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Abstract Various analyses of physico-chemical

characteristics and batch tests were conducted with

the sludge obtained from a full-scale electrolysis

facility for treating coal mine drainage in order to find

the applicability of sludge as a material for removing

Zn(II) in an aqueous phase. The physico-chemical

analysis results indicated that coal mine drainage

sludge (CMDS) had a high specific surface area and

also satisfied the standard of toxicity characteristic

leaching procedure (TCLP) because the extracted

concentrations of certain toxic elements such as Pb,

Cu, As, Hg, Zn, and Ni were much less than their

regulatory limits. The results of X-ray diffraction

(XRD) and X-ray photoelectron spectroscopy (XPS)

showed that the CMDS mainly consists of goethite

(70%) and calcite (30%) as a weight basis. However,

the zeta potential analysis represented that the CMDS

had a lower isoelectric point of pH (pHIEP) than that of

goethite or calcite. This might have been caused by the

complexation of negatively charged anions, especially

sulfate, which usually exists with a high concentration

in coal mine drainage. The results of Fourier transform

infrared (FT-IR) spectrometry analysis revealed that

Zn(II) was dominantly removed as a form of precip-

itation by calcite, such as smithsonite [ZnCO3] or

hydrozincite [Zn5(CO3)2(OH)6]. Recycling sludge,

originally a waste material, for the removal process

of Zn(II), as well as other heavy metals, could be

beneficial due to its high and speedy removal capability

and low economic costs.

Keywords Coal mine drainage sludge �
Smithsonite � Hydrozincite � pHIEP � Zn(II)

Introduction

Acid mine drainage (AMD) could not only pollute

natural environments such as surrounding soils, and

surface- and groundwater, but it could also have

sequential toxic effects on crops and humans through

contamination (Jung 1994). The most environmentally

effective techniques available for mitigating AMD are

neutralization and biological processes (Watten et al.

2005). In order to select an appropriate technology for

AMD, several parameters such as the chemical char-

acteristics of the AMD, the quantity of water needed

for the treatment, local climate, topographic charac-

teristics of the on-site location and the expected life of

the treatment plant should also be considered. The
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chemicals usually used for neutralizing AMD include

limestone, hydrated lime, soda ash, caustic soda,

ammonia, calcium peroxide, kiln dust and fly ash

(Watten et al. 2005; Sibrell et al. 2003). Although

AMD itself could be treated by a neutralizing chem-

ical, the chemical process usually results in the

production of voluminous sludge; disposal of this

sludge could create further environmental problems

and additional costs. Particularly, the treatment of coal

mine drainage results in a high volume of sludge

because the drainage volume of coal mine is higher

than that of metallic mines. In addition to the high

volume of sludge, the high cost of conventional clean-

up technologies for the sludge has produced economic

pressure and has caused engineers to search for

creative, cost-effective and environmentally sound

ways to treat sludge (Bulusu et al. 2007). Compared to

conventional treatment, electrolysis is a more effective

method that reduces the acidity of mine drainage

without using a neutralizer such as lime or limestone

(Chartrand and Bunce 2003). Accordingly, as an

advantage, the electrolysis process could produce a

lower volume of sludge because a neutralizer is not

added. Electrolysis functions with two cells (anode and

cathode), in which the hydrogen ion (H?) is reduced to

H2 in the cathode while Fe(II) is oxidized to Fe(III) in

the anode. Electrolysis is known to be practical when

the stoichiometric concentrations of H? and Fe(II) in

mine drainage are nearly equivalent. In this study, the

sludge produced by the electrolysis for treating coal

mine drainage was designated as coal mine drainage

sludge (CMDS). As an alternative of sludge treatment,

the reuse of CMDS as a material in the water treatment

process could be a valuable option. The following

generalized mechanisms of sludge production are

helpful to understand the possibility of sludge reuse

as a material. Ordinarily, AMD usually contains high

concentrations of sulfate and Fe(II). The CMDS that

results from the treatment of coal mine drainage

consists mainly of iron (oxy) hydroxide such as jarosite

[KFe3(OH)6(SO4)2], schwertmannite [Fe8O8(OH)6

SO4], goethite (a-FeOOH), ferrihydrite (Fe2O3�1.8

H2O) or magnetite (Fe2O3), while containing low

levels of other heavy metals (Marcello et al. 2008). As

the main parameter, the pH and sulfate concentration

are important to determine the identification of Fe

precipitates for not only the naturally occurring sludge,

but also for the sludge produced from a treatment

facility. Jarosite can be formed with pH \ 3 and high

concentrations of sulfate, while ferrihydrite and goethite

can be made at a neutral pH. Schwertmannite could be

precipitated at pH 3 * 4 (Jonsson et al. 2005). The

structures of jarosite and schwertmannite are known to be

unstable but could be transformed to more stable forms of

iron precipitates such as goethite or magnetite (Jonsson

et al. 2005). Accordingly, due to amorphous iron

compounds, the sludge could have amphoteric charac-

teristics of surface functional groups that can remove

heavy metals (e.g. Cd, Cu, Pb, Zn) and anionic metalloids

(e.g. As and Se) in an aqueous phase. However, more

extensive characterization is needed to study the stability

and removal mechanism for heavy metals.

In particular, the removal of heavy metals into iron

compounds is thermodynamically favorable for iron

compounds among other materials. For example, the

adsorption of cationic heavy metal species on the

hydroxyl group of goethite (a-FeOOH) has been found

as an endothermic reaction. Thus, the adsorption capac-

ities and equilibrium constants increase as the tempera-

ture increases (Angove et al. 1999; Harter 1992; Darren

et al. 1993; Rodda et al. 1993, 1996a, b; Trivedi and Axe

2000). The removal of heavy metals by goethite has also

been studied at various pH levels (Nita et al. 2007).

In this study, the objective is to study the

possibility of sludge produced from a full-scale

electrolysis process for treating coal mine drainage

as a material in the field of environmental applica-

tion. This is achieved through not only investigating

physico-chemical properties, but also by analyzing

the results of sorption isotherms and sorption kinet-

ics, which were also compared with other referenced

values of conventional media.

Materials and methods

Materials

In this study, CMDS was simply prepared by drying

the sludge taken from an electrolysis treatment

facility at 25�C. The facility has been operating to

treat acidic mine drainage flowing from a mine edit of

coal mine in Kangwon, South Korea.

Batch sorption experiments

The sorption isotherms and sorption kinetics were

conducted using the suspension of CMDS in either
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synthetic water contaminated with Zn(II) (40 mg

L-1) or mine drainage [main contaminants: Zn(II)

(40 mg L-1) and Cu(II) (25 mg L-1)](see Table 1)

sampled from an abandoned gold mine. The obtained

data of sorption isotherms and sorption kinetics were

fit using the Langmuir sorption isotherm and the

pseudo-second order kinetic model, respectively. The

equation of the Langmuir sorption isotherm and

pseudo-second order kinetic model was as follows:

qe ¼
bqmaxCe

1þ bCe

t

qt
¼ 1

k2q2
e

þ t

qe

where qe is the amount of solute adsorbed per unit

weight of adsorbent (mg g-1), Ce is the equilibrium

concentration of solute in the bulk solution (mg L-1),

qmax is the maximum adsorption capacity (mg g-1),

b is the Langmuir constant related to the energy of

adsorption, k2 is the pseudo-second order kinetic

constant, t is the time (min), qt is the adsorbed quantity

of metal ions per gram of media at any time (mg g-1).

Mineralogical analysis

The particle size analysis for the sample taken from

the suspension of CMDS was conducted using a parti-

cle size analyzer (LMS-300, Seishin Enterprise Co. Ltd.,

Tokyo, Japan) to find out whether CMDS has a seasonal

variation in particle size. The elemental composition of

the CMDS taken at different seasons was also deter-

mined with an X-ray fluorescence (XRF) spectrometer

(XRF-1700, Shimadzu, Japan). The XRD analyses were

conducted for the selected freeze-dried powdered

samples of CMDS by use of a PANalytical X’Pert Pro

diffract meter (fitted with an X’Celerator) with a Cu

Ka radiation source at a scan speed of 2.5� min-1. The

phase identification of CMDS was also carried out by

means of the X’Pert accompanying software program

High Score Plus and the reference intensity ratio method

(RIR method) ICDD PDF-4 ? database (USA, 1999).

Through looking at the binding energy of specific peaks,

the mineral phases in the CMDS were also determined

by XPS (Physical electronics PHI 5800 ESCA System),

which has a monochromatic Al Ka (1486.6 eV) and

anode (250W, 10kV, 27mA) X-ray source. The specific

surface area of CMDS was analyzed by the Brunauer-

Emmett-Teller (BET, ASAP 2010, micromeritics Inc.,

USA) adsorption method, which uses nitrogen gas

(Quanta chrome Instruments, Sutosorb-1-C Chemisorp-

tions- Physisorption Analyzer). The pH of CMDS was

measured by the EPA method 9045c after preparing a

suspension (L/S = 1:1) with distilled (DI) water. The

pH of suspension was measured with a pH meter

(Thermo Orion model 420A?). Heavy metals in solu-

tion were analyzed by Inductively Coupled Plasma

Atomic Emission Spectrometer (ICP-AES, 5300DV,

Perkin Elmer, CETA, USA). The pHIEP of CMDS was

found using a Zeta Meter (Zeta Meter Inc., Model 3.0?,

USA), and the toxicity characteristic leaching procedure

(TCLP) for CMDS was conducted by EPA method

1311, respectively. Specifically, the purpose of TCLP

was to find out the stability of CMDS through analyzing

the extracted toxic elements such as Pb, Cu, As, Hg, Zn,

and Ni. Further mineralogical analyses were performed

on gold-coated samples by a SEM (JSM 5800LV, JEOL,

Japan) associated with an energy dispersive X-ray

system (EDS, Link AN 10/55S). The FT-IR absorption

spectra of the samples in the 400 * 4,000 cm-1

spectral range were obtained with a FT-IR spectrometer

(FT-IR 6200, JASCO, USA). The IR absorption mea-

surements were done using the KBr pellet technique. In

order to obtain good quality spectra, the samples were

crushed in an agate mortar and micro-size particles were

obtained for FT-IR analysis.

Results and discussion

Particle size distribution of CMDS sampled

at different seasons and other physico-chemical

characteristics of CMDS

The particle size distribution of CMDS sampled at

different seasons was shown in Fig. 1. Average

Table 1 AMD sampled from an abandoned gold mine and

synthetic water

Item Heavy metal

(mg L-1)

Concentration

(mg L-1)

AMD Zn(II) 40

Cu(II) 25

Pb(II) 1.626

Cd(II) 0.124

As(V) 0.014

Synthetic water Zn(II) 40
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particle sizes (d50) for CMDS samples taken in

spring, summer, autumn, and winter were 2.356,

3.310, 1.061, and 1.884 lm, respectively, represent-

ing comparably homogeneous size of particles

regardless of season. Accordingly, it is not plausible

that the difference in size of CMDS affects the

performance of Zn(II) removal. More investigation

was conducted to find the difference in chemical

properties of CMDS sampled at different seasons,

revealing that the seasonal variation did not affect the

composition of main minerals. The average (±stan-

dard deviation) of Fe (as Fe2O3) and Ca (CaO) were

65(±3.03) and 9.66(±0.94)%, respectively. As minor

species, the concentrations of toxic metals such as Zn

(as ZnO), Ni (as NiO), Pb (as PbO), Cd (as CdO) and

As (as As2O5) were 0.03 * 0.06, 0.02 * 0.04,

0.01 * 0.05, 0.01 and 0.02 * 0.07%, respectively,

showing fairly low contents (see Table 2).

The analytical results showed that there was no

any significant difference in the physico-chemical

properties for CMDS sampled at different seasons

(Table 2). The most interesting aspect in this analysis

is that the average pore sizes of CMDS were in the

range of mesopore. Porous materials can be classified

by the International Union of Pure and Applied

Chemistry (IUPAC) as follows: microporous

(\2.0 nm), mesoporous (2.0 * 50.0 nm), and mac-

roporous ([50.0 nm) (Singh et al. 1985). Macropo-

rous materials are restricted to be used as adsorbents

due to their non-uniformity of pore size distribution

and low surface area. Microporous materials have

limits of accessibility to active surface area due

to potential blockage. Regardless of season, the

measured pore size (74.42 * 74.98 Å) of CMDS

was in the range of mesopore, which could have a

low diffusion limit. As explained in physical aspects,

therefore, an adsorption material developed well with

mesopores could have faster sorption kinetics since

adsorbate could easily adsorb on the adsorption sites.

As the adsorption media have a faster sorption speed,

the reactor volume and media mass could be reduced.

Accordingly, the cost of the life cycle for the applied

media could also be reduced to have an effective
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Fig. 1 Particle size distribution of the plain CMDS obtained at

different seasons

Table 2 Physico-chemical properties of CMDS sampled at

different seasons

Bulk chemistry CMDS

Winter Spring Summer Autumn

Major elements (%)-XRF

SiO2 0.24 1.03 5.56 6.65

Al2O3 0.57 0.79 2.55 0.52

Fe2O3 68.7 65.3 61.3 64.7

CaO 10.5 10.4 9.13 8.6

MgO 0.56 0.47 0.58 0.32

Na2O 0.03 0.01 0.41 0.13

K2O 0.02 0.07 0.32 0.08

MnO 0.32 0.38 0.36 0.38

P2O5 0.11 0.01 0.01 0.01

ZnO 0.03 0.03 0.03 0.06

CuO 0.01 0.01 0.01 0.013

Cr2O3 0.03 0.03 0.04 0.03

NiO 0.02 0.03 0.02 0.04

PbO 0.05 0.01 0.01 0.01

CdO 0.01 0.01 0.01 0.01

As2O5 0.02 0.02 0.05 0.07

Minor elements(mg L-1)-TCLP

Pb(II) 0.025 0.021 0.092 0.006

Cu(II) 0.016 0.018 0.123 0.062

As(total) 0.025 0.024 0.058 0.064

Hg(II) ND ND ND ND

Zn(II) 0.05 0.045 0.051 0.042

Ni(II) 0.03 0.021 0.02 0.03

CN- 0.01 ND ND ND

Cr(total) 0.017 ND 0.005 0.008

pH 8.3 8.2 8.31 8.25

Moisture content (wt. %) 40.85 39.52 38.98 40.25

Surface area (m2 g-1) 135.4 138.2 136.8 135.2

Average pore size (Å) 74.74 74.98 74.82 74.42

ND not detected (unit: mg L-1), XRF X-ray fluorescence
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treatment process. In addition to the mesopore

structure, the CMDS had a comparably high BET

surface area (135.2 * 138.2 m2 g-1).

TCLP leaching test of CMDS

Analytical results of TCLP leaching tests for CMDS

showed that 10 parameters, including arsenic, were

satisfied with the standard of TCLP. In particular, all

data of Pb(II), Cu(II), As, Zn(II), Ni(II) and Cr were

less than 0.1, 0.15, 0.07, 0.05, 0.03, and 0.02 mg L-1,

representing much lower extracted concentrations

than each regulatory limit. The Hg(II) was not

detected (see Table 2). Accordingly, the problems

caused by the extraction of heavy metals could not be

plausible when the CMDS was used as a material in

the water treatment process.

XRD and other analyses

X-ray diffraction (XRD) analyses and the reference-

intensity-ratio method (RIR method) ICDD PDF-

4 ? database resulted in CMDS mainly consisting of

goethite and calcite. The composition ratio of goethite

and calcite were 70 and 30% by weight, respectively

(Fig. 2). In this study, the facility of the AMD

treatment is a process of electrolysis, in which there

is no addition of chemicals such as lime or limestone.

Originally, the acid mine drainage treated in this

facility contained a high concentration of calcium

because it was flowing through the limestone basin,

which is the main geological constituent in the studied

area. The mass ratio of Fe3?/Ca2? in the inflow of

AMD was 2.7. Because of this, it is reasonable that the

CMDS contains a high portion of calcite.

The XPS spectra were shown in Fig. 3. The

observed binding energies (BEs) for the main Fe

2p3/2 and Ca 2p peaks of CMDS were 711.5 and

346.9 eV, respectively, falling within the range of

values reported for goethite and calcite (Grosvenor

et al. 2004; Abdel-Samad and Watson 1998; Garcia-

Sanchez and Alvarez-Ayuso 2002). Thus, the chem-

ical composition of CMDS might be identified as

goethite and calcite. Since calcite is an insulator and

samples charged during the XPS analysis, the BEs in

this study were determined by aligning the C 1 s (289

eV) feature due to the CO3
2- group of calcite,

consistent with prior XPS studies of calcite (Baer and

Moulder 1993; Stipp 1999).

Isoelectric point of pH (pHIEP) of CMDS

The surface property of iron (oxy) hydroxide com-

pounds is important for adsorbing heavy metals. The

pHIEP is an important index to find the status of

balance between positive and negative charges on the

surface of mineral. The surface functional groups

FeOH2
? is the dominant species as the pH of the

background aqueous phase is lower than pHIEP,

whereas FeO- is dominant when the pH is higher

than pHIEP.

pH \pHPZC : FeOH + Hþ $ FeOHþ2 ðlogkþ 7:29Þ
pH \pHPZC : FeOH$ FeO� þHþ ðlogk¼�8:93Þ

Therefore, due to the electrostatic attraction, the

removal of positively charged heavy metals could be

Fig. 2 XRD of CMDS [goethite (filled square), calcite (empty
square), overlapped by goethite and calcite (filled circle)] Fig. 3 XPS spectrum of plain CMDS
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advantageous when the negative charge species,

FeO-, is predominant on the surface of minerals.

However, this concept could be acceptable if the pure

iron (oxy) hydroxide is present. Although the pHIEP of

goethite and CaCO3 have been generally known to be

8.5 * 9.6 and 7 * 11, respectively (Erdemoglu et al.

2004; Kloproeeg et al. 2006; Dzombak and Morel

1990), the results of zeta potential measurement

showed that the pHIEP values of CMDS were 5 and

4.5 with the suspension of DI and 0.01 M NaCl,

respectively (see Fig. 4). Accordingly, the pHIEP of

CMDS was much lower than those of goethite and

CaCO3, which were found to be the main components,

as shown in the results of XRD and XPS. The low value

of pHIEP might be explained by the fact that high

concentrations of negative charged anions and sulfate

are incorporated in the structural networks. These are

adsorbed as an outer-sphere complexation on the

surface of CMDS, which was produced from the

treatment of acid mine drainage of coal mine contain-

ing high level of sulfate (Swedlund and Webster 2001).

In general, acid mine drainage that contains a high level

of sulfate, as well as iron (oxy) hydroxyl sulfate, could

be precipitated during the treatment process. However,

the structures of jarosite and schwertmannite, which

are usually found as the main precipitates, are not

stable and could be transformed to more stable forms of

iron precipitates such as goethite or magnetite (Jonsson

et al. 2005). Due to this complexation of sulfate, the

CMDS could develop electrostatically negative

charges at a neutral pH and have more attraction for

cationic heavy metals.

FeOHþ2 þ SO2�
4 $ FeOH� SO2�

4 þ Hþ

Kinetics study

As shown in the high determination coefficients (more

than 0.98 for all tests), the Langmuir adsorption

isotherm and pseudo-second order model fit well with

the adsorption isotherm (Fig. 5a) and adsorption

kinetic (Fig. 5b) data of CMDS. The main reason to

use simple models such as the Langmuir adsorption

isotherm and pseudo-second order kinetic was to

analyze the data and compare it with other refer-

enced values obtained by conventional media. The

CMDS had comparably higher sorption capacities

(14.1 mg g-1) of Zn(II) in synthetic water than other

referenced materials (Table 3). The result of K2

obtained by fitting the data with the pseudo-second

order kinetic model was 12.1 9 10-2 g mg-1min-1

for the Zn(II) removal in synthetic water. As shown in

the adsorption isotherm results, the comparison of rate

constants also represented that the CMDS had a much

faster sorption speed than those of other materials.

However, the maximum adsorption capacity and rate

constant for the Zn(II) removal in AMD were much

lower at 4.22 mg g-1 and 3.0 9 10-2 g mg-1min-1.

These results could be explained by the reason that

other metal species existing in AMD such as Cu(II),

Pb(II), and Cd(II) were also removed to consume the

adsorption sites of CMDS. Figure 5C shows the

kinetics of heavy metals removal in AMD by CMDS.

Within 1 h, the concentrations of most heavy metals,

except Zn(II), decreased to less than 0.01 mg L-1,

which was the detection limit of ICP.

Thus, we could consider that the CMDS has great

potential as a material for removing heavy metals in

various fields of the wastewater treatment process.

SEM–EDS analyses of Zn(II) adsorbed CMDS

Scanning electron microscopy (SEM) and energy

dispersive spectrometric (EDS) analyses were con-

ducted for the Zn(II) containing CMDS. Several

observations for the surface of different particles of

CMDS using SEM–EDS showed that Zn(II) was

evenly distributed to CMDS and not associated with

the forms of crystallized hydroxide (Fig. 6), suggest-

ing that surface co-precipitation is to be another

mechanism of Zn(II) removal (Table 4).
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FT-IR spectroscopic analysis

The infrared spectrum for plain CMDS and Zn(II)

retained CMDS was obtained in the range of

500 * 4,000 cm-1 (Fig. 7). Table 5 shows the com-

parison of major IR bands with other references. As

the results of FT-IR analysis were compared, the

following major bands of Zn(II) retained CMDS were

shifted to lower wave numbers by the Zn(II) removal.

The wave numbers of OH stretching and bending

vibration for Zn(II) retained CMDS were reduced to

3,178 and 1,641 cm-1 by 3 and 8 cm-1, respectively.

There were two IR bends in the case of Fe-OH

vibration, with which the wave numbers (882.6 and

794.5 cm-1) of plain CMDS were shifted to lower

numbers (877.8 and 790.3 cm-1) by about 5 cm-1

with the Zn(II) adsorption. Compared to the major IR

bends explained above, a significant change was

obtained in the carbonate IR bend. When the Zn(II)

was adsorbed onto the CMDS, the carbonate wave

number (1366.4 cm-1) for plain CMDS reduced to

1339.7 cm-1 by about 26 cm-1. Accordingly, when

considering those shifts or changes of peak for each

major band, it could be plausible that the precipita-

tion by calcite such as smithsonite [ZnCO3] or

hydrozincite [Zn5(CO3)2(OH)6] is the dominant

mechanism to remove Zn(II) rather than the com-

plexation by iron compounds (Uygur and Rimmer

2000). Although the FT-IR analysis did not detect the

IR bends for sulfate, the product of ZnSO4 could have

resulted as another mechanism of Zn(II) removal

since the negatively charged surface functional group

(–SO4
2-) analyzed in the zeta potential measurement

could have an electrostatic attraction for cationic

Zn(II). However, the Zn(II) might be dominantly
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Fig. 5 a Zn(II) adsorption isotherms and the fit of Langmuir

isotherms, b kinetic data and the fit of pseudo-second-order

kinetic model for the suspension of CMDS with the Zn(II)

contaminated synthetic water and AMD, c kinetic data of

Cu(II), Zn(II), Cd(II) and Pb(II) (Initial Zn(II) conc. of each

water sample 40 mg L-1, Cu(II) 25.5 mg L-1, Cd(II) 0.124 mg

L-1 and Pb(II) 1.626 mg L-1, temperature: 25�C and pH

natural)

Table 3 Comparison of the maximum adsorption capacity

(qmax) of Zn(II) for various sorbents including CMDS

Adsorbents qmax

(mg g-1)

b (L mg-1) Reference

Modified

montmorillonite

7.8 - Lin and Juang

(2002)

Goethite 3.48 0.45 Li et al. 2008

Hematite 0.91 0.43 Li et al. 2008

Natural iron

powder

1.25 0.21 Li et al. 2008

Ferrihydrite 7.29 1.21 Li et al. 2008

Fly ash 5.82 0.05 Mishra and Patel

(2009)

Active carbon 11.24 0.02 Mishra and Patel

(2009)

Akaganeite

granular

13.95 0.03 Deliyanni et al.

(2007)

CMDS/Zn(II)-40 14.08 0.27 This study

CMDS/AMD-40 4.22 0.17
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precipitated as carbonate compounds since the solu-

bility product of ZnSO4 (Ksp = 10-3.01 as 25�C) is

much higher than that of smithsonite [ZnCO3

Ksp = 10-9.82 as 25�C] or hydrozincite [Zn5(CO3)2

(OH)6 Ksp = 10-14.9 as 25�C] (Alwan and Williams

1979).

Conclusions

The results of physico-chemical analysis showed that

the CMDS obtained from a full-scale electrolysis

process for treating coal mine drainage had a high

number of specific surface areas and satisfied the

standards of TCLP because all toxic heavy metals

analyzed were much less than their regulatory limits.

The CMDS obtained at all seasons had similar and

homogeneous characteristics, while the XRD and

XPS revealed that the CMDS mainly consisted of

goethite and calcite. In comparison with other

conventional materials, the Zn(II) removal capacities

and speeds by CMDS were higher, which shows they

have greater potential as an effective material in the

water treatment process. Since the CMDS is a waste

material originally produced from the treatment

Fig. 6 SEM imaging (a) and EDS analysis (b) of Zn(II)

adsorbed CMDS [Zn(II) 40 mg L-1]

Table 4 Rate constants and determination coefficients (R2) of the pseudo-second order kinetic model fitting for Zn(II) adsorption

data obtained with synthetic water and AMD by CMDS

Adsorbents Temperature (K) K2 (g mg-1 min-1) R2 Reference

Crosslinked chitosan – 0.534 9 10-2 0.999 Chen et al. (2008)

Alginate 298 9.8 9 10-2 0.989 Bayramouglu and Yakup Arica (2009)

Typha domingensis leaf powder 298 4.13 9 10-2 1 Abdel-Ghani et al. (2009)

Kaolin clay 303 1.71 9 10-2 0.998 Arias and Kanti Sen (2009)

Phosphate rock 303 0.0336 9 10-2 0.935 Prasad et al. (2008)

Keratin powder 298 0.612 9 10-2 0.99 Souag et al. (2009)

Plant sand 298 1.05 9 10-2 0.99 Mohapatra et al. (2009)

CMDS/Zn(II)-40 298 12.1 9 10-2 0.984 This study

CMDS/AMD-40 298 3.0 9 10-2a 0.963

a Heavy metals from natural AMD

Fig. 7 FT-IR spectra of plain CMDS and Zn(II) retained

CMDS [Zn(II) 40 mg L-1]
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process of coal mine drainage, it could be econom-

ically applied as an advanced and effective sorption

media for the removal process of heavy metals which

widely exist in groundwater, AMD, industrial waste-

water, etc.
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