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1 Introduction
Benzo(a)pyrene (BaP) is a polycyclic aromatic hydrocarbon 

(PAH) and a well-known carcinogen (Shi et al., 2017; Shin et al., 
2016). BaP has been shown to cause carcinogenic, teratogenic, 
mutagenic, and cytotoxic effects in various tissues and cell types 
(Moserová et al., 2009). Due to its toxicity and mutagenicity, the 
International Agency for Research on Cancer (IARC) upgraded 
BaP from Group 2A (probably carcinogenic to humans) to 
Group 1 (carcinogenic to humans) (Cheng et al., 2015). BaP is 
present in a wide variety of food items, such as smoked foods 
(Rhee & Bratzler, 1970), edible oil (Camargo & Toledo, 2000), 
coffee, fried foods, and meat products (Wu  et  al., 2020). In 
particular, edible oil can be heavily contaminated with BaP, 
because of their strong lipophilic property and wide distribution 
in the environment (Shi  et  al., 2017; Cotugno  et  al., 2021). 
BaP in edible oil originated from various factors including 
the environmental pollution of raw materials, seeds drying on 
asphalt road surfaces, and production during the processing of 
edible oils (Cotugno et al., 2021). To date, peanut (Ji et al., 2020), 
sesame (Ji et al., 2019), olive (León-Camacho et al., 2003), and 
rapeseed oils (Rojo Camargo et al., 2012) have been reported 
to contain relatively high concentrations of BaP. Now, China 
has set a legal limit of 10 µg/kg for BaP content in edible oils, 
and the European Commission has established the maximum 

levels for BaP was 2 µg/kg (Ji et al., 2020; Kazerouni et al., 2001). 
Therefore, how to remove BaP in edible oils effectively is a critical 
issue in the field of food safety.

Various technologies, such as coagulation, adsorption, 
flocculation, sedimentation, filtration and ozonation have been 
emerged for the BaP removal (Xi & Chen, 2014; Yang et al., 2019). 
Among these, adsorption is effective, and is further recommended, 
because it is convenient and causes less secondary pollution 
(Cheng et al., 2015). Many studies have used adsorption methods 
to remove BaP from different edible vegetable oils and fats by 
adsorption, such as fish oil (Yebra-Pimentel et al., 2014), sesame 
oil (Choi et al., 2014), olive pomace oil (Kiralan & Tekin, 2020) 
and so on. Commonly used adsorbents are activated carbon 
and activated clay applied to the adsorption of BaP in edible oil 
(Choi et al., 2014). However, because of the insufficient supply 
of these commercial adsorbents for the removal of BaP, the 
development of other adsorbents has attracted great attention.

It is worth noting that biochar has been extensively used 
as an adsorbent for adsorbing heavy metals, dyes, and organic 
contaminants, particularly aromatics in recent years (Ahmed 
& Hameed, 2018; Lin et al., 2020). Biochar could be prepared 
from a variety of raw materials, such as activated sludge, 

Performance of sesame straw cellulose, hemicellulose, and lignin biochars as 
adsorbents in removing benzo(a)pyrene from edible oil

Qiao-Li YANG1, Zhao QIN1* , Hua-Min LIU1, Xi-Chuang CHENG1, Yu-Xiang MA1, Xue-De WANG1*

a

Received 20 June, 2021 
Accepted 29 June, 2021
1  College of Food Science and Engineering, Henan University of Technology, Zhengzhou, China
*Corresponding author: qinzhao505@163.com, wangxuede1962@126.com

Abstract
The safety problems related to the occurrence of benzo(a)pyrene in edible oil have been a major threat to human health, and 
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with the pseudo-second order kinetic equation indicating mainly chemisorption, and it fit the Freundlich isotherm (R2 > 0.999), 
thereby revealing the occurrence of multilayer adsorption. The effect of π-π conjugation interaction and pore-filling together 
promoted the high adsorption performance of the modified lignin biochar. This work demonstrates that the modified lignin 
biochar could be a promising adsorbent for the removal of benzo(a)pyrene from edible oils.
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Practical Application: The effect of ZnCl2-modified biochars from cellulose, hemicellulose and lignin obtained from sesame 
straw on benzo(a)pyrene removal from edible oil was investigated. The removal process, mechanism of benzo(a)pyrene on the 
biochar was studied. This study provides a promising adsorbent for the removal of benzo(a)pyrene from edible oils.
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agricultural waste and animal manure, of which sesame straw 
could be viewed as an excellent alternative duo to its inherently 
renewable characteristics, low toxicity, and wide availability 
(Park et al., 2016). Cellulose, hemicellulose, and lignin are the 
three basic components of these waste lignocellulosic biomass 
resources, whose intrinsic structures are different from each 
other (Deng et al., 2016). Cellulose is consisted of long-chain 
polysaccharides without branches, while hemicellulose is a 
highly branched macromolecular substance of different sugars 
and has a random and amorphous structure. Lignin is a complex 
cross-linked polymer composed of phenylpropanoid units 
(Smith et al., 2017). Because of their different intrinsic structures 
and pyrolysis behaviors, these constituents produce biochars with 
different properties. To date, numerous studies have illustrated 
the physical and chemical properties of biochars prepared from 
cellulose, hemicellulose, and lignin, and their capacities for 
adsorbing toxic pollutants in water (Li et al., 2014; Wan et al., 
2020; Yang et al., 2018). However, biochars from these three 
key biomass constituents have not been used for the removal 
of organic pollutants, especially BaP, from edible oil.

In this work, we extracted cellulose, hemicellulose, and 
lignin from sesame straw, and used them to prepare biochars. 
The structures and surface properties of both unmodified 
biochars and biochars modified with the activator ZnCl2 were 
investigated. Sorption kinetics and isotherms of BaP on the 
biochar were investigated to understand the removal process, 
mechanism, and capacity. This work provides the experimental 
basis for the development of new adsorbents for the removal of 
BaP in edible oil, and for the transformation of sesame straw 
from waste into a valuable resource.

2 Materials and methods

2.1 Materials

Sesame straw was obtained from a farm in Zhumadian, 
China. It was milled with an electric grinder and sieved through 
a 40-mesh sieve. The resulting powder was dewaxed using a 
toluene-ethanol solution (2:1, v/v) in a Soxhlet extractor for 
48 h, and then air-dried. All chemicals used in all experiments 
were of analytical grade.

2.2 Isolation of cellulose

Cellulose was isolated from the dewaxed samples according 
to the previous method with some modifications (Liu et al., 2020) 
Dewaxed samples were treated with 1.25 M NaOH solution for 
6 h at 60 °C (solid:liquid ratio, 1:20) under constant stirring. 
After treatment with NaOH solution, the fibers extracted were 
thoroughly washed with distilled water to ensure the pH of the 
fibers was neutral. Then, the neutral pH fibers were immersed 
in 10% acetic acid solution for 30 min, rinsed, filtered, then 
oven-dried. The dried fibers were bleached using 7% sodium 
chlorite at 80 °C for 2 h. The ratio of fiber to sodium chlorite 
was maintained at 1:10. Then, the bleached fibers were washed 
three times with distilled water. Lastly, the fibers were immersed 
in 5% acetic acid to neutralize the alkali, washed with distilled 
water, and then freeze-dried.

2.3 Isolation of hemicellulose and lignin

Hemicellulose and lignin were isolated from the dewaxed 
samples according to the previous report (Banerjee et al., 2019). 
Dewaxed samples were mixed with 1.25 M NaOH solution 
and stirred at 60 °C for 6 h (solid:liquid, 1:20) under constant 
stirring. The collected supernatant was adjusted to pH 5.5-6 
with 6 M HCl, and concentrated by rotary evaporators. Then it 
was precipitated in three volumes of 95% ethanol for 24 h, and 
centrifuged to isolate hemicellulose. After that, the precipitate 
(hemicellulose) was dialyzed at 25 °C for 72 h by reverse flow 
to remove NaCl, and finally freeze-dried. After the removal of 
hemicellulose, the supernatant solution was evaporated to remove 
ethanol. After ethanol evaporation, 6 M HCl was added to the 
supernatant, which was then acidified to pH 2.0 to precipitate 
lignin. The precipitated lignin was washed with deionized water 
to remove residual impurities, and finally freeze-dried.

2.4 Biochar preparation

The cellulose, hemicellulose, lignin and sesame straw were 
thoroughly mixed with ZnCl2 at 1:2 (w/w). 20 g of each dried 
sample was added to a quartz boat and placed in a tubular furnace 
(OTF-1200X, Hefei Kejing Material Technology Co., Ltd) filled with 
nitrogen gas. After that, the furnace was programmed to increase 
in temperature at a rate of 10 °C/min from room temperature 
to pyrolysis temperatures of 600 °C, hold for 1 h, and then cool 
to room temperature. During the heat treatment, a flow of pure 
nitrogen (99.999%) was maintained at 300 mL/min (Ma et al., 
2019). Biochars obtained from cellulose, hemicellulose, lignin and 
sesame straw without ZnCl2 activation, representing unmodified 
biochars, were named CC, HC, LC, and SC, respectively; while 
those with ZnCl2 activation, representing modified biochars, 
were named CZC, HZC, LZC, and SZC, respectively.

2.5 Characterizations of biochars

To investigate the composition of the biochars, carbon, 
oxygen, nitrogen, hydrogen and sulfur contents of the samples 
were determined using an elemental analyzer (Elementar 
Unicube, Germany). Chemically active groups on the biochar 
surfaces were identified by a Nicolet 6700 Fourier transform 
infrared spectroscopy (FT-IR) with a spectrometer (Thermo 
Fisher Scientific, USA) in the scanning range of 4000-400 cm-1 
(Ahmed & Hameed, 2018). The surface morphologies were 
observed with a scanning electron microscope (Hitachi, 
S-3000N). The samples were placed on the tape and sprayed 
with gold, then observed and photographed (Choudhary et al., 
2020). The crystallographic structures were measured by an 
X-ray diffractometer at a scanning rate of 10 °/min over a 2θ 
range from 10 to 80° (Ma et al., 2019). For thermogravimetric 
analysis, an SDT Q600 thermogravimeter (TA Instruments, 
New Castle, DE, USA) was used. Each biochar sample was 
heated from 40 to 800 °C at a heating rate of 10 °C/min in an 
N2 atmosphere (Choudhary et al., 2020). The porosity of the 
biochars was determined by N2 adsorption at -196 °C with a 
porosimeter and an automated surface area analyzer (Ahmed 
& Hameed, 2018).
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2.6 Removal of BaP from sesame oil

The removal of BaP from sesame oil by biochar was carried 
out according to the method described by Shi  et  al. (2017). 
First, sesame oils were contaminated with BaP at 18 µg/kg, and 
then stored for 48 h. The proportion of biochars to be used as 
adsorbent was set at 0.6% of the oil by weight. 50 g of the sesame 
oil and 0.3 g of the biochar were combined in a three-neck flask, 
stirred at 110 °C for 35 min under vacuum, and then filtered 
to remove biochar.

2.7 Determination of BaP in sesame oil

The same procedure was carried out with samples of sesame 
oils taken before and after adsorption. 0.5 g of oil was weighed, 
combined with 3 mL n-hexane into 10 mL centrifuge tubes, and 
then whirled for 1 min. Subsequently, the solution was loaded on 
a column (CNW MIP-BAP catridge, 500 mg, 6 mL) which had 
been activated with 5 mL dichloromethane and 10 mL n-hexane. 
After loading, the column was eluted with 10 mL n-hexane. 
The extracts adsorbed onto the column were eluted by 5 mL of 
dichloromethane, and the total elution was collected. The eluent 
was then concentrated to dryness with nitrogen at 45 °C. The 
residue was dissolved in 1 mL of acetonitrile. Next, the final 
solution was filtered through a 0.22 µm organic membrane, and 
then collected for HPLC analysis (Pan et al., 2017).

The BaP content was determined by an HPLC (Agilent 
1200, USA) system equipped with an FLD detector and a 
PAH C18 (250 mm × 4.6 mm × 5 µm) chromatographic column. 
The mobile phase consisted of acetonitrile (solvent A) and water 
(solvent B). The flow rate of solvent was 1.0 mL/min for 35 min, 
and the gradient was as follows: 0 min, 60% A; 0-8 min, 60% A; 
8-18 min, 60-100% A; 18-28 min, 100% A; 28-29 min, 100-60% A; 
29-35 min, 60% A. The injection volume of the prepared sample 
was 10 µL, and the column temperature was kept at 35 °C during 
injection. BaP, which appeared at 22.439 min, was identified by 
comparing the retention time of the peak with that of the BaP 
standard. BaP was quantified based on the external standard 
curve at concentrations ranging from 0.04-50.00 ng/g. The 
coefficient of correlation (R2) of the standard curve was 0.9998.

The removal efficiency (γ) of BaP was calculated by the 
mass balance Equation 1:

0
0

100%tC C
C

γ
 −

= ×  
 

 (1)

where C0 (μg/kg) and Ct (μg/kg) are the concentrations of BaP 
at the initial and given times (min), respectively.

The amount of BaP adsorbed at equilibrium, qe (μg/kg), 
was calculated according to Equation 2:
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in which, ρ (g/L) represents the density of the sesame oil; Ce 
(μg/kg) is the equilibrium concentration of BaP; V (L) is the 
volume of contaminated sesame oil, and W is the weight of 
biochar used.

2.8 Adsorption behavior of biochar

Langmuir and Freundlich isotherm adsorption models were 
applied to study the equilibrium adsorption data (Amaral et al., 
2018). The Langmuir isotherm equation is expressed in Equation 3:

1e e
e m m

C C
q q b q

= +
×

 (3)

where, qe is the amount of BaP sorbed in μg/kg at equilibrium, 
b (μg/kg) is the Langmuir isotherm constant corresponding to 
the energy of sorption, and qm (μg/kg) is the biochar’s maximum 
capacity for adsorbing BaP.

The linear form of the Freundlich isotherm is given in 
Equation 4:

1ln ln lne f eq K C
n

= +  (4)

where, Kf and n are Freundlich constants, Kf (μg/kg) is the 
adsorption capacity of the biochar, and n is an indicator of 
adsorption intensity.

The kinetics of adsorption of BaP on biochars were studied 
by applying the pseudo-first-order model and the pseudo-
second-order model (Guo et al., 2020). The best fitting model 
of the dynamic adsorption rate and the adsorption mechanism 
of the BaP in the contaminated oils were determined from 
Equations 5 and 6:
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where qt (μg/kg) is the adsorption efficiency of BaP by the biochar 
at time t (min), k1(1/min) is the first-order rate constant, and 
and k2 [kg/(μg·min)] is the second-order rate constant. The 
first-order rate constant is calculated according to the intercept 
of ln (qe − qt) against t, while the second-order rate constant is 
calculated according to the slope of (t/qt) against t.

The thermodynamic parameters can be calculated using 
the following Equations 7 to 10:

0 ln dG RT K∆ = −
 (7)
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where ΔG0 (J/mol) is the standard Gibbs free energy change, Kd 
is the distribution coefficient of the adsorption process, T (K) 
is the adsorption temperature in °Kelvin, R [8.314 J/(mol·K)] is 
the universal gas constant, ΔS0 is entropy, and ΔH0 is enthalpy. 
The values of ΔS0 and ΔH0 can be determined using the curve 
intercept and slope of lnKd versus 1/T, respectively.
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2.9 Statistical analysis

All experiments were performed three times, and the results 
are presented as mean ± standard deviation (SD). An analysis 
of variance (ANOVA) was performed using SPSS (version 20.0; 
SPSS Inc., Chicago, USA) and Duncan’s multiple comparison 
test was used to evaluate whether differences (p < 0.05) between 
samples were significant.

3 Results and discussion

3.1 Biochar yield and composition

The yields of the unmodified and modified biochars are 
shown in Figure 1A. It is noteworthy that the yield of LC was 
much higher (24.98%) than that of CC (16.42%) and HC 
(20.56%) at 600 °C. Lignin is a three-dimensional, highly cross-

linked, macromolecular polymer with a thermal degradation 
temperature in the range of 100-800 °C. In contrast, the thermal 
degradation temperatures of hemicellulose and cellulose are 
mainly in the range of 100-400 °C (Ma et al., 2015; Yang et al., 
2007). Therefore, the highest thermal stability of lignin might 
result in the highest yield of LC at high pyrolysis temperature. 
After activation, the yields of SZC, CZC, HZC, and LZC increased 
by 28.92%, 27.23%, 28.04%, 37.98% and 48.3%, respectively. 
In other words, the addition of ZnCl2 increased the yields of 
all biochars. This is because ZnCl2 favors depolymerization, 
dehydration, and redistribution of the biopolymers, and also 
promotes the conversion of aliphatic to aromatic compounds; 
all of these transformations increase, the yield of biochar 
(Pezoti et al., 2014).

The elemental composition and molar ratios of the 
biochars are listed in Table 1. Hydrogen content was similar 

Table 1. Physicochemical properties of biochars.

Sample
SC CC HC LC SZC CZC HZC LZC

Elemental copositions
N(%) 1.96 0.03 2.38 6.07 2.99 0.80 2.67 4.69
C(%) 77.15 76.87 64.98 83.14 86.83 89.96 87.40 82.78
H(%) 2.10 2.26 2.41 2.34 1.74 1.77 1.87 2.18
S(%) 0.51 0.24 0.82 0.20 0.21 0.00 0.41 0.20
O(%) 10.30 2.65 12.72 3.39 2.23 1.10 2.31 4.60
H/C 0.0272 0.0294 0.0371 0.0281 0.0200 0.0197 0.0214 0.0263
O/C 0.1335 0.0345 0.1958 0.0408 0.0257 0.0122 0.0264 0.0556

Pore structurea 

SBET (m2/g) 133.01 387.83 29.14 16.78 1496.82 1915.55 1362.72 983.50
Vtot (cm3/g) 0.1060 0.2145 0.0343 0.0171 1.0355 1.1854 1.1390 0.7272

Vmicro (cm3/g) 0.0204 0.1443 0.0052 0.0006 0.5543 0.9815 0.2482 0.3937
Vmeso (cm3/g) 0.0856 0.0702 0.0290 0.0164 0.4812 0.2039 0.8908 0.3335

Vmicro (%) 19.25 67.27 15.16 3.51 53.53 82.80 21.79 54.14
Am (nm) 3.19 2.21 4.70 4.07 2.77 2.48 3.34 2.96

a SBET−BET specific surface area; Vtot−Total pore volume; Vmicro−Micropore volume; Vmeso−Mesopore volume; Vmicro−Microporous volume ratio; Am−Average pore diameter.

Figure 1. Biochar Yields (A); Efficiency of different biochars in removing BaP from oil (B). Results with different letters are significantly different 
(p < 0.05).
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in all the biochars; however, the percentage of carbon was 
considerably increased after activation. The significant loss 
in oxygen in the modified biochars can be attributed to the 
cracking and cleavage of weak bonds within the precursor 
materials (Liu et al., 2021). The H/C ratios, an index of carbon 
aromaticity, of the modified biochars were slightly lower 
than those of the unmodified biochars. The result signifies 
that ZnCl2 activation enhanced the carbon aromaticity of 
the biochars. The O/C ratios of the SZC, CZC and HZC 
were lower than those of unmodified biochars. And the high 
O/C of unmodified biochar SC, CC, and HC indicated a low 
carbonization degree and the existence of polar functional 
groups. However, the opposite result, i.e., the low O/C of 
LZC, indicated that LZC had a richer polar functional group 
(Li et al., 2020; Liu et al., 2018).

3.2 FT-IR analysis

Figure 2A shows the FT-IR spectra of unmodified and 
modified biochars derived from sesame straw, cellulose, 
hemicellulose, and lignin; peaks have been identified according 
to the literature (Pezoti  et  al., 2014; Li  et  al., 2020). The 
absorbance peaks at 3345 cm-1, 1732 cm-1, 1116 cm-1 were 
assigned to stretching vibration of -OH, C=O and C-O-C, 
respectively. The vibration peaks at 2965 cm-1 and 2927 cm-1 
corresponded to the C-H bonds from alkyl groups. The band 
from 1580 cm-1 to 1664 cm-1 can be attributed to the C=C 
vibration of an aromatic ring (Hong et al., 2019). The signal 
intensity of C=C groups, for LZC was clearly enhanced, 
indicating increased aromatization and stability. Meanwhile, 
the presence of C=C double bonds in aromatic rings could 
enhance the adsorptive capacity of biochars, favoring the 
π-π interactions that are one of the main mechanisms for the 
adsorption of aromatic pollutants. Comparing SZC with SC, 

the most obvious difference was the functional group -OH, 
which almost disappears in SZC; this was in accordance 
with the above results of sharp decrease of H (see Table 1). 
Moreover, comparing CZC with CC, the peaks strength 
obviously decreased in the former due to ZnCl2 activation. 
No obvious difference was observed between HC and HZC. 
However, comparing with LC, the peak strength of LZC 
increased significantly. The existence of adsorption bands 
in the spectra for biochars signified that biomasses were 
not completely decomposed. The maintenance of functional 
groups in biochars can improve the performance of biochars, 
because these functional groups may provide active sites for 
adsorption.

3.3 XRD analysis

As depicted in Figure  2B, the XRD patterns exhibited 
two diffraction peaks at 24° and 43°, which corresponded 
to amorphous, disordered carbon material. Comparing with 
the unmodified biochars, the crystal planes of (002) and 
(100) on the modified biochars were enhanced; this clearly 
indicates increasing regularity of the layered structure, 
leading to a layered arrangement due to the short range of the 
crystallographic structure of the carbon network (Danish et al., 
2014). Interestingly, the peaks related to cellulose shifted up 
to 2θ=25° after activation. This might result from inter- or 
intra-molecular crosslinking of polymeric chains, leading to 
the formation of aromatic hydrocarbons (Lee  et  al., 2019). 
Over-all, ZnCl2 activation enhanced aromaticity and the 
formation of more orderly graphitic structures at the pyrolysis 
temperature of 600 °C. The graphene-shaped atomic structure 
may be an important reason for the stability of biochars at high 
temperatures (≥ 600 °C) (Wu et al., 2012).

Figure 2. FT-IR spectra of unmodified and modified biochars (A); XRD patterns of unmodified biochars (SC, CC, HC and LC) and modified 
biochars (SZC, CZC, HZC, and LZC) (B).
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3.4 Surface morphology

Significant changes were observed in comparing the 
surface topographies of unmodified and modified biochars. 
As can be seen in Figure  3, unmodified and modified 
biochars appeared dehydrated and decomposed at 600 °C. 
They had no porous structure, resulting in low surface areas. 
The micromorphology of modified biochar obtained with 
the same activator (ZnCl2) was different in this study. The 
surface of modified biochars SZC and CZC showed more 
cavities, with pores of different sizes and shapes. According 
to the SEM images (Figure 3B and Figure 3D), it seemed that 
the cavities resulted from the evaporation of ZnCl2, leaving 
the space previously occupied by the reagents (Deng et al., 
2009). The biochar from hemicellulose (Figure 3E) showed 
a laminar structure and textured surface with “bubbles” that 
had formed during pyrolysis. Compared with SZC, CZC 
and HZC, LZC was the loosest and the most porous. These 
highly developed pores make LZC a promising adsorbent for 
industrial applications.

3.5 Thermogravimetric analysis (TGA)

As shown in Figure  4, there were obvious differences 
in TGA and derivative thermogravimetric curves (DTG) of 
unmodified and modified biochars, illustrating the effect of ZnCl2 
addition on biochar stability. The degradation of biochars was 
slow until high temperatures were reached, indicating strong 
thermal stability. The curves for all biochars showed the loss of 
water up to 140 °C. The existence of water in the biochars can 
be explained by their hygroscopicity (Jesus et al., 2019). The 
subsequent loss up to 800 °C was related to the decomposition 
of cellulose, hemicellulose, and lignin. Compared to other 
unmodified biochars, CC experienced a noticeable mass loss 
between 300 °C and 600 °C, demonstrating that it still contained 
plentiful volatile and thermolabile substances. Lower mass loss 
means higher thermal stability. Compared to SC, CC and HC, 
the TGA curves of SZC, CZC, and HZC pulled back with the 
increase of temperature, indicating that ZnCl2 addition improved 
the thermal stability of the biochars.

The DTG of all biochars illustrated mass loss rates in detail. 
From these curves, temperature periods can be identified, marking 
periods of significant mass loss. All biochar samples achieved 
maximum mass loss rate in the temperature range of 640-750 °C. 
The temperatures corresponding to the maximum rates of weight 
loss of modified biochars from cellulose, hemicellulose and 
sesame straw were higher than those of unmodified biochar. In 
addition, the values of maximum rates of weight loss at peaks 
were smaller. There was no significant difference in weight loss 
between LC and LZC, perhaps because the weight loss rate 
of lignin was the same. This was consistent with the previous 
research results of Li et al. (2020).

3.6 Nitrogen adsorption assays

The textural properties of the unmodified/modified 
biochars were expressed by the nitrogen adsorption/desorption 
isotherm at -196 °C (Figure  5). Figure  5A shows that the 
unmodified biochars had I-type isotherms, which indicated 
these samples were essentially microporous solids. Figure 5B 
clearly shows hysteresis loops in the adsorption/desorption 
isotherms of the modified biochars, indicating that they 
were intermediate between type I and IV isotherms, and 
reflecting the predominance of micropores and mesopores 
in the modified biochars. The hysteresis loop at the relative 
pressures ranges between 0.4 and 1.0 evidenced mesopore 
presence (Brazil et al., 2020), while the steep rise in adsorption 
in the range of 0-0.05 indicated the existence of micropores. 
This result is consistent with the SEM observations. The 
isotherms of SC, CC, and HC did not close at low pressure, 
which may be due to capillary condensation.

The BET surface areas, and characteristics of pore size and 
pore volumes of the biochars are given in Table 1. The results 
show that the unmodified and modified biochar samples have 
different textures. The biochars that adsorbed more nitrogen 
exhibited a larger specific surface area. ZnCl2 activation significantly 
improved the BET specific surface area, as the surface area 

Figure 3. SEM images of unmodified and modified biochars produced 
from sesame straw, cellulose, hemicellulose and lignin by ZnCl2 
activation at 600 °C: (A) SC; (B) SZC; (C) CC; (D) CZC; (E) HC; (F) 
HZC; (G) LC; (H) LZC.
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01443 cm3/g, 0.0052 cm3/g, 0.0006 cm3/g, respectively. Compared 
with the volume of unmodified biochars, LZC (656.17 times) 
had the largest increase in the volume of modified biochars. It 
was concluded that the activating agent ZnCl2 promoted the 
development of a porous structure of biochar during pyrolysis. 
The prepared modified biochars with well-developed pore 
structure and large specific surface area are expected to fully 
adsorb BaP in oil through a pore-filling mechanism.

increased from 16.78-133.01 m2/g for unmodified biochars to 
983.50-1915.55 m2/g for modified biochars. The highest surface 
area was 1915.55 m2/g for the modified biochar (CZC) produced 
from cellulose. It has been reported that ZnCl2 destroys the 
lateral bonds in cellulose molecules, resulting in the formation 
of activated carbon with a higher surface area (Molina-Sabio 
& Rodríguez-Reinoso, 2004). The micropore volumes of the 
unmodified biochars SC, CC, HC, and LC were 0.0204 cm3/g, 

Figure 4. Thermogravimetric analysis of unmodified biochar and modified biochar (A, sesame straw-based biochar; B, cellulose-based biochar; 
C, hemicellulose-based biochar; D, lignin-based biochar).

Figure 5. Nitrogen adsorption isotherms of the unmodified and modified biochars (A, unmodified biochars; B, modified biochars).
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3.7 BaP removal experiment

Adsorption of BaP

The BaP removal percentages achieved by using the 
different biochars are displayed in Figure 1B. The data revealed 
the superior performance of modified biochars, compared to 
unmodified biochars, with values in the ranges 71.41-95.79% 
and 1.47-39.15%, respectively. It should be noted that the BaP 
removal percentage obtained by unmodified LC was only 1.47%, 
whereas that by biochar modified with ZnCl2 (i.e., LZC) was 
95.79%. It has been reported that the surface area of biochar 
directly influences its adsorptive capacity (Oliveira et al., 2020). 
LZC has the smallest surface area among the modified biochars, 
but it has the greatest adsorption capacity. This result indicated 
that the adsorption capacity of biochars is related to other factors 
as well as surface area. According to Jesus et al. (2017), a higher 
aromaticity index of biochars and their precursor biomasses 
leads to greater removal of PAH from aqueous media.

The following assays were performed using the LZC adsorbent, 
because the higher adsorption efficiency of LZC indicated that 
it was the best candidate to be used as an industrial adsorbent 
of BaP.

BaP adsorption kinetics and thermodynamics

Effect of contact time on the amount of BaP adsorbed 
onto LZC was assessed from 1 to 50 min at three initial BaP 
concentrations (∼8.95 µg/kg, 18.99 µg/kg and 27.29 µg/kg). As 
shown in Figure 6A, when contact time increased, the amounts 
of BaP adsorbed continuously increased and plateaued at around 
20 min. Furthermore, the adsorption of BaP occurred rapidly, with 
approximately 86.87-88.29% of BaP in oils being adsorbed onto 
LZC within 1 min of contact. This was because a large number 
of empty adsorption sites were available for adsorption of BaP.

According to the data in Figure 6A, two typical kinetic models, 
namely pseudo-first-order model and pseudo-second-order 
model, were used to explain the mechanism of BaP adsorption 
on LZC (Figure 6B and 6C). The parameters of the adsorption 
kinetics were calculated and are listed in Table  2. As shown 
in Figure 6B and 6C and Table 2, the values of the correlation 
coefficient (R2) for the pseudo-second-order model were ≥ 0.999 
for all BaP concentrations. It meant that the adsorption capacities 
calculated by the model agreed well with those determined by 
experiments. Accordingly, the kinetic adsorption of BaP on 
LZC can be accurately predicted by the pseudo-second-order 

Table 2. Adsorption kinetic parameters for BaP removal by LZC.

C0 (µg/kg) qe,exp (μg/g)c
Lagergren-first-order kinetic modela Pseudo-second-order kinetic modelb

qe,cal (μg/g) k1 (1/min) R2 qe,cal (μg/g) K2 [g/(mg·min)] R2

8.95 1.52 0.61 0.0415 0.9419 1.53 1.0254 0.9994

18.99 3.14 0.67 0.1239 0.9726 3.17 0.6123 0.9999
27.93 4.53 1.00 0.0941 0.9331 4.57 0.3275 0.9999

ak1: the first-order rate constant; qe,cal−the calculated adsorption capacity; bk2: the second-order rate constant; cqe,exp: the experimental adsorption capacity.

Figure 6. Dynamic adsorption capacity of modified biochar (LZC) with different BaP initial concentrations (A), the linear fit of pseudo-first-
order kinetics (B), and the liner fit of pseudo-second-order kinetics (C).
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4 Conclusions
The effect of ZnCl2-modified biochars from cellulose, 

hemicellulose and lignin obtained from sesame straw on BaP 
removal from edible oil was investigated. The activated biochars 
had a high surface area and porosity. Among all the modified 
biochars, the lignin-drived sample LZC presented superior 
adsorptive capacity, removing around 95% BaP. The adsorption 
of BaP was endothermic and spontaneous. The adsorption 
kinetics are supported by the pseudo-second-order model, and 
the adsorption thermodynamics can be best described by the 
Freundlich model. Over-all, the biochar derived from lignin 
using ZnCl2 treatment exhibits great potential for practical 
applications for removing BaP from edible oil.
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