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A B S T R A C T

Biochar was subjected to N2-plasma treatment after adsorbing water or oxygen. The mercury removal efficiency
of the obtained samples was tested. The results of H2O-thermogravimetric and O2-temperature programmed
desorption show that biochar had adsorption capacity for both water and oxygen during storage. The adsorbed
water exhibited an inhibitory effect on mercury removal. However, after plasma treatment, water decomposed
into oxygen-containing active radicals and combined with biochar to form oxygen-containing functional groups.
The generated functional groups compensated for the inhibition of mercury capture. After the biochar adsorbed
oxygen, the biochar was easily sintered under plasma, thereby reducing the mercury removal performance. The
oxygen-containing functional groups formed by plasma treatment of oxygen adsorbed biochar also improved the
mercury removal efficiency. Hg-temperature programmed desorption revealed that Hg0 could be oxidised by the
generated oxygen-containing functional group to form HgO. Correlation analysis showed that the oxygen ad-
sorbed by the biochar from air during storage was the main source of oxygen-containing functional groups
generated under a non-oxygen plasma environment. The correlation coefficient was up to 0.999. During normal
storage, the oxygen adsorbed by the adsorbent from the air can be converted into oxygen-containing functional
groups during the plasma modification process, thereby oxidising Hg0.

1. Introduction

At present, plasmas are used in many applications or tools, such as
inductively coupled plasma mass spectrometry, coating, etching, and

modification [1–4]. In plasma, gas molecules are in an ionised state,
making it easier to obtain the desired molecular fragments [5]. Biochar
is a cheap and easily available adsorbent [6,7]. In our previous studies,
chlorine and hydrogen sulphide were used as plasma-modified gases to
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activate biochar [8–10]. The obtained biochar was used for mercury
removal. During the process of plasma modification, it was considered
that the formed C-Cl or C-S was the main functional group for mercury
removal. The form of mercury produced was mainly HgCl2 or HgS.
However, an analysis of the mercury species revealed that a small
amount of HgO was also present in the modified sample after adsorp-
tion. Moreover, it was found by X-ray photoelectron spectroscopy (XPS)
that the proportion of oxygen-containing functional groups on the
surface of the biochar was increased after plasma modification.

Oxygen-containing functional groups can promote mercury removal
[11]. Zhang and Bohli [12,13] pointed out that oxygen-containing
functional groups can oxidise Hg0 to form HgO. The increased amount
of oxygen-containing functional groups should be a combination of
active free radicals formed from oxygen-containing molecules in the
plasma environment and biochar, but the modified gas is Cl2 or H2S and
the carrier gas is N2. Thus, there is no source of oxygen in the modified
gas. Similar situations have occurred in other plasma applications. Yang
et al. [14] found that oxygen-containing functional groups were in-
creased after N2 plasma treatment. Majumdar et al. [15] also indicated
that oxygen-containing functional groups were enhanced after CH4/N2

dielectric barrier discharge (DBD) plasma. Nevertheless, the study did
not indicate the source of these oxygen functional groups, and the
modified gas did not contain oxygen. Thus, oxygen is likely to come
from oxygen or water physically adsorbed by the biochar itself. Since
oxygen-containing functional groups promote the removal of mercury,
oxygen-containing functional groups generated in a non-oxygen plasma
environment cannot be ignored. Therefore, exploring the source of
oxygen-containing functional groups on biochar after non-oxygen
plasma treatment is very important for plasma modification methods
and mercury removal. The main source of oxygen-containing functional
groups generated in non-oxygen plasma, i.e. physically adsorbed
oxygen or water, needs to be clarified. The effect of physically adsorbed
water or oxygen on mercury removal after plasma modification also
needs to be studied. This study could also improve the mechanism of
mercury capture by modified biochar using plasma.

In this study, biochar was subjected to plasma modification after
adsorbing oxygen and water. The mercury removal performance of the
sample was also tested. The adsorption capacity of biochar for water
and oxygen was explored by H2O-thermogravimetric (H2O-TG) and O2-
temperature programmed desorption (O2-TPD). The functional groups
were identified using Fourier transform infrared spectroscopy (FTIR).
The variation in the binding energy of carbon and oxygen was mea-
sured using X-ray photoelectron spectroscopy (XPS). The speciation of
captured mercury was specified using Hg-temperature programmed
desorption (Hg-TPD).

2. Materials and methods

2.1. Biochar preparation

The biochar was derived from rice straw. The rice straw was col-
lected from Huainan, Anhui Province, China. After the straw was pul-
verised, it was washed three times with deionised water and dried in a
drying oven (80 °C) for 48 h. About 20 g of biomass powder was placed
in a 30 cm corundum boat, then the boat was placed in a 50 mm tube
furnace and pure nitrogen was introduced at a flow rate of 500 mL/min.
After the pure nitrogen gas had been introduced for 10 min, the furnace
began to heat up. The temperature was raised from room temperature
to 900 °C at 10 °C/min and held at 900 °C for 1 h. Subsequently, the
furnace stopped heating and was cooled to room temperature. Biochar
prepared at 900 °C minimises the physical adsorption of water and
oxygen. After pyrolysis, the biochar sample was sieved through
200–350 mesh before the experiment. The obtained biochar was de-
signated as RB.

2.2. Modification of biochar

In order to explore the effects of physically adsorbed water and
oxygen on plasma modification, the biochar was artificially adsorbed
with varying amounts of water and oxygen. Dissolved oxygen in ionic
water was removed by a N2 purge before modification. The purity of
nitrogen used in the experiment was 99.999%, and an adsorbent was
installed at the outlet of the nitrogen bottle to remove traces of oxygen
and water from the gas. First, water adsorption was carried out using
500 mL/min pure nitrogen into a gas cylinder filled with deionised
water. The gas cylinder was placed in a water bath at 50 °C to heat. The
water vapour (7%) carried by pure nitrogen was passed through a
heating trace pipe (100 °C) to a plasma reactor (DBD-100A, Nanjing
Suman Plasma Technology Co., Ltd.) containing 0.3 g of biochar. After
the biochar had adsorbed the water vapour for 10–180 min, the gas
path was switched to pure nitrogen. Then, the sample was modified in a
plasma environment. The discharge voltage was 8 kV, the flow rate of
N2 was 500 mL/min and the plasma treatment time was 5 min. The
model of the plasma generator was ATP 2000 K (Nanjing Suman Plasma
Technology Co., Ltd.). The water-adsorbed plasma-modified sample
was designated RB-H-X (X is the adsorption time).

For oxygen-adsorbed plasma modification, the oxygen concentra-
tion was set to 7% by adjusting the ratio of pure nitrogen to oxygen. The
total gas flow rate was maintained at 500 mL/min. The adsorption of
oxygen onto biochar was followed the same step as that of water ab-
sorption process. The biochar adsorbed oxygen for different periods of
time and was then treated by plasma at 500 mL/min of pure nitrogen.
The plasma modification parameters were the same as above. The
oxygen-adsorbed plasma-modified sample was designated RB-O-X (X is
the adsorption time). The samples that only adsorbed water or oxygen
without plasma treatment were designated as RB-H/O-X-NP. The
schematic of the modification device is shown in Fig. 1. Details of the
modified samples are shown in Table 1.

2.3. Biochar characterisation

The functional groups of biochar before and after modification were
characterised by FTIR (Frontier, PerkinElmer, America). The functional
groups on the surface of the sample appear on the spectrum as peaks
after FTIR testing. The peaks of different functional groups appear in
different wavenumber ranges, so that the types of functional groups can
be identified. The infrared spectrum scanning range was from 450 to
4000 cm−1. The changes in the elemental state of biochar were re-
vealed by XPS (ESCALAB 250Xi, Thermo Fisher Scientific, America).
The valence transition of C, O and N was reflected by the change in
binding energy. By comparing the changes of the element states before
and after the reaction, the mechanism of the reaction process can be
inferred. Hg-TPD was used to distinguish the species of mercury ad-
sorbed onto the biochar. By heating the adsorbed sample in a N2 en-
vironment, different forms of Hg were released at different tempera-
tures. The Hg-TPD experiment was increased from 30 to 600 °C, the
amount of sample after Hg0 adsorption was 0.1 g and the N2 flow rate
was 500 mL/min. The release signal value of mercury was detected by
Lumex RA915 apparatus (Lumex Inc. Canada). The adsorption capacity
of biochar for water (H2O-TG) was detected by PSA Q5000 SA (P S
Analytical, United Kingdom). This instrument can record the weight of
biochar as it changes with the time of H2O adsorption. For this, 5 mg of
biochar was placed on the balance of the instrument and then heated to
a constant weight at 60 °C in N2. After that, pure nitrogen containing
7% water was introduced to the balance at 30 °C and the weight change
of the balance was recorded. The adsorption capacity of biochar for
oxygen (O2-TPD) is carried out on a TPD/TPR dynamic adsorption in-
strument (TP-5076, Xianquan Industrial and Trading Co., Ltd.) [16].
For this, 50 mg of biochar was first pretreated in helium atmosphere at
150 °C for 2 h. Oxygen was then introduced and the biochar was ad-
sorbed in an oxygen environment for different periods of time at 30 °C.
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After the adsorption of oxygen, helium was used to purge 5 min. Then,
the biochar was heated from 30 °C to 850 °C at a heating rate of 10 °C/
min in a helium atmosphere. The gas desorbed during the temperature
rise was detected by the instrument.

2.4. Mercury adsorption

The mercury adsorption experiment was carried out on a fixed bed.
The fixed bed was a 250 mm long quartz tube with an inner diameter of
6 mm. The elemental mercury source was supplied by CAVKIT Hg
Calibration (PSA 10.536). The elemental mercury concentration could
be adjusted by the computer directly, and the mercury concentration in
the experiment is set to 20 μg/m3. After adsorption, the concentration
of mercury in the gas was detected by a SIR GALAHAD II instrument
(PSA 10.525). In this experiment, 50 mg of the sample was placed in a
fixed bed, and both sides were fixed by quartz wool. The temperature of
the fixed bed was controlled by the oven box and maintained at 150 °C.
The total experimental gas flow rate was 1 L/min. The Hg0 con-
centration was tested every 5 min. The experimental diagram of the
fixed bed can be seen in our previous study [8]. Each experiment was
repeated three times and the results were averaged.

The Hg0 adsorption efficiency was calculated by the following
equation [17–21].

=
−

×η
C C

C
100%in out

in (1)

where η is the removal efficiency of Hg0 removal (%), Cin is the inlet
concentration of mercury in the fixed bed (μg/m3) and Cout is the outlet
concentration of mercury in the fixed bed (μg/m3).

3. Results and discussion

3.1. H2O-TG and O2-TPD analysis

When a material is not in a vacuum environment, the material will
absorb some of the gas in the surrounding environment. Most materials
are exposed to the air when they are stored. Therefore, moisture and
oxygen in the air are often absorbed into the material. Therefore, before
the biochar is subjected to mercury removal experiments and char-
acterisation, the adsorption capacity of water and oxygen needs to be
determined.

As shown in Fig. 2, the ability of biochar to adsorb water is obvious.
In the first 30 min of adsorbing water, the weight of biochar increased
by 8.27%. In the next 150 min, the weight was still increasing, but the
growth rate was slower. For samples adsorbed at different times, the
weight of RB-H-10, RB-H-30, RB-H-60 and RB-H-180 increased by
7.35%, 8.27%, 8.75% and 9.19%, respectively. As the adsorption time
increased, the weight increase rate slowed down. This indicates that
biochar has a good adsorption capacity for water and can be saturated
under long-term adsorption. Fig. 3(a) shows the O2-TPD curves under
different O2 adsorption time. There was a desorption peak in the bio-
char after oxygen adsorption at 30 °C to 130 °C. This peak was attrib-
uted to the release of oxygen adsorbed on the surface of the biochar
[22–25]. Moreover, as the time for oxygen adsorption increased from
10 min to 180 min, the area of the desorption peak increased from 76.9
to 140.4. According to Fig. 3(b), the weight of the biochar increased by
0.34% after 10 min of oxygen adsorption. The weight of biochar in-
creased from 0.34% to 0.54% when the adsorption time was increased
from 10 min to 180 min. This shows that biochar has oxygen adsorption
capacity at room temperature, and it has a significant release peak at
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Fig. 1. The schematic of modification device.

Table 1

Details of the modified sample.

Name H2O O2 Adsorption Time (min) Plasma treatment

10 30 60 180

RB – – – – – – –

RB-H-10 √ – √ – – – √

RB-H-30 √ – – √ – – √

RB-H-60 √ – – – √ – √

RB-H-180 √ – – – – √ √

RB-H-180-NP √ – – – – √ –

RB-O-10 – √ √ – – – √

RB-O-30 – √ – √ – – √

RB-O-60 – √ – – √ – √

RB-O-180 – √ – – – √ √

RB-O-180-NP – √ – – – √ –
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Fig. 2. H2O-TG curves under different H2O adsorption time.
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around 100 °C. This provides a good basis for the storage of oxygen in
biochar.

In summary, biochar has an adsorption capacity for both water and
oxygen. Under normal storage, biochar easily absorbs 21% of the
oxygen in the air or the water with varying concentrations. The pre-
sence of water and oxygen in the biochar can provide a source of
oxygen for plasma modification to form oxygen-containing functional
groups.

3.2. Adsorption performance

The mercury removal effect is shown in Fig. 4. The initial efficiency
of mercury removal from RB was about 5.7%. The H2O-adsorbed bio-
char after plasma modification exhibited inhibited mercury removal.
The initial efficiency of the modified sample adsorbed for 10 min of

water decreased slightly from 5.6% to 5.3%. As the time to adsorb
water increased from 10 min to 180 min, the initial efficiency decreased
from 5.3% to 2.6%. All samples modified with adsorbed water showed
the inhibition of mercury removal. This inhibition may come from two
sources. One is due to the etching effect of the plasma on the biochar,
which leads to a decrease in the adsorption performance of the biochar
[9,26]. The plasma has high energy that bombards the surface of the
material. This causes an etching phenomenon. The other is that a high
water concentration will occupy the adsorption sites of the biochar
surface and reduce the amount of mercury adsorbed. The mercury re-
moval efficiency of RB-H-180-NP was 1.5% lower than that of RB-H-
180. This indicates that plasma modification is promoted for the mer-
cury removal performance of the sample. The oxygen-containing
functional groups generated by the H2O plasma may compensate for the
inhibition of mercury removal.

For O2-adsorbed biochar, initial efficiency decreased from 5.6% to
2.8% after 10 min of oxygen adsorption. However, as the oxygen ad-
sorption time increased, its efficiency was gradually enhanced. When
the oxygen adsorption time was increased from 10 min to 180 min, the
efficiency increased from 2.8% to 8.3%. The decrease in efficiency of
oxygen adsorption for 10 min could be due to structural etching of the
biochar by the plasma. Moreover, the adsorption of oxygen promoted
the sintering of the biochar surface in the plasma environment.
Therefore, changes in the biochar structure resulted in a decrease in the
active sites for mercury removal. When the oxygen adsorption time was
prolonged, the amount of oxygen adsorbed on the biochar also in-
creased, and more functional groups were formed under the plasma
environment. The structural change caused by the plasma was com-
pensated for as the number of oxygen-containing functional groups
increased. Compared to RB-O-10, the efficiency reduction of RB-H-10
was not obvious. This may be due to the fact that the surface after
adsorption of oxygen promoted sintering under plasma. Water may
have a certain cooling effect. Similar to the sample adsorbed by water,
the mercury removal efficiency of RB-O-180-NP was 3.4% lower than
that of RB-O-180. This also suggests that plasma is a factor in improving
the performance of mercury removal.

3.3. Hg-TPD analysis

Five samples, i.e. RB, RB-O-180-NP, RB-O-180, RB-H-180-NP and
RB-H-180, were selected for Hg-TPD. This was to investigate the mor-
phological changes of adsorbed Hg in biochar before and after mod-
ification. The TPD results are shown in Fig. 5. For RB, the TPD curve
only showed a peak around 210 °C. This was attributed to the physical
adsorption of Hg0 [27,28]. This indicates that the adsorption of mer-
cury by unmodified biochar (RB) was mainly via physical adsorption.
For RB-H-180-NP, the desorption peak of TPD was also only the phy-
sically adsorbed Hg0. However, the peak intensity was lower than RB,
which indicated that water treated biochar decreased the mercury
capture efficiency. This may have been because the water molecules
occupied mercury adsorption active sites on the surface of the biochar
and caused the reduction in efficiency without plasma treatment. The
mercury desorption peak (RB-H-180) had a shoulder around 300 °C in
the case of water and plasma treatment. Thus, the mercury desorption
peak contained two subgroup peaks. The blue curve represents ele-
mental mercury and the orange curve represents oxidised mercury at a
higher temperature. The peak at 300 °C represents HgO formed by the
combination of oxygen-containing functional groups and Hg0 [29,30].
Therefore, after the water on the biochar was subjected to plasma
treatment, oxygen-containing functional groups were formed on the
surface of the biochar, such that Hg0 could be oxidised.

For RB-O-180-NP, two mercury species appeared on the TPD curve.
The blue curve at the lower temperature is Hg0. The orange and green
curves are HgO. Interestingly, the peak of HgO appeared in the tem-
perature range of 400–550 °C [27,31]. Moreover, the peak of HgO was
present in two adjacent peaks. The HgO peak in this temperature range
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was formed by the oxidation of Hg0 by oxygen adsorbed on the surface
of the biochar [32]. Since HgO has two different lattice forms, there
were two adjacent release peaks. For RB-O-180, the HgO peak in the
high temperature range did not appear. Instead, a HgO peak at 300 °C
appeared. This indicates that oxygen-containing functional groups were
formed on the oxygen adsorbed biochar after plasma treatment, thereby
oxidising Hg0. The adsorbed oxygen was decomposed into oxygen-
containing radicals after plasma treatment, and combined with biochar
to form oxygen-containing functional groups. The HgO release peaks at
two different temperatures also indicate the difficulty of mercury oxi-
dation. The two different peak curves may be due to the different
binding energies of elemental mercury with biochar to cause the dif-
ferential formation of oxidised mercury. A low temperature release
peak means less binding energy. This indicates that the oxygen-con-
taining functional groups preferentially oxidised mercury, not the
physically adsorbed oxygen. Therefore, the oxygen-containing func-
tional groups that formed after plasma treatment improved the mercury
removal efficiency of the biochar.

In general, for samples that were treated with plasma after H2O and
O2 adsorption (RB-H-180 and RB-O-180), the peak of oxidation of Hg0

by the oxygen-containing functional group appeared at 300 °C. At the
same time, the desorption peak of Hg0 slightly shifted to a high tem-
perature range. This was due to the fact that the coexistence of two
forms of mercury caused the desorption temperature to shift [29]. It
suggests that, after the modification, oxygen-containing functional
groups were generated on the biochar, thereby oxidising Hg0 to HgO.
This phenomenon is the same as that found in the Cl2 and H2S plasmas.
In our previous studies, Hg-TPD of H2S and Cl2 plasma (non-oxygen
atmosphere) modified samples also showed peaks of HgO at 300 °C [8].
Therefore, the physical adsorption of water and oxygen in biochar can
increase the ability to oxidise mercury after plasma modification.

3.4. XPS analysis

For XPS, the area of binding energy between 282 and 291 eV is
attributed to C1s. As shown in Fig. 6, four different peaks appear on the
XPS results. The four peaks are located at 284.7, 285.4, 287.0 and
288.8 eV, which correspond to C–C, C–O, C]O and O–C]O, respec-
tively [12,33–37]. The proportion of each peak area is shown in
Table 2. For RB, the area of the C–C peak was the largest, accounting for
56.9% of the total area, and the proportion of all oxygen-containing
functional groups was 43.1%. For RB after water or oxygen absorption,
the ratio of C–C to oxygen-containing functional groups hardly
changed. The proportion of the C–C peaks of RB-H-180-NP and RB-O-
180-NP was maintained at 55.6% and 56.7%, respectively. This in-
dicates that the amount of oxygen-containing functional groups on the
surface of biochar did not increase after simply adsorbing water and
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oxygen. Water and oxygen are only physically adsorbed on the surface
of the biochar. The absence of an increase in oxygen-containing func-
tional groups resulted in the inability to oxidise Hg, which is consistent
with the TPD results.

However, for the plasma-modified samples (RB-H-180 and RB-O-
180), the oxygen-containing functional groups varied greatly. The peak
proportions of C–C of RB-H-180 and RB-O-180 were 33.3% and 43.9%,
respectively. Compared with RB, the proportion of C–C decreased by
23.6% and 13.0%, separately. A decrease in the proportion of C–C in-
dicates an increase in oxygen-containing functional groups. This means
that after plasma treatment, water and oxygen can combine with bio-
char to form oxygen-containing functional groups. For RB-H-180, the
proportion of the three oxygen-containing functional groups all in-
creased. The ratios of C–O, C]O and O–C]O increased by 17.0%,
5.3% and 1.3%, respectively. For RB-O-180, only the proportion of C–O
and C]O increased by 12.8% and 0.4%. The proportion of O–C]O
hardly changed. Therefore, water and oxygen are different in the
plasma environment for the formation of oxygen-containing functional
groups on biochar. In a plasma environment, water forms three func-
tional groups, i.e. C–O, C]O and O–C]O, on the surface of biochar,
while oxygen can only form two oxygen-containing functional groups
(C–O, C]O). This provides a basis for distinguishing the effects of

water and oxygen on the oxygen-containing functional groups of bio-
char under plasma. From the TPD results, it was found that the sample
after plasma treatment showed a peak of HgO at 300 °C. This indicates
that the oxygen-containing functional group formed under plasma
oxidised Hg0. It is necessary to investigate which functional groups
oxidised Hg0 to determine the mechanism. Therefore, the XPS of RB-H-
180 and RB-O-180 after Hg0 adsorption was also tested. The two
samples after adsorption of Hg0 were designated RB-H-180 used and
RB-O-180 used, respectively. For RB-H-180 used, C–O, C]O and O–C]
O were consumed by 29.0%, 3.8%, and 1.8%, respectively. The RB-O-
180 used only reduced the proportion of C–O by 13%. Therefore, the
oxygen-containing functional groups formed by water and oxygen after
plasma treatment were also inconsistent with respect to the oxidation
characteristics of Hg0.

In daily storage, biochar is inevitably exposed to the air. Based on
the previous H2O-TG and O2-TPD results, biochar has the ability to
adsorb water and oxygen from the air. Many experimental samples are
used after a period of storage. Such samples undergo a change in
oxygen-containing functional groups after plasma treatment. However,
the dominant position of the adsorbed water and oxygen species to
generate oxygen-containing functional groups under the plasma needs
to be determined. RB stored for one month was subjected to N2-plasma

Table 2

The data of XPS analysis of C1s for samples.

Position (eV) Area of samples (%)

RB RB-N-1M RB-H-180 RB-O-180 RB-H-180 used RB-O-180 used RB-H-180-NP RB-O-180-NP

284.7(C–C) 56.9 49.6 33.3 43.9 67.8 56.3 55.6 56.7
285.4 (C–O) 33.7 40.9 50.7 46.5 21.7 33.5 32.7 29.8
287.0 (C]O) 6.8 7.4 12.1 7.2 8.3 7.3 8.8 7.6
288.8(O–C]O) 2.6 2.1 3.9 2.3 2.1 2.9 2.9 5.9
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treatment. The obtained sample was designated RB-N-1M. The XPS
results of RB-N-1M are shown in Fig. 6 and Table 2. Compared to RB,
the proportion of the two oxygen-containing functional groups of RB-N-
1M was increased; one was C–O and the other was C]O. The propor-
tion of C–O and C]O increased by 7.2% and 0.6%, respectively. The
change in the oxygen-containing functional groups of RB-N-1M was
similar to that of RB-O-180. The proportion of O–C]O in both did not
increase. Therefore, it can be speculated that the oxygen adsorbed in
the storage process dominates the formation of oxygen-containing
functional groups under plasma treatment.

3.5. FTIR analysis

The specific generated oxygen-containing functional groups need to
be revealed by FTIR. The FTIR results are shown in Fig. 7. The infrared
spectra of three samples, i.e. RB, RB-H-180 and RB-O-180, are shown in
Fig. 7(a). The peak at 1050 cm−1 is attributed to stretching vibration of
Si-O of silicone. The peak at 3448 cm−1 is attributed to the expansion
and contraction of liquid water [38–40]. As shown in Fig. 7(b), the
spectra of RB-H-180 and RB-O-180 changed from 4000 to 3000 cm−1

compared with RB. For RB-H-180, a new peak appeared at 3300 cm−1.
This peak corresponds to the O–H stretching of the phenolic hydroxyl
group [41,42]. For RB-O-180, the peak appearing at 3380 cm−1 cor-
responds to the O–H stretching of the alcoholic hydroxyl group [43]. It
can be seen that the C-O formed on the biochar after the plasma
treatment of water and oxygen belongs to different functional groups.
As shown in Fig. 7(c), the peak intensities of RB-H-180 and RH-O-180 at
1645 cm−1 were stronger than those of RB. The peak at 1645 cm−1

corresponds to the C]O stretching of benzoquinone [39,41,44].
Therefore, the C]O generated on RB-H-180 and RB-O-180 should be-
long to benzoquinone. As shown in Fig. 7(d), only the peak shape of RB-
H-180 had changed. The peak in the range of 1500 cm−1 to 1400 cm−1

differentiated into two peaks. The peak at 1430 cm−1 is in-plane
bending vibrations of the C–OH of the carboxylic acid [41,45,46].
Combined with the XPS results, the O–C]O structure formed by RB-H-
180 should be attributed to carboxylic acid.

3.6. Mechanistic analysis

From the above characterisation results, the oxygen-containing
functional groups formed by the water and oxygen adsorbed in the
biochar in plasma environment and the oxidation characteristics of the
generated oxygen-containing functional groups to Hg0 can be obtained.

First, the water physically adsorbed on the biochar is dissociated
into active groups such as O*, OH*, H* under the action of plasma.
Then, OH* is combined with C on the biochar benzene ring to form a
phenolic hydroxyl group. OH* can also be formed by recombination of
O* and H*. Benzoquinone is obtained by combining O* with C on the
benzene ring. The source of the carboxyl group may be that O* and OH*
bind to the C atom at the same time. In the adsorption experiment of
mercury, Hg0 is oxidised by these generated oxygen-containing func-
tional groups to form HgO. Therefore, the process of water forming
oxygen-containing functional groups on biochar in a plasma environ-
ment and the oxidation process of the obtained oxygen-containing
functional group to Hg0 can be expressed by the following equation.

→ ∗ + ∗ + ∗H O H O OH2 3
Plasma

2 (ad) (2)

∗ + ∗ → ∗H O OH
Plasma

(3)

(4)

(5)

(6)

− + ∗ + ∗ → −C O OH COOH
Plasma

(7)

+ →Hg Biochar Hg
g ad( )
0

( )
0

(8)

(9)

(10)

− + → − + ∗COOH COOHg HHg
ad( )
0

(11)

The oxygen adsorbed on the biochar is decomposed into active
groups such as O* under the action of plasma. The C–H bond on the
carbon surface is broken by the plasma, which releases H*. The C atom
on the biochar combines with O* and H* to form an alcoholic hydroxyl.
At the same time, O* also combines with the C atom on the benzene
ring to form benzoquinone. According to the XPS results, the RB-O-180
mercury removal process consumes only C-O. Therefore, only the al-
coholic hydroxyl group oxidises Hg0 during the mercury removal pro-
cess. Therefore, the process of oxygen forming oxygen-containing
functional groups on biochar in a plasma environment and the oxida-
tion process of the obtained oxygen-containing functional group to Hg0

can be expressed by the following equation.

→ ∗OO 2
Plasma

2(ad) (12)

− − → − + ∗C H C H
Plasma

(13)

− + ∗ + ∗ → −C O H COH
Plasma

(14)

(15)

+ →Hg Biochar Hg
g ad( )
0

( )
0

(16)
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− + → − + ∗COH Hg COHg H
ad( )
0

(17)

It was found that water and oxygen produce different oxygen-con-
taining functional groups on the surface of biochar in a plasma en-
vironment. Biochar inevitably absorbs water and oxygen from the air in
everyday storage. This provides oxygen for plasma processing.
According to the above results, both water and oxygen form oxygen-
containing functional groups on the surface of the biochar in plasma
environment. Therefore, for samples stored for a period of time, the
dominant position of oxygen or water in the formation of oxygen-
containing functional groups needs to be clarified.

A correlation analysis of the oxygen-containing functional group
growth of RB-H-180 and RB-O-180 with RB-N-1M was carried out. The
results of the correlation analysis are shown in Fig. 8 and Table 3. The
value of the oxygen-containing functional group change in Table 3 was
obtained by subtracting RB from the sample. The results show that the
correlation coefficient between RB-H-180 and RB-N-1M was 0.977 and
the correlation coefficient between RB-O-180 and RB-N-1M was 0.999.
This indicates that the results of RB-O-180 are closer to those of RB
stored for one month. In addition, the proportion of oxygen in the air is
generally about 21.0%, and the proportion of water vapour does not
exceed 0.1% [47]. Biochar is more likely to come into contact with
oxygen in the air. Therefore, in the biochar storage process, the ad-
sorbed oxygen dominates the formation of oxygen-containing func-
tional groups during the plasma treatment. However, the correlation of
RB-H-180 is also quite high. The role of physically adsorbed water in
biochar in the plasma treatment cannot be ignored.

4. Conclusions

In this study, biochar adsorbed water or oxygen for different periods
of time, and the mercury removal efficiency was tested after plasma
treatment. These experiments showed that when too much water ad-
sorbed by biochar, the mercury removal effect of biochar is inhibited.
However, the plasma decomposes water into oxygen-containing free
radicals, and these oxygen-containing free radicals combine with bio-
char to form oxygen-containing functional groups, thereby compen-
sating for the inhibition of mercury removal. For biochar after oxygen

adsorption, the plasma makes the biochar easier to sinter, thereby re-
ducing its mercury removal efficiency. As the time required for ad-
sorbing oxygen becomes longer, the more oxygen is enriched on the
biochar. The abundant physical adsorbed oxygen is dissociated into
oxygen-containing free radicals in a plasma environment. The free ra-
dical combines with biochar to form oxygen-containing functional
groups. The mercury removal efficiency of the biochar increases as the
oxygen adsorption time becomes longer. After plasma treatment, phe-
nolic hydroxyl group, carboxyl group and benzoquinone carbonyl
group are generated on the water adsorbed biochar while alcoholic
hydroxyl group and benzoquinone carbonyl group are formed on the
oxygen adsorbed biochar. The generated oxygen-containing functional
group oxidises Hg0 to HgO. Correlation analysis revealed that the
oxygen adsorbed by the biochar from the air is the main source of
oxygen-containing functional groups generated in a non-oxygen plasma
environment. Therefore, in oxygen-free plasma, the main source of
generated oxygen-containing functional groups on adsorbent is the
oxygen adsorbed by the adsorbent during storage.
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