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Abstract

In this study, biochar was generated from chicken manure by using a tube furnace under different temperatures (300, 500, and
700 °C), and the treatments were noted as J300, J500, and J700, respectively. In comparison, another type of biochar was
prepared under 500 °C with a muffle furnace, and the treatment was noted as JM500. Biochar in treatment group J500 was
subsequently modified with HNO; and NaOH, and the treatments were noted as J500-HNO; and J500-NaOH, respectively. The
sorption efficiencies of naphthalene by the above six types of biochar were evaluated. Characteristic results showed that the
surface pores of the biochar were improved with the increase of temperature, and biochar under the treatments J300, J500, J700,
and JM500 experienced a high speed of adsorption within 1 h after the naphthalene adsorption started. The adsorption capacity of
naphthalene increased with the increase of the initial concentration of naphthalene. Treatment J700 exhibited the largest adsorp-
tion capacity since its biochar surface pore structure was more fully developed with a crystal structure formed, and its specific
surface area was increased by about 20 times compared to the original chicken manure. After biochar modification using HNO3
and NaOH, the infrared spectrum changed, and the adsorption active sites were increased. The biochar modification by HNO;
had a high naphthalene adsorption efficiency compared to NaOH. The order of adsorption capacity was as follows: J500 =~ JM500
< J300 < J500-NaOH < J500-HNO; < J700.
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Introduction

The advance of industrialization increased the organic and
inorganic pollution to the natural environment. Polycyclic ar-
omatic hydrocarbons (PAHs) are volatile hydrocarbons, pro-
duced from coal, petroleum, wood, tobacco, organic polymer
compounds, and other organic substances that are not
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completely burned. The generation of PAHs is one of the main
contamination sources in the environment (Liu et al. 2014).
PAHs are hydrocarbons containing more than two benzene
rings in the molecule, including more than 150 compounds
such as naphthalene, anthracene, phenanthrene, and fluorene
(Zhang et al. 2004). Some PAHs also contain nitrogen, sulfur,
and cyclopentane. Common PAHs with carcinogenic effects
are mostly four to six ring-fused-ring compounds
(Lamichhane et al. 2016). Naphthalene, as the most important
fused aromatic hydrocarbon in industry, is produced in large
quantities during coal tar coking and petroleum distillation
(Fernandes et al. 2017). The physical and chemical properties
of naphthalene are stable, non-degradable, and highly toxic,
and they are considered as carcinogens, teratogens, and muta-
gens (Zhou et al. 2013). A secondary pollutant is generated
after naphthalene releases into the surface water body through
various reactions in environmental species (Dai et al. 2013),
which seriously endangers human health and environmental
safety (Zhu et al. 2019). It has been reported that naphthalene
pollution increases the risk of human laryngeal cancer and
colorectal cancer (Meng et al. 2019). Therefore, it is urgent
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to use economical and effective means to control naphthalene
pollution.

Naphthalene removal methods commonly used include ox-
idation (Peluffo et al. 2018), electrochemical treatment
(Gomez et al. 2010), biodegradation (Shi et al. 2018), and
adsorption (Zhou et al. 2013; Harmsen and Rietra 2018).
The physical adsorption method is a green and economical
method, which can adapt to changing water quality without
secondary pollution, and the adsorbent can be recovered (Wu
et al. 2013). The adsorption method refers to a process in
which the adsorbate is adsorbed onto the surface of the adsor-
bent, thereby reducing the concentration of the adsorbate. The
adsorption effect mainly depends on the nature of the adsor-
bent (Zheng et al. 2013a). Economical and efficient adsor-
bents include ion exchange resins, biomimetic adsorbents,
and biochar (Ncube et al. 2018).

Biochar is a porous material formed by the pyrolysis of
biomass under hypoxic or anaerobic conditions (Mohan
etal. 2014). It has the characteristics of rich surface functional
groups, high carbon contents, and multiple pore structures
(Yin et al. 2018). It can be used as an alternative to activate
carbon to adsorb organic or inorganic pollutants from aqueous
solutions. As a new type of adsorbent, the properties of bio-
char are affected by the types of raw biomass materials, prep-
aration processes, and technical parameters (Yao et al. 2012;
Yin et al. 2018). The large specific surface area and porous
structure of biochar facilitate the strong adsorption perfor-
mance for the removal of pollutants. For example, biochar
has been used to treat water soil pollutants as an effective
sorbent, enhance fertility and food production as a soil amend-
ment, and improve sewage sludge dewater ability as a skele-
ton structure. Therefore, the production of low-cost biochar
adsorption materials for the treatment of environmental pol-
lutants has become a hot topic (Zheng et al. 2013b). The
pyrolysis temperature of biochar has a great influence on its
properties and adsorption performances. Wei et al. (2019)
revealed the molecular properties of biochar derived from
Jerusalem artichoke stalks and found that its adsorption
capacity to copper was closely related to the pyrolysis
temperature. Xu et al. (2019) found an evident effect of pyrol-
ysis temperature on the physicochemical properties of the bio-
char, including specific surface area, pH, and zeta potential.
New biomass carbonization technology, which is involved
with the production of biochar from wastes of agricultural
products, has gradually attracted much attention.

With the social and economic development, the husbandry
industry has developed tremendously, followed by the accu-
mulation of fecal wastes. In China, about 250 million tons of
feces are discharged every year (Mirheidari et al. 2019).
Chicken manure is often added to agricultural soils as a soil
fertilizer. It has been found that the combined effects of water
conditions and the application of chicken manure might have
a great potential capacity to reduce the simultaneous
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absorption of Cd and As by rice (Liu et al. 2019).
Nowadays, in order to meet the demand for agricultural prod-
ucts, various additives such as hormones are added when
feeding chickens (Patra and Saxena 2011). The antibiotics
and excessive trace elements (heavy metals, especially Cu
and Zn) are added into the feeds, but they cannot be complete-
ly metabolized by poultry, and thus most substances are ex-
creted as feces. The release of feces will absolutely cause
potential environmental problems. Both antibiotics and heavy
metals threaten human health and environment (Li et al.
2019). If these feces are discharged directly without any treat-
ment, they will cause serious pollution to aquatic environment
and human beings. Currently, the generation of valuable prod-
ucts and the recycling and reusing of energy from livestock
manure with simultaneously safe treatments are widely of
concern. Among many methods for disposing livestock ma-
nure, pyrolysis for the generation of biochar presents obvious
advantages, such as immobilization of heavy metals and nu-
trient recovery (Tian et al. 2019; Patra and Saxena 2011;
Yargicoglu et al. 2014). Previous studies showed that heavy
metals were successfully fixed onto the pyrolytic pig and
sheep manure, and the higher the temperature, the better the
performance (Zeng et al. 2018). Lin et al. (2017) studied the
effects of various pyrolysis temperatures on the morphology,
leaching rate, and bioavailability of copper and zinc in animal
manure—derived biochar. As for chicken manure treatment,
most previous studies have been done to produce biodiesel
from chicken manure or generate methane by composing.
The annual yield of chicken manure is so high that handling
it is a problem, including heavy metals and organic
contamination, which may produce secondary pollution.
Therefore, biochar prepared by pyrolysis at high temperature
can be used as an environmental adsorbent to remove
pollutants. From the perspective of economy, the recycling
of wastes also brings economic benefits. Thang et al. (2019)
studied the adsorption application of chicken manure biochar
toward 2,4-dinitrophenol and phenol, which showed excellent
removal efficiencies. In addition to this, there is scarce re-
search on developing the potential of chicken manure—
derived biochar as adsorbent.

Owing to the lack of theoretical and experimental research
on transforming chicken manure into biochar and use as low-
cost adsorbent for water treatment, it is therefore a challenging
task to develop a highly effective adsorbent with low second-
ary pollution and non-release of by-products, especially non-
toxic to the environment, to remove organic pollutants such as
naphthalene. However, as far as we know, there has been no
research on the adsorption of naphthalene from wastewater
using chicken manure biochar. The innovation of this study
is to identify a new application of chicken manure biochar as
adsorbent to remove toxic naphthalene from wastewater. This
study also included concrete operation of the preparation of
adsorbent, adsorption kinetics, and adsorption isotherm,



Environ Sci Pollut Res (2021) 28:36585-36597

36587

providing a basis for further large-scale practical application.
The consequence of this study may be putting forward ideas
for waste management to reduce environmental pollution in
China.

In this study, chicken manure was selected as the raw ma-
terial to produce biochar under various pyrolysis tempera-
tures, and biochar produced was then utilized as the adsorbent
of naphthalene. The present study was carried out with the
following specific objectives: (1) to investigate the character-
istics of biochar prepared from chicken manure under differ-
ent temperatures by using SEM, BET, XRD, and FTIR; (2) to
explore the kinetics and isotherm of naphthalene onto biochar;
(3) to evaluate the characteristics and absorption mechanisms
of modified biochars for naphthalene removal.

Materials and methods
Reagents and chemicals

Naphthalene was obtained from Sigma-Aldrich (Steinheim,
Germany). Sodium azide (NaN3) was purchased from
Tianjin Baishi Chemical Industry Co., Ltd (China).
Analytical-grade calcium chloride (CaCl,), sodium hydroxide
(NaOH), and nitric acid were purchased from Sinopharm
Chemical Reagent Co., Ltd (China). HPLC-grade methyl al-
cohol was purchased from Anhui Tedia High Purity Solvents
Co., Ltd (Anhui, China).

Chicken manure for the preparation of biochar

To produce biochar, chicken manure, which was viewed as
breeding industry wastes, was selected as a biomass feedstock.
The chicken manure was collected from Hubei Province
(China), milled by using a pestle and mortar. The treated bio-
mass material was pyrolyzed using a tubular furnace with a
quartz boat in the presence of N,. The material was pyrolyzed
at a rate of 5 °C/min and then held for 2 h when the temper-
atures reached 300, 500, and 700 °C, respectively. The mate-
rial was then cooled to room temperature and ground, passed
through a 60-mesh sieve, and stored with plastic seal bags in a
dry container. Based on the temperature applied, the biochar
for the adsorption was designated as J300, J500, and J700.

The chicken manure was placed in a N,-filled muffle oven
at 500 °C for 2 h to produce biochar, cooled to room temper-
ature and ground, and then passed through an 80-mesh sieve.
The resulting biochar for the adsorption was designated as
IM500.

Modification of biochar derived from chicken manure

Three grams of the chicken manure biochar which was pre-
pared in a tube furnace under 500 °C was accordingly added

into 30 mL of 8 x 10* mg/L NaOH solution and 65% HNO;,
respectively (Jin et al. 2018; Luo et al. 2018), in order to
achieve the volume ratio of biochar mass to modified solution
at 1:10. After the reaction in water bath under 60 °C for 2 h,
the resulting biochar was stirred, filtered, and then rinsed with
plenty of deionized water until the filtrate was neutral. The
biochar was placed in the electric blast drying oven under 80
°C for 4 h, and then cooled to room temperature. Based on the
modified method, the biochar for the adsorption was accord-
ingly named as J500-NaOH and J500-HNO;.

Characteristics determination

Scanning electron microscopy (SEM) (S4800; Hitachi, Japan)
was used to identify the structural morphology of biochar
samples. The structure and crystallinity of the sorbent was
characterized by an X-ray diffractometer (XRD) (MiniFlex
600; Rigaku, Japan) with Cu K« radiation at 40 kV and
30 mA in a 26 range of 10-80°. Fourier transform infrared
spectroscopy (FTIR) (Vertex70; Bruker, Germany) was un-
dertaken using KBr in the range 400-4000 cm . The specific
surface area (SSA), pore size, and pore volume of each bio-
char sample were determined using the Brunauer—Emmett—
Teller (BET) adsorption method by N, adsorption—
desorption isotherm at 77.0 k (Belsorp-minill;
MicrotracBEL Corp, Japan).

Sorption experiments
Sorption kinetic experiments

The adsorption kinetics analysis was carried out by batch ad-
sorption experiment. Then 0.05 g of each sample including
J300, J500, J700, and JM500 was mixed with 25 mL of 10
mg/L naphthalene in a triangular flask. Each mixture
contained CaCl, (1.11 x 10° mg/L) to hold constant ionic
strength and NaN3 (200 mg/L) to reduce microbial activity.
The flasks were sealed and shaken at 150 rpm at a constant
temperature shaker under 25 °C with the predetermined hours
0.5, 1, 2, 4, 8, 12, 18, 24, and 36 h). When shaking was
completed, each triangular flask was taken out, and about 10
mL mixture was centrifuged at a rotation speed of 2000 rpm
for 20 min. After the end of the centrifugation, the supernatant
was filtered through a 0.45-um filter, and 1.8 mL of the filtrate
was injected into a 2-mL liquid phase sample bottle. In order
to minimize the volatilization of naphthalene, the sample bot-
tle was covered with tin foil and sealed. For the concentration
analysis, the blank control sample was not filtered, and 1.8 mL
was directly injected into the liquid phase sample bottle, and
finally the mass concentration of naphthalene was measured
by high-performance liquid chromatography (HPLC). Control
tests were conducted without biochar addition under the same
conditions. All experiments were conducted in triplicates, and
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the mean value of the parallel experiment was taken for
analysis.

Sorption isotherm experiments

Sorption isotherm experiments were conducted with the same
procedures which were used for the sorption kinetics experi-
ments. A series of naphthalene solutions with the initial con-
centrations of 2, 5, 10, 15, 20, 25, 30, 35, and 40 mg/L were
prepared to perform the experiments. Then, parallel samples
and blank control samples were set up, and the parallel exper-
imental data were averaged for analysis. The different values
of naphthalene content in the blank control samples and the
experimental samples were used to accurately quantify the
adsorption amount of naphthalene by biochar. All samples
were shaken under 25 °C for 22 h at a speed of 150 rpm, in
order to reach the sorption equilibration.

Data analysis
Adsorption kinetic model

Adsorption kinetic models were used to fit the adsorption
process of chicken manure biochar for removing naphthalene,
and the following three models were used to fit the adsorption
kinetics process: pseudo-second-order kinetic model (2.1),
Elovich model (2.2), and intra-particle diffusion model (2.3)
(Wang et al. 2014).

t/qt: l/kZQe2+t/qe (21)
q,=a+bt (2.2)
q, = k,t"? + ¢ (2.3)

where ¢, and g, are the adsorption amount of the adsorbent at
equilibrium and at time ¢ (mg/g), respectively; k, represents
the standard second-order adsorption rate constant
(gmg "'min"), while k, represents the internal diffusion rate
constant (g mg ' min %),

Adsorption isotherm model

The peak area of the sample was measured by HPLC and
converted to the mass concentration of naphthalene, according
to the standard curve.

The naphthalene adsorption capacity by biochar was cal-

culated by mass balance equation as follows:
g. =V x (Co=C¢)/m (2.4)

where ¢, represents the equilibrium adsorption amount of
naphthalene (mg/g); Cy and C, represent the initial and the
equilibrium concentration in the solution (mg/L), respectively.
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In the experiment, isothermal adsorption line model was
adopted to analyze the adsorption mechanism of biochar,
and the following three models were used to fit the isothermal
adsorption line: linear model (2.5), Langmuir model (2.6), and
Freundlich model (2.7) (Chen and Chen 2009).

g = KaCe +b (2.5)
qe = bquCe/(1 + bCe) (2.6)
g. = KgC:'/" (2.7)

where ¢, and gy, represent the equilibrium and maximum ad-
sorption amount of the adsorbent (mg/g), respectively. C, rep-
resents the equilibrium concentration in the solution (mg/L).
K4 represents the linear distribution coefficient; Kr represents
the capacity factor, indicating the adsorption capacity of solid
adsorbent in a solution with a certain amount of adsorbent. 1/n
represents an exponential factor, which can reflect the bending
degree of adsorption isotherm. b is a constant.

Results and discussion
Biochar characteristics
Morphologies and BET surface area analysis

The surface morphology of biochar had transmuted obviously
with the increase of pyrolysis temperature (Fig. 1). The sur-
face of J300 was relatively smooth, and the pore structure was
not yet developed. In contrast, micropores had begun to be
developed on the surface of J500, and its pore structure was
more obviously developed than J300 since more volatile com-
ponents in chicken manure overflowed and formed small
pores as the increase of temperature. When the temperature
reached 700 °C, the micropores on the surface of J700 were
well developed and a large diameter pore structure was also
produced.

The SSA measurement was used for the characterization of
different biochar types, and the results are exhibited in
Table 1. The BET surface area of the chicken manure after
pyrolysis treatment enlarged evidently, and the BET surface
area gradually increased as the increase of pyrolysis tempera-
ture. The mean pore value of J700 was 6.25 nm, illustrating
that the surface pores of J700 were mainly mesoporous.

The FTIR and XRD analysis

Fourier infrared spectra of the four biochar types before and
after the adsorption of naphthalene are shown in Fig. 2a. J300-
mix, J500-mix, JM500-mix, and J700-mix represent the
mixed substances after the adsorption of naphthalene by
J300, J500, JIM500, and J700, respectively.
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Fig. 1 The SEM images of a
J300, b J500, ¢ J700, d IM500,
and e chicken manure

20.0[KV] SP=12.0 WD=9.9 _x2.0k

Analysis of the spectrum demonstrated that the four types
of biochar kept similar groups of absorption peaks, and the
specific ranges were: 690-880 cm ', 914-1220 cm !, 1342—
1800 cm ', 22712400 cm ', and 2271-2400 cm . The ab-
sorption peaks appeared around 1620 cm ', indicating the
presence of C=C double bonds. The peak strength gradually

10{um] WV SEI

decreased with the increase of pyrolysis temperature, and
there was no such absorption peak in treatment J700. The
aldehyde-based absorption peak was around 1430 cm ™', and
the peak strength also decreased as the increase of preparation
temperature. The absorption peaks appearing between 1000
and 1100 cm ™' were related to the deformed C—H ring

Table 1 Basic physical properties

Basic feature

BET surface area (mz/ Q)

Pore volume (cmz/g) Pore size (nm)

of chicken manure, J300, J500, Adsorbent

J700, and JIM500
Chicken manure 0.75
J300 1.51
J500 4.20
J700 15.48
IM500 2.97

0.01 40.55
0.02 38.81
0.02 19.22
0.02 6.25

0.02 37.87
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Fig. 2 a FTIR spectra of J300, J500, J700, and JM500 before and after
absorption of naphthalene and b the XRD patterns of J300, J500, J700,
and JM500

vibration peaks, and the order of the peak strength was J700 >
J500 > J300 > JM500. The absorption peaks appearing at
690-880 cm™ ' represented the vibration peaks of aromatic
hydrocarbon compounds. In general, the frequency of peaks
in the infrared spectra of the four types of biochar was not
obviously different.

As shown in Fig. 3a, comparing the infrared spectra of the
four types of biochar before and after the adsorption of naph-
thalene, the peak intensities at 690-880 cm ™' of J700-Mix and
J500-Mix were evidently lower than J700 and J500, which
means the adsorption of naphthalene affected their functional
groups, and the aromatic C—H bond might be reduced. The
peak strength of the J700-Mix at 1000~1100 cm ™' was obvi-
ously weakened than J700, while the peak wavenumber was
increased, indicating that adsorption might occur on the C-H
bond. The peak strength of J300, J500, and JM500 at 1620
cm ' was decreased, and the wavenumber enlarged after
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adsorption, suggesting that the adsorption might occur on the
C=C bond. The waveforms of the infrared spectra of biochar
before and after the adsorption of naphthalene did not change,
and none of the new peaks was generated. Meanwhile, several
peaks shifted and the intensity changed, indicating that the
intensity of the chemical bond might have been changed during
the adsorption process (Keiluweit et al. 2010).

The crystal structure and contents of materials can be ob-
tained by X-ray diffraction. As shown in Fig. 2b, the biochar
of chicken manure created an obvious crystal structure, and
the main phase was SiO,. With the increase of pyrolysis tem-
perature, the crystal structure of biochar derived from chicken
manure did not experience an obvious change.

Sorption kinetics of naphthalene

As shown in Fig. 3, biochar J300 and J700 ended the fast
adsorption process at about 4 h and reached the adsorption
equilibrium within about 8 h during the absorption. In con-
trast, biochar J500 and JMS500 basically completed the fast
adsorption process at about 4 h, and basically reached an ad-
sorption balance within 24 h. Therefore, the adsorption of
naphthalene by chicken manure—based biochar preserved a
fast and subsequently slow process. In the early stage of ad-
sorption, the solution maintained high concentrations of naph-
thalene, and there were sufficient adsorption sites on the sur-
face of the biochar (Hale et al. 2012). The biochar was in
direct contact with the naphthalene molecules, which were
adsorbed onto the surface of chicken manure—based biochar.
It took a long time to diffuse into the internal space of biochar,
so the adsorption rate became slower and finally reached the
adsorption equilibrium (Kaur and Sharma 2019).

As shown in Table 2, as for the simulation of the Elovich
model, because the correlation coefficients (R?) fitted to the
four biochar adsorption kinetic curves of this experiment
were relatively small, the adsorption of naphthalene by
chicken manure-based biochar was not suitable for this
model. For the particle diffusion model simulation, the fit
of the other types of biochar was poor except IM500, indi-
cating that the adsorption of naphthalene by chicken
manure-based biochars not only existed during particle dif-
fusion but also were affected by other factors of adsorption
mechanism (Freddo et al. 2012). For the fitting of the
pseudo-second-order kinetic model, the value of R? was
between 0.915 and 0.975, which indicated that the pseudo-
second-order kinetic model was more suitable for the data
fitting of the four types of biochar in this adsorption exper-
iment, and the value of g. was in line with the experimen-
tally measured value. The actual values were relatively sim-
ilar, and the order of their sizes was J500 = JM500 < J300 <
J700. This fitting result was consistent with the order of the
adsorption capacity obtained in the isothermal adsorption
experiment. The parameter &, represented the adsorption rate
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Fig. 3 Pseudo-second-order, intra-particle diffusion, and Elovich kinetics of naphthalene onto J300 (a), J500 (b), J700 (c), and IM500 (d). e Adsorption

kinetic curves of naphthalene onto J300, J500, J700, and JM500

constant, and with the increase of the preparation tempera-
ture, k, was transformed obviously, which reflected that the
fast adsorption was dominant in the adsorption process
(Mukherjee et al. 2011). The results of the kinetic models
were in great agreement with the study reported on the
adsorption of naphthalene on activated carbon from sawdust
(Kumar and Gupta 2020). The same results were found in

another study, which shows that the Freundlich adsorption
model was also suitable for kaolin/Fe;O, composite to ad-
sorb naphthalene (Mirbagheri and Chen 2019). This indicat-
ed that the adsorption process was related to the way the
molecule contacted with adsorbed surface, the accessibility
of the adsorbent surface, and the properties of the interac-
tions between naphthalene and the adsorbent.
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Table 2 Kinetic parameters

obtained from three different Absorbent  Pseudo-second-order kinetics Elovich Intra-particle diffusion
models of naphthalene absorption
e ky R? a b R? ky c R?
1300 2.804 0.912 0.975 2.099  0.025 0418 0.186 1.851 0.628
J500 1.513 0.375 0.915 0.827  0.022 0.549 0.170  0.579  0.705
J700 4213 0.220 0.941 2422 0.064  0.626 0.468 1.815 0.801
IM500 1.742 0.105 0.956 0.522 0.034  0.885 0249  0.182 0970

The removal efficiency of the four types of biochar was
calculated, and treatment J700 could adsorb 84.3% naphtha-
lene from the solution which was the highest among the four
types of biochar, followed by treatment J300 (56.1%), J500
(34.8%), and JM500 (30.3%). In a previous study, the naph-
thalene removal efficiency of activated carbon produced from
flamboyant pod and milk bush kernel shell by different pyrol-
ysis temperatures generally ranked around 40% (Abass
Olanrewaju Alade 2012).

Sorption isotherms of naphthalene

The results of isothermal adsorption of naphthalene on four
types of chicken manure-based biochar (J300, J500, J700,
and JM500) are shown in Fig. 4. In this experiment, the rela-
tive parameters from the linear model, Langmuir model, and
Freundlich model are listed in Table 3.

The parameter R* of the isothermal adsorption curve in
Table 3 suggested that the linear models of the four types
of biochar fitted J300 and J500, and the fitting of J700 and
JM500 showed a poor correlation, testifying that it was not
suitable for linear fitting. The R* values fitted by the four
types of biochar to the Langmuir model ranged from 0.885
to 0.984. Except for J700, the R? values of the other three
types of biochar reached above 0.95. The correlation coef-
ficient of the four types of biochar to the Freundlich model
was very high. Considering the comprehensive experimen-
tal data, the Freundlich model was the most suitable for
fitting the four types of biochar for naphthalene adsorption.
As shown in Fig. 4b, with the increase of the concentration
of the adsorbate solution, the equilibrium concentration of
adsorption increased, and the adsorption capacity of naph-
thalene also increased. The isothermal adsorption curves of
the four types of biochar were all “L”-shaped curves
(Mirheidari et al. 2019). Since the adsorption sites on bio-
char were completely occupied, it became increasingly dif-
ficult for the adsorbate to reach the surface adsorption sites
of biochar (Prak and Pritchard 2002).

From the linear regression, it is known that the linear dis-
tribution coefficient value of J300 was 0.500, larger than that
of J500 (0.137), proving that the adsorption of naphthalene by
J300 was likely to maintain a distribution effect (Leng 2014).
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In the Langmuir model, the ¢, value denotes the maximum
adsorption capacity, and b represents the stability of the bind-
ing as well as the strength of the adsorption effect between the
adsorbent and the adsorbate. The order of the two parameters
was J700 > J300 > J500 > JIM500. In the Freundlich model,
K represented the capacity factor, and its order of magnitude
was J700 > J300 > JIM500 > J500. The valve of 1/n reflected
the degree of curve bending, in other words, the degree of
non-linearity, and its order of magnitude was J300 > J500 >
JM500 > J700. As the decrease of the 1/n value, the stronger
the binding stability between the adsorbate and the adsorbent,
the more non-linearity might be caused by the combination of
surface adsorption and distribution (Yin et al. 2019).

The Langmuir model was suitable for monomolecular lay-
er adsorption fitted to a uniform surface, which belonged to a
physical adsorption, while the Freundlich model was suitable
for multimolecular layer adsorption fitted to an uneven sur-
face, which belonged to a chemical adsorption. The adsorp-
tion mechanisms of J300, J500, and IM500 belonged to the
single-molecule layer adsorption (Chen and Zhou 2008). All
four types of biochar conserved the chemical adsorption.
Comparing the chicken manure-based biochar prepared at
500 °C between the tube furnace and the muffle furnace, the
adsorption performance kept a slight difference. Muffle fur-
nace is not as air-tight as tube furnace, which might be the
reason for the difference. The porosity of the biochar was
changed by the existence of air in the pyrolysis environment,
influencing its adsorption properties (Li et al. 2019).

Sorption mechanisms

In summary, chicken manure—based biochar prepared under
different temperatures performed the various adsorption ca-
pacities of naphthalene, and J700 experienced the maxi-
mum adsorption capacity, followed by J300, and the worst
effect was under 500 °C. According to the scanning elec-
tron microscope results, with the increase of the pyrolysis
temperature, the microspores on the surface of biochar were
improved. Thus, the distribution effect during the adsorp-
tion process was gradually weakened, while the pore filling
effect was gradually increased. Under 300 and 500 °C,
chicken manure was partially carbonized, and the partial
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carbonization mainly played a role of distribution absorp-
tion, while the surface adsorption was mainly attributed to
the carbonized part. The carbonization was relatively com-
pleted under 700 °C. The adsorption was mainly micropore
filling and surface adsorption. Studies had manifested that
the mesoporous structure was suitable for adsorption, and
the most suitable mesoporous structure was generated under
a pyrolysis temperature of 700 °C (Li et al. 2019). It was

speculated that the strongest adsorption capacity of J700 in
this experiment might be due to the inclusion of both mi-
croporous and mesoporous structures. The pore develop-
ment of J300 was incompletely carbonized, and the distri-
bution was primarily adsorption mechanism. In contrast, the
distribution of J500 was not as strong as J300, and the pore
development was not as complete as J700, which caused
the worst adsorption capacity.
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Table3 Linear, Langmuir, and Freundilich isotherm parameters for the
adsorption of naphthalene onto J300, J500, J700, and JM500

Absorbent Linear Langmuir Freundlich

Ky R ¢m b R K 1n R

1300 0.500 0.964 7317 0.257 0.984 1.535 0.631 0.991
J500 0.137 0977 6919 0.206 0.968 0.711 0.562 0.994
J700 0.296 0.878 10.167 0.772 0.885 5.192 0.233 0.994
JMS500 0.096 0.900 4.738 0.143 0.958 1.097 0.383 0.981

Adsorption of naphthalene by modified chicken
manure biochar

Infrared spectrum characteristics of modified chicken
manure-based biochar

Combining the adsorption isotherm with adsorption kinetics
for the line fit analysis of the four types of biochar in previous
sections, J500 with poor adsorption performances was select-
ed as the modified material to improve its adsorption perfor-
mance. The Fourier infrared spectra of the two types of mod-
ified biochar obtained by accordingly modifying J500 with
acid (HNO;) and alkali (NaOH) before and after naphthalene
adsorption are shown in Fig. 5. As shown in Fig. 5, the inten-
sity of the aldehyde group absorption peak at 1610 cm ' of the
biochar obtained by modification with NaOH increased and
the wave enhanced, indicating that the modification increased
the number of C=0 groups of biochar and affected structural
transformation. The intensity of the O—H absorption peak at
3430 cm ' enlarged evidently, suggesting that the

C-OH

C-H C=0 (saturated)

J500

J500-NaOH
J500-NaOH-Mix

=
\L/\_/\\:Jsoo -HNO,

J500-HNO;-Mix

~

= =

101
10:

610
1710 3430
1 L 1 L 1

500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

Fig. 5 FTIR spectra of J300, J500, J700, and JM500 before and after
absorption of naphthalene
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modification of NaOH might amplify the O—H functional
group of biochar. The intensity of the C—-OH peak at 1080
cm ' was enhanced after HNO5 modification. A new absorp-
tion peak, -COO—, was generated at around 1385 cm ', which
might be generated by the strong oxidation of concentrated
nitric acid. The strong oxidizing properties might also cause
the appearance of a strong saturated C=0 peak at 1710 cm .
Using NaOH to modify biochar, the intensity of the O-H
absorption peak at 3430 cm ' was obviously magnified.

In addition, after the adsorption of naphthalene, there was
no obvious change in the vibrational absorption peaks of the
C—H bonds of aromatic hydrocarbons at 690-880 cm ', testi-
fying that the adsorption of naphthalene by both types of
modified biochar did not affect the aromatic hydrocarbon
groups. However, the deformed C—H appeared at around
1015 cm™'. The bond ring vibration peak was slightly shifted
and the peak intensity was slightly reduced. Some naphtha-
lene might be adsorbed onto biochar to convert its structure.
The —COO- based absorption peak of JS00-HNO; at 1385
cm ! disappeared after the adsorption of naphthalene, which
demonstrated that the -COO- group showed a great effect on
the adsorption process of naphthalene (a chemical reaction
might have occurred). The saturated C=0 peak of J500-
HNO; at a frequency of about 1710 cm™' was significantly
weakened, suggesting that a chemical reaction possibly oc-
curred during the adsorption process. The intensity of the O—
H absorption peak at 3430 cm ' was expanded, which hap-
pened in both types of modified biochar, suggesting that naph-
thalene might be adsorbed onto the surface. In summary, the
infrared spectrum of the biochar modified by HNO; experi-
enced greater change, which particularly generated new func-
tional group, -COOH-. Although J500-NaOH did not have
new adsorption peaks, the functional groups on its surface
were accumulated.

Isothermal adsorption of naphthalene by modified chicken
manure-based biochar

Three isotherm models (linear, Langmuir, and Freundlich
model) were used to fit the isotherm adsorption lines of naph-
thalene on two types of modified biochar, compared with the
J500 biochar before modification. The parameters calculated
from these isotherm models are exhibited in Table 4. The
isothermal adsorption curves of the two types of modified
biochar for naphthalene removal are shown in Fig. 6.
According to the R? of the models, these three models could
well fit the isotherm adsorption lines.

Comparing the adsorption performance of biochar before
and after modification, it was found that the partition coeffi-
cients Ky of J500-HNO; and J500-NaOH were higher than
that of J500, indicating that after modification the distribution
and adsorption during the process became stronger. The g,,, of
the two types of modified biochar was higher than that before
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Table 4 Linear, Langmuir, and Freundlich isotherm parameters for the adsorption of naphthalene onto J500-HNO3, J500-NaOH, and J500

Absorbent Linear Langmuir Freundlich

Ky R? G b R? Ky 1/n R?
J500-HNO; 0.452 0.978 10.128 0.197 0.972 2.363 0.444 0.991
J500-NaOH 0.258 0.933 8.217 0.176 0.976 1.775 0.450 0.982
J500 0.137 0.977 6.919 0.206 0.968 0.711 0.562 0.994
modification, indicating that the maximum adsorption capac-  Conclusions

ity had increased, and the adsorption performance had become
stronger (Jin et al. 2018). The capacity factor K of the mod-
ified biochar had been accumulated and the adsorption of
naphthalene was more stable. Both the acid and base treatment
of biochar increased the functional groups which led to the
enhancement of adsorption capacity. It was possible that
HNO; leaching of biochar removed the ash and dredged the
pore structure, thus optimizing its adsorption performance
(Tang et al. 2017).
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Among chicken manure—based biochar prepared by pyrolysis
under three temperatures, J700 maintained a mesoporous pore
structure as well as a relatively complete crystal structure. The
four types of biochar demonstrated a high rate adsorption
within 1 h after the process started, which was suitable for
the simulation of pseudo-second-order kinetic equations.
The adsorption capacity order was J500 = JM500 < J300 <
J700. Both adsorption equilibrium concentrations of four

~
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Fig. 6 Linear, Langmuir, and Freundlich isotherm models of naphthalene onto J500-HNO; (a) and J500-NaOH (b). ¢ Langmuir and Freundlich

isotherm models of naphthalene onto J500-HNO;, J500-NaOH, and J500
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kinds of biochar and the adsorption capacity of naphthalene
increased, as the increase of the initial concentration of naph-
thalene. Naphthalene adsorption by biochar was more suitable
for the fitting of the Freundlich model, indicating that chem-
ical adsorption existed for the process. In addition to J700, the
others were also suitable for Langmuir model fitting, indicat-
ing that there existed monolayer adsorption. J700 represented
the best adsorption performance for the naphthalene removal
from aqueous solutions. HNOs-modified biochar kept more
adsorption sites and enhanced chemisorption. NaOH-
modified chemisorption had also been enhanced, but HNO;
exposed a better modification effect.
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