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HIGHLIGHTS

« The functional monomer with sulfamine (DM-BS) was firstly synthesized.

« The novel adsorbent owned plenty of sulamine prepared by grafting polymerization.
« The resulting adsorbent shows good adsorption for Hg(Il) and p-toluenesulfonic acid.
« The adsorbent has high selectively separate for Hg(II) and p-toluenesulfonic acid.

« The resulting adsorbent has the good regeneration performance.
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A novel functional monomers with sulfamine (DM-BS) was prepared by quaternization of N,N-dimethyl-
amino-2-ethyl methacrylate (DMAEMA) and 1-4 bromine methyl toluenesulfonamide (BS-Br). By graft-
ing polymerization of DM-BS onto chloromethylated polystyrene matrix (CMPS), a new kind of
adsorbent owned plenty of sulfamine functional group, PSC-DM-P(DM-BS) (PDP), was thereupon synthe-
sized. The resulting DM-BS monomer and PDP adsorbent were characterized by nuclear magnetic reso-
nance spectrum (*HNMR and '>CNMR), Fourier transform infrared spectrum (FT-IR),
thermogravimetry (TG) and Elemental analysis. Meanwhile, the adsorption properties of PDP absorbent
for Hg(II) and p-toluenesulfonic acid (p-TSA) in aqueous solution were investigated by batch method. The
maximum adsorption capacities for Hg(Il) and p-TSA were found to be 222.2 mg/g and 312.5 mg/g with
the equilibrium time less than 90 min. Furthermore, the PDP absorbent also showed a high selectivity

Mercury recovery
p-TSA

adsorption for Hg(Il) among coexisting heavy metals and the good regeneration performance.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Currently, selectively extracting metal ions and organic pollu-
tants from waste water has stimulated investigation of various
possible processes and new materials for water purification caused
great interest. Mercury, representation of toxic heavy metals, has
been continuously released into the environment and does serious
harm to human health [1-5]. The widely used techniques for
separation and enrichment of mercury ions are liquid-liquid
extraction, ion-exchange, electroanalytical methods, coprecipita-
tion [6-11], etc. And the use of solid phase extraction (SPE)
sorbents to separate and preconcentrate metal ions is one of the
new developments in the area [12-16]. p-toluenesulfonic acid is
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a kind of very common organic pollutants, heavily polluted of
water with rapid industrialization. The method used SPE technique
which could remove the mercury heavy metal and p-TSA simulta-
neously, likely the extremely interested means of water treatment
for its highly effective and economical property.

Solid phase extraction (SPE), an attractive technique that has
commonly been utilized as a technique for separate and precon-
centrate of various inorganic and organic pollutants, is considered
to be superior to other water purification techniques as regards
simplicity, rapidity and ability to attain a high preconcentration
factor, high selectivity, stability, etc. [17-20]. Various sorbents
including activated carbon [15,20], pure or modified silica gel
[13,21], chelating resins and fibers [22-24], etc. have been used
in SPE procedures. SPE is used to enhance the selectivity and sen-
sitivity of the method as it allows for discriminatory binding of
analyte to a solid support where it will be accumulated and subse-
quently eluted with a small volume of solvent. Selectivity of the
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solid phase sorbent towards an adsorbate depends on the structure
of the immobilized functional groups [16].

According to Pearson’s hard and soft acids and bases theory
(HSAB), metal ions will have a preference for complexing with li-
gands that have more or less electronegative donor atoms. Materi-
als functionalized with sulfur and nitrogen have shown high
binding affinity to mercury. There have been many attempts to
synthesis solid phase extraction (SPE) sorbents modified with nitro-
gen and sulfur to purify mercury-contaminated water [25-27].
However, for practical utility there is still a requirement for new
materials. In addition, adsorbents containing nitrogen such as
amine, hydrazine, thioamide, and imidazoline groups can also ad-
sorb anionic adsorbates through electrostatic interaction [28,29].

Sulfamine functional group, not only shows the high affinity for
removal mercury heavy metal, but also has strong adsorption
capacity for anionic organic pollutants. Nonetheless, sulfamine
modified absorbent has been rarely reported yet. Therefore, in this
work, by grafting polymerization the as-prepared monomer that
contain sulfamine group onto chloromethylated polystyrene ma-
trix, the novel absorbent which owns numbers of functional group
has successfully synthesized. The composition and structure of the
resulted absorbent were studied with the help of characterization
methods. And it was used as a solid phase extraction sorbents to
separate Hg(Il) and p-TSA from water by batch method. The
adsorption models as well as kinetic properties of removal process
were also clarified.

2. Experimental part
2.1. Materials

Chloromethylated polystyrene (CMPS) (0.15 mm), 1,2-ethylene-
diamine, chloroacetate, 1,4-dioxane, N,N-dimethylamino-2-ethyl
methacrylate (DMAEMA) (99%, J&K Chemical Ltd.), p-Toluenesul-
fonamide (p-TSA) (>98%, Tianjin Guangfu Chemical Reagent Co.,
Ltd.) and N-Bromosuccinimide (NBS) (99%, Tianjin Guangfu Chem-
ical Reagent Co., Ltd.) were used as received. Peroxidation benzoin
formyl (BPO) and azobisisobutyronitrile (AIBN) were recrystallized
before used. All another chemicals of analytical grade were pro-
vided by Tianjin Guangfu Chemical Co., Ltd. and used as received
without any further purification.

2.2. Preparation of PSC-DM-P(DM-BS)

2.2.1. Synthesis of monomers DM-BS

The preparation of DM-BS was shown schematically in Fig 1. It
was synthesized in two steps. First, 1-4 bromine methyl toluene-
sulfonamide (BS-Br) was obtained using the following procedure
[30]. Put 80 mmol p-Toluenesulfonamide, 80 mmol NBS and
2.4 mmo1l BPO into a 500 mL three necks flask, and then 200 mL
tetrachloromethane was added. In nitrogen atmosphere, the reac-
tion medium was refluxed for 8 h under continuous mechanical
stirring. Thereafter the tetrachloromethane was evaporated, and
the residual solid was dissolved in ethyl acetate, washed with sat-
urated salt solution, and extracted with ethyl acetate. The organic
layer was dried and a yellow solid was obtained.

Secondly, the monomer, DM-BS, was synthesized by applying
the following procedure [31]: Dissolved the DMAEMA (20 mmol)
in diethyl ether (50 mL) and added the solution of 20 mmol of
BS-Br in acetonitrile (50 ml) at 0 °C. The reaction was stirred for
4h at 0°C, and then was left for 16 h at room temperature. The
reaction product was filtered off giving a white powder that was
washed with diethyl ether and dried under vacuum until constant
weight. Yield 43%; m. p., 184-186 °C.

FTIR (KBr, cm™!): 3164 (—OH), 3041 (aromatic C—H), 1729
(C=0), 1416 (C=C—), 1340, 1162 (—S0O2—N).1H-NMR (400 MHz,

NBS/CCly
benzoly peroxide

SO,NH, SO,NH,

A\

+ ether
T=0°C.R.T

—N\ SO,NH, SO,NH,

Fig. 1. Synthesis of DM-BS.

D20): ¢ (ppm) 7.96 (d, J = 8.4 Hz, 2H, Hi), 7.70 (d, J=8.4Hz, 2 H,
Hh), 6.06 (s, 1H, Hb), 5.67 (d, J = 1.6 Hz, 1H, Ha), 4.62 (s, 4H, Hd,
Hg), 3.75 (m, 2H, He), 3.08 (s,5H, Hf), 1.84(s,3H, Hj, Hc). 13C-
NMR (75 MHz, D20): § (ppm) 168.4(Cd), 143.5(Ci), 135.1(Cc),
134.1(Cj), 131.6(Cl), 127.8(Ca), 126.6(Ck), 68.0(Ch), 63.2(Cf),
58.4(Ce), 50.4(Cg), 17.3(Cb). Anal. Calcd. For C;5H33BrN,0,4S
(406.06): C, 44.23%; H, 5.69%; N, 6.88%; S, 7.87%. Found: C,
44.16%; H, 5.76%; N, 6.71%; S, 7.69%.

2.2.2. Preparation of PSC-DM-P(DM-BS)

In nitrogen atmosphere, 2.00 g of CMPS and 2.0 mL DMAEMA
was added into a Schlenk flask with 50 mL diethyl ether in it, the
mixture was firstly stirred at 0°C for 4h and then stirred for
24 h at room temperature. The reaction product, PSC-DM (PD),
was filtered off and washed with acetone. After dried under vac-
uum, 1.00 g PD was dispersed in 20 ml DMF. Then 0.80 g DM-BS
was added and then stirring for 0.5 h under nitrogen atmosphere.
After adding 0.08 g AIBN into the solution, the reaction was heated
to 80 °C in an oil bath and kept for 6 h. The reaction product PSC-
DM-P(DM-BS) (PDP) was filtered off, washed with acetone and
ether, then dried under vacuum (Fig. 2).

2.3. Characterization

Proton (1H NMR) and carbon 13 (13C NMR) nuclear magnetic
resonance spectra were recorded in a JEOLEX-400 spectrophotom-
eter. The FT-IR spectra of the samples were measured on a pressed
pellet with KBr using a Nicolet Magna-IR 550 spectrophotometer.
Elemental analyses were carried out using Perkin-Elmer 2400
CHN microanalyser. TGA was conducted with a TA Instruments
STA449. The spectrum of the X-ray photoelectron spectroscopy
(XPS) of the sample was measured by an X-ray photoelectron spec-
trometer (VG Scientific Escalab 210-UK) with a twin anode
(Mg Kat/Al Kat) source. The HANNA pH meter and a thermo-stated
shaker (SHZ-B, China) were used in adsorption batch experiments.
The concentrations of ions in solution were determined by a GBC
Avanta A 5450 atomic absorption spectrophotometer (AAS), when
the selectivity of the adsorbent was studied, an inductively coupled
plasma spectrometer (ICP/IRIS Advantage, Thermo, America) was
used. The concentration of p-TSA was measured by ultraviolet
spectrophotometer (UV, TU-1810).

2.4. Adsorption experiments

The selectivity of the adsorbent towards metal ions in mixed
system containing Pb(II), Cu(Il), Hg(Il), Cd(II), Zn(Il) and AI(III).
The pH of the mixed solution was controlled at pH =1, at which
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Fig. 2. Synthesis of PSC-DM-P(DM-BS).

pH value the metal ions can exist concurrently. The adsorption
experiments were carried out at adsorbent dosages of 2 g/L,
shaking in a thermostat oscillator at 120 rpm for a given time.
The results are presented in Table 1 and it is obvious that PDP
showed a high selectivity to Hg(Il) among the coexistent metal
ions. Compared with Hg(Il), no significant adsorption was observed
for other investigated metal ions.

The adsorption potential of this adsorbent for organic pollutants
was conducted in the single system. Phenol, benzoic acid, p-tolu-
enesulfonic acid, hydroquinone, hydroxyphenol, salicylaldehyde
and nitrobenzene were selected as target pollutants. The results
showed that the selectivity of PDP for organic pollutant has rela-
tionship with the acidity of adsorbate with higher adsorption abil-
ity to p-toluenesulfonic acid (p-TSA) among the studied organic
molecules (Table 1).

Therefore, Hg(Il) and p-TSA was chosen as the inorganic and
organic adsorbates, respectively.

The sorption of Hg(Il) and p-TSA onto the adsorbent was per-
formed in batch experiments. All the adsorption experiments were
carried out at adsorbent dosages of 2 g/L, shaking in a thermo-
stated shaker at 120 rpm for a given time. After sorption, the
solution was removed and the residual concentration of adsorbate
was measured.

The pH of adsorbates solution were adjusted using 0.1 mol/L
HNO3 and NaOH ranging from 1.0 to 6.0 for Hg(Il) and 1.0-11.0

for p-TSA. Adsorption isotherms and the effects of the initial
concentration were studied in the range of 100-2000 ppm for
Hg(Il) and 50-2280 ppm for p-TSA at the optimum pH. The effects
of contact time were investigated in the range of 0-25 h for Hg(II)
and 0-7 h for p-TSA.

3. Results and discussion
3.1. Characterization of PSC-DM-P(DM-BS)

3.1.1. FT-IR spectroscopic analyses

Fig. 3 shows the FTIR spectra of PSC, PD, PDP, meanwhile, the
characteristic peaks of each product properly attributed are shown
in Table 2. It can be seen from Fig. 3 and Table 2 that the important
features peaks of every step product have emerged in the spec-
trum, suggesting that the synthetic material is the target chelating
material.

3.1.2. Element analysis

Table 3 shows the result of elements analysis of PSC and PDP. It
can be obviously seen that N and S elements were introduced into
PDP material and this could be seen as another proof suggesting
the successful synthesis.

3.1.3. TGA analysis

In order to study the thermal stability of the materials, thermo
gravimetric analysis (TGA) of PSC, PD, PDP were carried out. From
the TGA curve of the PSC, PD, PDP in Fig. 4, no obvious mass loss
can be observed in the temperature range of 100-200 °C. It was
noted that PSC began to decompose at 320 °C, while PD and PDP
began to decompose at about 200 °C, which attributed to the
decomposition of DM and P(DM-BS) and several functional groups.
The high decomposition temperature indicated that PDP had the
excellent thermal stability.

3.2. Adsorption of PDP for Hg(Il) and p-TSA

3.2.1. Effect of initial pH

The pH of the adsorbate solution will be deeply effective on the
adsorption capacity of the adsorbent. For that, the adsorption of
Hg(Ill) and p-TSA were studied in range of 1-6 for Hg(ll) and
1-11 for p-TSA, and the results were presented in Fig. 5. It is seen
that the adsorption of Hg(Il) maintained almost the same when the
pH ranged from 1 to 4, but increased substantially when the pH
value increased from 4 to 6. At low pH value, the protonation of
the lone pair of nitrogen could hinder the complex formation,
and also have a competitive adsorption between H* ions and Hg(II)
in the solution, decreased the adsorption capacity [32,33]. With the
increase of the pH value, the protonation of nitrogen decrease,
resulting in the increase of adsorption capacity of PDP for Hg(II)
[34]. However, when pH >5, the free Hg(Il) cations not only
interaction with the active sites on the resin but also formation
of metal hydroxide species such as soluble Hg(OH)" and/or insolu-
ble precipitate of Hg(OH), [35]. Therefore, the optimum pH for
Hg(Il) adsorption was chosen as pH = 5.

Table 1

The selectivity of PSC-DM-P(DM-BS) for metal ions and organic pollutants.
PPTS Pb(II) Cu(I) Hg(Il) cd(n Zn(1l) Al(III) PE BA p-TSA HQ HP SA NB
Co (mg/L) 100 100 100 100 100 100 100 100 100 100 100 100 100
C; (mg/L) 95.67 94.8 2.8 100 100 98.4 81.52 27 7.08 78.37 75.45 71.11 67.02
Q (mg/g) 2.165 2.6 48.6 0.00 0.00 0.8 9.24 36.5 46.46 10.815 12.28 14.45 16.49

PE = phenol, BA = benzoic acid, p-TSA = p-toluenesulfonic acid, HQ = hydroquinone, HP = hydroxyphenol, SA = salicylaldehyde, NB = nitrobenzene.
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Table 2
Characteristics of FT-IR transmission bands of PSC, PSC-DM, PSC-DM-P(DM-BS).
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Fig. 3. FTIR spectra of (a) PSC, (b) PSC-DM, and (c) PDP.

Sample Band (cm™1) Assignment
PSC 3020 Benzene ring = C—H stretching
vibration, v C—H

2920, 2851 —CH2— stretching vibration, v C—H
1609 C=C— stretching vibration, v C=C
822, 669 —C—Cl stretching vibration, v C—Cl

PSC-DM 1719 C=0 stretching vibration, v (=0
1634 C=C— stretching vibration, v C=C
1319 C—N stretching vibration, v C—N
1159 C—0—C stretching vibration, v C—0

PSC-DM-P(DM-BS) 1160

R—S02—N— stretching vibration, v
S02

Table 3
Element analysis of the PSC and PSC-DM-P(DM-BS).
C% H% N% S%
PSC 77.17 6.738 0 0
PSC-DM-P(DM-BS) 59.86 5.968 2.430 1.842
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Fig. 4. TGA curves of PSC, PSC-PDM and PDP.
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Fig. 5. Effect of pH on adsorption for Hg(Il) (Co = 500 mg/L) and p-TSA adsorption
(Co =500 mg/L).

It is conspicuous in Fig. 5 that the adsorption amount of p-TSA
was basically maintained at the optimum level with the pH range
of 2-9. The adsorption of p-TSA was caused by two kinds of force:
electrostatic interaction and hydrogen bonding actions [16]. At
lower pH conditions (below 2), amino groups are protonated and
thus result in higher positive surface charge of the PDP adsorbent,
and H" ions could restrain the dissociation of p-TSA, decreasing the
electrostatic attraction between p-TSA and positively charged
absorbent. At higher pH values, OH™ ions may be adsorbed to the
surface of PDP adsorbent through a hydrogen bond. The adsorbent
surface became negatively charged, so electrostatic attraction be-
tween p-TSA and positively charged absorbent became weaker,
when the pH is high enough electrostatic repulsion occurs between
the negative surface charge and p-TSA [36].

3.2.2. Effect of sorption time and sorption kinetics

Sorption kinetics was studied to determine the time required to
reach the equilibrium. The relationship between reaction time and
sorption amounts of Hg(Il) and p-TSA is presented in Fig. 6. It is
noted that Hg(Il) and p-TSA all reach adsorption equilibrium at
90 min.

Sorption time of Hg(ll)(min)

0 400 800 1200 1600
T T T T T T T T T
200- 4200
150 4150
100 4100 @
o o
£ £
— ~
5} @
O 50 450 O
—¥—p-TSA
—@—Hg(ll)
04 Jdo
T T T T T T T T T T
0 100 200 300 400 500

Sorption timef p-TSA (min)

Fig. 6. Effect of shaking time on adsorption of PDP for Hg(Il) and p-TSA.
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The adsorption of p-TSA was very rapid with increase of contact
time from O to 50 min, and reached sorption equilibration at
90 min. This may because that the reaction between acid (p-TSA)
and base (amino), a kind of anion and cation reaction, was the con-
trolling step which was very fast.

It was found that Hg(Il) adsorption reaches a peak at 30 min.
There maybe two reasons for the rapid sorption of the material
for Hg(Il). According to the HSAB theory, Hg(Il) was a kind of soft
metal and amino belongs to the soft ligand, speed complexation
could occur between Hg(Il) and material surface functional groups
amino. Furthermore, amino could activity flexible distributes in the
polymer chain, easy to catch Hg(Il). Whereas, decreases after the

Sorption time of Hg(ll) (min)
50 100 150 200 250 300 350 400

T T T T T T T T T T T T T
L1.75
2951 v Vv p-TSA
@ Hg(ll
<] o
£ v E)
= 1.501 -1.50 é
o -
g o
<) ° b
) g
° -
o v o
o o
0.75+ Y 1.25
v
T T T T T T T T T T T T
10 0 10 20 30 40 50 60 70 80 90 100
Sorption time of p-TSA (min)
Fig. 7. Pseudo-first-order adsorption kinetics of Hg(II) and p-TSA.
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) ;200 0 200 400 600 800 1000" 1200 1400 1600
. —7r r r + I r r r r r 1 r 1 r 1 r 1T
p-TSA v
@ Hg(ll L
20l g(in ° 0.20
")
‘_T o
> 1.5 L0.15 g
E v =
< 0102
D 1.0+ F0.10° 2
5 v e g
=
= v
0.5 v o I-0.05
v. Qo
| w°
0.0 10.00
T T T T T T T T T T T T
0 100 200 300 400 500 600

Solution time of p-TSA (min)

Fig. 8. Pseudo-second-order adsorption kinetics of Hg(Il) and p-TSA.

Table 4
Parameters of kinetic models of Hg(II) and p-TSA adsorption onto PDP.

maximum uptake from 30 min to 60 min. This may be due to the
competing adsorption between medium and adsorbate, resulting
in incomplete absorption. This kind of medium can improve selec-
tivity during adsorption process, excluding some interference, even
though it may be not conducive to the adsorption [37].

The pseudo-first-order and pseudo-second-order kinetic equa-
tions were employed to analyze the sorption kinetics of Hg(Il) ions
and p-TSA onto the adsorbent.

The pseudo-first-order (1) and pseudo-second-order (2) Kinetic
model are respectively represented as:

klt

2.303 M

log (Q. - Q,) =log Q. -

t 1 t
Q" lba? Q. @
where k; and k, are pseudo-first-order rate constant (min~'), pseu-
do-second-order rate constant (gmg ! min~!) of adsorption,
respectively. Q. and Q; are the adsorption capacity (mg g~!) at equi-
librium time and at time ¢t (min), respectively.

Figs. 7 and 8 show the curves of t/Q; versus t and log (Q. — Q)
versus t based on the experimental data. The modeled quantitative
relationship between times and the sorption process, calculated
correlation coefficients are listed in Table 4. From the correspond-
ing parameters summarized in Table 4, it is observed that the ki-
netic behavior of Hg(Il) and p-TSA sorption onto the adsorbent is
more appropriately described by the pseudo-second-order model
because of a much higher correlation coefficient. The pseudo-
second-order model was developed based on the assumption that
the determining rate step might be chemisorption promoted by
covalent forces through the electron exchange or valency forces
through electrons sharing between adsorbent and adsorbate,

Initial concentration of Hg(ll) (mg/L)

0 500 1000 1500 2000
T T T T T T T T T
300 - 300
—¥—p-TSA
—Q@— Hg(ll)
200 - 200
-
' -
> '@
(o)l
E £
@ 5
G 100 100 0
04 o
T T T T T T T T T T
0 500 1000 1500 2000 2500

Initial concentration of p-TSA (mg/L)

Fig. 9. Effect of initial concentration on Hg(Il) and p-TSA adsorption.

Sample Pseudo-first-order Pseudo-second-order

Qe1 (mgfg) Ky (min") R? Q.> (mgfg) K (g/mg min) R
Hg(II) 14.40 0.0030 0.8955 128.2 0.0264 0.9991
p-TSA 134.77 0.0124 0.9645 184.2 0.0025 0.9993
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indicating that the behavior of Hg(II) and p-TSA sorption onto PDP
is mainly the chemically reactive sorption [38].

3.2.3. Effect of initial concentration and sorption isotherm

The effect of the initial concentration on sorption of Hg(Il) and
p-TSA onto the adsorbent was investigated under optimal pH for
3 h, the results are shown in Fig. 9. It appears that the sorption
capacity rises significantly with increase in adsorbates concentra-
tion. The increase in adsorption capacity may be promoted by
the increased drive force, resulting from the concentration variance
of adsorbates between solution and the adsorbent. At lower initial
adsorbates concentration, abundant active groups on the surface of
adsorbent are exposed to adsorbates, resulting in a significantly

Hg(ll) InCe (mg/L)
6.0 75

45
T T T
L 55
@ Hg(ll)
5 6 V¥ p-TSA o
) —_
£ d- 5
o v Ls0 2
o .
<] ° E
= v g
9
& v £
5 ° s S
& 45 =
=]
v T
40

o0

4 ' 6 '
p-TSA InCe (mg/L)

Fig. 10. Freundlich model adsorption isotherms of Hg(II) and p-TSA adsorption.
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Fig. 11. Langmuir model adsorption isotherms of Hg(Il) and p-TSA adsorption.

Table 5
Parameters of isotherm model for the adsorption of Hg(II) and p-TSA.
Sample Langmuir Freundlich
Qm Ky R? K(mg/g) n R3
(mgfg)  (L/mg) (Ljmg)'"
PDP Hg(ll) 222.2 0.0057 09797 32.50 412  0.9688
p-TSA 3125 0.0075 0.9646 56.48 457 0.9352

increase in sorption capacity. Then the sorption process gradually
becomes slow with increasing initial concentration.

Two mathematical models proposed by Freundlich and Lang-
muir were used to describe and analyze the sorption isotherm of
Hg(Il) and p-TSA. The sorption data in appropriate concentration
range were selected to be modeled.

Langmuir equation:

C. 1 C.
e 4= 3
Qe meax Qmax ( )
Freundlich equation:

1
In Q, =1In K¢+ <ﬁ) In C, (4)

where C, (mg/L) is the concentration of adsorbates solution at equi-
librium, Q. (mg/g) is the amount of sorption at equilibrium. In Lang-
muir equation, Qmax is the maximum sorption capacity and K; is
Langmuir constant. In Freundlich equation, K and 1/n are empirical
constants. The modeled quantitative relationship of Hg(Il) concen-
tration and p-TSA concentration are shown in Figs. 10 and 11 and
the calculated correlation coefficients and standard deviations are
listed in Table 5. Data in Table 5 point out that the sorption iso-
therms of Hg(II) and p-TSA have all fit Langmuir isotherms, indicat-
ing that monolayer chemisorption is the main sorption mechanism.
The maximum sorption capacities of PDP for Hg(II) and p-TSA were
determined as 222.2 mg/g and 312.5 mg/g in the case of monolayer
adsorption.

Based on the analysis of the adsorption mechanism of some
similar works [43-50], the adsorption mechanism of PDP for metal
ions Hg(Il) was speculated. The possible mechanism is presented in
Fig. 12.

3.2.4. Column adsorption

Column adsorption tests for the absorbents have more mean-
ingful in practical application than the batch experiments. There-
fore, we allowed Hg(II) and p-TSA solution in each optimum pH
condition with initial concentration 200 mg/g to pass through the
different column packed with the 0.5 g PDP at 0.5 mL/min to re-
search the column adsorption studies. Fig. 13 shows the break-
through curves that were plotted as a dimensionless
concentration factor C/Cy (C: the concentration coming out of col-
umn and Cy: is the concentration in feed solution) versus effluent
volume. The breakthrough curve indicated that the saturation
point was achieved when 1900 ml of Hg(Il) solution was used,
and 2500 ml of p-TSA.

Fig. 12. Scheme of adsorption diagram of the complex formation between PDP and
Hg(11)/p-TSA.
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Fig. 14. Typical XPS spectra of PDP: (a) before adsorption (b) after adsorption Hg(II)
(c) after adsorption p-TSA.

3.2.5. Adsorption mechanism

To provide evidence for adsorption mechanism, XPS was em-
ployed. The changes in surface C 1s, O 1s, N 1s, S 2p, Br 3d and
Hg 4f element contents are demonstrated by XPS surface analyses

220+
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Fig. 16. Repeating adsorption/desorption process with PDP (Co Hg(II): 500 mg/l, Co
p-TSA: 1000 mg/l).

of PDP before and after Hg(II), p-TSA adsorption (Fig. 14). It can be
clearly seen that new peak for Hg 4f after Hg(Il) adsorption, and
obviously increased the peak for S 2p after p-TSA adsorption for
PDP.

Fig. 15a shows the XPS N 1s spectra of PDP before and after
adsorption. Before adsorption, two major peaks 399.44 eV and
402.23 eV could be attributed to the sulfamine group and N;. After
Hg(Il) adsorption, the peak of —SO,NH, (399.44 eV) increased to
399.69 eV due to the complex with Hg(Il), but the peak of N, can-
not be observed obvious change, indicate the N, almost have no
contribution to Hg(Il) adsorption. The peak of —SO,NH, increased
0.33 eV and the peak of N; increased 0.22 eV after adsorption for
p-TSA, demonstrated the basic N atom had strong binding ability
for highly acidic p-TSA.

Fig. 15b shows the XPS S 2p spectra of PDP before and after
adsorption. S atom in —SO,NH, group, without long pair of elec-
trons, could not participate the adsorption for Hg(Il). The move
of the —SO,NH, peak may be resulted from electron cloud density
decrease which was caused by the chelation between N and Hg(II).
No obvious changes have been observed after adsorption for p-TSA.

3.2.6. The repeating examination of the batch adsorption
To reduce the cost of removal process, regeneration of the spent
adsorbent for repeated reuse is very important. Different

—— PSC-DM-P(DM-BS)
—— PSC-DM-P(DM-BS)-Hg(ll) a
PSC-DM-P(DM-BS)-p-TSA
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Fig. 15. XPS spectra of PDP before and after adsorption: (a) N 1s spectra (b) S 2p spectra.
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concentrations of EDTA, acetic acid, 1M HCl + 10% thiourea and
TIMHClI was used for the regeneration of PDp-Hg(ll), and
1 mol/L NaOH and 0.2 mol/L HCl were used for the regeneration
of PDp-(p-TSA). According to the experiment results, 1M HCI + 10%
thiourea and 0.2 mol/L HCl were chosen as the eluents for
PDp-Hg(Il) and PDp-(p-TSA). The adsorption-desorption cycle of
PDP is shown in Fig. 16. The adsorptivity of Hg(Il) kept above
95% after seven adsorption-desorption cycles, and the adsorptivity
of p-TSA drop from 100% to 71% after seven adsorption-desorption
cycles. It is obvious that PDP could be utilized repeatedly.

4. Conclusion

In this work, a novel chelating material containing sulfamine
PDP was synthesized by polymerization of DM-BS on the surface
of chloromethylated polystyrene matrix successively. The synthe-
sized DM-BS monomer was characterized by Proton (1H NMR)
and carbon 13 (13C NMR) nuclear magnetic resonance spectra,
and PDP was characterized by Fourier transform infrared spectra
(FT-IR), thermogravimetry (TG) and Elemental analyses. The
adsorption properties of the material for Hg(Il) and p-TSA were
investigated by batch methods. Results show that PDP presented
excellent adsorption selectivity adsorption capacity for Hg(Il) and
p-TSA. The adsorption process of Hg(Il) and p-TSA onto PDP all fol-
low pseudo-second-order kinetics, indicating that chemical
adsorption is the rate-controlling step. This work reveals that this
material would provide a potential application in the sewage treat-
ment and further scientific development.
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