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CHEMISTRY

Inverse gas chromatography (IGC) was used in this work to compare the surface properties of carbon fibres
covered with two different amounts of an unknown sizing agent with those of fresh and industrially oxidised
carbon fibres. Thermogravimetry and elemental analysis provided some clues about the nature of the sizing
material. IGC results were analysed in terms of free energies, heats and entropies of adsorption, and surface
free energies. Dynamic adsorption of n-alkanes showed that oxidation alone induces a high degree of disorder
at the fibre surface, whereas sizing strongly reduces the surface energy of the fibres. Characterisation of the
surface chemistry by adsorption of probe molecules with different acid-base character indicated that the
oxidative treatment produces both acidic and basic groups, while sizing confers basic properties on the carbon

fibre surface.

1. Introduction

Carbon fibres are being used extensively as a reinforcement
in advanced composite materials owing to their outstanding
mechanical properties. They are mainly employed in combina-
tion with polymer matrices as structural materials for aero-
space applications and for the manufacture of prostheses and
sports equipment. It is well established that the characteristics
of the fibre/matrix interphase are a key factor in the perfor-
mance of composites.'™ Therefore, carbon fibres usually receive
a surface treatment in order to improve their adhesion to
the matrix.** This treatment is aimed at enhancing the
fibre-matrix interfacial adhesion, thus leading to composites
with higher interlaminar shear strength. In terms of industrial
production the most conventional surface treatment method
used for carbon fibres is electrochemical oxidation.*> This
method offers the advantage of allowing continuous processing
of fibres.

The manufacture of carbon fibres involves a latter stage
in which fibres are coated with a thin layer of so-called sizing
or finish. The main function of these sizings is to prevent the
individual filaments of a fibre tow from contact damage
between themselves or from eyelets or guides during weaving
or prepregging. Additionally, many commercial sizings are
formulated to be multifunctional, ie., to promote adhesion
between the fibre and a given matrix. Sizings are thus critical in
composite manufacturing and may or may not have positive
effects on the final properties of the composite material. For
example, coatings intended to avoid fibre damage may bond
the filaments together and prevent uniform impregnation of
the tows in the matrix.>®

Unfortunately, the development of sizing agents is frequently
an afterthought in composite materials technology. Indeed,
the use of sizings as protective coatings is largely empirical,
with relatively little documentation available. The choice is
dictated by a number of considerations: good film-forming
ability to coat the surface uniformly, compatibility with the
matrix polymer, the level of filament protection required,
environmental concerns, and cost.® It has to be mentioned that
nowadays specific R&D departments in carbon fibre industries
are considering proprietary sizing formulations that would not
only protect the fibre but also enhance the composite’s final
properties. The optimum sizing content of the fibres is also a
relevant issue in this area of research.’

In the present work, inverse gas chromatography (IGC)
at infinite dilution has been selected to ascertain the effects
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brought about by different surface treatments (particularly
sizing) on the surface of carbon fibres. The use of this technique
involves a hierarchical characterisation of the material’s
surface properties. Elution of n-alkanes renders fundamental
thermodynamic quantities related to dispersive interactions.
These quantities can be related subsequently to changes in
surface microstructure and/or texture. Finally, changes in
surface chemistry are detected by eluting probes with polar
character. From the information obtained from the elution of
alkanes, the dispersive interactions can be subtracted from the
overall interaction of the polar probe with the surface. In doing
so, pure polar or specific interactions can be obtained, which
are related directly to the chemistry of the material surface.®!°

2. Experimental
2.1. Materials

Fresh (untreated and unsized) high-strength, polyacrylonitrile-
based carbon fibres (CF sample) were selected as the starting
material, with typical values of 230 GPa and 3.3 GPa for the
Young’s modulus and tensile strength, respectively. A sample
of CFO (i.e., oxidised carbon fibres) consisting of CF carbon
fibres oxidised (but unsized) following an unknown industrial
method, was also characterised. According to the introduction
it may be assumed that CFO was prepared following the
conventional method of electrochemical oxidation.

Two sized samples, CFOA and CFOB, were studied subse-
quently. Both samples were prepared from CFO fibres. These
were impregnated with a proprietary surface finish to make
them compatible with epoxy resins. In principle, the difference
between fibres CFOA and CFOB is the amount of sizing
present on their surfaces, with CFOA fibres being less coated
than CFOB ones, as stated in the manufacturer’s informa-
tion sheets.

2.2. Methods

Adsorption measurements were carried out by IGC at infinite
dilution using a Hewlett-Packard 5890-1I gas chromatograph
equipped with a high sensitivity (10~'2 mol) flame ionisation
detector. Fibre yarns (1-3 g) were packed into approx. 40 cm
long columns (2.40 mm in internal diameter) of passive nickel.
Helium (99.9995% pure) was used as carrier gas. The gas flow
rate F (15-35 ml min~') was measured at the column outlet
(Fo) by using a bubble flowmeter. Corrections were made for
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the temperature difference between the column (7) and the
flowmeter (77,), the water vapour pressure of the bubble (Py,),
and the pressure drop (j is the correction factor, with P, and
P, being the pressure at the outlet and inlet, respectively):'!

T [(Pout— Py
F=.iFﬂoT— [M] (1)
flo Pout
where,
3 [ (Pin—Pow)* — 1
“alp —_p V1 )
(Pinfpout) -1

Adsorption experiments were carried out at 10 K intervals in
the 303-353 + 0.05 K temperature interval. For measurements
obtained at the zero coverage limit, small amounts (0.1-1 pl)
of vapours of n-alkanes (C5—Cj») (>99% pure) measured with
a 10 pl Hamilton syringe were eluted through the columns.
Changes in the surface chemistry were evaluated by injecting
several polar probes with different acid-base characteristics
(nitromethane, carbon tetrachloride, acetone, diethyl ether and
tetrahydrofuran, purity > 99%). At least five injections of each
alkane were performed at each temperature. Methane was used
to determine the dead volumes. No variation was detected in
the retention volume of the probes when different flow rates
were used. This indicates that the adsorption equilibrium was
attained.!!

Prior to the IGC experiments, the chromatographic columns
were conditioned by heating at 383 K under a constant helium
flow (~20 ml min~'). Experiments showed that conditioning
times of at least 50-60 h were necessary to achieve reprodu-
cible results, particularly with unsized samples CF and CFO.
Moreover, it was found that the helium flow through the
columns should not be interrupted anytime in the course of
the experiments to avoid contamination by the laboratory
atmosphere.

TG/DTG experiments were carried out in a Stanton-
Redcroft STA-781 thermobalance provided with Plus-V data
acquisition software (Rheometric Scientific). Samples (approx
20 mg) were placed in Pt crucibles 5 mm in diameter and 5 mm
in depth. An constant flow of argon (99.999% pure by volume,
50 ml min~!) at atmospheric pressure was used. Burning-off
experiments were also performed, using a constant air (purity
99.999% by volume) flow of 50 ml min~! at atmospheric
pressure. Temperatures were measured with Pt/Rh thermo-
couples located at the bottom of the Pt crucibles and in contact
with them.

3. Results

3.1. Thermal analysis

It was deemed necessary to determine the sizing content of
fibres CFOA and CFOB. This content is defined as the percent
of the total strand weight made up by the sizing, and it is
usually determined by either dissolving the organic sizing or by
burning off (also known as loss on ignition).® However, the use
of an oxidising atmosphere at relatively high temperatures
might render misleading results when determining the sizing
content of carbon fibres, due to degradation of the raw carbon
surfaces.

Alternatively, pyrolysis of the sized carbon samples was
performed under argon at a linear heating rate of 10 K min ™!
over the temperature range of 293-703 K , followed by an
isothermal (703 K) stage during 30 min. Fig. 1 shows TG and
DTG curves of samples CFOA and CFOB carried out under
the conditions just described. Similar experiments were also
performed with fibre CFO in order to validate the method for
estimating the sizing content, i.e., to verify that the weight loss
experienced by CFOA and CFOB samples was only ascribable
to sizing material. Results are also included in Fig. 1.
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Fig. 1 (a) TG and (b) DTG curves for the pyrolysis of CFO, CFOA
and CFOB samples. Also included is the temperature-time profile
(thick line).

3.2. Adsorption of n-alkanes at zero coverage

The chromatographic peaks obtained for the n-alkanes were
symmetrical for all samples under study, with no dependence of
the peak maximum position on the amount of probe molecule
injected. Under these conditions the adsorption can be con-
sidered to take place in the linear part of the isotherm (Henry’s
law), and the retention time of the different n-alkanes could be
measured at the peak maximum.'' The Henry’s law constant,
K, that characterises the adsorption equilibrium, is related
directly to the retention volume V7 by:

Vn=K;A (3)

where A is the total surface area of the stationary phase. The
previous equation is valid as long as the bulk adsorption of the
probe in the stationary phase is negligible.'""!> Thermodynamic
functions of the adsorption process at infinite dilution can thus
be calculated from K. The standard free energy of adsorption,
AG®, was computed according to the following expression:

AG?= —RT In (Kyps g/7s) )

where p, , (pressure of the gas phase) and r, (spreading pressure
of the adsorbed gas) are constant parameters determined in the
reference state.'’

When zero coverage (or infinite dilution) conditions are
fulfilled the standard differential heat of adsorption, ¢°4 is
numerically equal to the opposite of the enthalpy of the
process. This value can be obtained from the variation of
—AG°, with temperature. For an equilibrium process this
variation is given by the Gibbs—Helmholtz equation,

6(—AG§/T)} _{ a(ans)} 0
{ aary |, Ry ), T4 ®

Fig. 2 illustrates the linear dependence of (—AG°,/T) as a
function of (1/7) obtained for the adsorption of n-heptane on
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Fig. 2 Variation of (—AG%/T) with (1/T) for the adsorption of
n-heptane on the carbon fibres under study.

the different carbon fibres under study. This behaviour, which
is typical of the other hydrocarbons, implies that ¢°g is con-
stant within the temperature range of characterisation. Values
of the differential heats of adsorption at zero coverage for
the different linear alkanes on the carbon fibre samples are
collected in Table 1. The standard deviations in ¢% values
obtained in this way were never larger than 1%.

From the adsorption standard free energies and standard
enthalpies, adsorption entropies were calculated easily accord-
ing to:

(¢3+AGY)
- (6)

Table 2 gives the —AS°, values obtained for the carbon fibre
samples. In agreement with the linearity in the (—AG%/T) vs.
(1/7) plots (Fig. 2), the adsorption entropies were independent
of temperature. Values collected in Table 2 are the average of

AS? =

Table 1 Standard free energies and differential heats of adsorption of
n-alkanes on the different samples (free energy at 343 K)

¢°4/kJ mol ™!

—AHyg"!
n-Alkane CF CFO CFOA CFOB kJ mol ™!
Cs 35.8 — — — 25.5
Cs 43.6 35.1 — — 30.3
C; 50.9 41.0 29.1 25.9 35.0
Cg 58.9 46.2 34.6 29.0 39.8
Cy — 524 39.5 33.4 44.6
Cio — 57.9 44.6 374 49.4
Cu — — 49.5 40.7 54.2
Ciz — — 53.6 46.7 58.9

“Heats of liquefaction.

Table 2 Standard entropies of adsorption of n-alkanes on the different
samples

—AS°/T K 'mol ™!

—AS° 9
n-Alkane CFO CFO CFOA CFOB JK 'mol™!
Cs 62.1 — — — 512
Cs 7.5 60.4 — — 52.0
C, 82.1 69.0 39.9 28.7 52.6
Cs 93.6 75.4 49.7 31.1 53.1
Co — 84.9 57.4 37.7 53.6
Cio — 91.7 66.1 42.6 54.0
Cp — — 74.0 45.6 54.4
Ci» — — 79.5 56.9 54.8

“Standard entropy of adsorption (at 303 K) calculated according to
de Boer’s model [eqns. (9) and (10)].

data calculated at the different temperatures, deviations being
smaller than 1%.

Values of the dispersive component of the surface free
energy, y°s were calculated using the formula proposed by
Dorris and Gray:'*

—AGE™?

=2(y 7)1/ 7
Nadaci) (/(cHz) Vs ) @)

where —AGM2, is the difference in the free energy of
adsorption of two n-alkanes with succeeding values of n, Ny
is Avogadro’s number, a(cno) is the area of a methylene group
(0.06 nm?), and Y(chz) is the surface tension of ideal liquid
polyethylene. Fig. 3 illustrates the linear variations of —AG°,
(at 343 K) with the number of carbon atoms in the series of
n-alkanes used as probes. The slope of the regression lines
corresponds to —AGM?, for the different fibres, at a given
temperature. Calculated yPg values are plotted in Fig. 4 for
the various carbon fibres within the range of temperatures
studied. The error in the yPg values is rather small (1-2%) due
to the excellent data correlations obtained, similar to those
shown in Fig. 3.

From the results shown in Fig. 4, the dependence of yPg
with temperature could be established. In all cases, it was found
that linear expressions fit the experimental data reasonably
well. Results corresponding to the linear regression of the data
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Fig. 3 Variation in the standard adsorption free energy (—AG’,) with
the number of carbon atoms in the n-alkanes (—AG’, data at 343 K).
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Fig. 4 Dispersive components of the surface free energy of carbon
fibres at various temperatures.
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Table 3 Dependence of yPg (mJ m™2) with temperature (K) for the
carbon fibres under study

Fibre r yPs%mJ m >
CF yPs = 1552 — 0.17T 0.962 105.4
CFO yPs = 102.8 — 0.14T 0.992 61.8
CFOA yPs = 89.6 — 0.18T 0.995 36.8
CFOB yPg = 66.0 — 0.11T 0.999 33.8

“Values extrapolated to 7 = 293.15 K.

obtained for the different carbon samples are collected in
Table 3. Values of Py at 293 K were subsequently calculated
by extrapolation, and they are also included in Table 3.

3.3. Adsorption of polar probes at zero coverage

Whereas the adsorption of n-alkanes takes place through
dispersive interactions thus rendering information related to
fibre microstructure, polar probes are needed to determine
the acid-base character of the fibre surfaces. The ability of
these polar molecules to donate or accept electrons has been
parametrised by means of the so-called donor number (DN)
and acceptor number (AN), respectively.'” Table 4 contains the
DN and AN parameters of the probes used in this work.'>®

Slight concentration-dependent effects were observed for
the elution of polar probes through all chromatographic
columns. As a result, elution peaks of some of the compounds
tested were asymmetric. The origin of this asymmetry should
be the so-called “slow kinetic processes™,'! rather than being
associated with instrumental problems (dead volumes in the
detector or injector, imperfect column packing, efc.). Slow
kinetic processes are characteristic of energetically heteroge-
neous surfaces containing preferential sites from which
desorption takes place at a slower rate. They correspond to
non-equilibrium situations so that the gas flow rate will have a
significant effect on them. Different flow rates were tested, but
no totally satisfactory results were obtained. Moreover, it was
observed that the degree of asymmetry decreased dramatically
when working at extremely low probe concentrations, ie., at
low signal-to-noise ratio levels. Retention times were therefore
estimated from the first momentum of the chromatographic
peaks obtained under such conditions.

Similar thermodynamic properties to those described for the
elution of linear alkanes can be obtained for the polar probes
injected. Fig. 5 shows the variation of (—AG%/T) vs. (1/T)
for all the polar probes on CFO samples. Similar plots were
obtained for the rest of the carbon fibres under study.
Reasonably good data regressions could be drawn. Values
of standard enthalpies of adsorption (or differential heats of
adsorption, eqn. (5)) were then calculated from the slopes of the
lines depicted in Fig. 5. Table 5 shows the heats of adsorption
of the polar probes onto the carbon fibre samples. Standard
errors are once more relatively small, within the range of 2-3%
of values collected in Table 5.

Two main components can be considered to contribute to
the standard enthalpy of adsorption of polar probes, namely
the ]s)pe]c7iﬁc contribution AHSY, and the dispersive contribution
AH",:

Table 4 Donor numbers (DN) and acceptor numbers (AN) of the
polar probes used in this work

Probe AN/KJ mol ™! DN/kJ mol™!
Nitromethane 18.0 11.3

CCly 2.9 0

Acetone 10.5 71.1

Diethyl ether 5.9 80.3

THF 2.1 83.7
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Fig. 5 Variation of (—AG°)/T) with (1/T) for the adsorption of different
polar probes on CFO sample.

Table 5 Differential heats of adsorption of several polar probes on
carbon fibre surfaces

¢°4/kJ mol !
—AH ;!
CF CFO CFOA  CFOB  kImol'
Nitromethane 36.2 47.6 34.1 34.0 38.4
CCly 414 36.7 24.0 23.8 32.4
Acetone 50.0 59.6 25.7 19.9 31.3
Diethyl ether 47.4 57.4 — — 27.4
THF 51.6 61.8 25.0 21.9 322
“Heats of liquefaction.
AH!=AH" + AH? ®)

Several procedures have been developed to evaluate AHST,
from IGC measurements at zero surface coverage. The method
proposed by Donnet et al.'® seems to be more robust than the
rest in accounting for the specific (acid-base) interaction of
polar probes adsorbed on relatively high energetic surfaces.'’
This method takes into account the molecular polarisabi-
lity of the different adsorbates. Specific interactions (—AGST,)
are determined, at a given temperature, from the differences
between —AG’, values of the polar probes and the reference
line composed of data obtained from the elution of n-alkanes.
An example of such a calculation for fibre CF is depicted in
Fig. 6. Pertinent —AGSPa data for all fibres, at 303 K, are
plotted in Fig. 7.
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Fig. 6 Graphical description of the method followed to obtain the
specific contribution of the adsorption free energy —AGS, to the total
value measured for the different polar probes. The solid line
corresponds to the n-alkane trend line.
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Fig. 7 —AG®", values calculated for the adsorption of different polar
probes on the carbon surfaces under study at 303 K.

—AH, can be now computed from the variation in
(—AGS®JT) vs. (1/T), as stated in eqn. (5). This type of plot,
corresponding to the adsorption data of polar probes on
the CFOB sample, is shown in Fig. 8. The slopes of the lines
depicted in Fig. 8 correspond to the value of —AHSF, for a
particular probe adsorbed onto the carbon fibre surface.
Results obtained for the different systems under study are
collected in Table 6. Regressions of data similar to those
appearing in Fig. 8 were occasionally rather poor. Individual
standard errors are therefore included (in parentheses) in
Table 6.

Herein values of —AGST?, and —AHST, will be used as
parameters to compare the acid-base character of the different
carbon surfaces under study. These parameters can only
account for qualitative changes in the surface chemistry of a
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Fig. 8 Variation of (—AGS",/T) with (1/T) for the adsorption of
different polar probes on the CFOB sample.

Table 6 Specific (acid—base) contributions to the standard enthalpy of
adsorption of several polar probes on the carbon fibre surfaces

—AHS® /KT mol ™!

CF CFO CFOA CFOB
Nitromethane 8.6 (2.4) 257 (3.9) 21.5(1.3) 235 (0.6)
ccl, 24 (12) 58(L8)  27(04)  55(0.6)
Acetone 262 (3.8) 400 (0.7) 7.0 (42) 111 (0.8)
Diethyl ether  15.0 (2.8) 311 (2.0) — —
THF 217 (3.2) 370 (0.7) 11.4(1.0) 9.8 (1.0)

given fibre. Further empirical approaches appearing in the
literature would lead eventually to absolute parameters, similar
to the AN and DN numbers mentioned earlier. In the present
work, this procedure has been discarded on an operational
basis. From the point of view of the calculations, the errors
associated with —AHS? 2 values restrict, in some cases, their use
in further parameter estimations. In other cases, when —AHspa
errors are acceptable, we experienced similar problems to
those described quite recently when calculating absolute para-
meters to quantify the acid-base character of a solid surface:
(—AHSFJAN) vs. (DN/AN) plots of all polar probes tested
lead to misleading results due to the substantial uncertainties of
the final absolute parameters obtained."”

4. Discussion

Thermogravimetric analysis (Fig. 1) provided us with useful
information regarding not only the amount of sizing present on
fibres CFOA and CFOB but also about its prime constituents.
The TG curves shown in Fig. 1a of the sized samples exhibit a
single weight loss step starting at approx. 480 K. The unsized
CFO fibre does not show any loss in weight within the
temperature range explored. The small weight gain of the CFO
TG curve is ascribed to experimental error. It is thus confirmed
that the loss in weight of the CFOA and CFOB samples,
approx. 0.7% and 3% in weight, respectively, can be assigned
to their sizing content. The TG curves of CFOA and CFOB
are, on the other hand, an indication that the type of coating
present on both fibres is similar, which is confirmed when
observing the DTG curves in Fig. Ib. The minima of the
CFOA and CFOB DTG curves are almost coincident
(~ 640 K), the differences being attributable to the lower
resolution of the CFOA TG curve. The TG curves of the sized
fibres (Fig. 1a) are very similar to that of the diglycidyl ether
of bisphenol A (DGEBA),*° a paradigmatic compound used
in the epoxy resin industry.

o) 0
oo Y F oo i
CH,—CH—CH,~0 ¢ O—CH,—CH—CH,
CHs

However, the DTG curves for the same fibres (Fig. 1b)
revealed a slight difference to that of DGEBA: the minima
of the DTG profiles is shifted towards a higher temperature
(~ 640 K) than that observed for pure DGEBA (~573 K).%°
Such a shift is normally observed after curing the epoxy resin,
ie, in a two component (resin—hardener) mixture.”’ The
presence of an amine curing agent would also explain the
results of the elemental analyses, based on the analysis of dry
samples, performed on the carbon fibres under study (Table 7).
As can be seen, there exists a significant increment in both
oxygen content, ascribable to epoxy groups, and nitrogen
content, presumably due to the presence of amine moieties,
after fibre coating. The relatively high nitrogen content
of non-coated fibres CF and CFO is attributable to the
fibre precursor (polyacrylonitrile, PAN). Nevertheless, assum-
ing that the sizing is formed mainly of DGEBA (density,
1.15 g em 3, and that the carbon filaments (density,

Table 7 Elemental analyses (wt%) of sized and unsized carbon fibres
(based on dry analysis)

Fibre C H N S O

CF 94.06 -4 3.78 — 0.22
CFO 94.28 — 3.38 — 0.28
CFOA 93.09 — 4.06 — 0.43
CFOB 93.64 0.29 4.24 — 1.17

“Not detected (quantities below 0.05 wt%).
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1.8 g em™3; diameter, 7.8 um)? are homogeneously coated, it
is estimated that the sizing layer thickness amounts to approx.
20 nm and 100 nm for CFOA and CFOB fibres, respectively.

As mentioned in the Results section, determination of sizing
content on carbon fibres by means of their weight loss on
ignition is not expected to be appropriate method. Fig. 9a
shows preliminary burning-off experiments carried out on
samples CFO and CFOB in air. The TG curve corresponding
to the CFO fibres exhibits a progressive weight loss starting at
670 K, which indicates the oxidation of the bare fibre leading to
a loss of carbon. Thus it seems apparent that the TG curve of
CFOB under air comprises two different phenomena, i.e.,
oxidation of sizing and burn-off of the bare carbon fibre.
Subtraction of the CFOB from the CFO TG curves in air
(dotted line, Fig. 9a) could still constitute an estimation of the
CFOB sizing content if it is assumed that all sizing is removed
prior to bare fibre oxidation. In other words, if the previous
phenomena are consecutive, the percentage of sizing would be
the weight loss detected at about 670 K, i.e., approx. 3-3.5%,
which compares well with results obtained in argon for CFOB
(Fig. 1a). Fig. 9b depicts such a comparison, with the solid line
being the TG curve of the CFOB sample in Ar and the dotted
line being the curve obtained by subtraction of the CFOB curve
from the CFO TG curve in air (i.e., the dotted line of Fig. 9a).
There exist significant differences between both curves in
Fig. 9b despite the fact that their shapes are essentially the
same. As expected, the starting point of weight loss in air
is shifted to lower temperatures with respect to that of
the pyrolysis experiment, due to the higher reactivity of the
material in an oxygen atmosphere. However, the main differ-
ence between the curves of Fig. 9b is that the dotted line
[(TGcror — TGcero) + 100, in air] does not reach a plateau
once the sizing is assumed to have been removed, as occurs
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Fig. 9 (a) TG curves for CFO and CFOB samples obtained in air; the
dotted line corresponds to the subtraction of CFOB and CFO TG
curves, expressed in % (see text). (b) Comparison between the TG
curves of CFOB in Ar (Fig. la) and the dotted line defined in Fig. 9a.
Also included is the temperature-time profile (thick line).
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in the Ar experiments. Instead, a persistent decrease in weight
is observed. This would indicate that there exists an increment
in the rate of oxidation of the bare carbon fibre once the
coating is burnt-off from sample CFOB. Such a circumstance
might be assisted by an increment in the temperature of the
carbon fibre surface due to the exothermicity of the sizing
combustion process.

IGC has demonstrated its usefulness for the surface
characterisation of a wide range of materials.® Regarding
the adsorption of linear alkanes, we have recently used this
technique to ascertain the degree of surface heterogeneity
(both energetic and nanostructural) brought about by dif-
ferent oxidative treatments on CF carbon fibres.> A detailed
discussion of the effect of the commercial treatment (sample
CFO) was then presented, and it allowed us to conclude that
the structures accessible to n-alkane molecules in the indust-
rially oxidized sample (CFO) seem to be highly disordered
thus leading to a weaker interaction with the adsorbate.??

With a view to identifying the effect of sizing on the elution
behaviour of the n-alkanes, results shown in the present work
indicate that there exist qualitative differences in the thermo-
dynamic parameters obtained for the unsized varieties, CF and
CFO, and the sized carbon fibres under consideration. Fibre
sizing leads to a systematic decrease in the probe-surface
interaction energy, with CFOB sample values of ¢° (Table 1)
being the lowest of all the alkanes tested. Also shown in this
table are the heats of liquefaction (—AHyiq) of the n-alkanes
used at 323 K. The differential heats of adsorption of the
n-alkanes on the CF and CFO fibre surfaces are larger than
the heats of liquefaction, whereas lower values are obtained for
the CFOA and CFOB fibres. The former behaviour (i.e., qod >
—AHy,q) is typical of adsorption processes where adsorbate—
adsorbent interactions are stronger than adsorbate-adsorbate
interactions.”* Furthermore, information on the CF fibre
surface provided by zero-coverage IGC of non-polar probes is
related mainly to graphitic structures, as discussed elsewhere.?

On the other hand, the behaviour of the sized fibres, with
c]od < —AH\y;q, might be considered anomalous, however, it
has been reported several times. Chappell and Williams, for
example, found the same behaviour in all the aramid fibres
with surface finishes that they characterised,? independently of
the particular finish composition. They also concluded that the
complete isotherm of adsorption of n-alkanes on sized fibres
would be Type III type according to the BDDT classification.
This type of adsorption is representative of weak dispersive
adsorbate-adsorbent interactions.*

A very similar conclusion can be reached from the analysis
of the standard entropies of adsorption (Table 2). A progres-
sive reduction in —AS°, absolute values is observed as the
amount of fibre sizing increases, i.e., when fibres CFO, CFOA
and CFOB are compared. Also included in Table 2 are the
adsorption entropy values predicted by an ideal adsorption
model where the adsorbate is assumed to behave as a bi-
dimensional gas.'>!* According to this, the variation in the
standard entropy of adsorption will coincide with the entropy
decrease predicted by the loss of one translational degree of
freedom, i.e. the difference between the translational entropies
of a tridimensional (3S;) and a bidimensional gas (,S,), as given,
respectively, by the statistical thermodynamic equations (9)
and (10),

38, = Rln (M”T%) — 9.62 )
»S. = RIn (MTAy) + 275.32 (10)

where M is the molecular weight and A is the area occupied
by one molecule in the standard adsorption state (4.087 x
107'% ¢cm?). As Table 2 shows, the experimental adsorption
entropies for the CF and CFO samples are larger (in absolute
value) than those predicted by theory. This means that the



adsorbed hydrocarbons are more ordered than is predicted by
the bidimensional gas model, involving the additional loss
of some vibrational and/or rotational degrees of freedom. In
other words, adsorbed molecules have a mobility lower than
those with free movement over the surface. In contrast,
entropies of adsorption for the CFOB sample are lower than
theoretically predicted (Table 2). In this case, alkane molecules
on the fibre surface are more disordered than is predicted by
the bidimensional gas model. The positive contribution to
the entropy can be assigned to mixing between the adsorbed
molecules and surface contaminants. It must be stressed here
that the possibility of probe absorption (i.e., diffusion into the
bulk material) is negligible due to the operational conditions
of IGC at zero coverage. As regards the CFOA sample, the
low sizing content surface exhibits intermediate behaviour.
That is, absolute —AS°, values of medium length alkanes such
as n-heptane and n-octane are much lower than is predicted
by de Boer’s model, whereas fASOa values of n-nonane and
succeeding alkanes are higher than the theoretical estimations.

These differences in the adsorption of n-alkanes on the
carbon fibres under study are summarised in Fig. 10, where
q°q vs. —AS°, data of Tables 1 and 2 are plotted against each
other. Such a plot is associated with the compensation effect,?®
and it is used currently to highlight the differences in
adsorbate-adsorbent interactions.”**® When a straight line
fits the data of a compensation effect plot well it indicates the
non-specific nature of the adsorbate—adsorbent interactions.
In the case of Fig. 10, three straight lines are depicted, one
corresponding to the data regression of CF and CFO, and two
more fitting the CFOA and CFOB points. Although the line of
CFOB is clearly shifted with respect to that of the unsized
fibres, the slope of both lines is virtually the same and different
from that of the CFOA fibre. Since the adsorbate type is the
same (n-alkanes) for both sets of data, the difference in slopes
cannot be assigned to specific interactions between the probes
and the surfaces. Instead, it seems more likely that this effect
is attributed to the existence of two different non-specific
surfaces, one of the CFOB type of fibre and the other
represented by the unsized fibres CF and CFO, with the CFOA
fibre exhibiting intermediate characteristics.

Analysis of the dispersive component of the surface tension
of carbon fibres y°g (which, for comparative purposes, can
be considered as the difference between the free energies of
alkanes differing in one methylene group) leads to similar
conclusions (Fig. 4) to those pointed out when discussing the
differential heats of adsorption (Table 1). The presence of
sizing lowers the dispersive component of the surface tension
of the carbon fibres. This result agrees with previous research
work performed with sized carbon'®?” and aramid'®>>® fibres.
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Fig. 10 The compensation effect.

It also reflects the fact that the surface characterisation of
CFOA and CFOB fibres gives information relating to the sizing
substance, which has a considerable lower surface tension than
that of the pseudo-graphitic carbon surfaces of the unsized
versions. Moreover, IGC is sensitive to the coating layer
thickness; the thicker the layer (sample CFOB) the greater the
decrease in .

One final remark related to the adsorption of linear alkanes
on the series of fibres under study concerns the systematic
differences between values of the thermodynamic quantities
observed for fibres CFOA and CFOB. Indeed, sample CFOA
has shown a behaviour intermediate between fibres CFO and
CFOB in the adsorption of n-alkanes. Given that the coating
substance is assumed to be the same on both sized fibres (see
Experimental section), such a systematic difference should
not be expected. Two possible reasons would explain this
intermediate behaviour of fibre CFOA. The first assumes
a perfect distribution of the sizing around the individual
filaments. Due to the low thickness of the sizing layer in the
case of fibre CFOA (20 nm as stated above), diffusion of the
probe molecules into the coating would put them in contact
with the carbon surfaces, thus provoking an increase in
the adsorbate-adsorbent interaction. This possibility seems
however to be unrealistic since bulk adsorption is minimised
under the operational conditions of IGC measurements at zero
surface coverage.!! An alternative, more plausible, possibility
presumes an uneven distribution of the coating around the
filaments, due to the low sizing content of fibre CFOA.
Evidence of such a situation, with sizing not entirely covering
the surface of the fibre, has been reported previously.”’
Accessibility of the probe molecules to the unsized “islands”
would bring about an increment in the average degree of
fibre-alkane interaction.

Apart from changes in the adsorption of the n-alkanes,
electrooxidative treatment (CFO) or the presence of sizings
(CFOA, CFOB) on the fresh carbon fibres (CF) should also
affect the chemical attributes of their surface. As the results
in Table 5 reveal, analogous to the case of the linear hydro-
carbons, ¢% < —AH, q for all polar probes eluted through the
CFOA and CFOB columns, whereas the opposite is observed
for the CF and CFO fibres. Similar arguments thus prevail, i.e.,
weak adsorbate—adsorbent interactions are characteristic of the
adsorption process of polar molecules onto sized surfaces.

Direct comparison of differential heats of adsorption values
in Table 5 can be misleading both between different polar
probes within a given sample, or between the same probe and
different solid surfaces. The reason following the first is
obvious since the molecular dimensions and polar character of
the adsorbates are different. As for the second situation, a
correct comparison could only be made if the magnitude of the
dispersive interactions exerted by the solid surfaces is similar,
which is not the case for the samples under study. These
drawbacks are circumvented when specific components of
thermodynamic quantities —AG", and —AH5Y, are compared
(Fig. 7 and Table 6, respectively). As mentioned before, errors
in —AG®F, data are much lower than those of —AHSY,. Since
the trends followed by both quantities are broadly the same, it
is preferable to relate the changes in the polarity of the carbon
fibres to the —AG®F, values (Fig.7). In doing so, several
features appear to be relevant.

Starting with the effect of the oxidative treatment, it can be
seen (Fig.7) that there is a noticeable increase in —AGST,
values corresponding to the adsorption of acidic (nitro-
methane) and basic (diethyl ether and THF) probes onto
CFO fibres, compared with those obtained for the CF sample.
Additionally, the specific contribution to the overall free
energy of adsorption of the apolar (carbon tetrachloride) and
amphoteric (acetone) molecules remains almost unaltered after
surface treatment. On the other hand, the subsequent coating
of the CFO fibre (CFOA and CFOB samples) brings about a
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drastic reduction in —AGS?, values obtained for the basic
and amphoteric probes. Conversely, the —AGSF, values for
nitromethane adsorbed on sized fibres are similar (fibre CFOA)
or even greater (fibre CFOB) than that for fibre CFO. A slight
increment in the specific contribution to the overall free energy
of adsorption of the apolar carbon tetrachloride is also
observed after coating the CFO fibres.

The use of specific parameters such as —AG>", or —AHF,
does not allow one to establish the overall acidic or basic
character of the fibres under study, as was mentioned in the
previous section (Results). However, qualitative changes in
the acid-base character of different fibres can be ascertained
by means of —AGS? 2 data. For example, it can be seen from
Fig. 7 that the trends followed by the different probes on the
unsized fibres CF and CFO are very similar, changes being
only related to the absolute values of —AGSY,. The higher
values of —AGSF, observed after fibre oxidation are attribu-
table to an increment of the strength and/or amount of both
acidic and basic surface sites created after oxidative treatment.
This observation agrees with previous results’*® which have
reported a substantial increase in surface oxygen-containing
species of different acid—base characteristics (carboxys, lac-
tones, phenolic alcohols, ketones and/or pyrones) after
electrochemical treatment of high strength carbon fibres.

Concerning the effect of sizing, it can be seen from Fig. 7 that
the basic character of the carbon fibres increases after coating
their surfaces. Indeed, the —AG®Y, ratio of the basic (diethyl
ether or THF) to the acidic probe (nitromethane) gives a clear
indication of CFOA and CFOB surfaces being more basic
than CFO ones. This result is consistent with the previous
hypothesis of a two component resin—hardener sizing (Fig. 1b
and Table 7). The presence of amino functionalities would
considerably enhance the basicity of the carbon fibre surfaces,
in agreement with results shown in Fig. 7.3! Finally, CFOA and
CFORB fibres also show the highest specific contribution to the
free energy of adsorption of the apolar carbon tetrachloride
when compared to the unsized of samples, which in turn exhibit
very similar values of —AGSPa(CCM). Such relatively high values
of —AGSPa(CCM) obtained for the sized fibres might be explained
in terms of entropy contributions to the free energy of adsorp-
tion, since the multipole interactions expected in the adsorption
of carbon tetrachloride should not amount to much more than
pure dispersive interactions.

5. Conclusion

Changes in the surface properties of carbon fibres submitted to
oxidative treatment and subsequent sizing have been investi-
gated by means of IGC adsorption studies. On one hand, the
structures accessible to n-alkane molecules in the industrially
oxidized sample seem to be highly disordered thus leading to
weaker interactions with the adsorbate. This type of treatment
also brings about a considerable increase in the number and/or
strength of both acidic and basic sites present on the original
carbon surfaces. On the other hand, the use of sizings has been
shown to reduce dramatically the surface energy of the fibres,
as measured by the dynamic adsorption of r-alkanes. More-
over, the surface chemistry of the fibres is modified greatly as
a consequence of surface coating. In particular, sized fibres
exhibit a more basic character when compared to the unsized
fibres. IGC is also sensitive to differences in the fibre sizing
content, these being reflected in the adsorption behaviour of
both alkanes and polar probes. Overall, IGC has been
demonstrated to be a very suitable technique for characterising
the changes in fibre surface properties following oxidation and
sizing treatments.
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