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Research progress and new thoughts for high-value utilization of low-rank coal
according to the future “dual-carbon” policy
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ABSTRACT There are abundant reserves of low-rank coals in China, which are primarily used for combustion applications, but they
have low-added value. Thermal conversion methods, such as pyrolysis and gasification, have achieved some degree of clean utilization;
they do not fundamentally alter the energy utilization properties of coal. The preparation of high-value carbon nanomaterials such as
carbon dots, nanodiamonds, and graphene from coal can enable the high-value, clean, and efficient utilization of coal. However, these
high-value materials are typically produced using high-rank coal as the raw material and strong-acid-oxidation methods that generate
secondary pollution and waste valuable residual coal resources. Following the transformation of national energy reserves and the
advancement of the “dual-carbon” policy, development of mild-conversion methods based on the structural characteristics of low-rank
coal, aiming to utilize its non-energy properties, can enable the clean and high-value utilization of low-rank coal. This approach focuses
on the preparation of new high-value carbon nanomaterials, and represents a major innovative strategy for the high-value utilization of
low-rank coal. This review focuses on the latest progress and basic principles of mild-oxidation conversion, utilization of low-rank coal,

and the preparation of carbon nanomaterials, including vapor deposition, arc discharge, microwave, laser, and various chemical oxidation
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methods. Regarding the chemical oxidation method, the basic principles and progress of oxidation with different oxidizing media (such
as air, nitric acid, H,O,, and oxidative salts) are introduced. Among the different oxidation methods, H,O, has been evaluated for its
environmental friendliness and high efficiency, and can be studied further as a key technology for the preparation of low-rank coal
materials. This study compared and analyzed the preparation techniques of materials using different coal types via chemical oxidation
methods, demonstrating the product, technical feasibility, and economic viability of mild-oxidation methods to prepare carbon
nanomaterials from low-rank coal. The authors recommend that future research on the preparation of carbon nanomaterials from low-
rank coal should focus on four aspects: (1) accurate analysis of coal structure, and understanding the evolution of coal structure and its
derived carbon at the molecular level; (2) efficient depolymerization and transformation mechanism; by utilizing the activity of low-rank
coal and the structure of oxygen-containing organic functional groups, we can achieve efficient conversion of low-rank coal and improve
yield and economy by developing reasonable processes, increasing in-situ characterization or calculation combinations; (3) analysis of
heteroatom occurrence forms and functions, study the genesis characteristics of complex minerals and heteroatoms in low-rank coal and
their influences on the structures and properties of coal-based carbon materials, and develop functional carbon-based composite materials
with unique structures; (4) expansion of potential application areas, conduct research on the preparation and application of coal-based
carbon materials, focus on the development of cost-effective and scalable synthesis technologies, and construct multifunctional, high-
performance, coal-based functional carbon materials. It is hoped that the proposed work and its findings will provide a reference for the
coal conversion industry and the high-value utilization of carbon nanomaterials.

KEY WORDS low-rank coal; oxidative transformation; non-energy properties; carbon nanomaterials; high-value utilization
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Table 1 Main chemical structure model of different types of low-rank coal
Model Time Type Characteristics of model Disadvantages
Fuch and Composed of a large honeycomb-shaped condensed No sulfur-containing structure; the types of
Sandhoff 1 1942 Bituminous aromatic ring, with oxygen-containing functional groups oxygen-containing functional groups are not
randomly distributed on the edge comprehensive
Mainly based on aromatic structures, cross-linked by ether  Stability of surface functional groups;
Wiser!'!! 1975 Bituminous bonds, and thioether and short alkane bonds; the sulfur atom aliphatic structures and condensed aromatic
is introduced for the first time rings in three dimensions are not considered
Wender!? 1976 Lignite C'onsmts‘ of a single aromatic ring connected by aliphatic Small molecular weight and incomplete
side chains structure
d he rich inine functional d Nitrogen, sulfur, and hydrocarbons with
Yang!™ 1987 Lignite Considers the rich oxygen-containing functional groups and =~ " o0 o o0 atoms are not

stability

considered

The benzopyrene structure and aliphatic carbon chains

Zhu et al™ 2023
Studio

High-ash, low-rank (such as methylene) are connected to form a three-
coal dimensional network, which is optimized using Material

Strong acid treatment during deashing may
affect the structure of organic matter in coal

The main structures of aromatic hydrocarbons are
naphthalene and anthracene; hydroxyl, carbonyl, and

Guo et al™ 2023 Datong coal

carboxyl are the main oxygen-containing groups.

No verification of molecular structure

Characterizations of heteroatoms and molecular dynamics
structure optimization are performed

Qualitative and quantitative methods are used to analyze

Shanxi long-flame

Chong etal 2023
coal

coal structures, including information on oxygen-containing Ignores the spatial structure of coal
functional groups, heteroatoms, etc.

F 45 b R o S AL T T T 35 A B 2, i
BUA T NGB | 2060725, I R4 T30 )12 2%
ARU Rl 15 5 M 0 52 2 PE A0 52 3 75 LA RS
W ¢ .

2 RWESEMNREE

2.1 fE

A FE ARAE A 8 e 3 3 R ) R A R
43, AR RAEREIRIL AL . Ak TSR P2 KR 5540 %
VR AR5 5 1 A5 2 )3z R A O AR v RORE A
Bl S SR RS T AR IR, (AR i R AR
VR N [ A 7 g, DT 52 PR 7y 2 o e AL R T
L SR AL R T L WS i AR R T R R
it B T 205 T B mT LA AT A A A R B 3
ST BE, B B 2R Ruslan 5 845 1l
JH Fe~TiO, il Fe—HZSM—5 1 g i1k 751 F1 134 I8 W% e
U, TF KA B B I8 I T 2RO R T A R P oG
T2 S RN S B T SR N A T ) Xt
i PERE RS2 . Zhang 25U 4535 T A AR (500 ~
900 °C ) A1 4k B 7 75 (WLAR TR A& ik 3t b )
R 7% AT A= 75 I8 (Coal-derived sludge) 5 1% B #E it 3t
A b B, 5 5L 9 B S AR R I R A AR A R
SRR Bl AR AR HE T, HLK A b B X

T, IR S e AU B 5 B0 B IR A A 4R Bt 1
WA

I BN g B W A B — A BRI
o, TERE D e e AL . BEURAR A 5 T B A B
R AR, HCAE S R T R A AR T I 57 A o
RES R AT R 1 Ak B A AT, ROk, BB AT
ALBE T2 B R 2 R AW K g, 4
fifp PR AT BAE B v R RS | A S g T
VTS BRI, B A R 2 3 45t R P 114 B 2 B O
22 S

BT BOAR BT Tl 1 e Sk, 2ok
S R AL R RI DI = S (1)1 7 O BT
BRI . ik —ad B rp, BES AR B
) e A AR IO, AR i (R EE R CO
H,. CO, 55U BRI T . B . AL | A 45
PR 20 0™ B R Ale A AL, T A H T2
S B A B AR 2 5 1 AT S B AR RO S TR
Lozynskyi 552" PFAl 1 g 45 H 8 37 % 1 2 i #RAL
R 53 A B 52 W), I HE 1 HAR o Atk Jr =X
ORI AT I, JEH AR B B AR Ty 3R T A TR
HYHLIE. Zhang 5522 4 T — R EHT (R aR = <UAE
FROTE, W R SRR LRSS B A
BAETH T A AT RORI L TIE T REFER A



ol U R 45« TR 7] AR SR JOURER ™ 34 T AR A v (LA R I 7 e 5 %

- 887 -

TERR 4, AR S AL RS E P H AR W & R
BT HIS K Y.

PESACTARANE B T AR AZ DR Z
—, BTz 0 8 F AT SR 0 0 4k, FER
AT SR AEAE, AR AR R B AR TR
b, JERh 2% 5 55 [l i, 5 2R o HE— 25 I E R BE
T ZARA I AR DR A J5 S A AR & 5
HEAEM, BB S AR Rty Iy &
J, Sl T 0 VR 1 v RNOR) R RN T Ak, Sl SR
A2 s AN n] Rpak K R AR A ) S 4.
23 &k

SRV 2 B 5 0 VRS R R (A R
BRBHER A2 ) I FE R, B R 3B 8 R R T R
IRz — Ak, Bl % 4 3RO0T e T8 25 14 8 4%
ISR & T, BEARAE o B2 AR A T i — B ik
R sz B L. TR 05 A S IR D 45

LI B 2R 7 SGE I W K T RUIR R S W,

FLEERE W Sk 52 2%, 1 T S0 {68 AR T o 09 Ak 2ot AR
J N AR [ RE A R A 4, T XTI 199 ¥ Ak B2 g
J5 R ) B 1 ST . Song Z5E 0B T H AR
B AR A R B T vk, T T R AT
TR ) B AL ML | 700 44 2 e FL AR TH i AL 3R 1
wAR, Mg eI PERE | ARk A R Y
O [P) R R R YR A B AR A T —

SE M, (HRFALRAR R A2 | R

BT 221 B4 5L A% A7 A R BE AR ATS 2 Wi MR A S N A 2
AT, HEAL TR AR A RE P A0 PR A B AR A Y S5
SR P IR A B, MR A 5 2 5

M 2R T (CAnas . A AR S) g, EUEL
FR e R AR G BRI, AT I e e R4 LT B4 4 Ak
FIE I AL H AR (8 FE 5T 7 ).

25 LTI, ARB R AR | VAL RN A A Ak B
HALHOR, W DL SE I R IR S 2, NEBI R 2 A
BRGSO L R TRE Y A TR R B A Sy A
WA SR E R E ReIRIE A, 5 2
AT, SEERE Y s ROE WA, B R IR A R
PEAR R AR A AR
24 HEME

T B IR 77l TF A T R 2 O B s
199, WA XU H AR HES, BERAE N R IRk E
(ERUNRACIR ST R = 11 (N 1 S | s = Ao
FH 3 B 5 R RE L B n R, A e v M
IME S A G, WIRTEIR . R 21 . a5 AR D7 2
R A G W45, sl A 7= R s MR A sk
W5 L D ek R A

B 5 0T P X 4 AN [F) AR BT AR B A A AT
5%, I AR B —E A R EOR
PR, X SE AL EL A W AT R AR 4 S, 15 3 T
8 IR Z IR WIE, KA K o rh & IR 22 R 4
HE TR BB AR R A B R A R T A T A
FF e, S5 R 3R, olobE 5 58 IR fig 10 2% el ok e 2
FR) 37 S RN IR K I e . Liu 45 200 LU By JE0RE, fd
FH 3K s A Ak B A 1) 5 92 1 4% 22 FL Bk A4 E(OHPC) ,
Hil & T2 K 1R, Yifefs 9 OHPC B A 3
B LR AL (1638 m> g ') Al K 4 iy FLE5 4, A OF
RARBUAS | o PR R 2 A e R At T T iR 12

Y
A r

f

T

f” Discharge

Supercapacitor

/Vx
o r
(]
(5]
=

Activation

B 1 S BA RIS T 7R R

Fig.1 Schematic of the synthesis protocol for oxygen-doped hierarchical porous carbon materials”®!



- 888 -

TRERLF2E, 56 47 5, 5 4

Bl a5 L BARESE, AR B S5 a2 49 K 41
B AL GOR BRI A 8065 ) A s (E
o R RRRAS L, 32 B TR A
AR A SR 254 | 05 0055 B TREE G . IR
JE A RT R A e A% e v By i AL A AR AL Ye AE R
Xt = AN (] 28 B JREE A Ak B o AL
B, LI 8 Rk A, 8 A T S RS R S PR Ak
A NS AT I S B w2 0 e S R T
# R Al — 20 T AR R | AR AR R RO
HL SR AT

(NSRS Z SR A IDAEN T A R WAV
TACE Y, W BALZ MR, 5 8 2 WU AR
6 ] 26 B8 L R i e P R B R Tl A, B T
b G g, A THN A AN R i 4 0 1k e i R
s 2 ] AL S W EAT I AL, M PR R
Bk, 3 AR B TR 5 A AR AT A5 T A5 R
AR B A ] 45 Bk 24 K D RE A RE, BE A AL ER THIR By
B 2 BE AN (BRI, I IR, AT oA R AT 4wl ¢
Sk AR BE TR IRAL.

3 BREHRMRMESF

20 42 90 AEAR IR, Bk L AR &R E
B0 . RANK A N S50 SRR AR IR, A 4 AT —
AR HT R A2 B A, O 5 R Bk 9 K bR TE B R
ez BERABW AL b= B B s 208 L
JHE Ry T 9K 4R 61 A ik 0 K B RL D7 kA 5 SAH DT AR
B AR AT BRI SR
3.1 SAENA/EINABZE

AT (CVD) ML FL 7 ( Arc discharge)
HI ) e Uk 2% 1 T B ASAE B R aek R R ol A e sk
U578 R EHHED, B RA AR S5 K B9 kL, Ik
KA | BRYN KR 45, AR PR S S
BCanik B . AR R . RIS ) Sk O Ak B b R Y
PERE, QN4 = TR e L RN R SR D RE AR, R
EATERRIR . Ak . Aiff 5B 25 S8 1 N FH 2 AT A AL
HITE 7. BRI, A4 T MR R A7 A
— b 222 5 SAHDI L (CVD) 38 i A fh 2
S TR A RL, & Tl s A m . &
ST R TR AR A RE, HUTBU BB ] 45, GRS G
1 VR % T TR S RS A YA L 2R, HL IO
T2 000 3 3 R I R SRR R R R R B, ARV A AR
T E B HE S AR TR 25 4, T8 B 9 R A RL Y, LT
HEDX (8] L, A BRI, BT AT REA 41 CVD
K, 255 7 2 R .

3.2 BEBELAE

R P 3k ) R R sl A e A ) R R
S L R ) g R R R SR AT A, AR AR A )N
PR G K SBURE . Y TR SRR A 5 RS ff LS BSF L IX 35
WOR I L etk 2E O 8O-k 2= ). B
T Jm IO, SO A RO 2 52 ) S A ol B
B DX B, 345 T LA 2 2 A AR I R/ gl 45 ), OS2
PR AR A DX 3 18 A e £ 42 ) BRI B g i
TE T HL A IR R SN BB FL L 3 2 T, A
o F R AR A, T8 BT IS T F A R i B R
HELRCFP R ROV S B0 L TR A Y EL R A, E
M7 A4 L P8 5| B £ AE 1. Zhao %50 (i O
5 R HAR S N R A R B A B AT A B, A B
ZRAFTT L A A SR M R ORL, I X A SR 0 P e
TTRAF, 25 R F 0, PRI R R DI AR S5 TG R A
2O IR S ¥R B2 B A 1 A SR 0 Herh
P AR F2E P 0 R ) 28 100 A 28 0 A R 4 it B e e
5B R RS R, 3 B s 2 H .
33 BFIFH

VS ) AR I TR K BB R Y JE A b v AT ke
TR RS R WA, [EHA LR A i,
T B R R T T AR A Dt S gL Xu AR A
CO(NH,), FI7KTE 180 °C £514 T 7 25 & I vy 48 Hh Xt
JE i AT AL B, I 28 5 el PR B 8 S A Ak o3 i
B &K 8T B 5 A AR ], SR B R 47
M BE. He 550 SR RV 3O 1 v il 48 17 A6
P V5 Y v R S IR R O R O AR AT A e
HAl & T S5HUEAE 2 B, 76 # &l 72 b, ol
MR 50 S 7E 180 C 4514 N & A /K #A ij A= i B—C
S, [ el T R AR i e AR I R R S A BLOs,
S BT A AR B B AR RS OIS R i — 2 R
T ER G RE, A E R G AR T RE
TR 5 1.
34 LESK

Ak 27 v H A R AR B R f i A Al B 22 55
S 0 2 2 50 T Ak A AR A T i O
AR 35 TR 1) Ak 2 e, O B8 AR R AR IR, bt
FRA AT 5] T & 50U B A 2 25 09 98 K e A1 Rk
LA T8 A T 4Rk Y S 15 25 B
S50, DA a7 AL A IR AR T BRI T g

Ye %7 fif FIR R X = Fh S 0E 17 AL #1, & BN
RS T o e 50 RLST38 TI0 R HRE AR 8 e /DN, il R
1 RT3 o e R A B R R A X R RS R AR
A7 S0 e I R B AL T 22 A SRS R RN AT B
PE .7 P BA A FH 1 4 A i 2R D7 10 Ll P R A



Tl U 25 ¢ T i) RS XU T B AR B 45 v (L Ak R P

it e 5 0% - 889 -

AT T AL B, AR H H0, 1F R S A7, 3 2 v
[ 5 ¥ S BRI 1 v 200 A B R ke s R %, e
il & HLEL N 5] 3 FoR, B L S 5056 1 T i A6 BURK
HH 30.86%, il 7 ik CF 4 R ST (1.86+40.62) nm, 4
B s K BRI TR H M B A 0.19 gL' I Ho 4 it 1 7
RN 2.80%, B R AF B 56 REDY, FE L I Al
e 2B SR AR I 2% 4 B AT TR A
il 3, B RE U R PE T 2 58.54%, SEEL T Bk AY R 5
AR it o5 R R, e P RSE (1.3640.42) nm,
ELA ) i B 5 e S B4 B,

ZE LR, fhe A B B B BEAE
Ik, A TR HL ™ T B 5] AL A (RS T 2 L
o B SRy 2 TR, HL A R 3 R R R AR AT
2, 5y = A K 3 B T Y 1 [ s B3 A5 T v )
FH, XIS SR BRI 22 RO M A 1) 45 1 Ry
P, T R T A0 R A A 1 T 1% o 4% i 4
KA REELAT ) R 4 R S

3.5 AREEFG FHRMARKM BT IELR

F 2 N AN [ b BT R T 1k o RS Al B
XS H, ISR AT DL i, AN (R i 5 07 3 A JEURE,
BB 4 A 7 ) B S8 A () AR T LA
A, AT A [R] J5 ik A B 2 R bR B R
TE , QR DU E ] 45 7= din B i, BRI Y RE
1P TR Kot R = N A L 7 N e =R RS
il 25 B BERE T Al 2 SRR, BB B B
R, B BORMRAEL S, I BA KRB 7= 19 )
55 5 AR B A 0 2 A L A Sl R A A SR A G, R
2 I AN AR X AT AR B, PRI SRR T,
S B B0 s A W03 B O A i R D) E R RL, R
TR R 3 1 3 ) P R AT A 8 R ) R B 1 L g
G AnJo AR, o 2 4 SR AR A A, 1 1) T
A S AR AN A0 S5 05 2 A AR R R AR A AR
WA RAG IS i T HR I E REF £ &, JRla
SR ALEE R, 1A T N T A SRR AR e

Coal

e

== : Hydrogen bond

365 nm UV light on

SEERh,

! :Heat

B2 MR A LR R

Fig.2 Schematic diagram for the preparation of coal-based carbon dots™*

¢ OH

»
Main
reaction site

\

O Aromatic carbon @~ Hydroxyl radicals

@ Aliphatic carbon »® Hydrogen peroxide

- Oxidative 0-" HCOOH
1&, depolymerization ga Agglomeration
L% ?

[}
< ©
% Graphite

microstructure with

Agglomeratlon to
form 8~10 layers of
carbon dots

-Q

2~3 layers of

~3.78 layers in coal

Long-flame
coal

Graphite structural

graphite structure

Fluorescent
unit carbon dots

B3 HO, MR AL & s SRR s LR F P

Fig.3 Mechanism diagram for preparing coal-based carbon dots by oxidizing coal with H,O,

[35-36]



- 890 - TARERF 22240, 5 47 48, 5 4 )
2 A7 S DORARA XS LE
Table 2 Specifics of different methods used to prepare nanocarbon materials from coal
Methods Raw material Reaction mechanism Product Advantages Disadvantages Reference
Gas molecules . . Expensive raw material
. Deposition and growth occur Carbon nanotubes  Extensively used, easy to . .
Chemical vapor  produced by S . requirements, high cost,
.. on the catalyst’s substrate (CNOs), graphene  mass produce, and high R [37]
deposition coal . . and difficult subsequent
.. (Ni or Co) (GO) quality of prepared products .
decomposition separation
The high-temperature
requirement during the . The discharge process is
Arc discharge Coal-based discharge process causes the ~ C60, CNOs, GO Prep al.’atlon.Of carbon violent and difficult to [38]
carbon anode materials with few defects
anode to evaporate and control
rearrange the deposits
. . . . . Organic solvents cannot
React with organic solvents Simple operation, high be easily recveled and can
Solvothermal Coal to destroy the cross-linked ~ Carbon dots (CDs)  controllability, low-energy casLy recy! [39]
. easily cause secondary
structure of coal consumption .
pollution
Cracking weak bonds in coal ilvgll;l efgr‘i/ei?gr}lll’ne;i;%y High-equipment cost and
Microwave Coal and promoting free radical ~ Nanodiamond, CDs & . gh-equipment [40]
. . protection, and reduction of  thermal instability
synthesis reactions
by-products
Local high temperature and Nanodiamond, CDs, Regional controllable, High-equipment cost and
Laser Coal . . . complex process [41]
structural reorganization precise synthesis .
requirements
Cavitation effect, local high . . . . .
Ultrasound Coal temperature and high Nanodiamond, CDs S.unp 1e-0p cration, efficient ngh-equlpment cost and [42]
dispersion limited scale
pressure
Oxidants are mostly
strong acids and prone to
i idati i i d:
Chemical Dlregt qx1dat10n and. Nanodiamond, CDs, High efﬁqency,. gooq cause .sec.on ary
Lo Coal exfoliation of graphite flakes sample uniformity, simple pollution; oxidizing [27,43]
oxidation method . GO, CNOs . -, .
in coal operation ability of H,0, is weaker,

and the oxidation time of
O, is longer
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Table 3 Comparison of different oxidation methods used to prepare carbon nanomaterials from coal

Oxidation reagents Raw material Product Advantages Disadvantages References

Anthracite, bituminous Strong corrosiveness, deashing

H,SO, i
2 igni GO Simple method pretreatment, secondary pollution

coal, lignite [55]

Anthracite, bituminous Multilayer High-equipment requirements and

HNO, coal, lignite graphene Modifiable, high efficiency secondary pollution [56]
HNO, Coal tar pitch CDs Modifiable, high efficiency iicg(:lr;ggll;irglelx;tﬁroer?uirements and [57]
HO.  tmplanecs oy femeledidmiomidand Theraions wlemimer gy
o amiecod  cps Stmeolimpon. Tl dloc g
HOMSO, O s ble iiutondegree sesonduypltaon (60
H,0,/HCOON Coal tar pitch CDs ?;;(;gilfz;(ﬁsigif;()p erty and mild High-reaction rate, corrosive [61]
H,S0,/0; Tar GO Strong oxidizing capacity f;:fozifv‘f;‘;:sm oxidation, [62]
H,S0,/HNO, Coal tar pitch Porous carbon Strong oxidizing capacityand low Highly corrosive, risk of excessive [63]

cost oxidation
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