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The linearity of the regression line for the calibration in anion determination by ion chro-
matography with a suppressed conductivity detector was studied both theoretically and experi-
mentally. The relationships between the peak area and the concentration of standard solutions
were obtained by equilibrium calculations for fluoride, chloride, nitrate and sulphate ions.
Theoretical calculations assuming that the non-linearity of the calibration line can be attributed
to a shift of the acid-base equilibrium of the solute and eluent ions are consistent with experi-
mental data. Generally, the calibration line is not linear for the anions of a weak acid, such as
fluoride ion. Some eluents, such as carbonate salt, give a curved regression line for any solute
jons. For a high-precision calibration, the linear regression should be limited to a narrow con-
centration range because of the non-homogeneous precision of the conductivity measurement.
The high order of the regression formula, if necessary, should be adjusted to the data group of
the homogeneous precision. Numerical examples of the linear calibration range are shown for
fluoride, chloride, nitrate and sulfate ions.

Keywords : ion-chromatography; suppressed conductivity detection; linearity of calibration;
homogeneous precision.
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Table 1 Operating conditions for ion chromatography
Carbonate eluent Sodium hydroxide eluent
Apparatus IC7000(YOKOGAWA) IC7000(YOKOGAWA)
Column Excelpak ICS-A2G + ICS-A23 (YOKOGAWA) Ton Pac AG15 + Ion Pac AS15 (DIONEX)
Eluent 3.5 mM NaeCOs + 1 mM NaHCOs 35 mM NaOH
Flow rate 1.0 ml/min 1.0 ml/min
Suppressor HPS-SA1(YOKOGAWA) HPS-SA1(YOKOGAWA)
Scavenger 15 mM sulfuric acid(1.0 ml/min) 50 mM sulfuric acid(1.0 ml/min)
Auto sampler AS7000(YOKOGAWA) AS7000(YOKOGAWA)
Injection volume 50 ul 50 ul
Temperature 40T 40C
Detection Conductivity Conductivity

2 (Merck #), %@‘)’]\')‘7% (Merck ) % w7,

3.2 £ & ,
EEIZIE, K7, ¥ 7L v ¥ —. HPSSAL, BREE
VRME, F— ¥ 7 J—: AS7000, HIEME (40T)
THRENEHTFITFAHINYATFLAIBLF o0
< 757107000 EHVZ. AT L%, BT T4
H VY AT A X ICS-AG + ICS-A28 (§53E v iasERA)
BOF A * 2y 7 A8 AGI5 + AS15 (GRiE M AEEEA)
RV AFrruv 75 7OBESRM%E Table 112
RL7z.
EEEOFEIIE, 2 FF— - L FEXDA PR5003
RUFET TEREEF DASI0 2 v 7. A L8
MK, BARIYR7HO Milli-RX12PLUS + Milli-Q
SPTOC IZ& DEH L /- WER 1ISMQem LD D% H
(RYAR

3-3 EEBROFARSE

MR, ERECEDHRE L. HEER
BEORELBMACERLTF, CI7, NOs~, SO
DBERSF T LI 10000 mg 1! OBRERBLA. Thb4
O 10000 mg 1™ ZRAHML T, 1000mgl' DRE
ERERAZRABLZ. 201000mgl ' ORAEEREL D &
CHEHERE ARLT05~100mgl ' @ 20 FEIHOREE
OWRERGAEREZ AR L. AR -EEROBE L
ELTEREROBS ORI mgl ™' 25 H L7,

3-4 PIEBRIE

F—=FrH Y TI—ANL TNV EEFNENOERERTS
BN LT, EERERE L. RERIE, O 0E
AL -7 I—THB0uEAL, IC7000 IZH
WENTESECE— 7 EMEEZEHE L TER L. 05mg
1, 1.0mgl ' 100 mg 17" DMEIZHE Y B LWE L 7.

3:5 RERERTRBORE
WAL Y — 7 HR & OBRIZOWT, &I EICER

Table 2 Estimation of the optimum order of the

regression equation for anions with carbon-

ate eluent
5
The order -
F~ a NOs;~ SO~
1 452.41 13.89 176.61 56.67
2 22.80 2.75 16.98 5.92
3 1.62 0.80 2.57 0.64
4 1.34 0.15 0.28 0.08

Concentration range: 0.5~100 mg 17" F(¢1, g2, ) = F(18,
40, 0.05) = 1.87; Fy: Vi (variance of lack of fit) / V, (variance
of error); ¢,: degree of freedom of Vi; @2: degree of free-
dom of V,; a: level of significance; F value with the under
line shows the optimum order. Optimum calibration equa-
tions—F : y= 0.0006x" — 0.1707x" + 49.0998x — 3.0750, R* =
0.99999; C1” : y= — 0.0005x" + 0.1040x" + 34.0453x —
14.9344, R* = 0.99997; NOs™ : y=0.000005x' ~ 0.0013x° +
0.1431x" + 15.6723x — 1.1785, R*= 1.00000; SO : y=
—0.0004%" + 0.1039% + 21.2585x — 3.9920, R” = 0.99999; The
operating conditions are the same as in Table 1.

WX B5EAP 2T, BERICE 2L TIODLAHEED
S (M) ERNZEE BYVELBZEOESDE) 04
B (v) Lolt (F=V/V) &K, FREZITV, &
BESRDBEEGTAIRMEHN L. Thby, BFEAD
REZ1VRDPOREBETICTREEERZ, F= Vi/ V. DfE
WEBE 5% THE TR RARBEMEBRORE LR
&ML 7.

4 FRRUEE

4.1 BEEMHBBEOSHS

F, CI°, NO; , SO OWEFNn L BEHMZ 0.5~
100mg 1t EFBBAICIE, 1 RTEBTEZRER LI
%69, F, G RUSOS 1 3K, NOs i 4 KD H##
Ehole., ThLOER%E Table 21ZR L7z, 22T
Table 2D R 13, EIRICE AN TIRDOORBEEDHH
(Vi ERAEBOSER (V) LD (F=V/V) &K
W7fETHB. Table 2 TiZ, HURAOREE 1 K25
KEZ, R<F (¢, ¢, @) Lloo7L ED REIZTH
L, 20LEOREMOREERIFEROREE L.
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Table 3 Repeatability of peak area measurements for
different concentrations of Cl~ with carbon-

Table 4 ANOVA (analysis of variance) table for Cl~
with carbonate eluent

ate eluent

Source N f v
Concentration Average of Variance of
of CI” /mg1™! peak area peak area(n = 3) s\zgiexfn 98792;2; 411-?) 5199?317
0.5 14.903 0.04213 Total 98803954 59
; Zgggg gggg(l)g S: sum of squares; f: degree of freedom; V: variance
3 91.970 0.89310
4 124.920 0.49630
5 157.520 1.01710 _ , — » . < < s
6 193,027 944143 Fl—DBEOTF—% L LTHD WAZHED S B8, &
7 296.170 2.07840 ZELBIERRL LTBONTREBOREN 1 KA
8 263.983 1.91843 N o - - iR ons
9 298,350 11.81560 THEPTELRVWILIEIESLTHY, B3 5HGIEME
10 333.440 7.00630 oY, FOZELEHLNII Rk T, BEBELEZEW
i bon T3 OO WEREEBELT, BARERDLZEQTETS, B
30 1083.057 64.94243 s TEe LG, MR - '
40 1474.557 185.33143 ERICIZHEDOREILHEHOBETIIR 2> TL 37
50 1915.197 215.42623 B, BEEOERMTEITS 7200 LB £ B L
60 9973.040 249 46670 s RO ER 19 728001 ’
70- 2672.817 272.61453 ZRLVENHBEILEERLTVS, Z2C, EHBLA
80 3066.070 1296.55470 o ST . - )
90 3480.537 590 57053 HWHAS1IARNTAYUL TIVWEHEAZHET L2720, &Y
100 4062.707 689.03243 BELHEDEENFREED T — 7 BICREL, 1 kA H5Y

F72, Q1 (0.5~100mg1™Y) @ 3 EEYELBEME (¢ —

J W) 1o

WCREZEOREMBOEEE FDIESD

& (080 2K, Table 317 LA, BICHIEMHEIIDOW
T—xREBEIZ L2 5HIT 2T,

ZTORMRDEN %

TROLNEDE I PERET L7z, EORE% Table 5 &
U'Fig. 113/RL72. Table 5I1IRTEBY, e #ip
THNEERLTHILDTWETH /2. 2T, Table
5D R, HRIZEZLUTEIOONEEDOTE (V) &
BANEBOTE (V) LDt (F= W/ V) ZRDMET
»5%5. {R<F (¢1, o2, o) ThhiE, EUFICX2H T

Table 4 IZ3#XHTH (analysis of variance, ANOVA L#s  DOTEEOHEIL, 1 KEROATHE L WD Z LR
i) & LTRLZ. Table 8 ORRAD S, MEMBENE  LTwa. 230, IXXTEBLTIVEN) ZLER

 (E=JHEPKREL) %DIHEW,

) bRELSLBBEMIIHE I ENGHhol.

ZDIEL0% (&
¥ 72,

Table 4 DFERIZ, REBOBEBROIEHSX (8 12
BRELRENDLILERLTWS., RERORE#P

(05~100mgl ") Tk, BEZLOWEREE (1F50%)

HRE—Tld v,
A. F, NOs, SO,

ThHbLERETIRVWILERLTY
TROWTHRBOME T 5 7.
Ak, RN REZEHT LIS, BhABEDOF—

¥ %

Ky 5.

42 RIEEMARMBEDRES

F i, 1RXTEUTELIREREIIL ST, 3 ROMMK
Ehofz. C7, NOs™, SOSiE, Wiy 1 RTEBT
EHREME L o7, BONZPEEREITDOWT Table 2
LEIBDOETERTV, ZOREE% Table 6 1R L7-.

Table 5 The possible concentration range of linear regressmn and the corresponding regression equation for F,
Cl™,NOs ™, SO.*” with carbonate eluent

. Concentration - ) Regression o
Anion range/mg 1™ Fo E(g1, 92 @) equation R
F~ 3~6 0.61 <F(2,8,0.05)=4.46 y=48.9912x — 9.4220 0.99998
F~ 60~100 2.35 <F(3,10,0.05)=3.71 y=34.2081x + 417.6333 0.99988
Cl 3~7 1.37 <F(3, 10, 0.05) = 3.71 = 83.1880x — 10.8627 0.99983
cr 20~100 094 <F(7,18,0.05)=2.58 y = 40.5962x — 127.5837 0.99991
NOs™ 3~7 0.34 <F(3,10,0.05)=3.71 - y=16.8419x — 3.7950 0.99999
NO;~ 30~80 1.82 <F(4,12,0.05) = 3.26 y=22.3929x — 110.8046 0.99990
80" 1~7 2.40 <F(5,14,0.05) = 2.96 y=21.2371x — 1.6939 0.99975
SO 30~100 1.90 <F(6,16,0.05) = 2.74 y = 28.6403x — 159.1242 0.99989

Fo: Vir (varxance of lack of fit) / V,, (variance of error); ¢;: degree of freedom of Vior; @o: degree of freedom of V,; a: level of 51gn1ﬁ-

cance; R?:

: square of correlation coefficient
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4500 4500
| Oy = 0.0004x° - 0.1692x* + 51.2556x — 39.0188
o = 40.5962x — 127.5837 o = 1.00000
3500 | y = 40.5962x : 3500 |
2000 | R?=0.99991
© 3000 |
¢ 2500 | % 5e00
o 2500 |
§ 2000 | <
o S 2000 }
1500 | Iy
1000 }F 1500 }
500 F 1000
Oy =0.0006x" - 0.1707x +49.0998x — 3.0750
Y + - 4 . . 500 A% = 0.99999
0 20 40 60 80 100 120 |
o & A A ; L
Concentration of CI” / mg I Y 20 40 60 80 100 120

Fig. 1 Linear calibration line for C1~ adjusted to the
data group of the homogeneous precision

Operating conditions are the same as in Table 1.

Table 6 Estimation of the optimum order of the
regression equation for anions with sodium
hydroxide eluent

F
The order
F~ ol NO;~ SO
1 165.98 1.23 1.36 198
2 17.98 0.88 0.94 1.10
3 177 0.76 0.67 1.09
4 0.79 0.68 0.62 1.09

i

Concentration range: 0.5~ 100 mg 17" F(¢1, ¢2, @) = F(18,
20, 0.05) = 2.16; Fy: Vi (variance of lack of fit) / Vi, (variance
of error); ¢:: degree of freedom of Vis; ¢2: degree of free-
dom of V,; a: level of signiﬁcance’; F value with the under
line shows the optimum order. Optimum calibration equa-
tions—F : 3= 0.0011x — 0.2416x" + 42.6444x + 14.5112, R* =
0.99994; Cl™: y = 35.6340x — 1.4112, R*=10.99998; NOs  :
y = 19.9739x — 2.7701, R*=10.99997; SO : y = 25.7803x —
1.7669, R® = 0.99998 ; The operating conditions are the same
as in Table 1.

43 leave one out &'V (C & B

oM AR A W2 BA T oWlER RO RER
SRELEZONLHH (05~30mgl ") 122V T leave
one out IV T 1 KEMUTBHE L 3 KEPT HHEEDEK
BEREREORERE L RERE L OREZRELZ. 1 X8
PGS, REDOHPED - 125~ 4.27%, THRAEH 1.02%,
REDHMMNBEDOFHA 16.8% &Y, SIKEVOHE,
REOHPD - 13.4~ 1.28%, FREI0.11%, RED
T EDNEDT1.60% & oz, AKX, 3 ROMER

EFRATREGHEIT, 1RETHIETHENKRE CKT,

THI LSS, EREOBRELRETIHALY, B
BEAER SN LZBEOHAIE, REBOBIE 2 KA
FEICEEL L.

Concentration of F~ / mg I
Fig. 2 Theoretical and experimental calibration
curve for F~ with carbonate eluent

[1: theoretical, O: experimental ; Theoretical data:
M = 397(35C), Ar = 66.9(estimated value at 35C),
Anco, = 53.7(estimated value at 35C); Experimental
data: see Table 1.

5 PRI L EREL 0K

ORI TELRZTHEIAT o720, /A DEN
(RER LB E RS EREMIEE L LTS
LELNZVWOT, EMLRIEIIARRE L. 22T,
H', G DEMZERIZ, 35C OERFROME [H™: 397
(85C), €1 : 922 (35C)}' AL/, F7, HCOs &
" OH DEMEERZ, 25C O {F : 55.4 (25T),
HCO; : 44.5 (25C), OH™: 198.3 (25T)}| " # &l Cl”
DFEEIL {7635 (25T) &£ 922 (35T)} #BF I
BIREFR % R E L CHEMEIERE [F : 66.9 (35C), HCOs :
53.7 (35C), OH : 239.5 (85C)} L7z. 72, H:COs
DOEEEEERE, 4.47%x1077 (25T)" & L7

5.1 FHEEMRHADSS

Table 1 {Z/R L7538 2 A#EE (3.5 mM Na,COs + 1
mM NaHCOs;) % W/-FEET— 5 L Eh a2 L - HimsE
BOERPHLET S, FIZOWTERCZERBHETO
BEREEEH, H', HCOs , F ICERTALLT, ¥—
sHREEAERE LERRVUENOKR L Fig. 2R
L. BRetEroRO-Y—/EREEMEOY —2H
e DBtk (0.5~100mgl™") &, y=1.0065x — 16.2150,
R=09994 &%), Bifa—BaznRLl ZOHENID,
MEBERP 1AM TELRVEBLE LTI, 28HmLEFET
RL722:1-1 RN 212k BdbneEZSNS. C,
NOs™, SO IZ2WTH H', HCOs RUHIEA & Ik
H42E LCEMELABROLE -7 EELEWOKR
12, BIEGZ—HERLE. COERID, RERI 1R
EPTEZVEBE LTI, @212k bbnlE

NI | -El ectronic Library Service



The Japan Society for Analytical Chemistry

® X mEAE, B, EE . BEREERRHARBEA T V7077974 - 2B AESREROZ LM 303
5000 Zibhb,
4500 Oy = 45.9325x — 2.0150
4000 |} A” = 1.00000 6 i =
m§$[ , HFL oY —fFBEAF 70 5T 4 —12BWVT,
§mm- IHNET-BWICRERIIERTEED I RED) &%
£ 2000 | AONTES, Lil, BEESSEEOHEIE, T
1500 Cl7, NOs™, SO WiFhd 1 RKEMTET, 3RHHV
O:y = 35.6340x - 1.4112
1000 } R = 0.99998 FAROREBIVBYUTHHZLZHERL. 6D
500 | BREHIZ, HERFEOEREIV—FERLL. LS
0 : : 4 BEHEROBEAEITIE, G, NOs™, SO i, 1 KEBTE
¢ B M 8 B 0 I s FEonTH, S ROBREBRE kot —F, B

Concentration of CI™ / mg 1™
Fig. 3 Theoretical and experimental calibration
curve for C1~ with sodium hydroxide eluent

[d: theoretical, O: experimental; Theoretical data:
Au = 897(35C), da=92.2(85C), Aou = 289.5(estimat-
ed value at 35C) ; Experimental data: see Table 1.

Abhb.

5:2 BRIBEMBEAEDES

Table 1138 L7-5E RSB (35 mM NaOH) %A
WEBRTF - LN EELBERIEOKE L BT
%. WMEEEEMBOBEIE, EURRIFREE 22 X
IICHHEIEES 35 mM B L2z, 7L v -
WEOWHRBRIBEED 50 M £ T HLENH - 7.

Cl™, NOy~, SO/ i3 1 KEMTE 225, F dEME
oT, SROEBKE 2ol BAFE,SRD-RE
BEOCHEERO—BI% Fig. 3I1TR L. F 251 K
TEAVEABEE, WES11ICIZb0EELLN
%. Cl7, NOs~, SO& i3, 1 KAOKRERE 500,
ZFOMEEDPHEBEIEME VNS ok, 22T, MR
HHMEE S T4, Ty —, BRIZEXERHGLE
WL BICRL 2EHEFO N2, SO DRERY

SIZEEEWEL 2. TOMKE, Na’ 0.38mgl™ ),
O 78mgl !, BRIZER73uS/cm Tho o, &K,
IR ERENOBAICE, YTV ABROBLAMEERIT L
DNERMEL L > TWBIETTHEH, SRIEBRICH
Uy, EEENEERATE VD, f4 Y
TR TA TR, N2 75y FFEGHREEBD
DBEFIZEREZRELVWI P, BRFHELBIOY—
JHEBRPEON oz, TOIENCT, NOs , SO
PHERHELBY) ORE ﬁ®@%%7§&w~owﬂmt

OETEIREBIZOVWTEROKRERZHETE THER
OPEBIZBVTIREVIBEMETI, WEBErRR2 .
D, BHEEERSNOLOICER—BELREEs7—¥
BLLCREGRAZEE LRERORMERITTRETH
HZELHLPII oz, TRLEDZ EHSRENRE
5, BEEROMERE, Koohs¥— 7 EHREBE, REBD
BE#HH>»ZE L THREROXRBEZERT HILENH S L
Zribhb.

7, AR CRFICBRFELero2b 0, ke
BOBRIC L - TIIRHBEEROBLRNFEIC X 2 EER
HISE D7 OB AL T H 5.
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7Ly PN BEUCERRHFRDOSF 27 a< b 7S5 7 TRA F Y 2IET 2560 EROERE
WOWTHRET L7, BEETHICESCEHEY IaL— Y VCTHRANCRERZ BT 2 L L 410, §EE
HROHIEEEBERZHCCTE, G, NOs RU SO OREMFT— 7 &Ko/, gtEYI2L—Y 3
VEEBEREHBL 2L IA L —BERL, SEEREERE ) BEE, T2, ARSI %
WETHHHEITE, BEHBAIICL T, F-ZOBECL o TERTRTEMTELRVI EZH LN
L7z, 72, BRLEEBERIIOVTEROBRERZEETETH, LHHOBRE CINEBENRR S
o, BAZMBELTIRTEMLAEIPLIVIEEZHLMILE. SBENEO-OICEFR—EELR
BTZEDTELTF— S BIIBE L TREBRORBERFT HLENDH 5.
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