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Abstract

This study examined the effects of environmental conditions and the presence of refractory organic matter on oxidation rates

of total organic carbon (TOC) measurements based on high temperature combustion and ultraviolet-sulfate methods.
Spectroscopic indices for prediction of oxidation rates were also explored using the UV spectra and fluorescence excitation-
emission matrix (EEM) of humic acids. Furthermore, optimum TOC instrument conditions were suggested by comparing
oxidation rates of a standard TOC material under various conditions. Environmental conditions included salts, reduced ions,
and suspended solids. Salts had the greatest influence on oxidation rates in the UV-sulfate method. However, no effect was
detected in the high temperature combustion method. The UV-sulfate method showed lower humic substance oxidation rates,
refractory natural organic matter, compared to the other methods. TOC oxidation rates for the UV-sulfate method were
negatively correlated with higher specific-UV absorbance, humification index, and humic-like EEM peak intensities,
suggesting that these spectroscopic indices could be used to predict TOC oxidation rates. TOC signals from instruments using
the UV-sulfate method increased with increasing chamber temperature and increasing UV exposure durations. Signals were
more sensitive to the former condition, suggesting that chamber temperature is important for improving the TOC oxidation

rates of refractory organic matter.

Key words : Dissolved Organic Matter (DOM), Fluorescence, High temperature combustion, Spectroscopic indices, Total

Organic Carbon (TOC), UV-persulfate
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cleksl Breolnt SN R7|20 ME DeMs I UvMSIEY & F7(Et4 Malg wa) 99

b AHgEa Qlth. I % BODsE AAl #4718 5x9 A JAFHVFES EFF TG fU1E da 2
20-40%, CODwy®] A% 30-60%%HS ¥t 37| wEo /7] 44 94 F2 @2 TOC 4tshg Wste &3 71719 2t
B9 % #E A% #E AE2EA HHEA gk & 271 9 RREA, ¢, 344 ol T2 Y FFs8
& 7% FLEZDoY dEAE frIsiFEE] B2 H59 Qo et Boh AAAA A7 22T Aoz AlsHY
2% I ugu g2 oS dobd AAAA |f71E #et 2 A7 532 n2di4gHI Uvitsiyel dls
o8& 4 tKChoi et al., 2012; Kim et al., 2013). ©]o ) &AA A4 EA 7Hed et B8NS AT
W TOC 24W2 w2 Asgs 2= fad =108 Z o @77 g%lo] §71& Ashgd "Xe 9TFH ) @
331 9ol $71% $9¢ 24T 5 de PHg Jes AP #71E TR/ TOC AsE wAE It
ste A 715 8l AEE A5 HLyu and Lee, 2007). gebslki, (3) TOC 4Hshes <533 F e 718 A%

TOCE B TIEo Q= g7)8ire e Ay = £ AAISHH, (4) TOC 4st&s A aLstz] g TOC 7171
Bl Uehle AREZA 0, B 5G9, A9a 59 HH =242 Z3AA Foh
A5 H71=9 ZA-$ BOD, CODyn, COD; 53 ¥ AHE
e 5 ATE WA 5 4718 3T 33 JFe= 2. Materials and Methods
AH2E 3 QITHKim et al., 2007). TOCS B2 71&9 &
715 57449 BODS CODETE 24 Azto] wan 33 21. HENE
227F TOCE 9 5% ©lH&E BOD(10-20%)% COD(7-10%) B AFgAE a4 dEAH BER2A FUED AT
of "l FuFez Un Agsshy] drke Fel AHKim Al 74 BHESEA AR F2A FEER F e s tix

et al, 2007). S TOC Aol 7]€9 f71E 24
A @Asl= 23 9ol ¢lth(Han and Choi, 2011). U
ANME GH A U B2 AETtEl A /fU1E &
71222 TOCE =Sk dthedl 9AE 2ol sk
o 2013dRE M, 34 § FITFTY AEFETE
TOC 71&& AFsaAth

g EZQ TOCY EAYHoE LA Uvat
shgo] oy oF J2E v B B4 J|7E0 AMg
=3 ItK(Noh et al., 2007). IL22ts} B2]2 680°C ©]4<]
IA2A FI7IES ASAITI G OE Feet T2 de
23 AEY EREZ@28mm olshe T3 A8 BEA
o] 7bestth UVARSE &4 2 Z49]41(254 nm, 184 nm)ol <]
3 2AE JUzE AA R o] &t FI1ES AR
ot 7 7FA 2bshdA BE H 24 99 (Non-Dispersive
Infra-Red) 2.2 F7|@4AZHH Atsso @4 Frles
(COyYE FFstd f71e4Y 5% o2 vehdthByun
et al,, 2009). 28U 7171 =, §71E 72 & JH]
F718 Ashgd &S vd $ UAHChoi et al, 2015).
Aiken et al. (2002)2 F71&E9 F/Hl wet Ashgel zbo]
Zezet 22 44 8=

it

=

7h Aes BRom doju &
f71E9 kg dFS £ F IS B v Utk
Jung et al. (2013)= TOC FHIEE At ol dig 4ts)

&5 Hugt 27 59 AR W Hd 4-1081¢ 5=
2017k A& BAstAth 59 ATolA Uvatshd 4 9
AS 45 ABdAME A AsHA AU FAEd =
ZS Bt} A Benner and Hedges (1993)9] 4572 3o
M2 G5 AJ5Y - L2448 FA T Uvatshga] oA

g TOC B% 7F9 /o Aole #FHA Lt
Byun et al. (2009)2 ©&S F71ES A9 AR S|
I2ssk BT uvAashEA A TOC & 9 o
Aol & HYew ol UVAsHEAAdA A 50% d= A
°olg BTt o]FA 7|& AFlA UE FF ¢ 84
of wet Aolgt TOC 2tshg AH/E Ho|EZ AAR7E

3= SRFA (Suwannee River Fulvic Acid)?} SRHA (Suwannee
River Humic Acid), &5E& U X3+ PLFA (Pony Lake
Fulvic Acid), 274 #FHEZ S U X3+ Aldrich Humic
acid (AHA, Sigma-Aldrich) 2 Lignin (Sigma-Aldrich)E +%
sted A& THPark et al., 2009).
GEE Y EZY Ashdad Jshe xfolE EUIYE B
= HRE 52 5E9 8 mgC/LE %30 AFsTh
= I FFZA7IEY AFE HEA FAHO U=
AERF71EE=A4 HE 3 AFet= TOC BE2
A(MOE, 2013) 3% 71EAA Hlad igke =3
Ax AstEE HlaskR

TOC 71719 AZFHelE US EPAYNA EFEA=R Aot}
= ZE5AZE(KHP, Potassium hydrogen phthalate)S
o] €319 tH(Eaton et al., 2005).

ofrt

M\

P!
TS Fe FFxAEA o, YA
= 3tth 9(NaCl, Na,SO)EE: 3t
A 59 durFA = FF WM o)A E(Park et al,
2009) 2 sl =S 1Sk 0.01-0.5 N2 A5
(Takagi and Yoshida, 2006). Aol FF A
EAT F e 5= HH9E 2t NOyE 0-0.36 mM,

Table 1. Environmental conditions for KHP oxidation experi-

ments
Experiments Species Samples  Concentrations
Salts NaCl 0.01-0.5 (N)
Na,SOs  0.01-0.5 (N)

KHP :

Potassium Hydrogen Reduction ions NaNO, 0-0.36 (mM)
Phthalate (8 mgC/L) FeCl, 0-0.16 (mM)
Suspended solid Kaolin ~ 0-300 (mg/L)
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Table 2. Specifications of total organic carbon analyzers used in this study

High temperature combustion

UV oxidation

TOC—VCPH

Multi N/C UV HS TOC-4000WT

Measure method NPOC

NPOC NPOC

Measurement principle | 680°C catalytically-aided combustion

Wet chemical by exposure to UVC radiation
or UVC radiation and to Na,S,0g

Wet chemical (Heated UV
persulfate) oxidation

Measure range 0-25000 mg/L 0-10000 mg/L 0-35000 mg/L
Detecter NDIR (non-dispersive infrared detection)
Detection limit 4 1gC/L 2 pugC/L \ 0.5 1gC/L
Carrier gas High purity air High purity nitrogen

Fe'2 0-0.16mM22 A3 A (Capriati et al, 2013;
Verplanck et al., 2005), FF22(Kaolin, Sigma-Aldrich)<]
BS FFF 7233 A8 Faste ZupE L= A

Ao SS9 F=E 1Y 0-300 mg/LE F 5 T Table 1).

222. /712 Melg &5

Ao ARSI TOC FHle L2A24sle] 49 ShimadzuAt
9] TOC-VeppE AMEsIR o™ UVAIEH S AnalytikjenaAt
9] Multi N/C UV HS$} HAFS] TOC-4000WTE AR&-3tH
274 5+9 TH(Table 2).

223. 871

st

= Bt s
A4 dESHE V18R 5 AHAS Ligning] 0.1M

4% o
HOIE ol8alel $7leas 98e WA F A2EA7)
(Elemental Analyzer, Vario EL)E AM&3te] &4 ZGH&E
T3 th Reference &322l SRFA (Suwannee River Fulvic
Acid)$} SRHA (Suwannee River Humic Acid), PLFA (Pony
Lake Fulvic Acid)= IHSSDolA A Fdts 942U E A}
&3ttt &4 & RN RRE g2 2GHE T8
o &4 2QHE o838t o4 TOC #*< 8mgC/L=E
staTh o84 TOCHT A 7171904 388 TOC #<
Haste] {718 /Y sk o g =E Azt

St

224. & ZAIE 0|88 7|8 EM HE

g F71E 72 FHE 47] 93l AHAS A&
UVC & ZAF AI7HE 3828 A8e JPsach & A
NS A2 0, 1, 2, 4, 8, 10AFSR sl 7+ AIZHE &
71E 4o dis) getstdth FEN FAY 25 ¥F
AE AHE5le] 25+3°Co2 Z2As o AHASY pHE 7.0+

0.12 o] Asth FPeZE 8W-UVC #E(Sankyo
Denki G8TS) 12718 A&t o F4 42 254 nmo] S
. & M7l UVC light meter (Sper Scientific UVC light meter
850010)2 AM&3te] ZFaH o™ 2400 pW/em®o] R Th.

iy

M

=
o=

HI

2.2.5.
i SFE(SUVA: specific ultraviolet absorbance): 3
#F=A(Shimadzu UV-1800)% A&kl 93 254 nmoll A

1) International Humic Substance Society
(http://www.humicsubstances.org/)
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=33 4% ol DOCE Uy # e it &
93} A E(Humification index, HIX)x= <3713 465 nmol

A9 B FF2HEF F 485mmt 550nm Atol9 FF
A7l & DOC HLZ UrolE e AH&sH tHMilori
et al., 2002). Fluorescence Excitation-Emission Matrix (EEM)
o 3<% IFEF=AHITACHI F-7000)S AH&3k4], Excitation
2 9% 200 nm-500 nm< 5nm {HE 22, Emissions 373
280 nm-550 nm< 1nm HEFo2 =33 th excitationZ
emission slite 2z 10 nmE 12338192 ™ 295 nm cut-off
filterg ©]&std 2a S AEE AA}ATSt FHRTFE 2
< PHer 43 2o 3 B FH4ES WA
(Phong and Hur, 2015).

2.2.6. MBI HA(UVALSHEA])
F71% Akg} Al UV reactord ¥ 9l F7]E B3f A
e

A2 ARstaoen ole td KHPY
mgC/Le2 AAF3Ah EI 5 8mgC/L SRFASH
SRHAE o] &3l A337 Astzdo] FHEZ Y 4kslgol
NXs 9FS AP A6 Ahgd Zd dFd
(TOC-4000WT)ol A A oksl= 7]17] AstzAL A 7Y 74
259 717149 EE ZFF7] 13l UV reactor 25+
30°CE AR en Uv HEAIZE 18022 A Th
ol& 7]FLE UV reactord ¥H&25E 77 30°CE} 40°C
2 A3, 2 258 UVHEAITES 90 sec, 180 sec, 210
sec, 240 sec, 270 sec, 360 sec7hA] A5t wFE2E9F UV
AEAIT W2 Aslg ApolE ZAFSII THTable 3).

rlo H

W

Table 3. Changes of UV oxidation equipment conditions

Samples Temperature (°C) UV contact time (sec)
KEP (mgClL) 30 90 180 210 240 270 360
©, 1, 2, 5, 10) 40 90 180 210 240 270 360

3. Results and Discussion

31, BEA 0l mE KHP AtslE HH3

3.1.1. ™(NaCl, Na,;S0,) S=0l| CHEF KHP AtElE B35}

d =& tist TOC Ak Wshs 24818 29 001N,
0.1N, 0.5Noll sl 22+ 104.9+£0.7%, 101.2+6.2%, 98.5+2.1%
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Fig. 1. Effects of environmental conditions on oxidation rates (UV: UV-sulfate, High Temp.: high temperature combustion).
(a) NaCl concentration, (b) Na,SO; concentration, (c) NaNO, concentration, (d) FeCl, concentration, (e¢) Kaolin

concentration

o Fe B @ sl #Agle]l ¥ Astes Bl vk
UV Asirale] A9 zF 276 tial 97.340.6%, 24.743.6%,
2.540.8%2 YEFY 0.1N o9 94 F=A 75% o3
kg Aot d5E I 5 UATHFig. 1(a). UV 4tst
Al 0.05%9 G40l FEANA fF71EDY syt Fe s
4 lTHEaton et al,, 2005). £ AFTZAFE= 0.02M ©]4<]
Aol 5E7F DOC B4 §&S PRt Aiken et al
(2002)3 & AT

Fhol2 JFoz Qg Aiskg TAE sy Y8l
WE2FOZ NapSOE o83t 4 ®=o dd F7HHA
AAS P 2 124519 A 001N, 0.1N, 0.5Nol
A A7 99.8+0.7%, 105.8+1.4%, 106.6+1.4%2] 23188
UV 248t A$ 27 100.7+£0.7%, 100.7+1.2%, 102.7+0.8%
9 jts&s i&it}(Fig. 1(b)). E&ol2o] WiAE & &
FF AFolMe T2A24S9) UV 48} Alo] Jtskgd
Al Fos atele #EE F T o] AHdEe Fhol

e

[}

2 paAnE UveE
AE W Gaole MAZ 9% F74H AA

3.1.2. E2IMO0|2(NO;, Fe*)0ll CHE KHP Atslg 3}

NO,y & A2A&2ste] 9 0mM, 0.0l mM, 0.14 mM,
036 mMoIA Z+2h 111.4£0.2%, 110.8£0.9%, 110.4+0.8%,
107.3£1.0%9] Asl&S BA I UVAFEHY 4 0mM, 0.01
mM, 0.14 mM, 0.36 mMol A Z+z} 101.6+1.2%, 100.5+0.9%,
100.4+2.4%, 98.6£1.0%9] 43188 HATHFig. 1(c)). Fe¥'&
AL AR A9 0mM, 0.01 mM, 0.05mM, 0.13 mMol
A 242y 109.4+0.8%, 108.8+1.0%, 107.3+1.2%, 106.3£0.8%<)
Astgs EHI UVAatste] 49 0mM, 0.01 mM, 0.05 mM,
0.13 mMoll A 22 100.2+0.4%, 100.7+1.2%, 99.7+1.2%, 99.9+
0.8%9 AH8t8S BthFig. 1(d). & &3 B9y F 7t
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2 BQA o] Z(NOy, Fe¥) w0l tis] F 34 25 2tg) Aot A2ALAshdA o F9 o] 23k Ak Fs JUEr
& #22 BAY 5 Qon o) %o B2 43kg I Ytk Paired ttest 23 AsFAW TP 23kg Folst
1= ox Tedats  BREHATHP=0.036).

ansael vl oF 0-11% xﬂ] =392 B39
B ool WEEY ARAA 0% 2 HolS Btk EF of
1 A5k Aol B2 s UVASEAAN FRa
AspAIzre]l BRYS At

1.3, 2REE S50 M2 KHP Atslg HEl
g A3 3d ToCY A5 Hla A9
Az}, m22k8ke] A4 0, 5, 50, 150, 300 mg/Lol A 22k 111.9+
0.8%, 110.3£1.1%, 106.0£0.4%, 104.7£1.2%, 99.8+0.6%<] 4+
&S, UVArEe F$ 0, 5, 50, 150, 300 mg/LAlA Z+2t
105.941.2%, 107.042.9%, 104.2+1.3%, 101.6+0.4%, 100.2+0.3%
Aetgs Btk A2AdA44tste] FS control tHH] 3
oA Aggo] 12.1%, UVAEtY] B 5.7% #4st
= AFE BAtHFig. 1(e). A FZ 2»# Efﬂ I35 =
AP RA2H Y $£AZ24 AE(2014.01~2015. 09)l &5k
| 297 2 Zurr W S3A Fa s 2 549
4E 4 A SS = 30 mg/L oAk olH7 FRE
TEE £ d7ZAFd IE FHEAuH F 2
71 Adstgdde & 9FS MAA gt B ¢

%AQ

i3

SRFA, PLFA, AHA, LigninolA Z+ZF 102.3+2.1%, 107.7+

0.7%, 95.120.6%, 104.8£2.9%, 103.6£1.4%<] Atsg&S U
el on UvishEelE 22 92.940.7%, 95.240.2%, 82.5+
0.4%, 66.0£3.2%, 57.7+1.6%22 Adoer F& A3g
< BATHFig. 2). dEANE V1R ds) Uvitsh
o A2ALMSHA e HF o He LAg HAE BA
E35 844 FYEH AHAS Lignin® A UVA
< B3on ol Ht dugt FX2E
=

4 543 BA} Qg Ao AR

100 - &

2
o

Relative Accuracy (%)
I o
o o
S}

»n
o

AHigh Temp. OUV oxidation

0

SRHA SRFA PLFA Humic acid Lignin

Fig. 2. Relative accuracies of refractory organic matter mea-
sured using TOC analyzers.
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2 EMstaA o
3 BEZEA(SUVA, HIX, EEM)S A8t SUVAZES
HIX 2% ZEHE IJTFE doiAe 4TS Bk
@2 SUVA ¥ HIX#2 f71E9Y dEFETxY F4E 9
uQtcH(Lee and Hur, 2014; Phong and Hur, 2015). EEM
BEAS = g 719 Fulvic-like peak (Peakl)$} F 719
Humic-like peak (Peak2, Peak3)E #HZT = U AHFig. 3).
dF peak’t BHFLE AV FAE Blue shifting©l
2t 3t ol WIFTFR EIxVF HAR S Ygu|sth W=
BF peak’t BIFLZ §A7HH ol Red shiftinge] 2t &
W BEFE 727 o BolAa EFSA S R Si(Chen
et al., 2003; Gusso-Choueri et al., 2011). Peakl® 7%
Emission 334 Blue shifting®] dojstom FFA|7] =
3+ =718t T} Peak2?] 79 Excitation, Emission 38 &
T Blue shifting®] doistom FFA 7= ZastAct o
23 A= UV ZAF AL wpet 33E F271 Fojz| i
T g 25 7R S 9udH(Phong and Hur, 2015)
peak 1A wE @% 719 242 A93 {718 72

Z AR EHY Peak3dAE 2.3]#
H FBJA 77t STk AT ol #

S
we) ¥ 2% 2 pH 5 AR 9% F 4
o A

FEH = FU1E FRET 0}‘43} AR TOC#HE] ol
= FJFS "= Aoz d#HA JAtHMori et al, 2013;
Rajca and Bodzek, 2013). wW&tx HlRA 23lgo] &
A28 A E V|ECE FtY {18 Fx4 WE uvat
sh2l shg HstE ZAMIATHS, TOCUV/TOCHigh)

354 TOCu/TOChigns WIS @, SUVAZEF
HIX#t 25 243245 TOCuy/TOCuig H]‘E‘C‘ S7Fet=
AEFE BtHFig. 4). ol BFEH T2 T2 A5hE
F7tel 9EFE Fohe AS AlARITE SUVARETHS &84
T 0.6592 HIXS FoAST 0816ETh WA Yebut
olggt AF= SUVART:= JFEHC] f7]& T s
02 Mg d3d o FEUFE EGETh UV ZARA
6 AIZE o] Fols A2ARLS UVAKSE BF 22 Ats)
€8 Hol= Aoz YEETH100.543. 3% vs. 100.742.6%).

EEM 242 ZRdd B2 bgd 9718 72 544
35 WISt EEM B0 B2 o}m AQge) weh
TEA EE PYE FrE FAGUA 4B Yrhge

7F g2 LEA e FFE F2(Peak2)
RN TFZ(Peak])E HEE = A
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Fig. 3. Changes in EEM fluorescence peak intensities following UVC irradiation for (a) Oh, (b) 1h, (c) 2h, (d) 4h, (e) 6h,
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1951 100 - g y = -34.647x + 3725
= 10 hr - R?=0.8161
€ 400 | L s anrg < p=0.0135
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(8] _ Y 8
O 95 - y= .4.52;6_58,( +127.44 initial o initial
- R?=0.6589 1hr 'S < o

= >
03 90 | p =0.0498 b 0= increasing UVC irradiation time
le] increasing UVC irradiation time o
= -
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Fig. 4. Changes in TOCyy/TOCpj ratios (%) with SUVA (a) and HIX (b) of AHA with increasing UVC irradiation time.
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Fig. 5. Correlations between TOCyy/TOCpjg ratios and fluo-
rescence peak intensities of AHA EEM with in-
creasing UVC irradiation time. (a) Peakl, (b) Peak2,
(c) Peak3

©] TOCyy/TOChign HIE& S7F2 WHE = A THFig. 5). Peakl T}
32 AUEQ dsked £2 4B E B9 Ashed g
I ERE AHE e e BRon BEE FAER Hole
Peak29] A% A= o A8HE(F, TOCyy/TOChign) o
vhel g #AIE JeElW ol Kavurmaci and Bekbolet (2014)°
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