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Several commercial and laboratory-synthesized specimens of silica gel have been 
studied, using thermogravimetry. Two forms of adsorbed water have been found: the 
first form, which evaporates in the temperature range 100--200 ~ is polymolecular 
water layer in open pores and loosely-bonded molecules on the surface and in the bulk 
of the globules; the second form, which evaporates in the temperature range 200-- 
700 ~ comprises water molecules hydrogen-bonded to silanol groups, and evidently 
coordinated to silicon atoms. The dehydration heat of the first form, determined from 
the DTA curves, depends on the ratio of the two forms, and varies from 3.7_+.0.6 
kcal/mole H20 for coarse-grain silica gel produced at pH = 7 to 12 +1 kcal/mole H,O 
for fine-grain silica gel of commercial "chromatography" grade. 

The activation energy of evaporation of water determined from the TG curves is 
about 10 kcal/mole in the temperature range 150-200 ~ 

Silicon dioxide is a commonly-used compound of great commercial importance. 
Both crystallyne and amorphous silicon dioxides are produced on an industrial 
scale, mainly from aqueous solutions by polycondensation of silicic acid. Hydra- 
tion of silicic acid in solution and the kinetics of removal of water molecules 
formed during polycondensation determine the structure of the silicon-oxygen 
skeleton, and numbers of hydroxyl groups and water molecules bonded on the 
silica surface and in the bulk of the particles formed [1]. Investigation of water 
in amorphous silica facilitated an understanding of the formation of the silicon- 
oxygen structure and determination of the conditions for production of silica- 
based materials possessing the necessary properties. 

The present paper deals with the nature of water in amorphous silica, based 
on an investigation of the thermodynamics and kinetics of silica dehydration, 
using a thermogravimetric method which permits the determination of thermal 
effects, as well as the determination of the enthalpy and activation energy. Published 
data on silica gel dehydration by a thermogravimetric method mainly deal with 
the detection of one [2-4]  or several [5] thermal effects associated with the loss 
of water, no attempts being made to determine the quantitative thermodynanfic 
characteristics. 

We have studied silica gels of "chromatography" grade commercial silicic acid 
of "analytical" grade and silica gels produced by neutralization of aqueous solu- 
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Table 1 

Pore  Pore  
mean  Porosity,  No.  Silica gel g r adeo r  method  Surface,  volume,  radius,  

o f  its product ion m~/g cmS/g ./~ 

1 2 3 4 5 6 

10 

11 
12 

13 

14 

15 

16 

17 

18 

KCK No. 2 for chromatography 
KCK No. 2.5 for chromatography 
K C K  No. 3 for chromatography 
KCM 14 for chromatography 
KCM No. 5 for chromatography 
KCM No. 6 for chromatography 
Na2SiO z + HC1, pH ~ 1 
Na2SiOz + HC1, pH ~ 1, kept 

outdoors for eight months 
Na2SiO3 + HC1, p H m  2--3, passed 

through ion-exchange resin KY-2 
Na2SiO3 + C2HsOH neutralized by 

CH3COOH to pH ~ 6 
Na2SiO3 + HC1, to pH = 7 
SiOz.nH O, commercial "analytical" 

grade 
Commercial SiO2-nH20, dissolved in 

water at 80 ~ evaporated in the 
air 

Solution NaoSiO~ (pH = 10), satu- 
rated with CO2 

Solution Na2SiO 3 (pH = 10), satu- 
rated with CO2, with addition of 
NaCI 

Solution SiO2-nHzO passed through 
KY-2 q- NHaOH to pH = 9 

Solution SiO2.nH~O passed through 
KY-2 -{- Cs2CO3 to pH = 9-- 10 

Solution SiO~.nHzO passed through 
KY-2 q- K2CO z to pH = 9--10 

338 
376 
522 
650 
715 
527 

800 

1.19 
0.971 
0.925 
0.760 
0.575 
0.296 

70 
51.6 
35.4 
23.4 
16.1 
11.2 

m 

72.7 
67.4 
67.4 
62.8 
56.4 
4O 

m 

t ions o f  var ious  silicates. P repa ra t ion  condi t ions  and proper t ies  o f  specimens are  
l isted in Table  1. 

Exper iments  were carr ied out  with a der iva tograph  ( M O M ,  Hungary)  in the 
tempera ture  range f rom 20 to 1500 ~ in c o r u n d u m  crucibles. The heat ing ra te  
var ied  f rom 3 to  10 ~ per  min. The t ime-dependence  o f  the  specimen t empera tu re  
was a lmost  l inear,  and  therefore  it was possible  to  de te rmine  the kinetic charac-  
teristics o f  the s tudied processes f rom the thermograv imet r ic  curves. 

Our  previous  mass-spect rometr ic  results  show that  up  to  1500 ~ no  volat i le  
p roduc ts  o ther  than  water  are  l ibera ted  f rom silica gel, so that  the  entire mass  
loss is associa ted with  dehydra t ion  o f  the  specimen [6]. 
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Evaporation 
temperature of  

1st form of water, 
~ 

Amount of 
1st form of 

water, % by 
weight 

Amount of 
2nd form of 
water, ~ by 

weight 

Total a m o u n t  
of water, 

by weight 

Other effects 
on heat ing  
CUrVe~ ~ 

Evaporation heat 
of 1st form of 

water, Keal/mole 
H20 

7 8 9 10 13 

110--120 
100--130 
110-- 130 
120--130 
125-- 130 
130-- 150 
140-- 160 

100-- 130 

3.4 
3.7 
5.3 
6.1 
9.0 
7.6 
6.8 

11.4 

6.9 

6.6 
4.2 

5.0 

2.4 

5.7 

120-- 130 

100--110 
120-- 130 

3.8 
2.0 
5.1 
2.5 
3.3 
3.2 
6.2 

4.6 

4.9 

6.6 
3.5 

3.8 

5 

5.4 

5.0 

4.2 

5.7 

3.6 

100--130 

7.2 
5.7 

10.4 
8.6 

12.3 
10.8 
13 

16 

11.8 

13.2 
7.7 

8.8 

7.4 

11.1 

8.6 

7.0 

13.9 

6.7 

100-- 110 

100-- 130 

endo-  exo- 
therm therm 

11 12 

930 

1060 1240 

88O 

1020 1070 

825 

1040 

1000 

110-- 130 3.6 

120-- 140 2.8 

120-- 150 8.2 

100-- 130 3.1 

8 + 1  
8 _+1 
9 --+1 
9.9-+0.3 

12 -t-1 
11.4+o.1 
8.7-t--0.6 

8.4-+0.7 

8.9-+-0.4 

3.7-+t--0.6 

9.2-+1-0.5 

6.8+0.6 

8.0+2 

6.1-+o.7 

The  the rmoana ly t i ca l  curves o f  silica gel p roduced  in acid  med ium are shown 
in Fig.  1 (Table  1). The  D T A  curve displays  a dist inct  endo the rmal  peak  at 150 ~ 
due  to  water  loss. The  T G  and D T G  curves in this  t empera tu re  range  show a 
mass  loss, which is descr ibed b y  the S-shaped a rm o f  high slope. W i t h  increasing 
t empera tu re ,  the  D T A  curve does  n o t  indicate  any o ther  the rmal  effect up  to  
a b o u t  900 ~ In  this  t empera tu re  range  an  exo thermal  peak  due  to  pa r t i a l  crystal-  
l iza t ion o f  silica gel is observed.  A n  X- ray  p o w d e r g r a m  o f  silica gel recorded  
after  the rmograv imet r i c  measurements  reveals  a mixture  o f  quar tz  and  cristo-  
bal i te  in the  specimen.  In  the  range  f rom 150 to  1200 ~ the  T G  curve shows a 
g radua l  mass  loss. The  curve has a cons tan t  s lope up  to  800 ~ bu t  then  the s lope 
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begins to decrease, becoming almost parallel to the X-axis at 1200 ~ . No effects 
(except partial crystallization) are observed in the DTA and DTG curves in this 
temperature range. 

A pronounced endothermal peak at 100-160 ~ has made it possible to deter- 
mine dehydration thermal effects by the method of Berg and Anosov [7]. In this 
method, the thermal effect is determined by comparing the peak area in the DTA 
curve with the area of the peak due to the thermal effect of decomposition of the 
reference specimen. Reference specimens used were CaCOz and CdCO3 of "ana- 
lytical" grade, their decomposition temperatures being 910 and 430 ~ respectively. 

8 

ff 
o IO0 
2= 

iso- ~ TG 

Time, rain 

Fig. 1. Thermal  curves of  silica gel produced in acid medium 

Silica gel was mixed in a certain definite proportion with the reference specimen 
and was placed in the crucible, alumina being in the other crucible. 

The thermal effect was calculated via the formula: 

AHd~h = AHrof" SsP 
S r e f X  

where A H  is the heat of decomposition of the tested or the reference specimen; 
S is the area of the peak in the DTA curve (corresponding to this effect) 

expressed for 1 mole of the reference specimen and 1 mole of evapo- 
rated water for the tested specimen; 

X is a factor which depends on the difference in the temperatures of 
the compared effects. It is given by the formula: X = 0.98 + 0.00057A t. 

The ratio of peak areas was determined as the ratio of the weights of photo- 
graphic paper cut along the profiles of the thermal peaks in the DTA curves 
(Fig. 2) of the tested and the reference specimens. The thermal effect due to dehy- 
dration of silica gel was determined as the mean of three measurements under 
identical conditions with various reference specimens. This measurement method 
yields an accuracy of the order of 10 % of the thermal effect, which is quite satis- 
factory. 

J. Thermal AnaL 16, 1979 



P A N A S Y U K  et al . :  I N V E S T I G A T I O N  O F  T H E  K I N E T I C S  A N D  T H E R M O D Y N A M I C S  445 

Sections corresponding to evaporation of two different forms of water may be 
distinguished in the TG curves. In the temperature range 100-200 ~ the first form 
of water is evaporated, which is described by the S-shaped TG curve. Its amount 
may be calculated by means of the point in the TG curve which corresponds to 
termination of the thermal effect in the DTA curve. Evaporation of the second 
form of water takes place in the range 200-700 ~ , and is described by the line 
inclined at a certain angle to the X-axis. This evaporation is not accompanied by 
a perceptible thermal effect. 

o~ 
e.., 
b 

E 

o 
"F 

1200, 

1000 

600 

400 

100 

200 

30c L...._ 

DTG 

430 ~ 

TG 

TI Me| min 

Fig. 2. Determination of dehydration heat from DTA curves; reference specimen -- CdCO 3 

Since the loss of specimen mass in this temperature range proceeds at a constant 
rate, the absence of a perceptible thermal effect is evidenced that the properties 
of the evaporating water are constant and the thermal conditions of the specimen 
are-st~t'ionary. Under such conditions, the divergence of the thermal flux is evi- 
dently constant, and only the shift of the DTA curve relative to the X-axis may 
result. We did not observe any such shift in our experiments. Probably, the flow 
of heat to the specimen far exceeds the absorption of heat due to dehydration; 
which is indicative of the low heat of evaporation of the second form of water. 
Termination of evaporation of this water form, and hence its content, may be 
determined by the point where the line becomes parallel to the X-axis. 

The conditions of thermal measurements (linear dependence between temper- 
ature and time) have made it possible to determine the activation energy of the 
first form of water from TG curves by a non-isothermal kinetic method. The cal- 
culation procedure is given in detail in [8]. 
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According to the general equation of non-isothermal kinetics, the activation 
energy E may be determined by the segment cut on the Y-axis by a line expressed 
in the following coordinates: 

dW 
A log ~ vs. A log W 

where W is the loss of specimen mass in the reaction, and t is the time. 
Figure 3 shows the results of such an analysis of TG curves for silica gel pro- 

duced in acid medium. The activation energy was found to be 10 ___ 1 kcal/mole. 

5 

AigW.lO 4 

Fig. 3. Scheme for  calculation of  act ivation energy 

i 
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- ~ 

6 

4 

t I I I 
"300 400 500 600 700 

Surface, rr~/g 

8010 

Fig.  4. Rela t ionship  between first fo rm of  water  and specific surface of  silica gel 

Table 1 lists the results of thermogravimetric investigation of silica gel: thermal 
effects, total and relative contents of various forms of water, heat of dehydration 
for the first form of water. 

The heats of dehydration of industrial silica gels of "chromatography" grade 
vary from 7 to 12 kcal/mole of evaporated water. The minimum dehydration heat 
(about 4 kcal/mole) is exhibited by silica gel produced in neutral medium, whereas 
for other specimens it varies from 7 to 9 kcal/mole. Silica gel specimens were 
prepared several times in neutral medium and the dehydration heats were repro- 
duced with satisfactory accuracy. 

For most of the silica gel specimens studied, the dehydration heat is about 1 - 3 
kcal/mole less than the heat of evaporation (10 kcal/mole) which makes it possible 
to identify the first form of water as a polymolecular water layer located in the 
open pores of the silica gel. This is confirmed by the linear relationship between 
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the content of the first form of water and the specific surface area (Fig. 4). Besides, 
this is proved by the coincidence of the magnitudes of the dehydration heat 
and activation energy during evaporation of water from silica gel. A slightly 
lower dehydration heat as compared to the heat of evaporation of water is caused 
by the decreased evaporation heat due to the small dimensions of water particles 
in vapour from silica gel. 

Calculations by means of the Gibbs-Thomson formula: 

P r  _ 2 a V _  A,~ 
log 

2 . ~ 7  ~ 

(where a is the surface tension of water, V is the molecular volume, and P is the 
pressure of saturated water vapour over a drop of radius r) show that the evapo- 
ration heat decreases by 1.5 kcal/mole when the drop radius is of the order of 
50 A. 

With decreasing pore radius, the number of water molecules hydrogen-bonded 
to surface hydroxyl groups increases, and consequently the dehydration heat 
exceeds the heat of evaporation of water. Thus, for silica gels of "chromato- 
graphy" grade having dehydration heats of 12 and 11.4 kcal/mole, the mean pore 
radius is 16 and 11 A. The dehydration heats of specimens 3 and 4, having the 
same specific surface but larger pore diameters, are 8.9-9.9 kcal/mole, close to 
the heat of evaporation of water. 

These results permit identification of two forms of water in amorphous silica: 
1. A polymolecular water layer in open pores and loosely-bonded molecules 

on the surface and in the bulk of the globules. 
2. Water molecules hydrogen-bonded to silanol groups, as well as water mole- 

cules bonded to silicon atoms. Probably, the water-to-silicon bonding is coordina- 
tion due to the vacant d-orbitals of silicon. 

The integral thermal effect of dehydration varies, depending on the ratio of 
the different forms of water in the silica gel. Thus, for fine-grain silica gel pro- 
duced in acid medium, the polymolecular layer in the inter-grain space (AHdeh = 10 
kcal/mole) makes the main contribution to the flow of evaporating water. In silica 
gel produced in neutral medium the grains are of much greater size [1 ], and hence 
the gel has fewer silanol bonds and more siloxane bonds. In this case, the main 
contribution to the flow of evaporating water is made by the molecules bonded 
to silicon, which reduces the integral thermal effect down to 4 kcal/mole. 

It is not possible to separate the coordinated or hydrogen-bonded forms of 
water but their total thermal effect of evaporation is much less than the heat of 
evaporation of water. 
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R~;SUMt~ - -  Plusieurs 6chantillons de gels de silice commerciaux et synth6tis6s au/aboratoire  
ont 6t6 &udi6s par TG. Deux formes d'eau adsorb6e ont 6t6 raises en 6vidence: la premi6re 
s'6vapore entre 100 et 200 ~ et consiste en une couche d'eau polymol6culaire dans les pores 
ouverts et h l'int6rieur des globules; la seconde forme s'6vapore entre 200 et 700 ~ consiste en 
mol6cules d'eau lides par ponts d'hydrog6ne ~ des groupes silanol et, 6videmment, par des 
liaisons de coordination aux atomes de silice. La chaleur de d6shydratation de la premi6re 
forme, d6termin6e h partir des courbes ATD, d6pend de la proportion des deux formes et 
varie depuis 3.7__ 0.6 kcal/mole pour le gel de silice ~ gros grains produit/~ pH-7 jusqu'b. 12__ 1 
kcal/mole HzO pour le gel de silice ~t grains fins de qualit6 commerciale ~pour chromato- 
graphie~>. 

L'6nergie d'activation de l'6vaporation de l'eau, calcul6e h partir des courbes TG, est d'en- 
viron 10 kcal/mole dans l'intervalle de tempdrature compris entre 150 et 200 ~ 

ZUSAMMENFASSUNG - -  Verschiedene handelstiblich und im Laboratorium synthetisierte Pro- 
ben yon Kieselgel wurden durch Thermogravimetrie untersucht. Zwei Formen yon adsorbier- 
tern Wasser wurden gefunden: die erste im Temperaturbereich yon 100 bis 200 ~ entweichende, 
ist eine polymolekulare Wasserschicht in offenen Poren und lose gebundenen Molektilen an 
der Oberfl/iche und in der Masse der kugelf6rmigen Teilchen; die andere Form, welche im 
Temperaturbereich yon 200 bis 700 ~ verfliichtigt wird, besteht aus Wasserrnolekiilen, die dutch 
Stickstoffbindungen an Silanolgruppen und offensichtlich koordinativ an Siliziumatome ge- 
burden sind. Die aus den DTA-Kurven ermittelte Dehydratisierungsw/irme der ersten Gruppe 
h/ingt vom Verh/iltnis der beiden Formen ab und variiert von 3.7___ 0.6 kcal/Mol H~O fiir grob- 
k/Srniges Kieselgel, das bei pH = 7 hergestellt wird, bis zu 12-t- 1 kcal/Mol H~O fiir feinkiSrni- 
ges Kieselgel der handelsiiblichen ~>chromatographischem~ Qualit/it. 

Die aus den TG-Kurven ermittelte Aktivierungsenergie der Verfliichtigung des Wassers 
betr~igt im Temperaturbereich yon 150 bis 200 ~ etwa 10 kcal/Mol. 

Pe3i~Me - -  I/IcNoJIL3yrt TepMorpaBnMeTpHro H3yqeHO HecKoHbI~O o6pa3IIOB cg_HHKareri~t, Bbr- 

nycraeM~iX l~pO/Vlt,/n/YleHnOCTbIO H CttHTe3HpOBaltHIalX B . r ta60paTopHm BbiJio yCTatloBJIeHO /IBe 

~OpMSI a~lcopSrlpoaanHo~ BO~r,I, nepBaa n3 rOTOpLIX HcnapaeTca B o6nacTr~ TeMnepaTyp 100-- 
200 ~ rt rlpe~lcTaBJi~eT co6o~ no~nMoaeryJiaprtbifi c~o~ uo/I~,I B OTKpbITblX nopax rt cna6ocBaaaH- 
HbIe MOJIeKynbI ao~I,i na noBepxnocTrI rt B o6~,eMe rpanysI. BTopaa qbopMa, ncnap~Iromaac~ ripn 
TeMnepaType 200--700 ~ Npe~cTaBaaeT co6o~ MO~erynT, I BO~bI, CBa3annbIe ao~Iopo/lm,iMa 
CB~I31IMIt C CnJIaHo.qBHt,IMH rpyILqaM rI, o~eBI, I~nO, xoopJIHHaHnoHno-cB~3anrmie c aTOMaMrt 
KpeMHH~I. TenJioxa ~IerH~lpaTatU~H nepaofi qbOpMbI, onpe~tenenna~t n3 rpHBr, IX ~TA, 3aBHCltT OT 
COOTriotuei~ri,a ~ByX qbOpM rt n3MeHfleTC~ OT 3.7 -t- 0.6 I~ICaY~/MOnB H~O B cay~iae rpynnoaepnrt- 
croro cnnararesu~, noay~aeMoro npn pH = 7 No 12 _ 1 rKaa/MO:n, H,O ~ cny,~ae Me.qKo3ep- 
H~CTOrO cHnnrarea~, Bbir~ycKaeMoro rlpOMBIIU.rleHHOCTBtO MaprrI "xpoMaTorpaqbnqeci~g~". 
~)Heprnfl arTrtBaIIHH ncnapenn~i ao~s~, onpe~enennafl n3 rpHBbIX TF, COCTaB.rIIIeT OrO.qO 10 
r~an/MO~r, ~ o6nacTn TeMnepaTyp 150--200 ~ 
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