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SOLUTE-SOLVENT INTERACIlONS ON THE SURFACE OF SILICA GEL 

III. MKXTILAYER ADSORE’TION OF WATER ON THE SURFACE OF 
SILICA GEL 

R. P. W. SC0l-P and S. TRAIMAN 

SUMMARY 

Employing techniques of thermal treatment, infrared examination and chemical 
reaction, at least three layers of adsorbed water have been identif?ed on the surface of 
silica gel equilibrated at 23°C with an atmosphere containing 50% humidity. Each 
layer contains about 8-5. IP molecules of water per gram of silica, which agrees well 
with previous reported data for polar and non-polar solute layers on the surface of 
the same silica gel_ The second and third layers are wezkly held and can be removed 
completely with dry solvents or by heating to 12O”C_ The first layer is rery strongly 
held, removal commencing at about 200% and is not complete until 650°C. This latter 
water loss is completely rekersibie. The silanol groups do not commence condensing 
to siloxyl groups until a temperature of 450°C is reached, and at 75O”C, 75 % of the 
silanol _g~-ups still remain and are not completely removed u&l temperatures in 
exazss of looO”C are rezched_ Conversion of silanol to siloxyl groups does not appear 
to be reversible. 

IKlXODUCTION 

The concept of multilayer adsorption of water on the surface of silica gel is not 
novel. The multilayer adsorption of water on silica gel was discussed, amongst others, 
by Anderson and Wickersheim’ b 1964, Mitchell’ in 1966 and later by Linsen3 in 1970_ 
More recently, Scott and K~ceraJ.~ experimentally verified that bilayer adsorption of 
the polar solvents ethyl acetate, tetrahydrofuran and methyl ethyl ketone took place 
on silica gel that had been activated by partial dehydration on heating at 2oo’C for 
2 h. Scott and Kucera showed that non-polar solvents were adsorbed as a monolayer 
on silica gel, whereas polar solvents :hat would hydrogen bond to the silica gel pro- 
duced bilayers. Furthermore, within experimental error, each layer of the bilayer of 
the polar sohent was shown to contain the same number of soIvent molecules as the 
monoiayer of non-polar, non-hydrogen-‘bonding soI%ents. However, silica gel heated 
to 200°C for 2 h still contains an extensive amount of hydrogen-bonded water, as 
discussed by Fripiat and Uytterhoeve@ and Fraissard et af.’ and demonstrated by 
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Scott and Kucera*. This suggests that the bilayer of polar solvents observed by Scott 
and K~cera~*~ was not formed on the sihmor^ groups of the silica gel but on water 
molecules hydrogen bonded to the silanol groups of the silica geI. In fact, silica gel 
equilibrated with water couid contain three or more layers of water moIecuIes 
hydrogen bonded to themselves with the first layer hydrogen bonded to the siJ.zmol 
groups, as suggested by Anderson and Wickersheim’ and Liien3. If this were so, 
silica gel employed iu chromatography that had been activated by heat treatment for 
2 h at 200°C or by solvent activation9 would consist of silica gel with one or perhaps 
two layers of adsorbed water. On top of this water layer would be either one layer of 
adsorbed solvent molecules if in contact with a non-polar solvent or two layers of 
hydrogen bonded solvent molecules if in contact with a poiar solvent. Such a situation 
suggests that a far more complex silica gel surface was involved in cbromatograpbic 
processes than was previously considered. 

In this paper the nature of the water on the surface of silica gel is examined 
experimentally. The methods used include thermogravimetric analysis VGA), 
thermal treatment and infrared (IR) examination, solvent extraction and chemical 
reaction with the silanol groups on the sixface of thermally treated silica gel. 

Examination of silica gel by thermal treatment 
The silica gel used was Partisil20, Batch No. A277 (Whatmar~, Clifton, NJ, 

U.S.A.). A bulk of the materiai was exposed to air in a desiccator containing 44% of 
sulfuric acid, which provided an atmosphere that had 50% humidity. All silica gel 
samples examin ed in this paper were equilibrated in this manner unless otherwise 
stated. A 16mg amount of this material was subjected to thermogmvimetric analysis 
using a Perk&Elmer Model TCS-2 Thermogravimetrie Analyzer. The results are 
given in Fig. 1, which shows the weight lost as a percentage of the total silica gel 
against temperature. The heating rate was lo/m&, and the temperature range was 
approximately 2%1000°C. Fig. 1 also includes a differential curve, but due to the 
very slow rate of heating, the differential curve is only sensitive at the lower temper- 
atures where the weight change was more rapid. It is seen that there is a small peak 
in the differential curve occur&g at about 3040°C. 

From the curve shown in Fig. 1 the mg loss per g of silica gel was calculated 
for every 10” temperature change. Due to the errors in reading from the chart in 
Fig. 1, the data was smoothed using a seventh-order polynomial smoothing procedure, 
and the resulting curve together with its differential is shown in Fig. 2. It is seen that 
there are three distinct temperature ranges where significant losses are obtaiued. The 
first range is between 25 and 15O”C, the second between 350 and 700°C and the third 
between 800 and 1000°C with the differential curve showing maxima at about 100°C. 
420°C and 96O”C, respectively. 

From the differential curve in Fig. 2, one can conclude that there are three 
different sources of water loss from silica gel; weakly held material having a peak 
evolution temperature of about lOO”C, very strongly held material haGng a peak 
evolution temperature of about 420°C and water probably produced by the con- 
densation of siianol groups to siloxyl groups that has a peak evolution temperature 
of 960°C. Examination of the early peak of the curve shown in Fig. 1 shows a smah 
step in the TGA curve and a small peak in the differential curve occurring at about 
35°C. This could indicate two sources of we&y adsorbed water. Due to the time 
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required for setting up the thermogravimetric equipment, some water is lost from ffie 
smple initially before recordings are taken. It was, therefore, of interest to determine 
by a separate experiment the water lost at 110°C and 1100°C. 

Duplicate samples of about 0.7 g of silica gel were rapidly transferred from 
the desiccator to a closed, preweighed silica crucible, and the mass of silica added 
determined, The loss of weight after heating for 2 h at 110°C and 1 lOO”C, respectively, 
was measured, and the results are shown in Table I. The mass lost between 110°C 
znd 1100°C is calculated by difference. It is seen from Table I that the initially 
adsorbed water lost at 110°C constitutes about 4.8% of the silica gel and that lost 
between 110°C and 1100°C about 3.8 % of the silica gel. Thus the two types of water 
evolved between 350°C and 650°C and between 800°C and 1 loO”C, respectively, as 
shown in Fig. 2, constitute a total of about 3.8 % of the total mass. The total loss of 
water on heating the material to 1100°C was 8.6 %. - 

TABLE I 

LOSS OF WEIGHT (%, w/w) OF SILICA GEL ON HEATING AT 110°C AND 1100°C 

r,oss on heating to 110°C 
Loss on heating to 1100”c 
Loss on heating from 110°C to 1100°C (by difference) 

I 2 Mean 

4.91 4.67 4.79 
8.63 8.50 8.57 
3.72 3.83 3.78 

The exact nature of these different types of water evolved at different heating 
temperatures has been the subject of much discussion. De Boer and Vleeskenslo~lL 
considered that water lost below the temperature of 100°C was physically bound 
water, and at 120°C all physically absorbed water has been lost. Heating at higher 
temperatures, these workers consider, depletes the surface hydroxyl groups. Lange”, 
however, considered that even at 180°C strongly bound water still remains, whereas 
Young and Burch13 considered that at 180°C some chemically bound water has been 
evolved. It was, therefore, of interest to determine the source of the water being lost 
at lOO”C, 420°C and 96O”C, and in what form the material was contained by the 
surface. 

The nature of the water lost on heating silica gel to 100” C 
As the water lost at temperatures up to 100°C was likely to be weakly held to 

the silica gel, an attempt was made to determine this water by direct titration using 
the Karl Fischer procedure. A Metrohm Karl Fischer Automat, Model 547, was 
employed and 1 g of the equilibrated silica gel titrated directly. Duplicate analyses 
were performed, and the results obtained are shown in Table II. 

The possibility of extraction of this weakly held water by dry solvents was also 
investigated. A l-g amount of the equilibrated silica gel was placed in a tube contained 
by a sintered glass frit and the silica extracted using four separate 5-ml volumes of 
dry ethyl acetate under anhydrous conditions. The system used was closed, and when 
open to the atmosphere was surrounded by dry nitrogen to ensure no water was 
adsorbed from the atmosphere. The 5-ml extracts were bulked together and the water 
again determined by the Karl Fischer method. The above procedure was repeated 



SOLUA-E-SOLVENT iNTERAeXKONS ON SILICA GEL. III. I97 

TABLE II 

WA-F!32 CONTENT OF SILICA GEL BY EZARL FISCHER DEIERMINATION AND SOL- 
VENT EXTRACITON 

4.93 KariFischa 
496 K.dFh 
4.78 Em-action by dry ethyl acetate ami by E&r1 Fischer deer-tion 
4.31 !iZasadon by dry tetra&~Furan and by Karl Fischer derhtion 

using dry tetrahydrofuran as the solvent and employing an identical procedure. Both 
the ethyl acetate and tetrahydrofuran were dried prior to use by passage of the sokent 
through alumina activated at 3OO”C, and blank Karl Fischer determinations on the 
dried soivents demonstrated that no measurable quantity of water was present. The 
results expressed as % (w/w) of water extracted from the silica gel by the two solvents 
are also included in Table II. Comparing the water content as determired directly by 
Karl Fischer and also by sokent extraction with the weight loss on heating to 110°C 
shown in Table I, it is seen that all values are in close agreement. It follows, therefore, 
that the water loss on heating the silica gel to IOO’C is we&y heId and could be 
described as adsor-bed moisture on the silica gel. It also follows that when activating 
silica gel using dry solvents such as the sequence described by Scott and_#ucera” 
consisting of ethanol, acetone. ethy1 acetate, ethylene dichloride and heptane merely 
removed this physically adsorbed water, and the activity of the silica gel procedure 
would be similar to that obtained if the silica gel were heated to about 150°C. 

The nature of the water ioss on heating silica gel that exhibits a maximum at 
420” C 

The water lost at 420°C must have a fairIy high ener-q of binding and could 
resuit from strongly hydrogen bonded water on the silanol groups or from pairs of 
silanol groups so close that they readily form siloxyl groups with the evolution of 
water. In the first instance an attempt was made to identify the nature of this water 
and to determine whether the loss of water resulted from the evolution of hydrogen 
bonded material or the condensation of s&no1 groups by IR examination. About 
3 mg of silica gel equilibrated at 50 % humidity were pressed into a 300-mg KBr disc 
at lO,OQO k&m*_ The IR spectra were obtained, and the water absorption between 
3000 and 4000 wavenumbers was measured. The disc was then heated at 25” intervals 
to 4OQ”C, the spectra being measured at each temperature_ Examples of the spectra 
obtained before heating are shown in Fi g. 3, and the graph relating ffie area of the 
absorption peaks betvveen 3000 and 4000 wavenumbers against heating temperature 
is shown in Fig. 4 The spectra for samples heated above 400°C were of little quanti- 
tative value due to the partial fusion of the potassium bromide as it approached its 
meiting point, and the resulting interference efkt. It is seen that the characteristic 
free water absorption pattern persists until 4OO”C, and by extrapolation appears to 
become negligible at 6OO”C, and thus the water providing the absorption appears to 
have been compkte~y evolved at this temperature_ This is conf%med by spectra previ- 
ously t&en at 600°C5 where it was shown that the absorption bands between 3000 
and 40 wavenumbers had completely disappeared at this temperature_ 
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WAVENUMBER CM-’ 
Fig. 3. InCared spwtra of silica gel. 

TEMPERATURE “C 

Fig. 4. Graph of relative are-a of water adsorption peaks between 4XlOO and 2000 cm-’ for silica gel 
heated at different temperatures. 

From the IR spectra shown in Fig. 3 it is seen that the absorption band between 
304lO aad 4000 wavenumbers is broad and is characteristic of hydroxyls from water. 
Similar absorption would be expected by s&m01 groups. However, at 600°C this 
absorption peak disap~~~s, and it has been shown* that there are still sig&icant 



numbers of sihol groups remaining. It would appear, therefore, that the absorption 
betwm 3OQO and 4QQ0 wavenumbers was likely to result from strongiy hydrogen- 
bonded water only. 

It is a possibility, however, that the water lost between 350°C and 708°C was 
caused by the formation of siloxyl groups from closely associated silanol groups, and 
this possibility at this point has still not been eliminated. It is also possible, although 
highly unlikely, that such types of siIauo1 groups could show an absorption between 
3000 and 4004) ~avenumbers, whereas the more stable silanoi groups may not, If the 
water evolved at these intermediate temperatures arose from siianol groups, ho&ever, 
this would be because due to their spatial arrangement they were unstable and readily 
formed the siloxyi groups uhich would then be the more stable structure. It follows, 
therefore, that such a loss of water would be irreversible_ The more stable siloxyl 
groups would not readily react again with water to reform the unstable silanol groups. 
If, on the other hand, the loss of water at these intermediate temperatures resulted 
from the evolution of hydrogen bonded lvater, then the process would be readily 
reversible, and if the material was exposed to water vapor under equilibrium con- 
ditions, water would be adsorbed by hydrogen bonding on those sights where it had 
been lost. Temperatures of 300% and 400°C being required to re!easc hydrogen 
bonded water, at first sight, appear unreasonably high. However, many other sources 
of hydrogen-bonded water such as v,ater of crystallization which is bonded in the 
crystal stnxtiures requires such temperatures to release it from the crystals_ For 
example. uranium sulfate [U(SO&-4H=O] loses four molecules of water at XO’C, 
zinc arsenate [ZnHAsO,-4H,O] loses one molecule of water at 327’C and thorium 
sulfate [Th(SO& - 9H,O ] loses all nine molecules of water at 4WC. At the extreme 
ytterbium chloride (YbClr-6Hz0) loses its six molecules of water at S65”C15. 

It follows, therefore, that the water lost between ZOO’C and IOQQ”C by the 
silica gel should be investigated for reversibility. As a result the foliowing experiments 
were carried out. 

The reversibility of water adsorbed on a thermally treated silica gel 
Approximately 1 g of silica gel equilibrated in an atmosphere of 50 % humidity 

was heated to 135°C for 2 h, and the loss of weight was determined. The sample was 
then heated to 200°C for 2 h and the loss again recorded. The sample was then Retted 
with water that had been purified by passage through a reversed-phase chromato- 
graphic column and allowed to stand overnight (16 h)_ The sampie uas then heated 
to 135°C again for 2 h and again the loss of weight recorded. This process was 
repeated increasing the temperature by 50” intervals after each stage, the loss of 
weight of the silica was measured and then reequilibrated with water and heated to 
135°C and a@n the net weight loss measured. The results obtained are shown as 
percentage loss in weight against temperature in Fig. 5. The upper curve is a loss on 
heating to the different temperatures, the lower curve is the loss after subsequent 
re.hydration with water. It is seen that up to 850°C with subsequent rehydration after 
heating, readsorption of water occurs in a reversible manner. Subsequent to this 
temperature when the silanol groups are being rapidly eliminated (between S5O”C 
and lOWC), the amount of water adsorbed on rehydration progressively deczases. 
In Fig. 6 the diEerence between the two curves in Fig_ 5 is plotted against temperature. 
The cute represents the amount of water that can be readsorbed after heating to a 
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&-en is seen that a maximum is rezcked at about 500°C wkick com- 
pareswiththe maximum water loss in Fig_ 2 at 420°C. It follows tkat part of tke water 
lost at intermediate temperatures, se., between 350 and 7OO”C, is indeed reversible 
and appears to consist largely of hydrogen-bonded water. 

The relationship ke~een silanol group loss and heating temperature of the silica gel 
The silanol content of the silica gel was determined by exhaustive reaction 

with dimetkykztylsilyl chloride after heat treatment of the gel at given temperatures_ 
Due to the fact that some of the silanol groups wouId be in pores inaaxssibIe to tke 
silyl reagent, the extent of reaction wouId not be directly eqrcircrlent to the total 
number of siIano1 groups remaining on tke silica. However, changes in tke dimethyl- 
octyl content of the silica will be dire&y propurtiond to the total number of siIano1 
groups that remain on tke silica a&~ thermal treatment, It follows tkat such a process 
permits the extent of siloxyl formation with temperature to be followed on a rehtive 
basis. 

Approximately 150 mg of silica gel were heated to tke appropriate temperature 
in a platinum crucible for 90 min. Tkt silica was then aIlowed to cool in a desiccator 
over phosphorus pentoxide. The silica sample was then divided approximately into 
two kalves and rapidly transferred to two pkials (capacity 2 mlj, and 1 ml of a 25% 
(v/v) solution of dimethyloctylsilyl ckloride in xylene added carefLIly with a dropper 
to each of ffie phials which were then sealed in a blow pipe flame. Tke phials were 
then heated in an oven at 125°C for 5 days. It was previously establiskcd tkat heating 
the phials for longer periods than 5 days produazd no further reaction_ After the 
5 days had elapsed, the phial was opened with a glass 61e and the-contents Mitered 
under vacuum on a fine scintered filter, washed witk 1.5 ml of xyIene followed by 
I.5 ml of acetone and then twice with 1.5 ml of metkanol. The residual silica was 
then dried at 80°C under vacuum and examined in two ways. 

(1) Tke carbon content of each duplicate sample was determined by micro- 
analysis, and tke carbon taken as tke average value obtained for each of tke duplicate 
samples. The resuits obtained are shown as curves relating the average carbon content 
to the temperature at which the silica was heated prior to reaction in Fig. 7_ 

(2) Equal qua&ties from each pair of duplicates were mixed, and about 2 mg 
added to 300 mg of potassium bromide which was pressed into a disc at a pressure 
of 10,000 kg/cn2. Tote IR absorption bctwccn 3000 cm-’ and 2800 cm-’ wavenumbers 
was measured and a typical spectrum is shown in Fig. 8. The respective peaks on the 
chart for the methyl and methykne groups were cut out and weighed. The results 
plotted 2s peak mass in mg per mg of sample against the temperature to which the 
silica had been heated prior to tea&ion are shown in Fig_ 9_ 

It is seen tkat tke scatter of the results from tke IR examination is far greater 
than that obtained by microar&yGs; thus, the latter results have to be given more 
credence. Both methods clearly indicate that silanol groups are not lost until the silica 
has been heated to about 45OT, and even at 750°C only about 25% of the original 
silanol groups have been converted to siloxyl groups. This agrees well with the resuIts 
shown in Fig. 3. 
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Fig. 7. Graph of % (w/w) carbon content of silica against temperature of activation for d.iEerent 
silica samples reacted with dimethyloctyIsily1 chloride. 

AmplIflrd Adcarptfon Sedra 

mtween 2700 and 3ooosm-’ 

fig. 8. Infrared spectra show&z CHZ and CH, stretching bands for a dimethyioctyl bonded phase. 
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PRETREATMGVT TEMPERArURE OF SILICA “C 

Fq_ 9. Graph of adsorption prk axa for methyl and methylene groups (3OOQ an-’ through XXMI 
ca-xP> taken as peak mass per mg of silica against pretreatment temperature of silica. 

CONCLUSIONS 

Muhikayer adsorption of water on silica gel which has been su_egested by 
Anderson 2nd Wickersheim’, Mitchell’ 2nd L&en3 has been substantiated. Two 
layers of water have been identified with certainty, 2nd three or even four zppear to 
be highly likely. The precise manner in which w2ter is adsorbed onto the surf2Ce is 
not known, but a likely form is shown schematically in Fig. 10. It should be emphasizd 
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that this diagram does not portend to give a real impression of the spatial distribution 
of the hydroxyl groups but is merely a diagramatic representation of the muMayer 
formation. The contemporary impression of the nature of the surface of silica gel has 
been summarized by WrerP from the many publications on the subject, and much 
of the work demonstrated in this paper has shown that the model described by-Wren 
in many instances is incorrect. In view of this, the conclusions arrived at from this 
work will be contrasted where appropriate against the description of silica gel given 
by Wren. The third weakly held layer is lost at a maximum rate from the surface at 
about 35”C, and is completely removed at 70°C. This layer can be removed when the 
silica is washed with dry solvents_ The second layer still weakly held is also completely 
removed by heating to 120°C and, as with the third layer, is also completely removed 
by dry solvents. The grst layer is very strongly held by hydrogen bonding and does not 
commence to leave the surface until a temperature of 200°C is reached and is not 
completely removed until about 650°C. This is in conflict with the summary by Wren 
when he states all free water can be removed by heating to 17O’C and where he also 
states that silica gel is fully activated as an absorbent if devoid of free water_ If the 
silica gel is only activated by heating to a temperature of 200°C OF by solvent treat- 
ment, the loosely bound second and third layers of water only are removed, but the 
%st layer of strongly hydrogen-bonded water remains. Thus, it is water hydrogen 
bended to each silanol group that is the interacting moiety on the surface of the silica 
gel. Thus, the active silica is not devoid of free water but is devoid of only loosely 
b >und water with strongly bound water remaining_ It follows that the solvent layer 
(monolayer for non-polar solvents and bilayer for polar solvents) formed when the 
si%a gel is in contact with the mobile phase is interacting with the first layer of 
hydrogen bonded water and not the silanol groups themselves. Thus, bilayers of polar 
solvents such as ethyl acetate or alcohol are complimentary to the second and third 
layers of water that are found under equivalent conditions and are probably produced 
in the same way. 

The silatlol groups are not converted to siloxyl groups until the silica gel is 
heated to 45O”C, and even then the decomposition is slight. Significant loss of silauoi 
groups does not appear to take place until 750°C at which temperature 75% of the 
original silanol groups still remain. The removal of the silanol groups has been con- 
firmed to be irreversible. This also is in conflict with the results of other worker’s con- 
clusions as summarized by Wren where he states that at temperatures above 170°C 
condensation of silanol groups starts to occur, liberating tied water, and, in fact, the 
decomposition of silanol groups does not start until 400°C. The results described in 
this paper also refute the conclusions that water lost above 170°C is irreversible. It is 
interesting to note that from Table I the first layer of water and the water evolved from 
the condensation of the silanol groups constitute 3.78% (w/w) of the silica or 0.0378 
g/g of silica. The hydrogen bonded water layer, therefore, constitutes about 0.0252 g/g 
of silica, which is equivalent to 8.5. lOto molecules of water per g of silica. It is also 
interesting to compare this figure with the results obtained in Part 1’ and Part 11’ of 
this series of papers on interactions on the surface of silica gel_ The value of 8.5. LOGO 
molecules/g of silica compares well with the mean number of non-polar solute 
molecules per g of the same silica (viz., 6.40 - lff O molecules/g) for monolayer formation 
previously determined5 for the same silica gel. The diEerenee is accounted for by 
those silanol groups that were contained in pores inaccessible to the solvent. The 
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value of 8.5 - lozb also cumpares well with the mean number of polar soEvent molecules 
per g of the same silica for each layer of a bi!ayer system (v& 6.9- UP molecuIes/g). 
If the mean maximum carbon content of the silica reacted with dimethyicctylsilyl 
chloride (1137 “/_ w/w) is converted to molecules per gram of &ica which is equivalent 
to the number of silanol groups reacted, it is found that 5.71- 1W molecules are 
present on the surface_ Thus, if a value of 8.5- IOZO silanol groups per gram of silica 
is taken as the masimum number of dimethyhxtyl groups that could be placed on 
the surface, then the silanization proceded to about 67% completion. Thus, 67 % 
of the &no1 groups were available to the siIanyl reagent and have been reacted. It 
is aIso interesting to note from Table I that the loss of water on heating to 100°C 
appears equivalent to about 20 layers of water, assuming a singIe layer is equivalent 
to 252% (w/w) water on the silica gel. Thus, a third layer of water ic the system 
examined is confirmed. Three or more layers of water adsorbed on the silica gel 
may wmpleteiy fill the smaller pores of the silica and thus establish the beginning 
of the so-called “ccndensation eEccP_ 
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