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SUMMARY

The characterization of two active carbons was carried out by using gas chro-
matographic (GC) peak parameters (mean and variance) obtained by fitting experi-
mental data with the Edgeworth-Cramér series. These results were then compared
with those obtained from mercury porosimetry, low-temperature nitrogen adsorption
measurements, small-angle X-ray diffraction, scanning electron microscopy and
iransmission electron microscopy. With regard to mass exchange processes, the chro-
matographic technique yields results which agree with those obtained by the other
techniques. In regard to adsorption capacity, the GC characterization is more direct
and unambiguous.

INTRODUCTION

It has been known for some time that gas chromatography (GC) can be used
to determine the thermodynamic, kinetic and transport properties of porous, adsor-
bent materials®—5. Most works have assumed that the chromatographic profile is
Gaussian in form and on this basis the peak parameters (maximum and band dis-
persion) are calculated.

However, under the experimental conditions normally used (columns of limited
length and materials of large particle size), the peaks are far from Gaussian in form
and the peak parameters are calculated from statistical moments determined by in-
tegration techniques®. This procedure, although quite rapid, leads to inaccurate and
imprecise results™!!,

Better results are obtained by fitting experimental data to theoretical models
such as the Gram-Charlier Series of Type A7-12 or the Poisson law!3. Recently!4,
the Edgeworth-Cramér (EC) Series was shown to be more efficient than the Gram-
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Charlicer Series in fitting chromalographic peaks obtained under conditions of infinilg
dilution and characterized by notable asymmetry. Furthermore, it was verified that
this procedure permits the statistical peak parameters to be determined accurately
provided that specific conditions are respected (linear chromatographic isotherm and
a sulliciently high degree of expansion of the series used for fitting)? 516,

In the present work, an unbiased method is ¢mployed to determine chroma-
tographic peak statistical parameters, and the chromatographic characterization of
commercial active carbons thus obtained is compared with the results of other physi-
cat and chemical-physical technigues such as mercury porosimetry, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), small-angle X-ray scat-
tering (SAXS) and low-temperature nitrogen adsorption (BLT). The purpose of this
study is to determine the advanlages and disadvantages of the chromatographic tech-
niyue in identifying the characteristics of complex porous materials,

FEXPERIMENTAL AND CALCULATIONS

Chromatographic measurerienis

The chromatographic apparatus, the method of obtaining data and the col-
umns have already been described!+.

The comimercial active carbons (30 40 mesh) were R-2 Extra (A carbon) {Nor-
it, Milan, Ttaly) and 8-2 (B carbon) {Bonaccorsi, Ferrara, Italy). The hydrocarbons
(Cy-Cy4) (99.6Y%, J. T. Baker) were injected into the column in a helium or nitrogen
mixture using a 0.2-ml gas valve (Bimatic; Carlo Erba, Milan, Italy). In the most
unfavourable cascs Lhe contribution of this type of injection to band broadening was
less than 2% of the total chromatographic peak dispersion and was, therefore, not
taken into consideration.

A soap bubble flow meter fitied with photoelectric cells and an electronic
timer (Seac, Firenze, Italy) was used to measure the flow of the transport gases helium
and nitrogen (IGT, Pisa. Ttaly). The column pressure drop was mcasured with a
mercury differential manometer, while output pressure {equal Lo atmospheric pres-
sure) was determined with a Fortin barometer.

The size of the column was taken inte consideration in calculating both the
linear flow-rate and the correct relcntion volume, A value of 0.4 was assumed for
the intraparticte and interparticle porosity!”.

For stability of peak shape paramcters, obtained according to the described
method!*, the EC series was expanded to the 7th degree, but for the R-2 Exira
samples, cxpansion to the 4th degree was sufficient. Under the experimental condi-
tions adopted the retention volume was independent of the carrier gas and was con-
stant to + 1% upon variation in the sumple amount and in carrier flow-rate (Table
VII of ref. 14). These results enable the specific retention volumnes w be cerrelated
with the Henry constant?,

The mass transport coeflicients ol a-butane and isobutane were obtained by
the Schettler and Giddings method!® using the formula of Fuller er al.'® to calculate
the adsorbate diffusion coefficient.
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Mercury porosimetry and electron microscopy

A Carlo Erba Series 1500 mercury porosimeter was employed. A cylindrical
form was adopted?® in calculating the size (radius) of the pores (Fig. 1)

For scanning electron microscopy (SEM) a Siemens Auloscan was utilized,
The samples were covered with a gold film by means of an Edwards § 150 metallizer.
The electron angle of incidence was 35°. Transmission eleutrcm MICroscopy were car-
ricd out with a Siemens 101 Eimiskop.

Surface area measwrements by SAXS und BET

The X-ray intensities werc collected with a Kratky camera adjusted to the
“infinite” beam condition and equipped with an electronic step-scanner, Nickel-fil-
tered Cu-K, radiation with a pulse-height discriminator was used. The data werc
placed on an absolute scale by the moving slit technique?!. A more detailed descrip-
tion of the methods used for determining the total surface area and the pore size
distribution has already been reported?2,

The speceific surface area, S, (M? g'), can be derived from the asymptotic
behaviour in the tails of small angle absolute intensities according to the relation-
ship??

. 1672 }{,’i‘.(rmﬂ(m)
a* i FINSPy (ApVp

Sy = 10% (1)

where J(m) is the slit-smeared intensity (#2 pulses per second per cm?, n, being the
number of electrons), m is the instrumental variable defined in direct space as the
distance (cm) between the primary intensity and the diffracied ray on the recording
plane, a is the distance (cm) between the sample and the recording plane, A is the
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Fig. 1. Mercury porosimetry diagrams of R-2 Extra (A} and 5-2 (B) active carbons.
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X-ray wavelength (cm), 2 is the Thomson factor (cm?), N, is Avogadro’s number,
Py is the energy coming from the focus and arriving along 1 ¢m in the plane of
registration (pulses sec™' cm™t), Ap is the electron-density difference between the two
phases in the scattering system (#, per cm?®) and p is the sample “thickness”
(g cm™).

Although eqn. 1 does not depend om any arbitrary assumnplion, the magnitude
of the interfacial surface is not representative of the pore size distribution within the
scattering system. To gain this kind of structural information the whole angular
scattered intensity has to be considered and, under certain conditions?+:2%, can be
approximately regarded as the sum of the intensities diffused by the individual hetero-
geneities, according to

Ih) = (Apy [ DVRIR V2 (R)ig (hRY AR (2)
L
where /(A) is the intensily deconvoluted from collimation effects, fr is the modulus of
the diffraction vector, 4nd™! - sin & with 26 the scattering angle, Dy(R) is the
volumetric distribution function which describes the volume of all pores defined by
the size parameter, R, and iy(AR) 13 the mtensity scattered by a singlc heterogeneity
with radius R and volume F(R).

The analytical solution of DW{R) in eqn. 2 is accomplished by least-squares
fitting of the intensity calculated on the basis of a specific structural moedel to the
observed profile. The application of this method suffers from some limilations arising
from the ambipuity of assuming a particular pore-matter model*® and because of the
nature of heterogeneities in closely packed carbon and which are probably not uni-
form in shapc, However, in the present case, the essential features of the calculated
pore distribution functions provide an interesting compartson of the underlying char-
acteristics of the samples under study.

Inthe manipulation of eqn. 2 to get Dy({ R) curves, a number of explicit expressions
areavailable. Theseexpressionsdifferin theshapemodel of the scattermgentities. Never-
theless the best fit{ing was obtained for the spherical approximation. The distribution
functions thus obtained were checked by making use of a second analytical method, de-
rived from Debye’s correlation function, via a Fourier--Bessel transformation of the
smearedintensitics*”. Althoughthetwomethodsdifferlargelyinregard tothetheoretical
approaches, the sgreement obtained between the results underlines the reliability of the
main details of the reported distribution Functions.

The results of surface area measurements are reported in Table I, while the
relative scattering intensities and the size distribution curves are presented in Figs.
2 and 3. Table I also reports the BET surface area and the micropore volume, de-
termined according to Broekhoff and D¢ Boer28.22,

RESULTS AND THSCUSSION

Physical characteristics

The mercury porosimetry measurements and clectron microscopy investiga-
tions provided a detailed description of the geometric structure of these materials.
Porosimetry and SEM microscopy can be directly compared and furnish information
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Fig. 2. The relative scattering intensitics versus h for R-2 Extra; ( Yand 8-2 (— ——).
Tig. 3. The size distribution curves versus theinhomogeneity diameter for predominantly micropores, ——-
R-2 Extra; — — —, 8-2. Void distribution curves were obtained according to eqn. 2.

about pores of size greater than 200 A. Figs. 4 and 5 (SEM) show how the two
carbons studied differ structurally, The A carbon (R-2 Extra) is a conglomerate of
liner particles (0.2-2 pm) endowed with an extensive structure and a complex net-
work of small canals inside the prain, while the B carbon {8-2) appears compact with
clean-cut fracture surfaces. The mercury porosimetry (Fig. 1) indicates that the A
carbon has a system of pores of sizes ranging between 10,000 and 5000 A. These
pores contribute to an interconnected interparticle porosity of the order of 0.5 cm?
g~', This type of porosity is absent in the B carbon. These observations lead to the
classificution of the two types of carbons as “wood charcoal” (A) and “coconut
charcoal” {B). TEM microscopy (Fig. 6) allows one to examine part of the transi-
tional porosity (2000-50 A). Within this range of pore sizes, the A carbon appears
to be moare homogeneous and does not reveal pores of sizes from 100 to 1000 A, On
the other hand, the B carbon demonstraies a rich and varied porous structure within
the same size range.

The above observations permit the first material (A) to be clussificd as an active
carbon which gives rise to a rapid exchange of mass, more appropriate for liquid
phase adsorption, while the second carbon (B) is more suitable for gas phase ad-
sorption where the diffusion coefficient of the adsorbate is higher?®*!. However, it
is the notable microporosity and high specific surfaces of active carbons which de-

TABLE 1
SPECTFIC SURFACE AREA, §,, AND PORE VOLUME F,

Carbon S (2 gty ¥,
: fom® g 1)
SAXS BET
R-2 Extra 1184 F140 0.3K1

§-2 997 867 0.309
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Fig. 4. Scanning electron microscopy of R-2 Exira (A) and §-2 (B).

termine their great capacity for adsorption and which, nevertheless, cannot be estab-
lished by the techniques examined so far.

The SAXS and BET techniques give comparable surface areas for thesc mate-
rials (Table I}, although both furnish higher (10%) values for the R-2 Extra (A
carbon).

It remains to be pointed out that the most convincing and unequivocal data
availabie are those in regard to the macroporous geometric structure, and that hoth
SEM and mercury porosimetry supply consistent and convincing descriptions, In
contrast, some limitations must be placed on the interpretation of the TEM data,
since this technique does not permit a quantitative evaluation of the degree of -2 (B
carbon) porosity interconnection. Greater uncertainty in the classification of active

Fig. 5. Scanning electron microscopy of R-2 Extra (A) and §-2 (B).
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A

Fig. 6. Transmission electron microscopy ol R-2 Extra (A) and 8-2 (B).

carbons exists when specific surface arcas obtained by the SAXS and BET techniques
are evaluated.

Now let us turn to the conclusions which can be drawn from thermodynamic
and kinetic data obtained by gas chromatography by means of parameter determi-
nation using EC series.

Retention and heat adsorption parameters

Thespecificrerention volumes, calculatedat0°Candrelativeto | gofactivecarbon,
arereportedin Table I Fig. 7, showsln I, limited to n-alkanes at a single temperature of
160°C, as a function of the number ol carbon atoms (for #-C, the data were extrapolated

TABLE I
SPECIFIC RETENTION VOLUMES, V, (ml g)

Compownd R-2 Exira 5-2

H4°C  f6rC I80°C 2P 240°C KOPC IsPC 18 C 2200C 4000

CH, 52 43 — 2.5 20 —

CyHe 449 08 — 15.7 11.1

C.H, 334 35 — 12.5 9.4 —

C3Hs 473 272 142 96.6 9.9 36.6

{3Hg 421 241 26 88.7 53540 335

n-CyHyq 267 158 61.8 354

iso-CyH g 202 125 49.1 294
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from those obtained at higher temperatures). The differential heats of adsorption ob-
tained from the relationship ofin F,and 1/ Tare reported in Table 11, together with data
oblained by other authors®? for graphitized carbon black (GTCB).

Examination of the results for each carbon studied reveals the following;

(a) a linear relationship between In ¥, and the number of #-alkane carbon
atoms. For #-C4 and iso-C, the elution order is in agreement with their boiling points;

(b) the differential heat of adsorption for n-alkanes steadily increases with
increasing carbon number (average increase = 3.3 kcal mol™'});

(c) the adsorption heats for alkenes are lower or quite similar to those of the
cortesponding s-alkanes.

The linear relationships between In ¥, and the correspouding molar heat of
adsorption and carbon number suggest that the two active carbons have no molecular
sieving effect, at least in respect of the types of adsorbate used in this study??.

The retention volumes and hcats of adsorplion of alkenes are in agreement
with the lower polarizability of these molecules in comparison Lo the corresponding
r-alkanes. Furthermore, the heats of adsorption indicate that the active carbon sur-
faces do not possess centres capable of specific interaction with the alkene mole-
cules? 3,

The average increase in adsorption heat in the n-alkane series is characteristic
of the first type of adsorbent under the Kiselev and Yashin classification? where
adsorption gnergy depends predominantly on dispersive interactions.

The heats of adsorption of the individual hydrocarbons are higher than those
obtained, by GC, on graphitized carbon black (GTCB) (Table III). This difference
is justified by the microporous structure of the examined materials3!-34. The ratio of
the value of the hydrocarbon adsorption potential on active carhons, @4, to that
on graphitized carbon black, @yg, calculated according to Stoeckli®® (Table 1V), is
in agreement with values reported by other authors?® for different types of active
carbons.

The chromatographic data indicate clearly that type A carbon has a greater
adsorplion capacity than type B. However, this has not been verified by the uncertain
surface arcas obtained by SAXS and BET.

Efficiency curves and mass transfer coefficients
The efficiency of the active carbon columms under examination is illustrated in
Fig. § where the height of the Lheoretical plate, H (¢m), for r-butane is expressed as

TARLE 1II
HEATS OF ADSORPTION (keal maol 1)

Compound R-2 Extra 8.2 GTCB
CH, 3.6 3.9 3
CyHe 6.7 a3 4.53
CaT, 6.3 58 4.30

3 Hg 1o Q. 593
Ci;Hg 1.2 EAL —
#-Cullyg 3.2 14.0 7.21

1sa-C4H 5 £2.0 128 6.95
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Tig. 7. Relationship between In ¥, and carbon number nC for #-alkanes at 160°C on(A) R-2 Extra and (B) §-2
active carbons,

a function of the helinm and nitrogen flow-rate (cm sec™ ') at 240°C. The curves are
obtained at high rates where the expression proposed by Grubner® for columns of
porous materials approaches the equation of a straight line whose slope is the global
coefficient of mass (ransfer

C =2RY15¢p DK, (3)

where R = packing particle radus, 77, = radial diffusion coefficient, X, = bulk
adsorption equilibrium constant and ¢ = ralio between internal and external po-
rosity, The regression parameters of the fitting of the curves according to H = qu +
b and the ratio p of the a coefficients obtained for nitrogen und helium are reported
in Tables V and V1.

Examination of the regression coefficients shows that the mass transfer process
is much slower for 8-2 (B carbon). Furthermore, the process is practically indepen-
dent of adsorbate nature. The b terms are a2 measure of the effect of eddy diffusion
and, if they are a characteristic of the ¢column rather than of the material®-%, indicate
that for 8-2 carbon the adsorbate molecules are obliged to follow a much more
torluous course during the transport process. The p values can be correlated to the

TABLE IV

ADSORPTION POTENTIALS OF HYDROCARBONS ON ACTIVE CARBONS, P54, AND ON
GRAPHITIZED CARBON BLACK (GTCB), $a

Compaund R-2 Exirg 52 GTCR

— ®oa PoalPoc — o, Doa/Pos —Bag
CH, 2.3 0.86 2.6 0.98 2.67
C,yHe 5.4 [.36 5.0 1.27 395
C.H, 50 .34 4.5 1.21 3.72
C.l1, 9.7 § 86 77 1.48 5.21
w-CaH ), 11.7 1.87 12.5 2.00 0.23

150-CH 10.5 175 1.3 1.5% a7
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Fig. 8. Plots of H (cm) versus u (Cin sec™!) for n-butane at 240°C on (A) R-2 Extra und (B) 8-2 aclive carhons,

ratio of the radial diffusion coefficients in helium and nitrogen respectively, Tables
V and VI indicate that for R-2 Extra (A carbon) the mass transfer process is more
strongly dependent on the nature of the carrier gas, compared with the other active
carbon. Therefore, for this carbon the mass transport process occurs predominantly
in the gas phase.

One interpretation of these results can be drawn from the Bosanquet inter-
polation formula for calculation of diffusion in porous systems. When the pore radius
increases according to the cylindrical pore formula, the radial diffusion coefficient,
D,, approaches the value of the gas phase diffusion coefficient, D,

oot =pyt + byt (4)
where D, is the Knudsen diffusion coefficient®”-3%. When compared with the value
TABLE V

LINEAR FITTING ACCORDING TO H = gy + & FOR #-BUTANE IN HELIUM AND NITROGEMN
AT 220°C AWND 240°C

Carbon Carrier 1P - g b _ a{Nz)
af He)

R-2 Extra He 3+ 02 0.15 £ Q.01 27

(240°C) N, 85+ 02 0.7 002 :

R-2 Exira He 35+ 0.2 0.14 = 0.0 18

(ZH°C) N, 64 L 01 018 + 0101 :

5-2 He 14 +£3 041 + 0.06 13

(240°C) N, 18 =5 0.34 + 0.02 :

§-2 He I4 £1 042 + 0.04 13

(220°C) N> 18 £2 035 £ 002
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TABLE vl

LINEARFITTING ACCORDINGTO H = au + b FORTSOBUTANEINHELIUM AND NITROGEN
AT 220°C AND 240°C

Carben Carrier  I0% - @ b L arN)
alHe)

R-2 Extra He 34 4+ 05 .16 £ 0.02 24

(240°C) N2 83 £ 0.1 0.18 + 0,02 ’

R-2 Extra He 36 £ 0.1 0.14 + 0.01 10

(220°C) Mo 67 £ 0.1 0.17 £ 0.01 :

S.2 He T 1 0.37 £ Q.08 14

{240°C) N;z 23 + 4 r41 £ 0.07 -

5-2 He 7 £1 0.34 &£ 0.01 12

+ 1 037 + 0.01 '

(220°C) N 21

of the diffusion coefficient ratio in the gas phase, Dy(helium}/ D (nitrogen) = 3.2 for
the two temperatures and the two adsorbates, the p values of R-2 Extra carbon
show that this material is characterized by high macroporosity. The solid phase mass
transfer coefficients, C;3?, Table VII, evaluatcd on the basis of the Giddings theory,
indicatc how much more rapidly the conditions of adsorption equilibrium are reached
for R-2 Ex(ra, again consistent with its macroporous structure,

TABLE VII
MASS TRANSFER COEFFICIENTS, C, (msec)

Temperature (°C) R-2 Extra 5-2

n-Butane
240 021 £ 006 98 02
120 18 £02 1449 + 0.2
Isoburgre
240 14 005 123 + 0.2
220 28 + 0.2 19.0 £ 0.3

CONCILUSTONS

A comparison of the data obtained from traditional physical techniques and
from GC by use of the EC series demonstrates that characterization of the adsorption
capacily by pas chromatography is without doubt the more direet and unambiguous,
By varying the type of solute it is possible to examine the nature and the adsorbent
capacity of active carbon surfaces in greater detail, while measurement of surface
areas by techniques such as BET and SAXS is difficult to ¢valuate, of limited apphi-
cation and laborious.

The GC, mercury porosimetry and SEM techniques all indicate the important
rdle of macroporosity in the exchange of mass between two phases, while the TEM
technique and the analysis of chromatographic band broadening do not give un-
ambiguous results. Therefore, the GC characterization of such complex porous ad-
sorbenis as the active carbons is not inferior to that obtained with alternative, more
time-consuming techniques,
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