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Abstract: Magnetic biochar has been proven to be an efficient adsorbent for the removal of elemental mercury (Hg') . However, SO,.
NO and HCI are acid components of the oxyfuel combustion flue gas, and their roles in magnetic biochar removal of Hg’ have not been
determined. By simulating an experimental setup with oxyfuel combustion atmosphere, the effects of acidic gas concentration on the
adsorption and oxidation efficiencies of Hg" at different reaction temperatures, as well as the thermal regeneration cycling performance of
magnetic biochar, were thoroughly investigated. The results showed that 0.4% SO, promoted the adsorption of Hg’ by magnetic biochar
with 93.5% Hg’ removal at 120 °C, but higher concentrations of SO, (>0.4% ) produced an inhibitory effect and promoted the oxidation
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of a small amount of Hg', which partially alleviated the inhibitory effect of SO, on the adsorption of Hg'. Meanwhile, NO shows a similar

pattern in oxyfuel combustion atmosphere. Gaseous HCI is an important accelerator, and the mercury removal rate in the presence of

0.02% HCl is close to 1009%, which counteracts the adverse effects of flue gas components. However, the pattern of action of SO, on Hg’

removal from magnetic biochar at high temperatures was similar to that at 120 °C. At 350 °C, 1.6% SO, inhibited Hg" adsorption even

more, with an adsorption efficiency of only 19.5%, which was lower than the efficiency of Hg’ oxidation, and mainly generated more

oxygen-containing functional groups such as C=0; NO also showed strong inhibition at high temperatures, and the rate of mercury

removal gradually decreased with increasing NO concentration, with the lowest rate dropping to about 50%. It can be seen that high

temperature and high concentration of SO, and NO are unfavorable for magnetic biochar mercury removal. In addition, the magnetic

biochar deactivated by mercury removal has excellent thermal regeneration stability, with about 80% mercury removal efficiency after

thermal regeneration at 450 °C and cycling four times.
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Fig. 1 Fixed-bed reaction system
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Fig. 2 Programmed warming-desorption system

0.045 ~ 0.075 mm. RHAIRBI L, K8 E R Ad
G B 1 TR 0B 10% 1Y FeCly WS WR T, iR
THEDIBEFE 4 he RS, U8, A 105 C BT
BT TR 12 h, 1585 FeCly MIARJE . AR5 1
AR, 78 N, SRR 31T 600 C #4#
B E Wil 0.5 L/min, FH i # % 4 10 °C/min,
{498 60 min, f% /)5 LA 10 C/min B PR HE R T =
W, PAFREEAEYE (MBC) DMEE, A
1.4 FRAEMIK

it XPS il FTIR fF 53 47 e 1z W B 751) 1) £ 2
FAET, TR EBRILEE ., RA X SH4OtH FhE

202

% (XPS) XICEM ST T 041, ARG C s
LA B (284.8 V) NF4SA RESEATAME . SR I

HH-AR 27 A% (FTIR ) % MBC FFE
AT RAE T

2 RWERSITIR

2.1 BRMESEIT RIS B N5
2.1.1 SO, 3Tt R o & H

AR 5B I 04% . 1%, 1.6% 1Y
SO,, MBC 7E45 M s EMABE AU T X He' ALt/
AR REUARFEAR LS (F3) o TEESR

Pk

5 He



2024 4E55 10 4

IR ZEIEAE, B A R AU T IR S A R M A= Wy B R PERE S
100 F : =,
ral - Vg | H) P
80 L i
| = W=
O\G 60 | E 17
"l g
20k

Vs Y LOY OV B OV O O
ﬁ%’ @\e% Q\n% Q\B% Z/é& Q\Q% e\ﬁ% @\e%
Q. (X\ b ‘b‘ /X\ \b
X )7\: X X > X

A A

PR

K3 SO, xt Hg' & M/ A3k & 0 %
Fig. 3 Effect of SO, on adsorption/oxidation efficiency of Hg'
PR, He' MR BEE A SO, IRBUML
R 1 T 2 R AR . YE A BHR R  EOh 1.6%
F, Hg' BB ERCR T 12.5%, AT R H 4R
AR . X A figle: SO, il Hg' 78 MBC M i} 71 5%
TR V5 PR, AP AR S e B B, SR, 78 & U be
AT, RIEIECREBEE A SO, AR 801
e SRS R MR i, Hm A4 SO, Tl
A, MBT2ESRRIMEE D B, EORBER
KN 18%. AN, &3 Hg' B4 AL AT LR 4325 i
SO, Byl . 1HIEA 0.4% SO, if, Hg’ BB R A
BRRE 93.5%, FEJE Hg' B IERIET. AifE
X—G, AT T Hg-TPD 325 DLt — 4 #r
HALHE,

XIEA 0.4% SO, WY& BB SH IB ok IS
() MBC ¥ fify #F 17 Hg-TPD 5256, WA 4 (a) BF
/N o MBC IR B A7 78 2 32 %2 & HgCl, il HgO,
UL C—Cl ZEH A& B RER] (C=0) S EZWM
RIS . AR 408, SO, Fil H,O A7
i, A fefent HgSO, A ™. IR ABIFEIX—H
1w, ¥ MBC 7 = /& L4 % CO, (70% ) 1 0.4%
SO, KU N #EAT i W B -6 Bl 35, A SR 3 B
HgSO, F#fik i, =234 2 L HgCl, 1 HgO o &,
mE 4 (b) FrR . 24 MBC7E & 4 L 2 % H,0
(12%) F1 0.4% SO, T 40T i 47 7K W B i B 5
5, LT HgSOMFFIEE, WK 4 (¢) Fin. i
& R R 7R BRI HLO A SO, fA7E T, A g
it HgSO, WAENL, (BB SO, A4yt —2
T, PIRE T BB 210 HgSO, A4 &, I 7E
MBC W Fff 57 1, i R o Ah, W AT g
H,0 5 SO, HL[AfEH T B4 i H,SOy, o 41 W B
FITRIMEERL 5, AR R AR
2.1.2 NO X il R B % v

)] 23 SO E AR R RS T TEA NO B

0 100 200 300 400 500 600 700
ot B/ C
(a) &4 +0.4% SO, S 4 Rl kAL

500 600 700

JiL BRI FE /C
(b) 70% CO,+0.4% SO,/ T it KAk

. j,'l o i /,f}\_‘
0 100 200 300 400 500 600 700
JBE B 2/ °C
(c) 12% H,0+0.4% SO, itk A1k
E 4 Hg-TPD FLI ¢4
Fig.4 Hg-TPD profiles

MBC BRZCR IRl NO e 8 i 52 B0 538 fin 5 k%
fRmitasy, wiE s (a) B, (EGRAEASCREIRE
& NO R HE Iz #ie T, THESH 02%
NO & AP U, RIVEMICRATIL 8.5%, &
EERMRERAN 252, UE S RREIIA T
NO PRBUS S 3 N 5 F He' 18 MBC 141k,
E— A2 T % He' WM BHI I . AR5
F W, NO BE 76 W B 7] 3% 1w A= B3R M i NO™.
NO; 25, 5 He' RM4s4, (2R Bz,
A = E NO 45 MBC b ik & Ak =,
Y, Fe(NOs), B Fe(NO,); S 1E EY I, i 418 16 7
Prm, WHERAWM . R — %, YR

203



2024 4E55 10

530 %

) O O © @@\ O O ©
s* s S
Q A

Q- X
@@é /@f&» &

(a) NO X Hg® MR P /A8 AL R f 50

NO,-

S5 i

412 4i0 468 466 4éilié% 460 3;8 356 3;4 392
(o) 5 R F S 5 N1 1 XPS
F 5 NO MR M6 % v

Fig. 5 Effect of NO on mercury removal performance
6 350 R B I S 7 W B SR AT NOJT R XPS 4,
KI5 (b) Fran. KIRNE R MBC 7E 401.6 eV 4t
BRI A NO, HEIEIE™ by FaRHEHRE T i,
2.1.3 HCI X i Rt 12 09 %

IR IR AR FR 4388 HCL (0.005% ~ 0.02% ) 7
MBC 7£55 S B SR P U ) He' BRI % IE
5N, B RSCREE HCLARBU M B nm e, 2
. I K i | I (11 W N N i P
HCLTE & FM b AU R i 72 i 3 T8 SRR
M, TE 0.02% HCLAFTE B, oK 1Y I B &0 38 2 3
100%, [RIIHLIHER T & FRRRE AU A FIR 4
7 RIS FIFE ]

2.2 R RZiEE R AR B LN

TER R AR TS, AERIR AR 2 0
B FR058 A 1 R R e . Ry T i — 2 TR A
9%, BT AR A 6] B I B (250, 350 C) R
MBC X Hg" Bk ke e v, I % B840 v I R JEE
T SO, 1 NO Xt MBC iR F5 0

mE 7 s, e S RS, ROV IREE M)

204

%, N N N % N N N
ﬁ%/mcg\gbo °\:2‘O Q\S\O 2/9&4&\;\:2»0 0\&0 n\&o

QQ Q‘Q\ Q-Qq} QQ°) Q-Q\ Q.Q'\/
B . S-S
P I S A

HEIRZS

B 6 HClxf Hg' & /4 (& & ¥ vH
Fig. 6 Effect of HCI on adsorption/oxidation

efficiency of Hg’
100 T
250 C 1350 C =37,
! [ 7.
80 -
60 E
® '
s |
40| :
20 + E

B 7 %@ K BEE T SO, x4t He R M/ A Mk R %
Fig. 7 Effect of SO, on Hg0 adsorption/oxidation efficiency at

higher reaction temperatures

TE, %t Hg” BERRIMHIVE FRGR, 78 350 °C TN
B3, He' TR ER] 53% o4y, Uil i T AE
PRAfT MBC 2 [ —LL 0 B SR R o Bl B AN ] ¥ 2
SO, WTEA, &I Hg' B MEREZ WML, HA
AR ATURAR T, MU 1.6% SO, I, Hg' AAb3k
HKAiAF] 26.9%, W T Hg WHECE (19.5%) , Ut
mF, Hg' MR R 0 i A R He Rk MR
F 250 °C i 4T, Hg' BB BR BRI G5 7E
80% FiAi, VARBEA 3, ABCR RS SO, WE
RGP, e ik 8% ity L, O
TR, MR, B AT SO, fE ik
Hg' %1k

B TAEEUE MBC F i) C=0 R F] T
FREEALT Y AT, R S R T,
MBC 1) C=0 F£ A1 1 fig 2 i iR E Ak iy F 2
£ Wit —BUESGX A, wiE 8 s, A
H 1.6% SO, & A A, XF MBC W Fff 570 2 17 AN [
MR (120, 250, 350 C) WY HALEE, SRJ5RH



SRZEWEAT B SR b U IR AR R A Wy S R P RE R )

2024 4E55 10 4

3440 1638 1083
1 1
MK R, 350 C

M
1
1

: TALEL, 350 C

]

: TikbHE, 250 °C

I
I
W

| R B 5

j

4000 3500 3000 2500 2000 1500 1000
BeHUem™!

B8 w4 B A & FTIR

Fig. 8 FTIR spectra of MBC

FTIR HEATRAE, 4301 C=0 JEPZEfL . KR
AL F R, MBC | C=0 RFIFRMEWE ([ T
1638 cm™ BT ) S o N 3 DERARC IR T A0
T, SO, oMUt C=0 LM A ERL, PIRE R
FALRCE . FHEET 350 °C TR N S ) MBC,
C=0 HPI R IR 2 B B Il 55, DAl C=0 %[l
5 He' & TR HEAE. K, R, 5
IAEE T A S e R 1A AL

ME 9T LLE 1, HFE A NOJF, MBCXf
Hg’ [ 5% it 52 17 385 B8 i B2 T BARE . 76 250 °C 4%
EF, Hg' BIEER N 5 LI R 3, BEE A
NO MRS, W PERE Ok s, RIS AL RR
AR R B4R, 0.2% NO TEA, HA SR
HA 3%, g piRER—L8E, 350 C 44 T
BFtEREZE, SRIVELLILT-ARBER . EBH & RN
¥ AR Y NO 258 il MBC Xt Hg i &
fbo B —IG ) EZF R EESE NO B E A
S, Hg' Weslia b h HgNO,), b &W, SRG
TER R R, RACEW R, MR
AACRRRL. L, REPEIRE T, NO AH)

F MBC R BiBE .
W soc 1350 C =
% ! [ 7.

60 -

/%

40}

20

S T

9 6 Vv
XQ'Q Y XQF.\, p XQ‘Q @Q~
2/%;%‘ ;/é;&\‘ % R %

B9 g KM B E T NO X Hg' I/ A b3 & th %
Fig. 9 Effect of NO on Hg' adsorption/oxidation efficiency at

higher reaction temperatures

2.3 MBAEMERR

A ] P A2 LB AS AR MBC i 7R 850 % 7 1 5
M, [A]EHAXT MBC SR Ak A W0 4 43 fift 1 1 58 T
IR B, MBC TE & RS PR,
TR S 44 HeCl, . HgO M HgSO, R 1b &
Y, Bl MBC W[ 7% . 7F Hg-TPD J5, &M
MBC _E K43 HgCl, Al HgO 7£ 450 °C Rt fEsE4:
S3f#, T HgSO, i ZL#AE] 700 °C A 58 &0 o
R, VEHL 450 °C F1 700 °C PEATINFAE PR R 50
5y, SCEESRANE 10 B,

100 —— .
1450 °C 1700 T I Mo
' ' Bl 7.0
80 e :
oo Ml !
= i |
£
40 HEW | '
1 1
1 1
20 HiG | .
1 1
1 1
1 1
0

1 2 3 4

5.2 3 4 5
HEBANV€ 3
B 10 F A I A R R B
Fig. 10 Effect of regeneration temperatures on Hg0

removal efficiency

ST R R, 2 R A R X MBC Bk PE
REX 4B T —E M52 . MBCTE 450 C T &t
4 WAEHR AT, &I Hg i W% B35 78 3% W
i, HAMMSCRAEZ TS, X EOK AR g
A B BB, BORYERFLE 80% Zeti. SR,
£ 700 C FH#AT 4 AR FA TG, SORIEBR SR RE
R ( HA 30% A4 ), HWH SR EMET
K, HAE{bRe W JLTE% . Kitk, MBC7E 450 C
THA RAFAREAERENE, ATEE R

RS MBC 7 A [A] $A A L BE T X P A M
REMYSZI, FE4T T XPS Al FTIR RAE40H7, 45540
Bl 11 s . 42 XPS FRAE, &I MBC7E 450 C T
4 PGP T, C—Cl 3k PR AE WA AF 5 T 5 e A
Al R B, R Hg' Y 5 R A A T
W, H B B0y A W B ROR s W, A
FTIR K& 11, MBC W[ 7] A 7EF T £ 1) C=0
P, XA AR R N L FEH SO, NO 44 45
5 MBC X B BT, A A T35 4 He' 4R
b, WE 11 (b) Fros. 2R, #E 700 C K 4 KT
WA, MBC W25 M Az, M XPS %
R4 REH, MBC L% Cl oG R EBIR, c—Cl
S5 Wi AT AL s ™ H A . MRS, 454 FTIR
K, MBC L AR H C=0 ZFREN S . H

205



2024 4E55 10

ik g K K

530 %

i, ST PRI, X Hg” (0 MR B SR A T Ao
R T E B REIR TR EL MBC 2 RAE I K
AE TR

cCl
AR

700 C AR, JEH4IR

206 204 202 200 198 196 194
“itrheleV
(a) C1 2p XPS

3 44() 1636 1086
1 1
|

700 CFAE, 4IRTEH

450 CHA, 4IRIEIR

R T !

4000 3500 3000 2500 2000 1500 1000 500
P /em™!
(b) FTIR &%

11 B A A E A B AL R A

Fig. 11 Physical and chemical characterization results of MBC

3 4 i

1) M T2 SIRBE A, 0.4% SO, & A MR be
HRA AT 2 MBC X} Hg' M9MBfE, 120 °C F, MoK
HRIK 93.5%; MW SO, (>0.4% ) WIZRI )
HVEM, HA /8 He' g% k; 454 Hg-TPD 5L
¥, HUHTE 12% H,0 Hl 0.4% SO, & AT
A BEEf HgSO, A hl.

2) 120 °C F, 0.05% NO 7E23 S HIE B IRBE R
BRI AR IER, M EEE NO (>0.05% )
W 2578 MBC b /Bt tER B, 34 Hg” Wb . [l
W, S HCl R —FhEE MR IR, o IR A &
JHAL 5315 AR AN 5]

3) 250 °C f1350 C T, & EMEAF 1.6%
SO, %t Hg" W B H /e S5, HxF He' AL R 2

206

ERTE, FERANELZMN C=0 FHRMEA; miE
A NO, Hg’ W/ B AR 32 2 W i

4) MBC it 7K, 450 C M fEH IR, 41K
PEIR G SRR RAT IR FFTE 80% 47, HA BRI
PPAEYERE. SRR, 53 MBC K.

S 3k ( References ) :

[1]  WANG Y, ZHAO B, SHAN W, et al. Effect of tungsten on Hg’
removal by W-Mn-Mo/CNT during Oxy-fuel combustion simu-
lated flue gas[J]. Industrial & Engineering Chemistry Research,
2023, 62(36): 14212-142723.

[2]  ZHANG X, ZENG Q, WANG H. The effect of acid gases on
elemental hg removal and experimental studies accompanied by
quantum chemical calculations (DFT)[J]. Energy & Fuels, 2022,
36(18): 11040-11050.

[3] SHEN H, WANG H, SHEN C, et al. Effect of atmosphere of SO,
coexisted with oxidizing gas on mercury removal under Oxy-fuel
condition[J]. Chemosphere, 2020, 259: 127525.

[4] LIY,DUANY, WANG H, et al. Effects of acidic gases on mercury
adsorption by activated carbon in simulated oxy-fuel combustion
flue gas[]]. Energy & Fuels, 2017, 31(9): 9745-9751.

[5] LIZ,SUND,LIU W, et al. Simultaneous removal of mercury and
1, 2-dichlorobenzene from flue gas by Ru-based catalyst[]J]. Fuel,
2022, 309: 122085.

[6] LIZ, ZHAO J, SUN D, et al. Efficient removal of Hg’ by regulat-
ing the bonding degree between CuO and carrier Nb,Os[]]. Sepa-
ration and Purification Technology, 2024, 332: 125796.

(7] M, SCERIE, TERMS, 8. 3G PR B BRIA IS R T Tt ().
TR, 2023, 29(1): 83-107.

WEN Chang, WEN Wuhao, WANG Dapeng, et al. Research
progress on removal of flue gas pollutants by activated coke[]].
Clean Coal Technology, 2023, 29(1): 83-107.

[8] SUN D, LI Z, HUANG S, et al. Efficient mercury removal in chlo-
rine-free flue gas by doping Cl into Cu,O nanocrystals[J]. Journal
of Hazardous Materials, 2021, 419: 126423.

[9] ZHOU Y, YANG J, ZHANG Y, et al. Role of SO; in elemental
mercury removal by magnetic biochar[J]. Energy & Fuels, 2019,
33(11): 11446-11453.

[10] LI G, WU Q, WANG S, et al. The influence of flue gas compo-
nents and activated carbon injection on mercury capture of
municipal solid waste incineration in China[J]. Chemical Engi-
neering Journal, 2017, 326: 561-569.

[11] SUN D, LI Z, HUANG S, et al. Efficient mercury removal from
flue gas using high-quality spinel mixed ferrites obtained from
wastewater[J]. Journal of Industrial and Engineering Chemistry,
2021, 100: 391-398.

[12] ZHANGJ, LI C, DU X, et al. Promotional removal of gas-phase
HgO over activated coke modified by CuCl,[J]. Environmental
Science and Pollution Research, 2020, 27(15): 17891-17909.

(3] ¥R BRI, sk 20, S5, RIGENR AR S8 B 500 Bt o F 58
JE (7] BRRHES: 24, 2020, 48(12): 1409-1420.

XIN Feng, WEI Shuzhou, ZHANG Junfeng, et al. Research


https://doi.org/10.1016/j.chemosphere.2020.127525
https://doi.org/10.1016/j.fuel.2021.122085
https://doi.org/10.1016/j.seppur.2023.125796
https://doi.org/10.1016/j.seppur.2023.125796
https://doi.org/10.1016/j.jhazmat.2021.126423
https://doi.org/10.1016/j.jhazmat.2021.126423
https://doi.org/10.1016/j.cej.2017.05.099
https://doi.org/10.1016/j.cej.2017.05.099
https://doi.org/10.1016/j.cej.2017.05.099
https://doi.org/10.1016/j.jiec.2021.04.055
https://doi.org/10.1007/s11356-019-06492-1
https://doi.org/10.1007/s11356-019-06492-1

TRAEAE: B SRS SR T RRME U R A= W SR ok M

PN =PA
Hexs

M

2024 4E55 10 4

[14]

[15]

[16]

[17]

[18]

progress on the removal of mercury from coal-fired gas by using
non-carbon-based adsorbents[J]. Journal Fuel Chemistry and
Technology, 2020, 48(12): 1409-1420.

ZHOU Y, ZHAO Y, ZHANG J, et al. Mercury adsorption and
oxidation over magnetic biochar in oxyfuel combustion atmo-
sphere: Impact of enriched CO, and H,O[J]. Fuel, 2019, 251:
458-465.

BELO L P, ELLIOTT L K, STANGER R J, et al. Impacts of sulfur
oxides on mercury speciation and capture by fly ash during oxy-
fuel pulverized coal combustion[J]. Energy & Fuels, 2016, 30(10):
8658-8664.

LYU M, LUO G, ZOU R, et al. Study on the elemental mercury
removal performance of co-pyrolyzed Cl-loading activated carbon
and the formation mechanism of C-Cl functional groups(]J]. Fuel,
2022, 322: 124229.

LIU Y, MA C, ZHOU J, et al. Ultra-high adsorption of Hg’ using
impregnated activated carbon by selenium(J]. Environmental
Science and Pollution Research, 2022, 29(46): 69450-67461.
MG, X2, EhIESY, S5, BRIEIA o S SR ML B B o FH Sk (7).
TR, 2022, 28(10): 86-102.

NI Peng, LIU Ting, MA Xiaotong, et al. Removal and application

of elemental mercury from flue gas of coal burning[J]. Clean Coal

[19]

[20]

[21]

[22]

[23]

Technology, 2022, 28(10): 86-102.

ZHANG L, ZHENG Y, LI G, et al. Review on magnetic adsor-
bents for removal of elemental mercury from coal combustion flue
gas[J]. Environmental Research, 2024, 243: 117734.

JEISCE, A HER, EAR, 5. y-Fe,0, FTH HCL XK AWM A1 AL
HLERBFSE ). #OEHE 2240, 2021, 49(11): 1716-1723.

ZHOU Wenbo, NIU Shengli, WANG Jun, et al. Study on the
adsorption and oxidation mechanism of mercury by HCI over y-
Fe, 05 catalyst[J]. Journal Fuel Chemistry and Technology, 2021,
49(11): 1716-1723.

ABAD-VALLE P, LOPEZ-ANTON M A, DIAZ-SOMOANO M,
et al. The role of unburned carbon concentrates from fly ashes in
the oxidation and retention of mercury[J]. Chemical Engineering
Journal, 2011, 174(1): 86-92.

SHEN F, LIU ], WU D, et al. Development of O, and NO Co-
doped porous carbon as a high-capacity mercury sorbent[J]. Envi-
ronmental Science & Technology, 2019, 53(3): 1725-1731.

LUO J, NIU Q, JIN M, et al. Study on the effects of oxygen-
containing functional groups on Hg’ adsorption in simulated flue
gas by XAFS and XPS analysis[]]. Journal of Hazardous Materials,
2019, 376: 21-28.

207


https://doi.org/10.1016/j.fuel.2019.04.004
https://doi.org/10.1016/j.fuel.2022.124229
https://doi.org/10.1007/s11356-022-20541-2
https://doi.org/10.1007/s11356-022-20541-2
https://doi.org/10.1016/j.envres.2023.117734
https://doi.org/10.1016/S1872-5813(21)60098-1
https://doi.org/10.1016/S1872-5813(21)60098-1
https://doi.org/10.1016/j.cej.2011.08.053
https://doi.org/10.1016/j.cej.2011.08.053
https://doi.org/10.1016/j.jhazmat.2019.05.012

	0 引　　言
	1 试验系统与方法
	1.1 MBC脱除Hg0测试
	1.2 汞程序升温脱附（Hg−TPD）测试
	1.3 磁性生物焦的制备
	1.4 表征测试

	2 试验结果与讨论
	2.1 酸性气体对脱汞过程的影响研究
	2.1.1 SO2对脱汞的影响
	2.1.2 NO对脱汞的影响
	2.1.3 HCl对脱汞过程的影响

	2.2 反应温度对脱汞的影响
	2.3 热再生性能研究

	3 结　　论
	参考文献

