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ABSTRACT: Novel ethylene diamine tetraacetic acid (EDTA)-modified zwitterionic hybrid materials were prepared via a sol-gel
process. Their adsorption performances for Pb>* ions were examined. Fourier transform infrared spectroscopy confirmed the reaction
products. Thermogravimetric analysis revealed that the thermal stability of these hybrid materials could reach 200°C. Differential
scanning calorimetry measurement showed that the addition of titanium butoxide could impact the crystallization transformation of
these materials. Field emission scanning electron microscopy images showed that EDTA modification induced a decrease in the parti-
cle size. Adsorption experiments demonstrated that the optimal initial pH was 5. Moreover, we observed that the adsorptions for
Pb>" ions followed the Lagergren pseudo-second-order kinetic model, intraparticle diffusion, and Langmuir isotherm model. In
addition, we found that the maximal Langmuir constant was 0.86 mmol/g. The negative Gibbs free energy values suggested that
Pb*" adsorption onto these samples was spontaneous in nature. The desorption experiment indicated that these samples could be
recovered with aqueous HCI solution as a desorbent. These results suggest that the synthesized EDTA-modified zwitterionic hybrid
materials are promising adsorbents that could be used to separate and recover heavy-metal ions from polluted wastewater. © 2013
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39801.
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INTRODUCTION been developed.ﬁf8 Among which, adsorption with functional-
ized hybrid material as an adsorbent has been considered one of
the most effective techniques because these heavy-metal ions
can be chemically bonded by inorganic/organic polymer
hybrids. Particularly, as a new type of silica-based hybrid mate-
rial, ethylene diamine tetraacetic acid (EDTA)-modified hybrid
materials used as adsorbents have been paid increasing atten-
tion.*>!® This is because EDTA is a typical chelating agent for
metal ions and has a powerful complexing ability for metal ions
in aqueous media. Its grafting on the molecular chains of
hybrid materials will supply them with larger adsorption capaci-
ties. Meanwhile, such types of hybrid material also exhibit
unique structural properties for the adsorption of metal ions on
their surface. Therefore, EDTA-modified hybrid materials used
as adsorbents indicate promising applications in the removal of
heavy-metal ions from aqueous media.

Water pollution caused by toxic heavy-metal ions, such as
Cu®", Pb**, and Cd*", from aqueous solution and industrial
wastewater has become a hot topic and is challenging research-
ers and engineers."™ Generally, these toxic heavy-metal ions
cannot be effectively biodegraded in nature and are easily accu-
mulated in the human body and other organisms. It has been
reported® that an excess intake of toxic heavy metals will induce
various diseases and health problems in humans. For example,
excess intake of Cu®" ions by humans will cause gastrointestinal
distress, even liver or kidney damage. Excess intake of Pb*"
ions will induce kidney problems or high blood pressure in
adults and delays in the physical and mental development of
infants and children. Consequently, the removal of heavy-metal
ions from an aqueous medium has become an important and
urgent issue.

To remove or delete toxic heavy-metal ions from the contami-  Recently, attempts have been made to prepare functionalized
nated aqueous medium, various innovative routes have recently = hybrid adsorbents for the removal of toxic heavy-metal ions

© 2013 Wiley Periodicals, Inc.
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from aqueous solutions. Among these materials, zwitterionic
hybrids, simultaneously containing both anionic and cationic
groups, were studied in our laboratory.''™'® These hybrids
revealed excellent adsorption properties for divalent heavy-metal
ions from water.'*"* Our continuing interest in such types of
hybrid adsorbents has stimulated us to do further work. There-
fore, to develop a new route for the preparation of zwitterionic
hybrid adsorbents and to investigate their adsorption properties
for toxic heavy-metal ions, herein, a novel approach for the
preparation of EDTA-modified zwitterionic hybrid materials via
a sol-gel process is proposed. Compared with the previous
articles,'>"? the novelty of this new approach is that (1) inorganic
ingredients silicone and titanate were incorporated into the
hybrid matrix via a sol-gel process and (2) EDTA, which was
used as a strong chelating agent to capture heavy-metal ions, was
introduced into the prepared zwitterionic hybrid materials via
the reaction of the carboxylic groups (—COOH) in EDTA with
the amino groups (—NH,) in the molecular chains of the hybrid
precursors. Moreover, the adsorption behaviors of these zwitter-
ionic hybrid materials for Pb*" ions were examined as a typical
model for the removal of toxic divalent heavy-metal ions from
aqueous solution.

EXPERIMENTAL

Materials

3-Aminopropyl trimethoxysilane (APTMS) was purchased from
Jiangsu Chenguang Coincident Dose Co., Ltd. (Danyang City,
China) and was used without further purification. Tetra-n-butyl
titanate, titanium butoxide [Ti(OBu)4), acetylacetone (acac),
disodium salt of EDTA, n-butanol (BuOH), and other reagents
were of analytical grade and used as received.

Preparation of the EDTA-Modified Hybrid Materials

The preparation of the EDTA-modified hybrid materials could
be performed in two steps: (1) the fabrication of the hybrid pre-
cursor and (2) the modification of the previously prepared
hybrid precursor through EDTA salt. These steps are described
briefly as follows.

First, both Ti(OBu), and acac [the molar ratio of Ti(OBu), and
acac was fixed at 1:0.1] were dissolved in a BuOH solution (20
mL) and stirred for additional 2 h to prepare the Ti precursor.
Second, the proper Ti precursor and APTMS (the molar ratios
of samples A-D are listed in Table I) were dissolved in a BuOH
solution and stirred violently for an additional 2 h to prepare
the hybrid precursor via a sol-gel process. Subsequently, the
previously produced hybrid precursor was dried at 80°C for 6 h
to obtain the xerogel. After it was cooled to room temperature,
the xerogel was immersed in deionized water for 24 h to purge

Table 1. Molar Ratios of Samples A-D

Sample  APTMS (mmol)  Ti(OBu)4 (mmol)  EDTA-modified
A 1 1

B 1 1 Yes

C 1 0.5

D 1 0.5 Yes
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the unreacted reagents and impurities. This xerogel could be
applied as an unmodified sample (i.e., the original sample).

To obtain an EDTA-modified sample, the previously prepared
xerogel (ca. 5.0 g) was further immersed in an EDTA solution
(50 mL, 0.1 mol/dm®) and agitated strongly for 24 h. Subse-
quently, the mixed solution was filtered. The filtration residue
was rinsed with deionized water three times and dried at 80°C
for 24 h. The EDTA-modified sample was thus acquired.

Sample Characterization
Fourier transform infrared (FTIR) spectra of the prepared sam-
ples A—D were obtained with a Shimadzu FTIR-8400S spectrome-

ter in the region 4000-400 cm™ ' at a resolution of 0.85 cm™".

Both thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) thermal analyses of the samples were
measured with a Netzsch STA 409 PC/PG thermogravimetric
analyzer under a nitrogen flow at a heating rate of 20°C/min
from room temperature (ca. 17°C) to 400°C.

Surface field emission scanning electron microscopy (FESEM)
images were observed with a FESEM instrument (Sirion 200)
operated at an accelerating voltage of 5.00 kV.

Adsorption Experiments

Adsorption experiments of samples A-D for lead (Pb>*) ions
were carried out in a way described in our previous publica-
tions,'>'>'® in which Pb>" jons were used as the adsorption
medium. A typical procedure for Pb>* adsorption onto these
samples can be described briefly as follows: around 1.0 g of
sample was immersed in 25 mL of 0. mol/dm’ aqueous
Pb(NO3), solution for 24 h at pH 5 to conduct a static adsorp-
tion experiment (in which no agitating equipment was used
during the period of adsorption testing to keep the solution
still). Subsequently, the adsorbed sample was taken out and
washed with deionized water. Finally, an EDTA solution (0.1
mol/dm®) was used to determine the adsorption capacity of
Pb>" ions (gpva+) by titrimetric analysis. To decrease the testing
errors, the final results were the mean values of three tests.

The gppy+ value was calculated with eq. (1):

(CO-CR)V
o= LotV 1
dpy W (1)

where V is the volume of the aqueous Pb(NO3), solution (mL);
C, (mol/dm®) and Cy are the concentrations of the initial and
remaining Pb(NO;), (mol/dm?), respectively; and W is the
weight of the sample (g).

To select the optimal pH scale for Pb** adsorption, the initial
pH of the solution was first determined, in which the pH value
of the solution was adjusted with 0.01 mol/L aqueous NaOH or
HCI solution. For the adsorption kinetic studies, the samples
were immersed in a 0.1 mol/dm’ aqueous Pb(NOs), solution for
different adsorption times at pH 5. Meanwhile, the adsorption
isotherm was obtained through changes in the initial concentra-
tion, which ranged from 0.01 to 1.0 mol/dm?, for 24 h at pH 5.

Moreover, the desorption efficiency (percentage) of samples
A-D was measured by titrimetric analysis with aqueous HCI
solution (0.1 mol/dm?) as a desorbent.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39801
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Scheme 1. Formation of the EDTA-modified hybrid materials. In step 1,
the alcoholysis and condensation reaction of APTMS and Ti(OBu), pro-
duced the hybrid precursor. In step 2, the hybrid precursor was further
functionalized to create the EDTA-modified hybrid materials.

RESULTS AND DISCUSSION

Preparation of the EDTA-Modified Hybrid Materials

As stated in an earlier section, the preparation procedure for
samples A-D could be divided into two steps (see Scheme 1).
Step 1 was the alcoholysis and condensation reaction of APTMS
and Ti(OBu), to produce the hybrid precursor via an Si—O—Ti
linkage; step 2 was the further functionalization of the hybrid
precursor with EDTA to create desirable EDTA-modified hybrid
materials, in which the primary amino groups (—NH,) in the
molecular chains of the hybrid precursor reacted with the car-
boxylic groups (—COOH) in the molecular chains of EDTA to
produce the —CONH— connection. Because the prepared sam-
ples simultaneously contained anion-exchange groups (i.e., sec-
ondary amino groups) and cation-exchange groups (i.e.,
carboxylic groups), we thus categorized them as zwitterionic
hybrid materials.

In this new route, the fabrication of zwitterionic groups was dif-
ferentiated from those in our previous publications.''™ In the
previous studies, the functionalized groups were mainly estab-
lished by the ring-opening reaction of a lactone reagent and the
steric hindrance effect of phenyl groups'' or a subsequent reac-
tion with a lactone reagent.'>'”> However, in this study, the ionic
groups were directly incorporated into the hybrid materials via
a sol-gel reaction. In addition, metal Ti was introduced into
these hybrid materials via a sol-gel reaction; this was propitious
to the elevation of the thermal stability of the synthesized
hybrid materials.

FTIR Spectra
To investigate the reaction product presented in Scheme 1, FTIR
spectroscopy was performed and is illustrated in Figure 1.

As shown in Figure 1(a—d), we found that the change trends in
the adsorption peaks were similar, except for the increase in
peak intensity. The peak at 3450 cm™' was in the range of
stretching vibrations from the —OH and —NH groups. The
absorption peaks at 2935 cm~' were ascribed to the C—H
stretching and C—H bending vibrations of —CH; and —CH,
groups, respectively. The strong absorption peaks at 1660 and
1380 cm~ ' were in the range of stretching vibrations from
—COO™ groups and C—N chains. The band at near 1020 cm ™'
was ascribed to the Si—O—Si, Si—O—C, and C—O—C stretch-
ing vibrations.'”

When we compared the Figure 1 curves a with b and ¢ with d,
we found that the peak intensities of the bands at 1660 and
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Figure 1. FTIR spectra of samples (a) A, (b) B, (¢) C, and (d) D.

4000

1380 cm ™' increased remarkably as the sample was modified by
EDTA; this implied an increase in the amount of COO ™~ groups
in the modified samples shown in Figure 1(b,d). The reason
was assigned to the overlapping of the stretching vibrations
from —COO™ groups with C—N stretching band. This observa-
tion confirmed the reaction described in Scheme 1 and the exis-
tence of —COONa groups in the molecular chains.

TGA Study

Presently, thermal stability is considered an important perform-
ance parameter of a hybrid material. Such parameter will
impact the application of a hybrid material in some harsh envi-
ronments. To examine the thermal stability of samples A-D,
TGA measurement was performed, and the corresponding graph
is illustrated in Figure 2. Meanwhile, the thermal analysis data
from the TGA graph are tabulated in Table II.

As presented in Figure 2, we observed that for samples A-D,
their change trends in weight loss (percentage) were similar, and
two degradation stages could be probed at a weight loss of
around 90% (i.e., in the temperature ranges of 40-200 and

1001
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B U2 o
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o
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Temperature (°C)
Figure 2. TGA graphs of samples (—) A, (---) B, (----) C,and (- - -) D
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Table II. Thermal Analysis Data for Samples A—D from the TGA Graphs

Sample Td5 (OC) leO (OC) R4oo (Wt %)
A 72.62 224.21 79.36
B 68.66 199.26 78.47
© 75.40 189.83 78.32
D 84.76 221.33 76.92

200-400°C). Accompanying these degradation processes, two
exothermic peaks were found in the DSC plot of samples A-D
(cf. Figure 3). The first weight loss in the temperature range of
40-200°C was the evaporation of solvents and the degradation
of organic ingredients. The second weight loss higher than
200°C was the breakage of functionalized groups and the fur-
ther formation of the hybrid network.

In addition, it is also shown in Figure 2 that the degradation
temperatures at weight losses of 5 and 10% (T and Ty,
respectively) exhibited various change tendencies. For samples A
and B, their Ts and Ty values all displayed downward trends;
this implied that the thermal stability of sample A decreased a
little after it was modified with EDTA. However, both the T
and Ty, values of samples C and D all revealed upward trends;
this suggested that the thermal stability of sample C was ele-
vated slightly as it was modified by EDTA (cf. Table II). These
results demonstrate that the addition of Ti(OBu), into the pre-
viously prepared zwitterionic hybrid materials adjusted their
thermal stabilities, and the excess incorporation of Ti(OBu),
into the hybrid matrix reduced their thermal stability. Further-
more, as shown in Figure 2, the weight loss (percentage) of
samples A-D increased quickly as it was larger than 90% (i.e.,
the degradation temperature value surpassed Ty,); this showed
that the degradation process was accelerated. This was ascribed
to the decomposability of organic ingredients in the high-
temperature conditions.

Moreover, as shown in Figure 2, the residual weight at 400°C
(Ry400; weight percentage) indicated a downward trend from
samples A to D (cf. Table II). Such downward trend was

4.
£ 31
2]
31 -
o
T 0+
2 |
T
29 exo

200 300
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Figure 3. DSC graphs of samples (—) A, (---) B, (----) C,and (- - -) D.
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consistent with the theoretical estimation and was logical when
the Ti(OBu), content in these samples was considered. Cur-
rently, it is accepted that the higher the amount of inorganic
additive in a hybrid material is, the higher the remainder in the
sintered powder will be. In samples A-D, the Ti(OBu), content
in them was reduced from sample A to D (see Table I); the
amount of sintered powder was thus decreased. Therefore, their
change trends in residual weight (weight percentage) were
reasonable.

On the basis of the previous findings, we concluded that the
thermal stability and amount of remainder in the zwitterionic
hybrid materials could be effectively controlled through the
proper addition of inorganic species into the hybrid matrix.

DSC Analysis

DSC thermal analysis is a helpful measuring technique in deter-
mining the situation of endothermic or exothermic peaks in the
DSC curves and the corresponding crystallization performances
of a hybrid material. To gain insight into the crystallization
transformation of samples A-D, DSC analysis was performed,
and the related graph is illustrated in Figure 3. Meanwhile, the
peak temperature in the DSC curves is listed in Table III.

As exhibited in Figure 3, for samples A-D, their change trends
in the exothermic peak were identical, and two exothermic
peaks (i.e., a large exothermic peak below 80°C and a weaker
one beyond 360°C) were probed. Meanwhile, we also noted that
no endothermic peak was observed in the DSC curves of sam-
ples A-C but there was one in that of sample D. Taking sample
D taken into account, we found that the trend in the endother-
mic and endothermic peaks was clearly different from those of
samples A-C. Namely, there existed two exothermic peaks (i.e.,
a weaker exothermic peak below 80°C and a broader one
beyond 360°C) and one large endothermic peak at 327°C in the
DSC curve of sample D. It was reported'® that in DSC curves,
single or multiple endothermic peaks are the crystal melting,
whereas the exothermic peak can be considered as the crystalli-
zation. On the basis of this result, we deduced that the melting
temperature of sample D was 327°C. In addition, with samples
A-D taken into consideration, the first crystallization tempera-
tures (T,,’s; i.e., the first exothermic peak) were situated at 71,
67, 77, and 70°C (cf. Table III), respectively; this showed a
downward trend from samples A to B and C to D. Such a trend
showed that the T, value of the EDTA-modified sample was
slightly reduced. Furthermore, we discovered that the second
crystallization temperatures (T,’s; i.e., the second exothermic
peak) were placed at 366, 370, 372, and 364°C (see Table III).
Clearly, the change trend in T,, was in disagreement with that

Table III. Peak Temperatures of Samples A—D from the DSC Curves

Exothermic peak (°C) Endothermic

Sample First Second peak (°C)
A 71 366

B 67 370

C 77 372

D 70 (weaker) 364 (larger) 327

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39801
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of T,;; this demonstrated the influence of the Ti(OBu), additive
on the crystallization transformation of these samples. The rea-
son was an increase in the hydrophilicity of the EDTA-modified
sample due to the grafting of EDTA onto the molecular chains
of the hybrid precursor, as described in Scheme 1.

FESEM Images

Tt is well accepted that for a nonionized material (e.g., activated
carbon), the effect of the surface area on the adsorption of
heavy-metal ions is distinct.'® However, for a material contain-
ing ionic groups, the effect of the surface area on the adsorption
of heavy-metal ions is less important. In our previous study,"'
we found that the surface area of the samples had little impact
on the adsorption of heavy-metal ions on the hybrid materials
containing ionic groups. Similar results were also seen in other
studies.”™*' To further confirm the influence of the pore size
and to examine the surface morphology of the previously pre-
pared zwitterionic hybrid materials, the surface FESEM image
of samples A-D were observed and are presented in Figure 4.

As shown in Figure 4(a—d), the surface morphology of the
unmodified sample (i.e., the original sample) and the EDTA-
modified sample indicated different pore structures. For exam-
ple, many round particles were uniformly distributed on the
surface of the unmodified sample A (i.e., the original sample),
and the space among the particles was larger [cf. Figure 4(a)].
Meanwhile, we also noted that many tiny pores were asymmet-
rically scattered on the surface of sample C when the magnifica-
tion of the FESEM image was increased up to 40,000X [as
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illustrated in Figure 4(c)]. In contrast, the particle size of sam-
ple B was markedly decreased, and the space among the par-
ticles was highly shortened [cf. Figure 4(b)]. A similar
observation was also made from the surface of the EDTA-
modified sample D, even when the magnification of the FESEM
image was increased up to 20,000X [see Figure 4(d)]. These
findings revealed that the EDTA modification favored the inte-
gration of organic and inorganic moieties, and this led to a
decrease in the pore size of the particles.

To explain such trends in the surface morphologies of the sam-
ples, please set our eyes on the changes in the hydrophilicity of
the previously prepared zwitterionic hybrid materials. Consider-
ing the unmodified sample (i.e., original sample) containing
weak amino groups (—NH, groups) in its molecular chains, its
hydrophilicity was relatively weaker; it was thus hard for the
solvent to penetrate the tighter surface of the particles. As a
result, only small pores were produced on the surface layer [as
observed in Figure 4(c)]. When the EDTA-modified sample was
taken into account, its hydrophilicity was highly elevated
because some strong hydrophilic groups (—COONa groups)
were grafted onto the molecular chains, and they indicated a
completely acidic dissociation state. Meanwhile, because of the
weaker acidic properties and partial dissociation of —COOH
groups, the —COONa groups were easily changed into —COOH
groups in aqueous solution. Thus, the hybrid matrix was more
easily produced under these conditions. Accordingly, both the
pore size and particle space of the samples were distinctly
decreased.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39801
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Adsorption of the Pb>* Ions

To better understand the adsorption properties of the EDTA-
modified zwitterionic hybrid materials for metal ions in water,
adsorption experiments were conducted with Pb>* ions as a
typical model of toxic heavy-metal ions. Some dominating
influencing factors, such as the initial pH, contact time, and ini-
tial solution concentration, were examined. To study the
adsorption kinetics and isotherm properties of the Pb*" ions on
these zwitterionic hybrid adsorbents, the experimental data were
correlated with some two-parameter models, such as the
Lagergren pseudo-first-order and pseudo-second-order kinetic
equations, intraparticle diffusion model, and Langmuir and
Freundlich isotherm equations.

Effect of the Initial pH. The initial pH of the solution had a
significant impact on the adsorption of heavy-metal ions onto
the hybrid materials; this was because the metal ions could pro-
duce sediment in solution as the pH value was elevated to a
higher level. To gain the optimal pH value for Pb>* adsorption,
the pH in the range of 3-6 at a concentration of 0.1 mol/dm’
for 24 h was selected to examine effect of the initial pH on
Pb*>* adsorption. Figure 5 illustrates the effect of the initial pH
on Pb>* adsorption.

As shown in Figure 5, gpp,+ of samples A-D increased with the
elevated initial pH and reached its highest value at pH 5. Fol-
lowed, gppo+ on samples A-D decreased when the initial pH
was higher than 5. On the basis of this result, aqueous
Pb(NO3), solution at pH 5 was thus chosen as the adsorption
medium to study the adsorption behaviors of Pb>* ions onto
the prepared zwitterionic hybrid materials.

It should be mentioned that by comparison with the previous
jobs,"'2 we observed that the initial pH in this case was slightly
higher than that used in a previous study,'' in which hybrid
adsorbents simultaneously containing —COOH and —NH—
groups were used to remove Pb>" ions in pH 4 solution condi-
tions, but similar to that preformed in a previous job,'> in which
the zwitterionic hybrid polymers simultaneously containing
—COOH and —COO~ groups and —N"— groups were applied

0.8

0.7
(=]

20.6-

T : T ;
3.0 35 40 45 50 55 6.0
Initial pH
Figure 5. Initial pH versus gppy+ on samples A (filled with diagonal line),
B (filled with diagonal mesh), C (filled with horizontal line), and D (filled

with cross grid).

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

39801 (6 of 10)

Applied Polymer

SCIENCE

to remove Pb>* ions in a pH 5 aqueous medium. A similar
result was reported in a newly published article.” Nava et al.*
reported that the maximum Pb (II) adsorption was also located
in the pH range 5-6 with hybrid adsorbents functionalized with
—NH, groups. This stability in the initial pH range induced a
comparison of the adsorption capacity obtained from different
hybrid adsorbents.

Adsorption Kinetics. The relationship of gpy,+ as a function of
the contact time ¢ (hours), that is, the adsorption kinetic curves
of Pb*" ions on samples A-D, is presented in Figure 6. The
time range of kinetic experiments was within 0-18 h. As shown
in Figure 6, the gpyy+ values for samples A-D increased with
the elapsed contact time. However, taking the individual sample
into account, we detected various change trends. For example,
when we compared the gpy,+ value of samples A and B, we
found that the gpy,+ of sample B (i.e., the EDTA-modified sam-
ple) was lower than that of sample A (i.e., the original sample)
when the testing error was ignored. Meanwhile, we also found
that the gpp,+ of sample D (i.e., the EDTA-modified sample)
was higher than that of sample C (i.e., the original sample).
This finding suggested that the proper addition of the inorganic
composition Ti(OBu), into the hybrid polymer favored pPb>*
adsorption onto the sample. However, excess incorporation of
the inorganic composition Ti(OBu), into the hybrid material
did not increase the adsorption capacity for heavy-metal ions.

Notice that the change trends in gpp,+ were consistent with
those in the thermal stability of the samples found in the TGA
curves; this demonstrated that addition of Ti(OBu), into the
EDTA-modified zwitterionic hybrid materials not only impacted
their thermal stabilities but also influenced their adsorption
behaviors for Pb>* ions.

It is well known that the Lagergren kinetic equation is a useful
model for describing the adsorption properties of a species.”>**
The Lagergren pseudo-first-order and pseudo-second-order kinetic
equations can be linearly expressed as egs. (2a) and (2b),
respectively:

0.75-

~0.60-
(=]

S 0.451

(M

0.30-

Qpy

0.151

0.001

T Ll T ¥ T . T T L T

0 3 6 9 12 15 18
Contact time (h)

Figure 6. Adsorption kinetic curves of the Pb®* ions on sample A (H),
sample B (half-down diamond), sample C (A), and sample D (¥). The
concentration of the aqueous Pb(NOj3), solution was 0.1 mol/dm® at pH 5.
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or
log(ge—gq:) = 1 kL (2b)
O8\de™ ) = 1084e™ 5 303
2
qekzt
= def2” 3
"= T gk (32)
or
1t
—=—4— (3b)
ST A

where &k (h™') and k (g h™" mmol™') are the pseudo-first
and pseudo-second-order rate constants, respectively, and g, (mmol/
g) and g, (mmol/g) are the adsorption capacities of the metal ions
(Me*") at time tand in the equilibrium state, respectively.

The Lagergren adsorption kinetic model for Pb** adsorption
onto samples A-D was calculated and is exhibited in Figure
7(a,b). The linear regression coefficient (R*) of the Lagergren
pseudo-first-order model showed a worse fit for Pb** adsorp-

1.4;

0.0lllllll
0 3 6 9 12 15 18

Time, t(h)

T
0 3 6 _ 9 12 15 18
(b) Time, t(h)
Figure 7. Lagergren kinetic model for Pb** adsorption onto sample A
(M), sample B (half-down diamond), sample C (A), and sample D (V¥):
(a) first-order model and (b) second-order model.
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tion onto samples A-D (R?> < 0.9, cf. Table IV). On the con-
trary, the Lagergren pseudo-second-order model had a better R*
for Pb>" adsorption onto samples A-D (R* > 0.9, see Table
IV). This result demonstrated that Pb>* adsorption onto these
zwitterionic hybrid materials followed the Lagergren pseudo-
second-order kinetic model.

In a comparison with previously studies,''? we found that

although Pb®" adsorption onto these hybrid adsorbents fol-
lowed the Lagergren pseudo-second-order kinetic model, the
difference in k, was distinct. For example, the k, values in this
case were lower than those reported in our previous articles;'"'?
this suggests that the incorporation of titanium in the hybrid
matrix had some influence on the Pb®>" adsorption. The possi-
ble reason could be ascribed to the orbital structure of titanium.
As a reviewer suggested, because titanium has four bonds, their
d orbitals are empty (d0) so that this metal could have inter-
fered with the approach of the metal ions to the functional
groups present in the hybrid material.

Intraparticle Diffusion. It was reported that when metal ions
are adsorbed by an adsorbent, the metal ions transport from
the solution through the interface between the solution and the
adsorbent into the pores of the particles. Such transport per-
formance of metal ions can be described via the intraparticle
diffusion model.”> To examine the interface transport properties
of the Pb*" ions from the interior of the prepared samples, the
intraparticle diffusion model was measured. The effect of intra-
particle diffusion on the adsorption rate of the Pb*" ions was
calculated on the basis of the function relationship of g; versus
t, which can be expressed as eq. (4):*

q = xi+kpt0‘5 (4)

where k, is the intraparticle diffusion rate constant (mmol
g ' h™"?) and x; is the intercept of the straight line, which is
related to the boundary layer thickness (mmol/g).

Currently, it is well accepted that if the plot of g, versus £’
(the square root of time, t) gives a straight line, the adsorp-
tion process is solely controlled by intraparticle diffusion. In
contrast, if the experimental data exhibit multilinear plots, two
or more steps influence the adsorption process.”>*

The intraparticle diffusion curves of Pb** adsorption onto sam-
ples A-D are presented in Figure 8, and the related parameters
are listed in Table IV. As shown in Figure 8, we observed that
the graph of gpy,. versus £ gave a straight line, and R* fit
well for Pb** adsorption onto samples A, B, and D but not
sample C. Because the linear lines all nearly passed through the
origin of coordinates (i.e., x; = 0, cf. Table IV), we thus con-
cluded that Pb>* adsorption onto these samples was solely con-
trolled by intraparticle diffusion.

Notice that this outcome was clearly different from the results
obtained in our previous studies,''? in which Pb>" adsorption
onto the prepared hybrid adsorbents was not governed by intra-
particle diffusion, and diffusion-controlled adsorption mecha-
nisms were the major process. These distinctions in the effect of
intraparticle diffusion chiefly arose from the differences in the

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39801
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Table IV. Kinetic Model Parameters for Pb?* Adsorption
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Pseudo-first-order

Pseudo-second-order Intraparticle diffusion

Sample qaexp kl qbca\ RZ kZ qbcal R2 kp Xi R2

A 0.74 0.121 0.523 0.897 0.447 0.794 0.963 0.160 0.0817 0.910
B 0.81 0.104 0.685 0.968 0.249 0.862 0.978 0.162 0.0483 0.973
© 0.82 0.0783 0.649 0.805 0.381 0.738 0.910 0.140 0.0776 0.884
D 0.73 0.146 0.542 0.886 0.410 0.811 0.970 0.158 0.0927 0.906

2 Oexp Was the experimental values.
Qeal Was the calculated values.

hybrid adsorbents containing various ionic groups in the molec-
ular chains.

Moreover, a decrease in the pore size (as presented in Figure 4),
and the formation of the hybrid matrix might also have been
responsible for the aforementioned trend.

Adsorption Isotherms. Langmuir and Freundlich isotherm
equations are two conventional model tools used to examine
the adsorption behaviors of metal ions on the interface of a
solid material. Generally, the Langmuir isotherm equation is
based on monolayer adsorption onto the active reaction sites of

the adsorbent and can be expressed as eq. (5):*>%’
C G 1
e 5
de Qm me ( )

where C, is the equilibrium concentration of metal ions in the
liquid phases (mol/dm?®) and Q,, (mmol/g) and b (dm*/mol)
are Langmuir constants, which can be calculated from the inter-
cept and slope of the linear plot based on C,/q, versus C.,.

Unlike the surface adsorption from the Langmuir isotherm
model, the Freundlich isotherm equation was considered as the
adsorption occurred on a heterogeneous surface with uniform
25,27

energy; this can be expressed with eqs. (6a) and (6b):

ge = krCi (6a)

0.75- u

~—0.601
‘o L. 2 4
© i
2 0.45

£E0.30.
&

O >4

z
©0.15-

0.00>"=

T T T T T T T
0 1 2 3 4
Time, t*°
Figure 8. Intraparticle diffusion curves of Pb?>" adsorption onto sample A
(M), sample B (half-down diamond), sample C (A ), and sample D (V).
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1
logq. = logkr+ —1logC, (6b)
n
where kr [(mmol/g) (mol/dm>)"Y"] and n are the Freundlich
constants and can be calculated from the slope and intercept of
the linear plot according to log g, versus log C..

The gpp,+ values onto samples A-D versus the initial solution
concentration (i.e., adsorption isotherm of the Pb*" ions onto
samples A-D) are illustrated in Figure 9. As shown in Figure 9,
we found that gp,+ onto samples A-D increased with the ele-
vated initial solution concentration.

On the basis of Figure 9, the Langmuir and Freundlich isotherm
parameters were calculated and are summarized in Table V. As
shown in Table V, we observed that that the experimental data
fit well with the Langmuir isotherm equation (R* > 0.99).
However, these data fit worse with the Freundlich isotherm
equation (R* < 0.90). This outcome showed that Pb*" adsorp-
tion onto these samples was Langmuir monolayer adsorption
rather than heterogeneous surface adsorption. This finding in
the isotherm model was consistent with the results concluded in
the previous studies'"'? and demonstrated that Pb>" adsorption
onto the hybrid adsorbents containing ionic groups was chiefly
controlled by the Langmuir model. Furthermore, when we com-
pared the Q,, values in this case with those achieved in previous
studies,''? we found that these Q,, values were markedly lower
than those obtained previously; this implied that the categories

0.90-
__0.75- —
©0.60
£
§0.45-
%0.30-
o
0.15-

0.00+

0.0

04 06 08 1.0

-3
C,_ (moldm™)
Figure 9. gpp,+ on sample A (M), sample B (half-down diamond), sample
C (A), and sample D (W) versus C,.

0.2
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Table V. Langmuir and Freundlich Isotherm Parameters for Pb** Adsorption
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Langmuir Freundlich
Sample Qm b R? ke n R?
A 0.693 540.355 0.999 0.710 18.152 0.909
B 0.860 129.337 0.999 0.915 6.979 0.872
@ 0.628 525.475 0.998 0.654 12.457 0.867
D 0.707 91.546 0.999 0.742 7.261 0.825

and amounts of ionic groups in the molecular chains were the
two dominating factors for Pb?>" adsorption. These results were
very meaningful in the structural design of hybrid adsorbents.

Moreover, for the Langmuir isotherm model, it was
reported®>*” that the separation factor or equilibrium parameter
(Ry) could be used to further examine the favorability of
adsorption. When the R; value is within 0 < Ry <1, it is favor-
able adsorption. Otherwise, it is unfavorable adsorption. The R,

value can be obtained with eq. (7):25%7
1

R =—+— 7

TG 7)

where b is the Langmuir equilibrium constant (dm*/mol).

Table VI lists the calculated R; values based on the Langmuir
isotherm constant. As shown in Table VI, the R; values of sam-
ples A-D were all in the range 0 < R; <1; this suggested that
the Pb®>" adsorption onto these samples was favorable; this was
further confirmed by the Gibbs free energy (AG). This finding
confirmed that these zwitterionic hybrid materials are promising
adsorbents for Pb*" removal from wastewater or contaminated
water for environmental application.

AG. The calculation of the thermodynamic parameter is of vital
importance for the removal of heavy-metal ions via adsorption.
It was reported’ that for the Langmuir adsorption process, AG
can be calculated with eq. (8):

AG = -RTInb (8)

where R is the gas constant (8.314 J/mol K) and T is the abso-
lute temperature (K).

The AG values for the Pb**-adsorption on samples A-D were
calculated and are tabulated in Table VII. As listed in Table VII,

Table VI. Calculated Ry Values Based on the Langmuir Isotherm Constant

R, value
Co (mol/dm3) A B C D
0.01 0.156 0.436 0.159 0.522
0.05 0.0356 0.133 0.0366 0.179
0.1 0.0181 0.0717 0.0186 0.0984
0.5 0.00369 0.0152 0.00379 0.0213
1.0 0.00185 0.00767 0.00190 0.0108
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the AG values were all negative for samples A-D. This result
suggested that Pb®>" adsorption onto these samples was sponta-
neous in nature and further corroborated the findings obtained
from R;.

Desorption Experiment

Currently, it is well accepted that regeneration and recovery of
spent adsorbents and metals, respectively, are of vital impor-
tance for industrial applications of adsorbents.”® A desorption
experiment was thus carried out, and the corresponding data
are summarized in Table VIIL

We found that the desorption efficiency (percentage) of these
samples with aqueous HCI solution as a desorbent was 20%.
This finding suggests that the adsorbed samples could be effec-
tive in the regeneration or reuse with aqueous HCI solution as
a desorbent and indicated their potential applications in the
removal of heavy-metal ions from water.

CONCLUSIONS

A series of zwitterionic hybrid materials, in which EDTA was
used as a strong chelating agent to modify ionic groups, were
prepared and used to separate Pb>* ions from an aqueous solu-
tion. We found that the proper addition of Ti(OBu), into these
hybrid materials favored their adsorption for Pb>* ions. How-
ever, the excess incorporation of Ti(OBu), into them did not
induce an increase in gpp,+. These outcomes demonstrate that
the adsorption properties of EDTA-modified zwitterionic hybrid
materials could be artificially controlled via the incorporation of
an inorganic composition. In addition, the adsorption experi-
ments confirmed that Pb>* adsorption followed the Lagergren
pseudo-second-order kinetic model, intraparticle diffusion, and
Langmuir isotherm model, and they could be reused with aque-
ous HCI solution as a desorbent.

Table VII. Calculated AG Values at 25°C

Sample Temperature (K) Inb AG (kJ/mol)
A 29815 6.292 ~15.597
B 298.15 4.862 -12.053
C 298.15 6.264 -15.528
D 298.15 4.516 -11.196

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39801
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Table VIIL Desorption Efficiency of Samples A-D for Pb** Tons

HCI concentration Desorption
Sample (mol/dmS) time (h) Efficiency (%)
A 0.1 5 23.58
B 01 5 18.18
C 0.1 5 19.95
D 01 5 20.76
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