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In this study, the adsorption of EDTA on activated carbon from aqueous solutions has been investigated
in a batch stirred cell. Experiments have been carried out to investigate the effects of temperature, EDTA
concentration, pH, activated carbon mass and particle size on EDTA adsorption. The experimental results
manifest that the EDTA adsorption rate increases with its concentration in the aqueous solutions. EDTA
adsorption also increases with temperature. The EDTA removal from the solution increases as activated

carbon mass increases. The Langmuir and Freundlich equilibrium isotherm models are found to provide a

good fitting of the adsorption data, with R =0.9920 and 0.9982, respectively. The kinetic study shows that
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1. Introduction

Power plant flue gas frequently contains NOx and SO, pollu-
tants that cause acid rain and urban smog. The approach that
adds iron(II)(EDTA) (EDTA, ethylenediaminetetraacetate) into the
scrubbing liquor to promote the solubility of NO via formation of
iron(II)(EDTA)NO has been researched extensively [1-5]. Although
Fell_EDTA can obtain a high NO removal efficiency, it is easily oxi-
dized to Fe"-EDTA that is not capable of binding NO [6,7]. Many
methods [8-11] have been put forward to regenerate Fe!l-EDTA to
sustain the NO removal efficiency. The authors [12] put forward to
utilize activated carbon as a catalyst to speed up the regeneration of
iron(II)(EDTA). Activated carbon is used to catalyze the reduction of
Fe!l_EDTA to Fe!'-EDTA so as to maintain the capability of remov-
ing NO from gas streams. According to the mechanism discussed
in literature [12], the adsorption of EDTA on activated carbon is an
important factor affecting the catalytic reduction of Felll-EDTA.

Activated carbon is one of the adsorbents used widely for
various gas separation and purification processes, owing to its
distinguished properties such as extensive pore surface area, devel-
oped internal pore structure, and unique surface chemistry. Many
authors have studied the adsorption on activated carbons. Long et
al. [13] reported that ammonia adsorption on the activated car-
bons could be well described by the pseudo-second-order kinetic
equation. Fletcher et al. [14] investigated the adsorption and
desorption kinetics for hydrophilic and hydrophobic vapors on acti-
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vated carbon. EDTA is a chelating agent widely used in industry and
agriculture. For example, Jones et al. [15] studied the interaction
of EDTA with barium sulfate. Repo et al. [16] reported their study
on the Removal of Co(Il) and Ni(Il) ions from contaminated water
using silica gel functionalized with EDTA and/or DTPA as chelat-
ing agents. Detailed metal-EDTA adsorption and EDTA adsorption
results have also been reported. Bowers and Huang [17] tested a
ligand-type adsorption behavior for several equimolar metal-EDTA
complexes ontoy-Al,03.Nowacketal.[18] reported the adsorption
of metal-EDTA complexes onto aluminum andiron oxides. Muham-
mad [19] completed adsorption modeling employing the diffuse
layer model considering inner-sphere complex formation between
Pb(II), EDTA, Pb(II)-EDTA, and the TiO, surface. Furlong et al. [20]
reported the adsorption of EDTA onto TiO5.

However, the thorough investigations of EDTA sorption onto
activated carbon are not presented in commonly used literature.
In this study, EDTA adsorption on activated carbons from aqueous
solutions has been investigated. The kinetic study shows that EDTA
adsorption on the activated carbon is in good compliance with the
pseudo-second-order kinetic model. The thermodynamic parame-
ters (Eq, AG?, AHO, AS%) obtained indicate the endothermic nature
of EDTA adsorption on activated carbon.

2. Experimental
2.1. Experimental set-up
Batch experiments were performed in a stirred glass

flask of 500ml to investigate the EDTA adsorption on
activated carbon from aqueous solutions. The schematic
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Fig. 1. The schematics of EDTA adsorption performed in a stirred cell reactor. (1)
Electric relay, (2) stirrer rod, (3) thermometer and (4) stirred cell.

diagram of the experimental apparatus is shown in
Fig. 1.

A turbine impeller with diameter of 3 cm was mounted on the
bottom of the stirring rod. Measured amount of Na,H,EDTA was
dissolved into distilled water to make up EDTA aqueous solution.
Four hundred milliliter EDTA aqueous solution and appropriate
dose of activated carbon were introduced into the glass flask.

A commercial activated carbon of coconut shell was used in this
experiment. The physicochemical characteristics of the activated
carbon of coconut shell are listed in Table 1. The concentration of
surface groups on carbons was determined by Boehm titration. The
stirring speed was 300 rpm. The initial pH values of EDTA solutions
were adjusted to the desired value with NaOH (1.0 mol1-1) solution
at 25 °C. The liquid samples were withdrawn periodically to deter-
mine the changes of EDTA concentration in the aqueous solution

during the experiments.

2.2. Analysis methods

The EDTA concentration was determined by titration with ZnCl,
solution of 0.01 molI-! using indicator xylenol orange and buffer
solution of pH 5.5. Zn2* combine with EDTA as follows:

Zn** + EDTA%>~ — ZnEDTA (1)

The titration end point is obtained as the solution turns into
Purple-red because Zn-XO chelate is generated by xylenol orange
combining with Zn2*:

Zn*t +X0 — Zn-XO (2)

EDTA adsorption (mg g~1) was calculated by using the following
equation:

Co—Ct)xVx291x1000
ge = Co=CxVx291x1000 (3)
Table 1
Physicochemical characteristics of the activated carbon of coconut.
Parameter Value
Bulk density 0.50gcm3
pH 9.20
Carbonyl group 0.250 mmol g~!
Lactonic group 0.074mmol g!
Hydroxyl group 0.058 mmol g~!
Basic surface functional groups 0.325mmol g!
Specific surface area 1050m?g!
Iodine number 1000mgg!
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Fig. 2. Effect of stirring speed on EDTA adsorption (AC=125gl ',

EDTA=0.01moll-!, pH=4.35,T=50°C).

where m is the mass of activated carbon (g), Cy is the initial EDTA
concentration and C; is the EDTA concentration (moll~1) at ¢ time
in the solution, 291 is the molecular weight of EDTA, and V is the
volume of aqueous EDTA solution (1).

3. Results and discussion
3.1. Effect of stirring speed on EDTA adsorption

To investigate the effect of stirring speed on EDTA adsorp-
tion, experiments were performed under different stirring speed
while keeping other parameters constant. The experimental results
obtained are shown in Fig. 2.

Fig. 2 suggests that the equilibrium uptake of EDTA on activated
carbon increases from 179mgg=! to 210mgg! as stirring speed
increases from 100 rmin~! to 300 rmin~!. Fig. 2 also depicts that
it takes 30 h for the adsorption of EDTA to reach equilibrium. How-
ever, the adsorption of EDTA does not increase as the stirring speed
increases above 300 r min~'. The reason may be that there is a stag-
nant flow layer existing on activated carbon surface. Increasing the
stirring rate will reduce the thickness of the liquid film and the
mass-transfer resistance to the activated carbon surface. Therefore,
the adsorption of EDTA on activated carbon will be enhanced with
the stirring speed. However, the impact of the external diffusion has
been eliminated as the stirring speed increases above 300 rmin~!.
Hence, the EDTA adsorption may not increase further as the stirring
speed rises.

3.2. Effect of activated carbon particle size on EDTA adsorption

The experiments were carried out to investigate the effect of
activated carbon particle size on EDTA adsorption. The experimen-
tal results obtained are shown in Fig. 3. Fig. 3 depicts that the
equilibrium uptake of EDTA on activated carbon increases from
167mgg ! to210mg g~ as the particle decreases from 0-40 mesh
to 80-120 mesh. The EDTA adsorption on the activated carbon is
not improved further as the particle size decreases below 80-120
mesh. The intragranular diffusion of EDTA on the activated carbon
will be enhanced as the activated carbon particle size decreases.
Thus, the EDTA adsorption on the activated carbon increases as the
particle size decreases. However, the adsorption of EDTA will not
be increased further because the impact of internal diffusion has
been eliminated as the activated carbon particle decreases below
80-120 mesh.
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Fig. 3. Effect of mesh of activated carbon on EDTA adsorption (AC=12.5g1-",
EDTA=0.01moll~!, pH=4.35, T=50°C, stirring speed=300rmin—").

3.3. Effect of temperature on EDTA adsorption

Experiments were carried out at the same initial EDTA concen-
tration of 0.01 moll~! with an activated carbon dose of 12.5g1!
to investigate the effect of temperature on EDTA adsorption. The
results shown in Fig. 4 illustrate that EDTA adsorption increases
with temperature. After 36h operation, the EDTA adsorption
increases from 174 t0261 mgg~! as the temperature increases from
40°C to 70°C. The increase in uptake with rise in temperature is
due to the fact that the reaction rate between EDTA and the surface
oxygen functional groups on the activated carbon increases with
temperature. Furthermore, the diffusivity of sorbate through the
external laminar layer into the micropores of the adsorbent also
increases with temperature as diffusion is an endothermic pro-
cess. On the other hand, as Terzyk [21] has studied, some water
molecules (bonded by strong hydrogen bonds with surface groups
located at entrances to pores) can desorb from activated carbon as
temperature increases, which results in more pores open to EDTA.

3.4. Effect of EDTA concentration on its adsorption

Experiments have been performed to test the effect of EDTA
concentration on its adsorption on activated carbon. The experi-
mental results shown in Fig. 5 suggest that the EDTA adsorption on
activated carbon increases with its concentration in the aqueous
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Fig. 4. Effect of temperature on EDTA adsorption (AC=125gl',

EDTA=0.01 mol 1!, pH=4.35, stirring speed =300 min~1).
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Fig. 5. Effect of concentration on EDTA adsorption (AC=12.5gl-!, pH=4.35,
T=50°C, stirring speed =300 rmin~1).

solutions. After 36h operation, the EDTA adsorption on acti-
vated carbonis 109 mgg1,210mgg1,273mgg ' and382mgg!
for the initial EDTA concentration of 0.005moll-!, 0.01 moll-!,
0.03moll-1, 0.1moll-1, respectively. The explanation can be
expressed as follows. Firstly, the mass-transfer impetus between
the liquid bulk and the surface of activated carbon increases
with the initial EDTA concentration in the aqueous solution. Sec-
ondly, the diffusivity of EDTA also increases with its concentration.
Thirdly, the EDTA on the surface of activated carbon in equilibrium
with the EDTA in the solution will increase with its concentration
in the solution.

3.5. Effect of activated carbon mass on EDTA adsorption

To investigate the effect of activated carbon mass on EDTA
adsorption, 0.01 mol1~! EDTA solutions were mixed with different
activated carbon mass for 36 h, while keeping other parameters
constant. It can be seen from the experimental results depicted
in Fig. 6 that EDTA adsorption on per gram of activated carbon
decreases as the activated carbon mass in the solution increases.
For example, after 6 h operation, the EDTA adsorption decreases
from 295.7 to 131.5mgg-! as activated carbon mass increases
from 1.25g1-! to 12.5g1-1. Such performance on the adsorbent
may be attributed to the fact that some of the adsorption sites
remain unsaturated during the adsorption process. As the initial

800 o Ac=125 gl

| —e—AC=250g!"
—a—AC=75¢gl"
—v—AC=125g[

g™

600

N

o

o
T

EDTA adsorption (mg
N
3
T

0 5 10 15 20 25 30 35 40
Time (hour)

Fig. 6. Effect of activated carbon mass on EDTA adsorption (EDTA=0.01moll-,
pH=4.35, T=50°C, stirring speed =300rmin~"').
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Fig.7. Effect of pH on EDTA adsorption (AC=12.5g1-!,EDTA=0.01 mol1-!,T=50°C,
stirring speed =300 min—1).

EDTA concentration keeps constant, it is noted that the total adsorp-
tive capability of EDTA increases faster as the activated carbon mass
increases because of the increase in the number of reaction sites and
surface area available to EDTA. For example, it can be calculated
from the experimental results depicted in Fig. 6 that the total EDTA
adsorption increases from 370mgl-! to 1644 mgl-! as activated
carbon mass increases from 1.25g1-1 to 12.5g1-1.

3.6. Effect of pH on EDTA adsorption

Effect of pH on the adsorption of EDTA on activated carbon
is shown in Fig. 7. Fig. 7 demonstrates that the pH value on
EDTA adsorption cannot be ignored. As pH increases, the equilib-
rium adsorbate decreases. As the initial pH value increases from
4.35 to 8, the equilibrium adsorbate decreases from 210mgg-! to
172mgg-!. The explanation can be expressed as follows. When
pH values range from 3 to 10, the main form of EDTA is H,Y2~ or
HY3- in the aqueous solution, which is negatively charged. Acti-
vated carbon surface has a weak polarity under different pH value.
In the acidic conditions, the surface of activated carbon is positively
charged, which is favorable for the adsorption of anionic species. As
pH rises, the surface of activated carbon gradually becomes nega-
tive charged, which may result in the decrease of EDTA adsorption.

3.7. Adsorption dynamics

3.7.1. The pseudo-first-order kinetic model

The pseudo-first-order kinetic model has been widely used to
predict adsorption kinetics. A linear form of pseudo-first-order
model was described by Lagergren:

In(ge — qt) =In ge — k1t (6)

where q; is the amount adsorbed at time t (mgg~!), and k; is the
rate constant of pseudo-first-order adsorption (h~1). The values of
In(ge — q¢) are calculated from the kinetic data (Fig. 4).

The plots of In(q. — q¢) versus t are shown in Fig. 8. The values
of ky and Ing. can be obtained from the slopes and the intercepts
of the curves. The calculated ge, k1, and the corresponding linear
regression correlation coefficient R? values are shown in Table 2.
The low correlation coefficients show that the pseudo-first-order
model does not predict the kinetics of the EDTA adsorption onto
activated carbon accurately.
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Fig. 8. Lagergren pseudo-first-order kinetics for EDTA adsorption onto activated
carbon (AC=12.5g1-!, EDTA=0.01 molI-!, pH=4.35, stirring speed =300 r min—').

3.7.2. The pseudo-second-order kinetic model
The kinetic data can also be analyzed using Ho and McKay’s
pseudo-second-order kinetics, represented by [22]

i = L + lt (7)
. kg Qe

where k, is the rate constant of second-order adsorption
(gmg~1 h~1).The values are calculated from the kinetic data (Fig. 4).
A plot between t/q; versus t gives the value of the constants k,
(gmg-'h1)and also g (mgg~!) can be calculated.

The curves of the plots of t/q; versus t were given in Fig. 9 and the
calculated qe, ko, and the corresponding linear regression correla-
tion coefficient R? values are summarized in Table 2. The correlation
coefficients for the second-order kinetics model (R?) are greater
than 0.99, indicating the applicability of this kinetics equation and
the second-order nature of the adsorption process of EDTA onto
activated carbon.

3.7.3. Intraparticle diffusion

The adsorbate species are probably transported from the bulk of
the solution into the solid-phase through an intraparticle diffusion
process, which is often the rate limiting step in many adsorption
processes. The possibility of intraparticle diffusion was explored by
using the intraparticle diffusion model [23,24]

qe = kst'/2 4+ C (8)
Table 2
Kinetic parameters for the adsorption of EDTA on AC at various temperatures.
40°C 50°C 60°C 70°C
Pseudo-first-order
k1 (min-1) 0.20 0.22 0.25 0.21
Geca (Mgg™) 237.5 281.5 368.7 395.4
qe (Mg/g) 1711 210.0 2473 291.0
R? 0.8973 0.9466 0.9315 0.8700
Pseudo-second-order
ko (gmg-'h-1) 8.73E-04 7.84E-04 7.73E-04 5.82E-04
Qecal (Mgg™") 196.1 238.1 2703 294.1
qe (mgg1) 171.1 210.0 2473 291.0
R? 0.9984 0.9950 0.9939 0.9977
Intraparticle diffusion
ks (mgg~'h-12) 29.44 36.43 41.57 49.30
Gecal (Mgg™") 194.3 2429 285.1 329.0
qe (mgg1) 171.10 210.03 2473 291.0
c 17.61 24.36 35.65 37.30
R? 0.9237 0.8849 0.8706 0.9073
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Fig. 9. Ho pseudo-second-order kinetics for EDTA adsorption onto activated carbon
(AC=12.5g1-',EDTA=0.01 mol1-!, pH=4.35, stirring speed =300 r min~").

where C is the intercept and k3 is the intraparticle diffusion rate
constant (mgg~' h=1/2), Plots between q; versus t!/2 are given in
Fig. 10. The values k3, C, and the corresponding linear regression
correlation coefficient R? values are given in Table 2. From Table 2,
it is observed that k3 increases with temperature.

3.8. Adsorption isotherm

3.8.1. Langmuir isotherm

Langmuir equation is based on a theoretical model and assumes
that the maximum adsorption corresponds to a monolayer satu-
rated with adsorbate molecules on the adsorbent surface that is
energetically homogeneous. Langmuir isotherm constants are cal-
culated from the following linearized form:

Ce 1 Ce
ge  bQ * Q
where Q and b are Langmuir constants determined from the slope
and intercept of the plot, indicative of maximum adsorption capac-
ity (mgg~') of adsorbent and energy of adsorption, respectively,
while C. is the remaining concentration of adsorbate after equi-
librium (mgl-1) and g, is the amount adsorbed at equilibrium
(mgg~1). From the equilibrium uptake of EDTA shown in Fig. 6,
a Langmuir isotherm curve can be given by plotting Ce/qe against
Ce (see Fig. 11). Fig. 11 demonstrates that the adsorption isotherm

(9)
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Fig. 10. Intraparticle diffusion plots for EDTA adsorption onto activated carbon
(AC=5g, EDTA=0.01moll-!, pH=4.35, stirring speed =300 rmin~1).
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Fig. 11. Langmuir isotherm curve (EDTA=0.01 moll-!, pH=4.35, T=50°C, stirring
speed=300rmin~1).

is in good agreement with the Langmuir adsorption equation. The
slope is Q~! and the intercept is Q/b. A value of 1005.05mgg~! is
obtained for Q and a value of 206.11 is obtained for b (correlation
coefficient 0.9920).

3.8.2. Freundlich isotherm

Freundlich isotherm assumes that the uptake of adsorbate
occurs on a heterogeneous surface by multilayer adsorption and
that the amount of adsorbate adsorbed increases infinitely with an
increase in concentration. The Freundlich isotherm is expressed as:

=K /" (10)

where K and n are constants of Freundlich isotherm incorporating
adsorption capacity (mgg~1) and intensity, while C. and g, are the
remaining concentration of adsorbate after equilibrium (mgl-1)
and the amount adsorbed at equilibrium (mgg-1), respectively.
Taking logarithm from Eq. (10), a linearized form of Freundlich
isotherm can be represented as follows:

log(ge) =log K + 1/n log Ce (11)

A Freundlich isotherm curve can be given by plotting log(qge)
againstlog(C.) (as seeninFig. 12).In terms of Fig. 12, the Freundlich
isotherm can be given as follows (n=0.699, correlation coefficient
0.9983):

ge = 0.01489C} 431 (12)
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Fig. 12. Freundlich isotherm curve (EDTA=0.01 moll-!, pH=4.35, T=50°C, stirring
speed=300rmin-1).
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3.9. Thermodynamic parameters

The second-order rate constant can be expressed as a function of
temperature by the Arrhenius equation and the activation energy
(Eq) can be determined as below:

k2=k0 exp (—%) (13)

Eq. (13) can be rearranged as follows:

Eq
In ky =1In ko—ﬁ (14)
where kg is Arrhenius preexponential factor and E, is activation
energy.

Fig. 13 shows a linear plot of Ink, as a function of 103/T for
EDTA adsorption on activated carbon at 313-343 K. The apparent
activation energy calculated from the slope of the plot is found
to be 6.01 k] mol~1. The relatively low positive activation energy
indicates that physical adsorption dominate the process of EDTA
adsorption on to activated carbon.

Thermodynamic parameters, such as change in free energy
(AGY), enthalpy (AH9), and entropy (AS?), that describe EDTA
uptake by activated carbon can be estimated by considering the
equilibrium constants under the several experimental conditions.

Equilibrium constant for the adsorption reaction of EDTA on
activated carbon, K¢, is defined as follows:

G G-C G

Ke= o=t =0 -1 (15)

where Cy4g is the adsorbed amount of adsorbate at equilibrium, Cy
the initial concentration of adsorbate (mgl-'), and C, the equilib-
rium concentration of adsorbate (mgl-1).

The change in the Gibbs free energy for a reaction is expressed
as

AG® = —RT In K, (16)

where R is the gas constant and T is temperature in Kelvin.

Moreover, using the relationship, AG®=AH?+TAS?, InK; can
be expressed in Eq. (17). Thus, if the equilibrium constants for an
adsorption reaction at different temperatures are known, the stan-
dard enthalpic and entropic changes for adsorption can also be
estimated from the slope and intercept of a linear plot of In K, versus
1T.
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Fig. 14. van't Hoff plot for the adsorption of EDTA (AC=12.5gl-', pH=4.25,
EDTA=0.01moll-', T=50°C, stirring speed =300rmin~").

Table 3
Thermodynamic parameters of EDTA adsorbed by AC.
T(K)
313 323 333 343
AG (k] mol-1) -0.79 -2.34 —-439 -8.40
AH (k] mol—1) 43.83
AS (Jmol-' K1) 141.77
Eq (kJmol~1) 6.01

AHO? and ASP are obtained from the slope and intercept of van't
Hoff plot of InK. versus 1/T (Fig. 14; Table 3). A positive value of
AHO indicates that the adsorption process is endothermic in nature
and negative values of AG? show the spontaneous adsorption of
EDTA on the activated carbon. Positive AS9 shows the increased
randomness of the solid/solution interface during the adsorption
of EDTA on the activated carbon.

4. Conclusion

In this study, the adsorption of EDTA on activated carbon from
aqueous solutions has been studied in a batch stirred cell. The fol-
lowing specific conclusions can be drawn from the experimental
results.

1. The impacts of external and internal diffusion on EDTA adsorp-
tion on activated carbon could be eliminated with a stirring
speed over 300 rmin—! and mesh of activated carbon more than
120, respectively.

2. Temperature is advantageous to the adsorption of EDTA on the
activated carbon. The values of the EDTA adsorbed at equilibrium
(ge) increase with temperature.

3. The EDTA adsorption on activated carbon increases with its con-
centration in the aqueous solutions.

4. The EDTA adsorption on per gram of activated carbon decreases
as the activated carbon mass increases. But the total adsorp-
tive capability of EDTA increases as the activated carbon mass
increases.

5. The EDTA adsorption on activated carbon decreases as the pH
value increases.

6. The EDTA adsorption on the activated carbon could be well
described by the pseudo-second-order kinetic equation.

7. The Langmuir and Freundlich equilibrium isotherm models are
found to provide a good fitting of the adsorption data, with
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R? 0.9920 and 0.9983, respectively. The adsorption capacity of
EDTA obtained from the Langmuir equilibrium isotherm model
is found to be 1005.05mgg~1.

8. Thermodynamic parameters such as Eq, AG?, AH? and AS? for
adsorption reaction are estimated. A positive value of AH? indi-
cates that the adsorption process is endothermic in nature and
negative values of AG? show the spontaneous adsorption of
EDTA on the activated carbon. Positive AS? shows the increased
randomness of the solid/solution interface during the adsorption
of EDTA on the activated carbon.
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