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ABSTRACT

In this paper, the preparation, characterization and cationic dye adsorption properties of
acrylic acid-grafted polypropylene nonwoven (AA-PP) using plasma as a surface activation
pretreatment were investigated. Surface characteristics of AA-PP were studied using attenu-
ated total reflection-Fourier transform infrared spectroscopy and scanning electron micros-
copy. Methylene blue was used as a model dye. The effects of operational parameters such
as AA-PP dosage, initial dye concentration, and pH on dye removal were evaluated. The
isotherm and kinetics of dye adsorption were also studied. The data were evaluated for
compliance with the Langmuir, Freundlich, and Temkin isotherm models. It was found that
the dye adsorption followed Freundlich isotherm. The rates of sorption were found to con-
form to pseudo-first-order kinetics with good correlation. Results indicated that AA-PP
could be used as a cheap, long-lasting, and more environmentally friendly sorbent to

remove cationic organics from contaminated water, compared to other adsorbents.
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1. Introduction

The presence of dyes and pigments in water, even
at low concentrations, is highly visible, undesirable,
and worrying for both toxicological and esthetical rea-
sons [1,2]. Colored effluents are mainly repelled from
textile companies, dye manufacturing industries, pulp
mills, tanneries, electroplating factories, and food com-
panies [2,3]. Due to complex aromatic structures,
synthetic dyes are more stable to light, heat, chemical,
and Dbiological degradation [1-3]. Several methods
including adsorption on various sorbents [3], nanofil-
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tration [4], chemical decomposition by ozonation [5],
electrocoagulation [6], photodegradation [7], microbio-
logical decoloration [8], employing activated sludge
[9], pure cultures, and microbe consortiums [10,11]
have been presented for dye removal from wastewa-
ter.

Among these processes, adsorption has several
advantages compared to other techniques in terms of
high removal efficiency, ease of operation, simplicity
of design, initial cost, and insensitivity of toxic sub-
stances [2,12]. This has made it the most economical
and effective treatment method for the removal of
dyes [13]. Several types of adsorbents have been
applied for the adsorption of dyes from aqueous solu-
tions, including polymers, biopolymers, activated
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carbon, wood, agricultural wastes, hydrogels, acti-
vated red mud, clay, etc. [3,13].

Polymeric fibers have been used as adsorbents for
removing dyes and metal ions from water or waste-
water in recent years [14,15]. They have relatively
large specific surface areas, high adsorption kinetics,
and low cost, which has made them favorable for
wastewater treatment [13].

Polypropylene fiber (PP) has outstanding proper-
ties such as chemical and physical stability, good
resistance to biodegradation, easy processability, and
low manufacturing costs. However, the lack of func-
tional sites and highly crystalline structure of PP
molecular chains have decreased its performance in
some applications [16].

This material cannot absorb either dye cations or
anions. Certain desirable properties such as improved
dyeability, water absorbency, antistatic, mechanical,
and thermal properties can be imparted to PP fibers
through grafting with different vinyl monomers.
Grafting can significantly improve the dye selectivity
and its adsorption capacity to fibers by forming reac-
tive groups on the polymer chains [17].

Graft copolymerization can be initiated using
photo irradiation, gamma rays, electron beam, ultravi-
olet light (UV), plasma treatment, or chemical initia-
tors [17,18]. Among these methods, plasma treatment
is one of the most convenient methods, due to the ease
of creation of active sites needed to initiate the graft-
ing. Also, it is an alternative environmentally friend-
lier method compared with the traditional chemical
activation which only affects the uppermost atomic
layers of a material surface without changing the bulk
properties [19-21].

Plasma is a gaseous mixture consisting of elec-
trons, equally charged ions, molecules, and atoms and
many reactions occur simultaneously in a plasma sys-
tem. Plasma treatment is employed as an effective
way to modify the surface of textile materials to
enhance properties like water absorbency, water repel-
lency, yarn spinning properties, antibacterial proper-
ties, dirt release, dyeing, shrinking, form retention, etc.
[19-25].

The plasma treatment effects on PP fibers decrease
more or less rapidly and furthermore, do not generate
a sufficient density of functional groups on the fiber
surface. So, grafting of acrylic acid (AA) on the fibers
surfaces can be considered as a strategy that leads to a
coating rich in functional groups [23].

Several studies have been done on grafting of AA
onto PP surface using plasma treatment [22]. They
generally have focused on studying the effect of pro-
cess parameters on the degree of grafting and proper-
ties of the grafted substrate [23]. In some studies, AA
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grafting has been used to immobilize bioactive com-
pounds on the surface of PP [23-25]. AA-grafted poly-
propylene nonwovens (AA-PPs) have been used to
remove cations [26] and organic pollutants from water
[27].

In this study, AA was grafted on PP nonwoven
using plasma activation. The process of AA grafting
consists of two steps: (1) oxygen plasma activation of
the PP surface; and (2) immersion of the pre-activated
substrate in an AA solution to graft poly(AA) on it.
This method has been optimized using an experimen-
tal design, varying the monomer concentration, time
of immersion, plasma power, duration of plasma treat-
ment, and grafting temperature, in order to obtain the
optimum grafting yield regarding the maximum
surface carboxylic groups content [28]. Samples were
prepared in optimal conditions. A comprehensive
attempt has been made on the studying of the adsorp-
tion of methylene blue (MB) as a model cationic dye
on the modified PP nonwoven.

2. Materials and methods
2.1. Materials

PP nonwoven with thickness of 109 um and den-
sity of 20 g/m? was obtained from a local mill. Before
plasma treatment, to remove the spin finish, all sam-
ples (5x7cm?) were washed in ethanol for 30 min at
ambient temperature, rinsed with distilled water, and
finally dried at 50°C. All chemicals used were of ana-
lytical grade and obtained from Merck.

2.2. Methods
2.2.1. Preparation of AA-PP

To produce peroxide radicals required for grafting
of AA on the surface of PP nonwoven [25,29], plasma
treatment was carried out using a low-pressure radio
frequency (13.56 MHz) equipment (model: Junior
advanced, Europlasma, Belgium). The system was
evacuated to 100 mTorr and oxygen was introduced
into the chamber at a flow rate of 20sccm (standard
cubic centimeters per minute). The chamber pressure
was subsequently maintained at 100 mTorr and
plasma was generated at 100W for 1min. Subse-
quently, air was introduced into the chamber and the
sample was removed for the grafting reaction. The
time between the plasma treatment and the beginning
of the grafting reaction was around 5 min.

Prior to enter the plasma-treated samples in the
grafting solution (30% V/V AA in water), the solution
was deaerated with nitrogen bubbling through it
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for 1h. The grafting process was carried out at 65°C
for 1h. After grafting, the residual monomers and ho-
mopolymers were removed from the surface of the
fibers by washing in boiling water for 30 min.

The grafting yield was calculated according to
Eq. (1):

G.Y% = [(Wy — Wp)/Wi] x 100 1)

where W; and W, are the weight of PP non-woven
sample before and after grafting, respectively. In this
study, the grafting yield was 35%.

2.2.2. ATR-FTIR analysis

The introduction of functional groups onto the sur-
face of PP nonwoven was confirmed by attenuated
reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) analysis using a Nicolet 670 spectrometer
with a resolution of 4cm™". An average of 40 scans
was recorded.

2.2.2.1. Scanning electron microscopy observation. The
surface morphology of raw- and AA-grafted PP non-
wovens was studied using an AIS2100 SEM (Seron
Technology, South Korea) after coating the samples
with gold.

2.2.3. Adsorption procedure

The dye adsorption measurements were conducted
in jars containing 50 mL of MB solutions with different
concentrations in contact with various amounts of
AA-PP. The solution pH was adjusted by adding a
few drops of dilute solutions of H,SO4 or NaOH. The
changes in the absorbance of all solution samples were
determined at certain time intervals during the
adsorption process. The results were verified with the
adsorption isotherms.

Jenway 6305 UV-vis spectrophotometer was
employed for absorbance measurements. The maxi-
mum wavelength (An,,) used for the determination of
residual concentration of MB in supernatant solutions
using UV-vis spectrophotometer was 662nm. A cali-
bration curve was first generated from the optical
density of MB solutions of known concentrations at
662nm measured on the same spectrophotometer.
The procedure of colorimetric analysis was done three
times for each sample and an average of three mea-
surements was recorded.

The effect of AA-PP dosages on dye removal was
investigated by contacting 50 mL of dye solution with
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initial dye concentration of 10mg/L and pH=11
using jar test at room temperature (25°C) for different
times at a constant stirring speed of 200 rpm. Different
amounts of AA-PP (0.01-0.1 g) were applied to remove
MB from water.

The effect of pH on dye removal was investigated
by contacting 50mL of dye solution with AA-PP
(0.02 g) and initial dye concentration (10 mg/L) using
jar test at room temperature (25°C) for 2 and 24 h at a
constant stirring speed of 200 rpm. Different pH val-
ues (3, 5, 7, 9, and 11) were applied to remove MB
from water.

The effect of initial dye concentration on dye
removal was investigated by contacting 50 mL of dye
solution with AA-PP (0.02 g) and pH =11 using jar test
at room temperature (25°C) for 90 min at a constant
stirring speed of 200 rpm. Different initial dye concen-
trations (2, 5, 10, and 15mg/L) were applied.

3. Results and discussion
3.1. Characterization of AA-PP

In order to investigate the surface characteristics of
AA-PP, ATR-FTIR spectra, and SEM images were
studied. Fig. 1 shows the ATR-FTIR spectra of the vir-
gin and AA-PP nonwoven. It shows the characteristic
peaks of raw PP in the region 2,800-3,000 cm™ ! (2,950,
2,915, 2,870, and 2,837 cm™ ). The peaks at 2,950 and
2,870cm™" are due to the asymmetric and symmetric
stretching vibrations of methyl group, respectively.
The peaks at 2,915 and 2,837 cm”! may be ascribed to
the -CH, asymmetric and symmetric stretching vibra-
tions, respectively. The original PP shows two distinct
peaks at 1,449 and 1,371 cm ! which are due to the
asymmetric and symmetric bending vibrations of
methyl groups, respectively. The grafting of AA
results in the appearance of new peaks. A new broad
peak has arisen between 3,000 and 3,600 cm ! due to
—OH stretching vibrations from the carboxyl groups.
The broad peak indicates the hydrogen bonding
among the carboxyl groups. The formation of the
peak at 1,700 cm ™" may be attributed to the carbonyl
stretching vibration of the carboxyl group. This con-
firms the grafting of poly(AA) chains on the fibers’
surfaces. There is another peak originating at 1,412
cm ', This peak is related to the in-plane O-H
bending vibration. The presence of a peak at 1,550
cm ™' in the grafted sample can be attributed to the
carboxylate ion [30].

Scanning electron micrographs of PP and AA-PP
are shown in Fig. 2. It is clear that AA has been
grafted on the surface of PP fibers. The surface of raw
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Fig. 1. ATR-FTIR spectra of the virgin (PP) and AA-grafted PP nonwoven (AA-PP).

PP fibers has a smooth and highly homogeneous
appearance which has turned into rough after grafting
of AA.

3.2. Effect of operational parameters on dye removal by
AA-PP

3.2.1. Effect of adsorbent dosage

The plot of dye removal (%) vs. time (min) at differ-
ent AA-PP dosages (g) is shown in Fig. 3. The initial
dye concentration decreased rapidly with the contact
time confirming strong interactions between the dye
and the functional sites on the surface of AA-PP. In
other words, the adsorption capacity increased with
contact time. Maximum dye was adsorbed from the
solution within 120 min. After that, the concentration of
dye in the liquid phase remained almost constant. In
fact, this observation indicates that adsorption is
increased instantly at initial stages due to rapid attach-
ment of dye to the surface of the AA-PP, and keeps

increasing gradually until the equilibrium is reached,
then remains constant after about 120 min. The amount
of adsorbed dye showed no significant difference when
the contact times were longer. So, 120 min was found
to be sufficient for reaching the adsorption equilibrium
for MB. These kinetic measurements showed that the
process was rapid. The process was also uniform; the
time profile of dye uptake was a single, smooth, and
continuous curve leading to saturation, suggesting the
possible monolayer coverage of dye on the surface of
the AA-PP [31].

The increase in dye adsorption with adsorbent
dosage can be attributed to increased adsorbent surface
and availability of more adsorption sites (-COOH
groups).

Regarding to our preliminary studies, no adsorp-
tion of dyes was observed on raw PP nonwoven at dif-
ferent values of pH. This confirms the role of -COOH
sites of AA-PP in the adsorption of MB.

201m

[ -

Fig. 2. Scanning electron micrographs of PP (left) and AA-PP (right).
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Fig. 3. The effect of AA-PP dosage (g) on dye removal (%) at different times (50 mL of 10 mg/L solution, pH =11, 25°C).

3.2.2. Effect of pH

The effect of pH on the adsorption of MB onto
AA-PP is shown in Fig. 4. The adsorption capacity
increases when the pH is increased from 3 to 11. Max-
imum adsorption of MB occurs at alkali pH (pH 11).
At various pH values, the electrostatic attraction as
well as the organic property and structure of dye mol-
ecules and AA-PP could play very important roles in
dye adsorption. At pH 11, a significant electrostatic
attraction forms between the negatively charged sur-
faces of the adsorbent, due to the ionization of
functional groups of adsorbent and positively charged
cationic dye (Fig. 5). As the pH of the system
decreases, the number of positively charged sites is
decreased and consequently, lower adsorption of MB
is observed.

80 -
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40 /
30 {

20 |

Dye Removal (%)

pH

Fig. 4. The effect of pH on the adsorption of MB onto
AA-PP (AA-PP=0.02g, 50mL of 10 mg/L solution at 25°C
for duration of 2 and 24 h).

3.2.3. Effect of dye concentration

The influence of varying the initial dye concentra-
tion on the adsorption of the dye was assessed.
The results are shown in Fig. 6. It is obvious that
the higher the initial dye concentration, the higher
the percentage of adsorbed dye.

The adsorbed dye onto AA-PP increases with an
increase in the initial dye concentration if the amount
of adsorbent is kept unchanged due to the increase in
the driving force of the concentration gradient with
the higher initial dye concentration. This confirmed
the strong chemical interactions between the basic dye
and AA-PP [31].

3.3. Adsorption isotherm

The adsorption isotherm expresses the relation
between the mass of the adsorbed dye at a particular
temperature, pH, particle size, and liquid phase of the
dye concentration.

The Langmuir isotherm which has been success-
fully applied to many adsorption processes can be
used to explain the adsorption of dye into adsorbent.
A basic assumption of the Langmuir theory is that
adsorption takes place at specific sites within the
adsorbent [3,32]. The Langmuir equation can be
written as follows:

ge = QoK1 C./1+ K. C, 2

where g, C, K;, and Qp are the amount of dye
adsorbed on AA-PP at equilibrium (mg/g), the
Langmuir concentration of dye solution (mg/L),
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Fig. 5. Chemical structures of (a) AA-PP, (b) MB, and (c) schematic mechanism of adsorption of a cationic dye on AA-PP.
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Fig. 6. The influence of initial dye concentration on the
adsorption of MB (AA-PP =0.02 g, 50 mL solution, pH =11,
2 °C, 90 min).

equilibrium constant (L/g), and the maximum adsorp-
tion capacity (mg/g), respectively [3,5,33].
The linear form of Langmuir equation is:

Ce/qe = 1/K1Qo + C/Qo 3

Also, Isotherm data were evaluated with Freundlich
isotherm that can be expressed by [3,32]:

Je = K}:CZ/H (4)

where Kr is adsorption capacity at unit concentration
and 1/n is adsorption intensity.

1/n values indicate the type of isotherm to be
irreversible (1/n=0), favorable (0<1/n<1), and
unfavorable (1/n>1). Eq. (3) can be rearranged to a
linear form [34]:

logg, = log Kp + (1/n) log C, 5)
The Temkin isotherm is given as:
Q. = RT/bIn(KrC,) (6)

which can be linearized as:

ge = BiInKr +B;InC, @)
where
By =RT/b ®)

Temkin isotherm contains a factor that explicitly takes
into account the interactions between the adsorbing
species and the adsorbent. This isotherm assumes that
(1) the heat of adsorption of all the molecules in the
layer decreases linearly with coverage due to adsor-
bent-adsorbate interactions, and that (2) the adsorp-
tion is characterized by a uniform distribution of
binding energies, up to some maximum binding
energy. A plot of g, vs. In C, enables the determination
of the isotherm constants B; and Ky from the slope
and the intercept, respectively. Kr is the equilibrium
binding constant (L/mol) corresponding to the
maximum binding energy and constant B; is related
to the heat of adsorption [35].

To study the applicability of the Langmuir,
Freundlich, and Temkin isotherms for the dye
adsorption onto AA-PP at different dye concentra-
tions, linear plots of C./q, against C,, log g, vs. log C,,
and g, vs. In C, are ploted and shown in Figs. 7-9,
respectively. The values of Qq, K;, K¢, 1/n, Kr, B;, and
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Fig. 10. Intraparticle diffusion (top), pseudo-first-order
(middle), and pseudo-second-order (down) models for the
MB dye adsorption onto AA-PP.

R? (correlation coefficient values of all isotherms mod-
els) are shown in Table 1.

The correlation coefficient values (R?) show that
the dye removal isotherm using AA-PP does not fol-
low the Langmuir and Temkin isotherms (Table 1).
The linear fit and calculated correlation coefficients
(R?) for Freundlich isotherm model show that the dye
removal isotherm can be approximated as Freundlich
model (Table 1). This means that the adsorption of
dyes takes place at specific heterogeneous sites and a
one-layer adsorption onto AA-PP surface [3].

Table 1

Linearized isotherm coefficients for dye adsorption onto AA-PP at different dye concentrations

Langmuir Freundlich Temkin

Qo K R? Kr 1/n R? Kr B, R?
—2.114 —0.2258 0.9083 0.238 3.136 0.9918 0.5839 22.55 0.8058
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Table 2

Linearized kinetic coefficients for dye adsorption onto AA-PP
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Intraparticle diffusion

Pseudo-first-order

Pseudo-second-order

ky

I R? k

R? ko R?

0.3272 3.2366 0.8768

0.0308

0.9908 0.0067 0.9678

3.4. Adsorption kinetic

Several models can be used to express the mecha-
nism of solute sorption onto a sorbent. In order to
investigate the mechanism of adsorption, characteristic
constants of adsorption were determined using
intraparticle diffusion, pseudo-first-order and pseudo-
second-order equations [3].

The possibility of intraparticle diffusion resistance
affecting adsorption was explored by using the
intraparticle diffusion model as:

g =kt'? +1 ©

where k, and I are the intraparticle diffusion rate con-
stant and intercept, respectively.

Values of I give an idea about the thickness of the
boundary layer, i.e. the larger the intercept, the greater
is the boundary layer effect. According to this model,
the plot of uptake should be linear if intraparticle diffu-
sion is involved in the adsorption process and if these
lines pass through the origin then intraparticle diffusion
is the rate controlling step. When the plots do not pass
through the origin, this is indicative of some degree of
boundary layer control and it shows that the intraparti-
cle diffusion is not the only rate limiting step, but also
other kinetic models may control the rate of adsorption,
all of which may be operating simultaneously.

A linear form of pseudo-first-order model is:

log(g. — q:) = log(q.) — (k1/2.303)t (10)
where g,, q;, and k; are the amount of dye adsorbed at
equilibrium (mg/g), the amount of dye adsorbed at
time t (mg/g), and is the equilibrium rate constant of
pseudo-first-order kinetics (1/min), respectively. The
linear fit between the log (3. — g,) and contact time (f)
under pH 11 can be approximated as pseudo-first-
order kinetics.

Linear form of pseudo-second-order model is illus-
trated as:

t/qr = 1/kage + (1/qe)t 1mn

where k, is the equilibrium rate constant of pseudo-
second-order (g/mgmin) [3].

To understand the applicability of the intraparticle
diffusion, pseudo-first-order and pseudo-second-order
models for the dye adsorption onto AA-PP linear plots
of g; against t'/?, log (g,~q,) vs. contact time (f) and
t/q: vs. contact time (t) are plotted (Fig. 10). The val-
ues of ky, I, ky, ka, R? (correlation coefficient values of
all kinetics models) are shown in Table 2.

The linear fit between the log (3. — ;) vs. contact
time (f) and calculated correlation coefficient (R?) for
pseudo-first-order kinetics model show that the dye
removal kinetic can be approximated as pseudo-first-
order kinetics (Table 2 and Fig. 10).

4. Conclusion

The preparation, characterization, and dye adsorp-
tion properties of AA-PP were investigated. AA-PP
was studied using FTIR and SEM. The formation of
the peak at 1,700 cm ™' confirmed the grafting of poly
(AA) chains on the fibers surfaces. The surface of AA
grafted fibers was rough compared to the smooth and
highly homogeneous appearance of raw PP fibers.
Equilibrium studies were done for the adsorption of
MB from aqueous solution onto AA-PP. The equilib-
rium data showed that adsorption of MB on AA-PP
followed Freundlich isotherm. The data indicated that
the adsorption kinetics of MB on AA-PP followed the
pseudo-first-order model. The results showed that the
AA-PP as a long-lasting and cost-effective adsorbent
with relatively large adsorption capacity and might be
a suitable alternative to remove cationic dyes from col-
ored wastewater.
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