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Abstract: Dyes are a type of pollutant that have been discharged into water streams by various
industries and had harmful effects on the environment and human health. Therefore, present work
was directed to recycle acrylic fibers waste to be used as an adsorbent to exclude dyes such as
methylene blue (MB) and Congo red (CR) from dyes-polluted wastewater. Acrylic fibers waste was
converted into membrane followed by chemical grafting with p-phenylenediamine monomer to form
functional modified membranes. Afterwards, some characterization analyses; Fourier transform-
infrared, scanning electron microscope, swelling behavior, and porosity properties were performed
for the acrylic fiber grafted membrane (AFGM). For obtaining the best conditions that permit the
highest adsorption capacity of the AFGM, some preliminary experiments followed by general full
factorial design experiments were displayed. Langmuir, Freundlich isotherms and kinetic studies
evaluations were applied. Results revealed that, the adsorption capacities of the AFGM were 61% for
Methylene blue and 86% for Congo red that stated the high affinity of the AFGM to the anionic dyes.
The reusability of the AFGM membranes in different cycles for 3Rs processes “Removal, Recovery,
and Re-use” indicated the efficiency of the AFGM to be used in wastewater treatment.

Keywords: adsorption; acrylic fibers; dyes; grafting; membrane; phenylenediamine wastewater

1. Introduction

Dyes are a valuable class of organic synthetic compounds that were used in many
industries, particularly textiles as a coloring agent. Therefore, dyes have become one of
the common pollutants to environment and water stream, either during their synthesis
process or during the textile dyeing process [1]. Discharging of dyes-contaminated ef-
fluents into water flow had a harmful effect on the environment even at a small residue
of dye due to their highly visible colors even at low dye concentration. Dyes are toxic
and non-degradable compounds and when release into the natural sources of water they
prevent the light-penetration into the aquatic plants and further disturb their photosyn-
thesis process [2]. Furthermore, they had wide negative effects on human health where
they cause dermatitis, allergies, skin irritation, cancers, reproductive and kidneys system
damaging [3,4]. Hence, many conventional and non-conventional treatments approaches
were developed for dyes removal from contaminated wastewater [5-9]. Dyes are normally
not easily treated using conventional wastewater-treatment methods due to their inhibitory
and recalcitrant nature [10-14]. Most of dyes are synthetic and has an aromatic complex

Separations 2021, 8, 42. https:/ /doi.org/10.3390/separations8040042

https://www.mdpi.com/journal /separations


https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0002-1421-366X
https://orcid.org/0000-0001-7483-5308
https://orcid.org/0000-0002-1122-3942
https://doi.org/10.3390/separations8040042
https://doi.org/10.3390/separations8040042
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/separations8040042
https://www.mdpi.com/journal/separations
https://www.mdpi.com/2297-8739/8/4/42?type=check_update&version=1

Separations 2021, 8, 42

20f19

molecular structure, and these make them more stable and non-biodegradable [15]. These
were why non-conventional, safe, economically, and eco-friendly dyes removal-approaches
“adsorption” was suggested by a lot of researchers, lately. Adsorption is a non-conventional
method by which dyes may adsorb on the surface of the adsorbent material [16-18]. For
instance, adsorption by natural polymeric substances is one of the most promising non-
conventional approach and applicable methods for pollutants removal from contaminated
wastewater [19,20]. This property may be attributed to their potentiality to have differ-
ent shapes, simple processing, and easy regeneration [21-23]. Electro-spun nanofibrous
polyimides with ion exchange performance were prepared as adsorptive membranes for
the treatment of dye-loaded textile wastewater [24,25]. One of the most fibers forming
polymers used in textile production is acrylic polymers (acrylic fibers) due to their versa-
tile properties. The acrylic fibers consist mainly of nearly 85-90% acrylonitrile, whereas
the residual is another acrylic monomer such as acrylic ester or acid that were added
during the synthesis process of acrylic fibers in order to enhance certain property for
example dyeability or processing [26]. Acrylic fiber wastes produced by textile industry
may cause environmental problems. Therefore, many researchers tried to reuse the fiber
waste as in concrete and soil enforcement and in adsorption process but after chemical
treatment [27-29]. Wang et al. functionalized polyacrylonitrile fibers (PANF-g-CDs) with
amine rich carbon dots via the hydrothermal method and used them to remove anionic
dyes from wastewater. The PANF-g-CDs showed high adsorption capacity (422 mg/g)
for methyl orange [30]. Therefore, the ongoing study aimed to use a synthetic polymeric
membrane obtained from acrylic fibers waste to formulate an acrylic membrane. After
that, chemical grafting polymerization of p-phenylenediamine was performed in order
to form functional modified membranes. The morphology and the functional groups of
AFGM were evaluated by scanning electron microscope (SEM), and Fourier transform
infrared (FT-IR). Together with the porosity, swelling and adsorption assays, they allowed
the characterization of AFGM. The AFGM was used for methylene blue (MB) and Congo
red (CR) removal from polluted synthetic wastewater using static model. “However, most
adsorption studies were used the shaking model to obtain the highest pollutant removal
efficiency. A static model was applied to reduce the adsorption costs for an easily industrial
application.” Furthermore, the optimization process was performed for the membrane to
get the highest MB and CR removal capacity, such optimization as studying one factor’s
effect while keeping all other parameters constant [26]. Such optimization experiments
were followed by general full factorial design experiment by studying more than one factor
at the same time [20]. Langmuir, Freundlich and kinetic studies were applied for the AFGM.
Additionally, the AFGM was studied for recovery and reuse application to achieve at the
end a product with 3Rs applications (removal, recovery and reuse).

2. Materials and Methods
2.1. Materials

Acrylic fibers waste was collected from local textile company; these fibers were syn-
thetic fibers made from at least 85% acrylonitrile monomer and the residual other acrylic
monomer mainly vinyl acetate or methyl acrylate. Polyethylene glycol (PEG) molecu-
lar weight 600 was purchased from Aldrich. Methylene blue as cationic dye and Congo
red as anionic dye were supplied from Merck. Dimethylformamide was supplied from
Sigma Aldrich. All used chemicals are of purity higher than 99%. NaOH and HCI were of
analytical grade, and they were supplied from El-Nasr Company Egypt.

2.2. Membrane Preparation

Acrylic fibers waste conversion to membranes were employed by applying a phase
inversion technique [31,32]. At first, acrylic fibers waste (1.7 g) was dissolved in (9 mL)
dimethyl formaldehyde (DMF) in a conical flask at 60 °C under magnetic stirring until
complete dissolution. Afterwards, polyethylene glycol (PEG) with 5% respect to the
polymer was added to the solution as a pore former to improve the membrane porosity.
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Afterword, the solution was poured and casted on a clean dried glass plate by using a
casting knife of 250 um thickness. The glass plate which contains the casted solution was
immersed in coagulated water bath without any evaporation process, for at least 1h. After
that, the membrane was removed, rinsed with water and air dried.

2.3. Membrane Grafting

After membrane preparation, it was grafted with p-phenylenediamine via oxida-
tive polymerization technique [33]. The membrane was immersed in a solution of p-
phenylenediamine that was dissolved in 1M HCI and left for 1h to allow the monomer
to penetrate within the membrane. Afterwards, ammonium persulfate (equal molar ratio
p-phenylenediamine) was dissolved in 1M HCI and added slowly to the solution under
mild shaking then left for a night at room temperature. The solution and the membrane
became dark black, which indicated the formation of the AFGM chains and formation
of poly-phenylenediamine. The membranes were removed and washed several times
with distilled water until the rinse water become clear and the pH present neutrality. The
membranes weight was recorded before and after grafting and the grafting percentage was
calculated by applying Equation (1):

.oy (Wg—W0)
Grafting (%) = w0 X 100 1)
where, Wg is the dry membrane polymer weight after grafting, and W0 is membrane
polymer weigh before grafting (zero (0) time).

2.4. Dyes Preparation

Methylene blue (MB) (C16H18CIN3S; 319.85 g/mol) and Congo red (CR) (C3,HoNp-
NapOgSy; 696.665 g/mol) dyes were used for adsorption experiments. A stock solution of
1000 mg/L of MB and CR dyes were prepared by dissolving 1 g from each dry powder dye
into 1 L of distilled water. After that, serial dilutions were applied to prepare the desired
concentration throughout this study.

2.5. Charcterzation of AFGM
2.5.1. Scanning Electron Microscope (SEM)

The morphology of the AFGM surface was characterized using scanning electron
microscopy (SEM) of high resolution (QUANTA FEG 250, ESEM, operated with an ac-
celerating voltage of 200-30 kV and an operating voltage of 5-30 kV). Regarding to the
examination, the membranes were sputter-coated by gold where S150A Sputter Coater-
Edwards were used.

2.5.2. Fourier Transform Infrared (FT-IR)

Dried membrane’s material after and before grafting were evaluated using FT-IR
Spectroscopy to detect the membranes functional groups by using a wavelength range
from 400-4000 cm ™.

2.5.3. Porosity

The membrane porosity was estimated using dry—wet-weight method [24,25,34,35].
The membrane samples (3 cm x 3 cm) were weighted dry (Wdry) and immersed in distilled
water for a day. The wet-weight (Wwet) was assessed after removing the excess water
using filter paper. The membrane porosity was calculated by the Equation (2):

e (%) = [Wwet —Wdry dwAh] x 100 2)

where e refers to the membrane porosity, dw refers to the density of pure water (0.998 g/cm?),
A refers to the membrane area in the wet state (cm?) and h refers to the membrane thickness
in the wet state (cm).
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2.5.4. Swelling

The AFGM swelling property was evaluated by immersing the membrane samples
(3 x 3.cm?) into 250 mL distilled water at a room temperature (+-20 °C) in atmospheric
conditions until swelling equilibrium was obtained [36]. The assay was performed in
triplicate. Afterwards, the AFGM was removed from the water and dried with filter paper
and weighed. Additionally, the swelling capacity was calculated by the Equation (3):

W, — W
Swelling(%) = =2 %100 ©)]
Wi
where Wj (g) and W, (g) indicate the weights of the dried and swollen membranes,
respectively.

2.6. Adsorption and Optimization Experiments

A weighted amount of the AFGM was added to the dyes polluted solution. The dyes
concentration was quantified before and after the treatment with a UV-Visible spectropho-
tometer (Cary 100 UV-Vis) at 668 nm and 497 nm for MB and CR, respectively. The removal
efficiency of MB and CR was estimated by the Equation (4):

. Co—Ce
Removal ef feciency (%) = — X 100 4)

(o

where C, represented the initial dye concentration and C, represented the final concentration.
The adsorption capacity (Qe) was calculated by the Equation (5)

Adsorption capacity (Qe (%)) _ Co—Ce X

- — 1% )

where C, represented the initial dye concentration and C, represented the final concentra-
tion. V is the volume of the solution (1) and m is the mass of adsorbent employed (g).

Different parameters were optimized through the preliminary optimization by one-
factor-at-a-time (OFAT). The optimization of adsorption process was processed by studying
the effect of different time intervals “0.5, 1, 3, 6, 10, 15” h, different pH “3, 5, 7” and different
dye concentrations “50, 100, 150, and 200 mg/L”. Three replicates by parameter were
performed. Its standard deviation is express with error bars in respective figures. The
adsorption procedure evaluated by the full factorial experimental allowed to define the
optimum parameters to obtain the highest removal efficiencies for MB and CR and tested
as follows.

2.7. Full Factorial Design

Full factorial design experiment was displayed according to the selected low and high
levels of the factors that were determined by the OFAT and displayed in Table 1. The matrix
of the factorial design and the measured MB and CR removal efficiencies were shown in
Table 2 with fits and residuals values. After that, the results were demonstrated with the
Minitab @18 software and the resulted plots were displayed and interpreted [37].

Table 1. Coded low and high levels of the factors that were used in full factorial optimization model
of methylene blue and Congo red adsorption by the AFGM.

Values of Coded Levels
Factor Symbol Statistical Code
(Low)—1 (High)+1
Time Time (h) A 3 15
Dyes
Concentration Conc. (mg/L) D 50 200

Pollutant Pollutant C MB CR
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Table 2. Design of matrix of methylene blue and Congo red adsorption by using the AFGM, n = 1.

Osrflder Oerclll;r PtType  Blocks  Time (h) (;‘:‘;E) Pollutant RE(%)*  FITS*  RES***
6 1 1 1 15 50 CR 86.00 92.69 -6.693
4 2 1 1 3 200 CR 20.35 26.13 -5.78
7 3 1 1 15 200 MB 23.25 28.18 -4.931
1 4 1 1 3 50 MB 43.20 47.21 -4.018
5 5 1 1 15 50 MB 61.00 56.06 4931
2 6 1 1 3 50 CR 59.80 54.01 5.781
3 7 1 1 3 200 MB 23.35 19.33 4018
8 8 1 1 15 200 CR 71.50 64.80 6.693

* RE, removal efficiency; ** FITS, the value of point estimates of the mean RE for given values of the factors; ** RES, residuals (difference
between observed value and its corresponding fitted value).

2.8. Langmuir and Freundlich Isotherms

Langmuir and Freundlich isotherms were used to determine the MB and the CR
adsorption mechanism by the AFGM. Linear form of Langmuir and Freundlich isotherms
were applied as follows:

2.8.1. Langmuir Isotherm

Maximum adsorption capacity of the AFGM towards MB and the CR were studied by
applying Equation (6) [38]:
Ce  Ce n 1
Qe Qmax  bQmax

where b represents a constant related to the AFGM adsorption/desorption capacity, and
Qmax is the maximum adsorption capacity of the AFGM upon complete saturation of its
surface, C, (mg/L) is the dye concentration at equilibrium and Q. (mg/g) is the adsorption
capacity at equilibrium.

(6)

2.8.2. Freundlich Isotherm

Freundlich isotherm is an empirical equation employed to estimate the adsorption
capacity of AFGM to MB and CR dyes, and it was represented by the Equation (7) [28,39]:

log Qe = log Kf + %log Ce (7)

where Qe is the quantity of solute adsorbed at equilibrium (adsorption density: mg of MB
or CR per g of AFGM); Ce is the concentration of MB and CR dyes in solution at equilibrium
(mg/L); and KF and 1/n are empirical constants dependent on the nature of sorbent and
sorbate and the temperature.

2.9. Kinetics Studies

Adsorption process kinetics was performed to determine the MB and CR adsorption
rate towards the AFGM that controls equilibrium time.

2.9.1. Pseudo First-Order Model
The pseudo first-order model was performed according to Equation (8):

K1

In(Qe — gQt) = log Qe — 2303

®)
where Qe (mg/g), is adsorbed MB and CR dyes at equilibrium per unit weight of AFGM gt
(mg/g) is adsorbed MB and CR at time ¢, and k1 is the rate constant per minute.

A plot of In (Qe — Qt) versus time (t) indicates a straight line of slope (k1/2.303) and
an intercept of log (Qe).
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2.9.2. Pseudo Second-Order Model
The data was analyzed by the pseudo second-order Equation (9):

b1t
Qt KZ Qez Qe
where K; expresses the equilibrium rate constant (g/mg min), and Q. and Q; express the

sorption capacities at equilibrium and at time (t), respectively. A plot t/Q; versus t shows a
straight line of slope (1/Q,) and an intercept of (1/ Kngz).

)

3. Results
3.1. Acrylic-Fiber Grafted Membrane (AFGM) Characterization
3.1.1. SEM

Figure 1a displayed the blank membrane surface topography at different magnifica-
tions, the membrane had porous structure with the appearance of small fiber like structure,
which might be due to fiber additives or insufficient dissolution time. Figure 1b, the mem-
brane surface, indicated the high porosity of the membrane which resemble the sponge
like structure. The surface of the AFGM appeared as multilayers with larger pore size
than the blank membrane. The result also displayed disappearance of the small tiny
fibers, which indicated complete coverage of the grafted layer over the membrane surface.
Figure 1c,d displayed a blank acrylic membrane cross section and the AFGM, respectively.
The figure revealed that, the cross-section of the membrane had macro-voids structure with
many large pores that indicated the spontaneous solvent nonsolvent de-mixing during the
membrane immersion onto the coagulation bath, which was known in phase inversion
technique. The cross section of the AFGM had a similar structure with no obvious grafts
at these magnifications, which may indicate the low grafting percentage occurred in bulk
of the membrane. Whereas Figure le exhibited the bottom surface of the acrylic mem-
brane (facing the glass plate during the membrane preparation) which appeared highly
arranged porous structure with larger pore size than the top surface (facing the water
during the manufacturing).

3.1.2. FT-IR

The blank acrylic membrane represented a distinct peak at 2241 cm !, which belongs
to nitrile group (CN) [29] and the peak at 1736 cm ™! corresponding to carbonyl group
C=0 of acrylic additives of acrylonitrile fiber. The acrylic fiber contains nearly 85% of
acrylonitrile and the rest of the percent is another acrylate monomer. The band appeared at
2922 cm~! and 2888 cm ! related to stretching of CH and CH,, respectively [8]. Whereas
1452 cm~! and 1378 cm™! peaks corresponding to CH, and CH bending, the peak at
1234 cm~! related to stretching of C-O.

After grafting of the acrylic membrane, the peak at 2241 reduced and shifted to
2236 cm ™! also carbonyl band at 1736 cm ™! was shortened and shifted to 1733 cm~!. The
appearance of peaks at 1540 and 1600 cm~! corresponding to aromatic benzene ring C=C.
from these data the grafting process was successfully occurred onto the acrylic membrane,
see Figure 2.
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Figure 1. SEM analysis of membrane for (a) blank membrane surface, (b) AFGM surface, (c) cross section of blank, (d) cross
section of the AFGM at different magnification (left and right) (e) bottom surface of blank membrane.
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Grafted
2922 2236

4 1260 1025
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1234
4000 3000 2000 1000
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Figure 2. FT-IR analysis of the acrylic membrane before and after grafting.

3.1.3. Grafting Percentage

The membrane grafting percentage was reported in Table 3. The result referred to the
weight gain after grafting process by 14.4% from its original weight. This demonstrates
that the grafting process not just surface grafting but also bulk grafting. The increased in
weight was not so much but it occurred on both surface and inside the membrane. This
result expressed the successful grafting of poly p-phenylenediamine using ammonium
persulfate as an initiator at a mild condition.

Table 3. Porosity, swelling measurements and grafting percent for acrylic membrane and the AFGM.

Membrane Porosity (%) Swelling (%) Grafting (%)
Blank acrylic membrane 23.1 420% -
Acrylic fiber grafted o
membrane (AFGM) 15 354% 145

3.1.4. Porosity

Table 3 showed the porosity of the membranes. The blank membrane recorded about
23.1% of the polymer membrane’s weight, while it recorded 15% for the AFGM. A possible
explanation for this largely decreased is the penetration of new polymer within the pores
in AFGM, which reduced the voids in the membrane and declined its porosity. The grafted
layer on the membrane surface formed on the porous substrate had the same morphology
as the base substrate, so it appeared as porous in the SEM testing.

3.1.5. Swelling

Swelling of the acrylic membrane before and after grafting was presented in Table 3.
It was noticed that the swelling performance of the membrane decreased from 420 to 354%
indicating the formation of the AFGM polymer within the membrane voids and pores, not
only on the membrane surface. The decline in the swelling ratio may also be due to the
hydrophobic nature of the AFGM (poly p-phenylenediamine) with the aromatic structure.
These data and the change in porosity and swelling confirmed the construction of the
grafting branches within the AFGM.
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3.2. Adsorption and Optimization Experiments Results
3.2.1. Effect of Contact Time

During 15 h, the adsorption capacity of AFGMs for MB and CR dyes were evaluated
(Figure 3). The contact time was directly proportional to the percentage of the AFGM
adsorption capacity for both MB and CR dyes. The CR removal recorded higher adsorption
capacity than MB within the time progress, which stated the affinity of the AFGM with
cationic amine groups towards the anionic dyestuff. The time was high due to a static
model used; however, previous studies exhibited a long time up to 1500 min (nearly 24 h)
even using a 150 rpm shaking model [40,41].

35 - —~~Methylene-blue Congo-red
= Bl
°~D I
b
E 25 -
2
g 20 -
o z
<
9
.
g 1
7] 10 b I 1
o =
< I
5 /"—‘
——
0 T T T T T T 1
0.5 1.0 3.0 6.0 10.0 15.0
Time (h)

Figure 3. Effect of time on removal efficiency of Methylene blue and Congo red dyes by the AFGM:
adsorption capacity vs. time, n = 3.

3.2.2. Effect of pH

The highest adsorption capacity for both dyes were accomplished at pH 5, while at
higher acidic levels adsorption capacity tends to dramatically decrease for the MB which
the cationic protons induce a competition between cationic MB molecules. Additionally, it
was observed that, CR was turned onto violet then blue color and afterwards precipitated
at acidic condition around pH 3 and no-result was recorded at this pH for CR removal
and adsorption capacity see Figure 4. This observation was due to; at relatively high
concentration of CR at acidic condition the hydrophobic interaction between the aromatic
rings of the dye molecules was promote, which occur by the 7—m stacking phenomenon
resulted in agglomeration and precipitation of this dye at these condition [42,43].

3.2.3. Effect of Concentration

Results demonstrated that, the increase in the initial dye-concentration leads to an
increase in the AFGM adsorption capacity for both dyes. The highest adsorption capacities
were recorded between 40 to 50 mg/g for both MB and CR, respectively see Figure 5. The
AFGM showed adsorption capacities of 43 and 48 mg/g for dyes at high concentration of
200 mg/L for MB and CR, respectively. The results showed that, the adsorption of anionic
dye was higher for the cationic one due to the cationic nature of the prepared adsorbent.
However, the adsorption capacities were decreased by increasing concentration from 50,
100, 150, to 200 mg/L and this result was stated in previous studies [44—47]. At a diluted
concentration; the adsorption capacities were higher due to the removal of most of dye
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molecules. However, at high dye concentrations the adsorption capacities were decreased
with increasing in adsorbent capacity due to the higher diffusion of the dye molecules
within the polymer matrix and pores.

35 - i Methylene-blue [ Congo-red

30 A
25
20 A
15 A

10 A

Adsorption capacity (mg/g)

pH

Figure 4. Effect of pH on removal efficiency of Methylene blue and Congo red dyes by the AFGM:
adsorption capacity vs. time, n = 3.

i Methylene-blue 14 Congo-red
60 -

Adsorption capacity (mg/g)

50 100 150 200

Concentration (ppm)

Figure 5. Effect AFGM adsorption capacity to methylene blue and Congo red dyes based on their
concentration, n = 3.

3.2.4. Factorial Design
The Main Effects

Figure 6 showed the main effects plot which represented the deviation of the average
from the low to the high level of each factor and its effect on the dye’s removal percent [44].
The increase in deviation from the low to the high levels of the factor reflected the factor
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positive effect on the dye’s removal efficiency that represent the increase in the removal
efficiency. In contrast, the reduction that appear from the high to the low level of the
factor reflect the negative affect of this factor on the dye’s removal efficiency. According to
this information, Figure 6 and Table 4 stated that, both time and pollutant type positively
affected the MB and CR removal percent, whereas dyes concentration negatively affected
the removal efficiency. Furthermore, levels 15 h contact time in static mode and 50 ppm
were the optimum levels that give the highest dyes removal. Additionally, it was noticed
that the CR removal by the AFGM was better than MB removal.

Time (h) Conc (ppm) Dyes type

65
60-
55
50-
45
40-
35

Mean of RE (%)

Figure 6. The effect of the main parameters on the removal efficiency of methylene blue and Congo
red dyes by the AFGM.

Table 4. Coded co-efficient factors of methylene blue and Congo red dyes adsorption by AFGM.

Term Effect Coef SE Coef T-Value p Value
Constant 48.56 3.15 15.44 0.001
Time (h) 23.76 11.88 3.15 3.78 0.032

Conc. (mg/L) —27.89 —13.94 3.15 —4.43 0.021
Pollutant 21.71 10.86 3.15 3.45 0.041
Time (h)*Pollutant 14.91 7.46 3.15 2.37 0.098

The Interaction Effects

The interaction effects are the studying of two-interacted factors that had an effect
on the removal efficiency [48]. Figure 7 and Table 4 illustrated that, the interaction effects
of the optimized factors to obtain the highest MB and CR removal efficiency by using the
AFGM, which seems does not have any significant interaction effects.

s Time (h) * Dyes t,‘-]l.f Dves type
= - —&— Methylene-blue
s 70 - :
E 2 — & - Congo-red

60 i
o 7

50 &
i y

30

1.0 15.0
Time (h)

Figure 7. Plot of the interaction effects for the for the MB and CR adsorption by the AFGM.
Pareto Chart

The Pareto chart in which a student ¢-test was estimated to determine the significance
difference of different parameters from zero [49,50]. At sixteen degree of freedom and
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Percent

95% confidence intervals, the t-value reference line was 3.182 (Figure 8). Previously, it was
mentioned that all data that exceed the reference line are significant data whilst, the data
that not-exceed the reference line are non-significant. Accordingly, the dyes concentration
(B), time (A), and pollutant type (C) are significant factors that may have an effect on the

dye’s removal efficiency.

Term 3.182

JL

Factor
A
B
C

Name
Time (h)
Conc (ppm)
Dyes type

1 2 3 4
Standardized Effect

th -

Figure 8. Pareto chart for the MB and CR adsorption by the AFGM.

Normal Probability Plot

Figure 9 stated that, both of (B), (A), and (C) are real factors and they effect on the MB
and CR removal percent because; they were positioned away from the plotted line. The
points that lie on the left of the plotted line had a negative effect on the removal process
(B) nevertheless, the points that lie on the right of the line had a positive effect on the
dyes removal efficiency (A), and (C) [51,52]. All these results confirm the results obtained

previously from Pareto, main, and interaction effects plot.

Effect Type

¢ Not Significant
m Significant

Factor Name

A Time (h)

B Conc (ppm)
C Dyes type

mA
nC
o
uB
T T

Standardized Effect

Figure 9. Plot of the normal probability for the MB and CR adsorption by the AFGM.
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Optimal TTan
D:1000 9

¢ Cur
Predict  Low

RE (%)
Maximum
y =92.6938
d = 1.0000

Response Optimizer

A response optimizer is a tool that predicted the effect of a group of factors or pa-
rameters on a response. In this study, the removal efficiency was studied by noticing the
effect of time, dyes concentration and dyes type on the dye’s removal efficiency. Where,
the removal efficiency of 92.6% was obtained after 15 h contact time, static condition, and
CR concentration of 50 mg/L with a degree of accuracy of 1 (Figure 10).

Time (h) Conc (ppm) Dyes type
15.0 2000 Congo-red
[15.0] [50.0] Congo-red
3.0 500 Methylene-

Figure 10. Response optimizer of MB and CR removal process by the AFGM.

3.3. Langmuir and Freundlich Isotherms

Adsorption isotherm models were demonstrated by applying the two linear equations,
Langmuir and Freundlich. The Langmuir model was represented by a linear plot between
a specific sorption (Ce/Qe) and the equilibrium concentration (Ce) for MB and CR dyes ad-
sorption by AFGM. The Linear Langmuir and Freundlich isotherms plot and the calculated
results were showed in Figure 11a,b and Table 5. In the current work, the adsorption nature
of both MB and CR by AFGM exhibited by the Langmuir isotherm model. This can be
attributed to the high R? that was noticed in both states. Moreover, these results were due
to the adsorbent surface homogenous nature. The dyes adsorbed completely to the AFGM
surface “active sites” until no further adsorption can be noticed and no noticeable further
interaction between the adsorbed dyes molecules and the neighboring active sites [50,51].
Table 6 compares de adsorption capacity of AFGM to the MB and CR to those obtained
with other adsorption materials.

# Methylene-blue [ Congo-red

31 v=0.0175x + 0.7425
R?=0.989

(]
th
M

v=0.0119x + 1.0051
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[
h
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14 £
0.5 +
0 20 40 a0 80 100 120 140
Ce

Figure 11. Cont.



Separations 2021, 8, 42 14 of 19

# Methylene-blue [ Congo-red

-
(=] (]
i ]

—
=
i

¥v=0.4755x + 0.656
2=10.9942

—
F =9
Il

Log C ads

1 =
0.8 v =0.9851x- 0.2715
> R*=10.8802
0.6 4
0.4 -
0.2 -
0 T T T T ]
0 0.5 1 15 2 2.5
LogCe
(b)

Figure 11. Langmuir (a) and Freundlich (b) isotherm for the MB and CR adsorption by the AFGM.

Table 5. Langmuir and Freundlich Isotherm parameters for MB and CR adsorptions by AFGM.

Model Parameters
Qmax (mg/g) b R?
Langmuir MB CR MB CR MB CR
57.14 84.03 0.0235 0.011 0.989 0.9481
N K R?
Freundlich MB CR MB CR MB CR
2.01 1.015 3.479 2.6 0.9942 0.8802

R2, determination coefficient. MB, methylene blue. CR, Congo red.

Table 6. Comparison between different sorbent materials for MB and CR dyes adsorption capacities.

Adsorption Capacity

Sorbent Materials Dye Conc (mg/L) (Qe mg/g) References
Acrylic fiber membrane MB 100 57.14 Current study
Acrylic fiber membrane CR 100 84.03 Current study

Zeolite MB - 10.82 [53]

Rice husk MB 10-125 40.58 [54]
CB-CTAB CR 20 19.15 [55]

Sulfated AP CR 10 37.18 [56]

Wheat straw biochar powder MB 5-80 62.5 [57]
Freeze—dried agarose gel MB - 104 [58]
Sulfated AP-g-PAM CR 10 66.97 [56]
Pinus brutia CR 50 35.3 [59]

3.4. Kinetics

The study of equilibrium analysis is an important factor to demonstrate the AFGM
affinity and capacity. The determination coefficient (R?) (Figure 12) and the calculated
and experimental Qe values (Table 7) show that the pseudo-second-order model suited
well with the experimental data than the pseudo-first-order model in two states of adsorp-
tion experiments. Previous studies revealed that MB and CR adsorption by the grafted
membrane agreed well with pseudo-second-order reaction [60].
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Figure 12. The pseudo first-order reaction (a) and pseudo second order reaction (b) for methylene blue and Congo red dyes
adsorption by AFGM.
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Table 7. Kinetic parameters for MB and CR adsorption by AFGM.

Model Parameters
Qe calc. Qe exper. K R?
1st order MB CR MB CR MB CR MB CR
Kinetics 1788.9 1657.6 28.4 28.9 0.06149 0.258 0.7089 0.956
Qe calc. Qe exper. K R?
2nd order MB CR MB CR MB CR MB CR
kinetics 38.46 23.92 28.4 28.9 0.00092 0.02206 0.9932 0.9953

R?, determination coefficient. MB, Methylene blue. CR, Congo red.

3.5. Regeneration Studies

Re-use experiments were performed for the AFGM, which stated that, 88%, and 68% of
their removal capacity for the CR, and the MB dyes, respectively. The previous results were
demonstrated after the recovery process by 25% aqueous ethanol solution after 5 cycles
of adsorption and desorption. Additionally, the results indicated that, the AFGM remove
CR with high percentage than MB removal, which may be due to the cationic nature of the
adsorptive membrane that combined easily with anionic dye (CR) see Figure 13. These
results indicated the stability of the AFGM in adsorption of dye from wastewater.

M Methylene-blue 4 Congo-red

100 -
90 - 1 \ I
80 -
70 - = =

60 -

Efficiency %

20

1 2 3 4 5
Recycle No

Figure 13. Application of the AFGM in different adsorption desorption cycles, n = 3.

4. Conclusions

During this study, the acrylic fibers waste was recycled and converted onto a mem-
brane then grafted using p-phenylenediamine forming AFGM that has adsorption capacity
towards cationic and anionic dyes. The dye’s removal efficiency was successfully assessed
and optimized through some preliminary experiments and full factorial design. The results
stated that, methylene blue has a removal efficiency of 61% and an adsorption capacity of
56.06 at 50 mg/L conc, after 15 h contact time in a static mode. Whereas Congo red removal
efficiency of 86% and adsorption capacity of 92.69 at 50 mg/L conc. after 15 h contact time
in a static mode was achieved. From these results, it could be concluded that, the AFGM
showed a good adsorbent capacity for dyes removal and it has shown higher affinity for
anionic dyes (Congo red) than for cationic one (methylene blue). Furthermore, the data
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was fitted well with Langmuir isotherm and second order kinetics model. The three Rs
processes “” were successfully applied where nearly 70% and 93% removal capacities of
the Methylene blue and the Congo red dyes, respectively after the recovery process with
25% aqueous ethanol solution. Previous result stated the applicability of this membrane in
industrial wastewater treatment. For further studies in the future, several materials could
be investigated in the static model in order to achieve higher dyes adsorption capacity with

an applicable low cost.
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