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Abstract

In this study, 4 gases containing typical chlorinated volatile organic compounds (VOCs) were treated by
ultraviolet (UV) irradiation. The typical chlorinated VOCs are dichloromethane (DCM), trichloromethane (TCM),
carbon tetrachloride (CTC) and trichloroethylene (TCE). The removal efficiency (RE) and the products of
chlorinated VOCs by UV irradiation are investigated. At this time, 2 types of background gas (air and nitrogen)
were used to figure out the RE by photooxidation and photolysis. The specification of UV-lamp used in this study
was low-pressure mercury lamp emitting wavelength of 185~254 nm. The experimental conditions were set as
initial VOC concentration of 180+ 10 ppm, empty bed retention time (EBRT) of 53 s, temperature of 23 +2°C and
relative humidity of 65+ 5%. In the photolysis condition with nitrogen (N,) as background gas, the averaged RE of
the 4 types of chlorinated VOCs was about 24% higher than that with photooxidation; and the REs of VOCs except
CTC were confirmed as >99%. The composition of off-gases after UV photooxidation in air was investigated and
several intermediates from DCM, TCM and TCE were detected by GC/MS. Among them, phosgene which is a
toxics was detected as an intermediate of TCM. In addition, the concentration of carbon dioxide (CO,) in the off-
gases was measured to calculate the mineralization rate (MR). With the photooxidation, TCE showed the highest
RE (>99%) while MR was the lowest (17%); and the MR of DCM was the highest (86%). In addition, particulate
matters (PM) in the off-gases was also detected and high concentrated PM,, (21,580 pg - m™) and PM, 5 (6,346
pg - m~) were detected in TCE off-gas. More than 99% of the chlorinated VOCs could be removed using UV254-
185 nm lamp, while it is necessary to conduct further studies on the production and treatment of secondary
pollutants.
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7HA 9] 717k0] Aol kEd AW I Q1A A
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20 Bl st 7162 SHuTt AYe 8
%ﬁ}@fﬂ 712 o4#A Qth(Kam ef al., 2014).
VE o83 VOCs AA Al #j77k20] utet ok o)

202 VOCs &3&l|7} o|Fo]Act wjA@7IA7F A
U 79 w7k Akazt glol 185 nm Thgo] H
A5 Eo] 254 nm THO] FEF T o] F o] Xk,
Wi Z7kA7E 2719 dlE 185 nme] PR} AlaE B
dsto] 2&, OHSHZ 5 o &4 IstEd S A4
sho] 185~254nme] FA7L B S35} Eo] g4t
9 FE qhZo] FAlof o]FojXitt. ol A& 37
% Aavh 185nm PAS Fhdte] 0F2 S A4S
thA] @Zo| 254nm FAE Fidle] 0,2 AYEE
Hk-3-A o]t} (Chen et al., 2002).
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2314 =4 SEENASE vo]oIE dEAR
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Zo A FAIZE 1.5 99% A AT B st o
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of thet FAtst % FENY v 71 =E EIEA
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A Hj&EE CO,9t PMo] Hiai- = AatiT).

2.1 Fley fulatetEo| Mey
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Table 1. Chlorinated VOCs for photodegradation experi-

ment.
Molecular  Boiling
VOCs h%g}fsllﬁl;r welght point
(g-mol™) (§®)
Dichloromethane CH.CI, 84.93 39.6
Trichloromethane CHCl, 119.38 613
Carbon tetrachloride CCl, 153.84 76.8
Trichloroethylene C,HCl, 131.39 87.1
UV lamp

Sample
port

vl

o

Mixer

UV reactor

Fig. 1. The sketch map of the experimental UV photodegradation system.
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VOCssE2 AzE F2FI.D. 15 xLength 100
mm)o] HA] VOCsE 10mL F¢ &, VOCs-&H 9]
2= 248Z 93 vz e Fa 500 mL f-2
e 019 15 HE ROl FRFE YL I Y2
FHl8l F2 VOCs §do] &7 fa8s F99 ¢t
4y, ex zAo| 753k wEH] (Talboys, EPFO-
985546, USA) 9Jo] SajHe &8 & z@j]hn}
AFgsle] L2 20°CE AAsle] VOCs] 522
Aslgch E3F 4% VOCs B4lo] g VOCs %"—‘1
o] &7l fEjHE ol Mg d=2A shof @9k
=4 FAAlE 1704 BAE 1071714 Eo] VOCs &
Aol e WA tEA st AFE s
Plesb e )

AF AR 64 006m’ - h, AU 2% 23+

2°C, AYSE 65+5%, 2+2-2] VOCs DCM, TCM,
CTC, TCE®] ¥E% 180+ 10 ppmo 2 $A|5}e] UV
w37le] A&H o2 FFsklch 24 AEL, WA uv
AZ7F AR Aol A VOCs 7k2 9] §& 9 §9] &
7t ulE] A" FEolA A fFAEHA wE
o3 UVRZO QHY3tE 93] UVRHE AL 30837F
VOGCsE &8 Bl &, 72X 8 E UV §h37]9] o+
o Etoll A A Fste] EAHAT

A2 (ULBON, HR-1 0.25
mm X 30 m, Japan)O] ZztE B4 0|23} H&7|(FID)
Ql 7FA=3 2utE I3 (Shimadzu, GC-14B, Japan)&
o]-gsto] st GC-14B9] A oj7kis a9
SFS 60mL - min 2 dFgon, BL 0|23 A&7
o= 4=A7FA (purity >99.999%, 35 mL - min™')&} A
2(350mL - min YE FF3HAc. 2, 4+ 2 HE

= ==1
719] &&= & 7k7} 100, 150, 150°CE 3HAT. A ekEA
L 94 Zzhe] EZ7MAL A 33 vHE 2435

Azae Zulshert.

TS71oA HiEE FUHEEES 7HAElE AY

A& o]-&ste] 0.2mLE AF ko] 2A| AH (Smx0.1
mm X 0.4 um, DB-5ms)°] A2FE o] Q= Foj& GC/
MS (Focused Photonics Incorporated, Mars-400, China)
2 AFgstel R4S o) GOMSe] 2 o8,
AT 9 A&7 2= = 717} 150, 150, 70°C2 A
sho] EA4stgr.

a7 A 33 A A2 &

Table 2. The operating conditions of UV photodegrada-
tion experiment.

Name Range Name Range
UV light 59mW-cm™ Temperature ~ 23+2°C
intensity
VOGs 180+10ppm  Relative humidity 65+ 5%
concentration
Flow rate 0.06m*-h™' Background gas  Air/N,

Table 3. The removal efficiencies of 4 chlorinated VOCs
by UV photodegradation in air and N,.

Sample name RE,, (%) REy, (%) RE,,/RE,;,
Carbon tetrachloride 40 19 048
Dichloromethane 60 >99 1.67
Trichloromethane 65 >99 1.54
Trichloroethylene >99 >99 1.00

*MDL: <1mg-m™

T2 HiEHe o2& vEe UVERE HE9
71z38te] & HUYE (2B Technologies, 106-M, USA)
£ AHgete 3439, 25 9 5k 32 fAd
& =4 (Testo, 605-H1, Germany) & &4 3}t UV 4t
719 o - E79 CO5E 342 YA AAE B
Z3t CO, AZE7] (Testo, Testo 535, Germany)E A-&-5}
ol ZAstAth. PM, ¢ PM, 9 3L dAAS7]
(Shenzhen Everbest Machinery Industry, DT-9880,
China)& A&+t
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£@0%)& YT FEAY v 4% VOCs 3 359
VOCs7h >99%9] AAEL BEom, 7H e A
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37k Bl ool At Ak HE Al Ak VOCs
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Aot BEOA 2 AALE BTHE Roln, 1 1]
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£ahe] AALoIA FArate] A7 £ thew DCM
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L WAL A ol2old wRct £& AAgel
Uehs o Slg gl
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A 19%2 Ak Al AA L] § R B AA
22 ohjet warslol WA AYEAS 2 C1C A
£ wAsh BHe wg BN A ghe
o]z} Azttt E3F Mohseni (2005)= EAFL 9]
C=Col3aTL o270 J51 Wgattn Rusty
Lo 2 APAE C=C 0|32 722 7H TCE
go] BAeh BhgolA] >99%9] AAEL Bl RO
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22 Y 4 YT, A E 45 VOCs B4 vl
W3 & A% 2 B thEA) CTCE $49%E
B3HA) S AR i) FE A $oA%e)
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Fig. 2. GC-MS chromatogram and mass spectrum of intermediates produced by photodegradation of 3 chlorinated

VOCs.
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Table 4. Detected intermediates produced by photodegradation of 3 chlorinated VOCs in this study and from the litera-

ture.
Intermediate
VOCs Source
Name Formula
Phosgene Cocl, This Study
Carbon tetrachloride CCl, This Study
Tetrachloroethylene CL,C=CCl, This Study
. 1,1,2,2-Tetrachloroethane C,H,Cl, This Study
Trichloromethane (CHCL;) Pentachloroethane C,HClI; This Study
Hexachloroacetone C,C1,0 This Study
1,1,1,2,2,3,3-Heptachloropropane C;HCl, This Study
Hexachloroethane C,Cl This Study
1,1,2,2-Tetrachloroethane C,H,Cl, This Study
Dichloromethane (CH,Cl,) Formic acid HCOOH Reference (Yu et al., 2012)
Acetic acid CH,COOH Reference (Yu et al.,2012)
Chloromethane CH,ClI This Study
Trichloroethylene (C,HCl;) Phosgene Codl, Reference (Mohseni, 2005)
Dichloroacetyl chloride CHC1,COCl Reference (Mohseni, 2005)
o ylge S sl Antw 7)zo) maE A7el 3.3 OAMSIELA
2 AT Y AFxo] 2t ST EY e AAEL 4 VOCse| FYUF=t viss=o] &
g2A UetdsS & 4 Aok B3 o A& =2 S AURE Ao E AAE VOCsoll= SH RN A ¢
o] dlof o Zsaj=o] CO,= HEst= HhgAloltt 1 HigHe FHBAEEY SHE3 Hol wWigsH=
(Chen et al., 2002). CO,7} &R 3ttt ufgba] VOCse F7|skaS gotr

COCl,+ hv — CO+2CI'
CO+0 +M— CO,+M

CO+0,— CO,+0,

& 4735 20d 428 FUA2

ddzdo] weh igse 3t

Xl‘{,tﬂ 29 d:ﬁﬂ B4
3.0

] wpio® ARARS
shelo] wjZao] Aojd 7
270 o)9]o] ok 74 B8 A\ A

(lot

o AzHt s

(O]
®)

(C))

52 Sﬂ

e 571250

Aolet Brslo] WjE7hio] Thak GOMSE ol §
HE BN FA) AREAAYE o] Roi W o
© ATATE AL 4 U Aolet BerET

o ok o |

7] §19) €O,9| FEg
& ofefe} gk,
co,

MR=———"—— (10)
VOCs; X RE X NoC

sgsgon, 771880 AA

MR: Mineralization rates (%)

CO,: Carbon dioxide (ppm)

VOCs;: Inlet VOCs concentration (ppm)
RE: Removal efficiency (%)

NoC: Number of Carbon in VOCs

¥ 5= 4% VOCso| i3t CO, vj&% ¢
(Mineralization rates, MR)& X o] &t}

CO,9| Hl&HL 49~90 ppmO 2 ¢ e g
WEE o, JF AAL] 7 @ekd CTCrt 7t
3 A 9 o8 WEsHOL, 1Y £e OB
=9t TCE7} ofd
DCM, TCMo] z}z} 87,90 ppmo.2 t}2 BEAEHT}
£ ol 0.8 WIHAch Wty A e 2]

£S5 717 BEAL DCMOE 86%°|glen, vhd

ey

g2 AAg) 7%

&3t

j:l
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Table 5. Generated CO, and the mineralization rate of VOCs by UV photodegradation.

Sample name Inlet CO, (ppm) Off-gas CO, (ppm) Generated CO, (ppm) Mineralization rates (%)
Ctrl #1 351 351 0
Ctrl #2 393 398 5
Trichloroethylene 354 413 59 17
Carbon tetrachloride 356 405 49 65
Trichloromethane 310 400 90 74
Dichloromethane 226 313 87 86

(Ctrl #1: without VOCs, UV turn off; Ctrl #2: without VOCs, UV turn on)

TCEQ] B7|3-&-L 17%2 uj$ %o 27382 By
o AnE TR BAgo] 245 COY WiEF
o ue Hoz elEg).

3.4 D|MTHX]|

7] & vlAlAR ol 717 =&=E Aol 7 7|5
Aslo| d&FS & 4 UthE A7 (Rosenlund, 2009;
Rundell et al., 2008)7} 1}, 2 A 4% G4 A VOCs
WjE7t2 9 PM, 8t PM, 9 T8 SHe 23S
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Fig. 3. Carbon balances of 4 chlorinated VOCs converted
by UV photodegradation.

VOCs=100—-RE (11)
CO,=(CO,,—CO,)/(VOC;x NoC) x 100 (12)
Intermediate = 100 — (VOCs + CO,) (13)

RE: Removal efficiency (%)

CQO,,: Outlet CO, concentration (ppm)
CO,;: Inlet CO, concentration (ppm)
VOC;: Inlet VOCs concentration (ppm)
NoC: Number of Carbon in VOCs

a9 32 & A3 AFARES TH6H] 4% o
27 VOCs9| ©hAEARAE AAkgE aejzo|r}. 1
HZ= 370 FE(VOCs, SR E, F718)e= U
H 2 Egk

¥ 394 i bt} Zro] TCEE: >99%9] A A&
BAA AAR >99% F CO,9| WiEHF2 179 4
% 84 & 7P Aglen, UHA 82%7 S8 E
2 WiEEY FHBAEEY wiEo] 7P B2 AR
gl= et 29k Wit 2 DCME 60%9] AAES B
ARE 7P B F(52%)9] COE HiEstgen,
TRARE B 7P HL 8%E wiEsIth TCME



Table 6. Generated particulate matters by UV photodegradation of 4 VOCs.

HaA VOCso| UV FE3| A AAE 9 A 95

(unit: ug - m™)

VOCs PM,; inlet PM, ; off-gas PM, 5 generated PM,, inlet PM,, off-gas PM,, generated
Ctrl #1 42 42 0 131 131 0
Ctrl #2 27 31 4 82 95 13
Trichloromethane 18 20 2 32 37 5
Dichloromethane 9 11 2 22 57 35
Carbon tetrachloride 16 19 3 47 55 8
Trichloroethylene 2 6,348 6,346 18 21,598 21,580

(Ctrl #1: without VOCs, UV turn off; Ctrl #2: without VOCs, UV turn on)

AALo] 65%°1Hetl I1F 48%7F 7713 1L, 17
%Rto] SYLEE WEH AT TAR LR AAE
o] 40%= 7 & CTCx 26%9] CO,E Hi&3H3
o, 14%¢) FHYEES &St whebA TCEQ
745 UVEES 7|0l A >99% A|A= = HAR $HY4
oA F71E(COHE W3lsto] vjEshrlole & 4
H2AA AFARE 53s2Es FE5F Aoz dddn.
ES 3.28| A CTCRE S =S 24 X3k
g, 7L o]f2 27| %= 180 ppmof A oF 25 ppm (14%)
o] TSR A&H] MiEHUEH ol o9
FTHE HiEHe S50l 2471719 MDL &
ot HlEE o] Z4of ojHFo] UMY AR A=
Hoh 28202 UVEEs Al AALE F85HAT
2% e HdEd= A wiEHe FREER COE
S5, A EAE AT FEHEAY A2 A

Aol Be Ego] B Aol wat.

4.2 E
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