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Extraction of copper ions from aqueous solution by naphthenic
acids in a reciprocating batch reactor

LA.S. Mansour, A.A. Mubarak, A.H. Elshazly and A.A. Eldragelly
Chemical Eng. Dept., Faculty of Eng., Alexandria University Alexandria, Egypt

The present work is to study the main factors affecting the rate of extraction of copper ions
from aqueous copper sulphate solution by a solution of naphthenic acids in kerosene using
an oscillating perforated disc in a batch reactor, as a mean for enhancing the rate of mass
transfer. The variables studied were, amplitude and frequency of oscillation (vibration
intensity = 4Amf),initial concentration of copper ions, volume phase ratio (aqueous /organic],
disc diameter, hole diameter, hole number per unit area and solution temperature. The
activation energy of the reaction was found to' be 1600 cal/mol which indicates that the
reaction is diffusion-controlled . An overall correlation for the extraction of copper in terms
of mass transfer coefficient was obtained in the form: Sh. = 6.05 RffJ·8 8&·33 (d/ dh)-O.4 with an
average deviation of 15.5%. The maximum percent recovery of copper was found to be 58%.
The technical importance of the present work in the area of copper purification and
extraction from low grade copper ores and waste streams resulting from metal finishing
industry is pointed out .
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1. Introduction

An extremely important development lies
in the application of the technique of liquid
extraction to metallurgical processes, of these
is the extraction of copper from acid leach
liquors and subsequent deposition of copper
by electro- winning [1]. In many of these
processes, some form of chemical complex is
formed between the solute and the solvent so
the kinetics of the process become important.
The extraction operation may. be either
physical or chemical operation. The chemical
operations have been classified by Hanson [2]
as follows: .
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(a) those involving cation exchange, for
example, . the extraction of metals by
carboxylic acids.
(b) those involving anion exchange, such as
the extraction of anions involving a metal with
amines.
(c) those involving the formation of an additive
compound, for example, .extraction with
neutral organo-phosphorus compounds.

The extraction of metals using carboxylic
acids as extracting agents can be most simply
described by the following equilibrium [3].

Men+ + nRCOOH = (RCOO)n Me +nH+ (1)
Aqueous organic organic aqueous,
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where" Me' stands for n-valent metal. This
equation shows that carboxylic acids behave
as cation exchangers and are suitable for
extracting metals from aqueous solutions. The
above equation is actually an oversimplifica-
tion, but it serves to indicate the pH
dependence of the process. It was found that
the extraction of metals depends largely on the
pH of the solution and that it was necessary to
raise the pH almost to the point at which
metals hydroxides were precipitated before
appreciable amounts of the metals could be
extracted such as the work shown by Fletcher
and Wilson [4],who used naphthenic acid as a
cation exchanger for extracting different metal
ions such as Cu!", Nit", Zrr'", Fe+++,etc. from
aqueous solutions. It was found that selective
extraction of the heavy metal ion is possible by
adjusting the pH of the solution, also the acid
has the advantage of being readily available
and can be regenerated, and its great stability
makes it suitable for use in continuous
extraction processes.

Oprea et al. [3]studied the extraction of Cu
ions from aqueous CuCh solutions with a
solution of 37.5% naphthenic acid in
kerosene, in the presence of a sufficient
amount of NaOH to raise the pH of the
exhausted aqueous solution from 3 to 6.5. The
extracted Cu ions were recovered from the
extract by addition of HCl. Vernon et al. [5].
investigated the characteristics of the
flotation-extraction processes for non-ferrous
metal recovery by using an aqueous Cu-
containing solution and naphthenic acid as a
model system.

Chirkst et al. [6] extracted Cu" ions from
dilute aqueous solutions with naphthenic
acids in decane. The dependence of the
distribution ratio on the pH of the equilibrium
aqueous phase was determined, and the
extraction equilibrium constant and Gibbs
energy were calculated.

Grishchenko et al. [7] found that in the
extraction of copper and cobalt by kerosene
solution of naphthenic acids, and
neutralization by ammonia, the composition of
the extracted compound depends on the ratio
between the quantities of extraction agent and
metal. As in the extraction of copper with an
insufficiency of extraction agent a neutral salt
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is formed, as well as a small quantity of basic
salt, while in extraction with an excess 'of
extraction agent, only a neutral salt is formed.
In the extraction of nickel by naphthenic acid
a mixture of basic and neutral salts is formed.
Only at a fourfold excess of extraction agent is
a neutral salt of nickel naphthenate formed.
Velea et al. [8] found that the extraction with
naphthenic acids can be used as a method of
treating sulfate solutions with pH less than 7
or ammonia solutions with pH greater than 7
containing Ni, Co and Cu ions. The extraction
efficiency of Ni, Co and Cu ions by naphthenic
acids in ammonia solution is as follows: Ni >
Cu> Co. The effect of nitrogen sparging on the
rate of mass transfer in the extraction of
copper from aqueous solution by a kerosene
solution of naphthenic acids was studied by
Fadali [9], where many variables were
investigated such as, nitrogen flow rate,
copper ion concentration, and extraction
temperature. It was found that the mass
transfer coefficient of copper extraction was
related to the gas flow rate (V)by the equation:
K=constant (V). The effect of temperature on
the mass transfer coefficient was found to
obey Arrhenius equation with an activation
energy of 2815 calories/mole which confrrmed
the fact that the reaction is diffusion-
controlled.

Vibration or reciprocation has been found
by many authors to be a very effective tool for
enhancing the rate of mass transfer to a great
extent, enhancement ratio ranging from2.5 to
10 times compared to the value without
pulsation was reported [lO-12].In line with
this direction the aim of the present work is to
study the factors affecting the extraction .of
copper ion from a synthetic solution of copper
sulphate using naphthenic acids (carboxylic
acid) as extracting agent in a batch reactor
provided with a reciprocating perforated disc
as a tool for enhancing the rate of mass
transfer. Variables studied were frequency and
amplitude of pulsation (pulsation or vibration
intensity), copper ion solution concentration,
volume phase ratio (aqueous/organic), disc
diameter, hole size, hole number per unit area
of the disc, and solution temperature.
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A. Electrical motor
B. Gearbox
C. Mechanical vibrator
D. Teflon isolated stem
E. Perforated plexiglass disc
F. Test column .
G. Wooden base
H. Teflon sleeve
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Fig. 1. Experimental apparatus.
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Figs. 4, 5 show that the volumetric mass
transfer ~oefficient increases with increasing
the amplitude, frequency and vibration inten-
sity respectively.The increase in the rate of
mass transfer with increasing amplitude,
frequency ~d vibration intensity (V.=4Amf),
may"?e ascnbed ~othe fact that increasing the
amplitude and frequency of oscillation
Increase the degree of mixing between the two
imm~s~iblephases. The increase in the degree
of mixmg and the subsequent enhancement in
the rate of mass transfer may be explained as
follows:
(i)disc reciprocation induces oscillatory flowin
the form of large recirculating eddies [16]
between the two phases which reduces the
thickness of the diffusion layer at the interface
between the organic phase and the aqueous
phase with consequent increase in the rate of
mass transfer between the two phases ..
(ii) disc reciprocation induces a jetting effect
through the holes of the disc with a
consequent generation of small scale high
frequency eddies [17] which enhances the rate
of mass transfer via: (a) decreasing the
diffusion layer thickness at the interface
between the organic and aqueous phases.
(b) increasing internal circulation inside the
droplets by virtue of the high shear stress
exerted by the eddies on the droplets [18].
(c) increasing the surface renewal effects
through repeated droplets breakdown and
coalescence [18].
(iii) Also higher rates of mass transfer can
evidently stem from the random variation of
interfacial tension at the interface which
result from local concentration variations as
mass transfer occurs, and so depend partiaJ!ly
on the rate of change of interfacial tenSf<91n,
with solute concentration. The instabitity
which develops causes ripples and roll cells
which create circulation between the surface

The volumetric mass transfer coefficient was and the bulk liquid. This surface tension
obtained under different conditions by plotting driven flow is known as the Marangoni effect
In (Co-Ce)j(C-Ce) Vs t as shown in fig. 3, the [19].
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Fig. 2. Perforated Plexiglass disc

2.5. Analysis

The samples were analyzed by iodometry
[13], where potassium iodide was added to the
sample and the librated iodine was titrated
with standard 0.1 M sodium thiosulphate
solution.

3. Results and discussions

For the simple batch reactor used in the
present work, the kinetics of the extraction
can be represented by the following eq. (14
15) ,

Vs In (Co-Ce)j(C-Ce) = KAt, (2)

where K is the mass transfer coefficient, Co, C(
and C: are the initial, equilibrium and
concentration of Cu+2 at any time t, Vs is the
solution volume, and A is the active interfacial
area between the aqueous and the organic
phases. In view of the difficulty of determining
the interfacial area, so the volumetric mass
transfer coefficient K (K=KA) was used
instead of K accordingly eq. (2)becomes.

Vs In (Co-Ce)j(C-Ce) = K't. (3)

slope of the resulting straight line is K j Vs
from which K can be calculated.

3.1. Effect of amplitude, frequency and
vibration intensity on the rate of mass
transfer
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Disc diameter = 12 cm
Hole diameter = 1cm
Solution temperature = 22 "c
Hole number per cm2 = 0.42
Phase ratio (aqueous/organic) = 1
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Fig. 5. Plot of volumetric mass transfer co~ffici~nt 'Is initi~ CUS04 solution concentrations at
different Vibrating m velocity,

3.2. Effect of Cu++concentration on the rate of
mass transfer

Fig. 6 shows that for a given vibrating
velocity the volumetric mass transfer
coefficient decreases with increasing the
copper ions concentration, this may be
ascribed to the fact that as copper ions
concentration-increases, the solution viscosity
increases and the ions diffusivity decreases,
accordingly the mass transfer coefficient
decreases.

Fig. 7 shows that the percentage recovery
of Cu" decreases by increasing the initial
concentration of CUS04 solution, the percent-
age recovery ranges from 22% to 58% at O.4M
and O.1M CUS04respectively.

3.3. Effect of volume phase ratio on the
volumetric mass transfer coefficient

Fig. 8 shows that at given vibrating
intensity the rate of mass transfer decreases
with increasing the volume phase ratio of
aqueous to organic-phase, which may be
attributed to the decrease in the population of
organic drople.ts which are available for copper
extraction from the aqueous phase, in other
words the total available interfacial area
decreases with decreasing the volume of the
organic phase.

3.4. Effect of disc diameter, hole diameter and
hole number per unit area on the rate of
mass transfer

From figs. 9-11 it is clear that the rate of
mass transfer increases with decreasing disc
diameter, increasing hole diameter and
increasing the number of holes per unit area
respectively_The increase in rate of extraction
with increasing the hole diameter contradicts
expectation which assume that the intensity of
jetting effect should increase with decreasing
hole diameter. The increase in the rate of
mass transfer with decreasing disc diameter
and increasing both hole diameter and pole
number as shown in figs. 9-11 seems to be
related to the effect of open area of the disc on
the rate of mass transfer. It is probable that as
the open area increases, large scale eddies
resulting from oscillatory flow circulate freely
in the agitated vessel and improve the mixing
conditions in the agitated vessel. If the open
area is decreased by increasing the disc
diameter and decreasing hole diameter and
number, the chance of eddy damping by
friction with solid disc surface increases at the
expense of good mixing conditions,
accordingly the rate of mass transfer in the
agitated vessel decreases.
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3.5. Effect of solution temperature on the
rate of mass transfer

Fig. 12 shows that for a given
concentration of copper sulphate and vibrat-
ing velocity the rate of extraction increases
with increasing temperature which may be
ascribed to (i) the decrease in the solution
viscosity and increase in the diffusivity of Cu:"
with increasing solution temperature accord-
ing to Stoke-Einstein equation:

Df.J
T

= Constant. (4)

and or (ii) accelerating the rate of chemical
reaction between the Cu2+ ions and
naphthenic acids. The effect of temperature
can throw some light on the mechanism of
extraction as follows: the process of Cu2+

extraction using naphthenic acids involves
three main steps, the first step, is a physical
step where the copper ions move across a
diffusion layer till they reach the organic
phase, the second step, consists of a chemical
reaction between copper ions and naphthenic
acids in the organic phase, the third step,

I
1.2 '

G

~
~:o:~:'.q
8-
~,O.6

0.4

consists of the diffusion of the formed copper
naphthenate away from the reaction region.

Either diffusion or chemical reaction can
be the rate-determining step for the overall
process of extraction. To find out the rate
determining step, the activation energy of the
reaction has to be evaluated using the
Arrehenius equation, as shown in fig. 13
where In k is plotted versus 1J T, the data fits
Arrehenius equation:

K = Ac e-EjRT. (5)

Where
K
E
R
T

is the mass transfer coefficient.
is the activation energy.
is the gas constant.
is the absolute temperature.

The activation energy for the process of
extraction was found to be 1600 calJmol. This
relatively low value indicates that the process
is under diffusion controlled conditions [201.
The diffusion controlled nature of the process
is further evidenced by the fact that the rate of
extraction increases with increasing the rate of
agitation using oscillation.
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Fig. 12. Plot of 1n (Co-Ce)/ (C-Ce) vs time at different temperature.
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pulsating perforated disc in a batch reactor.
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3.6. Overall mass transfer correlation

Dimensional analysis was used to
correlate the present data aided by the
aforementioned experimental results. The
mass transfer coefficient can be related to
other variables by the functional equation.

Sh = a Rea Scf3(d/ dh) Y

Following previous mass transfer studies
where the transfer area is not known [21, 22],
the volumetric mass transfer coefficient rather
than the mass transfer coefficient was used in
calculating Sh which is given by Sh= K / Dd.

According to previous theoretical and
experimental studies in mass transfer the
value of constant 13 was fixed at 0.33 [19, 23].
Fig. 14 shows the relation between log Sh vs.
log Re which shows that the value of constant
Q in the present study is 0.81, while fig. 15
shows the relation between log Sh vs. log
id] dh) which shows that the value of constant
y in the present study is -0.4. Fig. 16 shows
the overall correlation for the recovery of
copper by naphthenic acids in batch reactor
provided with reciprocating disc,' which shows
that the value of constant a in the present
study is 6.05, so the present data for the
condition of 2.2*104<Re<6.9*104, 1354< Sc<
1558, 12<d/ dh<48 fit the equation:

Sh = 6.05 Re 0.81 Se 0.33 (d/ dh) -0.4,

with an average deviation of 15.5%.

4. Conclusions

The present investigation deals with
extraction of Cu+2 ions from aqueous copper
sulphate solutions by naphthenic acid in a
batch reactor provided with a pulsating
perforated disc. Variables studied included
frequency and amplitude of oscillation
(vibrating intensity), initial copper ion solution
(Concentration, volume phase ratio, solution
~emperature, disc diameter, hole diameter and
hole number. The results show that the rate of
copper extraction increases with increasing
vibrating intensity, frequency and amplitude
of oscillation, hole ciiameter, hole number and
sohation temperature. On the other hand the

i·
rate of copper extraction decreases with
increasing copper ion concentration, volume
phase ratio (aqueous/organic) and disc
diameter. The activation energy of the
extraction process was evaluated and found to
be equal to 1.6 kcal/rnol denoting diffusion
controlled process. The data were correlated
by the obtained from low grade and recovery of
copper from effluents generated from
processes such as and a dimensionless
equation Sh = 6.05 ReO·81 ScfJ·33 id] dh)-O.4.

This method can find many applications
such as puriftcation of leach liquors obtained
from electroplating, electrotyping and electro-
chemical machining of copper articles The
method can also be used to selectively recover
copper or any other metal from a mixture of
heavy metals by adjusting the sulution pH. it
is noteworthy that the naphthenate which is
produced in the present work has many
important industrial applications specially in
paints industry and as a preservative for
wood.

Nomenclature

(6)

A is the interfacial area between
phases, (cm-],

Ac is the arrhenuis constant,
Am is the amplitude of reciprocation, (cm),
Co, Cs,Care the initial, equilibrium and concen-

tration at any time ofCuS04 solution,
(M),

d is the disc diameter, (cm),
D is the diffusivity of copper ions,

(cm2/s),
dh hole diameter, (cm),
E activation energy of the reaction,

(kcal/mol],
f is the frequency of reciprocation, (s'],
K is the mass transfer coefficient, (cmy s],
K is the volumetric mass transfer

coefficient, cm3/ s),
R gas constant, (cal/rnol K),
T is the absolute temperature, (K),
t time, (s)
Vi is the vibration intensity, (cm/ s),
Vs is the solution volume, (cm-] ,
Re is the Reynolds number, (pVid/J.I),
Se is the Schmidt number, (J.I/pd),
Sh is the ModifiedSherwood number,

(K'/Dd),
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