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ARTICLEINFO ABSTRACT

Reywords The method of gencrating electricity by co-combusting coconut shells, a cash crop, with coal reduces emlssions of
Coul gl gascous pollutants from coal-fired power generation. Still, it tends to result in significant metal pollution. Two
Coconut sh new calcium-iron type adsorbents, CaFe,04 and CazFe,Os, were prepared in this study to reduce heavy metals In
Heavy metals . : d
il s iron adsorbiants the atmosphere. Thermal adsorption experiments were carried out to study the fixation effect of CaPez0O4 an

Ecological risk CasFe0s on six heavy metals, namely Cr, Cu, Mn, NI, Pb, and Zn. The adsorbents were characterized by XRD,

SEM, and BET, and the adsorption mechanism was investigated together with Factsage simulation. The study of
the ecological risk of heavy metals showed that the heavy metals mixed in coal and coconut shells have a large E;
(Ecological risk) value. When the two calcium-iron adsorbents were compared at the same mixing ratio, the Ry
(Risk index) value of CaPe204 was smaller than that of CazFe;0s. The results showed that CaFe,04 and CazFez0s
effectively fix six heavy metals by both physical and chemical adsorption. Among them, the optimum fixation
(Cr, Cu, Mn, Ni, Pb, and Zn) of CaFe;04 with different mixing ratios were increased by 27.75 %, 14.27 %,
10.51 %, 46.14 %, 17.69 %, and 10.66 % at 900 °C, respectively. In this study, two calcium-iron type adsorbents
were prepared, experiments and simulations investigated their adsorption mechanisms, and their performances
were comprehensively evaluated concerning the environmental risk factors, which opens a new way to reduce
the emission of heavy metals in the co-combustion process of coal and biomass.

1. Introduction metal emissions, adsorption, condensation, and combustion methods,
which are available to control heavy metals in flue gas. Among them,
adsorbent control is an effective method to control heavy metal pollu-

tion due to the accessible collection of bottom ash and better adapt-

Currently, combustion is the main route of fossil energy utilization,
and heavy metals in coal are a significant source of pollution. In coal

combustion, heavy metals are attached to the resulting fly ash and enter
the atmosphere, and secondary pollution occurs with dry and wet pre-
cipitation (Wasielewski et al., 2021; Munawer, 2018; Luo et al., 2020).
As a kind of clean energy with the advantages of being renewable,
widely distributed, produced in large quantities, and Inexpensive,
biomass has become an alternative to coal, and the mixed combustion of
coal and biomass has become the choice of many power plants. This type
of combustion helps to effectively reduce greenhouse gas emissions
(Saikaew et al., 2012).

The significant sources of pollution during combustion are heavy

ability (Ke etal., 2019). Current research is focused on searching for new
heavy metal adsorbents or researching the modification of adsorbents,
hoping to fix more heavy metals in the bottom ash to reduce atmospheric
fugitive. Adsorbents can be divided into Ca-based, Al-based, and
Si-based. Three types of adsorbents, such as metal oxides and many
other mineral adsorbents, are the focus of researchers: kaolin (Yao and
Naruse, 2009; Scotto ct al., 1994), montmorillonite (Xue et al., 2021),
limestone (Zhang et al., 2022), palygorskite (Wang et al., 2007), zeolite,
dolomite, and seafoam (Zhao et al., 2018). Hu et al. have demonstrated
that the mineral additive CaO can provide chemical sites for the
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adsorption of heavy metals, transforming them from toxic and unstable
to non-toxic and stable states for harmless treatment (1u et al., 2013).
Zhang et al. investigated the behavior, morphology, and environmental
risks of 1IMs (hcavy metals: As, Cr, Zn, and Cu) during sludge combus-
tion with the addition of CaO and montmorillonite (MMT) (Zhang et al.,
2022). 1t was found that the addition of CaO inhibited the volatilization
of Cr, 2n, and Cu and promoted the volatilization of As. In contrast,
adding MMT inhibited As, Cr, Zn, and Cu volatilization, but "adsorption
failure" appeared at high temperatures. Katarzyne Jagodzinska et al.
investigated the adsorption of three adsorbents ammonium sulfate,
kaolinite, and halloysite, at three dosages (2 %, 4 %, and 8 %) on bottom
ash heavy metals (-oids). It was shown that ammonium sulfate fixed Cr,
Cu, and Hg berter, halloysite fixed Cd, Co, V, and Mn better, and
Tkaolinite fixed Pb better (Jagodziriska ct al., 2019).

In summary, adding metal oxide adsorbents can significantly in-
crease the fixation rate of heavy metals. However, a single adsorbent has
different selectivity for multiple heavy metals (Xue et al., 2021). Coal
contains many types of heavy metals (Yao ct al., 2004; Linak et al.,
1995); therefore, adsorbents that can fix more heavy metals need further
exploration. The calcium-iron type oxides CaPe;04 and CazFe;0s have
the potential to be a new type of calcium-iron type heavy metal adsor-
bents, which have been used in previous studies in the fields of elec-
wochemistry (Zhang el al., 2020), magnetism (Bo et al., 2021; Ueda
er al., 2022), nanomaterials (Huang et al, 2021), photocatalytic
degradation of environmental pollutants (Bouatam et al., 2022;
Qomaruddin et al., 2020), and hydrogen production (Manohar et al.,
2024), and have been demonstrated to have the ability to adsorb
gaseous pollutants, such as CO, NO (Feng et al., 2020; Li et al., 2020).
However, there are few studies on the cffect and mechanism of heavy
metal adsorption in combustion. Therefore, it is valuable to explore the
addition of CaFe204 and CazFe;0s additives in the blending process of
coal and coconur shells to control heavy metal emissions. This study
investigated the reaction pathways and fixatdon mechanisms by
combining software simulations and experiments. At the same time, the
cnvironmental impact of adsorbent incorporation was concerned, and
environmental risk factors comprehensively evaluated the performance
of two calcium-iron type adsorbents.

In this paper, to reduce the pollution caused by heavy metals in the
co-combustion process of coal and coconut shells, two calcium-iron type
adsorbents are synthesized to fix heavy metals (Cr, Cu, Mn, Ni, Pb, Zn) in
the bottom slag by using the adsorption of heavy metals in the coal and
coconut shells fibers. The objective was to analyze the effect of heavy
metal adsorbent addition on heavy metal content in slag by controlling
the mixing ratio of heavy metal adsorbent and coal/biomass fuel. In
addition, based on thc experimental results, simulations were carried
out using Factsage software to derive a mechanism model for heavy
meta) adsorption, which lays the foundation for exploring new heavy
metal adsorbents. Meanwhile, the adsorption performance of two
calcium-iron type adsorbents was comprehensively evaluated with
environmental risk factors, This study innovatively explores using two
calcium-iron type adsorbents, CaFez04 and CajFe;Os, in heavy metal
fixation. 1t investigates the adsorpton mechanism, which provides a
solution to reduce the emission of heavy metals from the co-combustion
of coal and biomass.

2. Experimental section
2.1, Materials

The coal used in this study was produced by Guangxi China Re-
sources Power (Hezhou) Co. Ltd. and after grinding 80 mesh sieving and
drying at 105°C for 24 hours, it was subjected to thermal experiments in
a tube furnace. Coconut shells collected from vegetable markets in the
Guangzhou area, were ground, sieved through an 80-mesh sieve, and
dried at 105°C for 24 hours before being removed and set aside. A total
of 1.25 g of coal and coconut shells were weighed in a ratio of 4:1 and

Inciztrial Crops & Products 220 (2024) 1)9291

mixed thoroughly.

The N, C, H, and S contents were determined using an elemental
analysis for coal and coconut shells, respectively, and the O content was
calculated. The results of the elemental and industrial analyses of coal
and coconut shells are shown In Table S1 below. The results of the
characterization of the composition of coal ash and coconut shell ash
using an X-ray fluorescence spectrometer (XRF) are shown in Table 52
and Table S3. The heavy metal content (Cr, Cu, Mn, Ni, Pb, Zn) of coal
and coconut shells is shown In Table S4.

2.2, Preparation of calcium-iron type adsorbents

Ca(NQO3)2:4 H20 and Pe(NO3)3-9 H20 (AR analytical purity, >99 %)
required for the experiments were purchased from the Guangzhou
Chemical Reagent Factory. In this experiment, two calcium-iron adsor-
bents, CaPe04 and CasPe,0s, were prepared by the procedure of “pre-
cipitation-combustion-calcination” as follows:

Ca(NO3)2:4 Hy0 and Fe(NO3)3-9 H,O were dissolved in deionized
water at a molar ratio of n(Ca2'):n(Fe")=1:2 to obtain a mixed solution
with a calcium ion concentration of 0.99 mol/L and a ferrous iron ion
concentration of 1.98 mol/L. Then, at a molar ratio of n(urea):n
(Fe3*):1.4:1, a certain mass of urea was added to the above-mixed so-
lution and heated and stirred under a water bath at 80°C until a sticky
substance was formed. The resulting viscous material was placed in a
muffle furnace, heated to 250°C in an air atmosphere at a 10 °C/min
ramp rate and held for 30 minutes, Next, it was calcined at 900°C for
S hours at a 15 °C/min rate. After cooling, the powder was ground and
sieved through an 80-mesh sieve to obtain a calcium-iron adsorbent with
CaFe304 as the main component.

Ca(NO3)2:4 H20 and Fe(NOa3)3-9 H,0 were dissolved in deionized
water at a molar ratio of n(Ca?"):n(Fe3*)=1:1 to obtain a mixed solution
with both calcium ion concentration and iron ion concentration of
1.39 mol/L. Then, a certain mass of urea was weighed at a molar ratdo of
n(urea): n(Fe®*) =2:1 and added to the above mix. The solution was
heated and stirred at 70°C under a water bath until a sticky substance
was formed. The resulting sticky substance was placed in a muffle
furnace, heated to 250°C in an air armosphere at an increasing rate of
5 °C/min, and held for 30 minutes. Next, it was calcined at 900°C for
S hours at a 10 °C/min rate. After cooling, the powder was ground and
sieved through an 80-mesh sieve to obtain a calcium-iron adsorbent with
CasFe;0s as the main component.

2.3. Experimental apparatus and methods

2.3.1. Adsorption experiment

As shown in Fig.S1, combustion-adsorption experiments were car-
ried out using a horizontal tube furnace. The schematic diagram of the
experimental setup is shown below. The tube furnace was heated up to
900°C, and a 1 L/min flow rate of air was introduced into the tube using
an air bottle. Then, the quartz beat containing the mixture of material
(1.25 g of coal and coconut shells) was pushed into the tube for complete
combustion, and the quartz boat was removed after 30 minutes to collect
the bottom ash. In this, to investigate the adsorption effect of calcium-
iron type adsorbents, CaFe;O4 and CasFe;Os adsorbents with mass
fractions of 3 %, 5 %, 10 %, and 20 % were added to the materials. After
combustion, the collected ash was cooled and weighed. In addition,
parallel experiments were conducted to ensure their accuracy.

2.3.2. Analysis of experimental results

The collected bottom ash was poured into a PTFE beaker and
moistened, and nitric acid, concentrated nitric acid, hydrogen peroxide,
and hydrochloric acid were diluted and added to eliminate the solution.
40 mL of dcionized water was added and boiled until 10 mL of solution
remained. Finally, the beaker solution was filtered and volumetrically
concentrated into a 25 mL volumetric flask. The resulting solution was
fed into an ICP-OES (model 5100, Agilent Technologies Co. Ltd, Santa
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Clara, CA, USA).
The process of processing the experimental data involved is shiow in

Eq. (1) and Eq. (2).

A= 100% a)

Myues

Where the ash yields A: the mass of the fuel ash after the experinient as a
mass froction of the fuel before the experlment. mryq is the nass of the
fuel sample before the experiment, and mash is the mass of the ash after
the experiment.

Can 4 % 100% (2)
'fuel

CE=

Capture cfficiency CE: The amount of heavy metals fixed in the
bottom slag as a percentage of the mass fraction of heavy metals in the
fuel is defined as the fixation rate of heavy metals. Cya, content of heavy
metals in the ash slag afrer the experiment, and Cy,q the content of heavy
metals in the fuel samples before the experiment, in mg/kg. A larger CE
means o higher fixation rate.

The heavy metal products in the experiment were simulated and
analyzed using Factsage 7.3. The software is based on the Gibbs mini-
mum free energy method: the Gibbs free energy of the system is mini-
mized under isothermal and isobaric conditions as an equilibrium
criterion, and the Lagrange method of pending coefficients is used to
solve for the composidon and concentration of components at this time.

3. Results and discussion
3.1. Characterization of adsorbents

3.1.1. Results of SEM and BET

Asshown in Fig. 1, (2) and (b) show the surface structure of CaFe;04.
(c) and (d) show the surface structure of CasFe,Os. CaFe,04 and
CagFe,0s were prepared using the "precipitation-combustion-calcina-
don"procedure, in which many gases were released during the process,
resulting in a porous structure. Due to the different synthesis parameters
of the two adsorbents, their microscopic morphologies have significant
differences. As seen in (2), the CaFez04 surface shows a spongy structure
with a uniform distribution, similar to that of André Bloesser (Bloesser
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ct al., 2020). Thia structure contribures to the fization of heavy metals.
Tiw. 1(c) and (d), show that CasFe;05 has a chain-like structure, and the
particles are interconmected to form 8 porous structure (Benallal et al.,
2022). Table 1 demonatrates the pore chavacterlatica of limestone and
CnFeg04 with CagFeyQs from Zheng et al, (Zheng et al., 2017). It can be
found that Carey04 and CngFesOy have a larger specific aurface aren
than limestone, a typical heavy metal adgsorbent. [n terms of the average
pore diameter of the specific surface ares, CaPe;Qq Is larger than
CagPe,0s5. Incrensing the particular surface avea, pore volume, and pore
diamerer Is conduclve to providing more space for physlcal adsorption
(Yang ct al., 2023a), which favors the physical adsorption of heavy
metals from fly ash. In addition, It also facllltates the exhlbition of more
active sites, which is also favorable for chemical adsorption.

3.1.2. Results of XRD

To investigate the chemical composition and crystalline structure of
the two calclum-fron type adsorbents prepared at 900 °C, they were
characterized by XRD. The results of XRD characterization of CaFe04
and CajFe;Og are shown in Fig. 2(a) and (b).It can be geen that the
characteristic peaks of CaFe;O4 appear near 20 = 19.2°, 25.4°, 33.6°,
35.4°, 40.2°, 42.7°, 46.2°, 49.6°, 61.2°, and 71.6° In the diffraction peal
curves of CaFes0a, (Zhang et al., 2020) This proves that CaFe;0a, has
been successfully prepared by the "precipitation-combustion-calcina-
tion" procedure; however, due to the addition of Ca(NO3)2-4 H20 and Fe
(NO3)3:9 H,0 during the preparation, small amounts of Fe203 and Ca
(OH), were detected in the samples. heterogeneous peals.

Similarly, the diffraction peak profiles of CazFez0s demonstrate that
the "precipitation-combustion-calcination” procedure has successfully
prepared CagFe,0s, and peaks of FeaOg are detected at 20 = 23°, 33°,

Table 1

Pore characteristics of CaFe;0, and CaaFexOs.
Material Speclfic Surfoce Pore Mecan Pore

Arca (m3/8) Volume Size
(em’/g) (nm)
Natural limestone (Zheng 0.63 1.74E-04 11.11
ctal, 2017)

CaFcy04 3.88 1.56E-02 16.14
CosPe,0p 2,17 7.95£-03 14,67

Fig. 1. SEM scuns of (8), (b) CuFez04 and (c), (d) CayFe,y0,.
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Fig. 2. XRD results of (a) CaFe,04 and (b) CazFe;0s.

and 62°, which can be regarded as a by-product of the preparation

method.

3.2. Fixation of heavy metals by calcium-iron type adsorbents

Fig. 3 shows the effect of two calcium-iron type adsorbents on the
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fixation of Cr, Cu, Mn, Ni, Pb, and Zn heavy metal elements in the co-
combustion of coal and coconut shells. The larger the CE, the better
the fixation is considered to be. The adsorbent was considered functional
when the CE values derived from the different mixing ratios were higher
than the CE values of coal and coconut shells without added adsorbent.
Table 2 shows the products on Cr, Cu, Mn, Ni, Pb, and Zn for six heavy
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Table 2
Heavy metal products cnlculated using FactSnge 7.3.

Additlves  Heavy Gagcous Solld products
metols products
CaFes0, Cr Cr0y(0H); PeCry04. Cra04
Cu CuCl .
Mn MnCly Mn30,
Ni N|(OHJ:. MNI;04. VON‘;O.h MgN1304
NiCly
Pb PbO. PbCly PbaAly07. PbyAlSIZ0;.
PbaPeAl;07. PbaPeSIa0; .
pb;/\IPC)O']
Zn ZnCl,y 7ZnFoy040 20AI20.. ZnNiy04
Cn1ZnSi;05.  CazZnAl 0,
CnyFe:Q, Cr CrO,(0OH); CnCryOs. CriOy
Cu CuCl .
Mn MnCly Mna0,
NI NI(OH)a . AIN{204. FeNIaOs. MgNIZ04
NICla
Pb PbO. PbCly PbaFeAl 07, TbaPeSl 05 |
PbaAlFe,0,
Zn ZnCly ZnPe;04. Z2nA1304. CnaZnSiy0; .
CnaZnAl;0,

metals based on Fastage7.3 software for coal and coconut shells co-
combustion with the additon of two metal oxide adsorbents, CaPe;04
and CazFe0s, respectively.

3.21. Cr

For Cr, the gaseous product is mainly CrO,(OH), containing Cr6+,
and the volatilization rate of Cr6+ is high at high temperatures (Gong
et al., 2021). The incorporation of CaFe,04 and Co,Fe;0s at different
mixing ratios significanty increased the fixadon rate, with the best re-
sults for CaFez04 at 10 % mixing and CazFe;0s at 20 % mixing, which
proved that the adsorbent was effective for Cr. Interestingly, it can be
seen from Table 2 that the solid products after the addition of CaFe;04
are FeCr20s and Crz03, while the products after the addition of
CagFez05 are CaCr,04 and Crp03. The product difference explains why
the two adsorbents have different fixation effects on Cr. The relevant
reaction equations are given below. By calculation, the Gibbs free en-
ergies of all three reactions are less than 0, which means that the
following responses for fixing chromium can proceed spontaneously.

CaCrp04 is a new product produced by adding CaFe;O4 and
CagFe0s, which helps stabilize Cr. The exact product-related mecha-
nism emerged from studies of calcium-based adsorbents (Gong et al.,
2021), confirming the possibility of reactions (3) and (5). The provi-
sion of more Fe203 by the addition of CaFe04 triggers the following
reaction (4), which ultimately fixes Cr in the bottom ash in the form of
FeCrp04. As CazFez0s provides less Fe;Og, the primary reaction (5)
takes place, ultimately fixing Cr in the bottom ash in CaCr,04. It should
also be noted thar both FeCr,04 and Cr,03 are Cr3+-, which is less toxic
than Cr6+ (Kenfoud et al., 2020).

2CaFez04 + 4CrO2(0H); = 2CaCr;04 + 2Fez03 4+ 305 + 4H,0 (AG=-

370346.4) (3)
Fe;034 4Cr02(0H)2 = 2FeCro04 + 3.5H2 (AG=-317611.1) “4)
Ca_-:,Fe;_OS + 4CI’OQ_(OH)2 = 2C8C1'104 + FezOg + 302 -+ 4H20 (AG=-
375812.0) (5)
3.2.2. Cu

From the effects of the two ads, Cu Is a volatile metal, and the fixation
rate of Cu at 900 “C was low due to the increase in Cu's volarility with
the temperature rise. Adding two adsorbents, CaFe;04 and CajFe,0s,
improved the adsorption rate by 8-30 %, which is a significant
improvement. FaclSage calculations showed that the main products of
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CoPe;04 and CasFesOg were the same, and CuCl dominated the gaseous
products. This Is due to the presence of Cl in coal, which comblnes with
heavy metals to form chlorides and contributes significantly to flaring
(Zhu et al., 2024). The fixed product of Cu may be CuzO (Chen ct al.,
2019). Solid products were not represented due to the discrepancy be-
tween software simulations and complex actual combustion and the
inabllity to slmulate the effect of physical adsorption. CaFe,0,4 and
CasPe;0s are reducing in nature. According to Chen's results, the fixa-
tion of Cu by calcium-iron adsorbents may be partly due to physical and
chemical adsorprion of part of the CuCl; converted to Cu,0. Sorbents,
CaFcy04, and CayFey0s, showed better adsorption effects in 3 % and
20 % mixing ratios. The effects of the two adsorbents did not differ much
in the 5 % and 10 % intermediate mixing ratios. Notably, both adsor-
bents have higher fixation rates than coal and coconut shells without
adsorbents.

3.2.3. Mn

Mn Is a low-volatile heavy metal that tends to melt and form ag-
glomerates at high temperatures (900°C), which helps enhance the ash's
structural stability. The experimental results are shown in Fig. 3, where
the Mn fixation rate can reach 60 % even without adding adsorbent.
During combustion, the volatlized Mn was mainly attached to the fly
ash and discharged with it (Jagodziriska et al., 2019).

Adding two adsorbents, CaFe;04 and CazFe;0s, resulted in a slight
increase in the Mn fixation rate. The gaseous products after the simu-
lation were mainly MnClz, and the molar amounts of the relevant re-
actions were small, which also agreed with the experimental results.
Most of the products were concentrated in the solid product Mnz03.
CaFe304 has the best Mn-fixing effect at an addition of 3 %, and there is
no significant change in the other additions. Due to the low oxidation of
CaFe;04 and CayPe;0s (Miller and Siriwardane, 2018), the chemisorp-
tion effcct between the adsorbent and Mn was not noticeable. Still, the
physical adsorption of the surface structure was mainly used to reduce
the generation of fly ash, which was also consistent with the results of
BET characterization. Therefore, the adsorption effect of CaFe,04 was
slightly better than that of CazFe,0Os.

3.2.4. Ni

Ni is a non-volatile element at 900°C (Oboirien et al., 2016). Ac-
cording to the experimental results in Fig. 3, it was found that the Ni
fixation rate was low when coal and coconut shells were mixed and
combusted. However, adding two adsorbents, CaFe,04 and CagFe,0s,
significantly improved the Ni fixation rate compared to the case without
adsorbents. Combining the experimental results with simulations, the
main gaseous products associated with Ni were Ni(OH)2 and NiCl,, and
the solid products included AINi204, MgNi204, FeNiaO4, and NiFez04,
with a higher content of FeNiz04. This s consistent with the results of
(Chen et al., 2019). Combining the reactants and products derlved from
experiments and simulations, reactions (6), (7), and (8) are related to
the addition of CaFe;04, and their Gibbs free energy is below 0, indi-
cating that these reactions can occur. These reactions suggest that the
addition of calcium-iron type adsorbents CaPe;O4 and CasFe;0g is
favorable to increase the content of NiFe,04, which explains the increase
in the fixation rate of Ni. Meanwhile, the Gibbs free energy of reaction
(9) is greater than 0, indicating that this reaction is unlikely to occur.
Therefore, CaFe204 has the advantage of reacting directly with
Ni-related gaseous products compared to CaaFe;0g, which explains why
the fixation rate of CaFe;04 is superior to that of CasFesOs in Fig. 3.

The adsorbent CaFe;04 increased Ni's fixation rate with the added
amount's increase, reaching the maximum at 20 9. Meanwhile,
CazFe20s reached the highest at S %. Comparing the effects of the two
adsorbents at the same mixing ratio, the fixation rate of CaFe;0O4 was
generally higher than that of CazFe20g, which indicated that CaFe204
had a better fixation effect in the fixation of Ni.

NICl; + CaFe;04 = NIFez04 -+ CaCla(AG—-90617.8) (6)
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Ni(OH)z -+ Fe303 = NiFe0, 4 120 (AG--128511.0) (7)
Ni(OMH)a + CaFez04 = Niley04 + Ca(OH)z (AG—-49667.7) (8)

Ni(OH)z -+ CazFes0s + 120 = NiFey0q4 + 2Ca(0OH); (AG—23710.0)(9)

3.25. Pb

Pb is a toxic heavy metal that can cause more significant environ-
mental harm, and adding adsorbents can effectively reduce its envi-
ronmental hazards (Singh et al., 2018). Coal and coconut shells contain
more Pb, which has a Ce) (mg/kg) of 20.4 mg/kg and is mainly present
in coal. Pb is a volatile trace-heavy element in coal. As seen in Fig. 3,
pure coal with coconut shells combustion only had about 36 % fixation
of Pb. This is due to the higher K20 of coconut shells as biomass,
Incorporating higher K compounds promotes the melting of ash, which
disrupts the aluminosilicate structure and ultimately relenses residual
Pb. Fortunately, Pb can be cffectively contained in the bottom ash after
increasing the mixing ratio after calcium-iron type adsorbents. Among
them, CayFe;0s can achieve more than S0 % fixation rate at 5 % and
20 % mixing ratios. The main products of Pb are PbCl,, and the solid
products are PbyAls0;, PbaAlSi;07, PbyFeAl;0,,  PbaFeSiaOs,
szAlF8307.

The two adsorbents, CaFe,0. and CaaFe;0s, showed a volatilization-
promoting effect on Pb at a small addition amount (3 %). This may be
because the primary reaction (10) occurs at relatively low additions
and spontaneously reacts with PhSO4 to produce a more gaseous prod-
uct, PbClz, Based on Chen's theory of calcium-based adsorbents, in the
absence of calcium-based adsorbents, HCI cannot respond with PbSO4 to
form PbClz (g), and the solid product PbSO4 cannot be converted to a
gaseous product, which explains why the volatilization efficiency of Pb
was improved at 3 % addidons and also proves the reliability of the
reaction (Chen et al., 2019). Meanwhile, with the increase of the addi-
tion amount, the two adsorbents, CaFe,0s and CazFe;0s, showed a
fixation effect on Pb. In comparing the two adsorbents, the fixation ef-
fect of CaFe;04 was slightly inferior to that of CagFe2Os at low and
medium additions (5 %). At temperatures greater than 900 °C, the
gaseous product is mainly in the form of PbO (Lal et al., 2020), which
reacts with two calcium-iron type adsorbents reactions (11) and (12)
(the software was unable to calculate the free energies due to the lack of
data on PbAl305), which is also similar to Lai's results (Lai et al., 2020).
One of them, CaFe,0s, can react with PbzAl305, reducing the amount of
Pb,Al307, which, according to Le Chatelier's principle, leads to a posi-
tive progression of the reaction 11, thus the fixation of Pb.

PbSO4 + CaCla = PbCl, + CaS0O4 (AG=-73615.4) (10)
PbO 4 6Al203 -+ Oz = 4PbyAl307 (11)
PbyAl305 -+ CaFey0, = PbyFeAly0; + Ca0 + Alz03 (12)
3.2.6. Zn

Zn and Pb have similar volatilization characteristics. The tempera-
ture has the greatest effect on Zn and Pb. The volatilization rates of Zn
and Pb at 900 °C are 1.5 ~ 3.5 times higher than at 700 °C (Jagodziriska
et al., 2019). This Is the reason why the fixation rate of Zn was only
slightly enhanced by both adsorbents, CaFe204 and CazFe;Os, without
the addition of the adsorbent and the experimental group with the
addition of the adsorbent compared to the other heavy metals. The Zn
fixation rate was only 18 % for the combustion of pure coal and coconut
shells. Combined with the experimental results, the gaseous product
associated with Zn was calculated to be ZnCl,, and the solid products
were ZnFe;04, ZnAlz0,, ZnNi204, Ca2ZnSi;0y, and CayZnAl,0;. How-
ever, ZnAl,0, also readily decomposed at high temperatures to vola-
tilize as Zn. The rapping of Zn is mainly associated with the formation of
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Zn0-Fe,05 complexes (Jagodziriska et al., 2019), which, in conjunction
with the experiments, in which ZnFe,0,; may be a product of the addi-
ton of elevated CaFe;04 and CagFe,0s. Previous studies have shown
that the effect of Zn volatilization efficiency Is mainly in the reaction
with HCl and heavy metal chlorides (Chen et al., 2019), as shown in
reactions (13) and (14). The AG of both reactions is less than 0. The
reactions are spontaneous and block the binding of Zn to Cl, thus
increasing the fixation (Ran et al., 2019). However, comparative results
show that the absolute value of AG for reaction (13) is relatively small.
In contrast, the HCI limits the extent of reaction (14) in the flue gas,
which limits both reactions and explains why there is an enhancement of
Zn by adding both calcium-iron type adsorbents, but the overall CE is
small.

CaPcy04 with 3% and 20 % additions showed better fixation.
Combined with the results of the BET characterization, this can be
attributed to the fact that the specific surface area and pore slze of
CaFe,0, are better than those of CasPe;0, and therefore, it can be
concluded that it is due to the enhancement of physical adsorption that
the calcium-iron adsorbent, CaFe;04, adsorbs Zn better than CagFe;0s.

ZnCly + CaFey04 = ZnFey04 + CaCly (AG=-50997.5) (13)

ZnCl, + CagFe;05+ 2HCI = ZnFe,04 +2CaCla+ Ho0 (AG=-109721.7)
(14)

In summary, calcium-iron type adsorbents can effectively fix heavy
metals and reduce heavy metal pollution during the co-combustion of
coconut shells, Compared with common adsorbents in other studies
(Chen etal., 2019; Yang ctal., 2023b), their adsorption effects on typical
heavy metals are shown in Table SS of the Supplementary Materlal. In
addition, thermal stability and cycling performance studies were carried
out to explore the suitability of calcium-iron type adsorbents, as detailed
in Fig.S2 and S3 of the Supplementary Material.

3.3. Net fixation efficiency of heavy metals by calcium-iron type
adsorbents

The heavy metal adsorption test goes through the adsorption and
elimination tests. During these two processes, the test results are affected
by various aspects, such as the fixation of heavy metals artached to the
tube during the combustion process, the heavy metals that may be
brought in during the elimination process, and the heavy metals con-
tained in the adsorbent.

Therefore, to provide a more objective and intuitive response to the
fixation effect of the adsorbent, a novel calculation method will be
adopted in this paper. The following calculation Eq. (15) defines the net
fixation efficiency parameter A.

A = CEggy = CEyuhour (15)

CEaqd denotes the heavy metal fixation rate obtained by combusting
coal and coconut shell samples mixed with two calcium-iron type ad-
sorbents in a tube furnace, and the resulting ash mixed with adsorbent,
coal, and biomass was digested and measured by ICP. CEyihou, denotes
the heavy metal fixation rate obtained by combusting the ash obtained
by combusting coal and coconut shell samples in a tube furnace, and the
ash obtained by adding two calcium-iron type adsorbents with the
corresponding mixing ratios was digested together with the adsorbent
and measured by ICP. The heavy metal fixation rates were calculated by
ICP after the coal and coconut shell blended ashes were decarburized
with the sorbent by adding two types of calcium-iron sorbents with
corresponding mixing ratios. Subtracting CEngg and CEyjmmout gives the
net fixation efficiency parameter A, which represents the additional
heavy metals fixed in the coal and coconut shell samples due to the
addirion of the sorbents to the co-combustion. A larger A indicates better
fixation. Fig. 4 shows the net adsorption efficiency of each heavy metal.

For Cr and Cu, comparing Fig. 3 and Fig. 4, the trends in fixation
rates and net fixation efficiency are the same. The value of A was always
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Fig. 4. Net fixation efficlency of heavy metals by two calclum-iron type adsorbents.

greater than 0 at different mixing ratios, demonstrating the significant
fixation of Cr by CaFe;04 and CazFe;0s. For CaFe;04, the highest net
fixation efficiency was achieved at a 10 % mixing ratio, consistent with
the adsorption efficiency CE. Similarly, CasFe,O5 achieved the highest
net fixation efficiency at 20 % mixing ratio, which is also consistent with
CE and further validates the reliability of CE. Comparing the two
calcium-iron type adsorbents, it is found that, in agreement with CE,
CaFez04 is more effective than CagFe,Og at 3 % and 10 % mixing ratios,
and CazFe;0s js superior at large mixing amounts, As for Cu, it can be
noticed that A tends to increase with adsorbent admixture, which means
that the fixation produced due to adsorbent Incorporation is Improving.
This is because adding more adsorbents favors the production of more
Cu20, which fixes Cu in the bottom ash. It can also be assumed that the
adsorption effect of CaFe,04 and CazFez0s on Cu mainly comes from
chemisorption. Comparing the two adsorbents CaFe,04 and CajFe,0s,
although the adsorption efficiencles of the two adsorbents are almost the
same in the intermediate mixing ratios of 5% and 10 % from the CE
point of view, from the point of view of A, the mixing ratio of 5%
CaFe;0, Is higher than that of the same ratio of CazFe;0s, which implles
that the effect of CaFez04 will be improved more after adding CaFe;04
in this ratio is more excellent. Combining the CE and A indexes, the
adsorption effect of CazFe;0s on Cu is more amazing,

Regarding Mn and Ni, CE and A show a slight difference. From PFig. 3,
it is found that the CE value of Mn is only slightly Increased after the
addition of two adsorbents, CaFe;04 and CazFe;Qs. However, the dif-
ference in the adsorption effect brought about by adding adsorbents can

be seen from the A plot. The A value of CaFe,04 is higher at the low and
medium mixing ratios of 3 %, 5 %, and 10 %. It means that CaFe,O4 has
a better synergistic effect with coal and coconut shell blending than
CagFe;05 when errors such as heavy metals that may be contained in the
adsorbent are subtracted. Although there has been an increase in
Incorporation, the increase has been slight, about 5 %, and the A value
decreases as the blending amount rises, which is also consistent with the
CE results. At 20 % mixing ratio, CazFe;05 shows a better fixation rate.
The A plot of Ni in Fig. 4 indicates that there is a net addition of 15-30 %
with the addition of the two calclum-iron type adsorbents, implying a
more significant enhancement of the co-combustion compared to coal
and biomass without the addition of adsorbents. This is also consistent
with the CE results. Comparing the A plots, the increase in the degree of
mixing did not improve the net fixation efficiency, which reached a
minimum at 10 % mixing rate. This is contrary to the results of CE,
which showed the highest fixation rate of CaFe;04, 10 % mixing
amount. This may be because some Ni was introduced into the CaFez04
samples during preparation, slightly increasing Ni data after digestion.
The A value of CazFe;05 showed the same pattern as that of CE, and this
result proved that there was no excess Ni intreduced into CazFez0s, and
the CE results and A also corroborated cach other to confirm the
adsorption effect of CagFe;0s for Ni. Combining the two indexes of CE
and A, CaFe;04 Is generally better than CazFez0s In the same mixing
ratlo.

As shown in Fig. 4, the net fixation efficlency enhancement of both
calclum-iron type adsorbents for Pb [s weak at a low mixing rate of 3 %.
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The net fixation efficiency of CaFe;0, increased with increasing mixing
ratios and was at its maximum at 5 % and 20 % mixing ratios, which are
also similar to the results of CE. 5 % CasFeaOs reached the best effect
and started to decrease at 10 %. For Zn, in the A index, it can be found
that the fixation rate of Zn after the addition of CaFe304 and CagFez0s is
slightly incrensed, which is consistent with the results of CE. The fixation
rare of CaPes0, is highest at a low mixing level of 3 %, then decreases
with the increase of the mixing level, and then elevates again at a mixing
ratio of 20 %. For CasFe;0s, the pattern is similar to CaFe;04, but the
adsorption effect is not as apparent as CaFeOq.

3.4. Ecological risk of heavy metals

In coal-fired power plants, heavy metals are discharged into the
environment with fly ash, which poses a significant risk to the ecological
environment (Hu et al., 2021). To compare the adsorption effect of the
two calcium-iron type adsorbents more objectively, their impact on the
ecological risk to the environment will be consldered. According to
Chen's study, the ecological risk factor and risk index will be considered.
Among them, the ecological risk factor E; is defined as each heavy metal
volatilized into the gas; the risk index R; is used to characterize the
degree of heavy metal pollution (Chen et al., 2019).

_15G
i Yr'a (16)
Ri=YE (17)

In Calculation (16), E;, is the single potential ecological risk factor
for gaseous heavy metals; Tr is the heavy metal toxicity response factor,
C) (pg/m?) is the measured concentration of heavy metals, and C; (ng/
m?) is the concentration of heavy metals in the atmosphere. In Calcu-
lation (17), R, is the sum of the respective heavy metal ecological risk
factors. The gas volume for this experiment was 0.03 m>.

According to Lars Hakanson, the heavy meral toxicity response fac-
tors and the atmospheric concentrations of heavy metals are shown in
Table 3 (Hakonson, 1980; Zhuang and Lu, 2020). Calculated by
Calculation (16) and (17).

By calculating, the results are shown in Table 4. The E; of each heavy
metal shows that the E; values of heavy metals are high. It shows that,
without any tail gas treatment measures, if the coal-fired power plant
mixes the coal with coconut shells for combustion, the heavy metals
discharged into the atmosphere and fly ash will significantly impact the
environment.

Combined with E; and R, the E; and overall R of each heavy metal
decreased significantly after the addition of calcium-iron type adsor-
bents, which proved that CaFe;04 and CazFe;0s had a noticeable effect
on the reduction of environmental pollution caused by the spillover of
the heavy metals in coal. The pattern of change of E, and the fixation rate
of the heavy metals, CE, had the same parttern of change. Among them,
Cu, Ni, and Pb toxicity is higher, but the Er value of Pb is relatively tiny
because Pb is also present in higher atmospheric concentrations. The
volatility of Ni is more significant, and the toxicity is high, which creates
a reladvely substantial risk.

Fig. 5 illustrates the variadon and trend of E; for coal and coconut
shells blended with adsorbents, Cr has a high potental ecological risk.

Table 3
Heavy metal concentrations in the aunosphere,
Area Heavy metal T Cy(ng/m*)
South Chino Cr 2 31.7
Cu S 55.3
Mn 1 25.3
Ni 5 6.4
Pb 5 277.1
Zn 1 504.1
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Its concentration in the atmosphere ig very low, only higher than Ni, and
CaFey04 at a 10 % blending ratio exhiblts the lowest E,. At the same
time, CasFe;0g shows a significant decrease in E; with an Increasing
mixing ratio. Por Cu, CaFe;04 at a 5% mixing ratio exhibited the
smallest E;, and CasFe;05 increased and then decreased, with the lowest
at 20 %. The E; value of Mn was lowest at a 3 % mixing rate of CaFe0y4,
and the increase In adsorbent was less than that of other mixing rates.
The change in CasPesOs was also small, with the lowest value at a
mixing rate of 20 %. Ni's fixation rate was effectively improved by
adding two calcium-iron type adsorbents. The E; of CaPe;04 decreased
significantly with the increase in the mixing ratio. The E; of CazFe;0s
first reduced and then increased, and It was the smallest at 10 % mixing
ratio. The E; value of Pb at a 3 % mixing ratio increased slightly, which
agrees with the analysis of CE. The toxicity of Zn is not high and in-
creases and then decreases with the addition of CaFe30,, and CazFe;0s
reaches the minimum at a 20 % mixing ratio.

Since adsorbents have selective adsorption of different types of
heavy metals, a comprehensive index is needed to select the adsorption
effect of adsorbents, This study will compare them by risk index. The R,
of CaFe;0, decreases with the increase of mixing ratio and reaches its
minimum at 20 %, a reduction of about 58 % compared with the case of
no added adsorbent. In contrast, CasFe;0s reaches Its minimum ata S %
mixing ratio, which is reduced by about 35 % compared to the case
without adding adsorbent. In addition, a side-by-side comparison of the
two calcium-iron type adsorbents at the same mixing ratio showed that
CaFez04 had a smaller R| value than CagFe;0s.

4. Conclusions

In this study, CaFe,O4 and CasFe,Os were utilized to reduce the
heavy metal elements (Cr, Cu, Mn, Ni, Pb, Zn) from entering the at-
mosphere and damaging the environment. Simulated thermal adsorp-
tion experiments were carried out using a tube furnace and Factsage to
study the effect and mechanism of adsorption of heavy metals from coal
and coconut shells by adsorbents. Meanwhile, two calculation methods,
CE and A, were used to pool the ecological risks of heavy metals and
comprehensively evaluate the effects of two calcium-iron type
adsorbents.

1. CaFe,04 and CagFe;0s showed fixation effects on heavy metals at
900 °C under different mixing ratios by combining CE and A
methods. Regarding the net fixation efficiency of heavy merals, the
increase in the mixing ratio had a more significant effect on CaFe;04.
The results showed that the optimal fixation effect of CaFe;04 with
different mixing ratios at 900 °C was increased by 27.75 %, 14.27 %,
10.51 %, 46.14 %, 17.69 %, 10.66 %, and Ca,Fe>O5 was increased
by 36.58 %, 27.14 %, 4.99 %, 25.89 %, 15.88 %, and 13.24 %.

2. Integration of ecological risk considerations for heavy metals, a side-
by-side comparison of the two calcium-iron type adsorbents at the
same mixing ratio showed that CaFe;04 had a smaller R value than
CazFe;0s. This implies that CaFezO4 has better performance
compared to CazFe;0s.

CRediT authorship contribution statement

Zi You: Writing - original draft, Methodology, Investigarion.
Chunxiang Chen: Writing - review & edlting, Resources, Methodology.
Jinxi Dong: Writing - review & editing, Supervision. Wenchang Yue:
Writing - review & editing, Supervision, Resources, Xiaoqian Ma:
Writing ~ review & editing, Methodology, Conceptualization, Zhaosh-
eng Yu: Writing - review & editing, Investigation, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence



Z Youeral Industriol Crops & Products 220 (2024) 119291

Table 4
Potential ecological risk factors and risk indices for individuals before and after the addition of two calcium-iron type adsorbents,
Experimentn] parameters E, Ry
Adsorbent mixing ratio Cr Cu Mn NI Pb Zn
None ~ 2.29E+04 2.30E+04 1.21E+04 3.28E+05 1.02E+04 2.94E+03 3.99E+05
CaFes04 3% 1.57E+04 2.09E+04 8.87E+03 2.09E+-08 1.05E+04 2.58E+03 2.68E+05
5% 1.71E+04 1.74E+04 1.21E+04 1.66E+06 8.30E+03 2.64E+03 2.24E+05
10% 1.36E+04 1.82E+404 1.10E+04 1.16E+08 8.40E+03 2.72E+03 1,70E+05
20 % 2.07E+-04 1.94E+-04 1.11E404 1.06E408 7.51E+03 2.57E+03 1.67B+05
CagFes0g 3% 1.74E+04 1.70E+04 1.11E+04 2.53E406 1.04E--04 2.75E+03 3.12E+05
5% 1.63E+04 1.81E+04 1.15E+04 2.03E+05 7.79E+03 2.73B+03 2.60E+05
109% 1.49E+04 1.74E+04 1.13E+04 2.23E+05 1.03E+04 2.77B+03 2.79E+05
209% 1.06E+04 1.24E+04 1.06E+04 2.99E+056 1.08E+04 2.49E+03 3.46E+05
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the work reported in this paper. Appendix A. Supporting information
Data availability Supplementary data associated with this article can be found in the

online version at doi:10.1016/J.Indcrop.2024.119291.
Data will be made available on request.
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