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Ferrocyanide and ferricyanide ions have strong coagulation
ability in a natural water system due to their high valences. Studies
with aluminum oxide turbid waters showed significant differences
in coagulation between simple ions (Cl-, SOJ~, Fe(CN):~
Fe(CN)¢™) and other species (H,PO;) that interact chemically
with the oxide surface. The evidence suggested that the adsorption
of ferrocyanide and ferricyanide on aluminum oxide surface is an
outer-sphere reaction. The linear relationship between the loga-
rithm of the significant coagulation concentration and Schultz—
Hardy ratios indicated that the coagulation obeyed the DLVO
rule. Therefore, it is concluded that the coagulation of aluminum
oxide by ferrocyanide and ferricyanide is essentially caused by
compression of the electric double layer rather than by charge
neutralization. © 1999 Academic Press
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INTRODUCTION
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whereR is the gas constarf, is the Faraday constant), is the
oxide surface potential, artdl; andK 2 are the first and second
intrinsic acidity constants of the alumlnum oxide surface. Surfac
charge and potential difference decrease with increasing distar
from the oxide—solution interface to the solution phase. The ac
sorption of ions at the oxide—solution interface is commonly
described by solution coordination chemistry. The triple laye
model (TLM) developed by Hayes and Leckie (4) allows meta
ions and anions to form an inner-sphere complexation at tr
surface layer or an outer-sphere at the compact layer (5-7). O
previous work (8, 9) concluded that the adsorption of ether fel
rocyanide or ferricyanide complexes onto aluminum oxide in

Adsorption phenomena of inorganic ions and organic acidhide following equations:

on hydrous oxides of aluminum, iron, manganese, and S|I|r]‘.%
. e reactions in the outer-sphere complexation may include
have been studied for over three decades. However, mos

research involved simple ions rather than complex ions. Cya-

nides released from factories readily form complexes with AIOH + Fe(CNE™ + H™ < AIOH*"— —Fe(CN}~  [3]
metal ions, e.g., iron, zinc, and nickel, which are less toxic than

the original cyanides. These metal-cyanide complexes, |%n

ferrocyanide [Fe(CN)] and ferricyanide [Fe(CN)], can

slowly decompose when exposed to light under general soMlOH + Fe(CNR™ + 2H* <> AIOH?*"— —HFe(CN}'™ ",

and water conditions (1, 2) and release the free cyanide back to [4]
the environment. The amount released depends upon the sta-
bility of the complex ions in soil, which rely greatly upon theThe reactions in the inner-sphere complexation may include
adsorption on soil.

The protolysis of the hydroxyl groups on aluminum oxide A|OH + Fe(CN}™ + H* < AIFe(CN)" V™ + H,O [5]
surface may be simulated as a surface ionization model (3).

The equilibrium reactions can be set up as and

AIOH + Fe(CNR™ + 2H" < AIHFe(CN)? 2~ + H,0, [6]

AIOH} < AIOH + H* KM=

[AIOH][H"] exp(

~WF
[AIOH;] )

RT

[1] in which n equals 3 or 4, representing the charge of ferricya
nide and ferrocyanide, respectively.
The most representative mechanisms of the destabilizatic
' To whom correspondence should be addressed. Fax: 886-3-57259580f colloids are electric-double-layer compression, adsorptio
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and charge neutralization, enmeshment, and interparticle bridg- 100
ing. lons induce coagulation in two ways: (1) Inert electrolytes,
ions that are not specifically adsorbed, compress the double
layer and thus reduce the stab?lity of the collo'iql (e.g., ions thafs 80 ! Fe(CN)&™
form outer-sphere complexation); (2) specifically adsorbeds
ions reduce the surface charge directly (e.g., species that forls;ﬁ
inner-sphere complexation).
According to the empirical valence principle of Schultz and=z,
Hardy (10), critical coagulation concentration (CCC) is pro-= 30
portional toz™° for inert electrolytes. After simplification, the 40 Ny
CCC of mono-, di-, tri-, and tetravalent ions vary in the ratio of+ Fe(CN)s
10000:156:13.7:2.44. The specifically adsorbable species 30
however, is able to coagulate colloids at lower concentratiorf ,,
and redispersion may occur at higher concentration. Therefor€;
by assessing the coagulation profiles of various ions, we can 10
distinguish the inner-sphere adsorption from the outer-sphere
adsorption. Electrolytes affect the stability of particles by vary-
ing the surface potential and charge through chemical bonding
to the surface (i.e., inner-sphere adsorption) or compressing the Initial Conc. of Electrolyte (M)
diffuse layer (i. e., outer-sphere adsorption). Liang and Morgan
(11) have discussed the coagulation from a chemical point of1G. 1. The effect of charge valences and initial concentration on turbidity
. - . oval. f-Al,O; = 1.5 g/l, pH 5)
view and applied it to the natural system. They used thg"
diffusion layer model to explain the complexation on the
surface of adsorption. They studied the change of surfacenventional jar test. A six-beaker jar test apparatus was set |
charge and potential during coagulation in various experimenith 300 ml of aluminum oxide solution in each jar. Aluminum
tal conditions to explain the destabilization of the metal oxidexide concentration was kept at 1.5 g/I, while various amour
particle and to predict the minimum coagulant dosage. Liang different salts, namely C| SO;~, Fe(CN} ", and Fe(CN§,
and Morgan (11) have reported a CCC ratio of 10,000:2 ferere added and the optimum dosage was determined. The |
Cl~ and HPG™ on Hematite at pH 6.63. This CCC ratio doe®f the suspension was kept constant by adding either HNO
not follow the Schultz—Hardy theory due to the fact that HPO NaOH. The suspension was mixed for 2 min at 100 rpm
is specifically adsorbed on the metal oxide surface (12, 18)llowed by 20 min of flocculation at 30 rpm. At the end of the
Conversely, for the nonspecific adsorption nature of nitrate afidcculation, the suspension was allowed to settle for a perio
sulfate, Overbeek (14) found a CCC ration of 10,000:170f up to 10 min and the sample was taken from the 3-cm leve
which is almost the same as the value predicted by the Schulbelow the liquid surface for turbidity measurement.
Hardy theory. These studies suggested that the mode of th&urbidity was measured with turbidity meter (Model 2100A,
reaction of electrolytes on a colloid liquid—solid surface mighttach Camlab). Because of the difficulty in obtaining CCC
be determined from the dosage of the coagulant used. Tégerimentally, we used significant coagulation concentratio
objective of this study is to discuss the adsorption mechanig¢®CC) in our study, which is the amount of the electrolyte
of the ferrocyanide and ferricyanide ony&Al ,O; particle from achieving 90% turbidity removal.
a coagulation point of view.

W F-"g~="="===1-"F-"7T""~"-~"-~""-"°-

70
60

ty Dec

Turb

0 o)
1.00E-01 1.00E-03 1.00E-05 1.00E-07

RESULT AND DISCUSSION
EXPERIMENTAL PROCEDURE )
The Effect of Valence Charge on Adsorptions

Materials The effect of five different anions on the stability of the

Aluminum oxide -Al ,0;) purchased from the Japan Aeropositively charged aluminum oxide (pH 5.0) is illustrated in
sol Company was produced through the process of hydrolyziRgy. 1. It shows that the SCC of phosphate (predominantl
AICI in the flame. The size was smaller thapth in diameter H,PO, at pH 5) is much smaller than that of chloride (LI
with uniform shape. The aluminum oxide was pretreated folhis result contradicts the Schultz—Hardy rule that the sam
lowing the procedure suggested by Hohl and Stumm (15CC was required by ions of the same valence charge. TI
Stock solutions of KFe(CN), were purchased from Riedel deSCC of [H,PO; ] is 10° times lower than that of a chloride ion

Haen without further purification. bearing the same charge, which demonstrates that the mec
nism of aluminum oxide coagulation by phosphate ion i
Jar Test specific adsorption as previously studied (12, 13). Therefore,

The effectiveness of the ferrocyanide and ferricyanide themical model (inner-sphere reaction) can better explain tt
removing aluminum oxide turbidity was evaluated using strong adsorption of the phosphate species. It is also observ
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-14 face has been proved by the thermodynamic theory and
HYDRAQL program simulation (7, 8).
Jo b The effect of aluminum oxide concentration on the SCC o
o ferrocyanide and ferricyanide at pH 5 is illustrated in Fig. 3.
1o L ® The result shows that the SCC is independent of the conce
/ tration of the aluminum oxide. For ions not specifically ad-
L sorbed on the oxide surface, there is no stoichiometrical rel:
tionship between the SCC and the concentration of the colloi
(16), which further confirms that the mechanism of iron-
6 cyanide ion adsorption on an aluminum oxide surface is eithe
outer-sphere reaction or double-layer compression.

Ln SCC
®

4 |
R*=0.9799 pH Effect
2 pH is an important factor in controlling ferrocyanide or ferri-
’ cyanide adsorption of-Al,O;. To study the effect of pH on the
0 ‘ ’ ‘ 1 coagulation efficiency, the 1.5 gfl-Al, O, suspension was ad-
) 4 6 -8 -10 justed to pH 2, 3, 4, 5, and 6.6. Figures 4 and 5 shows that char

reversal did not occur at any pH no matter how much coagulal
was added, which implies that the destabilizationyatl ,O; by
FIG. 2. The relationship between the logarithms of SCC and valen(fgrroclyamde or femcyamd.e was CaPSed by the compressmn of t
charge of the counterion. electric double layer. The increase in SCC with the decreasing p
is a result of more positive sites on the aluminum oxide surface
that at higher concentration, phosphate does not alter or revdf¥¥" PH, which requires more salt to destabilize the aluminun
the surface charge of aluminum oxide. By triple-layer assum@¥ide through double-layer compression.
tion, at lower solution pH values, surface reaction of phosphatefigure 6 shows that for each pH studied, the SCC of ferra

[H,PO;] on the o-plane may be written as cyanide is lower than that of the ferricyanide, but the differenc
increases with increasing pH. This is due to the higher valanc
AIOH} + H,PO; <> AIH,PO, + H,0. [7] number of ferrocyanide, which makes the compression of th

double layer easier. Ferrocyanide, Fe(€N)can form two

Therefore, the adsorption of phosphate species decreasescﬂﬂlugate acids, i.e., HFe(CN) and HFe(CNf with

number of positive charges on the oxide surface immediately.

A further increase of phosphate in solution would not reverse
the surface potential. The aluminum oxide particle becomes 7
coagulated because of the attraction between neutrally charg"'éd Ferricyanide
surfaces [AIHPQ,]. A linear relationship exists between the X ¢ |
logarithm of the SCC and the valence number of the counter§
ion, as shown in Fig. 2. The classical Schultz—Hardy ruleg
relates the CCC to the valence of counteria) és CCCx
1/z° in which a linear relationship exists between the loga
rithm of the molar CCC and that of 27 Therefore, it is
concluded that simple electrolytes such as ,CBO; ,
Fe(CNY~, and Fe(CNy destabilize the aluminum oxide col- &
loids by compressing the electric double layer. This corre§
sponds to the finding that simple electrolyte ions such as Cl<
and possibly S are not specifically bound to the oxide <€
surface (11, 14). From Figs. 1 and 2, it is evident that there i§ _
a dramatic difference in the coagulation abilities of simple® ! | e ©
ions, e.g., Cl, SO;", Fe(CNY, Fe(CNYX, and other species §
that interact chemically with the oxide surface, e.g,PB, . § 0 L :
From the triple-layer model, illustrated in Egs. [3] to [6], we © 50 100 150 200
can conclude that the adsorptions of ferrocyanide and ferricya- 2
nide ions are outer-sphere reactions. This conclusion is the Surface Area (m/])

same as our previous works; the adsorption mechanism Ofjg. 3. The effect of the aluminum oxide concentration on the SCC of the
ferrocyanide and ferricyanide ions on an aluminum oxide Sufefrocyanide and ferricyanide at pH 5.
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Initial Concentration (M) FIG. 6. The relationship between the logarithm of the SCC and the

FIG. 4. The relationship between the ferrocyanide concentration ansglutlon PH values.

residual turbidity at different pH conditions.
CONCLUSION

pKal = 2.1 and pKa2= 4.3 in solution. Ferricyanide, on the The linear relationship between the logarithm of the SC(
other hand, does not form any conjugate acid above pH 1 (1&hd the valence number of the counterion suggests that t
Therefore, the valence difference between ferrocyanide agieistabilization of aluminum oxide is by compression of the
ferricyanide at lower pH is insignificant, resulting in littledouble layer rather than by charge neutralization. The resu
difference in SCC, as shown in Fig. 6. Moreover, when th@at the SCC of either ferrocyanide or ferricyanide is indeper
solution pH is substantially lower than the pHzpc of oxidejent of the colloid concentration further proves that the ad
nearly all of the surface groups are protonated (AJQHand sorption of both ions on aluminum occurs in outer-sphere.
therefore, similar amounts of ferrocyanide and ferricyanide are

adsorbed onto the aluminum oxide surface. REFERENCES
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