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Quantification of Surface Sites of Ideally Shaped Particles
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ABSTRACT : Surface sites and areas of particles are geometrically calculated for the
cubic structures to investigate how the surface sites vary with the variation of morphology
and particle size. The numbers of surface site and area become smaller when the particles
become equi-dimensional shape. The vatios of surface site to surface area are almost
constant except the case of anion of fluorite structure. The ratios of the number of surface
site to area arc almost constant rvegardless of particle size except the size of up to 5 to 10
times of the unit cell dimension. This quantification method can be used to obtain data
related to the surface reaction.
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INTRODUCTION some period of time are divided by surface

Quantification of surface sites is very im-
portant in the interface reaction. The informa-
tion of surface sites can be used in calculating
the reaction rate and adsorption isotherm, etc..
The rate of surface reaction is usually expressed
as moles - cm” - sec”. Total moles of chemical

species released or grown or adsorbed over

The
total surface area, defined as the area measured
in a Brunauer-Emmet-Teller (BET) method
(Brunauer et al., 1938; Adamson, 1982; Gregg
and Sing, 1982), is still used. Much has been
total

area to obtain the kinetic rate constant.

written about the difference between

“reactive”  surface

1982; Helgeson et al.,

surface area and area

(Aagaard and Helgeson,
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1984). All the ions present in the surface do
not react, but only some of them react. They
are called “surface reactive sites”.

Surface sites can be estimated from the
geometry of the mineral structure (Lasaga,
1990). Significant discrepancies are present on
the dissolution rates, and there is no rate
model which is generally accepted. Rate
measurements at pH 5 range from 10® o 10"
mol -m” - s (Brantley and Chen, 1995).

Various attempts have been made to know
the relationship between the particle shape and
the surface area using K (=volume shape
factors (@) [ surface shape factor (gaJ)).
(Groves, 1978; Gregg and Sing, 1982). The
problem of surface topography such as kinks,
edges etc. and kinetics were nicely developed
by the transition state theory and Monte Carlo
simulation (Jackson, 1967, Blum and Lasaga,
1987; Lasaga; 1990).

In this study, surface site and surface area
with respect to only particle shape and size,
are geometrically treated to quantify the ideally
shaped particles.

EVALUATION OF SURFACE SITE
OF PARTICLES

Though every particle has different habit,
only orthogonally shaped particles are considered
here for simplicity in calculating surface exposed
atoms. The numbers of surface exposed sites
vary with the unit cell types. Primitive cubic
(PC), body-centered cubic (BCC), face centered
cubic  (FCC), halite-structure, and fluorite-
structure (Fig. 1) were used to study the rela-
tionship between the surface area and the
number of surface exposed sites.

To calculate the surface exposed atoms, we
constructed a 3 X3 transformation patterns of
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Fig. 1. Five cubic unit cell structures used in

calculating surface sites.
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Fig. 2. The amangement of atoms in the

ab-plane of the external sites.
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Table 1. Types of weight values and their notation.

Weight Type* Notation Location
P . Corner
1/3 Po, Uab;, Ubc;, Uca; (i=1~4)
u Face
12 Q Qa, Qb, Qc Edge
v Vaby, Vabgr, Vabr, Vabg etc. Face
R Rab, Rbc, Rca
1 Face
W Wabi, Wbc;, Wcay

* P, Q and R denote external type and U, V, W internal type.

crystal planes (Fig 2). According to the charac-
teristics of the exposed atoms, we classified
the types of weight values of exposed atoms
and denoted proper notation as in Table 1.
Weight value of 1/3 means that it is com-
monly shared by other planes, namely it is
located in the comer of the unit cell structure.
Similarly weight value 1/2 and 1 are located
in the edge and face of the plane, respectively.

The followings are basic assumption to
calculate number of sites on the surface of the
particle. This is somewhat different from the
calculation of the unit cell content and the
coordination number (Bloss, 1971).

(1) Number of sites is calculated on the

basis of the unit cell structure.

(2) Number of site is allocated to 1 if site
is on the faces, 1/2 on the edges and
1/3 on the corners. These 1, 1/2, 1/3 are
referred to weight value (W,) and their
notations are defined as in Table 1.

(3) The unit cell and crystal structure were
largely based on Klein and Hurlbut
(1985) and Cullity(1978).

The surface sites are composed of two
types; one is originally present on the surface,
external sites (E) and the other is exposed
outward from the interior out of the crystal,
internal sites (I). Therefore, the total number
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of surface sites, S<y.», of the particles can be

written,

S<xyz> = E<xyz> + I<xyz> (1)

where E«y,» and lcy,> are the number of
external surface sites and internal sites of the
particle having the xa, yb and zc dimension,
respectively. a, b and c¢ are the unit cell
dimension.

Evaluation of External Sites

The number of site is calculated on the
basis of the 33 transformation patterns (Fig.
2 and 3). Po is number of sites in the cormer,
Qa, Qb and Qc are in the a-, b- and c-edges
and Rab, Rbc and Rca are in the ab-, bc- and
ca-face, respectively.

Number of external sites, E,, on the

surface xy is

E, = 4 (Po/3)
increment in the cormer
+ Rab - xy
increment from the face
+ 2 (x - Qaf2)

increment in the a
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Fig. 3. 3X3 transformation pattern of sites in

ab-plane of the external sites.

+ 2 [(x-1) - Pof2}

addition from the comer to a
+2 (y- Qbj2)
increment in the b
+ 2 [(y-1) - Po/2]
addition from the comer to b
+ y(x-1) - Qb + x(y-1) - Qa
addition from b and a to the face

on expanding x and y, respectively
+ (x-D(y-1) - Po
addition from the corners to the face
on expanding xy
= (Po + Qa + Qb + Rab) xy + Po/3
2

Similarly,

E,.=(Po+ Qb+ Qc +Rbc) yz + Po/3 (3)

— 129~

b
2 3

T T

L R
Wab,
a
L R
B
1 8 4
Utype Viype Wiype

Fig. 4. 3x3 tansformation pattern of ab-plane
of the internal sites. T and B : the sites at the top
and bottom, respectively. L and R : the sites at the
left and right, respectively.

sz = (PO + QC + Qa + Rca) ZX + P0/3 (4)

The above equations mean that number of
external sites is the sum of increment from xy,
vz, and zx in the translational vector of the
unit cell. As a result, from the equations 2),
(3) and (4), number of external sites of
particles, E<.>, having dimension of xa, yb
and zc is,

Ecxyz» =2 (Exy + Eyx + Ep) 5
Evaluation of Number of Internal Sites

The interior sites may be exposed toward
the surface if the bond length of interior sites
reaches outward the unit cell boundary. The
general distribution of the internal sites is
presented in the 33 transformation pattern
(Fig. 4).
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The notations used in internal sites are

defined as followings;

i ; the 1st, 2nd, 3rd and 4th comer.

L and R ; the sites at the left and right side
edge, respectively.

T and B ; the sites at the top and bottom of
the edge, respectively.

I ; the sites in the ab-, bc- and ca-inner

face, respectively.

Number of external sites, I.,, on the surface
xy is,

I

Iy

21 (Uaby3 + Vaby2 + Wab;)
=

increment at the corner
+ Waby (x-2)(y-2
increment in the inner face ab
+ (Vaby/2 + Waby) (x-2)
increment of L in x
+ (Vabg/2 + Wabg) (x-2)
increment of R in x
+ (Vaby/2 + Waby) (y-2)
increment of T in y
+ (Vabp/2 + Wabg) (y-2) (6)

increment of B in y

In the same manner,

I, = ﬁl (Ubcy3 + Vbey2 + Whc)

+ Wbe; (y-2)(z-2)

+ (Vbey/2 + Whey + Vbeg/2 + Wber) (y-2)

+ (Vber/2 + Wher + Vbeg/2 + Whes) (z-2)
M

ot
~
&

]

il ( Ucay3 + Vcay2 + Wcay)

1=

+

Wea; (z-2)(x-2)
(Vcay/2 + Weay, + Vear/2 + Weag) (z-2)

+
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+ (Vcar/2 + Wcar + Vcap/2 + Weap) (x-2)
(3
Wab;, Wbe; and Wca; denote all the inner-

most sites in the 3x3 transformation pattern,

for example, Wab; = 5 in this case (Fig. 4).

Number of external sites, I«yz>, having

dimension of xa, yb and cz is written,
Lowes = 2 Iy + Iy + 1) ©)]

Surface Sites of Particles Having Cubic Unit
Cell

Number of surface sites depends upon the

kinds of the unit cells. Here, primitive cubic

Table 2. Variables of surface site of ab plane
for the cubic structure.

Weight type Unit cell type*
Location Notaton PC BCC FCC NaCl CaF,
External Po 1 1 1 -1 1

Qa 0 0 0 +1 0
Qb 0 0 +1
Rab 0 0 1 -1 1
Internal Uab 0 0 0 0o -l
Vab; 0 0 0 2
Waby; 0 0 0 o -l
Vaby 0 0 0 0 2
Vabg 0 0 0 0 2
Waby, 0 0 0 0 2
Wabr 0 0 0 0 2
Vabr 0 0 0 0 2
Vabg 0 0 0 0 2
Wabr 0 0 0 0 2
Wabg 0 0 0 0 -2

Waby 0 0 0 0 -4

* Minus sign is used to distinguish between cation

and anion.
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(PC), body centered cubic (BCC), face centered
cubic (FCC), halite-structure, and fluorite-struc-
wre (Fig. 1) are taken into consideration to
know the relationship between the surface area
and number of sites.

The parameters in calculating number of
surface site for the cubic unit cell are written
in Table 2.

Putting those perameters wn Yable 2 imo
equations (2) to (9), the result for the PC is,

it

E.
Eux

xy + 1f3, By, = yz + 1/3,
zx + 13 (10)

i

As E,, Ey. and E, exist doubly in the unit
cell, number of surface sites for PC, S«unec,

is,

quppc = 2 (Exy + Eyz + sz)
=2 (xy +yz+zx) + 2 (n

Similarly,

Sexyoe = 2 (Xy + yz + zx) + 2 (12}
Sevywrce = 4 Xy + yz + zx) + 2 (13
Scvrrtatie = 4_(xy ¥ yZ + zX)
cations
+d4 (xy tyz + zx] + 2 (14}
anions
Sayvewane = 4xy+yzizx) + 2
cations
+ 8(xy+tyz+zx) - B(x+y+z) + 8 (15)
anions

The wvariation of number of the surface
sites as the shape of particle changes can be
obtained if we let xyz=comstant in equation
(11) to (15).

The morphology of flake, slab, cube, colu-
mnar, rod and fibrous is arithmetically derived
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Fig. 5. Number of surface sites for the difteren
shapes of isovolumetric particles when xyz=10°.

and arbitrarily determinated when xyz=10°" (Fig.
5). The characteristics of the surface sites in
relation to the morphology are; (1) The
number of surface sites becomes smaller as the
shape tends to have equi-dimensional lengths.
(11) The number of surface sites increases in
the order of PC=BCC < FCC = halite(cation)
== halite(anion) = fluorite(cation) < fluorite(anion)
as a factor of 1, 2.0 and 3.96 for the cube
morphology.

Surface Area of Particles

Total surface area of particles, A<,
having xa, yb and zc dimension, and axial
angles a, B3, and 7y is,

Ay = 2 (xyab siny +yzbc sing +zxca sin3)
(16)

According to the unit cell dimension of the
relevant crystal, the a values were chosen 2.5,
2.86, 356, 5607 and 546 A for PC, BCC («a-
Fe), FCC(/-Fe), halite structure and fluorite
structure, respectively. Variation of the surface
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Fig. 6. Surface area for the different shapes of
isovolumetric particles when xyz=106. Unit  cell

dimensions are described in the text.

area in relation to crystal morphology is shown
in Fig. 6. The surface area also decreases as
all three x, y and z get closer values to each

other.
Site Density

SD<yy.>, the site density of particles having

xa, yb and zc dimension, is written,
SD<xyZ> = S<xyL> / A<xyz> (17)

The site density is almost constant regar-
dless of the crystal habit in the isovolumetric
particles except anion of fluorite (Fig. 7). But
it varies with the different unit cell structures
ranging roughly 6~18 - 10" sites/em®, which
is similar to other’s value of 10" sites/cm2
(Lasaga, 1990; ller, 1979). Even though the
shapes of particles are different, the site density
has the same value in the isovolumetric

particles except the anion of fluorite-structure
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Fig. 7. Surface site density for the different

shapes of isovolumetric particles when xyz=10".

showing a decreasing value with increasing z.
These constant values suggest that theoretically
there is no distinction of site densities among
the ideally shaped particles. It is notable that
in extreme fibrous shape the site density
decreases approximately half the value of the
other shape.

Variation of Site Density according to Particle
Size

The number of surface sites/area is almost
constant regardless of the particle size except
the extremely fine particles which range only
up to 5 to 10 times of the unit cell dimension.
(Fig. 8). Furthermore, the anion of fluorite
shows different trends compared with others.
The difference of surface sitefarea is within the
range of 1.5 times or so. Also, Parks (1990)
found surface roughness is independent of
grain size. Therefore, the reason of fast reaction
rate due to small particle size may be ascribed
to the different state of individual site on the

surface. The change of weight value, namely,
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Fig. 8. Variation of number of surface sitefarea
according to the particle size.

the number of unbound bond-bridges may
affect the reaction rate.

CONCLUSION

Though the site density and adsorbable site
do mnot exactly coincide, the variation of site
density depending upon size and shape is very
important in the rate equation. The fibrous,
rod, flake and slab have large amounts of
surface sites, and higher surface energy than
cube, therefore they tend to lower surface
energy consuming “reactive” sites to form cube
or sphere. This explains why micro-equigranular
grains are ubiquitous in the natural sedimentary
environment (Philpotts, 1990).

The site density, total sites present on the
surface per unit area, is distinguished from the

“ . < e .
adsorbable or reactive site” which mean the
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sites potentially reactive on the surface. The
latter is measured in the laboratory using a
BET or other methods (Gregg and Sing, 1982).
We developed a method of getting the general
number of surface sites in terms of variation
of shape and size for the ideally shaped
particles in this study. This method will be
utilized in obtaining the number of surface
sites for the randomly shaped particles. The
result can be widely used in surface reaction

>

especially in adsorption study.

ACKNOWLEDGEMENTS

This study was supported by the Post-
Doctoral Fellowship Program of Research Insti-
tute for Basic Science, Seoul National Univer-
sity, granted to S. J. Lee.

REFERENCES

Aagaard, P. and Helgeson, H. C. (1982) Ther-
modynamic and kinetic constraints on
reaction rates among minerals and
aqueous solutions, I. Theoretical Consi-
deration. American Journal of Science,
282, 237-285.

Adamson, A. W. (1982) Physical Chemistry of
Surfaces. 4th ed., Wiley, New York.

Anbeek, C. (1992) Surface roughness of mine-
rals and implications for dissolution
studies, Geochimica et Cosmochimica
Acta, 56, 1461-1469.

Bloss, F. D. (1971) Crystallography and Crystal
Chemistry. Holt, Rinehart and Winston,
NY.

Blum, A. E. (1994) Feldspars in weathering.
In: Feldspars and their Reactions I, Par-
sons, ed., Kluwer-Academic Press, Nether-
lands, 595-629.



Soo Jae Lee - Soo Jin Kim

Blum, A. E. and Lasaga, A. C. (1987) Monte
Carlo simulations of surface reaction
rates laws. In: Aquatic Surface Che-
mistry: Chemical process at the particle-
water interface. Stumm, W. ed. John
Wiley and Sons, New York, 255-292.

Brantley, S. L. and Chen, Y. (1995) Chemical
weathering rates of pyroxenes and amp-
hiboles, In: Chemical Weathering rates
of Silicate Minerals, White and Brantley,
eds., Reviews in Mineralogy 31, 119-
172.

Brunauer, S., Emmertt, P. H. and Teller, E.
(1938) Journal of American Chemical
Society, 60, 309.

Cullity, B. D. (1978) Elements of X-ray
Diffraction. Addison-Wesley, Korea.

Fair, G. M. and Hatch, L. P. (1933) Joumal of
American Waterworks Assoc., 25, 1551.

Gregg, S. J. and Sing, K. S. W. (1982) Adsor-
ption, Surface Area and Porosity. Aca-
demic Press.

Groves, M. J. ed. (1978) Particle size analysis,
Proc. Conf. Analytical Div. Chem. Soc.
1977, Heyden, London.

Helgeson, H. C., Murphy, W. M. and Aagaard
(1984) Thermodynamic and kinetic con-

straints on reaction rates among minerals

—134—

and aqueous solutions. [I. Rate con-
stants, effective surface area, and the
hydrolysis of feldspar. Geochimica et
Cosmochimica Acta, 48, 2405-2432.

Iler, R. K. (1979) The Chemistry of Silica.
John Wiley and Sons, New York.

Jackson, K. A. (1967) Current concepts in
crystal growth from the melt. Prog.
Solid State Chem., 4, 53-80.

Klein C. and Hurlbut, Jr.,, C. S. (1985) Manual
of Mineralogy. 20th ed, Wiley and
Sons, NY.

Lasaga, A. C. (1990) Atomic treatment of min-
eral-water surface reactions. In: Mineral-
Water Interface Geochemistry. Ch2. Ho-
chella and White eds, Reviews in
Mineralogy, 23. Mineralogical Society
of America.

Mason, B. and Berry, L. G. (1968) Elements
of Mineralogy. Freeman, Japan.

Parks, G. A. (1990) Surface energy and
adsorption at mineral/water interfaces:
an introduction. In: Mineral-Water Inter-
face Geochemistry, Reviews in Mine-
ralogy 23, 133-176.

Philpotts, A. R. (1990) Principle of Igneous
and Metamorphic Petrology. Prentice
Hall. New Jersey.



