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In this studies removal of some ions such as Pb(II), Cd(II) and Cu(Il) by single walled
carbon nanotubes (SWCNTs) and carboxylate functionalized (SWCNTs-COOH) from aque-
ous solution were studied. The effect of pH, contact time, initial concentration, ionic
strength, temperature, equilibrium, models and thermodynamic parameters on the removal of
ions was investigated. The results indicated that Langmuir fits adsorption isotherm data
better than Freundlich model. The results also demonstrated that SWCNTs-COOH can re-
move ions more effectively. Maximum adsorption capacities for Pb(Il), Cu(Il) and Cd(II)
ions on SWCNTs-COOH were obtained as 96.02, 77.00 and 55.89 mg g, respectively and
by SWCNTs, as 33.55, 24.29 and 24.07 mg g', respectively. Thermodynamic parameters
values showed that the adsorption of ions on SWCNTs-COOH and SWCNTSs at 283-313 K
are spontaneous and endothermic. Further, adsorption of ions by SWCNTs-COOH and

SWCNTs are chemisorption and physisorption processes, respectively.
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Introduction

Aquatic pollution by heavy metals is a rising
concern regarding hazardous waste around the world.
Several heavy metal ions such as Pb(Il), Cu(Il) and
Cd(II) etc. have been included in the U.S. Environ-
mental Protection Agency’s (EPA) list of top pollut-
ants.! These heavy metal ions are introduced into nat-
ural water resources by wastewater discharged from
industries such as smelting, metal plating, phosphate
fertilizer production, mining, galvanizing, paints, pig-
ments, cosmetics, alloy manufacturing.’

Pb(Il) is a highly toxic substance, exposure to
which can produce a wide range of adverse health
effects on both adults and children.> The major
Cd(II) sources come from industrial processes such
as electroplating, smelting, alloy manufacturing,
pigments and solar battery production.* Industries
such as brass manufacture, electroplating and petro-
leum refining produce wastewater and sludge con-
taining Cu(Il) ions, which have negative effects on
water resources. Cu(Il) may also be found as a con-
taminant in food, especially shellfish, liver, mush-
rooms and nuts.>¢

The World Health Organization (WHO) has
recommended the maximum acceptable concentra-
tion of Pb(Il), Cd(II) and Cu(Il) in drinking water
as 0.010, 0.003 and 1.500 mg L', respectively.”?
Removal of heavy metals from waters and waste-
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waters is important in terms public health and envi-
ronmental protection due to their accumulation in
the living tissues throughout the food chain as
non-biodegradable pollutants.” Several methods
have been applied over the years for the elimination
of metal ions in industrial wastewaters. The tradi-
tional methods commonly used for the removal of
heavy metal ions from aqueous solutions include
ion-exchange, solvent extraction, chemical precipi-
tation, phytoextraction, ultrafiltration, reverse os-
mosis, electrodialysis and adsorption.!%'2

Carbon nanotubes (CNTs) have come under
intense multidisciplinary study because of their
unique physical and chemical properties.'> They
have been used as an adsorbent for hydrogen and
other gases due to their highly porous and hollow
structure, large specific surface area, light mass
density and strong interaction between carbon and
hydrogen molecules.!*> CNTs are very hydrophobic
and tend to aggregate in aqueous solutions because
of high Van der Waals interaction forces along
the tube outside. As a result, they are not readily
dispersible in water.'* However; their dispersibility
in aqueous solutions can be increased by func-
tionalization such as surface oxidation or by addi-
tion of surfactants.!>'® These nanomaterials have
been proven to possess great potential as superior
adsorbents for removing many kinds of organic and
inorganic pollutants such as fulvic acid,!” oxalic
acid,'® pentachlorophenol,'® 2,4,6-trichlorophenol,?
o-xylene and p-xylene,?! polycyclic aromatic hy-
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drocarbons,?? and heavy metal ions such as U(VI),?
Cr(VD),2* Zn(I),>> Ni(Il) and Sr(II),2¢ Pt(ID),”’
Cu(ID),?® Pb(II),>3* and Cd(I1)*>3! from aqueous so-
lutions. The large adsorption capacity of CNTs is
mainly attributable to their pore structure, surface
area and existence of a wide spectrum of surface
functional groups. Modification of CNTs with spe-
cific physicochemical properties, e.g. optimal per-
formance for particular purposes can be achieved
by chemical or thermal treatments.?? Therefore, a
test on the modification method of CNTs is needed
for employing the most efficient CNTs in order to
meet the growing demand for cleaner air and water.
Chemical oxidations have produced activated car-
bons with weakly acidic functional groups,’> which
can provide numerous chemical adsorption sites
and consequently enhance the affinity for metal
ions as compared to the parent carbons. Chemical
oxidations that apply to activated carbons would be
expected to CNTs.?

The main purpose of the present work is to
compare the adsorption values of Pb(Il), Cd(II)
and Cu(Il) ions by single-walled carbon nano-
tubes (SWCNTs) and —COOH functionalized sin-
gle-walled nanotubes (SWCNTs-COOH) from
aqueous solutions. This study provides an insight
into Pb(Il), Cd(Il) and Cu(Il) ions adsorption from
aqueous solutions in terms of equilibrium, isotherm
and thermodynamic parameters. It also provides the
optimum adsorption conditions in terms of various
system parameters as initial concentration, ionic
strength, contact time, pH, temperature and adsor-
bent type. Also, ion desorption studies were carried
out using dilute HNO; and HCL

Experimental procedures

Materials

Cu(NO,), - 3H,0 (molecular mass, 241.60 g mol™),
Cd(NOy), - 4H,0 (molecular mass, 308.48 g mol™)
and Pb(NO,), (molecular mass, 331.20 g mol™)
were supplied by Merck, Germany (maximum pu-
rity available). All solutions were prepared with de-
viations of less than £0.2 % from the desired con-
centrations.

SWCNTSs (purity, > 95; diameter 1-2 nm; length,
5-30 nm; surface area, ~ 400 m? g-!; and manufac-
turing method, catalytic chemical vapor deposition
(CVD)) and SWCNTs-COOH (content of COOH,
w = 1-6 %; with purity > 95 %, average diameter
1-2 nm; length 5-30 nm and SSA ~400 m? g')
were purchased from NanoAmor Nanostructured &
Amorphous Materials, Inc, USA. Doubly distilled
water was used and all of the nanotubes were
washed before use.

Analytical measurement

Analytical grade lead, cadmium and copper ni-
trate were used to prepare three stock solutions, the
first containing 1000 mg L' of Pb(NO5),, the second
containing 1000 mg L' of Cd(NO,), - 4H,0 and
third containing 1000 mg L' of Cu(NO;), - 3H,0
which were further diluted with fresh double-dis-
tilled deionized water to the required ion concentra-
tion. Adsorption thermodynamic experiments were
conducted using 100 mL glass flask containing
50 mg of the adsorbents (SWCNTs-COOH and
SWCNTs) and 10 mL of the mentioned ion solu-
tions with the initial concentration (y,) ranging
from 10 to 50 mg L' at pH = 5. The glass flask was
sealed with glass stoppers. The samples were then
mounted on a shaker (HZQ-C) and shaken continu-
ously at 250 rpm for different periods of time and at
various temperatures (283, 293, 303 and 313 K).
After certain time, the suspensions were filtered us-
ing a 0.22 pm membrane. Then the filtrates were
immediately examined using atomic adsorption
spectrophotometry (AAS) (Perkin-Elmer AAnalyst
700) in order to measure the ions concentration.
The difference between the initial and the equilib-
rium ion concentration determines the amount of
ions adsorbed by SWCNTs-COOH and SWCNTs.
All the experiments were performed in triplicate
and only the mean values reported. As shown previ-
ously, the adsorption of ions on the bottle wall is
ignorable.>** The background electrolyte concen-
tration was adjusted at 0.01-0.05 mol L™! by adding
NaNO; (prepared by Merck Company and maxi-
mum purity was used).

Batch mode adsorption studies

The effect of experimental parameters, such
as the nature of metal ions, initial concentration
(10-50 mg L), pH (2-8) and temperature (283,
293, 303 and 313 K) on the extent of adsorption
of various ions was studied in a batch mode of
operation for the specific period of contact times
(0—180 min). In order to determine the effect
of each parameter, the other parameters were
fixed. Each of the Pb(Il), Cd(II) and Cu(Il) ion
solution was prepared by dissolving Pb(NO,),,
Cd(NO;), - 4H,0 and Cu(NO;), 3H,0 in dou-
ble-distilled water respectively and used as stock
solutions. Then they were diluted to the required
concentration. The pH was adjusted using 0.1 mol L™!
HCI1 or 0.1 mol L' NaOH (provided by Merck
Company with maximum purity). For contact time
studies, 10 mL of each 1on solution of known initial
concentration and certain pH was taken into a
25 mL screw-cap flask with a fixed quantity of ad-
sorbent (50 mg L) and agitated in a thermostated
rotary shaker for 180 min with the speed of
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250 rpm at 293 K. At various intervals, the
adsorbents were separated from the samples by fil-
tering and the filtrates were analyzed using AAS.
Quality assurance of the analytical measurements
was performed. Pb(II), Cd(II) and Cu(II) atomic
spectroscopy standard solutions of 1000 mg L
+0.3 % were used for the measurements. Calibra-
tion curves between 1 and 50 mg L' were prepared
and the detection limit was found to be 1 mg L.
Precision of the parallel measurements was +£3 %
SD. For adjusting each adsorption isotherm, differ-
ent initial concentrations (10-50 mg L") of each
Pb(Il), Cd(II) and Cu(Il) ion were agitated with
50 mg L' adsorbent dosage in a thermostated
shaker (250 rpm) several times. The adsorbents
were removed by membrane, then the solutions
were filtrated and the concentration of each ion was
determined as previously. The adsorption percent-
age of each metal ion was calculated as follows:

Yi—Vrs )

Adsorptivity (%) = 100 (1)

i

where, y; and y, are the initial and final metal ion
concentrations, respectively.

Results and discussion

Effect of contact time and initial concentration
on ion adsorption

SWCNTs-COOH and SWCNTs were treated
by each of Pb(II), Cd(Il) and Cu(Il) ion individual
solution (20 mg L™'; pH=5and T=298 + 1 K) in
order to optimize the contact time for each ion. The
amount of each adsorbed ion on the adsorbents was
analyzed using AAS. Fig. 1 shows the percentage
of ion adsorbed onto SWCNTs-COOH and SWCNTs,
as a function of contact time. It can be seen that the

amount of each ion adsorbed onto SWCNTs-COOH
is more than that onto SWCNTs.

The adsorption affinity order of three ions
onto both SWCNTs-COOH and SWCNTs is as
Pb(Il) > Cu(Ill) > Cd(II) under the experimental
conditions. It is due to the higher charge surface of
Pb(II) ion than Cu(Il) and Cd(II) ions. The charge
density is described as follows:3?

30

d =
< A4’

2

where, d, is the charge density of cation, Q and r
represent the charge of cation expressed in coulombs
and the radius of the cation, respectively (hydrate
cation radius of Pb(Il), Cu(Il) and Cd(II) ions is
0.401, 0.419 and 0.423 nm, respectively.® Since the
cations were of the same valance (2+) in our study,
the order of charge density was determined by the
cation size. It has been well established that water is
attracted to the positively charged cations due to its
dipolar nature and the attracted water molecules
create a shell around the cation where the hydrated
cation forms. Thus the charge density for Pb(Il) is
higher than Cu(Il) and Cd(Il) ions, leading to in-
crease in the percentage of ion adsorption on both
adsorbents. The reason for higher adsorption by
SWCNTs-COOH is the existence of functional
group (—COOH) on this adsorbent. This functional
group causes a rise in the negative charge on the
carbon surface. The oxygen atoms in the functional
groups donate single pair of electrons to metal ions
and consequently increase their cation exchange ca-
pacity.’® It is also possible that carboxylic group on
SWCNTs-COOH can form a complex with the
metal ion, leading to an increase in the amount of
ion adsorption.3”-38

Compared with other commercially available
adsorbent, such as activated carbon and SWCNTs,
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Fig. 1 — Effect of contact time on the percentage of ion adsorption by SWCNTs-COOH and SWCNTS,
initial concentration, 20 mg L™; pH 5, adsorbent dosage, 50 mg L', contact time, 120 min and

T=298+1K
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SWCNT-COOH showed better adsorption proper-
ties including short equilibrium time, large adsorp-
tion capacity and easy regeneration.’*> Numerous
investigations have also demonstrated that the
zeta potential of SWCNTs-COOH is more negative
than that of SWCNTs.4%4125 Also the charge sur-
face for SWCNTs-COOH is negative and SWCNTs
have a charge surface of about zero at the pH
of the experiments.’® The negative charge surface
of SWCNTs-COOH electrostatically favors the ad-
sorption of ions more than in SWCNTs. The ad-
sorption of ions increases with the increasing of
contact time. The amount of equilibrium adsorption
is strongly dependent on the initial ion concentra-
tion. When the initial concentration of Pb(Il) ion
was 20 mg L', the adsorption onto SWCNTs-COOH
surface mainly occurs within 80 min. However,
for the other ions, the equilibrium time was
100-120 min. Therefore, 120 min was selected as
the equilibrium time for both adsorbents in all ex-
periments. From 120 to 180 min, the concentration
of three ions (Pb(Il), Cd(Il) and Cu(Il)) remained
unchanged with time. Fig. 2 show the amount of
adsorbed ions as a function of the initial concentra-
tion of each ion from aqueous solutions.

At this part of experiment, the following con-
centrations were chosen for each ion: 10, 20, 30, 40
and 50 mg L' at pH = 5, equilibrium time, 120 min
and 7= 298 + 1 K. With the increase in ion concen-
tration, the percentage of ion adsorption increased.
Also, more metal ions were left unadsorbed in the
solution due to saturation of the binding sites. This
indicates that energetically less favorable sites be-
came involved with the increasing of ion concentra-
tion in the aqueous solution.

Metal ion adsorption is attributed to different
mechanisms of ion exchange as well as to the ad-
sorption process. This effect on ion adsorption can
be explained, as at low metal ion/adsorbent ratios,

metal ion adsorption involves more energy sites. As
metal ion/adsorbent ratio increases, more energy
sites are saturated and adsorption begins on fewer
energy sites, resulting in low increasing of metal
ion adsorption.*” About of Pb(IT) was adsorbed onto
SWCNTs-COOH after 120 min for the initial
Pb(II) concentration 5.0 mg L', Also 65.21 % and
50.31 % of Cu(Il) and Cd(II) ions were adsorbed
under the same conditions (time and concentration),
respectively. Similar results have been obtained
by several earlier works on ion adsorption onto
CNTS.38’39’25

Effect of pH on ion adsorption

The pH of solution is an important variable
governing metal ions adsorption. The effect of pH
on the adsorption percentage of Pb(Il), Cd(Il) and
Cu(Il) ions by SWCNTs-COOH and SWCNTs was
studied by varying the solution pH over the range
of 2-8 using the same concentrations of ions. In
this study, sodium phosphate (0.1 mol L"), ammo-
nium acetate (0.1 mol L™') and ammonium chloride
(0.1 mol L") were used for the adjustment of solu-
tions pH.

After the solubility product equilibrium con-
stant (Ksp), of the ions, the best pH range is 2—8 for
these ions.*> Fig. 3 illustrates that for each ion, the
percentage of adsorption is increased efficiently
with the increase of solution pH.

The initial concentration of each ion was
20 mg L' and T = 298 K. The uptake of each ion
by the adsorbents in aqueous solution increased as
the pH increased from 2 to 8. Although a maximum
uptake was noted at pH 8, the metal ions started to
precipitate when the pH increased to >7. Therefore,
no experiment was conducted at pH = 7.

The increase in adsorption capacity at pH > 7
could be due both to the adsorption of ions onto the
surface of adsorbents and precipitation. It is consid-
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Fig. 2 — Effect of initial ion concentration on the percentage of adsorption by SWCNTs-COOH and
SWCNTs. Initial ion concentration was 10, 20, 30, 40 and 50 mg L™!; pH 5, adsorbents dosage
50 mg L7!; contact time, 120 min and T = 298 + 1 K.
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Fig. 3 — The effect of pH on the percentage of adsorption of Pb(Il), Cu(Il) and Cd(Il) ions. Initial con-
centration of each ion, 20 mg L™'; adsorbents dosage 50 mg L™" and contact time, 120 min.

ered that SWCNTs-COOH and SWCNT have a
maximum adsorption capacity at pH = 5, if the pre-
cipitated amount is not considered. Therefore, the
optimum pH was found to be 5 for Pb(II), Cd(II)
and Cu(Il) ions the adsorption. The metal ions in
aqueous solution may undergo solvation and hydro-
lysis. The process involved for metal adsorption is
as follows:*4

M2 + nH,0 «<—— M(H,0)>* (3)
M(H,0);" «<—— [M(H,0),; (OH)]" + H* (4)

M2+ nH,0 <=4 [M(H,0),, (OH)]* + H*(5)

The pKa values for Pb(II), Cu(Il) and Cd(II)
ions were 7.7, 9.3 and 10.1, respectively.*** Perusal
of the literature on metal speciation showed that the
dominant species were M(OH), at pH > 6 and M?" at
pH < 6.0. The maximum percentage of adsorption
for metal ions was observed at pH = 5. By further in-
crease in pH, adsorption decreased probably due to
the formation of lead, copper and cadmium hydrox-
ides and chemical precipitation.*647

Effect of ionic strength

The ionic strengths of 0.01, 0.02, 0.03, 0.04 and
0.05 mol L' from NaNO, were used to investigate
the ionic strengths effect on Pb(II), Cd(I) and Cu(Il)
ions adsorption percentage by SWCNTs-COOH and
SWCNTs. It is to be mentioned that only in this part,
NaNO; was used to adjust the ionic strength, while in
other parts of the experiments the effect of ionic
strength was ignored. Fig. 5 shows that the percentage
of ion adsorption decreases with the increasing of
ionic strength, so that the percentage of adsorption de-
creased from 70.03, 60.97 and 47.76 to 68.27, 58.33
and 45.69 by SWCNTs-COOH and 27.17, 19.07 and
16.97 to 26.06, 18.11 and 15.11 by SWCNTs for
Pb(II), Cd(1l) and Cu(Il) ions, respectively. This phe-
nomenon could be due to two reasons: (1) Pb(Il),
Cd(IT) and Cu(Il) ions formed electrical double layer
complexes with CNTs as adsorbents, which favored
the adsorption when the concentration of background
electrolyte was decreased.

This implies that the interaction between the
functional groups of CNTs and metal ions has
mainly ionic nature, which is in good agreement
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Fig. 4 — Effect of ionic strength on the percentage of ion adsorption by SWCNTs-COOH and
SWCNTs. Initial concentration of each ion was 20 mg L™'; pH 5, contact time, 120 min,
adsorbent dosage 50 mg L™ and T = 298 + I K.
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Fig. 5 — Effect of temperature on the percentage of ion adsorption, initial concentration of each ion was
20 mg L7!; pH 5, contact time, 120 min and adsorbent dosage 50 mg L.

with ion exchange mechanism; and (2) the ionic
strength of solution influences the activity coeffi-
cient of metal ions, thus limits their transfer to the
surface of adsorbents.*34

Effect of temperature on ion adsorption

Fig. 5 shows adsorption percentage of Pb(Il),
Cd(II) and Cu(lIl) ions as a function of temperature.
The adsorption experiments were conducted at 283,
293, 303 and 313 K to investigate the effect of tem-
perature, with the initial concentration of 20 mg L
for each ion, adsorbent dosage of 50 mg L' and pH
= 5. It was observed that the maximum adsorption
percentage for each ion increased.

As Fig. 5 shows, the ions percentage of adsorp-
tion yield onto adsorbents increases with tempera-
ture. When temperature increased from 283 to 313 K,
percentage of adsorption for Pb(Il), Cd(II) and
Cu(Il) ions, increased from 65.23, 54.90 and 42.25
to 80.04, 69.89 and 53.26 by SWCNTs-COOH, re-
spectively, and from 23.79, 17.89 and 16.01 to

31.25, 23.37 and 21.37 respectively by SWCNTs.
An increase in the amount of equilibrium adsorption
of each ion with the rise in temperature may be ex-
plained by the fact that the adsorbent sites were more
active at higher temperatures. Also, it can be ex-
plained by the fact that the kinetic energy of cations
increases at higher temperatures, therefore, the con-
tact between each ion and the active site of adsorbent
is sufficient, leading to an increase in adsorption effi-
ciency. This condition shows that adsorption occurs
more physically rather than chemically. Similar
trends have also been observed by other researchers
for aqueous phase adsorption.’® In addition, the rise
in adsorption with temperature may enlarge the pore
size of nanotubes to some extent, which may also af-
fect carbon adsorption capacity.*

Adsorption isotherms

Fig. 6 shows the adsorption isotherms of
Pb(II), Cu(Il) and Cd(II) ions on SWCNTs-COOH
and SWCNTs at pH = 5. The initial concentrations

140 —e— Pb ions onto SWNTs-COOH —m— Cuions onto SWNTs-COOH
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Fig. 6 — The percentage of adsorption isotherm of Pb(Il), Cu(ll) and Cd(Il) ions by SWCNTs-COOH
and SWCNT5. Initial concentration of each ion was 10, 20, 30, 40 and 50 mg L™'; pH 5;
contact time, 120 min and adsorbent dosage 50 mg L.
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of each ion were 10, 20, 30, 40 and 50 mg L' and
T =298 £ 1 K. It is apparent that the adsorption
percentage increased along with the increasing of
C, and maximum values of percentage adsorption
were found to be 78.73, 65.21 and 50.31 for Pb(II),
Cd(II) and Cu(II) ions on SWCNTs-COOH respec-
tively.

Although the specific surface area of SWCNTs
and SWCNTs-COOH is almost the same (~400 m? g ™),
the SWCNT-COOH adsorbent appears more effi-
cient than SWCNTs for the adsorption of ions. This
could be attributed to the existence of functional
groups, the wettability of SWCNTs-COOH and the
ability to form complex with ions.”® In this study,
two classical adsorption models were employed to
describe the adsorption equilibrium. The adsorption
data have been correlated with Langmuir and
Freundlich isotherm equations. Langmuir isotherm
is valid for monolayer adsorption onto a surface
with a finite number of identical sites. If ion ad-
sorption follows Langmuir model, the adsorption
process can be expressed as:’!

aneKd

= 6
9, 1K, (6)

Eq. (6) can be transformed into a linear equa-
tion as follow:

C, 1 1

- + 7Ce (7)
q. Kde qm

where, C, (mg L") is the equilibrium concentration
of ion in the solution, ¢, (mg g!) is the adsorption
capacity at equilibrium, ¢,, (mg g') is the maxi-
mum adsorption capacity and K, (L mg™!) is the ef-
fective dissociation constant that relates to the af-
finity binding site. The values of ¢,, and K, are ob-
tained from the intercept and the slope of the linear
plot of C/q, against C,.

Freundlich equation is an empirical relation-
ship, where it is assumed that the adsorption energy
of ion binding to a site on an adsorbent depends on
whether or not the adjacent sites are already occu-
pied. This isotherm can be described as follow:>?

g, = K,Cr (8)

Eq. (8) can be transformed into a linear equa-
tion form as follows:

Ing,=InK, +1/nlnC, C)

where, K and n are physical constants of Freund-
lich adsorption isotherm. Also, K and » are indica-
tors of adsorption capacity and adsorption intensity,
respectively. The slope and intercept of linear

Freundlich equation are equal to 1/ and InK, re-
spectively. Table 1 summarizes the coefficients of
Langmuir and Freundlich isotherms for different
temperatures and adsorbents. Comparison of the R?
values given in Table 1 indicates that Langmuir iso-
therm better fits the experimental data than does
Freundlich isotherm.

The validity of Langmuir isotherm suggests
that adsorption is a monolayer process and adsorp-
tion of all species requires equal activation energy.
As Table 1 shows, K, increases with increasing of
temperature, indicating that adsorption of ions by
SWCNTs-COOH and SWCNTs increases with tem-
perature. The results also implied that the affinity of
the binding sites increased with temperature. More-
over, K, values for various adsorbents followed the
order SWCNTs-COOH > SWCNTs, suggesting that
the affinity of the binding sites for each ion also
followed this order.

Freundlich isotherm does not describe the satu-
ration behavior of adsorbents. Regarding the coeffi-
cients of Freundlich model, K. increased with tem-
perature, revealing that adsorption capacity in-
creased with temperature. Like K, n increased with
temperature as well. Since all » values obtained
from the isotherms exceeded unity, the ions were
favorably adsorbed by SWCNTs-COOH and
SWCNTs surfaces. The highest values of n were
4.522, 10.003 and 11.089 at 313 K for Pb(Il),
Cu(Il) and Cd(II) ions by SWCNTs-COOH and
13.001, 10.788 and 17.055 by SWCNTs, respec-
tively. These data indicate favorable adsorption at
high temperatures. Similar results have been re-
ported by several earlier works for Freundlich
constant for ion adsorption onto nanotube
adsorbents.

The maximum adsorption capacities for
monolayer saturation at 313 K were 96.017, 77.002
and 58.889 mg per gram of SWCNTs-COOH and
33.548, 24.288 and 24.065 mg for Pb(Il), Cu(ll)
and Cd(II) ions per gram of SWCNTs, respectively.
With increas in temperatures, leading to higher sites
for the ions to be adsorbed by SWCNTs-COOH
and SWCNTS surfaces and leading to an increase
in their adsorption capacity of surface adsorbents,
resulting in the enlargement of pore size. Also,
some researchers indicated that by increasing the
temperature, the carbon nanotubes stability and
total surface area had increased.”® Both Langmuir
and Freundlich isotherms suggest that adsorption
processes were endothermic. Although Freund-
lich isotherm provides information about surface
heterogeneity and exponential distribution of active
sites and their energies, it does not predict any satu-
ration of the surface of adsorbents by the adsor
bate.>3
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Table 1 — Coefficients of the Langmuir and Freundlich isotherms for Pb(Il), Cu(Il) and Cd(Il) ions percentage of adsorption by
SWCNTs-COOH and SWCNTs (Initial concentration of each ion was 10, 20, 30, 40 and 50 mg L™'; pH 5, adsorbents
dosage, 50 mg L™'; contact time 120 min and T = 298 + 1 K)

Langmuir Freundlich
T/K K,/L mg! qm R? Ky n R?
Pb(IT) SWCNTs-COOH
283 1.100 90.235 0.9992 52.259 3.887 0.9901
293 1.4560 92.593 0.9992 57.106 4.1067 0.9909
303 1.516 94.689 0.9991 62.338 4.322 0.9903
313 1.633 96.017 0.9993 67.004 4.522 0.9900
SWCNTs
283 0.631 27.112 0.9990 18.889 9.211 0.9910
293 0.691 29.851 0.9993 20.615 9.901 0.9919
303 0.722 31.235 0.9991 22.332 10.112 0.9955
313 0.759 33.545 0.9991 26.666 13.001 0.9971
Cu(II) SWCNTs-COOH
283 1.006 65.125 0.999 43.336 6.332 0.9955
293 1.028 68.966 0.999 46.651 7.9745 0.9937
303 1.060 72.326 0.9991 50.002 8.998 0.9913
313 1.089 77.002 0.9991 52.989 10.003 0.9914
SWCNTs
283 0.611 19.887 0.9991 12.112 9.321 0.9901
293 0.638 21.008 0.9990 14.281 9.862 0.9905
303 0.668 22.871 0.9991 17.026 10.312 0.9901
313 0.689 24.288 0.9991 20.110 10.787 0.9907
Cd(II) SWCNTs-COOH
283 0.988 50.233 0.9991 33.448 10.011 0.9901
293 1.002 52.356 0.9991 37.856 10.593 0.9883
303 1.223 55.337 0.9990 42.559 11.026 0.9889
313 1.502 58.890 0.9990 48.998 11.089 0.9900
SWCNTs
283 0.352 16.126 0.9992 12.551 9.765 0.9910
293 0.544 18.868 0.9992 13.130 11.074 0.9939
303 0.770 21.226 0.9991 14.056 13.337 0.9922
313 0913 24.065 0.9990 16.012 17.055 0.9907

Thermodynamics of adsorption

Thermodynamic parameters provide additional
in-depth information regarding the inherent ener-
getic changes involved during adsorption. To assess
the thermodynamic parameters, the adsorption iso-
therms of Pb(Il), Cu(ll) and Cd(II) ions by
SWCNTs-COOH and SWCNTs surfaces were mea-
sured at 283, 293, 303 and 313 K and the changes
in thermodynamic parameters of standard Gibbs
free energy of adsorption (AG), standard enthalpy

(AH") and standard entropy (AS°) were calculated
from the variation of the thermodynamic equilib-
rium constant, K, with the change in temperature.
Thermodynamic constant, K, for the adsorption re-
action at equilibrium can be defined as:

a _ Y4,

a, 7.C,

K, (10)

where, a,; and a, denote activity coefficients of the
ions adsorbed by SWCNTs-COOH and SWCNTs as
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adsorbents and the ions in the equilibrium solution,
respectively. ¢, is the concentration of ions ad-
sorbed on the surface (mg g™'), C, is the concentra-
tion of considered ion at the equilibrium (mg L),
y, and y, are the activity coefficients of the ad-
sorbed solute and the solute in the equilibrium solu-
tion, respectively. As the concentration of the solute
in the solution approaches zero, the activity coeffi-

cient, v, approaches unity. Eq. (10) then is written
aS:54’55

Ky=—*=-¢ (11)

where, the values of K|, are obtained by plotting
In(g,/C,) versus ¢, and extrapolating ¢, to zero. Its
intercept with the vertical axis gives the values of
In K,. The standard Gibbs free energy of adsorp-
tion, AG°, is:>

AG" = —RTIh K, (12)
RTInK, =TAS’ — AH" (13)
AH® 1 AS°
hK,=———+—— (14)
R T R

Eq. (13) describes how the equilibrium con-
stant, K, varies with the absolute temperature, 7,
for an equilibrium system and eq. (14) predicts a
linear plot of In K|, versus 1/7 for the reversible ad-
sorption of ions on SWCNTs-COOH and SWCNTs
adsorbents. Fig. 7 shows the In K, vs. 1/T plot for
the adsorption of the ions on SWCNTs-COOH and
SWCNTs surfaces at various temperatures.

Table 2 presents the adsorption thermodynamic
parameters with regard to SWCNTs-COOH and
SWCNTs as adsorbents. Table 2 clearly shows that
the change of standard enthalpy is positive for the

Table 2— Adsorption thermodynamic parameters for the
percentage of ion adsorption by SWCNTs-COOH and SWCNTs
adsorbent (Initial concentration of each ion was 10, 20, 30, 40
and 50 mg L pH 5; adsorbents dosage, 50 mg L contact
time, 120 min and T = 298 + 1 K)

T/K |AG°/k] mol! AH/KJ mol™! AS%J mol! K!
Pb(1l) SWCNTs-COOH

283 -28.674

293 -32.116 68.72 344.15

303 -35.557

313 -38.999 y =-8259.9x + 41.394  R* 0.9983
Cu(II) SWCNTs-COOH

283 —26.649

293 —29.642 58.07 299.36

303 —32.636

313 -35.630 y = —6984.8x + 36.007  R? 0.9998
Cd(1n) SWCNTs-COOH

283 -12.925

293 -14.996 45.67 207.05

303 —17.066

313 —-19.137  y = -5493.6x + 24.904  R>: 0.9997
Pb(Il) SWCNTSs

283 -10.350

293 -11.817 31.16 146.68

303 —13.284

313 -14.751  y = -3748.8x + 17.620  R?: 0.9494
Cu(IT) SWCNTs

283 -8.418

293 -9.342 18.72 95.64

303 -10.265

313 ~11.189  y = -2251.6x + 11.503  R* 0.9983
cd( SWCNTs

283 -8.356

293 -9.145 13.87 78.45

303 -9.913

313 -10.677 y = -1668.2x + 9.4359  R?: 0.9990

y = In Ky, x = 1/T, slope = ~AH/R and intercept = ASY/R

30
—e&— Pb ions onto SWNTs-COOH —=— Cu ions onto SWNTs-COOH
25 —A— Cd ions onto SWNTs-COOH —¢— Pb ions onto SVWNTs
20 —¥— Cu ions onto SWNTs —e— Cd ions onto SWNTs
xC)
< 15 1 ii n
———— —
10
5 = == —— ==
O 1 T I
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
1/T (1/K)

Fig. 7.— InK, vs. I/T plot for the thermodynamic parameters for the percentage of adsorption of Pb(Il),
Cu(ll) and Cd(1l) ions by SWCNT5-COOH and SWCNTs, concentration of each ion was 10, 20, 30,
40 and 50 mg L~!; pH 5; adsorbents dosage, 50 mg L™ contact time, 120 min and T = 298 = 1 K
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adsorption of the mentioned ions by SWCNT-COOH
and SWCNTs.

It is clear that adsorption of Pb(II), Cu(Il) and
Cd(II) ions on considered adsorbents are endother-
mic, which is supported by the fact that the content
of adsorption increases with temperature as it is
known from literature. If the heat values of adsorp-
tion process range from 40-800 kJ mol™!, the ad-
sorption process is usually chemisorption, yet val-
ues less than 40 kJ mol™! refer to a physisorption
process.*°

Usually adsorption of gases on surface is an
exothermic process. In this study, it can be said that
the adsorption of each mentioned ion is an endo-
thermic process. This phenomenon could be due to
two processes. The hydration of each ion is endo-
thermic and adsorption of each ion onto both sur-
faces is exothermic. Plot of eq. (14) gives the stan-
dard enthalpy changes determined as 68.72, 58.07
and 45.674 kJ mol™! for Pb(II), Cu(Il) and Cd(II)
ions adsorbed by SWCNTs-COOH, respectively,
and as 31.16, 18.72 and 13.87 kJ mol~! by SWCNTs,
respectively. Hence, adsorption of Pb(Il), Cu(ll)
and Cd(II) ions by SWCNTs-COOH is a chemical
process which by SWCNTs, it is a physical process.
The positive value of AS° is indicative of increased
randomness at adsorbent-adsorbate interface during
the adsorption of Pb(II), Cu(Il) and Cd(II) ions by
SWCNTs-COOH and SWCNTs. The increase in the
adsorption capacity of the adsorbent with tempera-
ture is attributable to the enlargement of pores or
activation of the adsorbent surface.’” Also, AG° re-
flects the feasibility of the adsorption process and
the standard entropy determines the disorderliness
of adsorption at solid-liquid interface. The AG® val-
ues were negative at all temperatures of the experi-
ments, verifying that the adsorption of all ions by
SWCNTs-COOH and SWCNTs was spontaneous
and thermodynamically favorable. Also, a more
negative standard Gibbs energy implies a greater
driving force of adsorption, resulting in a higher ad-
sorption capacity. As the temperature increased
from 283 to 313 K, Gibbs standard energy got
greater negative values. Additionally, the adsorp-
tion by SWCNTs-COOH was more spontaneous
than by SWCNTs. Hence, the amount of the Gibbs
standard energy implied that the adsorption affinity
of Pb(Il), Cu(Il) and Cd(II) ions by SWCNT-COOH
was stronger than that by SWCNTs, indicating the
functional groups such as -COOH on carbon
nanotube structures can be useful for adsorption of
ions from aqueous solutions.

Desorption studies

Desorption studies were carried out in order
to understand the regenerative capability of

SWCNTs-COOH and SWCNTs. Different concen-
trations of mineral acids, as 0.01-0.100 mol L!
HNO; for Pb(IT) and 0.01-0.100 mol L' HCI for
Cu(Il) and Cd(II) ions, were used as desorbing media
for the desorption studies.® The temperature was
set at 298 K. Desorption studies were performed
maintaining the process conditions similar to those
of adsorption studies. The results of desorption
studies are depicted in Table 3. It is evident from
Table 3 that the maximum desorption efficiency
was 96.23 % for Pb(II) using 0.100 mol L' HNO;,
86.66 % for Cu(Il) using 0.100 mol L-' HCI and
69.25 % for Cd(II) using 0.100 mol L' HCL.

Table 3 — Desorption of Pb(ll), Cu(ll) and Cd(Il) ions by
SWCNT5-COOH and SWCNTs

Concentration | Desorption | Desorption | Desorption

of acid/mol L' | of Pb(I1)/% | of Cu(Il)/% | of Cd(I1)/%
0.010 54.22 44.25 21.20
0.025 62.32 57.38 33.38
0.050 71.29 61.39 47.17
0.075 86.15 74.36 55.35
0.100 96.23 86.66 69.25

Hydronium ions may replace Pb(Il), Cu(Il) and
Cd(II) ions on the metal loaded adsorbent, thus
functioning as a cation exchanger. The metal ions
loaded on SWCNTs-COOH and SWCNTs create a
disposal problem as they are hazardous in nature.
This problem may be overcome to some extent by
using elution methods. Elution of heavy metals al-
lows the recovery of metal ions in concentrated so-
lutions and regenerated adsorbents. Concentrated
metal solutions may be suitable for metal recovery.
Regenerated adsorbents may be recycled for reuse
and ultimately the adsorbents must be incinerated.

Conclusion

Batch adsorption experiments were carried out
for the adsorption of Pb(Il), Cu(Il) and Cd(II) ions
from aqueous solutions using SWCNTs-COOH and
SWCNTs as adsorbents. The adsorption characteris-
tics were examined at different pH, initial ion con-
centration, contact time, ionic strength, temperature
and adsorbent type relative to the mentioned ions.
The obtained results can be summarized as:

1. The amount of each adsorbed ion increases
with time; since after 120 min no change was ob-
served in the adsorbed amount, then 120 min was
chosen as the best contact time condition for ad-
sorption of Pb(II), Cu(Il) and Cd(II) ions.
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2. The results showed that SWCNTs-COOH
was a better adsorbent than SWCNTs for having
—COOH group. Carboxyl group causes a rise in
negative charge on carbon surface.

3. The experiments revealed that the governing
factor affecting the adsorption characteristics of all
adsorbents is competition of the H" ions with metal
ions at low pH values. The maximum adsorption
was observed at pH = 5-6. Also at higher pH (6-8),
precipitation of hydroxide species on the adsorbents
was more predominant.

4. With the increasing ionic strength, adsorp-
tion of ions onto SWCNT-COOH and SWCNTs de-
creased.

5. Langmuir adsorption model is better fitted
for the adsorption of Pb(Il), Cu(Il) and Cd(II) ions
on SWCNT-COOH and SWCNTs adsorbents. The
highest monolayer adsorption capacity was ob-
tained as 96.02, 77.00 and 55.89 mg g! for Pb(Il),
Cu(II) and Cd(II) ions on SWCNTs-COOH, respec-
tively and as 33.55, 24.29 and 24.07 mg g' on
SWCNTs , respectively (at 313 K and pH = 5).

6. Thermodynamic studies showed that adsorp-
tion of Pb(II), Cu(Il) and Cd(II) ions was a sponta-
neous process and endothermic process. Further,
according to the AH values in Table 2, the adsorp-
tion on SWCNTs-COOH surface was a chemisorp-
tion process, while on SWCNTs surface it was a
physisorption process.

7. Dilute HNO; solution dissolved Pb(II) ion
and HCI solution dissolved Cu(Il) and Cd(II) ions,
and removed these ions from the adsorbents, so that
the adsorbents could be used several times.

References

1. Molinari, R., Poerio, T, Cassano, R., Picci, N., Argurio,
P, Ind. Eng. Chem. Res. 43 (2004) 623.

2. Al-Degsa, Y. S., Barghouthia, M. I. E., Issaa, Akhraishehb,
M. A., Walker, G. M., Water Res. 40 (2006) 2645.

3. Goyer, R. A., Environmental Health Perspectives 100
(1993) 177.

4. Jarup, L., Berglund, M., Elinder, C. G., Norberg, G.,
Vahter, M., Scand. J. Work Environ. Health 24 (Suppl. 1)
(1998) 1.

5. Li, N., Bai, N., Separation & Puri. Tech. 42 (2005) 237.

6. Larous, S., Meniai, A. H., Lehocine, M. B., Desalination
185 (2005) 483.

7. World Health Organization, guidelines for drinking water
quality: incorporating first addendum vol. 1, Recommen-
dations, 3" ed., 2006.

8. Rao, M. M., Ramesh, A., Rao, G. P. C., Seshaiah, K., J.
Hazard. Mater. B 129 (2006) 123.

9. Gundogan, R., Acemioglu, B., Alma, M. H., J. Colloid &
Inter. Sci. 269 (2004) 303.

10. Ho, Y. S., Huang, C. T., Huang, H. W., Process Biochem.
37 (2002) 1421.

11. Srivastava, V. C., Mall, I. D., Mishra, I. M., J. Hazard. Ma-
ter. B 134 (2006) 257.

12

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.
36.
37.

38.

39.
40.

41.
42.

43.

44,

. Peterson, G. W., Rossin J. A., Smit, P. B., Wagner, G. W,
Carbon 48 (2010) 81-88.

Meyyappan, M., Carbon Nanotubes Science and Applica-
tion, CRS Press LLC, 2005.

Vairavapandian, D., Vichchulada, P, Lay, M. D.,
Analytica Chimica Acta 626 (2008) 119.

Jiang, L., Gao, L., Sun, J., J. Colloid & Interface Sci. 260
(2003) 89.

Chen, Q., Saltiel, C., Manickavasagam, M., Schadler, S. L.
S., Siegel, R. W,, Yang, H., J. Colloid & Interface Sci. 280
(2004) 91.

Hyung, H., Fortner, J. D., Hughes, J. B., Kim, J. H., Envi.
Sci. Tech. 41 (2007) 179.

Yang, K., Xing, B., Envi. Pollution 157 (2009) 1095.

Zheng, Y, Yang, C., Pu, W., Zhang, J., Food Chem. 114
(2009) 1523.

Salam, M. A., Burk, R. C., Applied Surface Sci. 255
(2008) 1975.

Chen, G.-C., Shan, X.-Q., Wang, Y.-S., Wen, B., Pei, Z.-G.,
Xie, Y-N., Liu T, Pignatello, J. J., Water Res. doi:
10.1016/j.watres.2009.03.002.

Chin, C. J. M., Shih, L. C., Tsai, H. J., Liu, T K., Carbon
45 (2007) 1254.

Gotovac, S., Honda, H., Hattori, Y., Takahashi, K., Kanoh,
H., Kaneko, K., Nano Letters 7 (2007) 583.

Schierz, A., Zanker, H., Envi. Pollution 157 (2009) 1088.

Hu, J., Chen, C., Zhu, X., Wang, X., J. Hazard. Mater. 162
(2009) 1542.

Ruparelia, J. P, Duttagupta, S. P, Chatterjee, A. K.,
Mukheryji, S., Desalination 232 (2008) 145.

Chen, C., Hu, J., Shao, D., Li, J., Wang, X., J. Hazard. Ma-
ter. 164 (2009) 923.

Bittencourt, C., Hecq, M., Felten, A., Pireaux, J. J.,
Ghijsen, J., Felicissimo, M. P, Rudolf, P, Drube, W., Ke,
X., Tendeloo, G. V., Chemical Physics Let. 462 (2008) 260.

Liu, S. S., Lee, C. K., Chen, H. C., Wang, C. C., Juang, L.
C., Chemical Eng. J. 147 (2009) 188.

Wang, H., Zhou, A., Peng, F,, Yu, H., Yang, J., J. Colloid &
Interface Sci. 316 (2007) 277.

Li, Y H., Zhu, Y., Zhao, Y., Wu, D., Luan, Z., Diamond &
Related Mater. 12 (2006) 90.

Lia, Y. H., Wang, S., Luan, Z., Ding, J., Xu, C., Wu, D.,
Carbon 41 (2003) 1057.

Karanfil, T, Kilduff, J. E., Schlautman, M .A., Weber, W.
J., Envi. Sci. Tech. 30 (1996) 2187.

Lu, C., Su, F, Separation & Puri. Tech. 58 (2007) 113.
Canet, L., Seta, P, Pure Appl. Chem. 73 (2001) 2039.
Nightingale Jr, E. R., J. Phys. Chem. 63 (1959) 1381.
Li, Y. H, Wang, S., Wei, J., Zhang, X., Xu, C., Luan, Z.,
Wu, D., Wei, B., Chem. Phys. Let. 357 (2002) 263.

Rao, G. P, Lu, C., Su, F, Separation & Puri. Tech. 58
(2007) 224.

Wu, C. H., J. Colloid & Interface Sci. 311 (2007) 338.
Wang, H. J., Zhou, A. L., Peng, F., Yu, H., Chen, L. F., Ma-
ter. Sci. & Eng. A 466 (2008) 12.

Lu, C. S., Chiu, H. S., Chem. Eng. Sci. 61 (2006) 1138.

Kadirvelu, K., Namasivayam, C., Adv. Environ. Res. 7
(2003) 471.

Sawyer, C. N., McCarty, P. L., Parkin, G. F.,, Chemistry of
Environmental Engineering, Sth edition, McGraw-Hill,
New York, 2002.

Wulfsberg, G., Principles of Descriptive Chemistry,
Brookes/Cole Publishing, Montery, CA, 1987.



240

O. MORADI, The Removal of Ions by Functionalized Carbon Nanotube: ..., Chem. Biochem. Eng. Q. 25 (2) 229-240 (2011)

45.

46.

47.

48.

49.

50.

Skoog, D. A., West, D. M., Fundamental of Analytical
Chemistry, Fourth Edition, Holt-Saunders International,
1982.

Jusoh, A., Shiung, L. S., Ali, N. A., Noor, M. J., Desalina-
tion 206 (2007) 9.

Khalid, N., Chaudhri, S. A., Saeed, M. M., Ahmed, J., Sep-
aration & Sci. Tech. 31(1996) 229.

Schiewer, S., Volesky, B., Envin. Sci. Technol. 29 (1995)
3049.

Chen, C. L., Wang, X. K., Ind. Eng. Chem. Res. 45 (2006)
9144.

Reddad, Z., Gerente, C., Andres, Y., Cloirec, L. P, Envi-
ron. Sci. Tech. 36 (2002) 2067.

51.

52.
53.
54.
55.

56.

57.

58.

Bhattacharya, A. K., Naiya, T. K., Mandal, S. N., Das, S.
K., Chem. Eng. J. 137 (2008) 529.

Toth, J., Adv. Colloid & Interface Sci. 55, (1995) 1.
Jaroniec, M., Adv. Colloid & Interface Sci. 28 (1983) 149.
Niu, J. J., Wang, J. N., Solid State Sci. 10 (2008) 1189.
Adamczyk, Z., Warszyhski, P, Adv. Colloid & Interface
Sci. 63 (1996) 41.

Lyklema, J., Fundamentals of Interface and Colloid Sci-
ence, Elsevier Academic Press, 2005.

Levine, I. N., Physical Chemistry, Fourth Edition, McGraw-Hill
International Editions, 1995.

Han, R., Lu, Z., Zou, W., Daotong, W., Shi, J., Jiujun, Y. J.,
J. Hazard. Mater. 137 (2006) 480.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Dot Gain 20%)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Za tisak'] [Based on 'Za tisak'] [Based on 'Za tisak'] [Based on 'Za tisak'] [Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Dot Gain 20%)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [1417.323 907.087]
>> setpagedevice


