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BERN . DGR AR AT EA AL, B LAE B AR PR
R EZ SR, B RS (scanning
electron micrograph, SEM) . Lt 3R [ 1 7 #1  Cspecific
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200 C /N FEFEAE P ] 4% LA /N 22 AE 0 k)
H AR T R e e 26 1 B IR FE S 9, 7E 200 mL/min ()
WIEASIE N, FH 3x300 W ZL4MG 928 I 200 °C,
TR FFSE 3 h 51 b n#, RS G HE S 2E E AR %
MEEE, RHRREDR.

500 C [F/NZREFF AN IR LA/INZFERT R SRR, BT
Wi BB B g b AT RS, RANBSIE NSRS
Ja &, AHMATEEINIAE 500 C #E 6 h 52
R, RS EREDK .
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JIT 7 AL B AE A 0 Uk 351 5] — B
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1.2.1 AHREAMENL

FREL— & EARIR AR . SRR B T4
W, R IR E VR EE 1:10 0N 15% 1) H,O, W, 80 C /K
W 6 h JE G RER B Oy D8 B Al K P 2~3 K.
T 105 C FHF-. BB 60 H (025 mm) 5 HRE%H
BN R A B =R AE K -

1.2.2 AMRFEILEL

BARE AR miR A IRIE 25 C BAKRE T
F9% 10h, 1105 C Piditt- 2 h, #—PE25C FF
PRSP BCE 12 h S5 0T R S R AN 2 B T K E W16
WFRES, 1] 1 RTRAE, ikl 24h. TRZET
FRAEfE R B 7740 25 °'C NHEAT, RFEMRIMIRE R4
14% (Jift 14 ) TR S ATHRE", i BE i s
PAETELSHEZWREAED R . TR ZESRAEYR .
1.2.3 AR FEIRBEZNL

PRI A IR« =i A= K 350 50 14 1 B 3 % 7 1L
L, RE TRAMTET (ThF 40 W, K 340 nm. 4R
HETEH 0.99 W/m?) 10 ecm Ab#EAT 4L E AL, £ KR
JEHE 12 h BEHT 12 h I ER RO R, 2B IR A 2 1

H25°C, WE 60%, HEHE 20 d 51 BURE 315 3548
RO ZARIB AR . RIS Z R AR
1.3 £t Cd IRMHRIE

FREX 0.03 g ik i i AE P K it T 50 mL 58 0 5 0
B, I 30 mL KN 224 mg/L EALRER T Bk
B . fE 180 t/min. 25 C 7E¥% 24 h J5 LA 4 000 r/min ]
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D52 DEV R A > ok BE TSR A o Cd™ fg BT i B
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[ 4121, V-Sorb 2800P) il i A= 4 ¢ bt 2% 1 #2 A1 FL B
GERL P A B AR e 40 A O R AL (B E FEER K,
Nicolet iS10) = H M A= m R BG4, =6 H
N 500~4000 cm™'; A pH it (BRI R 2,
FE20) 5 W mIZ 2 pH A8 ;I B 3l s AL 21X
(LR, ZDI-4B) W e A9 3% TH BRIl S [ 5 = 5
PR PR e e (HASE, AA-6880) &
WP S e R CdP T TR .
1.5 BRSS9

¢ F Microsoft Excel 2019 F1 OMNIC 8 #& £ 347 4%
PEACEE AN GE 434, R SPSS 25 #AFHEAT B2 TE A #T
FIFH Origin 2021 5¢ R B 2l o
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2.1 S¥REBNFHES
2.1.1 4ax684E (SEM) o4
YR ZALET A R RS E G W E 1 AR,

oy, i e -
HBC OHBC WHBC UHBC

7E: LBC. OLBC. WLBC. ULBC A 9fiif. S EWIRIR . THRZH
AR HIDC I ZARIR AN % HBC. OHBC. WHBC. UHBC 4%
AER. AR FRAZH SRR, ISR K.
A,

Note: LBC, OLBC, WLBC, ULBC are low-temperature biochar, chemical
oxidative aging low-temperature biochar, dry-wet cycles aging low-temperature
biochar, and the UV light oxidative low-temperature biochar; HBC, OHBC,
WHBC, UHBC are high-temperature biochar, chemical oxidative aging high-
temperature biochar, dry-wet cycles aging high-temperature biochar, and the UV
light oxidative high-temperature biochar. Same below.
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Fig.1 Scanning electron micrograph of original and aged biochars
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2.1.2 &R ®mA (SSA) ARILESHT

AR A R AE AR AT IS A L3R TH AR R FLAE D A3 Hr
= 1FE 2 . VIR FLBRZSE R ] 0 Il (D<
2nm) . L (2<D<10 nm) . /ML (10<D<50 nm)
L (50<D<100 nm) K KfL (D=100 nm) . fKiEE
YR FLBR BRI AR TE 0~2.5 nm, FENMILEH, T
B E B N/ANLEE R (10~20 nm) . LBC. HBC
(R LL R T AR 23 5 078 11.43 m/g, W] Wi I6 A i Fl
FIEE YR LR AN . 4347 IR R R B 25 #A iR R 1 T
&, VRN SRR AR A E R L, AN RE 5
R 5T IBWE 2 ASKRE Bk 45 G2 1) iR B A 25 4 e
AR, TR /N (R FLR M T 389 K A % (1 B T AR TS
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Table 1 Changes in specific surface area of original and aged

biochars
k¥ Treatment Lt 1Hi # Specific surface area/ (m*-g ')

LBC 0.78
OLBC 7.65
WLBC 1.44
ULBC 0.15

HBC 11.43
OHBC 15.70
WHBC 8.09
UHBC 1.80

TWMIRAEMR .. FEEYR, 4 H0, mAtIEH
JE M RMEREIR, BB R SF R AL . R, H,0, 2 iE#
AR R AR e B, IR ILBR R R R,
T AN b F A, Bk, 24k Ak 16 JE OLBC.
OHBC [ Lb R TH B A MR A R K, EeZ Akl 4 5l
ET 881 M 037 fi5. THERXH ZIitFEE WLBC Lk
FHFH 0.78 m¥/g W INE| 1.44 m¥g, GV R BA
o P P A LSRRG 0 s B |, R Rt 24k
JE RO RIFLE N, T8 % 1LE WHBC L&
R HBC B#AIK 29.22%, 7K 43 HAE B AR 4k 4 £L BR 45 14
WA G2, TV WV A B DTie t 2 i
J AL 3% 28 f) = B SR AP0 5k O e R A B R A o 1)
FLIR 45y, Kk ULBC. UHBC K LL 2 AR b2 Ak B 2y
BIRBET 80.77%- 84.25%, M2 MF2& [ HfF 70 % W] 4%

47N T R 37 A A e 1) LU 3R THT AR B R A 20.50%~41.80%,
X AT R SR R RE B R AN KA FA 5. thah,
RN EEREY (B 2), ZAEREREEY R
NFLEER %, OLBC. WLBC. ULBC HIfL42 N 2.50~
26.80 nm; 1M H,0, # 8 AAFH 8 OHBC ffl (1.32~
9.50 nm) ¥EM N, OHBC. WHBC. UHBC HI{Li2 A
18.30~41.00 nm /NLE5H), 3 i TRl e A 4L i 5L
Wi T . 25 b, S5HEMRM BT IRASE KK 52N
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e LR A KB/, 5 SEM WS H 145 ] —5L.
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Fig.2 Pore size analysis of original and aged biochars
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b, HPrEHM-OH 8k A% &G MK SH P, 2K
A7 AR f5 , AN [F) FA UL 5 S 1) 46 A2 0 o TR R AE
U B P AR A, 22 B . 3351, 3348 em ' ALIIEJE T4y
T4 A& W AR RE. M 152 B P 48 PR 8 %, OLBC.
ULBC K Ft 5 & A i il AR ) iz e 38 2k o 1778~
1652 cm™' W EBHIIEJE T C=0 M4EHR%N, RRIREH+
PGSR AR AR I, TR ) C=0 LT 3 Fh2 Ak J5 41 2k
1439, 1446 cm™' Ab g & gL 78 55 F i, Bk T AEM R
HA MG EHNEEN, 20T 805 IR 1 77 75 Bk 06 5k 55
HEWH L, 12164 1218 cm™ ' AL I N C-O, (RIERZ
IR AN A Z I BB TE, 1 3 Ak mr iR R i g
s 1050~1150 cm™' AL MG % C-O-C 8, A LBC
AN TR B G R H T4, LBC
926 cm ' AL f-OH &4 AL G iV . 500~900 cm ™' 2 [f]
PRI L PSS 55 A A RN 24 IR S IR Bh I B 2, 3R
AW B R T AR R A I S5 K, X N AR R K
A S - B B AR A T SR
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H ¥ 121 :926 O-H
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L
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Fig.3 Fourier transform infrared spectroscopy of original and
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AR ZAGHT 5 1B RE R B R ISR 2 Fow, 4
A AN E X B RE AR T T, LA T, R
BAY R B &M TR, TEREZ & AR,
RV R R R AR ER L, miEARRE S et
FEFFI AR RS, Wl 2B W R R T T & B e A M 28 1
B BRI A R P

SAFAAAC TR S, AR IR A R AN R R A ) R
R B E R E R (P<0.05), BUWEAKENZ,
OLBC. OHBC ¥ i 14 & [4] £5 &2 %5 & 16 /i B& & 2 51 M
87.78%- 43.93%; MRPERLAIEE MR EEK T 10.53%.
44.05%, kit AEEEMBEN L. MIA P

H,0, AbBEALL K A S AL X AR o R Re ), R B AE 9
KMFHEFRING 2, HMAERSAT—H. &+
WAZE B WAL IR BAER G, REAED R T
WHEEAREREEN S, REEALEREN
17.29%~43.36%, A& NBEEHE N EER D &
BAEM RS, RS ES WD, HPE5aE
RE [ K0 & PR8N 73.30%~94.68%. 3 FiZ Ak 7 AL,
12 A 2 A A PR 3R TH & A B RE R RE I K .

®2 EVMRHOZEFASELH

Table 2 Functional groups amount of original and aged biochars

BVER ] ERPEEEN] 3t P i [iip2eeS
g Basic Acidic Carboxyl / Lactone Phenolic
Treatment  groups/ group / (mmol- g’ ) group / hydroxyl /

(mmol-g™)  (mmol-g™") (mmol-g™)  (mmol-g™")

LBC  0.02+0.01 ¢ 3.77+0.06 b 0.67£0.03b 0.97+0.06 b 2.13+0.03 a
OLBC 0.01+0.01d 4.16+0.12a 1.74£0.05a 2.16£0.10a 0.26+0.03 d
WLBC 0.31£0.01a 2.13£0.06d 0.54+£0.02c 0.77+0.01 ¢ 0.82£0.01 ¢
ULBC 0.13£0.01 b 3.12£0.02¢ 0.61£0.02¢ 0.96+0.02b 1.55+0.04 b
HBC  1.26+0.04a 1.05£0.04b 0.05+0.00d 0.03+0.01d 0.97+0.03 a

OHBC 0.71+0.01d 1.52+0.02a 0.33+0.03a 0.29+0.04a 0.90+0.01 b
WHBC 0.84£0.02b 0.06+0.01d 0.14+0.00c 0.12£0.01 ¢ /
UHBC 0.76£0.01 ¢ 0.28+0.03 ¢ 0.21+£0.02b 0.21£0.00 b /

Ee 7 RERR . ANENE TR 2R S IR BRI R A 4 A
AbE ] 2 5 2% (P<0.05). T IH.

Note: “/” means not detected. The different lowercase letters indicate significant
differences between four treatments in high-temperature or low-temperature biochar
groups (P<0.05). Same below.

2. 1.4 RAEZ MM

PR AL R I A BT S5 SR WE] 4 Fos . E IR
FE5y R 4 AKX, Hid20~210 'C 5kp#ERKER, 211~
420 'C FEBRBAMEDII AR, 421~570 C J& 75 F ik
AW SR,  571~800 'C 5AWR v IEHLY ) 4k
X,
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o o O
@a S O

X & Relative mass/%
o0 =
o 3

FHXE 5 B Relative mass/%

®©
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%% Temperature/°C
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Fig.4 Thermogravimetric analysis chart of original and aged
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biochars

T JE R 2 A B S PRI AE Y R, T AR R
e 2F o OB R FNOR A S R R A A
LR R R E AR X AR 290~325 C 28], X5
FAN 26 (945 —%. LBC. OLBC. WLBC. ULBC
()R B35 2 20 BN 57.17% 60.69% 57.50% 57.12%.
AR 2 A T SO A= ok e MR e A, BT
S H A R SR TH HE N 1 2 SR e 4] 5 B A A3 b
TP T v T AR AR R, 3 RO S A R R ) B R E
PER R PR, 1T A8 & 2 AR S 2 A A BRI A=
PRI E TH oR R A R

A R A IE THE S R B R e, K R R
AR IR E 446~460 A1 660~680 C 2 [f], HEK T
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B R B DI AR UL S TC AL 10 40 4y () B A R B A
HBC. OHBC. WHBC. UHBC [ i & %t & 4> % K
8.19%-. 6.93%-. 5.87%- 5.00%, 3 Fli=& 1k kb P2 fd E iR
IR AFEE TG .
2.1.5 pH/IEEAL

LBC. HBC W F & Z 1T 5 1 pHAE Wik 3 Ao .
IR AR R AE B A2 T 3R, AR DR SR TH R 1% & 4
HRHRZ, SECHLEURMEFHE, pHEN 4.65; 1M
BRAEF TR AR, BEAERE B
R GEA (R IERE I R, FHIRR—it
BRIER 1 (1 K,00 BT, AR AR (pH B8 9.05)

£3 EYRENATER pH ER Cd RH RN
Table 3 pH value and Cd** adsorption capacity of original and
aged biochars

JEH DH {1 A

Treatment pH value Adsorption capacity/ (mg-g ')
LBC 4.56+0.01 b 3.49+0.32 ¢
OLBC 2.50+0.01 ¢ 20.92+0.23 a
WLBC 4.52+0.02 b 4.73+£0.57 ¢
ULBC 4.65+0.01 a 18.71+0.15 b
HBC 9.05+0.09 ¢ 2.62+091 b
OHBC 7.44+0.01 d 23.53£2.28 a
WHBC 9.88+0.02 b 5.97+£0.93 b
UHBC 9.99+0.02 a 22.72+1.46 a

AT 3 R ATy SO APk pH AE R R BL, H,0,
AT PABR R AP 5% /) pH {5, OLBC. OHBC HJ pH {H
BRI DIPRAG T 2.064 1.61, 454w F A4
BB EAL N (£ 3), EMRE H,0, ZiidiE
kA C-C. C-HBRSEMAER, {2k C-O i C=0 14
B AR PEE R EE NP S T 10.53%. 44.05%,
SEIL pH M F#(%, HALE P9 ) 2L A YR R i
RS A B RER (-COOH Fl C=0) 72 H R 18 hp 3= 22
JRIR . ok, AWk RE DT & BTE 1,0, 1ER T
Ko FAEVER, HNAYREBRNREREI &R, BKE
W B

it TR B4k, WLBC [ pH M ZALHTHY 4.56
A3 4.52, WHBC M 9.05 7+ %) 9.88, iR 5L
IR pH AE 280 AH IR a3, AT R pH B REK T
A2 BT AN A2 E A HLITE T 1828 B 1k 72 H o i AR o
FREANER, I HAEY R RS ] RER b — Ak
B, TERGH IR L, PRARAEYIR BE, W XU &)
T 7 &5 3R A AR A= R TT Bt CO, 53 CaCOs B4k
Al Ca(HCO,),, W INnI MR, 3 pHE T~
Beo stFmiR AR, TR B Z A HIE R oK AR
AT S — SN EBE T (AP, Mg™. Fe') 5
AL BT RE T80 pH ETH 5 -

AR R LT R AN IR R R A A N, SR
A= W 3 TH AR K 23 O IR AR AR B 384 nt Y, ULBC.
UHBC [f] pH H 5 AR Z AL 7T 4> A TH = T 0.09+ 0.94.
BRI Z Ak, SR AN EAL JE AR W i 3R TH BRI 2 A 2 AR 1k
23 il pH B BRI 2 —.

2.2 F¥REEIER CdTRME L

AR R R TR AN & A E REH LA

T TSRS AE S5 350 R A AN R P (Y 50, DT 52 0 A= ) o

Xif 54 J (W B . I 3 T AR R ARG B R Cd
(I Bt B R B, LBC XF Cd* MW £ R 38 F HBC, ©
AREFCR, AW R 75 Y 10 W B ATL ) L AR e
AT ARG, G & AHE 7 A R B ERAL 1 5T 2 #r
LBC R+ &Mk, RESTH TR SHESEMSE
TR A% A [ MR T LBC ) SR I HLEE ;. HBC
BN, RS HERLHAS RN, BIRIRE S
5& RS 7 RAILYEIER, T RO SRR 2 10 R s
W o R T PR AR B R B T AE Bl i, Rtk HBC X
CA™ i E R PR HLH T WL U0 . PR 728 e 1B 25
T BILFEE AP

3R EAE AR R T PR AR 1 CdT R &
W B B8 v R M B AR ROk 22 . R AP IR
TR, IF HAL 2SR AP B S Ak o] 25 3 v R
PR IR EE ) (P<0.05). 234 tER, OLBC.
OHBC ft] CA* W fH 4> S AN 498.95%. 799.36%. 43 #r
JE [ 94k 248 AL JS, OLBC. OHBC [ b 26 1 A2 43 5l 9
K 8.81. 037 1%, &% B 6E B E 2 A1 K 10.53%.
44.05%, AVIREILRIBI AR, BESSEE
e BRI 2, (R IREBH T FW . RERS o
FLEEPY, NAEYIRRMAE MK CA AN, G
AR 40 ULBC. UHBC () Cd* W Ff & 23 ) & 25 18 K
436.10%. 768.43%, SEiGHISCHIB AR, UBE TR
ANBERITES, VIR E T — RIICEAN RN, W]
W2 R FAE TR, 2d RS Ek,
WLBC. WHBC X Cd*'[) W B & 2> 51 3 K 35.53%.
128.10%, A IEAEYD IR R B RE 738 58 5 T A B il RE 4L
Bt 388 K DA K W B A s 386 22 O, FL R 43 B 45 SRR W
WLBC 5 Z a7 L& f A LN Les s 2, JF B
TR A 5 o AR W R 3R TH I A HLETE M2 20 AN T sk
D, BETCT R4 BH S TR B S5, 3 T R B 55 T
S s T v R R R B R 2 1 B R TR A Bl A
YR B I PR G S Cd™ 2 1A R B TR 0 AE
B E e Re Al PR A7 s AR 4K K pH A IAE I 1, SEM
iR (B 1) RAZ 3 Rl AAE AR 0¢ 3 RS |
SRR AT R T PR 2 Cd™ s

3 & g

1) AN B SR T % A PR AN [ o AR
EMREHEE LM EA TR, MR AR A %4
Wk 2RV R FLBREE M I R B b de L b R A .
ANEI R AL A W) ok 8 2 A A F 5 32 1 TR 3 350 A R 5
FEALIR S M K AR AR

2) b2 A A AR W R L R T R 43 B D 8.81 Al
0.37 £, FHAERBINEIEA 10.53%~44.05%; 1T
B AR AN RE 2 A I T2 6 0% A1 A 47 e % T R P 2k (A1 it
Wb, R BRI ECE FRIE 4 B 43.36%~ 94.68%.
17.29%~73.30%.

3) ZACKCEEIEIN T A B CAT IV R, 3 R
7 06 A R I B TR B THAE TR B/ IR R 1
FEA. BV, TG . EEH 3 s ek
PR FMARERERE . WAL S B E L K S537E. &
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Effects of aging methods on surface characteristics and cadmium
adsorption in biochar

LI Yifan', GUO Jiapeng®, HUANG Jie!, WANG Xiangyu', ZHAO Huiwei?, SU Shiming®, GU Jialin*, LIU Wei'*

(1. Hebei University, Baoding 071002, China; 2. Hebei Science and Technology Innovation Service Center, Shijiazhuang 050051, China;

3. Key Laboratory of Agro-Environment, Ministry of Agriculture and Rural Affairs, Institute of Environment and Sustainable Development in

Agriculture, Chinese Academy of Agricultural Sciences, Beijing 100081, China; 4. Institute of Plant Nutrition, Resources and Environment,
Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097, China)

Abstract: Biochar can be expected to improve soil quality, environmental pollution stress, greenhouse effect, and soil
remediation, due to its high stability and carbon content. A series of influencing factors can also be found in the properties of
biochar, such as the raw materials, temperature, and atmosphere. Among them, the pyrolysis atmosphere and temperature have
been two of the most important parameters to dominate the final yield, surface functional groups, and pore structure properties
of biochar. The commonly-used high temperature and slow pyrolysis have limited the promotion and application in the process
of biochar preparation. Fortunately, the low-temperature oxygen-limited pyrolysis has been developed for cost saving, high
yield, and greenhouse gas reduction. The more complex structure and acidic groups can also provide more ion adsorption sites
for the pollutants. In addition, the environmental application of biochar is also confined by oxidation, temperature, and
humidity differences, and light factors, leading to the varying specific surface area, functional group content, and surface
structure properties. The natural aging of biochar in the environment cannot fully meet the large-scale production in recent
years. Particularly, the efficacy and possible chemical changes cannot be accurately predicted in a short time during long-term
natural aging. This study aims to clarify the aging performance of biochar and its ability to absorb heavy metals under different
natural environmental conditions (redox, rainfall, and sunlight). Two types of the original wheat biochars were pyrolyzed at 200
C-0, and 500 C-N, aged by chemical oxidation, dry-wet cycles, and finally the UV light oxidation to simulate the aging
process of biochar in the natural environment. The physicochemical properties and cadmium (Cd) adsorption capacity of the
aged biochar were characterized by scanning electron microscopy (SEM), specific surface area analysis (SSA), Fourier
transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TG). The results showed that there were significantly
different properties of biochar that were prepared at different temperatures and atmospheres. Specifically, the low-temperature
biochar contained the more oxygen-containing functional groups, whereas, the pore structure was developed to increase the
specific surface area of the biochar after the high-temperature pyrolysis. The more seriously rupturing pore structures also
increased the specific surface area of aged biochar, compared with the original ones. The specific surface area of low-
temperature biochar after dry-wet cycles increased by 0.85 times. By contrast, the specific surface area of the low- and high-
temperature biochar after chemical oxidation increased by 8.81 and 0.37 times, respectively. The aging process reduced the
types of functional groups. There was also a variation in the number of oxygen-containing functional groups. Particularly,
chemical oxidation promoted the number of oxygen-containing functional groups, such as the carboxyl and lactone groups,
whereas, the wet-dry cycles and UV light aging reduced the number of oxygen-containing functional groups. In addition, TG
analysis showed that the chemical oxidation decreased the thermal stability of low-temperature biochar, while the thermal
stability of high-temperature biochar increased after all aging processes. The adsorption capacity for the Cd** of aged biochar
increased by 498.95%-799.36%, 436.10%-768.43%, and 35.53%-128.10%, respectively, after chemical oxidation, UV light
oxidation, and dry-wet cycles. Therefore, it is highly required to fully consider the environmental parameters, material
properties, and targeted pollutants in the applications of biochar technology.

Keywords: biochar; heavy metal; aging; surface characteristics; cadmium
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