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Surface  Lewis  basic  proper-
ties  increase  from  kaoline  to
metakaolinitic  materials.
The  extensive  grinding  of
metakaolinitic  materials  affords
a decrease  of  the  �d

s .
Lewis  basic  properties  of the
metakaolines  surface  also  increase
with grinding.
Grinding  results  are  largely  explained
by changes  in  the surface  nanorough-
ness.
Shown  results  may  have  interest
in the  composites  area/cation-
exchange  properties.
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a  b  s  t r  a  c  t

The  present  work  aimed  characterizing  in  a  systematic  way  the surface  of  metakaolinitic  materials  pro-
duced by  calcination  of  a kaolinitic  clay  at different  temperatures  and  to study  the  effect  of  grinding  on
the  surface  properties  of  metakaolinitic  materials.  Using  X-ray  photoelectron  spectroscopy,  it  was  found
for all  materials  a Si/Al  atomic  ratio  close  to 1, confirming  the  presence  of  the 1:1  clay  structure.  By  inverse
gas  chromatography,  an increase  of the  Lewis  basic  properties  of the  surfaces  of  metakaolinitic  materials
in comparison  to  the  original  clay  was  found,  which  was  due  to the  condensation  of hydroxyl  groups  in
the structure  of  the  clay.  The  grinding  of the  metakaolinitic  materials  afforded  a decrease  of  the  disper-
sive  component  of the  surface  energy  (�d

s )  as  well  as an  increase  of  the  specific  interaction  with  sterically
GC
PS
dsorption
rinding

hindered  molecules,  caused  by  the  diminishing  of the materials  surface  nanoroughness.  The  Lewis basic
properties  of the  materials  surface  also increased  with  grinding.  Noticeably,  for  all  studied  materials  a
good inverse  relation  could  be found  between  the �d

s and the  specific  interaction  of trichloromethane
(but not  with  dichloromethane),  showing  the importance  of  surface  nanoroughness  on  the  adsorption
process  of bulky  molecules.
∗ Corresponding author.
E-mail addresses: jafgas@eq.uc.pt, jose.antonio@ua.pt (J.A.F. Gamelas).
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1. Introduction
Calcined kaolin or metakaolin is an artificial material used in
advanced ceramics [1,2], as filler in papermaking, [3,4], as a poz-
zolanic material in mortars [5,6], concrete [7,8] and cement-wood
composites [9], as extender in plastics [10] and natural rubber
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11], as opacifier in oral medicine prosthesis [12], in processing
f oil shale [13] and food wastes [7], in paints [14], and as a
undamental component for the production of some types of
norganic polymeric materials – geopolymers [2,15]. Metakaolin
ontains high content of Si and Al and is obtained by heating
calcinating) kaolin raw material, a georesource mainly composed
y kaolinite, [Al2Si2O5(OH)4)]. The calcination process at temper-
tures ranging from ≈450 ◦C to ≈750 ◦C promotes the removal
f the structural water (dehydroxylation) in kaolinite and its
ransformation into metakaolinite that is an amorphous (disor-
ered) aluminosilicate. Calcination at higher temperature (>950 ◦C)
esults in the formation of crystalline phases, such as silicon-spinel
r mullite.

The physico-chemical surface properties of calcined clays have
igh importance considering their influence in the context of the
roduction of composites with polymeric matrices (e.g., compos-

tes with cellulose for papermaking, when calcined materials are
sed as fillers), or in cation exchange processes or pozzolanic reac-
ions.

Inverse gas chromatography (IGC) is a suitable technique to
ssess the surface properties of fibrous materials (e.g., glass fibres
nd cellulosic fibres) and powders such as clays and calcined clays
ince it gives a wide range of physico-chemical surface parameters
ot accessed by other techniques. On this point, contact angle mea-
urements are not so adequate for the analysis of powders due to
he associated problems of heterogeneity, roughness, porosity, and
urface energy gradients. Another useful technique to study the
aterials surface is the X-ray photoelectron spectroscopy (XPS)

hat can provide information of the chemical composition and
tructure of the surface up to about 10 nm depth.

Several studies have been reported on the use of IGC to evalu-
te the surface properties on clayey materials, such as kaolinites
16–22], illites [16,17,22], smectites [23,24], and palygorskites
attapulgites) [25,26]. In particular, the dispersive component of
he surface energy and the surface morphology of kaolinites (and
llites) were evaluated by IGC using n-alkanes and branched alkanes
s probes [16]. For the same type of materials, the effect of
re-conditioning temperature on the heats of adsorption of sev-
ral organic probes was also considered [22]. Regarding calcined
aolinitic clays, Burry and Keller [18] analysed the effect of the
re-conditioning temperature on the dispersive component of the
urface energy (at 100 ◦C) of two calcined clays (one experimen-
al and another commercial) and compared with kaolin samples.
nsari and Price [27] analysed two commercial grades of calcined
aolin for their dispersive properties and specific interactions with

 few probes, in order to produce composites with polyethylene.
hese two pioneer studies were restricted to a small number of cal-
ined clays and the specific acid-base interactions were not in depth
nalysed. On the other hand, the use of XPS on calcined kaolinitic
aterials has also been reported (e.g. [28]).
In the present study, one kaolinitic raw material as start-

ng material, five experimental metakaolins and one commercial
etakaolin were thoroughly analysed by IGC and XPS in order to

valuate the surface properties of these materials. Several meth-
ds for the IGC data analysis were employed, in order to obtain a
ide range of parameters of the surface properties of the calcined

aolinitic materials. Particular emphasis was given to the grinding
ffect on the surface properties of calcined kaolinitic clays.

. Materials and methods
.1. Materials

A kaolinitic raw material (kaolinitic mud) collected from an
ndustrial sand wash plant was the starting material used in this
sicochem. Eng. Aspects 455 (2014) 49–57

study. The kaolinitic raw material was  calcined in an oxidiz-
ing atmosphere, on a 2.5 m scale prototype rotary kiln with fast
firing cycles (1:00 h to 1:30 h), in order to obtain experimental
metakaolinized samples. Three experimental calcined kaolinitic
clays (referenced as “MK”) were obtained after calcination of the
kaolinitic raw material at 750 ◦C, 840 ◦C and 940 ◦C. After the cal-
cination, the materials were subjected to a disaggregation stage
in an alumina ball mill (Gabbrielli Fast Mill) during 5 min. Two
experimental metakaolinized samples were also subjected to an
additional grinding (milling) stage (referenced as “M”), which was
accomplished in a vibratory agate disc mill (Retsch RS1) during
20 min  at 700 rpm. The experimental metakaolinized samples were
compared with the commercial Optipozz (Burgess, USA) highly-
reactive metakaolin, which served as reference to the parameters
evaluated in this study. Overall, six samples of metakaolins (MK-
750, MK-840, MK-940, MK-750-M, MK-940-M, MK-USA) and the
sample of the initial kaolinitic raw material (referenced as “K”) were
considered for analyses.

2.2. Methods

The materials were analysed for their mineralogical compo-
sition, particle size and specific surface area. The mineralogical
analysis was  performed by powder X-ray diffraction (XRD) in a
Philips X’Pert PRO MPD  diffractometer. The crystalline phases were
identified by comparison with the standards from the International
Centre for Diffraction Data. Particle size analysis was  carried out by
sedimentation and absorption of X-rays in a Micromeritics Sedi-
graph 5100 apparatus. The determination was performed in the
0.1–63 �m size range. Specific surface area was determined by N2
adsorption in a Micromeritics Gemini 2.0 instrument, using the BET
method. Samples were pre-treated at 200 ◦C under a nitrogen flow
before measurements were made.

2.3. Inverse gas chromatography and X-ray photoelectron
spectroscopy

The clayey materials were analysed by inverse gas chromatogra-
phy and X-ray photoelectron spectroscopy, in order to assess their
surface properties and surface chemical composition.

The material for IGC analysis was previously compacted through
axial compression of 6–7 g of powder at ≈120 MPa. The pressed
disc was  then crumbled in a porcelain mortar and finally sieved
between 710 and 500 �m to obtain “coarse” granulates, before
being packed in the IGC column. Using this procedure it was
possible to obtain enough gas flow rate in the IGC column. IGC anal-
ysis was done using a DANI GC 1000 digital pressure control gas
chromatograph equipped with a hydrogen flame ionization detec-
tor. Stainless-steel columns, 0.5 m long and 0.4 cm inner diameter
were washed with acetone and dried before packing. Approxi-
mately 5 g of each sample was packed into the gas chromatograph
column. The columns were shaped in a smooth “U” to fit the
detector/injector geometry of the instrument. The packed columns
were conditioned overnight at 110 ◦C, under a helium flow, before
any measurements were made. Experiments were carried out at
a column temperature of 110 ◦C with the injector and detector
kept at 180 ◦C and 200 ◦C, respectively. Helium was  used as car-
rier gas with flow rates typically between 25 and 40 mL/min.
Small quantities of probe vapor (<1 �l) were injected into the
carrier gas, allowing work under infinite dilution conditions. The
probes used for the IGC data collection were n-pentane (C5),
n-hexane (C6), n-heptane (C7), n-octane (C8), trichloromethane

(TCM), dichloromethane (DCM), 1-pentene, 1-hexene, and cyclo-
hexane (CyHex). All probes were of chromatographic grade and
were used as received (Sigma–Aldrich). Methane was used as the
reference probe. The retention times (tr) were the average of three
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njections and were determined by the Conder and Young method
29]. Ethyl ether, tetrahydrofurane, acetone and ethyl acetate were
lso tested but could not be measured (no elution was detected)
ue to strong interaction of these probes with the analysed
aterials..
The X-ray photoelectron spectra were obtained using a Kratos

XIS Ultra HSA equipment. The analysis was carried out with
 monochromatic Al K� X-ray source (1486.7 eV), operating at
5 kV (90 W),  in fixed analyser transmission mode, with a pass
nergy of 80 eV. Wide scan survey spectra were recorded at take-
ff angle of 90◦ and between 0 eV and 1350 eV binding energy
ith a step size of 1 eV and dwell time of 200 ms.  Data acqui-

ition, with VISION software, was performed at an ultra-vacuum
ressure (<1.0E−6  Pa), and a charge neutralisation system was
sed. Quantitative data analysis was done using the following
tomic sensitivity factors: Si = 0.328; Al = 0.193; O = 0.78; C = 0.278;

 = 0.477; Mg  = 2.62; K = 1.47; Fe = 2.96; F = 1; Ti = 2). All spectra
ere corrected for charging effects with respect to adventitious
ydrocarbon C 1s peak. The relative atomic quantification (nor-
alized to 100%) was done with 3 scans carried out in 3 different

urvey areas. Pellets of about 1 cm diameter and 1 mm thickness
ere prepared for the analysis by pressing the samples at ≈20 MPa
uring 3 min.

.4. IGC theoretical background

The principles and mathematical formalism of inverse gas
hromatography have been widely described by several authors
30–32]. Briefly, the retention of a gas or vapour probe molecule
n the IGC column is quantified by the net retention volume, Vn,

hich is the volume of inert carrier gas that is necessary to push the
robe molecule through the chromatographic column containing
he solid sample under analysis. Vn can be calculated from IGC data
sing Eq. (1), where tr is the retention time of the injected probe
hrough the column, t0 is the retention time of the non-interacting
robe (methane), F is the corrected flow rate of the inert carrier
as and J is the James–Martin correction factor for the carrier gas
ompressibility.

n = (tr − t0)FJ (1)

At infinite dilution conditions, where probe-probe interactions
re negligible and Vn depends only on the sample–probe interac-
ions, the free energy of adsorption of the probe on the stationary
hase surface, per mole, �Ga, can be determined from the reten-
ion volume, Vn, according to Eq. (2). In this equation, R is the gas
onstant, T is the absolute column temperature and K is a constant
ependent on the chosen reference state [30,33].

Ga = −RT ln(Vn) + K (2)

If only dispersive interactions occur between sample and probe,
he net retention volume, Vn, can be related to the dispersive com-
onents of the surface free energy of the interacting solid and probe,
d
s and �d

l , respectively, by Eq. (3), where N is the Avogadro num-
er and a is the molecular surface area of the probe. According to
q. (3), the dispersive component of the surface energy of the ana-
ysed sample may  be estimated from the slope of the linear fit of

Tln(Vn) as a function of 2Na(�d
l )

0.5
, using the IGC data obtained

ith the apolar probes (Schultz and Lavielle approach) [34].

T ln(Vn) =
√

�d
s 2Na

√
�d

l + K (3)
Other methods are available for the determination of �d
s . In

he Dorris and Gray approach [33] the dispersive component
f the surface energy (�d

s ) is determined from the difference
n the free energy of adsorption due to the introduction of an
sicochem. Eng. Aspects 455 (2014) 49–57 51

additional –CH2– group into the carbon chain of a n-alkane probe
(Eq. (4)). aCH2 is the molecular area of the –CH2– group, which is
usually taken as 0.06 nm2 and �CH2 is the surface energy of a solid
entirely composed of methylene groups (Eq. 5) [30,33]. The draw-
backs and advantages of each approach used to calculate �d

s have
been thoroughly discussed in the literature [31].

�d
s =

[
RT ln(Vn

(Cn+1H2n+4)/Vn
(CnH2n+2))

]2

4N2(aCH2 )2�CH2

(4)

�CH2 = 35.6 + 0.058(293.15 − T) (5)

For the polar probes, there is a corresponding specific compo-
nent contribution, �Gs

a, in addition to the dispersive component,
to the overall free energy of adsorption [30]. This parameter (�Gs

a)
can be estimated by calculating the difference between the exper-
imental value of RTln(Vn) obtained for the polar probe and the
corresponding estimation for the reference apolar probe (Eq. (6))

based on the linear fitting of RT ln(Vn) vs. 2Na(�d
l )

0.5
for n-alkanes

(reference line). Another method uses the saturated vapour pres-
sure (po) of the probes to obtain the reference line [35]. This method,
although empirical in nature, presents the advantage over the
Schultz & Lavielle method that the required po values of the probes
are easily accessed from the literature whereas the a values of some
probes are not available and/or are more uncertain (dependent on
the orientation of the molecules on the material surface, e.g. 1-
alkenes). The reference line may  also be obtained by plotting the
RTln(Vn) vs. the number of carbon atoms.

�Gs
a = −RT ln

Vn

Vn,ref
(6)

A nanomorphology index (IM�T) has been proposed to assess
the surface nanoroughness (Eq. (7)). Here, �T is the previously
defined topological index of a branched alkane or cycloalkane (e.g.
cyclohexane) [36] and �exp is the experimental value calculated
for this topological index based on the measurement of the reten-
tion times of the non-linear alkane and the n-alkanes. Typically,
the rougher is the surface the more negative is the IM�T value. On
the contrary, for less rough surfaces, �exp approaches�T and IM�T
tends to 0%.

IM�T = 100
(�exp − �T)

�T
(7)

3. Results and discussion

3.1. Characterization of the clayey materials by powder X-ray
diffraction and particle size analysis

The kaolinitic raw material and the metakaolinitic samples were
previously analysed by XRD. For the raw material it was  verified the
presence of kaolinite and minor amounts of quartz. Muscovite and
orthoclase (alkali feldspar) were also identified as accessory min-
erals. For the experimental metakaolins, the presence of kaolinite
that has not been fully calcinated (metakaolinized) was still iden-
tified in the MK-750 sample. For the commercial metakaolin, the
presence of anatase (TiO2) and mullite as crystalline phases was
also observed.

The particle size distribution (Table 1) of the kaolinitic raw
material presented d50 = 1.5 �m,  which results from the origin of
the material, by opposition to the experimental metakaolinized
materials that presented higher d50 values (between 8.3 �m and
3.5 �m)  related with the aggregation promoted by the calcination

process. As expected, the experimental metakaolinized samples
showed lower d50 values after grinding (2.2 �m for MK-750-M and
2.5 �m for MK-940-M). The MK-USA showed a d50 similar to that
of the kaolinitic raw material (Table 1). Finally, the obtained BET
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Table 1
Physical parameters of the kaolinitic raw material and calcined kaolinitic clays.

K MK-750 MK-750-M MK-840 MK-940 MK-940-M MK-USA

d50 (�m) 1.5 8.3 2.2 7.7 3.5 2.5 1.8
BET  (m2 g−1) 19.0 16.3 16.5 9.8 9.7 13.1 17.9

Table 2
Surface chemical analysis (atomic percentage) by XPS of the kaolinitic raw material and calcined kaolinitic clays.

Element K MK-750 MK-750-M MK-840 MK-940 MK-940-M MK-USA

Si 2p 15.2 15.4 11.9 15.0 15.1 14.5 15.8
Al  2p 13.9 13.9 10.4 14.5 14.6 14.1 15.0
O  1s 66.9 60.7 65.0 62.2 61.6 62.6 62.7
C  1s 2.9 8.6 10.5 6.6 6.8 6.9 5.5
Mg  1s 0.1 0.1 0.2 0.5 0.2 nd nd
K  2p 0.2 0.3 0.4 0.4 0.4 0.4 nd
Fe  2p1 + 2p3 0.1 0.4 0.6 0.1 0.5 0.7 nd
F  1s nd nd nd nd 0.2 nd 0.4
Ti  2p1 + 2p3 nd nd nd nd nd nd 0.2

n

v
r
a
o

3

A

Si/Al  1.09 1.11 1.14 

d = not detected.

alues, that measure the specific surface area, were within the
ange expected for metakaolinitic (and kaolinitic) materials and
n increasing trend of the BET values with grinding as usual was
bserved (Table 1).
.2. Characterization of the clayey materials by XPS

The XPS analysis (Table 2) of the clayey materials confirmed Si,
l and O as major elements mostly assigned to kaolinite or calcined
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)
0.5

used to calculate specific interaction
1.03 1.03 1.03 1.05

kaolinite. In addition, minor amounts (<1%) of Mg,  K, and Fe were
generally found in the studied samples, related to the presence
of contaminant minerals. MK-USA also showed a residual amount
of Ti due to anatase identified in XRD and fluor was  detected in
two metakaolinitic materials. It should be noted that the surface

contamination by adventitious carbon was also detected in all the
samples. However, it was  found that the Si/Al atomic ratio in all
cases is very close to 1 (values between 1.03 and 1.14, Table 2), as
expected for kaolinitic and metakaolinitic materials.
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 parameters of TCM and DCM with several metakaolinitic samples.
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that although metakaolinite presents a different structure from that

T
D

he nanomorphological index (IM�T) (B) for kaolinitic raw material and calcined
aolinitic materials.

.3. Dispersive component of the surface free energy

The dispersive component of the surface free energy (�d
s ) of the

aw kaolinitic clay and the calcined kaolinitic clays was  obtained
y using the Dorris & Gray and the Schultz & Lavielle methods. The
esults are shown in Table 3. It is found that the values obtained by
he Dorris & Gray approach are higher than those obtained using
he Schultz & Lavielle approach but the relative difference between
he results of the two methods is approximately the same for all
amples studied, i.e., of ca. 20% (Table 3). This indicates that for
etakaolinitic (and kaolinitic) materials the values determined for

d
s depend largely on the method chosen for their calculation but
ot the relative trends. In most of the reported IGC studies with
lays the authors focused on using only the Dorris & Gray method-
logy to calculate �d

s and no comparison between the two methods
as provided.

The �d was found to increase in the following order: MK-940-
s
 < MK-840 < MK-940 < MK-750-M < MK-USA < MK-750 < K. The

alue determined for the kaolinitic raw material was  in the range
f other values reported in the literature [16,18]. For instance,

able 3
ispersive component of the surface free energy (�d

s , mJ  m−2) and morphological index (I

Material �d
s (Schultz & Lavielle) �d

s (Dorris & G

K 163 200 

MK-750 121 145 

MK-750-M 101 121 

MK-840 83 99 

MK-940 95 114 

MK-940-M 78 94 

MK-USA 105 126 

a Coefficient of variation of RTln(Vn) was lower than 1% for n-alkanes and cyclohexane.
b [�d

s (Dorris & Gray)−�d
s (Schultz & Lavielle)]/ �d

s (Schultz & Lavielle) × 100.
sicochem. Eng. Aspects 455 (2014) 49–57 53

values in the range of 156–212 mJ  m−2 (at 100 ◦C and 120 ◦C) by the
Dorris & Gray method were reported for several kaolinite samples
whereas the value of 199.6 mJ  m−2 was obtained in this work. With
calcination the �d

s value decreased significantly from 200 mJ m−2

up to ca. 100 mJ  m−2. The decrease of �d
s with calcination has

been previously mentioned [18]. It can be attributed mostly to
the dehydroxylation process (loss of structural water) and to
the collapse of the interlayer space of kaolinite structure, since
both the hydroxyl groups and structural defects on the borders
of the clay particles enhance the interaction with n-alkanes and
consequently, the dispersive component of the surface free energy.
Among the experimental calcined samples the one with the less
extensive thermal degradation (MK-750) showed a higher �d

s
value. This should reflect the fact that this sample still shows some
kaolinite (higher �d

s ) as proven by XRD. The commercial calcined
sample showed a dispersive component of surface energy within
the range of the three experimental calcined samples studied
(126 mJ  m−2 vs. 99–145 mJ  m−2), confirming a somewhat similar
nature of all the calcined samples.

Interestingly, the �d
s value significantly diminished by grind-

ing (milling) the calcined samples (16% for MK-750 and 17% for
MK-940). With the grinding of the metakaolinitic samples and a
consequent decrease of the particle size (Table 1), an increase of the
overall surface energy could be expected. However, after grinding,
the potential of the surface to undergo London dispersive interac-
tions and/or Debye interactions was  lower. XPS analysis revealed a
slight increase of organic contaminants (C 1s content) on the surface
of MK-750-M (Table 2). However, for MK-940-M and MK-940 the
carbon content measured by XPS was  similar and the differences
in the �d

s value between these two  samples were of the same range
than those between MK-750-M and MK-750. Therefore, it is most
probable that the variation of the �d

s with grinding can be attributed
to a physical/morphological alteration of the metakaolinitic par-
ticles surface. Saada et al. [16] found for illites and kaolinites a
correlation between the surface nanoroughness (measured by IGC
from a morphological index obtained with branched alkane) and
the dispersive component of the surface energy, that is, the clayey
materials with higher surface nanorugosity had higher dispersive
component of the surface energy. The authors suggested that the
increasing structural surface defects on the borders of the clay parti-
cles (higher border nanoroughness) provided better insertion of the
n-alkanes into the materials structure (higher interaction). Similar
trend was also reported for talc impregnated with different ratios of
polyethylene glycol [37]. In the present work, a nanomorphological
index was calculated (Table 3) as well from the interaction mea-
sured with cyclohexane. It was  found that this parameter increases
with grinding and thus the decrease of the �d

s with grinding can be
related to the production of a less rough surface. It should be noted
shown by kaolinite, it inherits some degree of 1:1 layer structure
of kaolinite [38], and thus the decreasing structural defects on the
particles surface (lower border nanoroughness) of metakaolinite

M�T) at 110 ◦C of the kaolinitic raw material and calcined kaolinitic clays.a

ray) Difference between methodsb IM�T

22% −16.8
20% −14.6
20% −12.7
20% −11.0
20% −13.3
20% −10.1
20% −13.6
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Fig. 3. Plots of RTln(Vn) vs. carbon atoms number used to calculate specific in

ill generate a lower interaction with the n-alkanes molecules. A
ecrease of �d

s with grinding has also been observed for attapulgite
25].

.4. Specific interaction parameters obtained by IGC

Three different approaches were applied in the present work
o calculate the specific component of the free energy of adsorp-
ion (−�Gs

a) of the polar probes in the kaolinitic and metakaolinitic

aterials. Using Schultz & Lavielle approach only the −�Gs

a values
f TCM and DCM could be obtained (since the required a values of
he other measured polar probes are uncertain). The correspond-
ng results of all the analysed samples are presented in Table 4 and

able 4
pecific component of the free energy of adsorption (−�Gs

a, kJ mol−1) and work of adh
aterial  and calcined kaolinitic clays.a

Material (Schultz & Lavielle) 

TCM DCM 

−�Gs
a W s

a −�Gs
a

K −2.58 −9.73 5.32 

MK-750 −0.96 −3.62 5.80 

MK-750-M 0.34 1.27 7.80 

MK-840 1.34 5.07 7.83 

MK-940 0.20 0.74 6.77 

MK-940-M 1.78 6.72 7.44 

MK-USA 0.01 0.36 7.52 

pd = not possible to determine.
a Coefficient of variation of RTln(Vn) was lower than 2% for TCM, DCM and 1-alkenes.
tion parameters of 1-pentene and 1-hexene on calcined kaolinitic materials.

a few representative graphical plots used to calculate the specific
parameters are shown in Fig. 1.

For TCM, it was  found that the −�Gs
a values are relatively small

and, in some cases, namely for the initial clay and the MK-750 sam-
ple, even negative values were found (and, consequently, negative
values for the work of adhesion) meaning that the interaction of
this typical acidic probe with the samples’ surface is not favoured.
However, regarding DCM, much higher −�Gs

a values were always
obtained (i.e., high values for W s

a), as clearly shown in Fig. 1.
Although TCM and DCM have similar electron acceptor properties,

the fact that TCM is a bulkier probe than DCM should account for the
more restricted specific interaction by steric reasons of the former
with the surface of the clayey materials. Strong basic probes such
as tetrahydrofurane or ethyl ether could not be measured because

esion (W s
a , mJ  m−2) at 110 ◦C of polar probes on the surface of the kaolinitic raw

(Dorris & Gray)

1-pentene 1-hexene

W s
a −�Gs

a −�Gs
a

28.0 npd npd
30.6 3.42 npd
41.1 3.49 2.97
41.3 3.87 3.77
35.7 3.96 3.10
39.2 3.40 3.46
39.6 4.02 3.27
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Fig. 4. Plots of RTln(Vn) vs. saturated vapour pres

hey were retained too strongly in the materials. Overall, these
esults show the prevalence of the Lewis acidic character over the
asic character of the materials surface.

In addition, it was found the −�Gs
a(TCM) or W s

a(TCM) var-
ed approximately in the inverse order of the �d

s value (Fig. 2A),
.e., MK-940-M > MK-840 > MK-750-M > MK-940> MK-USA > MK-
50 > K, but, on the other hand, no satisfactory correlation was
btained between the −�Gs

a(DCM) and the �d
s value. The good

tting obtained between the specific interaction of TCM and the
d
s values may  be largely related to changes in the surface nanor-
ughness of the materials, as confirmed by the plot shown in
ig. 2B. Metakaolinitic (and kaolinitic) surfaces with the lower
anoroughness will have the most energetic sites more accessi-
le for interaction with the bulky TCM probe thus giving higher
�Gs

a(TCM) value and also will provide a lower retention of the
-alkanes thus giving a lower �d

s .
With the less bulky probe, DCM, the polar (Lewis acid-base)

nteractions with the clayey materials predominate and the mag-
itude of the specific interaction with DCM (Table 4) may  then
e viewed as a relative measurement of the Lewis basicity of the
urfaces. Thus, following Schultz and Lavielle approach, the cal-
ined materials have higher specific interactions with DCM than
he original material and, among the calcined samples that with
ome residual kaolinite (MK-750) also presented the lowest −�Gs

a.
herefore, the thermal treatment of the kaolinitic clay promotes
n apparent increase of the Lewis basic character of its surface.
he condensation of acidic hydroxyl groups with the formation

f new Al-O-Al linkages and changes in the co-ordination of alu-
inium from 6-fold to mainly 5- and 4-fold [38,39] in the calcined

aolinitic structure should be responsible for such effect on the
urface properties.
po) of different probes in metakaolinitic samples.

With the grinding of the metakaolinitic materials (MK-750-M
vs. MK-750 and MK-940-M vs. MK-940) the specific interaction
with TCM increased (Table 4). Once more, this effect should be
mainly due to a decrease of the surface nanoroughness of the
metakaolinitic materials with grinding, as aforementioned, since a
less rough surface allows a higher interaction with the bulky TCM.
Apparently, the Lewis basicity (−�Gs

a of DCM) of the surface of the
milled metakaolines was  also slightly higher than that of the not
milled. This could be one of the reasons, in addition to the reduction
of particle size, why  cationic exchange capacity typically increases
by grinding this type of materials.

Since it was not possible to measure by IGC the interaction of
the kaolinitic and metakaolinitic surfaces with strong Lewis bases,
the retention volumes with weak bases, such as 1-pentene and 1-
hexene were considered as an alternative to assess the Lewis acidic
behaviour of the materials surfaces. By using the Dorris & Gray
approach, the specific component of the free energy of adsorption
of these alkenes (comparison with n-alkanes) on the materials sur-
face was obtained (Fig. 3 and Table 4). All the values obtained for the
correspondent specific interactions are positive confirming the sig-
nificant interaction of the clayey surfaces with the � electron donor
bases and thus its high degree of Lewis acidity. However, no definite
conclusions could be drawn regarding the effect of the grinding on
the metakaolines Lewis basic properties because the −�Gs

a values
with 1-pentene or 1-hexene did not show a systematic trend with
grinding.

Finally, the magnitude of the specific interactions of the mea-

sured polar probes with the studied clayey surfaces was  calculated
by the Flour and Papirer approach (Fig. 4 and Table 5). By this
method, interactions of all probes can be compared and, in particu-
lar, interactions of weak bases can be compared with those of Lewis



56 J.A.F. Gamelas et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 455 (2014) 49–57

Table 5
Values of specific interaction energies (−�Gs

a, kJ mol−1) at 110 ◦C assessed by the Flour & Papirer method for polar probes on the kaolinitic raw material and calcined kaolinitic
clays.a

Material TCM DCM 1-Pentene 1-Hexene Cyclohexane 1-Pentene/DCM ratio

K −1.57 1.50 npd npd −6.96 npd
MK-750 −0.09 2.52 4.22 npd −5.30 1.67
MK-750-M 1.14 4.80 4.24 3.81 −4.33 0.88
MK-840 2.07 5.11 4.55 4.54 −3.51 0.89
MK-940 0.97 3.86 4.72 3.85 −4.36 1.22
MK-940-M 2.49 4.79 4.14 4.03 −3.20 0.86
MK-USA 0.91 4.46 4.77 4.15 −4.65 1.07

n

a
t
s
f
t
a
−
i
s
d
i
p
s

a
p
o
m
t
o
p
p
t

4

b
c
k
f
i
c
b
e
a
w
w
s

a
e
w
m
o
p
c
o
e
p

[

[

[

[

[

[

[

[

pd = not possible to determine.
a Coefficient of variation of RTln(Vn) was lower than 2% for all measured probes.

cids on the same basis. Among the polar probes, it was  confirmed
hat TCM shows the lowest specific interaction with the materials
urface due to the aforementioned steric constraint. In addition,
ollowing this approach, it was found that the specific interac-
ions of the metakaolinitic surfaces with weak bases (1-pentene
nd 1-hexene) are of similar range of those with DCM because the
�Gs

a(1-pentene)/ − �Gs
a(DCM) ratio is close to 1 (Table 5), except

n the case of MK-750 which presents a more acidic surface due to
ome amount of original clay. Moreover, this ratio seems to slightly
ecrease with the grinding of the metakaolinitic material show-

ng again that the grinding process promotes a reduction of the
revalence of the acidic character over the basic character of the
urface.

The specific interaction with cyclohexane (apolar) showed
lways a negative value due to steric hindrance in the adsorption
rocess of this cyclic structure [27]. However, both the calcination
f the kaolinitic raw material and the grinding of the metakaolinitic
aterials were found to favour this interaction (higher values for

he −�Gs
a were found). As discussed, this is evidence that changes

ccurred in the surface nanomorphology during the thermal and
hysical treatments. Less rough surfaces at the nanoscale will
rovide higher interaction with the different geometric conforma-
ions of cyclohexane molecules.

. Conclusions

Inverse gas chromatography, at infinite dilution, was found to
e a valuable tool to differentiate the surface of metakaolinitic
lays produced by calcination at different temperatures from a
aolinitic material and to assess the effect of grinding on the sur-
ace of metakaolinitic materials, which are topics of high relevance
n the context of metakaolinitic materials processing. During cal-
ination of kaolinitic to metakaolinitic material, it was found that,
esides the reduction of the dispersive component of the surface
nergy, the Lewis basic properties of the material surface increased,
s measured by the specific interaction with dichloromethane,
hich was attributed to the condensation of acidic hydroxyl groups
ith the formation of new Al-O-Al linkages in the metakaolinitic

tructure.
Interestingly, the grinding of the metakaolinitic materials

fforded a decrease of the dispersive component of the surface
nergy and a higher interaction with bulky probes. These results
ere related to the production of a less rough surface of the
etakaolinitic clay by grinding, as measured by the nanomorphol-

gy index of cyclohexane. An apparent increase of the Lewis basic
roperties of the surface also occurred with grinding. These con-

lusions could be of interest to understand the known behaviour
f milled metakaolins vs. the not milled ones in terms of cation
xchange capacity or pozzolanic activity. Further studies are in
rogress on this subject.
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