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ABSTRACT: Polyacrylamide/sodium alginate modified montmorillonite (PAM/SA-MMT) superabsorbent composites were synthesized
by free-radical polymerization under normal atmospheric conditions. They were characterized by X-ray diffraction, scanning electron
microscopy, and Fourier transform infrared spectroscopy (FTIR). Their water absorbency and methylene blue (MB) adsorption
behaviors were studied. Compared with PAM/MMT composites, PAM/SA-MMT composites demonstrated greater water absorbency
(863 g g~ ' in distilled water and 101 g g~
adsorption behaviors of the composites showed that the isotherms and adsorption kinetics were in good agreement with the Lang-

in 0.9 wt % NaCl solution) and higher adsorption capacity of 2639 mg g~ ' for MB. The

muir equation and pseudo-second-order equation, respectively. FTIR analysis suggested that the MB adsorption of PAM/SA-MMT
composites via a mechanism combined electrostatic, H-bonding and hydrophobic interaction. © 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40013.
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INTRODUCTION

Superabsorbent polymers (SAPs) are loosely crosslinked hydro-
philic polymers capable of absorbing large quantities of water
and aqueous fluids in a short time. As the US Department of
Agriculture reported the first SAPs,' much attention has been
drawn to improve their performance in the past several decades.
SAPs are widely used in many applications such as hygienic,
agriculture, and drug delivery systems.” The most common type
of SAPs is crosslinked polyacrylic acid. However, conventional
SAPs present the drawback of poor water absorbency in saline
solutions,” which would limit their applications.

Dyes are common water pollutants in wastewater from indus-
tries producing fibers, paper, plastics, and so forth. Discharging
of dyes into water resources even in small amount can affect the
aquatic life.* It is difficult to remove dyes from the effluents as
most dyes are stable to light and heat and are nonbiodegrad-
able. Methylene blue (MB) is widely used in coloring paper,
temporary hair colorant, and dyeing cottons. It can cause many
health problems such as eye burns, shock, and heartbeat
increase. The treatment of MB-contaminated wastewater is of
interest due to its harmful impacts. Until now, several physical,
chemical, physicochemical, and biological methods have been
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explored for treating dyes in wastewater.”® Among them,
adsorption has attracted considerable interest due to its eco-
nomical advantages, low energy input, and easy operation.”
Activated carbon is the most popular adsorbent and has been
widely used for the removal of dyes.® However, the application
of activated carbon is seriously restricted owing to its high pro-
duction cost. Consequently, many efforts have been done to
find cheaper substitutes such as coal, agricultural wastes, fly ash,
silica gel, and clay minerals.” However, their adsorption capacity
for dyes is limited.

The porous network structure of SAPs allows dye molecules dif-
fusion through them. In recent years, some studies have been
reported on the use of SAPs as adsorbents for the adsorption of
dyes from aqueous solutions.'™'* In general, SAPs possess
anion functional groups, which can adsorb and trap cationic
dyes from wastewaters.

Recently, SAPs composites based on clay, polysaccharides, and
synthetic polymers are attracting increasing interest owing to
the environmental advantages and practical applications of clay
and polysaccharides. However, the reported composites were
prepared by graft copolymerization of polysaccharides, vinyl
monomers, and clay, which was usually carried out under the
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protection of nitrogen.'>™"> Furthermore, there exist only a few
reports on the investigation of SAPs incorporated with clay and
polysaccharides to improve their dye adsorption properties.'® It
was reported that the organic modification of clay could
improve the performance of SAPs/clay composites.'®™® Inspired
by this, we prepared SAPs/clay composites using polysaccharides
modified clay, the reaction was carried out under normal
atmospheric conditions which caused brevity and simplicity in
industrial processes.'*?

Sodium alginate (SA), a linear anionic polysaccharide of
(1—4)-linked S-p-mannuronic acid and o-L-guluronic acid in a
blockwise pattern along the linear chain, is one of the most
extensively investigated biopolymers for removal of pollutants
such as dyes and heavy metals ions from aqueous solution as it
is inexpensive, nontoxic, and efficient.?! In addition, SA has
high affinity for water, the hydrophilic —COO™Na* and —OH
groups on SA backbone may improve the water absorbency.
According to Zhu et al.,” the antisalt ability of polyacrylic acid
can be improved by the grafting copolymerization of acrylic
acid onto SA, indicating the good salt-resisting property of SA
in specific case. Because of its good adsorption capacity and
salt-resisting property, SA was chosen as the polysaccharide
components and played the role of clay modifier in this study.

Montmorillonite (MMT) is a kind of loose-layer silicate made up
of two tetrahedral sheets fused to an edge-shared octahedral sheet
of aluminum hydroxide. The incorporation of MMT to SAPs not
only reduces production costs but also improves the swelling
properties of SAPs.”*** In addition, MMT has often been used in
the removal of organic dyes due to its high surface area, high cat-
ion exchange capacity, and low cost.”> The introduction of MMT
should improve the dye adsorption ability of SAPs.

Polyacrylamide (PAM) is a kind of nonionic polymer. It was
chosen as synthetic polymer components because nonionic
groups show higher salt resistance than ionic groups. In addi-
tion, PAM is relatively low cost compared with polyacrylic acid.
To improve its water absorbency and dye adsorption ability,
PAM was saponified to transfer a part of —CONH, groups to
COO Na™.

In this work, superabsorbent composites based on PAM and
SA-modified MMT were prepared under normal atmospheric
conditions, their water absorbency and MB adsorption behav-
iors were studied. The combination of PAM and SA-modified
MMT yields good water absorbency, excellent MB adsorption
ability, improved antisalt ability, and relatively low-cost SAPs,
which have potential applications in dye removal, agriculture,
and hygienic products.

EXPERIMENTAL

Materials

Na*—MMT (Zhejiang Linan Bentonite Company, China) with
a cation exchange capacity of 90 mequiv /100 g was milled
through a 300-mesh screen. Acrylamide (AM), sodium hydrox-
ide (NaOH), and sodium chloride (NaCl) were analytical grade
and were purchased from Tianjin Chemical Reagent Factory,
China. The initiator, potassium persulfate (KPS, analytical
grade), and the crosslinker, N,N-methylenebisacrylamide
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(NMBA, analytical grade), were provided from Tianjin Chemi-
cal Reagent Factory, China. SA (analytical grade, viscosity of 1
wt % SA aqueous solution>0.02 pa s) and MB (analytical
grade) were supplied from Shanghai Reagent Company, Shang-
hai, China. Figure 1 shows the chemical structure of MB. All
the chemicals were used without further purification.

Preparation of SA-Modified MMT

A series of SA-modified MMT with different MMT/SA weight
ratio were prepared by the following procedure. 1 wt % MMT
suspension was prepared in distilled water under stirring condi-
tions for 2 h at room temperature, followed by ultrasonic treat-
ment for 15 min. A certain amount of SA solution (1 wt %)
was added to the MMT suspension and stirred vigorously for 2
h at 70°C, the mixture was dried in an oven at 70°C to a con-
stant weight and milled through a 300 mesh screen.

Preparation of PAM/SA-MMT, PAM/MMT, and PAM
Superabsorbents

An 8 g AM was dissolved in 32 mL distilled water. Appropriate
amount of SA-modified MMT was added to the above mono-
mer solution and stirred vigorously until it was well dispersed.
KPS (20 mg+2.0 mL H,O) and NMBA (15 mg+ 1.5 mL
H,O) were added to the mixed solution of AM and SA-
modified MMT. The mixture was stirred and heated to 70°C in
a water bath for 2 h, followed by the addition of 10 mL NaOH
solution(40 wt %), and then the primary product was heated to
80°C to be saponified for 2 h. After saponification, the product
was washed several times with distilled water until pH 7 was
achieved. The purified product was dried in an oven at 70°C.
The dried gel was milled and screened. All samples used for test
had a particle size of 0.2 ~ 0.3 mm. The feed compositions of
samples were listed in Table I.

Table I. Feed Composition and Water Absorbency of the SAPs

Water
Compositions (g) absorption (g/g)

Distilled 0.9 wt.
Sample AM  MMT  SA  water % NaCl
PAM 8 0 0 552 63
PAM/MMT1 8 0.1 0 527 61
PAM/MMT2 8 0.2 0 359 54
PAM/MMT3 8 0.3 0 332 46
PAM/MMT4 8 0.4 0 302 39
PAM/SA-MMT1 8 0.1 0.2 667 72
PAM/SA-MMT2 8 0.2 0.2 863 101
PAM/SA-MMT3 8 0.3 0.2 743 89
PAM/SA-MMT4 8 0.4 0.2 541 68
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The preparation procedure of PAM/MMT composites differed
from that of PAM/SA-MMT only in replacing SA-modified
MMT with MMT. Similarly, PAM was prepared in the absence
of SA-modified MMT.

Measurement of Equilibrium Water Absorbency

The equilibrium swelling (g g~') was measured according to a
conventional tea-bag method.** A weighed sample of SAPs
(0.10 g) was immersed in 250 mL distilled water or 100 mL 0.9
wt % NaCl solution at room temperature until equilibrium had
reached, then the unabsorbed liquid was filtered with a 100-
mesh nylon bag, the gel was allowed to drain on a sieve for 10
min, and the bag was weighed to determine the mass of water
swollen gel. The water absorption (Q) was calculated using the
following equation:

Q=(m—wy)/wm (1)

where w; is the mass of dried SAPs and w, is the mass of swol-
len SAPs after absorption.

Adsorption Studies

The MB was made up in stock solution of concentration 5000
mg L ™" and was subsequently diluted to the required concentra-
tions. The static-batch studies were performed using 0.10 g (dry
weight) of SAPs in 100 mL MB solution with various dye con-
centrations (100-5000 mg L™') at 28°C. Removal efficiency
(Re) and saturated adsorption capacity (q.) could be obtained
according to the following formula:

Re(%)=(Co—Ce)/C0><IOO (2)
ge=(Co—C)V/W (3)

where C, and C, (mg L™") are, respectively, the liquid-phase
concentrations of MB at initial and equilibrium, V (L) denotes
the volume of the solution, and W (g) is the mass of SAPs. The
MB concentration in the supernatant was measured by UV-visible
spectrophotometer at 663 nm.

For the adsorption kinetics, a weighed sample of SAPs (0.10 g)
was immersed in 100 mL of 100 mg L™' MB solution. The test
temperature was 28°C. During the adsorption, the MB solution
was withdrawn from the adsorption system at indicated times
for the analysis of MB concentrations.

Characterization

Wide-angle X-ray diffraction (XRD) measurements were per-
formed with a Japan Rigaka diffractometer using Cu, Ka radia-
tion (4 =0.154 nm) at a generator voltage of 40 kV and a
generator current of 100 mA. Fourier transform infrared spec-
troscopy (FTIR) spectra of the samples were recorded on a
BIO-RAD FTS3000 IR Spectrum Scanner using KBr pellets. The
fracture surfaces of the products were examined using a Philips
XL-3 scanning electron microscope.

RESULTS AND DISCUSSION

FTIR and XRD Analysis of SA-Modified MMT
Figure 2 shows the FTIR spectra of MMT, SA, and SA-modified
MMT with a MMT/SA weight ratio of 1. In the spectrum of
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Figure 2. FTIR spectra of MMT, SA, and SA-modified MMT.

SA-modified MMT, the band at 3630 cm ™ '(—OH stretching of
MMT) shifted to lower wavenumber, the band around 1042
cm” '(Si—O—Si stretching of MMT?®), and the peak at 1030
cm~ ! (antisymmetric C—O—C stretch of SA*”) were overlapped
and split apart into 1035 and 1087 cm™ ', indicating the strong
interactions between —OH, Si—O—Si of MMT, and C—O—C
of SA. The absorption bands at 1616 cm™'(COO~ stretching)
of SA shifted to higher wavenumber at 1621 cm™' in modified
MMT, suggesting the slight interactions between COO ™~ groups
of SA and MMT.

XRD analysis is the classical technique that can be used to mea-
sure the d (001) spacing of MMT accurately. Increase in the
d (001) spacing of MMT has been observed when it is modified
with some polysaccharides such as chitosan and carboxymethyl
cellulose.'”™ The XRD patterns of MMT and SA-modified
MMT are compared in Figure 3. In the scattering curve of
MMT, a prominent peak corresponding to the 001 reflection of
MMT occurred at 20 = 7.07°, using Bragg’s equation, an average
basal spacing of 1.25 nm was calculated for this reflection. The
001 peak was observed in SA-modified MMT and its peak posi-
tion remained unchanged, but the peak became much broader.
Because the intercalation of modifiers to MMT layers leads to a
shift of 001 peak to smaller angles,”® no shift of the 001 peak to
smaller angles indicated that SA did not intercalate into the
stacked MMT galleries, and the reaction between SA and MMT
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Figure 3. XRD patterns of MMT and SA-modified MMT.
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Figure 4. FTIR spectra of PAM, PAM/MMT?2, and PAM/SA-MMT?2.

occurred on the external surfaces of MMT particles. It is
reported that the irregular arrangement of MMT layers results
in a broad XRD patterns,”® broadening of 001 peak observed in
SA-modified MMT reflected a lower degree of ordering for
MMT layers compared with pristine MMT.

Effect of SA-Modified MMT on Water Absorbency

Table I shows that the water absorbency of PAM/MMT compo-
sites decreased with the increase of MMT content. It can be
observed that the water absorbency of the PAM/SA-MMT com-
posites was higher than that of the corresponding PAM/MMT
composites, for example, the water absorbency of PAM/SA-
MMT?2 was 863 g g ', while that of PAM/MMT2 was only 359
gg .

The decreased water absorbency of PAM/MMT composites at
high MMT content can be due to the formation of additional
physical crosslinking points between MMT particles and the
PAM matrix, this behavior has been reported in a variety of
SAPS/MMT composites.’>*! We postulated that the additional
physical crosslinking points between MMT and PAM matrix
were effectively suppressed in PAM/SA-MMT composites, which
was one of the reasons that caused great water absorbency dif-
ference between PAM/MMT2 and PAM/SA-MMT?2 composites.
This hypothesis can be can be evidenced from FTIR spectrum.

In the FTIR spectrum of PAM/MMT2 (Figure 4, curve b),
bands around 1042 cm ™! (Si—O—Si stretching) and 3630 cm !
(—OH stretching) of MMT (Figure 1) disappeared; a peak at
1560 cm ™! corresponding to —COO™~ of PAM (Figure 4, curve a)
shifted to low frequency at 1556 cm™'; the splitting A between
asymmetric and symmetric —COO™ frequencies, which is related
to the nature of the carboxylate coordination,”*”* decreased from
154 cm™ ' of PAM to 148 cm™'. FTIR analysis indicated the inter-
action between —OH, Si—O—Si of MMT, and —COO "~ of PAM.
These interactions (denoted as PAM-MMT interactions) could
cause high physical crosslinking density and consequently low
water absorbency.

The FTIR analysis of PAM/MMT2 and modified MMT (dis-
cussed above) demonstrated that Si—O—Si and —OH groups
were the active sites of MMT in both PAM-MMT interactions
and SA-MMT interactions, so the preformed SA-MMT interac-
tions in modified MMT might consume most of the active sites
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of MMT, resulting in the suppression of PAM-MMT interac-
tions in PAM/SA-MMT2.

In the spectrum of PAM/SA-MMT?2 (Figure 4, curve c), the
peak at 1556 cm~ ' of PAM/MMT2(COO "~ stretching, related to
PAM-MMT interactions) shifted to higher wavenumber at 1568
cm™!; the relative intensities of —C=0 deformation (1672 ~
1674 cm ™V and COO~ stretching changed dramatically(for
PAM/MMT, the intensity of —C=O is higher than COO™
stretching at 1556 cm ™', while for PAM/SA-MMT?2, the former
is much lower than the later at 1568 cm '), indicating an effec-
tive inhibition of PAM-MMT interactions due to the modifica-
tion of MMT. Moreover, the splitting A between the
asymmetric and symmetric —COO "~ frequencies increased from
148 cm ™" of PAM/MMT to 162 cm™ ', suggesting the bonding
mechanisms of —COO™ to MMT is quite different in these two
composites(it is possible to discriminate between different
bonding mechanisms by measuring the splitting A**), which
further confirmed the effective inhibition of PAM-MMT inter-
actions. As a result, the physical crosslinking points originated
from PAM-MMT interactions would decrease in PAM/SA-
MMT2, and consequently its water absorbency increased. The
schematic preparation of PAM-SA/MMT superabsorbent com-
posites is shown in Figure 5.

Other reasons that cause the great water absorbency difference
between PAM/MMT2 and PAM/SA-MMT2 composites are as
follows: (i) The ionic COO~ groups of SA could increase the
ionizability and ionic charge content of MMT surfaces. There-
fore, swelling capacity is enhanced by expansion of the network
promoted by the chain expansion. (ii) The dispersion degree of
clay particles in the polymer matrix is important for obtaining
SAPs/clay composites with high water absorbency.’®! Dispersed
MMT particles might be stabilized by electrostatic repulsion
between carboxylate anions of the SA adsorbed. Thereafter,
MMT dispersed homogenously in the composite, which can be
evidenced from the scanning electron microscopy (SEM) images
(Figures 6 and 7).

The white particles in the SEM images correspond to MMT,
and the black background represents the polymer matrices.
Figure 6 reveals that the typical sizes of MMT particles were
in the range of 0.1 ~ 0.25 um and dispersed homogenously
in PAM/SA-MMT2 composite, while in PAM/MMT2
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Figure 5. Schematic preparation of PAM-SA/MMT superabsorbent composites.

composite (Figure 7), MMT particles were very widely dis-
persed (0.25 ~ 1.25 um) and the agglomeration of MMT par-
ticles can be observed, indicating that SA-modified MMT can
be dispersed better than can pristine MMT in a hydrophilic
polymer.

Effect of MMT/SA Weight Ratio on Water Absorbency

PAM/SA-MMT composites with different MMT/SA weight
ratio are illustrated in Table I, sample PAM/SA-MMT1 ~
PAM/SA-MMT4. The results show that the water absorbency
of the composites increased by increasing the MMT/SA weight

V
0kv 3.0 10

SRR,

nd

Figure 6. SEM of PAM/SA-MMT2.
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ratio up to 1 and then decreased with any further increase. At
low MMT/SA weight ratio (<1), the amount of SA was more
than that of MMT, the extra SA chains might entangle with
PAM chains, which would inhibit the water adsorption
capacity. At high MMT/SA weight ratio (>1), the amount of
MMT was more than that of SA, so some of the active sites of
MMT were not consumed by SA, as a result, PAM-MMT inter-
actions could not be prevented and the corresponding physical
crosslink points became higher, which would decrease the
water absorbency.

Magn

Figure 7. SEM of PAM/MMT2.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40013



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
Table II. Effect of Initial MB Concentration on MB Adsorption, Percentage Dye Removal, and Water Absorbency of PAM/MMT2 and PAM/SA-MMT2
Composites
PAM/MMT2 PAM/SA-MMT2

Initial MB Water absorbency in Water absorbency in
concentration (mg/L) gm (mgl/g) Re (%) MB solution (g/g) gm (mg/g) Re (%) MB solution (g/g)
100 93.2 93.2 268 98.1 98.1 302

500 430.2 86.0 83 489.3 97.8 117

1000 826.8 82.7 31 943.3 94.3 65

Effect of Ion Strength on Water Absorbency

Salt resistance of SAPs, the ability to absorb liquids in salt
solutions, is an important aspect in many applications, such as
horticulture and personal hygiene products. As shown in Table I,
the water absorbency of the SAPs sharply decreased in 0.9 wt
% NaCl solution. This known phenomenon has been attrib-
uted to the reduction of osmotic pressure difference between
the polymeric network and the external saline solution. The
penetration of counter ions (Na™) into the anionic polymeric
network makes the screening effect of them on hydrophilic
groups (—COO ™) more evident, which also decreases water
absorbency of the SAPs.

Table 1 shows that the water absorbency of PAM/SA-MMT
composites in 0.9 wt % NaCl solution was higher than those of
PAM and PAM/MMT, reaching 101 g g '. SA has good
salt-resisting property in specific case,”* the modification of
MMT with SA benefits the improvement of the PAM polymeric
network and consequently the salt-resistant property of SA may
be shown. In addition, this antisalt behavior may be due to the
coeffect contribution of nonionic groups such as —CONH,
from PAM and —OH from SA (or MMT).

Effect of SA-Modified MMT on MB Adsorption

The ¢, and Re of PAM/MMT2 and PAM-SA/MMT2 composites
at various initial MB concentrations are presented in Table II.
PAM/SA-MMT?2 showed much higher g,, and Re% than PAM/
MMT?2, indicating that the modification of MMT has a signifi-
cant effect on the MB adsorption properties. As discussed
above, the modification of MMT effectively destroyed the
PAM-MMT interactions in PAM/SA-MMT2 composite, which
ultimately enhanced free volume and hence number of binding
sites per unit volume of the composite. Moreover, PAM/SA-
MMT?2 has higher swelling capacity in MB solution than PAM/
MMT2 (Table II), and consequently its network is sufficiently
expanded. The expanded network of the adsorbent favors the
interaction between the cationic dye molecules and the adsorp-
tion sites on the adsorbent surface.”® In addition, the anionic
groups (COO™) on SA macromolecules can offer adsorption
sites for cationic MB dye absorption.

As shown in Table II, the adsorption capacity increased with
increasing initial MB concentrations for both composites. This
could be explained by the fact that with increasing MB content
in the initial solution, concentration gradients at the composite-
solvent interfaces could take place causing an enhancement of
the MB adsorption.”® It can be observed that the adsorption
capacity difference between the two composites increased with
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increasing MB concentration. The difference increased from 4.9
to 116.5 mg g~ ' when MB concentration increased from 100 to
1000 mg L™". In addition, PAM/SA-MMT?2 showed higher Re%
than PAM/MMT2 with the MB concentration ranging from 100
to 1000 mg L™". In solution with 1000 mg L™" of MB, the Re%
was 94.3% for PAM/SA-MMT2, in case of PAM/MMT2 compo-
sites, there was a lower Re% of 82.7%. The above results indi-
cate the good adsorption ability of PAM/SA-MMT composite in
high-concentration MB solution.

Effect of Ion Strength on MB Adsorption

Apart from the dyes, wastewater from dye-producing indus-
tries often contains metal ions such as Na*, K*, and Ca**.
The presence of metal ions leads to high ionic strength, which
may significantly affect the performance of adsorption process.
In theory, increasing ion strength will decrease adsorption
capacity when there is the electrostatic attraction between the
adsorbent surface and adsorbate ions.”” NaCl is frequently
used as a stimulator in dyeing process. Figure 8 shows the
effect of NaCl concentration on MB adsorption and indicates
that PAM/SA-MMT2 shows higher g, than PAM/MMT2 in
the NaCl concentration examined. PAM/SA-MMT2 composite
exhibited higher swelling ability in NaCl solution than PAM/
MMT2 (Table I), consequently, it has a relatively expanded
network compared with PAM/MMT?2, which favors the inter-
action between the MB molecules and the adsorption sites on
the composite surface.

Adsorption Isotherms
Adsorption isotherms are important for the description of how
adsorbates will interact with an adsorbent, and are vital to the

L
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Figure 8. Effect of ion strength on MB adsorption experiments (MB con-
centration: 100 mg L")
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Figure 9. Adsorption isotherms of MB on PAM/SA-MMT2 (The inset
shows Langmuir plot of PAM/SA-MMT2 with MB).

design of adsorption systems. The most widely used isotherm
models are Langmuir and Freundlich models.

The Langmuir adsorption model describes monolayer adsorp-
tion of adsorbate onto a homogeneous adsorbent surface. More-
over, there are negligible interactions between the adsorbed
molecules and adsorption sites having uniform energies. The
Langmuir equation is described by the following equation’®:

C G 1
=—+_— (4)
bdm

e qm

where C, (mg L") denotes the equilibrium concentration in
the solution, g. (mg g~') is the amount of MB adsorbed per
unit weight of adsorbents at specified equilibrium, g, (mg
g™ ") is the maximum adsorption at monolayer coverage, and
b (L mg™ ') represents the Langmuir constant related to the
free energy or net enthalpy of adsorption. ¢, and b can be
calculated from the slope and the intercept of the linear
plot.

Figure 10. Adsorption isotherms of MB on PAM/MMT2 (The inset shows
Langmuir plot of PAM/MMT2 with MB).

The Freundlich equation is an empirical model based on
adsorption on a heterogeneous surface. The linear form of the
Freundlich equation is®*:

1
log g.=log k+ —log C, (5)
n

where g. (mg g~ ')is the amount adsorbed at equilibrium, C,
(mg L7") is the equilibrium concentration of the MB, k is a
Freundlich constant representing the adsorption capacity, and n
represents a constant depicting the adsorption intensity. k and n
are determined from the intercept and slope of linear plot of
logg. against logC.,, respectively.

Figures 9 and 10 show the adsorption isotherm of MB on
PAM/SA-MMT2 and PAM/MMT2, respectively. Data from the
adsorption isotherm were evaluated by Langmuir and Freund-
lich adsorption models, and the isotherm parameters and corre-
lation coefficient R’ were summarized in Table III. On
comparing the R’ it is concluded that both of the two compo-
sites were better fitted into the Langmuir model than the

Table III. Isotherm Parameters for MB Adsorption onto PAM/MMT2 and PAM/SA-MMT2 Composites

Langmuir Freundlich
Sample gm (mglg) b (L/mg) R2 k n R?
PAM/MMT2 1954 0.00572 0.9987 48.94 2.02 0.9343
PAM/SA-MMT2 2639 0.0159 0.9994 152.05 2.45 0.9392
Table IV. Comparison of Recent Reported Adsorption Capacities of MB on SAPs
Adsorbent Qmax (Mglg) |sotherms model Reference
PAM/SA-MMT 2639 Langmuir This work
Poly(N,N-dimethylacrylamide-co-sodium acrylate) 800 Langmuir [41]
Chitosan-g-poly (acrylic acid)/MMT 1859 Langmuir [13]
Hydrogel composites based on attapulgite 1979.48 Langmuir [42]
Lignocellulose-g-poly(acrylic acid)/montmorillonite 1994.38 Langmuir [43]
Poly(2-acrylamido-2-methylpropane sulfonic Acid-co-itaconic acid) 1000 Langmuir [44]
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beginning and a plateau was gradually reached thereafter. To
1007 R — . . investigate the mechanism of sorption and the rate constant for
804 - the adsorption of MB on PAM/SA-MMT2 composite, pseudo-
. 10 second-order rate models was used. The pseudo-second-order
. 60- Jos equation was given below*:
J | g t 1 t
:_E 40 . 4 L L (6)
2 - k 2
. q kg 4ge
20+ o] #
‘ 0 200 400 600 800 1000 where g, and g, (mg g~ ') are the amounts of dye adsorbed at
04 . t/min lb . d . . . c =1y -
equilibrium and at time t (min), respectively, and k; (min™ ") is

0I200‘460‘660I8C‘)0
t/min

Figure 11. Kinetic adsorption results of MB on PAM/SA-MMT2 (The

inset figure shows Pseudo-second-order model for the adsorption of MB

on PAM/SA-MMT?2).

1000

Freundlich model (Langmuir isotherms for PAM/SA-MMT2
and PAM/MMT?2 are presented in the inset of Figures 9 and 10,
respectively). This suggests that the adsorption of MB by the
two composites involves monolayer adsorption rather than mul-
tilayer adsorption, and the adsorbed MB molecules do not
interact or compete with each other.

The fitness of experimental data to Langmuir isotherm equa-
tion indicated the homogeneous nature of the composite sur-
face. The b values (Langmuir constant) related to sorption
energy, the higher b, the higher is the affinity of the adsorb-
ent for the adsorbate.’® As listed in Table III, the b value of
PAM/SA-MMT2 (0.0159 L mg~') is much higher than that
of PAM/MMT2 (0.00572 L mg '), indicating the higher
binding energy of PAM/SA-MMT2 compare with PAM/
MMT2. The maximum adsorption capacity of PAM/SA-
MMT2 (2639 mg g ') is considerably higher than those of
PAM/MMT (1954 mg g ') and other reported hydrogel
adsorbents (Table IV).

Adsorption Kinetics

Figure 11 shows the kinetic adsorption results of MB on PAM/
SA-MMT2 composite. The initial slope of the curve represents
the adsorption rates. High adsorption rate was observed at the

[ PAM-SA/MMT2__

\ /

N ~2938
3377

S|  PAMSAMMIZ-MB —
1 |
Q y
=t \ 7
T o st Y .
= A
E 364 294
0]
c /
& a
E .

MB

416

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 12. FTIR spectra of PAM/SA-MMT2, MB, and PAM/SA-MMT2-
MB systems.
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the rate constant of adsorption.

The inset in Figure 11 shows the pseudo-second-order model
for the adsorption of MB on PAM/SA-MMT2. The R* value of
the second-order rate model was 0.9998, suggesting that the
adsorption of MB on PAM/SA-MMT?2 may be best described by
the pseudo-second-order kinetic model, which was based on the
assumption that the rate-limiting step may be chemical sorption
involving valence forces through sharing or exchange electrons
between adsorbent and adsorbate.*®

FTIR Analysis of PAM/SA-MMT Composites after Adsorption
To examine the nature of interactions between MB and
PAM/SA-MMT composites, FTIR spectra of PAM/SA-
MMT2, MB, and PAM/SA-MMT2-MB are compared in
Figure 12.

After the adsorption, —OH stretching mode of PAM/SA-MMT2
shifted from 3377 cm™"' to lower wavenumbers at 3364 cm ™',
indicating the formation of hydrogen bonding between MB and
the —OH groups of MMT (or SA); the vibration band of
—CONH, shifted from 1672 cm™ ' to lower wavenumber at
1666 cm ™', showing the H-bonding between MB and —CONH,
of PAM; the —COO ™ vibration band at 1568 cm ™' of PAM was
split apart into 1555 and 1603cm ™', suggesting the strong elec-
trostatic interaction between MB and —COO ™ groups; the
movement of methylene vibration from 2938 to 2934 cm '
indicated that adsorption of MB onto PAM/SA-MMT2 might
involve some hydrophobic interactions. Based on above discus-
sion, it could be presumed that the MB adsorption on PAM/
SA-MMT composites via a mechanism combined electrostatic,
H-bonding and hydrophobic interaction, which is in agreement
with the cationic dye adsorption on other superabsorbent
composites based on MMT.*"*®

CONCLUSIONS

A novel superabsorbent composite based on PAM and
SA-modified MMT was prepared by aqueous solution polymer-
ization under normal atmospheric conditions. Owing to the
modification of MMT, the resulting composite showed higher
swelling capacity, salt-resisting ability, and MB absorption
capacity (especially in saline and high-concentration MB solu-
tions) as compared with PAM/MMT composite. Adsorption iso-
therm study suggested that MB adsorption on PAM/SA-MMT
composites best followed the Langmuir isotherm model. Kinetic
data of adsorption was well fitted by the pseudo-second-order
kinetic model. FTIR spectra showed that the MB adsorption of
the composite via a mechanism combined electrostatic,
H-bonding and hydrophobic interaction. The excellent MB
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adsorption capacities, water absorbency, antisalt ability, and rel-
atively low cost make the composite very useful for applications
in wastewater treatment and agriculture.
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