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One step preparation of nitrogen doped titanium dioxide by
impinging stream-rotating packed bed
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Abstract : Nitrogen doped TiO, nanoparticles are successfully prepared by impinging stream-rotating packed bed
method using urea as the nitrogen source, titanium oxysulfate as the titanium source and ammonia as the precipitant.The
morphology and properties of the catalyst are characterized by SEM,TEM,UV-Vis and TG-DSC.It is shown that N-doped
TiO, nanoparticles exhibit spherical morphology with uniform particle size distribution, and the particle size is 13 nm.
Nitrogen element is detected in EDS, indicating that nitrogen is uniformly doped into TiO,.Compared with pure TiO, ,the
band gap of N-doped TiO, is significantly reduced. Taking phenol as the target pollutant, the impacts of N/Ti ratio,
catalyst dosage and pH value of solution on phenol removal rate by N-doped TiO, are studied.The removal rate of phenol
by modified catalyst is 40% higher than that by pure TiO,.

Key words: TiO, ; nitrogen-doping; photocatalysis; phenol; impinging stream-rotating packed bed

TiO, 1E A A A 79 A 2 X 8 i A BIL TS e B
A ZRIFRA JC TS 3 A RSSO
WA A SRR D - X AR R
T R0 L 22 45 B B R T O AR R R BF ST R
IEOT TEAUB AU e B N 8 2% ok vl ek 4%
TR AR DA R - TR A, TN
T EERe s O AR AR Y ERE N TR AR
BHHEA TIO, fif i (M7 (14 2p Pl ) L5230,
SRR GERE AR, SCHRL 711 ] R ARGE Y N 5%
RZZA 4B TiO, 1R N, 803 NH, 50 E
MG X AB 207 B N B A =Y i B 4
MELLEE ], A HE K R DIRE 4B 2 BAT OB By A 484
il i BRI

TiO, 114 A5 T 38 2 il £ 7 ik 4, OveE vk
JEA £ TiO, B A B AT A vk ARG Gt A 22 00
NG5 R R R RO VA AN 5= N o 3 1
V7 2 5 $8 o i~ T A EURL IR (1S-RPB ) i i 47 B i)
W FCaR A AE FH 5 75 Y A 1 P 7 RUBE 38 B Bk oK
S TR TR A VR R R DT o A Ak AT 3
8B RN T R S HORTR A, WO A B R
0.01~0.1 ms, i /N T 15 58 i $1 A K207 45 19 5 ~
50 ms, il 45 H AR FRAR /N A5 R
IKARDTTE B2 ¥ IS-RPB 5 1T 7 s 1 45 448 K
R ARLS &, T — 2 S 4% N B2 Tio, 49k
AL (N-TIO, ) , LA 35 2 48 fb 7 B8 5 B /N b
FREANL R A4k, A R E G T

%5 B #A.2020-11-23 ;i€ B H #:2021-02-06
E£WmA . HK AR (21808214)

{EE R HSF (1994-) 2 FRHWF98 A DF9E 7 1) B HE AL, yanfen0414@ 126.com ; 3K I H4 (1965~ ) , 2o, 14 2042 , WF5E 07 1) R e fi Ak e fie

BHHLIE Y, WIREE R A, zhangqgiaoling@ nuc.edu.cn,,



- 104 - A AL T

SEH K IS-RPB — A il £ i N-Ti0, f1k
#,3# 7t TEM . SEM \ TG-DSC 25 = AF T Bt % 1k 5]
HEATFRAE IR B L bR R R R AT TV FA

1 RXFENEE
1.1 iR

TR EEL (Ti0SO, ) , 1IR3 Ttk A AL A PR
A7 &K (NH, - H,0) |, LG [ S Ah 2 3 550 A BR 2
H] A7 JeK ZWE(C,H,OH) &M (C H,OH) , Kt
MR IR0 R Wl A2 7= JR & (CH,N,0) , K
AL R IR A
1.2 {%:8

Escalab 250Xi %! X B £k 6L T g (XPS) , 5
FE| FEER KA 77 Agilent cary 5000 %84k -] UL {8 57 &t
(UV-Vis DRS) , & HLHER 47 ; Gemini SEM 300
I HL B8 (SEM) |, 18 [ s /R 48 /] A B A 77 FEI
Talos F200X 735 5 HL ¥~ W i58 ( TEM) , 22 [ FEI A
A A7 Agilent 1200 AU i 0R A €3 (HPLC) |, € [
LHEAE A 77 STA449F3 — QMS403C B[] 25 #1443 By
A - HEIE 2 58 (TG-DSC ) |, 7 [ it Bt £ 7

2 ZLWHIE

2.1 NiBZ TiO, BUeFA S &

IS-RPB — Ll 4 N-Ti0, By K 1 fr
7o BRIl — & e Y TiOSO, ¥ A NH, - H,0 %
W K TIOSO, ¥ NH, - H,0 43 B0 A 26
2 R A 7 v, i & IS-RPB WY 5
800 r/min , VIR I ¥4 60 L/h, TiOSO, % ¥ 1
NH, - H, O &AL B O R WIVEH R kA IS-RPB 1,
2 JRE WO 1) 48 5 R B — AN B T 55 1, SRR T R AP
RA ., il MR R AT S5 0B | 78 DR} P9 R
bk 2R UIE] BEIT A3 HL, B il 20 Lk A 28 RE I
AT KB TR RAE 2 h 5 I TEK 2
Ve 3~5 K, TR T4  TR 5 & TS br

2 6 7 1

1
— " —253 3&— e —

1—&1 ] 52 TG 3—B 3R s 4— R T i T
S—Hi i ik - e URLAR ; 6— U A il

H 1 IS-RPB —¥ &% #|4& N-TiO, Wy r~&EHE

F415F48

e , R A5 3 Tio, R4

SEIG AR E R T Ti0S0, 5 CHLN,O Y L
BII(N/Ti BEER G 1.2.3 .4) AT il 48 4 NEEIR L
) N=Ti0, , 4% %4 IN-Ti0, .2N -Ti0, . 3N -Ti0,
4N-Ti0, ,
2.2 R EKEIPERR

TE 150 mL (19 48 B V5 W (AR B ) 4 Jo i ok 2 Oy
100 mg/L) FANAGERE B N-Ti0, fEALF], 75 7k
5 min, 75 S W5 B 2 30 min DA IE W B — 7% 1% 7
Wi, FTIF 2 UK K 254 nm TR Ky 18 W L4
KT RE ST, BER% 30 min BURE 1 Wk, FH 5 RO € 154X
N 5 V5 Y P AR I R

3 GRS

3.1 SEM 5 TEM 4 #f

2N-TiO, 40 KKLF /) SEM [E A1 TEM & & 2
fiin . M 2 el LLE 2N -Ti0, ki FIE 5 b Bk
e BRI 5], 297 13 nm, 7E EDS figi rhoAsm 2] 1
N.O.Ti 3 MCRWAATE, B N STHRBAF T Tio,
o MIEL 2(b) HPa] LATE AE W42 3 2N-TiO, 44K
LTI SR 2580, I FH Digital Micrograph %4  &
HAGURIEE N 0. 352 nm , X BLERAT 1 (101) § T ,

-

£
(a)SEM &

/ / '050.3521"’,1 y

(b) TEM K&l
K2 2N-TiO, #y SEM EF8 TEM A

3.2 UV-Vis DRS $#f

i3 UV-Vis DRS 3B A i 1Y 56w L 3 ], 9
ZEEN B XA B A 2, 25 R & 3 pr
o HE 3 HRTLIE 1, 546 Tio, M, 2N-Ti0, 1



2021 4 B

WSSl T 470 nm, HA7BRTEEAS A 2.92 eV, R A
J& N JTEIA Ti0, g I-BUL T7#4r 0, 7F Tio,
HIBERT HIE AR RES , S8 Ti0, AU BRAR/N '8

0.6
0.5 2.0
~
. 1.5 /

® 04 £ 10 //
¥ 03 = o5
gs . B 1
= 02 —FAE

0.0 L L
26 28 30 32 34 36
EleV

400 500 600 700
K /nm

1—2N-Ti0, ;2—4li TiO,

3 %4h- 0ig R A E

3.3 TG-DSC $#h

2N-TiO, 44K KiF ¥ TG-DSC #h<kanid 4 fF
o HIE 4 A 2N-TiO, KK T1E 130°C £ A A
Y S P g e | S I R AR it SR T 194 7K RN B
(4% & T 8; 200 ~ 300°C [B] & 8L T 1 4> 5212 11 il #4
U | PRFR A 7 A R R A R A TS T —
(RS R, 3K 3 5 368 3 1) ) SR AE T+ BOR UE W 5 4 it 7
460°C AbA W b A s e | LR F TR ) Bk D PR
TCER TiO, ML B Tio, #7517, 600°C 244
AN AN R R | X T S SR AL TiO, [ 4
216 TiO, WIEAEA 5%,

0.5

TG /%

1 1 1 L 1 1 L 1 1
100 200 300 400 500 600 700 800 900
MREE/C

1—DSC;2—TG
K4 2N-TiO, B TG-DSC th %

3.4 XPS o#F

2N-TiO, HEALFIAY XPS KEUNE 5 Frn, M
Kl 5(a) PR LA, 2 rk E i B 3T 6 N g,
VLI N JCER DB 48] 1 Tio, . MK 5(b)
ATVAE 1, N 1s B9 XPS & H W42 51 398.93 eV Fl
400. 41 eV 2 AU, 3 % R O N RTTETBR N /Y
WLl N 5 () AT LA Y, S5 A RE N 529. 12 eV
1531, 31 eV S BIXS R Ti—O—Ti v i ks 48U A
A T O B JE TR 1:3.96, 1 Ti
5 B JE TR 102,17, BEIAFE 2N-Ti0, %
T A E — 2 s I AR S o, S8 N AR TE A DGR

KILSF EHR-IERERNAR— D ERIER B R _RAREIHR - 105 -

JE . MANE 5 (d) T DLE T 2p W96 2
AN AR A Y, 4545 BE 457. 78 eV 1 463.5 eV 43
BIRERE T T 2p,,, 1 Ti* 2p,, 2 o T IR A
HRFEWBIA K, IRETE 2 50 8 0k i<
SR> T SRR, T, X 5 TG-DSC #h £ /3#r
P25 R —3,

398.93

400.41

TRBE/a.u.
BREE /a.u.

0 200 400 600 800 396 398 400 402 404
gittb/ev Hiai/ev

(a) iR (b)N 1s

529.12 457.78

531.32
463.5

REE /a.u.
SR /a.u.

576 528 530 532 534 536 454 456 458 460 462 464 466 468
Zi5H8leV ZiaREleV

(¢)0 1s (d)Ti 2p
K5 2N-TiO, By XPS % A
4 SEELEEIES
4.1 NBZEXHELFENZI
N B XA E E w1 Pros,
F 1Al IE S BEE N/Ti BE/R FL8E i, N-Tio,
P T R B THE NI E, 2 N/Ti BER
Pk 21 e iE M e . 546 Tio, A kb, 2N-
TiO, X AW 1 KRR e m T 40% , FEZH A N JT
FHURH Sy 0 TR G 74 TR SR T A5 0
FTI BRI ARG AR fL -, DU 80 b 40 il DY 2E v+
IO MR A SRR, Y N/Ti BEJK Lk
LI, 34348 A5 LA Ti* 2 R 45 ORI L F 1Y
BAEHG, REBOCHILIE L,
F1 NBREXLELFEENER

n(N) :n(Ti) 0 1 2 3 4
Meft%/%  63.61  78.53 100 87.91  81.70

4.2 B pH 3RELFEERF T

VA pH 235 Wel KL 1~ 2 TT 19 | ff M T 75 G4 )
PIAEAEIE 2L B 15 Y A A A 750 2% 1T A W B AT 20
2N-TiO, [ Zate FLA S ANI] pH R AR A B 19 175 0 4
Bl 6 fras, NI 6 Al LIE i, pH=6.3 &S5
F,2Y pH<6. 3 B, 402K 2N -Ti0, 7 2 1 47 1E H
i , AR TR B WCRT ;>4 pH>6. 3 I, AR IRA



- 106 - LA 4L T

AEMBET(OH ) WEZ SR A M IE(OH ) 1Y
B, AEE OH RN £k 22 18] A 5 4 W BRF L Rt 67 Fi
faf B 2N=TiO, 0T W 5 (%) HE & AR 30 7 8
FIFLA pH=10 [ LBR#H pH =2 B B G BRI

20

15F
>
E 10t
a2 .
5_
£ s
2 0
N -\-
-5 \.
%56 7 8 9 10
pH
(a)Zate HLHZ
10—
\\o—;
0.8 2
_os6f i
N
O 04+ 3
0.2
1
L L I b
0.0 30 60 90 120
B} (8] / min

1—pH=2;2—pH=6;3—pH=10
(b) AR pH Bt 4 1y 5290
B 6 A FE pH & Zate ¥ fr K [ f# 2K B 6 15 L

4.3 EEFREREITRELFENI T

TER R pH =2 I, %€ 2N-Ti0, [t e JIE X4
Py 2B A, 45 R 7 s, AR 7 He] L
F L 2N-TiO, AL M R i ik B 1 o/, Y
PR o e B A D B P AR 1Y OH - A D AN A
TR LBR, BEE 2N-TiO, AL 7 &8 & 1
B0, Ak R 2R 1A T PR S, 72 AR Y OH - AH
JSEHE AN AR TR Y 25 B o (B A 5 o v B 0
Z W] AT AN oRE 2 T AR ELBE R 2R, fEm iy
B AT R

1.0

0.2 SO a
I
: 30 60 90 120
B} ] /min

1—1.5 g/L;2—0.5 g/L;3—1.0 ¢/L
B 7 2N-TiO, JT & W& & Xt K By IE i o % v
5 WIBHEDN

N-TiO, SCHEAL R MmAL B A&l 8 Fr s, 4k
FIR I <387. 5 nm (IGHRST T, A oL F 28 7k

F415F4H

Wk, RIS A S W EHE N-Tio, i
7 0, H,0 A=A OH - 0, - 5 TR R 3% 2L
PP I 2 B AE A AL RDRLF 2R H R o
FHEAER, 51 K8 5 ff 4 CO, Fl H,0, N 524
JE B G I P E A LU BN B e N R T
Kt O WIRTF ARG, AR T N JEFEUL 0 R
5, H N 7E s LB N RIE]BR N B8 A,
FEAESE T T (0 17 TE 2% SRR 2, 28 Ah BT
HIWK N BAHE TIO, W= A s M Ti' | ik S5 45
PEA T AT LA SO A L A R D A s
TOFINE A,

02
il
¥ CB e e e ‘ <I
o,
vl|  hv2 H,0 + CO,

32ev

N2 Ablgy
" _<"°”<

= OZpt w0 H,0 +CO,

K8 N 3547 & 0y b8 b vE M3 E AL

6 #Hit

DA R R, F 4 o e e FORH IR 5 DO VE
HMZEA T TRAZZI N 13 nm Y N-TiO, AYERIE KL
TN 1E TiO, HF AU N FIfE R N BFpE (A7 7,
PIE AN EAE 7S AL 7280 SE R S OB IS 1 .
DL N 824 TiO, AR [ A A 1 2 K, >4 N/Ti B
IREEA 201 MR BT EREE R 1| o/L W pH R 2
IF, W) hA BB N 100 mg/ L (PR B 7E 28 716 R IR
572 h B EBFN 100% , 545 Tio, H HARL ]S
PR E

&% 3k

[1] Sirivallop A, Areerob T, Chiarakorn S.Enhanced visible light photo-
catalytic activity of N and Ag doped and Co-doped TiO, synthesized
by using an in-situ solvothermal method for gas phase ammonia re-
moval[ J].Catalysts,2020,10(2) ;:251-269.

[2] Chen X,Sun H,Zhang J.Cationic S-doped TiO,/SiO, visible-light
photocatalyst synthesized by co-hydrolysis method and its
application for organic degradation [ J ]. Journal of Molecular
Liquids,2019,273.50-57.

[3] Cheng X, Yu X, Xing Z. Enhanced photoelectric property and
visible activity of nitrogen doped TiO, synthesized from different ni-
trogen dopants[ J].Applied Surface Science,2013,268:204-208.

[4] Zhao Y X,Li X Y,Tian C.Production of carbon-doped titanium di-
oxide ( C-TiO, ) from polytitanium-coagulated sludge as an
adsorbent or photocatalyst for pollutant removals [ J ]. Journal of

Cleaner Production,2020,267:121979-121990.
(TF#% 111 1)



2021 F£4 B

ronmental ,2019,243:556-565.

[7] Guo D, Zhang M, Chen Z, et al. Hierarchical Co;0,@ PPy core-
shell composite nanowires for supercapacitors with enhanced elec-
trochemical performance [ J]. Materials Research Bulletin, 2017,
96:463-470.

[8] Sun D,He L,Chen R,et al.Biomorphic composites composed of oc-
tahedral Co;0, nanocrystals and mesoporous carbon microtubes
templated from cotton for excellent supercapacitor electrodes [ J].
Applied Surface Science,2019,465:232-240.

[9] Sun Yanjuan, Jiang Jizhou, Liu Yi, et al. A facile one-pot
preparation of Co;0,/g-C3N, heterojunctions with excellent elec-
trocatalytic activity for the detection of environmental phenolic hor-
mones|[ J].Applied Surface Science,2018,430:362-370.

[10] Li Y F,Hai Z Y,Hou X J,et al.Self-assembly of 3D Fennel-like
Co;0, with thirty-six surfaces for high performance supercapacitor
[J].Journal of Nanomaterials,2017,70(4) :295.

[11] He Fang, Wang Zhenxing, Li Yuexiang.The nonmetal modulation of
composition and morphology of g-C;N,-based photocatalysts [ J ].
Elsevier B.V,2020,269:155-263.

[12] Saravanakumar Balasubramaniam, Ankita Mohanty, Suresh Kannan
Balasingam, et al. Comprehensive insight into the mechanism,
material selection and performance evaluation of supercapatteries
[J].Nano-Micro Letters,2020,12(7) :47-92.

[13] Arooj Ahmed,Muhammad Bilal Khan Niazi, Zaib Jahan,et al.En-
hancing the thermal, mechanical and swelling properties of PVA/
Starch nanocomposite membranes incorporating g-C;N, [ J .

Springer US,2020,28( 1) :100-115.

(k3% 106 W)

kT RNEDE, 7T 4R & N BT Tio, SGAE ik i B

FABTEERRE [ 1] AL TIRER,2012,32(6) :502-505.

[6] Fartfn, skiefl, 22550k, 2. 40K N=-Ti0, AYH 4 R KOG
AEPERERFSE [ J].J0HLE: Tk, 2018,50( 10) :82-86.

[7] Chen Y, Cao X, Lin B.Origin of the visible-light photoactivity of

[5

[

NH;-treated TiO, ; Effect of nitrogen doping and oxygen vacancies
[J].Applied Surface Science,2013,264 .845-852.

JrGeH SR IE ] BRYE AR HL AT WLOGTR M A B 2k AL EOG i
LRI AL T 2007, 19(9) : 1282-1290.

[9] RamezaniSani S,Rajabi M, Mohseni F.Influence of nitrogen doping

(8

o

on visible light photocatalytic activity of TiO, nanowires with ana-
tase-rutile junction [ J ]. Chemical Physics Letters, 2020, 744 .
137217-137224.

[10

[l

Iwatsu M, Kanetaka H, Mokudai T.Visible light-induced photocata-
Iytic and antibacterial activity of N-doped TiO, [ J].ACS Applied
Materials & Interfaces,2020,108:451-459.

[11] Cheng X, Yu X, Xing Z.Synthesis and characterization of N-doped
TiO, and its enhanced visible-light photocatalytic activity[ J].Ara-
bian Journal of Chemistry,2016,9:S1706-S1711.

(12] BRaide, R0k, X i, 45 88 0 7 SO D0TE 5 6 R K 4 e
SR T ] BT, 2001,21(9) :9-12.

[13] XA B E S8 TR M Abat A5 Tl ik, 2019.

[14] Bratog ey e i LA M. ALt A2 Toll i hiit:, 2019.

[15] Jiao W, Liu Y, Qi G.A new impinging stream-rotating packed bed

reactor for improvement of micromixing iodide and iodate [ J].

FBHIE : Co,0,/¢-C,N, PRI RFIZBRBE S REBLFIEREFR < 111 -

[14] Wang Tingting, Song Bo, Wang Li. A new filler for epoxy resin:
Study on the properties of graphite carbon nitride ( g-C;N,) rein-
forced epoxy resin composites[ J].MDPI,2020,12( 1) :76-85.

[15] Song Xiaofang, Wang Wei, Yang Jingyu, et al. Novel in-situ
radiation construction of thioglycollic acid capped CdS quantum
dots functionalized g-C;N, nanohybrids with superior photocatalytic
activity under visible light [ J]. Elsevier Ltd, 2019, 165: 108 -
449.

[16] Yang Lei, Bai Xue, Shi Juan, et al. Quasi-full-visible-light
absorption by D35-Ti0,/g-C; N, for synergistic persulfate activation
towards efficient photodegradation of micropollutants [ J]. Elsevier
B.V,2019,256.117-759.

[17] Fu J, Xu Q, Low J, et al. Ultrathin 2D/2D WO,/g-C;N, step-
scheme H,-production photocatalyst[ J].Applied Catalysis B:Envi-
ronmental ,2019,243.556-565.

[18] Liu L,Wang J, Wang C, et al.Facile synthesis of graphitic carbon
nitride/nanostructured a-Fe,0; composites and their excellent
electrochemical performance for supercapacitor and enzyme-free
glucose detection applications[ J]. Applied Surface Science, 2016,
390:303-310.

[19] Chen A Y, Zhang T T, et al.Construction of nanoporous gold/g-
C;N, heterostructure for electrochemical supercapacitor [ J]. Elec-
trochimica Acta,2019,294.260-267.

[20] Zhua Y,Peng P, Wu J,et al.Co;0,@ NiCo, O, microsphere as e-
lectrode materials for high-performance supercapacitors [ J . Solid

State Tonics,2019,336:110-119. 1

Chemical Engineering Journal ,2010,157.168-173.

[16] Shayegan Z,Lee, Haghighat F.TiO, photocatalyst for removal of vol-
atile organic compounds in gas phase [ J |. Chemical Engineering
Journal ,2018 ,334,2408-2439.

[17] Marques J,Gomes T D,Forte M A.A new route for the synthesis of
highly-active N-doped TiO, nanoparticles for visible light photoca-
talysis using urea as nitrogen precursor| J ].Catalysis Today,2019,
326.36-45.

(18] I 3Cll, ISR B Kk, A WA L5 2% 1 94k — S AL Bk
il BRALL )] H UM AR H AR BEA R, 2006,29 (4) :55-
57.

[19] Anas M,Dong S,Mahmoud K.Photocatalytic degradation of organic
dye using titanium dioxide modified with metal and non-metal depo-
sition[ J ]. Materials Science in Semiconductor Processing, 2016,
41:209-218.

[20] Pandian R,Natarajan G, Dhaipule N G.Types of nitrogen incorpora-
tion in reactively sputtered titania thin films:influence on UV-visi-
ble, photocatalytic and photoconduction properties [ J ]. Thin Solid
Films,2016,616:466-476.

[21] Ambrozova N,Reli M, Sihor M.Copper and platinum doped titania
for photocatalytic reduction of carbon dioxide[ J].Applied Surface
Science,2018,430.:475-487.

[22] Chen Y,Wu Q, Liu L.The fabrication of self-floating Ti**/N co-
doped TiO,/diatomite granule catalyst with enhanced photocatalytic
performance under visible light irradiation[ J].Applied Surface Sci-

ence,2019,467-468.514-525.1



