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Response characteristics of a single-stage autotrophic nitrogen removal system to graphene-based materials. GUO Li-sha',
SONG Bing-hao'?, ZHU Lei’, CHEN Jing"*', WU Sha'*, CHEN Hong'*, ZHANG Jing' (1.School of Hydraulic and Environmental
Engineering, Changsha University of Science & Technology, Changsha 410114, China; 2.Fujian Strait Graphene Industrial
Technology Research Institute, Jinjiang 362201, China; 3.Hunan Water Resources and Hydropower Survey, Design, Planning and
Research Co. Ltd, Changsha 410007, China; 4.Key Laboratory of Dongting Lake Aquatic Eco-environmental Control and
Restoration of Hunan Province, Changsha 410114, China). China Environmental Science, 2026,46(1): 178~187

Abstract: Graphene oxide-chitosan (GO-CS) composite materials were prepared using the hydrothermal method, and a single-stage
autotrophic nitrogen removal reactor was constructed for continuous experiment. Batch experiments were conducted to evaluate its
concentration-response characteristics, and molecular biology method was applied to elucidate the succession patterns of microbial
communities. The effect of GO-CS addition on the performance of single-stage autotrophic nitrogen removal was systematically
investigated. The results showed that 20mg/L GO-CS promoted anaerobic ammonium oxidation by facilitating electron transfer; at a
concentration of 50mg/L, the activity of AnAOB was inhibited which might be there were other reactions which competing for the
use of GO-CS as an electron transfer; and after long-term exposure to 100mg/L GO-CS, AnAOB achieved adaptive recovery by
increasing the secretion of extracellular polymeric substances (EPS) and regulating functional genes.

Key words: chitosan; graphene oxide; anaerobic ammonium oxidation (anammox); microorganisms
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FeAk o NoPLii AOB I 84> NH, 484k 4 NO, P,
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ST IR BV 2% (ATPBR) 1 A AL i 48 0 (X
MR R RUELE 80% LA AR 1T, i% T AT il
TEAHPR #4840 B (NOB) 32 4+ 411 il . AnAOB A K %1%
A RIS OISR W, A KA R SRR S A e T
L3 (BET) i) 4 2 2 s rg s 1L,

AWFFEL W], GO T H2 T I 2 It it 2, ) i i
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(>50mg/L) 4 35 4t FL T 22 AR FEAM b S B g e ),

WL R A ) GO-CS A MR FE LR
B GO 3 0 [ IR S A T A A O R
T, B8 5 A B0 B R Tk Ak B, L5 B T g
I TP A 3 AR A 5 R A i e
WEGTAEAE A EH 5 & GO-CS W JE BB =
EEMRHT, XS AnAOB KW N M AN IR
S LR FE S mi v R S T 5 B 2 il 5 114d
TS5 060H 7 GO-CS Xf PNA Z 40 (1)K 3 2 i L7,
T8 R AR 3 55 PE(ETSA) B A AR 1 38 i AR
1, AT RLRS HE U P SR AL B TR AKE.

Zx LR AR B A W] GO-CS W -k
WS- T BB IR S O R, N A SRR SRR R
QSRS - W e R VA B S S NS

1 MR57E%

1.1 SRIROME Sk AT SR )

FEIERE M A A A SR (GO-CS) il i 7K ik ihl
OUAWIS I GO Kk H b U7 SR AT e 1
Je ¥ —E =M GO A LT 28 81K e
Img/mL 1] GO BRIFH; [F) I — i 1 (1) 5 SR it
76 pH AN 2.0 (MBS TRV W T, 78 0 Bl bt JE Gk 5 A
Img/mL 1) 5 JEBH I 1. K 50 SRV v 22 1 i o 281
GO W, % 10:1(RFI L) TR A FEANBT B L1 51
W PRV A VAR 60 CoKIBHEFERI V. 1h, 2 J5 =
LT ERE 2h O AT IR, 2 S B e, 2%
BT DTSR 3 RV R T 2d BDaT £33
GO-CS. ¥ £ fh % & Ll 2 5 ¥ AT H i o 8
(SEM). fH LI £LAM G (FTIR) LA K X G267 4
(XRD).

1.2 REHEE

121 RVAEE AR NEFER N LM
FH P YR A B S s K )2 A R I A 1)
IBATHLE R (35+1) C LA K /Kl 3 i 2 48 1E N
IS 25 JEG 5, a0 g 4 ) 2 3 U 1Y K D 45 B R )
(HRT); 2 . 7% A1 BE K F 85 9 4008 ' b 21,25 R
B 1.

1.2.2 IR S KA SEL:  Flje A E L4 5
FFRIX 2 AR S v K Ab B ) 55238 < 1) AIPBR
SR 2 ) PR AR AR A Y R TR IS s T g K
H[] 5K (14375 908 7T S 56 5 0 N 5 5 5 1] B g A< — ]

o HUTTE VS ATPBR SN 2% T 75 e 4% L 41
5:1 WA JFRAIL LR EHUMA KRN 45 e
()6 A5 VR 7 ] 9K B (MILS S ) 2 3485mg/L, IR A5
MR [ AV JE (MLVSS) y 1770mg/L.
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Fig.1 Experimental setup of PNA system with

graphene—based materials addition

AR S 56 SR TN T A R ABE 0L 2 7K A kg 1E 7K
IO 1 R 2 B (NHLHC O5) VE Ay ME— ZUR, B 1 — &
B (KH,PO,) 4 fi 8 70 28, 1E 7K pH {H Hi ik B8 & 4
(NaHCOs) ¥ 17, [5] I s Nl i 70 25 4R RF B A4 2
A= i A R R B K 420 AR e B 4L
Iy I 1 2,

123 BITSH RNEREN 24h/ K%
K HARAES SR 3 iR

ARSI S BCh 45d, 0 A& BN GO-CS 15
FIO PR BELAE S 1~43d D28 T BB IRV GO-
CS WJE N 20mg/L, 55 44~73d N5 11 B BL,GO-CS
WRE Sl 50mg/L, 5 74~114d 455 11T [ BE,GO-CS
JE& 2 100mg/L. 5™ B LA 4 414 AH 7).

F1 BREIEKAS

Table I Simulated wastewater components
ERIEAR S 2t W (mg/L)
TIRG A CaCl,-2H,0 28
KA R MgCly6H,0 40
TR — & KH,PO, 40.6
Rl NaHCO; M pH {1442
TR NH4HCO; 600~1500
W7 TR 4 NaNO, 0~500
S \ ImL/L
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Table 2 Trace element solution components

ENLEA S [N W (/L)
LIKETRR T2k FeSO47H,0 5
LKA TR ZnS0,4-7TH,0 0.215
NG FAES CoCly-6H,0 0.12
UK AR MnCl,-4H,0 0.495
TR A TR CuS0,-5H,0 0.125
IR NaMO,-2H,0 0.11
IR EA R NiCly-6H,0 0.095
IR TR NaWO0,2H,0 0.63
iz H;BO, 0.007
iy LY C1oH6N,Og 8.304

%3 PNA RM=RIESH
Table 3  Operating parameter of PNA system

Wi i ] W HKE ST GO-CS W fE
(d (©) ke N/(m’d)]  (mg/L)
I 1~43 35 0.20 20
Il 44~73 35 0.20 50
111 74~114 35 0.20 100

1.3 RAEFB SR Tk

AR 6 SR g B A 43 e ol B v e
NH, N 3R N-(1-2858)- £ 43 e BE vk o
NO, -N W JE;ZA 3 O BEVEN E NOs -N R BE 7
Jed BT DL R 25 B B R e I B Y R & T RE 4
TSRS D o7 A28 T Ryl s ¥ ek P 32 . EPS I
Lowry ¥R 85 [ T S, R -t R v N s 22 ik
JiF 3 FEL A 368 5 ARG 00 7 v s R T DU M T AR ok
IR B8 AR AR AT R B AR DR 36 8 L TRE IR AR
PEIRI A A R 2 w4 T v e e,

2 FHR5WE

2.1 GO-CS FE1E

GO-CS 5 GO ] SEM K4 2 fik,SEM 43
iR B 5hs GO 5 L Y1) AR G54 SR T A NS
A S BBEMONE S, GO-CS MR B T GO (R4S
fIE (SR THT B 22 34050 AT 1 1 b &5 g, 2R T M 29
SN, v] e 7o a0 Bl B G b S R R R
YEH.

Wd FTIR BG4 07 % A4 K} R 10 B BE 1] Fl
9 & 3(a),GO Al GO-CS 7E 1075, 1620 F
1734em ' Abr=E I 3 5 8 O-C-O B il
C=C HHREMIM C=0 % fE M 1M 46 9e%;CS Al
GO-CS 7t 2878cm ' AW I IE & T CS fY) C-H %

i 352021, 1% 45 &) GO-CS 1A GO
I CS ) HHRFAE IR I, Ui B CS el B 1R GO
JR A T 45 .

K 2 GO(a)Fl GO-CS(b)f) SEM &
Fig.2 SEM images of GO (a) and GO-CS (b)
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9.8°,CS FRIRFAERT 4 7E 26=20.3°, GO-CS IR EAT
AR 260=11.20°f7 GO 5 CS Z[f.JFH CS £
20>30° J5 4745 22 &, B il GO-CS #£ 26-=26.58°.
30.84°LL J% 28.04°H ¥ I 7E CS 1) XRD &1 4k 3]
AN R R AR W, mT N 2 GO BRI B & T
CS.GO-CS [MHFHEATHIIEA LE GO FHF ik U 22 5T i
I, U B A2 45 I IR 5 i R B sy, A 2 M
e,

2.2 GO-CS It RGi ke v m

221 HGAFMEMRRZNL  JHIIMB(45d) 5
SLASE AR, TN Z2BRZENEE 7d45.2% 258
30d78.6%,MLSS %2 5120mg/L;f45E i TNRE 44
1E 75.2%~80.4%, M 55 5 GO-CS FINZG v H2fHE et
(T

H 1 1 1 H 1
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R} 18] (d)

Bl 4 BT f SR AERRHK) PNA R G Re Al
Fig.4 The performance of PNA system with graphene—based

materials

If) s 3 4 FR I GO-CS, Hek ARtk &l 4 it
IR PG SR 2 BRF(TNRE)VERT B 1 43
ST R4S 28.49%, 1H 2R 10d $2 T 45 81.23%, E SR
FEARHF 7 A s (A LS — B Bt GO-CS K&

H 20mg/LzAT— B A) f5 /2% 10dTNRE &3 |
81.23%,ARE A %] T 100%, W 7E GO-CS [FI1EH]
AT RATE R A SR AU PO Bl 2R 43d 1)
TNRE 0] AREAE 80% LA b, 3 B 17 S o s it U 1k
ek B, 2 Ja B i GO-CS MR K 2Lk
P 3 50mg/L.4E 1 GO-CS W% )5, TNRE #74: 1
B 05 57d PR 72.98%. 111K 4 W H AR S
AR 35 1 22 B e A AR BRI, ARE H1 5 4R 1) 100%
B 2] 90%,NRE M 90%P# 4 80%, LI v fig th T
GO-CS ¥ J& 1t 3% i, 3L 4= 4 75 M JF 26 R B, Af
AnAOB I35 1 FEAK, T BUR B NERE N %, 7628 73d I
TNRE [% % 65.42%. 7555 73d 4k 44 5 GO-CS iR,
FETE A 100mg/L, S 3 25 1 it 2 VE e BT 52, TNRE
7EE 82d ik F| 80.13%,2 JGfE 114d fhn] LUk F]
82.89%, 3 1] LA4EFF7E 80% /- 41 . ARE 5 NRE 7EiX Bt
B[] 85 22 100% 5 A BT BRAR, I R T g2 GO-CS
WREERE NG — 0% T AnAOB [R5 PE, V5 A5 F
Ree AR U S 0 D BRLAE T B ORI AR ) w4 LR
TNRE Jf A5 2 BT ZE 70% 2647 1] B8 42 R A R E XS
GO-CS =4 T &N ¥ TNRE F2E7E T 80%
KA.

Kl 4(d) b 7E GO-CS g A A AL fE
o pH AR, s W 3 33t 7K 4 7 AE (8.0+£0.4), 7E IR A Ak
BRSSP BEFURI K pH BN F1EK pH 1, E
35 9d /K pH AE TRk A DA A A T
FE H 0 R NP pH A8 2 TH s, e W B S 2% v
HAT RS AR ML AE 5 504, B GO-CS ik &
F+4 50mg/L J5 2 7d,H 7K pH {E AR T3k K, i
R i PRA S A A MR R 59, HL B3 82d IRAEAR
PEREA KA.

HRF S5 I 4 1 BB AR Ak 7] %1,GO-CS 2 I L 7Y 1)
I B FE O AR B 3 (<20mg/L): 8 i R B A
SRR TNRE 374 81.23%; ik FEH0 ]
(50mg/L): K HL 755 4 530 TNRE ZR[% 4 65.42%; K
I i) v A 85 5 B (100mg/L): 383 EPS 5 b sic I 2k g
(3
222 PR RNV A RA S
MLSS. MLVSS. SV Ll EPS Wi 5 s e84
N R AL B 5 75 R E — B AR K AR
43dMLVSS 189 1) 2690mg/L Tt 4 2980mg/L, 7 5
73d MIEE 114d 23 HITHE 4185 F 4430mg/L, & WI7E
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GO-CS ¥y I PRAZ AT VIR FE — A3 n. itk
Ak MLVSS/MLSS b fr 38 K, th 47.70% Tt &
49.69%,SV M I FFUR T 26% T 42 i J 1 37%, I [A]
A RE ARV Y 2R a5 .
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Fig.5 Sludge characteristics in the reactor

B GO-CS ¥ B3N, v e h Al A= 9 3 WA 1
EPS i 2 80,7625 43d 4 49.64mg/g-VSS, GO
CS WM INZE 50mg/L )& EPS 74 73d iL %
60.00mg/g-VSS, kL4 il GO-CS W% % 100mg/L,
EPS 7E55 114d & 345 KMH 77.90mg/g-VSS. i ]
GO-CS KR JE B =AY 73wk EPS k2 KA A=)
T EL U Z 1 EPS SKRIEAT H B ARSI I Y. 5y
WL GO-CS 5% EPS IR g Tt £ 2 Hoh (1 2R
B B 34 I, 75 = AN BRI PN 4300 35.77,
47.69 1 61.56mg/g—VSS, Ut AT A4 3= Bl it 73 vk
TR GO-CS.

SN 2% PRARUG 5 B By e R A AR AL ] 6(a) i
R AR A BURLYS V8 (AnGS) 5 2 F 41 1 40
EPS Al Py 38 (11 LB ZH B I o) W S B
GO-CS ¥R 38 hin, 75 Je ki A2 A0 Bl 2 34 075 e £E 2 43,

73 LUS 114d ~FEIRAR S I K 42 97.72, 105.45 Al
132.18pum, I y5 e BiAR 3 I vl 68 2 KA GO-CS 521
TEEY) Wb K EPS, BN L4 M 158, A it 39K
T RS A AT BESE TS Ve LA R SRR R AR 5 L R
LG M TAERLARIE I AE 56 43d K42 KT 400pm
EE A 3.58%, 1M 728 73d INPRIAE K T 400pm 10K
Je v Lk 1.51%, Bt WG GO-CS 2R Kok
IR I, 1] BE S GO-CS I AE M EE MEAE 7540 i
HE T 24 T U5 Y v U A 1) 48 i 2 e />
W RS A B SN S v A ey NPS AN 1
V5P Sk M AE SR 114d IPRIAR AT 400um (1) 450k
VU L ED BT I K K 4.86%, Tt W I 41 i S
I I BT, 20 B T [ 2R A A KO 5 ) 14 .
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Fig.6 Particle size distribution and variation in sludge

TEER 1,43,73 F114d BT dEAT 10 e A 0 036 12k ik
513 SAA Fi1 SDNA Wil 6 s AEM Bt T 414
SAA 4 0.0980g-N/(g-VSS-d),AnAOB ¥ PEHAR, it
N S5 N 2% it 50 B8 22 AR AT IR AU A B, 13 7K 35 Joit 4
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IR R B AW S R 43d,SAA AR
0.8859g-N/(g-VSS-d), 5t WL AnAOB i 117 T fig
T, LA S0 3R B 75 AR I GO-CS IR & A
AnAOB 54 0.506g-N/(g-VSS-d), it ] GO-CS
7E 20mg/L I T AnAOB, FEUHEH T, ix &
HAAE DRSS T HAT 78 2 5T N AnAOB 3 1 7]
PRS2 AEER 43d B9 GO—CS R IE i 5 I 2 Mt 2 1k
HITAR,ZEZE 73d B SAA PRIKE 0.3154gN/
(g-VSS:d),%&H GO-CS W50 7 AnAOB
I I, 1 LB SDNA Hi 0.7973g-N/(g-VSS-d)f%#
£ 0.6569g-N/(g-VSS-d),J5 X /& AnAOB JiFPERFIK,
PRSP A 1 TR i 2 5 G082 A8 I A A T

SRR D, GBI T PR A, 2 G Ak L4 5 GO-CS WK,

TEZ 114dSAA EHEFEAR, 4 0.2980g-N/(g-VSS-d),
WA HA IR 2 B ARG 1 Jst R m B2 5 e GO-CS
PR TE N RS N T IX RIS, LS SDNA AR
AN AT, N 0.6953g-N/(g-VSS-d).
75 08 IS PR 0 3R B 78 DR AR A B ¥ e 1R
RNEREAH P S, I NA IR RA A BT AnAOB 2
At T R AR AE PR BE.GO-CS AE B AR K B I ot
AnAOB % VEA &2k 1 F(H Bt A5 R R 385 n < 41 71
AnAOB i, 1 #5 AnAOB i Y | GO-CS, 477
T R B R FE ) GO-CS o IR & AL Y
M AR ALK
223 JREEAME B TALEEERNL  RAR
AL R P A R A e L R L #5B B ETS A ]
7 Fi7R, GO-CS #IE S AnAOB (1) ETSA £ 31
BEF RNV IR GO-CS WKEN 20mg/L 1,
750 ETSA 1AE|H K{E 0.936ug-Oy/(gprotein-min),
FWMLHKE GO-CS ]l il R R AL AR I 1 v 1
i, N2 3E AnAOB ARG P, L B L B R
TR 81.2%. IR EHETH R 50mg/L I, ETSA 3%
[ X 42 0.363pug-O./(gprotein-min), Jii A 7] fE &
GO-CS A EEME T AnAOB &P, 52
GO-CS 15 HL 1k B8 -1 1ol A= 4 1) 5 4 W, AT A 7k
AYFEEEZ R EH TR TARERE S A5
A KT AR 5w 4 B R AT T SO I A A A
HEEMNE,E 100mg/L KIAZEE F ETSA R4
0.441pg-O,/(gprotein'min), LI 5 5 R A A A fE
TR TFARAE, Ui W] I AnAOB L4838 I i VAR JE 1)
GO-CS, i EFF AR G 5, S AE A 7 A 1 3 N i
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Fig.7 Correlation between ETSA and TNRE at various stages

224 RGPWMAEMREE KA Alpha ZAEPE
T SRR AN S . 2Rk
55 ¥55) BE AR FR bR, WA RR Oy 58 N 2 RE 1 AR TR
fl Chaol FI Observedspecies #8¥FMEF & &£, LA
Shannon F1 Simpson #5#URALZ 1%, Ll Good’s
coverage 15U AEAS 76 BP0 KON A% R AN )k
JE GO-CS I AEWIFE i () Alpha 2 FEPEFRE U1K 4
PR A IRFE AT Coverage FREIE AT 0.998,
FHA AT I 25 R B AR

F4 AERE GO-CS TRERAMLTIRS Alpha Z 1%
EH
Table 4 Alpha diversity indices in anammox sludge under

different concentrations of GO-CS

. EHE LA Ak
Chaol  Observed species ~ Shannon Simpson Coverage
¥ 1d 102276 1017.6 6.12 0.936  0.999226

% 43d  1228.08 1218.4 6.16 0.947  0.998688
% 73d  1136.73 1128.7 6.26 0.963  0.998822
% 114d  1096.52 1091.0 6.21 0.961  0.999041

Chaol #5%UF1 Observedspecies 555 LW
P15 S R E B, 7E 58 43d 20 3 K 3 1228.08 Al
1218.4, Ul B 5 PR 5 — BY I 18] J5 75k 2 400 B 8 = 5 38
T, 28 WA PR AR BRI GO-CS i Rt E M ievk
FREFAE T IE R LEK GO-CS KR = 50
F1T100mg/L Ji5 PP i £5008 i FEAIK, 75 25 73d i) Chaol
FREA Observed species 7% 74 1136.73 Al
1128.7,7E 55 114d I PIFP 455 24 1096.52 Fi
1091.0, & BRI GO-CS I F5 i M T =Mk
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= JE O I A AR AHES 114d 1 Chaol 4844
A1 Observed species TR 5 73d AHZEAN K, Ui Wk
PR GO-CS P74 Tid PR E,GO-CS XA
YA E T AR )N

Shannon A Simpson F54CH 5 F KR AEFE i
TR REV& 1R 2 RE R PSR OB R AR b B
HHE SRS JE AR 43d I Shannon FRECA
Simpson 5507354 6.16 F1 0.947, 541465 5 A1 EL g
A 10, Uk B RS PR B R N AR = GO-CS
WL G RECE BT 48 73dGO-CS ¥R JE 4 50mg/L
I AEVR 22 REPESE N, U WA I 7E GO-C'S $¥mi R 7k
TH M E R ML 114d ¥ GO-CS W& 2
100mg/L J& Shannon $R£UF1 Simpson F5EHE 1 FFHIL,
2 B b NS5 40 B 7 AR ) R AR TG VR AR T R UK I
GO-CS 5 FAEA7, A oy AT 21k (0 B i A
£ Rk
225 TRV FHMAVBEE AR ERYIN
FE b RS TR R 34 B RIEE 43d NN
37 B BEAE GO-CS W EEHG N, 2 73d I 9s/b 2k 36 7,
Z Ja RS R GO-CS WK FE A 100mg/L, 7125 114d
R A 35 BRI BT 12 UL A AR IR G e B 2
WEY IR I AHBES GO-CS W Ini 12K3% i
WD S B A TICE W T T K b RV 4 M A X
F R WA 8(a) .

1% B BTG e AE b, o s 2 A A 1)
H A LA B T (Bacteroidota) . 4¢ %5 ]
(Chloroflexi). “Z £ 1# ] (Proteobacteria) Fl17F 25 b | ]
(Planctomycetota),iX JLF B [ 1AH X 3= B2 A s 3]
74.48%~80.70%, hy R A 28 S AL ¥ e 1 A0 354l 1A
12, 3% 5 2 AT AOAR DS ST e B — B2 LAMX L S i
— 1] LA K 2 BUa BRI 1) IR AR SR A S TR A g
X AR T A ) AMXT $2AEH B AR £ K 1ok
B AN T A DR AR e A I P S,

SLrP A B 1) R AR IR B 2 IR AR
IS 45 H IR AL T AZ 8 T A D g R S e S
FRwE, SRR T DL E R GO-CS [k 40
TN AP [ RS 1A I 7 B 37.11%, 2 J5 38 38
ik, 75 56 114d I BRAR 2] 24.19% .12 F0 B ] B ARG 1) 5 1A
ST AL | 72 WE R 1T, 17 IR S 2 Ak Y R TR 1) I
I, R B D e 26 oy LU ARG T 28 73d I HUUAF R )
S 43d AHELESE BT B 31.26% T4 33.90%,
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