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Abstract

Bottom ash generated by the combustion of cattle manure (BA-CCM) was investigated as an adsorbent for the removal of heavy
metals such as Cd(Il), Cu(Il), Pb(Il), and Ni(Il) from aqueous solutions. When cattle manure was used as fuel, the thermal
efficiency of the boiler was 88.7%, and the CO and CO, concentrations in the exhaust gas were 2.3 ppm and 12.1%, respectively.
The percentage of remaining solids was 31 wt.% after combustion at 900 °C. X-ray fluorescence analyses showed that the
elemental composition of the BA-CCM was mainly CaO (43.3%), SiO, (15.8%), CO, (13.0%), and P,Os (10.3%). The kinetic
adsorption of Cd(Il), Cu(Il), Pb(II), and Ni(II) by BA-CCM reached equilibrium after 12 h, and the pseudo-second-order model
fitted the experimental data well. The maximum amount of Cd(I), Cu(II), Pb(II), and Ni(II) adsorbed by the bottom ash was 5.4,
72.6, 88.2, and 24.6 mg/g, respectively. The equilibrium adsorption of metals onto BA-CCM was well-described by the
Freundlich model. Thermodynamic analysis showed that the adsorption onto the bottom ash was endothermic and that the
Gibbs free energy decreased as the temperature increased. The presence of cations such as Na*, Ca**, and AP* was found to
reduce the amount of metals adsorbed onto the BA-CCM, and Cd(II) adsorption was found to be more dependent on ionic
strength than adsorption of Cu(II), Pb(II), and Ni(Il). This study demonstrates the feasibility of producing heat energy by burning
cattle manure and removing heavy metals from aqueous solutions using the generated bottom ash as an adsorbent.
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The health of soil and the environment is under increasing
threat as various types of dissolved heavy metals enter and
are accumulated in rivers and along coasts (Mishra et al.
2019; Wang et al. 2016). Cd, Cu, Ni, Pb, and other metals
can accumulate easily in water bodies, and they are very harm-
ful to humans if they exceed permissible levels (Mohmand
et al. 2015). Metal ions are not biodegradable, and their mo-
bility and toxicity in natural aquatic ecosystems can lead to
serious health problems (Ali et al. 2019; Rota et al. 2018). Cd
can cause kidney damage and renal disorders and is consid-
ered carcinogenic in humans (Chen et al. 2020a). The con-
sumption of Cu leads to liver damage, Wilson’s disease, and
insomnia (Chen et al. 2020b). Pb poisoning causes anemia
and nerve paralysis (Rehman et al. 2017). The effects of Ni
exposure include pulmonary fibrosis and skin dermatitis
(Ahmad et al. 2019). Therefore, it is important to treat toxic
metals in wastewater to reduce human exposure (Zhu et al.
2020). In 2019, the Korean government set new standards for
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heavy metal discharge into public water bodies via wastewater
with maximum concentrations of Cd, Cu, Pb, and Ni of 0.1,
3.0, 0.5, and 3.0 mg/L, respectively.

Various conventional methods have been developed for
the removal of heavy metal ions from aqueous solutions
including ion exchange, chemical precipitation, reduction,
evaporation, membrane filtration, reverse osmosis, elec-
trodialysis, and adsorption (Mittal et al. 2016; Ahmad
et al. 2017). Among the various methods used for the
removal of heavy metals, adsorption is preferable because
it is inexpensive and easy to implement while being high-
ly efficient for the removal of heavy meals and producing
less toxic by-products (Anastopoulos et al. 2018; Vu et al.
2019). The removal efficiency and cost of the adsorption
process depend on the adsorbent used; therefore, there has
been significant interest in the utilization of bottom ash as
an adsorbent for the removal of heavy metals from waste-
water and acid mine drainage (Asokbunyarat et al. 2015,
2017; Chiang et al. 2012; Vu et al. 2019). Bottom ash has
several advantages as an adsorbent, with physical proper-
ties such as a coarse particle size, large specific surface
area, and high porosity. It is also inexpensive and allows
the recycling of resources (Asokbunyarat et al. 2015).
However, fly ash and bottom ash produced by the incin-
eration of coal and municipal solid waste can contain
several heavy metals that can leach out under acidic con-
ditions (Asokbunyarat et al. 2015; Shim et al. 2003).

A report by the Korean Ministry of Environment in 2017
stated that the amount of livestock manure generated in Korea
was 176,434 t/d, with cattle manure accounting for 34.4% of
the total. Intensive feeding in modern animal husbandry pro-
duces a large amount of cattle manure, which can easily be
collected. The severe threat posed by the large quantity of
cattle manure in terms of environmental greenhouse gas emis-
sions, soil and water pollution, acidification, odor pollution,
and eutrophication can be changed into a great opportunity for
bioenergy generation (Zhang et al. 2020; Zhou et al. 2019).
Cattle manure has a high calorific value similar to that of
sawdust and rice straw (Huang et al. 2019) and a low ash
content (Zhang et al. 2020). Biomass such as livestock manure
is considered to be a CO,-neutral fuel that is expected to
gradually replace fossil fuels (Song et al. 2020).

Several studies have investigated the removal of heavy
metals using bottom ash; however, to the best of our
knowledge, bottom ash generated by the combustion of
cattle manure (BA-CCM) has never been investigated. In
this study, we examined the feasibility of using cattle
manure as a fuel and the recycling of BA-CCM as an
adsorbent for the removal of heavy metals from aqueous
solutions. The physical and chemical characteristics of
BA-CCM were identified by investigating its surface mor-
phology, pore size, specific surface area, elemental com-
position, and crystalline structure. The adsorption
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characteristics of Cd(II), Cu(Il), Pb(II), and Ni(II) by
BA-CCM were investigated by performing batch experi-
ments and mathematical model analysis under different
reaction times, initial concentrations, and reaction temper-
atures. A mixed solution of Cd(II), Cu(Il), Pb(Il), and
Ni(IT) was reacted with BA-CCM at different adsorbent
dosages and in the presence of competitive cations.

Materials and methods
Boiler system used to create BA-CCM

A smoke tube boiler (Kyuwon Tech Co., South Korea) with a
rated thermal capacity of 230 kW (Fig. 1) is used to create BA-
CCM by using cattle manure pellets as fuel to heat water
(lower heating value: 2720 kcal/kg). The combustion chamber
in the boiler, with a heat transfer area of 32.48 m2, was set at a
temperature of 1016.4 °C and was operated for more than 1 h.
The rate at which water was supplied and the water storage
capacity were 3416 kg/h and 3620 L, respectively. The boiler
consumed 88.27 kg/h of cattle manure pellets as fuel.

Characterization of BA-CCM

Several analyses were conducted to characterize the BA-
CCM and to investigate the mechanism by which the
heavy metals were adsorbed onto the BA-CCM. The
surface morphology of the BA-CCM was investigated
using a field emission scanning electron microscope
(FE-SEM) (S-4700, Hitachi, Japan), and the chemical
composition was analyzed using an X-ray fluorescence
(XRF) spectrometer (XRF-1700, Shimadzu, Japan). N,
adsorption—desorption experiments were performed to
measure the specific surface area of the BA-CCM using
a surface area analyzer (Quadrasorb SI, Quantachrome
Instruments, USA), and the specific surface area was
determined via Brunauer—Emmett—Teller analysis. The
mineralogical structures of the BA-CCM were investi-
gated via the patterns produced during X-ray diffraction
(XRD) (SmartLab, Rigaku, Japan).

Reagents and the adsorption experiment

A metal solution was prepared using Cd(NOs3),4H,O,
Cu(NOs3),-3H,0, Pb(NO3),, and Ni(NO3),-6H,O purchased
from Daejung Chemical Company (Republic of Korea). A
1000 mg/L mixed metal solution was prepared by mixing
the four heavy metal reagents in distilled water. The pH of
the mixed metal solution was adjusted to 4 using 0.1 mol/L of
NaOH and HCI. After the adsorption reaction, the heavy metal
solution was separated from the adsorbent using filter paper
(0.45-um polypropylene filter; Whatman, USA). The filtered



Environ Sci Pollut Res (2021) 28:14957-14968

14959

Fig. 1 Picture of the water
heating boiler used in this study
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samples were then diluted and measured with an inductively
coupled plasma spectrometer (ICP-OES 5100 Series, Agilent
Technologies Inc., USA). The BA-CCM was rinsed three
times with distilled water and sieved to produce particles of
uniform size ranging from 0.85 to 1.18 mm for the adsorption
experiments.

The metal adsorption experiments using BA-CCM were
performed in a batch system under various experimental con-
ditions. The kinetic adsorption experiments were performed
by varying the reaction times from 0.25 to 24 h while reacting
0.1 g of BA-CCM with 1000 mg/L of heavy metal solution at
a reaction temperature of 25 °C. A shaking incubator (SJ-
808SF, Sejong Scientific Co., Korea) was used to maintain
the temperature and agitate the adsorbents and solutions.
Equilibrium adsorption experiments were performed with dif-
ferent initial concentrations (5, 10, 20, 50, 100, 200, 500, and
1000 mg/L) of the heavy metal solution. The thermodynamic
adsorption experiments were performed at 15, 25, and 35 °C.
The dosing amount of BA-CCM was increased up to 16.7 g/L
to obtain 100% removal of Cu(Il) and Pb(Il), and the adsorp-
tion experiments were performed under different BA-CCM
dosages by varying equidistant interval (3.3, 6.7, 10.0, 13.3,
and 16.7 g/L). To determine the influence of competitive cat-
ions such as Na*, Ca?*, and AI**, experiments were performed
by preparing two different solutions with 1 and 10 mM of
NaCl, CaCl,, and AICI;. All the batch experiments were per-
formed in triplicate.

Data analysis

The kinetic data were analyzed using the following pseudo-
first-order (PFO) and pseudo-second-order (PSO) models:

q; = qe(l_eikﬂ) (1)
ka2t

_ e’ 2

" 1+ kag,t @)

where ¢, is the amount of heavy metals removed at time # (mg/
2), g. is the amount of heavy metals removed at equilibrium
(mg/g), ky is the PFO rate constant (1/h), and 4 is the PSO rate
constant (g/(mg-h)).

The equilibrium data were analyzed using the Langmuir
(Eq. (3)) and Freundlich (Eq. (4)) models, as follows:

0,K.C

_ 3

9e=11k,.C (3)
1

qde = KFCZ (4)

where C is the concentration of a heavy metal in the aqueous
solution at equilibrium (mg/g); K; is the Langmuir constant,
which is related to the binding energy (L/mg); O, is the max-
imum mass of heavy metals removed per unit mass of BA-
CCM (the removal capacity of BA-CCM) (mg/g); K is the
distribution coefficient ((mg/ g)-(L/mg)l/ ™); and 1/n is a hetero-
geneity factor. The values of K;, Q,,, K, and n can be deter-
mined by fitting the Langmuir and Freundlich models to the
observed data.

The thermodynamic properties of the experimental results
were analyzed using the following equations:

AG® = AH-TAS" (5)

AG® = —RTInK, (6)
AS®  AH®

InKe =" RT @
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where AG® is the change in Gibbs free energy (kJ/mol), AS° is
the change in entropy (J/(mol'K)), AH" is the change in en-
thalpy (kJ/mol), K, is the equilibrium constant (dimension-
less), a is the amount of adsorbent (g/L), R is the gas constant
(8.314 J/K'mol), and T is the absolute temperature (K).

Results and discussion
Combustion characteristics of cattle manure

The boiler efficiency and exhaust gas analysis results
are listed in Table 1. The thermal efficiency of the
boiler was estimated to be 88.7% while consuming cat-
tle manure pellets at a rate of 33.4 kg/h. The O,, CO,
CO,, and NO, concentrations in the exhaust gas were
7.6%, 2.3 ppm, 12.1%, and 318 ppm, respectively, at an
exhaust gas temperature of 177 °C. The concentration
of pollutants emitted by the cattle manure pellet-fired
boiler were compared with those produced by a
firewood-fired boiler, the results of which were reported
in a previous study (Vitazek et al. 2016). As shown in
Fig. 2, the cattle manure pellet-fired boiler used in this
study emitted less CO but more CO, than the firewood-
fired boiler. This indicated that more complete combus-
tion was achieved when the cattle manure pellets were
used. Although the combustion of cattle-manure emitted
more CO, (a greenhouse gas) than the combustion of
firewood, it still emitted less CO, than a combustion of
coal (Hu et al. 2000). Thus, the use of the cattle manure
pellet as the solid fuel could be more environmentally
beneficial than fossil fuels (e.g., coal). The combustion
of cattle manure led to higher NO, emissions than those
of firewood combustion. This was likely because com-
plete combustion leads to an increase in the formation
of NO, (i.e., thermal NO,) (Turns 2000).

To further investigate the combustion characteristics of the
cattle manure, thermogravimetric analysis (TGA) of the cattle

Table 1  Efficiency and exhaust gas concentration of the cattle manure
pellet-fired boiler

Boiler Exhaust gas

Pellet amount (kg/h) 334 Temperature (°C)  177.0
Input water temperature (°C) 19.2 0O, (%) 7.6
Output water temperature (°C) ~ 81.6 CO (ppm) 2.3
Combustion temperature (°C) 10164  CO, (%) 12.1
Efficiency (%) 88.7 NOy (ppm) 318.0
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manure was conducted in air. The thermogram (TG) and dif-
ferential TG curves obtained from the TGA are presented in
Fig. 3. As shown in the TG curve, four distinctive thermal
degradation zones were observed. The first zone from 30 to
120 °C was due to the evaporation of water. In the second
zone, approximately 23.3 wt.% of the cattle manure was ther-
mally degraded between temperatures of 120 and 350 °C. One
of the highest thermal degradation rates was measured in this
zone at approximately 300 °C. Cellulose, hemicellulose,
starch, and protein were combusted in the second zone (Wu
et al. 2012). Lignin was combusted in the third zone between
350 and 600 °C (Wang et al. 2011). The fourth zone, which
was between 600 and 900 °C, was associated with the com-
bustion of char. Any solids that remained following the TGA
(approximately 31 wt.% of the initial sample) were in the form
of ash (i.e., BA-CCM).

Characterization of the BA-CCM

The physical and chemical properties of the BA-CCM
were characterized by investigating the surface morphol-
ogy, size, volume, specific surface area, and crystalline
structure of the pores and the elemental composition of
the ash. The surface morphology of the BA-CCM is ob-
tained using FE-SEM; it consists of rod-like crystals, as
shown in Fig. 4, which have also been found in bottom
ash by other researchers (Chiang et al. 2012). The porous
structure and rough surface composed of irregularly
shaped particles contributed to the higher specific surface
area of the BA-CCM (Chen et al. 2016). As shown in
Table 2, the pore size and specific surface area of the
BA-CCM are 15.12 nm and 1.87 m?/g, respectively. The
pores were grouped according to the definition given by
the International Union of Pure and Applied Chemistry, in
which adsorbent pores are classified into three groups,
namely micropores (diameter <2 nm), mesopores (2 nm
< diameter < 50 nm), and macropores (diameter > 50 nm)
(Wu et al. 2005). Based on this classification, the BA-
CCM was composed of solids with a relatively small ex-
ternal surface area interspersed with multiple mesopores.

The BA-CCM was found to have a high pH of 11.8, which
is considered sufficiently high to remove Cd(II), Cu(Il),
Pb(I), and Ni(Il) via precipitation (Schneider et al. 2001).
The high pH of the BA-CCM could be attributed to its alkaline
nature, which resulted from high CaO contents of up to
43.3%. High CaO contents have also been observed in bottom
ash by other researchers (Asokbunyarat et al. 2015).

The elemental composition of the BA-CCM generated
using XRF is presented in Table 2. The BA-CCM was mainly
composed of CaO, SiO,, CO,, and P,05 with small amounts
(< 5%) of other elements. Vassilev et al. (2017) reported that
ash generated by the combustion of biomass mainly includes
alkali metals (Na and K), alkaline earth metals (Ca and Mg),
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Si, S, Cl, and P. The high content of alkali metals in the ash
obtained from biomass combustion can reduce the heat trans-
fer and increase the boiler tube corrosion (Tan and Lagerkvist
2011). However, because of the high CaO content, which is
the main component of bottom ash, BA-CCM may be a good
candidate for the removal of heavy metals in the form of
insoluble hydroxides from alkaline environments (Barnes
etal. 1981). The valuable nutrients P,O5 and K,O were found
in the BA-CCM, which implied that BA-CCM can also be
used as a source of nutrients. The crystalline structure of the
BA-CCM is observed by XRD analysis (Fig. 5). The presence
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Fig. 3 Thermogram and differential thermogram obtained via
thermogravimetric analysis of cattle manure pellets between 30 and
900 °C, which were heated in air at a rate of 20 °C/min

Firewood Cattle manure Firewood

of Si0,, CaCOs3, CaSO,, and NagAlgSi (O3, was attributed to
the high Ca and Si contents in the BA-CCM. Any K present in
the ash was mainly in the form of KCI.

Kinetic, isotherm, and thermodynamic studies

The heavy metal adsorption by the BA-CCM depending on
the reaction time is shown in Fig. 6. Cd(II), Cu(I), Pb(II), and
Ni(Il) were rapidly adsorbed onto the BA-CCM within 6 h,
and equilibrium was reached at 12 h. The parameter values
calculated using the PFO and PSO models are presented in
Table 3. The equilibrium concentrations (g.) of Cd(I), Cu(Il),
Pb(Il), and Ni(Il) that were estimated using the PSO model
were higher than those estimated using the PFO model and
were also closer to the observed data. The higher determina-
tion coefficient (R%) of the PSO model also verified that the
PSO model is more suitable for describing the removal of
Cd(II), Cudl), Pb(II), and Ni(Il) by BA-CCM. This indicated
that the rates at which Cd(II), Cu(Il), Pb(Il), and Ni(I) are
adsorbed onto BA-CCM depend on chemisorption (Bulut
et al. 2008). The reaction rates of the PFO model followed
the decreasing order of Cd(II) > Pb(II) > Cu(Il) > Ni(II),
which was the opposite to that found using the PSO model,
thereby indicating that the kinetic data are consistent.

The adsorption isotherm of BA-CCM depending on the
initial metal concentrations is shown in Fig. 7. The data were
fitted using the Langmuir and Freundlich models to investi-
gate the mechanism by which metals are adsorbed onto BA-
CCM. The adsorption parameters associated with the two iso-
therm models are shown in Table 4. The low R’ of both
models for Cd(Il) and Ni(Il) indicates that both Langmuir
and Freundlich models were not well-fitted to Cd(II) and
Ni(IT) adsorption by BA-CCM. The poor fit of both models
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Fig.4 Field emission scanning electron microscope image of bottom ash under (a) x 3000 and (b) % 10,000x magnification. Scale bar: (a) 10 um and (b)
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to Cd(Il) and Ni(II) adsorption was because the adsorbed
amount was sharply increased in the low initial concentration.
The R? of the Freundlich model was higher than that of the
Langmuir model, which indicates that the Freundlich isotherm
is more applicable for the adsorption of Cu(Il) and Pb(II) onto
BA-CCM. This result implies that the adsorption of Cu(Il) and
Pb(II) by BA-CCM was multilayer, rather than single-layer
adsorption (Hui et al. 2005).

The observed maximum adsorption amounts of BA-CCM
for Cd(II), Cu(Il), Pb(Il), and Ni(Il) were 5.7 mg/g (=
0.051 mM), 73.9 mg/g (=1.162 mM), 102.3 mg/g (=
0.494 mM), and 23.6 mg/g (= 0.402 mM), respectively. The
distribution coefficients (Kr), which are related to the adsorp-
tion capacity of an adsorbent for an adsorbate, were in the
order of Pb(II) > Cu(II) > Ni(IT) > Cd(II) in the Freundlich
model. The affinity of these heavy metals for BA-CCM can
be explained by the electronegativity of metals, the hydrolysis
constant, hydration energy, and the charge-to-radius ratio, and
these characteristics of four ions are provided in Table 5.
Electronegativity is considered to be a significant factor that
influences the chemisorption of trace metals because metals
with higher electronegativities can form stronger covalent
bonds with O atoms on the edges of clay minerals (McBride
1994). The electronegativities of the four heavy metals in

decreasing order are Pb (2.33)>Ni (1.91)>Cu (1.90) > Cd
(1.69) (McBride 1994; Shi et al. 2009). Cd(II) had the lowest
adsorption, which was consistent with the lowest electroneg-
ativity of Cd(Il); however, Cu(II), which has a lower electro-
negativity than Ni(II), showed higher adsorption than Ni(II).
The adsorption of metals onto adsorbents increases as the
hydrolysis constant (pK) decreases. The pK of the metals in
ascending order is Cu (pK=7.7)=Pb (pK=7.7)<Ni (pK =

9.9)<Cd (pK=10.1) (Alloway 1995). Although Cu and Pb
have the same pK, more Cu(Il) than Pb(Il) was adsorbed onto
the BA-CCM, which was because the ionic radius of Cu
(73 pm) is smaller than that of Pb (118 pm) (Marcus 1994).
Cu(II), which has a smaller ionic radius, can achieve a higher
Coulombic attraction toward the surface of an adsorbent than
Pb(II), which has a larger ionic radius. In addition, it is diffi-
cult for ions with larger hydrated radii to enter the pores of
adsorbents and undergo cation exchange at available sites
(Shim et al. 2003). Cations with lower hydration bind to a
greater extent than those with high hydration energy (Liu
et al. 2003; Huang et al. 2012). It was expected that Ni(II)
and Cu(Il) with higher hydration energy would be adsorbed
by BA-CCM less than Cd(II) and Pb(II). However, Cu(Il)
with the highest hydration energy showed the highest adsorp-
tion among the four metals tested in this study. The adsorption

Table 2 Physical properties obtained using Brunauer-Emmett-Teller analysis and the elemental composition obtained using X-ray fluorescence

(XRF) analysis
Physical properties Chemical properties
Surface area (mz/g) Pore volume (cm®/ g) Poresize (nm) pH XREF result (%)
CaO SiO, CO, P,0Os NaO ALO; K,O Fe,O; Others
1.87 0.0074 15.12 11.8 433 158 13.0 103 34 3.1 3.1 1.9 6.1
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of Cd(I), Cu(Il), Pb(II), and Ni(Il) by BA-CCM could not be
explained solely by electronegativity, metal hydrolysis, the
electrostatic force, or hydration energy; the mobility of the
metals was affected by a combination of these factors (Kang
et al. 2016).

The maximum adsorption (Q,,) of Cd(Il), Cu(Il), Pb(l),
and Ni(II) by BA-CCM, which were obtained from
Langmuir model fits, was 5.4, 72.6, 88.2, and 24.6 mg/g,
respectively. To compare the metal adsorption capacity of
BA-CCM with that of other adsorbents derived from bottom

2-theta (deg)

ash and fly ash, the amount of metals adsorbed by other ad-
sorbents in the literature is provided in Table 6 in decreasing
order of Cu adsorption. The adsorption of Pb(Il) and Cu(Il)
was higher than that of Cd(I) and Ni(II), which has been
observed in other studies, as mentioned previously. Of the
results reported in Table 6, three adsorbents are reported to
have a higher metal adsorption capacity than that of the BA-
CCM used in this study. However, BA-CCM is considered to
be a more effective adsorbent for the removal of heavy metals
because of its low cost and its status as a by-product of cattle
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Table 3 Kinetic model
parameters obtained from fitting
the model to the experimental
data

Models Metals

Cd(In) Cu(ID) Pb(I) Ni(II)

Pseudo-first-order kinetic model q. (mg/g) 53 59.8 89.7 21.8

ky (1/h) 11.17 3.39 497 1.46
R 0.991 0.842 0.947 0.861

Pseudo-second-order kinetic model q. (mg/g) 53 63.9 93.5 23.5
ky (g/mg/h) 0.017 0.215 0.113 0.492
R 0.995 0914 0.983 0.948

manure combustion. The adsorbents that have a higher ad-
sorption capacity than BA-CCM are not pure bottom ash but
rather materials that have been synthesized from bottom ash or
fly ash. The higher adsorption capacity of the other adsorbents
could be a result of a high pH because it is well-known that the
mobility of Cd(I), Cu(Il), Pb(Il), and Ni(Il) decreases as a
result of precipitation at a high pH (McBride 1994).
Although the three adsorbents with a superior adsorption ca-
pacity are small, BA-CCM has a granular size of 0.85—
1.18 mm, which enables the adsorbent to be easily separated
from the solution after metal removal. Furthermore, in contrast
to bottom ash derived from coal and municipal solid waste,
BA-CCM does not contain heavy metals.

The thermodynamic parameters obtained from the thermo-
dynamic analysis using Egs. (5), (6), (7), and (8) are presented
in Table 7. The amount of metal adsorption increased as the
reaction temperature increased. The AH° values of Cd(II),
Cu(Il), Pb(II), and Ni(II) were positive, thereby indicating that

the adsorption of heavy metals onto the BA-CCM was endo-
thermic. The AS® values of Cd(II), Cu(Il), Pb(Il), and Ni(II)
were 223.0, 145.2, 101.6, and 88.2 J/(K'mol), respectively,
thereby indicating that the level of disorder at the solid—
liquid interface increased during adsorption. The positive sign
of AG® for Cd(II) and Ni(II) indicated that adsorption was not
spontaneous under the experimental conditions in this study.
The negative AG° value for Pb(Il) indicated that the adsorp-
tion of Pb(Il) onto the BA-CCM was spontaneous, and the
change in the sign of AG® for Cu(Il) at 25 °C resulted in a
spontaneous reaction as the temperature increased from 15 to
25 °C.

Effects of the BA-CCM dose, competing anions, and
pH

The effects of different amounts of adsorbent on the adsorp-
tion reaction with the metal solution (Cd(II), Cu(II), Pb(II),
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Table 4 Equilibrium model
parameters obtained by fitting the Models Parameters
model to the experimental data
Cd(In) Cu(Il) Pb(ID) Ni(II)
Freundlich model Kr ((mg/g)'(L/mg)l/ b 3.9 64.8 45.0 13.2
1/n 15.67 44.84 7.56 9.35
R 0.650 0.870 0.977 0.665
Langmuir model 0O,, (mg/g) 54 72.6 88.2 24.6
K; (L/mg) 1.44 0.11 0.11 9.84
R 0.646 0.869 0.933 0.665
Table 5 Electronegativity,
hydrolysis constant, ionic radius, Electronegativity ~ Hydrolysis constant Ionic radius (pm)  Hydration energy (—AG, kJ/
and hydration energy of Cd(II), * (PK)° ¢ mol) ¢
Cu(Il), Pb(I), and Ni(II)
Cddn  1.69 10.1 95 1755
Cul) 1.90 7.7 73 2010
Pb(l) 233 7.7 118 1425
Nidl) 191 9.9 69 1980
 The electronegativity of the metals was obtained from McBride (1994)
® The hydrolysis constant (pK) was obtained from Alloway (1995)
¢ The ionic radius and the hydration energy were obtained from Marcus (1994)
Table 6 Comparison of the
maximum metal adsorption Adsorbents Conditions O, (mg/g) Reference
capacity of bottom ash generated ]
by the combustion of cattle pH Qranular CdI)  Cudl)  PbdD)  Ni(ID)
manure (BA-CCM) with that of size (mm)
other adsorbents
BA-CCM 4.0 0.850-1.180  5.40 72.60 88.2 24.60  Current
research
Activated 6.7-10.0 161.90 10920 549.1 7040 Jhaetal 2008
carbon-zeolite com-
posite prepared from
coal fly ash
Mesoporous molecular 5.0 <0.075 84.00 78.70 200.2 Vu et al. 2019
sieve synthesized
from coal bottom ash
Synthesized zeolite 4.0-5.0 76.90 194.7 Nascimento
from coal fly ash et al. 2009
Coal fly ash prepared 3.04.0 0.002 5045 8.96  Huietal 2005
zeolite
Incineration bottom ash ~ 3.0-4.0 <0212 12.80 23.40 67.6 Wang et al.
2016
Barley straw ash 6.5 0.015-0.045 1.42 17.80 8.25  Arshadi et al.
2014
Coal bottom ash 42 0.300-0.700 13.40 Asokbunyarat
etal. 2015
Fly ash 6.0 <0.075 1.35 0.48  Bayat 2002
Bottom ash from a 6.0 0.177 12.05 Sukpreabprom
power plant etal. 2014
Bottom ash from 5.5 <2.000 2.70 21.5 Chiang et al.
municipal solid 2012

waste
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Table 7 Thermodynamic parameters for the adsorption of Cd(Il),
Cu(Il), Pb(II), and Ni(II) onto bottom ash generated by the combustion
of cattle manure

Parameters Cd(In) Cu(Il) Pb(ID) Ni(Il)
AHC (kJ/mol) 69.7 43.0 292 30.7
AS® (J/(K-mol)) 223.0 145.2 101.6 88.2
AG® at 15 °C (kJ/mol) 541 112 —0.04 533
AG® at 25 °C (kJ/mol) 3.18 -0.33 - 1.06 445
AG® at 35 °C (kJ/mol) 0.95 -1.78 207 3.57

and Ni(Il)) are shown in Fig. 8a. Increasing the dose of the
adsorbent from 3.33 to 16.66 g/L in the metal solution led to a
decrease in the unit adsorption of Cd(II), Cu(Il), Pb(1l), and
Ni(IT). More surface functional groups and greater surface
areas are available at higher adsorbent concentrations (Zhai
et al. 2004). When the adsorbent dosage was increased from
3.33to 16.66 g/L, the unit adsorption of Cd(II) decreased from
5.52 to 2.59 mg/g, while the removal percentage increased
from 6.6 to 16.4%. The unit adsorption of Cu(Il) decreased
from 69.4 to 47.1 mg/g, while the removal percentage in-
creased from 29.4 to 99.9%. The unit adsorption of Pb(II)
decreased from 102.3 to 55.2 mg/g, while the removal per-
centage increased from 37.1 to 99.9%. The unit adsorption of
Ni(II) decreased from 17.9 to 10.1 mg/g, while the removal
percentage increased from 9.6 to 28.3%. The removal effi-
ciency of Cu(ll) and Pb(II) was approximately 90% when
13.33 g/L of BA-CCM was used as an adsorbent in the aque-
ous solution.

The effects of the presence of cations such as Na*, Ca®*,
and AI** on the adsorption of metals by BA-CCM are pre-
sented in Fig. 8b. The amount of metals adsorbed onto the
BA-CCM decreased in the presence of Na*, Ca*, and AI**,
with the impacts of these cations increasing in the order of
Na*<Ca** < AP’*. The reduction in the amount of metals
adsorbed owing to the presence of AI’* was greater than that
of Na* because AI>* can bond more strongly with the adsor-
bents via electrostatic attraction than Na* can via coulombic
attraction. The electronegativities of Na*, Ca®*, and AI’* are
0.93, 1.00, and 1.61, respectively, and ALY, with the highest
electronegativity, is more likely to be adsorbed onto the O
atoms on the edges of clay minerals via covalent bonding
(McBride 1994; Mustafa et al. 2010).

Although the presence of Na*, Ca**, and AP** reduced the
metal adsorption, the differences in Cu(Il), Pb(Il), and Ni(II)
adsorption with 1 and 10 mM of Na*, Ca”*, and AI’* were not
significant. However, the adsorption of Cd(I) decreased by
27.4% in the presence of 1 mM NaCl and by 86.0% in the
presence of 10 mM AICls, thereby indicating that Cd(Il) ad-
sorption is highly dependent on ionic strength. Ion adsorption
by inner-sphere surface complexes showed little dependence
on ionic strength, whereas the opposite was found for outer-

@ Springer

sphere complexes (Li et al. 2006; McBride 1997). Therefore,
it could be inferred that Cu(Il), Ni(II), and Pb(II) were mainly
adsorbed onto the BA-CCM via inner-sphere surface com-
plexes. The adsorption of heavy metals such as Cu(lIl),
Ni(II), and Pb(II) onto the edge sites of oxides has previously
been reported to involve inner-sphere surface complexation
(Gu and Evans 2008).

The effect of pH on the adsorption of heavy metals in BA-
CCM is shown in the Fig. 8c. While initial pH was increased
from 1.0 to 4.0, the final pH of heavy metal solution was
increased from 0.26 to 8.55. The adsorption amount of all
heavy metals except Ni(Il) were increased along with the pH
increase. Ni adsorbed amounts were kept constant around
21.8 mg/g under pH 1-4. Lower adsorption of heavy metals
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Fig. 8 Removal of heavy metals by bottom ash generated by the
combustion of cattle manure (BA-CCM) under various environmental
conditions: (a) different doses of BA-CCM, (b) in the presence of com-
petitive cations (Na*, Ca®*, and AI**) at two different molar concentra-
tions (1 and 10 mM), and (c) different initial solution pH (1-4)



Environ Sci Pollut Res (2021) 28:14957-14968

14967

at low pH is attributed by the protonated active sites of the
adsorbent by high H" concentration (Mittal et al. 2016).

Conclusions

The thermal efficiency of the boiler was high when cattle
manure was used as fuel, and the concentrations of CO and
CO; in the exhaust gas from the boiler were lower than those
produced by a firewood-fired boiler. In addition to the pro-
duction of energy from cattle manure, the BA-CCM was used
as an adsorbent for removing Cd(II), Cu(II), Pb(II), and Ni(II)
from aqueous solutions. The high content of CaO in the BA-
CCM led to a high pH, thereby providing favorable conditions
for the removal of metals. The kinetic adsorption of Cd(II),
Cu(II), Pb(II), and Ni(IT) onto BA-CCM was well-described
by the PSO model, thereby indicating that the rate of adsorp-
tion of the metals was mainly controlled by chemisorption.
The Freundlich isotherm was more suitable for describing
the adsorption of Cd(II), Cu(Il), Pb(II), and Ni(Il) onto the
BA-CCM at equilibrium, thereby indicating that the adsorp-
tion of metals by BA-CCM was multilayered. The maximum
adsorption capacity of BA-CCM for Cd(II), Cu(Il), Pb(II), and
Ni(II) was comparable to that of other adsorbents derived from
fly ash and bottom ash in the literature, even though the results
were obtained under a lower pH than that in other studies. The
adsorption of metals onto BA-CCM is an endothermic reac-
tion, and the Gibbs free energy decreased as the reaction tem-
perature increased. More than 90% of the Cu(Il) and Pb(II)
could be removed via the addition of 13.33 g/L. of BA-CCM.
Cd(II) adsorption was highly dependent on ionic strength;
however, Cu(Il), Ni(II), and Pb(II) were adsorbed onto the
BA-CCM via inner-sphere surface complexation. The low
cost, granular size, and the absence of heavy metals are ad-
vantages of using BA-CCM as adsorbents for the removal of
heavy metals. The use of combustion by-products as adsor-
bents is valuable in terms of recycling of resources and
economics.
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