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Influence of Ni/Fe Molar Ratio on Surface Properties of Ni-Fe Catalysts and Hydrogenation
Performance of Dinitrotoluene
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Abstract: Ni-Fe catalysts were prepared via the replacement reaction of NiCl, by Fe and used for the selective hy-
drogenation of dinitrotoluene (DNT) in liquid phase. The influences of Ni/Fe molar ratio (nyx/ny.) on the surface prop-
erties and catalytic performance of Ni-Fe catalysts were investigated. The characterization results from XRD, Low
temperature nitrogen adsorption -desorption, H,-TPD, XPS and TEM show that ny/ng. has a significant effect on the
surface properties of Ni-Fe catalysts. When ny/ny. is 1:4, the effect of Fe inhibition on the oxidation of nickel is more
apparent, the chemical adsorption of hydrogen is 0.16 mmol +g™ and the dispersion of active species Ni achieves
23%. The performance of Ni-Fe catalysts is greatly improved. Under the optimized catalysts preparation conditions,
the conversion of DNT (dinitrotoluene) and the selectivity of TDA (toluenediamine) could reach~100% and 99%, re-
spectively. In addition, Ni-Zn Urushibara nickel catalysts and Ni-Fe catalysts have~the same catalytic hydrogena-

tion~pathway but different catalytic reaction rate in a different reaction stages.
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TERARIPFMT, T 250 mL = HBR AP K

I 5.6 g Fe #1(125~149 wm, AR %%, RE LA
F=T7)F 10 mL £ B FI7K(GB50172-92, A i), If
WHE T 70 crykisdh, EmAESAMAT, A2
mol - L @ AL BRI W (NiCL,- 6H,0 , AR 2%, Kid b7 ik
R =T, BN 7 h, Z 5 H 100 mL 3 mol - L™ Y
BRI W (VK T2, AR 2%, R AVRH 3 IR Ak 2 3 770 4T R
oS ENEA . TR N SRR K A R T 2
BRI E VR pH~T, %R )5 FH I BE(AR 9, Kt
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HEALFN ) X S 27 3 (XRD)#E R H H A% Rigaku
D/max 2500 24 X FHATHAL F#EAT, Cu Ka H14 (&
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VA R T RRSLAR 23 A B AT D AR i TR
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T XA AT R B — I BR ek AR A AH X
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fE AL ) H, B2 T T TR B B2 R (HL-TPD) 55 35 7
ZE[E Micromeritics 2 Fl Autochem IT 2920 %4> H 3l
FEIF THR AL TR A 51T 8% 20 mg fEALF) BT
U AL B A 5% A 30 mL-min™ B9 N, R, L
10 °C-min™ F+ 2 200 CXFFE S PEATHALEE SR )5 L
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600 °CJ& Bifft, F TCD il #8450 H, 1545,

AL B9 XPS FAE7E 95 [E VG Scientific 2 F
ESCAL-ab 220i-XL % X S 400 1 G i AL #1770
Br, WO IR R AL Ka(1 486.6 eV), U1 3 25 300
W, H175 44k Cls 14(284.6 eV)VE N WARKE IE | Art il
THLEN 0.5 kV, H25 5 1Y 525 BE 1.33x107° Pa, 43
B 02 eV,

8 AR 0 BE i R Fe AN JT R Y & &R
VARIAN A Al 19 AA240FS 55 Ji - W2 i 43 5 o B
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orf, F 60 CARB M 30 min J5 B B RN 28
o [ 0.50 g AT, TR % &, TEE IR A
PR, 6 Ny(99.99% , At 5t 25 b 43 Atk Talk A FR
N E)E R ROV AR 3 U, ARE HH Hy(99.99% , b st A
SR T A RA ) BN 2 3, IFLLH,
HEZ 2.0 MPa, VA 10 °C-min” FHRE % 110 °C, T 7
500 remin™ TP T IR RO, B i B v A
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2.1 nn/ng 3T Ni-Fe {84670 & 5 4 68RO 2200
2.1.1  Ni-Fe #6500 5 0 AH 2H Bl

Bl 1 AT ny/ng, §i 8 0 Ni-Fe #4675 XRD
o X B Ni(PDF No.65-2865) .Fe(PDF No.65-4899) %)
XRD A &80 E BT 20=44.5°,51.8°,76.4°
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s ) Ni BT T Ni-Fe & 4, HORRAE A7 53 04
5 Ni AT A9 HH T Fe IR T EREA, M
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20/ (°)
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Fig.1 XRD patterns of Ni-Fe catalysts with different
Nl Mg
A2 LY Ni-Fe 4 4 (00 58: AE AT 565 06 52 80 B 42 JB Ni 1
TG e 1) /N F B R A T AR BB LTS B LR 1,

Wit Jade FAXT £ AL ] XRD Kl 20=44°11)
AT 43 J8 Ni Al Ni-Fe & 407 97 18 & J5 19 1 0% 58
VEAT R R4, Rl ad Scherrer 22318 T i 1L 7
B AR R ILER 1, AR AT LA 2 n/ng, A 1
1 Al 1:2 B Ni-Fe 46 55 &R ROSE 43591 38 21 5 Kl
e/, M E 4.4 nm; T ng/ng. 9 1:3~1:5 B Ni-
Fe HEALT fobr RST AR R A B ny/ng, % Ni-Fe
AR R R ST A AE S e (HL R 2 R R AR Y BN
2.1.2  Ni-Fe #4092

AR ndng, #1485 19 Ni-Fe #4L75 9 BET &
FREER L 2, WRPATLIE W el 4 (19 Ni-Fe f#
AR FE R T AR N | nad/ng, 4 101 B Ni-Fe fE4k
R R FRACR 2 m?-g™; 124 ny/ng. N 1:4 B
Ni-Fe 16500 /) b 3R H AL 2 8 m?- g7 Ak S23 /)
nadng., HEALT HE R AL B R R 4 m?-g™, AT,
Ni-Fe {7 il &5 43 B2 1 n/ng, X A0 5 22 18T 245 14
FEFERERFE MR 7 B TR VA VTG Ak Ao A8 v | A B g B
AALRY Fe P Fh o 0B DL &R T th B 288G & 4

F1 AE ny/ng 8 Ni-Fe £ FH XRD B 547
Table 1 XRD analysis of Ni-Fe catalysts with different ny/ng. ratios

i/ e 20/ () FWHM / (°) Crystal size / nm
1:1 443 517 76.4 0.5 0.8 0.8 16.1
12 44 4 517 76.1 0.7 1.1 1.0 11.7
13 4422 51.6 76.0 0.6 1.0 1.0 142
1:4 443 517 76.1 0.6 1.0 1.0 133
1:5 442 51.6 76.0 0.6 1.0 1.0 13.8
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Table 2 BET surface area of Ni-Fe catalysts with different nyx/ng,

nx ! e Specific surface area / (m*g)
1:1 2
1:2 4
1:3 3
1:4 8
1:5 4

R R T 5 P AN R0 B g, T DB/ B T TR 11 3%
FEAERT, X5 Fe LS T2 B ER | 1M L Ni-Fe &
GIEXAFTER Fe BAMERLBRM 113 Ni-Fe i 4k Lt
e E A VNER =3 N
2.1.3  Ni-Fe fE A7) 1) 2 1 73 B

AR 1Y Ho-TPD (&1 2) AT LLE AR nyy/
np. 25 H Ni-Fe #4500 35 1 30T 24> 000 B 0 |
A DL AR Z2 R B e Hod 70 cCZ24q
LAY IBE R U5 (Peak 1) X0 R 40y B A TS50 140 5 B 0
200~400 °C7t [l PR Bt B e 11 g T A 27 W2 B &1 e
B0 AU TR Ak 272 J58 B 0 (Peake 2) 01 T i A 551 by B2 0T
BRI O R R S IS R 0 | s TR A 27 BT 0 (Peak
3VAJE T Ni-Fe A 4 1 M Ho0 W B S0 0 JE i

T Ni-Fe b 500 (1 £ 27 U8 B 1 35 77 72 AN [
FREER S, WIGE I i 30T 0L % Ak R 1 b U
U THEAT T o W A 3 T3 o Ak A S B A T
ATV TG PED B NI (9 o R, AR 25 5 WL 3%
3, WTLLAE B na/ng W0/ 815 200 Ni-Fe i
b 2 W B et O AR R R AR AR /g AN 101 A
N 122 B A2 B S B )N TN 1:2 B 1:5 By AR
A B o Ak R Ak 22 W B S B S 3 S b
np A 1:4 Tl 25 1 i Ak 7R Ak 2 W B S GA B B R AE
(0.16 mmol -g™), HIGVEY A Ni 1970 8L 3 T
23% , R WAL o S A B 2 0 Ni 36 PR O FORT R

R Ni 3% PR Bl 73 1O DA FP L B 0 i mT LA
H na/nee 7 104 1 £ 59 Ni-Fe A6 70 000 R I 2
THAY rfn, B 08 AL TR, )R R A
A A S50 % MO8 Rl B | R W E I Ni-Fe 45 2 16 PR
XTI W B E T AR TR R Fe X Ni 7 A2 Y
MEAEHE R 5356 nyine. 79 1:4 i 5 (9 Ni-Fe L
A A B 2 AR B R =, R AR P AR R
IR~ AR PE AL A e 2 | A M T AL A
L ST 7 I W DL B RS R S TS (VY

2\ Original curve
N Fitting curve
.___-‘«-‘ nNi/nFe=1:5
A\ /e =104
Peak 2
Peak 1 Peak 3
/‘Q X e 13
/&\ nNi/nR: 1 :2
/\\ Ll
100 200 300 400 500
Temperature / “C
B2 A ny/ng B9 Ni-Fe fEAL 89 H,TPD &

Fig.2  HyTPD profiles of Ni-Fe catalysts with different

/Mg,

# 3 AEnyng BELXFH H-TPD S#&R
Table 3 H,-TPD analysis of Ni-Fe catalysts with different ny/ng, ratios

Chemical adsorption /  Dispersion degree

Desorption temperature / “C

Relative content / %

e (mmol ™) of Ni / % Peak 2 Peak 3 Peak 2 Peak 3
111 0.06 10 264 310 80 20
12 0.03 5 263 316 80 20
13 0.03 5 255 303 79 21
14 0.16 23 268 354 92 8
115 0.02 3 262 319 60 40
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Fig.3  XPS spectra of Ni-Fe catalysts with different ny/ng.

B & TGk, S AR R st S 5 R
Ji224 SR DNT A&l 45 TDA axf B2 v 36 i &0 5% 1k
S SN BT ORI
2.1.4  Ni-Fe {407 2 1 2 B

B 3 MAEASTACE 10 h 5 A ng/ng, 19 Ni-
Fe AL I XPS 1% &, MEl(a)n] LUF ), &35 Srh
SAAGSE Ni-Fe A 4057 2 A7 7E K 5= A9 Ni2e, JAth 0] 2
Ni® B AETE, Hd 255680 861.3 eV MIEIHE T
N2+ ) R A1 e B e 1529 3 o X 45 & RE h 856.1 Fll
852.0 eV 19 Ni*2py, Fl Ni2py, [ FEAE U 23 W P15
W TAFE ny/ng. T Ni-Fe A0 ST | I3
4, ME 4 v/ LIEH BEE ny/ne 1121 3 1:4 B0
Ni AT BV SS , 7E ny/ng. K 1:4 B AL B 0
AN R T0%, DRSS /g, Ni© 0 S8 A0 AR B2 I A 14
=, 0 3%, FI UL Fe BIFETERBISIZE Ni (9404629, H

(a) Ni2lp3/2

satellite

880 876 872 868 864 860 856 852

Binding energy / eV

TE ny/np. 4 1:4 B SXRCR e 3 Bl(b)h A5 i1k
) Fe2p XPS 1 I EEA AL, 454 REAE 700~720
eV M 719~725 eV 43 5 A& T Fe2ps, Al Fe2pp 1
FRAEUETS 28 XPS S AAS RAE, FATXS Ni-Fe i1k
7R 2 1H AV AR SEBR I g, $EAT T 5007, W3R 4, K
] LLF % Ni-Fe ATV AR ng/ng (50 10
1E 9~16) Wl = TR W ny/ng (6 (53 1E 3~6), B
B Ni-Fe ffE 16300 v 45 42 AH T2 22 50 A3 76 4 10 57 1 2%
T, FLAE AR T 1 ng/ng, (-5 SCERU2HR I8 (1) BB 6% T2
B Ni-Fe 5 42 W ny/ng, (EARIT 1 Bl £ o 72 oh
nxd/nge BITE /N Ni-Fe #EALF) F M B na/ne 2 F B
B, M na/ng, A 1:4 BF IS HY Ni-Fe #E AR ny/
np. 15 F R /IN3.6) , 6B I AL ) R T DL A B S AE
TEI Fe MHXTASZ

Kl 4 R 2 ArZ) 0l 2 min J5 19 n/ng, 9 1:4 B4

(b)
712.0 eV
7138V !

706.6 eV

720 715 710 705 700
Binding energy / eV

El 4 2 ArZlih 2 min J& ny/ne. 9 1:4 B9 Ni-Fe fiE4EF1 89 XPS 1% &
Fig.4  XPS spectra of Ni-Fe catalysts with ny/ng. of 1:4 sputtered by Ar* for 2 min
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Table 4 XPS analysis for Ni-Fe catalysts with different ny/ng.
e/ Ni composition / % Degree of oxidation / nx/ng. on the na/ng. of Ni/Fe
Ni° Ni** % catalysts surface® catalysts®
1:1 9.1 90.9 91 5.9 16.0
1:2 20.0 80.0 80 5.6 10.7
1:3 27.4 72.6 73 4.7 11.1
1:4 30.2 69.8 70 3.6 9.6
1:5 27.9 72.1 72 4.4 9.5

* Data based on XPS analyses
" Data based on AAS analyses

e XPS i85 # . Bl (c) AT BAE i Ni2p,»(869.6
eV)Fll Ni2p;n(852.6 e V)45 4 il i SCHk 41 38 i b i
iGhe (7092 870.0 eV Fil 853.0 V)2 W/ T 0.4
eV, VL] Ni-Fe Lo Ni JTLE F Fe JT R HIAFAE
LA, N 2 i FRA XA 16 AU
T8 2R B AR R B TR PR AR Y 2 S
Fe2p XPS i E /el G, Xt Fe 70 R ML 2R A E
1575007, W), ZEEI(d)H 45 G RER 704.2 eV F
712.0 eV 53 A JE K Fe® Fl Fe I FRIE WL 25 4 Ak
9 713.8 eV HIE K Fe HRFEIET 7] W, Fe JCFR 1E
Ni-Fe fEALF] H L Z R LIRS AEAER
2.1.  Ni-Fe #4678 501

T W WLER Ni-Fe A6 7] 18 55 45 44 1
BT W RN, FRATTRT Ni-Fe fiEAL I #E4T T TEM 3
TE B 5 4 ny/ng. 4 1:4 il £ 19 Ni-Fe #4619 TEM
K, NEIR AT DU Y 2515 2/ Ni-Fe AL 2 55
FIEAR 5 SCHROS S8 (1) Ni-Fe AL DB S0,
H Ni-Fe AL & A THE R E AR, XZ2HEHR
ALK E A0 NI 5 Fe BT — @& MM, POk
(1 R 3 A F DL B r 7 B A RSO A5 A5 19 Ni-Fe

AT A T ARGl XG0 )7 Al
T AR T R fRoRLAR 40 A0 [ T DU ) Ni-
Fe HHEAL ) rPoRL A2 80/ BORE7(S) EE 016 78 15~24
nm, IR R 19 nm, 107 48K B RL - (L) B2 AR 43 A1
TE 25~50 nm, FYHRiAE 37 nm, Frifil £ 69 Ni-Fe 1k
FIELA 9k g5
2.1.6  Ni-Fe ffEAL5 A1 g

Kl 6 FASA] ny/ng. B Ni-Fe fiE 4L 4L DNT i
AR S R, NEh AT LG B n/ng 1
/N DNT 6462 F0 TDA 1E #8041y 52 30 e 7 v )5 B
R Y ny/ng B 1:1 /NS 1:4 B DNT 1k
M TDA B8 2 5 i R 1Y 289% Fil 13% 42 15 %1
98% 1 86% , ik BN fe K . 24 ny/ny, ARSEW/NE] 1:5 B
DNT (#5463 F1 TDA 193 £ 500 F B8 769 Fl
57%., 454 H,-TPD 1 XPS &5 R 0] 1 Fe 5 Ni Z[H]
FETEHL TR R I H Fe REAR (i 5 24 AL TG M ho0 1
TR, TE nagdnge 9 1:4 B ARG ER @ PESR &, HIG M
T BORE R AR Ni 6 M OB £ Ni-Fe fE 1L
AL S A5 2] T 3R AR T

40

| =19 nm 81 ¢ =37mm
o
35 7] <
30 % 6
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ue;

=25—: 7 5

a ii N

e
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T T 1
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Particle size(L) / nm
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E'5  ny/ng N 1:4 BIRERTEY TEM
Fig.5 TEM images of Ni-Fe catalyst with ny/ny. of 1:4
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Fig.6  Catalytic performance of Ni-Fe catalyst with

different ny/ny.
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Fig.7 Influence of reaction temperature (a) and reaction time (b) on catalytic performance of Ni-Fe catalysts
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Table 5 XRD analysis of Ni-Fe catalysts with different recycle times

Recycle 260/ (°) FWHM / (°) Crystal size / nm
0 44.4 51.7 76.1 0.5 0.9 0.9 15.7
1 44.5 51.8 76.2 0.5 0.8 0.9 16.6
3 444 51.7 76.1 0.5 0.8 0.8 17.1
5 44.4 51.7 76.1 0.5 0.8 0.8 17.5
6 Ni-Fe fELFIMmEREN
Table 6 Stability of Ni-Fe catalyst for catalytic hydrogenation
Recycle Conversion of DNT / % Selectivity for TDA / %
1 100 99
2 100 99
3 100 99
4 99 98
5 99 98
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