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Fig. 1. Schematic diagram of the imaging device
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bi. =32 min; b>. =98 min; bs. =128 min; b4. =148 min; bs. =168 min; be.
=198 min. P AL T A B AR R S S EDULI SR — oI B shas
o
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 nc
= 1.3354 can be sharply imaged, at different times: b1. /=32 min; b2. t = 98 min; b3. t =
128 min; bs4. = 148 min; bs. t = 168 min; be. t = 198 min. The variations of the
positions of the red arrow and the image widths provide an intuitive display of the
dynamic diffusion process.
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3R AL . LLEITHENSEIR(E, RO ieis A PR Z 7B BRI
FEI 23 93 A o
DU i P55 2 47 6 17 3 591 M9 (a) =168 min; (b) =188 min: (c) =198 min; (d)
=208 min
Fig. 3. Concentration distribution curves. The red boxes represent experimental value,
and the black solid lines represent the calculated value obtained by the FDM. The four
images correspond to diffusion times of (a) =168 min; (b) /=188 min; (c) =198 min;
(d) =208 min.
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AR BRI D(Chpeste WA 3 flrzn, LAY HUS TH] £ = 168, 188, 198 A1 208 min
IREE A ], SN S5 R DAL G T AR, SR A IR Z2 20025060 AH NI 221 F) Ak
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I, HUETH AR S SERR BRIV & RiF. 2 R4 € R 800 & 25 R 1P
D(C)=1.071x10"%(1-0.0830C+0.01C?) cm?s™ e HIF AHE/N, AL 20 %45 & &
oo, WL WE 4 Fros. ASCHX P IR 6 AN 8o 18] 2, THE VIR AE
0~3.0 mol/L Y& &3 il 9 22 /N L iU R IO SR B, I 5 R A S5 9 30 200
1200 SCEREPIEAT L, MR R P T3 1.
% 1 168-218 min WANFEIKE T HURE DO E S5 5 (107 ecm?s™)
Table 1 Measurement results of diffusion coefficient D(C) at different concentrations

within 168-218 min (x107° cm?-s™")

/min Liter

l68 178 188 198 208 218 p o, RSD/ ature

c x10 %  value
mol/I §[24]

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 0472 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 0998 0.999 0.005 0496 097
1.000 1.005 0.992 0991 0991 0987 0.990 0.993 0.006 0.578
1.250 0992 0978 0974 0.973 0970 0972 0976 0.007 0.752
1.500 0981 0.965 0.958 0.957 0954 0955 0.962 0.009 0.971
2.000 0964 0945 093 0928 0.927 0925 0936 0.014 1.489
2.500 0952 0930 0908 0.904 0906 0901 0917 0.018 2.001
3.000 0946 0921 0.890 0.886 0.890 0.882 0902 0.023 2.576
o -0.072 -0.076 -0.086 -0.089 -0.085 -0.091 -0.083
)i 0.011 0.011 0.010 0.010 0.010 0.010 0.010

HHEE 1 AJ I, 7E 0~3.0 mol/L IKEEVEI N, D(CYREMARB TR E . YT [F—ik

JZ, ANF SO ZI PS8 8RB P XM AR 22 SR FR it 22 20 70l 91 T v
Horh RSD BN T 3%, RUIZVERABUFMERIE. FEREZREM, WEd
SFLH) RSD WS K, 8=k BE XI5, RSD £1°4 2.576%, 1X EZ & T3 L
SR SR S50 MG TEVE 56 4 T i 1 10 TR AR AR i B SR I AN Xtk it — D BRIE
W5 S5 AT SENE , ASOR R 1 A& 45 55 SRR oA [RIVR FE 261 T I s i
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W, A SO AR 1Y BOR BCMYUR A B I S S, 1 H 5 SCRES REBCAYI &
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Forp, H MR PS80 70 %42 1=0.23 nm, B BN A GO (R B0 545 2

n(C) =

Pa-s (18)

R I 28 #h J7 ¥ % S ik (Berne&Pecora, Dynamic Light Scattering) & [ Br bx #
1S022412, EFRAEA R4/ F, Dynamic Light Scattering ¥ 4% 5 i [ AH X} 5% 2 V0
1290 5%~10%2027), th4h, T Bondi 3 [ SRkt 545 BIF A4 1125420
0.24 nmP, 5AHF IR A USR5, #2307 %S EEAT B &
PSRt Uk TR SF TR RRKE T H 2 BRI R R E0HE
SR TR 2. I 5RHE R LG SCREPIE, REREOHRS RS
Xof 7 SCHRE A BRI AR S 22 0 TR 0.67% 1.18%- 1.57%1 2.28%, A 133
H SR IR RN B 45 R 5 SCBR B B B i) — Bt o BEVR AR A O 2l B2 SR B0 =45 21
MO 4 Fis, HEBRKERIY BUR B W B B skl i otk 4

FF) =5 T8 DR VR AR TR K, /K- H SRR AR ELAE FH 38 5i, PR 2 ) 2 L RS BB )
I B BN, T RSN, IR BUR BN, R
FEEGIN . SUbER, ASCRAFERESEI ke BT, A8 T 303.15K 1

IR EG AR N AR L R BUE, HAREE S5 4 e it kL
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R 2 HRARRBAARE R B & (H

Table 2 Measured Values of Glycine Liquid Viscosity Coefficient (mPa-s)

Method using Ubbelohde
C (mol/L) Method using LCL
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
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1.08 | — Viscosity calculated from D(C) 41.08
—— Liquid diffusivity Polynomial fitting

1.04 4 1.04
.,g 1.00 - 1.00%
5 S
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S
S
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0.88 4 0.88
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C(mol/L)

4 H R BOHY BURBORR B R B IR A2 1 it 2%
Fig.4 The curves of the liquid phase diffusion coefficient and viscosity coefficient of
glycine as a function of concentration.
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TR, B AT ERIE S B D(C)=1.071x10%(1-0.083C+0.01C?) cm?s fA A AT
(Db, FRI2 P BR 22 40V V5 R B R S 2 b J8E o3 A o i T IOrTi e at, Jld
BB OGRS B 5 5 AR A B b 2 73 DY RTS8 J 1 e 449 1 Bt
B RN E HDCE B, ML JF G585 « SE86 BT CMOS FHFLR ST 62244168
B&F, BABERTHN 3.76 umx3.76 pm, NPT EEURLE 2 #5175 CMOS

15



[f) 6224 183 —— XL, HEBESIY BOT BSR40y 6224 2, BT 2
PN TESE, BiJE FAEE NS N 2FAT 62, s g At R A & B2 DY AN 3
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XFECRT L, ££ 160~220 min I [RIBLPN,  SE8e PR AN FL MR AR TS I R o B AE
R T = E W) JEXT s A B I B B o BT I, G A SRR
BB —, BETASCHTIARIN D(C)RI(C) R 2 S AR R 5 3 0 A tH S Be B HE A &2
DLSEBR WO R 58 =, BTEESLA G SR IB A R A SR S A R R B R
HRIEAT R, BAE T HAER R E RGP IE M =, BURIRM—SrEd
—BHIIN T D(CYRIp(C) R AL R I TSN, Ui UHIZY R SO Y e S Hh Rk
H R R R AR RLZRAT R BH HUT A .
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KR TR BE R Z T (av o e)FI(by dv )N CMOS 7E n=1.3354 &M AR Ar
BRI AT, R AT B R T O R 2 B s BN R 98
e —HAEAN R B 98
Fig.5 Comparison and width deviation analysis of experimental and simulated images
at different diffusion times (168, 188, and 208 min). Images (a, c, €) and (b, d, f) show
the experimental and simulated images, respectively, at the clear imaging position of

CMOS with n. = 1.3354. The corresponding line graphs illustrate the image widths of
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both cases along the diffusion direction z and the quantitative width deviation between
them at different positions.

5 iREDH

TEMUOSAE BB G &, £IR (Depth of Focus, DOF) 2 H 4% 584 P

L EHFIEAAEARENE, N gl NI EWZE of. HTAEERGEN, AR

[Fa) (57 B 250 P V IOT RAR R, S s AR IR Hhovf DA B8 1 1 5 FL AR TS

BB 54X 55, PR IR R I B 245 R 52 B AR IR 2 ), 7 AR AR PR N 5w 22 /B30 1.

PR CMOS BIeRSF o ANFEFTHZ n XTI SR EERE £ DL 2k 20t 28 DUt

Wil 5 S e 0, FEERIE M2 of R ST EARH,
5f=DOF=—2__2J (19)

tanH h
Heb, XFOROLMAEEE, Bl tan6=h/f, h AANBEEARES K. ElRRZE of 5l

FAR B FE A B 22 oW ETARE J LA C RAF

h oW /2
fréf  5f

FEMAITIT 2 n=1.3337~1.3671 JEH A, WKGEHT R -EUR G E IR E R R,

(20)

G REARLTE, AVl TR SRR, IR, WRE. JHRE
LB MDA ZE, AHREER WK 3. SRR, IR &S HI R LR
SR, RIS AL AR ST FE B9 3 330 B ) B B IR e
PEATA FEME

R 3 AFHT I AT ARG A 2=

Table 3 Measurement deviations induced by the depth of focus at different refractive indices

FERRIE R 47 e i 22 IR 22 B R B 2 R w 2
it n 7= of on sC oD o
(mm) (x107?) (mol/L) (x107cm*s™) (mPa-s)

1.3337 0.0583 0.0096 0.0084 0.0003 0.0002
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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 0.054 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
6 & ie

ASCHET WA IE G 50 PR 2245 456 1D B LK, 10 H 2R - /KA R T
J& 1 B W LG BB A B AR B B S BLERAIE R 7L . AR T AT O 2R A R AT
AR TAERZITEN I H &R /K ERE A R, JFAE 298.15 K 1 303.15 K R E
FAT T RAT TS5 I LY O R b IR S TR B A AT B R AT 0, ARG
B EEAR AL AT TR BN 2 T 3 D(C)=Dox(1+aC+AC*+yC); Heit Doy
TCRRMA R Y R AL, & B I o WK TS A B B G Rk A . e £
SESH ar By WEUE, REUCH FRZE BT Fick 805 BT SUE SRR, 18501
FESAEUEME C'(z0), B BURRHE S, K H SIIRE A C@ 0BT
teo B C'(z,05 C(z, ) [aIbrE I 22 B /N ) — H S HCR I € D(C). H MR Stokes—
Einstein % R4 H 70 B SRBRRI LSS R n(C)o NRAEN B 45 R EEME, A3
SEECHGBITTIEN T B R BEAT T T E, 7E 168 - 218min MBI, 17 E
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BG5S R AN B L& RAF; BbAh, & REDT, b 7R
XA IR IS o S5 RR I, AZ R B 2k B8 08 U M R A H 2R - /K A R VA B
KA BTN, ERARRSE W U R A — e RN T 7T
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M F
Bfs A TRE N 303.15K TBARY R D(C) 2 Wizl il & 45 2R

K S8 5 BB S5 & 1 E A R 8RS D(C), Hd De=1.167
X 10%cm?/s. ARHFIESC 2.2 FMETTE, #iE BMRSEHE (0)ests (B)bests (7)bests
M3 9 7R BB E AR R D(Chpeste AWFTTIEIL T 6 A9 HIH TA] £, 7
BT AE 0~3.0 mol/L IR FEVE A 2 MK SN IT R B, 2 A E RE
BRI : D(C)=1.167x10"x(1-0.068 C+0.006C?) cm*s™'

# A1303.15K ~ 168~218 min N AFIKEE M HURE DO EZLE R (%107
cm?s )
Table Al1. Measurement results of diffusion coefficient D(C) at different

concentrations within 168~218 min at 303.15 K (x107 cm?s™)

t/min o

168 178 188 198 208 218 D RSD/%

Clmol/l X107

0 1.172 1.170 1.168 1.165 1.184 1.144 1167 0.013 112
0.1 1.164 1.162 1.160 1.158 1.175 1.137 1159 0.012 1.07
0.2 1.156 1.155 1.152 1.150 1.166 1.130 1152 0012 1.03
0.3 1.148 1.148 1.145 1.143 1.157 1.123 1144 0011 0.99
0.4 1.141 1.140 1.137 1.136 1.149 1.116 1.137 0011 0.97
0.5 1.133 1.133 1.130 1.129 1.140 1.110 1129 0.010 0.90
0.6 1.126 1.127 1.123 1.123 1.132 1.103 1122 0010 0.89
0.7 1.119 1.120 1.116 1.116 1.124 1.097 115 0.009 0.85
0.8 1112 1.113 1.109 1.110 1.116 1.090 1108 0.009 0.84
0.9 1.105 1.107 1.102 1.103 1.108 1.084 1102 0.009 0.81
1.0 1.098 1.101 1.096 1.097 1.100 1.078 1.095  0.009 0.78
1.25 1.082 1.086 1.080 1.083 1.082 1.064 1.080  0.008 0.73
1.5 1.066 1.072 1.065 1.070 1.064 1.050 1.065  0.008 0.73
2.0 1.038 1.048 1.038 1.046 1.031 1.025 1.038  0.009 0.84
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2.5 1.013 1.027 1.015 1.027 1.002 1.002 1.014 0.011 1.10

3.0 0.992 1.011 0.995 1.011 0.977 0.983 0.995 0.014 1.41
a -0.069 -0.066 -0.068 -0.065 -0.077 -0.063 -0.068
p 0.0060 0.0069 0.0062 0.0070 0.0062 0.0054 0.006
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fisk B MUARZ R B O =45 R

TR AL AFERE R HZ BB BRI R L5 R D(C)F Stokes-Einstein

N, THEAE 303.15K N H R R /KA W B FE(0~3.0 mol/L) 5 &b B 2 18] ) bR R

%, ZERWE Bl e

2 B1 303.15K AWK E C (mol/L) N HRARIRIAZE R » M= 1H (mPa-s)

Table B1. Measured viscosity coefficients 7(mPa-s) of glycine liquid at different

concentrations C(mol/L) at 303.15 K.

C 0.000 0.100 0.200 0.300 0.400 0.500
n 0.8270 0.8356 0.8382 0.8438 0.8493 0.8548
C 0.600 0.700 0.800 0.900 1.000 1.250
n 0.8602 0.8657 0.8710 0.8764 0.8817 0.8947
C 1.500 2.000 2.500 3.000
n 0.9073 0.9313 0.9533 0.9729
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Bt C RN 303.15K R BRI 115 &

FEIREDY 303.15K T, 24 CMOS Rl &% B T-Irif 2 n=1.3441 K12 G
AR NS, 5 3 A %] (=168 min, 188 min, 208 min) T B4
ik, A CMOS R 384 E e DGR 4T 5 R ne=1.3441 (AR
BETH I B (K0 B, AR Z0 07 45 Rl C1 A FT R N T XL,
FEAMDGAS RIS Z050 B2 B S8 B, 385 R O 56 B S B AT DL, #E 168-208 min I [d]

B, s PR 0 BB R AR S b AR A B AR5 5 T = 5

(@g (b g () (e) )

303.15K Glycine-Water, 303.15K Glycine-Water 303.15K Glycine-Water

168min 188min 208min

n=1.3441 IIU=1.3441

n=1.3441

+ simulation width
1500} + experiment width

/pm

1000

...........................
.......
.......

Width p
N
S
S

006 12 18 24 3 0 06 12 18 24 5 0 06 12 18 24 3
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T I AR A B ) D S5 IR L, 0 BT R o 1 g 507 17 2 ) S5
PR 7 30 T 9 T e — B AEAS [R) 7 2 ) i
Fig.C1.At 303.15K,comparison and width deviation analysis of experimental and
simulated images at different diffusion times (168, 188, and 208 min). Panels (a, c, €)
and (b, d, f) show the experimental and simulated images, respectively, at the clear
imaging position of CMOS with n. = 1.3441 The corresponding line graphs illustrate
the image widths of both cases along the diffusion direction z and the quantitative

width deviation between them at different positions
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Determination and calculation verification of
diffusion coefficients over a wide
concentration range and associated viscosity

*
results

ZHANG Shuocong? YE Xinyi) JIANG Gongxun® WEI Li!") DAIBo? WANG Ning?

ZHANG Daweiz)

1) (College of Science,University of Shanghai for Science and Technology, Shanghai 200093)
2) (Engineering Research Center of Optical Instrument and System, The Ministry of Education,

University of Shanghai for Science and Technology, Shanghai 200093)

Abstract
The liquid-phase diffusion coefficient and viscosity are important
physical parameters for characterizing mass transfer and transport
behavior in liquid systems, and both generally depend on solute
concentration. Conventional methods wusually 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 results over a wide
concentration range. A liquid-core cylindrical lens was used
simultaneously as 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
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was established, and the spatial and temporal concentration profiles
were obtained from the same continuous diffusion process. On this
basis, the concentration-dependent diffusion coefficient was expressed
as a polynomial, D(C)=Dy(1+aC+pC*+yC?), where Dy is the diffusion
coefficient at infinite dilution and a, f, and y are undetermined
coefficients. The finite difference method was applied to numerically
solve Fick’s diffusion equation, and the calculated concentration
profiles were compared with the experimental profiles. The coefficients
corresponding to the minimum concentration deviation were selected
to determine D(C). Under the approximate applicability of the Stokes-
Einstein relation, the concentration-dependent associated viscosity 7(C)
was further calculated from the obtained D(C). Experiments were
carried out for the glycine-water system over a concentration range of
0~3.0 mol/L at 298.15 K and 303.15 K. At 298.15 K, the measured
diffusion coefficient was D(C)=1.071x10(1-0.083C+0.010C*)cm?-s™!,
and the associated viscosity increased from 0.8870 mPa-s to 1.0547
mPa-s with increasing concentration. At 303.15 K, the measured
diffusion coefficient was D(C)=1.167x10-(1-0.068 C+0.006C*)cm?>-s™'.
The obtained diffusion coefficients and associated viscosity results are
in close agreement with reported values. Furthermore, the measured
D(C) was used to calculate the spatial and temporal refractive-index
profiles, based on which ray-tracing simulations were performed to

reproduce the dynamic diffusion images. The simulated images closely
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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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