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The adsorption behavior of ferrocyanide and ferricyanide to-
ward aluminum oxide with a 0.01 M NaClO, background electro-
lyte at 25°C was investigated. Results obtained from different pH
values demonstrated that the adsorption of these complex ions
could be described by a modified Langmuir isotherm in the concen-
tration range 0.5 X 10* to 4 X 10~* M. This modified Langmuir
isotherm developed here could accurately predict the equilibrium
partition between solid and liquid phases while taking proton com-
petition into account. Also, the apparent equilibrium constant
(K?®P) derived from the Langmuir equation for ferrocyanide or
ferricyanide adsorption on aluminum oxide was compared with
the intrinsic constant (K™) calculated by triple-layer model simu-
lation. This comparison revealed a strong correlation between the
apparent equilibrium constant and the intrinsic constant. More-
over, in comparing K#® with K™, we can infer that the adsorption
of either ferrocyanide or ferricyanide complexes onto aluminum
oxide is achieved through outer-sphere complexation. o© 199
Academic Press, Inc.

Key Words: Langmuir model; triple-layer model; ferrocyanide;
ferricyanide.

INTRODUCTION

Adsorption phenomena involving inorganic ions and or-
ganic acids on hydrous oxides of auminum, iron, manga-
nese, and silica have been studied for the past three decades.
More specifically, related topics including the effects of pH
(1, 2), structura identity (3, 4), ionic strength (5-7), tem-
perature effect (8, 9), and the nature of the adsorbent (10,
11) on the free ion adsorption have been extensively investi-
gated. However, complex ion adsorption has received only
limited attention.

Cyanide released from the industrial sector forms com-
plexes with metal ions, e.g., iron, zinc, and nickel. Com-
plexations readily occur since cyanide ions acting as strong
ligands bind with metal ions to form metal—cyano com-
plexes, thereby atering their original stability and toxicity.
Although some metal —cyanide complexes, i.e., ferrocyanide
[FE(CN)¢ ] and ferricyanide [Fe(CN)3 ], are less toxic
than cyanide, they are not thermodynamically stable due to

1 To whom correspondence should be addressed.
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their dow decomposition kinetics under general soil condi-
tions (12). When these complexes are exposed to light, free
cyanide is released from the molecules by light irradiation
(13). Therefore, in this study, two complex ions, ferrocya-
nide and ferricyanide, have been investigated with respect
to their adsorption on the y-Al,Os/water interface.

For the oxide/solution interface, the surface charge and
potential gradient decrease with increasing distance from
the interface to the solution phase. The concept of solution
coordination chemistry is generally applied in describing
adsorption of ions at the oxide/ solution interface. Thetriple-
layer model (TLM) developed by Hayes and Leckie (14)
alows metal ions and anions to form an innersphere com-
plexation at the surface layer (o-plane) or an outer-sphere
complexation at the compact layer (5-plane) (15—-17). This
model aso alows counterions to accumulate in a diffuse
layer (d-plane) and a compact layer (5-plane). Conse-
quently, a program, HYDRAQL (18), was developed to
correlate the adsorption datawith the triple-layer model con-
cepts.

In addition to the TLM approach, a modified Langmuir
model is devel oped here to describe the adsorption character-
istics of ferrocyanide and ferricyanide onto y-Al,O; while
taking proton competition into account. Based on theoretical
assumptions, the apparent adsorption constant in the Lang-
muir model and the intrinsic surface complex constant in
the TLM approach are differentiated by an electrostatic
charge factor [exp(VPF/RT)]. Kanungo (19) has suggested
that the intrinsic constants are correctly estimated, if by com-
paring constants from the Langmuir isotherm and TLM, it
can be determined whether inner-sphere or outer-sphere
complexation occurs during the interaction between the ions
and the oxide surface. The intrinsic constant seems to be
higher than the apparent adsorption constant by an electro-
static term of the potentia if the overall adsorption reaction
is mostly contributed by the inner-sphere complexation. Ac-
tually, the competition of anions and cations with oxides for
H™ or OH ™ ions allows the apparent adsorption constant in
the Langmuir model to alter with the pH value. Therefore,
the apparent adsorption constant in the Langmuir mode! is
only available for comparison with the intrinsic constant in
the surface complex model under low adsorption coverage
and acidic conditions (20, 21).
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Ferricyanidefailstobind withH™", even at pH 1; however,
ferrocyanide can bind with H*, with two acidic constants,
pKa1 = 2.2 and pK,, = 4.1 (22). Hence, this study describes
the differences in adsorption behavior of -Al,O; for those
complexes which possess equivalent stereostructure but non-
equivalent proton-binding capacity. The apparent adsorption
constant, derived from the modified Langmuir equation, can
be provided as a parameter for TLM simulation by HY -
DRAQL. Simulation results show whether inner-sphere or
outer-sphere complexation is the major type for ferricyanide
or ferrocyanide adsorption onto y-Al,O;. This study at-
tempts to (a) investigate the proton effect on the adsorption
of ferrocyanide and ferricyanide by the aluminum oxide—
water interface, (b) derive a thermodynamic equilibrium
constant from the Langmuir model while taking proton com-
petition into account and then compare it with the intrinsic
constant in TLM, and (c) determine the probable type of
interaction between complexes and the oxide interface.

EXPERIMENTAL

Materials

Aluminum oxide (y-Al,Os) (purity 99.6%; supplied by
Japan Aerosol Co.) was used in this study. The oxide size
produced was smaller than 1 um and apparently uniform.
Aluminum oxide was pretreated to increase its purity using
the procedure suggested by Hohl and Stumm (23): 0.1 N
NaOH was used to dissolve impurities on the oxide (i.e.,
SiO,), followed by washing the oxide with distilled water
several times to remove excess salts. Finally, the solid was
dried overnight in an oven at 103°C. Stock solutions of
K4Fe(CN)s and KiFe(CN)g from the Riedel de Haen were
prepared without further purification.

Batch Adsorption

Batch adsorption experiments were performed by transfer-
ring the aluminum oxide into 125-ml polyethylene bottles
containing appropriate amounts of NaClO, and Milli-Q dis-
tilled water to yield the desired solid concentration and an
ionic strength of 1 x 1072 M. During the first 1 h, pH
adjustments were made with HNO; or NaOH and the solids
were shaken during this time. After 1 h, a given amount of
K4Fe(CN)s or KsFe(CN)s was added and mixed with the
suspension and the pH was readjusted. After pH adjustment
to values from 3 to 10 (with HNO; or NaOH under nitrogen
atmosphere), the samples were shaken over a reciprocating
shaker for 24 h at 25°C. At the end of this time, the suspen-
sion pH was measured and the solid was separated by mem-
brane filtration with a 0.45-um filter. Filtered supernatant
was anayzed for residual Fe(l1) or Fe(ll1) by flame atomic
absorption spectroscopy on a Shimadzu 680 spectrophotom-
eter. To investigate the possible release of free cyanide dur-
ing adsorption, the concentration of free cyanide in the fil-
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tered supernatant was analyzed via polarography (Metrohm
Model 693) using the method of differential pulse voltam-
metry. The half-wave potential for cyanide was —0.24 V in
the 0.1 M KOH solution. It was found that CN ~ was absent
in the solution. Next, the effects of surface loading on ad-
sorption were investigated by varying the initial iron—cya-
nide complex concentrations between 5 x 107° and 4 X
10~* M, while all other conditions were kept constant.

MODEL DEVELOPMENT

The sites of oxide surface with the protolysis reactions of
the hydroxyl group may be simulated as a surface ionization
model (24). Electrolytes in a solution can form ion pairs
with protonated or deprotonated hydroxyl groups on the sur-
face. Thetriple-layer model follows that devel oped by Hayes
and colleagues (14), in which the amphoteric ionization
reaction on the surface of y-aluminum oxide can be de-
scribed as

AIOHZ = AIOH + H*

o [AIOH][H"] _U,F
Kal = T AIOH: ] eXp< RT)

and
AIOH = AIO* + H*

o A0 U] i)
2= "a0H] P\ TRt )

where R is the gas constant, F is the Faraday constant, and

N and K™ are considered the first and second intrinsic
acidity constants of the y-Al,O; surface. To account for the
adsorption of the counterion, Y ates et al. (25) proposed that
nonspecific ion pair adsorption occurs at the charged sites
as described below,

AIOH + Na" = AIO” — Na* + H*

im _ [AIO” — Na'][H"] (¥p — Wo)F
K. = [AIOH][Na'] eXp{ RT }

AIOH + H* + CIO; = AIOH*" — CIO;

K, = [AIOH" — (_ZIO;] ox {(\IJO - \Ifﬁ)F} ,
[AIOH][CIOZ]1[H"] RT

where ¥, and W, are the o-plant and S-plane electrostatic
potential (V), respectively, and K{Jt, and Ko, are the
surface complexation constants of background electrolytes
Na* and ClIO;, respectively.

Two types of chemical bonding, i.e., coordination (located
at the o-plane) and ion pair (located at the S-plane), are
initially assumed in the HY DRAQL simulation. Thissimula-
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TABLE 1
Parameters of the Triple-Layer Model for y-Al,Os

Specific surface areas (m?/g) 118
Site density (site/nm?) 13

Capacitance C,, C, (uF/cm?) 140, 20
log Kit log K% 72,95
log Kitt, log Ko, 91,82

tion for adsorption edges at different pH values for various
ferrocyanide or ferricyanide concentrations includes known
vaues of C;, C,, N,, Kt Kint Kt —and Kift, . The
surface acidity and surface complex constants used in the
modeling are pKit = 7.2, pKI% = 9.5, and pK{J, = 9.1 as
previously determined by Hohl and Stumm (23); pK&o,-
is assumed to be equivalent to pK&- (=8.2). The value of
N; for oxide must first be specified in the HY DRAQL pro-
gram and is determined according to

N = SN 1018 (molliter),

where

C = concentration of aluminum oxide solid (g/liter)
Ay, = specific surface area (m®/g)

N, = site density (site/nm?)

N = Avogadro’s number (6.02 X 10%/mol).

The specific surface are of aluminum oxide (Ay,) as mes-
sured by the BET method was 118 m?/g, which is similar
to the results of Hohl and Stumm (23). Also, their recorded
side density was 1.3 OH groups/nm?. For the capacitance
of C, and C,, Zhang et al. (26) found that the optimum
correlations for the acid—base titration data of Schulthess
and Sparks (27) were C, = 1.4 uF/m? and C, = 0.2 uF/
m2. Table 1 gives the rule sheet for the triple-layer model.

RESULTS AND DISCUSSION

Modified Langmuir |sotherm

The simple Langmuir form is expected to hold for a clean,
smooth, nonporous surface, showing reversible, physical ad-
sorption of a pure solute. The auminum oxide surface is
an adsorbent capable of adapting to the conditions that the
Langmuir theory expects. Ferrocyanide and ferricyanide pos-
sess high valence numbers. That is, a situation in which
adsorption occurs uniformly over the aluminum oxide sur-
face causes the colloid surface to be more negatively
charged, and subsequently interferes with anion adsorption
on the surface. Moreover, stable iron—cyanide complexes
maintain their dissolved condition regardliess of an increase
in concentration. Therefore, the adsorption of an iron—cya-
nide complex on the surface can form only a monolayer
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coverage as assumed by the hypotheses of Langmuir iso-
therm. Thus, ferricyanide or ferrocyanide adsorption on alu-
minum oxide surfaces may be described by an individual
step as

AIOH + mH* + Fe(CN)? =
AIOH; — Hy_1Fe(CN)&™D~  [1]

_ [AIOHZ — Hm,lFe(CN)g"‘m“"]
~ [AIOH][H*]"Fe(CN)2]

app

[2]

where n, equal to 3 and 4, represents ferricyanide and
ferrocyanide, respectively, and K*® is the apparent ad-
sorption constant. As previously mentioned, the ferrocya
nide (Fe(CN)¢) ion can form conjugate acids, i.e.,
HFe(CN)Z™. It has been adso suggested that ferricy-
anide (Fe(CN)3") has no evidence for the formation of
conjugate acid above pH 1 (22). Therefore, the m values
in Eg. [1] for ferrocyanide and ferricyanide are defined
as 2 and 1, respectively. In a simplified plot form, Kur-
batov and colleagues (28) plotted log[AIOHZ — H,, -1
Fe(CN){™D-1/[Fe(CN)2"] vs pH. The dope of this
curve provides insight into m. However, the data must be
interpreted carefully since m varies with pH and may vary
with the adsorption coverage (29). For an exact analysis of
the proton stoichiometry, Langmuir theory alows the m
value to be an integral.

Cs, Cs, and C- ae rggreset [AIOH; — H,,_.Fe
(CN)§™D~1, [AIOH], and [Fe(CN)g ], respectively. Also,
C: is equivdent to the combination of Cy and Cr with a given
molar concentration of the Fe(CN)g~ solution. Equation [2]
can then be rewritten as

K®CCr[H*]™
Cs = 3
F 14+ KPCJH™ 3]

and

CS = CMax - CSF1 [4]

in which Cy,, represents the maximum vaue of Cs-. Com-
bining Egs. [3] and [4] yields

 K®PCCypfH]™
1+ K®CJH ™

(5]

SF

By using a double-reciprocal plot (Langmuir plot), i.e.,
Cr/Cg Vs Cg, Eq. [5] can be rearranged as

[N S
Cses  KFCuu[H']™  Cua

Cr. [6]

In this plot, Cy.c and K#*® can be obtained from the inter-
cept and slope of the plot for fixed pH. Figures 1a and 1b
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FIG. L

illustrate the Langmuir plots for ferrocyanide and ferricya-
nide adsorption isotherms on the y-Al,O; surface at three
pH values. The best fit of these plots has been conducted
with linear regression to obtain Cy., and K*° vaues as
listed in Table 2. The resultsindicate that adsorption capacity
(Cwua) Values range from alowest value of 6.35 x 10° for
ferricyanide at pH 8 to a highest value of 1.83 x 10°*
for ferrocyanide at pH 5. The table also indicates that Cya
decreases with pH, which may be explained by the evidence
that surface protonation increases with a decrease in pH.
This increase results in more positively charged sites on
the surface, thereby enlarging the attraction force existing
between aluminum oxide and adsorbate. This enlarging of
the adsorption force has originated from a large valence
number of ferrocyanide which can conjugate with the proton
located at the interface through hydrogen bonding. There-
fore, the adsorption capacity of ferrocyanide is higher than
that of ferricyanide at the same pH as listed in Table 2.

TLM Modeling

Figures 2 and 3 summarize the effects of pH, ranging
from 4 to 10, on the adsorption of ferrocyanide or ferricya
nide with three different concentrations onto the aluminum
oxide surface. Figures 2a and 2b represent the pH edges for
ferricyanide adsorption fitted by the TLM simulation with
outer-sphere complexation and inner-sphere complexation,
respectively. Figures 3a and 3b are also the pH edges but
for ferrocyanide adsorption fitted by TLM simulation with
outer-sphere complexation and inner-sphere complexation,
respectively. From these results, adsorption capacity percent-
ages of ferrocyanide and ferricyanide anions decrease with
increased pH.

According to the assumptions of the triple-layer model,
cations or anions if present in the solution are allowed to
form surface complexes at either the o-plane (inner-sphere
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Langmuir plots for (a) ferrocyanide and (b) ferricyanide adsorption isotherms on the y-Al,O; surface at three pH values.

complexation) or the S-plane (outer-sphere complexation).
Surface reactions of ferrocyanide [Fe(CN)& ] or ferricya-
nide [Fe(CN)3"] on the 3-plane may include

AIOH + Fe(CN)Y + H* = AIOH?" — Fe(CN)I~

exp{ [Wo —R_Ir_“I’ﬁ] F}

[Wo — NPy F}
RT

(7]

[AIOH?" — Fe(CN)Z |
[AIOH][Fe(CN)§ ][H"]

int __
Fel —

= K?;Pexp{

AIOH + Fe(CN)™ + 2H* = AIOH?* — HFe(CN)§" -
[8]

i _ [AIOH?* — HFe(CN){ ]

2 [AIOH][Fe(CN)Z ][H*]?

[Wo — (n— 1)Wy]F
RT }

X exp{

Surface reactions at the o-plane may include

AIOH + Fe(CN)3™ + H* = AIF(CN){ D~ + H,0 [9]

eXp{—(n ?KI})\IIOF}

[AIFe(CN){ D]
[AIOH][Fe(CN)g ][H"]

int  __
Fe3 —

—(n— 1)Y,F
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TABLE 2
Cmax and K*P Values of the Langmuir Model for Ferrocyanide
and Ferricyanide Adsorption at Three pH Values

Ferrocyanide Ferricyanide

CMax CMax
pH (mol/liter) K(@mol™ pH (mol/liter) K (I mol™)
6 167 x 10* 322 x 10*® 5 183 x 10*  7.22 x 10%
7 1.23 x 10*  8.16 x 10" 6 142 x 10* 1.81 x 10"
8 6.35 x 10°°  7.97 x 10%® 7 6.50 x 10°  6.38 x 10"

AIOH + Fe(CN)3™ + 2H* =
AIHFe(CN)§" 2~ + H,O [10]
w _ [AIHFe(CN)& 2] exp{_(n_ 2)\1/0F}

P [AIOH][Fe(CN)2 ][H*]? RT
_ K?eﬁexp{_(n - 2)\IIOF} .
RT

Severa studies have suggested that the equivalent Lang-
muir adsorption constant (K®*) is typically different in a
large order from the surface complex formation equilibrium
constant (K'™) (30, 31). Stumm (32) hasindicated that K™
can be converted into K*®. Therefore, in this study, the
average equilibrium constants calculated from the result of
Table 2 (K*® = 102 for ferricyanide and 10*° for ferrocy-
anide) were used as K™ in Egs. [ 7] —[10] of the triple-layer
model. Owing to the failure of proton binding, ferricyanide
adsorption at the interface requires Egs. [ 7] and [ 9] to repre-
sent only outer-sphere and inner-sphere complexation. Ac-
cording to the pK,, of ferrocyanide (=4.1), a more acidic
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environment occurs at the interface than in the bulk. Hence,
pHs (pH at the interface) is different from pH measured in
the bulk (pHy). That relationship can be expressed as

el
He = pHp + —— ,
P PP * 53T

where k is Boltzmann's constant. At a typical ¥ vaue of
200 mV, a difference of 3—4 pH units between pH, and pH,
is possible (33). Therefore, Egs. [8] and [10], involving a
proton conjugated with the ferrocyanide complex, are two
reasonable equations for expressing outer-sphere and inner-
sphere complexations.

As known, K* and K™ are differentiated by an electro-
static charge factor (=exp(VF/RT)). A comparison of the
intrinsic constant and the apparent constant provides further
insight into understanding whether inner-sphere or outer-
sphere complexation occurs in the adsorption. The Kt and

™ of y-Al,O; are 7.2 and 9.5, respectively, as listed in
Table 1. The calculated pHp,. of y-Al,O5 by taking the aver-
age of pK! and pK % is 8.35. Because anion adsorption can
result in a decrease in pH,,. (34), pH,. can possibly drop
into the pH range (i.e., 6 ~ 8) of the iron—cyanide adsorp-
tion experiment. Therefore, such an operational pH similar
to pH,, causes a small electrostatic charge factor and K*?
can be assumed to be close to K'™. As a result, an average
of K# in Table 2 provides a substitutive parameter for K™
in the TLM simulation with HY DRAQL.

Figures 2a and 2b display the TLM results simulated by
using two types of surface complexation as suggested in
Egs. [7] and [9]. The solid lines shown in Fig. 2a were
obtained by applying HY DRAQL under the assumption of
the outer-sphere complexation (Eq. [ 7]). Figure 2areveals
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HYDRAQL simulation of adsorption edges of ferricyanide as a function of pH with log K'™ = 11.3: (&) outer-sphere and (b) inner-sphere

complexation. Initial ferricyanide concentrations: () 1 X 10™* M; (A) 2 X 107* M; and (@) 3 X 107* M.
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HYDRAQL simulation of adsorption edges of ferrocyanide as a function of pH with log K'™ = 19.8: (a) outer-sphere and (b) inner-sphere

complexation. Initial ferrocyanide concentrations: (M) 1 X 10™* M; (A) 2 X 10™* M; and (®) 3 X 10™* M.

a sufficient correlation of simulation results with the experi-
mental data. In contrast, under the assumption of inner-
sphere complexation asin Eq. [ 9], the simulation results of
the adsorption percentage are higher than the experimental
results (Fig. 2b). According to the formulus of K'™ in Eq.
[9], asmaller assumption for K™ may obtain a better corre-
sponding result. However, attaining a K'™ lower than K*?
is impossible, since, under the assumption of inner-sphere
complexation of ferricyanide, a negative potential occurs on
the o-plane, which indicates a positive electrostatic charge
factor. The positive factor represents a K'™ larger than K#,
thereby implying an impossible occurrence of inner-sphere
complexation. Therefore, the mechanism of ferricyanide ad-
sorption on the y-aluminum oxide surface is obviously con-
tributed by the outer-sphere complexation.

Figures 3aand 3b illustrate the pH-edge results of ferrocy-
anide adsorption. The data were also correlated by applying
HYDRAQL under the assumption of outer-sphere complex-
ation (Eq. [8]) and inner-sphere complexation (Eqg. [10]).
Figure 3a confirms a sufficient correl ation between simulated
and experimental results. As with ferricyanide, an average
apparent constant of ferrocyanide (K*® = 6.31 x 10%°, see
Table 2), used as a substitute for the intrinsic constant (K™)
in HYDRAQL with the assumption of outer-sphere com-
plexation as described in Eq. [8], can accurately describe
experimental data. From the above considerations, we can
conclude that the adsorption of the ferrocyanide ion on the
v-Al,O; surface is an outer-sphere reaction. Figures 4a and
4b summarize the simulation results on model prediction by
increasing the intrinsic constant from 6.31 x 10" to 1.26
X 10?'. These figures suggest that the TLM provides a rea-
sonably good prediction of K™ at 1.26 X 10%. The results
also demonstrate that the value of ¥, — 3, can be deter-

mined by In K™ — In K*. The ¥, — 3¥, value is 0.0768
V, which is in the range of results listed in Table 3.

As indicated in the previous section by both the fitting
results indicated and the discussion regarding electrostatic
charge factor, outer-sphere complexation is clearly the only
adsorption behavior for either ferricyanide or ferrocyanide
on the oxide. The experimental values of the apparent equi-
librium constant (K®®) at various pH values can be faculta-
tive in distinguishing between inner- and outer-sphere com-
plexes. Table 2 indicates that K* increases with pH. How-
ever, thevalue of K™ isindependent of pH from atheoretical
perspective. Therefore, the values of (In K™ — In K#P)
decrease as pH increases, thereby implying that the value of
(Wo — 3W,) decreases as pH increases. This occurrence can
be verified with respect to the results as indicated in Table
3. That is, under data simulated by HY DRAQL, the surface
potential decreases as pH increases for three concentrations
of iron—cyanide.

Table 2 also reveals only a dight pH effect on the K#°
for the ferricyanide adsorption. However, the Langmuir
model failsto account for the change in the extent of adsorp-
tion which occurs when the aqueous phase composition is
atered in pH. However, the extent of ion adsorption is mark-
edly affected by pH. This effect is attributed to the fact that
both the surface acidity and the hydrolysis of the ions are
pH-dependent. Therefore, changing the pH values may aso
ater the number of positive charge sites of metal oxide and
complex ions. A comparison of TLM and the Langmuir
model revedls that the major advantage of the TLM is its
consideration of the proton effect for adsorbent, adsorbate,
and surface charge effect. Therefore, the apparent equilib-
rium constant calculated with the Langmuir model simula-
tionistheoretically quite different from the intrinsic constant
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FIG. 4. HYDRAQL simulation of adsorption edges of ferrocyanide as a function of pH with log K™ = 21.1: (a) outer-sphere and (b) inner-sphere
complexation. Initial ferrocyanide concentrations: (l) 1 X 10™* M; (A) 2 X 107* M; and (@) 3 X 107* M.

determined by TLM simulation. However, in this study, a
close correction between apparent equilibrium constants
(Table 2) and the intrinsic constant for either ferrocyanide
or ferricyanide adsorption on the aluminum oxide surface is
obtained. This result may be accounted for by the following
reasons. (a) The modified Langmuir equation used in Eq.

TABLE 3
Surface Potential of Aluminum Oxide in the Presence of
Ferricyanide or Ferrocyanide Adsorption®

Initial concentration pH W, 2 U, — 30,
Ferricyanide
1x10*M 5 0.138 0.0328 0.0396
6 0.090 0.0096 0.0611
7 0.048 —0.00147 0.0522
2x 10*M 5 0.1220 —0.0031 0.1313
6 0.0833 —0.0075 0.1057
7 0.0444 —0.0107 0.0765
3x10*M 5 0.1180 —0.0112 0.1516
6 0.0427 —0.0133 0.1210
7 0.0427 —0.0152 0.0883
Ferrocyanide
1x10*M 6 0.0853 —0.0022 0.0919
7 0.0388 —0.0253 0.1147
8 0.006 —0.0175 0.0585
2x 10*M 6 0.0661 —0.0522 0.2227
7 0.0338 —0.0388 0.1502
8 0.0033 —0.0241 0.0756
3x10*M 6 0.0628 —0.0608 0.2452
7 0.0320 —0.0441 0.1643
8 0.0018 —0.0277 0.0849

@ Potential unit, volt.

[1] includes the proton in the overall reaction. (b) When the
acidic conjugation constant is considered, ferricyanideis till
stable with H* ions even at pH lower than 1. Therefore, the
m value in Eq. [1] or [2] is independent of pH and can be
defined as 1. It is a particular phenomenon not having oc-
curred on an anion. Conversely, ferrocyanide with a pK,, of
4.2 has a high likelihood of causing competition of protons
at the interface with the oxide. Hence, the pH effect on the
m value for the ferrocyanide is more significant than that
for the ferricyanide, thereby resulting in a more significant
pH effect on K#® for ferrocyanide. This assumption can be
verified according to the results in Table 2 and can aso
provide a reasonable explanation for the better correlation
in Fig. 2a than in Fig. 3a. (c) As aready mentioned, the
apparent equilibrium constant is aimost equivalent to the
intrinsic constant if the solution pH value is near the pH,.
of aluminum oxide. More specifically, anion adsorption by
the oxide can result in a significant decrease of pH,.. In
this study, the pH, is dropped from 8.35 to lower pH values
during the adsorption of iron—cyanide. Therefore, the re-
sulting pHy.c was in the range of the experimental pH,
thereby resulting in a close correlation between the apparent
equilibrium constant and the intrinsic constant (35).

CONCLUSION

The results in this study have demonstrated that the con-
centrations of protonated surface hydroxyls and adsorption
capacities of ferrocyanide and ferricyanide decrease as pH
increases. A modified Langmuir isotherm developed here
could accurately predict the equilibrium partition between
solid and liquid phases at adsorbate concentrations lower
than 4 x 10~* M. The apparent equilibrium constants in-
crease with pH, thereby implying that the values of the elec-
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trostatic charge factor (¥, — 3¥,) decrease as pH increases.
While considering the acidic conjugation constant, ferricya-
nide remains stable with H* ions even at a pH lower than
1, thereby resulting in a significantly lower pH effect on
the K#® for the ferricyanide. On the contrary, the natural
promotion in adsorption capacities of ferrocyanide is attrib-
uted primarily to the stronger lateral interactions exerted for
ferrocyanide conjugated with H™ at the y-aluminum oxide
surface to form hydrogen bonding.

Under the assumption of outer-sphere complexation, the
triple-layer model, with the Langmuir adsorption constant
substituted for the surface complex formation equilibrium
constant, can closely simulate the pH edge of ferrocyanide
and ferricyanide adsorption by vy-aluminum oxide. The
Langmuir adsorption constant is found to be of the same
order as the surface complex formation equilibrium constant.
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