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ABSTRACT

In order to clarify the adsorption equilibrium for the species of the extractant and
the extraction complex, the interfacial tensions between the agueous and the organic
solutions were investigated, using equilibrated kerosene solution in the presence of 5
dodecylsalicylddoxime (LIX® 860-IC) and agueous solution in the presence and
absence of nickel ion. The interfacial tensions decreased with increasing in the
concentration of LIX® 860-IC. Experimental results of the interfacia tension were
analyzed by Gibb's adsorption isotherm. The adsorption equilibrium constant and the
interfacial areafor the extractant and the extraction complex were determined.

The extraction rate of nicke fromthe agueous ammonium sulfate solution with
LIX® 860-IC in kerosene was investigated using a Lewis-type transfer cell. The
concentration effects of extractant, nickel, and hydrogen ion on the extraction rate were
examined. The extraction rate increased with increasing in the concentrations of nickel
and the extractant, and approached to constant values depending on the extractant
concentration at ahigh concentration of nickel. The rate increasad with decreasingin the
concentration of hydrogen ion, and approached to constant values depending on the
extractant concentration. These results were analysed based on an interfacial reaction
model in which the reaction proceeds between an extractant species adsorbed at the
interface and nickel ion in the agueous solution. The extraction rate is interpreted based
on the rate equation in which the interfacial reaction between a 1.1 nickd cheate
complex species adsorbed at the interface and the extractant in the organic solution is
the rate-determining step. The reaction rate constants and equilibrium constants were
determined.
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INTRODUCTION

The process of electroless plating of waste water has become a
problemetic with the increased demand for electroless plating of waste
water. Due to the complex composition of waste water to be subjected to
electroless plating, a successful waste water treatment method [1,2,3] has
not yet been established. Recently, from the viewpoint of the resource
recycling [4], it has been important to recover useful materials from waste
water. The solvent extraction method, which has received favorable
condderation as aclosed system based on the zero-emissions concept, is
useful for small amounts of waste for disposal, and has the advantages of
continuous operation [5,6,7], and recycling of the extractant [8,7]. In order
to design an extraction process for use with the solvent extraction method, it
isfirst necessary to clarify the extraction equilibrium, interfacial adsorption,
and extraction rate. In this study, the extraction rate of nickel in an aqueous
ammonium sulfate solution with 5-dodecylsalicylaldoxime (LIX® 860-1C)
in kerosene was investigated in a Lewis-type transfer cell. The interfacia
adsorption of LIX® 860-1C and the extraction complex were investigated by
measurement of the interfacia tenson. The experimenta results of the
extraction rate were analysed based on an interfacial reaction mode in
which the reaction proceeds between LIX® 860-IC species adsorbed at the
interface and nickel ion in the agqueous solution.

EXPERIMENTAL
Materials, Method and Procedures

LIX® 860-IC as an extractant was purchased from Henkel Hakusui
Co. and used without further purification. Guaranteed grade reagents of
kerosene, Ni,SO,, NH,OH, and HSO, were purchased from Wako Pure
Chemicals Co. and used without further purification. The organic solution
was prepared by dissolving LIX® 860-IC into kerosene. The agueous
solution was prepared by dissolving nickel sulfate into an agueous
ammonium sulfate solution and adjusting the pH value by addition of
concentrated sulfuric acid or 25% aqueous ammonia solution. pH vaues
were measured by pH meter (Horiba Co. F-12 pH meter). The
concentrations of nickel in the aqueous solution were measured by atomic
adsorption spectrophotometry (Hitachi Co. Z-8000 type). The nickel
concentrations in the organic solution were caculated from the mass
balances of nickel in the agueous solutions. The mass baances of nickel
were checked by the back-extractions of nickel from the organic solution
into 6.1 10° mol/n? of sulfuric acid solution, and were found to be
satisfactory.
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M easurement of interfacial tension for the extraction
equilibrium system
The interfacia tensions between the organic and agueous solutions
after the equilibration were measured using the Wilhelmy's vertical plate
method (Kyowa Interfacial Science Co.; automatic surface tensiometer
CBVP-Z type) to clarify adsorption equilibrium constants for the extractant,
HR, and the complex, NiR, at 303 K.

M easur ement of the extraction rate
The extraction rates of nicke in the agueous solutions with LIX®
860-1C in kerosene were measured in a Lewis-type transfer cell as shown in
Fig.1l at 303 K.
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Fig. 1 Experimental apparatus (Lewis type transfer cell).

The cell consisted of two compartments of equal volume (about 1.5 10
m’). The disk block was settled at the interface, which arrangement
improves the mixing of both solutions. The net interfacial area between the
aqueous and the organic solutions was 1.1 10° n?. The aqueous and
organic solutions were maintained beforehand in each bullet at 303 K. The
agueous solution was poured firgt, into the lower compartment, and the
organic solution into the upper one. Once the organic solution had covered
the surface of the agueous solution, which occurred with immediacy the flat
blade was settled in each solution and stirring commenced at 80 rpm. The
solutions in the cell were stirred in opposite directions. Samples of the
organic solution were taken out at intervals. After the stripping with 6 10°
mol/m’ agueous sulfuric acid solution, the nickel concentration in the
agueous Dlution was determined by the method above mentioned. Under
various experimental conditions, the initia extraction rates of nickel were
determined from the concentration changes of nickel complex in the organic
solution at various extraction times.
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RESULTSAND DISCUSSION
In our previous paper [9], the overall reaction for the extraction of
nickel in agueous ammonium sulfate solution with LIX® 860-IC in
kerosene was expressed by the following reaction:

Ni** + 2HR ? NiR, + 2H" ; Kex 1)
The equilibrium congtant, K, of the system was determined as:
Kex = {INIRJ[HT}{ [N*][HR]?} = 7.2 10° [] 2

Interfacial adsor ption equilibrium of L1X860
and the extraction complex

The interfacial tensions between the aqueous and organic solutions
were measured equilibrated organic solution in the presence or absence of
extractant and in the aqueous solution in the presence or absence of nickel
ion. In equilibrated kerosene containing extractant, HR, and the aqueous
solution in the absence of nickel, the interfacial tensions are plotted against
the initial concentrations of HR in the kerosene solution for each pH in
Fig.2-a. The interfacial tension decreases with increasing the concentration
of HR in the organic solution, independent of the pH value in the aqueous
solution.
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Fig. 2 Relationship between the interfacial tension and the concentration of HR.

The organic solution containing HR was equilibrated with the
agueous solution containing excess nickel concentration. Under these
conditions, all molecules of HR in the organic solution are converted to the
complex NiR,, at the extraction equilibrium [9]. The interfacial tensions in
the system are plotted against one-hdf of the initial concentrations of HR in
the organic solution for each pH in Fg. 2-b. The interfacia tension
decreases with increasing the concentration of HR in the organic solution,
independent of the pH vaue in the agueous solution.

In both cases, the interfacial tension decreased with an increasing in
the concentration of HR in the organic solution. These decreases of the
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interfacial tension show that HR and NiR, species are adsorbed at the
interface, and that the adsorptions of these species are not afected by the
pH vaue in the aqueous solution. The adsorption equilibrium of HR and
NiR; species to the interface are expressed as follows:

HRorg+ qv ’) qHR a KHR (3)

NiRzorg+ Qv ? Onire Knirz 4)
where Kyr and Kyir: are the adsorption equilibrium constants of HR and
NiR,, and subscripts org and v denote the organic solution and the vacant
dte at the interface, respectively. Assuming Gibb's adsorption isotherm, the
relationship between the interfaciad tenson and the equilibrium
concentration of HR is expressed as follows:

9= & - (RT/Sir)IN(1 + Kur[HRY]) ©)
where g isthe interfacia tension between kerosene and water and S isthe
interfacial area occupied by one mole of HR. Analysing the experimental
results using Eqg. (5), the values of Kyg and Sir were determined using
nonlinear least square method as shown in Table 1 The solid linesin Fig.2-a
are the calculation results by Eqg. (5) with the constant values obtained. The
values of Kyir, and Syre Were also obtained by the experimental result for
interfacial adsorption of NiR, species as shown in Table 1.

Tab. 1. Various of constants for nickel extraction.

Kex 7.2 10°[-]

Khr 9.9” 107 [’ / mol]
Kz 10° 107 [-]

Ks 13" 10°[-]

Knirz 53" 10" [m? / mol]
VKnire 1.9 [mol / nt]

ks 95" 107 [m/ sec]
SHr 2.7° 10° [nf / mol]
Sire 3.2 10° [nf /mol]

The calculated results agreed wel with the experimental results. The
adsorption behaviors of HR and NiR, species were interpreted by Gibb's
adsorption isotherm with values of Kand S.

Extraction rate of nickel
It was clarified that the extraction rates of nickel at the same

concentration condition were independent of the stirring speed of the blades
and the volume of the organic solution. These results show that the reaction
between the extractant and nickel proceeded at the interface, and that the
extraction rates depended on the interfacial reaction rates.
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The effect of nickel concentration on the extraction rate is shown in Fig.3.
The extraction rate increases with increasing of the nickel concentration,
and approaches the constant values depending on the extractant

concentration.
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Fig. 3. Effect of nickel concentration

oninitial extraction rate.
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Fig. 4. Effect of extractant concentration

oninitial extraction rate.
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Fig. 5. Effect of hydrogen ion concentration on initial extraction rate.

The effect of the extractant concentration on the extraction rate is shown in
Fig.4. The rate increases with the extractant concentration. The effect of
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hydrogen ion concentration on the extraction rate is shown in Fig.5. Therate
increases with decreasing of the concentration of hydrogen ion, and
approaches the constant values depending on the extractant concentration.
These results suggested that the extraction rates are dependent on the
concentrations of extractant in the organic solution, and on nickel and
hydrogen ions in the aqueous solution.

Extraction mechanism of nickel with L1X® 860-IC
In the based on the reaction, Eq.(1) and equilibrium constant, Eq.(2),
the reaction was assumed to consist of the following consecutive steps.

HRorg + Qv = Qur ; KHR (2)
Ni2+aq + Qur = Onir+ + H+aq ; Kz ©)
quR+ + HRorg = quRZ + H+aq , K3 (7)
Onire = NiRgorg + Qv ; VK\irz )]

Step (2) is the adsorption of HR into the interface. Steps (6) and (7) are
reactions on the interface between the adsorbed species and the species in
the bulk solution. Step (8) is desorption of the formed complex into the
organic solution. Equilibrium constants for Egs. (2) and (8) have already
been estimated. Assuming that any reaction in Egs. (2), (6), or (8) is the
rate-determining step, the rate equation derived from each assumption
cannot satisfy the experimental results of the extraction rate of nickel for all
systems. Assuming that the step of Eq. (7) is the rate-determing step, the
initial reactionrate, ry, is derived as follows;

ro = Ka[Onir+] [HR]org K-a[Onire] [H+]aq ©

where k; and k3 are the rate constants for forward and reverse reactions in
Eq.(7), respectively. At the initia stage, the fraction occupied by NiR,
species at the interface is assumed to be negligibly small compared with
those of HR and NiR" species. The rate of reverse reaction of Eq.(7) is
neglected, and the rate equation is expressed as follows:

ksKnrK2[HR] 02[Ni%*]o

o= - (10)
[H*]o + KyHR] o[H*]o + KnrKa[NiZ*]o[HR] o
By the reciprocd of Eq.(10), the following equation is derived:
1 _(@+KyelHRMH T 1, 1 (1)

o KsKoKpr[HR]o2  [Ni?*y ks[HRIo

At constant oncentrations of the extractant and hydrogen ions for the
experimental results, 1r, was plotted against 1/[Ni*"], in Fig. 6. All
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experimental results are plotted on straight lines that have different slopes
for each extractant and hydrogen ion concentration. These plots show that
the results are expressed by Eqg. (11). The combined parameter kK, is
determined as 1.6 10° m/s using the values of the dopein Fig. 6.

115 —— — 500 —
2 HE]:
Key  pH[| [mebm’] &
Jail m] O gp 3210 | - A
® op soxIp E 0 calk. line
=¢" A B0 1210 1,3, ]
B A = 8 4.7
B0 GOX1D = - ;
3 o = 1 i g = Bey pH[-]  [modim?)
'E RENEEE] z O 90 9ERID
E e = A B0 SOXIG
) *
é - — ¢gle. line s oo . O @0 20
il L 3 H & 70 9aXI0
e (] r E
= ]
- = 2
.25 3 S i k
: |
o a 4 . é‘r‘?.ﬂ £
I b _ _ 0.0 . g r —
I].I]'}Hf"ﬁ —1 ’L 0 FL Fli] ] L] (L B ¥ ]
iy 0. L =

[HR]; [molim?]
U/[Nit+| [m#/mol]

Fig. 6. Relationship between 1/r, Fig. 7. Relationship between [HR]o?/rg
and 1/[Ni*"]o. and [HR]o.

Transforming Eq. (11), the following equation is obtained:

[HRJo? _ [H*]o + Ko[Ni**]o - [HR]o + [H'To (12)
fo ksKo[Ni2*]g k3KoKpr[Ni2*H]g

At constant concentrations of nickel and hydrogen ions for the experimental
results, [HR]o*/ro was plotted against [HR], in Fig. 7. All results are plotted
on straight lines that have different slopes for each nickel and hydrogen ion
concentration. The values of K, and k; are determined as 1.0 107 and
9.5 107 m/s, respectively, using the values of the sope in Fig.7 and ksK;
value obtained. Solid linesin Figs. 3, 4, and 5 are the calculation results by
Eqg. (10) with the equilibrium and rate constants shown in Table 1. The
calculated results agreed wel with the experimenta results. The initia

extraction rate of nickel in the Lewis-type transfer cell is interpreted by the
interfacia reaction rate, in which the reaction between adsorbed NiR*
species at the interfface and HR in the organic solution is the rate-
determining step.
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CONCLUSION

The interfacia tensons for the extraction equilibrium were
investigated for various concentrations. The dependency of concentration on
the interfacial tension was analyzed by Gibb's adsorption isotherm. The
interfacial adsorption constants and the interfacial areafor LIX® 860-1C and
its nickel complex NiR, species were determined. The extraction rate of
nickel from agueous ammonium sulfate solution with LIX® 860-IC in
kerosene was investigated using a Lewis-type transfer cell. The
experimental results were analyzed based on an interfacial reaction modelin
which LI1X® 860-1C, HR species adsorbed on the interface reacts with nickel
in the aqueous solution to form the complex species NiR". The NiR" species
further reacts with HR to form 1:2 complex species, NiR,. NiR, species on
the interface is desorbed into the organic solution. The extraction rate of
nickel is controlled by the reaction in which the 1:1 complex adsorbed on
the interface reacts with the extractant in the organic solution to form the
1:2 complex NiR,. The rate constant for each interfacia reaction and the
equilibrium constants were determined.

List of symbols and abbreviations

Kur adsorption equilibrium constant of extractant [mol/m?]
Ko equilibrium constant of Eq.(6) [-]
Kz equilibrium constant of Eq.(7) [-]
Knire  adsorption equilibrium constant of nickel complex [mol/m?]
Kex equilibrium constant of nickel extraction [-]
ks forward reaction rate constant of Eq.(7) [m¥s]
R gas constant [N m/(mol/K)]
r reaction rate [mol/(m?s)]
Sir interfacial area occupied by one mole of HR [mZ/mol]
S\ir2 interfacial area occupied by one mole of NiR; [m?/mol]
T temperature [K]
g interfacial tension [N/m]
o} fraction of active site at interface [-]
[] concentration
Subscripts

aq agueous solution
H* hydrogen ion
HR extractant
org organic solution
Ni2* nickel
NiR, nickel complex
v vacant site
0 initial value
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