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ABSTRACT

Biochars derived from chicken manure were prepared by anaerobic pyrolysis at 200°C, 400°C
600°C, and 800°C (referred as CBC200, CBC400, CBC600 and CBC800, respectively). The results
indicated chicken manure biochars (CBC) prepared at higher temperatures exhibited higher aro-
maticity. The kinetics and isothermal equilibria of Cd(II) adsorption onto CBC were well fitted
using the pseudo-second-order kinetic model and Langmuir model. The adsorption process was
able to achieve equilibrium at 720 min and the maximum Cd(II) adsorption capacities of CBC pro-
duced at 200°C-800°C were 45.50-52.02 mg g. The spectroscopic surface chemistry analyses using
scanning electron microscopy with transmission electron microscopy, Fourier-transform infrared
spectroscopy, ®C nuclear magnetic resonance and Raman spectra indicated that the adsorption
mechanism consisted of pore filling, complexation, precipitation and C-n interaction. Therefore,
CBC could employ as an effective agent for the remediation of Cd contaminated water.
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1. Introduction

Cd is released into the environment through anthropo-
genic activities, such as mining and metal ore processing
[1]. Eventually harming human health after prolonged
exposure, by conditions such as hypertension, anemia,
and bone and kidney damage [2]. Therefore, the removal
of Cd from wastewater is essential and urgent. Currently
established technologies for the removal of poten-
tially toxic metals from wastewater include adsorption,
chemical precipitation, electro-coagulation, coagulation—

* Corresponding author.

flocculation, ion-exchange, membrane filtration, packed-
bed filtration, flotation, and electrochemical processing [3].

Research attention has primarily focused on effective
environmental protectants in the form of widely appli-
cable adsorption materials for the removal of potentially
toxic metals from water. Biomass (sludge, poultry manure,
crop residues, etc.), a renewable energy source, can be
pyrolyzed into biochar (BC) as an environmental-friendly
function material [4]. BC is a solid form of black carbon
obtained by the anoxic or aerobic pyrolysis of biomass;
its characteristics include porosity, oxygen-containing
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and aromatic functional groups, high surface area rel-
ative to mass, high pH, and cation exchange capacity
[5,6]. BC is a passivation material and has demonstrated
potential as a highly efficient, low-cost adsorbent used in
the removal of potentially toxic metals from soil or sew-
age [7]. Experts have recently extensively researched the
environmental and agricultural applications of BC [8].
The adsorption mechanisms of potentially toxic metals
by BC are strongly affected by the raw materials, pyrol-
ysis time, and especially the pyrolysis temperature [9].
Researchers studying the Cr(VI) adsorption mechanism
of ramie residue-based BC pyrolyzed at different tem-
peratures found that aromatic structures contributed to
adsorption by higher-temperature BCs, while carboxyl
and hydroxyl groups dominated adsorption by lower-tem-
perature BCs [10]. Jiang and Xu [11] found that the ele-
mental contents, surface areas, and porosities of BCs are
significantly affected by pyrolysis temperatures. These
factors affect their capacities to adsorb potentially toxic
metals. Therefore, research on the potentially toxic metals
adsorption capacities of BCs produced at different pyrol-
ysis temperatures and times is very important in devel-
oping methods for treating sewage [12]. The objectives
of the study were to investigate: (1) the characteristics of
sorption kinetics and isotherm of Cd onto chicken manure
biochar (CBC); (2) the mechanisms of Cd adsorption using
scanning electron microscopy with transmission electron
microscopy (SEM-TEM), Fourier-transform infrared spec-
troscopy (FTIR), Raman spectroscopy, and *C solid-state
nuclear magnetic resonance (“C-NMR).

2. Materials and methods

Chicken manure was collected and pyrolyzed at 200°C,
400°C, 600°C, and 800°C for 2 h in an N, atmosphere, which
was referred as CBC200, CBC400, CBC600, and CBC800,
respectively. The adsorption kinetics studies were con-
ducted in 1 L beakers by mixing 4.00 g of CBC with 1,000 mL
200 mol L™ Cd(II) (containing 0.01 mol L NaNO,). The
initial pH of the Cd(II) solutions was adjusted to 5.0 using
0.1 mol L™ HNO, or 0.1 mol L™* NaOH. The beakers were
shaken by a magnetic mixer at 200 rpm and 298 K for 24 h.
Samples were taken at 0, 3, 5, 7, 10, 15, 30, 60, 120, 240, 480,
and 1,440 min. After sampling, the sample solutions were
filtered using 10 mL syringes and 0.45 pm membrane filters
to obtain solution supernatants. The concentration of Cd(II)
was analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS) (iCAP Q, Thermo Scientific, USA) and
the pH value of the solution was determined. To study the
adsorption isotherms, 25 mL of Cd(Il) solution, containing
0.01 mol L™ NaNO,, and 0.1 g of CBC were blended in 50 mL
polypropylene tubes. The 0.1 mol L™ HNO, or NaOH were
used to adjust the Cd(II) solution concentrations to 5, 10,
15, 25, 50, 80, 100, 150, and 200 mg L. These were mixed
in a thermostatic reciprocating shaker (200 rpm at tem-
peratures of 288, 298, and 308 K) for 12 h. The supernatant
of Cd(II) was collected and analyzed by ICP-MS.

The microstructural morphologies of the CBCs before
and after adsorption were characterized by SEM-TEM
(SU3500 JEM-2010, Japan), FTIR spectra (Bruker Tensor,
Germany) and cross-polarization-magic angle spinning

(CP-MAS) BC nuclear magnetic resonance (*C-NMR) spec-
tra (JNM-ECZ 600R, Japan).

3. Results and discussion
3.1. Characterization of CBC

The microstructural morphologies of the CBCs, as
characterized by SEM-TEM, are shown in Fig. 1. The scan-
ning electron microscopy (SEM) images of the CBCs illus-
trated their morphological and structural changes like the
increase of pyrolysis temperatures (Fig. la-d). Surface
pore morphologies of the CBCs were obtained from the
direct pyrolysis of the chicken manure material, whereas
the longitudinal section of CBCs has a rough surface which
promotes a large area of contact to perform the adsorption
process of Cd(II) [13]. A comparative analysis showed that
the pore structures of the CBC were developed with the
increase of pyrolysis temperature. This may be attributed
to the organic matter decomposition of the biochar [14].
The decomposition of protein and fats at higher pyroly-
sis temperatures resulted in the increase of the porosity
and specific surface area of CBCs [12]. The transmission
electron microscopy (TEM) micrographs in Fig. 1A-D
show smooth and neat edges in the CBCs before Cd(II)
adsorption. These show good agreement with the mor-
phologies presented in the SEM images. The CBCS800
sample shows a transparent film located at the edge.

The surface functional groups of the CBCs using the
FTIR spectra are shown in Fig. 2. The spectra displayed
several adsorption peaks within the range 500-4,000 cm™.
Before Cd(II) adsorption, the significant absorption peaks
at 3,310; 1,430 and 1,032 cm™ may correspond to the stretch-
ing vibrations of -OH, C=0O, and Si-O-Si groups, respec-
tively [15]. The absorption peaks at 2,840-2,924 cm™ may
indicate the vibrations of methyl (-CH) and methylene
(-CH,) groups [16]. The -OH and -CH, peaks may disap-
pear in the spectra from CBC600 and CBC800 because the
increased pyrolysis temperatures may enhance the decom-
position of organic compounds, yielding fewer hydroxyl
and alkane groups in the CBCs, this may result from decar-
bonylation, decarboxylation and dehydration reactions [14].
The absorption peaks at 876 cm™ in the CBC spectra were
attributed to C-O-C stretching vibrations and symmetric
stretching vibrations of cellulose and hemicellulose [17].

Fig. 3a shows the “C-NMR spectra of the CBCs.
The spectra of CBC200 and CBC400 are very similar in
Fig. 3a, while it varied greatly for CBC600 and CBC800.
The methoxy groups ~OCH, are identified by the peak at
50-65 ppm [18,19]. Whereas 3045 ppm is designated to the
o and P carbons in the methylene groups [20]. The peaks of
CBC200 and CBC400 were mainly distributed in the alkyl
carbon at 0-90 ppm and the peaks of CBC600 and CBC800
were mainly distributed in aromatic carbon regions at
90-160 ppm, showing that pyrolysis temperatures of <400°C
were insufficient for complete pyrolysis and aromatic car-
bon becomes the main component in CBCs pyrolyzed
at temperatures >800°C [21]. The peak near 173 ppm was
traditionally assigned to carboxyl groups. With increasing
pyrolysis temperature, the aliphatic compounds (alkyl car-
bon), carbohydrates (methoxy carbon, hydroxyl carbon),
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Fig. 1. Scanning electron microscope (SEM) and transmission electron microscopy (TEM) images of chicken-manure biochars (CBCs).
Note: (a—d) and (e-h) refer before and after Cd(II) adsorption using SEM, and (A-D) and (E-H) refer before and after Cd(II)
adsorption using TEM. The numbers in the image labels indicate the CBC pyrolysis temperatures.

carboxyl carbons, and carbonyl carbons were converted
increasingly to aromatic carbons.

Structural variations observed by Raman spectroscopy
of CBCs obtained at four different pyrolysis temperatures
are shown in Fig. 4. The Raman spectra showed the broad
bands of CBC600 and CBC800 at approximately 1,350 and
1,593 em™ which represented D band related to disordered
graphene layer edges and G band related to an ideal gra-
phitic lattice, respectively [22]. The D band and G band was
not observed in the spectra from CBC200 and CBC400, indi-
cated that the aromatization degree of CBC prepared at low
temperature is relatively low [23]. The intensity ratio of the D
band and G band (I/1,) defined the degree of disorder in the
biochar. The I /I, ratio of CBC600 and CBC800 were 3.23 and
3.72, respectively, indicating that the aromaticity of biochar
increases with the increase of pyrolysis temperature [24].

3.2. Kinetic of Cd adsorption

The kinetics of Cd(II) adsorption by the four chicken
manure BCs can be well described by pseudo-first-order and
pseudo-second-order models. The linear regression constants

(R?) were typically used to determine the best-fitting kinetic
models. The adsorption capacity of Cd(Il) is given as:

(CO—CE)V

m

Q.= @

where Q (mg g™) is the adsorption capacity of Cd(II) ions.
C, and C, (mg L) are the initial and equilibrium concen-
trations of Cd(II) ions in solution, respectively. V (L) is the
volume of the Cd(II) solution, and m (g) is the mass of CBC.

The actual performance of CBC was also evaluated using
the partition coefficient (P_.), which was calculated using
the following equation [25]:

Q
P.=== 2
= @
The unit of P.is mg g™ uM™.
The pseudo-first-order model equation is as follows:
Q=Q,(1-¢™) ©)
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Fig. 2. Fourier-transform infrared (FTIR) spectra of CBCs
(a) before and (b) after the Cd(II) adsorption.
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where Q, (mg g™) and Q, (mg g) are the Cd(Il) sorption
capacities at time ¢ and equilibrium, respectively. ¢ (min)
is the adsorption time, and K (min™) is the adsorption rate
constant of the pseudo-first-order model.

The pseudo-second-order model equation is as follows:

QKt

Q= 1+Q.Kt

4)

where Q, (mg g), Q, (mg g™'), and ¢ (min) is the adsorption
time, and K, (mg g™ min™) is the adsorption rate constant of
the pseudo-second-order model.

The effect of different contact times on Cd(II) adsorp-
tion by CBCs pyrolyzed at different temperatures is shown
inFig.5a. Adsorptionstudies of CBCs’removal of Cd(II) were
conducted for 1,440 min to evaluate the adsorption kinetics;
adsorption equilibrium was achieved in approximately
720-1,440 min. The Cd(Il) equilibrium pH and adsorption
capacities increased drastically in the first 60 min for CBCs
formed at all pyrolysis temperatures. This could arise from
the rapid occupation of easily accessible external surface
adsorption sites on the CBCs, and mechanisms such as out-
er-sphere complexation [26]. There have also been studies
that the rapid adsorption equilibrium suggests that elec-
trostatic adsorption may promote the adsorption of Cd(II)
to organic components of biochar [27,28]. The increases in
adsorption capacity achieved equilibrium after 120 min.
In the late stages, this slow equilibrium may be related
to the formation of inner-layer complexes, or to the sat-
uration of adsorption sites, and the physical or chemical
characteristics of the CBCs [29]. The CBC600 exhibited the
highest adsorption efficiency, equilibrium pH, and capac-
ity for Cd(II). The adsorption capacities were 45.50, 49.17,
52.02, and 49.34 mg g for CBC200, CBC400, CBC600,
and CBC800, respectively (Table 1), and the correspond-
ing equilibrium pH values were 6.57, 6.64, 8.41, and 7.92,
respectively. The Cd(II) removal rates were 78.70%, 78.76%,
79.72%, and 78.92%, respectively. Compared with other
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Fig. 3. Cross-polarization-magic angle spinning "*C nuclear magnetic resonance spectrograms of CBCs (a) before and (b) after the
Cd(II) adsorption.
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sorption.

biochar derived from manure, the maximum adsorption
capacity of CBC was highest among the related materi-
als (Table 2). The partition coefficient (P_) is an important
parameter reflecting the adsorption capacity of the adsor-
bent [39]. The CBC200, CBC400, CBC600, and CBC800
exhibited a P_ of 11.26, 14.75, 18.25 and 15.18 mg g™ uM,
respectively. The results proved CBCs to be a potent
adsorption material. As the pyrolysis temperatures were
increased, the removal rates increased, suggesting that
higher-temperature pyrolysis enhances the removal effi-
ciency of Cd(II) by CBC. Simultaneously, the increase may
be because of the higher surface areas, stronger affinities,
greater porosities, more numerous adsorption sites, and
larger amounts of carbonate minerals and precipitates [11].
The pseudo-second-order model (with R? values of
0.96, 0.91, 0.94, and 0.93 for CBC200, CBC400, CBC600, and
CBC800, respectively) is a better fit for the kinetics of Cd(II)
sorption than the pseudo-first-order model (which has R?
values of 0.8755, 0.7814, 0.8329, and 0.7638 for CBC200,
CBC400, CBC600, and CBC800, respectively), as shown
in Table 1. R? values are >0.9 for all CBCs in the pseudo-
second-order model. This indicates that the rate-limiting step
in Cd(Il) adsorption by CBC is a chemical adsorption pro-
cess. This process may comprise the sharing or exchange of
electrons between Cd(II) and the CBC as covalent bonds [40].

3.3. Isotherm of Cd adsorption

The isothermal adsorption of Cd(Il) from aqueous
solutions of 0-200 mg L onto CBCs was studied at solu-
tion temperatures of 288, 298, and 308 K, as illustrated in
Fig. 6. To further explain the adsorption performances and
mechanisms of Cd(II) on CBC surfaces, the adsorption iso-
therm data were fitted by the Langmuir and Freundlich
models. The Langmuir model is as follows:

Q, bC,

Q. 1+bC,

©)
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Table 1

Parameters of pseudo-first-order and pseudo-second-order kinetic models for Cd(II) adsorption by CBCs

Adsorbent Pseudo-first-order model Pseudo-second-order model
Qr(mgg")  Q'(mggh)  K(gmg'min') R Q(mgg’)  Ki(gmg'min) R
CBC200 45.50 39.37 0.04 0.88 42.33 0.0014 0.96
CBC400 49.17 41.86 0.07 0.78 44.60 0.0021 0.91
CBC600 52.02 45.55 0.14 0.83 48.07 0.0044 0.94
CBC800 49.34 43.65 0.16 0.76 45.82 0.0054 0.93

Note: a: Q, represented the amount of Cd(II) adsorbed by CBC at actual equilibrium. b: Q, represented the amount of Cd(II) adsorbed by CBC
at equilibrium. ¢: K and K, represented the rate constants of pseudo-first-order and pseudo-second-order adsorption, respectively.

Table 2
Maximum adsorption capacities for Cd(II) onto related materials
reported in the literature

Adsorbents Q... (mgg) References
Chicken manure biochar 50.46 This work
Poultry litter biochar 4.62 [30]

Cattle manure biochar 4.00 [31]

Dairy manure biochar 23.64 [32]

Cattle manure biochar 14.71

Swine manure biochar 0.73 [33]
Poultry manure biochar 513

Swine manure biochar 46.5 [34]
Chicken litter biochar 48.5 [35]
Poultry litter biochar 24.53 [36]
Swine manure biochar 22.68 [37]

Dairy manure biochar 31.92 [38]

where b (L mg™) is the Langmuir adsorption equilibrium
constant; Q  (mg g™') is the maximum adsorption capac-
ity, and Q, (mg g™') and C, (mg g™) have the same definitions
as given in Eq. (5).

The Freundlich model is as follows:

Q. =K,-C" ©6)

where K, (mg g’ (mg L7)") is the Freundlich adsorption
equilibrium constant and 1/n is the adsorption affinity.

The adsorption rates gradually slowed down until
adsorption equilibrium with increasing adsorption tem-
perature, initial concentration, and pyrolysis temperature
which resulted from that low initial solution concentration
of the Cd(Il) usually accompanied with rapid adsorption
rates since there were abundant adsorption sites on materi-
als surfaces. However, the adsorption sites were gradually
occupied until all sites are saturated as the initial concentra-
tion of Cd(II) increase [41]. The Cd(II) adsorption capacities
are maximized at a solution temperature of 308 K. The Cd(II)
adsorption capacities followed the order CBC600 > CBC80
0 > CBC400 > CBC200 at all solution temperatures. These
results show that higher solution temperatures enhance
the endothermal adsorption characteristics. In addition,

they confirm the strong adsorption affinity of CBC600.
This result may arise from the morphological characteris-
tics and functional group contents in these four CBCs [42].

The adsorption isotherms of Cd(II) onto CBCs prepared
at four pyrolysis temperatures were further fitted with
the Langmuir and Freundlich models, with results as pre-
sented in Table 3. The R? of the Langmuir model (0.98) was
higher than that of the Freundlich model (0.93) for all solu-
tion temperatures. Accordingly, the Langmuir model is bet-
ter fitted for the entire range of adsorption isotherms.

3.4. Adsorption mechanism of Cd onto CBC

The SEM images of the CBCs after Cd(II) absorption
are shown in Figs. le-h. After Cd(I) adsorption, the sur-
face morphology of CBCs displayed rougher and particu-
late matter was attached to the surface of CBCs. The TEM
images of CBCs after adsorption (Figs. 1E-H) shown par-
ticle agglomerates within CBCs. The results of SEM-TEM
images suggested that physical pore filling is one of the
mechanisms responsible for Cd(II) removal [14].

As shown in Fig. 2b, the FTIR spectra of CBCs after the
adsorption of Cd(II) showed that the intensity of absorption
peaks at 3,310 cm™ decreased. The changes may correspond
to the surface complexation of Cd(II) with the hydroxyl (-
OH) and carboxylic (-COCH) functional groups in CBC
[43]. The carbonyl oxygen ions on the biochars’ surface
serve as an electron donor. The vibration intensity of the
C=O0 stretching peak decreased and a shift to lower wave-
number was found, suggested the carboxyl could complex
with Cd(II) through monodentate and bidentate bridging
[41]. The absorption peaks at 547 and 708 cm™ may arise
from the different stretching vibrational modes and sym-
metric bending modes of phosphate (PO}) groups [44],
which were significant in the adsorption of Cd(II). The
region between 1,056 and 1,014 cm™ represents the Si-O-Si
stretching vibration. The intensity of the absorption peaks
had a great chance for was greatest at carbonization tem-
perature of CBC200, CBC400, CBC600 and CBC600 after
treatment with Cd. Due to the richness of electron-donating
functional groups such as oxygenic functional groups (-OH,
—-COO-, etc.) and aromatic rings in CBC, it be involved
in complexation with Cd(II) through C-m interaction [45].

In order to elucidate the role of CBCs adsorption mate-
rial in the adsorption mechanism during the adsorption
of Cd(Il), further characterization by solid-state CP-MAS
BC-NMR and Raman spectra was performed. The peaks
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Fig. 6. Adsorption isotherms of Cd(II) on CBC200, CBC400, CBC600, and CBC800.
Note: 288, 298 and 308 K in the image labels indicate the CBC adsorption temperatures.

showed a weak distribution of carboxyl and carbonyl car-
bons between 160 and 230 ppm, the individual peaks
showed a decrease after the Cd(II) adsorption. The CP-MAS
BC-NMR peaks of pre-adsorption CBC800 were mainly dis-
tributed in the aromatic carbon region of 90-160 ppm. these
peaks decrease after the Cd(II) adsorption, indicating that
the combination of Cd and BC through C-n interactions [46].
A significant decrease in the intensity of D and G bands after
Cd(II) adsorption by CBC600 and CBC800, suggesting that
a strong charge transfer from Cd(Il) to the biochar during
the adsorption [40]. Meanwhile, the I /I, of CBC600 and
CBC800 decreased by 0.92 and 0.76, respectively, identifying
the existence of C-7t interaction [47].

Based on the results upon, the dominant adsorption
mechanisms are prosed in Fig. 7, mainly including pore
filling, complexation and precipitation, and Cp-cation
interaction [48]:

e Pore filling: SEM-TEM indicated the Cd ions could be fill
in the pore of CBC.

¢ Complexation: CBC had the richness of electron-donating
functional groups such as oxygenic functional groups

(-OH, —-COO-, etc.) and aromatic rings, it can bind with
Cd(II).

e C-m interaction: FTIR, ®*C-NMR and Raman spectra anal-
ysis indicated that aromatic structure of CBC played
an important role in the removal of Cd through the
interaction of m—.

e Precipitation: according to SEM-TEM, FTIR and C-NMR
characterization, the aliphatic compounds (alkyl car-
bon), carbohydrates (methoxy carbon, hydroxyl carbon),
carboxyl carbons, and carbonyl carbons in CBC will
precipitate with Cd(II).

4. Conclusions

The properties of the CBC were significantly affected
by pyrolysis temperature. The sorption capacities of Cd by
CBC were enhanced with the increasing of pyrolytic tem-
perature. The kinetics of Cd(II) adsorption onto the CBCs
followed the pseudo-second-order kinetics model, and the
adsorption isotherm study showed that the equilibrium
results of Cd(II) adsorption onto the CBCs fit the Langmuir
model. The initial pH most conducive to the adsorption
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Table 3

Parameters of Langmuir and Freundlich models for Cd(II) adsorption by CBCs

T (K) Langmuir model Freundlich model
Adsorbent Q,*(mgg™) b* (Lmg™) R? be (mgg™) n R?
CBC200 15.68 0.0181 0.98 1.01 0.49 0.97
288 CBC400 17.44 0.0192 0.98 1.16 0.48 0.96
CBC600 22.29 0.0168 0.98 1.28 0.50 0.93
CBC800 21.57 0.0171 0.98 1.27 0.50 0.93
CBC200 20.31 0.0212 0.99 1.52 0.46 0.94
208 CBC400 50.46 0.0214 0.99 1.56 0.46 0.95
CBC600 25.65 0.0159 0.99 1.39 0.51 0.97
CBC800 22.18 0.0208 0.99 1.66 0.47 0.93
CBC200 25.29 0.0142 0.99 1.19 0.53 0.95
CBC400 26.04 0.0139 0.99 1.19 0.54 0.96
308 CBC600 28.79 0.0132 0.99 1.23 0.55 0.96
CBC800 27.93 0.0137 0.99 1.25 0.54 0.96

Note: a: Q, represented maximum adsorption capacity. a: b and K, represented adsorption equilibrium constants of Langmuir and
Freundlich models, respectively. c: 1/n represented the adsorption affinity.

(b) Complexation

) Cd2+

uoneydnaid (p)

(@) Porefilling T,
(c) C- winteraction

Fig. 7. Proposed mechanism for removal of Cd(II) from aqueous
solution by CBC.

of Cd(II) was 4.5. The adsorption capacity of Cd was in the
order of CBC600 > CBC800 > CBC400 > CBC200, and the
maximum Cd adsorption capacities reached 52.02 mg g
Based on the analysis of SEM-TEM, FTIR, C-NMR and
Raman, the dominant adsorption mechanisms of Cd on
CBC involved pore filling, complexation, precipitation and
C-m interaction.
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