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Abstract

Using sludge-based biochar and Co(NO3), as raw materials, a biochar-doped Co304 (BS-Co304) cat-
alyst was prepared by co-precipitation method and used for the activation of peroxymonosulfate
(PMS) to degrade tetracycline (TC). The surface morphology, crystal type, specific surface area and
the valence of elements were characterized by SEM, XRD, N, adsorption-desorption isotherms and
XPS. The effects of BS-Co304 dosage, PMS dosage and pH on the degradation of TC in BS-C0304/PMS
system were studied. The results showed that the surface of BS-Co304 was loose and porous and
Co304 nanoparticles were uniformly dispersed in the biochar. The introduction of biochar signifi-
cantly improved the specific surface area of the catalyst (from 14.54 m2?.g-1 to 111.92 m2.g-1), re-
duced the particle size of Co304 nanoparticles, and was conducive to the exposure of active sites to
improve the catalytic performance of the catalyst. BS-Co304 has a certain adsorption effect on TC,
and can effectively activate PMS within a certain concentration range. The removal rate of TC in-
creases with the increase of BS-Co304 and PMS dosage. For TC with initial concentration of 0.1
mmol-L-1, the dosage of BS-C0304 is 0.2 g-L-1, and the dosage of PMS is 0.5 mmol-L-1. The removal
rate of TC can reach 93.15% in 60 minutes. The system has a wide range of pH application (pH =
3~11). The results of radical scavenging experiments indicate that during the activation of PMS by

BS-Co0304, active species such as SO;”, O; and 10; are generated, among which SO} and 10;
play a major role in the removal of TC.
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PR AN R 2 AFTEIGE BT ™ 5 RS TS Je vl f, A Ge i 7K A BB AR A v 22 Bk i)
A FR . B, BFFCIE T R bR piA R BRSO SO e K A B AR 17 B 2. i 48 A T2 (AOPs)
CRIOLCERAE R B FA RS AAEAE IS PRI 2 22 . BT REAR B B2 (So; MM A i T2
(SR-AOP), it Uit iR £k (PMS) (13 S8 S i = AR v ME S R B LTS e . SR G TR H
A AOPs filLL, SO Rl H LIS JF LA F5(2.5~3.1 V). EFERIK(~40 ps). pH & F G 8 B A
PF[1] 2] AN CEYHE I RER 2GS 10 PMS F24E SOY o 7R ARSI A & rp ] A A 791 S B2 3 4k 77
M TS SRR R R . IR, W i R E R AW S FT . Cos04 & — P E B H 5
1 PMS 7742 SO, BB AEMEALRI3]. VFEBEFUHIE T CosO4 IR, I K Cos04 HLFR
R, S/ NRLAR, RIGHEXT PMS AL IEPE[4] [S][6]. 28T, ST ABFFCIESE, CosO04 4KHBURLH T 5
LRI AL 5 A, WM B 30 7S A s R ER (7], A T ISR N, TR SR A B SE T 4E(2D)
MRME RGN BRLI B BT [6]. 1, Shi [8]5F NHEFL T Cos04 Hik R A M A £ IH(GO)E &4 KL PMS
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157K P8(SS) 5 /K) A B RE AL (R B, Ly B 2%, PPN, SS [ ALEE i il &
SERIE[9] o AT YR AT LA 2 kb SS IPRAR, A7 H AR, #0RT AR D — R AR U IO AL BT 5 Y8 X IR 10] o
HIF, BV JE TS e SR E VIR B B B BE AN 2 AL A, 5OAT B 00 ORI e 9ok BRE, - DA 5
HAEM NS . BEAh, EEBRKTPIS RN, EVIRK 2 LA BRI BT Ay, A AT BRI
BLEIHEAT 11 AR TEH, ETGIe RV AT, I PTEE G R T Cos0s AKKLT - BT T 1
FREAL PMS X & WLPTA R DUPA R (TO) B B4 Pk . 8Id B i3V K SLIa it 78 1 AL THI/PMS 1A Z P K
PRI RS, IFSE S FRERAEAID [ W] S AL EE .

2. REMHSFZX
2.1. ZAmAnse

FTAE BIAL 7 245 S R W A 20 ) o I BRER A (KHSOs), % B (p-BQ), WU Z(TC) i Lig 2 mipkA 1k
BHEA R AR AL 3R] 5,5-— F 5L 1-HE g k-2 4L (DMPO), 4-#2%£-2,2,6,6-PU A BEURE (TEMP) M |
R T AE AR A G BR A F A L o L-2H &R (L-His) -y 85 S AE MR A FRA R, BUT BE(TBA) WL H
REETRHERAL R G PR A 7o HEE(MeOH) I K [ K E 1T R ALl IR A 7

2.2. EAFIBNEE

MG 235K BORBLRIE Ve, %15 /K RS A EE A0S K. BEUE 758 (SS)K
1E 60°C A HET, SRS 100 H i B s TS TR TBUE—4 C KA R ORAE A o 1 2l T8
JE TS TRk AR TRCE B 2 R AE N, U B 10°Comin ! (U THELE ZRAE 900°C FBRE 2 AN/, TEVETE
4N BS. SRJG, BIRE AR BS)AE 1 mol-L™ HCLIERHIR 12h, HHEE F/KIEME. 2&mBit
AT LGB Z S B ER. R, BRRILEREDR0.5 98/ 283 20 mL £ & /K, FHiHE 24 h LU
ISR A Ao Fl 9 mL H,O A1 36 mL DMF AJJE## 10 mmol-L™" Co(NOs), LA BGE IR &4 B. K
PIFE SR G TE— RS, BN 5 mL Z2UKERENZR G+, £l Co(OH), YLiE 2 Ja, KA %R
VU A AN AN 3 TR S8 0E 180°C FATR AW AT /K IAALEE 10 /NI SRR HIG, WEERTSULEY), If
FH 2288 T OK R S Ve BOIR o e » B TR IO R TE 350°C IR &2 A R BERE 2 /NI, DASRAS B2 (5 BS-Co,0,
Mkl T RHTICE, DU 77 3 2 A5 22 0K 1) Co304.

2.3. EAFIRFRAE

53l Ad A U 7 B ABR(SEM, SUS010)FITIZE it 7 Al B (TEM, JEOL JEM 2010)%} il % (1) f# 1k
FIHEAT A 08T A X S EATHUXRD)E, LABFFE fi A 4549 . F MDI Jade 5.0 B A% HrfiT it
PREE . AE ] X 5% HL T RS (XPS) (AIK-Alpha, Thermo Fisher Scientific, USA)3K/S £ G &5 5 . M4k,
155 FH FLA2 73 M4 (Aperture analyzer) I & 8 £ 771 0 W5 56 B it 28 20 B 4 A0 700 1 bR TR AR A FL AR

2.4. TC PERERIEFN S 77 3%

T Pl BS-Cos0,4 X PMS EALIEH], A 1x TC #H4T 7 JUANBEMRSL: . 7 TC (100 mL, 0.1
mmol- L™, I PMS $it$E, SRJEHGH1 & AR IMER &Y, EFHATA pH HH . seit i e
IR SR, 0.22 pum LIS JE AR Ik g8 . 5 T AL AR IR . PMS Foni . ¥i46 pH E(H 0.1
mol-L™" H,SO, A1 0.1 mol-L™" NaOH 7)) Fliff 25 % Fh S 4kt TC BEMEIREI .

i AN - 0] WG 66 ETH(UVI780)E 375 nm Rl & TC HIWEGREE, il idh il 5 W BE AT AR '
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3.1. EFIRIRAE

3.1.1. SEM/TEM 434t

T R (SEM)BF AL T IR EITESH . SEM EE IR, CosO4 MR KSR 1 R 7E—
(Kl 1(a))o BS-Co304, HTHEMIRINIBA Cos04 I AT LB BL, RINEAS Z L, 5K T AT P 42 il
THAR(E] 1(b))e W] 1(c) 7R, CosO4 I SLITARTEAR, 1R 2 /N BRORISURL 73 BICZE FL R L, BE 4 T Co304
PORBURLI A5 . Wi 1(d), 7E BS-Cos0, [ 551 73 FHi i i B8R (TEM) B, W2 E]Z) 0.202 nm Al
0.233 nm SRR, 23 5% R T Cos04 (JCPDSH#42-1467)111(400)F1(222)f41HI, XKW Cos0,4 IR I Hb
FERAE T PRI

Figure 1. SEM image of Co3;0, (a), BS-Co;0, (b), TEM image of BS-Co0;04 (c), (d)
B 1. (a) Co;0, H9FAIEEESEE]; (b) BS-Co;0, KT SRR ; (c) (d) BS-Co;0, KIIEST
iR

3.1.2. XRD 43471

7E XRD Jitir, CosO4 KITERIRE . 1n1& 2(a)fizr, L7 Cos04 A1 BS-Cos0, ] XRD i,
S¥BIFE 19.00°, 31.32°, 36.89°. 38.58°. 44.88°. 55.67°. 59.39°H 65.26° kb Eom )\ BB ROATHT I . X
BB I N 22 TH 3L T R A Co304 (PDF#74-2120)ff1(111) (220)~ (311) (222) (400). (422)~ (511)F1(440)
An I 12]0 TS UG T8 BERT S B, 2 An A (R AT S 5 S AN R AR REAR DR GE 1K), BS-Cos04 AT BRI, R
W A AR R PRI, KIAREL/N o £E BS-CosO4 FF M ¥ X S AT o IS by, a4 2067 T 26.59° 1) HARAT S U
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3.1.3. BET 0%

Co304 fll BS-Co304 1] N, Wt - Pt &5iR 2k, & 2(b)Arr, {#H Barrett-Joyner-Halenda (BJH)H i
P AN FLBR AR RS o Co30,4 A1 BS-Co30, ] BET HLR A4 5 65.24 m*g ' Al 141.59 m*g ',
SERIFLAE S 5 41.73 nm A 22.46 nm. FEK I LER TRy PMS 43 F (TR B2 AE T 58 2 B SR TS 47 i,
M S /N FLAR B 58 BS-Cos04 FEf T PMS Fl Cos0,4 9Nk ok 22 18] A AH HAF F

3.1.4. XPS f

ML 2(c) XPS A2l gL 2] Co;04 F1 BS-Co304 177E C. O Co stz . W 2(d)Fiw, Co2p XPS %
Perp BoR T AN RIE, VAR T Co2p3/2 F Co2pl/2. 788.5 eV Al 803.9 eV KUK IRE) A IE,
XU TR I T Co AMRSMEA ST . Co™ MR 45 68N 780.1 eV 1 795.2 eV, T1fii Co”™ Wt
() B EE IR AL T 781.1 eV AT 796.8 eV [14]. W1#E 1 FiaR, L7 Cos04 ) Co® & B A2 5 (40.89%),
BEET BS-C030, (56.92%). Co” MM & BE AR T Co™ ™5 Co AT FIEIR, JHEL AL
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Figure 2. The XRD patterns (a), Nitrogen adsorption-desorption isotherms (b), survey XPS spectra
(c), Co2p XPS spectra (d) of Co;04 and Co304-BS

2. 457 Cos0,F0 BS-Co;04 B XRD [El(a), N, WHi - BibiZFiBELZ(b), XPS £iE(c), XPS
=¥ Co2p ElIE(d)
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Table 1. Relative amounts of Co species on the Co;0, and BS-Co;0, catalyst
= 1. BS-Co30,4 #1 Co;04 M P R EMNZSHIEH T S EE

Content of Co species in Co2p (At%)

Samol Co2pl/2 Co2p3/2
amples "
Co** Co** Co** Co®
BS-Co304 44.61% 32.56% 12.31% 10.52%
Co0304 25.49% 47.93% 15.49% 11.15%
3.2. SR LR

NI i AA B3 TC IR MEAT S2m, R85 58 7 /S R(20°C) F, 14k TC ¥ 0.1 mmol-L™', AR
N EAEXT TC ZBRHRAIFM . A PMS (0.5 mmol-L )X TC B —EMERE, TC KZERBREI AT
32.6%, [FAIl, FRPHE) BS-Cos04 il CosO4 X TC B FHEFHSS, Wik 3(a), Co;04 F1 BS-Co304 %f TC
W B 2R 43 ) A2 8.52% 11 12.78%. 1M 7E Cos04/PMS 1A £ 5 BS-Co;0,/PMS A R H TC I 2 FRR B 12T,
60 74 N 2R AN AN 69.0%H1 93.15%, 45 KM Co,0, AEA ZiE Ik PMS & TC, JFHAEYIRIB I HE

FEE 2 TG TR 2R R, AR R B IS MEVI R = TC M &BR%
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Figure 3. (a) Removal efficiency of TC in different system, The influence of (b) BS-Co;0,

dosage, (c) the concentration of PMS, (d) pH on TC degradation

3. () TEIRRIKRZRT TC BIPEMEMER, (b) BS-Cos0, HIIRINE, (c) PMS HIRMNE,

(d) pH %t TC F&ERAY SN
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3.3. RN
3.3.1. TR MER PMS R INE KRN

W 3(b)FIR, 24 BS-Cos04 FEIEM 0.05 g L7 8% 0.2 g L™, 60 2%t TC KRR M 59%
BN E] 93.15%. MEALFIFINE S 0.2 gL' I TC 7 60 434h A BERS P [ AR, BT ATE J5 225256 TP ifi 2 1Ak
FIRIFIIE N 0.2 gL' Wk 3(0)fia, 24 PMS &N T 0.2 mmol-L™' B, TC 7E 60 7381 BRI AE
iLF] 70%. [ PMS 75 M 0.2 mmol-L™" #1 %] 0.5mmol- L™, 7 60 2342 N, ZFEE M 69.98%1% i £
93.15%. #RTM, 4 PMS A& KT 0.5 mmol-L ™', FRMEZZEA Rk, KA ER PMS 2535 S0; H

B RAERRIIBI[15]e X —45EH, 0.5 mmol- L™ 11 PMS SR AEIIIRIE, 5 i AR A =
{1 52 L3 2 H K

H" +S0O; +e- — HSO,

M

Wik 3(d)FTan, 1% BS-Co;04/PMS HAESAHIA R TE 5 2 11.0 () pH VBRI TC FRARRCR A KA B4
fbo SR, 24 pH =3 i T SO KT MAE R (A1) TC WIBFMREBL T B, X 10 BB R b 4%
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Figure 4. The effect of temperature on TC degradation with (a) PMS system and BS-Co;0,/PMS
system, (c) the activation energy fitting diagram, (d) TC degradation in consecutive runs using re-
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33.2. REEENMmMMES 4SS

4(a)F1E] 4(b) BT, IRBEXT TC MBEARAERA BB, BEA R R BEIE N, Fefdda . A
4(c)XT HL Ak ) PMS Al BS-Co;04/PMS 14 Z i F #4172 5 FE 5 AL RE(E,) , 20598 57.92 kJ-mol ' £130.31
kI'mol ™' XK BS-Co;0, A RUAME TC M PGfhAE. I H, BS-CosO, MiE AL AE & T itk il (¥
LG AE(10~13 kI-mol ™), S 3 B2 R A A4 2% T [ 4 (A0 2 B T A E s A 33 141 &) 4(d)FTom
St ZIRE R ML, TC MRBRFTIRRFE 88.8%, 2 WUIRTEI £ ZE 80.8%, {HAFA 5K E F 88.17%,
XK B BS-Co;0, %t PMS iH ik B A maci: A e v

3.4. PMS BIFRILHLE

T 7€ BS-Co304/PMS F 45 H [ A5 S s PEE R, LLH EE(MeOH) AU T BE(TBA) X K i (p-BQ)
A ZER(L-His) NSO, , “OH, O3 M1'O, KiEkRA, H#HAT T KLK[16][17]. MeOH F1 TBA HI T IX
45 SOy M*OH, [F2N MeOH LA &thiA K SO Al °OH, TBA HEEH K OH . il S()fw,
0.5 mol-L™' 1 1 mol-L™" TBA Xt TC IR LT3 i, XKW "OH FREAS 5 TC MBI, THi4rm i
AR RPN & 0.5 mol-L ™ Al 1 mol-L™" ) MeOH (14 5(b)), N 60 2045, TC HIZERRES BT
B& 21| 57.86%F11 49.09%, IXF W SO; 7E TC MR AR A EE A . s 5(o)fin, 7€ 10 mmol- L™
p-BQ fAEEMIMEIL T, &M 60 7345, TC HIFEMREMN 93.15% FEH] 79.52%, #iH Oy 25T TC
(BEME. AN, 4NN L-His, BE#% L-His F=AM 0 343 10 120 mmol-L™', TC MIFEMARR M 93.15%
TG R B2 49.72%H1 36.22% (K 5(d)), X H 'O, 7F TC FRfA - it 2 5 E/EH .

(@) 1o} —o—OmM ()10}
Y ~—8—10mM
\ —0— 0mM
08k LA™\ MeOH :‘:;ggmx 08} —8—10mM
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Figure 5. Quenching experiments (a) MeOH, (b) TBA, (c) p-BQ, (d) L-His
[ 5. K5 H() MeOH, (b) TBA, (c)p-BQ, (d) L-His AR SELE
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4. Z5ig

1) @it SEM. TEM. XRD. BET fl XPS X7 Ul&ﬁﬁ%ﬁ MEEAFPRITEE . SR EAH
RN G RRWAEDIR B IIEKT Cos04 LR EF, $5E T Cos04 QUKL /31 . 5 Cos0,
YKM B, BS-Cos0, AL B B T AN 2 5 LLRAE T 8038 . Co™/Co” HIAMIXT LLBI M. 0.65 $E w3
132, Co™ ittt m, HAITF Co™5 Co’ 2 MMAMIEEIGIR, 51k PMS (2t SO; =
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