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Comparative studies of structural and surface properties of porous
inorganic oxides used in liquid chromatography
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Abstract

Structural and surface properties of chromatographic porous silica, alumina, titania and zirconia were studied using
thermogravimetry and nitrogen adsorption. The samples studied are mesoporous and exhibit relatively narrow pore size
distributions in the range from 10 to 30 nm, making them suitable for chromatographic applications. Low-pressure nitrogen
adsorption and thermogravimetry were used to monitor the effects of the thermal treatment on the surface properties of the
samples. The observed changes in surface properties caused by treatments at different temperatures were explained in terms
of the desorption of physically /chemically adsorbed water, which led to exposure of high energy adsorption sites.  1998
Elsevier Science B.V.
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1. Introduction moved from the surface via the hydrolysis of silox-
ane linkages [5,6] and at high pH values, the

Native and surface-modified porous inorganic dissolution of the silica matrix takes place [7,8]. Due
oxides, such as silica, alumina, zirconia and titania, to the low stability of silica-based materials at low
are used as chromatographic packings. Among these, and high pH values, other porous inorganic oxides,
silica-based chemically bonded phases are the most e.g., alumina, zirconia and titania, which are sig-
commonly used in analytical and preparative sepa- nificantly more stable under these conditions, are
rations under hydro-organic conditions [1]. The becoming popular as chromatographic packings [9–
popularity of silica-based packings can be attributed 12]. While stable analogs of silica-based chemically
to the relative ease with which the surface properties bonded phases are difficult to prepare using alumina,
of these materials can be tailored [1,2], providing zirconia and titania, these porous oxides can be
mechanically, thermally and chemically stable modified by various alternative methods and used as
bonded phases with specific surface properties [3]. chromatographic packings under hydro–organic con-
However, the use of silica-based chromatographic ditions [10,12].
packings is usually limited to the pH range of about Column packing materials for high-performance
2 to 8. This pH range can be extended to 11 when liquid chromatography (HPLC) need to fulfil certain
the double-endcapped silica-based bonded phases are requirements. A good chromatographic packing
used with organic buffers below 313 K [4]. At low should have high mechanical, thermal and chemical
pH, the chemically bonded ligands are slowly re- stability, a relatively high surface area, and its

surface and structural properties should be easy to
*Corresponding author. modify. Moreover, processes for preparing materials

0021-9673/98/$19.00  1998 Elsevier Science B.V. All rights reserved.
PII S0021-9673( 97 )00998-9



94 C.P. Jaroniec et al. / J. Chromatogr. A 797 (1998) 93 –102

of desired particle size, shape and pore size in a porous inorganic oxides can be expected to provide
reproducible fashion should be well-established. the most basic information about the oxide surfaces,
Chromatographic silica and silica-based bonded because nitrogen interacts with these surfaces via
phases meet all of the above criteria, with the nonspecific, dispersive interactions. Consequently, if
exception of chemical stability at high and low pH. differences in the energies of adsorption sites are
As a result, HPLC-grade silica is commercially observed for nitrogen, it is likely that these differ-
available in a variety of particle sizes, shapes and ences will be even more pronounced for adsorbate
pore sizes, and is extensively used in chromato- molecules which exhibit specific interactions (e.g.,
graphic applications. On the other hand, the pro- hydrogen bonding) with these surfaces.
cesses for the preparation of chromatographic grade Thermogravimetry can be used to evaluate the
inorganic oxides other than silica are not as well- thermal stability of inorganic oxides and the inter-
established, and chromatographic grade alumina, action of their surfaces with various probe mole-
zirconia and titania are commercially available from cules, e.g., water, alcohols and hydrocarbons. TGA
a limited number of vendors [12,13]. It should be has been used to study unmodified silica [21–23],
noted here that the porous inorganic oxides studied chemically modified and physically coated silica
in the current work are ones, which are commercially [18,24], alumina [25] and zirconia [26]. The results
available and used in chromatographic applications. of TGA measurements can supplement the adsorp-

Chromatographic properties of packing materials tion characterization of porous inorganic oxides in
are influenced not only by size and shape of their order to provide a thorough understanding of their
particles, but also by their surface and porous surface and structural properties, which facilitates the
properties. The latter can be evaluated by nitrogen applications of these materials as chromatographic
adsorption at 77 K and high resolution thermog- packings.
ravimetry (TGA), and their assessment facilitates the
chromatographic applications of unmodified and
physically and/or chemically modified inorganic

2. Experimentaloxides. Nitrogen adsorption at 77 K has been used in
extensive studies of chromatographic packings in-
cluding unmodified [14–16], chemically modified 2.1. Materials
[16–18] and physically coated [17] silica gels.

Nitrogen adsorption has been traditionally used for LiChrospher Si-100 silica, Aluspher AL100
the estimation of the specific surface area and the alumina, PICA-7 zirconia, 100A titania were ob-
pore size distribution [19] of chromatographic pack- tained from EM Science (Gibbstown, NJ, USA), E.
ings. However, adsorption measurements can also be Merck (Darmstadt, Germany), Zirchrom Separations
used to evaluate the energetic heterogeneity of these (Anoka, MN, USA) and YMC (Wilmington, NC,
materials, where the calculation of the adsorption USA), respectively. LiChrospher Si-100 silica and
energy distribution (AED) functions [20] is especial- Aluspher AL 100 are amorphous samples, whereas
ly important and interesting. The AED function is PICA-7 zirconia and 100A titania possess a crys-
assessed from low-pressure adsorption data and talline bulk structure (see details in Ref. [12]).
describes the interaction of nitrogen probe molecules
with sites of different adsorption energies present on
the surface of the material studied. These functions 2.2. Characterization methods
can be used in a comparative fashion [16–18] to
evaluate the changes in the properties of materials Nitrogen adsorption–desorption isotherms at 77 K

26induced by the surface modification, e.g., the intro- were measured in the relative pressure range of 10
duction or removal of high energy adsorption sites. It to 0.99 on a Micromeritics model ASAP 2010
must be realized that the adsorption energy is defined (Norcross, GA, USA) adsorption analyzer. Pre-
for an adsorbent–adsorbate system. Therefore, the purified grade nitrogen was used. Prior to the analy-
use of nitrogen molecules to probe the surface of sis, the inorganic oxide samples were outgassed for 2
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emaxh, with the exception of the alumina samples which
were outgassed for 4 h, in the degas port of the Q( p) 5 E u( p,e)F(e)de (1)
adsorption apparatus at various temperatures in the emin

23373–623 K range under vacuum of about 10 Torr
where Q( p) is the total relative adsorption defined as(1 Torr5133.322 Pa). The high resolution thermo-
the ratio of the volume adsorbed to the BET mono-gravimetric measurements were carried out using a
layer capacity and e is the adsorption energy in theTA Instruments model TA 2950 (New Castle, DE,
interval from e to e . u( p,e) is the localmin maxUSA) thermogravimetric analyzer. The oxides were
adsorption isotherm as a function of the adsorptionheated in a dry nitrogen atmosphere from ambient
energy and F(e)de is the fraction of the surface sitestemperature up to 1273 K using a heating rate of 5
with adsorption energies between e and e 1de. TheK/min.
Fowler–Guggenheim (FG) equation [20,32], which
describes localized monolayer adsorption with lateral
interactions on adsorption sites of energy e, was2.3. Calculation methods
assumed to represent the local adsorption isotherm:

The specific surface areas S of the inorganic Kpexp(zvQ /k T )BET B
]]]]]]u( p,e) 5 (2)oxides studied were calculated using the standard 1 1 Kpexp(zvQ /k T )B

Brunauer–Emmett–Teller (BET) method [27] from
where K is the Langmuir constant for adsorption onadsorption data in the relative pressure ( p /p ) range0
monoenergetic sites, z is the number of nearestof 0.06 to 0.25, where p and p denote the equilib-0
neighbors of an adsorbate molecule in the mono-rium and saturation pressures of nitrogen at 77 K,
layer, v is the interaction energy between a pair ofrespectively. The total pore volumes V were evalu-t
nearest neighbors, k is the Boltzmann constant andated by converting the volume of adsorbed nitrogen B

T is the absolute temperature. The Langmuir con-at p /p of approximately 0.98 to the volume of liquid0
stant K is defined asadsorbate. The pore size distributions for the oxides

e / k Twere evaluated from the desorption data using the BK 5 K (T )e (3)0Barrett–Joyner–Halenda (BJH) method [28]. The
where K (T ) is the pre-exponential factor, which canBJH method uses the Kelvin equation with a correc- 0

be expressed in terms of the partition functions fortion for the statistical film thickness on the pore
an isolated adsorbate molecule in the gas and surfacewalls to relate the capillary evaporation pressure with
phases [20,32]. The form of the FG equation usedthe pore size. Moreover, it takes into account the
[Eq. (2)] implies a random distribution of adsorptiondecrease of the statistical film thickness in pores,
sites, which appears to be a realistic model for thewhich were already emptied during the desorption
surfaces of porous inorganic oxides due to theirprocess. The BJH method is expected to provide a
noncrystallinity and the presence of various surfacereasonable pore size evaluation for the inorganic
groups [16]. The AED functions for the oxidesoxides studied, since their mesopores have sizes
studied were calculated using the INTEG programsignificantly above an estimated lower limit of the
which uses the regularization method [33] to invertvalidity of the Kelvin equation [29]. Note that
the integral equation of adsorption [Eq. (1)] withaccording to the IUPAC recommendations [30,31]
respect to F(e). The interaction parameters z54,the pores are classified as micropores (widths below
v /k 595 K and the regularization parameter g 50.12 nm), mesopores (widths between 2 and 50 nm) and B

were assumed in all calculations [15,16].macropores (widths above 50 nm).
The adsorption energy distribution functions for

the inorganic oxides studied were calculated from
0submonolayer adsorption data (i.e. v,v , where v is 3. Results and discussion

0the volume adsorbed and v is the BET monolayer
capacity) by inverting the integral equation of ad- Nitrogen adsorption isotherms for the chromato-
sorption [20]: graphic porous oxides are shown in Fig. 1. These
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which exhibit type IV adsorption isotherms with H1
hysteresis loops are the most suitable for chromato-
graphic purposes.

The pore size distributions for the inorganic
oxides, calculated from the desorption branches of
isotherms using the BJH method [28], are shown in
Fig. 2. The pore size distribution curves for titania,
alumina and silica are relatively narrow and centered
between 10 and 20 nm. The distribution curve for the
zirconia sample appears to be bimodal (maxima in
the pore size range from 10 to 25 nm), which is in
agreement with the distribution obtained from mer-
cury porosimetry for a zirconia sample prepared via
the polymerization-induced colloid aggregation
(PICA) method and sintered at about 1200 K [10].
As it was mentioned earlier, the narrow pore size
distributions centered in the intermediate mesopore
range are desirable for the applications of inorganic
oxides as chromatographic packings.

Shown in Table 1 are the structural properties ofFig. 1. Nitrogen adsorption isotherms for the chromatographic
porous oxides. the chromatographic porous oxides studied, which

include the average particle size (provided by the
manufacturers), total pore volume and average pore
size. The total pore volumes of the inorganic oxides

isotherms were measured on samples outgassed at under study were not affected appreciably by the
the lowest temperature from the series of measure-
ments for each oxide, but the outgassing temperature
significantly affects only the low-pressure parts of
the isotherms which are not visible on the linear
scale of Fig. 1. The uptake of nitrogen by the
inorganic oxide samples proceeded as monolayer–
multilayer adsorption followed by capillary con-
densation, i.e. instantaneous filling of mesopores
with adsorbate, in the relative pressure range from
ca. 0.7 to 0.8. Upon desorption, pronounced hyster-
esis was observed for all samples under study. The
adsorption isotherms are of type IV according to the
IUPAC recommendations [30,31]. This type of iso-
therm is characteristic for mesoporous samples
which do not contain an appreciable amount of
macropores. The hysteresis loop for zirconia is of
type H1 and the loops for the remaining samples are
intermediate between types H1 and H2 [30,31]. As is
indicated by narrow hysteresis loops with steep and
nearly parallel adsorption and desorption branches,
the oxides studied appear to have good pore connec-
tivity and relatively narrow pore size distributions. It Fig. 2. Pore size distributions of the porous oxides calculated from
was previously reported [10] that inorganic oxides, desorption data using the Barrett–Joyner–Halenda method.
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Table 1
Structural and surface properties of the chromatographic porous oxides under study

Sample Average particle Average pore Total pore Amount of
3size (mm) size (nm) volume (cm /g) adsorbed water

2 a(mmol /m )

Titania 100A 5 12.5 0.20 22.1
Zirconia PICA-7 2.5 25.8 0.15 19.6
Aluspher AL100 5 10.7 0.50 29.7
LiChrospher Si-100 10 12.9 1.23 10.2
a Amount of physically and/or chemically adsorbed water was estimated using TGA measurements from the mass-loss at 623 K.

temperature at which the material was outgassed are simply scaled by a factor of about 1.06. This can
(from 373 to 623 K). However, small systematic be attributed to the experimental error of the ad-
changes were observed in the BET specific surface sorption measurements performed under slightly
areas of some of the oxide samples, as a result of the different conditions, e.g., different sample tubes,
thermal treatment (see Table 2). For the silica, the different masses of the sample used, etc.. On the
BET specific surface area remained essentially the other hand, those types of errors are not expected to
same after treatment at 413, 473 and 623 K. It should influence the results of comparative studies per-
be noted here that in comparison with our previous formed on the same sample in the same sample tube,
studies [17,18], differences of about 6% were ob- as was the case in the current study. Moreover, it
served in both the specific surface area and total pore was observed that the thermal treatment for some
volume for LiChrospher Si-100 silica. However, the samples led to a significant change of the overall
previously reported and currently measured adsorp- shape of the low-pressure adsorption isotherms, and
tion isotherms have essentially identical shape and did not just systematically scale all adsorption data.

So the changes induced by the thermal treatment
reported in the current work are meaningful and do

Table 2 not arise simply from experimental errors.
Effect of the thermal treatment on the specific surface areas of the Although the BET specific surface area for the
chromatographic porous oxides

silica was not dependent on the degassing tempera-
Sample Treatment BET surface tures in the 413–623 K range, systematic changes

2temperature area (m /g) were observed between the titania, zirconia and
(K)

alumina samples treated at different temperatures.
Titania 100A 373 52 For Titania 100A a difference of about 10% in the

413 55
BET specific surface area was observed for samples473 57
outgassed at 373 and 623 K. The largest increases in573 58

623 58 S occurred after treating the sample at 413 K andBET

then at 473 K. Outgassing the titania sample atAluspher AL100 393 152
temperatures between 473 and 623 K had a much473 153

623 160 smaller effect on the BET surface area of the sample.
The BET surface area of Zirconia PICA-7 slowlyZirconia PICA-7 373 33

413 33 increased following the thermal treatment at tem-
473 33 peratures in the 373–623 K range, where the differ-
623 34 ence for samples outgassed at 373 and 623 K was

LiChrospher 413 360 about 3%. The difference in the BET surface area for
Si-100 473 360 samples of Aluspher AL100 outgassed at 393 and

623 360 623 K was about 5%. It should be noted that for this
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oxide, S remained essentially unchanged after theBET

treatment at 393 and 473 K, and the 5% increase in
the BET specific surface area occurred following the
treatment at 623 K.

Shown in Fig. 3 is the effect of the thermal
treatment at temperatures between 373 and 623 K on
the low-pressure adsorption behavior of the inorganic
oxides studied. The adsorption energy distribution
functions calculated using submonolayer adsorption
data are shown in Fig. 4. No significant changes
were observed in the low-pressure adsorption iso-
therm (Fig. 3) and the AED function (Fig. 4) for
LiChrospher Si-100 treated at 413, 473 and 623 K.
However, the thermal treatment induced significant
changes in the low-pressure adsorption behavior for
the remaining oxides, where the effect of the treat-
ment was most pronounced for the Titania 100A
sample. The low-pressure adsorption increased sig-

Fig. 4. Comparison of nitrogen adsorption energy distributions fornificantly for titania as the sample was treated at
the porous oxides thermally treated at different temperatures in thetemperatures from 373 to 623 K, and the initial part
range from 373 to 623 K.26 24of the isotherm ( p /p range from 10 to 10 ) for0

the sample treated at 623 K is similar to isotherms
measured for microporous adsorbents. Similar very unlikely that micropores were created by the
changes in the adsorption profiles appeared to be thermal treatment, because the adsorption isotherms
present, but to a much smaller extent, for zirconia nearly converge at the relative pressure of about 0.1
and alumina samples treated at 623 K. However, it is for all oxide samples. Rather, it appears that the

thermal treatment of the porous inorganic oxides
removed adsorbed species from their surfaces (most
likely physically and/or chemically adsorbed water),
thereby exposing high energy adsorption sites which
can strongly interact with the nitrogen probe mole-
cules.

The above interpretation was supported by high
resolution thermogravimetric measurements. The
mass-loss (TGA) curves and the derivative mass-loss
(DTG) curves for the porous inorganic oxides are
shown in Fig. 5. Using the mass-losses at 623 K, the
amounts of physically and/or chemically adsorbed
water on the surfaces of the oxide samples, ex-

2pressed as mmol of water per m of dry oxide
2(mmol /m ), could be estimated. It was assumed that

it is only water that desorbs up to 623 K and that all
surface coordinated water, physisorbed or chemi-
sorbed excluding ‘‘permanent’’ hydroxyl groups
(e.g., silanols or residual hydroxyl groups on titania)
is removed up to 623 K. The examination of theFig. 3. Comparison of low-pressure nitrogen adsorption isotherms
TGA curves for the oxides indicates that the assump-for the porous oxides thermally treated at different temperatures in

the range from 373 to 623 K. tion that all physically /chemically adsorbed species
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different types of chemisorbed water, including
surface hydroxyl groups, are removed from the
surface [26]. In the case of porous zirconia one
should also be concerned with the strong adsorption
of carbon dioxide onto the surface [37,38]. As
previously reported on the basis of coupled TGA and
mass spectroscopy [26], chemisorbed CO is re-2

moved from the zirconia surface at temperatures
between 673 and 973 K. Moreover, it was shown
[26] that water vapor inhibits the adsorption of CO2

on zirconia. For the particular zirconia sample under
study, there does not appear to be a significant
amount of chemisorbed carbon dioxide because a
very small mass-loss is observed in the 600–1000 K
range. The thermal treatment of the sample up to 623
K probably removes mostly physically adsorbed
water (largest mass-loss takes place up to about 500
K) and some chemisorbed water between about 500
and 623 K. Moreover, if small amounts of adsorbed

Fig. 5. Thermogravimetric weight-loss curves for the porous CO are present, they would not be removed by the2
oxides under study. thermal treatment up to 623 K [26]. Therefore, any

CO will be present in equal amounts for all zirconia2

are already removed at 623 K is quite reasonable for samples under study, and the thermodesorption of
all samples, possibly with the exception of Aluspher CO should not be a factor in the changes observed2

AL100, for which the TGA curve does not level off in the low-pressure isotherms for zirconia (Fig. 3).
at temperatures close to 623 K. On the basis of infrared measurements [10,39,40],

The Titania 100A material showed a significant zirconia with no significant amount of physically
mass-loss up to about 600 K, which can be attributed adsorbed water, has been reported to contain two
to the thermodesorption of different types of ad- easily distinguishable types of hydroxyl groups (i.e.
sorbed water. Moreover, it appears that the titania single and bridged).
surface possesses at least two main types of sites The Aluspher AL100 sample exhibits a continuous
with respect to water adsorption, which can be seen mass-loss up to about 1200 K. The largest decrease
from the two distinct maxima in its derivative mass- in the mass of the material (about 8%) takes place up
loss curve. The TGA curve for titania is relatively to 600 K, but a significant mass-loss (about 2%) still
flat following the large mass-loss up to about 600 K occurs in the 600–1200 K region. It appears that the
and it can be assumed that at about 623 K the sample alumina sample contains various types of physically
contains no significant amounts of water. It is and chemically adsorbed water [41], which are
interesting to note that on the basis of infra-red gradually removed at different temperatures from
measurements [34,35], dry anatase was reported to 300 to 1200 K. Therefore, the use of mass-loss at
possess two distinct types of residual hydroxyl 623 K to calculate the amount of physically and
groups, which are present even after evacuation at chemically adsorbed water for Aluspher AL100 may
973 K [34]. be less accurate than for other porous oxide samples.

The Zirconia PICA-7 sample exhibits a significant As far as the mass-loss curve for LiChrospher
mass-loss up to about 600 K and a much smaller Si-100 is concerned, the decrease in mass up to
further mass-loss up to about 1000 K. According to about 500 K corresponds to the thermodesorption of
infrared measurements [37], porous zirconia loses physically adsorbed water molecules, where nearly
physisorbed and coordinated water up to approxi- all water is removed when the temperature of
mately 473 K. Between 473 and about 1200 K, approximately 400 K is attained. Between 500 and
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700 K the mass of the silica is nearly constant. This The isotherms for the silica sample treated at 413,
is followed by a decrease in mass with a maximum 473 and 623 K are essentially the same (Fig. 3).
rate at about 900 K corresponding to the condensa- Consequently, the AED functions (Fig. 4) are identi-
tion of surface silanols [7,8]. cal and indicate the presence of three main types of

Shown in Table 1 are the estimated amounts of adsorption sites with adsorption energies of about 5,
water physically and/or chemically adsorbed on the 8 and 13 kJ /mol. The fact that the adsorption
surfaces of porous inorganic oxides under study, behavior of the silica is not dependent on the
where the S values for the samples outgassed at outgassing temperature is consistent with its mass-BET

473 K (see Table 2) were used. As can be seen, the loss profile (Fig. 5), as the mass is relatively constant
2amount of surface-coordinated water per m of the between 400 and 600 K. It appears that outgassing

dry material is the smallest for LiChrospher Si-100 the silica sample at 413 K is sufficient to remove
2silica (about 10 mmol /m ). In comparison to the most of the adsorbed water, and consequently no

water contents for LiChrospher Si-100, the amounts further changes in the adsorption behavior are noted
of physisorbed/chemisorbed water are two times for higher outgassing temperatures.
higher for the Titania 100A and Zirconia PICA-7, The adsorption isotherms for the Aluspher AL100
and three times higher for Aluspher AL100. More- alumina outgassed at 393 and 473 K do not differ
over, for the silica sample, mostly physically ad- appreciably (Fig. 3). However, the sample treated at
sorbed water appears to be removed up to 623 K, but 623 K exhibits a significantly different adsorption
the titania, zirconia and alumina samples probably profile. The adsorption energy distributions (Fig. 4)
contain significant amounts of both physically ad- indicate at least three main types of adsorption sites
sorbed and chemisorbed water that can be removed for alumina with adsorption energies of about 5, 10
in the same temperature range. The complexity of and 14 kJ /mol. The AED functions for samples
interactions of water molecules with surfaces of outgassed at 393 and 473 are nearly the same, but
titania, zirconia and alumina indicate the rich surface after the treatment at 623 K, the height of the peak at
chemistry of these materials compared to silica. about 10 kJ /mol decreased and the height of the 14
Chromatographic properties of these materials were kJ /mol peak increased. Hence, the thermal treatment
recently studied under normal- and reversed-phase at 623 K increased the population of high adsorption
conditions [12]. It was shown that neither the energy sites, most likely due to desorption of water
selectivity nor the elution order were affected by the from them, which made them accessible for nitrogen
degree of crystallinity. It appears that the specific adsorbate. Aluspher AL100 exhibits a continuous
surface area, the degree of the surface hydration and mass-loss profile up to 1200 K (Fig. 5). Moreover,
the surface acidity–basicity control the retention by the alumina was estimated to possess significant
native oxides under normal-phase conditions. In amounts of surface associated water (see Table 1).
contrast to silica, the basic properties of alumina, The adsorption measurements indicate that the ther-
titania and zirconia make them promising for sepa- mal treatment up to 473 K removes large amounts of
rations of basic compounds [12]. However, their physically adsorbed and/or weakly chemisorbed
surface properties are not as well understood as those water (i.e. not associated with high energy adsorp-
of silica [10], which is one of the reasons these tion sites). The thermal treatment at much higher
inorganic oxides tend to be less popular in chromato- temperatures (e.g., 623 K) appears to remove a
graphic applications than silica-based packings. fraction of the more strongly chemisorbed water,

The low-pressure behavior (Fig. 3) and adsorption thereby revealing high energy adsorption sites on the
energy distributions (Fig. 4) for the inorganic oxides alumina surface.
can be interpreted in terms of the exposure of high The low-pressure adsorption for Zirconia PICA-7
energy adsorption sites on the surfaces of these increased for the sample treated at the temperatures
materials caused by the thermal treatment, and the in the range from 373 to 623 K (Fig. 3). The AED
changes in the nitrogen adsorption behavior are functions (Fig. 4) indicate that the zirconia sample
consistent with the mass-loss profiles for all oxides possesses two main types of adsorption sites at
under study. approximately 6 and 15 kJ /mol. Some adsorption
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sites with energy of about 10 kJ /mol may also be different temperatures in the range from 373 to 623
present. These may correspond to different types of K enabled us to probe the surface of titania with
hydroxyl groups or water chemisorbed at surface significantly varying amounts of high energy ad-
sites, but the assignment of peaks in the distribution sorption sites.
to particular types of adsorption sites would be rather
difficult. The slow and steady increase in the low-
pressure adsorption for zirconia can be interpreted in
terms of its mass-loss profile (Fig. 5). Zirconia 4. Conclusions
PICA-7 contained an appreciable amount of surface-
associated water (see Table 1). However, most of A combination of thermogravimetry and nitrogen
this water (about 1% of sample mass) was gradually adsorption over a wide range of pressures allowed
removed up to 400 K. A much smaller mass-loss the gain of much insight into surface and structural
(approx. 0.2%) occurs between 400 and 600 K. The properties of the chromatographic porous oxides
changes in the low-pressure adsorption and AED studied. Adsorption data were used not only to
functions caused by the thermal treatment of zirconia calculate the specific surface areas and pore size
are also gradual. It can be seen that the amount of distributions for the samples, but also to assess their
sites of the highest adsorption energy (i.e. 15 kJ / surface properties, i.e. their interactions with nitro-
mol) increases at the expense of the 10 kJ /mol sites, gen probe molecules. All the porous oxides under
whereas the population of lowest energy sites (6 study have rather narrow mesopore size distributions,
kJ /mol) remains essentially unchanged. which is desirable for chromatographic purposes.

Among the porous oxides studied, the effects of The surface properties of titania, and to a smaller
the thermal treatment in the 373–623 K temperature extent zirconia and alumina, were found to be
range were most pronounced for Titania 100A. The dependent on the thermal treatment of the samples in
changes in the adsorbed amount and the isotherm the temperature range from 373 to 623 K. The
shape (Fig. 3) are the largest for the sample out- increases in the population of high energy adsorption
gassed at 373 and 413 K. The AED function for sites, observed from low-pressure adsorption data,
titania reveals significant changes in the surface were attributed to the exposure of these sites to the
properties of the material. Following the thermal nitrogen adsorbate after the physically /chemically
treatment at 373 K, the AED function for titania adsorbed water was removed by the thermal treat-
(Fig. 4) indicates three main types of adsorption sites ment. There appeared to be a good correlation
with adsorption energies of about 5, 10 and 13 between the changes in the low-pressure nitrogen
kJ /mol. After the treatment at 413 K, the population adsorption isotherms and the shape of thermogravi-
of 10 kJ /mol sites decreased significantly, whereas metric mass-loss curves for all oxides studied. The
the amount of highest energy sites substantially current study shows that surface properties of porous
increased. An even greater amount of high energy oxides can be effectively probed by low-pressure
adsorption sites can be noticed after outgassing at nitrogen adsorption measurements. As was previous-
temperatures from 473 to 623 K, for which two main ly indicated [10], the detailed investigation of the
types of adsorption sites with energies of about 5 and surface and structural properties of porous materials
13 kJ /mol are present in the distribution functions. facilitates their applications as chromatographic
As previously noted, two distinct types of residual packings.
hydroxyl groups have been reported for dry anatase
on the basis of infrared measurements [34–36].
Similarly as for the other oxides, the mass-loss
profile for titania provides insight into the changes in Acknowledgements
surface properties induced by the thermal treatment.
The removal of adsorbed water for Titania 100A The authors thank Zirchrom Separations, E. Merck
takes place in two distinct steps up to about 600 K and YMC for providing the samples of zirconia,
(Fig. 5). Therefore, outgassing of the sample at alumina and titania, respectively.
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[14] M. Jaroniec, in: A. Dąbrowski, V.A. Tertykh (Eds.), Ad- Chem. 13 (1992) 17.

sorption on New and Modified Inorganic Sorbents, Elsevier, [34] M. Primet, P. Pichat, M.V. Mathieu, J. Phys. Chem. 75 (1971)
Amsterdam, 1996, p. 411. 1216.

[15] Y. Bereznitski, M. Jaroniec, M. Kruk, J. Liq. Chromatogr. 19 [35] D.J.C. Yates, J. Phys. Chem. 65 (1967) 746.
(1996) 1523. [36] K.I. Hadjiivanov, D.G. Klissurski, Chem. Soc. Rev. 0 (1996)

[16] Y. Bereznitski, M. Jaroniec, M. Kruk, B. Buszewski, J. Liq. 61.
Chromatogr. 19 (1996) 2767. [37] V. Bolis, C. Mortera, M. Volante, L. Orio, B. Fubini,

[17] M. Kruk, M. Jaroniec, R.K. Gilpin, Y.W. Zhou, Langmuir 13 Langmuir 6 (1990) 695.
(1997) 545. [38] E. Guglielminotti, Langmuir 6 (1990) 1455.

[18] C.P. Jaroniec, R.K. Gilpin, M. Jaroniec, J. Phys. Chem. B [39] A.A. Tsyganenko, V.M. Filimonov, Spectrosc. Lett. 5 (1972)
101 (1997) 6861. 477.

[19] S.J. Gregg, K.S.W. Sing, Adsorption, Surface Area and [40] W. Hertl, Langmuir 5 (1989) 96.
Porosity, Academic Press, London, 1982. [41] A.A. Tsyganenko, P.P. Mardilovich, J. Chem. Soc., Faraday

[20] M. Jaroniec, R. Madey, Physical Adsorption on Heteroge- Trans. 92 (1996) 4843.
neous Solids, Elsevier, Amsterdam, 1988.


