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The method detection limit (MDL) using UV-VIS spectrometry (UV/VIS) is the primary method to detect
bromine compounds in the flue gas. However, the level of bromine compounds in the flue gas is 0.6 ppm,
reaching 20% of the emission limit of 3.0 ppm, which limits the analysis of low-concentration samples. As per
the United States Environmental Protection Agency and official test standards for water pollution, bromine
compound analysis was performed using ion chromatography (IC). Hydrogen chloride was analyzed using IC,
referencing official test standards for air pollution. Therefore, 0.1 M NaOH and distilled water (D.W.) were
applied to the absorption solution of the IC analysis sample. Validation was conducted for IC (D.W.), IC (0.1
M NaOH), and UV/VIS (0.1 M NaOH) to improve the analysis method for bromine compounds in the flue
gas. The linearity (R?) of the calibration curve for IC (D.W.) satisfied the R? (0.98 or more) value calculated
in the UV/VIS of the official test standards for air pollution. However, the R? of UV/VIS (0.1 M NaOH) and
IC (0.1 M NaOH) was not satisfied. In IC (D.W.) analysis results, the average values of MDL, MLQ (minimum
level of quantification), accuracy and precision were 0.127 ppm, 0.403 ppm, 3.7%, and 102.9%, respectively.
MDL and MLQ showed the lowest concentration compared to the other two methods, and had high accuracy
and precision. Regarding the recovery rate by the absorbing liquid, IC (D.W.) was the highest at 93.55%, fol-
lowed by UV/VIS (0.1 M NaOH) and IC (0.1 M NaOH). This study analyzed bromine compounds in flue gas
with higher accuracy and precision using the IC (D.W.) method compared to IC (0.1 M NaOH) and UV/VIS
(0.1 M NaOH).
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Table 2. Solubility of HBr in 100 mL of water

Temperature(°C) ~ Mol(M) Mass(g)  Volume(L)
0 2.73 221 61.18
15 2.52 204 59.58
20 2.39 193 57.35
100 1.61 130 49.17

HHAEEII L, HBro| 45.85%2 7 HAIE X}A|8l3ich. =
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Table 1. Current status of annual air emissions of bromine and bromine compounds

Number of emission

Amount of air emissions Amount of movement

CAS No. Chemical name .
companies (kg/year) (%) (kg/year)
Total 22 4,447 100.00 84,896
007726-95-6 Bromine 4 2,388 53.70 0
010035-10-6 Hydrogen bromide 16 2,039 45.85 84,896
001163-19-5 Decabromodiphenyl oxide 1 12 0.27 0
000106-93-4 1,2-Dibromoethane 1 8 0.18 0
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Fig. 1. Schematic diagram of gas sampling equipment

o] 7R2A1BXFH) (KXC 60, APEX, USA)S AM8-3lo
F5NERSS} 0.1 M NaOH)OE FAJol] 33] ulE )
Fstatk) A BAFGH = ABAFHT, A3A, T,
7hs AZGA, FFEE, 7Y, 254, EA 5o
2 AN H, AlES] FUEEE 9F | LminZ 3lod,
ANENAE 72} oF 40 LE AF ST (Fig. 1).

AEAFHAEE 10 HiEAER 7 APde] A H &
A=Z Table 39] LFEPATE viEAIA-S =4 (Paint), 71
Z(Dry), 2ZF(Incineration), &3%H(Mixing), 8823
(Melting-Fusion, M.F), 5@ 4] 4~7H(Regenerative Thermal
Oxidizer, RTOAA SolH, WAL M43 7] (Wet
Scrubber, W.S), ¢33} %1 (Bag Filter, B.F), "F12]5 %
(Semi Dry Reactor, SDR), - EF(Activated Carbon, A.C),
H]Xelz]  319lA] A (Selective  Non-Catalytic Reduction,
SNCR) 52 7429 =L AU

Table 3. General information of target facility

3.2. 2k

A gEa) e B3 (Shimadzu, UV-26001, Japan)2}
ol 23 B nFE 18 3 (Metrohn, 930 Compact IC Flex,
USAYE AMS-3IRiT. 3-8 =A19) o] 2aZnfe g2
o] #4271 Table 40l VERAITH T34 EAE ol
slo] BlE71s & BERISRHES g7 de 8 7 E
o] UV/VISHLE #4310, o] A& rpET e 3 4
£ EPA Method 26& #73iA 2-0]2 ZA ¥ Hamilton
PRP X100)S 2-8513L, M Zelx] (Suppressory’ T $i= W
S #8861 th Hamilton PRP X100 Z©] 150 mm,
W7 4.6 mm, 5314 (Polystyrene-divinylbenzene / PS-
DVS) 7|5 5um |9, pH= 1~ 14 HelolA] AL 7}
S8} IC £819S 1 M NaOHE ©]-&3}] pH 8.62
2 A% 4 mM 4-Hydroxybenzoate -8-2-2 ARSI

UV/VISH2 0.1 M NaOH &5 <UV/VIS(0.1 M

Spot Emission facilities T-gas(C) Flow rate(Sm°/h) Prevention facilities

A [Paint]—[Dry] 131.1 64,140 [W.S]—[B.F]=[RTO] (Cartridge filter)
B [Paint]—[Dry] 131.1 64,140 [W.S]—[B.F]—[RTO] (Cartridge filter)
C [Incineration] 1314 578,100 [SNCR]—[SDR]—[A.C]—[B.F]

D [Incineration] 107.8 448,800 [SNCR]—[D.S]—[B.F]

E [Mixing] 40.4 36,000 [W.S]

F [Kiln] 150.9 261,240 [SNCR]—[W.S]—[B.F]

G [MLF] 335 60,000 [W.S]

H [Dry] 323 4,158 [W.S]

I [Paint] 31.8 72,000 [A.C]

J [M.F]—[RTO] 41.2 15,600 [W.S]
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Table 4. Instrument analysis conditions

Ion Chromatography

Parameter Condition
Absorbing liquid Distilled water 0.1 M NaOH
Ion Chromatograph Metrohm 930 Compact IC Flex Metrohm 930 Compact IC Flex
Automatic sample injector Metrohm 919 IC autosampler plus Metrohm 919 IC autosampler plus
Detector IC conductivity detector IC conductivity detector
Column PRP-X100, 5 uM, 150 x 4.6 mm PRP-X100, 5 pM, 150 x 4.6 mm
Eluent 4 mM 4-Hydroxybenzoate 4 mM 4-Hydroxybenzoate
(pH 8.6, using 1 M NaOH) (pH 8.6, using 1 M NaOH)
Flow rate 1.5 mL/min 1.5 mL/min
Sample injector 1 mL(1,000 pL) 1 mL(1,000 pL)
Column temperature 30°C 30°C
Suppressor Non-suppressed Non-suppressed
Detection range 0.000~14,999 ps/cm 0.000~14,999 ps/cm
Polarity + +
Calibration curve type Linear Linear

UV/Vis spectrometer

Parameter Condition
Absorbing liquid 0.1 M NaOH
Wavelength 185 nm ~ 900 nm
Slit width 1.0 nm
Recording range 0~ 100
Sampling interval 0.1 nm
Operating temperature 15°C ~ 35°C
Operating humidity 30% ~ 80%

NaOH)) & AMgslgor, IC 48 A5 §49e  Minimum Level of Quantification), “d &% (Accuracy),
EPA Method?] 0.1 M NaOH <IC(0.1 M NaOH)>¢} tf A== (Precision), &J5=&(Recovery rate)y> A4 slo] &
71293 8A 712 HCl S92 SF7r<IC(D. W)> APPHE R H| w24 ST

£ Agach. HEvskE AR FrY PEAB WA BRAND/EI AN PEAED
4g A& Aze] B3le] Table 59 LrERASITE. (0.6 ppmpelste] S 7 Ha T4 NEE /A

iR, JIARE WHAEIA B0 3-5o)
3.3. NEYHO| thet REY A FEE TP T BANER P, FRE % Y
A AT P AR SR JENRS ol f wE FFWA 1h-se] A o) AR T 2

R4 7L stolop > [

He Sy 7stdol MWW]Z”# 1%"] EPA 348 A¥e w¥E HaulslseA(HBr, Hydrogen
Method®Z Zrale] ko] 244, WZAE3 bromide) ¥5=7122(84.1 umol/mol, Nitrogen balance, Rigas,
(MDL ; Method Detection Limit), 3SHA(MLQ ;  Korea)E& 30 L Tedlar bagell Bolx HZ(SIBATA, MP-

Table 5. On-site sampling of absorbing liquid and manufacture of sample solution for analysis

IC(D.W.) 1C(0.1 M NaOH) UV/VIS(0.1 M NaOH)
Absorption D.W.(50 mL x 2 ea) 0.1 M NaOH(15 mL x 2 ea) 0.1 M NaOH(50 mL x 2 ea)
of the sample
On-site sampling D.W. On-site sampling On-site sampling

Analysis sample (100 mL) 0.1 M NaOH(30 mL) +D.W,70mL) 0.1 M NaOH(100 mL)~+0.1 M NaOH(150 mL)
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(Sample Solution)
oW toml
Solution : 2 mL
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Fig. 2. Experimental process of UV/VIS Spectrometry.
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Fig. 3. Experimental process of UV/VIS Spectrometry (A) Preparation of the same concentration, (B) Emulsion remaining in
the purified water layer, (C) Chloroform with less separation.
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A ARIE FUe TR AEE AZSSE B8t 4.2. NgdHHo| faM HE
3L, 77) O FEEE o)F= Blo] S ERIFEIA, 42.1. AgAe] HX4 v
T A ARE F22E59 QTS Eelske 3 ICHe] 5575 <IC(D.W.)><} 1CHE2] 0.1 M NaOH &
oA o dHo] ATl FHrshs Aol LAk s <IC(0.1 M NaOH)>, UV/VIS?] 0.1 M NaOH &

e AR S] Al Sole ezt @ @ nEke] F2 0 $ <UV/VIS(0.1 M NaOH)>ell thsf] a4 I5%FE
ZEo] EATS ERIT = AS . ol 2 ANES A (100 pg/mL, Multi-Element IC Std 1 Solution A,
Age] A& W7, S ASA71= 8101 H,0 Balance, hps, USA)S ARE-3d A4 244
2ol FekEch < Table 69 AAI3IIEE IC(D.W.), IC(0.1 M NaOH)

Table 6. Comparing the linearity of calibration curves for each experimental method

R2
IC(D.W.) IC(0.1 M NaOH) UV/VIS(0.1 M NaOH)
oA 3% 1A 2R 3% 1% o4 3% 4% s e 7%
Result 0990 0.999 0956 0.998 0978 0.962 0.819 0971 0901 0.981 0.970 0.903 0.990
Average 0.982 0.979 0.933
Standard deviation 0.023 0.018 0.062
Table 7. Quality control result by each experimental method
IC (D.W.) IC (0.1 M NaOH) UV (0.1 M NaOH)
Value Average Value Average Value Average
1.658
0.053 8.408 2.484
Method 2.007 1794
Detection Limit 0.127 4.311 2.475 )
0.075 0214 (0.6)
(ppm) 0.937
1.090
0.252 N/D
1.908
5.281
0.169 26.777 7911
Minimum Level 6.393 S714
of Quantification 0.403 13.730 7.883 :
0.238 0.682 (1.8)
(ppm) 2.983
3.472
0.803 N/D
6.077
23.245
2.619 31.588
90.709
25.161
isi 3.122
Prec}?“’“ 3.948 3.672 9.895 20.741 (RSD + 10%
(RSDV, %) 11.592
Less than)
5.954
4.450 N/D
16.342
102.417
105.825 92.750
157.667
Accuracy 101.300 114.767
%) 96.250 102.867 105.375 99.063 113.000 (75% ~ 125 %)
103.300
106.525 N/D
110917

DRSD: Relative Standard Deviation
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2 F5AmL)l ¥-eA17 5 A4 EFE (umol/mol)el
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mol) AlAES 21 <IC(D.W.), IC(0.1 M NaOH)>, 2|2
<UV/VIS(0.1 M NaOH)>Z ©|-&3} &l3ith.

H xR

A2 &5 = (umol/mol) =
1CZ 4 % 5 (ng/L) x 24 Al & 2 (mL)x 0.277 x 10°
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To] HAEES 742 4311 ppm, 13.730 ppm, 20.741%,
99.063%= YERATE UV/VIS(0.I M NaOH)2| MDL,
MLQ, A=, AU=e] Haghke Z7F 1.794 ppm,

Table 8. Comparison of hydrogen bromide recovery rate according to each experimental method

Absorbing liquid

type Sample HBr Raw data Result(ppm) Recovery rate(%)
S1 27.343 81.29 96.66
S2 27.960 83.12 98.84
- S3 84.1 pmol/mol 26.821 mg/L 79.74 94.81
(D.W) S4 24.979 74.26 88.30
S5 25213 74.96 89.13
Average 93.55
Standard deviation 4.65
S6 0 0 0
S7 0 0 0
S8 84.1 pmol/mol 0 mg/L 0 0
IC S9 0 0 0
(0.1 M NaOH)
S10 0 0 0
Average 0
Standard deviation 0
S11 0.0877 65.88 78.34
S12 0.0891 66.93 79.58
S13 8.41 pumol/mol 0.0950 mg 71.37 84.86
UVVIS S14 0.1075 80.76 96.03
(0.1 M NaOH)
S15 0.0607 45.60 54.22
Average 78.61

Standard deviation 15.32
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Table 9. Analysis results by facility

VAT 23

No. Date Emission facilities SamPling Sarr}pling Result(ppb)
(min) (Time) ~ UV/VIS(0.1 M NaOH) IC(D.W.)

1 2022. 5. 3. Painting 40 3 N/D N/D
2 2022. 5. 11. Painting 40 3 N/D N/D
3 2022. 5. 16. Incineration 40 3 N/D N/D
4 2022. 6. 7. Incineration 40 3 N/D 0.238
5 2022. 6. 22. Mixing 40 3 N/D 0.413
6 2022. 7. 5. Kiln 40 3 N/D 0.198
7 2022. 7. 6. Melting-Fusion 40 3 N/D 0.236
8 2022. 7. 27. Drying 40 3 N/D N/D
9 2022. 9. 19. Painting 40 3 N/D 0.389
10 2022. 9. 22.  Melting-Fusion + RTO 40 3 N/D 0.406

250 0.280x1000
10 " ®27ks A=

@)

YeRRAth IC(D.W.)e <4
Y BFERS AMESle] Aigarae] A viast A3
NA T S Hel R ofuR} kY HEE
A= 2 35S Bk

UV/VIS(0.1 M NaOH)®] Hit ITF&E2 78.61%=
IC(D.W.)®] 37& ks Hlawsle] 14.94% A JEd
W, Aozt HA5EE 96.03%, 54.22%2 ZAREAC

IC(0.1 M NaOH)®| B+ 3782 HEHA LUt
IC(0.1 M NaOHY’} th2 Ado| vl8) &S 78 &
Y= ol 1IC XA 5920 0.1 M NaOWZ} 73z
Loz Ao FFS v|A slo|=FA7] sl A
AF oz F=e] HE|7t &F H= @l 710sk= 3o
Z Az,

BRUISlhEor Al 5] mhe 358 T
3 A¥= 1C(D.W.), UV/VIS(0.1 M NaOH), IC(0.1 M
NaOH) <=°|1t}.

4.3. AMY 2AMZ3 v

7 EiEA oA B2RISHE] tigk A SA0F = 3
T& A AFE Wrgste] IC(D.W.)2k UV/VIS(0.1
M NaOH)E Aelsle] A8t A8+ t7] 09874
Alg71Eel F8l] SN EH4S 100 mLe} 0.1 M NaOH
100 mL)2. 2 FAlel 33 wkE AjF3t] 1C(D.W.)2t
UV/VIS(0.1 M NaOH)Z #2138t A= Table 99 L}E}
At

10742] ti7|ujEA Aol tial] Al S5 FAlol 2| FH st
X3 A3}, UV/VIS(0.1 M NaOHp= BE AlA] 7
Z5R] 2R, ICD.W.ye E5A1ANA 0413 ppb
27 w2 FEE Heon a7 =4, 8-8-83lrd
oA HEHUT. ol9f 22 A= 7] 4 A0l
Al mlRke] BERISRE-S 43 74 ICE o83t 4

7l

N

7] T BERISIES] FAIEHEA AL/ /AR
FH(UV/VIS Spectrometry, UV/VIS)

WRAAZEA7} 0.6 ppmoE HiES]87]3¢] 3.0 ppm
o] 20% ol g3ate] AsE AlE Al A7 Ut o]
23 z2nlETe9] (Ton Chromatography, IC)S ©]-&3F B
203}5HE 1242 )= EPA(Environmental Protection
Agency)et THLAFTYAT7IT AL o, o
7129 G E ICE ol83lo] FslraE B
ASlaL STk, oo & Agtor= 7 [iEAIAE ] BERl
siHE B4 AAdsk] 8l A di71 A3 -AIR 7
2 UV/VISHZ F59S 575 0.1 M NaOHE: 2]
g3t ICE A8 A& vl g7igo2H s o
71 AFHAEE Mol Hast 71xARE Alesial
AL gt

IC(D.W.), IC(0.1 M NaOH), UV/VIS(0.] M NaOH)
o] Aol HAHRI)S IC(D.W.) 0.982+0.023,
IC(0.1 M NaOH) 0.979 +0.018, UV/VIS(0.1 M NaOH)
0.933 £ 0.062% IC(D.W.)2] R¥7} th71 e d54Ad 715
o] LA A ARGl AA I RY(0.9801 ke o
=31 WhHE UV/VIS(0.1 M NaOH) 1C(0.1 M NaOH2]
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IC(D.W.)°] MDL, MLQ, 8%, FUE9] H+ghe
Z}7} 0.127 ppm, 0.403 ppm, 3.672%, 102.867%%. L}E}
o} 1C(0.1 M NaOH)?] MDL, MLQ, Z&%, AU
o HFHS 27t 4311 ppm, 13.730 ppm, 20.741%,
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