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An inverse gas chromatographic study of the
adsorption of alkanes on hydroxyapatite

. D. SMICIKLAS, S. K. MILONJIC, S. ZEC
Vinéa Institute of Nuclear Sciences, PO.B. 522, 11001 Belgrade, Yugoslavia
E-mail: smiloni@rt270.vin.bg.ac.yu

Saturated alkanes adsorption on synthetic well-crystallized hydroxyapatite was studied by
the inverse gas chromatography method, at zero coverage. Hydroxyapatite was prepared
from Ca(OH), and H3PO, aqueous solutions by a slow titration technique. The powder was
characterized by XR diffraction, surface area measurement, and chemical analysis.
Adsorption of saturated alkanes was investigated in the temperature range 338-353 K,
using a flame ionization detector, and nitrogen as a carrier gas. The gas/solid partition
coefficients were calculated from the retention data as well as the standard thermodynamic
functions of adsorption, AHS, AS? and AG?. Linear relationships between InK and 1/T and
between AG? and the number of carbon atoms in saturated alkanes were observed. The
dispersive component of the surface free energy was calculated for the investigated
temperature region. A possible analytical application of hydroxyapatite to n-alkanes
separation is given. © 2000 Kluwer Academic Publishers

1. Introduction The aim of our work was to investigate hydroxya-

Hydroxyapatite Ca(PQOy)s(OH),, is amajorinorganic  patite as a saturated alkane adsorbent, to find rela-

component of bones and teeth [1], and it is, togethetions between retention data, number of carbon atoms,

with fluoroapatite, Cay(PQ4)sF>, a widespread phos- molecule geometry and working temperature, and to

phate mineral in the earth crust, sediments and soil [2]calculate surface free energy of hydroxyapatite and

Physico-chemical and specially the surface propertiethermodynamic functions of adsorption.

of hydroxyapatite in contact with water solutions were

intensively studied in medicine, stomatology, geochem-

istry, ecology etc. As found hydroxyapatite acts as e2. Experimental procedure

good and selective sorbent for many inorganic and or2.1. Hydroxyapatite preparation and

ganic molecules and ions. The major field of its applica- characterization

tion is in coprecipitation and sorption of heavy metalsHydroxyapatite was obtained from Ca(QHpnd

[1, 3—7], and radioactive species suc%&r [8], butit  H3PO, aqueous solutions, by slow titration method de-

is also applied as organic molecules sorbent, in liquidscribed elsewhere [24]. After washing, crystals were

chromatography. It is used for separation and purificadried overnight at 108C. Crystal structure of the syn-

tion of proteins, nucleic acids, vitamins and pesticideghesized material was determined by X-ray diffraction

[9-15]. analysis using a Siemens-Kristalloflex diffractometer
There are no literature data on HAP as an organiavith Cu K, radiation. Specific surface area was mea-

molecules sorbent in gas chromatography. Inverse gagired by a single point nitrogen adsorption method us-

chromatography (IGC) or gas-solid chromatographying a Strohlein area meter. Stoichiometry of the sample

(GSC) is a powerful method for solid surface studieswas confirmed by determination of Ca/P ratio. Calcium

[16, 17]. Adsorption on the surface of a solid can beconcentration was measured by a Perkin Elmer 703

determined either at finite or at zero surface coverageatomic absorption spectrophotometer and the concen-

Advantages of using IGC method at zero coverage arration of phosphate as a blue phosphomolibdate com-

that it requires very small amounts of investigated adplex at 690 nm was determined using a Perkin Elmer

sorbates and that all observed phenomena come froirambdh 1 A spectrophotometer.

adsorbat-adsorbent interactions while interactions be-

tween sorbat molecules themselves may be neglected.

This technique was widely used in adsorption measure2.2. Apparatus

ments, and surface characterization in the last decad& Perkin Elmer 8310B gas chromatograph with a

Forexample, surface properties of silicoaluminate glasfiame ionization detector (FID) was used for the ad-

fibers[18], alkaline earth-metal modified silica [19], sil- sorption measurements and dry nitrogen as a carrier

ica gel [20], zeolites [21], activated carbon cloth [22], gas. The synthesized sample was sieved and a 0.16—

cork [23], was investigated by means of IGC. 0.20 mm fraction was used for further investigation. A
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stainless-steel 25 cm long and 2.2 mm i.d. column wasnd I is the surface pressure of the adsorbed gas in
first cleaned wittn-hexane, ethanol and acetone, andthe standard adsorption state (0.338 nTNjn

then packed with 0.6373 g of hydroxyapatite powder. The standard entropy changes of adsorptiasy,
After packing, the column was conditioned overnight atcan be calculated from the following relationship:

523 K, whille the nitrogen flow rate was5 cn® min—?.

The working temperature range was 338-352 K. AS) = (AHJ — AGY) /T 4)

2.3. Adsorbates

Analytical grade saturated alkanes)-pentane,
n-hexanen-heptanen-octane and cyclohexane, were
chosen as adsorbates. Adsorption of these non-pol
organic molecules on hydroxyapatite surface is duea
only o dispersive fype offorces. The retention time of The surface partition coefficients for all adsorbates
methane was measured for each column temperatutg o column temperatures, as well as boiling points of
and was assumed to be equal to the system dead-tlm(gelch adsorbate are given in Table |

Analytical grade alkanes_were 'meCtedf one at a time, The adsorption oh-alkanes increases with an in-
by means of a LI Hamilton microsyringe, in the crease in carbon atom number, as well as molar mass
smallest detectable amount of vapor. Each sorbat was  yorhate and its boiling temperature. The excep-
'T‘JeCted at least three times, and the average rgtentl%n is cyclohexane, which boiling point is almostt2
times were used for further calculations. The carrier gag,; :

flow rates, measured with a soap bubble flow-meter, gher than the bailing point at-hexane, yet all reten-
were in the range 18-22 @mmin-t. The ambient tion data for cyclic isomer show a weaker adsorption.

temperature, inlet and outlet (atmospheric) colum The main reason for this phenomenon are the geomet-
P ’ P Nic properties of these two compounds. All six carbon

pressure were also measured during the adsorptlo%OmS ofn-hexane can approach a plane and interact

3. Results and discussion

X-ray diffraction and chemical analysis confirmed that
ure well-crystallized hydroxyapatite (Fig. 1) with a
a/P molar ratio of 1.67 was obtained. Specific surface
rea of the sample was 20.Zgr?.

experiments. In order to examine the separation of, .

. P ith hydroxyapatite surface, while cyclohexane non-
saturated a_lllganes on hydroxyapatite, their mixture aﬁlanar molecule can exist in the shape of a “boat” or
vapor was injected at 343 K.

a “chair” and only three or four carbon atoms are in
the position for this interaction. Cycloalkanes are gen-

2.4. Calculations erally retained shorter than the corresponding normal
The net retention volumes/y, were calculated using alkanes in the gas-solid chromatography, but the con-
the equation: verse is usually true in the gas-liquid chromatography

[19]. Table | also shows a decrease in the adsorption
Wn = (tr — to) Fo(T/To)[(Po — Pw)/Polj (1)

wheretr andty represent the retention times of inves-
tigated alkane and unretained compound (methane) r¢
spectively,Fy is the flow rate measured at room tem- %1
peratureTy, T is the column temperaturgy is the
column outlet pressure (barometrig,, is the water
vapor pressure afp, and j is the James-Martin cor-
rection factor for the gas compressibility. The gas/solid
partition coefficientsKs, were determined by divid-
ing the net retention volume at given temperature by*
the total surface area of adsorbent in the columy,

As is derived by multiplication of the specific surface
area of the adsorbent and the mass of the adsorbe ¢+ . . .
. . . . 0 30 40 50 60
in the column. The partition coefficients enabled us to

calculate the thermodynamic data of adsorption. The
standard differential enthalpy of adsorptianH?, can  Figure 1 x-ray diffraction pattern of the hydroxyapatite obtained by
be determined from the temperature dependené& of slow titration method.

according to:
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TABLE | Ksvalues (crim~2) at different temperatures for saturated

d(inKg)/d(1/T) = —A Hé)/ R (2)  alkanes adsorption on hydroxyapatite
whereR is a gas constant. Column temperature (K)
0
The standard free energy changes of adsorptB;,  adsorbate B.p. (K) 338 343 348 353
were calculated from the equation:
n-pentane 309.4 0.68 0.46 040 033
AG? = —RTIn(K I 3 n-hexane 342.2 2.07 1.44 1.25 0.91
a (KsPsg/T1s) 3) n-heptane 3716 7.47 481 433 3.00
. . n-octane 399.6 2673 1818 1374  8.94
whereT isthe co_Iumn temperaturp; 4 is the adsorbate Cxclohexane 3546 156 112  — 0.73
vapor pressure in the gaseous standard state (101 kPa)
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) ) Figure 3 Plots of AGJ versus-alkane carbon number, at different tem-
Figure 2 Plots of InKs vs. /T (K) for the adsorption of saturated perature.

alkanes on hydroxyapatitl.n-pentane® n-hexane a n-heptaney n-

octane # cyclohexane.
TABLE IIl The AGcH2 and ysd values for synthesized hydro-

Xyapatite
of given adsorbates with a increase of column tempertemperature (k) 338 343 348 353
ature (indication of non-specific interactions). Linear AGcu, (kJmolt) —3.46 —-3.49 343 —-3.26
relationships between 1K and ¥ T for the studied »< (minr?) 69.3 71.3 69.5 62.9

adsorbates are presented in Fig. 2.
The standard-state enthalpies of adsorption, at zero

coverage, are obtained from plots o against ¥ T, The standard free energy change of adsorption is the

according to Equation 2. Standard free energy changsum of dispersive and specific adsorbate/adsorbent in-

and standard entropy change of adsorption were cateractions energies. Adsorptionehlkanes occurs due

culated from Equations 3 and 4. The obtained valueso dispersive type of interactions only. The increment of

of thermodynamic functions as well as of enthalpies ofadsorption energy corresponding to methylene group,

liquefaction, AH_, are presented in Table Il. According AGcy2, may be obtained from the equation:

to the data givenAHJ and AGY of the n-alkanes in-

crease linearly with an increase in carbon atoms num- AGchz = —RTIN(Vn,n/ VN n+1) (5)

ber. Adsorption enthalpies for attalkanes are~1.7 hereV/ qv h . |
times greater than the corresponding enthalpies of qu\-N ereVi,n and Vi1 are the net retention volumes
for two n-alkanes having and g+ 1) carbon number.

uefaction. Itis evident that-hexane exhibits more neg- )
9 AGcnz can also be derived from the pIots@Gg1 ver-

ative AHJ value than cyclohexane. The more negativeS < carbon number. as a slope of these linear functions
the AHY andAGY, the greater the interaction between S ! ’ P ! unct

(Fig. 3.).
the adsorbate and the adsorbent. Table 1l reports theAGepp values forn-alkane

series adsorbed on hydroxyapatite at various tem-
TABLE 1l AH (kImoh), AH, (kJmol), AGY (kJmol %), and  PETatures. Intermolecular interactions in an adsor-
A (ImolK-1) values for investigated adsorbates with hydroxyapatite bate/adsorbent system may be dispersive and specific
corresponding to the dispersived, and specificys,

Column
mponent of surf fr ner f rben
Adsorbate  temperature (K)—AH 2 —AH? -AGY -AS] component of surface free energy, of adsorbent

d s

n-pentane 338 1492 926 Vs=VYs T7s (6)

343 2rz 462 1404 939 Dporris and Gray [26] have used the incremental amount

348 13.83 931 . .

353 1345 g9 Of free energy of adsorption, corresponding to the ad-
n-hexane 338 1807 1003 Sorption of one Chigroup, to determine the dispersive

343 31.4 52,0 1731 101.0 component of surface free energy

348 17.14  100.1

353 1645 1006 v = AGeha/4ycraN?aZ,,, (7)
n-heptane 338 21.67 103.6

343 36.8 56.7 20.77 1047 whereycy2 is the surface free energy of a solid con-

348 2073 103.3  taining only methylene groups, such as polyethylene

> 1995 1041 (" 368-0.058 T(C) mInr2), N is Avogadro's
n-octane 338 25.25 1345 . .

343 38.0 707 2453 1346 humber, andacyz is the cross-section area of an ad-

348 2407 1340 sorbed CH group (0.06 nrf).

353 23.16 1347 The calculated/d values are reported in Table IlI.
cyclohexane 338 17.28 905 The yd value was found to increase with the temper-

ggg 323 479 1}3%27 9%2';2 ature decrease from 353 to 348 K reaching a constant

value (700 % 1.1), in the temperature range from 348

aFrom ref. [25]. to 338 K.
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a stoichiometric, highly pure and crystallized product.
IGC appears to be a useful, fast and accurate technique,
which can be successfully applied to comparing vari-
ous samples. As shown, the gas mixturegs-alkanes

can be completely separated in a column filled with
hydroxyapatite at given experimental conditions.
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