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Silica-supported  dithiocarbamate  adsorbent  (Si-DTC)  was  synthesized  by  anchoring  the  chelating  agent
of macromolecular  dithiocarbamate  (MDTC)  to the  chloro-functionalized  silica  matrix  (SiCl),  as  a  new
adsorbent  for adsorption  of  Pb(II),  Cd(II),  Cu(II)  and  Hg(II)  from  aqueous  solution.  The  surface  character-
ization  was  performed  by  FT-IR,  XPS,  SEM  and  elemental  analysis  indicating  that  the modification  of  the
silica  surface  was  successfully  performed.  The  effects  of media  pH, adsorption  time,  initial  metal  ion  con-
centration  and  adsorption  temperature  on  adsorption  capacity  of the  adsorbent  had  been  investigated.
eavy metal
ilica-supported dithiocarbamate
dsorption
hermodynamics

Experimental  data  were  exploited  for  kinetic  and thermodynamic  evaluations  related  to the  adsorption
processes.  The  characteristics  of  the  adsorption  process  were  evaluated  by  using  the  Langmuir,  Fre-
undlich  and  Dubinin–Radushkevich  (D–R)  adsorption  isotherms  and  adsorption  capacities  were  found
to  be 0.34  mmol  g−1, 0.36  mmol  g−1, 0.32  mmol  g−1 and  0.40  mmol  g−1 for Pb(II),  Cd(II),  Cu(II)  and  Hg(II),
respectively.  The  adsorption  mechanism  of  Hg(II)  onto  Si-DTC  is  quite  different  from  that  of Pb(II),  Cd(II)
or Cu(II)  onto  Si-DTC,  which  is demonstrated  by the XPS  and  FT-IR  results.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Heavy metals are persistent pollutants because of the toxic,
on-biodegradable, accumulative and mobile characters. Due to
he rapid increase of the industrial and mining activities which are
esponsible for the growing metal content in surface and ground
ater, heavy metal pollution of water bodies has become a seri-

us problem in the world [1].  Many physicochemical methods
ave been proposed for toxic heavy metal removal from aqueous
olution, including chemical precipitation, reverse osmosis, elec-
rochemical reduction, ion exchange and adsorption [2–5].

Among these methods, adsorption is generally preferred for the
emoval of heavy metal ions due to its high efficiency, easy han-
ling, availability of different adsorbents and cost effectiveness. As
ne of the adsorbent materials, chelating resin is reusable, easy to
e separated, and often has high adsorption capacities [6].  Thus,
uch attention has been drawn to the synthesis of chelating resins

nd the investigation of their adsorption behaviors of metal ions

rom various matrices [7–9]. The dithiocarbamates, due to its strong
inding ability to heavy metals while not complexing alkali and
lkaline earth metals [10], have been widely used in the environ-

∗ Corresponding author. Tel.: +86 731 88877364; fax: +86 731 88879616.
E-mail address: phuhuiping@126.com (H. Hu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.038
ment treatment and have got a good effect in the removal and
preconcentration of heavy metals [11–13].

Silica-based organic/inorganic materials have been well studied
with attractive characteristics of high chemical reactivity and good
mechanical stability [14]. Due to the silanol groups (Si-OH) dis-
tributed on the silica gel surface, the silica-supported resins have
favorable hydrophilicity, thus leading to higher adsorption effi-
ciency and faster ion diffusion rate than the other resins supported
by polystyrene, polyamide, polyvinyl chloride, etc. [15,16].

Most of the reported works about the synthesis of silica-
supported dithiocarbamate resins have concerned to add carbon
disulfide to modify the surface of silica gel phases containing amine
moieties. However, the reaction between carbon disulfide and the
amines modified on the silica gel surface is generally conducted
under harsh conditions, using of strong alkaline conditions, which
results in the degradation of silica matrix [17]. In addition, the great
majority of the active amines are polyamine compounds with small
molecular weight, such as ethanediamine, diethylenetriamine and
triethylenetetramine, which may  lead to the less amount of the
dithiocarbamate groups on the silica [14,18,19].

In this paper, a new silica-supported dithiocarbamate adsor-
bent (Si-DTC) was  synthesized following a novel synthesis route:

a kind of macromolecular dithiocarbamate (MDTC) was  synthe-
sized through the reaction of polyethyleneimine with carbon
disulfide under strong alkaline conditions and then immobilized
onto the chloro-functionalized silica matrix (SiCl) which had

dx.doi.org/10.1016/j.jhazmat.2011.08.038
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:phuhuiping@126.com
dx.doi.org/10.1016/j.jhazmat.2011.08.038
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Scheme 1. Synthesis of chlo

een modified by �-chloropropyltriethoxysilane. By adopting this
ethod, the improvement of the nucleophilic reaction rate of

olyethyleneimine with carbon disulfide under the strong alka-
ine condition could be achieved and the degradation of silica

atrix could be avoided. The synthesized adsorbents were used to
emove Pb(II), Cd(II), Cu(II) and Hg(II), which are known to be com-
on  heavy metals from aqueous solution, and the corresponding

emoval performance has been studied. In addition, the adsorption
haracteristics and thermodynamic properties of the adsorbent
ere examined.

. Experimental

.1. Materials

The silica gel used was of chromatographic grade
100–120 mesh size), obtained from Qingdao Haiyang

hemical Co., Ltd., Qingdao, Shandong Province, China. �-
hloropropyltriethoxysilane (CPTS) was purchased from
iya Chemical Factory, Chengdu, Sichuan Province, China.
olyethyleneimine (PEI, molecular weight = 1000, 50 wt% aqueous

Scheme 2. Synthesis of silica-supported d
ctionalized silica gel (SiCl).

solution) was  purchased from Saibo Chemical Factory, Wuhan,
Hubei Province, China. Metal salts of CuSO4·5H2O,  Pb(NO2)2,
3CdSO4 7H2O and HgSO4 which used to prepare metal ion stock
solutions were obtained from Sinopharm Group Chemical Reagent
Co. Ltd., Shanghai, China. The stock solutions of Pb(II), Cd(II),
Cu(II) and Hg (II) (25 mmol  L−1 for each ion) were prepared by
dissolving appropriate amounts of metal salts in deionized water.
The working solutions ranged from 0.25 mmol  L−1 to 3.0 mmol L−1

of the metal ions were prepared by diluting the stock solutions to
appropriate volumes. All the other reagents used were of analytical
reagent grade except the silica gel.

2.2. Apparatus

Infrared spectra were obtained on a Nicolet 6700 Fourier Trans-
form Infrared Spectrophotometer (Thermo Scientific Co., USA),
using KBr pellets in the 4000–400 cm−1 region with a resolution

of 4 cm−1, by accumulating 16 scans. X-ray photoelectron spec-
troscopy measurements were carried out on a K-Alpha 1063 XPS
spectrometer (Thermo Scientific Co., USA). A monochromatic Al K�
X-ray source (1253.6 eV of photons) was used, with a spot area of

ithiocarbamate adsorbent (Si-DTC).
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00 �m.  The base pressure in the working chamber was less than
0−12 Pa. All binding energies were referenced to the neutral C1s
eak at 284.6 eV to compensate for the surface-charging effects.
he data from XPS were analyzed by the XPSpeak 4.1 software. A
hirley baseline was used for the subtraction of the background, and
aussian/Lorentzian (80/20) peaks were used for spectral decom-
osition. Elemental analysis of C, H, N and S for Si-DTC were
ubjected to be analyzed by the SC600 Carbon/Sulfur Determinator
LECO Co., USA) and TCH600 Nitrogen/Oxygen/Hydrogen Deter-

inator (LECO Co., USA). The morphology of the adsorbents was
xamined on JSM-6360LV scanning electron microscope (JEOL Co.,
apan). The concentrations of metal ions were determined by an IRIS
ntrepid II XSP inductively coupled plasma spectrometer (Thermo
cientific Co., USA) for Hg(II) and a flame atomic absorption spec-
rophotometer TAS-990F (Beijing Purkinje General Instrument Co.,
td., China) for Pb(II), Cd(II) and Cu(II). The pH values of metal ion
olutions were measured with a pHS-3C digital pH meter (Shanghai
recision & Scientific Co. Ltd., China).

.3. Synthesis of silica-supported dithiocarbamate adsorbent

.3.1. Synthesis of SiCl
The chloro-functionalized silica gel (SiCl) was prepared as

escribed in literature [20]. The silica gel (30 g) was  first activated
ith 1 mol  L−1 nitric acid (200 mL)  by refluxing at 50 ◦C stirring for

 h. Afterwards the silica gel was washed with deionized water and
ethanol then the activated silica was air dried overnight. Acti-

ated silica gel (5 g) was dispersed into dry toluene (80 mL)  in a
hree-necked round-bottomed flask of total volume 250 mL.  CPTS
12.5 mL)  and dry toluene (40 mL)  were well mixed in a separat-
ng funnel and then slowly poured into the flask with continuous
tirring. The suspension was mechanically stirred under reflux of
he solvent at 100 ◦C in N2 atmosphere for 48 h. The final prod-
ct chloro-functionalized silica (SiCl), was filtered off, washed with
oluene and methanol, extracted 6 hours by Soxhlet extraction with

ethanol at 90 ◦C, and dried under vacuum at 50 ◦C for 12 h suc-
essively. The reaction scheme is represented in Scheme 1.

.3.2. Synthesis of MDTC
Under certain conditions, dithiocarbamate was synthesized by

he reaction of PEI with carbon disulfide and sodium hydroxide
21]. NaOH (21 g) dissolved in deionized water (50 mL)  was added
ropwise into a mixture of PEI (15 mL)  and methanol (50 mL)  in a
hree-necked round-bottomed flask of total volume 250 mL  under
ce-bath with continuous mechanical stirring. Excess solution of
arbon disulfide (30 mL)  and ethanol (50 mL)  were well mixed in

 beaker and added dropwise through a funnel into the flask with
ontinuous stirring. After all the reagents had been added into the
ask, the mixture was heated to 40 ◦C stirring for 22 h. As the reac-
ion going on, the color of reaction solution changed from faint
ellow to orangered. The synthesized product, macromolecular
ithiocarbamate (MDTC), was white sodium salt and precipitated
t the bottom of the flask. Then the MDTC was filtered and washed
ith methanol and air dried overnight.

.3.3. Synthesis of Si-DTC
MDTC (10 g) was dissolved in deionized water (100 mL) in a

hree-necked round-bottomed flask and the pH of the MDTC solu-
ion was checked and adjusted to between 9 and 10 pH units by

anually dropwise adding 0.1 mol  L−1 sulfuric acid in methanol.
hen SiCl (3 g) was dispersed into the flask and the suspension

efluxed under 60 ◦C for 10 h. The final product, silica-supported
ithiocarbamate adsorbent (Si-DTC), was filtered off, washed with
eionized water and methanol, and dried under vacuum at 50 ◦C
or 12 h. The reaction scheme is represented in Scheme 2.
Fig. 1. FT-IR spectra of activated silica gel (a), SiCl (b) and Si-DTC (c).

2.4. Adsorption experiments

Static adsorption experiment was employed to determine the
adsorption capability of Si-DTC. The experiments were carried out
by shaking 0.05 g of adsorbent with 20 mL  of working solution
with a certain metal ion concentration. The pH of the working
solutions were adjusted adding diluted solution of nitric acid (for
Hg(II)) or sulfuric acid (for Pb(II), Cd(II), Cu(II)) and sodium hydrox-
ide, the acetic-acid–sodium-acetate buffer solutions were used
when required. The samples were shaken for predetermined time
period at a certain temperature and the solid was  separated by
filtration. Temperature experiments were carried out in a constant-
temperature water bath oscillator at the temperature ranged from
303 K to 353 K. Initial and equilibrium metal ion concentrations
in the aqueous solutions were determined by using flame atomic
absorption spectrometer (AAS) for Pb(II), Cd(II), Cu(II) and induc-
tively coupled plasma spectrometer (ICP) for Hg(II). The amount
of metal ions adsorbed by Si-DTC was calculated according to the
following Eq. (1):

Q = (C0 − C)
W

, (1)

where Q is the amount of metal ions adsorbed onto unit amount
of the Si-DTC (mmol  g−1), C0 and C are the initial and equilibrium
concentrations of the metal ions in aqueous phase (mmol  L−1),
respectively. V is the volume of the aqueous phase (L), and W is
the dry weight of the adsorbent (g).

The adsorption kinetics on the uptake of metal ions by resins
was studied by placing 0.20 g resins with 100 mL  working solution
in a flask. 1 mL solution was taken at different time intervals and
the concentration of metal ion was  determined by AAS or ICP.

3. Results and discussion

3.1. Characterization of the adsorbent

3.1.1. FT-IR
Fig. 1 shows the FT-IR spectra of activated silica gel (a), SiCl

(b) and Si-DTC (c). A large broad band between 3600 cm−1 and
3200 cm−1 was  attributed to the presence of the O–H stretching

frequencies of silanol groups and also to the remaining adsorbed
water. The sharp features around 1100 cm−1 and 462 cm−1 indicate
Si–O–Si stretching vibrations and bending vibrations, respectively
[22]. A characteristic feature of the SiCl when compared with the
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Fig. 2. FT-IR spectra of MDTC, DTC-Pb, DTC-Cd, DTC-Cu and DTC-Hg.

ctivated silica gel was aliphatic C–H stretching frequencies at
920 cm−1 and 2846 cm−1, indicating that organic silane had been
rafted onto the surface of silica gel. There were no prominent fea-
ures of the dithiocarbamate group in the FT-IR spectra of Si-DTC
ecause they were obscured by the strong absorption peaks of silica
el matrix around 1100 cm−1 and 470 cm−1. Thus, the structure of
DTC and the metal chelate complexes of MDTC (DTC-Pb, DTC-Cd,
TC-Cu and DTC-Hg) were confirmed through FT-IR.

Fig. 2 shows the FT-IR spectra of MDTC, DTC-Pb, DTC-Cd, DTC-
u and DTC-Hg. The characteristic adsorption peaks appearing at
165 cm−1, 653 cm−1 and 1453 cm−1 were attributed to C S vibra-
ion, C–S vibration and N–CS2 vibration, respectively [12,21,23].
he vibration frequencies of C S and C–S for DTC-Pb, DTC-Cd,
TC-Cu and DTC-Hg shifted to lower frequencies while the N–CS2
ibration shifted to higher frequencies when compared with MDTC.
ll of these indicate that a stronger metal-ligand bond had formed
etween metal ions and chelating groups in MDTC [24]. The char-
cteristic absorption frequencies were summarized in Table 1.

.1.2. XPS
X-ray photoelectron spectroscopy (XPS) was performed to

etermine the chemical composition of the adsorbent surface. A
ortion of the wide-scan XPS spectra for the activated silica gel (a),
iCl (b) and Si-DTC (c) were shown in Fig. 3. The contents (expressed
s atomic percent) of Si, O, C, Cl, S and N on the surface of activated
ilica gel, SiCl and Si-DTC were listed in Table 2.
From Table 2, the contents of Si and O in SiCl and Si-DTC
ecreased because the silica matrix was covered with organic func-
ional groups. The Cl element was not detected on the surface of
i-DTC, indicating that the Cl atom of SiCl was almost completely

able 1
he absorption frequencies of MDTC, DTC-Pb, DTC-Cd, DTC-Cu and DTC-Hg.

Group Strength Absorption frequencies

MDTC DTC-Pb

C S Strong 1165.48 1098.2
C–S  Weak 653.02 617.1
N–CS2 Very strong 1453.74 1462.4

able 2
he surface compositional data from XPS.

Samples XPS analysis (at.%)

Si2p O1s

Activated silica gel 33.29 66.71 

SiCl 29.89 59.83 

Si-DTC 29.45 59.94 
Fig. 3. The XPS spectra of activated silica gel (a), SiCl (b) and Si-DTC (c).

substituted by MDTC during the synthesis of Si-DTC. Because of the
high reactivities between SiCl and the amino groups of PEI which
had not been subjected to dithiocarbamation, the MDTC should be
attached to the surface of SiCl by C–N bond to form Si-DTC (as shown
in Scheme 2). However, if the Cl atom of SiCl had been only substi-
tuted by N atom from MDTC, the content of N in Si-DTC should not
have been less than the content of Cl in SiCl. Actually, from Table 2,
the content of N (1.24 at.%) in Si-DTC is lower than the content of Cl
(1.54 at.%) in SiCl. Therefore, we can infer that the covalent attach-
ment between MDTC and SiCl was  carried out by C–N bond and
C–S bond, because the dithiocarbamate groups in MDTC  contain a
negative ion form and can interact with C–Cl bond of SiCl to form
Si-DTC-1 through a new kind of C–S bond (as shown in Scheme 3).

3.1.3. SEM
The SEM images of the activated silica gel (A and B), SiCl (C and

D), Si-DTC (E and F) were shown in Fig. 4.
It could be seen that the morphology of the three samples were

similar, demonstrating that the silica gel have good mechanical sta-
bility and they have not been destroyed during the whole reaction.
There appeared more multihole structures on the surface of Si-DTC

(F) comparing with that of activated silica gel (B) and Si-Cl (D),
mainly because of the microcorrosion of the silica matrix surface by
the solution with pH values of 9–10 during the synthesis of Si-DTC.

 DTC-Cd DTC-Cu DTC-Hg

2 1117.44 1107.01 1123.84
9 614.21 617.79 611.39
0 1466.55 1472.95 1456.94

C1s Cl2p N1s S2p

– – – –
8.75 1.54 – –
9.07 – 1.24 0.3
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Scheme 3. The structure of Si-DTC-1.

Fig. 4. SEM images of the activated silica gel (A and B), Si-Cl (C and D), Si-DTC (E and F).
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Fig. 5. The effect of pH on the adsorption of Pb(II), Cd(II), Cu(II) and Hg(II) metal ions.
[(�)  Pb(II)] C0 = 200 mg  L−1; [(�) Cd(II)] C0 = 100 mg  L−1; [(�) Cu(II)] C0 = 40 mg L−1;
[(�)  Hg(II)] C0 = 200 mg  L−1; t = 60 min; m(Si-DTC) = 0.05 g; temperature = 25 ◦C.
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Scheme 4. The acid decomposition of dithiocarbamates.

.1.4. Elemental analysis
Elemental analysis indicated 1.375% carbon, 28.96% nitrogen,

.35% hydrogen and 1.10% sulfur in Si-DTC. It could be calculated
hat 1 g Si-DTC contained 0.17 mmol  dithiocarbamate groups.

.2. Adsorption behavior of Si-DTC

.2.1. The effect of pH on adsorption
The medium pH value affected the surface charge of the adsor-

ent, the degree of ionization and speciation of adsorbate during
eaction [25].Thus the adsorption of metal ions on Si-DTC was
xamined at the pH range of 0.5–8.0 and the results were presented
n Fig. 5.

As shown in Fig. 5, a general increase in adsorption capaci-
ies with increasing pH of solution was observed. There was an
brupt increase at pH 3, which was close to the isoelectric point of
he dithiocarbamate [26]. Below pH of 3, the H3O+ ions of higher
oncentration will compete with M(II) to seize the adsorption

ites, and as a result, less adsorption capacities were observed at
ow pH. When the pH increased, the concentration of H3O+ ions
ecreased and the active adsorption sites mainly turned into disso-

able 3
dsorption equilibrium time and adsorption capacities of some dithiocarbamate function

Supporting material Adsorption equilibrium time

Sporopollenin 30 

Monosize polystyrene microspheresa 20 

Macroreticular styrene-divinylbenzene copolymer 20 

MCM-41-[N-(2-aminoethyl)
dithiocarbamate] 90 

Polymer/organosmectite 60/15 

Silica  (present study) 10 

a Adsorption capacities in the presence of the heavy metals.
Fig. 6. Adsorption rates of heavy metal ions onto Si-DTC. [(�) Pb(II)] C0=200 mg L ,
pH  5.0; [(�) Cd(II)] C0 = 100 mg L−1, pH 7.0; [(�) Cu(II)] C0 = 40 mg L−1, pH 5.0; [(�)
Hg(II)] C0 = 200 mg  L−1, pH 6.0; m(Si-DTC) = 0.20 g; temperature = 25 ◦C.

ciated forms, which resulted in the high affinity of adsorption sites
towards the metal ions.

According to the literature [27], the dithiocarbamate com-
pounds are generally unstable in acidic media and can be
decomposed into the amine and carbon disulfide (presented in
Scheme 4). And the dithiocarbamates began to decompose when
the pH of the media was  less than 4, and the decomposition rate
reached maximum below pH of 2, which had been demonstrated
in previous literatures [28,29].  All these indicate that during the pH
range of 0.5–2.0 in our study, the dithiocarbamate groups were par-
tially hydrolyzed, which also led to the poor adsorption capacities
of Si-DTC at lower pH.

The optimum pH value at which the maximum metal uptake
were obtained as 5.0, 7.0, 5.0 and 6.0 for Pb(II), Cd(II), Cu(II) and
Hg (II), respectively. These optimum pH values were used for all
subsequent experiments. However, Pb(II), Cd(II), Cu(II) and Hg(II)
start to be precipitated as hydroxide at pH 6.0, 8.0, 6.0 and 7.0,
respectively.

3.2.2. Adsorption dynamics
To determine an optimum contact time between the Si-DTC

and heavy metal ion solutions, adsorption capacities of metal ions
were measured as a function of contact time and the results were
presented in Fig. 6.

As shown in Fig. 6, there was  a rapid uptake kinetics and
adsorption equilibrium time of our study and some other dithiocar-
bamate based materials given in the literatures were summarized
in Table 3. As listed in Table 3, the adsorption dynamics of Si-DTC

alized materials reported in the literatures.

 (min) Adsorption capacities (mmol g−1) Reference

Pb Cd Cu Hg

0.45 0.06 0.27 – [30]
0.031 0.017 0.059 0.11 [16]
0.11 – – 0.55 [31]

0.018 0.013 0.032 – [32]
0.34 0.28 – 0.038 [33,34]
0.34 0.36 0.32 0.40 –
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Fig. 7. Lagergren’s pseudo-first-order plots for heavy metal ions on Si-DTC. [(�)
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Fig. 8. Pseudo second-order plots for heavy metal ions on Si-DTC. [(�)

0.34 mmol  g−1, 0.36 mmol  g−1, 0.32 mmol  g−1 and 0.40 mmol g−1

for Pb(II), Cd(II), Cu(II) and Hg(II), respectively, in the range of
the experimental concentrations. The adsorption capacities of our
study and some other dithiocarbamate based materials given in
b(II)] C0 = 200 mg  L−1, pH 5.0; [(�) Cd(II)] C0 = 100 mg  L−1, pH 7.0; [(�) Cu(II)]
0 = 40 mg  L−1, pH 5.0; [(�) Hg(II)] C0 = 200 mg  L−1, pH 6.0; m(Si-DTC) = 0.20 g; tem-
erature = 25 ◦C.

ere much faster than the other dithiocarbamate functionalized
dsorbents reported in the literatures [30,16,31–34]. Probably the
ast adsorption of heavy metal ions onto Si-DTC could be ascribed
o the good hydrophilicity of the silica matrix and the prominent
helate capacity of dithiocarbamate towards heavy metal ions. To
nsure the equilibrium condition was achieved, the contact time of
0 min  was chosen in the subsequent experiments.

In order to interpret the kinetic characteristics of metal
dsorption processes, Lagergren first-order equation and pseudo-
econd-order equation model were used to evaluate experimental
ata.

The linearized form of the first-order rate equation by Lagergren
nd Svenska [35] is given as:

og(Qe − Qt) = log Qe −
(

k1t

2.303

)
, (2)

where Qe and Qt are the amounts of the metal ions adsorbed
mg  g−1) at equilibrium and at contact time t (min), respectively,
1 (min−1) is the rate constant. The plots of log(Qe− Qt) versus t
ere depicted in Fig. 7 and the rate constants (k1) and theoretical

quilibrium adsorption capacities, Qe (theor.) were presented in
able 4.

The experimental data were also fitted by the pseudo-second-
rder kinetic model which was given with the equation below [36]:

t

Qt
= 1

k2Q 2
e
+

(
1

Qe

)
t, (3)

where k2 (g mg−1 min−1) is the rate constant of pseudo second-
rder adsorption reaction. The plots of t/Qt versus t were shown
n Fig. 8 and the rate constants (k2) and theoretical equilibrium
dsorption capacities, Qe (theor.) were presented in Table 4.

From Table 4, the calculated equilibrium adsorption capacities,
e (theor.) of the pseudo-first-order kinetic model were not in
ccordance with the experimental adsorption capacities Qe (exp.).
urthermore, linear correlation coefficients of the plots for all the
our metal ions were not good. Therefore, it suggested that the
dsorption of Pb(II), Cd(II), Cu(II) and Hg(II) onto Si-DTC cannot
e described by first-order kinetic reaction. As to the pseudo-
econd-order model, the correlation coefficients for the slopes were

uperior to 0.999 in all the systems and the theoretical Qe val-
es were close to the experimental Qe values. It was possible
o suggest that the adsorption of Pb(II), Cd(II), Cu(II) and Hg(II)
nto Si-DTC followed a second-order type reaction kinetics. The
Pb(II)] C0 = 200 mg L−1, pH 5.0;[(�) Cd(II)] C0 = 100 mg  L−1, pH 7.0; [(�) Cu(II)]
C0 = 40 mg L−1, pH 5.0;[(�) Hg(II)] C0 = 200 mg L−1, pH 6.0; m(Si-DTC) = 0.20 g; tem-
perature = 25 ◦C.

pseudo-second-order model is based on the assumption that the
rate-determining step may  be a chemical adsorption involving
valence forces through sharing or exchanging of electrons between
adsorbent and adsorbate [37].

3.2.3. Adsorption isotherms
The effect of initial concentrations on metal ion adsorption was

investigated by varying the initial concentrations of the metal ions
at optimum pH value and 60 min  of equilibration time. The obtained
results were presented in Fig. 9.

From Fig. 9, the higher is the initial concentration of the metal
ion, the larger is the amount of the metal ion taken up. This increase
in loading capacity of the adsorbent with relation to the metal ions
concentration can be explained with the high driving force for mass
transfer [38]. The maximum adsorption capacity could reach to
Fig. 9. Effect of initial concentration on heavy metal adsorption for Si-DTC. [(�)
Pb(II)] pH 5.0; [(�) Cd(II)] pH 7.0; [(�) Cu(II)] pH 5.0; [(�) Hg(II)] pH 6.0 ; m(Si-
DTC) = 0.05 g; temperature = 25 ◦C.
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Table 4
First-order, second-order rate constants.

Metal First-order rate constants Second-order rate constants

Qe (exp) (mg  g−1) k1 (min−1) Qe (theor.) (mg  g−1) R2 k2 (g mg−1 min−1) Qe (theor.) (mg g−1) R2

Pb 67.39 0.0450 15.92 0.9587 0.000027 69.40 0.9996
0.9901 0.000133 44.00 0.9999
0.9314 0.000960 16.45 0.9997
0.9913 0.000044 83.64 0.9999
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Cd  43.47 0.1031 16.90 

Cu  16.40 0.0365 1.604 

Hg 82.71  0.0335 9.492 

he literature were summarized in Table 3. As can be seen from
able 3, these adsorption capacities of our materials are comparable
o some other dithiocarbamate functionalized adsorbents reported
efore.

The adsorption data for heavy metal ions were analyzed by
tting the Langmuir, Freundlich and D–R adsorption isotherm mod-
ls.

The Langmuir isotherm model assumes a monolayer adsorption
hich takes place at specific homogeneous sites within the adsor-

ent and all the adsorption sites are energetically identical. In this
odel, a M(II) monolayer is formed on a modified adsorbent with

 metal complex formation [39]. Linearized form of the Langmuir
quation was given by the following equation [40]:

1
Qe
= 1

Q 0
+ 1

bQ 0Ce
, (4)

where Qe is the amount of metal ion adsorbed on the adsorbent
mmol  g−1), Ce is the equilibrium metal ion concentration in the
olution (mmol  L−1), Q0 represents a practical limiting adsorption
apacity when the surface of adsorbent is completely covered with
dsorbate and b is the Langmuir adsorption constant (L mmol−1).
he plots of 1/Qe versus 1/Ce were shown in Fig. 10 and the values
f Q0 and b were presented in Table 5.

The Freundlich model assumes a heterogeneous adsorption sur-
ace with sites having different adsorption energies. Linearized
orm of the Freundlich equation was given by the following equa-
ion [41]:

og Qe = log KF +
1
n

log Ce, (5)

where Qe is the equilibrium metal ion concentration on adsor-
ent (mmol  g−1), Ce is the equilibrium concentration of the metal

on (mmol  L−1), KF is the Freundlich constant (mmol g−1) which
ndicates the adsorption capacity and represents the strength of the
dsorptive bond and n is the heterogeneity factor which represents
he bond distribution. The plots of log Qe versus log Ce were shown
n Fig. 11 and the values of KF and n were presented in Table 5.

The D–R isotherm is more general than the Langmuir isotherm,
ecause it does not assume a homogeneous surface or constant
dsorption potential. The equilibrium data were also examined by
he Dubinin–Radushkevich (D–R) model to determine the nature

f adsorption processes whether it is physical or chemical [42].The
–R isotherm is given with the following Eq. (6) [43]:

 = Qm exp(−kε2), (6)

able 5
angmuir, Freundlich and D–R isotherm constants.

Metal Langmuir isotherms parameters Freundlich isothe

Q0 (mmol  g−1) b (L mmol−1) R2 KF (mmol  g−1) 

Pb −0.0327 −3.4313 0.9489 0.3725 

Cd  0.3753 8.4767 0.9471 0.3319 

Cu 2.0133 0.1400 0.9924 0.1901 

Hg  0.4455 14.9447 0.9659 0.2806 
Fig. 10. Langmuir isotherm plots for heavy metal ions on Si-DTC. [(�) Pb(II)] pH
5.0; [(�) Cd(II)] pH 7.0; [(�) Cu(II)] pH 5.0; [(�) Hg(II)] pH 6.0 ; m(Si-DTC) = 0.05 g;
temperature = 25 ◦C.

and linearized form of the equation was given as Eq. (7):

ln Q = ln Qm − kε2, (7)

where Q is the amount of metal ion adsorbed per unit weight of
adsorbent (mol g−1), k is a constant related to the adsorption energy
(mol2 kJ−2) and Qm is the maximum adsorption capacity (mol g−1),
ε is the Polanyi potential (J mol−1) that can be written as:

ε = RT ln
(

1 + 1
Ce

)
. (8)

The plots of ln Q versus �2 were shown in Fig. 12 and the values
of Qm and k were presented in Table 5.

Know from Table 5, the adsorption processes could not be
described by the Langmuir adsorption isotherm model as negative
values of b and Q0 were obtained and the linear correlation coeffi-
cients (R2) of the plots for all the four metal ions were not good. The
R2 values were in the range 0.85–0.99 indicating that the adsorption

processes did not fit well with the Freundlich model. Consequently,
the D–R isotherm model fitted best to the experimental data when
the R2 values were compared and the maximum adsorption Qm val-
ues calculated from the experimental data were in good accordance

rms parameters D–R isotherms parameters

n R2 Qm (mmol g−1 k (mol2 kJ−2) R2

0.9656 0.9207 0.3635 0.00046 0.9960
9.3703 0.9818 0.3609 0.00012 0.9995
1.2220 0.9952 0.3144 0.00003 0.9998
4.9576 0.8553 0.3893 0.00278 0.9974
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Fig. 11. Freundlich isotherm plots for heavy metal ions on Si-DTC. [(�) Pb(II)] pH
5.0; [(�) Cd(II)] pH 7.0; [(�) Cu(II)] pH 5.0; [(�) Hg(II)] pH 6.0 ; m(Si-DTC) = 0.05 g;
temperature = 25 ◦C.

Fig. 12. D–R isotherm plots for heavy metal ions on Si-DTC. [(�) Pb(II)] pH 5.0; [(�)

Fig. 13. The high-resolution core-level spectra 
Cd(II)] pH 7.0; [(�) Cu(II)] pH 5.0; [(�) Hg(II)] pH 6.0 ; m(Si-DTC) = 0.05 g; tempera-
ture = 25 ◦C.

of N1s and S2p for Si-DTC and Si-DTC-Hg.
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 (b) Cu
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Fig. 14. The high-resolution core-level spectra of (a) Hg4d in Si-DTC-Hg,

ith the experimental Q values. The Dubinin–Radushkevitch (D–R)
quation was originally proposed as an empirical adaptation of the
olanyi adsorption potential theory. In our study, there appeared
ultihole structure on the surface of Si-DTC as shown in Fig. 4F,

ainly because the microcorrosion of the silica matrix surface by

he solution with a pH value of 9–10 during the synthesis of Si-
TC. Therefore, the adsorption of heavy metal ions onto the Si-DTC

urface was pore-filling rather than layer-by-layer surface cover-

Scheme 5. The structu
2p3/2 in Si-DTC-Cu, (c) Pb4f7/2 in Si-DTC-Pb and (d) Cd3d5/2 in Si-DTC-Cd.

age, which was in correspondence with the postulate of the D–R
equation [44].

To evaluate the nature of interaction between heavy metal ions
and the binding sites, the mean free energy of adsorption (E) was

calculated from the k values using the following equation [45]:

E = (2k)−
1
2 . (9)

re of Si-DTC-Hg.
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f N1s a

1
H
m
o

Fig. 15. The high-resolution core-level spectra o

The values of E were found to be 32.96 kJ mol−1, 64.55 kJ mol−1,

29.10 kJ mol−1 and 13.41 kJ mol−1 for Pb(II), Cd(II), Cu(II) and
g(II), respectively. The mean free energy of adsorption (E) per
ole of the adsorbate is the energy required to transfer one mole

f an adsorbate to the surface from infinity in solution [46]. The E
nd S2p for Si-DTC-Cu, Si-DTC-Pb and Si-DTC-Cd.

value of Hg(II) is much smaller than the E values of Pb(II), Cd(II)

and Cu(II), i.e., it needs much more energy to transfer Pb(II), Cd(II)
and Cu(II) onto the surface of Si-DTC than Hg(II), which results in
stronger adsorbing tendency of Hg(II) onto the surface of Si-DTC
than that of Pb(II), Cd(II) and Cu(II), and this also indicates that the
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i-DTC
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Scheme 6. The structure of S

dsorption mechanism of Hg(II) onto Si-DTC may  be quite different
rom that of Pb(II), Cd(II) or Cu(II) onto Si-DTC. Moreover, the mag-
itude of E values indicates the adsorbing tendency of Si-DTC to

eavy metal ions, which basically matches the adsorption capac-

ties order in our study because the adsorption capacity of Hg(II)
rom Si-DTC is much higher than that of Pb(II), Cd(II) and Cu(II).

able 6
hermodynamic parameters for the adsorption of Pb(II), Cd(II), Cu(II) and Hg(II) on Si-DT

Metal C0 (mg  L−1) �H◦ (kJ mol−1) �

Pb 200

1.69 6

23.46 1

Cd 100

1.72 6

23.83 1

Cu  60

1.34 6

24.03 1

Hg 200

4.40 9

11.31 1
-A (A = Pb(II), Cd(II) or Cu(II))

3.2.4. Adsorption mechanism of Pb(II), Cd(II), Cu(II) and Hg(II)
onto Si-DTC

In order to clarify the adsorption mechanism of Pb(II),

Cd(II), Cu(II) and Hg(II) onto Si-DTC, the XPS analyses for Si-
DTC and M(II) loaded Si-DTC (abbreviated as Si-DTC-M) were
done.

C.

S◦ (J K−1 mol−1) T (K) �G◦ (kJ mol−1) R2

6.46

303 −18.50

0.9913

308 −18.84
313 −19.17
318 −19.50
323 −19.83
328 −20.16

35.96

333 −21.84

0.9945
338 −22.52
343 −23.20
348 −23.88
353 −24.56

4.47

303 −17.82

0.9928

308 −18.15
313 −18.47
318 −18.79
323 −19.11
328 −19.44
333 −21.17
338 −21.84

35.07
343 −22.52 0.9913
348 −23.19
353 −23.87

6.10

303 −18.70

0.9933

308 −19.03
313 −19.36
318 −19.69
323 −20.03
328 −20.36
333 −22.27
338 −22.96

38.96
343 −23.66

0.9926348 −24.35
353 −25.05

5.45

303 −24.54

0.9933

308 −25.02
313 −25.49
318 −25.97
323 −26.45
328 −26.93
333 −27.54

0.9908
338 −28.12

16.60
343 −28.71
348 −29.29
353 −29.87
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.2.4.1. The XPS results of Si-DTC and Si-DTC-Hg. The high-
esolution core-level spectra of S2p and N1s of Si-DTC and Si-DTC-Hg
esolved into individual component peaks were shown in Fig. 13.
he S2p binding energies of C–S bond of dithiocarbamate group
n Si-DTC and Si-DTC-Hg were 162.88 eV (peak 2 in Fig. 13a) and
65.00 eV (peak 2 in Fig. 13c), respectively, i.e., the S2p binding
nergy of C–S bond of dithiocarbamate groups in Si-DTC-Hg was
uch higher than that in Si-DTC, which results from the dona-

ion of the electrons from S atoms of C–S bonds of dithiocarbamate
roups to Hg(II) [47]. The peak 3 at 163.62 eV in Fig. 13a and peak

 at 163.99 eV Fig. 13c were attributed to a new C–S bond [48]
n Si-DTC-1(presented in Scheme 3) and this new C–S bond in Si-
TC-Hg (presented in Scheme 5) without the complexing formation
etween Hg(II), respectively. The S2p binding energies of the C S
ond of dithiocarbamate groups [49] in Si-DTC (peak 1 in Fig. 13a)
nd Si-DTC-Hg (peak 1 in Fig. 13c) were both 162.22 eV, which
ndicates no chelating bond is formed between Hg(II) and the C S
ond.

The N1s binding energies of N–CS2 bond in Si-DTC and in Si-
TC-Hg were 398.30 eV (peak 1 in Fig. 13b) and 399.30 eV (peak 1

n Fig. 13d), respectively, i.e., the N1s binding energy of N–CS2 bond
n Si-DTC-Hg was higher than that in Si-DTC. This is because of
he chelating formation between Hg(II) and the N atom of dithio-
arbamate group [47], which results in the transfer of electrons
rom N atom of dithiocarbamate group to Hg(II). The peak 2 at
99.75 eV in Fig. 13b corresponded to the –NH/–NH2 groups, which
ad not been subjected to dithiocarbamation in Si-DTC. The peak
-2 at 400.51 eV in Fig. 13d corresponded to the –NH/–NH2 groups
hich forms complexes with Hg(II) in Si-DTC-Hg, i.e., the N1s bind-

ng energy of a portion of –NH/–NH2 groups in Si-DTC increased
bout 0.8 eV after the adsorption of Hg(II), which results from the
onation of the lone pair of electrons of N atom to the shared bond
etween the N atom of –NH/–NH2 groups and Hg(II), and as a conse-
uence, the electron cloud density of this N atom decreased [50,51].
he N1s binding energies of –NR2 in Si-DTC and in Si-DTC-Hg were
01.10 eV (peak 3 in Fig. 13b) and 401.30 eV (peak 3 in Fig. 13d) in
i-DTC-Hg [52], respectively, i.e., there was no obvious change of
1s binding energies of –NR2 after the adsorption for Hg(II), which

ndicates that there was no or little chelating interaction between
ertiary amines and Hg(II).

Since the spectra of Hg4f overlaps with that of Si2p, the signal
f Hg4d was presented in Fig. 14a  to investigate the adsorption of
g(II) on Si-DTC. The binding energy of Hg4d5/2 and Hg4d3/2 both

evealed single peak around 360.10 eV and 378.30 eV, respectively,
hich indicates that Hg(II) was adsorbed only through the chelating

inding between Hg(II) and sulfur or nitrogen [53].

.2.4.2. The XPS results of Si-DTC-Cu, Si-DTC-Pb and Si-DTC-Cd. The
igh-resolution core-level spectra of S2p and N1s of Si-DTC-Cu, Si-
TC-Pb and Si-DTC-Cd resolved into individual component peaks
ere shown in Fig. 15.  The S2p binding energies of C S bond of
ithiocarbamate groups (peak 2 in Fig. 15a), C–S bond of dithio-
arbamate group (peak 2 in Fig. 15a) and a new C–S bond (peak 3
n Fig. 15a) in Si-DTC-1, were 162.10 eV, 162.98 eV and 163.86 eV,
espectively, i.e., the S2p binding energies of all these three kinds
f bonds in Si-DTC-Cu were almost the same with those in Si-
TC. From Fig. 15b, the N1s binding energies of N–CS2 bond (peak
), –NH/–NH2 groups (peak 2-1/peak 2-2) and –NR2 (peak 3) in
i-DTC-Cu, were 398.78 eV, 399.55 eV/400.15 eV and 401.25 eV,
espectively. According to the analysis results for N1s binding
nergies of Si-DTC and Si-DTC-Hg, these results indicate that the

NH/–NH2 groups were also formed as complexes with Cu(II) in
i-DTC-Cu.

The S2p and N1s results of Si-DTC-Pb and Si-DTC-Cd (presented
n Fig. 15c–f) were almost the same with those of Si-DTC-Cu, and
aterials 195 (2011) 261– 275 273

this shows that the adsorption mechanisms of Si-DTC for Pb(II),
Cd(II) or Cu(II) were the same.

It seemed no chemical combination between Cu(II), Pb(II) or
Cd(II) and the C–S bond of dithiocarbamate groups. Nevertheless,
the high-resolution core-level spectra of Cu2p3/2, Pb4f7/2 and Cd3d5/2
reveal notable phenomena in Fig. 14b–d. Fig. 14b  shows the main
peak of Cu2p3/2 around 934.40 eV, along with its weaker satellite
peak around 942.78 eV [54]. The peak of Cu2p3/2 was resolved into
two component peaks. Peak 1 at 932.60 eV was characteristic of the
complexation which was formed between –NH/–NH2 groups and
Cu(II) [55]. Peak 2 at 934.30 eV corresponded to the Cu2p3/2 electron
binding energies of the cupric forms [56], which suggests that Cu(II)
was seized in cupric forms by the dissociated dithiocarbamate sites
at the same time.

The spectral decomposition results of Pb4f7/2 in Fig. 14c  and
Cd3d5/2 in Fig. 14d also show two  valence states, respectively, one
is of divalent ion form and another of metal-amine complexes
[55,57–59], which were similar to Cu2p3/2. It also suggests that
the adsorption mechanisms of Si-DTC for Pb(II) or Cd(II) were in
accordance with that for Cu(II).

3.2.4.3. The differences of adsorption mechanisms between Pb(II),
Cd(II), Cu(II) or Hg(II) onto Si-DTC. The N1s binding energy results
for Si-DTC and Si-DTC-M indicate that there were a portion of
the –NH/–NH2 groups conformed coordination with all of the four
heavy metal ions, that’s the reason why adsorption amounts of
Si-DTC to metal ions were much higher than the content of dithio-
carbamate groups attached to silica matrix.

As discussed in Sections 3.2.4.1 and 3.2.4.2,  the adsorption
mechanism of Hg(II) (presented in Scheme 5) is quite different from
that of Pb(II), Cd(II) or Cu(II) (presented in Scheme 6). Besides the
–NH/–NH2 groups, the N atom of N–CS2 and the S atom of the C–S
bond in dithiocarbamate groups were also coordinated to the Hg(II),
while no chelating reactions for Pb(II), Cd(II) or Cu(II) took place
with the N atom of N–CS2 and the S atom of the C–S bond. How-
ever, the XPS results of Cu2p3/2, Pb4f7/2 and Cd3d5/2 suggest that a
portion of Pb(II), Cd(II) and Cu(II) were adsorbed in a divalent ion
form by the dithiocarbamate anions, i.e., there were also chemical
bonds which were formed between Pb(II), Cd(II) or Cu(II) with the
C–S bond of dithiocarbamate groups.

Moreover, the FI-IR results of MDTC, DTC-Pb, DTC-Cd, DTC-
Cu and DTC-Hg in Section 3.1.1 also evidenced the differences of
the adsorption mechanisms. As shown in Table 1, the order of
absorption redshift for the C–S bond of dithiocarbamate group was
DTC-Hg > DTC-Cd > DTC-Pb > DTC-Cu. The combination between
Hg(II) and the C–S bond was  of strong covalent properties, which
leads to the most prominent shift of the adsorption frequency.
Meanwhile, the chemical bindings of Pb(II), Cd(II) or Cu(II) to the
dithiocarbamate anions had weak tendencies of sharing electrons,
which results in the relatively small variation of the C–S bond
adsorption frequencies. The stretching vibration of N–CS2 bond
of MDTC at 1453 cm−1 revealed considerable double bond char-
acteristics, because the stretching mode of the single C–N bond
is shortened under the influence of the polar ionic bond of C+–S−

[47,60]. From Table 1, the stretching vibration frequencies of N–CS2
bond of DTC-Pb, DTC-Cd and DTC-Cu shifted to higher frequencies
comparing with MDCT, it is because the chemical bindings of Pb(II),
Cd(II) or Cu(II) to the C–S bond of dithiocarbamate group produce
the effect of electrostatic induction, which enhances the double
bond characteristics of the N–CS2 bond. As for DTC-Hg, the N atom
of N–CS2 bond and the S atom of the C–S bond in dithiocarbamate
groups both have the tendencies to transfer electrons to Hg(II),

which counteracts the tendency of the electron cloud dispersing
to the two  sides of N–CS2 bond, as a result, the stretching vibration
of N–CS2 bond of DTC-Hg does not change, and is almost the same
with MDTC.
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Fig. 16. The log KD
−1/T graphs for the adsorption of heavy metal ions on Si-DTC.
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(�) Pb(II)] C0 = 200 mg  L−1, pH 5.0; [(�) Cd(II)] C0 = 100 mg  L−1, pH 7.0; [(�)Cu(II)]
0 = 60 mg  L−1, pH 5.0; [(�) Hg(II)] C0 = 200 mg  L−1, pH 6.0; m(Si-DTC) = 0.05 g;

 = 60 min.

.2.5. Adsorption thermodynamics
The effect of temperature on the adsorption of heavy metal ions

nto Si-DTC was  given from the plots and curves of the distribution
oefficient Kd values versus adsorption temperatures in Fig. 16.

It can be found in Fig. 16 that Kd increased with temperature
ncreasing, a certification of the endothermic adsorption nature.
hermodynamic parameters including free energy change (�Go),
nthalpy change (�Ho) and entropy change (�So) were calculated
ccording to Eqs. (10)–(12). The Gibbs free energy change of the
rocess was related to the distribution coefficient (Kd) in the lin-
arized form of Eq. (10):

Go = −RT ln Kd (10)

Go = �Ho − T�So (11)

og Kd =
�So

2.303R
− �Ho

2.303RT
, (12)

where Kd is the distribution coefficient (mL  g−1), and R is the
as constant (8.314 J mol−1 K−1). The calculated values of thermo-
ynamic parameters were listed in Table 6.

As shown in Table 6, the values of �Go were negative at all
emperatures, confirming that the adsorption of heavy metal ions
nto Si-DTC was spontaneous and thermodynamically favorable.
he increase in absolute value of −�Go as temperature rising indi-
ates that the adsorption process of metal ions on Si-DTC becomes
ore favorable at higher temperature. The positive values of �So

uggest the randomness at the solid-solution interface increases
uring the adsorption of heavy metal ions on Si-DTC.

The enthalpy changes �Ho were positive at all temperatures
epresented the endothermic natures of adsorption processes and
he heat maybe consumed to transfer the heavy metal ions from
queous solution onto Si-DTC. Although there are no certain crite-
ia related to the �Ho values that define the adsorption type, the
eat of adsorption values between 20.9 kJ mol−1 and 418.4 kJ mol−1

re frequently assumed as the comparable values for chemi-
al adsorption processes [61]. Known from Table 6, �Ho values
ere 1.69 kJ mol−1, 1.72 kJ mol−1, 1.34 kJ mol−1 and 4.40 kJ mol−1

or Pb(II), Cd(II), Cu(II) and Hg(II), respectively, at the range of
03K–328K. We  hypothesized that in the range of 303K–328K, the

ransportation of heavy metal ions from aqueous solution onto the
urface of Si-DTC was improved by the increasing temperature,
hich reveals a physical nature of the adsorption process. And the
Ho values were 23.46 kJ mol−1, 23.83 kJ mol−1, 24.03 kJ mol−1 and

[

aterials 195 (2011) 261– 275

11.31 kJ mol−1 for Pb(II), Cd(II), Cu(II) and Hg(II), respectively, in
the range of 333K–353K. This is probably because in the range of
333K–353K, the transportation of heavy metal ions was  not appre-
ciably improved by the increasing temperature, but the chelating
reactivity of Si-DTC for heavy metal ions was  promoted by the
higher temperature. In this way, the chemical reaction became the
leading factor during the adsorption process.

4. Conclusions

In the presented study, a new procedure for the efficient
synthesis of silica-supported dithiocarbamate (Si-DTC) has been
developed which observably improved the adsorption capacities
of dithiocarbamate adsorbent and the properties of this adsorbent
have been examined. The adsorption behavior of heavy metal ions
by Si-DTC is pH-dependent and the decomposition of dithiocarba-
mate in acid media leads to the poor adsorption capacities of Si-DTC
at lower pH.

The adsorption process for the heavy metal ions for Si-DTC can
be explained with pseudo second-order type kinetic model, which
is based on the assumption that the rate-determining step is a
chemical adsorption. The adsorption of all the metal ions on Si-
DTC could be expressed by D–R type adsorption isotherms, which
shows the non-homogenous characteristics of the adsorption sites
on the adsorbent. Chelating interactions are accompanied by an
increase in entropy and exhibit endothermic enthalpy values. The
dithiocarbamate groups and the amino groups in Si-DTC both take
part in the adsorption process for M(II) from aqueous solutions but
the adsorption mechanism of Hg(II) onto Si-DTC is quite different
from that of Pb(II), Cd(II) or Cu(II) onto Si-DTC, which is testified by
the XPS and FT-IR results.
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