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Abstract

PVA-co-AAm/TiO,/Si0, nanocomposites adsorbents synthesized by y-irradiation copolymerization of polyvinyl alcohol
(PVA) and acrylamide (AAm) incorporated TiO,/SiO, nanopowders, aiming to enhance the removal of basic blue 3 dye
(BB3) and Cu (II) ions from aqueous solutions. Properties of nanocomposites were analyzed by different techniques. FTIR
results showed successful incorporation of nanoparticles and copolymerization of PVA and AAM. SEM/EDS confirm the
peaks belonging to C, O, Si, and Ti. TEM investigation illustrated that TiO,/SiO, nanoparticles were well dispersion, uniform,
and homogeneous shape of particle size of 60-70 nm. XRD data specified characteristic diffraction peaks of TiO, and the
calculated crystalline size was 43 nm. Adsorption results confirm that PVA-co-AAm/TiO,/Si0, nanocomposites provide
better adsorption capacities of both BB3 and Cu (II) was three-folds rather than PVA-co-AAm-30. The nanocomposite
prepared at 30 kGy (PVA-co-AAm/Ti0,/Si0,-30) showed high swelling, gelation, and highest adsorption capacity and it
was selected as the best adsorbent for batch experiments. The optimum adsorption was achieved using 0.4 g PVA-co-AAm/
Ti0O,/S10,-30 adsorbent dosage. The adsorption capacity of BB3 and Cu (II) was 140.9 and 190.3 mg/g with a removal
efficiency of 93.5 and 95.2% after 7 h and 6 h, pH 11 and pH 6, and initial concentration of 150 and 200 mg/L, respectively.
The adsorption of BB3 or Cu (II) was endothermic and spontaneous, well described by the pseudo-second-order adsorption
kinetic and fit Langmuir isotherm. The results revealed that the as-synthesized PVA-co-AAm/TiO,/SiO, nanocomposites
could be employed as effective adsorbents for the adsorption of BB3 and Cu (II) ions from wastewater with high adsorption
capacity and recovery.
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1 Introduction the difficulties correlated with the occurrence of dyes
and heavy metals in wastewater is that they are not
biodegradable in aquatic media and highly soluble pol-
lutants therefore they can be consumed by organisms,
and consequently, go into the food chain. Although the
human body contains copper and plays a significant
function in the development of bones and tissues or
enzyme creation [2]. On the other hand, an overload of
Cu (IT) ions and its deposition in the body is poisonous
and causes a severe impact like headache, gastrointes-

Heavy metals ions like Cu (II) ions and organic
dyes like basic blue 3, acid violet 7 crystal, methyl-
ene blue, methyl orange, and others are considered
as striking chemicals in various industries wastewa-
ter effluents. These pollutants lead to environmental
risks as a group of harmful carcinogens [1]. One of
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A variety of procedures have been created for the elimina-
tion of toxic pollutants from wastewater like ion exchange,
flotation membrane filtration, electrochemical treatment,
photocatalysis, chemical precipitation, and adsorption [5].
The adsorption process is an effective, simple, and useful
method for pollutant elimination. Using a suitable adsor-
bent makes the adsorption process suitable, low cost, ease of
operation, versatility, and an effective method for the elimi-
nation of dyes and metals from wastewater.

Nanotechnologies provide a wide range of applications
like water treatment, soil treatment, environmental remedia-
tion, sustainable agriculture, and the production of renew-
able energy. Nanomaterials have several advantages over
bulk materials such as the large surface area, the huge sur-
face-to-volume ratio, improved reactivity, high porosity, and
completely different physiochemical properties. Nowadays,
nanomaterials or nanostructures are considered novel cat-
egories of functional substances with distinctive properties
and efficient applications in various fields [6]. Nanocom-
posites are a major class of nanomaterials and have been
widely used as an adsorbent in environmental remediation
for metal ions or dye removal with high adsorption capacity
due to their suitable pore size, high mechanical strength,
ease production, high selectivity, and regeneration processes
[7]. Therefore, the nanostructures as effective materials for
several applications such as electrochemical hydrogen stor-
age [8, 9], removal and degradation of organic pollutants
and contaminants [10-12], surface decontamination in fuel
manufacture plants [13], anion exchange resin [14], energy
storage and conversion [15], biomolecular imaging and
therapy [16], animals biodistribution studies [17, 18] and
biomedical applications with the ultimate goal of efficiently
diagnosing and treating various human diseases [19], etc.

Recently, polymer-based nanocomposites consist of
polymer or copolymer having nanoparticles dispersed in
their polymer matrix and incorporate the remarkable fea-
tures of both NPs and polymers developed owing to their
advantages properties the unique physicochemical proper-
ties such as film-forming ability with variable dimensions
and their high functionalities [20] resulting from the large
surface area to volume ratios, the high interfacial reac-
tivity of nanoparticles, the compatibility. These features
made polymer-based nanocomposites of a promising class
of adsorbent materials for dyes and metals removal from
water and wastewater [21]. Many polymer-based nanocom-
posites have widely utilized for the elimination of a variety
of toxic dyes and metal ions, from water and wastewater
for example magnetic chitosan/Al,O,/Fe;O, nanocomposite
for removing acid fuchsin dye [22], titanate layer—natural
polymer amylopectin based nanocomposite for adsorption
and separation of methylene blue and methyl orange dyes
[23], carboxymethyl-chitosan /bentonite composite for
adsorption of Cu®* ions [24], polyaniline/carboxymethyl
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cellulose/TiO, nanocomposites for adsorption of congo red
dye [25], TiO,-chitosan-polyacrylamide for the uptake of
Sirius yellow K-CF dye [26], TiO,-Kaolinite nanocomposite
for adsorption of Pb (II) and Cd(II) ions [27].

Several methods are used for the preparation of nano-
composite by incorporation of nanomaterials into a polymer
through physical blending (mixing), crosslinking and polym-
erization reactions with monomers, solution casting method,
and hot press [28]. Gamma radiation is one of the suitable
methods for the preparation of polymer-metal nanocompos-
ite by mixing the metal salt and organic monomer solution.
During gamma irradiation and polymerization reaction, a
homogeneous dispersion of nanocrystalline metal particles
and polymerization of monomer created instantaneously.
Many nanocomposites are prepared by gamma radiation for
different applications including different metal nanoparticles
[17, 29-31]. Radiation is a convenient tool for the cross-
linking and modification of polymeric materials without
using a cross-linking reagent. This technology is environ-
mentally friendly since it leaves no residue or pollutant in
the environment [32, 33].

PVA is a synthetic polymer soluble in water used in vari-
ous industrial, pharmaceutical, medical, environmental, and
agricultural applications as a result of its low cost, chemical
and physical resistance, and amazing film-forming property
[34]. Acrylamide (AAm) or acrylamide-based polymers
is one of the water-soluble polymers that carry a negative
charge and are used for a variety of applications in lubrica-
tion, effluent reclaiming, mining, Paper manufacture, and
water management process [35].

One of the most important metal oxides is titanium diox-
ide (TiO,) as catalytic and material used for the removal and
adsorption of metals or dyes. TiO, has been widely used
owing to its low economic cost and high efficiency in pollu-
tion degradation. TiO, can be used in many industrial appli-
cations like environmental purification for the removal of
various pollutants due to their photocatalytic properties [36],
photovoltaic devices, solar energy conversion, and optical
coating photocatalysis [37]. It is important to improve the
efficiency of TiO, for use in catalytic applications, through
the combination of the photoactive TiO, material with
another metal oxide such as SiO, Nanomaterials of TiO, and
SiO,, offer greater surface area than their bulk counterparts,
allowing for improved application performance. The coat-
ing of the surface of TiO, nanoparticles with SiO, promotes
their adsorption property, prevents their aggregation, and
improves their thermal and chemical stability. An improved
photocatalyst of a mixed oxide of TiO, and SiO, synthesized
by a sol—gel Synthesis was a more efficient photocatalyst
for the photocatalytic decomposition of rhodamine-6G than
TiO, alone [38]. Also, SiO, incorporated with Fe;O,4 and
used for preparing functional nanocomposites (Fe;0,/SiO,/
GMA/AN) by y-irradiation increases the adsorption of basic
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violet 7 dye [39]. A core—shell Fe;0,@Si0, nanocatalyst
was prepared for Fenton-like degradation of malachite green
dye [40]. The increase in efficiency was attributed to the
presence of SiO,.

In this study, gamma radiation synthesizes of PVA-co-
AAm copolymer and poly(vinyl PVA-co-AAm /Ti0,/Si0O,
nanocomposites were obtained by polymerization of PVA
and AAm in presence of TiO,/SiO, nanopowders at different
irradiation doses for possible applicability as novel and effi-
cient adsorbents for removal and adsorption of Cu (II) ions
and BB3from their aqueous solutions. FTIR, XRD, SEM,
EDS, TEM, and DLS characterized the obtained nanocom-
posites. The batch adsorption experiments by studying the
effect of a variety of conditions like contact time, pH of
the solution, initial concentration, adsorbent dosage, and
temperature on adsorption of BB3 or Cu (II) ions were
performed. The experimental data were estimated using
adsorption kinetics, adsorption isotherm models, and ther-
modynamic studies and parameters concerning temperature
dependence were also applied.

2 Experimental
2.1 Materials

Acrylamide (CH2=CHC (O) NH,) (AAm) 97%, was
obtained from Pratap Chemical Industries, India. Poly(vinyl
alcohol) [CH,CH(OH)], (PVA) of molecular weight
17-18 kDa and 87-89% degree of hydrolysis, Copper chlo-
ride (CuCl,) 97%, hydrochloric acid (HCI) (36.5%), sodium
hydroxide (NaOH) were obtained from Qualikemes fine
chemicals Pvt. Ltd. New Delhi, India, Titanium dioxide
(TiO,) nanopowder (particle size <25 nm and purity 99.7%),
and silicon dioxide (SiO,) nanopowder of 10-20 nm particle
size and purity 99.5% were supplied from Sigma Aldrich
Chemie, GmbH, Germany. Astrazon blue BG-200% or basic
blue 3 (BB3) (C,,H,cCIN;0) was supplied by Dystar com-
pany, Cairo, Egypt.

2.2 Radiation Synthesis of PVA-co-AAm

The PVA-co-AAm copolymer was synthesized by gamma
radiation-induced copolymerization reaction and copolymer
compositions of 10 wt%. The reaction mixture was obtained
by adding AAm monomer solution (5.0 wt%) to PVA (5.0
wt%) of (50/50) copolymer composition (V/V) under con-
stant stirring for 2 h at a temperature of 50 °C until homo-
geneity. Then, the PVA/AAm reaction mixtures were cooled
to room temperature, deaerated by bubbling with N, gas for
3-5 min, sealed, and then subjected to y-radiation from 0Co
Canadian irradiation facility y-rays at a dose of 30 kGy (dose
rate 1.12 kGy/h). The irradiation facility was established at

the National Center for Radiation Research and Technology,
Egyptian Atomic Energy Authority, Cairo, Egypt. Finally,
the obtained PVA-co-AAm-30 copolymer was cut into small
discs, immersed in distilled water for 24 h to remove non-
reacted materials, and left to dry at 50 °C.

2.3 Radiation Synthesis of PVA-co-AAm/Ti0,/SiO,
Nanocomposites

The PVA-co-AAm/Ti0,/Si0, nanocomposites were synthe-
sized by sonochemical and gamma radiation-induced copol-
ymerization techniques as follows: 0.25 g of TiO, and 0.25 g
of SiO, nanopowders were added to the PVA/AAm reaction
mixture solution as prepared above under constant stirring at
50 °C for 2 h. After the reaction mixture (PVA/AAM/TiO,/
Si0,) was homogenized, the mixture was sonicated for an
extra 2 h using ultrasonic (70 w) for full dispersion of TiO,/
Si0, nanopowders. The use of ultrasonic produces a variety
of compounds with adjustable dimensions and shapes. Then,
the PVA/AAM/TiO,/Si0, reaction mixtures were cooled to
room temperature, placed into test tubes, deaerated by bub-
bling with N, gas for 5 min, sealed, and then exposed to
y-radiation from ®°Co Canadian irradiation facility y-rays at
different doses of 10, 30 and 50 kGy (dose rate 1.12 kGy/h).
The obtained PVA-co-AAm/TiO,/SiO, nanocomposites
were washed well with ethanol to eliminate unreacted mate-
rials, dried at 50 °C, and then ground in a mortar to a fine
powder for further use and analysis. According to the irra-
diation dose, PVA-co-AAm/TiO,/SiO, nanocomposites in
which the nanocomposite irradiated with 10, 30 and 50 kGy
named PVA-co-AAm/Ti0O,/Si0,-10, PVA-co-AAm/TiO,/
Si0,-30 and PVA-co-AAm/Ti0,/Si0,-50 nanocomposites,
respectively.

2.4 The Gelation(%)

The dried PVA-co-AAm and PVA-co-AAm/Ti0,/Si0O,
nanocomposites of known weights (W,) were soaked at 70 °C
in deionized water for 24 h to eliminate the insoluble parts.
Then, dried to a constant weight (W,). The gelation(%):
established according to Eq. (1):

(Wa)
W;)

Gelation(%) =

x 100 (1)

2.5 Swelling(%)

Known weights (W) of dried PVA-co-AAm and PVA-co-
AAm/Ti0,/Si0, nanocomposites were immersed in distilled
water at room temperature until the equilibrium swelling
was obtained after 24 h. Then, samples were weighed (Ws)
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after removing the excess water on their surfaces by a filter
paper. The swelling(%) was estimated according to Eq. (2):

(W, —w,)
(Wa)

Swelling(%) = x 100 2)

2.6 Batch Experiments for Uptake of BB3 or Cu (Il)
lons

The effect of the prepared PVA-co-AAm-30 copolymer and
PVA-co-AAm/Ti0,/Si0,-10, PVA-co-AAm/TiO,/Si0,-30,
PVA-co-AAm/TiO,/Si0,-50 nanocomposite as an adsorbent
on the adsorption and removal of BB3 or Cu (II) ions as
adsorbates were studied by adding an appropriate amount
of 0.2 g of each adsorbent to 50 ml of the aqueous solution
of dye or Cu (II) ions with initial concentration 200 mg/L
at room temperature for 2 h with shaking at an agitation
speed of 100 rpm. Then, the decrease in UV absorbance
was measured using T60 UV/Vis spectrophotometer from
PG instruments limited to select the better adsorbent for
further batch adsorption experiments. According to the
results obtained from Table 1 and Fig. 5, the PVA-co-AAm/
Ti0,/Si0,-30 nanocomposite shows high swelling(%) and
a higher impact on decreasing the absorbance value of dye
or Cu (II) ions, therefore, it was selected for further batch
adsorption experiments.

The factors affecting the removal(%) and the adsorption
capacity of BB3 or Cu (II) ions by PVA-co-AAm/TiO,/SiO,-
30 nanocomposite were examined at various experimental
conditions using 50 ml volume of dye or metal ions solu-
tions and time intervals up to 24 h as follows: (i) the effect
of initial concentration (100-250 mg/L), (ii) the effect of
adsorbent amount (0.1-0.4 g), (iii) the effect of pH (4, 7,
9 and 11 for dye; and 3, 4.5 and 6 for Cu (II) ions) and
(iv) the effect of temperature (298, 308 and 318 K). After
each experiment, the concentration of dye was determined
by measuring its absorption at A, =654 nm by using T60
UV/Vis spectrophotometer from PG instruments limited.

Table 1 The impact of irradiation dose on gelation(%) and swell-
ing(%) of PVA-co-AAm-30 and PVA-co-AAm/Ti0,/SiO, nanocom-
posites

Sample Dose (kGy) Gelation(%) Swelling(%)

key

PVA-co-AAm-30 30 89.6 204.3

PVA-co-AAm/TiO,/ 10 90.8 165.5
Si0,-10

PVA-co-AAm/TiO,/ 30 93.1 197.7
Si0,-30

PVA-co-AAn/TiO,/ 50 95.7 143.6
Si0,-50
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The remaining Cu (II) ions concentration in the feed solu-
tion after adsorption was determined with atomic absorption
spectrometer (AAS)—Thermo scientific iCE 3000 series
(AA) Spectrometer, Cambridge, England. The batch experi-
ments were carried in triplicate. The calculation of adsorbed
capacity (q.) at equilibrium and the amount adsorbed (q,) at
time intervals was determined utilizing Eqs. 3, 4:

(Cc,-C,)xV
Amountadsorbed (qe) =— (3)
m
(C,-C,)xV
Amountadsorbed(q,) = ———— “
m
The removal(%) was calculated using Eq. 5:
(Co B Ce)
Removal(%) = —c x 100 (®)]

o

where Cy, C, and C, are the initial concentrations of dye or
metal ions (mg/L) before adsorption, the concentration at
time (¢), and the concentration at equilibrium, respectively,
m is the weight of dry adsorbent (g).; V is the volume of the
aqueous dye or metal ions solution (L).

2.7 Adsorption Isotherms

Adsorption isotherms at equilibrium were carried out in a
50 ml solution of an initial concentration of 150 mg/L of
BB3 and 200 mg/L of Cu (II) ions with 0.4 g adsorbent dos-
age of PVA-co-AAm/Ti0,/Si0,-30. The mixture was con-
stantly agitated at 100 rpm at different temperatures of 298,
308, and 318 K. The concentrations of dye or Cu (II) ions
were measured, and the data obtained were analyzed with
the Langmuir, Freundlich, and Temkin isotherm models.

2.8 Adsorption Kinetics

Adsorption kinetic at equilibrium studies were carried out in
a 50 ml solution of an initial concentration of 50, 100, 150,
and 200 mg/L of BB3 and 150 mg/L of Cu (II) ions with
0.3 g adsorbent dosage of PVA-co-AAm/TiO,/Si0,-30 at
temperature 298 K. The concentrations of BB3 or Cu (II)
ions were measured at a varied time intervals between 0 and
600 min. The data obtained were analyzed using pseudo-
first-order pseudo-second-order and intra-particle diffusion
kinetic models.

2.9 Adsorption Thermodynamics

Adsorption of BB3 or Cu (II) ions was investigated at vari-
ous temperatures of 298, 308, and 318 K in a water bath
shaker at 100 rpm agitation speed at equilibrium using a
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50 ml solution of an initial concentration of 150 mg/L of
BB3 and 200 mg/L of Cu (II) ions with 0.4 g adsorbent dos-
age of PVA-co-AAm/Ti0,/Si0,-30. The enthalpy (AH®),
entropy (ASY), and Gibbs free energy (AG®) were thermo-
dynamic parameters employed to determine the nature and
spontaneity of the adsorption process.

2.10 Characterization Analysis

The chemical structure of the nanocomposites was analyzed
by ATR-FTIR spectroscopy, Bruker Optik GmbH, Ettlingen,
Germany. XRD-600 instrument with Ni filter and Cu-Ka
supplied From Shim Kyoto, Japan, used to obtain X-ray dif-
fraction curves. The surface morphology of the copolymers
and nanocomposites was investigated with SEM, JEOL
JSM-5400, Japan. Energy dispersive spectrometry (EDS)
analysis LINK’S (Oxford Instruments link ISIS, UK) con-
nected to scanning electron microscope model JEOL JSM-
5400 (Japan) was used to perform the consisting of the peaks
belonging to the C, O, Si and Ti. The particle size and distri-
bution examined using a Transmission Electron Microscopy
(TEM), JEOL JSM-100 CX, Japan, with an acceleration
voltage of 80 kV. The distribution of particle of PVA-co-
AAm/Ti0,/S10,-30 kGy nanocomposite was performed by
dynamic light scattering (DLS-ZP/Particle Sizer Nicomp
380ZLS), USA. The effect of nanocomposites on the dye
concentration was determined by measuring its absorption
at Ay, =654 nm by utilizing the T60 UV/Vis spectropho-
tometer from PG instruments limited. The remaining Cu (II)
ions concentration in the feed solution after adsorption was
determined with atomic absorption spectrometer (AAS)—
Thermo scientific iCE 3000 series (AA) Spectrometer, Cam-
bridge, UK.

3 Results and Discussion

3.1 The Effect of Irradiation Dose on Gelation(%)
and Swelling(%)

Gamma irradiation is a useful crosslinking polymerization
technique over other chemical crosslinkers and an effective
method to prepare polymeric-based nanocomposite. In this
study, the copolymer prepared at 30 kGy (PVA-co-AAm-30)
and three PVA-co-AAm/Ti0,/Si0, nanocomposites were
prepared using the gamma irradiation technique at differ-
ent doses of 10, 30, and 50 kGy. Table 1 illustrated the
effect of irradiation dose on gelation(%) and swelling(%) of
PVA-co-AAm-30 copolymer and PVA-co-AAm/Ti0,/SiO,
nanocomposites. The increase in irradiation dose from 10
to 50 kGy doses does not lead to a significant increase in
gelation(%). The gelation(%) was in the range of 90.8 to
95.7%. This is due to increasing the cross-linking reaction

between PVA-co-AAm upon the effect of the gamma irra-
diation. Also, PVA-co-AAm/Ti0,/Si0,-30 had the highest
swelling(%) of 197.7% then decreases at 50 kGy due to the
increase in cross-linking density.

3.2 Characterization Analysis
3.2.1 FT-IR Investigation

Figure 1 illustrates the FT-IR spectrum of PVA, AAm, and
the as-synthesized nanocomposite. The spectrum of PVA
(Fig. 1a) demonstrates peaks at 3290/cm and 2923/cm
related to the —OH and C-H alkyl, respectively. Stretching
vibration peaks correspond to C—O, and C=0 from residual
ester groups appear at 1437/cm and 1728/cm, respectively.
Also, the stretching vibrations peaks characteristic to C-O
and C-O-C appear at 1024/cm and 1092/cm, respectively
[41].

The FTIR spectrum of AAm Fig. 1b shows the peaks
at 1610/cm and 1668/cm corresponding to the bending
vibration of the —NH, group and stretching vibrations of
the —C=0 group, respectively. The peaks at 1426/cm and
1476/cm resulted from the scissor and bending vibrations
of CH-CO and —CH, groups, respectively. Additionally,
the absorption peak attributed to the stretching vibrations
of —CH, appears at 2975 and 2811/cm. A broad absorption
band resulted from the -NH group that appeared at 3184/
cm and 3348/cm. Finally, the absorption stretching vibration
band from C-N group resulted at 1350/cm while the broad
absorption bands resulted from the out-of-plane bending
vibration of the NH, group appears in the range of 619-655/
cm were.

The FT-IR spectrum of PVA-co-AAm/Ti0,/SiO, nano-
composite (Fig. 1c) shows stretching vibration peaks charac-
teristic to the C=0 of amide I and N-H bending vibration at
1720/cm and 1668/cm, respectively. Moreover, a minor peak
shift and broadening appeared at 3340/cm due to the over-
lapping of -NH groups of AAm and —OH of PVA stretch-
ing vibrations forming a hydrogen bonding between them.
These results indicated the successful grafting of AAM
onto the PVA backbone [42]. The stretching vibration peaks
related to the Ti—O-Ti resulted in the range 557-752/cm.
The asymmetric stretching vibrations absorption bands of
Si—O-Si appeared at 1127 and 1058/cm and a peak at 490/
cm that corresponding to Si—O-Si bending vibration [43]
and Si—-O-H appeared at 993 —-927/cm.

3.2.2 XRD Studies
X-ray diffraction is an important tool, which provides the
crystallinity and lattice structure of nanocomposite. Fig-

ure 2 shows the XRD patterns and the crystalline struc-
ture of PVA-co-AAm-30, and PVA-co-AAm/TiO,/Si0O,

@ Springer
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nanocomposites prepared at different doses of 10, 30, and
50 kGy. Figure 2a shows XRD of PVA-co-AAm-30 showed
semi-crystalline peaks at the 20=19.1° [44]. The XRD
curves of PVA-co-AAm/Ti0O,/SiO, nanocomposite pre-
pared at different doses of 10, 30 and 50 kGy (Fig. 2b—d)
illustrate the same diffraction peaks of PVA-co-AAm-30
with a small shift at 20=19.1° which is attributed to the
presence of TiO, and SiO, in addition to the diffraction
peak of SiO, overlapped with the diffraction peak of PVA-
co-AAm-30 at 20=19.1°. The characteristic peaks of TiO,
nanoparticles observed at 20 = 25.1°, 37.6°, 47.9°, 53.7°,
55.1°, 62.6°, 68.3°, 69.9° and 74.9° which confirms the
spinal structure of the Bragg reflections of anatase phase
of TiO, nanoparticles corresponding to the crystal planes
of the (A101), (A004), (A200), (A105), (A211), (A118),
(A116) and (A220), respectively [45]. In addition, the peaks
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at 27°, 36.2° and 55.0° corresponding to the crystal planes
of the (R110), (R101), and (R211) which corresponds to
TiO, in the rutile phase.All peaks are well in agreement with
the standard spectrum (JCPDS No.: 21-1272, 88-1175 for
rutile, and 84-1286 for anatase) [46]. In the XRD spectra,
the characteristic peak at 26 =25.10° and 27.0° signifies the
existence of TiO,, which compatible with the composition of
80% anatase and 20% rutile as the same results in the previ-
ously reported study [47]. The majority structure of TiO,
in anatase phase candidate their possible use as an effective
adsorbent for the adsorption process of metal ions and dyes.

The average crystallite size of the as-prepared nano-
composites was determined from Debeys—Scherrer Eq. (6)
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Fig.2 XRD curves of a PVA-
co-AAm, b PVA-co-AAm/TiO,/
Si0,-10 ¢ PVA-co-AAm/TiO,/
Si0,-30 and d PVA-co-AAm/
TiO,/Si0,-50 nanocomposites
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Table2 The crystalline size (D) of XRD data calculated using the
Debye—Scherrer formula

20 0 Cos 0 FWHM (radion) D (nm)
19.1  9.56 0.9861  0.36 0.0036 39.1
25.1 12.55 09761 04327 0.004224  32.8
27.0 135 0.9724  0.305 0.002966  46.7
36.2  18.1 0.9505  0.31 0.002947  47.1
376 185 0.9483  0.45 0.004267  32.5
479 2395 09139  0.5267 0.004814  28.8
537 26.85 0.8922 0.36 0.003212  43.1
55.1 27.55 0.8870 0.5153 0.004571 303
626 313 0.8544  0.48 0.004101  33.8
68.3 3415 0.8276 0.24 0.001986  69.8
699 3495 0.8196 0.24 0.001967  70.5
749 3745 0.794 0.44 0.003493  39.7
D= kA ©)
pCosé

where D is particle diameter size, k is the so-called shape
or geometry factor which equals 0.9, 4 is the x-ray wave-
length (A=0.1541 nm), f is the full width at half maximum

T T T T T T T T T T T T 1

75 80 85 90

2 degree

(FWHM) of diffraction peak and 8 is the diffraction angle.
The XRD data of peaks details and the average particle size
(D) calculated using the Debye—Scherrer formula as pre-
sented in Table 2. The calculated average crystallite size
of the as-synthesized product was about 43 nm. The aver-
age crystalline size was previously calculated using the
Debye—Scherrer formula in different studies [48, 49].

3.2.3 TEM and DLS Analysis

Figure 3 shows TEM images of PVA-co-AAm/Ti0,/Si0O,
nanocomposites prepared at different irradiation doses
of 10, 30, and 50 kGy. Generally, bright images of TiO,
and SiO, nanoparticles with spherical shape embedded
in a gray shell of PVA-co-AAm molecules with an aver-
age size of 60—70 nm. In addition, the TiO, and SiO,
nanoparticles were dispersed well of good uniform dis-
tribution with no agglomeration. It was noticed that the
irradiation dose affects TEM results. With increasing
the irradiation dose during the preparation of nanocom-
posite, the high dispersion of TiO,/SiO, nanoparticles
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Fig.3 TEM images of a PVA-co-AAm/TiO,/Si0,-10, b PVA-co-AAm/TiO,/Si0,-30 and ¢ PVA-co-AAm/TiO,/Si0,-50. d DLS of PVA-co-
AAm/TiO,/Si0,-30 nanocomposite

inside the nanocomposite especially that prepared at  characterization due to the association and aggregation
50 kGy (Fig. 3c). The particle size distribution of PVA-  molecules of nanocomposite in aqueous media via Vander
c0-AAm/Ti0,/Si0,-30 (Fig. 3d) obtained from DLS was ~ Waal’s force or hydrogen bonding.

homogeneously shaped with an average size of about

93.5 nm which is large and nearly close to the TEM
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3.2.4 SEM and EDX Analysis

Figure 4 shows the changes in surface morphology of PVA-
co-AAm/Ti0,/Si0, nanocomposites investigated by SEM.
Figure 4a shows SEM micrograph of PVA-co-AAm/TiO,/
Si0,-10 had a rocky shape, possess a highly porous structure
with white spots, and tightly packaged on the back-scattered
image seem to agglomerate particle coated composite sur-
face. While SEM of PVA-co-AAm/TiO,/Si0,-30 (Fig. 4b)
and PVA-co-AAm/Ti0,/Si0,-50 (Fig. 4c) has coarse surface
and in close contact with one another due to increasing the
crosslinking of PVA-co-AAm and the formation of semi-
interpenetrating crosslinked network. In addition, the TiO,/
Si0, nanoparticles are well distributed on their surfaces. To
confirm the presence of all the mentioned elements includ-
ing Si, Ti, C, and O in the synthesized nanocomposites,
elemental analysis was performed on the sample using EDS
analysis. Figure 4d demonstrates the EDX analysis of PVA-
co-AAm/TiO,/Si0, nanocomposite consisting of the peaks
belonging to the C, O, Si and Ti were exactly determined.
The most intense peak of C is originated from PVA and
AAm. O is originated from PVA, AAm, TiO,, and SiO,.
The result revealed that Ti is detected at 4.5-5.0 keV and Si
is detected at 1.8 keV.

3.3 Uptake of Dye and Heavy Metal lons
3.3.1 Effect of Adsorbent Composition

It is well known that the adsorbent composition plays a cru-
cial role in the adsorption of metal ions and dyes. Thus, the
enhancement of the metal or dye adsorption capability of
PVA-co-AAm by incorporation of TiO,/Si0, nanoparticles
was investigated. Figure 5 shows the change in UV absorb-
ance of BB3 and Cu (II) ions after treatment by PVA-co-
AAm-30 and the as-synthesized PVA-co-AAm/TiO,/Si0,
nanocomposites. The absorption intensity value of BB3 and
Cu (II) ions solution decreased upon the treatment by the as-
synthesized PVA-co-AAm/Ti0O,/Si0, nanocomposites. The
results confirm that PVA-co-AAm/Ti0,/Si0, nanocompos-
ites enhance and provide better adsorption capacities of both
dye and metal ions compared to PVA-co-AAm-30. From
the results of Fig. 5, the adsorption efficiency(%) of PVA-
co-AAm-30, PVA-co-AAm/TiO,/Si0,-10, PVA-co-AAm/
Ti0,/Si0,-50 and PVA-co-AAm/TiO,/Si0,-50 towards the
adsorption of BB3 after 2 h of reaction time was 19.1, 54.8,
60.3, 62.6%, respectively and the adsorption efficiency(%)
towards the adsorption of Cu (II) ions after 2 h of reaction
time was 27.3, 56.8, 68.1 and 71.4%, respectively.

The synergy of adsorption significantly improved by
the presence of TiO,/SiO, nanoparticles and the amount of
uptake of dye or Cu (II) ions increased about three-folds
rather than copolymer. This is due to the reactive surface
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and large specific area of TiO,/SiO, nanoparticles and due
to the presence of active sites like hydroxyl groups of PVA
and amido groups of AAm on the adsorbent that facilitates
the adsorption of dye and metal ions through hydrogen bond
formations and electrostatic interactions.

In addition, it was noticed that the PVA-co-AAm/TiO,/
Si0,-30 and PVA-co-AAm/TiO,/Si0,-50 showed the high-
est adsorption capacity. However, PVA-co-AAm/TiO,/
Si0,-30 shows high swelling(%) as the results obtained from
Table 1, and therefore it was selected for further adsorption
experiments. The modification of the surface characteristics
of TiO, and SiO, to adsorb effectively the special colored
organic molecules was studied previously for degradation
of Rhodamine B [50] and for removal of volatile organic
compounds [51], Also, PVA and AAm were polymerized in
various formulations by different techniques as an effective
adsorbent for adsorption of metals ions [5] or dye [12].

3.3.2 Effect of pH

The effect of initial pH (4, 7,9, and 11) and pH (3, 4.5, and
6) on the adsorption capacity and removal(%) of BB3 and
Cu (II) ions, respectively by PVA-co-AAm/TiO,/S10,-30
nanocomposite as a function of various contact time up to
24 h was investigated in Fig. 6. Generally, the removal(%)
of Cu (II) ions and BB3 increased as the pH increases. Also,
the removal(%) for the adsorbed dye (Fig. 6a) or Cu (II) ions
(Fig. 6b) increases as the contact time increases and reaches
the equilibrium adsorption after 7 h for BB3 and 6 h for Cu
(II) ions. However, as the contact time increased to 24 h, the
amount of both dye and Cu (II) ions adsorbed onto the nano-
composite surface increases slightly. This is owing to the
saturation of available surface sites of the nanocomposite.
Therefore, the optimized pH for high adsorption was noticed
at pH 11.0 for BB3 and 6.0 for Cu (II) ions for the next batch
experiments. The removal(%) for BB3 and Cu (II) ions was
and 92.1 and 95.4% at the optimum pH, respectively.
Figure 6b shows that the adsorption of Cu (II) was pro-
foundly dependent on pH since pH influences the solu-
bility of Cu (II) ions and the ionization state of the -OH
and —CONH, groups in the PVA-co-AAm/TiO,/Si0,-30
nanocomposite. In addition, the increase in pH Cu (II) ions
(> 6.0) was restricted to avoid the creation of copper hydrox-
ide. The adsorption of the BB3 and Cu (II) ions is low at
pH < 6. This demonstrates that the solution acidity reduces
the BB3 and Cu (II) ions’ adsorption. This behavior could
be explained based on the change in the surface charge of
PVA-co-AAm/TiO,/Si0,-30 nanocomposite. In acidic solu-
tion, the active groups of PVA-co-AAm/TiO,/SiO,-30 nano-
composite such as hydroxyl and amide groups are protonated
and competition between H* and both BB3 and Cu (II) ions
for adsorption sites led to little adsorption of metal ion or
dye. Meanwhile, as the pH increases, deprotonation of the



Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:4103-4125 4113

Fig.5 The change in UV 2.0
absorption spectra of (A) BB3
and (B) Cu (I) ions after treat-
ment by the as-synthesized
adsorbent samples, where a
original solution of dye or Cu
(IT) ions, b PVA-co-AAm-30,

¢ PVA-co-AAm/TiO,/Si0,-10,
d PVA-co-AAm/Ti0,/Si0,-30
and (e) PVA-co-AAmM/TiO,/
Si0,-50. (0.2 g of adsorbent;

50 ml of the aqueous solution of
dye or Cu (II) ions with initial
concentration 200 mg/L at
room temperature for 2 h with
shaking at an agitation speed of
100 rpm)
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functional groups occur and the PVA-co-AAm/TiO,/SiO,-
30 nanocomposite surface charge became negative, which
prompted advanced adsorption of cationic species. Similar
results obtained by Gebru and Das [52] through using cellu-
lose acetate/titanium oxide adsorbents prepared by the elec-
trospinning technique for the removal Cu (II) after 300 min
at 35 °C and the highest removal capacities were estimated
atpH of 5.8,

500 600 700 800 900
Wavelength (nm)

3.3.3 Impact of Adsorbent Dosage

The impact of PVA-co-AAm/Ti0,/S10,-30 nanocompos-
ite dosage (0.1-0.4 g) on the amount adsorbed of BB3 and
Cu (IT) ions was considered and the obtained data are pre-
sented in Fig. 7. The results demonstrate that the removal
efficiency(%) regularly increases as the contact time and
adsorbent dosage increase and attained the highest val-
ues of 93.5% and 95.2% for BB3 and Cu (II) ions, respec-
tively with adsorbent dosage 0.4 g of PVA-co-AAm/TiO,/

@ Springer



4114 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:4103-4125
Fig.6 Effect of pH and contact
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Si0,-30 nanocomposite. However, the saturated removal(%)
occurred nearly after a contact time of nearly 7 h for dye
and 6 h for Cu (I) ion. Thus, 0.4 g of PVA-co-AAmM/TiO,/
S10,-30 nanocomposite was chosen to be the optimum dos-
age for the additional adsorption studies. As the adsorbent
mass increases, the adsorption increases that attributed to
the increased surface area and consequently the availabil-
ity of more sites for adsorption. Also, as the contact time
increases the adsorption capacity increases, designates that
the equilibrium adsorption was about 140.4 mg/g for BB3
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and 196.3 mg/g for Cu (II) ions after about 7 h and 6 h con-
tact time, respectively.

Although a wide range of compounds in the literature has
been performed as adsorbents or catalysts for removal of
organic dye contaminants with the usage of visible radiation
like Maijan et al. [12] prepared poly(vinyl alcohol)-g-poly-
acrylamide hydrogel was surface-coated with Si0,@ZnO
nanoparticles (PVA-g-PAM/Si0,@ZnO) for the removal
of methylene blue upon exposure to UV radiation obtained
of methylene blue (MB) and the removal was 96% within
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Fig.7 Effect of adsorbent dos- 150
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24 h. Sakarkar et al. [53] investigate the application of PVA/
TiO, coated PVDF membrane for the removal of the textile
dye under ultraviolet irradiation and the photodegradation
was 44.4% for reactive blue, 47.8% for methyl orange, and
45.8% for Rhodamine b for 150 min. Mainly, the removal of
dyes using TiO, or SiO, nanoparticles were achieved under
UV radiation however in the present study, the removal of
dye or metal ions was achieved by the adsorption technique
through the dual effect of the functional hydroxyl and amido
groups and Ti0,/SiO, nanoparticles in PVA-co-AAm/TiO,/
Si0, nanocomposites.

10 12 14 16 18 20 22 24

Contact time (h)

3.3.4 Effect of Initial Concentration

One of the effective parameters on the adsorption efficiency
is the initial concentration of metal ions or dye. The effect of
initial concentration (100, 150, 200, and 250 mg/L) of BB3
or Cu (II) ions on the adsorption efficiency and removal(%)
as a function of various contact times up to 24 h onto the
PVA-co-AAm/TiO,/Si0,-30 nanocomposite was studied as
illustrated in Fig. 8.

The results of adsorption demonstrate that the adsorp-
tion capacity and the removal(%) of both BB3 and Cu (II)
ions onto the nanocomposite enhanced strongly with the
increase in the initial concentration to 150 mg/L for the
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Fig. 8 Impact of initial concen- 250
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BB3 and 200 mg/L for Cu (II) ions. This enhancement in
adsorption efficiency may be because of existing adsorp-
tion active sites of PVA-co-AAm/Ti0,/Si0,-30 nano-
composite are available at low initial concentration, thus
increasing uptake percentage. At higher concentrations of
dye or metal ions, the ratio of the existing surface of nano-
composite to the initial dye or metal ions concentration
is minor; consequently, the removal(%) becomes reliant
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Contact time (h)

on initial concentrations [54]. However, the adsorption
capacity (mg/g) of the dye or the metal ions increased
with increasing their initial concentrations. The maximum
adsorption capacity of BB3 and Cu (II) ions was noticed
at 141.9 and 190.3 mg/g, respectively. From the acquired
outcomes, it was apparent that PVA-co-AAm/Ti0,/SiO,-
30 nanocomposite exhibited a strong affinity towards Cu
(IT) ions than BB3. This is because of the variation in
the charge density and the size of the BB3 and Cu (II)



Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:4103-4125 4117

ions. Cu (II) ions have greater charge density and smaller
size rather than the BB3 and have a strong attraction to
the oxygen and nitrogen atoms lone pair electrons in the
hydroxyl and amide groups of nanocomposite forming sta-
ble complexes.

3.3.5 Impact of Temperature

Temperature is a significant factor in the strategy of dye
or metal ions adsorption and is considered as an important
factor to study their thermodynamic behaviors to detect
whether the adsorption performance is an exothermic or
endothermic reaction. Figure 9 represents the relation-
ship between the temperature dependence and the amount
adsorbed (mg/g) or removal(%) of the BB3 and Cu (II)

Fig.9 Impact of temperature 150
(K) with contact time (h) onto
the amount adsorbed (mg/g) and
removal(%) of the a BB3 and b
Cu (II) ions onto PVA-co-AAm/ 120 -
Ti0,/Si0,-30 nanocomposite
(pH 11 for the dye and pH 6 for
Cu (I) ions; contact time 7 h
for the dye and 6 h for Cu (II); 90 -
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«Fig. 10 Adsorption isotherm [a Langmuir, b Freundlich and ¢ Tem-
kin models]; adsorption kinetic models [d pseudo-first-order, e
pseudo-second-order and f intra-particle diffusion models] and g
Van’t Hoff plots for adsorption of BB3 and Cu (II) ions onto PVA-co-
AAm/Ti0,/Si0,-30 nanocomposite

ions and onto the PVA-co-AAm/Ti0,/Si0,-30 nanocom-
posite was performed at 298, 308, and 318 K. It is noticed
that the amount of adsorption (mg/g) and removal(%) of
both dye and metal ions increase with increasing tempera-
ture from 298 to 318 K. The adsorption capacities of the
prepared nanocomposite on the dye increased from 139.1
to 146.9 mg/g for the dye and increased from 190.3 to
196.6 mg/g for Cu (II) ions. This is attributed to the incre-
ment in the kinetic energy of the adsorbent molecules with
the increment in temperature, the increased activated sites
created on the PVA-co-AAm/Ti0,/Si0,-30 nanocompos-
ite, and the increase in kinetic motion of metal ion mol-
ecules that leads to an increase in the penetration of metal
ions inside the micropores of the prepared nanocomposite
as temperature increased. Also, with increasing the tem-
perature, the speed of diffusion of dye molecules through
the exterior boundary layer and in the interior holes in
the nanocomposite increases with the temperature, and the
amount of the adsorbed Cu (II) ions or the dye adsorption
increases. The results revealed that the adsorption process
is an endothermic reaction and prepared nanocomposite is
a successful adsorbent for the adsorption of BB3 or Cu (II)
ions from wastewater.

3.3.6 Sorption Isotherms

The sorption isotherm examines are significant in deciding
the adsorption capacity of the PVA-co-AAm/Ti0,/Si0,-30
nanocomposite to identify the character of adsorption. Lang-
muir, Freundlich, and Temkin isotherm models were used to
fit the experimental data of the adsorption isotherm.

The Langmuir isotherm supposes that adsorption
energy is a constant site and adsorption takes place on a
homogeneous surface by monolayer adsorption. The Lang-
muir equation is expressed by Eq. (7):

C. 1 N C,
9e quL dm

(N

where, g, (mg/g) is the adsorption capacity at equilibrium,
q,, (mg/g) is the maximum adsorption capacity, C, is the
concentration of dye after adsorption (mg/L). K; is the
Langmuir constant; n is related to the adsorption intensity.
K; (L/g) and g,, of Langmuir isotherm obtained by plotting
the curve C./q, versus C,.

Also, The favorability of PVA-co-AAm/TiO,/Si0,-30
nanocomposite as an adsorbent for BB3 and Cu (II) ions
Langmuir adsorption constant K; and can be represented
in terms of the Langmuir isotherm is R; which is a dimen-
sionless separation. R; can be calculated using Eq. (8) that
describes the adsorption process whether favorable or unfa-
vorable. R; value is between 0-1. If R, > 1 suggesting the
adsorption is unfavorable, if R; =1 suggesting the adsorption
is linear, if 0 < R; <1 suggesting the adsorption is favorable
and if R; equals 0, it represents irreversible adsorption

1
R o= —1 _
LT 1+K,C, ®)

The Freundlich model is an experimental equation uti-
lized to express the multilayer adsorption on a heterogeneous
surface and described by Eq. (9).

Ing, :anF+llnC€ C))
n

Meanwhile, K is Freundlich isotherm constant [(mg/g)
(L/mg)"™] (L/g) obtained by plotting the curve In q, versus
In C, and n is (dimensionless) the heterogeneity factor asso-
ciated with the adsorption intensity and adsorption capacity.

Temkin isotherm was used to study the multi-layer
adsorption and suppose that the adsorption heat of all mol-
ecules reduces linearly with the enhanced coverage of the
adsorbent surface, the adsorption is described by a homo-
geneous distribution up to the highest binding energy. The
Temkin isotherm can be illustrated by Eq. (10).

RT RT RT
qe=—1nKT+ElnCe,B=b— (10)

by T
where K is the equilibrium-binding constant (L.mg™")
related to the maximum binding energy, B is corresponding
to the adsorption heat, T is the temperature (K) and R is the
universal gas constant (8.314 J/K.mol).

Figure 10(a—c) shows the experimental Langmuir, Freun-
dlich, and Temkin isotherms plots for the removal of BB3
or Cu (II) ions solution onto PVA-co-AAm/Ti0,/Si0,-30
nanocomposite at temperature 298°K. The resulted correla-
tion coefficients R%and the isotherm parameters (K; , Kp, Ky,
QD) are scheduled in Table 3. The Langmuir model has a
much closed to unity R? value than the other two isotherms.
This corroborates the adsorption process is a monolayer onto
PVA-co-AAm/TiO,/Si0,-30 nanocomposite. The theoretical
monolayer capacities of PVA-co-AAm/Ti0,/Si0,-30 nano-
composite (qy, ) for BB3 and Cu (II) ions were also got
closer to the experimentally resulted value (Table 3).

Table 3 presents the calculated R; values in the range
of 0.0023-0.58111 and 0.377-0.936 for dye and Cu (II)
ions adsorption. R; is lower than 1 (0 <Ry <1) indicates
that PVA-co-AAm/Ti0,/Si0,-30 nanocomposite is a good
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Table 3 The Langmuir, Freundlich, and Temkin isotherms and correlation coefficients parameters for adsorption of BB3 and Cu (II) ions onto PVA-co-AAm/TiO,/Si0,-30 nanocomposites

Temkin isotherm

Freundlich isotherm

Langmuir isotherm

qe,exp

Adsorbate

RZ

b L/g

Ky

(107° L/mg)

B

RZ

Kr (mg/g) (/. n

K, (L/mg)x 1073 R, R?
m g) 1/n

e cal (ME/E)

(mg/g)

0.8752
0.9393

60.28

18.27
17.25

4.11
4.98

0.8752
0.919

2432

56.43
122.49

0.9857
0.998

0.0023-0.5811

1.711

171.37
226.6

123.86
190.3

Basic blue 3
Cu (IT) ions

60.45

4.175

0.377—0.936

1.058

medium for the adsorption of chosen dye and Cu (II) ions.
Also, the outcomes in Table 3 designate that the equilibrium
results are not fitted to the Temkin or Freundlich isotherm
model.

3.3.7 Sorption Kinetics

The studies of the adsorption kinetics play a critical func-
tion in estimating the optimal conditions for an adsorption
process to evaluate the adsorbent features. This is because
the adsorption capacity is an important parameter for deter-
mining the adsorbed amount of the pollutants (dye or metal
ions) by the adsorbent. Thus, several kinetics adsorption
models were modulated to assess the experimental data
and to best fit the kinetics for the adsorption mechanism
process of the BB3 or Cu (II) on PVA-co-AAmM/Ti0,/Si0,-
30 nanocomposite. Among them (i) the pseudo-first-order
model as applied in Eq. 11 (the most dependable kinetics
equation appropriate merely for the quick initial phase), (ii)
the pseudo-second-order model (for expecting the kinetic
performance of chemical sorption as a rate-controlling
advance) expressed by Eq. 12 and (iii) the intra-particle dif-
fusion equation (supposes that the mass transfer resistance
influence the binding of the contamination to the adsorbent
surface) as expressed in Eq. 13.

The pseudo-first-order kinetic model is presented by

Eq. (11)
In (Qe_qz) =IHQe1,cal_K1t (11)

The pseudo-second-order kinetic model is presented by
Eq. (12):
t 1 t

= > +
q; kzqezywl qu,L‘al

12)

Qe> 9e ca1 and q, are the experimental, calculated, and the
adsorbed amount of the dye or Cu (I) (mg/g) at time t (min),
respectively. K, (min~!) and K, (g/mg/min) are the pseudo-
first-order and the pseudo-second-order rate constants,
respectively. The linear plots of the curve In (q,—q,) versus
time (min) were used to calculate the values of the rate con-
stant (K;), meanwhile, (#/q,) versus time (min) was used to
calculate the values of the rate constant (K)).

The intra-particle diffusion Eq. 13:

q, = k" + C (13)

where k;; (mg g~ 'min~"?) is the intra-particle diffusion rate
constant.

The experimental results fitted the kinetics models
revealed above. The pseudo-first-order constants k;, g ¢y,
and R? for the studied BB3 or Cu (II) ions adsorption onto
PVA-co-AAm/TiO,/Si0,-30 nanocomposite are represented
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Table 4 Kinetic parameters and correlation coefficients for adsorption of BB3 and Cu (II) ions onto PVA-co-AAm/Ti0,/Si0,-30 nanocomposite

Adsorbate  Qeyp Pseudo first order Pseudo second order Intra-particle diffusion model
(mg/g)
K, Qoca (M) R® K, Qoca (mg/g)  R® ki, (mg. g7 G R’
(103 min™h) (1072 g. min~)
mg~'.min~")
Dye 1239 4975 201.01 09716  4.878 146.7 0.9990  7.333 40.852  0.8527
Cu (II) 190.3 7.194 233.9 0.9360  2.733 213.4 0.9986  5.213 4.649  0.9702

in Fig. 10 (d-f) and Table 4. The theoretical q. quantity cal-
culated from the first-order kinetic model (q,, ;) disagree
with the practical quantity (q. ), and the correlation coef-
ficients were likewise established to be marginally lower.
These outcomes represented that the pseudo-first-order
kinetic model was not fitting for the adsorption of tested
adsorbates.

As indicated by the results in Table 4, the values of R? for
the pseudo-second-order kinetic model were a lot nearer to
unity for the adsorbent PVA-co-AAm/TiO,/S10,-30 nano-
composite. The intra-particle diffusion model represented
a helpless fit to the practical data, meaning that the intra-
particle diffusion was not the rate-determining step in the
adsorption. The adsorption capacities determined from the
pseudo-second-order model gy, ., was likewise near to those
obtained by experiments (q. ). The pseudo-second-order
model depends on the hypothesis that the rate-deciding step
might be chemical sorption including valence powers via
exchange or sharing of electrons between the adsorbate
and the adsorbent [57]. The n and K, data determined from
the pseudo-second-order kinetic model were higher for Cu
(IT) ions than BB3. Among the mentioned models, pseudo-
second-order is a suitable model for fitting the adsorption
process.

The adsorption capacity (q,,) of BB3 and Cu (II) ions
onto PVA-co-AAm/Ti0O,/Si0,-30 nanocomposite were com-
pared with the other adsorbents as represented in Table 5. It
is apparent that PVA-co-AAm/Ti0,/Si0,-30 nanocomposite

has a good adsorption capacity comparing with other adsor-
bents. Consequently, the prepared nanocomposite has a good
potential for the adsorption of the dyes and heavy metal ions
from aqueous solutions.

3.3.8 Adsorption Thermodynamics

To describe the adsorption of BB3 and Cu (II) ions onto
PVA-co-AAm/TiO,/Si0,-30 nanocomposite anyway the
procedure is spontaneous or non-spontaneous, the ther-
modynamic parameters, for example, standard enthalpy
change (AH?), Gibbs free energy change (AG®) and standard
entropy change (AS®) were calculated to recognize better the
impact of the temperature on the adsorption process. The
equilibrium constant K was used to calculate the Gibbs free
energy (AG) as in Egs. (14, 15) where R is gas constant
(8.314 J/mol/K), T is the temperature in Kelvin (K),

AG® = AH® + TAS® = —RT In <g—> (14)
ge 0 0

m(&) 2 86 _as s (15)
RT = R RT

Additional thermodynamic parameters, such as enthalpy
change (AH®) and entropy change (AS°), were calculated
from Eq. (14) and illustrated in Fig. 10g:

Table 5 Comparative study between PVA-co-AAm/TiO,/SiO,-30 nanocomposites with other adsorbents in the literature used for wastewater

treatment
Adsorbent Adsorbate  Adsorption Kinetic model Isotherm model Refs.
capacity
(mg/g)
Carboxymethyl-chitosan /bentonite composite Cu (II) ions 81.4 pseudo-second order Langmuir isotherm [24]
Polyaniline/carboxymethyl cellulose/TiO, nanocom- Congo Red  94.28 pseudo-second order model Langmuir isotherm [25]
posites
Phosphorylated polyhydroxyethyl methacrylate Cu (IT) ions ~ 66.3 pseudo-second order Langmuir isotherm [55]
hydrogel
hydroxyapatite/biochar nanocomposites Cu (IT) ions  99.01 pseudo-second order Langmuir isotherm [56]
PVA-co-AAm/TiO,/SiO,-30 nanocomposite Cu (IT) ions  190.3 pseudo second order Langmuir isotherm This study
BB3 140.9

@ Springer
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Table 6 Thermodynamic parameters at different temperatures

adsorbate  Gibbs free energy AG® Enthalpy  Entropy
(kJ/mol) AH® (KJ/  AS° U/
mol) mol/K)
298 K 308 K 318K
BB3 —31.024 -33.104 -—34241 31.132 10.51
Cu (D) —38.013 —40.937 —41.985 35965 13.11
ions

The values of AH®° and AS° were determined from
(Fig. 10g) from the slope and intercept value of the linear
plot of In (q,/C,) versus 1/T. The obtained data are listed in
Table 6. AG® values established here are negative for adsorp-
tion of the dye and the Cu (II) ions onto the nanocomposite.
This demonstrates that the adsorption procedure is sponta-
neous and thermodynamically practicable. Furthermore, the
AG® values decreased as the temperature increased, demon-
strating an increased tendency in the degree of practicabil-
ity and spontaneity of uptake of the dye or metal ions onto
PVA-co-AAm/Ti0,/Si0,-30 nanocomposite. The adsorption
enthalpy change (AH?) was determined to be 35.97 kJ/mol
for Cu (II) ions and 31.13 kJ/mol for the BB3 adsorption
onto PVA-co-AAm/Ti0O,/Si0,-30 nanocomposite, respec-
tively. The positive values of enthalpy (AH®) propose that
the adsorption is chemisorption. Additionally, the positive
values of AS® indicate an irregular raise of the randomness
at the nanocomposite-solution interface through adsorption.
In similar studies, it was reported that TiO, nanoparticles
dispersed in chitosan grafted polyacrylamide matrix for the
uptake of Sirius yellow K-CF dye from aqueous solution
and the obtained results showed that the adsorption process
is endothermic nature, proved the Langmuir isotherm model
and compatible pseudo-second-order kinetic model [26].

3.3.9 Reuse of Adsorbents

The reuse of adsorbents after a particular procedure is per-
haps the main significant properties for economic and envi-
ronmental reasons. Thus, the desorption—adsorption series
were carried out to examine the capability of PVA-co-AAm/
TiO,/Si0,-30 nanocomposite for application. In this work,
ethanol and sodium hydroxide (alkaline environment 0.1 M)
solution were utilized as desorption medium for basic blue 3
dye. Desorption of adsorbed Cu (II) ions, was done utilizing
the nitric acid solution and the reusability was assessed four
times as demonstrated in Fig. 11. It was established from
this figure that the adsorption of Cu (II) ions or BB3 was
very little influenced. In this manner, PVA-co-AAm/TiO,/
Si0,-30 nanocomposite can be utilized many times for water
contamination remediation.

@ Springer
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Fig. 11 Effect of cycle times on removal(%) of BB3 and Cu (II) onto
PVA-co-AAm/TiO,/Si0O,-30 nanocomposite

4 Conclusion

Novel PVA-co-AAm/Ti0,/Si0, nanocomposites adsorbents
were synthesized by y- by copolymerization crosslinking
of PVA and AAm incorporated with TiO,/SiO, nanoparti-
cles at different irradiation doses of 10, 30, and 50 kGy for
enhancement the removal and the adsorption of BB3 and
Cu (II) ions and from their aqueous solutions. The effect of
irradiation dose on gelation(%) and swelling(%) of PVA-
co-AAm-30 copolymer and as-synthesized PVA-co-AAm/
Ti0,/Si0, nanocomposites were studied. The gelation(%)
was in the range of 90.8 to 95.7% indicating the increase
in the cross-linking between PVA and AAm. The prepared
PVA-co-AAm/TiO,/Si0,-30 had the highest swelling(%) of
197.7%. FT-IR, TEM, XRD, SEM, EDS, and DLS instru-
ments investigated the chemical properties of PVA-co-AAm/
TiO,/Si0, nanocomposites. The FTIR results showed suc-
cessful crosslinking between PVA backbone and AAM with
the characteristic peaks of Ti—O-Ti, Si—O-Si. XRD results
showed successful incorporation with the characteristic dif-
fraction peaks of PVA-co-AAm and SiO, as well as TiO,
peaks of the spinal structure of the Bragg reflections of
80% anatase and 20% rutile phases. The average crystallite
size of the as-prepared nanocomposites was about 43 nm
as calculated from Debeys—Scherrer equation. TEM results
revealed high dispersion and uniform distribution without
agglomeration of TiO,/Si0O, nanoparticles inside the nano-
composite with an average size of 60-70 nm. The particle
size distribution of PVA-co-AAm/Ti0O,/Si0,-30 obtained
from DLS was homogeneously shape with an average size
of about 93.5 nm. SEM/EDS analysis confirms the detec-
tion peaks belonging to the C, O, Si, and Ti. The adsorp-
tion capacity of PVA-co-AAm-30 and as-prepared PVA-co-
AAm/Ti0,/S10, nanocomposites towards BB3 and Cu (II)
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ions was studied. The as-prepared nanocomposites improve
the adsorption capacity of dye or metal ions 3 folds com-
pared with PVA-co-AAm-30 adsorbent. The PVA-co-AAm/
Ti0O,/Si10,-30 shows the highest swelling, adsorption, and
removal(%) towards BB3 and Cu (II) ions. The optimum
adsorption capacity (mg/g) and removal(%) of BB3 or Cu
(II) ions from their aqueous solutions onto PVA-co-AAm/
Ti0,/Si0,-30 nanocomposites were dependent on pH,
temperature, initial of dye or metal concentration, and con-
tact time. The equilibrium adsorption for BB3 was about
140.9 mg/g with the removal of 93.5% at 7 h contact time,
pH 11, adsorbent dosage 0.4 g, and initial concentration
150 mg/L. While, the equilibrium adsorption for Cu (II)
ions was about 190.3 mg/g with the removal of 95.2% at
6 h, pH 6, adsorbent dosage 0.4 g, and initial concentra-
tion 200 mg/L. The adsorption kinetics suggested that the
adsorption of both BB3 and Cu (II) ions best agreed with
the pseudo-second-order model. The adsorption isotherm
illustrated that the adsorption between dye or Cu (II) ions
and PVA-co-AAm/TiO,/Si0, nanocomposite can be well
described by Langmuir adsorption isotherms (R*>=0.9857
and 0.99). The adsorption process is endothermic and spon-
taneous according to thermodynamic parameters and tem-
perature dependence data obtained using Van’t Hoff plot.
PVA-co-AAm/Ti0,/SiO, nanocomposites could be applied
as an efficient and novel adsorbent for the elimination of
dyes and metal cations from contaminated water with high
adsorption capacity and convenient recovery.
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