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Polystyrene-co-Divinylbenzene-Supported Polyamine Chelating Resins
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Three polyamine-functionalized macroporous polystyrene-co-divinylbenzene beads prepared by ethylene-
diamine (EDA), diethylenetriamine (DETA), and triethylenetetramine (TETA) modification, respectively
(called PS-EDA, PS-DETA, and PS-TETA), have been investigated as high-capacity chelating resins for
Hg(l1) ions. Their structures were characterized by elemental analysis, infrared spectroscopy, and porous
analysis. PS-EDA, PS-DETA, and PS-TETA were found to be highly effective for the adsorption of Hg(ll)
ions, exhibiting uptake capacities of (1.55, 1.73, and 1.84) mmol of Hg(ll) ions/g of adsorbent, respectively.
Kinetic data indicated that the adsorption process achieved equilibrium within 10 h and followed a pseudo-
second-order rate equation. The adsorption isotherm data fit the Frendlich model and its linearized form
well, together with thermodynamic data indicating the spontaneous and endothermic nature of the process.
Results of a desorption study showed that Hg(I1) ions adsorbed onto PS-EDA, PS-DETA, and PS-TETA
could be easily desorbed. PS-EDA, PS-DETA, and PS-TETA show excellent affinity for Hg(ll) ions, removing
them from mixed metal solutions at pH 2.0. The highest effectiveness of PS-TETA for the capture of Hg(l1)
ions is attributed to both the longer polyamine chain and the expansion capability of the polystyrene-co-

divinylbenzene framework, which facilitates the accessibility of the binding sites.

1. Introduction

Water pollution due to toxic metals in industry wastewaters
has become amajor issue worldwide. Investigations have shown
that exposure to Hg(I1) ions can have toxic effects on reproduc-
tion, the central nervous system, liver, and kidneys and cause
sensory and psychological impairments. It is estimated that
approximately two-thirds of Hg(I1) ionsin natural environments
are of anthropogenic origin.* Hg(l1) ions are mainly generated
by sources such as electrical, paints, chlor-akali, and the
pharmaceutical, pulp, oil refining, plastic, and battery manu-
facturing industries.

Many techniques including precipitation, ion exchange, and
adsorption are available to minimize the adverse effects of Hg(l1)
ions in the environment. Adsorption as a wastewater treatment
process has been found to be an economically feasible dternative
for Hg(ll) ion removal.>® Several materials such as activated
carbon,*® chelating resins,®® chitosan,® clays,*® and function-
alized silica®'* have been studied for removal of Hg(ll) ions
from agueous solutions.

In the above-mentioned adsorbents, only a limited number
of them have been utilized on the adsorption of Hg(Il) in
multicomponent solutions. Generally, Hg(ll) exists in multi-
component solutions in the industrial wastewaters. It is well-
known that chelating resins with complex ligands containing
nitrogen have excellent adsorption selectivity for divalent
transition metal cations such as Hg(I1) due to the strong affinity
between the nitrogen atom and these metal ions. Many studies
have demonstrated that adsorption materials containing func-
tional groups of polyamine, which contain severa nitrogen
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atoms in their molecular structures, exhibit good adsorption
properties, and adsorption selectivity for Hg(1).*27°

In this study, three kinds of chelating resins of macroporous
polystyrene-co-divinylbenzene beads modified, respectively,
with ethylenediamine (EDA), diethylenetriamine (DETA), and
triethylenetetramine (TETA) were synthesized. The adsorption
properties, desorption properties of the three resins for Hg(l1),
and the selectivity in a bi-ionic system were also investigated.
Considering that processes of ore mining and smelting (in
particular Zn and Cu smelting) are one of main sources of
mercury emission to the environment and that wastewaters from
mining and mineral processing are often characterized by low
pH,*® we select a lower pH 2.0 for adsorption investigation.

2. Experimental Section

2.1. Materials and Methods. Commercial macroporous chlo-
romethylated polystyrene-co-divinylbenzene beads (chlorobeads,
PS-Cl), degree of cross-linking 10 % DVB, chlorine content
19.85 %, were purchased from the Chemical Factory of Nankai
University of China. Before use, PS-Cl was further purified by
washing thoroughly to remove surface impurities using acetone
and reflux-extraction in ethanol for 10 h. Ethylenediamine,
diethylenetriamine, and triethylenetetramine, obtained from the
Shanghai Chemical Factory of China, were both chemically pure
and used as received. The organic solvents tetrahydrofuran
(THF) and ethanol were redistilled just before use. The other
reagents such as metal salts were analytical grade and used as
received without any further purification. A concentration of
0.1 mol-L~* Hg(ll) stock solution was prepared by dissolving
3.4264 g of Hg(NOs),-H,0 in 100 mL of 0.6 % HNOs. The
working solutions with different concentrations of Hg(ll) ions
were prepared by appropriate dilutions of the stock solution
immediately prior to their use. The initial pH of the solution
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Scheme 1. Synthesis Procedure for PS-EDA, PS-DETA, and

PS-TETA
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PS-Cl m=1, PS-EDA; m=2,PS-DETA; m=3,PS-TETA
was adjusted to 2.0 with 0.01 mol-uL~! HNO; and 0.01
mol -L~! NaOH.

C and N anadlysis of products were subjected to elemental
analysis by the Elementar VarioEL |1l instrument, Elementar
Co., Germany. Infrared spectra were recorded on a Fourier
transform infrared spectrophotometer, Nicolet MAGNA-IR 550
(series I1) (Wisconsin, USA), using KBr pelletsin the (4000 to
400) cm™* region with aresolution of 4 cm™?, by accumulating
32 scans. Porous structure parameters were characterized using
an automatic physisorption analyzer ASAP 2020 by BET and
BJH methods through N, adsorption at 77 K. Atomic absorption
analysis of the various metal ions was performed with a flame
atomic absorption spectrophotometer (model 932 GBH, Victoria
Australia).

2.2. Synthesis of PS-EDA. The synthesis procedure was
performed according to Scheme 1. First, 5.08 g (ca. 28.44 mmol
Cl) of chloromethylated cross-linked polystyrene beads (PS-
Cl) were suspended and swollen in 100 mL of tetrahydrofuran
for 10 h. Then, 15 mL (ca. 224.12 mmol) of EDA was added,
and the mixture solution was stirred for 1.5 h at room temperature
(about 293 K) and refluxed for a further 24 h at 343 K under a
nitrogen atmosphere. After cooling, the polymeric beads were
filtered off and washed with distilled water and then 95 % ethanol.
The product (PS-EDA) weas transferred to a Soxhlet extraction
apparatus for reflux-extraction in 95 % ethanol for 8 h and then
was dried under vacuum at 323 K over 48 h.

2.3. Synthesis of PS-DETA. The reaction involved 5.08 g
(ca. 28.44 mmol ClI) of PS-CI, 100 mL of THF, and 24 mL (ca.
221.97 mmol) of DETA. The reaction conditions, time, and
purification procedure of the product were similar to that of
PS-EDA. The final product was denoted PS-DETA.

2.4. Synthesis of PS-TETA. The reaction involved 5.08 g
(ca. 28.44 mmol ClI) of PS-CI, 100 mL of THF, and 35 mL (ca.
234.98 mmol) of TETA. The reaction conditions, time, and
purification procedure of the product were similar to that of
PS-EDA. The final product was denoted PS-TETA.

2.5. Saturated Adsorption for Metal | ons. Static adsorption
experiments were employed to determine the adsorption capa
hilities of PS-EDA, PS-DETA, and PS-TETA for different kinds
of metal ions. In athermostat-cum-shaking assembly, adsorption
experiments were carried out by shaking 15.0 mg of chelating
resins with 20 mL of an aqueous solution of metal ions of 5
mmol-L =% in 50 mL Pyrex glass tubes at 298 K for 24 h at
natural pH. Then the solutions in the tubes were separated from
the resins, and the concentrations of metal ions were detected
by means of atomic absorption spectrophotometry (AAS). The
adsorption amounts were calculated according to eq 1

C,— OV
_&-9) "

where ¢ is the adsorption amount (mmol-gt), C, and C are
theinitial and the final concentrations of metal ionsin solution,

respectively (mmol -mL ™), V isthe volume of the solution (mL),
and W is the weight of chelating resin (g).

2.6. Adsorption Kinetics. Adsorption kinetics were performed
by mixing 15.0 mg of chelating resins with 20 mL of Hg(ll)
ions (5 mmol-L ™1, pH 2.0) solution in a 100 mL Erlenmeyer
flask at different temperatures. One milliliter of the solution was
taken at different time intervals, where the residual concentration
of Hg(ll) ions was determined via AAS.

2.7. Adsorption Isotherms. Complete adsorption isotherms
were obtained by soaking 15.0 mg of chelating resinsin a series
of flasks containing 20 mL of different initial Hg(ll) ions
concentrations varying from (2.5 to 12.5) mmol -L~* for 24 h.
Theinitial pH was adjusted to 2.0 for Hg(l1) ions while keeping
the temperature at 298 K. Later on, the residua concentration
was determined where the Hg(l1) ion uptake was estimated via
AAS.

2.8. Adsorption Selectizity of Hg(ll) in Binary lon Systems.
The studies of the investigated resin toward Hg(ll) in the
presence of binary mixtures of Ni(ll), Pb(I1), Co(ll), Cu(ll),
Zn(ll), and Ag(l) was carried at room temperature (pH 2.0).
The selectivity behavior of Hg(ll) on the resins obtained was
studied using static and dynamic methods. The estimation of
these metal ions was also determined via AAS.

2.9. Desorption Studies. To investigate the desorption ability
of adsorbed Hg(Il) ions from the three resins, desorption
experiments were carried out as follows: After adsorption, the
Hg(I1) ion-loaded resins were separated and dlightly washed with
distilled water to remove unadsorbed Hg(l1) ion on the surface
of the adsorbents. They were stirred with 20 mL of 0.5 mol - L~*
HNO; containing 5 % thiourea for 6 h, and the concentrations
of Hg(I) ions were analyzed as previously. The desorption ratio
of Hg(ll) ions was then calculated as the ratio of the amount of
desorbed Hg(l1) ions to the amount of initially adsorbed Hg(l1)
ions.

3. Results and Discussion

3.1. Structural Characterization of the Chelating Resins.
The structures of synthetic chelating resins PS-EDA, PS-DETA,
and PS-TETA can be confirmed by comparing the IR spectra
of PS-Cl before and after reaction with polyamines, as shown
in Figure 1. The disappearance of the characteristic absorption
peak of C—Cl at 676 cm™, and the appearance of new peaks
at 3440 cm™! and a broad peak at 1636 cm™!, which are
attributed to the stretching vibration and deformation vibration
of N—H, respectively, after the reaction of PS-Cl with polyamine
indicates that the functional groups EDA, DETA, and TETA
were introduced successfully into the polymeric matrix.

Table 1 gives the N concentration of the chelating resins
determined by elemental analysis. The elemental analysis results
showed that the content of polyamine in the three kinds of
chelating resins were (3.16, 2.28, and 1.82) mmol -g~*, respec-
tively, which are far less than their theoretica values (5.68, 4.57,
and 3.82) mmol - g%, implying that the part of polyamine existed
in the form of cross-linking in the resins. Obviously, the order
of cross-linking degree is PS-TETA > PS-DETA > PS-EDA,
which isin accordance with the order of the length of the chain
of polyamine, meaning that the longer the chain of polyamine,
the higher the cross-linking degree of polyamine. Table 1 also
shows the porous structure parameters of the PS-Cl, PS-EDA,
PS-DETA, and PS-TETA. As shown in Table 1, the values of
BET surface area, and BJH desorption average pore diameter
of pores for products, were greater than those of PS-Cl. This
would suggest that new big pores were formed in the process
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Figure 1. Infrared spectra of PS-Cl, PS-EDA, PS-DETA, and PS-TETA.
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Table 1. Element Analysis and the Porous Structure Parameters of PS-Cl, PS-EDA, PS-DETA, and PS-TETA

polyamine content (mmol-g™%)

BJH desorption BJH desorption

cumulative volume average pore

chelating resins C (%) H (%) N (%) observed theoretical BET surface area (m?-g™Y)  of pores (cm®-g™%)®  diameter (nm)
PS-Cl 31.85 0.31 36.66
PS-EDA 74.23 8.35 8.86 3.16 5.68 36.24 0.35 43.90
PS-DETA 68.91 8.40 9.56 2.28 4.57 35.00 0.39 42.64
PS-TETA 68.40 8.62 10.19 1.82 3.82 34.42 0.38 41.07

2 The total volume of pores between 1.7 and 300 nm diameter.
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Figure 2. The saturated adsorption capacities of chelating resins for metal
ions (298 K, pH = 2.0).

of synthesis because of intra- and interstrand cross-linking
reaction of polyamine.*” Another reason for this should not be
ignored, that is, the introduction of strong polar groups
[NHx(CH,CH,NH)mMH, m = 1,2,3]) into the weakly polar
polystyrene matrix.*®

3.2. Static Saturated Adsorption Capacities. In generd, static
saturated adsorption capacities under the natural pH conditions
value were employed to initially evaluate the adsorption
capabilities of metal ions. The static saturated adsorption
capacities of PS-EDA, PS-DETA, and PS-TETA for Hg(ll),
Cu(ll), Ag(l), Ni(I1), Zn(l1), Co(Il), and Pb(ll) are shown in
Figure 2. From Figure 2, it can be observed that al three kinds
of chelating resins exhibit better adsorption capacity for Hg(I1)
than for other metal ions, indicating that the three chelating
resins may be used to selectively adsorb Hg(ll) ions from

complex systems. For the three kinds of chelating resins, the
order of adsorption capacity for metal ions is as follows. PS-
TETA > PS-DETA > PS-EDA. A possible explanation for this
is that the higher content of functional groups (N%) gave rise
to better coordination with Hg(Il) ions. So the adsorption
properties of Hg(I1) was studied in detail.

3.3. Adsorption Kinetics. Kinetic studies provide an insight
into the rate as well as mechanism of the adsorption process.
The rate of adsorption on PS-EDA, PS-DETA, and PS-TETA
was determined as a function of temperature. The uptake of
Hg(ll) ions over time at a pH of 2.0 for different temperatures
[(278, 288, 298, and 308) K] of Hg(l1) is shown in Figure 3. It
is observed from Figure 3 that contact time significantly affects
the mercury adsorption. The adsorption of PS-EDA, PS-DETA,
and PS-TETA isvery fast initialy and then slowed considerably.
The initial high rate is due to the abundance of free binding
sites, which with time become saturated, resulting in a decreased
adsorption rate. It was found that PS-EDA required at least 8 h
to reach adsorption equilibrium, PS-DETA only 6 h, but PS-
TETA 10 h. The fact may be interpreted as PS-TETA having a
longer chain polyamine with more cross-linking structures which
hinder the functional atoms coordinating with Hg(Il) ions. For
PS-DETA, the appropriate length of the polyamine chain with
the better flexibility can enhance the adsorption rate. Hence, in
the present study, we used 12 h as the contact time for further
experiments to ensure complete adsorption. It is also very clear
from the results that the maximum uptake of metal ions was
dlightly dependent on the temperature. It has been observed that
the adsorption capacities of PS-EDA, PS-DETA, and PSTETA
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Figure 3. Adsorption kinetics of Hg(ll) ions onto PS-EDA, PS-DETA, and PS-TETA. Adsorption conditions: initial concentration of Hg(l1) ions, 5 mmol -+ L™%;

pH 2.0.

Table 2. Kinetic Parameters for the Adsorption of Hg(ll) lons onto PS-EDA, PS-DETA, and PS-TETA Resins at Various Temperatures

pseudo-first-order kinetics

pseudo-second-order kinetics

resns T (K) ge(exp) (mmol-g™) ki (™) ge(cal) (mmol-g™)

k> (grmmol*+h™) gca) (mmol-g™}) h, (mmol-gt-h™?) R?

PS-EDA 278 130 0.35 1.08
288 1.36 0.37 1.08
298 143 0.41 1.20
308 1.45 0.45 119
PS-DETA 278 1.56 0.35 0.85
288 1.66 0.39 0.87
298 170 0.42 0.94
308 171 0.45 0.94
PSTETA 278 1.64 0.38 0.51
288 167 0.43 0.53
298 187 0.46 0.57
308 193 0.48 0.60

for Hg(I1) ionsincrease with increasing temperature in the range
(278 to 308) K, indicating that the process of adsorption is
endothermic. This was due to the increasing tendency of Hg(l1)
ions to adsorb from the solution to the interface as the
temperature increased. In order to clarify the adsorption kinetics
process of Hg(Il) on PS-EDA, PS-DETA, and PS-TETA, two
kinetic models, pseudo-first-order'® and pseudo-second-order,°
were applied to the experimental data.
The pseudo-first-order model is expressed as

(qe - qt)
In q—e = - 1t (2)

where k; is the pseudo-first-order rate constant (h™?) of adsorp-
tion and g and g, (mmol -g~*) are the amounts of Hg(ll) ions
adsorbed at equilibrium and time t (h), respectively. The value
of In (ge — q) is calculated from the experimental results and
plotted against t (h). The experimental and calculated g values,
pseudo-first-order rate constants, and regression coefficient (Ry?)
values are presented in Table 2.

0.9806 0.33 1.54 0.78 0.9940
0.9818 0.44 154 1.04 0.9982
0.9905 0.45 161 117 0.9978
0.9954 0.51 1.62 134 0.9989
0.9909 0.83 1.66 2.29 0.9973
0.9916 0.93 1.75 2.85 0.9992
0.9932 0.93 179 2.98 0.9992
0.9908 0.96 1.80 311 0.9992
0.9905 1.95 1.69 5.57 0.9997
0.9843 2.05 171 5.99 0.9998
0.9704 2.07 191 7.55 0.9999
0.9812 2.13 197 8.27 0.9999

As seen from Figure 4, the pseudo-first-order mode! fits the
data well. The R? values were found to be in the range
0.9704—0.9954 for the adsorption of Hg(l1) ions onto PS-EDA,
PS-DETA, and PS-TETA. Although the plots show linearity,
the calculated g. values were not in agreement with the
experimental ge values, suggesting that the adsorption of Hg(l1)
does not follow pseudo-first-order kinetics. In order to find a
more reliable description of the kinetics, a pseudo-second-order
kinetic model was applied to the experimental data.

The pseudo-second-order model can be expressed as

t 1 t
~ == 4L 3
O kzqg Qe ()

where k, is the pseudo-second-order rate of adsorption
(g*mmol~t-h™1). The adsorption rate constant is one of the
important kinetic parameters. The dope and intercept of the linear
plot t/g; vst yielded the values of ge and k,. Additionally, theinitial
adsorption rate, h, has been widely used for evaluation of the
adsorption rates. The initial adsorption rates (h, mmol-g~*-h™%)
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Figure 4. Pseudo-first-order kinetic plots for the adsorption of Hg(Il) ions onto PS-EDA, PS-DETA, and PS-TETA.
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Figure 5. Pseudo-second-order kinetic plots for the adsorption of Hg(ll) ions onto PS-EDA, PS-DETA, and PS-TETA.

of the PSEDA, PS-DETA, and PS-TETA for Hg(ll) ions can be
determined from k, and ¢, values using eq 4%*
h = ki (4)

The regression coefficients (R,?) and several parameters

obtained from the pseudo-second-order kinetic model are also
shown in Table 2. As seen from Figure 5 and Table 2, the
pseudo-second-order model fits the data well and the obtained

R,? values are above 0.9940. Moreover, the calculated ¢ values
are in good agreement with experimental ge values. Hence, the
adsorption kinetics could well be approximated more favorably
by a pseudo-second-order kinetic model for Hg(Il) ions onto
PS-EDA, PS-DETA, and PS-TETA. This is probably because
the initial concentration of Hg(l1) ions (Co) that we selected is
not too high.?2

The vaues of k, for PSEDA, PS-DETA, and PS-TETA
increased with increasing temperature. Meanwhile, the initial
adsorption rate increases with increasing temperature for the three
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resins. That might be because the diffusion rate of Hg(ll) ionsis
enhanced by increasing temperature. For PSSEDA, PS-DETA, and
PS-TETA, k, and h aways increased with the length of the
polyamine chain at any temperature. The above-mentioned fact
demongtrated that the higher content of functional groupsis more
beneficial to increasing the adsorption rates for Hg(I1) ions.

The kinetic data were further analyzed using the kinetic
expression given by Boyd et al.?® to check whether adsorption
proceeds via an externa diffusion or intraparticle diffusion
mechanism, which is expressed as follows:

6w« 1
= —n—g—z exp[—n°Bt] (5)

where n is an integer that defines the infinite series solution
and F is the fractional attainment of equilibrium at time t and
is obtained by the expression

G
F=— 6
Oe ©

where ¢ is the amount of metal ions taken up at timet, and Qe
is the amount of metal ion adsorbed at equilibrium and

nZDi )
B = —— = time constant (7)
o

where D; is the effective diffusion coefficient of theionsin the
adsorbent phase and ry is the radius of the adsorbent particle
assumed to be spherical.

Values of Bt were obtained from corresponding values of F.
Bt values for each F are given by Reichenberg,?* and the results
are plotted in Figure 6. The linear equations and coefficients of
determination R? are given in Table 3.

45 60 75 990
t(h)
Figure 6. Bt vs time plots at different adsorbate temperatures of Hg(ll) ions onto PS-EDA, PS-DETA, and PS-TETA.

Table 3. The Bt versus Time Linear Equations and Coefficients R?

resins T (K) linear equation R? intercept error
PS-EDA 278 Bt = 0.3038t — 0.0999 0.9845 0.0515
288 Bt = 0.3280t — 0.0652 0.9875 0.0500
298 Bt = 0.3781t — 0.1484 0.9853 0.0625
308 Bt = 0.4255t — 0.1569 0.9921 0.0513
PS-DETA 278 Bt = 0.3311t + 0.2021 0.9871 0.0511
288 Bt = 0.3555t + 0.2535 0.9910 0.0459
298 Bt = 0.4052t + 0.1907 0.9938 0.0433
308 Bt = 04195t + 0.1898 0.9908 0.0547
PS-TETA 278 Bt = 0.4242t + 0.6104 0.9925 0.0499
288 Bt = 04269t + 0.6512 0.9852 0.0706
298 Bt = 0.4388t + 0.7172 0.9813 0.0820
308 Bt = 04403t + 0.7641 0.9730 0.0991

Linearity of this plot is employed to distinguish external-
transport- (film diffusion) from intraparticle-transport-controlled
rates of adsorption. A straight line passing through the origin is
indicative of adsorption processes governed by particle-diffusion
mechanisms; otherwise, they are governed by film diffusion.® In
the present case, the plots were linear but without passing through
the origin (Figure 6). Thisindicatesthat, for dl resins, film diffusion
is the rate-limiting adsorption process for Hg(l1).

3.4. Thermodynamic Parameters of Adsorption. The activa-
tion energy (E,) was obtained from the Arrhenius plot. The
thermodynamic parameters obtained for the adsorption process
were calculated by using the van't Hoff eq 9

Ink, = InA — E/RT ®)
LAY AR
InK,= %" — &7 €)

where E, is the Arrhenius activation energy, A is the Arrhenius
factor, T is the absolute temperature (K), and R is the gas
constant (8.314 J-mol1-K™1). AS® (J-mol~t-K™1) and AH°
(kJ-mol 1) were cal culated from the slope and intercept of linear
plots of In K¢ vs /T for Hg(l1) ions. The equilibrium constant
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Table 4. Thermodynamic Parameters of PS-EDA, PS-DETA, and
PS-TETA for Hg(ll) lon Adsorption

AG® AH® AS° Ea
resins T (K) (kJmol™) (kJ-mol™?) (J-K™t-mol™?) (kJ-mol™?)
PS-EDA 278 —-125 4.13 9.81 6.24
288 —1.38
298 —1.56
308 —1.62
PS-DETA 278 —1.36 2.19 3.49 6.08
288 —1.46
298 —1.58
308 —1.65
PS-TETA 278 —1.38 2.15 3.49 4.86
288 —1.48
298 —158
308 —1.68

(Ko) was calculated from the following relationship (eq 10).%°
The plot shown in Figure 7b is linear over the entire range of
temperature investigated.

K= —= (10

where Cae and C, are the equilibrium concentrations of metal
(mg-L™%) on adsorbent and in solution, respectively.

The Gibbs energy change (AG°) was calculated from the
relation

AG® = —RTInK, (11)

where T (K) is the absolute temperature, R (J-K~1-mol™) is
gas constant, and AG® is the standard Gibbs energy change.
From the slope of the linear plot of In k, vs /T (shown in
Figure 7a), the apparent activation energy was obtained as (6.24,
6.08, and 4.26) kJ-mol~* for the adsorption of Hg(l1) onto PS-
EDA, PS-DETA, and PS-TETA, respectively. This low activa-
tion energy as compared to those of typical chemical reactions
of (40 to 80) kJ-mol~* implies that the adsorption of PS-EDA,
PS-DETA, and PS-TETA for Hg(ll) is a physisorption proce-
dure.?” The value of AG® for the adsorption of Hg(ll) on PS-
EDA, PS-DETA, and PS-TETA at different temperatures is
given in Table 4. The magnitude of AG® increased with the
rise in temperature. The negative value confirms the feasibility
of the process and the spontaneous nature of adsorption of Hg(I1)
on PS-EDA, PS-DETA, and PS-TETA. The value of AH® was
positive, indicating that the adsorption reaction is endothermic.
Thisisalso supported by theincreasein value of uptake capacity
of all the adsorbent with a rise in temperature up to 308 K.
Enthalpy change data are also useful for distinguishing phys-
isorption from the chemisorption. Physisorption is typicaly
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Figure 8. Isotherms for the adsorption of Hg(ll) ions onto PS-EDA, PS-
DETA, and PS-TETA at 298 K.

associated with heats of adsorption ranging from (2.1 to 20.9)
kJ-mol 1, while chemisorption corresponds to much larger AH®
values of (20.9 to 418.4) kJ-mol %% The enthalpy change result
of PS-EDA (4.13 kJ-mol %), PS-DETA (2.19 kJ-mol~%), and
PS-TETA (2.15 kJ-mol %) isin the former range, which suggests
that adsorption of Hg(I1) on PS-EDA, PS-DETA, and PS TETA
isaphysisorption process, which is consistent with the activation
energy (E) obtained from the Arrhenius equation. The positive
value of AS’ reflects the affinity of Hg(ll) for the resins
used.?*% |n addition, the positive value of AS® shows the
increasing randomness at the solid/liquid interface during the
adsorption of Hg(ll) on the three resins.

3.5. Adsorption Isotherms. To investigate the adsorption
capecity, awide range of concentrations of Hg(I1) solutions were
shaken for 12 h with resins at 298 K. The adsorption isotherms
for Hg(ll) ions are presented in Figure 8.

The adsorption data usually follow either Langmuir or
Freundlich isotherms.* The Langmuir isotherm is valid for
monolayer adsorption onto a surface containing a finite number
of identical sites. It can be mathematically represented as:

_ qtheKLCe

Qe = T+K.C, (12)

The linear expression of the Langmuir isotherm is eq 13:

Ce Ce 1
L=y = 13
qe qthe qKL ( )

where @ is the adsorption capacity (mmol-g7%), C. is the
equilibrium concentration of metal ions (mmol *mL™2), gy is the
theoretical saturation adsorption capacity (mmol-g1), and K is
the Langmuir constant that is related to the affinity of binding sites
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Table 5. Isotherm Parameters of the Langmuir Model and Freundlich Model for the Adsorption of Hg(ll) lons

Langmuir Freundlich
adsorbents Othe (MMol <g ™) K. (mL-mmol 1) R.? r. Kg (mmol -g™%) 1n R:2
PS-EDA 6.17 77.14 0.9811 0.051 72.69 0.71 0.9970
PS-DETA 6.86 76.74 0.9811 0.051 87.18 0.72 0.9907
PS-TETA 7.38 79.65 0.9833 0.050 92.75 0.72 0.9934

Table 6. The Static Adsorption Selectivity of PS-EDA, PS-DETA,
and PS-TETA in Binary lons Systems at 298 K (pH = 2.0)

adsorption selective
capacity coefficient,
resins system metal ions  (mmol-g™?) o?
PS-EDA Hg(11)-Ni(11) Hg(l) 1.94 =
Ph(I1) 0
Hg(11)-Pb(11) Hag(11) 1.90 o
Ni(11) 0
Hg(I1)-Co(I1) Hg(Il) 1.89 oo
Co(ll) 0
Hg(Ih)-Cu(l1) Hag(l1) 1.87 o
cu(ll) 0
Hg(I1)-Ag(l) Hg(ll) 1.85 oo
Ag(l) 0
Hg(I)-Zn(I1) Hag(ll) 1.83 10.17
zn(l1) 0.18
PS-DETA  Hg(I)-Ni(ll) Ha(ll) 2.16 oo
Po(I1) 0
Hg(I1)-Pb(11) Ha(Il) 2.03 oo
Ni(11) 0
Hg(I1)-Co(l1) Hag(l1) 1.99 o
Co(ll) 0
Hg(I1)-Cu(ll) Hg(Il) 1.95 oo
cu(ll) 0
Hg(Ih)-Ag(l) Hag(l1) 1.94 o
Ag(l) 0
Hg(11)-Zn(I1) Hg(l) 1.92 7.68
zn(l1) 0.25
PS-TETA  Hg(I)-Ni(11) Hag(l1) 2.39 o
Ph(I1) 0
Hg(11)-Pb(l1) Ha(ll) 2.27 oo
Ni(11) 0
Hg(I1)-Co(l1) Ha(l1) 2.38 o
Co(ll) 0
Hg(Ih)-Cu(l1) Hg(l1) 2.26 o
Cu(ll) 0
Hg(1)-Ag(l) Hag(ll) 2.24 oo
Ag(l) 0
Hg(l1)-Zn(I1) Hg(l1) 2.22 7.66
Zn(I1) 0.29

@ The selective coefficient is the ratio of adsorption capacities of metal
ions in a binary mixture.

(mL -mmol~2). By plotting CJ/ge s Ce, Langmuir’s parameters gine
and K| can be determined. Additionally, the important parameter,
r., caled the equilibrium parameter is ca culated to identify whether
an adsorption system is favorable or unfavorable.

1
r = ——— 14
L1+ K.Co (14)
0.0040
0.0036 F
<0.0032}+
-
e
©00.0028 1
S
0 0.0024 o PS-EDA
A PS-DETA
0.0020 - o PS-TETA
0.0016

C, (mmol mL")

0.002 0.004 0.006 0.008 0.010 0.012

where K (mL -mmol~?) is the Langmuir constant and C, is the
highest initid Hg(ll) concentration (mmol -mL~Y). There are four
probabilities for the r. vaue: (i) for favorable adsorption, 0 < r| <
1; (i) for unfavorable adsorption, r_ > 1; (iii) for linear adsorption,
r. = 1; (iv) for irreversible adsorption, r,. = 0. As seen from Table
5, the adsorption of Hg(l1) ions on these three resins is favorable.

The Freundlich model assumes heterogeneous adsorption due
to the diversity of the adsorption sites or the diverse nature of
the metal ion-adsorbed, free, or hydrolyzed species. The
Freundlich model is expressed as:

G = KeCe" (15)
and the equation may be linearized by taking logarithms
InC,
Ing, = InKg + . (16)

where g is the amount of solute adsorbed per unit weight of
adsorbent (mmol-g™?), C. is the equilibrium concentration of
solute in the bulk solution (mmol -L %), K isthe binding energy
constant reflecting the affinity of the adsorbents to metal ions,
and nisthe Freundlich exponent related to adsorption intensity.

The adsorption data fitted with both the Langmuir and
Freundlich models is shown in Figure 9. Table 5 displays the
coefficients of the Langmuir and Freundlich models along with
regression coefficients (R?). As seen from Table 5, the R? values
for both the Langmuir and Freundlich isotherm models were
above 0.98, suggesting that both models closely fit the experi-
mental results. However, the R? values indicate that the
Freundlich isotherm fits the experimental data dlightly better
than the Langmuir isotherm at room temperature. On average,
a favorable adsorption tends to have Freundlich constant n
between 1 and 10. A larger value of n (smaller value of 1/n)
implies stronger interaction between adsorbent and heavy metal
while 1/n equa to 1 indicates linear adsorption leading to
identical adsorption energies for all sites.® The 1/n values for
PS-EDA, PS-DETA, and PS-TETA were found to be 0.71, 0.72,
and 0.72, respectively, suggesting that the adsorption of Hg(ll)

0.6
osf b
L04¢
pal
£ 03F
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0.1
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Figure 9. The Langmuir isotherms (&) and Freundlich isotherms (b) of PS-EDA, PS-DETA, and PS-TETA for Hg(l1).
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Figure 10. The dynamic adsorption selectivity of PS-EDA, PS-DETA, and PS-TETA in binary ions systems at 298 K (pH = 2.0).

on to PS'EDA, PS-DETA, and PS-TETA was favorable. The
results are also coincident with the conclusions of the activation
energy.

3.6. Selectivity Adsorption Studies. We further demonstrate
the feasibility of designing highly selective resins based on
macroporous polystyrene-co-divinylbenzene beads for the selec-
tive separation and recovery of Hg(ll) from binary mixtures
containing Ni(I1), Pb(ll), Co(Il), Cu(ll), Zn(I1), and Ag(l) ions.
Theinitia concentration of Hg(l1) and coexisting ions were both
5 mmol <L~ in binary mixtures for selective separation. The
results using the static method are reported in Table 6 which
show that the three resins exhibited good adsorption selectivity
for Hg(ll). This high adsorption selectivity was due to the high
affinity of the Hg(I1) ion for the polyamine group in polystyrene-
co-divinylbenzene beads. According to the hard—soft acid—base
(HSAB) theory, Hg(ll) is classified as a soft ion. Soft ions form
very strong bonds with groups containing nitrogen and sulfur
atoms.®* Therefore, PS-EDA, PS-DETA, and PS-TETA show
a very high adsorption capacity for Hg(ll) ions.®

Selective separation of Hg(ll) using dynamic methods with
other metal ions was also examined (see Figure 10) where
similar results for that of individual metal ions were obtained.
This implies that the studied resin could be used successfully
in the selective separation of Hg(I1) from the other investigated
metal ions.

3.7. Desorption Studies. To investigate the feasibility of
reusing the resins and Hg(l1) ions, desorption experiments were
conducted. The desorption was attempted by elution of the
Hg(I1)-loaded resins with 0.5 mol -L~* HNOs containing 5 %
thiourea. The desorption results of Hg(l1)-loaded resins observed
were 100 % for PS-EDA, PS-DETA, and PS-TETA. This
implies that the three resins can be successfully applied for the
recovery of Hg(ll) from water and wastewater.

4. Conclusion

Three macroporous polystyrene-co-divinylbenzene-supported
polyamine chelating resins (PS-EDA, PS-DETA, and PS-TETA)
for use in the selective adsorption of to toxic Hg(ll) ions is
described. The following results were obtained:

(1) The polyamine-functional chelating resins had a remark-
able selectivity for Hg(ll) ions. The adsorption capacity for
Hg(ll) ions on PS-EDA, PS-DETA, and PS-TETA was (1.55,
1.73, and 1.84) mmol-g~*, respectively.

(2) Kinetic studies on adsorption of Hg(I1) ions on PS-EDA,
PS-DETA, and PS-TETA revealed that pseudo-second-order
model showed the best fit to the experimental data and that film
diffusion might be involved in the adsorption process. Further,
the adsorption activation energy, E,, was equal to (6.24, 6.08,
and 4.26) kJ-mol~* for PS-EDA, PS-DETA, and PS-TETA,
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which implied that Hg(l1) ions were mainly adsorbed physically
onto the chelating resins.

(3) The thermodynamic parameters AH°, AG°, and AS® of
Hg(ll) ion adsorption on PS-EDA, PS-DETA, and PS-TETA
show endothermic heat of adsorption favored at high temper-
atures. The negative AG° values were indicative of the
spontaneity of the adsorption process. The positive value of AS®
showed an increase in randomness at the solid/solution interface
during the adsorption of Hg(Il) ions.

(4) The study of adsorption isotherms revealed that the
Freundlich isotherm model gave the best fit to the experimental
data.

(5) PS-EDA, PS-DETA, and PS-TETA chelating resins can
selectively adsorb Hg(I1) ions from binary ion systems in the
presence of the coexistent ions Ni(ll1), Pb(I1), Co(ll), Cu(ll),
Zn(11), and Ag(l).

(6) The desorption rates of Hg(l1)-loaded resins observed were
100 % for PS-EDA, PS-DETA, and PS-TETA.

Thus, it may be concluded that PS-EDA, PS-DETA, and PS-
TETA chelating resins exhibited the potential for application
in treatment of aqueous solutions containing Hg(ll) ions.
However, further research is needed to establish the process
with specific attention to the regeneration of the chelating resins.
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