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A novel B-cyclodextrin-based adsorbent (CDAA) for the removal of Cu?* was prepared and character-
ized. The adsorption capacities of Cu?* on CDAA were evaluated under various treatment conditions,
including the solution pH, the dosage of the adsorbent, the initial Cu?>* concentration, and adsorption
time. The results indicated that CDAA hydrogel exhibited typically three-dimensional cross-link network
structure. There was a significant increase in the adsorption capacity (from 18.93 mg/g to 107.37 mg/g)
when the solution pH increased from 2 to 5. The adsorption equilibrium data were fitted and analyzed
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Adsorbent suggested that the Freundlich equation model was the best fit with experimental data (R*=0.995). The
Adsorption mechanism kinetic equations showed that the adsorption of Cu?* on the adsorbent fit different equations for dif-
Cu(I1) ferent concentrations of Cu?*. These results indicate that in the present study, Cu?* adsorption onto the
Kinetics adsorbent occurred via ion exchange and chemical interaction mechanisms.
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1. Introduction

Some industrial processes such as electroplating, smelting,
sheet metal tooling and mining can produce large quantities of
copper-rich wastewater, which would cause serious water pollu-
tion. In the environment, the heavy metal copper (Cu) cannot be
degraded naturally but accumulates in living organisms through
food chain circulation. Although Cu is an essential trace element
for most organisms, its excessive accumulation affects the growth
and physiological functions of organisms, even causing death. The
recommended maximum concentration of CuZ* in drinking water
by the World Health Organization is 1.5 mg/L (Liang, Feng, & Guo,
2009).

Cu ion-removal methods from industrial wastewater include
chemical precipitation, ion exchange, membrane filtration, elec-
trolysis, solvent extraction, adsorption and biological methods.
However, a common disadvantage of the above methods is sec-
ondary pollution and low efficiency resulting in high initial
and operating costs. In recent years, adsorption resins show
great promise for heavy metal ions removal and are increas-
ingly used in wastewater treatments (Jian, Huang, Pang, & Liao,
2008).
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[B-Cyclodextrin ([3-CD) is a cyclic oligosaccharide formed from
seven glucose molecules by a-1-4-glucosidic linkages, giving
a micro-environment of a chiral, hydrophilic outside and a
hydrophobic interior cavity (Balta, Bagdatli, Arsu, Ocal, & Yagci,
2008; Del Valle, 2004). Currently its main uses are in the adsorption
of organic chemicals, controlled drug release, environmental pro-
tection and cosmetics (Cobos, Cruz, Martinez, Romero, & Casillas,
2008; Guo & Jiang, 2006). Chemical modification of B-cyclodextrin
through etherification, esterification and oxidation reactions and
cross-linking of hydroxyls outside the interior cavity produce
the enhanced adsorption functions on heavy metal ions (Chao,
Jin, Xu, Zhuang, & Shen, 2008) as a result of strong interactions
between the hydroxyl groups and metal ions. The advantages of [3-
cyclodextrin and its derivatives as an metal ions adsorbent are the
renewable and biodegradable characters; moreover, a large num-
ber of active hydroxyl groups can selectively contain and slowly
release some substances (Jia, Liu, Fan, & Hu, 2002; Xie & Sun,
2006).

In this paper, the B-cyclodextrin adsorbent, which has a high
adsorption capacity for heavy metal ions and water, was syn-
thesized by inverse suspension and redox initiation systems.
The possible adsorption mechanisms were also explored using
isotherm equations and kinetic models. The present study shows
that the B-cyclodextrin adsorbent has high adsorption activities
for metal ions in water. The adsorbent can be regenerated and
reused and is a potential, excellent multifunctional material for the
medical and health fields.
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2. Materials and methods
2.1. Reagents

B-Cyclodextrin (B-CD), acrylic acid (AA), acrylamide (AM),
K5S,0g, Cu(NO3),-3H,0; N,N’-methylene-(bis)-acrylamide
(NMBA) were purchased from the chemical reagent develop-
ment center of Kemiou Engineering, Tianjing, China. A stock
solution of Cu(Il) (25-150 mg/L) was prepared by dissolution of
Cu(NO3);-3H,0 with deionized water. Dilute solutions of HNO3
and NaOH were used for adjusting the initial pH of the solutions.

2.2. Preparation of B-CD based adsorbent, CDAA

B-CD (2.3 g) was firstdissolved in NaOH solution and the amount
of alkaline solution was controlled to neutralize 75% of the acrylic
acid. The alkaline 3-CD solution was then placed into a 4-necked
round-bottom flask, and 50 mL cyclohexane was added. The mix-
ture was stirred in a water bath under a nitrogen atmosphere.
Aqueous solutions of acrylic acid (5.25 g), acrylamide (0.75 g), ini-
tiator, and crosslinking agent were poured into two drip funnels
under constant pressure to provide the monomer and initiator solu-
tion system, respectively. The molar ratio of 3-CD, acrylic acid and
acrylamide is 0.2:7:1. The reactor was heated to 60 °C under a nitro-
gen atmosphere, then the monomer and initiator solutions were
added to the reactor and reacted for 2-2.5 h. When the reaction was
finished, the temperature was maintained at 60 °C for 60 min, and a
viscoelastic gel product was obtained. The product was dried under
vacuum at 40°C for 24 h, and then cut into 2 mm x 2 mm x 2 mm
cubes.

2.3. Characterization method

The Fourier transform-infrared (FTIR) spectra of the initial 3-CD
and the CDAA product were recorded with a MAGNA 560 FTIR spec-
trometer (Thermo Nicolet Corporation, America). A pressed pellet
was prepared by grinding the sample powder with IR grade KBr in
an agate mortar. The wavelength scan range was 4000-400 cm™!
with a resolution of 4cm~! and an interval of 1.0cm~!. Solid-
state carbon-13 cross-polarization and magnetic-angle spinning
nuclear magnetic resonance (13C CPMAS NMR) spectra of the B-
CD and CDAA were obtained using a Bruker AVANCE 400 FT-NMR
spectrometer with a frequency of 75.47 MHz and a sample spin of
4.0 kHz. The impulse duration at 90° was 4.2 ms, contact time was
1 ms, the number of transients was about 1000, and the decou-
pling field was 59.5 kHz. Chemical shifts were determined relative
to tetramethyl silane (TMS). The spectra were accurate to 1 ppm.
The spectra were run without suppression of spinning side bands.
Scanning electron microscope (SEM) was taken with a FEIQUANTA
200 microscope. The hydrogels swollen to equilibrium in the Cu2*
concentrations of 100mg/L at 37°C for 24h were frozen in lig-
uid nitrogen and snapped immediately, and then freeze-dried. The
fracture surface (cross-section) of the hydrogel was observed and
photographed.

2.4. Batch adsorption experiments

The Cu(NOs3),-3H,0 was firstly dissolved into deionized water
and then diluted to the required concentration after the pH was
adjusted using HNO3 or NaOH. A certain amount of the prepared
adsorbent was added to solutions containing various concentra-
tions of Cu?* ions. The ions were allowed to adsorb at room
temperature for 24 h, before the solution was filtered. The con-
centration of the Cu®* ions in the filtrate was measured by atomic

absorption spectrophotometer. The adsorption capacity (Q) and
removal rate (A) were calculated as follows:

CoVo — CeVe
CoVo
COVO —CeVe
m

0= x 100% (1)

A= (2)
where Cy and C, are the initial and equilibrium concentrations of
Cu?*, respectively; Vo and V. are the initial and equilibrium volumes
of the solution, respectively; and m is the mass of the CDAA used.

To determine the adsorption kinetics and adsorption isotherms,
100 mL of the Cu2* solution (equivalent to either 25 mg/L, 50 mg/L,
100 mg/L or 150 mg/L), was added to 0.09 g of the CDAA. The tem-
perature was maintained at 25 °C and the solution was shaken for
240 min. At various intervals, the adsorbent and the solution were
separated by filtration and the adsorbent was weighted. The solu-
tion phase was diluted and the Cu%*concentration in the solution
was measured. The effects of the amount of adsorbent, the pH,
and the initial Cu%* concentration on the adsorption capacity were
systematically investigated.

3. Results and discussion
3.1. Characterization of CDAA

The FTIR spectra of (3-CD and CDAA are shown in Fig. 1.
The stretching vibration absorption peak of ~OH group is around
3400 cm~! and the peak for C-H at 2900 cm~!, while the stretching
vibration peak for the carboxylic acid -C=0is 1600-1700 cm~!, and
the bending vibration peak for C-H is near 1450 cm~'. Comparing
the FTIR spectra for 3-CD and CDAA, it is clear that the -OH peak
for B-CD at 3404 cm~! is strong and wide, while for the CDAA resin
the peak has moved to a lower wave number with a strong and
broad absorption peak 3363 cm~!. Also, due to increasing hydro-
gen bonding between molecules, the hydroxyl group absorption
peak has broadened for CDAA. The peak at 1157 cm~! is attributed
to the stretching vibration of the C-O-C bond on 3-CD and CDAA.
Another two absorption peaks near 1108 cm~! and 1030 cm~! are
characteristic of the primary and secondary alcohol groups on 3-CD
(Bai, Wang, Wang, Ma, & Ni, 2006; Xie, Chen, Liu, & Xu, 2007). The
—CH, stretching vibrations at 2925 cm~! and 2846 cm~! increased
significantly in CDAA, possibly due to the formation of -CH, in the
polymerization process during the introduction of the acrylic acid
and acrylamide monomer. The strong, overlapping peaks occurring
at 1671 cm! can be attributed to the -C=0 stretching vibration
peaks in acid amides and carboxylic acids (Kuang, YuK, & Huh,
2011). The strong stretching vibration peak at 1570 cm~! is the N-H
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Fig. 1. FTIR spectra of the B-CD and CDAA.
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Fig. 2. Solid-state '*C NMR spectra of the -CD and CDAA.

absorption peak in an acylamino group on CDAA. The asymmetric
stretching vibration of the sodium carbonyl group of -COONa in
sodium polyacrylate is seen in the peak at 1451 cm~!, while the
strong band at 1410 cm™! is either a stretching vibration peak for
C-N or a bending vibration peak for -CH,-, indicating the presence
of acylamino groups on the CDAA. Based on these results, we can
conclude that carboxyl and amide groups have been introduced to
the CDAA product; the lack of a characteristic -C=C absorption peak
indicates a polymerization reaction between (3-CD, acrylic acid and
acrylamide.

The chemical structures of the 3-CD and CDAA were confirmed
by solid-state NMR spectroscopy (13C NMR) (Fig. 2). The NMR spec-
trum shows a asymmetric 3-CD cavity as indicated by the clear
signal separation of the characteristic carbon atoms. The peaks at
101-104 ppm are the C1 signal peaks connected to the 3-CD verti-
cal glycosidic linkage. The chemical shift at 80-84 ppm reflect the
characteristic signals for C4; the separated peaks at 59-64 ppm
are characteristic of the signal for C6, and the chemical shift at
72-78 ppm represent the cyclic carbons C2, C3, C5 that are not con-
nected with the glycosidic bond, but have the same characteristics
as the separated peaks.

The 3-CD polymerization to form CDAA resulted in the distorted
separation signals of the corresponding NMR spectra, while the sig-
nals for the other carbon atoms became smooth. The characteristic
peak at 184.75 ppm represented carbon signal from C=0; the other
three peaks at 104.10 ppm, 81.82 ppm and 60.78 ppm represented
C1, C4 and C6 signals of the glucose residues, respectively. The peak
at 73.49 ppm was identified as the cyclic carbons C2, C3 and C5,
which are not connected with the glycosidic linkage; in certain
environments, the resonance peaks of C2, C3, C5 tend to overlap
to form a single peak (Lu, Yang, Zhou, & Lei, 2008). The peaks at
20-60 ppm are characteristic signal peaks from different forms of
the polymerase chains (Oo, Kassim, & Pizzi, 2009). The above results

demonstrated the polymerization conversion of residual 3-CD to
CDAA (Wan, 2008).

3.2. Morphology investigation

Fig. 3 shows the SEM images of the cross-sections of the freeze-
dried CDAA hydrogels samples in various Cu?* concentrations.
CDAA hydrogel exhibited typically macropores texture. Moreover,
the size of the three-dimensional network structure decreased with
the increase of Cu?* concentration, leading to a more compact of
macropores. This implies the competitive adsorption on CDAA sur-
face between the CuZ*and H,0. Moreover, complexation of the
Cu?* and CDAA can reduce the space in the networks of hydrogels;
this is helpful for the diffusion of numerous water molecules into
CDAA, leading to the higher swelling ratio. Therefore, the size of
three-dimensional network of the hydrogels was widen, with the
decrease in the Cu?*concentration.

3.3. Adsorption studies

3.3.1. Effects of adsorbent dosage

As shown in Fig. 4, the removal rate of Cu?* was highest at the
CDAA dose of 0.09 g. The removal rate showed a smooth downward
trend with the increase in CDAA dosage. In contrast, the adsorption
capacity gradually decreased with the increasing adsorbent dosage.
A possible reason for this reduction may be that the added adsor-
bent provided excessive active groups beyond the capacity to be
accepted by the metal ions; in addition to that, due to the compe-
tition for active groups on the adsorbent between water and metal
ions, an increase in water adsorption capacity would result in a
decrease in the removal capacity of the metal ions. Considering
the two factors (adsorption capacity and removal rate), it can be
concluded that the optimal CDAA dose is 0.09 g for the maximum
removal of Cu?* from solutions of 100 mg/L.

3.3.2. Effect of pH on Cu?* uptake by CDAA

The pH of solution has an important influence on the adsorption
capacity (Fig. 5). The adsorption capacity of the prepared CDAA to
Cu?* was 18.93 mg/g at the solution of pH 2. The adsorption capac-
ity was increased significantly with the increase in solution pH from
2 to 5. This may be due to the fact that at lower solution pH values,
H* competes with metal ions for adsorption sites, resulting in the
surface of the adsorbent occupied by more H*, thus reducing the
complexation of metal ions on the surface of the adsorbent (Liang,
Guo, Feng, & Tian, 2010). At higher pH values, the surface of adsor-
bent is occupied by more negative charges, attracting more metal
ions. When the pH value increased to 5.5 and 6 or higher, the com-
plexation of negative hydroxide ions occurs, which means the Cu2*
will produce a flocculated precipitate, from which the adsorption
data cannot be measured.

3.3.3. Effect of initial Cu?* concentration

The initial Cu?* concentration in the solution also influences
the adsorption capability of the CDAA adsorbent. 0.05 g CDAA was
added in solution of Cu?* with concentration of 25 mg/L, 50 mg/L,
100 mg/L and 150 mg/L, respectively. So that the amount of Cu2*
ions in the residual solution could be measured and the adsorp-
tion capacity and removal rate could be calculated. The results
showed that the adsorption capacity increases with the increas-
ing Cu?* concentration, and the removal rate is highest when the
CuZ*concentration is 100 mg/L (Fig. 6). As the concentration of Cu2*
ions increases, more and more metal ions combine with the active
groups on the resin, which is seen in the gradual increase in the
adsorption capacity. However, when the concentration of Cu2* ions
becomes higher, the increasing trend in metal ions combining with
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Fig. 3. SEM images of CDAA hydrogels in (a) distilled water, (b) 25 mg/L Cu?*, (c) 50 mg/L Cu?* and (d) 100 mg/L Cu?*.

the active groups becomes slower. Therefore, within the experi-
mental range, the removal rate increases initially, then decreases.
Combining the changes in adsorption capacity and removal rate, it
can be concluded that when the amount of the adsorbent in 0.05 g,
the greatest adsorption effect is seen when the concentration of
Cu?* ions is 100 mg/L.

3.3.4. Effect of adsorption time

The adsorption time is a very important factor affecting the
adsorption of metal ions onto resins. The experiments were con-
ducted at room temperature, with 0.09g of CDAA and Cu?*
concentrations of 25 mg/L, 50mg/L, 100 mg/L and 150 mg/L. The
adsorption capacities of CDAA for Cu?* after various adsorption
durations are shown in Fig. 7. The adsorption capacity of CDAA
for Cu?* at different concentrations increases with the increase of
contact time, but it does not fit a linear relationship. Based on the
adsorption curve, the adsorption of Cu2* onto CDAA can be divided
into two phases: the rapid adsorption stage - the adsorption of
Cu?* onto the outer surface of CDAA; the slow adsorption stage -
progressive adsorption. Because there are a large number of active
sites on the surface of the CDAA resin, during the initial phase the
concentration difference causes a fast mass transfer, and the Cu?*
is easily adsorbed by the resin (Jiang, Zhao, Wei, Zhu, & Ni, 2008;
Sengil & Ozacar, 2009; Sengil, Ozacar, & Tiirkmenler, 2009). As the
adsorption time increases, the accumulation of Cu%* on the CDAA
reduces the number of active adsorption sites available, hindering
the further transfer of Cu?* and resulting in nonlinear absorption
(Kennedy, Vijaya, Sekaran, & Kayalvizhi, 2007). It can be seen from
the Fig. 4 that when the Cu?* concentration is 25 mg/L, the max-
imum adsorption is achieved with an adsorption time of 30 min.
The adsorption capacity did not increase with further adsorp-
tion time, so it can be concluded that the adsorption equilibrium

required for 30 min in a 25mg/L Cu?* solution. When the Cu2*
concentration is 50 mg/L, the adsorption equilibrium required for
90 min, the maximum adsorption capacity was 36.28 mg/g. For Cu%*
concentrations of 100mg/L and 150 mg/L, the adsorption equi-
librium required for more than 180 min. In summary, at lower
Cu?* concentrations, adsorption equilibrium is achieved faster, the
equilibrium time extends with the increase in the Cu?* concentra-
tion.

The initial Cu%* concentration provides a driving force to over-
come the mass transfer resistance between the liquid and solid,
increasing the probability of collisions between the surfaces of the
Cu?* and the adsorbent (Ngah & Hanafiah, 2008), thus increasing
the absorption capacity and reducing the Cu?* concentration in
the residual solution. When the contact time is longer than the
equilibrium time, the concentration of Cu?* in the residual solu-
tion maintains unchanging. It implies no change of the adsorption
capacity (Q).

3.4. Results of equilibrium experiments

The equilibrium experiments were carried out for the adsorp-
tion of Cu2* by CDAA. Adsorption isotherms are basic requirements
for the understanding of a sorption system, and it is important
to establish the most appropriate correlation for each equilibrium
curve. The distribution of metal ions between the liquid phase and
the adsorbent is a measure of the equilibrium point during the
adsorption process, and it can be expressed by various isotherm
models. In this study, three isotherm equations viz. the Lang-
muir, Freundlich and Temkin isotherms were used to evaluate the
adsorption process. Linear regression analysis was used to eval-
uate the fit of various isotherms to the experimental equilibrium
data.
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3.4.1. Langmuir isotherm

The Langmuir isotherm describes a monolayer adsorption pro-
cess, which is based on the assumption that all the adsorption sites
are equivalent and adsorption to the active sites is independent of
the adjacent sites. The Langmuir isotherm model (Langmuir, 1918;
Ogata & Nakano, 2005) is described by the equation:

Ce

=K — 3
Je L(1 Fa.Co) (3)
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Fig. 6. Influence of initial Cu?*concentration on absorption by CDAA (298K tem-
perature, 0.05g CDAA, contact time 240 min, 100 pm particle size, stirring speed
120rpm).
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Fig. 7. Influence of contact time on the absorption of Cu?*.

where g. (mg/g) and C, (mg/L) are the amount of Cu?* adsorbed per
unit weight of adsorbent and the unadsorbed Cu?* concentration
in solution at equilibrium, respectively. The empirical constants K;
and q; for Langmuir model are related to the maximum adsorptive
capacity of the adsorbent (L/g) and the bonding strength (L/mg),
respectively.

3.4.2. Freundlich isotherm

The Freundlich isotherm describes a monomolecular coverage
layer of the adsorbent by the solutes (Al-Asheh, Banat, Al-Omari, &
Duvnjak, 2000). It is an empirical isotherm model used for adsorp-
tion onto heterogeneous surfaces or surfaces which support sites
of varying affinities (Dabrowski, 2001). The Freundlich isotherm
model is described by the following equation:

log gqe = log Kr + % log Ce (4)

where ¢, is the amount adsorbed at equilibrium (mg/g); C is the
equilibrium concentration of Cu* (mg/L); and Kr (mg/g) and n (g/L)
are Freundlich constants related to the adsorption capacity and the
intensity of adsorption, respectively.

3.4.3. Temkin isotherm

The Temkin isotherm is another empirical model for studying
the adsorption process. Temkin considered that during the sorbate
to adsorbentinteractions, the heat of adsorption of all the molecules
in the layer would decrease linearly with coverage (Tempkin &
Pyzhev, 1940). The Temkin isotherm equation is given below:

ge=B InA+BInCe (5)

where ¢, (mg/g) is the amount of adsorbed Cu?* per unit weight
of adsorbent; C. (mg/L) is the concentration of unadsorbed Cu?* in
solution at equilibrium; and A and B are the Temkin constants.

The isotherm constants were determined from linear isotherm
graphs for each of the isotherm equations tested. The values of
the isotherm constants and the correlation coefficients in the
Cu?*-CDAA system are shown in Table 1. In the present study, high
R? value indicated that the isotherm best fits the adsorption equi-
librium data. The Freundlich isotherm provided R? value (0.995)
slightly higher than that obtained with the Langmuir model (0.913)
and Temkin model (0.936). The Freundlich equation model was best
fit for the experimental data. The results indicates that the CDAA
surface is heterogeneity in nature and this surface is heterogeneity
is another factor favoring Cu2* adsorption on CDAA and for a highly
heterogeneity system. So, the Freundlich equation model was bet-
ter than the Langmiur and Temkin isotherm equations (Anirudhan,
Jalajamony, & Suchithra, 2009; Tseng et al., 2009).
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Table 1

Langmuir, Freundlich and Temkin isotherm constants for the adsorption of Cu?* onto CDAA.
Langmuir Freundlich Temkin
K (L/g) oy (L/mg) Qo (mg/g) r? Kr (L[g) n r B A(L/g) r
30.13 0.268 11241 0.913 8.074 3.28 0.995 7.12 1.364 0.936

Theoretically, the maximum adsorption capacity of Cu* was
112.41 mg/g, close to the actual maximum adsorption capacity
(107.37 mg/g) measured.

3.5. Adsorption kinetics

The influences of adsorption time and initial solution concentra-
tion on adsorption capacity are shown in Fig. 7. Results showed that
a higher initial Cu2*concentration results in a larger initial adsorp-
tion rate. To analyze the mechanism of the adsorption process, a
quasi-first-order adsorption rate equation, a quasi-second-order
adsorption rate equation, the Elovich equation and the particle
diffusion equation were tested to fit the adsorption curve.

3.5.1. Fit using the quasi-first-order kinetic model

The quasi-first-order kinetic equation is also known as the
quasi-first-order rate equation or the Lagergren quasi-first-order
kinetic equation. This model is based on the assumption that the
adsorption rate is determined by the number of adsorption sites on
the surface of the adsorbent (Bai et al., 2006). The equation is as
follows:

l0g(Qe.1 — Q) =log Qet — 1t (6)

2.303
where Q; and Q. represents the amount of Cu®* at time, t and
at equilibrium, respectively and K; is the adsorption equilibrium
constant for the adsorption process.

Fig. 8(a) shows the quasi first-order equation based on the
experimental data shown in Fig. 7. The coefficients for the equa-
tion, the values for log(Q. 1 — Q:), and the correlation coefficients
are listed in Table 2. The equilibrium adsorption capacity of the
CDAA increased with the increasing Cu?* concentration. The R? val-
ues for the quasi-first-order kinetic equations fitted for different
Cu?* concentrations are all greater than 0.88 with no regular vari-
ation. Therefore, the adsorption of Cu2* onto CDAA does not meet
the quasi-first-order kinetic equation (Liu, Yao, Zhou, Xu, & Wei,
2009).

3.5.2. Fit using the quasi-second-order kinetics model

number of vacant adsorption sites on the surface of adsorbent (Xie
et al., 2007). The equation is shown as follows:

t 1 1
= —t 7
& KQZ, " Qe,2 @

where K is the equilibrium constant of the quasi-second-order
equation (g/mgmin). Fig. 8(b) shows the experimental data from
Fig. 7 fitted to a quasi-second-order curve showing the adsorption
of Cu?* onto CDAA at time t. The coefficient and correlation values
for the equations are listed in Table 2.

The results in Table 2 indicate that the equilibrium adsorption
capacity of CDAA increased gradually with increasing Cu2* concen-
trations. The R? values, depending on the concentrations of Cu?*,
ranged from 0.92 to 0.98, indicating that the adsorption process
is in line with a quasi-second-order kinetics model. At low Cu?*
concentrations (25 mg/L, 50 mg/L), the quasi-second-order kinetic
equations have R2 values of 0.988 and 0.963, respectively, with
only a small difference; it indicates that the adsorption process
is affected by ion-exchange, or there is complexation between
the Cu?* and the surface of the adsorbent (Renault, Morin-Crini,
Gimbert, Badot, & Crini, 2008).

In most cases, the first-order Lagergren equation can only be
used for the initial stage of the adsorption process rather than
the whole process, while the quasi-second-order kinetic model
assumes that the rate-limiting step may be chemical adsorption,
and is used in many adsorption studies (Kumar, King, & Prasad,
2006). From the analysis above, we can conclude that the adsorp-
tion capacity of CDAA atlow Cu2* concentrations (25 mg/L, 50 mg/L)
changes with time and the adsorption curve was fitted well by the
quasi-second-order kinetic equation.

3.5.3. Fit using the Elovich equation

The quasi-first-order and quasi-second-order kinetic models
described above cannot determine the diffusion mechanism of Cu%*
onto the CDAA resins. The Elovich equation and the intraparticle
diffusion equation are needed to fit the experimental data from
Fig. 7 to consider the diffusion mechanisms. The Elovich equation
is as follows:

_ The quasrsecond—_order kmguc mode_rl is based on the assump- Q= In(@B)+ 5 Int (8)
tion that the adsorption rate is determined by the square of the B B
Table 2
Kinetic parameters for the adsorption of CDAA at different initial Cu?* concentrations.
Kinetics Parameters Cu®*, Cp (mg/L)
25 50 100 150
Qeexp (Mg[g) 16.54 39.08 83.89 114.29
pseudo.fi d K; (min1) 0.01250 0.01421 0.02135 0.01989
seudo-first-order Qe.cal (Mg[g) 87.8456 9.97103 42.69431 141.7849
R? 0.96458 0.88572 0.89766 0.94201
K, (min~1) 0.00254 0.00032 0.00621 8.50442E—05
Pseudo-second-order Qe.cat (Mg/g) 17.6616 50.47956 12.73885 153.6098
R2 0.98829 0.96353 0.92131 0.93443
Kq (min~1) 0.01250 0.01421 0.02135 0.01989
Elovich Qe cal (Mg[g) 87.8456 9.97103 42.69431 141.7849
R2 0.91061 0.91196 0.92332 0.95983
e Kine (Mg/g min?/2) 493424 0.21025 -8.97196 -9.36187
Intraparticle diffusion R? 0.77790 0.90979 0.97907 0.96146
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Fig. 8. Plots of the (a) pseudo-first-order equation, (b) pseudo-second-order equation, (c) Elovich equation and (d) intraparticle diffusion equation for the adsorption kinetics

of Cu?* on CDAA at different initial concentrations.

where « is the initial adsorption constant (mg/g min—!); and B is a
coefficient related to the surface coverage and the activation energy
for the chemical adsorption (g/mg). Fig. 8(c) shows the linear fit of
the Elovich equation model when the CDAA resin adsorbs different
concentrations of Cu?*. The coefficient, 8, and correlation values for
the Elovich equation are listed in Table 2.

Table 2 shows that at equilibrium situation, the adsorption
capacity of the CDAA resin for Cu?* (Qy) gradually increases
with the increase in Cu?* concentration, and the corresponding
correlation coefficient values for the Elovich equation also show
a gradually increasing trend, from 0.91 for a Cu* concentration of
25 mg/Lto 0.959 when the Cu?* concentration is 150 mg/L. Thus, for
higher initial Cu2*concentrations, the chemical activation energy
is higher and there is more chemical adsorption, giving a trend
of gradually increasing values for Q, . These results indicate that
the adsorption of Cu2* onto CDAA at higher concentrations is more
consistent with the Elovich equation.

3.5.4. Fit using the intraparticle diffusion model

The intraparticle diffusion equation is based on the model pro-
posed by Weber and Morris, also known as Weber-Morris equation,
which is shown as follows:

O = Kimtl/z +C (9)

where Kj,, is the constant for the particle diffusion rate
(mg/g min'/2); and C characterizes the extent of the boundary layer

effect. Fig. 8(d) fits values of Q; to t'/2, and if the curve passes
through the origin (0, 0), intraparticle diffusion can be considered as
the rate-limiting step, otherwise, the adsorption process is jointly
controlled by a variety of adsorption mechanisms (Tan, Ahmad, &
Hameed, 2009).

The Weber—Morris equation has been used to fit the experimen-
tal data from Fig. 7 and obtain linear forms of the diffusion model
for the adsorption of Cu?* at different concentrations to the CDAA
resin, with the results shown in Fig. 8(d). The results of fitting do
not pass through the origin (0, 0) indicating that particle diffusion is
not the only rate-limited step in the adsorption process (Acharya,
Sahu, Mohanty, & Meikap, 2009). The coefficients and numerical
values from the equation are listed in Table 2. The correlation coef-
ficient, RZ, for the adsorption of Cu?* is as high as 0.979. As the initial
Cu?* concentration increased, the R? value also increased gradually,
which is probably due to the porous structure of the CDAA, so that
high Cu?* concentrations can lead to diffusion among the particles.
Therefore, for high solution Cu?* concentrations, the adsorption
process proceeded with stronger intraparticle diffusion (Acharya
etal.,, 2009).

3.6. Adsorption mechanism

The process of metal ion adsorption can be divided into three
stages: transmission of ions to the surface of adsorbent from
solution; adsorption of the ions onto the surface of the adsorbent;
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and the diffusion of the ions into the adsorbent. In the adsorp-
tion process, initial adsorption rate is faster, this may be due to
the higher concentration of the ions and the more adsorption sites
available on the surface of adsorbent is beneficial to the ions adsorp-
tion onto the surface of adsorbent. During the subsequent stages,
because the adsorptionrate is largely related to diffusion of the ions
within the adsorbent, the adsorption rate is slower.

For Cu?* adsorption at low concentrations, there are more
adsorption sites available, and although chemical adsorption
occurs, ion exchange processes are more likely as seen from the
R? values obtained with the quasi-second-order kinetic equation,
which are in the range of 0.963 to 0.988.

At the higher Cu?* concentration (100 mg/L, 150 mg/L), the
adsorption behavior fitted both the Elovich kinetic equation and
the intraparticle diffusion equation well. The results show that the
higher initial CuZ* concentrations, the stronger diffusion driving
forces are; which in turn, a lower initial concentration is more
conducive to processes of chemical adsorption and intraparticle
diffusion. Although ion exchange has an effect on adsorption at
higher Cu®* concentrations, complexation between Cu?* and the
surface of adsorbent is dominant, which is also confirmed by the
higher R? values for the Elovich and intraparticle diffusion models.
CDAA contains six adjacent hydroxyl groups for binding metal ions.
The mechanism of metal ions adsorption onto the different phe-
nolic compounds in the resin is a matter of considerable debate.
The suggested mechanisms include ion exchange, surface adsorp-
tion, chemisorption, complexation, and adsorption-complexation
(Ren, Zhang, & Zhao, 2008; Zhao et al., 2010). This study indicates
that the adsorption mechanism may be partly the result of ion
exchange or chemical adsorption between the Cu?* ions and the
hydroxyl groups on the CDAA surface. The adsorption at lower pH
values decreases due to the ion exchange equilibrium as H* ions
are released during the ion exchange process. Therefore, at lower
pH values, the ion exchange equilibrium moves to the left.

4. Conclusions

A copolymer resin, CDAA, formed from [3-cyclodextrin, acrylic
acid (AA) and acrylamide (AM) can be used to remove Cu?* from
wastewater. CDAA hydrogel exhibited typically three-dimensional
cross-link network structure. The adsorption of Cu?* on CDAA is
increase with the increase of pH and ionic strength. The maximum
adsorption capacity is as high as 107.37 mg/g at a Cu?* concentra-
tion of 80 mg/L. The kinetic model results indicate that adsorption
of CuZ* onto the CDAA fit the quasi-second-order and Elovich equa-
tions well at a low Cu?* concentrations (25 mg/L, 50 mg/L), and the
two models provide the best correlation for the biosorption pro-
cess. The intraparticle diffusion model also fits the experimental
data well at high Cu2* concentrations (100 mg/L, 150 mg/L). The
adsorption mechanism may be partly the result of ion exchange or
chemical interactions between the Cu?* ions and hydroxyl groups
on the CDAA surface.
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