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SUMMARY -

Sphencal silica packing material has been thermally modified at temperatures
ranging from 220-950°. The chromatographic performance of the modified columns
was tesied using several solutes (X" = 0-20) with hexane as the eluent. The parameters
k', V,, e, R,, and @ have been obtained and correlated with total surface hydroxyl
concentration (7og)-

_ At each corresponding temgerature, trimethylchlorosilane was added to the
silica, thus effectively blocking the single surface hydroxyl groups. Comparisons of
the two sets of results give interesting information concerning the adsorption processes
in high-performance liguid chromatography as well as helping with the other impor-
tant considerations in column performance optimization.

)
INTRODUCTION

The importance of felly understanding the adsorption processes in liquid--
solid chromatography cannot be overstressed. Ii is, after all, the basis of any predic-
tions that are to be made on chromatographic separations. Therefore, it is obvious
that any improvement in the knowledge of adsorption must help the practical chro-
matographer in the laboratory.

The “assumed’™ adsorption sites of silica gels, that is the surface hydroxyl
groups, bave been extensively studied during the past fifteen years, elucidating a sur-
face structure that is now well known!—3. IR speciroscopy, chemical modification,
and thermogravimetric analysis {(TGA) have been extensively used in these studies.

However, a great deal of confusion remains about certain parts of the adsorp-
tion process. The most important deficiency of knowledge in this area is the matter
of whether the single hydroxyl groups, or the hydrocen—bonded hydroxyl groups, or
even the'siloxane bridges are the principal adsorption sites in silica gels.

“The total surface hydroxyl group concentration is obtained using TGA and

’ heatmg the silica between two fixed temperatures!-3-5. Other workers have obtained
- the'concentrations of the individual surfacé hydroxyl species®>+7+® using such methods
" as selective silanization to biock a particuiar hydroxyl species.

~ ‘This paper sets out to pin-point the active sites involved in the adsorption
process on silica gel, from which a greater contiol of the degree of adsorption, and
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hence a better knowledge of separation can be obtained. Another advantage of this
“data is that surface coverage in bonded phase chromatography can be controlled
1o a much greater extent, especially as regards deciding which hydroxyl group species
should be blocked and which should be coated.

During the course of the investigation, other parameters were noted and are
discussed with a view to optimizing the overail column performance.

EXPERIMENTAL

The liquid chromatograph consisied of a2 “home-made™ coil-pump, having a
safety valve in the system to avoid any back-pressure to the solvent reservoir. The coil
was made of 50-ft. X }-in. PTFE tubing and was coiled around two metal supports.
The coil was pressurised by a nitrogen cylinder and connected to the injection system
by PTFE tubing. A Budenberg gauge (Broadheath, Manchester, Great Britain) in
the system gave an accurate pressure drop across the column. A loop injector [Chro-
matronix (Berkeley, Calif., U.S.A.), Model CSV, 2-u1 slug volume] was used and the
detector was a variable-wavelength (set at 254 nm) Cecil (Cambridge, Great Britain)
Model CE212 UV spectrometer.

The silica gel was from thé same 100-g batch of Spherisorb SIOW™. It was
used straight from the manufacturér’s container, with no further treatment.

The silica was slurry-packed into a 10.6-cm X 4-mm-1.D. stainless-steel col-
umn (with a stainless-stecl Swagglok reducing union, fitted with a 2-gm porous
stainiess-steel frit, at the detector end of the column) using the following method.

1.5 g of Spherisorb were placed in approximately 5 ml of methanol. The slurry
was syringed into a pre-column (25 cm X 4 mm I.D.) joined to the column to be
used by a straight union and the two columns were topped up with methanol. A
stainless-steel coil with 100 m! of methanol was pressurised with nitrogen at 3000
p.s.i. and connected, through an open/shut vaive, to the top of the pre-column. The
valve was opened and the 100 m! of methanol were run through the column until
nitrogen gas was seen coming out of the end of the column. The valve was closed and
the pre-column disconnected from the main column. This technique has been shown
to be extremely efficient and reproducible and is completed in 15 min®-%-°.

The top of the column packing was levelled off and a smail piece of 5-zm
stainless-steel mesh was placed over the top of the column. Another reducing union
fitted with a frit was placed over the injector end, and connected to the loop injector.

Hexane was allowed to run through the column until complete equilibration
was achieved (approximately 10 min at a flow-rate of 3.0 ml/min). Testing was done
using the following solutes: (1) toluene, (2) nitrobenzene, (3) acetophenone, and
(4) 2.4-dinitrotoluene. Two runs were made at five different flows, the average values
being taken. The five flow-rates were 1.6, 1.8, 2.2,-2.6, and 3.0 ml/min and were taken
to obtain average values for the flow-independent parameters that were measured.

) On completion of this set of tests, the column was heated with nitrogen flowing
through it for 1 h in an oven at 120° to remove all the hexane before the furnace heat-
ing. The column was heated with a nitrogen flow again at 220° in a tube furnace for 2

* Spherisorb is made by A.E.R.E., Harwell, Great Britain, and supplxed by Phase Separations,
Deeside, Great Britain.
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h; then cooled. Testing was continued as for the first column (“room temperature”).
The column was returned to the 120° oven for 1 h, then heated for 2 h at the next
temperature. This process was repeated for the following temperatures: 220°, 340°,
485°, 600°, 705°, and 950°. The reason for the somewhat arbitrary temperatures was
that for previous work a furnace was used that was difficult to set at a specific tem-
perature and comparisons were required. The furnace used for the heating was a
tube furnace made in the workshop. controlled by a temperature setter (WestGardian)
to within L 5°.

When the complete process was finished, another column was prepared and
tested in exactly the same way. The results shown are an average for the two columns.

For the trimethylchlorosilane (TMCS)-treated columns, the following proce-
dure was employed. A 10.6-cm x 4-mm-1.D. stainless-steel column was slurry-packed
with 1.5 g of Spherisorb S10W silica. Afier initial testing with hexane as eluent,
100 ml of 59/ TMCS in toluene were passed through the column to give an in situ
coating to the silica. The column was examined again with hexane eluent and the
standard test mixture.

In the case of the TMCS testing, a new column had to be packed for every
different temperature. The procedure was to heat the packed column in a nitrogen
flow at the required temperature for 2 h, test with hexane, add the TMCS, unpack
the column, repack and then proceed to the next temperature.

The silica samples from each column were dried to remove the hexane and
stored in a desiccator over phosphorous pentoxide. TGA measurements were ob-
tained for these samples as were small batches of Spherisorb SIOW silica heated at
the corresponding temperatures for 2 h in a nitrogen atmosphere. The TGA measure-
ments were made on a Stanton Redcroft thermobalance by heating the sample to
constant weight at 120°, then to constant weight at 1100°. The weight difference gave
the percentage weight loss due to the hydroxyl groups.

RESULTS AND DISCUSSION

At low temperatures the surface of silica possesses two distinctly different types
of hydroxyl group, one being the single hydroxyl group, the other being the hydrogen-
bonded hydroxyl group. They have quite different properties, for example, in the IR
spectroscopy spectra of silica the single hydroxyl group gives a sharp peak at 3780
cm ™!, whereas the hydrogen-bonded hydroxyl group gives a broad band from 3200-
3650 cm™! (refs. 11 and 12).

These two hydroxyl species are the main factors in adsorption at low temper-
atures, but the relative importance of each is not known. The reason for the TMCS
additions is to block the single hydroxyl groups selectively, leaving the hydrogen-
bonded hydroxyl groups available for adsorption. Comparison of the results from the
untreated and treated material gives more information about the overail adsorption
process.

Heating silica above 500° converts many of the hydroxyl groups to siloxane
groups, which may have importance in the adsorption process on silica, i.e.,

OH OH O

| — 7\
Si — Si 500° Si — Si



no,,(‘cul‘!oa‘,"f)}“‘ o

"0 . R

B 3 ! ' 3 3
100 36056 70600 1160
. T (“C) e -

' VFJg. 1 TGA measurements for Sphemorb SIOW suaa. ;

, The mdxvxdual concentratmns of the different hydtoxyl group spec1es on sﬂxca
- _gels have been calculated by several werkers®:7+8:1%:14 and are presented here: total 7oy
| =4.60H/100 A2, smgle Mo = 1.2 OH/IOO Az and hydrogen-bonded nog = 3 4
- OH/100 Az
- How exactly thls aﬁ'ects ‘the chromatographxc performanoe of the Sphensorb ;
SIOW silica can be seen by comparing Table I, which gives the parameters obtained -
from the Sphensorb S10W- silica chromatoerams, ‘and Table II, which gwes the pa-“
'mmeters from the Sphensorb S10W silica plus. TMCS chromatom'ams E :
- To clanfy the full extent of the: temperature changes (i.e., the- naq chances} on.
: the retentzon characteristics of the silica, the results are presented in: F:gs, 2-4, showmg g
graphs of the temperature of heatmg plotted. agamst ‘the various’ parameters for both
- the Spnensorb S10W silica and the’ Sphensorb SIOW:- sﬂlca plus T MCS A few ex-
- planatory notes on these parametera are: cf'ven below- ' ‘

k’ (column capac:ty raf.:o) : t— t°

-,;\&'here tg xs the retentxon tlme for an nnreta_ned peak and t
'—_.j_mtamed fmk r
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TABLE -

VIEASURED PARAhiETERS FOR SPHERISORB S10W SILICA PLUS TMCS AT VARIOUS TEMPERA

TURES

1= Toluene' 2 mtrobenzene, 3= azxtophenone, 4 2,4-dm1trotoluene.

Parameter 25° @

220°

340°

- 485°

cF 20 3 4

r 2 3 4

12 3 4

2 "3 4

&, 049 89 9205 996
V.

> ... 022142 144 1.57

@ - 1853 . L1
‘R = 7~ 3 W '0.36
e . s

042 249 297 3.56
21 0.51 0.58 0.67
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0 )

' 505
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) 9.
519
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1.0
0
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CoE 2 3 4
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& “0.18 0.18 0.18 0.18
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-01 . 0.
"0.16 0.16 016 0.16

61 01 ‘01
1

0
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o o0 o0 o
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- ‘Wheré k' = 4 of solute I and k,’ = k' of éolute 2.
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T

R, (resolution between two peaks) =_ (N)““ i

- where N = total number of theoretxcal plates = 5 54 (i—W,/t,.)z, where §W = wxdth :
ofpeak at halfhelght.__. ,

05 (ﬁow resmtance pa*ameter) = P 35‘

: whﬂre P = pressure drop across. the column (N/mz), b= vxscos;ty of solvent (N
“sec/m?), u= fiow velocxty (m/sec); d, = parﬁr'le size (um), and L = co!umn length -
~(m). For this system @ = (P/u) x 002085 for L-— li}écm, é = 0.312 x }0‘3 N .
?‘.‘sec:/mz andd, = i0pm.. - . ' : el
Fxgs-z and 3 show that for Sphensorb SIOW ca alcn A
B slnp is Tound: for- a!i the. dxﬁ'erent pa:ameters mvoived m retentmn mth ra;pect to L
-"'-',temperature T‘ne decrease in the value of the tetentxon gxarameters & Ve ) up’ -
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to 200” is dx:ectly correfated i0 tﬁe mmaI Ioss of ﬁydroxyi gtougs on iﬁe sfﬁca surf‘aoe.i -
Above 200° the retention parameters begin fo rise graduafily, though ata much fower -
rate of increase than the initial decrease in value. There is nothing noticeably happen-
lncr at the 450-500° rpmnn which bv examination of F"a 1 waonid be exnectfed. -
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A possible explanatzon of why there is no observed change in the retenfion
characteristics at 450° lies in the postulatlon of there being more to the snmpIe ideas -
of adsorption than was at first thought. If the singfe hydroxy! groups were the only
adsorption sites on the silica surface at this temperature, then a reduction in the re-
tention parameters would be expected (due to the fact that the single hydroxyl groups
are steadily removed above 500°). But as the graphs in Figs. 2 and 3 show, this is not
happening and-another adsorption process involving a further active site must be
prasent. It is at these temperatures that the siloxane bridges are formed and adsorp-
tion may be occurring through these groups. The active sites would be expected to
be more active on these bridges due to their strained structure. Therefore, an increase
in adsorption would be expected with larger values for the retention parameters.
Combining the expected resulés of a drop in adsorption caused by the removal of the
single hydroxyl groups and an increase in adsorption caused by the formation of
the strained siloxane bridges, a steady increase in the retention parameters values
would be expected. This is what is observed.

Up to 200° it will be assumed that both the single and the hvdrogen-bonded
hydroxyl groups play the major part in the adsorption mechanism. This would cause
the retention parameters to be large due to the strong adsorption. Once again agree-
ment with resuits is found. Assuming this, then any removal of the surface hydroxyl
groups will cause ihe retention parameters to decrease. The experimental results
bear this out.

Above 200° the hydrogen-bonded hydroxyl groups are being constantly re-
moved but the retention parameters are increasing in value. An explanation of this is
that the somewhat sterically hindered single hydroxyl groups with much- stronger
active centres are taking over in the adsorption process. This would cause the ob-
served increase. The explanation for the process involved above 500° has been men-
tioned above.

In Fig. 5, a summary of the surface structure of the Spherisorb SIOW silica
at various temperatures is given, based on the results obtained.

In Fig. 6 the conceniration of the surface hydroxyl groups for Spherisorb
S1QW silica plus TMCS is ploited against temperature. The rgy falls off sieadily from
200-500°, indicating the loss of hydrogen-bonded bydroxyl groups. Above 500° the
noy is very close to zero (as it should be, considering the TMCS blocks all the single
hydroxyl groups), indicating that the surface is free of hydroxyl groups. In Fig. 7,

e surface structure of the Spherisorb S10W silica plus TMCS is shown for various
temperatures.

At room temperature TMCS reacts with the silica, effectively bIockmg all the
single hydroxyl groups. Due to the presence of the hydrogen-bonded hydroxyl groups,
the adsorption is stil quite strong, even though the retention parameters are markedly
reduced compared with those of the corresponding untreated silica. Values of &™ at
350° are less than 1.0, showmg the further removal of the ﬁydtogen—fmnded Eydftoxyi
‘groups. At this stage peaks are coming out together. This is understandable because
there are very few hydrdxy! groups on the surface, and at 4857, where aif the hydroxyi -



- PERFORMANCE-STRUCTURE RELATIONSHIP OF SILICA

S S - £y

1
4

3
|

OH
OH
oH
1]
6

g
l
OH

b4
Q<

{d)

\ °\ ALA /

|oarmmanesne OH

167
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groups have been removed, &’ values are almost zero. The remaining adsorption is

probably due to the few siloxane bridges that are not sterically blocked.

Fig. 4 shows the relationship between the flow resistance parameter (@) and
the temperature of heating, for both Spherisorb SIOW silica and Spherisorb SIOW
“silica plus TMCS. For the sifica-alone the value of @ hardly changes over the whole
temperature range until 600°, where it decreases. The flow resistance parameter varies
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for silicas that have different properties, as well as for varying packing character-
istics. Optimum column performance is obtained by having a value of @ as low as
possible. Comparing results obtained for Spherisorb S10W with those obtained for
Spherisorb S10W silica plus TMCS gives further details of the column packing struc-
ture. The results are similar to those for the untreated silica up to 350°, then the value
of @ suddenly rises rapidly. This would indicate that the nature of the packed bed for
the silica alone remains constant until 600°, where some change takes place (perhaps
sintering of the small pores), but the deterioration of the silica plus TMCS begins at
350°. An increased percentage of TMCS (i.e., less hydroxyl groups) seems to result
in a less permeable column. The reason for this is as yet not clear and future work will
involve a close study of Fig. 4. -

The values of @ at low temperatures are similar to those obtained by Knox®
for slurry-packed spherical silica gel.

CONCLUSION

_From the results it seems that both species of hydroxyl groups are important
in the adsorption process for-200-500° thermally treated silicas. The &’ values for
Spherisorb S10W silica and Spherisorb S10W silica plus TMCS indicate that the single
hydroxyi groups form stronger édsorptién sites than do the hydrogen-bonded hy-
éroxyl groups. Their concenfration is much less thap that of the hydrogen-bonded
hydroxy! groups (zimost one third), but from the graphs of &’ in Fig. 2 it can be seen
that their contribution to the k&’ value is over one half. The siloxane bndgesbecome
important for silica at a iemperature beyond 500° thermally treated evén though the
silica changes its structure at this temperature and its surface area decreases’ r&pxdiy" 8

The optimum values (¢’ = 1.3-4) for nitrobenzene and aoetophenone occur
at 300-485° and 200-350°; reapectxvely. Therefore pre-treatment of the Sp herisorb
S10W silica at a temperature in this region would appear to give optimum results for
the solutes teésted. Through a better undnrstandmu of the complet.. chromatographlc
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separatmn proeess ptedzcttons may E:ecome possible. This muat be the ultimate aim
- for any practlcal chromatographer.
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