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The polymerization of silicic acid has been investigated at a pH of 8.5 and 
initial monomer concentration of 300 p-p-m_ The rate of polymerization was deter- 
mined at 25, 30, 35,40 and 45’C so that the activation energies could be calculated. 
The activation energies were found to be - 16 24 kcaljmola in the 25-35°C region 
and 1454 kcal/mole in the 35-4O”C region. The negative activation ener_gy is 
expIained by assuming a pre-equihbrium step involving a hydrogen bonded species. 
The thermodynamic parameters were also determined for the polymerization process. 
A mechanism has been proposed for the polymerization reaction. 

The polymerization of silicic acid and its relationship to natural systems has 
been of interest to chemists for almost a hundred years. Although a large amount of 
work has been done on aqueous systems of relatively high concentrations of siiicic 
acid, little has been done on silica solutions of Iow concentrations. The reactivity at 
high temperature and pressure is well-known through the works of Morey and 
Hcssclgcsser’ and Kennedy 2, but studies of the low temperature reactivity have been 
hindered by the sluggishness of the reaction and the great pseudostability of the 
hydrated silica sols. 

A considerable amount of study has been devoted to the polymerization of 
sihcic acid, but littie work has been done on the mechanism involved in the process. 
It has been suggested by Treadweli and WieIand3 and Iler* that in order to explain 
the polymerization of silicic acid, it must be considered that the tetravalent silicon 
atom is unsaturated coordinatively. The coordination number of the sihcon@V) ion 
is six if the anion is singIy charged, small, or of low polarizabihty, e.g., the fluoride 
ion. The hydroxyl group has a great similarity to the fluoride ion and the two species 
are equivaIent in many structures. Thus the instability of the tetrahedral monosilicic 
acid moIecuIe is reportedIy due to the incompIete coordination of silicon with respect 
to the hydroxyl ion. The polymerization of Si(OH), is visualized as involving the 
sharing of an hydroxyl ion by two silicon atoms, leading to the formation of polymeric 
units in which each sihcon atom is surrounded by six hydroxyis. The subsequent 
formation of chain-like poiymers Ieads to a second process which invoives the elimina- 
tion of water from the polymer with the formation of siloxane bonds. 
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FinaII~-, investigations on the rate of polymerization of sihcic acid have resulted 
in a compfete gamut of kinetic orders. Here again, the majority of the work has been 
done in relatively concentrated solutions_ Greenberg’ studied the rate of the polymeri- 
zation of sihcic acid in basic medium by foilowing changes in the refracriv-e index of 
the poIymerizing solution_ Since the pH of the medium was held constant throughout 
the polymerization process, the reaction was found to follow first order kinetics. 

Ikamoto, Okura and Goto have studied extensively the solution and precipi- 
tation of si!ica in COnCentratioIJS approaching those found in natural systems. In an 
examination of an aqueotis solution of sihcic acid in the p_H range 7-10, the rate of 
disappearance of monomeric sihcic acid was found to follow third order kinetics_ 
The third order kinetic behavior of silicic acid polymerization has also been noted by 
Hurd’ and by Mou!ik and %fulIick* in acid soWions, but as the pH of the system is 
increased there is a noticeable change in the mechanism. 

The area of greatest agreement of reaction rates is that the polymerization of 
silicic acid in basic medium follows second order kinetics_ For example, the poly- 
merization reaction of triethylsilane in the presence of base was found to fohow 
second order kinetics9. Tier< and Alexander I0 have both reported that the polymeri- 
zhon process follows second order kinetics in basic solution, but both investigators 
studied sika systems in the concentration range of I-S-3.0% by weight, and as was 
the case with trirthylsilane. the reaction was first order with respect to SiOz and first 
order with respect to h%ro.uide. 

Thus, the mechanism of polymerization of silica systems of low concentrations 
is not completely understood_ This investigation was undertaken to better understand 
the mechanism inr*otved in the polymerization processes in silica systems of relatively 
low concentrations_ 

The silica solution used for the standarctization of the analytical procedures 
was obtainr-ut from the Bio-Rad Laboratories, Richmond, Virginia. The samples 
consisted of plastic ampoules containing 1.0 g 10.2% sodium silicate, vvhich, upon 
.dissoir-lng in a Jiter of soiution, yielded a 1000 mg,%ter standard solution of SiOz _ 

The silica used for the rate investigation was reagent grade sodium metasihcate which 
was obtained from the J. T. Baker Chemical Company. AlI other chemicals used in 
the course of this investigation were of reagent quality. 

E-perinrenral procedure 

Following the rate of polymerization of silicic acid at a concentration level as 
low as that found In natural waters is prohibitive from the standpoint of both time and 
degree of experimental accuracy_ Thus, the initial concentration of silicic acid in these 
experiments is somewhat above the equilibrium concentration (with respect to 
amorphous siiicak but not sutiicientl_v high to involve serious colloidal problems. 
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It was on this basis that 300 mg,!liter was chosen as the basic concentration level for 
the rate studies. 

The solutions were prepared by dissoIving 4.733 g of reagent grade sodium 
metasilica;e xn doubIy-distilled water to yield IO0 ml of IO00 mg;‘liter stock solution 
ofSiO,dta pH of approximately I1 _ A 150 ml aliquot of this solution was titrated to 
a pH of 8.5 with 0.25 N HCIO, and diluted to 500 ml to yield a solution containing 
initially, 300 m_glliter of sihcai. The solution (pH 1 I) was freshly prepared before each 
rate sturtv iit order to minimize pre-reaction polymerization. 

Analytical procedures 
In atI cases the rate data were obtained from 500 ml of reaction soiution, The 

polyethylene reaction vessel was fitted with a rubber septum to allow withdrawal of 
a sample for analysis. Sampies were taken every hour for the first 13 h of reaction 
and then at 2 h intervals for the next 50-60 h and at 3 h intervals for the remainder 
of the 200 h reaction time. A 4 mI sample was taken at each time internal and a 0.5 ml 
portion used for the determination of monomeric silica. The remaining sample was 
utilized for a pH determination using a Fisher combination electrode and a Beckmann 
Zeromatic 11 pH meter and then returned to the reaction solution to minimize the 
loss in sample size over the 200 h sample time. 

The 200 h Iimit on the reaction time was chosen because it was found that most 
of the systems had reached a state of equilibrium by 160-180 h of elapsed time. 

The temperature of the reaction systems was controlled in a 26 gallon insulated 
water bath using a Precision Micro-Set thermoreguiator and a lOCKI watt heating 
unit. The temperature was controlled within -&0_2’C. 

The method used for determining the concentration of monomeric silica in the 
rate studies is essentiahy that developed by Muilin and Riiey ’ 1 which involves the 
reaction of the monomeric silica with acid molybdate and subsequent reduction of 
the complex to molybdenum blue_ It was found that the most satisfactor_v reducing 
agent for the process was p-methylaminopheno1 sulfate. 

A standard working curve for silica determination was made using the standard 

silica solution obtained from Bio-Rad Laboratories. The asorbances of the solutions 
were determined in a I-cm cell at 812 m/r \sith a Hitachi Perkin-EImer &lode1 I39 
Spectrophotometer. 

RESULTS AXD DISCL’SSIOS 

The rate of polymerization of silicic acid was studied at five different tempera- 
tures The initial concentration of monomeric silica was 300 mg/liter. The rate con- 
stants for the different temperatures are shown in Table 1. In Fig. 1 is shown a plot of 
concentration of monomeric sihc Z-X time. The concentration of monomeric sihca 
decreased rapidly in the initial portion of the pIot and after approximately 120-160 h 
tends to approach a state of equilibrium. This trend is more pronounced in the lower 
temperature ranges that were investigated. 
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Fig_ 1. A plot of the change in concentration of monomeric silicic acid as a function of time for three 
temperature regions. 
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Fig. 2 Second order rate plots for the polymerization process at 25, 35 and 45’C. 

TABLE I 

I?Zl-I.AL RATE CCISSI-Ahi FOR -l-t&Z POLYMERIZATlON OF SILICIC ACID IN THE TEiXPERA-fURE REGIOX OF 

25’A5 ‘C 

25 57f6 
30 38k4 
35 23*3 
4a 3526 
43 SG-7 __ 
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Fig. 3_ Arrhenius plot for the polymerization. system. 

If the polymerization truly follows second order kinetics as proposed by several 

authors’***‘, a plot of the reciprocal of concentration of monomer zx time shouId 

yieId a straight Iine, at least in the initial phase of the reaction. The second order rate 
plots for several systems are shown in Fig. 2, and all systems yield a good straight 

line plot in the first few hours of the reaction but tail off exponentially at Ionger times. 

This tailing off would be expected as concentration of polymeric species build up to 

the point that other polymerization reactions and depolymerization reactions become 

appreciable. 

The Arrhenius plots for the system studied are shown in Fig. 3. Since the system 

does not give a sing&r siope over the entire temperature range, each definite area 

of the plot is considered separately and the activation ener_ey for that area calculated. 

The values are - 16 f4 k&/mole and 14 +4 kc-al/mole for the 25-35X region and 

3545°C region, respectively. 

The fact that the activation energy is negative in the 25-35” region of the 

Arrhenius plot implies that there must be a pre-equilibrium step in the polymerization 

process. The slope beccmes negative in the higher temperature region of the plot sug- 

gesting that the pre-equilibrium step probably involves a hydrogen bonding process. 

It appears that the two species necessa ry for the polymerization reaction to take 

place in a reasonable length of time are a sihcic acid anion and a neutral sihcic acid 
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mo~ec~e4*‘_ IO. 12. ’ 3 As the two reactants approach each other in the solution, it is _ 

possible the first reaction invoLes the formation of a hydrogen-bonded intermediate. 

The hy-drogen bond thus formed would ahow the reactants to be held in close proxi- 
mity, so that the splitting out of a hydroxyi, with subsequent formation of a silicon- 
oxygen bond, could occur_ 

OH OH -0 

\ 1’. 
Si 

-; 

. 

\Si,OH Kl “9 /“-H”--o\Si,oH 
+ Si 

/ ‘-,. / ‘1 /\ /\ 
OH OH HO OH HO OH HO OH 

OH OH 
ii/, ; ; 
C$ HO-Si-O-S&OH f OH- 
AL-,, I ; 

HO HO 

Mcchankm 1 _ 

This mechanism, of course, is controlled by the ionization of silicic acid, which 

depends on the pH of the system. Also, in the above reaction sequence and other 

reactions shown in this paper. we have used the four coordinated silicic acid and its 
anion It could be that the reacting species are octahedrai with two waters of soIvation 

in the inner coordination sphere. It is impossible to distinguish between these two 

possibilities so aII we can say is that there is some type of hydrogen bonded species 

in the first step in the polymerization reactions. Two hydrogen bonds could also be 

invoIved in this step instead of one. 

CaIcuIations ha\-e been made by Greenberg and Sinclair’ 3 on the ratio of the 

singIy ionized to unionized silicic acid [H,SiO,-]i[H,SiO,]. At a pH of 8 the ratio 

is 1_6:100 and at a pH of 9 it is 1_6!10_ Thus, in the region under investigation, there 

is a reasonabIe concentration of both ions and molecuks of silicic acid in solution. 

In the region beIow a pH of S where the concentration of the ionized form is very 

small, poiymerization stiI1 occurs, and since the concentration of the unionized 
molecule is predominant, an alternate mechanism must also be considered. This 

reaction may also proceed by a hydrogen bonding step similar to the one described 

for the anion-neutra1 sihcic acid reaction_ 

‘; 
HO HO OH HO 

\SjjO” . \5/ 

OH---O 

\ _/ \ _/OH 

HO/ ‘\OH f HO/ ’ 

2 /“‘, /“\ 

OH HO OH HO OH 

OH OH 

k-r: i i 
-‘ HOSi-O-si-0~ i H-0 
kr I i 

OH OH 
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Finally consideration must be given to the fact that the reaction may occur 

without the hydrogen bonding mechanism, since in the 3545’C temperature range 

the activation energy is positive_ In each of the steps proposed, it is possible that the 
reactions may occur by simple collision with the subsequent formation of polymer 

and the spIitting out of an hydroxyl or water, e.g., 

HO OH -0 OH HO OH 

/\ 
HO OH HO OH HO OH 

Mechanism 3 

and 

H 2 0 

Pclechanism 4 

From a consideration of the proposed mechanism, rate expressions 

formulated for the contributing paths 

Ri = 

R; = 

R, = 

R; = 

K,k,, [Si(OH),] [(OH),SiO-] - k,, [H&,0,] [OH-] 

I+, [Si(OH),] [(OH),SiO-] - L$::, [H6Si207J [OH-] 

K,k,, ESi(OH),]’ - kr2 [H6Sit07] 

k;5 [Si(OH),]” - k;, [H6SiZ07] 

can be 

The evaluation of the proposed paths are comphcated by the fact that all 

systems are reversible and do not follow a set of singular courses to completion. 
Only in the initial portion of the reaction can we Iook primarily at the forward portion 

of the reactions_ 

By taking only the forward portions of the reactions into consideration the 

folIowing rate expressions are obtained. 

R{ = K 1 k,, [Si(OH),] [(OH),SiO-] 

R{ = k;, [Si(OH)J [(OH),SiO-] 

The acid dissociation constant is given by 

KA = [(OH),SiO-] [H G].@i(OH),] 

where 

[(OH),SiO-] = K,[Si(OH)&[H’] 

Thermoc?rinz_ Ada, 3 (1972) 399-409 
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Substituting this into the rate expression gives: 

R{ = K 1 KAkI, jSi(OH),J”j[H+] 

R< = K,k;, [Si(OH)J’j[H’] 

R{ = K,k,, [Si(OH),-J2 

and 

R< = k;= fSi(OH)J 

_ _ 
Combrnmg :he abor-e rate expressions we obtain the following expression for the 
total forward reaction rate: 

If the individual steps in the mechanism are considered as separate entities 
contributing to the total forward reaction rate, the separate Arrhenius equations can 
t;c written for each step and the total forward reaction as a sum of the individual 
equations_ Thus: 

arm 

In ah cases the ener_gy measured is not truly an activation energy, but the sum 
of thermodynamic and activation energy terms. 

To better understand the mechanism, each region of the Arrhenius pIot should 
be considered separately. First, consider the system in the 25-35°C region. In this 
region the predominant paths of reaction are those described as LMechanisms 1 and 2. 
The total activation eners calcufated for this region is - 16g4 kcaljmole. If we 
negkzct such contributions as solvent effects, there are onIy two energy involving 
processes in the mechanism, e.g., the pre-equihbrium hydrogen bonding step, and 
tht splitting out of a water or hydroxyl with subsequent lengthening of the polymeric 
chain. The sphtting out of the water or hydroxyl group should be the rate controlling 
step in that it would require energy, and this step aione would yieId a positive activa- 
tion ener_gy_ 

In the region above 3S’C, the Arrhenius plot yields a positive value. The caicu- 
lated overall activation ener_gy for this region is 14 54 kcaI/mole, which compares 
Firirh 9.6 kcal,‘mole obtained by Brady, Brown and Huff l4 for the same pH range. 
Thus, it appears that in the temperature region above 35°C the degree of hydrogen 
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bonding occurring in the reaction decreases rapidly, and the reaction must occur 
primarily via collission reaction. 

III the region below 35°C where hydrogen bonding processes are quite impor- 
tant, the energy terms EI and E2 will be the controlling factors in the energy of the 
reaction. Primarily, the energy comes from El, since the ion-molecule interaction 
will be expected to be much stronger than the molecule-molecule reaction proposed 
for E2 _ Thus, in the region below 35’C, the first term in the equation will be the 
predominant one. As the temperature is increased above 35”C, the amount of hydro- 
gen bonding is decreased; therefore E, becomes very small, causing the collision 
controlled portion of the equation to become the predominant one. 

All of the reaction systems appear to approach a stable equilibrium after 
approximately I60 h. From this we can caiculate the totaI equilibrium constant for 
?he system. 

There are several possible approaches to the total mechanism of the polymeriza- 
tion of siiicic acid. One generally accepted fact is that the reaction is one of simple 
condensation which proceeds in the following manner: 

HO 

1,/O” ““\ _/OH 

HO OH 

I I 
= HO-Si-O-S&OH -!- Hz0 

HO/ \OH HO OH Hb AH 
+ /“; 

If we also consider the pre-equifibrium step proposed in the reaction mechanism, 
a general format of the polymerization process can be visualized: 

and 

to 

M 
K” 

n-I-+-M g 1 M* k” /n-l M 

“kc_, n 

where Mf, Mz, --- are hydrogen bonded species 

From a consideration of the above paths, the foIIowing assumptions can be 
made concerning the mechanism: 

(I) The rate determining step will be that of the splitting out of the hydroxyl 
or water group in the polymer formation. 

(2) The K” vaiues for the hydrogen bonding steps are identical, e-g., KT = Kz = 
= K; __. 
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(3) All of the individual k, and k, values are identical, e.g., k;, = X-j;2 = k;, ___ 
and “;, = “I”, = “;, ___ 

(4) Bond breaking and bond formation occur only at terminal position_ 
AI! of the hydrogen-bonding steps involve the same type of bond formation, 

e-g_, a siiicon-oxygen species bound to another silicon-oxygen species. Consequently, 
the bond formation step should be nearly identical in all cases. 

There have been no reported instances in the literature of dilute siIica solutions 
>-ielding branched chain polymers in solution. Whether the polymerization occurs 
through one oxygen bridge or two cannot be determined experimentally, but ihe 
s_vstem does appear to form onIy in linear chains4_ 

At equilibrium each of the steps in the polymerization can be solved in terms 
of the rate constants and the monomer concentration, e.g., Krq = [_M,]/Kf [M]‘_ 
Each step in the polymerization scheme can thus be expressed in terms of the initial 
reactants, the hydrogen-bonding pm-equilibrium constant and the final product. At 
equilibrium the polymeric species may be expressed in terms of the total monomeric 
concentration, e.g., MO = Mt2M2i3M3-+-ilM,i ___ where MO = total silica con- 
ccntration in the system, %I= concentration of monomeric silica, and M,, M3, M4, 
etc_ = concentration of the individua1 polymeric species. From a consideration of the 
various polymeric steps at equilibrium. it is possible to espress the system in terms of 
the rate constants and the monomer concentration. 

This equation can be simplified to 

hfe = ~ii2a[hjj’i3a’[M]3~-3[~iJ- + --- 

where a = hrkJ-jkr 
If u-e no:v divide this equation through by M we obtain a simple binomial series 

which has the solution 

Me- ?vl-~2ahlM,-+a’w~M, = 0 

At equilibrium, the value of &l, the monomer concentration at equilibrium and 
%i,_ and the total si!ica concentration, are known. Thus, the value of the equilibrium 
constant [a] can be determined from the sohrtion of the above quadratic equation. 

TABLE !I 

EQUIUBRIl2.~ COSSASTS FOR THE POLYXERIUlTOS PROCESS AT THE FIVE DIFFEREXT TEX1PERATGRE.S 

25 105.5 

30 S1.6 
35 315 
40 33.6 
45 16-S 
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The calculated equilibrium constants for the systems studied are listed in 
Table II. A plot of the log of the equilibrium constant Z-S reciprocal of temperature 
has a sIope of 9.53 and the resultant ilH is 15.7 kcal/mole. 

The reactions appear to approach a state of equilibrium after 160 h, and if the 
average value of the monomeric silica concentration between I60 and 200 h can be 
taken as the equihbrium concentration, it is possibIe to calculate the total equilibrium 
constant for the systems [see Table ITJ. 

Unfortunately, the total reaction is too complicated to be considered with the 
data avaiIable. The reversibility of a11 steps, the large number of different reactions 
occuring simultaneously. and the inabihty of the analytical methods to distinguish 
between the many steps makes the evaluation of the tota reaction on a moIecuIar 
basis impractical. 

Additional work has been carried out concerning the effect of the presence of 
chloride on the mechanism and will be presented in a subsequent paper. 
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