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Abstract In this research, we synthesized superabsorbent
polymers (SAPs) based on poly(acrylic acid) with super
adsorption properties through a novel one-step cost-effec-
tive method. The SAPs’ adsorption for removal of heavy
metal ions [e.g., Cu(Il)] from aqueous solutions was sys-
tematically studied. The effects of pH (2.0-5.0), sodium
hydroxide and water composition, contact time (0—48 h),
and initial Cu(Il) ion concentrations (1-500 mg dm73) on
the adsorption of Cu(Il) ions were studied using atomic
absorption spectroscopy. The adsorption behavior was fit-
ted to a Langmuir isotherm and shown to follow a pseudo-
second-order reaction model. The maximum adsorption
capacities of Cu(Il) ions were shown to be 243.91 mg g
for sodium polyacrylate (PAANa), which is among the
highest adsorption capacities reported in the literature. The
superior adsorption capacity of Cu(Il) ions is attributed to
the chelating ability of functional groups (e.g., -COO™) in
the PAANa matrix. The recyclability of the PAANa
material showed that over 98.92 % of the adsorbed copper
could be recovered in a mild concentration (0.01 M) of
nitric acid. Results of three consecutive adsorption—des-
orption cycles showed that the composites had high
adsorption and desorption efficiency, implying that PAANa
samples can be recycled and reused as an effective adsor-
bent for Cu(Il) recovery.
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Introduction

Heavy metals are recognized as one of the most harmful
pollutants in the environment, due to their detrimental
effects on aquatic environments and human beings, such as
high toxicity, bioaccumulation, and non-degradability [1—
3]. Common sources of heavy metal pollution are mainly
mining and industrial activities such as petroleum refining,
paints and pigments, pesticide production, chemical man-
ufacturing, mining and smelting activities, and electro-
plating [1, 4]. Common methods for removal of heavy
metal ions from wastewater include coagulation, precipi-
tation, ion exchange, filtration, adsorption, electrodeposi-
tion, and flotation [3, 5-8]. Among these, adsorption as a
conventional method is considered to be the simplest, most
reliable, efficient, and cost-effective method. Activated
carbon is one of the most widely used materials for
removal of heavy metal ions from effluents, but it requires
high energy and capital cost to produce and is very difficult
to regenerate [9]. Therefore, increased research has focused
on developing cost-effective and environmentally friendly
materials for the removal of heavy metal ions from
wastewater.

Superabsorbent polymers (SAPs) are three-dimensional
(3D), cross-linked hydrophilic networks of polymer chains,
which have superior ability to absorb and retain ultra-high
amounts (1000-100,000 %) of water in comparison to their
own mass [10-12]. They can absorb solutions quickly by
swelling porous structure networks to reduce mass-transfer
resistance, and different functional groups (e.g., hydroxy,
carboxylic acid, amine, amidoxime, and sulfonic acid
groups) are present on the polymer chains that enable
coordination and chelation with the metal ions [13, 14]. Due
to their low-cost, non-toxicity, and biocompatibility, SAPs
with different natural and synthesized fillers have been
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widely used in water purification and applications for the
recovery of metal ions [13, 15—17]. Zheng et al. incorporated
starch and humic substances into polymer hydrogels, and a
series of starch-g-poly(acrylic acid)/sodium humate (St-g-
PAA/SH) hydrogels were synthesized for Cu(I) adsorption
from the aqueous solution [18]. Wu and Li prepared a
poly(hydroxyethyl methacrylate/maleamic acid) hydrogel
through ®°Co-y induced copolymerization and it was used
for multi-metal ions [e.g., Pb(II), Cd(II), Ni(II), and Cu(II)]
removal [19]. Wang et al. developed chitosan-g-poly(acrylic
acid)/attapulgite (CTS-g-PAA/APT) composites to recover
Cu(Il) from aqueous solution, which displayed high
adsorption and desorption efficiency [16]. All these meth-
ods, however, require costly chemicals, extended prepara-
tion time, special conditions (e.g., inert gas protection), and
multi-step synthesis processes.

In the present work, a novel one-step, cost-effective, and
environmentally friendly method was used for the synthesis
of poly(acylic acid) (PAA)-based SAPs, which requires a
mild reaction condition without generating contaminated
effluents. Copper was chosen as an example of heavy metal
ions, and we systematically investigated the adsorption
behavior of Cu(Il) ions onto the PAA and sodium poly-
acrylate (PAANa) samples. Batch experiments were con-
ducted to investigate the adsorption affinity, kinetics, and
equilibrium loading capacity of both PAA and PAANa
samples toward Cu(Il) ions in aqueous solution. The
impacts of NaOH concentration, surface functionality,
initial metal ion concentration, and pH were also examined.
Several consecutive adsorption—desorption cycles were
used for the desorption of adsorbed Cu(Il) ions from the
adsorbents and for regeneration and reuse of the PAANa
composite.

Experimental sections
Materials

Acrylic acid, ammonium persulfate (APS), and N,N'-
Methylenebis(acrylamide) (MBA) were purchased from
Sigma-Aldrich Australia. Sodium hydroxide, nitric acid,
and potassium hydroxide were supplied from Chem Supply
(Australia). All aqueous solutions were prepared using
Milli-Q water (18.2 MQ cm at 25 °C).

Synthesis of PAA and PAANa composite

Systematic diagrams of one-step synthesis of PAA and
PAANa samples are shown in Scheme 1. Briefly, 3.7 g
acrylic acid was dispersed in 3.5 cm® Milli-Q water at
~5°C. A standard 0.45 g cm > NaOH solution was pre-
pared by dissolving 1.63 g sodium hydroxide powder in
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3.62 g Milli-Q water followed by cooling in an ice-water
bath for 10 min. Another NaOH solution with different
concentrations was made by varying the mass of NaOH
powder used, and 0-0.68 g cm™> NaOH solution was
prepared. Then, NaOH solution was added into the acrylic
acid solution dropwisely with magnetic stirring at ~5 °C
for 20 min. 0.025 g MBA and 0.08 g APS powder were
added into the mixture with vigorous shaking by an IKA
Vortex 3 shaker to ensure homogeneity. The mixture was
then poured into a Petri dish (95 mm in diameter) and
placed in an oven for 30 min with the temperature
increased from 60 to 80 °C at a rate of 1 °C min~'. The
synthesized PAA or PAANa polymer samples were peeled
off from the Petri dish and dried by vacuum desiccation at
50 °C for 1 day.

Spectroscopic analysis

Fourier transform infrared (FTIR) spectroscopy was used
for functional group analysis of the different PAA samples.
A FTIR PerkinElmer Spectrum 400 spectrometer equipped
with an attenuated total reflectance (ATR, top-plate type)
accessory was used for the FTIR investigation. Each
sample (~0.1 g, dry) was mounted onto crystal at the
center of the ATR plate, and air was used as a background
reference before each scan. FTIR spectra were then
recorded using 64 scans from 4000 to 550 cm™' with a
resolution of 4 cm™" in absorbance mode with background
subtraction.

Water absorption capacity

The water absorption capacity (WAC) of different PAA
and PAANa samples was investigated by immersing the
dry PAA/PAANa samples into excess Milli-Q water until
swelling equilibrium was reached (24 h). The swollen
PAA/PAANa samples were then filtered on filter paper to
remove non-absorbed water on the sample surface. The
WAC is calculated using Eq. 1 [20]:

M= Mo (1)

M,
where My and M are the PAA/PAANa sample weights
before and after water absorption, respectively.

WAC =

Adsorption experiments

The adsorption behavior of the PAA and PAANa sample
adsorbents was investigated by varying the initial Cu(II)
jon concentration from 1 to 500 mg dm™>. Standard solu-
tions of Cu(II) (1-500 mg dm ) were prepared by dilution
of a 1000 mg dm—> CuSO,-5H,0 stock solution with
Milli-Q water. The dry adsorbents (0.01 g) were dispersed
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Scheme 1 Schematic diagrams ()
of one-step synthesis of PAA
and PAANa samples H->C + H,0
N\
OH
O

HQC\)k + NaOH + H,O
OH

in aqueous Cu(Il) ion solutions (40 cm3) with certain
concentrations and the suspension was shaken by an orbital
shaker (Labec, Australia) at 160 rpm for 24 h to ensure
equilibrium. The suspensions were then filtered through a
0.45 pm membrane filter (Millipore, Millex-HN, Nylon,
USA) and the filtrate was diluted to <10 mg dm—> by
Milli-Q water. The concentration of Cu(Il) solution was
analyzed using a flame atomic absorption spectropho-
tometer (FAAS) (GBC933 plus, US) with a hollow cathode
lamp (photron lamps) at a wavelength of 327.4 nm and air-
acetylene flame. A calibration curve was performed first,
for calculation of the Cu(Il) ion concentration. The effects
of pH (2.0-5.0), contact time (0—48 h), and initial Cu(Il)
ion concentration (1-500 mg dm™>) on the adsorption
kinetics and isotherms of the PAANa samples were
investigated with at least three replicates of each experi-
ment being performed. Hydrochloric acid (0.01 M) and
potassium hydroxide (0.01 M) were used to adjust the pH
of each suspension.

The Cu(II) adsorption capacity ¢ (mg g~ ') and adsorp-
tion efficiency are calculated from Egs. 2 and 3, respec-
tively [21]:

(Co—C)V

C]:T (2)

Co—C
Adsorption efficiency = % x 100 %, (3)
0
where Cy and C are the initial and equilibrium concentra-
tion of Cu(Il) (mg dm™ ), respectively; V is the volume of
the solution (dm3); and W is the dry mass of the adsorbent

(2)-
Desorption and regeneration studies

The Cu(Il)-loaded PAANa samples were recovered from
the adsorption experiments by filtration washing three
times with Milli-Q water, followed by vacuum desiccation
at 50 °C for 1 day. The recovery of Cu(Il) ions and the
regeneration of the PAANa composite were studied using
40 cm® 0.01 M nitric acid solution at room temperature.

(NH4)2S,04

H H
HZCWNVNY‘CHZ
0 0

» PAA composite

(NH4)2S20s

H H
HZC/YNVNWCHZ
o) o)

» PAANa composite

Nitric acid solution was mixed with Cu(Il)-loaded PAANa
samples (~0.01 g), and the suspension was shaken at
160 rpm for 24 h for equilibration. The amount of Cu(Il)
recovered was determined by FAAS (GBC933 plus). Then
the regenerated PAANa samples were separated from the
solution by filtration and washed three times with Milli-Q
water, followed by a regeneration process with 50 cm?
Milli-Q water or 3.5 x 10~* M NaOH solution which was
shaken at 160 rpm for 24 h. After that, the regenerated
PAANa samples were dried under vacuum desiccation at
50 °C for 24 h for reuse.

Results and discussion
Characterization of PAA and PAANa samples

During the polymerization process of PAA, the initiator
APS is decomposed under heating and generates sulfate
anion-radicals which have a strong propensity to attract
hydrogen from —OH groups and to form active macrorad-
icals [22]. These macroradicals can trigger the vinyl groups
of acrylic acid (AA) for chain propagation and initiate
polymerization [22]. Meanwhile, the crosslinking agent
MBA participates in the crosslinking reaction, enabling the
formation of a polymeric cross-linked network of PAA
[22]. With the neutralization of NaOH during the poly-
merization process, H from the -COOH groups in PAA
chains is partially replaced by Na', causing the PAA
matrix to become an anionic polyelectrolyte PAANa with
negatively charged —COO™ in the main chain.

Figure 1a shows the FTIR spectra of the PAA and
PAANa composites prepared by NaOH solution with dif-
ferent concentrations (0-0.68 g cm™) and the PAANa
sample after Cu(Il) ion adsorption, respectively. For the
PAA sample, no OH solution was added during the poly-
merization process (curve i, Fig. la); —-C=0 asymmetric
stretching vibrations of —-COOH groups were observed at
1695 cm™', and COO symmetric stretching vibrations of —
COO~ groups were observed at 1404 cm™' [16, 22-25].
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Fig. 1 a FTIR spectra of PAA or PAANa composites prepared with
() Ogem™, (i) 023 gem™>, (i) 045gcem™, and (iv)
0.68 g cm™> NaOH solution, (v) PAANa sample prepared by
045 ¢ cm > NaOH solution after Cu(Il) adsorption. b Comparison
of FTIR spectra of (iii) and (v)

The broad peak at 3396 cm™' is attributed to the O-H
stretching of water molecules in the PAA matrix [26]. The
vibrations at 2934, 2859, and 1450 cm~! are associated
with the asymmetric and symmetric stretching of —CH,—
and C-H in-plane bending, indicating the existence of a
PAA main chain [23, 27]. After the increase in NaOH
concentration (0.23-0.68 g cm ) during the polymeriza-
tion process, an additional band was observed at
1500 cm™!, which is attributed to —C=0 asymmetric
stretching vibrations of —COO™ groups [22]. The intensity
of -C=0 (from the -COO™ group) at 1550 cm™ " increased
with the increase of NaOH concentration while that of —
C=0 (from —COOH groups) decreased significantly, indi-
cating change in the molecular structure of the PAA chains.
With the neutralization of NaOH, —-COOH groups were
gradually converted into -COO~ Na™ until most of the H*
ions of the -COOH groups were replaced by Na™ and the
band of -C=0 (from —COOH) at 1695 cm™" disappeared
(curve iv, Fig. 1a). These changes may influence the
PAANa adsorption capacity of Cu(Il) ions in aqueous
solution compared with that of the PAA sample.

To further investigate the mechanism of Cu(Il) adsorp-
tion onto the PAANa sample, a comparison of the FITR
spectra of the PAANa sample before and after Cu(Il)
adsorption are shown in Fig. 1b. The strong absorption
band at 1550 cm ™! corresponding to the —-C=0 asymmetric
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stretching vibrations of —COO™ groups is weakened and
shifts to a lower wavenumber (1548 cmfl), while the
absorption band at 1695 cm™' corresponding to the C=0
asymmetric stretching vibrations of the -COOH groups is
also clearly weakened. The lower intensity in the vibration
of C=0 indicates the reorganization of the -COOH mole-
cules with Cu(Il) ions, which is in agreement with the
results in literature [28]. These changes in the FTIR spectra
of the PAANa composites before and after Cu(Il) adsorp-
tion indicate that the -COO~ and —COOH groups in the
PAANa matrix, which have a strong propensity to chelate
Cu(Il) ions, were involved in the ion exchange or com-
plexation interaction during the adsorption process of the
metal ions from the aqueous solution [16, 18, 22, 29].

Adsorption studies of Cu(Il) ions

The WACs of PAA and PAANa prepared with different
NaOH solutions are shown in Fig. 2. Without the neutral-
ization of NaOH, the -COOH groups are protonated in the
PAA matrix and the WAC of PAA (7.93 g g~ ') is much
lower than that of the PAANa samples (48.49-97.93 g g™ 1),
due to the lack of anion—anion repulsive forces among the —
COO™ groups [30, 31]. With NaOH added during the
polymerization process, -COOH groups in the PAA chains
were partially converted to —COO™, causing the PAANa
matrix to become an anionic polyelectrolyte and the WAC to
increase [24]. However, the WAC reduce when a high per-
centage of -COOH is neutralized by NaOH, which is due to a
‘charge screening effect’ of excess cations (such as Na™
ions) in the swelling polymer which shield the —-COO™

300 120
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O') i L ~
£ 150 60
) <
S 100 1 40 =
50 & L 20
I
0+ ‘ ‘ . 0
0 0.2 0.4 0.6 0.8
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Fig. 2 Effect of NaOH composition on Cu(Il) ion adsorption (left)
and water absorption capacity (right) by PAA prepared with 0 g cm™>
NaOH solution or different PAANa composites prepared with
0.23-0.68 g cm™> NaOH solution. (Cu(ll) adsorption parameters:
pH =5, contact time 24 h.) The inset photo images show the
morphologies of the PAA (prepared with 0 g cm™ NaOH solution)
or PAANa composites prepared with 0.23-0.68 g cm™> NaOH
solution
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anions and decrease the anion—anion repulsion (screening/
shielding effect) [30].

The effects of different NaOH compositions on Cu(II)
ion adsorption by PAA or different PAANa composites are
shown in Fig. 2, where the Cu(Il) adsorption capacity
increases as the degree of neutralization by NaOH increa-
ses. The PAA sample has the lowest Cu(Il) adsorption
capacity (¢ge, 45.86 mg g_l) whereas that of the PAANa
sample prepared by 0.45 g cm™> NaOH solution reaches
225.45 mg g~'. Further increasing the NaOH concentra-
tion only slightly increases the g. (237.24 mg g~ '), but the
morphology of the sample changes from smooth transpar-
ent polymer sheets to a granular wobbly weak network
(inset photo images in Fig. 2) which disintegrates into
small pieces after swelling. From the FTIR result (Fig. 1a),
the ratio of COO /COOH increases with NaOH concen-
tration and the negatively charged COO™ groups have
stronger electrostatic interaction with Cu(Il) ions compared
to the neutral COOH groups. For the PAA sample at
pH =5, although most -COOH groups may ionize to —
COO™, the released H' groups still compete with Cu(II)
ions during the adsorption process onto the PAA matrix.
Another explanation is that the WAC increases signifi-
cantly with NaOH concentration (Fig. 2). The adsorbent
with a higher WAC tends to absorb water and metal ions
into its matrix more easily and effectively, increasing the
possibility for ion exchange and complexation of the
entering Cu(Il) ions with the functional groups within the
adsorbent.

Since the PAANa sample prepared by 0.45 g cm™
NaOH solution had a relatively high Cu(Il) adsorption
capacity and retained the PAA polymer structure after
water absorption, it was selected for further Cu(Il)
adsorption and recovery experiments. The pH influences
the Cu(Il) ion speciation in solution and the interfacial
chemistry of the adsorbents. At higher pH (>5), copper
ions form Cu(OH), colloids which can precipitate from the
solution and influence the accuracy of adsorption experi-
ments [32]. Therefore, the pH range from 2 to 5 was
selected for the Cu(Il) ion adsorption studies. The
adsorption capacity of PAANa samples (prepared by
0.45 g cm > NaOH solution) was investigated for the
effectiveness of adsorption of Cu(Il) ions from aqueous
solution between pH =2 and 5 (Fig. 3). The PAANa
sample showed a maximum adsorption capacity of
23259 mg g~' at pH =5, where strong electrostatic
interactions existed between the positively charged Cu(Il)
ions and the negatively charged COO™ in the PAANa
matrix, which had a strong complexation or coordination
tendency with Cu(Il) ions in aqueous solution (Fig. 3) [16,
18, 22, 29]. Moreover, the -COOH groups were deproto-
nated to form COO™ when the pKa value of PAA was
around 4.30 [33]. At lower pH, Cu(Il) adsorption was

3
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50 -
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Fig. 3 Effect of pH on the adsorption of Cu(Il) ions by PAA sample
(prepared by 0.45 g cm > NaOH solution). Initial concentration of
Cu(Il) was 100 mg dm™ (contact time: 24 h)

suppressed significantly due to the decrease of negative
electrostatic charge through the protonation of COO™ as
well as the competition between Cu(Il) and H™" ions onto
the active sites of PAANa [34, 35].

The possible Cu(Il) ion adsorption mechanisms by the
PAANa sample are illustrated in Scheme 2. The PAANa
matrix is a 3D network of PAA chains with different
functional groups (e.g., -COOH and -COO™). At moderate
pH =5, where pH > pKa of PAA (4.3), the -COOH
groups dissociate and deprotonate as —COO™ [16]. Cu(Il)
ions penetrate the PAANa network and are attracted by the
negatively charged —COO™ through electrostatic interac-
tions. Ion exchange may also occur between Na* cations in
the matrix and Cu(Il) ions [22]. After being attracted by the
negatively charged functional groups, the Cu(Il) ions start
to coordinate —COO™ groups to form a stable structure
through a complexation interaction, as evidenced by the
FTIR results in Fig. 1b. Since the PAANa sample had
maximum adsorption efficiency for Cu(Il) ions at pH = 5,
this pH was selected as the parameter for further adsorption
and recovery experiments.

Adsorption Kinetics

The effects of contact time on the adsorption capacities of
Cu(Il) ions by the PAANa samples at initial concentrations
of 25-100 mg dm ™ are shown in Fig. 4a. At all initial
Cu(I) ion concentrations (25-100 mg dm_3), adsorption
occurred rapidly within the first 6 h of exposure, reaching
equilibrium within 24 h, indicating the rapid adsorption
kinetics of the PAANa sample. With the increase of Cu(I)
ion initial concentration from 25 to 100 mg dm >, the
adsorption capacity (g.) of the PAANa sample increased
(from 83.98 to 226.83 mg g~ ') significantly at equilibrium,
which may be attributed to a much stronger driving force

@ Springer
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Scheme 2 Schematic diagram
of the PAANa sample structure
before and after Cu(Il)
adsorption

deprotonation

PAANa composite

electrostatic interaction @
ion exchange

complexation

for the mass transfer and subsequent surface adsorption
onto the PAANa matrix at higher concentrations [36, 37].

The adsorption capacity of Cu(Il) ions onto the PAANa
sample was investigated by two empirical power law
models: pseudo-first- and second-order kinetic models.
Empirical first- and second-order kinetic models are
expressed by Eq. 4, for reaction exponents n = 1 and 2,
respectively [38]:

% = kn(‘]e - %)n, (4)
where ¢, (mg g~') and g. (mg g~") represent adsorption
capacity at contact time ¢ and at equilibrium, respectively.
k; and k, are the first- and second-order kinetic rate con-
stants, respectively. Integrating Eq. 4 with the boundary
conditions t =0, ¢, =0, and ¢t = ¢, g, = g, to the linear
form gives Egs. 5 and 6, respectively:

ki
2303" (5)
(6)

log(ge — q1) = logge —
t . 1 n t
@ kagg  ge’

The rate constants k; and k, can be determined from the
slope of the linear plots of log(g. — ¢;) versus t and the
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intercept of the linear plot between #/g, versus f,
respectively.

We used both pseudo-first-order and pseudo-second-order
kinetic models to fit the experimental data (Fig. 4b, ¢), and
the regression coefficients (R2) data (Table 1) indicate that
the experimental kinetic data for the adsorption of Cu(Il)
ions onto the PAANa sample fit much better to a pseudo-
second-order model (R2 > 0.999) than to a pseudo-first-
order model (R*> > 0.779). Furthermore, the pseudo-second-
order model estimates g. values (Table 1) in good agree-
ment with the experimental values g. (exp). Thus, the
empirical second-order model is suitable for the description
of the adsorption kinetics of Cu(Il) ions onto the PAANa
sample. These results are consistent with those in the liter-
ature [16, 18, 39]. In most cases in the literature, the pseudo-
first-order kinetic equation only fitted well for the initial
stage of contact time (e.g., <30 min) of an adsorption pro-
cess and the estimated g, values derived from this equation
were not in good agreement with the experimental g, values
[18]. The k, data (Table 1) indicate that at low Cu(Il) con-
centration (25 mg dm™>) the initial adsorption rate for the
PAANa sample is much higher and the adsorption can reach
equilibrium more rapidly than in the solution with higher
Cu(II) concentration (100 mg dm73).
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Fig. 4 a Adsorption kinetics of PAANa sample (prepared by
0.45 g cm™® NaOH solution) at different initial concentrations of
Cu(Il) ions (25-100 mg dm™>) (contact time: 24 h, pH =5),
b pseudo-first-order kinetic plot and ¢ pseudo-second-order kinetic plot

Adsorption isotherms

The influence of equilibrium concentrations C. on adsorp-
tion capacities of Cu(Il) ions onto PAANa sample is shown
in Fig. 5a. The Cu(Il) ions adsorbed onto the adsorbent
increase with the increasing Cu(Il) ion concentration and
reach a plateau after the equilibrium concentrations C, reach
~100 mg dm™>, which is due to the greater driving force of
the concentration gradient at the solid-liquid interface at a
higher Cu(Il) ion concentration [16].

To predict the equilibrium parameters of adsorption
isotherms and to describe adsorption properties, Langmuir
and Freundlich isotherms are commonly used for the
molecular adsorption at interfaces [38]. A monolayer
coverage of the adsorbates onto the energetically equiva-
lent active sites of a structurally homogeneous adsorbent is
presumed by the Langmuir model, which is expressed as
Eq. 7 [40]

Ceq 1

LG
e Qmaxb

Gmax

; (7)

where g. and C.q are the adsorption capacity (mg ¢ " and
Cu(Il) ion concentration (mg dm™3) at equilibrium,
respectively. b and ¢gn.x are the Langmuir constant
(dm® mg™") and maximum adsorption capacity (mg g~ ")
determined by the intercept and slope of the linear plot of
Ceq/qe versus Ceg.

The Freundlich isotherm used to describe adsorption
onto a heterogeneous system with uniform energy without
restriction to the formation of a monolayer can be
expressed as [41]

1
logge = log Ky + - log Ceq, (8)

where K; and I/n are the Freundlich adsorption constant
(dm3 mgfl) and adsorption intensity (dimensionless),
respectively. The parameters may be, respectively, calcu-
lated from the intercept and slope of the plot of log g,
versus log Ceg.

Table 1 Pseudo-first-order and pseudo-second-order kinetic parameters of Cu(Il) adsorption onto PAANa (prepared by 0.45 g cm™> NaOH

solution) sample

Sample Cu(Il) (mg dm™3 ) Pseudo-first-order model Pseudo-second-order model
g (exp) (mgg™) ki ()  ge(cahmgg R ko (gmg ' h7h)  ge(ca) (mgg ) R
PAANa 25 83.89 0.3851 24.82 0.907  0.0268 84.75 0.999
50 139.05 0.3201 27.46 0.779  0.0229 140.85 0.999
100 226.83 0.3786 57.98 0.811  0.0066 232.56 0.999
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Fig. 5 a Adsorption isotherms of PAANa sample (prepared by
0.45 g cm > NaOH solution, contact time: 24 h, pH = 5), b Lang-
muir model adsorption isotherm plot, and ¢ Freundlich model
adsorption isotherm plot

The experimental data were fitted using the Langmuir
and Freundlich modes (Fig. 5 b, c), and the regression
coefficients (R2) data in Table 2 indicate that the Langmuir
model (R2 = 0.999) described the Cu(Il) adsorption

process onto the PAANa sample much better than the
Freundlich model (R2 = 0.951). Thus, a Langmuir
adsorption isotherm can be used for the best description of
the observed adsorption equilibrium behavior of Cu(Il)
ions onto PAANa adsorbent and the adsorption may be
assumed to be a monolayer coverage of adsorbate at
homogeneous binding sites on the adsorbents [21, 34, 42].
The PAANa sample has the maximum adsorption
capacity of 243.91 mg g~' predicted by the Langmuir
model (Table 2), which is higher than that of other con-
ventional low-cost materials and polymers (Table 3). The
superior adsorption efficiency for Cu(Il) ions may be
ascribed to the presence of -COO™ and —-COOH groups in
the PAANa matrix which has strong propensity for the
complexation of Cu(Il) ions [16, 18, 22, 29].

Desorption and regeneration

The desorption of Cu (II) ions from the PAANa sample was
studied using 0.01 M nitric acid solution, and the recovery
of adsorbed copper was found to be 98.92 %. This confirms
the good evaluation of PAANa material for copper
adsorption and recovery. The remaining copper on the
adsorbent may be due to the high affinity of Cu(II) toward
functional groups (e.g., -COO™) deep within the PAANa
matrix, which could lead to a very slow recovery process.

Desorption of Cu(Il) can also be used to regenerate the
PAANa composite, which can be used again to adsorb
metal ions. To investigate the recyclability of the PAANa
sample, consecutive adsorption—desorption processes were
performed three times with 0.01 M nitric acid solution as
the desorption solution and Milli-Q water or 3.5 x 10~* M
sodium hydroxide solution as the regeneration solution.
Figure 6 shows the adsorption capacities for Cu(Il) of the
PAANa sample after three successive adsorption—desorp-
tion cycles. The adsorption capacity after first cycle
decreases to 47.38 and 168.15 mg-g~' regenerated by
Milli-Q water and sodium hydroxide solution, respectively,
which are 19.43 and 68.93 % of the pristine PAANa
sample adsorption capacity. No further decrease of the
Cu(Il) adsorption capacity was observed by both regener-
ation solutions after 2 or 3 regenerations. 0.01 M nitric acid
was used as the desorption solution (acid-treated process)
and the regenerated sample was dried in an oven for 24 h
(heating process), which could have caused the decrease of
the adsorption capacity of the PAANa sample after
regeneration [16]. Compared with Milli-Q water, a very

Table 2 Langmuir and

L. Sample Langmuir model Freundlich model
Freundlich isotherm parameters
of PAANa sample (prepared by b (dm? mgfl) Grmax (Mg g*l) R? Ky (dm® mgfl) n R?
0.45 g cm™ NaOH solution)
PAANa 0.199 24391 64.05 4.117 0.951

@ Springer



J Mater Sci (2015) 50:5799-5808 5807
moximum adsorpion capaciies SIS g (Mg &) Reforences
for Cu(ll) ions of different Activated carbon 17.83 [43]
adsorbents K .
Graphene oxide/zeolite 28.58 [34]
Chitosan 85.21 [44]
Chitosan-g-poly(acrylic acid)/attapulgite composites 170.65-262.25  [16]
Starch-g-PAA/sodium humate hydrogels 167.01-179.71  [18]
Poly(polyethylene glycol diacrylate) or poly(methacrylic acid) polymers  22.86-78.74 [45]
Graphene oxide/chitosan 70.00 [46]
Alginate-based hydrogel 184.85 [22]
Sodium polyacrylate bead 58.82 [39]
PAANa 24391 This work
240 groups ((COOH and —COO") in the polymer matrix and a
‘7; 200 | ng;rfe?;g:éf;te:d highef water absorption .capacity (WAC). The adsorption
g capacity for Cu(Il) was influenced by the pH of the solu-
; 160 4 T T tion, and maximum adsorption was observed at pH = 5.
‘S The Cu(Il) adsorption reached equilibrium within 6 h,
§ 120 7 resulting in the maximum adsorption capacity of
S & 24391 mg g~' by the PAANa sample. 98.92 % of the
B adsorbed copper was recovered in 0.01 M of nitric acid
§ 40 - from the Cu(Il)-loaded PAANa sample. The PAANa
< 0 sample retained ~69 % of its original adsorption capacity

2nd 3rd
Times of reuse

Fig. 6 Adsorption capacity of PAANa sample (prepared by
045 ¢ cm~? NaOH solution, contact time: 24 h, pH = 5) after 3
regeneration processes by Milli-Q water or 3.5 x 10~* M NaOH
solution

low concentration of NaOH is a superior regeneration
agent which restores ~69 % of the adsorption capacity of
the PAANa sample. This is because some of the -COOH
groups in the PAANa matrix after regeneration by acid can
be converted into —COO~ Na' groups by the NaOH
solution, which has a strong affinity for ion exchange and
complexation with Cu(Il) ions in aqueous solution [18].
The average desorption efficiency of the PAANa sample
was relatively high (~69 %) and stable after three con-
secutive adsorption—desorption processes, indicating that
this composite can be potentially regenerated and reused as
a low-cost, environmentally friendly adsorbent.

Conclusions

Superabsorbent polymers (SAP) based on poly(acrylic
acid) (PAA) were successfully synthesized through a novel
one-step cost-effective method. The PAANa sample pre-
pared by 0.45 g cm™> NaOH solution showed significantly
higher adsorption capacity than other PAA-based samples
at moderate pH values, due to the presence of functional

after three consecutive adsorption—desorption cycles,
indicating that the PAANa composite could be recycled
and reused as an effective adsorbent for Cu(Il) recovery.
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