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A B S T R A C T

Copper and zinc were recovered from spent chloride brass pickle liquor using solvent extraction and pre-
cipitation-stripping. Speciation diagrams reveal that bivalent copper and zinc and their monovalent chlor-
ocomplexes were present in the liquor. Copper was extracted by hydroxyoxime LIX84IC in kerosene while zinc
was extracted using D2EHPA. 98.8% copper was extracted at an equilibrium pH of 2.5 using 30% v/v LIX 84IC
whereas 98.3% zinc was extracted at an equilibrium pH of 2 using 15% v/v D2EHPA. Precipitation-stripping of
loaded organic phase using oxalic acid resulted in recovery of copper and zinc as water insoluble oxalates.
Solubility plots developed on theoretical considerations for copper-oxalic acid and zinc-oxalic acid system
predicted the yield of precipitates in close agreement with experimental values. 97.3% of both copper and zinc
present in the pickle liquor were recovered as their oxalates. The organic phase could be used for multiple cycles.
Calcinations of the oxalates to their oxides did not induce any change in the ordered structure observed in
oxalates. Morphology of the precipitates revealed highly agglomerated particles. Copper oxide 100% pure and
zinc oxide with 99.1% purity were obtained as value added products. A process flow diagram of the proposed
scheme is presented that could be implemented to generate wealth from waste.

1. Introduction

Brass, an alloy of copper and zinc finds wide application due to its
unique combination of properties such as strength, malleability, and
good thermal conductivity. It can be easily cast to shape and used for
costume jewellery, decorative trims and other similar applications be-
cause of its bright gold like appearance. India is well known for its brass
jewellery, artefacts and industrial components. Brass on exposure to
atmosphere undergoes surface discolouration, called tarnish, due to
formation of a thin oxide layer that needs to be removed to impart its
lustrous look. Cleaning and finishing process to remove tarnish and
oxide layer formed on industrial brass components subjected to heat
treatment process involves stages of acid wash and water rinse [1]. Acid
wash with H2SO4 is more common but many processors prefer to use
HCl since it reacts quickly, preferentially attacks the oxide layer, pre-
vents pitting and the pickling baths can be operated at ambient tem-
peratures. The pickling bath is used till the acid concentration declines
to such a low value that the time required for tarnish removal becomes
large and uneconomical for operation, resulting in a substantial metal
build up in the pickle liquor.

The metal loaded pickle liquor and rinse waters are often discharged
to sewers without any treatment. Heavy metals in discharge waters
pose considerable threat as they enter the aquatic ecosystem where they
bio-accumulate and bio-magnify in the food chain and become toxic for
living organisms at higher tropic levels in nature [2]. Although copper
and zinc are essential nutrients for various enzymatic reactions, but at
high concentrations both aquatic as well as human life are adversely
affected. Hence, recovery of these metals is not only important from the
point of view of pollution abatement but also results in profit by re-
cycling of the metals.

A continuous research effort is focussed on developing options for
the recovery of metals from aqueous waste streams and a number of
processes are also available [3]. Around 30% of zinc and 40% of copper
produced in the world arises from recycling of secondary sources. Re-
covery of copper and zinc from brass ash, brass dross and slag, brass
flue dust, soil contaminated from brass industry and brass pickle liquors
using different techniques is reported in Table 1 [4–15].

Solvent extraction (SX) is the dominant hydrometallurgical process
to recover copper from ores as well as secondary sources. Selective
extraction of copper using chelating extractants is well known from
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sulphate, chloride and nitrate media [16]. Copper hydrometallurgy and
extraction from chloride media is discussed in detail by Szymanowski
[17]. Chelating extractants LIX64N [18], LIX 65NHS [19], and LIX
860N IC and LIX84 IC [20,21] have been reported for copper extraction
from chloride media.

SX techniques are widely used for upgrading and purification of zinc
streams. Zincex and the modified Zincex process used for the extraction
of zinc from sulphate media are also suited for recovery of zinc from
secondary sources such as zinc ash and brass ash [22]. Extraction of
zinc using acidic, basic, solvating and mixed extractants from chloride
solutions is reviewed by Jha et al. [23]. Zinclor process for zinc re-
covery from chloride media is used for the treatment of pickle liquors
and effluents from surface treatment plants [24]. Both copper and zinc
have also been extracted from chloride media using alkyl-8-hydro-
xyquinoline [25], Kelex 100 [26,27] and mixed extractants [28].

In conventional SX, metal reclamation from organic phase is by
stripping with a strong acid followed by electrowinning. However, if
loaded metal ions are stripped from the organic phase using oxalic acid,
it results in precipitating the metal as a water insoluble metal oxalate.
The metal gets stripped by hydrogen ions and is subsequently pre-
cipitated by oxalate anions. A combination of precipitation-stripping
stages achieves complete stripping of metal ions at lower acidity than
conventional stripping [29]. This method has been used for preparation
of rare earth oxalates [30,31], nickel oxalate [32] and zinc oxalate [33].
Oxalates are often used as precursors for oxides in the synthesis of
nanomaterials and high temperature superconductive ceramic mate-
rials as they can retain the nanostructure, particle shape and crystalline
arrangement after thermal decomposition [34].

The present investigation is focused on recovery of copper and zinc
from spent chloride pickle liquors generated from brass artefacts
manufacturing units using solvent extraction and precipitation-strip-
ping. The extracted metal values were precipitated as their oxalates and
subsequently calcined and converted to their respective oxides. The
optimum conditions for the maximum recovery of the metals as their
oxalates were also determined. Metal oxalates and oxides were char-
acterized for their morphology and purity. Flow sheet of the process for
the recovery of copper and zinc as their respective oxides is proposed.

2. Materials and methods

2.1. Materials

Brass pickle liquor was collected from an industry in Rajkot, India.

LIX 84 IC (Cognis, Ireland) and D2EHPA (Merck Specialties Private
Limited, Germany) were used as metal extractants. Commercial kero-
sene (B.P- 152–271 °C) used as the solvent was supplied by Indian Oil
Corporation Limited. Other reagents, sodium hydroxide, oxalic acid and
sulphuric acid used were of AR grade.

2.2. Methods

The metal composition of the pickle liquor was determined using
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
(Perkin Elmer Optima 5300 DV). The chloride, sulphate and nitrate
concentrations were determined by chemical analysis based on the
APHA standard methods for examination of water and waste water.
Argentometric method was used for chloride determination as per
APHA: (4500 Cl− B) [35], Turbidimetric method was used for sulphate
determination as per APHA (4500 SO4

2− E) [35] and Chromotropic
acid method was used for nitrate determination as per APHA: (418-D)
[36]. The values of the chloride, sulphate and nitrate concentrations
determined are reported in Table 2. Extraction was carried out in shake
flasks at equal organic and aqueous volumes (100 ml each) on a rotary
shaker (Remi-RS 24BL) at 150 rpm and 30 °C. The organic phase for
copper extraction consisted of LIX 84IC (7.5–30% v/v) in kerosene as
diluent while for zinc extraction the organic phase was D2EHPA
(5–15% v/v) in kerosene. Sodium hydroxide was added for pH adjust-
ment before each equilibrium condition. The concentration of the me-
tals was determined using Atomic Absorption Spectrometer (Chemito
AA203) for copper at 324.7 nm, zinc at 213.86 nm and iron at

Table 1
Recovery of copper and zinc from brass components/pickle liquors.

Sr. No. Brass component Treatment technique Recovered as Reference

1. Brass ash Leaching with Ionic liquid Copper and zinc solution in Ionic
liquid

[4]

Carbothermal recovery by graphite treatment of ash in temperature
controlled tube furnace

Metallic zinc and zinc oxide [5]

Beneficiation by acidic or/and alkaline leachant Cement copper and zinc sulphate
solution

[6]

Solvent extraction using 20% LIX84 and 0.25 M NH4D2EHPA in kerosene Copper and zinc pregnant electrolyte [7]
2. Industrial brass dross Ionic liquid oxidative leaching Copper and zinc [8]
3. Brass Slag Leaching with sulfuric acid Spongy copper powder, zinc sulphate

crystals
[9]

Hydrometallurgical treatment using acid or alkali leachant Copper salts and zinc salts [10]
4. Brass flue dust Briquetting with coke and reduction in tube furnace to recover zinc using

vaporization and condensation
Zinc and zinc oxide [11]

5. Industrial brass wastes, brass ash
and flue dust

Combined pyro-hydrometallurgical treatment Copper master alloy, metallic zinc [12]

6. Brass filings Acid leaching with an oxidizing agent Copper oxychloride and zinc
hydroxide

[13]

7. Brass pickle liquor Solvent extraction using 30% LIX 984N in kerosene Copper and zinc oxide powder [14]
Solvent extraction using 30% Versatic acid and 20% CYANEX 272 in
kerosene

Copper sulphate solution, zinc
sulphate solution

[15]

Table 2
Composition of brass pickle liquor.

Component Concentration (g/L)

Cu 20
Zn 12.6
Fe 0.131
Ni 0.1
Na 7.4
Ca 0.226
Mg 0.099
Al 0.118
Sn 0.124
Chlorides 10.968
Sulphates 0.009
Nitrates < 0.1 mg/L
pH 0.25
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248.3 nm.
After extraction the organic phase was separated, scrubbed with

water and contacted with an equal volume of oxalic acid at con-
centrations ranging from 0.3 M to 1.0 M. Precipitation-stripping was
carried out in shake flasks with equal volume of organic and aqueous
phase (100 ml each) on a rotary shaker (Remi-RS 24BL) at 30 °C and
150 rpm. After stripping, the organic phase and aqueous phase con-
taining the metal oxalate was separated. The metal oxalate precipitate
was separated from the aqueous phase by centrifugation, washed with
2-propanol and dried in an air oven at 60°C. The organic phase was
further stripped with sulphuric acid to recover any residual metal
present and contacted with fresh pickle liquor a number of times to
evaluate the efficacy of extraction in different cycles. The oxalate pre-
cipitates were calcined under controlled conditions in a tube furnace
(Ants Ceramics) to obtain the respective metal oxides. The heating rate
was 5 °C/min. After attaining the desired temperature the material was
soaked for three hours. Copper oxalate calcinations were carried out at
400 °C while zinc oxalate calcinations were at 440 °C.

2.3. Analytical techniques

Precipitated metal oxalates and their respective oxides were char-
acterized by powder X-ray diffraction (XRD) on a PAN Analytical Xpert
Pro diffractometer using Cu-Kα radiation at λ value of 1.54°A. Infrared
spectroscopic analysis of the metal oxalate and oxide and the organic
phase before and after extraction was performed over a frequency range
of 400–4000 cm−1 with 32 scans using Thermo Scientific Nicolet iS5
spectrophotometer with iD1 transmission. Thermogravimetric analysis
of the oxalates was performed at a heating rate of 20 °C/min in an
oxygen atmosphere on a Shimadzu thermal analyser (50 GA). EDX
(Oxford Instruments) analysis was performed to detect the metals pre-
sent in the precipitates formed. The morphology of the oxalate and
oxide particles was determined using Field Emission Scanning Electron
Microscopy (FESEM) (Zeiss Supra 40).

3. Results and discussion

Metal extraction in multi-solute systems depends on the physico-
chemical properties and the nature of the metal species present in the
solution; these factors influence the selection of metal extractants and
design of the processing scheme. The spent pickle liquor obtained from
industrial sources had an initial pH value of 0.25 with a chloride con-
tent of 10.968 g/L, sulphate content 0.009 g/L and nitrate content less
than 0.1 mg/L. The initial metal composition determined by ICP ana-
lysis is shown in Table 2.

3.1. Metal ions in chloride media

Extraction of metals from solutions containing chloride ions is
complex. Most of the transition metals form chlorocomplexes with
metal ions; the chlorocomplexes formed depends on the chloride con-
centration. The presence of chlorocomplexes increases the pH0.5 and
the equilibrium shifts towards higher chlorocomplexes as the chloride
concentration increases [17]. Eq. (1) is the general expression for the
formation of chlorocomplexes based on the chloride concentration in
the aqueous phase [26].

+ →+ − −M nCl MCln
n2 2 (1)

The stability constant (βn) of the chlorocomplex is given by Eq. (2)

= = −
−

+ −β
MCl

M Cl
n

[ ]
[ ][ ]

, 1 4n
n

n

n

2

2 (2)

Fig. 1 shows the chlorocomplexes of copper and zinc present in the
pickle liquor. Theoretically it is possible to determine the percentage of
species present in the aqueous solution based on the formation

constants. The speciation of the pickle liquor having copper con-
centration 20 g/L (0.314 M) and zinc concentration 12.6 g/L (0.192 M)
at varying chloride concentrations was evaluated using Visual MINTEQ
3.1 operating platform. At initial chloride concentration of 10.968 g/L
both copper and zinc exist largely as the bivalent cationic species
(Cu2+, Zn2+) followed by the monovalent specie (CuCl+ and ZnCl+)
and a very small fraction as the neutral specie CuCl2 and ZnCl2. The
monovalent specie (CuCl+) is the first chlorocomplex formed in solu-
tions containing low chloride concentrations (∼1 M) and is capable of
cation exchange [37], higher chloride concentrations in solutions lead
to formation of trivalent and higher chlorocomplexes of the metals. Zinc
chlorocomplexes are more stable than copper as observed from their
higher stability constants [26].

3.2. Extraction of copper using LIX 84 IC

LIX 84I a moderately strong chelating copper extractant selectively
extracts copper over other metal ions with maximum extraction at pH
2-2.5 [38]. Extraction by chelation is an acid-base reaction wherein the
oxime molecules donate protons in exchange for copper ions and the
reaction takes place at the oil − water interface. The unpaired d orbital
of copper is primarily responsible for complexation through electron
pair of O and N atoms of the extractant molecules. The extraction of
copper using hydroxyoximes is represented as

+ ↔ ++ +Cu RH CuR H2 22
2 (3)

The formation of chlorocomplexes can affect the extraction of
copper with hydroxyoximes in two ways; by reducing the concentration
of the divalent Cu2+ cationic species and by the possibility of extracting
the monovalent cationic complex, CuCl +, or even the neutral CuCl2
complex [20]. Zhou et al. [19] in their study on extraction of copper
using LIX 65NHS explained the extraction of CuCl+ by two possible
mechanisms both leading to the formation of CuR2 complex.

+ ↔ ++ +CuCl RH CuRCl HMechanism (1) i ad ad i (4)

+ ↔ + ++ −CuRCl RH CuR H Clad i ad i i2 (5)

+ ↔ + ++ + + −CuCl RH CuR H ClMechanism (2) i ad ad i i (6)

+ ↔ ++ +CuR RH CuR Had i ad i2 (7)

Fig. 1. Speciation diagram of copper and zinc in pickle liquor.
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Most of the investigations on extraction of metals have been per-
formed under experimental conditions that are deemed to be ideal, for
single metal species at dilute concentration and extractant concentra-
tion in far excess than stoichiometric requirements. However, in reality
situation is quite different. The extraction behaviour, the stoichiometric
requirement and the presence of other metals all influence the extrac-
tion of metals. In the present study the industrial pickle liquor was used
and metal extraction equilibria was determined under prevailing con-
ditions.

Copper extraction was carried out using LIX 84IC at concentrations
ranging from 7.5% v/v to 30% v/v. An increase in the extractant con-
centration resulted in an increase in copper extraction (Fig. 2) and at
30% v/v extractant concentration, 98.8% of initial copper present was
extracted at an equilibrium pH of 2.5. The maximum loading capacity
of LIX 84IC at an equilibrium pH value of 2 is found to be 0.9 g/L per
1% v/v of extractant as observed from the slope of the linear plot,
maximum copper extracted vs extractant concentration (v/v), shown in
Fig. 2 (inset). This is higher than the value of 0.7 reported for copper
extraction from hydrochloride solutions at 2 pH using LIX 84IC [20]
and 0.74 for copper removal from electroplating rinse bath solutions
with high chloride concentrations in the equilibrium pH range of 1.7-
2.1 using LIX 984NC [39].

The effect of pH on extraction for LIX84IC concentration from 15%
v/v to 30%v/v is shown in Fig. 3. An increase in the extractant con-
centration, results in an increase in the percentage extraction and a
decrease in pH0.5 value. The plots of distribution coefficient vs equili-
brium pH (Fig. 3, inset) is linear at all extractant concentrations, but the
slope values are considerably lower than the theoretical value of 2, that
is expected if the mechanism of extraction is exclusively by Eq. (3).
Slope value of 2 in the plot of log D vs pH indicates binding of two
oxime molecules with a single Cu2+ ion. Slope value of two is observed
under ideal conditions when the concentration of extractant is in con-
siderable excess to that of the metal ion [40]. Reduction in slope values
could also occur due to the transfer of the monovalent ions (CuCl+)
along with the bivalent ions (Cu2+). At low pH values CuCl+ competes
with Cu2+ whereas at higher pH values only Cu2+ is extracted [20].

Navarro and Ruiz [20] showed that LIX860NIC and to a lesser ex-
tent LIX84IC, extract CuCl+. Earlier, LIX 63 was shown to transfer
chlorocomplexes to organic phase [41]. Lakshmanan and Lawson [40]

reported that LIX 64N and LIX 70 do not transfer CuCl+ to the organic
phase. The slope of log D vs pH obtained in this investigation points to
the plausibility that the mechanism of extraction is perhaps not gov-
erned exclusively by Eq. (3), leaving scope for the transfer of CuCl+ to
the oil phase or being adsorbed at the interface after bonding as per Eq.
(4) resulting in slope value markedly less than 2.

In such a situation less than two hydroxyoxime molecules bind with
the copper ions, and consequently would lead to considerably greater
extent of copper extraction. However, there is no convincing evidence
to suggest that the decline in slope values is due to the transfer of CuCl+

except that fairly large amount of copper was extracted. It is worth-
while noting that chloride uptake during extraction of metals has a
deleterious effect during metal recovery by electrowinning, hence al-
ternative recovery techniques must be considered for such cases.

Due to intermolecular hydrogen bonding hydroxyoximes have ten-
dency to form dimers [42]. In the extraction environment hydro-
xyoxime molecules as well as their dimers could bind with copper.
Hydroxyoxime dimerization can be ignored in solutions of aliphatic and
aromatic hydrocarbons in hydroxyoxime concentration range of 0.01
and 0.1 mol/dm3 [42]. In the current investigation the hydroxyoxime
concentration was much higher than this range.

Szymanowski [42] reported that in the IR spectra of 2- hydroxyl 5-
alkylbenzaldehyde oxime the monomeric NeOH group manifests at
3580 cm−1 and the band at 3420 cm−1 is for the associated species and
similar values were observed for other oximes. This finding was cor-
roborated by Albrecht et al. [43] in their study on oximes and clusters
by supersonic jet spectroscopy using IR direct absorption and Raman
Scattering techniques and reported that for oxime the monomer peaks
were at 3657 cm−1 and monomer/dimer peaks at 3364 cm−1.

In the present investigation the infrared spectra for oxime in kero-
sene (organic phase), as well as the maximum copper loaded organic
phase with extractant concentrations ranging from 7.5% to 30% v/v are
shown in Fig. 4. The band due to NeOH monomeric group and the
monomer/dimer were observed ∼3593 cm−1 and ∼3375 cm−1 re-
spectively. The bands associated with stretching vibrations of the CeH
bonds in CH2 and CH3 groups are in the range of 2960–2850 cm−1. The
absorption bands at 1585.53 cm−1 and 1620.25 cm−1 are assigned to
C]N stretching vibrations and at 1494.8 and 1460.1 cm−1 assigned to
eC]Ce stretching vibrations. The absorption band of CeOeH

Fig. 2. Effect of LIX 84 IC concentration on copper extraction. (Inset: Maximum copper
loading for LIX84IC in kerosene).

Fig. 3. Copper extraction using LIX84IC vs equilibrium pH at varying extractant con-
centrations. (Inset: Log D vs. equilibrium pH).
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attached to the phenolic structure is at 1383 cm−1 and that assigned to
nitrogen-oxygen stretching vibrations is observed at 1024 cm−1. The IR
spectrum of LIX84-IC loaded with copper shows absorption band at
1610.61 cm−1 assigned to C]NeCu (II) stretching vibrations and at
1402.96 cm−1 assigned to the Cu(II) complex [44]. A shift in absorp-
tion band at 1377.2 cm−1 indicates CeOeH whereas stretching vibra-
tions CeOeCu (II) coordination bond is at 1317.42 cm−1.The absorp-
tion band at 1030.02 cm−1 is assigned to NeO stretching vibrations.

The maximum copper loaded organic phase at all oxime con-
centrations studied, show absence of the monomer/dimer peak and
peak shift from ∼3593 cm−1 to ∼3616 cm−1 corresponding to the
monomeric group of the oxime, thereby indicating that both mono-
meric and dimeric groups are involved in the complexation process.
This unfolds a very complex picture of molecular association and
bonding in chloride media between hydroxyoxime and the copper ions
with adsorbed complexes and the two ionic species of copper binding
with monomeric, dimeric oximes.

3.3. Precipitation – stripping of copper from loaded organic phase

Precipitation – stripping of copper from the organic phase involves a
reaction between the loaded organic phase with an aqueous solution of
oxalic acid. The acid dissociates into hydrogen ions and oxalate anions
in the aqueous phase and acts both as a stripping and precipitating
agent. Copper ion is released from the copper-oxime complex at the
organic − aqueous interface by exchange with H+ ions. The Cu2+

cation transfers to the aqueous phase where it undergoes a second re-
action with the oxalate anion in the vicinity of the interface to form
copper oxalate precipitate. Overall rate of stripping is controlled by the
diffusion of the metal complex from the bulk of the organic to the li-
quid–liquid interface [45]. The driving force for mass transfer is high
when the organic phase metal concentration is high. Stripping is much
faster at high concentration of metal complex in organic phase. The
faster rate at which metal ions are supplied to the aqueous solution
combined with high stirring, results in production of finer oxalate
particles. This is caused by the fast nucleation under the conditions
where the aqueous phase copper concentration rises more rapidly to the
threshold concentration at which nucleation can occur [29].

3.3.1. Theoretical aspects
The stripping and precipitation of copper with oxalic acid can be

represented by Eq. (8)

+ → +CuR H C O CuC O RH22 2 2 4 2 4 (8)

Oxalic acid in solution dissociates into hydrogen ions and oxalate
anions depending on the solution pH.

= ++ −H C O H HC O2 2 4 2 4 (9)

= ++ −HC O H C O2 4 2 4
2 (10)

In a solution of oxalic acid, molecules of oxalic acid and its ions
−HC O2 4 and −C O2 4

2 co-exist in equilibrium. In strong acidic solutions
< −C OpH 2, 2 4

2 concentration is negligible and the dominant species is
−C O2 4 . At pH values > 3 complete ionisation is there and both

−C O2 4
2 and −HC O2 4 are formed. −C O2 4

2 concentration is high in alkaline
solutions and low in acidic solutions [46].

The equilibrium constant for Eqs. (9) and (10) are represented as
K1andK2 respectively. The oxalate species can be expressed as

=−C O α A[ ] C O T2 4 2 4 (11)

= ⎡
⎣⎢

+ + ⎤
⎦⎥

−
+ +

C O H
K

H
K K

A[ ] 1 [ ]
T2 4

2

1

2

1 2 (12)

Where, AT = H2C2O4 + HC2O4 + C2O4
2− the total concentration of

the oxalates and αC O2 4 is the ionisation fraction of oxalate anion
C2O4

2−. Introducing the equilibrium constants K1and K2 (Table 3) and
total concentration AT, gives the concentration of oxalate species
(C2O4

2−) at different pH values.
The solubility equilibrium for copper- oxalic acid system can be

expressed as,

= ++ −CuC O Cu C Os2 4 ( )
2

2 4
2 (13)

Taking logarithm and rearranging gives

= −+ −log Cu logK logC O[ ] SP
2

2 4
2 (14)

Substituting the value of C2O4
2− and KSP results in Cu2+ concentration

equilibrated with CuC O s2 4 ( ) Fig. 5a shows the solubility curve,
CuC O S2 4( ) as a function of pH. Besides the solubility equilibrium, Cu2+

complexes with oxalate anion forming various soluble species
+ −Cu C O CuC O Cu C O(H ) , , ( ) .aq2 4 2 4( ) 2 4 2

2 Since the domain in the current
investigation is acidic the hydroxide species are neglected. Copper ox-
alate has appreciable solubility in the presence of excess oxalate ions
due to the formation of increasing quantities of −Cu C O( )2 4 2

2 [47].
Oxalate anion reacts with Cu2+ cation in aqueous solution to form

successively two soluble complexes represented by the Eqs. (15) and
(16). The complexes are characterized by their stability constants β1
and β2 respectively.

Fig. 4. FTIR spectra of fresh and copper loaded organic phase at varying LIX 84IC con-
centrations.

Table 3
Equilibrium constants of formation reactions of copper oxalate and zinc oxalate com-
plexes.

Equilibrium reactions Log of constant Reference

= ++ −HC O H C O2 4 2 4 = −K 4.2661 [48]

= ++ −H C O H HC O2 2 4 2 4 = −K 1.2522 [48]

= ++ −CuC O Cu C Os2 4 ( ) 2 2 42 = −K 9.35SP [49]

+ =+ −Cu C O CuC O aq2 2 42 2 4 ( ) =β 6.231 [48]

+ =+ − −Cu C O Cu C O2 ( )2 2 42 2 4 2
2 =β 10.272 [48]

+ =+ − +Cu HC O Cu HC O( )2 2 42 2 4 =β 7.323 [48]

= ++ −ZnC O Zn C Os2 4 ( ) 2 2 42 = −K 8.86SP [49]

+ =+ −Zn C O ZnC O aq2 2 42 2 4 ( ) =β 4.871 [48]

+ =+ − −Zn C O Zn C O2 ( )2 2 42 2 4 2
2 =β 7.652 [48]

+ =+ − +Zn HC O Zn HC O( )2 2 42 2 4 =β 6.443 [48]

+ =+ −Zn HC O Zn HC O2 ( )2 2 42 2 4 2 =β 12.324 [48]
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+ =+ −Cu C O CuC O aq
2

2 4
2

2 4 ( ) (15)

+ =+ − −Cu C O Cu C O2 ( )2
2 4

2
2 4 2

2 (16)

= =+ −

−

+ −
β βCuC O

Cu C O
Cu C O

Cu C O1
[ ]

[ ][ ] 2
[ ( ) ]

[ ][ ]
2 4

2 2 42
2 4 2

2

2 2 42 2

Rearranging and taking logarithm of Eqs. (15) and (16) results in

= + ++ −logCuC O logCu β logC Ologaq2 4 ( )
2

1 2 4
2 (17)

= + +− + −logCu C O logCu β logC O( ) log 22 4 2
2 2

2 2 4
2 (18)

Introducing the values of β1 and β2, the concentration of CuC O aq2 4 ( )

and −Cu C O( )2 4 2
2 species are obtained. In addition, the 1:1 oxalate

complex can also be protonated to form +Cu HC O( )2 4 specie in acidic
media. The resulting acid − base equilibrium is characterized by its
ionisation constant β3.

+ =+ − +Cu HC O Cu HC O( )2
2 4 2 4 (19)

Rearranging and taking logarithm of Eq. (19)

= + ++ + −logCu HC O logCu logβ logHC O( )2 4
2

3 2 4 (20)

Where,

logHC2O4
− = logH+ + logC2O4

− (21)

Introducing the values from Table 3 [48,49] enables the
logCuC O aq2 4 ( ) concentration equilibrated with solid CuC O s2 4 ( ) to be
plotted vs. pH (Fig. 5a). The solubility minima corresponding to the
maximum precipitation of copper oxalate occurs in the pH range
0.6–0.7.

The solubility of oxalates of Cu, Ba, Ca, Bi etc. was investigated by
Marta et al. [50] at varying oxalic acid concentrations ranging from
0.05M–1 M. They reported the optimum pH for copper oxalate pre-
cipitation to be 0.7–0.8, further except for Bi all other solubility curves
showed a minima which was attributed to two opposing factors, pro-
tonation of the oxalate ions in strong acidic media and formation of
complex oxalates at high pH values when the available oxalate con-
centration increases. Zielinski et al. [51] reported maximum pre-
cipitation of metal oxalates at oxalic acid pH < 1.

3.3.2. Experimental results
It is a common practice in extraction from chloride media to scrub

the oil phase prior to stripping of metal values to remove chloride ions
adsorbed at interface. When hydroxyoxime is used as a chelating agent,
water can be used for scrubbing without any pH adjustment [28]. In
this study the organic phase was scrubbed with distilled water to re-
move the adhering chloride ions. Precipitation-stripping was carried
out using oxalic acid concentrations ranging from 0.3 to 1 M, at equal
oil to aqueous volumes for three hours at 150 rpm and 30 °C. Increasing
the concentration of oxalic acid resulted in an increase in amount of
precipitates obtained. Oxalic acid strengths beyond 1 M were not at-
tempted due to solubility constraints at the operating temperature.
Stripping was performed using 1 M acid in three stages with fresh acid
at each stage. The total copper stripped at each stage is the sum of
copper present in the precipitate and the copper remaining dissolved in
the oxalic acid solution.

Experimental data presented in Table 4 shows that of the 19.76 gm
copper loaded in the organic phase, the amount of copper precipitated
as oxalate was 13.17 gm in stage 1,4.06 gm and 2.25 gm in stage 2 and
stage 3 respectively accounting for a cumulative yield of 98.6%. Copper
remaining soluble in oxalic acid after precipitation in each stage was
also determined experimentally. The solubility of copper oxalate at the
precipitation pH value of 0.67 was determined from the solubility
diagram Fig. 5(a). The experimental yield and the predicted yield
considering dissolved copper obtained from solubility diagram are in
close agreement as shown in Table 4.

Fig. 5(c) shows the distribution of soluble copper species present in

Fig. 5. Solubility diagram: (a) Copper-oxalic acid system, (b) Zinc-oxalic acid system.
Soluble specie distribution curves: (c) Copper oxalate, (d) Zinc oxalate.

Table 4
Stage wise recovery of copper and zinc.

Stage No. Copper loaded (19.76 gm) Zinc loaded (12.38 gm)

S (gm) P (gm) % Yield S (gm) P (gm) % Yield

E T E T

1 13.26 13.17 99.32 99.68 9.78 9.72 99.38 99.83
2 4.15 4.06 97.83 98.96 2.59 2.55 98.45 99.82
3 2.31 2.25 97.4 98.14 – –
Total 19.72 19.48 12.37 12.27

S: Stripped, P: Precipitated, E: Experimental, T: Theoretical.

Fig. 6. Zinc extraction isotherm using D2EHPA. (Inset: log D vs. equilibrium pH).
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the solution at pH 0.67 based on theoretical consideration. Analysis of
the pickle liquor after copper extraction revealed that 77% of the
131 mg/L iron initially present was also extracted but none of the other
metals present in the liquor were extracted under the operating con-
ditions. It is well known that Fe 3+ is moderately extracted by LIX 84IC
at pH range 2 to 2.5 [38]. During stripping the ferric ions extracted
were stripped as soluble ferric oxalate in the aqueous phase. Quanti-
tative stripping of loaded iron was observed after three stages of
stripping.

3.4. Extraction of zinc using D2EHPA

Selection of an extractant for zinc extraction from chloride media
depends largely on the zinc specie formed in solution as well as the
physicochemical properties of the solution. Below 1 M concentration
the cationic specie Zn2+ is dominant which is extractable by LIX 84 and
acidic extractants D2EHPA, and CYANEX 302. Above 1 M chloride
concentration ZnCl42− and ZnCl3− are formed that are extractable by
secondary or tertiary amines [52]. The speciation diagram (Fig. 1)
shows that dominant zinc specie present in the pickle liquor was Zn2+

and ZnCl+. While LIX 84IC could be used for extraction but it would
require pH balancing since Zn2+ is significantly extracted only above
pH 5, moreover maintaining same extractant in the process has the
possibility of impurity carryover from zinc to copper stream and vice-
versa. Hence, it is prudent to use different extractants for copper and
zinc recovery and keep both the streams separate. This strategy has
been adopted by investigators for metal recovery from sulphate media
(15).

Extraction of zinc with D2EHPA requires very little pH adjustment
and a single stage zinc transfer can be achieved by using a high ex-
tractant concentration [52]. Increasing the extractant concentration can
shift the extraction curves to lower pH values. Zinc extraction from
chloride media using D2EHPA is well investigated by Li et al. [53].

They postulated the equilibria in the organic phase as follows:

↔HR H R2 2 2 (22)

+ + ↔ ++ +Zn x H R ZnR xHR H(1 /2) . 22
2 2 2 (23)

D2EHPA has a strong tendency to form a dimer in organic solutions
and subsequent reaction with zinc leads to the formation of Zn complex
where x is the number of HR molecules complexed with ZnR2, these
investigators reported the value of x = 1. The effect of dimerization of
D2EHPA is apparent only at low metal ion concentration, dimerization
effects are eliminated at high metal concentration leading to formation
of ZnR2 as extractable species [54].

After copper removal, the pickle liquor was contacted with an oil
phase containing 15% v/v D2EHPA at equal oil to aqueous ratio. Fig. 6
shows the extraction isotherm. It is observed that at pH 2 using 15% v/v
D2EHPA almost 98.25% of the zinc present was extracted. The plot of
Log D vs pH (Fig. 6) has a slope of 1.8 indicating two extractant mo-
lecules participating in the complexation process. The maximum
loading capacity of zinc using 15% v/v D2EHPA at an equilibrium pH of
2 was 14.38 g/L.

3.4.1. Precipitation-stripping of zinc from oil phase
The metal loaded D2EHPA solution was stripped in two stages with

1 M oxalic acid at equal oil to aqueous ratio at 30 °C and 150 rpm. The
solubility diagram developed theoretically for zinc-oxalic acid system,
using appropriate values of constants (Table 3) is shown in Fig. 5(b).
Zinc has one ionic species more than that observed for copper. The
additional species −Zn HC O( )2 4 2

2 forms due to protonation of +Zn HC O( )2 4
in acidic medium which is not observed in the case of copper because
copper oxalate protonates to form the highly stable +Cu HC O( ( ) )2 4
complex whereas when zinc oxalate gets protonated, it forms an un-
stable complex +Zn HC O( ( ) )2 4 that has the capacity of getting proto-
nated again to go to [Ar]3d104s2 state to stabilize its energy level.

Fig. 7. FESEM (a) copper oxalate (b) zinc oxalate (c) copper oxide (d) zinc oxide.
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Fig. 5(d) shows the distribution of soluble Zn species in the strip solu-
tion. The solubility of zinc oxalate at the precipitation pH value of 0.97
was determined from solubility diagram Fig. 5(b). The percentage zinc
stripped and precipitated in each stage is given in Table 4. The ex-
perimental and the predicted yield are in good agreement.

3.5. Recyclability of solvent

After precipitation-stripping process it was observed that the or-
ganic phase containing LIX84IC contained residual traces of copper
while D2EHPA containing phase contained traces of zinc which were
not stripped by oxalic acid. Both organic phases were treated separately
with 1.5 M sulfuric acid to strip the residual copper and zinc prior to its
reuse in the process. It was found that the organic phase could be reused
without any significant decline in the extractability of the metal ion,
and even after 5 cycles 98.3% of the copper could be extracted by
LIX84IC at pH 2.5 and 97.7% zinc was extracted by D2EHPA after 5
cycles at pH 2.

3.6. Characterization of copper oxalate and zinc oxalate

The precipitates of copper oxalate and zinc oxalate obtained were
characterized by XRD, FTIR and their morphology was determined
using FESEM analysis. The sharp diffraction peaks of copper oxalate
were indexed as monoclinic phase and matched with standard data

JCPDS 21-297 (Fig. S1) and that for zinc oxalate were indexed on the
basis of monoclinic cell reported for zinc oxalate dihydrate (JCPDS 25-
1029) (Fig. S1). The IR spectra (Fig. S2) showed a broad band at fre-
quency 3462.06 cm−1 corresponding to the OH stretching vibration,
peak at 1679.3 cm−1 is attributed to the main anti-symmetric carbonyl
stretching band νas(C]O) specific to the oxalate family. Vibration band
at 1362.7 cm−1 are attributed to σs(CeO)+ σ(CeC) while band at
1319.4 cm−1 corresponds to σs(CeO)+ δ(O − C]O). Bands at
823.1 cm−1 and 504.89 cm−1 are due to δ(O − C]O) and σ(Cu-O)
frequencies of the oxalate moiety. Similar peaks were also observed in
the IR spectra for zinc oxalate (Fig. S2). FESEM image of the oxalates
(Fig. 7a,b) show that zinc oxalate particles were more defined layered
structures with sharp edges. In comparison, the copper oxalate particles
were disc shaped, smaller in size and lacked sharp edges. In both cases
highly agglomerated particles are observed.

3.7. Preparation and characterization of copper oxide and zinc oxide

Thermogravimetric analysis of copper oxalate and zinc oxalate
samples was performed to determine the calcination temperature to
convert the oxalates to their respective oxides. Copper oxalate was
calcined at 400 °C and zinc oxalate at 440 °C for three hours to obtain
their respective oxides. XRD of copper oxide and zinc oxide matched
the standard data (JCPDS 5-611) and (JCPDS 36-1451) respectively
(Fig. S1). No oxalate impurities were found in either sample. The IR

Sulfuric 
Acid

S
ol

ub
le

 C
op

pe
r 

O
xa

la
te

 a
nd

 Ir
on

 o
xa

la
te

 

Aqueous solution 
to waste

R
ec

yc
le

O
il 

Ph
as

e

Sulfuric 
Acid R

ec
yc

le
or

ga
ni

c
ph

as
e

Organic 
phase

Aqueous 
phase

Copper oxalate

Organic 
phase

Organic 
phase

Zinc oxalate

Aqueous phase 
to waste

Aqueous
phase

Lime
A

qu
eo

us
 p

ha
se

R
ec

yc
le

or
ga

ni
c

ph
as

e

Brass picke liquor

Extraction

Aqueous 
Oxalic Acid

Stripping

Precipitation-
Stripping
(2-stage)

Extraction 

Lix 84 IC

Aqueous 
Oxalic Acid

D2EHPA

Scrubbing  

Water

Zinc Oxide

Calcination
(440 0C)

Centrifugation

Washing, Drying

Copper Oxide

Sulfuric 
Acid

So
lu

bl
e 

co
pp

er
 o

xa
la

te
 a

nd
 Z

in
c

O
xa

la
te

 

Coagulation-flocculation

Filtration

Precipitation-
Stripping
(3-stage)

Stripping

Centrifugation

Calcination
(400 0C)

Washing, Drying

Copper Stream Zinc Stream

Alum

Fig. 8. Process flow diagram.

K. Shah et al. Journal of Environmental Chemical Engineering 5 (2017) 5260–5269

5267



spectra of both the oxides show a broad band ∼3450 cm−1 indicating
the presence of surface hydroxyl groups. The sharp peak observed in
Fig. S1(c) at around at 531.75 cm−1 is due to CueO while the peak at
461 cm−1 in Fig. S1(d) is due to ZneO lattice vibrations. FESEM images
of the oxides (Fig. 7c,d) show that on calcination oxalates were trans-
formed to their respective oxides without losing their ordered structure.

The EDX analysis of copper oxide (Fig. S3a) confirmed pure CuO
phase with Cu and O in stoichiometric proportions. The chemical
analysis of CuO also confirmed absence of impurity indicating forma-
tion of pure copper oxide. The EDX analysis of zinc oxide (Fig. S3b)
reveals presence of Zn, O and Cu. After copper extraction, 240 mg/L of
copper remained unextracted in the pickle liquor. This residual copper
got extracted by D2EHPA during zinc extraction and was precipitated as
copper oxalate along with zinc oxalate. Thus copper ends up as an
impurity in zinc oxalate product. The chemical analysis showed that
zinc oxide was 99.1% pure and contained 0.9% of copper oxide as
impurity. However, this did not manifest in the XRD analysis of zinc
oxide as copper oxide percentage was very low.

Post stripping the organic phase contained traces of copper (40 mg/
L) in the copper stream and zinc (10 mg/L) in the zinc stream. Both the
organic phases were stripped using 1.5 M sulphuric acid to recover the
metals prior to recycle of the organic phase. Since the amount of the
metal present was low the same acid could be reused. The aqueous
phase after extraction of zinc contained the other metals present in the
pickle liquor. This aqueous stream was mixed with the streams con-
taining soluble oxalates. The combined stream was subjected to coa-
gulation and flocculation to remove the metals present and filtered to
separate the solids before disposal of the liquor.

EDX analysis (Fig. S3c) of the sludge generated after processing
indicates the presence of the metals originally present in the pickle li-
quor after copper and zinc extraction. The additional peaks for sulphur
in the EDX spectrum are due to the addition of alum during the coa-
gulation and flocculation process. Fig. 8 shows the process flow dia-
gram for the recovery of copper and zinc from pickle liquors.

4. Conclusions

Solvent extraction and precipitation-stripping was used to recover
copper and zinc from spent chloride brass pickle liquors satisfying the
dual goal of environmental sustainability and economic gain in terms of
the reclaimed metals. Copper was selectively extracted from the pickle
liquor using LIX 84IC as an extractant and subsequently zinc was ex-
tracted using D2EHPA. High copper loading in the organic phase was
observed. The oxime extractant in organic phase was present both as a
monomer and dimer at the extractant concentrations investigated and
both were involved in the complexation process.

Precipitation-stripping of the loaded metal using oxalic acid resulted
in formation of water insoluble metal oxalates. Solubility diagrams
developed in this investigation could predict the yield of Cu and Zn
precipitated as oxalates with high degree of accuracy. Calcination of the
oxalates under controlled conditions converted the oxalates to corre-
sponding oxides. 97.3% copper and zinc present in the pickle liquor
were recovered as copper and zinc oxalate. Morphology of the pre-
cipitates reveal that zinc oxalate particles were layered structures with
sharp edges while copper oxalate particles were disc shaped and lacked
sharp edges. In both the cases highly agglomerated particles were ob-
served. Calcinations did not induce any change in the ordered structure
observed in oxalates. Pure copper oxide and zinc oxide of 99.1% purity
were obtained as value added products.

Acknowledgement

This work was supported by University Grants Commission vide
UGC MRP File No. 41-367/2012 (SR).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.jece.2017.09.061.

References

[1] J.R. Davis, ASM specialty handbook, copper and copper alloys, Surface Engineering,
ASM, International, Materials Park, 2001, pp. 320–321.

[2] M.P. Singh, Status of Trace and Toxic Metals in Indian Rivers, River Data
Directorate Planning and Development Organization, Government of India:
Ministry of Water Resources, Central Water Commission, New Delhi, 2014 May
2014.

[3] F. Fu, Q. Wang, Removal of heavy metal ions from waste water: a review, J.
Environ. Manage. 92 (3) (2011) 407–418.

[4] A. Kilicarslan, M.N. Saridede, S. Stopic, B. Friedrich, Use of ionic liquid in leaching
process of brass wastes for copper and zinc recovery, Int. J. Miner. Metall. Mater. 21
(2) (2014) 138–143.

[5] O. Kahvecioglu, B. Derin, O. Yucel, Carbothermal recovery of zinc from brass ash,
Miner. Process. Extr. Metall. 112 (2) (2003) 95–101.

[6] S. Timur, S. Gurmen, G. Orhan, C. Arslan, I. Duman, Beneficiation of brass ashes,
Dev. Miner. Process. 13 (2000) C12a-27–C12a-33.

[7] K.C. Nathsarma, Recovery of copper and zinc from brass- ash leach liquor using
solvent extraction, in: V.N. Misra, S.C. Das, K.S. Rao (Eds.), Proceedings of
International Symposium on Solvent Extraction (ISSE), Allied Publishers Pvt. Ltd.
CSIR, Bhubaneshwar, India. September (2002), 2002, pp. 52–64.

[8] A. Kiliçarslan, M.N. Saridede, Application of 1-methylimidazolium hydrogen sulfate
ionic liquid to the oxidative leaching of copper and zinc in industrial brass dross, in:
A. Jha, C. Wang, N.R. Neelameggham, D.P. Guillen, L. Li, C.K. Belt, R. Kirchain,
J.S. Spangenberger, F. Johnson, A.J. Gomes, A. Pandey, P. Hosemann (Eds.), Energy
Technology 2015: Carbon Dioxide Management and Other Technologies, John
Wiley & Sons, Inc Hoboken, New Jersey, USA, 2015, pp. 209–215.

[9] I.M. Ahmed, A.A. Nayal, J.A. Daoud, Leaching and recovery of zinc and copper from
brass slag by sulfuric acid, J. Saudi Chem. Soc. 20 (2016) S280–S285.

[10] S.M. Abdel Basir, M.A. Rabah, Hydrometallurgical recovery of metal values from
brass melting slag, Hydrometallurgy 53 (1) (1999) 31–44.

[11] M.N. Saridede, S. Altuner, Zinc recovery from brass flue dust, Trans. Ind. Inst. Met.
60 (6) (2007) 571–576.

[12] A. Kiliçarslan, M.N. Saridede, Treatment of industrial brass wastes for recovery of
copper and zinc, Separ. Sci. Technol. 50 (2) (2015) 286–291.

[13] D.M. Oliveira, L. Sobral, C.E.G. Souza, Copper and zinc recovery from brass filings
of metal mechanics industry for producing micronutrients bearing chemicals to
agriculture, VIII Meeting of the Southern Hemisphere on Mineral Technology,
Goiania, Brazil, October, 2013, pp. 365–370.

[14] M.K. Sinha, S.K. Sahu, S. Pramanik, L.B. Prasad, B. Pandey, Recovery of high value
copper and zinc oxide powder from waste brass pickle liquor by solvent extraction,
Hydrometallurgy 165 (1) (2016) 182–190.

[15] M.K. Sinha, S.K. Sahu, P. Meshram, B.D. Pandey, V. Kumar, Solvent extraction and
separation of copper and zinc from a pickling solution, Int. J. Metall. Eng. 1 (2)
(2012) 28–34.

[16] Z. Lazarova, M. Lazarova, Solvent extraction of copper from nitrate media with
chelating LIX- reagents: comparative equilibrium study, Solvent Extr. Ion Exch. 23
(2005) 695–711.

[17] J. Szymanowski, Copper hydrometallurgy and extraction from chloride media, J.
Radioanal. Nucl. Chem. 208 (1) (1996) 183–194.

[18] M.C. Cognet, G. Vaissiere, H. Renon, Copper extraction by LIX 64N: comparison of
chloride and sulfate solutions according to pH and acid concentration,
Hydrometallurgy 2 (1977) 265–274.

[19] L. Zhou, W. Furst, H. Renon, Chloride effect on the extraction rate of Cu with 2-
hydroxy-5-nonylbenzophenone oxime, Hydrometallurgy 21 (1988) 213–221.

[20] C. Navaroo, M. Ruiz, Solvent extraction of copper from chloride solutions with LIX
860N-IC and LIX 84-IC, Rev. Metal. Madrid 37 (2001) 483–491.

[21] M.C. Ruiz, I. Gonzalez, J. Salgado, R. Padilla, Extraction of copper from sulfate-
chloride solutions by using hydroxyoxime extractants, in: S. Wang, M.L. Free,
S. Alam, M. Zhang, P.R. Taylor (Eds.), Applications of Process Engineering
Principles in Materials Processing Energy and Environmental Technologies,
Springer International Publishing, 2017, pp. 161–168.

[22] K.S. Koppiker, Solvent extraction of zinc, copper, nickel and cobalt—the status of
current technology, in: V.N. Misra, S.C. Das, K.S. Rao (Eds.), Proceedings of
International Symposium on Solvent Extraction (ISSE), Allied Publishers Pvt. Ltd.
CSIR, Bhubaneshwar, India. September 26–27, 2003, 2002, pp. 3–17.

[23] M. Jha, V. Kumar, R. Singh, Solvent extraction of zinc from chloride solutions,
Solvent Extr. Ion Exch. 20 (3) (2002) 389–405.

[24] C. Frias, A. Raychaudhuri, J. Palma, G. Diaz, Development of new-concept clean
technologies to extract metals from primary and secondary sources, in:
A. Bandopadhyay, P. Rakesh Kumar, G. Ramachandrarao (Eds.),
Environmental &Waste Management, 2002, pp. 165–173.

[25] Kyuchoukov, S. Zhivkova, A. Borowiak-Resterna, J. Szymanowski, Separation of
copper (II) and zinc (II) from chloride solutions with alkyl-8-hydroxyquinoline in
various stages of extraction: stripping process, Ind. Eng. Chem. Res. 39 (10) (2000)
3896–3900.

[26] M.B. Bogacki, S. Zhivkova, G. Kyuchoukov, J. Szymanowski, Modeling of Cu(II) and
Zn(II) extraction from chloride media with KELEX 100, Ind. Eng. Chem. Res. 39
(2000) 740–745.

K. Shah et al. Journal of Environmental Chemical Engineering 5 (2017) 5260–5269

5268



[27] S. Zhivkova, Extraction and separation of copper, zinc and iron by means of bi-
functional extractant KELEX 100, J. Chem. Technol. Metall. 52 (1) (2017) 105–112.

[28] G. Kyuchoukov, J. Szymanowski, Extraction of copper and zinc from chloride media
with mixed extractants, J. Radioanal. Nucl. Chem. 246 (3) (2000) 675–682.

[29] Y. Konishi, Y. Noda, S. Asai, Precipitation stripping of yttrium oxalate powders from
yttrium-loaded carboxylate solutions with aqueous oxalic acid solutions, Ind. Eng.
Chem. Res. 37 (1998) 2093–2098.

[30] V. Innocenzi, F. Ferella, I.D. Michelis, F. Veglio, Treatment of fluid catalytic
cracking spent catalysts to recover lanthanum and cerium: comparison between
selective precipitation and solvent extraction, J. Ind. Eng. Chem. 24 (2015) 92–97.

[31] P.M. Smith, High purity rare earth oxides via precipitation stripping, Metall. Mater.
Trans. B. 38 (2007) 763–768.

[32] B. Sengupta, C.A. Tamboli, R. Sengupta, Synthesis of nickel oxalate particles in the
confined internal droplets of w/o emulsions and in systems without space con-
finement, Chem. Eng. J. 169 (2011) 379–389.

[33] M. Sinha, S. Pramanik, S. Sahu, L. Prasad, M. Jha, B. Pandey, Development of an
efficient process for the recovery of zinc and iron as value added products from the
waste chloride solution, Sep. Purif. Technol. 167 (2016) 37–44.

[34] P. Bowen, O. Pujol, N. Jongen, J. Lemaıtre, A. Fink, P. Stadleman, Control of
morphology and nanostructure of copper and cobalt oxalates: effect of complexing
ions, polymeric additives and molecular weight, Nanoscale 2 (2010) 2470–2477.

[35] Standard Methods for the Examination of Water and Wastewater, 22nd ed., APHA,
AWWA, WEF, Washington, DC, USA, 2012, pp. 4-72–4-190.

[36] Standard Methods for the Examination of Water and Wastewater, 16th ed., APHA,
AWWA, WEF, Washington, DC, USA, 1985, pp. 397–398.

[37] G.J. Lawson, Solvent extraction of metals from chloride solutions, J. Appl. Chem.
Biotechnol. 25 (1975) 949–957.

[38] MCT Red Book Solvent Extraction Reagents and Applications, Cognis Corporation,
2007.

[39] M. Kul, U. Çetinkaya, Recovery of copper by LIX 984 NC from electroplating rinse
bath solution, Hydrometallurgy 98 (2009) 86–91.

[40] V.I. Lakshmanan, G.J. Lawson, The extraction of copper from aqueous chloride
solutions with LIX 70 in kerosene, J. Inorg. Nucl. Chem. 37 (1) (1975) 207–209.

[41] P.G. Christie, V.I. Lakshmanan, G.J. Lawson, The behaviour of LIX 63 in the

extraction of Cu(II) and Fe(III) from chloride media, Hydrometallurgy 2 (2) (1976)
105–115.

[42] J. Szymanowski, Hydroxyoximes and Copper Hydrometallurgy, CRC Press, Boca
Raton USA, 1993, pp. 137–138.

[43] M. Albrecht, P. Zielke, C.A. Rice, M.A. Suhm, Variations of bite angle and coupling
patterns in double hydrogen bonds: the case of oxime dimers, J. Mol. Struct. 880
(2008) 2–13.

[44] N.I. Inda, M. Fukumaru, T. Sana, S. Kiyoyama, T. Takei, M. Yoshida, A. Nakajima,
K. Shiomor, Characteristics and mechanism of Cu(II) extraction with polymeric
particles with interconnected spherical pores impregnated with LIX84 I, J. Chem.
Eng. Jpn. 50 (2017) 102–110.

[45] Y. Konishi, S. Asai, T. Murai, Precipitation stripping of neodymium from carbox-
ylate extractant with aqueous oxalic acid solutions, Ind. Eng. Chem. Res. 32 (5)
(1993) 937–942.

[46] A. Zouaoui, O. Stephan, M. Carrier, J. Moutet, Electrodeposition of copper into
functionalized polypyrrole films, J. Electroanal. Chem. 474 (1999) 113–122.

[47] A. McAuley, G.H. Nancollas, Complex formation in solutions of copper oxalate,
Trans. Faraday Soc. 56 (1960) 1165–1171.

[48] G. Martell, R.M. Smith, Critical Stability Constants of Metal Ion Complexes, Part B,
Organic Ligands, Pergamon Press, 1977.

[49] D.R. Lide, CRC Handbook of Chemistry and Physics, 84th ed., CRC Press LLC, 2004,
pp. 127–129.

[50] L. Marta, O. Horovitz, M. Zaharescu, Analytical study of oxalates co-precipitation,
Leonardo J. Sci. (2) (2003) 72–82.

[51] S. Zielinski, M. Buca, M. Famulski, Precipitation-stripping processes for heavy
metals, Hydrometallurgy 48 (3) (1998) 253–263.

[52] P.H. Cole, K.C. Sole, Zinc solvent extraction in process industries, Miner. Process.
Extr. Metall. Rev. 24 (2003) 91–137.

[53] Z.C. Li, W. Furst, H. Renon, Extraction of zinc(II) from chloride and perchlorate
aqueous solutions by di(2-ethylhexyl) phosphoric acid in Escaid 100: experimental
equilibrium study, Hydrometallurgy 16 (1986) 231–241.

[54] G.M. Ritcey, A.W. Ashbrook, Solvent Extraction: Principles and Applications to
Process Metallurgy, Elsevier Scientific Pub Co., Amsterdam, New York, 1979.

K. Shah et al. Journal of Environmental Chemical Engineering 5 (2017) 5260–5269

5269



Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

Reclamation of copper from spent ammoniacal Printed Circuit Board (PCB)
etch solutions

Khyati Shah, Kamalesh Gupta, Bina Sengupta⁎

Chemical Engineering Department, Faculty of Technology and Engineering, The Maharaja Sayajirao University of Baroda, Vadodara, India

A R T I C L E I N F O

Keywords:
PCB
Etch solutions
Ammoniacal copper
LIX84I
Precipitation-stripping

A B S T R A C T

Ammoniacal spent etch liquors is a potential source for copper recovery. In the present investigation copper was
extracted from spent ammoniacal PCB etch solutions using hydroxyoxime LIX 84I. Maximum extraction was
observed at equilibrium pH of 8.9. Three counter-current stages were required for quantitative extraction of
51.8 g/L copper from the spent liquor using 50%v/v extractant at an O/A ratio of 1.5. It was also possible to
achieve quantitative extraction with 20% v/v extractant concentration at an equilibrium pH of 8.9 and O/A ratio
4.5:1. Precipitation −stripping of the loaded organic phase using oxalic acid led to reclamation of copper as
copper oxalate. Contacting the oil phase fully loaded with copper in 50% v/v extractant, with 1M oxalic acid at
equal O/A resulted in 77.4% copper getting stripped in first contact, quantitative stripping was achieved in the
second contact with fresh acid. There was a close agreement between the experimental and predicted yields
based on solubility plots developed for copper-oxalic acid system. Co-extracted ammonia to the organic phase
was stripped as soluble ammonium oxalate offering an inherent advantage over the conventional stripping
process where build-up of ammonium sulphate is observed during electrowinning process. Calcinations for three
hours formed copper oxide, XRD and chemical analysis confirmed the formation of pure copper oxide. The
copper present in waste etchant could thus be appropriately converted to value added product.

1. Introduction

Electronic devices encompass every aspect of human life and are
built on the foundation of Printed Circuit Boards (PCBs), which carries
the electronic architecture of the device with copper as the main con-
ducting material. The copper concentration in PCB varies depending on
the number of layers and the capacity of conductor current [1] and is
usually about 15–35% by weight [2] of PCB. This copper content is far
greater in comparison to the 3% copper in most of the newly mined ores
[3]. According to Institute of Printed Circuits (IPC) the world PCB
market reached an estimated $58.2 billion in 2016. The worldwide
output of PCBs has increased by an average of 8.7% each year and will
continue to increase [4] resulting in an increased use of copper. Inter-
national Copper Study Group (ICSG) projections indicate a copper
deficit of 150,000T for 2017 and 105,000T in 2018. Therefore, it is
imperative to recover and recycle copper to the fullest extent from
wastes and discards.

Production of PCB involves drilling, scrubbing, chemical cleaning,
electroless deposition, photo imaging, pattern plating, resist stripping,
and etching as the major steps [5]. Chemical etching process is used to
develop the circuit pattern in PCB’s by removing the excess portion of

copper from the copper clad laminate. The copper dissolved away by
etching process is about 50–70% of that originally present on the board
[6]. PCB etching using acidic or alkaline cupric chloride is well estab-
lished process. However, both function differently and have their own
relative merits and demerits. Ammoniacal etching has the advantage
that it does not remove the tin/lead solder that protects the portions of
the copper circuit [7] but fine line etching is not achieved, which some
products require. While acidic cupric chloride has a longer solution
service life and can retain more copper in solution before it is spent and
is used for boards with close traces.

Almost 1.5–3.5 L of waste etchant is generated per square meter of
PCB produced [8]. This account’s for one billion cubic meter of waste
etchant being generated annually from the PCB industry with an in-
crease in 15–18% [9]. The copper concentration in the spent ammo-
niacal etching solution depends on the composition of the bath. Max-
imum etching efficiency is obtained when the copper concentration is
50–70 g/L and decreases as the concentration increases. Copper build
up in the etch solution is accompanied with corresponding depletion of
the free ammonia content in the etch solution necessitating regenera-
tion of the spent etch liquor. Ammoniacal etchant can be regenerated
on site by recovering copper and recycling the etchant, simultaneously
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reducing the fresh etchant requirement as well as water discharge.
The MECER process uses solvent extraction and electrowinning to

recover the etchant and reclaim high purity copper. After copper re-
moval, the etchant is regenerated by adding makeup solvent and am-
monia is directly recirculated to the process. Keskitalo et al. [10] have
presented a comprehensive review on the different methods, electro-
winning, cementation, solvent extraction, precipitation and membrane
technology for the regeneration of acidic cupric chloride etchant waste
along with their advantages and disadvantages. Table 1 lists the dif-
ferent processes available to recover copper from both acidic and am-
moniacal PCB etch solutions.

Recovery of copper from ammoniacal solutions is important in
various hydrometallurgical processes. Current status and the future
perspective of recycling by hydrometallurgy are detailed by Xu et al.
[20]. Solvent extraction is by far the most widely used method to re-
cover copper from ammoniacal solutions due to its inherent advantages;
ease of operation; low energy requirement and can handle a wide range
of feed concentration [21]. β diketones and hydroxyoximes are the
most widely used extractants to recover copper from ammoniacal so-
lutions. Copper is extracted from ammoniacal solutions using β dike-
tone, LIX 54 [22–24] sterically hindered β diketone [18], hydro-
xyoxime, LIX84I [25–27], LIX 84I, LIX 984N, LIX 54-100 [28], and
aliphatic carboxylic acids [29].

The last decade has witnessed a number of research publications on
recovery of copper and other precious metals from used PCBs using
different techniques such as pyrometallurgy, hydrometallurgy, physical
methods and their combinations [30]. Most of the research is focused
on metal reclamation from discarded PCBs. There is considerable po-
tential of copper recovery from spent etch solutions during the PCB
fabrication process. In the present investigation copper is recovered
from spent ammoniacal PCB etch solution using solvent extraction with
LIX 84I as the extractant. Instead of attempting to strip the loaded
copper from the extractant using a mineral acid followed by metal re-
covery by electrowinning, the loaded copper in the organic phase was
stripped with oxalic acid to precipitate copper as an oxalate. The ox-
alate was subsequently converted to oxide by controlled calcinations.

2. Materials and methods

2.1. Materials

Spent printed circuit board etch solution was collected from a small
scale PCB manufacturing industry in Vadodara, India. LIX 84I (BASF)
was used as the copper extractant. Commercial kerosene (B.P-
152–271 °C) used as the organic diluent was supplied by Indian Oil
Corporation Limited. Other reagents, oxalic acid, sulfuric acid used
were of AR grade.

2.2. Methods

The metal composition of the PCB etch solution was determined
using inductively coupled plasma optical emission spectrometry (ICP-
OES) (Perkin Elmer Optima 5300 DV) (Table 2). The ammoniacal ni-
trogen, chloride and the sulfate concentration in the etch solution was
determined using the standard methods for analysis of water and waste
water, APHA–4500N, APHA 4500-Cl-B and APHA 4500–SO4-2E re-
spectively [31].

Copper extraction was carried out in shake flasks at equal organic
and aqueous volumes (100mL each) on a rotary shaker (Remi-RS 24BL)
at 150 rpm and 30 °C. The effect of equilibrium pH was studied using
20% v/v extractant for pH values ranging from 8.5 to 10. To study the
effect of extractant concentration, the etch solution was contacted with
organic phase containing 10%v/v to 50%v/v LIX 84I in kerosene. To
determine the number of stages required for extraction, the etch solu-
tion was equilibrated with 20% v/v and 50% v/v of LIX 84I at varying
organic to aqueous ratios keeping the total volume of organic andTa
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aqueous phase constant. The aqueous phase was analyzed for copper on
an Atomic Absorption Spectrometer (AAS) (Chemito AA203) at 321 nm.

After extraction the organic phase was separated and scrubbed with
water. Stripping was carried out by contacting the loaded organic phase
with an equal volume of 1.0M oxalic acid solution for time intervals
ranging from 15min to 3 h on a rotary shaker (Remi-RS 24BL) at 30 °C
and 150 rpm. After the stipulated stripping time the aqueous and or-
ganic phase were separated. Copper oxalate precipitate in the aqueous
phase was centrifugally separated, washed and dried. The oxalate
precipitate was calcined in a tube furnace (Ants Ceramics) at 400 °C for
3 h to obtain copper oxide.

2.3. Analytical techniques

Precipitated copper oxalate and copper oxide were characterized by
powder X-ray diffraction (XRD) on a PAN Analytical Xpert Pro dif-
fractometer using Cu-Kα radiation at λ value of 1.54°A in Bragg-
Brentano geometry. Thermogravimetric analysis was performed at a
heating rate of 10 °C/min in air atmosphere on a Shimadzu TGA-50
analyser. The elemental composition was determined using EDX ana-
lysis (Oxford Instruments). Infrared spectroscopic analysis of copper
oxalate and oxide was conducted over a frequency range of
400–4000 cm−1 with 32 scans using Thermo Scientific Nicolet iS5
spectrophotometer with iD1 transmission.

3. Results and discussion

3.1. Extraction of copper

The spent etchant collected from printed circuit board manu-
facturing unit had an initial pH value of 8.5. It contained 51.8 g/L
copper with other metals present in trace amounts (Table 2). In am-
moniacal solutions hydrated copper reacts with ammonia to form var-
ious copper ammine species. The coordination number of hydrated
copper (II) species decreases when the coordinated water is replaced by
ammonia. The geometry of the specie changes from octahedraon to
distorted planar square when the water of hydrated copper is replaced
by two or more ammonia molecules. Similarly, with an increase in the
aqueous phase pH the copper (II) species changes from axially elon-
gated octahedron to distorted planar square [32]. Copper extraction is
sensitive to the presence of copper ammine species in the aqueous
phase [21]. The speciation diagram of ammoniacal copper complexes
for the spent etch solution at different pH values was plotted using
Visual MINTEQ 3.1 (Fig. 1). At a pH value of 8.5, copper was present
predominantly as Cu(NH3)42+ Rosinda et al. [24] reported that Cu
complex with four NH3 is the dominant form present in ammoniacal
solutions having excess of NH3 to Cu. Such predominance of Cu
(NH3)42+ species is expected due to its high formation equilibrium
constant over other ammine complexes.

The mechanism of copper extraction from ammoniacal solutions
using β diketones and hydroxyoximes based on existence of Cu
(NH3)42+ species in the feed can be described by Eq. (1) [22]

+ ↔ + ++ +Cu NH HR CuR NH NH( ) 2 2 23 4
2

2 4 3 (1)

where HR represents the extractant and CuR2 the copper-extractant
complex. During extraction the ammonia ligands are pushed out and a
chelate with hydroxyoxime is formed in the organic phase [28].

Copper extraction was carried out using hydroxyoxime extractant
LIX 84 I at equilibrium pH values ranging from 8.5 to 10 using 20% v/v
LIX84I at equal organic to aqueous (O/A) ratios. It was observed that
percentage extraction increased from 20.66% at pH 8.5 to 22.01% at
pH 8.9 and thereafter decreased to 20.27% at pH 10 (Fig. 2, inset). Eq.
(1) shows that there is an increase in ammonia concentration due to
release of ammonia leading to an increase in the pH. Nathsharma and
Bhaskarsharma [33] reported that in actual practice there is no increase
in pH, rather there is a small decrease due to uptake of ammonia in the

Table 2
Composition of spent printed circuit board etchant.

Componenta Concentration (mg/L)

Copper 51800
Nickel 3.375
Lead 33.535
Zinc 14.05
Tin 1.856
Ammoniacal Nitrogen 48675
Chloride 53853
Sulphate 395
% of Ammonia 5.9%
pH 8.5
Specific gravity 1.307

a Composition of metals in spent PCB etchant determined by ICP
analyses to get an idea of all trace metals present.

Fig. 1. Speciation diagram of copper in spent printed circuit board etchant as a
function of pH.

Fig. 2. Effect of LIX84I concentration on% extraction (pH-8.9, O/A=1). Inset:
Effect of Equilibrium pH on% extraction (20% (v/v) LIX84I, O/A=1).
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organic phase. Though hydroxyoximes have a high affinity for copper
they also have a tendency to co-extract ammonia. Hydroxyoximes
transfer ammonia especially at higher pH (> 9) due to the presence of
nonyl phenol in the extractant [22] resulting in decrease in the ex-
traction. The increased stability of the ammine complexes also inhibits
extraction. Copper extraction also decreases as the copper (II) species
with distorted configuration increase due to an increase in pH [32].

3.2. Extraction isotherm and counter current simulation

The extractant concentration in the organic phase was varied from
10% v/v to 50%v/v at equal O/A ratio that led to an increase in per-
centage extraction in a single stage from 13.38% to 51.54% (Fig. 2).
Maximum copper extracted for a given O/A ratio is obtained from the
extraction isotherm. To determine the phase ratio and the number of
stages required for extraction the spent solution was equilibrated using
20% v/v LIX84I at O/A phase ratio ranging from 1:6 to 6:1 and 50% v/v
LIX 84I extractant concentration at O/A phase ratio ranging from 1:3 to
2:1. The extraction isotherms indicate that three stages are required for
complete extraction of copper at a phase ratio of 4.5:1 using 20% v/v
extractant and 1.5:1 at an extractant concentration of 50% v/v (Fig. 3).
Based on the McCabe–Thiele plots, a three-stage counter-current si-
mulation study was carried out at phase ratio (O/A) 4.5:1 for 20%v/v
LIX 84I and at 1.5:1 for 50% v/v LIX 84I. The results indicate loading of
51.79 g/l copper in the organic phase corresponding to total copper
extraction of 99.9% with 3mg/L and 5mg/L of copper in the raffinate
from the third stage respectively (Fig. 4).

3.3. Precipitation-stripping of copper from loaded organic phase

Precipitation – stripping of copper from the loaded organic phase
was carried out by contacting organic phase with aqueous oxalic acid
solution (1M). Oxalic acid dissociates into hydrogen ions and oxalate
anions in the aqueous phase. An ion exchange reaction at the organic-
aqueous interface between Cu2+ and H+ ions leads to the release of
copper from the copper-oxime complex. The Cu2+ cation thus released
in the aqueous phase undergoes a second reaction with the oxalate ion
to form the copper oxalate precipitate and acts both as a stripping and
precipitating agent (Eq. (2)).

+ → ↓ +CuR H C O CuC O RH22 2 2 4 2 4 (2)

After copper extraction the organic phase was washed to remove the
adhering ammonia. Stripping behavior was investigated at equal (O/A)
ratios by contacting the loaded organic phase with 50% v/v of ex-
tractant with 1M oxalic acid in a single stage contact. Previous studies
on precipitation stripping from copper loaded solutions showed that
1M oxalic acid was optimal for stripping [34]. Using higher

concentrations of oxalic acid was not feasible due to limited solubility
of oxalic acid in water at the stripping temperature. Fig. 5 shows the
percent copper precipitated-stripped as copper oxalate with time. The
percentage precipitation increased with an increase in contact time and
after 1 h of stripping time 77.4% of the loaded copper was stripped as
copper oxalate in the first contact. Stripping was performed using 1M
acid in two contacts using fresh acid each time. The total copper
stripped after each contact is the sum of copper present in the pre-
cipitate and the copper remaining dissolved in the oxalic acid solution.

Experimental data shows that out of the 26.7 g copper loaded in the
organic phase, the amount of copper precipitated as oxalate was 20.55 g
in first contact and 5.77 g in the second contact accounting for a cu-
mulative yield of 98.57%. Copper remaining soluble in oxalic acid after
precipitation was experimentally determined. The soluble copper after
the first and second contact was 0.12 g and 0.07 g respectively. Thus,
net copper stripped from organic phase in first contact is 20.67 g which
accounts for 99.42% and 5.7 g in the second contact accounting for
98.8% of copper precipitated.

Soluble copper oxalato species were also determined based on

Fig. 3. McCabe −Thiele plot for the extraction of copper with 20% (v/v)
LIX84I and 50% (v/v) LIX84I (pH-8.9).

Fig. 4. Counter-current simulation for the extraction of copper (a) 20% (v/v)
LIX84I, O/A=4.5:1, (b) 50% (v/v) LIX84I, O/A=1.5:1.

Fig. 5. (a) Effect of stripping time on% stripping. (b) Copper oxalate solubility
curve.
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theoretical considerations from the solubility diagram. Oxalic acid in
solution dissociates into hydrogen ions and oxalate anions depending
on the solution pH with equilibrium constants represented as K1 and K2

respectively [35].

H2C2O4=H++HC2O4
−, logK1=− 4.266 (3)

HC2O4=H++ C2O4
2−, logK2=−1.252 (4)

Based on mass law, the oxalate species can be expressed as,

= = + +−
+ +

C O α A H
K

H
K K

A[ ] [1 [ ] ]C O T T2 4
2

1

2

1 2
2 4 (5)

Where, AT=H2C2O4+HC2O4+ C2O4
2−, the total concentration of

the oxalates and αC O2 4the ionization fraction of oxalate anion −C O2 4
2 .

Introducing the equilibrium constants K1 and K2 and total concentra-
tion AT gives the concentration of oxalate species (C2O4

2−) at different
pH values.

The solubility equilibrium for copper- oxalic acid system can be
expressed by Eq. (6) [36].

= + −+ −CuC O Cu C O K, log 9.14s SP2 4 ( )
2

2 4
2 (6)

Taking logarithm of Eq. (6) and substituting the value of C2O4
2−

and KSP gives the soluble Cu2+ species.
Oxalate anions react with Cu2+ cations in aqueous solution to form

successively two soluble complexes −CuC O Cu C O, ( ) ,aq2 4 ( ) 2 4 2
2 character-

ized by their stability constants β1 and β2 respectively. The 1:1 oxalate
complex can also be protonated to form +Cu HC O( )2 4 specie in acidic
media characterized by its ionization constant β3 .The formation of
oxalate complexes can be represented by Eqs. (7)–(9) [35]

+ = =+ −Cu C O CuC O β, log 6.1aq
2

2 4
2

2 4 ( ) 1 (7)

+ = =+ − −Cu C O Cu C O β2 ( ) log 10.232
2 4

2
2 4 2

2
2 (8)

+ = =+ − +Cu HC O Cu HC O β( ) , log 7.322
2 4 2 4 3 (9)

Taking logarithm of Eqs. (7)–(9) and introducing the constant va-
lues β1, β2, β3 enables to calculate soluble species

− +CuC O Cu C O HC O, ( ) , Cu( )aq2 4 ( ) 2 4 2
2

2 4 .
Summation of all the copper soluble complexes
+ − +Cu CuC O Cu C O HC O, , ( ) ,Cu( )aq

2
2 4 ( ) 2 4 2

2
2 4

+ − +Cu CuC O Cu C O HC O, , ( ) ,Cu( )aq
2

2 4 ( ) 2 4 2
2

2 4 represented as C
uC O s2 4 ( )when plotted vs. pH results in the solubility diagram (Fig. 5).
The solubility of copper oxalate at the precipitation pH value of 0.85
corresponding to minima in the solubility curve was determined from
the solubility diagram. Based on theoretical considerations, copper so-
lubilized in first and second contact turns out to be 0.075 g and 0.034 g
respectively. Thus, theoretically copper precipitated in first contact was
99.64% and in the second contact it was 99.41%. These values are in
close agreement with the experimental values indicating the robustness
of the prediction method.

3.4. Ammonia transport to organic phase

It is well known that LIX84I when involved in copper extraction
from ammoniacal media co-extracts ammonia in the oil phase. Lee and
Chan [37] reported that only free ammonia is transported to the oil
phase since ammonium ion is insoluble in the oil phase. The type of
hydroxyoxime and its concentration, pH of the aqueous phase, diluent
used and the metal content, all have a bearing on the transfer of am-
monia [28]. With excess of copper in the feed phase, with an increase in
LIX 84I concentration in the organic phase, the loading of copper in
organic phase increases with a simultaneous decrease in the amount of
ammonia co-extracted, indicating that the metal extracted replaces
ammonia from the organic phase [28].

The co-extraction of ammonia was determined by contacting the
spent etchant with an organic phase containing 20% v/v and 50% v/v

LIX 84I at equal (O/A) ratios. The difference between the initial am-
monia concentration in the aqueous phase and the final ammonia
concentration after copper extraction gave a measure of ammonia
transferred to the organic phase. The ammonia transferred in the or-
ganic phase containing 50% v/v extractant was 420mg/L while with
20% v/v extractant it was 560mg/L. At both the extractant con-
centrations investigated the system operates at maximum copper
loading thereby restricting the transport of ammonia in organic phase.
Maximum loading of copper minimizes the accumulation of ammonia
in the organic phase, which reduces the need for ammonia scrubbing
[38].

The ammonia transferred in the organic phase also reacts with
oxalic acid forming ammonium oxalate. However, due to the high

Fig. 6. Characterization of copper oxalate: (a) FTIR spectra (b) XRD pattern (c)
TGA analysis.

Fig. 7. Characterization of copper oxide (a) XRD pattern, Inset: EDX analysis
(b) FTIR spectra.
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solubility of ammonium oxalate in water it dissolves in the aqueous
phase.

3.5. Characterization of copper oxalate and oxide

IR spectra (Fig. 6a) of copper oxalate show a broad band at
3430.76 cm−1 corresponding to the OH stretching vibration and the
hydrogen bonds between the water molecules and the carboxylate
group. The band at 1683.48 cm−1 is attributed to the main antisym-
metric carbonyl stretching band specific to the oxalate family. Bands at
1363.4 cm−1 and 1320.07 cm−1 correspond to − + −σ C O σ C C( ) ( )s
and − + − =σ C O δ O C O( ) ( )s respectively. Bands at 824.1 cm−1 are
due to − =δ O C O( ) and 507.48 cm−1 are for the −δ Cu O( ) for the
oxalate moiety. Fig. 6b shows the XRD pattern of copper (II) oxalate.
The diffraction peaks correspond to the orthorhombic phase of copper
oxalate and matched with reported data JCPDS 021-0297.

TGA for copper oxalate in air is shown in Fig. 6c. The weight loss of
1.02% before 225 °C is attributed to the emission of surface water. The
weight loss of 48% from 225 °C to 312 °C is due to the decomposition of
the oxalate that matches closely with the theoretical value of 47.57%.
Based on the information obtained from TGA analysis copper oxalate
was calcined at 350 °C for three hours. However, XRD of the oxide
formed revealed the presence of Cu2O. Increasing the calcination

temperature to 400 °C for the same time span resulted in the formation
of only CuO. All the peaks in the XRD pattern could be indexed to
monoclinic phase (JCPDS 5-661) for CuO (Fig. 7a). No other crystalline
impurities were found in the sample indicating a high purity product
obtained. The EDX analysis of copper oxide (Fig. 7a, inset) confirmed
pure CuO phase with Cu and O in stoichiometric proportions. The
weight compositions for copper (Cu) and oxygen (O) were 80.58% and
19.42%, respectively and no other metals were detected. The chemical
analysis of CuO also confirmed absence of any impurity indicating
formation of pure copper oxide. The IR spectra (Fig. 7b) for copper
oxide showed a broad band at 3420.11 cm−1 indicating the presence of
surface hydroxyl groups and peaks observed at 530.64 cm−1 and
482 cm−1 are assigned to CueO bonds. Broad band at ∼1642 cm−1

corresponds to OH bending vibrations combined with copper atom.
Band at ∼1112 cm−1 is attributed to the OH bending vibrations of
CueOH, band at 1383 cm−1 is due to CuO stretching, While the band at
2924 cm−1 is due to the asymmetrical CH3 groups adsorbed on the
surface of oxide particles.

Post stripping, the organic phase containing traces of copper was
stripped using 1M sulfuric acid to recover copper prior to recycle of the
organic phase. The organic phase was tested to be used up to five cycles
with 0.2% decline in the extraction ability. Since the amount of the
metal present was low the same acid can be reused again. Fig. 8 shows

Fig. 8. Process scheme.
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the scheme for extraction/stripping and recovery of copper as copper
oxide from the spent etchant. The etchant solution after copper re-
covery and ammonia make up can be recycled back and reused. Copper
oxide finds wide application in various fields such as pigments, cata-
lysts, antibacterial agents, sensors, semiconductors, magnetic storage
media etc. hence, reclamation of copper as copper oxide from spent
etch solutions is an attractive proposition [39,40].

4. Conclusions

Copper was extracted from spent ammoniacal PCB etch solutions
using LIX 84I as the extractant. Effect of pH was investigated and a
maximum in extraction was obtained at a pH value of 8.9. Increase in
extraction concentration from 10% v/v to 50% v/v was a mono-
tonically increasing function. Extraction using 20% and 50% were in-
vestigated at varying organic to aqueous ratios. In both the cases three
equilibrium stages were required at O/A ratio of 4.5:1 and 1.5:1 as
indicated by Mc Cabe Thiele plots. Stripping of the fully loaded organic
phase with 50% extractant using 1M oxalic acid was achieved in two
contacts with fresh acid each time.

Copper extraction from ammoniacal solutions into hydroxyoximes is
accompanied with ammonia transfer. However, maximum loading of
copper minimizes the transfer of ammonia in the organic phase. In such
a situation of extraction from ammoniacal solutions, precipitation
stripping offers an inherent advantage during the reclamiation of
copper where in conventional stripping process buildup of ammonium
sulfate is observed after recycle of spent electrolyte over a period of
time during electrowinning process. In precipitation stripping copper is
reclaimed as copper oxalate and there is separation of the solid from the
aqueous phase in which ammonium oxalate is soluble.

This work makes an attempt to recover copper from an potential
waste stream of PCB etch liquors that is projected to grow significantly
in the years to come in view of the great demand of PCBs for electronic
devices. The reclaimed copper can be utilized effectively for various
applications.
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Copper oxalate particles were synthesized from a copper loaded oil phase using the precipitation-stripping (PS)
technique with oxalic acid as the stripping and precipitating agent. The copper source was a spent ammoniacal
printed circuit board etch solution and LIX 84I was themetal extractant. The role of ethanol in stripping solution
on stripping rates, particlemorphology and sizewas investigated. An increase in ethanol concentration enhanced
both rate and extent of stripping. PS with aqueous oxalic acid resulted in cushion shaped particles with a wide
sizedistributionwhich changed toflat discswith an increase in precipitation time. Changes in the polarity, dielec-
tric strength, coupled with significant reduction in the interfacial tension between oil and aqueous phases due to
the presence of ethanol in the stripping solution resulted in spherical submicron particles with a narrow size dis-
tribution. This investigation paves way for a process to synthesize submicron oxalate particles.
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1. Introduction

There is a resurgence of interest in understanding precipitation pro-
cesses in the last few decades. Significant amount of research is carried
with the objective to control size, shape and other properties of precip-
itated materials. Production of particles having unimodal and narrow
size distribution has been of considerable interest because of their appli-
cations in diversefields such as catalysis, ceramics, electronics andmed-
icine. Metal oxalate particles are particularly in focus because they can
be synthesized easily by precipitation from aqueous solutions and
transformed to their respective metal oxides by calcinations without
losing their ordered structure.

In the precipitation process initially nanosized particles are formed,
which cluster together to form micron sized aggregates of definite
shape. Investigations related to precipitation behaviour have often
used copper oxalate as a test case since copper oxalate does not precip-
itate in the form of a single crystal but as spherical polycrystalline parti-
cles with nanosized crystallites [1]. It also differs from the oxalates of
other divalent metals because water plays a negligible role in its struc-
ture and composition unlike the other oxalates that utilize oxygen
from the interlayer water molecules to complete coordination [2].

Different aspects of precipitation of copper oxalate on particle
morphology are fairly well investigated viz. role of copper source and
precipitating agents [1,3–8], effect of temperature and reactant concen-
tration [9,10], effect of additives [11–13] synthesis technique, such as
.ac.in (B. Sengupta).
ionic liquid assisted [14], reverse micelles [15], stripping-precipitation
[16], emulsion liquid membranes [17], ether water bilayer refluxing
[18] electrosynthesis [19] and one pot synthesis [20].

Precipitation stripping (PS) is a combination of stripping and
precipitation steps in conventional metal solvent extraction (SX) pro-
cess. The extracted metal ions are stripped from the metal loaded oil
phase using oxalic acid as a sparing soluble metal oxalate. Oxalic acid
acts both as a stripping agent as well as the precipitating agent. The
metal gets stripped by hydrogen ions and is subsequently precipitated
by oxalate anions [21] forming a sparingly soluble metal oxalate in
aqueous media. H+ ion is the driving force in stripping rather than the
oxalate [22]. Precipitation takes place at the interface between two im-
miscible liquids (oil-aqueous). The process is visualized as involving
three steps (i) Diffusion of the complexed metal from the bulk oil
phase to the oil-aqueous interface, (ii) Stripping of the metal ions, (iii)
Diffusion and reaction of the metal ions with the oxalate ions in the
aqueous phase.

Equimolar amount of oxalate and metal does not result in complete
precipitation and almost 50% excess of oxalate ions is required to
achieve complete precipitation [22].Mixtures of oxalic acidwith ammo-
nium oxalate or sodium oxalate are also used as precipitating agents
[23]. Oxalic acidwith sodiumoxalate allows effective recovery ofmetals
[24]. However, addition of ammonium oxalate to the oxalic acid solu-
tion does not improve stripping and precipitating properties. Stripping
is not achieved by potassium oxalate; the hydrogen ion in oxalic acid
is a greater driving force in the stripping mechanism at the molecular
level than the oxalate ion [22]. PSmethod has been used for preparation
of rare earth oxalates [21], metal oxalates [25], copper oxalate [16,26],
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zinc oxalate [27] and recovery of metal values from waste streams
[28–31].

Particles obtained by PS show a wide size distribution and high
degree of agglomeration. Shear generated due to stirring during the PS
process increases the collisions between the particles having surface
charges, this leads to enhanced particle agglomeration. The agglomera-
tion of particles during precipitation processes substantially decreases
in presence of alcohol [32,33]. Alcohol mixed solvents are used to syn-
thesize nanopowders [34,35], rare earth oxalates [36–38], control size
[39] and morphology of the particles [32,33,35,36,39]. Although the ef-
fect of alcohol during precipitation process is well reported however,
the role of ethanol in particle formation during PS is unexplored.

In the present investigation copperwas extracted from spent ammo-
niacal Printed Circuit Board (PCB) etch solution using 50% v/v LIX84I in
kerosene. Precipitation-Strippingwith aqueous oxalic acid and ethanol-
oxalic acidmixtureswas used to recover copper from the extract as cop-
per oxalate particles. Effect of ethanol concentration in the stripping
media on the rate of stripping, particle size, size distribution, morphol-
ogy and the yield of the oxalate particles obtained is discussed.
2. Materials and methods

2.1. Materials

Ammoniacal spent etchant solution was collected from a small scale
PCB manufacturing unit (having capacity of 500 m2/month) in Baroda,
India. LIX 84I (BASF) was used as the copper extractant. Commercial
kerosene (B·P-152–271 °C) used as a diluent was supplied by Indian
Oil Corporation Limited. Other reagents, oxalic acid, sulfuric acid used
were of AR grade.
2.2. Methods

2.2.1. Extraction
The metals present in the PCB etch solution was determined

using Inductively Coupled Plasma Optical Emission Spectrometry
(ICPOES) (Perkin Elmer Optima 5300 DV). The ammoniacal nitrogen,
chloride and the sulphate concentration in the etch solution was de-
termined using the standard methods for analysis of water and
waste water, APHA–4500 N, APHA 4500-Cl-B and APHA 4500–SO4-
2E respectively. The pH of the solution was measured using digital
pH meter (Systronics).
Fig. 1.Mechanism of copper extraction us
Copper extraction frometch solutionwas carried out using 50% (v/v)
LIX 84I in kerosene (oil phase) by contacting equal volumes (100 mL
each) of the oil and aqueous phases in shake flasks on a rotary shaker
(Remi-RS 24BL) at 150 rpm and 30±2 °C. After extraction the oil and
aqueous phases were separated. Copper concentration before and
after extractionwas determined using an Atomic Absorption Spectrom-
eter (AAS) (Chemito AA203) at 321 nm. The oil phase was scrubbed
with water prior to stripping.

2.2.2. Precipitation-stripping
Stripping was carried out by contacting the loaded oil phase with

1.0 M oxalic acid and ethanol-oxalic acid solutions on a rotary shaker
(Remi-RS 24BL) at 30±2 °C and 150 rpm. After the stipulated stripping
time the aqueous phase containing the precipitate and oil phase were
separated. Copper oxalate precipitate in the aqueous phase was sepa-
rated by centrifugation, subsequently washed and dried.

2.3. Analytical techniques

Powder X-Ray Diffraction (XRD) patterns of the copper oxalate
were recorded on a Bruker, D2 Phaser X-Ray Diffraction meter with
CuKα radiation at 1.54 Å wave length in the 2θ range from 10 to 80
degrees. Fourier Transform Infrared Spectroscopy (FTIR) spectra
were recorded on a Thermo Scientific Nicolet iS5 spectrometer
with iD1 transmission over a frequency range of 400–4000 cm−1.
All measurements consisted of 32 scans. The morphology of the par-
ticles was examined by Field Emission Scanning ElectronMicroscopy
(FESEM) Ziess Supra 40. Size distribution of the oxalate particles was
determined using a laser diffraction particle size analyser (Malvern
Mastersizer 2000MU). Surface tension and Interfacial tension mea-
surements were carried out on a Tensiometer (Kruss K9).

3. Results and discussion

Ammoniacal spent etchant solution had a pH value of 8.5.
The metal composition of the spent etchant determined by ICP anal-
ysis was 51.8 g/l of copper, 3.375 mg/L nickel, 33.5 mg/L lead,
14.05 mg/L zinc and 1.856 mg/L tin. The chloride, sulfate and ammo-
niacal nitrogen content were 53.85 g/L, 0.395 g/L, and 48.67 g/L re-
spectively. In ammoniacal solutions hydrated copper reacts with
ammonia to form various copper ammine species. The number of
ammonia molecules coordinated to the metal varies depending
upon the conditions, with four being the favoured one [40]. At a pH
ing LIX 84-I at oil-aqueous interface.
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Fig. 2. Stripping of copper using oxalic acid and ethanol-oxalic acid solutions.
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value of 8.5 and copper concentration of 51.8 g/L, Cu(NH3)42+was the
dominant species present in the etch solution [31].

3.1. Copper extraction

Copper extractionwas carried out using an oil phase containing 50%
(v/v) LIX 84I at an equilibriumpHof 8.9 andoil/aqueous (O/A) ratio of 1.
In a single stage 26.7 g/L of copperwas loaded in the oil phase, which ac-
counts for 51.5% of the total copper present in the etch solution. For
complete extraction of copper, three stages at O/A ratio of 1.5:1were re-
quired using 50% (v/v) extractant concentration. Details of the
Fig. 3.Mechanism of precipitation-stripping of coppe
extraction methodology are discussed elsewhere [31]. Fig. 1 shows the
mechanism of copper extraction at the oil-aqueous interface. It involves
the formation of an interfacial complex (CuR2) between the molecules
of the extractant (HR) and the copper ion (Cu2+) at the interface
(Eq. (1)) followed by the transfer of this complex formed at the inter-
face to the bulk of oil phase and simultaneous replacement of the inter-
facial vacancy with the extractant molecules.

Cu NH3ð Þ2þ4 þ 2HR↔CuR2 þ 2NHþ
4 þ 2NH3 ð1Þ

3.2. Precipitation-stripping of copper in ethanol-oxalic acid solutions

The oil phase after extraction was washed several times with water
to remove the adhering aqueous phase and ammonia prior to stripping.
Precipitation stripping of copper was performed using 1 M oxalic acid
(E0) and ethanol-oxalic acid solutions. The amount of ethanol in the
aqueous solution was 10% (v/v) (E10), 25% (v/v) (E25) and 50% (v/v)
(E50) and oxalic acid concentration was 1 M in all samples. The total
copper stripped from oil phase is the sum of copper present in the pre-
cipitate and the copper remaining dissolved in the aqueous solution.
The stripping and precipitation percentage were calculated as.

% Strippingð Þ ¼ A−Bð Þ
A

x 100 ð2Þ

% Precipitationð Þ ¼ A−B−Cð Þ
A

x 100 ð3Þ

where A is copper present in the oil phase, B is the copper remaining in
the oil phase after stripping and C is the soluble copper in the aqueous/
stripping phase.

Fig. 2 shows the stripping of copper using oxalic acid and ethanol-
oxalic acid solutions from oil phase containing the 26.7 g/L loaded
r from loaded oil phase at oil-aqueous interface.



Table 1
Solution properties, Equilibrium constants and solubility of copper oxalate in oxalic acid and ethanol-oxalic acid solutions.

Sample pH Surface tension (mN/m) Interfacial tension (mN/m) Dielectric constant [45] Log constant [41–43] Copper soluble (gm)

K1 K2 KSP E C

E(0) 0.84 51.5 15.7 76.75 −4.266 −1.252 −9.14 0.12 0.075
E(10) 0.9 45 11.6 72.15 −4.6 −1.5 −9.099 0.1 0.06
E(25) 0.94 34.9 5.8 65.22 −5.15 −1.8 −9.048 0.084 0.049
E(50) 1.3 29.4 2.3 51.91 −6.05 −2.35 −9.032 0.072 0.036

E = Experimental. C = Calculated.
Interfacial tension between oil (kerosene containing 50%(v/v) LIX84-I) and aqueous phase.
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copper. The amount of copper stripped with aqueous solution of oxalic
acid (E0) after stripping time (t) of 60 min was 77.8% of the initial cop-
per loaded. Continuing the contact of the oil phase with the aqueous
phase for further two hours did not increase the extent of stripping.
Hence, a second stage with fresh oxalic acid was required for stripping
the remaining copper. Addition of 10% ethanol (E10) to the acid during
stripping resulted in an increase in the rate of stripping compared to E
(0) (Fig. 2). However, the extent of stripping remained same in both
the cases at the end of 60 min. At the end of second stripping stage
the extent of stripping was 99.2% for E(0) and 99.4% for E(10) respec-
tively. Addition of 25% ethanol in the stripping solution enhanced the
rates tremendously and in a single stage 98.7% stripping was achieved.
Further increasing the ethanol content to 50% resulted in 98.9% strip-
ping in just two minutes time.

Fig. 3 shows the mechanism of precipitation-stripping of copper
from the loaded oil phase at the oil-aqueous interface. LIX 84 I is insol-
uble in aqueous solutions [40] therefore themechanism of PS of copper
is visualized to be carried out in two stages. Oxalic acid in solution
Fig. 5. Soluble specie d
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dissociates into hydrogen ions and oxalate anions depending on the so-
lution pH according to Eqs. (4) and (5) with equilibrium constants K1

and K2 respectively (Table 1).

H2C2O4 ¼ Hþ þ HC2O4
− ð4Þ

HC2O4
− ¼ Hþ þ C2O4

2− ð5Þ

Copper ion is released from the copper-oxime complex at the oil -
aqueous interface by exchange with H+ ions thereby releasing the ex-
tractant (HR)2 (Eq. (6)). In the vicinity of the interface in the aqueous
film there is an excess of oxalate ions. The Cu2+ cation transfers to the
aqueous phase where it undergoes a second reaction with the oxalate
anion in the vicinity of the interface to form copper oxalate precipitate
(Eq. (7)).

CuR2 orgð Þ þ 2Hþ
aqð Þ ↔Cu2þ aqð Þ þ 2 HRð Þ orgð Þ ð6Þ

Cu2þ
aqð Þ þ C2O4

2−
aqð Þ →CuC2O4 Sð Þ ð7Þ

The oxalate species can be expressed as

C2O4
2−

h i
¼ αC2O4AT ð8Þ

where, AT = H2C2O4 þ HC2O4 þ C2O4
2− the total concentration of the

oxalates and αC 2O 4
is the ionization fraction of oxalate anion C2O4

2− .

The concentration of the complexing C2O4
2− ions can be determined

as a function of pH.

C2O4
2−

h i
¼ 1þ Hþ� �

K1
þ Hþ� �2

K1K2

" #
AT ð9Þ

Introducing the equilibrium constants K1 and K2 (Table 1) and total
concentration AT, in Eq. (9), gives the concentration of oxalate species

(C2O4
2−Þ at varying pH values.

The solubility equilibrium for copper- oxalic acid system can be
expressed as,
istribution curves.



Table 2
Statistical parameters obtained at varying ethanol concentrations.

Sample d32 d43 dv10 dv50 dv90

(μm)

E(0) 0.904 1.53 0.482 1.012 2.28
E(10) 0.303 0.787 0.151 0.305 1.32
E(25) 0.199 0.213 0.135 0.191 0.275
E(50) 0.158 0.168 0.11 0.153 0.215
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CuC2O4 sð Þ →Cu2þ þ C2O4
2− ð10Þ

Taking logarithm and rearranging gives

log Cu2þ
h i

¼ log KSP− log C2O4
2−

h i
ð11Þ

Substituting the values of the oxalate species ðC2O4
2−) obtained

from Eq. (9) and the KSP value (Table 1) in Eq. (11), results in Cu2+ con-
centration equilibrated with solid CuC2O4(s). Besides the solubility equi-
librium, Cu2+ complexes with oxalate anion forming soluble species,
CuC2O4(aq) and, Cu(C2O4)22− characterized by their stability constants
β1 and β2 respectively (Eqs. (12) and (13)).

Cu2þ þ C2O4
2− ¼ CuC2O4 aqð Þ; β1 ¼ CuC2O4½ �

Cu2þ
h i

C2O4
2−

h i ¼ 6:1 ð12Þ

Cu2þ þ 2C2O4
2− ¼ Cu C2O4ð Þ2−2 ; β2 ¼

Cu C2O4ð Þ2−2
h i
Cu2þ
h i

C2O4
2−

h i2 ¼ 10:23 ð13Þ

Copper oxalate has appreciable solubility in oxalic acid in the pres-
ence of excess oxalate ions due to the formation of increasing quantities
of (Cu(C2O4)2)2− [44]. In addition, the 1:1 oxalate complex can also be
protonated to form Cu(HC2O4)+ specie in acidic media characterized
by its ionization constant β3

Cu2þ þ HC2O4
− ¼ Cu HC2O4ð Þþ; β3 ¼ Cu HC2O4ð Þþ� �

Cu2þ
h i

HC2O4
−½ �

¼ 7:32 ð14Þ

Taking logarithm of Eqs. (12), (13) and (14), rearranging and intro-
ducing the values of equilibrium constants and ionization constants
from Table 1 enables plotting the solubility curves Log s vs pH where s
is CuC2O4(aq) concentration equilibrated with solid CuC2O4(s) (Fig. 4).

Fig. 4 (solubility diagram) shows the total soluble copper oxalato
species at different pH values based on the amount stripped after one
hour using 1Moxalic acid (Fig. 2) from 26.7 g/L copper loaded in oil
phase for the four samples. The solubility minima correspond to the
maxima in precipitation of the oxalate. Solubility diagram was used to
determine the soluble copper in the aqueous solution at the precipita-
tion pH. These values were compared with the experimental values ob-
tained after stripping and separation of the oxalate precipitates
(Table 1).

The distribution of the soluble copper species in the aqueous phase
for all the four samples were also predicted from the solubility calcula-
tions (Fig. 5). With an increase in the ethanol content in the stripping
solution, equilibrium pH values after stripping also increased
(Table 1), as less H+ ions were available in solution because of low ion-
ization constants in ethanolic solutions. The H+ ions bind with soluble
Fig. 6. Dispersions forme
copper to form Cu(HC2O4)+. Hence, percentage of Cu(HC2O4)+ soluble
species is more in solutions stripped with aqueous solutions of oxalic
acid (Fig. 5a). On increasing the ethanol concentration freeH+ ions pro-
duced from oxalic acid are not available to bind with copper and hence
soluble Cu2+ species increases as the concentration of ethanol increases
(Fig. 5b, c, d).

The dissolved oxalate in (E10), (E25) and (E50) was lower than that
obtained while stripping with aqueous oxalic acid. This is attributed to
the lowering of the solubility product of the copper oxalate in ethanolic
solution (Table 1). Metal oxalates are almost insoluble in pure alcohol
and the solubility of the oxalate in a mixed alcohol/water solvent will
be lower than in pure water. The decrease in the dielectric constant
with increasing nonpolar solvent concentration causes the solubility
to decrease.

In ethanol solutions the ionization of oxalic acid is reduced because
of lower dielectric constant [45] compared to that of water (Table 1).
The reduction in ionization of oxalic acid in presence of ethanol causes
a corresponding reduction in H+ ions in the system, thus the ionization
reaction of H2C2O4 to form H+and HC2O4

−(Eq. (4)) will be slow. This
would result in a decline in stripping rate and the rate of precipitation
of the copper oxalate. However, it was observed that rates of precipita-
tion increased significantly in the presence of alcohol (Fig. 2).

Precipitation – stripping environment in ethanol-oxalic acid solution
is complex involving multiple interactions and effects. Ethanol reduces
thedielectric constant and solubility product. At the same timepresence
of ethanol results in lowering of interfacial tension between oil and the
aqueous phase (Table 1) leading to formation of fine dispersions on ag-
itation, thereby increasing the interfacial area leading to increase in
stripping rates. Fig. 6 shows the dispersions formed during stripping
at 30 min time for the four samples.

Solubilisation of oil in alcohol further leads to the stability of the dis-
persion since alcohol (ethanol) molecule has both polar and nonpolar
parts, while, water is highly polar and oil (kerosene) is completely
nonpolar. Hence, in absence of any form of charge on them to cause
repulsion, oil gets solubilized in ethanol. The amount of oil that will dis-
solve depends onwhether there ismorewater or alcohol in themixture.
When ethanol solution fails to dissolve oil, it forms a dispersion of oil
globules. Precipitation of the oxalate particles and their presence at
the interface leads to further stabilization of the dispersion.

The combined effects of all these factors override the decline in pre-
cipitation rates expected due to the reduction of ionization of oxalic acid
d during agitation.
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Fig. 8. FESEM of copper oxalate: (a) Sample E(0), t - 30 min (b) and (c) higher magnification im
(f) PS from 0.5 g/l loaded oil phase, t - 3 h (g) Sample E(10). (h) Sample E(25), (i) Sample E(5
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and leads to rapid stripping of copper from oil phase because of the
enormous increase in the surface area caused by the formation of oil-
water dispersion in comparison with the area generated on a shaker
where the stripping experiments were carried out. Hence, the stripping
process gets over in a single stage contact and in lesser time. However,
the complexity of the situation inhibits us from identifying effects of in-
dividual factors at this juncture.

3.3. Particle size distribution

Precipitation in aqueous solutions, E(0) lead to a particle size
distribution that is bimodal, the primary particle size ranges from
0.3 μm to 3.5 μm with mode at 0.8 μm, agglomeration of particles
lead to a secondary size distribution with maximum particle size of
20 μm. The significant statistical parameters observed for this PSD
are presented in Table 2.

Precipitation in the presence of ethanol leads to a significant shift
in the particle sizes to smaller size range. Precipitation in 10%
ethanol-oxalic acid solutions, E(10), shows a particle size distribu-
tion starting from 100 nm with 50% of particles (dv50) less than
age of ‘a’ (d) PS from 4.7 g/l loaded oil phase, t - 3 h (e) higher magnification image of d,
0).
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0.305 μm which indicates that almost 50% particles obtained by pre-
cipitation in E(10) solutions are smaller than the smallest particle
obtained in aqueous solution E(0). dv50 in E(0) was found to be
1.01 μm while dv50 in E(10) is three fold smaller at 0.305 μm simi-
larly, d32 of particles precipitated in E(10) is also one third of the
value obtained for particles precipitated in E(0) as shown in
Table 2. However, precipitation in 10% ethanol –oxalic acid solutions,
E(10) also yielded a bimodal particle size distribution due to cluster-
ing of particles and the maximum particle size observed was ~15 μm.

Submicron size particles with narrow size distribution were ob-
tained when PS was carried out with 25% E(25) and 50% E(50) ethanol
in the stripping phase. 90% of particles precipitated in E(25) were
smaller than the smallest particles precipitated in aqueous solutions,
while in the case of precipitation in E(50) solutions almost all the parti-
cles precipitated were substantially smaller than the smallest particle
formed during precipitation in aqueous solutions E(0) as evident from
Table 2 and Fig. 7.

The addition of ethanol results in a decrease in the dielectric con-
stant (Table 1) of the aqueous solution, the low value of the dielectric
constant increases the supersaturation resulting in formation of high
number of homogeneous nuclei leading to smaller average particle
sizes. Similar results were reported by Hu et al. [46] who obtained
submicrometer ZrO2 powders in alcohol/water mixed solutions. They
found that the dielectric property of themixed alcohol/water solvent af-
fected the nucleation and growth of zirconia particles. Crystal growth is
inhibited in pure ethanol solutions and particle size can be controlled by
varying ethanol concentration [47].

The clustering and agglomeration of the particles was also substan-
tially reduced and free flowing powders were obtained when PS was
carried out in the presence of ethanol. Reduction in aggregation and
agglomeration of particles precipitated in ethanol- oxalic acid solutions
is also attributed to the lower surface tension of ethanolic solutions
(Table 1) which causes low particle packing during drying [34]. Unifor-
mity of size distribution is achieved through a short nucleation period
that generates all the particles seen at the end of the precipitation pro-
cess followed by self-sharpening growth process where smaller parti-
cles grow more rapidly than larger ones and narrow particle size
distribution is observed [48]. Polarity of the solvent dissolving the
precipitating agent also influences the characteristics of the particles.
A polar solvent such as water leads to a formation of few nuclei which
grow rapidly while non-polar solvents such as ethanol result in forma-
tion of large number of small nuclei whose growth is strongly inhibited
leading to smaller size particles [49].

3.4. Particle morphology

Fig. 8 shows FESEM images of the oxalate particles formed during PS
using oxalic acid and ethanol-oxalic acid solutions. PS after 30 min pre-
cipitation time from oil phase containing 26.7 g/L copper and stripping
with oxalic acid solution resulted in formation of cushion shaped parti-
cles with wide distribution in size (Fig. 8a).

The precipitated cushion shaped copper oxalate particles have
square base and six distinct faces. The two opposite square base faces
(α faces) were quite different from the four others (ε faces). Romann
et al. [3] reported that in cushion shaped particles the α faces show
rough surface and radial curvature while the four ε faces exhibit a flat
profile and are much smoother than the α faces.

Jongen et al. [1] had an interesting observation that made them sus-
pect that the ε faces are likely to be hydrophobic in nature while the α
faces are hydrophilic in nature, as a result, when the crystallites aggre-
gate to form a particle, the hydrophobic faces minimize the interaction
with the surrounding aqueous solution, leading to ε faces much smaller
than the α faces. Such hydrophobic-hydrophilic interaction eventually
results in formation of discs by a self- assembly process.

These investigators also studied the effect of additives hydroxyl pro-
pyl methyl cellulose (HPMC) on precipitated copper oxalate particle
shape and size. They observed that copper oxalate without HPMC, pre-
cipitates with cushion like shape and axial ratio smaller than one. With
increasing HPMC concentration copper oxalate precipitates as cubes,
square rods andfinally as rods. Bowen et al. [50] investigated nanostruc-
tured copper oxalate systems and observed that self-assembly of copper
oxalate is influenced by copper complexing acetate ions that signifi-
cantly influence the particle morphology.

In order to get a deeper insight on the precipitation process, PS was
carried out from copper loaded oil phase containing 4.6 g/L copper.
Particles obtained after 3 h precipitation time from oil phase are shown
in Fig. 8d wherein disks with bulge on α faces are clearly observed.
High resolution image of these cushion shaped particles in Fig. 8e show
disk surfaces (α faces) with considerable roughness. Inset to this figure
show the contrast between rough ‘α’ face and the smooth ‘ε’ face. PS
was also carried out with oil phase containing 500 mg/L of copper.
Particles obtained after 3 h precipitation time is shown in Fig. 8f where
the α and ε faces for the cushion shaped particles are clearly seen. The
‘ε’ face is also seen in Fig. 8b and c,magnified image of Fig. 8awith thepri-
mary particles attached to these faces as the consolidation of the particles
is not complete after 30min precipitation time. In all these precipitations
the molar ratio of acid to copper was between 2 and 2.5.

During PS process both the reactions that of copper stripping from
the ligand as well as the precipitation of the oxalate take place at the
oil-water interface. Since copper in the ligand is bound by clawing
mechanism with the chelating extractant its release is relatively slow.
During the initial time copper which is stripped gets precipitated and
the primary particles agglomerate rapidly resulting in bulged cushion
morphology. As precipitation progresses theα faces growdue to the hy-
drophobic - hydrophilic interaction, as a result the particles formed in
the initial stages become progressivelyflat resulting in discmorphology.
Hence, the observation of both bulged cushion shaped particles and flat
discs in FESEM images is attributed to the slow release of copper from
the copper-oxime complex during PS.

Addition of 10% ethanol to the stripping media did not much alter
the particlemorphology and both disc shaped and cushion shapedmor-
phologywas observed (Fig. 8g). Addition of 25% ethanol to stripping so-
lution resulted in cushion shaped particles with aspect ratio of around
one (Fig. 8h). Increasing the ethanol concentration to 50% in the precip-
itation media resulted in uniform sized spherical shaped particles
(Fig. 8i). Addition of ethanol resulted in the decrease in the dielectric
constant as well as the interfacial tension between the oil and the aque-
ous phase (Table 1). On addition of 25% ethanol a finedispersion formed
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during agitation due to the substantial reduction of interfacial tension
(Fig. 6). Precipitationwas completewithinfiveminutes of time, cushion
shapedmorphologywas observed in the particleswhichweremostly of
submicron size having a narrow size distribution. With 50% ethanol
in the precipitating media interfacial tension was 2.3 mN/m which
was less than half the value obtained using 25% ethanol solutions
(Table 1), this led to the formation of water in oil emulsion (Fig. 6)
which resulted in formation of submicron spherical shaped particles
with a narrow size distribution (Fig. 7) and the precipitation process
was completed in just 2 min (Fig. 2).

Due to high ethanol content agglomeration and secondary nucle-
ation tendencies were inhibited in 50% ethanol solutions, the energy
barrier for the particles to aggregate was low due to the low dielec-
tric constant and primary spherical particles of uniform particle
size were obtained [51]. This behaviour could also be attributed
to the fact that ethanol adsorbs more strongly than water on the
surface, forms a layer and prevents agglomeration during
crystallization [33].

3.5. Characterisation of particles

3.5.1. IR spectroscopy
IR spectra (Fig. 9) for all the four samples of copper oxalate E(0),

E(10), E(25)and E(50) show a broad band at ~3430 cm−1 corresponding
to the OH stretching vibration and the hydrogen bonds between the
watermolecules and the carboxylate group. A shift in the band attributed
to the main antisymmetric carbonyl stretching band specific to the oxa-
late family from 1683 cm−1 for sample E (0) to 1654.75 cm−1 for sample
E(50) is a pointer towards less amount of water in the particles
precipitated in 50% ethanol-oxalic acid solution. Both these bands arise
from the remaining water in the structure of the particles during
precipitation [52]. Bands at 1363.48 cm−1 and 1320.07 cm−1 correspond
to σs(C − O) + σ(C − C) and σs(C − O) + δ(O − C = O) respectively.
Bands at ~824.1 cm−1 are due to δ(O − C = O) and 507.48 cm−1 are
for the δ(Cu − O) for the oxalate moiety. Intensity of all the bands re-
duced as the alcohol concentration in the ethanol-oxalic acid solutions
increased [36].

3.5.2. X-ray diffraction analysis
Fig. 10 shows the XRD patterns of copper oxalate for samples E(0),

E(10) and E(50). The diffraction peaks of copper oxalate particles
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Fig. 10. XRD of copper oxalate.
precipitated using oxalic acid solutions and ethanolic solutions contain-
ing 10% and 50% ethanol could be assigned to the (110), (120), (011),
(111), (220), (121) and (130) planes of orthorhombic copper oxalate
that matched with standard data JCPDS 21–297 and those reported in
literature for copper oxalate synthesized using oxalic acid [1]. No char-
acteristic peaks of other materials were detected, indicating the high
purity of the copper oxalate formed. The average crystallite size for
the samples E(0), E(10) and E(50) determined using the Debye-
Scherrer equation was 27.5, 23 and 16.6 nm respectively. Increasing
the percentage of ethanol in the ethanol-oxalic acid solutions resulted
in a decrease in the crystallite size.
4. Conclusions

Copper oxalate particleswere prepared by extraction of copper from
spent Printed Circuit Board etch solutions and Precipitation-Stripping at
oil-aqueous interface using oxalic acid and ethanol-oxalic acid mixtures
thereby cleaning up the targeted waste aqueous stream and generation
of value added product. Extraction was carried out using 50% (v/v) LIX
84I followed by Precipitation-Stripping using 1 M oxalic acid. Stripping
of copper loaded oil phase with oxalic acid and 10% ethanol-oxalic acid
solutions required two stages at an oil:aqueous ratio of one. With 50%
ethanol-oxalic acid solutions Precipitation-Stripping was completed in
two minutes in a single stage. The mechanism of formation of copper
oxalate particles by Precipitation-Stripping at oil-aqueous interface is
discussed. Solubility diagrams for ethanol-oxalic acid systems were de-
veloped and the soluble copper oxalate was determined.

The particles formed in aqueous oxalic acid had a wide size distribu-
tionwhile particles formed in 50% ethanolic oxalic acidwere submicron
in sizewith a narrow size distribution. Both bulged cushion shaped par-
ticles and flat disc shaped particles were formed when PS was carried
out in oxalic acid solutions due to the slow release of copper from the
copper-oxime complex. α faces of the cushion shaped particles grow
due to the, hydrophobic - hydrophilic interaction as a result theparticles
formed in the initial stages become progressively flat resulting in disc
morphology. Addition of 10% ethanol to the stripping media did not
much alter the particle morphology. Addition of 25% ethanol to strip-
ping solution resulted in cushion shaped particles with an aspect ratio
of around one. With 50% ethanol in the precipitating media spherical
shaped particles of submicron sizes with a narrow size distribution
were obtained.

The major difficulty encountered during precipitation stripping is
the wide size distribution and agglomeration of the particles obtained.
This can be circumvented by carrying out PS in the presence of alcohol.
Moreover, the yields of oxalates can be enhanced by precipitating in
presence of alcohols as they reduce the solubility product of the oxalate
in the solution.
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