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Abstract

This research is focused on the preparation of macroporous poly(vinyl alcohol) (PVA)/chitosan (CS)/Al,O5 adsorbents for
removal of residual metal ions from wastewater. The PVA/CS/Al,O; adsorbents were characterized by X-ray diffraction
(XRD), Brunauer—Emmett—Teller (BET), and energy dispersive X-ray (EDX) techniques to confirm that all compositions
were incorporated into the PVA/CS/Al,O; adsorbents without chemical modification. Furthermore, a comparison of the prop-
erties of the PVA/CS/Al,O; adsorbents suggested that PVA/CS/0.50A1,0; was the most suitable sample for adsorption study.
The adsorption properties of PVA/CS/0.50A1,0; for the removal of metal ions such as Pb**, Cu®*, Zn*, and Ni** in aqueous
solution adsorbents in both single and quaternary systems were investigated. The results show that the adsorption selectivity
of the PVA/CS/0.50A1,0; adsorbent for these metal ions was provided in the following order: Pb** > Cu?** >Zn’* > Ni**.
The adsorption isotherm was studied by equilibrium data obtained from batch experiments. It was found that the Freundlich
isotherm model was suitable for explaining the adsorption process. Adsorption kinetics were studied, which indicated that
the adsorption of Pb>*, Cu®*, and Zn>* followed a pseudo-second-order kinetic model, while the adsorption of Ni>* fol-
lowed a pseudo-first-order kinetic model. In addition, adsorption—desorption cycles were studied to prove the reusability of
PVA/CS/0.50A1,05 adsorbents. The PVA/CS/0.50A1,0 adsorbents were able to be regenerated and reused. In a continuous
adsorption process, a column experiment was simulated in laboratory. The results showed that Cu** was the most selec-
tive for a fixed-bed column. Thus, PVA/CS/0.50A1,0; adsorbents could be potential used for toxic metal ion removal from
wastewater, in both batch and fixed-bed continuous-flow columns.
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Introduction

Recently, water pollution by heavy metals has been increas-
ing worldwide. Data from the period 1972-2017 shows that
almost all of the heavy metals Cd, Pb, Cu, Cr, Hg, Zn, Ni,
Al, Fe, Mn, As, and Co were present in global river and lake
water in higher concentrations than the published threshold
limits suggested as standards by World Health Organization
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(WHO). This is an important environmental problem all over
the world due to rapid growth of industry, and the increase
in human population and agricultural activities (Zhou et al.
2020). This leads to life-threatening diseases. Even low con-
centration of toxic heavy metals in water sources can cause
serious health problems, through the accumulation in living
tissues over time, leading to many diseases and disorders
(Futalan et al. 2011; Mishra and Patel 2009). Various toxic
metal ions such as Pb, Cu, Zn, and Ni are accumulated in
the consumer’s body, which leads to genetic changes and
cancer (Sharma et al. 2009). These pollutants are unable to
be decomposed by natural processes. Thus, many suitable
technologies are being developed for metal removal in the
effort to solve these problems.

There are many kinds of technology for heavy
metal removal. For example, techniques including ion
exchange, reverse osmosis, electrolytic removal, reduction,
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precipitation, flocculation, membrane filtration, and adsorp-
tion have all been developed. However, some of these tech-
nologies (such as ion exchange, reverse osmosis, electrolytic
removal, reduction, precipitation, flocculation, and mem-
brane filtration) are costly in their operation and equipment,
have high energy consumption, and are inefficiency tech-
niques that cause toxic metal residues (Sharma et al. 2009).
Adsorption is an interesting technique for heavy metal
removal because this technique offers flexibility in design
and operation, and it can generate treated effluents of high
quality. Furthermore, it is an eco-friendly technique, with
minimal energy consumption, and the adsorbents can be
regenerated by simple desorption methods due to the revers-
ible nature of most adsorption processes. Many desorption
processes have low maintenance costs, and high efficiency
and ease of operation (Hua et al. 2012). Thus, the adsorption
process has become the first choice for heavy metal removal
from wastewater.

Previously, many adsorbents used to perform this method
consisted of chemicals prepared under harsh conditions,
such as high pressure and temperature. This required higher
energy inputs and therefore higher costs. There are many
types of materials used as adsorbents, such as activated
carbon, fly-ash, zeolite, earth clay, sphagnum moss peat,
chitosan, and alumina. In addition, a combination of these
materials could exhibit effective adsorption characteristics.
The development of adsorbents using an economically sim-
ple method and inexpensive available materials would be a
significant achievement.

The biodegradable polymers, such as poly(vinyl alcohol)
(PVA) and chitosan (CS), are potential candidates for use
as adsorbents due to their outstanding properties, such as
adsorption affinity, high durability, high chemical stability
and biocompatibility, low cost, and minimal environmental
impact. Often, one material used on its own can have low
efficiency. For example, there may be difficulty in operation
or limitations in metal adsorption. Thus, many investigations
reported in the literature have synthesized and studied binary
composite adsorbents to enhance the adsorption properties.
For example, the PVA/CS adsorbents have been studied,
exhibiting affinities for metal ion removal in the following
order: Cu®* >Pb** >Cd** >Zn>* (Lietal. 2011).

Alumina or aluminum oxide (Al,O3) is widely used in
many applications, such as microelectronics, catalyst sup-
port, mechanical structure, selective membrane application,
and wastewater treatment. Various investigations have sug-
gested that Al,O5 has the potential to remove metal ions such
as Pb>*, Cr**, Cu®*, Cd**, Ni**, and Hg?* from synthetic
solutions and wastewater from industry (Hua et al. 2012;
Rahmani et al. 2010). In addition, Al,O5 particles were
synthesized by a simple sol—gel method, which allowed the
control of particle size. A small particle size increases the
surface area, improving the effectiveness of the adsorption

process due to the increased amount of binding sites (Rahm-
ani et al. 2010).

This research aimed to fabricate novel composite adsor-
bents based on biodegradable polymeric materials, polyvinyl
alcohol (PVA), and chitosan (CS), with incorporated alu-
mina (Al,O3), in order to improve the adsorption proper-
ties of metal ion removal. The PVA/CS/A1,05 composite
adsorbents would be expected to display improved adsorp-
tion efficiency, as there is an increase in the surface area
proportional to the number of active sites. In addition, these
materials would be expected to have biodegradable proper-
ties, as only small amounts of alumina (0.75 g and 1.5 g, for
the mass ratios of 0.25 and 0.50, respectively) was used to
synthesize the adsorbents. These adsorbents are eco-friendly
in nature, reusable, and can be efficiently regenerated.

Experimental
Materials and methods

Poly(vinyl alcohol) (PVA) (molecular weight~50,000-85,000 g/
mol), chitosan (CS) (molecular weight ~ 100,000-300,000 g/
mol), and sodium alginate (Na-Alg) were purchased from Arcos,
Belgium. Calcium carbonate (CaCO;) and aluminum sulfate
(Al,(SO,)5) used in this work were acquired from Ajax Fine-
chem Pty. Ltd., Australia. Calcium chloride (CaCl,) and boric
acid (H;BO;) were obtained from Carlo Erba Reagents S.A.S.,
France. Ammonium hydroxide (NH,OH), hydrochloric acid
(HCI), lead (II) nitrate (Pb(NOs),), and nickel (II) nitrate hexa-
hydrate (Ni(NOs),-6H,0) were received from Qrec, New Zea-
land. Copper (II) nitrate tetrahydrate (Cu(NO;),"4H,0) and zinc
(IT) nitrate hexahydrate (Zn(NO;), 6H,0) were purchased from
Loba Chemie Pvt. Ltd., India. These chemicals were of analyti-
cal grade and used as received without further purification.

Preparation of aluminum oxide particles (Al,0;)

In a typical procedure, Al,O; particles were synthesized
by a sol-gel method with Al,(SO,); and NH,OH solutions
(Sharma et al. 2008). One hundred milliliters of a 0.5 M
solution of Al,(SO,); was prepared by dissolving Al,(SO,),
powder in distilled water and then slowly adding NH,OH
to form precipitates. These precipitates were separated by
centrifugation at 10,000 rpm for 10 min and then washed
with distilled water. The precipitates were then collected and
dried at 80 °C for 24 h. In order to obtain the appropriate
particle size, the resulting particles were milled into a small
powder. Then, the particles were calcined at 1100 °C for 1 h
to obtain alumina powder. Finally, this powder was milled
again by ball mill and sieved (45 pm) after calcinations, to
obtain the small Al,O; particles.
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Preparation of PVA/CS/AIL,0; adsorbents

The PVA/CS/Al,O; adsorbents were prepared through a sim-
ple reaction. PVA (6 g), Na-Alg (1.3 g), and CaCO; (10 g)
were dissolved in 150 mL of distilled water and the mixture
was heated at 90 °C for 2 h. Then, CS (7.5 g) and Al,O4
(0, 0.75, and 1.5 g for the mass ratios of 0, 0.25, and 0.50,
respectively) were added to the mixture and stirred continu-
ously for 6 h at 90 °C. The mixture was slowly dropped
by syringe into a 3 wt% CaCl,-saturated H;BO; solution
to create composite adsorbents and then carefully stirred
for 48 h to become stable. HCI1 (1 M) was then added until
no bubbles were being generated, to form macroreticular
adsorbents. The adsorbents were washed with distilled water
several times to become neutral and then dried at room tem-
perature to obtain porous PVA/CS/Al,O; adsorbents.

Characterization

X-ray diffraction (XRD) patterns were observed by Bruker
D8 Advance X-ray diffractometer, with a Cu-K,, X-ray
source (A1=1.54 10%) at a scan rate of 0.05°/s in the 20 range
from 5° to 80°, in order to investigate the composition of all
samples and confirm that Al,O; particles were incorporated
into the PVA/CS/A1,0; adsorbents.

Brunauer—-Emmett—Teller surface analysis (BET) was
introduced to investigate the specific surface area, pore
volume, and pore diameter of the prepared adsorbents. The
samples were analyzed using a Micromeritics 3Flex Surface
Characterization Analyzer. All of the synthesized adsorbents
were adsorbed with N, in an analysis bath at—196 °C and
desorbed at 80 °C overnight.

The morphology of PVA/CS/Al,0; adsorbents was
observed using FEI Quanta 450 scanning electron micro-
scope (SEM) with a voltage of 15 kV. This Quanta SEM was
equipped with energy dispersive X-ray spectroscopy (EDX)
to evaluate the elemental composition of the synthesized
samples. The samples were held on a specimen stub with
carbon tape adhesive.

Fourier-transform infrared (FTIR) analysis was performed
to study the adsorption mechanism of PVA/CS/0.50A1,0;,
before and after adsorption, by using a Spectrum Two Perki-
nElmer equipped with a diamond attenuated total reflection
(ATR) device at room temperature and a scanning range of
4000-400 cm™".

Adsorption experiments for a single system

The adsorption experiments began with metal stock solu-
tions. The stock solutions of metal ions (Pb>*, Cu®*, Zn?*,
and Ni%*) with concentrations of 1000 mg/L were prepared
by dissolving the appropriate metal nitrate in deionized
water and then diluted to prepare working solutions in the
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range of 100-500 mg/L. Adsorbents (0.1 g) were added
to 50 mL of metal solution. All of the batch experiments
were performed in 250 mL conical flasks with stoppers and
these flasks were shaken in a temperature-controlled shaker
at 100 rpm, 30 °C. The pH of metal solution was adjusted
to 6 using a 0.1 M solution of NaOH or a 0.1 M solution
of HCI, as previous literature suggests that metal removal
increases with an increase in the pH of the solution from 1
to 6, and remained constant at pH 6-7. Increasing the pH
beyond 7.0 led to the formation of metal precipitates in the
form of hydroxides (Li et al. 2011).

The effects of initial metal concentration on the adsorp-
tion of Pb**, Cu**, Zn**, and Ni** on the PVA/CS/Al,04
adsorbent surface were studied by adding the adsorbents to
metal solution with different initial concentration and then
shaking the flask for 24 h to ensure that the equilibrium point
was reached.

In this study, the metal ion concentration of all experiments
was determined using an AA Analysis 200 atomic adsorp-
tion spectrometer (AAS), with Pb lamp (283.31 nm), Cu lamp
(324.75 nm), Zn lamp (213.86 nm), and Ni lamp (232.00 nm).
In addition, all of the experiments were performed in triplicate
and the average values were used in the analysis.

Adsorption experiments for the quaternary system

The adsorption characteristics of PVA/CS/Al,O; adsor-
bents were determined in a quaternary metal mixture. The
initial concentration of each metal ion in the mixture was
100 mg/L. The adsorbents (0.1 g) were added to 50 mL of
metal mixture at pH 6.0 and the samples were shaken at
100 rpm, 30 °C for 12 h.

The effect of the contact time on the adsorption of Pb%*,
Cu**, Zn**, and Ni** in the quaternary system onto the
PVA/CS/Al,05 adsorbent surface was studied by allowing
the adsorbents to be in contact with the metal mixture and
then shaking for 12 h. The samples were collected at pre-
determined time intervals in each flask separately, and the
residual metal concentration was analyzed.

Desorption experiments

The reusability of PVA/CS/Al,O; adsorbents in the adsorp-
tion of metal ions was determined in this research. After the
adsorbents were used to adsorb metal ions, the adsorbents were
regenerated by soaking in a 0.1 M solution of HCI for 24 h.
These adsorbents were then washed with deionized water. The
regenerated adsorbents were reused in the next adsorption cycle.

Continuous adsorption experiments

The continuous adsorption experiment for the quaternary sys-
tem was performed via a column experiment. A cylindrical
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Fig. 1 SEM micrographs of
Al,O; particles at magnification
of 800 x (a) and 10,000 X (b)

column with a diameter of 3.6 cm and a height of 28.4 cm
was packed with adsorbents (1 g). The solution level was
maintained at 3 cm above the packing and the flow rate was
adjusted to 2 mL/min. The samples were collected every
10 min to determine the residual metal concentration.

Results and discussion

In this research, Al,O; particles were synthesized through the
sol—gel method as the materials for adsorbent synthesis. The
reaction between Al,(SO,); and NH,OH resulted in a white
powder, which was calcined to obtain Al,O; particles (Sharma
et al. 2008). These Al,O; particles were characterized by SEM
and XRD techniques, as shown in Figs. 1 and 2, respectively,
to confirm the successful synthesis. SEM was performed to

observe the morphology of the Al,O; particles (Fig. 1). Fol-
lowing the synthetic process, the images revealed that the Al,O5
particles agglomerate due to the strong bonds between primary
particles (Furushima et al. 2012). The XRD results show that
the spectrum of Al,O; displays a type of a-transition structure,
with characteristic peaks located at 26 of 25.49°, 35.04°, 37.68°,
43.26°, 52.44°, 57.39°, 61.34°, 66.4°, 68.15°, and 76.76° indi-
cated to (012), (104), (110), (113), (024), (116), (122), (124),
(030), and (119) crystal planes, respectively (Fig. 2) (Boumaza
et al. 2009).

The PVA/CS (mass ratio of 2:2.5) and PVA/CS/AlL,0,
(mass ratios of 2:2.5:0.25 and 2:2.5:0.50, respectively) were
synthesized by mixing PVA, Na-Alg, and CaCOj in distilled
water and stirring at 90 °C. CS and Al,O; were then added
to the mixture with different mass ratios. Subsequently,
the slurry was added to the 5% CaCl, in saturated B(OH);

Fig.2 XRD spectra of Al,O, ? N - :
particles, PVA/CS and PVA/CS/ : ot :: ;
Al,O; adsorbents . . o . :
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solution. This step was required to enhance the stability and
the strength of the polymer composites, as calcium (Ca>*)
and borate ions (B(OH), ") have the ability to cross-link Na-
Alg and PVA, respectively. The polymer composite adsor-
bents were added into a 1 M solution of HCl in order to react
with CaCOj;, which inserted in the composite adsorbents
until gas bubbles were no longer visible in the mixture. This
method was used to generate porous materials with suitable
properties to be used as adsorbents for the removal of heavy
metals.

Morphology of PVA/CS and PVA/CS/Al, 0,
adsorbents

The morphologies of PVA/CS and PVA/CS/Al,05 adsor-
bents were studied by SEM. SEM micrographs of the synthe-
sized adsorbents are displayed in Fig. 3. The images reveal
the presence of macroporous adsorbents with various sizes,
composed of web-like structures due to the reaction between
HCI and CaCOj within the structure of PVA/CS and PVA/
CS/AL,O;. The results show that PVA/CS/0.50A1,05 has the
largest particle size and pore size. Therefore, the results sug-
gest that the incorporation of Al,Oj particles into the PVA/
CS adsorbents increases the particle size due to the increase
in pore size. It may be that the Al,O; particles incorporated
into the PVA/CS led to the dilution of the polymer matrix

Fig.3 SEM micrographs of
PVA/CS, PVA/CS/0.25A1,05,
and PVA/CS/0.50A1,0; at
magnification of 15 X (a—c),
100 x (d—f), and 2000 X (g-i),
respectively
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and repulsion between the charges on the Al,O; surface and
polymer chain in aqueous solution. This process might affect
the size of these adsorbents (Franks and Gan 2007).

In order to determine the percent composition of the PVA/
CS/Al,05 adsorbents, EDX technique was introduced. The
EDX spectra of PVA/CS/Al,O5 adsorbents are shown in
Fig. 4, and the weight percent and the atomic percent are
shown in Table 1. The results show that the weight percent of
aluminum (Al) for PVA/CS/0.25A1,05 is 0.65%, increasing
to 2.28% for PVA/CS/0.50AL,0;, representing the increase in
the amount of Al,O; particles within the adsorbents. In addi-
tion, boron (B) and calcium (Ca) were involved in the cross-
linking of PVA and Na-Alg during the synthesis, respectively.
Thus, the weight percent of B and Ca in PVA/CS/0.25A1,0;
were 9.01% and 0.07%, respectively. For PVA/CS/0.50A1,0;,
these elements increased to 12.79% and 0.08%, respectively.
It is likely that the increase of these elements is due to an
increase in the number of cross-linked species. This may be
due to the space between polymer chains being increased
by the presence of Al,O; particles and therefore the cross-
linking agents can more easily insert into the space and then
react with PVA and Na-Alg (Pefia-Reyes et al. 2017).

EDX mapping of the element Al is shown in Fig. 5, repre-
senting a good dispersion of Al,O; particles within the PVA/
CS matrix. The adsorbents were observed as a homogenous
mixture.
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Fig.4 EDX spectra of PVA/CS/Al,O; adsorbents

X-ray diffraction

In order to investigate the composition of the PVA/CS
and PVA/CS/AlL,O; adsorbents, the XRD technique was
employed. The XRD spectra of PVA/CS and PVA/CS/Al, 0,
adsorbents with various mass ratios of Al,O5 are displayed
in Fig. 2. The XRD spectrum of PVA/CS composites exhib-
ited a sharp peak of crystalline phase at 26 of 19° and broad
peaks of semi-crystalline phase around 26 of 14°, 30°, and
42°. The XRD spectra of PVA/CS/Al,O; adsorbents dis-
played the PVA/CS peaks (broad and low intensity peaks)
and the Al,O; characteristic peaks (sharp peaks at 26 of
25.49°, 35.04°, 37.68°, 43.26°, 52.44°, 57.39°, 61.34°,
66.4°, 68.15°, and 76.76°), where the intensity increases
with increasing amount of Al,O; particles. The sharp dif-
fraction peak of Al,O; particles revealed that these particles
had high crystalline nature and were found in the PVA/CS/
Al,O5 spectra. Furthermore, these results confirmed that
the addition of Al,O; particles to the PVA/CS blend in the
preparation of PVA/CS/Al,O; adsorbents did not affect the
chemical structure.

Brunauer-Emmett-Teller surface analysis (BET)

BET surface analysis was introduced to observe the specific
surface area and porosity of the PVA/CS and PVA/CS/AL,O4

adsorbents. BET data, such as BET surface area, pore vol-
ume, and average pore diameters, are listed in Table 2. The
results show that PVA/CS, PVA/CS/0.25A1,0;, and PVA/
CS/0.50A1,0; adsorbents had surface areas of 11.500, 10.108,
and 17.903 mz/g, and pore volumes of 24.109, 18.145, and
71.873 mm?/g, while the average pore diameters were 8.263,
7.730, and 14.546 nm, respectively. In the case of PVA/
CS/0.25A1,0;, the small amount of Al,O; in the composite had
a minimal effect on the surface area. However, it was clearly
observed that the increase in the amount of Al,O; particles
to a mass ratio of 0.50 in the adsorbents led to an increase in
surface area, which enhanced the adsorption efficiency due to
the increase in contact sites between metal ion and adsorbent
surface. PVA/CS/0.50A1,0; showed the best improvement in
surface area and pore size.

Thus, the above results suggest that PVA/CS/0.50A1,0,
adsorbents exhibit the best properties of the adsorbents stud-
ied, such as a larger surface area directly affecting adsorp-
tion efficiency. This was a reason why these materials were
chosen to use as adsorbents for heavy metals, such as Pb%*,
Cu?*, Zn*, and Ni**, removal from aqueous solution.

Adsorption experiments for a single system
Effect of initial concentration of heavy metal ions

An important term for the adsorption study was the number
of adsorbed species on the surface of adsorbents. This value
is related to the concentration of adsorbed species in the
solid phase, or the adsorption capacity at equilibrium (Q,,
mg/g), calculated by the following equation:

(c,-c,)v
Q=—"7—"— ()
m
where C, and C, (mg/L) are the initial and equilibrium
concentrations of metal ions in the solution, respectively. V
(L) is the volume of the solution and m (g) is the mass of
the adsorbents.

Table 1 Composition of PVA/CS/AlL,0; adsorbents

Elements Samples
PVA/CS/0.25A1,04 PVA/CS/0.50A1,04
Weight (%) Atom (%) Weight (%) Atom (%)

B 9.01 10.93 12.79 15.43

C 52.50 57.31 49.06 53.29

N 4.03 3.77 8.34 7.76

o 33.75 27.66 27.45 22.38

Al 0.65 0.32 2.28 1.10

Ca 0.07 0.02 0.08 0.03
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Fig.5 SEM micrographs and
EDX mapping of Al on the
surface of PVA/CS/0.25A1,0;
(a-b) and PVA/CS/0.50A1,04
(c—d) adsorbents

The adsorption of Pb2*, Cu®*, Zn**, and Ni** on the
PVA/CS/AlL,O; adsorbents was studied by the addition of
the adsorbents into metal ion solution of different concen-
tration in the range of 100-500 mg/L (ppm) at 30 °C for
24 h. The results are shown in Fig. 6. It was found that
the amount of metal ions adsorbed on the surface of PVA/
CS/0.50A1,05 adsorbents increased with an increase in ini-
tial metal concentration. In addition, the adsorption graph of
Pb**, Cu*, Zn**, and Ni** revealed a steep slope at the low
metal concentration which suggested fast metal adsorption.
The gradient of the graph slope then slightly decreases at
higher concentrations, indicating a slower increase in metal
adsorption. The adsorption capacity of Pb** continuously

Table 2 Brunauer-Emmett-Teller surface analysis of PVA/CS/AL,O,
adsorbents

Samples BET surface area Pore volume Average
pore diam-
eter

m%/g mm?/g nm

PVA/CS 11.500 24.109 8.263

PVA/CS/0.25A1,0; 10.108 18.145 7.730

PVA/CS/0.50A1,0; 17.903 71.873 14.546

@ Springer

increased while the adsorption capacity of Cu®*, Zn>*, and
Ni?* reached an equilibrium. The maximum adsorption of
Pb>*, Cu®*, Zn*, and Ni** was determined as 69.48, 45.44,
27.22, and 12.03 mg/g, respectively. This indicated that
Pb?* exhibited the strongest affinity for PVA/CS/0.50A1,0;
adsorbents, followed by Cu®* and Zn>*, while Ni** showed
the least affinity.
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Fig.6 Effect of initial metal concentration on the adsorption of Pb%*,
Cu**, Zn**, and Ni.>* on PVA/CS/0.50A1,0, adsorbents
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Adsorption isotherm

The adsorption isotherm shows the relationship between the
amount of adsorbate left in the solution and the amount of
adsorbate adsorbed on the adsorbent surface. In this study,
the adsorption isotherm was studied by fitting two different
isotherm equations, such as the Langmuir and Freundlich
isotherms, to investigate the adsorption behavior of PVA/
CS/0.50A1,0; adsorbents in the adsorption of Pb**, Cu®™,
Zn**, and Ni**. This could describe the relationship between
the concentration of metal ions in the solid phase (metal ion
adsorbed onto the adsorbent surface) and in the liquid phase
(metal ions remaining in solution).

Langmuir isotherm

The Langmuir isotherm (Langmuir 1916, Zhou et al.
2018, Zhou et al. 2015) describes the equilibrium between
adsorbate and adsorbent systems. The adsorbate adsorption
is limited to monolayer adsorption (one molecular layer)
on a homogenous surface. There is no lateral interaction
between adjacently adsorbed molecules and a single mol-
ecule occupies a single binding site. The binding sites have
equal affinity and energy. The Langmuir equation is given
as Eq. (2) below:

C

e

1 C

e

= +
Qe KL Qmax Qmax

where O, (mg/g) and C, (mg/L) are the adsorption capac-
ity of the metal on the adsorbent surface at equilibrium and
the residue concentration of metal in solution (equilibrium
concentration of metal on solid and liquid phase), respec-
tively. Q,,,. (mg/g) and K; (L/mg) are the Langmuir con-
stants related to saturated monolayer adsorption capacity
and binding energy of the adsorption system, respectively.

(@)

Freundlich isotherm

The Freundlich isotherm (Freundlich 1906), an empirical
adsorption model, assumes a multilayer adsorption of metal
ions onto a heterogeneous surface. The amount of adsorb-
ate that is adsorbed onto the adsorbent surface increases
infinitely with the increase in adsorbate concentration. The
linearized Freundlich equation is given as Eq. (3) below:

InQ, = InK; + llnCe 3)
: n
where Q, (mg/g) is the adsorption capacity of metal on

the adsorbent surface at equilibrium and C, (mg/L) is the
residue concentration of metal in solution (equilibrium

concentration of metal on solid and liquid phase, respec-
tively). Ky and n are the Freundlich constant related to
adsorption capacity and intensity, respectively.

The Langmuir and Freundlich constants, and the correla-
tion coefficients (R?) are listed in Table 3. It was observed
that the Freundlich model showed the highest R value. This
indicates that the equilibrium data obtained from adsorption
of Pb**, Cu**, Zn**, and Ni** on the PVA/CS/0.50A1,0;
adsorbents is a good fit for the Freundlich isotherm model.
The adsorption characteristic occurred for heterogeneous
interactions between the metal ions and PVA/CS/0.50A1,0;
adsorbents. The n constant, which represents the amount of
adsorption, was greater than 1, indicating good adsorption
at high concentrations.

FTIR analysis

The adsorption mechanism of PVA/CS/0.50A1,0;, before
and after metal adsorption, was investigated by FTIR spec-
troscopy, and the spectra are shown in Fig. 7.

In the case of PVA/CS/0.50A1,0; before adsorption,
PVA showed a characteristic broad band between 3000 and
3600 cm™! and another bending vibration at v=1647 cm™!,
which refers to —OH groups involved in intramolecular and
intermolecular hydrogen bonding. The bands at 2905 cm™!
and at 1417 cm™" were stretching and bending vibrations of
—CH, and CH-O-H, respectively. Moreover, characteristic
saccharine bands at 1072 cm™~" and 947 cm™, as well as
the band between 3000 and 3600 cm™! for -NH, and -OH
groups, were good evidence for the CS structure. The two
characteristic peaks of Al,O; at v=634 cm™! and 562 cm™!
were evidence for the incorporation of Al,O; molecules into
the polymer matrix. However, there was a clear increase in
the intensity of these bands for the PVA/CS/0.50A1,05 fol-
lowing metal adsorption, which is attributed to the interaction
with metal ions. Therefore, the shift and the intensity increase

Table 3 Isotherm constants for adsorption based on the Langmuir
isotherm and Freundlich isotherm

Kinetics Pb>* Cu?* Zn*t Ni2+
parameters
Q,,, (mg/g) 69.48 45.44 27.22 12.03
Langmuir isotherm
Qe (Mglg)  —5.56x10* 125000  2304.15  303.03
K; (L/mg) —8.92x107% 4.02x107™* 2.16x10™* 1.69%x 1073
R? 0.001378 0.1081 0.5299 0.9645
Freundlich isotherm
K;(mg/g) 0.495 0.536 0.509 0.546
n 0.999 1.023 1.009 1.033
R? 1.0000 0.9964 0.9999 0.9999
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Fig.7 FTIR spectra of PVA/ 1004
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in all bands were the interaction between the adsorbent and
metal ions.

The mechanism of adsorption might occur through
the electrostatic interactions between the positive charge
of the metal ions and the negative charge of lone pair
electrons on the binding sites of adsorbents resulting
in the formation of metal complexes. In general, PVA
and chitosan contain electron donating groups, such
as hydroxyl groups (-OH) and amine groups (-NH,),
while Al,0; contains many pairs of electrons belong-
ing to oxygen atoms and hydroxyl groups on its sur-
face. The affinities of the different metal ions can be
explained on the basis of their electronegativity and
hydration energy. The order of electronegativity is as
follows: Cu** >Ni** >Pb** >Zn** (Arias et al. 2002).
Considering only this parameter, the results suggest that
Cu?* exhibits a strong attraction to the lone pairs pre-
sent on binding sites, forming stable complexes. How-
ever, hydration energy is also an important parameter
for explaining the result, because this is involved in the
replacement of water ligands with hydroxyl groups. The
hydration energy was observed in the following order:
Ni** >7Zn?* > Cu?* >Pb>" (Liu et al. 2008; Ricordel
et al. 2001). Thus, Pb%* might attach to the binding
sites of adsorbents more easily. In addition, the hard-
soft/acid—base phenomenon between metal ions and the
binding sites of adsorbents was another factor for con-
sideration. Previous literature shows that the modified
1-nitroso-2-naphthol alumina in neutral phase selectively
adsorbed Pb** over Cu* from wastewater at low metal
ion concentrations (mg/L) (Mahmoud et al. 2010).

Adsorption experiments for a quaternary system
In the single system, there was no competition between cati-

onic adsorbates and therefore their adsorption characteristic
could be easily determined. However, a system consisting of
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different metal species under the same condition was more
interesting to investigate, which would consider the adsorption
behavior of each metal ion on the adsorbents. Therefore, an
adsorption experiment using PVA/CS/0.50A1,0; was studied
for the quaternary system.

The PVA/CS/0.50A1,05 adsorbents were introduced and
allowed to contact a mixture of Pb%*, Cu?*, Zn**, and Ni*
ions, with a concentration of 100 mg/L of each metal ion, for
12 h to reach equilibrium. The adsorption capacity at equilib-
rium obtained experimentally (Q,,,, mg/g) for the metal ions
is listed in Table 4. The adsorption capacity values at equilib-
rium of Pb**, Cu®*, Zn**, and Ni** were 12.50, 7.49, 6.93,
and 6.75, respectively. The affinity of each type of metal ion
was in the same order: Pb*" >Cu*" >Zn** >Ni?*. Thus, it
is observed that the dominant adsorption characteristic among
these heavy metal ions was found in both of the single and
multiple systems.

The effect of contact time

The kinetic study of the adsorption experiment for the qua-
ternary system was performed by studying the effect of con-
tact time on the adsorption of Pb**, Cu?*, Zn?>*, and Ni**
onto the PVA/CS/0.50A1,05 adsorbents. The kinetic curves
are shown in Fig. 8. These curves illustrate the relationship
between contact time and adsorption capacity (Q,, mg/g).
The results show that adsorption capacity increased with the
increase in contact time. The adsorption capacity of Zn>*
reached equilibrium at 120 min, while the others were still
increasing at 720 min.

Table4 Adsorption capacity of a quaternary system (Pb**, Cu?*,
Zn**, and Ni.>*) on PVA/CS/0.50A1,0, adsorbents

Adsorption  Pb** Cu** Zn** NiZ*

1250+1.80 7.49+1.55 6.93+047 6.75+2.03

Qep (Mg/g)
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Fig.8 Effect of contact time on the adsorption of Pb**, Cu®*, Zn**,
and Ni.2* onto PVA/CS/0.50A1,0; adsorbents

Adsorption kinetics

The adsorption behavior of the adsorption of Pb>*, Cu?*,
Zn**, and Ni** onto PVA/CS/0.50A1,05 adsorbents was
investigated. Adsorption kinetic models, such as pseudo-first
order and pseudo-second order, were used to fit the data
obtained from the kinetic experiment of the quaternary sys-
tem, including the adsorption capacity as a function of time.

A pseudo-first-order model assumes the adsorption of
one adsorbate molecule on one active site of the adsorbent
surface (Ibrahim et al. 2019; Khan et al. 2015).

The pseudo-first-order equation is given as Eq. (4) below:

In(Q, - Q,) =InQ, — Kyt )

where Q, (mg/g) and Q, (mg/g) are the adsorption capac-
ity at equilibrium and at predetermined time 7 (min), respec-
tively. K| is the first-order rate constant (1/min).

A pseudo-second-order model has the assumption that
the adsorption capacity is dependent on the number of active
sites on the adsorbent surface. The pseudo-second-order
equation (Ho and McKay 1998) is expressed as Eq. (5):

t 1 t

0 K& 0 ©)

where K, (g/(mg min)) is the second-order rate constant.

The kinetic constants obtained from pseudo-first-order
and pseudo-second-order models are listed in Table 5. The
results for Pb?*, Cu®*, and Zn** show that the correlation
coefficient (R?) obtained from the pseudo-second-order
model is higher than that obtained from the pseudo-first-
order model. This indicates that the pseudo-second-order
kinetic model fitted the experimental data better than the
pseudo-first-order kinetic model. Thus, we can conclude
that the adsorption kinetics of Pb?*, Cu®*, and Zn>* behave

Table 5 Kinetic parameters obtained from the kinetic equation based
on the pseudo-first-order and pseudo-second-order models

Kinetic parameters Pb** Cu** Zn** Ni2*
0., (mg/g) 12.50 7.20 6.93 6.75
Pseudo-first-order
0, (mg/g) 8.24 7.21 1.58 7.43
K, (min™!) 0.0023  0.0053 0.0031 0.0029
R? 0.8318  0.8393 0.5526 0.8063
Pseudo-second-order
0, (mg/g) 11.07 7.71 6.72 7.22
K, (g/(mg min)) 0.0016  0.0014 0.0217 0.0004
R? 0.9696  0.9624 0.9998 0.6308

according to pseudo-second-order kinetics. The theoreti-
cal adsorption capacity values calculated from the equa-
tion were close to the experimental values. Moreover, the
adsorption rate of Zn>* was the fastest, followed by Pb>*,
while Cu* displayed the slowest rate. On the other hand,
Ni?* exhibited adsorption behavior expected for a pseudo-
first-order model more than a pseudo-second-order model,
as shown by the higher correlation coefficient. In the early
stages, the adsorption capacity increased with adsorption
rate but then increased later. The reason might be related to
the affinity of Ni**. This ion showed the lowest adsorption
efficiency and the effect of a competitive system of multiple
adsorbates with a limited number of active sites may have
controlled the adsorption rate.

Desorption

Reusability was the most important factor for deciding if
the novel adsorbents were an improvement on the previous
ones. This property makes the adsorption process more eco-
nomical and feasible. In addition, the regeneration process
should not be complicated. Thus, the reusability of PVA/
CS/0.50A1,05 adsorbents was investigated. In the previous
literature, many desorbing agents such as distilled water,
HCIl, and EDTA at various concentrations were used to
regenerate adsorbents. The results suggest that a 0.1 M solu-
tion of HCI provides the optimal performance for the desorp-
tion of various metal ions (Li et al. 2011). Thus, the used
adsorbents were regenerated by soaking in a 0.1 M solu-
tion HCI and shaking for 24 h. The regenerated adsorbents
were then used for next adsorption cycle and this cycle was
repeated twice. The results are shown in Fig. 9 and the per-
centage adsorption of each cycle is listed in Table 6.

The adsorption capacities of Pb**, Cu’**, Zn>*, and Ni**
onto the PVA/CS/0.50A1,0; adsorbents decreased with
additional adsorption cycles. The percentage adsorption of
Pb%*, Cu®*, Zn?*, and Ni?* in the first reuse was 92.59%,
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Fig.9 Adsorption capacities of PVA/CS/0.50A1,05 adsorbents after

adsorption—desorption processes

Table 6 The percentage adsorption of Pb**, Cu*, Zn**, and Ni.>* on
the PVA/CS/0.50A1,05 adsorbents in the first and second reuse

96.30%, 88.10%, and 58.33%, respectively, which decreased
to 85.19%, 85.19%, 84.92%, and 49.79%, respectively, in
the second reuse. The results indicated that Pb>*, Cu*, and
Zn** could be desorbed using 0.1 M HCl efficiently, while
the desorption of Ni?* with HCI was inefficient. However,
PVA/CS/0.50A1,0; adsorbents could be regenerated for
reuse and this ability would decrease the operational costs of
industrial application. Thus, the PVA/CS/0.50A1,0; materi-
als are efficient adsorbents for economic metal ion removal.

Continuous adsorption experiments

The preliminary column experiment was designed for fur-
ther use of the PVA/CS/0.50A1,0; adsorbents for metal ion
removal on an industrial scale. In the experiment, the solu-
tion of metal ions, with flow rate of 2 mL/min, was passed
through the column packed with PVA/CS/0.50A1,0; adsor-
bents as a fixed bed, and the samples were collected at a pre-
determined time, in order to investigate the residual concen-
tration of the metal ions. This experiment was performed for
12 h, assuming that the column could be used successfully
for metal ion removal for infinite time. The breakthrough
curves of continuous adsorption are displayed in Fig. 10.

%Adsorption Pb2+ Cut 72t Niz*+ The total removal amount (Q,,,,;) could be evaluated
according to Eq. (6) (de Freitas et al. 2018)
First reuse 92.59 96.30 88.10 58.33
Second reuse 85.19 85.19 84.92 49.79 0 Co e ! | Ct p ;
total — 1000 om Co ( )
0
Fig. 10 Breakthrough curves 12 o 12 -
of the column experiment for Pb Cu
continuous adsorption of Pb%*, 1o- . . Lo
Cu?*, Zn’*, and Ni.>* by PVA/ = " . '
CS/0.50A1,05 adsorbents as a . . "
fixed bed =038 - " <058 et -
0.6+ 0.6
044 , . . . . . . 044 . . . , . . .
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Time (min) Time (min)
12 - 12 —
Zn~ Ni
1.0 1.0
i A A A A ¥ v
- * Y ¥ v ¥ v
= 0.8+ = 081 v v ¥
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Table 7 Total amount of removed metal ions in the continuous
adsorption experiment

Continuous adsorption Pb** Cu*t Zn** NiZ*

20.62 40.32 17.46 27.05

Qtutul (mg/g)

where G (mL/min) is the flow rate of metal solution; C,
and C, (mg/L) are the inlet metal concentration and outlet
concentration at time ¢.

The breakthrough curves indicated that the outlet con-
centrations of metal ions after 12 h of sampling were still
lower than that of the inlet concentration. These results
related to kinetic adsorption experiments showed that the
adsorption rate of Pb**, Cu®*, Zn**, and Ni** on the PVA/
CS/0.50A1,05 adsorbents was very slow. However, the
adsorption of Cu®* predominated in the selective com-
petition for static column adsorption. The Q,,,,; values of
each metal ion are shown in Table 7, and these follow the
order: Cu** >Ni** >Pb?* >Zn>*. This suggests that the
electronegativity and charge density lead to strong attrac-
tions in the negative binding sites. Moreover, there was less
metal adsorption by the column because no external force
was added to enhance the freely mobilized metal ions in the
mixture, and the mixed solution might have passed through
the column too quickly to allow strong electrostatic interac-
tions between the metal ions and the adsorbent surface.

Conclusion

The PVA/CS, PVA/CS/0.25A1,0;, and PVA/CS/0.50A1,0,
composite adsorbents were synthesized and characterized.
The adsorption of Pb>*, Cu?*, Zn?*, and Ni** onto these
adsorbents was investigated, from aqueous solution. The
PVA/CS/0.50A1,0; adsorbents exhibited good chemical sta-
bility and excellent adsorption ability from Pb>*, Cu?*, Zn*,
and Ni** solutions. Important factors affecting the adsorp-
tion, such as initial concentration and contact time, were
studied. The Freundlich isotherm was applied to explain the
adsorption behavior of PVA/CS/0.50A1,0, for Pb**, Cu*™,
Zn*, and Ni** removal. The kinetic results suggested that
the adsorption kinetic behavior of Pb>*, Cu®*, and Zn** fol-
lowed a pseudo-second-order model. However, Ni>* exhib-
ited pseudo-first-order model adsorption behavior. Competi-
tive adsorption was studied in quaternary metal systems. It
was confirmed that PVA/CS/0.50A1,0; displayed the highest
selectivity towards Pb>* over the other metal ions. In addi-
tion, the re-adsorption capacities were studied. It was found
that the adsorbents could attain a high percent of the initial
adsorption values after many cycles of adsorption—desorp-
tion operations. This confirmed the reusability of the PVA/
CS/0.50A1,05 adsorbents. Overall, it can be concluded that

PVA/CS/0.50A1,05 had the greatest adsorption capabili-
ties for heavy metal removal from aqueous solution, and it
was also an eco-friendly and reusable adsorbent. Thus, this
material is a good choice to apply to metal removal from
wastewater, owing to its high adsorption and selectivity, low
cost, easy preparation, uncomplicated separation, and excel-
lent reusability.
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