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ABSTRACT

This study deals with the evaluation of the single and binary removal of Pb* and Cd* from aqueous
solutions using HNO, modified olive pomace (N-OP). For the specific binary adsorption behavior,
a renovative isotherm model was developed based on the additivity of the single adsorption
contributions of Pb* and Cd* calculated from the binary data. The effect of the initial metal ion
concentration, pH, ionic strength, and temperature on the adsorption of the single Pb* and Cd*,
and their binary adsorption were investigated using batch experiments at the optimum conditions.
The N-OP displayed maximum adsorption capacities of 64 mg g for Pb* and 20.5 mg g™ for Cd*
from the single metal ion solutions using 1.0 g L"N-OP. The results were best fitted with the Langmuir
model for Pb* and the Radke-Prausnitz model for Cd* adsorption at 25°C. The reusability of the
N-OP was confirmed with desorption studies. The thermodynamic study revealed that the adsorp-
tion of Pb* was exothermic and that of Cd* was an endothermic process. The existence of Cd* in a
binary solution increased the Pb* removal while that of Pb* reduced the Cd* removal with N-OP.

This behavior may contribute to a selective removal of the heavy metal ions from their mixture.
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1. Introduction

The removal of heavy metals from the environment
is of special importance due to their persistent nature.
Conventional methods for this purpose are chemical
precipitation, filtration, ion exchange, electrochemical treat-
ment, membrane technologies, adsorption onto activated
carbon, evaporation, etc. [1,2]. However, these methods are
ineffective in low concentrations, and expensive because
of the chemicals and energy required. Furthermore, they
produce secondary toxic sludge [3]. Particular attention

* Corresponding authors.

has recently been directed to the biosorption method which
utilizes various inexpensive agro-industrial byproducts
and wastes. Effectively modified biosorbents enable heavy
metal reduction to very low levels and a properly developed
method uses low toxic chemicals and produces low toxic
waste [1,4-7].

Lead and cadmium ions are non-essential heavy metal
ions for human beings, and present serious threats to the
ecosystem even at low concentrations. The major industrial
applications of cadmium include the production of alloys,
pigments, and batteries. Lead has many different industrial,

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



O. Uzunkavak et al. / Desalination and Water Treatment 162 (2019) 278-289 279

agricultural, and domestic applications and is mostly used
in the production of lead-acid batteries, ammunitions,
paints, ceramic products, and as a solder [8].

Adsorption of heavy metal ions is controlled by the
surface chemistry of the biosorbent. The binding of the
heavy metal ions to the biosorbent surface with a variety
of surface functional groups may occur by coordination
chemistry, electrostatic interaction, and ion exchange [3,9].
Especially, oxygen containing functional groups, such as
hydroxyl, carboxylic, lactonic, and phenolic, play a key role
in binding heavy metal ions onto lignocellulosic biosor-
bents. The number of acidic surface groups can be increased
by chemical treatment causing oxidation whose nature
and concentration depends on the chemicals used, and the
duration and temperature of the treatment [10]. The ratio of
cellulose, hemicellulose, and lignin content of the lignocellu-
losic biomass is another factor which has an influence on the
characteristics of the modified surface.

Olive pomace (OP) is an abundant agricultural waste
produced in the entire Mediterranean Region, for which
no important industrial use has been developed. There
are studies on the sorption capacity of raw and chemically
modified olive pomace and the olive stone [9-14]. OP offers
prospective usage in heavy metal removal due to its sorption
characteristics, excess production, large particle size for the
ease of technological applications, and sludge-free operation.

The aim of this study was to obtain OP with the best
sorption capacity by modification with HNO, and to test its
effectiveness in the single and binary removal of Pb* and
Cd?* from aqueous solutions. For this purpose, the optimum
conditions for single ion adsorption were elaborated study-
ing the effect of the process parameters such as optimum
pH, adsorbent dose, initial concentration, contact time, ionic
strength, and temperature. Reusability of the biosorbent
was verified with a desorption study. The binary removal
of Pb* and Cd* was investigated using two cases: in the
first case, the initial concentrations of both ions were varied
concomitantly, and in the latter, initial concentration of Pb*"
was varied in the presence of a constant background concen-
tration of Cd* since the Cd* existence did not inhibit the Pb*
removal in the binary solutions. The modeling of adsorption
kinetics for single Pb* and Cd*, and that for the equilibrium
of their single and binary solutions were further included
in the study, to provide a better insight into the mechanism
of the removal. To elucidate the specific binary adsorption
behavior, an extended isotherm model was developed based
on the addition of the single ion contributions calculated
from the binary data.

2. Experimental
2.1. Materials

All the chemicals and reagents used were of analytical
grade. Deionized water was used for the solution preparation.
Stock solutions of 100 mg L™ Pb*, and Cd*" were prepared
from Pb(NO,), (Merck, Germany), and Cd(NO,),4H,0
(Acros Organics, Belgium), respectively. Their 10, 20, 40, 60,
and 80 mg L™ solutions were prepared using serial dilution.
HNO,, HCl, NaNO,, and NaOH were all purchased from
Merck. Raw olive pomace (R-OP) and HNO, modified olive

pomace (N-OP) were used in the adsorption experiments as
biosorbents.

2.2. Methods
2.2.1. Preparation of biosorbents

The olive pomace was obtained from an olive oil plant
in Pescara, Italy and was thoroughly washed with tap, and
deionized water and then dried at 50°C for 24 h. It was
then milled using a Groschopp & Co Mill (USA) and then
sieved using Tyler standard sieves. The size fraction of
500-1,000 um was labeled as raw olive pomace and stored
in airtight containers. The OP was best modified with 2 M
HNO, at 50°C for 24 h. After that, it was washed several
times with deionized water, dried at 50°C for 24 h and then
stored in an airtight container for further use.

2.2.2. Characterization of the biosorbents

The batch equilibrium method according to Shouman
et al. [15] was carried out for the determination of point of
zero charge (pH,,.). The amount of acidic and basic sur-
face functional groups was determined using the Boehm
titration method [16,17]. Freshly boiled deionized water was
used for the preparation of solutions to prevent the interfer-
ence of dissolved CO, and NaOH, and HCI solutions were
standardized. The number of acidic sites was determined
assuming that NaOH neutralizes carboxylic, lactonic, and
phenolic groups, Na,CO, neutralizes carboxylic and lactonic
groups, and NaHCO, neutralizes only carboxylic groups
[16]. The number of basic sites was then calculated from the
amount of HCl expended in the titration [17].

The attenuated total reflection-Fourier-transform infra-
red spectra (ATR-FTIR) of the samples were obtained in
transition mode using a PerkinElmer (Spectrum 100, Shelton,
CT, USA) spectrometer in the region 4,000-400 cm™. The
morphological features of the R-OP and N-OP were studied
using a Carl Zeiss (300VP, Oberkochen, Germany) scanning
electron microscope (SEM). The specific surface area of the
biosorbents was calculated from the adsorption data of N,
at 77 K using a BET analyzer (BET Micromeritics 3 Flex,
Norcross, GA, USA). The pH adjustment of the solutions was
performed with a pH meter (HI 221, Nusfalau, Romania).
Pb* and Cd* concentrations were determined using an
atomic absorption spectrometer (AAS, PerkinElmer Model,
Shelton, CT, USA).

2.3. Adsorption study

The biosorption experiments were performed in 50 mL
PP tubes using 25 mL metal ion solutions. The optimum pH
values were determined by varying the pH in the range of 2
to 10 and the optimum dose of OP was determined by vary-
ing its amount in the range of 0.6-10.0 g L™ at the optimum
pH, using 100 mg L aqueous solutions of Pb* and Cd?*,
respectively. The optimum pH values were kept constant
during the experiments with the addition of 0.1 M NaOH
at regular intervals. In the kinetic study, the solutions with
an initial Pb* and Cd* concentration of 100, 80, 60, 40, and
20 mg L™ were shaken with 1.0 g L™ of OP at the optimum pH
as a function of time. All the experiments were performed in
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duplicate. The effect of the ionic strength on the sorption pro-
cess was also investigated with and without the background
concentration of 0.01 and 0.1 M NaNO, with variation in the
solution pH. The desorption study was investigated using
100 mg L Pb* and Cd* solutions adjusted to a pH of 5.5
or 6.0 and 2.5 or 3, respectively, using 0.2 M NaOH and HCl
in four consecutive experiments. The thermodynamic study
was accomplished at 25°C, 35°C, and 45°C using Pb* and
Cd?* solutions in the range of 10-100 mg L and the solu-
tions were shaken with 1.0 g L of OP at the optimum pH.
The adsorption experiments with binary mixtures of Pb*
and Cd* were conducted at a 1:1 concentration ratio of these
metal ions and with a background concentration of 50 and
100 mg L Cd* by varying the Pb* concentration in the
range of 10-100 mg L. Finally, the supernatant solutions
were filtered and analyzed for Pb* and Cd*" concentration
using AAS.

The amount of Pb** and Cd* adsorbed was calculated as
follows:

c,-C)v
q,= M (1)
m
where g, is the equilibrium sorption (mg g™'), C,and C, are the
initial and equilibrium ion concentrations (mg L), respec-
tively, V is the volume of solution (L), and m is the amount of
olive pomace (g).

2.4. Kinetic modeling

The kinetic results were analyzed using the kinetic
models of pseudo-first-order (PFO) [18], pseudo-second-
order (PSO) [19], and Weber-Morris intraparticle diffusion
(IPD) [20]. The respective equations are reported below:

g, =q.(1-¢") o))
k,g*t
q, = . 3)
1+k,qt
g, =Ky xt*7 +1 )

where g, and g, are the amount of Pb* and Cd* adsorbed at
equilibrium and at time ¢ onto the OP (mg g™), respectively,
k, is the rate constant of the PFO kinetic model (min™), k,
is the rate constant of the PSO kinetic model (g mg™ min™),
ki,q is the IPD model rate constant (g mg™ min™*°), and I is
a constant giving an idea about the effect of the boundary
layer thickness (mg g) [21]. When the intraparticle diffu-
sion is the rate limiting step, g, vs. t'? plot goes through the
origin. However, adsorption kinetics may be controlled by
film diffusion and intraparticle diffusion simultaneously.
Then the straight line has an intercept.

2.5. Isotherm modeling

2.5.1. Single ion adsorption

The three 2-parameter isotherm models of Langmuir
(Eq. (5)), Freundlich (Eq. (6)), and Dubinin—-Radushkevich
(Eq. (7)), and the three 3-parameter isotherm models of

Langmuir-Freundlich (Eq. (8)), Radke-Prausnitz (Eq. (9)), and
Redlich-Peterson (Eq. (10)) were used to analyze the experi-
mental data. Their non-linear forms are given below [21,22]:

quLCL’
- e 5
e T1vk,C ©)
g, =K, C" (6)
9. = (qm)exp(_Kkasz) @)
= qlYl(KL*FCL’) Y:;:- (8)
1+(K,_,C,)
qe — quRfPrCinRip (9)
(1 + KK—PrCe) '
q" = KR?PCCE Br-pe (10)
1+o b, (Cf)

In these expressions g, is the monolayer capac-
ity of the adsorbent covered with metal ions (mg g™), K,
is the Langmuir constant (L mg™) related to the energy of
adsorption, K, is the Freundlich constant which predicts the
quantity of the metal ion per gram adsorbent at the equi-
librium concentration (mg!» L¥" g-1), and n is a measure
of the strength of the adsorption process and related to the
surface heterogeneity. The Dubinin-Radushkevich (D-R)
model has the K, , as the D-R isotherm constant (mol* kJ)

and €= RTln[l-rCl where R = 8.314 ] mol™ K* and T in
(K). The Langmuir-Freundlich constant K, , is related to
the energy of adsorption and the m, , values close to zero
indicates the heterogeneous sorbent, while values close to
unity indicates a relatively homogeneous distribution of
binding sites. The Langmuir-Freundlich isotherm coincides
then with the Langmuir equation. The isotherm constants
of Radke-Prausnitz (K, ), and Redlich-Peterson (K, , and
0y p.), and the m, ., and B, , have similar meanings as

explained for the Langmuir-Freundlich isotherm.

2.5.2. Binary adsorption

An extended isotherm model was developed and
introduced to the binary adsorption study, which is based on
the addition of the single adsorption contributions of Pb* and
Cd?* calculated from the binary data. The Radke-Prausnitz
and Freundlich isotherm models were applied in the mod-
eling of the concomitant presence of Pb* and Cd* (Eq. (11)),
whereas the Dubinin—-Radushkevich and Freundlich models
were performed in the modeling of the constant background
concentration of the Cd* system (Eq. (12)) [23,24]. The model
parameters were obtained with a nonlinear statistical fit of
the experimental data. The non-linear forms of the isotherm
models are given below:

quR—PrCeq,l"b

= +K.CV"
(1+K

F~eq,Cd

- (1)

Mp_py
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Jeq = (qm )exp(—KDiRgz ) + KFC:Z]Y,'Cd (12)

2.6. Thermodynamic study

The thermodynamic study was performed using N-OP
as well as with R-OP for comparison purposes. From the
equilibrium data thermodynamic parameters AG®, AH°,
and AS° were calculated using Eqgs. (13)—-(17) and the linear
behavior of the InK,, vs. 1/T relationship:

AG°=-RT InK, (13)
where AG° is the standard free energy change, R is the
universal gas constant, T is the temperature in Kelvin, and
K, is the dimensionless distribution coefficient converted
from the K, value of the Freundlich isotherm as explained by

Tran et al. [25].

K, =1,000 K, (14)
AH®  AS°

Ink =207 15

o= Rt TR (15)

_RTInK, = AH®°~TAS® (16)

AG® = AH®—TAS® (17)

3. Results and discussion
3.1. Characterization of olive pomace

The chemical characterization provides a better under-
standing of the modification process of the biosorbent, and
its adsorption capacity and mechanism. Goering and Van
Soest analysis [26] indicated that the bulk composition of the
R-OP consisted of hemicellulose (17.28%), cellulose (34.68%),
lignin (31.24%), protein (7.15%), and ash (1.44%) in its dry
weight. There was no starch in its content.

The point of zero charge (pH,,.) measurements (Table 1)
denoted that oxidation with HNO, made the surface of N-OP
more acidic (pH 3.2) compared with the R-OP (pH 6.2). The
surface functional groups obtained by Boehm’s titration
method (Table 1) reflected this result with the increase of the
total acidity of the R-OP after the oxidation with HNO,, which
caused the formation of more lactonic and carboxylic groups.
The effect of nitric acid used for the surface modification was
ascribed to the attacks on the lignin disrupting more of the
OP structure [11], and hydrolysis of some of its hemicellulose
content [27]. In the oxidation process, the phenolic surface

Table 1
Surface characteristics of the raw and HNO, modified OP

groups of lignin were decomposed and converted to carbox-
ylic groups with a multi-step reaction process [28], which
favor the adsorption of metal cations [29].

The ATR-FTIR spectra of pristine R-OP and N-OP (Fig. 1),
and their loaded samples (initial Pb** and Cd*" of 100 ppm)
were evaluated to understand the nature of the surface func-
tional groups and the possible OP-Pb* and Cd?*" interactions.

The broad band peak at 3,339 cm™ is due to -OH
stretching vibrations which is a consequence of the inter and
intra-molecular hydrogen bonding of the alcoholic, phenolic,
and carboxylic groups, stemmimg from the cellulose, hemi-
cellulose, and lignin [30,31]. The peak appeared at 2,924 cm™
is ascribed to the symmetric C-H stretching vibrations of
the polymer backbone [11,15]. The peaks observed at 1,741
and 1,712 cm™ show the stretching vibration bands of C=0
due to the non-ionic carboxyl groups and may be attributed
to carboxylic acids or their esters. The peaks at 1,662 and
1,657 cm™ and 1,457 and 1,455 cm™ may be assigned to the
asymmetric and symmetric stretching vibrations of the ionic
carboxylic groups [31]. The peaks at 1,504 and 1,509 cm™
belong to the aromatic skeleton of lignin [32]. The bands
appeared at 1,421; 1,427; 1,362; and 1,372 cm™ are the stretch-
ing characteristic vibrations for lignin, the bending vibration
of -OH at 1,360 cm™ was reported for the syringyl ring of hard
wood and non-wood lignins [33]. The spectra of all the lignin
samples show the vibrations characteristic for the guaiacyl
unit (1,260 cm™, G ring, and C=O stretching) [33]. Moreover,
the intense band at 1,028 cm™ can be ascribed to the stretch-
ing vibration of the C-OH of the alcoholic groups and that
of the carboxylic acids [31]. The peaks ranging from 1,000
to 1,300 cm™ are ascribed generally to the C-O stretching
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Fig. 1. ATR-FTIR spectra of R-OP and N-OP.

Adsorbent Acidic functional groups (mmol g™) Basic functional PH,,c Specific BET

type Phenolic Lactonic Carboxylic Total acidity groups (mmol g™) surface area (m*g™)
R-OP 0.843 1.182 2.306 4.331 0.1084 6.2 0.1390

N-OP 0 1.532 3.145 4.677 0.1089 3.2 0.2726
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vibration in the carboxylic acids and alcohols. The HNO,
treatment increased the amount of some functional groups
with single oxygen bonds such as ethers and lactones at the
peak range of 1,300-1,100 cm™ [30]. However, this treatment
also destroyed some of the bonds, which are present in R-OP.
The disappearance of the peaks at 1,595 and 1,235 cm™ are
attributed to this behavior [11].

Adsorption of Pb* and Cd*" causes some of the peaks to
shift, indicating the interference of the ions with the related
surface groups due to the variation of the bond energy. The
comparison of the peak locations of the R-OP indicated the
shifts from 3,334 and 1,724 cm™ to 3,328 and 1,730 cm™,
respectively, after Pb* adsorption, and from 3,334; 2,923;
2,855; and 1,724 cm™ to 3,313; 2,919; 2,877; and 1,718 cm™
after Cd?*" adsorption, respectively. The peak locations of the
N-OP provided the shifts from 1,634 and 1,509 cm™ to 1,628
and 1,521 cm™ after Pb*" adsorption, and from 1,712; 1,509;
1,271; and 1,026 cm™ to 1,717; 1,541; 1,276; and 1,031 cm™
after Cd* adsorption, respectively. The results pointed out
that the main surface functional groups that contributed to
the metal ion binding were the alcohol and carboxyl groups
for both biosorbents.

Biosorbents were also characterized in terms of their sur-
face properties using BET analysis. A large specific surface
area provides high sorption capacity. The BET surface area
of R-OP (0.139 m?g™) increased two times after modification
(0.2726 m? g™). The improvement of the biosorption capacity
was partly due to the removal of some material that caused
changes in the surface area. However, the surface areas
obtained describe non-porous materials.

The surface textural characterization of R-OP and N-OP
was performed using SEM micrographs at various mag-
nifications to evaluate the morphological changes on the
surface. The SEM micrographs for R-OP and N-OP (Figs. 2a
and b) are shown with 750x magnifications (surface was
covered with gold). Fig. 2a reveals that the surface of R-OP
is plain, besides some small pores are evident. Fig. 2b shows
that N-OP has more pores and cavities with a rough surface
structure, indicating that the acid modification removed
some of the material from the surface. This explains why
the BET surface area value for R-OP was lower than that
of N-OP (Table 1).

EHT= 2.00 kV
WD = 6.8 mm

Fig. 2. SEM images of (a) R-OP and (b) N-OP.

3.2. Adsorption study
3.2.1. Determination of optimum conditions for adsorption

The heavy metal amount adsorbed onto the biosorbent
is strongly pH dependent. Therefore, the optimum pH of
the solution for Pb* and Cd* adsorption using N-OP was
studied with preliminary experiments. The optimum pH
values were determined as 5.5 for Pb* and 6.0 for Cd*" solu-
tions confirmed with successive isotherm measurements
(not given here).

3.2.2. Effect of adsorbent dose

The effect of the adsorbent dose in the range of
0.6-10 g L™ on the sorption of 100 mg L Pb* and Cd?*" from
a solution was investigated at the optimum pH values. The
data revealed that the adsorbent dose significantly influenced
the extent of Pb* and Cd* adsorbed (Fig. 3). At low R-OP
and N-OP dose, the adsorption capacities for Pb* and Cd*
were 30 and 82.5 mg g™ for Pb*, and 5 and 18 mg g for Cd*,
respectively. However, a higher adsorbent dose resulted in a
lower adsorption capacity. This result confirms that at a low
adsorbent dose, all types of sites are exposed to adsorption,
whereas at a high adsorbent dose, only the adsorption sites
of higher energy are available [34]. Therefore, the optimum
adsorbent dose for R-OP and N-OP was selected as 1.0 g L™
and used throughout the study.

3.2.3. Kinetic study and modeling

The contact time was also evaluated as an important
factor affecting the sorption efficiency. The sorption capacity
of N-OP at varying initial Pb* and Cd* concentrations was
studied as a function of time (Fig. 4). While the adsorption
equilibrium was achieved at low Pb* and Cd* concentra-
tions within 3—4 h, at higher concentrations equilibrium
was reached within 10-15 h. Hence, equilibrium time was
found to be dependent on the initial ion concentration.

The pseudo-first-order and pseudo-second-order
kinetic models originate from chemical reaction kinetics
and the adsorption rate is based on the adsorption capac-
ity [35]. Modeling of the kinetic studies indicated that the
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Fig. 3. Effect of the R-OP and N-OP dose on the adsorption
capacity and removal extent of (a) Pb* and (b) Cd*.

adsorption of Pb* and Cd* followed a pseudo-second-order
equation. The chemical reaction models are based on the
whole process of adsorption. On the other hand, the adsorp-
tion diffusion models are derived from three consecutive
steps: (1) diffusion across the liquid film surrounding the
adsorbent particles, referred to external diffusion or film
diffusion, (2) diffusion in the liquid contained in the pores
and/or along the pore walls, referred to internal diffusion
or intraparticle diffusion, and (3) adsorption between the
adsorbate and active sites. Consequently, adsorption dif-
fusion models can represent the real adsorption course
more reasonably, and are useful for the design of fixed-bed
systems [35]. To evaluate the diffusion mechanism of the
present study, the parameters of the Weber—Morris intrapar-
ticle diffusion model were determined. Two linear sections
resulting from the model revealed that the external diffusion
was the controlling step in the adsorption process (Table 2).

3.2.4. Equilibrium study and modeling

The adsorption capacity of N-OP was 64 mg g™ for Pb*
and 20.5 mg g™ for Cd*, and that of R-OP was 33 mg g™
for Pb* and 8 mg g™ for Cd*. The steep isotherm feature
(Fig. 5) obtained with N-OP revealed that N-OP beneficially
adsorbs at low Pb* and Cd* concentrations when compared
with R-OP. This behavior is caused by the formation of
acidic adsorption sites with a high energy level that leads

(a) 80
+ 100 ppm Pb
70 1%30 ]
ppm Pb
60 | #60ppmPh
¢ 40 ppm Pb
5 PP
20 ppm Pb
B a0
=
30
20—
10
0 T
0 500 ¢[min] 1000 1500
b
®) 00
¢ 100 ppm Cd
56 pp
¢ 80 ppm Cd
20 PP
¢ 60 ppm Cd
70 pp 2
+ 40 ppm Cd
60 PP
2 20 ppmCd
g 50
-
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30 -

0 T T

0 500 t[min] 1000 1500

Fig. 4. Effect of contact time, and initial concentration on (a) Pb*

and (b) Cd* adsorption onto N-OP (linear presentation with
pseudo-second-order model).

to strong adsorption at low equilibrium concentrations [36].
The presence of a higher amount of acidic groups, mainly
carboxylic, ionized on the N-OP at a pH of 5.5-6.0 justifies
this behavior (Table 1). The decrease in the solution pH
during the Pb* and Cd* adsorption onto the N-OP further
showed that the mechanism of the process was mainly an
ion exchange between the ionizable protons of the surface
oxygen groups and divalent cations. The R-OP (pH,,,. = 6.2)
adsorbed a considerable amount of Pb* and Cd?*, however,
this adsorption may not be ascribed to the proton exchange
mechanism. Then, the pH of the solution remained con-
stant during adsorption of Pb* and Cd* onto the R-OP.
Nonetheless, the shift of the carboxylic peaks in contact with
the Pb* and/or Cd* detected in the ATR-FTIR spectra may
occur with the exchange with other ions such as Na* or Ca?".

The equilibrium data obtained at 298 K with R-OP and
N-OP using Pb* and Cd* were correlated fitting the three
2-parameter and three 3-parameter isotherm models. The
Langmuir, Freundlich, and Dubinin—-Radushkevich models
were the 2-parameter models calculated and the Langmuir—
Freundlich, Radke-Prausnitz, and Redlich-Peterson iso-
therms were the 3-parameter models studied with the
corresponding deviation percentage (AQ%) and the root
mean square error (RMSE) using the solver add-in function
(Microsoft Excel). The values of the isotherm parameters
showed that the Langmuir isotherm for the Pb* adsorption,
and the Radke-Prausnitz isotherm for Cd* adsorption were
the best simulating models for N-OP (Table 3). However, the
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Table 2

Kinetic model parameters for Pb* and Cd* adsorption onto N-OP

Pseudo-second-order Intraparticle diffusion

Pseudo-first-order

k

CO qexp

Heavy

R? RMSE

I(mgg™)

ipd

k
(mg g™ h™)
5.5654

RMSE

RZ

2

(g mg " min™)

0.0002
0.0003
0.0006
0.0002
0.0029
0.0031
0.0009
0.0013
0.0005
0.0017

k

(mgg™)

qcalc

R? RMSE

1

(L min™)
0.0016
0.0016
0.0016
0.0015
0.0019
0.0018
0.0020
0.0017
0.0016
0.0018

(mgg")

qcalc

(mgL") (mgg")

metal ion

7.4894

0.8276
0.5881
0.6797
0.7520
0.7063
0.6020
0.9440
0.9194
0.9256
0.7500

37.7930
19.5483
18.1888
-2.1412
9.7498
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Fig. 5. Equilibrium study as a function of the initial Pb* and Cd*
concentration onto R-OP and N-OP at 25°C.

Redlich-Peterson and Langmuir-Freundlich isotherms fit-
ted the best for Pb*" and Cd?* adsorption onto R-OP, respec-
tively (Fig. 5). The Langmuir-Freundlich model becomes the
Freundlich isotherm at low ion concentrations, and converts
to the Langmuir isotherm at higher concentrations. The
Radke-Prausnitz and Redlich-Peterson isotherm models
are also a combination of elements from both the Langmuir
and Freundlich equations. At high ion concentrations the
Redlich-Peterson and Radke-Prausnitz models reduce to the
Freundlich isotherm, and when 3 =1 for the Redlich-Peterson
model and m,_, = 0 for the Radke-Prausnitz model they
become the Langmuir isotherm [37]. The Radke-Prausnitz
model gives a good fit over a wide range of ion concentration.

3.2.5. Effect of pH and ionic strength

The pH of the solution affects not only the speciation
behavior of heavy metal ions but also the protonation of the
functional groups on the biosorbent. The effect of the solu-
tion pH on the Pb* and Cd* adsorption using N-OP was
studied over the range of 2-12 to obtain the optimum pH.
The results exhibited a strong pH dependence for biosorp-
tion (Fig. 6). A sharp increase in the sorption capacity above
5.5 for Pb* and 6 for Cd* until reaching a pH of 8, indicates
that in addition to the adsorption of Pb* and Cd*, Pb(OH)*,
and Cd(OH)" are formed and captured by the biosorbent,
restricting the true biosorption process. Consequently, the
optimum pH values for adsorption were chosen as 5.5 and
6.0 for the Pb* and Cd* solutions, respectively. However, at
pH values higher than 8, a decrease in the biosorption capac-
ity may be attributed to the formation of solid Pb(OH),, and
Cd(OH), by precipitation, and their anionic hydroxide com-
plexes which decrease their interaction with the negatively
charged active sites. The figures further show that at low pH
values, H" compete with Pb* and Cd* so that no adsorption
occurs at a pH value of 2.0 and lower for Pb*, and 3.0 and
lower for Cd* solutions. As the pH increases above these
values, (pH,,,.= 3.2 for N-OP) the surface functional groups
become more and more negatively charged with subsequent
attraction of Pb* and Cd*, indicating that interactions are
electrostatic in nature and an ion exchange mechanism may
take place [4,29,38].
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Table 3
Isotherm model parameters for the adsorption of Pb* and Cd* onto R-OP and N-OP
Heavy metal ion Adsorbent Isotherm model q, K m a B AQ% RMSE
Pb* N-OP Langmuir 64 2.28 0.68 6.58
R-OP Redlich—Peterson 10.69 0.28 1.02 0.46 0.24
Cd» N-OP Radke-Prausnitz 20.5 0.38 1.03 0.01 0.03
R-OP Langmuir-Freundlich 8 0.22 2 0.17 0.03

As wastewaters usually contain electrolytes in high con-
centrations, the adsorption behavior was also considered
with the addition of salts. The metal uptake is sensitive to
changes in electrolyte concentration if the ion exchange and
electrostatic attraction are the ruling mechanisms for metal
ion removal [39]. Therefore, the effect of the ionic strength
(0.01 and 0.1 M NaNQ,) as a function of pH on the adsorp-
tion of Pb* and Cd* onto N-OP were also studied and inter-
preted in terms of their adsorption mechanisms (Fig. 6). The
results showed that the increase in ionic strength from 0.01
to 0.1 M had a moderate effect on the adsorption of Pb* and
Cd?* until reaching a pH of 5.5 to 6.0, indicating that the
ion exchange and electrostatic attraction play a role in the
removal of Pb* and Cd* with N-OP. At pH values higher
than 3-4, carboxyl groups of the lignocellulosic materials
(pH,,. = 3.2 for N-OP) are gradually deprotonated and
negatively charged, as considered in the pH effect [39].
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3.2.6. Thermodynamic study

An increase or decrease in temperature causes a change
in the amount of heavy metal adsorbed by the biosorbent.
The results showed that (Fig. 7) the sorption capacity of
N-OP for Pb* decreased and that for Cd* increased with an
increase in the temperature indicating that the adsorption
of Pb* was exothermic and that of Cd*" was an endothermic
process. On the other hand, the R-OP exhibited an endother-
mic sorption behavior for both Pb* and Cd* (Table 4 and
Fig. 7). The thermodynamic parameters provide valuable
information about the sorption mechanism. The negative
values of AG® calculated state that all the processes are
feasible and spontaneous. A negative value of AH® specifies
an exothermic, and a positive value an endothermic process.
The negative value of AH® for Pb* adsorption onto N-OP
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Fig. 6. Effect of pH and ionic strength of 0.01 and 0.1 MNaNO,on (b) Cd*" concentration onto R-OP and N-OP at different

the adsorption capacity of N-OP for (a) Pb*" and (b) Cd* removal.

temperatures.
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Table 4

Thermodynamic parameters calculated for Pb* and Cd*" adsorption onto R-OP and N-OP at different temperatures

Metal ion Adsorbent T (K) InK, AG® (k] mol™) AH® (k] mol™) AS° (Jmol' K1)
298 9.46 -23.446
R-OP 308 9.55 —-24.457 6.018 98.896
P 318 9.62 -25.423
298 10.47 -25.951
N-OP 308 10.31 -26.390 -16.552 31.672
318 10.05 -26.579
298 8.22 -20.370
R-OP 308 8.72 -22.329 23.253 146.913
car 318 8.81 -23.287
298 9.24 -22.902
N-OP 308 9.41 -24.103 11.379 115.089
318 9.53 -25.201

asserts that Pb*" adsorption is strong and controlled by the
enthalpic effect, favoring its adsorption at low tempera-
tures. On the other hand, the positive value of AH® for Cd*
adsorption is due to the entropic effect and favors the higher
temperatures for Cd* adsorption (Fig. 7). The high positive
values of AS° (Table 4) pointed out an increased disorder
at the solid-solution interface, supporting additionally the
ion exchange mechanism. The different thermodynamic fea-
tures of Pb* and Cd*" adsorption onto N-OP may contribute
to a selective removal of the heavy metal ions from the
binary solution.

The modeling of the isotherms at different temperatures
showed that Pb* adsorption onto N-OP conformed to
the Langmuir isotherm at 25°C, while at higher tempera-
tures the Langmuir-Freundlich and Dubinin-Radushkevich
models fitted better (Fig. 7a). For Pb* adsorption onto R-OP
the best fit was with the Redlich-Peterson model at three
different temperatures. Similarly, the adsorption of Cd* onto
N-OP and R-OP resulted in the same sorption isotherms
of Radke-Prausnitz and Langmuir-Freundlich at three
different temperatures, respectively (Fig. 7b).

3.2.7. Desorption study

The feasible reuse of N-OP was investigated with
a desorption study. The study was carried out using a
batch process first adjusting the solution pH to 5.5 and 6.0
with NaOH for 100 mg L Pb* and Cd* solutions, for the
adsorption, and then to a pH 2 and 3 with HNO, for the
desorption, respectively, with four repetitions of the adsorp-
tion—desorption cycle. A high level of desorption (Fig. 8)
attained with Pb* and Cd* was attributed to the mechanism
of the ion exchange which is reversible [40]. Consequently,
the regenerative and reusable properties of N-OP make it a
suitable biosorbent for practical use.

3.2.8. Binary adsorption

The sorption capacity of a biosorbent of one metal ion in
a binary metal ion solution compared with that of its single
ion system may be higher, lower or the same depending

on the synergistic/antagonistic effect or no interaction [32].
The adsorption behavior of N-OP in single and binary
ion systems of Pb* and Cd* was investigated. Two types
of binary adsorption studies were carried out such as Pb*
and Cd* adsorption at a 1:1 Pb* to Cd*" ratio in the range of
10-100 mg L™ initial concentrations, and adsorption of Pb*
with varying initial concentration of 10-100 mg L™ at the
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Table 5
Parameters of the binary adsorption isotherm models
Binary system Ion Isotherm model q, K, K n m AQ% RMSE
1:1 Pb* Radke-Prausnitz and 64 5.54 3.6 x10* 1.86 2.35 0.03 0.85
Cd? Freundlich 11 5.53 26.59 7.59 1.76 0.45 0.53
50 ppm Cd* Pb* Dubinin-Radushkevich 77 5.8 x10° 23 x10* 0.24 9.47 3.87
100 ppm Cd* and Freundlich 64 3.0 x 107 1.9x10* 0.25 8.98 7.95

constant background concentrations of 50 and 100 mg L
Cd?*, respectively. The results showed that when the initial
concentrations of both Pb* and Cd* were varied at a 1:1
ratio in the binary system, Cd* did not hinder the adsorp-
tion of Pb* in the range of 0-20 mg L', however, at higher
initial concentrations (Fig. 9a) the sorption of Pb* was
first suppressed and then increased again until having the
same capacity at 100 mg L' Pb*" with that of the single Pb*
adsorption. The figure further shows that the adsorption
capacity of Cd* in the presence of Pb* decreased to half of
its single ion sorption capacity. A similar behavior of Pb*
adsorption at the constant background Cd?*" concentration of
50 and 100 mg L™ was observed (Fig. 9b), pointing out that
the adsorbed Pb* amount remained lower between 20 and
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Fig. 9. Comparison of single and binary Pb* adsorption in a
mixture with Cd* onto N-OP, (a) 1:1 ratio in the binary system
and (b) variation of Pb* concentration at 50 and 100 ppm Cd*
background concentration.

80 mg L™ of its initial concentration compared with its single
ion adsorption and then increased, reaching values above
its single ion concentrations indicating a synergistic effect
at high Pb* concentrations. This outcome indicates that at
low and high Pb* and Cd* concentrations, Pb* adsorp-
tion was preferential. The preferential adsorption changing
with the ion concentration in the medium was ascribed to
the existence of two or more types of sites on N-OP [41].
The FTIR results of the loaded R-OP and N-OP revealed the
related sites which were common for both ions and specific
for Pb* or Cd*, respectively.

The modified and extended Langmuir and Freundlich
models given in the literature [24,41] were not able to
describe the adsorption behavior of the N-OP from the
binary Pb* and Cd?* solutions. For the modeling of the spe-
cific behavior of the binary adsorption, an extended model
was developed in which the addition of the single isotherm
contributions was calculated with the binary data (Table 5).
The Pb*" adsorption conformed to the Radke-Prausnitz and
that of Cd* to the Freundlich models in the 1:1 ion solu-
tions and Pb* adsorption to the Dubinin—-Radushkevich and
that of Cd* again to the Freundlich models in the constant
background concentration of Cd?*. The models pointed out
the single sorption behavior of ions from the binary mix-
ture as an additive contribution [23,41]. The affinity in the
adsorption capacities of the biosorbent toward Pb* were
ascribed to both a larger ionic radius and the electronega-
tivity than those of Cd?" as Pb* (1.19 A; 2.33) > Cd? (0.97 A;
1.69) [29,42]. However, the sorption capacity may change
depending on the lignocellulosic source and the nature of
the related surface functional groups [39].

4. Conclusions

This study indicates that HNO, modified olive pomace
is a promising biosorbent having a sorption capacity for
Pb? three times higher than that for Cd*. The point of zero
charge measurements revealed that the surface charge of
the N-OP becomes negative above pH 3.2 which accounts
for the enhanced sorption at the optimum pH values of
5.5 and 6.0 for Pb* and Cd?, respectively, with a sorption
mechanism of ion exchange and electrostatic interaction.
The adsorption kinetics was best explained with a pseudo-
second-order kinetic model. Except for the Pb* adsorption
onto N-OP which is best predicted with the Langmuir iso-
therm model, the three parameter models provided a better
fit for the equilibrium data, reflecting the inhomogeneous
nature of the surface. Adsorption of Pb* was favored in the
presence of Cd* in the binary system, while Cd*" adsorption
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was reduced. Isotherm models were developed for the first
time by the researchers of this study based on the additive
behavior of the single adsorption contributions of Pb* and
Cd?* calculated from binary data which was able to explain
the specific behavior of the binary equilibrium. The N-OP
could be successfully regenerated using desorption exper-
iments. The Pb* uptake is spontaneous and exothermic
and that of Cd* is spontaneous and endothermic in nature.
This opposite behavior may be used in the selective removal
of Pb* from mixtures with Cd?*.
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