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ABSTRACT

Polypropylene fiber-grafted polybutylmethacrylate (PP-g-PBMA), a new oil absorbent, was
prepared by suspension polymerization using butyl methacrylate as monomer, benzoyl
peroxide (BPO) as initiator, and N,N"-methylenebisacrylamide as cross-linker. The effects of
monomer concentration, initiator concentration, and cross-linker dosage on the oil absor-
bency were studied. The results revealed that the pseudo-second-order kinetics model fitted
well with the experimental results. The sorption isotherms studies indicated that the equi-
librium process was well described by the Freundlich isotherm model. The structures of
polypropylene fiber (PP) and PP-g-PBMA were characterized by Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM), N, adsorption—-desorption, con-
tact-angle (CA) measurements, and differential thermogravimetric analysis. The results of
FTIR and SEM show that PBMA was successfully grafted onto PP fiber substrate. The maxi-
mum oil sorption capacity of PP-g-PBMA for toluene, diesel, soybean oil, and lubricating oil
can reach 18.65, 25.74, 33.56, and 38.90 g/g, respectively. In order to simulate real marine
environment, the oil sorption capacities of PP-g-PBMA at different stirring speed values,
temperatures, and salinity were investigated. Furthermore, PP-g-PBMA can be reused and
recycled more than eight times. It can be concluded that PP-g-PBMA with low-cost and
high oil sorption capacity could be used for removal of oil spill.

Keywords: Polypropylene fiber; Polybutylmethacrylate; Suspension polymerization; Oil
sorption capacity; Reusability

1. Introduction

Nowadays the accidents of oil spill or organic
pollutants can cause damage to animals, human
beings, and environment which had attracted more

*Corresponding authors.

and more attention by many researchers [1-4]. The
existing methods for removal of oily wastewater
include in situ burning, mechanical extraction,
bioremediation, sorbents, etc. However, among these
existing techniques for removal of oil pollution, the
use of sorbents is generally considered to be a simple,
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efficient, and environment-friendly way because of
their rapid removal efficiency and good recycling
capability [5-7]. Oil sorbents can be classified into
three major groups: inorganic materials, natural mate-
rials, and organic synthetic polymers [8]. The inor-
ganic materials include fly ash [9,10], expanded perlite
[11,12], silica aerogels [13], etc. Natural fiber materials,
such as barley straw [14-16], populus seed fibers [17],
banana fibers [18,19], and kapok fibers [20,21], have
been investigated. Synthetic polymers, such as poly-
acrylonitrile [22] and polyurethane [23], have been
used for oil spill cleanup because of their rapid oil
sorption rate and hydrophobic properties.

In a general way, an ideal sorbent would be have
the properties of high uptake capacity, fast oil absorp-
tion rate, good buoyancy, high selectivity for oil and
water, low cost and good recycling ability [24]. An
attractive candidate for removal of oil pollution may
be the low-cost materials [25]. In this case, one of the
synthetic fibers, polypropylene (PP) fibers were low-
cost materials with the advantages of low density,
rapid sorption rate, oleophilic properties, and simply
fabrication reported by some researchers [26,27]. This
implies that PP fibers are potential oil sorbents. Fur-
thermore, base on PP fibers, some novel oil sorbents
were prepared by melt electrospinning method [28],
melt blown method [29], chemical vapor deposition
method [30], and ultraviolet method [31].

Polymerization is a simple and effective method to
graft monomers onto fiber surface. This method is
widely used by researchers [32-34]. In this study,
polypropylene fiber-grafted polybutylmethacrylate
(PP-g-PBMA) was prepared by suspension polymer-
ization using MBA as monomer, benzoyl peroxide
(BPO) as initiator and N,N-methylene-bis-acrylamide
as cross-linker. The aims of this work were to (1)
enhance the oil sorption capacity of PP fiber through
the surface modification, and (2) evaluate the effects of
preparation variables and environment conditions on
the oil absorbency of PP-g-PBMA.

2. Materials and methods
2.1. Materials

PP fiber (fiber diameter = 18-20 um, density =
0.91 g/cm® was purchased from Shanghai Ying-Jia
Industrial Development Co. Ltd, China. BMA (chemi-
cally pure) and BPO (chemically pure) were provided
by Shanghai Sinopharm Chemical Reagent Co. Ltd,
China. N,N’-methylenebisacrylamide (99%) was sup-
plied by Aladdin Chemistry Co. Ltd, Shanghai, China.
Nitrogen (the purity exceeds 99.99%) was received
from Shanghai Tomoe Gases Co. Ltd, China. All other
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chemical reagents from Shanghai Sinopharm Chemical
Reagent Co. Ltd, were of analytical grades. The proper-
ties of toluene, diesel, soybean oil, and lubricating oil
are displayed in Table 1.

All the chemical reagents were used without fur-
ther purification except for MBA and BPO. To remove
the inhibitor in the MBA, firstly, it was washed by 5%
aqueous sodium hydroxide, and then dried by anhy-
drous CaCl, for 3 h, finally the purified MBA was col-
lected by vacuum distillation. BPO was purified using
chloroform and methanol. Purified MBA and BPO
were kept in different brown bottles for further use.

2.2. Preparation of PP-g-PBMA oil sorbent

The deionized water (100 mL) was placed in a four-
necked round-bottom flask (250 mL), and then a
mechanical stirrer and a reflux condenser were fixed on
the flask. The PP fiber (1 g) was dispersed to 100 mL of
deionized water with 200 rpm agitation. Then the
reaction liquid was heated to 70°C under a flow of
nitrogen in an oil bath and maintained for 10 min.
Afterward, MBA (0.1-0.7 M), BPO (0.5-2.0 mM),
and N,N’-methylenebisacrylamide (0.1-3.0%) were
added into the flask. Here, the percentage of
N,N"-methylenebisacrylamide stands for the ratio of
cross-linker (g) to PP fiber (g). After being kept for 6 h,
the flask was withdrawn from the oil bath and the
products were taken out. The grafted PP fiber was
washed with the solvents in the following sequence for
three times: acetone, ethanol and deionized water, and
then dried in a vacuum oven at 70°C for 16 h. After
being dried, the products were extracted with toluene
(150 mL) for 48 h in a soxhlet extractor, and then thor-
oughly rinsed with 60-80°C hot deionized water and
95% ethanol. Finally, the products were dried in a vac-
uum oven at 70°C overnight and put in a desiccator.

2.3. Characterization

The Fourier transform infrared (FTIR) spectra of PP
and PP-g-PBMA were collected on a FTIR spectrometer

Table 1

Physical properties of studied oils at room temperature
Oil type Density (g/cm?) Viscosity (mm?/s)
Toluene 0.866 0.677

Diesel 0.82 6.51

Soybean oil 0.93 7.26

Lubricating oil 0.88 47-57
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(Nicolet 380, Thermo Fisher Scientific, USA) using KBr
pellets in the range of 400-4,000 cm™". The analysis of
surface morphology was performed using scanning
electron microscope (SEM, SU-1510, Hitachi Ltd,
Japan) at room temperature. For SEM study, the sam-
ples were coated with gold and images were recorded
at an accelerating voltage of 20 kV. The surface areas,
pore volumes, and pore sizes of PP and PP-g-PBMA
were measured using a surface analyzer (ASAP 2020,
Micromeritics Ltd, USA) by Brunauer-Emmett-Teller
(BET) method. The samples were degassed at 100°C in
a N, atmosphere. Contact angle (CA) measurements
were performed using drops of distilled water or die-
sel oil (5uL) at room temperature (OCA30, Data-
physics, Germany). The average value was obtained by
three measurements at different positions on the sam-
ple. Differential thermogravimetric analysis (DTG) of
PP and PP-g-PBMA was conducted under a nitrogen
atmosphere from room temperature to 600°C at a heat-
ing rate of 10°C/min (STA 499 C, Netzsch Ltd, Ger-
many).

2.4. Oil absorption capacities

A total of 0.1 g dried sample with a stainless steel
wire mesh (weighed before sorption) was added into
300-mL pure oil in a 500-mL glass beaker. After
15 min, the sample and wire mesh were removed
from the oil and held to drain for 5 min. Finally, the
oil absorbing material was weighed in a digital bal-
ance (1 x 10™* g accuracy). The oil sorption capacity of
the sample was evaluated by Eq. (1).

Q:mo_md—ma (1)

mq

where Q is oil sorption capacity of the sample (g/g);
m, and mgy are the weight of the oil-loaded sample
after 5 min of drainage (g) and the dry sample (g),
respectively; and m, is the weight of absorbed water.

The same procedure was conducted for kinetic
study. The material was picked up at different time
intervals (0, 5, 10, 20, 30, 60, 120, 180, 300, 600, 900 s).
The calculations were similarly performed. All the
experiments were repeated thrice under identical condi-
tions and the standard deviations were measured.

2.5. Effect of environment conditions on the oil absorbency

A series of experiments were performed in 500-mL
glass beaker containing 300 mL of artificial seawater
and 100 mL of oil. The artificial seawater was pre-
pared by adding sodium chloride into deionized
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water. For example, 30 g of sodium chloride was dis-
persed into 970 mL of water, and then 30% of artificial
seawater can be obtained. In order to evaluate the
effect of stirring speed on oil uptake, 0.1 g of sample
was added into the mixture (salinity 30%) for 15 min
at 25°C, the oil sorption capacities were obtained at
different stirring speed (0, 24, 48, 96, 144, and
192 rpm). In order to investigate the effect of seawater
temperature on oil sorption capacity, 0.1 g of sample
was added into the mixture (salinity 30%) for 15 min
with a constant speed of 96 rpm at different tempera-
ture levels (5, 15, 25, 35, and 45°C). In order to exam-
ine the effect of salinity on the oil absorbency, and
100 mL of oil, 0.1 g of sample was added into the mix-
ture with different salinity (0, 10, 20, 30, and 40%) for
15 min with a constant speed of 96 rpm at 25°C.

2.6. Test of reusability

Reusability test was performed in oil/water mix-
ture for 15 min at room temperature by adding 0.1 g
of dried sample with a stainless steel wire mesh into
500-mL glass beaker containing 300 mL of water and
100 mL of oil. After the first sorption test, the oil-satu-
rated sample was removed from the mesh and the oil
was recovered by the help of a vacuum pump. Then
the sample was measured and reused in the next
adsorption—desorption test. The above method was
applied for eight cycles and the oil absorbency of the
material after each cycle was obtained.

3. Results and discussion
3.1. Effects of preparation parameters on the oil absorbency
3.1.1. Effect of monomer concentration

The changes of the oil sorption capacity with the
monomer concentration are shown in Fig. 1(a). The oil
sorption capacity is the maximum at the monomer
concentration of 0.5 M. The oil sorption capacity for
diesel gradually increases when the monomer concen-
trations increase from 0.1 to 0.5 M. However, further
increasing the monomer concentration will lead to
decrease in oil absorbency. This may be due to the fact
that an excess of monomer cannot be initiated and
the graft polymerization reaction will be inhibited by
the self-polymerization of excess monomer [31,32].
The results suggest that monomer concentration has
an important influence on the oil absorbency.

3.1.2. Effect of initiator concentration

The effect of initiator concentration on oil sorption
capacity is shown in Fig. 1(b). As depicted in Fig. 1(b),
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Fig. 1. Effect of different variables on oil sorption capacity.
(a) Monomer concentration (initiator concentration:
2.0 mM, cross-linker dosage: 0.5%), (b) initiator concentra-
tion (monomer concentration: 0.5M, cross-linker dosage:
0.5%), and (c) cross-linker dosage (monomer concentration:
0.5 M, initiator concentration: 2.0 mM).

the oil sorption capacity continuously increases with
the initiator concentration ranging from 0.5 to 2.0 mM,
then decrease with further increase in the initiator
concentration. The oil sorption capacity can reach
25.74 g/g at 2.0 mM initiator concentration. Previous
study demonstrated that the initiator concentration
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played an important role on the size of polymer
chains because it can affect the properties of oil-
absorbent by generating free radical [35]. It is difficult
to generate sufficient free radical to initiate more
active sites on monomer molecule under the lower ini-
tiator concentration. The formation of polymer chains
may be affected. On the contrary, the higher concen-
tration of initiator would accelerate the termination of
graft polymerization reaction, which led to the
decrease in the polymer chains in the network.

3.1.3. Effect of cross-linker dosage

To understand the effect of cross-linker dosage on
oil sorption capacity for diesel, batch experiments
were conducted at different cross-linker levels (0.1,
0.5, 1.0, 1.5, 2.0, 2.5, and 3.0%). With the increase in
cross-linker dosages, oil sorption capacity firstly
increases and then significantly decreases with cross-
linker dosage increasing from 1.0 to 3.0%, as illus-
trated in Fig. 1(c). Cross-linking density is also an
important factor for improving oil sorption capacity of
material [35]. An appropriate cross-linker dosage can
generate a good three-dimensional network, which is
favorable for retaining oil. However, the network
generating with low-cross-linker dosage is easy to col-
lapse, which results in the lower oil absorbency. In
addition, an excess of cross-linker is unfavorable for
holding oil because the three-dimensional network is
more compact.

3.2. Characterization
3.2.1. FTIR spectra analysis

The FTIR spectra of PP and PP-g-PBMA are dis-
played in Fig. 2. Firstly, an increase in the intensity of
the absorption peaks can be found around 2,965, 1,459
and 1,376 Cmfl, which are ascribed to C-H stretching
vibration in CHj;, C-H bending vibration in CH, and
CH3, respectively. A new absorption peak appears at
1,720 cm™" corresponding to stretching vibration of
carbonyl group (C=0) in PP-g-PBMA, suggesting that
PMBA had been successfully grafted onto the surface
of PP.

3.2.2. SEM analysis

SEM images of PP and PP-g-PBMA are shown in
Fig. 3. From Fig. 3(a) and (b), it can be seen that PP
shows a smooth surface and tubular structure. The
smooth surface is unfavorable for holding oil. In com-
parison, an undulant and corrugated structure can be
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Fig. 2. FTIR spectra of (a) PP and (b) PP-g-PBMA.

seen on the images of PP-g-PBMA (Fig. 3(c) and (d)),
which facilitates the penetration of oil. There is
rougher surface on PP-g-PBMA than PP (Fig. 3(c) and
(d)). The rougher surface increases the surface area of
the material, which can prevent absorbed oil escaping
from the surface. Thus, the oil sorption capacity of the
material was improved.
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3.2.3. BET analysis

Nitrogen sorption measurements were performed to
further investigate the pore parameter of the
adsorbents. The surface areas, pore volumes, and pore
sizes of PP and PP-g-PBMA were measured by N,
adsorption—desorption isotherms. Nitrogen adsorption—
desorption isotherms of PP and PP-g-PBMA are shown
in Fig. 4. In accordance with the IUPAC classification,
the adsorbents showed a typical type II adsorption—
desorption isotherm, indicating the presence of meso-
pores (2-50 nm pore width) [36]. As shown in Table 2,
the surface areas of PP and PP-g-PBMA were 1.58 and
6.15 m?/g, respectively. The pore sizes of PP and PP-g-
PBMA were 0.37 and 2.83 nm, respectively. The results
indicated that the modification with PBMA could
increase the surface area and pore volume of PP. This
may be that graft polymerization induced the highest
specific surface area coupled with hydrophobicity and
surface roughness. In order to investigate the wettabil-
ity of PP and PP-g-PBMA, the CA measurements were
carried out for further observation.

3.2.4. CA measurements

CA measurements for distilled water and diesel oil
droplets on dry samples at room temperature are

Fig. 3. SEM images of PP at (a) low magnification (200x) and (b) high magnification (500x), PP-g-PBMA at (c) low

magnification (200x) and (d) high magnification (500x).
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Fig. 4. Nitrogen adsorption-desorption isotherms of PP
and PP-g-PBMA.

shown in Fig. 5. As depicted in Fig. 5(a), the water
contact angle of PP was only 90.3°, while the CA of
PP-g-PBMA could reach 123.9° (Fig. 5(b)), and the
water droplet of PP-g-PBMA kept the spherical shape
until it dried. Moreover, an oil droplet could immedi-
ately spread on the surface of PP-g-PBMA and rapidly
penetrate into the sorbent in less than 1s, and the oil
contact angle was 0° (Fig. 3(c-e)), showing hydropho-
bic and oleophilic characteristics. Generally, roughness
and low surface energy contributed to the superhy-

Table 2
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drophobicity [37]. So the surface roughness of PP
increased by graft polymerization method.

3.2.5. DTG analysis

The thermal stabilities of PP and PP-g-PBMA were
investigated by DTG from room temperature to 600°C.
The DTG curves of PP and PP-g-PBMA were
presented in Fig. 6. As illustrated in Fig. 6, an obvious
mass loss was detected at the temperature of
400-500°C (about 450°C), and this significant loss may
be attributed to decomposition of polypropylene fiber
matrix. Gwon et al. reported that PP is completely
degraded before the temperature reaching around
460°C [38]. The TGA curve of PP-g-PBMA was similar
to the TGA curve of PP fiber. The mass loss in the
temperature range of 390—410°C was slight larger due
to decomposition of butyl methacrylate (BMA) chain.
The results indicated that graft polymerization had no
significant effect on the decomposition temperature of
the polypropylene matrix.

3.3. Oil adsorption experiments

3.3.1. Comparison of PP and PP-g-PBMA in different
oils

The oil sorption capacities of PP and PP-g-PBMA
for toluene, diesel, soybean oil, and lubricating oil are

BET surface areas, pore volumes, and pore sizes of PP and PP-g-PBMA

Sample BET surface area (m?/g) Pore volume (cm®/g) Pore size (nm)
PP 1.58 0.0011 0.37
PP-g-PBMA 6.15 0.0127 2.83

(a)

(C) 0Os

| CA=90.3° (b) CA=123.9¢

0.68s

Fig. 5. CA measurements of a water drop on the surface of (a) PP, and (b) PP-g-PBMA. Time-dependent images of diesel
oil droplets (c—e) absorbed by PP-g-PBMA at room temperature.
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Fig. 7. Oil sorption capacity of PP and PP-g-PBMA in dif-
ferent kinds of oils.

illustrated in Fig. 7. The oil sorption capacity of PP for
toluene, diesel, soybean oil, and lubricating oil is
10.36, 11.43, 15.93, and 22.32 g/g, respectively. By con-
trast, the oil sorption capacity of PP-g-PBMA for
above four oils can reach 18.65, 25.74, 33.56, and
38.90 g/g, respectively. This result indicates that oil

W. Chai et al. | Desalination and Water Treatment 57 (2016) 18560-18571

sorption capacities of PP-g-PBMA are significantly
improved by surface modification. After surface modi-
fication, the fibers become rough and the rough sur-
face is beneficial for retaining oil. In comparison, the
absorbed oil can easily escape from the smooth sur-
face of PP. Besides, the as-prepared PP-g-PBMA
shows higher toluene absorbency than other oil-
absorbing polymers previously published (Table 3),
which indicates that PP-g-PBMA used for removing
oil is more efficient and effective.

3.3.2. Adsorption kinetic

Adsorption kinetic study is one of important
characteristics for depicting the sorption rate. Rapid
oil sorption rate will be more attractive for removal of
actual oil spill. Effects of contact time on the oil absor-
bency of PP-g-PBMA for three oils are displayed in
Fig. 8. It can be observed that PP-g-PBMA shows a
fast adsorption rate for three types of oils during the
initial 20 s, and the saturated oil adsorption capacity
can be reached within 5 min. The oil sorption capacity
of lubricating oil for PP-g-PBMA is much higher than
those of diesel and soybean oil. This may be attributed
to the high viscosity of lubricating oil. The high vis-
cosity can enhance the adherence of oil onto the sor-
bent surface, leading to an increase in oil sorption
capacity [41]. In addition, the sorption capacities for
diesel, soybean oil, and lubricating oil are in agree-
ment with the trends of oil viscosity.

In order to determine relevant parameters, batch
kinetic data obtained were processed in conjunction
with appropriate models mentioned in the literature
[42]. In this connection, both the pseudo-first-order
and the pseudo-second-order adsorption kinetic mod-
els are presented in the following. The pseudo-first-
order adsorption kinetics can be described as:

d
d_lz =ki(ge — q¢) 2

where g, is the equilibrium amount of adsorbed con-
taminant (g) per unit mass (g) of the adsorbent, g; is

Table 3

Comparison of toluene absorbency from this work and other polymers

Oil-absorbing polymers Toluene absorbency (g/g) Refs.
Polybutylmethacrylate/kapok fiber 14.6 [32]
Poly(methyl methacrylate-butyl methacrylate) resins 17.6 [39]
Commercial polypropylene Methacrylate-lauryl methacrylate fiber 15 [40]
PP-g-PBMA 18.7 This work




W. Chai et al. | Desalination and Water Treatment 57 (2016) 18560-18571 18567

Oil sorption capacity (g/g)

10k - -® - Diesel

—@— Soybean oil
5 —aA— Lubricating oil
0 0 3 6 9 12 15

Time (min)

Fig. 8. Adsorption kinetic curves of PP-g-PBMA for diesel,
soybean oil, and lubricating oil.

adsorbed amount at any time f, and k; is the first-
order rate constant (1/min). Integrating the above
equation with the limit g = 0 at time t = 0 gives:

T —— 3)
e

Eq. (3) can also be rewritten as:

In(qe — q1) = —kat +1In ge )

It is clear from Eq. (4) that a plot of In (g. — ;) vs. time
yields a straight line of slope —k; and the y-intercept
as In (go).

On the other hand, the pseudo-second-order
adsorption kinetics is represented as:

d
4o

Here, k, is the pseudo-second-order rate constant
(g adsorbent per g contaminant per min). The integra-
tion of Eq. (5) with the limit 4 = 0 at time ¢ = 0 gives:

— — = —kot (6)

Rearrangement of the above equation yields:

t t 1
P, + [y )
Therefore, a plot of (t/g,) vs. time yields a straight line
with the slope of (1/4.) and the y-intercept of (kyg?)™".
The results of R” represent the fitting correlation
coefficient obtained from the models of diesel, soybean
oil, and lubricating oil, respectively, as shown in
Table 4. Also, Table 4 presents the other relevant
parameters of sorption. From Table 4, it can be seen
that the fitting results for the pseudo-second-order
kinetic equation are superior to the pseudo-first-order
kinetic equation in describing the adsorption of oil/
water mixture for PP and PP-g-PBMA. So the sorption
can be described as chemisorption [43].

3.4. Equilibrium sorption isotherms

It is very practical for equilibrium adsorption iso-
therm studies which can describe the adsorption
properties of sorbents. Batch isotherm experiments
were conducted in oil/water mixture at different tem-
perature (20, 25, and 30°C). The concentrations of

Table 4
Kinetic parameters of pseudo-first-order models and pseudo-second-order models on PP and PP-g-PBMA
Sample Oil type Kinetics R? Je Rate constant
PP Diesel First-order 0.9254 0.68 0.0039
Second-order 0.9998 11.21 0.0403
Soybean oil First-order 0.8156 3.88 0.0037
Second-order 0.9996 15.80 0.0272
Lubricating oil First-order 0.9587 9.35 0.0069
Second-order 0.9999 22.05 0.0517
PP-g-PBMA Diesel First-order 0.9158 5.87 0.0026
Second-order 0.9995 25.08 0.0208
Soybean oil First-order 0.9265 6.72 0.0086
Second-order 1.0000 33.21 0.0358
Lubricating oil First-order 0.9352 10.06 0.0057
Second-order 0.9989 38.66 0.0086
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diesel oil used varied from 0.02 to 0.12 g/mL of water
at 150 rpm.

In this study, two models were applied for the
equilibrium data of PP-g-PBMA: Langmuir and
Freundlich isotherms. Langmuir adsorption model
[44] assumes that adsorption occurs at specific
homogeneous adsorption sites within the adsorbent
and intermolecular forces decrease rapidly with the
distance from the adsorption surface. The model fur-
ther based on the assumption that all the adsorption
sites are energetically identical and adsorption occurs
on a structurally homogeneous adsorbent. Langmuir
model which has been successfully applied to many
sorption processes is:

- qObCe
A ETeh ®)

The linear form of Langmuir isotherm is expressed as:

1 1 1

—=—
de g0 bgoCe

)

wherein g, is amount of diesel sorbed at equilibrium
per unit mass of sorbent (mg/g) and C, is the equilib-
rium concentration of diesel in solution (mg/L). The
constant gy signifies the maximum sorption capacity
(mg/g) and b is related with the energy of the
adsoprtion (L/mg). The essential characteristics of
Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor R; that is
given by Eq. (10) [45]:

_ 1
T 145G

Ry (10)

wherein C, is the highest initial concentration of sor-
bate (mg/L), and b (L/mg) is the Langmuir constant.
The value of Ry, indicates the type of the isotherm to
be either unfavorable (Ry > 1), linear (R =1), favor-
able (0 < R, < 1), or irreversible (Ry = 0).

The Freundlich isotherm is an empirical equation
employed to describe heterogeneous systems. The
Freundlich equation is expressed as:

1
Je = KFC’é (11)
wherein Kr and n are the Freundlich constants with n
giving an indication of how favorable the adsorption
process is. The magnitude of the exponent, 1/n, gives
an indication of the favorability of adsorption. Values
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of n > 1 represent favorable adsorption condition [46].
Eq. (12) may be written in the logarithmic form as:

In g = In K¢ + %In Ce. (12)

The isotherm constants for all the isotherms studied,
and the correlation coefficient, R* with the experimen-
tal data are listed in Table 5. In view of the values of
linear regression coefficients and the oil sorption
capacity in Table 5, Freundlich models exhibited better
fit to the sorption data of PP-g-PBMA than Langmuir
models in the studied initial concentration range.

3.5. Effect of environment conditions on the oil sorption
capability

3.5.1. Stirring speed

Stirring speed is an important factor for oil
removal from water surface. The stormy waves in dif-
ferent locations are not the same. In order to simulate
the size of stormy waves, different stirring speed val-
ues are chosen to investigate the oil absorbency by
PP-g-PBMA. The oil sorption capacities of PP-g-PBMA
for diesel, soybean oil, and lubricating oil at different
stirring speed values are shown in Fig. 9(a). The oil
sorption capacity increases with the stirring speed
increasing from 0 to 96 rpm, but significantly decrease
with further increase in the stirring speed. In oil/
water mixture, the maximum sorption capacities of
PP-g-PBMA for diesel, soybean oil, and lubricating oil
can reach 25.09, 3246, and 37.70g/g at 96 rpm,
respectively. When the stirring speed was too low, the
oil molecules cannot be fully contacted with sorbent.
As a result, the oil sorption capacity was not so
encouraging. Increasing the stirring speed would be
beneficial for the sorption process because Brownian
motion accelerated and more oil molecules were
attached the surface of sorbent. However, the higher
stirring speed was unfavorable for sorption that too
fast movement of oil molecules may be decrease the

Table 5

Parameters of Langmuir and Freundlich model constants
and correlation coefficients for sorption of diesel with
PP-g-PBMA

T (O Freundlich Langmuir

R? n K R? qo b
20 0.9211 0.2891 14.9899 0.7949 26.0417 0.0207
25 0.9446 0.2832 13.3690 0.8848 24.2718 0.0286
30 0.9210 0.3071 11.1867 0.8408 21.6920 0.0386
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Fig. 9. Effect of (a) stirring speed, (b) environment tem-
perature, and (c) seawater salinity on oil sorption capacity
by PP-g-PBMA.

chance that was absorbed by the material. Therefore,
if the stormy waves were too large, this will be an
adverse impact on the adsorption. The optimum
stirring speed (96 rpm) was used for following
experiments.

3.5.2. Environment temperature

Environment temperature is also an important fac-
tor which had been investigated by some researchers
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[47-49] because accidental oil pollution may occur in
different seasons. Fig. 9(b) shows the influence of the
environment temperature on the oil sorption capacity
by PP-g-PBMA. With temperature increasing from 5 to
45°C, the oil sorption capacity gradually decreases.
Therefore, high temperature is unfavorable for oil
sorption and sorption process may be exothermic.
High temperature can accelerate the movement of oil
molecules. High temperature can also lead to a
decrease in oil viscosity. Low viscosity made the oil
harder to adhere to the fiber surface [50], resulting in
the decrease in oil sorption capacity.

3.5.3. Seawater salinity

The salinity in deep sea, coast, and river is dif-
ferent. In the estuary sea area near the river, the salin-
ity is sharply decreased. In general, the water salinity
in deep sea can reach 35%. In this study, the maxi-
mum salinity was chosen as 40%. Effect of the salinity
on the oil sorption capacity is displayed in Fig. 9(c). It
can be observed that salinity has a negligible impact
on the oil sorption capacity which slightly increases
with the salinity increasing from 0 to 30%. For
instance, the sorption capacities of PP-g-PBMA for die-
sel at 0, 10, 20, 30, and 40% salinity can reach 24.65,
24.94, 25.26, 25.70, and 25.07 g/g, respectively. The
results suggest that there is no significant difference
on sorption in deionized water and artificial seawater,
which are similar with the results reported by Radetic
et al. [51].

3.6. Reusability

Reusability is also an important indicator for eval-
uating the ability of oil-absorbing material to recover
the absorbed oil. Good recycling performance of oil-
absorbing material can reduce the cost of oil pollution
treatment. The oil sorption capacity of PP-g-PBMA for
three oils after eight sorption—-desorption cycles are
illustrated in Fig. 10. It can be seen that the oil sorp-
tion capacity continuously decreases during eight
cycles. After four sorption/desorption cycles, the sorp-
tion capacity for soybean oil and lubricating oil
decrease sharply. This phenomenon can be explained
that the polymer structure may be destroyed and
some fibers are collapsed during the vacuum process.
After eight cycles, the losses in oil sorption capacity
for diesel, soybean oil, and lubricating oil are 25.56,
36.42, and 33.11%, respectively. In addition, after eight
cycles, the resulting PP-g-PBMA still exhibits better oil
sorption capacity than PP for three oils. The results
indicate that PP-g-PBMA shows excellent reusability
capability.
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4. Conclusions

In this study, PP-g-PBMA had been successfully
prepared by suspension polymerization. The optimum
preparation conditions were as follows: monomer con-
centration of 0.5 M, initiator concentration of 2.0 mM,
and cross-linker dosage of 0.5%. The maximum sorp-
tion capacity of PP-g-PBMA for toluene, diesel, soy-
bean oil, and lubricating oil can reach 18.65, 25.74,
33.56, and 38.90 g/g, respectively. The adsorption pro-
cess was very fast. The oil absorbency was signifi-
cantly influenced by stirring speed among
environment conditions. In addition, PP-g-PBMA
exhibited excellent reusability capability. The results
suggested that PP-g-PBMA could be a candidate for
the cleanup of spilled oil.
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