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Abstract: [Objective] To investigate the effects of hydrogen peroxide treatment on the physicochemical
properties and biogas production of lignite. [Methods] We carried out orthogonal experiments to optimize
the conditions of hydrogen peroxide pretreatment for Shenli No.5 lignite. Lignite was treated under the
optimal conditions to obtain coal residues and treatment solutions. The physicochemical properties,
including elemental and maceral composition, mineral components, microcrystalline structure, porosity,
permeability, surface morphology, organic functional groups, and organic composition in the treatment
solution were determined by X-ray diffraction (XRD), scanning electron microscopy (SEM),
brunauer-emmett-teller (BET), gas chromatography-mass spectrometry (GC-MS), and high-performance
liquid chromatography (HPLC). The physicochemical properties were then compared among the raw coal,
treated residue, and treatment solution. [Results] The optimal pretreatment conditions of lignite were
treatment with 5.0% hydrogen peroxide at a liquid-to-solid ratio of 30:1 for 20 days, under which the total
organic carbon yield in the treatment solution was 105 mg/L. After treatment under these optimal
conditions, the treated residue exhibited increased cracks and dents on the surface and loosened surface
structures. In addition, the interlayer spacing of the aromatic plains of the coal increased while the aromatic
ring structure became more open with smaller crystal nucleus structures. Both porosity and specific surface
area increased after the treatment. Compared with that before treatment, the treated residue showcased
decreased fixed carbon, carbon, and vitrinite and increased ash, volatile matter, oxygen and hydrogen, and
inertinite. The content of functional groups such as O=C—0, C=C, and C=0 increased in the treated residue,
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while that of N—H and C—H reduced. The biogas production of the treatment solution and the treated residue
was 39.13% and 94.46%, respectively, lower than that of raw coal. Hydrogen peroxide pretreatment
primarily acted on vitrinite, dissolving organic carbon and altering the functional groups of large molecular
structures in coal. This altered the aromatic ring structure of coal, causing small molecules to dissolve into
the treatment solution under oxidative conditions. The organic compounds in the treatment solution mainly
consisted of short-chain fatty acids. After biogas production, the number of low-molecule-weight acids and
organic compounds decreased in the treatment solution. The relative abundance of dominant microbial
phyla and genera varied significantly among different microcosms. Regarding the archaea for biogas
production, the dominant phylum and genus were Halobacteriota and Methanosarcina in the raw coal and
Thermoproteota and Bathyarchaeia in the treatment solution, respectively. In terms of the bacteria for
biogas production, the dominant phylum and genus were Actinomycetota and Gaiellales in the raw coal and
Pseudomonadota and Delftia in the treatment solution, respectively. [Conclusion] The organic carbon
dissolved from coal can be utilized by microorganisms for biogas production. However, the removal of

organic components by over-oxidation may decrease the biogas production.

Keywords: lignite; biogas production; chemical pretreatment; hydrogen peroxide
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1.1 BEHERMITEHCE TR ZEML
TN

A5 T F S BB PN 58 3 B bR AR 1
FI 5 SIEE . KB EER BER] 5 S48 AR B O oy
# 0.25 mm LN, 7E 70 °CTHEA T4 10 h
IEE- %

MRS T IARF R AE  , o SA AL A AL AR
BV PR EAL R . TALERA R L YR H (i
AALERBUS B R ) =R, #7—H
TR KA IE SR, DA S i A BLAR
(total organic carbon, TOC)H & & A fEHR, Xl
ANBRECAFIEATAR AL, A5 30 A5 T4k B 0% i A 4%
P, BARIELGRE r 2k 1 Fos.

FREX 1 g il A Gr e, e BB TR I IESE
IR Z A [R5 S AN TR AR AR ) 2o SR Ak &
VW, FFUCE AN E B FR 1], AbFREE R R
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T 4 h, FFRABEYUR S 60 H(0.25 mm)
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TEACIA I AT BTy 225307, 19 B e L AL 3 2%
o TE R AT AL R 2540 N -1 T R S AL A ik
FRAG ARG . PRI 50 g ERE, AR N

x1 EXEHEKER
Table 1 Factors and levels of orthogonal
experiment

Factor/Level Concentration (%) t/d

Liquid-to-solid
ratio (%)

1 3.0 10 60
2 1.5 20 30
5.0 30 15

1 500 mL AYBEMRE B HEIE D, AR & 1 i
PR B S AT i A S, TEBEAR AR
TV F I B FREIBEFERS Rt d:, B IR
TERA TR UTAR , A4 A Ty VA A HEAS 2 A S

BRIEFN b PR i 25
1.2 R REN TS TR L
ey )&y

P I 3 A AL FE B BRI 53 T S 2
KLEE/NT 0.074 mm, ARYE FEARIEATHEA Tk 23
Bt Al JC & 43 7 (GB/T 30732—2014""1, GB/T
31391—2015""), #it4fs E45(GB/T 16773—2008"",
GB/T 8899—2013P)ifil & B B i I 54 41
AT 3T
1.3 [FHE. BRENOESE. LEREREFLER
vk

A S BGE & AR PR S R FR A INGERR
Hr, A 30 mL JoKORE, S 15 min 5, fi
FH R T Sk 1 76 TR B/ Y I T T T4 1)
L=l W = € W WO Y, R ) SR i W
4 4B, 5 H 49 4 H B (scanning  electron
microscopy, SEM)WLEEHE it (1) 2 HES . 4 JpiE |
FRIEAETEE 2 0.25 mm J5 i T LR TRV 2
FLB 3 #T (brunauer-emmett-teller, BET).

1.4 R BRENT YIRS BULEREL
5T

W RIS 2R EE/NT 0.045 mm,
R X BF&AT 5 (X-ray diffraction, XRD)/ e
i H AT WA A, A ] Bragg Fil Scherrer J7
PRI MK/ . SRR S L, FIMER)
JE Lo, LASRIMIRIEE dooy FIOFE 250 N S5
im 45 4 2 8. R S i 21050 56 3% (Fourier
transform infrared spectroscopy, FTIR)ZHT#f i
HEYLE RIS, JFRIA Origin FAEXF£14b
AT G
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FH = RO 354 (HPLC) 2 B ke i v B9 A HLIR
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N BR(C3H40,) . FLER(C3HeO3). LR (C,H,0,).
¥ B R (CsHgO7) « 3% 31 R (C4HeOy) « N IR
(C3He0) o BG4 A B FH — G H e X A S i A 7
KA, Gl e 2 R AR Aa A I, AR
3% - BT (GC-MS) I it A Ak A AL 3 A L
PIRZE N . GC-MS AUARHBC & A1 Fefh
HP-5MSUI JEH AR 30 m, 942 0.32 pm,
J& 0.25 um), ffiFH GC-MS $dia /4 24 4 38 i
B F {41 (total ion chromatogram, TIC)F1JFii,
WA NIST17.L FEXHE A YA T4
1.7 BERE BREURITEHCSLEE~SE
MEDEE S

TEP RSN E, HREFRWEES), B 40 mL
REBLAELEF, 13 000 r/min 20> 5 min,
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FR B, REUE 1-3 g, HHLFEHIA
~80 °CY& VK 24 h, AT UKk g LY
iR BRA w34 T Tumina /=038 &= 00 % o 405
ZFEMENES Y 338F (5-ACTCCTACGGGA
GGCAGCAG-3")#l1 806R (5-GGACTACHVGGGT
WTCTAA T-3). it wZHEENE 5198 524F
(5'-TGYCAGC-CGCCGCGGTAA-3") #1 958R
(5-YCCGGCGTTG-AVTCCAATT-3") . ff H
UPARSE pipeline #f4:(version 7.0)# 8 4E 4325 5
JG(operational taxonomic unit, OTU)LA 97%[H4H
I o AR AT RS . AE AN R B OTUSs
J¥ 5143 HIHE Sliva 5045 % Release 138 #4325, )
A Majorbio i-Sanger z°F-{5 (www.i-sanger.com)

TR
2 ZERGH®

2.1 BEMHRESEEICEEMLEL

PUR N TOC F e /E Mt AL R AL H AT
FIFGARIA T I 22508, 1 BIEACIR IR ZE a3k 2
JIi7m o FRABTES S nT 0, 25 PIZEXT v i H TOC
TR R NRT R A W E>B A FRET A >C
TR EE 18 B A SR A U B X RO TOC &
T S A B K o AR 22 3 A AT, SO i R TOC
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5.0%. WALPERFIE] 20 d. W IE EL 30:1) F AR K
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Fie bR 45 A b Uk i S A AL B A5 1
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TN 105 mg/L, ISR 5 IEL T as Rt
A—F, TAERAL IR A AL E R 5.0%.
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x2 EXAKER
Table 2 Orthogonal experiment results
Number A: Concentration B: Time C: Liquid-to-solid ratio TOC
1 1 1 1 30
2 1 2 2 73
3 1 3 3 23
4 2 1 2 12
5 2 2 1 4
6 2 3 3 69
7 3 1 3 35
8 3 2 2 102
9 3 3 2 78
Ki 126 77 135
K, 85 179 163
K, 215 170 127
K, 4 26 45
ks 28 60 54
ks 72 57 42
Range (R) 43 34 12
Factor sequence A>B>C
Optimal plan A;B,C,
#3 EREMZBEN TS HRMTRESN
Table 3 Proximate and ultimate analysis of raw coal and residual coal
Coal samples Industrial analysis Elementary analysis
Mag (%) Aq (%)  Var (%) 1-8  FCy (%) Odar (%) Caar (%)  Haar (%) Naar (%) Sia (%)
Raw coal 6.22 20.20 47.21 2.00 42.13 23.60 69.31 4.37 1.20 1.22
Residual coal ~ 2.10 68.93 71.93 1.00  8.72 36.16 55.36 6.11 1.12 0.39

daf: THRTCIKEE; Mug: 7KGF; Ag: KAYs Vi ¥R
Caap: MRITE T ; Hpar: FILE R Npap: BOTR G

Sia: 2R 1-8: BIEFHIE; FCy: BEM; O FILE T

daf: Dry ash-free basis; M,q: Moisture; Agq: Ash; Vg, Volatile; S, 4: Total sulfur; 1-8: Coke slag characteristics; FC4: Fixed
carbon; Og,e: Oxygen content; Cgy,s: Carbon content; Hy,p: Hydrogen content; Ny, Nitrogen content.

x4 FRRBRROREELEE

Table 4 Coal maceral analysis of raw coal and residual coal

Coal samples No minerals (%)

Mineral (%)

Vitrinite Inertinite Exinite Total organic Clay Sulfide Carbonate
Raw coal 93.55 6.45 - 80.00 10.33 0.32 9.35
Residual coal 36.00 64.00 - 10.00 90.00 -

— Not applicable.
A3 AREE T IR | 3T B R I T A P S 4
FTE RN, (EARAEAE SR b AL,

AN AL, IKATBUREZ . Rl R ik 7
KT 70%HAK G wEGE, 8T AR AR i
FREEM AR o FRARE 5 I KR AR B T 2 ke 5 1 KR

W, Ko M o W 2 b, B2t A
AP S, BERTE RIS R, SRR —R >
AR T SOMRCR , 5% B SR 8 UL X L
FALH ML I o JLRDHTAE R R, ZHiAk B
JRREIRIFAE C & TR, UM BAE M IR
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MR A LA AR RO O H & &
ARG, PR R Tl AL S AR, (8
PERE R B o T 4500 R A AR, 7R T 2 AR
FEHAU e 0 e s R R RO R AR A
F, AHUTLSHF] 80.00%, 1Lt Ak & T
A PRI AR B A ERIEIN DU B2l ol &, AN
AR, UM 10.00% , Zh 2590 5054 £ 90.00%
XU Rt i S A S AL P A LA S
FIrAR 5 LA TOHLAE 53 o B i 5 i
FEHAAYRIR . W RTEEIE R, SRR
L BRI S . AR AR, 2K
AR AEAE TR AL, AL Rt R
BRGNP, 18 BT BT AR LS K B
S, AAACRRRER T . DY RE RO A S AR

A

Lk
10 pm EHT=1.00kV  Signal A=InLens Date: 26 Jul 2021 [
= WD=5.0 mm Mag=1.00 KX  Time: 14:35:54

B, SHBEZHIRIE, NS SRk, 4594
T, AHPRERRRA R Bty
KW, i SR AT 23 B it i
J&, nl R TR RAT ML R T RO R, AT
REZIE AR o
2.3 JRIEFBREFE ST, tbRmR STl
BRI

1 A 2 235l U I S ) SEML A,
AU B EBER O P8 . JORYR, 4 |
P A PG A5 21 A SR AR T i B W] A Y
PUR . MG, RmGSTHEBO A EL, WA R
A B AR T IR, S0 T AR SR T e
Wi E] R, a2 S IR L AR P B g 4 R
—H

20 pm EHT=100KY  Signal A=InLens Date: 26 Jul 2021
[ a WD=5.0 mm Mag=500x Time: 14:55:10

E1 [FRESEM 9t A flB: JFHAEIE SEM K

Figure 1
of different parts of raw coal.

EHT=1.00KV  Signal A=InLens Date:
WD=5.Imm  Mag=1.00KX Time:

Scanning electron microscopy analysis of raw coal. A and B: Scanning electron microscopy images

|
EHT=LO0KV  Signal
WD=5.Imm  Mag=1.

B2 3K SEM 534 A M B: FREEAIEN B SEM &l L1 MELRAE N ] iR i e 4
Figure 2 Scanning electron microscopy analysis of residual coal. A and B: Scanning electron microscopy
images of different parts of residual coal. Cracks were highlighted in red dotted frames.
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R — A RALON T 10 nm), AL
(10-100 nm) . H FL (100-1 000 nm) Al K L
(>1 000 nm) Y Z LY R, 3 5 S IR R akA
) L R TR S AL B 8 s . T LU H 4 Tt
A0 3 A5 30 0 B R A T D T L R R T
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PRER, BARH A A S VR AT (A5 B A 2 1
ALY Ko DL 25 R38R AL = AR AR

x5 FRERBRENIEREREILRER

PTG RERE LB EESE K, AR P = A B 2 4L
Bt TR O A A R 2 B AR R, I
INEERE B A, HEERTTAR AL B A 4 R S
HUBE TR G R — 2. IFE R, BZ iR
B RO L BRI 2 PP 2 0 SR A A7 R 0 I
ZHEIE R, YRR 2 R AL
B, R B TR R b, X LEZ
SRR R SO FAL BAR S R U R B AR
= 4
2.4 [RIRFNFRIEAOT IR MK

B 3 7350 A JRE B B AR XRD 23 #ir
MIEL 3 F Rl U H JRURE R St S e 2 AG H pede
d Ui e 3R, SRR, BRAR
A S R S I S Ty, SR S A R AL B
AR R A ML 0V B SRR, B R A
MESAAL RO JCHLAL 7)o Zeng SFRIWTFERM],
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Table 5 Specific surface area and porosity of raw coal and residual coal

Test items Raw coal Residual coal

Surface area Single point surface area 3.795 8 m%/g 1.633 5 m%/g
Specific surface arca 3.919 4 m%g 1.625 4 m*/g
t-Plot micropore area 0.443 3 m%/g 0.937 9 m*/g
t-Plot external surface area 3.476 0 m%/g 0.687 5 m*/g
The cumulative surface area of the adsorption pores between 3.028 0 m%/g 0.927 0 m*/g
the radius of 0.85—150.00 nm
The cumulative surface area of the desorption pores between 5.245 3 m%/g 1.386 2 m%/g

Porosity

Pore size

the radius of 0.85-150.00 nm

When P/P0o=0.989 224 426, the total pore volume of single
point adsorption is less than 89.864 6 nm radius

Micropore volume

Porosity of adsorption pore in the range of 0.85—-150.00 nm
Porosity of desorption pore in the range of 0.85-150.00 nm
Adsorption average pore size (4V/A)

Adsorption average pore size (2V/A)

Desorption average pore size (2V/A)

0.012 4 cm’/g

0.000 2 cm®/g
0.011 5 cm’/g
0.012 5 cm®/g
12.608 6 nm
7.598 5 nm
4.760 0 nm

0.008 3 cm®/g

0.000 4 cm®/g
0.007 8 cm’/g
0.008 2 cm’/g
20.375 4 nm
16.839 7 nm
11.872 9 nm
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% 6 2 R BRI AR S5 S5 K
o hEHRTTLIE L, S, R 002
WS I X6 37 FY) 60 1 1 £ BE MGG 3, BB 280 4R Ak
ST PHL Bt 1 T [ B R A RS, D A
SRR B s 5 IR L, 2 T HE
AR5 R R HER = L (A P/, 1Y
FEIZRER LEAIEUN, (B2 ER R
AN, Lo/l (EIEAT IR o DL B B o A A
() S AR P T (R ) A% 25 A AN A5 /0N DA T ik
INGY T TN S IR B s W P 0, T (A5
PRZR B P R BN T R AR, D IR A ik
FRIEAT
2.5 [RIEMZRENBNEEREYFHIE

IR KA T 4540 2 07 B 250 RIS
DA K Fr SR RE TR, 20 ARG A mT LA — 5
FREE b S WAREARE R T 45T B RE AT B2 4k
Kl 418 6 2 SR AR IR B L1 AT B L4304 41l
BEE R o AT DL PR 5t R R AR v 34 e A U )
O-H 45 4E3h%(3 698 cm ™, 3621 cm ™). N-H
IS 153 cm™ ). C—H {h4i ¥k sk
(2925 cm '), C=C fh4i#ikhi%(1441 cm '), O-H
IR sN(1033 em ™), Kke C—H gk shid
(912 ecm™, 798 em™"), ZEIR C-H 45 shik
(694 cm '), 5 FEMELEE-S—S 4 Bk sh %
(534 cm’™), FilE-S—H (468 cm™ "), HAr 508 T
BERIY . M. R . SHE . k. IR REEIIT .
AR, HETFEEm S, sRIERR C=C ff

*6 RERZRRNMBENSHY

ifRSNIE(1 590 em™ )W IR RS A BN,
C=0 ARG 712 om™ )WL I g 38 B I 45 %
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Figure 3 XRD analysis of raw coal and residual
coal.

Table 6 Microcrystalline structure analysis of raw coal and residual coal

Coal samples G002 (°) doo2 (nm) L. (nm) L, (nm) L./L. N,
Raw coal 13.328 5 0.334 4 2.040 3 4.596 7 2.253 0 7.101 3
Residual coal 13.345 5 0.3340 1.732 0 2.898 9 1.673 7 6.1859

dooo: FFAFZ I Z AT EIEE]; Lo FERZEAMEMRE; L. FERAVER; N FEZAE

dooz: Vertical distance between aromatic lamellae; L.: Stacking height of aromatic lamellae; L,: The diameter of aromatic lamellae;

N.: Number of aromatic layers.
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Figure 5 FTIR peak fitting diagrams of raw coal. A: Peak fitting diagram of raw coal at 400-800 cm . B:
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Figure 6 FTIR peak fitting diagrams of residual coal. A: Peak fitting diagram of residual coal at 400-800 cm™'. B:
Peak fitting diagram of residual coal at 800—1 800 cm . C: Peak fitting diagram of residual coal at 1 800—4 000 cm .
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Figure 8 Concentrations of low-molecular weight
organic acids before and after gas production of
treatment solution.
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Figure 9 GC-MS chromatograms of dichloromethane extract before and after gas production of treatment
solution. A—C: Dichloromethane extract at different times before gas production of treatment solution. D—F:
Dichloromethane extract at different time after gas production of treatment solution.
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Figure 11 Archaeal community analysis at phylum and genus levels. A: Community histogram of archaea at
phylum level. B: Community histogram of archaea at genus level. JZJY: Inoculum; YM: Raw coal after gas
production; FYY: Treatment solution after gas production.
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