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Abstract; A Pd-Fe/C bimetallievcatalyst was prepared by deposition-precipitation method. For the
remediation of chlorephenols, & combination of catalytic reductive dechlorination-oxidation over
Pd-Fe/C bimetallic catalyst was carried out. Based on the analysis of ICP-MS, XRD, and TEM, it
was found that-the active metal components Pd and Fe in the 0.5% Pd-0.5% Fe/C catalyst exhibited
the best dispersibility, and the specific surface area of the catalyst reached 718.8 m™g™"'. With water
as the reaction”" medium, the continuous degradation process and reaction conditions of

4-chlorophenol (4-CP) and 2, 4-dichlorophenol (2,4-DCP) over Pd-Fe/C catalyst under mild
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conditions were studied. Meanwhile, the reuse of Pd-Fe/C catalyst was also studied. The effects of
Pd and Fe loadings and pH on the activity of the catalyst were investigated, and the optimum
reaction conditions were obtained. With 0.5% Pd-0.5% Fe/C as the catalyst, 4-CP and 2,4-DCP
were completely reductive dechlorinated and transformed into phenol within 20 min. After the
reductive dechlorination, the pH was adjusted into 5 and H, O, was added, and phenol was
completely oxidized into H,O and CO,. Moreover, the conversion of phenol reached 97.5% within
60 min. Based on the above studies, the thorough degradation of 4-CP and 2,4-DCP could be
achieved.

Keywords : chlorophenols, Pd-Fe/C catalyst, catalysis, reduction, oxidation.
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2 B YhE b R LA A A Y A AE . 2 AR B K HL A o e ks M RS IS e R I, iR
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FAT, 65 2L A A BE T2 3204 Bk Ak ™ S8k m g d s b
SR JEE U A o BRSO N EAR I A SR A TR SR A S A R R i A A S R
FURTEMEALTIE T AR USSR T, TR S B 2 h & W o i > A Ah i SR S H A
FEI AR . Pd I AEAL 6B D R e i 1), (2 A A i, SR BB Tl Ak s ok e iy 25
e BB, B SRR T S B B WIS B SRV [T AR A SR ) A AR R
AR F A R AR A SR AR — RO R SRR SR, BT e R R AR A KR A
Pk A Al A AT B R T | BAGE SE 1Y) AEC T T SR A RIS L s BHLARL L2 X 22 G T 1) R A R
IEASBHAR 30 B A A s R R e 4

DRI I, B e s D 58 SRR A S A 285 6 A i B A b S 3 P B 4 1) P RN AL S Ak v g
BN IZ 926 Fenton 1R R4 R A TUAEAL - 1 2 Pd-Fe/ CHEAL . LA R BIPd-Fe/ CAE AL, LA
IKAER A T, % 4-58 2583 (4-CP) F1 2, 4- 50K M (2,4-DCP) SE4 74 Ak 34 J Bt SR Ak 8Lk 1) i
TR A, DL S 0 SR B 25 A0 W ) JES R i 1 ST 4-CP 1 2,4-DCP FEATHEAL I8 SR S8 5 7, it I S
T F A 2R B SR 1 R BRI H, 0, , S5HEARI T ) Fe 412 Fenton & R X R By 17 3E— 25 41
FEREAR A4S H0 FIRCO, , I TR EUmy 1 R . AR Pd X S8 2500510 1 = U AL I3 URT Fe
Xof S I S 2 Fenton EfbTR 8B B — & ML 45 A e —il, s — IR AN 25 1 T S 2 ik
B R R AR 1 7 T AR AR

1 SEEGER A Experimental section)

1.1 Bk

PdCl, .FeSO,7H,0 ,NaOH ( JiIk) (AgNO, \H,0,  Jo/K LB NaBH, 52 55 73 M 4l 10 24 0 [ 24
SR 2R A BR S ] 5 T M LA k2440 4-CP F1 2, 4-DCP W [ LT hr T A= AL RkH e A7 BR A .
S A A WU 25 85K HLBH R 16MQL A SRS, ZERE N 99.99% .25 S iz <.

1.2 ARSI %

8 3 OB 15 4 Pd-Fe/ C U AU 2K 0.98 mmol FeSO,-7H,0 1 0.51 mmol PdCL, 4351
7T 90 mL AR R IEPIFNA TS 10.0 ¢ TR (80—120 H ) IRA, I Na,CO, % pH =10, 4kE: 4+
1 hUCHE 28 ok kiR 2 b i, O HUR AgNO, K 28 S8 i h Jo 88 7. 4R )5, % 0.5 mol - L™' NaBH, ¥
W20 mL, BEFE 1 h UTUE & B TR U = ok, T4, 13 3] 0.5% Pd-0.5% Fe/C 1 48 7 1 4k 571, 24
FeSO,7H,0 /il A f 8 0.49 mmol, 1. 96 mmol A1 2.94 mmol HF, 4 543 £ 0. 5% Pd-0. 25% Fe/C .
0.5%Pd-1.0%Fe/CH1 0.5%Pd-1.5%Fe/C %5 3 P s L H.
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1.3 ZAHEfb S g 7
1.3.1  ZAHMEALIA SR S 560 e

AL JE S N A RSO R B AR FE TR 100 mL (9 = VRS 3E AT AR YOI ARE
1) 80 mL 4-CP 8 2,4-DCP ¥ 0.1 g fEALFIFI NaOH ( 1.1eqiv) , BELEE A 3 ¥R N, LA B #eds = FBSH
PSS S ARG TERE B EE T LA 10 mL - min™" A8 30 85GE A ST IR N, BB — 2 (I BEEURE | F AR i
(GC)HEATHHT , R HSMRIE AT 5, DL 4-CP Al B (1) THE LR LB B/ EE 3 IR, IREAN
I 5%  BOEYME.

Cocro=Cocp,
Bl =0 T 1009 (1)

o Cyp o1 Cyep J31H 4-CP PIRIIR R BEFN N ¢ B R 225 AV B mmol - L'
1.3.2 MR

Z MR R B S PR RS 457 1l U, ) SOy 2 o A S AR Fe (8 /R LR 1015
1) H,0,(10% , V/ V) BEA AL AL S A0 FF 0, 4 B — 5 [RT BR BURE | FH UM €3 (GC ) 3 ir it 47404,
K HAMRE AT E B, R A R F e I (2) MR S 2D E R 3 IR IR ZE AT 5% BCF- 1A,

iw%(%):C"“"““C"" Crmeisset0 (2)
H C oot o P C oy S350 R 2R TS ) VR J3E 0 ¢ BRI 2 J )R B mmol - L™
1.4 EABFIRAE K b7 7 i

K H X BHEATEHY (XRD-6100 X-HHERATHHX, & A A, B A) XS A6 7 2515 P9 4H 2351 - CuKae 5
2k B 40 kV, B HLIR 30 mA, FRGEFRH 6% min™ |, FHAE N 10°—60°. K FHiB 1 HL -+ B 508 (JEM-
1400 3% S HL 7 AR, HASHL TR okt HARS) 5 € gk 1) rORLAS 0 A 1 B0 - It i s 80 KV, JBOR A
Bk 40 T RS R AR 26 E GATAN 2] 1Y 792 GCD. R H 28 1 Rz ALAR I <2 12 ( ST2000B , 4t 51
BAFERL A KR A, o D) I R A ) L 3 AR AR Z R, AR S 22 300 CUBUEALEE 3 h, N, A B,
—196 °C W BFF . AR 4l 0 M R T B 00 7 3 e B A7) 1) B 2 T FR R/ e 2% i REURR 4 Wz o ity 46 R
FE BET AW Pd FI Fe Ve SR FLBHR A 45 3 TR 1% { ( ELAN DRC 1T HLJEHE & 45 55
R, B4 R BRA R, 36 ) 430 #7 .

4-CP F12,4-DCP K Z AHMEAL AR 7740 53 3R P €0 15 AR A0 €835 - 3G 206 FH AR A7 2 1t R
FEPESTHT.

S AL 43 #1 . ThermoSeientific TRACE 1310 S A & 354X ( 8 8k K /R BB (7 YA B FE, 3
[E) ,DB-1701 735 B4 (30 mx0.25 mmx0.25 wm) , ZUK MBS FHI 8% (FID) | 4347 518 . 8 N,
4hiE 99.999% , ik - 1.00mL-min™' ,FEFIE 15 psi; #FFE HELEE 260 C, Kl #5652 260 C ; FHRFETF N .
50 C,P&FF 2 min, LA 10 Comin™' FF 2 180 C ,#RJ5 LA 25 Comin™' By FHRHEE T3 260 C , -4F 5 min.
SARAERE  MERERD 2.0 uL, 4 HE 10:1.

JB i 5341 : ThermoScientific 1SQ AR ik BTk ¢ FAY (FEER K /R B (TP D) A FRA w25 E ) , DB-
1701 AR EAEFE (30 mx0.25 mmx0.25 pum) , #EFE 1 AR ES TR R 260 C 23 R =4l He, i
1.0 mL-min~"; B FIRIRE 260 °C , JEEE DR 260 °C ; FHEAE T 450 C, 4 FF 2 min, LA10 Comin™' F+ &
180 °C ,ZRJG LA 25 °Comin™' I THEEETHE] 260 °C {4455 5 min A0FIEEE, PEEER 1.0 uL.

K B T 038 ( ThermoScientific 1CS Aquion B (235 {80 ) A8 W0 Sz 1y 1k #&2 v C1™ Ak B AR 1k LA 43 7
4-CPF12,4-DCP £ AHAEAL A J5 b (1) B 4015 1, Dionex TonPac AS23 BB T (B 3% 4 (250 mm x4 mmx
4 pm) ,Dionex AERS 500 # il %%, i s A1 4 4.5 mmol - L™ Na, CO,/0.8 mmol - L' NaHCO, , i 14 > FH
1.0 mL-min™' SR ASMR LT E R, Sl 20 EE 3 IR, IRE A 5% , BOFHIE.

2 5 R 5118 (Results and discussion)

2.1 HEAEFERAE
B M ICP-MS 5 T 4 FAR[H] Fe &2 Pd-Fe/ CXL4s J@ ALK G PE 4 @ 243 Pd Fl Fe HYE
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SE R WER 1 PR 2 1 A H1,0.5%Pd-0.25%Fe/C 0.5%Pd-0.5%Fe/C 0.5%Pd-1.0%Fe/C F10.5%
Pd-1.5%Fe/C % 4 FfiEfb 7 Pd 5285505108 0.49% .0.50% .0.49% Fl 0.51% , Tl Fe () 51 2% 2 W 43
5124 0.23% ,0.55% \1.13% 1 1.60% . EBHIX 4 Ff i 208 X4 @ A A0 500 h i35 PR 41 20 Pd RN Fe D 1 72
B TGP L

b5 , HE—H M E 4 FRTE] Fe &5 B AIP-Fe/ CRUE SR ML B e e AL (3 1) 36 MR Y L 2 i AR
9 689.7 m*g ™" ;1M 0.5%Pd-0.25%Fe/C .0.5%Pd-0.5%Fe/C 0.5%Pd-1.0%Fe/C 1 0.5%Pd-1.5%Fe/C %
4 PP AL Y HE T AR N . 647.8 m*> g™ (718.8 m> g™ 693.2 m™g ' Fl1 657.9 m>g ' 1 1 Al A, ik
FI LR RS Fe & 8 R INAEZ WY K, Fe B8R 0.5% 0 LR T BUA R, By 718.8 m™>g ™', 1]
e T 0.5%Pd-0.5%Fe/C AL Pd Fe ZEEURFR I /3 HERCUT ARS8 N Fe 19 12, AL LL R
AR R, ATRESE T 21 Fe 35 2E T TG 1 FLIHE.

R IR SO R A H A R
Table 1 BET of active carbon, 0.5%Pd-0.25%Fe/C, 0.5%Pd-0.5%Fe/C, 0.5%Pd-1.0%Fe/C and 0.5%Pd-1.5%Fe/C

[ tal Uik:4 ttz%zmifﬂ/
Pd/% Fe/% (m%g™)
TR 0 0 689.7
0.5%Pd-0.25%Fe/C 0.49 0.23 647.8
0.5%Pd-0.5%Fe/C 0.50 0.55 718.8
0.5%Pd-1.0%Fe/C 0.49 1.13 693.2
0.5%Pd-1.5%Fe/C 0.51 1.60 657.9

KT 0 4 FhPd-Fe/ CRU4 JRAEAL T 05 A1 73 Pd Fl Fe 7635 M e 1 0 S IATE 5, XAk 5
AT T XRD FRAEHr, il 1 s BT Hrel IBI S B E S, (00 2) C ST 10) C AT AR IENT
S SR, XRD 3% B H R WA Pd Fl Fe RRRAERFIT0E 3002 B TG 41453 Pd 1 Fe Mt 2R 50/, 7RI
PE s B oA LUER Y A) A ekl .
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B 1 MR KA RMETIY XRD 35
(1) %M ;5 (2)0.5%Pd-0.25%Fe/C; (3)0.5%Pd-0.5%Fe/C;(4)0.5%Pd-1.0%Fe/C; (5)0.5%Pd-1.5%Fe/C
Fig.1 XRD patterns of (1) active carbon, (2) 0.5%Pd-0.25%Fe/C,
(3) 0.5%Pd-0.5%Fe/C, (4) 0.5%Pd-1.0%Fe/C, and (5) 0.5%Pd-1.5%Fe/C

R T i — 2 TR A e AR TR A 1 O, W8 A O LYE 2 ) 45 19 0.5% Pd-0.5%Fe/ C i
F SRR 5%Pd/C HEALKIFEAT T 3B 5T HAE (TEM) FRAE4HT | R0 35 5 v 85 UL IR 2. pl FEL % R A 7T
DI A S 28 19 0.5%Pd-0.5%Fe/ C AL A UM AT, S0k AR XT3/ 0N 5 1 s FH Y 5% Pd/C B,
IYHEA T | BRI AR X 2¢ J2: 0.5%Pd-0.5%Fe/C HEALFI 5 R FI0 5% Pd/C Ridz5Biit,0.5%
Pd-0.5%Fe/C LTI FRI AR A TE 2—4 nm, 1T FH 5%Pd/C BRAREPTE 5—7 nm XL ERH T
Pd Fe f#8 /N H A HME AU 76 XRD 3% A H BURRAEAT 504

[, %F H T 0.5% Pd-0.5% Fe/C AL AR H 5% Pd/C HEALF A9 XRD 3% 14, 25 5 0L K 3. 78
5%Pd/CHEFLFNE) XRD &1 L, 7758 1 2k 40. 1088 —AN B S A AT 506 500 (1 1 1) Pd il 18T AR TR AT S
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U 17 0.5%Pd-0.5%Fe/C #EALF XRD 15 & 1 5 A 300t 303X F — 20 UE B 1 Pd-Fe/ C A4 J& £k 5
) XRD J& E R WA Pd F Fe MURFIEAT S04, 32202t TG P41 4 Pd Al Fe 7R3 PEIR [0 2k 4%
I, BB 25 F TR AR ST 45 B Pd-Fe/ C U4 JB AL F) ELAG T PR 4 43 1 1 2 B e /N A ik
BT D T 3 AR LR R A

B Pd/IC
Pd-Fe/C

N
§
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\
\
\
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i\
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Percentage/%

Grain diameter/nm

2 0.5%Pd-0.5%Fe/C(a) FIRTH 5%Pd/C(b) AR TEM [ S HoRiAR5M i (¢ )
Fig.2 TEM images of 0.5%Pd-0.5%Fe/C (a) and commercial 5%Pd/C (b), and their particle size distribution

(111)Pd

l

Intensity(a.u.)

Pd-Fe/C

1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60
20/%)

3 0.5%Pd-0.5%Fe/ C #EALFI 5 H 5%Pd/C A#EALFIHY XRD 35 &
Fig.3 XRD patterns of 0.5%Pd-0.5%Fe/C and commercial 5%Pd/C

2.2 Pd-Fe/CHEAL 4-CP F2 ,4-DCP 14 J5 I 42 - AL R A

S AL A YRR PR AR KR A 7 S A5 40 140 30 D IOt D A A AR B Tkt il
JE 58 SR g A R CInX AR 70 A B AR/, 1 58 A NaOHL v 0348 J5 13 G s o7 v A6 B i) HCL 3 3
GC-MSAYHT ,4-CP 5 SR 740 Jg K 3, 2, 4-DCP i 5t S8 5 0 77 4 g 2-58 7K 15 (2-CP) [ 4-CP il
HW IO ORI R i FEPd-Fe/ CHEAL T ,4-CP 1 2,4-DCP % A 388 J5 i e die 2 1 R
AR B -0 e — 3 S A im0 A PR B A 8 it AL S8 A ) 3 AR R R 45 1 R R T, IR e e A Ak it
JREE S, 7 AR ZR I RS R VR pH AL, o 4R AR R R i A STt e T GC-MS
4381 ,4-CP F1 2,4-DCP 38 JF I S 28 7= W 2K B o 8 Ak TP 3R, AR R IR 55 /Ny P 5, OF L &1kl
CO, 1 H,0"? s #EPd-Fe/ CAEALTIAFAE T AL F A8 59 BRE S5 1 F P2 A IR Fe™* , IHA S H,0,77
K TR EE A 3 - O, PUA AR Rz B K i - OH I, & A B AR IRt — T 3R, AR O R %6
N TR, It — 24 - OHMCT Fe & A 1% CO, A H,0, B o 2 LI 4.

OH OH
N Pd-Fe/C Pd-Fe/C
| [ ——————» CO,*H,0
N NaOH H,0,/H
Cln

Bl 4 Pd-Fe/CHEAk 4-CP 1 2,4-DCP i J5 it S-S Ak S 3 1
Fig.4 Remediation of 4-CP and 2,4-DCP by the combination of catalytic reductive dechlorination-oxidation over Pd-Fe/C
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2.2.1 d-Fe/C {#4k 4-CP F12,4-DCP A JE 5

T8, 5 T AR Fe & @ MPd-Fe/CXA B AEALFIXT 4-CP (& 5A) Fl 2,4-DCP (] 5B) By LA 5
WS M. &S AT, B XF 4-CP ORI 2, 4-DCP Ay i Ak i J5 B 40k 8, 7E 0. 5% Pd-0. 5% Fe/C,
0.5%Pd-1.0%Fe/CH1 0.5%Pd-1.5%Fe/C 55 3 ML AL T ,4-CP F1 2,4-DCP 195463 7E 60 min
AR AT LA Ik 2] 100%. 1fii H., Pd-Fe/C % 4 J& f# 1k 55 19 48 fb 3% 1 0¥ 4. 0. 5% Pd-0. 5% Fe/C >
0.5%Pd-1.0%Fe/C > 0.5%Pd-1.5%Fe/C > 0.5%Pd-0.25%Fe/C.H1H.,0.5%Pd-0.5%Fe/C #EALFI X 4-CP
F12,4-DCP 1 Jir ot Gl 2 AT e s A A 16 P 3 5 A0 301 LU SR TETRR AL K, P Fe 19 43 HICPE B 07 BLHEAROC,
PEAR TR A AR 25 AR 13X — A5,

1o A 10F B
80 80+
BN BN
E B
£ 60| Z 60
£ =
g 025 = 025
= —o— x=0. = —eo— X=U.
gor ——x05 21 —a 105
—v—x=1.0 —v—x=1.0
20k ——x=15 20}k ——x=15
0 1 1 1 1 2 1 I 1 1 1 1 1 O 1 1 1 1 1 1 I 1 1 1 1 J
0 10 20 30 40 50 60 0 10 20 30 40 50 60
f/min t/min
B 5 ANFEEAFINT 4-CP(A) Fl12,4-DCP( B) BYMEAIEIS B 5005

Fig.5 Catalytic reductive dechlorination of 4-CP and 2,4-DCP over different catalysts

6 N[ Fe & & MPd-Fe/CX 4 JE& LTI 4-GP (B 6A) Fi1 2,4-DCP (&l 6B) R Ak Ji 1 45,

R CU ARSI f &l 6 AT, 78 4-CP 1 244-DCP S i it 58 5 i 3t B b, C vk S5 B s 1) Fr) 9 7%
W T H. CLU MR | a3 5 4-CP Fi1.2,4-DCP 50 I #ash— 3 B4, ik F i Ak & h
2 Cl it 5 4-CP 37 2,4-DCP BY5R T B 5 — B X R UL FE 4-CP F12,4-DCP 134 i Ffiff ok
T R A AR R G, B T o SPe.

A B
1.2 1.2
T_.] 09 T_] 0.9
en °n
) )
206 2706
o —e—x=0.25 S, —e— x=0.25
—A—x=0.5 —a— x=0.5
03k —v—x=1.0 03 —v—x=1.0
—o—x=1.5 —o—x=15
0 1 1 1 | | L 1 1 1 J 0 1 1 1 1 1 1 1 |
0 10 20 30 . 40 50 60 10 20 30 40 50 60
t/min t/min

B 6 Pd-Fe/CHfbxt 4-CP (&l 6A) 1 2,4-DCP (8 6B) i J5 4 B (1) CL 25 Ak 15 it

Fig.6 Change of Cl™ concentration during catalytic reductive dechlorination of 4-CP and 2,4-DCP over different catalysts

2.2.2  RIAMEALT B A AT P

H Pd-Fe/CHEALFI L 4-CP Tl 2,4-DCP 4 5 i S8 - 401k S ik %2 (181 4) TN, 4-CP 5% 2,4-DCP i
A T30 S22 56 A2 Al SR 2R 81 A A A 0 1 e A S A P B A 28 1y 3 1 7 e A S A R A R TR P 1L 7 R
AN[F Y Pd-Fe/ C At Ak 75 X 24 By 3 47 48 4 4010 B i 09 7% k. an 181 7 Fir 7, 7E 0. 5% Pd-0.25% Fe/C.,
0.5%Pd-0.5%Fe/C 0.5%Pd-1.0%Fe/C F1 0.5%Pd-1.5%Fe/C % 4 FEALFIFIVEH T ,60 min N E ()
TEAL B AL R 9 144.4% 54.3% 62.1% F1 70.5%. Rt Ak 700 70 A A 2 i 480 Ak ot 78 1) 33 M Bt 25
Fe 2 fE (3G T3S AEAE AL A 15 PR AS SR BRAR s RV AR TG PR 47 1 0.5%Pd-1.5%Fe/ C fEALFIAE
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R AR A KRR AN 70.5% 3% AT RE S H T Ak i JE i U5 SO AR & 9 pH A J& 2K Fenton 1A 5
Fyde A R N pH S Rl PRIt 38 o 7R A A A SR e S R N S5 IR R 15 pHL SR XS Pd-Fe/ C R4 SR AHE AL 7 A AL
AT .

22 Fenton ALY IR pH {H7E 2.5—3.5 Z[H], R EXAS pH JE B2 1, Fe™ ik H,0, 88 1 5 ik

- OH A 77 A o R A i KA ) T Ak 2R T A A 791 £ 28 380 2 I Ay S 2 A AR 39, S el T B 17 2%
Fenton( Fenton-like ) LA 2R ' .2 Fenton EALIK R f# e T Fenton S ALIE FH pH 11 %5/ 1 1] JE 5 He
PRF)T 2.0—6.0 £ 47, 36 VGBS 2] T AR KL .26 Fenton E AL AL TG VA SR B AE BRI 510 F
A SR AR I S U N BT TR 5, AN R Fenton AL AIE A pH B, A b AL A AL i
FEAIPA-Fe/ CAEALT B MEALTE P AL HAR.
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Fig.7 Catalytic oxidation of phenol-over different catalysts Fig.8 Catalytic oxidation of phenol over different

catalysts after pH of solution adjusted
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Fig.11 Effect of activated carbon pretreatment on Fig.12 Effect of activated carbon pretreatment on

catalytic reductive dechlorination of 2,4-DCP repeated remediation of 2,4-DCP over 0.5%Pd-0.5%Fe/C
over 0.5%Pd-0.5%Fe/C
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