
JounxuI ofC/xroI7rufogzxphl, 249 (19SZ) 1 I I-1 19 
Elsewer Sctentdic Pubhshmg Company, 4msterda - Pnnted m The Netherlands 

CHROLM 15 139 

GEL CHROMATOGRAPHIC STUDY OF THE POLYMERIZATION OF 
SILICIC ACiD IN THE PRESENCE OF FLUORIDE 

The effect of fluoride on the polymerization of sihcic dcid was studied m the pH 
r,.mge 2 5-O The polymerization of silicic acid wds accelerated oy fluortde The rate of 
reaction between monosihcic acids was most rapid dt an F/S1 atomic ratio of about 
0 5 In sthc~c actd soluttons contammg fhtorrde up to an F/S1 atomic ratio of 2 0 the 
growth rate of polys~hcrc acid particles increased with mcreasmg fluoride concentra- 
tion and uas most rapid at about pH 1 It IS su,, amested that the growth of polys~hc~c 
acid particles IS due mamly to the reaction between monosihcic and polys~hc~c acids. 
because the reaction betlveen polys~hc~c acids IS relatively slow 

IVTRODUCTION 

The rate of polymenzatton of SI~CIC acid IS least rapid m aqueous solution of 
about pH 2_ Below this pH. the rate increases with mcreasmg acidity The rate IS also 
accelerated by fluoride m acidic solution 

Ilerr reported that, below about pH I 5, gelhng of sihc~c acid IS catalyzed by 
trace amounts of fluoride present as an impurity He also suggested that the cataIyst 
for the polymerization of s~hcic acid IS probably hydrogen fluonde and the pol_ymen- 
zation mechamsm may mvolve a temporary expansion of the coordmation number 
of s&con from four to SK Tarutam” showed that when the concentratron of fluoride 
is relatively low compared with that of sihcrc acrd, the rate of poIymenzatton of stlictc 
acid increases with an Increase m fluonde concentration at constant acidity However, 
the particle growth of polys~hcic acids m the presence of fluoride has not yet been 
studied 

Tarutam3 suggested that gel chromatography IS useful for studymg the poly- 
menzation of srhc~c acrd, because a change in the elution curves for poiysihc~c acids 
with tune reflects the mechamsm of the particle growth of polysrhcic acids4 ’ 

in this work. the effect of fluoride on the polymenzation of stiictc actd was 
studied by gel chromatography and co!orimetry, and a mechamsm is proposed for the 
growth of particles of polys~hcrc acids. 
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Fluoride prevents the colour development of molybdosthctc acid m colonm- 
en-y_ Aluminium, borate and beryllium Ions which combine with fluonde to form 
fluoride complexes have a masking effect for fluoride, and alumimum ion most effec- 
tively masks fluoride6_ Smnlarly, the influence of fluoride on the polymenzatron-of 
sthcic acid can be overcome by the addition of alumnuum ion. Therefore, aiuminium 
chloride was used as a masking agent in this work_ 

EXPERIME’XAL 

Sample Jolutions and reagents 

All reagents used were of analytical reagent grade. A stock solution of monost- 
hcic acid was prepared by fusing 2.00 g of anhydrous sdica with 10-O 3” of sodium 
carbonate. dissohmg the melt in distrlled water and drlutmg to 1000 ml A 0 4 % Blue 
Dextran 2000 (Pharmacra, Uppsala, Sweden) solution was used for measurement of 
the void -olume of the gel bed in gel chromatography. The eluent was O_ 1 _A4 sodmm 
chlonde solutron of pH 2. 

Preparation of Sephadex coiunm 

Sephadex G-100 (Pharmdcla) was suspended m the eluent solution and allowed 
to swell for 3 days_ The column (45 x 1.0 cm I D.) was a glass (or polyethylene) tube 
with a porous polyethylene disc at the bottom The column was packed as described’’ 

Procedure A 

Monosrlicic actd solutton (500 ppm as SIO,) of desired pH was prepared by 
mixing aliquots of monostlicic acid stock solution and hydrochloric dctd. The approp- 
riate amount of sodium lluoride was added to the sample sohrtion to give the desrred 
F/S1 atomic ratto, R. Periodically, an ahquot of sample solution was adjusted to pH 2 
and alumimum chlonde was added to gave the desired atomic ratio of alumimum and 
Buoride (Al/F = lo)_ The concentration of monosilicic acid was determined by 
calorimetry, and sdictc acid was chromatographed on a Sephadelt G-100 column 
according to the procedure of Shimada and Tarutam”. 

Procedure B 

The apparent solubihty of amorphous s111ca m the presence of Iluonde at pH I 
was determined by calorimetry (Table I) 

iMonosihcic acid solution (500 ppm) was adjusted to pH 5.3 wtth hydrochloric 
acid_ After standmg for 4 h, the plI of this solution was adjusted to 2 with hydro- 

TABLE I 

APPAREYI- SOLlr BILITY OF AMORPHOUS SILICA IN THE PRESENCE OF FLUORIDE AT pH 
I (20-C) 

R I=FJSi) so, fppml 

20 350 
10 200 
02 I77 
01 IT7 
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chlonc acid. The concentration of monoslhclc acid m the solutxon WIS 195 ppm and 
the remammg SIIKIC acid was polys~hc~c acid (solution A). Several slhcic acid solu- 
tlons of pH 1 contammg 250 ppm polys~lic~c acid and monosihclc dcld, at vanous R 
values (Table I), were prepared by mlxm, u solution A, 2000 ppm monoshclc acid 
stock solution, hydrochlonc acid, sodmm fluonde and dIstIlled water. After stdndmg 
for 5 and S d. the sample solutlons were adJusted to pH 2 and alumuuum chloride 
(Al/F = 10) was added; the sllicx acid was chromatographed. 

All experiments were carried out at 20°C 

RESULTS 

Procedure A 

The variation of the concentration of monosklc acid m solutions of various 
pH as a function of time and R value IS she\\ n rn Fig 1 As It can be assumed that the 
decrease m the concentration of monosklc dcld IS due mamly to the formation of 
dlslhclc dccld by a reactlon between monoslhclc acids In dn early stage of the poly- 
menzatlou, It IS consldered that the R value svuq the mawmum decrease m concen- 
trat:on of monoslhclc acid IS close to that dt which the rate of forrnatlon of dlslhcx 
dcld IS maxIma The results mdxdte that the rafe of reactlon between monoslhclc 
dclds IS most rapld at about R 0 5 regardless of the difference m acrdlty 

0 0.5 1.0 1.5 2.0 

(2) 

0 0.5 1.0 1.5 2.0 

R (F/Sr) 
Rg I Plot of the concentration of monos111ac aad agautst R value pH 2 5 (1) I (2) 0 55 (3) and 0 (1) 

Fig_ 2 shows the variation of the concentration of monoslhclc acid with pH dt 
dlfferenr R values after 24 h. The rate of decrease m the concentratron of monoslhclc 
acid Increases with decreasmg pH_ 
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100 
0 1 2 

PH 
fis 7 Plot of the concentration of monosihac and after X h against pH R = 10 (4) and 0 33 (B) 

EIut~on tunes for s~hctc aced and fluonde m solution (R = 0 5) at pH 1 after 4 
d are shown m Fig. 3. A poIyethylene column was used_ In this case, aluminium 
chloride was not added to the solution and fluonde was determmcd spcctrophotomet- 
ricallv by the lanthanum-complexone method_ Two peaks were obtained from SI~ICIC _t 

10 20 30 

vc2IJlIEfz of ezEI?EL~k &_I) 
fig_ 3 Elution cunrs after 4 d for siicic acid (O-O) and tiuoride (O-O) m solution of pH 1 (R = 0 5) 
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acid The peak on the right IS due to monoslhclc acid and the peak on the left to 
polys~l~cxc acid The posltlon shown as V, 1s the elutlon volume of Blue Dextrdn 2000, 
which IS consldered not to be able to diffuse m the gel phase It can be assumed that 
the elutlon volume of Blue Dextran 2000 IS equal to the bold volume of the bed 
Polysxl~c~c acids larger m size than the possible separation range of the gel are eluted 
together at V,,. It is seen that the elution volume of fluonde IS equal to that of 
monoslhclc acid, and polysllicic acid IS not accompamed by fluoride 

The variation of the elution curves for slliclc acid m soluUon (R = O_ 1) at pH 1 
\wth time IS shown m Fxg 4 The concentration of monoslhclc acrd 1s sho\%n m 
parentheses The elutlon curve for polystl~c~c acids after 5 d mdlcdtes d nearly sym- 
metrical dlstnbutron of particle sacs The elutlon curke for these acids after 17 d was 
almost the same as that obtamed after 10 d These results Indicate that when the 
concentration of monoslhclc acid IS close to the solublhty of amorphous sllicd (of, 
Table I) the growth rate of partlcles of polys~hc~c acids IS kery slow m spite of the 
presence of fluoride It IS concluded that the growth of polymer particles IS due mamlq 
to polymenzatlon between monoslhclc and polysrhcrc acids, and that there IS little 

polymerczation between polymer species 

. ..I . . . I 3 d (M-:343ppm) 
--------- 5 d (M_:262ppm) 

---------lo d (M_:198ppm) 
17 d (M .:177ppm) 

10 20 30 

Volume of effluent (ml) 

fig. 4 Vanation a~th time ofthe elution tunes fors~lxc~c aad m soIutflon ofpH 1 (R = 0 1) 

The \anatIcn of the elutlon cumes for SI~ICIC acid m solutron of pH 2 5 \wth R 
value after 5 d IS shown m Fig 5 In Fzg 6, the K& values of polys~hc~c acids in 
solutions of various pH after 5 d are pIotted against R value_ The d&.nbutron coef- 
ficient, K,, was calculated as described previously4. It is a measure of particle size and 
decreases with mcreasing particle size The K,, values decreased urith mcreasmg R 
value showmg that the rate of particle growth of polys~hc~ acids Increases with 
increasmg amount of fluoride. 

In Fig. 7 the 4, values of polysll~~c acrds m solutions \~th R values of 0.02 
and 0.33 are plotted against pH The A& value is minimal at about pH i- Therefore, 
the growth rate of particles of polysllicic actds is maximal at this pH. In FIN_ 8, the 
proportion of polyszlicic actd formed after a given tune IS plotted agamst pH. The 
amount of polysrlic~c acids mcreasecl w& decreasing pH 
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0" 
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crl 

0' 
10 20 30 

Volume of effluent (ml) 

Fi_e 5 Elutlon curws after 5 d forsllvx acid In solutions of vzu~ous R values at pH 2 5 

0 0.5 1 2 

R(F/.Q) 
Fig_ 6 Plot of K_ values of polysdmcaadafter 5 d a-et R ~11ue pH 0 (0). OS5 (Cl), 1 (r) and 2 5 (O)_ 

When the concentration of monoslliclc acid 1s close to the solublhty of amor- 
phous silica at a given R value, there is little reaction between monosilicic acids or 
between monosikic and poIysiEcic acids_ As Ihe reaction between polysdicic acrds 
proceeds regardkss ofthe presence ofmonoslliclc acrd, the procedureB was used for 
the determination of this reaction_ The elution curves aftef 5 d for polysilicic acid in 
soh~tions of various W values at pH I are-shown in-F&. 9, togethekith that for 
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O-6 

0 1 

PH 

2 

Ftg_ 7 Plot of Kc values of polys~fiac aad agmnst pH (4), R = 0 07, 10 d, (B) R = 0 33, 2-t h 

1 2 

PH 
Fig. 8 Plot of the proportions of polyslhac acxd formed after a gwen tme agamt pH (A). R = 0 02.10 d 
(B) R=O33,24h 

polysdic~c aced in the initial solutions. The I& values of polys~hcic acrds after 5 and 8 
d arc bsted in Table II It appears that the & values of polysdmc acids decrease with 
increasing R value, shomng that the rate of polymerization between polys~hclc acids 
mcreases with increasmg concentration of fluonde- 
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Fig5 Eluuon~~afrer5dforpol~~l1acaadm solutlonsofxmous Rdues rttpH I- 

TABLE II 

CHANGE WITH TIME OF fC_ \ALUES OF POLYSILICIC ACIDS AT pH 1 

K,, of polysdIac aads 1x3 mhai soIutxons IS 025 

The R(=F;SI/ 

f@j 
20 IO o-2 01 

- 

5 013 021 013 024 
8 O-10 O-18 021 03 

DISCUSSIOh 

The concentration of monosilicic acid in acidk_solution in the presence of 
fluonde decreases more rapldiy than in the absence of fluoride’, and the rate of 
decrease at constant fluoride concentration Increases with increasing acidity (Frg 2) 
It is reasonabfe to assume that the effective catalyst is probably hydrogen fhtonde. 
because the dissociation constant of hydrogen fluoride is about 10e3 mol/l_ The rate 
of reaction between monosihcic acids is most rapid at about R 0 5 regardless of the 
difference in acidity (Fig. 1). This suggests that one molecule of hydrogen fluoride 
participates m a reaction between two molecules of monosdicic acid. 

From the above results, tf the hypothesis8 of a temporary expansion of the 
coordination number of silicon from four to six 1s applied to the reaction between 
monosikic acids In the presence of hydrogen fluoride as catalyst, the polymerization 
rrrzTq~**~~BT 

(HO),Si-OH I HF -f- H,O + [(HO)&OH) (HtO)q: +- H+ - (f) 



POLYMERIWTIOV OF SILICIC ACID 119 

[(HO),SI(OH) (H,O)Fl- + HO-SI(OH), --j 

.F, 

[(HO),% ’ ‘S*(OH),] - 

I ‘&I 

+ (HO),.%-0-SI(OH), + 2H20 + F- (2) 

Hz0 H OH 

As the rate of reactlon between monosklc acrds IS -most rdpld at about R 0 5, It IS 
suggested that this occurs when the ratlo of charged species, (HO),SI(OH) (H,O)F-, 
and un-romzed species. HO-%(OH),, 1s umty 

The growth of polys~hc~c acid particles is due to the reactIons between monosl- 
hcxc and polys~hc~c acids and between polys~hc~c acids Hydrogen fluoride also pro- 
motes the rate of growth of polyslhclc acid particles The rate of growth Increases with 
mcrexmg fluoride concentration (Figs 5 and 6) and IS most rapld at about pH 1 (Fig_ 

1) As the rate of gowth of polysdtc~c acid particles by the reactlon Setwcen poly- 
SI~ICIC acids IS relatively slow (Table II). It IS supposed that the growth of polys~l~c~c 
dcld particles IS due mamly to the reactlon between monoslhclc and polys~hc~c acids 

In the pH range 2 5-l. the amounts of polyskxc acids gradually mcreased with 
mcreasmg dcldity (FIN S) and the K,, values decreased (Fig- 7) These results mdlcate 
that the rate of particle gowth of poiys~hc~c acids due to the reactlon between mono- 
SI~ICIC and polys~hc~c acids mcreases with mcreasmg acIdIt 

Below pH 1, the amount of polys~hc~c acids Increased rapldly with mcreasmg 
acldlty (Fig 8) and the K,, values also Increased (Fig 7) These results mdxate that. 

with mcreasmg dcldlty, the amount of polys~hc~c dclds with smaller sizes rapxdly 
Increases. and as the concentration of monosihclc acid rapldly decreases (Fig. 2) the 
growth of particles of polys~hc~c acids by the reactlon between monosdxlc and poly- 
s111clc acids becomes slow 

It IS concluded that hydrogen fluoride promotes the reactlons between monosl- 
11c1c acids and between monoslhcx and polysd~c~c acids, and that the catalytic effect 
of hydrogen fluonde on the reactlon between polys~hc~ acids IS relatl\ely small 

REFERENCES 

I R K Iler J Phm Chem 56 (1952) 680 
2 T Tarutam Xrppon ffigdu Zasdn 77 11956) 1811 
3 T Tarutanl J Chromrrrogr ,50 (1970) 523 
1 K Shunada and T Tamtam. / Chromarogr _ 16s (1979) 401 
5 H Iwasak~, K Shunada and T Tarufanl, J Chromazogr 198 (19SO) 429 
6 T Tamtam Nippon fig&t Zas.sh~ 77 (1956) 1292 
7 L Fisher -in Znrroducrron to Gel Chromafogrupiz> North-Holland, Amsterdam 1969 
S R K IIer, The Collard Chemtstr~ of Sdrca and Sdlcates, Cornell Unwerslty Press Ithaca, NY 1955 

P 49 


