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h T TS G ) U L R RE A 5 e A ) R X TS Qe ) R A, AR BIESE i A T LA KHCO, AR
EUN TR EAINE S S LR ARA L7/ b/ ﬁni*jpT]]ZEﬁ%"ﬁ‘ﬁiﬁ Bﬂfjﬂﬁﬁ‘ﬁi’ Yy, i — AR50 R
SCHG 5 TR 5 58T i Wy U SRR KT I PR A R e A DG A T MILEE LA S A W A XS
[7] ¥75 Gy W% B 1) S5 P o R IE 2 %5

1 MRE5ERZE
1.1 SEIE AR RN F
FARREF R AL FELR M TAHBRAF . ki 8 (KHCO,). FRE N4-Hra, WH IEE (MB),

K BAB) WAEWHE AL, WA L wRAEMREARA R $h8R (HCL, 37%) Matid, WA
KR ZE AL FIXF G R A 7 . MB 5 AB FIZEH AN 1 AR .

ey s iFheyes ﬂf}'f;ff

1.69 nmx0.81 nmx0.45 nm 1.69 nmx0.83 nmx0.45 nm
(a) MB (b) AB (¢) KN-BCH#I
E 1 MB. AB5 KN-BC =& &5
Fig. 1 Structures of MB, AB and model KN-BC

1.2 £YIRAH &

BUE KRS FFve R m e 0, MR, o 150 A& M. 23RBS g BB AR, 3glR
% . 1.5 gKHCO,, TEHFEHIEE IR AW 15 min, & TNIEFfHN, 78R SR P 0948 200 b #ui
PARIREE N 800 °C, THEHEF N 5 C-min!, M 2h FRHEEE. SR LL 1 mol- L $hR 2
U0 30 min, JHAEK PR ZUE R R P rE AT, BRI R EY B0 N KN-BC., LA, 1E xR, LU
ALY 7 20 & R INIR £ . RS KHCO, . ¥R IMa Y7, 43 ic A N-BC. K-BC., BC.
1.3 S HIRBIRAE

A Wy e 1 2% TH T S50 T 4 4 B T B 18 (SEM,  Hitachi SU8010) #4743 o A= W /¢ 1) L 35 1o A
DL A AL BR e 36 i B 5 FL AR 4 B A (Micromeritics ASAP 2460) Il &2 . 18 i X &F £k 06 B T B 1% X
(XPS, Thermo Scientific ESCALAB 250Xi) X A= ¥ #ic 2% 11 19 70 2% 2 L 47 49 B o A8 BL i 21 Al i 4R
(FTIR, IR Nicolet iS10) XJ 4= ¥ 7 1) 3R I H BE A #EAT I € o $7 = 5635 4L (Renishaw inVia) M & T 2E )
IR B BRBETE 0 . Zeta HL {7 {X (Brookhaven 90 plus PALS) F i % A 4 Jik 32 1 1Y Zeta HL AV
1.4 IR P SCIe

W RS2 AE 150 mL BRI N AT, VWA S0 mL, B THEIRFRAR DR, 5 E K 25 C,
PR H A 200 rmin”' . PO A 0.22 um JEMBE, LR AR AT UL A3 6 56 BE T (Agilent Varian Cary60) il
EFE i TR TR

XF U B B J1 44 92586, MB 3¢ AB W WD IR T i vk B R 800 mg- L', pH M & 7.0, Jil A 10 mg KN-
BC, ¥HIEIH & THIERG &N, BAEREE R 0. 10, 20, 30, 60, 120, 180, 240, 360,
480 min, I 7 5 S [R]85 9 3 R T VAR B2 O AR AL ALL 4

Xof SR W B2 B, A MBI (300~700 mg-L ') B AB ¥ ¥ (400~900 mg-L "), pH iH & 7.0,
JIA 10 mg KN-BC, #i&i% 8 h J5 HUFE, 05 75 W otk vk B O AR R 4L 45

X} 25 8% pH 520 (1) 5240, MB B AB % W) 46 ot & vk B Ol 800 mg-L', BF A MK pH 43 0l i 15 Sy
3.0, 50, 7.0, 9.0, 11.0, BtJEHIA 10 mg KN-BC, &% . M, ok B s )7 =0 .
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XL AEERE ALY, AB IR IRV IR BT B 800 mg- L', pH M5 7.0, IS HIA 10 mg
KN-BC, #e¥ . ab B, i dm ik B e 7 =0 R b Bl S K W2 B e KIN-BC in A 100 mL 2 %, 8 75 it
B 30 min, ZKPEHET 5 A FEAT IR
1.5 REE

AR E—2 (X (1), sl Sy A (X )" % Wbt 3h ) 2 Bl AT A

g, =q.(1—e™") 1)
2
qekzt
_ gkl 2
U= 15 gkt 2)

b HIE, ming g, 5 g, 9300 R TE ¢ I 2 55 0 BT I 20 ) W Y AR, mgeg sk RIE— 2R3
JIF AR, min'y ky NHE B )R E L, g (mgrmin)

fifi H Langmuir® | Freundlich®", Dubinin-Radushkevich®®” 5 Redlich-Peterson** #%% 7 X 0 [} 4% Jiz
LT E, AR 3)~L (6) B

QmaxKLCe

e = 3
4 1+ KLCe ( )
q. = KiC; “)

1 2
ge = qore‘(e = _KDR[RTln(l + 6) ) (5)
KRPCe

= 6

4 1+ aRpcg ( )

A g MPEEWHAR, mgeg's CCRHFMBEWKE, mgLl™"; 0.5 qor 77 3 4 Langmuir 5
Dubinin-Radushkevich £ 1 i) % KW Bl 25 5, mg-g's R MR E L, 8314 J-(mol'K)'; T LR
B, 29815 K; K. Kp. Kyz 5 Kgp 53 9 & Langmuir, Freundlich, Dubinin-Radushkevich 5 Redlich-
Peterson 15 71 (1) W [} % %% ;  agp & Redlich-Peterson #5 %Y () 55 — % %0 ; n5 g 43 %l & Freundlich,
Redlich-Peterson £ 7l A 5¢ 22 %4 .
L6 RINTHE

fifi i Gaussian 16 55 C.01 > #£47 % 212 s FEIE (DFT) 1155 . ekl . A¥m R HE & WL
12k H B3LYP 224 1Kz pR 2 5 DFT-D3(BJ) (4808 1 7 #470L4k (75 > B3LYP-D3(B))), #EH]
) 3L 41 Ky def2-SVPP*, 7 A [] 55 9 L 4 i A7
THRITE, D RS 2 1 25/ b T mefa e
B Rk g5 1 45 4 fiE i B3LYP-D3(BJ)
) ma-TZVPP J41 - 13 i e 5 21, i B
526 W) Y R Aar 2 B 43 A il Multiwn 5P
YA O, ik B S5 R AL (141 1(c))
XoF Jay 8 DX P P S sz Iz 68 Ay R

2 ZFER5TR
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[ 2 Jg 4% A= W) ¢ 9 SEM E AR 45 . a4k P i |g I“mgé h
Yo p) R IR, BA — @ LRSS, R T (d)KN\ﬁfjjc
AW B Al o s T RSBV N LR Y AR B2 A SEM B

Pi% N-BC [ fLBR L 13598 . K-BC 5 KN-BC Fig.2 SEM images of biochar
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Fig. 3 Pore distributions of biochar
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Table 1  Specific surface area and pore structure of biochar
YRR Spp/(m>g™")  Vigdlem™g™) Vi /(em®g™) Dynm
BC 432.53 0.189 0.139 1.74
N-BC 145.11 0.065 0.055 1.80
K-BC 1898.21 0.905 0.603 1.91
WHETKN-BC 238779 1.520 0.548 2.55
WHIEKN-BC  687.47 0.448 0.085 2.61

KN-BC H i iff i & RUE REMI AT, BE— 2 RWIRR R SR ADAEN, 51 AR LY R K

MRS R

K 4b) Fias, YRR ST 3 N EEAVRAENE, 35062 TF 1360, 1590 12760 cm ™,

fRET DIg,

G515 2D Wi D WA G RS ST T A0 ¢ o 1 LT BRI, DA T 0 17 AR

RO, oD W M R WA 2 IR HE B Bk I A E Y, D IR G g 1Y LB (Ty/1) 7T LA T 1Al A 9 ok 1 i

FAANJC P FEJE , KN-BC 1Y I/1, {H35 3 T 0.944, AL BC 1Y 0.879 A # T, iE B A= Wy e &5 Hay B g3 43

fne R G IRV KN-BC L B A A 5454

3441 1570
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Fig. 4 FTIR and Raman spectra of biochar
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R H XPS X b1 kL2 1 fiE

g T RAE, a5 R aK 5 s, A 5) 7T PAE H, KN-BC 3£

TH ) N AT & & L BC AW /> . AN AY IR R 328 5 pk g 80 U RIVE B i fL#2, X5 FTIR A
FEEE FANLT . X KN-BC 19 Cls W&/ IELE, T2 5107 T 284.8, 285.3. 286.5. 287.6 £1289.9¢V,
%f R C—C/C=C. C—0. C=0. 0—C=0 Hl n-n B ", Nis & W T, FE 4N 3984,

400.2. 401.2 fi1 402.8 eV 4 -1, 4t F2 e 4 .

Mg A . A S AMA A Y. 1 Cls i, KN-

BC H S 15 SCE RE M AR X &5 d 4 A0 H G Al A W A BT, 3X Y KIN-BC 21 B A B 2 A
W, AT R U O Y, XS A S 5 T e L R SRR SR 2 S AT B2 v A T

015 20.13% Nis4.219 Cls74.01%

BC ) Y Sizp 1.65%
O1s24.68% 0 0.0l Cls 62.34%
K-BC |} Si2p 2.28%

L~
OIs 19.13% 1 0 20 I CT5 69.99%
N-BC Si2p 1.49%

Ols 35.86% Nis 1,409 CTs 58.50%
KN-BC / Si2p 4.24%

1000 800 600 400 200 0

4GV
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255 fkleV
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o
FEE UiRl% -
33.12%
R 4012 eV
9.64%
403.2 eV

c—0 C—C/C=C
19.57% 64.19%
285.5¢eV 284.8 eV

7.43%
286.6 eV
0—C=0

TN Nk 4.50%
431% 2873 eV
289.2 ¢V

294 292 290 288 286 284 282

LRV
(b) BCHYCIsfiik
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49.60%
284.8 eV
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9.49%
n-n Ei287.6 eV
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289.9 6V S
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HitriigleV
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NHERE 20
R 1697% s

400.2eV 23 .68%
398.4 eV
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401.2eV
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NEERE 20
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B e
ﬁff/ 3997ev  MBER
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Fig. 5 XPS spectra of biochar
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BHY AT 2 Fh gk MB 5 AB W B 2 7727 an 18] 6(a)~(d) fir s . KN-BC R 3 i T e 19 ¢
BEPERE, JF ELWCRE s R, 30 P KN-BC A b H At A= 49 ¢ [R] i HL A o 2 8 9 3t AL A A FLAF AR
(& 3), 12 )2 WA AL A F) P e W B ) & A=, KIN-BC 78 W BF (9 AT 30 min, W B 5t b e 38 i
B I R O SR B S %, O TR B 240 min J5 8 TARE . X BRI ON AWM ORI GR B BL, boREER
T ELA 8 2 A R B, 5, AR T DR SR B R
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(c) N-BCHyI i 2l 737 (d) B 5 112
2500 ¢ 4500 .
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~ 3500 |
o 2000 f =
. en
g & 3000 f
= 1750 } Langmuirféi %! E
& A = Langmuirf&i %)
----- Freundlich#5 75 2500 ¢ ichAti 7
Redlich-Petersontit?® | F 7 Freundlichff{R
1500 | <reee = Dubinin-Radushk %h?f*“?jl_l 2 000 Redlich-Petersonfbifl
ubinin-Radushievichfx -+ Dubinin-Radushkevich/#i %
1250 - ’ - : - ' 1500 W . . . . ,
0 50 100 150 200 250 0 50 100 150 200 250
C/(mg-L7") C/(mg-L7")
(&) KN-BCAI MBI Fff 453 2% (f) KN-BCXTABI1 I b 45 i 2%
6 HEHRxt MB 5 AB HIR M) 115 5 KN-BC B Fif 3 iR 2%

Fig. 6 Adsorption kinetics for biochar to MB and AB and isotherms of KN-BC
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F2 E£Pmx MB 5 AB MM HZEEUESH
Table 2 Kinetics parameters for MB and AB adsorption on biochar

W—%sh 712 W sl J12¢
WA bR - — - —
q/(mg-g™") ky/min”! R q./(mg-g™) ky/(g (mg'min)™) R

MB 2261.4 0215  0.666 2308.9 2.89x10 0.956
KN-BC

AB 3105.5 0270 0615 31483 3.56x10" 0.958

MB 1487.3 0.058  0.888 1599.2 5.77x10° 0.988
K-BC

AB 2577.9 0.050  0.946 2792.6 2.66x10° 0.995

MB 517 0052 0977 56.0 1.35%10° 0.980
N-BC 3

AB 72.9 0.064 0976 777 1.34x10° 0.981

MB 99.4 0.028  0.949 111.7 3.13x10* 0.955

BC
AB 181.2 0.097 0938 190.0 9.54x10 0.978

23 WMFRZ

KN-BC X MB Fl AB 114 W B 45 i 2 B AU A S50 151 6(e) FTIEl 6(f) F13% 3 ir 7R . Redlich-Peterson
RIS MB Al AB #4 LA Fe 1) R%(0.994 5 0.996), R Hb L& W B 551 £k . Redlich-Peterson £ 7!
JEHE T Langmuir 5 Freundlich 5% Y iR & 1F 00T £ th AR, Hirb ) g (BB T S8R 2 5 Langmuir
5% Freundlich £ % (i A% &L, 1 KN-BC %} MB Fl AB W [} Fir 05 15 2 i g (E 30T 1, £WSE
2R M2k 07 £ W Langmuir 851 (9 4 1E 7, KN-BC XF T 2 Fl ek (0 W2 B HLERAS R 55 2%, DA — 1
PASY TR N . KN-BC % MB 5 AB A4 Langmuir 15 # (4 55 K% ffif & Q. 5% T 2 268.7 mg-g™
f43685mgg’, HAWMATMIRES . (HIE, 2 Fhgurbny g 25 o 22 IR K.

%3 KN-BC %I MB 5 AB RMiER&MNESH
Table 3 Isotherms parameters for MB and AB adsorption on KN-BC

- Langmuirf# 7l Freundlichf& 7! Redlich-Petersonf#i 7! Dubinin-Radushkevichf& %
W B Jo

Ohnax K R K n R Krp Agp g R qpr Kor R

MB 2268.7 0.737 0.891 1411.4 10.07 0984 5653.6 3.59 092 0.994 2209.0 5.18x1077 0.788
AB 4368.5 0.071 0.992 1111.7 3.67 0.963 396.8 0.13 092 0.996 34549 1.36x107° 0.780

24 1% pH X IR B R0 4000 s
AN TR 9 4 B pH X BB 52 Wi 5 KN-BC #Y Y

Zeta #3917, 7555 B0 B 9 pH A Y 300f e——re——e— 7" {05

KN-BC /] Zeta L5/ T 0, RUIEY RIS ¢ a —e—AB %

Yo sk fF R AT LA . FLBE pH IR K 2 00 S e s

bR ATR . MB 5 ABMIHINE T S X

DB 1 2 T 50 2 1 48 01T L Tt 2500 -39

JORHRO LIRS ] , BRI A& O T 0 Bt

WP A i TRRTE AT o Aad, Zeta HUAZAG PR 20007 " p ; T

BT WS AB WA R R T RT3 pi

R TEBESE pH T PN % L 51 0 AN T BB 7 46 pH X IR BRI 5 zeta RS A9ZE L

e —JE KM KN-BC 5 AB B W2 fff =2 21 7 H Fig. 7 Effect of initial pH on adsorption and the Zeta potential
EAEF B M EAE IR B m Y, AB AL MB B A S A —NH—, KR4 AB 431 1] L
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5 KN-BC [F] B ¥ i S 81 5 nn A BAE T, O3 09 D[R] 20007 X e B o 2 1 5 o 5K, el A9
AB TEA[A] pH T W AR A o
25 BEMEETFMN

W2 B 7500 - A M B 2 TP W B SR T IR R AR 4000

. - —u— FAEIREE ] 100
SV BB SE RR . KN-BC (9 FAE PEREZS St ) .
P8 TR FERT 3 S IRFR T, KN-BC T % i sl 27 7 0
HIGRGAE 80% UL, T 4 RERFNET 7, > |, &
65%. WLAEHREW], KN-BCH —EMEHRMH 2 200 & =
s =) S L T / | B
RE 1, ELWRBH 75 ik, Eg MRS . KN- / w0 3
BC i 4 e} A 888 119 1% R 7 (o 5 A TR RS 52 4 1000} % |
S A W B A R /
2.6 RHIHLIE 0—Z 2 . o

P ) e G B 5 7 A BIL TS e i S AL B (B

LRI . W AE L e R AR R A B8 KN-BCHBEMEAE

A5G P2 . gk 1 iR, KN-BC HA i@ 9t R AL, B 5 KN-BC (1 L 2% i B 3 1
M, RUDSQRYY B AR T FLBR N o X — 45 FUF 0 FL A2 S 5T 7E I A KN-BC W Fff MB 1 AB (% &=
EHLBZ — . AN, TEARMFIER pH L E A, KN-BC 2147 7 i o (B 7), 1 MB 5 AB ¥4 [l
BFYert, Wi, #lEH R OE RS, AR T W, WS XPS 1 Cls fg % an & 9 fir
AN o X HC IR BRI 9 45 R (] 5(e)), TR B MB 8 AB Jii C—C/C—=C I ()5 Ji H B0 5 2 N R, 3IE I % it
HREPHE o A EAE A ERY, R, C—O W07 A1 LW B AT Y 285.3 eV XA TRAL, R
B i B2 R fE C—O B A S Y, DL g5 SRR, non AH AR FH R S AR A B KN-BC Xf
MB 5 AB 10 AL Z —

Cc—0
24.35% C—C/C=C c—0 Cc—C/c=C
24.55% 32.22%
2852 ey 24.68%
285.1eV 284.8 eV
C=0 284.8 eV
24.43% C=0

22.02%

286.6 eV —
0-C=0" »86.0cv
O0—C—0 13.12%
TT-TC %?‘i,%(ZlAZ% T-TC %2%287.5 eV

5.12% 287.7 eV 8.10%
289.9 eV I 290.5 eV
294 292 290 288 286 284 282 294 292 290 288 286 284 282
ZE5BEeV g AfkleV
(a) KN-BCIHffMBJ5 ) C1shg % £l (b) KN-BCIf ABJ5 I C1sRE Y 2]

9 KN-BC IR/ #) XPS [Ei&
Fig. 9 XPS spectra of used KN-BC

i 27 KN-BC X} MB 5 AB 7EAH [A] 9] 4 pH & Y W BfF 2R X L al 0, % AB A9 W FfF 25 1t (4 368.5
mg-g ") BB 5 X MB (1% B 255 (2 268.7 mg-g ). A B9 WL ) 1A R BE 5E 4 1 IH i — IR B 25 5 110
225 MB 5 AB 4544 EARCRARRL, M ECHIE, s K/MEIE (B D), XBMUE T AB B A W2 5
VRN AR, 1 MB A AR . X RIS Qe A AR A D W B e T KN-BC X5 4L )
1) W% [ e



55 10 ] AREOILAE : AW B B UL R GBI i S AL 3189

5 Y 4 AR I B ) 5 e AL B AT LLGE o DFT R 3EAT 4R 5T, A 0 A Ak b 75 5 g
B LR 10(a) 5 & 10(b). H1F AB B QB A —NH—, Hit, AB5 KN-BC nJ L[ EFIE B S
YEHS n-n M EAEH 5 I MB Gk = SR, Bk, 78 it ib i A vp AR SR e i n-n A ELAE
SO AR L XHE T B 10(c) S5 E 10(d) BT E AW IR TR E S TSN . AB/KN-BCEZ AW
M) n i F = WS #ERYS o M BEAERLF T WE , ESHMHL MB/KN-BCE &Y K, WMRT n-
A EAEH . 2250 7% E (E 10(e) 5K 10(f) th R S /E 5 nn A EAE LA T ol
TEE . W B DR RO I 46 R TS Y S AR Wk R BRI B FE B (1K 10(a) 5 E] 10(b)). A E 4
FW, EEEAEHS men A AR P2 AR B R 500 AT LA (2 i W R, TS e b B A AR
FIF I B GX — PRI R0 -

L)
S\ "5 99 -.nq-!pv;zo

Vs
(a) MBIKN-BCHUI (c) MB/KN-BCH) 1 -85 5311 (¢) MB/KN-BCI2% T-1tL 7441
: -0.500
AE  =-22.11 kJ - mol- 0.312 mm A
-0.375 N

1-0.250

(b) ABI5KN-BCH# {1 (d) AB/KN-BCHYHL T 4341 (f) AB/KN-BCIfj2% 111 5%
10 KN-BC WM MB 5 AB f94&E 83+ &
Fig. 10 Computation of models of MB and AB adsorption on KN-BC

25 LT, KN-BC X 4Lk e B HLEE £ 2 3G LRI . n tHEAE R . S8R FH A e 4R
FH s e AHELAE IS0 AR 60 B 1) 55007 B A DR b 3 5i 08 B A4 R, iy R AT S0 B A4 1) ¥ e 4 T B DA
X— PRI 3z 4%, B, KN-BC XA S0 B Y JeoRh W B 75 0 2% 7.
3 #hig

1) {f ] KHCO, 1R 28 Bk A 175 A i 2% (8 KRS FF 2 ) ¢ KN-BC X Je R B 8 1 #5594 . Langmuir
R B 4T MB FIl AB % KW BfE 25 42 1k 4 368.5 mg-g ™' Fl1 2 268.7 mg-g ™', TEH KK pH I Bl A fiE 4
FEWCBERE 77, FFAE TG BRI RE O R4

2) KN-BC X} F /K& 1 ) MB fil AB i 0 Mt HLIE £ 2 G LR IH T . non AHEAEF . SEEAEHTRN
GELER (SR

3) AB By A A, IR BT KN-BC _F I ] LA [A] B JE ol S BEVE A e AHELAE T, PR,
AL LA AR R R 500, BE 98 m B %% B T4 J0 AB 5 KIN-BC 2R 0 [H) A B 25, DA T 34 5 I 66 485 5 g
B} 1 2 55 KN-BC X AB (W B8 77 . KN-BC X AT U (LA 1975 G 4 19 W B 45 4 A3 BH R 2 71

& £ X ®
(1] 0. SRS AT AR MR A 45 . otk Xt A LGk R W P BRI 5 degradation of dyes in industrial effluents: Opportunities and
[D]. HsH: b TR K%, 2021. challenges[J]. Nano Research, 2019, 12(5): 955-72.

[2] ANWER H, MAHMOOD A, LEE J, et al. Photocatalysts for ~ [3] YIN Z B, LIU N, BIAN S Y, et al. Enhancing the adsorption capability


http://dx.doi.org/10.1007/s12274-019-2287-0
http://dx.doi.org/10.1007/s12274-019-2287-0

3190 o T OB MR %516 %
of areca leaf biochar for methylene blue by K,FeO,-catalyzed oxidative 1984, 18(12): 1501-7.
pyrolysis at low temperature[J]. RSC Advances, 2019, 9(72): 42343-50. [20] LANGMUIR I. The adsorption of gases on plane surfaces of glass, mica

[4] JINZH, WANG BD, MA L, et al. Air pre-oxidation induced high yield and platinum[J]. Journal of the American Chemical Society, 1918,
N-doped porous biochar for improving toluene adsorption[J]. Chemical 40(9): 1361-403.

Engineering Journal, 2020, 385: 123843. [21] FREUNDLICH H. Uber die adsorption in Iésungen[J]. Zeitschrift fiir

[5] ZHOU X H, ZHOU J J, LIU Y C, et al. Preparation of magnetic biochar Physikalische Chemie, 1907, 57(1): 385-470.
derived from cyclosorus interruptus for the removal of phenolic [22] DUBININ M I Physical adsorption of gases and vapors in
compounds: Characterization and mechanism[J]. Separation Science and micropores[J]. Amsterdam:Elsevier, 1975: 1-70.

Technology, 2018, 53(9): 1307-18. [23] REDLICH O, PETERSON D L. A useful adsorption isotherm[J]. The

[6] YUY,ANQ,JINL, et al. Unraveling sorption of Cr (VI) from aqueous Journal of Physical Chemistry, 1959, 63(6): 1024.
solution by FeCl; and ZnCl,-modified corn stalks biochar: Implicit [24] FRISCH M J, TRUCKS G W, SCHLEGEL H B, et al. Gaussian 16,
mechanism and application[J]. Bioresource Technology, 2020, 297: Revision C. 01[CP/DK]. Wallingford CT: Gaussian Inc. , 2019.

122466. [25] LEE C, YANG W, PARR R G. Development of the Colle-Salvetti

[7] OLIVEIRA F R, PATEL A K, JAISI D P, et al. Environmental correlation-energy formula into a functional of the electron density[J].
application of biochar: Current status and perspectives[J]. Bioresource Physical Review B, 1988, 37(2): 785-9.

Technology, 2017, 246: 110-22. [26] BECKE A D. Density-functional thermochemistry. III. The role of exact

[8]  ABD-ELHAMID A I, EMRAN M, EL-SADEK M H, et al. Enhanced exchange[J]. The Journal of Physical Chemistry, 1993, 98(7): 5648-52.
removal of cationic dye by eco-friendly activated biochar derived from [27] GRIMME S, EHRLICH S, GOERIGK L. Effect of the damping
rice straw[J]. Applied Water Science, 2020, 10(1): 45. function in dispersion corrected density functional theory[J]. Journal of

(9] wEE, SO, EAL, 45 SR HLBICA A M 5t Kl L Computational Chemistry, 2011, 32(7): 1456-65.

I BFHD). BR8E T RE2AR, 2019, 13(05): 1165-74. [28] TREUTLER O, AHLRICHS R. Efficient molecular numerical

(101 BkbE, PVFE, 850, 25, SR AT A= 0 ¢ %0 2 T e v b i 5 fi integration schemes[J]. Journal of Chemical Physics, 1995, 102(1): 346-
AEWFEEI]. TolksKAbBE, 2022, 42(02): 118-23. 54,

[11] FANG Q L, CHEN B L, LIN Y J, et al. Aromatic and hydrophobic [29] WEIGEND F, AHLRICHS R. Balanced basis sets of split valence, triple
surfaces of wood-derived biochar enhance perchlorate adsorption via zeta valence and quadruple zeta valence quality for H to Rn: Design and
hydrogen bonding to oxygen-containing organic  groups[J]. assessment of accuracy[J]. Physical Chemistry Chemical Physics, 2005,
Environmental Science and Technology, 2014, 48(1): 279-88. 7(18): 3297-305.

[12] YANG K, YANG J J, JIANG Y, et al. Correlations and adsorption [30] ZHENG JJ, XU X F, TRUHLAR D G. Minimally augmented Karlsruhe
mechanisms of aromatic compounds on a high heat temperature treated basis sets[J]. Theoretical Chemistry Accounts, 2011, 128(3): 295-305.
bamboo biochar[J]. Environmental Pollution, 2016, 210: 57-64. [31] LU T, CHEN F W. Multiwfn: A multifunctional wavefunction

[13] SONG J Y, JHUNG S H. Adsorption of pharmaceuticals and personal analyzer[J]. Journal of Computational Chemistry, 2012, 33(5): 580-92.
care products over metal-organic frameworks functionalized with [32] WANGH Z, GUO W Q, LIU B H, et al. Edge-nitrogenated biochar for
hydroxyl groups: Quantitative analyses of H-bonding in adsorption[J]. efficient peroxydisulfate activation: An electron transfer mechanism[J].
Chemical Engineering Journal, 2017, 322: 366-74. Water Research, 2019, 160: 405-14.

[14] ZHAOY F, LIN S, CHOI J W, et al. Prediction of adsorption properties [33] TIAN W J, ZHANG H Y, SUN H Q, et al. Heteroatom (N or N-S)-
for ionic and neutral pharmaceuticals and pharmaceutical intermediates doping induced layered and honeycomb microstructures of porous
on activated charcoal from aqueous solution via LFER model[J]. carbons for CO2 capture and energy applications[J]. Advanced
Chemical Engineering Journal, 2019, 362: 199-206. Functional Materials, 2016, 26(47): 8651-61.

[15] YU X Q, SUN W L, NI J R. LSER model for organic compounds [34] XIAO X, CHEN B L, ZHU L Z. Transformation, morphology, and
adsorption by single-walled carbon nanotubes: Comparison with multi- dissolution of silicon and carbon in rice straw-derived biochars under
walled carbon nanotubes and activated carbon[J]. Environmental different pyrolytic temperatures[J]. Environmental Science and
Pollution, 2015, 206: 652-60. Technology, 2014, 48(6): 3411-9.

[16] PLATA D L, HEMINGWAY J D, GSCHWEND P M. Polyparameter [35] LENG L J, XUS Y, LIU R F, et al. Nitrogen containing functional
linear free energy relationship for wood char-water sorption coefficients groups of biochar: An overview[J]. Bioresource Technology, 2020, 298:
of organic sorbates[J]. Environmental Toxicology and Chemistry, 2015, 122286.

34(7): 1464-71. [36] CHENBL,ZHOU D D, ZHU L Z. Transitional adsorption and partition

[17] BHADRA B N, YOO D K, JHUNG S H. Carbon-derived from metal- of nonpolar and polar aromatic contaminants by biochars of pine needles
organic framework MOF-74: A remarkable adsorbent to remove a wide with different pyrolytic temperatures[J]. Environmental Science and
range of contaminants of emerging concern from water[J]. Applied Technology, 2008, 42(14): 5137-43.

Surface Science, 2020, 504: 144348. [37] SHAFEEYAN M S, DAUD W W, HOUSHMAND A, et al. Ammonia

[18] LAGERGREN $ K. About the theory of so-called adsorption of soluble modification of activated carbon to enhance carbon dioxide adsorption:
substances[J]. Kungliga Svenska Vetenskapsakademiens Handlingar, Effect of pre-oxidation[J]. Applied Surface Science, 2011, 257(9): 3936-
1898, 24: 1-39. 42.

[19] BLANCHARD G, MAUNAYE M, MARTIN G. Removal of heavy [38] RAMESHA G K, VIJAYA K A, MURALIDHARA H B, et al.

metals from waters by means of natural zeolites[J]. Water Research,

Graphene and graphene oxide as effective adsorbents toward anionic


http://dx.doi.org/10.1039/C9RA06592J
http://dx.doi.org/10.1016/j.cej.2019.123843
http://dx.doi.org/10.1016/j.cej.2019.123843
http://dx.doi.org/10.1080/01496395.2018.1444056
http://dx.doi.org/10.1080/01496395.2018.1444056
http://dx.doi.org/10.1016/j.biortech.2019.122466
http://dx.doi.org/10.1016/j.biortech.2017.08.122
http://dx.doi.org/10.1016/j.biortech.2017.08.122
http://dx.doi.org/10.1007/s13201-019-1128-0
http://dx.doi.org/10.12030/j.cjee.201810129
http://dx.doi.org/10.19965/j.cnki.iwt.2021-0582
http://dx.doi.org/10.1021/es403711y
http://dx.doi.org/10.1016/j.envpol.2015.12.004
http://dx.doi.org/10.1016/j.cej.2017.04.036
http://dx.doi.org/10.1016/j.cej.2019.01.031
http://dx.doi.org/10.1016/j.envpol.2015.08.031
http://dx.doi.org/10.1016/j.envpol.2015.08.031
http://dx.doi.org/10.1002/etc.2951
http://dx.doi.org/10.1016/j.apsusc.2019.144348
http://dx.doi.org/10.1016/j.apsusc.2019.144348
http://dx.doi.org/10.1016/0043-1354(84)90124-6
http://dx.doi.org/10.1021/ja02242a004
http://dx.doi.org/10.1021/j150576a611
http://dx.doi.org/10.1021/j150576a611
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1063/1.469408
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1007/s00214-010-0846-z
http://dx.doi.org/10.1002/jcc.22885
http://dx.doi.org/10.1016/j.watres.2019.05.059
http://dx.doi.org/10.1002/adfm.201603937
http://dx.doi.org/10.1002/adfm.201603937
http://dx.doi.org/10.1021/es405676h
http://dx.doi.org/10.1021/es405676h
http://dx.doi.org/10.1016/j.biortech.2019.122286
http://dx.doi.org/10.1021/es8002684
http://dx.doi.org/10.1021/es8002684
http://dx.doi.org/10.1016/j.apsusc.2010.11.127
http://dx.doi.org/10.1039/C9RA06592J
http://dx.doi.org/10.1016/j.cej.2019.123843
http://dx.doi.org/10.1016/j.cej.2019.123843
http://dx.doi.org/10.1080/01496395.2018.1444056
http://dx.doi.org/10.1080/01496395.2018.1444056
http://dx.doi.org/10.1016/j.biortech.2019.122466
http://dx.doi.org/10.1016/j.biortech.2017.08.122
http://dx.doi.org/10.1016/j.biortech.2017.08.122
http://dx.doi.org/10.1007/s13201-019-1128-0
http://dx.doi.org/10.12030/j.cjee.201810129
http://dx.doi.org/10.19965/j.cnki.iwt.2021-0582
http://dx.doi.org/10.1021/es403711y
http://dx.doi.org/10.1016/j.envpol.2015.12.004
http://dx.doi.org/10.1016/j.cej.2017.04.036
http://dx.doi.org/10.1016/j.cej.2019.01.031
http://dx.doi.org/10.1016/j.envpol.2015.08.031
http://dx.doi.org/10.1016/j.envpol.2015.08.031
http://dx.doi.org/10.1002/etc.2951
http://dx.doi.org/10.1016/j.apsusc.2019.144348
http://dx.doi.org/10.1016/j.apsusc.2019.144348
http://dx.doi.org/10.1016/0043-1354(84)90124-6
http://dx.doi.org/10.1021/ja02242a004
http://dx.doi.org/10.1021/j150576a611
http://dx.doi.org/10.1021/j150576a611
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1063/1.469408
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1007/s00214-010-0846-z
http://dx.doi.org/10.1002/jcc.22885
http://dx.doi.org/10.1016/j.watres.2019.05.059
http://dx.doi.org/10.1002/adfm.201603937
http://dx.doi.org/10.1002/adfm.201603937
http://dx.doi.org/10.1021/es405676h
http://dx.doi.org/10.1021/es405676h
http://dx.doi.org/10.1016/j.biortech.2019.122286
http://dx.doi.org/10.1021/es8002684
http://dx.doi.org/10.1021/es8002684
http://dx.doi.org/10.1016/j.apsusc.2010.11.127

5510 44 AREOILAE : AW B B UL R GBI i S AL 3191

and cationic dyes[J]. Journal of Colloid and Interface Science, 2011, Journal of Hazardous Materials, 2021, 403: 123610.

361(1): 270-7. [46] WANGHL, TANG H Q, LIU Z T, et al. Removal of cobalt(II) ion from
[39] VOGGU R, ROUT C S, FRANKLIN A D, et al. Extraordinary aqueous solution by chitosan -montmorillonite[J]. Journal of

sensitivity of the electronic structure and properties of single-walled Environmental Sciences, 2014, 26(9): 1879-84.

carbon nanotubes to molecular charge-transfer[J]. Journal of Physical [47] TONG DS, WU C W, ADEBAJO M O, et al. Adsorption of methylene
Chemistry C, 2008, 112(34): 13053-6. blue from

[40] KIM S J, SONG Y J, WRIGHT J, et al. Graphene bi- and trilayers

aqueous  solution onto porous cellulose-derived

carbon/montmorillonite nanocomposites[J]. Applied Clay Science, 2018,
produced by a novel aqueous arc discharge process[J]. Carbon, 2016, 161: 256-64

102: 339-45. (48]
[41] PEREIRA R C, ARBESTAIN M C, SUEIRO M V, et al. Assessment of

ZHOU N, GUO X X, YE C Q, et al. Enhanced fluoride removal from
drinking water in wide pH range using La/Fe/Al oxides loaded rice
straw biochar[J]. Water Supply, 2021, 22(1): 779-94.

[49] LIU S J, PAN M D, FENG Z M, et al. Ultra-high adsorption of

the surface chemistry of wood-derived biochars using wet chemistry,
Fourier transform infrared spectroscopy and X-ray photoelectron
spectroscopy[J]. Soil Research, 2015, 53(7): 753-62.

tetracycline antibiotics on garlic skin-derived porous biomass carbon
[42] TIAN S Q, WANG L, LIU Y L, et al. Enhanced permanganate oxidation

with high surface area[J]. New Journal of Chemistry, 2020, 44(3): 1097-
106.
[50] CHENG N, WANG B, WU P, et al. Adsorption of emerging

of sulfamethoxazole and removal of dissolved organics with biochar:
Formation of highly oxidative manganese intermediate species and in
situ activation of biochar[J]. Environmental Science and Technology,
2019, 53(9): 5282-91.

[43] LIYC,XING B, WANG X L, et al. Nitrogen-doped hierarchical porous

contaminants from water and wastewater by modified biochar: A
review[J]. Environmental Pollution, 2021, 273: 116448.

biochar derived from corn stalks for phenol-enhanced adsorption[J]. [51] WU J, YANG J W, FENG P, et al. High-efficiency removal of dyes

Energy & Fuels, 2019, 33(12): 12459-68. from wastewater by fully recycling litchi peel biochar[J]. Chemosphere,
[44] GAOF, XU Z X, DAI Y J. Removal of tetracycline from wastewater 2020, 246: 125734.

using magnetic biochar: A comparative study of performance based on [52] XU C H, NIE J D, WU W C, et al. Self-healable, recyclable, and

the preparation method[J]. Environmental Technology & Innovation, strengthened  epoxidized  natural — rubber/carboxymethyl  chitosan

2021, 24: 101916. biobased composites with hydrogen bonding supramolecular hybrid
[45] YU JF, FENG H P, TANG L, et al. Insight into the key factors in fast networks[J]. ACS Sustainable Chemistry and Engineering, 2019, 7(18):

adsorption of organic pollutants by hierarchical porous biochar[J]. 15778-89.

(T4 % B2 41

Adsorption performance and mechanism of biochar to dyes with H-donor
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1. School of Resources, Environment and Materials, Guangxi University, 530004, China; 2. College of Resources and
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Abstract To determine whether the H-donors on dyes affect the adsorption capacity of biochar, the corn straw
biochar was prepared by the combined activation of potassium bicarbonate and urea (named KN-BC), and KN-
BC was used to adsorb the similar structure dyes of methylene blue (MB) and azure B (AB) to investigate the
difference in adsorption capacities and underlying mechanisms. The characterizations revealed that KN-BC was
highly porous, and the content of oxygen-containing functional groups increased significantly after activation.
The batch experiments indicated that the maximum adsorption capacities to MB and AB in the Langmuir model
reached 2 268.7 mg-g ' and 4 368.5 mg-g ', respectively. And higher adsorption capacity of KN-BC to AB with
the H-donors occurred. DFT computation and analysis implied that the H-donor on dyes allows the co-existence
of hydrogen bonding and n-m interaction between single dye molecular and KN-BC. The synergistic effect
increased the m-electron density and improved the adsorption capacity. This work can provide a reference for
estimating mixed dye adsorption on biochar.

Keywords biochar; adsorption; H-donor; hydrogen bond; n-r interaction; synergistic effect
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