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Abstract: Three samples taken from a silica gel Hypersil were hydrothermally treated, washed, and dried 
under different conditions. The portions from the obtained samples were heated over a temperature range 
of 300 and 850 °C for 16 h. Surface area and pore volume of all the treated samples were determined 
respectively by nitrogen adsorption data at 77 K and mercury porosimetry. The volumetric flow rate and 
permeability  of the isopropyl alcohol on the columns filled with the prepared samples were determined 
depending both the inlet pressure and packing pressure. The optimum conditions to prepare a column filling  
material with the heights permeability were discussed.
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INTRODUCTION

Chromatography  is  a  physicochemical  analysis 
method  to  determine  the  composition  of  gaseous 
and  liquid  mixtures  depending  on  the  difference 
adsorption/desorption  and  diffusion  rates  for  their 
constituents on the compacted porous solids (1-4). 
The void spaces inside and among the solid particles 
of internal width less than 2 nm, between 2 and 50 
nm, and larger than 50 nm are called micropores, 
mesopores, and macropores, respectively. Recently, 
voids of internal width less than 100 nm are named 
as nanopores (5). 

Artificial hydrogels as well as biogenic and volcanic 
opals are the porous silica polymorphs (6-8). Silica 
gels  have  been  generally  prepared  through  the 
selective acid leaching of the silicates such as clay 
and zeolite minerals (9-11). Also, similar hydrogels 
have  been  synthesized  by  the  condensation 
polymerization  of  silicic  acid  (H4SiO4).  The  rate  of 
this  reaction  changes  depending  on  pH, 
concentration  and  temperature  (5).  Furthermore, 

they are derived through base-catalyzed hydrolysis 
of  silanes  such  as  tetramethoxysilane  Si(OCH3)4, 
tetraethoxysilane,  Si(OC2H5)4,  and  silicon 
tetrachloride, SiCl4 (12-16). 

Silica hydrogels have been modified hydrothermal, 
thermal, aging, and washing at different conditions 
according  to  the  usage  areas  such  as 
chromatographic  material,  adsorbent,  catalyst 
support, and desiccant (17-19). So, the aim of the 
present study is to evaluate the optimum conditions 
to  obtain  a  material  from  a  silica  gel  with  the 
maximum permeability.

MATERIAL AND METHODS

The silica gel used was Hypersil  (H) 5 µm (580x8) 
supplied  by Shandon Company,  UK.  Each of  three 
modified samples and coded as H1, H2, and H3 were 
prepared from 200 g Hypersil through the different 
treatments  as  follows.  Isopropyl  alcohol  employed 
as  eluent  was  supplied  from  Merck  Chemical 
Company.
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H1:  Hypersil  suspension  in  an  aqueous  solution 
contains  2.5%  NH3 by  mass  was  heated  in  an 
autoclave  at  175  °C for  22  h,  under  10  bar.  The 
hydrothermally aged wet samples were washed with 
distilled  water,  dried  with  a  hot  airflow,  and  then 
stored in a tightly closed plastic bottle. 

H2:  The  same  hydrothermal  treatment  was 
conducted with the exception  that the time was 18 
h. Furthermore, the sample was washed with water 
and acetone, respectively. Then similarly dried and 
stored.

H3: The hydrothermal treatment was similar but the 
time was 18.5h. In addition, the aged samples were 
washed  respectively  with  water,  acetone,  and 
dichloroethane and also dried in a rotary evaporator.

The batches from the H1, H2, and H3 were heated in 
a muffle furnace at  300,  500,  640,  700, 770, and 
850 °C for 16 h and then stored to use for further 
experiments.

The  specific  surface  area  of  the  Hypersil  and  its 
hydrothermally treated samples  H1,  H2, and  H3 as 
well as their heat treated samples was determined 
from the nitrogen adsorption data at -196°C, using 
Brunauer, Emmett, and Teller (BET) method (5, 20). 
The specific pore volume for the same samples was 
estimated  using  Hg-porosimetry  under  an  applied 
pressure of 40 bar  .

The H1,  H2,  H3 and their heated samples at 640°C 
for 16h were packed into columns 10 cm long and 
0.2 cm radius using the slurry-packing method (21-
23).  Volumetric  flow  rate   (v̇    = dv / dt) of  the 
isopropylalcohol  on the packed columns at  14 bar 
was  measured  depending  on  the  inlet  pressure 
which is consecutively increased up to 550 bar.

Similar  measurements  were  carried out  using  the 
columns packed 69 bar (p2) with the unheated  H1, 
H2,  and  H3 samples.  The  inlet  pressure  (p1)  was 
increased step by step up to 550 bar. The v̇1 value 
was measured for each p1. Each p1  was affected as 
packing  pressure  (p2=p1)  for  the  latter 
measurement.  However,  the applied inlet pressure 
was removed after each step, then increased up to a 
constant  value  of  69  bar  (p1)  and  v̇2 value  was 
measured.  The  corresponding  k1 and  k2 

permeabilities  were evaluated using the  v̇1 and  v̇2 

values.

RESULTS AND DISCUSSION

Adsorptive properties 
The specific surface area of Hypersil was found as S 
(BET-N2)=251 m2g-1. The S value for the H1, H2, and 
H3 silica gels as well as their heat treated samples 
was  determined  using  the  same  method.  Their 
changes depending on the hydrothermal treatments 
and their heating temperatures are given in Figure 
1. The curves indicate that the specific surface area 
is  greatly  decreased  by  the  hydrothermal 

treatments. The S value reaches to zero at 850 °C. 
The H3 curve is seen more regular than the others.

The specific pore volume of Hypersil was found as 
V=0.93  cm3g-1 using  a  Hg-porosimeter  under  the 
applied  pressure  of  40  bar.  The  V  values  for  the 
other  samples  mentioned  above  were  determined 
by similar  a method.  Their  changes  depending on 
the  hydrothermal  treatments  and  their  heating 
temperatures  are given  in Figure 2.  The  V  values 
strictly  increase  by the modification  to  obtain  H1, 
and H2 samples whereas for H3 it is not much. The 
V values reached to zero at 850°C. The most regular 
curve is for  H3 silica gel.  Changes in the  S and  V 
values are due to the removing of hydrogen bonded 
water  molecules  as  well  as  chemical  bonded 
hydroxyls and silanol groups from the surface of the 
silica  gel  particles  during  the  hydrothermal  and 
thermal deactivations.

Figure 1. Specific surface area of the Hypersil (H), 
its hydrothermally deactivated samples (H1, H2, H3) 

and their heated portions.

Volumetric flow rate
Variation of the volumetric flow rate v̇ = (dv / dt) of 
isopropyl alcohol on the columns packed under 14 
bar  with  the  H1,  H2,  and  H3 samples  and  their 
heated  portions  at  640  °C for  16  h  are shown in 
Figure  3.  The  irregular  curves  reveal  that  the  v
values  decrease  after  the  heating  of  the 
hydrothermally deactivated samples. The v̇ value for 
H3 sample  is  greater  than the others  at  least  20 
fold.

The  inlet  pressure  is  also  affected  as  a  packing 
pressure on the columns and causes the shrinkage 
of the samples. Decrease of the length for the  H1, 
H2, and  H3 columns was found as 4.5, 4.5 and 1.2 
cm during the inlet pressure is increased to the 550 
bar.  On  the  contrary,  shrinkage  of  the  columns 
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partly  decreases  the  v̇ depending  on  the  packed 
materials. This shrinkage is affected at least the  v̇ 
for  the  H3  column.  So,  this  sample  is  more 
convenient to use as a chromatographic material.

Figure 2. Specific pore volume of the Hypersil (H), 
its hydrothermally deactivated samples (H1, H2, H3) 

and their heated portions.

The v̇ value is defined with the Darcy equation:

v̇=k
A p1
Lμ (1)

where A and L are the cross section and length of 
the filling material inside the column, p1 is the inlet 
pressure to the liquid, µ is the viscosity of this liquid 
and  k  is  a  proportion  coefficient  known  as 
permeability. The conditions of 

v̇ / p1=kA /μ=constant (2)

indicates the laminar (viscous) flow according to the 
fluid  mechanics  (24).  However,  the  straight  lines 
plotted  at  the  lower  values  of  the  inlet  pressures 
show the laminar flows (LF). When the p1 value is 
increased the laminar flows disappeared. 

Figure 3. The effect of the inlet pressure on the 
volumetric flow rate of the isopropyl alcohol on the 

columns packed at 14 bar using H1, H2, H3 and 
their heated samples.

Permeability
Isopropyl alcohol permeability of the columns can be 
evaluated from Darcy equation depending on the p1 

and v̇ using given column parameters and viscosity 
(µ) of the eluent. Accordingly, a relationship for the 
permeability was evaluated in the following form:

k (cm2 )=(6.847 x 10−2N m−2 s )
v̇ (cm3 s−1)

p1Nm
−2

(3)

by taking µ= 2.86 x 10-3 Nm-2s, r = 0.2 cm (A= πr2), 
and L= 10 cm in the Darcy equation. Permeability-
pressure  curves  are  derived  from  the  flow  rate-
pressure curves. 

The change in the permeability of the  H1,  H2, and 
H3 columns packed at 69 bar with the inlet pressure 
is given in Figure 4. Accordingly, the H3 column has 
the heights permeability among the three columns. 
Also, its change rate with the inlet pressure is lower 
than the others.
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Figure 4. The effect of the inlet pressure on the 
permeability for the isopropyl alcohol on the H1, H2, 

and H3 columns packed at 69 bar.

The change in the permeability of the same columns 
with  the  packing  pressure  at  a  constant  inlet 
pressure of 69 bar is shown in Figure 5. A decrease 
in  the  permeability  with  the  increasing  of  the 
packing pressure at a constant inlet pressure of 69 
bar  is  much  more  than  that  inlet  pressure.  This 
difference is due to the effect of the inlet pressure 
during the first measurement as a packing pressure 
for  the  second  measurement.  Accordingly,  the 
change  rate  of  the  permeability  with  the  packing 
pressure increases in the order of  H1,  H2, and  H3 
samples. This result also shows that the H3 sample 
is  more  convenient  packed  material  for  the 
chromatography columns.

CONCLUSION

Change  in  the  chromatographic  properties  of  the 
hydrothermally  and  thermally  deactivated  porous 
solid  may  be  generally  examined  through  surface 
area, pore volume, and particle size determination. 
These physicochemical properties can be arranged 
to the desired aspect by change in the deactivation 
parameters  such  as  temperature,  time,  washing, 
material and drying process. The fluid permeability 
of  the  treated  samples  was  determined.  Fluid 
permeability  on  the  columns  packed  with  the 
treated  solids  was  examined  with  respect  to  the 
column packing pressure and inlet pressure for the 
flow.  The  sample  with  the  heights  permeability  is 
selected as a chromatographic material.

Figure 5. The effect of the packing pressure on the 
permeability of isopropyl alcohol on the H1, H2, H3 
columns at the constant inlet pressure of 69 bar.
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