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Polyamidoamine Polymers: Kinetics and Equilibrium Studies

Changmei Sun, Fang Ma, Guanghua Zhang, Rongjun Qu,* and Ying Zhang

School of Chemistry and Materials Science, Ludong University, Yantai 264025, China

ABSTRACT: The potential use of silica gel functionalized with dendrimer-like, amino-terminated polyamidoamine polymers
(PAMAM) as adsorbents for the removal of mercury ions from ethanol solution was evaluated. The adsorption isotherm and
adsorption kinetics were investigated by using the batch method. The adsorption capacity was found to depend on the generation
number of PAMAM loaded, contact time, initial concentration, and temperature. The experimental data were fitted to pseudofirst-
order and pseudosecond-order kinetic models. The results indicated that all of the adsorption data fitted well with the second-order
kinetic model. A stepped fitting method was adopted to determine whether intraparticle diftusion or external diffusion was the rate-
limiting step. The adsorption isotherms were fitted by the Langmuir model, Freundlich model, and Dubinin—Radushkevich (D-R)
model. The results showed that the Langmuir model defined the equilibrium data better than the Freundlich model. From the D-R
isotherm model, the calculated mean free energy E showed that the adsorptions occurred via chemical processes. The thermodynamic
parameters of AG®, AH, and AS° indicated that the Hg2+ adsorption was endothermic and spontaneous with decreased randomness at

the solid—solution interface.

1. INTRODUCTION

It has been well-documented that mercury is a pervasive
contaminant that is highly toxic and is readily accumulated by
organisms.' Generally, mercury is released to the environment
from both natural activities including weathering of mercury-
containing areas, the degassing from surface water and from the
Earth's crust through volcanic eruptions, naturally caused forest
fires, and biogenic emissions,” and anthropogenic activities includ-
ing agriculture, battery production, fossil fuel burning, mining and
metallurgical processes, paint and chloralkali industries, and wood
pulping.” The World Health Organization (WHO) recommends a
maximum uptake of 0.3 mg per week and 1 ug-L ™" as the maxi-
mum acceptable concentration in drinking water." To remove
mercury ions from wastewater before it is released into the envi-
ronment, a number of technologies have been developed includ-
ing chemical precipitation, reverse osmosis, evaporation, mem-
brane filtration, adsorption biological treatment, ion exchange,
and adsorption.5 Among these, selective adsorption utilizing
biological materials, mineral oxides, carbon, or polymer resins
has generated much interest among researchers and environ-
mental engineers and scientists.” '

However, most of the research focused mainly on the removal
of mercury in aqueous solution (industrial wastewater) rather
than nonaqueous solution such as gasoline or ethanol fuel
solution. In fact, the combustion of fuels to produce electricity
and heat is the major source of atmospheric emissions of Hg on a
global scale."" Since the majority of Hg emissions from fuel
combustion is in the gaseous phase, it is difficult to remove once
it diffuses into the atmosphere.'> Moreover, the presence of Hg
in ethanol fuel might affect processing, where mercury can react
with metallic surfaces, form amalgams, and impair the proper
operation of the equipment.'> Catalyst poisoning was also
reported.14 Therefore, the removal of metal ions, especially Hg
in ethanol fuel, has become a key driving force for the development
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of novel adsorbents with low cost and high adsorption cap-
abilities for metal ions in ethanol. Gushikem and co-workers
were the first to report the adsorption and preconcentration
capabilities of silica gel modified by imidazole for Cu, Nj, Fe, Zn,
Cd, and Mn in ethanol.">'¢ Afterward, Filho et al. synthesized
a series of modified silica with heterocyclic functional groups
to adsorb metal ions such as Mn and Ni in ethanol solution.'”~**
We noticed that most of the adsorbents reported involved
heterocyclic functional groups, while those with other types of
functional groups were rare. In addition, the adsorption mechan-
ism and kinetics as well as the removal of Hg from ethanol
solution were seldom reported.

Our goal was to develop novel adsorbents for the removal of
Hg from ethanol fuel solution. We chose to immobilize poly-
amidoamine (PAMAM) dendrimers, which are highly branched
and well-defined polymers with unique topology structure
versatile physicochemical properties, as functional groups.”®” >
The PAMAM polymers were loaded onto silica gel, and the
adsorbents obtained were evaluated for their capability to remove
mercury ions from ethanol solution. Furthermore, equilibrium
and kinetic studies were also conducted.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Silica gel functionalized with
amino-terminated dendrimer-like PAMAM polymers (SiO,-G1.0,
$i0,-G2.0, Si0,-G3.0, and Si0,-G4.0) was prepared according
to our previous work™ as shown in Figure 1. The parameters
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Figure 1. Synthesis of SiO,-G1.0, Si0,-G2.0, and SiO,-G3.0.
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Table 1. Brunauer—Emmett—Teller (BET) Surface Area
(sgeT), Barrett—Joyner—Halenda (BJH) Desorption Average
Pore Diameter (d), and Grafting Percentage (GP) of the Four
Resins Si0,-G1.0, Si0,-G2.0, Si0,-G3.0, and Si0,-G4.0

SBET d GP
resin o g 1 o %
Si0,-G1.0 266.55 7.35 10.49
§i0,-G2.0 157.16 5.86 19.83
Si0,-G3.0 121.16 5.76 27.65
Si0,-G4.0 42.73 5.02 42.94

of the four resins are listed in Table 1. Stock solutions of Hg2+,
Cu™, Fe', Co™", and Ni*" were prepared by dissolving the
corresponding HgCl, - 2H, 0, CuCl, - 2H,0, FeCl; - 2H,0, CoCl,
6H,0, and NiCl, - 6H, 0 in dry ethanol. All reagents were analytical
grade and used without further purification.

The concentrations of metal ions were determined using a 932B-
model atomic absorption spectrometer (AAS, GBC, Australia)
equipped with an air—acetylene flame. The operating parameters
were as follows: lamp current, 3.0 mA; slit width, 0.5 nm; wave-
length, 253.7 nm; sensitivity, 1.60 ,ug-gfl.

2.2, Static Adsorption Experiments. Static adsorption ex-
periments were carried out by shaking the adsorbent (0.0S g) in
0.001 mol -kg71 ethanolic metal solution (20 mL) at 100 rpm for
24 h at room temperature. After adsorption, an aliquot (10 mL)
was removed and analyzed by AAS to determine the metal ion
concentration. The amount of metal adsorbed was calculated
according to eq 1:

(Co—C)V
Q= 1)
where Q is the adsorption amount, mmol- g71 ; Co is the initial
metal ion concentration, mol-kgfl; C is the final metal ion
concentration, mol * kg7l ; Vis the volume, L; and W is the weight
of adsorbents, g.

2.3. Effect of Adsorbent Loading on Adsorption. To study
the effect of adsorbent loading, a series of 0.001 mol-kg_1
ethanolic metal solutions (20 mL) was treated with various
amounts of adsorbent (ranging from 10 mg to 60 mg) and
equilibrated for 24 h at room temperature. The percent removal
of metal ions was calculated according to eq 2

PR(%) = (Co — C)/Cop-100 (2)

2.4. Adsorption Kinetics. The adsorption kinetics was stu-
died using a batch method by treating the adsorbents (0.03 g) in
1.0 mM ethanolic metal solution (20 mL) at (278 to 298) K. At
various time intervals, an aliquot (10 mL) of the solution was
removed, and the metal ion concentration was determined
by AAS.

2.5. Adsorption Isotherms. The adsorption isotherms were
investigated by treating the adsorbents (0.03 g) with various
concentrations of different metal ion solutions for 24 h at (278 to
298) K.

2.6. Effect of Metal lon Concentration on Adsorption. The
effect of metal ion concentration was studied by treating the
adsorbent (0.030 g) with 20 mL ethanolic solutions containin%
various initial metal ion concentrations (0.1 to 1.0) mmol-kg
and equilibrated for 24 h at room temperature.
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Figure 2. Saturated adsorption amounts of SiO,-G1.0 to SiO,-G4.0
for metal ions in ethanol solution (initial metal ion concentration:
0.001 mol-kgfl; volume of solution: 20 mL; equilibration time: 24 h).

3. RESULTS AND DISCUSSION

3.1. Static Saturated Adsorption Amounts. The saturated
adsorption amount of metal ions is generally considered as one of
the most critical parameters for evaluating adsorbent capability.
Base metal ions such as Cu>", Hg2+, Co**, Fe**, and Ni*" that are
often found in ethanol fuel were selected to investigate the
adsorption properties of SiO,-G1.0 to SiO,-G4.0 by using a static
method. The results are shown in Figure 2.

Theoretically, the adsorption capacity of the adsorbent for
metal ions should increase with increasing generation number of
dendrimer-like PAMAM due to the increase in N atom number
and functional groups. However, the adsorption capability of the
PAMAM modified adsorbent was found to decrease with in-
creasing generation number. This may be attributed to the higher
steric hindrance and cross-linking degree inherent in PAMAM
with higher generation number, which obstructs metal ions from
diffusing into the interior of PAMAM to contact with interior
functional groups.

Owing to its toxicity and harmful environmental effects and
the lack of studies on its removal from ethanol solution, Hg2+ was
chosen for the adsorption kinetics and isotherm studies of SiO,-
G1.0, Si0,-G2.0, and SiO,-G3.0 in ethanol solution. Since the
adsorption of metal ions was very low for SiO,-G4.0, the
adsorption performance of SiO,-G4.0 was not studied further.

3.2. Effect of Resin Loading on Adsorption. The effect of
resin loading on the removal of Hg2+ by SiO,-G1.0, SiO,-G2.0, and
Si0,-G3.0 in ethanol solution is shown in Figure 3. Resin loading
was varied from 10 mg to 60 mg, and the mixture containing an
initial mercury concentration of 0.001 mol-kg ™" was equilibrated
for 24 h. It was apparent that the equilibrium adsorption amount
decreased and the removal percent increased with increasing resin
loading. This was anticipated because, for a fixed initial solute
concentration, increasing the adsorbent loading would provide
greater surface area (or adsorption sites).>**> Moreover, it can be
seen that SiO,-G1.0 could remove mercury ions more effectively
than SiO,-G2.0 and SiO,-G3.0. When the resin loading was 30 mg,
the removal percent of SiO,-G1.0 almost reached 100%, while
those of SiO,-G2.0 and SiO,-G3.0 were only about 70% and 60%,
respectively. When the loading of SiO,-G2.0 and SiO,-G3.0 was
increased to 60 mg, the removal of Hg2+ reached ~90%.

3.3. Adsorption Kinetics and Mechanism. The adsorption
kinetics study could provide information about the adsorption
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Figure 3. Effect of resin dosage (RD) on the adsorption amount of Hg2+
onto M, SiO,-G1.0; @, SiO,-G2.0; and A, SiO,-G3.0 and the percent
removal (PR) for Hg”" of O, Si0,-G1.0; O, Si0,-G2.0, and A, SiO,-
G3.0 (initial metal ion concentration: 0.001 mol~kg71 ; volume of
solution: 20 mL; equilibration time: 24 h).

mechanism, which is important for optimizing the efficiency of
the process. Successful application of the adsorption demands
innovation of cheap, easily available, and abundant adsorbents
of known kinetic parameters and adsorption characteristics.
Figure 4 shows the kinetic curves of SiO,-G1.0, SiO,-G2.0,
and Si0,-G3.0 for the adsorption of Hg**. The results show
that the adsorption was fast before 100 min and then approach-
ing equilibrium. The time profiles of the adsorptions were single,
smooth, and continuous curves leading to saturation, suggesting
the possible monolayer coverage of Hg** on the surface of the
three resins.”

The adsorption was significantly affected by the temperature
of the mixtures. As could be seen from Figure 4, the adsorption
capacities increased with increasing temperature. Possible ex-
planations for this are: (1) the resins could be swollen more
completely at higher temperatures, which facilitated the diffusion
of ngJr into the resins; (2) the adsorption was an endothermic
process and thus favors high temperature conditions. In addition,
it was noticed that the adsorptions of the resins at 298 K was
accelerated after ~200 min, which might be due to the sufficient
swelling of the resins with prolonged time and high temperature.

Adsorption kinetics can be modeled by several models,
including the pseudofirst-order Lagergren equation*’and pseu-
dosecond-order rate equation®® given below as egs 3 and 4,
respectively.

ky
log(ge — q;) = log ge — ——t 3
0g(qe — q:) = log q 3303 (3)
t 1 1
—=——+—t 4
g kaqe*  qe #)

where k; is the rate constant of pseudofirst-order adsorption, k; is
the rate constant of pseudosecond-order adsorption, and g, and
q: are the adsorption amount at equilibrium and at time ¢,
respectively.

For the pseudofirst-order kinetic model, eq 3 can be trans-
formed to eq 5, which can be used to predict the adsorption
equilibrium. The constants (k; and q.) obtained from nonlinear
fitting results are given in Table 2.

g = q:(1—¢™) ()
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Figure 4. Adsorption kinetics of HgZ+ onto SiO,-G1.0, Si0,-G2.0, and
$i0,-G3.0 resins and pseudofirst-order kinetic model (solid line; initial
metal ion concentration: 0.001 mol°kg7l ; volume of solution: 20 mL;
equilibration time: 24 h; temperature: Hl, 278 K; O, 288 K; and A,
298 K).

For pseudosecond-order kinetic model, the constants can be
obtained from plotting (t/q;) versus t. The values k* and q. are
also given in Table 2. Figures 4 and 5 present the curves for fitting
experimental data at different temperatures using pseudofirst-
order and pseudosecond-order kinetic models. The results show
that the first-order kinetic model was not as good as the second-
order kinetics in modeling the kinetics and the regression
coefficients were also lower in comparison (Table 2). Further-
more, the equilibrium adsorption from the pseudosecond-order
model was much closer to the experimental data, suggesting that
the second-order kinetics model is better.

On the basis of the pseudosecond-order kinetic model, the
initial adsorption rate (k) and half adsorption time (t,/,) were
estimated (Table 2) according to the following eqs 6 and 7.2
Half adsorption time, the time required for the resins to uptake
half of the amount adsorbed at equilibrium, is often considered as
a measure of the rate of adsorption.*

h = kqe2 (6)
1

by =1 (7)

1/2 ke

The data in Table 2 show that the initial adsorption rate h
increased with temgerature, probably because of the faster
diffusion rate of Hg”" under higher temperatures. Among the
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Table 2. Kinetic Parameters Obtained from Pseudofirst-Order and Pseudodecond-Order Models for Hg2+ onto Si0,-G1.0,

$i0,-G2.0, and SiO,-G3.0 Resins at Different Temperatures

pseudofirst-order model

pseudosecond-order model

Geexp qe,cal kl qe,cal kZ h t1/2
resin T/K mg- g71 mg- g71 min " R? mg g7l 10* g mg71 ~min" mg- g7l ~min~ " min R?
Si0,-G1.0 278 88.34 84.05 0.03307  0.9104 92.59 4.73 4.05 22.83  0.9995
288 91.72 87.76 0.03680  0.9433 95.24 5.66 5.13 18.55  0.9998
298 96.22 90.13 0.05126  0.8935 98.04 6.47 6.22 15.76  0.9996
Si0,-G2.0 278 86.48 82.87 0.01517  0.9485 91.74 2.29 1.93 47.60  0.9987
288 96.86 90.32 0.02011 09119 101.01 2.40 245 4125  0.9986
298 103.58 93.92 0.03411  0.7345 106.38 293 3.32 32.08 0.9978
§i0,-G3.0 278 66.67 63.81 0.01625  0.9832 71.90 2.95 1.53 47.15  0.9993
288 75.65 7243 0.01508  0.9680 81.97 2.37 1.59 51.48  0.9989
298 80.98 78.75 0.01596  0.9431 87.72 2.59 1.99 44.02 09979
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Figure S. Pseudosecond-order kinetic plots of Hg2+ onto Si0,-G1.0, Si0,-G2.0, and SiO,-G3.0 resins at W, 278 K; O, 288 K; and A, 298 K.

resins, the h values decreased in the following order: SiO,-G1.0 >
Si0,-G2.0 > Si0,-G3.0. This could be attributed to the increase
in generation number of PAMAM, where cross-linking of the
functional groups increases with each generation and resulted in
greater steric hindrance. Thus, the diffusion of ngJr became
slower, and the corresponding h values were decreased.

The values of k, and t;,, reflect the speed of adsorption
equilibrium. For Si0,-G1.0 and SiO,-G2.0, the k, values in-
creased, and t; , decreased with temperature, indicating that the
higher temperature favors adsorption. Hence, the time required
for the resins to reach adsorption equilibrium became shorter at
higher temperatures. However, the adsorption behavior of SiO,-
G3.0 was different, in which the order of k, values was 278 K >
298 K > 288 K. This phenomenon may be due to the structure of
PAMAM loaded on the SiO,-G3.0 resin. Since the molecular
volume of G3.0 PAMAM and the cross-linking degree was much
higher than SiO,-G1.0 and SiO,-G2.0, the PAMAM groups on
Si0,-G3.0 tend to intertwine together and become compact. At
low temperatures (278 K), the mobility of PAMAM groups was
weak, and the chains were intertwined, which prevented the
diffusion of solvent molecules, and the resin did not swell
enough. As a result, only the surface functional groups were able
to interact with Hg2+, but not inside the resin. Therefore,
adsorption equilibrium could be attained in a relative short

4411

period of time. When the temperature was increased to 288 K,
the mobility of PAMAM groups became greater, and solvent
molecules could pass through the flexible functional groups and
diffuse into the resin to make it swell. Accordingly, Hg** was able
to diffuse into the resin and contact with the inner functional
groups. Because of the additional internal adsorption, the time
required for the resin to reach adsorption equilibrium became
longer than that at 278 K. When the temperature was further
increased to 298 K, the resin could be swollen more sufliciently
and promote the diffusion of Hg2+. Moreover, the diffusion rate
of Hg”" is also faster at a higher temperature. Thus, the
adsorption equilibrium time at 298 K was the shortest. We also
observed similar behavior during the adsorption of other metal
jons such as Cu* and Fe’" with the same resin in ethanol
solution, which will be discussed in another paper.

In aqueous solution, the order of the adsorption capacity for
Hg2+ was: SiO,-G1.0 < SiO,-G2.0 < Si0,-G3.0,>* which was
quite different than the adsorption in ethanol solution. The
adsorption mechanism in ethanol solution might be different to
that in water solution. In ethanol solution, Hg** ions may be
solvated by ethanol as shown in Figure 6. The volume of a
solvated Hg”* ion is very large, and the diffusion rate of such big
molecule may be significantly affected by external factors, such as
temperature and cross-linking degree of functional groups. As
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shown in Figure 6, a solvated Hg”* ion may consist of two parts,
an organic layer formed by —CH,CHj groups and an inorganic
layer formed by —OH group and Hg”* ion. Consequently, two
kinds of interactions probably occurred during the adsorption
process. A chemical interaction (complexation) may exist be-
tween the Hg”" inorganic layer and N atoms in PAMAM group; a
physical adsorption may exist between the Hg”" organic layer
and the organic chain in PAMAM group according to the theory
of “similarity and intermiscibility”, which suggests that similar
substances are more likely to be dissolved by each other.

Our data (Table 2) indicate that SiO,-G2.0 possessed the
highest adsorption capacities among the resins at higher tem-
peratures (298 K or 288 K). This could be explained by the fact
that, at higher temperatures, the salvation degree of Hg“ became
weaker, where some ethanol molecules might be desorbed from
Hg2+. As a result, the volume of a solvated Hg2+ ion became
smaller, making it easier to diffuse into the resin and react with
the inner functional groups. For SiO,-G3.0, the cross-linking
degree of PAMAM was much higher than that of Si0,-G2.0, and
the pore size in SiO,-G3.0 was smaller for Hg*" ions to diffuse
into the resin. Therefore, the adsorption capacity of SiO,-G3.0
was lower than SiO,-G2.0. For SiO,-G1.0, the grafting of
PAMAM was lower and resulted in a lower adsorption capacity
as compared to SiO,-G2.0.

The adsorption process on a porous adsorbent typically
involves three stages: (i) external diffusion, (ii) internal diffusion

Figure 6. Schematic diagram of Hg®' ions solvated by ethanol
(A: inorganic layer; B: organic layer).

(also called intraparticle diffusion), and (jii) actual adsorption.’
It is generally accepted that stage (iii) is very rapid and dose not
represent the rate-determining step in the uptake of organic/
inorganic compounds.*” For the other two steps in the overall
adsorption process, their rates can vary as follows:

case I: external diffusion > internal diffusion;

case II: external diffusion < internal diffusion; and

case III: external diffusion A internal diftusion.

In cases I and II, the rate is governed by film and particle
diffusion, respectively. In case III, the diffusion of ions to the
boundary may not be possible at a significant rate, leading to the
formation of a liquid film with a concentration gradient sur-
rounding the adsorbent particles. An internal diffusion model
based on Flick's second law is often used to test whether the
internal diffusion step is the rate-limiting step.”* The intraparticle
diffusion model is represented as:

q = Kinet® (8)

where ki, is the intraparticle diffusion rate constant. If intrapar-
ticle diffusion is involved in the adsorption process, then the plot
of the square root of time against uptake (g,) would result in a
linear relationship and the intraparticle diffusion would be the
rate-limiting step if this line passes through the origin.

The data were analyzed by stepped fitting method, where the
q: values before and after 120 min were fitted by the intraparticle
diffusion model (eq 8). The results are summarized in Table 3,
and the fitting curves for the adsorption of Hg*" by SiO,-G3.0 at
278 K are shown in Figure 7. The data show that the fitted lines
passed through the origin in step I, indicating that intraparticle
diffusion may be the rate-limiting step in this process. Moreover,
it can be seen that the k;,, values of the three resins increased with
increasing temperature. This could be that the functional groups
became more flexible at higher temperature and allowed Hg*" to
diffuse into the interior of the resin more easily, because of the
weaker diffusion resistance caused by the functional groups.
Furthermore, the R values in step I at higher temperatures
(298 K) for the three resins were much lower than those at lower
temperatures (278 K and 288 K), which probably indicated that
intraparticle diffusion was not the rate-limiting step at high
temperature because of the same reason. We also found that in
step I, the ki, values of the three resins decreased in the following
order: SiO,-G1.0 > Si0,-G2.0 > SiO,-G3.0. This is consistent

Table 3. Parameters of the Intraparticle Diffusion Model for Hg2+ onto Si0,-G1.0, Si0,-G2.0, and Si0,-G3.0 Resins at Different

Temperatures
A B
Kint Kint
resin T/K eql mg-gfl-min*l/2 R* eq2 mg-gfl-min*]/2 R
Si0,-G1.0 278 q. = 8.8576t 8.86 0.9869 qe=0.5771¢" + 75.499 0.58 09427
288 = 9.9827¢ 9.98 09831 e = 04109t + 82.204 041 09572
298 g =1135¢" 11.35 0.9403 q:= 08633t +76.516 0.86 0.9771
Si0,-G2.0 278 q: = 6.0681t" 6.07 09855 e = 09009t + 62.845 0.90 0.9473
288 q =73775t" 7.38 0.9872 qe= 11182 + 66.788 L11 09775
298 g =8.7323t" 873 0.8260 e = 1.2608t" + 69.408 126 0.9779
$i0,-G3.0 278 qe = 4.8853¢" 4.89 0.9990 qe=0.7217" + 49.042 0.72 0.9920
288 qe = 53605t 5.36 0.9954 qe= L.O154t" + 51451 1.02 0.9825
298 q = 59163t" 5.92 0.9828 e = 02429f " + 74.929 024 0.9760
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with the order of the & values for the three resins (Table 2) and
that the pseudosecond-order kinetic model was reasonable.

In step (II), most R* values were above 0.95, but the fitting
straight lines did not pass through the origin, indicating that
intraparticle diffusion was involved in this process, but it was no
longer the rate-limiting step. In addition, the k;,, values were
much smaller than those in step I, which indicated that intra-
particle diffusion was weaker in step II and the rate-limiting step
was attributed to external diffusion. Moreover, the slower
adsorption rate was inevitable in the final adsorption process
since the number of adsorption sites was reduced.

3.4. Adsorption Isotherm. Adsorption isotherms are impor-
tant for the description of how adsorbate will interact with an
adsorbent and are critical in optimizing the use of an adsorbent.
To investigate the adsorption isotherms, three equilibrium
models, the Langmuir, Freundlich, and Dubinin—Radushkevich
(D-R) isotherm models, were analyzed.

The well-known linear form of the Langmuir model is as
follows:

Ce 1 Ce
+

e Gmaxb

)
Jmax

where g, is the equilibrium metal ion concentration on the
adsorbent, C, is the equilibrium metal ion concentration in the
solution, g, is the monolayer adsorption capacity of the

80

70

qi(mg.g")

o 10 20 30
©5(min"%)

Figure 7. Intraparticle diffusion plots for adsorption of mercury on
Si0,-G3.0 at 278 K (A; step I, linear equation: g, = 4.8853t0'5; B: step 11,
linear equation: g, = 0.7217t> + 49.042).

adsorbent, and Kj, is the Langmuir adsorption constant, which
relates to the adsorption energy. The Langmuir equation is
applicable to homogeneous adsorption, where the adsorption
of each adsorbate molecule onto the surface has equal adsorption
activation energy.

The linear form of the Freundlich model is given as:

1
log g. = log kr +—1log C. (10)
n

where kg is a constant indicative of the adsorption capacity of the
adsorbent and 1/n is an empirical parameter that varies with
the heterogeneity of the material. The Freundlich equation is
employed to describe heterogeneous systems and reversible
adsorption and is not restricted to the formation of monolayer.

The theoretical parameters of adsorption isotherms along with
the regression coefficients are listed in Table 4.

The low R” values indicated that the Freundlich model was not
able to adequately describe the relationship between the amount
of Hg*" adsorbed and its equilibrium concentration in the
solution. Alternatively, the Langmuir isotherm model was more
applicable in describing the process. The maximum adsorption
capacity and Langmuir constant were calculated from the slope
and intercept of the linear plot of C./q. versus C,, which gives a
straight line with a slope of 1/, that corresponds to complete
monolayer coverage and an intercept of 1/¢mqb. The results
show that the values of g,,,, increased with increasing tempera-
ture for each resin, which is in agreement with the results from
the adsorption kinetics study (Section 3.3). The gy, values of
the three resins were found to decrease in the following order:
Si0,-G2.0 > Si0,-G1.0 > Si0,-G3.0, which is consistent with the
saturated adsorption results (Section 3.1).

For Langmuir isotherm, a method has been adag)ted to
calculate the dimensionless separation factor (Ry),*> which
effectively determines whether the adsorption is favorable by
applying the equation

1

Ry=———
1+KLC()

(11)
where Kj, is the Langmuir constant and Cy is the highest initial
concentration. The value of Ry indicates the type of the isotherm
to be either unfavorable (R > 1), linear (Ry, = 1), favorable (0 <
Ry < 1), orirreversible (R = 0). The calculated separation factors

Table 4. Langmuir, Freundlich, and D-R Isotherm Parameters and Correlation Coeflicients for the Adsorption of Hg2+ in Ethanol
Solution onto SiO,-G1.0, Si0,-G2.0, and SiO,-G3.0 Resins at Different Temperatures

Langmuir Dubinin—Radushkevich
Freundlich Qimax K, In Gax B E
adsorbent  T/K n Kg R mg-g " L-mg ' Ry, R? mol.g~* 10® mol®.J > KkJ-mol ! R?
Si0,-G1.0 278 1.767 6.461 0.7546 254.45 0.00716 0.122 0.9342 —6.22 —0.387 11.37 0.9786
288 1.927 9.102 0.8084 253.81 0.01004 0.090 0.9677 —6.15 —0.351 11.93 0.9802
298 1.939 9.708 0.8303 259.74 0.01096 0.083 0.9751 —6.21 —0.323 12.45 0.9727
Si0,-G2.0 278 1.447 3.346 0.7426 269.54 0.00858 0.104 0.9613 —5.96 —0.476 10.25 0.9814
288 1.601 5.488 0.7846 278.55 0.01049 0.087 0.9629 —5.86 —0.417 10.95 0.9910
298 1.681 7.127 0.8173 286.53 0.01234 0.075 0.9750 —5.92 —0.395 11.25 0.9843
Si0,-G3.0 278 1.738 3.876 0.8028 160.26 0.00775 0.114 0.9735 —6.64 —0.391 11.31 0.9948
288 1.804 5.595 0.8599 210.08 0.00770 0.115 0.9768 —6.27 —0.381 11.46 0.9763
298 1.755 5.761 0.8109 235.85 0.00720 0.122 0.9490 —6.36 —0.366 11.69 0.9648
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Table S. Thermodynamic Parameters of SiO,-G1.0, SiO,-G2.0,
and 8i0,-G3.0 for Hg”" at Different Temperatures

AG° AH° AS°
adsorbent T/K szl 1 IJ- mol ! J-mol™ 1
§i0,-G1.0 278 —191 9.49 10.97
288 —2.31
298 —2.70
Si0,-G2.0 278 —2.14 16.96 19.04
288 —2.83
298 —3.52
§i0,-G3.0 278 —0.52 15.37 15.84
288 —1.10
298 —1.67

for the adsorbents at different temperatures are summarized in
Table 4. The data clearly show that all of the values of Ry, are
between 0 and 1, indicating that the adsorption process is
favorable.

To determine the nature of the adsorption process as physical
or chemical, the equilibrium data were also subjected to the D-R
isotherm model. The linear form of the D-R isotherm equation®®
is:

In g = In gma — B (12)

where g, is the amount of metal ions adsorbed on per unit weight
of resin, gy is the maximum adsorption capacity, f3 is the activity
coefficient related to the adsorption mean free energy, and ¢ is
the Polanyi potential (¢ = RT In(1 + 1/C.)). The D-R model
parameter values are given in Table 4, which shows that the D-R
model could also describe the adsorption process. This isotherm
was more general than Langmuir isotherm since it did not
assume a homogeneous surface or constant sorption potential.37

The values of Gibbs free energy E were calculated by using the
B values as follows>>

1
_zﬂ

The E value gives information about the adsorption mechan-
ism, either physical or chemical. If it lies between (8 and 16)
kJ-mol ', the adsorption process takes place chemically, while
an E value of < 8 kJ-mol ' indicates the adsorption process
proceeds physically.*® The calculated E values are summarized in
Table 4. The results show that the E values for the three resins are
between (8 to 16) kJ -mol ", suggesting that in ethanol solution,
the adsorption of Hg”" onto the resins was mainly by chemical
adsorption.

Thermodynamic behaviors of the adsorption of Hg** ions
onto the resins were investigated using thermodynamic para-
meters that included the changes in free energy (AG®), enthalpy
(AH), and entropy (AS®). These parameters were determined
by using the following equations, and the results are summarized
in Table S.

E =

(13)

AG® = —RT In Kc (14)
AS®  AH

hKr = — — — 15

n Kc R RT ( )

R is the universal gas constant, T is temperature, and K¢ (q./C.)
is the distribution coefficient.

On the basis of eq 15, the parameters AH® and AS° can be
obtained from the slope and intercept of the plot of In K¢ versus
1/T, respectively.

The negative values of AG® obtained indicate that the adsorp-
tion process was spontaneous. The increase in AG® value with
increasing temperature shows that the adsorption was more
feasible at higher temperature. The positive values of AH’
indicate that the adsorption processes were endothermic in
nature, which is consistent with the results in Section 3.3. The
positive values of AS° showed an increase in the randomness at
the solid—solution interface during the adsorption of Hg”*.

4. CONCLUSIONS

Silica gel based adsorbents functionalized with amino-termi-
nated dendrimer-like PAMAM polymers (SiO,-G1.0, SiO,-
G2.0, and SiO,-G3.0) were evaluated for the removal of Hg2+
ion from ethanol solution. The adsorption of Hg*" was found to
be dependent on temperature, concentration, and contact time.

The results from the static adsorption experiments showed
that the adsorption capability of the adsorbent decreased with
each successive generation of PAMAM. Thus, SiO,-G1.0 could
remove Hg”" ions more effectively than Si0,-G2.0 and SiO,-
G3.0. When the adsorbent loading was 30 mg, the removal rate of
$i0,-G1.0 was almost 100 %. However, at higher temperatures
(298 K and 288 K), Si0,-G2.0 adsorbed the highest amount of
Hg”* among the three resins. Kinetic studies revealed that the
adsorption processes for the three adsorbents could be fitted by
the pseudosecond-order kinetic model. The kinetic curves
showed that the adsorption process could be divided into two
steps. In step I, the rate-limiting step was intraparticle diffusion
and became external diffusion in step II. The Langmuir isotherm
model was more suitable than Freundlich isotherm model to
describe the adsorption isotherm. The mean free energy values
obtained from the D-R model indicated that the adsorptions
were by chemical adsorption. The calculated thermodynamic
parameters indicated the feasibility and endothermic and spon-
taneous nature of Hg>* adsorption onto the three resins.
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