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Surface tension and adsorption behavior of liquid homogeneous mixtures
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Abstract: The surface tension and adsorption of liquid mixtures have been widely studied, but there is still a lack of universal
thermodynamic prediction models. Recently, we proposed a predictive model, called the “surface aggregation adsorption (SAA)”
model, which has two parameters with definite physical meaning, i.e., the adsorption equilibrium constant ( K) and the average
surface aggregation number (7). The SAA model can predict the surface tension and composition of multicomponent liquid mixtures
using the model parameters of corresponding binary systems. However, its applicability needs to be examined, especially for the
systems with four or more components. In the current work, the surface tensions of ternary, quaternary, and quinary mixtures
composed of iso-propanol (iPrOH) , water, n-decane (DA), ethanol (EtOH), and n-butanol (nBuOH) were determined under
different bulk compositions. A good agreement between the model prediction and experimental results was observed, confirming the
rationality and universality of the SAA model. Based on the SAA model, the surface adsorption behavior of liquid mixtures was
investigated. For a given liquid mixture, adding another liquid will weaken the relative adsorption tendency of the component with
the highest n value in the original system, while enhance that of the component with the lowest n value. This work has deepened our
understanding of the surface adsorption behavior of liquid mixtures.
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DA (3) 142.3 0.7230 196.80 23.43
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nBuOH (5) 74.1 0.806 0 91.96 24.25
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Fig.2 Ternary phase diagram of water-DA-EtOH system at 25 C ( The component contents are expressed in volume
fractions, and the symbols represent the composition points of test samples for surface tension measurements)
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Table 3 Best-linear-fitting values of SAA model parameters for binary systems

IR &R n; K, R
iPrOH (1)-Water (2) 0.48 0.06 0.9513
iPrOH (1)-DA (3) 0.60 0.37 0.940 2
iPrOH (1)-EtOH (4) 1.00 1.00 0.998 6
iPrOH (1)-nBuOH (5) 0.81 1.17 0.9772

23 SRREREYRERAOTN

PISENBE(1) -/K(2) - WE(4) SENEE( 1) —1EZ$BE(3) — LB (4) FIUK (2) —IEZ$ %6 (3) -4 (4) =TT
RZ B, KH T SAA BRI = oIk R sk Sy S i ER . X SRNEE (1) —K(2) - EE(4) IR R T2
b, /b, , LS5 R 0.85/0.15 ,0.70/0.30,0.50/0.50 ,0.30/0.70 1 0.10/0.90, 2474 &, ,(0.10~0.90) , H:3EH
34 AFEEIE R FRETK S (0,,) o XK (2) -1EZBE(3) - BE(4) R (FEF T ILE 2) JTHIE b, /s, HUIE
4311k 0.80/0.20,0.50/0.50 1 0.20/0.80, 24745 ¢, ,(0.85~0.975) , eI 18 AFE & E HFK KT o, .
KR (5) B T ICR R E 0, 1K AE (R 2) R T =0k RAEAR RS R Em K T (o). K4
() (D) T 05 o, AT HEER, AT IWEA RIS, NEE(1) -7K(2) -ZBE(4) KR AAD
Fl ARD 433124 0.59 mN/m Fl1 2.23% , SF N EE (1) —1IE28 %6 (3) -4 (4) R R A9 AAD 1 ARD 435l A
0.05 mN/m#1 0.20% , 7K (2) —1E2%%%(3) - ZBE(4) i) AAD Fil ARD 43515 0.27 mN/m Fl 1.21% , 5 6 Hixt
Hofth = JOAR 2 (R T I iR B A (AAD =~0.07 ~2.14 mN/m, ARD=~0.35~6.3%) """ |

ISR (1) —7K (2) —IEBKE(3) -4 (4) UTTIR RFISFINEE(1) /K (2) —IEZ B8 (3) - L FE(4) -IET
B (5) TR R B K5 T SAA BRL PUTTRI AT R 10 5K W A HERR . X UoTiR R EH 6,/
b, o/ by, LI ST51R 0.70/0.06/0.24 ,0.75/0.125/0.125 ,0.800/ (0.040, 0.160)/(0.160, 0.040) ,0.85/(0.03,



5510 4] L3, A5 AR AR A W i 25K T SO B AT 113

0.06, 0.09, 0.12)/(0.12, 0.09, 0.06, 0.03) F10.91/0.045/0.045 , 225 ¢, ,(0.10~0.90) LA ZAHRE b, /b, ,/
b, , LLIE 0.08/0.02/0.90, 2472 ¢, ,(0.10~0.90) , FLBEH 90 MEEMIE T HEKM KT 0,0 X TICERIE
FEH b, /by /by /by AN 0.35/0.03/0.12/0.50 ,0.48/0.096/0.024/0.40 ,0.728,/0.036/0.036/0.20 il
0.72/0.036/0.144/0.10 , iU ¢ ,(0.10~0.90) , FEZEH 40 AL E THRIK S 0, FKHR(5) KT
TRZ 0, F1 K (R 2) R T TOOTTITR R A R A SN R K ) oo Bl 4(c) (D) SHIT
O T 0, FIXTHEEE R A WA BAT RAFRAF G B, PUJTiR R 19 AAD F1 ARD 735297 0.10 mN/m #
0.44% , TLIGIKZ B9 AAD H ARD 4331257 0.09 mN/m 1 0.41% , 5 = JAA Z2 000 v iff B2 AR 012 i3k
B SAA FEEAY AT Y 00 DU ST A LTI R G Rk ), B R E

(@) 248 ~ () 48 y
// //
7 7
// //
24.0 s 42 i
2o 2
:\ o/ . ///
L 232f P T %t -
. 4
Z Z //
g 2 ’
= 24l <. 30f 9.
© N ° /°/
216 F 24 f
// r
7
d
20.8 lz 1 1 1 1 18 LZ 1 1 . 1 1
20.8 21.6 22.4 23.2 24.0 24.8 18 24 30 36 42 48
o, /(mN-m™) o, /(mN-m™)
(©) 24.0 (d 26 7
//
//
251 -
232 L 7
_IE ‘g 24 -
7 Z
% 22.4 G} 0O
= T 23
¢ Jo¥ee
21.6
22+ .7
" 4
7
7
20.8 21 L 1 L 1 L 1 L 1 L
20.8 21.6 22.4 23.2 24.0 21 22 23 24 25 26
g, /(mN-m™) o, /(mN-m™)

B4 HRIR AR RSB (o) PSSR (o, ) ZXHE: (a) SR —K(2) ~IE%46(3) UK (2) ~E %4
(3)-ZBE(4); (b) NEE(1)-K(2)-ZEE(4) ; (¢) SHNEE(1))-K(2)-IEZEE(3)-LEE(4) 5 (d) NEE(1)-K
(2)-1EZ%E(3) - L1 (4) -1IE T HE(S5)

Fig.4 Comparison between model-predicted surface tensions (o, ) and experimental ones (o.,,): (a) iPrOH (1)-Water (2)-
DA (3) and Water (2)-DA (3)-EtOH (4) ;(b) iPrOH (1)-Water (2)-EtOH (4); (c) iPrOH (1)-Water (2)-DA
(3)-EtOH (4); (d) iPrOH (1)-Water (2)-DA (3)-EtOH (4)-nBuOH (5)

24 ZHESERFTEAEMTN

PEMCRIEE (1) -7/K(2) —1E28 e (3) = ITnR R M AEE(1) -/K (2) —1E28%E(3) —1E T EE(5) Utk &R,

RIETHAE &) o/, /b, M 0.80/0.10/0.10, JGHIHIE ¢, /b, /s o/ b5, A 0.64/0.08/0.08/0.20, % £ SN 4l

O3 CTE(4) MR RN, B 5(a) fl6(a) 5 T4 A RIEFME (¢, ) BECREE (b, , ) HI7E

flo, TTRAT b, B b, BRI FEUAL &, (i4) BV, 5 5 HUNGE SR B0 (R4 6, 1975

fEaRAAIR] W LA, B 1) 2 M, K (2) IEZEBE(3) FUE TEE(S) ¥R iy s sebr b 45

A n A8, AT FIWL ARSI PN 7 SBE(4) 1 nyy <1, M A58 i (i #4) FRER P <0 (¥ —

~oo [T ¢, ,—0 I b, BRI IR AR, HITEE M EAERE) , RNEE(D) B ny, =1, 7E57NEE(D) -

K(2) =IEZRBE(3) - LBF(4) PUOTHR AR TSR P =-0.80, 7ES# I (1) 7K (2) —IEZ4E(3) - LB (4) -



114 R R % M (B % R % 60 &

IETEE(S) BT R Pl PI" = -0.64, REIHLAIRAI N L AL, 7K (2) GEZ$6E(3) FNE TR (5) 1Y
n, <1, PN ——co [ RUTHAFRAI R S B FURTEAR ¢, X R M 2R/ BE R B ARV AE

K EEVEMTE TR T SR T A o R TR B B 5 (b) R 6(b) 45 il 1R F AD,, (AD,, =
b —bi ) Bl &, B, TEPIRFR P K (2) BRSO (R AE ¢, ,—1 I R BURES R IE MR ) |, IE2$6E(3)
PR EW T RAE ¢, ,—0 I BB A O ) o TEPIITIA R T S INEE (1) 1E ¢, ,<0.7 I, R IEWC R, 72
b, ,>0.7 Jo I A SRR, 85 (4) Sk TEMR BRI A 6700 B 5 I 7E FLoeiR R b, SN (1) FICBE(4) 2
75 Sy B 0 1 6 R R, SR T TR (S ) B O MR BT

EI5(c)Me6(e) it T&HT R, (i#4) b &, 1B, ATFE B AMNAS> LB (4) M7 i(i#4) A
X B R S S0, FEAR &, DX, DU TTAAR FR 8 RH X0 W B B S - S I (1) >TE 58 (3) >k (2) 5 1L
TCRR SRR (D) >IE TEE(S) >IERBE(3)>K(2) . Bl b, S8R, FHEE(L) MR, FEAK, i H A5
AR, T, R S BERY AR S B (G n fE AR B W RR 340058, 1 0 At 2 2 19 5k, 53 4b, Al W
WA E] FREE(L) ML TE(S) B R, B (K 6(d)) 353 (17) H 53 ¢, ~0.97 , R WIH A
XF W B A R A I o SRR SR N EE (1) SIEZEKE (3) FUK (2) B R, W32 X, HE ¢ R, HlTE
R R TR N P O

K5(d)FI6(d) 4 744055 R, /R (i#4) B8 &, AL, AT R AMINZH I3 ST (4) W22 03 i (i#4) W
B RSEI R AR KA TEAFIER BRI (p, ,—1) B, SRBE(L) B R, /R <1,B ¢, ,JE KM/ ; H
BHSMIR, /R =10 &, SERIMIEK, FI50,1E 0<d, <1 WHEIN, FHEE(L) JETEE(S) IEZ$HE(3) Fl
K(2)W R, /R] MEMKUIE K, 3X 5 F n, MEHKRUCBNEXS R, X W, ) — A4 AR TR & h A i — -
A 00 AR K2R 53 (4 W2 B A 3355, TTT e, A /N 0T O R 3 5

@@ 1.0 ® 908
—— iPrOH 7
Water
0.8 | DA
— EtOH 0.04 1
0.6 3 0
& 5
0.4
-0.04
0.2 F
L -0.08 £
0 I — e 1 | 1 1 ! 1 L 1 L
0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
b buin
© 1.0 (d) 8
—— iPrOH
iPrOH
6 -
5
2+
0.2 |
O T 1 1 1 0 1 1 1 1
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
d)-l.b d)d,b

K5 SHNEE(1)-7K(2)-1E%LE(3) - LB (4) R R (a) ¢, . (b) AD,, .| (¢) R, FI(d) R, /R B ¢, 19724k
(fHRE &, /b, /b5, =0.80/0.10/0.10)

Fig.5 Change of (a) ¢,,, (b) Ad,,, (¢) R, and (d) R, /R} with ¢, for iPrOH (1)-Water (2)-DA (3)-
EtOH (4) (¢, /b, /b, ,=0.80/0.10/0.10)



% 101 TS, TR A 0T ST 115

@ 1.0 (b)

—— iPrOH J —— iPrOH
—— Water /// —— Water
DA .7 0.1 DA
0.8 —— EtOH L7 EtOH
—— nBuOH // nBuOH
0.6 3
- 5y S
< Py <
04F
0.2 | S —o1k
0 77777777777777777777777””” | 1 1 1
0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
d)4 b d)4 b
(¢) 1.0 d g
—— iPrOH ——— iPrOH
—— Water —— Water
0.8 + ——— DA ——— DA
—— #BuOH 61 —— nBuOH
0.6 F .
I~ S: 4+
04| &
2 -
0.2+
0 I I 0
0.2 0.4

d)m

Bl6 SNEEL(1)-K(2)-TE5%5E(3) -ZBE(4) -TETBE(S) KR I () ¢, (b) AD,, .. (¢) R, FI(d) R, /R B
by L (THSE &, /b, o/ b5 o/ bs., =0.64/0.08/0.08/0.20)
Fig.6 Change of (a) ¢, ., (b) AQD, (¢) R, ., and (d) Ri,s/R?,,- with ¢, , for iPrOH (1) -Water (2)-DA (3) -

0,89 ad,i 0,89

EtOH (4)-nBuOH (5) (&, /¢, /s /b5, =0.64/0.08/0.08/0.20)
3 %t

SAA AEIY R N 57 N K (IE 2SS  LBERIIE T WERTIE BUAY =00 | TUOC A TG IRARTR & YR R i K i
51, HA RAFIIRT G 3R] SAA KR BATEE M, SAA BRI AT T W S M i & 1 2L 73 19 2% T 0 )
FHEFER X — 45 e R IR A A 2, SMINZE 73K B ARSI 28 v R 5 Q2 20 PR R R 5 R s 32 ( sl X
R ) MR o B/ N RIS IR SO TR AT & P R e AT o AR,

S 3k

[1] KAPTAY G. The chemical (not mechanical) paradigm of thermodynamics of colloid and interface science[ J]. Advances in
Colloid and Interface Science, 2018, 256.163-192.

[2] STEPHAN S, HASSE H. Enrichment at vapour-liquid interfaces of mixtures; establishing a link between nanoscopic and
macroscopic properties[ J ]. International Reviews in Physical Chemistry, 2020, 39(3) :319-349.

[3] VEGH A, KOROZS J, KAPTAY G. Extension of the Gibbs-Duhem equation to the partial molar surface thermodynamic
properties of solutions[ J]. Langmuir, 2022, 38(16) :4906-4912.

[4] HERNANDEZ A, TAHERY R. Modeling of surface tension and phase equilibria for water+amine mixtures from 298.15 to
323.15 K using different thermodynamic models[ J]. Journal of Solution Chemistry, 2022, 51(1) :31-57.

[5] KLEINHEINS J, SHARDT N, EL HABER M, et al. Surface tension models for binary aqueous solutions: a review and
intercomparison[ J ]. Physical Chemistry Chemical Physics, 2023, 25(16) :11055-11074.

[6] SANTOS M S C S, REIS J C R. Thermodynamic evaluation of molar surface area and thickness of water+ethanol mixtures[ J].
Journal of Molecular Liquids, 2018, 255.419-428.

[7] HYDE A E, OHSHIO M, NGUYEN C V, et al. Surface properties of the ethanol/water mixture; thickness and composition



116 R R % M (B % R % 60 &

[J]. Journal of Molecular Liquids, 2019, 290;111005.

[8] PINEIRO A, BROCOS P, AMIGO A, et al. Extended Langmuir isotherm for binary liquid mixtures[ J]. Langmuir, 2001, 17
(14) .4261-4266.

[9] QLW S, YU X C, DU N, et al. General adsorption model to describe sigmoidal surface tension isotherms of binary liquid
mixtures[ J]. Langmuir, 2023, 39(1) :507-518.

[10] JT3C 475 . Z2 S0 5 W 1 5k AL BB R [ 7] . v =27 A5, 2023, 53(7) :1236-1246.

QI Wenshuai, HOU Wanguo. A model for predicting the surface tension and composition of multicomponent liquid mixtures
[J]. Scientia Sinica Chimica, 2023, 53(7) :1236-1246.

[11] T5ei, o7 3, R4 qk, 46, K- BERE o R R B[ T]. 2= 2241 , 2023 ,44( 11) : 181-189.

YU Xianchao, QI Wenshuai, DENG Quanhua, et al. Surface adsorption of water-alcohol binary solutions [ J]. Chemical
Journal of Chinese Universities, 2023, 44(11) ;181-189.

[12] MA W C, DU N, HOU W G. Predicting surface tension and surface composition of multicomponent liquid mixtures. (1)
Ternary mixtures of isopropanol, water, and n-decane or n-tetradecane[ J]. Chemical Physics, 2025, 595.112718.

[13] GIBBS J W. On the equilibrium of heterogeneous substances [ J |. Transactions of the Connecticut Academy of Arts and
Sciences, 3.:108-248.

[14] BUTLER J A V. The thermodynamics of the surfaces of solutions[ J]. Proceedings of the Royal Society of London Series A,

1932, 135(827) :348-375.

EBERHART J G. The surface tension of binary liquid mixtures' [ J]. The Journal of Physical Chemistry, 1966, 70(4) :1183-1186.

ROSS S, MORRISON I D. Thermodynamics of adsorbed solutes[ J]. Colloids and Surfaces, 1983, 7(2) :121-134.

PHAN C M. Affinity of amphiphilic molecules to air/water surface[J]. ACS Omega, 2023, 8(50) :47928-47937.

TENG K, YAO Y F, CHEN F W. Studies on the surface adsorption of binary molten salts[ J]. Langmuir, 2024, 40(2) .

1203-1212.

[19] BROCOS P, GRACIA-FADRIQUE J, AMIGO A, et al. Application of the extended Langmuir model to surface tension data
of binary liquid mixtures[ J]. Fluid Phase Equilibria, 2005, 237(1/2) ;140-151.

[20] SANTOS M S C S, REIS J C R. Shape and curvature of surface tension isotherms for liquid mixtures| J]. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 2017, 518.:208-217.

[21] PHAN C M. The surface tension and interfacial composition of water/ethanol mixture[J]. Journal of Molecular Liquids,
2021, 342.117505.

[22] KAPTAY G. Improved derivation of the butler equations for surface tension of solutions[ J]. Langmuir, 2019, 35(33):
10987-10992.

[23] BERMUDEZ-SALGUERO C, GRACIA-FADRIQUE J. Gibbs excess and the calculation of the absolute surface composition
of liquid binary mixtures[ J]. The Journal of Physical Chemistry B, 2015, 119(17) :5598-5608.

[24] KOROZS J, KAPTAY G. Derivation of the Butler equation from the requirement of the minimum Gibbs energy of a solution
phase, taking into account its surface area[ J|. Colloids and Surfaces A. Physicochemical and Engineering Aspects, 2017,
533.296-301.

[25] BROCOS P, PINEIRO A, AMIGO A, et al. A proposal for the estimation of binary mixture activity coefficients from surface
tension measurements throughout the entire concentration range| J]. Fluid Phase Equilibria, 2007, 260(2) ;343-353.

[26] SANTOS M S C S, REIS J C R. Activity coefficients in the surface phase of liquid mixtures[ J]. ChemPhysChem, 2015, 16
(2) .470-475.

[27] SANTOS M S C S, REIS J C R. Partial molar surface areas in liquid mixtures. Theory and evaluation in aqueous ethanol[ J].
Journal of Molecular Liquids, 2019, 273.525-535.

[28] LAAKSONEN A, KULMALA M. An explicit cluster model for binary nuclei in water—alcohol systems[J]. The Journal of
Chemical Physics, 1991, 95(9) :6745-6748.

[29] CONNORS K A, WRIGHT J L. Dependence of surface tension on composition of binary aqueous—organic solutions[ J].
Analytical Chemistry, 1989, 61(3) ;194-198.

[30] VAZQUEZ G, ALVAREZ E, NAVAZA J M. Surface tension of alcohol+water from 20 to 50 C[J]. Journal of Chemical
and Engineering Data, 1995, 40(3) :611-614.

[31] FERNANDEZ L, PEREZ E, ORTEGA J, et al. Measurements of the excess properties and vapor - liquid equilibria at
101.32 kPa for mixtures of ethyl ethanoate+alkanes ( from C, to C,,) [J]. Journal of Chemical & Engineering Data, 2010, 55
(12) :5519-5533.

[32] JASPER J, KERR E, GREGORICH F. The orthobaric surface tensions and thermodynamic properties of the liquid surfaces of
the n-alkanes C5 to C18 [ J]. Journal of the American Chemical Society, 1953, 75(24) :6363.

(%A M)



