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Abstract
For the first time, a potential co-polymer for oil spill cleanup has been successfully synthesized by the graft co-poly-

merization of butyl acrylate (BA) onto cellulose from disposable diaper (DD) using 2,2’-azobisisobutyronitrile (AIBN) as

initiator in the presence of cross-linkers divinyl benzene (DVB) or methylene bisacrylamide (MBA). The copolymeric

synthesis has been controlled by the concentration of monomer BA and AIBN, reaction time, temperature. The highest

graft yield (GY) of 41.50% is obtained with the optimal condition: CAIBN = 0.04 mol/L, CBA = 1.50 mol/L, 180 min at

75 �C. The structure of co-polymer DD-g-poly(BA) is characterized by the FT-IR (Fourier transform infrared spec-

troscopy), SEM (scanning electron microscopy), XRD (X-ray diffraction), TGA (thermogravimetric analysis), and BET

surface area analysis. In the presence of the better cross-linker DVB (1.5%) and contact time of about 25 min, the maximal

OSC (oil sorption capacity) of co-polymer toward crude and vegetable oils is 23.56 and 25.63 g/g, respectively. The OSC is

reduced when sorbent dosage increased, but it increases with increasing the temperature and reaches maximum at 40 �C.
The reusability of this co-polymer is characteristic of seven sorption/desorption cycles. Importantly, the Langmuir

monolayer, chemisorption, and pseudo-second-order model are likely the best approaches to describe absorption kinetics of

DD-g-poly(BA).
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1 Introduction

Crude oil is one of the most essential energy sources. For a

long time, it has been utilized as main materials for

transportation vehicles, and the production of various

products. In the modern industrial world, there has been an

increase in the demand for oil. The oil spills, on the other

hand, will occur during the production, transportation, and

storage, on the one hand, have directly affected to aquatic

life, local economy, tourism, and recreational activities. Oil

sorbents can be divided into synthetic and natural cate-

gories. Synthetic materials are the most prevalent products

used for oil sorbents. However, they are non-biodegradable

and quite expensive. Therefore, the search for oil sorbents

from natural resources has drawn much interest to

scientists.

DD was used once, and then discarded without being

recycled (Sotelo-Navarro et al. 2017; Frency et al. 2013).

DD trashes account for 3.5 million tons (2–7%) of total

municipal solid waste, which is reasonable for environ-

mental pollution (Umberto et al. 2016; Ching Khoo et al.

2019). As far as we know, the combustion of DDs and

other solid trashes have possibly generated various haz-

ardous gases, such as NO2, SO2, HCl, dioxins, CO2, and

ash (Joan et al. 2013; Khandelwal et al. 2019; Mendoza

et al. 2019a, 2019b). DDs can endure up to 500 years

because of the inclusion of synthetic polymers (Mohamad

et al. 2017).
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Graft copolymerization is a synthetic process that

demonstrates the covalent bonding of side chains to the

polymeric backbone. By this, it would improve the bene-

ficial physical and/or chemical properties of copolymers.

Most of cellulosic graft copolymerization reactions are

ruled by radical reactive mechanism, in which vinyl

derivatives and AIBN have been used as the respective

monomers and initiators (David and Samuel 2001).

Hydrophobic monomer BA, among vinyl monomers, is

appropriate for naturally synthesized copolymers because it

promotes swelling behavior and product sorption efficiency

(Vijay et al. 2013a). It should be noted that the addition of

the cross-linkers to grafting procedures, such as DVB and

MBA derivatives, has a direct impact on the oil sorption of

co-polymers (Hua et al. 2013).

Many attempts are now being performed to utilize DD

trashes. Energy pellets, anode material for lithium-ion

batteries, concrete admixture, catalysts, soil amendment,

and mushroom cultured substrates were among non-diaper

goods created from DDs (Jee et al. 2021). The current

research is established to synthesize a novel oil sorbent by

grafting copolymerization of monomeric BA onto the cel-

lulosic backbone of the DP material, using initiator AIBN,

as well as the presence of cross-linkers DVB or MBA

(Fig. 1). The FT-IR, SEM, XRD, TGA, and BET surface

area analysis have been used to characterize the graft co-

polymer DD-g-poly(BA). Absorption capacity on both

vegetable and crude oils, as well as reusability of the

synthesized product were studied and evaluated.

2 Materials and Methods

2.1 Devices and Chemicals

The Nicolet iS50 FT-IR spectrometer (4000–400 cm-1)

was used to record the IR spectra. The samples were mixed

with dried KBr powder. The SNE-3200M scanning elec-

tron microscope was used to view morphological illustra-

tion, while the ARL EQUINOX 100 X-ray diffractometer

was applied to the X-ray diffraction study with scanning

range from 5� to 50�. Thermogravimetric data were

obtained by the SDTGA 6000A thermal analyzer. BET

surface area was measured from nitrogen adsorption/des-

orption at 77 K using the Micromeritics� TriStar II Plus.

All samples were analyzed in air, heating rate 10�/min

from room temperature to 800 �C.
All chemicals, consisting of BA, DVB, MBA, CH3-

COOH, CH3COCH3, HNO3, EtOH, and N,N-dimethyl

formamide (DMF), were supplied by Sigma-Aldrich.

2.2 Cellulosic Extraction

The method is carried out following previous report with

few modifications (Trilokesh et al. 2021). Briefly, the dis-

posable diaper was washed several times by water, and

dried overnight at 60�C. The swelling SAP (Super Absor-

bent Polymer) was physically removed. The remaining

diaper was then decreased in the size of 0.5 9 0.5 cm. This

milled diaper (3.0 g) was added to 60 mL of CH3COOH

Fig. 1 Synthetic procedure of co-polymer DD-g-poly(BA) from raw material DD and its crude oil absorption illustration
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(82%) and HNO3 (72%) mixture (1:20 w/v), with the rate

of HNO3 to CH3COOH being 1:10 (v/v). For 20 min, the

acid suspension was maintained in a hot air oven at 120 �C.
The suspension was then filtered using vacuum with a 0.20

lm pore size filter membrane, and the cellulose filter cake

was collected. To eliminate the excess acids, the obtained

cellulose was repeatedly rinsed with distilled water, and

then with EtOH. The washing process was repeated until

the cellulose was completely white.

2.3 Synthesis

The synthetic procedure was carried out following previous

reports with a few modifications (Nguyen et al. 2021a;

Qinhui et al. 2013; Saisai et al. 2019). The reaction was

performed in nitrogenous medium in 200-mL bottom flask

aided by a condenser. 0.6 g of DD (a1) was soaked and

stirred in DMF (15 mL) for 4.5 h. The pre-calculated

amounts of monomeric BA, and cross-linked agent DVB or

MBA were then added. The reaction temperature was

regulated from 70 to 90 �C. The pre-calculated amount of

AIBN was continued to add. The graft product BD-g-

poly(BA) was mixed with EtOH (220 mL) for precipitation

after the required reaction duration. To remove the

homopolymer, it was then washed with EtOH (150 mL).

Lastly, the co-polymer was dried to a constant weight a2
under vacuum at 55 �C (Fig. 1). In the same model, the

product after being precipitated in EtOH was extracted

with CH3COCH3 (100 mL) using a Soxhlet apparatus in 18

h to discard the homo-polymer. The copolymer was then

chopped into small pieces, and dried under vacuum at

55 �C to a constant weight (a3).

The graft yield (GY) was denoted as Eq. 1:

GY ð%Þ ¼ ða2�a1Þ=a1 � 100 ð1Þ

The gel fraction (GF) was ruled by the following Eq. 2:

GF ð%Þ ¼ a3
a2

� 100 ð2Þ

2.4 Preparation of Test Oils

Crude oil was supplied by Vietnam Petroleum Institute,

whereas vegetable oil was derived from Tuong An

Vegetable Oil Joint Stock Company. Densities of the oils

were measured using a gravimetric method. The surface

tension and density of the liquids were measured using

Laryee JYW-200A Tensiometer. The viscosity of the oil

was measured using Brookfield viscometer. The properties

of crude and vegetable oils used in this study are given in

Table 1. These two oils were used without modification.

2.5 Batch Oil Sorption and Reusability
Measurements

Two different types of oil, including vegetable and crude

oils, were employed to evaluate the oil sorption behavior of

sorbent (co-polymer) (Yue et al. 2014; Nguyen et al.

2022a, b, ASTM D1533-00 2005). In a 150-mL conical

flask, a known weight of vegetable oil or crude oil was

combined with 150 mL of synthetic seawater (35 g of NaCl

in 1000 mL distilled water) for 10 min at 150 rpm over a

magnetic stirrer. The agitation can cause the oil to rise to

the water’s surface, forming an oil coating. Co-polymer

(0.1–0.5 g) was placed in the oil/water mixture for 0–35

min at 25–55 �C while being agitated. The sample was

then taken out of the flask using a mesh screen, drained for

1 min, and weighed.

The oil sorption capacity (OSC) is calculated by

weighing the samples before and after the absorption, and

followed by Eq. 3:

OSC ¼ ðRT�RW�RAÞ=RA ð3Þ

where RT stands for the total weight (g) of the oil ? wa-

ter ? dry sorbent, RA represents the weight of dry sorbent

(g), and RW denotes the weight of absorbed water (g). The

amount of absorbed water is calculated via the extraction

isolation using solvent n-hexane.

Regarding reusability: Oil-loaded co-polymer was put

into a sand core funnel, and filtrated for 10 min using a

vacuum pump (Wang et al. 2013). The resultant co-poly-

mer was weighted to collect the mass of remnant oil. The

action was repeated. However, a certain amount of oil

could be adsorbed on the surface of co-polymer. The oil

sorption capacity and oil recovery efficiency after seven

sorption/desorption cycles was evaluated (Wang et al.

2013; Nguyen et al. 2021a, 2021b; Viju et al. 2019).

3 Results and Discussion

3.1 Effect of Reaction Time

The GY grows with reaction time in general, peaking at

180 min (Fig. 2). Beyond 180 min, the GY rate remains

Table 1 Physical properties of

used oils
No Density (g/cm3) Viscosity (MPa s) Surface tension (cN cm-1)

Vegetable oil 0.85 38.56 2.4 9 10-2

Crude oil 0.93 175.2 3.2 9 10-2
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constant. The high concentration of BA and the great

number of grafting sites in cellulosic backbone can be seen

as a main cause for an increase in the GY percent in the

early stage of reaction (Nguyen et al. 2022a). However,

homo-polymeric reactions among monomeric BAs might

be greater over co-polymeric reactions when the reaction

time is longed (Nguyen et al. 2022b). As a result, a reaction

time of 180 min might be considered the ideal setting for

maximizing the GY (Fig. 3).

3.2 Effect of Temperature

The GY increases as the reaction temperature rises from 65

to 90 �C, peaking at 41.50% at 75 �C. Beyond 75 �C,
however, the GY is observed to be reduced. As the reaction

temperature rose in the first stage (65–75 �C), the diffusion
of monomer and initiator to the cellulosic backbone and

their interactions with cellulosic macro-radicals are accel-

erated (Khullar et al. 2008). However, as the reaction

temperature is increased (75–90 �C), the GY decreases,

which is most likely owing to the production of an unsta-

ble complex by the initiator, and the dominance of the

termination processes (Khullar et al. 2008).

3.3 Effect of Monomer Concentration

Figure 4 shows the effect of CBA on the GY. The GY

grows up from the lowest value of 27.0% at CBA = 0.50

mol/L, and reaches the highest value of 41.50% at CBA-

= 1.5 mol/L. However, further increase in CBA from 1.5 to

2.0 mol/L results in a decrease in the GY. This trend can be

explained by the fact that a great amount of radicals

reaches cellulosic backbone at first stage, causing the

grafting to grow (Khullar et al. 2008). However, as the

monomer concentration rises, homo-polymerization takes

precedence over graft co-polymerization, resulting in the

lower GY. The availability of CBA around cellulosic

macro-radicals, which is a prerequisite for graft initiation

and propagation, thereby increasing the GY. Because cel-

lulosic macro-radicals are generally static, BA molecule

must be in close proximity for grafting to occur. As a

result, the creation of lengthy chains can be blamed for the

increase in the GY (Khullar et al. 2008).
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Fig. 2 Effect of reaction time on the GY. CBA = 1.50 mol/L,

CAIBN = 0.04 mol/L, and reaction temperature = 75 �C
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Fig. 3 Effect of temperature on the GY. CAIBN = 0.04 mol/L,

CBA = 1.50 mol/L, and reaction time = 180 min
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Fig. 4 Effect of monomer concentration on the GY. CAIBN = 0.04

mol/L, reaction time = 180 min, and reaction temperature = 75 �C
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Fig. 5 Effect of initiator concentration on the GY. CBA = 1.50 mol/L,

reaction time = 180 min, and reaction temperature = 75 �C
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3.4 Effect of Initiator Concentration

The effect of CAIBN on the GY has shown in Fig. 5 when

CAIBN changed from 0.02 to 0.1 mol/L. When CAIBN

increased from 0.02 to 0.04 mol/L, the GY correspondingly

increased and accounted for the maximal 41.50%, similar

to the other experimental parameters. The GY steadily

decreases when CAIBN rises over 0.04 mol/L. AIBN, at a

concentration of 0.02–0.04 mol/L, has been shown to be an

important factor in the production of free methylene radi-

cals in poly(BA) and free hydroxyl radicals in cellulosic

macromolecule (Ayman et al. 2011; Alper and Nuran

2016). Nonetheless, increasing the concentration of the

initiator AIBN beyond 0.04 mol/L reduces the graft pro-

cess, because homo-polymeric interactions of BA pro-

moted the viscosity of the reaction system (Ayman et al.

2011; Alper and Nuran 2016).

3.5 Effect of Cross-Link Agent Content
on the Gel Fraction and Oil Sorption Capacity

Two well-known cross-linkers DVB and MBA in co-

polymers are very useful, in which they not only establish

three-dimensional structure of materials, but also are

mechanically robust, resistant to heat, wear, and solvent

assault. The great value of these cross-linkers may due to

the flexibility of terminal methylene groups in radical

reactions (Prasetya et al. 2020; Atmanto et al. 2017). Under

the above optimal conditions for the graft synthesis, in this

scenario, we compare the effect of crosslinking agent rate

and best type for the best GF and OSC values of DD-g-

poly(BA). To do this, we created a variety of graft co-

polymer oil absorbents containing varying amounts of

DVB and MBA (0.5–2.5%/monomer weight).

From Table 2, both the GF and OSC values increase and

reach the maximal amounts of 97.4% and 23.56 g/g for

DVB and 95.81% and 20.15 g/g for MBA, respectively,

when the concentration of cross-linkers increases to 2.0%.

This may be due to the viscosity effect oil and pore size of

cross-linked oil sorbents. The lower concentration of DVB

or MBA (less than 2%), on the other hand, would result in

an oil absorbent with a too loose cross-linked network. As a

result, there was a decrease in oil absorption. However, the

amount of cross-linker DVB or MBA is over 2%, both the

GF and OSC values decrease. Rationally, an overabun-

dance of cross-linkers will result in the production of a co-

polymer network that is overly dense, and substantially

reduce the chain length between cross-linked locations, and

reduce the mobility of the polymeric chains (Mohamed

et al. 2013a, 2013b). This is not advantageous for the oil to

flow inside the network, thereby the absorbency is low.

Overall, the GF and OSC in case of using cross-linker DVB

is always higher than those of MBA. It suggests that the

higher reactivity of DVB compared to MBA.

3.6 FT-IR Spectroscopic Analysis

The FT-IR illustrations of DD and DD-g-poly(BA) have

shown in Fig. 6. From Fig. 6, O–H stretching vibration of

DD-g-poly(BA) sets as a small peak at 3441.10 cm-1, as

compared with a broad peak of 3434.11 cm-1 of original

materia (Ensieh et al. 2022). In both two samples, the peaks

at around 2900 cm-1 are assignable to C-H stretching. The

broad peak at 1028.87 cm-1 in the FT-IR spectrum of DD

material belongs to stretching vibration of O-C-O bond,

whereas this vibration in the FT-IR image of DD-g-

poly(BA) is found to reach a sharp peak at 1161.12 cm-1

(Nguyen et al. 2021b). In particular, a new strong-sharp

peak at 1734.11 cm-1 in the FT-IR spectroscopy of DD-g-

poly(BA) represents for carbonyl stretching of an ester,

confirming the effective grafting (Ensieh et al. 2022).

3.7 Scanning Electron Microscopy (SEM) Analysis

SEM analysis of the cellulose from raw material DD

revealed long and twisted fibers (Fig. 7). It is further

observed that the DD surface is irregular, ruptured and

cracked (Ibrahim et al. 2016). After grafting, the surface is

almost covered with a heterogeneous grafting layer of

monomer BA (Feng et al. 2009; Zuoxin et al.2009), the

rough surface of DD becomes smooth in its co-polymer

DD-g-poly(BA) (Fig. 7). The branches of BA grafted onto

DD backbone randomly during the synthetic procedure, as

well as most of them are vertical to the axis of backbone

(Feng et al. 2009).

3.8 X-Ray Diffraction (XRD) Analysis

The X-ray diffraction illustrations of DD and DD-g-

poly(BA) were demonstrated in Fig. 8. Regarding, the

XRD image of DD, two peaks at 23.0 and 19.0� were

accompanied by the relative intensities of 643.4 and 346.7

Table 2 The GF and OSC values of cross-linked graft copolymers

using two different cross-linkers at various concentrations

Cross-link content (wt.%) GF (%) OSC (g/g)

DVB MBA DVB MBA

0.5 69.40 62.91 14.50 13.42

1.0 75.60 70.12 18.70 15.67

1.5 80.20 78.29 20.80 17.78

2.0 97.50 95.81 23.56 20.15

2.5 96.80 94.72 16.7 14.56
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(a.u.), respectively. As compared with this, co-polymer

DD-g-poly(BA) has also contained the same two peaks, but

their relative intensities decrease up to 347.5 and 211.4

(a.u.). It suggests that the attachment of poly(BA) side

chains to the cellulosic backbone can be a main reason for

reducing crystallinity (Deepak et al. 2017).

3.9 Thermal Stability Analysis

As shown in Fig. 9, the thermogravimetric curves of DD

and its copolymer are contingent upon the change in tem-

perature. The thermal degradation of the cellulose of

untreated material DD has been recorded in three phases

(Fig. 9a). The first step associating with volatilization of

moisture occurred at the temperature of less than 280 �C,
and resulted in 6.726% weight loss (Mohamad et al. 2017;

Shiguang et al. 2004). The degradation of cellulosic fibrils

was then a second step, especially in terms of 353.65 �C
(92.036% weight loss). Evidently, original material DD

existed as a residual solid at 500 �C (Gao et al. 2012).

Meanwhile, the disintegration of cellulose fibrils of DD-g-

poly(BA) was observed to peak at 245.97 �C (Fig. 9b).

Significantly, the weight loss process of DD-g-poly(BA)

has so far consisted of a peak at 379.50 �C. The destruction
of poly(BA) side chains is mainly reasonable for expla-

nation (Gao et al. 2012).

Fig. 6 The IR spectra of DD (a) and DD-g-poly(BA) (b)

Fig. 7 SEM micrograph of DD

(a) and DD-g-poly(BA) (b)
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3.10 BET Surface Area Analysis

The results of BET surface area, and pore volume of DD

fiber and its graft co-polymer DD-g-poly(BA) were out-

lined in Table 3. BET surface area and pore volume of the

DD-g-poly(BA) are higher than those of DD raw material.

This can be explained by the kinetic restrictions of nitrogen

flow into their narrow micropores and DD-g-BA contained

numerous micropores and mesopores, in contrast to that of

DD raw material. The temperature also affects the porous

structure. The temperature of the BA grafting reaction was

around 75 �C. The long temperature treatment can lead to

formation of new pores and enlargement of the existing

ones. Inaccurate surface area measurements can result from

nitrogen’s interactions with non-polar surface functions

because these interactions can cause nitrogen’s pore filling

pressure to drop dramatically. Since nitrogen was used to

estimate the surface area, BET surface area value for DD-

g-poly(BA) may be larger. Therefore, opening these pores

Fig. 8 The XRD patterns of DD

and DD-g-poly(BA)

Fig. 9 TGA curve of DD (a) and DD-g-poly(BA) (b)

Table 3 BET surface area, and pore volume of DD and DD-g-
poly(BA)

Samples BET surface area (m2/g) Pore volume (cm3/g)

DD 6.02 0.014

DD-g-poly(BA) 16.72 0.021
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during the BA grafting procedures might help with oil

uptake (Adilah et al. 2014; Wenbo et al. 2015).

3.11 Batch Oil Sorption

3.11.1 Effect of Contact Time

Figure 10 exhibits independence of the OSC on contact

time. Both two samples possessed similar oil uptake

behavior (similar shape but differ in size and position). In

addition, the OCS of vegetable oil is always higher than

that of crude oil. The vegetable oil with low viscosity is

easier to diffuse into the network and retains in the porous

structure (Thakur et al. 2013). The OSC curves of veg-

etable and crude oil uptake increase with time up, and

achieve the high values of 25.63 g/g (vegetable oil) and

23.56 g/g (crude oil) at 25 min. After that, they become

equilibrium (or near equilibrium state). This phenomenon

can be caused by the sorption happening on the outside

surface, which then penetrates the microscopic inside

spaces (Vijay et al. 2013b).

3.11.2 Effect of Sorbent Dosage

Sorbent dosage may have an impact on the interaction

between oil and sorbent. As shown in Fig. 11, there is an

inverse relationship between the OSC and sorbent dosage.

Sorbent dosage varies from 0.1 to 0.5 g, while the OSC

values for both vegetable and crude oils are observed to be

decreased. The influence of the initial dosage of sorbent is

a key factor in the large scale of oil spill cleaning

employment. Co-polymer DD-g-poly(BA) at the lowest

dose of 0.1 g is associated with the maximal OSC values of

25.63 g/g (vegetable oil) and 23.56 g/g (crude oil),

whereas the lowest OSC values are 10.0 g/g (vegetable oil)

and 6.0 g/g (crude oil) at the dose of 0.5 g. This decrease is

basically attributed to the remaining unsaturated active

sites throughout the sorption process. When sorbent dose is

increased while oil dosage remains constant can lead to a

reduction in the oil adsorbed amount per unit weight of

sorbent because of the residence of a restricted amount of

oil per unit weight of the sorbents (Feng et al. 2014).

3.11.3 Effect of Sorption Temperature

The OSC values are marginally influenced by increasing

the temperature from 25 to 55 �C, as shown in Fig. 11. A

visible increase in the OSC values is found when temper-

ature ranges from 25 to 40 �C. This result can be explained

by the reduction of oil viscosity, since more energy is

necessary for bounding oil molecules to sorbent surface

(Rafeah et al. 2013). However, the connection of the oil

molecules decreases, and unpredictability of oil sorption

process happens after 40 �C, thereby the OCS values

decreased (Rafeah et al. 2013). It possibly concludes that

the sorption process occurs best at lower temperatures due

to exothermic property. It also reflects the fact that the oil

molecules diffuse at a faster rate with less time sorption

(Qin et al. 2011). At higher temperatures, on the other

hand, the boundary layer thickness reduces due to the

strong tendency of oil molecules to migrate from the

adsorbent surface to the bulk phase, resulting in a signifi-

cant reduction in sorption trend. Aside from that, the oil

molecules’ total energy is increased, which improves their

escape affinity (Fig. 12).

3.12 Hydrophobicity–Oleophilicity
and Reusability

The sorption of both vegetable and crude oils of DD-g-

poly(BA) in oil-over-water baths, including varied volume

of oils, has been depicted in Fig. 13. The amount of water
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picked up is also displayed, which indicates sorbent

selectivity between water and oils. To date, no report dis-

cussed about this aspect regarding co-polymers/polymers

containing DD material before. In both two cases, oil

sorption increases with volume of oils added into the baths,

until the equilibrium between sorbent and oils is almost

reached. In agreement with above findings, at oil volume of

25 mL (oil–water, 1:10, v/v), our synthetic co-polymer

possesses the highest vegetable oil sorption of 25.63 g/g

and the lowest water sorption of 2.17 g/g (Fig. 13a).

Meanwhile, it is associated with the highest crude oil

sorption of 23.56 g/g and the lowest water sorption of

1.48 g/g (Fig. 13b). It can be safely concluded that

hydrophobicity-oleophilicity of co-polymer DD-g-

poly(BA) is always better than those of crude oil due to the

higher viscosity.

The capacity of an oil sorbent material to recover

absorbed oil is determined by its reusability. Superior oil

sorbent material recycling performance helps lower the

cost of oil pollution remediation. Figure 13 shows the OSC

values of the co-polymer DD-g-poly(BA) for both veg-

etable and crude oils after seven sorption/desorption cycles.

During each of seven cycles, the OSC is found to be

decreased gradually. For the first cycle, the OCS values

assigning to vegetable and crude oils are 25.63 g/g and

23.56 g/g, respectively. However, the reduction in the OCS

for both vegetable and crude oils after seven cycles are

8.50 g/g (33.16%) and 6.20 g/g (26.31%). The mechanical

irreversible deformation of partial fiber structure, the

reduction in fiber interspace, and the presence of residual

oil in fibers could all contribute to the reduction after each

sorption/desorption cycle (Teik-Thye and Xiaofeng 2007).

It is expected that the lowest environmental impact by

decreasing sorbent waste via reuse of sorbents is also

environmental protection (Fig. 14).

3.13 Oil Adsorption Isotherm and Kinetic Studies

Adsorption isotherm study allows to view the interactions

between solute and adsorbent, in which Langmuir and

Freundlich isotherm models should be suitable to investi-

gate equilibrium (Ola et al. 2017; Emeka et al. 2010). The

linear Langmuir model is proposed by Eq. 4:
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Ce

qe
¼ 1

qmaxKL
þ Ce

qmax

ð4Þ

where qe represents the equilibrium concentration of oil in

the adsorbed phase (g/g), while KL is a constant involved in

the adsorption energy. Ce denotes the equilibrium con-

centration of oil in the liquid phase (g/L), while qmax

exhibits the monolayer capacity of absorbent (g/g).

The empirical Freundlich model describes heteroge-

neous systems which might be shown in its logarithmic

Eq. 5:

Logqe ¼ LogKF þ 1

n
logCe ð5Þ

where the Freundlich constants KF and n demonstrate the

respective adsorption capacity and intensity. It should be

noted that the absorption is remarkable with the slope n

ranging from 2.0 to 10.0 (Emeka et al. 2010). Figure 15

shows the plots of Ce/qe versus Ce, and log qe versus log

Ce, as well as the other values recorded in Table 4.

To investigate adsorption kinetics of vegetable and

crude oils on DD-g-poly(BA), the obtained data have been

so far examined with the pseudo-first and the pseudo-sec-

ond-order models.

The linear pseudo-first-order has been generally shown

by Eq. 6:

Logðqe � qtÞ ¼ logqe �
k1

2:303
t ð6Þ

where qe and qt are the amounts of adsorbed vegetable oil

or crude oil at equilibrium and time t (g/g), respectively. k1
and t stand for the first-order constant (min-1) and time

(min), respectively. The linear pseudo-second is written by

Eq. 7:

t

qt
¼ 1

k2q2e
þ 1

qe
t ð7Þ

where k2 is the second-order constant (g/g min).

The plots of log(qe - qt) versus time t and t/qt versus

time t have been shown in Fig. 16. The qe, k1, and k2 values

are evaluated from the plots and provided in Table 4.

In agreement with above results, qmax of 23.56 and

25.63 g/g are assigned to crude and vegetable oil adsorp-

tion, respectively. The most striking feature is that the

correlation coefficient R2 is golden criterion to compare

between the isotherm models (Ola et al. 2017; Emeka et al.

2010).

From Figs. 15 and 16 and Table 4, the R2 values of

0.9994 (crude oil) and 0.9990 (vegetable oil) in the

Langmuir model tend to be much closer to 1.0 than those

values in the Freundlich model, as well as the R2 values in

the pseudo-second-order model are always higher than

those in the pseudo-first-order. Therefore, the adsorption of

DD-g-poly(BA) can be described as Langmuir monolayer,

and chemisorption (Ola et al. 2017; Emeka et al. 2010).

Langmuir isotherm model Freundlich isotherm model
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Fig. 15 The adsorption isotherm

of DD-g-poly(BA) on
vegetable and crude oils

Table 4 Kinetic data for crude and vegetable oil sorption

Models Parameters Crude oil Vegetable oil

Langmuir qmax 23.56 25.63

KL 2.8935 3.0040

R2 0.9994 0.9990

Freundlich KF 4.5467 6.2511

n 3.1377 3.1979

R2 0.9830 0.9839

Pseudo-first order k1 –0.1915 –0.3216

qe 7.1078 9.5773

R2 0.9351 0.9468

Pseudo-second-order k2 0.0881 0.0698

qe 7.9745 10.6952

R2 0.9898 0.9474
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4 Conclusion

The oil-sorbent DD-g-poly(BA) has been synthesized by

graft co-polymerization of BA onto DD using initiator

AIBN and cross-linking agent DVB or MBA. The highest

GY value of 41.50% is associated with the optimal con-

dition: CBA = 1.50 mol/L, CAIBN = 0.04 mol/L, 180 min,

at 75 �C. The formation of co-polymer DD-g-poly(BA) is

analytically characterized by FT-IR, SEM, XRD, thermal

TGA, and BET surface area spectral data. In the presence

of the DBV content of 1.50%, the maximal OSC values of

this co-polymer toward crude and vegetable oils are 23.56

and 25.63 g/g. The batch study revealed that the sorption

was a function of contact time (maximal at 25 min), sor-

bent dosage (maximal at 0.1 g), and temperature (maximal

at 40 �C). Synthetic co-polymer shows remarkably

hydrophobic and oleophilic properties, especially its

reusability is accompanied by seven sorption/desorption

cycles. Lastly, the oil absorption kinetics of DD-g-

poly(BA) is possibly followed by Langmuir monolayer

coverage and chemisorption.
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