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Sensitivity of Freundlich equation constant 1/n for zinc sorption
on changes induced in calcite by mechanical activation
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Abstract

This work presents an attempt to modify the properties of calcite by mechanical activation in order to enhance its capacity for heavy metal
removal. The equilibrium isotherms of zinc adsorption onto the mineral show the data correlate well with Freundlich model. Experiments with
temperature changes in sorption tests proved that chemisorption plays the main role in zinc sorption on calcite. The solid-state properties of
calcite (surface area, particle size, particle morphology and crystallinity) has been modified by mechanical activation (high-energy milling) andthe
structure sensitivity parameter,SA/X (SA: specific surface area andX: crystallinity) has been used for the characterization of mechanically activated
calcite. The good linear correlation (R = 0.92) between Freundlich parameter 1/n and log(SA/X) has been found. The experimental results proved
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that the mechanically activated calcite is an effective sorbent for Zn removal from water solutions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of heavy metals in the environment can cause
serious environmental pollution problems. Many methods have
been proposed for heavy metal removal, e.g. precipitation, mem-
brane filtration, ion exchange and adsorption[1]. Removal of
heavy metal based on sorption on mineral surfaces has been
suggested as an alternative approach[2–7]. The adsorption pro-
cess is used especially in the water treatment field and the
investigation has been made to determine inexpensive and good
adsorbents. Sorption is defined as a surface process irrespective
of mechanism, adsorption or precipitation[8]. Both mechanisms
involve characteristic reactions of some metals with solid sur-
faces.

Calcite has been applied for adsorption of Sr, Cd, Mn and
Co metals[9–12] as well as Zn metal[13–19]. It is well know
that CaCO3 surfaces chemisorb Zn2+ ions at low concentrations
and higher Zn concentration causes zinc carbonate precipitation.
Because of the degree of divalent metals sorption on calcite
is sufficiently large it is implied that calcite could act as an

important sorbent for metals in calcareous soils an groundw
[15].

The properties of fine particles with a high surface area
led recently to their utilization as sorbents for heavy metals[20].
While many physical properties of these particles are now
understood, the influence on the chemical properties su
adsorption and chemical reactivity remain poorly unders
[21]. It is interesting to study how the modification of calc
solid-state properties (i.e. its surface area, particle morpho
crystallinity) influences the process of zinc adsorption.

Mechanical activation of minerals by high-energy milling
a suitable way to influence their solid-state properties. Mec
cal activation is an innovative procedure where an improve
in technological processes can be attained mainly via a co
nation of new surface area and formation of crystalline defec
minerals. The lowering of reaction temperatures, the increa
rate and amount of solubility, preparation of water soluble c
pounds, the necessity for simpler and less expensive reacto
shorter reaction times are some of the advantages of mech
activation is not excessive, and accounts for only 15% o
total power consumed by the hydrometallurgical process u
study[20].
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The transformation of calcite into aragonite and/or the evo-
lution of new surface area was observed by high-energy milling
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[22–27]. It holds for surface energy of any mineral

�G1 = σ �S (1)

whereσ is specific surface energy and�S is change in overall
surface. According to Schrader and Hoffmann[28], for mechani-
cal activation of calcite the surface energy�G1 is approximately
equal to 10% of overall Gibbs energy�G of calcite. The rest
belongs to the energy of lattice defect formation.

The aim of this work was to examine the sorption behaviour
of zinc on calcite whose solid-state properties were modified by
mechanical activation. Freundlich equation has been applied for
description of the sorption process.

2. Experimental

The investigation was carried out with the samples of calcite
from Hnúšt’a and Gombasek Slovakia. Both samples have been
analysed after dissolution at Institute of Geotechnics. The calcite
from Hnúšt’a had the following chemical composition: 51.58%
CaO, 0.35% MgO, 1.35% SiO2, 0.15% Fe2O3, 0.12% Al2O3
and 42.86% solid rest after annealing.

The chemical composition of the sample from Gombasek
was as follows: 54.12% CaO, 0.61% MgO, 0.87% SiO2, 0.6%
Al2O3 and 43.8% solid rest after annealing.
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The effect of mechanical activation was evaluated by a
decrease of mineral crystallinity (content of crystalline phase)
X compared with the reference sample (non-activated), which is
assumed to correspond to 100% crystallinity, whereX is defined
as

X = U0

I0
· IX

UX

· 100 (2)

andU0 andUX denote the backgrounds of the reference sample
and activated sample, whileI0 andIX are integral intensities of
diffraction lines of the reference sample and activated sample,
respectively. This method of crystallinity determination was put
forward by Ohlberg and Strickler[30].

2.4. Scanning electron spectroscopy

The scanning electron microscopy was carried out with an
equipment BS 340 (Tesla Brno, Czech Republic).

2.5. Sorption test

The sorption was investigated using model solution ZnSO4,
which was prepared from chemically pure ZnSO4·7H2O. Initial
pH of solutions was 2. pH was regulated by the addition HNO3
or NaOH. All batch sorption experiments have been performed
at temperature 25◦C. Initial zinc ion concentration range was
1 l
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.1. Mechanical activation

The mechanical activation for sample from Hnúšt’a was per
ormed in a planetary mill PULVERISETTE 6 (Fritsch, G
any). The following milling conditions were used: loading

he mill with 50 balls of 10 mm diameter; material of grin
ng chamber and balls: tungsten carbide; ball charge in the
60 g; weight charge in the mill 5 g; rotation speed: 500 min−1;
illing time: 0.20, 0.40, 1, 5, 7, 15 and 30 min.
The mechanical activation for sample from Gombasek

erformed in a vibratory mill VM 4 (Slovakia) under the f
owing conditions: loading of the mill with 10 balls of 30 m
iameter; material of grinding chamber and balls: stainless
all charge in the mill 1100 g; weight charge in the mill 10
illing time: 1, 5, 10, 15, 20 and 30 min.

.2. Specific surface area

The specific surface areaSA was determined by the low
emperature nitrogen adsorption method. The method be
o the procedures based on gas adsorption (BET, Harkins
iselev, etc.[29]). The standard Gemini 2360 sorption appar

Micromeritics, USA) has been applied.

.3. X-ray diffraction analysis

The X-ray diffraction of the investigated samples was m
ured on a DRON 2.0 diffractometer using Fe K� radiation
perated at 10 mA and 25 kV, the time constant was 2 s

he system ran inθ–2θ mode at 2◦ min−1.
l

l;

s
a,

d

0–50 mg l−1. The sorbent concentration was 5 g l−1. Residua
oncentration of zinc metal in solution was determined by
tomic adsorption spectroscopy.

.6. Freundlich isotherms

The Freundlich model[31] is used to describe the adso
ion of gas molecules onto metal surfaces. However,
odel has found successful application in many other s

ion processes, including sorption from liquid media. We h
elected the Freundlich model for analysis of our experim
ata. The Freundlich isotherm robustly fits most experime
dsorption–desorption isotherm curves, and is especially

or fitting data from highly heterogeneous sorbent syst
ncluding minerals. In a “batch” aqueous adsorption exp

ents, the data may be fitted to the Freundlich adsor
sotherm.

The shape of this isotherm strongly suggest that a descr
f the adsorption is in a form

= k · c1/n (3)

herea is the amount of metal ion adsorbed per unit weighk
ndn the Freundlich constants andc is the equilibrium concen

ration of Zn2+. Eq.(3) can be linearized to the form

oga = logk + 1

n
logc (4)

he slope of line expressed by Eq.(4) gives the value 1/n and
ntercept of the line gives the value logk. The Freundlich con
tants for zinc ions sorption and correlation coefficient w
alculated.



P. Baláž et al. / Chemical Engineering Journal 114 (2005) 115–121 117

3. Results and discussion

3.1. Characterization of calcite particles properties

3.1.1. Surface changes
The disintegration of calcite mineral by mechanical activa-

tion is accompanied by an increase in the number of particles
and by generation of fresh, previously unexposed surface. The
dependence of specific adsorption surfaceSA of two calcite
samples (Gombasek and Hnúšt’a) on the time of mechani-
cal activation is represented inFig. 1. These traces show that
the rate of new surface formation is limited by both time of
mechanical activation and type of the mill. The less intensive
vibratory mill (2) was used for mechanical activation of calcite
from Gombasek and the more intensive milling in a planetary
mill (1) has been applied for calcite from Hnúšt’a. The corre-
sponding micrographs for non-activated CaCO3 from Hnúšt’a
as well as for the same samples activated by milling for 3
and 15 min are shown inFig. 2. Besides the effect of disinte-
gration resulting in a greater proportion of finer particles, we
can also observe the formation of agglomerates[32], which
may have dimensions comparable to those of non-activated
particles.

3.1.2. Bulk changes
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Fig. 2. Scanning electron micrographs of calcite Hnúšt’a milled in a planetary
mill, milling time: (A) 0 min, (B) 3 min and (C) 15 min.
To appreciate the lattice defects formation in the bulk of m
rals several physico-chemical methods can be used[20]. The
pplication of X-ray diffractometry method enables us to in

igate the disordering of calcite crystal structure. The cha
nduced by mechanical activation can be observed by looki
alcite lines broadening and shift and the reduction of line in
ity [32]. Crystallinity changes have been calculated accor
o the formula(2) and were given in dependence with milli
ime inFig. 3. More severe decrease in crystallinity was obse
or CaCO3 mechanically activated in a planetary mill. Howev
he phase transformation of calcite into aragonite has not
bserved during our milling experiments.

ig. 1. Specific surface area,SA, vs. milling time,tM: (1) planetary milling an
2) vibratory milling.
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Fig. 3. Crystallinity,X, vs. milling time,tM: (1) planetary milling and (2) vibra-
tory milling.

3.1.3. Structure sensitivity parameter
It was Senna[33] who analysed the effect of surface area and

the structural disordering on the reactivity of mechanically acti-
vated minerals. A concept of effective surface area was defined as
a geometrical controlling factor for a chemical reaction involv-
ing powdery materials. Tḱačová and Baĺaž [34] introduced the
complex parameter, which characterizes the overall disordering
of solid by milling. This parameter defined asSA/X, describes
the influence of the surface area increase and the crystallinity
decrease on chemical processes. InFig. 4, the changes of this
parameter with the milling time are given. In accord with plots
in Figs. 1 and 3a strong dependence on milling conditions is
obvious.

3.2. Characterization of zinc sorption process

3.2.1. Dependence on milling time
The dependence of the zinc uptakeE on milling time for

planetary and vibratory mill and corresponding surface and
bulk changes of calcite during mechanical activation are given

F
m

Table 1
Zinc uptake,E, specific surface area,SA, crystallinity,X andSA/X ratio for calcite
milled in a planetary and vibratory mill, respectively,tM—milling time

Mill tM (min) E (%) SA (m2 g−1) X (%) SA/X (m2 g−1)

Planetary 0 35 0.9 100 0.9
0.6 59 4.3 71 6.1
3 65 6.0 62 9.7

15 69 5.7 45 12.7
30 85 4.9 40 12.4

Vibratory 0 30 0.1 100 0.1
10 40 3.3 59 5.6
15 49 4.0 55 7.3
30 52 4.9 46 10.7

in Table 1. More drastic changes in surface and bulk of cal-
cite samples induced in mineral by planetary milling cause the
higher zinc uptake in comparison with less pronounced effect of
vibratory milling. Generally, there is a strong evidence of pos-
itive influence of the overall disordering of calcite by milling
on zinc uptake during sorption experiments as manifested in
Fig. 5.

3.2.2. Effect of temperature
It is known from literature[1] that if sorption is governed

only by physical phenomena an increase in temperature will be
followed by a decrease in sorption capacity. We have studied
the temperature effect for zinc sorption on calcite at 25, 35 and
50◦C. Fig. 6shows that zinc uptake increases with temperature
and hence the chemical phenomena (chemisorption) plays the
main role in zinc adsorption on calcite surface. It was Zachara
et al. [13–15] who analysed the chemisorption mechanism of
zinc on calcite. It was stated from analysis of adsorption data
that Zn2+ and ZnOH+ were the sorbing species. Later authors
specified by XPS, XRD and EDS methods that zinc can be pre-
cipitated in the form of zincite Zn5(OH)6(CO3)2.

F l,
t nd
(

ig. 4. Structure sensitivity parameter,SA/X, vs. milling time,tM: (1) planetary
illing and (2) vibratory milling.
ig. 5. Zinc uptake,E, vs. sorption time,tS, for calcite milled in a planetary mil
emperature 25◦C, milling time: (1) 0 min, (2) 0.6 min, (3) 3 min, (4) 15 min a
5) 60 min.
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Fig. 6. Zinc uptake,E, vs. sorption time,tS, for calcite milled in a planetary mill
for 15 min, temperature: (1) 25◦C, (2) 35◦C and (3) 50◦C.

3.2.3. Effect of pH
The effect of pH on Zn sorption with calcite was examined.

Initial pH of stock solution was 2. Alternating pH can also have
a pronounced effect on metal–calcite interactions.

The extent of Zn sorption to calcite is pH dependent, with
increased metal uptake as pH is increased[15], due to lower
Ca2+ concentrations, and thus diminished competitive effects,
which facilitate metal sorption. Changing pH can also affect
metal aqueous speciation.

During sorption process pH increased from value 2 up to 7.
This effect we can see inFig. 7.

3.2.4. Adsorption isotherms
Equilibrium isotherms were obtained for zinc concentrations

10, 15, 25, 35 and 50 mg l−1, respectively.Fig. 8 illustrates the
application of the Freundlich equation(4) to the sorption of
zinc onto both calcites.Fig. 9shows that both isotherms fit the
Freundlich model fairly well. This observation is consistent with

F
a

Fig. 8. Dependence of parametera on parameterc of the Freundlich equation
(3) for the zinc sorption onto calcite milled in a planetary mill (1) and calcite
milled in vibratory mill (2), temperature 25◦C.

conclusion that the Freundlich isotherm is generally valid for a
broad range of a solute concentrations[31].

3.2.5. Structure sensitivity of Freundlich equation constants
Freundlich[31] and Langmuir[35] models are widely used

for study of adsorption processes till the present time. The Fre-
undlich isotherm is an empiric formula with two parametersk
andn, respectively. The main drawback for the isotherm is that
the parameters have not exact meaning and have to be determined
experimentally. However, recently a fundamental analysis of the
isotherm for the adsorption of phenolic compounds on thermally
activated carbon and correlation of its parameters with molecu-
lar properties of adsorbate and adsorbent have been performed
[36]. The modified Freundlich parameter (1/n) was found to
have an inverse linear relationships with the electron density of
phenolics calculated from molecular orbital theory[37].

In this paper, the different approach has been applied. We
have modified the solid-state properties of calcite by mechan-

F o
c 2),
t

ig. 7. Dependence of pH values on the sorption time,tS, for calcite milled in
planetary mill.
ig. 9. Linearization of the Freundlich equation(4) for the sorption of zinc ont
alcite milled in a planetary mill (1) and calcite milled in vibratory mill (
emperature 25◦C.
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Fig. 10. Linear correlation between constant 1/n of Freundlich equation and
logarithm of specific surface area and crystallinity ratio,SA/X, calcite milled in
a planetary mill.

ical activation and characterized it by the structure sensitivity
parameterSA/X (see Section3.1.3). One solute (Zn2+) was then
applied for a series of mechanically activated calcites of different
origin. The Freundlich parameter, 1/n was calculated from the
linearization of adsorption isotherms and plotted against struc-
ture sensitivity parameter, log(SA/X). The good linear correlation
between 1/n versus log(SA/X) values has been found (Fig. 10).

In the paper by Furuya et al.[37], Freundlich parameter
(1/n) was related to the affinity between the adsorbate and th
adsorbent. In our work, there is an evidence of relation of this
parameter with the solid-state properties of adsorbent.

4. Conclusion

1. The mechanical activation of calcite by planetary and/or
vibratory milling indicated its positive influence on the rate
and efficiency of Zn uptake. This phenomenon is a conse
quence of increase in specific surface areaSA and decrease
in crystallinity X of the milled samples.

2. Experiments with temperature changes proved the
chemisorption plays the main role in zinc sorption on
calcite.

3. The equilibrium isotherms of zinc sorption onto the mineral
show the data correlate well with Freundlich model. The good
linear correlation (R = 0.92) between Freundlich parameter
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18] R. Gómez del, P.J. Morando, D.S. Cicerone, Natural materials for
ment of industrial effluents: comparative study of the retention of
Zn and Co by calcite and hydroxyapatite. Part I: batch experimen
Environ. Manage. 71 (2004) 169–177.

19] T. Shahwan, B. Z̈unnb̈ul, O. Tunusoglu, A.E. Eroglu, AAS, XRD
SEM/ESM and FTIR characterization of Zn2+ retention by calcite
calcite–kaolinite and calcite–clinoptilolite minerals, J. Colloid Inter
Sci. 286 (2005) 471–478.
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