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After hydrothermal and thermovaporous treatment of chemically pure amorphous 
aqueous silicic acid in solutions of NaOH and NH4OH and in watervapour it is 
possible, using complex thermal analysis, to detect the weight loss and heat effects 
corresponding to evaporation ef various forms of combined water, and to estimate 
the heats of evaporation of these forms. From the obtained data, the following water 
forms have been identified: (1) at 200- 300 ~ capillary-condensed water formations of 
the cluster type evaporate; AHeeh is about 8 kcal/mole H20; (2) at 250 - 400 ~ molecules 
of water linked by hydrogen bonds with hydroxyl groups on the surface and in the 
volume of the particles; AHder~ is about 5 kcal/mole H20; (3) at 350 600 ~ molecules 
of water coordinated to silicon atoms in the volume of the particles," AHe~ is approxi- 
mately 1 kcal/mole H20. The total evaporation heat changes from 10 kcal/mole H~O 
when water of form 1 predominates, to 5 kcal/mole H~O when forms 2 and 3 predomi- 
nate. 

During an investigation of silica dehydration by TG, the weight losses caused 
by evaporation of free and combined water are recorded in the temperature 
range 100-1000~ at the same time, as a rule an endothermic effect is observed 
in the range 100-200  ~ in the DTA curves, associated with evaporation of capillary- 
condensed water found in open pores [1 - 5]. Reference [6] is an exception, where 
the investigation of silica gel dehydration revealed four endothermic effects, at 
temperatures of 150, 200, 400 and 500 ~ in the DTA curve, accompanied by dis- 
continuities in the TG curve. It was assumed that three of the latter effects were 
caused by elimination of the hydroxyl groups bonded by hydrogen bonds, but 
the absence of numerical values relating to the thermal effects did not permit 
an unambiguous interpretation of the results. At the same time, it may be con- 
cluded on the basis of the present work that the non-observation of high-temper- 
ature thermal effects in most studies of silica gel dehydration results from the use 
of inaccurate equipment and measuring techniques. 

The dehydration of silica gel subjected to hydrothermal and thermovaporous 
treatment was investigated thermogravimetrically in the present work. This pre- 
liminary treatment made it possible to record the thermal effects caused by water 
loss in the temperature range 200 -600  ~ and to determine their magnitudes. 
The results are of considerable interest with regard to the nature and properties 
of the water in amorphous silica. 
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Experimental 

As starting material, chemically pure aqueous silicic acid with a unit surface 
(by nitrogen) of  400 m~/g and a total impurity content of  10 -~ wt % was used. 
The acid was treated in autoclaves in water, in solutions of N a O H  and NH4OH, 
and in water vapour. Treatment conditions are shown in Table 1. 

T G  measurements were made using a MOM (Hungary) derivatograph, in the 
temperature range 2 0 - 1 0 0 0  ~ The samples were put on a platinum multiplate 
sample holder. The heating rate was varied from 3 to 20 deg/min. The curves of 
the studied samples are shown in Fig. 1. For  the starting silicic acid without treat- 
ment, one thermal effect is recorded [7], at a temperature of  160 ~ 5.0% of the 
water being lost in the process. The remaining 3.8 % of the water is lost in the range 
200 -600  ~ this loss not being accompanied by thermal effects. Hydrothermal 
treatment in a 1% solution of N a O H  at 185 ~ for 70 hours leads to the appearance 
of an incompletely resolved peak at 210 ~ in the DTA curve (curve 1). The weight 
loss is described by a smooth T G  curve having no discontinuities; the dehydration 
range is 100-600  ~ After hydrothermal treatment at 350 ~ for 6 hours, the endo- 
thermal effect in the range 150-200  ~ disappears, but three fairly well-pronounced 
effects appear at 300, 400 and 500 ~ (curve 2). The weight loss is described by an 
S-shaped T G  curve, with three discontinuities corresponding to the three effects 
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Fig. 1. TG and DTA curves of silica gel samples subjected to hydrothermal and thermo- 
vaporous treatment: 

I. Autoclave treatment in 1 .%0 solution of NaOH, 185 ~ 70 hours; 
2. Autoclave treatment in water, 350 ~ 170 atm, 6 hours; 

3, 4. Sample No. 2 after autoclave treatment in water vapour, 440 ~ 6 hours; 
5. Sample No. 2 after autoclave treatment in water vapour, 440 ~ 50 hours. 
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in the DTA curve. Dehydration starts at 250 ~ and is practically over at 800 ~ 
Subsequent treatment of the specimen in water vapour in an autoclave at 440 ~ 
and 400 atm for 6 hours or 24 hours (curves 3 and 4) results in the disappearance 
of the thermal effects at 400 and 500 ~ . The temperature of the first thermal effect 
is shifted to 330 and 340 ~ respectively, the same shift being observed for the de- 
hydration start temperature in the DTA curves. The total water losses for the three 
specimens are 8.5, 3.6 and 0.9 %, respectively. Further thermovaporous treatment 
for 50 hours under similar conditions leads to the disappearance of the thermal 
effects of dehydration and the appearance of a thermal effect corresponding to 
the c~ ~/?-quartz  phase transition. The total water loss is 0.4 wt%. 

Results 

Numerical values relating to the dehydration thermal effects have been deter- 
mined (Table 1) for silicic acid samples subjected to hydrothermal treatment in 
water and in an ammonia solution by the Berg and Anosov method [7, 8]. 

For the total thermal effect, in the two samples close values of the heat of de- 
hydration, of about 5 kcal/mole evaporated water, were obtained. Determination 
of the individual thermal effects making up the total one is very difficult in view 
of their poor resolution, and for this reason these values may be regarded as very 
approximate. The best resolution during determination of the thermal effect was 
achieved for the silicic acid sample treated with a solution of NH4OH at 350 ~ 
for 6 hours. The thermal effect values at 300, 400 and 500 ~ are ,-~ 8, ~ 5 and 

1 kcal/mole H20, respectively. The well-pronounced discontinuity points in 
the TG curve permitted the thermal effects relating to the evaporated water to be 
attributed to a certain form. The results make it possible to identify the various 
forms of combined water in silica gel, as well as to reveal their intertransitions 
and their part in the modification of the silica gel structure during its hydrothermal 
and thermovaporous treatment. 

During hydrothermal treatment of silica gel, its globular structure is rearranged 
into a spongy, more massive one, the particle size increase reaching several tenths 
of a mm, and the surface decreasing to 1 - 10 m2/g [9]. As compared to silica gel 
globules, the particles formed are less uniform and contain a great number of 
cavities filled with water. In the temperature range studied (200-600 ~ no notice- 
able dehydroxylation of the silica gel surface occurs [10], which may be regarded 
as the basis for the conclusion that all the effects observed are caused by the loss 
of water. The large size of the particles formed, as compared to the initial globules, 
allows the recording of effects which, for the small globules of silica gel, are beyond 
the sensitivity range of the equipment employed. Further, for large particles, of 
most importance are the kinetic factors, and more particularly the processes of 
water molecule diffusion. In the silica gel structure rearrangement caused by 
hydrothermal treatment, the determining part is played by the processes of re- 
condensation of the silicic acid [9]. The spongy structure formed predetermines 
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the formation of a large number of clusters included in the silica gel structure; 
as a result of the spongy structure, these clusters are in fact contained in the part- 
icle volume and communicate with the surrounding space via channels formed 
by irregularly-spaced siloxane bonds. Kinetic barriers to evaporation result in a 
shift of the temperature range of dehydration from 140-200 ~ to 250-550  ~ . 
The value of the first thermal effect of dehydration with a minimum at 250 ~ 
equal to 8 kcal/mole, is close to the water evaporation heat. This confirms the view 
point that in this case we are dealing with water clusters. As the temperature rises 
and the water formations disappear, the water molecules connected by hydrogen 
bonds with hydroxyl groups inside the volume of the particles formed during 
hydrothermal treatment also disappear the second effect in Fig. 1 (2) correspond- 
ing to 350 ~ The heat of evaporation amounts to 5 kcal/mole H20, which indicates 
that the water molecules are localized on one hydroxyl group. This form of water 
evaporates not only from the silica gel surface formed by open pores, but also 
from a closed volume; the water molecules escape to the surface, with subsequent 
evaporation being determined by diffusion, which results in a further shift of 
the dehydration thermal effect to 350 ~ . As this form of water disappears, water 
molecules also disappear which are contained in the entire volume of the particles 
and are coordinated to silicon atoms. Kinetically, the elimination of this form 
of water is the most difficult process. The low value of the heat of evaporation 
and the high temperature of dehydration indicate that here we are dealing with 
a rather complicated kinetic process; the high energy of diffusion activation results 
in the fact that this form of water evaporates at the relatively high temperature 
of about 550 ~ . 

Conclusion 

The thermogravimetric investigation of silica gel after hydrothermal treatment 
makes it possible to identify the forms of combined water characteristic of any 
silica-oxygen structure: 

1. Capillary-condensed water formations of the cluster type; the evaporation 
heat is close to the water evaporation heat; the evaporation temperature range 
for non-treated silica gel is 140-200 ~ while that for silica gel subjected to hydro- 
thermal treatment is 200-300  ~ 

2. Water molecules hydrogen-bonded to hydroxyl groups on the surface and 
in the volume of the particles. The heat of evaporation is about 5 kcal/mole H~O, 
and the evaporation range for silica gel subjected to hydrothermal treatment is 
250 - 350 ~ 

3. Water molecules coordinated to silicon atoms in the particle volume. The 
heat of evaporation is about 1 kcal/mole; the evaporation range is 350-600  ~ 

The correlation of the various forms of water in silica gel may be responsible 
for the value of the integral thermal effect: 10 kcal/mole H20 when the capillary- 
condensed water predominates; and 5 kcal/mole H20 when the hydrogen-bonded 
and coordinated water forms predominate. It is most probable that the presence 
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o f  the  th i rd  f o r m  o f  wa te r  m a k e s  the  s i l i ca-oxygen  s t ruc tu re  m o s t  labile,  fac i l i ta t ing  

the  w e a k e n i n g  o f  the  s i loxane  b o n d  a n d  the reby  the  r e l axa t ion  o f  the  s t ruc tu re  

to a t h e r m o d y n a m i c a l l y  m o r e  f a v o u r a b l e  state.  
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RI~SUM~ - -  AprSs traitement hydrothermique et par la vapeur de l'acide silicique aqueux 
amorphe et pur en solution darts NaOH et NHaOH ainsi que dans la vapeur d'eau, il est 
possible, en se servant de l'analyse thermique complexe, de d6celer les pertes de poids et les 
effets thermiques qui correspondent ~t l '6vaporation des formes diverses de l 'eau combin6e et 
de trouver les valeurs des chaleurs d'6vaporation correspondantes. A partir des donn6es 
obtenues, on a identifi6 les formes d'eau suivantes: 

1. entre 200 et 300 ~ les formations d'eau capillaire condens6e du type inclusion s'6vaporent, 
AHo~h est voisin de 8 kcal/mol d 'H20;  

2. entre 250 et 400 ~ ce sont les mol6cules d'eau li6es aux groupes hydroxyles par liaisons 
hydrog6ne qui se volatilisent ~t la surface et 5. l'int6rieur des particules, AHooh est voisin de 
5 kcal/mol d'eau; 

3. entre 350 et 600 ~ ce sont les mol6cules d'eau li6es par liaisons de coordination aux atomes 
de silicium qui se vaporisent h l'int6rieur des particules, d Hd~h ~tant d'I  kcal/mol H20 environ. 
La chaleur totale d'6vaporation varie de 10 kcal/mol H20 lors de la pr6dominance de la 
premi6re forme d'eau h 5 kcal/mol d'eau lors de la pr6dominance des formes 2 et 3. 

ZUSAMMENFASSUNG -- Nach hydrothermaler und Thermodampfbehandlung chemisch reiner, 
amorpher w~sseriger Kiesels/~ure in NaOH- und NH4OH-Lfstmgen sowie in Wasserdampf 
ist es m6glich, durch Einsatz der komplexen Thermoanalyse, den Gewichtsverlust und die 
der Verdampfung der verschiedenen Formen des gebundenen Wassers entsprechenden Wfirme- 
effekte nachzuweisen und die Verdampfungsw/irmen dieser Formen ann~ihernd zu bestimmen. 
Aufgrund der erhaltenen Angaben wurden folgende Wasserformen identifiziert: 

(i) bei 200 bis 300 ~ entweicht kapillarkondensiertes Wasser vom EinschluBtyp, AHaeh 
betr/igt etwa 8 kcal/mol H20. 

ii) bei 250 bis 400 ~ entweichen die durch Wasserstoffbindungen fiber Hydroxylgruppen 
gebundenen Wassermolekfile yon der Oberflfiche und dem Inneren der Partikel, AHaeh 
betrfigt etwa 5 kcal/mol Wasser. 

iii) bei 350 bis 600 ~ entweichen die dutch Koordinationsbindungen an Siliciumdioxid 
gebundenen Wassermolekfile aus dem Inneren der Teilchen, AHde~ betrggt ann/ihernd 1 kcal/ 
/tool H20. Die Gesamtverdampfungsw~trme findert sich von 10 kcal/mol H20 bei fiber- 
wiegender Form 1 yon gebundenem Wasser, auf 5 kcal/mol Wasser bei Vorherrschen der 
Formen 2 und 3. 
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PearoMe - -  Hocne rr i~poTepM~ecro~ rt napoTen3~oBofl 06pa60Tra xrpcL~qecrri ~4CTOfl aMopqb- 
HO~ Bo~no~ rpeMi~eBo~ rI~CnOTb~ B pacTBope N a O H  a NH~OH, a Tar~re B napax Bo~r~I, npe~- 
CTflB!,IJIOCI~ BO3MO)KH/~IIVI, l~Cl'/O3b3y$l KOMH~eKCHI~I~ TepMHqec/r aHa~irt3, onpe)xe3~Tb ~oTepto 
Beca n Ten~OBble 9qb~eKTt~I i~cnapeHr~Z pa33~rI~4J~ix qbopM CB~3aHHo~ BO~/,I I4 oueHIITB Ten3IoTy 
rtcnapeur~z 3XI~X qbOpM. Ha OCHOBe noayqena~,ix ~aunbIx 6~,lym rUXeaTrtqbnUHpoBam,1 cne~y- 
m m a e  Bo~1: 1) npn  200--300 ~ ncnap~eTcs r a n n a a a p n a n  ro~zterIcnpoaanrma BO~a r~acTepaoro 
rgrta, AHzer cocTaBazeT oKo~o 8 rran/MOn~ HzO. 2) npa  250--400 ~ r~cnap~oTc~ MO~Ie~y~ 
ao~,~, CBSaarm~,~e Bo~opo~HbIM!,I CB~/a~t/V//~ C rH~porcna~,m,LMI~ rpynnaM~ r a t  na rto~epxuocTn, 
Tar ~t B o6~e~e ~acTntt, dHaer  - -  orono 5 rra~/~o~I~, ~O~L 3) npr~ 350--600 ~ ~cnapnroTcn 
Mo~e~ym,~ BOIlb~, Ca~3anH~e roop~ua~go~rr~,lMvt CB~/3ffMI,I c aTOMaM34 xpeMH~ B o6~eMe 
~acTrttI, AHzer COCTaB3xgeT rrpa6arI3riTez~B~o 1 ~KaZ~/MOJ~b H~O. O6tuaz Ten3~oTa ncriapenr~n 
ri3Men~lexca OT 10 Kran/MOYIl, H~O nprI I~peo6na~an~n nep~o~ qbopM~ a o ~  ~0 5 r~aJI/MOJlb B0~bl 
npr~ npeo6na)xaanr~ 2 H 3 qbopM BO)2I~I. 
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