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Research progress in nitrogen cycling driven by biohybrids
constructed with photocatalytic materials
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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.

Keywords: Dbiohybrid; nitrogen cycling; photoelectron; electroactive microorganisms;
photocatalysis

AR IR A W rh B R — Ak EREYIERS AT DRITR . BOTRTERA., L
B, R A A KA SR I, ey L TR LS RO S AR SIS AR A )
ARG E LT, DM 59 TPARSIEIRE L, ERE Bk A0 s R
LB AR R R A B 2 Ak ot s W92 T IO RORSE LR AR L WA L
W R A R R, o, Loy TCTER PSSRV E A MRS A S

b I A 2R LR T eI e R IEHETTIRURUS RS AT

PR S A RE L R T R4 K O BEARBEHRMTHRTTH N, Eie
GO SO A G T DO bR R NH o ARREARREIRRA OIS, (A 2 4>
LT PR R R R R MRS BB IR A2 DR NH RS R B UL A I O 11 1
A S AL AT SRR, R T4 FRMEEINO,, BLJ NO, 7E AR MR A AL TR Y

J& &% SRR T YER TN AL NOs P, [alist, tofy2qa & BUm
1k 2 T4 J& (Nitrospira) i UL B 326 NH, &1k H

2l /= 4
1 T}ﬁ X7k NS NO; Bl WA/ NOy IRl R, F2™

AATHI DNA, EAREY R, SR YA Ny, 1A NO;—>NO, > NO—N,0—-N,,
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— BB A, AN B 7R (Planctomycetes) AT DLk
IR AN, Z B, NO, fE i F
AR, B NH 8 NML AR ER A8 SR,
B A8 NOs I 5, NH, kR . SORS Ak iR
A AR TR A, F 285 () UG A s
Rk, WG EIGIS; THRREE S IE R R 2K
BB AR, HHEHEANEARY, BRS
HI RS A NENIE XA, Ba LA
B A AR BT, Hai a2 A
[FER(SEEI

1 R EAEIR A, EAb SN A AR DR A
Ak, R JE R VA oA L U R R R S
PR D L o B A A A R e R BEANJE
AR D AN JE F IR I o 7 AR SRR B
Hr, SR IR 5L A (Eh) 4 L F DRI SRR (HL it
)5 78 B AL (L 7 32 1) e 34 o 38 SR R A
fiX Eh B (5003, skl BAE = Eh B g
Eh S i {H 2R i s i) F 2k L F, Eh R IEAE
PR VAT TS W, SRR
P332 IR EE AN pH 2P, RAEFRH E B
I A AR LA AN 1 TR o

AR R A AL (A o 1 AR
MALHFEHEAE MR AN G BER G . W& . &
J& A4 JE A AR ALAL S . LA AR AR A Yk
RF AR AR FE AL 3 1) A 0 A A ARG U0 2 2ot AR
HAARF G EsZm, BARR LIS R 4 A
J I

(1) =HEA= P04 R X ol A W 3 1 SR AR s A
il (41 552 M U0 A R 6 I 7 o F 52 6 R R 40K
RFRBRT AR T , 6 5 AT W
(Geobacter sulfurreducens) Fl17 B EX i (Shewanella
oneidensis)fit NO; i JFL Rt 2—-100 51, — L
A=W ktRL A Ak, W R 2 S
MHIVER . 10 Kumar ZEUWF5T TN 660 mg/ke
166 000 mg/kg FRAWKRITELAEZE(—18-15 °C)
XAk A PRI B2, R BRAE 2 AR AN
DKAORE M FE T 1 [ BN 8 T =F B 3 25 R R, A
X [ VR R AR S mT s, [RIBs, oR A AR
o UE B AE LA VR (100 mg/kg) i 25 4l
IR YIRS . RO AR Y,

(2) AR 1A ) BTGP 5 SN
PR F AT AR R B B AU R 1A

®1 ARTPEENEUTERNREENTREEN

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

S S AL IEHAL(ER/V) 27

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

SAHAYE NO, +2H" +2¢” — NO,” + H,0 +0.01 RN

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

CIEER (23 N, +8H' +6e — 2NH,' +0.277

Nitrogen fixation

i R 6 A 38 D B 2 NO,” +10H" + 8¢~ — NH," +3H,0 +0.364

Dissimilatory nitrate reduction to

ammonia

ik A NH,' +3H,0 —8¢” — NO, +10H" -0.363 AR R

Nitrification Oxidation

PRAA A SE A NH,'+NO, - N, +2H,0 — reaction

Anaerobic ammonium oxidation

http://journals.im.ac.cn/actamicrocn
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A1 BREE R AT — 2 AL 2= PE . Sathishkumar
FIPHEMT T 400 °CTF il 5 i A 4 i b B R 5
MR ES S TS R HEY R NOy Z[H]
(AL P AL 3, DTN A R R A I

() HAEAED R A AR R B S S U
VI RIGIR N o FEAZ TR, M
FOAE R R AEAEBOR B, BE PRI FeOx
Al MnOx 17 NO; &4k, Bosch % & B A
WA (Thiobacillus denitrificans) i] ) 48 fk 5 4k
W IR L NOs VE AL FS2 b A 1Ak s ™,

(4) AEE Y RHE G BT P A e A
A ) A R AH O RN o

2 DUtE f a8 A& o 2 AR
I 5 B .08 3R

A2 15 0 R P HA L5 B fE A 2R
F= ) AR S L HEA AT RS — R L IR '
FARE, FEEHE R 7 A2 DA T s CRE S 5
I B H0E d R T A B, A
M5 ea il BEETTRARE, Stfift
PR Jy T AR FE30 B w3 R
SRTIT, 75" fh BOHE SR ORI, AR T
FOREE AT AR Rl AL RE R R T 40 bl , I F AT
e B B AR e B, OB A B
REGPLH . it BHeeZ M0 73T
SCAEAL T AR MRS A 2 A A, SR TG
HEAL L S B DA R e K Bl A Wy MR 1 Do
B pE LR U ML . FEREE PR D
HR, S AEY 2R 2 O AR i T e
AT E A TAN SERERE, Hhil BRI T ()X
WO ROE 2 Sl R AR B R e AR
5, BEIEOGE RLTRE BRI | AR A
RS/ IR T E R G RUEY) I
MTE AL, SRS A Wi A FRE RS S,
AW AR 5 B AN T3 B Al A ) e o A
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JrMEI, KIAReE 2R YL,
AT LURAR CaRan i f A AR K, IXIH BT A
Yot R Ak 25 R 48 b7 A ) — B LA W g
R, PRt A4, AT, Sakimoto
AN T PSR 51 G T (Moordlla thermoacetica)
5 CdS MIRFR, HIRSEIH T TR A i A Yy fi
AR T A TTIE /N IURL(<10 nm) % & E —
Ak, HATZAE R ORI AT DAgET 7 A ™
AL YRR AR, T N T RE IR AR 7 KA
e G, A uk B AT DSRS0 (oA 4 5k il
A BRI TR BSOS ACAVE I L T VR T B Ak A
R SREIEHA LMY a ik R 0T L4y
32K, HlEGHEAR-AEY AR R . TPl
350 - A P 2 A AR R A MLOG AL R -2E P 4= 4
KA Do

JEHLI A= W) A AR 2 02 T OB R Ry
W52 K BASGIOR 7 A A -, Bl SRR FL T
R Al B A A, DL Sh A iR A T
DRI Y A () 1A) . IR R AT 50 A
A S RIATE R — AR (B 1 AL M
A RO G RITE Rl — A B (& 1 A2)
FIE DL o TCHLGAHE AR -AE P e fb 1R 2R 2 Tl
SR RS A RS Gk, TTHLGAEfLR
MRS G IR A AE H - St il — 2 1y
AR AR, DAIK S A= PR b4 7 A AR
Lo a (B 1B). it B4 ot Ak
TEANANEL 1 h B1). JGHEARFIR LR 4H
(B 1 B2) Bt IR R E A By (] 1
B3) 3 FiENL . A HL-LE WA AR R 5 TCHL G
R -E P 2 Ae R RARL,  XAIHE T —Fh& DA 7E
SRR A AE A AL E RO T, —
Pl LTCHL G B (& 1C), H
R R AR A VICHEA R A R E AR B A1 . X
3 K5 RIGIM I EY 2 AR B sk s 25
m#k 2 FiR.
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| 1
; |
| 1
I e € 5 1
: CB 2% : o LB I ¢ N—
: BRI R R e G SRR BN |
i } A Nitrogen 1 liOge“ - Nitrogen
! | cycle reaction gycleieacton, H R cycle reaction!
| 1] B | e 2 !
: VB & ! b :O Organic photocatalyst \
: IS A e ! WOGIUA A DGR :
! Cation exchange membrane .O Organic photocatalyst excited by light !
, Tt AR 0 LIS PR A . RS TR AE YD !
: Photoelectrode Electroactive microorganisms L 0 Electroactive microorganisms :
B BI B3 |
| 1
| 1
| B | (02 |
: FY BT\ maE s | [P mimaR s .
I BAEH SR e Nitrogen & Nitrogen !
I NIU‘OQEH | R YA E S @ ; ” !

| THLIEAEALT

LA PRI :

Inorganic photocatalyst O Electroactive microorganisms

1 BT R IR A ey EF'JEEHE?GE’]’i%?—?d{%E’Jﬁiﬁﬁﬁﬁ]w’“’nm'
IR R. CB: F4i7;

Based on the metabolic activities of biohybrids composed of photocatalysts and microorganisms
A: Photoelectrode-biohybrid

B: JCHDEAELHI-EMIZUARR. C: APDEHEIH]

Figure 1

associated with the (7.16.21-22],

nitrogen cycle

A SCH-AEYIZEIAR.
. M M BT

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 - 2 IR R, Cheng PO
BT AL SRR S, X RGN RO
FeAE ) (FERN TG KA BTG ETS TR B S TiO,
MRS, CBRAE kG, B UUER] T4
BRI AT D B2 ) O H A aed A v 2R i ok
PEAT R ACVE T s ERAMERE TR [30 mW/em®,
PK K (380420) nm], fE27 h N, % 3.5 mg iy
NO; i LRI 95%, NO; Bk
EJEA Ny, SR 2 (2.8140.058) mg/(L-h)
NO; -N; 5MEHRAGZARN, REHERRS
AT DL G F AR 2k P R Y RE TR A0LRE , JRA5
EHEH AR, dn Zhu ZP7 CdS 44k B
WL KRR UTRRAE TAE AR b, M = AR A R
AP RS ZRGH CdS KR BURLAE

THREEYI R T MMM G A4y
WA L A1 A A S R [ R T CdS
GURBORL S A AR, AR NOs™
I, SEHL R BERE 5R ; 78 150 WS R Xe KT (5
20 W/mH)RBRES T, 7 d IR 2.48 mg ) NO5~
BREBRICER 99.8%, FLEYH Ny, W
WAk 0.73 mg/(L-h) NO; -N,
FETCHLEAEAL TR - A Y 2 AL SRS A AR R

BRI R RZE0 AR —, 5L N,O
7, BRL NOy B Ny o F 77 W) . — 2L ]
DA 9K ORI UTVE , ZEIR A &5 A4
YIFAZPE R AR AA K] . 41 Chen ZEP50 Cd> i
WA B AR IEI A T. denitrificans Ay 355 A&
W, KR ST d )R, BRI B I NS B
s han A, KW T. denitrificans-CdS
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%2 LS REREXEYRC B ER S AL

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

21,23-25]

By
Type

(W=
Advantage

B

Disadvantage

JEHIR AW 2R Ak &
Photoelectrode-biohybrids
system

TAHDEAEALT-A= P21k
(U

Inorganic
photocatalyst-biohybrids
system
YDA -4 P21k
(U

Organic
photocatalyst-biohybrids
system

HAT B 1) Al P15 PR A ] B

It has good adjustability and maneuverability

A=W LN AR IIORE - 2 0 2 Al R GE 0 B R R A
SERNGSR T TR S

The close connection and structure of the
biosynthetic nanoparticle-cell hybrid system
enhance the electron transduction process
AYOLHET BA R EWHAE . RIFIY
JEHL TR Z I Ot B A
P 5 A MR A, ARXT TR HE AL -
AWIAAC IR R A R s B T BB X 3R
B AR 5 — e LY A A A LY
(dissolved organic matter, DOM)RAMIE HA 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
distributed

MBS BRGNS L I AL )
7 AR

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

TEADCHEAL R HATEE . ME LA 15 90 RS0
LR

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

— BB AL A A 790 T R - 2- R R
(anthraquinone-2-sulfonate, AQS)H.A ¥ fFitE,
AT R 23t ok —E R T5 5% s wTEKShA)
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

TSR R MIE AL, CdS 44 7E T. denitrificans 4
JL T s LAFLRRVE ARG, 76(3.07+0.14) mW/em®
54 LED JTHIRRSS T, CdS f= A4 fot 13l
WA T2, AR C RgIfE R,

FERS AN UEA TSR ER IR AL, NLO WK &R I
ALR =, (G 72.1%, Ny 5 2.7%; 78
JEHR T /) s N MR A 3.63-8.60 mg/(L-h)
NO5 -N, TERRREHHIRNGEESR 0.07-036 mg/(L-h)
NO; -N. SR SO e 200 NOs #5460 Ny,

{HA R RUE IR R A A T K5 N0,
TSR TR Noo BFFEIERT, X0&HF N,O
i IR LA A U, T PR % (reactive oxygen
species, ROS)IlITH| N,O 4RSI JF %, N, ok 1 fii

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

& T. denitrificans-CdS 14 % ROS 1] NLO i i
N, B0 , Chen Z5BM%4 78 T —Ff T. denitrificans-
CdS@Mn;0, R Z , DL NayS,0; M4, 7&
JE R T. denitrificans-CdS & & H i A MnCl,,

FHZ2 M%7 /i NaOH ¥ il Mn® Ve 7E 41 ff 22 1T
CAS@Mn;0, 7 2RI AT 32 ROS HYSZIN , Ol
A B FaEad CdS FE AL 2040 AR L, [R]IH4R T CdS
KRR ROS FEXEREJE S or BIgE Mn;O4 43
fife, fEHET NoO B, FEAKT 78%M9 NLO HE
W, BB K 0.47 mg/(L-h) NOs-N, & T #
DLEAEAESR CdS 1 TiO, 4b, Zhang 25BN xt
T 5 FL B R MG 40 30K IR TiO,/g-C3N, 6
HEARTR, IR R S B SR A P, MR
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SVE LRI R, TEAYIERERT,
NO; #if 5N NO, 5 18 150 mW/em?® (AT 1%
BT, DA en /e ik alon , e ok ie
TiOy/g-C3Ny P2 AE BT, NO, Bl — 2518 i
Ny KR AEJEHE 16 h J5 2% 4.03 mg /9 NO; ™,
SN %Ky 2.5 mg/(L-h) NOy -N; %44 7 =]
DL oot R B R R K, JF A
TiOy/g-CsNy YEA AT WG OB, BHA T
B AEWIAHASE L AR | AIRH s O A R
o AT BEE T AR A P Al iR R
HOLH - HBEEE I A5 T A DElE Ik s
SCHLFIA R BB, A A e T A
A H FRE T B9ICACOB AR, BT IFEE IR
PSR OEfER T, TESRWE PR+, {2k
A=A T RS AR S o 4N Zhou 25025 1 7 ] 9
15 e A U D Be AL SR A W1 Rid 42
MR, W T —Fh TR R R G
PR D RO AR R s WG Re bR &
ATDTEC BT OB, IR 7R 2 e 8
i rhoE I A R (SRR B CE AT R R A
F2V 36 h JE226R 30.8 mg BINO;, SURiER N
0.182 mg/(L-h) NO; -N, 5 LA G g iR Eh
A J5 i (nitrate reductase, NAR) | MV fiff R £h i [ fik
(nitrite reductase, NIR)FIid 481k = Jiff(catalase,
CAT)SFG G FUEHhRB LR A PR A3 in
TR Y 2 PR B R Sphingomonadaceae) |
T L fifl & B (Xanthomonadaceae) #1 7 FT B £
(Cyclobacteriaceae)~5 K i Ak & U AHXS F B2,
T 2 MR e A e A R AR A P R R
[vi] s SEER AR SR A I A S ALBR B %E , Zhou 45
TE A DU A 25 1Y g-CaNa@WO; Bk,
ORI T i fE 7, 7E R TP R
I Y R AL s IR RAE 48 h NIKJR
49.3 mg Y NO; Fl[EH 7E 2 448.48 mg ) CO,,NO5~
B 53K 0.135 mg/(L-h) NO5-N; [6]if,

g-C;N,@WO; ¥ 1 JC 5 g 7% M (41 NAR Al
NIR), LI AL CO, THAEERUAE My Ay A X
FIE . R — 2 WOs/g-C3Ny Stk
FRFIT 3 LR ) A D RV S S 1 T B P R IR
TRZR, TR SE B AS BR R A IR A HL A 5 TR
MAKRZ A, 180 h N, 3.396 mg MYARAR —H iR —
iR 76 0] WL T oA 6P H i35 (-OH A1-0y)
R, 17.36 mg 1Y NOS B GAELFRIZESCIE T 78
IR IR, ISR 0,049 me/(L-h)
NO; -NF3,

TEA PG -AE Y bk R, AQS E
Bl UE B AT DUVE R SR W S ORI 3K B RS Ab TR T
denitrificans BEATANERER IR JFPY 124K R AFLIR
AR, RS RR AR I I HA Bk, iR
S ILT R N,O, ik 0.8 mg/(L-h)
NO; -N; it PR Rk 96.1%, it T H it
i E M R AR R, FER T AQS 23
A IIVEN, ATLMS A+, TERREh
AT DA RS IR BRI It s AL 6L T,
AQS Akl AQS*, A HL T EHHE I AQS* 5
PSR ALEE s AR AQS* i i MR Hy i H
— A, B IR AR E B H-AQS; H-AQS
it 9K 3 NADH Wy JE i, # — 28 T
denitrificans $&MLHL -, DU 7E 2R IS oo dE A T S A
Ve AKHEPTEH T 60 d N, JeREATLL
FRLEIK S T. denitrificans-AQS HE/ TSR £ 14 Ji .
DOM &M i KA WK, T8k al LifE
Y & T 9K sl S A Ak i A= T. denitrificans 34T
JtHL AR, DAFLERAE kR, 5 iy
(0.004+0.000 5) mg/(L-h) NO5-N, AJGEAIHLI
Jy: JGHE, DOM #OGIE K 4= DOM HyHLLk
A ('DOM*) , il i & G5 (6] 58 3ol 5 4k
DOM*; #RJ5, *DOM* =6 T, "DOM*H
JEH IR A S E A C BN AR )R
P AR, 17RO AR O P

S R AE A B AN T R BHOE | SO Ak B 2 6
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Piii . 76 AR S, REHSGIRIEAS KT, R S
TR 51 & B RAEAC R L)z kA o[RS, R
1) 35 3R R AN ) 2 s 3R T O A7 DG L A2
FRAE . ATEEPHF RS AR, —EREEn
4 O AT 5 ) - 498 S R AR A ) 267 BT T
(Alcaligenes faecalis) i 4= KA K S A1k AT 4
TETOGRET , 20 - -3 rh By A LB A A 08 i
BRA W) A B Fe(ID)J2 S A Ak T 3 2 i e -3t
s TEEIRT, JEiES Fe() NG R e
VR HEA, B - b i S AR TR
e IR IR R JFON AR BAREPIRET
KE 34 M. HIRKMERETHE 151 bRk
TRFE S, KRR A OEAE HL U A R/ INEET Tl 2, 4
TER T ] b 2 A3 A7 AE G HL AR AP TGk X
Ot Ak 2 1 M T SR T T B A ) o N i
Y.
22 E£PFRARERIER

TETCAHL AL -LE D AR R b, ST
WK Z R CdS 9Kk, JtA: fL il 4]
IR A BT (i | BRAE) . LR R 1L 1 )
T B BT (R AR B 5, e 2B 3 [ R
it , [ UBRESE R nif A, nifD . nifH A1 nifK fAH X
FAERE FE. 40 Brown ZEUO5E B 1R
WERHAE CdS AOK A HIE A 2L Z A1),
L HEPSE EAidE RG], SKsh A k)i 2 ;
£ 3.5 mWiem® BEIRTR, S0 i IE(E N
(315£55) nmol NH;/(mg MoFe protein-min), #&
M, BEEiAb R A . Jodi i R ge g fIgs e vk Je
e B 3 A D AL bR A4 T B Rk B
I, GBI T ST A Y 2
ARZ, B CAS G KBRS [ EOL A AT 1 42
fBiAk . Sakpirom ZUIHFZE R, 6 E R ETR
P 21 {8 A Bl B (Rhodopseudomonas  palustris)
TN110 o AAW)4 A% CdS 4K ik [l et se 8 A
YIEIA ; CdS 9K BB IER A YA N G L, K

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

#B 43 (200 mg/L) B HE e 2 4 ffg Ah, > 4y
(1 mg/L) A 7EANMI N 5 4H MR T CdS 4Kk
A LAFE Ry SO I Rl H 7, — SR ) P
I AU A2 [ U A I a2 5] . Wang
SECHE SR A AR T UIE CdS AR R AL
R palustris-CdS & Z&, DiEBameyE ik
#; CdS GKFRI O F 5 R palustris So&
HL AR, B AU B R R B -
NADP A A it i 2135 [ 2 M F NADP'; [ %
Pt [ 20 R 1 i = ZR SCATE B 43 3] Sk Bl A= 4 Tl 4 A=
HOH T 153%K% 28.1%. HHET6E F A
OISR Ll R NI 1 S L R K YNEE S (0B T (8
A A B A B A AR K A, A
LRIV AR, RIS, wgm sl
F B A T 2T i FG AR SR i 747 (Pseudomonas
stutzeri)4 W16 i CdS KBk, HME T 2R
VE R FI Y P. stutzeri-CdS AE ¥ 241k &
ZAR R HA PRI A SN E I BE T, )
V3 2K A (0.406+0.014) mg/(L-d) NHz; JGHE T Ik
R B [ R, AL nifA,
nifD. nifH F nifk FARXTFRIAF B B AT REML
A M AR T CdS Bnl oG & s, ek
KA G Rz 78, e i o Ml s /N
AR A B AR BN, Bl A
T B R AL EAMEREALEA,
AL R B AM. MEMRNERE, A2%H
BT BEA R o W E RN R R RS
S B RICRE ST . AT IR A W ORI R B e i
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