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ABSTRACT: Inverse gas chromatography was used to estimate surface activity expressed by the dispersive component of the surface
free energy, y%, as well as parameters K, and Kp describing surface ability to act as electron acceptor and donor, respectively. These
parameters characterize the ability of the surface to specific interactions. The method was also applied to describe the magnitude of
filler-phenolic resin interaction by Flory-Huggins parameter, yb,. Granulation, surface area and porosity were also determined. The
minimum number of parameters required to complete characterization of filler properties has been selected by principal component
analysis. The usefulness of the selection for the abrasive industry has been proven. Moreover, the similarities and deviations from “an
average” filler was determined by chemometric methods. Principal component analysis (PCA) and a novel procedure based on sum
of ranking differences (SRD) were successfully applied for selection of the best fillers, and of advantageous parameters for characteri-
zation of the fillers. Similar and diverse fillers have been chosen based on clustering pattern by PCA and SRD. © 2012 Wiley Periodicals,
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INTRODUCTION

Abrasive articles consist of cutting particle (i) very often from
electrocorundum, filler (ii) inorganic compound (pyrite or lith-
opone), binder (iii) novolac resin and wetting agent, resol. The
fillers play important role during production and in the work
of the grinding tools, and can influence cross-linkage of resins
during manufacturing of the abrasive article. Moreover, they
collect the heat and prevent the melting of resin while the
grinding tool works. Consequently, fillers affect the hardness
of the final product. The influence of the type of the filler on
the hardening process by differential scanning calorimetry
(DSC) was also studied.' Commonly used fillers in abrasive
industry can emit hazardous compounds for example pyrite
(FeS,) emits dangerous sulfur compounds. It was the main
reason for searching new proecological fillers that are stable
during work of grinding tool. The aluminosilicates such as
perlites and zeolites were chosen for our investigations as
being nontoxic, proecological fillers fulfilling all technological
requirements.

During heating perlites formed microblisters of irregular shapes
and contain air. The process is called expanding (swelling) and
the resulting product is called expanded perlite.”™*
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Surface activity of the fillers plays crucial role during manufac-
turing and further usage of the grinding tool. Surface activity
influences fillers ability to mix, e.g., with resol and to form
“homogenous” mixture. It affects also the strength of the inter-
actions between fillers and both resins: novolac and resol.

The crucial parameters characterizing potential fillers are granu-
lation (size of particle grains) and surface activity. The last can
be expressed, e.g., by the dispersive component of the surface
free energy, y%, as well as parameters K, and Kp describing sur-
face ability to act as electron acceptor and donor, respectively.
These parameters characterize the ability of the surface to par-
ticipate in specific interactions. K4+Kp parameters expresses the
total surface ability to specific interactions, i.e., both ability to
act as electron acceptor and donor. The surface area (m?/g); po-
rosity: volume and size of pores; susceptibility to atmospheric
conditions such as temperature, humidity also to be taken into
account during the selection of the material.

Inverse gas chromatography (IGC) has earlier been applied for
surface characterization of studied fillers. This technique was
presented in number of reviews.”® IGC is an extension of the
classical gas chromatography. Inverse gas chromatography char-
acterizes the surface of any material, which is placed in the
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Table 1. Studied Materials

Moisture
content
(% of
Material Notation Description weight)
Lithopone | Standard fillers 0.2
used for
production of
abrasive articles
nowadays
Calfix c Standard fillers 0.2
used for production
of abrasive articles
nowadays
Pyrite p Standard fillers used 2.8
for production
of abrasive articles
nowadays
Egzotul e Bentonite 0.6
PERMONS85 p85 Perlite 5.0
Perlite EXP50 p50 Perlite 1.0
Perlite-150 p150 Perlite 1.2
Perlite EP150 epl50 Perlite 0.8
Perlite EP180 epl80 Perlite 0.9
Perlite EP200 ep200 Perlite 0.8
Perlite class A thick pA Perlite 0.3
Zeolite fine zf Zeolite 10.8
Zeolite thick zt Zeolite 11.0
Zeolite micro20  zm20 Zeolite 6.2
Zeolite micro50  zm50 Zeolite 6.2
Zeolite ZC20 ZC20  Zeolite 5.9

chromatographic column. Carefully selected test compounds,
with known physicochemical properties, are injected into the
column. Retention data are suitable to calculate parameters
describing surface properties — its activity expressed by yY , Ky,
and Kp and K4+Kp parameters. IGC was also applied to
describe filler-phenolic resin interaction by Flory-Huggins
parameter, y,;. The experimental data were analyzed by
chemometrics methods: principle component analysis (PCA)
and a novel procedure based on sum of ranking differences
(SRD).

The aim of the article was to elaborate a replacement test for
abrasive fillers. For this purpose we have to find similarities and
dissimilarities among fillers. The pattern will be revealed by an
unsupervised pattern recognition technique: by principal com-
ponent analysis. The fillers were also ordered by a novel tech-
nique based on sum of ranking differences. As reference (bench-
mark) for ranking the average was used. Such a way the most
common (average) filler can be selected, and similarly, the most
deviating ones can be determined besides the grouping patterns.
On the other hand the number of test compounds is to be
diminished still preserving the full characterization of fillers
(pattern in the data) remains as a precious aim.
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Materials

Examined fillers are presented in Table I. Standard fillers (litho-
pone, calfix, pyrite) were compared with new ones: pyrites and
zeolites. All fillers were supplied by Certech Niedomice (Poland)
and used as supplied. Resol resin used to study resin-filler interac-
tions was supplied by ZTS Erg S.A. (Poland). It was liquid, aque-
ous resin (6% w/w of water) with viscosity 1500-2000cP at 20°C.

IGC Experiments

IGC measurements were carried out using SRI 8610C gas chro-
matograph produced by SRI Instruments (USA) equipped with
flame ionization detector. Carrier gas was helium with flow rate
15.7 mL/min. Teflon (PTFE) columns, I.D. 4 mm were used.
Their length was 28 cm during examination of the aluminosili-
cates and standard fillers, while in IGC experiments with the
resin and filler-resin mixture 68 c¢cm columns were used. The
column filling for the examination of potential and standard
fillers was prepared by covering glass microballs with the pow-
der to obtain homogeneous layer of the examined material. The
column filling for examination filler-resin interactions was pre-
pared by covering glass microballs with resin and following
mixing with the appropriate amount of the filler.

All columns were conditioned overnight at the flow-rate and
temperature used later during IGC experiments. The measure-
ments were carried out at 30 and 120°C, injector and detector
temperature was 150°C. All columns were conditioned 2 h at
the flow-rate and temperature used later during IGC experi-
ments. Vapors of test compounds were injected in the amount
ensuring the achievement of the infinite dilution region.
Applied test compounds can be divided into two categories:

® nonpolar ones: pentane, hexane, heptane, octane, nonane;
® polar compounds: ethanol, acetone, 1,4-dioxane, chloro-
form, 1,2-dichloroethane, acetonitrile.
These compounds were of analytical grade and supplied by
Sigma Aldrich, Fluka, Chempur and Acros Organics.

7%, the dispersive of component of surface free energy of the
examined solid material, was calculated from the following

equation

where: symbol yP denotes the dispersive of component of sur-
face free energy of the test solute; symbol a, denotes the area
occupied by an adsorbing molecule and Vy is the net retention
volume of the test solute. y% is calculated from the slope of the
straight line.

K, and Kp, parameters expressing electron acceptor and electron
donor properties, respectively were calculated from Eq. (2)

AH; = DN; - K4 + AN - Kp 2)

AH; is the specific component of enthalpy of adsorption of po-
lar compound “7” related to so-called acceptor and donor num-

bers®”'®!" describing the electron acceptor (AN*) (kJ/mol) and
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Figure 1. Unrotated principal component loadings for retention data.

electron donor (DN) (kJ/mol) properties of the test solute “i”
155 was calculated from the following equation

1 o0 o0 (o 0]
L, . C O — 3
P (Xlz @+ 113 P3 /Clm) (3)

/
T3 =
using 75 and x5 values determined earlier for binary mixtures
according to Eq. (6).

273.15 - R 0
Xﬁ:m(ov M)ié}
by Vg M

P1 Vi 4
() () o (1 20)

P vy vy
where: 1 denotes the solute and 2, 3 or m denotes examined
material (component 2, component 3 or their mixture), M, is
the molecular mass of the solute, p{ is the saturated vapor pres-
sure of the solute, B;; is the second virial coefficient of the sol-

ute, V? is the molar volume, p; is the density, R is the gas con-
stant; ¢, and @3 are the volume fractions of components.

(B = VY)
(4)

The surface area (m*/g) and porosity (the volume and size of
pores) of fillers were determined using BET method. Acceler-
ated Surface Area and Porosimetry Analyzer ASAP 2020 pro-
duced by Micromeritics Instruments Co was used. The experi-
ment was based on liquid nitrogen adsorption. Examined
samples were degassed at elevated temperature in a vacuum
chamber.

Principal Component Analysis

PCA is an unsupervised pattern recognition method, it can also
be considered as a dimension reduction one. The original high
dimensional data are projected in a much smaller dimensional
subspace. Several principal components are retained while
explaining a large portion of variance in the data. The technique
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of PCA can be found in standard chemometric books and
reviews, e.g., Refs. 12 and 13. Principal components are arranged
successively in decreasing order of eigenvalues accounting for
decreasing amounts of variance. The coefficients between the
original and new variables are called the loadings. They explain
how the new PCs are composed from the original variables. PCA
is particularly useful for classification of IGC data'* and evalua-
tion of stationary phases and polarity parameters.'>

SRD and Its Validation

The new ordering method has been described earlier'® and its
validation has been published soon thereafter.'” SRD ordering is
based on comparisons of rank numbers. Always the rank num-
bers of the actual and a reference (benchmark) ranks are com-
pared (the rank numbers are subtracted and their absolute val-
ues are built and added together for each systems). Such a way
all fillers can be compared (t, e, p, ... zf, ... etc. ...) each of
them receives an SRD value. The smaller the SRD value the
“better,” i.e., the less discrepancy can be observed when com-
pared with the reference ranking. The ordering is given by the
test compounds for characterization (rows). Generally, the row
averages of fillers are selected as benchmark. However, such ref-
erence would rank the fillers by average, i.e., the best filler is the
“mean” one, which can substitute all of them at best. The prox-
imity of SRD values will show the similarity among fillers, the
filler with the largest SRD value is the most deviating one from
all the others.

RESULTS

Evaluation of the Retention Data

Retention data of test solutes and fillers are summarized in
Table II. Table II contains retention data of selected test solutes
used in IGC experiments.

Notation for the respective objects and variables is given
therein. The retention times for test solutes were examined first
as these data were further used for calculation of IGC parame-
ters presented in Table III.

Linkage Distance

ir==ml 1

e120 0120 x120 ea3s 4120 e3s h35 c35
c120 h120 p120 d35 ea120 035 %35 p3s

Figure 2. Results of cluster analysis for retention data (Euclidean distance
and Ward’s method was used).

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37695


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

- ARTICLE

CRRN resuits (NormApp: n=16 ;
Mean=66.71 StD=11.05)

09 P10 ‘
ep200,zf =
Y pes, e 18 5
[ ) zt T6
-] 2% 4 zm20 & .6
= Lp80.  Zc20 14 2
2 46 ] S g
@ zm 12 &
0] L =
g 1 . 0 &
8 16 24 2 40

Figure 3. Sum of ranking differences (rescaled values between 0 and 100:
x axis and left y axis) for retention data. The ranking is far from being
random; the lower tail of Gauss distribution fitted to the random values
can be seen in the lower right corner, right y axis). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

PCA indicates that retention data for almost all test solutes had
to be taken into account with exceptions: heptane at 35°C
(h35) and ethyl acetate at 35°C (ea35). At least three significant
principal components had to be retained according to a scree
plot (not shown). The first one consists of multiple elements,
retention data for the series of test solutes while second and
third PCs are “unique” as PC 2 contains only octane at 35°C
(035) and PC 3 just ethyl acetate at 120°C (eal20). Three fac-
tors explained more than 97% of the total variance.

Analysis of loading plots (Figure 1) assures that information
carried by the retention data for pentane (p), hexane (x), hep-
tanes (h), octane (o) and chloroform (c) at 120°C is very simi-
lar. It means that there is no need to repeat IGC experiment for
all these test solutes and one may reduce their number and hav-
ing the same clustering pattern in the principal components
(scores). Although information from ea35 and h35 is somewhat
different from other test solutes, it is much less important.
Therefore, one may eliminate these two test solutes as well.

Similar conclusion may be achieved from analysis of tree dia-
gram (dendogram) for original variables (Figure 2). Three well
separated clusters can be seen on the dendogram. Retention
data carry similar information for p, x, h, o, ¢ at 120°C. Eventu-
ally €120 might be added to this group. Please, do note that
most often retention data collected from IGC experiments at
120°C  might be
information.

omitted without considerable loss of

Perlite 150 presents most average properties of all studied fillers
taking into account retention data. Most different from other
fillers is pyrite probably due to its chemical composition
(Table I). Perlites reveal different properties, e.g., perlite EP200
is different from other perlites and it can not be easily
explained. Perlites’ surface may have complex structure and its
properties may depend on many factors.

SRD orders and groups the fillers in a natural way (Figure 3).
The transpose of the Table II has been applied here. The average
retention data (row average) has been used as benchmark for
ranking. The most similar filler to the average is perlite 150.
This information can be used for replacement of fillers. On the
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other hand the most dissimilar filler is pyrite (p). If some task
cannot be solved by an “average” filler it is worth to select the
most dissimilar one. Some groupings can also be observed
(cluster 1: perlite 150, zeolite micro50, perlite EP150, zeolite
micro20, lithopone, perlite EXP50, perlite class A thick, calfix;
cluster 2: zeolite ZC20, perlite EP180, perlite PERMONSS5,

2
@ |-
o
1 P
2820
1
I o 180
G
0 op150
zm500 fn20
p8s5
o~
g o
o -1
o
w
2
-3 u
o
4
-3.5 -3.0 -28 -2.0 1.5 -1.0 0.5 0.0 0.5 1.0
SCORE 1
4
(b) po5
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o 1
o
@ ");‘cm
]
P‘l 150
c enive 0
° E4
4 z
-2
-3.5 -3.0 25 -2.0 1.5 -1.0 05 0.0 0.5 1.0
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4
(c) p85
o
2
2
L]
&
o 1
&
I
02220 g
0 o
zt 150 180
-] 0 c
ep150 o
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-1 o
-2
-4 3 -2 1 0 1 2
SCORE 2

Figure 4. (a,b,c) Score plots (various projections) according retention
times.
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Figure 5. Unrotated principal component loadings for physicochemical
parameters.

zeolite thick and cluster 3: egzotul, perlite EP200, zeolite fine
and pyrite). The first group consists of the majority of fillers.
This means that most of inorganic materials represent similar
surface properties. Zeolites micro20 and micro50 as well as five
types of perlites and have similar surface characteristics (regard-
ing retention data) as two standard fillers: lithopone and calfix.
Lithopone and calfix are most common fillers used for manu-
facturing of abrasive articles. It means that the new fillers can
be interesting alternatives for standard fillers used in grinding
tools.

The closeness of lines in Figure 3 shows the replacement
possibilities.

7000

6000

5000

4000

Linkage Distance

3000

2000

1000

0

ara BET kh120 K120
Sp g120 kh35 K3

Ka3s

K120 Vp
5 K35 Ka120 935

Kd 120
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Figure 6. Results of cluster analysis for physicochemical parameters (Eu-
clidean distance and Ward’s method was used).
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Figure 7. Sum of ranking differences (rescaled values between 0 and 100:
x axis and left y axis) for physicochemical parameters. [Color figure can
issue, which is available at

be viewed in the online

wileyonlinelibrary.com.]

Score plots of principal component analysis also show the
groupings of fillers [Figure 4(a—c)].

The following objects were selected as outliers when the reten-
tion times of test solutes were taken into account: Calfix (c),
PERMONS5 (p85) and zeolite fine (zf) (see Figure 4). The
pattern observed by PCA confirms results obtained from SRD.
Calfix as outlier might be surprising and hardly explainable but
one had to take in account also its position into SRD ordering
(see Figure 3), i.e., at the end of the first group.

Evaluation of the Physicochemical Parameters

The fillers were also characterized by a series of surface parame-
ters. The parameters are given in Table III. It is worth to note
that K4 and Kp parameters are differently dependent on the
temperature, i.e., for various fillers their values increase or
decrease. This phenomenon might be, probably, explained by
the content moisture residue in the examined materials despite
the careful conditioning of filler samples.

PCA of these physicochemical data indicates close proximity of
points in Figure 5, i.e., several parameters might be omitted
during characterization of fillers, while preserving the same
clustering pattern. Three significant PCs had to be retained in
the model. The first one consists of multiple components — sur-
face characteristics derived from IGC experiments and two “tra-
ditional ones: BET and pore volume (V}). The second PC con-
tains three elements while the third one is a “unique” one
consisting of pore size parameter (S,) solely. These three PCs
explained more than 83% of the total variance.

Analysis of loading plots for surface parameters assure that
(Figure 5) information carried by surface parameters deter-
mined at 35°C is sufficient. The parameters estimated at 120°C
might be omitted as that of determined at 35°C can be success-
fully used for the description of fillers’ behavior also at elevated
temperature. It means that one had to use the set of the follow-
ing parameters for characterization of the fillers: (i) IGC derived
parameters — yls) (g35) or yp; at 35°C (kh35), K, at 35°C
(Ka35) or Ky+Kp at 35°C (K35); (ii) BET, pore volume (V)
and pore size (S,).

Analysis of a tree diagram for variables (surface parameters
data) (Figure 6) indicates that IGC derived parameters and
pores volume carry similar information. It is different from this
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Figure 8. Score plots (various projections) for physicochemical

parameters.

one provided by “standard” surface characteristics, i.e., surface
area (BET) and pore size (S,). This means that it is possible to
deduce on resin-filler interactions on the basis of parameters
describing activity of the fillers surface ("yls), K, Kp).

SRD orders and groups the fillers in a natural way (Figure 7).
Zeolit fine and thick are most different from other fillers when
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surface characteristics are taken into account. Perlites exhibit
medium properties described by physicochemical data. Medium
means here different (lower or higher) values of surface parame-
ters in comparison to other groups of fillers. Similar results
were obtained from SRD ordering on the basis of retention
data.

The analysis based on the values of parameters characterizing
surface activity properties of the examined fillers lead to the
selection of zeolite fine (zf) and zeolite thick (zt) as evident
outliers [Figure 8(a—c)]. However, the group of outliers might be
extended although the decision is less questionable. These
additional outliers are calfix (c), lithopone (1) and pyrite (p).
The other two “candidates” are p50 (perlite EXP50) — the
expanded perlite and probably p85 (PERMONS5). It means that
based on two series of experimental data the three fillers (calfix
(c), PERMONS5 (p85) and zeolite fine (zf)) were selected as
exhibiting different properties as other ones. However, the selec-
tion based on surface parameters seems to be more “selective.
Score3 vs. score2 scatterplot [Figure 8(a—c)] shows two groups
clear groups of fillers: perlites in upper left corner of this figure
and zeolites in upper right corner of the same plot.

The above statements suggest the clear selection into three
groups: zeolites, perlites, and classic fillers having similar
properties:

Zeolites vsP 35°C 74-122 mJ/m?
Perlites vsP 35°C 36-65 mJ/m?
Classic fillers vsP 35°C 52-72 mJ/m?

These last data might be used to calculate the average value for
“standard” (e.g., classic fillers) and used for comparison with
other groups.

CONCLUSIONS

Three pattern recognition methods (principal component analy-
sis, cluster analysis, and sum of ranking differences) group the
fillers in an unambiguous way. These methods enable us to
select new, proecological materials having physicochemical
properties close to standard fillers, which might be used in ab-
rasive tools. The new fillers can be: zeolite micro 20 and
micro 50 and almost all of studied perlites. Zeolites can be
better fillers in abrasive tools than standard ones and perlites
due to their powder form and their higher surface activity.
The additional advantage might be the ability of zeolites and
perlites to emit water during polishing or cutting processes,
Le., acting as cooling medium. However, it was not the aim of
the present work.

Sum of ranking differences can serve as a replacement test, the
close proximity of lines suggest very similar characters of fillers,
i.e., they are interchangeable.

Cluster analysis, principal component analysis were applied to
optimize number of test compounds used in IGC method. This
will shorten the time of experiment and allows the quick
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information for technologists on the properties of raw materi-
als and semiproducts during the manufacturing of abrasive
articles.
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