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Abstract

Polyvinyl alcohol (PVA) filled with different kinds of ZnO whisker was prepared by chemical cross-linking reaction. It
was found that the ZnO whiskers dispersed uniformly after being modified by 3-aminopropyltriethoxysilane (APTES).
The PVA/tetrapod-shaped ZnO (PVA/tetra-ZnO) composites showed better adsorption performance than other kinds of
PVA/ZnO composites. The framework-supported pore-channel structure was beneficial for the transmission and adsorp-
tion of heavy metal ions, and the formation of “brush” pore-channel of PVA/tetra-ZnO composites can effectively retain
and capture the heavy metal ions. The PVA/tetra-ZnO composites presented well adsorption on Pb(II), Cd(II), and Cr(III)
ions than Ni(I[) and showed relatively selective removal on Pb(Il) and Cr(IIl) ions. The adsorbed heavy metal ions
presented gradient distribution with high content in the out layer and low content in the inner layer. Pb(II) adsorption
capacity ¢, increased gradually with the increase of initial solution concentration and contact time which tended to be
stable at 400 mg/L and 800 min. The maximal adsorption capacity ¢,, obtained by nonlinear fitting reached to about
116 mg/g which was very close to the experiment data. Adsorption isotherm results indicated the monolayer adsorption
process of the Langmuir model and the adsorption kinetics data fitted well to the pseudo-second-order model. The
adsorption process was spontaneous and the high temperature was in favor of adsorption. The adsorption mechanism
was explored as the combination of coordination and ion exchange. Besides, the PVA/tetra-ZnO composites exhibited
better stress stability, thermo stability, and favorable regeneration than neat PVA.

Keywords “Framework support” structure - Tetrapod-shaped whiskers - Heavy metal ions - Adsorption performance - Stress
stability - Regeneration

Introduction

Water is a kind of precious and non-renewable resource
which is the concern of all life including humans, animals,
and plants. However, the water has been polluted by various
organic and inorganic pollutants seriously in recent years
(Abdullah et al. 2019; Ahmed et al. 2017; Sarma et al.
2019). Among which, the pollution of heavy metal ions
contributes the most harm to the environment, such as the
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Ni(II), Cd(II), CrII), and Pb(II) ions (Abdelrahman and
Hegazey, 2019; Tran and Chao, 2018; Reddi et al. 2015;
Li et al. 2018). Researches show that the heavy metal ion
is harmful to human organs and the heavy metals in waste-
water will not degrade in the environment (Liu et al. 2019;
Arshad et al. 2019; Huang et al. 2018). Therefore, the study
and development of a reliable technique for the removal of
heavy metal ions in the environment is significant. Among
the numerous methods, the chemical adsorption is an avail-
able technique due to its high efficiency, easy operation, and
high regeneration ability. Therefore, many materials have
been studied to evaluate the removal of heavy metal, such
as activated carbon (Ko et al. 2018), scheelite (Dong et al.
2019), carbon nanofibers (Chen et al. 2018), magnetic ben-
tonite (Zou et al. 2019), and PAMAM/CNT (Hayati et al.
2018). However, these nano or powder-type adsorbents are
complicated in prior processing and present high cost and
some other disadvantages, especially, they are difficult to
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recycle in flowing water system and easy to cause secondary
pollution. Hence, it is necessary to seek a new adsorbent
with high efficiency, low cost, and good recyclability.

Three-dimensional network-structured poly(vinyl alco-
hol) (PVA) gel with good biocompatibility, non-toxicity,
and low cost presents favorable prospect in wastewater
treatment and has attracted great attention. Hui et al.
(2015) studied the structure of PVA/gelatin hydrogel
beads and researched the adsorption mechanism for
Pb(Il) removal, the result indicated that the introduction
of gelatin increased the pore size of PVA and enhanced
the adsorption capacity with the coordination between the
carboxyl groups and Pb(Il) ions. Ajitha et al. (2017) suc-
cessfully prepared chitosan oligosaccharide-graft-maleic
anhydride/polyvinyl alcohol/silk fibroin (COS-g-MAH/
PVA/SF) composite and the results showed that the
COS-g-MAH/PVA/SF composite has the effective
biosorption for the removal of Pb(Il) from aqueous solu-
tions under pH 6 and contact time 180 min. Zhu et al.
(2017) used the activable carboxylic acid to modify crys-
talline nanocellulose and then composited with PVA-co-
PE to prepare CNC/PVA-co-PE nanofibrous membrane;
the research indicated that the CNC/PVA-co-PE compos-
ite presented excellent selective adsorption on Cu(Il) ions.
Bozorgi et al. (2018) synthesized the PVA/chitosan/ZnO-
NH, nanoadsorbents by casting and electrospinning
methods respectively to remove the Cd(IT) and Ni(Il) from
aqueous solution, and the results indicated that the Cd(II)
ion presented a great inhibitory effect on Ni(Il) adsorption
in binary system.

The adsorption of PVA on heavy metal ions is a parallel
process between the transmission of ion solution and forma-
tion of coordination bonds. Among which, the transmission of
ion solution was related to the pore-channel structure while
the formation of coordination bonds was associated with the
adsorption groups. Most of the research was focused on the
modification of functional groups or molecular structure to
improve the adsorption capacity of adsorbent self merely.
However, a non-negligible question was found in previous
practical application that the pore structure of PVA gel was
easily destroyed under surrounding’s stress which will affect
the real transmission and adsorption of ion solution. Thus, in
this work, the inorganic ZnO whiskers modified by APTES
were in situ introduced into the PVA matrix to steady the pore
structure. The effect of ZnO morphological structure on the
pore channel of PVA materials was researched with ordi-ZnO,
nano-ZnQO, and tetra-ZnO whiskers. The adsorption capacity
and removal rate on Ni(II), Cd(II), Cr(IIT), and Pb(II) ions in a
single-ion solution and mixed-ion solution were studied, re-
spectively, and the adsorption mechanism was explored.
Moreover, the stress stability, thermo stability, and reusability
of PVA/ZnO composites were researched to investigate the
feasibility in practical application.

Materials and methods
Materials

The PVA (1750+£50), boric acid (H3BO3), 3-
triethoxysilylpropylamine (APTES), cadmium chloride
(CdCl,), chromium chloride (CrCls), nickel chloride (NiCl,),
lead nitrate (Pb(NOs),), and calcium chloride (CaCl,) were
supplied by Sinopharm Chemical Reagent Co., Ltd. The
ordi-ZnO was purchased from Xilong Scientific Co., Ltd.,
the nano-ZnO was purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. and the tetra-ZnO was purchased
from Chengdu Crystrealm Co., Ltd. Other chemical agents
were all of analytic purity and used as received.

Synthesis and preparation
Modification of ZnO whiskers with APTES

The 10 g ZnO whiskers were dispersed in 200-mL toluene
under ultrasound for 30 min, and then, 10 g APTES was added
at 70 °C and stirred for 12 h. Finally, the mixed solution was
filtered and the residue was washed by ethanol and then, the
APTES-ZnO whiskers were obtained after drying.

Preparation of PVA/ZnO composites

PVA (5 g) and APTES-ZnO whiskers (0.5 g) with different
structures were completely dissolved in ultrapure water
(50 mL) and then were dropped into a gently stirred saturated
CaCl,-boric acid solution by an injector and were kept for 2 h
under 30 °C to form spherical composite gel. The obtained
PVA/ZnO composites were finally washed with ultrapure wa-
ter and stored for further use after freeze drying.

Methods
FTIR analysis

The structure analysis of modified ZnO whiskers was con-
ducted with a Nicolet-560 Fourier-transform infrared spec-

trometer (FTIR) (USA). The scanning rate was 20 min !,

and the differential rate was 4 cm .

SEM and EDS analysis

The micro morphology of modified ZnO whiskers and PVA/
ZnO composites was observed through a JEOL JSM-5900LV
scanning electron microscope (SEM) (Japan). The element
composition of the materials was further analyzed with energy
disperse spectroscopy (EDS).
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TG analysis

The thermo-gravimetric analysis (TGA) of APTES-ZnO
whiskers and PVA/ZnO composite was performed with a
TA2950 thermo balance from TA Instruments Co. (USA) un-
der nitrogen atmosphere with a heating rate of 10 °C/min. The
test samples of about 10 mg were heated from ambient tem-
perature to 800 °C.

Adsorption experiment of Ni(ll), Cd(ll), Cr(lll), and Pb(ll) ions

Adsorption in single heavy metal ion solution The adsorption
experiment of different single heavy metal ions was per-
formed according to the batch method. The conical flask con-
taining of 0.3 g different PVA/ZnO composites and 100 mL
different single heavy metal ion solutions (the initial concen-
tration was 300 mg/L, pH was 5.0) were thermostatically vi-
brated at 25 °C for 24 h. Then, the PVA/ZnO composites were
separated from the heavy metal ion solution, and the initial
and final concentration of heavy metal ion solution was de-
tected by ICP-OES (Agilent5100, USA). The equilibrium ad-
sorption capacity (¢,) and removal rate (%) of the PVA/ZnO
composites were calculated by the following expression, re-
spectively (Vilela et al. 2018):

q, = (Ci=C.) V/M (1)

removal rate (%) = (C;—C.) x 100/C; (2)

where ¢, is the equilibrium adsorption capacity of unit mass
PVA/ZnO composites; C; and C, are the initial and equilibri-
um concentrations of heavy metal ion solution, respectively; V
is the volume of heavy metal ion solution, and M is the mass of
dry PVA/ZnO composites.

Adsorption in mixed heavy metal ion solution

The mixed heavy metal ion solution was prepared with the
mix of Ni(Il), Cd(II), Cr(III), and Pb(Il) ions (each one was
300 mg/L). The specific adsorption process and calculation
method were the same as the adsorption experiment of single
heavy metal ion solution.

Results and discussion

Modification mechanism and structure analysis
of APTES-ZnO whiskers

In order to improve the interface compatibility between
inorganic-organic phases, the different pure ZnO whiskers were
coupling modified by APTES to graft the organics (Fig. 1(a)).
The alkoxy groups of APTES hydrolyzed to give silanol groups

@ Springer

and then reacted with the hydroxyl on ZnO whisker surface via
dehydration to form Zn—O-Si bonds. And then, the structure
was observed through FTIR spectra (Fig. 1(b)), the spectra of
three kinds of neat ZnO whiskers were the same in spite of their
different structures. After the modification by APTES, an obvi-
ously new absorption peak at 1008.4 cm™' appeared which was
attributed to the stretching vibration absorption of Si-O-Zn
bond. Besides, the absorption peak intensity at 2923.2 cm™'
and 2853.7 cm ! attributing to the stretching vibration absorp-
tion of—CH,—showed a dramatical increase. Similarly, the
absorption peak intensity at 3438.4 cm ! attributing to the ab-
sorption of Zn—OH or —NH, increased also. The FTIR spectra
indicated that the APTES successfully grafted onto the surface
of ZnO whiskers.

The TGA was further used to evaluate the grafting rate of
APTES on the surface of modified ZnO whiskers (Fig. 1(c)).
The range between 250 °C and the end was attributed to the loss
of grafted APTES organics. Thus, based on the results, the
grafting rates of APTES for ordi-ZnO, nano-ZnO, and tetra-
ZnO whiskers were 1.32%, 2.89% and 0.61%, respectively.

The micrographs of different ZnO whiskers before and
after modification were observed through a SEM in Fig. 2.
The ordi-ZnO and nano-ZnO presented the structure with ir-
regular granules while that of tetra-ZnO was very regularly
three-dimensional tetrapod-shaped whiskers. In terms of the
whisker’s size, the dimension of ordi-ZnO was about 1 pum
and that of nano-ZnO was about 100 nm. However, the size of
tetra-ZnO was relatively big with about 40 um in length of the
needle whisker and about 0.5 pwm in diameter at the base. It
was clearly seen that the three kinds of pure ZnO whiskers
were seriously conglomerated before modification no matter
its size or shape (Fig. 2(a, c, ¢)), and this phenomenon got
obviously improved after modification (Fig. 2(b, d, f)).

Preparation of PVA/ZnO composites

The preparation of PVA/ZnO composites was proceed in a
mixed matrix of PVA and ZnO whiskers with the H;BO;
and CaCl, as a cross-linking agent. In this in situ cross-
linking process, the condensation reaction conducted be-
tween the hydroxyl of PVA molecular chains and boric acid.
At the same time, the hydroxyl on the surface of ZnO whis-
kers reacted with the boric acid and the coordination be-
tween Ca(Il) and hydroxyl was formed simultaneously.
After the in situ cross-linking reaction, the dispersive PVA
linear molecular chains connected together and the three-
dimensional porous network structure was formed. The
ZnO whiskers dispersed in the PVA network evenly with
covalent bond and that the tetra-ZnO whiskers distributed
in pore wall built a framework support structure due to the
lap scarf effect of three-dimensional whisker arms of tetra-
ZnO. The schematic of cross-linking reaction for PVA/tetra-
ZnO composites is simulated in Fig. 3.
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(b) FTIR spectra of ZnO whiskers modified by APTES (c) TG analysis of ZnO whiskers modified by APTES
Fig. 1 Modification mechanism of ZnO whiskers by APTES and structure analysis
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Fig. 2 SEM micrographs of different ZnO whiskers before and after coupling modification
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Fig. 3 Schematic of cross-linking

reaction for PVA/ZnO composites
OH OH OH OH OH OH OH

HO OH cross-linking reaction
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Adsorption of heavy metal ion with different on Pb(II) and also showed a sub-high adsorption capacity on
PVA/ZnO composites Cd(IT) and Cr(IIl). However, the adsorption on Ni(II) was

unsatisfactory for all kinds of PVA/ZnO composites.
The adsorption experiment on single and mixed heavy metal ~ Comprehensive analysis, the neat PVA showed a not very
ions for different PVA/ZnO composites was conducted, re-  strong adsorption performance on heavy metal ions except
spectively. As seen in the single adsorption in Fig. 4(a), all  for the Pb(Il). But this deficiency improved with the introduc-
the PVA/ZnO composites showed a high adsorption capacity ~ tion of the ZnO whiskers. Among the three kinds of PVA/ZnO
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(a) adsorption on single heavy metal ion (b) adsorption on mixed heavy metal ion
Fig. 4 Adsorption capacities of heavy metal ions with different PVA/ZnO composites
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composites, the PVA/tetra-ZnO composite presented the big-
gest adsorption performance on heavy metal ions and the re-
moval rate reached to 98%. The adsorption performance of
PVA/nano-ZnO composites was better than that of PVA/ordi-
ZnO composites which may result to a large number of the
active adsorption group on the big specific surface of nano-
ZnO whiskers.

The heavy metal ions in polluted water usually existed in
mixture. It is necessary to study the adsorption performance of
PVA/ZnO composites on mixed heavy metal ions. It can be
visibly seen in Fig. 4(b) that the presence of mixed heavy
metal ions strongly affected the adsorption and removal of
heavy metal ions. Compared with the single adsorption, the
mixed adsorption has shown a little decrease in different levels
due to the competitive adsorption of mixed heavy metal ion
solution. Even so, the adsorbent still maintained a higher ad-
sorption capacity on Pb(Il) than the other ions. Besides, the
PVA/ZnO composites showed a sub-high adsorption on
Cr(IlT) while that on Cd(II) decreased dramatically. Among
the PVA/ZnO composites, the PVA/tetra-ZnO composites still
showed a better adsorption performance than others. The

(d) PVA/tetra-ZnO omposite
Fig. 5 SEM micrographs of different PVA/ZnO composites

J *— tetra-ZnO whisker

result indicated that the PVA/tetra-ZnO composite presented
some selective adsorption characteristic in mixed heavy metal
ion solution.

An important message can be obtained from Fig. 4 that the
PVA/tetra-ZnO composite presented the best adsorption per-
formance than other kinds of PVA/ZnO composites no matter
single or mixed adsorption. This may relate to the internal
micro pore-channel structure of PVA/ZnO composites.
Therefore, the micro pore-channel structure of adsorbent was
further observed in Fig. 5. At the same region, the pore-
channel size was different among the PVA/ZnO composites
and was obviously bigger than that of neat PVA material. The
big size of pore-channel was beneficial for the transmission
and diffusion of heavy metal ions and thus promoted the ad-
sorption performance. Besides, the pore-channel structure of
PVA/tetra-ZnO composites was more special. It can be clearly
seen in Fig. 5(a—c) that the pores’ wall for neat PVA or PVA/
ordi-ZnO composites or PVA/nano-ZnO composites was very
smooth and the adsorption behavior just conducted on the
place of the pores’ wall. But that of PVA/tetra-ZnO compos-
ites was rough and many agnail-like tetra-ZnO whiskers

smooth pore-channel structure
of neat PVA or other PVA/ZnO composites

. heavy metal ion

“brush” effect of tetra-ZnO o
whiskers in pore-channel

structure of PVA/tetra-ZnO composite

(e) simulation of transmission and adsorption
of ions in pore-channel
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existed in the pores’ wall which will dramatically increase the
adsorption area as seen in Fig. 5(d). Furthermore, the three-
dimensional tetrapod-shaped ZnO whisker distributed in the
pore’s wall was easy to form a framework support structure
which was beneficial for the transmission and adsorption of
heavy metal ion. Besides, the agnail-like tetra-ZnO whiskers
in the pores’ wall will play as a “brush” which can effectively
retain and capture the heavy metal ions when the ion solutions
flow through the pore channel as simulated in Fig. 5(e)).
Therefore, the PVA/tetra-ZnO composites showed better ad-
sorption performance than the other kinds of PVA/ZnO
composites.

Adsorption influence factor on Pb(ll)
In consideration of the best adsorption performance of PVA/

tetra-ZnO composite presented on Pb(II), the adsorption influ-
ence factor on Pb(II) was researched.

Adsorption isotherm

The equilibrium adsorption capacity ¢, was dramatically in-
fluenced by initial concentration of heavy metal ions due to
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(c) nonlinear fitting of Freundlich model

the driving force of transmission between the solution and
solid phases. As shown in Fig. 6(a), the ¢, of the PVA/tetra-
ZnO composite increased gradually with the increasing initial
Pb(Il) concentration and showed a higher than 90% removal
rate in the range of 0~300 mg/L initial concentration. With the
increasing concentration of metal ions, the ¢, tended to be
stable at about 400 mg/L initial concentration and the maximal
adsorption capacity ¢,, obtained from experiment was about
112.64 mg/g under the current conditions.

The Langmuir model, Freundlich model, and Temkin mod-
el were used to analyze the Pb(II) adsorption mechanism. The
Langmuir model assumes that adsorption occurs on homoge-
neous surface by monolayer adsorption, and the Freundlich
model is used to describe the multilayer adsorption onto the
surface of heterogeneous sites, while the Temkin model as-
sumes that the adsorption heat decreases linearly rather than
logarithmically and its adsorption is uniformly distributed
(Zhang et al. 2010). The equations of the three adsorption
isotherm models are expressed as follows:

Klqmce

1 +K1Ce (3)

Langmuir model q, =

Freundlich model q, = KfCé (4)
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(d) nonlinear fitting of Tempkin model

Fig. 6 Effect of initial concentration on adsorption and nonlinear fitting of adsorption isotherm models for PVA/tetra-ZnO composites
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Table 1 Isotherm parameters of the Pb(I) adsorption for PVA/tetra-

ZnO composite

Adsorption isotherm Adsorption isotherm parameters R

Langmuir model qm (mg/g) 115.76 0.9921
K, (L/mg) 0.20

Freundlich model K; ((mg/g)(L/mg)"™ 35.02 0.8597
n 4.00

Temkin model Ar (L/mg) 3.38 0.9612
br ((g/mg)(J/mol)) 128.10

Temkin model q, = (RT /br)In(ArC,) (5)

where ¢, is the adsorption capacity at equilibrium; C, is the
solution concentration at equilibrium; ¢,, is the maximum ad-
sorption capacity, and K; is the Langmuir coefficient related to
the affinity of the binding site. K, and n are the constants
related to the adsorption capacity and the adsorption intensity,
respectively. Az is the equilibrium binding constant
corresponded to the maximum binding energy, and b7 is the
constant related to the adsorption heat.

The nonlinear plots of g, versus C, of the PVA/tetra-ZnO
composite are shown in Fig. 6(b—d) according to Eqs.3-5,

respectively. The isotherm parameters are obtained and listed
in Table 1. It can be seen that the value of correlation coefficient
(R*) for the Langmuir model was 0.9921 which was bigger than
that for Freundlich model (R* = 0.8597). And the ¢, obtained
from the modeling of isotherm was 115.76 mg/g which was
very close to the g, obtained from the experiment. The result
indicated that the Langmuir model was more suitable to repre-
sent the equilibrium data than the Freundlich model and the
Pb(II) adsorption of PVA/tetra-ZnO composite was a homoge-
neous monolayer adsorption. Besides, the R for the Temkin
model was 0.9612 which represented a good fitting. The big
value of b7 indicated the considerable potential of PVA/tetra-
ZnO composite in the application of Pb(I) removal.

Adsorption kinetics

The adsorption performance of PVA/tetra-ZnO composite was
affected by contact time as well and the correlation curve
between contact time and adsorption capacity is shown in
Fig. 7(a). It can be seen that the adsorption capacity and re-
moval rate increased quickly with time and then a slow stage
appeared until the matrix reached to an equilibrium state. In
order to further understand the kinetic characteristics of the
Pb(II) adsorption process for PVA/tetra-ZnO composite, the
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Fig. 7 Effect of contact time on adsorption and nonlinear fitting of adsorption kinetics models for PVA/tetra-ZnO composites
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Table2  Kinetic parameters of the Pb(Il) adsorption for PVA/tetra-ZnO

composite

Adsorption kinetics Adsorption kinetic parameters R

pseudo-first-order model ki (1/min) 320%107  0.9907
q. (mg/g) 90.90

pseudo-second-order model k> (g/(mg min))  2.70x 107> 0.9945
q. (mg/g) 114.74

Elovich model a (mg/(g'min)) 0.481 0.9897
b (g/mg) 0.032

Lagergren pseudo-first-order model, Ho-McKay pseudo-
second-order model, and Elovich model (Denys et al. 2018)
were used to examine the rate-controlling mechanism. The
three adsorption kinetics equations are given as follows:

pseudo—first—order model q, = qe(l—efk”) (6)
kgt
pseudo—second—ordermodel q, = %kezqet (7)
1
Elovich model q, = Eln(l + abt) (8)

where ¢, is the adsorption capacity at equilibrium; ¢, is the
adsorption capacity at time ¢ k; is the rate constant of pseudo-
first-order adsorption, and 4 is the rate constant of pseudo-
second-order adsorption. The parameter « is the initial adsorp-
tion rate of the Elovich model and b is the desorption constant
related to the extent of the surface coverage and activation
energy for chemisorption.

The nonlinear plots of ¢, versus ¢ of the PVA/tetra-ZnO com-
posite are shown in Fig. 7(b—d) according to Eqs.6-8, respective-
ly. The kinetic parameters are obtained and listed in Table 2. The
pseudo-first-order model assumed that the adsorption process
was a diffusion-controlled step while the pseudo-second-order
model was used to describe the chemical adsorption-controlled
step. It can be seen that the pseudo-second-order model presented
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the better fitting degree than that of the pseudo-first-order model
and showed a higher correlation coefficient (R*=0.9945). And
besides, the adsorption capacity at equilibrium obtained by non-
linear fitting of the pseudo-second-order model is about
114.74 mg/g which is near to the experiment result. Thus, it
can be concluded that the Pb(Il) adsorption process of PVA/
tetra-ZnO composite was controlled by the chemical adsorption.
However, the diffusion process also played a non-negligible role
due to it sub-high correlation coefficient (R2 =0.9907). Besides,
the correlation coefficient of the Elovich model was up to 0.9897,
indicative of the predominant chemical nature of Pb(Il) adsorp-
tion on PVA/tetra-ZnO composite.

Adsorption thermodynamics

The adsorption process was also affected by the matrix tem-
perature as seen in Fig. 8(a). With the increasing solution
temperature, the adsorption capacity and removal rate in-
creased gradually. The result indicated that the high tempera-
ture was favorable for the Pb(I) adsorption process of PVA/
tetra-ZnO composite. Thermodynamic parameters can be de-
termined by the equilibrium constant K’ which is equal to p x
q./C, (p is the water density and p = 1000 g/L) and depends on
the temperature (Slobodan 2007; Nasseh et al. 2019). The
change of Gibbs free energy (AG"), enthalpy (AH’), and en-
tropy (AS”) associated with the adsorption process was calcu-
lated by the following equations.

AS®  AH®
0 _ _
K _QXp< R RT) ©)
AG’ = AH"-TAS’ (10)

where R is the ideal gas constant and equal to 8.314 J/mol K; T’
is the solution temperature. The nonlinear fitting curve be-
tween K” and T'was plotted according to Eq. 9 and was shown
in Fig. 8(b). And then, the thermodynamic parameters were
obtained and listed in Table 3.
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Fig. 8 Effect of temperature on adsorption and nonlinear fitting of adsorption thermodynamics for PVA/tetra-ZnO composites
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Table 3 Thermodynamic
parameters of the Pb(II) Temperature (K) K° AG? (kJ/mol) AH’ (kJ/mol) AS? (J/mol-K) R
adsorption for PVA/tetra-ZnO
composite 288 1591 -17.77 20.239 131.99 0.9341
298 2353 —19.09
308 2848 —20.41

It is clearly seen that the positive value of AH” indicated
the endothermic nature of the adsorption process and the pos-
itive value of AS” suggested an increasing disorderliness at
the solid-solution interface for the Pb(Il) adsorption onto the
PVA/tetra-ZnO composite. The values of AG’ were negative
within the test temperature range, indicating that the adsorp-
tion process of PVA/tetra-ZnO composite on Pb(II) was spon-
taneous. In addition, with the increasing temperature from 288
to 308 K, the value of AG” shifted from — 17.77 to — 20.41 kJ/
mol. The decrease of AG? indicated that the adsorption pro-
cess was favorable at high temperatures.

Exploring adsorption mechanism

The adsorption mechanism of adsorbing material on Pb(II) has
been studied by SEM-EDS as shown in Fig. 9(a, b). The con-
tent of Ca element on the surface layer dramatically decreased
from 5.20% before adsorption to 0.28% after adsorption. The

decrease of Ca content indicated that the ion exchange between
the Ca(Il) and Pb(Il) occurred during the adsorption process.
Except this, the adsorption behavior occurred because of the
formation of coordination bonds between the —OH, —NH, etc.
group and the heavy metal ions which has been widely ac-
knowledged. In terms of our adsorbent, the coordination bonds
formed between the —OH in PVA molecular chains or the —OH
on the surface of ZnO whisker or the -NH, in grafted APTES
with the Pb(Il). Therefore, the adsorption mechanism of this
PVA material on Pb(I) was conducted by the combined effect
of coordination and ion exchange as simulated in Fig. 9(c).

Stability and reusability of PVA/tetra-ZnO composites
Stress stability

As to an excellent adsorbent, the materials should present
well stress stability and applicability in true environment.

Element Weight% Atomic%
C 4826 5883
0 4413 4045
Ca 0.28 0.10
7.33 0.52

Element Weight% Atomic%
C 3624 4432
0 5856 53.77
Ca 5.20 1.9
0 0'5 1' 1 'S Z; 2'5 Z; 3'5 4' 45 S S
ull Scale 631 cts Cursor: 5474 (7 cts) keV|

0 0s 1 15 2 25 3 35 4 45 s 5
ull Scale 2677 cts Cursor: 5474 (16 c1s) keV

(a) element distribution before adsorption

(b) element distribution after adsorption
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Pb i \ / | BN
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(c) adsorption mechanism of PVA material on Pb(ll)

Fig. 9 Pb(Il) adsorption mechanism in PVA material
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However, the pore structure of neat PVA was destroyed
evidently as shown in Fig. 10(a). The pore structure in the
out layer was compressed and collapsed and that in the
inner layer was even compacted without any pore struc-
ture. Consequently, the adsorbed Pb(II) majorly distribut-
ed around the out layer of neat PVA materials and no
content was detected in the core region. However, this
circumstance got improved vastly after the introduction
of tetra-ZnO (Fig. 10(b)). Under the same external stress,
the pore channel still kept the typical pore structures no
matter the out or inner layer. Meanwhile, the adsorbed
Pb(Il) was not only majorly distributed in out layer but
also a certain content of Pb(II) was detected in the core
region. The result indicated that the formation of
framework-supported pore-channel structure due to the
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three-dimensional tetrapod-shaped ZnO whiskers was in
favor of the transmission and adsorption of heavy metal
ions under external stress in practical application.

Thermo stability

The thermo stability of different PVA/ZnO composites
was evaluated as shown in Fig. 11(a). With the increase
of temperature, the mass decreased gradually due to the
volatilization of micromolecule and decomposition of
polymer. The process of mass loss can be divided into
three stages. Among which, the second stage from 260
to 390 °C was attributed to the loss of hydroxyl in PVA
molecular chains. And then, the last stage from 390 °C to
the end was ascribed to the breakage and decomposition

PVA bead

. high content
low content
4 Distribution of Pb
in PVA/tera-ZnO under force
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Fig. 10 Steady pore structure of PVA/tetra-ZnO adsorbent under stress
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Fig. 11 Thermo stability and reusability analysis of PVA/ZnO composites

of PVA polymer. By the introduction of ZnO whiskers,
the initial decomposition temperature of the second stage
and third stage was increased by 35 °C and 20 °C, respec-
tively. Besides, the second stage of neat PVA material was
very obvious while that of PVA/ZnO composites was un-
apparent. The results indicated that the thermo stability of
PVA adsorbent was improved dramatically after the intro-
duction of ZnO whiskers.

Reusability

The reusability of adsorbent should be considered to eval-
uate the economic feasibility. Thus, the adsorption-
desorption experiment of PVA/tetra-ZnO composites on
Pb(Il) was investigated up to six cycles as seen in
Fig. 11(b). It can be seen that the adsorption capacity of
Pb(II) is relatively stable within the four cycles without an
obvious decrease. With the further increase of cycles, the
adsorption performance of Pb(Il) still maintained a high
level, although the adsorption capacity showed a little
decrease in value. As a comparison, the adsorption capac-
ity of neat PVA began to dramatically decrease after the
third cycle of adsorption-desorption processes. Thus, it
can be concluded that the PVA/tetra-ZnO composites have
a good reusability and considerable potential in the appli-
cation of heavy metal ion removal.

Conclusions

The PVA/ZnO composites were prepared by in situ cross-
linking reaction and the effect of ordi-ZnO, nano-ZnO, and
tetra-ZnO whiskers structure on the micro pore channel was
studied. The results showed that the tetra-ZnO whisker was
beneficial for the formation of “framework support”

O

(

) reusability analysis

structure macro-pores due to the long and three-
dimensional whiskers and which was in favor of the trans-
mission of heavy metal ion solution. Among the composites
with different ZnO whiskers, the PVA/tetra-ZnO compos-
ites presented the best adsorption performance on single
heavy metal ions than others and as well as the selective
adsorption on mixed heavy metal ions, especially on the
Pb(II) and Cr(III) ions. The tetra-ZnO whiskers stabbed in
the pore wall-like agnail acted as a “brush” which will ef-
fectively retain and capture the heavy metal ions when the
ion solutions flow through the pore channel. The adsorption
process was fitted well to the Langmuir model and the ad-
sorption kinetics was in accordance with the pseudo-
second-order model due to the chemical adsorption-
controlled step. The adsorption process was spontaneous
and the high temperature was in favor of adsorption. The
adsorption mechanism was studied as the combination of
coordination and ion exchange. Moreover, the PVA/tetra-
ZnO composites presented a good transmission and adsorp-
tion of heavy metal ions under external stress due to the
formation of “framework support” pore-channel structure.
The thermo stability of PVA/tetra-ZnO composites was dra-
matically improved and the PVA/tetra-ZnO composites ex-
hibited favorable reusability within five cycles without a big
decrease in adsorption performance on heavy metal ions.
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