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To determine the role of the forms of fixed water in the relaxation of the silica struc- 
ture, silica was treated with hot water vapour in an autoclave, and the kinetics of its 
dehydration were studied by thermogravimetry. Five successive stages of relaxation 
were established: 

1. Flocculation oi globules, accompanied by evaporation of the polymolecular 
water layer situated in the interglobular space. 

2. Formation of a glassy structure, accompanied by further water evaporation. 
3. Transition of the glassy structure to cristobalite with the formation of large 

particles. 
4. Formation of quartz seeds within each particle. 
5. Aggregation of oriented seeds into monocrystals of quartz. 
The crystallization of amorphous silica in all stages depends on the interaction of 

different water forms with fragments of the silicon-oxygen skeleton. 
The activation energy of water evaporation was calculated; it varies from 21 to 38 

k J/tool for the different stages of the process. The activation energy of silica relaxation 
was evaluated to be about 125 kJ/mol. 

A m o r p h o u s  silica is a widespread mater ia l  uti l ized in var ious  branches o f  in- 
dustry.  Its character is t ic  feature  is its g lobu la r  s t ructure :  par t ic les  o f  silica are com- 
posed o f  globules  - curved macromolecules ,  vary ing  f rom 50 to several thousand  
Angs t roms  in size. On the surface the globules are covered with hydroxy groups  
the bulk volume being composed  o f  chaot ic  s i l icon-oxygen te t rahedra ,  incorpora t -  
ing several  hydroxy  groups which escaped react ion,  and water  molecules resul t ing 
f rom the po lycondensa t ion  o f  silicic acid. The high the rmal  resistance o f  water-free 
silica depends  on the durab i l i ty  o f  the si loxane bonding  (about  459 k J/tool).  On 
the o ther  hand,  the presence of  residual  hydroxy  groups ,  in te rg lobular  l iquid and 
in t rag lobu la r  water  leads to a poss ibi l i ty  of  changes in the s t ructure  of  silica, 
which is not  stable,  but tends to re laxa t ion  - a spon taneous  t rans i t ion  to a more  
t he rmodynamica l ly  s table state. A very slow re laxa t ion  goes on even at r oom tem-  
pera tu re  and a tmospher ic  pressure and is known  as the ageing of  silica. Rising 
t empera tu re  up to 9 0 0 -  1000 ~ wi lhout  contac t  with vapou r  leads to the dehydra -  
t ion o f  silica, this process  resul t ing in a more  stable s tructure.  At  this t empera tu re  
the mobi l i ty  of  the s i l icon-oxygen te t rahedra increases  significantly and the residual  
hydroxy  groups  migrate ,  condens ing  and  evolving wa te r ;  the surface of  the sil ica 
also decreases.  Contac t  with water  vapour  significantly increases the labil i ty o f  the 
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siloxane bonding and evident changes in the structure of silica may already be 
observed at 150 ~ . The final product of relaxation is quartz. Depending on the 
temperature and vapour regime, there may be great variance in the structure of  
silica. For example, finely porous silica gel may produce in a series materials such 
as coarsely globular silica gel, glassy silica, cristobatite and quartz. 

The relaxation of the silica structure is a complex multistage process, the kinet- 
ics and expression of which depend on the form of the fixed water. Earlier publi- 
cations [1] report the thermal effects of  dehydration at temperatures in the range 
of  100, 350 and 500 ~ as being 41.8, 20.9 and 4.2 kJ/mol, respectively. These were 
determined by a thermogravimetric study of the thermodynamics of silica dehy- 
dration. On the basis three forms of fixed water were identified: a polymolecular 
layer of water in the interglobular space; water molecules linked through hydro- 
gen with the silanol or siloxane groups inside the globules; water molecules 
coordinated to silicon atoms. To determine the role of the form of the fixed water 
in the relaxation of the silica structure, silica was treated with hot water vapour 
and the kinetics of its dehydration were studied by thermogravimetry. The utilized 
silica was obtained through ammonia hydrolysis of tetraethoxysilane. The treat- 
ment was carried out in an autoclave at a temperature of 400 -450  ~ with a water 
content of 1 . 5 - 3 0 %  in the volume of the autoclave. Figure 1 shows the curves 
of  weight loss of the original silica heated to 1000 ~ and the samples of silica after 
treatment with hot water vapour at 450 ~ The TG  curves for the original silica 
clearly show two weight loss intervals, from 60 to 200 ~ and from 350 to 650 ~ . 
At higher temperature the T G  curve is practically parallel to the abscissa. In the 
first temperature interval the dehydration is accompanied by a thermal effect in 
the DTA curve. In the second interval no thermal effect was observed for any 
the samples. During the hot water vapour treatment there was a significant de- 
crease in the amount of  the first form of  water evaporating at 60 to 200 ~ during 
the first two hours and it totally disappeared in three hours. The second water 
form, evaporating at 350 to 650 ~ disappeared only after 60 hours of hot water 
vapour treatment, when the amorphous silica had turned wholly into quartz. 

Figure 1 shows the correlation of the total amount of  water evaporated when 
the silica was heated to 1000 ~ with the durat ion of the treatment. The curve in- 
cludes the results of the thermogravimetric treatment. Different forms of silica 
were identified by the appearance of  thermal effects at the transitional stages in 
the DTA curves. 

The data obtained were compared with the results of X-ray analysis, IR  spectro- 
scopic and electron microscopic analyses. To classify the forms of water and their 
role in the hot water vapour treatment, the activation energy of water evaporation 
in different temperature intervals was determined. 

The activation energy of evaporation of the first water form is conjugate to the 
thermal effect of  dehydration. The evaporation of the second water form at 350 
to 650 ~ is not accompanied by thermal effects and the results of differential thermal 
analysis of these samples lead to no conclusion on the properties of this water 
form. IR spectroscopy showed that in all the spectra of  silica samples treated 
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Fig. 1. Curves  of  weight  loss of different samples  of  s i l ica:  o r ig ina l  (1) and  t rea ted  wi th  hot  
vapou r  at  4 5 0 ~  2 - -  2 hours ,  3 --  3 hours ,  4 - -  7 hours ,  5 --  18 hours,  6 - -  28 hours ,  

7 --  44 hours ,  8 --  50 hours ,  9 -- 64 hours  

with hot water vapour the 1640 cm -1 band corresponding to the deformation 
oscillations of water molecules was present; the 960 cm-1 band corresponding to 
the deformation oscillations of free hydroxy groups was absent and satisfactorily 
defined bands were present at 3200 cm-  1, 3450 cm-  1, and 3680 cm-  1, correspond- 
ing to the oscillations of hydroxy groups disturbed by hydrogen bonding. These 
data testify to the presence of fixed water molecules in the structure of silica (be- 
sides hydroxy groups), but the data are not comprehensive enough to identify the 
distribution or energy characteristics of these molecules. Determination of the 
activation energy of water evaporation, especially in the 350 to 650 ~ interval, was 
quite significant as regards obtaining these data. Reich's method was used in the 
kinetics study [2] it was assumed that water evaporation is a first-order reaction. 
The activation energy of  evaporation was calculated from the formula: 

A lnln ~ ~  
E z - 

1 
Z . . . . .  

T 

where: Wt = sample weight at temperature T; 
W0 = sample weight at the temperature of the beginning of dehydration. 
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Table 1 

Duration of 
treatment, Interval /~, kJ]mol AH, kJ/mol 

hours H20 

0 38.4 4- 2.1 

2 

8 

50 

60--200 

350--650 

60--200 

350--650 

350-- 650 

350--650 

350--650 

36.84-1.2 

28.0-1-1.2 

36.34-0.8 

27.24- 0.8 

20.94-0.4 

20.94- 0.4 

20.94-0.8 

Table I shows the thermal effect of  dehydration (1) and the activation energy 
of water evaporation depending on the duration of treatment with hot water 
vapour. The Table and Fig. 1 show that in the studied samples two forms of water 
may be identified. For first form: the temperature interval of  dehydration = 6 0 -  
200 ~ the enthalpy of dehydration = 3 8 - 4 2  kJ/mol, and the activation energy of  
evaporation = 3 6 - 3 8  kJ/mol. 

This is mostly a polymolecular water layer in the interglobular space. The water 
evaporating in this interval may include other water forms with lower values of 
enthalpy and activation energy of  evaporation. However, these parameters, being 
close to those of  pure water, show that in the discussed case mostly the evaporation 
of water molecules from the polymolecular layer takes place. For the second form: 
the temperature interval of  dehydration = 350-650  ~ there is no thermal effect, 
and the activation energy of  evaporation = 2 1 - 2 9  kJ/mol. These are mostly 
water molecules attached through hydrogen bonds to fragments of the silicon- 
oxygen lattice. The integral flow may include a certain amount of water coordinat- 
ed to silicon atoms. The absence of  other evaporating substances apart from water 
was checked by means of mass spectrometry. 

It is notable that the values of  the thermal effect of dehydration and the activa- 
tion energy of  evaporation correspond to the integral effect of the simultaneous 
evaporation of the different water forms. For example, if the silica surface contains 
water molecules attached through water bonds to the surface hydroxy groups the 
values of the enthalpy and activation energy of  evaporation may be somewhat 
lower than the corresponding values for water. In the second temperature interval 
the presence of  water coordinated to silicon atoms results in a decrease in the acti- 
vation energy of  evaporation to ~21 k J/tool for a longer duration of hot water 
vapour treatment. 
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Figure 2 presents a curve of  the variations in the total water content of  the silica 
depending on the duration of  hot water vapour  treatment. F rom this curve it is 
evident that during the first ten hours there is a sharp decrease in the content of  
water, f rom 7 to 0.4%. According to optical and electron microscopy, there is 
also a significant increase in the size of  the globules, f rom 50 A to 10 000 A. As a 
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Fig. 2. The correlation of the total water content evaporated at up to 1000 ~ with the duration 
of hot vapour treatment at 450 ~ 3 % of water in the volume of the autoclave 

result large globules form which are the basis for the large irregular lumps clearly 
seen under the optical microscope. The increase in size of  the globules is accom- 
panied by the disappearance from the T G  and DTA curves of  the effects corre- 
sponding to the dehydration of the first form of water, and also by the disappear- 
ance from the IR  spectrum of the 960 cm -a  band, corresponding to the deforma- 
tion oscillations of  the surface hydroxy groups. 

This leads to the conclusion that the first stage of  relaxation the increase in size 
of  the globules - relies on the polymolecular layer in the interglobular space. 
The size of  the globules increases through coalescence (merging of drops). The rate 
of  the process is determined by the surface diffusion of the silicon-oxygen tetra- 
hedra, which in turn depends on the number of  silanol groups on the surface of  
the globules and on the properties of  the interglobular liquid. 

When the treatment lasts 10 to 64 hours, the total water content varies insignif- 
icantly, f rom 0.4 ~ to absolute zero within the sensitivity range of the apparatus. 
During this time the following stages may be observed in the relaxation of  the 
silica structure: 

1. Flocculation of globules and the formation of spherical polyglobular particles 
0 .02-0 .15  cm in diameter, disconnected f rom each other. The water content is 
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0.2 %, and the particle density 2 .15 -  2.19. The flocculation is ended after 32 hours 
of  the hot water vapour treatment. 

2. Changes in the structure of the floccules, their density increasing to 2.28, 
which corresponds to the density of  quartz glass. The water content decreases to 
0.1%. The process is ended after 50 hours of the hot water vapour treatment. 

3. Conversion of the glassy structure to the structure of  cristobalite, with si- 
multaneous aggregation of the particles into large irregular lumps up to 1 mm 
in size. The water content is at the limit of the apparatus sensitivity. The density 
is 2.33. The process is ended after 55 hours of treatment. 

4. Formation of quartz seeds within each particle, the limits of which are easily 
seen in the microscope. Due to the action of the surface forces, these seeds are 
oriented along a definite axis. Depending on the stage of  the process, the density 
varies from 2.33 to 2.66. No weight loss is registered by the derivatograph. 

5. Aggregation of  oriented seeds into monocrystals of quartz. Under these con- 
ditions the relaxation is ended after 64 hours. 

Table 2 

Duration of 
treatment, Water volume, Structure Density, 

hours weight % g/cm 3 

10 
10--32 
32-- 44 
44-- 62 

0.4 
0.1 
0.05 
0.05-- 0 

amorphous 2.09 q- 0,05 
glassy 2.23+ 0.05 
cristobalite 2.33+ 0.05 
quartz 2,66+ 0.05 

Digital data on the process are given in Table 2. They describe the changes irt 
the silica structure in the course of hot water vapour treatment as a process de- 
pending on the interaction of the different water forms with fragments of  the sil- 
icon-oxygen lattice. The first portion of the kinetic curve (Fig. 2, 0--10 hours) 
reflects the dominating influence of  the interaction of surface silanol groups with 
the polymolecular water layer from the interglobular space. This stage of relaxa- 
tion ends when a critical size of globules (1 mcm) is reached. Further stages in 
the structure of silica are determined by the presence of interglobular water at- 
tached through hydrogen and coordination bonds to the silicon-oxygen tetrahedra. 
The conditions of the hot water vapour treatment exclude the unequal evolution 
of  water with the preservation of the chaotic distribution of the silicon-oxygen 
tetrahedra. The evolution of  water is directly correlated with the formation of  a 
more stable silica structure and results from the redistribution of  the siloxane 
bonds. The high mobility of  the water molecules at higher temperature and pres- 
sure entails the disruption of the siloxane bonds and the formation of  intraglobu- 
lar hydroxy groups the latter entering into reaction with each other. As a result 
of  this reaction water is detached and new siloxane bonds appear, the distribution 
of  which corresponds to a more thermodynamically stable state of the silica. 

J. Thermal Anal. 23, 1982 



L A Z A R E V  et al.:  R E L A X A T I O N  O F  A M O R P H O U S  S I L I C A  7 9  

To evaluate the kinetic parameters of relaxation, use was made of  the curves 
showing the correlation of the total water content with the duration of  hot water 
vapour treatment of  amorphous silica at 400-450  ~ (Fig. 3). Though a general 
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Fig. 3. The correlation of the total water content with the duration of the hot  vapour  treatment,  
1.5 ~ water in the volume of the autoclave: �9 -- samples with quartz 

correlation may be observed between the residual water content and the stage of  
relaxation, direct thematic processing of  the curves does not seem justified as the 
process is very complex and multistage. The appearance of the quartz effect in 
the DTA curves was chosen for estimation of the activation energy of silica re- 
laxation. 

Assuming that the kinetics of the changes in the silica structure may be described 
by an equation of the first degree, these may be represented as follows: 

dW 
- -  K o e - - E / R T  

dt 

where: W = sample weight at temperature T. 
After integration the equation is transformed as follows: 

l n - ~  = Koe--E/RTt. 

Assuming to = 0, the equation is converted as follows: 

1 W o  = Koe_VlRT t 
n - ~ t  t 
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F r o m  the curves constructed at different temperature  levels, the points repre- 
senting the appearance of the quartz  effect were chosen and the correlat ion of the 
act ivat ion energy of the s tructural  changes with the dura t ion  of relaxation was 
obtained,  assuming that the finalty of the process for these points  was the same: 

f rom which 

E = 
In t o / t  �9 R 

1 1 
. 

T1 

The act ivat ion energy thus obta ined  was 125 kJ/mol. This value is generally 
characteristic of the diffusion processes, which fact supports the assumpt ion  that  
the relaxat ion of  silica is determined by the diffusion of the silicon-oxygen tetra- 
hedra. 
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ZUSAMMENFASSUNG -- Zur Bestimmung der Rolle der Formen des gebundenen Wassers bei 
der Relaxation der Silikatstruktur wurde das Kieselerde in einem Autoklaven mit heissern Was- 
serdampf behandelt und die Kinetik seiner Dehydratisierung thermogravimetrisch unter- 
sucht. Ftinf aufeinanderfolgende Etappen der Relaxation wurden festgestellt: 

1. Flockenbildung yon kugelf6rmigen Partikeln, begleitet yon dem Verdampfen der poly- 
molekularen, im interglobul/iren Raum befindlichen Wasserschicht. 

2./]ildung einer Glasstruktur, begleitet durch weitere Wasserverdampfung. 
3.13bergang der Glasstruktur in Cristobalith, unter Bildung grosser Partikel. 
4. Bildung yon Quarzk6rnchen innerhalb der einzelnen Partikel. 
5. Aggregation der orientierten K6rnchen zu Quarz-Einkristallen. 
Die Kristallisation yon amorpher Kieselerde h/ingt in allen Stadien vonder Wechselwirkung 

der verschiedenen Wasserformen mit den Fragmenten des Silizium-Sauerstoff-Skellets ab. 
Die Aktivierungsenergie der Wasserverdampfung wurde berechnet; sie variiert zwischen 

21 und 38 kJ/mol fiir die verschiedenen Stufen des Vorgangs. Die Aktivierungsenergie der 
Silikatrelaxation wurde als etwa 125 k J/tool bewertet. 

Pe310Me - -  C t~enbto BI~I~IBYleHH~I po~n pa3JneiqnMx qbopM CB~I3aI-IHO~I BO~]JaI B IIpouecce peJIaK- 
caJ2nrl cTpyxTypbI xpeMne3~Ma npoBe~eHo TepMorpaBHMeTpnqecKoe Hccae~oBa:-tne KHneTHrdI 
~ernApaTauar~ rcpeMHe3~Ma, ~o~aeprHyTOrO TepMonapoao~ o6pa6oTre B asTorJ:aBe. Hafi~errsI 
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5 ilOCJ1ej1oBaTeJ1bnbIX CTajIH~ p e a a r c a t m a :  1 - -  qbnoKynalInn rno6yJL c o n p o B o ~ a r o t t t a ~ c a  Hcna- 
permeM nOnnMoneKynapnoro cnoa BOnbl, Haxo~ame~ca B Me~ICFJIO6yJI~IpHOM rtpOCTpaHCTBe; 
2 - -  o6paaoBaHrie cTeI<noo6paano~ cTpyKTypbl C 21aJIbHel~IJJ~tM BbI,Z/CJIeHtIeM BO}IbI; 3 - -  nepe- 
xo~ CTeKJioo6pa3Ho~ CTpyt<Typ~,I a KprICTO6anHT C o6pa3oaaHneM KpynaMx ~taCTHLI; 4 - -  06- 
pa3oBaHHe BHyTpH ~acT~n 3apo~blme/~ rBapua;  5 - -  067~e~lnneHHe 3apo~blmefl a rBaptIeabIe 
MOHOKpI4cTaYtJIH. 

I(pncTaY]~n3at~r~a aMOp~HOFO KpCMHe3eMa Ha Bcex CTa~(HflX oHpe~gJl~IeTCfl B3aHMO~CI~CTBI4eM 
pa3nnqHblfi qbOpM BO~I C qbparMeHTaMn KpeMHeKnc~opO~HOrO cKeneTa. 

Bst~ncnena 3aeprna  ar~Tr~aauan acnapet~rm, ~oxopa~ H3MeH~eTC~/ OT 21 dO 38 ~,~zc/~onr, Ann  

pa3J/HtlHbIX CTa~H~ nportecca, o olleHeHa 9Heprr~a aKTHBatIril, I npoItecca penaKcarmrq COCTaBJ'I~I- 
~oman oKono 125 xnm/Mom,. 
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