Korean Chem. Eng. Res., 59(4), 584-595 (2021)
https://doi.org/10.9713/kcer.2021.59.4.584
PISSN 0304-128X, EISSN 2233-9558

-1

DHE SHEE S 0| UVESHEISTI2 THE HIEA H2IAIAHOIAL)
YE0ho| HIBAS U Y S4

38453 7AEE A &S UiglE] 15
#219] Bl w7 A A
38453 ZAAEE Ak g YEle] 15
ko] le] FE
38911 A5 JHA 35 i oid 333
Qo214 692 229 5, 20219 7€ 182 FAE A5, 2021 82 59 AEH)

Characterization of Repeated Deactivation and Subsequent Re-activation
of Photocatalyst Used in Two Alternatively-operating UV/photocatalytic Reactors
of Waste-air Treating System

Eun Ju Lee****** Chan Hong Chung* and Kwang-Hee Lim*-%%%%"

*Department of Chemical Engineering, Daegu University, 15 Naeri-ri, Jillyang-eup, Kyungsan-si, Kyungbuk, 38453, Korea
**Research Institute for Industrial and Environmental Waste Air Treatment, 15 Naeri-ri, Jillyang-eup,
Kyungsan-si, Kyungbuk, 38453, Korea
***Eco Valley Global, 333 Daegudae-gil, Gemho-eup, Youngchon-si, Kyungbuk, 38911, Korea
(Received 22 June 2021; Received in revised from 18 July 2021; Accepted 5 August 2021)

FO

of
O}

2 AFeME IR SAEE F A UvAES w72 7R A7k MEaagle] LA} TP 3=
uj ] v)EHd gte] AFHEAIE ARER S el tigh 717174 Fste] PEeltt. AT [Leed} Lim, Korean Chem.
Eng. Research, 59(4), 574-583 (2021)]¢] =0l RE37] A28 7ol ARSH ] ¢k F=FulE FAe thad Sio, &
A(A4), 13] 23Rz B ARSI AYS BEHA o2 FFuE X3 oA Sio, BAl(AD), 28] 7o) AR
=i 13 AR FS5E @S oA Sio, B(A2) E 33] 7ol AREE L 23] AR FS5E 2X vhad
SiO, HA(A3)9}, 12} AHAY(AD1) = 33k AB(AD3)YE F5uiE B8 thaA Sio, Blell thsh BET 41, SEM,
XPS, SEM-EDS ¥ FTIR 4] 5% F30sto], F5vllE @3t th34 Sio, @19 v1&dst U A8 B xgst
© 54 24S FYsith I AvEA, 38 o4 o] W AE Felshe FEe) A A 2%F 200C v
"o g LEEgit) ol2ld FEuje] A4 AN &5 BET BAAT N 28 7] 3] F3E oeks AlslRs] 2
=S tiF-Ee] € 27t Hof Y]wo] AERE A %9k A ARt 53], XPS A A=, A3
A [Lee?} Lim, Korean Chem. Eng. Research, 59(4), 574-583 (2021)elA] F=m) w1-5719] 3 Wix) &4 Fof 3=
o] w]Ask v]EH S| WS S-S YERNSITE. B, XPS 4] A=, A AT [Lee?} Lim, Korean Chem. Eng.
Research, 59(4), 574-583 (202D)ellA] FFnl] wkg7]9] F WA 7oA nlwa & JFu)] njEdsirt whayste] 3
A 22 5HT oF 5%k 5 n)A)= olekd ) S3lea 717 AlARES ZAlE oL, Al WAl el o
TR ol AAEES T 1A 2NN ollebay) SlA0] AAEE A Al A2 vlsssisiths AT
Aol A5t} 3HH | AD3E AR5t A3YATF[Lee®} Lim, Korean Chem. Eng. Research, 59(4), 574-583 (2021)]
ol el - A=l Wkg719] vl WA L4& Y AL 7P, 7 WA 2ol ETE o & 352 vl71 A
H|gAste] g oz Qo] ofeheat gslrd AAEEC] 7P a7 Ak} =i

TTo whom correspondence should be addressed.

E-mail: khlim@daegu.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

584



Y] vk wEsh 9 A 54 585

Abstract — In this study, the correlation between operating stages of waste air-treating system composed of two
alternatively-operating UV/photocatalytic reactors, and the deactivation of photocatalyst used in each operating stage, was
investigated by instrumental analysis thereon. The repeated deactivation and subsequent re-generation of photocatalyst
used in the waste air treating system of previous investigation performed by Lee and Lim (Korean Chem. Eng. Research,
59(4), 574-583(2021)), were characterized on virgin photocatalyst-carrying porous SiO, media (A4), used photocatalyst-
carrying porous SiO, media (A1, A2 and A3) collected from the corresponding photocatalytic reactor upon 1%, 2", and 3™
run, respectively, regenerated photocatalyst-carrying porous SiO, media upon 1 time-run (ADI) and 3 times regenerated
photocatalyst-carrying porous SiO, media upon 3 time-runs (AD3) by instrumental analysis including BET analysis,
SEM, XPS, SEM-EDS and FT-IR. As a result, the proper regeneration-temperature for deactivated photocatalyst to be
regenerated several times (more than 3 times), was suggested below 200 °C. Such temperature of deactivated photocatalyst-
regeneration was almost consistent to the one, according to BET analysis, at which tiny nano-pores blocked by adsorbed
ethanol-oxidative and degraded intermediates (AEODI), were regenerated to be reopened through almost complete
mineralization of AEODI. In particular, the results of XPS analysis indicated an incurrence of insignificant deactivation of
photocatalysis upon 1 run of UV/photocatalytic reactor (A or C) of the previous investigation. In addition, the results of XPS
analysis were consistent with the experimental results of the previous investigation in that 1) deactivation of photocatalyst
incurred during 2™ run of the UV/photocatalytic reactor (A or C) resulted in decreased removal efficiency, by ca. 5% and
5%, of ethanol and hydrogen sulfide, respectively, compared with its 1% run; 2) there was insignificant difference between
the removal efficiencies of its 2" run and 3™ run. Furthermore, the removal efficiencies of ethanol and hydrogen sulfide
for hypothetical 4" run of photocatalytic reactor in the previous investigation, using AD3, were expected to decrease,
compared with its 3™ run, by much more than those for 2" run in the previous investigation did, compared with its 1% run.
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Table 1. Operating conditions of alternately operating-two annular UV/photo-catalytic reactor(A and C) system

Pollutants in waste air

Feed concentration (ppmv) of sequential runs in order

Waste-air flow rate

Al Cl A2 C2 A3 C3 (L/min)
Ethanol 100 100 100 100 100 100 3
H,S 10 10 10 10 10 10

Waste air-treating system composed of two annular photocatalytic reactors (effective volume: 1.5 L) packed with porous SiO, media carrying TiO,-anatase
photocatalyst, one of which was alternately operated for 32 d/run while the other was regenerated by 100 °C hot air for 5 h with 15 W UV(-A)-light on for
3 d, performed continuously to treat waste air containing ethanol (100 ppmv) and hydrogen sulfide (10 ppmv).

Ethanol (A1,A2,A3)

80 -
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R e

60 4

40

Remover efficiency (%)

20 A
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v+ Ethanol A2
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H,S (A1,A2,A3)

o

60 4

40 4
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20 {| —e— H,SA1

oy HSA2
—@— H,SA3
0 T T T T T T
0 5 10 15 20 25 30

Time (days)

Fig. 3. Removal efficiency of ethanol(a) and hydrogen sulfide(b) at the exit of alternately operating-two annular UV/photo-catalytic reactor
system (AOTPR) (A1, A2 and A3) system filled with porous silica-based media carrying the photocatalyst of TiO, of A4, AD1 and
AD2, respectively, in operating orders, versus experimental times of each of alternately repeated runs of AOTPR [1].

(virgin photocatalyst)

7

Fig. 2. Procedure of run and regeneration of alternately operating-
two annular UV/photo-catalytic reactor (A and C) system
(AOTPR) [1] (A1, A2 and A3 denote photocatalytic reactors
using A4, AD1 and AD2, respectively, as well as used photo-
catalyst-carrying porous SiO, media, collected from the cor-
responding photocatalytic reactor upon 1%, 2%, and 3™ run,
respectively, while A4, AD1, AD2 and AD3 denote porous SiO,
media carrying virgin photocatalyst, regenerated (1reg(1))
photocatalyst-loaded one upon 1 time-run (1run(l)), 2 times
regenerated (3reg(2)) photocatalyst-loaded one upon 2 time-
runs (3run(2)), and 3 times regenerated (Sreg(3)) photocata-
lyst upon 3 time-runs (Srun(3)), respectively, which also applies
to C; Both x and y in terms of xrun(y) and xreg(y), denote
cumulative number of run or regeneration in AOTPR and,
that in A or C, respectively).
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Table 2. Characteristics of Al, A2, A3 and A4 in terms of BET analysis

kL

F oRhg ALsHs) BB tpiio] e et Hlo] 7)3
o] A7) el A L7} 200 °CoNA 450 °CR F7EL
79) wisp} ggickn e 9k,

3-2. SEM &A1 A1}

BFEIES7] A28 2ol AR A ok FEE HAT 3
S (A4), 13] 28k SR ARE AL QS A ok
FENE BRI S (AL, 23] A8k FF AR AL 13]
A FEhE SRS =5 w@A(A2) B 33 Ao ARE
23] AP FFvE wAT A5 HA(A3)2] SEM EHEEA S
2ADe] whEbA AdE nlasigivt.

3-2-1. 2A1Y 50 umellA SEM -2 Az}

A Si0, FAI (0178 34 o FHE Tio, B34
U219 cluster’} Ho] ™ Si0, B2 poreel] $H % TiO, 351
QJAH=0] Fig, 49} 7o) AAIY 50 pmelA] B ek AA2 50 pm
o)X A4, Al, A2 2 A39] SEM -4 9] 2jo| e thg3) gk

Fig. 4. Surface of A4, Al, A2 and A3, observed with a scale of 50
pm by field emission scanning electron microscope (Hita-
chi, S-4300) with the scale bar: a. A4; b. Al; c. A2; d. A3.

TiO,-carrying SiO,-media BET surface area (m%/g) Total pore volume(cc/g) Average pore diameter (nm)
A4 97.89 0.6627 27.08
Al 89.19 1.0620 47.64
A2 95.89 0.6255 26.10
A3 95.21 0.7499 31.50

Table 3. Characteristics of AD1 (100 °C), AD3 (100 °C), AD3 (200 °C) and AD3 (450 °C) in terms of BET analysis

TiO,-carrying SiO,-media BET surface area (m?/g) Total pore volume (cc/g) Average pore diameter (nm)
ADI1(100 °C) 98.23 0.5464 22.24
AD3(100 °C) 91.04 0.4722 20.96
AD3(200 °C) 99.61 0.4727 18.98
AD3(450 °C) 101.20 0.4844 19.14

Temperature in parenthesis denotes the adapted regenerating temperature for used-photocatalysis.
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Fig. 5. Surface of A4, Al, A2 and A3, observed with a scale of 5 pm
by field emission scanning electron microscope (Hitachi, S-
4300) with the scale bar: a. A4; b. Al; c. A2; d. A3.
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Fig. 6. Surface of A4, A1, A2 and A3, observed with a scale of 1 pm
by field emission scanning electron microscope (Hitachi, S-
4300) with the scale bar: a. A4; b. Al; c. A2; d. A3.

Fig. 7. Surface of A4, Al, A2 and A3, observed with a scale of S00
nm by field emission scanning electron microscope (Hita-
chi, S-4300) with the scale bar: a. A4; b. Al; c. A2; d. A3.
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Table 4. Composition of virgin photocatalyst-carrying porous SiO, media(A4), and used photocatalyst-carrying porous SiO, media (A1, A2 and
A3) collected from a photocatalytic reactor upon 1%, 2", and 3™ run, respectively, according to XPS analysis [unit: atomic%]

Element A4 Al A2 A3 ADI AD3
Ols 69.31 69.00 70.17 70.23 69.82 68.99
Si2p 22.62 24.70 23.71 22.60 25.00 21.90
Cls 5.61 4.68 4.45 5.36 3.49 6.98
Ti2p 2.46 1.10 1.29 1.17 1.01 1.50
S2s - 0.52 0.32 0.64 0.68 0.63

Totals 100.00 100.00 100.00 100.00 100.00 100.00
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Fig. 9. SEM-EDS analysis on A3: a. SEM image; b. EDS analysis.
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Table 5. Composition of A3 (RT=100 °C) according to SEM-EDS analysis

Table 7. Composition of AD3 (RT=200 °C) according to SEM-EDS analysis

Element Weight% Atomic% Element Weight% Atomic%
O 33.65 47.69 O 44.44 59.07
Si 61.76 49.87 Si 51.29 38.84
S 1.14 0.81 S 0.92 0.61
Ti 3.45 1.63 Ti 3.34 1.48
Totals 100.00 Totals 100.00

27} Boleiye 4 Ak 94 v a7 $2E90 T 8 94 I %
2.1 keV A oA TAE Tt & A4 9171 0.81 atomic% S
A8 =, XPS A 7R1 3 atomic%?! 0.64%8}F 27k x;
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Fig. 10. SEM-EDS analysis on AD3 (RT=100 °C): a. SEM image; b.
EDS analysis (RT denotes regeneration temperature).

Table 6. Composition of AD3 (RT=100 °C) according to SEM-EDS analysis

Element Weight% Atomic%
o 51.63 65.60
Si 45.70 33.08
S 0.87 0.55
Ti 1.81 0.77
Totals 100.00

2

1 3
ull Scale 3607 cts Cursor: 0.000

Fig. 11. SEM-EDS analysis on AD3 (RT=200 °C): a. SEM image; b.
EDS analysis (RT denotes regeneration temperature).
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Fig. 12. SEM-EDS analysis on AD3 (RT=450 °C): a. SEM image; b.
EDS analysis (RT denotes regeneration temperature).

Table 8. Composition of AD3 (RT=450 °C) according to SEM-EDS analysis

Element Weight% Atomic%
o 30.17 43.88
Si 64.38 53.35
S 0.47 0.34
Ti 4.98 2.42
Totals 100.00
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Fig. 13. Appearance of AD3 regenerated at designated temperatures (RT): a. RT=100 °C; b. RT=200 °C; c. RT=450 °C.
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Fig. 14. FTIR spectrum of A4, Al, A2 and A3.
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