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A B S T R A C T

An organic–inorganic hybrid mesoporous silica was synthesized via post-grafting of KIT-6

with 4-(triethoxysilyl)butyronitrile. All samples were characterized using their N2

adsorption–desorption isotherms, XRD, FT–IR, TEM, SEM, and PT. The adsorption potential

of this material for removing Pb(II) from aqueous solutions was investigated via the batch

technique, and the effects of pH and contact time were studied. Experimental data showed

that the maximum Pb(II) adsorption, 76%, occurred in the pH range around 6. The adsorption

equilibrium was reached within 40 min for 10 wt.%COOH/KIT-6. The adsorption data were

fitted using the Langmuir and Freundlich isotherms, and the obtained modeling equilibrium

adsorption data suggested that the 10 wt.%COOH/KIT-6 sample contained homogeneous

adsorption sites that fit the Langmuir adsorption model well. The pseudo-second-order

model described well the 10 wt.%COOH/KIT-6 adsorption process. The desorption and

regeneration experiments indicated that �95% of the metal desorbed and the adsorbent

could be regenerated via an acid treatment without altering its properties.

� 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Une silice mésoporeuse hybride organique–inorganique a été synthétisée par greffage du

KIT-6 avec le 4-(triéthoxysilyl)butyronitrile. Les échantillons ont été caractérisés par BET,

XRD, FT–IR, MET, MEB et TP. Le potentiel d’adsorption de la silice mésoporeuse pour éliminer

Pb(II) à partir de solutions aqueuses a été étudié par la technique de traitement par lots. Les

effets du pH et du temps de contact ont aussi été analysés. Les données expérimentales

montrent que l’adsorption maximale de Pb(II) est de 76 % et a lieu dans une plage de pH entre

5 et 6. L’équilibre d’adsorption a été atteint en 40 minutes pour le 10 wt.%COOH/KIT-6. Les
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1. Introduction

Environmental pollution is a planetary problem that still
threatens human health and ecosystems worldwide [1–4].
Current rigorous regulations have made global environ-
mental pollution (air, soil, water) a major worldwide
problem [5–8]. Over the years, scientists have researched
a solution to decrease or eliminate the impact of environ-
mental pollution [9–14]. Potable water is essential for
human existence and the ecosystem, and has been widely
studied [15–24]. Heavy metals are a major pollutant of
wastewaters; they primarily originate from anthropogenic
activities and have become a major environmental issue due
to their toxicity. Heavy metals are not biodegradable and
tend to accumulate in living organisms [25–28]. Many heavy
metal ions are known to be toxic or carcinogenic. Among the
metals that are hazardous to the environment, lead is
considered very toxic. High levels of lead can be traced to
industrial discharges from a variety of sources, such as
batteries, cables, plastics, paints, and the glass industry. Lead
contamination also occurs from vehicular traffic effluents.
Although inorganic lead is a general metabolic poison and
enzyme inhibitor, its organic forms are even more poisonous
[29]. Acute lead poisoning has been known to affect the
gastrointestinal tract, nervous system or both. Lead can
damage the central nervous system. It can also damage the
kidney, liver, reproductive system, basic cellular processes
and brain function. The toxic symptoms include anemia,
insomnia, headache, dizziness, irritability, muscular weak-
ness, hallucinations and renal failure [30]. Therefore,
industrial effluents with high lead content must be treated
before being released into the environment. Eliminating
such metal ions from water and wastewater has become a
challenge for researchers. Various techniques have been
used to remove metal ions from aqueous solutions, such as
ion exchange, reverse osmosis, membrane filtration, eva-
porative recovery, phytoextraction, precipitation, conven-
tional coagulation, precipitation, sedimentation,
electrodialysis, electrochemical treatments and adsorption
[31–34]. However, adsorption is considered more appro-
priate for removing heavy metals. The adsorption process
offers a flexible design and operation and generally yields
high-quality treated effluents. In addition, because adsorp-
tion is sometimes reversible, the adsorbents can be
regenerated via suitable desorption processes. Various
adsorbents have been used to remove heavy metals from
aqueous solutions [35–42]. The demand to develop novel,
high-efficiency adsorbents to remove heavy metal ions from
aqueous media is growing. The discovery of siliceous
mesoporous materials started a new era in the chemistry
of porous solids and renewed the interest in designing heavy

metal adsorbents. These mesoporous materials exhibit
unique properties, such as uniform pore diameter, large
specific surface area, large pore volume, highly ordered pore
arrangement, good mechanical and thermal stabilities and
free surface silanol groups [43], for versatile applications.

Currently, different mesoporous materials are tested for
various possible applications: heterogeneous catalysis
[44–48], electrochemical battery components/electrode
materials [49,50], heavy metal adsorption [51–54], analy-
tical chemistry [55], and the immobilization of enzymes
and of other biologically active molecules [56,57].

Furthermore, one of mesoporous silica’s most important
properties is its potential to modify its chemical surface to
incorporate organic functional groups. Adding organic
groups by grafting organosiloxane precursors to the pore
surface yields functional mesoporous hybrid materials with
improved thermal, mechanical, and chemical stabilities.

Mesoporous hybrid materials also show promise as
adsorbents for removing heavy metals from aqueous
solutions. These hybrid compounds are classified into
two categories: (i) those held together via weak forces,
such as van der Waals forces, hydrogen bonding, electro-
static (London) and p–p interactions and (ii) those with
covalent bonds between the organic and inorganic parts
and functional groups inserted onto the porous silica
framework. Functional chemical groups on the porous
surface are most often amino, mercapto, or carboxylic
groups obtained via either co-condensation or post-
grafting. Several studies reported the use of mercapto
and amino groups; however, only a few articles have
studied carboxylic groups [58–61].

According to a bibliographic survey, there has been no
study on the Pb(II) adsorption to COOH/KIT-6. Therefore,
this work investigated the adsorption of Pb(II) by COOH/
KIT-6 from an aqueous solution. During the co-condensa-
tion process, the functional groups can destabilize the solid
mesoporous framework [62] and, in this case, our work
grafted the carboxylic groups by covalently linking free
and geminal silanol groups on the surface of the KIT-6
support. Adsorption is a very complex process, and its
characteristics were evaluated as a function of the process
variables such as pH, contact time, and temperature.
Equilibrium data were examined using the Langmuir and
Freundlich isotherm models.

2. Experimental

2.1. Materials

All chemicals used in this study were of analytical grade.
Polyethylene oxide–polypropylene oxide–polyethylene

données d’adsorption ont été analysées à l’aide des isothermes de Langmuir et de Freundlich.

Les données obtenues par la modélisation ont suggéré que l’échantillon 10 wt.%COOH/KIT-

6 contenait des sites d’adsorption homogènes qui correspondent mieux au modèle

d’adsorption de Langmuir. Le modèle de pseudo-second-ordre décrit mieux le processus

d’adsorption du 10 wt.%COOH/KIT-6. Les expériences de désorption et de régénération ont

indiqué qu’environ 95 % des métaux sont désorbés et l’adsorbant 10 wt.%COOH/KIT-6 peut

être régénéré par un traitement à l’acide, sans modifier ses propriétés.

� 2014 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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de type block copolymer, Pluronic P123, (Mn = 5800),
aethyl orthosilicate (TEOS, 98%), and hydrochloric acid
l, 37%) were purchased from Sigma-Aldrich. The solvents

re toluene (Tol), ethanol (EtOH), butanol (BuOH) and
uric acid (H2SO4), and were purchased from Sigma-
rich. All chemicals and solvents were used as received.
li-Q deionized water was used for all experiments.
The grafting agent was 4-(triethoxysilyl)butyronitrile
O)3Si-BuCN, 97%, Sigma-Aldrich).

 Synthesis of mesoporous KIT-6

The KIT-6 sample was synthesized via the cooperative
embly of surfactants or block copolymer micelles (P123)
h an associated silica species in aqueous media [63,64].
3 was added to distilled water and HCl under stirring.

er the surfactant was dissolved, BuOH was added at 35 8C
owed by TEOS. The final molar composition of the gel was
follows: 1.00 TEOS:0.017 P123:1.83 HCl:195 H2O:1.31

H. The gel was stirred for 24 h at 35 8C before being
led, transferred into an autoclave, and heated at 100 8C
24 h. The resultant white precipitate was filtered out and
d at 60 8C for 24 h.

1. Surfactant removal

The occluded surfactant was removed via three steps:
reflux in 95% EtOH for 24 h before filtering, washing
eral times with H2O and EtOH, and drying at 50 8C; (2)
ination at 550 8C under N2 for 1 h and air for 4 h to
bust the remaining surfactant; (3) immersion in EtOH

6 h at 40 8C.

 COOH/KIT-6: preparation via post-synthesis grafting

KIT-6 with covalently attached carboxyl groups was
ed through several liquid-phase reactions. Excess

ter was removed from the pores of 2 g of mesoporous
-6 by drying at 110 8C for 36 h. The sample was
ersed in 200 mL of toluene under ultrasonic stirring,

 the necessary quantity of (EtO)3Si-BuCN was added at
m temperature under argon under stirring for 24 h. The
fting reaction was performed under argon while
uxing in toluene for 24 h. The resultant precipitate
s then washed in a Soxhlet apparatus with toluene (2 h)

 then ethanol for 24 h. This wash was followed by heat
tment at 60 8C for 12 h under vacuum (< 10�2 bar).

1. Oxidation CN

The CN/KIT-6 was acidified with H2SO4 for 24 h at 80 8C
roduce the COOH/KIT-6.

 Characterization methods

All materials were characterized using various physi-
hemical techniques to obtain the necessary structural,
positional, and porosity information and enable an

ropriate discussion of the analytical results.

1. Potentiometric titration

The experiments of potentiometric titration (PT) were
formed at room temperature and each titration was

repeated four times. Sample solutions containing 100 mg
of COOH/KIT-6 and 120 mL of 1 M NaCl were potentiome-
trically titrated with 0.05 M NaOH. The potential data were
acquired after a 20-min equilibration after adding the
titrant.

2.4.2. Scanning electron microscopy

The scanning electron microscopy (SEM) images were
obtained using a JEOL electron microscope 6700 scanning
electron microscope operated at 200 kV on a thin film
dispersed on a holly carbon grid.

2.4.3. Transmission electron microscopy

A transmission electron microscopy (TEM) study of
non- and carboxyl-functionalized KIT-6 samples was
performed using a TopCon 2100 FCs microscope operating
at 200 kV with very low illumination to avoid destroying
the material with the electron beam. The samples were
crushed and dispersed ultrasonically in acetone at room
temperature and spread onto a perforated carbon–copper
microgrid.

2.4.4. N2 adsorption–desorption isotherms

The textural properties of the mesoporous matrices
were determined from the nitrogen adsorption isotherms
recorded at –196 8C using a Micromeritics TriStar appa-
ratus. Before the adsorption experiments, each sample was
dried at 100 8C for 12 h under vacuum to ensure a clean, dry
surface free of any loosely adsorbed species. The specific
areas of the samples were calculated via the standard BET
procedure using the nitrogen adsorption data collected at a
relative equilibrium pressure interval. The total pore
volume was estimated from the amount of nitrogen
adsorbed at a relative pressure of 0.99. The pore size
distributions were calculated from the adsorption and
desorption branches of the corresponding nitrogen iso-
therm via the BJH method.

2.4.5. X-ray diffraction

The structural order of the materials was evaluated via
powder X-ray diffraction (XRD). The XRD patterns were
recorded using a Bruker D8 powder diffraction system with
a Cu Ka radiation source of 1.54 Å wavelength and
equipped with a graphite monochromator. The diffraction
patterns were collected under ambient conditions across
the low-angle 0.5–48 range.

2.4.6. Fourier transform infrared

The Fourier transform–IR (FT–IR) spectra of the
mesoporous carboxyl-functionalized adsorbents COOH/
KIT-6 were recorded using a Digilab Excalibur 3000
instrument with 128 scans in the mid-IR (4000–
400 cm�1) region via the KBr pellet technique.

2.5. Heavy metal adsorption experiments

The adsorption of Pb(II) by the functionalized and non-
functionalized mesoporous KIT-6 was studied using batch
experiments. We investigated the effects of contact time,
solution pH and temperature. These batch sorption
experiments were performed in a shaker incubator at
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150 rpm for 2 h using capped 50 mL plastic centrifuge
tubes containing 0.01 g/L Pb(II) solutions and 0.02 g of the
adsorbents. The solution pH was adjusted using 0.1 mol/L
HCl or NaOH. All of these experiments were performed four
times, and the average results are presented.

The percent of metal ion adsorption (A) was calculated
using Eq. (1):

A %ð Þ ¼ C0 � Ce

C0
� 100 (1)

The Pb adsorption capacity was calculated using Eq. (2):

qe ¼
V C0 � Ceð Þ

w
(2)

where C0 and Ce represent the initial and equilibrium metal
ion concentrations (g�L�1), respectively, V is the metal ion
solution volume (L), and w is the amount of adsorbent (g).

3. Results and discussion

3.1. Preparation and characterization of KIT-6 and COOH/

KIT-6

Knowing the surface chemistry of a mesoporous solid in
aqueous media is very important. The hydrophilic char-
acter of the silica surface allows water to rapidly penetrate
to its internal pore spaces. The porous solid contains silanol
groups on its internal and external surfaces that can anchor
organic functional groups to provide the sorbent chemical
selectivity for specific molecules and ions. Three silanol
groups exist on the ordered nanoporous silica surface. They
are free, geminal, and hydrogen-bonded hydroxyl (ether-
ial) groups (Scheme 1), whereas only free and geminal
silanol groups react with the functional groups. The types
and number of these groups depend on the way the
template was removed and the post-treatment process
[65]. To preserve the free and geminal silanol groups, we
liberated the sample pores via an extraction/calcination
followed by an alcohol treatment before the grafting
procedure. Furthermore, CN functional groups were
covalently incorporated into the nanoporous silica via a
post-grafting strategy (Scheme 2). These CN groups were

success of the grafting procedure was confirmed using
several physicochemical techniques.

3.1.1. XRD

The XRD pattern of samples exhibited a distinguishable
peak at approximately 2u = 1.058 with a broad peak at
2u = 1.278, which indicates that the sample possesses a
highly ordered mesostructure (Fig. 1). The first peak in the
low-angle region was indexed to the (211) reflection in the
bicontinuous cubic Ia3d space group [63,66] and the
second peak to the (220) reflection. The interplanar
spacing, d, was evaluated from the first peak, correspond-
ing to the (211) reflection and the unit cell parameter, a0,
was calculated as a0 = d211H6 (Table 1). These results
indicate that the long-range structural order is maintained
for the COOH/KIT-6 materials after the grafting and
subsequent calcination steps.

3.1.2. BET

The BET specific surface areas and pore distributions for
the KIT-6 and COOH/KIT-6 adsorbents are presented in
Table 1. The corresponding isotherms are shown in Fig. 2.
All of the functionalized samples exhibit N2 adsorption/
desorption curves similar to that of the parent mesoporous
silica Ia3d KIT-6 sample. These results confirmed the
mesoporous nature of all of the samples and indicated that
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Scheme 1. Types of silanols on the surface of mesoporous silica: free (a), geminal (b), and etherial (c).

Fig. 1. (Color online). Low-angle XRD patterns of KIT-6 (a), 1 wt.%COOH/
KIT-6 (b) and 10 wt.%COOH/KIT-6 (c).
hydrolyzed using H2SO4 to generate COOH (Scheme 2). The
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 mesoporous structure is retained after the grafting and
rmal treatment steps. The isotherms are type IV with an
hysteresis loop, which is typical for highly organized

soporous materials [67]. However, it must be noted that
oducing carboxylic groups decreased the surface area
 pore volume (Table 1).

3. TEM

TEM studies were conducted for all samples (Fig. 3). The
 images indicate that the samples had highly ordered

ic mesostructures with well-ordered cubic pores
ys. These results suggest that the ordered KIT-6

sostructure was not destroyed for any sample, but
ained unchanged after incorporating the carboxylic

ups via post-grafting. These mesoporous solids exhib-
 a highly ordered porous arrangement that certainly
tributes to Pb sorption.

3.1.4. SEM

Fig. 4 shows the SEM images of the non-functionalized
mesoporous silica KIT-6 support (Fig. 4a) and both COOH/
KIT-6 solids (Fig. 4b,c). These images showed the typical
rock-like morphologies with aggregated grains between 50
and 400 nm usually observed for KIT-6 [64,66]. The
samples were irregularly sized and shaped. No significant
change in the adsorbent surfaces was observed before and
after COOH grafting.

3.1.5. IR spectrum of CN/KIT-6

The IR spectrum of CN/KIT-6 is shown in Fig. 5a. The
peak observed at 2260 cm�1 was assigned to the vibration
of CN bonds. The IR spectrum of 10 wt.%COOH/KIT-6 is
shown in Fig. 5b. The peaks attributed to the carboxyl
groups were obvious at 1721 cm�1 (the stretching of the
C5O bond), 1415 cm�1 (the bending of the O–H bond),
1282 cm�1 (the stretching of the C–O bond), and 897 cm�1

(the bending of the O–H bond).

3.1.6. Water stability of 10 wt.%COOH/KIT-6 materials

Mesoporous silica hybrids are some of the most studied
sorption materials for heavy metals due to their interesting
pore architecture and surface chemistry. It does not swell
in water like many organic materials and has both good
mechanical strength and excellent thermal stability. In this
context, water stability is an important propriety of porous
materials. A 10%wt.COOH/KIT-6 sample was tested in

le 1

ural and structural properties of the mesoporous solids.

mple SBET

(m2�g�1)

Dp

(nm)

Vp

(cm3�g�1)

a0

(nm)

T-6 817 8.6 1.52 19.7

t.%COOH/KIT-6 790 8.2 1.40 19.7

wt.%COOH/KIT-6 525 6.9 0.80 20.6

wt.%COOH/KIT-6 (6 h) 525 6.9 0.80 20.6

wt.%COOH/KIT-6 (24 h) 525 6.9 0.80 20.6

wt.%COOH/KIT-6 (240 h) 525 6.9 0.81 20.6
Fig. 2. (Color online). N2 adsorption/desorption isotherms of KIT-6 (a), 1 wt.%COOH/KIT-6 (b) and 10 wt.%COOH/KIT-6 (c).
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water for 6 h, 24 h and 240 h and monitored via low-angle
N2 sorption (Fig. 6), XRD (Fig. 7) and TEM (Fig. 8). No
changes in the XRD, BET surface area and TEM were
observed (Table 1). Notably, no sample degradation
occurred in these conditions and the 10%wt.COOH/KIT-6

Fig. 3. TEM micrographs of KIT-6 (a), 1 wt.%COOH/KIT-6 (b) and

10 wt.%COOH/KIT-6 (c).

Fig. 4. SEM images of KIT-6 (a), 1 wt.%COOH/KIT-6 (b) and 10 wt.%COOH/

KIT-6 (c).
sample presents excellent stability.
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7. Dissociation constant of 10 wt.%COOH/KIT-6 materials

The dissociation constant, a means of analyzing the
d ion exchanger via the ion exchange reaction between
trant counterion and a proton was calculated [68] for
H/KIT-6. These protons are present in the ion

hanger and may dissociate the functional group in
eous media before being neutralized in solution, as
cribed by Eq. (3) with the equilibrium coefficient Ke

. (4)):

OH=KIT-6 þ Naþ þ H2O fi RCOO�Naþ=KIT-6 þ H3Oþ

(3)

 ½RCOO�Naþ=KIT-6�½Hþ�=½RCOOH=KIT-6�½Naþ� (4)

The equilibrium coefficient, Ke, depended on the degree
of neutralization for a, which equals the relative equiva-
lent fraction of Na+ in the ion exchanger at a given pH. At
constant supporting electrolyte concentrations, the fol-
lowing Eq. (5) is valid:

�logK ¼ pKa¼1=2þ ðpKa�1� pKa¼0Þða � 1=2Þ þ mlog½Naþ�
(5)

where m is a constant.
Fig. 5. IR spectrum of CN/KIT-6 (a) and 10 wt.%COOH/KIT-6 (b).
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Fig. 7. (Color online). Low-angle XRD patterns of 10 wt.%COOH/KIT-6–6 h

(a), 24 h (b) and 240 h (c).
t.%COOH/KIT-6–6 h (a), 24 h (b) and 240 h (c). Fig. 8. TEM images of 10 wt.%COOH/KIT-6–6 h (a) and 240 h (c).
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Accounting for a concentration of NaCl = 1 M, –log K

was determined from the titration curve as the pH at half
neutralization. The pKa value of the COOH/KIT-6 sample
was found to be 4.75. These results are consistent with
other ones reported in the literature [58,69,70]. Based on
the characterization results, we assumed that the COOH
functional groups were grafted onto the KIT-6 surface. In
such cases, the density of these groups is approximately
1.2 nm�2 and they are independent of each other. Because
these functional groups are located on the nanopore
surface, sorbents made using post-synthetic grafting
techniques exhibit rapid adsorption kinetics.

3.2. Heavy-metal adsorption studies

The schematic representation for adsorption of metal
ions is shown in Scheme 2.

3.2.1. Effect of contact time

The effect of time (from 0–300 min) on the Pb2+

sorption was determined by equilibrating the KIT-6
sorbate aliquot at pH 5.5 at 25, 30, and 35 8C (Fig. 9).
The non-functionalized KIT-6 showed no ability to retain
the Pb ions (Fig. 9), which suggests the importance of the
functional groups. The efficiency of 10 wt.%COOH/KIT-6 for
removing Pb2+ from the solution was determined from the
Pb2+ adsorption rate, which may be associated with the
wastewater cleanup efficiency. The adsorption rate curve

indicates that the Pb2+ adsorption was rapid (it occurred
during the first 20 min of contact time) and nearly
complete by 40 min with ca. 76–82% of the total Pb2+

having been adsorbed, at all studied temperatures.
Increasing the contact time further yielded no further
adsorption for 300 min. The COOH/KIT-6 sample clearly
exhibited rapid kinetics for Pb2+ removal from an aqueous
solution with a saturation time of 40 min. This COOH/KIT-6
adsorbent behavior may be explained by the presence of
numerous vacant COOH/KIT-6 surface sites homoge-
neously distributed across the COOH/KIT-6 surface and
within the inner porous structure. These sites were
available for adsorption during the initial stages, which
led to the rapid Pb2+ uptake increase. The sites have a high
affinity for Pb2+ and can easily reach the adsorption sites
where they are trapped, which rapidly fills these sites.
Hence, the time required for rapid equilibrium is 40 min.
However, a contact time of 100 min was used for every
other study. As shown in Fig. 9, the adsorption capacity
was almost identical across the three studied tempera-
tures. Based on this study, a temperature of 25 8C was
chosen for the following sections.

However, we cannot exclude the adsorption process
after 300 min, which may be due, probably, to remaining
vacant surface sites being difficult to occupy due to
repulsion between the solute molecules in the solid and
bulk phases. Probably, the breaking of such barrier forces
(for further adsorption) is time dependent.

3.2.2. Effect of pH

The effect of pH on Pb(II) removal was investigated
across a pH range from 2 to 7, at 25 8C as shown in Fig. 10.
This figure indicates that Pb2+ uptake is pH dependent.
Knowing the solution’s pH was very important due to its
influence on the adsorption process, taking into account
that Pb species exist under the forms of Pb2+, Pb(OH)+,
Pb(OH)28, Pb(OH)3

– at different pH values [18,42,71,72]. A
pH of 2.0 yields a poor adsorption performance (Fig. 10).
COOH/KIT-6 adsorbed less Pb2+ (3.5%) onto its surface
adsorption sites. The Pb2+ removal efficiency increased
remarkably as the solution pH increased from 2 to 5.5, then
increased slowly with further increases in pH. Increasing
the solution pH weakened the complexation and more Pb
was adsorbed by the COOH/KIT-6. In this case, the ions
exchange interaction exists between the COOH/KIT-6 and
Pb ions which favor adsorption. It must be noted that the

Scheme 2. Schematic illustration for the preparation of COOH/KIT-6 and the adsorption of Pb ions.
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ulated pKa of COOH/KIT-6 was 4.7. At pH values lower
n the pKa values of 4.7, complexation occurs [73] and
pH values greater than the pKa, the functional groups

 mainly in the dissociated form and exchange interac-
 exists between the COOH/KIT-6 and Pb. However, the
sibility of Pb2+ ions precipitating during adsorption as
roxides at the experimental pH was examined. We
ulated the precipitation pH for Pb2+ as Pb(OH)2 based

the product solubility (Eqs. (6) and (7)):

OHÞ2 ! Pb2þ þ 2 OH� (6)

¼ 14 � log½pPb2þ=
p

Ksp� (7)

We know the solubility product constant values (Ksp)
Pb(OH)2 is 1.2 � 10�15 [74]; the calculated pH of

cipitation for Pb2+ was approximately 7.1. These results
icate that the sorption of Pb2+ on COOH/KIT at pH > 7 is
omplished by concomitant precipitation of Pb(OH)2

0

 sorption of Pb(OH)+. At pH < 7, the Pb species is Pb2+

 the removal of Pb is accomplished by sorption.
To ensure a quantitative adsorption and avoid metal ion
rolysis at higher pH values, a sample with a pH of 5.5

s chosen as the optimum one for these studies.

3. Model efficiency

The model efficiency [41], E, was calculated as follows:

 1 �
PN

i¼1 wi Si � Ŝi

� �2

PN
i¼1 Si � Ŝwavg

� �2
(8)

ere Ŝwavg is the weighted mean of the measured values.
A model efficiency of 1 indicates a perfect fit to the data,
ereas a model efficiency < 0 indicates averaging the
asured values yields better predictions than the model.
This statistical measure is considered by many to be the
t overall indicator of model fit because it has good
istance to errors due to extreme experimental values
,75].

4. Error analysis

To evaluate and optimize the adsorption behavior
,76], we used the coefficient of determination, r2. The
ar coefficient of determination was calculated from the

 of the square of X(Sxx), the sum of the square of Y(Syy)

and the sum of the square of XY (Sxy) as represented by the
following equations (9) to (12):

r2 ¼ S2
xy/SxxSyy (9)

Sxx ¼
Xn

i¼1

x2
i �

Pn

i¼1
Xi

� �
/n (10)

Syy ¼
Xn

i¼1

y2
i �

Pn

i¼1
Yi

� �
/n (11)

Sxy ¼
Xn

i¼1

Xiy
2
i �

Pn

i¼1
Xi

� � Pn

i¼1
yi

� �
/n (12)

These values may vary from 0 to 1. When the coefficient
of determination is 1, 100% of the variation in adsorption
capacity has been explained by the regression equation.

3.2.5. Adsorption kinetics

Adsorption kinetics is essential for wastewater treat-
ment because it provides the necessary information on the
reaction pathway and adsorption dynamics. The sorption
behavior for Pb ions on 10 wt.%COOH/KIT-6 was verified
using the Lagergren pseudo-first-order and chemisorp-
tion’s pseudo-second-order kinetics models.

3.2.5.1. Pseudo-first-order model. Lagergren [77] showed
that the adsorption rate of a solute on an adsorbent is
based on the adsorption capacity. The pseudo-first-order
rate expression is represented by the differential law:

dqt /dt ¼ k1 qe � qtð Þ (13)

� k1 is the pseudo-first-order rate constant;
� qe is the adsorption capacity of the adsorbent (mg�g�1);
� qt is the amount of Pb ion adsorbed at time t (mg�g�1).

By integrating for t = 0 to t = t and qt = 0 to qt = qt, we
obtain the following linear expression:

log qe � qtð Þ ¼ logqe �
k1t

2
� 303 (14)

where k1 is obtained from the slope of the plot of log
(qe� qt) versus t (Fig. 11).

3.2.5.2. Pseudo-second-order kinetics model. The pseudo-
second-order reaction is greatly influenced by the amount
of metal on the adsorbent’s surface and adsorbed at
equilibrium. This rate is directly proportional to the
number of active surface sites. Huo [78] developed a
pseudo-second-order kinetic expression for the sorption
system of divalent metal ions, which we used to
investigate the adsorption mechanism and rate constants
for adsorbing Pb2+ to 10 wt.%COOH/KIT-6.

qt ¼ k q2
e t (15)

dqt /dt ¼ k qe�qtð Þ2/ 1þktð Þ (16)
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Fig. 10. (Color online). Effect of pH on Pb(II) adsorption.
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1/ qe�qtð Þ ¼ kt þ 1/qe

� �
(17)

1/qt ¼ 1/qe þ 1/kq2
e

(18)

where k is the rate constant of the pseudo-second-order
equation (Fig. 12).

The pseudo-first-order and pseudo-second-order sorp-
tion kinetics parameters are shown in Table 2. The
correlation coefficients for the pseudo-second-order
model are much higher than those for the pseudo-first-
order model. Therefore, the experimental values of qe do
not agree well with the calculated theoretical values. Thus,
the sorption mechanism of the Pb(II) ion onto COOH/KIT-6
does not follow the pseudo-first-order kinetics model. The
pseudo-first-order model is unsuitable for the sorption of
Pb(II) onto COOH/KIT-6. The adsorbent system is described
well by the pseudo-second-order kinetics model, which

implies that the adsorption of Pb(II) onto COOH/KIT-6 may
occur via a chemical process involving valence forces that
share or exchange electrons.

3.2.6. Adsorption isotherms

The adsorption isotherm indicates how the adsorbed
molecules are distributed between the liquid and solid
phases when the adsorption process reaches equilibrium.
Analyzing the isotherm data by fitting them to different
models is important to determine which model is suitable
for design purposes. In this study, the equilibrium
experimental data for Pb(II) ions adsorbed onto the
10 wt.%COOH/KIT-6 beads were analyzed using the Lang-
muir and Freundlich models.

3.2.6.1. Langmuir isotherm model. The Langmuir model
[79] assumes that a monomolecular layer forms when
adsorption occurs without any interaction between the
adsorbed molecules. All of the adsorption sites on the
surface involved are assumed to be energetically identical,
with no transmigration of the sorbate across the solid
sorbent surface. In such cases, the intermolecular forces
decrease as the distance from the adsorption surface
increases.

The Langmuir equation may be written as follows:

qe ¼ Qmax KL
Ceð Þ/ 1þKLCeð Þ (19)

The expression for the linear form of Langmuir isotherm
is as follows:

Ce/qe ¼ 1/Qmax KL

� �
þ Ce/Qmax

� �
(20)

where qe is the equilibrium capacity of Pb(II) per unit
weight of the adsorbent (mg�g�1), Qmax is the maximum
adsorption capacity of the adsorbent corresponding to a
complete monolayer coverage on the surface (mg�g�1), KL

is the Langmuir adsorption constant related to the energy
of adsorption (L�mg�1), Ce is the equilibrium concentration
of the solute in the bulk solution (mg�L�1).

Constants Qmax and KL can be calculated from the
intercepts and the slopes of the linear plots of Ce/qe versus
Ce. The above-mentioned parameters were obtained with
the linear fitting procedure and are listed in Table 2.

3.2.6.2. Freundlich isotherm. The Freundlich model [80,81]
is a commonly used model for analyzing adsorption data.
Freundlich isotherm theory says that the ratio of solute
adsorbed onto a given mass of sorbent to the solute
concentration in solution is not constant across different
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Table 2

Adsorption kinetics. Adsorption isotherms. Desorption efficiency.

Pseudo-first-order Pseudo-second-order Langmuir model Freundlich model Adsorption

(%)

Desorption

(%)

qe, exp. = 3.8679

(mg�g�1)

qe, exp. = 3.8679

(mg.g �1)

75 95

qe, calc. = 0.8742 qe, calc. = 4.2559 qmax (mg�g�1) = 75.00 n = 2.8458 75 95

k1 = 0.0158 k2 = 0.0168 KL (L�mg�1) = 0.0510 KF = 4.7207 75 94

r2 = 0.7727 r2 = 0.9708 r2 = 0.9903 r2 = 0.9200 r2 = 0.9976 r2 = 0.9836
2 2 2 2 2 2
E = 0.8002 E = 0.9882 E = 0.9976 E = 0.9389 E = 0.9987 E = 0.9947
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centrations. This model is based on the relation
ween the adsorbed quantity and solute concentration
equilibrium, Ce. It describes non-ideal and reversible
orption and is not restricted to a monolayer. This
pirical model can be applied to multilayer adsorptions,
h a non-uniform distribution for adsorption heat and
nity over a heterogeneous surface.
The Freundlich equation may be written as follows:

 KFC
1
n
e (21)

A linear form of the Freundlich expression can be
ained by taking logarithms.

qe ¼ logKF þ 1/n
� �

logCe (22)

ere qe is the amount of solute adsorbed per unit weight
adsorbent (mg�g�1), KF is the Freundlich constant
icating the relative adsorption capacity for the adsor-
t (mg�g�1), Ce is the equilibrium concentration of the
te in the bulk solution (mg�L�1) and 1/n is the

erogeneity factor indicating the adsorption intensity.
Several authors used the Langmuir and Freundlich
herms for heavy metal sorption to several sorbents. Our

ults for the 10 wt.%COOH/KIT-6 are presented in Table
he Langmuir and Freundlich isotherm parameters and
relation coefficients are summarized. The coefficient of
ermination (R2) was found to be 0.9903 for Pb(II) using
 Langmuir model and 0.9200 for the Freundlich model.
se results indicate that the metal ion adsorption to
H/KIT-6 fitted the Langmuir model better than the

undlich model, which may be due to the homogenous
ribution of active sites on the COOH/KIT-6 surface
ause the Langmuir equation assumes a homogenous
face where all sites have equal adsorption energies. The

 values were between 0 and 1, which indicates that
 Pb(II) adsorption to COOH/KIT-6 was favorable under
 studied experimental conditions.

7. Desorption efficiency

Sorbent recovery is important to the mesoporous
bent quality. The reversibility of Pb(II) adsorption to
wt.%COOH/KIT-6 was studied and the results and
cedure are reported in Table 2. Pb(II) ions adsorbed
OOH/KIT-6 were effectively eluted using an HCl eluent.

 highest recovery was found to be 95% using 1 M HCl.
 results for the adsorption–desorption cycle demon-
ted that COOH/KIT-6 could be reused up to 8 times
hout significantly changing the adsorption of the
died metal ions. Therefore, the prospects of COOH/
-6 are good for practical applications of removing Pb(II)

 water and wastewater.

onclusions

The ordered, functionalized mesoporous silica COOH/
, used to remove Pb2+ from polluted water, was
pared via a post-grafting pathway and characterized
ng several physicochemical techniques. The ability of

H/KIT-6 to remove Pb(II) ions from aqueous solutions
s analyzed via a batch technique. The optimum pH value

KIT-6 reached equilibrium within 40 min. The high r2

values indicate that the Pb adsorption to COOH/KIT-6
follows a pseudo-second-order kinetics model based on
the assumption that the rate-limiting step may be
chemisorption. The Langmuir and Freundlich isotherm
models for Pb(II) adsorption to COOH/KIT-6 were studied,
and the Langmuir model best fits the adsorption data.
–COOH groups covalently bonded to inorganic siliceous
KIT-6 can be a new material for removing toxic metals
from wastewater with high efficiency that can be
economically regenerated while maintaining its high
adsorption capacity.
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