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As the demand for copper continues to rise, so too does the need for sustainable methods for its recovery
from waste streams. Taking inspiration from phenolic oxime reagents used in solvent extraction, the
development of two recyclable ligands that act as selective precipitants for the recovery of copper from
aqueous mixed-metal acidic solutions is reported. Switching the mode of action from traditional solvent
extraction to precipitation eliminates the need for an organic solvent, fulfilling an important principle of
green chemistry. The ligand designs feature ditopic phenolic oxime or pyrazole units that result in metal
coordination at two sites, thereby promoting the formation of infinite coordination polymers that precipi-
tate from solution. Complete copper recovery from single-metal solutions of CuSO,4 and from mixed-
metal solutions that contain nickel, zinc, cobalt and iron is demonstrated, under mildly acidic conditions.
The copper was recovered from the loaded precipitates by washing with dilute sulfuric acid, and the
ligands reused directly for multiple cycles without loss of performance. Furthermore, 96% of the copper
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present in a leachate solution derived from waste printed circuit boards was recovered using the phenolic
pyrazole ligand. The carbon emissions of this process were also estimated by life cycle assessment and
compared with those generated from the recovery of copper by ACORGA M5910, a typical phenolic

rsc.li/greenchem oxime solvent extractant, with the precipitation process found to be more environmentally benign.

Green foundation

1. This research evaluates a new precipitation approach for the recovery and recycling of copper, a technologically important metal. Current methods are
either energy intense or use significant quantities of chemicals and reagents derived from fossil resources.

2. The precipitation approach negates the need for organic solvents used in traditional solvent extraction processes and reduces the quantity of chemical
extractant needed, while maintaining selectivity for copper over other metals. A life-cycle assessment comparing precipitation with solvent extraction
methods highlights the reduced carbon emissions using the precipitation method.

3. The life-cycle analysis shows a significant contribution is made to carbon emissions by the laboratory glassware and so an engineered solution to develop
a viable, scalable process is needed. This method has the potential to link into new approaches to metal dissolution that avoid toxic chemicals and harsh
acids, so further enhancing its sustainability. These aspects lie beyond the scope of the current research.

Introduction

Copper is a vital technology metal in modern society, as its
high electrical conductivity and ability to form robust alloys
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with other metals results in its widespread application in
many key industries, including infrastructure, renewables,
transport, medicine, and electronics.’™ In 2023, the European
Commission added copper to the critical raw materials list as
a strategic raw material, highlighting how fundamental this
element is to all aspects of human life.* However, continued
industrial growth has created extensive solid and aqueous
copper-containing waste streams,” with the latter posing
serious environmental and health risks if remediation is not
successful.®® Copper mines encompass a large portion of
these wastewaters, with the production of copper tailings in
China reaching 1.6 billion tons in 2016.° Storing mine tailings
consumes valuable resources, while current protocols to
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extract further metal from tailings typically involve smelting,
which results in secondary pollution.’ In addition to waste-
waters, other secondary sources, such as copper scrap'® and
waste electronic and electrical equipment (WEEE or
e-waste)'"'> have garnered attention in the field of metal re-
cycling. E-waste is of particular interest, given that the concen-
tration of copper can be 30-40 times higher than in the
primary ore.'® Clearly, the design of sustainable and environ-
mentally benign processes for the recovery of copper from sec-
ondary sources is essential to combat increasing demand and
growing environmental concerns."*

To-date, several processes originally developed for the treat-
ment of low-grade ores'> have demonstrated success in the
recovery of copper from secondary sources. This includes
cementation, which while shown to be very effective in the
recovery of high purity copper from e-waste,'® consumes other
metals such as zinc in the process, leading to further chal-
lenges from a sustainability perspective. Another facile recov-
ery route is chemical precipitation, in which pH adjustment
can afford precipitation of the target metal. However, its appli-
cation is highly dependent on the composition of the leach
solution and poor selectivity was observed when mixtures of
metals with similar chemical properties are present.'” Similar
selectivity issues have been encountered with the emerging
field of electrochemical recovery methods, which are gaining
popularity due to their mild operating conditions and
minimal chemical usage.'®° Adsorption technologies can be
highly effective for the removal of pollutants from wastewater,
including copper.>""*> However, many adsorbents used for this
purpose are metal composites, which again raise sustainability
concerns, and these reagents often operate more effectively at
high pH, rendering them unsuitable for metal recovery from
acidic leach streams.”** Success in the removal of copper
from wastewater and e-waste has also been achieved with ion
exchange technologies, but these processes involve complex
set-ups and sometimes require activation of the exchange
resin.>®*” Finally, extensive research in the field of hydrometal-
lurgy has led to the development of sophisticated systems
capable of complex separations,”®>' which are achieved
through ligand design, using supramolecular concepts and
coordination chemistry to afford metal selectivity.*>° Solvent
extraction processes are widely employed in the metal recovery
industry and can afford high selectivity for the target metal
and facilitate reuse of the ligand, thereby offering strong sus-
tainability credentials.*” Phenolic oximes are used extensively
as reagents for the recovery of copper by this route, accounting
for ca. 25% of global production.*’™** While recent research
employing phenolic oximes to recover copper from e-waste
streams has shown promising results,***° these processes use
large quantities of organic solvents, which are detrimental to
both human health and the environment.*” Although efforts
are being made to develop greener solvents for use in solvent
extraction,’® the process would be simpler and more sustain-
able if the organic solvent could be dispensed with altogether.

Thus, a route towards achieving a more sustainable process
for copper recovery is to capitalise on the selectivity achieved
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by phenolic oximes in solvent extraction processes, but to
switch to precipitation, thereby removing the need for an
organic solvent.”®>° Here, we present two simple, recyclable
precipitants which achieve high selectivity for copper over
other base metals commonly present in copper leach streams
under conditions comparable with those employed in solvent
extraction. Furthermore, we show quantitative precipitation of
copper from an e-waste leachate with high selectivity for
copper. In addition, a life cycle assessment (LCA) was con-
ducted on this system which confirms that the precipitation
process is more environmentally benign than a typical solvent
extraction system, based on carbon emissions. We also demon-
strate that the precipitants may be recycled for use in sub-
sequent cycles by a simple stripping process using dilute sulfu-
ric acid. Finally, characterisation of the copper-containing pre-
cipitates by Fourier-transform infra-red (FTIR) spectroscopy,
powder X-ray diffraction (PXRD), scanning electron microscopy
with energy dispersive spectroscopy (SEM-EDS), X-ray fluo-
rescence (XRF) spectroscopy, and matrix assisted laser desorp-
tion/ionisation (MALDI) mass spectrometry confirms complex
formation and informs on their likely chemical structures.
Thus, the simple ditopic oxime and pyrazole ligands employed
in this work present sustainable routes to copper recovery
from both primary and secondary sources through facile pre-
cipitation using recyclable ligands.

Results and discussion
Ligand design

In this work, two simple ligands based on phenolic oximes
were developed to target selective copper precipitation from
aqueous waste streams without the need for organic solvents.
This was achieved by modifying the basic monotopic ligand
framework to ditopic structures that would promote the for-
mation of long extended chains on Cu(u) coordination (see
Fig. 1). Our previous work has indicated that this strategy is
favourable for precipitation,>>** while reports show that Cu(u)
complexes of rigid phenolic oxime ligands can result in water-
insoluble products.”*” Two ligands were developed, the sym-
metric phenolic oxime L° and its pyrazole analogue L" (Fig. 1,
top), the latter was identified as being more resistant to hydro-
lysis.>® Both were tested as copper precipitants under con-
ditions comparable with those used in solvent extraction pro-
cesses for copper recovery. The single crystal X-ray structure
was obtained for L° (Fig. 1, bottom left) and shows that the
ligand does indeed form long extended chains due to inter-
molecular hydrogen bonding between the phenolic oxygen
atom and the oximic functionality of the adjacent chain
(Fig. 1, bottom right).

Precipitation experiments

In the first instance, the precipitation of Cu(u) from aqueous
acidic solution was investigated over the pH range 1-5. This
pH regime is similar to the typical pH range of copper feed
streams from primary ores (ca. pH 2),>° and mine tailings (pH

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (Top left) Chemical structure of the oxime (L°) and (top right) pyrazole (LP) ligands developed in this work as selective precipitants for
copper. (Bottom left) Single crystal X-ray structure of L° showing the intramolecular hydrogen bonds formed in the monomer between N1-H3 and
N2-H4. Thermal displacement ellipsoids are drawn at 50% probability. (Bottom right) Presentation of the packing in the crystal lattice, highlighting
neighbouring chains that interact through intramolecular hydrogen bonding (O—-H---O 2.762(2)), and the cavity created within the chains that can

accommodate the copper metal.

3-8).%° Addition of the ditopic phenolic oxime L°® (0.1 mmol,
5:1 L°:Cu) to a solution of CuSO, (0.02 mmol, variable
H,S0, concentration, see ESI Table S1}) results in near quanti-
tative precipitation of copper at pH > 3 (Fig. 2, blue line) after
1 h, as evidenced by the reduction in copper concentration in
the supernatant by ICP-OES. Under similar conditions, the
maximum precipitation of copper by the phenolic pyrazole L”
occurs at pH > 1.75 (Fig. 2, pink line) after 24 h; note the time
for this experiment was extended for L* to achieve quantitative
precipitation, as only 40% uptake is observed after 1 h (see ESI
Fig. S57).

With the pH range over which the ligands are effective thus
established, the ligand to metal ratio was explored to find the
optimum conditions for precipitation. For both ligands, an
excess of ligand is required to achieve quantitative precipi-

100 -
80 A

60 -

—+—Oxime

40 A

Pyrazole

% Precipitation

Fig. 2 Precipitation plot (%) of Cu from acidified 0.01 M CuSO, solution
(0.02 mmol Cu) for L° (blue) and L” (pink) across the pH range 1-5
using an excess of ligand (0.1 mmol) and stirring for 1 h (oxime) or 24 h
(pyrazole). The solid lines are drawn for ease of interpretation.

This journal is © The Royal Society of Chemistry 2025

tation, with an optimum ratio of 5: 1 (see ESI Fig. S6 and S77).
This ratio is significantly higher than suggested by the empiri-
cal formula of the expected complex [Cu(L)], and is attributed
to the very low solubility of the ligands in aqueous media (see
ESI section 27).

Selectivity of precipitation

With the ability of L° and L” for Cu(u) precipitation verified,
the selectivity for Cu(u) in a competitive environment was eval-
uated by conducting precipitation experiments from mixed-
metal solutions. To this end, mixed-metal solutions of equi-
molar Cu(u), Ni(u), Zn(u), and Co(u) were prepared, given they
present the greatest challenge to achieving selective Cu(u) sep-
aration, and are commonly found in copper leach streams.
Addition of 0.1 mmol of solid L° to a solution of Cu(n), Ni(1),
Zn(u), and Co(u) (0.02 mmol each) results in near quantitative
precipitation of copper (90%) over the pH range 3-5 (Fig. 3a,
blue line) with no co-precipitation observed for any other
metal. When the excess of ligand is increased (10:1 L°: Cu,
0.2 mmol), no change in selectivity occurs but an improvement
in performance is observed as a 10% increase in precipitation
at pH 2 (Fig. 3b). L° therefore affords similar selectivity to
commercial phenolic oximes used in solvent extraction
regimes, with selectivity for copper observed at low pH.
Furthermore, L° affords selectivity for copper over a broader
pH range, with near quantitative and selective precipitation of
copper observed from pH 3-5. Conversely, commercial pheno-
lic oximes such as ACORGA P50 achieve quantitative copper
extraction at a lower pH (pH;,, = 0) but are selective over a
much narrower range (pH 1—2).41 Experiments were performed
under the same conditions for L, resulting in quantitative pre-
cipitation of copper over the pH range 2-5 after 24 h, with pre-

Green Chem., 2025, 27, 3789-3804 | 3791
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Fig. 3 Precipitation plots (%) for L (a, b) and L” (c, d) at a 5:1 ligand to copper ratio (a, c) and a 10 : 1 ligand to copper ratio (b, d) from equimolar
mixed-metal solutions over the pH range 1-5, performed in duplicate. The solid lines are drawn for ease of interpretation.

cipitation possible at a lower pH than the oxime (Fig. 3c).
However, when the ratio of this ligand is increased (10:1
L?:Cu, 0.2 mmol) some co-precipitation of Ni(u) occurs
(Fig. 4d, green line), confirming that the optimum ligand to
metal ratio for selective copper precipitation is 5: 1.

Selectivity for copper in a mixed metal solution containing
Fe(ur) was also investigated, given that iron can be present in
high concentrations in many copper-containing leach
streams.*’ However, as Fe(m) precipitates from aqueous solu-
tions at pH > 2 as insoluble oxyhydroxides,** only the low pH
range (0.2-2) was investigated. In this case, addition of
0.1 mmol of solid L° to an equimolar solution of Cu(m), Ni(w),

Add Mixed
Metal Solution
Solid

Ligand -

\ |
Cu?* -
Soln.
PreC|p|tat|on

H,O
Ri?

Acid Wash - H H
Cu- ooz [ e, CU-CONtAINING
containing Precipitate
Precipitate Decant

Fig. 4 Schematic of the overall precipitation process from a mixed-
metal solution (pH < 5), highlighting ligand reuse in multiple cycles.
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Zn(u), Co(u) and Fe(ur) (0.02 mmol each) affords a precipitation
plot identical to that in Fig. 3(b), with uptake for copper only
observed from pH > 1.5 (see ESI Fig. S8t). Analogous experi-
ments for L” show (after 24 h) that while selectivity for Cu(u) is
maintained at pH 1 (90% precipitation), when the pH rises to
1.5-2 this selectivity falls, with a small amount of co-precipi-
tation of Fe(ur) (30%) and Ni(u) (10%) observed (ESI Fig. S87).
This loss in selectivity for L” likely occurs due to the lower
overall pH,, of L¥ compared with L°.

Finally, the optimal conditions required to strip the metals
from the precipitates were established. For L°, quantitative
stripping of copper from a copper loaded precipitate was
achieved after two, 1 h contacts (ESI Fig. S10f) with 2 M
H,S0,. Decreasing the acid concentration to 1 M did not result
in quantitative stripping after two 1 h contacts (Fig. S107).
Near quantitative stripping was achieved with either 1 M or 2
M H,SO, for L” (Fig. S111), with 2 M H,SO, chosen as the
optimum strip solution to allow for direct comparison
between L° and L.

Recycling experiments

Having established that L° and L” are selective precipitants for
Cu(u) from a mixed-metal waste stream and that the copper
can be stripped by 2 M H,SO,, it is important to establish
whether the recovered ligands can be recycled for subsequent
precipitation cycles. To this end, a process was developed
(Fig. 4) in which the solid ligand (either L° or LF, 0.1 mmol)
was stirred with an aqueous solution of copper (0.02 mmol
CuSO0y,, pH 5) for either 1 h (L°) or 24 h (L?). The raffinate was
decanted and the solids washed with water to remove any

This journal is © The Royal Society of Chemistry 2025
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entrained copper (see ESI Tables S2 and S3t). The copper-
loaded precipitate was then washed with sulfuric acid (2 M, x3)
to strip the copper and release the ligand for use in the next
cycle. Before the start of the next cycle, the ligand was washed
with water (x3) to remove any entrained H,SO,. If this step is
not carried out prior to the start of the next cycle, the complete
precipitation of copper does not occur as the pH remains too
low due to the entrained acid (see ESI Fig. S12 and S137).

High precipitation of copper was achieved using both L°
and L” (>80%) across all three cycles, with complete stripping
achieved by three H,SO, strip steps, and the majority of the
metal recovered in the first strip step (see Fig. 5 and Tables S2
and S31). The high percentage precipitation and near complete
recovery of precipitated copper show that both ligands are
robust. This process is also comparable in performance to
commercial phenolic oxime solvent extractants over similar
pH ranges that are typical of sulfuric acid leach streams,®* and
displays similar selectivity and recyclability but without the
need for organic solvents. The process therefore fulfils a green
chemistry principle, by eliminating the need for organic sol-
vents in this recovery process, thereby overcoming safety and
environmental issues typically associated with using organic
solvents on a large scale.
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Selective precipitation of copper from e-waste

Having established that L° and L” act as selective precipitants
for copper from model mixed-metal solutions, their ability to
recover copper from e-waste was tested. Given the variable
nature of e-waste, additional parameters need to be factored
into the recovery process, such as the usually unknown con-
centration of the variety of metals present in the leachate and
an unknown pH. Samples of waste printed circuit boards
(PCBs, 1 ecm”) were leached with aqua regia for 24 h and the
resulting solution was analysed by ICP-OES to obtain the
initial metal concentrations (see ESI Table S4t). The leachate
solution was then diluted in ultra-pure water to afford a solu-
tion of appropriate 0.01 M copper concentration for recovery
using L° and LF, both of which need to be in excess. The pH of
the diluted leachate was determined as ca. 1.5, which falls in
the range appropriate for precipitation by LF only (see Fig. 2).
Thus, an excess of L¥ (0.1 mmol) was added to the diluted
leach solution for 24 h which results in the complete precipi-
tation of copper (Fig. 6a), with minimal co-precipitation of Fe
and Sn (<2% of total metal). Furthermore, near quantitative
stripping (>90%) of the copper-loaded precipitate is achieved
using the conditions defined above, confirming the suitability
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Fig. 5 Recovery plots showing the performance of (a) L° and (b) L” over three cycles. Dark blue bars show the percentage precipitation of Cu(i)
using an excess of ligand (5:1 L: Cu, 0.1 mmol) and stirring for 1 h (oxime) or 24 h (pyrazole). Light blue bars show the copper percentage recovered
from the first strip with 2 M H,SO,4, purple from the second strip, and pink from the third strip.
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(a) Metal recovery plot showing the selective uptake of copper (96% Cu precipitation) from an e-waste leachate (wt% of each metal shown),

with minimal co-precipitation of Fe (0.6% total metal) and Sn (0.9% total metal). (b) Metal recovery plot showing the near quantitative stripping of
copper by 2 M H,SO, from the loaded precipitate, with the majority of the copper (>70%) recovered in the first strip.

This journal is © The Royal Society of Chemistry 2025
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of L® as a selective precipitant for the recovery of copper from
e-waste.

Characterisation

The copper complexes formed with L° and LF, with an
expected empirical formula of [Cu(L)],, are highly insoluble in
aqueous and most organic solvents (e.g., methanol, aceto-
nitrile, chloroform) and consequently no single crystals suit-
able for crystallographic analysis were obtained. The com-
plexes were therefore characterised by a variety of analytical
techniques, including FT-IR spectroscopy to confirm complex
formation, PXRD and SEM to inform on the crystallinity and
morphology of the solid precipitates, respectively, and XRF
spectroscopy to confirm that the copper lost from solution was
contained in the precipitate. Finally, mass spectrometry
measurements supported the formation of extended ligand-
copper chains, consolidating the hypothesis that extended
structures are formed upon precipitation.

FT-IR spectroscopy. The attenuated total reflectance (ATR)
FT-IR data of L°, LF, Cu-L°® and Cu-L" were recorded (Table 1
and Fig. 7). Samples of [Cu(L)°], and [Cu(L)"], were prepared
from reactions using an excess of metal and washed with
acetone to remove any unreacted ligand that could cause inter-
ference in the spectra. The IR spectrum of L° shows the C=N
stretching band at 1630 cm™" (black asterisk, Fig. 7a), which
shifts to a lower stretching frequency (1583 cm™') upon
complex formation, confirming coordination of the ligand to
copper through the oxime nitrogen. A small peak at 1630 cm™*
remains, arising either from residual ligand or the end groups
of the coordination polymer chain. The phenolic O-H stretch-
ing band is observed as a weak peak at 2650 cm™* (purple
asterisk, Fig. 7a). This peak is very small in the complex spec-
trum indicating that deprotonation of the OH group has
occurred, again indicating complex formation. The oxime »(O-
H) stretch is found at 3412 cm™" (green asterisk Fig. 7a) in the
IR spectrum of the ligand and at 3362 cm™" in the spectrum of
the complex, with peak broadening also observed in the latter
spectrum. This shift to a lower wavenumber, combined with
the peak broadening, is associated with intramolecular hydro-
gen bonding, as is seen in the structures of square-planar Cu
(1) complexes of phenolic oxime ligands and postulated
above.®>%

The FT-IR spectrum of L® shows the C=N stretch as a
shoulder (1630 ecm™, black asterisk Fig. 7b) on the C=C
stretch of the pyrazole carbons (1620 cm™'). This shoulder

Table 1 Summary of FT-IR data collected for L°, LP, Cu-L° and Cu-L"

Compound y(OH)/em™* y(NH)/em™ y(C=N)/em™*
L° 2650 (phenol) n/a 1630
3412 (oxime)
Lf 2908 3373 1630
Cu-L° 2650 (phenol) n/a 1583
3362 (oxime)
Cu-L® — 3330 1556

3794 | Green Chem.,, 2025, 27, 3789-3804
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Fig. 7 ATR FT-IR spectra recorded for L° and Cu-L° (a) and L” and
Cu-LP (b) over the range 4000—-400 cm™.

moves to a lower frequency (1556 cm™") upon formation of the
copper complex, which supports coordination of the pyrazole
nitrogen to the metal centre. The phenolic O-H stretch is
observed as a broad band centred at 2908 cm™" (purple aster-
isk Fig. 7b). This band is virtually absent in the spectrum of
the complex, which indicates deprotonation upon complex for-
mation. Finally, the »(N-H) stretch is observed at 3373 cm™*
(green asterisk Fig. 8b) in the IR spectrum recorded for L.
This shifts to a lower, broader, adsorption (3330 cm™") upon
complexation with Cu(u), which can be attributed to intra-
molecular hydrogen bonding.

Powder X-ray diffraction. The powder X-ray diffraction
pattern obtained for L° (Fig. 8a, see ESI Fig. $201 for Pawley
refinement) shows a highly crystalline phase while that
recorded for its Cu(u) complex indicates a structure of much
lower crystallinity (Fig. 8b), with only a small number of broad
diffraction peaks of low intensity observed. This consolidates
the hypothesis that the precipitated complexes are disordered
coordination polymers. Similarly, the PXRD pattern of the pyr-
azole ligand L” shows a crystalline phase (Fig. 8c) while that of
its Cu(u) complex shows a small number of very low intensity
peaks (Fig. 8d), suggesting that only a semi-crystalline material
is formed upon complexation.

Scanning electron microscopy and X-ray fluorescence.
Topological analysis of the precipitates was carried out using

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 The PXRD patterns of (a) L, (b) Cu—L° complex, (c) L? and (d) Cu—L" complex recorded over a 20 range of 5°—30°.

Fig. 9 SEM images of (a) L°, (b) Cu—L° complex, (c) L” and (d) Cu—LP complex recorded at a magnification level of between 600-800x. Reference

scales are given at the bottom of each image.

SEM coupled to energy dispersive X-ray spectroscopy (EDS)
(Fig. 9). For L°, the solid appears as fine needles of approxi-
mately 15 pm in length. Upon complexation with Cu(u), a
change in morphology is observed, with the precipitate appear-
ing as small blocks that are semi-crystalline in nature, which is
in agreement with the PXRD pattern for [Cu(L°)],. EDS ana-
lysis of both materials supports the composition, with C, N
and O detected in the sample of L°, while Cu, C, N and O were
all detected in the Cu(u) precipitate. The XRF spectrum of [Cu
(L°)],. also confirms the presence of copper in the precipitate,
with this being the only metal detected (>90%, note C, H, N, O
are not detected by XRF) (Table S7 in ESIY).

This journal is © The Royal Society of Chemistry 2025

The SEM images of L” show small blocks varying in size
from approximately 20 pm in diameter to 60 pm, whereas [Cu
(L?)]. presents as a fine powder clumped into larger aggre-
gates, approx. 200 pm in size. Again, the copper-containing
material appears semi-crystalline, in accordance with the
PXRD pattern. EDS confirms the presence of C, N and O in the
sample of L” and the presence of Cu, C, N and O in [Cu(L")],,
with the presence of copper in the complex further confirmed
by XRF (see ESI Table S87).

MALDI mass spectrometry. Analysis of both copper-loaded
precipitates using mass spectrometry was attempted with the
aim of identifying any species that would support the
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expected coordination polymer structural motif. However,
several issues arose when conducting this analysis. Firstly, the
high insolubility of the precipitated complexes in most
organic solvents rendered them unsuitable for any ionisation
techniques that involved solubilising the material prior to
analysis, such as electrospray ionisation. For this reason,
MALDI was carried out as the solid could be loaded on the
analysis plate by matrix suspension. However, it was found
that the materials showed high sensitivity to the choice of
matrix used for the analysis. Many of the standard MALDI
matrices are organic acids, such as a-cyano-4-hydroxycin-
namic acid (pK, = 1.2), 2,5-dihydroxybenzoic acid (pK, = 3) or
sinapinic acid (pK, = 3.41). Given that the copper-loaded pre-
cipitates are stripped using dilute acid, it is likely that some
decomposition of the complexes occurred during the MALDI
experiment, resulting in spectra that are difficult to interpret

View Article Online
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(see section 7 in the ESIT). This decomposition is further pro-
moted by the trifluoroacetic acid (TFA) present in the matrix
solution. For these reasons, MALDI was carried out using the
non-acidic matrix 4-cyano-2-nitrophenol, prepared in aceto-
nitrile. This experiment was more successful and some
copper-containing ions are detected for [Cu(L")],. The MALDI
mass spectrum of [Cu(L")], shows an ion at m/z 547 consistent
with a ion of two ligands bound to one Cu(u) cation (Fig. 10a,
mass error +2.19 ppm), while a further two species at m/z 609
and 670 correspond to the binding of one or two further
copper ions, respectively (mass errors of +2.04 ppm and
+2.26 ppm, respectively). This lends support that the precipi-
tated complexes are coordination polymers. Decompostion of
[Cu(LP)], still occurs, as evidenced by ions with isotope pat-
terns corresponding to the ligand L* (see ESI Fig. $2671). In
contrast to [Cu(L")],, the mass spectrum for [Cu(L?)], is
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Fig. 10 (Top) Full mass spectrum of the Cu-L" precipitate using 4-cyano-2-nitrophenol matrix prepared in acetonitrile, alongside isotope pattern
matching of ions with two L ligands coordinating to (a) one, (b) two, or (c) three copper ions.
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difficult to analyse, likely due to the less robust nature of the
oxime ligand and its susceptibility to hydrolysis.

Carbon accounting

A life cycle assessment (LCA) in terms of carbon emissions
was conducted to provide a benchmark for comparing precipi-
tation and conventional solvent extraction processes. In order
to obtain comparable data, the same waste PCB leach solution
discussed above was processed by the standard solvent extrac-
tant ACORGA M5910, as outlined in the Experimental section.
ISO 40040 and 40044 protocols were followed for the LCA. This
benchmark study is not intended as an in-depth analysis of
the two methods but rather serves as an indication of the
carbon emissions associated with each process and provides a
baseline for comparing the two processes on an industrial
scale. The functional unit for this study was defined as the pro-
duction of 1 g of pure copper metal, given this would be the
desirable end product from the complete recovery cycle. The
post-processing (electroplating) of the pure acidic copper solu-
tion and the preparation of the leachate solution were defined
as outside of the system boundary (Fig. 11), given these steps
would be the same for both processes. Thus, this study
focuses on providing a comparison of the separation and puri-
fication steps only. The life-cycle inventory is outlined in the
Experimental section and ESI (section 87).

Carbon accounting assessment. A schematic of the overall
contributions of all materials/assemblies listed in the inven-
tory to the total CO,e emissions was determined (Fig. 12, pre-
cipitation a/b, solvent extraction c/d). For both processes, the
lab equipment (glass vial and pipette) resulted in the largest
CO,e emissions, followed by the H,SO, used for stripping.
The contribution from H,SO, was larger for the precipitation
process compared with the solvent extraction process as three
times the amount of strip contacts is required to achieve near
quantitative recovery from the loaded precipitate. The contri-
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bution from all other inputs amounts to only 0.06% and 0.7%
of the total CO,e emissions for the precipitation and solvent
extraction processes, respectively. The breakdown of these
small contributions (shown in Fig. 12b and d) for precipi-
tation and solvent extraction respectively, shows that the
largest contributor in this sub-category for the precipitation
process was the electricity required to run the stir plate, while
solvent was the main contributor for the solvent extraction
process.

Sensitivity analysis. The results of the carbon balancing ana-
lysis show that for the overall separation process, the precipi-
tation system releases less CO,e emissions than the solvent
extraction system (Fig. 13a), which suggests that the precipi-
tation process is more environmentally benign (1.2x) on the
grounds of global warming potential (GWP). When only the
emissions associated with the raw materials required for separ-
ation are considered, i.e., selective ligand and solvent, the pre-
cipitation process is again the most environmentally benign
(71x, Fig. 13b). However, when only reagents are considered
(all chemical inputs), the results are reversed, and the solvent
extraction process is associated with lower CO,e emissions
(Fig. 13c). This is due to the three 2 M H,SO, strips needed in
the precipitation process to achieve a recovery efficiency of
96%. However, given the sulfuric acid is the major contributor
to the CO,e emissions from the reagents, and the majority of
Cu is stripped in the first step for the precipitation process, if
the number of strips is reduced to one for the precipitation
process, the precipitation system results in fewer emissions
(Fig. 13d). This highlights the need to balance process
efficiency with environmental impact, as reducing the strip
step to one contact reduces the quantity of Cu recovered from
96% to 75% (see Fig. 6b). This is valuable information when
considering the scale up of the process, and also highlights
areas for improvement within the precipitation system, with
the use of a more concentrated strip solution and increased
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Fig. 11 System boundaries for the precipitation and solvent extraction separation and purification cycles for copper, with elements that only appear

in one of the cycles highlighted (solvent and centrifuge).
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Fig. 12 (a) Chart showing the contributions to the total CO»e emissions of all the inputs/outputs for the selective recovery of copper by L?, with
those contributing less than 0.5% shown together as the ‘remaining’ section. (b) Chart showing the breakdown of the contributions of each input/
output grouped in the ‘remaining’ section of (a). (c) Chart showing the contributions to the total CO,e emissions of all the inputs/outputs for the
selective recovery of copper by ACORGA M5910 in kerosene, with those contributing less than 1% shown together as the ‘remaining’ section. (d)
Chart showing the breakdown of the contributions of each input/output grouped in the ‘remaining’ section of (c).

Ligand

u Water

u Raffinate

= Stir Plate

Centrifuge

Ligand
Kerosene
u Raffinate

m Stir Plate

contact time being two possible routes to improving efficiency tation or solvent extraction. In particular, the equipment used
while minimising environmental impact. in this study varies significantly from industrial-scale pro-

This lab-scale study provides only a preliminary comparison cesses, with the vessel used accounting for the largest portion
of the recovery of copper from e-waste by recyclable precipi- of emissions due to its disposal after use (analytical glassware
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Fig. 13 (a) Plot showing the total kg CO,e emissions associated with both the precipitation and solvent extraction recovery processes, including all
listed inventory items. (b) Comparison of the kg CO,e emissions for the precipitation and solvent extraction processes, taking only the separation
reagents into account. (c) Comparison of the precipitation and solvent extraction processes including all reagents, where 3 strip steps are employed
in the precipitation process. (d) Comparison of the precipitation and solvent extraction processes, again including all reagents, with only one strip
step employed in the precipitation process.
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is not reused to avoid contamination); in contrast, on an
industrial scale, a large, long-lifespan reactor vessel would be
used. Furthermore, more specialised equipment is employed
in industry such as mixer-settlers, making the use of a centri-
fuge to separate precipitates from solution unnecessary. The
study can however inform on lab practices and highlight areas
that result in significant environmental pollution.

Conclusions

Taking inspiration from phenolic oxime ligands that are used
extensively in copper extraction, two recyclable ligands have
been developed for the selective recovery of copper by precipi-
tation from aqueous base metal acidic solutions. This is rele-
vant to the processing of leach streams created as wastewater
tailings in primary copper mining and in the processing of
secondary sources, such as copper scrap and electronic waste.
Switching the mode of action from traditional solvent extrac-
tion to precipitation eliminates the need for an organic
solvent, fulfilling an important principle of green chemistry.

The ligand design features symmetric oxime or pyrazole
functional groups which allows for metal coordination at two
sites, thus promoting the formation of coordination polymers
that precipitate from aqueous solutions. While this design
feature was successful, the rapid precipitation generates
largely amorphous solids that are insoluble in common
organic solvents and hinders their structural characterisation.
However, the combination of FT-IR spectroscopy and MALDI
mass spectrometry concurs with the formation of [Cu(L)],
chains, while SEM-EDS and XRF spectroscopy show that the
precipitates contain the copper lost from solution.

When used in five-fold excess, both ligands achieve com-
plete copper recovery from single and mixed-metal solutions
under mild conditions. The precipitants are straightforwardly
stripped to recover the copper by washing with dilute H,SO,
and the ligands may be reused for multiple -cycles.
Furthermore, the pyrazole-based ligand is highly effective in
the precipitation of Cu(u) from waste printed circuit boards.
These ligands therefore present an environmentally benign
alternative to traditional solvent extractants, offering the
potential for a more sustainable route to extracting and re-
cycling high purity copper from waste.

The LCA study supports the claim that switching to a pre-
cipitation process from solvent extraction on a lab scale results
in less environmental pollution, as quantified by lower CO,e
emissions. Furthermore, the sensitivity analysis shows that the
contributions to emissions are minimal for the precipitation
reagent (L¥), whereas they are more significant in the solvent
extraction process (ACORGA M5910 and kerosene) due to the
use of solvent and the need for a larger amount of ligand to
achieve high copper recovery. Finally, when all reagents used
in the two processes are considered and the same number of
strip steps are employed, the precipitation system results in
lower emissions, which, given the processes would use similar
assemblies on an industrial scale, suggests that the precipi-

This journal is © The Royal Society of Chemistry 2025
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tation process is a viable recovery method for copper and
offers a more environmentally benign recovery process, regard-
ing carbon emissions.

Experimental methods

All solvents and reagents were used as received from Sigma-
Aldrich, Fisher Scientific UK, Alfa Aesar, Acros Organics or
VWR International. Ultra-pure water was obtained from a
Milli-Q purification system.

Preparation of 1,1'-(4,6-dihydroxy-1,3-phenylene)bis[ethenone]
1,1"-dioxime (L)

L° was prepared according to an adapted method from the lit-
erature.” 4,6-Diacetylresorcinol (5.0 g, 25.75 mmol) was added
to a round-bottomed flask with NaOH (1.25 M, 100 mL). A
solution of hydroxylamine hydrochloride (5.7 g, 82 mmol) in
ultra-pure H,O was then added and the solution heated to
80 °C for 1 h. After cooling, the solution was neutralized with
HCI (5 M, <10 mL) and the product precipitated. The solids
were washed with warm H,O to afford L° as a pale pink solid
(5.6 g, 96%). "H NMR (500.12 MHz, acetone-d): 6y = 11.83 (s,
2H, OH (oxime)), 10.43 (s, 2H, OH (phenolic)), 7.63 (s, 1H, aro-
matic CH), 6.30 (s, 1H, aromatic CH), 2.36 (s, 6H, CH3); *C
{'H}: NMR (125.76 MHz, acetone-d): ¢ = 161.75, 159.53,
129.04, 112.77, 105.27, 11.17 ppm; FTIR: v = 3412, 3051, 2931,
2650, 1630, 1504, 1365, 1348, 1268, 1242, 1177 cm™}
MALDI-MS (m/z): C10H1,N,04 [M + HJ', caled 225.08698, found
225.08735 (mass error +1.64 ppm).

Preparation of 4,6-di-1H-pyrazol-3-yl-1,3-benzenediol (L*)

L¥ was prepared according to adapted procedures from the
literature.”®°*%* 4,6-Diacetylresorcinol (2.0 g, 10.3 mmol) was
added to a round-bottomed flask with toluene (20 mL) and di-
methylformamide-dimethylacetal (5.3 mL, 40 mmol) at room
temperature. The reaction was then heated to 80 °C for 6 h.
The resulting precipitate was filtered and used in the next step
without further purification. The product from step 1 (1.3 g,
4.27 mmol) was added to a round-bottomed flask with ethanol
(25 mL) and hydrazine hydrate (0.83 mL, 17 mmol). The solu-
tion was stirred under reflux for 20 h. The solvent was then
removed under vacuum. The yellow residue was recrystallized
in EtOH/H,0 to afford L” as a yellow solid (1.0 g, 40%). 'H
NMR (500.12 MHz, acetone-d): 6 = 12.32 (s, 2H, NH), 11.19 (s,
2H, OH), 8.08 (s, 1H, aromatic CH), 7.88 (s, 2H, pyrazole CH),
6.94 (s, 2H, pyrazole CH), 6.48 (s, 1H, aromatic CH); "*C{'H}
NMR (125.76 MHz, acetone-d): §c = 157.97, 130.05, 127.89,
125.41, 110.33, 104.31, 101.44 ppm; FTIR: v = 3373, 3130,
3055, 2975, 2908, 1630, 1607, 1518, 1461, 1368, 1323, 1300,
1258, 1160 cm™'; MALDI-MS (m/2): C;,H;oN,O, [M + HJ", caled
243.08765, found 243.08795 (mass error +1.23 ppm), [M +
Na]’, caled 265.06960, found 265.06996 (mass error
+1.36 ppm).
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Preparation of [Cu(L)],, complexes

Samples of [Cu(L")], and [Cu(L°)], for characterization were
prepared by contacting solid ligand (0.5 mmol) with a solution
of CuSO, in H,0 (1 M, 5 mL). Samples were stirred for 1 h and
then the solids collected and washed with water and acetone
to remove any excess ligand.

pH measurements

The pH of each stock solution was measured using a Mettler
Toledo T5 titrator with a pH electrode attachment. Prior to
measurements, the pH probe was calibrated using pH 4.01
and pH 7.00 buffer solutions. Sample measurements were
taken until a constant pH value was recorded (no more than
2 minutes). The pH electrode was rinsed with ultra-pure water
between measurements and stored in a KCl buffer solution.

Precipitation of Cu (single metal) pH 1-5

Stock solutions of CuSO, (0.01 M) were prepared in ultra-pure
H,O0 (0.01 M CuSO,/H,0 = pH 5) and H,SO, (0.01 M CuSO,/
H,S0,4; 0.1 M =pH 1, 0.01 M = pH 2, pH 3 and pH 4 stock solu-
tions prepared from pH 1 and 5 stocks, see ESIt) to afford five
stock solutions of pH 1-5. Solid ligand (either L° (0.0224 g) or
L” (0.0242 g), 0.1 mmol) was added to a vial with a magnetic
stir bar followed by a solution of CuSO, (0.01 M, 2 mL, pH
1-5). Samples were stirred for 1 h (oxime) or 24 h (pyrazole) at
500 rpm at room temperature (20 °C). The stir bar was
removed and samples centrifuged for 5 min at 4000 rpm to
separate the solids from the supernatant. The supernatants
and feed samples were diluted x100 in 2% nitric acid for ana-
lysis by ICP-OES to determine metal content. All experiments
were carried out in duplicate.

Precipitation of Cu varying L : M ratio

Solid L® (0.2 mmol, 0.0484 g, 1:1; 0.4 mmol, 0.0969 g, 2:1;
0.06 mmol, 0.0145 g, 3:1; 0.08 mmol, 0.0194 g, 4:1;
0.1 mmol, 0.0242 g, 5:1; 0.14 mmol, 0.0339 g, 7:1; 0.2 mmol,
0.0484 g, 10: 1) was added to a vial with a magnetic stir bar fol-
lowed by a solution of CuSO, (2 mL, pH 5,0.1 M 1:1/2:1, 0.01
M 3:1-10:1). Samples were stirred for 24 h at 500 rpm at
room temperature (20 °C). The stir bar was removed and
samples centrifuged for 5 min at 4000 rpm to separate the
solids from the supernatant. The supernatants and feed
samples were diluted X100 in 2% nitric acid for analysis by
ICP-OES to determine metal content. All experiments were
carried out in duplicate.

Precipitation of Cu (mixed metal, no Fe) pH 1-5

Mixed-metal stock solutions of CuSO,/NiSO,/C0SO,/ZnSO,
(0.01 M in each metal) were prepared in ultra-pure H,O (pH 5)
and H,S0, (0.1 M = pH 1, 0.01 M = pH 2, pH 3 and pH 4 stock
solutions prepared from pH 1 and 5 stocks) to afford five stock
solutions of pH 1-5. Solid ligand (either L° (0.0224 g) or L”
(0.0242 ¢), 0.1 mmol, 5:1 L:Cu) was added to a vial with a
magnetic stir bar followed by the mixed-metal solution (0.01
M, 2 mL, pH 1-5). Samples were stirred for 1 h (oxime) or 24 h

3800 | Green Chem., 2025, 27, 3789-3804
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(pyrazole) at 500 rpm at room temperature (20 °C). The stir bar
was removed and samples centrifuged for 5 min at 4000 rpm
to separate the solids from the supernatant. This experiment
was repeated with a larger excess of ligand (L° (0.0448 g) or L”
(0.0484 g) 0.2 mmol, 10:1 L:Cu) under similar conditions.
The supernatants and feed samples were diluted x100 in 2%
nitric acid for analysis by ICP-OES to determine metal content.
All experiments were carried out in duplicate.

Precipitation of Cu (mixed metal, with Fe) pH 0.2-2

Mixed-metal stock solutions of CuSO,/NiSO,/C0SO,/ZnSO,/
FeCl; (0.01 M in each metal) were prepared in ultra-pure H,O
and H,SO, to afford five stock solutions between pH 0.2-2
(0.2, 0.9, 1, 1.5 and 2). Solid ligand (either L° (0.0224 g) or L*
(0.0242 g), 0.1 mmol, 5:1 L:Cu) was added to a vial with a
magnetic stir bar followed by the mixed-metal solution (0.01
M, 2 mL, pH 0.2-2). Samples were stirred for 1 h (oxime) or
24 h (pyrazole) at 500 rpm at room temperature (20 °C). The
stir bar was removed and samples centrifuged for 5 min at
4000 rpm to separate the solids from the supernatant. The
supernatants and feed samples were diluted x100 in 2% nitric
acid for analysis by ICP-OES to determine metal content. All
experiments were carried out in duplicate.

Stripping of copper loaded precipitates

Solid ligand, L® (0.0224 g, 0.1 mmol) or L° (0.0242 g,
0.1 mmol) was added to a vial with a magnetic stir bar fol-
lowed by a solution of CuSO, in ultra-pure H,O (2 mL, 0.01 M)
and stirred for either 1 h (L®) or 24 h (L*) at 500 rpm at room
temperature (20 °C). The stir bar was removed and samples
centrifuged for 5 min at 4000 rpm to separate the solids from
the supernatant. The loaded precipitates were then stripped by
contacting with a solution of H,SO, (2 mL, either 1 M or 2 M)
and stirring for 1 h at 500 rpm at room temperature (20 °C).
The stir bar was removed and samples centrifuged for 5 min at
4000 rpm to separate the solids from the supernatant. The
supernatants and feed samples were diluted x100 in 2% nitric
acid for analysis by ICP-OES to determine metal content. All
experiments were carried out in duplicate.

Precipitation of Cu from e-waste

An e-waste leach solution derived from waste PCBs dissolved
in aqua regia was diluted in ultra-pure H,O to afford a leachate
of suitable pH for precipitation by L (pH ~ 1.5). Solid L”
(0.0242 g, 0.1 mmol) was added to a vial with a magnetic stir
bar followed by the e-waste solution (approx. 0.01 M Cu, 2 mL,
pH ~ 1.5). Samples were stirred for 24 h at 500 rpm at room
temperature (20 °C). The stir bar was removed and samples
centrifuged for 5 min at 4000 rpm to separate the solids from
the supernatant. The solids were then washed with ultra-pure
H,O (4 mL) to remove any entrained metal solution. The
copper-loaded precipitates were contacted with H,SO, (2 M,
2 mL) for 1 h at room temperature. The samples were centri-
fuged, solids separated, and the strip procedure repeated
twice. The supernatants and feed samples were diluted x1000

This journal is © The Royal Society of Chemistry 2025
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in 2% nitric acid for analysis by ICP-MS to determine metal
content. All experiments were carried out in duplicate.

Solvent extraction of Cu from e-waste (for LCA study)

A solution of ACORGA M5910 (30% in kerosene) was prepared
and added to a vial (2 mL) with the e-waste leach solution (as
before, 2 mL) and stirred for 1 h at 500 rpm at room tempera-
ture (20 °C). The stir bar was removed and samples left to
stand for approx. 2 min to allow phases to settle. The organic
and aqueous phases were then separated. The loaded organic
phase (1 mL) was then contacted with H,SO, (2 M, 1 mL) for
1 h at room temperature. The samples were then allowed to
settle and then the phases were separated. The aqueous
phases and feed samples were diluted x100 in 2% nitric acid
for analysis by ICP-OES to determine metal content. All experi-
ments were carried out in duplicate.

Ligand recycling experiments

Solid ligand (either L° (0.0224 g) or L” (0.0242 g), 0.1 mmol)
was added to a vial with a magnetic stir bar followed by a solu-
tion of CuSO, (0.01 M/H,0, 2 mL, pH 5). Samples were stirred
for 1 h (oxime) or 24 h (pyrazole) at 500 rpm at room tempera-
ture (20 °C). The stir bar was removed and samples centrifuged
for 5 min at 4000 rpm to separate the solids from the super-
natant. Samples were then washed with ultra-pure water (2 mL,
15 min) to remove any residual metal. The solids were then
contacted with dilute H,SO, (2 M, 2 mL) for 30 min at room
temperature (20 °C). The stir bar was removed and the
samples centrifuged for 5 min at 4000 rpm to separate the
solids from the supernatant. This strip procedure was repeated
twice to ensure complete stripping of the ligand. The solids
were then washed with ultra-pure H,0 (2 mL, x3) for 1 h to
remove any entrained H,SO,. The complete cycle was then
repeated x2. The supernatants and feed samples were diluted
x100 in 2% nitric acid for analysis by ICP-OES to determine
metal content. All experiments were carried out in duplicate.

ICP-OES/ICP-MS analysis

Analysis of metal content in all samples except those from the
precipitation of copper from e-waste was carried out using
ICP-OES on a PerkinElmer Optima 8300 Inductively Coupled
Plasma Optical Emission Spectrometer. All samples were
diluted in 2% nitric acid and taken up at a rate of 1.3 mL min
s~', with the following argon gas flow parameters: 12 L min~"
plasma, 0.2 min~"' auxiliary and 0.6 L min™" nebulizer. See
Table S51 for summary of wavelengths used for ICP-OES ana-
lysis. All samples were run with Y internal standard. Analysis
of metal content in the samples from the precipitation of
copper from e-waste was carried out using ICP-MS on an
Agilent 7900 Inductively Coupled Plasma Mass Spectrometer.
All samples were diluted in 2% nitric acid and taken up by a
peristaltic pump at a rate of 0.3 rps with the following argon
plasma conditions: 1550 W RF power, 15 L min~" plasma flow,
0.9 L min™" auxillary flow and 1.09 L min~" nebulizer flow.
The instrument was operated in ‘spectrum multi-tune acqui-
sition mode’ and three replicate runs per sample were
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employed to ensure good counting statistics. Each isotope was
integrated for 0.1 s per point giving a total integrations time of
0.3 s per unit mass. A pulse counting to analogue counting
factor was determined across the entire mass range at the start
of the analysis day. See Table S6} for summary of ICP-MS iso-
topes used for analysis. ICP calibration standards were
obtained from VWR International, SCP science or Sigma-
Aldrich.

FTIR spectroscopy

Fourier transform-infrared measurements (ATR FT-IR) were
collected on a Thermo Scientific Nicolet Summit X FT-IR
instrument over the range 4000-400 cm™" at a resolution of
4 cm™ or on a Shimadzu IRSpirit over the range

4000-400 cm ™! at a resolution of 4 cm™*.

Powder X-ray diffraction (PXRD)

Powder X-Ray Diffraction (PXRD) data of L°, [Cu(L°)], and [Cu
(LF)], were recorded on a Bruker D8 Advance diffractometer in
transmission geometry with Cu Ko radiation (4 = 1.5406 A).
Data were collected over the 26 range 5°-30° for 1 h. PXRD
data of L¥ were collected on a Rigaku Miniflex diffractometer
in reflection geometry with Cu Kal and Koa2 radiation (Kal =
1.540593 A, Ka2 = 1.544414 A) over the 26 range 5°-30° for
40 min. Data were analysed using the Topas Academic (version
6) software suite and plotted using DAWN (version 2.35)
science software.®

Single crystal X-ray diffraction

Colourless plates of L° were grown by slow evaporation from a
saturated solution of L° in ethanol. Crystals suitable for X-ray
diffraction formed over the course of one week. X-ray crystallo-
graphic data of L° were collected at 120 K on a Bruker APEX-II
CCD diffractometer using graphite monochromated Mo-K,
radiation (1 = 0.71073 A). The structure was solved using
SHelXT direct methods and refined using a full matrix least-
square refinement using ShelXL.®”"® All programs were used
within the Olex Suites.”®

Scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS)

SEM images of L°, [Cu(L?)],, L* and [Cu(L")], were collected
on a ThermoScientific Phenom G6 Pure Microscope equipped
with a backscattered electron detector and energy dispersive
X-ray spectroscopy (EDS) detector. Samples were loaded onto
carbon tabs attached to SEM pin stubs. Images were taken
with a resolution of <15 nm at an energy of 15 kV and magnifi-
cation level of between 660x and 800x.

X-ray fluorescence (XRF)

XRF data of [Cu(L®)], and [Cu(L")], were collected on a Bruker
S2 Puma fitted with a HighSense Peltier cooled silicon drift
detector with an element range of Na-Am. Samples were
loaded into the sample holders and sealed using Mylar foil
with a thickness of 3.6 pm and run with air mode.
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Mass spectrometry (matrix assisted laser desorption/
ionisation; MALDI)

MALDI-TOF MS measurements of L°, [Cu(L®)],, L¥ and [Cu
(L?)],, were collected on a SolariXR FT-ICR mass spectrometer
with a Bruker Daltonics 7 T superconducting magnet. Samples
were added to a solution of 4-cyano-2-nitrophenol (matrix) in
acetonitrile (solvent) and loaded onto the analysis plate drop-
wise. Samples were also prepared in 2,5-dihydroxybenzoic acid
or sinapinic acid in TFA.

Life cycle inventory (LCI)

The raw materials and process inputs for both the precipi-
tation and solvent extraction processes were defined (see ESI
Table S91). The data used to compile the inventory were taken
from lab-scale experimental results, reported above. In both
processes, the same volume and concentration of leach solu-
tion were used to allow a direct comparison to be made. The
quantities for all materials and assemblies were then adjusted
according to the functional unit (see ESI Table S9f). The
ligands used (L® for precipitation and ACORGA M5910 for
solvent extraction) were assigned the same lifespan in addition
to the solvent (kerosene) used in the solvent extraction
process. The lifespan was set as 30 days, assuming 1 use per
day. Approximate emission factors for the ligands were used”"
due to the scarce availability of emission factors in accessible
databases for complex organic molecules. For example, an
emission factor for toluene was used’’ to estimate the CO,e
emissions for kerosene, given that a factor could not be found
for kerosene. The same dataset was also used to provide a
CO,e emission factor for the sulfuric acid used in both pro-
cesses.”’ Emission factors for water, electricity and lab equip-
ment used in both processes were obtained from the UK gov-
ernment reports of greenhouse gas conversion factors for
2024.7% Finally, literature values were used to provide estimates
of CO,e emission factors for the waste raffinate solution
obtained after separating the copper,” and e-waste, which was
included in the calculations as an avoided impact.”* The stir
plate and centrifuge used were given the same lifespan of 20
years, assuming 8 h per day usage for 220 days a year, account-
ing for weekends and shutdown time. The capacities of the
centrifuge (8 mL) and stir plate (20 mL) were also taken into
account. The magnetic stir bar used in conjunction with the
stir plate was omitted from the LCI given the equipment was
the same for both processes.

Data availability

Raw data associated with ICP, FTIR, PXRD, XRF, and life-cycle
analysis are deposited in the Edinburgh DataShare repository
at https://doi.org/10.7488/ds/7889.
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