TR E

CoRBSAMEARERCRRET ZAEELAR BT T2 xR
$B, PR RERERBOMEELTRFEENLREX.

AN RASHRRBRESE T —RIIGRBEEEWA, FH BET. TPR.
XRD REMHIFINEESHFRTEERTEAERERE. BIF. EEE&HF. RN
FESEEMENAEHARNEROER, FEARTERTTNIHE
%o

RARE, ty-ALOsZ 1473 KIERKBMe-ALOERFTHI & HELTIRSE
BEMS BB MEARNERE, BSEAFTRRKILRRRSREETHEX.
K,OBh# AT LB 22 ENi/o-ALO;IMEA R MM T KRB ECHEEEYE, ME
K,OF1La,0; 3 TT BBt NI/ a-ALOs AL It BE B ££ .

RABEERNE, 8T REEEMNMgO. K0HLay0s 3t A Bt
Ni/o-ALOsEHF TR mERNERMNES. £FRRY, £ 44MPa, 377
KER—EBEHENERT, TURBEREKEN 135%REECHEEE
PH T8.6%HILE R, ERFEAFNSESBHRESEN (0.13~0.16) KE
AT, EdRACTBRETUIEKRNERLERNVIRGES.

- R T AT AR LR S SR RS BTN C
B IR MR

4. SR EECR: BOmE: fRESEEMN; BREE: B



ABSTRACT

The partial hydrogenation of adiponitrile to aminocapronitrile is a key step in the
route of synthesis of caprolactam using butadiene as raw material, and it is practically
significant to develop a new catalyst with high catalytic performance for partial
hydrogenation of adiponitrile.

A series of supported nickel-based catalysts for the partial catalytic hydrogenation
of adiponitrile to aminocapronitrile were prepared by the incipient impregnation
method. The effects of calcinations temperature of y-alumina, promoters, reduction
conditions and reaction conditions on the physico-chemical properties of catalysts
were investigated by means of nitrogen adsorption-desorption (BET), X-ray
diffraction (XRD), temperature-programmed reduction (TPR) and the performance
evaluation with a fixed-bed reactor or an autoclave reactor. The catalyst deactivation
and regeneration were also investigated.

The nickel catalyst supported on a-Al,O; derived from y-Al;Os calcined at 1473
K showed good catalytic performances for adiponitrile partial hydrogenation to
aminocapronitrile, which was due to its large pore diameter and absence of acidic
sites. Among the catalysts modified with different promoters, the catalyst supported
on a-Al,0; and modified with K,0O and La,0; copromoter had the best performance.

The partial hydrogenation of adiponitrile to aminocapronitrile was performed on
alumina supported nickel catalysts modified with potassium, lanthanum and
magnesium in a high pressure stainless steel reactor. In the presence of ammonia,
under the reaction conditions of 4.4 MPa and 377 K, the conversion of adiponitrile
and the selectivity of aminocapronitrile reached 73.5% and 78.6% after reaction for
6h, respectively. Keeping the mass ratio of catalyst and adiponitrile as 0.13~0.16 and
increasing the concentration of adiponitrile could enhance the capacity of the reactor.

The catalyst deactivation was mainly due to carbon species deposition, and the
calcinations-reduction treatment was an effective regeneration method for the

deactivated catalyst.

Key words: adiponitrile; aminohexanenitrile; partial hydrogenation; supported
nickel-based catalyst; incipient impregnation; promoters
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1.1 2B ERE®

1.1.1 CRBRM SRR E A

T B (caprolactam, fEiFRCPL) RABRBARERMERK, 4FRAN
CéHiNO, 74 68~70 C, A 140~142 C, T0%KERMFE 1.05 g/em’,
GHETK. LB, OB EHNES. TREEER, T AFHSSRRESK,
Z AR & RN,

CHEBRREENFIUIER . —, TEATEFR ML, Bieds

(Be) MEE., BRoWigRERZE. M. 788, TIWmMAEENE
S ERAGES, BROAETHIRSAMS. T et 2%,; B e
THATAMEESY, CABKIEREIRAEREBRII A E@EME k6
REEL6VIR), BH—PMIRELT%E, THRBE. BRMEE, warblfHk
RO, L-BER. BRED A EEREMEROAE, EARMMENH
SR, :
HRAEZMX BT THELEHREZF SRR, CABRBRREREN
WERAKNES, WXECABKRIERTATHE, BERFERATESTES
. RECABERIERATESBL6, ASCABKREHETENONES, H
RAFEFREHE, RETHTHERASEHFRKEETE. HE. BN,
YA R AN, ‘

1.1.2 SRBEHHBRERER

HATCEA AR BT EARTE, EHXZEHAFE. BRM. BE.,
EEHCTHBREEEHKX, £FRNAL5EIRE 60%, HEEHN 49%;: M
HEMBFETIG 3T%MREHE (BRAES) £FRANELERY 13%, £E2
B R EEHOWKX. HEXR, HFCARKENTREKEN 3%EL, R
BERETH, THERE-HERFERERKHEL, 1994~2005 F, BERMC
RELREAIE R EENE KRN 17%. 2004 EEFARMTER 228 iva, EXE
H 67.7 Fitla, 2005 EERRITER 21.4 Tiva, BRKEN 75 Ftla, FaitF 2010
FEANTFREREZR 100.6 Fva, TEAKE=GENTG AR 57 Hral'l,
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1.1.3 CRBIRMEETE

B 1939 @ EEA AT (I G. Farben, BASFAT 1 S) BHOR-BK
AHRCHABREUR, XNEFESEFLTEAEREE. a7, R L4 5%
BRESETRAEN “FE-I5" TEBRE4EH. DSM/HPOFMAllied Signal T
EAMABERRENFCE-BELIE. & “‘B-l” TRIEZHH, BEAEFER

AT FFRRIEERLE. BAFISNIAR RAIFRMF KL, BNHETEERA
15}

L1131 5% =TE

(1) Hrfe:

P (Raschig) BT FAFCHBERNBE %, ZEFTEHFER
FEARRBEE, MEERFCKR (FEB) , FORLSENHBHCE, HD
EREESRICE, FORSREBRERNERNF O, FoRBEBERER
RIEAT, NS EHRNERCHABR, XPHHBRERK b EHRMEER
 BSURBRASRNTE. TRBEHIENT:

NOH

I i
H2504 SO3 NH OH
O -—-—J_> ' (NH4)2SO4 : Hzo

NEETZHNARZAETRESK. FCEEUREANEEEHRMN=
PTRESBRPHBIFEFMEBRKROGRRE, FRGEBER, SE7 1 D AEE
BERALEIF 4.4 MERES. BOBEEHREIFHRMERIHESR %SG
FEBAF, LERFHEDSMARFRWHPOLE, BIFMBREERD, £
20 FHEMEATHEESRAZTE.

(2> DSM/HPOTZ

DSM/HPO TZUHCiHAER, FETZSR: HERSEMMBE BT
Cl. BEH SN ORI, TREEHFETN. REREXRMER. A8k
FEXEH Z L ZRB KA R SRR RE R R E R MR RE MR
FEMN, FEERRE. RRARNFCREHERNMT:
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NH4N03 + 2H3PO4 + 3H2 — NH3OHH2PO4 + NH4H2PO4 +3 Hzo
NOH

0
1 [
AN .

NH;OH'Hp0, + | _— +H,PO, + 3H,0
F

ZIEMRBETREFCHFEESFRNMBRERTHERE, BRAXEKT
REBREEITR, HIZREER, THEENTY S, TER4BEX, SRR
H &P,

(3) Allied Signal TZ

Z T E RAllied Signal A F7E 50 ERVPFA LY, REEAFCHABETE
MBUERR, F—FETWRERT 1953 £. REAEXBMNELEIFCEH, o
RE£GHCH-REIZXEEMN. TENITZSER: AHNEHFCH. B
fHlE. ROWFUIFCES. IRSEH. bR, ERRL. BREEE.
Allied Signal TESHE T E48H, REEFRE. FRRETF. HREKAORA,
BEEBMERE, RKER, AETEEBRENLEEROBRAEEHFHRY,

(4) SNIA K ,

ZLZHEKRF SNIA A8 K, FETZIRGEFREAMFIEFERE, X
HFRMEABFCHAR, REEUHBERRNERCABRK. EAFELTER
FUBREFR, ZRMABHERN, RNEEHR 160~170 T , EHN 0.8~1
MPa, EEUF LS, ETXABELA. RE, XALEAFBEFRNEE
BACTHEARR. RCHRARREE THBRBEREAETEML, SABKUR
REALMEATLE, BT EHSI CABEORESR. BRECABRKE
BEFEAEDHN, BIFRRE, HOABKERHAFENKER, HEHECA
B, TERNAENT:

COOH w

CH, COOH
|
0, H, NOHSO,
> — + H,S0, + CO
Btk Pd/c H,S0,°S0; 2 2

BIZURERER, REFE, SPEMRERERAMNFRIIR. B
BEREGRER, FREETE, BFRRERS, FaUuE, ML TREL
2, BFEanREuREFERD> T =521,

(5) RWEILmILE

BERWARFROFCRATRILE, ERE-SRN: HolkS WKt
AR EREATHERNERACEHESERE, B2NRSEABCNE

3
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B, RESHAR—RIEEHIFERHACABMK. BERT 20 CH, #i
BMATHBEENSEREVEARDHES, BRTEE, KRS EHBEITS
FuERN. TRSEFRPIEHIRSHCHE-RREHL. THBEEH
UHBRBRAELERNES, RRAIKLIS RN, EREHEEMRE, 6
BEKNRR. TEHBEWT:
2H,50,+ NO + NO, 2NOHSO, + H,0

NOHSO,+HCl —— NOCI+H,80,

0
[
= NOH-2HCI NH
+noa K H,80480; + 2HCH H,80,

FWH CSHEATRLE, TEREE BER, BF-RRRED; RO
BEK, TRERRAE, FAMBREEMET,

x1-1 FTERALE
Tablel-1 Comparision of different processes for synthesis of CPL

TEZEWR L85 B
BRIEHTER, £7RE, FEER&HE,
HFEE BARH, KARELAEE, BEFER, BINIEFER
N BREMAAEHRER. i GER
RREAARSO, IERER TERHRER,
DSM/HPO REH ERARE, BEMRERR, LR &R,
BIFmRED. SEEHHN L, REAEK.

Allied Signal £rR2, RARY, HREK. EHERNMESE, REE.

BEI RS, =R,
EHEE, TEH2, "

SNIA ¥ BIERBMESE, ®EEHA,
BERD, EFERL, B

REALTIEI R 5% -
HERRE, BTAME,
, TEHEE, *alER, "
SR sk, AERT ELRAH,
BB
REMRERER.

1.1.3. 26 =T/

HTFRAEEIEETCABRBAELTRERE. BIFRRERARGR
EEZRA, DT REERE. BREFBANXAGETE. ROFHESR
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—HROCHABREFFBAMAFRNES. CARBFLIZNFR, EHNT
EFEFZ N TRLOBF-GRMBRENEENRE L ENREHSGE. NTENTRA
NMAHRERE, CABKEFTBARENFIERBERAAFEELNNAAEIR
RN AR RE . K, FERB AR RHNES S MESHRCETE,
B KH EniChem AR FRHILL TS-1 SES FRABAFMBLIE, BR4ER
RERFROSHNRSEFILEZ.

(1) JERBERIMEHFELED

BABURFROERSMEFFCELE, KSBRHN: 1) EFHMEE
B CE, RALEMA FRERXNERT /LA, S AB LTk
FHER: 2) RCHKENF OB, BILRKA B EFROTEL THRELT; 3)
HEERESARCHE.

5#GHFCHRENTEML, ZTZABLrRETHERME, RERA
& FOBAKEMESHERESEGRBERRNNE, 7 R0REKN FEK.

(2) EniChem LEIFHRBRENERKIE

QT EAIENR, EXFEnChemAAF AT LRIFHRENERLIE,
Al 5. dEUERET &, RETS-1 S FHRELAF, URTES
ERNFHTREDRABENS, £—aRNBPEHEHAIFORS. X4
A7 1 mol B UEFE 1| molE R, EB AR CHEIEIL 99.9%,
R BEMA 98.2%; UM CEH, IRBHEIT 99%, LU EAETHWEE 92%LL k.,
SRANMRCREESTEML, ZTENERE: REAHRN, S
#, BIRND, BIFEYAEMK, SHESRN, EBENCHBRESTEF,
KA SR> BRBRERD 75%%. :

(3) BAERARWSHNREERHTE

ZILERTS-1 LN, FHO,5&H#ITEEMEREFHRCHBHIEA,
5XCERESHEN R EHFRNBEALEEEX. MIEXASREHH S THIE
HEAR, ZHTFHRAEERER. BESE, EAENERGKEAR TS,
CABRKERATEE. BTAFTERREE, NTRETRA, BH0.MEX,
B R E ML AT ER B IEENEFE. ST 0.1 MPafl 380 ‘CER
UARFPFETNRBEARN, EFESHOFTRFU 1: 1 (EEK) BE, UR
N ERY, FEAEKRER, FOFBNELEZAT 99%, CRBRKN
HALERE 95%Ll b, E—HMEFEEAN, BT EMHRARREETF U8B ERT
TZHBIFYRERNER. FRUECE—F 5000 va( B FXH T E#THR
RiE, BETZAREERKR—E 6 AtafiCABBRIWAESEE, ZEERA
EniChem”2 )M EFRUFIF CEEHNRARAMERLENSHI R EFRNE
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RHEE, ZHASEEETEREIBTERATHEMRERSI.

1.1.3.3FHIERE

TZREREEMAMBUTEMEN, BFT oHEHEANE, UTFHN
BERAFCABRKLEISE DI RENRER, TEIBRTENREREES ETTLL
ECR, SRS SRR REIEWE, RERRCARBESSELNERZ —,
fi1= DSM 5%E DuPont AR AHEFRT UT ZHM—EMLB N REHSRBE
BT %, £E DuPont 5% E BASFAEFRTT —REAEMECHRBIRIE.

(1) DuPout/DSM HIT —#&/—EMHBELE

#72 DSM 5% & DuPont A R EYEF R T T 2B — 8B A B A CA
BN TERA, TEPBARBE, SEARAML, THARAL 0%, B
MWEAZHEZR T, ¥ FXTESREREHLENE QT REENE, %
BEET R R R FARERE.

TZREM—E B RREF CABRKHRMNSES 5 53T,

1) TORREMSBERL: EEANEET, —SUBRARBESTS
1 RMAER3-RERES-RERFE. REFYESHAERFRENESYHSF
3-GRR B EA FERUENY . BVERSAME S ELT, FEEREE
NFRRETH#T: BRXEAENEREREAR, BRMLHMELL0 CUL L
FFUBN, DuPont® FSR AT SEIMBUALY LT, [RIGER/BEUZE R79%, RA4E
REBAI AR, [RGB/ FBERER2%.

2) 3-RGER/BER M- RGBT : FALHEEATEAS AETHA
HENER, RERUBTHEREME. RNR[AEEEMIZS CTHT, 3-RE
/B S FE AL B 8%, T4~ IR MR/ BEE 21 100% 11,

3) RIGERPEBEENE PRI, UFRFESCO. LREREMRMN,
RS- B ER T EE, HEIFE— XX RN RS RS A
W, tgh. . HEBEIKEE", DSM/DuPontfH & FIUSdh DL sk sk i
L EFEHBRAAL AV AELR, 3-RIEBRFERENETI%~T9%, 5-FEBRE
BRI BRI R T 4 81.5%~82.5%, MY LRI EFFFIRE.

4) S-FHMERGHRFELRRUAEECKE: NRELFEDT LB ES-
AR/ RBREENR AR EECKRE/ CR. SRXBMITEAFEHEZER
F5-FBLRES, HHEBIKBRBERITENER. RNRASEAN, 127
'C#19.8 MPa FREIE E CMEAINEN88%, LLES%~8%HICABE". 5)
EECHREIUERCHBE: RNEEEBRDT YRR 24 mniE250~
270 C, FUBEABK. YEECREHLENIT%~98%N, TABRKNE



g8 &
BEMH97%~99%19, RNHEMTF:

M
4%%\¢/4co+nuou—-_>//~\v/~\w/n @ //A\v/”\wr/o ) ch

f

Me OMe
NH/H, B, (\W
5 @ )

0]

(D) TZHREFMHIZEROCABE

T RS RS C ABRH T ABASF5DuPont A 8 A EFF R AL .

TIREARMETCABB I ZRAAE: T REAFMFC K C2R
EFEMELEREECHK: KRECEMOACTABRE, XPXENISSERAC
ZREEHBAMESRERCHE  RTZMEERARRE T MR AREN
TR, HERE, URERRK. FEFRRE, REBHCNBRHMBXEY

BK.
N

O P P A
0]
||NH

H,0
ﬁgéxv/“\//\}mz Y

CAUEN, TORERABCABREKRALT 8/ — SR T ERBER
.

1.2 SRS MEMRER

TIHRERNUBREP R _BERMMEAR KBS R, 5 CTHEEEMEM
RN EMREEANGRL, AT CME X & b B P07 & L R G E
B HBFRIKF, BETLARES, HZEUFINHRATREAEEENHS
MMM {E. DuPont. Rhone-Poulenc. BASF %A Al #HHH S BIEEN T
SMERBREF], BROZBEEENERNELXFOAAEENARERTRS
=P

1.2 1 2R REFEMSSYHYEMNR

Ok (adiponitrile) RFEFYEECH (aminohexanenitrile). ¥ ik
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(azacycloheptane) FIC _ & (1,6-hexanediamine) HIYBHEFIF FER+:

12 E-ERAEEMEF=NHYEER
Tablel1-2 Physical properties of adiponitrile and its primary hydrogenation products

R STE RS BRIC BR/C EBE R

SETERE, 2B, &
=R 108.13 AEEH 2.49 249 0965 5. X, BHTK. &
S . mﬁiﬁ% » » . ~ ¥ ~

B, RO, TSR

FECOE 11218 - -31.3 128° - -
HOXKE  99.18 AEEH 37 138 0.88 #HFK
T HGAWk '
AR BBTK - MBETZE.
ot 116.21 42 205 0.831
&5 *

a: 293K; b: 3.6KPa; HE X 101.7KPa

1.2.2 2RSS mME i g

CoREMERMEEESR, WA 11 FR, FRMRMERIEERTSRMY
MEF R UKL RREREN . ©=8 (ADN) TR INEERE
O (ACN), MAECERTURERENERNEKC K (HMD),
T RES. FRNERFCER (ACH) LRGSR ASFHEYD (Fi
WX # =, BHT). HEMBIRNEEE-EEFEEER 1,2-Z8EF D
REFIERR BR M AOSchiffb] (TWAR). 1,2- & EEF OBk 4 A AT 3 i ANaOH
BB R H B AR B %, Schif AR AT LB MARERE [ ik
MEENDRNE . LRI MMShiff it 2RI ER, WHEE
CiF#—FPREMERE, U ZREESETIMEEUTNERELNE
E. BHREMHHEE— P RNERNEER YR RN R~ 4.
F. Medina¥""\ N CZBRBUB I MEEREREEUEBEE RN, £RE
ECRAC K. ACUEMEEMLERTRN.
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P M HzNH, M HyNH,
R PSS
<_/—E‘ 2 H2
Baso \ / 1
H=NH

c
) Cc "2
=N H=NH 3 H NH,
~C—(CH,Js-NH,

H.Bu,.l 1 HN-CH,), H
’ H, + NH, u-mi,
) CC +NH, }l -NH
ol O
H,N-(cnz)e—n-ncf(cuz)sﬂuz
H
|
e ,}. l"‘z
é/‘ M C“ “\u—c’-}-'-( N
' \H\”/H Hzn-(wz)s/ HA At

B 1-1 SRR AL
Fig.1-1 The possible hydrogenation of adiponitrile

1.2.3 SRS MES BEAFARHER

BHl, XMFRENS_FERINESHEMHFTERSBELT (BF
Raney Ni 4L, SE@BESEAR. AR Ni BEAAMAEE Ni EEd
A% UREEREWR (ZHRET Ry EUFD %.

1.2.3.1 Raney BU44LT

SRS — B KX fRaney-Ni. Raney-CofE{bHEiHEEBLETHELENK
P Raney B LTI, HAMALFIEL RS, BREREIRET HWE, R
EFERERMERIGERMPREARENEIRMN. o, RaneyBEMFIHERK
HIRERHRH A RENEFELNE, REESKFPELSIEAR, FTURE
BETRARE, MEARGIEELERAN—REHREELBEEILBBERS.
$e4b, TERaney RMEA RIS & BT FRBBCRITE L £ BELURBEFEREY,
PR R RS IS S RIT .
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1.2.3. 2@ mim

FREEEAT “KEXF. AEAR" NYREWH, ST FEERN
FREAME, BRENATEZEnER MR,

Xinbin YuZC'RiE T RANI-PESSEUAGEEETEoBEEEmay
PMAER. ZERKFEUFREREHRERMBIFHNEYE, CZBEELET%
100%, CRRHIEREIEAE] 64%, 3F B ZMEAFIATCUELIEH 1200, EREE
CHRMERHHAE 21%. AHERSELBRNEUES TS KB HR
#, PRUMABRTNUEHA KR, UM S oRAEREEEEER. B£
ZEARIRREERE, ETUNAPRI—EHRE.

Hexing Li%™ 3¢ i B B MNi-BIERE S SRUF L C - BHSHENaRE
AT T, B8R T EAR P NIEEALFING-B R AR B 2 F/E A SHEALFEH
MM . Ni-B/SIOFERAERAAN C_BSMHENEAERENFEEEREY,
TR EN D ZRRIEEM T2 AE S 100%H 92%, EECENEEME
MARIR, XAUREHETEAARRNIEESERUENISBZ BKHAEETE
A BEoh, MR RABAESIOF IRFIFSTEMHRIEEY, FHRIMMO
HINI-B/SIO T B H BT Rt B 1.

1.2.3. 3 FHBINI By

RS RRBEMERNEFRELR, HHIRERENE—EWRTEED
FEREREN . EEFRROIES, NEYPHEELRES, BAERFERNTS
(EA T RIS 2 (88 R AR & RN A GBI RAb R AR % .

(1) 45 Ni #4670

F. MedinaZ®3¢ & = fF i 82 4 i S AN AL I 0 485 MO RO AL M BEBEAT T BF
o ERRM, CTREHAEE EEENIORTERZERMMEN, &R/ EN.
XFERBTFEREEIHSHEBNIMNREFELERERRA, EH T
TREERACHEEFHRD, XEFRRMATEREEDHE. \NIOXREERE
HIFMEIENE RTLE L, BANONBRAELEERBEE 500 KEA, BHE
623~673 Kt R R BHIENT EEREMN T B ME L.

(2) BERBENYIH M SR AT _

F. MedinaZ!"8I%f © — fE L 84 IS ALK O/NIBI ¥ FTRIE P ET T RF 9.
ZRRA, BKABETIDIT 7X10°K,0/gNiff, 30%E ZfEH1LZE a3
B 10%EECHEEY, KT, FEMNKEBEAEC ERILERTEERE
100%HIE 2 CREER M . FEE A GX T 6 R i TR A B 18 0 4 48 1 57 3% T8 O 3
tEsgn, WNMAEHNTFERF=YEECHOEN; R, E4eRNPKE BN NE

10
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BESHBREAEMNIRFRET EH, BRLEAFEEREEEECREN
ERMRE. k4 BEREAYBRLEL R FRN YRS HEBEATINE
PR EHLS, REKAEHR 105X 107 K,0/gNif L, 4H,/ADN (B /R H)
% 300, F& 1500 h'. HE. 443 Kit, EECROEEHTIE 100%, K
FEALE R 50~60%. .

(3) W& BENY SRR ENR

Marc Serra% P8I Ni-MgOB L7 E 2 Z B # E S AHINE R T TR
MgONIELFN RARSTUEFERLERABE, RETABREHEN
Ni-MgO#EUFI M EECERA L RANEREE, T T LANIO/\HE & & 48T
BHERBHRECTNARLEDEEETH. RARTEN RNEAGEF T4
AP RH: BEMONFERMEI THERNNKRE, NTEHTHRERE
WHRIETENE AT S AR K& B REAEE R TR EELFIE RN
PERE AR R B BEVE Y 45 RE B, FEH/ADN (BE/R EE)2h 1002253 10242 b
WHER383IKE, BECHEMEELEN 87%, S RHHILEN 83%.

Y. CesterosZ PV 37 R BASTO/NEALH 2 R HME Y EEAHF TR
EEEHAY), fEF DM B InE M BT AR AT i SR AT
X, FRASrEEN 3.8X 107 StO/gNiftHELT, H%IE. 443K, Hy/ADN (EE/R
EE) 300 R 25 1500 b6, R RERIEALER K 100%, 31 O I RE AL 36%,
L= YIRIE BN 40%.

(4) HL&RENY SRR

Y. Cesteros® P iE R La,0/Ni | B =M MEUR BT TR, H#5K,0Ni

PLRAENBEALTRIEAT T L. BHFUAIR, LaBfERIEUIT RIESIHIRR .«

1.2.3. 4 SHE R Ni E445

B EAFIEREEREEENEAR, EMUEATBEUREERN S
HE, ST SEEASREMEER, NTEmEEWmEeE, FHE5EE
RS 5RM.

(1) Ni/Fe;0;

F. MedinaZ%PU5 5 T B Z B MM ME R B F Fe,0: 51 5 AINiZEE AL B4
FRELERE. BNIRBEN S _BHEAERETREREFEAKRENEENS
Fe,O;FEBMEIEM, SBURMEAFEANIR, HXFe0.MERELEHHE
e . UBHFIKMEEN 7X10° gKigFe,0:8f, CREHELEBHTTLIAZ
72%. KHJARINEEHE T NUFeO AR MR, RETEECHENERM.
Em, 2B ENEECEOREETKB T EARPKOSE. XEME

11
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HABEFEoREEREELG T ELENELMERN.

(2) Ni/a-Al,O;

F. Medina%PFF 5 T Ni/o-ALOs (L L BMME RN, FXWARRNIE
B HINi/a-ALO KR EWAMEEFTHT TR, HREM, EUAPENS
BAEERAETLUMESRENNIRSBE M. EREMTEEET, =R
AL RENIS BOMINAE K, «-ALO; LEBNINEEER TREEE
TRHREM . MH/ADN (BE/REH)N 300, 255 1000 b, %ETF, 443 KA,
0.3 gNi/ga-ALOEALFIRT R E DI HIE R ATIE 100%, SRERHELE N 75%.

F. MedinaZ23E % Ni-K,0/0-ALOs 4L 7 _E 2. = B8 fin &tk B33 4T T R
REo-ALOARB—Fr AV 5 B ik, (BRKEEa-ALOH AIRER UL HE
BHUSRBIREL—RBMFRA, UBAEENKE—EHHE—FEK
N, NTTEBSEHNRAESHERADPUBE 100%MAEDE. CFEHNE
W BEENIRE RN, MINESEENKNE, BhEHRE, B8
HOBAERMEKNSBRENTMIRSE, MAFCEENC RGOSR %
1. 0.3 gNi-1.2X 107 gK,0/ga-ALO;REFIZ 623 KEER, 7EHE. 443 K.
Hy/ADN H(BE/REL) 300 R EFE 1500 hW'HILHT, SoRMmEshEikE|
85%, BECREHEEMN 100%.

(3) Ni/y-ALO;

F. MedinaZ%* 59T T Ni/y-ALO; P R K 3L C = FE M3 - In B R R A i
FAER, ERETREETERN, EENIAEELN, BRI,
i H, Nify-ALO;H4E Nif b FIFEREANVa-ALO,EURI BB R AN HIEE
#, FEAFE—ENL BN, FTUEREN 500~723 KEEATR, #LH
B EREHEENE. E¥E. 443 K. H/ADN (B/REH)H 300 K2 # 1500 b
AT, YN BRNGEREEHFE AN, cBOSELEHERR. B,
ENZENEEEARERATCoREME R ERF RN F AT, 2=
FERE L E IR OB B TT AT HUIE B 100%.

(4) Ni/graphite

F. Medina% PR 37 7 Ni-K,O/graphite £ C =S AMEA RN . HHERHR,
ABHAMA TNIOWEE, RRAMB T REERTNEETRMESEN, E
HAERE S & EATRRE T BRFOEAEE . KBFIHELTIN 2 ZEiEE
FWAHE, ETUHEBRAEECHIERYE. A TEE, KOTEN 0.14%
ENid B R 21% 7% 5. 443 K Ho/ADN (BE/RH)A 300 X Z& 1500 b
%MTF, EECHENERMHAT 100%, CREAELERT 50%.

1.2.3. 5 HERBRERERBELT

12
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1. L. Fierro% ™I 4 /B By B0 _E = B AL InE R R RO TE
HAEUFIOREETET TR RNEERSHNE, SREAMR ENEECHE
RIEFEMEIE N X L T RB IR R E A, IRINLiB TSR+,
AMCsH AN EEE LR ERENHRRREAXAFH ALY RELE
R ISP E R R, fEH/ADN (BE/RE)A 300, Z 1500 b REELHET,
RIIM:0 (MARER) FBREEAA LS ZBOMEELELEK (FE473K
i, —RRIET 20%), SRENHLEMRNERENAETEMN, BEBHMA
RETEECREEEY GEE 50%).

ERICN1113854CPOh K —Fh = FFeffb S WIE H AL, 7E 25 MPa. 393
K& TR RBEEAMA 400 m/h2 . 660 mL/ANH;F1 500 FFAEL/MH, BB &
Y, RN#1T 1000 WA Z /5, SZRHELESR 70%, BiEEH (ACN+HMD)
fEh 99.5%, ACNHKEREMEEE R 40%.

%4, Bemard CoqZP VIR T ANiREHK KB ALHIMLDHs (Layered
Double Hydroxides) 4Ll EC ZFHBAMERN. &R KM, JEMLMAF
Ni/Mg/ALY 0.60/0.15/0.25 Bf, 7E 2.5 MPa. 323~353 K&MTF, EXCHHM%ERE
HEAREY TR (T0%HER, EEMRD 66%: 85%HER, WER 55%).

1.23. 6 REEHELF

B, XMPRENREBEMRZHTC_BOBEANERNS, KPR
£ RAFBATER Rh #L7).

G.. Capannelli% "R i & /B S A TTIR 1% T Ruy-ALO L, 7 3.0 MPa
M 337 KT RN 45 ha B BRHEWENETEEMERSE S RIER 100%H
45%, MIREHR 353 KA, DTREMEAENC ZRINERM 2 HITTIE 100%FH
90%. EREMFERZ EHRERT KERE, FEEECHENEBLERER
& (£ 60%), BEARET ZHERMESOERFRAFIEERE, BRER
CHERIE B H RAEMMKE (4 45%).

%13 CORBSMERNELRAELEEE
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Tablel-3 Catalytic performance of partial hydrogenation of adiponitrile

4L BRE/K FHEM'  HJADN  H{bE/% ACNEBW/Y% Ok

Raney-Ni * 353 - - 86 86 [20)
JEfA Ni-P 473 1700 37 100 21 [21]
e BANI-BSIO, 523 1700 37 87 20 [22}
Ni 4L 463 1500 300 78 63 [25]
KO/Ni 443 1500 300 60 100 [18]
Ni-MgO 383 10242 1002 87 83 [28]
Ni-K,0/Fe,0; 443 1500 300 55 100 [30]
Ni/a-ALO, 443 1500 300 75 100 31]
Ni-K,0/o-ALO; 443 1500 300 85 100 132]
Niy-ALO; 443 1500 300 60 29 33]
Ni-K,O/graphite 443 1500 300 60 100 [34]
Na;O/Fe 473 1500 300 20 50 135]
Rh/y-ALO,® 353 - - 100 90 (38)

a: RMENK69IMPa; b: REENN 3.0MPa; HENEEEZHT.

1.3 XEXAEAR

CoREBIMELEREECHRERET —HERLBEHECARRKRANX
#HE. PHBAK. HEFRAERFOCREI AN AFEENN
BrE. 2REMTA B ORI RFNRARREEULH.

XEHRY, ALOBAEABNIEAARTRENCS B AR,
NiZEEAL T B R 0-ALO AL T AL RER AL, FTUA BB AR A K8
Tk fhy-ALOs 2 B R K458 1T Al B a-ALOs 1R R AL T B B
. —EHRUYPPIRE, KORBHEAENEEEAFNNS BRI MEAR
R R RS, KON E—BIF, TLaOs. CeO%4NEt iy RIBIFIE %
ALURBERELASHIBUE, TFe05. Co0:% BT B NI EAREIE
RN BRI RN S, B EIEAE BT IE, LIRABMH RN
FBINIEE LT . :

FEFRAZWT:

1L E AR REEHALO B AN AR R EWN K D ZFHS ME R
RERIRE M .

2ERERELE. B EAAMENC ZERS MER N R W,

SEUFNERMERNERS HXAEERRNBERREERNE, £

14
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R RS AE AL T RERI R

4.XH BET. XRD. TPR FHALENENRLRE . WinEH. TR
EHRITRAAR, SITEMELASHIERNER, BRI H &R EERE
LTRGBS

15.
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=8 ZRAE

2.1 KW ER SR

F®2-1 ERSRAME R

Table 2-1 Producer and grade of materials and reagents

R Mk RAE K
o Tk LR
FTKZEE Ve RERFRBELAE
Ni(NO;), * 6H,0 e REWHERAUTHAR
KNO; SR R ERRT
La(NO;), * 6H,0 T RETAEERUCTHART
Co(NO;3), * 6H,0 i REWHEAZERF
Ce(NOs), * 6H,0 Sifre REMAEEALTIHRR
Fe(NO3); * 9H,0 PRI REMRE—PHLE
Mg(NO;3), * 6H,0 e KM ZEAN=T
v-ALO; Tk BMEET
a5 T REARETRAF
= o REARSAEIEAT
S “ KEARSEILAF
5 4t REATSBTRAH
2. 2 TR S &

FRZERBERER EELT. XAMEEA-ALO; (HY-ALOEFEMR)
REHHEMLSE (HEMEy-ALORIETMR), REBEAFFEHINARENE
HE AR K BESHERERDFIFERENEEBARERE, RS BREEET
FRFERET, FIBKFFRIK, RET 63 KTEE4nVGRBENTIN
GIE L S

A3 & FEAL R A AR S TR 2-2 TR,

16
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Table 2-2 Composition and code of catalyst samples

EUFIRS  BEERER/K BHRNE/R AURRYwY% BESEw%

ASH-1 773 20~40 Ni:25; K:0.1 -
ASH-2 1173 20~40 Ni:25; K:0.1 -
ASH-3 1273 20~40 Ni:25; K:0.1 -
ASH-4 1373 20~40 Ni:25; K:0.1 -
ASH-5 1473 20~40 Ni:25; K:0.1 -
ASH-6 1573 20~40 Ni:25; K:0.1 -

25Ni0.1K3Co 1273 20~40 Ni:25; K:0.1; Co:3 -
25Ni0.1K3Fe 1273 20~40 Ni:25; K:0.1; Fe:3 -
25Ni0.1K3Mg 1273 20~40 Ni:25; K:0.1; Mg:3 -
25Ni0.1K3Ce 1273 20~40 Ni25; K:0.; Ce3 -
25Ni0.1K3La 1273 20~40 Ni:25; K:0.1; La:3 -
25Ni0.1K 1273 - 20~40 Ni:25; K:0.1 -
25Ni 1273 20~40 Ni:25 -
1-25Ni 1273 KT 80 Ni:25 -
1-25Ni0.1K 1273 KF 80 Ni:25; K:0.1 -

1- 25Ni0.1K 1La 1273 AF80  Nii25; K:0.1; Lal -

1- 25Ni0.1K3La 1273 AF 80  Ni:25; K:0.1; La3 -

m-25Ni0.1K1La 1273 AF 80  Ni25; K:0.1; La:l 0.5 Mg

M- 25Ni0.1K1La 1273 AF 80  Ni25; K:0.1; Lal 1 Mg

2. 3ENTIAERFE AR

BRiuEH&NELTIERE, BHAS Ni LENEEAEE, FRFEK
EH, ERMETNBSEE—E&H TR,

KPR B R PR R 2% AL R AT VRN B, AL EE R € R R T RER-E <R
EREIER 450 min, RERERNEEBEARNEER.

RAREZRNFFIELRREERER, BUFEAR S mm HARER
MENTE. H—EREAEARNEANZRIESE, XENE 2-1 fir. EES-
FRREATHEELRERE, REEAR-ARESAATEHELE 2h, &
FRROEUAEZSATREHREELEBLETEENRNY ZERRTS, ¥
RNERIFUELR.

17
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2-1 EUFIEREREREE
Fig. 2-1 Schematic diagram of catalyst reduction
1.H, 2.N; 3.massflowmeter 4.two-way valve 3. reactor
6. temperature display 7. temperature controlier 8. catalysts 9. furnace

2. 4 {ELFIETETH

PR R HE VP 643 528 B K R R R B8 0 B I 3 R P2 AT
2.4.1 BEREEHINRESTNRESR

RERZHN 12 mm HASREBRRKR S LAY D ZHmE RN
EHEATVRGY, BEWME 22 FiR, BEEIFREEXSHLE 2-3.

® 23 BRRRNERERME

Table 2-3 Manipulative conditions of fixed-bed reactor

mEs

®IESH 1 B0 ¥E
EUFIFEHE /g 4
{EALFBIKIE / mesh 20~40
CZHEWE / V(ADN)/V(EtOH) 1/4
REBE /K 453
RELES /MPa 0.1
SfELH / molar ratio 45
AR ZE /b 0.24

18



-8B LRNE

T R ESRUNT:

1. B—ERBEORUNBEERNBJEEX S, EHEEEETXAER-R
REEALR;

2. BEERE, EAS-AREEATREZERNER, HETEIRASR
ot :

3. FEMER, F—ERENC RO IERBHTESENBRNED:

4. BARBR—KEERTEERIT

5. REERE, XAHER, HRE—ERE, HESKE 90 min, &
FER, FERME, BHELT, BERNSERRE RS,

> e

— e ~4-

10 E YK

B 22 HAREE TN IREERER
Fig.2-2 Schematic diagram of catalyst performance evaluation in fixed-bed reactor
1.H, 2.reductive gas 3. three-way valve 4. mass flowmeter 5. two-way valve
6. fixed-bed reactor 7. catalyst 8. furnace 9.temperature controller
10.temperature display 1l.condenser 12.segregator 13. micro-pump 14.feed

2.4 2 SEERNBIFMRESTMRESE

EAAFEEE N KA BE B RN EE R A 7 £ 7/ WDF-025 & 250 mL
BEED, RNEEWNRA 2-3 FiR.



BZF ZIRHE

BESR:

1.
2.

BN AR —ERENCHBZEAR, MABTENEEEN;
BF—ERETLER-RAREAERENEAAEELS-TIURES
RFETREBAREEANZEERTD;

EHBEE RESTH:

BEARERZANTS, EX3~4K;

HEREMEMRR MR, TERREEATEEA—E
BRE.

6. EEET, U—EHAREEZENARESERNEE;
7. FEREERER, BAESMEERNES, FRHEH, FHN 800 pm,

FrohR AL, 68 1 h BUE— KT 04
REGRE, XARKBZEERN SRELERBEZERE, B,
B R BB R LR, ERRER.

B 23 EARIEITN TR R E T ER
Fig.2-3 Schematic diagram for catalyst performance evaluation in autoclave reactor
1.N; 2.H, 3.valve 4. pressuregauge 5. motor 6. thermocouple 7. autoclave

2.5 S MEryat

RALRANES SP-3420 HSAREHE N R YHTE RS, Bk
55 L KFE 6 R BT A TTH K RS @I 50E TR TSI E, XA
Siarng. RIEEHOT:

fikE: SE-54 EHREH
H: 30m
FWERE: 573K
RMZRE: 553K

20



F-E IRHE

HE: M363K E 558K EBFAR, AEZEZE 15 K/min

2.6 REEMRIEEMHESZ

EAFIMRMEERACZBOBLENEECKE. 2K, FCUK. #
EFEPRNREFEYNEBRERER. ERNERFF=YREYFTEIELERF
ADN. ACN. ACH #l HMD %.

FAEESHREBNSASHEARTHE S ENE LR R IRERYE.

ADN (5403 DL R P M R R B4 ey T kA8

ADN H#{LE: X =(100-y,,,)x100% Q-1

yon I EZBEFYREMTHNERE T EE.

PN ISR S, = Z-x100% (2-2)
Z.VI

yAEMANEFYRSYRNERE S SR,

=Yy i B Y,:% o (2-3)

2. 7 TR RRAE

2.7.1 BET LR ERNE

S FAN, W i 7F Thermo-Finnigen /A 5] 4 7= f¥]Sorptomatic 1990 R!EHEYE R
B 2 & AL R RVBET HL R T »

2.7. 2 MFRLERTE (XRD)

XRD MiRX5%F PANalytical 2 8] 477 #) X pert Pro B & M RATH, S
YB3k CoKa (A=0.17902 nm), ‘& E 40kV, BB 40mA, BAFETEEN 20° ~
110°.

2.7. 3 BFHEBRLRERXE (TPR)

BRNEFABCELREGEETE T, TREERERWE 24 FiR.
FREARKH 4 mm HERERNE, HAFHE 100 mg, EFESH 10 vol%E -
EREER, REH 40 mL/min, FEEE 10 K/min, HERABZE 1173K, A

21



FE XRAE

HIWRNFALE, FHHA 140 mA, XARNERFRNFRHZREENEIES
i

12

N/

24 BFABEREREERER .
Fig.2-4 Schematic diagram for TPR experiment
1.H; 2.N; 3.drying tube 4. deoxidant 5. flow meter 6. gas mixer
7. three-way valve 8. quartzreactor 9. furnace 10.temperature controller
11. catalyst sample 12. water cooling trap  13. thermocouple 14. TCD  15. recorder




F=F BERRNBTC_FEHSMERMATHR

F=E BERREBZFESHEDIMEREHPTR

3.13[8

ToREAMBRLECABBRENEFIRNEEREZ Y. 554
FOABRER R AL, ZRARFRHRARK. TERBE. vk
FERUR. NEIFRBRESNA. K9, SRADNE S A EREECDHEACN)
RT RERL B LR ST,

HAl, CoROEANERNEERATREELR B9, BEREBLN
BEEER, BENE. HERNALETFE—LRERZLEE, nHETE
FEERR. BEEZATESIEBRE. —EHAE N AN RLRE
BT TR, ZREUNATREENREEY, BRRARREHE, Hl
EABER. N TFABUNEEAUFAFE_BBIMEIEMOFRELD, Thi
FENEEAH AT RAK, EHENGEER L% S, I BEdBsEar el
BRHBE AR RN MR,

AXERE, PRKGOMMAT UEMNIZEELR L EECHREREE. £
BRI R R, R ERNARENEEAR, FENT OB
SMARNEFREFREMEE. FERAFERETEHE T —RIINZEEL
M, REERT AFEIEFREREAALOBE AT BN B ANZEA LRI D
BB InEUR N RE YR

32 Bk RRE N C S EA TR TR R 0T

WECERIRE, BN TLoBERImEARENERRA, K RAHEEER
AR EAFERUEBEEF TR nEHZEECHE. 2P FRAER
FIREREEE TR MALO B A S & TKOH MR R B BINIE BT, ERTH
EEGEH RN R mE AR R RERE .

3.2.1 BRKEGIR X LT LR B A FLA R 7200

R31GHT ATRREFERAHENELFMLERANLE. BRPH
O, MELGARARENRERR, &AM RENILEZHEND, T
LAENZEHIEK. BEREEREENER, B TFREREAGENEZESEREE
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#£=% BATKRNSTC_REINARNAHR

¥ S BH L RE RILBRANRILBER, HNE R FREE A&
W ERFRNELES. BEUAKNERIFRER (B 3.247) @, #ik
R L REAILE S EHSMEA RN REEMBR A AR .

XF L #fE ASH-0 FEALT ASH-5 ATHl, BARRELANLUE, LR,
ABFURIRHEARRENRE XERRBTRENERASIEET R
HATLERE, REHEATEREASARENEUANERNDE T —E MY
W, TSR R R RE

% 3-1 ARBEFFERAHENEAALRERRALE
Table 3-1 Specific surface areas and pore structure of nickel catalysts supported on alumina
calcined at different temperature

Calcination Specific Pore specific  Average Pore
Composition of
Catalyst Temperature  surface areas volume Radius
Catalyst 5 s

of carrier/ K /m‘lg fem’/g /nm
ASH-0 ALO; 1473 158 0.5361 67.9
ASH-1  25%Ni-0.1%K/ ALO3 773 179.9
ASH-2  25%Ni-0.1%K/ Al,O4 1173 102.2 -
ASH-3  25%Ni-0.1%K/ ALOy 1273 84.3 0.4419 10.5
ASH-4  25%Ni-0.1%K/ ALOs 1373 29.5 0.3988 27
ASH-S  25%Ni-0.1%K/ Al,O; 1473 13.2 0.3856 583
ASH-6  25%Ni-0.1%K/ ALO; 1573 96 . 0.3737 78

322 HRFE AR a4 & L3140 XRD R1E

B 3-1 A e ER R B s & RNV AL R XRDIE B . 72 RAEIL I
XRDi& E # RFFZENIO S AH ML FI B A A G R EATH &, MEL EFHYAER
frstiE I, RV\ERMFEUDNRES, NI EEHEERMINOM S
AT BESENERE. HTFy-ALOFEREHRME, REFILBABRE S
QLT T R T I 2ENIALOLR SR YIAH « B Fy-ALOFINIALOLKIAFIEATH TP EE
ER0MEY, FERERGETHSBES BT EUFNERE, $EIXRD
HRIR B ENIALOSR R AN FE. R, TEMTPRMAL R LIEHE
Ni/y-ALO; P FENIALOMAE. 515h, ME 3-1 BEPETLIREE, SERER
4 773K 1173 K. 1273 K&, ALOs@B hyH, MLBEEEHET 1373K/E,
BN Aok, LRERREE 1373 KEET 1373 KEEHEA T L Hy-ALO 4
H#AR0-ALOs.
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£=F BEERARNBPCZHEBIMERNNBHR

BN BIEBTUE , #4671 ASH-4. ASH-5 FIASH-6 [@ £a-ALOs & E,
BRRNMAEERRK, HIER TR RTALARRZWIINE RN
HMEERE.

e

L a-ALO,
O Nio
. o % y-ALO,

.

Diffraction peaks intensity / a.u.
o

a -
i 1 i ) I ) TR 2 A i ] i ) AT R
20 30 40 50 60 70 80 90 100 110
20 / degree

B 3-1 FEHRE R e85 % 8 Ni #4078 XRD
" Fig.3-1 XRD patterns of nickel-based catalysts supported on alumina
calcined at different temperature
@)773K; (b)1173K; (c)1273K; (d) 1373K; (e) 1473K; (f) 1573K

323 FARBRERRHREH EHEATMEFHRER (TPR) RIE

B 3-2 B T AR B SRS & ONELFKTPRIGRE R, Tk
W, SAMERHEATEEREES —EMEm. 773K, 1173 KR 1273 K&
BEARELTERNMERIE, BIREEEREMETERES 5% 768K, 733K
M 716 K, BEEEEFEIEHETRER % 843 K. 834 KM 772K, ENIEEFNIO
R AR AT . A Hy-ALO; FHE Ak I8 0 8L ST TR e Xt Y T (L TR R T =
ENBATFRATE—EHLEANNONEE. MEBERT 1473 KIEEH &
(Bla-ALOs) KL TR RER R F & A hy-ALO; KW FIERIE, R 710K
EABE—INIOKWE R, R\EMAFEYMHUHESHERFE. B2,
BERAREEENASE, EANNNOLRIZNIETREEZHRIK, KBRS
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¥=F BEERRESBPYC BT MERNBGA

BANHAEAER B .

768K 343K

=
pC A

772K

mK\\\\\______

709K
N——

703K ¥
N

| I | IPU I S | " 1 ) PR |

400 500 600 700 800 900 1000 1100
Temperature / K

E
-3
W
w
ol

SN

H, consumption signal / a.u.

S

32 ARG ER A% Ni 4L TPR
Fig.3-2 H,-TPR profiles of nickel-based catalysts supported on alumina
calcined at different temperature
(a) 1573K: (b) 1473K; (¢) 1373K; (d) 1273K; (e) 1173K; (f) 773K

3.2.4 RRELRELE B8 & LT A E R A RE

B 3-3 BR T A REEEERERARENEAT EE RS mE RN
B ALEH, 773K 1173 K. 1273 K #1373 K £ 845 & ML)
ENRE, ERTINEREN RN BARERE, RYShECEHHEL
ZHBYIN 80% LEE 50%LUTF; R, BEXEEFEENRE EEC
FErE EM A M. SHEAERREET 1473 K LLER, Frl&aam
EEN KRR RE, FERARREESRENAELERE. 1473 K BREEE
HEMEATIN O TEEAERHEERT 1573 K &R &0ELR, EHF
HIR NN AR E D ZRBHELEREREEN 13%: Rifl, BEFREREE 1473
K BL_ERH A3 B R 2 1 B8 B AR TR £ B8 AT bl & 4L 7], FF B
FIMEECBOEREE R AEERS, 1473 K M 1573 K BEEERE & E
I E R CR AR R MRS A0 3~10 h FAIEI A2 4 83%H 85%.
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100 | —a— 773K
o0l —e—1173K
—A—1273K
sl —y—1373K
—e—1473K
® —e—1573K
70
®
\é 60 |-
><< \
50 |- o, ‘\
40 | *‘\i
! :Qx—_—_*.:
30 —f—v—3
20‘ 1 1 — [ 1 1
2 4 6 8 10
Reaction time / h
(@
90
_— —d
80 | 4W
70 M
v—V—Y
60 - /'/
—a— 773K
50 —e—1173K
x L 1273
g4 —w—137K A e — .
w [  —e—147K L - —4
30 | g— - ]
—€—1573K /3
20 |-
I &
10 |- v '/
L,
1 " A i L - . i

2 4 6 8 10
Reaction time / h

()

B 3-3 ARG Rl s & A LTI R A B
Fig.3-3 Catalytic performance of nickel-based catalysts supported on alumina
calcined at different temperature

B LM ERTA, BEELBHERELBR, TR EEE 1473
K DL LB, Prsl&aummiRett REECHERERE. R324RRY, M
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B=F EeRRNSETCBEESMARNATAR

BAEEARERES, #ANNLEREERTED, ILEEHEK. WHEEPNE
CRBAWEY, RAKTF 1473 K BEHEHAFRA LRI REATIE SEEL
HMMBLHAUERNOVGERBRANSZRNELE (0%ER), EHEE
HEXFILBRIAFFEELE, INELFREEREECFERESN
Fl. BT 1473 K BB EFHEPELTBALRER D, BRAARKILE,
RERTERY &, Fo BRI MERNMPEENEE KRS AFLES
yHEbk, BEELH—PSRERMN, & T HERHY.

REFHE EEIA T 1473 KUA BB, FTBIS AT AEREMNBEHNEECKE
ENSEATRENRBIEFTERX. 8TEE-ALOREASEHHRYE, ™
o-ALO HEHY, FUBEMHEANNRERYERBSEALR. #URARER
HwESE, —HEEATEERENPE-YEECHENELRIRE LK, A
URE TEXCHENERYE, 5—HFEAH T EARIRERE=IRM R K
ERRRN, BT EATIMIREE.

ZAEE, 1473 K B R BRI &AL B RS R £, WHUTHﬁﬁ
BHBREFRED 1473 K.

3.3 TIT B3I R4 Ni/0- Al O, B AL 31 R B B 2 = B IS B R 14 4 20

DT, LTI SEOBAT R BEAAN R, FEREE
A&t 8T 2ZBnENFyyhREd &Y, REARRDREYSE R
PRI LR, TR AL IR0 R LR B R AR 2« e BB
AE—EEYE, TEETLUET B FRNEME AR EMANEENER S
btz A

TERPHGE RS, LayOsE ALt BRI LR & BIEHA S M 8UE,
CeO, X EM N B FBFL WA B TR, TFe. CoZBMMAT RS
NiFEH & &, XLEHFBNRR S EEWEEATP RN ERE. AT AP LR
PIEHA S M BUE KRB FH AU SEENRE R, KALa,05. CeOsn
Fe & Co% Bh %t St NI/ a-ALOS (LRI — P AT 7 U AL B

3.3.1 MITEH T XNV a-ALO;HE W FIE R I BERI R
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g 509K / .
649K
£ 516K/ 1\

3
@ | 647K
% . 524K
5, 657
g d 526K 1\
"é c 547K 1094K
= 61K
(2]
§ 524K
~ b 8K
* L
a 518K
PR I PR | i 1 I /] L ] 1 1 M 1 " [} " |
300 400 500 600 700 800 900 1000 1100 1200 1300
Temperature / K

B 3-4 FRIBFIBEFINI/a-ALO; I TPRE
Fig.3-2 H,-TPR profiles of nickel-based catalysts modified with different promoters
(a)25Ni0.1K3Co; (b) 25Ni0.1K3Fe; (c) 25Ni0.1K3Mg; (d) 25Ni0.1K3Ce;
(e) 25Ni0.1K3La; (f) 25Ni0.1K; (g) 25Ni
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BRI MgO Bh#I /5 AL FE AL Ni-Mg B ¥ 4A AT LUR & Ni BbLas 95U,
HAKIEI T ALK Ni RHOERER, FEEASOAAXRE, B
WHIGERRE, B EATREEGRERAFRER (1332%).
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Fig.3-5 Effect of nickel-based catalysts on catalysts modified with different promoters
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EH, SRo LR 25Ni ALk, TR ITTEAIE R XUTEN IS ALY
BEBENRMESE. KT, ARBANELRNC ZENERNEEER—E
mER.

S Sttt GO AL 25NIZE R BT RT S hD SRR AT LA R 85%LL E, 1B
B EARRERR, REMELNDIEEZBHELE 50%LTT: RNEHHET
5 hEHECREHEEHREE 40%UT, REMELMEEEDHENEEMER
B3 70%E A K. BITERBERELR 25Ni0.1K, EBHELEER
E R/ EE RN 12 Wit EEEE 61.8%, RECHKHEEHERN 12h
MR 80%A . AN, RAKOMMEH LT SRS KN 25NitELL,
BT ES R EERERRE.

SUTT RO itk ML) 5 B TR B I M A L) 25Ni0.1K ARELER, ZREE
R mEERBESE, NERNEEEERBROELRNRFRRA
25Ni0.1K3La . 25Ni0.1K3Co . 25Ni0.1K . 25Ni0.1K3Ce . 25Ni0.1K3Fe ~
25Ni0.1K3Mg. 4L 25Ni0.1K3La IS = BRI ERN 2 h B 88.8%, &
3 h XBBAME 952%, REFH D, BIRN 12 h BEEY 79.3%. EALH
25Ni0.1K3Co T RE R 4L R0 RV 08T 8 h #R7E 95% LA £, ME 9 h FFihafE
RHRERE, ERN 12 h B, CTEOBELERE 472% 7. #LH
25Ni0.1K3Ce T FERIHEALRAE RN BIRT 3 h £B7E 90% LA &, EZEH RN ET(E
HEHEAD, ERN 12 h BECZBHELECLBEN 34.7%. #ALH
25Ni0.1K3Fe & 51034k % 51 R B 2 h Y 9 86.3% 5518 K Bl R B 3 h B 9 92.1%
RIEEH R/, RN 120 B S ZBHELEDLRIKN 60%. MgOENE
BRI R BEALT 25Ni0.1K3Mg IS IR AR BAR, XEHET MgO # NiO
BT BB FEYFELUE 173 K £ TERAEXULE 34 I TPREZER).
REAE, #E4LF 25Ni0.1K3La B S EMHA RN R/MEER/D, BZEE KR
EHBRTHEELN.

STTBH I B AL B OB R B R AL 25Ni0.1K3Co AP HE
IR EERIE KR, MERMM4hHERKEERR, REShZE
WERECRNEBRENENEEE 1%UR, FE5 8T SEELR
25Ni0.1K B L EE AT HBESEE—B. MNRN 12 h R0 TEXE,
AL 25Ni0.1K B X CREMIEEERY, BAYRERNMET 2 h EECRKH
R 75%4 46, NB 3 h FHAEE CRE ML 31 S EHE 80%EE 7E 80%LL L,
R 12 h B EiA ] 84.3%. 4L 25Ni0.1K3La 7E R M HIAT 6 h BECAERIE
B HLAILF) 25Ni0. 1K MEECRMEEHER %, MARN 7 h TR, #&
3 25Ni0.1K3La B E SRS R H T LR 25Ni0.1K MEECREE
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MNE—ENREUENEECENEBHERIEXRESEE, BLA
25Ni0.1K3Laf O 5 84 InE R B A R N 1 B B4R, BrUAULYE N B = BhFlM
La,Os IR R & T .

34KBNG

FHEEKRRMENAEE Ni BEAR LS BRI MERNEEETT
B%, FA BET. XRD. TPR MEHIFMEFRER T AR EAE FEEEME
PSR EAFINE RN EE, TEERUT:

(1) BEEEEERRER, BUTLRERD, FHAREXR, GRS
BHMEEERARS. EANmENmGEERRrEREENREEREE
7, BRLANEEEREECENEEEIRE. KEEE, 1473 K B
R REAT EARENC BRSNS REECHENRNIER.

(2) R FK,05L2,0, %07t B3 7] B B4R B Ni/a-ALOEAL FI 1 S F &8 2 0
RN,
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4138

WATATIR, K,OfILa,0:8h7 U MINVa-ALO W T R BB T 584
MEAREECHENEERERE. R, REANESKE, BTEERRN
BAREEHTEANGAERE, FUXKAREERMESNERBFEANNC
ZREEA MER M REHAT T R
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4-1 KORLa,O: B RIS EUFIC BRI MER M EAENEW
Fig.4-1 ADN conversion over different catalysts promoted with promoters
Reaction conditions: 2.6 MPa; 377 K; 800 rpm; ADN concentration 11.8 wt.%; mass ratio of
catalyst and ADN was 0.13
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4-1 £K,0 KLa,0; 81 FIXTNV/a-ALO 4L _E 2 384 I gl R B 4 HE R
B, % 4-1 HAREARERIADT R R MG R SR AE 4-1F
SEEATUEY, SRBEORAT (25N At KOREMELANT R
WEBFRSE, TAKLORLLO:AREMELTINEEEE, SEREKR
PR EREREONERMEERERE-BNER. WK 41 TLFEH,
IR BIMEE DR LR R, SN R SRR IS T RE A
WH), EPUK,05La,0; (LadEH 1 we%) WBFIHRURERT. LWER
SHYEEE, BUNRERERES, SRNTAERENREFDEECHENE
WHIRE LB, NTIRETEECHENEEE. 1, BTREHETKO0S
a-ALOEAE F Fo-ALO, R E & BN A—ZHERIY. £ KOFLa,033E R
S BRI ROUR B T AR TR, RIEA R TREE AN ELT
RERAEE, BMEEAHE—H, NIRBEEUFINFEEREECHENES
.

ST La BB % 3 we% L 1-25Ni0.1K3La, KM 5h SRR
LLEZ] 91.2%, BREEECHENEEHRIERFERN 1 h HEE 63%, b a=1:0]
R AT E] B O S B R 50%Eh, LSRUFINEEREHEX.

# 41 BiRRHEWR B R R AR W
Table 4-1 Effect of promoters on catalytic performance of Ni/a-ALOj catalyst

Catalyst Reaction time / h ADN conversion / % ACN selectivity / %
2 315 64.2
1-25Ni 5 55.5 64.8
6 63.5 61.6
2 327 72.1
1-25Ni0.1K 4 54.3 67.0
6 63.0 65.3
2 354 71.1
1-25Ni0.1K1La 4 553 69.3
5 60.4 66.3
1 30.8 63.0
1-25Ni0.1K3La 3 80.8 53.1
5 91.2 457

Reaction conditions were same as Fig.4-1.
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Fig.4-2 Hydrogenation of ADN over nicke] catalysts supported on alumina modified with MgO
Reaction conditions were same as Fig.4-1
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FERAE R IR KNS BRARSER T nEEENENT. BFe-ALO;
HAMLEARE, THTFREFREASHIEE, WRAMgOMEMEHTT
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# 0.5 wr.%FH 1 we. %A S AL

WE 42 IR RETUEH, MO E AMELAIEESERE, W
FEALFIM-25NI0. 1K 1La X B 3 hitf 2 3L 5 Lla-ALOs A E I BT R MY
7 W C TR EAY, FAERAERT 8% ELN SEAFRFHENE
EOBEHEEE. D EEERYE, EEHN MgO. KORLa OB E T HE
BRI S B nE RS .

43 FFREMHM D _BEMEELTHREEENTE

BREHENEBEANBEEEEEMRE, FRBRIENE, LIHT
FEEAGHETHRATERONS, MREELEENEATNEERET —ENE
M. DL FEESMeO. K,0KLa)0s Bt FR B AL FIM-25Ni0.1K1La, FEEER
RAREEEREESEGX TR mERAN RN ER. ERNERTR
EMAT—EEMHE, BXUAL 4417,

43.1 EESERELTME N EEER 200

, SHEWFIBATTRERE, EESXKANRERREES. B438HTERS
ARM CRHA AR AR . TR, EHEER 5%, 10% K 25%
HLREES S, 2HERN 10%ERFELMELNLEEREMRMIEEE.
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Fig.4-3 Effect of components of reductive gas on catalyst performance
Reaction conditions: total pressure 4.4 MPa; H, partial pressure 2.6 MPa; 377 K; 800 rpm; ADN
concentration 11.8 wr.%; mass ratio of catalyst and ADN 0.13
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— Ak, TREESE, FHASNERERE, ERELRKEBEEIAN
FLBMRTEERE, E5&BARNAN. BUFARHEHRAS Z EAHAEE
HE%, XEEETENRANTEEED. &2 673 KERMEWN L, RN
6 hit D RERIBALE R 73.5%, TIEERRBEN 723 KMAEAF L, R 6 hif
BB UERE 54.8%. XAHEREACRBELE, Niggs TIBH
RE, NiGRBEENK, FEERERD, EHRE. BURERERENR 723K
B, KR 6hIEECHEERBHAN 8%, XEEUAEHRKINEZBHNEL
ERAEHH, BUFTEEER 673 K F, YEZRBHIBHLEN S5%EE (R
R 4h/E), BECENRBEEBTTLUAT 85%; U ZRELEN 13.5%0, &
EOREREEE N 78.6%. GAEE, BURNEREEER 673 KILREE,
PR 2% 22 g R 4 A% 5 80 B B () 52 W R AT 18 AL R 7 A B 3038 9% 673 KRG
RREE.

4.4 B R &3 RS R Bz YR E

FFAZMgO. K,OfLayO5 Bt A4 E 48 L FIM-25Ni0.1K 1La, E RN E M4
SCZEMARNHER, UHERBRENRNTIE 4.

44 EXNSZEBMERMMET

EoENE RN RIER SR (WA 11 PR SRS MEERE
HEHR, MEECHETLAERENEARMEED K (HMD), R LRE
4. TR EFRCERE (ACH) URHEARBRASFLAEY (BITWRE
#=H:, BHT) . iTEEECHNTL. BATBFLENLER, WAH%E
MR, FRSERTIMALT MBI REORE, NTREEECHEN
B,

B 44 AETRNBETMA—EENEXN CZENERNEENE®R. 7T
B, RNARTENFEEC BMEARNEERE. TREGT, RY
3h 5, SRR LA 78.2%, MEEEELEHT, R 6h/E, &=
FEROREALEILE] 73.5%. REARPHENRSRMERILARE, SHBET &
VEMERL, MTTRIE TRAFIMR M. AT, ANGFEEERE TELESHEN
BN, MO TREILEIAT] 10% 0 E, BECENEEYE BTN 58.1%
ERmEIE R 78.6%. TR, ENEEERBNHTRERNNET, HXE
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BRF 42, BIFMEEEHHAERET. it EECHE. SRR CER

Bk 2 FAT LA B 98.5%.

T EERM &M E B MERN Y BN HERFENFMF TR,

BEmAEHEN—EEME.

*® 42 ExHEANC S MEA RN K W
Table 4-2 Influence of ammonia on ADN hydrogenation

. Reaction ~ ADN conversion Selectivity / %
Ammonia .
time/h % ACN HMD ACH Others
Existence 6 73.5 78.6 13.6 6.3 1.5
Absence 3 78.2 58.1 17.3 20.1 45

Reaction conditions were same as Fig.4-4.
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Fig.4-4 Effect of presence ammonia on performance of catalyst

Reaction conditions: total pressure 4.4 MPa; H, partial pressure 2.6 MPa; 377 K; 800 rpm; ADN

concentration 11.8 wt.%; mass ratio of catalyst and ADN 0.13
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MEHE B B, ANTEAFANERNEEEK, CRELERE. &
M, REEAREHRNENSERDN, X¥EEHE BHT FX4THERIFUH
Fr, KOFREBFEVLERMTEANRESBREAAE—ERE LRE, X
AHEEN AT EHERC R ER RN EERE. '

R 6 h B, EECHEMERMENERNESHRS2RERDNEHERRL
. BECELEEHRBRENER—FTESENSERDMER, EFEREER
MEBIRNNERRSS: B—FHE, EECKERMSC_RECEEIMERM
T, R ERE, SEECRENEREERE. YRNESN 44
MPa, R 3 h B, DTRERELE R 52.8%, EECHAEREBTIEZN 85%
BIKF: BT, URM6hE, STREOFEXED 73.5%, EECHENERE
&R 78.6%, BECHENEFRERRFIEREAEECHEE—PNERHLIC
TREEFUBELR T H LK.
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Fig.4-5 Effect of total pressure on performance of catalyst
Reaction conditions: NH; partial pressure 1.8 MPa; 377 K; 800 rpm; ADN concentration 11.8
wt.%; mass ratio of catalyst and ADN 0.13
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Table 4-3 Influence of total pressure on performance of catalyst

Pressure  Reaction ADN Selectivity / %

/ MPa time/h  conversion/% ACN HMD ACH Others
3.6 6 42 92 3.1 3.2 1.7
44 6 73.5 78.6 13.6 6.3 1.5
5.0 6 53.8 84.8 7.2 6.2 1.8
58 6 53.6 859 8.2 4.6 13

Reaction conditions were same as Fig.4-5.
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Fig. 4-6 Effect of reaction temperature on performance of catalyst
Reaction conditions: total pressure 4.4 MPa;H, partial pressure 2.6 MPa; 800 rpm; ADN
concentration 11.8 wz.%; mass ratio of catalyst and ADN 0.13
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30.4%REE] 73.5%; TMRMEER 387 K &, SBHEBLEREER 702%. K
NEEFRAENTREMEARNESR, AMEEARNETLENEREEBR
MHERFESSERK, ANEKEREPERERD, XTTREC REAE
EEREEENEERRE. KM 6haf, HECHENEEMNE 367K HE&E (4
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3 03.1%), WECZRERLE (AN 304%) BIKEX: BFEECHESY
S5 - RRAESARGELAR, YRNEEHN3TTK RE1hHEZHE
HEALE S 202%, BECHEMEERMETLUAS 91.5%: RMEEA 387K, K
B 2 b B SRR Y 28.4%, BE BT BB ATLUAE] 91.6%HI7KF.

® 44 RIEBEXNELR R TG

Table 4-4 Influence of reaction temperature on performance of catalyst

Temperature  Reaction ADN Selectivity / %
/K time /h conversion / % ACN HMD ACH Others
367 6 304 93.1 24 24 2.1
377 6 73.5 78.6 13.6 6.3 1.5
387 6 70.2 789 10.8 8.9 14

Reaction conditions were same as Fig.4-6.

444 REMRERBENS S BHRELN CZHRMSE R
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Table 4-5 Influence of reactant concentration and mass ratio of catalyst and adoponitrile on
' performance of catalyst

Number Reaction Catalyst  ADN concentration Mass ratio of XapN  Sacn
time /h mass/ g ! % (wt %) catalyst and ADN ! % 1%

1 6 1.5 11.8 0.13 73.5 78.6

2 7 3 26.5 0.10 415 882

3 7 4.5 26.5 0.16 708 . 786

4 7 6 36.5 © 015 . 69.5 .780

5 7 9 510 0.14 724 746

Reaction conditions: total pressure 4.4 MPa; H, partial pressure 2.6 MPa; 377 K; 800 rpm

% 45 ME 47 BT REMKRE. BUASC_BRELN S ZEREAR
REEEM. TUBNE, BARNYKRELEERE LRENHELEMERY,
EE NN AR, EANEE RN RE L E—ERNTEREN A6
HEMENRNER. SRAASSBHRELERAD (4240100 B, RNE
ZPERE, ERNThEORBOBLERE 41.5%, EECHEIEEEER
BEEENEEEEN S RENE2MARNELNAR. YEATISEHE
B R BT 0.14~0.16 TE W, ZE R 7 h &, © ML E AR 70%
A, BECREEEERATLULE 718%LA. Fril, EURSE _RrRELL
BEEMRNERENEE. ERFEUNSC BN EREHMAERT, AL
BEERECBEHKRERREN RNYLEER.

42



BNE HEERNEPCEEIMERNTA

80
70} /:%‘
ol {///
§ /
Z L
& 50
< L
k]
: °r / //
é
3 L
3]
5 T /"/ —a— ]
O ——2
20 | ///) —a—3
| / —v—4
10F o ——5
1 " 1 i ] 2 1 A 1 i L A 1
1 2 3 4 5 7
Reaction time / h
(a)
95
(' pa— e e———
or * \
I \ °
X 4 \
% 85 - ) ——¢
< | ’ "
‘s .
Zeot —-—1
B —o—2 4
& —A—3 '
75 |- v— 4 DY
——5
70 | B [l b 1 A 1 " i " ] i 1
1 2 3 4 5 6
Reaction time / h
()

B 47 R X LT R R RE RO B
Fig.4-7 Effect of reactant concentration on performance of catalyst
Reaction conditions were same as Table 4-5
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Table 4-6 Influence of reactant concentration and mass ratio of catalyst and adoponitrile on

performance of catalyst
Factors Reaction ADN Selectivity / %
ADN . Ma.ss time/h conversion/%  ACN HMD ACH Others
concentration  ratio

11.8 0.13 6 73.5 78.6 13.6 6.3 L5
26.5 0.10 7 415 88.2 6.6 3.7 1.5
26.5 0.16 7 70.8 78.6 12,5 7.3 1.6
36.5 0.15 7 69.5 78.0 13.7 6.5 1.8
51.0 0.14 7 724 74.6 15.0 7.2 3.2

Reaction conditions were same as Table 4-5.
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Table 4-7 Catalytic performance of fresh catalyst and regenerated catalysts

ADN concentration ADN conversion ACN selectivity
Catalyst
! % (wt %) 1% /%
Fresh 51.0 61.2 79.6
Recycle 494 36.6 81.5
Fresh 11.8 73.5 78.6
Reduction regeneration 11.8 14.5 74.8
Fresh 26.5 66.7 813
Calcination-reduction 26.5 576 841

regeneration

Reaction conditions were same as Fig.4-4.
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