SRS BRSNS A] Vol. 12, No. 2, pp. 55~64, 2007 KEE>

Ol2-ugt I=0tET|L|E &
Astg we X

Analysis of Aliphatic Carboxylic Acids Using Ion-Exchange Chromatography:
Application to Groundwater Affected by Landfill Leachates

Su-Hyun Cheon * Dong-Chan Koh* - Kyung-Seok Ko
Korea Institute of Geoscience & Mineral Resources (KIGAM)

ABSTRACT

An analytical method using ion-exchange chromatography was developed for simultaneous quantification of low-molecular-
weight organic acids (C;-Cg aliphatic carboxylic acids) and inorganic anions, and then applied to the assessment of ground
water contaminated by leachates from a municipal solid waste landfill. Peak interferences of halide ions to organic acids
were removed by pretreatment of water samples with Ag-containing cartridges. This method allowed accurate detection of
low-molecular weight organic acids (i.e., formate, acetate, propionate, pyruvate, succinate, and oxalateas) low as 0.5 mg/L
with a linear dynamic range up to 20 mg/L within 11 min run time along with typical inorganic anions. High level of
pyruvate and low level of formate and acetate were detected in groundwater and landfill leachates using the analytical
method. Pyruvate concentration in groundwater showed a significant correlation with concentrations of ClI” and HCOs ", and
pyruvate levels decreased along the downgradient from the landfill, indicating the sources of pyruvate are landfill leachate.

Key words : Low-molecular weight organic acid, Ion-exchange chromatography, Groundwater contamination, Landfill
leachate, Peak interference
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1. M E

2 374 WellA f71ike kst AR ], A
sk 3, A7Eehy whg aar, A91%Q1 wiE
ofelix g€, Blelgjo}, o], &7/ 2 15 F -
AE 55 I FES HEE F7RES widsla,
o R, e AEAY Zalje T SaME
o] f7ldke] WEE. w3 287, Fd 2% X
0 w2 FabE El 2, A1 H71EY oRE

Y FEF] =l o8l A7kl AR o= k]
ST} (Fischer, 2002). ASKFAIONA G713 87|14
oM fr1Ee UE 2hEE FAEY, 4lsl3k 7
Ao T3 A% Stk olHd 543 frIkke] 4F
stghe] Zel gk AP AR &8E 5 e T Es
Ko o, 53], ARl HEAAGEG o] wst
of gt AR EEo] 2FAY Abstghl HA
oS rIsh= dloll ©]8E 4= ATH(Christensen et
al., 2000). McMahon and Chapelle(1991)2 -7]E&9]
e AFTTA frlEe] Maal o3l e
2 FaHaL, o] fi7Ee] vAE SFe o] &=WA o
% TeATEEH SA4o] #A9ES Btk 299 A
sl AESH B 7oA 714k biomarker=
A o &HT}. biomarkerdH-E TXF 3G FollA £
A Ao e EEL FH o] A FE WEsHE
2 A AR f71e HAESI ol 2F 49
ol A=, B3l ARl dHE vAE, B £ 5=
Zgste] BUHY sl 7IHoE, X} oA ofulgh
Feio] &l A= khe] AEEeTlel wet F71
37} dojuar A=A, ofd mjAEe] Fofsiar =A,
vt s a7t olueAE & e At
HHYoung and Phelps, 2005).

olgA M= fUe FE 7k IZvfEY
(gas chromatography, GC)9} ©]& A ZvwlE 123 (ion
chromatography, IC)& ©]&3t EAHTh 53], GC=
SR RG] A Apake] Aol A elst
Al AHEE o] $ktH(Vairavamurthy and Mopper, 1990;
Yasuhara, 1987; Yan and Jen, 1992; Manni and
Caron, 1995; Albaiges et al, 1986). A%}, GC A3
HE W2 AnE 1] S8l 718 FEolu, &
2 AEAE es AR 2 Y] AHS Fe 2 5

a1, o] AN £E7F Fe Alofolu} f7]8ufje] &

A8= low-molecular-weight carboxylic acidsel] €]3l A]
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7} 24953, 2= v)E] low-molecular-weight carbo-
xylic acids®] H#ES oA vlee A7E gt vt
Hell, 1C W Al5-849] 23 Flo] 7Fsait. ol
gk ol wiiZel SHEAIEW] f7IE BREEA] IC WY
o] ARgo] ¥z} F7Fslal Itk (Manni and Caron, 1995;
Chamkasem et al, 1991; Zumbusch et al, 1994). IC
AFHoA 72 259 o]E oY, & A
Ao we} FejEnt. 53], dol wdFAE o]83 o]
£ viA (ion-exclusion) WL 711 FHEA] sl=t|
U ARt Waki and Tokunaga, 1980).

£ dAlMe f7RE #2438 ek AlEE A Y
g 4= e o]dE 7 ICE ol &3t U, 2 A
ol A= IC system FolA 71E9] f7aF Ao A&
T o] #jA| IZrE T3] (jon-exclusion chromato-
graphy)’} oPd §-7] S0l 4ol B o A85=
o2 w3 IZrE T3] (jon-exchange chromatography)
£ o]83lq AlE el 8 Hol e A7 HA -
Al B} sigict. ol wd AZrfE = i
4 48 (analytical run) 2 F7] ol gk Mk of
et o] ujA] AZrfETeurct g 24 A)RE el
C~Cs carboxylic acidsE A4 - A & F A= o|Ho]
ATt o AFelr= o2 w3 FAZnEIHTE o]
sl AlEUY] 7] 2ol HE 9ol frlike] 8RN
H}, T2 o] 9] 1S A e 7kl digh A7
TAPHS PEelar, o] WS 28)7] wigd HE5l 9
3 ek wke Aaleol disl H8ate] HEFE fr1ke]
¥ 545 Wkl Baat eiin

2. =R MY gY

2.1. A ZxHF

£ A7l A7AYe i 5 gl A 2
#7] g = ti=A] wigdgdol] Hlshd Bz 2k Al
gxrg)|7] v @AolthFig. 1). GRS SAA ARIAIA
o} H7IE iAol A7) wiZe] migdel] vigEe
27| IRE TS o5l HHAE S2olu A
H7lEe] FE oFa Uk AL HriEel#t A &%
o &gt Zlo] opd UHIEolx WAE= AS delt
19921 AJFo]$ 20049 A WA 33,200 m?, vHE=F
113,131 m*]aL, 7] H3RE 110,364 m’C2 wH-Sako]
98%°|thEARE 20040 F7] AR, http://www.geumsan.
gokr). A8 AF= 20059 1020 AP on, A8
AMFPHOZ= A AekrY] 2%, pH, F7] H&=
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Fig. 1. Sample location map including leachates (cross), groundwater samples (solid circle) and pond water (open circle). Altitude is

shown on contour lines in meters above sea level.

T (EC), 8& AH(DO) Fo] HH olFl ATt
715 248 AlE= 045 pm syringe filter2 AlSE
st 5 20 mL viall] 7 @1, vjAEe] Walg &
ToE f7lite] BaHe RS oWt @ 0.2%
chloroform 899 0.1 mL 7} 9. &n=2 =28
ololo]aZ WzEjo] Gl ofolzEke] A Fol|A
HiE2 W5 BASITH Albrechtsen, et al. 1999).

2.2. 7|4 24 WY

1-712F9]  carboxyl(COOH) 1E-©] T8
OO+ H'E Sl f7hte] ERdshoE et
= 545 o83l o] ug A=rfETIIE o]
slod 7R EA4S FEIATh 501 peak 9]0l HE
F= unknown peaksS low-molecular-weight carboxylic
acidsZ}al Z+3}al, unknown peakS E213}7] ]3|
Ci.Ce7FA 2] thak3t  low-molecular-weight carboxylic
acids®] retention timeS RIS T4 RIS A8
£ 24 Aol deolA =21ty ol i AZrkE
Tefu] AlzEel] 2 FAsiaint. o] g AgrtET
2] Al2"lo 2= 1CS-1500(Dionex)S ARSI #-4]
ZHL JonPac AS14(Dionex)=, 42]9 (eluentye 3.5 mM
sodium carbonate/1.0 mM sodium bicarbonate &2
AFEEIEe™, 1.2 mL/minE AAste] ASRS

gl A

O 2~ O

=

ULTRA II 4mm Self-Regenerating Suppressor(Dionex)
2 f7Khke HEsI

714k retention time(RT)S B CI9} pyruvate]
RT7} A9] YX|SIaL propionate’} I3 22 & &
Atk olEgt CIm o]¢] frlitel] gk Bz 7HEE A
Asl7] 21814 halide ©12-<] A A E2H20 On-Guard
Cartridge Ag(Dionex)E ©]&3t A|g3F9] CI o)L,
Brr °o]2& A A3 tH(Fischer, 2002; Manning and
Bewsher, 1997). Z18]31, C,.Cs2] F714HS FoAM=
water dip <, S°ol2% 7R, F71E}F 1R
RV} YT 7Pk AES HAago g sl A|ea7]a,
halide o 9]l S]] Mol & FaFs A ghod
A HE 7S frKkEs st 1 M= o
ol 2] 93] 7HES WA %+ propionate, pyruvate,
oxalate, succinate®] dlAe AFEXE AIPsH3Ic). o
902 formate} acetate= F FFFEFN THdo] AN
Ak, AR ARA} frlkes A4 - Al Bazp
St A3 AME RS ' gl mjet AE
&l ¥ 34TH(Table 1).

ol wg AZrlETH = o] wiA| F=2rfE 1]
o Hls] f713F B4Rl #aL, §7] S-S I &
A& = 9= AHo] Utk Manning and Bewsher
(1997)= o] wjAl A=ZrRETjujox SFE] A5
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Table 1. Aliphatic carboxylic acids analyzed in this study

C," Compound Structural formula pK,?
1 Formic HCOOH 3.55
Acetic CH;COOH 4.56
2 Glycolic HOCH,COOH 3.63
Oxalic HOOCCOOH 1.04
Malonic CH,(COOH), 2.65
3 Propionic CH;CH,COOH 4.67
Pyruvic CH;COCOOH 2.26
n-Butyric CH;CH,CH,COOH 4.63
Fumaric HOOCCH=CHCOOH 2.85
Isobutyric (CH;),CHCOOH 4.63
4 Malic HOOCCH(OH)COOH 3.24
Maleic HOOCCH=CHCOOH 1.75
Succinic HOOCCH,CH,COOH 4.00
Tartaric HOOC(CHOH),COOH 2.82
5 Valeric CHj3(CH,);COOH 4.64
Adipic HOOC(CH,),COOH 4.26

6 cis-Aconitc HOOCCH,C(COOH)=CHCOOH -
trans-Aconitic HOOCCH,C(COOH) = CHCOOH -

1) Carbon number.
2) Shown for estimation of the order of peak location.

Table 2. Comparison of retention times between low molecular
weight organic acids and inorganic anions

Organic Retention time  Inorganic  Retention time

acid (min) anion (min)

Glycolic 2.82

Acetic 2.94 Fluoride 2.70

Formic 3.03

Propionic 3.36

Pyruvic 3.63

Isobutyric 438 Chloride 3.58

n-Butyric 4.63 Nitrite 4.15

Malic 7.89 Bromide 5.03

Succinic 8.05 Nitrate 5.73

Malonic 8.27 Phosphate 7.39

Tartaric 8.28

Adipic 8.51 Sulfate 8.44

Maleic 8.77

Oxalic 9.53

Valeric 10.75

Fumaric 10.93

not detected
not detected

cis-Aconitic
trans-Aconitic

= Cs, Co, C7 A7IRFEE QA3lA 44T 100 ©]
7 8Ee S Bl S8l frhks ARsblel ¢
Al ol wg AZvEIHVE o]&3st] ARl
valerate, hexanoate, heptanoate®] &4 75 RIS H,
ol A AZrtETHZ F7Ihe AT uf EA4A)
e 2] AFEIGITE AR, £ A7 2ME,
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AZvtEIHA A wRe] I35 Feleh= A
butyrate, valerate, hexanoate(Adipate, fumarate) 5©] ©]
< wiAl AZrlEeo]e] RTEO AA3] &S 1% o
Woll A= 22 IRISIIAL, A0l halide ©]2& A
Qg F7] Sole] AFEAEAAE 4S5 U 3
5, F71hE} 7] Sole, e ki f71kte
TAARIe] ISl AXE FRE 7] Wil (Table 2)
T7] Fol 7ol BAARES & sl 54
7P3ks g o] wEk A2nlETHTE o]8alA

N

ole WP AzrlETHE o)8d AIRE A - A4
APRL, ol B4} FAl] §71 Aol FRseh

g2 gol 29 5 gt BEH 4Y

o ol o]8H A WhHe 7[EASE Manning
and Bewsher(1997)° 23l gradient eluent program=-
o]&3t o2 w3 FA=rlET Y] WHOZ wigR] &
oA CEE AlQJgh F7lol2e] Heg=} f7like] 34 &
28 93l e WEE o] 8319 isocratic eluent
programs 28381 4 A|2ELS Teslslal IRkl
F7] ol A ol8s= Se|diw B ARS 0|83}
o 4 ZAES HA gLl

Ao ALgE f7REE ) =2 A9 (Sigma,
Aldrich, Merck-A.C.S. regeant, EP grade)®2 73}
AREBI o™, f71t EE8de WA, 747k oKk
1000 mg/Le] FE== wHEo] 24l Hol WAHA 8}
Got. HEH = H9E 0.5 mg/L-20 mg/LE SI¥=
d), ¥4 g wvlc}t 1000 mg/L stock solutionS 22k
EEE 3N - 38l ARSIl (Fig. 2), oW T
9] 212444 succinate= R?=99.66, propionate, pyruvate,
oxalate, formate, acetate= R2>99.952 o}F ZA| Y€}
Wt} HE3A(MDL : method detection limity= 2ol
AME BE EE 7R g 593 7o R ARl
AT} baseline noisedll ™t signal BIE 52 3} IDL
(instrumental detection limityS 3}ar, A IDLY] 5
ol dfFeh= =5 HEIMIZ slo] e HA =
T2 ARSI

AlE AF F A vkE WE dfo] BRAg AERE
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Fig. 2. Chromatogram of mixture organic acid standard using ion-
exchange chromatography. 1= propionic acid (5 mg/L), 2=
pyruvic acid (5 mg/L), 3 = succinic acid (2 mg/L), 4 = oxalic acid
(4 mg/L).

A2olA =521 the ellA] e AFHUE, On-Guard
Cartridge Ag(Dionex)E& AH83ld Alg W9 CI, Brs
AAG F o] ug A=nfETIHYE o83l IESF
Alg Yol 8 Hol e A7k B4 - B APS

T8ttt

3.1.2. CI o} 74 Al1A

ol w¥ AZnfETIRIE o|8st {F7Iike] RTE
go1et ] A]§29] CI7} propionate, pyruvate peakS}
RT7} 79 LAJ87] wizell, CI o9 1Hds =°)7]
93l On-Guard Cartridge Ag(Dionex)S AMg3}o] Cl7}
AAE =R 18] Bt I 5% W& I AA A
¥ A3} On-Guard Cartridge Age= 200 mg/L F=714]
o] CI o]&& AAS Ikt 18]al, On-Guard
Cartridge AgZ} TFE F7| o259 nxe= JFS o}
R7] 93l anion mixture standard solution®] cartridge
2] A - F9] peak area WIS AL Z7} area ¥
slgo] 5% ollE gRlEo] 1 Wish= FAIER stk
(Table 4). E=3F, On-Guard Cartridge Ag #2]ol o}
71t =9 W3} 7Fsds ks f1al 2 fr1ak
EE7F 10 mg/L]l EE F7IRF S tis] AR A
9] pH ¥} FABH pH 7.002 243, A2 A
Z9] peak areas H|W3F A}, HIEEL 10% o= &
Q1=]o], On-Guard 11 Cartridge Ag Aol W 7|4k
9] % WHsh= FA] Fes FRISITH(Table 5).
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Fig. 3. Sample chromatograms showing the effect of On-Guard
cartridge Ag treatment to remove halide ions. (a) chromatogram
of sample 4 before treatment and (b) chromgatogram of the same
sample after treatment.

Fst FA4F 28)7] iR JAEF LGRS pyruvate
(Cyy} BE AlFoA vl H2 5= EAES &)1
3}t =3, n|Eo)A|vk< 1 mg/L) formate(C,)2} acetate
(Coy} AEEAY. SHAIE, pyruvate, formate, acetateS
A28k oxalate, propionate, succinate 5 T F7]Ak-
HEHA FSYTHFig. 3). Extole}, B A9 A8l
Algollx= o] vl AZvEETFelA EAARe] 2
2] ZT]= hexanoate(valerate), n-butyrate, iso-butyrateS
T ASHA 2947 whitoll, ol HiA| AZrlEHuE
ol g3t FrIhe AT o EAARES FA 28]
4 T 5 AT f7E FEo] Ald =& As 152
AETE A AT A2 g A s 53]

=
pyruvate o] 8- 1T 4= JSATH(Table 3). FA
AFHNZ 712k F718] darkEs == 2

4, I oM 53], pyruvate= FIAE diAle] wawt
3 T e ARE B9l AEEE AHEZ(Chapelle,
2001), ©]9F 2 AFAZ w|Fo|Hol FAF 228|7] vy
AET 28R nAE 93t wav) Fis] dojut
3 Qe Aoz AZELh 53], AR 159 A9l @
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Table 3. Hydrochemical parameters, inorganic anions and aliphatic carboxylic acids in groundwater and leachate samples

Pyruvic

Formic  Acetic

D Sample EC DO HCO;? Fedl) S(-IY CI° NO; SO ncid acid acid’ DOC™
e! S/cm) (m, m m m m m m
e’ (uSem) (mgl) (mgl) (mgl) (gl) (mgll) (mgl) (mgly ~“h N N (gl
1 GW 127 1.1 43 ND.> ND. 6.71 11.1 13.0 0.68 0.03 N.D. 0.29
2 GW 376 0.3 164 0.10 29 204 832 10.7 0.94 N.D. 0.36 0.53
3 GW 588 2.4 198 N.D. ND. 426 145 12.8 2.32 N.D. 0.15 1.01
4 GW 516 1.6 165 1.65 297 533  0.24 13.7 3.90 N.D. 0.22 1.68
5 GW 260 5.2 76 0.05 72 260 153 8.96 1.29 0.03 N.D. 0.54
6 GW 562 1.7 104 N.D. 11 391 12.9 13.2 1.52 0.07 N.D. 0.64
7 GW 490 3.0 156 0.22 50 641 342 20.6 2.24 N.D. 0.41 1.08
8 GW 305 2.8 116 0.11 143 284 138 122 0.55 0.02 N.D. 0.23
9 GW 277 43 120 N.D. 7 227 839 6.44 0.45 0.05 N.D. 0.20
10 GW 281 4.0 129 0.08 226 303 155 7.85 2.05 0.05 N.D. 0.85
11 GW 202 4.8 55 0.03 6 527 18.0 17.6 1.31 N.D. 0.48 0.73
12 GW 694 39 173 0.01 7 382 722 6.76 2.29 0.01 N.D. 0.94
13 GW 156 6.9 39 0.01 44 159 253 3.05 1.48 N.D. 0.08 0.64
14 GW 592 1.1 301 0.29 47 377 0.9 11.0 2.17 0.10 N.D. 0.91
15 LCH 4550 3.5 2535 0.06 19 2221 305 52.8 37.5 N.D. N.D. 1534
16 LCH 773 2.0 271 0.08 61 821 18.9 132 12.5 N.D. N.D. 5.11
17 SwW 590 3.8 167 0.07 48 313 155 8.09 0.59 N.D. 0.15 0.30
1) GW: groundwater from mornitoring wells, LCH: leachate form landfills, and SW: surface water from a pond.
2) determined as total alkalinity.
3) sum of HS", H,S and other soluble sulfide ions
4) equivalent dissolved organic carbon considering fatty acids as organic carbon compounds.
5) N.D. : not detected.
Table 4. Recovery rate of inorganic anions with elimination of halide ions by On-Guard II cartridge Ag treatment
F CI NO,” Br NO;~ PO, SO
Concentration (mg/L) 4 10 2 10 2 10
Recovery (%)" 101.6 0 103.1 0 101.5 101.2 103.5
1) calculated from peak area difference before and after treatment.
Table S. Recovery rate of organic acid with On-Guard II cartridge Ag treatment
Formic Acetic . . Oxalic Malonic Propionic Pyruvic n-Butyric
o/\D
Recovery (%) acid acid Glycolic acid acid acid acid acid acid
Acidic? 98.2 102.3 100.2 100.2 110.6 105.0 99.4 100.7
Neutral® 96.2 102.9 97.7 98.0 98.8 108.7 96.9 94.9
Fumaric Iso-butyric Malic Maleic Succinic Tartaric Valeric Adipic
(YAD!
Recovery (%) acid acid acid acid acid acid acid acid
Acidic? 100.8 99.2 101.2 100.8 106.3 100.0 98.2 102.7
Neutral® 97.5 102.7 98.1 100.4 101.0 95.7 103.6 104.1
1) Calculated from peak area difference before and after treatment for 10 mg/L of each organic acid.
2) pH=3
3) pH=7 (ajdusted by 0.1 N NaOH)
FIgel AR pyruvate®] Fol AlY Bl UEptE| o] ZHA| kol FREe] AA Rlo] waAREo] dLs] o
o= A WAE, frle gl Ald w2 AEE Ve g 5 A7) Wi, F WAR, 18] FRe A
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Fig. 4. A typical production pathways of substrates for respirative
bacteria from fermentations of glucose involving pyruvate
(modified from Chapelle. 2001).

212)9] 3 wjFol| thE QG| vl3]| o]& o] 8&3h=
nAEES] S WAl ket S BAVE e A
o= Az

pyruvate= 48] &3l AZE AX H,, formate, acetate
2 F3=Al ErhFig. 4). Wb, ZslklellA pyruvate
o vls] g oz wl-¢- & formate} acetate T
ol5S 7EE o83l TFA VIAES] &0 pyruvate
o] B3R WE-S X|AISHY}. pyruvates Sl &
A A A wlg Alget dE Ao FAF S
H71E A& ASEHAO Y acetate, formate, lactate,
propionate 5-°] A|Wke] TIFE-S X}A|S}AL, pyruvate=
1% ©oJ3}o|th(Fischer et al., 1997). 18y TR ulFX]
&Gl 3t AF-E0ME pyruvates HALEA| g3t
(Harmsen, 1983, Manning and Bewsher, 1997).

322 71k} F7) oleate] #A|

24} A Asre] 2889 B WEel Fux
a5l DO7} %3} AERTs B SEol | m
oV SAHUT. X3la= e RO 7)ok Aps
o] ZAEgoma 7o o3 A&e] Dort EA =
e 7Fed2 Yk Fe(l= B2 w52 B oAz &+
571X (suboxic) AEE B = vk, el Syt thi
2ol ARSI PEHe} FAHoTE W 2 E
Al A B (sulfate reduction)e]t} 2 2 (iron
reduction)o] e AWFEE AAlSk AUk NOLH
S0,2) FEE YPFFOE EAEle ACE Hol 5T

& X

2khgk $Ho] ERljsle Ao| oz} tkst gdo] &
Alel] EAgthaL 389 4= Qlow {71E o] Bal ¥
< o] AiFRl A&t v Aslt EEE 5
oz B 4 9tk IS5 2 EC 557 =2 (I,
HCO;” 55 Ho| AR vigA] &) EAS B
o] )t}(Johansen and Carlson, 1976). X|g}5=e] 7]
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Fig. 5. Bivariate relations for the concentrations of pyruvate and inorganic anions including CI", HCO;, NO;, and SOy in leachates (cross),
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