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Abstract 12 

Lead acid batteries have been successfully recycled with pyrometallurgy for many years. 13 

However, this process has historically been associated with mass lead poisonings and 14 

continues to contribute significantly to disease burden in developing nations. In this paper a 15 

cleaner alternative to pyrometallurgical processing is proposed using deep eutectic solvents 16 

(DES) based on choline chloride and oxalic acid to dissolve and convert lead materials into 17 

pure lead oxalate which can then be calcined at low temperatures into lead oxide products 18 

that can be used for the synthesis of new batteries. We also show that lead oxychlorides can 19 

be formed at lower calcination temperatures due to the presence of residual chlorine from 20 

the DES. 21 

 22 

Highlights 23 

• Desulphurised spent lead acid battery paste was reacted with Oxaline, a Deep Eutectic 24 

Solvent (DES) composed of a 1:1 molar ratio of choline chloride and oxalic acid. 25 

• All lead materials in the desulphurised spent lead acid battery paste were converted into 26 

lead oxalate. 27 

• Lead oxalate begins to decompose at 400°C into lead oxychloride compounds due to the 28 

presence of chlorine from the DES 29 

• This study establishes the importance of using chlorine-free solvents if the objective is to 30 

calcine lead oxalate into pure lead oxide for new lead acid battery manufacture. 31 

  32 
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1. Introduction 33 

1.1 The Impact of Lead Recycling 34 

The lead acid battery (LAB) is a ubiquitous and essential piece of modern technology that 35 

allows for cheap storage of large amounts of electrical power. Starting, lighting and ignition 36 

(SLI) batteries are used in every automobile currently on the road [1] while deep-cycle 37 

batteries are mostly used for stationary energy storage applications for electrical 38 

infrastructure [2]. Currently LABs are the most recycled product in the world and are recycled 39 

to almost 100% efficiency in OECD nations [3]. However there still exist two main problems 40 

with the way that LABs are currently recycled. Firstly, the dominant process (pyrometallurgy) 41 

requires smelting at >1000 °C to reduce lead materials in the spent LAB paste into metallic 42 

lead that can be resold. This results in a process energy requirement of over 1000 kWh per 43 

tonne of lead produced. The power requirements of heating are such that fossil fuels are 44 

commonly used to power the smelter units and therefore this translates to the production of 45 

550kg of CO2 per tonne of lead recycled [4]. Secondly, unless suitable emission control 46 

measures are in place, the recycling process is highly polluting and can lead to local 47 

environmental and water contamination due to lead particulate emissions. Poorly regulated 48 

recycling activities are well documented to cause mass poisonings, particularly in developing 49 

nations where batteries are recycled informally [5]. 50 

 51 

1.2 Innovations in Lead Recycling 52 

Solution-based recycling methods have recently been gaining attention both from academia 53 

and industry. These possess the key advantages in that they do not fume lead particulates 54 

like smelting does (as all lead is trapped in solution) and typical operating temperatures of 55 

the process are around 100°C, leading to energy savings. Early methods of liquid LAB 56 

recycling were based on the Betts electrowinning method [6] where H2SiF6 (hexafluorosilic 57 

acid) or HBF4 (tetrafluoroboric acid) are used to dissolve the lead compounds. An 58 

electrostatic potential is then used to deposit pure metallic lead on the cathode. A significant 59 

drawback of these methods is the cost, and the chemical hazard of these powerful acids, 60 

that can evolve HF if the correct additives are not present in the solution [7]. Electrochemical 61 

processes involving less hazardous chemicals have since been developed, for example the 62 

LEDCLOR process developed by Técnicas Reuinidas use mixtures of HCl and brine [8] 63 

while Aquametals Inc. have developed a methanesulphonic/EDTA processing solution [9]. 64 

However, the drawback of all these methods is the high electrical energy consumption, 65 

which is the same or exceeding the fossil fuel equivalent of pyrometallurgy. This makes 66 

these alternative processes economically unattractive since the energy cost alone far 67 
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exceeds that of traditional smelting due to the higher costing of electrical energy from the 68 

grid compared to a typical fossil fuel such as natural gas [10]. 69 

 70 

Recently some purely chemical methods for LAB recycling have been developed to 71 

circumvent this issue. Leaching and cementation reactions have been proposed using HCl 72 

by Técnicas Reuindas (known as the PLINT process) [11], acetic acid over a metallic iron 73 

surface[12], and citric acid [13]. All these processes produce an intermediate lead compound 74 

that must undergo further processing to be made into a product that can be used in battery 75 

manufacturing. These products are thermally processed at much lower temperatures than 76 

smelting (< 500 °C), yielding significant energy savings against traditional pyrometallurgy. 77 

The downside of these methods is that (a) they use a lot of water in the aqueous processing 78 

solutions and (b) the lead recovery rate can be low even over a period of days. A low 79 

recovery and slow speed of reaction affects efficiency and throughput, which are key 80 

success factors in the lead recycling industry. Heavy water use in such a large industry will 81 

also make future water shortages worse [14] especially in nations of the Global South where 82 

changes to the recycling process are most crucially needed. 83 

 84 

A new chemical and electrochemical recovery method using non-aqueous solvents is 85 

currently being explored [15], [16] where a novel class of sustainable ionic liquid analogues 86 

known as deep eutectic solvents (henceforth referred to as DES) are used to dissolve and 87 

convert a wide variety of lead materials. Like ionic liquids, these solvents show exceptional 88 

reactivity and are able to process even stable metal oxides, but unlike ionic liquids, their 89 

synthesis is both facile and inexpensive [17]. A common deep eutectic solvent known as 90 

Ethaline 200 is a simple mixture of choline chloride and ethylene glycol in a 1:2 molar ratio 91 

and is synthesised by stirring at 80 °C until it forms a colourless liquid [18]. Proof of concept 92 

work for the electrochemical recovery of lead using this solvent has been carried out for both 93 

lead perovskite materials [19] and spent LAB paste [15] has shown promising initial results, 94 

and a new chemical process based on deep eutectic solvents is proposed.  95 

 96 

While the above proof of concept work recovers lead electrochemically, this work proposes a 97 

new, purely chemical method of lead material recovery using a new type of DES. This DES 98 

is composed of a 1:1 molar ratio of choline chloride and oxalic acid dihydrate. The synthesis 99 

of this solvent is as simple and inexpensive as that of the Ethaline 200 solvent while the 100 

chemical reactivity with lead compounds is significantly higher even at room temperature. 101 

This purely chemical process yields lead (II) oxalate which can be theoretically processed 102 

into lead (II) oxide at less than 400°C in 2 hours. The advantages of such a process would 103 

be (a) no electricity or heating being required to convert spent lab materials to lead (II) 104 
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oxalate, (b) fast conversion of a mixed stream of lead compounds into a single intermediate 105 

product and (c) the circumvention of a reductive step to obtain lead metal, as the end 106 

material should be ready to use in “leady oxide” which is used to make new batteries [20]. 107 

 108 

The first aim of this study is to confirm the identity of the input, intermediate and output 109 

materials of this process. The input material investigated was desulphurised lead paste with 110 

unknown composition, while the intermediate material and output materials require 111 

characterisation. The second aim of this study was to find the lowest possible calcination 112 

temperature for the intermediate material to obtain the final useful product of lead (II) oxide. 113 

To do this, calcination at 500,400 and 300°C and the resulting output materials were 114 

characterised. All materials where characterised using XPS, XRD and SEM/EDX. 115 

 116 

2. Experimental 117 

The DES was prepared by mixing choline chloride (Sigma > 98.0%) and oxalic acid di-118 

hydrate (Sigma > 99.0%) on a heated magnetic stirring plate at 50 °C and 300 revolutions 119 

per minute (henceforth abbreviated to rpm) until a homogeneous clear liquid is formed. 5.5 120 

mg of desulphurised spent LAB paste (provided by Envirowales Ltd.) was added per ml of 121 

DES prepared, and the solution was agitated with a magnetic stirrer set to 500 rpm at room 122 

temperature for 24 hours. A suspension is formed and 35ml is transferred to a 50 ml conical 123 

tube to be centrifuged in an Eppendorf 5804 centrifuge for 30 minutes at 5300 rpm. The 124 

precipitate is then washed in three steps. Firstly, the supernatant is decanted, and the 125 

precipitate is re-suspended in oligo-ethylene glycol (mw ~ 200, Sigma) and centrifuged at 126 

5300rpm for 30 minutes. Then the supernatant is decanted, and the precipitate is then re-127 

suspended in distilled (19 µS/cm) water and centrifuged at 5300rpm for 30 minutes. Lastly, 128 

the supernatant is decanted, and the precipitate is re-suspended in acetone and centrifuged 129 

at 5300rpm for 30 minutes. After the third step the supernatant is decanted, and the 130 

precipitate is transferred to a small vial and air dried in a Büchi B-585 glass oven overnight 131 

at 140 °C. The precipitate was then calcined at 300 and 500 °C in air with a 10 °C/minute 132 

heating rate. Each sample was held at the final temperature for 1 hour in an Elite Thermal 133 

Systems TSH12/38/250 tube furnace, using a 20 ml alumina crucible and silica tube. 134 

 135 

The spent LAB paste, chemically converted product and calcined samples were investigated 136 

with XPS, PXRD to analyse the surface and bulk compositions respectively, while SEM was 137 

used to analyse differences in surface morphology. Compositional information of certain 138 

local points of interest on the surface were also analysed using energy dispersive x-ray 139 
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spectroscopy (EDX). Image analysis of fibres in secondary electron images was conducted 140 

on ImageJ by applying a black and white threshold and edge detection to the image. Fibres 141 

exhibited charging and therefore had higher white values which were set as the threshold to 142 

ensure that only fibres were detected by the black and white masking algorithm. Additionally, 143 

only objects with an aspect ratio greater than 2 were selected for counting. The resulting 144 

detected fibres were then modelled as ellipses with the semi-major axis representing the 145 

length and semi-minor axis representing the width of the fibre.  146 

 147 

XPS was conducted in a Thermo Fisher K-alpha high throughput system using a 180° 148 

double focussing hemispherical analyser with an area detector, 400 µm x-ray spot size using 149 

an Al-Kα cathode source. Nominal analysis chamber pressure was set to 2x10-8 mbar before 150 

the start of the experiment. Samples were mounted onto a tantalum slide with carbon tape 151 

as fine powders. Spectra were analysed using the integrated Avantage software suite. 152 

Tougaard backgrounds were used on all core levels and the peaks were fitted with a non-153 

linear chi square minimisation algorithm. The energy scales were calibrated with reference to 154 

the adventitious carbon peak which was set to 284.8eV. An ion flood gun was used to 155 

prevent sample charging. 156 

 157 

PXRD was conducted with a Panalytical X'Pert x-ray diffractometer with standard 158 

goniometer geometry using a nickel-filtered Cu-Kα cathode source. Spectra were acquired 159 

between 5 and 80° 2θ with angular step size of 0.016° and an integration time of 20s. 160 

Samples were mounted as fine powders into a zero-diffraction silicon disk holder covered 161 

with mylar film to prevent sample spillage. This was found to present a significant peak at 162 

around 25° (2θ) due to its crystallinity. Therefore a reference pattern for the mylar film was 163 

collected and subtracted from the sample patterns to allow for qualitative phase analysis. 164 

Data was processed with the integrated Panalytical Highscore analysis suite. 165 

 166 

SEM was conducted on a JEOL6010LA using a tungsten filament and with an integrated 167 

EDX and backscatter sensor. All images were taken with at 15kV accelerating voltage, a 168 

working distance of 21mm and a spot size of 40nm. Samples were mounted as fine powders 169 

to an aluminium stub with carbon tape. 170 

 171 
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3. Results & Discussion 172 

3.1 Desulphurised Lead Acid Battery Paste Characterisation 173 

The starting material used in this work was desulphurised lead paste provided by 174 

Envirowales Ltd. This was analysed by XRD, XPS and SEM to determine the morphology 175 

and lead compounds present. The XRD pattern for this material is shown in Figure 1. The 176 

most significant components are α-PbO (litharge, ICSD 62842), PbCO3 (cerrusite, ICSD 177 

6178) and NaOH(PbCO3)2 (abellaite, ICSD 261807). These products are common in lead 178 

paste that has been desulphurised in NaHCO3 at high temperatures [21].  179 

 180 

Figure 1: XRD patterns of (bottom to top) the as provided desulphurised lead acid battery 181 
paste, the converted product after reaction with ChCl:Oxalic Acid DES, the product after 182 
300°C calcination in air, the product after 400°C calcination in air and the product after 183 
500°C calcination in air. 184 

 185 

This result is correlated by XPS measurements shown in Figure 2. The XPS survey reports 186 

the presence of Pb, Na, O, C and Si. Two lead environments are measured in the Pb 4f 187 

core level and are attributed to NaOH(PbCO3)2  or PbCO3 [22] (138.5 eV) and PbO (137.3 188 

eV) respectively. The single Na environment in the Na 1s core level at 1072.2 eV is 189 

attributed to NaOH(PbCO3)2. A single Si environment in the Si 2p at 102.7 eV is attributed 190 
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to SiO2 [23]. The O 1s core level was found to have three resolvable environments and 191 

these are assigned to SiO2 (532.8 eV) [23], NaOH(PbCO3)2 / PbCO3 (531.4 eV) [22] and 192 

PbO or adventitious organic C-O (529.6 eV) [24]. The C 1s core level was found to have 3 193 

environments assigned to C-C (set to 284.8eV), C-O (286.5 eV) and C=O (289.2 eV) which 194 

are all assigned to adventitious carbon compounds. The C-O and C=O may also contain 195 

signal from the carbonate species identified in the Pb core level and XRD. The integrated 196 

peak areas of environments relating to NaOH(PbCO3)2 in the Na 1s, Pb 4f and O 1s core 197 

levels were found to be in a 1:2.1:7.2 ratio respectively. Even though PbCO3 was also 198 

measured by XRD, it is likely that only NaOH(PbCO3)2 is present at the surface due to the 199 

surface sensitivity of XPS and the close stoichiometric match of the core level ratios. The 200 

integrated peak areas of the environments relating to SiO2 in the Si 2p and O 1s core 201 

levels were found to be in a 1:2.6 ratio, which only deviates slightly from expected 202 

stoichiometry. This deviation may be due to surface hydroxyl groups because of exposure 203 

to strongly alkaline conditions during the desulphurisation process. The integrated peak 204 

areas of environments related to PbO2 in the Pb 4f and O 1s core levels were found to be 205 

in a 1:3.2 ratio which deviates from the expected 1:2 stoichiometry. From the survey 206 

spectrum a Zn 2p environment is also seen and therefore the presence of ZnO (which 207 

manifests in a similar range to PbO2 O 1s environments at ~530.5 eV).  208 
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 209 

Figure 2: XPS Survey and Pb, O, Na and Si core levels for the desulphurised lead acid 210 
battery paste material. 211 
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 212 

In SEM, large aggregates of material and bright streaks were observed (see Figure 3). The 213 

latter appeared to be fibres. These morphological features were investigated by EDX on 214 

the same electron microscope in Figure 4. It can be seen from these results that there is a 215 

strong spatial correlation between the aggregate material and the Pb M characteristic X-ray 216 

signal. Meanwhile the fibres show a positive spatial correlation with Si K and O K signal 217 

and an inverse spatial correlation with the Pb M signal. With reference to the XPS 218 

measurements, these fibres are SiO2. The fibres were further size classified, and the 219 

results of this classification are shown in Figure 5. Both the length and diameter of the 220 

fibres show an exponential distribution from the smallest size of 10 μm diameter and 50 μm 221 

in length to the largest of 100 μm in diameter and 400 μm in length. These likely come from 222 

adsorbed glass mat (AGM) batteries that use woven silica fibres to immobilise the acid 223 

electrolyte [25]. Silica fibres from these batteries are difficult to separate from battery paste 224 

material during flotation and this indicates that AGMs make up a proportion of the batteries 225 

recycled in the batch of provided LAB paste.  226 

 227 

 228 

Figure 3: Low magnification secondary electron image of the desulphurised paste surface. 229 
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 230 

Figure 4: EDX area map and secondary electron image of aggregates and fibres. 231 

 232 

 233 

Figure 5: Histograms of classified fibre diameters (a) and lengths (b). 234 

 235 

3.2 Chemical Conversion of Paste 236 

Once spent LAB paste is added to the DES, paste granules transform into a white 237 

suspension over 24 hours of mixing. After this, the conversion is complete, and a fine white 238 

powder is obtained once the product is cleaned and dried. PXRD (see Figure 1) and XPS 239 

(see Figure 6) analyses confirm the product to be mainly comprised of PbC2O4 (lead 240 
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oxalate, ICSD 109830). It is interesting to note that while the PXRD pattern indicates the 241 

presence of mixed lead oxalate chloride species Pb2Cl2C2O4 (lead chloroxalate, ICSD 242 

99805), XPS analysis failed to detect any chlorine in this product. This discrepancy 243 

between PXRD and XPS, indicates that Pb2Cl2C2O4 species can be found in the bulk but 244 

not at the surface. XPS analysis shows that the Na signal is not observed survey scan, and 245 

very different environments are present in the O 1s, C 1s and Pb 4f core levels. While a Pb 246 

metal environment (at 136.5eV) is still present in the Pb 4f core level, the only other 247 

environment present is shifted up to 138.79eV which is typical of organic lead 248 

compounds.[26] A dominant O 1s environment at 531.7 eV can be associated to this 249 

organic lead compound, and the only other O 1s environment at 533.4 eV is likely from 250 

SiO2, since Si 2p core level position remains unchanged compared to the input material. 251 

Finally, the C 1s peak associated with C=O at 288.54eV is much more intense than the 252 

LAB paste measurement and is even more intense than C-C peak at 284.8eV. Therefore, 253 

since this environment’s signal is more intense than that of adventitious carbon 254 

compounds, it is assumed that this environment is part of the organic lead compound 255 

formed in this product. The Pb 4f: C(=O) 1s : O 1s ratio was found to be 1:2.3:4.6, in 256 

reasonable agreement with the PXRD identification of PbC2O4 as the major component of 257 

the product. The product was also imaged (shown in Figure 7) by SEM, and the crystal 258 

shape was noted to be plate-like with many crystal platelets sitting atop one another. This 259 

stacking of crystals is also observed in the PXRD measurement from the very high 260 

intensity of the 23.54° 2θ peak. This peak corresponds to the (002) plane of triclinic 261 

PbC2O4 crystals, and therefore suggests that crystal platelets preferentially align in the z 262 

direction (i.e. normal to the sample surface), as is seen in SEM. 263 

 264 
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 265 

Figure 6: XPS analysis of chemically converted LAB paste. Survey spectrum of the product 266 

showing detected elements. A survey spectrum and core level spectra of Pb4f, C1s and 267 

O1s.Data points of core level measurements are shown as blue dots, while the fitted 268 

environment peaks are shown as filled areas under the envelope (green). 269 

 270 
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 271 

Figure 7: Secondary electron image of the powder obtained after the chemical conversion of 272 

spent LAB paste. 273 

 274 

3.3 Calcination 275 

After being calcined at 300◦C, a grey powder was recovered. PXRD analysis (see Figure 1) 276 

and SEM (see Figure 8a) show the sample to be effectively unchanged compared to the 277 

original product of chemical conversion. Some subtle differences in peak intensities 278 

suggest that crystal alignment and packing has been disturbed by the calcination process. 279 

Crystals also appear to be less aligned when investigated with SEM due to some growth of 280 

small rectangular crystals between the larger platelets (shown in Figure 8b). XPS analysis 281 

(see Figure 9) however shows more pronounced changes at the surface. Chlorine is 282 

detected in the survey spectrum; however core level intensity ratios indicate that this is in 283 

the form of a PbCl2 compound rather than Pb2Cl2C2O4 as measured in PXRD. These 284 

intensity ratios are taken between the Cl 2p3/2 environment at 198.05eV and the Pb 4f7/2 285 

environment at 137.69eV. This environment is not observed in any other measurements 286 

and was therefore associated with the new Cl 2p peak. A more intense peak associated 287 

with a metallic lead environment at 136.43eV is also detected in the Pb 4f level at an 288 

atomic concentration of 2.6%. These observations are consistent with the early 289 

decomposition products of Pb2Cl2C2O4, where small amounts of lead chloroxalate convert 290 

to Pb5O2Cl6, and some material may be converted to Pb metal by the presence of reducing 291 

agents in these products (such as CO). [27] 292 

 293 
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 294 

Figure 8: Investigation of surface morphology of PbC2O4 calcined at 300◦C with (a) a low 295 

magnification secondary electron image and (b) high magnification image of a new phase 296 

identified growing between PbC2O4 platelets. 297 

 298 
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 299 

Figure 9: XPS analysis of chemically converted after calcination at 300◦C. Survey spectrum 300 

of the product showing detected elements. A survey spectrum and core level spectra of 301 

Pb4f, C1s and O1s. Data points of core level measurements are shown as blue dots, while 302 

the fitted environment peaks are shown as filled areas under the envelope (green). 303 

 304 

This decomposition pathway discussed in a thermal decomposition study of Pb2Cl2C2O4 by 305 

Boudaren et al.[27] Even though one would expect any free lead metal to oxidise during 306 

calcination, lead’s slow oxidation kinetics at 300°C [28] make the observation of some 307 

residual metal likely. It is noted by Boudaren et al. that the formation of PbCl2 would also be 308 

expected at low temperatures due to the presence of some Cl2 in the decomposition gases 309 

and its reaction with metallic lead. The composition ratios observed between Pb 4f, Cl 2p 310 

and O 1s environments that are related to oxy-chloride compounds in XPS core level 311 

analysis could be explained by a mixture of overlapping Pb5O2Cl6, PbCl2 and Pb3O2Cl2 312 

environments, but more data is needed to determine the exact composition of this 313 

environment. 314 

 315 

At a higher temperature of 500°C a white powder is recovered after calcination and a 316 

dramatic change can be seen in PXRD (see Figure 1), XPS and SEM (see Figure 10). 317 

PXRD shows that only one phase of an oxy-chloride mineral (Pb3O2Cl2) is present, while 318 
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XPS shows a Pb:Cl ratio of 0.98:1 indicating that there may be mixed and overlapping Pb-319 

Cl environments, as with the 300°C calcined product, although with the significant 320 

difference that the compositional ratios between Pb and Cl are reversed, and the peaks 321 

associated with these environments are shifted. The Pb 4f environment associated with 322 

Pb-O-Cl compounds is now at 138.03eV which indicates an environment that is richer in 323 

electron withdrawing species such as chlorine and oxygen. At this higher temperature the 324 

Pb 4f environment is dominated by this peak with only minor contributions from Pb at 325 

136.5eV and PbC2O4 at 138.85eV. The Cl 2p environment is now at 197.95eV, a small 326 

decrease compared to the value measured from the product calcined at 300°C, but one 327 

which could be due to an increase in the number of highly electronegative species nearby 328 

that will increase the local electron density of the environment. Secondary electron images 329 

show a whisker like morphology that appears to be homogeneous. This morphology is very 330 

different to that observed after 300°C calcination and the numerous rounded surface 331 

features seem to suggest that growth of a non-commensurate phase occurred at the 332 

crystal surface. These features are highlighted in Figure 12. This could be from the 333 

decomposition of Pb2Cl2C2O4 into Pb3O2Cl2, or from the reaction of other compounds such 334 

as Pb5O2Cl6 or PbCl2 with oxygen during the calcination process. 335 

 336 

 337 

Figure 10: Secondary electron image of chemically converted LAB paste calcined at 500°C. 338 

 339 
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 340 

Figure 11: High magnification secondary electron image of growth features found in the 341 

sample calcined at 500◦C. Image colours have been inverted and sharpened in post-342 

processing to highlight these features. 343 
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 344 

Figure 12: XPS analysis of chemically converted after calcination at 500◦C. Survey spectrum 345 
of the product showing detected elements. A survey spectrum and core level spectra of 346 
Pb4f, C1s and O1s. Data points of core level measurements are shown as blue dots, while 347 
the fitted environment peaks are shown as filled areas under the envelope (green). 348 

 349 

3.4 Mechanisms of reaction and calcination 350 

When the spent LAB paste is introduced into the oxaline, there is an immediate reaction 351 

since some limited effervescence is observed upon addition, with a final white suspension 352 

obtained much later. The gas is likely to be CO2 as it found to extinguish a lit wooden splint. 353 

This indicates a two-step reaction (proposed in equations 1 and 2) where first the lead 354 

materials are dissolved into the DES system and then react with the oxalic acid hydrogen 355 

bond donor (C2H2O4), precipitating out of the solution. The unique chemical environment of 356 

the DES is thought to promote the availability and reactivity of the Cl anion of the choline 357 

chloride ([C5H14NO]+[Cl]-) component through a charge de-localisation that occurs between 358 

[C5H14NO]+[Cl]- and C2H2O4.[29] Increased Cl activity could drive the solution of lead 359 

materials into the DES (as observed in previous studies of lead solubility in Ethaline 360 

DES)[30] and consequently, [C2O4]2− can substitute the Cl- ligands due to being a more 361 

effective chelating agent for the Pb2+ ion. [31] 362 

 363 
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𝑃𝑏𝐶𝑂3(𝑠) + 4𝐶𝑙(𝐷𝐸𝑆)
− + 2𝐻(𝐷𝐸𝑆)

+ → [𝑃𝑏𝐶𝑙4](𝐷𝐸𝑆)
2− + 𝐶𝑂2(𝑔) +𝐻2𝑂(𝐷𝐸𝑆) (1) 364 

[𝑃𝑏𝐶𝑙4](𝐷𝐸𝑆)
2− + [𝐶2𝑂4](𝐷𝐸𝑆)

2− → 𝑃𝑏𝐶2𝑂4(𝑠) + 4𝐶𝑙(𝐷𝐸𝑆)
− (2) 365 

 366 

The identification of Pb2Cl2C2O4 through XRD indicates that another reaction must occur 367 

between the chlorine anion and PbC2O4. Since Pb2Cl2C2O4 was not found by XPS analysis, 368 

it was concluded that this product could form where some DES is trapped between two 369 

stacked PbC2O4 plates. 370 

 371 

This may occur during the cleaning process, when crystals wetted with DES will flocculate 372 

due to the DES providing a more favourable surface interaction than the diluent. Prolonged 373 

exposure to the DES then leads to the surface PbC2O4 crystals to transform into Pb2Cl2C2O4 374 

(as proposed in equation 3). 375 

 376 

2𝑃𝑏𝐶2𝑂4(𝑠) + 2𝐶𝑙(𝐷𝐸𝑆)
− → 𝑃𝑏2𝐶𝑙2𝐶2𝑂4(𝑠) + 2𝐶𝑂2(𝑔) (3) 377 

 378 

During calcination it is expected that the trapped DES would thermally degrade even at low 379 

temperatures. Generally the degradation temperature of a given DES can be estimated as 380 

the average of precursor degradation temperatures.[32] Since the decomposition of 381 

[C5H14NO]+[Cl]- and C2H2O4 happen at 304°C [32] and 150°C [33] respectively, the expected 382 

degradation temperature of Oxaline DES is around 230°C. Hence degradation will proceed 383 

rapidly during calcination at 300°C and the proposed stoichiometric decomposition pathway 384 

is shown in equation 4. 385 

 386 

2([𝐶5𝐻14𝑁𝑂]
+ ∙ [𝐶𝑙]− ∙ [𝐶2𝑂4]

2−)(𝐷𝐸𝑆) → 14𝐶𝑂2(𝑔) + 𝐶𝑙2(𝑔) +𝑁2(𝑔) + 14𝐻2𝑂(𝑔) (4) 387 

 388 

It is unlikely that the oxygen requirements for stoichiometric decomposition of the DES will 389 

be met in ambient air, therefore there may be many products of partial combustion such as 390 

CO and intermediate organic substances. As previously discussed, the former is likely 391 

responsible for the evolution of metallic lead during calcination, while the latter can confound 392 

XPS identification of the final product with overlap in the O 1s core level region. Half a mole 393 

of chlorine gas will be evolved per mole of DES decomposed and this could also drive side 394 

reactions with other calcination and combustion products. For example, the mineral 395 

mendipite can be formed by reacting PbO and PbCl2,[34] where the PbCl2 may be produced 396 

by a reaction between Cl2 and metallic Pb, or PbC2O4 as shown in equations 5 and 6. 397 

 398 

𝑃𝑏(𝑠) + 𝐶𝑙2(𝑔) → 𝑃𝑏𝐶𝑙2(𝑠) (5) 399 
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𝑃𝑏𝐶2𝑂4(𝑠) + 𝐶𝑙2(𝑔) → 𝑃𝑏𝐶𝑙2(𝑠) + 2𝐶𝑂2(𝑔) (6) 400 

 401 

As discussed by Boudaren et al.[27] Pb2Cl2C2O4 also has some thermal decomposition 402 

pathways that can lead to the formation of PbCl2, Pb5O2Cl6 and Pb3O2Cl2. It is likely that the 403 

kinetics of these mechanisms are slow at temperatures of 300 ºC or below, resulting in very 404 

little change as seen in the chemically converted LAB paste calcined at this temperature. 405 

However, above this temperature, significant transformations take place as is seen in the 406 

specimen calcined at 500°C. In summary, the large amounts of chlorine present in samples 407 

during thermal decomposition experiments significantly complicate the degradation 408 

behaviour, and lead to the formation of lead oxychloride products as opposed to the 409 

expected lead oxides. Further measurements and analysis are needed at intermediate 410 

temperatures to fully characterise the transformations taking place within these chemically 411 

converted spent LAB paste samples during calcination. 412 

 413 

4. Conclusion 414 

Spent LAB paste was chemically converted into a lead oxalate product using an Oxaline 415 

DES and subsequently calcined with the aim to thermally decompose the organic lead 416 

compound into oxides that are useful for the manufacture of new LABs. Spent LAB paste, 417 

chemically converted paste, and the product of calcination at 300°C and 500°C were 418 

analysed by PXRD, SEM and XPS. Micron sized silica fibres were found to be present in the 419 

starting material and were also shown to persist through all process steps. After chemical 420 

conversion some unexpected product in the form of Pb2Cl2C2O4 was found and attributed to 421 

prolonged contact of PbC2O4 with DES trapped between stacked crystals. This went on to 422 

promote the formation of lead oxychloride minerals such as Pb3O2Cl2 and Pb5O2Cl6 through 423 

the generation of free Cl2 by the thermal decomposition of DES or by the degradation of 424 

Pb2Cl2C2O4. The Oxaline conversion process is promising for spent LAB recycling since no 425 

energy input other than mixing is required to convert a variety of lead minerals into lead 426 

oxalate product. However, the findings of this study indicate that there remain two main 427 

challenges in implementing this process industrially. (1) Removing silica fibres from the input 428 

stream or during the process. These fibres are insulating and will therefore aversely affect 429 

electrode performance if they are recycled into new battery plates along with the recovered 430 

oxides. (2) Understanding and controlling the material transformations that lead to the 431 

formation of lead oxychloride minerals instead of lead oxides. Oxychloride minerals are not 432 

conductive, therefore cannot be used as active mass for new battery manufacture. 433 

 434 
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