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Abstract

This study aims to synthesize Polyamide 6 nanofibrous membrane of low molecular weight (PA6) using an electrospinning
technique with a concentration of 30% (wt/v) and Polyamide 6 nanofibers containing calcium oxide nanoparticles (PA6/Ca0),
which were obtained with a CaO concentration of 1% (wt/wt). Scanning electron microscopy (SEM) was used to examine the
structure of the electrospun nanofibers, which showed smooth and continuous electrospun nanofibers with a nanofibrous
diameter of around 53 nm, and CaO nanoparticles were distributed through the nanofibers with a slight increase in the
nanofibrous diameter.The surfaces of the obtained PA6 and PA6/CaO nanofibers were modified by grafting polymerization
with acrylic acid AA, with various synthetic parameters such as reaction temperature, monomer concentration, initiator
concentration, and emulsifier concentration. The obtained results show that as the concentrations of monomer, initiator, and
temperature increased, the grafting yield increased at first, then decreased, but it kept increasing as the emulsifier concentration
was increased. The characterization of the obtained graft nanofibers was carried out using Fourier Transform Infrared
Spectroscopy (FT-IR), Thermo Gravimetric Analysis (TGA), and Differential Scanning Calorimetry (DSC). The effects of pH,
initial concentration, temperature, and contact time on the removal of heavy metals (Co?*, Cr*) from water solution were
investigated, and it was observed that a polyamide6/CaO nanofibrous membrane grafted with AA could adsorb Co?* more than
Crb*. While the optimum conditions for the removal were observed at an initial concentration of 10 ppm, pH 5 at 150 min under
30 °C.
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Introduction

Electrospinning has attracted a lot of attention because it is a
simple and effective way to produce nanofibers out of a
variety of polymers or polymers with non-spinnable
materials, resulting in a wide range of functional membranes
which can be applied in the field of biomedical and
environmental applications [1-4]. Electro spinning is a
technique for preparing nanofibers from polymeric liquids
using a high electric field [5]. Electrospun non-woven webs
of ultrafine fibers can be made from both polymer solutions
and melts. Between a nozzle and a collector, an electrostatic
field is created, with electric force being employed to eject
the polymer solution from the nozzle towards the collector.
The solvent evaporates from the polymer jet, however
instabilities in the jet occur, resulting in nano-sized fiber
widths and affecting the shape of the producing fibers [6].

A number of parameters can influence the morphology of
fibres during the electrospinning of a polymer solution.
These variables can be classified into three categories: 1) the
polymer solution (viscosity, concentration, conductivity, and
surface tension), 2) the process (collection distance, applied
electrostatic potential, and feed rate), and 3) ambient
parameters (relative humidity, temperature, and velocity of
the surrounding air in the spinning chamber) [7, 8]. The
nanofibers have a larger surface area, porosity, penetrability,
and interaction with other chemicals, making the sorption
process more acceptable and effective for the removal of
metals and dyes in water treatment [9, 10].

Polyamide 6 is an engineering resin composed of amide
groups connected by methylene sequences that can be
electrospun into extremely good fibers with excellent
mechanical, thermal, and chemical properties [11].
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Grafting various vinyl monomers, such as acrylate, acrylic,
and methacrylic acid (MAA), onto the surface of polyamide
6 can impart a variety of functional groups onto a
hydrophobic polymer backbone and modify the physical and
chemical properties of the polymer surface to have a better
affinity with water [12-14].

Heavy metal toxicity is a major threat to public health and
human-altered environments all over the world. They
primarily act as environmental contaminants, and their long-
term retention in the environment presents a major hazard to
animal and human health. The majority of heavy metal
pollutants are usually focused on cobalt and chromium,
which are poisonous and carcinogenic and may cause health
problems in humans [15, 16]. Adsorption has recently
received much attention as a method for removing heavy
metal ions from water and waste water. Chemisorptions are
a new type of adsorption that has a high adsorption capacity
(over 90% removal), a quick adsorption equilibrium, and is
easy to regenerate [17].

The present work aims to produce nanofibrous membranes
of PA6 and PA6/Ca0 nanocomposite and modify the surface
of the obtained nanofibrous membranes by grafting
polymerization with acrylic acid AA as a monomer and
using potassium persulfate as an initiator with a variation of
synthetic parameters. The Optimal grafting nanofibrous is
utilized to remove heavy metals (Co?*, Cr®*) from simulated
water solutions. And evaluated through the influence of
initial metal concentration, pH value, contact time, and
temperature.

Experimental

Materials

Polyamide 6 with low molecular weight was obtained
from Sigma-Aldrich, Germany. Formic acid (85%)
was purchased from ADWIC, El Nasr pharmaceutical
chemicals co., Egypt. Calcium oxide CaO nanoparticle
was from SD Fine chem limited co., Acrylic acid was
obtained from Merck Schuchardt, Germany.
Potassium persulfate (PPS) was from Modern Lab of
purity > 98% and Texapon N70 (sodium lauryl ether
sulfate (SLES)) was provided from BASF chemicals
company,Cobalt (I1) Nitrate hexahydrate 97% was
obtained from Loba Chemie ,Potassium dichromate
was Obtained from QualiKems.

Methods

Preparation of polymer PA6 and pa6/CaO
nanocomposite solutions

Polyamide 6 was dissolved in formic acid (85%) at a
concentration of 30% (w/v) under magnetic stirring at
room temperature to obtain a clear and homogeneous
solution for production of neat PAG fibers. In order to
prepare PA6/CaO nanocomposite nanofibers, first,
PA6 was dissolved in formic acid at 30 % (w/v) at
room temperature for 1h to obtain a clear solution, then
CaO nanoparticle was added with 1% to PA6 (w/w)
ratio and finely dispersed by a magnetic stirrer at room
temperature for 12 hours, then bath sonicated for 1h
(Ultrasonic bath MTI, model UD50SH-2LQ, 50W) to
assure homogenous dispersion.
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Electrospinning Process

The electrospinning experiments were conducted at
room temperature. The polymer solution was injected
into a 1-mL syringe fitted with a metallic needle (20
G). A piece of aluminum foil operated as a collector at
a distance of 10 cm from the needle tip. A high voltage
power supply was adjusted using a Glassman High
Voltage Series (voltage range 0-20 kV) to charge the
spinning PA6 solutions by connecting the emitting
electrode of positive polarity to the nozzle (the needle)
and the grounding electrode to the collective screen.
The polymer jets generated from the needle by high
voltage flew to the collector and formed the nanofiber
mesh. Finally, the electrospun samples were dried
overnight at 40°C. The voltage Syringe Pump Series
100 regulated the flow rate of the solution at 0.2 mi/h.
Electrospinning was done at ambient temperature and
at a relative humidity (RH) of 40 + 2% [18].Using a
scanning  electronic  microscope (SEM), the
morphologies of the dried nanofibrous membrane
were examined.

Grafting polymerization procedure

1g in weight of PA6 and PA6/CaO -electrospun
nanofibrous were placed separately in a stoppered
glass vessel containing 20 mL distilled water,
Potassium persulfate (PPS) as an initiator (1x10
mol/l), and 1% sodium lauryl ether sulfate (SLES) as
a emulsifier, then the vessel was gently shaken for 10
minutes with a thermostatic shaker water bath (HWT-
10C with temperature range up to 100°C and speed up
200 rpm, China). 5% Acrylic Acid (AA) monomer was
added to the mixture. Then the temperature was
adjusted to 60°C and the graft polymerization was
allowed to continue under shaking for the period
specified (4 hr). After that, the homopolymer and
unreacted components were removed from the
modified electrospun fiber by washing it with distilled
water. The obtained grafted copolymer PA6-g-AA and
PA6/ CaO-g-AA nanofibrous membranes were then
dried at 40°C for 12h and under several grafting
variable conditions the grafting yield percentage has
been calculated for all factors which affecting the
grafting process to determine the optimum yield using
the below Equation:

Grafting yield (%) = [(Wq-Wo)/ Wo] x 100

Where wg and wo are the weights of the electrospun
nanofibrous membrane after and before grafting,
respectively [19]. Scanning Electronic Microscope
(SEM) and Transmittance Reflectance-FTIR were
used to investigate the dried grafted electrospun fiber.

Swelling behaviour
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Swelling of The obtained grafted copolymer PA6-g-
AA and PA6/CaO-g-AA nanofibrous membranes
were carried out in 25 ml distilled water at room
temperature. The weight of dry grafted sample was
estimated then placed in the swelling medium [20]. At
specific time intervals, the membranes taken out from
the swelling medium, drained, and wiped with tissue
paper to remove excess water. The weight of swollen
sample was estimated and the swelling ratio was
calculated from using the below Equation: [21].

Degree of Swelling % = [(W: - Wo) / Wo] x 100
Where Wo and Wt are the initial weight of the dry
sample and swollen sample, respectively at estimated
time points.

Adsorption procedure for heavy metals
During the study, two stocks of heavy metal solutions
for simulated wastewater were prepared, with different
concentrations of cobalt nitrate and potassium
dichromate from 10 to 200 ppm for both heavy metals.
The adsorption capacity of grafted fibers for Co?* and
Crb* ions was investigated using a batch procedure and
a single element method.
In a 100 mL Erlenmeyer flask, add 20 mL metal ion
solution. Chemically modified PA6/CaO-gAA
nanofibrous samples (30 mg) were soaked in a pH-
adjusted solution. At 30° C, the contents were shaken
at 200 rpm for a predetermined amount of time. The
effects of the pH, initial metal concentration,
temperature, and contact time on the removal of heavy
metals were investigated. The samples were filtered at
the end of the experiment, and the ion concentration of
the filtrates was evaluated with a UV
spectrophotometer after the solution was filtered. The
following formulae were used to compute the removal
percentage (R %):

R % = [(Ci- Cr)/ Ci] x100
Where:
Ciand Cr are the initial and final concentrations of the
investigated metal ion in the solution (ppm).

Characterizations

Scanning Electronic Microscope (SEM)

The morphologies of the dried electrospun PA6 and
PA6/CaO nanofibers samples before and after grafting
were investigated using a scanning electronic
microscope SEM (a QUANTA FEG250 model-
Japan). By fixing a small piece of fiber to a small
cupper plate and applying a light gold layer to the
fiber's surface for 1 minute. The photos were obtained
with various magnifications at HV of 20.00KV and an
appropriate one was chosen. The diameter of the
nanofibers produced was measured.

Fourier Transform Infrared ATR-FTIR
Spectroscopy

The graft copolymers PA6-g-AA and PA6/Ca0O-g-AA
after washing and drying was further characterized by
FTIR (Vertex 80V Bruker) in the range from 4000 to

Egypt. J. Chem. 65, No. SI:13B (2022)

400 cm™. Using the technique of Attenuated Total
Reflectance ATR. Where an ATR is a sampling
technique used in conjunction with infrared
spectroscopy that allows samples to be examined
directly in the solid or liquid state without further
preparation and performs by measuring changes in an
internally reflected IR beam when it comes into
contact with the sample's surface [22].

Thermogravimetric analysis (TGA)

TGA was carried out to evaluate PA6 and PA6/Ca0O
nanofibers before and after grafting samples using
Themys One+ instrument. The thermal stabilities of
the samples were heated under nitrogen at the rate of
10 °C/min in the range from 50°C to 600 °C

Differential Scanning Calorimetry (DSC)

The DSC thermogram of PA6 and PA6/CaO
nanofibers before and after grafting were measured
using the DSC131 Evo Setaram instrument. The
nanofibers were heated between 50 and 600 °C at 10
°C/min. [23].

UV spectrophotometer

The ion concentration was determined by measuring
the absorbance at 415 nm and 540 nm for cobalt and
chromium, respectively, using an ultraviolet visible
recording spectrophotometer Shimadzu
spectrophotometer ~ with  double  beam.  All
measurements were performed in triplicate.

Results and Discussion
PA6 and PA6/CaO electrospun nanofibrous
membranes  were  successfully  prepared by
electrospinning  polymer  solution with PAG6
concentration of 30% (wt/v) and CaO concentration of
1% (wt/wt). Previously, it was revealed that at those
concentrations, smooth and continuous nanofibers
form, resulting in a slight increase in nanofiber
diameters [24].

Grafting PAG fibbers with AA

On a laboratory scale, graft copolymerization of AA
onto PA-6 fibers was carried out using SLES as a
emulsifier in the presence of PPS as an initiator. The
effects of several parameters on the graft incorporate
were examined. The best conditions for grafting PA-6
fibers have been reported. The main target of grafting
the polyamide 6 with acrylic acid AA is to introduce
carboxylic functional groups on the surface of the
obtained electrospun fibers to o improve their affinity
for metal removal.

Effect of monomer concentration

Figure 1 show that effect of monomer concentration
on the grafting yield of PA6-gAA and PA6/Ca0-gAA
in the range of 5 to 25% at a constant initiator of 1x10
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3 (mol/1) and a constant emulsifier of 1% 60°C for 4 hr
grafting time.

As is evident, the grafting yield sharply increased with
increasing monomer concentration till monomer
concentration 15% achieves 25% and 41% grafting
yield for PAG-gAA and PA6/CaO-gAA respectively,
then the grafting yield starts to decrease. The initial
rise in grafting yield was due to the fact that most of
the monomer is utilized by the available free radical
sites on the nanofibers backbone. Then, the decreasing
of grafting yield after 15% monomer concentration
could be caused by decreasing of the monomer
penetration onto nanofibers due to the greater
tendency for homopolymerization and increasing of
the solution viscosity at high monomer concentrations
which prevented the distribution of radicals and
monomer to the active sites on the fibrous mat [25-27].
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/ \
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Conc. of Monomer AA (%)

Fig 1. Effect of monomer concentration
Effect of emulsifier concentration

The relationship between the rates of grafting of AA
onto PA6 and PA6/CaO with various concentrations
of SLES as an emulsifier for was studied and
illustrated in figures 2 in the range of 0.5 to 2.5% at a
constant monomer concentration of 15% and constant
initiator of 1x10-% (mol/l) at 60°C for 4hr grafting time.
The obtained data indicated that the rate of grafting of
AA increased with an increasing the emulsifier
concentration where the emulsifier powers were found
to be highest at the concentration 2.5% , this can be
attributed to the fact that an emulsifier plays an
important role in increasing the swellability of
nanofibers; consequently, increase the emulsification
of the AA monomer led to form a homogeneous,
miscible solution suitable for carrying out grafting
polymerization more facilitation and penetration of
free radicals inside the fiber backbone take place [28].

Effect of initiator Concentration

Figure 3 shows the effect of initiator concentration in
the range of 0.5x107 to 2.5x10 (mol/l) at a constant
monomer  concentration  15% and  emulsifier
concentration 2.5% at 60°C for 4hr grafting time.
From the figure, it is clear that, the grafting yield
increased by increasing initiator concentration until it
reached 1.5x10% (mol/l) achieves 43% and 67%
grafting yield for PA6-gAA and PAG6/CaO-gAA
respectively and then the grafting yield starts to
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decrease. The increasing of grafting yield with
increasing initiator concentration can be attributed to,
the availability of a large number of active sites
appropriate for forming polymer chains at high
initiator concentrations.. The decreasing of grafting
yield after 1.5x10 (mol/l) initiator is due to the free
radicals reacted with the filament macro-radical and
forming homopolymer chains at high initiator
concentration, resulting in termination or combination
reactions, decreasing the grafting yield. [29].

70 5
51

41

Conc. of Emulsifier SLES %

Fig 2. Effect of emulsifier concentration

4
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Conc. of Initiator PPS

Fig 3. Effect of initiator concentration

Effect of Temperature

The effects of reaction temperature on the grafting
yield were examined in the range of 40°C- 80°C
keeping the monomer concentration constant at 15%,
emulsifier concentration constant as 2.5% and the
initiator concentration as constant at 1.5x10- (mol/I)
for 4 hr grafting time. Figure 4 shows the effects of
temperature on the grafting yield of PA6-gAA and
PA6/CaO-gAA. The temperature of the grafting
medium is one of the most critical reaction parameters
that influence the grafting yield during the preparation
of grafted polymers. According to the figure,
increasing the temperature of the grafting mixture to
60°C significantly enhances the degree of grafting.
The increase in grafting yield with increasing
temperature can be attributed to (i) increased initiator
and monomer mobility (ii) increased rate of initiator
and monomer diffusion from the solution phase to the
nanofibers backbone (iii) increased number of active
sites in the reaction medium (iv) increased rate of
initiation and propagation step (v) increased



PREPARATION, CHARACTERIZATION AND WATER TREATMENT APPLICATION OF ELECTRO-SPUN POLYAMIDE 6 ....749

swellability of nanofibers [30]. But the grafting yield
decreases when the temperature rises above 60°C.
This is because higher temperatures result in higher
monomer combination rates, which increases
homopolymerisation reaction and decreases grafting
yield [31].

80

o 67

GP %

——Gpof Pure Nylon &

—8—GP of Nylon §/Cao
20

0 10 20 30 4 5 6 7 80 9%

Temperature ('C)

Fig 4. Effect of Temperature

Scanning Electron Microscope (SEM)

The morphology of the prepared samples was
investigated by SEM at X100 um magnification.
Before modification SEM micrographs of pure PA6
and PA6-CaO electronspun nanofibers membranes are
shown in figure 5. The produced PA6-CaO shows that
the existence of CaO with PA6 improved the
characteristics of the resultant nanofibers, which
indicated uniformly smooth and continuous nanofibers
with a homogeneous dispersion without any CaO
agglomeration in the polymer matrix [32].

After _modification the grafted PA6-gAA and
PA6/Ca0O-gAA micrographs are illustrated in figure 6.
From the figure it is clear that, the unmodified
nanofibers were fully separated from each, but with
the AA grafted surface modified sample a rough and
irregular surface of modified PA6 nanofibrous
membrane was observed. The SEM images
additionally show that the modification process did not
affect the fibrous structure of PA6 nanofibers or the
formation of a fiber network between PA6 and poly
AA during the graft polymerization process,
confirming that AA was successfully attached to PA6
nanofibers. It was also reported that grafting PA6
nanofibers with AA resulted in an increase in diameter
and the formation of a heterogeneous plateau [33]. On
the other hand from the figure find that the presence of
CaO nanoparticles plays an important role in the
enhancement of fibrous membrane, where a full
fibrous membrane was obtained after modification by
AA through grafting polymerization in the case of
PABG/ CaO electrospun fibre [34].
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Fig 5. SEM image for A) Pure PA6 and B) PA6/CaO
nanocomposite.

Fig 6. SEM image for A) grafted PA6-gAA and B)
PAB/Ca0-gAA

Swelling behavior

PAG-gAA and PA6/Ca0-gAA have the ability to swell
and hold a lot of liquid in their network structure. The
nanofibrous mat also has a greater surface area, which
increases wettability and absorption. As a result, the
weights of swollen nanofiber membrans were
calculated at various time periods, and the swelling
ratio was reported. Figure 7 shows the variation in
swelling ratio over time for PA6-gAA and PA6/CaO-
gAA nanofibrous mats. It can be noticed that, the
swelling ratio increased significantly with time,
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reaching 70% for PA6-gAA and 85% for PA6/CaO-
gAA in approximately 24 hours [35].

200%
180%
160%
140%
120%
100%

Dgree of Swelling (%)

Time (hrl

Fig 7. Absolute Swelling behavior of PA6-gAA and
PAB/CaO-gAA

FT-IR characterization

The formation of graft copolymer of PA6 and
PA6/Ca0 nanofibrous membrane with acrylic acid
monomer were confirmed through FT-IR analysis.
The FT-IR spectrums of PA6 and PA6/CaO before and
after grafting were shown in the figure 8 (a&b).
From Figure 8 it shown IR spectrum of pure PA6 and
PA6/Ca0 observed that the appearance of strong band
at 3296 cm* which corresponding to the stretching
vibration of N-H group which appeared sharper and
more visible due to the higher formic acid content [36].
Also the band observed at 2935 cm*and 1641 cm™ due
to the stretching vibration of CH; of aliphatic group,
stretching vibration of C=0 in secondary amide. The
band at 1500 cm™ attributed to the bending vibration
of N-H group. Whereas in the spectrum of the graft
copolymer PAG6-g-AA and PA6/CaO-gAA besides
retaining the above mentioned bands of PA6 and
PAB/Ca0 , it shows an additional stronger absorption
of band at 1730 cm™, 1162 cm'! corresponding to the
stretching vibration of carbonyl group and stretching
of C-O of acid. The previous peaks were absent from
the FT-IR spectrum of pure PA6 or PA6/ CaO before
grafting that confirms that the grafted of acrylic acid
monomer in PA6 or PA6/Ca0 effectively. In addition
to the above bands PA6/ CaO and PA6/Ca0O-gAA has
a significantly sharper and higher peaks as well as a
visible strong absorption band at 1454 cm?
corresponding to the calcium oxygen bond, which is
not visible in the pure PA6 and PA6-g-AA IR figure
[37,38].

Thermogravimetric analysis (TGA)

The TGA thermography features of PA6 and
PA6/Ca0 before and after grafting are depicted in
figures 9 and 10, respectively. Figure 9 shows that the
PA6 binary fiber showed one-step degradation
transition, which Around 91% of the sample had
disintegrated at the end of the experiment leaving
behind 9 % of the sample remained as a residue at
597°C ; additionally, The PA6-gAA grafted fiber
showed two-step degradation transition, which can be
obviously seen in forms of weight losses at
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temperature ranges of 200-317 and 317— 597 °C, the
maximum weight loss occurs at first step , Around 74
% of the sample is disintegrated in 597°C leaving
behind 26% of the sample as a residue. The PA6/CaO
sample, on the other hand, had around 86 percent of
the sample disintegrate in a single step, leaving about
14% of the sample as a residue at 597 °C. While; The
PA6/Ca0O-gAA grafted fiber had deteriorated with
71% of the sample in two steps at 597 °C, leaving 29%
of the sample as a residue.
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Fig 8. FT-IR for a) Pure PA6 and b) PA6/Ca0
nanocomposite before and after grafting
According to the previous results, it was concluded
that the PAG6-graft copolymer has higher thermal
stability than the engrafted polymer; and when
comparing Figure.9 with Figure.10, it was found that
the PA6/Ca0O-gAA sample was observed to be highly
thermal stable, which was confirmed by the amount of
grafted sample that remained as residue at the end of
the experiment and the various decomposition

temperatures.

Differential Scanning Calorimetry (DSC)

Figures 11-12 represent the DSC curves of PA6 and
PA6/CaO before and after grafting. Broad
endothermic peaks are observed at various
temperatures, indicating the crystallisation of the
samples. Figure 11 shows a sharp endothermic peak
at 257 0C, while the DSC curve of PA6-gAA shows a
sharp and broad endothermic peak at 259 °C. On the
other hand, figure 12 shows that two broad
endothermic peaks are obtained at 49 °C and 258 °C
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showing the recrystallizaion process of PA6/Ca0 at
different temperatures. The DSC curve of PA6-CaO-
gAA showed two sharp and broad endothermic peaks
were observed at 56 °C and 264 °C.

100 — — —— i

100 200 300 400 500 600

Fig 9. TGA curve of PA6 and PA6-gAA

— 1

PAGCa0O

80 PAGCa0-gAA

100 200 300 400 500 600

Temoerature(*C)

Fig 10. TGA curve of PA6/Ca0 and PA6/CaO-gAA

On comparing the DSC curves of samples, it was
observed that the endothermic peaks are shifted to
higher values. This concluded that the grafting of AA
to PA6 and PAG/Ca0 increases the thermal stability.
Application of prepared grafted polymer onto
metal uptake

The sorption capacity of the prepared AA surface
modified PA6/CaO  Electrospun  nanofibrous
membranes was investigated for use in the removal of
heavy metal ( Co*? & Cr*%) from Simulated aqueous
solution under various conditions, including initial
metal concentration ; PH ; contact time and
temperature.

Calibration curve

One of the most commonly used calibration analyses
is linear regression. The calibration curve is used to
assess the accuracy of the result once the relationship
between the input value and the response value, which
is expected to be represented by a straight line, has
been established. According to the calibration curve in
figure 13, there is an approximate linear connection
between absorbance and Co*?; Cr*® content in aqueous
solutions. The regression coefficient (R?) is found to
be quite strong, with values of 0.998 and 1 for Co*?
and Cr*®, respectively.
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Fig 11. DSC curve of PA6 and PA6-gAA
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Figure 14 illustrates the effect of initial cobalt and
chromium concentrations on cobalt and chromium
removal when concentrations range from 10 to 200
ppm under operating conditions of 24 hour magnetic
stirring, 30 mg of PA6/Ca0O-gAA /20 mL of adsorbate,
and a constant pH of 7 at room temperature. The
results showed a gradual decline in cobalt and
chromium removal when the concentration of cobalt
and chromium in the solution was raised. So, at 10
ppm, the results showed that approximately 86% and
60% of cobalt and chromium were removed,
respectively. This decline was caused by a high ratio
of the number of metal ions present in solution to the
number of functional adsorption sites on the grafted
polymer as the metal concentration increased [39].
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Fig 14. Effect of initial concentration (ppm)

Effect of solution pH

When using PA6/CaO-gAA to remove cobalt and
chromium ions from solutions, the impact of solution
pH was evaluated in the pH range 2—7 with a constant
PA6/Ca0-gAA amount of 30 mg/20 mL of adsorbate,
a magnetic stirring time of 24 hours, and a metal ions
concentration of 10 ppm, pH adjustments were carried
out at room temperature using 0.1 N HCI and 0.1 N
NaOH. The proportion of cobalt and chromium
removed at varying solution pH is shown in Figure 15.
At pH 2, the least amount of cobalt and chromium was
removed. The percentage of cobalt and chromium
removed increased as the pH of the solution increased;
up to pH 5.This could be due to the large humber of
active surface sites of PA6/Ca0O-gAA. As a result, at
low pH, it may become more positively or less
negatively charged, increasing the competition for
available adsorption sites between H* and metal ions
[40]. As pH increases, however, competition declines
as these surface active sites become more negatively
charged, enhancing the adsorption of positively
charged metal ions via electrostatic attraction.
Moreover, increasing the pH above pH 5 causes metal
precipitation and accumulation due to the creation of
soluble hydroxyl complexes, which causes the
adsorption process to deteriorate [41,42].

Effect of contact time

Figure 16 shows the effect of contact time on cobalt
and chromium adsorption by PA6/CaO-gAA was
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studied by varying the contact time of magnetic
stirring between the adsorbate and adsorbent in the
range of 20-360 min with a constant PA6/Ca0-gAA
amount of 30 mg/20 mL of adsorbate and a metal ions
concentration of 10 ppm at room temperature, while
the solution's pH was kept constant at pH 5. The results
revealed that the adsorption of cobalt and chromium
ions on PAG6/CaO-gAA is rather quick, with
equilibrium being obtained in 150 minutes [43]. Due
to the obvious adsorption of cobalt and chromium on
the surface Active sites of PA6/CaO-gAA, the
adsorption process was initiated rapidly at the start of
the reaction. While increasing contact time did not
increase absorption, the equilibrium was attained due
to a decrease in widely available active sites for metal
ion binding. The adsorption did not continue after 150
minutes of contact and remained steady until 360
minutes [44].
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Effect of Temperature

The effect of temperature on adsorption has been
studied in the range of 30 to 70°C with a constant
PA6/Ca0O-gAA amount of 30 mg/20 mL of adsorbate,
a metal ions concentration of 10 ppm at pH 5, and a
constant magnetic stirring time of 150 min, and the
effect of temperature on cobalt and chromium
adsorption is shown in figure 17. At 30°C, the
optimum adsorption of cobalt and chromium ions is
seen, after which the removal adsorption decreases as
the solution temperature increases. When the
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temperature increases, the metal ions become more
mobile and the retarding forces acting on the diffusing
ions decrease [45]. On the other hand, attractive forces
between the active sites on the PA6/CaO-gAA surface
and metal ions are weakened and then sorption
reduced. In contrast, in endothermic adsorption
investigations, the increase in temperature not only
increases the rate of diffusion of the metal ions present
in the bulk solution to the adsorbent surface but also
increases the rate of complexation with the functional
groups present in the adsorbent [46,47].
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Adsorption isotherms models

Adsorption is a dynamic process that is typically
characterised by isotherms [48], which are obtained by
fitting mathematical models to experimental data. The
Langmuir [49] and Freundlich [50] adsorption
isotherm models were used to investigate the
adsorption isotherms of Co?* and Cr® ions onto
PAB/CaO-gAA  surfaces. The Langmuir and
Freundlich isotherm models are the simplest and most
commonly used isotherms to represent the adsorption
of components from a liquid phase onto a solid phase.
These models were tested to determine the maximal
capacity of cobalt and Chromium removal using
PA6/Ca0-gAA polymer. The quality of the isotherm
fit to the experimental data was traditionally judged by
the magnitude of the regression's correlation
coefficient, i.e., the isotherm with the R2 value closest
to unity was considered to be the ideal suitable. The
adsorption isotherms for cobalt and chromium
removal were studied using the best conditions
obtained from experimental work with a constant
PA6/Ca0O-gAA amount of 30 mg/20 mL of adsorbate,
a metal ions concentration of 10 ppm at pH 5, and a
constant magnetic stirring time of 150 min, and the
temperature of the solution was 30°C. Afterword; The
Langmuir and Freundlich isotherms were used to fit
the obtained data [51].

The Langmuir isotherm model

The Langmuir adsorption isotherm model is one of the
earliest theoretical treatments of non-linear sorption,
suggesting that uptake proceeds on a homogeneous
surface via monolayer sorption with no interaction
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between the adsorbed molecules [52]. The linear form
of the Langmuir adsorption isotherm is represented as:

[ & 1 Ci

Do Dlmas | don
Where C. is the cobalt and chromium ion equilibrium
concentration (mg/L); ge is amount of cobalt and
chromium ions adsorbed per unit weight of adsorbent
(mg/g); gmax is amount maximum adsorption capacity
referred to the mount of Cr*® and Co*? required to
occupy all the available site per unit mass of sample
(mg/g); b is the adsorption equilibrium constant
(L/mg). The both data obtained from linear Langmuir
isotherm plot for the adsorption of cobalt and
chromium onto PA6/Ca0O-gAA Surface are presented
in Table 1 and plotted in Figure 18.
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The Freundlich isotherm model

Freundlich adsorption isotherm model can be applied
for non-ideal sorption onto heterogeneous surfaces
involving multilayer sorption. The linearized
Freundlich isotherm model was applied for the
adsorption of cobalt and chromium is expressed as:

1
logg, = logK +; log C,

Where ge (mg/g) is the amount of cobalt and
chromium adsorbed per gram of the adsorbent at
equilibrium, Ce (mg/L) is the equilibrium
concentration of the adsorbate in solution, where k and
n are the constant characteristics of the system
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affecting the adsorption process (adsorption capacity
and intensity). The applicability of the Freundlich
adsorption isotherm was also analyzed, using the same
set of experimental data, by plotting log (ge) versus log
(Ce). The data obtained from linear Freundlich
isotherm plot for the adsorption of cobalt and
chromium onto PA6/Ca0-gAA Surface are presented
in Table.1 and plotted in Figure 19. The value of n
between 1 and 10 shows a good adsorption which
indicates that cobalt and chromium are favorably
adsorbed by PA6/Ca0O-gAA [53].

The experimental data obtained From Both Isotherm
models for Two metal were correlated very well to the
Langmuir model and Freundlich isotherm model
based on R? wvalues indicating homogeneous
distribution of adsorptive sites and monolayer
adsorption [54].
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Table 1: Langmuir and Freundlich parameters for
adsorption of Co (I1) & Cr (V1)

Model Isotherm Co (1) Cr (VI)
parameters lons lons
q max (Mg//g) 39 33
Langmuir b (L/mg) 0.1186 0.033
R? 0.98617 0.988
n 2.18 1.63
Freundlich Ks 5.54625 1.753881
R? 0.9789 0.99828
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Conclusion

Based on the results presented in this paper, we
conclude that Polyamide 6 (PAG6) electrospun
nanofibrous membranes were successfully prepared
with a concentration of 30% (wt/v) and Polyamide 6
nanofibers containing calcium oxide nanoparticles
(PAB/Ca0) were obtained with a CaO concentration
of 1% (wt/wt) by electrospinning of polymer solution.
To obtain the best grafting conditions, the obtained
PA6 and PAG6/CaO electrospun membranes were
modified by grafting polymerization with AA
monomer with various synthetic parameters. The
following are the optimal grafting conditions based on
the preceding findings: At 60 °C, the acrylic acid
concentration was 15%, the surfactant concentration
was 2.5 %, and the initiator concentration was 1.5x10
3 (mol/l) with PAG/CaO-gAA nanofibers.

The proof of grafting was obtained from the FT-IR;
thermal behavior was confirmed through DSC and
TGA results, the morphology of prepared polymers
studied through SEM images revealed that the PA6
fibers and the modified PA6/CaO-gAA electrospun
membrane surface were smooth and continuous
nanofibers with a slight increase in the nanofibers
diameters.

The maximum swelling was found to be 85% of
PAG/CaO-gAA and 70% of PAG-gAA in 24 hours in
distilled water at a temperature of 30°C, according to
the swelling behavior of identified samples of PAG-
gAA and PA6/CaO-gAA with high grafting
proportion as a function of time. As the time is
prolonged, the swelling percentage doesn't really
change.

The produced modified nanofibrous membranes of
PAB/CaO-gAA were used in adsorption and the
removal of heavy metals (Co%"; Cr®*) from simulated
water solutions under different initial concentrations,
pH values, temperature, and contact time, and the
results showed that the optimum conditions for metal
removal were metal concentration of 10 ppm, pH 5,
for 150 min under a temperature of 30 °C, while Co?*
showed higher diffusion capacity than Cr*® on grafted
fibre surface, which reached 92% and 80 % in Co?*
and Cr®*, respectively.
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