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Abstract In this study, as a low-cost bio-sorbent prepared from agricultural waste,
Platanus orientalis leaf powder (POLP) was used for the removal of Cu(Il) ions
from aqueous solutions. Morphology of the adsorbent surface and the nature of the
possible POLP and Cu(Il) interactions were examined by SEM micrograph and
FTIR technique, respectively. The influence of various operating parameters such as
temperature, pH, contact time, and initial concentration of Cu(Il) ions on the leaf
powder adsorption capacity was investigated. The adsorption was investigated using
different isotherms and kinetic models. The results showed that the adsorption
isotherm data were fitted well to the Langmuir isotherm and adsorption kinetics
followed the pseudo-second-order model. The thermodynamic parameters, such as
AG°, AH®, and AS°, were also evaluated. The calculated parameters indicated that
the adsorption process was spontaneous and endothermic in nature. The adsorption
capacity of Cu(Il) onto POLP was found to be as high as 49.94 mg g~ ', which is
higher than the adsorption capacity of many recently studied potential adsorbents.

Keywords Platanus orientalis leaf - Cu(Il) - Adsorption - Isotherm - Kinetics -
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Introduction

Heavy metals such as copper, nickel, chromium, and zinc are widely used in various
industries [1]. These are stable and persistent in the environment, and thus the
removal of these metals has become a significant issue. Although Cu(Il) is a
necessary microelement for life, an excessive amount of this metal produces many
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toxic and harmful effects for living organisms [2, 3]. Therefore, it is necessary to
remove Cu(Il) and other harmful heavy metals from effluents [1].

The common methods for the removal of heavy metals from wastewater are
chemical precipitation [4], biological process [5], membrane process [6], electro-
chemical treatment [7], ion exchange [8], solvent extraction [9, 10], ultra filtration
[11], and adsorption [12-19]. However, applications of these methods have been
limited in comparison with adsorption, because of high capital and operation costs,
and ineffective means of disposal of resulting sludge [20].

Several different-origin adsorbents have been used for Cu(Il) removal from
industrial effluents [21, 22]. Currently, the cost of processes has become an
important issue, so finding a low-cost and efficient adsorbent can affect the total cost
of the process. Natural adsorbents such as algae, bentonite, wheat straw, and pine
bark have the ability to be an effective Cu(Il) adsorbent [1, 3, 15, 21, 23, 24].

Platanus orientalis is a large, deciduous tree, with a native range spreading from
southeastern Europe to India, including Iran and Turkey [25]. In this study, the use
of powdered leaf of P. orientalis as an adsorbent was tested for Cu(Il) removal from
aqueous solutions. The effects of contact time, pH, initial Cu(Il) concentration and
temperature on the adsorption were investigated. Kinetics, isotherms, and thermo-
dynamic studies related to the process were also performed.

Materials and methods
Preparation of adsorbent

Platanus orientalis leaves were collected from the locally available plant in Mellat
Park, Tehran, Iran. The leaves were washed several times with distilled water to
remove the dust and other impurities from their surfaces. Leaves were dried at room
temperature. The dried leaves ground in a domestic grinder and sieved. The size of
the POLP particle is about 200 um. The color of the sieved powder was removed by
boiling the aqueous leaf powder at 100 °C for 2 h. The resulting dried P. orientalis
leaves powder (POLP) was kept in a glass bottle for use in adsorption studies.

Characterization of POLP

FTIR study was carried out on an FTIR spectrometer (the Perkin Elmer Spectrum RX1)
to analyze the functional groups, using potassium bromide (KBr). The specific surface
area was measured on a NOVA Station B surface area analyzer using the Brunauer—
Emmett-Teller (BET) method. In addition, the average pore diameter and total pore
volume were also determined. Morphology of adsorbents was investigated by
VEGAWTESCAN scanning electron microscope operated at 30-kV accelerated voltage.

Adsorption experiments

A stock solution (500 mg 17") of Cu(II) was prepared by dissolving proper amount
of CuS0O,4-5H,0 (Merck) in double-distilled water. Batch adsorption experiments
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were carried out to investigate the effect of initial Cu(II) concentration, contact
time, pH, and temperature on the adsorption of Cu(Ill) on POLP by varying the
parameters under study and keeping other parameters constant. In each experiment,
50 mg of POLP was added to 50 ml of Cu(Il) solution, and the pH was adjusted by
using 0.1 M NaOH (98 %, Merck) or 0.1 M HCI (Merck). The resulting solution
was agitated at 125 rpm on a stirrer at constant temperature and centrifuged at
5,000 rpm for 15 min. The Cu(Il) concentration in supernatant solution was
determined at characteristic wavelength of 620 nm [26], by a double-beam UV-
visible spectrophotometer (Shimadzu UV-1800). Each adsorption sample was
analyzed twice. Then the amounts of Cu(Il) adsorbed per unit mass of adsorbent
were calculated from the differences between the initial and final Cu(Il)
concentrations in solution by the following equation:
1%

g. = (Co Ce)M (1)
where ¢, (mg g_l) is the removal amount of Cu(Il) at equilibrium, Cy and C,
(mg 1_1), initial and final concentration of Cu(Il) solution, V (1), the volume of
Cu(II) solution used, M (g), the weight of the adsorbent used in the present study.

Results and discussion
Characterization

The FTIR technique is an important tool to identify functional groups, which are
capable of adsorbing metals. FTIR spectra of POLP, before and after adsorption of
Cu(Il), are shown in Fig. 1. The broad absorption peaks observed at 3,428 cm™'
correspond to the O-H stretching vibration of alcohols, phenols, and carboxylic
acids as in pectin, cellulose, and lignin, thus showing the presence of “free”
hydroxyl groups on the POLP surface [27]. The peak located at 2,924 cm™"' was
assigned to the stretching vibration of C-H bond in methyl group. The peak at
1,612 cm™' was characteristic of carbonyl group stretching. The peak at
1,056 cm™"' was assigned to C—O—C stretching of cellulose present in PLOP
[28].Characteristic changes observed in the FTIR spectrum of PLOP after
adsorption of Cu(Il) indicated that some peaks were shifted or disappeared, and
new peaks were also detected. Changes in vibration wavenumbers of the adsorbate
as a result of adsorption can be due to changes in the bond strength. Bands shifting
to lower wavenumbers indicates bond weakening, while a shift to higher
wavenumbers indicates an increase in bond strength [29].

The surface area and total pore volume of the POLP are calculated by the
standard Brunauer-Emmett-Teller (BET) method and Horvath—-Kawazoe (HK)
method. The average pore diameter, surface area, and total pore volume were
14.16 nm, 15.44 m* g, and 6.377 x 107> cm® g™, respectively.

Figure 2 shows the SEM micrographs of POLP. As observed, POLP has an
irregular, rough, and porous surface that provides suitable binding sites for the
Cu(Il) molecule.
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Fig. 1 FTIR spectrums of POLP and Cu(Il) loaded POLP

Removal of Cu(Il)
Effect of solution pH on Cu(Il) adsorption

The effect of pH on the Cu(I) adsorption on POLP is shown in Fig. 3. Due to the
precipitation of Cu(Il) at pH >6, the pH range of 2-6 was chosen. The solution pH
affects not only the surface charge of the adsorbent but also the degree of ionization
and speciation of the metal in solution. The Cu(Il) uptake was found to increase
with increasing pH, and it increased from 42.00 to 49.94 mg g~ for the increase in
pH from 2 to 6. Metals give positively charged ions when dissolved in water. Thus,
in acidic mediums (lower pH), the positively charged surface of sorbent tends to
oppose the adsorption of the cationic adsorbate [25].

Effect of contact time on Cu(ll) adsorption

The effect of contact time on the adsorption process is shown in Fig. 4. As observed,
the equilibrium was reached after 180 min. The adsorption process could be
described as a two-stage kinetic behavior, which was a rapid initial adsorption, then
followed by a slow rate. It is obvious that the Cu(Il) adsorption rate is rapid at the
first 40 min, indicating a high affinity between the Cu(II) molecules and the POLP
surface due to fact that initially all the adsorbent sites are vacant and the solute
concentration gradient is very high. The decrease in the adsorption rate toward the
end of experiment is due to a decrease in the number of vacant sites of adsorbent
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Fig. 2 SEM micrograph of the POLP

50
49
48
47
46
45
44

q. [mg g]

43
42
41

pH

Fig. 3 Effect of pH on Cu(Il) adsorption [contact time of 180 min, initial Cu(II) concentration of
50 mg 17!, temperature of 60 °C]

and metal concentrations [30]. The decreased adsorption rate indicates the possible
monolayer formation of metal on the adsorbent surface [27].

Effect of temperature on Cu(Il) adsorption

To determine the effect of temperature, adsorption experiments were carried out at
25, 40, 50, and 60 °C, respectively. As shown in Fig. 5, the adsorption capacity
slightly enhances with the increase in temperature. The maximum adsorption
capacity increases from 49.88 to 49.94 mg g~ with the increase in temperature
from 25 to 60 °C, which illustrates that the adsorption process of Cu(II) onto POLP
is endothermic.
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Fig. 4 Effect of contact time on Cu(II) adsorption [feed pH of 6, initial Cu(Il) concentration of
50 mg 11", temperature of 60 °C]

Adsorption kinetics

To evaluate the kinetic mechanism of the adsorption process, the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models were applied to fit the
experimental data.

The pseudo-first-order rate model is defined as the following equation [31]:

log(ge — q:) = logge — %t (2)
where k; (min~") is the Lagergren rate constant of pseudo-first order, g, (mg g~ ")
and g, (mg gfl) are the amounts of Cu(Il) adsorbed at time ¢ (min) and equilibrium.
As observed in Fig. 6a, the values of k; and g, were determined from the intercept
and the slope of the plot of log (g. — ¢;) versus t.

The pseudo-second-order rate model is as follows [31]:

t 1 t

o kd 4 G)
where k> (g mg~' min™"') is the rate constant of pseudo-second order. As observed
in Fig. 6b, the values of k, and ¢. were determined from the intercept and the slope
of the plot of #/q, versus t.

The initial adsorption rate, # [mg (2~ min™")] is frequently used as a measure of

adsorption rate. For the pseudo-second-order equation, / can be determined by the
following equation [30]:

h = kog? (4)

The adsorbate species are probably transported from the bulk into the solid phase
through an intraparticle diffusion. The possibility of intraparticle diffusion, which is
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Fig. 5 Effect of temperature on Cu(Il) adsorption [feed pH of 6, initial Cu(II) concentration of
50 mg 171, contact time of 180 min]

often the rate-limiting step in many adsorption processes, was explored by using the
intraparticle diffusion model [32]:

g =kat'* +C (5)

where C is the intercept and k;iy is the intraparticle diffusion rate constant
(mg g~ min~""?), which was determined from the intercept and the slope of the plot
of g, versus ' (Fig. 6¢).

The kinetic data were analyzed by the kinetic equation mentioned above, and
evaluated parameters are summarized in Table 1. The values of correlation
coefficient (RZ) obtained from pseudo-second-order kinetics (0.9968) were higher
than those from pseudo-first-order kinetics (0.9522) and intraparticle diffusion
model (0.9370). The values of g. »ca Were closer to experimentally obtained (g exp).
and thus pseudo-second-order kinetics could reasonably describe the Cu(Il)
adsorption on POLP.

Adsorption isotherms

Figure 7 shows the POLP adsorption capacity with different Cu(Il) concentrations
at equilibrium. The adsorption capacity increases with the increasing Cu(Il)
equilibrium concentration and then reached the saturation plateau. This trend may
be due to the extent of a driving force of concentration gradients with the increase of
the Cu(Il) concentration and then, due to the amount construction of POLP, the
adsorption tended to be a saturated state [31].

The adsorption parameters were evaluated using Langmuir, Freundlich, and
Temkin isotherm models. The Langmuir isotherm supposing monolayer sorption
onto a surface with a finite number of identical sites. The equation of the Langmuir
isotherm is as follows [27]:
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Fig. 6 Adsorption kinetics of Cu(Il) adsorbed by POLP: a pseudo-first-order model, b pseudo-second-
order model, ¢ intraparticle diffusion model
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where ¢, is metal concentrations onto the sorbent (mg g_l) at equilibrium and g, is
maximum adsorption capacity (mg g~ '). C, is metal concentration at equilibrium in
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Fig. 7 Isotherms of Cu(ll) adsorption onto POLP

solution (mg l_l). K; is Langmuir constant (L mg_l) related to the affinity of
binding sites and the free energy of sorption. A straight line was obtained when 1/g.
was plotted against 1/C.. The values of g, and K; were calculated from the slopes
and intercepts.

The empirical Freundlich equation for adsorption on a heterogeneous surface is
commonly represented by [33]:

1
Ing. =InKr +-1InC, (7)
n

where Kr (((mg gfl)/(mg L") and n are the Freundlich constants, indicating
the sorption capacity and the sorption intensity of the system, respectively. These
parameters were determined from the plot of In g, versus In C..

The enthalpy of the adsorption and the adsorbent—adsorbate interactions were
evaluated by using the Temkin isotherm model. The Temkin isotherm equation in
linear form is shown as [30]:

qe:IEIHI(T—i—R—TlnCe (8)
br br
where T is the absolute temperature in Kelvin. R is gas universal constant [8.314 J
(mol~' K™Y], by (J mol™) is the Temkin constant related to enthalpy of adsorption
and K (L g~ ") is equilibrium binding constant. The Temkin constants b and K7 are
calculated from the slope and intercept of g, versus In C..

The adsorption equilibrium data were evaluated by the aforementioned isotherm
equations, and corresponding calculated parameters are tabulated in Table 2. As
observed, the value of R? obtained from the Langmuir isotherm equation (0.9802)
was higher than that from the Freundlich (0.6986) and Temkin (0.8567) isotherm
equations. This fact indicated that the Langmuir isotherm model, which assumes a
monolayer coverage and uniform activity distribution on the sorbent surface, could
well describe the Cu(Il) adsorption on POLP.
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Table 2 Adsorption isotherm parameters for Cu(I) onto the POLP
Langmuir Freundlich Temkin
Gm Ky R Kp(mgg ) n R br Kr R
(mgg™) (Lmg (L mg™H"™ Gmol™) (@Lg™h
169.49 2.6818 0.9802 11.4684 1.7612  0.6986  161.026 229.9010  0.8567
6.9
6.8
6.7
6.6
6.5
a
M 64
.= R?=0.975
6.3
6.2
6.1
6
59
2.95 3 3.05 3.1 3.15 32 3.25 33 335 34
10%/T (K1)
Fig. 8 Van’t Hoff plot for the adsorption of Cu(Il) onto the POLP
Table 3 Adsorption thermodynamic parameters for Cu(II) onto the POLP
AH°® (J mol™") AS® (Jmol™' K™ AG°(kJ mol™")
298 313 323 333
18.081 110.402 —14.848 —16.571 —17.398 —18.820
Table 4 Comparison of adsorption capacities of various adsorbents for Cu(II) removal
Adsorbent ge (mg g~ References
Platanus orientalis leaf 44.94 This work
Modified litchi pericarp 23.70 [23]
Fe;0,4 at SiO,—HA microspheres 29.42 [35]
Chemically modified orange peel 15.27 [36]
Tree fem 11.70 [37]
Banana peel 4.75 [38]
Rice husk 10.90 [39]
Sawdust 1.79 [40]
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Adsorption thermodynamic

Thermodynamic parameters such as change in standard free energy (AG°®), enthalpy
(AH®), and entropy (AS°) evaluated for Cu(Il) adsorption onto POLP. These
parameters were calculated using the following equations [34]:

Ge

Kp =2 9

D= )

AG® = —RTInK) (10)
AS®  AHP

Inkp =22 — 1

NAD="p" " RT (11)

The values of AH® and AS° were calculated from the slope and intercept of the
plot of In K, versus 1/T (Fig. 8). Standard Gibbs free energy change of sorption
(AG®) was evaluated using Eq. (10).

The calculated thermodynamic parameters are tabulated in Table 3. The negative
Gibbs free energy change (AG®) and the positive value of AH®, indicate that the
adsorption process is spontaneous and endothermic, respectively. Further, the
positive value of entropy change (AS°) reflects the random nature of the process at
the solid—solution interface and the affinity of POLP for Cu(Il) adsorption [27, 34].

Comparison of various adsorbents

Table 4 compares the adsorption capacities of the POLP in this work with some
different adsorbents previously used for Cu(II) removal. As observed, the adsorption
capacities of the POLP (g,,) are much higher than that of many others previously
reported adsorbents, indicating the promising application of POLP to be an effective
adsorbent for removing Cu(Il).

Conclusions

In this study, P. orientalis leaf powder appears as a prospective adsorbent for the
Cu(II) removal from aqueous solution. The optimum parameters for the maximum
adsorption were temperature of 333 K, contact time of 180 min, and pH of 6. The
kinetics of Cu(ll) adsorption on POLP followed the pseudo-second-order rate
model. Equilibrium data fitted very well with the Langmuir isotherm equation.
Maximum adsorption capacity was found to be 49.94 mg g~'. The negative AG°
value indicated that the adsorption was feasible and spontaneous. The positive AH®
and AS° values described the endothermic nature of the adsorption and the affinity
of POLP for Cu(Il) adsorption, respectively.
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