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ABSTRACT

Purpose. The study aims at investigating the role of particle size of mineral tailings derived from limestone, lime-
stone marble, dolomite and dolomitic marble in heavy metal adsorption, in both batch and fixed bed conditions, so as
to estimate whether grinding and/or sieving is necessary for their utilization.

Methods. Fractions of different particle size have been studied. Adsorption has been examined in batch conditions
from solutions of 5 mg/l Cd, 5 mg/l Pb, 100 mg/l Cu, 100 mg/l Zn, and their mixed solution simulating electroplating
wastewater, and also in fixed bed conditions.

Findings. Total Cd and Cu adsorption is achieved on all the mineral fractions, whereas Pb and Zn show a difference
up to 20% depending on particle size. Referring to the mixed solution, Cd and Zn adsorption is lower, whereas no
significant differences in Cu and Pb adsorption are observed. Adsorption capacity rises up to 0.03 mg/g Cd,
0.60 mg/g Cu, 0.03 mg/g Pb, 0.60 mg/g Zn. In fixed bed conditions, metal adsorption greater than 93% is achieved.
Furthermore, leaching not exceeding 4% indicates a good metal retention. Finally, Taguchi method has proven that
the particle size effect is not so strong compared to other parameters, including solution concentration and time.

Originality. The particle size of mineral tailings has not yet been investigated as a parameter affecting heavy metal
adsorption. Furthermore, heavy metal adsorption has been examined from separate metal solutions and not from a
mixed one. The present study aims at contributing to these two research fields.

Practical implications. The differences in adsorption between mineral tailings’ fractions with different particle size
are not as high as to make grinding of minerals necessary.

Keywords: limestone, dolomite, marble, mineral tailings, heavy metal adsorption, Taguchi method

1. INTRODUCTION waste streams. Research has focused on investigating the
mechanisms of metal adsorption on carbonate minerals,
either calcite or dolomite, through mainly batch adsorp-
tion experiments from single ion solutions.

In particular, calcite with extra fine particle size varying
from 2 to 75 um has been investigated for Cd, Mn, Co,
Zn (Zachara, Cowan, & Resch, 1991), Cu (Parsiegla &
Katz, 1999; Parsiegla & Katz, 2000) and Pb adsorption
(Rouff, Reeder, & Fisher, 2002; Rouff, Elzinga, & Reed-
er, 2004) in separate solutions, whereas dolomite powder
has been investigated for Cd, Pb (Kocaoba, 2007) and Sr,
Ba adsorption in separate solutions (Ghaemi, Torab-
Mostaedi, & Ghannadi-Maragheh, 2011). Calcite with
fine particle size rising up to 200pm has also been exam-
ined for Pb (Godelitsas, Astilleros, Hallam, Harissopou-
los, & Putnis, 2003) and Zn adsorption (Freij, Godelitsas,
& Putnis, 2005), whereas dolomite with similar particle
size has been examined for Cu, Pb adsorption separately
(Pehlivan, Ozkan, Ding, & Parlayici, 2009; Irani, Am-

Calcium carbonate (CaCOs) rocks are found through-
out the world, accounting for more than 4% of the earth’s
crust, and are readily available. Due to its specific physi-
cochemical properties, calcium carbonate contributes to
the production of paper, plastics, paint/coatings/adhesi-
ves, as well in the fields of construction, environment,
agriculture, food and pharmaceutical industry, where
fineness and particle size distribution are optimally
balanced (OMYA, 2014). Crumbled limestone and
dolomite is applied as inert material, cement component,
railway subbase, etc., increasing resistance to erosion and
lifetime of construction (Tsirampides, 2008).

However, Ca?* and Mg?" in limestone and dolomite’s
structure make their surface active allowing ion-
exchange, surface precipitation and co-precipitation of
metal ions. This property makes carbonate minerals
attractive sorbent materials for heavy metal removal from
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jadib, & Mousaviana, 2011). Limestone with very coarse
particle size (2.36 — 4.75 mm) has been investigated for
Cd, Pb, Zn, Ni, Cu, Cr adsorption separately (Aziz,
Adlan, & Ariffin, 2008), single-crystal calcite cleavage
fragments (8 — 10 mm? by 2.0 —2.5 mm thick) for Cd
adsorption (Stipp, Hochella, Parks, & Leckie, 1992),
calcite cleavage faces for Cd, Pb adsorption separately
(Chada, Hausner, Stongin, Rouff, & Reeder, 2005), do-
lomite with coarse particle size (0.180-2mm) for Cr(VI)
adsorption (Albadarina et al., 2012), polished dolomitic
marble slices (1 x 1 em?) for Co, Cd, Pb, Cr (Godelitsas,
Kokkoris, & Misaelides, 2007) and U, Th adsorption in
separate solutions (Godelitsas, Kokkoris, Chatzitheodoris,
& Misaelides, 2008). Furthermore, limestone with coarse
particle size (1.4 —2.0mm) has been examined for Cd
adsorption (Wang & Reardon, 2001) and calcite with
finer particle size (0.2 — 1.0 mm) for Cd, Cr, Zn adsorp-
tion (Garcia-Sanchez & Alvarez-Ayuso, 2002) in fixed
bed conditions.

As it results from the aforementioned references, par-
ticle size has not yet been examined as a parameter, for
adsorption from a liquid waste burdened with a number
of metal ions, on carbonate minerals. The present study
aims at investigating the effect of minerals’ particle size
on their behaviour in heavy metal adsorption and the
retention mechanisms, so as to estimate, whether grinding
and/or sieving is necessary for their further utilisation in
such an application. To this direction, Taguchi method
has also been applied, in order to compare the effect of
particle size with other parameters, including solution
concentration and time.

In particular, mineral tailings, deriving from lime-
stone and dolomite and their recrystallization products
that is limestone marble and dolomitic marble respective-
ly, have been examined. Adsorption has been studied
from both separate and mixed metal solutions, so as to
simulate real waste streams. Adsorption from mixed
metal solutions is still a field where bibliography also
remains poor. Both batch and fixed bed conditions have
been applied, so as to better simulate real conditions in
case the minerals are used as a substrate. Finally, the
metal retention capacity of the mineral tailings has been
estimated by leaching tests.

2. MATERIALS AND METHODS

2.1. Samples

Samples of limestone and dolomite have been sup-
plied by a Company dealing with production, transport
and trading of ready-mixed concrete and quarry products
in Greece. Samples of limestone marble and dolomitic
marble have been supplied by quarries, as cutting and
smoothing by-products. It must be noted that these mate-
rials cannot be used or recycled by the specific compa-
nies, due to their inappropriate particle size.

In order to investigate the effect of sample particle
size on metal adsorption, which is a critical parameter so
as to estimate, whether grinding and/or sieving of the
mineral tailings is necessary, the samples have been di-
vided according to DIN 4188 in four fractions of the fol-
lowing particle sizes: <4 mm + 1 mm, —1 mm + 315 pm,
=315 pm + 90 pm and —90 pm.
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The chemical and mineralogical composition of the
samples has been determined by X-Ray Fluorescence
(XRF, ARL ADVANT XP), X-Ray Diffraction (XRD,
Siemens D-500) and Flame Atomic Absorption Spec-
trometry (AAS, VARIAN AA240FS). In order to investi-
gate the adsorption mechanisms, further parameters have
also been measured: pH according to ISO 6588, porosity
and specific surface area by Nr-adsorption (NOVA-2200
Ver. 6.11) and cation-exchange capacity (CEC) according
to EPA 9081, based on mixing the sample with an excess
of sodium acetate solution, resulting in an exchange of the
added sodium cations for the matrix cations, being then
determined (SW-846..., 1986). In Table 1 the physico-
chemical characteristics of the samples are presented.

Table 1. Physicochemical characteristics of the minerals

Parameter Limestone Limestone Dolomite Dolomitic
marble marble
CaO (%) 55.40 55.00 31.90 33.10
MgO (%) 0.30 0.72 20.30 19.30
Si02 (%) 0.23 0.49 0.27 0.52
ALOs (%) 0.22 0.36 0.26 0.24
Fe203 (%) 0.12 0.12 0.18 0.13
K20 (%) 0.03 0.14 0.01 <0.01
Na20 (%) <0.01 <0.01 <0.01 <0.01
SOs (%) 0.05 0.01 0.02 <0.01
Cu (mg/kg) <0.01 76.00 10.00 89.00
Mn (mg/kg) 70.00 180.00 <0.001 <0.001
Ni (mg/kg) 17.00 <0.001 <0.001 <0.001
P (mg/kg) 340.00 270.00 50.00 33.00
Sr (mg/kg) 700.00 420.00 170.00 310.00
Ti (mg/kg) 44.00 220.00 <0.001 <0.001
Zn (mg/kg) 94.00 <0.001 <0.001 <0.001
Lol (%) 43.60 43.20 47.50 46.70
pH 9.00 8.80 10.30 9.20
CEC
(meq/100 g) 5.10 4.70 4.30 4.90

The XRD analysis of all samples confirms the pre-
sence of calcite, whereas with the use of a petrographic
microscope (LEICA DMLP) apatite, moscovite, magne-
tite and manganese oxides have been also detected.

2.2. Sorption experiments

For the sorption experiments, separate solutions con-
taining 5 mg/l Cd, 5 mg/l Pb, 100 mg/l Cu, 100 mg/l Zn,
prepared from Fluka analytical standard solutions have
been used. For the mixed solution all the above men-
tioned metal ions were used in the same concentrations.
The metal concentrations have been selected so as to
simulate wastewater deriving from electroplating, metal-
finishing, paint and plastic manufacturing activities. The
pH of the solutions has been adjusted to 5 by adding
HNOs3 or NaOH, as performed experiments have shown
precipitation 37 — 98% of the aforementioned metal ions
in mixed solution by increasing pH from 5 to 8 (Farmaki,
Vorrisi, Karakasi, & Moutsatsou, 2012).

The sorption studies included experiments in both
batch and fixed bed conditions in case of using such
materials as landfill substrates.

The batch experiments have been carried out for all
the mentioned mineral fractions. In particular, 5 g of
sorbent have been added to 30 ml of metal solution under
magnetic stirring at 400 rpm for 1 h at room temperature.
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The time of the experiments has been selected according
to previous experiments (Farmaki, Demiris, &
Moutsatsou, 2010; Farmaki & Moutsatsou, 2011). The
sorbent has been removed by filtration, dried overnight at
80°C, and subjected to leaching tests and XRD-Analysis.
The filtrate’s pH has been measured and the metal con-
centration after sorption has been determined by AAS.

In order to estimate the effect of particle size com-
pared to other parameters, including solution concentra-
tion and time, Taguchi method has been applied. Taguchi
method combines standard experimental design and
analysis techniques, resulting in consistency and repro-
ducibility which are rarely found in other statistical
methods. It reduces the number of the required experi-
mental tests, determines the optimal values for various
factors and estimates the effect of each factor. Three (3)
factors have been selected for the present study (particle
size, solution concentration, time) each one with 3 levels.
In this case the L9 (3%) Taguchi design is proposed.

In Table2 the set of the experimental tests
proposed by the Taguchi method are shown. For the
particle size 3 levels have been selected (—4 mm + 1 mm,
—1 mm + 315 pm, —315 pm + 90 um). The finest fraction
—90 um is excluded, taking into account that the adsorp-
tion on this fraction is known to be high, whereas the
study aims at estimating whether coarser fractions’ per-
formance is satisfactory, in order to avoid grinding
and/or sieving.

Table 2. Experimental set according to L9 Taguchi design

Particle size Concentration Time
(mg/1) (min)
5 20
—4 mm + 1 mm 100 60
500 120
5 60
—1 mm + 315 um 100 120
500 20
5 120
=315 pm + 90 pm 100 20
500 60

For the fixed bed experiments, particle size —1 mm
has been selected, since the adsorption results appeared
to be more satisfying. The particle size distribution is
shown in Table 3. The experiments have been based on
the principles of the BS EN 14405, determining the
release of constituents from waste packed in a column
with a leachant percolating through it, by using a con-
tinuous vertical up-flow (BS EN 14405, 2017). In par-
ticular, a plastic column of 30 cm height and 5 cm dia-
meter has been used. A down flow at rate 1.25 ml/min
has been set by using a pump so as to simulate the
down flow of water in the soil. Twelve (12) consecutive
filtrates of 100 ml have been collected. Their pH has
been measured and the metal ion concentrations have
been determined by AAS. A representative sample of
the remaining sorbent has been collected, dried at 80°C
overnight, and subjected to XRD-Analysis.

The adsorption capacity of each sorbent ¢ (mg metal
ion per g sorbent) and the % adsorption for each metal are
determined according to relations (1) and (2) respectively:
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where:
c¢; — the initial solution concentration, mg/l;
¢s— the final concentration after sorption, mg/l;
m — the sorbent mass, g;
V — the solution volume, 1.
Table 3. Particle size distribution of the minerals
% retained
Particle size . Limestone .. Dolomitic
Limestone Dolomite
marble marble
—1 mm + 315 um 46.0 30.2 42.8 64.4
315um+90pum  27.6 40.1 28.5 16.2
—90 pm 26.4 29.7 28.7 19.4
2.3. Leaching studies

After sorption studies the collected sorbents have
been subjected to leaching studies, so as to investigate
the strength of adsorption of metal ions on the sorbents,
taking into consideration the principles of BS EN 12457-2,
that is a batch compliance test providing information on
leaching at a liquid to solid ratio 10 I/kg of granular
wastes and sludges with a particle size below 4 mm
(BS EN 12457-2, 2002). The % leaching of each metal
ion retained on the sorbent is given by relation (3):

leaching(%) =100. Sl "Yel
m-q

€)

where:
ce — the eluate concentration, mg/l;
Ve — the eluate volume, I
m — the sorbent mass used for the leaching studies, g;
q — the adsorption capacity of the sorbent, mg metal
ion per g sorbent.

3. RESULTS AND DISCUSSION

In Figure 1 the effect of particle size on metal ion
adsorption on limestone and dolomite from separate
metal ion solutions is indicatively illustrated.

As it is resulted, no significant difference in Cd and
Cu adsorption can be observed between the fractions of
different particle size while for Pb and Zn, the difference
rises up to 20%. In particular, Pb and Zn adsorption on
limestone seems to be higher on the coarsest fraction
—4 mm + 1 mm and on the finest one —90 pm. This could
be attributed to the greater pore diameter that may com-
pensate for the greater specific surface area of the finest
fraction, as it has been resulted from porosity measure-
ments (coarsest fraction: d=264 A, §=0.187 m?/g;
finest fraction: d=96 A, S=1.18 m*g). On the other
hand, Pb adsorption on dolomite is by 10% higher on the
finest fraction than on the coarsest one, due to its greater
specific area, whereas no significant difference in Zn
adsorption can be observed.
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Figure 1. Adsorption (%) of metal ions as a function of parti-
cle size from separate metal ion solutions on:
(a) limestone; (b) dolomite

In general, the fractions of coarser particle size exhibit
in most cases a satisfactory performance, comparable to
that of the finer ones. This fact leads to the encouraging
conclusion that a grinding and/or sieving process for
achieving a fine particle size is not worth the cost. A
similar performance is also observed in limestone and
dolomitic marbles.

In order to certify this result, Taguchi method has
been applied, estimating the effect of particle size in
comparison with solution concentration and time. In
Table 4 the effect of each parameter is shown, as resul-
ting from the Taguchi method.

As it is obvious, the effect of particle size on ad-
sorption of Pb and Zn on all studied minerals is much
lower than the one of other parameters. Cd adsorption
seems to be determined by concentration in case of
limestone and its marble, whereas in case of dolomite
the effect of particle size and time is similar and not
the strongest one.
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Table 4. Effect of particle size, concentration and time on heavy
metal adsorption on limestone, limestone marble and
dolomite, as resulting from the Taguchi method

Metal % effect

ion Particle size Concentration  Time Other
Limestone

Cd 19.18 43.57 17.67 19.58

Cu 23.71 22.54 28.55 252

Pb 0.60 98.09 0.58 0.73

Zn 5.36 21.67 46.88  26.09

Limestone marble

Cd 31.93 40.20 1.04 26.83

Cu 13.23 34.74 10.12 4191

Pb 2.08 94.11 1.85 1.96

Zn 2.86 45.18 45.04 6.92
Dolomite

Cd 24.84 16.64 20.18  38.34

Cu 16.09 12.54 54.94 16.43

Pb 1.35 98.05 0.23 0.37

Zn 11.10 66.77 20.42 1.71

Cu adsorption seems to be determined by concentra-
tion in case of limestone marble and by time in case of
dolomite, whereas in case of limestone all parameters
have a similar effect on adsorption. Therefore, in almost
all cases particle size is proven not to be the most deter-
minative parameter in adsorption.

Comparing adsorption behaviour of limestone and
dolomite, as it results from Figure 1, Cd and Cu adsorp-
tion does not differ significantly, whereas Pb and Zn
adsorption is obviously much higher on dolomite than on
limestone, by 20 and 40% respectively. This could be
attributed to the Mg content of dolomite. In particular,
comparing the ionic radii of Mg?" (0.72 A), Ca®" (1.00 A)
and Zn?" (0.74 A), it is obvious that the similar ionic
radius of Zn?" favours the exchange with Mg?" rather
than with Ca?* (Shannon, 1976; Al-Degs, El-Barghouthi,
Issa, Khraisheh, & Walker, 2006). According to Wang &
Xu (2001) estimation of partition coefficients for divalent
and trivalent metal cation sorption on carbonate minerals,
including calcite and magnesite, the partition coefficient
for Pb sorption on magnesite (log K;=4.26) is higher
than the one for Pb sorption on calcite (log K;=2.5),
implying that Pb sorption is favoured on magnesite and,
therefore, on dolomite than on calcite and, therefore, on
limestone (Lee, Dyer, Sparks, Scrivner, & Elzinga, 2006).

Taking into consideration that in some cases a diver-
gence in performance is observed for the -4 mm + 1 mm
fraction in comparison with the other fractions, in com-
bination with the fact that the performance of the frac-
tions of finer particle size is not considerably better, the
results concerning only the —1 mm + 315 um fraction are
further presented. The selection of the —1 mm + 315 um
fraction is also reinforced by previous experiments of our
laboratory, indicating its better performance compared to
the 4 mm+ 1 mm fraction in metal concentrations
5, 100 and 500 mg/l (Farmaki, Demiris, & Moutsatsou,
2010; Farmaki & Moutsatsou, 2011). For the same
reasons, for the experiments in fixed bed conditions,
which simulate real conditions, the fraction —1mm has
been selected.
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As it can be observed in Figure 2, the adsorption of
metal ions (Cd, Cu, Pb, Zn) from separate solutions dif-
fers a lot from their adsorption from a mixed solution. In
particular, Cd and Cu adsorption from separate solutions
on all the minerals is significantly high, varying from
89 to almost 100%. Pb and Zn adsorption on dolomite
and its marble is higher, rising up to 90 — 100%, whereas
it varies from 50 to 75% on limestone and its marble. In
contrast, Cu and Pb adsorption from a mixed solution on
all the minerals is high and in some cases even higher than
their adsorption from separate solutions, whereas Cd and
Zn adsorption from a mixed solution on all the minerals,
except limestone, is significantly lower than their adsorp-
tion from separate solutions, varying from 17 to 55%.

(2)

777 limestone [55 dolomite
limestone marble [>ou] dalomitic marble

100 ,s
._é_
metal ion
(b)
limestone dolomite
i _ limestone marsle dolomitic marble
] T
?
g
%.
% .
é
7 NN

metal ion

Figure 2. Adsorption (%) of metal ions from (a) separate metal
ion and (b) mixed solutions on the —1 mm + 315 uym
fraction of the minerals

The difference observed in metal adsorption from
separate and mixed solutions on the minerals being stu-
died could be attributed to the nature of both metal ions
and minerals. In particular, Cu?" ions are adsorbed very
strongly and fast (within 1min) on calcite surface,
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which is the main mineralogical phase of all the studied
minerals, since Cu?" ions are smaller than Ca®" ions and
are incorporated into the crystal lattice (Parsiegla &
Katz, 1999). Furthermore, the formation of Cu car-
bonate and Cu hydroxide complexes contributes to
retention of Cu?" ions on calcite surface (Parsiegla &
Katz, 2000). Pb*" adsorption on calcite is also rapid
within the first minute, but continues slowly, indicating
a primary reversible Pb?" binding to the calcite surface,
possibly via a co-precipitation mechanism, and some
re-arrangement of Pb at the surface, perhaps due to
enhanced dilute solid-solution formation with time
(Rouff, Reeder, & Fisher, 2002). Rapid Zn?*" adsorption
on calcite appears to occur within 12 hours via
exchange of Zn?* and ZnOH" with surface-bound Ca®*
and formation of hydrated complex (Zns(OH)s(COs3),)
being stabilized on calcite surface by chemical forces
and incorporated in calcite structure by recrystallization
(Zachara, Kittrick, & Harsh, 1988; Zachara, Cowan, &
Resch, 1991). Cd*" is adsorbed on calcite preferably
than Zn*" by forming a phase behaving as a surface
precipitate (Zachara, Cowan, & Resch, 1991). Cd*' is
rapidly and reversibly adsorbed and diffused in calcite
surface within 24 hours and slowly and less reversibly
during the next 7 days, due to solid solution formation
(Davis, Fuller, & Cook, 1987).

In Table 5 the adsorption capacity g (mg of metal
ion per g of sorbent) of all the minerals, that is lime-
stone and its marble, dolomite and its marble, for all the
metal ions (Cd, Cu, Pb, Zn) from both separate and
mixed solutions is given.

Table 5. Adsorption capacity of the —1 mm + 315 um fraction
of the minerals in separate and mixed solutions of

metal ions
Adsorption capacity, ¢
r?l(:irtzrei?:l Solution (mg/g sorbent)
Cd Cu Pb Zn
Limestone Separate 0.03 0.58 0.03 0.30
Mixed 0.03 0.60 0.02 0.51
Limestone Separate 0.03 0.53 0.03 0.36
marble Mixed 0.01 0.59 0.026 0.10
Dolomite Separate 0.03 0.60 0.03 0.60
Mixed 0.01 0.58 0.03 0.33
Dolomitic Separate 0.03 0.59 0.03 0.59
marble Mixed 0.01 0.57 0.03 0.21

In general, no significant differences in adsorption
capacity are observed between each mineral (limestone,
dolomite) and its marble. Limestone and dolomite and
their marbles have a similar adsorption capacity for Cd,
Cu and Pb, rising up to 0.029 —0.030 mg Cd per g,
0.53 — 0.60 mg Cu per g and 0.029 — 0.030 mg Pb per g,
whereas dolomite and its marble have a higher adsorp-
tion capacity for Zn, rising up to 0.58 —0.60 mg Zn
per g, than that of limestone and its marble, rising up to
0.30—0.36 mg Zn per g. This could be attributed to the
ionic radius of Zn?*, which is similar to the one of Mg?*
compared to the one of Ca®", favouring thus its exchange
with Mg?" rather than with Ca?*, as it has already been
mentioned (Shannon, 1976; Al-Degs, El-Barghouthi,
Issa, Khraisheh, & Walker, 2006).
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Differences are observed also in the adsorption
capacity achieved for each metal ion in separate solutions
and a mixed solution. In particular, a decrease by
45 —-75% in adsorption capacity of all the minerals,
except limestone, is observed for Cd and Zn in a mixed
solution. In case of limestone and its marble, a decrease
in adsorption capacity for Pb by 14 — 17%, and, in case
of limestone, an increase in adsorption capacity for Zn by
40% is observed. The differences in adsorption capacity
between separate and mixed solutions are in accordance
with the ones observed in adsorption %, being attributed
to the different nature of both metal ions and minerals, as

it has already been analyzed.

The leaching of the metal ions (Cd, Cu, Pb, Zn) being
retained on all the minerals, after adsorption in batch
conditions, does not exceed 4%, indicating that they are
sufficiently retained on the minerals’ surface. This result
seems encouraging for the further use of the minerals as
substrates in landfills.

In Figures 3 and 4 the pH of the eluate and the ad-
sorption (%) of the metal ions (Cd, Cu, Pb, Zn) during
adsorption on all the mineral tailings, that is limestone
and its marble, dolomite and its marble, in fixed bed
conditions, are respectively illustrated.

14 . .
|—limestone ---- dolomite

13 — limestone marble - - — dolomitic marble

12

114

T T T T " T " 1
600 800 1000 1200 1400

eluate volume (mL)

a T T
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Figure 3. Eluate pH during metal ion adsorption on the
minerals in fixed bed conditions

Concerning the pH of the eluate during adsorption
in fixed bed conditions, an initial increase at the first
eluate (100 ml) and then its stabilization is observed for

all the minerals.
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The pH is stabilized at a different point for each mineral.
For limestone and its marble it is stabilized at 7.7 — 9.0,
whereas for dolomite and its marble at 9.0 — 9.5.

As it is obvious, since the first 200 ml of solution
have passed through the bed, the adsorption on all the
minerals iS in most cases stabilized at its maximum,
varying from 93 to almost 100%. Furthermore, the initial
metal ion adsorption, estimated by the first eluate, is
satisfying coming up to 86 — 99%. Total adsorption of Cu
and Zn is achieved on all the minerals in fixed bed condi-
tions. In case of Cd and Pb a variance in adsorption is
observed until 800 ml of solution has passed through the
bed, however, it cannot be considered significant, since it
is in the order of 1 —2%. Dolomite and its marble and
limestone marble exhibit a lower performance in Pb
adsorption in fixed bed conditions, however satisfying,
since it is greater than 93%.

In comparison with batch experiments, all the mine-
rals exhibit a much better performance in metal ion
adsorption in fixed bed conditions. This could be
attributed to both the available contact time allowing thus
the almost total adsorption of the metal ions.

4. CONCLUSIONS

In conclusion, the behaviour of mineral tailings,
deriving from limestone and its marble, dolomite and its
marble, in heavy metal adsorption (Cd, Cu, Pb, Zn)
seems to be encouraging for their potential utilization in
an environmental application.

Concerning their metal adsorption capacity, limestone
differentiates from dolomite, whereas no significant
differentiation between each mineral and its marble has
been observed. In separate metal ion solutions the
adsorption capacity of limestone and its marble follows
the order Cu > Zn > Pb = Cd, and that of dolomite and its
marble follows the order Cu= Zn > Pb = Cd, whereas in
a mixed waste all the minerals follow the order
Cu > Zn > Pb > Cd, except limestone following the order
Cu>Zn>Cd > Pb.

The role of particle size has not proven such
important as to make grinding of the minerals necessary,
a fact that relieves their further utilization from an extra
financial burden. Furthermore, limited leaching of metal
ions adsorbed on the mineral surface constitutes an extra
benefit for their utilization as landfill substrates.
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BIIJINB PO3MIPIB YACTUHOK Y BAITHAHUX TA J1OJIOMITOBUX
XBOCTAX HA BUJIYYEHHSA BAKKUX METAJIIB I3 PIIKUX BIAXO/JIB

C. ®dapwmaxi, €. Boppici, O. Kapaxkaci, A. MoytcaTtcoy

Merta. J{ocnipkeHHsT BIUTMBY PO3MIpIB YaCTHHOK y XBOCTaX 30arayeHHs BaITHSKY, BalTHAHOI'O MapMypy, IOJIOMITY
Ta JI0JIOMITOBOrO MapMypy Ha Ipolec aacopOLii BaXKKUX METaIIB y HEPYXOMOMY MIapi JUIsi OL[IHKH JOIIIBHOCTI TEXHO-
Jiorii noJipiOHEHHs #/ab0 MPOCiIOBaHHS B IIOJJANIIIOMY BUKOPHCTaHHI METAJIB.

MeTomuxka. J{yis BUKOHAHHS TOCIIIKEHb 3pa3Ku BalHIKY Ta JOJOMITY JOCTABJICHI KOMIAHIE, 10 3aiiMa€eThCs BU-
POOHMITBOM 1 MpoAakeM roToBUX OETOHIB, a TakoX Kap’epamu y ['penii. XimiuHMHA 1 MiHepallOTiyHHUI CKJIa] 3pa3KiB
OyB BU3Ha4YeHUH peHTreHiBcbkoi ¢uryopecuenuniero (XRF, ARL ADVANT XP), pentreniscskoi mudpaxuiero (XRD,
Siemens D-500) Ta aromHO-abcopOIiitHOIO criekTpomerpiero (AAS, VARIAN AA240FS). Jlnst gocmimkeHHsT MeXaHi3-
My ancopouii Oynu BuMipsHi HacTymHI mapameTpu: pH BignosigHo 10 ISO 6588, mopHCTICTh 1 THTOMA IIJIOIIA TTOBEPX-
Hi 3a momomoroio N2-amcop6bmii (NOVA-2200, Bepcis 6.11) Ta xartioHooOMinHa emHicTh (CEC) BigmoBimgHO 10
EPA 9081 Ha 0CcHOBI 3MilllyBaHHSI 3pa3Ka 3 Ha UIMILIKOM PO3YHMHY alleTaTy HATPilo, B pe3yJbTaTi SKOTO IOTIM BU3HAYa-
JIUCh JIOJIaHI KaTIOHM HATPIIO I MATPUYHUX KaTioHIB. J{yiss cOpOLIHMX eKCIIepUMEHTIB OyJM BHKOPUCTaHI OKpeMi
posuunH, siki MicTsTh S mr/a Cd, 5 mr/n Pb, 100 mr/ia Cu, 100 mr/a Zn, oTpuMaHi 3 aHATITHYHHAX CTAHAAPTHUX PO3YH-
HiB Fluka. ITicist copOLiiHUX ToCipKeHb 3i0paHi COpOSHTH OyJIU MiAaHi JOCIIUKEHHSIM BHIIYTOBYBaHHSI.

PesyasTaTn. Y npoueci gocnimkenb Oyna gocsrHyta nosHa ancopouis Cd i Cu 3 ycix MiHepanbHHX (pakLil,
npote 10 20% anacopoOuii Pb i Zn Bu3Havanacs po3mipaMu 4acTUHOK. BcTaHoBIeHO, 1110 BenuunHa afacopouii Cd i Zn
HWKYE y 3MIIIaHOMY pO34MHi, aje MpH nboMy JaHui nokasHuk Juist Cu i Pb 3anumaerscs 6e3 3miH. Ilornunaroua
3naTHicTh 3pocrae o 0.03 mr/r Cd, 0.60 mr/r Cu, 0.03 mr/r Pb, 0.60 mr/r Zn. B ymoBax HepyXoMoro mapy jgocsra-
eTbest 10 93% ancopoOuii metanis. binbiie Toro, BUTIK, 1110 He nepeBUILy€e 4%, CBITUNTH NPO e(hEKTUBHICTH BUITY4EH-
Hi MeTaniB. JloBegeHo 3a metogoM Tarydi, mo BIDIHB PO3MIpiB YaCTHHOK HE € HACTUTBKH 3HAYHHM, 100 HE Bpaxo-
BYBAaTH POJb IHIIUX MapaMeTpiB, TAKUX SIK KOHIEHTpAIlis po3unHy i yac. Bumyrosysanns ioHiB metaniB (Cd, Cu, Pb,
Zn), o 30epiraroThcs Ha BCIX MiHepanax micis aacopOuil B mepiouuHuX yMoOBax, He nepesuiye 4% Ta Bka3ye Ha
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T€, 0 BOHM JIOCUTH 30€piraloThCsi Ha MOBEpXHI MiHepaliB. Lle € BaXIIMBUM pe3yIbTaToOM JUIs MOJAIBIIOT0 BUKOPHC-
TaHHs MiHEpaJiB y SIKOCTi CyOCTpaTiB Ha MOJIIrOHaX.

HayxoBa nHoBu3Ha. Briepie po3aMmipu YacTHHOK y XBOCTax 30aradeHHsi MiHEpaJiB PO3IJISTHYTI SIK HapameTp, sKui
BIUIMBA€E Ha MPOIIEC aacopOLil BAXKKUX METalliB, IIPH [IbOMY JaHUH IPOIeC BUBYCHUI TAKOX LI00 OKPEMUX PO3UYHHIB
METaJiB, a HE TUIBKH 1X CyMilIi.

[pakTHyna 3HaYNMicTh. BUsIBICHH] BIAMIHHOCTI y MMOKa3HUKaX aacopOuii aust Gppakuiii YaCTHHOK Pi3HOTO po3Mi-
Py He Taki 3Ha4y1Ii, 00 00YMOBITFOBaTH HEOOXITHICTH iX MOMPiOHEHHS B TEXHOJIOTIIHOMY IPOIIEC.

Knrouosi cnosa: sannsk, oonomim, mapmyp, Xeocmu 306a2a4eHus, a0copoyisa 8axckux memanis, memoo Tazyyi

BJIMAAHUE PASMEPOB YACTHUI B U3BECTKOBbBIX 1 JOJTIOMHUTOBBIX
XBOCTAX HA U3BJIEYEHMUE TSKEJBIX METAJIJIOB U3 )KUAKHUX OTXO40B

C. ®apmaku, E. Boppucu, O. Kapakacu, A. MoyTcarcoy

Heas. VccnenoBanue BIMSHUS pa3MEpOB YacTHII B XBOCTax OOOTaIIEHHWsS HM3BECTHSKA, M3BECTKOBOTO MpPaMopa,
JOJIOMHTA U JOJOMHUTOBOTO MPaMopa Ha MPOILECC afAcOPOLUN TSHKENbIX METANIOB B HEMOABIKHOM CJIO€ Ul OLEHKH
LeTIECO00Pa3HOCTH TEXHOIOTHU H3METbYEHHS H/WIIH IPOCCUBAHUS B aJIbHEHIIIEM HCIIOIBb30BAHUS METAJLIOB.

MeToauka. /[y BHIIONHEHNS MCCIIENOBAHUHA 00pa3Ibl N3BECTHAKA U JOJIOMHTA JOCTABICHBI KOMIAHUEH, 3aHUMa-
IOIIEHCs MPOU3BOICTBOM U MPOJIAXKEH TOTOBBIX OETOHOB, a TaKKe Kapbepamu B ['perun. XMMHUYECKHH 1 MUHEPaJIOrv-
YecKUil cocTaB 00pa3LoB ObuUI omnpexneneH peHtreHoBckol ¢uryopecueHuueit (XRF, ARL ADVANT XP), peHtreHoB-
ckoii nudppakuueirt (XRD, Siemens D-500) u aromHo-abcopOumonHoii cniektpomerpre (AAS, VARIAN AA240FS).
Jis ucceoBaHUs MeXaHH3Ma aIcopOnuu ObUTH M3MEPEHHI clieayromnue mapameTpsl: pH B coorBeTcTBHu ¢ ISO 6588,
MIOPUCTOCTD M yleJIbHAs TUIONIa b MOBEPXHOCTH ¢ nomotubio N2-anpcopoiun (NOVA-2200, Bepcust 6.11) u xaTnoHo-
oomenHas emkocTh (CEC) B coorBercTBum ¢ EPA 9081 Ha ocHOBe cMemmBaHust 0Opasna ¢ M30BITKOM pacTBopa anera-
Ta HATpUs, B Pe3yJbTaTe KOTOPOTO 3aTEM ONpPENEIUINCh NOOABICHHBIC KaTHOHBI HATPHA U MaTPUYIHBIX KaTHOHOB.
Juis cOpOIMOHHBIX SKCIEPUMEHTOB OBUIH HCIIOJIB30BAHBI OTAEIBHBIE PAacTBOPHI, comepxamue 5 mr/a Cd, 5 mr/n Pb,
100 mr/n Cu, 100 Mr/n Zn, moxy4eHHBIE W3 aHATUTHYECKUX cTaHAapTHHIX pactBopoB Fluka. ITocnme copOumoHHBIX HC-
ClleJOBaHUI COOpaHHbIE COPOCHTHI OBLIM MOBEPTHYTH HCCIESIOBAHUSM BbILIETaYNBAHHA.

Pesyabratsl. B mpouecce uccienoBanuii Obita mocturnyta nontas agcopouust Cd u Cu u3 BceX MUHEpaTbHBIX
¢bpakumii, onHako 10 20% ancopbumu Pb u Zn ompeznernsiack pasMepaMd YacTHIl. YCTaHOBIIEHO, YTO BEJIMYHHA
ancopbuuu Cd 1 Zn HUXKe B CMELIAHHOM pacTBOpe, HO TP 3TOM JaHHBIN nokasatesb it Cu u Pb ocraercst 6e3 u3me-
nenuid. [Tormormmaromast ciocodonocts BodpacraeT 10 0.03 mr/r Cd, 0.60 mr/r Cu, 0.03 mr/r Pb, 0.60 mr/r Zn. B ycio-
BUSIX HEMOABIKHOTO ciost jocturaercst 10 93% ancopbuuu Mmertamuios. bonee Toro, yredka, He mpebinatomias 4%,
CBHJIETENBCTBYET 00 3(h(heKTHBHOCTH M3BJICUEHHs MeTauloB. /lokazaHo mo meroxy Tarydw, 4To BIMSHHE pPa3MepoB
YacTHIl He SIBJISIETCSI HACTOJBKO 3HAYMTENBHBIM, YTOOBI HE YUUTBHIBATH POJIb APYTHX NAapaMeTpPOB, TAKUX KaK KOHIICH-
Tpanus pacTBopa u BpeMs. BrimemnaunBanne nonoB metainioB (Cd, Cu, Pb, Zn), coxpaHstommxcs Ha BceX MHUHEpaiax
TocIIe afcopOLUK B IEPHOANUECKHUX YCIOBHAX, HE MpEBBIIaeT 4% M yKa3bIBa€T Ha TO, YTO OHU JOCTATOYHO COXPAHS-
IOTCS HA TIOBEPXHOCTH MHHEPAIOB. DTO SBISIETCS BXKHBIM PE3yJIBTATOM /ISl JATBHEHIETO NCIIOJIb30BAHISI MUHEPAJIOB
B KAQ4ECTBE CyOCTPATOB Ha MOJIUIOHAX.

Hayuynasi HoBu3Ha. Briepsble pa3mepbl 4acTUI] B XBOCTax O0OTalleHWs MUHEPAJIOB PAaCCMOTPEHBI KakK Mapamerp,
OKa3bIBAIOLIMN BIWSHUE HA TPOLECC aACOPOLMHU TSHKENbIX METAUIOB, MPH 3TOM JAaHHBIN NPOLECC M3YyYEH TaKXKe B
OTHOIIEHUH OTJEJIbHBIX PACTBOPOB METAJLIOB, a HE TOJIBKO UX CMECH.

IMpakTnyeckasi 3HAYNMOCTD. BhIsiBIICHHBIE pa3innyus B OKa3aTelsix aacopOimu st Gppakuuii yacTl pa3inaHOro
pasMepa HE CTOJIb 3HAUYHNMBbI, '-ITO6]:I O6yCﬂOBHI/lBaTI) HeO6XO[lI/lMOCT]) HX U3MECJIBYCHUS B TCXHOJIOTMYCCKOM ITPOLECCE.

Knrouesnle cnosa: uzeecmusx, 00I0MUM, Mpamop, X60Cmbvl 0002awerust, A0copoyLst MAJCENbIX Memaios, memoo Tazyuu
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