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Abstract

Hydrothermal carbonization (HTC) is considered as an effective method for sewage sludge (SS)
treatment. However, process water (PW) has become a bottleneck for the sustainable develop-
ment of HTC. Peroxymonosulfate (PMS) was readily activated by light, electricity, transition met-
als, carbon nanotubes and so on, to produce SO.:- free radicals for the effective degradation of or-
ganic pollutants in wastewater. Therefore, sewage sludge-derived hydro char was prepared in this
study to activate PMS for the degradation of PW. Effects of HTC temperature, initial pH of PW and
degradation time on the degradation efficiency of soluble chemical oxygen demand (SCOD) in PW
were investigated. Results showed that HC2oo could activate PMS and had the best degradation ef-
fect on PWy60. The maximum degradation efficiency of 38.1% was achieved at 15th minute. The pH
of initial PW has little effect on SCOD degradation, and HCzo is suitable for SCOD degradation in a
relatively wide pH range (3~9). Hydrochar deashing experiment showed that iron in hydrochar
could activate PMS. XPS analysis of deashed hydrochar before and after degradation indicated that
C = O functional group was the main functional group in activating PMS. Therefore, hydrochar ac-
tivate PMS by two ways to promote the degradation of SCOD: (1) oxygen-containing functional
group (C = 0) in HCz00; (2) iron in HCz00.
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1. 51§

1K (CLREAR “T5ie” )RiE /KBS R = A R =Y. bt 2022 FRERGJer” =I5 3]
T 6000 JWE[1]. V58 & A E AR AL, WRFERAE, PRS0 AR AR R R g
BB 5 RN A REANAY, &Pl FAERRIR, AT DUB I REE A IR BESS A  7 VER
TRERE. B, SRS TVE IR IR DRI ORI B, A 2 AR T Bk
IRVE . AHBAE RIS YE B/K S A BRI R TR 5K 53 /N T 40%F0 10%,  # g5
Ve EIKBHIF/NT 47% [2] [3]o SRTHLIRAL KT Ve & /K ZE— M 80%. BRI, X5 Ve AT # T4 A ml ik
e, AR BERE S, IE2 RN A BRIk, (N & B /KR A BT
B, AKARUEARZ B2 1007 . 15 R KRR TR DL 5 TR N R RE, KNS, £ — @ iR
(150~300°C) S 1 77(2~6 MPa) &1t T, Zeid— R R PR TG IR e A K #, [R]IRE eeas v e 1 i 7K e e A
TR, R SEIAR T [4] . (H K #OR A FR R i 23 7= A /b B SR AR Bk 3R /K [5] [6]. /K #k7K COD
SEWE, BB T 14~70 gL, FHEH I E AL A YA B S B S X PR B DL B R )
AN N-Z IR B[ 7] KRR K AR FE E BN PR K R (b 3 R 3 — 20 R R IS B A, KR K AL
HTEARE K BRI B E A (AOPS) I S K SR IR A AL SE [7]-[12] o AH PR AT A0 A LA B At I
IKFERENY . &R, B, FERE— DR8] PKEMEH KNG, KT TS &R E YA
A PR S B2 n[13].
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HHT, AOPs T vz N H T K A WL G, aeid 7= A ig 1R H R (ROSS), K — S8 HE [ fif
AT G oy e 28 58 A Ay S AR BR . KFIEHLES 7[14]. f55H Fenton R4, T EAE MR
HO- B H & S AIE J5 AL 175(1.9~2.7 V), A U EE & FA LG R, (22 FE R E I A E L 2™
AERERRE. SRR 2R 1A R F BRI IR 2E (PDS)BUS — R £h /=42 SO, H B3k, HAEMIE
JE AT A e R, N 2.5~3.1 V [15], 1 H K pH EEREE %E, AR EK, G LE R A E AR
Hhr. HAET, TR AOPs #)7Z N T IR K AL FE[16] [17].

PMS FEIEIE. M. ESEMBAEEEL 4 ROSs [18]. MR AT AN K B S mAA Rl v] LA
A REA PMS [19], SR 45 BRA B iy o DR, RS Ve il AR — /N BT S BT &, SEaL
SRR IR « VENKBORAI EZL =1, 5 YK AORAEAETEIL PMS FIA S 6L B R0, 15U EREE) 2
R TiE 4 PMS BEfRA LTS G, (HR 20 8 h T B AR e — 5 44 [20] [21]0 /KK & B R LR
NER. W2, FHRMBEREGIY, ARE%, 1H COD EiKm. Hil, FAEIRKIURIEIL PMS
AR ER K AR AR IR S o RIS, KGR AT DU G K ROR R T & A B e & B s, M A ER
Hh C = O ‘B REH O MHIE ST LA 20E 4L PMS [21] [22] [23], K, y53RKHGR &L PMS BEfiFK
PR ATAT 158

ISR P KRR ATV 26 T 158K IR, WFFAL T K BORAGIREE - KIARKBIGG pH B Aoy () et
IR K AR AT i A 2 T A B (SCOD) PR IR AR IIRE I o [FII, 456 =45 bt K H A WL 221 .
T K HR ARSI AT XPS 34T, HEoR T KINE K I BEARRLE, A FC T K IR K A B R i 2

2. M5
2.1. SEEOHEm

TSI REMRVE T IS KA, SKEA 80%, M3 THEIMA, JFET 4CRBUEPIRAE.
B 5 e B ST T 105°CH R 2 EH, JFHERENLEME 5 1d 200 H §7(0.075 mm), K15
FIPTIIRR A AR ST, JFRAE T BT RGP A M. TSttt Fe. AlL Ca. Mg Ml P Z55C
= KM ICP-OES J73#r, MSRERINGE 1 s, LI PT R (LAl R 2 i ¢

Table 1. Properties of sewage sludge
= 1 SRMRP T T RAR

THTCER T B (T E D 0)/%
Fe Al Ca Mg P Mn

4.62 10.1 2.07 0.71 3.33 0.04

2.2, KB IAL SIS

IKIRAG LI R FHBC A PID R g FEi B 45 i 23 R K 713 1) 500 mL [ M 28, 4 & L 1:9, Mk
RN 100 g ¥y5 YR 100 g 255 F /K, I H 23 7oK Sl Cud BB, R G IERR ipE 1Y
5 BB, HRHAESA, TERE RS, REEd R E PID A AR B IR, DU
PE R 3C/min MR INFAE] 160, 200 A1 240°C; AR WERE G, REFHRRE 120 7080 B LRI
DIWT eI, BT AR HK R N A EIE] 150°C, FREAN HORKAHEIEE . SNIRESYRH RS Mg
SEOLERY B o BEAARE SR A G TN T 24 h, WAHE T 4°CABIE RS, HT IR 80 #AE.
IKIRFE i 8 HCr, KL ZKFE S i 4400 PWe, AR T RN K IR AG IR B
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2.3. Bi%Rschu

TR K RORFE S, 3 200 H 0 HEAT I 73 SRS FREL 2 g #E 4, N 20 mL YK 6 mol/L (1)
IRV, JFE T 60°CIHIR/KIE 4 h, JEARWHERE: BlJGAEH 2B F/KIGBERE &, B IER pH A2 k.
IFi) 36l % W] AR R BN 12 mL WK 40% S BRIE TR, BRI, BT 60 CIHIR/KE 4 h IFA Wi
P, AEEFRZUGHRAERBERIER pH At SEE TRGETEILT 5 24 h, BT E AR Y B
TOKREES, %N BCr, FhR T Ba/KBRALESE . b, ERRR AT DA 8 0B 4 Al + 4 )
(K. Ca. Na. M)W AIBRIR L0 P, SRR %A R FR Siv Al il Fe 28457 .

2.4. BEmIRIE

X R RERE (XPS) 70 #r: FIH X 52k 4% Thermo Scientific K-Alpha, Xf7K#gr C. O. N 7T
R IAAAETE AR & R AT Horf, C 1s [4024(1) C = C (284.6 eV). (2) C-OH (286.3 eV)FI(3) C=0
(288 eV). O1s [ LI A(1) C=0 (531.2 eV). (2) C-(OH, O-C) (532.3 eV)#1(3) C-O (533.4eV); N 1s73 )y 4
BN BT, 2R AMEEE N (398.8 eV). FHJF N (399.8 eV). LM% N (400.2 eV)F1Z4#% N (401.4 eV) [24].

T I G RENCGR UK IR K = 4R ik o B ek K% K A 0.5 mol/L 1Y EU A A AR Vs A ic
B 0.2 o/l ¥, Bl 59348 250~650 nm (1) & 5 i K Em S5 AT 200~450 nm (UK K Ex JE L, 4
T E A 2400 nm/min, REHES BRI RERE BREE T A E N 10 nm, FRPEKEE RN 10 nm. SR
Fl PHS-2F %! pH i1 #T /K #4 %K pH.

IKIRIEIKEE N, B SG, SR F B 28 A (ZDJ-4B) 73 T H AUk I8 )5 HiL 7 (ORP)

2.5. IKIRERIKPEFRELE

SCOD & Jx iy Ve il i P2 A B B4R b, 2 e AR 3R b ¥ VI8 Hh PR P A LA 7K A LA B 7K R R A To 2
TR 7K PR K R VAR BU I, DR 3T SCOD ¥Rk FEARAK, Sz 5 Y8 7K Ak i AL PMS B fif 7Kk A Bk 7Kk
IRCR . B4, ¥ 20 mg it 200 H i (FK AR I 40 mL S iERRE G K BUR KR, KR KRR EE N
1:250; SRJE 8 FHRE I H A4S LA 400 r/min $ii b 20 Z3%f, AE[EBIR &3520; S, ¥ 20 mg PMS HIAEE
B . fE—E IR E] (ARG N, BURE, 1T 0.45 um JEMES, KGMIVEAH SCOD &% . JK/K+H SCOD
R PR T AR R AMVE 2, SCOD PR R #5017 1H 5

C 0,
X = (1—C—J-1oo, % 1)

RK@Q)H, Co(mg-L ™) NHI4E SCOD ¥, C (mg-L )79 t (min)if %] SCOD #f¥ .
3. ZRE5TR
3.1. KRR IKPERRHR

Pl 1 MK B A L FE 5o 7K AR K B R R s . ] 1) s, /KR &8 0.5 g/l PMS A
TN 0.5 g/l WRFTAS 8]y 20 min F AR 18]y 10 min B, BEE K BRI E M 160°C T+ %] 240°C, /K
HOR TG PMS [ PWogo H' SCOD R EBN TG R, i SCOD BEfFACRIAS] T 18.6%. ik, i
— 3548 FH HC 00 XS [FI K FA 3R A IEL I T #1145 (R 7K R K HEAT P AR S 36 o MK 1(0) FF AT LA B, HC 00 AL
PMS A f# PWago FIRCR B lf, FEARRCE T LLIAF] 30.1%. PWago 184 pH Jy 7.85, i FH ShIR Al S AL B
H pH 3. 5. 7H19, #E—BWII T PWigo 145 pH Xt SCOD FEMRRCR IR, %] 1(c)fas, £ pH
184 3.0~9.0 JE[E A, SCOD IR BEAAA K. XL N PMS A PWig J5, PMS B AE 4
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PW g0 ) pH GE B2 3.65. PMS fJ pKa {EN 9.4, T /KA EK pH ET 9.4 B, H,SO0, & A HIE
FYR, SRR RE TSR KR [25]. B, KPR KHTUE pH X SCOD B&MREZMIAN R, HC,oo 7] ATE
AR R B8 1 pH B YUl Y B# i SCOD.
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Figure 1. Effect of HTC temperature on degradation of (a) PW200; (b)
PW by HC200 and (c) Effect of initial PW pH on the degradation of
PW160 by HC200
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Figure 2. Degradation efficiency of SCOD in different systems
Bl 2. FRIAFRRT SCOD KIPERESER

M 2 BTEAR I, ASTELE HCyoo Bf, PMS Xt SCOD [ )1 F-7] LLZE A, £ PMS A& JLFA
fie% Ak SCOD. [ElINt, HCyo ANHEA Rt SCOD, B &SRB E Z AN, S PWig ] SCOD
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W 2x M 15,808 mg/L _E ] 20,748 mg/L. 24 HCyo 1 PMS #75IN E] PWgo i, 7 B AR 7] 15 min i,
SCOD [ a2t i, A 38.1%; HE— D3 INBE AR [A], SCOD PR AR AR TAE . RHWE— 2N
SRR ) J1 B8, BRI N R Bk = 0.0424 minTt, R?=0.9729, fLAE RIF. 78 Hu 25 105F
Ferh, A8 B K B 190°C I 1] 45 1935 Ve K ik, T 16 PMS AR XU A, 2 332 % % %0 0.0016 min ™t [21],
KT AW 7 1) 0.0424 min .

gibnl K, BEARESIEIN 15 38R, KR KYIAE pH BIREME a] LLZEE , HCa iG 1t PMS FEfiE PWig
ROR R, 53T 38.1%.

3.2. IKFRBEIKME BT

3.2.1. KEKERMR

Kl 3 BT K SR FE T 7K B SCOD e S0 S5 FL TR pH FIFEmA . il 3(a) fim, Bl 7K #
P E, IKIJEIK T SCOD kLS FFHEH, M 16°CHFY 15,314 mg/L 3 i 48 240°C i (1) 19,019 mg/L,
XA T P AR R AR S 3[24]. KIAEIK F SCOD ¥R i 3= B2 2R (A /K AR RZ I [26], 18 H &
FURTE 180°C R R /KM . BEAE KRR BT, B UK E IR, 40364 18 I B -5 08 TR B B B 44 31 -N
[271. 4n %] 3(b) i , ZK RGBT i 5 BUK B K EAGIE AL PR, AN 160°C B 1 226.8 mV B#fIK % 240°C
) 180.7 mV, FIKHJE K o SCOD Mk B2 (AR A AR i, 6B HARAL PEAN IR SS . 1X AT g & KA b
KB E T, ZWKAR = AR A SRBESEE R, T S BUR K IR R R S AN BT, A
R AL AN KIRAG . & 3(c) s, KRR pH {EM 160°CHF [ 7.9 THE % 240°CHT 1) 8.2, 7KF KK
pH {17 e RN K #oR (i R rp, RIS R B 2RI 3R S AT R 72 42 NHg, e BL NH, =N [ 2077
FETKBGE 28], FEUKHIEK pH F=
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Figure 3. Effect of HTC temperature on (a) SCOD concentration, (b) REDOX potential, and (c) pH of PW
Bl 3. KA RAIBEXTEKF (2) SCOD KE . (b)ENWIERENAIF(C) pH BISFZM
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3.2.2. IKREKBPEHI TR
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Figure 4. Regional integration of process water: (a) PW160; (b) Degraded PW160; (c) PW200; (d) PW240
& 4. /KMEK: () PW160; (b) PEFEFE PW160; (c) PW200; (d) PW240 XigFa
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Figure 5. Composition of organic matter in process water
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K 4 Fre 1B 4(a)~(d) 0 BN R UG PWaeos FEMEIG PWago BRUG PWogo AEAR PWago FTLABIE A H,
BEE K IR EETH R, KRR SR AW T, R BKIABOK P A LS AR BT, X5 3(a)
FHRIEIK SCOD iR BEAZANB AN RL. IR, FEMRIG , PWago ¢ 653 B 0 B, it B A /K RO
tE PMS W] LA LM AR K P A L. R, A T B AG PWago PRI ZOLHRE,  JEIE PWag
A PWogo H 2G5 LI 1, UK AR LB ROR AW (1] 1(D)). AR 5 Ffras i X 4R 73 45 R w]
R, AHELTJE0G PWago, FESF A 1T PWigo " R 15T S 5 B 2.0/, i W P e o 8 vl 7 22 A8 e B
B fp S R 5 RV S RS TR R I A S SRR R st W R, ERAE BRI R b, R AR T R AR
JRIAE SRR R G R IR + JRTHIR) AL, XA RERFINE ARMS 5RRER N, 794 T 55
[29]. Rl KGR 160°CTHmE] 240°C, JRAR K AR 31 IR R M SRS WT 3G om0 J63 B R S M i o
WIS s AE 200°CHE, JEERE B, BB T 33%. IR R AR T A
AT 4 22 25 Tl B K AL S I R A6 [30], LA ER 1 o K gt 7 A 1R e 2 IR 5 W 28 2 1) 8 A ) SR A 4 e
[29], T & A BUE 1 180°C & KA KM, AR AERIE KIS FARMEAR MR ANHE— DAL, BT LK #
IR 160°C TR F 200°C, R & ETE, KBRS BT, AR T RRE RN, SFHUEHR

EHT .
3.3. PMS jR{L1 3

WM, R AUE RE(C = O) Ik JT = #nT LA ROHE PMS A HLTS 44¥[22]. A T Fllkr
B e T 5 7K o b B e BT A2 A DA SR TO 3RS BRI DT IR, X HCoo0 HEAT T AKAL TR, SRAF I AL
BCo0- 14 FH BCpoo I #t PMS F&A# PW1g. HCo00/PMS %} SCOD P4 i 2% (38.1%) =i T BCo0o/PMS i F4
il R %.(26.1%), K W] PMS JEAL £ ZIE T /K #OR B 5 850 5Tk K, KRG PMS FEf# PWieo
If, SCOD F#fRRRE TR, ShAGERETMERKPORTEA K. CHPTIUES, RPEKITCET LA
54k PMS [31] [32].

KH XPS 9041 T B AE R G BCogo L2485 MIMIAR L. ok, BEARATIG C 1s o Hr 4 B an el 6(a)F1K 6(b)
Fiiose BEfR)G, /KR T C =0 B REFILLBIM 7.89% P43 6.41 %, C-OH LLfF A 13.53%3 finE] 15.15%.
[, i 6(c) I 6(d) A, AK#IRF O 1s /i, TLURIL, MfifE, SEERE+‘bC=0%
AL M 31.57% 1 & R %% 17.58%. AR, C-(OH, O-C)ELfi M\ 45.21%38 1% 61.07%, i W 1E F# iR
g, KT C =0 i C-(OH, O-C)IHEAE . Wang 25T 78t ke 72L& [19]. Hitk ] %0,
FefidfEd, C = O EReHIEIEM PMS M EEHREH] . Wil 6(e) Rl 6(f)Fan, KR+ & A E REHITE
R AT Jm o I 2 A8 4k
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2 2
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Q Q
E E

1 1 1 1 1 1 1
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1
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Figure 6. C 1s XPS spectra of the BC200 bhefore (a) and after (b) degradation, O 1s XPS spectra of the BC200
before (c) and after (d) degradation, N 1s XPS spectra of the BC200 before (e) and after (f) degradation

[& 6. ()[R %5 BC200 F(b)FEAEfS BC200 C 1s tifk; (c)/E#a BC200 FA(d)BEfEE BC200 O 1s Kik; ()&

3% BC200 FA(HFEAZFE BC200 N 1s i

C=0(0ls)

C-(OH, O-C)Ols)|

0.4

0.2

) o o o o >
¥ @:" T /O\ Q‘K /0\ )
It L 4

S
*p<=0.05 % p<=0.01 *** p<=0.001 ¢/~

Figure 7. Correlation heat map
7. HERMERE
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