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Surface energetics of ground calcium carbonates (GCC), with or without stearic acid 
treatment, were determined by Inverse Gas Chromatography (IGC). The surface energy 
data were utilized as a predictive tool to explain the optimum coating level often needed 
on calcium carbonate minerals to obtain the desirable mechanical strength in filled 
polypropylene composites. The dispersive components of the surface energies for the 
uncoated carbonates were also correlated with the corresponding impact resistance 
data. The surface with the highest energy was found to be the least resistant while the 
least energetic mineral, on a comparative scale, was the most resistant to impact. It is 
suggested that understanding the surface energetics of finely-divided solids may be a key 
for the development of future mineral-filled polymer composites. 

Keywords: Inverse gas chromatography (ICC); calcium carbonate minerals; surface en- 
ergy; adhesion; filled polypropylene (PP) composites; impact strength 

INTRODUCTION 

Ground and precipitated calcium carbonates are widely used as per- 
formance minerals in the rubber, plastics and paper industries. Both 
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70 T. AHSAN A N D  D. A. TAYLOR 

untreated and surface-modified forms are used, depending upon the 
nature of the end product [l-3). In polymer applications the calcium 
carbonate is often blended with polypropylene (PP) homopolymer or 
polyethylene (PE) to improve processability and properties such as 
stiffness and impact resistance of composite materials. For effective 
mixing and good adhesion characteristics it is desirable that the sur- 
face energies of the mineral and polymer are close to each other [4]. 

Adhesion is a thermodynamic event and it depends not only on the 
dispersion force interactions but also on the acid-base interactions of 
the two interacting bodies [ S ,  61. In some cases, enhancement of this 
event is required (e.g. in surface modification of minerals) while in 
others there is a thermodynamic need to decrease this for obtaining 
optimum properties such as decrease in brittleness and increased im- 
pact resistance of the mineral-filled composites. Therefore, a knowledge 
of the surface energetics of the two interacting bodies is important. 

In this work, Inverse Gas Chromatography (IGC) has been used to 
obtain information about the surface energetics and acid/base properties 
of untreated and surface-modified ground calcium carbonates. IGC is a 
powerful technique which has been applied in recent times to obtain such 
information on solid surfaces. It is gaining increasing popularity because 
of its sensivity, speed, accuracy and simplicity. It is particularly useful in 
the linear regime of the adsorption isotherm (Henry’s Law region) where 
the adsorption is a linear function of the adsorbate concentration [7,8]. 
The theoretical basis and instrumentation of the IGC technique is the 
same as that of analytical GC. The only difference being that in IGC one 
is interested in the surface properties of the finely-divided solid (the 
stationary phase) packed in the column. Organic molecules of known 
chemical structures are injected into the column, along with the carrier 
gas stream, at infinite dilution and their retention parameters are meas- 
ured by using standard methods [9]. The most widely used retention 
parameter is the specific retention volume of the probe molecules which 
is related to almost all the thermodynamic parameters of the gas-solid 
interactions. The specific retention volume is used to obtain the isosteric 
heats of adsorption and the components of the surface energies, both 
dispersive and polar, of the adsorbent. In this report, the surface energies 
of various ground calcium carbonates were correlated with the impact 
resistance data of PP filled with these minerals and their influence, on the 
properties of final composites, were recognized. 
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MINERAL-FILLED COMPOSITES 71 

IGC THEORY AND EXPERIMENTAL 

Specific or net retention times or volumes of gaseous probe molecules 
eluted through a chromatographic column packed with a powdered 
material of interest are related to almost all the thermodynamic para- 
meters describing gas/solid adsorption equilibria [lo]. The specific 
retention volume, Vg, is related to the standard adsorption energy by 
the following relationship. 

AGO= - R T l n V q + C  (1) 

where Vg = 1/,(273)/T.w and since the mass of the adsorbent, w, is 
constant the net retention volume, V,, may be utilized for the above 
calculation. V,  = V ,  - V, where V ,  is the retention volume of the probe 
under study and V, is the retention volume of a non-sorbed species 
(usually methane) by the adsorbent. The constant, C, is dependent on 
the reference state of the probe [7]. The (equilibrium) surface energy 
of solids has the same meaning as that of the surface tension of liquids. 
Owing to the flexible nature of the liquid interfaces, it is easy to 
measure their surface tensions but due to the rigid nature of solids we 
need an indirect method to assess their surface tension values. Static 
gas adsorption methods are useful for this purpose but they are time 
consuming and can be cumbersome. In utilizing IGC as a measure- 
ment tool, Dorris and Gray have related the incremental free energy 
of adsorption, AG,,,, by the following empirical relationship in order 
to obtain the dispersive component of the surface energy [ll]. 

I/?+' and V? are the net retention volumes of two successive al- 
kanes having C, and C,, l carbon numbers. y is the dispersive com- 
ponent of the surface free energy in mJ/m2, N is Avogadro's constant, 
R is the universal gas constant, aCH2 is the area of a -CH, group 
(0.06 nm2) and y C H L  is the surface free energy of a surface constituted 
with -CH, groups, e.g. polyethylene, and is also temperature de- 
pendent; yCH, = 35.6 + 0.058(293 - T )  where T is in OK and yCH, in 
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mJ/m2. The polar interaction potential, especially the acidity of the 
surface, may also be estimated from the following relationship. 

Since the cationic sites on the calcium carbonate surface are electron 
acceptors, these will attract the n-electrons of the alkene molecules 
and the acid interaction potential of the surface can be estimated by 
applying the Eq. (4) [28]. Following a similar strategy, a number of 
years ago, one of us demonstrated that the specific interaction energy 
of precipitated calcium carbonate was greatly affected by various 
treatments given to its surface [14]. 

The experimental details and the necessary precautions for studying 
the calcium carbonate surfaces by IGC have been described by one of 
us in previous publication [9]. Stainless steel columns, of 6mm 0.d. and 
lengths ranging from 4-60 cm, were packed with 10-12g of 250-450 pm 
aggregated ground calcium carbonates. The columns were fitted into a 
Hewlett Packard Model 5890 Gas Chromatograph equipped with a 
flame ionization detector. The flow rate of the carrier gas (helium) was 
adjusted to 20-25 ml/min and was corrected for the pressure drop 
across the column. Vapor samples of the hydrocarbon probes were 
introduced into the carrier gas stream by a Hamilton gas-tight 100 1.11 
syringe. The hydrocarbons were of high purity (better than 99O/,) and 
gave a single peak in the chromatograms. Triplicate injections were 
made and the net retention volumes were reproducible to within 1%. 
The columns were conditioned at 100 and 150°C for the set of data 
shown in Figures 1 and 3, respectively. Retention times of various al- 
kanes such as hexane, heptane and octane were measured at 80°C. The 
reported surface energies were derived by using Eqs. (2) and (3). The 
reproducibility was within 1-2 mJ/m2. 

The compounding of polypropylene was done on an APV MP2030 
co-rotating twin screw compounder with temperature profile of 210 
(die), 205, 200, 190, 180, and 155°C. Plaques were moulded on an 
Arburg 320-750-210 injection moulding machine. The temperature pro- 
file across the barrel was 230 (nozzle), 225, 210, 200°C. The moulded 
temperature was 60°C. All the moulded specimens were stored at con- 
trolled temperature (20°C) for 5 days before impact strength tests. The 
instrumented falling weight impact strength (IFWIS) were recorded on 
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MINERAL-FILLED COMPOSITES 73 

80 mm x 80 mm x 2 mm plaques using a Rosand Falling Weight Im- 
pact Tester Type 5 at 20°C. The impact speed was 4.4 m/s and the 
mass associated with the tup was 25 Kg. The data are an average of 
8 tests with the variation of 2 J/mm and 0.40- 1.20 J/mm for 
Figures 2 and 3, respectively. 

RESULTS AND DISCUSSION 

Untreated and stearic-acid-treated ground calcium carbonate minerals 
were analysed for their surface energies. The specimen used in stearic 
acid coating experiments (Figs. 1 and 2) was a 1.3 pm ground calcium 
carbonate. The three uncoated materials (Fig. 3) shared similar physi- 
cal characteristics (mean particle size of 3 pm) but originated from 
different sources/processes. Figure 1 shows the dispersive surface en- 
ergy change brought about by various dosages of stearic acid on the 
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FIGURE 1 
stearic acid coating levels. 

Variation of dispersive surface energies of ground calcium carbonates with 
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FIGURE2 
carbonate-filled polypropylene homopolymer. 

Effect of stearic acid coating levels on the impact strength of calcium- 

55 60 65 70 75 
Dispersive Surface Energy (mJ/m2) 

FIGURE 3 
surface energies of the uncoated carbonates. 

Variation of impact strength of filled PP homopolymer with dispersive 
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MINERAL-FILLED COMPOSITES 75 

calcium carbonate. Few changes were observed after 1 wt% coating 
level. Adopting the procedure of Papirer et al. [l5] and assuming the 
cross sectional area of the stearic acid molecule as being 21 A’, 1 g of 
stearic acid would cover around 445 m2 of the available mineral 
surface. The BET-nitrogen surface area of coated carbonates used in 
this study ranged from 4-5 m’/g which would ensure about 
90-100% surface coverage by 1 wt% stearic acid treatment. The polar 
interaction potentials are not reported here since the dispersion force 
interaction is of prime importance as far as interfacial wetting of 
polypropylene and mineral is concerned. In fact, it is necessary that 
the polarity of the surface is reduced to a bare minimum or completely 
eliminated to avoid compounding and water adsorption problems 
[ 161. Figure 2 correlates this information with the impact resistance 
data obtained with various loadings of the fatty acid. The impact 
resistance approaches a plateau at  about 1 wt% stearic acid coating 
level and, thereafter, no significant changes are observed. A surface 
constituted of close-packed CH, groups has a surface energy of about 
32-35 mJ/m’ at temperatures ranging from 8O-2O0C, respectively 
[ll, 15, 171. Individual polypropylene products might have slight 
variation from this general classification [ 181. Therefore, if the coated 
minerals have surface energies closer to this value, as was observed in 
the present case, one would expect reasonable adhesional and disper- 
sion properties with the polymeric matrix. A reduced interfacial ad- 
hesion between the hydrophobic calcium carbonate particles and 
polypropylene is necessary for better dispersion of the mineral par- 
ticles in the polymer matrix, leading to better and more efficient dissi- 
pation of impact energy [19]. Accordingly, the data presented in 
Figure 1 and 2 are generally in good agreement with each other. 

Papirer et al. have also studied the effect of stearic acid treatment on 
precipitated calcium carbonates and showed that at about 75% coverage 
the surface energy is minimized to a significant level and that further 
treatments brought about little change to the surface energies [lS]. There 
is also some evidence in the literature that even a coverage less than the 
monolayer may be sufficient to obtain the desired strength properties in 
polyolefin-based composites and that it is difficult to analyse the cover- 
age even by using a variety of surface analytical techniques [20]. This is 
not surprising given the fact that the calcium carbonate surface, like 
many finely-divided solids, is heterogeneous in nature and the surface 
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76 T. AHSAN A N D  D. A. TAYLOR 

coverage can hardly be predicted with full confidence. Significant re- 
sponse to the stearic acid treatment would be by high energy cationic 
sites on the surface [9,14,20]. 

It is, however, surprising that the uncoated carbonates also follow a 
similar trend despite the fact that the surface energies of these specimens 
were not close to that of polypropylene. However, it must be pointed 
out that the impact properties of composites filled with these carbon- 
ates were significantly lower than those typically observed with stearic- 
acid-treated carbonates. Some of this reduction in impact strength was 
due to a higher concentration of coarse (> 20 pm) particles. An inverse 
relationship in Figure 3. between the surface energies and the corre- 
sponding impact data shows that the surface energies of these carbon- 
ates were playing an important role in determining the end product 
property. The particle size distribution and the BET surface areas of 
these uncoated carbonates were similar to each other but, in spite of 
good dispersion in the polypropylene matrix (observed by scanning 
electron microscopy), the variation in their impact properties was diffi- 
cult to understand until we started doing the appropriate surface analy- 
sis. The corresponding surface energy differences shown in Figure 3 
may arise due to a variety of reasons including the methods used to 
process ground carbonates in an industrial environment. 

One of the challenges faced by industrial adhesion scientists and engin- 
eers is to relate the fundamental thermodynamic properties of surfaces to 
the end product properties. These may include materials ranging from 
powdered surfaces to “flat” surfaces such as self-assembled monolayers 
on solid substrates for a variety of applications [21,22]. Although the 
latter could be studied via contact angle methods utilizing the reasonably 
well established theories of van Oss, Good and Chaudhury [23], pow- 
dered surfaces are difficult to study by this method. To illustrate this fact 
we carried out a few experiments to measure the surface energies of 
uncoated and coated calcium carbonate specimens by a thin layer wick- 
ing technique [24] and the corresponding data are presented in Figure 1. 
It is noteworthy that, although the absolute values are significantly lower, 
the trends reflect the data derived from IGC experiments. The discrep- 
ancy in the scale of the magnitude of the dispersive surface energies 
obtained by two methods may be understood by considering the surface 
interaction proceses involved in these methods. The IGC, when applied 
at infinite dilution, provides information about the high energy sites on a 
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MINERAL-FILLED COMPOSITES 11 

solid surface but when higher volumes of the probe molecules are 
injected the macroscopic surface energetic picture becomes compar- 
able with the information obtained from the contact angle measure- 
ments. For relatively low energy surfaces the expected difference 
would be around 2-5 mJ/m2 between the two methods [13]. In view 
of these observations, it seems likely that the relatively large differen- 
ces (14-15 mJ/m2) observed in the present work, especially with 
coated samples, could also be related to the inherent weaknesses in 
the theory and practice of the thin layer wicking technique to derive 
the contact angles of the corresponding liquids on powdered surfaces 
[25-291. A vast number of papers regarding the application of IGC to 
study the surface chemistry of carbons and carbon fibers [30-391, 
silicas [40-421 aluminas [43], titanium dioxide [ 13, 44-46], glass 
fibers [ 6 ] ,  cellulose fibers [47], untreated and surface-modified cal- 
cium carbonates [4,9,14, 15,44,48,49] have been published but only 
in few cases were the measured properties correlated with the appro- 
priate product’s properties [6,38,39,44,46,47,49]. 

Although the significance of shape and size distribution of particles 
has always been recognized in explaining the corresponding differences 
in the mechanical properties of the mineral-filled composites [SO], less 
attention has been given to the corresponding relationship with the 
surface properties of the pigments. In this brief report we demonstrated 
that there is a noticeable relationship between the surface properties of 
powdered solids and their interaction with compatible polymers such as 
PP homopolymers which should not be underestimated by mineral 
producers and end users. It is expected that more industrially-related 
research work will be done along these lines in the near future. 

CONCLUSION 

IGC is a convenient tool to obtain information about the surface 
properties of powdered materials. Surface energetics of powdered 
material do play a crucial role in their adhesional and dispersion 
properties when these materials are blended with compatible poly- 
meric materials. A knowledge about the surface properties of un- 
treated and surface-modified minerals is key to the development of 
high performance materials for tomorrow’s composites. 
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