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Abstract: The adsorption of copper ions was investigated using pyrolusite ore as a low-cost alternative adsorbent source. Pyrolusite,
which contains mainly MnO,, is a manganese ore. The effects of the initial concentration of copper(Il) ions, initial pH of solution,
adsorbent dosage and particle size on the adsorption process were examined. It was found that the percentage of the adsorbed copper
increases with increasing the amount of adsorbent. It was observed that the maximum adsorption occurred at natural initial pH values
for all copper concentrations. While the initial solution concentration, initial pH, contact time, stirring speed, particle size and
adsorbent dosage were 2.5 mmol/L, natural, 180 min, 200 r/min, 120 um and 6 g/L, respectively, the efficiency of copper adsorption
on pyrolusite ore was 96.5%. The isotherm and kinetic studies relating to this adsorption process were also made. It was determined
that the equilibrium data followed the Langmuir isotherm model while the process kinetic could be described by the pseudo-second

order kinetic model.
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1 Introduction

The resulting effluents at the end of many industrial
processes can contain some heavy metals, such as Cd,
Cr, Cu, Co, Pb and Zn. Industrial effluents including
heavy metals are generally discharged into environment.
The discharged wastewater can induce serious damages
on the environment and human health due to its metal
content. Therefore, heavy metals in industrial wastewater
should be removed wusing appropriate separation
methods [1—4]. Because it cannot be destroyed
chemically like organic pollutants, several treatment
methods have been developed to remove heavy metals
ions from wastewater [5,6]. For the recovery or removal
of metal ions from aqueous solution, many techniques,
such as chemical precipitation, ultra-filtration, reverse
osmosis, electrodeposition, solvent extraction, filtration,
ion exchange, cementation and adsorption, can be
used [1,4,5,7,8]. When they are compared with each
other, each of these methods has some advantages and
disadvantages. Thus, the most effective technique or
techniques should be applied to remove heavy metals
from aqueous solution.

Among the methods mentioned above, adsorption
process is one of the most widely used methods for the

removal of metal ions from an aqueous solution. This
method is especially more suitable for the removal of the
metal ions from diluted solution. Activated carbon
obtained from various sources is often used as adsorbent
for the removal of metal ions due to its high adsorption
capacity. However, activated carbon is not economically
feasible for large scale applications because of its high
cost of production and regeneration [3,9,10]. Hence, the
use of the adsorbents with low cost can be advantageous
in adsorption process. The materials that have been used
for this purpose include both natural materials and
wastes, and byproducts generated from many industries.
These materials are widely known as low-cost
adsorbents [11-13]. Among these alternative adsorbent
sources, natural materials (ores or minerals) can be used
for the removal of various species from wastewater
owing to its low cost and abundance.

Manganese is the twelfth most abundant element in
the shell of the earth. The most common mineral is
pyrolusite, which is mainly MnO,. Low-grade pyrolusite
ore in its natural state has little commercial value. For
this reason, it is usually treated and converted into the
metal or other more valuable manganese compounds.
The ore is essentially used for the production of
manganese sulfate [14—16]. The ore contains iron oxide,
silica, and clay minerals in addition to manganese oxide
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depending on the ore source. These oxides and clay
minerals in ore matrix have adsorbent feature, and they
exhibit high potential for heavy metal adsorption. Hence,
pyrolusite ore can be used as a low-cost adsorbent for the
adsorption of metal ions from wastewater because of its
abundance in the natural state, ease of availability and
direct use without pretreatment [17—20]. The adsorption
of various inorganic and organic species using pyrolusite
and manganese nodules has been examined. A low-cost
ferruginous  manganese ore was used by
CHAKRAVARTY et al [17] for the removal of arsenic
from groundwater. They found that almost 100% arsenic
was removed. ROUT et al [18] examined the adsorption
behavior of Pb(I), Cd(IT) and Zn(II) ions on a low-grade
manganese ore. They investigated the effects of contact
time, pH, adsorbent and adsorbate concentration, and
temperature on adsorption process. They determined that
manganese ore had high loading capacity for the
indicated ions. AJMAL et al [20] studied the adsorption
of Pb**, Zn*" and Mg** from aqueous solutions using
pyrolusite. They suggested that pyrolusite might provide
an economical method for removal metal ions from
industrial wastewaters. BERNARD et al [21] studied the
adsorption ability of various organic micropollutants by
pyrolusite. Manganese nodule residue obtained from
NH;—S0, leaching was used for copper adsorption [22].
The loading capacity of the leach residue was found to
be higher than that of activated charcoal. It was
determined that the adsorption of copper ions followed
the Langmuir isotherm, and the maximum adsorption
occurred at pH between 4 and 5. SONMEZAY et al [23]
examined the adsorption of lead and cadmium ions from
aqueous solution using manganese oxide minerals as the
low cost adsorbent.

The aim of this study is to examine the use of
pyrolusite as an alternative adsorbent material for the
removal of copper (II) ions from aqueous solution. The
effects of the experimental parameters, including initial
solution concentration, adsorbent dosage, initial solution
pH and particle size on the adsorption of copper (II) ions
from aqueous solution were examined. In addition, the
kinetic and isotherm studies were also performed using
experimental data.

2 Experimental

2.1 Materials

The pyrolusite ore sample used in this study was
provided from Konya, Turkey. The ore sample was
crushed, ground, and then sieved using standard test
sieves to obtain different particle size fractions. The
original ore sample was analyzed, and it was determined
that the mineral contained 57.66% MnQO,, 10.00% CaO,
8.04% Fe,05, 7.08% Si0O,, 0.93% AlLO;, 0.44% MgO,

15.85% loss of ignition at 800 °C. The mineralogical
composition of the pyrolusite ore was determined by
X-ray diffraction analysis using a Rigaku RadB-DMAX
II model X-ray diffractometer. The X-ray diffraction
pattern of the ore sample is shown in Fig. 1. This figure
indicates that the ore sample used was mainly composed
of pyrolusite (MnQO,), phyllosilicate, quartz and calcite.

=— Phyllosilicate

*— Quartz
* 4+ — Pyrolusite
*— Calcite

5 15 25 35 45 55 65
20/(°)

Fig. 1 X-ray diffraction pattern of ore sample

All the chemicals used in the adsorption experiments
were analytical grade and were employed as received
without further purification. Chemical substances used in
this study included CuSO45H,0, H,SO,, Titriplex III
and murexide. Distilled water was used to prepare all
solutions.

2.2 Adsorption tests

The solutions containing Cu®’ ions were prepared
by dissolving weighed quantities of CuSO45H,0 in
distilled water. The pH values of the solutions were
determined by WTW pMx2000 pH/ION meter. The
initial pH of sample solutions was adjusted using diluted
H,SO,. All adsorption experiments were carried out at
laboratory temperature (23+1 °C). The batch adsorption
tests were performed in 100 mL conical flasks placed on
a magnetic stirrer. In each adsorption test, after the
volume of 50 mL copper solution at a definite
concentration was placed into the glass flask, a given
amount of adsorbent was added to the solution. The
process was performed for various contact time. At the
end of each contact time, the content of the flask was
filtered using filter paper, and the amount of copper ions
in the solution was determined complexometrically using
Titriplex III solution (0.01 mol/L) as titrant and murexide
as indicator. The amount of copper adsorbed by
pyrolusite ore was calculated from the difference
between the metal ion concentration before and after
adsorption process. The percentage of copper removal
and the amount of copper adsorbed per unit mass of ore
were evaluated using the equations as follows:



Nizamettin DEMIRKIRAN/Trans. Nonferrous Met. Soc. China 25(2015) 647—653 649

R:[ﬁjxloo% (1)
Ci
C.-CHV
g ==V @
m

where R is the removal rate; C; and C, are the initial
concentration and residual concentration for ¢ min,
respectively (mg/L); C. is the equilibrium concentration
(mg/L); g. is the amount of adsorbed ion per unit mass of
adsorbent at equilibrium (mg/g); V is the initial volume
of the adsorption solution (L); m is the mass of
adsorbent (g).

3 Results and discussion

3.1 Determination of optimal adsorbent dosage

To determine the optimum adsorbent dosage for
different concentrations of copper ions, the experiments
were carried out at four different pyrolusite dosages in
the range of 0.2—0.5 g while the initial concentrations of
the solution containing copper ions were changed from
1.0 to 7.5 mmol/L. While these tests were performed, the
values of the contact time, total solution volume, particle
size and agitation speed of solution were 24 h, 50 mL,
120 pm and 200 r/min, respectively. In these experiments,
the initial pH of copper solutions was natural pH value
for relevant concentration (see Table 1). Figure 2 shows
the effect of adsorbent dosage on the adsorption of
copper ions at different initial concentrations. As shown
in Fig. 2, the percentage of the adsorbed copper ions
decreased for the same amount of pyrolusite as the initial
concentration increased. In other words, the amount of
the adsorbed copper increased for the same initial
concentration of copper ions when the amount of
adsorbent increased. After being contacted for 24 h, the
extent of removal of copper from the solution at the
amount of adsorbent dosage of 0.3 g were 99.5%, 96.5%
and 94%, respectively, whereas for the same contact time
and adsorbent dosage, only 60% copper was adsorbed by
pyrolusite ore with the initial concentration of 7.5
mmol/L. An increase of the adsorbent dosage for a given
initial ion concentration or a decrease of the adsorbate
concentration for a defined adsorbent dosage provides a
greater surface area or adsorption sites between
pyrolusite and copper ion. Thus, the extent of copper

Table 1 pH values of copper sulfate solutions at different

concentrations
Concentration/(mmol-L™") pH value
1.0 5.52
2.5 5.25
5.0 5.15
7.5 5.10

100
90
S
5 sof
£
:‘g 70+
¢— 1.0 mmol/L
60+ °o— 2.5 mmol/L
’ »— 5.0 mmol/L
4 — 7.5 mmol/L
50 ) . . ,
0.1 0.2 0.3 0.4 0.5 0.6

Adsorbent dosage/g

Fig. 2 Effect of adsorbent dosage on copper adsorption
adsorption increases. From the experimental data
obtained, the optimal adsorbent dosage was selected to
be 0.3 g in the subsequent tests.

3.2 Determination of optimal initial pH

The effect of initial pH of solution on copper
adsorption was investigated at pH value of 3, 4 and
natural values. In these tests, the initial concentration of
copper ions was varied in the range of 2.5—7.5 mmol/L,
while the contact time, total volume, stirring speed,
particle size and adsorbent dosage were fixed at 24 h,
50 mL, 200 r/min, 120 pm and 0.3 g, respectively. The
results obtained from these experiments are shown in
Fig. 3. It can be seen from the figure that the extent of
copper adsorption increased for all copper concentrations
with increasing the initial pH value. The maximum
extent of adsorption was reached at natural pH for all
initial copper concentrations. When the initial pH of the
solution was lower than 3, pyrolusite ore used as
adsorbent may dissolve. As listed in Table 1, natural pH
values of copper solutions used in this study varied in
the range of 5.52—5.10. In the range of pH values,
the precipitation of copper species was not observed.

100 p— u
90 +
S
£ s
=
2
:-':C‘ 70+
» — 1.0 mmol/L
60} s — 2.5 mmol/L
* — 5.0 mmol/L
* — 7.5 mmol/L
50 . 1 .
2 3 4 5 6

pH
Fig. 3 Effect of initial pH on copper adsorption



650 Nizamettin DEMIRKIRAN/Trans. Nonferrous Met. Soc. China 25(2015) 647-653

However, the formation of a copper precipitate may
occur at higher pH values than at natural pH of solutions.
Furthermore, the adsorbent surface may be protonated
when pH<3. In this situation, the repulsion of copper
ions from adsorbent surface may occur. Therefore, the
extent of adsorption may decrease. Because of these
reasons mentioned above, the experiments were not
performed at lower and higher pH values.

The effect of pH on adsorption was also examined
for various contact time. Figure 4 shows the results of
these experiments. As shown in Fig. 4, the percentage of
the adsorbed copper increased with increasing pH value.
In these tests, the initial concentration of the solution
containing copper (II) ions, initial pH value, particle size,
adsorbent dosage, total volume and stirring speed were
2.5 mmol/L, natural, 120 um, 0.3 g, 50 mL and
200 r/min, respectively.

100
80f
=X
E 60+
=
g
Et’ 40F
+— pH=3
°o— pH=4
20 4+ — pH=Natural
0 40 80 120 160 200
Time/min

Fig. 4 Effect of initial pH on copper adsorption for various
contact time

3.3 Effect of initial concentration on adsorption

The effect of initial copper concentration on
adsorption was studied at the concentrations of 1.0, 2.5,
5.0 and 7.5 mmol/L. In these tests, the values of the
initial pH of solution, total volume, adsorbent dosage,
particle size and stirring speed were selected to be
natural, 50 mL, 03 g 120 um and 200 r/min,
respectively. The results obtained from these experiments
are shown in Fig. 5. This figure shows the extent of
adsorption decreased with increasing the initial copper
concentration for the same adsorbent dosage. This result
indicates that the initial concentration of copper has a
major effect on adsorption process.

3.4 Effect of particle size of adsorbent on adsorption
Since the adsorption extent is proportional to the
surface area of the solid adsorbent, more finely divided
solid can provide more surface area per unit mass of the
solid adsorbent. Hence, the effect of particle size on
copper adsorption was investigated using the average

size of 160, 140, 120 and 93 pm. In these experiments,
the values of the initial concentration of solution, total
volume, initial pH, adsorbent dosage, and stirring speed
were selected to be 2.5 mmol/L, 50 mL, natural, 0.3 g
and 200 r/min, respectively. The results obtained from
these experiments are shown in Fig. 6. As shown in
Fig. 6, the percentage of the adsorbed copper increased
with decreasing the particle size of the adsorbent.

100
80
S
g o0f
B
A
< 40
< o— 1.0 mmol/L
+— 2.5 mmol/L
20 o— 5.0 mmol/L
4+ — 7.5 mmol/L
0 40 80 120 160 200

Time/min

Fig. 5 Effect of initial concentration on copper adsorption for

various contact time

100
80T
&
£ 60f
=
S
g 40
+— 160 pm
o— 140 ym
201 A— 120 um
°— 93 um
0 40 80 120 160 200
Time/min

Fig. 6 Effect of particle size on copper adsorption for various

contact time

3.5 Adsorption isotherms

In adsorption process, the equilibrium between the
adsorbent and adsorbate is described by adsorption
isotherms. The isotherms show the relationship between
the equilibrium concentration in the solid phase and in
the aqueous phase for the adsorbate molecules when the
process reaches an equilibrium state. Various adsorption
isotherms have been developed to realize the interaction
between the adsorbed molecules and the solid adsorbent.
Among these isotherm models, the Freundlich and
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Langmuir models are the most widely applied isotherms
for various adsorption processes [24,25].

In this study, these two isotherm models were
applied to analyze the adsorption data obtained from the
experiments. The Freundlich model assumes that the
adsorption occurs on the heterogeneous surface of the
solid adsorbent. On the other hand, the Langmuir model
assumes that the adsorption takes place on a
homogeneous surface by monolayer sorption without
interaction between the adsorbed molecules [26,27]. The
linear forms of the Freundlich and Langmuir isotherm
equations are given as follows:

lgq, =1gK; + llg C, (Freundlich model) 3)
n

C 1

_€ - + Ce

qe qmaxK L 9max

(Langmuir model) @)

where ¢, is the amount of adsorbate adsorbed per unit
mass of adsorbent (mg/g); C. is the equilibrium
concentration of the adsorbate (mg/L); K; is the
Freundlich constants, including the adsorption capacity
of the adsorbent (L/g); n is the adsorption intensity of
adsorbent; ¢, is the monolayer adsorption capacity of
the adsorbent (mg/g); K is the Langmuir constant (L/g).
If the adsorption process obeys the Freundlich
model, then the left side (Ig ¢g.) of Eq. (3) versus lg C.
must be straight line relationship. Figure 7 shows the plot
of Ig g. versus lg C, for various concentrations. On the
other hand, if the adsorption process obeys the Langmuir
model, then the left side (C./q.) of Eq. (4) versus C, must
be straight line relationship. Figure 8 shows the plot of
C./q. versus C, for various concentrations. As shown in
Fig. 7 and Fig. 8, the straight lines were formed for each
two models. In Eq. (3), the slope of the lines is "', and
the intercept is 1g K. In Eq. (4), the slope of the straight
lines is qmax_l, and the intercept is qmax_l-KL. The values

2.0

R?>=0.962

210 05 0 05 10 15 20 25
lg C,

Fig. 7 Freundlich isotherm plot for copper adsorption on
pyrolusite ore

35

3.0r
2.5¢
20t R*=0.999

(Cdg)/(L-g™)

0 20 40 60 80 100 120 140 160
C/(g-L™)
Fig. 8 Langmuir isotherm plot for copper adsorption on
pyrolusite ore

of these parameters determined from Figs. 7 and 8 are
listed in Table 2.

Table 2 Langmuir and Freundlich isotherm parameters and
correlation coefficients for copper adsorption on pyrolusite ore

Freundlich Langmuir
Kimgg") Un R guo/mgg!) K/Lmg') R
15.834  0.269 0.962 54.348 0.281 0.999

When the regression coefficients are evaluated in
Table 2, it can be seen that bigger regression coefficients
were found for the Langmuir model. In addition to this
information, it is expressed that the main properties of
the Langmuir isotherm can be described by a
dimensionless constant called equilibrium parameter or
separation factor [28]. This is expressed as follows:

1
- - 5
14K G, ©)
where R; is the dimensionless constant called

separation factor or equilibrium parameter; K; is the
Langmuir constant (L/mg); C, is the initial concentration
of solution (mg/L). The values of R, indicate the nature
of the adsorption process. A value of R in the range
from 0 to 1 indicates that the adsorption process
between the adsorbent and adsorbate is favorable under
the experimental conditions performed. This also
indicates that the Langmuir isotherm is valid for
adsorption process. The values of R, were found to be
0.053, 0.022, 0.011, and 0.007 at the copper
concentrations of 1.0, 2.5, 5.0 and 7.5 mmol/L,
respectively. All the findings mentioned above show that
the adsorption of copper by pyrolusite ore follows the
Langmuir isotherm model.
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3.6 Adsorption kinetics

The kinetic analysis of the adsorption processes is
generally performed wusing pseudo-first order and
pseudo-second order kinetic models [29]. The equations
describing these kinetics models are given as follows:

In(g.—g)=In g.—k ¢t (Pseudo-first order kinetic) (6)
t t

= 3 +L (Pseudo-second order kinetic) N
q; kzqe q.

where ¢g. is the amount of the adsorbed metal ion at
equilibrium (mg/g); ¢; is the amount of the adsorbed
metal ion for # min (mg/g); &, is the rate constant for the
first order adsorption (1/min); k, is the rate constant for
the second order adsorption (grmg 'min’'); ¢ is the
adsorption time (min).

To determine the kinetic model of the adsorption
between pyrolusite ore and copper ions, the plot of
In(g.—q;) versus ¢ for the pseudo-first order kinetic was
drawn using the experimental data obtained. The slope of
the straight line obtained is k;, and the intercept is In g..
For the pseudo-second order kinetic, the plot of the left
side of Eq. (7), /4., versus ¢ is constructed. The slope of
the straight line is 1/¢., and the intercept is &, 'q.”. It was
observed that the low regression coefficients were
obtained for the pseudo-first order kinetic model.
Figure 9 shows the graph constructed for pseudo-second
order kinetic model. The values of the rate constants and
regression coefficients determined from Fig. 9 are listed
in Table 3. The highest regression coefficients were
obtained for the pseudo-second order kinetic. Also, it can
be seen in Table 3 that the g. values calculated from the
intercepts of the straight lines in Fig. 9 are in good
agreement with the ¢. values determined experimentally.
The values of the regression coefficients and the
agreement between the ¢g. values indicate that this
adsorption process follows the pseudo-second order
kinetic.

4 Conclusions

1) Natural manganese dioxide, which is known as
pyrolusite ore, was used as an alternative adsorbent for

18
o — 1.0 mmol/L
15F *— 2.5 mmol/L
o— 5.0 mmol/L
= 4— 7.5 mmol/L
en 121
=
£ 9r
£
s 6
3 L
0 40 80 120 160 200

Time/min
Fig. 9 Pseudo-second order kinetic plot for copper adsorption

the removal of copper(Il) ions from wastewaters.

2) The effects of the initial concentration of solution,
adsorbent dosage, particle size of pyrolusite ore and
initial pH of solution on the copper adsorption were
examined. It was shown that the percentage of the
adsorbed copper increased with increasing the adsorbent
dosage and initial pH, and with decreasing the particle
size and initial concentration. It was observed that the
maximum adsorption occurred at natural initial pH
values for all copper concentrations. According to the
experimental conditions, it was found that almost all of
copper ions were removed from aqueous solution. While
the initial solution concentration, initial pH, contact time,
stirring speed, particle size and adsorbent dosage were
2.5 mmol/L, natural, 180 min, 200 r/min, 120 pm and 6
g/L, respectively, the efficiency of copper adsorption on
pyrolusite ore was 96.5%.

3) The isotherm and kinetic studies show that the
equilibrium data follow the Langmuir isotherm model
while the process kinetic obeys the pseudo-second order
kinetic model. According to these data obtained, it can be
included that the copper adsorption process by pyrolusite
ore occurs by chemisorption. The present work suggests
that the pyrolusite ore (natural manganese dioxide) can
be used as a relatively low-cost adsorbent for the
removal of metal ions from wastewater because the ore is
available in its natural state without any need for the
preliminary process.

Table 3 Kinetic parameters for adsorption of copper ions on pyrolusite ore

Pseudo-first order kinetic

Pseudo-second order kinetic

Initial concentration/ _
In[g/(mg'g )]

(mgL™) g/(mgg")  k/min' R gJdmgg')  kf(gmg 'min) R
63.50 10.530 2.904 0.0675 0.784 10.661 0.0560 0.999
158.75 25.786 5.432 0.0132 0.428 26.738 0.0041 0.996
317.75 47.133 9.511 0.0103 0.217 50.000 0.0014 0.991
476.24 53.180 10.061 0.0108 0.210 55.556 0.0017 0.995
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