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Fig. 1. Schematic diagram of the imaging device.
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Fig. 2. (a) Schematic diagram of the refractive index spatial resolution measurement principle of a liquid-core cylindrical lens;

(b) six experimental images acquired at different diffusion times. The red arrows indicate the focal plane position where the n, =
1.3354 can be sharply imaged, at different times: (bl) ¢ = 32 min; (b2) ¢ = 98 min; (b3) ¢ = 128 min; (b4) ¢ = 148 min; (b5) ¢ =
168 min; (b6) ¢ = 198 min. The variations of the positions of the red arrow provide an intuitive display of the dynamic diffusion

process.
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Fig. 3. Concentration distribution curves with different diffusion times of (a) ¢ = 168 min, (b) ¢ = 188 min, (¢) ¢ = 198 min, and

(d) t = 208 min. The red boxes represent experimental value, and the black solid lines represent the calculated value obtained by

the FDM.
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Fig. 4. Liquid phase diffusion coefficient and viscosity coeffi-

cient of glycine as a function of concentration.

f2¢ 10 %0, 78 0—3.0 mol/L ¥k & 3t 1,
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0.010C?) cm?s . H Ty [HEVN, A SLE W% TF SraEN T, Hip RSD ¥/NT 3%, RWZ 51k
&1 168—218 min WAFIMREE T HBERE D(C) I EEE5 R
Table 1.  Measurement results of diffusion coefficient D(C) at different concentrations within 168-218 min.
C/(mol 1) D(C)/(10°% cm?s 1) D/(1075 cm?-s~1) /107 RSD/% Literature
168 min 178 min 188 min 198 min 208 min 218 min values!
0.000 1.070 1.061 1.073 1.076 1.067 1.077 1.071 0.005  0.513 1.08
0.100 1.062 1.053 1.064 1.067 1.058 1.067 1.062 0.005 0.472 1.06
0.200 1.055 1.045 1.055 1.057 1.049 1.058 1.053 0.005  0.440
0.300 1.048 1.038 1.046 1.048 1.041 1.049 1.045 0.004 0.391
0.400 1.041 1.031 1.038 1.039 1.032 1.040 1.037 0.004  0.375
0.500 1.035 1.023 1.029 1.031 1.024 1.031 1.029 0.004 0.406 1.00
0.600 1.028 1.017 1.021 1.022 1.016 1.022 1.021 0.004 0.384
0.700 1.022 1.010 1.013 1.014 1.008 1.014 1.014 0.004 0.433
0.800 1.016 1.004 1.006 1.006 1.001 1.006 1.006 0.005  0.458
0.900 1.010 0.998 0.998 0.999 0.994 0.998 0.999 0.005  0.496 0.97
1.000 1.005 0.992 0.991 0.991 0.987 0.990 0.993 0.006  0.578
1.250 0.992 0.978 0.974 0.973 0.970 0.972 0.976 0.007  0.752
1.500 0.981 0.965 0.958 0.957 0.954 0.955 0.962 0.009  0.971
2.000 0.964 0.945 0.930 0.928 0.927 0.925 0.936 0.014 1.489
2.500 0.952 0.930 0.908 0.904 0.906 0.901 0.917 0.018  2.001
3.000 0.946 0.921 0.890 0.886 0.890 0.882 0.902 0.023  2.576
-0.072  -0.076  -0.086  -0.089  -0.085  -0.091 -0.083
Ié] 0.011 0.011 0.010 0.010 0.010 0.010 0.010
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BB E I YE. FEE R BRI, e 45 R Y
RSD W& A 38K, 78 = e FE X 58 RSD 2928 2.576%,
X B T RIS e SR S5 R e ik
St Y WO FAAE T EOR A KB i —
S UEIN e 25 R i AT REVE, AR SO 3 1 2
5§ Chen 45 P vt [R] v B2 258 T B8 2047 1 %
LU 43 B, X5 07 4 A8 X 22 43 901 R 0.83%, 0.19%,
2.90% F1 2.99%. 45 KK, A SCO7 45 14
RECMUEA By E R, 0 B 5 ORGSR
W, Bk T %07 T H &R KIR R Y8R 5
U A AT

3.5 BEFHERE nC)HNELER

BT 3.4 )M BE B H R T W R KL
ME25 5% D(CO) Fl Stokes-Einstein (16) 32X, T1H7E
298.15 K T H & R /K K 19 B (0—3.0 mol/L)
SR Z 8] ) B EOC AR
B 0.887

1—0.083C + 0.010C?
TR R P IBOH 2R 1Y A5 ROR AR ) 2218y =
0.23 nm, M EHAGHE LR A 20 A
A Stokes-Einstein 2 (16), H D(C) 115 n(C) ,
SRR (18) . ARYELIT VL3R (Berne &
Pecora, Dynamic Light Scattering) & [ Fr A5 #fE
15022412, £ H A& R % 4 T, Dynamic Light
Scattering RLAE 5 I8 1Y AH X 158 22 30 Bl 20 5%—
10%P627 ) e Ah, FEF Bondi e 5Tk k1545 3]
(IR Ty 242480 0.24 nml2 SARHIF 5 5% FH R H
(HE—E, LU TIZSMAA B
PESTRENE, I TR S B TR AR E
T HRARFRNFEREOTEERY TR 2. 0t
SR T2 QR BETHI0A5 1) SCRRE ) LR, 2 BE R 4L
THIR 45 2R 5 00 W SCHRECHE 19 AR X i 22 53 0k
0.67%, 1.18%, 1.57% 1 2.28%, % B A SC153 5 1)
SRHRFRh 45 R SO BAT B i — Sk Bk
JE AR A B R R B 4521 () anlEl 4 frs,
FRRK IR R BB e A4 w2, i
JEH 235 SR 1) i PR R TR AR B R, K- R
FHEAE AR5, BEARLE 73 12> TR RE T, 43 1)
A2 F RN, 2079 10 SRS, T
KA AR BN, B2 R BN 5 R, AR5C
SR RV (0 S 30 2B 3 5 vk, 4R45 1 303.15 K

n(C)

mPa - s. (18)

FR 502 B M VPR P R 1, EL AR
SEAFEIE (online).

2 R F N B
Table 2. Measured values of glycine liquid viscosity coef-

ficient (mPa-s).

Viscosity coefficient/(mPa-s)

/(mof L) Method using Method using
LCL Ubbelohde viscometer/?))
0.000 0.8870 0.893
0.100 0.8943 0.905
0.200 0.9016 0.916
0.300 0.9088 0.930
0.400 0.9159
0.500 0.9230
0.600 0.9300
0.700 0.9368
0.800 0.9436
0.900 0.9503
1.000 0.9569
1.250 0.9727
1.500 0.9878
2.000 1.0149
2.500 1.0374
3.000 1.0547

4 THEGRNER

41 ETHRESZHNY BERAE

HT, WAHY HCR BRI R B0 (R 2
3 5 TR X HE AT 3L, 20T EME LT
A I 85 SR A R T, L RGE 5 v B R O A Sk
HE AR, A, A8 SR DG ZGE i A 40 T
IR AR AL S A o i 4 B R S sh A0
BB AR DT 2 B9 45 R D(C) = 1.071x107%x
(1 —0.083C +0.010C?) cm?s U A (1) KX h, If
15 FHA R 22 0 H A ik BE RN AT S 58 B AT . i
THREE R, WA B R O B 5 S
WARAS TP 28 5 PRI 5 ) (R e 249% 05, Gt
GE AL E ROCEE R, A GRS A S50
H CMOS FHL R SF 2~ 6224 pixel x4168 pixel, B
AMEZERST N 3.76 pmx3.76 pm, AT E K%
16 277165 CMOS B 6224 pixel —— X3, ¥
WO /O 13 51800 5y 6224 2, REZ AR
SERYNTEE, BES M EE AT NPT, id
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S8 AR X FRIBEAT 12 B DU 5 1 S AR AR
[TREEN)AE

4.2 FEERESW

FEIREE R 208.15 K T, 4 CMOS # M #8& T
Yo RN n. = 1.3354 A2 15 B SR 0L B,
£ 3 DA 23T SRR T, g CMOS
PRI 2SR E AR EC R ZE 5 T %8 n, = 1.3354
A VR AR J2 B 17 T 1R ) 7 T, AN [RJ e 221y )5
ZERANE 5 AR, S TR, ZEM AR
Z%F N B S A EE T UL, 7E 160—220 min
A TRLBE PN, S5 5o PG ORI 5 B R TR W AR A 2
DT EVIA . FERT S B BRI TERE W
ST G, LA AR R B —, B TASUI
MR D(C) Fn( C) K Z 2 B AR 3T 5 50 A5

n. = 1.3354

ne = 1.3354

THARENS MR b 2 LS BRY O ; 28 -, Brdiar
(R LR 3B T AR R W] A S RS AL A 1 50 A T ol 2k
s, Bk T HAEE RO RE P
I 5 =, RRIE R —BEgt—B il T D(0)
I n(C) PRECR R R TSR E, A i AR K
REAS ALy it i H K AR B A R 93
AT

5 iRE

TE B8 RE 325 B2 B A5 0 B v, FR TR (depth of
focus, DOF) 2% BL4% = B V- i o B 2 A7 1E A
FENE, TS LA SRR 22 of. T e R IRIE
P, AN TRl ) 7 5 247 RT3 A 1 I AR 0K, S8
g Sum Ll AP EE Loy S S TRSE R B VA= 75

3000
+ Simulation width + Simulation width + Simulation width
2500  « Experiment width P 2500  « Experiment width ‘.,»"’“ 2500  « Experiment width
=] “" 0“ -
= 2000 < i 2000 R £ 2000 F
T~ d ~ * —~
= 1500 F R = 1500 F R = 1500 F
=} * < * <
£ 1000} o £ 1000} K £ 1000}
= s z g
500 | ..“ 500 | K 500 |
0000004, ‘“..‘0 200000, . o «.»...“’""”
0 or or
0 06 1.2 18 24 3.0 0 06 1.2 18 24 3.0 0 06 1.2 1.8 24 3.0

Diffusion direction z/cm

Diffusion direction z/cm

Diffusion direction z/cm

Bl 5 AN[EP A (168, 188 1 208 min) T 32568 R 505 HLEHR AT L (a), (¢), (e) F1 (b), (d), (f) » CMOS #£ n= 1.3354 7§
T AR S T 11 2 36 PR 1L, X o7 O 4T 4 [ Jre s 17 8007 1) 2 Y 92 36 PR R ATy B TR AR T 2 A8 A

Fig. 5. Comparison of experimental images and simulated images at different diffusion times (168, 188, and 208 min). Panels (a),
(¢), (e) and (b), (d), (f) show the experimental images and simulated images, respectively, at the clear imaging position of CMOS

with n, = 1.3354. The corresponding line graphs illustrate the variation in image width along the diffusion direction z for both cases.
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223 ANFYTHRT f RIS I 22

Table 3. Measurement deviations induced by the depth of focus at different refractive indices.
FIEES FEREI 2 22 S EN RS T M 2 PR E I 22 B i 2
n 6f/mm 6n/(10°2) 6C/(mol- L) 6D/(10° cm?s 1) 6n/(mPa-s)
1.3337 0.0583 0.0096 0.0084 0.0003 0.0002
1.3350 0.0578 0.0096 0.0084 0.0006 0.0005
1.3364 0.0572 0.0096 0.0084 0.0009 0.0008
1.3376 0.0567 0.0098 0.0085 0.0012 0.0010
1.3389 0.0563 0.0098 0.0085 0.0015 0.0013
1.3401 0.0558 0.0098 0.0085 0.0017 0.0016
1.3414 0.0554 0.0098 0.0085 0.0020 0.0019
1.3427 0.0549 0.0098 0.0085 0.0023 0.0022
1.3439 0.0544 0.0098 0.0085 0.0026 0.0025
1.3451 0.0540 0.0098 0.0085 0.0029 0.0028
1.3479 0.0531 0.0098 0.0085 0.0036 0.0036
1.3507 0.0521 0.0098 0.0085 0.0044 0.0045
1.3561 0.0504 0.0098 0.0085 0.0058 0.0064
1.3613 0.0489 0.0098 0.0085 0.0073 0.0083
1.3671 0.0473 0.0097 0.0085 0.0087 0.0103

LKy, BLAEEE £ YD B 45 R & 32 B AR TR s )

FEA AR R 22 SF PO, MR CMOS 14T R )

o ANFEITHR 0 X R R SRR UL RO ZR 4

S USSR S SRR e A 0, FE R i 2

Sf iR IR

§f = DOF = i 7"0

oAt 0 o RAb 2], BD tand = h/f, h A AR E

R, AR 22 of 1S IR i B Y DU
22 SW R LA S R AR

h_ W2

f£of of

TEWRAARIT S n = 1.3337—1.3671 JL N, RTEST

SR EUR - REUC R, IR A iR G T

(19)

(20)

5, Al T AR TS DR A SRR PSR R

PRGBS R L A I 22, AHOREE R 3. &%
RN, FEGSUIN 25 2 B 25 R R e B AL
/N, FRWBOEAE BB A SO TR TT SR N A
A I AR E R A T S

6 % W

ARICHETROEAE BB S5 A RZIMEME G
I S, BEXEH &R KR R IT R T S i [
PO R B B LA ety AR TEA R

BEIAR RS, AR TAER 2 7 50 T H &R -/K &k
VIR 2, JEAE 298.15 1 303.15 K RURE &4 F
PEAT T SE8. i X i LY B R T BRI 4
AEAEIEAT 0T, (B Bl v BE AR AR A VRAE S R 5K
RZEWAIE D(C)=Dy x (1 +aC + BC? +~C?),
Horfr Dy S TR Y B8ORS, B E A AT
e J3E 3 BB P AR 1 RS R AR S B 2 1 E S5
o, B, Y FIBUAE, R PR 257075 %) Fick 1505 &
HEFTEER AR, 45 2B A T BUA SR Cn (2, 1), 1B
AR E SAU, IS SERR A3 A O° (2, t) i
FFRFEE. B CM (2, 1) 55 C2 (2, t) Z [a1bR R 22 5 /N
—HSHORME D(O). K HE Stokes-Einstein
KRR T XL CHRFR BE L5 n(O). 3o Uk
AR TR, A SCES B LB AR A
AT T U5 E, 18 168—218 min ML EFBE N, 1
LRGSR R AE L B RS 3 B Y& RAF It
Gh, BEEVRZZGIHT, ST T TR B O I 25 S 1)
SO 25 SRR IR HR B RS B H R A H A
FiR- 7K A R VR FE AT Bl T o8, TR R S 259
& R AT — 2 RV ).
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Abstract

The liquid-phase diffusion coefficient and viscosity are important physical parameters for characterizing
mass transfer and transport behavior in liquid systems, both generally depending on solute concentration.
Conventional methods usually require multiple experiments or contact-based measurements, making it difficult
to continuously obtain concentration-dependent transport parameters over a wide concentration range. In this
work, a non-contact and visual optical method is proposed for determining concentration-dependent diffusion
coefficients and associated viscosity over a wide concentration range. A liquid-core cylindrical lens is
simultaneously used as both a diffusion cell and an imaging element. By analyzing the transient diffusion images
of a binary solution, the relationship among image width, refractive index, and concentration is established, and
the spatial and temporal concentration profiles are obtained from the same continuous diffusion process. Based
on this, the concentration-dependent diffusion coefficient is expressed as a polynomial, D(C)= Do(1+
aC + BC? +~C?) , where D, is the diffusion coefficient at infinite dilution and «, 3, and Y are fitting coefficients.
The finite difference method is applied to numerically solve Fick’s diffusion equation, and the calculated
concentration profiles are compared with experimental profiles. The coefficients corresponding to the minimum
concentration deviation are selected to determine D(C). Under the approximate applicability of the Stokes-
Einstein relation, the concentration-dependent associated viscosity 7(C) is further calculated from the obtained
D(C). Experiments are carried out for the glycine-water system over a concentration range of 0-3.0 mol/L
at 298.15 and 303.15 K. At 298.15 K, the measured diffusion coefficient is D(C) = 1.071 x 107°(1 — 0.083C+
0.010C%) cm?s!, and the associated viscosity increased from 0.8870 to 1.0547 mPa-s with increasing con-
centration. At 303.15 K, the measured diffusion coefficient is D(C) = 1.167 x 107°(1 — 0.068C + 0.006C?) cm?s 1.
The obtained diffusion coefficients and associated viscosity results are in close agreement with reported values.
Furthermore, the measured D(C) is used to calculate the spatial and temporal refractive-index profiles, and ray-
tracing simulations are performed to reproduce the dynamic diffusion images. The simulated images closely
match the experimental images in terms of the sharp imaging position, overall contour, and image-width profiles
along the diffusion direction, further demonstrating the reliability of the proposed method. The results indicate
that this method provides an efficient and visual approach for characterizing concentration-dependent transport

parameters of liquid systems with high accuracy and stability.

Keywords: liquid diffusion coefficient, viscosity coefficient, liquid-core cylindrical lens, finite difference
method
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