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ABSTRACT

The novel Schiff bases chelating resin loaded quaternary ammonium salt (CPS-QA-SBGL)
had been synthesized with the cross-linked Polystyrene-Dimethylamine porous beads
(CPS-DMA) as raw materials, which were bonded with glycine on the surface via a qua-
ternary ammonium unit as a linker. CPS-QA-SBGL had been characterized by elemental
analysis, infrared spectra and thermo-gravimetric analysis (TGA)-differential scanning cal-
orimetry (DSC) analysis. Factors influencing the uptake of heavy metal ions such as pH,
initial metal ion concentrations, shaking time and temperature were investigated systemat-
ically by batch experiments. The adsorption equilibrium study exhibited that heavy metal
ions adsorption of CPS-QA-SBGL followed a Langmuir isotherm model better than a Fre-
undlich model. The optimum adsorption conditions at 298 K were obtained: the initial
concentrations of Pb%*, Cd?*, Cu®** and Cr** were 600 mg/L, pH 5, the equilibrium
adsorption uptake time was in 30 min. The kinetic data of adsorption of heavy metal ions
on CPS-QA-SBGL were best described by a pseudo-second-order equation, indicating their
chemical adsorption process. In addition, dynamic parameters suggest that adsorption of
heavy metal ions onto CPS-QA-SBGL is involving an exothermic reaction and occurs
spontaneously (AG <0).

Keywords: Schiff base; Quaternary ammonium salt; Adsorption; Heavy metal ions

1. Introduction

With the development of industry and technology,
water pollution by heavy metal ions is becoming one
of the most serious problems and has attracted widely
attention all over the world due to their toxicity [1]
and tendency to bioaccumulation [2]. Heavy metal

*Corresponding author.

pollution caused by Pb** and Cd** is most serious to
the human body. These heavy metal ions enter into
the ecosystem by adsorbing in soil, plants and
animals. Lead enters the organism primarily via the
alimentary and/or the respiratory tract. The accumula-
tion of Pb in human body may lead to anemia and
paralysis of the muscles. Cadmium poisoning may
lead to the damage of the lung, kidney and bones.
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Thus, it is necessary to remove them from the contam-
inated water.

Various technologies had been applied to the
removal of heavy metal ions, such as precipitation
and flocculation [3,4], active carbon adsorption [5],
biochemical regeneration [6] and ion exchange [7].
However, these methods are limited in their use due to
their different disadvantages of secondary pollution,
high costs or poor results.

Chelating resin [8] had been widely designed and
synthesized to remove heavy metal ions due to its
higher adsorption capacity, desorption and regenera-
tion easily and long-service life. The novel Schiff bases
chelating resin loaded quaternary ammonium salt
(CPS-QA-SBGL) had been designed and synthesized
with advantages such as steady chemical property,
good hydrophilic property, higher adsorption capacity
and the spherical structure make it is easy to separate
from waste water. In view of above, the novel chelat-
ing can be applied to the waste water measurement.

2. Experimental
2.1. Instruments

Fourier transform infrared spectra were recorded
on a Nicolet MAGNA-IR 550 (II) spectrophotometer
using KBr pellets. The concentration of various metal
ions was determined by TAS-990 flame atomic absorp-
tion spectrometry (FAAS) with an air-acetylene flame
(Beijing Purkinje General Instrument Limited Com-
pany, Beijing). A Shimadzu TG/DTA simultaneous
measuring instrument DTG-60/60H (Kyoto, Japan)
was used for TGA and DSC. Elemental analysis was
carried out on Carlo Erba-EA1108 elemental analyzer.

2.2. Reagents and solutions

Chloromethylated cross-linked polystyrene porous
beads (CPS) were purchased from Hecheng Science
and Technology Factory, Tianjin, China and used as
received. 5-Cholromethylsalicylaldehyde (5-CS) was
synthesized according to our previous work [9]. The
dimethylaminomethylated CPS (CPS-DMA) were

5-CS
D, @O
=~ CH3CO0C,H;5
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Fig. 1. Synthetic route.
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prepared with CPS and dimethylamine in dioxane
solution, in which nitrogen content is 5.58%. Glycine
and the other reagents were reagent grade and were
used without further purification.

The stock solutions of nitrate salts of Pb**, Cd?",
Cu”* and Cr’" at the concentration of 2,000 mg/L in
1%HNQO; were prepared in distilled water and stan-
dardized by complexometric titration before use. The
working solutions of the heavy metal ions were pre-
pared appropriately to dilute the stock solutions. The
buffer solutions for pH adjustment were acquired
containing suitable amounts of NaOH and HNO:s.

2.3. Synthesis of CPS-QA-SBGL

The general synthetic route for chelating resin is
shown in Fig. 1.

2.3.1. Synthesis of CPS-QA-S

CPS (5.0g) were added into the dioxane solution
(35mL) containing dimethylamine (15g) and swollen
for 2 h in a 3-necked flask, then refluxed for 48 h under
the condition of mechanical stirring. The aminated CPS
(CPS-DMA) were obtained and its nitrogen content
was 5.58%. Then CPS-DMA were added into the ethyl
acetate solution (50mL) containing 5-CS (21g) and
then were stirred at the room temperature for 48 h. The
pale white spherical product (CPS-QA-S) was filtered
off, washed with heated ethanol and distilled water.
After being dried under vacuum at 50°C for 48 h, 8.26
g of the resin containing the quaternary ammonium
and salicylaldehyde units was obtained. Elemental
analysis of CPS-QA-S gave N 2.63%, Cl 6.91%.

2.3.2. Preparation of CPS-QA-SBGL

CPS-DMA-S (8.26 g) and glycine (2g) were added
into the alcohol solution (30mL), and then refluxed
for 50h. The pale yellow spherical product was
filtered off, washed with 20 mL of the acidic ethanol
for three times and dried at 50°C for 48 h under vac-
uum condition, 9.13g of the pale yellow chelating
resin (CPS-QA-SBGL)was obtained. Elemental analysis
of CPS-QA-SBGL gave N 3.22% and Cl 6.54%.

H>C-COOH

@
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2.4. Batch experiment

Adsorption of Pb%*, Cd**, Cu** and Cr** was car-
ried out by a batch technique at 298 K. 100 mg of the
chelating resin was added into 20 mL aliquot of tested
metal ion solution in a shaker adjusted to desired
shaking speed.

The residual concentration of heavy metal ion was
detected by FAAS. The adsorption capacities were cal-
culated using the following equation [10]:

q= COC‘ € % 100 M
0

Ccop—¢C

O = x V x 1,000 @)

where g is the adsorptivity (%), Q,, is the metal ion
adsorption capacity, mg/g; Cy and C are the initial
and final concentrations of the metal ion solutions,
mg/mL; V is the volume of the solution, mL; W is the
weight of dry resin, g.

2.4.1. Shaking time

The effect of shaking time on adsorption capacity
of CPS-QA-SBGL for metal ions had been studied. 100
mg of the chelating resin was added into 20 mL ali-
quot of tested metal ion solution in a shaker adjusted
to desired shaking speed and optimum pH.

24.2. Optimum pH

100 mg of the dried resin was added into a heavy
metal ion solution 20mL, 600 mg/L) in the beaker
flask, and then adjusted the heavy metal ion solution
prior to equilibration over a pH range from 2 to 8 by
HNO; and NaOH, and shaken for 24h at 298K to
reach equilibrium.

2.4.3. Initial concentration

100 mg of the dried resin was added into a heavy
metal ion solution (20mlL, 25, 50, 100, 200, 400, 600,
800, 1,000, 1,200mg/L) in the beaker flask, and then
adjusted the heavy metal ion solution to optimal pH
by HNO; and NaOH, and shaken for 24 h at 298K to
reach equilibrium.

2.4.4. Dynamic experiments

100 mg of the dried resin was added into a heavy
metal ion solution (20mL, 600 mg/L) in the beaker
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flask, and then adjusted the heavy metal ion solution
to optimal pH by HNO; and NaOH, and shaken for
24h at 298, 303 and 313K to reach equilibrium,
respectively.

2.4.5. Elution experiments

Elution experiments were performed by equilibrat-
ing 100 mg of dried resin with 20mL (600mg/L) of
heavy metal ions (Pb%*, Cd**, Cu?* and Cr*") for 24 h
at 298 K. The total uptake was estimated then the resin
was decanted and the resin was washed thoroughly
with distilled water. The resin (loaded heavy metal
ions) was equilibrated for 12h in 20 mL of the eluent
1.5mol/L HNOj; solutions. The concentrations of the
released metal ions were detected via FAAS. After-
wards, the resin was washed repeatedly with distilled
water till the filtrate become free of the eluent. The
previous steps were repeated for 10 cycles.

3. Results and discussion
3.1. Structural characterization
3.1.1. FTIR analysis

The main peaks of CPS-QA-S in FT-IR spectrum are
3,428, 3,031, 2,925, 2,720, 1,698, 1,550 and 1,437 cm ™"
correspond to the stretching vibration of OH (phenolic),
=CH, CHj, CH,, C=0, C=C and C-O, respectively
(Fig. 2).

The FTIR spectrum of CPS-QA-SBGL showed
bands at 3,349-3,303, 3,051, 2,935, 1,680, 1,548, 1,435
and 1,112 cm ™', which were assigned to the stretching
frequencies of COOH, OH, =CH, CH;, C=C and C-O,
respectively. The peak at 1,698 cm ' belongs to
aldehyde C=0O had disappeared in CPS-QA-S IR
spectrum, the new peaks at 1,680 and 1,435 cm ™' were
due to carboxylate COOH stretching vibration.

3.1.2. TGA-DSC analysis

CPS-QA-SBGL weight loss about 6% when temper-
ature went up to 109°C could be seen in the TGA
curve, which may be attributed to the loss of free
H,O. The thermo-degradation temperature is between
195 and 287°C of CPS-QA-SBGL, which may be due to
the loss of quaternary ammonium salt and aromatic
carboxylate. The final stage of thermo-degradation of
CPA-QA-SBGL is between 380 and 453°C, which may
be due to the degradation of the chloromethylated
CPS. TGA-DSC results showed that the chelating resin
possessed good thermal stability (Fig. 3).
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Fig. 2. FTIR spectrum of CPS-QA-SAGL.

105 |
—— TGA/% 400
. = = = = DSC/(mW/mg)
90 |
0.5
IRl P
< .
S ' 1.0 %
£ 60F TR
=]
g
45 ‘15 3
e
30 F 3
‘e - _2'0
15 1 1 1 1
100 200 300 400 500
temperature/’C

Fig. 3. TGA-DSC of CPS-QA-SBGL.
3.2. Effect of shaking time on metal ions sorption capacity

As seen from the Fig. 4, the heavy metal ion
adsorption rate and capacity of the chelating resin had
increased sharply in 20 min. Then 30 min later, adsorp-
tion capacity would have no further variation with
time. The chelating resin had quick adsorption rates
for heavy metal ions mainly due to the structure. The
chelating resin containing quaternary ammonium salts
loaded Schiff bases would increase the hydrophilic
property of beads surface, and the diffusion time of
the heavy metal ions from the surface to the inner
parts of the beads had been shortened. As a
result, CPS-QA-SBGL has good accessible and high-
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Fig. 4. Relation between adsorptive capacity and time of
CPS-QA-SBGL.

hydrophilic chelating sites to bind heavy metal ions in
aqueous solutions.

3.3. Adsorption kinetics of heavy metal ions adsorption
process

The kinetics of adsorption is important from the
point of view that it controls the adsorption rates. In
order to achieve a depth sight into the mechanisms of
metal ions adsorption process better, pseudo-first-
order and pseudo-second-order had been used for
analyzing adsorption behaviour.

The pseudo-first-order kinetic model assumes that
the adsorption process mechanism is involving in
physical adsorption and the equation is used as fol-
lowing [11]:

K
log (9. — 1) = — 5305t +logae 3)

where K; is the constant of the pseudo-first-order
adsorption in min".

The pseudo-second-order kinetic model is based
on chemical adsorption (chemisorption) and the equa-
tion is given by [12]:

t t 1

E = i + —qug (€))

The K, is the rate constant of pseudo-second-order
adsorption in gmg ™' min .

As seen from Fig. 5, the linear spots fit with the
pseudo-second-order kinetic model better than the first
one. The estimated parameter values and regression
correlations calculated by nonlinear regression analysis
are listed in Table 1. The pseudo-second-order kinetic
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Fig. 5. Pseudo-first-order (a) and pseudo-second-order (b) kinetics adsorption of Pb**, Cd**, Cu** and Cr** onto

CPS-QA-SBGL.

model got the higher correlations coefficients
(R?>0.999) according to the Table 1. In sum, metal ions
adsorption process on the CPS-QA-SBGL is promoted
by a chemical process.

3.4. Effect of pH on metal ions sorption capacity

The pH of the aqueous solution was clearly an
important parameter that affected the adsorption pro-
cess. It is generally known that pH can affect the sur-
face charge properties of the chelating resins in terms
of dissociation and protonation of the chelating
groups. Maybe this is the reason why pH has signifi-
cant influence on metal ions sorption capacity. Fig. 6
shows that the effect of pH on metal ions sorption
capacity.

As seen from Fig. 6, the adsorption capacities were
highest at pH 4-6. It can be indicated that the adsorp-
tion capacities increase with a pH rise from 2 to 4, but
decrease with pH rise when pH>6. The maximum
adsorption capacities of CPS-QA-SBGL were 44.13 mg/
g for Cr’* with pH at 5.15, 44.17 mg/g for Cu®* with
pH at 4.92, 50.58 mg/g for Pb*" with pH at 5.45 and
62.32 mg/g for Cd** with pH at 4.15. Based on the elec-
tron donating nature of the oxygen and nitrogen groups
in the CPA-QA-SBGL and the electron accepting nature
of Pb?*, Cd?*, Cu?* and Cr**, the ion exchange mecha-
nism and complexation could be considered. However,

Table 1
Kinetic adsorption parameters

the adsorption capacities decline sharply when the pH
value is lower than 4 or higher than 6. The probably
reasons [13] are: (1) at lower pH conditions, the concen-
tration of H" is higher, the H* ions competed with the
metal ions for the biding sites on the chelating resin, the
positive charge repeled and prevented metal ions from
transferring into the resin surface, and the complexa-
tion abilities of the resins ligands became weak,
resulted in lower adsorption capacities of the resins.
Thereby, the metal ions may be adsorbed at the surface
of CPS-QA-SBGL by ion exchanging and complexation.
(2) Under higher pH conditions, the abundant OH ions
may react with metal ions to produce precipitation; this
may lead the adsorption capacities to getting sharply
down.

3.5. Effect of initial metal ions concentration with
adsorption isotherm models

The relation between the amount of adsorbate on
adsorbent as a function and its concentration at a con-
stant temperature in the equilibrium solution is called
adsorption isotherm. And it can help researchers to
understand the mechanism in adsorption progress. As
seen from Fig. 7, when the heavy metal ions initial
concentration was lower than 200mg/L, the adsorp-
tion capacity relatively rapidly increased with increas-
ing of the heavy metal ions concentrations. When the

Pseudo-first-order

Pseudo-second-order

Heavy Metal ions K; R? K5 e R?

Cr* 0.1147 0.728 3.404 x 10* 37.175 0.9997
Pb** 0.1720 0.9062 5.412 x 10* 44.444 0.9997
Cu?* 0.0659 0.4526 4.987 x 10* 42.017 0.9997
Ccd?* 0.1147 0.8892 9.864 x 10* 52.083 0.9998
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Fig. 6. Dependence of sorption capacity of CPS-DMA-
SABA on the pH.

heavy metal ions initial concentration was higher than
600mg/L, the adsorption capacity increased slowly
except for Cd**. The capacity of CPS-QA-SBGL was
found to be 51, 59, 66.2 and 88.9 mg/g for Cr**, Cu*,
Pb>* and Cd*', respectively. The reason for the
enhancement in adsorption capacities is that the chem-
ical modification generated more new functional
groups such as hydroxyl radicals and carboxyl groups
suitable for metal ion adsorption. Moreover, the differ-
ence in the adsorption capacity of different metal ions
is in accord with the ionic radius of metal ions and
atomic weight. The Pauling ionic radius [14] of Cu*
Pb**, Cd*, Cr** is 0.72, 1.20, 0.97, 0.615A, respec—
tively. Therefore, Pb>* and Cd®" presented a better
affinity to the resin surface than Cu®* and Cr**.
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Fig. 7. Adsorption isotherm.
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Two well-known adsorption isotherm models,
Langmuir and Freundlich, are widely employed to
expose the adsorption relationship. Two models’
equations are given by [15,16]:

C, 1 C.
B + = )
Qe me Qm
1
logQ, = . log C. + log K¢ (6)

where C, is equilibrium solution concentration, mg/L;
Q. is the equilibrium adsorption capacity, mg/g; Q,, is
representing the maximum amount of metal ion
adsorption capacity, mg/g; b is the equilibrium Lang-
muir adsorption constant that refers to the bonding
energy of adsorption, L/mg, n is the constant related
the adsorption intensity and K; is the Freundlich
constant related to the adsorption capacity of the
adsorbent, mg/g.

The quantitative relationship between initial heavy
metal ion concentrations and the adsorption capacity
is shown in Fig. 8. The calculated coefficient (b, Q,,, 1
and Kj) and linear regression coefficient (R®) values for
each Langmuir and Freundlich are shown in Table 2.

On the basis of characteristics of adsorption
isotherms and regression coefficient (R?) values, Lang-
muir equation (R*>0.99) fits better than Freundlich
model for the experiment data.

3.6. Effect of temperature on metal ions sorption capacity

The effect of temperature on metal ions sorption
capacity was also discussed in this paper. The distri-
bution ratio (D = Q,/C,) was measured under the con-
dition of the same metal ion, same initial metal ion
concentration, same pH and different temperature
(298, 303 and 313 K).

The dynamic constants were calculated by the
following equation [17]:

AH  AS
logD = —22BRT T R @

AG = AH — TAS ®

where R is constant, 8.314 ]/(Kmol); T is the tempera-
ture, K; AH is the heat of adsorption, kJ/mol; AS is the
reaction entropy, J/(Kmol); AG is the Gibbs free
energy of adsorption, kJ/mol. It is supposed that AH
and AS are not influenced by temperature in metal ion
adsorption process. As shown in Fig. 9, the distribu-
tion ratio decreases with temperature increasing. It
can also be indicated that the adsorption process is an
exothermic reaction.
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Table 2
Adsorption parameters of the Langmuir and Freundlich isotherm models
Langmuir Freundlich
Heavy metal ions Qm b R? n K; R?
Cr* 65.78 2948 x 1072 0.9989 1.690 0.9003 0.9827
Cu®* 78.125 2402 x107° 0.9972 1.605 0.8030 0.9895
Pb* 95.59 2.032x107° 0.9989 1.518 0.7066 0.9914
cd* 151.52 1.171x 1073 0.9987 1.329 0.4775 0.9956
09 The calculated coefficient (AH, AS and AG) and lin-
ear regression coefficient (R?) values are shown in
+' g; Table 3. The adsorption process is involving an exo-
04 s thermic reaction and occurs spontaneously (AG <0).
—v—Cd

logD
S
1
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Fig. 9. Influence of temperature on distribution ratio.

3.7. Repetitive use performance

HNO; (1.5mol/L) was used as eluent for heavy
metal ions (Pb%*, Cd?*, Cu** and Cr**), and this pro-
gress may be due to the possibility of ion exchange.
The desorption ratios of heavy metal ions were all
higher than 98%. Statistic experiments data showed
that the adsorption capacity for heavy metal ions of the
resin (CPS-QA-SBGL) decreased only about 3% after
10 times of adsorption-desorption-adsorption tests. The
regenerated resins showed the heavy metal ions uptake
capacity comparable wtih the fresh resins (Table 4).

Table 3

Dynamic parameters of adsorption

Heavy metal ions AH (k] /mol) AS (J/ (K mol)) AG (KJ /mol)) R?
Pb>* -9.08 —24.05 -1.9131 0.9997
cda* -11.1 -26.03 —3.3431 0.9877
cu?t —6.65 -19.56 -0.8211 0.9998
cr** -11.6 -25.18 —4.0964 0.9955
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Table 4
Stability of CPS-QA-SBGL
Ions uptake 0 1 2 3 4 5 6 7 8 9
Pb** 42.7 42.27 42.16 42.14 42.09 41.85 41.63 41.54 41.48 41.42
cd* 50.47 49.97 4991 49.46 49.24 49.13 49.05 48.97 48.93 48.86
Cu** 44.66 44.23 44.17 44.08 4391 43.67 43.53 43.48 43.42 43.31
crt 62 61.39 61.34 61.27 61.15 61.08 60.85 60.73 60.39 60.14

4. Conclusion

The novel Schiff bases chelating resin loaded qua-
ternary ammonium salts (CPS-QA-SBGL) had been
synthesized with the CPS-DMA porous beads as raw
materials, which were bonded with glycine on the
surface via a quaternary ammonium unit as a linker
and can be used repeatedly. CPS-QA-SBGL had been
characterized by elemental analysis, infrared spectra
and TGA-DSC analysis. Based on the metal ion bind-
ing, complexation and exchange properties of the
CPS-QA-SBGL, the adsorption properties for Pb**,
Cd?**, Cu®*" and Cr3" of CPS-QA-SBGL had been
investigated with various experimental conditions.
Results showed that pH, shaking time, temperature
and initial concentrations of the heavy metal ions
had remarkably influences on the adsorption behav-
ior of the CPS-QA-SBGL. The static test showed that
the equilibrium adsorption data fits to Langmuir iso-
therm model better than Freundlich model and it is
an exothermic process. The optimum adsorption con-
ditions at 298 K were obtained: the initial concentra-
tions of Pb**, Cd**, Cu®*, Cr’** were 600 mg/L, pH 5,
the equilibrium adsorption uptake time was in 30
min. In addition, the kinetic study indicates that the
heavy metal ions adsorption process on the CPS-QA-
SBGL can be described by pseudo-second-order
kinetic model well and is mainly promoted by a
chemical process.
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