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Abstract

The mercury removal capacity of biochar can be improved by plasma modification and the
functional group is an important factor affecting the mercury removal. This paper examines
factors such as discharge voltages, gas flow rates, chlorine concentrations and discharge
times that may affect functional groups on the surface of biochar. The mercury removal
performance of the tobacco stem biochar prepared under different Cl, plasma modifica-
tion conditions was investigated using a fixed bed reactor. The number of C—Cl bonds
and carboxyl increased after modification and decreased in mercury removal. Longer dis-
charge times can destroy the biochar surface and possibly cause a decrease in the number
of active sites. Increasing the discharge voltage promotes the formation of C—Cl bonds and
carboxyl groups. Excessive gas flow rates cause active chlorine to be carried out of the
reactor quickly which reduces the formation of C—Cl. The amount of C—Cl bonds increases
with increased chlorine concentration. In the modified biochar, C—Cl and carboxyl take
part in the adsorption of mercury to form HgCl, and HgO, while the unmodified biochar
is mainly physically adsorbed Hg®. C—Cl is the main functional group participated in mer-
cury removal and the carboxyl is a secondary functional group. The proportion of HgCl,
is at least 68.2% in the used modified biochar. Under optimum conditions, the initial mer-
cury removal efficiency of modified tobacco biochar was 99.1%, and the efficiency was still
79.1% after 100 min.
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Introduction

Although activated carbon has good mercury adsorption capabilities, it is expensive
[1]. The materials used to produce biochar in China are very abundant and inexpensive.
Thus, biochar is an attractive alternative to activated carbon. Plasma modification is a
simple, inexpensive method that produces a material with good adsorption properties
[2-9]. Gas molecules are very active in a plasma environment [10, 11]. It is easier to
break the gas molecular bond and form new bonds with biochar [12].

Halogen elements (I, Cl, Br) are often considered as methods for improving the mer-
cury removal performance [13, 14]. Li [15] and Shen [16] used NH,CI to modify bio-
char to obtain C—Cl. They found that C—ClI is the main functional group consumed dur-
ing the mercury removal process and to form HgCl,. According to our previous and
other scholars’ research [17, 18], plasma techniques can be used to increase the number
of chlorine active sites on biochar. The C—ClI bond is also considered to be the main
functional group supporting the mercury removal process. However, Chen [19] and Tsai
et al. [20] found that the oxygen functional groups on the materials also increased in a
non-oxygen plasma environment. Our previous research [17] also found that the number
of oxygen-containing functional groups on the surface of biomass carbon increased in
the chlorine plasma environment. Oxygen functional groups (ester, carboxyl, hydroxyl,
etc.) have been shown to promote mercury removal in many literatures [21, 22]. It is
unclear whether the oxygen functional groups generated in the plasma environment
participate in mercury removal. Thus, the synergistic effect of C—Cl bond and oxygen
functional group on mercury removal by chlorine plasma modified biochar need to be
clarified.

This study will investigate the changes in C—Cl and oxygen-containing functional
groups in the case of different discharge voltages, gas flow rates, chlorine concentrations
and discharge times. The effects of these changes on mercury removal performance will
be explored.

Materials and Methods
Biochar Preparation

The schematic of biochar preparation device is shown in Fig. 1. Tobacco stems (TS)
were collected from Henan, China. The TS material was washed three times with deion-
ized water and dried in an oven set at 80 °C for 24 h. Then, the TS material was pul-
verized in the coal mill and sieved into 100-200 mesh. About 10 g of the TS sample
(100-200 mesh) was wrapped in a copper mesh and the copper mesh was rolled to form
a cylinder shape. Next, the cylinder was placed into a quartz tube in a muffle furnace.
The sample was heated from room temperature to 600 °C in 1 h, then held for 1 h at this
temperature and finally cooled to room temperature. The entire heating and cooling pro-
cess were carried out in a nitrogen atmosphere flowing at 300 mL/min. The prepared TS
biochar (TS-BC) was sieved to 200-350 mesh.
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Fig. 1 Schematic of biochar
preparation device
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Modification of Biochar

The biochar modification device consists of a mass flow controller (MFC), dielectric
barrier discharge (DBD) plasma reactor, voltage regulator and exhaust gas treatment
device. The schematic of plasma modification device is shown in Fig. 2. The plasma
reactor was a hollow quartz disc with a diameter of 70 mm and a thickness of 10 mm.
The upper and lower sides of reactor were sealed by a quartz disc having a thickness of
1.5 mm. Adjacent to the upper and lower quartz disc are two electrodes with a diameter
of 50 mm. When the two electrodes are loaded with a sufficient voltage, a breakdown
discharge occurs between the two electrodes, thereby generating a plasma. The left and
right ends of the plasma reactor are the inlet and outlet of the modified gas respectively.
The DBD output voltage range is 0-30 kV. The discharge frequency is 10 kHz. The
biochar is placed in a plasma reactor and a modified gas is introduced. DBD is then per-
formed to modify the biochar. TS biochar (0.3 g) was added to the DBD plasma reactor
which was sealed with high-vacuum silicon grease. Before modification, nitrogen was
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Fig.2 Schematic of plasma modification device
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introduced into the system at 300 mL/min for 3 min to ensure an inert atmosphere. By
adjusting the volume flow meter, different concentrations of chlorine gas flowed into
the plasma reactor. Then, the voltage was varied so that the plasma reactor produced
different breakdown effects. Experiments to change the discharge voltage, gas flow rate,
chlorine concentration, and discharge time were named TS-V, TS-R, TS-C, and TS-T,
respectively. The TS biochar modification parameters are provided in Table 1.

Char Characterization

The sample surface area was measured by Quantachrome Autosorb-ig-MP using a nitro-
gen adsorption/desorption method at —196 °C. The functional groups on the sample sur-
face were characterized by Fourier transform infrared (FTIR) spectroscopy (PerkinElmer).
The surface morphology was observed using a Hitachi S4800 Scanning electron micro-
scope (SEM). X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental
states change of Cl and O on the surface of the biochar samples. The form of mercury after
adsorption in biochar was tested by temperature programmed desorption (TPD). A Minitab
17 was used to analyze the degree of influence of the four parameters on mercury removal
performance.

Mercury Adsorption Experiment

The mercury adsorption experiment was performed using a laboratory-scale fixed bed,
as shown in Fig. 3. Elemental mercury was generated using a PSA CAVKIT system. Air
carried the elemental mercury out of the PSA CAVKIT system where it was mixed with

Table 1 Tobacco stem biochar

- . - Name Discharge Discharge Gas flow rate  Chlorine
modification conditions voltage (kV)  time (min) (mL/min) conc.
(%)
TS-VO 0 5 300 1
TS-V2 2 5 300 1
TS-V4 4 5 300 1
TS-V6 6 5 300 1
TS-V8 8 5 300 1
TS-R100 8 5 100 1
TS-R300 8 5 300 1
TS-R500 8 5 500 1
TS-R700 8 5 700 1
TS-CO 8 5 500 0
TS-C0.3 8 5 500 0.3
TS-C0.6 8 5 500 0.6
TS-C1 8 5 500 1
TS-T1 8 1 500 1
TS-T5 8 5 500 1
TS-T10 8 10 500 1
TS-T20 8 20 500 1
TS-T30 8 30 500 1
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Fig.3 Schematic of mercury adsorption experimental device

compressed air. The released mercury concentration was controlled via computer at 20 pg/m’
and the total gas flow was kept at 1 L/min. A 50 mg biochar sample was placed in a glass
tube with an internal diameter of 4 mm and fixed with quartz wool. The bench temperature
was kept at 30 °C. The PSA CEM draws exhaust gas every 5 min to measure the mercury
content. The results are displayed on the computer. The tubes leading to the CEM were
heated to 140 °C with heating trace pipe to prevent mercury condensation. The exhaust gas
was filtered through a carbon trap and then discharged into the atmosphere. Each experi-
ment was repeated three times and the result was the average of three results.
The Hg removal efficiency can be calculated by Eq. (1) [23-25].
C,—C

m - out
= ——— x 100%
n c, 0 1)
where 7 is the efficiency of Hg® removal (%), C,, is inlet concentration of mercury (ug/m>),
C,,. is outlet concentration of mercury (pg/m?).

The mercury accumulative adsorption amount per gram of samples can be calculated by
Eq. (2) [26-28].

_ Q /0’ (Cin - Com)dt

q, i 2

where ¢, represents the adsorption mass of Hg’ (ug/g) at reaction time t (min), Q is the
total gas flow rate (m*/min), M is the biochar sample weight (g), 7 represents the adsorption
time (min).

Mercury Desorption Experiment

The sample is placed in a furnace to liberate various forms of adsorbed mercury from the
biochar at different temperatures. The liberated mercury is detected by Lumex RA915.
Then, the Lumex feeds the real-time mercury signal value back to the computer to generate
a curve of the mercury signal changing with temperature. The mercury species adsorbed
on biochar can be determined by evaluating the temperature at which the mercury species
was released [29]. The following method was used for the tests: 0.1 g of adsorbed biochar
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Fig.4 Schematic diagram of the TPD device

(TS-C1, TS-CO0.6, TS-C0.3, TS-BC) was placed in the TPD test bench. The temperature was
increased from 20 to 500 °C at a rate of 10 °C/min, the carrier gas was nitrogen and the flow
rate was 300 mL/min. The schematic diagram of the TPD device is shown in Fig. 4.

Adsorption Kinetics

The study of mercury adsorption kinetics in flue gas is useful, and it provides a good ref-
erence for the reaction pathway and adsorption reaction mechanism. In a dynamic simula-
tion of mercury removal, the pseudo-first-order, the pseudo-second-order, Weber—Morris and
Elovich kinetic models are often used. The standard error (SE) of the fitting result will also be
calculated.

The pseudo-first-order kinetic model equation is described as follows [30, 31]:

q,=q,(1 - 3)
The pseudo-second-order kinetic model equation is described as follows [18, 32, 33]:

kzqgt

=— 4
1 +kyq,t @

q;
where g, represents the adsorption mass of Hg" (ug/g) at equilibrium time, k, and k, rep-
resent the correlation constant of the pseudo-first-order kinetic model (min~") and the
pseudo-second-order kinetic model (g/pg min), respectively.

The Weber—Morris equation is calculated as follows [34]:

g, =kyt'*+C (5)

12

where k4 represents the intraparticle diffusion rate constant [pg/(g min'<)], C is a constant

that characterizes the degree of boundary layer effects (ng/g).
The Elovich kinetic model is described as follows [35]:

q—lln<t+L>—l]n<L> (6)
B af) B \ap
where « is the initial adsorption rate [pg/(g min)] and 3 is the desorption parameter (pg/g).
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Results and Discussion
Adsorption Performance Under Different Discharge Voltages

The mercury adsorption performance of biochars modified under different discharge volt-
ages is shown in Fig. 5. The mercury removal efficiency of unmodified biochar (TS-BC) is
maintained at 24.8-24.6%. The initial efficiency of TS-VO is only 3% higher than that of
TS-BC. The mercury removal efficiency is significantly improved when the discharge volt-
age is increased to 2-8 kV. It indicates that the environment with only chlorine does not
improve the mercury removal capacity of biochar. Chlorine gas still needs the assistance of
plasma to modify biochar. The mercury removal efficiency of the modified bio-char gradu-
ally increases when the discharge voltage is increased from 2 to 8 kV. The biochar modi-
fied at 8 kV exhibited the best initial mercury removal efficiency at 84% and efficiency was
still at 54% after 100 min. The increased voltage may be enhancing the plasma discharge
effect [36], thereby increasing the amount of active chlorine gas and to form more C—Cl
bond on biochar for mercury removal.

Figure 6 shows the infrared spectra of TS-BC modified using different discharge volt-
ages. The peak at 3400 cm™' is attributed to an O—H stretching vibration from adsorbed
water [27, 37]. The peak around 1600 cm™! is attributed to carboxyl stretching vibra-
tions. The peak at 1260 cm™! corresponds to C-OH stretching vibrations from carboxyl
groups. The data indicates that the carboxyl concentration on the biochar surface increases
with increased discharge voltage. The presence of characteristic peaks at 1090 cm™' and
800 cm ™! are attributed to aromatic and aliphatic C—Cl stretching vibrations, respectively
[38, 39]. There was no significant change in the C—Cl intensity of TS-BC and TS-V0. As
shown in Fig. 13b, the Cl,, intensity of TS-VO is not significantly enhanced and remains
at the same level as TS-BC. However, the proportion of Cl™ is increased slightly, and it
may be that the water in the biochar easily combines with Cl, to form C1™. No significant
change in the chlorine-containing functional group was responsible for the difference in
mercury removal efficiency between the two samples. Compared to the non-plasma treat-
ment sample, the peak of C—Cl increased after the chlorine plasma treatment. This indi-
cates that chlorine combined with plasma can effectively increase the amount of C-Cl
on the biochar surface. The C—Cl peak increases with the increase in discharge voltage.
Considered together, the mercury removal performance data and the FTIR data for TS-V2,

Fig.5 Removal efficiency over 100
time for different discharge
voltages

Removal Efficiency (%)

20+ ——TS-VO—+—TS-V6
TS-V2 ——TS-V8
0 —4—TS-V4—=—TS-BC
0 20 40 60 80 100
Time (min)
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Fig.6 FTIR spectra of samples modified under different discharge voltages

TS-V4, TS-V6, TS-V8, indicate that increasing the discharge voltage increases the number
of C—ClI bonds on the biochar surface, thereby enhancing the mercury removal effect.

Modified samples with different discharge voltages (TS-V2, TS-V4, TS-V6, TS-V8)
and TS-BC were also tested by BET. The BET results are shown in Table 2. The specific
surface area of TS-BC is 9.09 m%*/g. Compared to commercial activated carbon, TS-BC
has a very low surface area. The specific surface area of TS-BC decreased from 7.17 to
5.15 m*/g with plasma modification. This may be because the plasma has an etching effect
on the biochar surface, which reduces the specific surface area.

Adsorption Performance Under Different Discharge Times

To evaluate the effect of discharge time on mercury removal efficiency, biochar was modi-
fied at 8 kV for 1 min, 5 min, 10 min, 20 min, 30 min, respectively. The results are shown
in Fig. 7. When the discharge time is extended from 1 to 5 min, the initial efficiency
increases from 57.7 to 99.1%. The modified biochar has the best mercury removal effect
when the discharge duration is 5 min (TS-T5). Even after 100 min of mercury absorption
in the fixed bed apparatus, its mercury removal efficiency is still 79%. The effect starts to
drop when the discharge time exceeds 10 min. Biochar modified using a 10-min discharge
time had initial mercury removal efficiency at 98.8% comparable to the 5-min discharge
time biochar, but with a higher rate of decline. The initial mercury removal efficiencies
for TS-T20 and TS-T30 were 87.3% and 88.4%, respectively. The decreased efficiency is

Table 2 The specific surface area

Sample Surface area (m%g) R (correlation
of samples coefficient)

TS-BC 9.09 0.9999

TS-V2 7.17 0.9999

TS-V4 7.13 0.9999

TS-V6 7.06 0.9992

TS-V8 5.15 0.9997
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Fig.7 Removal efficiency over 100
time for different discharge times v
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believed to be caused by a decrease in the number of active sites on the biochar surface due
to damage caused by the extended discharge time. Because plasma has high energy and
high density [40]. This conclusion is supported by scanning electron microscope (SEM)
data. A SEM was used to observe the surface morphology of TS-T5, TS-T10, TS-T20 and
TS-T30. SEM images of these four samples are presented in Fig. 8. The surface of TS-T5
is relatively smooth with few fine particles. At the 10-min discharge time, some minor

Fig.8 Scanning electron microscope images; a TS-T5; b TS-T10; ¢ TS-T20; d TS-T30
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grooves appeared on the biochar surface. At the 20 and 30-min discharge time, the surface
started to break up. The grooves on the carbon surface became deeper and there was more
granular biochar on the surface. This data supports the conclusion that long-term discharge
damages the biochar surface, resulting in a decrease in mercury adsorption efficiency.

Adsorption Performance Under Different Flow Rates

The adsorption performance under different flow rates is illustrated in Fig. 9. The ini-
tial mercury removal efficiencies were 82.8%, 84.3%, 99.1% and 88.4% at 100 mL/min,
300 mL/min, 500 mL/min and 700 mL/min, respectively. The best mercury removal effi-
ciency was obtained using a 500 mL/min flow rate. The low mercury removal efficiencies
for TS-R100 and TS-R300 could be due to the lower gas velocity didn’t supply sufficient
chlorine. At TS-R500, more chlorine entered the reactor and was available to react with
the carbon surface. At 700 mL/min (TS-R700), the gas flow rate was so fast that the active
chlorine was carried out of the reactor before it could react with the carbon surface.

Figure 10 shows the FTIR spectra for samples modified under different gas flow rates.
When the gas flow rate increased from 100 and 300 to 500 mL/min, the peak intensity at
800 cm™! and 1090 cm™' increased, but decreased at 700 mL/min. This is what would be
expected based upon the mercury removal efficiency data and supports the idea that the
active Cl can’t fully contact the biochar surface when the flow rate is too fast.

Adsorption Performance Under Different Chlorine Concentrations

As shown in Fig. 11, mercury removal increased with increased chlorine concentration.
The mercury removal efficiency of the modified sample (TS-CO) in the pure nitrogen
environment was improved by 12.6% compared to TS-BC. This may be due to the fact
that the N, plasma will form an amino group on the surface of the biochar, which may
be helpful for mercury removal [41]. Increasing the chlorine concentration from O to
1% increased the mercury removal performance from 37.4 to 99.1%. The best results
were obtained using a chlorine concentration of 1%. The efficiency of TS-C1 was still at
79.1%, even after 100 min. The addition of chlorine greatly improves the modification

Fig.9 Removal efficiency over 100
time for different gas flow rates 2
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40
Fo83 5 5 598
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Fig. 10 FTIR spectra of samples modified under different gas flow rates

Fig. 11 Removal efficiency 100
over time for different chlorine
concentrations
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effect with plasma assistance. There is limited room for improvement of the mercury
removal effect when the concentration range is within 0.6—1%. It may be that the chlo-
rine concentration is nearly saturated for biochar. Figure 12 shows the FTIR spectrum
of the TS biochar modified under different chlorine concentrations. When the chlorine
concentration is 0%, the peak area of the C—CI bond at 1090 cm™! is the lowest at 0.167.
As can be seen from the figure, the area of the C—Cl peak increases as the chlorine
concentration enhances. The area of the C—Cl peak increased from 0.167 to 0.324 when
the chlorine concentration raised from 0 to 1%. It indicates that increasing the chlorine
concentration promotes the formation of C—ClI bonds on the surface of the biochar. The
increase of C—Cl bond can promote the mercury removal capacity of the adsorbent.

The TC-BC, fresh TS-C1 and used TS-C1 samples were analyzed by XPS. As shown in
Fig. 13a, chlorine content on the surface of fresh TS-C1 rises sharply. The chlorine atom
ratio rose from 2.01 to 5.01% after modification. The peak intensity of Cl,, of the modified
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Fig. 12 FTIR spectra of samples modified under different chlorine concentration

biochar was twice that of the unmodified. The peak at this position corresponds to CI™ and
C-Cl. It suggests that the amounts of C—Cl and CI~ was increased after chlorine plasma.
The oxygen atom ratio rose from 17.32 to 20.59% after modification then decreased to
15.64% after adsorption. The raise of oxygen content after plasma modification may be due
to the physical adsorption of water and oxygen by biochar. The sources of oxygen will con-
tinue to be studied in the future. The increase in chlorine atom content provides the basis
for good mercury removal performance. The details of the Cl bond on the biochar surface
can be obtained from the analysis of the Cl,, region. Figure 13b shows a scanning diagram
for the Cl,, area. The Cl,, spectrum of TS-BC, fresh TS-C1 and used TS-C1 is divided
into two peaks. The peak at 200.2 eV is attributed to C—Cl and the peak at 198.6 eV corre-
sponds to CI™ [18, 25, 28]. The proportions of the two regions are shown in Table 3. After
modification, the proportion of C—Cl increased from 29.7 to 38.5%. After the fresh sample
is used (Hg® adsorption for 100 min), the proportion of C—Cl dropped from 38.5 to 28.6%.
This indicates that the conversion of the C—Cl bond to C1~ supports mercury removal.

As shown in Fig. 13c, the O,, curve can be separated into two peaks. One is C-O at
533.2 eV [42] and the other is COOH at 531.7 eV [43]. Table 3 provides the relative inten-
sities of the two peaks. The proportion of COOH increased from 75.8 to 83.8% after modi-
fication but decreased to 64.8% after use. This data supports the idea that plasma promotes
the formation of carboxyl groups and is in good agreement with the FTIR results. The XPS
results show that carboxyl groups were consumed in mercury adsorption and played a role
in the mercury removal process.

As shown in Fig. 14, the TPD curve can be divided into three peaks, 180, 230, and
300 °C respectively. The peaks at 180 °C can be attributed to Hg® released from the bio-
char. The peak at around 230 °C corresponds to desorption of HgCl, [29, 44]. The peak at
around 300 °C corresponds to desorption of HgO [29, 45]. The TS-BC desorption curve
indicates that the main form of Hg in TS-BC is Hg’, which was captured by physical
adsorption. In the modified biochar, the HgCl, peak occupies a dominant position while the
Hg" peak is much lower. Hg® may combines with C—Cl generated under chlorine plasma to
form HgCl,. From Table 4, the ratio of Hg® decreases from 12.4 to 2.0% with the increase
in chlorine concentration, while the proportion of HgCl, increases from 68.2 to 87.5%. The
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Fig. 13 XPS spectra (a), XPS
spectra of Clzp (b) and Oy, (c) for
TS-BC, TS-VO, fresh TS-C1 and
used TS-C1
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Table 3 Functional groups

Functional Relative intensity (%
determined from XPS spectra unctionat groups clative intensity (%)

TS-BC Fresh TS-C1 Used TS-C1

c-Cl 29.7 38.5 28.6

CI- 70.3 61.5 714

C-O 242 16.2 352

COOH 75.8 83.8 64.8
Fig. 14 Temperature pro- TS-Cl1

grammed desorption curves

TS-C0.6

Intensity

TS-BC
0 100 200 300 400 500
Temperature (°C)
Table4 Hg sjpecies in samples Species Relative intensity (%)
after adsorption
TS-BC TS-C0.3 TS-C0.6 TS-C1
Hg° 100 12.4 5.4 2.0
HgCl, 0 68.2 86.5 87.5
HgO 0 19.4 8.1 10.5

increased chlorine concentration increases the amount of C—CI on the carbon surface, so
that more Hg0 participates in the chemical reaction to form HgCl,. The HgO peak appeared
in the modified sample. This result, combined with the XPS data, indicates that Hgo was
also oxidized by carboxyl groups. From the results of TPD, C-Cl is the main functional
group involved in mercury removal and the carboxyl is a secondary functional group.

The in situ FTIR of Hg® adsorption by tobacco biochar after modification was also
tested. The spectrum of in situ FTIR is shown in Fig. 15. The Fig. 15 exhibits the spectrum
around 1090 cm™' which is attributed to C—Cl bond. The entire adsorption process lasted
for 120 min. The peak area at 1090 cm™' was calculated from the software Ominic 8. The
peak area at 1090 cm™! decreased from 0.0120 to 0.0103 gradually when the adsorption
time was from O to 120 min. Therefore, the amount of C—CI bond gradually declined as
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Fig. 15 The in situ FTIR spectrum of Hg® adsorption process

the adsorption time increases. It also suggests that the C—Cl bond generated under chlorine
plasma was consumed in the Hg adsorption process.

Minitab 17 is often used to analyze the importance of product influence factors and to
optimize the production process [46, 47]. The experimental parameters and efficiency were
input into the Minitab software for analysis and comparison by factorial analysis. The fac-
tor analysis is a test arrangement method in which all the factors in the test are combined
with each other to test the interaction effect between the main effects of each factor and
factors. The influence of four factors on the mercury removal efficiency was obtained. A
value greater than 2.179 indicates that a parameter can be expected to affect the experi-
mental results significantly. As shown in Fig. 16, all influencing factors were below the
significant impact boundary. The value of the standardization effect for the importance of
chlorine concentration was 2.101 and is much greater than the other three parameters. This
study indicates that the formation of the C—CI bond is the most critical factor to control
mercury removal efficiency. The chloride promotes the oxidation of elemental mercury
into oxidized mercury and then the oxidized mercury is captured by the biochar. The flow
rate, discharge time, and voltage influence the surface area or contact time with biochar.
Thus, they have less effect on the removal efficiency than the chlorine concentration. The
order of influence of factors on the adsorption process is: chlorine concentration > gas flow
rate > discharge voltage > discharge time.

Kinetics of Mercury Adsorption

A set of experimental results (TS-V2, TS-V4, TS-V6, TS-V8) was selected to fit with the
pseudo-first-order kinetic model, the pseudo-second-order kinetic model, the Weber—Mor-
ris equation and the Elovich kinetic model. The fitting results are shown in Fig. 17 and
the various fitting parameters are listed in Table 5. The error of all calculation results is
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Fig. 16 Pareto diagram of standardized effects

within 10%, so the result is acceptable. As observed in Fig. 17, the pseudo-first-order
kinetic model and pseudo-second-order kinetic model can be fitted well with experimental
data. The coefficient of determination of all fitting curves is greater than 0.999. In general,
the fitting of the pseudo-second-order kinetic model is better than the pseudo-first-order
kinetic model. The high degree of fitting with the pseudo-first-order kinetic equation indi-
cates that there is an effect of external gas film diffusion during the entire adsorption pro-
cess [31]. Fitted the pseudo-first-order kinetic and the pseudo-second-order kinetic model
well indicates that the adsorption of mercury on the sample surface is controlled by both
physical adsorption and chemical adsorption [48, 49].

The intraparticle diffusion model is poorly fitted with experimental data. The boundary
layer effect constant C is not zero under all conditions, indicating that in-diffusion was not
the only control step in the adsorption process. This shows that intraparticle diffusion has
less effect on adsorption and the entire adsorption process is controlled by other steps. The
Elovich kinetic model is generally used to describe the kinetics of chemical adsorption [35,
50, 51]. As shown in Fig. 17d, the experimental data fit well with the model indicating
chemical adsorption exists in the adsorption process.

This shows that, in addition to the physical adsorption of biochar, the functional groups
on the surface of biochar, especially C—Cl which obtained by modification, influence mer-
cury removal at 30 °C. The physical adsorption and chemical adsorption processes are
affected by the experimental temperature. The effect of experimental temperature changes
on mercury adsorption performance will be studied later.
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Fig. 17 Fitting of various
dynamic equations
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Table 5 Dynamic equation fitting parameters

Sample Pseudo-first-order model Pseudo-second-order model

e SE Kk SE R? q. SE kK SE R?

TS-V2 49747 2245 0.0055 3.04E—4 0.9993 88.193 4.053 3.540E-5 3.632E—6 0.9994
TS-V4 47596 1.267 0.0066 2.23E—4 0.9996 82.964 2.093 4.595E-5 2.643E—-6 0.9997
TS-V6  63.731 2206 0.0047 1.95E—4 0.9997 114960 3.937 2.285E-5 1.720E-6 0.9998
TS-V8 72.310 2.219 0.0044 1.59E—4 0.9998 131.333 3.932 1.853E-5 1.212E-6 0.9998

Sample Weber—Morris equation Elovich kinetic model

k, SE C SE R? a SE SE R?
TS-V2 2618 0.072 -6.058 0.519 0.9859 0.279  0.003 0.026 1.214E-3 0.9995
TS-V4 2862 0.066 —6.465 0.479 0.9899 0.321 0.002 0.028 6.530E—4 0.9998

TS-V6 3.006 0.085 —7.222 0.613 0.9851 0.305 0.002 0.019 6.588E—4 0.9998
TS-V8 3238 0.093 -7.879 0.675 0.9845 0.322 0.001 0.016 4.921E-4 0.9999

Conclusion

The mercury removal performance of tobacco stem biochar under different modified param-
eters was investigated. The results show that the influence of the four factors are ranked from
large to small: chlorine concentration, gas flow rate, discharge voltage and discharge time. At
a 1% chlorine concentration, the initial mercury removal efficiency was 99.1%. Both C—Cl and
carboxyl increased after TS biochar modification and consumed for mercury removal. Increas-
ing the discharge voltage increases the number of C—Cl bonds on the biochar surface, thereby
enhancing the mercury removal effect. It also promotes the formation of carboxyl groups. For
the discharge time, long-term discharge damages the biochar surface, resulting in a decrease
in mercury adsorption efficiency. Excessive gas flow rates can result in insufficient chlorine
contact time with biochar, which can reduce the amount of C—Cl. The raise in chlorine con-
centration increases the active site of chlorine, thereby enhancing the mercury removal effect.
The results of kinetic fitting show that the mercury removal efficiency of modified TS biochar
at 30 °C is controlled by physical and chemical adsorption at the same time. The mercury spe-
cies present in the modified biochar after adsorption was mainly HgCl,, with lesser amounts
of HgO. The proportion of HgCl, in the sample after adsorption is at least 68.2%. Elemental
mercury was the dominate form of mercury in the unmodified biochar. Results indicate that,
in addition to the C—CI bond, the carboxyl group also participates in the mercury removal
reaction. C—Cl is the most important functional group in the mercury removal process and the
carboxyl is an auxiliary functional group.
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