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Abstract

A series of studies has been carried out on the effect of refluxing silica chromatography particles for 0.5 h and 18 h in
water, dilute hydrochloric acid and dilute hydrofluoric acid. The bulk and surface trace metal concentrations were measured
by inductively-coupled plasma atomic emission spectroscopy, static secondary ion mass spectrometry (SSIMS) and X-ray
photoelectron spectroscopy. Diffuse reflectance Fourier transform infrared spectroscopy was used to determine changes in
“isolated’” and ‘‘bonded” silanol groups. The chromatographic behaviour of a series of weakly basic anaytes was
investigated on C,; and C,, bonded phases manufactured from the acid-treated silicas. The different reflux trestments all
resulted in a reduction in the numbers of isolated silanols compared with the untreated silica and SSIMS analysis suggested
that the HF-treated silicas had undergone a more efficient surface rehydroxylation. Bulk trace metals were removed most
effectively by the HF treatment, with the multivalent elements (Ti and Al) being the most difficult to remove. Surface
specific analysis suggested that trace metals were removed more rapidly from the surface of the silica compared to the bulk
matrix and that the acid treatments resulted in halide contamination of the silica surface. Evidence is presented to suggest
that the bulk metal content of the silica is not representative of the concentration of metals at the chromatographic surface.
The chromatographic investigations showed that the HF-treated silica gave substantially better performance towards weak
bases than the HCl-treated silicas. [0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction jected to a rehydroxylation procedure prior to the
chemical bonding of alkyl groups. A variety of

The surface of chromatographic silica used in methods of rehydroxylation has been reported, which
reversed-phase liquid chromatography is often sub- generally involve heating of the silica followed by
hydrothermal treatment with acids or bases [1-5].
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strongly acidic silanols and an increase in the
proportion of bonded silanols [1,2,6]. A marked
improvement in the chromatographic performance of
bonded silicas towards ionised organic bases is
usualy observed following silica surface rehydrox-
ylation [7] which is attributed to the reduction of
unwanted ion-exchange interactions with acidic sur-
face silanols. A reduction in the level of trace metals
from the silica matrix following the use of dilute
mineral acids (for example HCl or HF) for slica
surface rehydroxylation has been noted [3,8—10] and
there is now substantial evidence to suggest that the
acidity of isolated surface silanols can be directly
affected by the presence of trace metals in the silica
matrix [3,7,11,12].

Several studies have established the presence of a
wide range of metallic impurities in chromatographic
grade silicas [1,8,9]. Certain metals, such as sodium,
calcium, iron, aluminium and titanium, have been
found in concentrations of hundreds or even
thousands of ppm. Despite the observed correlation
between high trace metal content and unwanted
adsorption of bases, it is interesting to note that a
marked improvement in the chromatographic per-
formance of bonded silicas towards bases is often
achieved even though substantia levels of trace
metals are still measurable in the bulk silica matrix
[7]. The question therefore arises as to why chro-
matographically accessible adsorption sites for bases
appear to have been removed from the silica surface
despite the presence of metals in the silica. There are
a number of possible explanations for this: (1)
reduction of metal concentration rather than com-
plete removal is sufficient to reduce adsorptive sites;
(2) better surface rehydroxylation leads to a more
homogeneous surface coverage and effective screen-
ing by the bonded phase; (3) the reduction in surface
concentration of the trace metals is a more important
factor rather than that of the bulk metal content.

Much of the existing work on trace metal content
has been focused on measuring the metals in the bulk
silica phase. It is evident that functionalities at or
near the surface of the silica must be responsible for
chromatographic effects, and consequently bulk mea-
surements of metal content may not truly reflect the
surface species available to interact with solutes. The
surface analytical techniques of static secondary ion
mass spectrometry (SSIMS) and X-ray photoelectron

spectroscopy (XPS) have been applied to the study
of chromatographic silicas [13—21] but this work has
been limited to studies of akyl bonded silicas or
semi-quantitative studies of surface functionalities.
XPS can, however, provide a quantitative elemental
analysis of the silica surface whilst SSIMS gives
structural  information relating to surface-bound
species. Both techniques have a sampling depth of a
few nanometres and have sufficient sensitivity to
supply information relating to silanols and the more
abundant trace metals such as sodium, iron, alu-
minium and titanium. Therefore, it was postulated
that detailed surface analysis of silicas following acid
rehydroxylation has the potential to reveal subtle
changes in the outer few nanometres of the silica
surface, which may not be detected by bulk analysis.

In this paper we investigate the bulk and surface
metal concentrations of sol—gel prepared silica fol-
lowing mineral acid rehydroxylation. We also study
the nature of silanol-related species on the surface of
these silicas and the chromatographic behaviour of
representative C,; and C, bonded phases manufac-
tured from the acid-treated silicas.

2. Materials and methods
2.1. Preparation of acid-treated base silicas

The base silica was prepared by the gelation of a
colloidal silica sol under controlled conditions as
previously described [22]. After emulsification,
washing and sintering, the base silica was classified
to ensure the particle size distribution was within the
normal specification (4.5-5 wm average). The base
silica was then split into six individua batches each
of which was rehydroxylated by refluxing in water,
0.1% HCI or 0.1% HF for 30 min or 18 h. A portion
of the untreated silica was kept as a control sample
for bulk and surface analysis of metals and silanols.
Five pum C,; and C,; bonded silicas were prepared
from the batches of hydrated base silicas using n-
dimethyloctadecylsilyl chloride and n-dimethyloc-
tylsilyl chloride (monofunctional reagents). The chlo-
rosilane (40%, v/w, in toluene) was reacted with
10.0 g of the base silica with 10% (w/w) of pyridine
and refluxed for 6 h. The reaction product was dried
in a vacuum oven for 12 h, alowed to cool, washed
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in hexane (100 ml), acetone (100 ml), acetone—water
(50:50) (100 ml) and acetone (100 ml). The final
products were oven dried at 80°C prior to use. A
portion of each of the batches was endcapped using
trimethylchlorosilane (TMS) under similar condi-
tions to the n-alkyl bonding procedure already
described. The packing materials were slurry-packed
into 10 cmx4.6 mm |.D. stainless steel columns
using acetone as a packing and slurry solvent, at a
pressure of 8000 p.s.i. (1 p.s.i.=6894.76 Pa). Prior to
the chromatographic testing the columns were con-
ditioned with methanol—water (70:30). The pore size
and pore volume of the silica particles was de-
termined using mercury porosimetry (Micrometrics
9300 Analyzer), and the surface area was measured
by BET single point analysis (Micrometrics Flow-
sorb 2300). The carbon loading (% C) for the silicas
was obtained from an EC-12 carbon determinator
(Leco, St. Joseph, MI, USA). The measured pore
size, pore volume, surface area and bulk % C of each
of the batches of silica are shown in Table 1.

2.2. Inductively coupled plasma-atomic emission
spectroscopy (1CP-AES) analysis

Samples were analysed as replicates on a Plasma
400 ICP-AES instrument (Perkin-Elmer). The metals

Table 1

chosen for investigation were zinc, cobalt, nickel,
iron, chromium, magnesium, copper, titanium, cal-
cium, auminium, sodium and potassium. British
Chemical Standard high-purity silica (BCS-313 sil-
ica) was used for the validation of the ICP-AES
methodology and was supplied by the LGC (Teddin-
gton, UK). Hydrofluoric acid (40%) was Aristar
grade and supplied by Fisons (Loughborough, UK).
Concentrated nitric acid (99.999+% purity) was
supplied by Sigma. All elemental standards were
prepared from atomic absorption grade standards and
were supplied by either BDH (Poole, UK) or Aldrich
(Poole, UK). All other reagents were of analytical
grade or better.

A sample of microparticulate silica (approximately
0.25 g,) was transferred to a PTFE digestion vessel.
A solution of hydrofluoric acid (40%, 8 ml) and
concentrated nitric acid (2 ml) was added and the
vessel was agitated to ensure wetting of the sample.
The sealed and capped digestion vessel was placed
into a microwave digestion system (MSD-81D
microwave; CEM) and was digested on 100% power
for 5 min then 50% power for a further 5 min. Each
metal concentration was adjusted to account for the
carbon loading of the bonded silicas to obtain a true
metal concentration per gram of silica. The repro-
ducibility of the method was assessed from the inter-

Bulk % carbon, surface area, pore size and pore volume of each batch of silica

Silica treatment % C Surface area (m’/g) Pore size (A) Pore volume (cm®/g)
Untreated silica 0.07 174 120.5 0.60
Water (30 min) 0.08 171 122.3 0.58
Water (18 h) 0.06 149 137.1 0.59
HCI (30 min) 0.07 188 115.0 0.58
HCI (18 h) 0.07 156 131.0 0.59
HF (30 min) 0.10 194 112.8 0.59
HF (18 h) 0.05 174 120.3 0.58
C, bonded (HCI) 8.21 111 114.2 0.42
C,3/ TMS bonded (HCI) 9.25 108 107.9 0.37
C, bonded (HCI) 6.44 126 110.6 0.45
C,/TMS bonded (HCI) 6.55 123 110.5 0.44
C,g bonded (HF) 11.13 102 106.7 0.36
C,g bonded/ TMS (HF) 11.29 99 106.3 0.35
C, bonded (HF) 6.42 129 110.0 0.45
C, bonded/TMS (HF) 6.55 126 109.5 043
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and intra-day precisions of the main elements of
interest using British Chemical Standards high-purity
silica. The inter-day relative standard deviations
(RSDs) were found to be Fe (1.6%), Mg (4.5%), Ti
(8.2%), Ca (3.9%), and Al (5.7%), the intra-day
RSDs were Fe (1.2%), Mg (1.3%), Ti (1.9%), Ca
(2.9%) and Al (1.0). The limit of quantitation for
each element was taken as a value of three times the
standard deviation of the instrumental noise.

2.3. X-Ray photoelectron spectroscopy

XPS gpectra were obtained on a VG Scientific
ESCALAB Mk |1 electron spectrometer using Al Ka
X-rays. Operating conditions have been published
elsewhere [14]. The silica powders were durried
with methanol and transferred onto copper foil which
had been previously cleaned by sonication in acetone
for 30 min. The prepared samples were allowed to
dry for 3—-4 min before insertion into UHV con-
ditions. A survey scan and narrow scans for Si 2p, C
1s, O 1s, Na 1s, Fe 2p3, C1 2p, F 1s and Cu 2p3
were performed. Peak areas were taken from the
narrow scans and percentage composition calcul ated
using the manufacturer’s standard software, which
incorporated Scofield sensitivity factors.

2.4. Satic secondary ion mass spectrometry

Spectra were obtained on aVG SIMS Lab instru-
ment equipped with a fast atom bombardment (FAB)
argon primary beam, operating at 80 mA and 2 keVv.
The silica samples were prepared for analysis by
placing the dry particles in a sample dish. Despite
the use of an atom beam, some charging of the
samples was encountered which was compensated
for using an electron flood gun. For each sample
both positive and negative secondary ion spectra
were collected in the region m/z 0-200, whilst
maintaining static SIMS conditions. A plot of m/z
versus intensity was produced for each sample
alowing trace elements and fragments attributable to
the silica surface to be identified.

2.5. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT)

A Bruker IFS88 Fourier transform infrared spec-

troscopy (FT-IR) instrument with mercury cadmium
telluride detector operating at 1 cm™ " spectral res-
olution was used with a diffuse reflectance attach-
ment and environmental chamber with a ZnSe
window (SpectraTech, Warrington, UK). One hun-
dred scans were averaged for each anaysis and
samples were scanned in the range 3900-3000
cm™ . Samples (0.1 g), as loosely packed powders,
were maintained at 20°C and water was removed
under vacuum at 10~° Torr for 17 h (1 Torr=
133.322 Pa). The sharp IR band at 3760-3735 cm™*
was used to indicate the presence of isolated and
geminal silanols, and the broader band at 3620—3200
cm™ ' was used to indicate the presence of bonded
silanols [7].

2.6. Chromatographic studies

The chromatographic experiments were performed
using Gilson 305 high-performance liquid chroma-
tography (HPLC) pumps, a Gilson 805 Manometric
Module, a Gilson 231/401 autoinjector, a Gilson 116
variable-wavelength UV detector and a Gilson 714
HPLC system controller and data processor. Mobile
phases were degassed by helium sparge before use.
Columns were maintained at 30°C. A single test mix
was used in the studies: pyridine, 3-aminopyridine,
3-cyanopyridine, 3-acetylpyridine, 3-chloropyridine
and 3-bromopyridine. Injections of 20 nl of a 100
pg/ml stock solution in water produced satisfactory
peaks with a detection wavelength of 205 nm. A
mobile phase of methanol—agueous 0.005 M sodium
phosphate buffer, pH 7.0 (10:90) was used in al the
chromatographic studies. Each compound was in-
jected four times. Mean retention times (tg), peak
asymmetry factors and plate numbers were calcu-
lated using the proprietary Gilson 714 software.
Retention factors (k) were calculated after determin-
ing t, by baseline disturbance using the standard
formula k=(ty—t,)/t,.

3. Results

3.1 ICP-AES analysis of bulk metal content

The bulk metal contents of the untreated base
silica and each batch of rehydroxylated silica are
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Table 2
ICP-AES determination of trace metals in base silicas

Silica treatment Metal concentration (ppm)

Zn Co Ni Fe Cr Mg Cu Ti Ca Al Na K Total
Untreated 7 0.1 6 227 14 37 4 55 99 290 5159 58 5956
30 min water 8 03 6 237 14 43 5 57 142 302 3699 45 4558
18 h water 6 05 6 224 13 34 2 55 58 289 3424 43 4155
30 min HCI 7 03 6 235 15 28 2 57 41 288 2830 34 3543
18 h HCI 6 05 6 228 14 48 2 56 106 292 2572 41 3372
30 min HF 4 0.7 3 122 5 13 2 50 36 229 2059 31 2555
18 h HF 5 04 0.8 180 2 34 1 40 44 280 3294 18 3899

shown in Table 2. For the untreated silica, sodium
(5159 ppm, 0.52%) is the metal present in the
highest concentration, with aluminium (290 ppm,
0.029%), iron (227 ppm, 0.023%), calcium (99 ppm,
0.0099%), potassium (58 ppm, 0.0058%) and
titanium (55 ppm, 0.0055%) aso contributing sig-
nificantly. The range of concentrations of the in-
dividual metals is typical of other published data for
sol—gel derived chromatographic silicas [1,7,8] How-
ever, the relative contributions from individual met-
as can vary considerably between different types of
chromatographic silica with silicas derived from
organosilanes having extremely low concentrations
of contaminating metals.

The effects of the acid rehydroxylation treatments
are presented in terms of the change in the metal
concentration (ppm) compared to the untreated con-
trol batch of silica (Fig. 1). A genera pattern of
changes in the reduction of bulk metal concentration
is apparent from these plots with the HF-treated
silicas showing a more consistent and greater level of
metal depletion than either the water- or HCl-treated
batches. The 18 h treatment time does not con-
sistently result in a greater extent of metal depletion
and, unexpectedly; many of the metals show greater
depletion at 30 min compared to 18 h. It is also
apparent that some of the trace metals actually
increase their concentration following water and HCI
treatment, though not with the HF treatment. The
reason for this is unclear, but the very small differ-
ences involved (often less than 10 ppm) are close to
the inter- and intra-day precisions of the ICP-AES
method (1.8 to 8.2%, depending on the individual
metal) and therefore may be explained by assay

variability. The data clearly demonstrate that HF
treatments for either 30 min or 18 h give a consistent
reduction of all metals apart from cobalt (which is
the metal in lowest concentration, at less that 0.7
ppm) and that this treatment is superior to that of
water or HCI reflux in terms of the removal of metal
Species.

The results reported are in agreement with other
studies on the remova of trace metals by acid
treatment of silica[1,8,9], which indicate that certain
of the metals observed in higher concentrations
(sodium, iron, magnesium, calcium) can be removed
more easily by acid treatment than others (notably
titanium and aluminium). Multivalent metal species
such as aluminium or titanium are known to be more
tightly bound into the silica matrix [23]. There is
strong evidence to suggest that mixed oxides with
SiO, as the magjor component and a trace metal as
the minor component will be strongly acidic if they
contain titanium, aluminium or similar multivalent
metals [24]. Clearly, this observation has significance
for chromatographic performance of the acid-treated
phases, where a small number of highly acidic
silanol sites may remain due to the presence of
auminium and titanium. According to Tanabe [24]
the presence of trace amounts of sodium in the silica
matrix may assist in stabilising the acidity of silica
containing aluminium or titanium, but sodium on its
own does not appear to influence silanol acidity.

3.2 XPS analysis of surface metal atomic
percentage

The percentage compositions obtained by XPS
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Fig. 1. (8 Effect of boiling in water on metal content of base silicas. (b) Effect of boiling in HCl on metal content of base silicas. (c) Effect
of bailing in HF on metal content of base silicas.

surface analysis of the water- or acid-treated silicas analysis (limit of detection approximately 0.1%
compared to the untreated control are shown in Table depending on the sample and the element being
3. XPS is dgnificantly less sensitive than bulk determined) and, consequently, most of the trace
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Table 3
XPS analysis of base and C,;/C,, bonded silicas
Silica treatment XPS elemental composition

% C % O % Si % Na % Cl % F % Fe
Untreated 2.2 65.0 31.0 0.8 0.7 0.3 nd
Water (30 min) 0.6 67.6 31.3 04 n.d. 0.1 n.d.
Water (18 h) 14 66.1 325 n.d. n.d. n.d. n.d.
HCI (30 min) 0.9 65.9 322 04 0.4 0.2 n.d.
HCI (18 h) 15 66.3 31.6 0.3 0.2 0.1 n.d.
HF (30 min) 1.0 64.9 324 04 n.d. 0.1 12
HF (18 h) 14 66.5 26.7 19 n.d. n.d. 35
C,¢ bonded (HCI treated) 275 45.3 26.9 0.0 0.2 0.1 0.0
C, bonded (HCI treated) 14.7 54.6 30.2 0.0 0.3 0.2 0.0
C,, bonded (HF treated) 279 475 24.0 0.0 0.0 0.2 0.4
C, bonded (HF treated) 14.3 57.9 26.7 0.0 0.4 0.1 0.6

metals are undetectable by surface analysis, with
only sodium and iron being measurable. XPS also
permits the determination of the chlorine and fluorine
surface concentrations resulting from the dilute HCI
and HF treatments. Fig. 2 shows the depletion of
trace elements by the different reflux conditions. The
surface concentration of sodium in the untreated
silica measured by XPS (0.8%) is dlightly higher
than the bulk sodium measured by 1CP-AES (0.5%).
However, following refluxing for 30 min, the XPS
measured sodium (0.4%) is in reasonable agreement
with the bulk analysis (0.2—0.4%). This suggests that
excess sodium may have been present on the surface
of the untreated silica, which was subsequently
removed by the refluxing treatments. The observa-
tion of chlorine (0.7%) by XPS on the untreated
silica suggests that the excess sodium on the surface
may have been present as sodium chloride, perhaps
deriving from the process of manufacture. The 18 h
treatment samples did not give as consistent results
as the 30 min ones, and the anomalously high value
for sodium in the 18 h HF treatment may be
explained by the formation of sodium fluorine on the
surface of the silica (note the very high level of
fluorine observed in this sample at 3.5%). The XPS
measured iron concentrations range between 0.3 to
0.1%, which is a factor of 10 higher than the bulk
concentration (0.02%), which suggests than iron is
preferentially located at or close to the silica surface.
The surface iron concentration is reduced by all the

reflux treatments of the silica, but only 18 h in HCI
or water remove the metal completely. These results
are not consistent with the bulk measurements,
where water treatment appears to have little effect in
reducing bulk iron.

It can be seen that the acid-treated silicas contain
lower surface concentrations of sodium, chlorine and
iron than the control material. This confirms that
boiling in water or dilute acid, for even a short
period of time, will result in a reduction of surface
contaminants. This is in agreement with work previ-
oudly reported by Kaiser and Batich [16]. Treatment
with water alone for 18 h reduces the contaminants
to a level which are not detectable by XPS. The
quantitative surface data support the argument that
the metals at or close to the surface are preferentially
removed by acid treatment. Boiling in dilute HCl is
not so effective, with detectable levels of sodium and
iron remaining and the level of chlorine being higher
than that in the water boiled silica. With dilute HF
trestment, there is an initial reduction in sodium after
30 min, but extended boiling results in an increase in
sodium to a level higher than the control. Also,
although HF is effective in the removal of iron and
chlorine, it does introduce substantial fluorine con-
tamination on to the silica surface. A possible, but
unconfirmed, explanation is that the dissolved metals
may be re-deposited on the silica surface during
reflux in the form of very insoluble fluorides of
aluminium, iron and zirconium.
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Fig. 2. XPS analysis of surface atomic percentage on base silicas
boiled in (a) water, (b) 0.1% HCl and (c) 0.1% HF.

It could be argued that the presence of excess
fluorine in the HF-treated silicas, and also the high
chlorine content of the HCl-treated silicas was due to
insufficient washing of the silica following the acid

treatments. However, the XPS analysis of the 30 min
HF- and HCl-treated C,4 bonded silicas reveals 0.4%
fluorine in the HF-treated bonded phase (no chlorine
detected) and 0.2% chlorine in the HCl-treated
bonded phase (no fluorine detected). This observa-
tion suggests that the presence of chlorine and
fluorine on the silica surface may reflect a strong
adsorption, or some kind of incorporation of the
elements into the surface matrix of the silica gel.

3.3 SIMS analysis of surface species

SSIMS spectra were obtained for the untreated
base silica, all the acid-treated silicas and the C4 and
C,¢ bonded phases manufactured from the HF- and
HCl-treated silicas. It is not proposed to discuss
SSIMS analysis of the akyl components of the
bonded silicas since we have previously published
similar data elsewhere [13,14]. Fig. 3 shows typical
positive and negative ion SSIMS spectra (0-100
m/2), respectively, obtained for the untreated silica
and the HCI- and HF-treated silicas. The positive ion
spectra showed the following characteristic low mass
silica-based ions, which were common to all the base
silicas: Si* (m/z 28), SIH" (m/z 29), SIOH" (m/z
45). In addition, the spectra identified the main
positive ion contaminants present on the silica
surface: Na™ (m/z 23), Fe" (m/z 56), K" (m/z 39)
and Al" (m/z 27). Characteristic ions in the negative
ion spectrawere O (m/z 16), OH  (m/z 17), SO,
(m/z 60), SIO, (m/z 76), SIO,H  (Mm/z 77) as well
as the main negative ion surface contaminant of Cl
(m/z 35) [note that F~ (m/z 19) was observed on the
HF-treated silicas]. The spectra of the bonded silicas
(not shown) were dominated by low mass akyl/
silica fragments, but it was readily possible to
distinguish the silica-based and metal /halide con-
taminant peaks from the alkyl components.

It was possible to obtain a semi-quantitative
indication of the changes in surface species as a
result of the different acid hydrolysis treatments by
comparing the relative SSIMS ion intensities for the
individual surface species. This was done by using
the total sum of all the positive ion peak areas from
m/z 0-100 as a reference for each silica sample
(Table 4). Details of this approach are published
elsewhere [14]. The spectra from the HCI- and HF-
treated silicas showed similar peaks to that in the
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Fig. 3. SSIMS spectra (m/z 0—100) recored for untreated and acid-washed silicas: (8) positive ion spectrum for untreated silica, (b) positive
ion spectrum for HCl-washed silica, (€) positive ion spectrum for HF-washed silica, (d) negative ion spectrum for untreated silica, (€)
negative ion spectrum for HCl-washed silica, (f) negative ion spectrum for HF-washed silica

control base silica, but with significant changes in
the levels of contamination present. Both HCI- and
HF-treated silicas showed a significant reduction

(compared to the Si signal) in the levels of sodium,
chlorine, aluminium, potassium and iron. However,
the HF-treated silica gave a relatively high level of
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Table 4

Relative intensities of trace metals and silanol relevant ions determined by SSIMS

Silica treatment Relative ion intensity

m/z 23 m/z 56 m/z 27 m/z 19 m/z 35 m/z 28 m/z 44 m/z 45
Acid reflux Bonding Na" Fe" Al" F Cl~ S Sio* SIOH "
Untreated - 36.13 1.45 101 0.21 4.68 33.24 101 12.43
HF - 0.58 0.47 112 3.98 1.06 20.89 1.96 16.33
HCI - 4.04 114 0.81 0.85 1.09 1211 114 4,55
HF C 0.55 2.64 3.85 2.87 0.55 211 0.55 0.87
HF C,/TMS 0.53 181 249 2.86 0.98 2.94 0.75 1.85
HF Cq 0.56 112 3.54 293 0.38 3.73 0.93 2.03
HF Cy,/TMS 0.21 1.10 4,71 5.18 0.96 14.96 156 4.26
HCl C 1.00 1.79 2.68 0.76 124 2.68 0.57 1.00
HCI C,s/TMS 0.30 181 3.29 0.44 0.68 2.70 1 1.88
HCI Cq 0.50 1.49 4.59 0.43 0.60 4,57 1.25 4,52
HCl Cg/TMS 0.53 143 4.07 0.79 0.54 3.90 122 3.74

fluorine not observed in the control sample. These
results are in general agreement with and support the
conclusions made from the quantitative surface
analysis data obtained by XPS. It is particularly
notable that sodium is a major contaminant on the
untreated silica surface, but is partially removed by
HCl treatment, and almost completely by HF treat-
ment. This observation again suggests that sodium is
a loosely-bound surface contaminant, possibly phys-
ically rather than chemically adsorbed to the surface.

Relatively few detailed SSIMS studies of trace
components on chromatographic silicas have been
carried out. Buszewski [25] studied several commer-
cial slicas by SSIMS (positive ion only) and ob-
served sodium, magnesium, calcium and titanium as
the main trace metals. Following a washing pro-
cedure with 20% HCI the author claimed a 3.1 to
27.4% decrease in these metals based on changes in
SSIMS ion intensity, but the level of accuracy of this
result must be questioned in view of the known
semi-quantitative nature of SSIMS [26].

The relative intensities of the silica-based ions can
give an indication of the proportion of silanols
present on the surface of the base silicas. It can be
seen that the HF-treated silica shows higher inten-
sitiesfor theions Si ", SIO" and SIOH " compared to
the HCl-treated silica. This suggests that the HF-
treated silica may undergo a more efficient rehydrox-
ylation process to produce a greater silanol popula-

tion. SSIMS analyses of the bonded phases derived
from the acid-treated base silicas show that the
HF-treated phases have a lower proportion of silanol
related ions compared to the HCl-treated phases,
suggesting that a more efficient bonding process was
achieved with the HF-treated phases. However, these
data are not completely consistent with the shielding
of silanols since the TMS endcapped phases have a
higher intensity of SIO" and SIOH" than the non-
endcapped phases.

34. DRIFT

There has been some controversy over the assign-
ment of IR bands to silanols functionalities on the
silica surface, and this has been reviewed [7,27]. For
the purpose of this work, the IR band at 3760—3735
cm™ ' was used to indicate the presence of isolated
(including geminal) silanols, and the broader band at
3620—3200 cm ™ * was used to indicate the presence
of bonded silanols. The ratio of isolated to bonded
silanols was calculated by determining the area under
the peaks in each of the IR bands, and this was
plotted against the batch of silica (Fig. 4). The
background water spectrum, observed as a broad
band between 3000 and 4000 cm ' was not com-
pletely removed, despite the vacuum treatment, and
its level was observed to be variable between
samples. No correction was made for this difference
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Ratio isolated/H-bonded silanols
o
o

Fig. 4. Ratio of isolated:H-bonded silanols determined by DRIFT.

in background and it is possible that this may have
introduced unwanted variability into the measure-
ment of areas under the selected IR bands. It is
evident that al the different rehydroxylation pro-
cedures result in a substantial decrease in the propor-
tion of isolated silanols compared with bonded
silanols. However, there appeared to be little differ-
ence between the rehydroxylation procedures, with
all resulting in an 80—90% reduction in the ratio of
isolated to H-bonded silanals. It is likely that any
subtle differences in silanol content would not be
detected by IR spectroscopy, and no attempt was
made to assign bands to individual peaks within the
defined bands. The main conclusion from the IR
investigation is that boiling in water, dilute HCI or
dilute HF all result in an apparent decrease in the
intensity of IR bands associated with isolated
silanols. This observation is in agreement with
results from other studies on DRIFT analysis of
acid-treated silicas [7,27].

3.5. Chromatographic studies
The test solutes were chosen from a series of

3-substituted pyridines known to have strong sec-
ondary interactions with ionised silanols on the types

of silicas used in this study [22]. The primary aim of
the chromatographic experiments was to compare the
extent of unwanted secondary interactions of a series
of weak organic bases on the HCI- and HF-treated
phases. From previous studies [14,22] it is known
that pyridine and 3-amino pyridine (the most basic of
the analytes) are the most sensitive solutes to sec-
ondary interactions, and this was also apparent in the
present investigations.

The retention of the solutes on the HF-treated
bonded phases was reproducible, with the order of
retention corresponding to the log P values of the
pyridines, on all the bonded and endcapped phases
(Fig. 5). However, the HCl-treated columns showed
more variability in retention order between the
bonded and endcapped phases, suggesting that the
different bonded groups introduced differential ac-
cess to the ionised silanols on the HCl-treated silica
surface.

Comparing the asymmetry factors for pyridine and
3-amino pyridine on the HCI- and HF-treated silicas,
a similar pattern emerges for both the Cg; and C,q
bonded phases (Fig. 6). Overall, the HF-treated silica
gave a substantially better peak symmetry compared
with the HCl-treated, with the peak symmetry being
correlated well with the basicity of the solutes.
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3-amino pyridine
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3-acetyl 3-chloro  3-bromo
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3-chloro
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Fig. 5. (8) Retention behaviour of test analytes on C,, bonded phases following HCl and HF treatment. (b) Retention behaviour of test

analytes on C, bonded phases following HCl and HF treatment.

Following endcapping of the silicas, the improved
results with the HF-treated phases is enhanced
further, whereas the HCl-treated phases show no
change in performance or give more asymmetrical
peak shapes. These observations are supported by the
data on efficiency (Fig. 7), where it is again evident
that the bonded phases based on the HF-treated silica
give a consistently improved performance compared
with the HCl-treated. However, all the basic analytes
still show evidence of secondary interactions with
silanols, even in the endcapped phases, with
asymmetry factors of between 2 and 3 and efficien-
cies of less than 3000 plates/column. It is postulated
that the relatively high level of aluminium (and, to a

lesser extent, titanium) remaining after HF treatment,
may leave a residue of acidic silanols on the surface
of the silica, which can only be partly masked by
bonding and endcapping of the silica. As mentioned
before, these metals are known to form highly acidic
mixed oxides with silica [24] and are particularly
difficult to remove from the silica matrix.

The chromatographic studies with the weak or-
ganic bases demonstrated that the bonded phases
based on the HF-treated silica give more consistent
retention behaviour, improved efficiencies and better
peak symmetries than with the HCl-treated phases.
These results are in agreement with previous in-
vestigations [2,28] which demonstrated that refluxing
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Fig. 6. (8 Asymmetry factors of test analytes on C,, bonded phases following HCl and HF treatment. (b) Asymmetry factors of test

analytes on C, bonded phases following HCl and HF treatment.

silica with HF can improve the chromatographic
quality of bonded phases.

4. Conclusions

Data produced by severa different analytical
techniques support the conclusion that rehydroxyla-
tion of a silica support with dilute HF gives a support
material with a substantially reduced trace metal
content, fewer isolated silanols and a more extensive
surface rehydroxylation compared with the HCI-
treated silica. The markedly improved chromato-

graphic performance towards weak bases of the HF-
treated phases can be attributed to a combination of
improved surface coverage of the bonded phase and
the reduction in available sites for unwanted ion-
exchange interactions with the bases. Evidence is
presented from surface analysis of the silicas to
suggest that the bulk measurement of trace metals is
not an accurate indication of the metal available at
the chromatographic surface. Trace metals which are
present in substantial concentration in the bulk
analysis (for example, sodium) are preferentially
removed from the surface of the silica by acid
treatment. This observation explains, in part, why
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Fig. 7. (a) Plate numbers of test analytes on C,, bonded phases following HCl and HF treatment. (b) Plate numbers of test analytes on C,

bonded phases following HCl and HF treatment.

silicas with a high bulk metal content can show low
levels of adsorptive sites for basic solutes.
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