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ABSTRACT

Biochar, known as a byproduct of biomass pyrolysis, was prepared from rice straw (R6), tobacco straw (T6), corn
straw (C6), wheat straw (W6), millet straw (M6), and black bean straw (B6) in high purity nitrogen at 600 °C.
Chlorine (Cl) non-thermal plasma was used to increase Cl active sites on biochar to promote the mercury re-
moval efficiency. The physio-chemical properties of biochar were characterized by proximate analysis, ultimate
analysis, BET, SEM, TGA, FTIR, and XPS. Modification by chlorine plasma increased the Hg0 removal efficiency
of the biochar from around 8.0% to 80.0%. The Hg® adsorption capacity of T6 was 36 times higher after Cl,
plasma modification. Plasma caused the biochar surface to become porous and promoted the thermal stability of
the biochar. Sulfur (S) content remained in the range of 0.5-0.7%, elemental/organic sulfur and sulfide were
converted to sulfate during plasma treatment. The relative intensity of the oxygen functional groups (C—O, C=0
and C(0)—0—C) were enhanced, while the content of oxygen (O) in biochar decreased. The main reason for the
improved mercury removal efficiency by modified biochars was attributed to the increased number of C—Cl
groups on the surface of the biochars induced by Cl, plasma. The C—Cl groups functioned as activated sites and
promoted the Hg® removal efficiency.

1. Introduction

ecosystem. There are three main forms of mercury [1]: elemental
mercury (Hg?), particulate-bound mercury (HgP), and oxidized mercury

Mercury has received more and more attention because it is a (Hg?*). Hg® is of high concern owing to its low reactivity, low melting
human health hazard and because it can bioaccumulate in the point and low water solubility. Numerous methods have been
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developed to control Hg® emission including photochemical oxidation
[2,3], sorbent adsorption [4-6], and non-thermal plasma [7-9]. Acti-
vated carbon (AC) sorbents have been used for capturing Hg® in coal-
fired power plants [10], but its high cost limits full-scale applications.
Biochar, made from pyrolyzed agricultural waste in an oxygen-free
environment, is a byproduct of biomass pyrolysis. Biochar costs less and
is relatively simple to prepare, so it an attractive alternative sorbent.
Previous research indicates that the Hg® removal efficiency of raw
biochar is only 1.2% [11]. The adsorption capacity of Hg® to com-
mercial activated carbons is approximately 2-3 orders of magnitude
stronger than unactivated biochar [12]. Therefore, many researchers
aim to improve the adsorption capacity of biochar by physical or che-
mical modification techniques.

The physical modification technique mainly changes the pore
structure such as specific surface area, pore volume and pore size of the
biochar by heating [4,12,13], microwave [14,15], and ultrasonic [16].
Shu et al. [4] reported that steam heating activation increased the
specific surface area and pore volume, enhancing mercury adsorption
capacity from 5.07 to 8.76 ug/g. Li et al. [14] showed that the initial
Hg® removal efficiency of biochar increased from 35.1% to 50.2% after
microwave activation.

Chemical modification techniques mainly include acid [17-20],
alkali [21,22], sulfur (S) [22,23], and halogen (Cl, Br, I) [24-27]
modification. Chemical modification increases active functional groups
on the surface of biochar, improving the chemical adsorption of mer-
cury. It was reported that Hg® adsorption capacity reached 6067 ug/g in
700 h [18] and removal efficiency was more than 95% [19] using hy-
drochloric acid-modified biochar. Hg® adsorption capacity increased
from 730 ug/g to 956 ug/g after NaOH activation [21]. Mercury re-
moval efficiency of KOH and Na,S modified biochar also increased by
32% and 77% [22], respectively. Tan et al. [20,26,27] also discussed
the effect of H,0,, ZnCl,, FeCls;, NH3, H,0, and HNO5 modification on
Hg® adsorption by biochar. Li et al. [14] demonstrated that Hg® re-
moval efficiency of chemically modified biochar was about 2-3 times
higher than physically modified biochar. However, chemical mod-
ification is complex, time-consuming, and the added element could
leach from the biochar and cause a pollution problem. The modification
process will be more feasible if a simple, time-saving and efficient
method is developed.

Non-thermal plasma produces energetic electrons, ions and active
radicals that improve the pore structure of sorbent and increase the
active functional groups on the surface of sorbent [28-31]. Zhang et al.
[32,33] indicated that the removal efficiency of mercury with original
AC was 56.3%. While the removal efficiency of mercury with air
plasma-modified AC and Cl, plasma-modified AC was 80% and 96%,
respectively. Pure N, plasma modification, however, decreased the
mercury removal performance. Zhang et al. [34] found that the average
Hg® removal efficiency of modified sorbent with O, plasma was about
2-3 times higher than that of raw sorbent. However, few studies have
used non-thermal plasma techniques to increase the chlorine active
sites on biochar to improve mercury removal.

In this paper, six raw materials, rice straw, tobacco straw, corn
straw, wheat straw, millet straw, and black bean straw were pyrolyzed
in high purity nitrogen to produce biochar. Dielectric barrier discharge
(DBD) plasma was used to modify biochar in chlorine gas (Cl,), and the
effect of Cl, plasma modification on Hg® removal by different biochars
were investigated.  Proximate analysis, ultimate analysis,
Brunauer-Emmett-Teller (BET), scanning electron microscope (SEM),
thermogravimetric analysis (TGA), fourier transform infrared spectro-
scopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were con-
ducted to reveal possible Hg® adsorption properties and mechanisms
using modified biochar.
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Fig. 1. Schematic diagram for preparation of biochar.
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2. Materials and methods
2.1. Preparation of biochar

The raw materials for the biochar come from different regions in
China. Corn straw, millet straw, wheat straw, and black bean straw
were collected from the Shaanxi province. Rice straw was from the
Anhui province and the tobacco straw came from the Henan province.
The straws were washed by deionized water 3 times to remove im-
purities, and then dried at 110 °C for 24 h. The washed samples were
ground using a ball mill and sieved between 100 and 200 mesh. The
preparation process is shown in Fig. 1. Ten grams samples were
wrapped in a copper mesh (200 mesh) and placed in the center of re-
actor 2 then heated by an electrical furnace. The length of the heating
element was 50 cm, to minimize axial temperature differences in
samples. In reactor 1, the copper mesh was used to remove the trace
oxygen in the high purity nitrogen at 500 °C, ensuring the purity of the
biochar [16]. The flow rate of N, was controlled at 300 mL/min by
mass flow controllers (MFCs). Furnace 2 was set to 600 °C at 10 °C/min
and held for 1h, then naturally cooled down to room temperature in
high purity nitrogen. After the pyrolysis process, the biochars of rice
straw, tobacco straw, corn straw, wheat straw, millet straw, and black
bean straw were denoted as R6, T6, C6, W6, M6, and B6, respectively.

2.2. Modification of biochar by plasma

As shown in Fig. 2, 0.3 g biochar was loaded in a DBD plasma re-
actor and that was sealed with high-vacuum silicon grease. One percent
Cl, (N, as balance) was introduced into the reactor at 100 mL/min and
the biochar was modified by Cl, plasma for 5 min. Nitrogen was in-
troduced into reactor to purge the residual Cl, at 600 mL/min for 5 min
after plasma modification. The modified biochars were named as R6Cl
and T6Cl, C6Cl, W6Cl, M6Cl and B6Cl, respectively. The DBD reactor
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Fig. 2. Schematic of non-thermal plasma modification.
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consisted of two quartz plates with a thickness of 3 mm and a diameter
of 70 mm. The electrodes were stainless steel with a diameter of 50 mm.
The gas gap between the two quartz plates is 8 mm. The plasma was
created by an alternating power current with a frequency of 10 kHz.
The peak voltage was within 0-30 kV and the measured capacitance
was 0.14 pF. An oscilloscope (Rigol DS1202CA) was used to determine
the discharge power that was calculated from Lissajous figure. The
discharge power of modification was 23 W.

2.3. Mercury adsorption experiment

The Hg® adsorption apparatus is shown in Fig. 3. It consists of a
mercury vapor generating system, a fixed-bed adsorption system and a
mercury Continuous Emission Monitor (CEM) system. The CEM system
can measure the online elemental mercury concentration every 5 min.
Elemental mercury vapor was supplied using the mercury source-PSA
10.536 Cavkit at a fixed temperature of 40 °C. Compressed air with a
pressure of 0.2 Mpa was used as the carrier gas to transport Hg®. A mass
flow controller (MFC1) in the PAS Cavkit was used to transport Hg°
vapor from the Hg reservoir, and the MFC2 regulated the dilution air.
Total gas flow into the adsorption system was controlled at 2 L/min and
the initial concentration of Hg® was set at 20 pg/m>. A fixed-bed reactor
was placed in a temperature-controlled oven. The temperature inside
the oven was fixed at 150 °C. The fixed-bed reactor was a quartz tube
with a length of 250 mm and an inner diameter of 6 mm. Approxi-
mately 0.05 g of sorbent was packed into the reactor and quartz cotton
was used to keep the sorbent stationary. Heat tracing pipe, set at 140 °C,
was used to prevent the Hg® from condensing. The outlet concentration
of Hg® was continuously measured by the CEM system. The Hg° re-
moval efficiency (n) was calculated by Eq. (1):

Cin @

Cin and C,y are Hg® concentrations at the inlet and outlet of the ad-
sorption system, respectively.

The adsorption capacity per unit quality of sorbent was calculated
by Eq. (2):

Q t
q = ; ./0. (Cin,O_Cout,t)dt )
where q; is adsorption capacity per unit quality of sorbent at t min (ug/
), Q is flow rate of gas (L/min), m is the mass of the sorbent (g), Cin ¢ is

the inlet Hg0 concentration (ug/m3), and Coyu ¢ is outlet Hg0 con-
centration at t min (ug/m>).

2.4. Biochar characterization

Carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) content was
measured using an EA3000 elemental analyzer. Moisture, ash and
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Carbon trap

volatile matter content was measured using a LECO TGA701S4C.
Analyses were completed in triplicate and the averages of the results
were used. Biochars were analyzed using a Hitachi S4800 Scanning
electron microscope (SEM). The thermal stability of the biochars was
analyzed using a thermogravimetric analyzer (TAQ600). Ten milli-
grams of sample were used in the pyrolysis process, and then the
samples were heated to 800 °C at 20 °C/min in high purity N,. The
specific surface area was measured using a nitrogen adsorption/deso-
rption method at —196 °C on a Quantachrome Autosorb-iq-MP. The
surface functional groups of the biochars were identified using Fourier
transform infrared (FTIR) spectroscopy (PerkinElmer). Approximately
0.5 mg of biochar was mixed with 100 mg of KBr to make sample discs.
The instrument was operated using a scan range of 4000-400 cm ™. A
PHI quantera SXM X-ray photoelectron spectroscopy (XPS) system was
used to analyze the elemental states of C, O and Cl on the surface of the
biochars.

3. Results and discussion
3.1. Mercury adsorption performance of raw biochars

A fixed bed system, shown in Fig. 4, was used to determine the Hg°®
removal efficiency and adsorption capacity of the six biochars. The Hg®
removal efficiencies of the original biochars were less than 10.0%, ex-
hibiting similar and poor Hg® adsorption performance. Initial removal
efficiencies for R6 and T6 were 8.2%, but after 90 min, efficiencies
decreased rapidly to 0% and 2.1% for R6 and T6, respectively. Ad-
sorption capacities after 90 min were 16.1, 7.3, 3.2, 1.2, 0.9, and
0.3 ug/g for T6, R6, B6, W6, C6, and M6, respectively.

3.2. Effect of Cl, plasma modification on Hg® adsorption performance

As shown in Fig. 5, Cl, plasma modification has a positive influence
on the Hg® removal efficiency of the six biochars. The initial Hg® re-
moval efficiencies of R6Cl, T6Cl, C6Cl, W6Cl, M6Cl, and B6Cl were
83.9%, 84.2%, 42.7%, 52.7%, 81.1% and 5.3%, respectively. Modified
tobacco biochar (T6CI) had the best Hg® adsorption performance. The
initial Hg® removal efficiency of T6Cl was almost 10 times higher than
that of tobacco biochar without plasma modification (T6). After 90 min,
the Hg® removal efficiency of T6Cl was still 55.8%. The T6Cl biochar
had an adsorption capacity of 583.0 ng/g. R6Cl and M6CI had similar
adsorption capacities at 445.1 and 444.3 pg/g, respectively. The ad-
sorption capacity of T6 was 36 times higher after Cl, plasma mod-
ification. The adsorption capacity of modified wheat (W6Cl) and corn
(C6CI) biochar increased to 217.6 and 150.8 pg/g, respectively. The Cl,
plasma modification did not greatly improve the Hg® adsorption ca-
pacity of the black bean biochar (B6). The adsorption capacity only
increased from 3.2 ng/g to12.6 ng/g after modification.
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Fig. 5. Hg® removal efficiency and adsorption capacity of modified biochars.
Table 1
Properties of raw and modified biochars.
Sample Proximate analysis (Wt%) Ultimate analysis (wt%) Sger (M?/g)
Moisture Volatile matter Ash Fixed carbon C N H S o?
R6 4.7 9.3 40.2 45.8 47.8 0.6 0.6 0.5 10.3 17.4
T6 5.7 15.8 39.8 38.7 42.3 1.5 0.9 0.5 15.0 8.2
(€9 5.8 12.9 22.6 58.7 47.9 2.2 1.0 0.7 25.6 10.9
w6 6.0 12.4 22.7 58.9 65.3 0.4 0.9 0.7 10.0 15.9
M6 5.0 12.8 32.9 49.3 56.8 0.9 1.2 0.6 7.6 63.8
B6 4.6 18.5 28.5 48.4 59.5 21 0.9 0.6 8.4 6.3
R6CI 4.9 9.3 39.4 46.4 55.6 0.7 1.0 0.6 2.7 335
T6ClL 7.2 14.9 39.9 38.0 43.5 1.3 0.8 0.7 13.8 6.2
C6Cl 6.2 11.8 22.8 59.2 63.1 2.2 0.7 0.7 10.5 26.6
W6ClL 6.3 11.2 22.5 60.0 67.0 <0.1 0.5 0.7 9.3 21.9
M6C1 6.1 11.7 32.4 49.8 64.2 0.5 0.8 0.7 1.4 31.9
B6Cl 4.9 18.3 27.8 49.0 61.1 1.3 1.2 0.7 7.9 6.1

20=100 - (C+ N+ H+ S + Ash).
3.3. Microstructure and composition of biochar

Table 1 shows the proximate analysis, ultimate analysis, and surface
area of the six raw and modified biochars. The results show that the six
raw biochars have similar basic properties. The carbon content of the
six raw biochars was in the range of 42.3-65.3 wt%. Biochars R6 and
T6 had lower carbon percentages (47.8% and 42.3%) and higher ash
percentages (39.8% and 40.2%). Minerals, such as calcium and iron, in
the ash can act as a catalyst to promote the oxidation of elemental
mercury to oxidized mercury [35,36]. This may explain why tobacco
and rice had the best mercury capturing capability. The B6 and T6
volatile matter percentages were 18.5% and 15.8%, respectively. The
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sulfur percentages of the six raw biochars were in the range of
0.5-0.7%, with C6 and W6 having the highest sulfur content. The C6
biochar had the highest oxygen content, 25.6%. The R6 and T6 biochars
also had relatively high oxygen percentages. The surface area of all the
raw samples ranged from 6.3 to 63.8 m?/g. The T6 biochar had a poor
surface area of 8.2 m?/g. The Cl, plasma modification increased the
carbon content of the biochars. Increased carbon content will improve
the mercury adsorption capacity of the modified biochar. The oxygen
content in M6Cl, C6Cl, W6Cl, R6Cl, B6CL, and T6Cl decreased by 6.2%,
15.1%, 0.7%, 7.6%, 0.5%, and 1.2%, respectively. This is mainly due to
the increase in carbon content in the modified biochar because the
oxygen content is calculated by difference.



T. Wang et al. Chemical Engineering Journal 331 (2018) 536-544

Fig. 6. SEM images of R6 (a); R6Cl (b); T6 (c); T6CI (d); C6 (e); C6Cl (£); W6 (8);
W6CI (h); M6 (i); M6CI (j); B6 (k); B6CL (1).

The effect of plasma modification on the specific surface area of the plasma on surface morphologies of six biochars are shown in Fig. 6(a)-
six biochars was different. Plasma increased the specific surface area of (1). The surface textures of biochars were dense, undulating, compact
R6, C6, and W6, and decreased the surface area of T6, M6 and B6. The and irregular due to the devolatilization. The surface texture of mod-
Hg® adsorption capacity of T6Cl and M6CI increased. Therefore, phy- ified biochars were more porous and loose and the particles size on
sical adsorption was not a key factor in Hg® removal. The influence of modified biochars were divided into small pieces due to plasma etching
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Fig. 8. The FTIR spectra of biochars.

effects. This was ascribed to the destruction of biochar by energetic
electrons and active free radicals in the plasma system.

3.4. Effect of plasma on thermal properties of biochars

Thermogravimetric analysis in air was used to evaluate the thermal
properties of raw and modified biochars, as shown in Fig. 7(a)-(b). Two
weight losses were observed for both raw and modified biochars. The
first mass loss is attributed to moisture loss and occurs between 30 and
150 °C. The biggest weight loss is attributed to the combustion of fixed
carbon at 300-550 °C. The combustion temperature for modified bio-
chars increased to 350-600 °C. The analysis indicated the stability of
modified biochars increased by about 50 °C compared with raw bio-
chars, and that modified biochars can be safely used below 350 °C.
Samples R6, T6, C6, W6, M6, and B6 had residual weights of 40.9%,
37.6%, 19.7%, 23.7%, 35.4% and 28.2%, respectively. The weight re-
maining at 730 °C was attributed to the ash, which is consistent with
the proximate analysis data in Table 1.

3.5. FTIR analysis

Fig. 8 shows the FTIR spectra of six biochars before and after
modification. The wide adsorption peak at about 1438 and 1563 cm ™!
represent the C=O stretching, which is attributed to various oxygen
functional groups, such as ester, carboxyl and anhydride. The peak at
around 1090 cm ! is attributed to C—O bending. The adsorption peaks
at about 875cm™ ' in the T6Cl and M6CI samples are attributed to
C—N. This could be because N, was the balance gas. The N, dissociated
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into N atoms in the plasma system and then N atoms attached to the
surface of the biochar to form C—N. The peaks at 799, 477 and
468 cm™! in the FTIR spectra of samples R6Cl, T6Cl and M6CI re-
present the stretching vibration of C—Cl [37,38]. Shu et al. [4] in-
dicated that the absorption peaks of ClI-C—Cl groups also appear at
1090 cm!, which overlap with the C—O peak. The intensity of the peak
at 1090 cm ™! was larger for R6Cl, T6Cl and M6CL. It was concluded
that the Cl, plasma increased the number of C—Cl groups on the biochar
surface, especially for R6Cl, T6Cl, and M6CI. The data is consistent with
the results of Hg® removal by modified biochars. R6Cl, T6Cl, and M6CI
have the best adsorptive activity for mercury of the six sorbents.

3.6. Modification and adsorption mechanism via XPS analysis

Samples were analyzed by XPS to explore the mechanism of Hg®
adsorption and determine the chemical states present in biochar. The
XPS spectra of R6, T6, R6Cl, T6Cl, used R6Cl, and used T6Cl samples
are shown in Fig. 9. The XPS spectra contained Cy, Clyp and Sy, peaks.
The relative intensity of the C, O, and Cl functional groups were sum-
marized in Table 2. As shown in Fig. 9(a) and (b), the C;; spectra of R6,
T6, R6CI, and T6Cl can be divided into four peaks. The low peak in the
range of 283.9-284.0 eV corresponding to C—C, the binding energy
peak at 285.2 eV corresponding to C—O, and the peaks located at
286.9-287.0 eV and 288.6-288.7 eV corresponding to C=0 and C(O)
—0—C, respectively. The C—C group intensity of R6 and T6 was 83.8%
and 88.7%, which decreased to 74.4% and 79.2% after Cl, plasma
modification, respectively. However, the plasma treatment enhanced
the relative intensity of the oxygen functional groups like C—O (ester,
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0

(ester groups). Zhang et al. [32-34] indicated that increasing chemical absorption process. The C=0 and C(O)—0O—C groups of R6 were 1.9%
adsorption active sites of sorbent were more effective than improving and 2.9%, which increased to 2.3% and 3.2%, respectively, after che-
the physical structure for Hg® adsorption. They also pointed out that mical modification. After plasma treatment, carbonyl and ester groups
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Table 2
Functional groups determined from XPS spectra.

Functional Binding Relative intensity (%)
groups energy (eV)
R6 R6ClI Used R6Cl T6 T6Cl Used T6Cl

Cc-C 283.9-284.0 83.8 744 - 88.9 792 -
c-0 285.2 11.4 201 - 6.0 131 -
Cc=0 286.9-287.0 19 23 - 15 17 -
C(0)-0-C  288.6-288.7 29 32 - 36 6.0 -
Sulfide 160.3-160.6  28.6 2.7 - 5.6 4.8 -
Elemental/ 162.9-163.3 439 36.7 - 88.6 534 -

organic

sulfur
Sulfate 167.8-168.7 27.5 60.6 - 58 418 -
cl~ 196.9-197.8 60.9 45.1 57.9 545 444 63.6
C—Clypa/3 198.6-199.4 34.1 48.9 35.5 27.6 453 27.5
C—Clap1/2 200.2-2009 5.0 6.0 6.6 179 103 8.9

in T6 also increased from 1.5% and 3.6% to 1.7% and 6.0%, respec-
tively. Lota et al. [39] reported that the intensity of C—O, C=0 C(O)
—0O—C groups was increased by argon plasma. However, XPS spectra
also show that plasma treatment decreased the total oxygen content of
R6 and T6 from 25.7% and 28.1% to 22.3% and 26.6%, respectively.
These results were consistent with the ultimate analysis, especially the
decrease in the oxygen content in R6 from 10.3% to 2.7%, as shown in
Table 1. This indicates that the activity of oxygen functional groups on
Hg® removal by modified biochar was slight and can even be ignored.

Sulfur groups have been shown to promote the removal of Hg®. The
effect of Cl, plasma on Sy, is shown in Fig. 9(c) and (d). The peak at
160.3-160.6 eV corresponds to sulfide, the peak at 162.9-163.3 eV
corresponds to elemental/organic sulfur, and the peak centered at
167.8-168.7 eV corresponds to sulfate. As shown in Table 2, elemental/
organic sulfur was the main component of intrinsic sulfur for raw bio-
char, accounting for 43.9% and 88.6% for R6 and T6, respectively.
After Cl, plasma modification, the content of elemental/organic sulfur
and sulfide decreased, while the sulfate content of R6 Cl and T6 Cl in-
creased to 60.6% and 41.8%, respectively. The sulfide groups could be
oxidized to elemental sulfur, and then the active sites could be oxidizing
Hg0 into HgS [14,40]. Both elemental sulfur and sulfide served as active
sites in the adsorption process in which the Hg® was oxidized to HgS by
S. However, Cl, plasma decreased the content of the elemental sulfur
and sulfide. The enhancement of Hg® removal by Cl, plasma activated
biochars was not related to sulfur groups.

The study aims to generate Cl functional groups on the surface of
biochars by using Cl, plasma. Attached Cl is an important factor for Hg®
adsorption. To better understand the mechanism of modification by Cl,
plasma, Cly, peaks from XPS spectra were used to discuss the evolution
of CI functional groups on the surface of R6 and T6 before and after Cl,
plasma modification in Fig. 9(e) and (f). The results show that Cl con-
tent on the surface of R6 and T6 were 1.5% and 7.8%, which increased
to 6.3% and 10.5% after plasma modification, respectively. Cl,, peaks
were deconvoluted into three components as shown in XPS spectra. The
peak at 196.9-197.8 eV was due to ionic chlorine (Cl ), and the other
two peaks located at 198.6-199.4 eV and 200.2-200.9 eV corresponded
to the C—Cl groups at Clyps/3 and Clypi 2. As shown in Table 2, the
relative intensity of Cl~ for R6Cl and T6Cl decreased to 45.1% and
44.4%, while that of total C—Cl of R6Cl and T6Cl increased to 54.9%
and 55.6%. This indicated that Cl” represented the main part of R6 and
T6, while C—Cl groups dominated on the surface of R6Cl and T6Cl.
Therefore, Cl, plasma increased the number of CI groups on the surface
of biochars. The numbers of C—Cl groups in the R6Cl and T6Cl samples
were 1.4 and 1.2 times higher than the R6 and T6 samples, respectively.
After the Hg® adsorption process, the C—Cl group percentages in the
used R6CI and T6Cl biochars decreased to 42.1% and 36.4%, respec-
tively, as shown in Fig. 9(g) and (h). The relative intensity of Cl~ in
used R6Cl and T6Cl biochars increased to 57.9% and 63.6%,
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respectively. This implies that the C—Cl groups changed into C1~ during
the adsorption process. The C—Cl groups serve as activated sites and
promote chemical adsorption, which oxidizes the Hg® into Hg?* and
then transfers to Cl1~ during Hg® absorption [41,42]. One possible Hg®
adsorption mechanism for Cl, plasma modified biochars can be as-
cribed as follows [14,33,43-45]:

Cl, + plasma — 2Cl

C+ Cl - C—Cl(ad)

Hg%(g) + biochar — Hg%(ad)

Hg’(ad) + 2C—Cl(ad) — 2 C+ HgCl,(ad)
Hg’(ad) + C—Cl(ad) — C+ HgCl(ad)
HgCl(ad) + C—Cl(ad) - C+ HgCl,(ad)

In the plasma system, active electrons collided with chlorine mo-
lecules to produce Cl active radicals, and then attached on the biochar
to form C—Cl groups. The Hg® transferred from the gas phase to the
biochar surface and physically adsorbed onto the biochar. The adsorbed
HgP reacted with the C—Cl groups to form HgCl,.

4. Conclusion

In this study, biochar pyrolysed from six straws were used to in-
vestigate Hg® adsorption. A novel modified method was proposed to
improve CI active sites on biochar by non-thermal plasma for Hg° re-
moval. The Hg® removal efficiency was less than 10.0% by raw bio-
chars, but increased to over 80.0% after modification by Cl, plasma.
The Hg® adsorption capacity of T6Cl was almost 36 times higher than
that of T6. The surface properties of biochars were analyzed by prox-
imate analysis, ultimate analysis, BET, SEM, TGA, FTIR, and XPS. The
results showed that carbon content increased, while the oxygen content
decreased following plasma modification. Plasma increased the specific
surface area of R6, C6 and W6, but decreased that of T6, M6 and B6.
The biochar surface became porous and divided into small pieces by
plasma etching. The combustion temperature of modified biochars in-
creased about 50 °C compared with raw biochars. The relative intensity
of the oxygen functional groups (C—0, C=0, and C(0)—0—C) were
enhanced, and elemental/organic sulfur and sulfide transferred to sul-
fate during plasma treatment. The stretching vibration of C—Cl groups
were obvious on the spectrums of R6Cl, T6Cl, and M6Cl. The numbers
of C—Cl groups for samples R6Cl and T6Cl were 1.4 and 1.2 times
higher, respectively, than the corresponding R6 and T6 samples. After
the Hg® adsorption process, the C—Cl group percentages in the used
R6CI and T6CI biochars decreased to 42.1% and 36.4%, respectively. It
can be concluded that Cl, plasma modification increases the amount of
C—Cl groups on the biochar surface, and that those C—Cl groups serve
as activated sites that increase the Hg® removal efficiency.
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