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a b s t r a c t

Poly(p-phenylene terephthalamide) (PPTA) and poly(p-phenylene benzobisoxazole) (PBO) fibers were
exposed to an oxygen plasma under equivalent conditions. The resulting changes in the surface proper-
ties of PPTA and PBO were comparatively investigated using inverse gas chromatography (IGC) and atomic
force microscopy (AFM). Both non-polar (n-alkanes) and polar probes of different acid–base character-
istics were used in IGC adsorption experiments. Following plasma exposure, size-exclusion phenomena,
probably associated to the formation of pores (nanoroughness), were detected with the largest n-alkanes
(C9 and C10). From the adsorption of polar probes, an increase in the number or strength of the acidic
urface modification
igh-performance fibers

nverse gas chromatography (IGC)
tomic force microscopy (AFM)

and basic sites present at the fiber surfaces following plasma treatment was detected. The effects of the
oxygen plasma treatments were similar for PPTA and PBO. In both cases, oxygen plasma introduces polar
groups onto the surfaces, involving an increase in the degree of surface nanoroughness. AFM measure-
ments evidenced substantial changes in the surface morphology at the nanometer scale, especially after
plasma exposure for a long time. For the PBO fibers, the outermost layer – contaminant substances – was

asma
removed thanks to the pl

. Introduction

Poly(p-phenylene benzobisoxazole) (PBO) has deserved con-
iderable attention in both basic and applied areas of research on
igh-performance materials [1–8]. PBO belongs to the new class
f high-performance rigid-rod materials. The repeat chemical
tructure is as follows:

O

NN

O

n

This chemical structure confers to PBO an excellent thermal sta-
ility [9], chemical resistance and specific stiffness and strength
10]. Therefore, PBO provides great potential applications such as
einforcing fibers for composites (FRC). Nevertheless, PBO fiber-

einforced composites generally show a poor interfacial adhesion
etween untreated fibers and matrix resin [11], due to the inert
ature of the PBO fiber. In consequence, as the load transfer through

∗ Corresponding author. Tel.: +34 985119090; fax: +34 985297662.
E-mail address: katia@incar.csic.es (K. Tamargo-Martínez).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.04.028
treatment, which indicates that this agent had a surface cleaning effect.
© 2011 Elsevier B.V. All rights reserved.

the interface is related to the interfacial interactions, it is necessary
to improve the interfacial bonding or adhesion by increasing either
the number of interactions or the bond strength. In this sense, sev-
eral surface modification methods have been proposed for some
polymeric fiber materials, including chemical (electrolytic oxida-
tion, coupling agents) [12,13,15–20], or plasma treatments [14,21].
One peculiar advantage of the low-pressure plasma treatment is
that it can be used to modify the chemical and physical states of a
surface without altering the bulk fiber properties [22].

Therefore, the knowledge of the fiber surface energetics is
essential for the specific design of interfaces since the adhesion
is determined by chemical and physical structures of both, fiber
and matrix. Inverse gas chromatography (IGC) at infinite dilution is
a straightforward and very sensitive technique for the thermody-
namic characterization of polymer surfaces [23] since it is versatile,
robust, user-friendly and inexpensive. In a previous work, a number
of differently solvent-scoured commercial PBO fiber samples have
been studied using IGC [24] in order to establish the efficiency of
the different cleaning solvents and determine the thermodynamic
properties of the pristine PBO surface.
In this work, the effects of oxygen plasma treatment on the sur-
face characteristics of PBO fibers were investigated through the
study of their interaction with both non-polar and polar probe
molecules using IGC. For comparison, samples of oxygen plasma-

dx.doi.org/10.1016/j.chroma.2011.04.028
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:katia@incar.csic.es
dx.doi.org/10.1016/j.chroma.2011.04.028


3782 K. Tamargo-Martínez et al. / J. Chroma

Table 1
Sample codes.

Plasma treatment conditions Fibers
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70 W O2 1 min KO 1 ZO 1
4 min KO 4 ZO 4

reated poly(p-phenylene terephthalamide) (PPTA) fibers were
repared and characterized under identical experimental condi-
ions. The results obtained with PPTA are taken as a reference since
ome previous knowledge is available on the surface thermody-
amics of this material [25]. As a complementary technique, atomic

orce microscopy (AFM) was employed to monitor the changes in
urface structure induced by the oxygen plasma treatments on both
olymeric fibers. The objective was to determine whether there is
relationship between topographic properties of the fiber surfaces
nd the thermodynamic magnitudes determined by IGC.

. Experimental

.1. Materials

Two types of polymeric fibers have been used as starting mate-
ials for this work.

PPTA: Finish-free Kevlar®-29 fibers – supplied by E.I. DuPont
e Nemours, which were used as received (referred as sample K).
he yarn is made of 1000 filaments of ∼12.1 �m diameter and the
pecific linear density is 964 dtex.

PBO: Zylon® HM fiber yarn – supplied by Toyobo (referred as
ample Z). The manufacturer filament diameter was ∼11.2 �m and
he specific linear density of the yarns was 545 dtex.

For PPTA and PBO fibers, the average molecular weight is very
imilar each other. It is of the order of 20,000–40,000 depending on
he processing parameters which are unknown in our case.

Plasma treatments were carried out in a plasma processor,
echnics Plasma 200-G. An oxygen (99.9990% pure) gas flow was
ntroduced so as to maintain a pressure of 1.0 mbar inside the
eaction chamber. Fresh PPTA and PBO were treated at 70 W of
icrowave (2.45 GHz) plasma power, during one or 4 min, respec-

ively. Reference codes for the plasma-treated samples are given in
able 1.

.2. Methods

.2.1. Thermodynamic parameters and adsorption measurements
The fundamental parameter measured by IGC is the net reten-

ion volume VN defined as the volume of carrier gas required to elute
given zone of solute vapor [26]. This parameter is estimated, for
given probe, from the measured retention time, tR:

N = (tR − tm) · F (1)

here F is the flow rate and tm is the gas hold-up time.
VN is directly related to the partition coefficient for the solute

urface Ks [27] according to Eq. (2):

N = KsA (2)

here A is the total surface area of the stationary phase. If the
dsorption experiments are carried out under very low adsorbate
oncentration, i.e., in the limit of infinite dilution, the interactions

etween adsorbate molecules are negligible and the adsorption is
escribed by Henry’s law and Ks is then directly proportional to the
enry’s constant [27]. The previous equation is valid as long as the
ulk absorption of the probe in the stationary phase is negligible
togr. A 1218 (2011) 3781–3790

[26]. Thermodynamic functions of the adsorption process at infinite
dilution can be thus calculated from Ks [28]:

�G0
a = RT ln VN = RT ln

(
Ks

ps,g

�s

)
(3)

q0
d =

[
∂(�G0

a /T)
∂(1/T)

]
p

=
[

∂(ln Ks)
∂(1/T)

]
p

(4)

where ps,g is a reference pressure having a value of 1 atm
(101 kN m−2) and �s is the two-dimensional pressure of the
adsorbed state, 0.338 mN m−1 [29]. From the adsorption standard
free energies and standard enthalpies, adsorption entropies can be
calculated straightforwardly according to Eq. (5):

−�S0
a = q0

d
− �G0

a

T
(5)

Selection of the probes to be used in IGC studies of solid surfaces
depends on the type of information that should be gathered. In
the case of high performance fibers, it is interesting to determine
parameters related to their surface microstructure, such as textural
and energetic parameters. Also, information related to their surface
chemistry, i.e., acid–base properties is of key relevance.

For the first purpose, there is a well-established experimental
procedure consisting of the elution of linear n-alkanes through the
stationary phase. According to the early concepts of Riddle and
Fowkes on the nature of the interaction at interfaces, n-alkanes are
only capable of dispersive interactions [30]. Based on this, Dorris
and Gray [31] proposed a calculation method in which the dif-
ference in the free energy of adsorption of two n-alkanes with
succeeding values of n(−�GCH2

a ) was used to calculate the disper-
sive component of the surface free energy of the stationary phase,
�D

s :

�D
s = 1

4N2
Aa2

CH2

(−�GCH2
a )2

�CH2
(6)

where NA is Avogadro number, aCH2 is the area of a methylene
group (0.06 nm2) [31], and �CH2 is the surface tension of ideal liq-
uid polyethylene; the latter parameter is computed as a function of
temperature as follows:

�CH2 [mJ/m2] = 35.600–0.058[T(◦C)–20] (7)

where T is the temperature in ◦C.
On the other hand, if polar probes are injected into the column

instead of n-alkanes, the adsorption of the adsorbate molecules on
the stationary phase involves not only dispersive but also specific
interactions [32–35]. Thus, –�G0

a is assumed to be the sum of two
independent contributions accounting for both types of molecular
interaction:

�G0
a = �GD

a + �Gp
a (8)

The additional contribution –�Gp
a can be estimated in different

ways by the elution of polar probes (at infinite dilution conditions)
covering a wide range of acid–base character. The method pro-
posed by Donnet et al. [36], which takes into account the molecular
polarizability of the different adsorbates, seems to be particu-
larly reliable with regard to the specific (acid–base) interactions
on relatively high energetic surfaces. According to such method,
the dispersive component of the free energy of interaction of any
probe with a surface at infinite dilution conditions can be, at a first
approximation, estimated from a simplified version of the London
equation:
−�G0
a = K(hvs)1/2˛s · (hvL)1/2˛L + C (9)

where K and C are constants, h is the Planck’s constant, vs and vL
are characteristic electronic frequencies corresponding to solid (S)
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Fig. 1. Variation of (−�G0
a /T) with (1/T) for the adsorption of n-nonane on the PPTA
K. Tamargo-Martínez et al. / J. C

nd probe (L), and ˛s and ˛L are the deformation polarizabilities.
n the case of the n-alkanes adsorption (–�Gp

a = 0), a plot of –�G0
a

s [(hvL)1/2·˛L] should render a straight line. As “K (hvs)1/2·˛s” term
s characteristic of a given solid surface [36], –�Gp

a of the differ-
nt polar probes is finally obtained, at a given temperature, from
ifferences between their –�G0

a calculated from Eq. (3) and the ref-
rence line composed with data obtained from the elution of the
inear n-alkanes.

Adsorption measurements were carried out by IGC under
nfinite dilution conditions using a Hewlett-Packard 5890-II gas
hromatograph equipped with a high sensitivity (10−12 mol)
ame ionization detector. Continuous fiber yarns (∼1.0 g) were
acked into approximately 480 mm long passivated nickel columns
2.4 mm i.d.). Before each series of experiments, the chromato-
raphic columns were preconditioned by heating at 383 K under
constant helium flow. Typical conditioning times of 12 h were

ecessary to achieve reproducible results. Once conditioned, the
elium flow was kept through the columns in the course of the
dsorption experiments in order to prevent any sample contami-
ation.

Adsorption experiments were carried out at 10 K intervals in
he 303–343 K temperature range. Small amounts (0.1–1.0 �l)
f selected probe compounds-measured with a 10 �l Hamilton
yringe were eluted through the columns. n-Alkane vapors (C7–C12,
99% pure) were injected at infinite dilution conditions (see above)
o establish the �D

s of the different fiber surfaces, whereas changes
n the surface chemistry were evaluated by injecting benzene,
itromethane, acetonitrile, pyridine, acetone, t-butyl alcohol, ethyl
cetate and tetrahydrofuran (all of them >99.0% pure). Al least, five
njections of each alkane were carried out at each temperature and

ethane was injected simultaneously to determine dead volumes
n the column. Helium (99.9995% pure) was used as carrier gas, with
ypical flow rates F of ∼20 ml min−1. This value was set after cor-
ecting the flow rate measured at the column outlet with a bubble
ow meter (Ff):

= jFf
T

Tf

[
Pout − Pw

Pout

]
(10)

= 3
2

[
(Pin − Pout)

2 − 1

(Pin − Pout)
3 − 1

]
(11)

here T and Tf are the temperatures of the column and flowme-
er, respectively, Pw is the water vapor pressure of the bubble and
out and Pin are the pressures at the outlet and inlet, respectively
26].

.2.2. AFM imaging
AFM measurements were carried out in a Nanoscope Multi-

ode IIIa apparatus, from Veeco, in air, at room temperature and
sing the tapping mode of operation. Rectangular silicon can-
ilevers (Veeco) with spring constants between 20 and 100 N m−1

nd nominal tip radii of curvature of 5–10 nm – as specified by
he manufacturer – were employed. Their typical resonance fre-
uencies were around 250 kHz. Sparse bundles of starting and
lasma-treated PPTA and PBO fibers were mounted onto metallic
ample holders using a double-sided carbon adhesive tape. Spe-
ial care was required to avoid the presence of fibers sticking out
rom the sample surface, since they could touch the cantilever at
oints other than the very tip apex and invalidate the measure-

ent. To ensure that the features detected in the images were

epresentative of the analyzed samples, many different fibers were
nvestigated and many different areas on each fiber were sur-
eyed.
fibers under study. The slope of curves represents the differential heat of n-nonane
onto the PPTA fibers surfaces.

3. Results

3.1. Adsorption of n-alkanes at infinite dilution conditions

In the case of n-alkanes, the chromatographic peaks obtained
were mainly symmetrical, and the location of their maxima did
not depend on the amount of probe injected. This ensured that
the adsorption was taking place in the linear part of the isotherm
(Henry’s law). Thus the retention times of the n-alkanes were mea-
sured at the peak maximum. Methane was used to correct the dead
time tm (Eq. (1)) in the column so that it was injected at the same
time that each molecular probe. VN of the n-alkanes did not change
with the flow rate, thus indicating that the adsorption equilibrium
was attained. Fig. 1 illustrates the linear dependence of (−�G0

a /T)
as a function of (1/T) obtained for n-nonane adsorption on the vari-
ous studied PPTA samples. This behavior, which is extensive to the
rest of the n-alkane-PPTA and n-alkane-PBO systems, indicates that
q0

d
is constant within the considered temperature range.
Table 2 shows the values of the differential heats of adsorp-

tion at zero coverage for the linear n-alkanes on the fiber samples.
The standard deviations in q0

d
data were never >2.0%. The values

obtained for the PPTA fibers were very similar to those published
previously [25,37]. Sample KO 1 reveals the highest differential
heats of adsorption for all the tested hydrocarbons. In the case
of PBO, the values for q0

d
corresponding to the plasma-modified

samples are greater in absolute value than the one for the start-
ing material, Z; the most exothermal ones corresponding to ZO 4
sample.

In all cases (plasma-treated PPTA and PBO samples) it was
checked that, for each n-alkane, it fulfilled that q0

d
≥ −�Ha

liq.
The behavior exhibited by the plasma-treated PPTA samples as
well as ZO 4 (q0

d
> −�Ha

liq) is typical of adsorption processes
where the adsorbate–adsorbent interactions are stronger than
the adsorbate–adsorbate ones, and this typically occurs in high-
crystalline polymers [38]. High q0

d
values are produced when the

adsorption process takes place in micropores with a size close to
the molecular dimension of the probe, so that the closer the molec-
ular dimension and the pore width, the higher the enthalpy [39,40].

0 a
In the case of ZO 1, q
d

values are very close to −�Hliq data (Table 2).
This could mean that the adsorption process takes place in the
external surface [40].
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Table 2
Differential heats of adsorption of n-alkanes, q0

d
(kJ mol−1), and standard liquefaction enthalpies at 323 K − �Ha

liq
(kJ mol−1).

n-Alkanes K KO 1 KO 4 Z [24] ZO 1 ZO 4 Z washed with ethanol [24] −�Ha
liq

C7 43.2 43.2 40.5 45.0 35.0
C8 45.9 49.8 48.3 34.9 39.3 43.2 51.5 39.8
C9 50.8 55.9 54.5 38.0 45.0 48.6 58.1 44.6
C10 55.8 61.6 60.5 42.0 49.7 55.1 65.3 49.4
C11 60.1 64.9 63.6 45.9 54.6 59.1 69.6 54.2
C12 49.5 55.6 58.9

Table 3
Standard entropies of adsorption of n-alkanes, experimental, –�S0

a (J K−1 mol−1), and calculated according to de Boer’s model at 303 K − �S0
th

(J K–1 mol−1).

n-Alkanes K KO 1 KO 4 Z [24] ZO 1 ZO 4 Z washed with ethanol [24] −�S0
th

C7 76.7 76.0 73.2 77.4 52.6
C8 79.2 87.7 82.6 47.9 66.9 72.8 87.1 53.2
C9 85.1 97.6 92.9 50.0 77.0 81.2 97.2 53.6
C10 91.8 106.1 102.6 55.1 83.5 92.9 108.7 54.0
C11 95.8 107.0 103.0 59.8 90.8 96.8 111.6 54.4
C12 64.0 86.6 54.8

Table 4
Values of �D

s (mJ m−2) at different temperatures.

T (K) K KO 1 KO 4 Z [24] ZO 1 ZO 4 Z washed with ethanol [24]

343 43.8 45.9 44.3 28.9 33.6 38.6 60.4
333 47.6 47.3 46.2 29.7 33.8 40.4 63.8
323 50.9 49.5 48.3 30.7 35.9 42.7 65.3
313 52.5 56.6 50.9 32.1 36.5 44.6 66.6
303 54.0 55.1 53.0 32.7 39.1 48.5 69.4

.8
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293a 57.3 57.1 55.1 33

a Obtained by extrapolation.

On the other hand, it is observed that the standard differential
eat of adsorption decreases slightly while the plasma exposure
ime of PPTA increases. The opposite trend is observed in the case of
BO (Table 2). The analysis of the adsorption heat results (Table 2)
eveals that the process is more exothermal with PPTA samples
han with the PBO ones.

The −�S0
a results listed in Table 3 are the average data calculated

ccording to Eq. (5) at different temperatures. The last column in
his table gives the values predicted by de Boer’s model (−�S0

th
).

n all cases, the obtained −�S0
a data were independent of tem-

erature. As Table 3 shows, the experimental adsorption entropies
re in most cases greater (in absolute value) than those predicted
y the bidimensional gas model, what implies that the surface is
ore ordered than as expected by de Boer’s model. This means,

t the same time, that the adsorbed hydrocarbons have lost some
ibrational and/or rotational degrees of freedom.

Systematic differences have been found between the thermo-
ynamic magnitudes of adsorption (Tables 2 and 3) measured on
he plasma-modified fibers for the largest n-alkanes (C8 and C9 for
O 1 and KO 4, and C9 and C10, for ZO 1 and ZO 4) and the rest of

he hydrocarbons. A similar trend has been observed for plasma-
reated PPTA fibers [25] and also for washed PBO fibers [24]. The
ehavior described for the largest alkanes was justified as a result of
size-exclusion behavior, either because (i) the nanopore sizes are
lose to the probe molecular dimensions (largest alkanes) or (ii),
n infinite dilution conditions (in which the IGC processes occur)
he molecules are adsorbed onto the most energetic sites [24,25].
able 4 lists the values of �D

s at several temperatures, obtained
rom Eq. (6). In all cases, linear expressions [�D

s vs T (◦C)] fitted
easonably well the experimental data. Values of �D

s at 293 K were

ubsequently calculated by extrapolation, and they are included in
he last row of Table 4. For K sample, the extrapolated �D

s value is
7.3 mJ m−2, being relatively high and typical of a polymer with a
igh crystallinity degree [25,37].
40.4 50.2 71.3

Following the 1-min plasma treatment, the �D
s values for KO

1 were practically equivalent to those measured for the starting
material, K; however, for sample KO 4, they decreased by about
1.5 mJ m−2. Similar small differences in �D

s brought about by plasma
treatment have been reported in previous works [25,41].

For the Z surface, the extrapolated �D
s value at 293 K was

33.8 mJ m−2. This value is relatively low for a highly crystalline
polymeric fiber, especially as compared to K sample, which is less
crystalline than PBO fiber [42,43]. It has been demonstrated that the
presence of a small amount of contaminant substances on poly-
meric fiber surfaces – specifically on PBO – strongly decreases
the dispersive component of the surface tension [24]. The oxy-
gen plasma treatments produce increases in �D

s of 6 (1 min) and
16 mJ m−2 (4 min) (Table 4). For the plasma-treated PBO fibers, the
dispersive component of the free surface energy follows the same
trend as for the other thermodynamic magnitudes (q0

d
and −

�S0
a ) with the plasma treatments (Tables 2–4). In particular, the

q0
d
, −�S0

a and �D
s values obtained for ZO 4 are typical of highly crys-

talline polymers. A similar trend (see Tables 2–4) was reported for
high-modulus PBO fibers subjected to extraction with ethanol in
order to remove their surface contaminants [24]. This suggests that
the 4-min plasma treatment has produced some surface cleaning.

3.2. Adsorption of polar probes at zero coverage

The ability of polar probes to donate or accept electrons has been
parameterized by means of the donor number (DN) and acceptor
number (AN*), respectively [44]. Table 5 lists the (DN) and (AN*)
parameters for the probes used in this work [30,45,46].

Slight concentration-dependent effects were observed for the

elution of polar probes through all the chromatographic columns
due to the so-called “slow kinetic processes” [26]. This behavior is
indicative of surface heterogeneity, whereby some of the different
active sites contained onto the surface interact strongly with the
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Table 5
Donor numbers (DN) and acceptor numbers (AN*) of the polar probes used in this
work.

Polar probes Character DN (kJ mol−1) AN* (kJ mol−1)

Benzene Apolar 0.42 [45] 0.71 [45]
Nitromethane Acid* 11.29 [45] 17.97 [45]
Acetonitrile Amphoteric 58.94 [45] 19.65 [45]
Pyridine Basic* 138.36 [45] 0.59 [45]
Acetone Amphoteric 71.06 [45] 10.45 [45]
t-Butyl alcohol Acid** 91.54 [46] 31.77 [30]
Ethyl acetate Amphoteric 71.48 [45] 6.27 [45]
Tetrahydrofuran Basic* 83.60 [45] 2.09 [45]
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* Medium.
** Strong.

robes slowing their desorption [25,45,47]. To reduce the degree
f peak asymmetry, it was necessary to work at extremely low
robe concentrations. Retention times were estimated from the
rst momentum of peaks obtained at such conditions. Thus, simi-

ar thermodynamic properties to those described for the elution of
-alkanes were obtained for the injected polar probes.

Fig. 2 shows the variation of −�G0
a vs [(hvL)1/2·˛L] for all the

olar probes on K sample at 323 K. Specific interactions −�Gp
a were

etermined, at a given temperature, from the differences between
he −�G0

a value for each probe capable of specific interactions and
he corresponding value at the same [(hvL)1/2·˛L] on the reference
ine composed of data obtained from the elution of n-Alkanes [Eq.
9)].

Table 6 shows the results obtained for the different systems
nder consideration. Nevertheless, for a better assessment of the
btained results, relevant (−�Gp

a) data are plotted in Fig. 3 for all
amples of PPTA and PBO fibers under study at the specified tem-
eratures. Moreover, from the variation of −�Gp

a vs (1/T), as stated
n Eq. (4), the value of the specific enthalpy of adsorption (−�Hp

a )
as calculated for each polar probe. The corresponding values are

ollected in Table 7.
The values of −�Gp

a and −�Hp
a are used as parameters to com-

are the acid–base character of the different PPTA and PBO surfaces
nder study. In this work, the −�Gp

a data were positive for all the
olar probes examined with all the tested PPTA and PBO samples –
reated and untreated fibers – (see Table 6 or Fig. 3). This evidences
hat the polar probes establish polar interactions with all PPTA and
BO samples.

For the two starting materials (K and Z), the largest −�Gp
a

alues (Table 6) corresponded to acetonitrile (amphoteric), pyri-
ine (moderately basic), and nitromethane (weakly acidic). They
re followed by acetone (amphoteric), t-BuOH (acidic), ethyl
cetate (amphoteric) and tetrahydrofurane (amphoteric). The val-

ig. 2. Graphical description of the method followed to obtain the specific contri-
ution of the adsorption free energy −�Gp

a measured for the different polar probes
n K sample. The solid line corresponds to the n-alkanes trend line.
togr. A 1218 (2011) 3781–3790 3785

ues obtained for acetone and t-BuOH were slightly higher (∼15.0%)
than those for ethyl acetate and tetrahydrofurane on K sample, but
were similar to each other on Z surface. Finally, the lowest values
were obtained for benzene – a non-polar probe that can only estab-
lish interactions through the � electron cloud, what means that the
interaction with the aromatic part is very weak.

Nevertheless, several differences between these two magni-
tudes can be observed for K sample, whereas in the case of Z
the −�Hp

a values measured for polar probes (Table 7) follow
practically the same sequence as for the specific free energy of
adsorption (−�Gp

a). The largest values of −�Hp
a corresponded to

pyridine and t-BuOH. They were followed by acetonitrile and ace-
tone; then, nitromethane and THF, and finally benzene. However,
these two magnitudes have different meanings, since −�Hp

a does
not include all the factors associated with −�Gp

a (Eq. (5)). In fact,
−�Hp

a represents the chemical affinity between the adsorbate
and the adsorbent, so that the specific interactions (acid–base,
hydrogen bonds, etc.) are a function of the chemical characteris-
tics (nature of the bonds, dipolar moment, acid–base properties,
reaction medium, etc.) of each component (polar probe and poly-
meric fiber). In this sense, Rebouillat et al. [48] concluded that the
PPTA surface establishes two types of specific interactions with n-
hexylamine: acid–base and hydrogen bonds. However, −�Gp

a also
accounts for the relative orientation of the adsorbate regarding
the adsorbent. The model proposed by Hunter and Sanders [49]
assumes that the attractive, or repulsive, force involved in the inter-
action between two idealized � systems depends on the relative
orientation of their structures, which allows to establish �–� inter-
actions to different extents.

Therefore, according to the level of interaction of the polar
probes with K and Z polymeric surfaces based on −�Gp

a and −�Hp
a

data, it is not simple to determine the acidic or basic nature based
on the acceptor or donor number concepts [44]. A previous work
[25] has indicated that the use of specific parameters such as −�Gp

a

and −�Hp
a does not allow one to establish the absolute acid or basic

character of the materials under consideration. On the basis of these
data, it can be only stated that the PPTA and PBO surfaces contain
both slightly acidic and basic sites.

Finally, it can be observed that for all the polar probes, the mea-
sured values of −�Gp

a and −�Hp
a were higher on K than on Z, with

the exception of benzene (Fig. 3, Tables 6 and 7). This indicates that
the concentrations of acidic and basic centers are higher on K sur-
face. Following the 1-min treatment, −�Gp

a is higher for acetone,
t-BuOH, ethyl acetate, benzene and THF for KO 1. In the case of ZO 1,
the same parameter is higher for t-BuOH and pyridine. The standard
free energy of adsorption decreased in all other cases. However,
−�Hp

a increased for all the tested probes adsorbed on KO 1 and ZO
1, except in the case of pyridine on ZO 1 – a significant decrease
by ∼70.0%. As concerns the effect of the plasma treatment time,
changes in the thermodynamic magnitudes for the polar probes
(−�Gp

a and − �Hp
a ) were small (≤ 5.0 %) in the case of KO 4, but

considerably larger (+45.0%) for ZO 4 except for the −�Gp
a values

determined for nitromethane and acetonitrile, that underwent only
moderate changes.

3.3. Surface topography analysis

Fig. 4 shows AFM micrographs (1000 × 1000 and 400 × 400 nm2

areas) of K fiber, fresh (Fig. 4a and b) or treated with an oxygen
plasma for 1 min (Fig. 4c and d) or 4 min (Fig. 4e and f).

The morphology of K sample consists of a surface of long
nanofibrils with widths of about 10–20 nm. These nanofibrils are

parallel to each other and also approximately parallel to the fiber
axis (which runs from top to bottom for all the images presented in
this work). This indicates a high degree of anisotropy and reflects
the orientation of the rigid-rod PPTA macromolecules along the
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Table 6
Specific free energies of adsorption of polar probes, –�Gp

a(kJ mol−1), calculated according to the method of Donnet et al.

T (K) Polar probes K KO 1 KO 4 Z [24] ZO 1 ZO 4

303 Benzene 4.0 4.8 5.0 6.6 4.0 4.4
Nitromethane 13.8 13.5 13.8 12.9 11.2 11.6
Acetonitrile 18.7 17.8 18.1 13.5 13.0 14.6
Acetone 12.6 15.8 16.4 12.1
t-Butyl alcohol 12.8 7.7 9.8 14.6
Ethyl acetate 10.8 14.7 15.3 7.6 7.2 10.8
Tetrahydrofuran 10.5 14.4 14.8 8.1 7.8 11.4
Pyridine 12.8

313 Benzene 4.1 5.2 4.7 6.8 3.8
Nitromethane 13.5 13.7 13.1 12.8 10.8 10.7
Acetonitrile 18.9 18.1 17.5 13.5 12.6 13.4
Acetone 12.2 16.1 15.9 11.3
t-Butyl alcohol 12.0 17.7 17.6 7.6 9.0 13.4
Ethyl acetate 10.2 14.6 14.7 7.6 6.7 9.8
Tetrahydrofuran 10.2 14.4 14.4 8.2 10.5
Pyridine 17.9 12.7

323 Benzene 4.0 4.4 4.4 6.7
Nitromethane 13.7 12.4 12.4 12.5 10.6 10.0
Acetonitrile 18.5 16.5 16.6 13.2 12.5
Acetone 11.3 14.6 15.2 10.3
t-Butyl alcohol 11.3 15.9 16.7
Ethyl acetate 9.9 13.3 13.8 7.5 9.3
Tetrahydrofuran 9.7 13.1 13.5 8.1 9.9
Pyridine 17.7 12.5 24.1

333 Benzene 4.4 6.6
Nitromethane 13.0 12.0 12.0 12.2
Acetonitrile 17.5 16.1 16.1 13.0
Acetone 14.0 14.5
t-Butyl alcohol 15.4 15.8 7.0 7.9 11.6
Ethyl acetate 9.2 12.6 13.2 7.4 8.0
Tetrahydrofuran 12.7 13.0 8.1 9.2
Pyridine 17.0 12.3

343 Benzene 7.0
Nitromethane 12.2 11.7 11.6 12.4
Acetonitrile 16.8 15.7 15.6 13.2
Acetone 13.6 14.0
t-Butyl alcohol 14.7 15.0 7.0 10.7
Ethyl acetate 12.2 12.6 7.5
Tetrahydrofuran 12.2 12.4 8.3
Pyridine 15.7 12.4 25.3

Table 7
Specific (acid–base) contribution to the standard enthalpy of adsorption of several polar probes, –�Hp

a (kJ mol−1).

Polar probes K KO 1 KO 4 Z [24] ZO 1 ZO 4

Benzene 3.7 10.3 13.5 5.0
Nitromethane 24.5 29.5 30.9 17.8 20.7 34.6
Acetonitrile 34.0 37.0 37.7 17.1 47.0
Acetone 33.6 35.5 35.2 39.1
t-Butyl alcohol 39.4 47.4 44.7 13.9 28.4 43.3
Ethyl acetate 36.1 36.6 9.0 37.7
Tetrahydrofuran 22.6 33.7 33.9 7.6 33.2
Pyridine 39.5 16.4 4.9

Fig. 3. −�Gp
a values calculated for the adsorption of different polar probes on the PPTA (a) and PBO (b) surfaces under study, at the specified temperature for each polar

probe.
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ig. 4. AFM micrographs (1000 × 1000 and 400 × 400 nm2 areas) of PPTA fibers, fres

irection of the fiber axis [25]. By contrast, this fibrillar morphol-
gy disappears from the surface of the samples treated with oxygen
lasma even after the shortest time of exposure. In fact, samples
reated for 1 min (Fig. 4c and d) show a predominantly dotted sur-
ace with some contribution of elongated features parallel to the
ber axis, thus retaining a certain degree of anisotropy. The longer
reatment (4 min) leads to a completely different nanostructure to
hat of fresh PPTA, namely a rougher surface consisting of stripped
lobular features about 10–30 nm in width.

Fig. 5 shows AFM images of PBO, either untreated (Fig. 5a and
) or exposed to an oxygen plasma for 4 min (Fig. 5c and d). This
aterial presents a morphology similar to that of PPTA, consisting

f nanofibrils arranged parallel to the top-bottom direction along
he fiber axis. The nanofibrillar structure can be best appreciated in
ig. 5b, which presents a more detailed height image. The nanofib-
ils were measured to be 15–20 nm wide, stretching parallel to the
ber axis over several tens of nm. Also in this sample some small
atches/spots are apparent, which are interpreted to be contam-

nants [24]. It is worth mentioning that the small patches/spots
bserved on the Z surface have small lateral dimensions (up to sev-

ral tens of nm,) and they have been detected in a small number
24]. The ZO 4 sample displays a different nanostructure to that of
he Z fiber, possessing a much rougher surface with irregular fea-
ures (elongated, approximately rounded, globular) together with a
nd b) and treated with an oxygen plasma during 1 min (c and d) and 4 min (e and f).

small contribution of features parallel to the fiber axis, thus retain-
ing a certain degree of anisotropy (Fig. 5c and d).

4. Discussion

The values of q0
d

and (−�S0
a ) increased in absolute value for PPTA

after the 1-min oxygen plasma treatment (Table 4). This means that
the affinity of the n-alkanes for KO 1 sample is greater than for K.
The differential heat of adsorption of n-alkanes is related directly
to the adsorption potential exerted by the microscopic structures,
i.e., those to which the adsorbate molecules have access. Accord-
ing to this, the n-alkanes have easier access to the nonpolar part
of the polymeric fiber (benzene rings) in KO 1 sample than in K
sample. The increases in q0

d
and (−�S0

a ) under plasma exposure
were especially marked for n-octane and n-nonane. Such a trend
may be related to changes in fiber surface microstructure (such as
nanoroughness developed on the fiber surface during the plasma
treatment) due to the non-polar character of these probes [25,50].
In this sense, it has been observed that, after the 1-min plasma
treatment, the K surface losses a part of the anisotropy in the

starting material and the degree of surface roughness increases
(Fig. 4). From the point of view of chemical affinity, measured
in terms of –�Hp

a , it has been found that the interactions of all
polar probes with KO 1 sample were stronger than on K surface
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Fig. 5. AFM micrographs (1000 × 1000 and 400 × 400 nm2 areas) of PBO

Table 7). However, in the cases of nitromethane and acetonitrile,
he specific adsorption free energy (−�Gp

a) did not increase under
he plasma exposure. This indicates that the interactions of these
wo molecules with the adsorbent surface are favorable from an
ntropic point of view. It is probable that, due to the conformational
hanges underwent by the PPTA chains upon 1-min plasma treat-
ent, the nitromethane and acetonitrile molecules do not have

ccess to reactive sites (with acid–base or other properties) present
t the KO 1 surface [25,51]. According to this series of findings, it
s reasonable to believe that the 1-min oxygen plasma treatment
eads to an increase in the amount of functional groups and, also,
n the degree of surface roughness.

In the case of the longer treatment (4-min treatment), changes
n the thermodynamic magnitudes upon interaction of n-alkanes
q0

d
, −�S0

a and �s
D) and polar probes (−�Gp

a and − �Hp
a ) with

O 4, were small in all cases (<5.5%, see Tables 2, 4, 6 and 7) as
ompared with the KO 1 sample. However, KO 4 underwent sig-
ificant changes in nanotopography. Thus, the 4-min treatment
aused a severe loss in the degree of anisotropy with respect to
sample. The emergence of rounded domains with a typical width

f 10–30 nm (Fig. 4) was observed. This could be justified on the
asis of different extents of the chemical processes, i.e., reactions
f oxidation and/or degradation of the material occurring at the
olymer surface exposed to the plasma [52]. In general, the oxygen
lasma can contribute to incorporate functional groups [22,46,53]
nd to remove material from the surface (etching) due to surface
ombardment by active species in the plasma [22,54]. In the case
f carbon fibers, it has been demonstrated that the surface concen-
ration of oxygen (O/C ratio) increases as the oxygen microwave
lasma conditions became increasingly severe (increase of expo-
ure time and/or microwave power) until a maximum value was
ttained above which the O/C ratio remained constant [55,56].
nagaki et al. [52] observed a similar behavior for a PPTA film
hat was modified by means of oxygen plasma. In this sense, it

s expected that the O/C ratio will not increase even if the treat-

ent conditions become more severe, what would mean that the
inetics of oxidation and degradation reactions are similar to each
ther.
, fresh (a and b) and treated with oxygen plasma during 4 min (c and d).

Therefore, the IGC and AFM results lead one to believe that some
elimination of polymeric material takes place as PPTA is exposed
to oxygen plasma for 4 min. In this connection, the diameters of
at least 50 PPTA fibers were measured using scanning electron
microscopy (SEM). The mean value of KO 4 diameter decreased by
about 1% with respect to K sample. This means that a slight elim-
ination (or ablation) of polymeric material has taken place during
the plasma treatment. On one hand, this justifies the small varia-
tions detected for the adsorption thermodynamic magnitudes since
the atomic composition would slightly vary upon loss of polymeric
material. On the other hand, there may be some radicalary recom-
bination of certain segments of neighbor polymeric chains as a
phenomenon associated with such loss. This behavior would jus-
tify, in part, the loss of anisotropy in the direction of the fiber axis
observed for sample KO 4 [56].

In the case of PBO, the values of all adsorption thermody-
namic magnitudes increased in absolute value following the 1-min
treatment (see Tables 2, 4, 6 and 7), except the specific enthalpy
(−�Hp

a ) for pyridine, which decreased considerably (by ∼70.0%).
However, the specific adsorption free energy (−�Gp

a) for this
molecule increased (by ∼100.0%) with respect to Z sample (Table 6).
According to Eq. (5), it can be deduced that the entropic term
favors the interaction of pyridine with ZO 1. The melting process
should be discarded for PBO fiber under the experimental con-
ditions used in the plasma treatment. The maximum measured
temperature during the plasma treatment was never higher than
80 ◦C. At such temperatures, the thermal stability of PBO fibers
is still very high regardless any oxidative or inert atmosphere
[24]. Therefore, one to conclude that the PBO surface has under-
gone some topographic changes following this plasma treatment.
Indeed, it has been assumed previously that oxygen plasma is
able to eliminate some material (physical etching); in fact, oxygen
plasmas are used to remove organic contaminants from polymer
surfaces [22].
Taking into account the fact that the commercial PBO surface is
known to be heterogeneously covered with some contaminant sub-
stances [24] and that the values of q0

d
, −�S0

a and �s
D have increased

in absolute value following the 1-min treatment, it is reasonable to
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elieve that this treatment has removed at least part of these con-
aminants. This would justify the lower affinity (−�Hp

a value) of
yridine (DN = 33.10) for this surface. Indeed, the donor character
f the surface would increase due to the high conjugation of the
BO polymeric chains (high � electron density along the chain).
oreover, thanks to the high rigidity of chemical bonds in the PBO

hains (sp2 bonds cannot rotate), pyridine would have easier access
o the active sites at the polymer surface.

As concerns the 4-min treatment, the AFM images indicate that
he contaminant that covered the starting PBO material has been
emoved (compare the micrographs for Z and ZO 4 samples in
ig. 5). Besides, the appearance of domains with irregular shapes
globular, elongated, etc.) all over the surface of sample ZO 4 was
vident. On the basis of these results, and taking into account the
act that the values of the dispersive component of the surface ten-
ion of ZO 4 were larger than for ZO 1 (Table 4), it is reasonable to
ssume that cross-linking reactions between segments of neighbor
olymeric chains have taken place.

Finally, taking into account that the surface of ZO 4, unlike that
f KO 4, still maintains a certain degree of anisotropy along the fiber
xis, it may be deduced that the PBO surface is comparatively more
esistant to the 4-min oxygen plasma treatment than the PPTA
ne. In this sense, the diameter of at least 50 fibers was checked
or samples Z and ZO 4 by SEM. It was observed that the mean
alue for ZO 4 sample (11.6 �m) was similar to that for Z (11.6 �m).
herefore, PBO is more resistant to the oxygen plasma treatment
han PPTA. This could be expected from the higher degree of con-
ugation – and hence, lower chemical reactivity – of the former
olymer.

According to these assertions, it is expected that the strength
nd/or the number of interactions that can establish the plasma-
reated fibers to an organic resin such as an epoxy matrix may
e substantially higher for the longer exposure (4 min) than the
nmodified K and Z systems. The surface functionalization with
olar groups and the nanoroughness developed with the longer
xposure should favor the mechanisms involved in the adhesion
henomenon (chemical bonding and/or the mechanical interlock-

ng). In regard to this, it was demonstrated that the interfacial
dhesion between the PPTA or PBO fibers modified with an oxy-
en plasma treatment to an epoxy resin was improved regarding
he untreated materials [11].

. Conclusions

Changes in the surface properties of PPTA and PBO fibers
xposed under equivalent conditions to an oxygen plasma have
een comparatively investigated by means of IGC and AFM. There
re clear size-exclusion behaviors, probably linked to the formation
f nanopores or nanoroughness on the fiber surfaces under plasma
xposure.

From adsorption of polar probes, IGC could only detect an
ncrease in the number and strength of the acidic and basic sites
resent at the fiber surfaces. In any case, the 4-min treatment
roved especially effective in favoring specific interactions on both
odified surfaces, especially in the case of PBO.
The effects of oxygen plasma treatments of PPTA and PBO are

imilar to each other. Oxygen plasma exposure induces elimination
eactions at the exposed surface, involving an increase in the degree
f surface roughness, and a loss of polymeric material in the case of
PTA and a surface cleaning effect for PBO. In this regard, AFM mea-
urements evidenced radical changes in the surface morphology at
anometer scale under the longer oxygen plasma treatment. The
nherent anisotropy is replaced by cross-linked segments between
eighboring polymeric chains, especially in the case of PPTA. SEM
easurements demonstrated that the fiber diameter decreased in

he case of PPTA, but did not change substantially for PBO. There-
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fore, under equivalent conditions, PBO is more resistant than PPTA
to the oxygen microwave plasma.

For the PBO fibers, it has been observed that the outermost layer
(contaminant substances) was removed with the plasma treat-
ment. This indicates that the plasma has an important surface
cleaning effect, considering that the usual surface cleaning treat-
ments; i.e., by Soxhlet extraction, are much longer – even several
days – than the plasma treatment used in this work (4 min).

Finally, it can be concluded that the longer exposure of oxygen
plasma treatment can be able to improve the interfacial properties
of composite systems reinforced with PPTA and PBO fibers with-
out altering the bulk properties of the fibers. It was demonstrated
that this longer exposure introduces polar groups onto both poly-
meric surfaces (PPTA and PBO). The IGC technique allows one to
analyze the adsorption thermodynamic variables (especially the
polar components) and estimate the chemical bonding associated
to the adhesion phenomenon. On the other hand, it was proved that
the modifications related to the surface nanoroughness degree also
could improve the mechanical interlocking involved in an adhe-
sion process as the dispersive components data of IGC and AFM
topographic images have demonstrated.
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