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In this study, copper and manganese containing catalysts were prepared to remove gaseous benzene emitted

during industrial activities. Active materials, copper and manganese, were directly incorporated into the ZSM-5 zeolite
support during the synthesis of catalysts. Characterization of as-synthesized samples confirmed that most of copper and
manganese were isomorphously substituted into the frameworks of ZSM-5 instead of being bonded on the surfaces of ZSM-
5, which commonly occurs when wet impregnation or ion-exchange method are employed. Catalytic tests showed that the
activity of the sample containing both copper and manganese was highest among all samples, with the 90% oxidation
temperature (Tyg) of 405°C. In contrast, ZSM-5 without any metals showed a very poor efficiency, removing only 10% of total
benzene even at 550°C. The catalytic performance of the samples was closely related to the portion of surface adsorbed

oxygen species (O,4sormeq)s Which was actively involved in the catalytic oxidation of benzene.
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AAIA R AF-571] wE A E5 23tz 7}
T LAY HiEFol FlelA At 11 FolH 5
5| 2 -R713FHE (Volatile Organic Compounds,
VOCs)2 H7] FollA Fatehite& 53 oF 3 2
ZF 71 dReE 22 Feket AR S WA= o
olo] Eth(Ye et al., 2018). EF 21A|o] FA|7t Hot
LEEdW S Az &4 9 gl & Azto] £32] e
FFS 72 B2 Fo5oF gt (Liu et al., 2019).
VOCs= EY, 574, 25 5 A4 vzt A",

HiEEE Aoz %}eqxq Om}(He et al., 2019). At
25t thofst VOCs EollA il
o

=

sletEdE we7| At SEAE T2 AREE
of FARt eEd 7S WY, ol 5
N4 4 5{1‘:}( alzone et al., 2016). ©]
2 242 W3lsle] uj&st

1 Ut} (He et al., 2019;

il 4% Hl%o& VOCsS Zﬂﬂo}L o= 712 W
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T B35} ofYAE 5 Atet =5 el Wiol
Zrjireboltt, dutA oz Zuf AxE {8 Ae
&5 F2 A9 H (Liotta, 2010), Au (Wang et
al., 2015), Pt (Joung et al., 2014), Pd (Tabakova et al.,
2015) Fo] F& Wol AFEH I 13U AeE2
VOCsol| Higt 4Fed 52 st 714 0] ul-¢- H]
HEA Z3A /g0l ol AL, 717 ARA] =] Fef
e Ho= <5 Agelsl=d 417t At (Ahn et
al., 2017). ©] & QI5}| Z|o]li= Ni, Co, Ce, Fe, Cu, Mn
5o Holg& AstES o]8ste] vOoCs AlAE =
W& ol A X3t} (Jampaiah et al., 2016; Li et al.,
2015; Piumetti et al., 2015; Kondrat et al., 2011). 20|
a5 AtekE Erle Aa&el vls] AAldol 45t
A m=o] oigh AHE Ao ® wrhal I A
SAth(Tang et al., 2015).

ThFet Mola< AekE 1l F hopealilte?t 1 &
= Fejot drto g AR ARkES et A
o7 9I5| o8 717 VOCsHt COE Aei 7= &
T2 AREE o] £kth(Behar et al., 2012; Chen et al.,
2012; Chen et al., 2009). X274 o] Fo| A1ZAw}
ofl 25+ hopcalite®] o\t 352 F+o]-47t Aret
o] Ad 43 488 45 (Cu** + Mn’F—
Cu*+Mn*")a} DT Tdo] gl Aoz deA
At (Kim et al., 2011; Vepiek et al., 1986). TFA] 3
= F4 qbol Qe AR o] o] o]l x|n] At

deto] WAL o] #2jof] 7| Al AtArt Szt

elen MAYZFoNA Agsh= vt WS o] gt
(Mars and van Krevelen, 1954).

Zrf HEES BAAA HE 2HHE ST
717] $l8l A7, FRu, A getolE 5
259 A7} AL L ef al, 2009). 1 %
Agetolet Aol ai dnlEe 2AALE 5o
T AR A FERA, AT W EA5t
ol FHH o= WG 4 A FES o) gate]
22 2719 7R S 7] 9 Rl utet Al E]

Hog Beld 4 g 40| otk @A 713
27} T ThFet $59) AlgetolEst Busy
9%

B, 1 % zsM-52t B AlZetolEx Hh

(Chen et al., 2013; Aranzabal et al., 2012; Divakar et
al., 2011).

2 Ao AE VOCs Atsd 5ol ¢4
W& ZSM-5 Al&TtolE 22| A9} A9t
Aot e e gzhe] Hrh= Qs #Al o] A
7F oG A EERl=R] st flsl F 450 A=
2A FEjet Phe @ zZsM-59] ket AlE,
2t U1t F 7 7] SE5T ZSM-500 7R A=,
9 FE5-8 HrbelA] $2 ZSM-5 Al R E Al x5k
o|Z &2 VOCs F st HIAIA| Ao 2-§-5}o]
ZFrzA o] &8 7HsAdS Bkt Az S

Aot 24 AHlE ot 5492 245t

AT, 45} WSR2 A2ste] Lol et gat]

2

e}

soj2

S

ol

2.1 S0 "= 4

ZSM-5° &55 AFAA 7IE dFelA =
ZSM-55 A A7t & F4 A4 Gl ZSM-5
£ Yol 345 2ol ROl o] 2 ueH T
& FE ARgFlo, o] A ZoH o] A&t
O|ES] I 7|7 JFE ol Frj4d o] Aot

= = -0l Utk (Zhao et al, 2018; Chen et al.,
2014; Puértolas et al., 2014; Kustova et al., 2006). T2t
A ol A= ol o] 2w eHHS ARESHA]
%3 ZSM-55 AlZshs I olA ZsM-59F 7] 2
gt A A Arkohs Ao EMiE

A Z5FI T (Yuan et al., 2016; Zhang et al., 2010).
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ZSM-59 a5 ZRPAX] 7]&2] A5 (Yuan et
al., 2016)8} FAFSH B2 H-85to] EH]E Cu: Mn
:8i=3:3:100°] SfFSh= Al&E A x517] Slsf
2]} ©7ko] A1 Cu (NOs), - 3H,0 (99%, T
3F2)9F Mn (NO,), - 6H,0 (97%, Junsei)-2 ZZF 0.33
g (0.00135 mol) T} 0.40 g (0.00135 mol)%] 74 36
mLoll 7Fsk3Tt A7 o 2453 23letES 45t
o] 53] S WASHALA}F 0.1 M Ethylene-
diaminetetraacetic acid disodium salt (EDTA-2Na, T
A3k 89 13.5mL (0.00135 mol) S A7t H &
Sfgtet up1u g BEE o]-§-5te] o] §olle wWHtSh=
Feljoll Al ZSM-5 EALAQl A2 AAA 2A
tetraethylorthosilicate (TEOS, 95%, Wako) 882
10.5 mL (0.045 mol) 21 1A]7F 59t wutsict ohe
o2 7SM-59] Fx FEAQI tetrapropylammoni-
umhydroxide (TPAOH, 10%, Wako) &} 22.7 mL
(0.0113 mo) & FHZ 7= T a4 M7t £,
=5 70°CollA] 5AIZF Fot wHkett), ghEo]zl 8o
= HEE 8719 21, HEE
o] 4 jEgAA ol Y ¢S] Bagh Fof 4

o

Gut-g7]of Yol 175°Coll A 24A17F B3t =Rk
= 2
=
I

o
100°C2] QEof @1 12A]7F o4} AXAIZITE v
go g AxH Alm Y EAste #7125 Al
A5H7] 918 A7 2 A 2°C/mine] $2EE 550°C
7] G-2oto] 4AIZE S A2 E ek Aev g
7t F shte] S5 29 A g ohe] AT
H7loto] FLe HAl o2 A X6k, a40] M7t
£ Hrlot= S A

ol LA U5 A5t

o]
o N

2
Azxd Aze] daiAde s shehEARdl
induced coupled plasma-atomic emission spectra
(ICP-AES, OPTIMA 7300 DV, Perkin-Elmer)2 AF&

A, AFFZEE= X-ray diffractometer (XRD, D/
MAX-2200 Ultima/PC, Rigaku)& AF&-sto] B4
o QT AF7F 242 40 kv el 20 mAof|A] EAYRE
Cu Ka *JAH (A =0.15406 nm)& X-A0=2 A3
1, 20=5~90° HEJoIA 1°9/minC & AT A=
o] HlEHAY} 7 FE 2= Ha F-FAHA (BEL-
SORP-max, BEL Japan Inc.)& AH&-5to] ZAFSHTE <
Al o] s -196°Cold F2A717] A Alm
o] 2 3 e FES Al7sH] flsf otz o]
83l 200°CollA 1A13F 54t A= o, 2}
71 A H+= BET (Brunauer-Emmett-Teller)2} BJH
(Barrett-Joyner-Halenda) 0|22 ©]-8-5to] A4t
AN2o Y d4a 24e A8 7 7 SR A
AN 73-& B-83 2 H, o]+= 27} Scanning Electron
Microscope-Energy Dispersive Spectroscopy (SEM-
EDS, Merlin Compact, Zeiss)@t Transmission Elec-
tron Microscope (TEM, JEM-ARM200F, JEOL)©|t}.
AAE 7H5A1717] 918 SEM¥ TEM @] 7H53 9=
27} 15kV el 300kVE A e}, EHAYA0] Aoy
HE &RI5t7] $J3ll X-ray Photoelectron Spectrosco-
py (XPS, MultiLab 2000, Thermo Scientific) & AH83}
ok S-S AEs] A, &40 1s eH" FEofy
271 284.8 eVl EEEES o]-§5to] B[S HAo)
Aok Az fao] ZMgEE gelsty] 6l
Fourier Transformed Infrared Spectroscopy (FT-IR,
ALPHA-P, BRUKER)E AM&SIITE ZHllE B3t
HE-g71Aell EAshs WAl9] S5 S5 S5l
gas chromatography (GC, DANI Instruments, Italy)
AHE AHg3leH, HE7]124] Flame Ionization

Detector (FID)E ©|-&5to] HIA-S HEFTt.

2.3 Z0f st 4
1l o] vOCs ATeHd 55 HIAESH] $17
A& 29 13 go] sttt vA e

€ A9 24T we71E AFs] Al WA 10
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Fig. 1. Experimental set-up for the catalytic oxidation of benzene.

Table 1. Compositions of samples prepared in this study. (unit: wt%)
Nominal® Analyzed®
Sample
Cu Mn Si Cu Mn Si
Cu/Mn-ZSM-5 2.8 24 44.2 4.29 2.74 N.A.
Cu-ZSM-5 29 0 453 N.A. N.A. N.A.
Mn-ZSM-5 0 25 455 N.A. N.A. N.A.
ZSM-5 0 0 467 N.A. N.A. N.A.

#This means that the mass percentage of each element determined based on the used amounts of materials.

5This was determined by the chemical analysis based on ICP-AES.

Fll= S o]-85te] EERE | 40~60 mesh ]
A& o]-&5te] 180~250 um =71 9] AR A EH S
AESEATE A FEe] FUoll A¥daS 571 10 mm
A=z Wi 7 9o S 2ES 7.6 mm L] F
A7t HEs Joldeth oAl S B 9ol A9
=2 5 10mm FE2 G2 & Ao g& &
= 7t A 7]E9] M 4Feh A (Wang
et al., 2018; Mo et al., 2016; Hou et al., 2014)° 4] 2%
e HIA FEet fARSHA HE7EA R A IAlE 1000
ppm FEE ZIE HAXF7|E AxsIlon, g
glolHE Foll dEo] 2AE | HiEEE A E
MECOA Hol= o= Z4sto] 135 HH-37]
of FUAHT. Ful 4t AE-E sh7] Aol Az
EAohe 2% EE2 A7sH] f1sl 100°CellA
IAIZE &9t AA sl A7t guEy ¢ &
100°CNlA] 550°C7HA] 5 2°CO] £E =2 52061
2o g Fuie S 2AFSHIH oo §hg

7kA0] §2ES 100 mL/min S 2 -§-2|5to] Zuf B

A 7.6 mm¥Y W Z|AFHEE (GHSV) 7T 10,000
h™'7} =)A sheleh. SE Bt 714l 7142
= 7k~ AzntEefu] gule] Eol7HA| shef 714
of 23 WAle] FEE 20°C A2 Z451rt.
54 2o 9] WAl AAE (R, )&t Ae &
off Alxkekel.

Ry, (%) = (Ciir = C)I/Cipie x 100

A7)A] Cyie®k Cr ZH2E 100°CONA 9} 2t 2ol A 9]
A} S g ofu]gich,

H 12 B 478 5o) A2 A=e] Wb Fa
A Eo] u.-g LrepdIT, ke ATA] Aok e
PO ANHE v Felot yrre] gL A A

2 thu] 24zt 2.8~2.9 wt%9} 2.4~2.5 wt% S,
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Fig. 2. (a) Adsorption/desorption isotherms, and (b) pore
distributions of different samples.

ZSM-59] 8 ARl Ag|Z2 AA| d7F iy
44.2~46.7 wt%°l HFAh Ax27t SR A= F
Cuw/Mn-ZSM-5°] thaf] &}eh24-S AR 23t} e
OF Y2 A A& tHH] 217 4.29 wt% 2t 2.74 wt%
7t 23t Ao 2 EAEQI 3lehRAE Fofl do
2 zko] A7t kS 7|E o R At ZhHTE thA
A Yette ol @ A B4R HeotA
mpelgt 4= glon *li Az A 7kt Ao
AF-EHe vlof 2ot Ft ArEHo] Adid e
29 EAES 7HsAdo] vk weEh

O% 28 A4 5-27HE o885ty ZF AR

H|EHA Y} 7272
EbdH Aot 18 2(a)9]
/RH:HOJEQ ;q H%_Aoﬂ/ﬂ o]/\Eﬂ?ﬂ/\]/\
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Table 2. Comparison of different catalysts for BET.

Surface area Pore volume Pore diameter

(m2-g7") (cm3(STP)g™") (nm)
Cu/Mn-ZSM-5 401.78 92.311 1.927
Cu-ZSM-5 438.34 100.71 1.8424
Mn-ZSM-5 448.88 103.13 2.3257
ZSM-5 467.48 107.4 1.9776

Efua] e Mol 3o ML HolRly
(Alothman, 2012), ©]&= ZSM-59] 7|12 9] EA
711gk Zo]tt.

Z, ZSM-5 Y ol= 2 7] 2 nm ©]5}12] mlA|
7)80] F2 FIESt= B, w2752 A2 EAst
2] F=th BE AR 0] T240] fARH JEiE Hol
£ Ao n|Ro)E o, 2} A 52 7] 3R ZSM-5
oF AR 2 Aoz weEn 9 2(b)2 EA
a

=

-2 S o]-gste] UERd Hlo|EE BJH o] &
Aste] Al 715 2719 g R & vErd A
o]t} (Barrett et al., 1951). 13 2(a)9] & -2} 524
FA oA Z1ERt ZAAE 715271 2nm H|TE H Lo
A AA7]Eo] BRI FE R AE FRle 4= Qi

o

S B2 i ool A ek 7R
= AJae] 7] ER1A Z5M.5 Afole] ¥ B7H] s
o Zlog A Ak & FHPS Bl 2L
HlolelE o]-gto] BET @ BH o] 2] 273} 24 A
29] MERA, 71327 9 71 ZREE AL

3 20 Yeffigieh Zef vehd A" Alm FollA
F&o] H7 =R L ZSM-59] H|EHHo =
Aoz BARQI, F4o] VM Alge AdEe
2 v x| Ztolx| =t tejet ito] WE A3t
9 Almo] HlmHAo] 7P 22 S & 4+ Qlrk o]
AL a&o] A7k AR A a5 97
o] 71FYTE Zt2Hot 7] o] Ao
7h S22 X7 it o 2 wpobEch

O9 32 2 Aol AxH A= 48] 24 x
£ ZAFeE] Qo X-A 3] H 8RS A AE U
Epdlict, rejet ito] HIbE]A] o2 ZSM-5 A= o
A YEf= 138 XRD 13 24 £AZEo]E o]

N
N
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>
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Fig. 3. XRD patterns of various samples.
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370 A|&9] XRD T3 HAA| zSM-5 AA T T o} L]
= %%} 2A9ict. o) ATHe tigt £ 1|2} 7}
7} FHalo] QIrk Hejzick 34, T2jot Wil
$go] ulgoloiA M;LZ% 43t stejete
E—a} 7—]0]1:]-. =

o
<

XRD2] @%ﬁiﬁli 6H =y

6}\1‘1 1 & H Aol %%Eﬂ (FT-IR)= °J-8%t &
Ao =712 AR

2 40fl b FT-IR 2B ERS BT abpof] o
2k e 327 el Qlok ok 450 em™, 550 cm™!

2 790 em™ 9] WA+ 717} Si-0 9 A,
ZSM-5 ZAFZE XF 9 8i-0-Si th 25l 7191
Z1o]t} (Yuan et al,, 2016). TH 1100 cm ™ F-2of] &
st 71 27178 & 53 zsM-5 W Si-0-Si 2
o] AEsh= A wlE m=olth(Yuan et al,

2016; Meng et al., 2013; Vitale et al., 2013). F=& Tt
e A2 o] 5= YH|7} ZSM-5 Al el HIs -]
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Fig. 4. FT-IR spectra of different samples.
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Fig. 5. (a) Morphology of various samples revealed by SEM, and (b) Metal particles shown on the surface of Cu/Mn-ZSM-5

(TEM image).
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Fig. 6. XPS spectra of Cu 2p, Mn 2p, and O 1s of different samples.

ZSM-5 47k Wiitol Az ddshA F2skal A+

sl X-A FAA 2FH (XPS)= ©]
3 6°f Cu 2p, Mn 2py 0 1s°] et
H3 eIt Xps 13 B2 AZE
A& ARgste] SHE Xps ~HER ] W35 7}

HaFo] vl oo sigst= a2 st
Fom T BAISHT & 30 BHUAFO &
HE WERHIL A= Ougsorbed/ Otattice 1= Cu/Mn-
ZSM-57} 5.582 7P =11, Mn-ZSM-57} 2.130.2
7V 2okt Sa o] Atept-go] B/JstE e 2 H
of F&Fet 7| AtAF ] Hlgo] &2 Zo] felsttt
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o] AFede it WA Aol & AR A4

o
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M mlO

=S
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d
Aok, ILE Al gof A HlAQ] 4Fel= 140~150°C F
ol A AAE A, 4FeE 10% SR EE 25 T
ZSM-5, Mn-ZSM-5, Cu-ZSM-5, Cu/Mn-ZSM-59]| 4]
Z¥Z¥ 200, 300, 170 2 150°C A= 2 YrERtTE 4Fs7t
50% HREE 2E T 242 NA (Y 5 $12),
510, 300 & 290°C AL 2 LRI, AF517) 90% &Ha

LI Te2 ZH2F NLA, N.A,, 490, 405°C F 2
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Table 3. Molar ratio of elemental species for different sam-
ples.

Sample cu?t/cut Mn3t/Mn*t Oads/Olatt
Cu/Mn-ZSM-5 3.67 2.08 5.58
Cu-ZSM-5 0.93 - 5.56
Mn-ZSM-5 - 2.52 213

100
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Fig. 7. Removal rate of benzene for each sample with respect
to temperature.

+ TR skt WAlo] Ahehe = Hol Al et
A Arste ]l v frleds Wekdnd =g

Tip Tspr LB Toe 7|02 WA off, 43-9]
AE 5 7P & fAl A2 e & Uedle Ales
Cu/Mn-ZSM-52 & = Qlth W Alste = 2 4t
sH-gol fA dold 4 ke e 9ulstEs
Cu/Mn-ZSM-5 A =7} 47] 2] A= 5 9 AFehds
o] 7P ot W & ek S H| 2 32 Cu-
ZSM-52] A% Cu/Mn-ZSM-5° Z& & nx]=
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