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A B S T R A C T

Limestones and their modifications from Nordkalk Corporation (Finland) flotation fines (FF) and filter
sand (FS) as potential adsorbents for AMD treatment and wastewater purification from Cu, Fe, Zn and Ni
ions were studied. Limestones were capable of binding significant amounts of Cu and Fe from synthetic
AMD solutions and wastewater, while unmodified limestones were not good for Zn and Ni removal. Two
methods of surface area modification were suggested. The first one with 2 M solution of NaCl and the
second one with wastewater from Norilsk Nickel Harjavalta. The structure of materials and their surface
area were characterized by SEM, EDX, MIR spectroscopy and nitrogen adsorption methods. Optimal
amount of adsorbents for different model and real solutions was found. Adsorption kinetics showed that
the adsorption equilibrium was reached within approximately 8 h. The kinetic data fits to a pseudo
second order model with correlation coefficients greater than 0.999. The adsorption capacity was the
highest at solution pH range of 6–7. Langmuir, Toth and Sips models were used to fit the adsorption
isotherms. Based on the parameters calculated from models, the adsorption capacity decreased in the
order of Cu > Fe > Zn > Ni for FF and Fe > Cu > Zn > Ni for FS. The research showed that the proposed
modified limestones can be successfully used for AMD neutralization and removal of Cu(II), Fe(III), Zn(II)
and Ni(II).

ã 2015 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Ecological Engineering

journal homepage: www.elsevier .com/ locate /ecoleng
1. Introduction

Each year global mining industry produces several billion
tonnes of solid inorganic wastes or by-products, including liquid
wastes through its mineral processing and metal production
operations (Charbonier, 2001; Akcil and Koldas, 2006).

Composition of solid and liquid wastes in mining varies greatly
depending on the process, methods of enrichments and treatments
of ores. Mine waters can be categorized into three groups according
to their acid-base properties: acid mine drainage (AMD) with pH
6 and below, neutral mine drainage with pH 6 and above, and saline
mine drainage with pH above 6 containing more than 1000 mg L�1of
carbonates (Wolkersdorfer, 2008). AMD is formed by the
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decomposition of pyrites (Wolkersdorfer, 2008 After hydrothermal
deposits of copper, lead, zinc, tin, and other nonferrous/colored
metals into pyrites, substantial amounts of them are sent to landfill
as they are economically inefficient to treat further.

Process of pyrites decomposition is hazardous because of
mining water acidification and also because a large number of
various toxic trace elements are released during the process, these
are Ag, As, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Ru, Sb, Se, Sn, Te, and Zn
(Abraitis et al., 2004; Chandra and Gerson, 2010; Deditius et al.,
2011). The pyrite oxidation process has been extensively studied
and can be summarized by the following reactions:

FeS2 þ 7
2
O2 þ H2O ! Fe2þ þ 2SO2�

4 þ 2Hþ (1)

FeS2 þ 7
2
O2 þ H2O ! Fe3þ þ 1

2
H2O (2)
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Fe3þ þ 3H2O ! FeðOHÞ3 # þ3Hþ (3)

FeS2 þ 14Fe3þ þ 8H2O ! 15Fe2þ þ 2SO2�
4 þ 16Hþ (4)

First, the oxidation of sulfide to sulfate is observed by the action
of water and oxygen leaving Fe (II) unoxidized (Eq. (1)). Then the
oxidation of Fe (II) to Fe (III) occurs (Eq. (2)) and part of Fe (III) is
precipitated as ferric hydroxide (III) (Eq. (3)) while the other part
Fig. 1. SEM pictures of initial FS (a), modified FS with NaCl (b) and modified FS with 
reacts with pyrite oxidizing sulfide to sulfate in the presence of
water reducing Fe (III) to Fe (II) (Eq. (4)). All four reactions above
are parallel processes, which occur and last as long as there is
access to water and oxygen. Ríos et al. (2008), described in detail
the process of pyrite decomposition.

There are three main problems attributed to mining, such as
AMD treatment, utilization of solid wastes and reusing of process
water. Various adsorbents for mining wastewater purification have
been recently reviewed (Iakovleva and Sillanpää, 2013). Recently
interest has arisen to use solid wastes as adsorbents for waste
water purification (Bhatnagar et al., 2014; Ahmaruzzaman, 2011;
MPW (c), initial FF (d), modified FF with NaCl (e) and modified FF with MPW (f).



Table 1
Chemical composition of adsorbents (XRF and XRD analysis), RSDs at 3 times the
detection limit were less than 10%.

Chemical composition, % Commercial names of materials

FF FS

Al 0.8 0.2
As 0.002 0.007
Ca 37.2 21.3
Cr 0.004 0.003
Cu 0.002 0.002
Fe 0.43 1.07
K 0.24 0.25
Mn 0.01 0.022
Ni 0.01 0.01
S 0.10 0.10
Si 10.3 42
Zn 0.002 0.006
Compounds formula (K,H3O)

Al2Si3AlO10(OH)2
CaSiO3

CaMgSi2O6

CaCO3

(K,H3O)
Al2Si3AlO10(OH)2

Compounds name Illite
Parawollastonite

Diopside
Calcite
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Gupta et al., 2011; Oliveira et al., 2007; Wan Ngah et al., 2011;
Zhang and Itoh, 2003). A number of AMD techniques of
neutralization and recovery of toxic metal ions have been used,
primarily including solid materials such as lime (Silveira et al.,
2009) and limestone sand (Watten et al., 2005), fly ash (Gitari et al.,
2008), natural clinker (Ríos et al., 2008), alkaline paper mill
(Castillo et al., 2010) and lignite (Mohan and Chander, 2006). The
above studies have shown good potential for the use of solid wastes
as adsorbents for wastewater treatment. Some investigations
(Repo et al., 2011; Yo�gurtcuo�glu and Uçurum, 2011; Argun and
Dursun, 2008; Zhao et al., 2013) showed that solid wastes are more
efficient as adsorbents if pre-modified. For example, amino-
polycarboxylic acids have been immobilized on solids to enhance
their adsorption capacity (Repo et al., 2013). Modification method
should be simple and inexpensive.

Limestones have been studied extensively as neutralizers for
AMD and they are used mainly in passive wastewater treatment
(Watten et al., 2005; Sibrell et al., 2006; Aziz et al., 2008; Strosnider
and Nairn, 2010; Silva et al., 2012). In previous study, two
limestones, FS and FF were investigated for purification of
sulphates and chlorides from mining process water (MPW)
(Iakovleva et al., 2015). In this study, MPW was used as a reagent
for modifying of FS and FF the surface area. Three challenges were
addressed; (1) AMD neutralization, (2) metal ions removal and (3)
reuse of solid wastes using two solid wastes from limestone
industry of Nordkalk Corporation (Finland).1 Nordkalk produces
limestone products, which are used, for example, for soil
improvement in order to neutralize acidity. The products are used
mainly in the paper, steel and building materials industries as well
as in environmental care and agriculture (Nordkalk.com). Toxic
metals, such as iron, copper, zinc and nickel, were chosen as targets
metals since they can be found in mine wastewaters in large
quantities. These metals are commonly present in substantial
amounts in AMD and pose a serious threat to the environment and
human health (Kemp et al., 2010). Moreover, if iron and copper ions
can be removed from solution by precipitation, removal of nickel is
much more complex task (Aziz et al., 2008; Sdiri et al., 2012;
Alcolea et al., 2012). Electrochemical methods are most frequently
used for the removal of nickel from solutions (Curteanu et al., 2011;
Gao et al., 2007). The objective of this work was to find the least
expensive way to purify water from metal ions specified above.The
aim of this study was to investigate the performance of limestones
for simultaneously AMD neutralization and the removal of Zn (II),
Fe (III), Cu (II), Ni (II). Effect of competing ions on the adsorption
process was studied. Removal of Cu (II), Zn (II), Fe (III), Ni (II) from
real mine water was tested as well.

2. Materials and methods

2.1. Characterization of adsorbents

The particle size distribution and zeta potential of the samples
were determined using dispersion analyzer LUMiSizer 610/611
(GmbH) and ZetaSizer Nano ZS, Malvern, UK, respectively. The zeta
potential was calculated from electrophoretic mobility measure-
ments using the Schmalukowski equation. A 1.5 g solid sample was
conditioned in 50 mL of 0.001 M NaCl solutions at various final pHs
for 24 h in a shaking bath. Each reported point value was an average
of approximately 20 measurements. The pH of the suspension was
adjusted using 0.01–1.0 M HCl. All solutions were prepared using
ultrapure water. The pH of solutions was determined with a pH
Electrode SenTix 81.
1 Nordkalk.com, http://www.nordkalk.com/mine.
The samples were characterized with nitrogen sorption at
196 �C using TriStar 3000 (Micromeritics Inc. USA). The specific
surface area of samples was calculated using the Brunauer–
Emmett–Teller (BET) theory.

FTIR spectra of adsorbents were recorded with a Bruker Vertex
70v spectrometer. Spectra were collected in the mid infrared
region (4000–400 cm�1) averaging 124 scans with 4 cm�1 resolu-
tion. Samples were prepared by the standard KBr pellets methods.

Microstructure of the produced materials was examined using
of scanning electron microscope (SEM, Nova Nano SEM 200, FEI
Company) with attached chemical analysis of specimen in
microareas with energy dispersive X-ray spectroscopy (EDX,
EDAX). The experiment was carried out at low vacuum condition
in secondary electron mode. For the analysis samples were covered
with a gold layer.

XRD data was collected with a PANalytical Empyrean powder
diffractometer using Cu Ka radiation. The configuration was a
standard Bragg–Brentano (U/U) reflection setup with a Ni-filter
placed prior to the detector. The measurements were performed
between U scanning range of 3–90� with a 0.007� step size and the
69 s of measurement time for each step under ambient tempera-
ture and pressure.

2.2. Materials

Two limestones, FS and FF used in this study, were obtained
from Nordkalk Corporation (Finland). Both materials are commer-
cially used for pH increasing (from 1.5 to 9). Synthetic AMD
solutions of Fe (II), Cu (II), Zn (II) and Ni (II) were prepared from
analytical grade Fe2(SO4)3�5H2O, CuSO4�5H2O, ZnSO4�H2O and
NiSO4�6H2O, respectively (obtained from Merck). The required
metal concentration was 100 mg L�1. Real AMD were obtained from
a sulfide mine in Finland from three depths (270, 500 and 720 m).
Their compositions were tested with Inductively Compled Plasma
Optical Emission Spectrometry (ICP-OES) spectrometer iCAP
6000 Series, Thermo (UK), with the detection limits for copper,
zinc, iron and nickel at 0.4 ppb, 0.2 ppb, 0.1 ppb and 0.5 ppb,
respectively. Cu was analyzed at 324.7 nm, Zn at 202.5 nm, Ni at
231.6 nm and Fe at 259.9 nm. MPW for surface area modification of
adsorbents was obtained from Norilsk Nickel Harjavalta. MPW is
process water from nickel chemical production after raw
purification with diluted sodium sulfate solution. Then metal ions
were precipitated using soda ash and caustic soda (Na2CO3 and
NaOH).

http://Nordkalk.com
http://Nordkalk.com
http://www.nordkalk.com/mine


Fig. 2. MIR analysis of unmodified and modified FS (a) and FF (b).
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2.3. Modification of adsorbents

To improve adsorption properties of the limestones, two
modification methods were suggested. The first one with 2 M
solution of NaCl and the second one with MPW from Norilsk Nickel
Harjavalta. New modified adsorbents are (FS_NaCl, FS_ww, FF_NaCl
and FF_ww).100 g FS and FF were placed in 1 L of 2 M NaCl solution or
1 L alkaline MPW and then stirred at ambient temperature for 12 h.
After preparation, the reaction mixtures were filtered and washed
with distilled water and the modified adsorbents were oven-dried
for 12 h at 80 �C. The dried adsorbents were stored in glass flasks.

2.4. Batch sorption

Batch adsorption tests were conducted by mixing known
weight of FS and FF with 50 mL of synthetic and real AMD solution
of known metal ions concentration. Metal ions concentrations in
model solution were in range of 10–300 mg L�1. The mixture was



Table 2
The particle size distribution, specific surface area and zeta-potential results of adsorbents.

The particle size distribution, hm Specific surface area, m2g�1 zeta-potential, mV
pH 11

<90% <75% <50% <25% <10%

FS 451 420 318 228 156 1.35 0
FS_NaCl 589 568 450 282 270 1.46 �15
FS_ww 273 134 131 91 90 1.29 �6
FF 599 567 354 185 177 1.82 �25
FF_NaCl 872 798 535 494 487 1.63 �20
FF_ww 492 421 188 87 88 1.58 �6

Table 3
Elemental composition of mining water from copper mine of Finland and process water (MPW) from Norilsc Nickel Harjavalta, RSDs at 3 times the detection limit were less
than 3%.

pH Cu(II), ppm Ni(II), ppm Zn(II), ppm Fe(III), ppm Cl�, ppm Na+, ppm

Level 270 2.6 108 13 2080 911 – –

Level 500 2.3 76 1.7 5900 3400 – –

Level 720 3.2 4.4 0.3 242 52 – –

NorNikel 12 0.11 2.13 0.18 0.60 954 11570

Table 4
Comparison of of the adsorption efficients on unmodified and modified adsorbents
at room temperature.

Adsorbent Metal Contact time pH qm (mmol g�1) Removal, %

FF Fe 5 4.5 3.4 98
Cu 12 8 3.0 99
Zn 12 8 2.5 80
Ni 8 6 1.2 35

FF_NaCl Fe 4 4 3.5 99
Cu 8 6 3.1 99
Zn 8 6 3.0 98
Ni 12 8 3.3 97

FF_ww Fe 4 4 3.5 99
Cu 8 6 3.1 99
Zn 8 6 3.0 98
Ni 12 8 3.3 97

FS Fe 8 6 3.1 87
Cu 12 7 3.0 98
Zn 24 7.5 2.4 78
Ni 12 7 0.7 20

FS_NaCl Fe 8 6 3.5 98
Cu 12 7 3.0 98
Zn 12 7 3.0 97
Ni 8 6 3.2 96

FS_ww Fe 8 6 3.5 98
Cu 12 7 3.1 99
Zn 12 7 3.1 97
Ni 8 6 3.3 97
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shaked in a mechanical shaker ST5 (CAT M.Zipper GmbH, Staufen,
Germany) from 30 min to 72 h, and 10 mL samples of the solution
were taken from the flasks at known time intervals and then
filtered, using 0.20 mm diameter polypropylene syringe filter. The
temporal evolution of the solution pH was monitored.

The experiments were conducted to observe the effect of
competitive metal ions by mixing model solutions containing Cu
(II), Zn (II), Ni (II) and Fe (III). The final concentration of the
pollutant ions in the aqueous phase then was determined by ICP-
OES. The percentage adsorption (%) was calculated as

%Adsorption ¼ Ci � Ctð Þ
Ci

� 100 (5)

where Ci and Ct are the concentrations of the metal ions in the
initial and after treatment solutions, respectively.

2.4.1. Kinetic study
Amount of adsorbents was 40 g L�1 in a constant volume

(50 mL) of synthetic solutions containing the different metal ions
(Cu(II), Fe(III), Ni(II) and Zn(II)) with concentration of 20 ppm and
200 ppm. The agitation time was varied from 1 to 72 h. The
sorption experiments were carried out in triplicate in order to
observe the reproducibility of the results, and the mean value was
used. In each case the standard deviation between the triplicate
experiments was about �5%.

2.4.2. Effect of solution pH
Effect of initial solution pH on adsorption was determined by

mixing 0.8 g of adsorbent with 20 mL of Zn (II), Cu (II), Ni (II) and Fe
(III) solutions with the concentration of 200 mg L�1 and multi
element solution of 20 mg L�1 for each component at various pH
values ranging from 1.5 to 9. Solution pH was adjusted with 1 M,
NaOH and HCl solutions. The mixture was shaken for 48 h then the
solution was filtered and analysed.

2.4.3. Neutralization of AMD
pH was monitored during the adsorption process (50 mL of

solution was contacted with 2.5 g of all materials for 72 h).

3. Results and discussion

3.1. Adsorbents composition and characterization

The Fig. 1 shows the SEM pictures of original and modified
adsorbents. Original surface has sufficiently pronounced
crystalline structure of the adsorbents with different particle
sizes. Surface modified adsorbents are more smooth and porous.

Chemical composition of studied materials is shown in Table 1.
These results were obtained by XRF and XRD. Materials under
investigation were found to have similar structure. The predomi-
nant exchangeable cations were found to be Ca and Si for both
potential adsorbents. All chemical compounds similar in structure
to calcite, jarosite, kaolite, diopside, illite, wollastonite and gypsum
should have high adsorptive properties.

Spectroscopic studies in the Mid-infrared (MIR) (Fig. 2) confirm
the results of XRD studies. The system of bands in each sample is
characteristic for calcite (bands 1428 cm�1, 875 cm�1, and
713 cm�1) and diopside (1077–1079 cm�1, 1022–1024 cm�1,
967 cm�1, 922 cm�1, 641–646 cm�1, and 474–475 cm�1). The
difference is only in the proportions of these bands. Spectrum of
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modified limestones indicate the presence of small amounts of
hydroxyl groups (bands at 3558 and 3492 cm�1), possibly a layered
silicate or other silicate containing hydroxyl group (Yang et al.,
2008). The comparison between initial and modified adsorbents
shows that a new adsorption band around 3480–3455 cm�1

appears as a result of new hydroxide groups. It may be due to
the introduction of sodium cation onto the structure of adsorbents
surface in the form of sodium hydroxide.

The particle size distribution and specific surface area results of
the original and modified materials are shown in Table 2. The
surface areas of both adsorbents and their modified forms are
approximately the same.
0.0
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Fig. 4. Effect of pH on removal efficiency of Fe(III), Cu(II), Zn(II) and Ni(II) from
single and multi ions solutions with FS_NaCl (a) and FF_NaCl (b). Initial
concentration of metal ions in single and multi component solution is 20 ppm,
dose of sorbent is 40 g L�1.
Modification of FF and FS with 2 M NaCl solution resulting in
increase and homogenization of the adsorbent particle size
(Table 2). Despite the fact that the particle size increased, the
surface area had not grown most probably due to the crystal
structure of sodium chloride. Modification of FS and FF with MPW
decreases and homogenizes the particle size of adsorbents. This
may be due to the fact that MPW has a corrosive environment and
during the modifications process, the expansion of the adsorbent
surface may occur, which also leads to particle size reducing. The
results for surface area of unmodified and modified adsorbents
also confirm the change of the surface structure.

Zeta potential of each adsorbent does not exceed the value �30
and was approximately �15 mV for FS, and �25 mV for FF. The zeta
potential of the adsorbents tested in water is shown in Table 2.
Furthermore, FF particles show slightly more negative zeta
potential value compared to FS particles. If the zeta potential is
low, attraction exceeds repulsion and the dispersion stability is
violated. Thus, the colloids with high zeta potential are electrically
stable, while colloids having low zeta potential tend to coagulate or
flocculate (Viallis-Terrisse et al., 2001).

3.2. Sorbents modification

The contents of calcium and silicates in adsorbents were
20–35%. Thus, one can assume that suitable modification
techniques should be similar to those used for calcite and silicates
modification. Widely used, calcite and silicate modification
techniques are not simple and cheap (Yo�gurtcuo�glu and Uçurum,
2011; Gomari et al., 2006; Yuan et al., 2008). Based on the analysis
of the surface area of the adsorbents the original calcite surface
was smooth. To increase the surface area we tried to cover the
adsorbent with a salt layer. This increases the surface area, as well
as the number of functional groups to participate in ion exchange
process. As an affordable modification method, sodium chloride
treatment was chosen. Modification of materials with NaCl
markedly improved the removal of nickel and zinc from the
modeling solution. As alkaline matrix and high chloride ion
content seem to be promising as the second approach for
adsorbents modification, we decided to study MPW from Norilsk
Nickel Harjavalta. Elemental composition of MPW and their pH are
shown in Table 3. The concentration of chloride ions in this water is
sufficient for the surface modification of calcite. The experimental



Table 5
Pseudo-first- and pseudo-second-order kinetic parameters for metal ions adsorption on FS and FF modified with NaCl.

Co

(mmol L�1)
qe exp (mmol g�1) qe (mmol g�1) K2 (g mmol/min) R2

Pseudo-first-
order

Pseudo-second-
order

Pseudo-first-
order

Pseudo-second-
order

Pseudo-first-
order

Pseudo-second-
order

Pseudo-first-
order

Pseudo-second-
order

FS_NaCl Cu
(II)

0.22 0.058 0.057 0.049 0.064 1 0.28 0.23 0.97

Zn
(II)

0.99 0.039 0.042 0.039 0.044 1 1.15 0.74 0.98

Ni
(II)

0.71 0.048 0.054 0.048 0.06 1 0.37 0.68 0.92

Fe
(III)

0.053 0.075 0.086 0.075 0.096 1 0.19 0.6 0.98

FF_NaCl Cu
(II)

0.61 0.035 0.035 0.044 0.091 1 0.025 0.1 0.98

Zn
(II)

0.84 0.035 0.041 0.035 0.048 1 0.245 0.1 0.94

Ni
(II)

0.13 0.052 0.052 0.061 0.069 1 0.216 0.28 0.97

Fe
(III)

0.004 0.067 0.082 0.067 0.104 1 0.077 0.32 0.98
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data showed that the best result was observed with adsorbent
modified with NaCl, however, materials modified with MPW
showed good adsorption capacity as well (Tab. 4). Removal of Ni(II)
increase from 20 and 35% to 97% with modified FF and FS
adsorbents, respectively. Use of such adsorbents modified with
process water would solve several problems at the same time –

modifications of adsorbents, purification of process water from the
alkaline chlorides, as well as subsequent use of adsorbents with
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Fig. 5. Kinetic of Fe(III) and Cu(II) (a), Zn(II) and Ni(II) (b)
improved properties for metals removal and neutralization of
AMD.

3.3. Selection of optimal conditions for AMD treatment

Neutralization of AMD and metal ions removal were studied by
varying contact time of solution with adsorbents, adsorbents
dosage and metal ion concentration.
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3.3.1. Neutralization of AMD
Neutralization of AMD is generally the first step in mine water

treatment. The acidity reduction properties of FS and FF were
tested by batch method showing solution pH increased from 1.5 to
6.8 within 72 h. The results are presented in Fig. 3. FF and FS reduce
the acidity of AMD fast. The increase of the initial pH (1.5) of the
AMD occurred on contact with FS (20 and 50 g L�1) and FF (20 and
50 g L�1). After 2 h of shaking by the batch method, the pH reached
5.0–6.5. The reaction rates decrease as equilibrium was reached.
The pH increase is the result of the progressive dissolution of the
sorbent during the shaking process. The pH was stabilized after 6 h
whereas the same time (6 h) was required using the modified
materials as adsorbents for the metal ions removal. The final pH
was 6.8, indicating that effective neutralization of AMD took place.

3.3.2. Effect of pH
pH is an important parameter in the sorption process

optimization, since it affects not only the surface charge of
adsorbents, but also the degree of ionization of the metal ions in
solution. The effect of the initial pH of Cu (II), Ni (II), Fe (III) and Zn
(II) solutions on the amount adsorbed was studied by varying the
initial pH from 1.5 to 9, under constant temperature (Fig. 4).
Maximum adsorption efficiency was achieved at pH 5–6 for each
metal. At higher pHs the sorption capacity values decrease due to
precipitation of hydroxide complexes especially for Zn (II) and Fe
(III), and reduction in qe value was observed at higher pHs (Sdiri
et al., 2012). Initial pH of solution significantly affected adsorption
characteristics of FF_NaCl and FS_NaCl, and removal of Cu (II), Ni
(II), Fe (III) and Zn (II) was at maximum level in neutral solution. For
example, in case of Cu (II) and Ni (II) sorption by FS the desorption
of metal ions increased at the pH above 6. In multi ions solutions
similar pattern was observed for FS_NaCl and FF_NaCl adsorbent
(Fig. 4).

It seems that ion desorption takes place due to supersaturation
of the solution. While as the part of ions precipitated and other of
ions remain in solution. Ions partially precipitate and partially
remain in the solution. Various researchers have also reported that
the mechanism of sorption and precipitation depends on
characteristic reactions of metals with calcite. Adsorption is
occurring at metals concentrations lower than 2 mg L�1, while at
higher concentrations precipitation is dominating (Aziz et al.,
2008; Sdiri et al., 2012; Alcolea et al., 2012; Macias et al., 2012).

3.3.3. Kinetic studies
The optimum dosage of the adsorbents for the best removal of

most metals from model solutions was 40 g L�1. The equilibrium
occurs at 8 h at the concentration of 200 ppm. The results of the
kinetic experiments of metals adsorption from synthetic solutions
onto different adsorbents are shown in Table 5 and Fig. 5. Kinetics
was studied using pseudo-first- (Eq. (6)) and second-order models
(Eq. (7)).

The pseudo-first-order model is associated with the kinetics of
one-site adsorption governed by the rate of the surface reaction.
The equation is given as:

dq
dt

¼ k1ðqe � qÞ (6)

The pseudo-second-order model, which assumes that the adsorp-
tion process is governed by the surface reaction, has the form:

dq
dt

¼ k2ðqe � qÞ2 (7)

where qt and qe (mmol g�1) represent the amount of metals
adsorbed at time t (min) and at equilibrium, respectively, and k2 is
the pseudo-second-order rate constant.

The adsorption process of metals from liquids was described
best with the pseudo-second-order model. This model suggests
that the system includes the formation of at least two compounds,
or is a multi-component system with a complex compound of
adsorbent with adsorbate.

3.3.4. Equilibrium study with adsorption isotherms
Removing metals from single metal solutions and the mixture

was also conducted. Fig. 5 and Table 4 show that the modified
adsorbents, FF_ww, FF_NaCl, FS_ww and FS_NaCl, have better
adsorption properties for metals. Nickel and zinc are hardly
removed with unmodified adsorbents. Apparently, this is due to
the fact that the surface of unmodified adsorbent has a low affinity
to these ions.

Study of multiple metal solution (Figs. 4 and 6) also shows that
the best degree of removal takes place on modified materials, than
on unmodified adsorbents. During the first six hours removal of all
four metal ions is observed. Then desorption of Ni (II) and Zn (II)
into the solution taces place. After approximately 12 h the
equilibrium is observed in the system. Both adsorbents have
exhibited greater affinities to iron and copper ions. While strong
bonds are formed on the surface area of the adsorbents due to iron
and copper ions, bonds of zinc and nickel ions with the adsorbent
surface are weakened, and Zn (II) and Ni (II) desorb into solution.
The desorption of zinc and nickel ions might be associated with
supersaturation of solution, as is observed above. Apparently, iron
and copper ions formed more stable complexes, than zinc and
nickel ions. The same pattern was observed by other researchers
(Aziz et al., 2008; Sdiri et al., 2012; Alcolea et al., 2012).

Adsorption capacity, equilibrium concentration of the adsor-
bate and affinity of adsorbates to adsorbents were fitted with the
Langmuir (Eq. (8)), Sips (Eq. (9)) and Toth (Eq. (10)) adsorption



Table 6
Isotherm parameters for FS_NaCl and FF_NaCl during adsorption process of metal ions from model solution.

Co(mmol L�1) qm exp(mmol g�1) q(mmol g�1) KL(L/mmol) R2

Langmuir model
FS_NaCl Cu (II) 0.068 0.391 0.066 472 0.895

Zn (II) 0.068 0.391 0.076 19 0.905
Ni (II) 0.038 1.864 0.043 8.26 0.968
Fe (III) 0.089 8.9 � 10�4 0.13 3010 0.969

FF_NaCl Cu (II) 0.071 0.004 0.083 745 0.977
Zn (II) 0.119 0.033 0.247 15 0.931
Ni (II) 0.075 0.366 0.107 3.52 0.985
Fe (III) 0.006 0.089 0.17 203 0.944

Co(mmol L�1) qm exp(mmol g�1) q(mmol g�1) n K(L/mmol) R2

Sips model
FS_NaCl Cu (II) 0.068 0.391 0.129 0.246 1.972 0.988

Zn (II) 0.068 0.391 0.073 1.062 21 0.907
Ni (II) 0.038 1.864 0.06 0.52 1.744 0.988
Fe (III) 0.089 8.9 � 10�4 0.131 1.01 3052 0.969

FF_NaCl Cu (II) 0.071 0.004 0.078 1.217 886 0.937
Zn (II) 0.119 0.033 0.129 4.298 44 0.846
Ni (II) 0.075 0.366 0.089 1.874 5.313 0.951
Fe (III) 0.006 0.089 0.183 0.913 164 0.940

Co (mmol L�1) qm exp (mmol g�1) qm (mmol g�1) aT mT (L/mmol) R2

Toth model
FS_NaCl Cu (II) 0.068 0.391 0.066 0.002 0.985 0.914

Zn (II) 0.068 0.391 0.076 0.052 1.028 0.903
Ni (II) 0.038 1.864 0.067 0.242 1.264 0.845
Fe (III) 0.089 8.9 � 10�4 0.506 0.03 �10�2 3.766 0.372

FF_NaCl Cu (II) 0.071 0.004 0.055 0.001 1.136 0.953
Zn (II) 0.119 0.033 0.03 � 10�2 2.7 � 10�5 4.189 0.967
Ni (II) 0.075 0.366 0.548 1.005 2.419 0.92
Fe (III) 0.006 0.089 – – – –
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isotherms for modified adsorbents (FS_NaCl and FF_NaCl).
Coefficients of sorption isotherms equations and graphs of the
adsorption isotherms are showed in Table 6.

qe ¼
qmKLCe

1 þ KLCe
(8)

qe ¼
qmðKSCeÞnS

1 þ ðKSCeÞnS
(9)

qe ¼
qmce

ðat þ Cmt
e Þ1=mT (10)

where qe and Ce are sorption capacity (mmol g�1) and concentra-
tion of metal ions in the solution (mmol L�1) at equilibrium,
respectively; qm is the maximum uptake capacity; KL and KS are
Langmuir and Sips constants related to the energy of sorption,
respectively; ns is coefficient of Simps isotherm describes the
surface heterogeneity; at is the adsorptive potential constant
(mmol L�1) and mT the heterogeneity factor of the Toth isotherm.

The parameters were calculated with minimisation of the error
distribution between experimental and predicted data by Mar-
quardt’s percent standard deviation (MPSD).

Langmuir adsorption model allows us to describe the sorption
of substances in a single homogeneous layer of sorbent with finite
number of active binding sites. The coefficient qe, that reflects the
amount of sorption sites in the sorbent molecule that actively
interact with sorbate, and the coefficient K, which indicates the
degree of affinity between the sorbate and sorbent, can be
calculated with Langmuir model. Affinity shows the increasing
degrees for metal ions to the surface of the adsorbent on the basis
of coefficient K values as follows:

FS: Ni(II) < Zn(II) < Cu(II) < Fe(III)

FF: Ni(II) < Zn(II) < Fe(III) < Cu(II)

Both adsorbents show less affinity for nickel and zinc ions. It was
difficult to find a suitable model of adsorption isotherm for adsorption
process description. Apparently, this is due to the heterogeneous
structure of adsorbents, alongside with their complex structure. Some
of the isotherms fit the description of the rare cases of adsorption
system presented in literature (Erkey, 2011).

The Toth isotherm is an empirical equation, which was derived
to improve the Langmuir model fittings at both low and high
concentrations. The Toth model assumes an asymmetrical quasi-
Gaussian energy distribution and is useful in the cases of
heterogeneous adsorption. These models were used to describe
the adsorption on FF and FS. It was found that Toth model was
inappropriate to describe iron adsorption process on FF. The Sips
isotherm is a combination of the Langmuir and Freundlich
isotherms and can be derived using either equilibrium or
thermodynamic approach and was used to describe of FF and FS
adsorbents.

Correlation coefficients (R2) were calculated to estimate the
relevant patterns and are given in Table 6. The R2 values of the
isotherms described by Langmuir, Sips and Toth models are
relatively close. However, it can be concluded that Toth model is
better for FS and Sips model for FF, both involving the sorption on a
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Fig. 7. Mining water treatment with unmodified and modified FS and FF from
different mining depths: (a) 270 m, (b) 500 m, (c) 720 m. Contact time is 24 h,
agitation speed is 50 rpm.
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heterogeneous surface. When the first active positions with lower
energy are filled, a continuous variation of sorption energy occurs.

3.4. Mine water treatment

Mine water treatment is a very complex process and depends
on several factors, such as waters matrices, composition and pH. In
this study, waters from different mining depths were investigated.
pH was 2.3–3.2 and the chemical composition is presented in
Table 3. AMD neutralization and metal ions removal were studied.
The experiments were carried out at ambient temperature for 12 h
with 40 g L�1 unmodified and modified FS and FF. After 8 h pH
increase to 6.5–6.8. Both unmodified and modified FFs shows
better adsorption properties in mine waters treatment compared
to FSs (Fig. 7). Unmodified FF showed good affinity for Zn and Fe in
all waters and better affinity than FS for Cu in waters from 1st and
2nd depths. Desorption of Fe (III) for levels 1 and 2 on unmodified
and modified FS was observed. Modified FF adsorbed nearly 100%
of all metal ions (Zn (II), Fe (III), Cu (II) and Ni (II)).

3.5. Removal mechanism of metal ions

There are two mechanisms of metal ions removal from acidic
solutions. These mechanisms are sorption, include complexation
and ion-exchange mechanism (Aziz et al., 2008; Yuan et al., 2008;
Aziz et al., 2004; Christensen et al., 2001; Martin et al., 2005; Miller
et al., 2011) and precipitation (Watten et al., 2005; Wang et al.,
2013; Allende et al., 2012; Miller et al., 2013). In these experiments,
ion-exchange is much more likely than precipitation. Since, like
most silicates, unmodified and modified FS and FF shows a
negative surface charge at high pH (as given in Eqs. (11–13)) and it
will be changed due to the adsorption of ions on to the surface.
Dissociation equilibrium of silicate sites due to the pH increase is
given in (Eq. (11)). Calcium ion should be exchanged with hydrogen
ion and attached to the surface of the adsorbent to form a complex
compound (Eq. (12)). Further interaction in solution leads to an ion
exchange between calcium and metal ion, while pH of the solution
increased (Eq. (13)).

� SiOH$SiO� þ Hþ (11)

� SiOH þ Ca2þ$ ¼ SiOCa þ Hþ (12)

¼ SiOCa þ Meþ þ 2HOH !¼ SiOM þ Caþ þ 2OH� (13)

Iron compounds, such as oxides and hydroxides are known to
be effective sorbents for various ion metals (Iakovleva and
Sillanpää, 2013), including nickel and zinc. Since iron is a
component of FF and FS materials, nickel and zinc could be
removed by complexation of these ions with iron compounds onto
surface area of sorbents.

During removal of ion metals from multicomponent solutions,
the removal of zinc and nickel increased to approximately 10% in
comparison to single component solution. It could be because
some of iron precipitated and secondary metal removal could be
observed. Major mechanism of secondary metal removal is
adsorption and co-precipitation with newly formed iron com-
pound particulates. After treatment of multicomponent system,
the color of adsorbents was changed from white to dirty yellow,
that also could indicate a certain level of iron precipitation as
hydroxide. Precipitation of Fe(OH)3 on the limestone particles was
also observed by Wang et al. (2013).

Modified adsorbents removed nickel and zinc ions approxi-
mately four times more effective than unmodified ones (Fig. 5,
Table 3). Possible explanation of these results is that the metal ions
could create a surface complex, and the ternary complexation of
nickel and zinc with carbonate or chloride were formed. For
example complexation of nickel and zinc with carbonate was
observed by Miller et al. (2011). However, in the next study, the
same authors suggested the benefit of co-precipitation of these
metals under the same conditions (Miller et al., 2013).Batch
experiments show that the removal effectivity of nickel and zinc
ions is heavily affected by presences the carbonates and chlorides
on the surface area of modified adsorbents and somewhat by the
iron content in solution. Therefore, besides an adsorption
mechanism, co-precipitation of iron, zinc and nickel ions could
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be have place during the removal process of metals from acidic
solutions.

4. Conclusions

Modification of limestones surface area by sodium chloride and
process water with high content of chlorides, sodium hydroxide
and sodium carbonate seems effective and inexpensive methods of
modification.

It was found that unmodified and modified materials exhibit
good adsorption properties for Zn (II), Fe (III), Cu (II). Both
unmodified adsorbents were better to copper and iron, however FF
can be used for removal of zinc and nickel as well. These
adsorbents neutralized the solution acidic and changed pH from
1.5 to 6. Both limestones can be effectively used after modification
as adsorbents for AMD treatment and removal of iron, cooper, zinc,
and nickel as well. For industrial application of these adsorbents,
further experiments in their selectivity to different kinds of
pollutants, such as cations and anions are required. Preliminary
experiments using the pilot plant are required.
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