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Abstract

In this study, the novel adsorbent PVA-TA-3CD was synthesized via thermal cross-linking between polyvinyl alcohol and f3-
cyclodextrin. The characterization methods SEM-EDS, FTIR, and XPS were adopted to characterize the adsorbent. The effect of
pH, contact time, initial concentrations, and temperature during the adsorption of Pb(II), Cd(II), and Mn(II) onto the PVA-
TA-BCD was also investigated. In a single-component system, the data fitted well to pseudo-second-order, and film diffusion
and intra-particle diffusion both played important roles in the adsorption process. As for isotherm study, it showed a heteroge-
neous adsorption capacity of 199.11, 116.52, and 90.28 mg gf1 for the Pb(Il), Cd(1l), and Mn(II), respectively. Competition
between the ions existed in a multi-component system; however, owing to the stronger affinity of the PVA-TA-CD for Pb(Il)
relative to Cd(II) and Mn(II), the Pb(II) adsorption onto the PVA-TA-3CD was less affected by the addition of the other metals,
which could be effectively explained by the hard and soft acid and base theory (HSAB). Furthermore, PVA-TA-3CD showed

good reusability throughout regeneration experiments.
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Introduction

Currently, large amounts of wastewater containing toxic in-
organic substances, such as heavy metals, are released into
the environment daily, and this has drawn increasing atten-
tion due to continuing industrialization (Jia et al. 2016;
Borsagli et al. 2015). Heavy metal ions accumulate easily
in living organisms and pose a serious threat to human
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health. Lead directly injures human brain cells, and cadmi-
um adversely affects the brain, reproductive organs, skeletal
system, and kidneys (Luo et al. 2014; Xu et al. 2015).
Manganese is essential for normal bone formation, but ex-
cessive intake can easily cause neurotoxicity, resulting in
dystonia, bradykinesia, rigidity, tremors, and other symp-
toms (Chen et al. 2016b). As such, it is important to explore
novel methods for reducing the concentration of toxic metal
ions in industrial effluents, allowing such industries to reach
set discharge standards. Compared with other methods that
have been used to remove heavy metal ions from effluents,
such as filtration, chemical precipitation, ion exchange, and
electrochemical treatments (Liu et al. 2018; Heidari et al.
2009), adsorption presents as a more desirable method due
to its high efficiency, low cost, simplicity of operation, and
the absence of sludge byproducts or secondary contaminants
(Gruji¢ et al. 2017; Kyzas et al. 2015). However, many
traditional adsorbents, such as commercial activated carbon,
zeolites, and clay biomass, present some disadvantages
(Crini 2005). For example, adsorbents with a high adsorp-
tion capacity also have a relatively high cost, and low-cost
adsorbents typically have a weak ability to bind heavy metal
ions (Liang et al. 2017).
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-cyclodextrin (3-CD) has the characteristics of low cost,
biocompatibility, and high hydroxyl group content; therefore,
this compound has attracted substantial interest for use as an
adsorbent (He et al. 2018). However, natural 3-CD is difficult to
separate from aqueous solutions; as such, 3-CD must be mod-
ified in order to function successfully as an adsorbent of heavy
metal ions. Modified 3-CD can acquire reduced solubility and
increased stability in two ways: the 3-CD can be attached as a
pendant group on polymer chains, and the 3-CD can be asso-
ciated with bifunctional cross-linkers (Girek and Ciesielski
2011). It has been reported that modified (3-CDs, such as
EDTA-cross-linked 3-CD (Zhao et al. 2015a), Fe;04/cyclodex-
trin polymer nanocomposites (Badruddoza et al. 2013), and
sericin/3-CD/PVA composite electrospun nanofibers (Zhao
et al. 2015b), can be used for adsorbing a variety of dyes and
heavy metal ions from industrial wastewater. In this study, a
thermal cross-linking method was used to cross-link the hydrox-
yl group of 3-CD with the carboxyl group of a cross-linking
agent, and polyvinyl alcohol (PVA) was used to immobilize the
[3-CD due to its good mechanical strength (Jing and Li 2016).
Based on the hard and soft acid and base (HSAB) theory, Pb(II)
is classified as a soft acid, whereas Cd(II) and Mn(II) are clas-
sified as intermediate acids. Therefore, these three ions could
combine with soft ligand groups, such as —SH (Wang and Chen
2009). To this end, we attempt to use thiomalic acid (TA) con-
taining —SH and —COOH as a cross-linking agent.

This manuscript focuses on preparing a high mechanical
strength and good selectivity (3-CD derivative for use as an
adsorbent for removing Pb(II), Cd(II), and Mn(II) from waste-
water (Fig. 1). The adsorption behavior of PVA-TA-BCD in-
cluding kinetics, isotherm, competitive adsorption, and the
recyclability of the adsorbent was studied. The mechanism
of heavy metals onto PVA-TA-3CD was investigated via
scanning electron microscopy/energy-dispersive spectroscopy
(SEM-EDS), zeta potential, Fourier-transform infrared spectra
(FTIR), and X-ray photoelectron spectroscopy (XPS).

Fig. 1 The preparation of the
PVA-TA-BCD and the adsorption
mechanism towards Pb(II),
Cd(II), and Mn(II) ions
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The experimental section
Materials

[3-CD (C4,H7¢O3s; illustrated in Fig. 1), PVA ([C,H40],), and
TA (C4HgO4S; illustrated in Fig. 1) were provided by Aladdin
Biochemical Technology. Sodium dihydrogen phosphate
(NaH,PO,), manganese chloride (MnCl,), cadmium chloride
(CdCl,), and lead chloride (PbCl,) were purchased from
Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd.
Na,EDTA was obtained from Sinopharm Chemical Reagent
Co., Ltd. All reagents were of analytical reagent grade and were
used directly in the experiment without further purification.

Preparation of PVA-TA-BCD

The preparation of the PVA-TA-BCD required three process-
es: first, 3-CD (1 g) and PVA as the skeleton (0.1 g) were
added to 25 mL of ultrapure water, and the mixture was then
placed in a water bath cauldron at 363 K and stirred until the
material had completely dissolved. After this, the cross-
linking agent TA (0.6 g) and the catalyst NaH,PO,4 (0.05 g)
were added to the mixture, and the reaction was continued for
1 h in a water bath cauldron at 363 K. Subsequently, the
reaction solution was transferred from the water bath pot to
an oven for thermal cross-linking at 413 K for 4 h to ensure
thermal cross-linking was completed. The light yellow solid
reactants were ground into a powder in a mortar, sieved
through a 100-mesh sieve, and repeatedly washed with ultra-
pure water. Finally, the synthetic products were placed into an
oven to dry at 353 K overnight prior to further use.

Adsorption of heavy metal ions

The stock metal solutions (1000 mg L") were prepared by
dissolving the appropriate masses of metal salts in ultrapure
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water, and the other concentrations of heavy metal ions were
diluted from this stock solution. The batch adsorption exper-
iments were conducted using 0.02 g of adsorbent in a 30 mL
solution of Pb(II), Cd(Il), and Mn(Il) and were stirred in a
thermostatic shaker at 120 rpm for 180 min. To determine
the effect of pH on adsorption, the pH was adjusted from 2
to 6 using 0.1 mol L™ NaOH and 0.1 mol L™ HCl at an initial
concentration of 100 mg L', The kinetic experiments were
performed by varying the contact time from 5 to 180 min with
an initial concentration of 100 mg L. The sorption isotherms
of M** (M: Pb, Cd, Mn) for the PVA-TA-BCD were deter-
mined using a batch equilibration technique with M** concen-
trations ranging from 25 to 300 mg L™'. The sorption thermo-
dynamic experiments were conducted at an initial concentra-
tion of 100 mg L™ and temperatures ranging from 298 to
328 K. In the multi-component adsorption experiments, either
2 or 3 types of the investigated M>* were added at the same
concentration (each 100 mg L") to a 30 mL solution
contained in a vial.

Before the test, the sorbents were filtered from the solution
using 0.45-pm nylon sterile filters, and the filtrate was diluted
by mixing it with ultrapure water. Subsequently, the concen-
trations of the above mixture solutions were measured using a
flame atomic absorption spectrometer (AAS).

All experimental results were conducted in triplicate and
averaged to reduce the experimental error and increase the
accuracy. The equilibrium adsorption capacity (ge, mg g ')
(Eq. (1)) was calculated as follows:

(Co—Ce)V
g =+ 1)
where Cyy and C, (mg L") are the initial and the equilibrium
concentrations of the heavy metal ions in aqueous solution,
respectively, V (L) is the volume of the solution, and m (g) is
the mass of the PVA-TA-3CD.

Statistical analysis

Besides the correlation coefficient (R?), the residual root-
mean-square error (RMSE) and the nonlinear chi-square test
(x*) were used to evaluate the fitness of the kinetic and iso-
therm models relative to the experimental data (Baghdadi
et al. 2016).

RMSE:

1 N 2
RMSE = m i; (qe.exp_qe,cal) (2)

The chi-square test (y?):

2
N (qe‘exp_qe‘cal>

2 _
X =
i=1 9ecal
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where g exp and ge ca (Mg gfl) are the experimental and the
calculated values according to the model, respectively, and N
is the number of experimental data. The smaller the RMSE
value, the better the curve fitting. If data from the model are
similar to the experimental data, X2 will be a small number.

Characterization of the materials

SEM-EDS (S4800, Hitachi) was used to observe the changes
in the surface morphology and analyze the chemical elemental
composition of the PVA-TA-CD before and after adsorption.
The chemical bonds and functional groups of the samples
were determined via FTIR (NICOLET 5700, Thermo) in the
range of 4000400 cm ' with KBr as a dispersant. XPS
(ESCALAB 250XI, Thermo) was conducted to determine
the elements. The zeta potentials of the PVA-TA-BCD at dif-
ferent pH values were measured using a zeta potential analyz-
er (ZEN3500, Malvern).

Desorption and regeneration

The desorption experiments were conducted using three eluents
(0.01 M HCI, 0.01 M HNOj;, and 0.1 M Na,EDTA), then the
desorption kinetics and regeneration experiments were per-
formed using the optimal eluents to study the desorption pro-
cess and reproducibility of the saturated PVA-TA-CD loaded
with heavy metals. The desorption kinetics were conducted at
various times. For the regeneration experiments, the PVA-
TA-BCD was collected by centrifugation after desorbing, re-
peatedly washed with ultrapure water, and dried at 353 K for
the next adsorption cycle. Reusability was assessed following
the above adsorption-desorption process for four cycles in the
presence of heavy metal ions. After every cycle, the adsorption
capacity and desorption efficiency were calculated.

The desorption efficiency (%) (Eq. (4)) was calculated as
follows:

!

C'eV
Desorption efficiency (%) = — X 100% (4)

where C'. (mg LY is the equilibrium concentrations of the
heavy metal ions in the aqueous solution after desorption, V
(L) is the volume of the solution, m (g) is the mass of the
saturated PVA-TA-3CD loaded with heavy metals, and g,
(mg g ") is the equilibrium adsorption capacity.

Results and discussion

Characterization of PVA-TA-BCD

SEM is a characterization technique that is frequently used
to measure the surface morphology and other properties of
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adsorbents (Ali et al. 2016), and EDS is commonly used to
analyze an adsorbent’s surface elemental content. Figure 2a
shows the surface morphology of the adsorbent. The sur-
face of the PVA-TA-3CD was mostly irregular and full of
holes, owing to the bubbles produced during the thermal
cross-linking. In contrast, the surface became smooth, and
the number of pores decreased after the heavy metal ions
were adsorbed (Fig. 2b), and this may be attributed to the
likelihood that the Pb(II), Cd(II), and Mn(II) ions form
complexes with the —SH of the adsorbent, then the com-
plexes as nucleation sites promoted deposition of heavy
metals, lastly the hydrolysis product of above complexed
precipitated on the surface of PVA-TA-BCD (Wang et al.
2017). The EDS results are shown in Fig. 2¢ and indicate
that the adsorbent contained C, O, S, and P. Among these,
the S originated from the —SH in the TA and the P originat-
ed from the catalyst NaH,PO,. As such, we initially con-
cluded that the TA successfully crossed-linked with the
PVA and 3-CD to form the insoluble PVA-TA-BCD. A
comparison of the EDS results before and after adsorption
(Fig. 2d) provided further direct evidence that the Pb(Il),
Cd(I), and Mn(II) had been adsorbed onto the surface of
the PVA-TA-CD.

Fig. 2 SEM images and EDS
spectra of the samples. a and ¢
PVA-TA-BCD. b and d PVA-TA-
[BCD after Pb(Il), Cd(Il), and
Mn(II) adsorption

Batch experiments
Effects of pH

It is well known that the adsorption process and the adsorption
capacities of the adsorbents are different at different pH values
due to the changes in the nature of the charged properties on
the adsorbent’s surface and the ion form in the solution (Zhao
etal. 2015b; Pang et al. 2011). The zeta potential describes the
nature of the charge of a material. As shown in Fig. 3a, the zeta
potential of the PVA-TA-CD was positive when the pH val-
ue was below the point of zero charge (pH,p. =2.53). The
results showed that when the pH was >2.53, the PVA-
TA-BCD had a negative charge, which improved its ability
to adsorb the heavy metals with a positive charge (Oladipo
et al. 2015). Additionally, the pKa values of the carboxylic
groups (3.8-5.0) (Vaghetti et al. 2009; Hu et al. 2017), thiol
groups (3.5-9.3) (Yu et al. 2014), and hydroxyl groups (8—12)
(Xu et al. 2011), when the pH was lower than pKa, would
preclude the dissociation of the functional groups, and further
adsorption of the heavy metal ions would be ceased. However,
when the pH value is very high in an alkaline environment,
heavy metal ions easily form metal hydroxides, and this

SEM HV: 20.0 kV WD: 15.67 mm 1 VEOGA3 TESCAN
View field: 41.5 pm Det: SE 10 ym T 2t
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Fig. 3 a Zeta potentials of PVA- 10 140 b
TA-BCD at different pH values. b 1204
Effect of pH on the uptake of 07
Pb(II), Cd(II), and Mn(II) _ 10 100
(conditions: initial metal E_ 20
concentration, 100 mg L™'; = N B
solution volume, 30 mL; § -30 ® g0
adsorbent dosage, 0.02 g; solution § 40 2 i
pH, 2-6; contact time, 180 min; g - 40 —=—Pb(ll)
temperature, 298 K; and shaking g —ecd(ll)
speed, 120 rpm) -60 20
—=— PVA-TA-BCD —a— Mn(Il)
-70 T T T T 0 T T T T T
2 3 4 5 6 2 3 4 5 6
pH pH
phenomenon can result in inaccurate results in terms of eval- 9, = q. (1—e‘k 1 ) (5)
uating the properties of the adsorbent. ; | |
Based on the above information, we investigated the ad- — =t (6)
q: que qe

sorption performance of the PVA-TA-BCD for Pb(1l), Cd(Il),
and Mn(II) at pH 26, a temperature of 298 K, and an initial
ion concentration of 100 mg L™". Figure 3b indicates that the
uptake capacities increased as an initial pH increased from 2 to
6. This occurred because the novel materials were protonated
at pH 2 (Liang et al. 2009), generating a repulsive force be-
tween the adsorption site with a positive charge and the heavy
metal ions with the same charge (Feizi and Jalali 2015). In
addition, H" competes with the heavy metal ions in the aque-
ous solution to react with the adsorption sites of the adsorbent;
therefore, the adsorption activity was low under these condi-
tions. At pH 3-6, the metal uptake capacity increased sharply
due to the enhanced deprotonation effect and that the PVA-
TA-BCD surface was negatively charged, which generated a
strong affinity for the heavy metal ions. As such, the function-
al groups would easily combine with the metal ions through
electrostatic forces and chelation. The adsorption capacities
were 130.31, 74.10, and 49.80 mg gf1 for Pb(Il), Cd(II), and
Mn(II) at pH =35, respectively, and 131.55, 76.20, and
50.40 mg g ' for Pb(II), Cd(IT), and Mn(II) at pH = 6, respec-
tively. There was no obvious change in the uptake capacities at
apH between 5 and 6, and the pH of ultrapure water was about
5.5, so the follow-up experiments did not require further ad-
justment to pH.

Adsorption kinetics

The adsorption kinetic results are based on the relationship
between the metal ion uptake capacity of the materials and
the contact time. Figure 4 shows that the adsorption capacities
of the PVA-TA-CD for the Pb(II), Cd(Il), and Mn(II) ions in
solution increased with increasing contact time, and the ad-
sorption equilibrium was reached in all cases within 60 min.
For further study of the adsorption process over time, a
pseudo-first-order kinetic model (Eq. (5)) and a pseudo-
second-order kinetic model (Eq. (6)) were used to fit the ex-
perimental data.

@ Springer

where &, (min ") and k, (g mg71 min) are the rate constants for
the pseudo-first order reaction and the pseudo-second-order
reaction, respectively, and ¢. (mg g ') and ¢, (mg g ') are
the amounts of the adsorbed heavy metals at equilibrium and
at time ¢, respectively.

The plots and corresponding kinetic parameters of these
two models are shown in Fig. 4 and Table 1. It was observed
that the pseudo-second-order model exhibited a better fit than
the pseudo-first-order model. In addition, the calculated ad-
sorption capacity values from the pseudo-second-order model
were more consistent with the experimental values than the
pseudo-first-order model. These results implied that a chemi-
cal reaction occurred between the heavy metals in solution and
the adsorbents (Wang et al. 2015; Chen et al. 2016a).
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Fig. 4 Pseudo-first-order and pseudo-second-order sorption kinetics for
Pb(1I), Cd(II), and Mn(II) adsorption on the PVA-TA-3CD (conditions:
initial metal concentration, 100 mg L'; solution volume, 30 mL;
adsorbent dosage, 0.02 g; solution pH, 5.5; contact time, 5-180 min;
temperature, 298 K; and shaking speed, 120 rpm)
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Table 1 Adsorption kinetic parameters of Pb(Il), Cd(Il), and Mn(II) on PVA-TA-3CD
Metals C, Qexp Pseudo-first-order Pseudo-second-order
mgL") (mgg)
Geal ky R’ RMSE  x* Geal ka R? RMSE  x*
(mgg!) (min) (mgg") (gmg ' min)
Pb(II) 100 131.25 124.11 0.099 0955  7.969 9378  134.39 0.00112 0992  3.371 1.597
Cd(r) 100 75.30 71.83 0.113 0.968  3.858 1.189  77.27 0.00227 0997 3.468 0.347
Mn(I) 100 53.88 49.63 0.058 0979  2.350 2022 56.14 0.00135 0.999  0.552 0.074

The intra-particle diffusion model and Boyd model were
used to determine the diffusion mechanisms.
The intra-particle diffusion model is presented as follows:

q, = kil‘% +C (7)

where ¢, (mg g_l) is the adsorption amount at time ¢ (min), k;
(mg g ' min ") is the intra-particle diffusion rate constant,
and C is the intercept.

The adsorption process usually consists of three steps: dif-
fusion of the sorbate through the boundary layer to the surface
of the sorbent, intra-particle diffusion, and binding to the sur-
face functional groups (Moulahcene et al. 2015). The adsorp-
tion equilibrium stage is commonly reached quickly and con-
sidered negligible, so the rate-controlling step of adsorption
always involves film diffusion or intra-particle diffusion
(Ozdes et al. 2011). As shown in Fig. 5a, it can be seen that
all the heavy metal ions exhibited three distinct steps. The first
step represents the film diffusion, which is the diffusion of the
heavy metal ions through the boundary layer to the surface of
the PVA-TA-3CD. The second part represents the intra-
particle diffusion, and the third part is regarded as adsorption
of the heavy metal ions to the functional groups on the internal
surface of the adsorbent. The slope of the first portion was
larger than the second portion, indicating that the intra-
particle diffusion step was a gradual process (Fu et al. 2015).
All the plots were nonlinear and did not pass through the
origin, which implied that the adsorption process was complex
and that intra-particle diffusion did not solely control the
whole process (Qin et al. 2016). The related parameters of

the intra-particle diffusion model are presented in Table 2,
and the difference in the rate constants of Pb(II), Cd(II), and
Mn(II) may be attributed to the nature and distribution of the
active sites on the PVA-TA-BCD as well as the affinity be-
tween Pb(Il), Cd(II), and Mn(Il) and PVA-TA-BCD (Li et al.
2008).

The Boyd model is presented as follows:

a

6
0 =G= l—pexp(—B,) (8)

Equation (8) can be modified into the following form:

B, = —0.4977In(1-G) 9)

where ¢, (mg g ') and ¢,. (mg g ) are the adsorption amount
at time ¢ (min) and at equilibrium, respectively; G represents
the fraction of Pb(II), Cd(II), and Mn(II) adsorbed at time ¢
(min); and B, is the mathematical function of G.

If the plots of the Boyd model are linear and pass through
the origin, the rate-controlling step of the adsorption process is
the intra-particle diffusion (Acharya et al. 2009). From
Fig. 5b, it was observed that all the plots were linear but did
not pass through the origin, which indicated that the adsorp-
tion of Pb(Il), Cd(Il), and Mn(II) onto the PVA-TA-3CD
might be controlled by two or more steps (Senthil Kumar
et al. 2014). The finding was consistent with the conclusion
of the above model. Hence, film diffusion and intra-particle
diffusion both played important roles in the adsorption process
(Mohan et al. 2017).

Fig. 5 a The intra-particle 140 24

diffusion kinetic model and b 120 a " R 2.1 b

Boyd model for Pb(Il), Cd(Il), 5

and Mn(Il) adsorption onto the 100+ 7

PVA-TA-BCD (conditions: initial 8ol 1.5 A
metal concentration, 100 mg Lh e — 12]

pH, 5.5; contact time, 5—180 min;
temperature, 298 K; and shaking 204
speed, 120 rpm)

a—a—bt 0.94
r’*‘k&—‘

T
solution volume, 30 mL; ‘é" 60
adsorbent dosage, 0.02 g; solution = %

= Phb(ll) 0.6- Pb(11)
e cd(ll cd(
(11) o < (1)
A Mn(ll) A A Mn(l)
- T 0.01— . ; T
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Table 2 Intra-particle diffusion kinetic model and Boyd model parameters for Pb(1I), Cd(II), and Mn(II) on PVA-TA-FCD
Metals Intra-particle diffusion kinetic model Boyd model

Extragranular diffusion Intergranular diffusion

Rl 2 ki, 1 C 1 R22 ki,2 Cz kfd Interc ept R2

(mg g71 min %) (mg g71 min %) (min )

Pb(1I) 0.992 12.426 38.386 0.948 2.540 101.898 0.011 0.473 0.921
CddI) 0.991 7.902 21.954 0.954 1.530 58.580 0.012 0.521 0.919
Mn(1I) 0.976 7.092 1.059 0.970 1.895 30.750 k 0.009 0.302 0.946

Adsorption isotherms

In order to investigate the influence of different initial concen-
trations of the metal ions (25-300 mg L") on the adsorption
capacity, equilibrium measurements were performed. The
Langmuir, Freundlich, and Sips models are the most prevalent
models used to evaluate absorption characteristic.

The Langmuir isotherm is based on a monolayer and ho-
mogeneous adsorption (Vaghetti et al. 2009):

_ quL Ce

— mfLCe 10
%=1 K.C. (10)

The Freundlich isotherm applies to multilayer sorption and

a heterogeneous surface (Pang et al. 2011):
1

q. = K¢ Ct (11)

The Sips model combines the characteristics of the

Langmuir and Freundlich models and introduces a parameter
(ng) that is related to heterogeneity (Zhao et al. 2015a):

(KSCe)"ls

m T (12)
1 + (Ksce)”s

qde =4

where C, (mg L") is the equilibrium concentration of the
heavy metal ion, ¢, (mg g ') is the amount of heavy metal
ions absorbed at equilibrium, K; (L mg ") is the Langmuir
constant related to the adsorption energy, and g, (mg g ') is
the maximum adsorption capacity. Ky and n are the Freundlich
constants related to the adsorption capacity and adsorption
intensity, respectively. K is the Sips constant, and ng repre-
sents the heterogeneity of the adsorbent; the closer the 1/ng
value to 1, the more uniform the adsorbent’s surface is
(Carvajal-Bernal et al. 2017).

The results assessing the adsorption of Pb(Il), Cd(II), and
Mn(IT) onto the PVA-TA-CD are shown in Table 3 and Fig. 6.
Considering the values of the regression coefficient (R?), the
Langmuir and Sips models were found to fit the data for the
three metal ions well. Comparing the values of RMSE and 2,
the three models all displayed low errors, but the curve fitting
via the Sips model was markedly better than the others. The

@ Springer

sequence of the goodness of fit for the models was Sips >
Langmuir > Freundlich. The maximum uptake capacities (¢,,)
calculated by the Langmuir and Sips models for Pb(Il), Cd(II),
and Mn(II) were 204.01, 127.87, and 105.52 mg g ' and
199.11, 116.52, and 90.28 mg g, respectively. The maximum
adsorption capacities obtained in the experiment (191.02,
109.85, and 81.61 mg g ', respectively) were closer to the data
calculated by the Sips model. These results indicated that the
PVA-TA-BCD surface was heterogeneous (Zhao et al. 2015a;
Oladipo et al. 2015). Additionally, in the Sips equation, when
the ng is close to unity, it can be reduced to the Langmuir
equation. The values of ng for the three metal ions were
0.903, 0.789, and 0.739, respectively, and these values are close
to 1, indicating that one kind of group (might be —SH) was
dominant and the others played a minor role in the adsorption.

The parameters of the Langmuir and Freundlich models
also provide information regarding the PVA-TA-BCD. The
K of the Langmuir model reflects the affinity of the

Table 3  Adsorption isotherm parameters for Pb(II), Cd(II), and Mn(II)
on PVA-TA-ACD

Isotherms Parameters Pb(II) Cd() Mn(II)
Langmuir Qn, (mg gfl) 204.01 127.87 105.52
K (L mg™h 0.137 0.028 0.016
R? 0.997 0.996 0.991
RMSE 4.037 2.847 3.012
X 0.667 1.127 1.176
Freundlich K¢ (L mg ) 59.698 17.252 8.320
n 4.021 2.855 2332
R? 0.896 0.944 0.943
RMSE 25.129 10.194 7.694
X’ 31.154 9.381 6.963
Sips qm (mg g) 199.11 116.52 90.28
K, (L mg™") 0.144 0.034 0.022
ng 0.903 0.789 0.739
R? 0.998 0.999 0.998
RMSE 3.017 0.895 1.294
e 0.684 0.092 0216
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Fig. 6 Adsorption isotherms for Pb(Il), Cd(Il), and Mn(II) on the PVA-
TA-BCD (conditions: initial metal concentration, 25-300 mg L
solution volume, 30 mL; adsorbent dosage, 0.02 g; solution pH, 5.5;
contact time, 180 min; temperature, 298 K; and shaking speed, 120 rpm)

adsorbent, and the order was Pb(II) (0.137) > Cd(II) (0.028) >
Mn(II) (0.016), which was consistent with the sequence in
which the adsorption amounts of the heavy metals had oc-
curred (Qin et al. 2016). The values of the parameter n of
the Freundlich model were greater than 1, which indicated
that the adsorption of the three ions onto the PVA-TA-3CD
was favorable and there was a high affinity between the metal
ions and the PVA-TA-BCD. The comparison of the maximum
adsorption capacities of the metals on the different adsorbents
in a single metal system is shown in Table 4. Clearly, PVA-
TA-BCD demonstrated a higher maximum adsorption capac-
ity compared to the other presented sorbents. Additionally, for
PVA-TA-[3CD, the conditions for adsorption were easily meet
and the contact time was limited, indicating PVA-TA-CD
had great potential for the removal of Pb(Il), Cd(II), and
Mn(II) from aqueous solutions.

Thermodynamic parameters

The Gibbs free energy change (AG®), enthalpy change (AH"),
and entropy change (AS®) are parameters that are commonly
used to characterize the adsorption process. The parameters
are expressed as follows:

AG’ = -RTInK, (13)
0 0

InkK, _As Aaf (14)
R RT

where R is the universal gas constant (8.314 J mol ' K™,
and 7T is the absolute temperature in Kelvin. K

Ky = % X - mLg™') is the adsorption equilibrium
constant. ”i"he calculated values of AG®, AH°, and AS° at
298, 308, 318, and 328 K with an initial concentration of
100 mg L' are shown in Fig. 7 and Table 5.

The free energy values (AG®) for Pb(II), Cd(II), and Mn(II)
were negative, indicating that the reactions promoting the ab-
sorption of the metal ions were spontaneous. We noted that the
sequence of AG® of the metal ions was Pb(I) > Cd(II) >
Mn(II), and these results are consistent with the arrangement
of uptake capacities of the metal ions. Significantly, all the
values of AG® increased slightly with increasing temperature,
demonstrating that the reactions occurred more readily at
higher temperatures. At the same time, the positive values of
AH® also indicated that the reaction was endothermic. The
positive values of AS® indicated that the randomness at the
solid-liquid surface increased during the adsorption of
Pb(II), Cd(II), and Mn(II) onto the PVA-TA-BCD (Zhao
et al. 2015a).

Multi-component adsorption

At present, the composition of industrial wastewater is com-
plex. In order to test the practicability of the PVA-TA-3CD for
use in multi-metal solutions, the adsorption capacities of the
PVA-TA-BCD in single, binary, and ternary solutions were
investigated, and the results are depicted in Fig. 8. The uptake
capacities of Pb(II), Cd(Il), and Mn(Il) in a single metal sys-
tem were 129.45, 74.25, and 50.49 mg g ', respectively. In the
binary metal solutions (Pb-Cd, Pb-Mn, and Cd-Mn), the metal
ion adsorption capacities were different. In the Pb-Mn and Pb-
Cd solutions, when the Cd(IT) and Mn(II) were introduced, the
adsorption capacities of Pb(II) exhibited no significant change
(125.68 and 126.68 mg g ', respectively), whereas the adsorp-
tion capacities of Cd(II) and Mn(Il) were obviously decreased
(47.33 and 18.18 mg g ', respectively). In the Cd-Mn mixture,
the uptake capacities of Cd(Il) and Mn(II) both decreased
markedly (58.20 and 27.06 mg g ', respectively) due to the
competition between the two metal ions. In the ternary system,
the uptake capacity of Pb(Il) decreased slightly
(122.76 mg gﬁl), and the adsorption capacities of Cd(Il) and
Mn(II) decreased sharply and were lower than the adsorption
capacities of the single or binary mixed solutions (41.4 and
15.42 mg g ', respectively)

The ratio of the adsorption capacities (R,) was used to
assess the adsorbent’s behavior under competitive conditions
in a multi-metallic aqueous solution:

b

R 15
! Im,i ( )

where ¢, ; and ¢,,; are the uptakes of one metal ion in the
multi-component system and mono-component system with
the same initial concentration, respectively. As was previously
reported (Chen et al. 2016a), (1) if R, > 1, then the adsorption
of the metal ion is promoted by the presence of other metal
ions, which is called synergism; (2) if R, = 1, then there is no
effect on the adsorption capacity of the metal, which is called
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Table 4 Comparison of the maximum adsorption capacities of Pb(Il), Cd(Il), and Mn(II) for various adsorbents

Sorbents Maximum metal adsorption capacity (mg g ') Conditions Ref.
Pb(II) Cd(I) Mn(II)

PVA/CNTs beads 196.3 - - pH=6;303 K Jing and Li 2016
Contact time: 540 min

CDpoly-MNPs 64.5 27.7 — pH=5.5;298 K Badruddoza et al. 2013
Contact time: 120 min

Si-DTC 70.448 40.467 - pH=5 (Pb), 7 (Cd); 298 K Bai et al. 2011
Contact time: 60 min

{3-CD polymer 196.42 136.43 - pH=5.0;298 K He et al. 2017
Contact time: 5 min

EDTA-3-CD - 124.325 - Natural pH; r.t. Zhao et al. 2015a
Contact time: 600 min

ARM700 - - 88.3 pH=5;rt. Chen et al. 2016b
Contact time: 720 min

PVA/CS - - 10.515 pH=5;rt. Abdeen et al. 2015
Contact time: 120 min

Synthesis of zeolite - - 66.93 pH=6;303 K Lietal. 2015
Contact time: 180 min

PVA-TA-ACD 199.110 116.522 90.275 pH=5.5 (Pb, Cd, Mn); 298 K Present study

Contact time: 180 min

non-interaction; and (3) if R, <1, the presence of the other
metal ions suppresses the adsorption of the metal ion, which
is called antagonism.

The results are shown in Table 6. All values of R, were less
than 1, indicating that competition occurred between the ions,
and this inhibited the adsorption of other ions by the PVA-
TA-BCD. In addition, it was evident that the R, value of Pb(II)
in the multi-component system was close to 1, indicating that
the presence of Cd(II) and Mn(II) suppressed the adsorption of
Pb(Il), although this influence was small. The adsorption ca-
pacity of the PVA-TA-BCD for most of the heavy metal ions
decreased in the non-single systems, and this was attributed to

10.0
95 .\;\.\.
9.0
8.5 = Pb(ll)
(=] e Cd(ll)
2 80
£ © 4 Mn(ll)
7.5 .
7.0
6.5 : : . . : ; :
0.0030 0.0031 0.0032 0.0033 0.0034
/7Y

Fig. 7 Plots of InKc versus 1/7 for the adsorption of Pb(II), Cd(II), and
Mn(II) (conditions: initial metal concentration, 100 mg L!; solution
volume, 30 mL; adsorbent dosage, 0.02 g; solution pH, 5.5; contact
time, 180 min; temperature, 298-328 K; and shaking speed, 120 rpm)

@ Springer

the limited adsorption sites on the adsorbent and the competi-
tion of the ions for the adsorbent. Under these conditions,
metals with a greater affinity were able to displace others with
a weaker affinity to occupy the same adsorption sites.

Desorption and regeneration

From an economic and environmental viewpoint, a good ad-
sorbent should possess excellent reproducibility when in ac-
tual operation. Desorption experiments were conducted to ex-
plore the regeneration of the PVA-TA-CD using various dif-
ferent eluents (0.01 M HCI, 0.01 M HNOs3, and 0.1 M

Table 5 Thermodynamic parameters of Pb(Il), Cd(II), and Mn(II) on
PVA-TA-BCD at different temperatures
Metals Temp. K AG° AH AS°

(K) mLg" &Imol") (Imol") (mol' K™
Pb(Il) 298 11880.91 —23.246 9.486 109.661

308 1231.5 —24.203

318 14983.52 —25.420

328 16615.94 —26.501
Cddn 298 1767.97 —18.526 6.436 83.712

308 1901.36  —19.334

318 2062.95 —20.178

328 2240.65 —21.037
Mn(I) 298 742.82 -16.378 5274 72.669

308 794982 —17.101

318 864.439 —17.878

328 896.166 —18.538
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Fig. 8 Adsorption capacities of Pb(I), Cd(II), and Mn(Il) from single,
binary, and ternary mixtures (conditions: each metal concentration,
100 mg L ": solution volume, 30 mL; adsorbent dosage, 0.02 g;
solution pH, 5.5; contact time, 180 min; temperature, 298 K; and
shaking speed, 120 rpm)

Na,EDTA). For this process, 0.02 g of PVA-TA-BCD was
immersed in 30 mL of 100 mg L' heavy metals for
180 min, and the heavy metal-loaded PVA-TA-BCD was then
added to the abovementioned eluents for 480 min. The result
of the desorption of the heavy metal ions using the three elu-
ents is presented in Fig. 9. The desorption efficiency of EDTA
was higher than the other buffers at Pb(Il) (98.52%), Cd(II)
(95.86%), and Mn(Il) (94.28%). As EDTA can easily form
stable metal-EDTA complexes with metals, the desorption
kinetics and regeneration experiments for the adsorption of
Pb(II), Cd(II), and Mn(II) were confirmed using a 0.1 M
Na,EDTA solution.

The tendencies for the desorption of Pb(II), Cd(II), and
Mn(II), as shown in Fig. 10a, were the same as those for
adsorption, and the desorption efficiencies were increased
with contact time until reaching a desorption equilibrium at
480 min. It can be clearly seen that the Mn(I) ion reaches the
desorption equilibrium prior to the Cd(Il) and Pb(I) ions.
Figure 10b and ¢ shows the results of Pb(Il), Cd(Il), and
Mn(II) over four adsorption-desorption cycles. The adsorption
capacity was slightly decreased with the increasing number of

100 JC_pb()

90 - [ cd(in)
80—- I Min(11)
70
60
50
40
30
20
10

Desorption(%)

0.01M HClI

0.0IM HNO,

0.1M Na EDTA

Fig. 9 Effects of the different eluents on the desorption efficiencies of
Pb(II), Cd(II), and Mn(Il) on PVA-TA-FCD

cycle, from 131.25 to 122.08 mg g~ for Pb(Il), from 75.3 to
70.8 mg g ' for Cd(II), and from 53.88 to 45.78 mg g ' for
Mn(II). These results clearly indicated PVA-TA-BCD had a
good regeneration ability, supporting its potential for use in
practical applications.

Adsorption mechanisms of Ph(ll), Cd(ll), and Mn(ll)
onto PVA-TA-BCD

FTIR

The FTIR results of the PVA-TA-B3CD are shown in Fig. 11.
The obvious peak at 3443.6 cm ™' belonged to ~OH (Hallaji
et al. 2015). A weak peak observed at 2563.78 cm ' was
attributed to the —SH stretching vibration and demonstrated
that the —SH in the TA was successfully introduced onto the
surface of the 3-CD (Liang et al. 2009). The intensive absorp-
tion band occurring at 1726.47 cm™' was attributed to the
C=0 stretching vibration of the carboxyl groups and ester
groups (Hu et al. 2014). The absorbance spectra at
1402.78 cm ' and 756.64 cm ™' corresponded to the symmet-
rical stretching vibration and formation vibration of -COO ",
respectively (Borsagli et al. 2015). These three peaks showed
that the —-COOH occurred on the adsorbent because the car-
boxyl group in the TA failed to completely react with the

Table 6 The ratio of adsorption capacities for Pb(II), Cd(II), and Mn(II) on PVA-TA-BCD in the multi-component system binary metal solutions

Metals Single metal solution Binary metal solutions (mg g ') Ternary metal solutions (mg g ")
(mgg")
Pb-Cd Ry Pb-Mn Ry Cd-Mn Ry Pb-Cd-Mn Ry
Pb(Il) 129.45 125.68 0.971 126.68 0.979 - - 122.76 0.948
Cddn 74.25 47.33 0.637 - - 58.20 0.784 41.4 0.558
Mn(I) 50.49 - - 18.18 0.360 27.06 0.536 15.42 0.305
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hydroxyl groups of the 3-CD and PVA. The absorption bands
at 1026.96 cm ' and 1156.31 cm™ ' were ascribed to the sym-
metrical stretching vibration of C-O—-C (Badruddoza et al.
2013; Qin et al. 2016), and this group was generated by the
reaction of the carboxyl groups of the TA with the hydroxyl
groups of the 3-CD and PVA during the thermal cross-linking.

After the Pb(Il), Cd(II), and Mn(II) were loaded onto the
PVA-TA-BCD (Figs. 12, 13, and 14), all the peaks differed
from those prior to the adsorption. The —OH at 3443.6 cm '

markedly shifted to 3427.46, 3422.16, and 3432.18 cm !, re-
spectively. The —SH stretching vibration peak at 2563.78 cm ™'
shifted to 2548.49 cm ' for Pb(Il), 2549.95 cm ™' for Cd(II),
and 2550.14 cm™" for Mn(II). The peak of C=O occurring at
1726.47 cm™ ' shifted to 1722.21 em™' for Pb(I) and
1730.81 cm™ ! for Cd(II). The two peaks of -COO™ at
1402.78 cm ' and 756.64 cm ' shifted to 1399.88, 1403.04,
and 1401.24 ¢cm ' and to 754.78, 755.57, and 755.48 cm ™,
respectively. The resulting peaks of -OH and —SH indicated

Fig. 11 FTIR spectra of PVA-TA- 8 7
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they both reacted with the heavy metal ions. The peaks of
C=0 and -COO" changed little, demonstrating that the —
COOH participates in the reaction, but it is not the main func-
tional group that reacts with the heavy metals.

XPS

For further insight into the adsorption mechanism of Pb(Il),
Cd(I), and Mn(II) onto PVA-TA-BCD, the XPS spectra of
the adsorbent before and after the metal ion adsorption
were analyzed. The wide scan spectra of the pristine and
heavy metal ions loaded onto the adsorbent are shown in
Fig. 15a. It was evident that the main elements in the PVA-

Fig. 13 FTIR spectra of PVA-TA-

100

Wavenumber cm-1

TA-BCD were O, C, and S. This also demonstrated that the
functional group (—SH) was successfully introduced into
the adsorbent, and these results were consistent with those
obtained from the EDS and FTIR. The appearance of the
new elements (Pb, Cd, and Mn) in the PVA-TA-BCD-M?*
(M: Pb, Cd, and Mn) indicated that the Pb(II), Cd(II), and
Mn(IT) were adsorbed onto the surface of the PVA-
TA-BCD (Zhao et al. 2016).

The high-resolution scan of the Ols spectrum of the
PVA-TA-BCD presented as four peaks at 532.01, 532.69,
533.02, and 533.83 eV, and these were assigned to —OH,
0-C=0, C-0, and C-O-C, respectively (Wang et al. 2015;
Ren et al. 2012; Li et al. 2016; Yu et al. 2007). After M3t

(O

BCD after Cd(II) adsorption
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Fig. 14 FTIR spectra of PVA-TA-
[3CD after Mn(II) adsorption
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adsorption onto the adsorbent, the binding energy of —OH,
0-C=0, C-0, and C-O-C shifted to 532.25, 532.48,
532.76, and 533.68 eV (Fig. 15b). This indicated that both
—OH and O-C=0 of the PVA-TA-3CD were involved in
the adsorption reaction with Pb(Il), Cd(II), and Mn(Il) to
form the compound. The S2p spectra of the PVA-TA-3CD
exhibited two peaks located at 164.25 and 165.38 eV. The
mercapto group was readily oxidized, and its oxide form
had the higher binding energy, so the peak at 164.25 eV
was assigned to —SH (Zhu et al. 2012). After the adsorption
of the three heavy metal ions, three new peaks appeared at
163.53, 163.68, and 164.37 eV (Liang et al. 2009;
Ichimura and Sano 1991), indicating that the sulfhydryl
groups in the TA were chelated with the metal ions
(Fig. 15¢). These results indicated that -OH, O—C=0, and
—SH were involved in the reaction, and this was in agree-
ment with the FTIR results. Additionally, from the results
of XPS and FTIR, we can draw a conclusion that that the —
SH group was dominant and the others played a minor role
in the adsorption.

The species of the adsorbed heavy metal ions on the surface
of the adsorbents are shown in Fig. 15d—f. The peaks at
138.95 eV and 143.80 eV were attributed to Pb 4f7/2 and Pb
4£5/2 (Wang et al. 2015; Ren et al. 2012), respectively, and the
peaks at 405.80 eV and 412.55 eV were assigned to Cd 3d5/2
and Cd 3d3/2 (Chen et al. 2017; Liang et al. 2017), respec-
tively. The peaks at 641.17 eV and 653.5 eV were ascribed to
Mn2p 3/2 and Mn2p 1/2 (Chang et al. 2009; Ichimura and
Sano 1991; Tan et al. 1991), respectively.

Selective adsorption

The different selective adsorption behaviors of Pb(Il),
Cd(I), and Mn(II) on PVA-TA-BCD could be explained

@ Springer
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by the characteristic properties of the metal ions. The
electronegativity is higher for Pb(Il) (2.33) than for
CddI) (1.69) and Mn(II) (1.55), and the electronic attrac-
tion to counter-ions increases as the electronegativity in-
creases. This property indicates that Pb(I) is more prone
to be adsorbed by PVA-TA-BCD than Cd(I) or Mn(II)
(Zhou et al. 2015). In the HSAB theory, Pb(Il) is classi-
fied as a soft acid, whereas Cd(I) and Mn(II) are clas-
sified as intermediate acids (Wang and Chen 2009).
Tsezos et al. (1996) found that a greater competition
existed between ions of the same class and that the ad-
sorption capacities of intermediate acids were affected
by the presence of a soft acid, while intermediate acids
cannot affect the adsorption process of a soft acid
(Tsezos et al. 1996). The characteristics of metal ions
affect their adsorption properties (e.g., atomic number,
ionic potential, and ionic radius); however, since it is
difficult to investigate the effect on a single factor, the
concept of the covalent index (X,,%r) was proposed. Xp’r
reflects the importance of chelating interactions with li-
gands relative to ionic interactions (Jing et al. 2009). It
was argued by Nieboer and Richardson (1980) that the
value of X,,r is larger for a soft acid and that soft acids
are more effective at binding to groups containing S
(Nieboer and Richardson 1980). The PVA-TA-BCD
was formed by cross-linking TA with 3-CD and PVA;
therefore, it contains a large amount of —COO ™ as well
as —S  in the TA. The uptake capacity of Pb(Il) was
higher than the other metals because it easily combines
with —SH to form a steady complex. The relationship
between the uptake capacities and the X,,%r for the three
types of metal ions is shown in Fig. 16. A linear rela-
tionship exists between X,,>r and ¢, with a correlation
coefficient (R?) of 0.958.
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Fig. 15 XPS scan of PVA-TA-CD before and after adsorption of Pb(II),
Cd(I), and Mn(II). a Wide scan. b O1s for PVA-TA-3CD and PVA-TA-
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Fig. 16 Plots of the adsorption capacities versus the covalent indexes

Conclusion

The novel adsorbent PVA-TA-3CD was synthesized by com-
bining (3-CD, TA, and PVA for the purpose of removing heavy
metal ions from liquid waste. The results of adsorption kinetics
indicated that a chemical reaction occurred between the heavy
metals and the adsorbents, and film diffusion and intra-particle
diffusion both played important roles in the adsorption process.
As for isotherm study, it showed a heterogeneous adsorption
capacity of 199.11, 116.52, and 90.28 mg g ' for the Pb(Il),
Cd(II), and Mn(II), respectively. There existed a competition
between the ions in the multi-component system; however,
owing to the stronger affinity of the PVA-TA-3CD for Pb(Il)
than Cd(Il) and Mn(II), Pb(Il) demonstrated a higher adsorp-
tion capacity, and its adsorption onto the PVA-TA-BCD was
less affected by the addition of other metals. PVA-TA-3CD
also demonstrated good reusability, as based on the regenera-
tion experiments. The batch experiments and FTIR, XPS re-
sults indicated that the —SH group was dominant and the others
played a minor role in the adsorption. Based on these observa-
tions, PVA-TA-BCD has demonstrated great potential in heavy
metal ion adsorption from aqueous solutions.
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