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POTENTIAL OF PUMICE MODIFIED WITH IRON(III)
FOR COPPER REMOVAL FROM AQUEOUS SOLUTIONS

Iron-modified pumice (Fe-P) was prepared by the ion-exchange method using natural pumice
from Kayseri, Turkey at room temperature without calcination. SEM, FTIR, XRD, and Sser measure-
ment were used to investigate the copper removal mechanism. The results show that the Sger of the
pumice increased from 11.88 m?/g to 21.01 m%/g after iron modification. The effects of pH, contact
time, initial copper concentration, temperature, and various cations (Na*, K*, Ca?*, Mg?" and AI*") at
various pH were investigated in batch experiments. More than 92% of Cu(ll) was removed after
180 min. Langmuir, Freundlich, Dubinin—Radushkevich and Temkin isotherm models were applied to
the equilibrium data at 298, 308 and 318 K. The maximum adsorption capacity at 298, 308 and 318 K
was found to be 21.52, 19.48, and 19.67 mg/g, respectively. The kinetics of copper on Fe-P was best
described by the pseudo-second order kinetic model. The negative values of free energy change and
enthalpy change indicated that the adsorption process was feasible, spontaneous and exothermic.

1. INTRODUCTION

Many industrial wastewaters such as metal working, mining, steel, electric and elec-
tronic manufacturing, electroplating, refining process, batteries and the paint industry
are contaminated with heavy metals [1-3]. Treatment of these industrial wastewaters is
very important because of their high toxicity to humans, animals, and plants. Require-
ments for complying with environmental legislation are becoming increasingly more
stringent [4]. The removal of heavy metal ions from aqueous solutions has been com-
monly carried out by processes such as oxidation, chemical precipitation, ion exchange, ad-
sorption, biosorption, membrane filtration, reverse osmosis, and biological methods [5, 6].
Adsorption is effective for removing heavy metals from dilute solutions and is com-
monly used because the adsorbent is reusable, has a low operating cost and short oper-
ating times, can target specific metals, and does not generate toxic by-products [7, 8].
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Nowadays, many researchers have focused on inexpensive materials such as kaolinite,
lignite, fly ash, sawdust, plant wastes, and biomass for the removal of heavy metals from
wastewaters [5—10].

Pumice is a volcanic stone with higher surface area and porosity. Natural and mod-
ified pumice have been recently used as adsorbent, filter beds, and support material in
water and wastewater treatment [11].

The aim of the present study was to investigate the possibility of Cu(Il) adsorption
onto iron-modified pumice (Fe-P). It was characterized by SEM, FTIR, XRD and spe-
cific surface area (Sger) determination in order to discuss the adsorption mechanism.
pH, contact time, initial copper concentration, temperature, and effeccts of various cat-
ions (Na*, K*, Ca*", Mg®" and AI’") at various pH were investigated, as well as the equi-
librium, kinetics and thermodynamics of the adsorption process.

2. EXPERIMENTAL

Materials and chemicals. Pumice was obtained from Kayseri-Basakpinar in Turkey.
Its chemical composition was as follows: SiO, 69.27 wt. %, ALOs 22.1 wt. %, K,O
3.89 wt. %, Na,O 3.61 wt. %, Fe,03 2.90 wt. %, CaO 1.82 wt. % and small amounts of
Mg, Ti, S, P, Mn, Ba, Zr, Cr and Zn. It was washed with distilled water several times
and dried in an oven at 50 °C. Later, particle size of dried pumice was round to less than
0.125 mm. All chemicals were of analytical grade purity. Copper was used as the ad-
sorbate. A stock copper solution (1000 mg/dm®) was initially prepared by dissolving
CuS04-5H>0 in distilled water and preserved with concentrated HNO:s.

Modification of pumice with iron. Samples of Fe-P were prepared using Fe(Il) by
the ion-exchange method [12]. First, pumice was pretreated in a 37 wt. % solution of
HCI for 24 h at room temperature under mechanical stirring at 130 rpm. Samples were
washed 2-3 times with distilled water and oven-dried at 103 °C. The pretreated pumice
was then placed in a glass beaker and a solution of 0.5 M Fe(IlI) was added under agi-
tation until all pretreated pumice was soaked in the solution. Next, a 3 M NaOH solution
was added while mixing until pH reached ca. 9.5, and then constant stirring continued
for 30 min. Subsequently, the mixture was dried at 50 °C for 50 h while mixing and then
dried in an oven at 50 °C for about 50 h. The prepared material was washed with distilled
water to remove granular iron oxide particles and then dried at 80 °C for 24 h and 50 °C
for about 48 h. The prepared Fe-P was stored in brown bottles for later use. As an indi-
cator of a successful coating, a yellow-brown color change occurred in the pumice after
being coated in iron.

Batch experiments. For the batch experiments 100 cm® samples of Cu(II) solution in
250 cm® Erlenmeyer flasks were used. Effects of pH (2-6), contact time (2—1440 min), ini-
tial Cu(II) concentration (10250 mg/dm?*), temperature (25-45 °C) on adsorption were
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investigated by varying one parameter at a time and keeping the remaining other param-
eters constant. The effect of various cations was investigated by adjusting pH from 6 to 2
with HCI and NaOH solutions and keeping initial concentration of Cu(Il) constant at
50 mg/dm®. The experimental conditions are presented in Table 1. Optimum pH was
selected by favoring the adsorption of Cu(Il), which was then used in subsequent ki-
netic, isotherm and thermodynamic experiments. The residual concentration of Cu(Il)
in the supernatant was analyzed using a Nova 60 UV spectrophotometer.

Table 1

Experimental conditions

Set Experimental aim pH [Cu(Il)]o | Adsorbent .Contac.t Temperature
Effect of a factor [mg/dm?] | dose [g/dm?] | time [min] [°C]
L | pH 2-6 50 5 1440 25
2 | Contact time 5 50 5 2-1440 25
3 | Initial Cu(II) concentration 5 10-250 5 180 25-45
4 | Cations (Na*, K, Ca?!, Mg?*, AI*") | 2-6 50 5 180 25
7 | Temperature 5 50 5 180 2545

Cu(Il) removal efficiency (RE, %) and adsorption capacity (g., mg/g) were calcu-
lated with the following equations (1,2):

RE:CO_CE

x100% (1)

0

g, =G=CV @)

m

where Cp and C, are the initial and the equilibrium Cu(II) concentration (mg/dm?), V is
the volume of solution (dm?®) and m is the weight of Fe-P (g).

Characterization methods. The morphological analysis of Fe-P was performed us-
ing SEM, FTIR and XRD analyses. The Sger of natural pumice and Fe-P was measured
by the Brunauer—Emmett—Teller (BET) N, method.

The point of zero charge (pzc). 100 cm® of 0.1 M KCl solution was placed in an
Erlenmeyer flask and the initial pH was adjusted from 1 to 12 with H,SO4 or NaOH
solution. Then 0.5 g natural pumice or Fe-P was added to the solution. The mixtures
were shaken for 24 h to reach equilibrium. The final pH vs. initial pH was plotted. At
pszc (APH = pHﬁnal - pHinitial = O) [13, 14]
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Adsorption kinetics. Pseudo-first order, pseudo-second order and intraparticle dif-
fusion models were used. Non-linear pseudo-first and pseudo-second order kinetic mod-
els are described by the following equations [15, 16]:

¢ pseudo-first order model

q,=q,(1-¢") 3)
e pseudo-second order model
k,q’t
g =2 )
1+k,q,t

where ¢. and ¢; are the amounts of adsorbed Cu(Il) on adsorbent at equilibrium and time ¢
(mg/g), ki (min™) and k> (g/(mg-min)) are the rate constants of pseudo-first and pseudo-
-second order processes, respectively.

Intraparticle model is expressed as [17]:

q, =kt"’ +C S)

where k; (mg/(g-min®®)) and C are the rate constant of intraparticle diffusion model and
the intercept, respectively.

Equilibrium studies. The adsorption isotherm of Cu(Il) was determined at 298, 208
and 318 K. The Langmuir, Freundlich, Dubinin—Radushkevich (D-R) and Temkin iso-
therm model were used to fit the experimental data [18, 19].

The Langmuir isotherm is a single layer adsorption model which can be expressed as:

0,bC,
§ — m [4 6
%= 1rbC. (6)
where, O, is the maximum adsorption capacity (mg/g) and b is the Langmuir constant
(dm’/mg).
The Freundlich isotherm for heterogeneous surfaces is expressed by

qe = kFCel/n (7)

where, kr is the Freundlich adsorption constant (dm?/g) and 7 is the adsorption intensity.

To distinguish between the physical and chemical sorption onto Fe-P, D-R isotherm
based on the heterogeneous nature of the sorbent surface is applied. The D-R isotherm
equation is given as equation (8).
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q. = quReﬂ«s ()

where ¢gpr is the maximum adsorption capacity (mol/g), £ is a coefficient related to the
mean free energy of adsorption (mol*/J?), and ¢ is the Polanyi potential (J/mol)

g=RT1n(1+Lj
CE

The mean free energy E (kJ/mol) is then derived from:

E=—nu )

The Temkin isotherm has been developed taking into account the interaction be-
tween an adsorbent and adsorbed agents. It is expressed by the following equation

q, =Eln(KTCE) (10)

T
where bris a constant (g-kJ/(mg-mol)), and K7 — an equilibrium binding constant (dm*/mg).

Thermodynamic studies. The thermodynamic parameters such as changes of Gibbs
free energy (AG®), enthalpy (AH®), and entropy (AS®) were used to evaluate the spon-
taneity, nature of the process and randomness at the adsorbent—adsorbate interface. The
following equations were used [20]:

1nKC=AS _AH (11)
R RT
AG®=-RTInkK. (12)

where, K. (g./Ce) is the equilibrium constant. The values of AH® and AS° were determined
from a slope and intercept of the linear plot of InK. vs. 1/7, respectively.

3. RESULTS AND DISCUSSION
3.1. CHARACTERIZATION OF THE MATERIAL

The properties of pumice and Fe-P are given in Table 2. The Sger, total pore volume,
and average pore diameter of pumice and Fe-P were 11.88 m* g, 0.041 cm®-g™', 13.81 nm
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and 21.01 m*-g™', 0.041 cm®-g™', 7.82 nm, respectively. The values of Sger and average
pore diameter changed as a result of iron coating. Sger of modified pumice increased
while average pore diameter of modified pumice decreased.

Table 2

Characteristics of natural and modified (Fe-P) pumice

Seer | Total pore volume | Average pore diameter pH
pzc

Material [m?g] [em/e] [nm]
Pumice | 11.88 0.041 13.81 8.34
Fe-P 21.01 0.041 7.82 7.59

XRD spectra of pumice, Fe-P before, and Fe-P after Cu(Il) removal (Fe-P-Cu) are
presented in Fig. 1. In the XRD analyses, three peaks were observed for pumice at 22°,
28°, 59° and for Fe-P at 24°, 28°, and 42°, respectively. This finding reveals an amor-
phous quartz substance [11]. In addition, the apparent peak at 42° in Fe-P indicated the
presence of iron, which was supported on the pumice surface [21, 22]. The peak at 28°
of Fe-P-Cu is very clear. The changes of peaks are an evidence of Cu(II) adsorption.
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The FTIR spectrum of pumice, Fe-P and Fe-P-Cu are presented in Fig. 2. Character-
istic peaks of pumice are 800 cm—1, 1700 cm—1, 2300 cm—1 and 3500 cm—1. The peaks
at 800 cm'and 1700 cm™ may correspond to Si-O bending vibrations of the amorphous
quartz and be assigned to amide I or C=0 amide stretching, respectively [11]. Peaks of Fe-
P at 2328 cm™, and 1042 cm™ disappeared. The peaks of Fe-P-Cu appeared at 3233 cm™,



Potential of pumice modified with Fe(Ill) for Cu removal from solutions 171

1635 cm ™', 1008 cm ™' and 780 cm™'. A broad band around 3233 ¢cm™ of Fe-P-Cu corre-
sponds to vibrations of —OH groups [23].
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Fig. 2. FTIR spectra of natural pumice (a), Fe-P (b), and Fe-P-Cu (c)
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The peak at 1635 cm™ of Fe-P-Cu shows changes in the amide I or C=O amide
groups [24]. The reason of this is cation exchange and surface adsorption with surface
complexation. In addition, the peak observed at 780 cm™ in Fe-P-Cu represents Si—O struc-
ture [11]. Characteristic stretching vibrations for Si—O—Si bands were observed at 1042
and 1008 cm™! [23, 25].

Fig. 3. SEM images of natural pumice (a),
Fe-P (b), and Fe-P-Cu (c)

SEM images of pumice, Fe-P, and Fe-P-Cu are presented in Fig. 3. Pumice has
a smooth, even, and porous structure. Differentiated and porous channels and spaces
cannot be seen clearly from the SEM images after iron modification. The reason for this
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is the coating of the outer surface with iron oxides. (cf. [23, 26]). The SEM image of
Fe-P-Cu showed that the surface and cavities were filled with Cu(Il) ions.

3.2. EFFECT OF pH

pH of the solution has an important role in adsorption. It affects the ionization of
functional groups and the competitiveness of ions in solution. Studies were carried out
to see the effect of pH, in the range of 2—6. In the study, initial Cu(II) concentration was
fixed at 50 mg/dm?, and the adsorbent dose was 5 g/dm’. The effect of pH on the Cu(II)
removal and determination of pHp,. are presented in Fig. 4.
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Fig. 4. Effect of pH on the Cu(II) removal efficiency
and adsorption capacity of modified pumice (Fe-P);
Co 50 mg/dm?, adsorbent dose 5 g/dm?, contact time 1440 min, 25 °C

The removal of Cu(Il) increased from 86% to 94% upon increasing pH. Cu(Il) re-
moval efficiency and adsorption capacity of Fe-P at pH 5 and 6 reached 94%, 9.41 mg/g
and 94%, 9.43 mg/g, respectively. The decrease in Cu(Il) removal under acidic condi-
tions may be due to the competition of excess of hydrogen ions with Cu(Il) ions for
active sites on Fe-P. The pH,,. of raw pumice and Fe-P were found to be around 8.34
and 7.59, respectively; this indicates that the surface of Fe-P is positively charged at pH
<7.59 and negatively charged for its lower values [13]. In the adsorption process, Cu(II)
ions replaced protons on the Fe-P surface, which was confirmed by the fact that protons
were released into the solution during adsorption [14]. In the literature, pH,,. values of
pumice and iron oxides are 6.9-9.3 and 6-9, respectively [27]. Iron coating increased
the amount of total surface acidic groups of the material and the value of pHy,. decreased
[28]. The modification of pumice by iron oxide affected pore structures and surface
areas as well as the surface chemistry of pumice. The maximal removal of Cu(Il) was
achieved at pH 5 and 6, respectively. The experiments were performed at pH 5.
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3.3. EFFECT OF CONTACT TIME AND KINETIC MODELING

The effect of contact time on the removal of Cu(Il) onto Fe-P is shown in Fig. 5.
Cu(II) adsorption onto Fe-P occurred in sequential equilibrium steps. Adsorption was
completed in 72% after 30 min and later it slowly reached equilibrium. At the end of
180 min, removal efficiency and adsorption capacity reached 92% and 9.17 mg/g, re-
spectively.

100

80

60

40

Removal efficiency (%)

20

0 T T T T T T 1
0 250 500 750 1000 1250 1500
Contact time (min)
Fig. 5. Effect of contact time on the Cu(II) removal efficiency

by adsorption on modified pumice (Fe-P)
Co 50 mg/dm’, adsorbent dose 5 g/dm?, contact time 1440 min, 25 °C

The calculated coefficients and correlation coefficients (R*) are listed in Table 3.

Table 3
Kinetic parameters of the Cu(Il) adsorption
Pseudo-first order Pseudo-second order Intra particle diffusion
. k k: ki
1 S R - € R | €| R
[mg/g] | [min'] | [mg/g] [¢/(mg'min)] | [mg/g] [mg/(g min)>~]
9.17mg/g | 0.018 | 4.86 | 0.921 0.0099 9.34 | 0.996 0.587 2.995 | 0.863

Cu(II) adsorption fitted well to a pseudo-second-order kinetic model (R* = 0.996).
The g» values are very close to those calculated. This indicates that there is a chemical
process which is a rate limiting step in which ion exchange between Fe-P and Cu(II)
ions or a complex formation and adsorption depends on pollutant concentration
[15, 29, 30]. According to the intraparticle diffusion model, in the adsorption process
both boundary layer diffusion and intraparticle diffusion (C # 0) occur [18].
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3.4. EFFECT OF INITIAL Cu(II) CONCENTRATION AT VARIOUS TEMPERATURES

The initial concentration of the contaminant provides an important driving force
against the mass transfer resistance of all molecules between the sorbent and sorbate [18].
This study evaluated Cu(II) concentrations from 10250 mg/dm?® at 25-45 °C (Fig. 6).
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Fig. 6. Effect of initial Cu(II) concentration on the removal efficiency and adsorption capacity
of modified pumice (Fe-P); pH 5, adsorbent dose 5 g/dm?, contact time 180 min

The adsorption capacity increased upon increasing initial Cu(Il) concentration and
removal efficiency decreased. This can be explained by increased interaction between
Cu(Il) and Fe-P due to higher concentrations of Cu(Il) [18]. Decrease of the adsorption
capacity upon increasing temperature is due to the exothermic nature of the removal
process.

Cu(II) removal on a natural pumice was also studied (Co = 50 mg/dm’, contact time
180 min, pH 5, 25 °C, and 5 g/dm3 of the adsorbent). The 63% removal efficiency with
natural pumice was achieved while 92% removal on Fe-P was provided. These results

showed that the modification with iron substantially increased the removal efficiency
for Cu(Il).

3.5. EFFECT OF VARIOUS CATIONS

The effect of various cations such as Na', AI**, K*, Ca*", Mg** on Cu(II) removal was
studied at various pH (Fig. 7). Adsorption capacity of Cu(Il) was only affected by K" and
not by other cations. The effects of divalent cations were different from monovalent
cations. Cu(Il) may form strong inner-sphere complexes with Fe-P surface. Na', K,
Ca’" and Mg”" may form weakly outer-sphere complexes and they could hardly influ-
ence strong inner-sphere complexes between Cu(Il) and Fe-P [31]. Therefore, Cu(Il)
adsorption was not dependent on ionic strength.
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Fig. 7. Effect of various cations on the adsorption capacity of modified pumice (Fe-P) towards Cu(II);
Co 50 mg/dm?®, adsorbent dose 5 g/dm?, pH 5, 25 °C, cation concentration 0.01 M

3.6. ADSORPTION ISOTHERMS

Langmuir, Freundlich, Dubinin—Radushkevich (D-R), and Temkin isotherm mod-

els were applied to the equilibrium data. The isotherms are presented in Fig. 8 and iso-
therm model constants and correlation coefficients (R?) are presented in Table 4.
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R?values in the Freundlich isotherm model are higher than in the Langmuir model.
This demonstrates that the Cu(II) adsorption occurred on heterogenic surfaces. The max-
imum adsorption capacity (O.) decreased as temperature increased It was 21.52 mg/g
at 25 °C, 19.48 mg/g at 35 °C, and 19.67 mg/g at 45 °C. Also, 1/n values were between
0 and 1, indicating that adsorption was favorable at these conditions.

As shown in Table 4, R? values in the D-R isotherm model are quite high (0.98).
The average adsorption energy (E) is between 8 and 16 kJ/mol for all three temperatures.
When E is between 8—16 kJ/mol, it means that an adsorption mainly takes place via ion
exchange mechanism, which is a chemical process. If £ is lower than 8 kJ/mol, the
adsorption mechanism can be explained by physical interactions [19]. According to the
Temkin isotherm model, as the surface is coated, the adsorption heat of all molecules
on the surface for Cu(Il) decreases linearly due to the interactions between adsorbent
and adsorbate.

Table 4

Langmuir, Freundlich, D-R and Temkin adsorption isotherm parameters
for Cu(Il) adsorption onto Fe-P

Langmuir Freundlich
Tem[ierature On b e

e mgle] | [dm¥/me] | % | famiigg | o

25 21.52 0.129 0.953 4.11 2.81 0.988

35 19.48 0.118 0.954 3.75 2.79 0.986

45 19.67 0.091 0.954 | 3.28 2.70 0.984

Temkin D-R
br Kr R gpRr E 10°B R
[g-kJ/(mg-mol)] | [dm?/mg] [mol/g] | [J/mol] | [mol?/J?]

25 668 2.4 0.978 | 8x10* | 11.94 3.51° 0.985
35 321 4.8 0.949 | 8x10* | 12.19 3.37 0.984
45 347 4.9 0.950 | 7x10* | 12.29 3.31 0.982

3.7. THERMODYNAMIC STUDIES

The effect of temperature on Cu(Il) adsorption was studied at three temperatures
(Fig. 6). This parameter could be important for energy-dependent mechanisms in Cu(II)
adsorption by Fe-P [32]. The coefficients of the thermodynamic model and correlation
constants (R?) are presented in Table 5.

Negative values of AH® indicate the Cu(Il) adsorption was exothermic. In environmen-
tal engineering applications, both energy and entropy parameters must be considered in or-
der to examine which process may occur spontaneously [32]. The Gibbs free energy change,
AG®, is spontaneous and feasible. A positive value of AS® showed that the adsorption pro-
cess increased in randomness at the solid—liquid interface during adsorption.
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Table 5

Thermodynamic functions

Function A AS® [kJA/iOl]
(kifmol] | [kJ/(mol-K)] o0 308 318

Value -17.87 3.28 -19.07 | -19.20 | -19.22

4. CONCLUSIONS

The adsorption capacity of iron-modified pumice towards Cu(Il) was studied in var-
ious experimental conditions. When compared with the natural pumice, iron-modified
pumice had a much larger specific surface area as a result of the functionalization of the
mesoporous pumice with iron. The modified pumice showed great affinity towards
Cu(Il). In the adsorption process, equilibrium data are described by a Freundlich iso-
therm model. The maximum adsorption capacity (O.) obtained from a Langmuir iso-
therm model decreased upon increasing temperature (21.52 mg/g at 25 °C, 19.48 mg/g
at 35 °C, and 19.67 mg/g at 45 °C). During first 30 min of contact time, iron-modified
pumice removed the Cu(Il) ions rapidly due via active surface sites. The adsorption
process of Cu(Il) on Fe-P was exothermic and spontaneous. According to the kinetic
tests, a pseudo-second order model best fits the adsorption data. The mechanism of
Cu(II) adsorption is probably due to a combination of cation exchange and surface com-
plexation.
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