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Abstract: Recently, a renewed interest in techniques for heavy metal removal of wastewater has been growing because of embarking
opportunities for industrial applications. We investigated the adsorption capacity of the copper on the poly (vinyl alcohol) hydrogel
from the aqueous solution. Chemical structure and water absorption of the hydrogel were studied using FTIR and water uptake
measurement, respectively. The results showed that the poly (vinyl alcohol) was crosslinked with glutaraldehyde, and the hydrogel
highly exhibited the equilibrium swelling ratio because of its hydrophilicity property. Additionally, it was found that the adsorption
process followed the pseudo-second-order kinetics and the mechanism diffusion was controlled by particle and film diffusions.
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1 Introduction

Heavy metals are serious causes of environmental
pollutions affecting living microorganism and human
with regards to their non-biodegradation and then
accumulation in environmental compartments (air—
water—soil—biota). Particularly, water is very important

to organisms and is a dissolving medium of heavy metals.

Many toxic heavy metals to human, such as copper (Cu),
lead (Pb), cadmium (Cd), and chromium (Cr) [1,2],
should be removed from wastewater before discharging
to environments. Especially, Cu is an essential element in
trace amount but at a higher level it is toxic to plants,
animals, and humans [3]. Recently, Cu is widely used in
various important industrial applications, so its removal
and recovery from wastewater are significant for the
environmental protection and human health.

Nowadays, numerous processes exist for removing
dissolved heavy metals, including chemical precipitation
[4,5], photocatalytic degradation [6], membrane filtration
[7], electrochemical technology [8], reverse osmosis
[9,10], and adsorption [11]. Among these processes,
adsorption is one of the most effective and economical

methods for removing the heavy metals from aqueous
solutions [12—15].

Considering environmental concerns, poly (vinyl
alcohol) (PVA) is a water soluble polymer with
characteristics of non-toxicity, biocompatibility and
biodegradability [16,17]. Another crucial factor
enhancing the suitability of PVA is hydrophilicity owing
to its regular linear structure with a large number of side
hydroxyls on the molecular chain [18,19]. Hence, PVA
has been manufactured into a variety of adsorbent types,
such as ion-exchange film [20] and hydrogel [21,22].
PVA is a semi-crystal hydrophilic polymer consisting of
one hydroxyl group in each repeat unit with being
crosslinkable representing desirable adsorbent structure.
Its mechanical strength and chemical stability can be
enhanced through crosslinking by chemical reaction,
which can be defined as three-dimensional polymeric
network [23]. Like other hydrogels, the PVA hydrogel
shows faster adsorption kinetics for removing heavy
metals from aqueous solution [24]. Recently, several
research groups have investigated the removal of Cu
with different types of adsorbent materials such as
PVA/chitosan [22,25], PVA semi-IPN poly (acrylic acid)/
tourmaline [26], and PVA/SiO, [27].
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Surprisingly, there is less report about treatment of
Cu(Il) from aqueous solution using only PVA so far.
Therefore, in the present study, we investigated the
kinetics of Cu(Il) ion adsorption with the neat PVA
hydrogel as a novel adsorbent. The PVA hydrogel was
prepared from PVA with glutaraldehyde as a crosslinking
agent. The synthesized PVA hydrogel was investigated
by Fourier transform infrared spectroscopy and water
uptake capacity test, as well as batch adsorption
equilibrium in order to study the effect of pH, contact
time and temperature. Additionally, the kinetics and
mechanism of adsorption were studied by using
pseudo-first-order, pseudo-second-order and intraparticle
diffusion models.

2 Experimental

2.1 Materials

Poly(vinyl alcohol) (M,=140000 g/mol, M,/M,=
3.0, 87%—89% hydrolyzed) was purchased from Sigma-—
Aldrich (Germany). Glutaraldehyde was obtained from
Fluka (Switzerland) and CuSO,5H,0 was from Merck
(Germany). All other chemicals were of analytical grade,
and were used in as-received state without further
purification.

2.2 Preparation of PVA hydrogel

PVA aqueous solution (10% in mass fraction) was
prepared by dissolving PVA powder in distilled water at
90 °C with constant stirring for 2 h, and then cooled to
room temperature. Crosslinking solution (5.71 mL)
prepared from 50% (mass fraction) methanol, 10% acetic
acid, 1.25% glutaraldehyde and 10% sulfuric acid with
solution mass ratio of 3:2:1:1 was added into PVA
solution (10.0 mL) under constant stirring. After that, the
mixture was poured into a Petri disk and the gel was then
formed within 30 min. The prepared PVA hydrogel was
dried at 40 °C in a vacuum oven overnight.

2.3 FTIR spectroscopy

The PVA hydrogel was characterized by a Fourier
transform infrared (FTIR) spectrophotometer (FT—710,
Horiba FTIR) to verify its composition and chemical
structure from functional groups. The samples were
prepared by film casting techniques, and then the
spectrum for each sample was recorded in the
wavenumber range of 4000-400 cm ' at room
temperature.

2.4 Water uptake capacity of PVA hydrogel

The ability of the PVA hydrogel to absorb medium
was studied to understand the diffusion of medium and
heavy metals into the PVA hydrogel, which is essential
for heavy metal removal application. The water uptake

capacity (W,) of the PVA hydrogel was evaluated using
the following equation.

w, = =M 1009 (1)
Mo

where m; and m, refer to the mass of swollen adsorbent
hydrogel at time t and dry state, respectively.
Pre-weighed dry PVA hydrogel sample, defined as mo,
was immersed into a certain amount of deionized water.
After immersion in water, the samples were taken out
from water at certain time intervals (every 10 min),
gently rapidly dried with filter paper to remove the
excess water, and subsequently weighed to define m,. All
the tests were performed in triplicate (n=3) under
identical conditions.

2.5 Adsorption capacity

The adsorption capacity of Cu(Il) ions onto the PVA
hydrogel was carried out at ambient condition. Dry PVA
hydrogel (1 g) was introduced into the Erlenmeyer flask
with solution (30 mL) containing 50 mg/L Cu(Il) ions.
The flasks were placed in a thermostatic stirrer and
agitated at the fixed speed (100 r/min). Samples were
taken periodically for measurement of aqueous phase at
each time interval. The concentration of remaining Cu(II)
ions in solution was estimated by an atomic absorption
spectrophotometer (AAS) (AAnalyst 200, Perkin Elmer)
[28]. The effect of contact time, pH and temperature was
studied. For each condition, three samples (n=3) were
investigated. The adsorption capacity (d.) of the Cu(Il)
ions onto the PVA hydrogel was calculated using the
following equation:

q. :wxm% )

where C, and C, refer respectively to the initial and the
equilibrium concentrations of Cu(Il) ions solution; V is
the volume of the Cu(Il) ions solution; and m is the mass
of the PVA hydrogel. The adsorption of Cu(Il) ions was
determined by

n=LC=C, 1009, (3)
Co

where C, and C; are the concentrations at initial and time

t of Cu(Il) ions solution, respectively.

2.6 Kinetics of adsorption and mechanism

The kinetic parameters are useful in predicting the
adsorption rate used as important information in
designing and modeling of the adsorption process.
Therefore, we investigated the kinetic rate of the Cu(II)
ion adsorption on the PVA hydrogel using pseudo-
first-order and pseudo-second-order models. Additionally,
the intraparticle diffusion or Webber and Morris model
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was used to investigate the mechanism of Cu(Il) ion
adsorption.

3 Results and discussion

3.1 FTIR spectrum

FTIR spectroscopy was carried out to elucidate the
presence of reaction of crosslink in the PVA molecules.
Figure 1 shows the FTIR spectra of the PVA and PVA
hydrogel. The FTIR spectrum of PVA shows a
predominant broad band around 3338 cm' relating to the
stretching O—H group, of which frequency has been
modified by the intermolecular and intramolecular
hydrogen bonds [29]. Peaks around at 2939 cm™' and at
1450 cm ' correspond to the C—H stretching and
—CH,— bending from alkyl groups, respectively. The
sharp peak at 1735 cm ' indicates the presence of acetate
groups of poly(vinyl acetate) [29]. This is related to the
partial (87%—89%) hydrolyzation of the PVA mentioned
earlier. An important peak is verified at a wavenumber of
1098 cm ' that is mostly attributed to the crystallization
of PVA, related to carboxyl stretching group [30,31]. For
the IR spectrum of PVA hydrogel, all of the characteristic
peaks can be still observed in the PVA, but essentially
expresses a new peak at 1231 cm™', corresponding to the
C—O——C groups. Therefore, we tentatively suggested
that the FTIR results indicated the possibility that the
PVA could be successfully crosslinked with
glutaraldehyde by a formation of acetal bridges within
PVA structure, as presented in our previous work [32].

PVA

Transmittance/a.u.

PVA
hydrogel

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 1 FTIR spectra of PVA and PVA hydrogel

3.2 Water uptake capacity of PVA hydrogel

Figure 2 shows the swelling behavior of the PVA
hydrogel in distilled water as a function of time. The
PVA hydrogel absorbed water readily upon soaking
during which a rapid swelling rate was observed at the
beginning within 10 min, and a saturation value,
approximately 250%, was gradually achieved within
approximately 40 min. This result revealed that the PVA

hydrogel can be used as adsorbent for removing heavy
metals from the aqueous solution as mentioned earlier.
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Fig. 2 Swelling rate of PVA hydrogel as function of time

3.3 Adsorption capacity

Basically, the removal efficiency of the system
depends on the contact time, pH and temperature.
Therefore, they were investigated to understand their
effects on adsorption capacity. The experimental results
will be presented in the following sub-sections.
3.3.1 Effect of contact time

Figure 3 shows the adsorption rate of Cu(Il) ion
with the time. The removal rate of Cu(Il) ion increased
with the contact time increasing. A sharp increase was
observed at the initial time within 20 min and attained an
optimum at the time of 40 min. The results could be
explained by following the time duration of adsorption
process. First, the Cu(Il) ion rapidly reached the
boundary layer of the adsorbent by mass transfer. Second,
it slowly diffused from boundary layer film to the
adsorbent surface. This behavior is probably explained
that the availably external sites of the adsorbent were
occupied. Finally, it diffused into the porous structure of
the adsorbent. This is in agreement with the results of
SENTHILKUMAAR et al [33].
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Fig. 3 Adsorption rate of Cu(I) ion as function of contact time
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3.3.2 Effect of pH

pH plays a vital role in adsorption of Cu(Il) ion
because hydrogen ions in the solution compete with the
positive charge interacted with the negative charge on
active sites of adsorbent [34,35]. Effect of pH on the
adsorption characteristics was determined in the pH
range of 4—7. The study showed that the system was
strongly pH dependent. As shown in Fig. 4, the
equilibrium adsorption capacity increased with higher
pH of the Cu(Il) solution. The maximum value of the
equilibrium adsorption capacity of the Cu(Il) ion on the
PVA hydrogel occurs at pH 5, and then declines at pH
value higher than 5. To our best knowledge, this behavior
can be explained as the following three steps. First, at
low pH the positive charge density is high due to many
protons adsorbed on surface; thus, the electrostatic
repulsion is also high during uptaking of metal ions,
resulting in lower removal efficiency. Second, with
increasing pH value, electrostatic repulsion decreases
because of the reduction of positive charge density on
sorption sites, resulting in an enhancement of metal ions
adsorption [36]. Finally, at higher optimized pH value
(pH>5), OH ™ ions completely react with metal ions at the
active sites on absorbent surface; then, the adsorption
capacity decreases [37].

100 |
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Fig. 4 Relationship between equilibrium adsorption capacity of
PVA hydrogel and pH

3.3.3 Effect of temperature

The influence of temperature on the adsorption
capacity of the PVA hydrogel for Cu(Il) ion was
investigated at 30 °C and 60 °C. The results obtained are
represented in Fig. 5. The equilibrium adsorption
capacity was significantly affected by temperature. The
result showed that the efficiency of Cu(Il) adsorption
was favorable at high temperature. This is probably due
to the adsorption expressing an endothermic in nature, in
agreement with the results of ALMEIDA et al [38] and
BULUT and AYDIN [35].
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Fig. 5 Equilibrium adsorption capacity of Cu(II) ion as function
of temperature

3.4 Kinetics and mechanism

Common sorption kinetic models, i.e. pseudo-
first-order and pseudo-second-order, were considered to
fit the obtained adsorption data.
3.4.1 Pseudo-first-order model

The pseudo-first-order equation or Lagergren’s
equation is given by

dq

— =k{(q, - 4
q G- )
where k{ is the rate constant of pseudo-first-order

adsorption;  is the amount of metal ions adsorbed at
time t; t is the contact time; and ¢ is the amount of metal
ion adsorbed onto adsorbent at equilibrium state. After
integrating with the initial conditions, the equation
becomes

lg(d, — ) =1gq, —[k{ /(2.3031)] (5)

The rate constant, k{, can be determined from the
slope of linear plots between lg(g.—q) and t. Figure 6
shows the pseudo-first-order kinetic plot for the Cu(Il)
ion adsorption with temperature. At 30 °C, the rate

lg[(g.~q)/(mg-g™)]
o

0 20 40 60 80 100
Time/min

Fig. 6 Pseudo-first-order kinetic plot for Cu(Il) ion adsorption
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constant of pseudo-first-order model exhibits very low
value of 0.048 min ', and R?>=0.912, as summarized in
Table 1. At 60 °C, the results of the rate constant and
correlation coefficient were low values, similar to those
from the temperature of 30 °C. Therefore, we can
conclude that this model was unsatisfied for use as a
model for prediction of the kinetic adsorption of Cu(II)
ion onto the PVA hydrogel.

Table 1 Pseudo-first-order and pseudo-second-order kinetic
models for adsorption of Cu(Il) ion on PVA hydrogel at
temperatures of 30 °C and 60 °C

Model Parameter 30°C 60°C
Pseudo-first-order K'1/min™! 0.048  0.050
kinetic R? 0912  0.932

K'»/(gmg "min) 0485  0.568
h/(mg-g "min”") 174.558 594.881
R? 0.999  0.999

Pseudo-second-order
kinetic

3.4.2 Pseudo-second-order model
The pseudo-second-order model can be represented
by

dg _, 2
Sk - 6
T (@ —a) (6)

where k} is the rate constant of pseudo second order
model. After integrating with the initial conditions and
rearrangement, the obtained equation is shown by

Eq. (7).

t 1 1
= — It 7
q (kéqezj—i_(qe] @

h=k} q.” (8)

where h is the initial adsorption rate. The k) and h can
be calculated from the slope and intercept of the linear
plot of t/q versus t, according to Eq. (7). The plots for
PVA hydrogel at temperature of 30 °C and 60 °C for
Cu(Il) ion adsorption are presented in Fig. 7. The values
for k’ and h were calculated and concluded in Table 1.
The correlation coefficient, R*, of PVA hydrogel for this
model were very high (0.999), close to unity. Hence, it
can be established that the adsorption of Cu(Il) ion on
the PVA hydrogel perfectly followed the pseudo-
second-order kinetic model. It can be concluded from the
value of kj of Cu(Il) ion that the reaction-taking place
was of the pseudo-second-order. Additionally, the
temperature also affected the rate constant of the Cu(II)
ion adsorption, as illustrated in Table 1.
3.4.3 Adsorption mechanism

The kinetics of the Cu(Il) ion adsorption on the PVA
hydrogel was further studied according to mass transfer
or intraparticle diffusion model. It is well known that the

T - S -

(t/g)/(min-g-mg™")

0 20 40 60 80 100 120 140
Time/min
Fig. 7 Pseudo-second-order kinetic plots for adsorption of

Cu(Il) ion

overall rate of the adsorption process is controlled by the
slowest step, called the rate-limiting step. This step in a
batch system can be determined from the properties of
the solute and adsorbent. To our best knowledge, the rate
of adsorption process depends on the structural
properties of adsorbent (i.e., porosity, specific area and
particle size), the properties of metal ions (i.e., ionic
radius and number of coordinations), the concentration
of metal ions and the interactions between metal ions and
active sites of adsorbent [39]. In adsorption systems, the
intraparticle diffusion or rate-limiting step can also be
expressed using Weber and Morris model. This equation
has been described by several groups such as CABAL et
al [40] and SIVARAJ et al [41].

nt

G =k, t"? +C ©)

where K;,, is the initial rate of intraparticle diffusion; g is
the amount of solute adsorbed at time t. According to
Eq. (9), ki, can be determined from linear plot g, as a
function of t"%. According to the intraparticle diffusion
model, if a plot of g, versus t'? gives a linear line, it
indicates that intraparticle/pore diffusion is the
rate-limiting step in the adsorption process [42]. The
obtained result of the plots is shown in Fig. 8, which is
contrast with the prediction of the intraparticle diffusion
model, illustrating a nonlinear distribution of points with
two distinct portions (curved and linear). This probably
indicated that the intraparticle diffusion in the processes
is not the singular rate-limiting step in the adsorption
process [43,44]. The initial curvature is attributed to film
diffusion, and in the linear range to the intraparticle
diffusion [45]. Therefore, the assumption addressed that
both the film diffusion and the diffusion within the PVA
hydrogel could be controlled by the intraparticle
diffusion process.

According to URANO and TACHIKAWA model
[46], owing to the multi-step nature of this plot, the linear
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Fig. 8 Amount of Cu(Il) ion adsorbed as function of square root
of time for PVA hydrogel

portions were linearized by the plot of —lg[1—(q/q.)’]
against initial time. If the plot is linear and pass
through origin, then the slowest step or rate-limiting step
in the adsorption process is the internal diffusion [47].
From Fig. 9, it was observed that the plot is linear but
does not pass through the origin, suggesting that the
adsorption process was controlled not only by
intraparticle diffusion, but also by film diffusion. This is
in accordance with the research reported by HAMEED et
al [36].
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Fig. 9 Plot of —Ig[1—(q/q.)*] against initial time of Cu(Il) ion
adsorption on PVA hydrogel

4 Conclusions

The results shown here provide the possibility of
producing a new adsorbent hydrogel from PVA
molecules. Interestingly, the PVA hydrogel could
effectively remove Cu(Il) from wastewater and the cost
of manufacturing PVA adsorbent was cheap. The results
showed that the contact time, pH and temperature
affected the adsorption capacity of the Cu(Il) ion on the
PVA hydrogel. The kinetics of the adsorption of the Cu(II)

ion on the PVA hydrogel was best described by the
pseudo-second-order model. In addition, the mechanism
of adsorption of the Cu(Il) ion on the PVA hydrogel was
controlled by particle and film diffusion.
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