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ABSTRACT

In this research, a novel composite, poly(acrylamide-expanded perlite) [P(AAm-EP)], was
synthesized and characterized. The chemical synthesis was achieved by using free-radical
polymerization and a number of structural characterization methods, including Fourier-trans-
formed infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM), Brunauer—-Emmett-Teller (BET)-porosity, and swelling tests. Free-radical polymeriza-
tion of acrylamide (AAm) over expended perlite (EP) was successfully performed. The effect
of reaction variables, such as dosage of the initiator, total concentration of the reactants, reac-
tant ratio, mixing time, temperature, and reaction time, were investigated in detail. Expended
perlite was cross-linked with acrylamide to enhance its chemical resistance. P(AAm-EP) com-

posite has a specific surface area of 31.7m*g .

Keywords: Composite; Polyacrylamide; Chemical synthesis; Infrared spectroscopy; Expanded

perlite

1. Introduction

Free-radical copolymerization, a useful technique
for modifying the chemical and physical properties of
natural polymers, is the most attractive method of
improving expanded perlite (EP) solubility and wid-
ening its applications. Perlite, a glass-like conglomer-
ate formed by a sudden cooling of volcanic lava, has
been studied as a candidate adsorbent to be used for
the removal of heavy metal ions [1-4]. Modified EP
has better flocculate ability than EP itself and also has
a variety of applications. This is attributed to the spe-
cial molecular structure of expanded perlite. Some
mechanism was presumed to have EP with moder-
ate molecular weight and both counteracted charge
and built a bridge [5,6]. Kalyani and Krishnaiah stud-
ied chitosan-coated perlite beads [7,8]; Hasan et al.
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synthesized a novel chitosan-coated perlite copolymer
by grafting perlite onto chitosan through block copo-
lymerization [9]; and Tekin et al. synthesized poly-
acrylamide (C-PAM) on EP [10].

Hydrogel polymers included within the composite
compositions have often been those that retain or con-
duct water [11-14]. While a hydrogel by itself can be
used as an adsorbent, by virtue of its functional groups,
when used as the constituent of a composite, the hydro-
gel becomes inert [15]. The other uses of EP are for
heavy metal ion removal from aqueous media [16].
Another benefit of EP application is in sludge dewater-
ing [17]. This implies that EP is an important polymer
flocculent in water treatment and sludge dewatering.

The new mechanical, electrical, photochemical, cat-
alytic, and adsorptive properties of such composites
form, in most cases, a synergic combination of indi-
vidual components. Over the last few years, shape
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synthesis, consisting of a host/guest reaction, has
been the most widely explored method of synthesis
[18]. The synthesis of the material guest (polymer)
takes place in the channels, pores, or lamina of the
host structure. This process requires the careful
selection of host and guest to prepare the correspond-
ing composites. The introduction of macromolecules
(i.e. polymers) into host channels confers specific
properties to the resulting composites [19].

Natural adsorbents have adsorption capacities and
are able to remove metal ions from wastewater at low
cost. Due to their low cost and local availability and
depending on their nature, adsorbents such as benton-
ite, zeolite, chitosan, hydroxyapatite or perlite waste
products, and industry wastes are classified as low-cost
adsorbents. In recent years, there has been increasing
interest in finding economical and effective adsorbents
such as bentonite [20], zeolite [21], chitosan [22],
hydroxyapatite, [23], and perlite [24]. These adsorbents
are easily available, low-cost materials with high
adsorption affinities. Among these, perlite is one of the
promising adsorbents for removing metal ions pollu-
tants from wastewater. The researchers have been
shown that perlite and modified perlite have an adsorp-
tion capacity for the removal of metal ions from aque-
ous solution [24-26]. As there are large deposits of
perlite in Turkey, perlite can be easily obtained. Hence,
it is a suitable low-cost adsorbent in this study that they
are able to treat wastewater contaminated with metal
ions by modification at low cost. The best efficiency of
perlite is due to its rough structure and the presence of
matrix of micro-pores in it that yields greater active sur-
face area, enhancing adsorption.

In a previous study, a number of polyacrylamide-
based composite materials were produced and used
for the selective removal of heavy metal ions—UO3",
Th*, and Pb**—from aqueous media [22,23]. The
adsorptive features of these composites were studied
and compared with that of other composites reported
in previous works [12,22,23]. Hydrogel polymers
included within the composite compositions often
retain water [25-28]. Although a hydrogel by itself
cannot be used as an adsorbent, when used as the
constituent of a composite, the hydrogel improves the
adsorptive features of the composite [29,30]. Many
investigations have demonstrated that adsorbent
capacity of a hydrogel can be further improved by the
addition of materials with high adsorbent capacity,
such as bentonite, chitosan, or zeolite [26-31], while in
P(AAm-EP), P(AAm) as an inert hydrogel is enrolled
as the host for the adsorbent EP. The purpose of this
study was to prepare a novel affinity adsorbent [P
(AAm-EP)]. In this study, P(AAm-EP) composite (with
EP inside the porous channels of mesoporous materi-
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als) was synthesized by the free-radical copolymeriza-
tion of acrylamide (AAm) over EP. The inert behavior
of P(AAm) enables it to act as a matrix (host) within
the composite, both supporting and expanding the
adsorbent capacity of EP (guest) particles. It was obvi-
ous that the composite had the largest Brunauer—
Emmett-Teller (BET) surface area. Large BET areas
could play an important role in increasing the adsorp-
tive capacity of a composite. The structure and surface
properties of P(AAm-EP) synthesized and EP were
detected and characterized with the data and analysis
results obtained from Fourier transform infrared spec-
troscopy (FTIR), scanning electron micrograph (SEM),
X-ray diffraction (XRD), BET-porosity, and swelling
tests. The effects of reaction variables, such as dosage,
initiator and total concentration of the reactants, reac-
tants ratio, mixture time, temperature, and the reac-
tion time, on free-radical polymerization were studied.

2. Experiment
2.1. Reagents

Acrylamide (monomer), N,N’-methylenebisacryl-
amid (crosslinking), N,N,N’,N"-tetramethylethylenedi-
amine (TEMED) (accelerator), ammonium perox-
odisulfate (initiator), ((NH4),5,0g), and (APS) were
obtained from Sigma Aldrich-Germany. The EP was
obtained from a local source (Etibank, Izmir, Turkey).
All chemicals used were of analytical reagent grade.

The mineral was first washed with water to
remove fine grains and water-insoluble particles. It
was then dried for 24h at 110°C (Table 1). Then, the
dried EP samples were mechanically sieved through
100 mesh. Before each adsorption experiment, the EP

Table 1
Chemical composition of expanded perlite and physical
characteristics of (EP)

Constituent Content in mass (%)
SiO, 73.10
AlL,O; 14.21
Na,O 3.12

KO 4.81

CaO 0.94
Fe,O3 1.07
MgO 0.34
Physical characteristics (EP)
Particle size 100 mesh
pH 6.8

CEC (mEq/100g) 35.1
Density (gmL ™) 2.3
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samples were kept at 110°C for 1h and stored in a
desiccator before use.

2.2. Preparation of PCAAm-EP) Composite

Ten grams of P(AAm-EP) were synthesized through
bulk polymerization in an aqueous medium (20mL)
using a 3:1 P(AAm-EP) ratio [2g of EP and 10mL AAm
solution, containing 1/3 AAm (v/v)] [12,22,25]. In the
reaction, 8mL N,N’-methylenebisacrylamid cross-lin-
ker, 500 pg ammoniumpersulphate (APS), and 200 pL
TEMED (stock solution) were used. The final reaction
mixture was then stirred, using an electric agitator for
5min at the speed of 3500 rpm min ™', until the compos-
ite was completely dissolved. The reaction product, P
(AAm-EP) composite, was washed in distilled water
until the pH of the effluent became neutral, and the
composite was then prepared to have a particle size of
—25 mesh.

2.3. Characterization of the composite

The EP mineral, P(AAm), and P(AAm-EP) were
characterized by FTIR, XRD, SEM, BET-porosity, and
swelling studies.

The FTIR spectrometric (Mattson 1000, UK) analy-
sis was used to characterize the chemical structure of
EP, P(AAm), and P(AAm-EP). The composite and
component were prepared as KBr Pellets and spectra
were taken five times using 4cm™' resolution and
400-4000cm ™! frequency range.

Dried particles of the EP and P(AAm-EP) were sep-
arately mounted on a sample holder of a Rigaku Dmax
2200 diffractometer equipped with Ni-filtered [20 min "
scan rate, using Cu Ko radiation (A=1.5418 °A)], and
their X-ray diffraction patterns were recorded in the
range of 10-50 and at a speed of 5min ™.

The specimens of EP, P(AAm), and P(AAm-EP) were
coated with a thin layer of gold under reduced pressure,
and their surface morphology was visualized using
5000x and 10,000x magnification in a JEOL/JSM-6335F
SEM with Tubitak/Gebze Laboratories SEM.

Specimens of EP, P(AAm), and P(AAm-EP) of sim-
ilar particle size were prepared through the use of
Tyler Standard sieves (Quantachrome Instruments),
and their specific surface areas and micro-pore vol-
umes were determined by a BET equation using a
nitrogen adsorption system at 77K with a Quanta-
chromosorb Instrument. The surface area of the pure
EP, P(AAm), and P(AAm-EP) micro-porous compos-
ites was also determined.

To determine the swelling behavior, 1g of dry
composite and the components was placed into dis-
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tilled water and kept at 25 + 0.5°C. Swollen specimens
were periodically taken and weighed on an electronic
balance. The weight ratios of dry and swollen samples
were recorded. The water content of the swollen spec-
imens was calculated using the following expression:

Swelling ratio (%) = [(wy — w,)/w,] x 100

where w, and wy are the weight of the composite and
component specimens, before and after swelling,
respectively.

All experiments were always performed in dupli-
cates; +5% was the limit of experimental error of each
duplicate, and any experiment resulting in a limit
higher than this was repeated.

3. Results and discussion
3.1. Experimental conditions

3.1.1. Effect of the initiator and component on the pro-
duction rate

The effect of the initiator was studied by changing
the type of initiator. In theory, any material that can
generate free radicals can initiate a polymerization reac-
tion. The commonly used initiators are ammonium per-
sulfate (NH,),S,0g), azo initiator ammonium, and a
complex initiation system that is comprised of a mix-
ture of the oxidant, ammonium persulfate, and reduc-
ing agent sodium sulfite. (NH4),5,0g) (Mass ratio 5:1)
was used as the initiator in this experiment.

The reaction temperature was 25°C. This shows
that ((NH4)>5,05) was a high-efficiency initiator, and
this was related to the particular trigger mechanism.
Most studies use heavy metal as the initiator in free-
radical copolymerization of EP. Although other types
of initiators could theoretically initiate a reaction in
EP, in this study, the reactions could not be initiated
with them.

The effect of the total concentration of reactants
(EP and P(AAm)) on the component rate have been
investigated. Selections of the initiator efficiency were
studied by changing the total concentration of reac-
tants from 10% to 21%.

When the total concentration of reactants was in
the range 10-21%, the embedding ratio and embed-
ding efficiency increased; when the total concentration
of reactants was increased beyond 21%, the grafting
ratio and embedding efficiency decreased. Therefore,
the maximum embedding rate of 32.12% and embed-
ding efficiency of 72.42% were achieved at 13% total
concentration of reactants. First, with the increase in
both EP and acrylamide, the system presented a high
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viscous state; thus, some raw materials could have
been completely dissolved and, therefore, did not par-
ticipate in the reaction.

The reaction conditions were as follows: the mass
ratio of EP to acrylamide, 1:3; the reaction temperature,
25°C; percentage of initiator concentration to the total
mass of the reaction system (including the aqueous
solution), 0.04%; and reaction time, 4.0 h. The optimum
ratio of EP to acrylamide was 3:1. The embedding rate
significantly increased with the increasing mass ratio
of acrylamide to EP. However, there was a slight
increase in the embedding efficiency after reaching a
certain degree. When the acrylamide monomer was
increased, it resulted in a corresponding increase in
collision opportunity between the acrylamide mono-
mer and EP molecules, which was beneficial to the
embedding of the EP macromolecules. However, the
increase in acrylamide also promoted the formation of
polyacrylamide, resulting in low utilization of the
acrylamide monomer.

3.1.2. Effect of the reaction temperature

The higher temperature was helpful for the forma-
tion of a high polymer, but the initiation must reach a
certain temperature to produce free radicals; therefore,
at a temperature of 20°C, it was almost impossible for
the reaction to proceed. At 25°C, the optimum poly-
merization efficiency was reached, but the tempera-
ture continued to rise; therefore, the embedding rate
and grafting efficiency decreased. The high tempera-
ture was harmful to the stability of the active center
of the acrylamide and thus reduced the free-radical
initiation ability. Simultaneously, the chain transfer
and the chain termination would obviously increase,
enhancing homopolymerization, which hinders graft
copolymerization.

3.2. Detection of the product structure
3.2.1. IR spectra of the composite

The FTIR spectra of P(AAm), EP, and P(AAm-EP)
are shown in Fig. 1. The characteristic structure of
the FTIR spectra of P(AAm-EP) composite (Fig. 1)
shows peaks at 3,200cm ' and 3,721cm ™' (=Si-OH
and =5i-2(OH)-Si-3(OH) stretching vibrations),
1,200cm™’, and 1,700cm™' (=AI-OH and =AI-2(0OH)
stretching vibrations) due to the presence of predom-
inant silanol groups and hydroxyl groups, respec-
tively. In the surface hydroxyl groups, the silicon
atoms at the surface tend to maintain their tetrahe-
dral coordination with oxygen. They complete their
coordination at room temperature by attachment to
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monovalent hydroxyl groups, forming silanol groups
[17,32]. The presence of predominant silanol groups
and hydroxyl groups in the composite serves as an
active binding site for metals. Fig. 1 shows that there
is a shift in absorption frequency of silanol groups,
indicating the deformation of =S5i=OH and =Si=2
(OH)=Si=3(OH). This may be attributed to interaction
between the functional groups and metal ions as a
result of adsorption. This observation is evidence that
functional groups are involved in binding the metal
ions to the composite. The FTIR spectrum provides
some understanding of the adsorption mechanism of
metal ions by composite. This result confirms the
participation of unprotonated functional groups as
active binding sites for the adsorption of metals on
EP. Formation of a complex between the composite
and the terbium ion is shown.

3.2.2. Physical characteristics of the composite

The physical characteristics of the composite and
its components are summarized in Table 1. The sur-
face area, density, pore volume, pore diameter, and
porosity of the composite and component are deter-
mined by BET instruments in Table 2. The surface
area is measured by assuming that the adsorbed nitro-
gen forms a monolayer and possesses a molecular
cross-sectional area of 31.7m?g '. The composite has
a significant difference in surface morphology
between its two components. The composite was
chemically bounded, which was determined by con-
sulting the respective infrared spectroscopy charts for
EP and acrylamide. Pore diameters of EP, P(AAm),
and P(AAm-EP) were less than 2nm, so all three
materials could be classified as micro-porous com-
pounds by considering IUPAC criteria.

3.2.3. X-ray diffraction (XRD) of the composite

The XRD spectroscopy of both component and
composite are shown in Fig. 1. The typical EP reflec-
tions in the XRD patterns of EP and P(AAm-EP) con-
firmed that the main composition of the rock sample
was EP. The intense increase in the background of P
(AAm-EP) was due to the amorphous contribution of

Table 2

Surface morphology of EP, P(LAAm), and P(AAm-EP)
Physical characteristics ~ (EP) P(AAm) P(AAm-EP)
BET/m’°g ™" 252 042 31.7

Pore volume/cm>g " 0.12 0.01 0.14

Pore diameter/nm 097  0.83 0.84
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Fig. 1. Comparative FT-IR spectra of the (a) composite P
(AAmM-EP) and (b) its component (EP) mineral; XRD
pattern of P(AAm-EP) (1) and its component pure EP
mineral (2).

P(AAm) to EP. These higher background values can
be attributed to the rather amorphous structure of
the other component, P(AAm). This observation
could also imply that the contribution of EP to the
structural properties of P(AAm-EP) was minor and
that the composite could be classified as a micro-
composite [33,34].
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3.2.4. Scanning Electron Microscopic (SEM) analysis of
the composite

The SEM images of EP, acrylamide, and compos-
ite are depicted in Fig. 2. There is a significant differ-
ence in surface morphology between the two forms
of each component. A striking feature of this image
is the appearance of a porous internal structure in
the composite. The acrylamide (Fig. 2(a)) displayed a
smooth and nonporous surface while the composite

TUBITAK

Fig. 2. SEM images of the pure (a) P(AAm), (b) EP and (c)
P(AAm-EP) composite.
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(Fig. 2(c)) displayed a rough and micro-porous struc-
ture, which may offer more adsorption sites for
adsorption and improve the bridging ability. This
result also indicated that the acrylamide has been
chemically bounded, (Fig. 2(b)) which was deter-
mined by consulting an infrared spectroscopy chart
for both EP and acrylamide.

3.2.5. Swelling of the composite

The EP constituted 1/3 of P(AAm-EP) (w/w).
Although the water-retaining capacity of EP and P
(AAm) compounds were found to be very similar,
121% and 954%, respectively, this capacity appeared
to have increased by almost 100% in the composite. A
hypothetical expansion value of 1457% was estimated
for PCAAm-EP). This finding indicated that the combi-
nation of two less-hydrophilic compounds, EP and P
(AAm), led to the formation of a very hydrophilic
composite, P(AAm-EP). This large internal surface
area may also provide a high ion-transfer rate. There
was a slight increase for PLAAm-EP) in comparison to
its individual components that might be attributed to
the hydrophilic contribution of silanol groups of EP in
P(AAm-EP) to P(AAm).

3.2.6. Comparasion with tradional adsorbents

The costs of adsorbents are roughly shown in
Table 3. When comparing among low-cost materials,
the lowest cost has been seen at perlite. Since the com-
posite in this article consist of one-third of perlite, the
cost gets considerably lower.

Here, factors affecting adsorption capacity is more
important than the adsorption capacity. These essen-
tial factors are adsorbent surface area, pore size,
pore structure, and active surface area [39]. High

Table 4
The SEM and XRD observations of the adsorbent’s surface
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Table 3
Cost of low-cost adsorbents and commercial activated
carbons as reported in literature

Adsorbent Price References
(US £/kg™ ")
Bentonite (Montmorillonite) 0.09 [35]
Zeolite 0.12 [36]
Chitosan 0.21 [37]
Hydroxyapatite 3.3 [38]
Perlite 0.12 [36]
P(AAm-EP) composite 0.02 This study

adsorption capacity and relatively high specific
surface areas and more importantly, their relatively
economical prices make the composite more attractive
adsorbents.

For understanding the behavior of adsorbents,
FTIR, XRD, SEM, and BET has also been carried out
(Table 4). Behavior of adsorbents has been correlated
with their FTIR, XRD, BET, and SEM observations.
Amorphous characteristics of the composite, as indi-
cated by XRD, also favor its characteristic feature for
outstanding removal of metal ions in aquatic system.
The SEM image of the composite shows cave-type
openings supporting its performance. The FTIR stud-
ies confirm the presence of polar groups like silanol
groups and hydroxyl groups in the composite. These
polar groups help in enhancing the binding capacity
of adsorbent for the metal ions. Also, the composite [P
(AAm-EP)] possess good surface area due to their
amorphous nature as reflected by XRD. The SEM indi-
cates pores on surface of the composite, which are
consistently distributed. These surface morphological
features of the composite provide sites for better
adsorption. Results clearly indicate that the composite
can be used as adsorbent materials.

Adsorbent SEM observations

Bentonite Needle like structural features with cave
(Montmor.) type openings
Zeolite Loosely bound fibrous structural features
Chitosan Regular features of pores, which are
evenly distributed
Hydroxyapatite = Discrete particles of varying dimensions
having smooth
Perlite Loosely bound fibrous structural features
P(AAm-EP) Regular features of pores, which are
composite evenly distributed

XRD observations BET observations References
(m*/g™")
Layered 304 [29]
Amorphous 10.4 [12]
Amorphous 1.43 [22]
Crystalline phases 17.4 [23]
Amorphous 25.2 [25]
Heterogeneous and 31.7 This study

Amorphous
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4. Conclusion

The inert behavior of P(AAm) enables it to act as a
matrix (host) within the composite, expanding the
adsorbent capacity of EP (guest) particles. In this
research, a novel micro-porous composite, P(AAm-
EP), was synthesized and characterized. The FTIR,
XRD, SEM, and BET-porosity results collectively indi-
cated the homogeneous formation of the P(AAm-EP)
composite. The use of the mineral as a composite with
P(AAm) meaningfully increased the adsorption capac-
ities. It was obvious that the composite had the largest
BET surface area (31.7m?/g ). Large BET areas
(31.7m?/g™ ") could play an important role in increas-
ing the adsorptive capacity of the composite. This
composite had micro-porosity, with reference to the
IUPAC classification, because its mean pore diameter
value was <2nm. The composite is a potential adsor-
bent for the removal of heavy metal ions from waste-
water and environmental pollution. A prevention
manuscript was relevant to the study of natural sys-
tems and environmental systems.
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