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ABSTRACT

Silica-gel supported ester-terminated polyamidoamine (PAMAM) dendrimers (SG-G0.5, SG-G1.5,
and SG-G2.5) were utilized as adsorbents for the removal of Fe(III) from fuel ethanol. The adsorp-
tion property was systematically investigated by determining the effects of dendrimer generation,
contact time, temperature, initial Fe(III) concentration, and adsorbent dosage on the adsorption.
Static saturated adsorption indicates the adsorption capacity increases with the increasing of
dendrimer generation by following the sequence of SG-G2.5 > SG-G1.5 > SG-GO0.5. Adsorption
kinetic shows that the adsorption equilibrium can reach within 200 min for all the adsorbents.
The adsorption kinetic can be well fitted by pseudo-second-order model and is controlled by film
diffusion process. Adsorption isotherm demonstrates the adsorption favors high temperature
and initial Fe(III) concentration. The adsorption isotherm follows Langmuir model and carries
out by monolayer chemical ion-exchange mechanism. Thermodynamic parameters imply the
adsorption process of Fe(Ill) by SG-G0.5, SG-G1.5 and SG-G2.5 is a spontaneous, endothermic
and entropy increased process. The regeneration property shows the adsorbents exhibit good
reusability and maintain excellent adsorption capacity after three adsorption-desorption cycles.
Fourier transform infrared spectroscopy (FTIR) and density functional theory (DFT) calculation
indicate the interaction of carbonyl oxygen and amine nitrogen groups with Fe(III) mainly dom-
inate the adsorption process.
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1. Introduction

With the development of modern industry and trans-
portation, atmospheric pollution and energy crisis caused
by fossil fuel consumption have posed serious threat to envi-
ronmental safety and sustainable development [1,2]. There-
fore, it is urgent and crucial to develop green and renewable
energy to replace the nonrenewable fossil fuel. In recent
years, numerous alternative energy sources such as hydro-
gen energy, biodiesel, and ethanol have captured more and
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more attentions due to their environment-friendly, renew-
able, and recyclable [3-6]. Among them, ethanol is widely
used as substitution for gasoline and diesel due to the sim-
ilarity in physical and chemical property [7]. Moreover, it
can reduce the exhaust gas emission and can be acquired
from wide range of sources such as corn, wheat, sugar cane,
and other raw biomass materials [4,7].

However, metal ions would be inevitably introduced
into ethanol during the production, fermentation, trans-
portation and storage process [8-10]. The existence of metal
ions not only decreases the quality of ethanol, but also
brings adverse effect for its usage. For example, when etha-
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nol is used as fuel for automobile, the presence of metal ions
would damage the engine, reduce the efficiency of engine
and catalytic reactor of vehicle exhaust system [7,11]. Fur-
thermore, metal ions would be released to the environment
along with the exhaust gases, which could cause destructive
effect to ecological safety due to its high toxic and non-bio-
degradable [12,13]. Thus, it is of vital importance to remove
metal ions from ethanol.

A number of approaches have been explored for the
removal of metal ions from aqueous and ethanol solution,
such as membrane filtration, chemical precipitation, elec-
trolysis, ion exchange, solvent extraction, and adsorption
[7,12,14]. Compared with other technologies, adsorption
is preferred due to its cost-effectiveness, high efficiency,
and simple operation [7,13]. Diverse adsorbents including
chitosan [15], activated carbon [16], graphene oxide [17],
zeolite[18] and silica-gel [19] have been constructed for
the decontamination of metal ions. Compared with other
adsorbents, silica-gel based adsorbents have attract consid-
erable interests due to the inherent advantages of porous
structure, large surface area, good thermal and mechani-
cal stability, and feasible functionalized surface property
[19-21]. Different functional groups have been employed to
modified silica-gel to enhance its adsorption performance
[22,23]. PAMAM dendrimer which contains plenty of nitro-
gen and oxygen atoms exhibits excellent binding ability for
metal ions [24-26]. Hence, the decoration of silica-gel with
PAMAM dendrimer is an effective way to construct effi-
cient adsorbent [27]. However, the majority of the reports
relate with this series of adsorbents are mainly focus on the
removal of metal ions from aqueous solution [19,25,28-30].
Qu et al. reported the pioneer work of removal Cu(Il) from
ethanol via silica-gel supported amino-terminated PAMAM
dendrimers [31]. Subsequently, our group reported the
adsorption of Co(II), Hg(Il), and Ag(I) from ethanol by a
series of silica-gel supported PAMAM dendrimers with
different peripheral groups, and the results suggest that
the adsorption behavior depends greatly on the dendrimer
generation and terminal group [7,10].

In this study, the feasibility of silica-gel supported
ester-terminated polyamidoamine (PAMAM) dendrimers
(5G-G0.5, SG-G1.5, and SG-G2.5) for the removal of Fe(III)
from ethanol was investigated systematically. The effects
of dendrimer generation, contact time, temperature, initial
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Fig. 1. Structure diagram of SG-G0.5, SG-G1.5, and SG-G2.5.
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Fe(Ill) concentration, and adsorbent dosage on the adsorp-
tion were determined. The adsorption mechanism was
revealed based on the results of experiment and density
functional theory (DFT) calculation.

2. Experimental
2.1. Materials and methods

Silica-gel supported ester-terminated PAMAM den-
drimers (SG-GO0.5, SG-G1.5, and SG-G2.5) that illustrated
in Fig. 1 were prepared by divergent method according to
our previous research [7]. The stock solution of Fe(IIl) with
0.01 mol-L™" was prepared by dissolving 0.6758 g FeCl,-6H,O
in 250 mL anhydrous ethanol. The reagents used were all
analytical grades and obtained from Sinopharm Chemical
Reagent Co., Ltd (China). The concentration of Fe(IIl) was
determined by a VARIAN AA240 atomic adsorption spec-
trophotometer (AAS). FTIR was recorded on a Nicolet iS50
(Thermo Fisher Scientific, USA). The DFT calculation was
performed by using Gaussian 03 program [32].

2.2. Adsorption property for Fe(III)

The adsorption performance of SG-G0.5, SG-G1.5, and
SG-G2.5 for Fe(Ill) from ethanol was evaluated by batch
method. The experiment procedure of static saturated
adsorption was as follows: 20 mL 0.001 mol-L™ Fe(III) solu-
tion and 25 mg adsorbent were added in the flask and
shaken for 12 h at 25°C. After that, the concentration of
Fe(Il) was detected by AAS. The effects of the contact time,
initial Fe(IIl) concentration, temperature and the adsor-
bent dosage on the adsorption were demonstrated accord-
ing to the similar procedure described in previous reports
and listed in detail in the supporting information [7]. The
adsorption capacity and removal rate were calculated by
Egs. (1) and (2), respectively.
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where g is the adsorption amount (mmol-g™); C,and C
are the initial and equilibrium concentration of Fe(III)
(mmol'-mL™), respectively; V represents the volume (mL)
and W denotes the weight of adsorbent (g).

2.3. Regeneration property

About 25 mg adsorbent that uptake Fe(IlI) was added to
20 mL 5% thiourea-0.5 mol-L™" HNO, solution [33,34]. The
mixture was shaken for 3 h and the concentration of Fe(III)
was detected. The desorption rate was calculated as the
ratio of desorbed amount to adsorbed amount.

2.4. Adsorption mechanism

The coordination mode and interaction mechanism of
PAMAM dendrimer with Fe(Ill) was simulated by select-
ing G0.5 as model due to the symmetry structure of the
dendrimer. The geometry optimization of the complexes
that possible formed during the adsorption was performed
using DFT method at B3LYP/6-31+G(d) (LANL2DZ for
Fe(Ill)) level [7,35,36]. After that, the binding energy and
the interaction mechanism were revealed based on nat-
ural bond orbital (NBO) analysis at the level of B3LY-
P/6-31+G(d) (LANL2DZ for Fe(Ill)) // B3LYP/6-311+G(d,
p) (LANL2DZ for Fe(Ill)) [7]. The binding energy was cal-
culated as the energy difference between the complex and
that of G0.5 and Fe(III).

3. Results and discussion
3.1. Static saturated adsorption

The static saturated adsorption capacity of SG-GO0.5,
SG-G1.5, and SG-G2.5 for Fe(Ill) is shown in Fig. 2. It can
be seen that the adsorption capacity for Fe(Ill) follows the
sequence of SG-G2.5 > SG-G1.5 > SG-GO0.5, indicating the
adsorption capacity of silica-gel supported ester-termi-
nated PAMAM dendrimer increases with the increase of
dendrimer generation. The reason can be reasonable inter-
preted by the increase content of functional groups with
the raising of dendrimer generation, which provides more
active sites for the binding of Fe(III).
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Fig. 2. Static saturated adsorption for Fe(III).

3.2. Adsorption kinetic

The adsorption kinetic profiles for Fe(IlI) are shown in
Fig. 3. The adsorption of Fe(IlI) increases promptly within
the first 90 min and then rises slowly until reaches equilib-
rium at about 200 min for the three adsorbents. At the begin-
ning of the adsorption, there are plenty of active binding
sites and the concentration of Fe(III) is high, which facilitate
the diffusion and coordination of Fe(IIl) with the adsorbent,
leading to the fast adsorption. With the proceeding of the
adsorption, the active binding sites and the concentration of
Fe(Ill) decrease accordingly, leading to the slowdown of the
adsorption rate. Furthermore, the equilibrium adsorption
capacity of the adsorbents follows the sequence of SG-G2.5
> SG-G1.5 > SG-G0.5, which is consistent with the results of
static adsorption.

The pseudo-first-order kinetic model, pseudo-sec-
ond-order kinetic model, and Boyd film diffusion model
are often adopted to reveal the adsorption kinetic mech-
anism [37-42]. The detail description of these models is
provided in the supporting information. The fitting param-
eters are summarized in Tables 1 and 2. It can be seen from
Table 1, the regression coefficients of pseudo-second-or-
der kinetic model (R,?) are higher than the corresponding
pseudo-first-order kinetic model (R,?), and the calculated
adsorption capacity (g, ,) obtained from pseudo-second-or-
der kinetic model is more close to the experimental value.
The results indicate the adsorption kinetic can be well
depicted by pseudo-second-order kinetic model. The fitting
plots of Bt versus t that shown in Table 2 exhibit excellent
linearity and do not pass through the origin, suggesting the
adsorption kinetic is controlled by film diffusion process.

3.3. Adsorption isotherm

The adsorption isotherm curves for Fe(Ill) are presented
in Fig. 4. Tt is clear that the adsorption capacity increases
with the increase of initial Fe(IIT) concentration due to the
increasing possibility of Fe(III) to bind with the active sites
at high concentration. Additionally, it also observed the
adsorption favors high temperature, which indicates the
endothermic nature of the adsorption.
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Fig. 3. Adsorption kinetic profiles for Fe(III).
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Table 1
Adsorption kinetic parameters for Fe(III)

Adsorbent Doerp Pseudo-first-order kinetics Pseudo-second-order kinetics

(mmol-g™) q, o (mmol k, (min) R}? q, . (mmol-g™)  k,(mmol-g R?
g™ Lmin™)

SG-G0.5 0.26 0.12 0.0081 0.9698 0.27 0.1658 0.9980

SG-G1.5 041 0.19 0.0184 0.8426 0.42 0.1944 0.9992

SG-G2.5 048 0.33 0.0192 0.9276 0.50 0.1227 0.9993
Table 2

The linear equations and corresponding parameters of B,
versus t plots

Adsorbent  Linear equation Intercept error R*

S5G-G0.5 B,=0.0083t +0.3305  0.0476 0.9867
SG-G1.5 B,=0.0268t-0.1839  0.0933 09794
SG-G2.5 B,=0.0142¢ + 0.2269  0.0293 0.9963

Langmuir, Freundlich, and Dubinin-Radushkevich
(D-R) models are employed to analyze the isotherm data
for the sake of the adsorption mechanism [43-47]. The
linear equations of the models are provided in the sup-
porting information, and the fitting parameters of three
models are shown in Tables 3 and 4. According to Table
3, the Langmuir model is more reasonable to describe the
adsorption isotherm of Fe(IIl) due to the higher regres-
sion coefficient of Langmuir model (R ?). In addition, the
calculated adsorption capacity from Langmuir model
is in agreement with the experimental value, further

demonstrating the valid of Langmuir model. It is found
that the E values in Table 4 are all higher 8 KJ-mol, illus-
trating the adsorption takes place by chemical ion-ex-
change mechanism.

3.4. Thermodynamics parameters

The thermodynamic parameters of Gibbs free energy
change (AG), enthalpy (AH), and entropy (AS) for the
adsorption are calculated according to Egs. (3) and (4) [7,48]:

AG = AH —TAS 3)
AS AH

mK, =82 A0 4

"LTRRT @

where K, represents the Langmuir constant, R is gas con-
stant (8.314]-mol™K™), and T is absolute temperature
(K). The calculated results are summarized in Table 5, it
can be seen that the values of AG are all negative, indi-
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Fig. 4. Adsorption isotherm curves for Fe(III).
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Table 3
Adsorption isotherm parameters for Fe(III)
Adsorbent T (°C) Langmuir Freundlich
g, (mmol-g™) K, R? K, (mmol-g™) n R;?
(mL-mmol?)
SG-G0.5 15 0.60 5412.03 0.9962 1.79 5.07 0.9911
25 0.66 5029.03 0.9954 224 4.62 0.9945
35 0.70 6933.89 0.9962 1.85 5.79 0.9955
SG-G1.5 15 0.56 15999.03 0.9968 1.60 5.75 0.8504
25 0.66 10634.49 0.9967 221 492 0.8952
35 0.68 11843.77 0.9986 2.20 5.08 0.8718
SG-G2.5 15 0.68 11640.90 0.9934 2.08 5.28 0.9013
25 0.81 5921.71 0.9930 2.67 473 0.9481
35 0.88 5911.82 0.9995 3.05 4.55 0.8981
Table 4
The fitting parameters of D-R isotherm model for Fe(III)
Adsorbent T (°C) Linear equation g, (mmol-g™)  k (mol>]J?) E (kJ-mol™) R?
SG-G0.5 15 y=-22410"x-0.14 0.87 2.24.107 14.94 0.9995
25 y=-2.26-10"x 1.00 2.26-107° 14.88 0.9946
35 y =-1.58-10"x - 0.06 0.94 1.58-10~° 17.80 0.9859
SG-G1.5 15 y=-1.83-10"x-0.20 0.82 1.83-10” 16.53 0.9091
25 y=-199-10"x 1.00 1.99-107 15.85 0.9422
35 y =-1.80-10"x + 0.03 1.03 1.80-107 16.67 0.9216
SG-G2.5 15 y =-2.15-10"x + 0.04 1.04 215107 15.25 0.9452
25 y=-2.20-10"x + 0.20 1.22 2.20-10°° 15.08 0.9731
35 y=-2.15-10"x + 0.30 1.35 2.15-107 15.25 0.9275
Table 5 The positive values of AS demonstrate entropy increased
Thermodynamic parameters for the adsorption during the adsorption, which can be attributed to the
Adsorbent  T(°C) AG AH AS (J-mol--K) Felease of ethanol molecgles from the solva.tion Fe(III)
(kJ-mol)  (kJ-mol) ions during the adsorption. Before adsorption occurs,
the Fe(IIl) ion exists in the form of alcoholate form with
5G-G0.5 15 -20.58 8.98 102.10 ethanol molecules surrounding in the periphery. During
25 -21.12 the adsorption process, the ethanol molecules would be
35 2265 substituted by the functional groups of PAMAM den-
’ drimers, leading to the release of ethanol molecules and
SG-G1.5 15 -22.46 10.88 115.05 entropy increase [7]
25 2297
35 -24.79 3.5. Effect of adsorbent dosage on adsorption
5G-G2.5 15 —20.73 2472 157.07 The effect of adsorbent dosage on the adsorption is pre-
25 -21.52 sented in Fig. 5, it can be seen the removal rate increases
35 9397 with the increase of adsorbent dosage, while the adsorption

cating the adsorption of Fe(Ill) onto SG-G0.5, SG-G1.5,
and SG-G2.5 is spontaneous. AG value decreases with the
increase of temperature, implying the adsorption favors
high temperature. The values of AH are positive, sug-
gests the endothermic nature of the adsorption, which
is consistent with the results of adsorption isotherm.

capacity displays an inverse trend. Take SG-G2.5 for exam-
ple, the removal rate increases from 43 % to 95 % with the
adsorbent dosage increases from 10 to 60 mg, whereas the
adsorption capacity decreases from 0.65 to 0.26 mmol-g™'.
The increase of removal rate can be ascribed to the increase
of active binding sites with the increase of adsorbent dosage,
which can bind more metal ions and enhance the removal
rate. However, the ratio of Fe(Ill)/binding site decreases
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Fig. 5. Effect of adsorbent dosage on the adsorption for Fe(III).

with the increase of adsorbent dosage, leading to the lack of
Fe(IlI) for the binding site, and hence there is a decrease in
the adsorption [49].

3.6. Regeneration property

The regeneration property of SG-GO0.5, SG-G1.5, and
SG-G2.5 was tested by employing 5% thiourea-0.5 mol-L~
HNO, as eluent and the results are shown in Fig. 6. It was
found that SG-G0.5~5G-G2.5 all exhibit excellent regenera-
tion property and can reserve at least 90% adsorption rate
after three cycles of adsorption-desorption, indicating these
adsorbents can be used as cost-effective adsorbent for the
removal of Fe(Ill) from ethanol.

3.7 Adsorption mechanism

The FTIR spectra of SG-G0.5, SG-G1.5, and SG-G2.5
before and after adsorption are shown in Fig. 7. For

desorption rate(%)

Fig. 6. The regeneration property of the adsorbents.
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Fig. 7. The FTIR spectra of adsorbents before and after adsorp-
tion for Fe(III).

SG-G0.5, SG-G1.5, and SG-G2.5, the absorption band
around 3454 cm™ is attributed to the stretching vibra-
tion of the —OH group, and the characteristic adsorption
peak of -COOCH, appears at 1740 cm™. For SG-G1.5 and
SG-G2.5, the bands at 1548 cm™ belong to the stretching
vibration N-H group. After adsorption, the characteristic
absorption peak of ester group is disappeared completely,
and that of N-H bond is also became weaker, which indi-
cate the participation of ester and amide group during the
adsorption process.

In order to further reveal the adsorption mechanism,
DEFT calculation was conducted and the optimized geom-
etry of the complexes as well as the bond distance is pre-
sented in Fig. 8. It can be seen that G0.5 mainly coordinates
with Fe(III) with two mode. One is to coordinate with Fe(III)
by two carbonyl oxygen atom (G0.5-Fe(IlI)-1) and the bond
distance of Fe-O is 1.90 A, another is to bind Fe(IIl) with
two carbonyl oxygen and two secondary amine nitrogen
atoms to form tetra-coordinated complex (GO0.5-Fe(IlI)-2).
The bond distances of Fe-O are 1.94 and 1.95 A, while those
of Fe-N are 2.01 and 2.02 A for G0.5-Fe(III)-2, respectively.
The binding energy of G0.5-Fe(Ill)-1 and G0.5-Fe(IlI)-2 is
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Fig. 8. The optimized geometry of the complexes.
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-794.04 and -822.89 kcal/mol, indicating the interaction of
Fe(IIl) by forming tetra-coordinated complex dominates the
adsorption.

NBO analysis was employed to evaluate the charge transfer
and the magnitude of the interaction between donor and
acceptor atoms [7,50]. The NBO partial charges of Fe(III)
in the complexes of G0.5-Fe(IlI)-1 and GO0.5-Fe(IlI)-2 are
1.44 and 1.51, suggesting the existence of charge transfer
from ligand to Fe(Ill) during the adsorption. The stabili-
zation energy E(2) based on NBO analysis was employed
to estimate the interactions between functional group
(donor) and Fe(Ill) (acceptor). For GO0.5-Fe(Ill)-1, the
interaction between ligand and Fe(IIl) dominates by the
¢ donation of oxygen lone pair electrons to the empty
orbital of Fe(IIl) ((LP(O)—LP*(Fe)), and the stabilization
energies E(2) are 18.70 kcal/mol. Similar to G0.5-Fe(III)-1,
the o donation of LP(O)—LP*(Fe) with E(2) energies of
2.20 and 2.13 also contributes to the coordination of G0.5-
Fe(III)-1. Moreover, the electron transfer from lone pair
electrons of oxygen to the antibond of N-Fe ((LP(O)—
BD*(N-Fe)) plays more important part in the adsorption,
and the E(2) energies are 39.18 and 37.07 kcal/mol. The
results indicate the adsorption of silica-gel supported
ester-terminated PAMAM dendrimers mainly involves
the interaction of carbonyl oxygen and a mine nitrogen
groups with Fe(III).

4. Conclusions

The adsorption property of SG-G0.5, SG-G1.5, and
SG-G2.5 for Fe(Ill) in ethanol were investigated systemat-
ically by considering the effects of dendrimer generation,
contact time, temperature, initial Fe(Ill) concentration,
and adsorbent dosage on the adsorption. The adsorp-
tion capacity increases with the increasing of dendrimer
generation by following the order of SG-G2.5 > SG-G1.5
> 5G-G0.5. Adsorption kinetic can be well fitted by pseu-
do-second-order model and is controlled by film diffusion
process. Adsorption isotherm demonstrates the adsorption
favors high temperature and initial Fe(III) concentration.
The adsorption isotherm follows Langmuir model and car-
ries out by monolayer chemical ion-exchange mechanism.
Thermodynamic parameters imply the adsorption process
is a spontaneous, endothermic and randomness increased
process. The regeneration property shows the adsorbents
exhibit good reusability and maintain excellent adsorp-
tion capacity after three cycles of adsorption-desorption.
Adsorption mechanism indicate the interaction of carbonyl
oxygen and a mine nitrogen groups with Fe(IlI) mainly
dominate the adsorption process.
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Supplementary information
2.1. Adsorption properties for Fe(III)
2.1.1. Kinetic adsorption

Adsorption kinetic was carried out by placing a series
of 25 mg adsorbent to the flasks that containing 20 mL 0.001
mol-L Fe(TIT) solution. The flasks were shaken at 25°C and
the concentration of Fe(Ill) was determined at different
time intervals. Afterward, the adsorption capacity was cal-
culated.

The pseudo-first-order model, pseudo-second-order
kinetic model, and Boyd film diffusion model were fitted
with experimental data to reveal the adsorption kinetic
mechanism. The linear equation of pseudo-first-order and
pseudo-second-order models can be expressed by Egs. (1)
and (2), respectively.

In(q, —q) = Ing, -kt (1)
t 1 1
—= +—t )
q kg 4,

where g and g, are the adsorption capacity at time f and equi-
librium (mmol-g™); t is the adsorption time (min); k, (min™)
and k, (g'mmol™-min™) represent the pseudo-first-order
and pseudo-second-order model rate constant.

Boyd film diffusion model expressed by Eq. (3) is fur-
ther employed to explore whether film diffusion or intra-
particle diffusion is the rate-controlling step.

6 1
F=1-—Y —exp| —n*Bt 3
e P Bt ] ©
where 7 is an integer which defines the infinite series solu-
tion; B is time constant; and F represents the fractional
attainment of equilibrium at time t and can be obtained
from Eq. (4):

F=i 4

9. @
where g, and g, are adsorption capacity at time t and equi-
librium.

The value of B, can be acquired from the corresponding F
value as given by Reichenbery [1]. The linearity of B, versus
t plot can be used to evaluate whether film or intraparticle
diffusion is the rate-controlling step of the adsorption. If the
fitting plot shows good linearity without passing through
the origin, the adsorption is controlled by film diffusion. As
an alternative, if the linear plot passes through the origin,
intraparticle diffusion would dominate the adsorption.

2.1.2. Isotherm adsorption

About 25 mg adsorbent was added to a series of flasks
containing 20 mL Fe(III) solution with different concentra-
tion. The mixture was shaken for 12 h at 15°C, 25°C, and
35°C, respectively. Afterward, the concentration was deter-
mined and the adsorption capacity was calculated.

Langmuir, Freundlich, and Dubinin-Radushkevich
(D-R) models are applied to fit the isotherm data. Langmuir
model assumes the adsorption takes place on homogeneous
surface via monolayer adsorption, while Freundlich model
is applied for the adsorption on heterogeneous surface with
non-uniform distribution of energy by multilayer adsorp-
tion. The linear forms of the two models can be described
by Egs. (5) and (6):

C
C_Ze, 1 ®)
qe qm quL
Ing, = InK, + 1S ©6)
n

whereq and g, resemble the equilibrium adsorption amount
and maximum adsorption amount (mmol-g™), C, denotes
the equilibrium concentration (mmol-mL™), K, represents
the Langmuir constants (mL-mmol™), K, is the Freundlich
constants (mmol-g™), and 7 is the constant (dimensionless).

D-R model is also utilized to estimate whether the
adsorption proceeds chemically or physically. The linear
form of D-R model is described as Eq. (7):

Ing, = Ing,, — B¢’ @)

where g and g, are the equilibrium adsorption amount and
maximum adsorption amount (mmol-g™); # is mean free
energy activity coefficient (mol*J); ¢ is the polanyi poten-
tial energy (kJ*>mol™) that can be calculated from Eq. (8):

ngTIn{1+CLJ (8)

e

The mean free energy can be achieved by the f value accord-
ing to Eq. (9):

=1 ©

V2B

The E value can be utilized to estimate the nature of the
adsorption process. When it is higher than 8 KJ-mol™, the
adsorption would proceed by chemical ion-exchange mech-
anism. Otherwise, if it bellows 8 KJ-mol™, the adsorption is
physical in nature [2].
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