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Table 1 Pore structure parameters of zero-modified and oxygen-modified biochar
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5-800-40 540.66 472.82 67.84 87.45 0.28 0.19 0.10 65.39 2.09
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Fig.3 Raman energy spectrum (A) and XRD spectrum (B) of zero-modified and oxygen-modified biochar
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Fig.7 Stable adsorption configuration of the original carbon skeleton(A) and different benzene pollutants(B-D)
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Fig.8 IGMH analysis results of the original carbon(A) skeleton and benzene pollutant adsorption system(B-D)
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Fig.10

Dependence of the percentage of oxygen containing functional groups in the C1s spectral fractionation

results of oxygen-modified biochar on the unit adsorption capacity of biochar benzene

T IR B 2R, B A e T B S R R 1 ik
B AR ZR TG G 2 18] g B L A ) 2K
TR e A W AR A o PR IR o ik 1 A i R B
KA MR, 3 1 28 rp R B IR i 1) U1 5 i
SRR TSR X Bl SR R B MR TR K
RSB I BB B AR oy O SR 2 AR TR
B AR5 4 MR 2R 35 e W B T 2 TR A A A A
JIRIVE R, ek L RR HL A 1 T, A AL
T T B SE R TG QYRR 51 ) R S AR
V2 EIP iV il 11 9 S % o W s VT G 42 SR
B BT 25475 Y W BRI E 52 FL B 4 F A i o S
REM 2 RS %

3 it #

IR 25 R A AL B AT A R T A ) 5 Xt A
R o AR Ty i R R I 4 bR 2R TS e A I R
RE T, I Bt S A Ak B A i) S i 2 T, i 9 Rk

PEE LIRS R A4 he AFPERTBLY T
T 23 SR A A W 7 X T R 1 R e v g, IR
ik 91.53 mg/g, HARMW AR IR 25 AT 4 he
s A AE A TFLBRZE 4 pY A K U H R AL
(A o L AR i e oh 87.40 %0~90.28 % , IR AR
. 59.41%~66.76 %0, A= ¥ s i FL &5 4 2 5 A FLBR
S FEML I 2R 2R 75 e (0 W B A i 2 R4 T
YERT, 2K 2205 Y W 1 W Bt 5 i fL bb 3% i BRI L AR
R IE A e B3

Rz A AR Y e F A B RE A EZ LR
5 BRIV A, BLA A RE A A F B Rl 4R
fRRF R A3 . 28 SEALBER T A A R
T B B b, 3 T RN 48540 S A 3 T
S U AR W e e A B KA B C— O I C=0 %%
b, FL B 0 24 19 AL 5 B0 W R T O=C — O
EraE R, IR SR A Y Y W B RE AN S
LRSS A 6, 075 BEE— 25 43 Fr A W) o 4% 1T R



% 33

hoR g Rl s SRR W 5 W AR 2R TS G A AL AR

291

AR o 7 80E RE A 2 s oA M) TR T+ A )
BRI F 5 Y (0 B PERE , JE R R IE MR I

o SEUE BE P N T ROBE U T A= W o e B AR R
T gt L B O3 A AN () S B 5 AU RE T 9 A7 A 5 BB
RS A PR 2875 e W) (0 R RS A FH 2 250 A1 58 59 A7
ZE 5, JUHJE G50 TR 51 ) R AR . il ad
WA TR AT 3], A o e AR D SRR AR, 4 B R
TSRYIE S B2 Rk (BEIE RILIB IR W Bk
IR 4 TR 5 ) 2 1813 2 a0 RO B T Rk
IR T Y My I 2 ) B o SRR R AR
TR AT ) S B 2/ T IR 0 A8 ke A, A
RUSEE 1 A=) 528 2R TS G W R RE )

%% 3 Hk References

[1] TANG H,ZHAO Y,SHAN S J, et al. Theoretical insight into
the adsorption of aromatic compounds on graphene oxide [J].
Environmental science :nano,2018,5(10) : 2357-2367.

MOHAMAD SAID K A,ISMAIL A F,ABDUL KARIM Z,

et al. A review of technologies for the phenolic compounds re-

2]

covery and phenol removal from wastewater[ J].Process safety
and environmental protection,2021,151:257-289.
LIL C,ZOU D S, XIAO Z H, et al. Biochar as a sorbent for

emerging contaminants enables improvements in waste man-

(3]

agement and sustainable resource use [J]. Journal of cleaner
production, 2019,210:1324-1342.

RGEPH, ¥, B0 25 | OV AE M) SR e M X R i Ak 1
e BT HE R [T ] SR A 4, 2023, 42(5) 1 12-
19.XIA X Y, WANG X L, XIA H, et al. Characteristics of

modified biochar and its application in improving saline-alkali

[4]

soil [J].Journal of Huazhong Agricultural University , 2023, 42
(5):12-19(in Chinese with English abstract).

PANWAR N L,PAWAR A.Influence of activation conditions
on the physicochemical properties of activated biochar: a re-
view [J]. Biomass conversion and biorefinery, 2022, 12 (3) :
925-947.

LIBZ,YANG Y C,WU H Y, et al. Adsorptive removal and

mechanism of monocyclic aromatics by activated carbons from

L6l

water: effects of structure and surface chemistry [J/OL].Col-
loids and surfaces A :physicochemical and engineering aspects,
2020, 605: 125346 [ 2023-03-11]. https://doi. org/10.1016/j.
colsurfa.2020.125346.

LUTKE S F,IGANSI A V, PEGORARO L, et al. Prepara-

tion of activated carbon from black wat-tle bark waste and its

7]

application for phenol adsorption [J/OL]. Journal of environ-
mental chemical engineering, 2019, 7 (5) : 103396 [ 2023-03-
11].https://doi.org/10.1016/j.jece.2019.103396

YANG K,ZHU L H, YANG J J, et al. Adsorption and correla-

tions of selected aromatic compounds on a KOH-activated car-

(8]

bon with large surface area[J]. Science of the total environ-
ment,2018,618:1677-1684.

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

DING J W, LI X,SHAN Y L, et al.Super facile one-step syn-
thesis of aromatic amine waste residue derived N-rich porous
carbon for hyper efficient p-nitrophenol adsorption[J/OL ].Jour-
nal of environmental chemical engineering, 2021, 9(2) : 105106
[2023-03-111.https://doi.org/10.1016/j.jece.2021.105106 .
DEHGHANI M H,FARHANG M, ALIMOHAMMADI M,
et al. Adsorptive removal of fluoride from water by activated
carbon derived from CaCl,-modified Crocus sativus leaves:
equilibrium adsorption isotherms, optimization, and influence
of anions[ J].Chemical engineering communications, 2018, 205
(7):955-965.

CHEN T W, LUO L, DENG S H, et al.Sorption of tetracy-
cline on H;PO, modified biochar derived from rice straw and
swine manure[ J ] .Bioresource technology,2018,267:431-437.
ZHENG Y W, WANG J D, LI D H, et al. Insight into the
KOH/KMnO, activation mechanism of oxygen-enriched hier-
archical porous biochar derived from biomass waste by in situ
pyrolysis for methylene blue enhanced adsorption[J/OL ].Jour
nal of analytical and applied pyrolysis, 2021, 158: 105269
[2023-03-11].https: //doi.org/10.1016/].jaap.2021.105269 .
YANG X P,JIANG D, CHENG X X, et al. Adsorption prop-
erties of seaweed-based biochar with the greenhouse gases
(CO,, CHy, N,O) through density functional theory (DFT)
[J/OL]. Biom-ass and bioenergy, 2022, 163: 106519 [ 2023-
03-11].https://doi.org/10.1016/j.biombioe.2022.106519.

LU T,CHEN F W.Multiwfn: a multifunctional wavefunction
analyzer[ J].Journal of computational chemistry, 2012, 33(5) :
580-592.

LU T, CHEN Q X. Independent gradient model based on
Hirshfeld partition: a new method for visual study of interac-
tions in chemical systems[J].Journal of computational chemis-
try,2022,43(8) :539-555.

B, BB, B . Sk B XA AT e AP A s [T ]
A AL TR 2021, 55(3) : 35-41. DALT T, YANG Y,
WANG L. Effect of CaCl, on physicochemical properties of
cotton straw carbon[J]. Biomass chemical engineering, 2021,
55(3):35-41(in Chinese with English abstract).

LIU J J,KANG R X, YAN Z W, et al. One-step synthesis of
3D-interconnected porous carbons derived from ephedra herb
using calcium chloride and urea as co-activation for high-per-
formance supercapacitors[ J].Ionics,2019,25(8) : 3907-3914.
KUANG S J,XU D H,CHEN W Y, et al.In sifu construction of
bamboo charcoal derived SiO, embedded in hierarchical porous
carbon framework as stable anode material for superior lithium
storage [J/OL]. Applied surface science, 2020, 521: 146497
[2023-03-11].https://doi.org/10.1016/j.apsusc.2020.146497.
KA AR BRI B AR I 2 S5 SR (D] S0
BTl A2, 2015.ZHANG B.Study on the characterization of
morphology, structure and composition of soot particles from
biomass fuel[ D ].Hefei: Hefei University of Technology, 2015
(in Chinese with English abstract).



292 LRI I NI <3 4 843 %

[20] XIANG W,ZHANG X Y,LUO J P, et al.Performance of lig- porous carbon adsorbents: effect of various activating agents
nin impregnated biochar on tetracycline hydrochloride adsorp- [J]. Journal of the Taiwan institute of chemical engineers,
tion: governing factors and mechanisms [J/OL ]. Environmen- 2019,102:438-447.
tal research, 2022, 215:114339[ 2023-03-11 ].https://doi.org/  [23] CAO Y,WANG L P,KANG X D,et al. Insight into atrazine re-
10.1016/j.envres.2022.114339. moval by fallen leaf biochar prepared at different pyrolysis tem-

[21] DARVISHI CHAGHAGANOOJ Z, ASASIAN-KOLUR N, peratures: batch experiments, column adsorption and DFT cal-
SHARIFIAN S, et al. Ce and Mn/bio-waste-based activated culate-ons [J/OL]. Environmental pollution, 2023, 317: 120832
carbon composite: characterization, phenol adsorption and re- [2023-03-11].https://doi.org/10.1016/j.envpol.2022.120832.
generation[ J/OL |.Journal of environmental chemical engineer-  [24] DAI'Y J,ZHANG N X, XING C M, et al. The adsorption, re-
ing, 2021, 9 (4) : 105788 [2023-03-11]. https://doi. org/ generation and engineering applications of biochar for removal
10.1016/j.jece.2021.105788. organic pollutants: a review [J]. Chemosphere, 2019, 223:

[22] SINGH J,BASU S M, BHUNIA H.CO, capture by modified 12-27.

Adsorption mechanism of low-temperature air oxidation
biochar for benzene pollutants

MA Jiamin, WANG Zhuochao, YANG Zhengming, NIU Wenjuan, CAO Hongliang

College of Engineering/Key Laboratory of Smart Farming for Agricultural ,Huazhong Agricultural Univer-
sity, Wuhan 430070, China

Abstract Biochar is an efficient adsorption carrier for benzene pollutants, but the adsorption capacity
of directly carbonized biochar for benzene pollutants is limited. LLow-temperature air oxidation is effective in
modifying the structure of biochar and enhancing its adsorption capacity of benzene pollutants. However,
the adsorption behavior and mechanism of low-temperature air oxidation biochar for benzene pollutants still
needs to be further clarified. Herein, low-temperature air oxidation biochar was prepared by a two-step acti-
vation method using bamboo chips as raw material and CaCl, as activator. The adsorption processes and be-
haviors of low-temperature air oxidation biochar for four benzene pollutants including phenol, aniline, hy-
droquinone, and p-nitrophenol were deeply analyzed with comprehensive adsorption experiments, biochar
structure characterization, and density flooding theory (DFT) calculations. The adsorption properties and
mechanisms of oxygen-modified biochar for benzene pollutants were studied. The results showed that the
adsorption performance of low-temperature air oxidation biochar for benzene pollutants was influenced by
the synergistic effect of the pore structure and surface functional groups of biochar. Biochar regulated the ad-
sorption and storage process of benzene pollutants at a spatial geometric scale through the pore filling effect
of microporous structure. Oxygen atoms were assigned to the surface of the carbon skeleton of biochar in
the form of hydroxyl, aldehyde and carboxyl groups after the oxidation of biochar by low temperature air.
The electronic structure of the carbon skeleton was influenced by the electronic scale, modifying the adsorp-
tion position and type of interaction between the carbon skeleton and benzene pollutants. The adsorption ca-
pacities of biochar for benzene pollutants were significantly enhanced through mechanisms such as electro-
static attraction and hydrogen bonding. Among them, the hydrogen atoms of the hydroxyl and carboxyl
groups in the carbon skeleton are easy to become donors of hydrogen bonds, while the oxygen atoms of the
aldehyde group are easy to become acceptors of hydrogen bonds.

Keywords biochar; low-temperature air oxidation; benzene pollutants; quantum chemistry ; adsorp-
tion mechanism
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