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a b s t r a c t

Four kinds of silica-gel (SG)-supported diethylenetriamine (DETA) chelating resins SG-DETA-1, SG-DETA-2,
SG-DETA-3, and SG-DETA-4 were prepared by functionalization of silica-gel via so-called “heterogeneous-
direct-amination” (hetero-DA), “homogeneous-direct-amination” (homo-DA), “heterogeneous end-group
protection” (hetero-EGP), and “homogeneous end-group protection” (homo-EGP) routes, respectively.
These functionalized reactions on silica-gel were confirmed through elemental analysis, infrared spec-
troscopy, X-ray diffractometry, porous analysis, and thermogravimetry. Element analysis revealed that
the direct-amination routes and homogeneous condition were more beneficial than the corresponding
ilica-gel-supported diethylenetriamine
omparison
reparation method
dsorption

end-group protection routes and heterogeneous condition to the syntheses of chelating resins with high
N content. Several metal ions, such as Ag+, Cu2+, Ni2+, Hg2+, Zn2+ and Pb2+, were chosen as representatives
to investigate the relationship between adsorption capacities and N content of ligands onto the surface
of silica-gel. The experiments results showed that all resins, SG-DETA-1, SG-DETA-2, SG-DETA-3 and SG-
DETA-4, had a better adsorption for Hg2+ and Cu2+ than others. One conclusion should be drawn from

rimen

b
a
g
(
c
c
t

s
t
p
s
p
q
h
t

the above compared expe
utilization ratio of N.

. Introduction

Recently, mechanically stable synthetic or natural inorganic
olid matrices have been utilized in many applications, such as
xtraction of cations from aqueous and non-aqueous solvents
1], ion-exchange reactions [2], chemically bonded phase in chro-

atography [3], or catalytic reactions [4]. One of the important
roperties explored is the adsorption of trace elements onto solid
urface. Taking preconcentration or separation into account, a sin-
le element or a series of similar elements can be separated and
uantitatively determined from a complex mixture [5].

This class of inorganic support replaces organic polymers from
he point of view of insolubility in organic solvents and accessibility
f reactive centers, practicality with respect to structural stability,
welling behavior, thermal properties, and aging. Among a large
umber of inorganic supports, silica-gel (SG) clearly fulfills a sig-

ificant role due to its ability to anchor organic chains designed to
mbrace desired chelating ligands [6–9].

It is difficult for chelating ligands to bond to silica-gel because of
he relative inertness of the original surface of silica-gel. However,
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E-mail addresses: rongjunqu@sohu.com, qurongjun@eyou.com (R. Qu).
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ts, that is, higher N content of silica-gel resins does not ensure a higher

© 2008 Published by Elsevier B.V.

onding of chelating ligands to silica-gel surface can be achieved
fter surface activation/modification. On the surface of active silica-
el, the structure terminates in a large number of silanol groups
≡Si OH). The most common method of silica-gel surface modifi-
ation involves the reaction of surface hydroxyl group with silane
oupling reagents which act as precursors for further immobiliza-
ion of organic ligands [10–15].

Generally, the reaction of silane coupling reagents with surface
ilanol groups leads to the existence of desirable terminal func-
ional groups on the surface of silica-gel, where special chelating
roperties can be finally obtained. This is mainly related to the
tructure of the organic ligands, nature of the functional groups
resent and the incorporated (O, S, N and P) donor atoms. Conse-
uently, a large number of silica-gel-supported organic molecules
ave been synthesized, examples of these silica-gel resins are
hose modified with nitrogen-containing chelating groups [16,17],
xygen-containing derivatives [18,19], and sulfur-containing com-
lexing reagents [20].

Among the chelating ligands, linear polyamine in the forms of

2N(CH2CH2NH)n − 1H, i.e. ethylenediamine (EDA, n = 2), diethylen-
triamine (DETA, n = 3), triethylenetetramine (TETA, n = 4), etc., can
orm stable metal complexes with a variety of metal ions. And
he immobilization of this kind of polyamine onto the surface of
ilica-gel has been studied [21]. In addition, these polyamines are

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rongjunqu@sohu.com
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Table 1
Operating parameters used for recording AAS for different metal ions

Metal ion Lamp current
(mA)

Slit width
(nm)

Wavelength
(nm)

Sensitivity
(�g/ml)

Ag+ 4.0 0.5 338.1 0.06
Cu2+ 3.0 0.5 327.4 0.05
Ni2+ 4.0 0.2 232.0 0.04
Hg2+ 3.0 0.5 253.7 1.6
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onvenient starting materials for preparing further multidentate
igands. For example, Soliman et al. have reported diethylene-
riamine mono-naphthaldehyde and mono-salicyaldehyde Schiff
ases chemically bonded on the surface of silica-gel [22].

However, intra- and inter-strand bridging reaction in the prepa-
ation of polyamine functionalized silica-gel are inevitable due to
-alkylation at different primary amino and imino groups in the

igands. These bridging reactions should reduce the number of
mmobilized ligands. Moreover, complicated cross-linkings among
he ligands should bring about steric restrictions on formation
f metal chelate. Suzuki had successfully immobilized diethylen-
triamine ligands on chloromethylated polystyrene beads via an
nd-group protection method [23].

In the present paper, diethylenetriamine as a simple chelat-
ng ligand was loaded on the surface of silica-gel by four
ifferent kinds of routes, heterogeneous-direct-amination (hetero-
A), homogeneous-direct-amination (homo-DA), heterogeneous
nd-group protection (hetero-EGP) and homogeneous end-group
rotection (homo-EGP) routes. The structures and properties of all
rafted products were characterized by FTIR, XRD, TG, and porous
tructural analysis, and the amount of diethylenetriamine loaded
n the silica-gel was determined by elemental analysis. The simi-
arities and differences of four resins in structure and property were
iscussed in detail. The adsorption capacity and the utilization ratio
f N of all resulting resins, SG-DETA-1, SG-DETA-2, SG-DETA-3 and
G-DETA-4, for Ag+, Cu2+, Ni2+, Hg2+, Zn2+ and Pb2+ were investi-
ated. The objective of the present investigation is expected to find
ut the relationship between the structures and adsorption prop-
rties of resins prepared by different routes, which may be able to
rovide novel ideas to design and prepare metal ions adsorbents.

. Experimental

.1. Materials and methods

The silica-gel used was of chromatographic grade (60–100 mesh
ize), obtained from Tenghai Chemical Institute, Qingdao, Shan-
ong, China. It was activated with nitric acid (HNO3:H2O = 1:1) at
efluxing temperature for 3 h, hydrochloric acid (HCl:H2O = 1:1) at
oom temperature for 6 h, then filtered off, washed thoroughly with
oubly distilled water till acid-free and finally calcined in muffle at
60 ◦C for 10 h.

�-Chloropropyltrimethoxysilane (CPTS) (Wanda Chemicals Fac-
ory, Qufu, China) was used without further purification. Salicy-
aldehyde and DETA which were offered by Shanghai Chemical
actory of China were both chemically pure and used as-received.
rganic solvent toluene was redistilled just before use. The other

eagents were analytical grade and used as received without any
urther purification.

C, N analysis of SG-DETA products were subjected to elemen-
al analysis by the Elementar VarioEL III instrument, Elementar
o., Germany. Infrared spectra were obtained on a Fourier
ransform-infrared spectrophotometer using KBr pellets in the
000–400 cm−1 region with a resolution of 4 cm−1, by accumu-

ating 32 scans. The wide-angle X-ray diffraction (WAXD) was
etermined on a rotating target X-ray diffractometer, D/max-
500VPC, Rigaku Corporation, Japan. Porous structure parameters
ere characterized using an automatic physisorption analyzer
SAP 2020 by BET and BJH methods through N2 adsorption at
7 K. Thermogravimetric curves recorded on a Netzsch TG 209 ther-

al analyzer, using 3.0–10.0 mg of the sample under nitrogen at
heating rate of 10–30 K/min. Atomic absorption analysis of the

arious metal ions was performed with a flame atomic absorption
pectrophotometer (Model 932B, made in Australia). The operating
ondition is presented in Table 1.

a
o
T
c

n2+ 5.0 0.5 307.6 66
b2+ 5.0 0.5 283.3 0.16

he flame type of AAS used in this paper was air–acetylene (oxidizing).

.2. Preparation of chloro-modified silica-gel (SG-Cl)

The introduction of chlorine-containing groups onto the sur-
ace of silica-gel was achieved by the treatment of surface silanol
roups with CPTS. A typical procedure was similar to the method
escribed in Ref. [24]. A sample of 50.0 g of activated silica-gel was
uspended in 200 ml of dry toluene and 50.0 ml of CPTS was added
o this suspension. The mixture was mechanically stirred under
eflux of the solvent in a nitrogen atmosphere for 12 h. The sus-
ension was filtered and the solid was transferred to a Soxhlet
xtraction apparatus for reflux-extraction in toluene and ethanol
or 12 h, respectively. The product was dried under vacuum at 50 ◦C
ver 48 h, to give the modified silica-gel, named SG-Cl. The Cl con-
ent (determined by energy dispersive X-ray analysis system, ORAN
VER-2) was 5.4 mmol/g.

.3. Preparation of SG-DETA-1 by hetero-DA route

Diethylenetriamine was directly introduced onto the surface of
G-Cl by hetero-DA route. A mixture of SG-Cl (10.0 g) and DETA
462 mmol) in ethanol (100 ml) was refluxed for 12 h with contin-
ous stirring under a nitrogen atmosphere. The solid product was
hen filtered off and transferred to the Soxhlet extraction apparatus
or reflux-extraction in ethanol for 24 h. After extraction, the prod-
ct was dried under vacuum at 50 ◦C over 48 h and resin SG-DETA-1
as obtained.

.4. Preparation of SG-DETA-2 by homo-DA route

The first stage in the preparation of functionalized silica-gel
esin via homogeneous route was the synthesis of the new silane
oupling reagent by reaction of CPTS with DETA. Ten milliliter
54.2 mmol) of CPTS was mixed with 100 ml of ethanol, and then
ETA was added in a 1:8 stoichiometry (CPTS:DETA). The mixture
as refluxed for 48 h with magnetic stirring under a nitrogen atmo-

phere. After cooling, the solvent was evaporated and the product
CPTS–DETA) was obtained. Then the product (CPTS–DETA) was
eacted with 10.0 g of activated silica-gel in 100 ml of dry toluene
ith magnetic stirring for 12 h under reflux conditions being
rotected by nitrogen. The resulting modified silica-gel (SG-DETA-
) was filtered off and extracted with toluene, ethanol for 12 h,
espectively. Finally, the product was dried for 48 h at 50 ◦C under
acuum.

.5. Preparation of bis[2-(salicylideneamino ethyl)]amine
DETA-bis-S)
This ligand was prepared by the method described in the liter-
ture [25]. The Schiff base DETA-bis-S was produced immediately
n mixing DETA with salicyaldehyde in ethanol in 1:2 molar ratios.
he reaction mixture in ethanol was refluxed for 2 h to ensure the
ompletion of the reaction.
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.6. Preparation of SG-DETA-3 by hetero-EGP route

Ten grams of silica-gel were added to 10.0 g (31.3 mmol) of
ETA-bis-S in 100 ml ethanol and refluxed for 12 h with continuous

tirring under nitrogen atmosphere. The solid materials were fil-
ered off and then extracted with ethanol for 24 h. After extraction,
he product SG-DETA-S-1 was collected and dried at 50 ◦C under
acuum. Then the resulting product SG-DETA-3 was obtained by
he method described in Ref. [23]. A suspension of 6.1 g SG-DETA-
-1 and 100 ml of 6 mol/l HCl aqueous solution were stirred for
4 h at 60 ◦C. Salicyladehyde was liberated as yellow oil during the
ydrolysis. Yellow product (SG-DETA-3) which was the hydrochlo-
ide form was filtered off, washed with ethanol and dried under
acuum. The resulting resin in the free amine form was obtained
y treatment with 2 mol/l sodium hydroxide followed with water
ntil the washings were neutral.

.7. Preparation of SG-DETA-4 by homo-EGP route

Ten milliliter (54.2 mmol) of CPTS was reacted with 35 g
109.6 mmol) of the DETS-bis-S in 100 ml of ethanol. The mixture
as refluxed under dry nitrogen atmosphere for 12 h and the sol-

ent was evaporated subsequently. This condensed solution was
dded to a suspension of 9.9 g of silica-gel in 100 ml dry toluene.
fter refluxing for 12 h under a dry nitrogen atmosphere, the solid
as filtered, washed with toluene and ethanol and dried under vac-
um to give the product named SG-DETA-S-2. The salicylaldehyde
as liberated during hydrolysis as previously described and the

esulting product (SG-DETA-4) was obtained.

.8. The adsorption properties for metal ions of SG-DETA-1,
G-DETA-2, SG-DETA-3, SG-DETA-4

Static adsorption experiment was employed to determine the
dsorption capabilities of SG-DETA-1, SG-DETA-2, SG-DETA-3 and
G-DETA-4 for different kinds of metal ions. The 0.1 M stock solu-
ions of Cu2+, Ni2+, Zn2+ and Pb2+ were prepared in distilled water
nd the those (0.1 M) of Ag+ and Hg2+ were prepared in 2% HNO3.
uffer solution of acetic acid/acetate (pH 5.0) was used for the
xperiments.

Static adsorption experiments were carried out by shaking
.05 g of resins with 20 ml of metal ion solution, where the con-
entration of the metal ion was (5 × 10−3 M) at pH 5.0. The mixture
as equilibrated for 24 h on a thermostat-cum-shaking assembly

t 25 ◦C. Then a certain volume of the solutions was separated from
he adsorbent and the residual concentration of metal ions was
etected by means of atomic absorption spectrometry (AAS). The
dsorption amounts were calculated according to the following Eq.
1) and the utilization ratio of N was calculated from Eq. (2)

= (C0 − C)V
W

(1)

Q

N
= Q0

N%
(2)

here Q is the adsorption amount (mmol/g), C0 and C, the initial
nd the final concentrations of metal ions in solution, respectively
mmol/ml), V the volume (ml), W the weight of SG-DETA-1, SG-
ETA-2, SG-DETA-3, SG-DETA-4 (g), Q/N the utilization ratio of N,
0 the saturation adsorption (mmol/g), and N% is the content of N
unctional group (mmol/g).
The adsorption kinetics on the uptake of Hg2+ by resins was stud-

ed by placing 0.05 g of resins with 20 ml of metal ion solution in
flask, where the concentration of the metal ion was (5 × 10−3 M)
nd pH 5.0. One milliliter of the solution was taken at different

m
i
f
s
m
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ime intervals, where the residual concentration of metal ion was
etermined via AAS.

. Results and discussion

.1. Preparation

In order to investigate the effects of the variation of prepa-
ation methods on the structures of chelating resins and the
elationship between properties and their structures, four kinds
f synthetic routes were designed to prepare chelating resin silica-
el-supported DETA. The ideal synthetic scheme is illustrated in
cheme 1.

The immobilization could be achieved in two distinct ways,
hat is, heterogeneous route and homogeneous route [26,27]. For
he reaction of DETA with chlorinated activated silica-gel (i.e. SG-
l) through hetero-DA route, cross-linking reactions are inevitable
ecause the N-alkylation reaction can occur at primary amino and
econdary amino groups in DETA [21]. These cross-linking reac-
ions should decrease the amount of immobilized ligand (DETA).

oreover, complicated cross-linkings should bring about steric
estrictions on the formation of metal chelate. In order to minimize
he formation of cross-linkings, a homo-DA route was designed.
hat is, the reaction of CPTS with DETA was carried out in the
resence of excessive DETA.

As is well known, diethylenetriamine readily forms 1:2 Schiff
ase with salicylaldehyde [25], and the original amine can be regen-
rated by acid hydrolysis. Thus we intended to protect the primary
mine groups of the DETA by Schiff base formation prior to immobi-
ization. Scheme 1 showed the synthetic scheme for the preparation
f silica-gel-supported DETA in which the Schiff base DETA-bis-S
as introduced onto the surface of silica-gel. The resulting yellow

esins SG-DETA-S were presumed to have a structure as depicted
n Scheme 1(3) in which DETA was linked to silica-gel uniquely
hrough the secondary amino nitrogen.

In the heterogeneous route, the silane coupling reagent CPTS
as first grafted onto silica-gel and then reacted with DETA or
ETA-bis-S to give a final product SG-DETA-1 or an intermediate
roduct SG-DETA-S-1. Subsequently, the salicylaldehyde in SG-
ETA-S-1 was removed by acid hydrolysis to give the final product
G-DETA-3. The homogenous route was based on the immobi-
ization of the new coupling reagent CPTS–DETA (or CPTS-bis-S),
repared by the reaction of CPTS with DETA (or DETA-bis-S),
nto silica-gel surface to form resulting resins SG-DETA-2 (or the
ntermediate product SG-DETA-S-2). And then salicylaldehyde in
G-DETA-S-2 was also removed by acid hydrolysis to give the final
roduct SG-DETA-4.

The loading results of the elemental analysis of functional-
zed silica-gel are summarized in Table 2. Generally, the degree
f cross-linking of polyamine on the surface of silica-gel can be
xpressed by the molar ratio of C/N. Yoshitake and his cowork-
rs [21] have reported that when an amine molecule such as
H2(CH2CH2NH)n−1H (for DETA n = 3) was attached with m chloro-
ropyl chains (m = 1, 2, 3, . . ., <3n), the respective C/N becomes
3m − 2)n−1 + 2. The comparison in Table 2 clearly revealed that
he C/N of SG-DETA-1 were m = 1.52, indicating one DETA molecule
eacted with more than one but less than two chloropropyl chains
n the surface of silica-gel. This indicated that about 34% of DETA
n the surface of silica-gel were in the bridged form as illustrated in
cheme 2(a and b). In contrast, the C/N of SG-DETA-2 were m = 1.28,

eaning that about 21.8% of DETA on the surface of silica-gel were

n the bridged form and about 77.2% of DETA were in the linear
orms as illustrated in Scheme 2(c and d). The above fact demon-
trated the homo-DA was a more effective route than hetero-DA to
inimize cross-linking reaction. It should be noted that the C/N of
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Scheme 1. The ideal synthetic schemes of chel

G-DETA-3 was surprisingly high. There were two possible expla-

ations for this as follows: (1) in the preparation of SG-DETA-S-1,
he compound DETA-bis-S was being too large to bind with the site
f every chloropropyl chain (see Scheme 3A), the residual chloro-
ropyl chains with high content of carbon led to the increase of C/N
f SG-DETA-3; (2) the hydrolysis of SG-DETA-S-1 was incomplete.

c
I
r
t
s

able 2
esults of elemental analysis of (SG-DETA-1; SG-DETA-2; SG-DETA-S-1; SG-DETA-S-2; SG

amples Nitrogen (wt%) Nitrogen (mmol/g)

G-DETA-1 2.424 1.731
G-DETA-2 3.969 2.835
G-DETA-S-1 0.155 0.111
G-DETA-S-2 2.030 1.450
G-DETA-3 0.075 0.054
G-DETA-4 1.282 0.916

a Molar ratio.
esins silica-gel-supported diethylenetriamine.

owever, the hydrolysis condition adopted in this study should be

onsidered as the suitable condition according to the reference [23].
n addition, there were no previous peaks representing benzene
ing appeared in the FTIR spectrum of the final product. Accordingly,
he former reason, that is, the steric hindrance of chloropropyl chain
hould be the major factor leading to the high C/N. For SG-DETA-4,

-DETA-3; SG-DETA-4)

Carbon (wt%) C/Na L0 (mmol/g) m

5.932 2.85 0.577 1.52
8.891 2.61 0.945 1.28
6.385 47.89 0.037

13.51 7.76 0.483
2.406 37.10 0.0181 35.77
8.939 8.12 0.305 6.78



Y. Zhang et al. / Journal of Hazardous

t
l
i
r
b
(
T

l
n
a

L

w
i
a
a
r
S
t
t
(
o
i
w
a
p
t
i
c
b
d
D
S
m

s
l
t
u

3

o
d
g
o
s
s
t
w
c
i
S
b
r
i
i
4
t
b
a

3

i
t
s
f
w
t
d
t
s

Scheme 2. Possible models of the surface structure of SG-DETA.

he value of C/N was higher than SG-DETA-1 and SG-DETA-2, but
ower than SG-DETA-3. One factor should be confirmed that the
ncomplete hydrolysis was not the major reason as SG-DETA-3. A
eaction of chloropropyl chain with the hydroxyl group of DETA-
is-S was assumed. This reaction might generate an ether bond
Ph O R) which was not easy to be broken by acid (Scheme 3B).
his deduction will be confirmed in the further study.

Furthermore, it is possible to calculate the amount of attached
igands onto the surface of silica-gel (L0) from the percentage of
itrogen in the functionalized silica-gel, calculated by elemental
nalysis, using the following expression:

0 = %N × 10
14n

here %N is the weight percentage of nitrogen in product and n
s the number of nitrogen in the ligand (here n = 3). In addition,
s can be observed from Table 2, the quantity of anchored lig-
nds was always superior via the homogeneous functionalization
outes. For example, the amount of amine using the homo-DA route,
G-DETA-2, gave a value of 0.945 mmol/g and the resin obtained
hrough the hetero-DA route, SG-DETA-1, gave 0.577 mmol/g. In
he homo-EGP route, the amount of amine of the resin SG-DETA-4
0.305 mmol/g), was much bigger than SG-DETA-3 (0.0181 mmol/g)
btained by hetero-EGP route. The presence of three alkoxy groups
n the silane coupling reagent (CPTS) meant that they could react

ith the hydroxyl groups on the surface of silica-gel via one, two or
ll alkoxy groups. The steric hindrance induced by pendant chloro-
ropyl chains covalently bond to the silica-gel surface may explain
he low degree functionalized by heterogeneous routes. Compar-
ng the amount of attached ligands on the surface of silica-gel, it
an be concluded that the degree of functionalization obtained

y end-group protection routes was lower than that obtained by
irect routes. The degree of functionalization of the silica-gel, SG-
ETA-3 and SG-DETA-4, was low because of the steric hindrance of
chiff base. Just due to end-group protection, almost all the amine
olecules existed in the forms of bicrural form (Scheme 2d) on the

Scheme 3. The illustration of the possible str

s
o
a
t
d

Materials 163 (2009) 127–135 131

urface of the resins. Moreover, the chance of forming the cross-
inking structure between amine groups and silica-gel matrix in
he reaction course was small and the ligands could be dispersed
niformly on the surface of silica-gel.

.2. X-ray diffraction analysis

The X-ray diffraction patterns for all products of silica-gel were
btained by rotating target X-ray diffractometer. All the strong
iffraction peak of the original and chemically modified silica-
el appeared at about 22◦, which was the amorphous diffraction
f SiO2. This result indicated that the topological structure of
ilica-gel did not change obviously after grafting reactions, and
ilica-gel was stable enough to experience the functionalized reac-
ions. Moreover, no novel diffraction peak appeared after reactions,
hich indicated that the grafting moieties did not form novel

rystal structure on the silica-gel surface. However, the relative
ntensity decreased at 22◦ for SG-Cl and increased for SG-DETA-1,
G-DETA-2, SG-DETA-S-3 and SG-DETA-S-4. The weak interaction
etween silanol and chlorine probably explained the decrease of
elative intensity for SG-Cl. Meanwhile, N atom might be involved
n a strong interaction Si O H· · ·N , which increased the relative
ntensity for SG-DETA-1, SG-DETA-2, SG-DETA-S-3 and SG-DETA-S-
. The relative intensity of SG-DETA-3 (or SG-DETA-4) was higher
han its counterpart SG-DETA-S-1 (or SG-DETA-S-2). That was
ecause the primary amino was exposed again after acid hydrolysis
nd the probability of forming hydrogen bond increased.

.3. FTIR spectroscopy analysis

Infrared spectroscopy was employed in order to identify the
mmobilization onto the surface of silica-gel (FTIR spectra omit-
ed). A large broad band between 3200 and 3400 cm−1 of the
ilica-gel spectra attributed to the presence of the O H stretching
requency of silianol groups and also to the remaining adsorbed
ater. The broad and intense band at 1100 cm−1 was assigned to

he siloxane vibration (Si O Si). And Si O bond stretching was
etected at 962 cm−1. Other bands at 801 and 472 cm−1 was due
o Si O Si stretching and Si O Si bending, respectively. In the
pectrum of SG-Cl, a new band appeared at 2961 cm−1 corre-
ucture of SG-DETA-S-1 and CPTS-bis-S.

ponded to the (C H) stretching frequency, due to the presence
f the carbon chain of CPTS attached to the silica-gel. New band
ppeared at 697 cm−1 was assigned to the C Cl rocking vibra-
ion of Si CH2Cl, whose intensity was observed to disappear or
ecline after the reaction with the diethylenetriamine. The relative
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F SG-Cl; 3: SG-DETA-1; 4: SG-DETA-2; 5: SG-DETA-S-1; 6: SG-DETA-S-2; 7: SG-DETA-3; 8:
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proceeding of the reaction, the pore size became small gradually,
except curves 7 and 8. The porous structure parameters of the prod-
ucts from the basis of the nitrogen adsorption data are summarized
in Table 3. A BET surface area of 331.32 m2/g and a BJH desorption

Table 3
Parameters of porous structure of the products (silica-gel; SG-Cl; SG-DETA-1; SG-
DETA-2; SG-DETA-S-1; SG-DETA-S-2; SG-DETA-3; SG-DETA-4)

Resins BET surface
area (m2/g)

BJH desorption cumulative
volume of pores (cm3/g)a

BJH desorption average
pore diameter (nm)

Silica-gel 331.32 0.95 8.92
SG-Cl 322.14 0.69 7.34
SG-DETA-1 273.88 0.71 7.69
SG-DETA-2 186.15 0.49 7.25
ig. 1. Nitrogen adsorption–desorption isotherms of the products (1: silica-gel; 2:
G-DETA-4).

ntensity of the band at 962 cm−1 for the silanol groups (Si OH)
educed considerably as expected in such immobilization processes
28].

The binding of the Schiff base complexion agents to silica-gel
urface was confirmed by IR spectral analysis of the SG-DETA-S-1
nd SG-DETA-S-2, where new bands 1458 cm−1 presented because
f incorporation of aromatic rings of salicylic. The band of interest
re observed at 1397 cm−1, which can be assigned to the bend-
ng vibration (N H) transferred to lower frequencies, and the band
f C N was not obvious. Both of them could be explained by
he stretching vibration of remaining Si O of the silica-gel which
trongly absorbed at 1630 cm−1 [29]. Moreover, stretching vibra-
ion (O H) of aromatic hydroxyl groups and stretching vibration
N H) of aliphatic diethylenetriamine located were overlapped in
he range of 3840–2975 cm−1. And in the hydrolysates, SG-DETA-
and SG-DETA-4, the relative intensity of two bands at 1458 and

397 cm−1 decreased or disappeared.

.4. Pore structure analysis

Fig. 1 showed the nitrogen adsorption–desorption isotherms for
ilica-gel and its derivatives. Silica-gel, SG-Cl, SG-DETA-1, SG-DETA-
, SG-DETA-S-1, SG-DETA-S-2, SG-DETA-3 and SG-DETA-4 were
ype IV according to the acknowledged BDDT classification and
ach had a hysteresis loop that was representative of mesoporous.
he volume adsorbed for all isotherms sharply increased at a rel-
tive pressure (P/P0) of approximately 0.7, representing capillary
ondensation of nitrogen within the uniform mesoporous struc-
ure. The inflection position shifted slightly toward lower relative
ressures, and the quantity of nitrogen adsorbed decreased with
unctionalization except for SG-DETA-3 and SG-DETA-4. This spe-
ial phenomenon was probably because sodium hydroxide, which
as utilized to remove hydrochloric acid to make amine free (see

ection 2.6), partially destroyed the framework of silica-gel and

ade its pore diameter increase.
Fig. 2 showed the BJH desorption pore size distributions of

ilica-gel, SG-Cl, SG-DETA-1, SG-DETA-2, SG-DETA-S-1, SG-DETA-
-2, SG-DETA-3 and SG-DETA-4. As illustrated in Fig. 2, the pores
etween 5 and 12 nm were dominant for all products. With the

S
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S

ig. 2. BJH desorption pore size distributions of the products (1: silica-gel; 2: SG-Cl;
: SG-DETA-1; 4: SG-DETA-2; 5: SG-DETA-S-1; 6: SG-DETA-S-2; 7: SG-DETA-3; 8:
G-DETA-4).
G-DETA-S-1 295.36 0.67 7.38
G-DETA-S-2 275.94 0.61 7.05
G-DETA-3 379.06 1.12 9.87
G-DETA-4 321.86 0.97 10.06

a The total volume of pores between 1.7 and 300 nm diameter.
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ig. 3. Thermogravimetric curves of 1: SG-Cl; 2: SG-DETA-1; 3: SG-DETA-2; 4: SG-
ETA-S-1; 5: SG-DETA-S-2; 6: SG-DETA-3; 7: SG-DETA-4.

olume of 0.95 cm3/g were obtained for silica-gel, which decreased
o 322.14 m2/g and 0.69 cm3/g, respectively, after grafting chloro-
ropylsilane. In addition, the pore size decreased from 8.92 to
.34 nm. Further decreases in the BET surface area, pore diameter
nd pore volume were clearly found with DETA-attached silica-gel.
he slight decrease of the pore size could be attributed to the forma-
ion of an organic layer in the pores, which blocked the adsorption of
itrogen molecules. Due to the hydrolysis by sodium hydroxide as
xplained in the part of nitrogen adsorption–desorption isotherms,
he pore diameter of hydrolysates, SG-DETA-3 and SG-DETA-4, was
arger than all above (Table 3). It also should be noted that in
G-DETA-2 prepared by the homo-DA route, the BET surface area,
JH desorption cumulative volume and BJH average pore diameter
f pores were lower than SG-DETA-1 prepared by the hetero-DA
oute. These results confirmed the higher degree of functionaliza-
ion obtained with the homogeneous route. The similar regularity
or SG-DETA-3 and SG-DETA-4 was presented.

.5. Thermogravimetry analysis

The thermogravimetric curves reflect the thermal stability of
hese new materials. The thermal stabilities of chelating resins
repared and their intermediates were detected at the range
f 0–600 ◦C. As can be seen in Fig. 3, the curve of SG-Cl pre-
ented a first mass loss of 2.1% from 33 to 110 ◦C, which was
ttributed to condensation of the remaining silanol groups, yield-
ng siloxane groups (Si O Si). The physically adsorbed water also
ontributed to the above mass loss. A pronounced increase in
ass loss was observed for the second step from 290 ◦C, which
as related to the decomposition of the immobilized silane cou-
ling agent and also related to the condensation of the remaining
ilanol groups. The decomposition process was responsible for
he increase of siloxane bonds as the temperature increases. The
esulting products SG-DETA-1, SG-DETA-2, SG-DETA-3 and SG-
ETA-4 also presented two distinct stages of mass loss. Following

he preceding interpretation, the first mass loss was assigned to
dsorbed water, and the other mass loss from 170 ◦C which was
ttributed to the organic ligands immobilized on the surface. And
or all functionalized silica-gel, the expected small degree of silanol

ondensation was hidden by the loss of organic groups in the sec-
nd step of decomposition. The thermal stability indicated that
hese resins satisfied the demand for leaching metal ions because
he lowest decomposition temperature of organic group was
t 170 ◦C.

t
(
t
S
b

ig. 4. The saturation adsorption capacities of SG-DETA-1, SG-DETA-2, SG-DETA-3
nd SG-DETA-4 for metal ions at pH 5.0. Initial solution (20 ml): 5 × 10−3 M. Tem-
erature: 25 ◦C.

.6. Adsorption properties

The aim of grafting functional groups onto the surface of
ilica-gel is to prepare the modified silica-gel with most excellent
oordination properties. Saturated adsorption capacities for metal
ons were essential parameters for evaluating the ability of modi-
ed silica-gel to bind and extract different metal ions from aqueous
olutions. The saturated adsorption experiments for all metal ions
t pH 5.0 were studied at 25 ◦C. In order to avoid the decrease of
oordination capacity of adsorbent duo to the protonation of N
tom at lower pH and formation of precipitate of the metal ions at
igh pH [30,31], the pH 5.0 was selected for quantitative sorption
g+, Cu2+, Ni2+, Hg2+, Zn2+ and Pb2+. Twenty-four hour of contact

ime was selected in this study to ensure the metal ions can be
ompletely adsorbed although the equilibrium adsorption time of
unctionalized silica-gel for metal ion was reported to be 4 h in ref-
rence [11]. The kinetic experiment also proved the equilibrium
dsorption times of the four above-mentioned resins for Hg2+ were
bout 6–8 h (see Fig. 5).

Fig. 4 showed the saturation adsorption capacities of SG-DETA-
, SG-DETA-2, SG-DETA-3 and SG-DETA-4 for Ag+, Cu2+, Ni2+, Hg2+,
n2+ and Pb2+. Obviously, all resins had good adsorption capabil-
ty for Hg2+, Ag+ and Cu2+, especially for Hg2+ and Cu2+. So in
he following part, the adsorption of all the resins for Hg2+ and
u2+ were explained particularly. No matter what metal ions was
sed, the resins, SG-DETA-1 and SG-DETA-2 prepared by the direct-
mination routes, revealed much higher adsorption capacities than
he corresponding resins, SG-DETA-3 and SG-DETA-4 prepared by
he end-group protection routes. That was because the amount of
igands anchored by the direct-amination routes was higher than
hat by the end-group protection routes. Meanwhile, the resins,
G-DETA-2 and SG-DETA-4, which obtained by homogeneous route
ad good adsorption capability. As mentioned before, both resins
ad a higher amount of ligands anchored on the surface of silica-gel.

However, it can be seen that higher N content of silica-gel
esins do not ensure a higher utilization ratio of N. As illustrated
n Fig. 4, the resins, SG-DETA-1 and SG-DETA-2, had relatively the
igh adsorption capacity for metal ions, whereas they did not have
he higher utilization ratio of N versus SG-DETA-3 and SG-DETA-4

Table 4). Specifically, the utilization ratio of N was out of propor-
ion to the adsorption capacity. In the case of resins SG-DETA-1 and
G-DETA-2, much steric hindrance by complicated cross-linkings
etween primary amino and secondary amino groups gave rise to
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F SG-DETA-3 and SG-DETA-4 at different temperature and pH 5.0. Initial solution (20 ml):
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ig. 5. Effect of contact time on the adsorption of Hg2+ by SG-DETA-1, SG-DETA-2,
× 10−3 M.

decrease in the ligands capacity, whereas the resins SG-DETA-3
nd SG-DETA-4 contained dispersing ligand units gave rise to a good
oordination. Interestingly, the resin SG-DETA-3 was of the lowest N
ontent but the highest utilization ratio of N. This experimental fact
an be interpreted that: (1) no cross-linking among ligand units and
he uniform distribution of ligand units on the surface of silica-gel
as beneficial to the efficient utilization of N atoms; (2) the ample-
ess of the surface pores and high surface area of resins SG-DETA-3
as propitious to the metal ion accessing to coordinate with N atom

n ligands. For the same reason, the adsorption capacity of resin SG-
ETA-4 for above metal ions was lower than resins SG-DETA-1 and
G-DETA-2, but the utilization ratio of N was much the same, SG-
ETA-4’s was even higher. The result indicated that the amount of

mmobilized functional groups was not the only factor affecting the
etal adsorption, but the surface pore structure might also affect

he metal binding. Moreover, the adsorption capacity of resin SG-
ETA-4 for Cu2+ was 0.29 mmol/g, which was close to the ligands
ontent (0.305 mmol/g). Thus, most of the functional groups of resin
G-DETA-4 seemed to form 1:1 complex with Cu2+. On the other
and, the adsorption capacity for Hg2+ (1.09 mmol/g) was almost
hree times as that for Cu2+. According to the above fact, we pro-
osed the structures of the chelates as illustrated in Scheme 4. So
he utilization ratio of N of resin SG-DETA-4 for Hg2+ was higher
han Cu2+ and the better selective adsorption was expected.

In order to further confirm the equilibrium time of adsorption,
he adsorption kinetics of Hg2+ on the four different resins at initial

g2+ concentration of 5 × 10−3 M and pH 5.0 was investigated. The

esults are shown in Fig. 5. From Fig. 5, it was obvious that about
0% of the equilibrium adsorption capacity could be achieved after
h and the adsorption equilibrium was completely achieved after

able 4
he utilization ratio of N of SG-DETA-1, SG-DETA-2, SG-DETA-3 and SG-DETA-4 for
etal ions

esins Hg2+ Ag+ Pb2+ Cu2+ Ni2+ Zn2+

G-DETA-1 0.46 0.10 0.30 0.35 0.21 0.25
G-DETA-2 0.41 0.30 0.14 0.26 0.18 0.15
G-DETA-3 7.52 0.28 1.98 2.63 2.35 1.56
G-DETA-4 1.19 0.27 0.18 0.32 0.07 0.24
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cheme 4. Proposed models of chelates between ligand of resin SG-DETA-4 and
u2+ and Hg2+.

–8 h. In initial fast adsorption step, Hg2+ might enter easily the
ccessible pore sites and bind with the ligands, while in the slow
dsorption step; some Hg2+ might be hampered to diffuse into the
eeper pores. Fig. 5 also showed that the effect of temperature on
he adsorption of Hg2+ by the four kinds of resins. From the experi-

ent result, it was demonstrated that temperature has only a slight
ositive effect on the adsorption capacities.

From the results of adsorption, it can be concluded that valu-
ble adsorbents should possess some features as follows: firstly,
igh surface area, abundant surface pores, uniform distribution
f functional groups to ensure the furthest utilization of donor
toms; secondly, numerous surface functional groups with no
ross-linkings to ensure high adsorption capacity.

. Conclusion

Modification of silica-gel had been successfully carried out via
etero-DA route, homo-DA route, hetero-EGP route and homo-EGP
oute. Preparation, characterization and adsorption properties of

our kinds of resins had been compared in detail. Both the X-ray
iffraction and pore structure analysis indicated that the silica-
el matrix was so stable that the porous structure still remained.
he thermogravimetry analysis showed that the resulting resins
atisfied for adsorption experiments because the organic func-
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ional groups were not decomposed less than 170 ◦C. The results
f all characterization showed that homo-DA route and homo-
GP route were easier procedures to produce immobilization than
orresponding heterogeneous routes. The results showed that tem-
erature had a slight positive effect on adsorption capacity and
quilibrium adsorption time of four kinds of resins for Hg2+ was
–8 h. Hetero-DA route and homo-DA route provided larger amount
f N content than corresponding end-group protection routes. The
esins obtained by direct-amination route had good adsorption
apability to adsorb metal ions from aqueous solution, especially
or Hg2+ and Cu2+. But the end-group protection routes especially
etero-EGP route could bring out the high utilization ratio of N due
o the uniform dispersions of ligands on the surface of resins. So
n interesting conclusion presented that higher N content did not
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