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Abstraci—1 is shown how the use of various adsorpiion and calorimetric technigues can provide unambig-
uous information on the presence or the absence of porosity on the surface of carbon blacks. Dubinin's
theory, its extension 10 immersion calorimetry, and gas-phase calorimvetry can be applied successfully.
A an -:l:ﬂmplt_ the characierization nf & poroms and non=-porons samples i@ deceribed
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1. INTRODUCTION

Carbon blacks[1] are characterized by their surface
area but, depending on the origin of the solid and its
treatment, one may find a variable degree of micro-
porosity[2]). Tes presence, which is not always obvious,
can be revealed by a number of technigues currently
applicd o active carbony amd basod on Dubinin®s
theory[3]. In the present paper, we wish to illustrate
these possibilities for a number of porous and non-
porous blacks, and to cross-check them.

As shown below, BET treatment[4] alone and the
value ol ity vonstant ¢ are oot always sullicient 1o
characterize the surface unambiguously. Morcover,
even enthalpies of immersion combined with a stan-
dard enthalpy of wetting can be misleading in some
cases. It follows that more refined approaches must
be uscd. Provided that information is available for a
suitable reference material, such as graphitized Vul-
¢an 3, for example, the comparison of adsorption and
immersion data obtained with the same adsorptive can
provide important clues. This approach leads essen-
tially 1o e value of the extermal (non-porous) surface
area 5, and to the approximate micropore volume, if
microporosity is present. The advantage of this tech-
nigue lies in the fact that adsorption can be limited
1o relative pressures p/py, above 0.05, approximately,
Dut e information is limited 1o the micropore vol-
ume alone. On the other hand, from adsorption data
at low pressures (typically 107% < pip, < 1078 it is
possible to gain more information on the mictopore
system, by applving Dubinin’s theory and its exten-
sions. Ies Tundanwental relation is Ue Dubinie-Asiak oy
eqnl3]

Ny = Nopexpl = {A/BE))"] (1)

where &, {mol/g) represents the amount adsorbed
by the adsorbent at p/p, and ar temperaiure T; N,
is the limiting amount as 2/ tends v wil; A =
RT In{ po/p) and n, Ey and 8 are specific parameters
of the system under investigation. The actual volume

of the micropores is By = Nyy- V. when F, is as-
sumed to be close to the molar volume of the adsor-
bate in the liquid state. ¥, depends on the accessibility
of the micropore system 1o molecules of different
sieca. Fuon a varicly of aclive carbons n = 2, which cor-
responds to the classical equation of Dubinin and
Radushkevich (D-R). From the linear section of & plot
of In(N,) versus {4/8) %, the classical D-R plot, one
obtains, finally W and E,.

It has been shown that the so-called characteristic
energy £, usually given in kJ/mol, is related to the
average micropore width L bv([5]

L {nm} = 10.8/(E; — 11.4} 2)

This relation is valid for pores smaller than 1.8-2.0
nm, and if one assumes locally shit-shaped and open
micropores, their surface area is approximately

Spi (m¥g) = 2-10° W, (em™/e)/L (nm) (3}

The parameters W} and £,, oblained from the D-R
¢qn {1) for the adsorption of a given vapour, also ap-
pear in the enthalpy of immersion of the carbon into
the corresponding liquid, Ak;. As shown by Stoeckli,
et al. [3,6), Dubinin® theory can be extended to immer-
sion calorimetry, the fundamental relation being

Aly (3/g) = —BEMW« V1 + «T)/ 2V, + 1,5, (4)

e and ¥, are the thermal expansion coefficient and
the molar volume of the liquid and A, is the specific
enthalpy of wetting of the external surface of the
carbon. If the second rerm on the right-hand side of
eqn (4) is not too small, it is possible, in principle, 1o
calculate 5, and to check Tor self-consistency, since
the external surface area can also be derived from
analysis of the adsorption sotherm. However, it must
be pointed out thar S, and A, are usually KBowh Wittun
10=15% only. Experience also shows that in the case
of microporous carbon blacks, as opposed to active



Tahle 1. Standard analysis of the samples (RET and immer-
sion calorimetry based on CHyCLy at 293 K)

S{BET) AR ICHClL) 5
Carbon black  {m%/r) oBET) (37g) (m* g}
XYL-NE 112 6 2000 131
XC-T2 218 B2 £} 204
ACET-ME 180 8 218 156
T-5500 210 3l 30 197
MCG-2700 90 50 0.9 T
HOECHST 52 72 76 50

carbons[1], S, obtained from egn (4) is not always
reliable.

Like eqn (1), eqn {4) has also been wsed 1o ohtain
the volumes W, filled by molecules of different sizes.
The two approaches are in agreement, but immersion
calorimetry requires less time than the détérmination
of the corresponding isotherms. These techniques lead
o the corresponding micropore distribution of a car-
bon[5], WAL versus L, as shown below. [t appears
therefore, that Dubinin's theory provides a useful frame-
work for the study of microporosity in carbons in
general.

Independent informatinn on the state nf the car-
bon surface is also provided by vapor-phase calorim-
etry(7.8]. The differential heat of adsorption ¢ and
its variation with the amount adsorbed clearly shows
the presence or the absence of microporosity, as ob-
gerved for active carbons, The integral heat of adsom-
tion is also related to the enthalpy of immersion, Aft;,
the difference being equal to the enthalpy of conden-
sation of the adsorbed gas. This provides again a tesi
for self-consistency between the different and indepen-
dent experimental techniques.

1. EXPERIMENTAL

We used & carbon blacks of different origins
(Tables 1-3) and a sample of graphitized Vulcan 3.
The latter {courtesy of J. Lahaye, Mulhouse) was used
as a primary reference, sifice it is well known that
the carbon blacks of these series are non-porous. The
BET surface areas obtained from M. (77 K) and C;H,
{203 K} are 73.1 and 71.2 m?/g, rezpectively, assum-
ing molecular surface areas of 16.2 and 43-107% m?.

Carbon blacks T-5500, XC-72, NG-2700 and
Hoechst are of industrial oripin, whereas samples XYL
and ACET-NE were produced in our laboratory from
the combustion of xylene and acetylene in oxygen.

The adsorption and immersiom techniqoes and
gas-phase calorimetry are described in derail else-
where[3,4]). Prior to their use, all carbons were out-
gassed for 12 hours in vaccuo (10~ mmHg), the final
temperature being near 450°C. In the case of the gas
calorimeter. the sample was outgassed again in situ,
at room temperature. The five samples were investi-
gated at 293 K, using CH,Cl, in the liquid and the
vapor states. This adsorptive is convenient, in view of
its vapor pressure (348.9 mmHg at 293 K) and its mo-
lecular dimensions (nearly spherical, with a diameter
close to 0.35 nm). It has already been used extensively
for the study of active carbons. Its main physical prop-
erties, used In connection with eqns (1) and (4), are
g = 0.66, ¥, = 64.02 cm’/mol, o = 1.34-107 K~
and k; =0.15 1/m®. The latter is an average ahtained
from immersion experiments carried out with carbons
of known surface areas.

Based on a value of 43-10 ™ m? for benzene
adsorbed on non-porous carbon blacks, the molec-
ular surface area of CHoCL is 29- 1072 m?, against
24,5-107*" m? caleulated[4] from the liquid density
at 293 K.

In the case of samples XUC-TZ, Hoechst and
NG-2700, the adsorption {sotherms of CH, (293 K)
were alkn determined, in order to compare these sol-
ids with Vulean 3, the primary reference[2]. From
the comparison plots, shown in Fig. 1, it appears that
Hoechst and MNU-2700 are non-porous and conse-
quently either one can be used as an internal reference,
Sample XC-72 appears to be microporons, as fonnd
carlier[5,8].

3. RESULTS AND DISCUSSION

Table 1 shows the resultz obtained from the eran-
dard BET analysis of the CH~Cl; isotherms and from
immersion into the same liquid, 1t appears that the
surface areas 5(BET) and 5, the value obtained by
dividing = &k, (CH;Cl,) by 0.15 J/m?, are relatively
clese (0.15 1/m” is an average obtained in this labora-
tory with different non-porous carbons). The “c’ values
of the BET model[4] are also similar, and therefore
one might conclude that, like sample Hoechst and
MG-2700, the various blacks are non-porous. How-
aver, the comparison of the CHCl; isotherms wirh
the corresponding data for sample Hoechst shows that
all other samples present some degree of microporosity
(Fig. 2). From the linear sections and the extrapolated
intercepts of the comparison plots, one obtains the
external surface areas §, and the pore volumes ¥,

Table 2. Non-porous surface area 5, and porc volumes ¥, obtained from the comparison plots of the CH,Cl, (293 K)
isotherms with sample Hoechst

Carbon hlack XYL-ME KC-T2 ACET-NE T-5504 MNG-Z700
5. (mzf'}gj 96 14% 141 11K 95
¥, {cm'/g) 0.006 0.038 0.016 0.035 -




Table 3. Characteristics of the carbon blacks obtained from eqns [13-(3) and from the decomposition of the adsorption

isotherm (5,.)

w, Eo L S 5. e

Carban hlack {emig) ikt mel) {nin) {msg) imig) (/g
K¥L-NE 0017 M7 .k 43 L] 133
®({.72 0,061 13.3 0.9 137 123 260
ACET-NE 0.031 131 0.9 i3] 137 193
T-5150H i 103 1.3 (1.1 B 240
MNG-2 70 (0.052) i - - of o0
{0.032) o6 - - 52 52

HOECHST

of these solids (see Table 2). At this stage, it must
be pointed out that the values of F, are relatively in-
accurate, singe small variations in the linear section of
the comparison plot can lead to relatively large dif
ferences in the ordinate. Moreover, the comparison
plot dors not provide informatinn on the actal pore
sizes and therefore the following approach, based on
Dubinin’s theory, is recommended.

From the classical D-R plots[3,4] applied to the
low-pressure domain of the adsorplion isotherms, one
obtains parameters W and £y given in Table 3. Lin-
car sections are found in the various D-R plots but,
in the case of Hoechst and NG-2700, the low values
of £, exclude the presence of microporosity. This is
sugpested by experience gained from the study of ac-
tive carbons, In this case, the linearity of the plots
indicates rather an adsorpiion process of the Dubinin-
Radushkevich-Kaganer typel[9,10], sometimes observad
with open surfaccs. Under these conditions, the lim-
iting amounts should correspond to extrapolated
monelayer capacities, but in the present case they are
not very accurate (73 and 119 mz,-“g, respectively),

As expected, it appears that the microporte volime

o

(111 10 16
Na/mmol g™ fVulca n-3j

Fig. 1. Comparison plots for the CgHg isotherms of carbon
tacks XC-72 (&), MG-2700 (@), and Hoechst (#). Vulcan-
3 is the reference material,

W, is different from the volumes F, derived from the
comparison plots, bat the latter is only indicative. On
the other hand, from eqns (2)44), one obtains the av-
erage micropore widihs L and the surface areas 8,
and 5, of the microporous carbon blacks. Inspection
of Tables 2 and 3 shows that the value of S, obtained
from the comparison plots (Table 2) and from the de-
composition of the isotherm[11 (Table 31 are in good
agreement. Om the other hand, the values of 8, ob-
tained Mrom eqn (4) are systematically smaller, in par-
ticular for T-5500 (only 28 mir'g}. The total surface
area of the microporous samples, S, are relatively
close to S{BET) and §;, but this is fortuitous and mis-
leading, since thair meanings are different.

In the case of sample XC-72 {Fig. 3), the presence
of microporosity is also revealed independently by
molecular sieve experiments carried out with probes
of different sizes[3.5.8].

Om the basis of the total surface areas 5, of the
carbon blacks, one obtains the specific heats of im-
mersign into water ot 203 K, The corresponding val-
wes in J/m® are: 0L044 (XYL-NE), 0.036 (XC-72},

P/p,
906 01 03 a5 . OF

02 04 0.6
Hafrn mol 9'1 quachsu

Fig. 2. Comparison plots for the CH.CL, (293 K) isotherms

of XC-72 (&), T-5500 (@}, ACET-ME (A), XYL-NE {0},

and MG-2T00 (#). The reference material is sample Hoechst.
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Fig. 3. The micropore distribution of carbon black XC-72
cliagined Nivm mokyula-sieve cape imcnts.

0.061 (ACET-NE), 0.039 (T-5500), 0.020 (NG-2700),
0.063 (Hoechst).

Finally, the differential heat of adsorption of
CH;Cl; vapours at 293K (Fig. 4) also suggest the
presence of MICToporosity in samples XYL-NE, XC-
72, ACET-NE and T-550{. The relatively high values
of S0-60 k I/mnl correspomid to the adsorprion of the
same vapour by typical active carbons[7] and the drop
in the differential heat of adsorption is in good agree-
ment with the expected filling of the micropore sys-
tem W, In the case of sample NG-2700, on the other
hand, 5% remains close 1o 40 ki/male, the valne
reached for the other blacks when the micropores are
filled. Moreover, the enthalpy of immersion into di-
chloromethane calculated I'vom the integral heat of
adsorption is equal to 9.9 1/g, compared to an exper-
imental value of 10.9 1/g (Table 1), This indicates con-
sistency between the different experiments.

The data presented here illustrate the degree of
information that ¢an be obtained, depending on the
techniques used. It is obvigus that they are not needed
simultanecusly, unless a check for self-consistency is
required, or the carbon under investigation présents
unusual difficultics. However, it appears that Dubinin's

'50 ."'* &
'l.--;
T 50L «.°
.E by 1ll
=40
"‘-f.. D'DD'UE h‘}#k“‘%".*xl g 1.- 1-11
£ 2 i Bhar
T, 5
201
L
02 04 0G5 08 10
NafMam

Fig. 4. The differential heats of adsorption g2 of CH,CY,

{293 K) vapour on samples XC-72(4), T-5500 (@), ACET-NE
(#). XYL-NE {£) and NG-2700 ().

theory provides the safest way to characterize a porous
carbon black.
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