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ABSTRACT: In this paper, the effect of temperature, adsorption bed height, and initial mercury concentration under oxy-fuel
combustion on mercury adsorption by 1% NH4Cl-modified biomass char was studied. Modification enriched the pore structure of
biomass char and increased the number of surface functional groups. Higher temperature would lead to the destruction of van der
Waals and reduce the adsorption efficiency, while the change of adsorption bed height had no obvious effect. Adsorption
thermodynamics shows that the mercury removal process is a spontaneous exothermic process. The increase of initial mercury
concentration would increase the driving force of mercury diffusion to the surface and improve the adsorption capacity. Meanwhile,
three kinetic models including the intraparticle diffusion model, pseudo-first-order model, and pseudo-second-order model were
applied to explore the internal mechanism of mercury adsorption by biomass char. The results showed that the pseudo-first-order
model and pseudo-second-order model could accurately describe the adsorption process, which meant that the progress of external
mass transfer played an important role in the adsorption of mercury while chemical adsorption should not be ignored. The
intraparticle diffusion model indicated that internal diffusion was not the only step to control the entire adsorption process and did
not have an inhibition on mercury removal. Higher initial mercury concentration would promote the external mass transfer progress
and chemical adsorption progress. In addition, higher temperature inhibited the external mass transfer, which was not conducive to
the adsorption of mercury.

1. INTRODUCTION

Global warming has become a huge threat and obstacle to
human survival and development,1,2 and coal-fired flue gas
emissions are the biggest culprit of the greenhouse effect and
China has become the largest carbon emitter in the world.3

Carbon capture and storage (CCS) technology is a technology
that collects CO2 from large power plants and stores it in
various ways to avoid its emission into the atmosphere.4,5 Oxy-
fuel combustion technology based on the recycling of CO2 is
considered to be the most promising advanced combustion
technology.6,7 At present, oxy-fuel combustion in a fluidized
bed is an advanced combustion method widely used.8−10

Compared with the traditional combustion mode, the flue gas
composition of oxy-fuel combustion has changed greatly.11,12

In addition, the mercury content in the flue gas will increase
due to the recirculation of the flue gas in the oxy-fuel
combustion device. Mercury is a highly toxic pollutant with
strong volatility, bioaccumulation, and environmental persis-
tence.13,14 Meanwhile, the high content of mercury will react
with the metal in the device and cause serious safety hazards.15

Therefore, mercury must be removed from oxy-fuel
combustion flue gas whether from the point of view of
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environmental protection or safety. There are three main forms
of mercury in coal-fired flue gas: gaseous mercury(Hg0),
gaseous oxidized mercury(Hg2+), and particulate mercury-
(Hgp).16 Hg0 is the most difficult to capture because of its high
volatility and low water solubility.17 Hg2+ and Hgp can be
separately removed by existing wet desulfurization and dust
removal devices in power plants.18

The mercury control technology of coal combustion
includes precombustion mercury removal, in-combustion
mercury removal, and postcombustion mercury removal.19

The main means of precombustion mercury removal
technology include coal preparation technology and coal
washing technology.20 Mercury removal in combustion mainly
uses advanced combustion mode, which has been studied in
the field of circulating fluidized adsorption beds.21 Mercury
removal after combustion includes mercury removal by the
adsorbent and new mercury pollution control technology.22,23

At present, activated carbon injection (ACI) is the most
mature and feasible technology for mercury removal in coal-
fired power plants.24,25 Scholars have carried out a lot of
experiments and theoretical studies on mercury removal by
activated carbon from coal-fired flue gas.26−28 However,
activated carbon is expensive and not suitable for large-scale
commercial use. Nowadays, researchers have turned their
attention to biomass.29,30 Biomass char is an ideal adsorbent
for mercury removal due to its low price, abundant surface
functional groups, simple raw materials, and environmental
protection.31,32

The parameters in the experiment will also have a great
impact on the experimental results. Zhao et al.33 showed that
the change of Hg0 removal efficiency with the increase of
reaction temperature is non-monotonical. Wang et al.34

showed that the increase of initial mercury concentration
would promote the diffusion of mercury to the adsorbent
surface. Shen et al.35 showed that the efficiency of Hg0 removal
by the hierarchical sorbent was higher than that of conven-
tional biochar by 40 to 65% at a temperature range from 80 to
180 °C. These results are closely related to the actual mercury
removal in coal-power plants, while they are not comprehen-
sive enough. In order to explore the inner mechanism of
mercury, kinetic and thermodynamic models were used to
analyze. Yang et al.36 found that due to the mesoporous
structure of the adsorbent, the intraparticle diffusion and the
initial adsorption are not the rate control steps of Hg0 capture.
Zhong et al.37 used a pseudo-second-order kinetic model to
study the influence of mass and the gas flow rate of adsorbent
on the adsorption performance. Ghasemi et al.38 obtained
through thermodynamic analysis that the increase of temper-
ature is not conducive to the adsorption of mercury, and the
kinetic study shows that the pseudo-second-order model can
represent the adsorption mechanism of mercury.
It could be seen that at present, there are few research

studies on the effect of adsorption bed height on mercury
adsorption, and research on the effect of temperature,
adsorption bed height, and initial mercury concentration on
mercury adsorption efficiency was not comprehensive enough.
In addition, most of the studies were conducted in an ordinary
atmosphere, so it was necessary to explore the influence of
experimental parameters on mercury adsorption in an oxygen-
enriched atmosphere and determine the best parameters in the
experiment. Meanwhile, it was also necessary to use a kinetic
model to verify and analyze the adsorption mechanism to
verify the correctness of parameter selection.

2. RESULTS AND DISCUSSION
2.1. Characterization of Biomass Char. After the

selection of biomass raw materials, we first carried out
industrial analysis and thermogravimetric analysis on the raw
materials. Then, we modified the biomass char with 1% NH4Cl
solution and analyzed the modified biomass char by means of
scanning electron microscopy (SEM), Fourier transform
infrared (FTIR), and Brunauer−Emmett−Teller (BET). The
biomass char adsorbent used in this paper was also used in
another published paper of the author.35 Because it has been
described in detail in the paper mentioned above, it will not be
necessary to be described here and the content of this part will
be attached to the Supporting Information.

2.2. Effect of Temperature on Removal of Mercury. In
this experiment, three different adsorption temperatures
including 150, 250, and 350 °C were selected to study the
effect of temperature on mercury adsorption. The adsorption
bed height was 3 mm, and initial mercury concentration was
54.40 μg/m3.
First of all, we did the comparative experiment of mercury in

an oxy-fuel atmosphere and ordinary combustion atmosphere
at 150 °C. It can be seen from Figure 1 that the mercury

breakthrough rate in the ordinary combustion atmosphere is
significantly lower than that in the oxy-fuel atmosphere. At the
same time, it can be seen from Figure 2 that the mercury
uptake in the ordinary combustion atmosphere is 193.02 μg/g,
while that in the oxy-fuel atmosphere is 149.93 μg/g. It can be
seen that the oxy-fuel gas is not conducive to the adsorption of
mercury by the adsorbent, and the main reason may be that
Hg0 (2.97 Å) and CO2 (3.30 Å) have similar kinetic diameters,

Figure 1. Effect of temperature on mercury adsorption efficiency.

Figure 2. Effect of temperature on mercury uptake.
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which make their adsorption behavior in pores similar.
Therefore, Hg0 competes with CO2 for physical adsorp-
tion.39,40 It can be seen from Figures 1 and 2 that when the
temperature rose from 150 to 350 °C, the mercury
breakthrough rate increased and the mercury uptake decreased.
The results showed that high temperature could inhibit the
adsorption of mercury.
2.2.1. Adsorption Thermodynamics. Activation energy was

needed in the mercury removal process. Based on the k2 of the
pseudo-second-order kinetic model, the following eq 1 can be
obtained by the Arrhenius equation.41

k
E

RT
kln ln2

a
0= − +

(1)

Where k2 is the kinetic constant of the pseudo-second-order
kinetic equation, g/(μg min); k0 is the Arrhenius equation
factor; R is the molar gas constant, 8.314 J/(mol K); Ea is the
adsorption activation energy, kJ/mol; and T is the reaction
temperature, K.
The value of Ea was between 0 and −4 kJ/mol for physical

adsorption and −40 to −800 kJ/mol for chemical
adsorption.42 It can be seen in Table 1 that the Ea was in
the range of −4 to −40 kJ/mol, which shows that the mercury
removal process had both physical adsorption and chemical
adsorption.
The adsorption thermodynamic parameters include enthalpy

(ΔH), entropy (ΔS), and Gibbs free energy (ΔG). ΔG
determines whether the adsorption process is spontaneous,
ΔH determines whether the adsorption process is exothermic
or endothermic, ΔS reflects the chaos of the adsorption
process, and the adsorption thermodynamic parameters can be
obtained by eqs 2 and 3.43,44

G RT KlnΔ = − (2)

G H T SΔ = Δ − Δ (3)

where K is equal to qe/Ce; qe is the cumulative adsorption
capacity of the adsorbent for Hg0 at equilibrium time, (μg/g);
and Ce is the equilibrium concentration of Hg0 at the outlet of
the adsorption reactor, (μg/m3).
From Table 1, the reason why ΔS is negative may be that

mercury molecules lose randomness when adsorbed to the
adsorbent surface.45 ΔH is negative, which indicates that the
mercury adsorption process is exothermic. Generally, the
chemical adsorption process is endothermic and the physical
adsorption process is exothermic, but the reaction process
between mercury and active chlorine atoms is exothermic.46,47

Therefore, the mercury removal process is controlled by
physical adsorption and chemical adsorption, and low
temperature is conducive to mercury removal. Moreover, ΔG
is negative suggesting that the mercury adsorption process is
spontaneous. The absolute value of ΔG decreases with the
increase of temperature, which indicates that mercury is not
easy to adsorb on the surface of the adsorbent with the
increase of temperature.42 It further demonstrates that the
increase of temperature is unfavorable to the mercury removal
process.

Above all, the reasons for the negative effect of temperature
on mercury removal efficiency may be that the adsorption of
mercury in the initial stage on corn straw char was the main
physical adsorption process,48 which was mainly caused by the
van der Waals force between molecules.49 Moreover, the
limitation of high temperature on the physical adsorption of
Hg0 will inhibit the chemical adsorption of Hg0.50 In this
process, the uptake was relatively weak and exothermic, so the
uptake decreased with the increase of adsorption temperature.
In the dynamic equilibrium of adsorption and desorption of
elemental mercury, a higher temperature was more favorable
for desorption,51,52 thus leading to a higher breakthrough rate.

2.3. Effect of Adsorption Bed Height on Removal of
Mercury. In this experiment, three different adsorption bed
heights of 3, 5, and 7 mm were selected at the temperature of
150 °C with an initial mercury concentration of 54.4 μg/m3 to
explore the influence of adsorption bed height on mercury
adsorption. It can be seen from Figure 3 that the three mercury

breakthrough rate curves were almost coincident, with slightly
different values but the overall trend remained the same. From
Figure 4, the mercury uptake ranged from 147.83 to 144.21

Table 1. Parameters from Adsorption Thermodynamic

ln k0 Ea (KJ/mol) ΔS (J/mol·K) ΔH (KJ/mol) ΔG (KJ/mol)

−13.99 −16.23 −3.30 −4.66 150 °C 250 °C 350 °C
−3.58 −2.93 −2.60

Figure 3. Effect of adsorption bed height on mercury adsorption
efficiency.

Figure 4. Effect of adsorption bed height on mercury adsorption
efficiency.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06038
ACS Omega 2021, 6, 35124−35133

35126

https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06038?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


μg/g and to 143.75 μg/g, and there was basically no difference
in the mercury uptake corresponding to the three different
adsorption bed heights. It was mainly because of the fact that
the initial mercury concentration, adsorption temperature, and
other influencing factors remain unchanged and the mercury
breakthrough rate under various working conditions were
basically the same, so there would be no difference in the
cumulative mercury uptake. Therefore, the adsorption bed
height had little effect on mercury adsorption.
2.4. Effect of Initial Mercury Concentration on

Removal of Mercury. In this experiment, the effects of
four different mercury concentrations on the adsorption were
studied, including 28, 36.8, 54.4, and 61.6 μg/m3, respectively.
The adsorption temperature was 150 °C and adsorption bed
height was 3 mm. It can be seen from Figure 5 that when the

mercury content increased from 28 to 54.4 μg/m3, the
breakthrough rate of mercury decreased continuously. When
the initial mercury concentration increased to 61.6 μg/m3, it
was found that the minimum breakthrough rate increased to a
certain extent, which indicated that the adsorption efficiency
decreases to a certain extent. As can be seen from Figure 6,

with the increase of initial mercury concentration, the mercury
uptake also increased, ranging from 78.79 to 107.64 and
144.97 and 169.43 μg/g, respectively. This was mainly because
the increase of initial mercury concentration could improve the
mercury diffusion rate on the surface of corn straw char,
making it easier for mercury to enter into the surface of the
adsorbent and improve the external mass transfer rate.53

Meanwhile, the increase of mercury concentration also
increased the uptake of mercury, leading to the occupation
of active sites and vacancies, so the adsorption efficiency was
relatively reduced. Therefore, in a certain range, the increase of
mercury concentration could promote the adsorption of
mercury.

2.5. Kinetic Analysis of Mercury Adsorption with the
Intraparticle Diffusion Model. In Figures 7−9, it can be

seen that the fitting curves under oxy-fuel conditions were all
not consistent well with the experimental results and did not
pass through the origin point which showed that the

Figure 5. Effect of initial mercury concentration on mercury
adsorption efficiency.

Figure 6. Effect of initial mercury concentration on mercury uptake.

Figure 7. Intraparticle diffusion model at different adsorption
temperatures.

Figure 8. Intraparticle diffusion model at different adsorption bed
heights.

Figure 9. Intraparticle diffusion model at different initial mercury
concentrations.
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intraparticle diffusion model is not the only step to control the
adsorption process. Moreover, as can be seen from Table 2, all
R2 were less than 0.99, which indicated that internal diffusion
was not the only step to control the entire adsorption process.

The adsorption of mercury was mainly divided into two
stages, which were surface adsorption and internal diffusion
adsorption. The initial adsorption stage was surface adsorption,
and the active center of the biomass char surface and Hg0

could be easily adsorbed.54 When surface active sites were
occupied, the adsorption entered the second stage that was the
diffusion adsorption in the pore.
With the increase of temperature, kp decreased continuously

and the values of correlation coefficient R2 were all below 0.99,
indicating that internal diffusion has had a restrictive effect. At
150 °C, the kp value is the largest, indicating that the
intraparticle diffusion effect is most obvious at this temper-
ature. At low temperature, the driving force of chemical
adsorption is not enough, mainly physical adsorption. It can be
seen from Table S2 (Supporting Information) that the average
pore diameter of the modified biomass coke is 1.570 nm,
which belongs to the micropore level, so the diffusion
resistance in the particle is mainly the configuration diffusion
resistance in micropores.55 The kp of different adsorption bed
heights ranged from 16.98285 to 16.27170, which meant the
adsorption rate maintained a similar level, indicating that
internal diffusion did not have an inhibition on mercury
removal. In addition, when R2 values were almost below 0.985,
the removal effect of internal diffusion on mercury did not
show a significant correlation with the adsorption bed height.
Meanwhile, the change of R2 did not show obvious correlation
with the change of initial mercury concentration, which was
consistent with the conclusion of the experiment, indicating
that the internal diffusion control has no effects. With the
initial mercury concentration increase, kp increased continu-
ously, and the adsorption rate remained high, indicating that
internal diffusion has no restrictive effect. Therefore, it could
be summarized that the adsorption rate was very fast in the
initial stage of adsorption, which indicated that surface
adsorption occurred in the initial stage of adsorption.
2.6. Kinetic Analysis of Mercury Adsorption with the

Pseudo-First-Order Kinetic Model. As shown in Figures
10−12, it can be seen that the fitting curves all fitted well with
experimental data, which meant that the pseudo-first-order
model could describe the adsorption process well, indicating
that the external mass transfer process had an obvious effect on

the adsorption process. Meanwhile, the R2 values in Table 3
were all above 0.99, which agreed with the experimental
results.
From Table 3, it can be seen that the k1 of adsorption

temperature ranged from 0.00327 to 0.00799, and the increase
of k1 was quite large, indicating that the temperature change
had a great influence on the external mass transfer process,
which was consistent with the experimental results mentioned
above. When the temperature increased from 150 to 350 °C,
the R2 kept decreasing, which indicated that the external mass
transfer process had a weakening effect on the adsorption
process. This phenomenon may because of the fact that the
increase of temperature improved the driving force to

Table 2. Parameters and Correlation Coefficient Obtained
from the Intraparticle Diffusion Kinetic Model

factor condition kp (μg/g min1/2) C (μg/g) R2

temperature (oC) 150 18.09 −43.21 0.98429
250 12.09 −21.20 0.98300
350 9.961 −20.25 0.97619

adsorption bed
height (mm)

3 16.98285 −39.1391 0.98325

5 16.57104 −39.5634 0.98207
7 16.27170 −38.1871 0.98066

initial mercury
concentration
(μg/m3)

28.0 8.53405 −20.1204 0.97645

36.8 11.76257 −27.1273 0.97728
54.4 15.74812 −36.0116 0.97594
61.6 18.57738 −43.1422 0.97749

Figure 10. Pseudo-first-order model at different adsorption temper-
atures.

Figure 11. Pseudo-first-order kinetic model at different adsorption
bed heights.

Figure 12. Pseudo-first-order kinetic model at different initial mercury
concentrations.
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overcome the mass transfer resistance between the gas and
solid phase,56 but when the temperature is too high, the
molecules will move violently, which will cause the desorption
of the adsorbate.57 With the adsorption bed height increasing,
the k1 ranged from 284.8981 to 309.4448 and the R2 ranged
from 0.99782 to 0.99742. The changes of k1 and R2 with
adsorption bed height were not obvious, which meant that the
change of adsorption bed height had little effect on external
mass transfer. With the initial mercury concentration increase,
R2 also kept increasing and k1 also increased, ranging from
0.00398 to 0.00443, indicating that the increase of initial
mercury concentration was conducive to the external mass
transfer process, and this was in line with Liu et al.58 The result
of the pseudo-first-order model indicated that the mass transfer
played an important role in the adsorption process, which was
also consistent with Sriram et al.’s59 conclusion.
2.7. Kinetic Analysis of Mercury Adsorption with the

Pseudo-Second-Order Kinetic Model. In Figures 13−15,

the fitting curves of the pseudo-second-order model all fitted
well with experimental data, which indicated that the pseudo-
second-order model could be used to describe the adsorption
process.
When the temperature was 150 °C, the qe and k2 were the

largest. With the temperature increase, k2 decreased, ranging
from 1.804 to 1.750 and to 1.202, respectively, indicating that
the correlation became worse. The effect of temperature rise
on the demercuration performance of biomass char is mainly
manifested in the acceleration of the chemical reaction rate
between the surfactant and mercury to the enhancement of

chemical adsorption.60 Too high temperature may lead to the
desorption and decomposition of adsorbed mercury36,61 and
even decompose the oxygen-containing functional groups,60

thus reducing the removal of mercury by the adsorbent.
Moreover, qe increased with the adsorption bed height
increased, ranging from 500.000 to 555.556 and 578.743,
respectively. The value of k2 decreased from 1.8238 to 1.7027
and 1.5133, respectively. These data indicated that the change
of adsorption bed height did not have an obvious effect on
mercury adsorption. When the initial mercury concentration
increased from 28 to 61.6 μg/m3, the qe increased from
371.7472 to 740.7407, and k2 ranged from 0.8247 to 1.8395,
which showed that the increase of mercury concentration
promoted chemical adsorption progress.Table 4 Generally, the
correlation coefficient was very similar to that of external mass
transfer, which was fitted by pseudo-first-order model,
indicating that the chemical adsorption process in the
adsorption of mercury could not be ignored.62

3. CONCLUSIONS
In this paper, corn straw char was selected and modified with
1% NH4Cl solution. The results showed that the surface pore
structure was developed, and there were many new pore and
mesoporous structures. Meanwhile, the number of surface
functional groups was increased, which improved the uptake of
corn stalk (CS) char. Higher temperature will lead to the
destruction of van der Waals force and the redesorption of
mercury, which causes the decrease of adsorption efficiency.
Adsorption thermodynamics shows that the adsorption process

Table 3. Parameters and Correlation Coefficient Obtained
from the Pseudo-First-Order Kinetic Model

factors condition qe (μg/g) k1 (min−1) R2

temperature (oC) 150 464.7574 0.00327 0.99964
250 143.1553 0.01200 0.99901
350 147.1038 0.00799 0.99633

adsorption bed height
(mm)

3 284.8981 0.00632 0.99782

5 300.7241 0.00561 0.99881
7 309.4448 0.00533 0.99742

initial mercury
concentration (μg/m3)

28 205.5150 0.00398 0.99962

36.8 260.8095 0.00444 0.99981
54.4 359.0113 0.00431 0.99964
61.6 411.3625 0.00443 0.9998

Figure 13. Pseudo-second-order model at different adsorption
temperatures.

Figure 14. Pseudo-second-order kinetic model at different adsorption
bed heights.

Figure 15. Pseudo-second-order kinetic model at different initial
mercury concentrations.
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is controlled by both physical adsorption and chemical
adsorption, and the mercury removal process is a spontaneous
exothermic process, low temperature is conducive to mercury
removal. The change of adsorption bed height has no effect on
the adsorption efficiency of mercury. In a certain range, the
increase of mercury concentration in the inlet will increase the
external mass transfer rate, thus promoting the adsorption of
mercury.
The fitting results of the pseudo-second-order model

indicated that chemical adsorption dominated the mercury
adsorption by biomass char while external mass transfer could
not be ignored as obtained by the pseudo-first-order model.
Results of the intraparticle diffusion model showed that
internal diffusion was not the only step to control the
adsorption progress. The increase of initial mercury concen-
tration promoted the internal diffusion, external mass transfer,
and chemisorption process. The increase of temperature
inhibited the internal diffusion and external mass transfer,
which is not conducive to adsorption. The external mass
transfer rate and chemical reaction rate did not change
obviously under different adsorption bed heights.

4. EXPERIMENT SECTION
4.1. Adsorbent and Modification. The biomass material

was CS collected from Nanjing, China. First, the biomass raw
materials were subjected to a pretreatment process such as air
drying, crushing, and sieving to prepare biomass raw materials.
Through sieving, the raw materials had a particle diameter of
less than 1 mm, ranging from 100 to 150 mesh and pyrolysis at
600 °C for 10 min. After that, we continued to pass the
biomass char through the 100−150 mesh sieve again and
obtained biomass char of particles directly in the range of 0.1−
0.2 mm. Then, the biomass char was impregnated by 1%
NH4Cl and stirred continuously for 24 h, then it was put in a
40 °C oven for drying, and finally we obtained the modified
corn straw char. NH4Cl is selected considering the important
role of chlorine containing functional groups in mercury
oxidation and the combined removal of NOx by NH3 produced
by pyrolysis of NH4Cl at high temperature in an actual
combustion atmosphere of a coal power plant.63,64 CSM stands
for the CS char modified by 1% NH4Cl.
4.2. Experimental Platform and Procedure. The

experimental platform is shown in Figure 16. It mainly
includes a mercury generation system, gas distribution system,
fixed-bed reactor system, and tail gas treatment system. Hg0 is
generated from a mercury permeation device (VICI Metronics

Inc, USA), which is designed to maintain a constant release
ratio of Hg0 vapor at the specified temperature. In the
experiment, 50 mg of corn stalk char was spread on the surface
of the adsorption bed in a glass tube, and the total flow of
simulated flue gas was 2 L/min. CO2 is used to carry mercury,
and the flow rate is 200 mL/min. The basic atmosphere in an
oxy-fuel atmosphere is 70% CO2 + 6% O2 while the balanced
gas is Ar. The ordinary combustion atmosphere is 12% CO2 +
6% O2. The mercury measuring instrument was QM-208B
based on the CVAAS method, whose measuring range and
sensitivity were 0.1−100 and 0.03 μg/m3, respectively. Table 5
shows the experiment conditions, covering the temperature
range, gas flow resistance, and inlet mercury concentration of
the actual coal-fired power plant.

4.3. Evaluation of the Adsorbent. 4.3.1. Mercury
Breakthrough Rate. The mercury breakthrough rate is the
ratio of mercury concentration after adsorption to mercury
concentration before adsorption and is given by eq 4

C
C

100%out

in
η = ×

(4)

where η is the mercury breakthrough rate; Cout is the mercury
concentration in the flue gas after passing through the quartz
tube reactor, μg/m3; and Cin is the concentration of mercury in
the simulated flue gas before entering the quartz tube reactor,
μg/m3.

4.3.2. Mercury Uptake. The cumulative adsorption amount
of mercury units can reflect the uptake of mercury per unit
mass of the adsorbent, which is given by eq 5
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where Q is the amount of mercury adsorption, which refers to
the amount of mercury adsorption per unit mass of the
adsorbent at 0−t μg/g; C is the mercury concentration at the
outlet of the fixed adsorption bed during the test period, μg/
m3; Ci is the mercury concentration at the outlet of the fixed
adsorption bed at the time point, μg/m3; Ci+1 is the mercury
concentration at the outlet of the fixed adsorption bed at the i
+ 1st time point, μg/m3; Δt is the sampling interval, and the
sampling interval in this experiment is 2 min; q is the total gas
flow rate in the experiment, m3/min; and m is the mass of the
adsorbent, g.

4.4. Kinetic Models. 4.4.1. Intraparticle Diffusion Model.
The intraparticle diffusion model is commonly used to

Table 4. Parameters and Correlation Coefficient Obtained
from the Pseudo-Second-Order Kinetic Model

factor condition qe (μg/g) k2 (μg/g min) R2

temperature (oC) 150 769.231 1.804 0.99947
250 227.273 1.750 0.99872
350 250.000 1.202 0.99400

adsorption bed height
(mm)

3 500.000 1.8238 0.99747

5 555.556 1.7027 0.99715
7 578.743 1.5133 0.99863

initial mercury
concentration
(μg/m3)

28 371.7472 0.8247 0.99962

36.8 467.2897 1.1683 0.99645
54.4 645.1613 1.5608 0.99728
61.6 740.7407 1.8395 0.98594

Figure 16. Diagram of the small fixed-bed reaction platform.
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describe the internal diffusion process of pores during solid
adsorption. The model considers the diffusion effect by using a
partial differential equation describing the diffusion of spherical
particles. The equation is expressed as follows65,66

q k t Ct p
1/2= + (6)

where qt is the cumulative mercury adsorption per unit mass of
the adsorbent, μg/g; kp is the intraparticle diffusion rate
constant, μg/(g min1/2); t is the reaction time, min; and C is a
constant related to the thickness of the boundary layer, which
represents the extent of the boundary layer effect, μg/g.
4.4.2. Pseudo-First-Order Kinetic Model. The pseudo-first-

order model uses the concentration difference as the driving
force to describe the mass transfer process. If the experimental
data and the calculated data could agree well, then, we could
reach the conclusion that the external mass transfer had an
obvious control effect on the adsorption process.67 The
pseudo-first-order kinetic equation is shown in eq 7

q

t
k q q

d

d
( )t

1 e t= −
(7)

Integrated by the boundary condition t = 0, qt = 0; t = t, qt =
qt, the eq 8 is transformed to

q q (1 e )k t
t e

1= − −
(8)

where qe is the equilibrium adsorption capacity, μg/g; and k1 is
the pseudo-first-order adsorption rate constant, min−1.
4.4.3. Pseudo-Second-Order Kinetic Model. The pseudo-

second-order model, which is based on the Langmuir
adsorption isotherm equation, contains all processes of
adsorption including external mass transfer, intraparticle
diffusion, and surface adsorption. Among them, the formation
of chemical bonds is the main factor affecting the pseudo-
second-order kinetic adsorption. Therefore, it is used as the
control step of the adsorption rate.68 The equation is shown in
eq 9
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while boundary conditions are t = 0, qt = 0; t = t, qt = qt
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where qe is the equilibrium absorbed amount, μg/g; q is the
equilibrium absorbed amount at time t, μg/g; t is the absorbed

time, min; and k2 is the kinetic constant of the pseudo-second-
order kinetic equation, g/(μg min).
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Table 5. Experimental Conditions

code initial Hg0 concentration (μg m−3) adsorption bed height (mm) simulated flue gas adsorption temperature (oC)

1 54.4 3 12% CO2 + 6% O2 + Ar 150
2 54.4 3 70% CO2 + 6% O2 + Ar 150
3 54.4 3 70% CO2 + 6% O2 + Ar 250
4 54.4 3 70% CO2 + 6% O2 + Ar 350
5 54.4 3 70% CO2 + 6% O2 + Ar 150
6 54.4 5 70% CO2 + 6% + Ar 150
7 54.4 7 70% CO2 + 6% O2 + Ar 150
8 28.0 3 70% CO2 + 6% O2 + Ar 150
9 36.8 3 70% CO2 + 6% O2 + Ar 150
10 54.4 3 70% CO2 + 6% O2 + Ar 150
11 61.6 3 70% CO2 + 6% O2 + Ar 150
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