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DBD-assisted preparation of fly ash-based catalysts for enhancing CO, desorption
from amine solution
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Abstract: In the context of global active response to climate change, the development of efficient carbon capture technologies is
essential for achieving “carbon neutrality”. To explore the feasibility of optimizing the structures of fly ash-based catalysts via dielectric
barrier discharge (DBD) technology and thereby enhancing their catalytic performances for CO, desorption from monoethanolamine
solutions, response surface methodology was adopted to analyze the effects of voltages, treatment time and N, flow rates on the catalytic
performances of fly ash-based catalysts. The results demonstrate that DBD treatment can significantly refine the textural properties of the
catalysts and optimize their active sites. Ni/FA-a-DBD (FA and a represent fly ash and alkali modification, respectively) prepared under
the optimal conditions of voltage of 27 kV, treatment time of 646 s and N, flow rate of 111 mL/min exhibits favorable catalytic
performance, with average enhancement rate of 16.53% (compared with Ni/FA-a) for CO, desorption capacity.
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Table 2 Main experimental instruments
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Fig.1 Schematic diagram of DBD reaction system
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Fig. 3 N, adsorption/desorption isotherms and pore size distributions of Ni/FA-a and Ni/FA-a-DBD
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Table 3 Textural properties of Ni/FA-a and Ni/FA-a-DBD

AL LR /(m>gh) LA (em’g!)  “FHFLAE mm
Ni/FA-a 9.6 0.0297 11.89
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2.1.3 RMSH

ANEAE A B PY-IR 15 0L B 4. BB 47750, 67
T 1542 cm. 1488 cm™ A1 1447cm' Ab FR) 45 41 W WAz Ui
3 A %F N Brensted B2 14 07 55 (B BR /37 &) « Bronsted-
Lewis & &8 AL A (B + LERAL 5D Fll Lewis BR 447
RLCLERAL )R,

T Ik PY-TR B P ARp A W A e T AR 6 AR [ A o
MEREHAT T e &AM, &R WKL, HR4T
%1, FA.FA-a.Ni/FA-a 1 Ni/FA-a-DBD 1 $] [] I} #%
76 BRI L BRAL S HIR E M oy FERE EF .
i, FA-a (1) B B2 R B Al L B2 R B 1) 55 FA A5 T I
W B A B e R R 1 43 SR T R 1467 £ s Ni/FA-a
) B B2 A1 L BRER 5 FA KI5 T FHa1» Ho oy, B FA-AM
(0.1939) i Bl FRAK , 1 BH Ni 1) 5] A AR &= 7 R
&, LA T BRI 23 APV Ni/FA-a-DBD ) B 12
% B4 FA A BTG, LI R B4 FA A BT i g N
0.1016, % B DBD A B GHER 147 s 4% B — 8
HFEE . ERREEPUR I L B A A E 5 CO, MM

BRI LG B R LR A vl g & it
MEA-CO, & &I .

B B+L L

i/FA-a-DBD

BIE %

1575 1550 1525 1500 1475 1450 1425 1400
B fom”
B4 ARE#FRNPY-IRIEE
Fig. 4 PY-IR spectra of different samples
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Table 4 Acid amounts and ay, of different samples
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FA 15.84 106.31 122.16 0.1490
FA-a 15.20 78.36 93.56 0.1939
Ni/FA-a 21.32 119.07 140.39 0.1790
Ni/FA-a-DBD 13.01 128.01 141.02 0.1016
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Fig.5 Catalytic performances of catalysts obtained under different voltages, N, flow rates and treatment time
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Fig. 6 CO, desorption capacities of Ni/FA-a and Ni/FA-a-DBD
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- K
-1 0 1
HLE /kV 20 25 30
AEFEIA] /s 300 600 900
N, ¥t /(mL-min™) 50 100 150

%7 RSM A FigitFnmR{E

Table 7 RSM scheme design and response values

e R mEAY s e COMIE

(mL-min")  $#2FE /%
12 1 25 900 150 14.42
16 2 25 600 100 16.49
4 3 30 900 100 14.21
11 4 25 300 150 12.03
10 5 25 900 50 12.00
9 6 25 300 50 11.56
5 7] 20 600 50 10.09
6 8 30 600 50 13.05
1 9 20 300 100 9.02
15 10 25 600 100 16.17
14 11 25 600 100 16.80
7] 12 20 600 150 11.07
17 13 25 600 100 15.48
2 14 30 300 100 13.60
3 15 20 900 100 10.54
13 16 25 600 100 16.71
8 17 30 600 150 14.56

Y=-69.72175+5.023A + 0.030458B + 0.1198C -
0.000152AB + 0.000530AC + 0.000033BC — 0.09595A%~
0.000023B’- 0.00696C> 3)
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[ U1 7 R R A8 5 RELCCV) R 3.60% , B 5E R (R

90.9835, £ IE R H (R2,) 4 0.9622, 7€ 5 H 7 il

1B (R0 79 0.9027, F5 I A #ff & (4,0 9 19.4801,

Ay > 4V 7 FE A SEPEE S, 7T H T DBD At
HAEAARAL AT
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Table 8 Fit statistics of regression equation
brfEE P CV /% R R R A
0.4818 13.40 3.60 0.9835 0.9622 0.9027

[ AR A Ty ZE A e R 9. R 9 AT AT, %
B () PAE< 0.0001 , & IR BAR B A B Giit 5
B, BRI A AR TR 2R 55 e A 2 [R) FR P9 TE
KFR. [FR, R PAE R 0.4862(> 0.05) , % B
BRI & ROR R AT, AMETERE N R G m 2, 3F
S PR 20 45 IR IR S IR — B IR T A
A SEME SHRE M. TEREY & IR B, etk T

deg

19.4801
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Table 9 ANOVA results of regression model

:j_ SEIR AEE B FE® PE?  BEHY ;i: FHAM HBE ¥y FEY PE®  BEHS

i 96.61 9 10.73 46.24 <0.0001 Hx A? 24.23 1 2423 10435  <0.0001 o
27.01 1 27.01 11634  <0.0001 ok B? 18.37 1 1837  79.12  <0.0001 ok
3.08 1 3.08 13.24 0.0083 ok c? 12.73 1 12.73 54.83 0.0001 ok
3.62 1 3.62 15.58 0.0055 ** W 1.63 702322

AB 0.2070 1 0.2070  0.8917 0.3765 R 0.4862 301621 0.5692 0.6643

AC 0.0702 1 0.0702  0.3025 0.5994 gz 114 4 0.2848

BC 0.9506 1 0.9506  4.0900 0.0827 BAES 9824 16

1 OF R BB TE RoKPE ; QP HAR IR P @ R 7R B (PH< 0.05) A ZEF R L E (PH< 0.0D.

RSM 43 7 o &6 5 £ 1 28 AT 87 i T 45 ik 35 v]
RT3 58 R 2 RN o 24 55 iy 2R T 35 2 B S RO AV [
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iy sy NE A A TR v e s v
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T A2 HAE F X CO, MR & 18 T+ 2 1 5, R
De51gn Expert 8.0.6 £ il 17 Wi J37 AR &5 5 42, 45 5 0
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Fig. 7 Response surfaces and contour lines of interactions of different factors
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Fig. 8 Prediction value-real value curve Fig. 9 Parallel experiment results
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desorption from amine solution by Ni/FA-a-DBD

3 Qn e

ATIE T DR SR 3] A0 M R ek 68 Bk 5 P
Ni 1% )5 , K H DBD £ AR #EAT R ot , Hil 4 1%
PR FAEAL R . SR A BT A A4 T DBD Ab 3 2%
I T AL X MEA ¥ CO, il Wi 7 f
eI RE, A H W R 451 .

(1)DBD 4 F AT 238 o FE A 41 £ 771 1 k)
AR IR PR AT 2. DBD % B ] 5 by 1 AR i
AT R B e 45 A HE S 27 KV L B TE] 646 s FIN, Vi i
111 mL/min. 7251 R il 26 IR AL 773 CO, fil
W BT %N 16.53% (5 Ni-FA-a fH EL)

(2> DBD % Bl il 26 Ffr 73Ky KA S A )0 B
CO, i W AR 5 A A FH U5 T 5 ) -3 11 b [0 280
DBD 4 B A 1 44 771 2% 1 R A 2 4 v JF A Ak 1
TUOMLESEHE) , AT 503 1 A% SO RE 10 L RV s F) i R
AR AR AT

S5 3k

[1]  HFFPR, SER . A1y Rk 40 45 [H 2504 2 KR R

[M]. b5t B Db H R, 2021,
CAO K H, SU L. Carbon neutrality revolution: The great
transformation of China’s economy and society in the next
40 years [M]. Beijing: Publishing House of Electronics
Industry, 2021.

21  #aE, TR, R, 25 MEA Z50 8 & IR Co, Ml
HIWE T D). IR 546 T, 2023, 48(1): 156-163.
YANG F, WANG F, LU S J, et al. Research progress of CO,
absorption by MEA binary complex amine solutions [J].
Low-Carbon Chemistry & Chemical Engineering, 2023, 48(1):
156-163.

(3] WA, SREEMG E T, & ORI E AR B Ut R
[J]. YL PR, 2025, 43(4): 801-806.

ZENG S Q, ZHU J M, WANG R X, et al. Recent advances
in the value-added utilization of fly Ash [J]. Jiangxi
Science, 2025, 43(4): 801-806.

[4] CAIWIJ, YEL, ZHANG L, et al. Highly dispersed nickel-
containing mesoporous silica with superior stability in
carbon dioxide reforming of methane: The effect of
anchoring [J]. Materials, 2014, 7(3): 2340-2355.

[5]  REESE . NisW AL AT B B AR S — Sk

BR[D]. A& KJFH T K%, 2015.
CHEN P P. Catalytic production of carbon monoxide from
coke oven gas by carbon dioxide reforming over Ni/fly ash
catalysts [D]. Taiyuan: Taiyuan University of Technology,
2015.

[6] NING Z Y, WEN L C, LI R R, et al. Oxygen vacancy-
enriched Cu/CeO,-ZrO, catalyst with highly dispersed CuO
towards plasma catalytic advanced CO, utilization [J].
Journal of Cleaner Production, 2024, 442: 141010.

[71 JIA XY, ZHANG X S, RUI N, et al. Structural effect of
Ni/ZrO, catalyst on CO, methanation with enhanced
activity [J]. Applied Catalysis B: Environmental, 2019, 244:
159-169.

(8] WIS . i Jo BHL 42 A HL v 4 A ] & R B AL AU [D]. R

KR, 2009.
KUAI P Y. Preparation of copper-based catalysts by
dielectric barrier discharge decomposition [D]. Tianjin:
Tianjin University, 2009.

(9] 55, £k, T, 55, y-ALO, 73K Ni.Fe.CuX}

A 5T B8 558 2 T R B 4K CO/CH, RS IR [T]. Ak Tk
%, 2024, 43(5): 2705-2709.
FENG Y Q, WANG J R, WANG C X, et al. Influence of Ni,
Fe, and Cu loaded on y-Al,O, in CO,/CH, conversion via
dielectric barrier discharge plasma [J]. Chemical Engineering



FAA . DBD 4 B4 &bk A R AEAL 7] 3R AR CO, AR 11

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

Progress, 2024, 43(5): 2705-2709.

FHIR, TR, A5EAR AR 5 2 TR B R ] & e 23 i
PERRBEAE AL R AL SR NO TERERR L [)]. I TR R 2
i, 2023, 46(6): 426-433.

WANG H R, YU M H, LI X C. Preparation of highly-
dispersed iron based catalyst with low temperature plasma
for NO catalytic reduction [J]. Journal of Liaoning University
of Science and Technology, 2023, 46(6): 426-433.

BO Z, CAOMY, WANG Y L, et al. Unlocking the potential
of CwTi,C,T, MXene catalyst in plasma catalytic CO,
hydrogenation [J]. Journal of the Energy Institute, 2024,
115: 101648.

NAVIK R, WANG E Y, DING X, et al. Enhanced post-
combustion CO, capture and direct air capture by plasma
surface functionalization of graphene adsorbent [J]. Journal
of Energy Chemistry, 2025, 100: 653-664.

V=W . 3T DBD 458 TR 1 5t & R AL A % 5 AR
WAL [D]. o8 1L K2, 2023,

TAO Y M. Research on the preparation and regeneration of
precious metal catalysts using DBD plasma [D]. Wuxi:
Jiangnan University, 2023.

YANG X L, ZHAO B R, LIU Y, et al. Dielectric barrier
discharge plasma for preparation of Ni-based catalysts with
enhanced coke resistance: Current status and perspective
[J]. Catalysis Today, 2015, 256: 29-40.

SAVASTENKO N A, BRUSER V, BRUSER M, et al.
activity of CoTMPP-based
catalysts for PEMFCs by plasma treatment [J]. Journal of
power sources, 2007, 165(1): 24-33.

T, AL, ARLA A L ARIR S RS R A ) P [ A
1k CO, AL R[], B HERIR, 2022, 48(7): 1607-1619.
GAO Y, DOU L G, LI J W, et al. Recent advances in

catalyzing CO, conversion by synergistic low-temperature

Enhanced electrocatalytic

plasma and catalysts [J]. High Voltage Technology, 2022,
48(7): 1607-1619.

XS . G 55 25 7R P AL B Ir 45 4% SrTiO, M i
LPERERR FT[D]. J5 M2 75 K2, 2022.

DWNG L L. Study on low-temperature plasma modification
of Ir-doped SrTiO, and itselectrocatalytic performance [D].
Suzhou: Soochow University, 2022.

LHnls, Bk, KIA AR AEE TR EORLE A R 3 T 2
PR R R[] AL T, 2024, 53(5): 1711-1715.

JIANG R T, YANG G, ZHANG Y. Application of plasma
technology in surface modified carbon materials [J].
Applied Chemical Engineering, 2024,53(5): 1711-1715.
WANG B F, WANG N, SUN Y H, et al. Dielectric barrier
discharge plasma modified Pt/CeO, catalysts for toluene
oxidation: Effect of discharge time [J]. Applied Surface
Science, 2023, 614: 156162.

WANG B F, CHEN B X, SUN Y H, et al. Effects of
dielectric barrier discharge plasma on the catalytic activity
of Pt/CeO, catalysts [J]. Applied Catalysis B: Environmental,
2018, 238: 328-338.

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

ZHANG L F, SADANANDAM G, LIU X Y, et al. Carbon
surface modifications by plasma for catalyst support and
electrode materials applications [J].
2017, 60(12): 823-830.

XIAO L S, BIANM Q, YIN Z Q, et al. Combined effects of

microstructural characteristics on anisotropic transport

Topics in Catalysis,

properties of gas diffusion layers for PEMFCs [J].
International Journal of Hydrogen Energy, 2022, 47(89):
37978-37989.

THOMMES M, KANEKO K, NEIMARK A V, et al.
Physisorption of gases, with special reference to the
evaluation of surface area and pore size distribution (IUPAC
Technical Report) [J]. Pure and Applied Chemistry, 2015,
87(9/10): 1051-1069.

K38, XUMSK, s, 55 . W06 DBD R T eItk PET #
S FELTRT FE BSOS THT IR 48 R (). T FUR R, 2022, 48(10):
4233-4241.

SONG Y J, LIU P F, YANG Q, et al. Charge dissipation and
surface flashover characteristics of PET films modified by
dual-source excited DBD [J]. High Voltage Technology,
2022, 48(10): 4233-4241.

SCHILLER P, WAHAB M, BIER T A, et al. Low pressure
hysteresis in materials with narrow slit pores[J]. Colloids
and Interfaces, 2018, 2(4): 62.

ZHU Z R, CHEN Q L, XIE Z K, et al. The roles of acidity
and structure of zeolite for catalyzing toluene alkylation
with methanol to xylene [J]. Microporous and mesoporous
materials, 2006, 88(1/2/3): 16-21.

ZHANG X W, LIU H L, LIANG Z W, et al. Reducing
energy consumption of CO, desorption in CO,-loaded
aqueous amine solution using Al,O;/HZSM-5 bifunctional
catalysts [J]. Applied energy, 2018, 229: 562-576.

GAO B, GAO Y R, ZHAO Y, et al. Nickel and iron
impregnated alkali-modified fly ash nanoparticle for
improved CO, capture performance in MDEA aqueous
solutions [J]. Chinese Journal of Chemical Engineering,
2025, 87: 182-196.

BRI, . 4R R p-ALO, [ AT Ak
CO, AN & AR BE[I]. ARBRAL 22 51k T2, 2025, 50(7):
99-108.

QIU W, NING Y R, ZHAO S, et al. Catalytic performances
of bimetal-loaded y-Al,O, solid acids for CO, desorption
from rich amine solution [J]. Low-Carbon Chemistry &
Chemical Engineering, 2025, 50(7): 99-108.

FERREIRA S L C, BRUNS R E, FERREIRA H S, et al.
Box-Behnken design: An alternative for the optimization of
analytical methods [J]. Analytica Chimica Acta, 2007, 597(2):
179-186.

NARUKULLA S, BOGADI S, TALLAPANENI V, et al.
Comparative study between the full factorial, Box-Behnken,
and central composite designs in the optimization of
metronidazole immediate release tablet [J]. Microchemical
Journal, 2024, 207: 111875.



