
  

  
  Abstract—Adsorption properties of silica gel have been 
attributed to the surface hydroxyl groups of silica gel. Some 
hydroxyl groups are free standing and called free silanol groups. 
Some are hydrogen bonded to neighbouring silanol groups. 
Christy has shown that a high silanol number and a balanced 
concentration proportionality between these two different types 
of hydroxyl groups is necessary for effective adsorption of water 
molecules.   
   Thermal treatment of silica gel samples alters the proportions 
of these groups and the above fact was investigated by using 
thermally treated silica gel samples. Two silica gel samples of 
varying surface areas and silanol numbers were dried under 
vacuum at 200 oC and their adsorption characteristics were 
followed by using NIR spectroscopy. Then the samples were 
subjected to heating at 350, 450, 600 degrees to cause changes in 
the concentrations of the surface silanol groups and their 
surface and adsorption characteristics were followed.  
  The results clearly indicate that the heating process both 
remove free and hydrogen bonded silanol groups and alter the 
ratio between the two. Furthermore, the heating causes 
reduction in silanol umber and upsets the balance in the 
proportionality of the silanol groups for effective adsorption of 
water molecules. 
 

Index Terms—Silanol groups, adsorption NIR spectroscopy, 
second derivative profiles 
 

I. INTRODUCTION 
Silica gel is one of the important materials in chemistry. Its 

chemical surface characteristics have made silica gel as a 
starting material for the production of several different 
stationary phases in separation chemistry. 

Chemically, amorphous silica gel is produced by the 
condensation polymerisation of silicic acid. During the 
polymerisation, the SiO groups interlink and lead to the 
formation of colloidal particles and become gelatinous silica 
gel. Some of the siloxane groups at the surface of the silica 
gel particles transform into hydroxyl groups. The surface 
hydroxyl groups are polarised and some of them form 
hydrogen bonds because of their proximities to each other 
[1-3]. These groups adsorb water molecules through 
hydrogen bonding. The gelatinous silica gel  particles are 
covered by several successive layers of water molecules. The 
first layer is due to adsorption arising from the hydrogen 
bondings between silanol groups and water molecules. The 
other layers of water molecules build up on this first layer by 
intermolecular hydrogen bonding. The adsorption of water 
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on the surface is illustrated by a model shown in Fig. 1. The 
nature of water molecules and the silanol groups on silica gel 
surface have been investigated by several authors. As 
mentioned earlier the silanol groups on the silica gel surface 
are different and they provide different environment for 
adsorption of water molecules.  

Several different instrumentations have been used in 
studying the state of the water molecules on silica gel 
particles and related substances [4-12] and the models 
presented from the results of these investigations have given 
insight into the nature and state of the water molecules on 
silica gel surface. However, the interpretations and models 
presented in these works were not quite clear. Research into 
their nature and identities have been recently taken up by 
Christy [13, 14].  Thanks to the use of NIR spectroscopy in 
combination with second derivative techniques. Using these, 
Christy was able to show the variations in free and hydrogen 
bonded silanol groups with related absorptions in the NIR 
region of silica gel samples. The absorptions that are unique 
are absorptions arising from the water molecules bonded to 
silanol groups on the silica gel surface. These absorptions 
arise in the region 5200-5500 cm-1(see Fig. 1) A summary of 
NIR absorptions of the silica gel samples can be found 
elsewhere [15]. 

There have been a few articles published in the literature 
detailing the evolution of water adsorption on silica gel 
particles, the effect of the concentration of the free and 
hydrogen bonded silanol groups in hydrothermally treated 
silica gel samples on the adsorption of water molecules, and 
the state of water in naturally occurring opal minerals [13-15].  
It has been shown by Christy [13] that the effect of adsorption 
of water on silica gel is affected by the change in the 
concentration of surface silanol groups and the presence of 
equal concentrations of free and vicinal silanol groups allows 
a silica gel sample to adsorb water molecules effectively. 
Christy [13] has proposed a model that explains the way the 
adsorption of water molecules take place on the surface of 
silica gel. Any change in the concentration of the different 
surface silanol groups from this equal proportion rule causes 
a negative adsorption effectivity of a silica gel sample. 
Tailoring silanol groups to attain this equal proportionality by 
maintaining a high silanol number in silica gel sample should 
increase the effectivity of water molecular adsorption.  

The intention of this work is to carry out experiments on 
the adsorption of water on silica gel samples subjected to 
thermal treatment, measure their near infrared spectra and use 
second derivative techniques to extract the underlying 
features in the spectra. Furthermore, it is also the intention of 
this work to study the effectivity in adsorption of water by 
these modified silica gel samples. 
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Fig. 1. A sketch showing the water molecules adsorbed onto silica gel surface 

(a) and the second derivative profiles of the near infrared spectrum in the 
water OH combination frequency region 

 

II. EXPERIMENTAL 

A. Materials, Thermal Treatment and Adsorption 
Evolution of Water on Silica Gel Surface 
Two different silica gel samples (Table. 1) with different 

surface areas, particle sizes and pore sizes were bought from 
Sigma-Aldrich. 

The determination of surface area of the samples used in 
the experiments was carried out by Brunauer, Emmett and 
Teller (BET) technique and the silanol numbers were 
determined by deuterium exchange technique. The details 
regarding the technique can be found elsewhere [16]. 

A ceramic heater (BA electric Bunsen from Electrothermal, 
UK) controlled by an external power supply was used in 
heating the samples. Samples were evacuated at 200ºC two 
hours before using them in the water adsorption experiments. 
The silica gel sample used in the above experiment was 
subjected to thermal treatment at 450 and 650 ºC and their 
water adsorption evolutions were followed by near infrared 
spectroscopy and gravimetry. Portions of dry samples 
(around 0.15g) were placed in the NIR transflectance sample 
cup and the adsorption of water on the surface was followed 
by recording the mass increase of the sample at regular time 
intervals by a Mettler electronic balance connected to a 
computer through an RS232 port for data collection. The data 

collected were used to make plots showing the correlation 
between water adsorption and time. The balance and the NIR 
spectrometer used in the measurements were placed in the 
same room and had a relative humidity of 22% (±1).  

 
TABLE I: SILICA GEL SAMPLES USED IN THE EXPERIMENTS                 

 Silica gel sample1 Silica gel sample 2 

Surface area m2/g 402 670 

Particle Size Å 35-70 63-210 
Silanol number 
(OH-groups/nm2) 3.1 3.0 

 

B. Near Infrared (NIR) Measurements 
The near infrared measurements were made by using a 

PerkinElmer Spectrum One NTS FT-NIR spectrometer 
(Perkin Elmer Ltd, UK) equipped with a PerkinElmer 
transflectance accessory and deuterated triglycine sulphate 
detector. Each of the thermally treated samples was cooled 
and placed in a sample cup (around 0.3g) with an IR 
transparent window. The sample cup was then placed on the 
transflectance accessory and allowed to equilibrate with the 
surrounding air. The near infrared spectra of the sample were 
measured at regular time intervals in the region 10,000–4000 
cm−1 at a resolution of 16 cm−1. A total of 30 scans were 
made each time. The average spectra showing the evolution 
of adsorption of water on silica gel were then converted to log 
(1/R) and saved. The second derivative spectral profiles of 
the spectra were obtained by using the Perkin-Elmer 
spectrum software. 
 

III. RESULTS AND DISCUSSION 
    A. Near Infrared Spectra of Silica Gel Samples   

Silica gel samples stored for some time in the shelf give 
rise to three absorption peaks in the near infrared region.  The 
absorptions comprise of one asymmetric peak at 7300 cm-1, 
one at 4500 cm-1 and another one at 5300 cm-1.  The peak at 
7300 cm-1 arise from the overtones of the free silanol groups, 
hydrogen bonded silanol groups, overtones of free silanol 
groups hydrogen bonded to water molecules and hydrogen 
bonded silanol groups hydrogen bonded to water molecules. 
The peak at 4500 cm-1 arises from the absorptions of the 
combination frequencies of OH stretchings and siloxane 
bending absorptions coming from both silanol groups free 
from water molecules and hydrogen bonded to water 
molecules. The second derivative profiles of the peak at 5300 
cm-1 reveal that the peak is composed of three absorptions at 
5314, 5270, and 5119 cm-1(Fig. 1). The NIR band appearing 
at 5314 cm-1 arise from the combination of OH stretchings 
and bending frequencies of water molecules involved in 
hydrogen bonding with free silanol groups. The band at 5270 
cm-1 is due to the same combination band of water molecules 
involved in hydrogen bonding with vicinal OH groups (Fig. 
1). Christy [13] has used these two bands in interpreting 
water adsorption effectivities of silica gel samples.   
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Fig. 2.  Near infrared spectra of silica gel sample 2 measured on dry sample 
after evacuation and on the same samples after exposure to air for 60 minutes 

 
These two bands reveal information regarding the free 

silanol groups and hydrogen bonded silanol groups on the 
silica gel surface. Therefore, attention will be given to these 
two bands during the discussions of NIR spectra. 

The NIR spectra of one of the untreated silica gel samples 
(sample.2) and the NIR spectra of the samples evacuated at 
different temperatures as well as the spectra of the samples 
after exposure to air for around 60 minutes are shown in Fig. 
2. All the spectra of the heated samples exhibit an asymmetric 
peak at 7300 cm-1.  The peak is due to the absorptions arising 
from the overtones of the free and hydrogen bonded silanol 
groups. However, the peak sharpens with an increase in 
drying temperature from 120 to 650 oC. During the heating at 
120 oC the water molecules lying over the first layer of water 
molecules bonded to silica gel surface disappear. These water 
molecules are shown in Fig.1. The layer of water molecules 
that are bonded to the silica gel surface is evident (in Fig. 2a) 
from the peak appearing at around 5250 cm-1. These water 
molecules disappear (The peak at 5250 cm-1 disappears) 
when the temperature and vacuum is high enough to break 
the hydrogen bondings of the water OH groups with silanol 
groups. The broadness of the peak at 7300 cm-1 becomes less 
with the removal of physically adsorbed water molecules 
from the surface. The spectrum in Fig. 2b shows no 

absorption from the water molecules. The peak at 7300 cm-1 
in Fig 2b still shows evidence of hydrogen bondings between 
OH groups. These OH groups can only come from the 
internal hydrogen bondings of the silanol groups lying close 
to each other on the silica gel surface. 

 

 
Fig. 3. A sketch showing the dehydration and dehydroxylation of the silica 

gel samples 
 

    The heat treatment at higher temperatures could reveal 
whether there is any change taking place with these 
silanol groups. The spectra of the samples heated at 450 
oC are shown in Fig 2c. The peak at 7300 cm-1 is narrower 
compared to the peak in Fig 2b. The figure also shows 
less water adsorption on the surface of the heated sample. 

The NIR peak at 7300 cm-1 for the sample heated at 650 
oC is much narrower than the peak for the sample heated 
at 450 oC. The adsorption of water molecules by this 
sample is very small compared to other heated samples. 
When the sample is heated to a temperature of 650 oC, the 
silanol groups that are engaged in hydrogen bondings 
condense to form siloxane bondings as shown in Fig. 3. 
Christy [13, 14] has shown in his previous articles on silica 
gel that one to one ratio between the hydrogen bonded vicinal 
silanol groups and free silanol groups is necessary for 
effective adsorption of water molecules. Heating the sample 
at 650 oC removes most of the vicinal OH groups and disturbs 
the balance between the hydrogen bonded silanol and fee 
silanol groups. The absence of vicinal OH groups delays the 
immediate adsorption of water molecules. Furthermore, the 
possibility for extension of hydrogen bondings does not 
exist. 

The adsorption of water molecules takes place only on the 
free silanol groups (Fig. 4).The amount of water adsorbed 
onto samples heated at different temperatures are shown in 
Fig. 5 for sample 2. 

The adsorption patterns were similar for the other sample.    
The second derivative profiles of the near infrared spectra of 
both samples dried at 200 oC and exposed to air for water 
adsorption are shown in Fig. 6. The region contains the 
combination frequencies of the water OH groups hydrogen 
bonded to free silanol groups, and vicinal silanol groups. The 
intensities reflect the concentrations of these two types of 
silanol groups. 
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Fig. 4. A sketch showing the adsorption of water molecules on a sample 

heated at 650 oC 

 

 
Fig. 5.  Adsorption of water of the heated samples 

 
The sample 1 had effective water adsorption in 70 minutes 

compared to the sample 2. The silanol numbers of the 
samples are comparable but the sample 1 has a surface area 
that can be considered as 60% of the area of sample 2. The 
only way the adsorption variation can be explained is by the 
ratio between the hydrogen bonded vicinal silanol groups and 
free silanol groups. The ratios between the peaks 
representing the water molecules adsorbed to vicinal silanol 
groups and free silanol groups are 0.81 and 1.01 for 
samples 1 and 2 respectively. In a previous article Christy 
has found that a ratio of 0.6 between the intensities of the 
bands representing the adsorption of water molecules by 
these groups gives a ratio of 1:1 between the number of 
vicinal silanol groups and free silanol groups and the 
sample lead to effective water adsorption. Furthermore, 
high silanol number and large surface area increase the 
effectiveness of water adsorption. The amounts of water 
adsorbed by these samples in 60 minutes are 0.044, and 
0.040 gram water per gram silica gel. This illustrates the 
importance of the concentrations between the vicinal and 
free silanol groups.  

Heating of the sample above 450 oC can increase the 
relative concentration of the free silanol groups at the 
expense of vicinal groups but the silanol number of the 
heated sample decreases and the adsorption effectivity 
decreases. The examples of adsorptions by the heated 
samples shown in Fig. 5 prove this fact. 

Similarly hydrothermal treatment of the samples increase 
the concentration of the vicinal groups but the adsorption 
effectivity again decreases because of the imbalance in the 
ratio between free and vicinal silanol groups.  

 

 
Fig. 6. Second derivative profiles of the samples in the OH combination 

frequency region 
 

 
Fig. 7. Adsorption of water of the samples dried at 200 oC 

 

IV CONCLUSION 
The relationship between water adsorption effectiveness 

of the silica gel samples and the concentrations of vicinal and 
free silanol groups have been clearly demonstrated in this 
article. The adsorption of water by a silica gel sample 
decreases when there is an imbalance in the concentrations of 
vicinal and/or free silanol groups on the silica gel surface. 
This imbalance can be created by thermal treatment or 
hydrothermal treatment of the samples. In both cases the 
adsorption effectivity of water decreases.  

Creation of a higher concentration of silanol groups on the 
surface of a silica gel sample by heating without the expense 
of hydrogen bonded silanol groups while maintaining a 
higher silanol number is impossible. It appears that 
modifying a silica gel sample to increase the effectiveness for 
water adsorption is impossible. It means that a silica gel 
sample prepared from silicic acid will have different 
concentrations of vicinal and free silanol groups depending 
on the conditions involved in the formation. The sample so 
formed will have optimal water adsorption and cannot be 
enhanced by modifications. The silica gel with high surface 
area, high concentration of silanol groups with a 1:1 ratio of 
vicinal and free silanol groups will result into a material with 
high water adsorbing capacity.  
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