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Adsorption kinetic models of heavy metal ions

on granular activated carbon

Adsorption is considered as one of the most effective and cost efficient methods in water effluents
purification. Frequently used adsorbent for heavy metals removal is activated carbon. The
adsorption of lead ions from wastewater model solutions on activated carbon has been studied by
a batch adsorber. Experiments were performed at constant temperature, while the concentration
of lead ions in the solutions has been varied.

Using the MatLab software the parameters for the Langmuir and Freundlich adsorption isotherms
were determined. The experimental data obeys the Langmuir isotherm, and the maximum sorption
capacity determined was 17.09 mg g™. The impact of the quantity of activated carbon and the
initial concentration of lead ion on adsorption kinetics has been studied. The kinetics models for
the first, pseudo-first, second and pseudo-second-order reaction were fitted to the experimentally
obtained data by MatLab software. Data obtained by the kinetics study of Pb®* adsorption on
activated carbon, might be useful in the selection of the most probable mechanism of the
adsorption process. It has been shown that the pseudo-second-order model explains the

experimental data the best.
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1. INTRODUCTION

As the result of the industrial expansion we are
faced with the increased amount of both, inorganic
and organic pollutants in the waste water that
represent a serious threat for the human health.
Among many contaminants, heavy metals are
those which attract bigger attention. Namely, it is
considered that particularly the presence of lead,
cadmium, mercury and arsenic in the eco-system
has a tremendous adverse impact to the human
health. So, the exposure to these heavy metals
exceeding the limits directed by the European
directives and local legislation, could initiate mild
and moderate disorders of the tissues’ functionality,
but also the severe illnesses, such as kidney da-
mage, thyroid dysfunctions, degeneration of motor
neurons, mental retardation, birth defects and/or
occurrence of some types of cancer [1]. Further-
more, an intellectual discrepancy in children has
been associated to the exposure of small dosage
of lead, but the higher lead concentrations could
stimulate more serious damages, even death [2].

A lot of techniques, e.qg. filtration, ion exchange,
chemical precipitation, reverse osmosis, etc., have
been developed in the waste water treatment, but
in some cases they cannot provide successful
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removal of the ions or their application is very
expensive. Thus, adsorption, as a simple, adapta-
ble, and low cost method is considered to be a con-
venient route in the control of the water effluence
[1], especially handling low concentration waste
streams and meeting severe treatment levels [3].

Wide range of adsorbents, such as zeolites,
clay, biomaterials, industrial or agricultural wastes,
etc., considered as inexpensive adsorbents, and
accessible in big amounts, have been suggested to
be very effective for the toxic metals removal in the
waste water treatments [4].

On the other hand, the purification of water
using carbons has been used for ages. Further-
more, the high surface to volume ratio makes acti-
vated carbons very attractive for effluent water
pollutants removal [5].

Three stages mainly included in the adsorption
of contaminants on the surface of porous
adsorbents are: (i) transport of the solute from the
bulk solution to the outward of the adsorbent
(diffusion trough film), (ii) intraphase transport to
the interior of porous adsorbent (diffusion through
porous structure), and (iii) solute uptake on the
porous adsorbent surface. It has been considered
that the third step of the sorption process is very
fast and doesn’t have some significant influence on
the adsorption kinetics [6]. Usually, the transport of
the sorbate to an adsorbent surface is rate
influential step in the case of: poor mixing, low
sorbate concentration, small pore dimensions of
the adsorbent and high affinity of the adsorbent to-
ward adsorbate. Contrary, the systems characte-
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rized with the diffusion trough the adsorbent pores
as a limiting step, are distinguished by: high
adsorbate concentration, very good mixing, high
dimensions of the adsorbent particles, and the low
attraction of adsorbate by the adsorbent.

The simple tool for adsorbent evaluation
regarding sorbent affinity towards particular solute
is adsorption isotherm [7]. Usually, the equilibrium
isotherms encountered in the literature are the
Langmuir, Freundlich, and Redlich-Paterson
isotherms, and many others, although the last one
has not found a wide practical application due to
the difficulties in the determination of the isotherm
constants. It was shown [8] that the adsorption data
of Ni**, Cu®*, Pb®* and Cd*" at lower concentrations
on clinoptilotite shows better agreement to the
Freundlich isotherm, while the Langmuir model
better describe the adsorption equilibrium at the
higher concentrations. On the other hand, some of
the researchers have shown that the affinity of the
adsorbent for pollutant removal in the batch
conditions depends on the pH, concentration of the
solutions, the quantity and the size of the
adsorbent, the temperature, as well as the rate of
mixing [8].

The studies including analyses of kinetics in the
effluent water management provides evidence
about the paths and mechanisms of the adsorption
process, as well as the uptake rate of the solute
and mass transfer resistance at the solid-solution
interface. Data gathered in the studies of the
equilibrium, kinetics and the dynamics of the
system in batch settlement are appreciated for the
development of the accurate mathematical models
necessary for the design optimization of the fixed
bed columns used in the industrial adsorption
processes.

Researchers have different approach in the
definition of the adsorption kinetics of heavy metals
on particular adsorbents using both, reaction and
diffusion models. Thus, the adsorption of Zn* on
natural adsorbents demonstrates a pretty good
agreement to the pseudo-first reaction model and
diffusion model suggesting sorption on the sorbent
surface [9]. Experimental and modeling studies of
Zn** adsorption by granular activated carbon and
natural zeolite performed by Meshko et al. taking

into consideration two surface reaction equations,
second order reversible and second order
irreversible reaction models, showed that it is not
easy to draw a general conclusion about the
suitability of one of the models [10]. Kinetic models
based on parabolic diffusion model and
Vermeulens' approximation have been applied by
the same authors for description of the adsorption
behavior of Zn**, Cd*", and Pb** on natural zeolite
[11].

The objective of this work is to screen and
evaluate the effect of initial concentration of lead
ions in aqueous solution and adsorbent particle
guantity on metal adsorption by granular activated
carbon in agitated batch adsorber. The adsorption
isotherms parameters, as well as the Kkinetic
models including first, pseudo-first, second and the
pseudo-second-order reaction models, for the best
fit of our experimentally obtained data were
determined using MatLab software.

2. EXPERIMENTAL

Solutions of Pb* ions were prepared by
dissolving Pb(NO3), (Merck, Germany) in distilled
water. The initial concentrations of metal ion used
in the adsorption equilibrium experiments varied
between 50 and 500 mg dm, and it was measured
by atomic absorption spectrometer (Vista-MPX
CCD Simultaneous ICP-OES).

Granular activated carbon (GAC), which is a
carbonized coconut shell activated by water steam
was purchased from TRAYAL Corporation, Serbia.
This type of activated carbon has been already
used in systems for water filtration, and it was also
used as adsorbent in our studied systems. GAC
was previously washed with deionized water for
several times to remove any leachable impurities
and adherent powder and then dried to constant
weight at 110°C for 24 hours. Characterization of
GAC by X-ray diffraction and energy dispersive X-
ray spectroscopy (EDX) [12], have already shown
the amorphous nature of the material, and the
element composition, given in wt%, as follows: C-
87.67 %, 0-11.31%, Si-0.25%, S-0.09%, K-0.41%,
and Ca-0.28%. FTIR spectra [12] have not
indicated a presence of surface water in GAC.

Table 1 - Physical properties of granular activated carbon (GAC)

Particle size Bulk density BE1; arlea Pore volume | Micropore \{olume lodine number Ash
(g cm™) m*g™h (cm®g? (cm®g™) AWWA content
(mm) 4
(mgg7) (%)
0.5-1.6 0.44-.48 1200 0.8-1.0 0.45-0.50 1150-1250 3-5

Physical properties of granular activated carbon
are given in Table 1.

For the determination of adsorption isotherms a
constant mass of adsorbent (3 g granular activated
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carbon) and 0.2 dm? of distilled water Pb®* solution
of a known initial concentration (50-250 mg dm'3)
were agitated in a shaker-bath (500 rpm) at a
constant temperature (25 °C) for maximum 12 days
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to guarantee the establishment of an adsorption
equilibrium.

Kinetic studies were performed in a batch
agitated reactor at constant pH values Containin%
varying initial metal concentration 50-250 mg dm’
and constant adsorbent mass of 3 g, as well as,
different mass of activated carbon and constant
concentration of lead ions of 50 mg dm®.

The parameters of the both, isotherm and
kinetics models were determined applying MatLab
software.

3. RESULTS AND DISCUSSION

3.1. Adsorption isotherms

The opportunity of removal of impurities from
the waste water by sorption process is influenced
by the adsorption capacity of the adsorbent used.
So, usually the first step in the analysis of the
adsorption is determination of isotherm which
shows the best correlation to the experimental
values and assessment of the isotherm
parameters. In this study the equilibrium data were
modelled to the Langmuir, Eq. 1, and Freundlich
isotherms Eq. 2, using MatLab Curve Fitting Tool
with a nonlinear least squares. A comparison of
experimentally obtained and calculated data using

Langmuir and Freundlich equations are presented
in Fig. 1, while the corresponding parameters are
given in the Table 2.
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Figure 1 - Comparison of experimentally obtained
and calculated data by Langmuir and Freundlich
equilibrium isotherms for the system Pb*-
activated carbon

Table 2 - Parameters in the equilibrium isotherms for the system Pb*" - GAC

Langmuir isotherm Freundlich isotherm
b (dm* mg™) Qo (mg g R? Ke [(mg g™) (dm® mg™)™"] n R?
20.429 17.085 0.9992 15.04 4.992 0.8585
Qo-b-C of the places available for adsorption and could be
=2 ~ "€ d at lower and intermediate concentrations of
%“=q+b.-C ) used a
A+5-C (1)  the adsorbate [13].

where: C. (mg dm™) the concentration of metal
ions at equilibrium; g. (mg g'l) the amount of
adsorbed metal ions at equilibrium calculated by
l,?
the equation: e = m (Co—Cod Qo (Mg g) is the
maximum sorption capacit;/; b (dm3 mg'l) is an
“affinity” parameter, V (dm”) is a solution volume,
Co (Mg dm's) initial concentration of the metal ions,
m (g) mass of the adsorbent (granular activated
carbon).

1
— K n
qe = Kp-C, 2)
where: g and C, have the same meaning as in
Langmuir equation, while Kt [(mg g™) (dm® mg™)*"]
is a constant related to sorption capacity and n is a
constant related to sorption intensity.

The Langmuir model assumes that all the ad-
sorption sites are equally available for adsorption,
the adsorbed species doesn’t interact and a
monolayer is formed during adsorption, whereas
the Freudlich isotherm suggests the heterogeneity
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The trend of the theoretical curves obtained by
the Langmuir and Freudlich isotherms in respect to
the experimentally obtained value, Fig. 1, as well
as the values of the coefficient of determination, R?,
for the both isotherms, Table 2, clearly indicate the
better correspondence of the Langmuir equation in
the whole concentration range.

3.2. Sorption kinetics

The effect of different adsorbent mass and
initial adsorbate concentration on the adsorption
kinetics has been assessed in the current analysis,
using batch set up with constant agitation speed of
500 rpm, at constant temperature of 25 °C and
constant pH of the system.

3.2.1. Effect of mass of the adsorbent

The influence of a mass of granular activated
carbon on the quantity of the adsorbed lead ions
onto granular activated carbon were studied using
different amount of GAC quantity (3, 5 and 10 g), a
constant concentration of lead ions of 50 mg dm™
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in the effluent, agitation speed of 500 rpm, at
temperature of 25 °C. The effect of the the variation
of the amount of an adsorbent is given in the Figs
2a and 2b. As it can be seen in the first 20 min
there is a quick adsorption of lead ions on GAC
for the three cases, after which the adsorption rate
becomes constant. Furthermore, as the adsorbent
guantity increased, the amount of the sorbed metal
per unit mass of the adsorbent decreases, which
could be ascribed to the residual unsaturated
adsorption sites [14]. Mouni et al., [15] showed
growth in the rate of metal ions adsorption as the
adsorbent amount in the system increases,
apparently as a result of the higher number of

active sites. But, for a particular initial metal
concentration the additional rise of the adsorbent
guantity has not shown significant effect of metal
removal rate most probably as a result of
overlapping of adsorption sites due to
overcrowding of adsorbent particles. Similarly, in
our study, Table 3, the percentage of the removed
ions, after the achievement of the equilibrium, has
not displayed any significant changes with the
increased dosage of GAC in the system from 3 to
10 g. Hence our further analysis has been carried
out at constant amount of adsorbent of 3 g and
diverse initial concentrations of metal cation.

Table 3 - Pb* ions uptake at equilibrium, t = 360 min, for different quantity of GAC (initial concentration of
adsorbate is constant at 50 mg dm'3) and varying initial concentrations of the adsorbate (at
constant mass of the adsorbent of 3g); agitation speed of 500 rpm, T =25°C

Meac (9) Co (Mg dm™)
3 5 10 50 100 150 200 250
% R 98.6 96.8 97.9 98.6 99.7 99.8 99.8 99.5
6 T T T T T 4 T T T T T T T
a) 35 ]
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Figures 2a and 2b - Effect of mass of the adsorbent on the quantity of the adsorbed Pb* ions
by GAC, (500 rpm,Cy= 50 mg dm?® T=25 °C); (a) whole period , (b) period 0-360 min;

A mM=3g,mm=

3.2.2. Effect of initial concentration

Determination of the impact of the initial
concentration of lead ions on the sorption kinetics
denotes a big significance taking into account that
the fixed mass of adsorbent may accept only a
limitted quantity of the adsorbate.

Dependance of the sorption of lead ions on
their initial concentration in the solution shown in
Figs. 3a and 3b draw attention to the first part of
the curves, Fig. 3b, coresponding to the lower
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59, -m=10g

concentrations (50 and 100 mg dm's) of Pb* ions
in the solution, which practically overlap with the
ordinate axis, reaching the equilibrium amount of
adsorbed ions in the first 20 min.

As the initial solution concentration increases,
the time for accomplishment of the equilibrium
increases. Thus for the initial concentration of 150
mg dm™ the time for achivement of the maximum
adsorbed quantity is 120 min, while for the
concentrations of 200 and 250 mg dm®™ this time
increases to the value of around 360 min.
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Figures 3a and 3b - Effect of initial concentration on the quantity of the adsorbed Pb* ions by GAC (500
rpm; Mmgac= 3 g; T =25 °C); - Co=50 mg dm, m C,=100 mgdm'3, " Cy=150 mg dm™, A Cy= 200 mg dm?,
#Cy= 250 mg dm™

3,2,3 Modelling of adsorption kinetics

As it was previously mentioned, the selection of
a model which is the most suitable for given data is
very difficult. On the other hand, a study of the
uptake kinetics of the toxic species by the sorbent
has been considered as the basis in the design of
the adsorption column in the industrial arran-
gements.

In order to determine the controlling mecha-
nism of adsorption processes first, second, pse-
udo-first, and pseudo-second-order models have
been used to model the kinetics of lead adsorption
on granular activated carbon [16, 17], taking into
consideration the effect of the initial concentration
of the solute and the adsorbent mass used in the
system. Computation of the kinetics parameters in
each of the models has been performed using
MatLab software.

Simple first and second order rate equations

The lead ions adsorption kinetics might be
explained by a simple first order equation, Eq.3.
[18, 19] taking into consideration the influence of

the initial lead concentration and different
adsorbent dosage in the system.
—_—— =k, C
dt 1ore (3)
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After the boundary conditions t = 0, C = Cy and
att=t, C = C, were applied, the linear form of the
simple first order equation takes the following form:

In(C.) = 10g(Co) — k1 -t (4)

where, C; (mg dm™) is the concentration of lead
ions at time t, C, (mg dm'3) is the initial lead
concentration, and k; (min™) is the first order rate
constant.

Rate constant, ki, has been determined by
plotting the log C; versus t, Figs. 4 and 5. The
simple first order kinetics model did not show very
good agreement with our experimental data for the
whole contact time range in both, different initial
concentrations of metal ion, and diverse adsorbent
amount, as well.

Therefore multiple first order kinetics has been
applied, where a plot log C,/ t has been divided in
two linear parts [20], Figs. 4 and 5, and the kinetics
parameters for different experimental conditions
are given in Table 4.

The higher values of the rate constants in the
initial stage of sorption, as well as the Figs. 4 and
5, indicate faster uptake of ions in the first than in
the second period, which is the most probably the
result of the sorption where there are not such
species existing on the surface, ensuing a
monolayer formation.
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Figures 4 - First order reaction kinetics for the system Pb?- GAC (500 rpm; mgac= 3 g; T = 25 °C);
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Figures 5 - First order reaction kinetics for the system Pb%- GAC (500 rpm; Co= 50 mg dm™; T = 25 °C);

(a) period 0-60 min, (b) period 60-720 min; -

m=3g,mm=5g¢g,”

m =10 g; % theoretical

Table 4 - Kinetics parameters of the sorption of lead ions onto GAC for the first and the second order reactions
at different experimental conditions; agitation speed of 500 rpm, T =25 °C

First order kinetics model

Second order kinetics model

Co (mg dm™®)’ ki (min™) R’ k. (dm* mg™ min™) R’
50 0.11230 0.9822 0.02070 0.9964
(0.002557) (0.9705) (0.02082) (0.9943)
100 0.07808 0.9839 0.01952 0.9462
(0.001752) (0.9080) (0.005943) (0.9490)
150 0.03223 0.9385 0.007101 0.9584
(0.001595) (0.9915) (0.003953) (0.9832)
200 0.02287 0.9666 0.009111 0.9635
(0.005989) (0.9689) (0.003998) (0.8803)
250 0.01762 0.9748 0.0001443 0.9325
(0.007629) (0.9635) (0.002766) (0.9338)

Maoac(g)” ki (min™) R’ ko (dm® mg ™ min™) R’
3 0.09816 0.9655 0.02070 0.9964
(0.00277) (0.9255) (0.02082) (0.9943)
5 0.01046 0.9208 0.001746 0.9203
(0.00211) (0.7040) (0.006128) (0.9278)
10 0.04720 0.8956 0.0125 0.9821
(3.334.10) (0.5903) (0.0002835) (0.5767)

The upper values in the cells concern the first period (0-60 min), while the bottom values in the parenthesis refer the second period

(60-720 min).

" Experiments performed at different initial metal concentrations, but fixed mass of an absorbent (meac = 3 g%
" Experiments performed at different amounts of the adsorbent, and fixed metal concentration of 50 mg dm™
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After saturation of the adsorbent surface with
metal ions, a second stage occurs, which is actu-
ally a process of rearrangement with additional
increase in the ions quantity on the adsorbent’s
surface. The first order kinetics models showed
better agreement to the experimental data gat-

kinetics equation, Eqg. 5. As it has been previously
suggested, a second order rate equation suggests
chemisorption of pollutants by ion exchange
reactions [21]. Once the boundary conditions has
been applied to Eq.5,t=0,C=Cyandatt=t,C =
C, itis transformed in its’ linear shape, Eq.6.

hered at different initial concentration of adsorbate, dC
and for the data in the initial adsorption period. a5 = K- [C.F (5)
Guided by the idea to present the whole range
of ion adsorption on granular activated carbon, it — =Ky L+ —
has been assumed that the experimental data [c.] [Col (6)
might be correlated to the simple second order
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Figure 6 - Second order reaction kinetics for the system Pb**- GAC (500 rpm; mgac= 3 g; T = 25 °C);

(a) period 0-60 min, (b) period 60-720 min; - Co=50 mg dm™, m C;=100 mg dm™,
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Figure 7 - Second order reaction kinetics for the system Pb**- GAC (500 rpm; Co= 50 mg dm;
T = 25 °C); (a) period 0-50 min, (b) period 50-720 min; -m=3g, mm =5¢g, " m =10 g; ¥ theoretical

where C, (mg dm™) is the concentration of metal
ions at equilibrium, C, (mg dm®), the initial
concentration of metal ions, t, the time (min), and k,
is the rate constant (dm®*mg™ min™).
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Second order kinetic plots displaying in parallel
the experimental values and the fitted data pre-
sented as straight lines, found by the MatLab
software, for different initial concentration of Pb**
ions and different quantity of the adsorbent, are
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shown in Figs. 6 and 7, and Table 4. As in the case
of the first kinetics equation, the second kinetics
model couldn’t be fitted to the experimental data in
the whole period of adsorption process. Conse-
guently, a multiple second order kinetics has been
suggested by splitting the whole range into two
portions, which indicate a two process occurring.
The slope of the dependences (1/C)) / t, Figs. 6 and
7, as well as the data for the rate constant in the
Table 4, did not indicate a significantly faster initial
adsorption than the second process of reorga-
nization of the adsorbed spices. The values of R?
also designate the deficiency in the expression of
adsorption process by simple second order mo-
dels, especially for higher values the initial concen-
tration of lead ions, higher quantity of adsorbent.

Granular activated carbon contains functional
groups which could be involved in a chemical
bonding (chemisorption), and also are considered
as responsible for the creation of chemical bonds
between the active spices of GAC and divalent
metal cations, such as Pb®* [22]. Thus, in the
further analysis the models based on adsorption
capacities instead of solution concentrations were
considered, taking into account the pseudo-first
and pseudo-second reaction models.

0 10 20 40 50 60

t (min)

IIOQ (qe‘q't)

Pseudo-first-order and pseudo-second-order rate
equations

Pseudo-first-order, also called Lagergen rate
equation, has been the first model based on the
capacity of the solid adsorbent applied for the liquid
/ solid system, and it is presented in Eq. 7.

dq.

dt @)
where, g (mg/g) is the adsorption capacity at
equilibrium, g; (mg/g) is the adsorption capacity
after some time t (min), kp; (min™) is the pseudo-
first-order rate constant. By the integration of Eq. 7,
and applying the boundary conditions: att =0, q; =
0 and att =t, g= q; [23], it is yielded the following
equation:

= kp.l b (qg = Qt)

Ryy
2.303 8)

In order to fit the Eq. 8 to the experimental
data, the value of the adsorption capacity at
equilibrium should be known. Pseudo-first-order
kinetic have a deficiency of representing the
adsorption process in the whole time range, so that
a two kinetic steps were considered, in the period 0
to 60 min, and 60 to 720 min.

1

loglq, — q.) = logq, - t

.b)

'
T

400 500 600 700

t (min)

0 100 200 300 800

Figure 8 - Pseudo-first-order reaction kinetics for the system Pb**- GAC (500 rpm; mgac= 3 g; T = 25 °C);

(a) period 0-60min, (b) period 60-720min; - Co= 50 mg dm™, m Co=100 mg dm, -

Co=150 mg dm,

ACy=200mg dm™, #* C,= 250 mg dm™; % theoretical

The experimental values, as well as the fitted
models by MatLab software, presented as straight
lines, for different experimental conditions are
shown in the Figs. 8 and 9, while the corresponding
values of the kinetics parameters are given in the
Table 5.

As the initial concentration of lead ions increa-
ses, in the initial adsorption period, a trend of
decreasing of pseudo-first-order rate constants, kp,,
has been observed, while for the second period
some regularity in the values of k,; hasn't been
noticed. Moreover, some consistency in the values
of the rate constant with the increased quantity of
activated carbon has not been detected. Accordin
to the values of the coefficient of determination R*,
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and Figs. 8 and 9, the experimental data are
clustered around the theoretical Pseudo—first—order
model line for different initial Pb®" concentrations,
but in the case of different adsorbent quantity,
those are greatly dissipated. On the contrary, the
calculated values of the adsorption capacity at
equilibrium show better agreement to the experi-
mental counterpart for different amount of GAC for
both periods. Despite the observed results, the fact
that the pseudo-first-order kinetics model did not fit
the whole range of the experiment, and especially
the big divergences in the coefficient of determi-
nation of the proposed model to the experimentally
data gained for different adsorbent quantity involve
a rejection of this model.
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Figure 9 - Pseudo-first-order reaction kinetics for the system Pb*"- GAC (500 rpm; Cq=50 mg dm;
T =25 °C); (a) period 0-50 min, (b) period 50-720 min; -m=3 g, mm=5¢g,” m =10 g; % theoretical

Table 5 - Kinetics parameters of the sorption of lead ions onto GAC for pseudo-first-order reaction at
different experimental conditions; agitation speed of 500 rpm, T = 25 °C

] . mg g™ mg g™
Co (mg dm)* ko (min’) (exqpe .(obgte?i nZed) (ggl(cu?a?eg) R’

50 0.1138 3.2910 3.3310 0.9815
(0.003203) (3.3203) (3.3240) (0.9883)

100 0.07851 6.3399 6.6010 0.9838
(0.002081) (6.6483) (6.6580) (0.9179)

150 0.03232 8.7200 10.2900 0.9262
(0.001838) (10.0069) (10.0200) (0.9918)

200 0.02294 11.7887 13.5000 0.9667
(0.006538) (13.2813) (13.1800) (0.9634)

250 0.01767 11.9372 16.5900 0.9748
(0.008813) (16.6255) (16.1700) (0.9830)

. mg g™ mg g™
Maac() ™ Kpa (min l) (exqpe .(o bgtz?i n)ed) (ggl(cu?a?eg) R’

3 0.1138 3.2910 3.3310 0.9815
(0.003203) (3.3203) (3.3240) (0.9853)

5 0.01054 3.0100 3.3260 0.9208
(0.002454) (3.3211) (3.3410) (0.7410)

10 0.05812 3.2150 3.3500 0.9263
(0.0007804) (3.2619) (3.2920) (0.5696)

The upper values in the cells concern the first period (0-60 min), while the bottom values in the parenthesis refer the

second period (60-720 min).

* Experiments performed at different initial metal cation concentrations, but fixed mass of an absorbent (mgac = 3 g)
** Experiments performed at different amounts of the adsorbent, and fixed metal cation concentration of 50 mg dm™

In the most of the cases the problem of
achievement of equilibrium occurs, since it can be
a very long process, so that the value of the
adsorption capacity at equilibrium is not known.
The application of a pseudo-second-order equation
often overcomes that issue, hence, the adsorption
capacity at equilibrium and the initial adsorption
rate can be calculated directly from the model [21].

In some previous studies [21, 24], the pseu-
do- second-order model, which also recommends
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that the interaction between the adsorbent and the
adsorbate besides physical includes the chemical
interaction involving covalent or ionic forces, has
been successfully applied for the adsorption
processes of metal ions from the water effluents.

Pseudo-second-order model and its linear form
after the boundary conditions (att =0, g, =0 and t
=t, g; = q;) have been applied, are given in the Eq.
9 and Eq.10, respectively.
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1_ 1 1.
qr k2+97 de (10)

where, ge (Mg g™) is the amount of the adsorbate
at equilibrium, o, (mg g') is the amount of
adsorbate on the adsorbent surface at any time t
(min), while k, is the adsorption rate constant (g
mg'1 min'l).

Table 6 - Kinetics parameters of the sorption of lead ions onto GAC for pseudo-second-order reaction rate

constants at different experimental conditions; agitation speed of 500 rpm, T = 25 °C

-1 -1
Comgam?)’ | ke(@mgmin’) | wORE) | NG | hmogtmn)® | R
50 0.1003 3.3227 3.3058 1.0961 0.9998
100 0.1705 6.6569 6.6578 75576 1.0000
150 0.0128 10.0209 10.0594 1.2953 0.9999
200 00116 13.3013 13.3369 2.0633 1.0000
250 0.0024 16.6460 16.8037 0.6777 0.9998
1 1
Meac(9) ~ kez (g mg”™ min”) (exgér(.n;%gir)led) (geal(:;?a?eg) h (mg g™ min™) © R’
3 0.0847 3.2833 3.2446 0.8913 0.9998
5 0.0930 3.3302 3.3322 0.9688 1.0000
10 0.1266 3.2886 3.2712 1.3548 0.9998

’ Experiments performed at different initial metal cation concentrations, but fixed mass of an absorbent (mgac = 3 g)
" Experiments performed at different amounts of the adsorbent, and fixed metal cation concentration of 50 mg dm

®h is the initial adsorption rate (mg g™* min™®); h= kz- g
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Figure 10 - Pseudo-second-order reaction kinetics
for the system Pb**- GAC (500 'PM; Moac=3 g; T
=25 °C); - Co=50 mg dm™, m C,=100 mg dm™

The parameters of the pseudo-second-order
equation fitted to the experimental data, Table 5,
have been determined by the MatLab software, for
different initial concentration of Pb®* ions, and di-
verse amounts of GAC, while the linear depen-
dences (t/q;) / t of the model are given in the Figs.
10 and 11.

As it can be seen from the Figs 10 and 11, and
confirmed by the values of the coefficient of de-
termination, R®, between 0.9998 and 1.0, Table 6,
the pseudo- second order kinetics equation ex-
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plains very well a given set of experimental data,
for both, different initial lead concentration, and the
adsorbent dosage. Furthermore, the values of the
quantity of the adsorbed metal ions at the
equilibrium obtained experimentally are very close
and they are consistent with those calculated [25],
using the Curve Fitting Tool of the MatLab
software It can be proposed that the adsorption of
Pb** ions onto granular activated carbon can be
properly defined by the pseudo-second-order
adsorption mechanism referring that the adsorption
depends on both, adsorbate and the adsorbent,
and it is controlled by the chemisorption process.

250 T T T T T T T
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=}
T

t/ g (min g mg™)
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360 4(50 560 6(30 760
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Figure 11 - Pseudo-second-order reaction kinetics
plots for the system Pb®" - GAC (500 rpm;
Co=50mgdm?® T=25°C);om=3¢g,0m=5g,
am =10 g; % theoretical
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) 0 100 200
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4. CONCLUSIONS

The adsorption study of lead ions onto granular
activated carbon has been performed using adsor-
ption batch settlement, at constant temperature,
variable initial concentration of the adsorbate (Pb2+)
and/or different quantities of used adsorbent
(GAC).

Two isotherm equations, Langmuir and Freund-
lich, were used to fit the experimental data at
equilibrium. Application of the Langmuir isotherm
showed higher coefficients of determination (R2 ~
1.0), indicating the suitability of this equilibrium mo-
del in the whole concentration range of the lead
ions.

Four models, namely, first order, second order,
pseudo-first-order and pseudo-second-order equa-
tions, have been proposed to correlate the kinetics
of lead adsorption onto granular activated carbon.
The first order, the second order and the pseudo-
first-order models could not be correlated to the
whole range of experimental data, so that two-step
reaction mechanisms were considered. Never-
theless, the values of the determined reaction rate
constants for the simple first and second, as well
as for the pseudo-first model did not show any
regularity when the different experimental conditi-
ons were applied. Moreover, the values of the
coefficients of determination, especially in the case
of different amount of the adsorbent, pointed to the
unsuitability of those models accounting sorption
process of lead cations.

The best correlation to the experimentally
obtained data has been provided by the pseudo-
second-order reaction model, designating the
chemisorption as a rate determining step during
adsorption of Pb* ions on granular activated
carbon. The initial rates of the adsorption, as well
as the quantity of the adsorbed metal on adsorbent
surface have been calculated using MatLab Curve
Fitting Tool software. It has been observed that the
calculated values of the quantity of adsorbed metal
at equilibrium match to the experimentally obtained
values. Despite the fact that the simplest is the best
model, which leads to the selection of the pseudo-
first-order kinetics equation in the design of the
adsorption units, it should be kept in mind that
except the surface reactions the other phenomena,
like the mass transfer resistance in the solute-solid
interface, as well as the diffusion of the solutes in
the pores of the adsorbent should be taken into
consideration, which would imply the application of
more complex models.
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KINETICKI MODELI ADSORPCIJE TESKIH METALA GRANULIRANIM AKTIVNIM UGLJEM

Adsorpcija je jedna od najefikasnijih i najekonomicnijih metoda u prociS¢avanju otpadnih voda, pri
tom granulirani aktivni ugalj je jedan od najkoriS¢enjijin adsorbensa za teSke metale. U ovom je
radu ispitivan uticaj koliCine aktivnog uglja i poCetne koncentracije olova u rastvoru na kinetiku
adsorpcije, pri konstantnoj temperaturi, koriste¢i Sarzni adsrober. Parametri Langmuir-ove i
Freundlich-ove adsorpcione izoterme, kao i kineticki modeli za prvi, drugi, pseudo-prvi i pseudo-
drugi red reakcije su odredeni kompjuterskim programom MatLab. Pokazalo se da su Langmuir-
ova izoterma i model pseudo-drugog reda pogodniji ako se u obzir uzme celo eksperimentalno
podrugje.. Maksimalni kapacitet sorpcije je 17.09 mg g™.

Klju€ne reci: adsorpcija, sorpcija olova, adsorpcione izoterme, kinetika
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