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A TCTNB 4l fE 430 77 ik B2 ek ik 5k e (AZ) ;100 mL i (A ) 5 I 1E 3 G 28 <%

BT, O'Keefe D M PRI MacDougall C §77
LR 2 78 BF 58 R R 2 mL S 05 9 % 250 mg TCTNB
B il 38 o WRORE £ RS AT B A A R AL I &R T
RN T R 2L SE-54 B AN AL N B ik, =
SR B MR 45 15~35 mg-mL B 5 TR, R
ST TCTNB 5 =& i 37K (TCDNB) |
PUSE A 32K (TACDNB) 19 58 4 43 B, 2o 1 AR U —
TR VTS B i A R0k G A R R R O g R
AN S TCINB S W, R EE S € #4561
75 2USRAE BT o 5 5K E 22 450 SE T R o R, AT
i ok 75 55, 8 ok AR T AR K fifE TCTNB , 3 I 4 48 R
2R, ER TR b VA WROR T E A i i DA B S it AR,
A T AR TE W R PR . B (3 T R T =R
FGEAE v ) ZEC IR AR 5 5 28 AP AU AR A
JIBE A, FLH RO B2 fk B (O ELs) Hv B ] ISP 24 25
VFHR B (PC-TWA) R 20 mg-m ™" K 45 fih &) 5 3
i =T X7 K TING AR L U2 o || s ot g
Bx B 3 B N DA R

U Ak, B S €0 53 AT Ak 2 B A 0 B RS A
BrEOR I A, SR BCA TR 0] 32 & vkl i S 1
1 8 © A & BE MR BT ARG W 7 1) . R e AR AR 5T
P& LU B (PC-TWA iy 250 mg-m™) by ¥ 71 19 A
3% o M ik O R G L i S 2 i e Tk A
TCTNB 4l 2 43 87 v ) 1 e 22 55, A ok J B iy 4k 2
TR R BR AT M L R S M S A A
TR IEAl , R 3h TCTNB 45 7 s 1 b AL 5 BRAL
3R AL ARG 15 S 00 S

1 SLIRER Sy

1.1 AT ENEE

HRE (s al) , B alik (5550 % A ), TCTNB 45
Y Sl (5286 % H L 41 >99.94% ) , TCDNB (5256 % A
il ) , TACDNB (5% % A il ) , TCTNB#: i (575 ),
PR (5B 2 ) , i R (3 13000 ), HC LB T 2 V5 T
(0.5 mol-L™"),NaOH & (0.5 mol-L™"), /R F [y ¢ 48
A (S EE A D .

ORE € 35 A, A 4 DU T BRI R R AR AR R
BRI, A sh i RE SR R Ak 2E T AR, 2 1 KF
(5 #E110.01 mg) . MK G & R G0, # I WAk B
75 0.45 wm A7 HLAH B FL I8 BE L 50 mL bR £ 25 =R
(AZ%) ;10 mLiE B (A%), 25 mL A An kB 4
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BER) 5250 mL R LA T
1.2 KiEH &
1.2.1 HHEBIEZE

PR HCTCTNB i 7 30 2 1L ¥ 29 50.00 mg, & T
50 mL 28 Hf A B R 7R R 29 30 min, 2 A
JE B, 42 0.45 pm A3 HLUE B U8 )5 4 .
1.2.2 BWEFEEZE

FRECTCTNB X FEZ) 0.25g , B F 250 mL J#% 114
. H 10 mL A B % )5 in A 25.00 mL NaOH
VS, o7 B 2SSO B . A 70 SCRYE R R
B 50 min, ¥ 15 1 50 mL # 4l K ik 23 SR B Y
BE , BE BT AHEIE R o
1.3 #HHRUK
1.3.1 @iEEHG

C18 {4 3% #£ (250 mmx4.6 mm, 5 pm) ; H i
30 °C, AR5 b, P 1.0 mL-min™", K 3% K
250 nm, R T i AR & A M I B AH R K
T AARFLL A: B=75:25,
1.3.2 @BEFZE

Ti) S5 T 6 Hh in AL 29 100 mL 4t 7K & 10 76 1R P i
GAEIR L FE AT L TN HC R T R T TR 3
0, 28 23 {0 T 5 78 S B B AR A8 G0 SR M AR I HC T A
YT 2 A TR Vo R — 25 R 0 SR I FE Y
HCAR % 5 AR V.
1.4 ALt
1.4.1 FTHEZE

T DR 3R 4 R ) 43 T 4 R 0 o R AT R
O TR B 8 R 2 YA €0 1 1 7 1k D 3 R R R A i
TR G B AEAL T i TR &
1.4.2 Kilxgx

0 204 AR A ik S IR B DG B . I SR R AG:
2% 2415 8 I, JHG v T TR 1 TR i R PR T
K S SR H) bR UE VS W 5 AR 8 T E AR
LBE ) Ak B R QTR H A R )R] 5N T #
E B T] F BT I VA €033 v T 5 R o R
N N R A SRR TSR N O oe U s E e S o =i ]
Aab HR S [B) 5 BT R AZ AT S TR) A RN o 3 A X EE AR
SYMTRERT, IR 45 A HA B AL B EE Ty, A K HE A sh ik
FE 53 G257 BT, 256 VEAR P D O 25 0 K I 40K 5
AT
1.4.3 ®HR

o 3 BR (LOD ) 2 A 5 J7 1 22 SR (Y SC B4R o , PR
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PREY 1 it , 25 VR I, AR R, o i A

Fi 7 ik TR R EE T LOD .

T2 T 78 % R 25 1 b v 22 0, 2k ST 3R s
FHRFE 10 U, T80 T 245 5% A% 1 340 {5 A0 o i 22 (s)
PL2s 1 F S48 I 3 45 4 1 dw 22 R AE TCTNB 19 LOD,
%07 B R E IR i TCTNB 9 5 1K A DU
HE /1 -

WA (038 1 R 3G R MR Lk 8 1.0 mg-mL™
1 TCTNB AR HEH W 8 0 7 B, 11 0.45 um A AILAH U8 15
1 U8 JE AR 0 SR A R, DL TCTNB £ i3 i ) 06
FEVE G5 (S), LA IR R4k (0 0k 2 il AR s (N,
TR e B R 1 SN, XY S/N=3 I X i (14 ¥k J3 B
R R 635 5 1 LOD 2 7 ¥k 58 W A € 1% 40 T 1) R A
FETFH A oK
144 EENH

M R AR AR A S5 T AR B . BRI
%5 4 TCTNB(B) 20023 (Y FE S, 43 9 ¥ B8 WA (0, 3%
% 0 R A R A 1 25 BRI 6 O iR VA T O R AT
Wt o T B A 32 1 SRR T 5 25 10 T R T T T TR
AT TCTNB & £ A €035 1 10 s A i 1) €831
<l &% TCTNB H b 0 iy e a1 FH, SR FH A bR s (LA TCTNB
b 2 bR el 2k, M O R B R>0.999) 1T
TCTNB & it .

Fie B8 2K (1) T 38R % A 1 i 22 (RSD) , LA RSD
WA M T TR . RSD /N, 6 B 5 W A
PR

>0 (x-x)

RSD = n-1 x 100% (1)
X

2, n SR OB xR S A s x R R

1.4.5 AW

YA T S S O T M R A SR FH B A O 56
TEH: . PLSZE6 8 1 TCTNB AR & R it 6 42, 43 5
i R R AH €0, 3% 2 0 TR B ik 2 2k A 3R 1) 20 SR L 6 3 3
FEVE W T E AT 03, T 3% 1 BT o R RE S A LT
T VA T 2 VA PR L YRR 0 5 92 v e 0 ) W TR
TFA TCTNB #5233 #0708 5 bR AR (H 1
it 2 PFAl T 9 B o R M
1.46 —FHH

— FUME 2 B FH T 0 R O kI b R Y A K
PE, BEHCT6 DHERAY TCTNB RS (575 T A 7= 7 35
AN T Az 7 JE 0 5 2 B KT ) BRI RE 5 430 R FH 7 o
P AEAT 2 WO AT A, 2R AR 162 41 B s R A
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Medcalc 8t i (4 3£ 47 Bland-Altman 43 #7 , UL W Fh 7
I 5 25 S0 A (8 R R AR bR I R 2 S 22 (E A 9L
AR, 2] Bland-Altman &l .

2 HR5iE

21 MKERFHEZR

T ¥k 7 125 AR Sl 28 Ak 2 2 b O i, LR B L T
TCTNB 73 F & i F Ak 2z 06 Pk o 78 o &5 0kt 55 14
T, TCTNB % A 7K i R, o8 B B 75 - (C1) L L
B DA I 28 R 46 7 ) i 2 HC A o T 2 % T
IR A L i OH™, MR8 25 1 RN I #E 19 HC L A i 1%
FEV AT 2E T TCTNB & 1 .

ON cl O,N ONa
c~%:§—ru02 + NaOH —»= N2104€;§—N02 +NaCl + H0
ON cl ON ONa

B 1 TCTNB 5SS fhis i Jr e X
Fig.1 Reaction scheme of TCTNB with sodium hydroxide in

solution

MHE [ %5 15 JOT R B UK AL 2 1
K Z B AL i, OB T R AR R R X iR
223 H A I AE 0.1% LA L 7E W HLF =i h B
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SE A B Ak 2 T o s R4S 1k i ) sl R A e Gt
SN HCL) B ) 8, 5 BOAS [a) N B30 5 245 S 14 A
Pt 26 AT 3K 2%~3% o H IR AL 2= T4 B9 FR ek 52
TCTNB ¥ &y of ] BB A7 76 14 2% 00 5 &) 52 NE, A Ji 2 2%
T B0 o 45 F e LS ME , AR =25, @
iR M 2 B B T4 B T 48 - TCTNB & i 3 72 v 5% B2 19 il
M2 A R S JCHLIR , DL B K il 7= W B R . = il R (]
K, 25 NaOH KR, 5 80 A Y 1 2 i 5
I e 2% J0T T4 R B 43 B 0 o T B e K 43 T FE
A TCTNB K fift 5, 2 #5 Afi TCTNB 9 4 B 5 [’/ i, 25 <
H COL 5y ¥ T 08P s T AR i R 36, i — A T
NaOH , I il i 22 o @ & S 4% 3 19 38 LRI = 45 15
BER RN 5E 4 I RTAR A RS S (DCDNB) L Ell =
Wy 00 A R 2K (TACDNB) 45 & 1 Tk S0 19 Rl 5 2 7
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a. untitrated blank b. titrated blank

c. untitrated sample d.

2 25 MVRE 8 R T B 0 L

titrated sample

Fig.2 Color comparison of blank and sample solutions be-

fore and after titration

AWy AR 70 CRUEE K @45 &R FRIAE TS
NaOH Jz I , 4= % B 4l 5 NaCl, 5 80 45 3 58 br
SR R TCTNB 5 ik | 44 i) it . @R
VL 119 85 A0 A < i SR R AR A W AE SR SR T
5 K% Meisenheimer 45 & 2 b, o i3E — 2 43 A2 B
WA R L B R AR AT, 3X LR R RN 43 A AN I FE
NaOH , H 5 i 72 B bl i 22 T e i in ), 5 2500 i
1 55 B )y A T R (E , A 2 H 5 ) TCTNB
oA

PEAb , F AR S X I 25 R A — s i T4 . R i
T T S 38 R A 1 A /N A A A R T A BB
AT B S A LR R R 25 RS RS U B B AT AR
IE, BN 25] A 0.1%~0.3% ) RGEIR 2 ; IRl 7K ff if
[i) 5 9 82 %) 47 RS B B2 DR N 8 A B A T B I
Bl 3, K R A 22 2 M N 3G K, HE — 25 oK 4
2% o

VRORE €5, 3 0 R T 95 4 B -5 AR Y B B
R A TCTNB 5 2% J5 76 [ 72 46 (C18 ik A1) Al
ShAH CH BE-/K ) 2Z 18] 43 it R 800 25 5, S s 0] 43
UL 3. el B ATl i g B A E R ik, TCTNB
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5 TCDNB . T4ACDNB 45 54 4% i nl A3k 21| L 28 0y 55,
Oy B R>1.5. M — M & 4 %) K I 2% (DAD) 78
250 nm KRR 28 o i i T R, DL TCTNB A
i 225 1 Al 2, S0 I 4 E 6
VOR300 D b B SRE TR R T A O BB
HARRESARIAE LT 3401 O & kst 54901
PEAE 7+ 38 o 1% A A = A B AR, TCTNB 5 2% i
S EY/E: B O =23 ' 7 ST 198
W& 3 fr s, TCTNB By £/ B4 15 18] 2 9.01 min, TCDNB
1 4 B2 mF 1] 24 8.27 min, TACDNB 19 { B2 mf 6] 2
1498 min, =FH%2smE A LEES N EHNE,
it o 0 T ARURRL 3 A R 1 o BB i R A A R RN Y
DRk s R S, A SR R S A E A T S
oy e it — AR T T B TR EE . QAR I & W
PE 5 ok DAD K D 5 8 £ E 00 W, 0 1f AR
M) 7 (RS S M A T o vk . TRV, [ Bl 2k R 2 A R
R RE P U R VLA 0% T R AR TR R R AR TR R
ARV ERAE N DR 45 R — B0tk . QIR B4
PE %7 R — W4T A] A a  TCTNB £ 5
TCDNB.T4CDNB.DCDNB £ £ it 24 5t |, 3 jf U i F1L
A — kA R B % i, O TCTNB & L L 204k
A, an 0 T Ak 52 I 58 4 B Al Ak ROR S B IR B 4 T 1Y
Bl S
50

———MeOH
——TCTNB
401 TCTNB
30
=2
<C
1S
< 2] T4CDNB
TCDNB
101 \’\ L
0 , . : : : ,
4 6 8 10 12 14 16 18

t/min

B3 TCTNB M B i A A 3 1]
Fig. 3 Liquid chromatogram of TCTNB in methanol
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PREY 1 it , 25 VR I, AR R, o i A

25 b, TR R S T IR ARG R i RS
BEhF R AE TCTNB &l 43 A v, JHG T 3 e (A0 £k
2SN ) 5 ) 5 PR R M (H L S S BT
VEMEZ: , B 52 24 0 5 @) RS T4, e LU 2 55 RE A4 R
Xof <N TS A T oK o TRORH €8 i N LR R A, 22
FE AR YA N BB AT 58 LR AR | 45 5 25 32 20 T
ket R T s . UL TR (i vk A B L
H3E A TCTNB 45 43 A7 19 RS b7 5 i k7 i ok
AR PR B, A A S BB A R BT bR AL L H Bk
KERH

Acetone NaOH solution

2.2 WMREITL

T2 80 i 5 V5 FVORE €535 v B RS I U AR 40 P 4 0
K5 Bl o b1 4 ] 00 I B80T A V25 i T O bR
HC ARV T A2 VA W 5 ) I, 7K A 098 A0 20 BR 5 ZEIH AR 4L
Z IS ), PRI 58 B 1 3 4 I E R 205 2 5.9 he T
AH 5 (18 5) BARAEFR & i 8 A 00 3 2 5 A 1
JNT 2 LU FE I 23 A 0L 3G 1A 5 ELRORE €35 430
TR B AT RGP, 5 B8 1 5 RE L E
RATE 3.2 ho HJE N E AW RRFERS F AR 58
2% L R TR S IR 2.7 h R AR T2 46%

Preparation and

standardization of
indicator | standard solution ‘

’ Weighing }L’ Dissolution }l’i Hydrolysis }—* Cooling l

4 R AE T R A
Fig. 4 Workflow of Neutralization Titration Assay for TCTNB

Methanol

Liquid chromatograph

~ Weighing )—l{ Dissolution |~ Fillration |+ Tesing - Dataprocessing |

BS A i
Fig.5 Workflow of Liquid Chromatogram for TCTNB

it AR RO (T 0k A A 1 4 I 1] A At
I S IR ) 7 ) 1R 23 A 22 A i, A 1 i A5 AT
T, J 22 R iy B0 G D00 s [ 5039 TR ity Ak B S [ 0
T I A N (8] T PR Rl S 32 4 R 2 S o8 4
AR, AR I B A B LRI B b O
A LA A Sl PR AR A Ak B AT 5 AR A U R AT, Y
R it 5 A H IR 0 Y RS 2 R £ .

25 1, Joie e LR I A R A AR B A (3 ik
£ A 00 25 25 B S 25 UG R R A kL T IE A Tk Al A
7 TCTNB A il F e i g 5 75 5K
2.3 TR HR3TEE

3 ) 4% B S 3 b E i 22 % (n=10) F1 3 4% {5 1§ HE
(S/N) T+ 1 sl T 5 v R 0RH (5 35 05 B G i R A
0.01%.0.0000032% , WL 6. 1 &l 6 R 1, AR (3%
A LOD Fe i E AR 3 N B UL Lo PR 7 ik Y
LOD 22 5 U5 T4 00 it B A AR AN ] o Tk 7 o 725 19
LOD 52 =5 H ¢ 80 5 F W 7 8808 1 XU BR i, e as 5
W 2 3 E ok [ R Al B (A NaOH % V0 il 42 R 1 4
J) B A 0L 75 B CUnie 8 A T3 BE 5 B P TR/ ) B 358
R (2= b CO,) , X 28 IR 2 5 80 1 S 2R 1Y
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Limit of detection
0.0001

0.000000032

Liquid chromatogram Neutralization titration

Bl 6 R i 2 1 AR (0% s A i PR
Fig.6 Limit of detection for liquid chromatogram and neu-

tralization titration

b D 22 38 K o R B TR A 1 A T Ak A R N T AR Y
HCHAR B 2 0 7K I, 24 TCTNB % 5 5/, Ho
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B2 B AR €03 3 B LO D AR 6 A6 Tl 7 2R B 55 4%
BIAOCR . DAD 6 I 5 AT B = 10 58 40 W e A ) R A
B, HE o 5% 5y B BR T A B s mR T s A
FeLfa 2 s [A i, TCTNB 7E 250 nm % K T 19 B2 /K 1 O
Z B B i TCTNB L BE 7 AR B 58 4 02 i 15
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AR R 7 ¥k LOD ¥ Al se Bl £y . 1
VRORE € % 1 %o 3 A o A RN AR Ak G AR i T
5, B IE A v 4l TCTNB 9 B Wil o b4, W AH
T 0 LOD AR T 2% or & &, i HOR (L RE N /2 TCTNB
2 B4 40 S W I T 2R A B S BB A 5 R o A
U, 7T T i T ) RS, JE o TCTNB Y
Jo 9 o I 4 T 0 A AR B o
24 FHEEEMHTMH

i i s AR U R s T R Y A o T
VAR R R 22 L B b M T E T RN R B E B TH AR
F| TCTNB 9 4l B, I 4% B A =0 (1) 11 5 RSD, 45 &
W,

TRAH 3% 15 R FH AP B 325 X TCTNB (7 3% 0 0 i FX
AT, 3] TCTNB i 2l 5, 3R B AL (1) &
RSD,Z5 R L% 1.

R NEEEMETE SR (n=6)

iR | N2 B U+ il I B D N o ¢ 2
ann I FE HCH AR B K, 7153 8 9 TCTNB & &2 i 1K .
] BF, 5286 % B K B S (70 C & RN
50 min) 7] fig JC ik PR UE T A7 TCTNB 43 F 58 42 7K fiff
S BB LAY Cluk D, 45 SRR A . BE S PRI BB A
1E 1 TR P 2% 5T 3K i &I W0 AR T 4 NaOH L
BT A TCTNB K fff 1 FE 19 0 &2 b, 5 80 SR Bl
T B .
2.5 EBHMEITME

43 990 SR JFH) T 6 a1k ARV 20 33 2k DU 2 S 50 = A
il B TCTNB A5 i, 25 5 0L 36 2. B o, T 8 1
PRSP T VOMH g vk R R Z e 4 R 2
] 0 — SBOME B s o SR, R B R 0T A AR SR o
o U R 2 R e A R O B R A e
W &R, 6 AT WA 1 7 3 4l ALl
93.89% , SR FRAEAH LAEFE 2 6.05% 1) i fm 25 . AH EE
ZF VA R T 1 D ST S4B A A bR PR L 3 )
99.82% , Hi i 22 ¥ [ # /N , 7E-0.71% £ +0.10% Z [A]
We 2l , Ho A 22 18 BE L 5> 1 7E R B, R Z T B A
e P18 T ff e R T

F 2 SCHE F A TCTNB AR 405 0 5 45 51

Table 1 The results of repeatability (n=6) %
number of neutralization  liquid
sample ) o
experiments  titration chromatogram
1 85.04 95.54
2 85.41 96.13
3 85.48 95.76
TCTNB(B)20023
4 85.17 95.99
5 85.53 96.40
6 85.36 95.70
average 85.33 95.92
SD 0.19 0.32
RSD 0.22 0.33

PR 1 AT, R BT A2 1k AR5 1 6 £ TCTNB 17
FEAEE RSD 4 0.22% , Wi AH (385 15 481519 6/ TCTNB
SEAT AR 4l EE RSD N 0.33% , 156 B W R 5k (0 542 1 1
A, H v T TR R S 1 A R T YRR 3 R 1
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Table 2 The purity of the laboratory-synthesized TCTNB
standard %
neutralization liquid
number of nominal |
sample . . titration chromatogram
experiments purity
purity deviation purity deviation
1 93.61 -6.33 99.90 -0.04
2 94.00 -5.94 99.23 -0.71
3 94.05 -5.89 99.96 0.02
TCTNB 99.94
4 94.05 -5.89 100.04 0.10
5 93.72 -6.22 99.82 -0.12
6 93.91 -6.03 99.97 0.03
average - 93.89 -6.05 99.82 -0.12
SD = 0.18 0.18 0.30 0.29
RSD = 0.20 - 0.30 -

2.6 —HMITMH

43 ) SR FH T2 B0 o 1 TR £ 1 R DU 16 it
I TCTNB A i, 45 R UL 3R 3. 3% 3wl % a4
SE 0 K 45 SR i G, 5RO 5 1 e 22 A e IR
12%.

o E RIS — B, R
Bland-Altman & it A1k &5 R WK 7. B 7 o] 0,
PR 42k Dy ek 25 (A M 8 R T 0, Bk o Y

N XK 2025 % %334 %104 (1192-1200)



1198

PREY 1 it , 25 VR I, AR R, o i A

F 3 N[EHE R TCTNB = 5 4l B2 I 5 45

Table 3 The results of different batch TCTNB %
purity
sample
liquid chromatogram neutralization titration
1 94.23 94.4
2 94.33 93.9
3 94.19 91.6
4 93.57 90.0
5 96.70 92.7
6 96.91 94.8
7 96.73 94.1
8 96.91 95.2
9 95.87 85.2
10 95.70 83.2
11 95.36 83.2
12 96.22 86.3
13 98.14 90.6
14 96.69 92.2
15 96.46 89.4
16 96.78 90.0
Br +1.96 D
13.6
s 10
=
£ mean
£ 5L
=) 5.5
©
£
<]
S
ok
-1.96 SD
2.6
'5 O 1 | 1 | L 1
88 90 92 94 96 98

mean of chromatogram and titration
B 7 RO 2 2 R 3% 25 1 Bland-Altman 3 47
Fig.7 Bland-Altman analysis between acid-base titration and

liquid chromatography in TCTNB purity
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Comparative Application of Liquid Chromatography and Acid-Base Titration for TCTNB Purity Analysis

CHEN Ling'’*, FENG Zhi-giang'*, LI Huai-jiao'*, CUl Zhen-xin'*, JIANG Li-chun'"*
(1. Institute Of Chemical Materials, CAEP, Mianyang, 621900, China; 2. Energetic Materials Measurement and Evaluation Center of CAEP, Mianyang ,
621900, China)

Abstract: To establish accurate and efficient quality control standards for the purity of 1, 3, 5-trichloro-2, 4, 6-trinitrobenzene
(TCTNB), the comprehensive performance of the classical acid-base titration method and a newly developed green liquid chro-
matography method was systematically compared. The acid-base titration method quantifies TCTNB by hydrolyzing it with sodi-
um hydroxide followed by back-titration of the excess base. The liquid chromatography method innovatively employed
low-toxicity methanol instead of traditional toxic solvents and achieved baseline separation of the target compound from impuri-
ties on a C18 column. Experimental results indicated that the titration method was cumbersome (requiring 5.9 hours per analy-
sis) and exhibited significant inaccuracy, showing a mean measured value of 93.89% with a substantial systematic negative bias
of =6.05% compared to the sample’s nominal value. In contrast, the liquid chromatography method demonstrated higher effi-
ciency (requiring 3.2 hours per analysis), good precision (with a relative standard deviation <0.30%, n=6), and excellent accu-
racy, showing a mean value of 99.82% that closely matched the nominal value of 99.94%. The substantial systematic error in
the titration method was primarily attributed to the deep color of the hydrolyzed solution, which introduced subjectivity in end-
point determination, and potentially incomplete hydrolysis or interfering side reactions. The liquid chromatography method effec-
tively overcame these limitations due to its superior separation selectivity and detection stability. The newly established liquid
chromatography method significantly outperforms the traditional titration method in terms of accuracy, precision, efficiency,
and green safety.
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