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Catalytic ozonation silicon-containing m-cresol

by modified ZSM-5 molecular sieve
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Abstract: In the high-efficiency catalytic ozonation process of coal chemical wastewater , the catalyst was deactivated due to silicate
in the water. In this paper, with ZSM—5 molecular sieve as the carrier, a series of anti-silicon catalysts were prepared by the equal
volume impregnation method. The effects of the types of active components , the types of precursor salt solutions , the roasting tem -
perature , and the loading of active components on the anti-silicon performance of the catalyst and the degradation of silicon-
containing m—cresol wastewater by ozonation were investigated. The characterization analysis of anti-silicon catalysts was also inves-
tigated. The results showed that when ZSM -5 molecular sieve was impregnated with Fe (NO,),+9H,0 as the precursor salt, cal-
cined at 500 °C, and 3% Fe active ingredient , the anti-silicon catalyst showed excellent spatial structure , the best anti-silicon per-
formance and the highest TOC removal efficiency of catalytic ozonation reaction. Meanwhile , the conversion efficiency of m—cresol
was 100% , and the TOC removal efficiency is 36.35%. The catalyst still maintained excellent catalytic activity and anti-silicon sta-
bility after 240 h life test.

Key words : anti-silicon catalyst ; catalytic ozonation ; TOC removal efficiency ; ZSM—5 molecular sieve
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Fig. 1 Experimental equipment for catalytic ozonation reaction
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Table 1 BET results of anti-silicon catalysts

AR il He M A/ (m?eg ™) AL mi B/ (m?-g") LA (em®g) L AR nm
2 R ZSM-5 308.29 256.72 0.175 2.273
Fe(3)/ZSM-5 309.35 218.85 0.184 2.379
R RIS Ni(3)/ZSM-5 208.30 159.28 0.132 2.528
Mn(3)/ZSM-5 195.06 142.08 0.154 3.155
Fe(NO,),(3)/ZSM-5 309.35 218.85 0.184 2.379
T 3 R 2K FeCl,(3)/ZSM-5 287.62 213.34 0.164 2.859
Fe,(S0,),(3)/ZSM-5 149.60 100.28 0.091 2431
Fe(3)(300 °C)/ZSM-5 323.39 241.67 0.182 2.254
Sl e il JiE Fe(3)(400 °C)/ZSM-5 305.29 254.28 0.170 2.233
Fe(3)(500 °C)/ZSM-5 309.35 218.85 0.184 2.379
Fe(1)/ZSM-5 318.16 238.21 0.181 2.274
v 1L - Fe(3)/ZSM-5 309.35 218.85 0.184 2.379
AT Fe 01 B Fe(5)/Z8M-5 236.81 177.66 0.141 2.378
Fe(7)/ZSM-5 151.61 102.34 0.116 3.052

U P 4 43 Tl 2 52

M2 1 0] S0, ZSM=-5 43 - i 1 b 3% 18 R A K
ik #) 308 m*/g, H o 83% L oA L, A R T iE M
M. Fe(3)/ZSM-5 Hb 3 1 FH 3 AR 3%
A A A, AL b 2% T R AT U2 . Ni(3)/ZSM-5

HI Mn(3)/ZSM-5 | Lt 25 18 FURN 3 £L L 2% T AR XF
ZSM=-5 B ARER I/ T, FLA WA X TR X 2 KR
R OB R 4 JE Rk R AR s % T Bk AL
WO K’ 2 (a) J& ZSM-5 # 4K Fil Fe (3)/ZSM-5 .
Ni(3)/ZSM=5 . Mn (3)/ZSM-5 1 N, Wz Bf - Jid B 45 3

—157—



W5 B

Tl KARFE 2022-02,42(2)

1207 (a) . ¢ 00020 | (b)
Fonn s poed .
100 ———peti TR e ZSM-S
~ ."-ﬂ" - v.f = 00015 | e Fe(3)/ZSM-5
280 f o {:39‘ g ——Ni(3)/ZSM-5
z e k- = Mn(3)/ZSM—5
) 4},’.‘* Bt 5T 2 o000
il & :
E —a ZSM-5 § 00005 -
A o2 o Fe(B)ZSM-5 =
— Ni()ZSM-5
0 v Mn(3)/ZSM-5 or
0 02 04 06 08 10 0 50 100 150 200 250
oin, fL/nm
Eg © A 00020 ¢ @
-
Letiveny
o 2% TYYELIess 5 s - Z5M-5
Ry g —o— Fe(NO) (3)/ZSM-5
o6 & o - Fe(CI),(3)/ZSM-5
S 4 TR L 0001 0) + Fe(SO,)(3)/ZSM-5
g : '
= o 3
= 0 = ISMS = 00005
Z * Fe(NO)(3VZSM-5 5
-20 —a— Fe(Cl),(3)/ZSM-5
40 - Fe(SO,) (3)/ZSM-5 0
0 . R R
0 02 04 06 08 10 0 50 100 150 200 250 300
rlp, fL#%/nm
HOr o) - 00020 f T ®
2ok

= ZSM-5

".'i{?ﬁgﬁ‘“" = ooost §

5 100 2 o Fe(3Y3007C)/ZSM-5
T Wl E —4— Fe(3X400°C)/ZSM-5
£ i — - Fe(3(500°C)/ZSM-5
Z 0
g o 2
% ]
= 40} . ZSM-5 = 00005
2 o Fe(3)300C)ZSM-5 5
20 —a— Fe(3)(400°C)/ZSM-5
ol. v Fe(3)(500°C)Y/ZSM—5 0 =
0 02 04 06 08 10 0 50 100 150 200 250
i, fL4%/nm
00025
e i .
o ﬁ?ﬁi’-’-’t"' 00020 e ZSM-5
_ P o Fe(1)/ZSM-5
% 2§ —a Fe(3)/ZSM-5
Bog —vrrrey. s 200015 by
£ v v.'.wwvn::; % —v— Fe(5)/ZSM-5
< ol ” RS2 T —+— Fe(7)/ZSM-5
I ARORS L s 8 00010
£ 22 ; 3
= % —= ZSM-5 2
= o Fe(IyZSM-5 5 00005
2 —— Fe(3)/ZSM-5
v Fe(5)/ZSM-5
o + Fe(7)ZSM-5 0 —
0 02 04 06 08 10 0 S0 100 150 200 250
Pip, fL4%2/nm

B2 N,RM-HERERILEDT
Fig. 2 N, adsorption—desorption isotherm
and pore diameter distribution

2, ZSM-5 #5135 fiE Ak R 0 45 R 4k 4 JE i R
A IV 78 W% 45 e 2k o KR X (p/py<0.1) W B £ 1 38
T 2 A R AR P AR R R AL s T R X
(0.4<p/p,<0.8) Wiff Ji5 & 1 i, HF 30 BH Wb 1 9 )5 B, 3%
W 288 A R A A 00 280 A AE N AL A 5 15 TR X (0.95<p/p,
<1.0)Wg Bt b TF, WA DR KA. hE 2
(b)FLAE oA v UL H , ZSM -5 2% 44 il 67 3805 PR 4l
SYIG AL RIALIE R & RAF LR KR Z /0 TE 2.2 nm.

(20) i R A 8 il 28 1) 52 0

i 1 AT, 40 Fb ZSM -5 2 4& , Fe(NO,),-9H,0
R W & B AL ) Fe(NO,),(3)/ZSM=5 H 2 1 1
BEARMNAR AL A BT, ¥ B LA Fe(NO,),-9H,0
Ry A SRR R HEAT i A R 7 B, Fe 75 ZSM-5 204K |
Oy HUCHEBCAS o DA FeCly Sk iy 3K 14 b 1] 45 15 31 14 8 1k

—158—

FUAFT AR ZSM=5 1117 75, Hb 2 T BRI B £L L 3% 1 AL
W& /N o 1T LA Fe,(S0,),-xH,0 A AT IR i £ B A1k
) b 2 i AU 308.29 m* /g [FRARE] T 149.60 m*/g, i fL
Ll 2 1H B KRR AIG , AL 2508/ FLAR 1S K, AT g 2
H T 115k Fe,(S0,),-«H,0 il 15 /) 4 J8 AL Wk 26 T
AR . B 2(c) & ZSM=-5 # AR Fl Fe (NO,),(3)/
ZSM-5 . FeCl,(3)/ZSM-5 . Fe,(S0,),(3)/ZSM-5 i N,
W B6F — 0 B S TR 2R, DA Fe,(SO,), - xH,0 Ay Aif 5K {42 5 i
s A AR TR 1 N, I B B S AIK T 9 A0 2 R Ak
HBAT B S A IS B, U B A S A AR R A L AL
A T4y 2k 5 Fe (NO,), (3)/ZSM=5 Hil FeCl, (3)/
ZSM-5 S5 2 XA K. i B 2(d) FLAR /Y 43 1 1
ST LLE i, Fe,(S0,),(3)/ZSM-5 [ A L A ¥ />
MBS

(3) B8 T 2 19 5

MR LA LLE B A B B IR B 0 b T AR
) b 2R T R A L2 R T AR T A 2 B A K
G L= T LY/ N R E S Ra e £ N INERZS 0N <3
5% I AL VAT T S AR Ak R AL B3 L O A i Ak R B A
R A B B 2(e) 2 ZSM-5 24K F1A [F)
i % T TS A A5 B i Ak TR R N TR R — I A A R 2k
Al LA W R T R A IV R SRR 2R P A i R Y
H4 R F AR . B 2(6) WoR TR LR 2 A O
LA R Z 0 A dE 2.25 nm, AS [F) B 58 T B X6 i Ak 551 B
il £ B A A S

(4)Fe B 2 & A 5200

Hi ¢ 1 AT AT, Fe B 28 o ) 35 in 5 3504 16 390 1) e
E TR A B W 1 S IR A N T = W = T A A NS
JEZ WK . Fe gkt N 1% BN % 7% i), o3& it
FRE WD T3 50% ,3X 7] fg S 1 T2 5 19 Fe 242 LY
ALY a6 AR UK 3R I R AR AR AL I B R B
FE R 2(g) S ZSM =5 3% AR F 4 T Pk 4 4 10
R R 18 N 2 B — ot B 45 3 £k, it B 28 i 100 3
N, W 6 4k 3% 9 0 /> AELATS 98 i M T80 g IV 7 453 2k
HL 34 B S 0 Il e 2, 6 B B 4 6 28 o 39 i 1k
FUATYIRAEAE A FLAE | g A Al S 07 4 1 R 4 1 7K A4
e VE BT RR B R T, B2 /85 BN W) 43 ¥ AE L 1E N A
STy QA S R A VA7 e | I R T
AR B2 (h) v 38 A R 480 1 Ay A A R
YA RAFry LR a5, fLAR K2 /3 i 75 2.2 nm.,



Tl K AL 3 2022-02,42(2)

MR K, F  REZSM-5 0 Tl L R A A L& FE F B

2.1.2 SEM &5#
&3 R AT Fe 48w AL A9 SEM RAE

1 pm

B3 ZSM-5FAR[E Fe Ak E K Fe(Z)/ZSM-5 LT B SEM
Fig. 3 SEM of ZSM-5 and Fe(Z)/ZSM-5
with different loading of active components

I3 (a) ~(d) X5 N 14 £ 28 i 53 38 1%~T% . 7]
LLE A0 L ZSM=5 43 i (] 3 (e) ), B 205 4L
TE AL TR AT) Sy i B A S R AR AR, 254 AT 1 3578 1k
A DB AR B . (H 2 B 2 1 1 2 53 07 28 1 3
A Ak 700 2 T RS DU Y ) R G L 8 TS A5 R
e, I HL 2% T Rh UKL 2 W7 K, T REE T
(3G IN 2o 06 PR A 4 77 A SRR B IR e 34 AT b
ORI
22 HEUFHMELXRESELENER

A ) ) A Ak R AR S T A O XA 4 B ik
e 8] T I 5% AL 2 1 TOC L BR 36
22,1 FrasFrk

XA A [ 35 P 21 43 04 A AR R X (3)/ZSM =5 i
L B A A PE A, 45 SR WL 4,

Kla(a) Ba M X(3)/ZSM-5 Pt ek fE . 2k
T P 4 3 Min B8 A0 5 B B A R B W SR TE AR, T ] 7
5 19 Mn(3)/ZSM=5 23 W e — 7€ S 19 B, T 4 4800

(@) (®) 100 ©

Mn(3)/ZSM-S| —

&

i 60
Ni(3)/ZSM-5| §

B

o f/ - Fe(3)ZSM-5

Y ANosvs 10
/
MaG)ZSM-5
Fe(3)/ZSM-S| o ¥ dvnoyzss
Y ¥ 75M-5 5

L
0
-012-010-008006-004002 0 002 5100 15 20 %, Y, ’%@ <5,
A
W (meg’) fal/min L S %4’%

(a) BraE g (b) [] F 3 e fb 3 (¢)TOC £ BRHR
B4 FEEEES S & X(3)/ZSM-5 K L iEEE
Fig. 4 Catalytic performance of X (3)/ZSM-5
prepared by different active components

PELL S Fe 1 Ni B4R 7] W26 B (8, 2 I ik 571
Ni(3)/ZSM-5 Fll Fe(3)/ZSM-5 7£ 1 0 2 15 H— &
i, H Fe(3)/ZSM-5 9 £ ¥ th 2 4 2 Ni(3)/ZSM-5
() —>F , 3R I Fe f& A 19 16 1 £ 2041 47

I B e R Ak 70 X (3)/ZSM =5 BE AT ) B i Ak R
AR 25 R WK 4(b) o P RE M AL B A
R el AL T SO TS S U A 5
ZSM =5 4 ¥ Ui o fige R 22 WY g o pfe o 7 ) R e Ak
R T T, B RE A AR 7R RN 20 min J5 TE] B R A
Ak 5 4 (AL 3R 3K 31 100% ) | i 2% 1A A 4 Ak 5] s
20 min B 5 A HG AL RAUN 65% . HBL ] WL, 97 0%
PR 53 I (A AL R 1 g B B 4R T

P4 (c) b 7 10 J2 3 Tl i Ak 50 i b B4 4R AL 25 B
JE K TOC FIRLSE o 57 306 M 4153 by Fe 1 i 4L 541
Fe(3)/ZSM-5 X} 7K/ TOC Y 25 B R G K F 2k 4R
I3 A 2 R EAR R . ZEAEALRIVE TR, % Kt TOC 1)
BB RN 20%~40% . 454 8] F B 5 ALK IE 52 [R]
B 9 58 Ak G 3 B AL N o A ALY
2.2.2 WIERAR Fe #h AP £

XoF AN T) IG BIR AR Fe b V5 VR 00 48000 i A R0 2F AT M
b SR SE AL TR 25 3 LI 5

E5(a) R H FeY(3)/ZSM-5 4k 57 14 Bt ik v
& DL Fe,(SO,),-aH,0 i 9K 14 £ 6 25 (14 i 1k 51
R Ao I o QSR GO (= 1) T A N = X 1L 2 | I A |
Fe,(S0,),(3)/2SM -5 #5123 W Wi K 6 i L i dik e
F1 855, 1 FeCl,(3)/ZSM-5 Fl Fe (NO,),(3)/ZSM-5
() WHR A T HAUEAS K B Fe(NO,),(3)/ZSM-5 %
HRRE Y R D — s

FHAS TR A 3R AK Fe £ 1 45 19 FeY (3)/ZSM-5 17

25

TOCEBF/%

—159—



W5 B

Tl KARFE 2022-02,42(2)

(a) (b)]00 (©)

(GVZSM- 0014
80

0407
A Fe(NO) 3)/ZSM-5

C1BYZSM- o ¢
0056
¥ z8M-5

01 0 01 02 03 04 0 5 0152
Wimgg") 18]/ min

(a) HL B (W) B ()TOC £BR %
B5 AEBTIRGE Fedh il &M FeY(3)/2SM-5 B L 14 B8
Fig. 5 Catalytic performance of FeY(3)/ZSM-5
prepared by different precursor salt solution
Vo] B A R R SR S, 25 R LR S () o i (] 4
i, B 7K H g T H B % 32 R A, L DL Fe(NO,) -
9H, O by ij 9K A4 £ 1 5 (A 4L 7] Fe(NO,),(3)/ZSM -5
T TR PP P53 ) o2 ik 3 230 028 1 g b 2 Tl i A R R
SV 20 min f5 (8] B 4 58 A e Ak . T Fe,(SO,),(3)/
ZSM~-5 Fl FeCl,(3)/ZSM~5 15 2 v 45 o st [] B figy 1)

A R IA 5 85% 1 77% .

KI5(c) o 1 3 ot A 70 4 b 5 AR Ab 2 B
KHTOC BB . Fe(NO,),(3)/ZSM-5 Ay A {35 R
i F FeCL(3)/ZSM-5 Fl Ak . Fe,(SO,),(3)/ZSM-5
Xt TOC 9% Br Rk 2] T 50%, 84K 16 TOC % B R
J7 TH R T 2 B Ak R (E R ) H G A R R AR
T Fe (NO,),(3)/ZSM-5, i H Fe,(S0,),(3)/ZSM-5
B Rk BB AR 25, Bk D Fe (NO,), - 9H,0 K il
K AR ok Tl £ HE AL )

223 RREE

X A ) 5 58 15 7l 45 1Y Fe(3) (T)/ZSM-5 fiE 4k

FNHEAT Ak 5L EU AP L 25 2R UL 6.

- FeCL(3)/ZSM-5
- FeSO)3YZSM-5 1ol

A7

Ze, 8 25
o K s
‘&”’/\J s

"y,

0

Ay e

Gy A
Sty

(a) (©),q, ©,

FeX500 7SN 0041 = B mm B
3sg7 (3635
80)
30
s / <25
E =
FXA00CYZSMS

60
[mm = ,/‘ & 2
Z b N g i 1959
- - Fe(3)300 °CY/ZSM-5 10
0083 20| I Iid})( ?m ”L:) Z\:M*S ¥
Fe(3)500 °CYZSM-5 5
¥ 78M-5
0
004002 0 002 004 006 008 5 10 15 20 ’iy;)(% :‘iyj)(% "%,* ) g%\j
W [(mgg) i#ffi) /min Q/?‘Y/L/\J‘()QY&/\JO%MJ
(a) Pk fE (b) [ H g e {5 (c)TOC £ %

6 AEBREREH &N Fe(3)(T)/ZSM-5F L 8E
Fig. 6 Catalytic performance of Fe(3) (T)/ZSM-5
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