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Abstract

Fruit shell residue from Xanthoceras sorbifolia was investigated as a potential biosorbent to remove crude oil from aqueous
solution. The shell powder and its carbonized material were compared while assessing various factors that influenced oil removal
capacity. The structure and sorption mechanism were characterized using scanning electron microscopy and Fourier-transform
infrared spectroscopy. The oil removal capacity of the raw material (75.1 mg g ') was better than the carbonized material
(49.5 mg g ). The oil removal capacity increased with greater saponin content, indicating that hydrophobic and lipophilic
surface characteristics of the saponins improved adsorption by the raw X. sorbifolia shell. An orthogonal experimental design
was used to optimize the adsorption. Using 4 g L™ of raw X. sorbifolia shell (particle size of <0.15 mm), the highest crude oil
removal efficiency was obtained using an initial oil concentration of 400 mg L', adsorption temperature of 30 °C, adsorption
time of 10 min at a shaking speed of 150 rpm. The adsorption of crude oil onto X. sorbifolia shell was best described using a
pseudo-second-order kinetic model. Raw X. sorbifolia shell material was more efficient than the carbonized material at crude oil
removal from aqueous solution. This was attributable to the functional groups of saponins in raw X. sorbifolia shell. This study
highlights that some agricultural and forest residues could be a promising source of low-cost biosorbents for oil contaminants
from water—without requiring additional processing such as carbonization.
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Introduction

A global increase in fuel demand has resulted in increased oil
exploration, extraction, and refining, which in turn has led to
increased oil pollution (Bandura et al. 2015). Major environ-
mental contamination may occur due to accidental losses
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associated with extraction or transportation, or even intention-
al discharge by illegal refineries (Vollaard 2017). Crude oil is a
complex mixture that often contains persistent organic pollut-
ants that are hazards to human and environmental health
(Jacquin et al. 2017; Osin et al. 2017). Although oil can be
efficiently removed using physical or chemical methods,
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treatment is usually expensive and difficult to maintain—even
with advanced technologies (Hassanshahian et al. 2014; Cheng
et al. 2017). Adsorption is seen as an attractive treatment pro-
cess for oily wastewater because it is environmentally benign
and offers excellent removal efficiencies. However, an effective
and economical biosorbent is required (Yao et al. 2017).

Unlike synthetic sorbents, natural sorbents derived from an-
imal, plant residues, or minerals are a logical choice because of
their large quantity and availability (Zadaka-Amir et al. 2013;
Wu et al. 2017). Natural oil sorbents contain micro- and
macroporous structures that permit oil attachment and inter-
and intrafiber structures that allow entrapment (Abdullah et al.
2010). To date, many natural and modified biomass sorbents
are available and include walnut shell, cotton, bagasse, bio-
chars, etc. (Srinivasan and Viraraghavan 2008; Singh et al.
2013; Yang et al. 2017), and several were reported as sorbents
for remediating oil-containing water (Urum et al. 2006; Wang et
al. 2013; Zhu et al. 2017). Bagasse has even been modified by
grafting to improve oil-removal efficiency by improving hydro-
phobic and lipophilic properties (Said et al. 2009). Shi et al.
(2017) modified silica aerogels using polyacrylonitrile and the
new surface properties enhanced the oil adsorption capacity. In
other studies, organic (loose natural wool fibers and recycled
wool-based nonwoven) and inorganic (sepiolite) materials were
compared using actual oily wastewater—contaminated with
motor oils rather than synthetic mixtures. They found that the
natural wool-based fibers had a higher oil sorption capacity, and
that oil removal efficiency was affected by contact time and oil
concentration (Rajakovic et al. 2007).

Xanthoceras sorborifolia is an economically valuable har-
dy (drought, cold, and salt tolerant) Chinese tree. The seed
kernel is used as high-quality feedstock for biodiesel produc-
tion in China (Li et al. 2010). The seed oil is a rich source of
saponins and is an excellent health-care product that can ef-
fectively treat hyperlipaemia, arteriosclerosis, and coronary
heart disease and improve microcirculation (Zhang et al.
2010) (Fig. 1). However, large amounts of seed shell residue
are generated that have no industrial or commercial use. The
seed coat can remove methylene blue from aqueous solutions
and is a potential sorbent for cationic dye removal from waste-
waters (Yao et al. 2009). Ionic liquids have been used to en-
hance the pore structure of the seed-shell residues, which in-
creased oil sorption capacity (Li et al. 2013). Activated carbon
derived from Xanthoceras sorbifolia can adsorb Cd (II) and
Hg (IT) from wastewater, presumably due to the highly porous
structure and surface functional groups (Zhang et al. 2016).
Previous research in our group has indicated acid functional
groups (such as carboxyl and hydroxyl groups) in the shell
that have sorbent potential (Liu et al. 2014). In the present
study, X. sorbifolia shell was assessed as a biosorbent for
crude oil removal from aqueous solution. In addition, carbon-
ized material was compared to the raw material to establish the
effects on oil removal efficiency.
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Materials and methods
Materials

X sorbifolia was collected from Chifeng, Inner Mongolia,
China. Its coat was manually peeled, washed with distilled
water, dried, finely crushed (0.1 to 1 mm), and stored for
analysis. To prepare a material with a high specific surface
area, the carbonization process was based on methodology
established by Zhang et al. (2009) and Hao et al. (2013).
The material was placed in porcelain crucible in a pro-
grammed high-temperature box-type electric furnace, at a
heating rate of 15 °C min ' and a residence time of 2 h at
750 °C. The compositional characteristics of the raw and car-
bonized material are compared in Table 1. The apparent bulk
densities (g cm °) were determined measuring the mass of
volume-packed material (Sun et al. 2017). Here, material
was placed in graduated cylinder, hand-shaken for maximum
compaction, and the mass determined for a specific volume.
The moisture and ash contents were determined according to
the method of Sewu et al. (2017). Samples (2500 mg) were put
in the pre-weighed and pre-dried crucibles, then dried at
105 °C until a constant weight and the mass loss was attribut-
ed to the moisture content. The dried samples were combusted
at 750 °C for 6 h until a constant weight, and the residual mass
was attributed to the ash content. Elemental analysis for total
carbon and nitrogen in the shells were determined using an
Elemental Analyzer (Flash EA 1112, Thermo Flasher) and
expressed per dry mass. The two sorbents were further char-
acterized by pressing material into KBr pellets and analyzing
by Fourier-transform infrared (FTIR) spectroscopy (Nicolet
6700 FTIR spectrometer, Thermo Fisher). Samples were fixed
on aluminum stubs and sputter-coated with gold and viewed
by scanning electron microscopy (SEM) using Quanta™ 250
SEM (FEI). The crude oil used in this study was obtained from
Liaohe heavy-oil pipeline. The crude oil had a viscosity of
0.006 Pa-s and a density of 0.8337 g cm " at 25+ 1 °C.

Oil sorption tests

A range-finding experiment was used to compare the oil re-
moval efficiencies of raw and carbonized X. sorbifolia shells
to commercial and traditional biosorbents (activated carbon,
hazelnut shells, aspen bark, and peanut shells). Biosorbents
(1.0 g) with the particle size of 0.18-0.30 mm were placed
in an oil-water emulsion with an initial crude oil content of
520 mg L' for 0.5 h at a shaker speed of 110 rpm. Results are
listed in Table 2. To determine the effect of saponins on oil
removal efficiency, saponins extracted from the raw shells of
X. sorbifolia were added with 4 g L™" (<0.18 mm) into the
raw and carbonized shells in 520 mg L™ oily water. The
results supported our assumption that oil removal efficiency
increased with increasing saponin content (Fig. 2).
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Fig. 1 Source and primary characteristics of the raw Xanthoceras sorbifolia shell and the adsorption process for crude oil

To optimize parameter combinations for removal capacity
and efficiently determine the most precise information, a five-
level six-factor orthogonal experiment L,5 (Table S1) was
designed to evaluate the influence of several factors on the
oil removal efficiency of raw and carbonized X. sorbifolia
shell. The factors were initial oil concentration, oscillation
rate, contact time, temperature, adsorbent concentration, and
particle size. Each factor was studied at five levels, and each
test was conducted in triplicate. Oil sorption capacities were
determined according to a modified method of Singh et al.
(2013) and Ribeiro et al. (2000). Crude oil (ranging from
150 to 600 uL) was placed in 500-mL flasks and emulsified
in 250 mL of tap water. The sorbent materials had a particle
size range of 0.11-0.38 mm and were assessed across a con-
centration range of 4.0-6.0 g L™" in the crude oil emulsion.
Flasks were agitated by vibration at 70~150 cycles min ' for
5-120 min in a horizontal rotator. The experiments were con-
ducted across a temperature range of 2545 °C to account for
the impact of temperature on viscosity. The results for orthog-
onal design conditions are shown in Table S2. All results from
each design are expressed as the mean of three tests. The

experimental data were analyzed using univariate analysis of
variance (ANOVA) and Duncan’s multiple range tests to ac-
count for differences among averaged performance.

Analytical methods for determination of oil
concentration

Oil content was determined using an extractive—gravimetric
method using tetrachloromethane as the solvent. First, the
sorbent was removed by filtration through a stainless-steel
mesh. The steel mesh was rinsed then with tetrachloromethane
to remove any trace of adsorbed oil. The solvent was added to
the filtered aqueous solution in a separation funnel shaken for
2 min. The organic solvent phase was transferred to a 150-mL
round-bottom flask and concentrated by drying under an inert
atmosphere (nitrogen), and the mass of the remaining oil mass
(g) was determined. Each wastewater sample was extracted
twice (Rajakovic et al. 2007; Singh et al. 2013). The oil re-
moval efficiency (g, %) was calculated using the following
equation:

Table 1 Characteristics of the two sorbent materials (raw and carbonized X. sorbifolia shells)

Adsorbent Particle size Bulk density Moisture content Ash content C N C/N
(mm) (gem™) (%) (%) (%) (%)

Raw shell 0.125-0.149 0.20 8.72 6.7 47.84 0.96 49.82

Carbonized shell 0.125-0.149 0.24 5.17 112 77.78 1.21 64.21
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Table 2  Oil removal efficiency of different biomaterials

Biosorbent Qil removals (%) Biosorbent Oil removals (%)
Activated carbon 92.04 HCl-modified RXSS 71.83

RXSS 88.14 Hazelnut shell 70.82

CXSS 77.46 NaOH-modified RXSS 59.87
Ethanol-modified RXSS 73.84 Aspen bark 51.73

Washed RXSS 73.29 Peanut shells 44.47

Note: Ci=520 mg L™'; time of contact=0.5 h; adsorbent dosage=4 g L™'. RXXS and CXSS are the raw and carbonized X. sorbifolia shells,

respectively

ci—C
4="5 L % 100%. (1)

where C; and Cy are the initial and final oil masses in grams.

Kinetics study of oil sorption capacity

According to the optimum conditions selected in the pre-test,
1-g shell material with a particle size between 0.177 and
0.250 mm was placed into a series of conical flasks containing
approximately 0.13 g of crude oil in 250 mL of water and
shaken at 110 rpm at 25 °C in a time-course experiment.
The adsorption kinetics of biosorbents were modeled using
pseudo-first order, pseudo-second order, and intra-particle dif-
fusion models by linear methods (Hameed et al. 2008; Yao et
al. 2009; Yousef et al. 2011; Wang et al. 2015; Sewu et al.
2017).

The pseudo-first order kinetic model initially proposed by
Lagergren is widely used for adsorption in liquid/solid system
and may be expressed as the following:

ki
log(q.=¢q,) = logqe_mt (2)

where g, (mg g ") and ¢, (mg g ") are the amount of adsorbed
oil at equilibrium and at any time # (min), respectively, while
the constant £, (minﬁl) represents the adsorption rate in the
pseudo-first order reaction. The constants (listed in Table 3)
were calculated by plotting log (g.- ¢;) versus time, as shown
in Fig. 5a.

The pseudo-second-order kinetic model used the following
linear formula as proposed by Ho and Mckay (1999):

t 1 1

qt k2q62 - qe ¢ (3)
where &, (zmg ' min") is the adsorption rate in the pseudo-
second-order reaction. g, and k&, (Table 3) were determined by
plotting t/g, versus time, as shown in Fig. 5b.

The intra-particle diffusion model proposed by Weber and
Morris (1963) was used to predict the rate-limiting step in the
adsorption process by examining the relationship between ¢,
and ¢ * in the following formula:

@ Springer

g, = kat>> +1. (4)

kq (mg g ' min %) is the rate constant for the intra-particle
diffusion kinetic model, while 7 (mg g™ ') is a constant associ-
ated with the boundary layer thickness. In this model, the
adsorption process was controlled by intra-particle diffusion
if the plots of ¢, vs. ¢ * could be fitted to a straight line.

Results and discussion
Oil removal capacity of Xanthoceras sorbifolia shells

Preliminary experiments (Table 2) indicated that the raw X.
sorbifolia shells had greater oil removal efficiency (88.1%)
than the carbonized form (77.5%) and was second only to a
commercial activated carbon (92.0% removal efficiency).
Activated carbon is the most popular and widely used adsor-
bent in wastewater treatments, because it has a relatively low
cost and a high removal rate due to its high surface area
(Altmann et al. 2014; Skouteris et al. 2015; El-Naas et al.
2017). However, it requires more expensive chemicals and
complex processing for removing pollutants such as crude
oil (Ahmad et al. 2005; Gunatilake and Bandara 2017).
Therefore, raw and carbonized X. sorbifolia shells were se-
lected for further analyses and mechanistic studies regarding
the adsorption of crude oil. Given their relatively high
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Fig. 2 Effect of saponin on oil removal efficiency by X. sorbifolia shells
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Table 3  Kinetic parameters on crude oil adsorption of X. sorbifolia raw and carbonized shells
Adsorbent Geoxp Pseudo-first order Pseudo-second order Intra-particle diffusion
(mgg ")

Ge,cal kl Rz Gecal k2 R2 kd 1 RZ

(mgg') (min) (mgg') (gmg ' min") (mg g min®%)  (mgg)
Raw shell 88.67 3.15 0.0055  0.9450  88.50 0.0078 0.9996  1.7853 67.83 0.2608
Carbonized shell ~ 84.50 3.23 0.0085  0.9042  88.50 0.0016 0.9949  3.4720 44.04 0.4515

adsorption efficiencies, low cost, and environmental benefits,
the results from this study will serve as benchmark for the
development of other practical low-cost biosorbents.

The lower crude oil removal efficiency of the carbonized
shell is most likely due to the removal of the amphipathic
compounds that adsorb oil and water, in which water inevita-
bly interferes the contact between oil and sorbent. Moreover,
the raw X. sorbifolia shells contain large amount of saponins,
which decomposed when the shell was carbonized. Saponins
are a type of biosurfactant and decrease the interfacial tensions
of oil molecules on its surface and increase the bioavailability
of hydrophobic compounds (Pacwa-Plociniczak et al. 2011).
This increases the amount of oil, rather than water, drawn onto
the shell and leads to a higher oil adsorption capacity (Paria
and Khilar 2004; Wei et al. 2005). Emulsion and foam prop-
erties due to saponins in the raw shell may also enhance oil
removal during treatment (Urum and Pekdemir 2004;
Pekdemir et al. 2005). The oil removal efficiencies (Fig. 2)
increased when saponins were added to the raw or carbonized
material (up to 100 mg g '). The increase was more pro-
nounced for the carbonized material (from 4.8 to
49.5 mg g ') than for the raw material (from 53.3 to
75.1 mg g "), as would be expected for material no longer
containing saponins. In conclusion, raw X. sorbifolia shell
appears a better natural biosorbent for oil removal from water
than its carbonized form, due to the chemical reaction or
chemisorption of the hydrophobic oils with lipophilic com-
pounds such as saponins.

Determination of the optimal adsorption conditions

A total of 75 trials (25 tests, each in triplicate) were conducted
using an orthogonal array L,s, with six factors and five levels.
Based on the Taguchi method, the percentage of crude oil
removed from water was selected as the dependent variable.
The results are listed in Table S2. The highest Xbar-R value
represents the best level for each factor, which indicates the
optimum removal efficiency. The optimum adsorption condi-
tions using 1 g of raw shells (< 0.15 mm) in a 250-mL volume
were: an initial oil concentration of 400 mg L™'; shaking at
150 rpm; 10-min extraction time; at 30 °C. As this combina-
tion of factors and levels (A4B4CsD,EF,) was not included in
the 25 experiments conducted under the orthogonal array, the

conditions were assessed to validate the model. A 75.6%
crude oil removal was obtained, which was greater than the
carbonized X. sorbifolia shell of 54.4% and confirmed data
obtained in the initial assessment. The variances of the factors
were analyzed via ANOVA and the results are summarized in
Table S3.

Temperature is an important parameter to investigate to
ensure robust oil removal efficiencies. It changes seasonally
and impacts oil viscosity and the oil sorption capacity (and
removal efficiencies). In general, oil sorption capacity in-
creases with increasing temperature, until an upper threshold
where the surface characteristics (e.g., particle size, porosity)
of sorbent become limiting (Abdelwahab et al. 2017). Using
higher sorbent concentrations or smaller particles can improve
removal, but this has practical limitations as well as issues
with secondary contamination (Aslam and Choudhary
2017). Similarly, adsorption capacity increases with contact
time—increasing until it reaches a plateau. Upon reaching
the plateau, there is a dynamic equilibrium between adsorp-
tion and desorption with greater contact times (Deschamps et
al. 2003). In the present research, the six interacting factors of
sorbent dosage, particle size, shaking speed, sorption time, oil
concentration, and temperature significantly (P <0.01) influ-
enced oil removal by raw X. sorbifolia shell. Similar effects
were observed with carbonized X. sorbifolia shell, except for
temperature. The carbonized material was less sensitive to the
effects of temperature. Worth noting is factors such as aqueous
oil concentration, flow rate, and presence of different organics
would significantly affect performance of both materials when
used in aqueous systems (Wahi et al. 2013).

Kinetics for oil sorption

Kinetic studies were conducted using pseudo-first-order (2),
pseudo-second-order (3), and intra-particle diffusion (4) kinet-
ic models to predict the data obtained from the adsorption
experiments and to investigate the efficiencies of crude oil
adsorption of the shells and their equilibrium contact time
(Fig. 5).

Pseudo-first and pseudo-second-order kinetic models by
linear method are mostly used to check the hypothesis of
adsorption kinetics at the liquid/solid interface of an adsorbent
(Kumar 2006; Yousef et al. 2011; Simonin 2016). The values
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Fig. 3 FTIR spectra of X.
sorbifolia shells with (a, ¢) or
without (b, d) oil sorbed to the
surface

Raw shell

1054

Taso T a0

associated with the binding models (¢, k1, k», k4, and R?) were
calculated and are listed in Table 3. The R? values of pseudo-
first order kinetic model were 0.9450 and 0.9042, respective-
ly, for raw and carbonized sorbent. These were lower than
those of the pseudo-second-order model (R*=0.9996 and
R*=0.9949). In addition, the ¢. values of pseudo-first-order

Fig. 4 SEM images of raw (a),
oil-sorbed raw (b), carbonized (¢),
and oil-sorbed carbonized (d) X.
sorbifolia material at 1200x and
600x magnification (subplots)
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kinetic model did not agree with the values in the linear plots
(>80mgg ' ofadsorbed oil) at equilibrium, further indicating
that the first-order reaction was not a suitable model for oil
adsorption to X. sorbifolia shells (Hameed et al. 2008). The
theoretical values (g, c.;) calculated from the pseudo-second-
order kinetic model were close to the experimental data
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(ge,exp)> indicating that oil adsorption followed a pseudo-
second-order model. In addition, the intra-particle diffusion
model was assessed to determine the limit of intra-particle
diffusion in oil adsorption—as shown in Eq. (4) (Wang et al.
2015). However, there was no linear relationship between
residue oil after being adsorbed by sorbent against t° as
shown in the Fig. 5. Therefore, the pseudo-second-order mod-
el best fitted the adsorption process of both raw shell and
carbonized X. sorbifolia shells as indicated by the high corre-
lation coefficient (R* values). These data provide a theoretical
basis for the chemical reaction mechanism of these
biosorbents for crude oil adsorption from water, based on
the lower adsorption rate constant (k,) of carbonized material
(Yao et al. 2009).

Fourier transformed infrared spectroscopy

FTIR spectra of the raw and carbonized materials were obtain-
ed before and after crude oil adsorption (Fig. 3). Similar broad
and strong adsorption peaks at 3410 cm ™ for raw and carbon-
ized materials were assigned to O—H stretching vibration
(Wuana et al. 2015). There was a significant decrease of band
intensities at 1735 and 1515 cm™' for the carbonized shell
material, suggesting cleavage of a C=0 bond and the aromatic
ring in lignin. These two functional groups may play an im-
portant role in adsorption of organic pollutants due to their
interaction with aliphatic groups in crude oil (Wang et al.
2012; Chand et al. 2017). The disappearance of the peak at
1054 cm ! after carbonization (attributed to the CH or C—-O—C
adsorption) was likely caused by the high-temperature process
altering the cellulosic structure and chemical groups (such as
saponins), thus decreasing oil sorption capacity (Nidhina and

t (min) t70.5 (min”0.5)

Muthukumar 2015; Mutairi 2016). Bands around 1373 cm”!
(attributed to C—H stretching of C—CHj;) and 1444 cm !
(bending vibrations of —CH,—) decreased in the carbonized
shell, indicating that both cellulose and lignin components
were reduced during carbonization (Sun et al. 2003). The
weaker carboxylate asymmetric stretching in the carbonized
material (indicated at 1584 ¢cm ') demonstrated the impor-
tance of the carboxylic group in adsorption (Matuana et al.
2001; Gupta and Rastogi 2009). The oil-saturated samples
displayed more intense peaks around 2920 and 2851 cm '
(attributed to C—H asymmetric stretching vibrations), provid-
ing direct evidence for the adsorption of a hydrocarbon to the
material. The relatively greater peak for the raw material at
1631 cm ™! (attributed to C=C stretching: Sidik et al. 2012)
after oil adsorption, verified a greater oil adsorption capacity
than the carbonized material. For the carbonized material, the
band at 1259 cm™! (attributed to Si-O stretching vibrations)
disappeared after oil adsorption (Fig. 3c, d), which suggests
that the signal from the surface Si-OH groups was quenched
by organophilic CH- groups in crude oil, forming Si—
O—[CH—] groups (Banerjee et al. 2006). These spectra quali-
tatively demonstrated why the oil sorption capacity of raw
shell was higher than that of carbonized material.

Morphology analyses

To further prove the phenomenon of crude oil adsorption by
raw and carbonized X. sorbifolia shell, the surfaces were
viewed using SEM (Fig. 4). The SEM micrographs of the
shells before adsorption are shown in Fig. 4a, c. The raw shell
had clear and bumpy lamellar structures with irregular holes,
whereas the carbonized shell had patchy honeycomb
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structures with uneven pores. Both raw and carbonized mate-
rial differed with the respect to structural changes after oil
adsorption. The raw shell layers and pores were less sharp
because of the adsorption of oil molecules, while almost no
change was observed on the surface of the carbonized shell
after oil adsorption (Fig. 4d). Carbonization increased the po-
rosity on the surface of the shell material. Although the in-
creased surface area could theoretically improve oil adsorp-
tion (Sidik et al. 2012), little oil was observed in the micro-
graphs. These results, in accordance with FTIR spectra results,
corroborate the presence of functional groups on the outer
surface of raw shell material that improve physical adsorption
of crude oil in water. The intermolecular interactions between
oil and the lipophilic groups contribute to oil adsorption into
the fiber lumen (Deschamps et al. 2003). High-temperature
treatment degraded surface functional groups associated with
hydrophobicity, which rendered the microstructure less attrac-
tive to oil sorption (Wahi et al. 2013). In the present study,
although the decomposition of saponins and other compounds
increased the porosity of the carbonized material, the oil ad-
sorption capacity for oil to carbonized shell was markedly
decreased (Fig. 5).

Conclusions

This study found X. sorbifolia shell, without any modification,
demonstrated highly efficient oil adsorption compared to other
biomaterials. Better adsorption was only achieved using com-
mercial activated carbon. The adsorption mechanism differed
from activated carbon—where surface adsorption and intra-
particle diffusion predominate. In the raw shell material, the
saponin components significantly affected its oil adsorption
capacity. This study indicates a broad potential application
of this material for the removal of oil pollutants from aqueous
environments and provides a theoretical basis for further de-
velopment of this economical and environmentally friendly
biosorbent.
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