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ABSTRACT

In this study, the novel low-cost Pinus eldarica leaves-based biosorbent (Pe) was introduced
to remove heavy metal ions from aqueous media. The Pe ability of Pb(II), Cu(Il), and Ni(II)
ions biosorption was investigated in aqueous solutions. The maximum sorption capacity
was 40, 26, and 33 mg g_1 for Pb(I), Cu(I), and NidI), respectively, that was so promising.
Experiments were carried out in lab-scale batch reactors as function of initial pH (pHy), ini-
tial concentration of heavy metal ions (Cp), and contact time (f). The statistical analysis was
applied to determine the significant parameters, rank of parameter influences, and type of
influences. The adsorption kinetics data were modeled using the pseudo-first, pseudo-
second-order, and intraparticle diffusion kinetics equations. The pseudo-first-order and
pseudo-second-order kinetics equations described the adsorption kinetics very well. Finally,
the equilibrium data were described by 15 isotherm models with different number of
parameters from two to five. The results revealed that the Langmuir and Fritz-Schlunder
models provided the best correlation of the experimental data.
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1. Introduction [1,2]. Industrial wastewaters of a variety of industries
usually contain harmful heavy metal ions that can
damage the aquatic life and human health [3]. Heavy
metals are non-biodegradable pollution. Heavy metal
ions accumulate in living tissues causing several

Heavy metals are among the main pollutants of
water and wastewaters in Iran and in other countries
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diseases and disorders; therefore, heavy metal must be
removed before discharge into the environment [4].

There are several treatment methods for effluents
containing heavy metals including precipitation [5], fil-
tration [6], reduction [7], extraction, ion exchange [8],
and adsorption [9,10]. In recent years, application of
biosorption in removing heavy metal pollution has
gained more attention [11,12]. Since Iran as a develop-
ing country has a lot of problems with heavy metal
pollution of water sources, the application of low-cost
technology to solve the problems will be promising.

Since biosorbents effectively and quickly possess
dissolved metal ions, sequestering their property, and
decrease the concentration of heavy metal ions in
solution from ppm to ppb level, they are an ideal
candidate for the treatment of high-volume and low-
concentration complex wastewaters [13-16]. Various
natural materials of biological origin, including differ-
ent plant species [17,18], bacteria [19], fungi [20],
yeast, algae, etc., have been utilized as biosorbents.

Pine tree as the local plant of Iran shows a high
ability to absorb heavy metal from the environment
[21]. Their efficiency in application as the heavy metal
pollution bioindicator confirms their ability to heavy
metal absorption [22]. The leaves of plants such as
pine trees can be used as low-cost precursor to
produce biosorbent [23]. Although there are a lot of
studies on pine bark [24] and pine cone [25]-based
biosorbent, pine leaves have rarely been applied to
produce biosorbent [26]. It could therefore be promis-
ing to produce efficient biosorbent based on pine tree
leaves.

Adsorption equilibrium and kinetics information
are the necessary requirements for the adsorption
process. Sorption capability is an important parameter
for process cost estimation [12,27,28]. The sorption
efficiency is determined experimentally at constant
temperature, and the results are presented as iso-
therms. The adsorption data may be described by
empirical equations called isotherm models with esti-
mated constants. The description of the sorption iso-
therms can be based on models with different
numbers and arrangements of parameters. The sim-
plest and usual method for determination of constants
in two parametric models is transformation to a linear
equation form; however, non-linear regression can be
used as an alternative method [28-30].

In this work, the biosorption of Pb(Il), Cu(l), and
Ni(II) onto Pinus eldarica-based biosorbent was studied
focusing on kinetics and sorption isotherms of the
process. Also, the influence of operational parameters
including initial pH (pHy), initial concentration of
heavy metal cations (Cp), and contact time (f) was
studied experimentally.
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2. Materials and methods
2.1. Biosorbent preparation and biosorption experiments

Fresh leaves of P. eldarica were collected in June
from Tehran pine trees. The leaves were washed by
warm deionized water several times and then dried at
room temperature. The dried materials were pow-
dered and sieved with mesh 35-60 pm. The synthetic
wastewaters containing Pb(II), Cu(Il), and Ni(II) were
prepared by diluting their 1,000 ppm spectroscopy-
grade stock solution of nitrate salts. Deionized double-
distilled water was used for diluting the solution.
Since the solutions pHy was adjusted using nitric acid,
the nitrate salts were used to prevent more counter
ion influences. The biosorption experiments were car-
ried out in 100-ml flask batch reactor. The reactor was
supported by a 100-rpm shaker. The experiments were
started by pouring 50ml of prepared synthetic
wastewater, pH adjustment, and adding 0.5g of
biosorbent (10 g L™"). Spectrophotometer (Shimadzu,
AA-6800) was applied for determination of remaining
and initial concentration. All experiments were tripli-
cated and the mean values have been reported.

2.2. Operational parameter influences investigation

Three operational parameters including contact
time, initial pH, and initial concentrations were
studied. The experiments were designed using one-
factor-at-a-time method. The contact time was investi-
gated in the range of 5-360 min. The experiments were
carried out in 25°C and adsorbent dose of 10 (g L™").
The initial pH was studied in the range of 2-6 when
initial concentration and contact time were fixed at
10 ppm and 360 min, respectively. The initial concen-
trations (Cy) were probed in the range of 10-1,000 ppm
when the pHy and contact time were fixed at 4 and
120 min, respectively. Finally, two-way analysis of vari-
ance (ANOVA), multiple linear regression, and rank
estimation were used to statistically determine the
significance, rank, and type of parameter influences.

2.3. Isotherm and kinetics modeling

There are a number of isotherm model equations
with different numbers and arrangements of parame-
ters to describe the adsorption process. In this study,
15 adsorption isotherm models were examined for
Pb** adsorption onto P. eldarica-based biosorbent (as a
sample process) to assess their modeling ability. These
15 isotherm equations were two, three, four, and five
parametric equations. The equation of explored
isotherm models is tabulated in Table 1.
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Table 1

The equations of explored isotherm models®
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Models

Models equation

Notes

Two parametric
Freundlich
model

Linearized
Freundlich

Langmuir

Linearized
Langmuir

Dubinin and
Radushkevich

Linearized Dubinin
and
Radushkevich

Temkin

Linearized Temkin

Three parametric
isotherm model

Redlich and
Peterson

Sips

Toth

Langmuir—
Freundlich

Radke-Prausnitz 1

Radke-Prausnitz 2

Radke-Prausnitz 3

Jossens model

)
Qe = KFCe

log(Q.) = log(K) + (1) log(C.)

_ Qmaxbce
T 145G,

Qe

(&) = (&) + (=) ()
Q. = g exp (—BD (RT In (1 + C%))z)

In(Q.) = In(qp) — Bp (RT 1n(1 +c%)>2

RT
Q.= o, In(KC,)
In(C,) = % ,—In K
0, _AC
‘ 1+BC!
Q _ QW’KSC’gn
¢ 1+KCr
mC(’
Qe = g 1/m
(1/K+Cy)
0, = Qu(KC,)"
‘14 (RCm)"
Q. QuKC,
T (1+KC)"
Qg — QmKCin
1+ KCr
Q. QuKC"
‘14 KCm !

C,= ﬁe exp(FQf)

Kg: the adsorption capacity

n: intensity of adsorption

Qmax: the maximum of adsorption (mg g ™)

b: the Langmuir adsorption equilibrium constant (L mg ")
qp: theoretical isotherm saturation capacity (mg g™')

Bp: the mean free energy of sorption per gram of the
adsorbate as it is transferred to the surface of the solid from
infinite distance in the solution

R: the universal gas constant

T: the temperature (K)

R: the universal gas constant (8.314 ] moL ™" K™')

T: temperature at 298 K
K: Temkin isotherm equilibrium binding constant (L g™")
Q,u: Temkin isotherm constant

A: the Redlich—-Peterson isotherm constant (L gfl),
B: a constant having unit of (L mg ")

Q,: the Sips maximum adsorption capacity (mg g ")
Ks: the Sips equilibrium constant (L mgfl)
m: the Sips model exponent

Qy: the Toth maximum adsorption capacity (mg gfl)
K: the Toth equilibrium constant
my: the Toth model exponent

Qy: the Langmuir-Freundlich maximum adsorption capacity
(mg g-1)

K: the equilibrium constant for a heterogeneous solid

m: the heterogeneity parameter lies between 0 and 1

Qi the Radke-Prausnitz maximum adsorption capacities
(mg g™

K: the Radke-Prausnitz equilibrium constants

m: the Radke-Prausnitz models exponents

H, F, and P: the parameters of the equation of Jossens.
H and F depend only on temperature. The equation can be
reduced to Henry’s law at low capacities

(Continued)
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Table 1 (Continued)
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Models Models equation

Notes

Four and five
parametric
Isotherm model

Fritz-Schlunder Q.= AC,
1+ BC!
(m1+my+1)
Baudu = QmKQ}W
1+ KC™"
) QnKCim
Fritz-Schlunder Q.= 111(72112

A and B: the Fritz-Schlunder parameters
a and f: the Fritz-Schlunder equation exponents (o, §) <1

Q,: the Baudu maximum adsorption capacity (mg g ')
K: the equilibrium constant
my and my: the Baudu parameters

Qy: the Fritz—Schlunder maximum adsorption capacity
(mgg™

K1, Ky, my, and my: the Fritz-Schlunder parameters.
(ml , mz) <1

3C, is the equilibrium liquid-phase concentration of the adsorbate (mgL™") and Q, is the equilibrium adsorbate loading onto the

adsorbent (mg g™).

Transformation to linear form and then linear regres-
sion as the usual method to explore two parametric iso-
therms was investigated. The results of linear equations
were compared with the non-linear exploration of the
models. The comparison can present a clear insight
about the linear transformation method and its deficien-
cies. The model parameters were estimated using the
least square algorithm by programming in MATLAB
software (regress and curve-fitting functions).

The kinetics of sorption process was investigated
using the gathered data-set of contact time influences
study. The Lagergren first-order, pseudo-second-order,
and intraparticle diffusion kinetics models were ana-
lyzed in this study. The equation of the explored
kinetics models is tabulated in Table 2.

3. Results and discussions
3.1. Influences of contact time (t) on biosorption

Fig. 1 illustrates the influences of t on the heavy
metals removal. A two-step kinetics behavior was

Table 2
The equation of explored kinetics models®

—B--Pb ----Cu - A Ni

oMy
0 40 80 120 160 200 240 280 320 360
Contact time (min)

Fig. 1. The influences of t on the adsorption capacity (g)
for Pb(I), Cu(l), and Ni(Il) in room temperature, 100 rpm
shaker, Cy 10 mgﬂ, pHp4,and 10 g L~! adsorbent dose.

identified from Fig. 1 including a very rapid step
due to the larger surface area and more available
active sites for adsorption (over 30 min for Ni** and

Kinetics model Model equation

Lagergren first-order
equation

KQ?t
Second-order equation Q= %KEQJ
Intraparticle diffusion Q= K%+ C

K: the intraparticle diffusion rate constant (g (mg min

Qr=Q.1-¢™ ) Q,: the amounts of adsorbed cations per weight unit of biosorbent at
equilibrium (mg g™")

k: the rate constant (min?)

0.5)—1)

C: the intercept

2Q, is the equilibrium adsorbate loading onto the adsorbent (mg g™

).
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Pb*>* and over 60 min for Cu®"). The initial step is
followed by a slower step when the active sites for
adsorption become occupied. In the slow step, the
process rate is controlled by the transportation of
adsorbates from the exterior to the interior sites of
adsorbent.

3.2. Influences of initial pH (pH,) on biosorption

Fig. 2 illustrates the influences of pHp on the
biosorption capacity (g). As presented in Fig. 2, the ini-
tial pH is one of the effective factors which influences
the heavy metal ions biosorption. It was observed that
biosorption was very small in pH 2 in our experi-
ments (17.33, 12.6, and 11.7% for Pb(II), Ni(Il), and Cu
(I), respectively). In low pHj, not only is the solubility
higher but also the occupation of the negative sites of
the adsorbent by H* (H30") leads to decline q. The
values of g increased as the initial pH increased from
2 to 4. In higher pH, the ability of metal ions for com-
petition with H" ions was also increased. The further
increasing of pH to 6 does not influence the biosorp-
tion significantly.

90
80 -
70 -
60 -
50 -
40 -
30 -
20 - _
10 : : : : :

q (mg/g)

Initial pH

Fig. 2. The influences of pHy on the adsorption capacity (¢)
for Pb(II), Cu(II), and Ni(II) in room tem}%erature, 100 rpm
shaker, Cy 10 mgfl, t 120 min, and 10 g L™ adsorbent dose.

Table 3
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Fig. 3. The influences of Cy on the adsorption capacity (g)
for Pb(I), Cu(l), and Ni(Il) in room temperature, 100 rpm
shaker, pHy 4, t 120 min, and 10 g L' adsorbent dose.

3.3. The influences of initial concentration (Cy) on
biosorption

Since the initial concentration (Cy) affects the
mechanism of adsorption, in this study, the influences
of Cp on biosorption were studied. The results of the
influences of Cy on q are shown in Fig. 3. The g is
increased with increasing Cp until Cy 400 mg LU It
results in the maximum g of 25, 32, and 39 mg g~ for
Ni, Cu, and Pb, respectively. The initial concentration
provided the necessary driving force to overcome the

30 1
20 = .
10 A
0 - Ni Cu Pb
58.7 63.5 207.2
Atomic weight

Fig. 4. The comparison of mean adsorption for three
adsorbates.

The ANOVA analysis of g (mg g™') vs. (three operational parameters and atomic weights of cations (A))

Statistical parameters

g vs. (1. A and 2. Cp)

g vs. (1. A and 2. pHy)

gvs. (1. Aand 2. T)

First input variable P-value  0.007
F-value 7.2

Second input variable P-value  0.000
F-value  43.1

ANOVA model accuracy parameters  R*(adj) 0.93

0.000 0.000
31.52 86.29
0.000 0.000
223 43.1
0.99 0.95
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Table 4
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Rate constant, experimental, and predicted adsorption capacity for whole three kinetics models

Kinetics model

Pseudo-first-order

Pseudo-second-order Intraparticle diffusion

Experimental
Adsorbent Q./m (mg gfl) k(@min™ Q./m (mg gfl) R? k@min™" Q.,/m (mg gfl) R? k C R?
Pb 1.56 0.20 1.55 0.99 0.25 1.61 0.92 0.020 1.28 0.36
Cu 1.22 0.22 1.20 090 0.37 1.25 096 0.015 1.01 044
Ni 1.40 0.17 1.39 098 0.22 1.46 0.96 0.023 1.08 0.46
Table 5
The results of exploring 15 isotherm models for Pb** adsorption data-set
Model parameters Model goodness parameters Fitting parameters

Model Py P, Py P, Ps R> (Q* APE MSE Py P, P P, Ps
Freundlich kg n 0.92 090 83 27 4.38 2.87
Langmuir Omax b 0.98 098 18 5 45.3 0.01
Dubinin and qp Bp 0.93 0.92 46 28 36.6 0.00

Radushkevich
Temkin Qn K 090 0.89 114 32 398 0.70
Linearized kg n 0.85 0.82 23 79 1.38 1.76

Freundlich 097 096 27 0
Linearized Omax b 0.84 —042 32 158 19.5 0.07

Langmuir 099 099 51 0
Linearized Dubinin ¢p Bp 0.46 -155 95 181 18.6 0.00

and 0.67 051 85 1

Radushkevich
Linearized Temkin Q,, K 0.37 -1.79 90 1x10° 360 0.21

0.90 0.89 57 0.56

Redlich and A B 0.99 099 21 4 0.45 0.00 1.19

Peterson
Sips Qm Ks m 0.99 099 22 6 0.35 0.87 0.01
Toth QO K m 0.99 099 20 4 517 180 0.74
Langmuir- Qum K m 095 044 174 79 8.04 -77 x 10" 0.68

Freundlich
Radke-Prausnitz 1 Q,, K m 0.99 099 21 4 0.45 0.00 1.19
Radke-Prausnitz 2 Q,, K m 0.93 0.88 115 36 5.68 -25x 10" 0.69
Radke-Prausnitz 3 Q,, K m 0.84 0.68 195 76 0.01 -1.00 0.00
Jossens model H F P 096 0.00 1x107 42x107 89x10Y 0.84 1.02
Fritz-Schlunder A o B 0.99 099 10 4.2 1,295 -0.47 1,367 —1.24
Baudu QOm K m m 0.92 091 61 42.5 45 -0.12 056 1.34
Fritz-Schlunder QO Ki m K, mp, 099 099 1037 562 359 3.59 -0.48 1,367 -1.24

R?: Coefficient of determination.
APE: Average pure error.
MSE: Mean square error.

resistances to the mass transfer. Also, the increase in
Co enhances the interaction between adsorbent and
adsorbate. As present in Fig. 3, further increase in Cy
causes no considerable changes in 4.

It is well known that atomic weights of adsorbed
cations affect the gq. In order to investigate the influ-

ences of atomic weights of adsorbed cations, the sta-
tistical analysis was applied to compare the mean of
adsorption results for the cations. Fig. 4 graphically
illustrates the comparison of cations mean adsorption.

The two-way ANOVAs were applied to the statisti-
cal assessment of the results of operational parameter
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influences, and the results are summarized in Table 3.
The statistical results confirmed the significant influ-
ences of the whole three operational parameters as
well as the atomic weights of cations on the 4.

An additional statistical test was applied to deter-
mine the rank of each parameter influence. The results
show the ordering of Cp; pH, t, and A (atomic
weights of cations). Then, the Cy and pH, have more
influence on adsorption.

3.4. Kinetics study

A study of the kinetics of adsorption is desirable as
it provides information about the mechanism of
adsorption, which is important for the efficiency of the
process. The pseudo-first-order, pseudo-second-order,
and intraparticle diffusion model equations were used
in this study to assess the kinetics of the process. The
values of rate constant k and the experimental and pre-
dicted adsorption capacity (§/m) for kinetics equations
are presented in Table 4. The high correlation coeffi-
cient (R*) values presented in Table 4 confirm that
pseudo-first- and pseudo-second-order equations can
model the experimental data very well. The predicted
g near the experimental value confirms the validity of
the pseudo-first- and second-order equations.

3.5. Adsorption isotherms

The results of the adsorption isotherm study are
tabulated in Table 5. The results confirm that
non-linear fitting outperformed linear regression for
two parametric isotherm equations. The comparison
between the goodness of linearized models and
transformed to non-linear of same model shows that
goodness parameters of linear model dramatically pre-
sent illusive viewpoint in linearized forms. The results
confirm that Q* and APE are good alternative for R
and MSE as goodness of model parameters when the
R? and MSE present no confident viewpoint about the
models. Increase in the number of parameters does
not considerably improve the model quality. Among
the four two parametric isotherm, the Langmuir iso-
therm can precisely describe the experimental data. It
refers to the one-layer adsorption mechanism. Among
the isotherm with more than two fitting parameters,
the four parametric Fritz-Schlunder presents better
fitting quality than the Langmuir isotherm.

4. Conclusions

The ability of P. eldarica has been probed for
removing three heavy metal cations including

S. Asgarzadeh et al. | Desalination and Water Treatment 57 (2016) 14544-14551

Pb(I), Cul), and Ni(D) from aqueous solutions. The
experimental studies showed the different optimum
conditions including pH 4, 30 min ¢, and 300 ppm C,
for Pb(l), pH 4, 60 min ¢, and 400 ppm C, for Cu(lD),
and pH 4, 30 min ¢, and 200 ppm C, for Ni(I). The
experimental data were analyzed using 15 isotherm
models as well as the three kinetics models. The equi-
librium biosorption isotherms showed that P. eldarica

possess promising affinity and sorption capacity for
Pb(I), Cu(l), and Ni(II).
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