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Abstract: Nitrogen is an essential element for living organisms on Earth, and it is constantly
recycled in the biosphere in different forms. A biohybrid constructed with photocatalytic
materials is a new system produced in recent years, which combines photocatalytic materials
with electroactive microorganisms, integrating the excellent light trapping performance of
photocatalysts and the bioefficient catalytic capability. Therefore, it is of great significance to
study how the system plays a role in nitrogen cycling and the related mechanisms. This paper
introduces the microbial nitrogen cycling and the nitrogen cycling driven by biohybrids and
details several types, advantages and disadvantages, and related mechanisms of electron
transfer driven by biohybrids constructed with photocatalytic materials. Finally, this paper
makes an outlook on the development prospects in this field from the natures and combinations

of photocatalytic materials and microorganisms.
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electroactive  microorganisms;

R EYRSATT D ROCER . BOURERSA . -
B HEERI LA B ST, X IR ST R Y
HORWTHL R R AL, 4EREE IR RCE A 5 ik
W50 RIEF LG B AL Ve . S
AT DA 2 A A T R Rk S A3 I i e
R E A A R E RN

WA RAE G TR AP N, [E
NH; o A ERLREIGFR LI, a3 2 A4
oA NHG 2 A A T R 2 ek dn i i 1
THEARNO; , DK NO; 7E Al g £ A AL T 1Y
VEF R AL NOS P RIS, A7 2% & BLag Ak
12 5 J& (Nitrospira) Al UL H # ¥ NH] A 1L~
NO; Pl AR NO; A AR, e
Y1l Ny, 1828 NO; — NO; »NO—N,0—-N,,
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— B Y, QN B TR (Planctomycetes) Rl VLt
IR A, % F e LA NO, 7Ry L 1
TR, B NHL AR N RS ER R AR JFUK,
B JEAE R NOS IR JE A NH; AU R o S A6 Fn R
AR IR RAE T H R BT b i R AR RS
Rk, MG EIEER; AHRRER il I 2
BRI A, M E A NIEARD . ARR
PR WS DA NANIE AT, KA LA
R TEHLR R B T AVERT, Ha i R A
EIES (SIS

1E FIREAEI R, AR A il AR S 2
AL, BRI RNAT SLAEAL A R R S
Pk I o AR T R U T A T AN J T
SN WA JE TR SN o 7 AR S5 R
AR IR AL (Bh) 4 FL - A T (7t
V)% 7% B AU (HL 732 1) By a3 38 It FeAe
ik Eh B (5003, mE b #AE S Eh I i,
Eh Ry fER R IZ OB T2 H 7, Eh A IEE
PR e TR AL T 5 W], AR
P42 IR EE AT pH 2 m S, EAGERH 2
A SRR S L L R 1 BT o

WA AR A 53 (A o 2R
MALHFAE MR ENG R EY) . W& | &
J& 04 JE AL ALR . DAE Y S AR E
AR RH B A FHIAG) A 0 A 0 A A A AU B0 5 e
HAARR I mf s, BARRT LI 4 ASHEG
B o

(1) =EA= Py 44 R i A i e AR F s
] B8 1 FH 552 Wi AT AR G B g o IR R W R4 K
RABRTAFEM RO T, B8 5 A
(Geobacter sulfurreducens)F#y FL K [ (Shewanella
oneidensis)[*) NO3 it i3 5 H 2-100 P b
JEAEYIAPRLEA A REt: , X RGP OC SR
TVER . U Kumar 258 TRt 660 mg/kg il
66 000 mg/kg HRAIKRIE 4 ZE(-18-15 °C)
X Uk SR PRI R 52, e IRATE 2 FhAR AN
DRSO 2T 1 ] AR T R B X B R R, A
X (e U 7 A R T el o [R] I, 00K S Ak A
WAEUE BITE HL R AR (100 mg/kg) f 2541
HIEME MRS . AR

(2) AW AE R R A P B G FRAH OGS
A TR ot AR DS A 5 S B RE

®1 ARAPEENENERRNRHESWTEFRBL

Table 1 Main redox reactions in the nitrogen cycle and their redox potentials[6'7]

JEa L JEdvE=u FALE R EAL(ED/V) RN ZEH

Reaction Reaction equation (pH 7.0, 25 °C) Reaction type

SAFAAE NO; +2H" +2e” — NO; +H,0 +0.01 RN

Denitrification NO(ad.)+ H,0 + ¢~ — NO(ad.) + 20H" +0.47 Reduction
NO(ad.)+ NO(aq.)+ 2H" + 2¢” = N,O(ad.)+ H,0 +1.59 reaction
N,0 +2H'+2¢ — N,+H,0 +1.353

Iéil A N, +8H" +6¢ — 2NH| +0.277

Nitrogen fixation

TiE R 6 53 A 38 Do L NO;+10H" +8¢” — NH: +3H,0 +0.364

Dissimilatory nitrate reduction to

ammonia

fisteAEH] NH: +3H,0 - 8¢ — NO; +10H" -0.363 AR

Nitrification Oxidation

PRAR A SEAE NH!+NO; > N, +2H,0 — reaction

Anaerobic ammonium oxidation

http://journals.im.ac.cn/actamicrocn
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A1 SEEEM T RA —E WAk PE T . Sathishkumar
SREN T 400 CH AP B b B AL
MRS 5 T 15 e TP A 9 F1 NOj 2 [H]
PR A5k, DA DS PR i It .

(3) AWM R AR R S 5 A

RIGIARNL o TEARSZ T BRI Y) T, i

A R A AR AR, T A=A FeOx
Al MnOx i#17 NO3 4L, Bosch %5 & BB A
B AT & (Thiobacillus denitrificans) ] V448 Ak 5 K
BRI L NOS VE R L F 22 il A 1 R A A S,

(4) B A BHE S IR P A F e
T W) BTG A 2 R o

2 DR AAT O A 2 gk
IR 77 By .08 2R

A2 15 0 R P HA L5 B fE A 2R
HP=HI R PR e e — Fh OB '
FEEL, FEJEIR R 77 AR LA B T RIS X RE S 5 )
I 201 A0 A f S T AR B S, DA
M5 G il . BEVRRIARE, SohEtl
PRHENR ' 5 T A E F 30 o w3 R
SRTI, A5 fh BOHE SR ORI, AR T
FOREE ] AR Rl AL RE R R ] 4y bl , 5F AT
i B FAR Pt , OB A B
KRG L, B2 ORI A Hh T2T
SCAEAL TN YRS A 2 A A, JE A TG
HEALTRIIE S 9 DA AR e S ol A W MR 1 o
B pE AR U ML . FEREE PR D
HET, Y 2R 2 O AR e T e
AT E S TA SERRE, Ml BRI T ()X
WA BRIT 2 Sl SR AR fE R T R DB AR
¥, MR A R TR E AR | AR IR
RELE/ RN SR 2 TE R |
TG PERLAL, SKEh AP IRHEL TRE ARG Zh 1T
A=W 2 A A B B 1 8 S T B B AR ) g Qg
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JrE I, KIAREE 2R Yotk
A LAREAR IR A i A A AR, X I R4
YOt R Ak 27 R 48 b A ) — o B A P g o
R, B A FRAEYS, AT, Sakimoto
AN T B RR 51 [ T (Moorella  thermoacetica)
5 CdS MIRR, HIRSLHL T TS a0 A Pk
AR T A TTIE /N IURL(<10 nm) % [ 7 —
Ak, HATZAK R ORI AT DA 7 A ™
A YRR @S AR, iz 0 TR A 7 R A
BAE S E, auk B AT LUK 30§04 4 sk il
A BAGI R SR ARE T L UV P Ak
RO, 5 ARG i A W) 2 btk 20T LAY A
32K, RlEGHAR - AAIR R . PG
300 - A= W A A A Z R B A AR - A= P 24k
R E 1),

LR A W) A Al 1A F R B BTG ARE A R A H
W32 K B GIOR 7 L DA v, B R AR L 7
R B FEE AR, DIBR SR MR T
Dre R A A B 1A). AR R T4 A1
AW SO R AE R — DR (B 1 AL M
TR A G 7 R — Ak B8 1 5 A2)P
FPEIL o TCALCHEI T -2E W) A Al AR 22 oL
SeMEAE IR B 5 A MR 2 A ok, TG
MORHES GRS P AR f - St il — 2 1y
WAL A AW, LIRSl A PR AT AR A
Lo E (8 1B). IZ RSy R G HE AR A
TEANAN(E 1 o B, SGHEARIR R 40
(B 1 B2) Bt R AR E A B N (] 1
B3) 3 Fl&E L o A HL-A W12k 3= 5 JoH G
-4 P 2 AR R AL, XA T — o DATE
JERER A AR B A ML E B T, —
T2 AICHL G ot (& 1C), H
BZAR REZ A HUOCHEAL R A RHEH I Ah . X 3
25 AR PR S0 A W A A AR I D e L 25 2
K2R
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Based on the metabolic activities of biohybrids composed of photocatalysts and microorganisms
A: Photoelectrode-biohybrid

B: JHDLHEAAIEYAMEIAR. C: APDLAEA-

Figure 1

associated with the nitrogen cyclel”'®?'"22],

A: ORI RR.

St VB: M M. P LA

system. B: Inorganic

photocatalyst-biohybrid system. C: Organic photocatalyst-biohybrid system. CB: Conduction band; VB:

Valence band; M: Electronic medium.

2.1 EREAIREIN R EER
TESCHM - 2K R, Cheng PO
BT ML SRR RS, X RGN SO
A0 W (B Rl K AL BT3RS ) IS Tio,
MRS, CBRAE kG, B UUER] T4
AT DA B 42 01 O F Ak 2 2o AR v 7 A e R ok
WA RAARVERT s FEAMERT[30 mW/em®,
P K K (380420) nm], fE27 h N, % 3.5 mg iy
NO; B R AHERCE BT 95%, NO; Bk £t
EJEA Ny, SR 2 (2.8140.058) mg/(L-h)
NO; -N; 5WEHRRGEAR, REHR RS
A DLk o L FE R PR RS I RE R AR, ARG
EEDEE TR, U0 Zhu 2P CdS g4k B
B SR RREDURRAE TAE AR b, A = AR A &R
AEYIBALERSE; ZRGH CdS ORIk Lt

TRV R T MMM G A4y
WA LA R A S S [T B T CdS
AR SR SR P R AR, AT 2E NOS
I, SGHLER ISR 7E 150 W S Xe T (5
20 WmP) RS R, 7 d N 2.48 mg Y NO;
BREBRICER 99.8%, FE™YH Ny, W
HE R 0.73 mg/(L-h) NO; -

FETCALICAE AR -2 A A ﬂamﬁﬂcﬁi% Hr,
BETAIFE RZH0=PIAR R —, 5L N,O &
P, B NOL B N O 2770, — i ]
DAV 9K BORL A UTVE , ZEIR A &5 R A4
PIFAZME R QKA K] . 41 Chen ZEP50 Cd> i
W ZBRAE MR A T. denitrificans HIHFFFHE
o, 53R 5-T7d e, BB AR A EDIRE
A, R T. denitrificans-CdS

http://journals.im.ac.cn/actamicrocn
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%2 LS REREXEYRAC B S AL

Table 2 Comparison of advantages and disadvantages of several biohybrids related to the nitrogen cycle[

21,23-25]

By
Type

(W=
Advantage

Besd

Disadvantage

JeHIR - A R
Photoelectrode-biohybrids
system

TEHL AT - A4k
(U

Inorganic
photocatalyst-biohybrids
system
AHDEAELT -4 P21l
(U

Organic
photocatalyst-biohybrids
system

HAT B 1 Al P81 PR A ] B

It has good adjustability and maneuverability

A=W LA AR IIURE - 2 2 Al R GE 0 B R AR A
SEFNGSR T TR S A

The close connection and structure of the
biosynthetic nanoparticle-cell hybrid system
enhance the electron transduction process
AHDCHEAT BA RIGFEWAAE . RIFIY
JGHL R FTE Z RO B HEE A
PLCHEALH 5 A YRS, ARXTTCHLEHE A7 -
AR R B TR B BRAR T B S X R
SRR s — A ALY A A LY
(dissolved organic matter, DOM)RAMIE HA3 i) 72
The organic photocatalyst has good
biocompatibility, good photoelectron conversion
and more tuned optical band gap; The synthesis of
organic photocatalyst directly mixed with
microorganism is simpler than that of inorganic
photocatalyst-biological hybrid system; Reduce
the risk of heavy metals to the environment; Some
organics such as DOM are low cost and widely

HIT A ORI GG s SO e (3 )
7 AR

Slow charge transfer efficiency; The conversion
efficiency and product yield of the reaction
were relatively low

TADEHEAT AT - XE LU Y 94 K kL
HEAAAEE

Inorganic photocatalysts are toxic and difficult
to regulate the optical properties of
nanoparticles

— AT LA fh 0] A AR - 2- b 7 A
(anthraquinone-2-sulfonate, AQS)H.45 ¥ Jfi 4k,
AR 2 e —E W15 5% s ARSI
AT B

Some organic photocatalysts, such as AQS, are
homogeneous and will cause pollution when
added to water; The responses that can be driven
are limited

distributed

AR RBIIE R, CdS 434 HE T. denitrificans i
JL T s LAFLRRVE AR5, 76(3.07+0.14) mW/em®
54 LED JTHIRRSS T, CdS /=4 fot 13l
LSS T2, AR C RgIfE R,

RSB A EA TR R ER A 5, NLO iz ik R I
AL T2, S 72.1%, Ny ke 2.7%; 7E
JEHR T Y s N MR A 3.63-8.60 mg/(L-h)
NO; - N, 7ERREHRIRAEAH 0.07-0.36 mg/(L-h)
NO; -N. A i 4234 NOS #46 R Ny,
AR CRE PA R JN A TR & E N0,
TCIRIREEA TR Noo BFFEIER, 32 H T N,O
W il B A BURE, 15 R4 (reactive oxygen
species, ROS)l N,O Ak£EiAR JF AL N, o8 T i

<l actamicro@im.ac.cn, & 010-64807516

Y& T. denitrificans-CdS 1K 2 ROS il N,O i85,
N, [R5, Chen 2504 4 T —Fb T. denitrificans-
CdS@Mn;0, MK%\, LA Na,S,0; KTl i 5w | I €
W T. denitrificans-CdS 7K & H il A MnCl,,

FHZ2 M%7 /i NaOH ¥ il Mn® Ve 7E 41 22 1T
CdS@Mn;0, 7 2RI AR 432 ROS W5, O
APl st CdS B RS AN |, [RIA4RT CdS
KR ROS FEXERIEE Sor BIgE Mn;O4 43
fite, P2 T NoO BRI, FEAK T 78%M) N,O HyHE
i, RV E#FE N 0.47 mg/(L-h) NO; -N . BT
DAL CdS AT TiO, 4, Zhang %50 i
T R FL BRI 40 2R FIR A Ti0,/g-C3Ny
WAL, FEAEW I P A B SR A I, R
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SVE LRI R, TEAYIERERT,
NO; #GAF N NO; 5 78 150 mW/em?” AYEUET A
BN, DA R M AE i alon] , ik M ek s
TiOy/g-C3Ny P ARG, NOS #iff— iR i
NNy, IR RTEVEHR 16 h J5 25 4.03 mg [ NO; ,
SR Ky 2.5 mg/(L-h) NOj -N; iZH e =
A DA E G O i A R B R B K, JF HL
TiO/g-CsNy YEN A WG OB ], HA T
B AEYAAYE RS | IR s O E A R
o AT BEE T GHEA R -AE P A A R
LR HREEOL IR A T A D Ik s
GHLF A R BB, B A e T A
A H - RE T B9iCASOb AR, BT IFE G IR
IS P EEfER T, TESRME PR+, {2kl
AW AT AR SN o 1 Zhou 2502V 1 76 ] 3
15 U8 A2 1 FUR S RE AL RS VRl
JefEARF], ME T R TR R R G
PR R Y SO AR R s R REIL R &1
AT N AR i 7, R SR
i AR SR R E AT R R R TE
F2 36 h JE226R 30.8 mg BINO;, SRR Ny
0.182 mg/(L-h) NO;-N, 5 il &AMz
£h 1A )5 i (nitrate reductase, NAR) | VA fRER 34 5
[ (nitrite reductase, NIR)F11d %8 1k & [ (catalase,
CAT)ZEIEMERG o ;. FUINREIL RS B A hn
T HEE S E B E R Sphingomonadaceae)

A B (Xanthomonadaceae) M AT 1H B
(Cyclobacteriaceae)%§ ML IAIXT F 5. -
T 2 MR E A e A R AR A P i R
[ IR SR R R 1A JEL AN — Sk [ €, Zhou %
TET R TURB R I A 25 1 g-CsN4@W O ik,
POLHEATRITEE BN A 7, 78 RIS R
HL LA Y Ak s IZIKRTE 48 h NiKJH
49.3 mg ) NO; FI[E % 2 448.48 mg /Y CO,, NO;
IR JF I F N 0.135 mg/(L-h) NO; -N; [Alif,

g-C;N,@WO; ¥ 1 JC 5 g 7% M (41 NAR Al
NIR), LI AL CO, ThAEERUAE P Ay A X
FIE . R — 2 WOs/g-C3Ny Stk
FVFAT G TCRR ) A W A 0 S TR R A R R
PRZ, (R ESE B R i I R DL A 5 1)
MARZEF, 180 h N, 3.396 mg AYARAR —H iR —
iR 76 0] WL T oA 6 B i35 (COH fil- 03)
R, 17.36 mg 1) NOZ BRI IR T 7R
BRI IR, ISR 0.049 me/(L-h)
NOj - NP,

TEA VDGR -E DAk iA &R b, AQS E
B UE B AT AR R SR W S ORI 3K B SRS AL TR T
denitrificans JEATRHERER A JRY s 1214 R IR
VRN, XA R AR I SR B PRk, i
JE P LT & N,O, R H%E R 0.8 mg/(L-h)
NO; -N; JeEFRCRRIL 96.1%, i@ T HHl
HA AR feik =, F22 T AQS it
FI AR IERN, oTLMEA AT, 16 RE
HL AT DA T SRR s AL R - AEIR
T, AQS #4k ol AQS*, Yot T HEM AQSH
RSB SRS IL G ; A0 AQS™il it IR h
P, B IREFRRER H-AQS;
H-AQS @it 885 NADH WIER, #—+Hk T
denitrificans $EHERL T, DIETE SRR th kAT SOy
RVEM . AKAEPHER T 60 d N, YeREATLL
FrEE Uk s)) T. denitrificans-AQS HATAYFRER A .
DOM & KA PR, TRk AT LI7E
YR T MRSl e iAW T. denitrificans 4T
JEHL AL, DLFLBRAE sk iatn] , ey 5y
(0.004+0.000 5) mg/(L-h) NO; -N, A BEHKIHLHI
. LS, DOM #6774 DOM HyHLLk
A& ('DOM*) , il i) & G5 6] 58 3ol 5 4k
DOM*; SR, *DOM*/ =L T, *DOM*fH
Sl A S C BIAM AR
IS AR, ST RO AR O P

S HL SR AR B AN T R B | SO AT St

http://journals.im.ac.cn/actamicrocn
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WYl TE AR, RGN, PRI S il
G R B RAEAL SO 2 kA o TRl Fe
R - S92 2 AN ) o % 2 Tk A D i A
FRAE. RSB EE RIE, — 2R
W16 HL 7~ AT 52 ) 0 S R U W 2 A T
(Alcaligenes faecalis)iHE KA S S il AbAT R o
TETCIEIRTE , 21+ S AT HLSORI AR i
BRA W7 A2 1 Fe(ID) 2 B filf A T 3 2 10 v, - it
ks ML, 6T Fe(D)ADGHI LA
HL A L A, w3 b i SO AR A
SRR AR JFON R AP . AR EPIRAET
K 34 My BIGKFERTIL 151 K
PRFE A, X KA R 6= HL It B8 R/ INEEA TN A ,
TEH T 3 [ b 2 /K At ik A7 G A 2 1, X
T v Al 2 i M 3 BRI T BT A W o U i
S
2.2 EYRUFERIETIEH
TETCHLCHEAL R - 2 b IR R b, HHTRY
W RZHK CdS YORBRL, JeA: i 7 4A
AR A B (A ge | FRAE) . AL R AL 1 2
FFE TR B (AR UL R 155 ), B 245 3 31) [T 41
B, FRBESEE nifd | nifD . nifd F nifK BIARRT
FkERE FIH, 40 Brown ZEUNE B AR B E A
W MTE CdS 4K ik B BUAEIZMLE G,
L HEPSE 11 itk isGn] , K ah b I &
FE 3.5 mW/iem® OGRRTR, &7 B (E A
(315+55) nmol NH;/(mg MoFe protein-min), #&
M, BEAA ) A | JCA0 I 3R G AR 1 ST
b7 S S = H PO e R M I A it S SN D7 05 A
e, AeEE Rl T IO G R - P 2
TRz, B CdS 9RIBURL S [ R0G 5 20T ) 2%
fbA# . Sakpirom ZFEVUBFSER I, oA A AT
FaiRymE (Rhodopseudomonas palustris)
TN110 A] DIAEW) G CdS 9K Uk [F] B 5 3 A=
PR ; CdS GKBURLAE A Y AN NG L, R

<l actamicro@im.ac.cn, & 010-64807516

#B 43 (200 mg/L) 8% HE 75 2 40 ff Hh, D o
(1 mg/L) B TEANMI N 5 diHE R Y CdS gK Ak
A DR ROCEGR IR+, — S8Rk 1 FiL 1%
iz B AR 4 U D T {2 i [ L. Wang
SEHE S AR A W AR T UIE CdS AR URAL
R. palustris-CdS 1K Z, DIV FRIE J i
H; CdS GOKERLYEE T 5 R, palustris oF&
HL G s G, il BRI P MR iR
-NADP 48 {03 J5i il 21| 15 [ Ui F1 NADP™; [l 441
Pt (] 2 % [T e = ZR SCAE 28 40 ) Sk Al A 0 TR A
HOTER T 153%M% 28.1%. MK T HAEAR
P AR TR | 5535 551 ™A% SRR Rl
06 AR B A BB AR A&, BAHE
L HIN AR, A2 060, wam sl
FIFHAE A R AR SR M T (Pseudomonas
stutzeri)"EW)E AL CdS Gk, E T LI
VE IR P. stutzeri-CdS HEWIZLIA R,
R BEARPOLREIF IR A LA RE T, X
N A (0.40640.014) mg/(L-d) NH;; SRR K
FARIH W 5 [ AR TS, [ AR D] mifd
nifD . nifH Fl nifK WIFIXS FRIBFE FIH; ATREHL
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