
P
3
a

J
D

h

�
�
�
�
�

a

A
R
R
1
A
A

K
S
M
3
A
C

1

a
s
w
h
u
i
[

0
h

pm
.co

m
.cn

Journal of Hazardous Materials 248– 249 (2013) 285– 294

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

jou rn al h om epage: www.elsev ier .com/ loc ate / jhazmat

reparation,  characterization  and  adsorption  properties  of  a  novel
-aminopropyltriethoxysilane  functionalized  sodium  alginate  porous  membrane
dsorbent  for  Cr(III)  ions
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 i  g  h  l  i g  h  t  s

The  APTEOS/SA  has  been  successively  applied  for  adsorption  removal  of  Cr(III)  ions.
The  APTEOS/SA  exhibited  excellent  uptake  capacity  of  1.73  mmol/g.
The  APTEOS/SA  could  be used  conveniently.
The APTEOS/SA  could  be reused  with  little  loss  of adsorption  capacity.
The  adsorption  rate was  fast  and  adsorption  equilibrium  was  obtained  within  50 min.
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a  b  s  t  r  a  c  t

In  this  study,  we  prepared  3-aminopropyl-triethoxysilane  (APTEOS)  functionalized  sodium  alginate  (SA)
porous  membrane  adsorbent  (APTEOS/SA)  and  tested  its adsorption  performance  for  removing  of  Cr(III)
ions. The  physico-chemical  properties  of the  pristine  and  Cr(III) ions  loaded  APTEOS/SA  were  investi-
gated  by  FT-IR,  SEM-EDX,  TG,  AFM,  and  contact  angle  goniometer  methods.  To investigate  the  adsorption
kinetics  of  Cr(III)  ions  onto this  newly  developed  APTEOS/SA,  we  performed  a batch  of  experiments  under
different  adsorption  conditions:  solution  pH,  adsorbent  dose,  initial  Cr(III)  ion concentration,  adsorption
temperature,  and  contact  time.  The  APTEOS/SA  exhibited  an  encouraging  uptake  capacity  of  90.0  mg/g
under  suitable  adsorption  conditions.  To  study  the  mechanism  of  adsorption  process,  we examined
the  Lagergren  pseudo-first-order  and  pseudo-second-order  kinetic  model,  the  intra-particular  diffusion
model, and  the Crank  model.  Kinetics  experiments  indicated  that  the  pseudo-first-order  model  displayed
.sdsorption

r(III)
the  best  correlation  with  adsorption  kinetics  data.  The  Crank  model  showed  that  the  intra-particle  solute
diffusion  was  the  main  rate-controlling  step.  Furthermore,  our  adsorption  equilibrium  data  could  be
better described  by  the  Freundlich  equation.  We  also  carried  out consecutive  adsorption–desorption
experiments  eight  times  to show  that the  APTEOS/SA  has  encouraging  adsorption–desorption  efficiencies.
The  results  indicates  that the prepared  adsorbent  is  promising  for using  as  an  effective  and  economical

remo
wwwadsorbent  for  Cr(III) ions  

. Introduction

In the past decades, with the rapid increase in global industrial
ctivities and mining activities, heavy metal pollution has caused
erious environmental and public health problems in many places
orldwide [1,2]. One of the most toxic metal ions endangering
uman life is chromium [3–6]. Cr(III) ion compounds are widely

sed in modern industries, such as leather making, textile dye-

ng, wood preservation, metal finishing and petroleum refining
7–10], which inevitably results in a large quantity of Cr(III) ions

∗ Corresponding author. Tel.: +86 596 2591445; fax: +86 596 2520035.
E-mail address: jhchen73@126.com (J.H. Chen).

304-3894/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2013.01.042
val.
© 2013 Elsevier B.V. All rights reserved.

contaminated industrial effluents. Waters containing a high con-
centration of Cr(III) ions are extremely harmful to human beings
because they are non-biodegradable in living tissues and would
induce toxic and carcinogenic health effects on humans [11,12].
Therefore, the methods for removal of Cr(III) from wastewater with
high efficiency and low cost are urgently needed.

The conventional methods used to remove heavy metal ions
from wastewater include chemical precipitation, ion exchange,
chemical reduction and membrane separation [13–16].  However,
these methods are not widely practical due to their high operat-

ing costs and problems in the disposal of residual metal sludge.
Removal of Cr(III) ions from wastewater by adsorption has been
investigated by many researchers [17–21].  The main advantages of
the adsorption are a recovery of the heavy metal, high selectivity,

dx.doi.org/10.1016/j.jhazmat.2013.01.042
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jhchen73@126.com
dx.doi.org/10.1016/j.jhazmat.2013.01.042
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ess sludge volume produced, simplicity of design and the meeting
f strict discharge specification. An efficient adsorptive material
hould consist of an insoluble porous matrix and some suitable
ctive groups that can interact with heavy metal ions [22,23].

In recent years, increased attention has been focused on the use
f abundantly naturally available and reusable low cost geomateri-
ls and biomaterials, such as, phillipsite [24], clinoptilolite-bearing
olcanoclastic deposits [25], natural zeolites [26], cellulose [27,28],
tarch [29], dextran [30,31] and chitosan [32–34] for removing
eavy metal ions from wastewater or as cation exchanger. Com-
ared with other traditional treatment processes, heavy metal
dsorption using geomaterials and biomaterials can reduce total
apital cost greatly and make the adsorption process more environ-
ental friendly and more technical feasibly. Sodium alginate (SA) is

aturally occurring polysaccharides obtained mainly from marine
rown algae belonging to the phaeophyceae, and is composed of
wo monomeric units, h-d-mannuronic acid and a-l-guluronic acid
35,36]. Sodium alginate, for its good membrane forming properties
nd high activity with carbonyl and hydrogen groups on its chain
hich are excellent functional groups for anchoring heavy metals,
as been attracted considerable attention currently [37–39].  How-
ver, in many cases, these biomaterials are soluble in aqueous
olution and usually do not exhibit satisfied adsorption perfor-
ance for target heavy metals. As a result, their modification is

eeded to enhance their adsorption capacity [29,40–42].
Based on remark above, in this study, a novel porous mem-

rane adsorbent (APTEOS/SA) was prepared by functionalizing SA
ith 3-aminopropyl-triethoxysilane (APTEOS) and using silica gel

s a porogen, and used for adsorption removal of Cr(III) ions from
astewater. To investigate the effects of operating factors on the

dsorption capacity of the APTEOS/SA for Cr(III) ions, we carried out
 batch of adsorption experiments under various conditions: solu-
ion pH, adsorbent dose, initial Cr(III) ion concentration, adsorption
emperature and contact time. By testing various adsorption and
inetics models to fit our experimental data, we also studied the
dsorption kinetics and isotherms of the APTEOS/SA for Cr(III) ions.
he desorption and reusability of the APTEOS/SA for Cr(III) ions
ere also investigated.

. Experimental

.1. Materials and analytical method

Sodium alginate (1.05–1.15 Pa s at 10 mg/L, Xilong Chem-
cal Co. Ltd., China), Chromium(III) nitrate nonahydrate
Cr(NO3)3.9H2O% ≥99.0, Xilong Chemical Co. Ltd., China), Sodium
ydroxide (NaOH% ≥96.0, Xilong Chemical Co. Ltd., China),
-aminopropyltriethoxysilane (0.946 g/mL at 25 ◦C, Yaohua Chem-

cal Co. Ltd., China), silica gel (300–400 m2/g, Yantai Jiangyou
uijiao Co. Ltd., China) were purchased from Shanghai Chemical
eagent Store (Shanghai, China). All of them are of analytical grade
nd used without further purification.

A stock solution of 100 mg/L of Cr(III) ions was  prepared by
issolving 1.5420 g of Cr(NO3)3·9H2O in 2000 mL  distilled water.
he desired Cr(III) ion solutions were prepared by diluting of the
tock Cr(III) ion solution. Solutions of 0.1 M NaOH and HCl were
sed for adjusting the solution pH. The chromium concentration
as spectrophotometrically measured using standard procedure

t � = 420 nm [43], and the errors were no more than 2.5%.

.2. Preparation of porous membrane adsorbent APTEOS/SA
Six grams of SA was dissolved in 400 mL  deionized water fol-
owing with the addition of 0.048 g silica gel. To the solution, 1 mL
f aqueous 1 M HCl and 6 mL  of APTEOS were added dropwise
.co
m

.cn
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under vigorous stirring with a blender (DSX-120, Hangzhou Elec-
tric Instrument Co. Ltd., China) at a speed of 1000 rpm. The resulted
solution was cast onto a glass plate (12 cm × 12 cm), and then dried
in an oven at 70 ◦C for 120 min. The dried membranes were carefully
peeled off and further dried in an oven at 70 ◦C for 240 min. Finally,
the obtained membranes were immersed in a 1.0 M HCl solution
for 60 min  to remove the porogen silica gel, and then immersed in
deionized water again for one day. The resulted membranes were
dried in an oven at 70 ◦C for 120 min, then, stored in a desiccator
for further experiments.

2.3. Membrane characterization

FT-IR spectra of the pristine and Cr(III) ions loaded APTEOS/SA
were scanned in the range from 4000 to 400 cm−1 by means of ATR-
FTIR with an accumulation of 16 scans, resolution of 0.4 cm−1, on a
Nicolet-740.

The surface morphology of the pristine and Cr(III) ions loaded
APTEOS/SA were also characterized by SEM (Hitachi S-4800),
equipped with an energy dispersive X-ray spectroscope, which was
operated at EHT = 4.0 kV.

A CSPM-5500 scanning probe microscope (AFM, Benyuan,
China) was  used to carry out the morphological characterization of
the pristine and Cr(III) ions loaded APTEOS/SA, operated in tapping
mode. Tapping mode cantilevers (Tap300Al, Budget Sensors) with
a spring constant of 40 N/m were used throughout the imaging.

The thermal properties of the pristine and Cr(III) ions loaded
APTEOS/SA were analyzed using thermogravimetric analysis (Net-
zsch TG209 F1). Accurately weighted (8 mg)  sample was  placed into
aluminum cup and heated from room temperature to 900 ◦C at a
constant heating rate 10 ◦C/min under constant nitrogen purging
at 20 mL/min.

Water contact angle as well as the surface energy of the pristine
and Cr(III) ions loaded APTEOS/SA were measured by the pendant
drop method using a contact angle meter (SL200B, SOLON TECH,
Shanghai, China), equipped with a CAST2.0 software, at 25 ± 1 ◦C,
under 70 ± 1% relative humidity condition. All reported values were
the average of eight measurements taken at different location of the
same membrane surface.

2.4. Adsorption procedure

The stock Cr(III) ions solution with concentration of 100 mg/L
was prepared by using Cr(NO3)3·9H2O as a source of Cr(III)
ions. Experimental solutions of the desired concentrations were
obtained by successive dilution. The desired solutions pH was
adjusted by adding either 0.1 M NaOH or HCl solution. Adsorption
experiments were carried out in a 500 mL  volumetric flask using
250 mL  Cr(III) ions solution as well as the required amount of adsor-
bent. The flasks were placed on an orbital shaker running at 120 rpm
at 25 ± 1 ◦C until equilibrium was obtained. Five milliliters of the
sample was  drawn at regular intervals for residual concentration
testing. All the experiments were performed in triplicate and the
average was  taken for subsequent calculations.

The adsorption capacity of the adsorbent was  evaluated by using
the following expression:

qt = (C0 − Ct)V
m

(1)

where qt is the mass of Cr(III) ions adsorbed per unit mass of the

adsorbent (mg/g), V is the volume of the solution (L), m is the mass
of the adsorbent (g), and C0 and Ct are the concentration of Cr(III)
ions in the initial aqueous solution and in the aqueous solution after
adsorption for t min  (mg/L), respectively.

zhk
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weight loss stage between 176 ◦C and 487 ◦C was 45.67 wt%, which
www.sp
ig. 1. FT-IR spectra of: (a) pristine APTEOS/SA; (b) Cr(III) ions loaded APTEOS/SA
resolution of 0.4 cm−1).

.5. Desorption of heavy metal ions and membrane reusability

Desorption of Cr(III) ions was carried out using 1.0 M HCl as
 desorbing agent. The Cr(III) ions loaded APTEOS/SA membrane
amples were placed in a 250 mL  desorption medium at 25 ◦C, with

 shaking speed of 120 rpm for 120 min. The membrane samples
ere washed with deionized water several times and subjected

gain to adsorption/desorption process for eight cycles.

. Results

.1. Characterization of pristine and Cr(III) ions loaded
PTEOS/SA

.1.1. FT-IR analysis
FT-IR spectra of the pristine and Cr(III) ions loaded APTEOS/SA

re presented in Fig. 1. When both the spectra are compared,
he following changes are observed. The spectrum of the pristine
PTEOS/SA exhibit a broad absorption band around 3454.05 cm−1

orresponding to O H stretching vibrations of the hydroxyl groups
nd N H stretching vibrations of the amide groups [44] is shifted
o 3459.54 cm−1 after adsorption of Cr(III) ions, which may  be
scribed to the complexation of OH and amide groups with
r(III) ions. The absorption band appearing at 1641.48 cm−1 has
hifted to 1633.33 cm−1, which may  be attributed to the com-
lexation of carboxylic group with Cr(III) ions [45,46]. The peaks
bserved at 1376.45 and 1101.21 cm−1 have shifted to 1384.70 and
107.06 cm−1 which may  also be attributed to the interaction of
mino group with Cr(III) ions.

.1.2. SEM images
The SEM images of the pristine and Cr(III) ions loaded

PTEOS/SA are shown in Fig. 2(a) and (b), respectively. The SEM
mages clearly show that the reaction of Cr(III) ions with the
PTEOS/SA made the surface of the APTEOS/SA more roughness and
rotrusion. Meanwhile, the surface characteristic of the Cr(III) ions

oaded and the pristine APTEOS/SA were also investigated using an
nergy dispersive X-ray (EDX), and the results are shown in Fig. 3(a)
nd (b), respectively. From Fig. 3, one can find that the characteristic

ignal of Cr(III) (5.45 wt%) could only be observed in Fig. 3(a), which
ay  be ascribed to the adsorption of Cr3+, Cr(OH)2+ and Cr(OH)2

+

refer to Section 3.2) on the APTEOS/SA.
Fig. 2. SEM images of: (a) pristine APTEOS/SA; (b) Cr(III) ions loaded APTEOS/SA
(magnification 4000×).

3.1.3. Surface three-dimensional morphology analysis
AFM is one of the most useful tools for investigating nanoscale

surface topographies of the membrane. This technique gives
a three-dimensional image for offering information concerning
changes in the surface roughness of a membrane adsorbent. Fig. 4
shows the AFM images for the pristine and Cr(III) ions loaded
APTEOS/SA with a scope of 4000 nm × 4000 nm, where the dark
color zones represent depressions and light color regions corre-
spond to the highest points on the surface of the membrane. The
adsorption of Cr(III) ions made the surface of the APTEOS/SA more
coarse. The calculated roughness average (Ra) of the surfaces for the
APTEOS/SA before adsorption was  8.15 nm.  This value increased to
27.6 nm after the Cr(III) ions were adsorbed.

3.1.4. Thermal properties analysis
Thermal properties of the pristine and Cr(III) ions loaded

APTEOS/SA are presented in Fig. 5(a) and (b), respectively. As for
pristine APTEOS/SA, the first weight loss stage between 30 ◦C and
131 ◦C was 6.12 wt%, which is associated with the evaporation
of water adsorbed on the surface of the APTEOS/SA; the second
was attributed to the decomposition of NH3
+, COO− and OH

groups of the APTEOS/SA; and the next one higher than 521 ◦C
can be attributed to the main chain depredation; finally, when the
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Fig. 3. Energy dispersive X-ray (EDX) analysis of: (a) pristine A

emperature was 810 ◦C the residue was about 25.12 wt% which can
e mainly ascribed to SiO2 (the calculation value from experiment
ata 16.72 wt%, EDX testing value, 15.6 wt%), the decomposing pro-
uction of the APTEOS. From Fig. 5, we can find that both the
hermal properties of the pristine and Cr(III) ions loaded APTEOS/SA
re similar; however, the difference of both the residues was
.89 wt% when the temperature was 900 ◦C. This can mainly be
ttributed to the adsorption of chromium species (such as Cr3+,
r(OH)2+ and Cr(OH)2

+) onto the APTEOS/SA, their decomposing
roduction were Cr2O3 (the value calculated for experiment data
.36 wt%, EDX testing value Cr2O3 7.97 wt%).

.1.5. Water contact angle and surface energy test
The result of the water contact angle and surface energy test

f the adsorbent indicated that before Cr(III) ions adsorption, the
ater contact angle and surface energy of the adsorbent were

2.45◦ and 41.54 J/m2, however, after Cr(III) ions adsorption, the
ater contact angle and surface energy of the adsorbent were

3.91◦ and 33.05 J/m2, respectively.

.2. Effects of solution pH on adsorption

The effect of solution pH on adsorption was studied for the
olution pH in the range of 2.0–7.0. Effect of solution pH on the
dsorption capacity of the APTEOS/SA for Cr(III) ions was  signif-

cant, as indicated in Fig. 6. Adsorption capacity, qe obtained the

aximum at solution pH 6.0. This behavior can be explained by the
hange in the ionic state of the amine and carboxyl function groups
n the adsorbent [47]. When the solution pH is low, functional
/SA; (b) Cr(III) ions loaded APTEOS/SA (magnification 4000×).

groups were protonated. As a result, Cr(III) ions uptake capacity
decreased. Meanwhile, chromic ion species exist in acidic solution
as bulky hydrated species (Cr(H2O)6

3+); this ion was  too large to
enter in the micro-pores of the APTEOS/SA [5].  When the solution
pH was increased gradually, amine and carboxyl function groups
were deprotonated and Cr3+ ion (principal species at low pH value)
can be bound to negatively charged groups by electrostatic attrac-
tion. A further increasing in the solution pH results in a decreasing
of Cr3+ concentration and other species become important, such as
CrOH2+ and monovalent Cr(OH)2

+ [5],  which diminished Cr(III) ions
adsorption at solution pH higher than 6.0. Meanwhile, precipitate
could occur at a higher solution pH. To make sure the maximum
removal efficiency as well as to avoid precipitation of Cr(III) ions,
all the following experiments were carried out at solution pH 6.0.

3.3. Effects of initial Cr(III) ions concentration on adsorption

In batch adsorption processes, initial metal ion concentration
provides an important driving force to overcome the mass trans-
fer resistance of Cr(III) ions between the aqueous solution and the
APTEOS/SA surface. As a result, the amount of Cr(III) ions adsorbed
was expected to be higher with a higher initial metal ions concen-
tration, hence improving the adsorption process. From Fig. 7, we can
find that when the initial Cr(III) ions concentration increased from
32 to 104 mg/L, the uptake capacity of the APTEOS/SA for Cr(III) ions

increased from 16.6 to 81.6 mg/g. This can be explained from two
aspects: firstly, higher initial Cr(III) ions concentration increased
driving force to overcome the mass transfer resistance of Cr(III)
ions between the aqueous and solid phases resulting in higher
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Fig. 4. AFM images of: (a) pristine APTEOS/SA; (b) Cr(III) ions loaded APTEOS/SA
(

p
a
A
c
b

3

i
f
d
t
a
a

Fig. 5. Thermal-gravimetric curves of: (a) pristine APTEOS/SA; (b) Cr(III) ions loaded
APTEOS/SA (heating rate 10 ◦C/min; nitrogen purging 20 mL/min).

Fig. 6. Effects of solution pH on adsorption capacity: Cr(III) ions concentration
63 mg/L; adsorbent dosage 0.2 g/L; temperature 25 ◦C; speed agitation 120 rpm; and
time 50 min.
wwwtapping mode; spring constant 40 N/m).

robability of collision between the Cr(III) ions and the APTEOS/SA,
nd secondly, the increase of Cr(III) ions uptake capacity of the
PTEOS/SA for Cr(III) ions with increasing initial Cr(III) ions con-
entration may  also be attributed to a more intensity interaction
etween the Cr(III) ions and the APTEOS/SA.

.4. Effects of adsorbent dose on adsorption

The effect of adsorbent dosage on adsorption results presented
n Fig. 8 indicated that when the adsorbent dose was  increased
rom 0.08 to 0.84 g/L, Cr(III) ions uptake capacity of the APTEOS/SA
ecreased drastically from 89.93 to 35.31 mg/g. It can be attributed
o the fact that when more adsorbent dose was added some of the

dsorption sites remain unsaturated during the adsorption process,
nd thus results in a lesser adsorption capacity.

Fig. 7. Effects of initial Cr(III) ions concentration on adsorption capacity: adsorbent
dosage 0.2 g/L; temperature 25 ◦C; pH 6.0; speed agitation 120 rpm; and time 50 min.
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ig. 8. Effects of adsorbent dose on adsorption capacity: Cr(III) ions concentration
3 mg/L; temperature 25 ◦C; pH 6.0; and speed agitation 120 rpm; and time 50 min.

.5. Effects of temperature on adsorption

It has been recognized that the adsorption of heavy metal ions
rom an aqueous solution by adsorbent is affected by the tempera-
ure. An increase in temperature is known to increase the diffusion
ate of the adsorbate molecules across the external boundary
ayer and within the pores of the porous adsorbent. Furthermore,
hanging the temperature will modify the equilibrium capacity of
he adsorbent for a particular adsorbate. The effects of tempera-
ure on the adsorption capacity of the APTEOS/SA for Cr(III) ions
re presented in Fig. 9. It indicated that the adsorption capacity
ncreased slowly with a higher temperature. The increase in Cr(III)
dsorption capacity of the APTEOS/SA with higher temperature
ndicated the endothermic nature of the adsorption process. The
ncrease in Cr(III) uptake capacity with a higher temperature could
e explained from two aspects: firstly, as the temperature rises,
he diffusion of Cr(III) ions becomes much easier into the pore
f APTEOS/SA because of the increase in the degree of swelling.
s a result, the adsorption capacity of the APTEOS/SA for Cr(III)

ons increases; secondly, bond rupture of the functional groups
www.sn the adsorbent surface at an elevated temperature may  increase
he number of active adsorption sites, which may  also lead to an
nhanced adsorption capacity of the adsorbent.

ig. 9. Effects of temperature on adsorption capacity: adsorbent dose 0.2 g/L; Cr(III)
ons concentration 63 mg/L; pH 6.0; speed agitation 120 rpm; and time 50 min.
.co
m

.cFig. 10. Effects of reaction time on adsorption capacity: Cr(III) ions concentration
(32,  48, 63, 78 and 104 mg/L); adsorbent dosage 0.2 g/L; temperature 25 ◦C; pH 6.0;
and  speed agitation 120 rpm.

To investigate the mechanism involved in the adsorption,
the thermodynamic behaviors of Cr(III) ion adsorption onto the
APTEOS/SA were evaluated employing the following equations:

Kd = (C0 − Ce)
Ce

V

M
(2)

ln Kd = �S0

R
− �H0

RT
(3)

�G0 = −RT ln Kd (4)

where Kd is the distribution coefficient (L g−1), C0 is the initial con-
centration (mg/L), �H0 is the enthalpy change, �S0 is the entropy
change and �G0 is the Gibbs free energy change in a given process
(kJ/mol), respectively.

Thermodynamic parameters are calculated according to Eqs.
(2)–(4) and shown in Table 1. �G0 values negative for Cr(III)
adsorption onto the APTEOS/SA indicate that the adsorption is
spontaneous. These values decreased with an increase of temper-
ature indicating a better adsorption performance was obtained
at higher temperature. The positive values of �H0 confirm the
endothermic nature of the overall adsorption process. The pos-
itive value of �S0 suggests an increased randomness at the
solid/solution interface with some structural changes in the adsor-
bate and the adsorbent during the adsorption process.

3.6. Effect of reaction time on the adsorption behavior

The adsorption process could be controlled either by a chemical
reaction or by diffusion, such as pore and film diffusion. Effects of
reaction time on Cr(III) ions adsorption capacity are presented in
Fig. 10.  Increase in adsorption capacity with increasing contact time
is ascribed to the fact that more time becomes available for Cr(III)
ions to interact with the active functional groups on the APTEOS/SA.
It also shows that the Cr(III) ions adsorption is rapid within the first
30 min, then increase slowly, and the adsorption process attained
equilibrium within 50 min. Therefore, the adsorption experiments
were conducted for 50 min, except the indicated. The initial Cr(III)
ions adsorption rate by the APTEOS/SA is very high as a large num-
ber of adsorption sites are available for adsorption. Meanwhile, in
the initial pristine surface of the APTEOS/SA, the sticking proba-

bility is large and consequently adsorption proceeds with a high
rate. Once the available free surface is gradually filled up by the
adsorbate species, adsorption process becomes slow and the kinet-
ics may  become more dependent on the rate at which the adsorbate
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Table 1
Thermodynamic parameters calculated for the adsorption of Cr(III) ions onto the APTEOS/SA: adsorbent dose 0.2 g/L; Cr(III) ions concentration 63 mg/L; pH 6.0; speed agitation
120  rpm; and time 50 min.

Adsorbent �H0 (kJ/mol) �S0 (kJ/mol) �G0 (kJ/mol)

298.15 (k) 303.1

APTEOS/SA 4.662 0.183 0.797 0.866

Table 2
The Lagergren pseudo-first-order rate parameters for Cr(III) ions adsorption onto the
APTEOS/SA: adsorbent dosage 0.2 g/L; temperature 25 ◦C; pH 6.0; speed agitation
120 rpm; and time 120 min.

Metal ions C0 (mg/L) qe (mg/g) k1 (×10−2 min−1) qe,c (mg/g) R2

Cr(III) 32 37.44 8.62 33.96 0.9927
48 54.60 9.16 56.13 0.9976
63 68.64 9.51 64.53 0.9958

m
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6
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× exp

(
−n2�2DSt

r2

)
(10)
w.sp
78 76.44 11.04 72.74 0.9913

104 82.16 14.51 88.79 0.9970

olecules diffuse into the pore and get adsorbed on the surface of
he inside pores.

.7. Adsorption kinetics and isotherms study

.7.1. Adsorption kinetics study
To examine the mechanism of adsorption processes, such as

ass transfer and chemical reaction, we tested the Lagergren
seudo-first-order kinetic model and pseudo-second-order kinetic
odel, the intra-particular diffusion model and the Crank model

48,49] with our experimental data.

1) Lagergren pseudo-first-order kinetic model:

ln(qe − qt) = ln qe − k1t (5)

2) Pseudo-second-order kinetic model:

t

qt
=

(
1

k2q2
e

)
+ t

qe
(6)

where qe and qt denote the amounts of adsorption per unit mass
of the adsorbent at equilibrium and at time t (mg/g) and k1 and
k2 are the first order and second order rate constants (min−1),
respectively.

The amount of adsorption equilibrium qe, the rate constants
of the equation (l/min), k1 and k2, the calculated amount of
adsorption equilibrium, qe,c, and the coefficient of determi-
nation, R2 are shown in Tables 2 and 3, respectively. From
Tables 2 and 3, we found that the pseudo-first-order equation
appears to be the better-fitting model because it has the higher
R2. Meanwhile, the calculated amount of adsorption equilib-
rium (qe,c) from pseudo-second-order equation is close to the
wwactual amount of adsorption equilibrium (qe).
3) Intra-particular diffusion model:

qt = kdif t1/2 + C (7)

able 3
he Lagergren pseudo-second-order rate parameters for Cr(III) ions adsorption onto
he  APTEOS/SA: adsorbent dosage 0.2 g/L; temperature 25 ◦C; pH 6.0; speed agitation
20 rpm; and time 120 min.

Metal ions C0 (mg/L) qe (mg/g) k2 (×10−3 min−1) qe,c (mg/g) R2

Cr(III) 32 37.44 2.51 44.05 0.9665
48 54.60 1.87 64.47 0.9823
63 68.64 1.75 78.68 0.9743
78 76.44 1.65 87.95 0.9678

104 82.16 1.46 95.15 0.9889
.co
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5 (k) 308.15 (k) 313.15 (k) 318.15 (k) 323.15 (k)

0.952 1.041 1.158 1.251

where qt is the amount of adsorption per unit of adsorbent
at time t (mg/g), and kdif is the intra-particular diffusion rate
constant (mg  g−1 min−1/2).

The relation plots of qt versus time t1/2 are shown in Fig. 11.
It shows that the plots are not linear over the whole time range
and can be separated into two  linear regions which confirm the
multi-stages of adsorption. It may  be concluded that surface
adsorption and intra-particle diffusion were concurrently hap-
pened in the present study. The first stage is characterized by
physical adsorption of the APTEOS/SA functional groups and the
second stage is due to the intra-particle diffusion effects [50].

(4) Crank model:
According to Crank diffusion model, the mass transfer rate of

the Cr(III) ions, Nt, at the external surface of the adsorbent can
be described as follows:

Nt = ∂Ct

∂t
= kf SA(Ct − Cs) (8)

where Ct is bulk liquid phase concentration (mg/L), Cs is liq-
uid phase concentration at the surface in equilibrium with the
solid phase concentration (mg/L), kf is an external mass transfer
coefficient (m/s), and SA is the specific surface area of adsorbent
(m2/g).

Integrating Eq. (8), the following expression is obtained:

ln
(

Ct

C0

)
= −kf SAt (9)

Crank also developed the following equation for a slab particle
[51]:
Fig. 11. Investigate intra-particular diffusion model for Cr(III) ions adsorption on
the  APTEOS/SA (Cr(III) ions concentration (32, 48, 63, 78 and 104 mg/L); adsorbent
dosage 0.2 g/L; temperature 25 ◦C; pH 6.0; and speed agitation 120 rpm.).



m

cn

292 J.H. Chen et al. / Journal of Hazardous Materials 248– 249 (2013) 285– 294

Table  4
Kinetic data from the Crank model and Biot number: adsorbent dosage 0.2 g/L;
temperature 25 ◦C; pH 6.0; speed agitation 120 rpm; and time 120 min.

Metal ions C0 (mg/L) kf (×10−5 m/s) DS (×10−12 m2/s) Biot

Cr(III) 32 1.63 3.02 108
48 1.67 3.21 104
63 1.72 3.85 91
78 1.75 4.03 88
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104 1.80 4.67 77

here DS is the effective intra-particle diffusion coefficient of the
dsorbent in the particle (m2/s).

The Biot number, Bi (dimensionless), could be calculated as
elow:

i = kf Lf

DS
(11)

here, Lf is the thickness of the film.
The Bi values calculated with experimental data are presented

n Table 4. It was observed that all the Bi values were significantly
igher than one, which suggested that the adsorption process was
ainly controlled by the intra-particle diffusion [51].

.7.2. Adsorption isotherms study
In an adsorption system, the adsorption results in the removal

f solute from the solution onto the adsorbent surface until the
emaining solute in the solution is in dynamic equilibrium with
olute on the adsorbent surface. A plot of the solute concentra-
ion in the adsorbent phase qe (mg/g) as function of the solute
oncentration in the solution Ce (mg/L) at equilibrium gives an
dsorption isotherm. An adsorption isotherm can be utilized to
btain information about the interaction between the adsorbent
nd adsorbate molecules. In order to understand and clarify the
dsorption process, Langmuir adsorption isotherm and Freundlich
dsorption isotherm models were applied in this study.

The Langmuir adsorption isotherm equation is an often used
dsorption model of completely homogenous surface with negligi-
le interaction between adsorbed molecules, shown as below:

Ce

qe
= 1

bqmax
+ Ce

qmax
(12)

here qe is the amount of adsorption at equilibrium (mg/g), Ce

s the equilibrium concentration of the adsorbate in the solution
mg/L). qmax is the adsorption capacity (mg/g), and b is the adsorp-
ion intensity or Langmuir coefficient related to the affinity of the
inding site (L/mg).

The Freundlich adsorption isotherm equation is a purely empir-
cal relationship based on heterogeneous surfaces suggesting that
inding sites are not equivalent and independent. The Freundlich
dsorption isotherm equation can be expressed as follows:

n qe = ln KF + 1
n

ln Ce (13)

here KF and 1/n  are the constants that are related to the adsorp-
wion capacity and the adsorption intensity, respectively. A smaller
/n value indicates a more heterogeneous surface whereas a value
loser to or equal to one indicates the adsorbent has relatively more
omogeneous binding sites.

able 5
inetic data from the Langmuir isotherm and the Freundlich isotherm: adsorbent dosage

Metals ion Langmuir, qmax (mg/g) Isotherm, b (L/mg) Paramet

Cr(III) 116.41 0.887 0.9163 
.co
m

.Fig. 12. The reusability of APTEOS/SA for removal of Cr(III) ions (desorption medium
1.0 M HCl 250 mL;  Cr(III) ions concentration 78 mg/L; adsorbent dosage 0.2 g/L; tem-
perature 25 ◦C; speed agitation of 120 rpm; and time 120 min).

The isotherm constants were calculated from the experimental
data and presented in Table 5. Taking into consideration the values
of the correlation coefficient as a criterion for goodness of fit for
the system, the Freundlich isotherm model shows better correla-
tion (R2 = 0.9834) than the Langmuir isotherm model (R2 = 0.9163),
which indicated that the Freundlich adsorption isotherm model
represented the adsorption process more ideally. It also suggested
the heterogeneous nature of adsorptive sites on the surface of the
APTEOS/SA.

3.8. Desorption of heavy metal ions and reusability

Reusability is an important factor for an adsorbent because it
will reduce the overall cost of the applied adsorbent. To evaluate
the reusability of the adsorbent, we  carried out the consecutive
adsorption–desorption process for five times. Just as Fig. 12 indi-
cated that the total adsorption capacity of the PTEOS/SA for Cr(III)
ions after eight cycles decreased slightly from 68.1 to 57.7 mg/g, not
more than 16.0%. The adsorption–desorption results indicated that
the prepared APTEOS/SA could be used effectively for treatment
wastewater containing low concentration Cr(III) ions.

4. Discussion and conclusion

In this study, a novel porous membrane adsorbent 3-
aminopropyl-triethoxysilane functionalized sodium alginate was
prepared, and some important parameters affected the adsorption
behavior of the APTEOS/SA for Cr(III) ions from aqueous solu-
tions were also tested. The adsorption capacity of the APTEOS/SA
for Cr(III) ions was highly pH-dependent, and the best adsorption
capacity could be obtained at solution pH 6.0. Adsorption capacity
of the APTEOS/SA was  also temperature-dependent, an increase in

temperature enhanced adsorption capacity of the APTEOS/SA for
Cr(III) ions. The adsorption rate was  fast and adsorption equilib-
rium was obtained within 50 min. The maximum uptake capacity
of the APTEOS/SA for Cr(III) ions under the optimal condition

 0.2 g/L; temperature 25 ◦C; pH 6.0; speed agitation 120 rpm; and time 50 min.

ers, R2 Freundlich, KF (mg/g) Isotherm, n Parameters, R2

5.98 1.61 0.9834
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as 90.0 mg/g. The FT-IR, SEM-EDX, TG, AFM, and contact angle
oniometer methods were efficient techniques for investigating
he physico-chemical characters of the pristine and Cr(III) ions
oaded APTEOS/SA. The kinetics adsorption data could be well fit-
ed with pseudo-first-order kinetic model. Meanwhile, the kinetic
xperiment results also indicated that the rate of controlling step
as mainly intra-particle diffusion but was not the only rate-

imiting step for Cr(III) ions adsorption. The equilibrium data can
e well fitted with the Freundlich isotherm model. The successive
dsorption–desorption experiment indicated that 1.0 M HCl could
e effectively used for desorption of Cr(III) ion from the APTEOS/SA.
he prepared APTEOS/SA can be used for removing Cr(III) ions from
he aqueous solution with high reusability.
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