PRUFEN UND MESSEN

Surface properties - carbon black -
inverse gas chromatography

Very often, authors examine only
one carbon black sample of a given
type, admitting that the determined
characteristics can be extended to
all other samples having the same
producer specifications. But, due to
the variability of the raw materials,
that are natural products, and the
variability of the process, the sur-
face properties will vary more or
less from one batch to another.
Nevertheless, the batch to batch
stability of filler is of a main impor-
tance in the industrial applications.
The present work will demonstrate
that inverse gas chromatographic
methods provide a simple way to
test the surface properties of a
solid.

Einfluss der Batch-Stabilitat
auf die Oberflacheneigen-
schaften von RuB-Verwendung
bei der Inversen Gaschromato-
graphie

Oberflacheneigenschaften - RuB -
Inverse Gaschromatographie

Haufig werden einzelne RuBproben
einer gewissen Type untersucht und
die Ergebnisse auf andere Muster
mit der gleichen Spezifikation liber-
tragen. Unterschiede in der Zusam-
mensetzung der Rohstoffe, die na-
turliche Produkte sind, wie auch die
Variabilitat der Herstellungspro-
zesse fiihrt zu Variationen der Ober-
flacheneigenschaften der jeweiligen
RuBproben. Nichtsdestoweniger ist
die Konstanz der Qualitét von einer
gewissen Wichtigkeit fiir industrielle
Anwendungen. Diese Arbeit ver-
deutlicht, dass die Methode der In-
versen Gaschromatographie eine
einfache Charakterisierung der
Oberflacheneigenschaften darstelit.
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TESTING AND MEASURING

Carbon Black using Inverse Gas
Chromatography Techniques

Study of the Batch to Batch Stability of the

Surface Properties

H. Balard, Mulhouse, E. Brendle, Pulversheim (France)

Inverse gas chromatography in infinite di-
lution conditions or at finite concentration
conditions had been often used for the
characterisation of the surface properties
of carbon fibres [1-3], active carbon [4]
and carbon blacks [5—10] having differ-
ent origins or submitted to controlled
treatment. Generally, only one carbon
black sample of a given type was exam-
ined and the results obtained were admit-
ting to be representative of all the carbon
samples having the same producer spe-
cifications.

But, the variability of the raw materials,
which are generally natural products, and
the variability of the process will both in-
fluence more or less the surface proper-
ties from one batch to another. But, the
batch to batch stability of filler influences
obviously the use properties of the fin-
ished products and is therefore of a
main importance in the industrial applica-
tions.

Hence the surface properties of 12 car-
bon black N550 samples corresponding
to twelve different batches, were exam-
ined in order to demonstrate that inverse
gas chromatographic analytical methods
provide a good way to test their surface
property stability from one batch to an-
other one.

Experimental part

Samples

Twelve rubber reinforcing carbon black
samples N550 from (Columbian Carbon
USA) were selected having both a speci-
fic surface area of about 50 m2g, but

coming from different manufacturing
batches.

Inverse Gas Chromatography (IGC)

IGC may be performed either at the infi-
nite dilution conditions (IGC-ID), but also
at finite concentration conditions (IGC-
FC). In the first instance, the measured
quantity is the net retention time (t,),
i.e., the time the injected solute spends
inside the GC column, corrected by the
time it would take for it to cross the col-
umn without adsorption on the chroma-
tographic support. This latter time is mea-
sured using a solute that scarcely ad-
sorbs under the given experimental con-
ditions (methane). From t,, one easily
computes the net retention volume V,
knowing the flow rate of the carrier gas.
[t seems obvious that the “affinity” of
the solid support inside the column (the
carbon sample) will directly influence
V,,. When measured under equilibrium
conditions, V,, leads to the standard var-
iation of the free energy of adsorption of
the solutes.

In the finite concentration mode, mea-
surable amounts of solutes are injected
leading to deformed chromatographic
peaks. From the peak deformation, ad-
sorption isotherms and adsorption ener-
gies distribution are calculated.

Sample preparation

Experimentally, the carbon samples were
sieved to select the fraction of particles
having diameters between 250 and
400 um. Then, the selected particles
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were introduced in a stainless GC steel
column. A commercial gas chromato-
graphic apparatus (Intersmat, model
IGC 120 DFL), equipped with a highly
sensitive flame ionization detector, was
used for this study. Helium was selected
as carrier gas at a flow of 25 ml/min. The
IGC-ID measurements were performed at
110°C and the IGC-FC ones, at 50 °C.

Theoretical part

IGC-ID

In IGC-ID approach, a very minute
amount of probe corresponding to the
detection threshold of a FID detector is
injected and the net retention volume of
the probe is recorded, which is the ex-
perimental data, reflecting the level of in-
teraction between the solid surface and
the probe.

On Figure 1, the free energy of some
IGC probes having different nature — apo-
lar, n-alkanes, polar or sterically hindered,
cyclic or branched alkanes- are plotted
versus their Brendlé and Papirer index
of morphology X,, a parameter closely re-
lated to the molecular polarisabilty of the
probes.

This figure describes the principle of
the determination of main thermodynami-
cal parameters, which can be acquire
trough IGC-ID technique and related re-
spectively:

— the increment of free energy per
methylene group (BAGS™2), which is
equal to the slope of the n-alkane
straight line and related to the non-
specific potential of interaction of the
surface through London'’s forces,

— the increment of free energy to its spe-
cific capacity of interaction (SAGE)
which is given by the vertical departure

of the representative point of a given
polar probe from n-alkane straight line,
— the decrement of free energy (SAGY),
defined as the departure of the repre-
sentative point of a cyclic or a
branched alkane from the n-alkane
straight line and related to the size ex-
clusion effect that can takes place
when the studied solid surface exhibits
a surface roughness at a molecular
level.
The principle of the calculation of the
main CGI-DI values - v¢, I, and are re-
called thereafter.

Dispersive component of the
surface energy

Using IGC-ID, the dispersive component
of the surface energy was determined
calling on the Doris and Gray approach
[12] by injecting a set of linear alkane in
the column field with solid of interest.
When plotting the free ad sorption energy
versus their topological indices (here,
their number of carbon atoms) one ob-
tains the “alkane line” which the slope
corresponds to the increment of free en-
ergy per methylene groups (SAGSH?).

Applying the previous approach, the
dispersive component of the surface en-
ergy (vd) can be readily calculated ac-
cording to the equation (1).

o _ (3AGEH2)?
’YS = 4N2 2 (1)

8CH,1CH,

where N is Avogadro’s number, acyy, is
the area covered by one methylene group
(0.06 nm?), and v, is the surface en-
ergy of pure methylene group surface,
i.e., polyethylene, vq, = 35.6 +0.058
(293 —T), in mJ/m?, whereas AGc,,, is
obtained from the slope of the straight

] . - Branched
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line obtained when plotting the 6AG of
n-alkane probes versus their topological
indices or their number of carbon atoms,
namely (2):

Vn
8AGg, = —RT In 2 2)

N(n+ny

v¢ is directly related to the surface po-
larisability of the solid surface.

Index of nano-morphology

Of course, probes other than the linear
apolar n-alkanes may be used to assess
the interaction potential of a solid surface.
Among these probes, branched or cyclic
isomers of the n-alkanes that can only ex-
change non-specific interaction as the
linear isomers, are of a main interest for
testing the surface morphology at a mo-
lecular scale. In particular, Balard and Pa-
pirer [13] have shown that such isomers
exhibit much lower retention times than
the corresponding linear alkanes for so-
lids having a lamellar structure such as
crystalline silicas or talc, thus demon-
strating that the assumption of surface
flatness is not fulfilled.

When stereochemistry hinders bran-
ched or cyclic isomers from entering
structures in which linear alkanes could
absorb, much lower retention times are
observed for non-linear isomers than
for the linear ones. Nevertheless, on a
flat surface on which no size exclusion ef-
fects take place, linear and branched or
cyclic alkanes behave differently, due to
their difference of polarisabilty. In order
to take into account this last parameter,
Brendle and Papirer [11] had proposed
the topology indices X;, adapted to
IGC-ID measurements, derived from
Wiener’s topology indices.

Size exclusion effect leads to a de-
crease of the free energy of adsorption
when comparing with that of a virtual lin-
ear alkane having the same topological
index (X,). The departure of the represen-
tative point of the branched or cyclic al-
kane from the n-alkane line gives a mea-
sure of the size exclusion effect. Balard et
al [14] have proposed the indices of sur-
face nano-morphology, according to the
equation (3):

ly = exp (—é(%") 3)
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When |, is equal to 1, the solid surface
can be considered as flat at the molecular
level. As the surface roughness increases
decreases readily down to a value of
0.1 for some solids like talcs [15] or clays
[e1.

Specific component of the surface
energy

Specific interactions include all types of
interactions except the London or disper-
sive interactions. Among them, acid-
base interactions play a determinant
role [14]. As pointed out above, a com-
parison of the apolar (n-alkanes) and po-
lar probe adsorption behaviours leads to
the evaluation of the contribution of the
specific interactions (SAGEP), by subtract-
ing, from the global free energy variation
AG,, the contribution due to dispersive
interactions. The latter is estimated
from the “n-alkanes reference line” ob-
served when plotting the global free en-
ergy of adsorption AG, of n-alkanes ver-
sus their topological indices. The contri-
bution of specific interactions (SAGS) is
then given by the departure of the repre-
sentative point of the polar probe from
this “reference alkane line” as shown on
Figure 1. The representative points of a
polar probe, that is more interactive
with a polar surface, should be located
above the “linear alkane line”.

Limitations of IGC-ID

It is of importance to realise that IGC-ID
delivers absolute thermodynamic para-
meters only on a perfectly homogeneous
surface. No real solid surface could be
considered as truly homogeneous and
obviously, the presence of sites having
different potentials of interaction neces-
sarily influences the IGC-ID behaviour of
the probe through a strong variation of
the residence time on the different visited
adsorption sites. Then, the overall reten-
tion time is a complex function of the
number of sites, their characteristic ener-
gies of interaction and their capture ra-
dius. Consequently, the thermodynamic
data delivered by the IGC-ID can only
be used for the comparison of solid sur-
faces presenting a close analogous sur-
face structure.
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IGC-FC

On the contrary to the IGC-ID, a finite vo-
lume of liquid probe is injected into the
chromatographic device, here the in-
jected volume could be equal up to about
20 ul depending of adsorption surface
area of the solid contained in the column.
IGC-FC gives access to adsorption iso-
therms [17]. The simplest method, from
the point of view of the analysis duration,
is “the elution characteristic point meth-
od” (ECP) that allows the acquisition of
part of the desorption isotherm from a un-
ique chromatographic peak.

Using this method, the first derivative of
the adsorption isotherm can be readily
calculated starting from the retention
times and the signal heights of character-
istic points taken on the diffuse descend-
ing front of the chromatogram, according
to equation (4):

ON JDt’
(8P>  mRT
where, N is the number of absorbed mo-
lecules, P the pressure of the probe at the
output of the column, t/ the net retention
time of a characteristic point on the rear
diffuse profile of the chromatogram, J the
James and Martin’s coefficient (xx JM), D
the output flow rate and m the mass of
adsorbent.

According to ECP approach [17], the
isotherm of desorption can be readily cal-
culated. Several information may be ex-
tracted from the isotherms: BET specific

surface area, BET and Henry’s constants
as depicted on Figure 2. Moreover, it is

(4)

obvious that the shape of the desorption
isotherm depends on the surface hetero-
geneity.

Intuitively, molecules adsorbed on the
sites having the highest energy will re-
main a longer time in the chromato-
graphic column than those they have vis-
ited sites having a lower energy. Hence,
the shape analysis of the isotherm will
give access to the distribution function
of the adsorption energies that looks
like that represented on the right part of
the Figure 2.

For the shape analysis of the desorp-
tion isotherm, a physical model is re-
quired. Generally, one admits that the glo-
bal isotherm can be considered as a sum
of local isotherms of adsorption on iso-
energetic domains [18]. Then, the surface
heterogeneity is described by a distribu-
tion function corresponding to the relative
abundance of each type of domain hav-
ing the same characteristic energy of in-
teraction (g). This characteristic energy is
related to the pressure of measurement
[19] by equation (5):
E=C x10* (MT)"? (5)
where M is the probe molecular weight
and T is the experimental temperature
(K) and C a constant depending of the
pressure unit: C = 2.346 10% when the
pressure is expressed in kPa.

Taking into account the previous phy-
sical model, the general equation, which
describes the physical adsorption on het-
erogeneous solid surface, is usually writ-
ten in the following integral form (6):

Multi-layer
adsorption

Weak Interaction Domain
Increasing interaction
between adsorbed
molecules

Strong Interaction Domain
Prevailing influence

of surface heterogeneiry PiPa

HiEd
pmoled k1 imole)

Y

Energy (klimole)

0 T

1 T
0 005 010 0.20 0.30

Figure 2. Relation between the isotherm of desorption and the surface heterogeneity and a
typical distribution function of the energies that can be observed of an alcohol probe on a

silica sample.
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of the nano-mor-
phological indexes
with the dispersive
component of the

N(T, P) = N, Je(g, T, P) y(e)de  (6)
Q

where N(T,P) is the number of molecules
adsorbed at the pressure p and at the
temperature T of measurement, N, is
the number of molecules corresponding
to the formation of a monolayer,
0(e, T, P)is the local isotherm (generally
the Frumkin, Fowler, Guggenheim’s iso-
therm) corresponding to adsorption sites
having the same characteristic adsorp-
tion energy € y(¢) is the so-called ad-
sorption energy distribution function
(DF) describing the energies which exist
at the gas-solid interface and Q is the
physical domain of the adsorption en-
ergy.

From a mathematical point of view, sol-
ving the former integral equation is not a
trivial task because it has no general so-
lution, except when one adopts a step
function as local isotherm that says the
condensation approximation. The con-
densation approximation supposes that
the sites of adsorption of given energy
are unoccupied below a characteristic
pressure and entirely occupied above it.
The distribution function for the conden-

surface energy.

sation approximation (DFCA) is directly
related to the first derivative of the iso-
therm corrected for the multilayer ad-
sorption, according to equation 7:
P 9 [N/(P’
xcal®) ~RT 9P/ { ’\(‘o )]
where: N’ and P’ are respectively the
amount of adsorbed probe and the equi-
librium pressure of the probe corrected
for the multilayer adsorption, N, is the
amount of adsorbat corresponding to
the monolayer formation, R the universal
gas constant for an ideal gas and T the
absolute temperature at which the mea-
surement is performed.

The first derivative of the isotherm cor-
rected for the multi-layer adsorption [9]
(experimental isotherm of type ll) is re-
lated to the experimental isotherm and
its first derivative by the following equa-
tion 8:

ON'
op'

(7)

3 ON > N
(1=%° 55— (1= &= )
The condensation approximation is all
the better as the temperature of mea-
surement approaches the absolute
zero. In the usual IGC measurements
conditions, at room temperature and
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above room temperature, this approxi-
mation fails completely and it becomes
necessary to use other approximated
forms of the local isotherm. Among
them, for Langmuir local isotherms, the
extended Rudzinski et al method [20] al-
lows the computation of the actual distri-
bution function (DFRJ) from a limited de-
velopment of the even derivatives of the
DFCA, according to equation (9):

S
1(e) = o (RT)Poy - 150 (E)
&

@i+ !
9)
The use of a signal treatment method,
based on Fourier’s transforms, allows the
filtration of the isotherm data (elimination
of the experimental noise contribution).
The remarkable robustness of this new
approach, versus noise and irregular
sampling, was carefully tested and the
energetic surface heterogeneity of a ser-
ies of solids [21-25] was evaluated.

(e with by = 1 and by = (—1)

Results

IGC-ID analysis

Dispersive and specific interaction
capacities and surface nano-mor-

phology.

Injecting branched or cyclic alkane
probes, calling on size exclusion 1GC
[14], the surface nano-morphology of
the carbon blacks was assessed. Lower
the nano-morphological index (1) is low,
higher the surface roughness is.

On another hand, polar probes, which
can exchange only specific interactions
with the carbon black surface, like chloro-
form or benzene, were also injected in or-
der assess the capacity of specific inter-
action of the carbon black samples.

The measured values of 18, |, and lgp
are gathered in the Table 1.

On the point of view of IGC-ID, strong
variations of the surface properties of
these samples are evidenced, e.g. the
Y2 values vary from 170 md/m? to
353 mJ/m?. As previously observed on
other solids [13] a correlation was ob-
served between the y2 values and the in-
dex of morphology as depicted on Fig-
ure 3, for Hexamethylethane or cyclo-
octane probes.
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Table 1. IGC-ID main characteristics of the studied carbon black samples.
Carbon yg —ly BMH)  —ly HME) -, (C-C8) Iy, (CHCL)  Isp (B2)
A 208 0,62 0,71 0,29 5,8 3,89
B 211 0,62 0,63 0,27 8,78 3,29
(& 252 0,28 0,42 0,13 9,03 high
D 210 0,68 0,6 0,28 8,42 3,79
E 353 0,5 0,28 0,09 10,06 3,54
F 180 0,69 0,71 0,34 7,62 3,35
G 188 0,54 0,66 0,31 8,08 3,64
H 170 0,71 0,66 0,34 755183 3,71
| 289 0,63 0,55 0,24 9,7 6,38
J 197 0,61 0,57 0,29 8,53 3,99
K 192 0,65 0,6 0,31 8,51 4,11
L 174 0,71 0,64 0,35 8,18 4,57

Bold characters indicates IGC characteristics that stay clearly above the mean values, whereas italic
ones are related to the most lower values comparing to mean ones.

Hence, higher dispersive surface ener-
gies correspond to higher surface rough-
ness on the probe size level. This phe-
nomena is certainly related to the pre-
sence of fish scale like structures accord-
ing to the Donnet’s model in which the lin-
ear alkane probes may insert and from
which bulky alkane probes are excluded.

Finally, it is also obvious that 3 samples
(C, E and ) exhibit clearly very different
IGC-ID characteristics and a close exam-
ination of the specific parameter of
chloroform and benzene probes confirms
this observation.

Because IGC-ID is mainly sensitive to
the sites having the highest energy, the
values measured on an heterogeneous
solid have no absolute signification and
are only apparent values. Hence, the
IGC-CF was called on in order to assess
their surface heterogeneity.

IGC-FC analysis

Specific surface area and BET
constant

Hence, the surface properties of these
twelve samples were examined using
IGC-FC and their specific surface areas
and BET constants were computed
from the hexane isotherm of desorption.
Their values measured on the twelve
samples are reported in the Table 2.

As previously for IGC-ID data, the sam-
ple (I) exhibits very different IGC-FC char-
acteristics: a high specific area and a low
BET constant value. To some extent,
sample C is also out of range on the point
of view of its specific surface area. The
BET specific surface area measured for
the other samples are equal to the at-
tempted values for N550 carbon blacks.

0.8
Iy
0.7 + (kJ/mole) H N
064 HexaMethylEthane
|
0571
04T
031
027 Figure 4. Distribu-
I CycloOctane tion function of the
0.1+ b 5 energies of adsorp-
Y5 (m]/m<) tion of hexane
0 f ‘ ’ ; ’ probe, on studied
100 150 200 250 300 350 400 N550 carbon black
samples, measured
at 50°C.
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Table 2. IGC-FC main characteristics of
the studied carbon black samples.
Sample ref. Sepe (M%9)  Cger
A 54 14
B 51 19
C 74 19
D 51 27
E 49 27

B 50 26
G 47 27
H 49 26

| 83 10

J 56 20
K 51 23

L 49 28

Bold characters indicates IGC characteristics
that stay clearly above the mean values, whereas
jtalic ones are related to the most lower values
comparing to mean ones.

It is also worth to point out that the BET
constants vary in large extend from 10 to
28, emphasising a strong variation of the
potential of interaction of these fillers at
high coverage ratios. Finally the distribu-
tion were computed according to Rud-
zinski-dagiello approach and using our
calculation method [20]. They are shown
on Figure4, sorted by increasing BET
constants, from top to bottom.

If all the distribution functions present
an analogous shape with a main peak
centred on 18 kd/mole and another one
centred at 32—-34 kd/mole. If the position
of the latter peaks is quite stable, a con-
tinuous shift of the position of the former
peaks is observed toward the low ener-
gies, whereas their relative intensity in-
crease, with decreasing BET constants.

Figure 5. Donnet’s model of carbon black.

KGK Kautschuk Gummi Kunststoffe 55. Jahrgang, Nr. 9/2002



Carbon Black using Inverse Gas Chromatography Techniques

Correlatively, the intensity of the inter-
mediate part of the distribution increases
and its shape follows a continuous evolu-
tion. From their aspects, they could be
roughly classified in 3 groups depicted
on Figure 4, according to the grey scale.
The sample | and in a less extend the
sample A exhibit very different distribution
function shape.

Atentative interpretation of these distri-
bution functions could be done, based on
a study led on graphite, fullerene and
other carbon black samples [9]. The
peak situated at low energy could be at-
tributed to the graphitic domains present
on the carbon black surface, revealed by
STM microscopy and schematised to the
Donnet’s model [26] depicted on Fig-
ure 5. The other main peaks at high en-
ergy would be related to the “lateral sur-
faces” of these graphitic domains and is
also observed in case of graphite sam-
ples. The intermediate part would be
characteristic of the amorphous part of
the surface which will certainly contain
the most part of the functionnal groups.
Hence, IGC analysis highlights that the
graphitic character of the studied sam-
ples varies in a relative large range due
to the variability of the process.

Conclusion

If, very often, authors examine only one
carbon black sample of a given type, ad-
mitting that the determined characteris-
tics can be extended to all other samples
having the same producer specifications.
The present work demonstrates that this
assumption is not generally full filled and
that due to the variability of the raw ma-
terials and/or of the process, the surface
properties will vary more or less from one
batch to another. Then, considering that
the batch to batch stability of filler is of a
main importance in the industrial applica-
tions, the present work demonstrates
that inverse gas chromatographic meth-
ods provide a simple and powerful way to
test finely to the surface properties of a
solid.
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Finite-Elemente-
Methode

Anwendungen und Losungen

Die Finite-Elemente-Methode ist ein intef-
disziplindres Fachgebiet, das fiur alle
Ingenieurstudiengéange zunehmend an Be-
deutung gewinnt.
Fir den Berech-
nungsingenieur
und Konstrukteur
ist sie zu einem
wichtigen Werk-
zeug zur wirt-
schaftlichen Be-
rechnung kompli-
zierter Tragwerks-
strukturen gewor-
den. Dieses Lehr-
buch fuhrt sowohl fachlich als auch didak-
tisch auf dem neuesten Stand in dieses
ingenieurwissenschaftliche  Grundlagen-
fach ein. Anders als ublich bezieht es sich
nicht nur auf die mathematische Herleitung,
sondern stellt ganz bewul3t die praktische
Anwendung der Finite-Elemente-Methode

in den Vordergrund. Durch zahlreiche Bej}-

spiele, LOsungen, Grafiken, Tabellen,

Stichworte und andere Strukturelemente
kann das Buch als effizientes Lernwerk-

zeug sowie als leistungsfahiges Nachschla-
gewerk eingesetzt werden. Mit der Darstel-
lung der farbigen Abbildungen der Studie
ausgabe auf der mitgelieferten CD-ROM
kann der Lehrstoff wirkungsvoll erarbeitet
werden. Ingenieurstudenten wird damit ejn
modernes Lehrbuch geboten, den Ingenigu-
ren in der Praxis eine Sammlung prakfi-
scher Beispiele an die Hand gegeben.

FAX-BESTELLCOUPON— —
06221-48 9623

D Expl. Kunow,Finite-Elemente-
Methode
1998. IX, 251 Seiten. Kartoniert.
Mit CD-ROM.
€ 45— sFr 80,— zzgl. Versandkosten
ISBN 3-7785-2591-3

Finite-Elemente-
Methode

Name

StraBe/Postfach

PLZ/Ort

Ich habe das Recht, diese Bestellung innerhalb von 14 Tagen nach Ligfe-
rung ohne Angaben von Griinden zu widerrufen. Der Widerruf erfolfyt
schriftlich oder durch fristgerechte Riicksendung der Ware an den VerJag
(Huthig GmbH & Co. KG, Im Weiher 10, 69121 Heidelberg) oder an meji-
ne Buchhandlung. Zur Fristwahrung gentigt die rechtzeitige Absendyng

des Widerrufs oder der Ware (Datum des Poststempels). Bei einem Wafen-
wert unter 40 Euro liegen die Kosten der Riicksendung beim Riicksengler.

Datum/Unterschrift

Huthig Fachverlage
Im Weiher 10
D-69121 Heidelberg

0) Huthig
Tel. 06221/489-367

Internet http://www.huethig.de

469



