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Abstarct

Extracting metals from printed circuit boards (PCBs) in electronic waste (e-waste) is crucial for environmental and economic purposes.
E-waste harbors precious metals like copper, gold, silver, and palladium, which can be reclaimed and repurposed. This study investigated the use
of bis(2,2,4 trimethylpentyl)phosphinic acid (Cyanex 272) in kerosene for extracting copper and iron from leach liquor obtained from HP E-waste
computer printed circuit boards. Influence of various parameters, including the concentration of the extractant, equilibrium pH, and phase ratio,
on the degree of copper and iron extraction was examined. Under specific conditions of 25+2 °C temperature, a 1:2 phase ratio, and a 0.2 mol/L
Cyanex 272 concentration, extraction efficiencies of 96.8% for copper and 97.1% for iron was achieved within 30 minutes at pH levels of 4.6 and
3.4, respectively. Additionally, about 93.40% of pure copper was successfully stripped from the loaded organic phase at the optimized conditions
and hydrometallurgical flow sheet outlining the analytical procedures for the extraction and recovery process was provided (Figure 1).
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Figure 1: Graphical Abstract.
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Introduction
present in various appliances like fridges, washing machines, TVs,

Printed circuit boards (PCBs) are integral components of CD/DVD players, personal computers, laptops, mobile phones,

electronic and electrical equipment (EEE) and are commonly
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modems, radios, and cameras [1-4]. Waste PCBs constitute
approximately 3% of the total electronic waste [5]. These discarded
PCBs contain diverse elements, including valuable metals such as
palladium, gold, silver, and copper, along with polymers, ceramics,
and hazardous substances like lead, cadmium, and halogenated
flame retardants. Improper disposal of these waste PCBs poses
environmental risks and has detrimental effects on the ecosystem
[6-9].

Globally, the issue of solid waste pollution has garnered
[10,11]. With the advancements in
electronic technology and improvements in human production
and lifestyle, there has been a significant surge in the production
and consumption of electronic devices. This has led to a
pronounced increase in the disposal of electronic devices, valued
atapproximately USD 57 billion [12,13], due to their short lifespan.
Unfortunately, the majority of discarded electronic equipment
cannot be effectively disposed of or reused, primarily due to the
lack of mature recycling technologies.

considerable attention

Waste Printed Circuit Boards (WSPCBs) constitute a significant
portion of electronic waste. It is projected that, by 2035, WPCBs
will consume over 2.31 million tons of copper [14]. Notably, the
copper content in WPCBs is several times higher than that found in
natural copper ore, where the economic mining value is only 0.5%
[15]. Consequently, the recycling of copper from WPCBs serves a
dual purpose: it not only reduces dependence on traditional ores
but also facilitates the efficient recycling of valuable resources.
The extraction of copper from traditional ores has not kept pace
with growing demands. As a result, finding alternative sources
of copper, such as electrical and electronic wastes, has become
crucial. The rapid growth of the electrical and electronic industries
in recent decades has led to increased demand for metals like
copper. With primary copper resources depleting, production
costs rising, and market prices fluctuating, there is a pressing need
to develop efficient extraction processes from secondary sources
like electronic wastes [7,16-22].

The increasing demand for this metal in industries has resulted
in a growing necessity for metal extraction. Solvent extraction,
a widely embraced method, is employed to separate and purify
copper from leach liquors containing multiple metals. This
approach proves highly efficient in recycling Waste Printed Circuit
Boards (PCBs) with diverse copper concentrations. Some studies
have delved into refining the Pregnant Leach Solution (PLS) of
WPCBs through solvent extraction. Oishi et al. [23] utilized LIX 26
to eliminate impurities (Zn, Pb, Mn, Ni, and Fe) from the ammonia-
ammonium leaching solution of WPCBs, achieving a removal rate
of over 95%, thereby facilitating copper recovery. In the domain
of precious metals recovery, there are limited studies on WPCBs
leaching solution, but various systems, such as organophosphorus
derivatives, guanidine derivatives, and amine-organophosphorus
derivative mixtures [24], have been explored in other solutions
and could potentially prove effective in WPCBs leaching solution.
Cui and Zhang [25] conducted a comparison of extractants
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for aurocyanide complex extraction, revealing that the LIX-79
extractant facilitated gold extraction from alkaline cyanide media,
suggesting its potential utility in the cyanide-based leaching
solution of WPCBs.

Tanda et al. [26] illustrated the effective utilization of
diketones and oxime lixiviants for copper extraction from alkaline
glycinate solutions. Their approach allowed for copper extraction,
leaving glycinate in the aqueous raffinate post-extraction. In a
different investigation, Akbari & Ahmadi [18] demonstrated the
efficient two-stage extraction (96%) of copper from bioleaching
solution using solvent extraction with LIX 984 N extractant
diluted in kerosene. They noted an increased co-extraction of zinc
and nickel at higher pH levels (2.5). Wang et al. [27] showcased
the industrial viability of M5640 in copper extraction from leach
solutions of WWPCBs, achieving over 90.0% copper extraction at
pH 1.1, a phase ratio (0O/A) of 1/1, M5640 concentration of 16%,
and a contact time of 3 minutes at room temperature. In a recent
study, Srivastava and Ilyas [28] discovered that thiosulphate
facilitated gold stripping from loaded TBP, resulting in 99%
recovery efficiency in the solvent extraction process. Furthermore,
they achieved successful regeneration of the organic extractant,
making it suitable for reuse.

Singh and Rao [29] found that nearly 92% of gold can be
reclaimed using optimized parameters through solvent extraction,
employing 0.1M tertiary amide for selective and quantitative gold
recovery from gold leach solutions. The economic motivation for
e-waste recycling lies in the retrieval of precious and base metals,
given their substantial value. While past methods prioritized
profitable metals such as Cu, Sn, Au, Ag, and Pd, copper stands
out as one of the highest-value metal in various electronic scrap
materials. Cyanex 272, a phosphine oxide extractant, is widely
utilized in the solvent extraction of copper. Its use in this process
is advantageous because it forms stable complexes with copper,
facilitating efficient extraction and separation. Moreover, Cyanex
272 exhibits selectivity for copper over other metal ions present
in the leach solution. Consequently, this study aimed to develop
an effective method for extracting copper from the leach liquor
of waste printed circuit boards (PCBs) using Cyanex 272. This
approach holds promise as an environmentally friendly and
economically viable solution for recovering copper and other
metals from pregnant solutions of WPCBs.

Materials and Method
Materials

The pregnant leach liquor (PLS) produced from hydrochloric
acid leaching was used for the recovery of critical metals. The
chemical reagents used in this work were hydrochloric acid (HCI,
AnalaR product: 35%), ammonia (NH3, BDH grade), Cyanex 272
(Merck product, purity 85%), and distilled water. Commercial
kerosene (diluent) obtained from Olak Filling Station, Ilorin,
Kwara State, Nigeria was re-distilled before use. The structure of
the extractant is shown in figure 2.
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Figure 2: Molecular structure of extractant Cyanex 272 [bis(2,2,4 trimethyl pentyl)phosphinic acid].
\ J

The elemental makeup of the leaching solution was analyzed
using Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS: Agilent HP 7700 ICP-MS model) and an atomic absorption

Table 1: Elemental composition of leaching solution by ICP-MS and AAS.

spectrophotometer (AAS: BUCK Scientific ACCUSYS 211 Atomic
Absorption Spectrophotometer), as detailed in table 1.

Elements Fe?* Mn?*

cu2+ Pb2+ Al3+

Content (mg/L) 224.3 11.9

285.1 12.07 102.7

Solvent extraction

The extraction and stripping tests were carried out within
a sealed container using a mechanical agitator equipped with
glass blades to facilitate thorough mixing. Precise temperature
control was maintained using a water bath. The equilibrium pH
was adjusted by the direct addition of either concentrated HCl
solution (10% volume fraction) or NH, solution (1 mol/L). Initial
experiments, as reported by Correa et al. [30], indicated that the
equilibrium between the two phases could be rapidly established.
For the solvent extraction studies, Cyanex 272 was dissolved in
distilled diluent. Batch experiments were conducted at room
temperature (27 + 2 °C) by mixing equal volumes (25 ml) of
Cyanex 272 in kerosene diluent with leach liquor having a pH of
0.69. This mixture was agitated for 30 minutes using a Gallenkemp
thermostated orbital shaker [18,27,31]. After equilibration and
phase separation with a separating funnel, the copper content in
the aqueous sample was determined using ICP-MS and AAS. The
critical metal content in the organic phase was calculated using a
mass balance. To understand the copper extraction behavior, this
study delved into the impacts of extractant concentration, solution
pH, and phase ratio on the degree of metal extraction.

Results and Discussion
Solvent Extraction Studies

The pregnant leach liquor (PLS) produced through

hydrochloric acid leaching served as the medium for critical metal
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recovery. Under optimized conditions, the composition of the acid
PLS was determined to be 285.1 mg/L Cu, 102.7 mg/L Al, 224.3
mg/L Fe, 12.07 mg/L Pb, and 11.9 mg/L Mn. This leach liquor was
then employed for the selective separation of copper from other
metals.

Effect of Cyanex 272 concentration

In this investigation, the influence of varying the concentration
of the extractant, Cyanex 272, in the range of 0.01 mol/L to 0.3
mol/L at 25 * 2 °C for 30 minutes on the extraction of copper,
aluminum, iron, lead, and manganese from HP WPCBs’ aqueous
solution was examined. The findings, illustrated in figure 3,
demonstrated that the order of metal ion extraction was Fe > Cu >
Pb > Mn > Al, consistent with prior research [30,32]. This implies
the potential for selectively separating iron, copper, and lead
from other elements [31]. The study noted that higher extractant
concentrations correlated with increased metal extraction. For
example, copper extraction increased from 20.4% at 0.01 mol/L
to 61.9% at 0.2 mol/L. Similar trends were observed for other
metals, except for manganese and aluminum, present in low to
trace amounts. Consequently, only metals present in significant
proportions were considered for further analysis.

To determine the quantity of Cyanex 272 involved in the
extraction process, the impact of Cyanex 272 on the distribution
ratio (D) of key metal ions (Cu, Fe, Al) was investigated, as shown in
figure 4. The relationship between log D and log [Cyanex 272] was
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graphed (Figure 4). The plots yielded straight lines with a slope of
around 1 for all the metals examined, indicating the association
of one mole of Cyanex 272 extractant with the extracted metal

species. This analysis helped assess the extent of Cyanex 272’s
involvement in the extraction process.
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Figure 3: Effect of cyanex 272 Concentration on the percentage of precious metals extraction.
Experimental conditions: The initial metal concentration of WPCBs leach liquor before extraction was 285.1 mg/L Cu, 102.7 mg/L Al, 224.3
mg/L Fe, 12.07 mg/L Pb, 11.9 mg/L Mn at solution pH = 0.69, temp. = 25 £ 2 °C, Cyanex 272 concentration = 0.01 — 0.3 mol/L, Contact
time = 30 min.
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Figure 4: The plot of log D Vs log [Cyanex 272].
Experimental conditions: The initial metal concentration of WPCBs leach liquor before extraction was 285.1 mg/L Cu, 102.7 mg/L Al, 224.3
mg/L Fe, 12.07 mg/L Pb, 11.9 mg/L Mn at solution pH = 0.69, temp. = 25 * 2 °C, Cyanex 272 concentration = 0.01 — 0.3 mol/L, Contact time
=30 min.
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Effect of pH on metals extraction

The influence of pH on the extraction of metals was assessed
using a chloride leach solution. The initial pH was systematically
varied within the range of 1.0 to 5.0 at a temperature of 25 * 2 °C.
The results, illustrating the percentage of metal ion extraction for
copper, iron, and aluminum, were graphically represented against
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the equilibrium pH, as depicted in figure 5.

Figure 5 illustrates that the extraction percentages increased
with higher equilibrium pH levels, except for aluminum, which
exhibited a decrease with rising pH. The optimal extraction
occurred at equilibrium pH values of 4.6, 3.4, and 1 for copper, iron,
and aluminum respectively. Banda et al. [33] confirmed in a similar
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study that solvent extraction of Mo and Co from chloride solution
containing Al was effective for Co and Mo, while extraction of Al
was negligible. Consequently, it can be deduced that Cyanex 272
is not suitable for separating Al from aqueous chloride solution
containing Cu and Fe, possibly due to its preference for extracting
HCl over Al [33]. Additionally, Cyanex 272 might only be capable
of extracting anionic species of aluminum from aqueous chlorides.

Figure 6 demonstrates the effect of equilibrium pH on log D,
indicating the involvement of hydrogen ions in the extraction
process. The plot showed a linear relationship for all metal ions,
suggesting the liberation of one mole of H+ during extraction in
each case, with slopes of approximately 0.932, 0.763, and 0.847
for copper, iron, and aluminum respectively [34].
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Figure 5: Effect of pH on the percentage of precious metals extraction.
Experimental conditions: The initial metal concentration of WPCBs leach liquor before extraction was 285.1 mg/L Cu, 102.7 mg/L Al, 224.3
mg/L Fe, 12.07 mg/L Pb, 11.9 mg/L Mn at solution pH = 1-5, temp. = 25 + 2 °C, Cyanex 272 concentration = 0.2 mol/L, Contact time = 30
min.
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Figure 6: The plot of log D Vs log [H+]
Experimental conditions: The initial metal concentration of WPCBs leach liquor before extraction was 285.1 mg/L Cu, 102.7 mg/L Al, 224.3
mg/L Fe, 12.07 mg/L Pb, 11.9 mg/L Mn at solution pH = 1-5, temp. = 25 + 2 °C, Cyanex 272 concentration = 0.2 mol/L, Contact time = 30 min.
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Effect of Phase ratio on Cu and Fe extraction

In this investigation, the extraction of copper and iron from
a chloride solution was scrutinized at different A/O (aqueous/
organic) ratios - specifically, 1:1, 1:2, and 2:1 - while maintaining
equilibrium pH levels at 4.6 for copper and 3.4 for iron. The results,
summarized in table 2, indicated that a higher concentration of
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extractant in the organic phase, particularly at the ratio of 1:2,
fostered increased interaction between extractant molecules and
copper/iron, leading to elevated recovery rates. For instance, at
an A/O ratio of 1:2, the maximum extractions reached 96.8% for
copper and 97.1% for iron at pH levels of 4.6 and 3.4, respectively.
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Table 2: Result of aqueous: organic ratio variations.

(A/0) Ratio Cu (mg/L) Fe (mg/L)
Qty in org Qtyin aq %E Qty in org Qty in aq %E
1:01 270.3 12.9 95.4 209.0 13.0 94.1
1:02 277.1 6.1 96.8 217.9 4.2 97.1
2:01 179.8 103.4 63.5 178.2 43.9 80.2

Stripping of metal ions from the loaded organic phase

The process of stripping copper and iron from the loaded
Cyanex 272 involved the use of various concentrations of HCl
solutions: 0.01 mol/L, 0.05 mol/L, 0.10 mol/L, 0.20 mol/L, and

Table 3: Stripping of copper from the loaded Cyanex 272.

0.50 mol/L. The outcomes of these experiments are detailed in
table 3. The results indicated that complete removal of copper
was achieved with 0.1 mol/L HCl solutions in a single contact at a
phase ratio of A/O 1:2.

HCI Concentration (mol/L) Qty of Cu in org-phase (mg/L) Qty of Cu stripped into aq-phase (mg/L) % Cu stripped
0.01 2135 69.7 75.2
0.05 234.9 48.3 82.9
0.10 270.3 12.9 93.4
0.20 268.5 14.7 91.1
0.50 238.7 44.5 84.3

Operational metals recovery flow sheets

summarizes the analytical methods used to treat E-waste HP
PCBs, aiming to separate copper from other metal ions.

Figure 7 illustrates a hydrometallurgical scheme that
s N
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Figure 7: Proposed hydrometallurgical route for extraction and purification of copper from HP WPCBs.
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Conclusion

This study explored the extraction of copper and iron from
hydrochloric acid-leached liquor using bis(2,2,4-trimethylpentyl)
phosphinic acid (Cyanex 272) in kerosene. The findings revealed
that quantitative stripping was accomplished with 0.1 mol/L
HCI solutions, whereby approximately 93.4% of copper from the
loaded organic phase was stripped at a phase ratio of A/O 1:2.
A comprehensive hydrometallurgical flowchart outlining the
analytical procedures for extracting and purifying copper leach
liquor to obtain copper chloride from leached liquor of HP E-waste
computer printed circuit boards was developed.
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