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ABSTRACT

The synthesis and optimization of superior and eco-friendly sorbents for Pb(Il) pose a
great challenge in the field of water treatment. The sorbent was developed by introducing
graphene oxide (GO) into the matrix of polyvinyl formaldehyde (PVF) foam. The immobiliza-
tion of GO in PVF results in significant increase in the maximum adsorption capacity (Qt) of
GO powder for Pb(ll), from ~800 to ~1730mgg~"! in the case of GO/PVF foam. As compared
with GO powder in Pb(II) aqueous solutions, PVF matrix keeps GO sheets stable without any
agglomeration. The large surface area of GO sheet allows the abundant oxygenated func-
tional groups on its surface to participate effectively in the Pb(II) adsorption process, leading
to the huge increase of the Qt. Adsorption isotherms and kinetic studies indicated that the
sorption process of Pb(Il) on GO/PVF was done on heterogenous surface by ion-exchange
reaction. The GO/PVF foam showed an excellent reusability for more than 10 cycles with

almost the same efficiency and without any significant change in its physical properties.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

are used for Pb(II) removal from wastewater [4-6]. In particular,
adsorption is more favorable over other traditional methods
due to its high removal capacity, flexibility in design, ease of

Discharging of Pb(ll) is considered as one of the main persis-
tent pollutant for aquatic environments [1,2]. The presence
of even minor concentrations of Pb(Il) in water can cause
great threat to humans and ecosystems [3]|. Nowadays, several
traditional methods including nano-filtration, ion-exchange,
precipitation, reverse osmosis, coagulation, and adsorption
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operation, and relatively low cost [7].

Several ligand based composite materials have been used
as efficient detecting and absorbing sorbents for Pb(ll) and
other toxic materials from water [8-11]. Recently, carbon
nanotubes (CNTs), graphene, and graphene oxide (GO) have
emerged as an efficient organic and inorganic pollutants
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adsorbents [12,13]. Among them, GO has received more atten-
tion in heavy metal ions removal due its great mechanical
properties, relatively large surface area, chemical stability, and
presence of plenty of oxygenated functional groups [14,15].

Several GO nanocomposites have been widely used in
the removal of Pb(Il) from aqueous solutions [16]. Graphene
oxide and GO-montmorillonite nanocomposite have shown a
maximum adsorption capacity of 20 and 19.79 mgg~!, respec-
tively [17]. Deng et al. demonstrated that the adsorption
capacity of hexafluorophosphate functionalized graphene
(GNSPF®) reached 400mgg~! [18]. The adsorption capacity of
GO has been enhanced by activating GO surface using EDTA-
silane. The adsorption capacity of the prepared EDTA-GO
reached ~479mgg~" [19]. Modified GO with manganese fer-
rite magnetic nanoparticles, GO-MnFe; 04, showed adsorption
capacity of 673mgg-"! for Pb(ll) within 10min [20]. Highly
oxidized GO showed an impressive maximum adsorption
capacity of 842 mgg~! [21],931.66 mgg~" [14],and 1119 mgg™?
[22]. In addition, GO has been used as high performance
phosphate removal [23], organic surfactant removal [24,25],
removal of dyes [26], and recovery of nobel metals [27].
Therefore, the high adsorption capacity, cost effective, and
antibacterial nature proposed GO as a superior candidate for
the production of water treatment systems. However, the
direct use of GO or modified GO powder in water treatment
has some environmental and health concerns as it could
be a source of water contaminations [28]. Due to its super-
hydrophilicity and high water dispersibility, the separation
process of GO is difficult and further advanced techniques
such as filtration and centrifugation are needed. These dif-
ficulties limit the usage of GO powder as a practical sorbent in
the production of safe water.

Formation of GO 3D macrostructures could be a versatile
solution to overcome the challenges mentioned above. The
3D macrostructure provides large surface area and well inter-
connected porous providing ample of oxygenated functional
groups available for metal adsorption [29]. Several works have
constructed and designed several 3D graphene and GO based
adsorbents. These retain the fascinating properties of the
graphene based materials in addition to new physiochemical
properties such as low density, high porosity, and large surface
area [30]. Recently several 3D porous architecture based on GO
composites have been prepared for Pb(II) removal such as 3D
GO/starch architecture [31], 3D hierarchical GO/xanthan/TiO,
[32], GO/chitosan aerogels [33], magnetic GO beads [34], Poly-
dopamine/GO Hydrogel [35], and polysiloxane/GO Sponge [36].
All the above mentioned 3D structures have shown adsorption
capacity in the range of ~108-373mgg~?! for Pb(ll). In addi-
tion to Pb(Il) removal, 3D GO composites have been used in
removing rare earth elements [37-39]. Despite enhancing the
adsorption capacity and solving the environmental concerns,
the preparation of the 3D GO architectures is still very costly,
since very expensive and sophisticated techniques are used.
These difficulties hinder their implementation as a practical
sorbents. To tackle this need, immobilization of GO sheets
onto large surface of low cost 3D polymeric materials can solve
the above technical issues. Recently, Feng et al. [40], immobi-
lized GO onto commercially low cost melamine sponge using
polydopamine as a linker between the sponge surface and GO
sheets. The main disadvantage of GO/melamine sponge is that

after five cycles of reuse the adsorption capacity was greatly
reduced from 349.7 to 175 mg g1, this could be due releasing
of some bounded GO sheets from the surface of the melamine
sponge.

Composites obtained from biocompatible polymers, such
as polyvinyl alcohol (PVA), are more preferable over other
synthetic and natural source [41]. PVF foams are well-known
spongy materials which are widely used in many domesticand
medical applications due to their great advantages such as;
ease of production, low cost, high water absorption capacity,
good mechanical properties, and biocompatibility [42].

Here, we report the immobilization of GO sheets onto
polyvinyl-formaldehyde (PVF) foam matrix. Super-hydrophilic
GO powder was homogenously distributed in water using
tip-sonication, then GO was incorporated into a PVF foam
matrix during the foaming process. The possible interac-
tions between the Pb(ll) and the surface of GO sheets in
the powder form and in comparison to that immobilized
onto PVF foam were studied. Kinetic and isotherm experi-
ments were performed to analyze the removal efficiency and
sorption mechanisms of Pb(Il) using the developed GO/PVF
foam.

The using of GO/PVF foam as sorbent for heavy metal
suggests facile and efficient recovery method, escaping the
traditional recovery pathways such as filtration, centrifuga-
tion, magnetic separation, and precipitation by pH shift. Inreal
applications, these methods appear as unsuitable for treat-
ment of large quantity of wastewater; involving time/energy
consuming and complicated steps. Therefore, the sponge-like
structure GO/PVF is postulated here to enable the sorbent
isolation from water, just by hand-capturing. The proposed
sorbent may be used in fixed-bed reactors under the flow
of wastewater. Hence, the recovery of the sorbent from the
liquid medium is incorporated into the method used for its
preparation. The GO/PVF will address the sustainability crite-
ria, including those related to environmental, economic and
remediation issues.

2. Experimental

2.1. Materials

Dry flakes of expandable graphite (3772, 300 .m nominal
size, Asbury Carbons, USA) was used. High molecular weight
and fully hydrolyzed polyvinyl alcohol (PVA, 98-99%, degree
of polymerization 1700-1800), was purchased from LOBA
Chemie. Lead nitrate (analytical grade) and potassium per-
manganate (KMnO,) were purchased from Merck. Triton X-100
was purchased from Sigma Aldrich. Formaldehyde, hydrogen
peroxide (Hy0,, 35%), hydrochloric acid (HCl, 37%), sulphuric
acid (H2S04, 98%), and hypophosphoric acid (HsPO4, 85%) were
obtained from Fisher. Milli-Q water was used in all experi-
ments.

2.2.  Preparation of graphene oxide

Monolayers of highly oxidized GO was prepared using
improved Hummers’ method [43,44]. Briefly, the dry expand-
able graphite flakes were heated at 1050 °C for 30s. Thermally
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expanded graphite (3g) was then added to a 400mL of
HyS04:H3PO4 (9:1mL) mixture. KMnO, (18 g) was added very
slowly to the mixture placed in ice-bath. The mixture was
stirred at 50°C for ~2h and the stirring continued for 3
days at room temperature. The graphite/acids solution turned
light brown paste-like mixture. The graphite paste was added
slowly in aliquot to an ice mixture of deionized water H,0,
(400mL) and 5mL of 30% H,0,. A bright golden GO solution
was formed. The GO solution was filtered and washed with
10 wt% HCl solution several times then with water until the pH
reached nearly 5 [45]. The precipitate was dried under vacuum
at60°C for 6 h.

2.3.  Preparation of GO/PVF foams

The PVF foam was prepared as follows: 10 mL of formaldehyde
was added to 10wt% PVA hot solution (60g) under stirring
for 5min. Then, 1mL of Triton X-100 was added, and stir-
ring was continued for 10 min. The PVA formaldehyde solution
was cooled down to ~25°C then 30mL H,SO4 (15wt%) was
added with stirring for 15min. Then the solution was baked
at 60°C for 5h. To remove unreacted formaldehyde and Triton
from the formed PVF foam, the foam was washed with hot
water several times and dried at 60 °C under vacuum overnight
[46,47]. The prepared PVF foam has a white color and is cylin-
drical in shape as shown in Fig. 1(a).

The GO/PVF foam was prepared as follows:, 200 mg of GO
powder was ultra-sonicated for 2h in anice-bath-cooled water
(30mL). The un-exfoliated GO bundles was removed by cen-
trifugation for 1h at 5000 rpm. The GO solution was mixed
with 10wt% hot PVA solution (60g) by vigorous stirring for
15min. The foaming process of GO/PVF foam completed by
adding formaldehyde (10 mL), Triton X-100 (1 mL), and 30mL
H,S04 (15 wt%). Then the solution was baked at 60°C for 5h.
The color of the GO/PVF foam changed from white to homoge-
nous brown, indicating the homogenous distribution of GO
inside the PVF matrix (Fig. 1(b)). For adsorption experiment,
the GO/PVF was divided into small pieces and washed again
several times with water to remove any residuals of Triton X-
100 and formaldehyde, which may be still present in the PVF
foam. Then the GO/PVF foam pieces was dried at 60°C for 2h
and weighted before being used in adsorption experiments,
seen in Fig. 1(c) and (d).

2.4. Materials and characterizations

Transmission electron microscopy (TEM Jeol-JEM-101, Japan)
was used to characterize the structural properties of GO
sheets. Scanning electron microscope equipped with EDS
detector (SEM, ZEISS Sigma 500 VP, Germany) was used to char-
acterize the GO based PVA foams. Raman spectra were excited
by 532nm excitation wavelength using WITec alpha 300 R
Raman-scope, Germany. Reflectance spectra were collected at
ambient conditions in the frequency range 4000-400 cm~! by a
PLATINUM attenuated total reflection (ATR) unit attached to a
Bruker vertex 80V-FTIR spectrometer, Germany. Dynamic light
scattering (DLS) results were recorded by a Malvern zetasizer,
United Kingdom.

2.5.  Adsoprtion experiments

Firstly, a 1000 ppm Pb(II) stock solution was prepared by dis-
solving 1000 mg of lead nitrate in 1000 mL of water. To obtain
the desired concentrations of Pb(ll), the stock solution was
diluted during experiments with deionized water. For study-
ing the effect of pH, 0.05g of dry GO/PVF foam and 25mL of
150 ppm Pb(1I) solution were used. The pH value was changed
from 3 to 8 by adding few drops of 0.1 M NaOH or 0.1 M HCl with
stirring. Different weights of GO/PVF foam: 0.05, 0.1, 0.15, 0.2,
0.25, 0.3, and 0.4 g with 25 mL of 150 ppm Pb(II) solutions were
used to study the effect of adsorbent weight on the adsorption
capacity. For the influence of initial metal ion concentration,
0.1 g of the GO/PVF was used with 25mL of Pb(II) solutions of
different concentrations (25-300 ppm). In all experiments, the
mixtures were shacked at 200 rpm for 1h at room temperature
(RT). The effect of contact time was performed by using 0.4 g of
the foam with 100 mL of 200 ppm solution of Pb(II) and shacked
at RT and 200 rpm. At the predetermined time, a sample of 1
mL was taken for analysis.
The adsorption capacity Q: was estimated as follows:

Q=X @

where C, (mg/L) and C, (mg/L) are the initial and final solution
concentration, respectively. V (L) is the volume of Pb(II) solu-
tion, and W (g) is the adsorbent weight. The weight of the GO
inside the GO/PVF foam was used as the active weight of adsor-
bent. The pure PVF did not show any adsorption behavior for
the Pb(Il) from the aqueous solutions. The weight of the dried
GO/PVF was ~8g. This weight contains only 0.2 g GO, accord-
ingly, GO represents only 2.5% from the total weight of the
adsorbent. Therefore, all the adsorbents weights were reduced
to 2.5% from the total weight. The percentage of removal was
calculated according to Eq. (2):

(Co—Ce)

(o]

% of Removal = x 100 (2

Fast sequential double beam atomic absorption spectro-
metric system (240 FS-Agilent) was used to measure Pb(II)
concentration.

3. Results and discussion
3.1 Surface and structural characterization of GO and
GO/PVA foams

Fig. 2(a) depicts the HRTEM image for as-prepared highly oxi-
dized GO sheets. One can clearly observe that GO sheets have a
smooth carpet-like structure. The presence of relatively large
number of oxygenated functional groups on edges and surface
of GO sheets facilitates the exfoliation of bulk graphite oxide
to mono- or bi-layers GO [48,49]. The UV-vis spectroscopy
was used to characterize the quality of oxidization and exfo-
liation. Fig. 2(b) shows the UV-vis spectrum of GO aqueous
solution. Two characteristic peaks are shown in the spectrum.
The shoulder at ~320nm is due to the n-z* plasmon peak
while the pronounced peak at ~225nm could be assigned to
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(a)

(b)

Fig. 1 - Optical images (a) as prepared pure PVF foams and (b) GO/PVF foam. The color of the GO/PVF foam changed from
white to homogenous brown, indicating the homogenous distribution of the GO inside the PVF matrix after the foaming
process. (c) Washing of the small pieces of GO/PVF to remove any residuals of Triton X-100 and formaldehyde. (d) Dried
GO/PVF foam pieces before being used in adsorption experiments.

the n—n* plasmon [44]. The intensity of the 7—=* plasmon peak
depends on the presence of chromophore units such as C=C,
C=0 and C-O [50]. Here, the appearance of pronounced n-=*
plasmon peak indicates that the GO sample is highly oxidized
and contains mainly mono- or bi-layers GO [44].

Raman spectra of GO, PVF, and GO/PVF are shown in Fig. 2(c)
and (d), respectively. The Raman spectrum of GO sheets in
Fig. 2(c), depicts the three characteristic peaks of graphite
materials, namely, D-, G-, and 2D-mode at ~1345, ~1570, and
~2655cm~!, respectively. The appearance of the first order
G-mode is due to stretching vibration of sp? carbon-carbon
bonds in graphitic hexagonal rings [51]. The relatively intense
D-mode reflects the presence of carbon sp? centers due to
the oxidization. The second-order 2D-mode appeared at lower
frequency compared to parent bulk graphite (~2730cm™1)
indicating the presence of a few layered graphene [48,52].
The Raman spectrum of pure PVF is shown in Fig. 2(d), the
peak centered at ~2925cm~! is due to the stretching vibra-
tions of —CH,, while the peak at ~1413cm~! could be due
to the stretching vibration of -CH in the PVF chains [53].
In the case of GO/PVF, the three main characteristics peaks
of GO: D-mode~1350cm~1, G-mode~1570cm~!, and 2D-
mode ~ 2660 cm~! were shown. The characteristics peaks of
the PVF did not appear in the GO/PVF due to the overlapping
between the strong peaks of GO and PVF foam. Furthermore,

as evident from Fig. 2(d), the intensity of Ip/Ig was slightly
enhanced from 0.75 to 0.9 after foaming of PVF with GO
sheets. Accordingly, the defects level on the GO sheet’s surface
increased after foaming process of PVA foam.

The FTIR spectra of GO powder, PVF, and GO/PVF are shown
in Fig. 3(a),(c), and (d) respectively. In the case of GO pow-
der, Fig. 3(a), the bands centered at ~3445 and ~1755cm™?
could be ascribed to the O—H stretching vibration and the
C=0 stretching modes, respectively. The sharp band centered
at ~1635cm™! is assigned to the C=C aromatic bond. The
O—H deformation and the C—O—C modes can be identified
at ~1383cm™! and ~1078 cm™!, respectively [44,54]. Fig. 3(c)
shows the FTIR spectrum of the pure PVF foam. The broad
absorption band in the frequency range 3250-3650cm™! is
assigned to the O—H stretching mode. The symmetric stretch-
ing vibrations of the alkyl CH, absorption band appeared at
2925, 2851, 2772, and 2675cm~1. The O—H bending vibra-
tion appeared at 1643 cm~'. The C—H bending modes can be
clearly observed in the frequency range ~1469-1353 cm 1. The
C—0—C—0—C stretching vibrations modes are appeared in the
frequency range ~1160-1060 cm~! while the C—O—C stretch-
ing mode was detected at 1009 cm~? [55,56]. After the addition
of GO to PVF foam, there is no major changes in the FTIR
spectrum of the GO/PVF foam (Fig. 3(d)). One can observe a
broad absorption band in the frequency range 1750-1630 cm .
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Fig. 2 - (a) HRTEM image of as prepared GO sheets. (b) UV-vis spectrum of aqueous dispersion of GO. (c) and (d) Raman

spectra of GO sheets and PVF and GO/PVF foam, respectively.

This broad band consists of two distinguish bands; the band
at 1750cm™! is due to C=0 stretching vibration from the
GO, whereas the band centered at 1640cm~?! corresponding
to the overlapping of the O—H bending band at 1643cm™?
from the PVF and the aromatic C=C band at 1635cm™! from
the GO. Also, the relative intensity of absorption bands at
1300-1475cm~! changed due to overlapping of GO absorp-
tion features with that of PVF. Accordingly, GO sheets could
be attached to PVF matrix through the weak van der Waals
forces [56].

The SEM image of PVF foam is shown in Fig. 4(a). The
PVF foam exhibited spongy structure with open-cell inter-
connecting porous network. Highly irregular and deformed
macroporous structure with ~3-25 um pore diameter with an
average diameter of ~10.8 pm (Fig. 4(c)). The formation of irreg-
ular and deformed pores could occur during drying process
of the foam [57,58]. With the addition of GO into the poly-
meric matrix, the surface roughness and porosity significantly
changed as shown in Fig. 4(b). The super-hydrophilic nature
of GO sheets in aqueous solution allows them to be homoge-
nously mixed with the PVA chains. Accordingly, during the
foaming process the negatively charged layer around the GO
sheets cause them to orient themselves around the foams’
pores leading to a decrease in the cell-to-cell distance [59,60].
The inset of Fig. 4(b) shows that the pore diameter of the foam
decreased from ~3-25pm to ~6-8 pm with an average pore
diameter of ~7 pum as shown in Fig. 4(d).

3.2.  Adsorption capacity (Qt) of GO powder

It is well known that oxygenous groups on the surface of GO
sheets react with heavy metal ions via strong surface complex-
ation [61,21], which makes GO as ideal and superior sorbent
for several heavy metal ions. In general, the behavior of GO
colloids is strongly affected by several parameters such as
PH, particle size, and zeta potential [62,63]. Accordingly, the
efficiency of heavy metals removal will also depend on the
stability of GO colloids.

Fig. 5(a) shows the DLS results for GO at different pH val-
ues ranging from 3 to 12. It is well known that, DLS results
give the average particle size of GO, which is less than the
lateral dimensions of the 2D GO sheets [64]. One can observe
from Fig. 5(a) that the GO solution is stable in the pH range
from 3-7 with small increase in the average particle size as
shown in the inset of Fig. 5(a). As the pH increases beyond
7, from 8 to 12, the average particle size increases with the
appearance of a tails towards higher size. The stability of the
GO colloidal dispersion has been also confirmed by measuring
the zeta potential (¢) for the solution at different pH values as
shown in Fig. 5(b). It can be observed that the ¢ increases from
—27 to —60 with increasing pH values from 3 to 8. Above pH 8,
the negative value of ¢ decreases up to pH 12, meaning that the
highest stability is obtained at pH 8, although the GO is highly
stable in the pH range from 6 to 8. The photographs shown
in Fig. 5(c) confirmed such reasoning. One can clearly observe
that GO solutions are stable without any noticeable aggregates
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Fig. 3 - FT-IR spectra of (a) GO powder, (b) GO loaded with Pb(II) (GO/Pb), (c) PVF foam, (d) GO/PVF foam, and (e) GO/PVF
loaded with Pb(II) (GO/PVEF/Pb) in the range between 4000 and 400 cm~?. The vertical dashed lines identify the peak

positions of the G=0, and C=C bonds.

for pH values up to 7 where in the pH range 8-12 GO sheets
form visible aggregates. It is well known that addition of NaOH
has the ability to clean the oxidation debris present on the sur-
face of GO sheets [65]. The removal of these debris from the
GO surface reduce the oxygen functionalities from GO sur-
face forming graphene-like sheets with less oxygen content
compared with the untreated GO. These graphene-like sheets
stabilizes themselves in solutions by reducing their effective
size. In the pH range from 8 to 12, the relatively large particle
distribution can be attributed to salting out effect of the NaOH
additives [63].

The adsorption of Pb(II) on GO powder was investigated at
different pH values. Here, 2.5mL of GO solution of 1mg/mL
concentration was added to 25mL of 150 ppm Pb(II) solution.
The weight of 2.5mg of GO is the weight present in 0.1g of
GO/PVF foam. This weight of GO/PVF foam was the optimum
weight giving maximum adsorption capacity of Pb(Il). Please,
see Section 3.3 for more details.

As shown in Fig. 5(d), as the pH value increases from 2 to
6, the adsorption of Pb(Il) increased and then decreased again
at pH>6. In general, the adsorption of Pb(Il) on the surface
of GO was ascribed to ion exchange of Pb(Il) with H* [21]. It
is well known that, the Pb(Il) are present in solutions in the
form of Pb(Il), Pb(OH)*, Pb(OH)3, Pb(OH); species at different
pH values [66]. The predominated species of Pb(Il) at lower
pH values are Pb(Il) and Pb(OH)*, these species replace the
H* from oxygenated functional groups on the surface of GO
sheets. Accordingly, at the low pH values, the H* ions com-
pete with Pb(Il) and Pb(OH)* to occupy the negative active
sites available on the adsorbent leading to a decrease of the
Q: value. By increasing pH value, the concentration of H* will
decrease and the tendency of Pb(II) to occupy active sites will
increase leading to an increase of Q; of GO. On the other hand,
by raising the pH value over the optimum point, pH 6, the pre-
dominant metal ions are Pb(OH);. These negatively charged
ions cannot be adsorbed on the negatively charged surface of
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Fig. 4 - HRSEM images of (a) as prepared pure PVF foam and (b) GO/PVF foam. (c) and (d) histograms of the average pore
diameter for PVF and GO/PVF foams, respectively.
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Fig. 5 - (a) Particle size distribution and (b) Zeta potential of GO colloid at different pH. Inset of (a): the average particle size at
different pH. (c) Photographs showing the stability of GO colloid at different pH. (d) Adsorption capacity (Q:) of GO toward
Pb(II) using 2.5 mg in 25 mL of 150 ppm Pb(II). Inset: Photograph for the Pb(II) solution after 10 min from the addition of GO.
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GO sheets. Therefore, at pH value more than 6, the Q; of GO
will be decreased [21,67].

From Fig. 5(d), one can observe that Q; of Pb(II) on GO was
~800mgg~! at pH 6. According to previously published results
[14,21,22], GO showed several adsorption capacities values for
Pb(1l) based on functionalization level and type. In comparison
to previously published results on the Q; of Pb(II) on GO sheets,
our sample efficiency is very close to that of the highest three
currently published data: 842mgg1 [21], 931 mgg~! [14], and
1119mgg-! [22]. The variations in the adsorption capacities
could be attributed to the degree of functionalization of GO.
The presence of plenty of reactive functional groups on GO
surface enhances its adsorption capacity.

It is well known that GO form a very stable suspension
in water for long time. The long term stability of GO sheets
in water could be ascribed to the electrostatic repulsions
between negatively charged oxygenated groups. However, the
stable dispersibility of GO changes remarkably with the addi-
tion of metal ions to GO solutions where GO tends to form
agglomerates. The negatively charged functional groups on
GO surface create metal-GO complex with Pb ions causing
agglomeration of GO sheets [22]. As the interaction between
the Pb ions and GO starts, the density of GO sheets was
increased and the precipitation was observed. This is shown in
the inset of Fig. 5(d), after the addition of GO to the Pb(II) solu-
tion, the GO sheets formed agglomerates after few minutes
(~*10 min).

Fig. 3(b) shows the FTIR spectrum of GO loaded with Pb(II)
(GO/PD). After the adsorption of Pb(II) on GO, there is no signifi-
cant changes in the FTIR spectrum of the GO/Pb were observed,
expect the disappearance of the C=0 mode which appeared at
1755cm~! in the case of GO powder (Fig. 3(a)). This could be
due to the formation of metal-GO complex as bond generated
between Pb(II) and oxygenated groups on the GO sheets [22].

Accordingly, due to the agglomerate of GO sheets the effec-
tive surface area and the efficiency of heavy metals removal
reduced. If the GO sheets remain stable without any agglom-
eration during the interaction between heavy metal ions and
GO sheets, the adsorption capacity is expected to grow up
to higher values. To test this idea, GO sheets were incorpo-
rated into PVF matrix for immobilization and avoiding their
agglomeration during the interaction with Pb(II).

3.3.  Adsorption capacity (Qt) of GO/PVF foam

Fig. 6(a) show the SEM image of GO/PVF loaded with Pb
crystals. After the adsorption experiment, one can observe
aggregations of lead crystals on the surface of GO/PVF foam.
These crystals were confirmed by EDX analysis (Fig. 6(c)). The
distribution of Pb(II) on the surface of GO/PVF foam was inves-
tigated by the elemental mapping of the foam’s surface after
adsorption of Pb(Il) (Fig. 6(b)). The mapping image shows that
Pb crystals are homogenously distributed on the surface of
GO/PVA foam. This could be attributed to homogenous distri-
bution of the GO sheets inside the PVF matrix. Moreover, the
Pb percentage was calculated from EDX results which equal to
6.36% as shown Fig. 6(d).

The FTIR spectrum of PVF loaded with Pb crystals
(PVF/GO/Pb) is shown in Fig. 3(e). As in the case of GO/Pb, no
major changes in the FTIR spectrum of the foam was observed

except the band at 1750 cm~! which was assigned to the C=0
stretching vibration disappeared. In addition, the intensity of
the C—O—C at 1009 cm~! decreased. This could be attributed
to the complexation reaction between lead ions to oxygenated
functional groups present on GO sheets.

To examine the absorption capacity of the prepared foams,
several factors have been tested such as pH, initial adsorbent
dosage, initial concentration of the Pb(lI), and contact time.
The pure PVF foam did not show any adsorption affinity for the
Pb(Il) under any applied conditions, accordingly, the adsorp-
tion of Pb (II) are due to the introduction of GO into the PVF
polymeric matrix.

3.3.1. Effect of pH

It is well known that the pH value has a great effect on the Q;
of metal ions in solutions. The relation between Q; (mgg~1)
and pH value of the solution is shown in Fig. 7(a). As the
PH increases, the adsorption of Pb(Il) is grown until reaching
a maximum value of 600mgg-! at pH 5 and then the Pb(Il)
removal capacity was reduced at pH higher than 6. The effect
of pH value on the Q; of Pb(II) on GO sheets was explained in
details in Section 3.2. The same explanation holds here since
the main active sites available for adsorption is the oxygenated
functional groups on the surface of GO sheets.

3.3.2.  Effect of initial adsorbent dosage

Fig. 7(b) shows the Q: as a function of initial adsorbent weight
atoptimum pH value, i.e., pH 5. One can clearly observe that as
the initial dosage of the adsorbent increases the Q; values are
increased until it reaches a maximum value of 1300mgg?! at
adsorbent dose of 0.1g. Then the Q; abruptly declines with
further increase of adsorbent dose higher than 0.1g. This
can be explained as follows: (i) by increasing the adsorbent
dose, the number of available adsorbing sites is increased but
with constant amount of Pb(ll) the adsorbed ions per unit
mass decreases and hence the total Q; decreases [68]. (ii) The
adsorbed ions on the foam surface may block other ions from
reaching the internal pores of adsorbent leading to a decrease
of the number of available active sites for further adsorp-
tion, i.e., adsorption sites remaining unsaturated during the
adsorption reaction [69].

3.3.3.  Effect of initial metal ion concentration

Fig. 7(c) depicts the relation between the initial Pb(II) concen-
tration and the adsorption capacity Q; at optimum conditions
of pH 5 and adsorbent weight of 0.1g. It was found that,
by increasing Pb(II) concentration, the adsorption capacity is
increased until it reached a maximum value of 1666 mgg~! at
200 ppm, after that the value is decreased with the amount of
Pb(II) higher than 200 ppm. At low Pb(II) concentrations all the
existing ions can be adsorbed on the available active sites on
GO sheets. By raising the ions concentration in the solution,
most of the free active sites on the adsorbent surface may be
occupied with Pb(ll) leading to a decrease of the adsorption
capacity [70]. The corresponding removal efficiency is shown
in Fig. 7(d).

3.3.4. Study of the contact time
For studying the effect of contact time on the Q;, all optimum
parameters were set, i.e,, pH 5, adsorbent weight 0.1g, and
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Fig. 6 - HRSEM images of (a) GO/PVF foam loaded with Lead crystals and (b) elemental mapping of the GO/PVF foam loaded
with Lead crystals. (c) The energy dispersive X-ray (EDX) elemental analysis of GO/PVF foam loaded with Lead crystals. (d)
Percentage of elements present in the GO/PVF foam calculated from the EDX analysis.

Table 1 - Comparison between the maximum Q; values of Pb(II) ions on different sorbents.

Sorbents Q:(max) (mgg?) pH, temp. (K) No. of cycles Ref. no.
Activated carbon 25.5 6.0, 303 N/A [71]
MWCNTs 97 5.0, 303 N/A [81]

2- or 3-layered graphene 400 6.0, 298 N/A [21]
Highly oxidized GO 932-1119 5,298 N/A [14,22]
GNSPF6 400 5.0, 303 5 cycles [18]
EDTA-GO 479 6.8, 303 10 cycles [19]
GO-MnFe;04 673 6.0, 303 More than 5 cycles [20]
Conjugated adsorbents 175-204 5.5, 303 7-8 cycles [82-84]
polysiloxane/GO sponge 256.41 5,313 5 cycles [36]
GO/melamine sponge 349.7 6, 303 5 cycles [40]

GO 800 6.0, 298 N/A This work
GO/PVF foam 1730 5.0, 298 10 cycles This work

initial ion concentration of 200 ppm. The contact time experi-
ment was performed in time range from 10 to 180 min. Fig. 7(e)
shows the relation between the Q; and the contact time t (min).
Itis clear that the Q; is dramatically increased by increasing the
contact time till it reaches a maximum value of 1730 mgg~?!
at 90min at which the equilibrium between metal ions and
active sites is achieved. After the equilibrium point the Q; is
slightly increased followed by a plateau above 90 min. From
the optimized conditions, it can be concluded that the immo-
bilization of GO sheets inside PVF polymeric matrix enhanced
the Q: to reach 1730mgg-"! at pH 5 after 90min. As it was
explained in Section 3.2, the PVF matrix acts as stabilizer
for the GO sheets and prevents their agglomeration during
the interaction between Pb(II) and the oxygenated functional
groups leading to the increase of the Q; values from 800 to
1730mgg~!. Here, the adsorption capacity of GO is close to the
previously published data. Surprisingly, the Q; value in case

of GO inside PVF matrix is the highest of today’s adsorbents

materials, as listed in

3.4.  Adsorption ki

Table 1.

netics

For kinetic and isotherm studies, solutions of metal ion of
100, 200, 300, and 400 ppm concentrations were prepared and
tested at time ranged from 10 to 180 min while all optimum
conditions were set constant. The adsorption process mecha-
nism of heavy metal ions on sorbent active sites is governed by
many factors such as, applied conditions, adsorbents physical
form, and metal ion properties. To determine the maximum
adsorption capacity the obtained adsorption data is formu-
lated in a certain kinetic models. The most common models
used are (1) pseudo-first-order, (2) pseudo-second-order, and
(3) intraparticle diffusion model [71].
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The pseudo-first-order and second-order kinetic models
can be described by the following equations:

logla: - e = log[ac] - |

t

Ko xq2

K
733 ¢ ©)

where q. (mgg™!) and q: (mgg™?!) are the adsorption
values at equilibrium and pre-determined time t, respec-
tively. K; (min~!) and K; (min—?) are the pseudo-first- and
pseudo-second-order kinetic model rate constant, respec-
tively. The linear plots representing both models are shown
in Fig. 8(a) and (b). The calculated values of the pseudo-
first-order model parameters are as follows: q. =3020mgg?,
K1 =0.0445min"!, and R?2 ~0.961 and the values for the case of
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Fig. 8 - (a) Pseudo first-order, (b) pseudo second-order, (c) intraparticle diffusion, (d) Langmuir isotherm, (e) Freundlich
model, and (f) Dubinin-Kaganer-Radushkevich (DKR) models for the adsorption of Pb(II) on the PVF/GO foam.

pseudo-second-order model parameters are: g, =1900mgg?,
K7 =1.38 x 10> min~1, and RZ~ 0.989.

From the calculated values, it can be concluded that the
adsorption of Pb(II) on PVF/GO foam is mostly fitted with the
pseudo-second order model as the R? value is ~0.989 and the
theoretical value of g is in a good agreement with the calcu-
lated one. Accordingly, the adsorption of Pb(Il) on the surface
of PVF/GO foam could be occurred through chemical adsorp-
tion [72,73].

For the case of intraparticle diffusion model, the adsorp-
tion of Pb(Il) on a surface of porous sorbent can be occurred
through many steps such as exterior, interior pore, and surface
diffusion. The diffusion mechanisms of the overall process can
be occurred by one or more of these steps. The intraparticle
diffusion model can be described by the following equation:

t1/2

qt = Kint x (5)
Fig. 8(c) shows the relation between g and t/2. The adsorption
process is one rate-limiting step when the relation between q;
and t2 is a straight line passes through the origin [74]. If the
graph is divided into more than one linear sections then there
are more than one step occurred [75]. From Fig. 8(c), It is clear
that the intraparticle diffusion model graph exhibits a linear
plot with two separate well defined linear sections indicat-
ing that the diffusion of metal ions into the porous material
occurs in two stages. In the first stage, the adsorption process
increased gradually controlled by the intraparticle diffusion
until equilibrium; second stage, at which the concentration
of metal ions in the solution is decreased leading to slowing
down the metal diffusion through the pours of the foam [75].

3.5. Isotherm

During heavy metal ion adsorption process by using solid
sorbent, isotherm models must be applied to investigate the
uptake behavior of Pb(II) from the solution medium on the sur-

face of GO/PVF foam. The well-known isotherm models used
to describe the possible sorption processes are Langmuir, Fre-
undlich, and Dubinin-Kaganer-Radushkevich (DKR) sorption
isotherms. The Pb(Il) uptake was studied as a function of ini-
tial concentrations in the solution from 100 to 400 ppm while
all other optimum parameters were kept constant.

Langmuir isotherm model suggested that the adsorption of
heavy metal ions on sorbent surface is a monolayer sorption
process with limited number of homogenous sites [76]. The
model can be represented as follows:

Ce 1

Qe Kmay

Ce

Qmax

(6)

where C, (mg/L) represents the equilibrium concentration of
the Pb(ll) in solution, g, (mgg™?) is the amount of adsorbed
ions at equilibrium, gmax (mgg=!) and K are the maximum
sorption capacity and affinity of adsorption, respectively.
The calculated values of the Langmuir parameters are
qmax =3428 mgg~1, K=0.1211/mg, and R? =0.9971.

Freundlich model is used to describe the characteristics of
the sorption process for a heterogenous surface [77]. Eq. (7)
represents the simplified form of Freundlich model:

1
logge = logKs + n log Ce (7)

where n and Ky are adsorption intensity and capacity, respec-
tively. Fig. 8(d) and (e) show the liner plots representing both
Langmuir and Freundlich models, respectively. The calcu-
lated Freundlich model parameters are K;=543, 1/n=0.538,
and R? =0.9973.

To study the sorption mechanism of the process, DKR
isotherm model is used predominantly over Langmuir and
Freundlich isotherms models. DKR can be considered as an
analogue form of Langmuir model but it does not suggest a
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Fig. 9 - The relation between the number of cycles and the
maximum adsorption capacity of the GO/PVF foam using
0.1 mg GO/PVF foam, pH 5, and 90 min contact time.

homogenous surface [78,79]. Eq. (8) shows the linearized form
of the DKR isotherm model:

Inge = In Xy, — Be? (8)

where g, (mol/g) is the number of adsorbed ions per unit adsor-
bent weight, Xy, (mol/g) is the maximum sorption capacity, 8
(mol?/J?) is the activity coefficient, and ¢ is the Polanyi poten-
tial (J/mol). Fig. 8(f) shows the plot of In g, versus £2. The slope
of the line gives the value of g (4.41 x 1072 mol?/J?) and the
intercept gives the sorption capacity Xm (13.5 x 10~2 mol/g).

According to Eq. (9), the value of the sorption energy is
10.65kJ/mole. The positive value of E indicates that the pro-
cess is endothermic and the mechanism of reaction is an
ion-exchange [67]:

1
/—2p

The results reveal that the uptake process is best described
by the Freundlich model, as 1/n value is 0.538, and R? is
0.9992. These results predict that the adsorption process of
Pb(Il) on GO/PVF was done on a heterogenous surface. More-
over, for DKR model the results show that the values of E was
10.65kJ/mol (8 <E <16 kJ/mol), indicating that the mechanism
is ion exchange reaction [79,80].

E=

©)

3.6.  Desorption and regeneration

To study the reusability of the prepared material GO/PVF foam,
the loaded composite were soaked in 10% H,SO4 solution
for 60 min, then the foam washed several time with water
till the pH reached ~7. Another adsorption experiment was
performed using 0.1 mg GO/PVF foam and all the optimum
conditions were kept constant. As shown in Fig. 9, the PVF/GO
foam has an excellent adsorption capacity of ~1730mg g~ up
to 10 cycles. The physical and mechanical properties of such
foam did not change significantly after the end of the reusabil-
ity test indicating the high economic value of the GO/PVF foam
in addition to superior and eco-friendly properties of the foam.

4, Conclusions

In this study, GO/PVF foam with excellent mechanical and
chemical stability was successfully prepared via traditional
PVA acetylation reaction. The developed foam proved to be a
promising adsorbent material for Pb(II) removal. The Q; of GO
is increased from 800 to 1730 mg g~! when immobilized inside
PVF foam matrix. The PVF matrix prevented the agglomera-
tion of GO sheets during the adsorption of Pb(II). The excellent
dispersibility of GO sheets inside the PVF matrix facilities
the formation of GO metal bonds. The Q; of immobilized
GO sheets inside PVF matrix is the highest of today’s adsor-
bents materials. The extensive study of kinetic models reveals
that the adsorption mechanism of the prepared GO/PVF foam
is fitted with the pseudo-second-order model and the pro-
cess was occurred as ion exchange reaction. Furthermore, the
Freundlich model is the best describing adsorption isotherm
process, which proved that the adsorption process was done
on the heterogenous surface. Moreover, the prepared foam can
be re-used up to 10 times, with almost the same removal effi-
ciency without any significant changes in its physical feathers.
Here, the fascinating adsorptive properties of the GO/PVF foam
could increase this sorbent in the field of water treatment,
preconcentration, and separation of trace-metal ions.
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