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ABSTRACT

The adsorptive removal of the most commonly occurring cyanobacterial toxin microcystin—
LR by polyacrylamide/sodium alginate-modified montmorillonite (PAM/SA-MMT) super-
absorbent nanocomposite was investigated through the HPLC/UV system. The process of
PAM/SA-MMT preparation and MC-LR adsorption was characterized by scanning electron
microscopy, energy dispersive X-ray microanalysis, X-ray diffraction analysis, and Fourier
transform infrared spectroscopy analysis. With the application of Box-Behnken statistical
experimental design combined with Response surface methodology, the quadratic statistical
model was established to predict the interactive effects of pH, weight ratio (wr) of AM to
SA, and weight content (wt) of MMT on MC-LR adsorption and to optimize the main con-
trolling parameters. The maximum adsorption capacity was observed with pH 2.5-4.5, wr
55-65, and wt3-5%. The MC-LR adsorption capacity of PAM/SA-MMT increased with
increase in temperature from 10 to 40°C. Kinetics were consistent with Pseudo models and
revealed that the sorption process could reach the equilibrium within 80 min and involved
several different rate-controlling kinetic stages. The Langmuir isotherm model predicted
that the theoretical maximum adsorption capacity of PAM/SA-MMT was 32.66 mg g .
Over 85% adsorption and 80% desorption could be achieved after five regeneration cycles
and the recovery of MC-LR reached 92.8% without ionic effect. PAM/SA-MMT superabsor-
bent nanocomposite was determined as effective, economic, and environmentally benign for
MC-LR removal on a large-scale application.

Keywords: Superabsorbent nanocomposite; Polyacrylamide; Microcystin-LR; Adsorption;
Response surface; Box-Behnken

1. Introduction world as the most visible symptom of eutrophication
caused by excessive supply of nutrients. During the
algal blooms, cyanotoxins, mainly microcystins (MCs)
are released into aquatic systems by the natural bio-
logical process of artificial induction and cell lysis [1].

In recent years, blue-green algae blooms have been
reported in many natural water bodies all over the
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The acute lethal toxicity of MCs can exert devastating
effects on human internal organs and induce tumor-
promoting activity through the inhibition of protein
phosphatases [2,3]. Among more than 80 molecular
variants of MCs, MC-LR has been identified as the
most fatal and commonly occurring variant so far
[4,5]. The World Health Organization recommended a
provisional safety guideline of 1.0 ug L™ for MC-LR in
drinking water [6].

MC-LR is very stable in water and resistant to
most traditional water treatment methods [7]. Several
removal strategies for MC-LR by adsorbents have
been explored until now due to their easy operation,
economical advantages, and low-energy cost. Many
researchers have discovered that clay minerals, sedi-
ments, activated carbon, and their derivative products
(carbon nanotubes, graphene oxide, etc.) are attractive
options as adsorbents to eliminate MC-LR [6,8-11],
although the industrial applications were seriously
restricted owing to high production cost or limited
adsorption capacity.

Superabsorbent  polymers  (SAP)  composite
appears to be a cost-effective solution for MC-LR
adsorptive removal. The porous network structure
and the ionic functional groups of SAP ensure that
the MC-LR molecules can diffuse and bind through
them. The organic modification of SAP composites
based on clays, polysaccharides, and synthetic poly-
mers is attracting increasing interest because these
water treatment materials could also improve the
adsorption properties of SAP composites in aqueous
media [12-14]. All components of the composite are
biodegradable, easy to acquire, and convenient for
grafting polymerization [15]. The traditional SAP is
usually prepared via in situ intercalative grafting
copolymerization under protection of nitrogen [16].
We therefore prepared the SAP/clay composite with
nano-sized polysaccharide-modified clays (designated
as two-step method). The reaction was carried out
under normal atmospheric condition, which
demonstrated the brevity and simplicity required
for practical industrial operation [17]. However, to
our best knowledge, it would be the first time for
SAP/clay nanocomposite to be applied on the
adsorption process of MC-LR and systematically
investigated.

Polyacrylamide (PAM) was chosen as the synthetic
polymer component of SAP. PAM is salt-resisting,
nontoxic, and relatively inexpensive compared with
other polyacrylic products, hence it has been widely
used as a flocculant [18,19]. Its nonionic groups
(-CONH,) could be saponified and transferred to ionic
groups (-COONa™), which might improve the adsorp-
tion ability [17].
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Sodium alginate (SA) is one of the most commonly
used biopolymers for removal of aqueous pollutants
as this polysaccharide component is cheap, biodegrad-
able, and efficient [20]. Inspired by the fact that
organic modification of clays could improve their
adsorptive performance and ion exchange properties,
SA was applied as the clay modifier because of its
good adsorption capacity and salt-resisting property
[21,22].

Nano-sized clays are introduced into the prepara-
tion of this inorganic-organic SAP composite to
improve its hydrogel strength, to enhance its swelling
ability, and to reduce the production cost [23]. Mont-
morillonite (MMT) is a natural clay material whose
basic structural unit contains a sandwiched octahe-
drally coordinated layer of aluminum ions surrounded
by two tetrahedrally coordinated loose layers of silicon
ions [24]. MMT K10, a type of synthetic bentonite clay
activated with mineral acid, has been widely applied
as an active catalyst [25]. Nano-sized MMT (NMMT)
K10, which is economically accessible, regenerative,
and non-corrosive for eventual disposal, is thus a
potential cost-effective adsorbent for large-scale indus-
trial applications. Compared with natural granular
MMT, the modified NMMT K10 with polysaccharide
is more uniformly dispersed, and has higher specific
surface area and weaker bonds between layers, which
provides better cleavage and more available sorption
sites within its interlayer space for micro-pollutant
molecules [26,27]. As an efficient inorganic exchanger
with a stable microporous structure, different feed
contents of NMMT K10 in nanocomposites could
influence the chemical environment of the modified
composites and hence the adsorption properties [28].

Statistically based Box-Behnken experimental
design and Response surface methodology (RSM) has
been widely applied with the aim to optimize the per-
formance of nanocomposite synergically affected by
multiple environmental controlling variables [29,30].
RSM has proved to be effective and is frequently used
to identify the interaction effects and predict the val-
ues of significant variables from a large number of
potential variables with the minimum amount of opti-
mized testing [31,32]. However, no modeling attempts
have been made to adopt the full range of RSM to
determine the interaction effects of combined control-
ling parameters on MC-LR uptake by SAP composite
and to optimize the operational conditions for the
maximum uptake of MC-LR from aqueous solution
while permitting reduction in the actual number of
combination experiments to be performed.

In this work, the adsorption mechanism of MC-LR
toxin onto PAM based SAP intercalated with SA mod-
ified MMT (PAM/SA-MMT) was studied. Scanning
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electron microscopy (SEM), energy dispersive X-ray
(EDX) microanalysis, X-ray diffraction (XRD) analysis,
and Fourier transform infrared spectroscopy (FT-IR)
analysis were used to characterize the structure and
surface morphology of PAM/SA-MMT. By performing
a batch of experiments designed with the Box-Behn-
ken model, we established the three-dimensional (3D)
numerical response surface model and assessed the
MC-LR adsorption on PAM/SA-MMT affected by the
operating parameters of pH, weight ratio (wr) of AM
to SA, and weight content (wt) of MMT K-10. The
adsorption kinetics and the isotherm modeling related
to the physical and chemical properties of PAM/SA-
MMT were investigated. The regeneration capacity of
PAM/SA-MMT was also examined by a batch of
adsorption/desorption cycling studies.

2. Materials and methods
2.1. Chemicals and materials

Nano-sized MMT K-10 with purity 95% was sup-
plied by Liaoyuan 4S-tech Co., Ltd., Nanjing, China.
The cationic exchange capacity of MMT K-10 is 96.3
mequiv/100 g. Acrylamide (AM), SA, ammonium per-
sulfate (APS, as the reaction initiator), and N,N-meth-
ylenebisacrylamide (NMBA, as the crosslinker) were
all analytical grade and supplied from Aladdin
Reagent Co., Ltd., Shanghai, China. MC-LR standard
was purchased from Agent Technology (Switzerland)
and stored below —25°C. HPLC-grade methanol and
formic acid were obtained from Tedia (OH, USA) and
Merck (Germany), respectively. Milli-Q deionized
water (18 MQ) was used in all experiments and
obtained through a Milli-Q water purification system
(Millipore, Bedford, MA, USA).

2.2. Preparation of PAM/SA-MMT superabsorbent
nanocomposite

The preparation of PAM/SA-MMT consisted of
two steps, which is similar to the two-step preparation
method of other reported superabsorbent nanocom-
posites [33]. A series of SA modified MMT composites
with different feed compositions of MMT and SA
were prepared according to the following procedure.
The feed compositions of MMT and SA were calcu-
lated according to the wr of AM to SA and the wt of
MMT listed in the Box-Behnken experimental matrix:

Mga = Mapm/WF M

mymr = (Mam + Mga) X wt 2
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where m 4, is the content of AM, mg, is the content of
SA, and mpr is the content of MMT. Nano-sized
MMT K-10 suspension was prepared with a certain
amount (mppr) of MMT dispersed in 100 mL deion-
ized water using a magnetic stirrer equipped with a
thermostat (Guohua 85-2, China) for 2 h at room tem-
perature. Similarly, a certain amount (5,4) of SA was
diluted in 100 mL deionized water. The SA solution
was added to the MMT suspension and agitated vig-
orously for 2h at 70°C. The mixture was dried in an
oven at 70°C to a constant weight, grounded and
milled through a 300 mesh screen.

The PAM based PAM/SA-MMT nanocomposite
was then synthesized. An 8 g AM was totally dis-
solved in 100 mL deionized water. The previously pre-
pared powder of SA-modified MMT was added to the
AM monomer solution and agitated vigorously for
about 8 h till it was well dispersed. About 20 mg APS
and 15 mg NMBA were added to the mixed solution
of AM and SA modified MMT. The mixture was
agitated and heated to 70°C in a water bath for 2 h,
followed by the addition of 10 mL 40% NaOH solu-
tion, and then the primary product was heated to
90°C to be saponified for 2 h. After the saponification,
we washed the formed nanocomposite for several
times with deionized water until the pH of the super-
natant fluid reached 7.0. The purified product was
dried in an oven at 70°C for 12 h. The dried gel was
milled and screened to 300 mesh. All samples used
for test had a particle size of <0.3 mm.

2.3. MC-LR quantification

The concentrations of MC-LR in the samples were
determined by the HPLC system [10]. The HPLC sys-
tem comprised of a Waters Alliance e2695 separations
module (Waters Corporation, Milford, MA, USA), a
Waters 2489 UV/Visible detector, a Waters 2998 pho-
todiode array detector, an inline vacuum degasser, a
quaternary mixing pump, a thermostated autosampler,
and a heated column compartment. The spectrophoto-
metric system was fully enclosed to ensure high spec-
tral resolution and accuracy, and the wavelength was
set to 238 nm. The separation was achieved on an
XBridge LC C18 5 um, 4.6 x 150 mm column (XBridge
Systems, Inc., Mountain View, CA, USA). The injection
volume was 10pgL™ with a flow rate of
0.6 mL min~". The mobile phase consisted of 0.1% for-
mic acid in water (solvent A, 40%) and 0.1% formic
acid in HPLC-grade methanol (solvent B, 60%). The
standard curve (R* >99.5%) was obtained for MC-LR
concentrations ranging from 5 to 1,000 ug L™" to ensure
minimal system error.
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2.4. Characterization of PAM/SA-MMT superabsorbent
nanocomposite

SEM and EDX analysis were performed for mor-
phological analyses with a SEM (Hitachi S-4800,
Japan) attached with an EDX spectrometer. All sam-
ples were dried and coated with gold to enhance the
electron conductivity before the scanning process. The
images of SA-MMT and PAM/SA-MMT were cap-
tured with an electron beam (high accelerating voltage
of 20kV) at a 45° tilt on the left side. EDX analysis
was used to analyze the occurrence of elements in the
specimens.

XRD measurements were performed using an
X-ray power diffractometer with Cu anode
(A =0.154 nm) at a generator voltage of 40 kV and a
generator current of 100 mA, scanning from 5° to 22°
at 3°min~' (Bruker® AXS D8 Advance, Germany).

To obtain the FT-IR spectra, PAM/SA-MMT sam-
ples before and after MC-LR adsorption were dried
overnight at 70°C. PAM/SA-MMT (0.1 g) was mixed
with KBr (0.9 g) and pressed into a tablet form with
the aid of a bench press. The resulting transparent pel-
let was used to analyze the surface functional groups
by IR spectroscopy (Bruker Tensor 27, Germany)
scanned between 4,000 and 400 cm ! at a resolution of
4em.

Through surface charge titration, we detected the
zero point of charge (pHp,.) representing the pH
where the surface ionic groups were neutralized and
the surface was effectively uncharged [34]. The pHy,.
(pH point of zero charge) of the superabsorbent was
determined by the solid addition method [35]: 0.01 M
NaCl was placed in a closed Erlenmeyer flask and its
pH was adjusted to a value between 2 and 12 by
0.1M HCI or NaOH. A fixed amount of PAM/SA-
MMT sample was added under agitation at 25°C and
the final pH values of the various buffer solutions
were measured and plotted after 2 d. The pH,,. is the
point where the curve pHgna intersects with pHinitial-

2.5. Box—-Behnken experimental design: RSM approach

The Box-Behnken model was used for the experi-
mental design to evaluate the interactive effects of the
significant operating parameters and to optimize the
adsorption of MC-LR on PAM/SA-MMT. The three
main controlling parameters pH (2-12), wr of AM to SA
(20-80), and wt of MMT (1-20%) were chosen as model
variables to study their interaction effects on the PAM/
SA-MMT adsorption capacity for MC-LR. Each inde-
pendent actual parameter was varied over three coded
levels (-1, 0, +1), which composed the batch experi-
mental design matrix derived from the Box-Behnken
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design summarized in Table 1. The amounts of MC-LR
removed by PAM/SA-MMT (ugL™") under different
experimental combinations based on this matrix were
estimated as the model responses.

The true value of each determined variable i was
coded as follows:

i=1,23,...k 3)

where x; is the coded level, X; is the real value of an
independent variable, X; is the real value of an inde-
pendent variable at the central point, and AX; is the
step change of variable i.

These independent factors were represented as
process variables in a quantitative form:

Y = f(A,B,C) @)

where Y is the predicted response of MC-LR removal,
and A (pH), B (wr of AM to SA), and C (wt of MMT)
are the coded levels of the actual variables.

The response values were approximated by a suit-
able linear polynomial first, then by the quadratic,
cubic, and higher order polynomial. In the system
with curvature, the second-order polynomial in the
form of a quadratic model showed the best fit with
our experimental data:

Y =ko + k1A + kB + k3C + k12AB + k13AC + ko3 BC
+ kllAz + kzsz + k33C2 5)

where k;; are the estimated coefficients of the equation.
A total of 16 different experimental combinations
(including four replicates of the center point for error
estimation) was designed for calculation of the 10
coefficients of the second-order polynomial equation
to approximate the experimental values, which were
derived from the standard Box-Behnken model estab-
lished by Design Expert” (DX) 8.0.5 (Stat-Ease Inc.,
Minneapolis, MN, USA). The determination of the
complex response surface provided by relatively few
combinations of variables was obtained by plotting
the expected response values.

2.6. Experimental studies of MC-LR adsorption by PAM/
SA-MMT

The influence of pH and temperature on MC-LR
uptake was studied by agitating 5 mg of PAM/SA-
MMT with 100 mL of 500 pgL™ MC-LR solution
under different pH conditions (2-12) and various
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Table 1
Box-Behnken design matrix of three variables (pH, wr of PAM to SA, and wt of MMT) along with the experimental
responses
Variables Variables

wr MC-LR uptake wr MC-LR uptake
Run pH PAM/SA  wt% MMT  (ugL™) Run pH PAM/SA  wt% MMT  (ugL™
1 2 20 10.5 411.6 9 7 50 10.5 455.4
2 2 50 1 483.1 10 7 50 10.5 455.4
3 2 50 20 426.3 11 7 80 1 461.3
4 2 80 10.5 455.2 12 7 80 20 390.2
5 7 20 1 412.1 13 12 20 10.5 387.7
6 7 20 20 389.3 14 12 50 1 436.1
7 7 50 10.5 455.4 15 12 50 20 366.4
8 7 50 10.5 455.4 16 12 80 10.5 397.5

temperature (10-40°C) at 200 rpm in the thermostated
magnetic stirrer for 12h. The solution pH was
adjusted using a pH meter (Mettler-Toledo, FE20 Five-
Easy™ pH, Switzerland). The pH at which the peak of
MC-LR uptake by PAM/SA-MMT occurs is defined as
PHmax- The MC-LR removal percentage and the
adsorption capacity of PAM/SA-MMT for MC-LR
were calculated as follows:

R = (1—C/Cy) x 100% ®)
Q= (Cy—C)V/M @)

where R is the instantaneous MC-LR removal percent-
age (%), Q is the adsorption capacity of PAM/SA-
MMT for MC-LR (ugg™"), Co is the initial MC-LR
concentration (ugL™"), C is the instantaneous MC-LR
concentration (ugL™"), V is the volume of the solution
(mL), and M is the PAM/SA-MMT dose (mg).

The kinetic experiments were conducted at various
concentrations of MC-LR ranging from 100 to 500 pg L ™"
and at pHj,.x with the superabsorbent dose fixed at
50 mg L™". Samples were collected at different predeter-
mined time intervals (every 10 min until 90 min and
then every 15 min after 90 min) and the MC-LR remain-
ing in solution was estimated. The adsorption isotherm
experiments were conducted with various MC-LR
initial concentrations (100-1,000 pg LY at PHmax with
50 mg L' of PAM/SA-MMT. An agitation time of 12 h
was selected to ensure that complete equilibrium of the
sorption reaction was achieved.

2.7. Batch adsorption/desorption studies in simulated ionic
conditions

Regeneration cycling studies were conducted in
simulated ionic water samples to study the reusability

of PAM/SA-MMT. With the consideration of practical
application, adsorption of MC-LR was studied with
the presence of various cations (Na*, K%, Mg2+, and
Ca®") and anions (NO;, NO,, PO;~, SO; ", and CI).
The concentration range of ions for simulation was
fixed as 0, 25, 50 mg/L, which was based on our pre-
vious analysis of fresh water samples from Taihu in
China. The simulated water samples were spiked with
100 ugL™' MC-LR and agitated with 0.5 gL~ PAM/
SA-MMT at 200 rpm and pHpax in the thermostatted
magnetic stirrer for 12 h. We separated the adsorbent
by centrifugation and analyzed the supernatant water
samples containing residual MC-LR separately. The
dry-loaded adsorbent was recovered and gently
washed with deionized water to remove any unad-
sorbed toxins [12].

These MC-LR laden adsorbents were stirred using
the magnetic stirrer with Erlenmeyer flasks containing
deionized water adjusted to pH 2-12 using 0.1 M HCI
or NaOH and agitated for 24 h. Desorption was also
carried out in a similar manner using acetone, 95%
ethanol, methanol, 0.1 M HCI, and 0.1 M NaOH. The
desorbates were analyzed for MC-LR content. After
desorption, these adsorbents were centrifugated,
gently washed with deionized water, and dried at
70°C for 24 h. The same adsorbents were subsequently
agitated with spiked drinking water samples of
MC-LR for the next cycle of adsorption/desorption.

3. Results and discussion

3.1. SEM, EDX, XRD and FT-IR analysis of PAM/SA-
MMT

The SEM images in Fig. 1(a) and (c) show the mor-
phology of SA-MMT and PAM/SA-MMT. The white
particles correspond to nano-sized MMT K-10, and the
black opaque background represents the polymer



1126 Z. Wang et al. | Desalination and Water Treatment 56 (2015) 1121-1139

o ©
gl ()
oo ¥ Energy (keV) 5'2

Elements SA-MMT PAM/SA-MMT

Weight (%) Atom (%) Weight (%) Atom (%)

C 21.60 33.10 41.07 49.88

N - - 7.21 7.51

o 37.02 42.59 39.64 36.11

Na 7.09 5.68 9.64 6.11

Mg 0.24 0.18 0.14 0.09

Al 3.40 2.32 0.10 0.05

Si 23.59 15.46 0.18 0.10

Pt 7.05 0.67 2.00 0.15

Fig. 1. SEM, EDX films and EDX spectra of SA-MMT, and PAM/SA-MMT: (a) SA-MMT (SEM), (b) SA-MMT (EDX silicon
distribution), (¢) SA-MMT (EDX spectrum), (d) PAM/SA-MMT (SEM), (e) PAM/SA-MMT (EDX silicon distribution), (f)

PAM/SA-MMT (EDX spectrum); wr = 60, wt = 4%.

matrices. The highly porous and close slice-like struc-
ture can be clearly observed. The inherent layered
structure was revealed by the lay-up of the MMT par-
ticles. By mapping the silicon distribution through
EDX (Fig. 1(b) and (d)), the overall dispersion of clay
particles in the polymeric matrix can be clearly
observed. The introduced MMT particles, which are
found homogenously dispersed in SA-MMT and
PAM/SA-MMT nanocomposites, seems to loose the
surface and generate many pleats.

The EDX spectra of SA-MMT and PAM/SA-MMT
were depicted in Fig. 1(c) and (f). Eight elements were

observed, i.e. C, O, Na, Mg, Al Si, Pt, and Au. The C
and O were due to the introduced organic modifier
SA and intercalant AM. The N belonged to AM. The
Na belonged to SA. The Pt and Au were associated
with the coating materials sputtered on the sample.
All the remaining elements represent the components
of MMT. The carbon content based on the C/Si ratio
in the PAM/SA-MMT was substantially higher than
that of SA-MMT, which can be ascribed to some inter-
calation of MMT with PAM chains [36]. After the
MMT incorporation into the polymeric network of
PAM, the chemical environment of —-COO~ and -
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CONH- of PAM has changed and exerted a positive
influence on the absorbing ability of PAM/SA-MMT
[33]. It can be concluded that MMT participated in the
graft-polymerization of SA-MMT with AM and the
formation of the intercalate-exfoliated nanostructure of
PAM/SA-MMT, which improved the polymeric net-
work and enhanced the adsorption capacity.

The XRD patterns of MMT and SA modified MMT
are compared in Fig. 2. XRD analysis is a classical
technique to accurately characterize the 4 (001) inter-
layer spacing of MMT [17]. A prominent peak corre-
sponding to the 001 reflection of MMT occurred at 26
of 8.81°. The average basal d spacing of 1.00 nm was
calculated for this reflection using Bragg’s equation:

2dsinf = /. (8)

The 001 peak could also be observed in the scattering
curve of SA modified MMT, which remained in the
same position and became much broader. The shift of
001 peak to smaller angles observed in modified MMT
with polysaccharides such as chitosan normally indi-
cates the intercalation of modifiers into the stacked
MMT layers and the destruction of MMT crystalline
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structure [28]. However, the broadening XRD pattern
of 001 peak observed in SA-modified MMT reflected
a lower degree of ordering for MMT layers with origi-
nal MMT, which led to the irregular arrangement of
MMT layers [37]. No shift of 001 peak indicated that
the reaction between SA and MMT occurred on the
external surfaces of MMT particles, which verified
their bonding interactions observed in FT-IR results.
The FT-IR spectra of MMT, SA, and SA-modified
MMT are shown in Fig. 3(a). In the spectrum of SA-
modified MMT, the ~OH stretching vibration of silanol
(Si-OH) group of MMT at 3,620 cm ™" shifted to higher
wave number 3,625 cm ! [38]. The peak 1,613 cm™! of
SA and the peak 1,634 cm™ ! of MMT, which corre-
sponded to the asymmetric stretching vibration of —
COO™ group and the bending vibration of H-OH
bond, shifted to 1,626 cm ™! in SA-modified MMT, sug-
gesting the bonding action between -COO™ group of
SA and -OH of MMT [17]. The stretching vibration of
in-plane Si-O-5i bond of MMT at 1,048 cm ! and the
asymmetric C-O-C stretch of SA at 1,031 cm™" were
overlapped to 1,043 cm ™', indicating their strong inter-
action [38]. The bending and deformation vibrations of
the Si-O bond of MMT at 528 and 475cm™' also
shifted to 524 and 469 cm™" in SA-modified MMT [39].

2

B

-

£ MMT

5

=

w

=

D

£
SA-MMT

6 8 10 12 14 1 18 20

20 (°)

Fig. 2. XRD patterns of MMT and SA-modified MMT; wr = 60, wt = 4%.
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Fig. 3. FT-IR spectra of MMT, SA, and SA-modified MMT (a), SA-MMT, PAM, and PAM/SA-MMT (b), and
PAM/SA-MMT before and after MC-LR adsorption (c); wr = 60, wt = 4%.
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The FT-IR spectra of SA-modified MMT, PAM,
and PAM/SA-MMT are shown in Fig. 3(b). The
adsorption band ascribed to -OH stretching vibration
of MMT at 3,625 cm™ ' disappeared in the spectrum of
PAM/SA-MMT, while the peak at 3,451 cm™' of PAM
chain shifted to 3,467 cm™'. The PAM chains at 1,638
and 1,121 cm™" shifted to 1,688 and 1,137 cm™', while
the stretching vibration of Si-O-Si bond at 1,043 cm™"
disappeared. These results indicated the bonding
actions between -OH and Si-O-5i of MMT and -
CONH- of PAM chains [17]. The splitting ¢ between
the asymmetric and symmetric -COO™ vibration
bands decreased from 159 to 116, suggesting that the
physical cross-linking interactions originated between
-COO™ of PAM chains to MMT would increase in
PAM/SA-MMT [17]. We could therefore deduce the
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schematic preparation process of PAM/SA-MMT
superabsorbent nanocomposite in Fig. 4.

The FT-IR spectra of PAM/SA-MMT before and
after sorption of MC-LR are shown in Fig. 3(c).
According to the FT-IR spectrum, the —OH stretching
mode of PAM/SA-MMT shifted from 3,467 to
3,458 cm ™!, characterizing the formation of hydrogen
bonding between MC-LR and the -OH groups of
MMT or SA. The movement of the methylene vibra-
tion band from 2,944 to 2,936 cm ! indicated that the
adsorption process might involve some hydrophobic
interactions. The asymmetric -COO™ vibration band at
1,571 cm ™! shifted to lower wave number 1,566 cm™};
the symmetric -COO™ vibration band at 1,436 cm™!
was split apart into 1,446 and 1,405 cm™ L. These two
variations suggested the strong electrostatic interaction
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Fig. 4. Schematic preparation process of PAM/SA-MMT superabsorbent nanocomposite.
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between MC-LR and the -COO™ groups of PAM. The
MC-LR adsorption process on PAM/SA-MMT could
be presumed to involve the combining mechanism of
hydrogen, hydrophobic, and electrostatic bonding.

3.2. RSM approach for MC-LR adsorption optimization

The Response surface model was established as an
effective means of reflecting MC-LR adsorption pro-
cess affected by the controlling parameters. The statis-
tical significances of parameters and their interactions
(combinations of two codes) at various levels of proba-
bility values are shown in Table 2, which are based on
Student’s t-test and p-values. A small p-value indicates
a statistically significant parameter effect [40], and a
term with p <0.01 was considered significant in this
study. The t-value represents the ratio of the estimated
parameter effect to the estimated parameter standard
error. A large magnitude of t-value represents the sta-
tistical significance of the corresponding variable in
the regression model [41]. High values of the parame-
ter estimates for these variables with high levels of
significance indicated their importance in the sorption
process. The selected first-order (A, B, C), second-
order (A2, B3 (C?, and interactive parameters (BC)
were shown to be statistically significant except for
the interaction effect of pH—wr AM/SA (AB) and pH
—wt MMT (AC). The linear term of wt% MMT was
found as the most significant component of the regres-
sion model (estimated coefficient = —27.55, t = —14.06,
F=19842, p<0.01) for the present application. The
pH effect was also highly significant (estimated coeffi-
cient = -23.56, t=-12.02, F=145.14, p <0.01). Only
wr AM/SA showed a significant positive relationship
with adsorption, while all other variables had negative
effects on the adsorption process.
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By fitting the parameter coefficients estimated by
RSM based on Box-Behnken design (Table 2) and
emphasizing the most significant polynomial terms,
the final second-order regression equation in terms of
coded factors to describe MC-LR adsorption by PAM/
SA-MMT was

Y =455.40 — 23.56A + 12.94B — 27.55C — 8.45AB
—3.23AC — 12.08BC )
— 13.83A% — 28.58B% — 13.60C?

The coded response values of the independent vari-
ables were entered into the established design to fit
the suggested numerical model. By plotting the pre-
dicted responses according to the final quadratic poly-
nomial equation, we could then obtain the rotatable
3D response surface plots and explain the regular pat-
tern of experimental data variances.

The experimental data were subjected to the analy-
sis of variance (ANOVA) to test the accuracy and
applicability of the Response surface model. The
ANOVA results in Table 3 show that the MC-LR
adsorption regression model was significant, because
of the low probability value of p (<0.01) and the high
Fisher F-test value (66.34), which means that there is
only 0.01% chance that a model F-value this large
could occur because of noise. The pure error of zero
indicates that the lack of fit was not significant. The
goodness of regression was also verified by the low
coefficient of variation (C.V.) and the high coefficients
of R?, which indicates the high dependence between
the observed and the simulated response values. The
precision was evaluated by the signal-to-noise ratio,
which compares the range of predicted values at the
design points to the average prediction error. Its

Table 2

Estimated coded parameters of the Box-Behnken model of MC-LR adsorption by PAM/SA-MMT and their statistical
significance

Variables Parameter coefficient Mean square Standard error t-value F-value p-value > F
Intercept 455.40

A —23.56 4441.53 1.96 -12.02 145.14 <0.01

B 12.94 1339.03 1.96 6.60 43.76 <0.01

C —27.55 6072.02 1.96 —14.06 198.42 <0.01

AB —8.45 285.61 2.77 —-3.05 9.33 0.02"

AC -3.23 41.60 2.77 -1.17 1.36 0.28

BC -12.08 583.22 2.77 —4.36 19.06 <0.01

A? -13.83 804.76 2.70 -5.12 26.30 <0.01

B? —28.58 3438.02 2.70 -10.59 112.34 <0.01

c? -13.60 778.78 2.70 —-5.04 25.45 <0.01

*p > 0.01, non-significant parameter.



Z. Wang et al. | Desalination and Water Treatment 56 (2015) 1121-1139 1131
Table 3
ANOVA for Box-Behnken response surface model of MC-LR adsorption by PAM/SA-MMT
Sources of variation Sum of squares Degree of Freedom Mean square F-value p-value>F
Model 18271.38 9 2030.15 66.34 <0.01
Residual 214.22 7 30.60
—Lack of fit 214.22 3 71.41
—Pure error 0 4 0
RMSE 5.53 R? 0.9884
Mean 429.05 Adjusted R* 0.9735
CV* (%) 1.29 Predicted R? 0.8146

Adequate precision 24.09

*C.V.=RMSE/mean.

relatively high value (24.09) indicates a satisfactory
model for discrimination and an authentic relationship
between the model responses and significant variables.
The model adequacy could be checked by all informa-
tion on the lack of fit contained in the residuals [42].
The normal probability plot of residuals (Fig. 5) is a
graphical diagnostic tool, which confirms the assump-
tions that errors are normally distributed and error
variances are homogeneous. No serious deviation
between observed and predicted values is indicated.
Thus, this regression model can be used to navigate
the design space and analyze the response patterns for
optimization.

3.3. Interactive effects of variables on MC-LR adsorption
capacity of PAM/SA-MMT

3D response surface plots were investigated to pre-
dict the variations of MC-LR removal capacity under
different controlling parameters. The interactive effects
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Fig. 5. Normal probability plot of residuals.

of pH, wr of PAM to SA, and wt of MMT on MC-LR
adsorption by PAM/SA-MMT is respectively depicted
in Fig. 6. Graphical optimization of the response sur-
face plots with DX analysis was also performed to
determine the range of the optimal pH condition and
the feed composition of superabsorbent that maxi-
mizes the removal percentage of MC-LR.

The optimal pH was found between 2.5 and 4.5,
and at higher or lower pH the adsorption capacity of
PAM/SA-MMT for MC-LR was less. The adsorption
initially increased and then decreased slightly with
increasing wr from 20 to 80. Similarly, decreasing wt
from 20 to 5% facilitated the removal of MC-LR, but
markedly restrain the adsorption with wt from 3 to
1%. The maximum adsorption was observed with pH
2.5-4.5, wr AM/SA 55-65 and wt MMT 3-5%.

The modeling results could be interpreted as fol-
lows: more PAM molecules could be provided next to
the chains to propagate sites of SA with increasing wr,
which enhances the amounts of -COOH groups and
ameliorate the adsorption capacity; plus, more Na*
generated in the poly-network during the neutraliza-
tion process of PAM would enhance the osmotic
pressure difference between superabsorbent and
adsorbate, which also improve the MC-LR uptake
[12]. The introduced nano-sized MMT K-10 generated
a loose and porous surface for PAM/SA-MMT, and
the expanded PAM/SA-MMT surface favored the
interaction between MC-LR molecules and vacant
adsorption sites of the larger adsorbent surface [17].
The broad surface also benefited the penetration of
MC-LR molecule into the poly-network. However,
with MMT content increasing, the poly-network of
PAM/SA-MMT became intensive and formed more
cross links, which might suppress the elasticity of
polymer chains.

The solution chemistry significantly affects the
MC-LR adsorption process [43]. The response of the
overall charges on MC-LR and PAM/SA-MMT to
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changes in pH significantly affects the performance of
their surface ionizable groups. The pHy,,. of PAM/SA-
MMT was found to be 6.2, and PAM/SA-MMT had
cationic surface charges at pH < 6.2 and anionic sur-
face charges at pH > 6.2. Otherwise, the MC-LR mole-
cule remained neutral in the narrow pH range of
2.09-2.19, producing cationic species [(COOH),(NH;)]
at pH <2.09 and anionic species [(COO ),(NH;) and
(COO )(NH)] at pH > 2.19 [44]. The physical ion pair-
ing effect indicates that the increase in ionic interac-
tion, leads to better adsorption, which can be
observed when MC-LR and PAM/SA-MMT carry
opposite surface charges.

In our study, the maximum MC-LR adsorption
capacity of PAM/SA-MMT was observed between pH
2.5-4.5, which can be mainly attributed to the electro-
static attraction, while MC-LR was essentially in an
anionic form and PAM/SA-MMT was in a cationic
form at this pH. As the system pH increased, the cat-
ionic surface charges of PAM/SA-MMT decreased to
pHp,c (6.2), and then the -COOH group of PAM/SA-
MMT present in acrylate dissociated to form increas-
ing anionic -COO", which repelled the same charge
carried by MC-LR. Below pH 2.5, both adsorbent and
adsorbate had increasing cationic surface charges, and
the repulsion between positive charges caused a
decrease in adsorption for MC-LR. Further investiga-
tions should be undertaken to evaluate whether the
strong surface complexation reactions were involved
in the pH range of pHy,..

Furthermore, the MC-LR molecular shape is pH
dependent [43]. MC-LR tends to remain in aqueous
phase rather than being adsorbed to PAM/SA-MMT
with increasing pH owing to the partitioning effect of
the charged MC-LR molecule [35]. Conversely, a

decrease of MC-LR water solubility and a higher MC-
LR affinity for PAM/SA-MMT surface at lower pH
were expected. MC-LR behaves as a polyelectrolyte in
solution, and the overall molecular dimension
decreases with the stronger intramolecular forces at
low pH, increasing the possibility of adsorption [11].

To confirm the validity of our statistical and exper-
imental strategies, we performed a series of experi-
mental tests in three replicates, and the results
indicated that the maximum MC-LR removal (479.37
+1.23ug L") was obtained with all the parameters at
the optimum values (pH =235, wr=60, wt=4%).
The confirmatory experiments demonstrated that the
model prediction (481.32 pgL™") was in good accor-
dance with the experimental result. The modeling
optimization of the adsorption process affected by
interactive variables is consistent with our experimen-
tal observations.

3.4. Effects of pH and temperature on MC-LR removal

Variations of adsorption capacities of samples
(wr = 60, wt = 4%) with different pH and temperature
were studied by performing a batch of equilibrium
experiments and shown in Fig. 7. With increase in pH,
the equilibrium of MC-LR removal capacity of PAM/
SA-MMT rapidly increased before reaching a peak of
9.16-9.52 mg g~ at the range of pH 2.5-5.0, and then
continuously decreased to 8.34-8.54 mg g ' at pH 12
(alkaline environment). The MC-LR adsorption capac-
ity of PAM/SA-MMT increased with increase in tem-
perature from 10 to 40°C.

The analogy to explain the pH effect is the physical
ion pairing effect and the partitioning effect of
charged MC-LR molecules in the aqueous phase, as
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Fig. 7. Effects of pH and temperature on the MC-LR
adsorption onto PAM/SA-MMT (wr = 60, wt = 4%).

previously demonstrated. The temperature study
becomes necessary to understand the influence of
changing temperature in the real environment due to
seasonal variations. The observations indicated the
possibility about the endothermic behavior of the
adsorption process in the range of 10-40°C. High tem-
perature would possibly enhance the diffusion rate of
adsorbate ions and allow the breaking and formation

1133

of bonds on adsorbent surface. Increasing temperature
would also produce a swelling effect within the inter-
nal structure of adsorbent, penetrating further the
toxin molecules [12].

3.5. Kinetic modeling: effects of initial MC-LR
concentration and contact time

The variation of MC-LR uptake amount with dif-
ferent initial MC-LR concentrations vs. contact time is
shown in Fig. 8(a). As the MC-LR adsorption capacity
of PAM/SA-MMT reached a maximum around pH
3.5, kinetic experiments were conducted for different
time intervals at pH 3.5 and ambient temperature.
With initial MC-LR concentrations ranging from 100
to 500 ug L™', the MC-LR removal percentage at equi-
librium decreased from 96.3 to 93.7%. The adsorption
equilibrium was achieved within 80 min for the initial
MC-LR concentration of 100-200 ugL™!, whereas the
equilibrium time was longer (over 90 min) for higher
initial concentrations.

The removal efficiency appeared to be dependent
on MC-LR initial concentration with fixed adsorbent
dosage. The decrease of MC-LR uptake at high MC-
LR concentration can be explained by increased
competition between MC ions for an unchangeable
number of available binding sites and also saturation
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Fig. 8. Kinetic plots (a), intraparticle diffusion plots (b), and liquid film diffusion plots (c) for MC-LR adsorption to
PAM/SA-MMT with initial concentrations of 100 pg L' (black square), 200 ug L' (black circle), 300 pug L™ (black
triangle), 400 ug L™ (white square), and 500 ug L' (white circle).
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of most binding sites. The aggregation of MC-LR mol-
ecules might prevent them from diffusing deeper in
the nanocomposite structure of PAM/SA-MMT. Com-
pared with the amount of MC-LR, the available sur-
face area decreased with higher initial concentrations
and led to longer equilibrium times. The short equilib-
rium time of PAM/SA-MMT for MC-LR removal indi-
cates that it is a much more efficient adsorbent than
other reported absorbents [90 min for peat [35],
200 min for chitosan-cellulose composite material [45],
8 h for carbon nanotube [6], 16 h for activated carbon
from coal [11], 24 h for nanosilicate platelet [46], 24 h
for sediments [47,48]], suggesting its potential use for
large-scale industrial application.

The experimental kinetic data were fitted to the
pseudo-first-order and pseudo-second-order models.
The non-linear forms of these two models are

Qr = Qe(1 — exp(—kit)) (10
_ Qezkzt
Tk v

where Q; is the amount of MC-LR adsorbed at time ¢
(mg g™, Q, is the amount of MC-LR uptake at equi-
librium (mg g™'), k; is the pseudo-first-order equilib-
rium rate constant (min '), and k, is the pseudo-
second-order equilibrium rate constant (g mg ' min ™).

The reduced chi-squared test and the adjusted R*
were defined as a statistical measure of the goodness
of fit

2o (Qi—q)

Ared = Zi:l (1’! — 2)‘71 (12)
5 (n—DR* -1

Rad] = n_2 (13)

A small y,.;> and a high R,,djz indicate good curve fit-
ting and similarity between the experimental data and

Table 4
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model. The parameters of both kinetic models and the
xred2 and Rgdjz values are shown in Table 4. The
amount of adsorbed MC-LR at equilibrium (Q,) and
the rate constants (k) were calculated from the slopes
and intercepts of these curves. Both pseudo models
slightly overestimated the removal before 25 min and
underestimated the removal after 25 min till equilib-
rium, but they were still consistent with the
experimental data in general, especially at low concen-
trations. A reasonable explanation is that the rate-
controlling step should not be sole and the sorption
process involves both physical and chemical interac-
tions. The pseudo-first-order model fit well most
kinetic data for the whole range of contact time and
underestimate the Q, values [35]. The pseudo-second-
order model fits much better with the chemisorption
rate-controlling process [49]. The underestimation was
possibly because a weak external resistance delayed
the initiation of the sorption process, which decreases
the validity of the simulations.

The high initial adsorption rate was observed and
the plateau of the final equilibrium was shortly
reached thereafter. The availability of numerous
vacant sites and easy diffusion into the particle pores
led to the initial rapid uptake. The decreasing trend of
initial average sorption rate indicates the existence of
strong attractive forces and the probability of fast
intraparticle diffusion [50]. An increased concentration
gradient between adsorbed and remaining MC-LR
could be observed and explained by the gradual fill-
ing-up and regeneration process of a large number of
available sorption surface sites [51].

The sorption process before reaching equilibrium
can be defined by three steps: (1) transfer of the adsor-
bate from the solution to the boundary liquid film and
onto the surface of the sorbent particle (film diffusion),
(2) transfer of the adsorbate from the sorbent surface
into the intraparticle active binding sites (particle dif-
fusion), and (3) interaction between the adsorbates
and the active binding sites [52]. The liquid film

Kinetic parameters for MC-LR adsorption onto PAM/SA-MMT

Pseudo-first-order kinetic

Pseudo-second-order kinetic

model model
Q. (exp) Q, (cal) Q. (cal)
MC-LR initial concentration (ugL™") (mgg™") (mgg™) Tred Ragf” (mgg™ Yred” Ragf
100 1.93 1.94 0.0015 0.9950 2.14 0.0058 0.9813
200 3.78 3.81 0.0069 0.9942 4.19 0.0285 0.9759
300 5.66 5.71 0.0102 0.9963 6.31 0.0737 0.9731
400 7.53 7.58 0.0109 0.9977 8.37 0.1109 0.9768
500 9.37 9.41 0.0167 0.9977 10.41 0.1545 0.9790
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diffusion model [53] and the intraparticle diffusion
model [54] were defined as

—In(1 - Q:1/Qe) = kpat (14)

Qi = kit (15)
where Q; is the amount of MC-LR adsorbed at time ¢
(mg g "), Q. is the amount of MC-LR uptake at equi-
librium (mg g™ "), kis is the intraparticle diffusion con-
stant (mg g~ min"), and ky is the film diffusion rate
constant (min ™).

The third step of the bonding interaction is nor-
mally considered to be very rapid. These two models
are used to clarify the mechanism involved in the first
two steps of the sorption process, as shown in
Fig. 8(b) and (c). Intraparticle diffusion or film diffu-
sion may be the main mechanism for the kinetics only
if its model plot is a straight line passing through the
origin [52]. The calculated values of the intraparticle
diffusion constant k;; were 0.23, 0.46, 0.71, 0.93, and
1.15 g mg ™' min~' with nonzero intercepts for different
initial MC-LR concentrations. The multi-linearity could
be clearly observed from the plot of Q; vs. t°° curves,
suggesting that the sorption process involved more
than one kinetic stage and intraparticle diffusion
might not be the only rate-controlling step. The plots
of —In(1-Q;/Q,) vs. t before 25 min are shown accord-
ing to the liquid film diffusion model, and all depict a
straight line with a near-zero intercept and a slope
(ksa) of 0.049. We can conclude that the MC-LR sorp-
tion process begins with the fastest liquid film diffu-
sion phase over the adsorbent surface with a
considerable contribution from intraparticle diffusion.
The second phase can be attributed to relatively fast
intraparticle diffusion followed by the third stage of
micropore diffusion before the equilibrium. Neither
intraparticle diffusion nor film diffusion is considered
as the sole rate-controlling mechanism of MC-LR
adsorption to PAM/SA-MMT.

3.6. Sorption isotherm modeling

The isotherms determined at different initial MC-LR
concentrations ranging from 100 to 1,000 g L™" at pH
3.5 and ambient temperature were studied to describe
the sorption of MC-LR to PAM/SA-MMT (Fig. 9). The
I'-shaped sorption isotherm plot described a decreasing
ratio of MC-LR concentration remaining in solution to
MC-LR adsorbed to PAM/SA-MMT with increasing
initial adsorbate concentration, providing a concave
curve without plateau. Langmuir and Freundlich mod-
els were applied to the isotherm to empirically predict
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Fig. 9. MC-LR sorption isotherm of PAM/SA-MMT at pH
3.5.

the extent of adsorption process and interpret the non-
linear equilibrium relationship between adsorbed and
remaining MC-LR. The favorable adjusted R® and
reduced chi-squared values revealed the validity of
both simulation models (Table 5). The equations of
Langmuir and Freundlich models are

QmaxbLCeq
_ il 1
Q=7 +b.Ceq (16)
Q=ke G/ (17)

where Q is the amount of MC-LR uptake by PAM/
SA-MMT at equilibrium (mg g™), C,, is the amount of
MC-LR remaining in solution at equilibrium (g LY,
Quax is the maximum MC-LR uptake by PAM/SA-
MMT (mgg™'), by is the Langmuir equilibrium
constant (L ugfl), kp is the Freundlich equilibrium

Table 5
Langmuir and Freundlich isotherm constants for MC-LR
adsorption onto PAM/SA-MMT

Qmax (mg gil) bL (L Hgil) Radjz deZ
Langmuir model

32.66 0.013 0.9973 144.61
kF (gil) n Rudj2 Xn’,dz
Freundlich model

0.86 1.46 0.9915 447.27
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constant (L mg™"), and 7 is the dependence degree of
the sorption equilibrium.

The Langmuir model showed a better fit to the
experimental results than Freundlich model, which
confirmed the assumptions that adsorption sites are
identical, the sorption process is monolayer, and the
adsorbent surfaces are homogeneous, [55]. Freundlich
model describes better the sorption at low and inter-
mediate concentrations on heterogeneous adsorbent
surfaces or surfaces having adsorption sites with dif-
ferent affinities [35]. The process of MC-LR adsorption
onto PAM/SA-MMT could therefore be characterized
as the monolayer coverage of MC-LR molecule on the
homogeneous surface of the nanocomposite. Plus, the
adsorption sites have uniform energies and the inter-
actions between the adsorbed MC-LR molecules are
negligible. The specific surface and sorption capacity
of PAM/SA-MMT was limited, as described by the
Langmuir isotherm, rather than the exponentially
increasing sorption process assumed by the Freundlich
model.

The theoretical maximum MC-LR adsorption
capacity of PAM/SA-MMT (32.66 mg g ') estimated
by the Langmuir model is favorably comparable to
most low-cost adsorbents reported in the literature as
shown in Table 6. The outstanding adsorption capacity
of PAM/SA-MMT indicates its feasibility as an effi-
cient MC-LR remover from aqueous solutions. In
addition, the high value of the Langmuir constant by,
indicates a steep initial slope of the isotherm, repre-
senting desirably high sorption energy and high affin-
ity between the adsorbent and adsorbate. Similarly,
the high values of the Freundlich constants kr and 1/n
indicate the high binding capacity between MC-LR
and PAM/SA-MMT.

The economical comparison of PAM/SA-MMT
superabsorbent nanocomposite with other adsorbents

Table 6
Comparison of recent reported adsorption capacities of
MC-LR on various adsorbents

Qmax

Adsorbents (mg g™") References
PAM/SA-MMT superabsorbent 32.66 Our data in

nanocomposite the paper
Peat 0.23 [35]
Powdered activated carbon 0.75 [56]
Magnetic core mesoporous 20.00 [57]

shell
HP20 resin 3.33 [58]
Graphene oxide 1.70 [8]
Ordered mesoporous silica 5.99 [59]

Z. Wang et al. | Desalination and Water Treatment 56 (2015) 1121-1139

was also performed. The material prices for the com-
parison were obtained from the most recent informa-
tion source published by the main international
manufacturer or supplier of industrial raw materials.
The average price of C18 silica and powder activated
carbon from Acros® is $400 and $7.5 per 100 g, respec-
tively. The average price of HP20 resin from Alibaba®
is $12.6 per 100 g. The price of multi-walled carbon
nanotubes from Alibaba® and Sigma-Aldrich® varies
from $125 to $2000 per 100 g. The average cost of pro-
duction of PAM/SA-MMT superabsorbent nanocom-
posite was $4.9 per 100 g, which is significantly lower
than the aforementioned common adsorbents.

3.7. Regeneration cycling study in simulated ionic
environment

The PAM/SA-MMT nanocomposite containing
MMT could be regenerated, because its mechanical
properties and physical form are protected by interca-
lated clays while pure hydrogels usually dissipate in
aqueous phase [60]. To evaluate the reusability and
cost-effectiveness of PAM/SA-MMT as an adsorbent,
its performance through simulated adsorption/desorp-
tion cycles should be examined [8]. Desorption studies
were first conducted in different media to evaluate the
recovery of the adsorbate from the adsorbent and to
select the appropriate desorbent. The highest desorp-
tion efficiency was observed in 0.1 M NaOH (92.1%),
since. MC-LR showed increasing hydrophilicity and
had a tendency to remain in the aqueous phase with
increasing pH. Only physisorbed MC-LR molecules
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Fig. 10. Adsorption/desorption cycles of MC-LR with
concentrations of ions for simulation of 0 (white), 25
(gray), and 50 mg L™" (black).
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can be desorbed from the surface of the adsorbent, the
pH effect on adsorption and desorption highlighted
the strong binding reaction, and revealed the
possibility of chemisorption mechanisms involved in
the MC-LR removal [51].

The regeneration capacity decreased faster in coun-
ter ionic environment. As shown in Fig. 10, MC-LR
removals in the presence of cations and anions
decreased from 90.2 to 55.2% and from 85.3 to 51.5%
during the five regeneration cycles, respectively, while
the concentration of counter ions ranged between 25
and 50mg/L. The concentration of counter ions
showed a major effect on the adsorption efficiency. In
theory, the increasing ionic strength leads to the
decrease of adsorption capacity where the electrostatic
attraction between PAM/SA-MMT surface and MC-
LR ions is hindered [8]. The transfer of MC-LR
molecules from aqueous phase to solid phase is found
significantly affected by counter ions in this study.

The first five cycles without excess ionic effect
resulted in over 85% adsorption and 80% desorption.
The decrease of adsorption efficiency in regeneration
cycles can be attributed to the loss of surface func-
tional charge groups [8]. However, the recovery of
MC-LR after each desorption cycle reached 92.8%,
which is advantageous for numerous cycles and the
disposal of spent superabsorbents.

4. Conclusions

In the present study, the process of PAM/SA-MMT
preparation and MC-LR adsorption was characterized
by SEM, EDX microanalysis, XRD analysis, and FT-IR
analysis. The empirical relationship between its
MC-LR adsorption capacity and the independent
controlling parameters was investigated based on the
RSM approach. The interactive effects of pH, wr of
AM to SA, and wt of MMT on MC-LR removal were
optimized by using the Box-Behnken experimental
design and fitting the quadratic statistical model. The
maximum adsorption capacity was observed with pH
2.5-4.5, wr 55-65, and wt 3-5%. The MC-LR adsorption
capacity of PAM/SA-MMT increased with increasing
temperature from 10 to 40°C. The equilibrium time of
the sorption process was shown to be 80 min through
kinetic analysis and pseudo models revealed that
several different rate-controlling kinetic stages were
involved. The Langmuir isotherm model predicted that
the theoretical maximum adsorption capacity of PAM/
SA-MMT was 32.66 mg g~ '. PAM/SA-MMT is found
effective, environmentally benign, and economically
accessible for regenerative cycling. The laboratory-
scale module thus provided a valuable option for
PAM/SA-MMT superabsorbent nanocomposite to
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become a potential adsorbent for large-scale applica-
tions on MC-LR removal.
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