2026 4 5 A & i% Vol.44 No.5
May 2026 Chinese Journal of Chromatography 597~604

HFRR DOI: 10.3724/SP.J.1123.2025.09027

FHHELE: —AUFRAHBERREEEFILL B XHER
RIEE &7
% ®Loal W, & £, KEEL, % ®', B BV

(LT IRRHE R 2B S ik 2 TR 2ABE, VI8 HVT 2121005 2. VEIRAHE KM & 2B, YLI8 F17T 212100)

TEE JFHOME L 90 IR AR R R AR BHE SRR 1 AU R I SRS R IR E BT ARWE RIS T L RETF
ML 27k 8 AT = AR B (SO,) SRS Y d) " S F2 B JF JiOPE SE 46 o A SE 90 T B v, R JH T2 BRI i A Bk o 4
B PR R 1 S0, SO, 5 8 8 AR F 7 B R F& rh R AR 20 il BT OB R W WROB 8 1 £ 5 AR A L R RE T ALY [
A 5, DTS2 BEXE SO, 1Y 8 1 /3 AT o 1% 3056 5| Fe 24 25 33 R 68 T HILAE Dol AL i 45 46 00 F &, Jg & Hox 45 258
WF T E A GUHHE o SCI0 BT AN WS S AR 1 28 RF o 1 o0 BT b 60 7k S5 SE Ak o0 A7 1k 2 S 56 I a5
fil BT RE S O IR G Kb et S R A5 A A I I 1 A BT T B o T T O S G R R T B AR A B i R bR
W) H b o T R IO A R A SR (8 2 A 7 S PR BRI BT b H A HS S H R 1 B ECR . Rl R P, 2
A ASAURT DA 96 IR 24 BE 2R 0 78k RN QI P | 38 R IR 52 B B} 4 52 46 S IR BT AR B AL & & B R E R R A Y
B S, NTTE W B AL TR R 2 M At S TR S Rl il A g, e B R 5 B E IR ERLG .
SR B e T AL I RCE G AR (R S RO SR

FE 22 S:0658 X ERARIRAD : A

Open-ended experiment: microextraction and smartphone-
assisted colorimetric quantification of sulfur dioxide
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Abstract: Open-ended experiment courses play a crucial role in cultivating practical skills, in-
novative thinking and scientific literacy of undergraduate students. In this project, an open-ended
experiment was designed and implemented with the theme of quantitative detection of sulfur dioxide
(S0,) gas pollutants using smartphone-based colorimetry. During the experiment, volatile SO, in
samples was enriched using headspace single-drop microextraction. In the single-drop system, SO,
reacted with silver nanoparticles, inducing a distinct color change. SO, concentration was quantified
through colorimetric analysis using a smartphone as a portable detection platform. This experiment
guided students to employ smartphones as a novel portable detection platform, inspiring the in-
novative application of diverse scientific tools. The design covered fundamental analytical chemistry
skills, including calibration curve construction, sample quantification and colorimetric analysis.

Advanced techniques, such as microextraction and nanoparticle-mediated color reactions, were also
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introduced. This open-ended experiment course enables undergraduates to understand the core

principles of colorimetric analysis in environmental monitoring, fostering a comprehension of the

close link between theory and practical techniques in real research contexts. Throughout the ex-

periment, students experience both the rigor and creativity of scientific exploration, while rec-

ognizing the broader significance of scientific experimentation in environmental protection, societal

development and national technological advancement. Consequently, the course facilitates the

internalization of scientific spirit, social responsibility and professional mission, achieving a deep

integration of professional competence with values-based education.

Keywords: smartphone-based colorimetry; single-drop microextraction; sulfur dioxide; optical

signal; open-ended experiment
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Fig. 1 Illustration of SO, rapid quantification via microextraction and smartphone-assisted colorimetry
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Fig. 2 Arrangement of droplets formed after single-drop
extraction of sodium sulfite solutions at different
concentrations

3 ZR5HR

31 HEEFIHREER

&l 3a JE 7 1 BRI X AN [] e B I R AR o AR
WU & A T L0 BAS 20 A B 8] Bl B I A R A
W BE (20 T WD AT R Y SO, 1 R AR I 1
fin, N 51 % Ag NPs /N8R 19 35065 28 4k, PRIt
ALV AR A U (0 2 IR R O ) AR R AR 22
5o /R4 0.10 mmol/L 5 1 mmoV/L & {4~ i 2l (1
2253 IF AR B 0 mmol/L 5 0.10 mmol/L 2 i £
I AT R B9 B AR AL X — UGG IR B T
Ag NPs HE 8 % H 7 B3t B2 64 15 W FE i A SO, 7™ A&
7 AR T IZ 07 AR B DX N Y i R A

Ag+S0,+0,+H,0—Ag,S+S0,” +H" (2)

BNt FE v, Ag NPs /) 3 2 Wi 9% SO, %l Jf:
A Ag,S, T ECH LSPR g A& LI B H Bk,
51 & B 224

BT BE T ML L 8 53 B J7 ¥k X AS [R] v B AR
0 BB DS HEAT T A A A e 4 AR
B0 45 R e oR T Bl 3b, 4845 00 0 B B0 . Bl
Jo B AR b A VR R L A B AR T A Bk
W (RGB) =l py bR M 2k o B 2, M I A 14 1
LN R i HEAT O 3 BT, AT AR A Ok B2 45 L o
3.2 3MEEMNEREHE

R T HLEL 8 3 3145 79 RGB i 25 i s o it
2 (I 4) AT AL, 21 €858 38 19 15 5 5 BE X SO, ik B AR
A S5 Ry IR T A 9 3 3 194 o) g DU)AE XS 2 o X —
B EZ5U FIRR P Ag NPs 7€ ZI il i 72 v i1y

0 mmol/L 0.10 mmol/L 1 mmol/L Sample
R:192 R:175 R:161 R:170
G:181 G:164 G:150 G:162
B:153 B:151 B:132 B:144
E3 (a)EFHEHEEM(b)RESHTERE
Fig.3 (a) Color acquisition and (b) color analysis results

using a smartphone

LSPR ##PEARfb . W1 IRV W 1) Ag NPs &2 H (0, Xf
AL UL = D e 3 B — 2 W i, H H LSPR U £ %2
O3 AE T AW B . 2 SO, 2 5 % W R 4N K kL
TP RH o Y3 & A A ) i H e T
T 25K T Ak 2 BT IR Bl 2 weAE | HE I 5 2 LSPR
7 1 5 B8 O 1 Bl T 05 AR Ak . TR AR R
XoF 211 DX 85 ) I WA A Ak B Ay BB R AR 5 R IR S
B 20 G I 45 B T S BT O W 0 A I e Y, TR
I, 7E RGB @ 7 M v, 21 €030 38 32 B o 0 10 46
PR R RRAE o T 20 5 O T B A IR AR A A
A B, HLGE R 38 TG R AR A % e N AR B A X
BAK

190 © ——Red value
B Green value
130 L Blue value
2} o J=-25.96x+185.65
< 2
g | R>=0.8318
100
: 5
2160
5 - y=-25.69x+174.37
S 150 - R=0.8116
140 11— 21.38x+152.74
L R*=0.9995
130 1 1 1 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
¢(S0O,) /(mmol/L)

E 4 RGB3IMEGHNFAEEERRKEZLRAEMRLZL
Fig.4 Calibration curves of RGB color intensities as a
function of concentration

SR, X 215 5 49 i 18 2 1 400 45 2R 1 ik —
o0 A 3R HOA S IR T B AT, B BR B R
A ' 27 0 7 A S5 98 45 A RS I 2% 41 0 X Al o
BPE AR T AR I AR e R N
FE4r, A A PR 2 A R T e B O s SR AR RO



602 - 1,

T %44 B

R R RS TSI A R G IR A BT
B HE T WL A B 5 1 X0 S 56 2% B A v 1 ABURR
PE AL G IR A A B I R R SR AR A
SRR, R 2 B0 R A b B AT S B O 5
Hoas (8] 43 A1 A2 B0, 0 HAE IR 2 IXCTA) 15 IR
B, RGP 22 5 Bl itk — 0 O, 3 Al LA 6
F 0 25 AR AT . BRILZ AN R e T ALAE L
G A% I 10 63 e 1 R P L Bl P B DG R Y
# 1 5 JPEG (joint photographic experts group)
FE4AG o B b ] ARy ARG PR R B RR AT e X 5 iR RGB
B A RSV A S e 5 U I 3] 1 5 R A Ak 5 S PR
Wit BAFAE — 2 . Bk 2 E N R I FEAEH
A FELCMEOGEE M PLA 2R R — &
R B B O

Ry v ML A B S R 2 SR 0 AT SE A N A
2 S A A o S B R A R 5 R R AR A 3 3 A
T AT RGN S DR A IO R I
JUAAr 25 A4 1 w52 BRPE AT 38 2o 1 O 2 1 46 B50CR H
TH 5 JROEE Y &0t Z A8 6 I LUA A0 BR A AT
P02t R N A AR AL SR S 22 R B R S A
FE T Bl bR o B AR Bt R AT A SO R AR
E, DUsR KR BEW A R e 158 22 o Lk, B b 1 1
5 ORAE R A I ™ 6 52 45, 0 HL 5 i I 0 8 B
ZE A0 B B DLokE PR R 28 R R R K
R BB Tl R A ROk R . EE LR
RAW E{§4s X R 4R IFOCH A g6 A 3l -7
Titie , v A7 R0k G D AH AL B3 3 3 A i) IR 2t Ok B
M 5 RGB 155 19 AT % b FnmT 8 52 4

e A 315 1, A] 0 a3 UG RGB R
A7 U5 — 4 4 30 5% 2 0 22 3 2% T G 1Y (A R &5 T DA R
A T) e AZ B B S A5 25 A 25 S X6 435 1 1 5% i
(7] F 2E — 20 3 S AT ER A R R B R P A
AL THE S RE T . TE R X ], B X5 5
7 7% Fifi Vi J3E A8 AT 7 AR Y S 7 22 1) R, AT R AL
/N R EATIIE IS A R VI T AR R 25 Bk
Z AT F G AT R AR X B AL RR AT ZR A VA .
A, Ry B UE A 5 5 52 R OG 27 M 1 22 8] 1 N TE X
N FR NG 58 A - 1T UL SO T 43 i RN S
TR B B OB U R AR, LUE /R LSPR WA 75 3
ERiAR B S Al =2 ) B O HK o i S e 4 R 5 A
R X L 45 A (AN T Mie B9 8% 25 #0H ii
IR RL) | w] 75 B J2 1 [ W] Ag NPs 78 Z) i it 7 v
F149 D 2 e 1oy ML, AT Ay I 26 L 8 45 SR 1 ik B Oy e

SR

ISR ENT TN SARUR TR RN LN RS I
o ) R R A e 1 R AL R R AT A
FE— AN, 26 B A 5 B m] 9 55 op il R A2 245
S MR R TR A PR . AR Z T B
FEAR SRR e 5 LG R B O i o AL, T
AT EREEER ST, ML G5 amiE ] fEh
il B A G 2 22 T RO Al A B 2 0T M IF AR E
A BT 0 2R G 08 22 01 i v A ORI Y E R M S
FRfdt Pl o kA% AR DGR S5 5 AL
b F5 P 25 0 O D0 A B0 Ak B 5 50 E SR, T B
P LA 2 vk B 5 R I AT SR DA A 5 T T AL
75 1 SO, Lb a4 I 7 D7 47 AR B AR O 34 iy ] isf, L
B BB S TR N Y
33 3AFTHRKRUER

3 AT AT o R o A A €038 T A €0 5 R {4y
Bk 142,143 F1 144, F) 638 38 X 57 1 B 1 ih
A AR Y RGB A5 5 6 45 g v EAE, 73 01l hy
0.50.0.46 il 0.41 mmol/L. XF 3 4147 4% 5l oY vk &
AT AR 13 2 E R 0.46 mmol/L.

4 ILEMNAHAALBEHFFRE

41 ZWHAREXLHE

A URFE B 8% B8 F ML H (@75 45 & HS-SDME
ol ST SO, MRS Yy 1 5 it 4 B L 3 i
5 Ag NPs 194 il Bl W WBE ) D215 5 3R L
KB A HT SO . BRAR BT 8 SR AL 2
BT FR IS URFE RN 6 SF B SL N S Bk . 7R HIR AR 2 By
B, U0 R 58 DFZ 90 K b R JE A A & L Ag NPs 1)
HI AR e R HL e BR B AG I A A R P TR B 4 VTR
2 T 43 B SRR Ab AR N 25 51 S s A B
S SRR 5 5 vk A w0 b s & 2R )
5 H e, ok 2R R B RE 2 S0 4E R F 16 B
il

S SR T U S R R R
SRR BT SO, ¥ & Wl . Ag NPs Wi il
2 B BOAE5 RAE S OCHEAD B URBE HR AL P A 4R A
BT, I 15 B A v 1 2 2 I BR Y 45 A 0P BRI 5  fif
A LA S RN B T SR SO TE R 2ok R . TE
SIS ERAEHE Serb, B0 SR BRI RE A AL LAY OB
PE A A A AR AR R AR L A BB 43 B Y o8
RSk o AN TE S IR AR A S R bR ) A R 6T B €
AL & AL/ BT . BT FE SO, ZI il Ag NPs 19 )2



#5054

5S8R TR SE G T AR Y AR IR RE T L L € 0 il Bl 1 PR 3 - 603 -

IO o R v 0 A A A A A Sy A Bk, A P AR M LA
YA X 50 AS [) e o %ot oy 1) 2 €0 2 5, PR O TR AR % 1)
BB T CRCE W U X IR il 2 A AR
R 53 B (0 AR JR BRI 3 3k o 1A MR 08 % 5 2R
H5E BT 6 R K B B M5 5 2 AT 4
GIHT L 2 A BE % W LA . B € 22 S ORI A
B A %5 $2 B RGB 2 £ B vl & 25 48 7 o &k X 43 fig
J7 5 DT B CR S 0 ) o A S R R L IR A AL
SR AL T FE MR R R DA S P R B A A, B 2R
IR AR L F B OB S  H B TR b
ST AE B 8 53 BT AL N RIAE B2

IRFER TR 7 % B ) 2 R 5 R
FE R4 251 5 50 < 5 Rl 45 1R B B 0 R S0 56
4 ERG TS R s m P IR R i A A B R
Bt S T 58 A B AR SRR OF X T2 0 45 R i AT
Goik o 5 R B . LR P, A R 58 L
Ag NPs il # . SO, W fi 55 Z1 il sz 17 B0 €6, % B e 8
it o3 BT, 30 T B X S 50 25 B e Oy vk R BR M Al
e 2l S DR B A Ak SR g, DT 3% % B2 4 BT RE D L)
R Rl ) SORMIE R % . Rl N ALIE R 5 25 R oy
W, A A R 0 B R AT BN AR R AR R 3R GR
i}

>
(\ay

SR, AR 52 50 AE 20 o S I 4R 7
s T SR WA 2R R 1 S s B
il AR A 8 08 TR A 38 A PR B8 RE 5 43 BT 1Y 58 R R
FEAR KM RS B R L o T B R A5 A AL I
75 52 B h 55 F2 B R ST A Q0 R A 5 AT
BBl iR, XA T IR E
JoT e, A A 2 A R Ok R BIF S R TR D R SR 2E e T
1 S Al
42 HERA

T FF 5 S 3o PR AR S it ok R o, UM 7S 431
Mgt ¥R EREN LR, ALELUEGE
FHLE BRI SO, AR TS Yo Wy Sy 32 850, Tk 5 40 K
MORHG B 28 L B[R 5 R 4R KOE AT BT 4
LAY B 2 B v R 2 A HL g b 2R SR
WUBE A AR ) K — R R IR . L, AR S
B 0 0 SR T — 2 IR KA R A 5
IR AR HE g s 2 PR R T ML LG 3k 1 i 3 R
A5 5 1 M vk 5 = R RS 45 A SE I8 B di
AT RS 4 H AN 25 S M R, AT ST R G0 Y S I i
BYE Hoep ok B b R G 2= AR BB ) AT 4y )2 5]
FUE B ffy {3 5 ol R A PR R S 2 4y, UBLEG TR

Feor A FE BT RG22 0 23 (8], DTG IR 4 2R K
B i) 75 figp 2k 1) AL A

SR AR A —E AR .
e, AR UZRAE KRR 20 R B B A S AR
A5 O B S BN S I 4 R T 2 o 2 o B A
IR IR T . R, LR AHOBUE RE T AL R
SR B 55 B B Ak B 4R R R e o
B P, DAL I A o B 2 v i ) 0 R 4R AR B A
WEAL B AL TE 7 5 B LT Ak B e it o3 M 07 5 R
SN o AN S B o R R SR A R PR
U T 52 B, A 1 o S 1 BB 5 A o
A K75 Qe w SR ALH 3 o ) 2 A 1 258 20 B g
TPEh T PR

BEXT b o s T A R PR S I A
KA JZ 5 S AW A PRI L 45 1 LS 0 S 0
SN N ¥ e S S A A vy I SN R e
YRR IFREAT QT 22l . TR, 38 o 52 491 20 A L 5
B v ie 5 B X L, O R] 5] A b R A 2 A
REZR B IR R G0 R s 2 R B RE T o IR A T
ZER IR S S SR, B e A S SR T
TE AN [R) A58 B il o (038 PR g R, a2 s e
Yyl B e sy RE VR T P A0 B 37 52 A vk, DA 5t AL B
HE BRI A2 DU S TR B A LR
i I X i A, 2 e AR 8 R O S TR A
AE MBS =7 B R, a8 RE 7 55 e v 4R T B BT RE T B
W IR 5 258 WOl K B, O Rk BHIE 52 B 5 R &
JRE B 5 W SRl

5 %iE

AR T M 2 00 PR T2 4 R TR R R BE A
GV 6 B AR SC TR, (A0 ¢ Lk 2= A e g 4 1
SR H . LKL SO, /E N LIRS Y iy
R, MY aeFHLEL 13k 5 HS-SDME M54,
STEL T X EREE AL S SO, Ay b | R ORI . S
5 R U0UE T Ag NPs 456 8 68 THL b 6k AE R B A
W g AT AT M TR R T AR KT Y A B 4R
FHAG S o 30 a8 BE T WL B R 5] 4 0 9 vk BE T 1
BT A B sl AR bR v i 0 R A R
WRE o A URRR T R IE A I A v R AR AP A S
M) 7 ) [ B 30 JRe LT 9 0 45 A 7 (o M g A 3. IR
FEAEH AT LR Z I m e 58 a . —Jr
AT, i 2 A A o R A A A A R S B0 A &R
IF25 G KRR IG BETE #% , 1 2 A= B 68 7 43 42 fik



-+ 604 - 1,

i % 44 %

A 38 {9 PR 858 20 i £ K 5 55— J7 1, HS-SDME 75
LA AR T RE A SRR T, O AL AR TS B Y
B R o B B A T S BRI , e R T S g iR
T AR PR AN (. A, AT BE T HLAE
185 M F L R A5 B BOR 51022 S0 00 5 46
B, AN ST S 56 R R R R AT R A AR B
T ORI T ANEE . & Bk, ARE
it gk R S e A AR 2 HILE R SRR S
S BRI AT HLER G A AP TE T 2% A 7 52 56 £ fE A
BB RE 71, I 55 3% 1 24 R W S ~E BL 2R 5 BT RE ) Al
=R AN e R S SR Y (BN R N R T SN N
A L AT S 23 A7 B4 A, BE 8 AT B8O e A A 1 2 )
P4 5 BB A, S A AR IR I B Al
S A8 G U1 BT S B R I A R B RE T I
S, [ AR TR e e A S SR
S S BRT R

S E Wk

[1] Feng X, Chang J, Liu J J, et al. University Chemistry,
2020, 35(3): 37
WEE, W, XR, . RS, 2020, 35(3): 37

[2] Huang L, Liu F Q, Liu W, et al. Advances in Education,
2025, 15(6): 1207
O, KRR, XU, S BRI, 2025, 15(6): 1207

[3] Hassan M A, Liu J J, Mehmood T, et al. J Hazard Mater,
2025, 497: 139637

[4] Tian Y P, Liu Y Y, Dong K Y, et al. Results Chem, 2025,
16: 102329

[5] Alves C A, Feliciano M J S, Gama C, et al. Environ Pollut,
2024, 362: 125015

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[20]

[21]

DiH X, XuP Z, Wang Y Q, et al. Chinese Journal of Ana-
lytical Chemistry, 2024, 52(12): 1807
W28, tROiEE, ERUR, 5. 2 Hrfk, 2024, 52(12): 1807
Wang L J, Wang L, Liu H N, et al. Sens Actuators B, 2025,
442: 138095
Wang L, Zou J, Deng A P, et al. Journal of Analytical Sci-
ence, 2018, 34(4): 560
E, AR, XIS, S AR BTRLE AR, 2018, 34(4) : 560
Land E H, McCann J J. J Opt Soc Am, 1971, 61(1): 1
Chen J S, Zhao D J, Shi H W, et al. ACS Sens, 2024, 9
(10): 5342
LiY X, Zhang J H, Chen J S, et al. Chin Chem Lett, 2024,
35(7): 109220
Yang Y Z, Xu F, Chen J S, et al. Biosens Bioelectron,
2023, 229: 115233
Chen W H, Yao Y, Chen T Y, et al. Biosens Bioelectron,
2021, 172: 112788
Isma’il S, Ahmad B I, Koki I B, et al. Sustainable Chem
Pharm, 2025, 46: 102116
Wang X N, Lu Z M, Dou L N, et al. Microchim Acta,
2025, 192: 7
QiT,XuMY, Yao Y, et al. Talanta, 2020, 220: 121388
Wang Y W, Liu Q, Wang L X, et al. Microchim Acta,
2019, 186: 7
Tang S, Qi T, Xia D S, et al. Anal Chem, 2019, 91(9) .
5888
Dai B, Yang S N, Li P, et al. Technology Innovation and
Productivity, 2024, 45(7): 100
WOk, e E, 2oF, % RHLEH 5477 01, 2024, 45
(7): 100
Psillakis E, Koutela N, Colussi A J. Anal Chim Acta,
2019, 1092: 9
Xu D H, LiuJ T, Guo X M, et al. Hebei Medical Journal,
2007, 29(11): 1258
WA, XU, SBen], & LBy, 2007, 29(11) :
1258



