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Abstract 
A recent trend for converting a hydrophilic lignocellulosic material into oleophilic adsorbent could be achieved by using 
cationic surfactants. In the present work, the surface of sugarcane bagasse was modified by cationic surfactant cetyltrimeth-
ylammonium bromide, whereas sugarcane bagasse acquired hydrophobic properties. Further increase in hydrophobicity of 
sugarcane bagasse could be obtained by blending surfactant modified sugarcane bagasse with polystyrene waste. Sugarcane 
bagasse, surfactant modified bagasse and polystyrene waste/surfactant modified bagasse were characterized by different 
physical and chemical techniques. Remarkable changes in the structure of sugarcane bagasse as a result of the different treat-
ment processes could be evidenced by FT-IR, SEM and XRD measurements. Moreover, elemental analysis, specific surface 
area as well as water absorption capacity results confirmed successful modification of sugarcane bagasse by both cetyltri-
methylammonium bromide and polystyrene waste. Also, water absorption capacity experiments indicated that hydrophobic 
properties of the different samples increased in the order: polystyrene waste/surfactant modified bagasse > surfactant modified 
bagasse > sugarcane bagasse. The different samples were evaluated for removal of emulsified food oil from aqueous solu-
tions. The effect of various parameters, e.g., blend constituents weight ratio, adsorbent dose, initial oil concentration, pH and 
contact time upon oil removal efficiency, was investigated. Isothermal studies revealed that oil adsorption fitted Freundlich 
model and thermodynamics studies showed that oil adsorption is spontaneous, random and exothermic.
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Introduction

Effluents of several industries, such as metal and food pro-
cessing, petroleum refiners, textiles and paints contain oil 
in the form of oil-in-water emulsion. Such emulsion is 
formed of a mixture of poorly degradable light and heavy 
hydrocarbons (Dumore and Mukhopadhyay 2012), water 
and emulsifier. The emulsifier can be a detergent or food 
additives. Oil emulsion is toxic and poses harmful effects 
on aquatic life and human health, even at low oil concen-
tration, it prevents access of sunlight and oxygen to aquatic 
organisms by forming a stable layer on the water surface 
(Zhou et al. 2008).

Several chemical, physical and biological techniques have 
been developed and investigated to remove oil emulsions 
in wastewater, such as skimming, gravity setting, filtration, 
flocculation, electrocoagulation, membrane techniques 
(Yang et al. 2016), flotation and chemical coagulation (San-
gal et al. 2013). However, most of these methods are expen-
sive and time consuming; therefore, many research activities 
were directed to more effective procedures for oil cleanup, 
such as adsorption.

Adsorption process has drawn increasing attention as an 
effective route for remediation of wastewater contaminated 
with organic and inorganic pollutants. Adsorption process 
is highly recommended and preferred due to its low cost, 
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simplicity, efficiency and ease of rapid application (San-
gal et al. 2013). In the open literature, several adsorbents 
have been cited and explored for the removal of oil from 
oil-in-water emulsions, such as activated carbon, biopoly-
mers, organoclay, sawdust, vermiculite, walnut shells and 
resins (Zhang et al. 2017a, b). In this context, preference 
should be afforded to cheap and renewable resources. For 
instance, the past few decades have witnessed the use of 
agricultural wastes-based adsorbents as efficient candidates 
for the removal of oil contaminants from aquatic ecosystems. 
Biodegradable lignocellulosic fibers and natural fibers such 
as olive wastes, cotton fibers, sago bark (Wahi et al. 2014), 
barley straw (Ibrahim et al. 2010), rice husk (Ali et al. 2012), 
bagasse (Said et al. 2009), kenaf (Kundu and Mishra 2013) 
and corn husk (Pachathu et al. 2016) have been reported as 
simple and effective materials for oily water treatment.

However, direct application of untreated agricultural 
wastes results in insufficient adsorption capacity due to the 
hydrophilic properties caused by the presence of large num-
ber of hydroxyl groups. Hence, surface modification of these 
materials is essential to improve their properties (Ibrahim 
et al. 2010).

Early trials on surface modification of natural fibers by 
esterification led to increased hydrophobicity of the fibers 
and enhanced oil sorption capacity (Wang et al. 2013). Oleic 
acid modified sawdust, acetylated rice husk, kapok fibers, 
fatty acid modified bagasse and oleic acid banana trunk fib-
ers are some examples of very effective candidates for oil 
cleanup operations (Wang et al. 2013). These bioresources 
could, therefore, be used as substituents for nonbiodegrada-
ble oil sorption materials.

Sugarcane bagasse is one of the best lignocellulosic waste 
materials available in large quantities and low cost. Bagasse 
is usually used as fuel for sugar mills, for production of 
paper and pulp (Wikipedia 2015), and also as a good adsor-
bent for oils and dyes (Aly et al. 2018). Chemical modifica-
tion of the surface of bagasse is also essential and this could 
be performed either by esterification of its OH groups using 
carboxylic acids anhydride (Cavdar et al. 2014) or by graft 
copolymerization reactions (Fu et al. 2012). Both routes 
functionalize the surface of bagasse and turn it hydrophobic.

Some recent studies introduced the thermally stable, 
nonvolatile and recyclable ionic liquids pretreatment step 
to dissolve lignocellulosic materials for subsequent homo-
geneous modification processes (Hallett and Welton 2011). 
Homogeneous acylation and carbonylation reactions in 
ionic liquids resulted in highly substituted lignocellulosic 
esters compared to those prepared in heterogeneous condi-
tions (Xie et al. 2007). Also, Chen et al. (2016) reported 
on homogeneous free radical initiated graft copolymeriza-
tion of bagasse using hydrophobic acrylate monomers. The 
results showed that machine oil, cooking oil and diesel oil 

adsorption capacities of bagasse were remarkably improved 
due to the presence of acrylate monomers.

Another more recent and promising trend for surface 
modification of lignocellulosic materials is the use of sur-
factants. Surfactants are characterized by low cost, biodeg-
radability as well as surface active properties. Surfactants 
are organic compounds that contain a long hydrophobic tail 
and positive- or negative charged head. Cationic surfactants 
carry positive charge on the head and have drawn increasing 
attention during the last decade as effective surface modifiers 
for lingo-cellulosic materials. Octadecyltrimethylammonium 
bromide (C18, OTAB), cetyltrimethylammonium bromide or 
chloride (C16, CTAB or CTAC), cetylpyridinium bromide or 
chloride (C16, CPB or CPC), tetradecyltrimethylammonium 
bromide (C14, TTAB), dodecylpyridinium chloride (C12, 
DPC) are some examples of widely used cationic surfactants 
(Marković-Nikolić et al. 2017).

There are few articles that deal with the use of sur-
factant modified lignocellulosic materials as oil adsorbents. 
Ibrahim et al. (2009) and Augusta and Kalaichelvi (2016) 
reported about CPC modified barley straw as sorbent for 
standard mineral and canola oils in batch adsorption sys-
tem. Oil adsorption on the surface of the straw was found 
rapid (equilibrium was reached within 40 min) and high at 
low adsorbent dosage and small particle size, pH 6.0–8.0 
and temperature 20–40 °C. Moreover, desorption was very 
low indicating strong ion exchange bonding between oil and 
adsorbent.

Augusta and Kalaichelvi (2016) reported about the use 
of CPC modified bagasse and corn husk as potential bio-
adsorbents for emulsified engine oil removal in packed bed 
column. Surface modification of the two wastes was carried 
out under normal rotary shaker and advanced environments, 
such as microwave and ultrasound medium. The modified 
wastes via microwave and ultrasound exhibited higher 
adsorption capability than unmodified and rotary shaked 
modified adsorbents.

Satirawaty et al. (2018) used CTAB modified sago ham-
pas to remove palm-based cooking oil from wastewater. The 
authors confirmed the existence of additional functional 
groups on the surface of the modified biomass which pos-
sessed higher porosity than unmodified sago. Moreover, 
optimum oil adsorption was reached after 45 min at pH 2.0 
and 0.2 g adsorbent dosage.

In their report, Markovic-Nikolic et al. (2017) focused on 
how to control the degree of hydrophobicity of the resulted 
adsorbent. The authors used hexadecyltrimethyl ammo-
nium chloride (HTAC), the inexpensive and water soluble 
surfactant, stable at acidic and basic pH ranges with strong 
cationic activity, to modify bottle ground shell (a solid agri-
cultural residue growing in Serbia). The modified biomass 
enhanced phosphate and nitrate anions sorption.



238 N. A. Abdelwahab et al.

1 3

Another approach to turn bagasse hydrophobic has been 
carried out by Pan et al. (2016). The surface of bagasse was 
modified by using a cationic nanosized latex with core–shell 
structure. The latex was prepared by using CTAC and cati-
onic initiator with appropriate hydrophobicity and film for-
mation capability after adsorption on bagasse. The latex film 
improved the compatibility between the hydrophilic bagasse 
and a hydrophobic material for various applications.

Polystyrene waste is low cost, nonbiodegradable mate-
rial that cannot be easily collected (Chauhan et al. 2008), so 
its disposal by landfilling or incineration is highly harmful 
to human health and environment due to the generation of 
toxic gases such as  CO2 and CO (Shah et al. 2014). For 
instance, converting polystyrene waste into useful mate-
rial is an avenue to overcome these problems (Hearon et al. 
2014). In general, polystyrene waste is chemically stable, 
characterized by superoleophilicity and high hydrophobic-
ity (Zhang et al. 2015). Researchers have focused on the 
use of surfactants modified polystyrene (Zhou et al. 2010) 
and polystyrene-based composites as effective emulsified oil 
adsorbents. Cetyltrimethyl ammonium bromide/modified 
polystyrene, resin/granular activated carbon (Wang et al. 
2013), porous polystyrene/zeolite (Alayande et al. 2016), 
polystyrene/polytetrafluoroethylene coated filter paper (Du 
et al. 2014), acetic anhydride-treated pomelo, peel/polysty-
rene blends (Chai et al. 2015) are some reported examples.

However, oil adsorbents based on blending unmodified 
polystyrene waste with surfactant modified bagasse is not 
satisfactorily investigated. Therefore, the present work aims 
to convert pristine polystyrene and bagasse wastes into value 
added material. Modification of bagasse was carried out by 
using the cationic surfactant (CTAB) followed by blending 
with polystyrene waste. Surfactant modified bagasse and 
polystyrene waste/surfactant modified bagasse blend were 
characterized and evaluated as adsorbents for emulsified oil. 
Effect of different experimental parameters on oil removal 
capacity and efficiency was investigated. Isothermal models, 
thermodynamics studies and reusability of the blend were 
also performed.

Materials and experimental methods

Materials

Depithed sugarcane bagasse waste was obtained from local 
pulp and paper factory, Quena, Egypt. Bagasse was washed 
carefully with distilled water to remove dust and then dried 
at 60  °C. Cetyltrimethylammonium bromide (CTAB, 
 C16H33NCH3Br), a product of Fluka, was used as a cationic 
surfactant. Expanded polystyrene foam waste in the form of 
packaging material was used. Food oil was purchased from 
local market, sodium lauryl sulfate emulsifier (SLS) and 

sodium hydroxide were from El-Nasr Company for Chemicals, 
Egypt. All other used solvents and reagents were of analytical 
grade.

Preparation of surfactant modified bagasse

Bagasse was treated with the cationic surfactant CTAB 
as follows: A known amount of bagasse was immersed in 
0.05 mol/L sodium hydroxide solution for 30 min under mag-
netic stirring then filtered and washed well with distilled water. 
NaOH-treated bagasse was immersed in 2.5 mmol/L CTAB 
solution and magnetically stirred for 24 h at 60 °C. CTAB-
treated bagasse was separated and washed carefully several 
times with distilled water to remove unreacted surfactant. At 
the end, the product was dried overnight in an oven at 60 °C 
and kept in sealed bottle.

Preparation of polystyrene waste/surfactant 
modified bagasse blend

1 g of polystyrene waste was washed with distilled water to 
remove dust, dried in an oven at 60 °C for 2 h and then dis-
solved in 50 mL acetone. 1 g of surfactant modified bagasse 
was added to polystyrene waste solution, and the mixture was 
stirred magnetically for 1 h. After, the mixture was casted in 
Petri dish and allowed to dry overnight. The blend was washed 
with distilled water and dried in an oven at 60 °C for 3 h. Dif-
ferent polystyrene wastes: surfactant modified bagasse blend 
weight ratios (0.25, 0.5, 1 and 2) were prepared.

Preparation and characterization of emulsified oil 
wastewater

Food oil–water emulsion stock solution was prepared as 
reported by Alther (2001). A known weight of food oil was 
mixed with definite weight of the emulsifier (SLS) in one liter 
of distilled water. The mixture was homogenized by using high 
speed blender for 10-30 min until milky solution was obtained. 
This stock oil emulsion was diluted with distilled water to pre-
pare different oil concentrations.

pH of food oil–water emulsion was measured by using a pH 
meter of model HANNA HI98130. The total dissolved solids 
(TDS) measurements were performed by gravimetric method. 
The turbidity of food oil–water emulsion was recorded by tur-
bidimeter of model HACH 2100P. Table 1 represents the val-
ues of pH, turbidity and total dissolved solids (TDS) for food 
oil–water emulsion. 
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Characterization of adsorbents

Fourier transform infrared spectroscopy (FT‑IR)

The changes in the vibrational frequency and intensity of 
native bagasse, surfactant modified bagasse and polysty-
rene waste/surfactant modified bagasse were investigated 
by FT-IR spectroscopy. Known weight of the samples 
and KBr were pressed into disks and measured on JASCO 
FT-IR-6100 spectrometer. The spectra were recorded in the 
frequency range 4000–400 cm−1 at room temperature with 
resolution 4 cm−1.

Scanning electron microscopy (SEM)

The surface morphology of the raw and modified sorbents 
was detected by using JEOL JXA-840A electron probe 
microanalyzer. The acceleration of the electron beam was 
10 kV.

Powder X‑ray diffraction (XRD)

X-ray diffraction patterns of bagasse, surfactant modified 
bagasse and polystyrene waste/surfactant modified bagasse 
were recorded using BRUKUR  D8 ADVANCE diffractom-
eter in the range of 2Ө = 10–80°. The instrument operates at 
40 kV and 40 mA with Cu Kα monochromator (λ = 1.5405 
A°) radiation.

Specific surface area, average pore diameter and pore 
volume

Brunauer–Emmett–Teller (BET) method (Brunauer et al. 
1938) and Barrett–Joyner–Halenda (BJH) model (Barrett 
et al. 1951) were employed for estimation of specific surface 
area, average pore diameter and pore volume, respectively, 
of bagasse, surfactant modified bagasse and polystyrene 
waste/surfactant modified bagasse blend instrument of the 
type Autosorb-Quantachromium analyzer (NOVA-2000). 
USA was used to perform these measurements by applying 
 N2 adsorption/desorption at 77 K. Before measurements, 
degasification of the samples was carried out by heating at 
60 °C.

Elemental analysis

Carbon and nitrogen percent of bagasse, surfactant modified 
bagasse and polystyrene waste/surfactant modified bagasse 
blend were detected by using an Elementar, Vario Macro 
CHNS analyzer.

Point of zero charge  (pHPZC)

The point of zero charge  pH(PZC) for surfactant modified 
bagasse and polystyrene waste/surfactant modified bagasse 
blend was estimated by the solid addition method (Cueva-
Orjuelaa et al. 2017). To a series of 100 ml conical flasks, 
50 ml of 0.1 N  KNO3 solution was transferred. The pH val-
ues of the solutions were adjusted from 2.0 to 10.0 by add-
ing either 0.1 N HCl or NaOH and denoted as  pHi. 1.0 g 
of sample was added to each flask then the flasks were 
capped, the suspensions were mixed thoroughly and allowed 
to equilibrate for 48 h. At equilibrium, the final pH  (pHf) 
values of the supernatant liquids were recorded.  (pHi–pHf) 
values were plotted against  pHi, and  pH(PZC) was determined 
from the point of intersection of the resulting curve at which 
 (pHi–pHf) is zero.

Water absorption capacity (WAC)

Water absorption capacity (WAC) values for bagasse, sur-
factant modified bagasse and polystyrene waste/surfactant 
modified bagasse blend were recorded by placing each 
adsorbent in a beaker containing 100 mL distilled water for 
a specific time period (10–100 min). The wet adsorbent was 
drained on a filter paper, and the water absorption capacity 
(WAC) of each sample was calculated as follows (Hafshejani 
et al. 2016):

where W1 is the weight of the dry sample (g) and W2 is the 
weight of the wet sample (g).

Oil sorption test

Different batch adsorption experiments were performed by 
mixing a known weight of each sorbent with 100 mL of 
emulsified oil wastewater with different initial oil concen-
trations, the mixture was stirred at 25 °C until equilibrium 
reached. After certain time, the sorbent was separated, and 
the remaining concentration of emulsified oil-in-water was 
measured by FT-IR spectrophotometer of the type A-4600 
according to IS 3025 (part 39) (Bismarck et al. 2002) and 
IS 10,500 methods (Ibrahim et al. 2009). Typically, spectra 

(1)WAC (g∕g) =
W2 −W1

W1

Table 1  pH, turbidity and TDS 
for food oil–water emulsion

Parameter

pH 5.0
Turbidity (NTU) 9.5
TDS (mg/l) 2500
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were acquired over the range 3200-2700 cm−1 at 4 cm−1 
resolution with ~ 1 min acquisition time. Blank experiment 
with no adsorbent was also carried out.

The residual emulsified food oil/water mixture was 
acidified with hydrochloric acid to pH 2.0. The residual 
oil was extracted by adding a known amount of  CCl4 three 
times under stirring for adequate time period. A separat-
ing funnel was used to separate oily phase from aqueous 
phase, the oily phase was filtered through filter paper con-
taining 1 g anhydrous sodium sulfate, and the residual food 
oil concentration was deduced from calibration curve, i.e., 
plot of series of definite concentrations against sum of 
peaks hight values (for aromatic CH at 3100 cm−1, ali-
phatic  CH3 at 2930 cm−1 and aliphatic  CH2 at 2860 cm−1). 
Finally, oil concentration in mg/dm3 was determined from 
Eq.[2].

where C is the concentration of food oil which can be calcu-
lated from the calibration curve.

The oil adsorption capacity (Q in g/g) and removal effi-
ciency for surfactant modified bagasse and polystyrene 
waste/surfactant modified bagasse blend were calculated 
as follows.

where Ci and Cf are initial and final oil concentrations in g/l 
at time t, respectively, V is the volume of emulsified oil solu-
tion in liter (l) and m is the weight of adsorbent (g).

The effect of different parameters, such as polystyrene 
waste: surfactant modified bagasse blend weight ratios, ini-
tial oil concentration, adsorbent dose, initial pH, temperature 
as well as contact time was investigated. When a parameter 
value was changed, all other parameters were kept constant.

Isothermal studies

A batch isothermal study was carried out by mixing differ-
ent adsorbent dosages in the range (0.5–3 g) with 100 mL 
of emulsified oil wastewater where the other parameters 
were kept constant. At equilibrium, the concentration of 
oil was measured, and the data were analyzed for Lang-
muir and Freundlich isotherms. All experiments were car-
ried out in triplicate, the mean value was recorded and the 
best fitting model was reported.

(2)Coil =
C × volume of solvent

volume of oil∕water sample

(3)Q =

(

Ci − Cf

)

m
× V

(4)Removal efficiency =
Ci − Cf

Ci

× 100

Reusability studies

In order to reuse the oil sorbent several times, desorption 
of oil from oil saturated samples was carried out. The oil 
loaded adsorbent was immersed in a beaker containing 
n-hexane and stirred for 15 min to extract adsorbed oil, after-
ward, the sorbent was dried in an oven at 60 °C for 3 h. The 
sorbent was used again for oil sorption. This was repeated 
for six cycles, and after each cycle oil removal efficiency 
was recorded.

Results and discussions

CTAB is a cationic surfactant, composed of two parts, non-
polar, hydrophobic alkyl chain tail and positively charged 
head. From our point of view, the mode of attachment of 
CTAB to bagasse can be suggested as follows: The alkyl 
chains may interact with the hydrophoic moieties on the 
surface of bagasse through hydrophobic-hydrophobic bond-
ing, whereas the positive head (in the form of monolayer) is 
directed toward the bulk solution (Chung et al. 2011; Chipa-
rus, 2004). Another route is the interaction of the cationic 
heads (in the form of monolayers) with the negative moieties 
of bagasse through ion exchange and electrostatic attraction 
and in this case the nonpolar chain is pointing to the bulk 
solution, forming a monolayer. A surfactant bilayer or pos-
sibly multiple layered forms can also be built up when the 
alkyl tail of the monolayer is attached to another or many 
alkyl chains of CTAB via hydrophobic–hydrophobic interac-
tion. Figure 1a,b illustrates the suggested interaction routes. 
It is supposed that, the obtained results can determine the 
mode of interaction between CTAB and bagasse. However, 
a specific concentration of CTAB required to avoid bi- or 
multilayer formation is not studied yet but may be consid-
ered in another work.

Characterization

Point of zero charge  (pHPZC)

Point of zero charge  (pHPZC) is defined as the pH at which 
the surface net charge of adsorbent is zero, and the anion 
and cation exchange capacities are equal (Song et al. 2011). 
To determine  pHPZC for surfactant modified bagasse and 
polystyrene waste/surfactant modified bagasse blend, the 
difference between initial and final pH  (pHi–pHf) is plotted 
against pH.  pHPZC is the pH value at which  pHi-pHf is zero. 
Figure 1c,d displays  pHPZC for surfactant modified bagasse 
and polystyrene waste/surfactant modified bagasse blend, 
respectively. From this figure,  pHPZC is about 5.1 and 5.6 
for surfactant modified bagasse and polystyrene waste/sur-
factant modified bagasse blend, respectively. At pH lower 
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than  pHPZC, the surface of both adsorbents is positively 
charged due to adsorption of  H+ ions, whereas pH values 
higher than  pHPZC indicated negatively charged surface of 
adsorbents due to desorption of  H+ ions.

Elemental analysis, specific surface area, average pore 
diameter and pore volume

Results of elemental analysis for bagasse, surfactant modi-
fied bagasse and polystyrene waste/surfactant modified 
bagasse blend are shown in Table 2. As expected, modifi-
cation of bagasse with CTAB led to considerable increase 
in the percentages of the three elements and this confirms 
the attachment of the quaternary ammonium groups of the 

surfactant on bagasse surface. Furthermore, blending of the 
surfactant modified bagasse with polystyrene waste showed 
further increase in both C % and H %, whereas N % was 
constant.

In the sum, the surfactant alkyl group and polystyrene 
layer in modified bagasse have significant impact in the 
improvement coalescing process between oil droplets and 
adsorbent, the oil removal process occurred by hydrophobic 
bonding between hydrocarbon molecules in bulk solution 
and hydrophobic sites on the adsorbent surface (Gupta et al. 
1999).

The values of the measured specific surface area, average 
pore diameter and pore volume are also given in Table 2. 
The surface area of bagasse is 0.84 m2/g, it is clear that 

Fig. 1  (a) CTAB monolayer and (b) bilayer on the surface of bagasse,  pHPZC for (c) surfactant modified bagasse and (d) polystyrene waste/sur-
factant modified bagasse and (e) water absorption capacity
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modification of bagasse with CTAB led to reduction of the 
surface area, average pore diameter and volume. This could 
be attributed to deep penetration of the surfactant molecules 
into the pores of bagasse causing shrinkage of the surface. 
As reported elsewhere (Ibrahim et al. 2009), surfactant mod-
ification of barley straw also caused decrease in the specific 
surface area from 143.5 to 63.2 m2/g. On the other hand, 
the specific surface area of the blend exhibited considerable 
increase but decreased pore diameter and volume. Since pol-
ystyrene molecules are built up of C and H only, the constant 
N % together with increasing surface area, decreasing pore 
diameter and volume in the blend may suggest the mode of 
attachment of the surfactant with bagasse, preferrably mon-
olayer form, in which the heads of the surfactant interact 
with OH groups of bagasse. If there were possibility for 
existence of bilayers or multilayers in the modified bagasse, 
polystyrene molecules may have caused reorientation of the 
surfactant molecules to a monolayer pattern. It can also be 
said that the enormous increase in surface area of the blend 
can be attributed to full coverage or coating of surfactant 
modified bagasse with polystyrene.

Water absorption capacity (WAC)

Figure 1e illustrates the effect of increasing soaking time 
from 10 to 100 min on the WAC values for bagasse, sur-
factant modified bagasse and polystyrene waste/surfactant 
modified bagasse, respectively. It is obvious that the hydro-
philic bagasse has high affinity to water due to the pres-
ence of large number of –OH groups which form hydrogen 
bonding with water molecules (Chung et al. 2011). Further-
more, the voids in the structure of bagasse enable diffusion 
of water (Chiparus, 2004). It is also noticed that equilibrium 
was reached after 80 min. On the other hand, modification 
of bagasse led to considerable reduction of WAC values and 
this is a result of the interaction of the positive heads of 
the surfactant with the –OH groups of bagasse. However, 
the increasing WAC values by time from 0.77 to 2.3 g/g 
may indicate the presence of some free –OH groups on the 
surface of bagasse. Moreover, blending surfactant modified 
bagasse with polystyrene waste led to pronounced reduction 
of WAC to 0.35 g/g, which means that polystyrene waste 
increased the hydrophobicity of the blend, showing remark-
able oleophilic characteristics.

On the basis of the obtained results, it can be concluded 
that WAC measurement is a useful tool to differentiate 
between hydrophilic and hydrophobic substances. The 
modification step turned bagasse hydrophobic due to the 
attachment of the quaternary ammonium group of CTAB 
to hydroxyl group of bagasse and in this case the nonpo-
lar hydrophobic tail is directed toward water. Interaction 
of CTAB hydrophobic alkyl chains with polystyrene layer 
imparts the adsorbent much more hydrophobic properties.

FT‑IR spectra

IR spectra of bagasse, surfactant modified bagasse and 
polystyrene waste/surfactant modified bagasse are given in 
Fig. 2a–c. The main features of the spectrum of bagasse 
reflect the presence of lignin, hemicelluloses and cellu-
lose. It is to be noted that the assignments of the differ-
ent bands are collected from different articles (Abdelwahab 
and Shukry, 2015; Kanwal et al. 2019). The assignments of 
bagasse (Fig. 2a) can be summarized as follows:

The bands appearing at 3430 cm−1 and 2922 cm−1 are 
assigned to –OH groups, C–H,  CH2 and  CH3 in lignin, 
hemicelluloses and cellulose, respectively. Two absorp-
tion bands characteristics for C–Ph and C = C in lignin 
are detected at 1604 and 1633 cm−1, whereas the band at 
1735 cm−1 represents acetyl group in hemicellulose. The 
bands at 1051 and 1165 cm−1 represent primary and sec-
ondary –OH groups. The band at 840 cm−1 is the result of 
glycosidic linkage. In the spectrum of surfactant modified 
bagasse (Fig. 2b), some changes in bands frequency and 
intensity are observed confirming the attachment of the 
surfactant to bagasse. For example, the band at ~ 3400 cm−1 
became weaker due to the interaction between –OH groups 
of bagasse and the quaternary ammonium groups of the sur-
factant. On the other hand, the band at 2922 cm−1 is shifted 
to 2968 cm−1, became sharper and stronger, also a new peak 
at 1580 cm−1 appeared. These changes in the spectrum are 
due to the  CH3 and  CH2 of the surfactant. Additionally, the 
new peak at 900 cm−1 is due to the C–N of surfactant. All 
these changes give evidence of successful modification of 
bagasse. Figure 2c illustrates the spectrum of the blend, 
it has been observed that the intensity of almost all peaks 
assigned to the surfactant decreased, and a band at 730 cm−1 

Table 2  Elemental analysis, 
specific surface area, average 
pore diameter and volume for 
bagasse, surfactant modified 
bagasse and polystyrene waste/
surfactant modified bagasse 
blend

Sample C % H % N % Surface area 
 (m2/g)

Average pore 
diameter (nm)

Pore 
volume 
 (cm3/g)

Bagasse 43.5 5.9 0.13 0.84 14.2 0.00452
Surfactant modified bagasse 46.3 7.1 0.65 0.67 10.3 0.00433
Polystyrene waste/surfactant 

modified bagasse blend
48.6 8.6 0.65 1.16 5.5 0.00231
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is recognized, which can be referred to the benzene ring in 
polystyrene.

Scanning electron microscopy (SEM)

SEM images with two magnifications for bagasse, surfactant 
modified bagasse and polystyrene waste/surfactant modified 
bagasse are represented in Fig. 2d–i. The surface morphol-
ogy of bagasse (Fig. 2d) and bagasse with 1500 magnifica-
tion (Fig. 2e) shows smooth bundles from arranged fibers, 
while the morphological characteristics of surfactant modi-
fied bagasse (Fig. 2f) and its 1500 magnified image (Fig. 2g) 
indicate that the surface of the bundles turned rough. In case 
of polystyrene waste/surfactant modified bagasse sample 
before (Fig. 2h) and after 1500 magnification (Fig. 2i), only 

thin smooth layers of polystyrene waste adhering to each 
other and to the surface of surfactant modified bagasse were 
recognized. These images together with FTIR spectra and 
WAC results consolidate the finding that there is complete 
coating of surfactant modified bagasse with polystyrene.

X‑ray diffraction (XRD)

Figure 2j–l shows diffractograms of bagasse, surfactant 
modified bagasse and polystyrene waste/surfactant 
modified bagasse. As can be seen, the diffractogram of 
bagasse exhibits typical crystalline cellulose diffraction 
peaks located at 2θ = 16.5° and 22.0° which are due to 
the intra- and intermolecular hydrogen bonding (Nazir 
et al. 2013). There are also some amorphous regions in 

Fig. 2  FT-IR spectra of (a) bagasse, (b) surfactant modified bagasse 
and (c) polystyrene waste/surfactant modified bagasse, SEM micro-
graphs of (d) bagasse, (e) magnified bagasse, (f) surfactant modified 
bagasse, (g) magnified surfactant modified bagasse, (h) polystyrene 

waste/surfactant modified bagasse and (i) magnified polystyrene 
waste/surfactant modified bagasse and XRD spectra of (j) bagasse, 
(k) surfactant modified bagasse and (l) polystyrene waste/surfactant 
modified bagasse
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this diffractogram owing to the presence of hemicelluloses 
and lignin (Zainuddina et al. 2017). Upon modification of 
bagasse, reduction in crystallinity peak at 2θ = 22.0° was 
observed with almost no other changes (Fig. 2h). This was 
also reported by Kargarzadeh et al. (2012). Furthermore, 
coating surfactant modified bagasse with polystyrene led 
to disappearance of the two crystallinity peaks and the 
structure turned amorphous displaying a new amorphous 
peak for polystyrene at 2θ = 19.0° (Fig. 2l). This diffrac-
togram confirms good adhesion of polystyrene to the sur-
factant modified bagasse.

Effect of experimental parameters on oil removal 
capacity and efficiency

Effect of polystyrene waste: surfactant modified bagasse 
weight ratios

To investigate the effect of changing polystyrene 
waste:surfactant modified bagasse weight ratio in the 
blend on oil removal capacity and efficiency, 0.5 g of the 
blend was added to 100 mL of emulsified food oil with 
stirring for 2 h at 25 °C, whereas initial oil concentration 
was 2 g/l at pH 5.0 (ambient pH). Figure 3a,b shows the 
effect of different polystyrene wastes: surfactant modified 
bagasse weight ratios (0.25, 0.5, 1 and 2) on oil adsorption 
capacity and oil removal efficiency, respectively. It was 
observed that as the polystyrene waste:surfactant modified 
bagasse ratio increased from 0.25 to 1, the oil adsorption 
capacity of the blend increased from 6.8 to 11.8 g/g and 
oil removal efficiency also increased from 66.8 to 80.6%. 
Further increase in polystyrene waste: surfactant modified 
bagasse weight ratio to 2, no change in both parameters 
occured. Hence, it can be concluded that the optimum ratio 
of participation in the blend is 1.

Effect of initial oil concentration and contact time

To study the effect of initial emulsified oil concentration 
on oil adsorption capacity of the blend (at weight ratio 1), 
different oil concentrations (0.5, 1, 2 and 3 g/l) were exam-
ined and the results are given in Fig. 4a. It was observed 
that the adsorption capacity increased gradually from 6.34, 
9.55 to 11.8 g/g when using initial oil concentrations 0.5, 
1 and 2 g/l, respectively. Further increase in oil concentra-
tion to 3 g/l led to decreasing the oil adsorption capacity to 
8.32 g/g. The gradual increase in oil adsorption capacity 
with increasing oil concentration till 2 g/l is suggested to be 
the result of increasing collision between oil droplets and 
the surface of adsorbent leading to increased coalescence 
probability (Zhou et al. 2009), while at higher oil concen-
tration (3 g/l) oil droplets tend to colloid with each other 
rather than colloid with the surface of adsorbent. Hence, the 
coalescence between adsorbent surface and oil droplets will 
be delayed (Li and Gu, 2005).

Figure 4b shows the effect of increasing contact time on 
oil removal efficiency. It is clear that the removal efficiency 
increased by contact time regardless of the experimented 
oil concentration. The oil removal process from water as a 
function of time can be divided into two stages, the first is 
the primary rapid stage during which most of the oil amount 
can be adsorbed and the most available sites on the blend 
are occupied. The second stage is slow adsorption stage and 
it occurs before equilibrium. At lower initial oil concentra-
tions (0.5 and 1 g/l), the equilibrium was reached after 30 
and 40 min, respectively, while equilibrium was reached 
after 50 and 60 min for initial oil concentrations 2 and 3 g/l, 
respectively. The maximum removal efficiency values at 
equilibrium referred to initial oil concentrations 0.5, 1, 2 
and 3 g/l were 91.4%, 85%, 80.6% and 69.3%, respectively, 
which means that the maximum removal efficiency at equi-
librium clearly decreased by increasing oil concentration.

Fig. 3  Effect of polystyrene waste: surfactant modified bagasse weight ratio on (a) oil adsorption capacity and (b) oil removal efficiency
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Effect of initial pH

pH has a great impact on oil removal process due to its role 
on the charge of surface binding sites and emulsified oil 
stability (Farah et al. 2007). The effect of varying pH on oil 
adsorption capacity was investigated, and the results are rep-
resented in Fig. 4c. The experiments were carried out at pH 
range 2.0 to 10.0 at polystyrene waste: surfactant modified 
bagasse blend ratio, 1, initial emulsified oil concentration, 
0.5 g/l and contact time, 30 min (optimum conditions).

As seen from Fig. 4c, increasing the pH from 2.0 to 4.0 
resulted in slight increase in oil adsorption capacity from 
2.3 to 3.5 g/g. Further increase in pH from 4.0 to 5.0 caused 
noticeable increase in oil adsorption capacity to reach 
11.8 g/g, then a slight increase was observed from pH 5.0 
to 8.0. However, raising the pH to 10.0 led to remarkable 
decrease in oil adsorption capacity.

Demirbas and Nas (2009) suggested that at lower pH val-
ues (strong acid medium), desorption of the surfactant from 
the polymer may take place as a result of repulsion between 
the generated positive charge on the surface of the polymer 

and the positive segments of the surfactant leading to reduc-
tion of hydrophobicity.

Considering our results, it is clear that the optimum oil 
adsorption capacity and hydrophobicity could be reached 
at pH values (5.0 to 8.0), while the basic medium (9.0 to 
10.0) caused a slight negative impact on these parameters. 
At basic medium, reduction of positively charged sites on the 
adsorbent surface was returned to the presence of hydroxyl 
ions, also at basic medium, the solubility of emulsified oil 
occurs and the oil particles turned negatively charged. Con-
sequently, electrostatic repulsion between adsorbent and oil 
particles led to reduction in oil adsorption capacity (Zhang 
et al. 2017a, b).

Adsorbent dose and isothermal modeling studies

The effect of adsorbent dose on adsorption capacity and 
removal efficiency for the studied sorbents was investigated 
at adsorbent dose ranging from 0.5 to 3 g/l, and the results 
are illustrated in Fig. 5a. Oil adsorption capacity as well as 
oil removal efficiency increased from 13.5 to 22.3 g/g and 

Fig. 4  (a) Effect of initial oil concentration upon oil adsorption capacity, (b) effect of contact time upon oil removal efficiency for different oil 
concentrations and (c) effect of pH upon oil adsorption capacity
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from 94.3 to 98.7%, respectively. Upon increasing sorbent 
dose from 0.5 to 2 g/l. This can be due to large number of 
available hydrophobic sites (Arief et al. 2008). Using higher 
adsorbent dose > 2 g/l caused deterioration of both param-
eters. This can be attributed either to repulsion between 
adsorbed oil particles on the surface of adsorbent and those 
still remaining in oil–water emulsion at equilibrium or to 
aggregation of adsorbent molecules causing, thereby reduc-
tion in the surface area (Sidik et al. 2012). The effect of 
adsorbent dose was studied at pH 8.0, polystyrene waste/
surfactant modified bagasse weight ratio 1, initial emulsified 
oil concentration, 0.5 g/l for 30 min. The optimum adsorbent 
dose was found 2 g/l.

Freundlich (Freundlich, 1906) and Langmuir (Langmuir, 
1916) isothermal models were applied to study the interac-
tion between liquid and solid and also to depict the relation-
ship between the amount of emulsified oil adsorbed and its 
equilibrium concentration.

The linear form of Freundlich isotherm is expressed by 
the following equation.

where qe is the amount of emulsified oil adsorbed at equi-
librium (mg/g), Ce is the equilibrium concentration of the 
emulsified oil (mg/l), KF is the adsorption capacity of the 
adsorbate. The favorability of adsorption process is specified 
on the basis of n (adsorption intensity or surface heterogene-
ity). Both n and KF are constants. By plotting qe against Ce, 
1/n and KF can be calculated from the slope and intercept of 
the straight line, respectively. These parameters are listed in 
Table 2. It was found that 1/n values between 0 and 1 means 
that oil adsorption process is heterogeneous and occurred 
through multilayer adsorption process.

Langmuir isotherm model (Eq.  7) suggests that the 
adsorption process occurs at homogeneous surface leading 

(5)log qe = log kf +
1

n
log Ce

to monolayer coverage, basing on equal energy at all sites. 
b and qm are Langmuir constant and maximum adsorption 
capacity, respectively. By plotting Ce/qe versus Ce, qm and 
b can be determined from the intercept and slope of the 
straight line, respectively. RL is the essential factor and can 
be determined from Eq. 8. Higher value of RL (not lying 
between 0 and 1) indicates that adsorption process cannot 
fit Langmuir isotherm, besides, R2 and qm values confirmed 
this.

Different isothermal parameters including constants and 
correlation coefficient (R2) are listed in Table 3.

Thermodynamics studies

The changes in the standard  Gibb’s free energy (ΔG°), 
enthalpy (ΔH°) and entropy (ΔS°) are identified as thermo-
dynamics parameters, and used to describe the nature of oil 

(6)
Ce

qe
=

1

bQe

+
Ce

Qe

(7)RL =
1

(

1 + bCo

)

Fig. 5  (a) Effect of sorbent dose upon oil adsorption capacity and removal efficiency and (b) effect of oil recovery on the removal efficiency

Table 3  Isotherm models 
parameters for adsorption 
of emulsified food oil on 
polystyrene waste/surfactant 
modified bagasse

Isotherm Parameters

Freundlich kf 25.6
1/n 0.33
R2 0.962

Langmiur qm (g/g) 60.8
b (mg/l) −0.06
RL 3.6
R2 0.89
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adsorption process and their values can be detected from the 
following equations:

where Kc is the equilibrium constant of oil sorption and can 
be estimated from Eqs. 10 as follows:

where Csorbent and Cmixture are the concentrations of oil in the 
sorbent and the mixture at equilibrium, respectively.

where R is the ideal gas constant (8.314 J/mol K) and T is 
the absolute temperature (K).

The effect of temperature on oil adsorption capacity was 
studied under temperature range (298–333 K). As depicted 
in Table 4, increasing temperature from 298 to 313 K led to 
increase in oil adsorption capacity (qe) from 22.3 to 26.5 g/g 
but further increase to 333 K resulted in drastic decreasing in 
qe to 16.7 g/g. These results indicate endothermic behavior 
in temperature range (298–313 K) and exothermic behavior 
in the range (323–333 K).

The thermodynamics parameters ΔG°, ΔH° and ΔS° are 
calculated from Eqs. 9–11 at temperature range (298–333 K) 
and listed also in Table 4. It was noticed that ΔG° increased 
by increasing temperature from 298 to 313 K and decreased 
by increasing temperature to 333 K, the values of ΔG° are 
negatively assigned and this denotes that oil sorption process 
is spontaneous. The positive values of ΔH° and ΔS° con-
firmed endothermic and random oil sorption process.

Reusability studies

The efficiency of the reused blend to remove emulsified food 
oil several times from aqueous solutions was studied and 
carried out for 6 cycles. Figure 5b shows the effect of reus-
ing the blend on oil removal efficiency. It was found that the 
oil removal efficiency (R %) of the reused blend remained 

(8)ΔG
◦

= −RT lnKc

(9)Kc =
Csorbent

Cmixture

(10)lnKc =
ΔS

◦

R
−

ΔH
◦

RT

constant for 4 cycles (98.7%), then decreased slightly in 
cycle 5, reached 97.6% and continued to decrease in cycle 
6 to 90.3%.

Summary and conclusions

• In the present work, polystyrene waste was blended with 
surfactant modified bagasse and the different samples 
were characterized by many techniques.

• Compared with bagasse, FTIR spectra of surfactant mod-
ified bagasse and polystyrene waste/surfactant modified 
bagasse showed changes in the intensity and position of 
some peaks indicating the presence of the new moieties.

• SEM images of the modified sample and blend exhib-
ited different morphologies and XRD experiments con-
firmed the alteration of the highly crystalline bagasse to 
an amorphous structured blend.

• Elemental analysis tests showed increasing C and H con-
tent upon modification, whereas  N2 content increased in 
case of surfactant modified bagasse and kept constant 
after blending with polystyrene waste.

• Modification of bagasse with CTAB led to reduced spe-
cific surface area due to the penetration of the surfactant 
into the pores of bagasse. On the other hand, specific 
surface area of the blend highly increased.

• Also, modification of bagasse led to increasing hydro-
phobicity in the order: polystyrene waste/surfactant mod-
ified bagasse > surfactant modified bagasse > bagasse. All 
these measured properties give evidence of successful 
modification of bagasse.

• To evaluate the modified samples as oleophilic adsor-
bents, the effect of varying experimental parameters 
on oil removal efficiency was investigated. Increasing 
polystyrene waste: surfactant modified bagasse weight 
ratio from 0.25 to 1 led to improvement in oil adsorption 
capacity and removal efficiency, whereas further increase 
to 2 was not necessary.

• By using different initial oil concentrations, adsorption 
capacity increased until 2 g/l oil concentration. Higher 
concentrations, e.g., 3 g/l led to deteriorated adsorption 
capacity.

• The effect of increasing contact time on oil removal effi-
ciency was also studied. Maximum removal efficiency at 
equilibrium decreased by increasing oil concentration.

• Initial pH of oily wastewater had also an important 
impact on oil adsorption capacity and the results showed 
that optimum oil adsorption capacity was reached at pH 
values 5.0 to 8.0. Also, the effect of adsorbent dose was 
investigated and found optimum at 2 g/l.

• Reusability experiments till 5 cycles gave satisfactory 
results, isothermal models and thermodynamics studies 
were defined.

Table 4  Thermodynamics parameters for emulsified food oil adsorp-
tion onto polystyrene waste/surfactant modified bagasse blend

Tem-
perature 
(K)

qe (g/g) ΔG° 
(kJ mol−1)

ΔH° 
(kJ mol−1)

ΔS° (kJ mol−1 
 k−1)

298 22.3 −10.8 3.43 0.241
303 23.1 −9.8
313 26.5 −7.6
323 19.5 −11.8
333 16.7 −13.6
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• Generally, polystyrene waste/surfactant modified bagasse 
samples can be considered as a new valuable oil adsor-
bent.
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