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ABSTRACT

A ceramic glaze, both ill the fo rm of a suspens ion and as agglome rates, is made up of
inorgan ic particles (fri t«, raw materials, etc.) and organi c molecules (bonding agellts, binders, etc.),
wh ich interact ici th each other to provide the required rhcologica! character isti cs, nutnagenbili n],
pressability, etc.

Since the organ ic molecule-inorganic particle interactio ns take place at tile particle surf ace,
the present s tudy has foc ussed 0 11 achieoing a g reater understanding of the chemical character of
this surface and its affi llity f or orgall ic molecules. For this , a s tudy has been carried ou t by inoerse
chromatography at infinite dilution, ill trh ich the Surj ace Ellergy of the differCllt glaze components
(organic and inorganic) has been determined, etmiuating its specific and non-specific comp onent.
O ther aspects , su ch as the infl uence of tem perature or milling mediu m a ll the Surface Ellergy of
the materials htn»: also beell studied ill this work.

Su bsequcnilu, to determ in e the specific eurface in terac tion between two collcrete
components, the solid-liqu id adsorpt ion isotherms were established and allalysed ill aqueous
medium.

These studies enable obtaini ng information, for example, all the affill ity bettrecn differen t
glaze components or all the mi ninntm qUail tity oj an organic com pound required to form a sing!«
layer all part icles of a certai ll f rit or raw material.
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1. INTRODUCTIO N

The aesthetic finish and technical properties of ceramic floor and wall tiles have
evolved in a spectacu lar way in th e last few decades . Today one can acquire tiles that are
hardly distinguishab le from natural stones, with highly elaborate designs and profiles,
high abras ion resistance, etc. , which have required numerous applications to produce.
Thi s has entai led a parallel evolution in the composition and appearance of ceram ic
glaz es . Research has been done on new frit formulations, the number and nature of the
raw materials used have increased, new additives are used, a great variety of glazes ha ve
been developed for dry applications (sp ray dried, micronised or flakes), etc.

On the othe r hand, independently of its use or appearance, a ceram ic glaze mainly
consis ts of particles of frits and raw materials, and organic ad ditives. Th e interactions
be tween the inorganic particles and the organi c additiv es basically provide the required
rheolo gical ch arac teristics, man ageability, pressability, etc. Th ese in teractions take place at
the particle surface and the y de pe nd fundamentally on th eir chemical charac ter. In the
spe cific case of frits, there is a w ide variety of chemical compositions, in w hich each
atom's contributing effect on final behaviour is different. Moreover, by their own glassy
nature, frit s have a disordered chemical structu re, while a t the sa me time, a laver a few
Angstroms thick is gene ra ted with an amorphous structure at th eir surface by boi-td break
up in the milling process. All thi s, together w ith other aspects such as the great va riety of
raw mat eri als u sed, the presence of wa ter in larger or smaller proportions, or th e different
nature of the organi c ad d itives used, provides so me idea of th e comp lexity of the
interactions th at can take place in a ceramic glaze.

Most of the stu d ies found in the literature on this issue have been mainly d irected
toward measuring a se ries of characteristics (rheological parameters, g ranule streng th,
etc.), which contribute information in an indi rect way on the aris ing phenomena.
However, numerous questions remain to wh ich an appropriate answer has ye t to be
given.

It was therefore considered convenient to condu ct a studv that directlv ad d ressed
the interaction arising between organic add itives dispersed in" liquid medi~m and the
particle surface of inorgan ic m aterials. For thi s, several procedures are available, although
the most w idel y used method cons ists of determining th e solid-liquid adsorption
isotherms, w hich in turn depend on the physico-chemical characteristics of the su rfaces
that come into con tact wi th each other. Beforehand it is convenien t to establish the
cha rac teris tics of these su rfaces, determining their acid -base character and Surface Energy
by means of inverse chromatography at infinite dilution, a method of proven va lid ity for
a multitude of materi als, from paper pulp to pure metals, g lasses, e tc. Other methods,
su ch as su rface che mical analysis by X-ray photoelectron spectroscopy, infrared
spectroscopy or reflection raman, provide an idea of the exis ting chem ical com position at
the surface, but not of their surface energy. Equally, measurement of the solid -liqu id
contac t angle, the most common method for determining su rface energy, cannot be used
in thi s case since it is not va lid for powdered materials .

2. THE O RETICA L FUNDAMENTALS

Before proceeding to set out the obje ctives of the w ork, the experimental p rocedure
used and the results obta ined, it is u seful to brieflv review the theoreti cal fun da men tals of
the technique known as Inverse Ga s Chromatography at Infini te Dilu tion!",
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As the very name indica tes, Gas Chrom atography is involved in which the
chroma togra phic col um n is filled with the problem solid, injectin g probe molecules in to a
ca rrier gas and measurin g their ret ention tim e. Retention time, t

R
, ca rrier gas flow, F(Y and

sa mple weight, W, then enable ca lculating the retention volu me, VR' fro m the fo llowing
eq ua tion:

[ 11

The non specific or dispersive com pone nt of the surface energy of a solid can be
fou nd usin g n-a lkanes as p robe va pou rs, while the specific com ponent is determined
u sing va pours with acid -base p rope rti es. Figure 1 p resents two elu tio n peaks
correspond ing to a ne u tral vapour and another w ith acid-base charac teristics.
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Figure 1. Elution pt'ak:f. ill II chromatography column.

According to Fowkesl", the work of ad hesion W
A

be tween a liq uid and a so lid is the
summation of two factors, the work d one by non specific or d ispersive inte ractions and
the work d one by specific interactions. Fowkes demonstra ted that work of adhesion is the
p roduct of solid and liquid surface tensions, g, and 'Il, respectively, i.e.:

W = ~(" J V J ) I ' + ~ (V 'p 'I 'P)1.'
.-\ - , ~. r L - ' 5 . t L [2J

where the superscrip ts d and sp respective ly in dicate d ispersive and specific. This
equa tion [2J is eq ually valid for ga s or va pour adsorption onto a solid, as occurs in Inverse
Gas Chromatogra phy, simply subs tituting gl by gc'

When n-al kanes are u sed , the specific com ponent, Yc'P, is zero since they a re
nonpola r, so tha t the previous equation becomes:

W = ~ ('I J v J )I"
A ... ' 5 . ' G [31

O n the o ther hand, when using vapours, th e work of adhesion is really the change
in adsorp tion free energ y when these va pours are adsorbed onto the surface of the solid,
w hich is fou nd from :

L'.G, = -RTLn(VR) + C

P. (; 1- 119
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Multiplying expres sion [3] by the Avogadro number (N ) and by the area of the
probe molecule (a l ) exp ressed in m'.molecule, and sett ing this equal with expression [4],
fina lly gives equation [5].

[5]

In accordance wi th th is equ ation, p lotting - RTLn(VR) versus a (ye
d)!!', i.e. . retention

vo lume of different n-a lkanes as a fu nction of the surface tension ot each one of these, a
straight line is found, whose slope ena bles calcu lating the di spersive compone nt of the
free ene rgy of the analysed solid surface (ys").

With regard to the specific componen t of so lid su rface free ene rgy, th is is determi ned
by adsorption of a vapour with acid-base properties on thi s surface.

The equation that governs thi s interaction is found from equations [21 and [4], in
which the following holds:

- RTLn(VR) + C = (2(Y5d . 'Icd)I!O-'- 2(y5' p . yc,p)I:2) NA . al + C [6]

The specific interactions can be of the Bronsted acid- ba se, Lewi s acid -base,
hydrogen bond, in teraction with p electrons, dipole-dipole, induced dipole-d ipole type,
etc. It is gene ra lly considered that all these specific interactions can be inclu ded in the ones
defined by the Lew is acid -base conce pt, so th at they are generally called Lewi s
interac tions.

Th e acid or basic charac teristics of any molecule are defined by their acce p tor (AN)
or donor numbers (ON) of electrons. Table 1 sets out these values for different molecules,
as well as their acid-base chara cte r!".

Now it is necessary to keep in mind that the acid-ba se probe molecules also interact
in a non speci fic way with the surface of the solid, so that it is necessary to elimi nate th is
last contribution of the acid-base itself, to find only the specific interaction. For thi s, the
retention vol ume is determined of the different specific probe molecu les and n-alkan es,
plotting -RTLn (VR) as a function of a certain property of the probe molecu le (vapour
pressure of the corres pond ing liqu id, boiling temperature, va porisa tio n en tha lpy,
polarizability, topographical number, etc.) as Figure 2 shows. The specific interaction is
considered to be the difference th at exists between the interaction of each specific
molecul e w ith regard to the line th at the n-alkanes follow, since these only interact in a
non-specific way.

MOLECULE Symb ol DN AN CHARACTER

n-pentane C5 0 0 Neutral

n-hexane C6 0 0 Neutral

n-hept ane C7 0 0 Neutral
n-octane C8 0 0 Neutral

1.2 Dichloroethane DCE 0 16.7 Acid

Carbon tetrachloride TCC 0 8.6 Acid
Chloroform CL 0 23.1 Acid

Benzene HZ 0.1 8.0 Acid

Acetone AC 17.0 12.5 Amphoteric

Ethyl aceta te AE 17.1 9.3 Amphoteric

Diethyl ether DE 19.2 3.9 Alkaline

Tetrahydrofuran THF 20.0 8.0 Alkaline

Table 1: Acid-base characteristicsof the z'oriolls probe molecules.
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FiSllrc 2, Dt'tt'rmillt1tiLlIl (~f the ::;pec~fic interaction t~f l1 probe molecule (tire 511persa ipt "'I' , indicatillS specitic. JIl l... bct'll
replaced b.1I 1111, il/dica tillg Lewis acid-base}.

After find ing -L1G"," for each probe m olecu le at different tempera tures, enthalpy
L1H ,:'b is calcula ted from the equation :

[7J

Thi s enth alpy is related to the specific componen t of the so lid surface, defined by
cons tants k, and k,. w hich exp ress the acid ity an d basicity of the solid surface:

[8]

Dividing both parts of the equa lity by AN yields a straight line of slope k.• and
ordinate at the origin k., i.e., the acid and basi c constan ts of the solid surface.

3. O BJECTIVES

Keeping in m ind the above, the present w ork so ug h t to further the knowledge o f the
interaction that takes p lace be tw een the surface of the frit and raw materials particles, and
orga nic ad diti ves used in formu latin g ceramic glazes, for which the following stud ies
were undertaken :

• Dete rmi nation of the Surface Energy of the components of a gla ze, d ifferentiating
the non specific or di spersive componen t from the acid-base or specific one .

• Determination of the solid -liqu id ad so rption isoth erms cor respon d ing to the
molecu les of organic add iti ves d isso lved in w ater with frit and raw materia ls
pa rticles.

P. Gl- [21
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4. EXPERIMENTAL

·U . MATERIALS

CASTELL6K (SPAlt')

To conduct the p resent work three frits of differen t che mical composition were used,
involving kaolin, zirconiu m silicate and two binders, all be ing wi dely used mat erials in
the ceramic indust ry. Table 2 detai ls the chemic al ana lyses of the frits. To be noted is the
presen ce of 6,0, in frit F2 compa red to F1 and th e high network modifier element content
in frit F3. To 'car ry ou t the Inverse Chromatogra phy tests, frit F2 and F3 were mill ed in
wa ter (F2H and F3H), while frit F1 was d ry mill ed (F1S) as well as in water (F1H ), to
enable evaluating the effect of the milling medium on the stu d ied pa rameters. A
carboxymethylcellu lose of low molecular weigh t (A1) was chose n as a binder, together
with an acrylic binder (A2).

FI F2 F3
SiO, 56 53 49
B,O , --- 6 3
Al,O , 5 5 17
CaO 9 10 1
Na,O -- -- 15
K,O 5 5 2
ZrO, 9 8 12
MgO 3 2 I
ZnO 12 1I --

Table 2: Al't'rage chemical composition of the frits used.

4.2. EXPERI:>IENTAL PROCEDURE

4.2.1.- Gas Chroma tograplnj at Inf inite Dilution

The chromatographic column consisted of a Teflon tu be with a 3 m m diameter,
approximately 100 cm long. This column was filled with particles of controlled size of the
ma terial to be anal yse d in each case (frit, kaolin, etc.), compacting these as best as possible
to reduce dead or non-retained volu me, V~R' between the part icles to a maximum. The
probe molecules we re injected with a Hamilton 1 111 syringe, using Helium as carrier gas
at a flow ra te of 20 ml.min-l. Retention volume was found from equation [1], a fter
performing at least five measurements under the same cond itions. To calcu la te dead
volume, VNR' methan e was injected, which is not retained at the tes t temperatu res used.
Corrected retention volu me, V~, is th us:

[91

The analysis temperatures were 40, 50 and 60 °C for the fri ts and binders, and 120,
130 and 140 °C for the kaolin and zirconium silicate. All the samples analysed were
previously heated at a higher temperature than that of the evapo ra tion temperature of the
organic compound used as a probe.

4.2.2. So lid-liquid adsorption isotherms

The solid -liqu id adsorp tion isotherms were found by d ispersing 2 grams of the so lid
involved (frit, kaolin or zirconium silicate) in 20 ml of dei onised water in which a certain
percentage (be tween 0.5 and 20%) of binder A1 or A2 had been prev iously di ssolved
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accord ing to each case. The di spersion was stirred for 24 hours at test tem perature (25, 35
and 45 "C). The di spersion was then centrifuged, separating the solid from the liquid . The
solid was dri ed in an oven at 50"C for 24 h and the existin g carbon content was analysed
wi th a LECO CS-200 analyser. Solid carbon content was re lated to the quantity of
adsor bed organic compound by means of a reference straigh t line establishe d previously.

In all the cases, fina l dispers ion pH w as measured; minimal variation w ith th e
concen tra tion of eith er of th e ad ded binders was observed, so that the res u lts can be
cons ide red independent of pH.

5. RESULTS AND DISCUS SION

5.1. GAS INVERSE C HROMATOGRAPHY AT INFINITE DILUTIO N

5.1.1. N Oli -specific in teractions (dispersiv e )

The non specific in teracti on s were found from the retention volume of the n-alkan es.
As an example, Figure 3 plots th e results obtained w ith frit F2H at the different test
temperatures. Similar graphs we re found w ith the othe r analysed material s. In Figu re 4
the plots obtained w ith the fr its and the binders at 60"C, and w ith the kaolin and
zirconiu m silica te at 120 "C, are compared . The slope of all these straight lines and
equation [5] were used to calcu la te the di spersive compone nt of the su rface free ene rgy.
These values are detaile d in Table 3.
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Figllre 3. variation of n-alknnv retention rolunie ,['itll F2H
at dUl aC/it tempcmturee.

Figllre 4. \~1rjaf iOll of n-alkane retention l'o l ll/ lIt' unth the
d~fferfllt studied muteriai«.

T (°C) FIH F IS F2H F3H Kaolin
Zirconium

A I A2
silicate

40 36.0 35.9 26.2 24. ? 274 * 129 * 27.8 39 .7
50 32.7 34.0 23.2 22.4 254 * 121 * 24.2 36.4
60 28.2 28.5 19.4 18.6 245 * 113 * 23.6 34.1
120 167 .6 50.4
130 159.0 40 .9
140 148.2 34.6

Table 3: Dispersh't' component r.' of 5l1J/ilCC energy (m}.nl"=J.
r" Fa/lit'S extr apolated [nnn tht' resillts fO llnd betweell 110 mid 140 "e),
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Based on the data listed in Table 3, a series of remarks can be made on the su rface
ene rgy of the studied samples.

In the first place, if only the inorganic mater ia ls are considered, strong dependence
of the surface ene rgy dispersive component is observed to exist wi th the crysta llinity of
the material in question. Thus the frit s, which are g lassy, exhibit the lowest values for th is
parameter, w hile the kaolin and zirconiu m silica te, which are crysta lline materia ls,
present the highest va lues. This fact is in agreemen t wi th the values reported by other
researcher for sim ila r materials. Indeed, Saint-Flour and Papirer!" obtained a value of 34.7
mj.m for rock wool g las s fibr es and Baptist et al.161 39.3 mj.rn for silica glass-alum ina
fibres. In the case of kaolin, sim ilar values have been reported for other types of clays,
such as bentonite, sep iolite or pyrophyllite!", Similarly, Papirer!" an d Rubio!" obtained
values of 138.0 and 120.4 mj.m' respectively at 100 and 120 "C for zirco nia. In the case of
the binders Al and A2 simila r valu es were also found to those of other organic
compounds su ch as PVC (38.8 rnj .m'), polyethylene (35 mj.m " ), nylon (29 m l.m') and
cellulose (37 mJ.m ' )llOl. All these data show the validity of the method for assessing the
di spersive component of the su rface ene rgy of the stu d ied ceramic materi als.

If we focus on the frit s, an important variation of the parameter s tu d ied w ith frit
composition is observed. Thus, the incorporation of boron causes the surface ene rgy
dispersive component to decrease, a drop that is even more pronounced in frit F3, which
conta ins a larger quantity of network modifiers, w hich produce brea k-up of the glassy
netw ork. Th e use of water as a milling medium is also observed not to modify frit FI yt

Fina lly, in all the cases disper sive energy decreases w ith temperature, as is fitting for
a thermod ynamic magnitude that describes surface energy. Thi s va ria tion can be defined
fro m the equation:

yd =h d_ Ts d
S S 5

[10]

where h
S
d is di spersive en thalpy and 5

5
d dispersive entro py of so lid su rfa ce energy.

The plot of ysdIT vs . I IT yie ld s a st raigh t line of slope Iis
d Th e d ata are g iven in

Table 4.

FIH FIS F2H F3H Kaolin Zirconium
A l A2

silicate
h? 158.4 15 1.2 13 1.9 77.8 549.8 361.2 95.1 126.4
SO -0.39 -0.36 -0.34 -0.17 -0.97 -0.79 -0.22 -0.28s

Table 4: Dispersive enthalpy 11/ ( 111/.111-2) and entropy s/ ( lII j .IIl-2,K JJ.

Th e ka olin and zirconium silica te present a great va riation of d ispersive energy w ith
temperature, which ind icates that small changes of temperature w ill have an important
influence on the interaction between the materials and the n-alkane molecu les. For the rest
of the s tud ied materi a ls the g,d varia tion w ith temperature is much smaller, albe it s till
quite significant. It is to be noted that frit F3H presents the least tendency to va ry its
behaviour w ith temperature, while milling in water does not seem to affect the frit FI
su rface.

5.1.2. Specif ic interac tio ns (acid-base)

The Lewi s acid-base surface energy comp onents of the stu d ied soli ds were
determined based on the retention volu me of the specific vapours deta iled in Table 1.

P. (; 1 - 1 2~
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Again, by way of examp le, Figu res 5 and 6 show the vari ation of adsorp tion free energy
versu s the polarizabili ty of th e probe molecule for frit F1H and binder A l a t 40"C. The
di s tan ce be tween the str aight line of the n-alka nes and each specific molecu Ie co rresponds
to the specific inte raction P ' (-!lG " ind ica ted in the equation [7].
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Figure 5. variation of n-alknne retention volume ;:('WI
. frit FlH.

Figure 6. Fariatiem of n-nlktme retention m i l / lil t' with
-binder A 1.

Table 5 d eta ils the values of 1'1' at 60°C for the frits an d binders, and at 140 "C for the
kaolin and zirconiu m silica te. Using these va lues obtained at di fferent tem peratures and
equations [7] and [8] enables calc ulating the acid and basic constant of the surface of each
studied materia l. These d ata are given in Tabl e 6.

Molec. FIH FIS F2H F3H Kaolin Zirconium sil icate A I A2

BZ 5.6 2.6 1.4 4.8 10.2 8.8 2.5 2.0

C L 7.3 4.4 2.5 5.9 7.8 6.2 5.1 3.8

DC1\! 8.0 3.3 1.6 .- -- . - -- --

AC 6.8 15.8 12.5 18.2 39 .7 :13.0 9.9 20 .1

AE 10.9 11.6 6.6 23.5 3 1.9 33.6 5.6 20 .1

DE 7.7 10.6 5.6 10.6 30 .2 24.2 6.1 15.2
THF 8.2 11.5 9.4 15.9 36.7 31.1 7.9 15.6

T (OC) 60 60 60 60 140 140 60 60

Table 5: I~P (lal lit' s for the d(~fert' lJt molecules and sta r t illg nsatcnals.

FIH FIS F2H F3H Kaoli n Zirconium sil ica te A I A2
k ., . 10- 49 30 32 45 150 114 45 74
k H . 10' 32 41 32 68 95 93 5 36
k , ! k R 1.53 0.73 1.00 0.66 1.57 1.22 9.00 2.05

Table 6: Acid 11Ild basic constants (~f the stl/dicd materials.

With rega rd to the absolu te val ue of the acidi ty and basicity constants, Table 6 sho ws
that kaolin and zi rco nium silicate present th e hi gh est va lu es for both cons tants, ind ica ting
their grea ter tendency to react w ith other materials. Binder A2 and frit F3H present an
intermediate behaviour, while the rest of the fri ts and the binder AI are the leas t reactive,
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It can also be observed that dry milling of frit FI lowers its acidity and raises its basicity
cons tan t.

Based on the quotient kA / kB some rem arks can be m ade relat ing to the
pred ominantl y acid or basic character of the studied materials. In gene ral, excep t for the
frit that contai ns boron (F2) and the one that bears a high number of ne twork mo difiers
(F3), the other ma terials are acids. To be noted is th e cellulosic binder, d ue to the great
number of hydroxyl groups that it possesses. Dry milling of frit FI affects both its acidity
an d basicity, causing its character to cha nge, going from acid to basic.

5.1.3. Overall interaction

In a ceramic glaze, the frit and raw materials particles enter int o contact w ith the
molecu les of ad d itives, water, etc. The overall in teraction that arises in th is system can be
considered the summation of th e partia l interactions tha t take place between the organic
and inorganic compounds. Give n the mainly polar character of the ma ter ials used , th e
d ispe rsive componen t is negligible compared to the acid-base in teractions, so that only
the latter are taken in to account. It is usu al in classical thermodyna mics to cons ider the
total interaction to be the summation of th e products of the partial in terac tions. Thus in
inorganic-organic binary systems, the following expression can be w ritten:

[11]

where subscript I corresponds to the inorganic materials (frit, kaolin or zirconium
silicate depending on each case) and subscript 2 to the binders (AI or A2 ).

Figure 7 shows th e results to be expected based on the data in Tables 3 and 6, using
equa tion [11].
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Figure 7. Gremll interaction ill binary syste1l1~ .

I'. ci - tze



C ASTELL 6 :--: (SPAl" ) =QUALI 2002

As can be observed, the crystalline materials present much hi gher interaction va lues
than the frits . In the fri ts, frit F3 interacts with the binders to a grea ter extent tha n the othe r
tw o studied frits, mainly due to its high basicity constant, while frit F2 does so least. On
the other han d, wet milling slightly reduces frit FI interaction w ith binder A I, which
remains unaltered when binder A2 is used.

Figure 8 plots the overall interac tion of binder A2 versus that of A1. All the points fit
a straigh t line of slope 2.4 and ordinate at the orig in close to zero, w hich indicates that the
acry lic binder interacts with a little over tw ice the ene rgy of the carboxymethy kellu lose
with all the stu d ied materia ls.
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Figure S. Or.'crall interaction of binder A2 i:'t'J' SIIS that of A I.

Thu s, a change in the qu antity of one of the m ater ials making up the ceramic glaze
will alter the req uired binder quantity, a change that will not jus t depend on the modified
quantity, but also on the grea ter or lesser in teraction of the compone nt involved, making
it convenient to know the magn itude of thi s in teraction, a p riori . Equall y, dependi ng on
the acid or basic character of the frits and raw materials, the most ap propriate binder can
be selected or specific binders can be chosen for each com ponent.

5.2. SOLID-LIQUID ADSO RPTIO:\, ISOTH ER:VI

Figure 9 shows the adsorption isotherms of the cellu losic binder (AI) in fri t FI at
three temperatures, in w hich rapid bi nder adsorption is observed at very small
eq uilibrium concentrations, adsor p tion the n continu ing in a p ractically linear way. Th e
adsorbed quantity decreases with temperature, the same behaviour being observed with
all the mater ials u sed in the study.
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Figures 10 and 11 show the isotherms co rres pond ing to the two organic co m pou nds
with all the so lids stu d ied at 25°C. In every cases there is rapid ad sorp tio n at ve ry small
equilib rium concen trations, indicating a g reat affinity of these organic com pounds to frit,
kaolin and zirconium silicate su rfaces . At low equilibrium concen trations the biggest
adso rp tion takes place for kaolin, independently of the organic com pou nd used, a lthough
binder A2 is observe d to produce g reater differences between the solids, and in every case
g rea te r adsorption than binder AI . This last fact agrees wi th the g rea ter overall in te raction
mentioned previously (Figures 7 and 8). In contrast, at h igh equ ilib rium concen tra tions
the adsorp tion of a certa in material w ith a differ ent binder tends to equal ou t, d u e to the
formation of multiple layers on the particles.

An interesti ng parameter to be dete rmined when formula tin g ceramic g laz es is the
minim um qu antity of organic com pound m olecules needed to form a single layer (V) on
the surface of the inorgani c com p ound s, which can be calcu lated from d ifferent theo retical
equ ations such those proposed by Freundlich , Langm u ir, Brunauer-Ernmet-Teller (BET)llJ 1,

etc. In view of the shape of the experimental iso therms shown in Figures 9 to 11, it w as
decided to use the BET equati on, of the form :

(C c /Co)

(l-Cc/Co)V"

1 K -I
--+--(Cc / Co)
V>tK V"K [12]

C
E

and Co are quanti ties of organic com pound in equ ilib rium and satu ration, V" an d
V" are the qu antities of adsorbed orga nic co m pound needed to for m a single layer and K
is a cons tant. As C

E
and VA are known, s ince they are the val ues u sed in elaborat ing

Figures 9 to 11, w hile Co has been determined in wate r for binders Al and A2, eq uation
[12] can be cons idered an ordin ate straigh t line a t the origin 1 / V" K and slope K-l / V" K.
With these two data, V" can be calcu lated , whose values for the different stu d ied so lids
and binders are detailed in Tab le 7.
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Material Se (m' /g)
Al A2

V" (rng/g) V" (mg/m") VM (rng/g) V" (mg/rn")
F1 1. 12 6.0 5.4 9.0 RoO
F2 1.06 9.6 9.1 11.0 10.4
F3 1.10 4.5 4.1 11.0 10.0
Kaolin 14.00 11.0 0.8 13.0 0.9
Z irconium silicate 6.20 4.2 0.7 7.0 1. 1

These results show tha t a few grams of organic com pound are requ ired per g ra m of
inorga nic co m pound to complete a single layer, wh ich is due to the la rge size of these
organic molecules. In a ll the cases, b inder A2 presented th e largest va lues of V", ind icating
tha t for certain work cond itions, a larger quantity of binder A2 is needed tha n of A I to
cover a ll the so lid pa rticles.

As rega rds the inorgan ic materials, ka olin needs the largest quan tity o f o rga nic
co m pound to be covered, d ue to its larger specific surface area, as sh own in Table 7.
Neverthe less , the w ho le kao lin su rface mav not be accessib le to the binder molecules,
owing to its lamina r struc ture and the di sta"nce betw een sheets. Zirconi um silica te is the
materi al that adsorbs the sma lles t quantity to form a single laye r, while in the frits the
binde r A 1 is mo re se lective than A2, since it presen ts a larger varia tion of V" depending
on the frit used .

As the binder molecu les ha ve a certain size and during adsorpt io n onto the
inorganic materia ls they g rad ua lly cover th ese surfaces, the adso rbed quan tity w ill be a
fun ction of the specific surface exposed by each material, so that is co nvenient to express
V\I as a function of speci fic surface to elim inate its influence (Table 7). Moreo ver, V\I wi ll
thu s be expressed in the sa me way as in teraction energy, i.e., per sq uare meter adso rb ing
so lid . These resu lts show that the frits need a larger quantity of binder to cover 1 rn -,
indicat ing tha t the orga nic molecu les probably adsorb pe rpend icula rly to the frit surface,
w hi le in the case of kaolin o r z irconiu m silicate they do so in a pa rallel form.
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Indeed, the different orientations that the organic molecules can ad op t on adsorbing
onto the surface of the inorganic particles depend on the existing interactions. Thus, if the
interaction is ve ry strong, the orga nic molecule will tend to orient itself parallel to the
surface, whereas if the interact ion is weak, the organic molecule will ori en t itself
perpendicularly to the surface, only interacting by the most active centres. These types of
interactions are those that probably occur in the systems studied in this work. In fact,
plotting the overall interaction (IG), depicted in Figure 7, versus the va lues of V"
exp ressed as a fu nction of the specific su rface area given in Table 7, yield s Figure 12, in
which it can be observed that as the overall in teractio n increases, the binder quan tity
need ed to cover the parti cle surface decreases.
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Fig. 12: Relation betrL'eell Oremll interaction and quantity required toform a ~i"gle layer fo r tile rn-o binders,

An other way of approaching the issue of different adsorbed molecule orie ntatio ns is
In terms of the size of these molecu les, which can be calculated from the following
expression:

0= M / V".N" [13J

where a is the area of the molecu le, M its molecula r weight and N, the Avogadro number.
For a single mo lecule the quotient Nt / N , is cons tant, so th at a is inversely proportional
to V,r According to the data in Table 7, V" changes for each studied material, so th at o will
also have to cha nge. As it can be assumed that there wi ll be no grea t va ria tion in molecule
size on being adsorbed onto one materi al or an other, the variation of o mu st be due to the
d ifferent orientation that the molecules adop t on the particle surface.

6. CONCLUSIONS

The results of the study enable drawing the following conclusions:

1. - The su rface of different frits has been characterised for the first tim e from a
physico-chemical point of view, establish ing the specific and non-specific components o f
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the energy of these surfaces. At the same tim e, these components were also es tablishe d for
other materials typically used in ceram ic glaze formulation , such as kaoli n, zirconium
silica te, a cellulosic binder and an acry lic binder.

2. - Both the specific component, cha rac ter ised by th e acidi ty and basicity constants,
an d the dispersive component of Surface Ene rgy, va ry as a function of the crystallinity of
the studied material. Crystalline compounds such as kaolin or zirconium silica te present
much higher val ues for these parameters tha n glassy materials like frits .

3. - Both components also vary with frit composition. Thus, the incorporation of
boron or modifying elements that distort the glassy network lower the di spersive part,
while at the same time increasing the basic character of the frits.

~ . - The overall interaction has been calcula ted which exists between the inorganic
com po unds (frits, kaolin and zirconium silica te) and the orga nic bi nders, always finding
a larger in te raction with the acrylic tha n with the cellulosic binder, due to the highe r va lue
in the acid itv and basicitv cons tants exhibited bv the former. It was also observe d that ,
indepen dently of the bi~der used, kaolin and 'zirconiu m silicate were the so lids that
presen ted the grea tes t interac tion, followed by the frit w ith network modifi ers, wh ile frits
Fl and F2 interacted least.

5. - The solid-liqu id adsorption isother ms were established of the organic binders on
the particles of inorganic ma ter ials, always find ing a typi cal mu ltilayer formation
behaviou r.

6. - It was show n tha t typical ceram ic p rocess va riables, suc h as type of mi lling or
temperature, affec t frit and raw materials particle su rface characteris tics as we ll as the
quan tity of binder adsorbe d on these surfaces.

7. - The quantity of organic binder need ed to form a single layer on the surface of the
diffe rent studied inorganic ma terials was calcu lated. It was found that when th is
parameter was expressed per uni t surface area of the solid involved the frits exhibited the
highest va lues. However, if it was expressed by unit weight of the so lid , it was the kaolin
that required a larger quantity, d ue to its h igh specific surface. Moreover, it was found that
for the fri ts, the cellulosic binder was more selective than the acrylic binder, presenting a
larger variation of V' I as a function of the fri t used ,

8. - It was observed that as the overall interaction increased between a given
inorganic material and an organic binder, the quantity required to form a single layer
decreased, ind ica ting the different orientations tha t binder molecu les adopt with
adsorption. Th us , w hen adsorption takes place on low energy surfaces (fr it) the
preferen tia l orientation is perp end icu lar to the surface, while if a h igh energy surface is
involved (kaolin or zi rconiu m silicate), the orientation is parallel.

P. (;J - D I



11 QUAU~!? 2002

REFERENCES

CASTELL6 :--J (SPAI:--J)

[1] J. COI\DER, j.H . PUR.\JELL. "Gas ch romatog ra phy at fini te concen tra tions" . Tran s. Fa r. Soc. 63. 839-s.t8 (1969).

[2) F. M. FOW KES. "Calcu lations of work of adhesion by pair potentia l sum mation ", J. Collo id In terface Sci. l,s (3 j.l), .t93
503 (1968).

131 V. GUTMAl\". Th e dono r - accep tor approach to molecula r in teractions. Ed . Plen um Pres s. :"J .Y. 1978.
H] J. RUBI O, F. ReBIO, ].L. OTEG. "En ergfa y he terogeneidad ene rgetica de le superficie de l vid rio" . So l. Soc. Esp . Coram.

Vidrio. 36 (5) 485-495 (1997).

[3J C. SA INT FLOUR, E. PArlRER. "Gas-solid chromatogra phy. A method of measurin g surface free ener gy
cha rectaristics of sho rt g lass fibres"" Ind . Eng . Ch e rn. Prod . Res . De\', 221, 337-341 (1982).

16] M,e. BAUTISTA, J. RLTBIO, J.L. OTEG. "Sur face thermodyn ami cs an alysis of clear ed silicoaluminate glass fibres" . ].
Ma te r. Sci. 30, 1595-1600 (1995).

[7] T. ] . BAN DOSZ, K. PUTYERA, J. JAGIELLO, ].A. SCH\VARTZ. " Applica tion of inverse gas chromato graphy to the
study of the su rface proper ties of modified layer ed minerals" . Micr oporous Ma t- I, 73-79 (1993).

[81E. BRE:'\I DLE:, E. PAPlRER. "A Nevv Topological Ind ex for Mo lecu lar Pro bes us ed in Inve rse Gas Chroma tography for
the Surfce Na no rug osi ty Evalua tion "]. Collo id Interface Sci. 19..J: , 207-216 (1997).

[9) F. Re BIO . "Estu di o qufrnico-ffsico de la prcpa rac ion por el metodo sol-gel de matc riale s de l sistema SiO ,-ZrO," . Iesis
Doc. U. Com pl utense. Mad rid 199'+. - -

[10] G. M. DORIS, D. G. GRAY. "Adsorp tion of n-alkancs at ze ro su rface coverag e on cellu lose paper an d wood fibres".
J. Co llid Inte rface Sci. 77 (2), 353-362 (1980).

1111S. BRL1l\' AL'ER, P.H. E.\l .\IETI, E. TELLER. "Th e ads orpt ion of gases in mul timolecul ar layers". J. A. Chern . Soc. 60,
309-319 (1938).

P. GT- 132


