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Abstract-We fi~cused on analyzing the capabili~, of the acidic monolayer surfaces tbr separation of toxic metal ions 
out of  house-prepared binary inorganic ionic ~lutions such as calcium-lead, calcium-chromium, calcium-copper, and 
calcium-zinc aqueous sy~ems. The alfinities of the fihns to toxic metal kms were analyzed b? using Fourier translbrm 
infrared spectroscopy. A model considering both the electrochemical and thermodynamic aspects was also applied m 
quantit} the surface ion affinities. It is noted that surface ion binding capability tbr bina~, ionic solutions can be much 
diflLvent li'om that lbr pure ionic solutions. As a result. SUl-thce binding constants were lbund to be 4.5," 10", -" lbr lead 
ions, 1,5", 10" ~br chromium ions. 5.5 o~ 10 ~ lbr copper ions, and 6~ i0 ~ lbr zinc ions, respectively, at pH=5,5, For the 
separation experiments done at pl t=5.5, lead, copper: zinc ions were separated more efficiently from the mixed ionic 
solutions by the ]5~to~ of ca. 30,000, I0X)00, 3,700, and 400, respectively, compared to calcium ions of  which binding 
constant is 1.5"- 102. Interestingly. when compared to con'esponding pure ionic systems, copper and lead ions were 
separated as much, while chromium and zinc ions were less by the thctor of  500 and 50, respectively. 
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INTRODUCTION 

A Langmuir monolayer on an air/water interface is an interest- 
ing system out of  many supramolecular assemblies in the sense that 
it enables one to conveniently investigate surface reactivity and mo- 
lecular structure by varying packing density of  constituent amphi- 
philic molecules [Kim et al., 1996]. Such properties are essential 
information in order to harvest useful functions from more com- 
plex suprarnolecular systems having molecular arrays in 3-dimen- 
sions. Functional and stable Langmuir monolayers can be directly 
deposited into mulfilayered Langmuir-Blodgclt (LB) films, which 
have been investigated extensively for potential applications to chem- 
ical and biological sensors, photon or electron devices, selective 
membranes, and reaction or immobilization substrates [Swalen, 1986; 
Vijendra, 1988]. 

Properties of  Lanm~nuir monolayers are in general dependent upon 
the physicochemical nature of  constituent molecules of  which the 
library includes lipids, synthetic polymers, and biological macro- 
molecules [Choiet al., 2000]. Other key factors are order and organi- 
zation in 2-dimensional surfaces which often differentiate properties 
of the surfaces from those of bulk strt~ctures made of identical ma- 
terials [Pezron et al., 1990; Whitesides et al., 19911. One can easily 
form close-packed molecular structures of  appropriate molecules 
that are sometimes impossible to achieve by other techniques. 

We have been interested in surface reactivity of  close-packed ac- 
idic Langmuir monolayers with toxic bivalent metallic species [Pe- 
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troy et al,, 1982; Alto et aL, 1991, 1994: tlyun et al., f997], Sur- 
face adsorpfivity of  many metallic ions was found to deviate much 
from bulk adsorptivity [Kim, 2000.[. In this study, we present new 
results on ion separation out of  aqueous solutions containing binary 
metallic ion species, which is more meanhgful for real processes 
involving multieomponents. Results show that ion adsorption in 
binary systems can be much different from that in pure systems pre- 
viously studied, depending on the nature of  metallic species, 

EXPERIMENTAL PROCEDURES 

The preparation of  Langmuir monolayers was done on KSV- 
minitrough (Finland) made of  teflon. Stcaric acids [CII3(CH2)~c, 
COOH: Aldrich, 99.9%] dissolved in chloroform at the concentra- 
tion of f0 -~ M were dispersed on the air/water interface of  the trough 
by using a microsyringe. Close-packed kangmuir monolayers were 
obtained by compressing the barriers symmetrically until the surface 
pressure (lq, raN/m) measured with a Wflhelmy plate approached 
35 mN/m. Carboxylic acid groups exposed at the monolayer sur- 
face were the adsorption sites avaliable to metallic ions for further 
experinlents. 

The sub-solution contains binary heavy metallic components of  
which one cationic component is from CaCIe, and the other is from 
PbC12, CuC12. CrCI:0 or ZnC12 (purchasedffom Fluka, 99.999%). 
Solvent used was deionized water distilled and filtered by a MilI-Q 
water purifier and its initial resistivity was 18 Mf~.cm. The con- 
centration of calcium ions was held at 10 ~ M and that of  the other 
component was varied. The pit of  the mixture sub-solution was 
adjusted by adding 1 mM aqueous solution of  HCl or NaOH at 5.5 
throughout the experiments. We waited ca, 15 rain until the equi- 
librium between the kangmuir monolayers and the binary metallic 
sub-solutions was attained. 
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Then the monolayers were carefully skimmed with a CaE plate 
(Wihnad, 12• ram) so that the absorption intensities of  the 
signature bands in FT1R (Fourbr transform infrared) spectra de- 
pended only on the number density rather than the molecular often- 
talion of  the functional groups [Vijendra. 1988]. Samples were an+ 
alyzed with an FF1R spectrometer (Bio-Rad I~TS 60). The trans- 
mission spectra were collected at the resolution o1"8 cm ~ by adding 
256 scans. All experiments were done at the temperature of  2YC, 

EXPERIMENTAL RESULTS AND ANALYSES 

1+ Surface Isotherms 
The relations between the surface pressure (H) and the mean mo- 

lecular area (MMA+ A2/motecule) indicate the progress of  mono- 
layer phase on the air/water interface ms the monohyer is com- 
pressed by the barriers. The surface isotherm provides useful in- 
formation as follows: First, it enables one to implicitly understand 
if the stearic acid molecules on the aft/water interface are in gas- 
eous, liquid-expanded, liquid-condensed, or solid-like state with de- 
creasing MMA as shown in Fig+ 1 [Shin et al., 19901. In the solid- 
like state, the stearic acid monolayer is known to organize in a close- 
packed fashion and its MMA is about 20 A~:/molecule [Vogel, 1986]. 
Secon& the adsorption of  metallic ions to the surface of  the stearic 
acid monolayer can be deduced, ion adsorption occurs at the ter- 

minal carboxylic acid goups of  the monolayer as protons are dis- 
sociated+ depending on the surrounding conditions like ionic con- 
centmtions. When the bivalent metallic ions are adsod3ed, the 2 : 1 
complexation with acidic molecules is known to be favored (Fig, 2). 
The 2 : 1 complexation makes the intennolecular distance a bit shorter 
and consequently the MMAs at the same surface pressures become 
reduced compared to those of  purely or less acidic monolayer as 
demonstrated in Fi~. 1, 3-5. The surface isotherms of  binary sys- 
tems such as calcium-lead, cakium-chromium~ calcium~copper, and 
calcium-zinc are shown in Figs. t, 3-5. When the surface pressure 
is hi~er  than 20 mM/m in these Figures, MMAs are ca. 20 A~/mo - 
lecule. Therefore. it can be inferred that the monolayers are closely 
packed in the solid-like state. In Fig. 1+ when the lead concentra- 
tion is 10 ~ M, the isotherm is nearly identical to that of  the purely 
acidic monolayer on deionized water, even if the calcium concen- 
tration is present as much as 104 M+ This implies that no metallic 
ions are adsorbed to the stearic acid monolayer. As the bad con- 
centration increases, the liquid-condensed state disappears and the 
monolayer undergoes a direct transition from the liquid-expanded 
state to the solid-like slate, which indicates that metallic ions are 
adsorbed. It is most probable that lead ions, not calcium ions, are 
adsorbed because calcium ions were barely adsorbed even when 
the lead concentration was smaller at 10 -~ M. When the lead con- 
centration was increased to lff" M, the liquid-condensed states corn- 
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pletely disappeared, from which one could infer that the adsorption 
of lead ions was saturated and the monolayer was in the form of 
pure salt, Similar behaviors of the surface isothelrnS were also ob- 
served for other binary mixture solutions such as calciurn-chro- 
mium (Fig. 3), calcium-copper (Fig. 4.), and calcium-zinc systems 
(Fig. 5). 
2. FTIR Results 

Quantitative information on hove much ions are adsorbed on the 
stearic acid monolayer is not possible to obtain fi'om the surface 
isotherm measurements. Xhe FFIR spectra can provide one with 
such quantitative information. The FTIR spectra obtained for each 
binary metallic ionic system with varying ionic concentration are 
given in Figs. 6-9, 

The spectra contain asymmetric methyl stretching (v,Ctt,), asym- 
metric methylene stretching (v,Cf-tj, symmetric methylene stretch- 
ing (v,Ctt:), carbonyl stretching (vC=OL asymmetric carboxylate 
stretching (v,,COO), and methylene scissoring stretching (SCII.) 
bands [Colthup et al., 1990; Kimura et aL, 1986: Marshbanks et 
ak 1994]. The band assignments and the corresponding peak posi- 
tions are summarized in Fable 1. 

The signature bands useful for identifying the adsorbed ions and 

Table 1. Band assignments of FTIR spectra 

Peak Notation Peak position (cm ~) 

Asymmetric m e t h y l  stretching v CH. 
Asymmetric methylene stretching v.CH, 
Aymmetric methylene stretching v.,CH, 
Carbonyl stretching vC O 

Asymmetric carboxylate v<,COO 
stretching 

Symmetric carboxylate stretching v.,COO- 
Methylene scissoring 6CH, 
-CH~ - progression 
COOH bending bCOOH 

2956.0 
2917.1 
2850,0 
1701,2 

-(CO0),Pb: 1512 
-(CO0)zCr: 1536 
-(CO0)zCu: 1587 
-(CO0),Zn: 1536 
-(CO0)zCa: 1578, 

: 1538 
1440-1380 
1473-1465 
1 4 0 0 - 1 1 8 0  

f301,9 

their amounts are carbonyl and carboxylate su'etdaing bands rang- 
ing from ca. 1,700 c m  ~ to 1,500 cm L ]'lie c~bonyl band stands 
for protonated carboxylic acids and the carboxylate band for car- 
boxyl salts, Especially, the latter band is found to be different in its 
peak position depending on the nature of adsorbed ion species as 
shown in the figures and the table. For the calcium-lead system (Fig. 
6), the peak intensity of the asymmetric carboxylate stretching band 
( 1,512 cm -~) increases with the lead concentration in the sub-solu- 
tion [Yamauchi et al., f%8]. The carbonyl st/etching band shows a 
simultaneous decrease, When the lead concentration is very low, 
there exist a large carbonyl stretching band and a small carboxylate 
stretching band for calcium, indicating that the monolayer is mostly 
acidic with small portion of calcium salt. When the lead ion con- 
centration is 3"~ 10 -7 M, the carboxylate stretching band for lead ap- 
pears, indicating the adsorption of lead ions begins to occur. The 
complexation of the monolayer with lead ions is completed when 
their concentration reaches 3 * 10 ~ M 

Other binary metallic solutions of calcium-chromium (Fig. 7.), 
calcium-copper (Fig. 8), and calcittm-zinc (Fig, 9) systems show 
basically similar trends in spedral change with increasing concentra- 
tion of the counterpart ion. ]hese FFIR results prove that the above- 
mentioned inferences from the surface isotherms are qualitatively 
valid. 
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Fig. 7. Fri l l  transmission spectra for calcium-chromium inn ad- 
sorption (pll = 5.5, Ca= 1 ~ mol//). 
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It should be noted that the peak intensity and the shape of the 
conesponding carboxylate band are quite different for the cases stud- 
[ed. In order to get quantitative amounts of adsorbed species we need 
to deconvolute the overlapped peaks through the spectral analyses, 
as shown in Fig, 10, so that sound values of  individual peak areas 
are obtained for further compositional analyses as detailed in the 
next section. 
3. Compositional Analyses of  Adsorbed Ions 

The intensity ratio of  the asymmetric carboxylate slmching band 
to the carbonyl stretching band indicates the adsorbed amount of  
the specific ion. l-lowever~ since the sensitivity of the individual band 
to the IR beam varies~ the ratio itself is not a sound value of the ionic 
composition [Colthup et aL, 1990: Aim et at., 19921, Thus one needs 
to normalize each band intensity with its IR sensitivity. 

Whether the molecules in the sample are in acid form or in salt 
form, each stearic molecule has 16 methylene (-CI~-) units. "lhere- 
fore, one can use the methylene stretching band as an internal re- 
ference for the calibration, tb re  we introduce the relative sensitiv- 
ity 0~, of  each band i to the methylene stretching band, as follows: 

A, 
c~,- (I) 

where A, is the intensity area of  the carbonyi band when the sam- 
ple is in pure acid form ( i : l ) and  that of  the asymmdric carboxy- 
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Fig. 10. Peak deconvotution of I~IR spectra. 

late band when pure calcium salt (i:-:2) o1" other melal's pure salt 
(i=3). A, ~, is that of  the asymmetric methylene stretching Nmd (2917 
cm ~). As a reference, we choose this asymmetric methylene stretdl- 
ing band, the latest  band in the spectra, in order to minhnize the 
influence of peaks noises. The calculated values ofc~, are given in 

lhble 2. Relative sensitivity to IR beam 

Ion oq (acid) 0~, (salt) 

Pb 2+ 0,247 0.396 
Cu z§ 0,244 0.628 
Ca-'- 0.247 0.412 
Cr" 0,245 0.277 
Zn-'- 0,255 1.230 
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Table 2. The value of  og is 0.250• regardless of  metal ion 
species present in the sub-solution. By contrast the value of~,~ is 
different depending on metal ion species: that is, 0.3% for lead ions, 
0.277 for chromium ions, 0.4 t2 for calcium ions, 0.629 for copper 
ions, and 1.230 for zinc ions (Table 2). Thet~eby, the ionic composi- 
tion in the sample O, is related to the relative sensitivity o~, as fol- 
lows: 

�9 , - ( 2 )  

ttere, we a_ssumed that the relative sensitivity obtained from pure 
samples (acid or salt) preserve its values in the torture samples. A, 
in the numerator is the corresponding peak intensity in the mixtme, 
that is, the cart~wl band intensity (indicative of  acid form) when 
i-1 and the asymmetric carboxylate band intensity (indicative of  
salt form) when i -2  and 3, 

Surface ion adsorption to the stearic acid monolayer is presented 
in Fig. 11 against the lead concentration with a fixed calcium con- 
centration ( I(P M) at pH-5.5. At lower lead concenWations the mo- 
nolayer is largely in acidic form, partly with calcium salt. As the 
lead concentration increases, calcium ions are desorbed first from 
the monolayer and then protons while lead ions start to adsorb. ]-he 
half surface coverage of  lead ions is at the concentration of  ca. 3 
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Fig. 1 I. Ion adsorption data (symbols) compared to model calcu- 
lations (lines) for the calcium-lead binary system. 
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tG ~ M and the full coverage is at the concentration of  3 * 10 ~" M~ 
Similar trends are also observable for other systems as shown in 

Figs. 12-14. However, the characteristic values are quite different, 
that is, the concentrations for half and full coverages of  the coun- 
terpart ions are, respectively, ca. 1.5• 10 ~' M and 10 -~ M for the cal- 
cium-chromium system, 4 ,  10 ~ M and 5 < I0 -~ M for the calcium- 
copper system, and 3~ 10 ~-~ M and 10 -~ M for the calcium-zinc sys- 
tem. 
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Fig. 12. Ion adsorption data (symbols) compared to model calcu- 
lations (lines) for the calcium-chromium binary system. 

THEORETICAL MODELLING FOR 
SURFACE ION ADSORPTION 

To describe surface ion adsorption, we apply a model that con- 
siders competitive ion adsorption to a 2-dimensional charged mo- 
nolayer surface. The reaction of  competitive ion adsorption can be 
depicted by the followhag equilibria containing fauy acid and its 
complex with bivalent metal ions: 

R +H +- ~" RH 

2R-+A ~+' ~' ' R:A 

2R +B e+ :̀ *' :R,B (3) 

where l--l' denotes protons, and A 2' and B :~ denote metal ions. ~; ,  

Korean J, Chem. Eng.(Vok 18, No. 6) 
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K.,, and Kz indicate the colvesponding surface binding conslants. 
The system contah~s four different components i~ the monotayers: 
R- (deprotonated steafic acid). Rtl (stearic acid), KA (calcium salt}. 
and R,B (other metal salt). 1 le~vz we as.same that there exists the 2" t 
metal complex only. The ~nchrotron X-ray study [Bloch et al.. 1988] 
suggests that the number ratio of  adsorbed maatganese ions to stear- 
ate molecules is 0,5 at maximum. IItus. even if one pmsurnes I - 1 
complex, the number of  stem~te molecules is twice the number of  
metal ions at the complete surface coverage of bivalent ions. We 
also considePed the 1 �9 1 complexation into this model, but its effect 
was negligible. Hence. we consider the 2 : I complexation plausi- 
ble as far as the model fitting is in need. The above reaction equilib- 
ria correspond to the following equations using surface ion activities: 

a. =K.-a,.  a':: 
a, =K.l" ~" a '<, 
a =K, .~.a~. (4} 

where aH denotes the surface ion activity of  protons, aa and a~ &nole 
those of  calcium and other metal ion species adsorbed at surface 
lauice sites (R-), respectively, a, denotes that of  empty sires, a,). a~, 
and aij repivsent tJte sub-sa'face ion actMties a* the outer llelm- 
holtz plane, which differ ti'om the bulk ion activities due to electro- 
static interaction o f  charged monolayers with dissolved ions. Hence. 
we make u a  of activities instead of mole fractions in order to access 
nonideality in ion adsorption [Bloch et aL 1990: Ahn et al,. 1991 ]. 

The surface ion activities are obtained by applying the Ftory-ttug- 
gins model to the surface lattices. The area fiaction ~J, of  the com- 
ponent i in the Langmuir monolayers is defined a~ follows: 

~b,- p,n, or 4),-- ,P'Y' {5) 
ZP, n, EP, Y, 
~=.  ,= l ,  

w, here n, and y, indicate, respectively, the number of  surface ion spe- 
cies i and the surface mole fraction of i: p: is the parmneter of  sur- 
face a ~ g a t i o n ;  here p,=,p,#: t and p,=D:-.2 because bivalent metal 
ions occupy two stearate lattices. By introducing the Flory-Hug- 
gins binary intcwaction paraineter Z:, we can describe the interac- 
tion between adsorbed ions, hence the nonideal ion mNktg behaviors. 
]'he Gibbs energy_ of  mixing AG,,, considering the entIopy of mix- 
b g and ~e  encrgct/c interaction is derived as fo l lows/KumtK 19821: 

AG ' " 
K f  .... ~, . . . .  J.=.;: :+l 

where R is gas constant ,and T is the absolute temperature. When 
the Flory-Huggins binary interaction parameter)G is positive, it im- 
plies de-mixing of the two components. By contrast, negative non- 
ideality implies well-mixing. An equivalent expression of Eq. (6) 
for the aclivities is given in Eq. (7). 

,,,a n,< 

Among 7~,s, ~ .  ~,::. and Z~v, those which define interactions of  
H .  A-", and B e.. with unoccupied lattice sites (~,,sv.)bt4, and 7.,:.) 
are assumed to be negligible for simplification. With this assump- 

lion the actMties a<,, a~, a4. and as: m'e as follows; 

t 
[na,, =lnO,,-lny<, +~(0< +%) -Z::l%$~-X::.O.4).-~( .,$ ~$,, (8} 

[ 
hm.=lnf.+=,(0~ +(b.)+Z::.d I ~J: 10,+7`/::( I-0::}@,, 

Iria, = ln~?.~-(0,, +0:~1 
+ 2[Z.,,.4},,{ t -{b, ) -7`.,.r +)c,,~( 1-4).~){b.] ( [0)  

h- ia,=ln~:-((~ +{b.) 
+2[-): .,(l}.(b < -;(,,,,4}.( i -4}.) +7` :,,(L( i -4},,11 (~l~ 

where % indicates fhe surface ion activity coeflTcient ofcoriiponent L 
By  rearranging Eqs. (4) and (0)-(11 ). one can obtain the fol low- 

ing modified gangmuir isotherms for surface ion adsorption: 

1 *':g (12} 

% = K!(ai:exp( 1-7`. ~0, -X..0,, ) 
D {13} 

) K :<,4~,,<:xp! 1-2(7`. ~,, +7, ,.r 
-~ f3 ( b'll 

K:a O,,exp[l-2(7`:.O::+7` :.(I},)] 
:<= D . . . . .  ' - 115} 

where 

D = l +K.a):exp( -Z-,~b -7`:: %} 
+K ~a::b,,exp( 1-7<:,~0;: - 2 Z  J):,) 
+ K,,a~%exp( l - 2Z,,, % -2% ,:0 t ) 

Here, d?, indicates the surface coverage of  the component i in the 
Langmuir monolayers. 

"lt]e sub-surface ion concentrations, and herice the subsurface 
ion activities, are dependent upon electrostatic interacliol~ exerted 
by the charged portion (%) of the monolayer. To accommodate this 
effect the Gouy-Chapman diffuse layer equation [Shrauner, 1975; 
Adamson, I990] for the asymmetric 2 : 1 electrolyte solution is solved 
analytically with one dimensional electrical potential ~P(x) in the 
x-direction. 

L[- {FlfflJ(Xl ] @g. _s_(Tl:l k'2 
n--,a<,h , ,  (17t  

Here, C,~, C.(, C,, and C~; denote the bulk molar concentration of  
protons, calcium, other me~ai io~ species, and anions (C> =:Cu+2C,:+ 
2C,) in the sub-solution. I is the ionic stren~h of the aqueous sub- 
solution (C/::Cn+2C,+2Cei ~; is the inverse Debye length as defined 
by K:=:(2P'I/ecRT) where F is Faraday consiam, ~ is the dielectric 
constant of  water, and ~ is the permitt.ivity of  vacuum space. "P(0) 
is the surface potential at x=0. i.e,, the outer Helmhottz plane. Then 
the sub-surface ion concentrations are described as follows: 

vv R 7 C:: = C:;<,e ( 18} 
_> ~.722 

{-"i = C  ~,e " ( f9 )  
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Table 3. Parameter  values o f  ion species  
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Ion 
Electro- 

negativity 

Bulk Binary solution Pure solution 

Binding Binding Mixing Mixing Binding Mixing 
constant Ke constant K~ param eter)0~s param eter)~,.,,, constant K~. parameter X,, 

Pb:~ 1,8 4.36", 10 v 4.5 x 10" f.1 0.9 8.5 ~ lff' 0.78 
Cr > 1.6 2.57,, 10" 1,5x 10 ~ 1.2 0.9 7.5 "~ 10 r 0.14 
CU-" 1.9 1.32 "< 107 5.5 " 10 -~ 0.85 0.9 5.5 " 10 ~ 0.85 
Zn ~' 1.6 2.45- 10 ~ 6.0 \ 10* f.3 0.9 8.5,10 ~ 0.9 
Ca:" 1.0 9.0 • 10-' 1.5 x 10 e -0.76 1.5 > I 0 z -0.76 
H" 2.1 3.63 x 10" 

1 ) Parameters for calcium are prede|ennined from pure solution and used for model calculations for binary solutions. 
(2) Bulk binding constant of  protons K, is used fbr further calculations. 

2J- ~/no) 

( v =(.,~,,e ~2(t) 

Therefore, when the solution is dilute, the sub-surface ion activities 
are 

cj a~ =x; = CII;III +Z(~I t2tt 
t 

�9 (0) can be solved by using the surface charge densigv ~J-:~G(dW 
dx)!x ,, that is related to ~,, by the Graham equation which is c~=- 
-qF% [Bloch and Yun. 19901, where I~----20 A=/molecule. i.e., the 
MMA of  the close-packed stearate molecules at FI-35 mN/m. 

~ ( e - * - 7 7 - - 1  C~e :~" +C.~+C, (22) (j= qF0,, TM 

By solving coupled Eqs. (12)-(15), (22) and the Graham equation 
by an iterative method, one can obtain ~ ,  ~H, ~ ,  o~, q'(0), and 
with parameters K,,  K~, K,, 7#~, 7#,, and 7#,. 

Whereas Langmuir monolayers are partially charged @~ is less 
than ca. 0.1), collapsed film smnples are completely neutralized dur- 
ing the sampling procedure. Hence, we made a plausible correc- 
tion by introducing the assumption that the additional ion adsorp- 
tion is determined by the relative ion concentration in the diffuse 
layer. "l]len, the metal ion surface coverage O~ of the satnpled films 
can be given: 

+ n,K,F, 

where F, is the integrated ion density in the diffuse layer from x-O 
to lOk ~ 

F~ =s (',,,exp| n~ ux  (24) 
�9 k k~,:'f )'" 

Metal ion composition in the sampled film as calculated by Eq. (23) 
is now compared to that obtained by Eq, (2) through the FHR an- 
a l y s e s ,  

D I S C U S S I O N  

Filled results of this electrochemicabthem~odynamic model to 
the experiment data are indicated by lines in Figs. 11-14. "Ihe model 
includes six pa~meters K~, K.~ (or t4, o), K> g*~.~ (or 7o~, o), Z~, and 

Za~J (or X, ~:), Among these we choose IG and 7o~e as conlrol para- 
meters by considering the following aspects: All systems studied 
commonly contain protons and calcium ions and hence their chat'- 
acteristic values can be fixed plausibly for simplicity. Thus, the value 
of KH is fixed at a literature value of 3.63 y l(t' for the bulk due to 
lack of data for the 2-dimensional surfaces [Bloch and Yun, 1990]. 
K~ (or 1G ,) and 7v-u (o1" 7#~ ~) were predetermined through separate 
experiments for the proton-calcium system and they ate fixed at 
1,5,10 z and -0.76, respectively ~-tyun et at., 1997]. Among the 
remaining thiv-e parameters Z,, (or 7~ ;,3 is found to be little im- 
portant for model calculations. This is reasonable because calcium 
ions are merely adsorbed for the systems ~vestigated as the FFIR 
results manifest and the mixing characteristics ofcaldum ions with 
other metallic ion species are minimally hfluential. ~6,~,~ is deter- 
mined to be 0.9 through separate experiments for the calclumdead 
system at a higher p[ I of  8.9 at which protons are negligibly ad- 
sorbed. Then this value (.0.91 is also applied to other 7~ :,, paraaneters. 

Model calculations are strongly dependent upon changes in Ke 
and 7#> The former parameter determines the breakthrough point 
and the latter does the slope of the curve. The model fittings are in 
reasonable agreement with the experimental composition data. The 
results of  fiNng are summarized in Table 3. In the case of  the cal- 
ciumqead system, the value of lead ion binding constant (Kp~) is 
4.5 ~ 10" that is in the same order to that for the pure lead solution 
(8.5,~1&). The value of binary interaction parameter 7#,, is 1.1: 
that is somewhat increased from 0,78 for the pure solution, indicat- 
ing de-mixing is slightly enhanced in the presence of calcium ions 
though merely adsorbed. "lhe calcium-copper system shows the 
identical characteristics as the pure copper system. By contrast, the 
calcium-chromium system shows 14, ~ of  1.5< IO ~ reduced much 
by a factor of  500, compared to the pure chromium system. 7#,., is 
incredibly increased to 1.2 (de-mixing) from 0.14 (nearly ideal mi>  
ing). The calcium-zinc sy~c~n similarly shows Ke,, of  6.0~ 10 ~ re- 
duced by a factor of  ca. 10 and increased 7#~, of  f.30 from 0.90. 
As a result, by adding merely adsorbing calcium ions into the sul> 
solution, surface ion binding is inereashgly suppressed in the order 
of lead. zinc, and chromium, interestingly, copper and lead of which 
bindings are less aflhcted have higher Pauling electronegativities of  
1.9 and 1.8, respectively, while zinc and chromium of which binding 
is much suppressed have a lower electronegativity of  1.6, which is 
closer to 1.0 for calcium. It might be inferred that the addition of 
low electmnegative calcium makes protons more strongly bound 
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to the surface when low electronegative metallic ionic species are 
competing. Although rigorous chemical analyses need to be done 
fitrther, ion adsorption from muiticompment ionic solutions to acidic 
Langmuir monolayers can be quite different from the case of  pure 
ionic solutions and the eleetronegativities of  the metallic species 
involved play a role, at least for the systems investigated. 

C O N C L U S I O N S  

The capaNlity of  the closely packed stearic acid monolayer sur- 
faces for separation of toxic metal ions out of  binary ionic solu- 
lions such as calcium-lead, calcium-chromium, calcium-topper, and 
calcium-zinc aqueous systems was evaluated both empirically and 
theoretically. The affinities of  the monolayer films to toxic metal 
ions were analyzed by using Fourier transform infrared spectro- 
scopy. A model considering both the electrochemical and thermo- 
dynamic aspects was also applied to quantify the surface ion affinities. 
As a result, surface binding constants were found to be 4.5x 10', 
for lead ions, 1.5, t(t' for chromium ions, 55 ,~ 10 ~ for copper ions, 
and 6 ~ 10 ~ for zinc ions, respectively, at pH-5.5. Lead, chromium, 
copper, zinc ions were separated more efficiently from the mixed 
ionic solutions by the factol~ of ca. 30,000, 10,000, 3,700, and 400, 
respectively, compared to calcium ions of  which binding constant 
[s 1.5, I0 ~. Interestingly, when compared to corresponding pm~e 
ionic systems, copper and lead ions were s~arated as much, while 
chromium and zinc ions were less by the factor of  500 and 50, re- 
spectively. It can be concluded thal surface ion binding capability 
for binary ionic solutions can be much difli:rent from that for pure 
ionic solutions. 
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N O M E N C L A T U R E  

a, : activity of  vacant lattice site 
a, : activity of  component i in the monolayer ( i-1,  2) 
a;" : solution ion activity at sub-surface (outer llelmholtz plane) 
C, : bulk ion concentration, M [mol/Ll 
C;' : surface ion concentration at interracial diffuse layer (x-'0), 

[MI 
CA : total bulk concentration of  anions [M] 
AG,,, : Gibbs free energy of  mixing per molecule [J] 
F : faraday constant [96,500 C/moll 
1 : ionic strength of  aqueous sub-solution [M1 
K, : ion adsorption (or binding) constant, dimensionless 
n, : number of  molecules of  component i in the monolayer 
p, : degree of  aggre~tion of  component i in the monolayer 
q : electron charge = 1.602 .. 10- ~'' C 
R : C H_~(C l--f_JnCOO 
T : absolute temperature [K] 
x : coordinate of  one-dimensional diffuse layer 
x; : mole fraction of t  ion at sub-surface 
y, : mole fraction of component i at monolayer surface 
z : valency of  ion 

Greek Letters 
c~ : relative sensitivity 
[3 : function definition 
F : surface density of  the surfactant monolayer in the Iiquid 

condensed state; Y" ~-0.2 nm-'/molecule 
E : surface density of t  ion in the diffuse layer [mol/m:] 

: activity coefficient of  component i in the monolayer 
e : dielectric constant of  water 
e,, : permitivity of  vacuum 
~ : Debye length [m] 
lu : contribution from dipolar orientation to the measured sur- 

face potential 
v : number of  the nearest neighbors to a give lattice 

: surface charge density of  the monolayer 
O~ : area fraction of  component i in the LB film 
~, : area fraction of component i in the Langmuir monolayer 
)G : Flory-ttuggins binary, interaction parameter 
qJ(x) : surface potential due to electrostatic interaction [VI 
~P,, : surface potential at x=0 
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