
Non+&librium, puke-injection cbromatographic techniques have been em- 
ployed to obtain the adsorption isotherms of a variety of hydrocarbons, water vapour 
and perfbxorotributykmi on synthetic imogolite, an ahxninosilicate mineral of 
tubular stnxture, Witb 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 mokcukr probe_ The isosteric heats of adsorption of a number of hydro- 
carbons kve beerr determined; the values report& are in excess of those for hydrox- 
ylated silica gel. 

Naturally oaxrring imogolite is a fibrous, regular polymeric &minium 
silicate mineral identif& in several vokanic ash soils and other weathered pyro~ksti~ 
deposits, The mineral consists of long tubes, typically grater than I pm in length, 
with Q-D. and I.D. of IX. 2.3 and 1.0 mn, respectivelyl_ Examination of the dry 
material witb an ekctron microscope shows the tubes to be partially aligned in 
bun&&, and the structure provides for a high specik surface. The walls of the tubes 
have a stnxture similar to that of gibbsite, t&h orthosikate groups replacing the 
inner hydroxyl surface of the gibbsite tubes. This tubular sbxcture has a~ empirid 
formnla (HO)&#&SiOH, wIti& is also the sequence of atoms encountered Oxi 
passing from its outer to its inner surface. Removal of water, which activates the 
structure, creates a stable tubular lattice into which mokcules may permeate depend- 
ing OKI their mokcular size. The material may be considered, thereibre, as a molecular 
sieve. 

The micro-porous nature of natural imogoIite has been studied and charac- 
Wised by Wada and Henmi~ and Egashira and Aominec. Wada and Henmi studied 
the retention ofquaternary ammonium chlorides by the cha~~ge induced in the X-ray 
p&terra of the imogofite due to salt addition, and by the gravimetric determination of 
water vapour adsorkd at various relatix humidities. Egasbira and Aomine examizd 
the effects of drying and heating on the s&&e area of imogotite, employing methods 
invoItig both nitrogen and 2ethoxyethanol to monitor changes in surf&e area. 
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The resdts of these studies co-ed the micro-porous crystal.line structure of 
Mrural inlogome. 

Farmer et a1.’ have recently published the first synthesis of an imogolite 
analoguc having a structure and propexties similar to those of the natural mineral. 
The fc%xving report presents the resrrlts 0T a study of the adsorption characteristics 
of this s@~etic ma&al with a variety of non-reactive vapours as determined by 
~&se-injtion _W chromatography at elevated temperatures. The results are con- 
sisteut with _~thetic imogolite having a micro-porous .strum and exhibiting 
mofecular-sieve characteristics. The isostexic heats of adsorption for a number of 
hydrxarbon vapours OQ synthetic imogolite are also recorded. 

PHYSKCCHE~~CAL MEASUREMENTS FROM GAS CHRO~MATOGEtAPEiY 

The majority of gas-solid adsorption studies are *undertaken in closed static 
systems bjr vc!um:tric or gravimetric determinatioa of the adsorption isotherm. In 
recent years, howevx, several works have xeported on the use of gas chromate- 
graphic me’Jo& for the ~vai~tion of physiuxhemical properties of adsorbents, and 
the subject has been reviewed by Sing” and Laub and Pecsok7. 

Nelson a.zd Egge%zn, in 1958, described a method* forthe rapid determination 
of surface zreas of adsorbents by using a continuous-flow, low-temperatire chro- 
matog.ra@ic procedure. This was later modified by Roth and Eflwoodg and Stock?. 
More resxntly, Ghosh et aZ_” have applied a comparati~ chromatographic technique 
using discrete sample injections. Huber and Gerr&P hhve reviewed and evaluated 
the dnatic gas chromatograpbic methods for the determination of adsorption 
isotherms. The results described here are based on the development by these workers 
of the non+zquiliirium, pulse-injection techniques described as the peak-maxima 
method and the peak-profile method. 

Tht application of the two methods may be appreciated with the aid of the 
diagrams shown in Fig. 1. By the peak-maxima method, Fig. l(a), a series of chro- 
matograms obtained by injecting differ&g aiiquots of component i is recorded at 
cons*%zmt temperature, T, and constant czrrier-gas flow-rate. Tke peak-profile method, 
Fig. lb, is similar to the peak- maxima method, but the distribution isotherm is 
obtained from a single chromatogram. 

The average concentration of compor_ent i in tke adsorbeat stationary phase, 
CP, and the average concentration of i in the mobile vapour phase, Ci’, may be 
calculated from the equ2tions 

cl- Agg-1 

Ci” = +m-3 

(1) 

(2) 

where. A is ~ area ODEF on the recorder chart (after co&m for dtihion), n is 
the d&&on of the chart pen from the base-line, w is the recorder.chart speed, u is 
the avezagge flow-rate of carrier _+s in the column, m is the mass of adsorbent within 
the coti- and s is the sensitivity (defined as the peak area, before correction for 
di&sion, divided by *&e amount of component i injected). 
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Fii_ I, Ekke-injection t&ques for dettxmimtion of adsorption isotherms: (a) peak-- 
method; (b) peak-profik method (foilowing the cIas&i~tion by Huber and Gerritseu). 

Assuming ideal-gas behaviour of the vapour, then the pressure, P, of the 
vapour concentration CP is given by 

p = cc”RT 
M 

(3) 

where RI is the molecular weight of component i and R is the gas constant, 

EXP-AL 

The synthetic imogolite was prepared ia. the manner described by Farmer and 
Fraser”. Alnminim butoxide and silicon tetraethoxide were hydrolysed in per- 
chloric acid, and the resulting soIution was heated to 100°C. The imogolite was 
isolated from the acidic solution by neutralking the suspension with sodium hydroxide 
solution and repeatedly washiug with distilled water, centrifuging the gel formed to 
remove salts. The gel was SnalIy freeze-dried, and its purity and strutmre were con- 
tied by X-ray dif&acGon, electron microscopy and IR spectroscopy. 

A sample of the air-dried imogolite powder was crushed to pass through a 
150-~11~11esh sieve, and ca I g (accurately weighed) of that portion retained on a 
106-~III-mesh sieve was used to pack the glass shromatographic cdumn (W-shaped; 
45 cm x 2 mm I.D.). The packed column was momted witkin a Pye chromtoograph 
(~odel1~;PyeU~~Camb~d~~~Britain)~,withdrynitrogenasp~~gas, 
was heated to C(I. 2W’C (473°K) and maintained at this temperature for at feast 24 h 
to dry and &vate the imogoiite packing. fir activation, the coiusnu was already 
for the adsorption studies. 



The requ-ked co!umn temperature was selected, and the column was allowed 
to equihbrate overnight with a constant flow of dried nitrogen. The n&o_- ffow-rate 
was so adjusted as to provide E-20 cm3 min-’ of nitrogen, measured with the aid 
cf a soap-bubbIe fiowmeter at the cohunu outlet and the cohunn Bow-rate was 
c&uMed by applying a temperaturedi&erencc correction f2ctor as discussed by 
Laub and Peosok’_ Because of the short column length used and the low gas flow-rate 
empioyed, the pressure drop across the column was assumed to be negligible. The 
signal from the detector and bated ampEer ~2s recorded, as a function of time, 
by use of 2 conventional poteutiometric cfiart recorder. 

For most of the studies reported, a tie ionisation system was used as 
de’tior at the outlet of the cohnnn; however, a thernmlconductivity detector was 
nw to s%dy the adsorption of water va~ur_ 

The adsorbates examined wzre obtained from a variety of sources; all were 
sticientiy pure as to provide a single, weI.MeGned pe2k at the detector. 

The pz&-profile and peak-maxima methods were compared by using hydro- 
carbon adsorbates (n-pentane, n-hexane, cyclohexaue 2nd benzene) at a column 
temperature of 140°C (413°K). For the peak- maxima method. known aiiquots of the 
hy&ocarbons (CLL O-l-1.0 mg) were injected on to the column with the aid of 2 
cahbmted syringe; each injection of each sample was repeated at least three times. 
The recorder tmazs were examined m2mmlIy and corrected for diffusion as discussed 
by Dcilimore et al.” and Bechtoldfi, and v&es of Ci” 2nd Ci’ were determined as 
discussed previously; the adsorption isotherm was constructed from these values. 
With the peak-profile method, a single ahquot (ca. 1 mg) of each hydrocarbon was 
injected on to the columu, each injection being repeated at ie2st three times. Again, 
after correction fcr diffusion, Ci” 2nd Ci’ were evaluated, and the adsorption isotherm 
was determined. For the series of hydrocarbons examined, no differences were 
obstrvcd bet~ccn the isotherms obtained from the two methods. Because of its 
greater simpEcity, therefore, the peak-profile method was used exciusively for the 
retining 5=udies_ 

Ar three selected temperatures, 140°C (413”K), 147°C (4ZO”K), 2nd 153°C 
(4X°K), the adsorption iso*herrns were determined for n-butane, n-pentane, n-hexane, 
cyclohexaue and benzene on synthetic imogolite using the peak-profile method. In a 
sim&r manner, the adsorption isotherm2 for water vapour 2nd perguorotributyl- 
2miue (hept2cosatluorotributyIamine) were determined at cohrmn temperatures of 
Zr#l”C (73°K) and 207°C (4sO”K), respectively. 

For reference purposes, the adsorption isotherms of nitrogen on synthetic and 
natura! imogolite were determined vohxmetricahy with the aid of a CarlM3rba 
Sorptomatic IS00 2ppar2tus, in which the isotherm w2s recorded automatically by 
me2suring the equiliirium pressure in the system after the introduction of a fdiirated 
voi*ume of nittogein. 

FCESULTS ANI3 DxscussTON 

Fig. 2 shows_ the adsorption isotherms for nitrogen adsorbed on natural and 
synthetic imogolite samples, measured vohmietric2hy with the Sorptomatic system 
at 77X- The adsorption-pressure CuNe is of the form of a Type f isotherm 2nd is 
ch2racter%tic of micro-porous adsorbents, i-9, f&se containing micro-capillar& less 
than a few molecular diameters wide. 
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Fx_ 2. Nitmgcn adsorption isotherms for natural (I) and synthetic (0) imogolitc; curves obtained 
by 2utomat.kvol~tricanalysisat 77X_ 

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 voiume of the synthetic material is less than that of the 
natural 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 

COh9PAIUTIVE DATA FOR NATURAL AND SYNTHETIC IMOGOLITE FROM THE 
NTIROGEN ADSORPTION ISOTHERMS 

AdrorbeRt 

N2tlud inlogolite 
syuthetic imogolite 

Micro-pore volume (emt g-‘) * 

0_146 
0.112 

Surface area (d g-l) *I 

402 
313 

l As cm= of liquid nitrogen at 77 “K per g of anhydrous adsorbent_ 
l . As determined from tke Langmuir equation 2nd expressed in terms of vlhydrous adsorbent. 

The adsorption isotherms for n-butane, n-pentane, n-hexane, cyclohexane and 
benzene, and those for water vapour and pertluorotribuQlamine, are shown in Fig. 3 ; 
these were obtained with a gas chromatographic system as described above. According 
to Huber and Gerrit~S, the isotherms obtained by these non-equilibrium techniques 
at low-pressures are similar to those obtained by equilibrium methods, but at higher 
pmssures are more linear (because of kinetic effects within the column). At the low 
pressure of adsorbate used iu these studies, the plateau region of the isotherm (corre- 
sponding to micro-pore volume Clling) is not attained, and thus the pore volume is 
not directly given However, the adsorption-potential theory mod&d and dkcussed 
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by DubinS may be applied to the determination of micro-pore volumes. Aaxxding 
to Dubiti, 

where V, is the total volume of micro-pores and e and PO are the density of the liquid 
a&m-bate azd its saturated vapour pressure, reqxctively (B is a constant dependent 
on the sanity co&Zcient, the pxe-size distribution and the ~perat~~$ 

Thw a piot of iog CP r.s_ (log P@)= shouhi give a straight line of intercept 
log ( VJ -q)_ Dubinin has found that eqn. 4 applies for a variety of adsorfratts, hhin 
the rangz 1 - 1X5 to 0.2 dative pressures, on micro-porous adsorbents. The Dubinin 
plots calculated from the chromatographic isotherms according to eqn. 4 are shown 
in Fig. 4, ar;d the data are tabulated in Table II. All gave excellent straight-fine fits, 
ai& no cu&ciezit of variation tower +&an O-995 (the vahe far water vapour adsarp- 
tion). The cohmn temperature, within the narrow range exam&d, has no systematic 
ef&ct DEI :k value deterrnin ed far V,-0. The &al column of Table II presents the 
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Fig. 4. Dubinin micso-pore vokme plots for adsorption on syxzthetic imogolite: (a) water, 473 “K; 
(b) a 413 “K; (c) 1~-&ex2ne, 413 “K; (d) rr-pentant, 413 ‘K; (e) n-butanelcyclokx2ue, 413 OK; 
and(f)perBuororrii@amine,4SO°K. 

-FABLEri 

DUBIMN PLOT DATA FOR SD cIMOGOLnE 

413 “K 420 “K 426 “K 

nalmne 0.029 o.ow 0.02s 0.061 
It-Pentane 0.030 o-o:4 0.02s 0.057 
K-Hex2ne 0.035 0.038 0.035 0.067 
Wow 0.026 0.025 0.027 0.040 

0.039 0.035 0.035 0.050 
w2tcx 0_068" 0_0!33 
P&Iuomtauty~ 0.010"' OBl65 

. adsoib2te densities at room tempex2ture 2nd anhydrous adsorb2te. 
-* CQIumn temperature of 473.15 “K. 

l =* cahm.n terqxzlxtLlre of-GO_fS OK- 

values for the micro-pore vohmes, V,, calculated for the adsorb&es studied asmning 
their liquid density in the chromatographic column to be simii to that at room 
teempemm- Unfortuuately, high-temperature liqtiddensity data are not readily 
available; as the cubic expansivity of hydrocarbons is typically IW~-1W4 “K-l, the 
vah~es reported for V, in Table II! may be approximately ZO.“A low because of error in 
the density value used. It is evident that the micra-pore volumes reported are de- 
pendent on the nature of the adsorbate and may be considered to be a f&u&on of its 
pa&kg density witbk the imogolite structure. 

The problem of adsorbamdsorbent interactions inxelation to molecular 
sieves has been examined by Gurfein et a/.“. These workers computed the potential- 
ertew cmve for an adsorbate mokcule within a pore as a &r&oil of t&e distance 
of the n=olecule from the ~easest point on the pore wall. For a pore diameter of D 
and an adsorb&e mokcular diameter of 4 they concluded that, if the ratio D/d is 
greater than 1.5, tEte potential energy of the molecule witbin the pore exhibits a ring 



i.ihim3 -it approximately d/2 froa the waU_ As the ratio D/d becomes sm&er (by 
ticmxing the size of the probe molecule), repulsive forces play an increasing role, 

and, when D. is Iess than 24 ffie pore can mxmxnoda~ only one mole&e, xm~~ i& 
t!immkr. Tbm, if 2 > D/d 2 1.5, the dsorbed mo!ecde will move with& a ring 
r;rir;imum inside the pore? and the packing density of the adsorbate will be lower than 
that ofthe pure liquid adsorbate_ 

In studying the moiecular-sieve action of zeolites, it is normai to me molecular 
tietic diameters to assess the apparent pore size of the rxol&es. BreclP -has &cussed 
many exampies of this, and, for the hydrocarbons used, the reported kinetic diameters 
range from co. 0.43 nm for butane to 0.6 run for c)-ctohexane_ EIectron microscopy 
and X-ray difkztion studies, as mentioned previously, show that the synthetic 
imogolite tube structure has an inner-tube diameter of CQ. 1.0 run, hence values of 

D/d range from ca. 2.3 for butane to 1.7 for cyclohexane. It is to be expected, there- 
for=, that *&e packing density of these adsorbates witbin the imogolite pores will be 
Iower than *-hat in the bulk liquid, thus decreas ing the apparent pore-voiume measure- 
ments as shown in Table fI, compared with the expected value of O-1 12 cm3 g-l 
determined by using nitrogen. 

With perfluorotributyalmine, the recorded kinetic diameter of the mokcule is 
reported as being appro.ximately 1.02 nm (ref. 18), Le., similar to *he diameter of the 
pores within the imogoiite adsorbent. Therefore, the diffusion of perfluorotributyl- 
amine within the micro-pores will be considerably kss than that of the smaller 
hydrocar‘wn moIecuks; this is confirmed by the much smaller value recorded for 
t&e apparent micro-pore volume (see Table II) as determined by the Dubinin plot 
(Fig_ 4:i. 

Th= kinetic diameter of the water molecule (0.25 nmj is less than that of the 
nitrosen mokcuIe (0.36 nm); thus, water may be expected to permeate totalIy within 
the imogolite s*Jucture and provide a greater value for the micro-pore vohune than 
tha: obtained wi’& the hydrocarbon probe molecules. From the Dubinin plot, the 
measuozd micro-pore volume using water vapour is 0.083 cm3 g-i of anhydrous 
acisorbezxt, conpared with the value of 0.1 I2 cm3 g-i when nitrogen is used_ However, 
assuming a cubic expansivity of IO -3 “EC-’ at the column temperature used (473”K), 
then the reduced density of water provides a pore volume of 0.091 cm3 g-l, Le., 
ski&r to ‘rhat obtained with tse of nitrogen. 

The adsorption isotherms for the hydrocarbons examined were determined 
at three coIumn temperatures (413, 420 and 426°K); from these isotherms, the 
isosteric heats of adsorption, q, were calculated. The isosteric heats of adsorption 
are derived from the adsorption kosteres and may be obtained from a plot of the 
log cf tie adsorbate pressure vs. the reciprocal of the absolute temperature at a 
constant adsorbate Ioading; the slope of such a plot is equal to -q/R. Typical p1ot.s 
of In P T-S. I/T for the adsorption o f benzene on synthetic imogolite are shown in 
Fig_ 5 for a range of values of 8 [the adsorbate loading arc expressed as cm3 (STP) 
per g of adsorbant]. Similar linear relationships were obtained for the other hydro- 
carbons, and the isosteric heats of adsorption as a function of adsorbate loading 
(surf&e coverage) are shown in Fig. 6. Within the narrow range ofadsorbate pressures 
examined in this work, the change in g with in creasing surf&z coverage is very small, 
and the znean vaIues are provided in Table III. Further, at the low presmres of 
adsorbate used, *&ese nxay be considered the limiting dSerential heats of adsorption_ 
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0!2 0!4 a!0 o!o rk 

e(cmsSTP.g-‘> 

Fig. 5. Linear rektiaaship III&A- W (ads&ate pressure) and l/T far benzne on syhetic imogo- 
me at the in&t& vducs Qf susf-aa awerage (e)_ 

Fii. 6. IsosterIc tits of ads4rptiaI.I (Q) aS a function of SIL&X coverage (6) for (a) benzene, (b) 
mEmme, (c) IZ-pentax, (d) cy&ti and (e) n-butane on synthetic imogolite. 

lr-- 36.18 0.049 26.4 
n-penta3e 49.05 0.026 30.5 

gzzzne 45.78 57.82 0.029 0.024 36.4 - 
66.65 0.024 43.1 

'l-k mean vzdue of q itom 10 ruu!ts obtained tith adsorbate Ioadiqs of 8 = 0.1 to 0.8 cm3 g-1 
of adsa&enL 

l * c43esknt of variatim (sramkd deviatio+IIean value) for the range of q values use& 
*** Appmxhate heats of adsorption on a hydroxylatexi silica gel SIX&P. 

Table ID also provides the approximate he&s of adsorption of the akanes on 
hydroxylsted silica gels, as discussed by Kisdev and LygkP. The values for the 
tubular imogolite are greater by ca. 50% than those reJ.ating to the more macro- 
porous structure of the silk gel_ As with silica gel and zeolite molecular sieves, the 
hears of adsorption of the n-par&ins on imogolzte become more exothezmic with 
increasing number of carbon atoms within the adsorbzte mokcule and increasing 
polariztbility of the hydmz.rboP. 

CONCLU’SEON 

Imogofite is a poIymeric aluminosilicate mineral with re long tubular strucf~~~. 
The q&he& cmaEogue of imogoiite is know-~ to exhibit ip. similar s&u- ~3% tubes 
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ofI.D.andO.D.Ea l.Oand 2.O~resp&iveIy.Themicm-porous11&~~ of&e 
mte&.& with its welkleked mokmkar dimensions and structure, is of interest in 
e+oykg tkz d as a no!ecuk-sieve misorbmt for the adsorption and sepa- 
ration of gas tim. 

Dyismi~ rmfl~bti~ gas cbiomatographic techniques llave been nsed 
to obtain adsorption isotherms of a series of hydmcarbo ns (n-butane, n-pentane, 
n-he cyc!ohesane a;ld benzene), water ~qour and pe&uorotibutylamiae on 
synthetic imogolite. The results, compared with isotherms obtained vohmetricaliy 
with nitrogen, indicate tbzt the available pore vohune of the sm.&&l is a fmdion 
of the mokakr size of the probe gas used znd the packing density of the liquid 
adsorb&e 7ithk the micm.pores. l.Sezcaw of its large size, the Buorinated amine 
appews to be mable to enter the inicro-pores of the mineral, thus tezding to a sm2H 
value for the micro-pore volume, whereas the hydrocarbons examined all provide 
sknZar pore volume results (ul- SO% of the volume calcuiated by using nitrogen as 
adscnkte). Water kapow, the sinakst of the mokcular probes, gave the highest 
recorded pore volume of the adxxbates e xamkd by chromatography (only slightly 
less than that recorded for nitrogen adsorption)_ The resuks are consistent with the 
Imom i.Giirnal structure of the qnthetic imogolite. 

‘fiz heats of adsorption of the hydrocarbons on synthetic imogolite were 
cakulated from isotherms detetied at culruon temperatures of 413,420 and 426°K; 
the v&es deterxni.xd for thes isoste& heats of adsorption are in excess of those 

reported for hydroxylated silica gels. 
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