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Abstract: Biodegradation is one of the important ways for the clean and efficient utilization of coal. However, the effect-
iveness of degradation by the combination of fungi and bacteria has not been well understood. In the present study, the
combined degradation of the Yima coal was tested. The coal samples were firstly oxidized with nitric acid, followed by
cultured in the media of Cunninghamella elegans and Bacillus sp.. The absorbance of 4,5, pH and metallic element (Cr,
As, Mn, Pb, Co, Ni, Cu, Zn, Mo) contents of the degradation solution were determined by UV-visible spectrophotometry,
pH meter and inductively coupled plasma mass spectrometry, respectively. The humic acid was analyzed by element ana-
lyzer, Fourier transform infrared spectroscopy and gas chromatog-raphy-mass spectrometry. The results showed that the
humic acid yields of C. elegans, Bacillus sp. and their mixture were 58.17%, 61.00% and 67.17%, respectively. The pH of
the degradation solution of mixed strains was similar to that of the bacteria. The characteristic products of the bacteria de-
gradation were detected in the humic acid samples derived from mixed strains, while the opposite was true for the fungi. It
was suggested that the combination of the two strains enhanced the alkaline environment and improved the degradation
rate of nitric acid-treated coal. The bacteria played a leading role in the degradation process. Metallic elements (Cr, As,
Mn, Pb, Co, Ni, Cu, Zn, Mo) were transferred from coal to the degradation solution during the degradation process, and
the contents of Cr, As, Pb, Ni, Cu and Mo were fitted with A450, the coefficient of determination (Rz) were greater than
0.6. It indicated that the contents of these six metal elements in the degradation solution could represent the degradation
rate. Chemically extracted humic acid and biologically extracted humic acid were rich in the active functional groups such
as carboxyl, hydroxyl, carbonyl, long-chain fatty acids (C16, C18) and four pyrrole derivatives. The biologically extracted
humic acid also contained fatty acids (C3, C4, C5, C13, C14, C15), of smaller molecular weight, as well as nitrogen-con-
taining compounds such as two pyrrole derivatives and a furan. The contents of C and H elements in the biologically ex-

tracted humic acid were higher than that in the chemically extracted humic acid.
Key words: Cunninghamella elegans; Bacillus sp.; biodegradation of coal; metallic elements; Yima coal
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Table 1 Ultimate analysis of samples %
B Nat Caar Hgar Sdaf Ogaf
SR 091 56.67 3.36 0.63 17.86
A 3.64 51.72 2.76 0.51 23.77
cHA(CK) 7.14 34.57 3.17 0.46 20.34

bHA(50F1B) 7.69 45.61 3.58 0.73 20.63

bHA(3F1B) 7.77 40.34 3.49 0.54 22.10
bHA(2F2B) 7.70 39.06 3.25 0.51 23.70
bHA(1F3B) 7.73 45.01 3.45 0.56 25.14
bHA(4B) 7.87 43.45 3.54 0.53 25.56
bHA(4F) 7.71 41.00 3.36 0.51 24.93
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Fig.1 Trend of absorbance of degradation solution and humic
acid quality in different groups
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Table 2 Fitting parameters of metal elements

and absorbance

BIvE- Ct As Mn Pb Co Ni Cu Zn Mo

R 0.735 0.675 0.298 0.763 0.553 0.706 0.621 0.471 0.847
FEI%:  13.844 10.369 2.122 16.073 6.196 12.025 8.195 4.455 27.739
BHP>F 0.014 0.0230.205 0.010 0.055 0.018 0.035 0.089 0.003
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Table 3 GCMS qualitative results of methanol extracts of humic acid
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10 21.26 Methyl9—methyltetradecanoate Ci6H3,0, 50F1B

10 21.35 2- T REIE R CeH,0, 1F3B
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Fig.8 FTIR of humic acid in different groups

(1) MU RIS (C. elegans) 2T (Ba-
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FRA EA UMEER, AR T g 2] 67.17%.
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T S 2 P G T RE S N ST (C. elegans) (4
TEPE =y WA Y, VR A TR 1Y pH IR A 5 2R 1
FFIR (Bacillus sp.) 23, BAWTIR A 5 2R FFT
(Bacillus sp.) 5 EF1EH
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EREH . A KAERR IR . 4 Rk AT AR o AR,
bHA i & A 73 F =5 /MU BRI #2 (C3. C4. C5. C13,
Cl4, C15) L&A, bHA 5554 BAELANHE
JIRKTF cHA.

22 3 ik (References):

[1] COHEN M S, GABRIELE P D. Degradation of coal by the fungi
Polyporus versicolor and Poria monticola[J]. Applied and Environ-
mental Microbiology, 1982, 44(1): 23-27.

21 HHSR. WEESAL I REOR). AR, 2017,
46(4): 679-691.

GE Shirong. Chemical mining technology for deep coal resources[J].
Journal of China University of Mining & Technology, 2017, 46(4):
679-691.

[3] FENG Xin, SUN Jinghong, XIE Yuhong. Degradation of Shanxi lig-
nite by Trichoderma citrinoviride[J]. Fuel, 2021, 291: 120204.

[4] ADNAN S M, ALI M I, FATIMA N, et al. Evaluation of humic acids
produced from Pakistani subbituminous coal by chemical and fungal
treatments[J]. Fuel, 2020, 278: 118301.

[S] FAKOUSSA R M. Production of water-soluble coal-substances by
partial microbial liquefaction of untreated hard coal[J]. Resources
Conservation & Recycling, 1988, 1(3—4): 251-260.

[6] OLAWALE J T, EDEKI O G, COWAN A K. Bacterial degradation
of coal discard and geologically weathered coal[J]. International
Journal of Coal Science & Technology, 2020, 7(2): 405—416.

[71 QUIGLEY D R, WARD B, CRAWFORD D L, et al. Evidence that
microbially produced alkaline materials are involved in coal biosolu-
bilization[J]. Applied Biochemistry and Biotechnology, 1989, 20(1):
753-763.

[8] MAIJEKE B M, COLLARD F X, TYHODA L, et al. The synergistic
application of quinone reductase and lignin peroxidase for the decon-
struction of industrial (technical) lignins and analysis of the degraded
lignin products[J]. Bioresource Technology, 2020, 319: 124152.

[9]1 SHI Kaiyi, LIU Yi, CHEN Peng, et al. Contribution of lignin peroxi-
dase, manganese peroxidase, and laccase in lignite degradation by
mixed white-rot fungi[J]. Waste and Biomass Valorization, 2021,
12(7): 3753-3763.

[10] COHEN M S, FELDMAN K A, BROWN C 8, et al. Isolation and
identification of the coal-solubilizing agent produced by Trametes
versicolor[J]. Applied and Environmental Microbiology, 1990, 56
(11): 3285-3291.

[11] YIN Sudong, TAO Xiuxiang, SHI Kaiyi. The role of surfactants in
coal biosolubilisation[J]. Fuel Processing Technology, 2011, 92(8):

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

1554-1559.

JITAR. 15T e b R AR ol 4 28 77 SO R A R 5 (D). R
HE K TR, 2017: 40.

LU Lili. Screening of microoganism from activated sludge for bio-
degradation of coal and degradation effect research[D]. Tianjin:
Tianjin University of Technology, 2017: 40.

GHANI J M, AKHTAR K, KHALIQ S, et al. Characterization of
humic acids produced from fungal liquefaction of low-grade Thar
coal[J]. Process Biochemistry, 2021, 107: 1-12.

KANG Hongli, LIU Xiangrong, ZHANG Yaowen, et al. Bacteria
solubilization of shenmu lignite: Influence of surfactants and charac-
terization of the biosolubilization products[J]. Energy Sources, Part
A: Recovery, Utilization, and Environmental Effects, 2021, 43(10):
1162-1180.

AKIMBEKOV N, DIGEL I, QIAO Xiaohui, et al. Lignite biosolu-
bilization by Bacillus sp. RKB 2 and characterization of its
products[J]. Geomicrobiology Journal, 2020, 37(3): 255-261.
2. WAL E R T ZWF5E[D]. FRIN: FBIN K22, 2018:
47.

LI Feiyang. Research on microorganism liquefaction process of
weathered coal[D]. Zhengzhou: Zhengzhou University, 2018: 47.
SOBOLCZYK-BEDNAREK J, CHOINSKA-PULIT A, LABA W.
Biosolubilization of low-rank coal by the newly isolated strain
Streptomyces fulvissimus K59[J]. Fuel, 2021, 301: 121082.

e I, 2206, A7 4K, S5 ARBTBERR AR G A W TR 1Y 53 8 S A
JEAE I B BRI TE )], JEHAR, 2011, 2(2): 6-10.

GAO Tongguo, JIANG Feng, YANG Jinshui, et al. Isolation of low-
rank coal degraded bacterial consortia and characterization of the
degraded fulvic acids[J]. Humic Acid, 2011, 2(2): 6—10.

Fe ot sRITE, BOEETR, 45, BEFNEE T B T ¢ R i e A ik
BTN, LR A=A, 2006, 35(4): 504-509.

WANG Longgui, ZHANG Mingxu, OU Zeshen, et al. Experimental
study of the cultivation and application of fungus for transformation
and biodegradation of coal[J]. Journal of China University of Min-
ing & Technology, 2006, 35(4): 504—509.

SR, FRASE, RRIFEGR. JURD BT X EAR 1 [ PR 3 A AL BIF 9T
] ZERH T R R (1 SABE£RR), 2008, 28(4): 58-61.

ZHANG Mingxu, XU Jingyao, OU Zeshen. Study on coals trans-
formation in the way of solid dissolution by some epiphytes[J].
Journal of Anhui University of Science and Technology(Natural
Science), 2008, 28(4): 58—61.

SREATE, 5, RFEER, S5, LRI A ST 2R R B 4 0 ot B L ]
VIR IED BRIT L D], BED2F41R, 2007, 32(6): 634-638.
ZHANG Mingxu, WANG Longgui, OU Zeshen, et al. Selection of
several degradation lignin funguns and the experimental study of
their coopporation to biodegradation of coal[J]. Journal of China
Coal Society, 2007, 32(6): 634—638.

MAKA A, SRIVASTAVA V J, KLLBANE J J, et al. Biological sol-
ubilization of untreated North Dakota lignite by a mixed bacterial
and a mixed bac-terial/fungal culture[J]. Applied Biochemistry and
Biotechnology, 1989, 20(1): 715-729.

WA, T, 2R, 45 AEM R E TR U TC R AR R E K
B RSP [D]. BB, 2021, 46(3): 994—1002.


https://doi.org/10.1128/aem.44.1.23-27.1982
https://doi.org/10.1128/aem.44.1.23-27.1982
https://doi.org/10.1128/aem.44.1.23-27.1982
https://doi.org/10.1016/j.fuel.2021.120204
https://doi.org/10.1016/j.fuel.2020.118301
https://doi.org/10.1007/s12649-020-01275-z
https://doi.org/10.1128/aem.56.11.3285-3291.1990
https://doi.org/10.1016/j.fuproc.2011.03.019
https://doi.org/10.1016/j.procbio.2021.05.003
https://doi.org/10.1080/01490451.2019.1695022
https://doi.org/10.1016/j.fuel.2021.121082
https://doi.org/10.3321/j.issn:0253-9993.2007.06.018
https://doi.org/10.3321/j.issn:0253-9993.2007.06.018
https://doi.org/10.3321/j.issn:0253-9993.2007.06.018

4232 # %

% 2023 4E4F 48 %

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

WU Li, WANG Haipo, LI Peng, et al. Variation characteristics of
typical ions and trace elements and health risk assessment in the pro-
cess of coal gasification by microorganism[J]. Journal of China Coal
Society, 2021, 46(3): 994-1002.

RET, 73R, RS, 4. WETR AU I BRB AT T bk v T A i i P gk
BRI A BB TRCRFAE[T]. BREE T4, 2017, 11(7): 4404—4410.
CHENG Bo, HE Huan, TAN Tian, et al. Liberation characteristics
of iron manganese and chromium fraction in coal gangue during
Acidithiobacillus ferrooxidans bioleaching process[J]. Chinese
Journal of Environmental Engineering, 2017, 11(7): 4404—4410.

B 5T MEAENaOCIK #5351 48U R = 00 (R R 200 53 285
[D]. #H: r E KA, 2011: 146.

GONG Guizhen. Selective oxidation of coals in aqueous NaOCl
solution and fine separation of the products[D]. Xuzhou: China Uni-
versity of Mining & Technology, 2011: 146.

TESCA. JEE5¢ . A Bt M b AL S A & Al 23 bt A B 52 [D]. b
At bR TR, 2013: 8.

WANG Wenhua. A study on conversion of coal and biomass to
chemicals by selective oxidation[D]. Beijing: Beijing University of
Chemical Technology, 2013: 8.

T, T ks, XU, 55, WER 3R WA T K B it s ik e ).
JEDEAR, 2022, 47(4): 16791691,

HAO Jianxiu, DING Zhiwei, LIU Qian, et al. Research progress on
utilization and separation of depolymerized products of lignite[J].
Journal of China Coal Society, 2022, 47(4): 1679—-1691.

DONG Lianhua, YUAN Hongli. Nitrogen incorporation into lignite
humic acids during microbial degradation[J]. Geomicrobiology
Journal, 2009, 26(7): 484—490.

VERHEYEN T V, JOHNS R B. Analysis of peroxytri-fluoroacetic
acid oxidation products from Victorian brown coal[J]. Analytical
Chemistry, 1983, 55(9): 1564—1568.

KWIATOS N, MARZENA J K, BARTOSZ S, et al. Improvement
of efficiency of brown coal biosolubilization by novel recombinant
Fusarium oxysporum laccase[J]. AMB Express, 2018, 8(1): 133.
GAO Tongguo, FENG Jiang, YANG Jinshui, et al. Biodegradation
of leonardite by an alkali-producing bacterial community and char-
acterization of the degraded products[J]. Applied Microbiology and
Biotechnology, 2012, 93(6): 2581-2590.

XU, 2R, X 1) 2R BRIV E MR SRRSO EE Y C R
PLAD]. e 54 TR, 2021, 38(1): 17-21.

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]
[43]

LIU Min, LI Jiantao, LIU Xiangrong. Relationship fiting between
biodegradation rate of coal and absorbance of degradation liquid[J].
Chemistry & Bioengineering, 2021, 38(1): 17-21.

DAVID Y, BAYLON M G, PAMIDIMARRI S D, et al. Screening
of microorganisms able to degrade low-rank coal in aerobic con-di-
tions: Potential coal biosolubilization mediators from coal to bio-
chemicals[J]. Biotechnology and Bioprocess Engineering, 2017,
22(2): 178-185.

FAKOUSSA R M. The influence of different chela-tors on the solu-
bilization/liquefaction of different pre-treated and natural lignites[J].
Fuel Processing Technology, 1994, 40(2-3): 183—192.

FA, B/ME, XUSE, S5 YRR AR IR B I K™ W Al
R ], JEAETR, 2017, 6(6): 3-9.

WANG Ruonan, QIU Xiaogian, LIU Liang, et al. Research on mi-
crobial degradation of low-rank coal and application of biodegrada-
tion product humic acid[J]. Humic Acid, 2017, 6(6): 3-9.
PAMIDIMARRI S D, DAVID Y, CHAE C G, et al. Advances in the
biological treatment of coal for synthetic natural gas and
chemicals[J]. Korean Journal of Chemical Engineering, 2016,
33(10): 2788-2801.

FIRFH, IRIA . A M AR LIRS T MY, 3. bt LT
Ak i pRAE, 2016.

TS . AEAL (M. 2. Abat: 1R 4 Tl i #:, 2010.

ZEHALT. g MR ) G5 A R B A R Ak P BT W5 [ D).
5L AJFIE TR, 2019: 83.

LI Yanhong. Structure characteristic of Yunnan typical lignites and
physico-chemical properties of humic acids [D]. Taiyuan: Taiyuan
University of Technology, 2019: 83.

CHEN Fan, HE Huan, ZHAO Shangming, et al. Analysis of micro-
bial community succession during methane production from baiyin-
hua lignite[J]. Energy & Fuels, 2018, 32(10): 10311-10320.

AR, XUIEI5R, . 20 W 7 e e B M TR A A B P A Y
T2 R IBTIE]. BB AL, 2021, 44(2): 62-70.

YANG lJie, LIU Xiangrong, XU Yunlong. Study on technological
conditions and products of Shannxi Shenfu lignite degradation by
sphingomonas polyaromaticivorans[J]. Coal Conversion, 2021,
44(2): 62-70.

L. AHAEM]. B IR AR AL, 2012.

LR PRI 5 7 M), BER: B TR R A AR
*t, 2019.


https://doi.org/10.1080/01490450903061085
https://doi.org/10.1080/01490450903061085
https://doi.org/10.1021/ac00260a026
https://doi.org/10.1021/ac00260a026
https://doi.org/10.1186/s13568-018-0669-1
https://doi.org/10.1007/s00253-011-3669-5
https://doi.org/10.1007/s00253-011-3669-5
https://doi.org/10.1007/s12257-016-0263-9
https://doi.org/10.1016/0378-3820(94)90141-4
https://doi.org/10.1007/s11814-016-0225-0

	1 材料与方法
	1.1 煤样与菌源
	1.2 培养基
	1.3 实验方法
	1.3.1 真菌细菌混合物联合降解
	1.3.2 降解液中金属元素质量浓度测定
	1.3.3 腐植酸收集与分析


	2 结果与讨论
	2.1 产物元素分析
	2.2 降解机理分析
	2.3 降解液金属元素变化规律
	2.4 腐植酸甲醇萃取物GCMS分析
	2.5 腐植酸红外光谱分析

	3 结　　论
	参考文献

