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Study on removal behavior of methylmercury and total mercury during
the washing processes of low-sulfur coal
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Abstract Taking raw coal and washing products of Yanma coal preparation plant in Jiaozuo City as
the research object, the content of total mercury (THg) and methyl mercury (MeHg) in low sulfur
coal was determined, and the migration rule, removal efficiency and mass balance of THg and MeHg
in the washing processes were also studied. The results showed that the THg in the raw coal and
washing products ranged from 0.128 mg-kg'to 0.392 mg-kg™". It should be noted that MeHg was
detected in all the raw coal and washing products, with contents between 33.58—356.75 ng-kg'. After
washing, THg in clean coal products dropped by 24.68%. On the contrary, THg in slack coal,
middling coal, and by-products increased; MeHg in most of the products decreased with relative

removal rates of - 3.46%—38.78%. Mercury in coal was significantly positively correlated with ash
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content and negatively correlated with sulfur, indicating that the migration of THg in coal was mainly
affected by ash content. MeHg was weakly correlated with ash and sulfur contents, showing no
obvious migration trend. The mass balances closure was 108.06% and 80.08% for THg and MeHg,
respectively. By washing, about 60.55% of the total mercury and 35.37% of the MeHg in the low
sulfur coal are removed with the discharge of the slack coal, middling coal, and by-products.
Therefore, attention should be paid to the storage and use of some coal washing products and by-
products to avoid possible mercury pollution to the environment.

Keywords low-sulfur coal, total mercury, methylmercury, coal washing, removal efficiency.
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A G R 5 = 2B WM. 20 4D 50 AR H A KA 1K s S F AT 58 40 AR IR (He) , Ji
2R (MeHg) X AZS R sh ) (1) 35 2.

FHIEHRIETE Y, BEAE AR AN HERLZE KA IR 2 2000 WEE -4, AR B B9 AU TR 5
BN R R HEROIR 2 — -7, b B R b R Ak AR 7 I 5 9 B 2018 AR R H AR I IR B T
27.38 .M, 2 & 4= [E BB IR T 2% LLEE 19 60%!). Ak 222 30 T x i EEE OR B b AT TR E ST,
FE R OR & fR 0.15—0.22 mg-kg !, i FHEFHE AR & 4 (0.1 mg-kg™) "L 2015 4F AR HE L i
{135 264.49 1, PRMREGRHE L] AR 225 7708 120~ 21, HE I A KA 5K AT AT BE 2 1Y 3 B O ad ik 3
TR 18 5 K A3 R 15 Y, dE— 25 P NSRS A R .

T B IR SR HETHOR 1 it S A R BE TR | R BE oK | RBE S i ok — 28121 AR
T 5, BRI I 5K A8 Ay a7 BRL 5 8. 8 ¢ V398 W] A Sy BRI oK 1) — T AT 2% T B0 ). Zajusz-Zubek 4524,
Pan 452 FNE ST G AR R, SRAEIE T I AETE S UUE TR R BRBE T, b KGR 50 W45 6 1K
BHEEBRIOTRE. SR R S HAA R B E A, R DL SR s R AL 45 A AR, ST
B 2 it B OE LS 220 (R Ok 2B AR AL 45 B AR R LSS & 80 F, 3R AT g RS R AR
PR SR S RERR L 45 B A AER Y, BEE RIS L3853 R T R Tl b S e PR Ve BE K 43 . B Sk B
Luttrel 4552 J& 3038 13 Pk, 6 i o d5 = B BR 2R 29 1 80%, -3 I BR 30 46.71%, 5 18 v d ki It B %
49.31% AL S5 A5 F W, SR8 5 oKk % 1 AT A 10%—60% 1 L.

H AW 5E 24 T e e 1 B v BOR AR SRR, X5 T CRR) IRBR A ok ST R B JBEBRAT R S
B A5 7 THIAE SR ST B /D, HLA DR v FE BE R O T TR Y. AR Sl i X b S0 5 B KR &
AU SE , BT X HAEAR B Ve e i B T B A L R AICR | B P S5 A T 2R B o, B AR AT
PRARIRE o ke 1 A P SR T R A BRAT R AR 22 A 4

1 MRS 7 (Materials and methods)

1.1 FESCREE

SO HBESR F AR VR S R P SRR S e BE S ) OR A CBRIR L VR L TR IR IR A Pk
T2, AERE T 60 T3 . Pk = SR N T 3k 5 T AR 40 S AU RS C/NER RS L R
T RREAE) R (e SRR LRI (RE A L TR, YR T AW E TR AR ST
2019.10—2019.11 J WA[a], BRESBESE T i) B e i FE, X R R e 36 7 il 48 JRL R 4R 1 URRE b, 148
SRHE 4 JE. R BN RE A 20 10 A5 0 0 J 2R A T LA W VR TR R BR BB AL (PTFE BB AR, FDES BRI I 1) 1F
&, 25200 H JE R i i 43 5 326 T B30 kG IR A7
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L BRASCR, KPR IE T IS R TC 2R M & P A A T 15, R B A (1) | (2) . (3) k.
_G

CO
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Crxm=Z(Ci><mi) (3)

X, COAARYCRE I FORICR &1 m AR AT, 6 C AR YCR VL i FOROU R 5185
m; FUETET A AR ¢

2 iR 54508 (Results and discussion)

2.1 U R Bk e i rh SO RN B SR 1 i

D R g e 7 it v R L B OR B i M A S BN SR 1 R, AR IR E AR OCAR E GB/T15224.2—
2010 CHER T 43 G5 2 F8 43 B 43 ) AT, AR5 i R A A JEARE o 350 S R AR A SRR b BOR B T 3y
{H %947 (0.203+0.056) mg-kg™, £ A b7 iR & 1) 2.5 52, 545 % 55 2609 5% I 4 B %) v [ K 4
M SRS & B 0.20 mgrkg™ AH T, BE X T Zheng®" BT BF 5% B9 v [ 22 B0 B 0 o oR 10 1 5 &
0.24 mg-kg " JPE LM RE . BAS . A TRIEAE T AVRIESS, KL GRAE . rhoBE L B (R L )
BIR 4 8 B4y 91 o (0.153+0.015) mg-kg™, (0.251+0.049) mg kg™, (0.378+0.012) mg-kg™ Fl (0.343+
0.07) mg-kg ™. 5 FUHEAR L, R EOR & & 0 2 BRI, PR OL A SR & AR AR, 1 0.128 mg-kg 'y
FIEN ™ S EoR & B B A, H A SOR B s eIk 0.392 merkg !, AR EOR S Y 3 4.

R USRS 7 i SRR B R 14 55 e B AR DG 24
Table 1 Content and related parameters of THg and MeHg in raw coal and washing products

HoRE R/ F o 5 A/

A% B 5% ROREE R
(mg-kg™) STD (ng'kg™) STD
THg MeHg Ash content  Sulfur content THg CC
[
SRR 0.203 0.056 54.85 11.1 12.8 0.36 2.03
Raw coal
A 0.251 0.049 52.61 9.16 22.6 0.34 251
Slack coal
INHUEE 0.155 0.038 4933 18.05 9.6 0.36 1.55
LIRS 0.163 0.028 55.15 10.58 10 0.36 1.63
Hik R 0.128 0.019 33.62 8.77 10.7 0.35 1.28
Clean coal
YR 0.153 0.043 36.93 11.18 12.3 0.36 1.53
AR 0.165 0.012 38.06 8.23 11.3 0.36 1.65
Pt Herfrde 0.369 0.051 33.58 8.21 44.9 0.26 3.69
Middlings K epy 0386 0.049 56.75 7.01 478 0.28 3.86
o) it 0.392 0.077 48.88 16.46 76.1 0.15 3.92
HJFDLI
By-product SR 0.293 0.033 40.54 10.51 44.6 0.27 2.93

AR 28 2 (1) TR U S e 18 7 it vh UK & 4R R A CC O 1.28—3.27, BB BEAP AL ™ i oK &
R REEE, AR THEZ T LN R OR S R RE LB A# (CC<2), TR M, .
TR R CC BRI &, RAEH A &4 TR & 4 (5>CC>2) . FE R & U T 47>
S Yo > 05 AR BESHE L, 33 559 57 i A X A LRI T iR SR A5 R — B

(BRI R AR, AR S R e = St v 8GN 21 1 H R, S i A T 33.58—56.75 ng-kg ™
Z ), S YE A (45.48+9.06) ng-kg . 5 HABIAEE A BUAH LU, JELHE K 5k 36 77 i v 18 HH R OR 5 Ak T AR
I, AR F 52 M i ok A X 41 FH ok & 85 (0.13—15.00 ng-g ) ¥ Fl— e i 15 /K AL BT 35 PR 75 7
H T LR £ 1 (0.87—23.75 ng-g ™) 7, AR T /INR R AK U Hh T 360K 5 1 (0.09—0.39 ng-g )Y
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=TT K E TR v P OR B i (0.26—0.74 ng-g ) ¥, 5 =il e XIS I8 LA vh B R & A
I(16—145 ng-kg™) ™. G PRk I, KA 3 PeE ™ i o HYHOR & 1 A R IRE XS A A IR R BE 1 R %, 4%
P PO AR B B B RS R RO WL, SRR | R B Y OR B i e s B T
55.15 ng-kg ™'\ 56.75 ng-kg, B EMEA BT T
2.2 ik AR v R AR R R A I R AR

SR DY S R v ORISR AR N 2 . Rk J5 , RSB b i R A B — e RE B A R, SF 38
JBE B 0 (24.68+7.24)%, Horh/NHeE R ARE L RROL L B L AR R 0% A X B B 2 43 00 23.62%.
19.89%. 36.83%. 24.54%. 18.51%. 5 AHXT IS, SRAEFHAME . Bt SR | Bff | R rh A5 51 1]
e, BRI -23.44% ., —81.83%. —90.36%., —93.30%., —44.25%. WF 57 & PRS2 3045791 Hp K L
B R pE e R R v, ORAE TR S R AR A L BT B s R AR, fE s T o T AR B
JBEIER, X RS R S A POR S — 3. WA i & 48, B TR AR RS R[], ZE e e # rpor]
RE oA 22 SR I, B A0 R LB R R R e o 5 S A O v B B R, X T IR LA AR AR AL
R B3I R BT R .
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R B B 28 &1 2 Jr 7. 0 e P e e R PR R OR K BUR PR 3, PR A T 4.08%—38.78%
ZIE), PR CRROL . L RGBT B ORI BR R T T 30%, 4351 h 38.78%. 38.71%. 32.68%.
30.61%, HL A AHXT AT BB BR R . A 507 SoRLE AR A R R S R RS, A R R 2 43 i
~0.55%. —3.46%. PEIELFE i B SR TG S 0 B AR AR, ZERG L e L I b A AN R R
(R B 8 4, 3X AT B 5 AR AR AR R Ve T2 — 8 KR,

2.3 MR X R IC R BB AL

IR 1 JE R R TP B R 5 Y B R A 31— R B (R M B, O G B A R e v e i A P ROR  HR 3
TR BEVETE 7= B BB AT A, AR SO LSRR AN 55K 0 MO o LI A T 25 44 0F, 50x R B o i 7= it v
KN TR 5 K43 1B 53 AT B IR AR M 3 AT . TR B 4% Ve 7= b I« B A0 P34 B i DL 1, R
HOR 5N 9.6%—76.1%, BTG N 0.15%—0.36%, 5 xR, HIERAYERUNK 3 iz, SR/
TR 5 K53 1 3 R MR A3 BT 45 2R 91 T3k 2.
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Table 2 Correlation factors of total mercury, methylmercury, ash and sulfur
JK43 Ash content 43 Sulfur content Bk THg PSR MeHg
JK4Y Ash content 1.000 —0.983%* 0.931%* 0.019
B Sig. 6.54x10°* 3.06x107° 0.839
fi43 Sulfur content —0.983%* 1.000 —0.865%* 0.037
I E M Sig. 6.54x10°* 5.77x10™* 0.998

T **FIRAE 0.01 GO0 (WU, FHOCHE 3%

** indicates significant correlation at 0.01 level (double tails).

AADG R B A>0.8, I EEAH DG 0.8>[>0.5, HBEAR DG 0.5>(r>0.3 MR BEAH OG; 1#<0.3 MARBEAR DG >0, IEADE; <0, HHUARK.

Correlation coefficient [#>0.8, high correlation; 0.8>[r>0.5, moderate correlation; 0.5>[r>0.3, low correlation; |r/<0.3, very low
correlation; >0, positive correlation; <0, negative correlation.

SR/ SR 5 03 /4 B AR S A AT 3 A K 5 ROK Bt B 35 b O E AH DG 1 (Sig. < 0.01, #=0.931),
5 Bk A 3 fUR 5 (Sig. < 0.01, r=—0.865), H1 35K 5 K41 (Sig. = 0.839, r=0.019) . i/ (Sig. =
0.998. r=0.037) ¥IMARE ARG, fh 3% 1 a2, R Bhk . AR Sk T 25 )5, PSR 5
JRAT SR SR SRR B I T i, AR o E AR BB, Ko 5 0K & AT A s B, By S5 R
RAH G R 3 A, A 0.15%; SR RS A 26 M IR B R 435 R & 2, (BT PR 473 8 iR K RO B
4%, SXALREL R BOR 5K 8oy =& Z R SE R, RORTEDR L AR P (3 A 52 JK 50 B S IR K.

ZAH I ST 5 ) O B DR A R R OR AR RRIE B IR A5 2 B R R kG
W4 B BR AR S AR R4 3 IR AR 5%, 5 R0 ik 3 A X — 2518 AR W) A B, A e 4B 56 T
BV R R 5K 5y | B B RAMT A SR 2UEY, Goodarzi AFF 5Tt I S Se R R SE E H AR SR
TR AR 43 A2, 2545 i N A SE 5 45 Ve 1E T 2 R LA R VR 7= S R 5K L B S R SE R, i
HEMIZARBLAE oK £ 2500 0 ) SRR S ARG W 245 A AP AE, RORTE ek o 72 v Bl K 73 e B 0k A
2 AR A R RS R R e . % 2518 S B RIS O TR R R AL 4 A S A
HLEE A 250 FBEAFTEIE B S5 Bt AU, 50T 58 2% B R A 52 T AR M A IR AR, T 40
SEEE N (0.36+£0.037)% < 0.5%, M iR R E S5 A HLYIES 5. 1 K550 A e R 5 (r = —0.983)
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1] e R v B A MILBR Ry . PRI 7= i b R BOR S R4 L B oA St A DG R B AR AR A DG 1
GYBTATN, IR A3 B AT R OKR = AR 1 S 2 A DG, S i EOR 5 R 3R A3 Z IR DG R B RN L BRES,
A3 B K 3 SRR 0 X B IR AT AR AR S 2 M. RS K A« B i B 25 Sig 4 3ok 0.001, 0.014, i
FSE R B r 43010 0.874. 0.744, Y5 HLAG A B A A DG 1 . 45 6 B2 IR ZRAH G Z0 Mt %, T W7 4 35
I3 BRI AT AR o3t BLAT — 2 I 3 A, S50 WLBRES & A7 e T,

FEAHJEE BT I BE R b, XRS5 K 43 | B o 1 6 R HEAT T Gt [ml 05 43 B 1 6 . R B AT b v A
HZE BN 3 s, P RIH AT 5 & Sig. = 1.2x10°7°, R> = 0.9409, 3% 3% B b S0k & 1 5 K 4h 8RR 4%
ZRLELA R R A e, D7 R o BN ARt B R R AR S I 5 24, nT e UL IR S A ALy
GEGAFAE TIPS S0 IR A R AL R B (2.372) > B AT AIARMEAL 2R 50(1.466) , 6 IH 16 A Ui 7 b R
JHE R Pl 7= i HR AR R R A B S R 75 TR, IR R R I SR AR AR

F3 b EOREAE WIS Hr

Table 3 Linear regression analysis of total mercury in coal

EIER:z [TE= g , tUELL 2 %X Standardization coefficient
Regression equation Sig. K4y Ash content 47 Sulfur content
SR THg Crig=10.83%(Cy/%)+2221.83%(Cg/%)~753.12 1.2x107° 0.9409 2.372 1.466

Cryg: THg content; Ca: Ash content; Cs: Sulfur content.

JUE WA AR, (2 38 o 0 AR R/ 6 R R 37 43 (R RR S M 43T 6 B, ERL SRR o R
T LUK - B R AR S AR K W BRI AE TR, AR R S LSS & R R oy B
DI AILER R 32, BRI 3 B 6 A3 0 4, ZE DR R B v (9 3B A2 K 43 I sE M R, B I 4 1 ok 2
A5 2] — 2 B BEBR s H R 5 K51 | B4 oM GG 2R, 45 PEIE 7™ i v S A TR R B AR IO B i 5 4R, R R
AR RS LA, X T B S HAAAE R SRR [RIGRIE T 22 0 A — KRR, e w g — 20053
2.4 IR T R P ROR AN F LR ) 0 T Al

SR e e SRR T BOR  H R AR PR R TR 4 L i) REAE AL B 2 60 T t, SRR ) EOR
T 120 kg, PErE G AR TR TR 58.87 ke, 24 i JRUGE A TR T A —2F; ek i AR R 204 29.16 kg
()R HE AT ARBE, 7 R SR BT 1) 23.54%; @l ah it A 5 0 v BOK T R 36.37 kg, B R T AR
JRE, 2R SRR 29.35%; HH B R OR T B SR IR ASUR TR 1) 7.66%, A1 9.49 kg, 45 VEE 7 i P ) R OR T B 2
F1 133.89 kg. MR VeV BT ek oK T A 108.06%, 15 22 ] LAHESZ 1901, RS I 28 h e 1o I H 1 vp
SRR BB/ IN, AR T A, AR A A B ) OR AT A i, TR A OR B A S B I
HIA 6 /N 72 i, (AR DR S 75 A — 5B 40 Sl oK B ARG S v i TGk Bl A 45 7 g HE

R4 BRI R EORS HRR R
Table 4 Production of THg and MeHg in coal washing process

IEIRAE T 11t RORAE = H kg H SR AR i /g
Annual output of coal Annual output of THg Annual output of MeHg

JFJE Raw coal 61.03x10* 123.9 33.48
i AR S5 Slack coal 11.64x10* 29.16 6.12
/NP 7.92x10* 12.28 3.91

R 1.08x10* 1.76 0.6

K Clean coal  HFLL 1.51x10* 1.94 0.51
YR 4.74x10* 7.26 1.75

AN 21.54x10* 35.63 8.2

(e Middlings Pt 2.12x10* 7.83 0.71
KAt 4.30x10° 1.66 0.24

A 4.93x10* 19.33 2.41

Rll7 i By-product
e 5.82x10* 17.04 2.36
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JEURE rp B BE SR AT P i A 33.48 g, Yk e R P R R OR HE A 4% VR R P ) B 0 ) R RS 44.71%,
14.97 g; i A 18.28%, 6.12 g; HHHE 2.84%, 0.95 g; fll 7= i 14.25%, 4.77 g. Ye 1k J5 85 8 7= S A5
fil A v LR A B AN, CEB AT 5% B8 RS A0 07 AR AR v e R 0 I 4% 7 i b TR LR R R Y
26.81 g. BN PR L PR v B R SR A4 o S5 Sl 80.08%, A 15 22 4 19.92%. i Al FF 6L o Joit - £ 15
ZERE K S K — 7 1D T RE DR R R il SR A L A BT B 7 A A AR 158 2 i i 18 O — I, i) TR TR
FRSEMAE R TR R, B LR HAT —E MR, IR R h T B8 & 48 T H 0K, X slif =B R 251

I YRR T SR 5 SR I T A T T R AR S A R R R, B SRR T 204 1.23 kg
SR 0.19 g FOR BT A | Hl . = ST SRR B HE Hm ek A bR, &) BOR S R LR KRR
IR 60.55% . 35.37%, X it BH AR o U BE X MR SR T 2R (W B A i, — o R ol T R e Ak e
] R AHEBOR 1 . B ™ it b Bk 5 FBROR BT o BTt LU A9 G &T 4 o, S ACHE L R BRERT R R
K. RETRAY T LA 0 9 o Rk P A AR TR Y 56%., 44%, R VR TE SRS BE TR A A MR SRR Y
B BE (RS B IR P AR I R R A R, i — 2D WP OR A TR A TR, AWk =
AR R ek T 20, 38 KO0 R 5 F LR 1 255

PSUA HEYBSlush,
Slush, 236¢g,9%
17.04 kg, 13% i £ Gangue,
241¢g,9%
| FKHr#EFine middling coal,
024g,1% 07
A A= TEARME Herh i Lump middling ¢
Gangue, By-product,  Slack coal, 0.71 g 3%
1933 kg, 14% 36.37 kg, 27%29.16, 22% INHUE
iy Nut coal
Fine middling coal 19 klgng’,s;/o Clean coal , 12.28 kg, 9% Clean coal, AN
1.66 kg ,1% g 58.87 kg, 44; LA 14.97 g, 56% Nut coal,
1) Pea coal, 1.76 kg , 1% 391 g, 14%
ﬂ% X;‘?; \ 4% fPremium coal,
Lumg g;'i{““ﬁ/mh 1.94 kg, 2% . ¥iliPea coal,
SoKe, 0% ZHYETwo lump coal, Fine clean coal, 0.60 g,2%

FEE 7.26kg, 5% 820¢,31% LEEI

— Premium coal,
Fine clean coal, Twoilﬁfﬁoa] 051g.,2%
35.63kg,27% >
> 1.75 ¢, 6%
THg(a) MeHg(b)

4 PEIE A ROR (a) FI SR (b) BT 5 L]
Fig.4 Mass ratio of THg (a) and MeHg (b) in washing products

e S e I X B F U R W TR A IR BN IR SR o, KRR EOR S =
(0.153+0.015) mg-kg ', J&UH B ), HAth B3 7™ i UK & 135 > 0.250 mgkg ™, JR B EE D).
AR 4, 755 Rk AR T A 5 ARG b B oK . F SR AT 2 e i T A LU A, A BT L AN
TR EOR 5 H R A LI S T 5%, For R i A OK Bl F B OR BRI BT A LU R AT T 10%, A
RAEP P BER) BT LU B KT 5%. 274G LR ik ™ i SOk 5 W BOR & 1 SR i L A9, 07 R0 AR
ARG Perbde | AR W 5 R A AR ORI FH 2 v mT B X PR 3 1l A oK ¥ e [ A

3 458 (Conclusion)

(1) JELAE R PR 7= b Mok & 0.128—0.392 mg-kg™', WA R % CC Hy 1.28—3.92, BRKGIEAN Y Jy
B AR TR RS R Pk 7 i YR B — o R R H R, S T 33.58—56.75 ng-kg ! Z[H). il
TR e, RS R SOR & TR, B SR S i BRI R RSN TR AR

(2) ZVR VT, RS rh MR IR R AE 18.51%—36.83% Z A, HiA Pk & 7 5 b MR A T s 48, B
KGR AT IEARIE, 500 00 56, K 2 R oK A £ B4R AR, HI 3R ILBR R N —3.46% — 38.78%, FE4%
VEIE ™ it T A AN R R B A I R i 4R, B R 5 K43 L B A Y JOAE OGPk, JEH i B LA, X T RE
HAFEI PR IE T 2547 ¢, T xR Pk e i & v SR oe R M BR E— 25 5%
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(3) A PEIETT I, BRI T 5P R 108.06%, HY LK T 5Pk 80.08%, FI7E ] B2 32 il M. 1%
AR T K 1 2R R T, 2 60.55% KRR T 35.37% B H LR BETH A ME . Fh B 55 8107 b A HE L T 22
GG R G SRR LEE, N BN A Serh i R iR SRR A ORI T A
A REXT A EE 1 B 7R T Y [ .
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