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In this paper, a novel chelating resin with high adsorption selectivity for Au (III), polystyrene-supported 3-
amino-1,2-propanediol (PS-APD), was prepared simply by the reaction of chloromethylated polystyrene
with 3-amino-1,2-propanediol. Its structure was characterized by infrared spectroscopy (IR), scanning
electron microscope (SEM) and porous structure analysis. The adsorption capabilities of PS-APD for Pb(II),
Hg(II), Cu(II), Ni(I) and Au(IIl) ions were investigated. The results suggested that PS-APD resin possessed
much better adsorption capability for Au(lll) than for other metal ions. A comparison of the kinetic mod-
els on the overall adsorption rate showed that adsorption system was best described by the pseudo
second-order kinetics. The adsorption equilibrium data fitted best with the Langmuir isotherm and ther-
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Adsorption modynamic parameters including AG, AH and AS were calculated. The adsorption mechanism of PS-APD
Selectivity for Au(Ill) was confirmed by SEM, IR and X-ray photoelectron spectroscopy (XPS), which showed that
Au(lIl) redox reaction occurred between 3-amino-1,2-propanediol group and Au(Ill) ions. Adsorption selectivity

experiments indicated that PS-APD resin possessed excellent adsorption property to Au(lll) ions, offering

potential applications in recovery of Au(Ill) from multi-ionic aqueous systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Because of its specific physical and chemical properties, gold is
widely used in many fields such as catalysts in various chemical
processes, electrical and electronic industries, corrosion resistant
materials and jewellery [1,2]. Economically, gold has been histor-
ically important as currency, and remain important as investment
commodity. Considering its value and scarcity, it is necessary to
treat the waste aqueous solutions and try to recover gold eco-
nomically. Nevertheless, the separate and recovery of gold is not
actually simple, which is due to the low concentration of gold in
environmental, geological and metallurgical materials and insuffi-
cient sensitivity. At present, many methods such as co-precipitation
[3], ion exchange [4,5] and solvent extraction [6] and adsorption
[7,8] have been used to separate and enrich gold. Comparatively,
the adsorption of a solute on a solid support has the advan-
tage over liquid-liquid extraction in that no mixing and settling
requirements have to be fulfilled and organic phase loss through
entrainment is eliminated. And the chelating adsorption seems to
be the most suitable method for the recovery of precious metals in
the case of low concentration due to low cost and high efficiency [9].
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Resins functionalized with groups containing nitrogen or sulfur
can be efficient in the adsorption of metal ions [10-15]. Recently,
we functionalized polystyrene resin with 3-amino-1,2-propanediol
(APD) group, which is an important medical intermediate with very
low toxicity. Originally, we designed this resin in order to selective
adsorption for copper ions because the structure of APD was similar
to that of glycerol, which can form stable complex compound with
copper ions. However, with the proceeding of adsorption exper-
iments, we found that the resin exhibited much better selective
adsorption capability for gold ions than for copper ions, which was
different from what we expected before. Therefore, the adsorption
properties of polystyrene supported 3-amino-1,2-propanediol (PS-
APD) resin for Au(Ill) including adsorption selectivity, adsorption
kinetics and adsorption isotherm were investigated in detail in this
paper.

2. Experimental
2.1. Materials and instruments

Polystyrene was obtained from Wandong Chemical Reagent Co.,
Ltd., China. Chloromethylated polystyrene (PS-Cl) was prepared
according to the method described in Ref [16]. 3-Amino-1,2-
propanediol (APD) was obtained from Laiyang chemical factory,
China. Au(IIl) solution was prepared using HAuCl4-4H,0 (Fuchen
Chemical Reagent Co., Ltd., China) dissolved in distilled water. The
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Scheme 1. The synthesis route of PS-APD.

pH values of the solution were controlled with a Seven Multi pH
meter, Mettler Toledo Instruments (Shanghai) Co. Ltd., China. All
other reagents were of analytical grade and used without further
purification.

Infrared spectra (IR) were recorded on a Nicolet MAGNA-
IR 550 (Series II) spectrophotometer with testing conditions:
potassium bromide pellets, scanning 32 times, resolution 4cm1,
Porous structure parameters were characterized using an auto-
matic physisorption analyzer (ASAP 2020, Micromeritics, USA)
using BET and BJH methods through N, adsorption at 77 K. The
shape and surface morphology of the resins were examined on
a scanning electron microscope (SEM), JSF5600LV, JEOL, Japan.
Atomic absorption analysis of the various metal ions was performed
with a flame atomic absorption spectrophotometer (Model 932B,
GBC Scientific Equipments Pvt. Ltd., Australia). X-ray photoelec-
tron spectroscopy (XPS) spectra were collected on PHI 1600ESCA
system, Perkin-Elmer Co., USA, with testing conditions: MgKa
(1253.6eV), power 200.0 W, resolution 187.85 Ev.

2.2. Preparation of polystyrene supported
3-amino-1,2-propanediol (PS-APD)

The preparation procedure is simple and described as fol-
lows. A mixture of chloromethylated polystyrene (PS-Cl, 5.0 g) and
dimethylformamide (100 mL) was refluxed for 2 h with continu-
ous stirring, then APD (10 mL) and Na,COs3 (2.0 g) was added. The
mixture was refluxed for 8 h at 80°C with stirring under nitrogen
atmosphere. The solid product was then filtered off and transferred
to the Soxhlet extraction apparatus for reflux-extraction in ethanol
for 10 h. After extraction, the product was dried under vacuum at
50°C over 48 h and resin PS-APD was obtained. The synthesis route
of PS-APD was presented in Scheme 1.

The mass percentage of nitrogen on the surface of PS-APD mea-
sured by X-ray photoelectron spectroscopy was 2.9%. Divide mole
mass of N atom 14 by 2.9%, the content of N-containing groups on
the surface of the resin beads was obtained as 2.07 mmol g=1.

2.3. Comparative study

Static adsorption experiment was employed to determine the
adsorption capabilities of adsorbent for different metal ions. The
0.1molL-! stock solutions of Cu(ll) and Ni(ll) were prepared in
distilled water and the those 0.1 mol L-! Pb(II) and Hg(II) were pre-
pared in 2% HNOs. Buffer solution of acetic acid/acetate (pH 4.0)
was used for the experiments.

Static adsorption experiments were carried out by shaking
40 mg of PS-APD with 20 mL of solution containing metal ions with
concentration of 5 x 10~3 mol L~1. The mixture was equilibrated for
24 h on a thermostat-cum-shaking assembly at 25°C. Then a cer-
tain volume of the solutions was separated from the adsorbent and
the residual concentration of metal ions was detected by means

of AAS. The adsorption amounts were calculated according to the

following Eq. (1)

(G -CQ)V
w

The adsorption percentages of PS-APD for metal ions were cal-
culated to the following Eq. (2):

Co—C
Co

Q= (1)

Adsorption percentage(%) = x 100 (2)
where Q is the adsorption amount (mmol g=1), Cy and C, the initial
and the final concentrations of metal ions in solution, respectively
(mmolL-1); V, the volume (L); W, the weight of PS-APD (g).

2.4. Kinetic adsorption

Batch tests were performed to determine kinetic adsorption
properties of PS-APD for Au(Ill) ions. A typical procedure is: 0.01 g
of PS-APD was shaken with 10 mL of solution containing Au(III)
ions for different hours. After the centrifugation, 4 mL solution was
taken out and put in 25 mL colorimetry-used tube, and the dis-
tilled water was put in until the whole volume was 25 mL, and the
concentration of Au(Ill) was determined by AAS. The adsorption
amount was calculated according to Eq (1).

2.5. Adsorption isotherm

The isothermal adsorption was investigated by batch tests. A
typical procedure is as follows: a series of 100 mL iodine flasks
with ground-in glass stopper were employed. Each flask was filled
with 10 mL of Au(III) solution of varying concentrations. A known
amount of adsorbents (about 30 mg) was added into each flask and
agitated intermittently at 25 °C for 24 h. The adsorption capacities
were calculated using Eq. (1), where C is the equilibrium concen-
tration of Au(Ill) in solution.

2.6. Adsorption selectivity

40 mg of PS-APD was placed ina 100 mLiodine flask, then 2 mL of
Au (III) with concentration 2.43 x 10~2 mol L1, 1 mL of coexistent
metal ion with concentration 0.1 mol L~ and 17 mL of buffer solu-
tion (pH 4.0) were added in turn. The mixture was shaken for 24 h
at 25°C. After the centrifugation, the concentrations of Au(Ill) and
the coexistent metal ion were determined by AAS. The adsorption
capacities of Au(Ill) and the coexistent metal ion were calculated
according to Eq. (1). The adsorption selectivity was determined by

Eq. (3).

(Qe/ce)i
(Qe/Ce);

where Q, is the amount of metal adsorbed at equilibrium per unit
weight of adsorbent (mmolg~1); C. is the equilibrium concentra-
tion of metal ions in solution (mmolL~'). The index i pertains to
gold in this paper and index j refers to the remaining metals in the
solution other than i.

Sel; = log 3)

3. Results and discussion
3.1. IR spectroscopy analysis

IR is usually employed to monitor the immobilization process by
comparing the precursor and product. The infrared spectra of the
original and chemically modified chloromethylated polystyrene
were presented in Fig. 1. It could be seen that the two characteristic
peaks for C-Cl at 1264 and 676 cm~! [17] almost disappeared and
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Fig. 1. Infrared spectra of PS-Cl and PS-APD.

Table 1
The porous structure parameters of PS-Cl and PS-APD.

Adsorbents BET surface BJH desorption BJH desorption
area(m?g1) cumulative volume average pore
of pores (cm3g~1) diameter (nm)
PS-Cl 26.670 0.388 41.47
PS-APD 25171 0.239 35.49

some new peaks appeared between 1030 and 1100 cm~! attribut-
ing to the characteristic absorption of C-O after the reaction of PS-Cl
with APD. The characteristic absorption of O-H and N-H in PS-
APD groups appeared around 3420 cm~! [18], confirming that APD
groups were successfully introduced into PS-Cl matrix.

3.2. Pore structure analysis

BJH desorption pore size distributions of PS-Cl and PS-APD were
shown in Fig. 2. As illustrated in Fig. 2, the pores between 30
and 70 nm were dominant for both resins. Also it could be seen
that the volumes of the pores between 30 and 70 nm for PS-APD
were smaller than those for PS-CI, but it was contrary to the ones
below 20 nm. The porous structure parameters of PS-Cl and PS-APD
from the basis of the nitrogen adsorption data were summarized
in Table 1. As shown in Table 1, the values of BET surface area, BJH
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Fig. 2. BJH desorption pore size distributions of PS-Cl and PS-APD.

desorption average pore diameter and BJH desorption cumulative
volume of pores for PS-APD were all smaller than those for PS-Cl.
The decrease of the pore size could be attributed to the introduc-
tion of organic groups in the pores, which blocked the adsorption
of nitrogen molecules [19].

3.3. Comparative study

As we know, saturated adsorption capacities for metal ions are
essential parameters for evaluating the ability of absorbents to bind
and extract different metal ions from aqueous solutions. Table 2
showed the saturation adsorption capacities and adsorption per-
centage of PS-APD resin for Pb(II), Hg(II), Cu(II), Ni(II) and Au(III)
ions. Obviously, the PS-APD had better adsorption capacity for
Au(IIl) than for other metal ions. Because of the highest adsorption
capacity, Au (III) ion was selected as representative to be studied
the adsorption kinetics and isothermal adsorption of PS-APD in the
following part.

3.4. Kinetics studies

The adsorption kinetics data of Au(IIl) on PS-APD was showed in
Fig.3.Itcould be seen that the adsorptions at different temperatures
were quick at the beginning, and then slow. Temperature affected
the adsorption significantly, that is, the adsorption speed increased
with the increasing temperature. The possible explanations for this
were: (1) the PS-APD resin was swollen more completely at higher
temperature, which made metal ions diffuse more easily into the
inside of resin; (2) the adsorption was an endothermal process and
high temperature was of benefit to the adsorption [20].

Adsorption kinetics parameters, which can control the resi-
dence time of the adsorbate uptake at the solution-solid interface
and provide valuable insights into water treatment process design,
are of great importance for the application of adsorbents. Both
pseudo first-and second-order models can be used to express the
adsorption process of PS-APD for Au(III). According to the previous

Table 2
The saturated adsorption capacity of PS-APD for metal ions.
Metal ions Adsorption capacity Adsorption
(mmolg~1) percentage (%)
Pb(II) 0.177 7.5
Hg(I1) 0.747 50.0
Cu(Il) 0.446 189
Ni(II) 0.128 5.7
Au(IIT) 1.107 99.1
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Fig. 3. Adsorption kinetics of PS-APD for Au(lIl) at different temperatures.

investigations [21,22], the pseudo first- and second-order models
can be expressed by Eqgs. (4) and (5), respectively.

dQ

dar =k1(Qe — Qr) (4)
dQ 2

ar =k2(Qe — Qr) (5)

Integrating Eqs. (4) and (5) for the boundary conditions t=0 to
t=tand Q;=0 to Q; = Qp, the equations can be rearranged to obtain
the following Eqgs. (6) and (7)

1n(Q‘@%Qf) — kgt (6)
t 1 t
@ - szg * @ (7)

where Q. is the amount of metal adsorbed at equilibrium per
unit weight of adsorbent (mmolg=1); Q; is the amount of metal
adsorbed at any time (mmol g~1); k; and k, are the rate constant of
pseudo first-order (h~1) and second-order (g mmol~! h~—1) adsorp-
tion.

The initial adsorption rate is presented by Ho [23]:

h:szez (8)

where Q. is the amount of metal adsorbed at equilibrium per unit
weight of adsorbent (mmolg1), k; is the rate constant of pseudo
second-order (g mmol~! h—1) adsorption.
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The plots of In(Q. — Q) versus t and t/Q; versus t were employed
to test the pseudo first- and second-order models, respectively. The
results were shown in Fig. 4.

As can be seen from Fig. 4, the results obtained for adsorption
of Au(Ill) onto PS-APD were more fitted well to Eq. (7) instead of
Eq. (6). The fitting kinetic parameters were listed in Table 3. The
results clearly showed that the pseudo second-order model pro-
vided better correlation coefficients than pseudo first-order model,
suggesting the pseudo second-order model was more suitable to
describe the adsorption kinetics processes of PS-APD for Au(IIl).
This revealed that the rate limiting step may be chemical sorption
involving valency forces through sharing or exchange of electrons
between chitosan and Au(III) [24]. Also we could see that the values
of initial adsorption rate h increased with temperature, probably
because of the faster diffusion rate of Au(Ill) under higher temper-
ature.

The intraparticle diffusion model is presented by the following
equation [25]:

Q = kinet®® +C (9)

where kj,; is the intraparticle diffusion rate constant
(mmolg-1h=093). If intraparticle diffusion is involved in the
adsorption process, then the plot of square root of time against
the uptake (Q;) would result in a linear relationship and the
intraparticle diffusion would be the controlling step if this line
passes through the origin.

For intraparticle diffusion model, even though there was excel-
lent linearity of the plots of square root of time against uptake (Qy),
they did not have zero intercepts (Fig. 5.), indicating that intra-
particle diffusion may be involved in the adsorption process but it
may not be the controlling factor in determining the kinetics of the
process [26].

3.5. Adsorption isotherm

Langmuir and Freundlich isotherms are the most commonly
used isotherms for different adsorbent/adsorbate systems to
explain solid-liquid adsorption systems and to predict their equi-
librium parameters [27]. The Langmuir isotherm is based on the
monolayer adsorption on the active sites of the adsorbents. The
Langmuir isotherm can be expressed as Eq. (10):

QK. Ce

QE:1+1<Lce

(10)
where C is the equilibrium concentration of metal ions in solution
(mmolL-1); Qe, the adsorbed value of metal ions at equilibrium
concentration (mmol g-1); Q;;, the maximum adsorption capacity
(mmolg~1) and K; is the binding constant which is related to the
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Fig. 4. Pseudo first- and second-order models of PS-APD for Au(IIl) at different temperatures.
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Table 3

Kinetic parameters obtained from pseudo first- and second-order models of PS-APD for Au(llI) at different temperatures.

T (K) Qeexp (Mmolg~1) Pseudo first-order model Pseudo second-order model

ki (h~1) Qe.cali (mmolg1) R? k> (gmmol-Th-1) h(mmolg'h-T) Qe.cal (mmol g1) R?
288 0.932 0.350 1.325 0.7954 0.278 0.359 1.137 0.9837
298 1.130 0.367 1.607 0.9057 0.225 0.442 1.402 0.9916
308 1.452 0.307 1.399 0.9911 0.219 0.656 1.729 0.9980
318 1.527 0.350 1.347 0.9877 0.331 1.013 1.748 0.9979

Qt(mmol.g'1)

0.0 0.5 1.0 1.5 2.0 25 3.0
to.ts(ho.s)

Fig. 5. Plot of intraparticle diffusion model.

energy of adsorption. For fitting the experimental data, the Lang-
muir model is linearized as:
C G 1
Q% Qn  Kilm

The Freundlich isotherm explains the adsorption on a heteroge-

neous (multiple layer) surface with uniform energy. The Freundlich
model is represented by Eq. (12):

(11)

Q = KeC,'" (12)

where Kr (mmol g~1) is the Freundlich constant related to adsorp-
tion capacity of adsorbent and n is the Freundlich exponent related
to adsorption intensity (dimensionless). For fitting the experimen-
tal data, the Freundlich model is linearized as follows:

anezanp—i-%lnCe (13)

In this study, the experimental data in Fig. 6 were fitted using
Langmuir and Freundlich equations by linear methods and the
corresponding adsorption parameters along with correlation coef-
ficients were listed in Table 4.

From Table 4, it could be seen that the correlation coefficient R?
of linear Langmuir isothermal models are more than 0.99, suggest-
ing that Langmuir isothermal models could be used to describe the
isotherm adsorptions of PS-APD resins for Au(Ill) under the present
conditions. The best-fit experimental equilibrium data in Langmuir
isotherm suggested the monolayer coverage and chemisorption of

Q(mmol.g™)

0.0 0.5 1.0 1.5 2.0 25

Ce(mmol.L™)

Fig. 6. The isotherms of Au(Ill) adsorption on PS-APD at different temperatures.

Table 5
The parameters of kinetic models of PS-APD for Au (III).

T (K) AG (kfmol—1) AH (k] mol-1) AS(JK-Tmol")
298 -7.14

308 —-8.45 31.90 130.57

318 -9.76

Au(IIl) onto PS-APD. The n values are between 2 and 5, indicating
the adsorption processes were carried out easily [28].

3.6. Thermodynamic studies

The thermodynamic parameters for the adsorption process such
as free energy of adsorption (AG), enthalpy of adsorption (AH), and
entropy of adsorption (AS) were calculated by the following Van't
Hoff equation (14) [29] and Eq. (15):

AS AH
k=%~ &r
AG= AH —-TAS (15)

(14)

where K; is Langmuir constant; R, gas constant (8.314] mol-1 K-1);
T, temperature (K). The parameters obtained were listed in Table 5.

The positive value of AH for the processes indicated that the
adsorption of PS-APD for Au(Ill) was endothermic processes, which
was consistent with the results of adsorption kinetics. The pos-

Table 4
Langmuir and Freundlich isotherm parameters and correlation coefficients for the adsorption PS-APD for Au(Ill) at different temperatures.
T(K) Langmuir Freundlich
Qn (mmolg™) K; (mLmmol-") R? Kr (mmolg1) n R?
298 1.414 18.01 0.9982 1.26 4.10 0.8648
308 1.437 25.89 0.9988 1.23 3.51 0.8166
318 1.443 40.31 0.9996 1.38 4.01 0.7260
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itive value of AS results from the increased randomness due to
the adsorption of Au(Ill) ion. The negative value of AG indicated
that the feasibility of the process and the spontaneous nature of
adsorption of Au(lll) on the surface of PS-APD.

In order to determine whether the nature of adsorption pro-
cesses is physical or chemical, the equilibrium data were also
subjected to the D-R isotherm model. The linear form of the D-R
isotherm equation [30] is:

InQe = InQm — Be? (16)

where B is the activity coefficient related to adsorption
mean free energy (mol2]J-2) and ¢ is the Polanyi potential
(6=RTIn(1+1/C.)).And the mean Gibb’s free energy (E; k] mol~1)
is calculated by using 8 value[31]:

1
/—28

The E value gives information about adsorption mechanism,
physical or chemical. If it lies between 8 and 16kJmol-!, the
adsorption process takes place chemically, while an E value of
<8 k] mol~! indicates the adsorption process proceeds physically
[32,33]. The adsorption energy was calculated as 14.396 k] mol~!
(298 K) for the adsorption of Au(IIl) ion, suggesting that the adsorp-
tion processes of Au(lll) ions onto PS-APD may be carried out by
chemical adsorption.

E=

(17)

3.7. Adsorption mechanism

The SEM images of PS-APD before and after adsorption were
showninFig.7.0bviously, there were a number of grains of elemen-
tal gold distributed on the surface of the resin after adsorption. It
was probably because that redox reaction occurred after adsorption
and Au(IIl) ion were reduced to Au(0).

Fig. 8 showed the IR spectra of PS-APD and PS-APD-Au. By com-
parison with that of PS-APD, the characteristic peaks of -COO- at
1697 cm~! appeared in the curve of PS-APD-Au, and the charac-
teristic absorption of C-0 in PS-APD between 1030 and 1100 cm™!
was observed to decrease after the absorption, confirming that the
PS-APD resin was oxidized.

The XPS of PS-APD before and after adsorption for Au(lll) were
showed in Fig. 9 and the binding energy data were listed in Table 6.
Anew 402.40 eV peak of N5 binding energy appeared in PS-APD-Au
in contrast to PS-APD and the binding energy value increased 2 eV,
which demonstrated that electron donor nitrogen atom of PS-APD
coordinated with Au(Ill) ion. The Auys binding energy of AuCly~
adsorbed by PS-APD decreased obviously (2.55eV) in contrast to
HAuCl4 and was similar to that of Au(0) in polyvinyl alcohol (PVA)
matrix [34]. This meant that AuCl,~ was an electron acceptor and
Au(IIl) ion might be reduced to Au(0) after adsorption. A similar

TSR 18, &

Table 6
The binding energy (eV) of the adsorption of PS-APD for Au (III).
Cis O1s Nis Augs
PS-APD 282.68 532.39 400.39
284.83
286.50
PS-APD-Au 282.47 532.28 402.40 84.78
284.80
286.81
HAuCly 87.33
Au® (in PVA) 84.31
Adsorption Redox
Au(IIl)
CHZ—NH—g{z CHZ—NH—QJZ CHZ*NH*C‘HZ
HO—CH Au(itr) o HO—CH P
HO—CH, HO—CH, 0=C-0

Scheme 2. The adsorption mechanism of PS-APD for Au (III).

phenomenon also has been found in the adsorption of polystyrene-
supported glucosamine for Au(Ill) [35]. The adsorption mechanism
may be expressed as Scheme 2, that is, Au(lIII) is easy to be reduced
by alcohol hydroxyl group C-OH to form Au(0). In addition, the high
loading capacity of PS-APD for Au(Ill) is possibly due to the release
of adsorbed Au (III) from the resin body in Au(0) form and use of
vacant sites by Au(IIl) in the solution phase that makes an adsorp-
tion [of Au(Ill)]-reduction [to Au(0)]-release [of Au(0)]-adsorption
cycle [36].

3.8. Adsorption selectivity

A series of representative binary metal ion systems were cho-
sen to investigate the adsorption selectivity of PS-APD for Au(IIl)
and the results were shown in Table 7. Obviously, Au(Ill) was
readily adsorbed by PS-APD from the systems of Au(IIl)-Pb(II),
Au(III)-Cu(II), Au(IIT)-Ni(II), and Au(1)-Cu(Il)-Pb(II), respectively,
and adsorption percentage of PS-APD for Au(lll) are more than 95%,
indicating that PS-APD exhibited good adsorption selectivity for
Au(III). This high adsorption selectivity was due to high affinity of
the Au(Ill) ion for the amine group in PS-APD. According to the
hard-soft acid-base (HSAB) theory, Au(lll) is classified as a soft ion.
Soft ions form very strong bonds with groups containing nitrogen
and sulfur atoms [37].

Table 7 also lists Au(Ill) adsorption and separation on a number
of adsorbents reported in the literature [38-41]. Compared to other

Fig. 7. The SEM images of A: PS-Cl, B: PS-APD and C: PS-APD-Au.
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Fig. 9. X-ray photoelectron spectra of PS-APD and PS-APD-Au.
Table 7
The adsorption selectivity for Au(Ill) from multi-component systems.
Adsorbent Composition Selectivity? Reference
PS-APD Au(II),Hg(IT) 249 This work
Au(1II), Pb(IT) 3.57
Au(1II),Cu(IT) 3.72
Au(1I),Ni(IT) 3.53
Au(IH) Cu(TIT),Pb(IT) 3.26
Duolite GT-73 Au(1II),Cu(IT), Ni(IT),Pd(II) 1.90 [38]
Notren resin Au(1II),Cu(IT) 1.27 [39]
Thiourea-formaldehyde resin Au(1II),Cu(IT), Zn(IT) 1.40 [40]
Urea-formaldehyde resin Au(1II),Cu(IT), Zn(IT) 1.62
Chitosan Au(ILI),Cu(IT) 1.10 [41]
Au(1I),Cu(IT), Ni(IT), Co(1I), Zn(IT) 3.10
Au(1I),Cu(IT), Ni(IT),Pd(II), Co(1I), Zn(IT) 0.33
Silk sericin Au(LI),Cu(IT) 2.60
Au(1I),Cu(IT), Ni(IT), Co(II), Zn(IT) 1.24
Au(1I),Cu(IT), Ni(IT),Pd(II), Co(1I), Zn(IT) 2.76

aSelectivity calculated according to Eq. (3).
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adsorbents, PS-APD exhibits higher selectivity for Au(Ill), implying
that PS-APD could probably be used in the extraction separation
and recovery of Au(Ill) from a multi-ionic aqueous system.

4. Conclusions

A novel chelating resin PS-APD was prepared simply by
the reaction of chloromethylated polystyrene with 3-amino-1,2-
propanediol in this paper. IR spectra showed that APD group was
successfully introduced into polystyrene matrix. The adsorption of
PS-APD for Pb(II), Hg(Il), Cu(II), Ni(Il) and Au(IIl) ions were inves-
tigated. It was found that PS-APD resin possessed best enriching
property to Au(Ill) ions among the metal ions and adsorption per-
centage could reach to about 99%. The adsorption dynamics of
Au(Ill) showed that the pseudo second-order model was more
suitable to describe the adsorption kinetics process. The investi-
gation of adsorption isotherm showed that Langmuir model could
describe the adsorption isothermal process of Au(Ill), and AG, AH,
and AS values were calculated. The adsorption processes may be
carried out by chemical adsorption because the sorption energy was
calculated as 14.396 k] mol~! at 298 K. The adsorption mechanism
of PS-APD for Au(Ill) was studied by means of SEM, IR, and XPS. The
results showed that Au(IlI) ions might be reduced to Au(0) and the
PS-APD resin were oxidized. Adsorption percentage of PS-APD for
Au(IIl) in a series of representative binary metal ion systems are
more than 0.95, indicating that PS-APD exhibited good adsorption
selectivity for Au(III).
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