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Study on anaerobic decolorization of azo dye wastewater using a new

type of magnetic hydrothermal carbon
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(College of Life Sciences, Northeast Forestry University, Harbin 150036, China)
Abstract: A novel magnetic hydrothermal carbon (MHC) was prepared from agricultural waste rice
straw, using a two-step method combining hydrothermal carbonization and chemical co-precipitation.
This material was used to improve anaerobic azo dye decolorization. It was characterized using
detection methods such as X-ray diffraction (XRD), specific surface area testing (BET), scanning
electron microscopy (SEM), and infrared spectroscopy analysis (FTIR). The material was introduced
into an anaerobic sludge decolorization system. The results showed that under the conditions of
chromium black T concentration of 300 mg/L, initial solution pH of 7.0, temperature of 30 C, MHC
dosage of 5.0 g/L, and 20% sludge inoculation, chromium black T removal reached 96.3% after 8 hours,

which was 15.6% higher than that of the control. We investigated the effects of sludge inoculation
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amount, electron donor type, MHC dosage, initial solution pH, and temperature on the anaerobic

decolorization efficiency. Decolorization efficiency increased with high sludge inoculation rates and

MHC dosage. Glucose and sucrose were more suitable as electron donors, and lower solution pH led to

higher dye removal rates. The optimal reaction temperature was determined to be 30 °C. Short-term

anaerobic decolorization experiments showed that a smaller increase in microbial reactive oxygen

species levels in the enhanced system versus the control group, along with higher superoxide dismutase

and catalase activities. Magnetic hydrothermal carbon was beneficial for alleviating the toxic effects of

adverse environments on microorganisms.

Keywords: Magnetic hydrothermal carbon; Azo dye; Anaerobic decolorization; Activated sludge

0 5|

H AT, 18 UGS Ak 2 K ) A B 5 1k 32 B A B
W Ak A R SRR, AR
BHA MAM., BI7R0E . ST AR ER T,
BN N & — TP IR A AF B A 3T 5, 28 T
PIAMIT ST 0 e AR, 18 S LRt G IR 4R R
Wy e figk ok e A7 30 ok B v ] 7 g 1 AR W B
F, 2 A% S8R AR 5 TR 25 1Y R T, 3 Ak B AR R
AR,

WFoE R W, ) R A WA R o A SR 2
ORI AE Mok K IRIR | REERATAF ) RE A 27 A
1R 07 R 0 B, PR A P R ) R AR
BB K B SR L W A K SR T B AR B 1Y
— B AR AR IR R K BETR R PR K
R B A% B2 75 T B AR [B) Y T AR s R R, A
AR DI BEIRA: W, B SRR R R T, B i R 4R i
A, I B TAELR A B 20 & A E R, K
PO B PEREDE T AE P 5™ . SR, KB 0 4 ¢
—FE, FEFE KRR R ME LA B I IR . R T 35
TRIGR Y D) RE M, 0T 38 A A [R] 14 50 T B X 7K #4
R FRACRFPEDEA TR AL, 3 i (5 4 6 H:
HEAT P, ANE BRSO 1 A4 B3 T 50 2 g A
R, T H 4 e o0 R B G AT LARS 5 K $ 5 1
REMEY . T8 3o kR Bl I B % S B K PR K T Bk T
R, W AL 20 25 ARk, S A R AR IR AR
/L (ST E S

H 18 1 7K R e A A R Rk DR G £ v )
FARRGEEE D, ARSCUREFF R IR 28 7K $4 e, 3
2B FTTE 9 7 oK Fe,O, Tk T3 1, il 4% B
IR K #o (MHC) o FlH SEM., XRD, FTIR
G RAEFBIAT 0, DR E YRS R T i Hir
15 YA T DR SRR A S 5, 25 BN TR) s g 5 506t
5 Ak IR 2R DR AR B A R0 R S i, - IF 9 0 1 K A

T

B 5 e A W B AL RLEOK F BREE, h K
I 2R L KRS A AT J0 35 A Ak 2R 5T RE
MRS

1 #R5F%

1.1 FERKFSNE

FE): KR T, 4l BE>99%, WA TR hi T 24
TS 7 A A (CHL0,) « EAbEE (NH,CD) | BAR
A ZH(KHPO,) . A b B (MgCl,) . & b 55
(CaCl,) . 7S7K A =& b8k (FeCly:6H,0) . LKA
B iR 7. 2k (FeSO,- 7TH,0) , W T I+ ifg [ 245 4 A1 A5 B
o8l FEFF A RO R S $E R AR S e I A T
IKALHR) 5 S R K Y R 2R 18K

FEALAR: LA ] LA EE T (UV-1750),
X SF 260 HL T BE 1% /Y ( XPS, Thermofisher escalab
250xi) , 49 4 H F & 7% B ( SEM, Thermo Scienti-
fic), X HF 754X (XRD, Ultima IV), #& shAe 5 %
5811 (VSM, LakeShore7404) , {d B i 75 4 2T 1 S
Y (FTIR, Nexus 670), Ho 3 m A4 Hr{X (BET, 5%
micromeritics 23 A ), ¥ 7k TR, # 1K I
FEES, K4S
1.2 ®EtEK KB HI & 5 RIE
1.2.1 H#th%&

FEFF 2 28 8K Ve I 78 105 C HRE T 4T,
it 200 H i FREL S g AbHE FE AT T /K #4
IR A 50 mL ZE 48K, K I 48 A BE A
180 °C Jn#4 10 h, B A & JE HZER KR E ik
W, ¥ R T Ia w A K e . FREL 0.4 g 7K #4
T 150 mL /K, [ =P A 0.932 g FeCly-6H,0
£50.933 g FeSO,-7TH,0, i /1 #¢ 1 h 5, 76 N, {#
T IR A T R 2 N NaOH ¥ JH 35 pH &
12, JKIBHEFE 2 ho Bl HZE 1K 509 38 B ik
VR pH N 7, R T, BFEE J5 % BT, AR R
KD o



- 162 - e WO

A

%38 EH 6 M

122 kAEF %

K XRD a4 & AR 454, R XPS £
DAL T8 ) A= 20 1, SR FTIR AU AA R 2R
T B AE M1, >R A SEM LA b4 BHIWIE S 4548, SR
BET il % A1 H% Hb 2 1 A FLBR A 8., Wi i £k i
VSM il 5E o
1.3 ZWFH*E
1.3.1 RGP F IR Z T RABLE S35

fic & 5 7K 55 7= % C4H,04 4.00 g/L, NH,CI
0.40 g/L, K,HPO, 0.25 g/L, CaCl, 0.01 g/L, MgCl,
0.01 g/L, fliE TR B 1.00 mL/L.

W JC B 0.025 g CuSO,, 0.025 g CoCl,,
0.020 g NiCl,,0.010 g MnCl,, 0.005 g H;BO,,0.000 3 g
Na,MoO,, 0.020 g ZnCl,, 0.025 g FeCl;, 0.520 g
Na,EDTA, 100 mL 7K, J#75 pH & 6.

SER IR E 3 4L, il s e 4l i5 é+MHC
4. MHC 41, Fali% & 3 A7 5. Lh 100 mL
PR GERAE R DR AU g 4, 15 T 20 5238 i A 80 mL
REALL I 7K I 42 b Jo i 3B 20% TR 4875 85 4K+
15 IR AN 0.4 ¢ MHC; A1 BFHH BN A 80 mL 45
LR AKF 0.4 g MHC. [ R #vil A N, 20 min J5 %
B, i #5130 v/min, & EE N 30 °C A 1E TR
PR K5 S5 40, W0 2 h BOKAE, 850 5 I 4% 28
T WL
132 RE&MRHITREANE LI ok

WF 5% B — A% i A 4 R ) f - R AR R
MHC it | 15 et . 3 ) i pH X IR 4
R R B S, S 3 AT S8 . AERE 2 h B
IR, B0 I % R T MR
133 &HRABLE L

ARSIV AE N 2 A, 43 R TS e i X IR
2 AAE TS Ve P BAT R SE R A, A S IR B
34T, LA 100 mL BRI R IR SRS 4, 42
Tl 5 22 340 20% IR 405 e, 15 7K 45 57 3L 80 mL,
DL 24 h Ry —ANJEI, BREE 5 d, B R BT TS5 K
WFREIF AN, FEE . B2 d e 1 IRT5 TR
AW Y AL W B L B (SOD) | i A Ak &=
(CAT) {1 L B S A= W M 9 3% M 4L (ROS ) 7 1 4
o ROS 7KDL S TG 1 34 2R FHA R 0
134 H¥EaE

B PR T (AR R R A AT WG A e B
SE, MSE B KA 540 nm. 38 1 0745 5 WO6 B TTH
X 7 TR A B% R TR, RBRE () it E AKX
W,

0 100%

n(%) =
Co

A G, G 0. ¢ I 2 8% 22 T 9 i Wk
gL'y —— NI A], min.

2 FERE5HM

2.1 MRIRESH
2.1.1 XRD 5 VSM 4#7

m 1AL, X IR Fe;0, A5 #E - A (PDF#97-
009-8088) , ¥ &t £ 20 fH &1 30.6°, 35.5°, 43.1°,
57.0°F1 62.7° AT HH W53 HIXTRL T FeyO, dbiAR S 4
1(021) . (106). (220) ., (232)F1(228) fhf, FEFT
2K AL SR, X A S5 4 E < B (PDF#00-026-
1079) £ 43.5°H1 63.7°4b () 171 5 1 43 I X B T A4
BB AL (012) 5 (015) St FERE S BT
i A2 b BT — 7 A 5 B, U AR S B Ak
P, BEUETESME A T TRk R, %Pk T
RE% MR 5 B 10 FH % AL 38 1 (3.456x10° A-m™g )

[12)
i i

* Fe;0,(PDF#97-009-8088)
¢ fi5% (PDF#00-026-1079)

SR (au.)

100 20 30 40 50 60 70 80
20/(°)

(a) XRD
50
40} 3.456x107% A-m*g!
o301
£ L
z 20
L lop
S
£ ol
E;NEF 20+
e
= 30t
40
— O 1 1 1 1 L
~20000 -10000 0 10000 20 000
T3 8 5 /(10%/4m A-m™")
(b) VSM

B 1 #kHxE XRD 5§ VSM
Fig.1 XRD and VSM of magnetic hydrothermal carbon
2.1.2 FTIR 5 XPS 5 #7
M XPS 2B & (K] 2(a) ) BEUEHE th, MR
FHFEETICE A Fe. O, C MSi %5, [E2(b) 1 Fe2p
Tk, LA R 6 AN, Hod i T 710.52 eV
1 723.95 eV U6y Fe* FRAE I, 13 T 711.70 eV,



HI B35 B RIREME A G AR K AU (A T T - 163 -

725.48 eV N Fe "FHiEIE, T 720.48 eV F1 733.05 eV
Ak [ U6 53 531 2 Fe 2psp 5 Fe 2pin By TR 06, 3
XPS 43 BT 3K 15 19 Fe™™ 5 Fe’ Ry W i AH LL 482 08 T
1:2, Z4E 05 iR XRD 43 4h 5B — %k, JEse
T Fe;0, ORI 25 T A1k R

?E Fe 2p Ols
g /
i
bl
Cls

1200 1000 800 600 400 200 0
i REleV

(a) XPS 4if &

Fe 2p;,

HRAE (a.u.)

740 735 730 725 720 715 710 705 700
gifrfgleV
(b) Fe 2p i
B2 #iEkHIRA XPS £ 5 Fe 2p i£E
Fig.2 XPS full spectrum and Fe 2p spectrum of magnetic

hydrothermal carbon

1P 3 BERL Y FTIR 4347 H, 2T 3334 cm |
11427 em ZRAYIE(E 53 3 —OH 25 i Al O—H
PR sh, R M BRI A7 3(—O0H), C—H
25 PR 3 Xk BT 897 em ' Ak B WA, FC AT FT R
TR J5 TE BB 95 F AL A i B L e ah,
1032 em ' 5 %5 E—OH M C—ORsI A

ot

4000 3500 3000 2500 2000 1500 1000 500
HE/em™

B3 mitEk I FTIR
Fig.3 FTIR diagram of magnetic hydrothermal carbon

54,2922 cm ' AN AR IE C—H A& MR AE
il 548 om ! b i R Bk ALY Fe—O il
iR sl, M Fe;0, I TR KM, X4
FEA M AFAE R W A ) R 3R H & A KRR F 1748
st S B e S R s e s
2.1.3 & ®@Hits3L4E BET 4471

I 4 AT4S, RP0RCR Y FeyO, Y57 Mt 5 78
IR IR 1) 2% 1T, DR 14 K #4261 40 A A /INFL
BET #1453 0], MHC i HLZ2 AL S fLAARFR
FF- 5 FL 72 43 51k 76.595 m’/g. 0.281 4 cm’ Al
14.693 nm,

(b) K 1x10° fis

(a) TRK 2 000 fi%

4 HEMEKRIRE SEM
Fig. 4 SEM images of magnetic hydrothermal carbon

22 EiEAkPRMEBEEBEKREHRETRE
A

S T HEBR A REAS B (0 W AR, AR SE5 L AR
T RN MHC, H 22 Fh0i5 e Fr 42 F 15 e +45%
MHC 3 MR P8 B T 1 L BRRUCR . R &1
4% BT W BEh 300 mg/L, MHC 4 5 g/L,
TR BER 30 °C, WIhh pH K 7.0, 15 R 3EFT 20%, 5
BfE] 8 he 4NIEl 5 B7w, Bl MHC ) R4,
BRI T FEARTA W 5Bk, MBS B W o v DL 22
AT A6 P S U Al R AR A ik AR b, A L 4l
TFIRR R, Bmbs ki a1 iR R P g B T LB
AR T EEE, 7ESh N, ZEREFREIL 96.3%.

100 F—=— {57841

—— J5+MHC 4
—— MHC 4

80

60

40

BB T LR/ %

20 F

0 2 4 6 8
5 [A)/h

5 BETREKREREEE
Fig. 5 Anaerobic decolorization process of chromium

black T wastewater



$ 164 - g I

A

%38 EH 6 M

BN} B 0T R BR R AU 80.7%, 5 525
AR T 15.6%. X J2& H T 7E RGP K B 1) 47
FER, MR 1Y 4 R B AL 9K R T REAE R T
PR S A2 2 ) 1 TR 8] 38 1 2ok AR, W] Bk
PR Z AL FRUED E EA K REW
2% vh e 1R AR, T R T LRk R AR
i g R
23 ARRESHI KRG 4R
23.1 FiRAEMNE

FERILR pH A 7, REEIREE A 30 °C, 5% 5k
BRI, MHC i 5 o/L 5 R %47 R
()75 Y8 32 Fl i 6T MHC 55 £k 8% 22 T B €20 14 52
SR E 6 R, BEE IR E TG MR L,
AR T B ERFZ I m, X TR Ef =
(3G Z2 T AT A4S T DR AR TR R e, DT 4 TR R
JURHBE EROCR o SR, MR KT 20% 5 KBk
PR B AN, SO T AR K —
FERE, ARkt TS YR I ARG i FL T RE ) T %,
X AR Z2 W A0 R BTER AR /DN, 1 % B T Bk
RIMIEEAR" I AR %8, JF ks
PR IR 20%.

——10%
100+ 500
——30%
g0 | —40%
K ——50%
5
& 60 b
«
=
BE 40 |
5
20 b
0 2 4 6 8

I [ /h
6 SiREMEXEE T EREHZI
Fig. 6 Effects of sludge inoculation amount on the

removal rate of chromium black T

232 ERMEKBFIE ImFE

TERILG pH R 7, 15 e 4 i 20%, 58 iR
FESR 30 °C, 1 %50 R i IR 9 45 44 %5 A MHC #%
T X PR T DRAEUN L B A s, 25 SR an &l 7
FER o H AT, B MHC #0558 ok, 4% 1
T EBBACRZ#T TR, MHC #0142 2 o/L iK%
T 8 h NEFRE N 78.0%, HJH NN A 8 g/L i,
L BRFIRE] 98.1%, F Nt 5 g/L J5 KBRRIE
KAIRBETF RN, it 6.5 o/L 5 BRI %A
Ak, X T RE R TR B R, AR RT L

PRAEE 2 AR PR, DATAT IR S I 2 B2, 42 s
T AL AR, (AR & rp IR AT e $ A  —
SE MY, I Hoad i S AR AN R UL A Ay —
SEIEYI TR, BRI R —

——20gL
100F o 3501
——5.0¢g/L t
—— 65 g/L

80 g 0gL

60 |

40t

BT ERR%

20

0 2 4 6 8
I [1]/h
B 7 Bk RREMEINEER T XREHZIT
Fig. 7 Effects of magnetic hydrothermal carbon dosage

on the removal rate of chromium black T

233 BE

TERILG pH N 7, 15 4% Fh 5 4 20%, MHC 1%
TNEEA S g/L, M A iR 1 2 AT 25 5 18 B %
BT IREB GRS . H Rl 8 A Al 6%
N8 h N, R EE 4R 10, 20, 30 C I, 5558 T AE
8 h NI Z=BRZH51 K 60.6%. 67.1%. 95.6%, Vil
E— BT EN, BEN T EA R THRR T E
Bio SR, dEE I — 4 & S B R BRBCR R
I%, ST 50 C, KFRFEE 76.4%, X i
1o e B A A D T AN ) IR AU e o R, e
b BRI FE R AE 30 °C 24 .

00} =30 ¢
—-30C
—~—40C
80 —50°C

60 +

40 +

BT LBRFE%

20 +

0 2 4 6 8
I [F)/h
B8 RENEET ERENH
Fig. 8 Effects of temperature on the removal rate of

chromium black T
234 ik pH
15 PR 55 R B2 30 °C, V5 Ui #2 Fh i o 20%,
MHC #8245 g/L, 5 %5 B A B IR () 54 %
LU pH X 55 2R T RAM G BRI 2. i &l 9



HI B35 B RIREME A G AR K AU (A T T - 165 -

AR SERAIR R PR T M BRECR S pH THE
M B AR, pH g 5 15, 8 h PN AY 22 B K ik 3] 97.2%,
M pH g 11, Z2BR 340N 38.1%. 3% 1] fig &
FAERRNE S T 5528 T 525 5 Bl e R, DA T 422
TR T B LR,

100 | S
= "
% =
I _——4./. __..---’/r
P -
560t
+
= 40r A
20 '," I
———
v -
0 2 4 6 8
IF 5] /h

9 Rk pHXIER T XBREMFIT
Fig. 9 Effects of solution pH on the removal rate of

chromium black T

2.3.5 REWFAHHK

TP RERE I FH Z R AL A e N f Tt A
TR YR A AR . R, ARBFFE I E T R )k
PEAE A 32 B TR MHC 32 4008 & e bk K
W RS . SR ANIE 10 BTz, XY 8 A AR
O3 SIE R LIRS, 76 8 h il S B[R] P, % 2R
T £ BR4HIGEIAF] 87.8% F193.5%, MAh, 4G
A F AR AR R FLBE . R B & R N AE
8 h J5 LR ZAUH 61.2%. 19.7% Fl 53.6%, I~ 2
A1 B IR

100 :;”’»’?g%
—— LI
80 - —— FEREA
S
Eo L
Lo
kg
= ol
g 40
&
20F
0 2 4 6 8

it 5/h
10 AR FAETEE T KRB
Fig. 10 Effects different electron donors on the removal

rate of chromium black T

2.4 FEEMEKIIRIT IR EIT R AE YRR AL R
0=

EHE BT, 400 9 ROS & % H.5) %t
SOD F1 CAT 5B, SR 1M1 24 32 2 Sk Sl ™= Az 2ot 1

[ ROS I, Heox BN AR N 4Ly, 51 4 4 i) 28
LANTE: AR o835 TN CE L il A =
& W LA ROS 5 & 092 Lok WAL 15 Qe s &
2 AL RLOK T L i 11 (a) R, A
WFFE LA SERES 0 KI5 e 40 i Y ROS & & g L if,
3T T A TS TR X RS e T B A e S
Kl R {5 Je 4n il ROS HYAEAE, LAFE 7 K B
Xt 15 Y 21 M S A RO P R R

1800 - = s
SEIGZH 5
1500 |-
B T
7@ 1200}
QI \\
T
& 900t T
[4
E 600}
=
300 F
o NS
0 3 5
i i)/d
(a) V524N ROS /K P44k
1000
= R
= SEGH
2 800
: T _
g N
E NS
600 I
E \ \
= N T N
= 4 N N \
400 N N
&
£ 200f
@] N
0
0 3 5
i al/d
(b) 75YR4IA CAT 3G 1L
600
3 XFHRZ
SEYGH
500
O
£ 4001 T T
NN
2 | Y
#H 300 NN
i N N
2 NN
A 200 N\ - §§§§
Q N 7 NN
“ NN NN
L N NN
o I\ \
NN
0 AN
0 5

3
B ¥ /d
(c) V5 R4 SOD & HEAE {k

11 FiR4AAE ROS 7k EFEE T
Fig. 11 Changes in ROS level and enzyme activity in
sludge cells

H TR, A5 A R B PR T R S R Sk b
i 0 IR S 2 5 U 40 i ROS % fb A LE 5k
B A BT, SER AL IS YE 4 ROS 5 i (1



+ 166 - (LR N T T

%38 EH 6 M

i S 25 /N T HR 2, G R IR RE B 5 0 BE A% IR
BT XTI e A Wy S AL LUK BRI . 3X
FIRER BT RHRERS 22 i 15 e Xt 5 e
7 FEAE M . X SOD Fl CAT ¥ M iy A il
WREFR S B 2H AY ME I VERE A — BRI B B
IR, TR HE 2 I A 4 A O R B R AR (15 11
(b)(c))e

3 & it

(1) R FHREFF R IR AR, R A2 L DT0E
()5 R K A HEAT SO, AT il & T R 1 5 2%
Fe;0, YA KU 14 8 280 6 1 7K A% o

(2) 7E5% 28 T ¥ B ol 300 mg/L f 7K Fh 35 im
5 g/L B MHC, JR4E AL 8 h Ji7, BB T Ay LR
H 96.3%, 5 X ERAAAH HLHR & T 15.6%, 5524 T Y
FRECR R

(3) 76 18 2 e B R K /Y IR A €0 o 22 A
MHC B8 575 Yo Fp i g, 5O 1R 2 i
R, 4% 8 T DRA N BB R AT o 2 I die i T
VA 30 °C., i A4 sl R T IS A AR S DR TS TR
AR R IIRIE .

(4) IG5 P 40 M ROS 55 2 1) 34 15 I /)
X B2, 2 I A5 Ve R A T
XU B RGP K o RS R IR B8 T X T-5 e 2k
SRRt v S A

£ % 3CHf ( References ) :

[1] MORADI R, HAMIDVAND M, GANIJALI A. Using of
TiO,/Ag,0 nanocomposite in degradation of acid red 18 dye
in photoreactor by taguchi experimental design[J]. Russian
Journal of Physical Chemistry A, 2019, 93(6): 1133-
1142.

[2] SHAHID M, MAHMOOD F, HUSSAIN S, et al. Enzy-
matic detoxification of azo dyes by a multifarious Bacillus sp.
strain MR-1/2-bearing plant growth-promoting characteris-
tics[J]. 3 Biotech, 2018, 8(10): 425.

[31 ZHOU X J, SHI P H, QIN Y F, et al. Synthesis of
Co;0,/graphene composite catalysts through CTAB-assisted
method for Orange II degradation by activation of peroxy-
monosulfate[J]. Journal of Materials Science: Materials in
Electronics, 2016, 27(1): 1020-1030.

[4]  f@IEH, SRR, AR BEKIS e A AU R R T
ML srES (7). BB FE R, 2014, 41(12): 2432-
2441.

XIE Jingkun, ZHU Chao, HUA Li. The function flora of
decolorizing azo dyes acclimated and separated from dewa-
tered sludge[J]. Microbiology China, 2014, 41(12): 2432-

[10]

[11]

[12]

[13]

2441.

TARIR, Lk, BTTh, & AW RTAEIIK Fe,0, i
ALTEPELT 2 RIS [0]. Tob/KAREE, 2021, 41(5): 58-
61.

WANG Fuzhen, WAN Hongyou, ZHAO Zisheng, et al.
Biochar loaded with nano-Fe;O, enhances the anaerobic
degradation of reactive red 2[J]. Industrial Water Treatment,
2021, 41(5): 58-61.

REN Shuang, USMAN M, TSANG D C W, et al
Hydrochar-facilitated anaerobic digestion: Evidence for
direct interspecies electron transfer mediated through surface
oxygen-containing functional groups[J]. Environmental
Science & Technology, 2020, 54(9): 5755-5766.
Xakpe, Kb, RN, S KGO B R AT
EPEBERZ AT (). AT RHAEREUR, 2023, 41(10): 1287-
1293.

LIU Yongxia, SONG Peixue, TANG Xiangchao, et al.
Effect of hydrochar addition on anaerobic digestion of food
waste with different inoculum-substrate ratio[J]. Renewable
Energy Resources, 2023, 41(10): 1287-1293.

SHI Zhijian, USMAN M, HE Jun, et al. Combined micro-
bial transcript and metabolic analysis reveals the different
roles of hydrochar and biochar in promoting anaerobic diges-
tion of waste activated sludge[J]. Water Research, 2021,
205: 117679.

Wk, BASTIK, WESREE, S5 KRR SO AL S K T
WS RE (7). EFR R, 2023, 43(10): 5170-
5180.

GENG Tao, ZHAO Lixin, YAO Zonglu, et al. Character-
istics and potential to strengthen anaerobic digestion of
hydrochar[J].  China Science, 2023,
43(10): 5170-5180.

SUN Xiaona, YU Kun, HE Jionghua, et al. Multiple roles

Environmental

of ferric chloride in preparing efficient magnetic hydrochar
for sorption of methylene blue from water solutions[J]. Biore-
source Technology, 2023, 373: 128715.

JEONG SY, LEE J W. Catalytic effect of iron on sequential
Fenton oxidation, hydrothermal treatment, and enzymatic
hydrolysis to produce monosaccharide from lignocellulosic
biomass[J]. Industrial Crops and Products, 2020, 158:
112953.

ERE, TG, KEE, F S sEY Ry &
HORAREREAT [1]. DIREAEE, 2023, 54(7): 7180-7185.
WANG Junhong, MO Fengmin, ZHANG Yingxing, et al.
Preparation of magnetic iodine-containing biochar and its
application in water treatment[J]. Journal of Functional Mate-
rials, 2023, 54(7): 7180-7185.

HUANG Hongxia, GUO Ting, WANG Kai, et al. Effi-
cient activation of persulfate by a magnetic recyclable rape
straw biochar catalyst for the degradation of tetracycline
hydrochloride in water[J]. Science of the Total Environ-

ment, 2021, 758: 143957.


https://doi.org/10.1134/S0036024419060268
https://doi.org/10.1134/S0036024419060268
https://doi.org/10.1007/s13205-018-1442-5
https://doi.org/10.1007/s10854-015-3847-9
https://doi.org/10.1007/s10854-015-3847-9
https://doi.org/10.1007/s10854-015-3847-9
https://doi.org/10.1007/s10854-015-3847-9
https://doi.org/10.1016/j.watres.2021.117679
https://doi.org/10.1016/j.biortech.2023.128715
https://doi.org/10.1016/j.biortech.2023.128715
https://doi.org/10.1016/j.indcrop.2020.112953
https://doi.org/10.1016/j.scitotenv.2020.143957
https://doi.org/10.1016/j.scitotenv.2020.143957
https://doi.org/10.1016/j.scitotenv.2020.143957

HI B35 B RIREME A G AR K AU (A T T

- 167 -

[14]

[15]

[16]

[17]

(18]

[19]

SONG Xiangru, LIU Jia, JIANG Qing, et al. Enhanced
electron transfer and methane production from low-strength
wastewater using a new granular activated carbon modified
with nano-Fe;O,[J]. Chemical Engineering Journal, 2019,
374: 1344-1352.

LI Bin, ZHAO Lijun, XIE Xing, et al. Volatile-char inter-
actions during biomass pyrolysis: Effect of char preparation
temperature[J]. Energy, 2021, 215: 119189.

TONG Siqi, CHEN Dan, MAO Ping, et al. Synthesis of
magnetic hydrochar from Fenton sludge and sewage sludge
for enhanced anaerobic decolorization of azo dye AO7[J].
Journal of Hazardous Materials, 2022, 424: 127622.
CAVALI M, LIBARDI N Jr, DE ALMEIDA MOHED-
ANOR, et al. Biochar and hydrochar in the context of anaer-
obic digestion for a circular approach:
Science of the Total Environment, 2022, 822: 153614.
USMAN M, SHI Zhijian, REN Shuang, et al. Hydrochar

An overview[J].

promoted anaerobic digestion of hydrothermal liquefaction
wastewater: Focusing on the organic degradation and micro-
bial community[J]. Chemical Engineering Journal, 2020,
399: 125766.

SR, HAT, XEAREE, . Fe'-DA MU YA R AL B
PhHEEE X-BR AL AT ] T E R, 2010,
30(4): 510-515.

GUO Yan, XIAO Liping, DENG Zhiyi, et al. Laboratory

[20]

(21]

[22]

(23]

study on the decolorization of reactive brilliant blue X-BR
treated by an integrated Fe’-anaerobic biological system[J].
China Environmental Science, 2010, 30(4): 510-515.
CHENG Jun, LI Hui, DING Lingkan, et al. Improving
hydrogen and methane co-generation in cascading dark
fermentation and anaerobic digestion: The effect of
magnetite nanoparticles on microbial electron transfer and
syntrophism[J]. 2020,
397: 125394.

KAMAZ M, ROCHA P, SENGUPTA A, et al. Efficient

Chemical Engineering Journal,

removal of chemically toxic dyes using microorganism from
activated sludge: Understanding sorption mechanism,
kinetics,
Science and Technology, 2018, 53(11): 1760-1776.
ERTy, B, wiHE, S G E AL AR UL AR
BB BT AR [0]. LA 53R, 2012, 12(1):
5-10.

WANG Dali, YU lJiangiao, GAO Ya, et al. Research

and associated thermodynamics[J]. Separation

advance review on the toxicity of nanoparticles to bacteria[J].
Journal of Safety and Environment, 2012, 12(1): 5-10.

WEI Wei, HAO Qiang, CHEN Zhijie, et al. Polystyrene
nanoplastics reshape the anaerobic granular sludge for recov-
ering methane from wastewater[J]. Water Research, 2020,

182: 116041.


https://doi.org/10.1016/j.cej.2019.05.216
https://doi.org/10.1016/j.energy.2020.119189
https://doi.org/10.1016/j.jhazmat.2021.127622
https://doi.org/10.1016/j.scitotenv.2022.153614
https://doi.org/10.1016/j.cej.2020.125766
https://doi.org/10.1016/j.cej.2020.125394
https://doi.org/10.1080/01496395.2018.1440305
https://doi.org/10.1080/01496395.2018.1440305
https://doi.org/10.1016/j.watres.2020.116041

	0 引　　言
	1 材料与方法
	1.1 主要试剂与仪器
	1.2 磁性水热炭的制备与表征
	1.2.1 材料制备
	1.2.2 表征方法

	1.3 实验方法
	1.3.1 磁性水热炭强化铬黑T厌氧脱色实验
	1.3.2 不同条件参数对厌氧脱色性能的影响
	1.3.3 短期厌氧脱色实验
	1.3.4 数据处理


	2 结果与分析
	2.1 材料表征分析
	2.1.1 XRD与VSM分析
	2.1.2 FTIR与XPS分析
	2.1.3 表面形貌与孔径BET分析

	2.2 磁性水热炭对偶氮染料废水厌氧脱色过程的影响
	2.3 不同反应参数对厌氧脱色性能的影响
	2.3.1 污泥接种量
	2.3.2 磁性水热炭投加量
	2.3.3 温度
	2.3.4 溶液pH
	2.3.5 不同电子供体

	2.4 磁性水热炭对厌氧污泥微生物细胞氧化应激的影响

	3 结　　论
	参考文献

