 
merization of the silicate is a result of the Na20 
preferentially associating with the phosphate phase in 
the system. 

The X-ray diffraction data agree quite well with the 
paper chromatography results. Sodium orthophos- 
phate was first distinguishable as a very weak pattern 
at 5 wt % sodium phosphate and increased in intens- 
ity as the proportion of sodium phosphate to sodium 
silicate increased up to and including 40%/60%. At 
50/50 wt % sodium phosphate/sodium silicate, the 
orthophosphate decreased to only a faint pattern. 

Sodium pyrophosphate showed a very weak pat- 
tern, starting at 30/70 wt % sodium phosphate/so- 
dium silicate, which intensified to its maximum at 
50/50 wt % sodium phosphate/sodium silicate. This 
follows the trend indicated by the paper chromato- 
graphy results with the exception that no pyr0pho- 
sphate was detected by paper chromatography at 
30%/70%. 

Fig. 4 shows the stability of the room-dried coating 
over a period of time when left at ambient conditions. 
Clearly, a considerable amount of crystallization oc- 
curs in the 50%/50 wt % sample over time. As in the 
heated samples, the silicate polymerizes and forms a 
precipitate if the film is dissolved; however, it remains 
amorphous and therefore is not evident in the diffrac- 
tion patterns shown in Fig. 4. 

The sample tested at 27 days showed only a 
Na4P2Ov. 10H20 diffraction pattern, whereas the 71 
day sample showed only a weak Na4PzOT. 10H20 
pattern and a well-defined NasPaOlo' 6H20 pattern. 
The paper chromatography results for this same 
sample aged 72 days showed 38.9 wt % pyrophosph- 
ate (line 17, Table II). Possibly, the crystallization of 
the NasP3Olo �9 6H20 resulted in the partial decrystal- 
lization of Na4P2OT'10H20. The fact that the 
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Figure 4 X-ray diffraction curves of 50/50 wt% sodium phos- 
phate/sodium silicate coatings left at ambient conditions for the 
indicated periods of time. 
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products are not hydrogen phosphates (e.g. 
Na2H2P2OT. H20 ) indicates that the mechanism is 
the reassociation of the NazO from the silicate to the 
phosphate region, as opposed to the hydrolysis that 
occurs in the 100% sodium phosphate samples res- 
ulting in sodium hydrogen phosphates. 

4.3. Infrared s p e c t r o s c o p y  results  
A 30% sodium phosphate/70% sodium silicate coat- 
ing solution was spread on three NaC1 plates and 
these were then placed in a muffle furnace which was 
raised in temperature from room temperature-750 ~ 
Individual samples were taken out at temperatures of 
300, 600 and 750 ~ corresponding to times of 5, 25 
and 35 min, respectively. These data give information 
on the transformations that occur in the coating 
structure as it is intumesced. The samples were tested 
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in the 1500-600 cm -1 range using a single pass dir- 
ectly through the samples. The results are shown in 
Fig. 5. 

Studies on the infrared spectra of alkaline silicates 
were briefly reviewed in a previous paper [1]. The 
strongest peak observed in siliceous materials is 
around 1100 cm -1 and is attributed to an Si-O-Si 
stretching vibration. This peak is quite broad for 
amorphous alkaline silicates due to the irregularity of 
the silicate matrix but becomes narrower and shifts to 
a lower wave number for crystalline silicas in which 
the SiO2 has an ordered structure. This can be ob- 
served in the 750~ sample; however, this peak is 
confounded with a phosphate peak in the same region 
and does not give definite proof of the ordering of the 
silica regions. A peak observed near 800 cm 1, ascri- 
bed to an O-S i -O  bond bending mode, is weak in 
amorphous silica and strong in crystalline silicas. The 
narrowing and intensifying of this peak observed in 
the 750~ sample gives more definite proof of the 
increased order in the silicate regions, as was apparent 
in the X-ray diffraction results. 

The sample which was heated to 300~ shows 
characteristic peaks of linear sodium polyphosphates 
at 735, 916, 990, and 1128 cm -1. The 1128 cm -1 peak, 
which is obscured by the silicate peak in this region, is 
attributed to ionic P - O  stretching. The peaks at 735, 
916, and 990 can be assigned to P - O  P vibrations 
[42, 48]. The absence of these peaks in the 750~ 
curve indicates the break up of the polyphosphate 
chains into orthophosphate. Sodium orthophosphate 
shows only a broad peak in the l l00-1000cm -1 
range with a maximum absorbance at 1028 cm -1 
[48], as is the case in the 750 ~ sample. 

5. Conclusion 
All the tests performed indicated that heating phos- 
phosilicate coating samples resulted in the polymeriz- 
ation of the silicate to crystalline silica (cz-crystobalite) 
while the phosphate depolymerized. The extent of the 
depolymerization of the phosphate depended on the 
total Na20 in the phosphosilicate system. The as- 
sumption that the maximum quantity of Na20, up to 
a molar ratio of 3:1 Na20:P2Oh, associates with the 
phosphate gave a good estimate of the phosphate 
chain distribution in the phosphosilicate system. 
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Figure 5 IR spectroscopy results. Curves correspond to 30/70 
sodium phosphate /sodium silicate films spread on NaC1 plates and 
heated at A) 25 ~ to 750 ~ in 35 minutes, B) 25 ~ to 600 ~ in 
25 minutes, C) 25 ~ to 300 ~ in 5 minutes. 
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