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Abstract: This study established a method for determining trace anions in G2-grade phosphoric

acid under ultra-clean conditions that used two-dimensional ion-exclusion-ion-exchange chro-
matography coupled with valve-switching technology. The optimal flow rate of ultrapure water
through the ion-exclusion column in the first dimension was determined to be 0.5 mL/min
through comparative experiments. The valve-switching window was optimized to minimize en-
riching PO, on the anion-enrichment column and reduce interference from the phosphoric-acid
matrix. The use of external water mode for the suppressor led to lower baseline noise, and op-
timizing the elution program of the second dimension enabled target trace anions to be well sep-
arated, thereby avoiding the risk of a false positive for NO*". The anions of C1~, Br~, NO*, and
SO, exhibited good linearities within the 0. 5-20 pg/kg, with correlation coefficients =0. 999.
The limits of detection (LODs) and quantification (LOQs) were 0. 09-0.29 png/kg and 0.29-
0.97 png/kg, respectively. The spiked recoveries of each anion at four spiked levels ranged from
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91.7% to 103. 6%, with RSDs of 0. 1% —4. 9%. The developed method demonstrated excellent
stability through repeated injections, and low detection limits; it is highly precise and accurate,

and meets the detection requirements for trace anions in G2-grade phosphoric acid. Additional-

ly, retention-time comparisons with single standard substances led to the discovery of other

phosphorus-related anions and anion clusters, such as hypophosphite ( HPO, ) and hexameta-

phosphate (PO, )., in G2-grade phosphoric acid, in addition to conventional anions. This find-

ing is theoretically and practically significant for the future development of purification proces-

ses for higher-purity phosphoric acid.

Key words : electronic grade phosphoric acid; trace anions; valve switching; two-dimensional

ion chromatography (2D-IC)
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Fig. 1 Structure diagram of 2D-IC valve-switching system
Solid line indicates the load state, dashed line indicates the inject state.
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Table 1 Analytical system eluent gradient and valve-switching operation procedure table

Time/min ¢(OH™ )/ (mmol/L) Valve 1 Event of 1D system Valve 2 Event of IC system
-9.0 8.0 inject / inject analyzing system balance
-2.0 8.0 inject matrix separation window start load target anion enrichment

0 8.0 inject matrix separation window end inject target ion analysis
5.0 8.0 load preparing a new sample for injection inject target ion analysis
10.0 8.0 load equilibrium exclusion column inject target ion analysis
60.0 60.0 load equilibrium exclusion column inject target ion analysis
63.0 60.0 load equilibrium exclusion column inject target ion analysis
63.1 8.0 load equilibrium exclusion column inject target ion analysis
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Fig. 2 Elution profiles of anionic mixed solution and phosphoric acid solution at different

flow rates on the ion exclusion column

Detector connected after ion exclusion column.



30 TR S TR TS G A I AR G2 R T IR R T - 241 -

R NG ikt N 7 78 S NS T E TR ANV NN S5 4SRN
e DY EE R %%f%*ﬂftﬂﬁﬁ%ﬁﬁ%ﬁﬁﬁﬁﬁi
AESS —AEWR R T, SEER AR, B B HE R A
AN Akt R G0, R ] 2 e AR R H

PR B e HE R AE _E A Be st a0, 3 ,0. 4,0, 5 F 1
mL/min Ji % T 2 BI7E 10.5~16.5.8~12.5.7~10
M13.5~5.5 min FF17 U145 B 18 43 7 & 4
FErpE 4R B Jm DL KOH SRt 51 A 4 A it & ge il
SE, SEERZE R R, 7R A 0. 3 mL/min B iEA
BEMRMBRI A 2 |, Z i LT T B R
BHES 752 (DL 3a) , TMAE 0. 4 mL/min FE#E T,
WRRRILAA X H A5 B B 09 44 B8 i 18] 72 A — 2 I B%
(WHE 3b), M%# N 0.5 mL/min 1 1 mL/min
B, H bR BB PR Sk & KL —3, HAR
23X AR B PR B AT S 3 BT (UL BT 3 AN
3d) ., APEMCEE — 4 1 5 F 25 85 F K 0 5 450
B EARELL 0.5 mL/min /E R A — 2R
212 HEEES BN EKERTEE O

RAIEE 2c LI B SR 1 7F 7 min B ) #
% Inject RS, FIRF 7S K 2 Y 2 Load R H
FRBAES 716 S B4 EE S, 10 min B 750 R 2 Y]
F Inject IR K5 & M L E £ F vk 28
TR ERGEHAT N, BRI ZEFMEE IR
#ﬁé 33% (ARFRE) BEFR VA W N o3 BT R B4y, 8

TR AR IS H (UL 4a) | EAEESEIEREI AR —

’erHT/\tHﬂﬁE%i“*m SRR AL SIS SR I
SR SO, sE & (LI 4b i RER ) |

ARG RN FEUMRE T 7 ~ 10 min B &
PIfe i 13 98, 8O0 R B R SR E A 4k kE R
i, WIS — LA T 7~8.5.7~9 f17~9.5
min 3 iR D 4T 1 X B 1 A A 4 3 R AR 1) 5%
M, 45BN, 76 7~8.5 min & 0 F, HFRFIE T
TR TR R AR A 2 0k 1 1ok 2 PR WA, 5 80 Bz A5 5 fl
i, 7E7~9.5 min % O F  A47F 16 K R 2 (A 2L
Ve e A A, Zad i, U045 i 11 9 B [a]
K 7~9 min B}, BB ZE MR B B 5 B A5 5 1Y
I}, 5 A IR kG B P S A 8 4 | i b B 3
LRSS, A HARES € 2 (W 4c A1 4d) .
PR H T S AR 20 B 0 e A R DT 46 73 114 7~ 9 miin,
X% 1 H1-2~0 min,
2.2 HDHIEEHDHIAE S AL R

SCHR[ 13,15 7 32K BB 156 BH BT 5 FH 0 40 ol 25
R PRI I TG 0 WO o A 2 8 U ) i 2 e

2500 -
I . PO,"
2000 8 4 Target anions
] 64
1500 1 EDE
%) ] ]
=3 4 23
1000 ]
] O T T T T T T T
500 ] 16 18 20
h L 1/ min
0]

2000 - 83  Target anions

1500 4 247

1000 4

500

N
(=]
S
(=T S [=}
| |
a‘_
5 =]
g o
{ £
| (=]

] c ] .
] 8 4 Target anions
1500 — ] &
) n 6—:
] =4
4 IOOOt 2]
] 01—
500
] t/ min
0
I T ————
j 10 o 04
1 d ]
] 3 Target anions
1500 84 law
) 63
i wn %7
] =41
4 10007_ P
03—
500
] t/mm
0]
R . ———r—
0 5 25 30

t/ min

B3 ARARETHEFHEBESARNE—4EILE
Fig. 3 Chromatograms of anionic phosphoric acid
mixed solution at different flow rates in
the first dimension
a. 0.3 mL/min (10.5-16.5 min in Fig. 2a) ; b. 0. 4 mL/min
(8-12.5 min in Fig. 2b); c. 0.5 mL/min (7-10 min in Fig.
2¢); d. 1 mL/min (3.5-5.5 min in Fig. 2d).
Elution gradient: 0-8 min, 8 mmol/L KOH, 8-30 min, 8-60
mmol/L; sample: 100 pg/kg anionic mixed standard solution
in 33% (v/v) phosphoric acid solution.
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Fig. 4 Chromatograms of continuous analysis of
33% (v/v) phosphoric acid solution under
two valve switching windows

a. valve switching window of 7-10 min, first injection; b.
valve switching window of 7-10 min, second injection; c. valve
switching window of 7-9 min, first injection; d. valve switc-
hing window of 7-9 min, fifth injection.

Elution gradient: 0—-8 min, 8 mmol/L KOH, 8-30 min, 8-35
mmol/L KOH; suppressor curren: 87 mA; sample: 33% (v/v)
phosphoric acid solution.
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Fig. 5 False positive interference of NO; ™ caused by
unknown ion (possibly HPO; ™)

a. 20 pg/kg anionic mixed standard solution in 1% (v/v)
phosphoric acid solution; b. 1% (v/v) phosphoric acid solu-
tion; c. 20 pg/kg anionic mixed standard solution in pure water
matrix.

Elution gradient: 0-8 min, 8 mmol/L KOH, 8-35 min, 8-60
mmol/L KOH, 35-38 min, 60 mmol/L KOH.
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Fig. 6 Final elution gradient and sample
spiked test plot
a. 1% (w/w) phosphoric acid solution; b. 20 wg/kg anionic
mixed standard solution in 1% (w/w) phosphoric acid solu-
tion.
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£ S/N THEAE BRI E fE R, At FR A o PR 53
B4 0.09~0.29 wg/kg F10.29~0.97 ng/kg, Hh
o PR A SR RGE R (R 2)
2,52 AR B EFoRE L

R ZHTHT 8 LT IR U0 4 8 2 o
3K XS B S A o AR AR A% BR &, 553 B AR B+
i B T AL RPN, SR 1.3
WO 1% (FTssrEL) G2 BRI UL, Im) Horp
PIAE 32 BH B 1R A A v VA T, Ol i 4 d0mbs &5
92 0.50 4. 00,10. 00 F1 16. 00 pg/kg B
W, [A—RKPIXT ik 4 4o i Ll 2 5 Ik,
FRPEI 5 25 J 314, C1  Br™ \NO,~ Al SO,” By fin s

x2 ATMPBTFHRESTRE LEEE EXRH G HRFIIE SR
Table 2 Linear equations, linear ranges, correlation coefficients (r), limits of detection (LODs) and
limits of quantification (LOQs) for the four anions

Linear range/

LODs/ ( p.g/kg)

Anion Linear equation (pg/kg) This study Literature LOW/ (ne/ke)
cr y=0.0052-0.0003 0.5-20 0.99974 0.09 3057 60t4) | 12015] 7019 0.29
Br- y=0.00242-0.0003 0.5-20 0.99978 0.29 / 0.97
NO,"~ y=0.00312+0.0004 0.5-20 0.99978 0.15 4131 g0l qolis] 3L 0.50
80,* y=0.00432+0.0148 0.5-20 0.99978 0.16 90131 680l!) | 30l15) | 3L19) 0.54

y: peak area; x; content, png/kg.
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ISR 91. 7% ~ 103. 6% , AN [F] 2 K i 3 W 14 H
PRE BE G R TE 5% LN (36 3) 4 RR WA DT
IR DA FRG  BE RAT

*x3 BEBERTFEEFEINKETHMRLERE(n=5)

Table 3 Spiked recoveries of anions in phosphoric acid
samples at four levels (n=5)

Anion Background/ Spiked/ Recovery/  RSD/
(ng/kg) (pg/kg) % %
Cl 0 0.52 91.7 4.9
0 4.07 99.6 1.1
0 10.18 100.0 0.4
0 16.33 99.3 0.1
Br- 0 0.52 93.3 2.3
0 4.13 93.2 2.0
0 10.34 95.6 0.4
0 16.59 99.3 0.2
NO;~ 0 0.52 94.0 2.8
0 4.10 103.6 2.3
0 10.28 101.2 0.4
0 16.48 99.4 0.3
S0,* 3.19 0.48 98.1 4.3
3.12 3.76 96.2 1.3
3.17 9.42 97.2 0.3
3.17 15.11 98.9 0.2
3 it

ARWETE A B TG i v e g s N AR T SR A
BT HER- B S AR DR RGNS T G2
PR PR i P 7 ORI, FEAL 5 — 4R
B RGN ELRG b AR A — 4R A A | R
o D AT TIRAWT ST, AR RV 1 5 BR T
YR DRI A T, 15 1 22 A o A P e
P AL RS E M AL T 4 (RS B bt
P T 00 A e AR, 0 O 8 1 Il 114 70 B 52 AR
IR R G MR, ARTTIEAE PR G2 SR
FEARIIE FHERR T HARES 7 (FZOR MR 1
PEIE ARG , LA Y BR ARG G 8 8 s A9 o A B
TE4 ) 2B i R A DT A s AL R R o
VET7 1%, By [ 7 R RR B A T, S B 7
PR [RIEASHIF S A S Ho At Fi 20 553 HL R PR el 6
ARLHE AR R IR 2% J3 S 1 i I 5 7 10T R e it —
2% BB IERATAETR P AL Z AL - i FAE = T
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Fo X LRI

SE .

[1] YuLY, LiuS B, JiaSZ, etal. Journal of Chemical Industry
and Engineering, 2024, 75(1): 2
REATE, XB, SR, % LT, 2024, 75(1): 2
[2] Xiao L H, Zeng B. Yunnan Chemical Industry, 2007, 34(6) :
4
BarAE, Bk =T, 2007, 34(6): 4
[3] Fan X H, Zhou C, Yuan J, et al. Adhesion, 2019, 40(5): 4
JAHEE, JAE, R, &K, 2019, 40(5): 4
[4] Zhang D Z, Long H, Lu W X, et al. Chemical Fertilizer De-
sign, 2022, 60(4): 4
SR, JeRE, FS0E, 4. IR, 2022, 60(4): 4
[5] SEMI C36-1213
[6] LiuYX, YuNS, Liu W, et al. Phosphate & Compound Fer-
tilizer, 2016, 31(11) : 40
XKFE, TR, X, &5 BRI S5, 2016, 31(11): 40
[7] GB/T 2091-2008
[8] Zhang L X, Wang C W, Wang W G, et al. Inorganic Chemi-
cals Industry, 2009, 41(3): 56
K, EFESC, E0HE, 45 THLER T, 2009, 41(3): 56
[9] Yoon S H, JoDH, Kim HJ, et al. JAST, 2016, 29(5) ; 219
[10] Siriraks A, Stillian J. J Chromatogr A, 1993, 640 ( 1/2) .
151
[11] Vanatta L E, Coleman D E, Woodruff A. J Chromatogr A,
2003, 997(1/2) : 269
[12] Gao YM, Hao P, Tian Y P, et al. Shanghai Measurement
and Testing, 2021, 48(3): 6
g R, HEY, S iR, 2021, 48(3): 6
[13] Geng P L, Cheng H P. Shandong Chemical Industry, 2020,
49(12); 69
P22, BREMS. (LA 4L T, 2020, 49(12) : 69
[14] Stover F' S. J Chromatogr A, 2002, 956(1/2) : 121
[15] Zhou F Q, Zhao M. Physical Testing and Chemical Analysis
(Part B: Chemical Analysis) , 2016, 52(9) : 1062
JE R, R ALK (fe ) , 2016, 52(9) @ 1062
[16] Ye M, Nesterenko P N, Yan Z, et al. J Chromatogr A,
2019, 1588: 169
[17] 1ISO 14644-1. 2015
[18] Corbridge D E C. Phosphorus: Chemistry, Biochemistry
and Technology. 6th ed. Boca Raton; CRC Press, 2013
[19] GB/T 28159-2011



