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SUMMARY

Non-equilibrium, pulse-injection chromatographic techniques have been em-
ployed to obtain the adsorption isotherms of a variety of hydrocarbons, water vapour
and perfluorotributylamine on syathetic imogolite, an aluminosilicate mineral of
tubular structure. With the aid of Dubinin plots, the micro-pore volume of the mineral
has been computed and is seen to be dependent on the packing density of the adsorbate
used as molecular probe. The isosteric heats of adsorption of a number of hydro-
carbons have been determined; the values reported are in excess of those for hydrox-
ylated silica gel.

INTRODUCTION

Naturally occurring imogolite is a fibrous, regular polymeric aluminium
silicate mineral identified in several volcanic ash soils and other weathered pyroclastic
deposits. The mineral consists of long tubes, typically greater than I zm in length,
with O.D. and LD. of ca. 2.3 and 1.0 nm, respectively’. Examination of the dry
material with an electron microscope shows the tubes to be partially aligned in
bundles?, and the structure provides for a high specific surface. The walls of the tubes
have a structure similar to that of gibbsite, with orthesilicate groups replacing the
inner hydroxyl surface of the gibbsite tubes. This tubular structare has an empirical
formula (FHO);ALOsSiOH, which is also the sequence of atoms encountered on
passing from its outer to its inner surface. Removal of water. which activates the
structure, creates a stable tubular lattice into which molecules may permeate depend-
iz-zg on their molecular size. The material may be considered, thereiore, as a molecular
sieve.

The micro-porous pature of natural imogolite has been studied and chaxac-
terised by Wada and Henmi® and Egashira and Aomine*. Wada and Henmi studied
the retention of quaternary ammonium chiorides by the change induced in the X-ray
pattern of the imogolite due to salt addition, and by the gravimetric determination of
water vapour adsorbed at various relative humidities. Egashira and Aomine examined
the effects of drying and heating on the surface area of imogolite, employing methods
involving both nitrogen and 2-ethoxyethanol to monitor changes in surface area.



58 M. J. ADAMS

The resnlts of these studies confirmed the micro-porous crystalline structure of

natural imogolite.

Farmer et al5 have recently published the first synthesis of an imogolite
="='eguc haw_r}g a stiucture and nmgmﬁ similar to those of the natural mineral,
The following report presents the results of a study of the adsorption characteristics
of this synthetic material with a variety of non-reactive vapours as determined by
pulse-injection gas chromatography at elevated temperatures. The results are con-
sistent with synthetic imogolite having a micro-porous structure and exhibiting
molecular-sicve characteristics. The isosteric heats of adsorption for a number of
hydrocarbon vapours on synthetic imogolite are also recorded.

PHYSICCOGCHEMICAL MEASUREMENTS FROM GAS CHROMATOGRAPHY

The majority of gas—solid adsorption studies are undertaken in closed static
systzms by vclumetric or gravimetric determination of the adsorption isotherm. In
recent years, however, severai workers have reporicd on the use of gas chromato-
graphic rnethods for the avalaation of physicechemical properties of adsorbents, and
the subject has been reviewed by Sing® and Laub and Pecsok®.

Nelson aad Eggertsen, in 1958, described a method® for the rapid determization
of surface areas of adsorbents by using a continuous-flow, low-temperature chro-
matographic procedure. This was later modlﬁed by Roth and Ellwood? and Stock™®.
More recently, Ghesh ez al.!! have applied a comparative chromatographic techaique
using discrete sample injections. Huber and Geiritse!? have reviewed and evaluated
the dynamic gas chromatographic methods for the determination of adsorptioa
isotherms. The results described here are based on the development by these workers
of the non-equilibrium, pulse-injection techniques described as the peak-maxima
method and the peak-profile method.

2 application of the two methods may be appreciated with the aid of the
diagrams shown in Fig. 1. By the peak-maxima method, Fig. 1(2), a series of chro-
matograms obtained by injecting differing aliquots of component i is recorded at
constant temperature, T, and constant carrier-gas flow-rate. The peak-profile method,
Fig. 1b, is similar to the peak-maxima method, but the distribution isotherm is
obtained from a single chromatogram.

The average concentration of component / in the adsorbent stationary phase,
C#*, and the average concentration of 7 in the mobile vapour phase, Ci=, may be
calculated from the eguations

Cit = % gg™t 1)
Ci* = %— gem™3 2

where A4 is the arca ODEF on the recorder chart (afier correction for diffusion), n is
the deviation of the chart pen from the base-line, w is the recorder-chart speed, v is
the average flow-rate of carrier gas in the column, m is the mass of adsorbent within
the columa and s is the sensitivity (defined as the peak area, before correction for
diffusion, divided by ihe amount of component i injected).
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Fig. 1. Pulse-iniectiop techniques for determination of adsorption isotherms: (2) peak-maxima
method; (b) peak-profile method (following the classification by Huber and Gerritse!?).

Assuming ideal-gas behaviour of the vapour, then the pressure, P, of the
vapour concentration Ci™ is given by
Ci"RT
P=_— "
- G
where M is the molecular weight of component i and R is the gas constant.

EXPERIMENTAL

The synthetic imogolite was prepared in the manner described by Farmer and
Fraser’®. Aluminium butoxide and silicon tetraethoxide were hydrolysed in per-
chloric acid, and the resulting solution was heated to 100°C. The imogolite was
isolated from the acidic solution by neutralising the suspension with sodium hydroxide
solution and repeatedly washing with distilled water, cenfrifuging the gel formed to
remove salts. The gel was finally freeze-dried, and its purity and structure were con-
firmed by X-ray diffraction, electron microscopy and IR spectroscopy.

A sample of the air-dried imogolite powder was crushed to pass through a
150-zm-mesh sieve, and ca. 1 g (accurately weighed) of that portion retained oa a
106-pm-mesh sieve was used to pack the glass chromatographic column (U-shaped;
45 cm X 2 mm I.D.). The packed column was mounted within a Pye chromatograph
(model 104 ; Pye Unicam, Cambridge, Great Britain) and, with dry nitrogen as purge gas,
was heated to ca. 200°C (473°K) and maintained at this temperature for at least 24 h
to dry and activate the imogolite packing. After activation, the column was already
for the adsorption studies.
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The required column temperature was selected, and the column was allowed
to equilibrate overnight with a constant flow of dried nitrogen. The nitrogen flow-rate
was so adjusted as to provide 1520 cm® min~! of nitrogen, measured with tke aid
cf a soap-bubble flowmeter at the column outiet and the column flow-rate was
calculatad by applving a temperature-difference correction factor as discussed by
Laub and Pecsok’. Because of the short column length used and the low gas flow-rate
employed, the pressure drop across the column was assumed to be negligible. The
signal from the detector and associated amplifier was recorded, as a fuaction of time,
by use of 2 conventional potentiometric chart recorder.

For most of the studies reported, a flame ionisation system was used as
detector at the outlet of the column; however, a thermal-conductivity detector was
necessary to study the adsorption of water vapour.

The adsorbates examined were obtained from a variety of sources; all were
sufficiently pure as to provide a single, well-defined peak at the detector.

The peak-profile and peak-maxima methods were compared by using hydro-
carbon adsorbates (n-pentane, nr-hexane, cyclohexane and benzene) at a column
temperature of 140°C (413°K). For the peak-maxima method, known aliquots of the
hydrocarbons {ca. 0.1-1.0 mg)} were injected on to the cclumn with the aid of a
calibrated syringe; each injection of each sample was repeated at least three times.
The recorder traces were examined manually and corrected for diffusion as discussed
by Dellimore ef al.!* and Bechtold™, and values of Ci™ and Ci* were determined as
discussed previously; the adsorption isothermm was constructed from these values.
Witih the peak-profile method, a single aliquot (ca. 1 mg) of each hydrocarbon was
injected on to the coluinn, each injection being repeated at least three times. Again,
after correction for diffusion, Ci™ and Ci* were evaluated, and the adsorption isotherm
was determined. For the series of hydrocarbons examined, no differences were
observed between the isotherms obtained from the two methods. Because of its
greatsr simplicity, therefore, the peak-profile method was used exclusively for the
reinaining studies.

At three selected temperatures, 140°C (413°K), 147°C (420°K), and 153°C

(426°K), the adsorption isotherms were determined for r-butane, n-pentane, n-hexane,
cyclohexane and benzene on synthetic imogolite using the peak-profile method. In a
similar manner, the adsorption isotherms for water vapour and perfluorotributyl-
amine (heptacosafiuorotributylamine) were determined at column temperatures of
200°C (473°K) and 207°C (480°K), respectively.
; For reference purposes, the adsorption isotherms of nitrogen on synthetic and
natura! imogolite were determined volumetrically with the aid of a Carlo-Erba
Sorptomatic 1800 apparatus, in which the isotherm was recorded automaticaily by
measuring the equilibrium pressure in the system after the introduction of a calibrated
voiume of nitrogen.

RESULTS AND DISCUSSION

Fig. 2 shows the adsorption isotherms for nitrogen adsorbed on natural and
synthetic imogolite samples, measured volumetrically with the Sorptomatic system
at 77°K. The adsorptica-pressure curve is of the form of a Type I isotherm and is
characteristic of micro-porous adsorberts, i.e., those containing micro-capillasies less
than a few molecular diameters wide.
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Fig. 2. Nitrogen adsorpticn isotherms for natural (@) and synthetic (@) imogolite; curves obtained
by automatic volumetric analysis at 77 °K.

The classical interpretation of the Type I isotherm assumes the adsorbed layer
to be one molecule thick and the plateau of the isotherm to correspond to the com-
pletion of this monolayer. However, this view has recently been modified, and it is
now generally held that there is no monolayer point on the isotherm, but that the
plateau region indicates filling of the micro-pores with adsorbate in liquid-like form,
and it is common practice to determine from this the micro-pore volume. It is evident
from Fig. 2 that the pore volume of the synthetic material is less than that of the
patural imogolite, and Table I shows the pore volumes and surface areas, as deter-
mined from the classical Langmuir plot, for the two samples.

TABLE I
COMPARATIVE DATA FOR NATURAL AND SYNTHETIC IMOGOLITE FROM THE
NITROGEN ADSORPTION ISOTHERMS

Adsorbent Micro-pore volume (cn® g—) * Surface area (m* g=*)**
Natural imogaolite 0.146 402
Synthetic imogolite ~ 0.112 313

* As cm?® of liquid mitrogen at 77 °K per g of anhydrous adsorbent.
** As determined from the Langmuir equation and expressed in terms of anhydrous adsorbent.

The adsorption isctherms for n-butane, n-pentane, n-hexane, cyclohexane and
benzene, and those for water vapour and perfiuorotributylamine, are shown in Fig. 3;
these were obtained with a gas chromatographic system as described above. According
to Huber and Gerritse'?, the isotherms obtained by these non-equilibrium techniques
at low pressures are similar to those obtained by equilibrium methods, but at higher
pressures are more linear (because of kinetic effects within the column). At the low
pressure of adsorbate used in these studies, the plateau region of the isotherm (corre-
spording to micro-pore volume filling) is not attained, and thus the pore volume is
not directly given. However, the adsorption-potential theory modified and discussed
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Fig. 3. Adsorption isotherms obtained by the peak-profile method with synthetic imogolite 2sadsorb-
ent for: (2), benzene, (@), n-bexane (O), r-peatane (B), n-butane (1) and cyclohexane (§) at 413 °K;
and (b), water (A) at 473 °K and perfiuoroiributylamire (A) at 480 °K.

by Dubinin!® may be applied to the determination of micro-pore volumes. Acvording
to Dubinin,

= \ Py
logse CF* = l0g;e (Ve0) — B (logie ) @

where ¥, is the total volume of micro-pores and g and P, are the density of the liquid
adsorbate and its saturated vapour pressure, respectively (B is a constant dependent
on the affinity coefficient, the pore-size distribution and the temperature}.

Thus, 3 plot of iog Ci* vs. (log Po/PY should give a straight line of intercept
log (V,-0). Dubinin has found that eqn. 4 applies for a variety of adsorbates, within
the range 1-10~% to 0.2 relative pressures, on micro-porous adsorbents. The Dubinin
plots calculated from the chromatographic isotherms according to egn. 4 are shown
in Fig. 4, and the data are tabulated in Table II. All gave excelient straight-line fits,
with no coefficient of variation lower than 0.995 (the value for water vapour adsorp-
tion). The column temperature, within the narrow range examinad, kas no systematic
effuct oa the value determined for ¥V,-o. The final column of Table II presents the
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Fig. 4. Dubinin micro-pore volume plots for adsorption on synthetic imogolite: @) water, 473 °K;
(®) beazene, 413 °K; (©) r-hexane, 413 °K; (d) #-peatane, 413 °K; (e) n-butane/cyclohexane, 413 °K;
and (f) perfiuorotributylamine, 450 °K.

TABLE II
DUBININ PLOT DATA FOR SYNTHETIC IMOGOLITE
Adsarbate Vo Vo< (e g™?)
413 °K 420 °K 426 °K
r-Butane 0.G29 0.029 0.028 0.061
r-Pentane 0.030 0.0320 0.028 0.057
n-EHexaone 0.035 0.038 0.035 0.067
Cyclohexane 0.026 0.025 0.027 0040
Benzene 0.039 0.035 0.035 0.050
Water 0.068** 0.083
Perfluorotributylamine 0.010°** - 0.0065

* Assuming adsorbate densities at room temperature and anhydrous adsorbate,
** Column temperature of 473.15 °K.
*** Column temperature of 480.15 °K.

values for the micro-pore volumes, V,, calculated for the adsorbates studied assuming
their liquid density in the chromatographic column to be similar to that at room
temperature. Unfortunately, high-temperature liquid-density data are not readily
available; as the cubic expansivity of hydrocarbons is typicaily 1073-10% °K 1, the
values reported for ¥, in Table H may be approximately 1094 low because of error in
the density value used. It is evident that the micro-pore volumes reported are de-
pendent op the nature of the adsorbate and may be considered to be a function of i ltS
packirg density within the imogolite structure.

The problem of adsorbate—adsorbent interactions in .relation to molecular
sieves has been examined by Gurfein er al.'”. These workers computed the potential-
energy curve for an adsorbate molecule within a pore as a function of the distance
of the molecule from the nearest paint on the pore wall. For a pore diameter of D
and an adsorbate molecular diameter of d, they concluded that, if the ratio D/d is
greater than 1.5, the potential energy of the molecule within the pore exhibits a ring
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minima at approximately dj2 from the wall. As the ratio D/d becomes smaller (by
increasing the size of the probe molecule), repulsive forces play an increasing role,
and, when D is less than 24, the pore can accommodate only one molecule, across its
diameter. Thus, if 2 > Dfd > 1.5, the adsorbed molecule will move within a ring
minimum inside the pore, and the packing density of the adsorbate will be lower than
that of the pure liquid adsorbate.

In studying the molecular-sieve action of zeolites, it is normal to use molecular
kiretic diameters to assess the apparent pore size of the zeolites. Breck!® has discussed
many examples of this, and, for the hydrocarbons used, the reported kinetic diameters
range from ca. 0.43 nm for butane to 0.6 am for cyclohexane. Electron microscopy
and X-ray diffraction studies, as mentioned previously, show that the synthetic
imogolite tube structure has an inner-tube diameter of ca. 1.0 am, hence values of
D/d range from ca. 2.3 for butane to 1.7 for cyclohexane. It is to be expected, there-
fore, that the packing density of these adsorbates within the imogolite pores will be
lower than that in the bulk liquid, thus decreasing the apparent pore-volume measure-
ments as shown in Table II, compared with the expected value of 0.112cm® g1
determined by using nitrogen.

With perfluorotributyalmine, the recorded kinetic diameter of the molecule is
reported as being approximately 1.02 am (ref. 18), i.e., similar to the diameter of the
pores within the imogolite adsorbent. Therefore, the diffusion of perfluorotributyi-
amine within the micro-pores will be considerably less than that of the smaller
hvdrocarboa molecules; this is confirrmed by the much smaller value recorded for
the apparent micro-pore volume (see Table II) as determined by the Dubinin plot
(Fig. 4).
The kinetic diameter of the water molecule (0.26 nmj is less than that of the
nitrogen mclecule (0.36 nm); thus, water may be expected to permeate totally within
the imogolite structure and provide a greater value for the micro-pore volume than
that ottainsd with the hydrocarbon probe molecules. From the Dubinin plot, the
measured micro-pore volume using water vapour is 0.083 cm® g~! of anhydrous
adsorbeat, compared with the value 0f 0.112 cm?® g~! when nitrogen is used. However,
assuming a cubic expaasivity of 10~3 °K =1 at the column temperature used (473°K),
then the reduced density of water provides a pore volume of 0.091 cm3 g1, ie.,
sirpilar to ihat obtained with use of nitrogen.

The adsorption isotherms for the hydrocarbons examined were determined
at threc column temperatures (413, 420 and 426°K); from these isotherms, the
isosteric heats of adsorption, ¢, were calculated. The isosteric heats of adsorption
are derived from the adsorption isosteres and may be obtained from a plot of the
log cf the adsorbate pressure vs. the reciprocal of the absolute temperature at a
constant adsorbate loading; the slope of such a plot is equal tc —g/R. Typical plots
of In P rs. /T for the adsorption of benzene on synthetic imogolite are shown in
Fig. 5 for a range of values of @ [the adsorbate loading arc expressed as cm® (STP)
per g of adsorbent]. Similar linear relationships were obtained for the other hydro-
carbons, and the isosteric heats of adsorption as a function of adsorbate loading
(surface coverage) are shown in Fig. 6. Within the narrow range of adsorbate pressures
examined in this work, the change in g with increasing surface coverage is very small,
and the mean values are provided in Table III. Further, at the low pressures of
adsorbate used, these may be considered the limiting differential heats of adsorpticn.



GC ADSORFTION STUDIES ON SYNTHETIC IMOGOLITE 105

i W a
tnd 016 e - ./0\\.
o258 > 245107 b
N ~— oz % .K-' - ./__‘__—Q———.'c
as? - /"-\.\g_a
. Yo 40
1E= \‘1_
] 2_ i e
=
¢2 o« o5 o8 1o

20
-2
9cm’STRg™")

Fig. S. Linear refationship between InP (adsorbate pressure) and 1/7 for benzene on synthetic imogo-
lite at the indicated values of surface coverage (6).

Fig. 6. Isosteric heats of adsorption (@) as 2 function of susface coverage (@) for (2) benzene, (b)
r-hexane, (c) n-pentane, (d) cyclohexane and (¢) s-butane on synthetic imogolite.

TABLE I

HEATS OF ADSORPTION OF HYDROCARBONS ON SYNTHETIC IMOGOLITE
Adsorbaie @ (kJ mole—1)* Cc.v." q (SiOH) (kF mole—%) ***

r-Butane 36.18 0.049 264

n-Pentaye 49.05 0.026 30.5

r-Hexane 57.82 0.024 364

Cyclohexane 45.78 0.029 —

Benzene 66.65 0.024 43.1

* The mean value of ¢ from 10 results obtained with adsorbate loadings of @ = 0.1 to 0.8ax®g™*
of adsorbent.
** Coeflicient of variation (standard deviation/mezan value) for the range of g values used.
“** Approximate heats of adsorption on a hydroxylated silica gel surface™.

Table IIE also provides the approximate heats of adsorption of the alkanes on
hydroxylated silica gels, as discussed by Kiselev and Lygin'®. The values for the
tubular imogolite are greater by cae. 509, than those relating to the more macro-
porous structure of the silica gel. As with silica gel and zeolite molecular sieves, the
heats of adsorption of the n-parzfiins on imogolite become more cxothermic with
increasing number of carbon atoms within the adsorbate molecule and increasing
polarizability of the hydrocarbon®.

CONCLUSION

Imogolite is a polymeric aluminosilicate mineral with a long tubular structure.
The synthetic analogue of imogolite is known to exhibit a similar structure with tubes
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of L.D. and O.D. ca. 1.0 and 2.0 nm, respectively. The micro-porous nature of the
material, with its well-defined moleculear dimensions and structure, is of interest in
employing ths material as a molecular-sieve adsorbent for the adsorption aad sepa-
ration of gas mixtures.

Dypamic, nen-equilibrium gas chromatographic techniques have been used
to cbtain. adsorpifon isotherms of a series of hvdrocarbons (n-butane, n-pentane,
n-hexane, cyclohexane and benzene), water vapour and perfluorotiibutylamine on
synthetic imogolite. The results, compared with isotherms obtained volumetricaily
with nitrogen, indicate that the available pore volume of the material is a function
of the molecular size of the probe gas used and the packing density of the liquid
adsorbate —ithin: the micro-pores. Because of its large size, the fluorinated amine
appears to be unable to enter the micro-pores of the mineral, thus leading to 2 small
value for the micro-pore volume, whereas the hydrocarbons examined all provide
similar pore volume results (ca. 50% of the volume calculated by using nitrogen as
adsorbate). Water vapour, the smallest of the molecular probes, gave the highest
recorded pore volume of the adsorbates examined by chromatography (only slightly
less than that recorded for nitrogen adsorption). The results are consistent with the
known iriernal structure of the synthetic imogolite.

Th: keats of adsorption of the hydrocarbons on synthetic imogolite were
calculated from isotherms determined at column temperatures of 413, 420 and 426°K;
the values determined for these isosteric heats of adsorption are in excess of those

reported for hydroxylated silica gels.
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