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Syntheses, Characterization, and Hg(ll1) Adsorption Properties of Porous
Cross-Linked Polystyrene Modified with 2-Aminopyridine via a Sulfoxide/

Sulfone-Containing Spacer Arm’
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Two chelating resins, porous cross-linked polystyrene modified with 2-amino-pyridine via a sulfoxide/
sulfone-containing spacer (PVBSO-AP and PVBSO,-AP), were synthesized. Their structures were
characterized by a Fourier transform infrared spectrometer (FTIR), scanning electron microscopy (SEM),
porous structure analysis, and elementary analysis. The results of SEM and pore analysis demonstrated that
the two kinds of chelating resins maintained meso—macro porous structures. Some factors affecting the
adsorption of Hg(I1) on PVBSO-AP and PVBSO,-AP resins such as contact time, solution concentration,
and pH were investigated. The results showed that the optimum pH ranges appeared at (4.0 to 5.0) for
PVBSO-AP and at (3.0 to 6.0) for PVBSO,-AP resin, and the times reaching equilibrium were (8 and 5) h
for the two resins, respectively. The experimenta equilibrium data of Hg(Il) onto the two resins showed
that linear Langmuir and nonlinear Redlich—Peterson isotherms were the best fitting isotherms to describe
the experimental data. The selectivity of adsorption of Hg(ll) on PYBSO-AP and PVBSO,-AP resins for
Hg(l1) were investigated in the binary ion systems. The results showed that the two resins can adsorb
selectively Hg(ll) in the presence of Ni(Il), Zn(Il), and Pb(ll), and three adsorption—desorption cycles
demonstrated that the two resins are suitable for reuse without considerable changesin the adsorption capacity.

1. Introduction

As everyone knows, mercury is highly toxic to living
organisms. Commonly, mercury is used in a wide variety of
industries such as electrical, paints, chlor-alkali, and pharma-
ceutical, and so forth. A number of approaches, such as
reduction, precipitation, ion exchange, reverse osmosis, adsorp-
tion, and coagulation, have been suggested for the removal of
mercury from aqueous solutions. Among these methods, selec-
tive adsorption of chelating resinsis found to be very effective
for the removal of mercury.*~®

Chelating resins with nitrogen-containing functional groups
exhibit excellent adsorption selectivity for divalent transition
metal ions due to the strong affinity between the nitrogen atom
and these metal ions.”° Aminopyridine, which contains two
forms of N atoms, is found to exhibit high affinity and good
adsorption selectivity for mercury.’® Meanwhile, it has been
proven that resins containing sulfur have an excellent selectivity
of adsorption of Hg(ll) and noble metals such as gold, silver,
palladium, platinum, and so forth, owing to the low-lying empty
3d orbitals of sulfur.®

In the past decade, many efforts have been devoted to find the
chdlating resins to remove mercury from aqueous media** 8
Recently, we have designed and synthesized a series of novel
chelaing resins containing sulfur and nitrogen atoms. Their
adsorption properties for metal ions were investigated systema:
tically.® 2 In our previous study, an interesting phenomenon was
found that the sulfide bond in the chelating resins can be easly
oxidized into sulfoxide or sulfone by certain oxidizing metal ions
such as mercury(11) and gold(111).2>22 The further study reveaed
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10.1021/je100506d

that the oxide (sulfoxide or sulfone) chedlting resins exhibited better
adsorption selectivity than its counterpart sulfide chelating resin.?®
To investigate the synergetic effect between sulfoxide and ami-
nopyridine in adsorption, we designed and synthesized a novel
chelating resin containing sulfoxide and 3-aminopyridine via a
sulfoxide-containing spacer arm, but the adsorption capacity is not
important. The highest capacity of adsorption of Hg(ll) was 0.65
mmol-g~~2* Hence, we aso designed a novel chelating resin
(PVBSO-AP) containing sulfoxide and 2-aminopyridine (AP) via
a sulfoxide-containing spacer arm for further study. Meanwhile,
as areference resin, PVBSO,-AP which contains a sulfone group
was synthesized to compare the function of sulfoxide in PVBSO-
AP resin. The structures of the two resins were characterized by a
Fourier transform infrared spectrometer (FTIR), scanning electron
microscopy (SEM), porous structure anadlysis, and elementary
andysis, and their adsorption properties for Hg(ll) were dso
investigated.

2. Experimental Section

2.1. Instruments and Reagents. Infrared spectrawere recorded
on a Nicolee MAGNA-IR 550 (series II) spectrophotometer
(Nicolet, Japan); test conditions were asfollows. potassum bromide
pellets, scanning 32 times, resolution of 4 cm™. The data were
treated with Thermo Nicolet Corporation OMNIC32 software of
version 6.0a. The shapes and surface morphology of the resins were
examined on a scanning electron microscope, JSF5600LV (JEOL,
Japan). The concentration of metal ions was measured on a GBC-
932 atomic absorption spectrophotometer (AAS) madein Audtrdia
by a cold AAS method. Test conditions were as follows. wave-
length 253.7 nm, dit 0.7 nm, lamp current 3.0 mA, standard
substance HgCl,, and reducing agent, potassum borohydride.
Porous structures of the resins were characterized using an
automatic physisorption andyzer ASAP 2020 (Micromeritics
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Scheme 1. Ideal Synthetic Routes of PVBSO-AP and
PVBSO,-AP
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[nstrument Corp., USA) by Brunauer—Emmett—Teller (BET) and
Barrett—Joyner—Halenda (BJH) methods through N, adsorption
a 77 K.

Poly[4-vinylbenzyl(2-hydroxyethyl)sulfoxide] (PVBSO) and
poly[4-vinylbenzyl(2-hydroxyethyl)sulfone] (PVBSO,) resins
were prepared and characterized according to our previous
work; 2 the contents of functional groups of —SO— and —SO,—
are (3.90 and 3.79) mmol - g%, respectively. AP was purchased
from The Academy of Military Medical (China) and used as
received. Benzene sulfonyl chloride (BsCI) (Tingxin Chemical
Factory, Shanghai, China) and the other reagents and solvents
were reagent grade and were used without further purification.

2.2. Synthesis of PVBSO-AP and PVBSO,-AP Resins. The
PVBSO-AP and PVBSO,-AP resins were prepared as described
in Scheme 1.

A portion of 4.33 g of PYBSO resin was added into 85 mL
of pyridine and swollen for 2 h in a three-necked flask. Then
8.1 mL of benzene sulfonyl chloride was added dropwise into
the mixture under the condition of ice—water bath on the
condition of mechanical stirring. The reaction was continued
for 24 h at 18 °C. The spherical product was filtered off, washed
with 20 mL of distilled water and 20 mL of ethanol, and then
transferred to a Soxhlet’s extraction apparatus for reflux-
extraction in 95 % ethanol for 4 h. After dried under vacuum
at 50 °C for 48 h, the resin PV BSO-Bs was obtained. Elemental
analysis (%): S, 12.10.

Under the protection of nitrogen gas, 4.57 g of PVBSO-Bs
(ca. 8.97 mmol phSOs;—) resin were swollen sufficiently in 80
mL DMF in athree-neck flask for more than 2 h, and then 3.22 g
(ca. 34.30 mmol) of 2-amino pyridine and 1.58 g of K,COs
(ca. 11.37 mmol) powder were added. With magnetic stirring,
the mixture was reacted for 24 h at 120 °C. After cooling, the
polymeric beads PVBSO-AP were filtered off and washed with
dilute hydrochloric acid, dilute sodium hydroxide, distilled
water, ethanol, acetone, and finally with methanol. The product
PVBSO-AP was transferred to Soxhlet’s extraction apparatus
for reflux-extraction in 95 % ethanol for 10 h and then was
dried under vacuum at 50 °C over 48 h. Elemental analysis (%):
N, 1.927; S, 11.20.

A portion of 5.28 g of PVYBSO, was swollen in 85 mL of
pyridine for 2 h in athree-necked flask. Then, with mechanical
stirring, 10.2 mL of benzene sulfonyl chloride was added
dropwise into the mixture under the condition of ice—water bath.
The reaction was continued for 24 h at 18 °C. The spherical
product was filtered off, washed with 20 mL of distilled water
and 20 mL of ethanol, and then transferred to a Soxhlet's
extraction apparatus for reflux-extraction in 95 % ethanol for
4 h. After dried under vacuum at 50 °C for 48 h, the resin
PVBSO,—Bs was obtained. Elemental analysis (%): S, 12.44.

Under the protection of nitrogen gas, 6.35 g of PVBSO,—Bs
(ca 12.32 mmol phSO;—) resin were swollen sufficiently in 80

mL DMF in athree-neck flask for more than 2 h, and then 4.49 g
(ca 47.71 mmal) of AP and 2.20 g of K,CO;3 (ca 15.82 mmol)
powder were added. With magnetic stirring, the mixture was
reacted for 24 h at 120 °C. Then, the polymeric beads PVBSO,-
AP were filtered off and washed with dilute hydrochloric acid,
dilute sodium hydroxide, distilled water, ethanol, acetone, and
findly with methanol. The product PVBSO,-AP was transferred
to Soxhlet's extraction apparatus for reflux-extraction in 95 %
ethanol for 10 h and then was dried under vacuum at 50 °C over
48 h. Elementary analysis: N, 1.633; S, 11.24.

2.3. Effect of pH on Adsorption. The effect of pH on the
adsorption of Hg(Il) was studied by adding 50.0 mg of silica-
gel adsorbents to 1 mL of 0.1 mol-L~* Hg(Il) and 19 mL of
buffer solution at different pH values in 100 mL Erlenmeyer
flask. This mixture was mechanically shaken for 24 h at 25 °C
to attain equilibrium. Then a certain volume of the solutions
was separated from the adsorbents, and the residual concentra-
tion of Hg(Il) was detected by means of AAS. The adsorption
amount was calculated according to eq 1.

(G- OV
Q=—w (1)

where Q is the adsorption amount, mmol-g™%; C, and C, the
initial and final concentrations of metal ions in solution,
mmol -mL~%; V, the volume, mL; W, the dry weight of resin, g.

2.4. Kinetics Adsorption. In kinetics experiment, 100 mg of
resin was added to 40 mL of 5 mmol-L~* Hg(ll) solution (pH
5.0). The mixture was shaken continuously at room temperature.
At predetermined intervals, aliquots of 2 mL solution were
withdrawn for analysis, and the concentration of metal ion was
determined by atomic absorption spectrometry.

2.5. Isothermal Adsorption. The isothermal adsorption was
investigated also by batch studies. A typical procedure is: a
series of 50 mL test tubes were employed. Each test tube was
filled with 20 mL of Hg(ll) solution (pH 5.0) with varying
concentrations. A known amount of resin (about 50 mg) was
added into each test tube and agitated intermittently at 25 °C
for the desired time periods, up to a maximum of about 12 h.
The adsorption capacities were calculated also by using eq 1,
where C is the equilibrium concentration of Hg(ll) in solution.

2.6. Adsorption Selectivity. Selective separation of Hg(Il)
from binary mixtures with Ni(Il), Zn(l1), or Pb(I1) was studied.
A portion of 50 mg of resin (PVBSO-AP or PVBSO,-AP) was
placed in a 50 mL conical flask, then 2 mL of 0.1 mol-L~? of
Hg(ll), 2 mL of 0.1 mol-L~* Ni(ll), Zn(l1), or Pb(Il), and 16
mL of buffer solution with pH 5.0 was added in turn. The
mixture was shaken for 24 h at 25 °C. The mixture was filtered
off, and the concentrations of the Hg(Il) and coexistence metal
ion were determined by atomic absorption spectrometry. The
above-mentioned adsorption experiments were repeated three
times. The adsorption capacities of Hg(l1) and coexistence meta
ion were calculated according to eq 1.

2.7. Regeneration of Resin. To assess the reusability of the
resin, consecutive adsorption—desorption cycles were repeated
three times by using the same resin. The solution of 5 % thiourea
in 0.1 mol - L~* HNO3; was employed as the desorption medium
based on our previous work.’® The resin adsorbed Hg(ll) was
placed in this medium and stirred for 2 h at room temperature
(a primary experimental showed that the Hg(l1) adsorbed on
resin was almost desorbed completely when the contact time
of resin adsorbed Hg(l1) with this medium was about 50 min).
The final concentration of Hg(ll) in the agueous phase was
determined by using AAS.
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Figure 1. FTIR of PYBSO-Bs, PVBSO,-Bs, PVBSO-AP, and PVBSO,-AP.

3. Results and Discussion

3.1. Infrared Spectra and Elemental Analysis Characteriza-
tion. The infrared spectra of the intermediates and PVBSO-AP
and PVBSO,-AP are shown in Figure 1. Under the present
conditions, it is difficult to employ the IR method for confirming
the existence of pyridyl ring in the resins PVBSO-AP and
PVBSO,-AP because its characteristic absorption peaks ap-
peared around 1630 cm™* are normally overlapped with those
of benzene rings. So, in this study, the substitute reaction of
amino pyridine with benzenesulfonal was demonstrated by
monitoring the change of characteristic IR absorption of
benzenesulfonal. The structure of the PVBSO-Bs was confirmed
by the presence of new absorption bands at (1194 and 1697)
cm™%, which are designated as the stretching vibrations of
O=S=0 and the skeletal vibrations of benzene ring of benze-
nesulfonyl, respectively.? These bands weskened or disappeared
in the infrared spectrum of PVBSO-AP indicating that AP had
been introduced into the polymeric matrix. Similarly to PVBSO-
Bs, the characteristic peak of O=S=0 and the skeletal vibrations
of benzene ring of benzenesulfony! appeared at (1192 and 1735)
cm™1, respectively, in the curve of PVBSO,-Bs, indicating that
esterification reaction occurred and benzenesulfonyl groups have
been introduced successfully to the structure of PVBSO,-Bs.
The successful introduction of AP into polymeric matrix can
be corroborated by the disappearance of the characteristic
absorption peaks of the above two absorption peaks.

According to the elemental analysis of nitrogen, the contents
of AP in the PVBSO-AP and PVBSO,-AP resins can be
calculated to be (0.69 and 0.58) mmol -g~* resin, which are much
lower than their theoretical values of (2.15 and 2.21) mmol -g~*
resin. From this fact, it is clear that part of benzenesulfonate
were still unreacted in the reaction of amino pyridine substitute
for benzenesulfonal.

3.2. SEM Observations. To observe the surface morphology
of PVBSO-AP and PVBSO,-AP resins and their intermediates,
scanning electron micrographs of the gold-coated samples were
taken with a SEM, and the images are shown in Figure 2. It can
be observed that the pore spaces on the surfaces of PVBSO-Bs

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 o]

Wavenumber (cm™)

and PVBSO,-Bs increased comparing with the corresponding
precursors PVBSO and PVBSO, resins because of the introduction
of the benzene sulfonate group. After the reaction of PVBSO-Bs
and PVBSO,-Bswith AP, as observed from Figure 2, the surfaces
of PVBSO-AP and PVBSO,-AP beads became rougher and the
pores distributed more abundantly than those of PVYBSO-Bs and
PVBSO,-Bs beads, implying that the porous structures of polymer
beads were gill maintained after substitute reactions. These
increases of pore amount can be interpreted as that pores which
collapsed before the reaction reopened after the polar group AP
were introduced into the polymeric matrix. The existence of rough
surface and abundant pores would provide convenient diffusion
channels for meta ions into the interior of PVBSO-AP and
PVBSO,-AP resins when they were used in adsorption of metal
ionsin aqueous solution. Also it should be noticed that the surface
morphology of PVBSO-AP resin is different from that of PVBSO,-
AP resin, which is probably resulted from the differencesin steric
structure between the —SO— and —SO,—.

3.3. Porous Structure Analysis. In generd, the porous struc-
tures of porous materias can be characterized through the nitrogen
adsorption—desorption isotherms. According to IUPAC classifica-
tion, pores within porous materials can be divided into micropores
(width less than 2 nm), mesopores (width between (2 and 50) nm),
and macropores (width greater than 50 nm). It can be seen from
Figure 3 that there was almost no nitrogen adsorbed at lower P/Pg
(by the mechanism of microporefilling), indicating that there were
no microporesin both resins. A steep increase in nitrogen volume
adsorbed at higher P/P, (by the mechanism of capillary condensa
tion) suggested a quite large contribution in mesopore and
macropore range in the both resins. In the entire region of relative
pressure, the nitrogen volume adsorbed by PVBSO-AP was smaller
than that by PVBSO,-AP, indicating alower porosity for PVBSO-
AP, and it was cons stent with the result obtained by SEM. It should
be noticed that both the resins showed isotherms of type IV with
inflection points around P/P, = 0.9 and the hysteresis loops
exhibited amost the same form, meaning that the pore shapes of
the resins were similar, that is, the pores had not been destroyed
significantly during the reactions. Figure 4 shows the BJH
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Figure 3. Nitrogen adsorption—desorption isotherms of PVBSO-AP and
PVBSO,-AP resins.

adsorption pore size distributions of the resins. As illustrated in
Figure 4, the pores ranging from (10 to 100) nm and (10 to 145)
nm were dominant for PVBSO-AP and PVBSO,-AP resns,
respectively. Also it can be seen that the volumes of the pores
between (30 to 90) nm for PVBSO-AP were smaller than those
for PVBSO,-AP, which was probably because that the larger pores
were stuffed due to the higher content of AP in PVBSO-AP resin
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Figure 4. BJH desorption pore size distributions of PVBSO-AP and
PVBSO,-AP resins.

than in PVBSO,-AP resin. The porous structure parameters of the
two resins derived from the basis of the nitrogen adsorption data
are summarized in Table 1. As shown in Table 1, the values of
BET surface area, BJH desorption average pore diameter, and BJH
desorption cumulative volume of pores for PVBSO,-AP were all
larger than those for PVBSO-AP.

3.4. Effect of pH on Adsorption. It is well-known that
solution pH is an important parameter affecting adsorption of
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Table 1. Porous Structure Parameters of PVBSO-AP and
PVBSO,-AP Resins

BJH desorption BJH desorption
BET surface average pore diameter cumulative volume

resins area (m?-g™Y) (nm) of pores (m®-g~1)2
PVBSO-AP 32.45 22.92 0.16
PVBSO,-AP 39.08 37.61 0.27

@The total volume of pores between (1.7 and 300) nm diameter.
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Figure 5. Effect of pH value on the Hg(ll) adsorption on PVBSO-AP and
PVBSO,-AP resins.
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Figure 6. Kinetics of adsorption of Hg(ll) on PVBSO-AP and PVBSO,-
AP resins at 25 °C (pH = 5.0).

metal ions on adsorbents, as it not only affects metal speciesin
solution but aso influences the surface properties of the
adsorbents in terms of dissociation of functional groups and
surface charges. So the effect of solution pH on the adsorption
capacities of Hg(ll) on PVBSO-AP and PVBSO,-AP resins were
investigated, and the results are shown in Figure 5. As can be
seen from Figure 5, the solution pH had a significant effect on
the adsorption, and the adsorption capacities increased with an
increase in solution pH. The optimum pH ranges appeared at
(4.0 to 5.0) for PVBSO-AP and (3.0 to 6.0) for PVBSO,-AP
resin, while the corresponding maximum adsorption capacities

were (1.73 and 0.81) mmol - g2, respectively. At lower pH, the
positively charged hydrogen ions may compete with the Hg(l1)
for binding on the functional groups (amino or pyridyl group)
on the adsorbents. Once the amine and pyridyl groups were
protonated, the strong electrical repulsion prevented Hg(11) from
contacting the surface of adsorbents, resulting in lower adsorp-
tion capacities. It should be noticed that the adsorption capacity
of Hg(ll) for PVBSO-AP resin was 0.92 mmol -g~* and only
0.15 mmol -g~* for PVBSO,-AP resin under the same case of
pH 1.0. This phenomenon can be interpreted as the stronger
affinity of sulfoxide group in PVBSO-AP resin toward Hg(I1)
than that of sulfone group in PVBSO,-AP resin. The results
also show that the adsorption properties of the chelating resin
containing sulfoxide and AP are clearly superior to the chelating
resin containing sulfoxide and 3-aminopyridine.?* The adsorp-
tion capacities of the resin containing sulfoxide and AP (1.73
mmol -g 1) are almost three times the resin containing sulfoxide
and 3-aminopyridine (0.65 mmol -g~%). This finding shows the
active synergetic effect between sulfoxide and AP on the
adsorption for Hg(ll). To obtain the maximum adsorption
capacity, pH 5.0 was adopted in the kinetic and isotherm
adsorption process.

3.5. Kinetic Adsorption. The uptake of Hg(ll) over time at
apH of 5.0 is shown in Figure 6. It has been observed that the
equilibrium time required for maximum removal of Hg(ll) was
(8.5 and 6.5) h for PVBSO-AP and PVBSO,-AP resins,
respectively. To ensure the adsorption balance completely, the
adsorption time was fixed to 12 h in the subsequent adsorption
experiments. It is clear that the adsorption capacity of Hg(ll)
on PVBSO-AP resin is higher than that on the PVBSO,-AP
one, which can be attributed to the following reasons. (1)
PVBSO-AP resin possesses higher content of AP than PVBSO,-
AP; and (2) there exists synergetic effect between —SO— and
APin PVBSO-AP. In our previous work, we have demonstrated
that the sulfur atom in —SO— can take part in coordinating
with Hg(ll), while the sulfur atom in —SO,— cannot.®
Accordingly, the adsorption mechanism of Hg(I1) on PAVBSO-
AP and PVBSO,-AP resins can be presumed as Scheme 2a,b.

The kinetic models were used to test the experimental data
and thus elucidate the adsorption kinetic process.

The pseudofirst-order®® and pseudosecond-order®” equations
were represented as:

k
109(Qy = Q) =109 Q ~ 533t @

Scheme 2. Adsorption Mechanism of Hg(l1) on PVBSO-AP and PVBSO,-AP

O\
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Figure 7. Pseudofirst-order kinetic plots for the adsorption of Hg(ll) onto
PVBSO-AP and PVBSO,-AP.
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Figure 8. Pseudosecond-order kinetic plots for the adsorption of Hg(ll)
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where k; (h™?) is the pseudofirst-order adsorption rate constant
(h™Y) of adsorption k, (g-mmol~*-h™Y), the rate constant of
pseudosecond-order adsorption rate constant, and Qp, and Q
(mmol-g™Y) are the amounts of metal ion adsorbed at
equilibrium and time t (h), respectively. The value of log
(Qo — Q) was calculated from the experimental results and
plotted against t (h) in Figure 7. The pseudosecond-order
equation is tested by plotting t/Q against time (t) in Figure
8. The kinetic parameters (ki, k;, Q) and correlation coef-
ficients (Ry%, R,?) of Hg(Il) ions were calculated and are listed
in Table 2. As seen from Figure 8, the pseudosecond-order
model fits the data very well, and the R,? values were found
to be 0.9950 and 0.9976 for PVBSO-AP and PVBSO,-AP
resins, respectively (Table 2). Although the plots of Hg(ll)
on PVBSO-AP show linearity, the calculated Q values (2.10
mmol -g~%) were not in agreement with the experimental Q
values (1.81 mmol-g~?), suggesting that the adsorption of
Hg(ll) on PVBSO-AP does not follow pseudosecond-order
kinetics. As can be seen from Table 2, the obtained R;? value
for PVBSO-AP was 0.9926. Moreover, the calculated Q
values are in good agreement with experimental Q values.
Hence, the adsorption kinetics could be well-approximated
more favorably by the pseudofirst-order kinetic model for
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Figure 9. Intraparticle diffusion model plots for the adsorption of Hg(ll)
onto PVBSO-AP and PVBSO,-AP.

Hg(ll) onto PVBSO-AP. Recently, a theoretical analysis of
the pseudosecond-order model was reported.?® According to
this theoretical approach, when the initial concentration of
solute is high, its adsorption kinetics fits better to the
pseudofirst-order model and better to the pseudosecond-order
for the low initial concentration. Thus, it is concluded that,
for the adsorption system of Hg(ll) on PVBSO-AP, the
observed rate constant is a linear function of the initial
concentration of solute; its slope and intercept are adsorption
and desorption rate constants, respectively.

The adsorption kinetic data was further tested as to whether the
intraparticle diffusion model®® can be described as

Q = kt*® 4

where ki is the intraparticle diffusion rate constant, which can be
obtained from the slope of the plot Q versus t°S. If the regression
of Q versus t%° is linear and passes through the origin, then
intraparticle diffusion is the sole rate-limiting step.° As seen from
Figure 9, the straight line did not pass through the origin, suggesting
that intraparticle diffusion may not be the only rate-controlling step.
The plots are shown in Figure 9, indicating multilinearity with three
distinct phases. The initid curved portion relates to the externa
surface adsorption. The second linear portion is dueto intraparticle
or pore diffuson, and the final portion (plateau) is attributed to
the equilibrium stage. The intercept of the plot provides an
estimation of the thickness of the boundary layer, that is, the larger
the intercept value, the greater the boundary layer effect is. The
dope of second linear portion of the plot has been identified as
intraparticle diffusion rate constant kiq.>* The values of intercept
and intraparticle rate diffusion constant (kiq) are given in Table 2.
The dope of second linear portion of the plot of any resinsis much
lower compared to the first one, which is due to the lower
adsorption rate in the intrgparticle or pore diffusion.

3.6. Isothermal Adsorption. Langmuir, Freundlich, and
Redlich—Peterson isotherms are the most commonly used
isotherms for different adsorbent—adsorbate systems to
explain solid—liquid adsorption systems.®?~3* L The angmuir
equation relates the coverage of molecules on a solid surface
to concentration of a medium above the solid surface at a
fixed temperature. The Langmuir model represents one of
the theoretical treatments and suggests that uptake occurs

Table 2. Coefficients of Pseudofirst-Order and Pseudosecond-Order Kinetic Models and an Intraparticle Diffusion Model

pseudofirst-order kinetics

pseudosecond-order kinetics intraparticle diffusion

resins  Qo(exp) (mmol-g™) ky(h™) Qo (ca) (mmol-g™*) R

ko(g-mmol~t-h™) Qu(cal) (mmol-g™%) R?

ka (mg-g*-h%%) R4

PVBSO-AP 181 0.53 1.82 0.9926
PVBSO,-AP 0.92 0.48 0.70 0.9917

0.29 2.10 0.9950 0.31 0.9654
1.10 1.00 0.9976 0.23 0.9987
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on a homogeneous surface by monolayer sorption without
interaction between adsorbed molecules.®*® Moreover, the
Langmuir model served to estimate the maximum metal
uptake values where they could not be reached in the
experiments.*® The Freundlich isotherm, an empirical equa-
tion, is capable of describing the adsorption of organic and
inorganic compounds on a wide variety of adsorbents. The
Freundlich model proposes an adsorption with a heteroge-
neous energetic distribution of active sites, accompanied by
interactions between adsorbed molecules.® Redlich—Paterson
is another empirical equation, designated as the “three-
parameter equation,” which is capable to represent adsorption
equilibrium over a wide concentration range. Redlich and
Paterson incorporated the characteristics of Langmuir and
Freundlich isotherms into a single equation. Two limiting
behaviors exist, that is, Langmuir form for g equal 1 and
Henry’s law form for g equal 0.%”

The expression of the Langmuir, Freundlich, and Redlich—
Peterson isotherms can be represented as:

. QpcC
“1+DbC ©)
Q= kL (6)

AC
= 7
Q 1+ BCY )

The linearized forms of Freundlich and Langmuir equations are:

c_1.,c
Qb T ©
InQ=InkF+%InC ©
In(Ag - 1) —gInC+InB (10)

where Q is the amount of metal adsorbed per unit weight of
adsorbent at equilibrium (mmol-g™1); C is the left-out solute
concentration at equilibrium (mmol-L™%); Qg is the Langmuir
monolayer sorption capacity (mmol-g™%); b is an empirical
parameter related to equilibrium constant or energy of adsorption
(L -mmolY); ke isthe Freundlich constant related to the bonding
energy constant reflecting the affinity of the resin to Hg(Il)
(mmol-g 1) (L-g™H)" n is the Freundlich exponent related to
adsorption intensity, respectively; A is the Redlich—Peterson
isotherm constant,(L -g~%); B is the Redlich—Peterson isotherm
constant (L/mmol*~A); and g is Redlich—Peterson isotherm
exponent, which lies between 0 and 1.

In this study, the experimental data in Figure 10 were
analyzed using linearized Langmuir, Freundlich, and Redlich—
Peterson equations by plotting C/Q versus C, In Q versus|In C,
and In(AC/Q — 1) versusIn C, respectively, and their nonlinear
equations by plotting Q versus C. The caculated isotherm
parameters and corresponding R? are shown in Table 3. From
Table 3, it can be observed that the Langmuir isotherm model
exhibited a good fit to the experimental adsorption data since
the R? values for PVBSO-AP were 0.9919. These results showed
that the Langmuir isotherm model fitted the results quite well,

1.6 —e— PVBSO-AP
1 —o—pvBsoap /o
T:D 1.21 /./.
§ T
S 08 /
] o0
/O

04{ 0
0.004 0.008 0.012 0.016
C(mmol L)

Figure 10. Adsorption isotherms of Hg(ll) on PVBSO-AP and PVBSO,-
AP resins at 25 °C (pH = 5.0).

Table 3. Isotherm Parameters Obtained by Using the Linear
Method

equations parameters PVBSO-AP  PVBSO,-AP
linear Langmuir Qo 2.01 0.82
b 267.30 168.24
R? 0.9919 0.9965
linear Freundlich ke 9.16 3.04
n 2.28 271
R? 0.9567 0.9955
linear Redlich—Peterson A 434.94 4000
B 256.85 4365
g 0.99 0.94
R? 0.9893 0.9849

suggesting that the surface of PVBSO-AP is homogeneous. Each
binding site accepts only one Hg(ll), and the adsorbed Hg(ll)
are organized as a monolayer. All sites are energetically
equivalent, and there is no interaction between adsorbed Hg(l1).
The Freundlich isotherm equation describes the adsorption of
solute from liquid to solid surface and assumes that the stronger
binding sites are occupied first and that the binding strength
decreases with the increasing degree of site occupation.®® The
results of present study indicate that the Freundlich model does
not fit the experimental data since the R? values were 0.9567
for PVBSO-AP but fit the experimental data for PVBSO,-AP
(R? = 0.9947). Similarly, the Redlich—Peterson linear model
is unable to fit the experimental data as low correlation
coefficients.

The best correlation of experimental data with the linear
Langmuir isotherm suggests the monolayer coverage and
chemisorption of Hg(ll) onto PVYBSO-AP resins. The n values
are between 2 and 5 for PVBSO-AP, indicating the adsorption
processes are carried out easily.®”

From Table 3, it is observed that the maximum monolayer
adsorption capacity of Hg(Il) adsorbed on PVBSO-AP and
PVBSO,-AP resins are found to be (2.01 and 0.82) mmol -g*
(calculated based on linearized Langmuir equation), respectively.
The reasons resulting in the difference of the two resins in
maximum adsorption capacity include: (1) the sulfoxide group
in PVBSO-AP resin exhibited greater affinity than sulfone group
in PVBSO,-APresin to Hg(I1), the B and ke values of the former
higher than that of the latter (see Table 3), which represent the
affinity of resin to metal ions, demonstrated this deduction; and
(2) the content of amino pyridine of PVBSO-AP resin is higher
than that of PVBSO,-AP.

3.7. Adsorption Selectivity. A series of binary metal ions
systems were chosen as representatives to investigate the
selective adsorption of Hg(Il) on PYBSO-AP and PVBSO,-
AP resins. Theresults are presented in Table 4. Obviously, both
PVBSO-AP and PVBSO,-AP resins could selectively adsorb
Hg(ll) when it coexisted with Ni(ll), Zn(ll), and Pb(ll),
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Table 4. Selectivity of Adsorption of Hg(ll) on PVBSO-AP and
PVBSO,-AP Resins in Binary lon Systems

adsorption capacity — selective

resin systems  metal ions  (mmol-g7Y) coefficient®
PVBSO-AP Hg(I)—Ni(ll)  Hg(ll) 2.27 Olpgni = ©°
Ni(ll) 0
Hg(I1)—2zn(1l)  Ho(Il) 2.16 Opgzn = 9.39
Zn(11) 0.23
Hg(11)—Pb(I1)  Hg(ll) 2.73 Olpgpp = ©°
Pb(IT) 0
PVBSO,-AP Hg(I)—Ni(ll) ~ Hg(ll) 1.20 Olpgni = ©°
Ni(ll) 0
Hg(l1)—2zn(1l)  Ho(Il) 1.48 Olpgizn = o0
Zn(11) 0
Hg(11)—Pb(I1)  Hg(ll) 1.26 Olpgpp = ©°
Pb(IT) 0

2 The selective coefficients were the ratio of adsorption capacities of
metal ions in binary mixture.

Table 5. Repeated Adsorption of Hg(ll) lons by PVBSO-AP and
PVBSO,-AP (Adsorption Conditions: Initial Concentration 51073
M, pH 5.0, 25 °C)

adsorption of the resins (mmol -g~?%)

reuse times PVBSO-AP PVBSO,-AP
1 211 0.50
2 2.01 0.56
3 1.98 0.51

respectively, which indicated that PVBSO-AP and PVBSO,-
AP resins could be probably used in extracting and separating
Hg(ll) from a multi-ionic system. However, PVBSO-AP has
obvious superiority due to higher adsorption capacities for
Hg(ll).

3.8. Regeneration of Resin. A solution of 5 % thiourea in
0.1 mol - L~ HNO; was chosen to use as eluent to desorb Hg(I1)
from PVBSO-AP and PVBSO,-AP resins and to regenerate
them. The results of three adsorption—desorption cycles are
shown in Table 5. The datain Table 5 suggest that the PVBSO-
AP resin with higher adsorption capacitiesis especialy suitable
for repeating use for three cycles of adsorption—desorption
without considerable changes of adsorption capacity.

4. Conclusions

(1) FTIR and elemental analysis demonstrated that porous
cross-linked polystyrene modified with 2-amino-pyridine via
sulfoxide/sulfone-containing spacer arm chelating resins, PVBSO-
AP and PVBSO,-AP, were synthesized successfully.

(2) SEM and porous structure anaysis proved that porous
structures of polymer beads were still maintained after substitute
reactions. The values for BET surface area, BJH desorption
average pore diameter, and BJH desorption cumulative volume
of poresfor PVBSO,-AP were dl larger than those for PVBSO-
AP.

(3) The kinetics of adsorption of Hg(ll) on the two resins
showed that the adsorption process followed the pseudosecond-
order model for PVBSO-AP and the pseudofirst-order model
for PVBSO,-AP. The linear Langmuir model is the best-fitted
isotherm to describe the adsorption of Hg(ll) on the PVBSO-
AP resin.

(4) Both PYBSO-AP and PVBSO,-AP can selectively adsorb
Hg(ll) from binary ion systemsin the presence of the coexistent
ions Ni(ll), Zn(I1), and Pb(ll), but PYBSO-AP has obvious
superiority because of higher adsorption capacities for Hg(ll).

(5) PVBSO-AP resin with higher adsorption capacities is
suitable for repeating the use for three cycles of adsorption—
desorption without considerable change of adsorption capacities.
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