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A B S T R A C T   

Sugars and sugar-rich agricultural by-products are cheaper and eco-friendly alternatives to conventional re
ductants used in recovering metals from spent lithium-ion batteries. Still, they are rarely used due to a poor 
understanding of their performance and reaction chemistry. In this study, two hypotheses bearing on the role of 
chemistry and influence of non-sugary organic compounds (impurities) on the performance of sugars, namely: 
glucose, fructose and sucrose, and a parent sugar-rich agro-industrial by-product – molasses, as reductants in the 
leaching of Li, Co, Mn and Ni from spent lithium-ion battery cathode material were tested. Statistical analysis 
using ANOVA revealed that the performance of the sugars and molasses are similar with >85% Mn, >88% Ni, 
>88%Co and >98% Li leached at 90 ◦C and 60 min. This shows that the presence of non-sugar organic com
pounds does not hamper the performance of the sugars-based reductants. The performance of the sugars relies 
more on temperature than chemistry. Furthermore, evaluation of the oxidation pathway hints at a potential 
inhibition of secondary oxidation reactions at lower temperatures. This study provides statistically validated 
proof that the performance of sugarcane molasses, even at lower concentration, is equipollent to the pure sugars 
in the leaching of critical metals from spent lithium-ion batteries.   

1. Introduction 

The deliberate transition to greener energy sources and high demand 
for lithium-ion battery powered devices, including electric vehicles is 
creating a surge in the demand for materials; notably battery metals 
such as cobalt, lithium, manganese and nickel (Chen et al., 2022). Bat
tery metals are currently in high demand and are experiencing huge 
price fluctuations (Azevedo et al., 2018; Chen et al., 2022; IEA, 2022). 
Consequently, there is a growing interest in exploring strategies to 
sustain the supply and alleviate the price fluctuation of these metals; 
herein, recycling of spent batteries has been identified as a potential 
strategy (Mao et al., 2022; Zhang et al., 2015). Recycling is essential in 
this era of dwindling quantity of high-grade mineral ores, increasing 
quantity of spent batteries and need for proper disposal of waste bat
teries. This is because spent batteries are cheap and contain appreciable 
amount of battery metals (Okonkwo et al., 2021; Yang et al., 2021). 
Recycling can also help to mitigate the environmental impact of toxic 
components of spent batteries and the life cycle environmental impact of 
the batteries (Chen et al., 2022; Cheng et al., 2022; Okonkwo et al., 

2021). 
The growing interest and need to recover metals from spent lithium- 

ion batteries is reflected by the increasing number of research articles, 
government policies and business start-ups in this area (Mao et al., 
2022). The common methods employed to recover these metals include 
the pyro- and hydro-metallurgical based approaches synonymous to that 
for extracting these metals from their mineral (Raj et al., 2022; Yang 
et al., 2021). Hydrometallurgical approach is the most widely investi
gated and commercialized, and involves key steps such as leaching, in 
which reductants assist in the solubilization of the metals (Cheng et al., 
2022; Okonkwo et al., 2021). Reductants (reducing agents) lowers the 
oxidation of transition metals (Co, Mn and Ni) present in spent batteries, 
making them amenable for dissolution by the lixiviant, hence are critical 
to the success of the hydrometallurgical based approach (Cheng et al., 
2022; Ma et al., 2021; Meng et al., 2017) 

Many reducing agents have been employed in the recovery of metals 
from spent batteries. Inorganic reductants such as H2O2, NaHSO3, 
Na2S2O5, hydrazine sulfate are quite common. Although very efficient, 
H2O2 is thermally unstable whereas NaHSO3, Na2S2O5, hydrazine 
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sulfate are expensive, toxic and release toxic gases (e.g. SO2) (Chen 
et al., 2019; Meng et al., 2017). As an alternative, organic reductants 
such as carbohydrates (glucose, sucrose, cellulose, lactose), biomass 
(waste tea bag, grape seed, orange peels) and organic acids (ascorbic 
acid, formic acid and oxalic acid) were also utilized (Chen et al., 2018; 
Okonkwo et al., 2021; Refly et al., 2020). Organic reductants have the 
advantage of cost, availability and biodegradability/zero environmental 
impact (Okonkwo et al., 2021). 

Carbohydrates especially glucose and sucrose has been extensively 
utilized in the recovery of transition metals (e.g., manganese) from 
mineral ores, spent zinc-alkaline cell batteries, etc. (Furlani et al., 2009, 
2006; Wang et al., 2017). The performance of pure carbohydrates drew 
attention to the potential use of agro-industrial by-products such as 
molasses and whey, which are known to contain substantial quantity of 
these carbohydrates, are cheaper, more abundant and like spent batte
ries can also cause soil and water pollution (Su et al., 2009). It has been 
suggested that these sugar-rich agro-industrial by-products are cheaper 
alternatives for glucose and sucrose (Furlani et al., 2009; Golmo
hammadzadeh et al., 2017). Additionally, their application in the re
covery of metals from spent lithium-ion batteries presents a zero-waste 
approach to manage both spent batteries and agro-industrial by-prod
ucts. Presently, there are limited studies in this area, partly because of 
the fret over the potentially negative influence of non-sugary organic 
compounds (impurities), concern over annual output and poor under
standing of reaction kinetics, pathway and mechanism (Sinha and Pur
cell, 2019). 

Preliminary studies on the oxidation of these simple sugars using 
catalysts, ozone and metallic oxides show that carbohydrates undergoes 
hydrolysis, isomerization, dehydration, degradation reactions, with the 
products dependent on nature of media (acidic, neutral, alkaline), 
temperature and oxidant (Pagnanelli et al., 2014; Wojcieszak et al., 
2017; Wrolstad, 2012; Zhang et al., 2021; Zhang and Huber, 2018). It is 
generally accepted that products including furfurals and lower molec
ular weight compounds such as gluconic acid, glucaric acid, formic acid 
and carbon dioxide, with reductive abilities are formed when carbohy
drates are oxidized in acidic media (Baral et al., 2015; Lee et al., 2016; 
Pagnanelli et al., 2014). Except for glucose, there is limited experimental 
data on the performance and possible reaction pathway of the sucrose 
and fructose as reducing agent in the recovery of metals. 

As a step to fill these gaps in the use of sugars and by-products of 
sugar production (sugarcane molasses) in the recovery of metals from 
spent lithium-ion batteries, this work compared the performance of 
different carbohydrates namely: glucose, sucrose, and fructose with each 
other and with sugarcane molasses, as reductants in the leaching of 
LiNixCoyMnzO2 cathode materials. The main objective is to evaluate the 
performance of the different sugars and by-product of sugar production 
as reducing agent and establish if the presence of non-sugary organic 
compounds as impurities in sugar-by products such as molasses hampers 
the leaching of cobalt, nickel, manganese and lithium from the cathode 
materials of spent lithium-ion batteries. To achieve this objective, we 
tested the following hypotheses: (1) Given their chemistry, the perfor
mance of glucose, fructose and sucrose will not be significantly different 
from each other. (2) The performance of molasses, due to the presence of 
other organic components as impurities in it, would be better or 
equivalent to those of the pure carbohydrates. Finally, a reaction 
pathway was provided. 

2. Materials and method 

2.1. Materials 

Cathode materials were obtained from dismantled and pre-treated 
spent lithium-ion batteries, which were gathered from a local battery 
shop in Townsville. These cathode materials were homogenized by 
grinding in a ball mill and mixing using a mortar and pestle followed by 
sieving. The elemental composition of the cathode material obtained 

through wet chemical analysis (aqua regia digestion, HCl: HNO3 3:1 v/ 
v) is 6.2% Li, 13.2% Co, 19.0%Mn and 31.8% Ni. XRD analysis showing 
the phases present in the cathode material is shown in Fig. S1. 

Sugarcane molasses was obtained from Wilmar Sugar mill. The sugar 
profile analysis is shown in Table S1 and Figure S2. Other chemicals 
used are D-Glucose (AR Grade, Ajax Finechem), D-fructose (>99%, 
Sigma Aldrich), sucrose (AR grade, Chem Supply), methanesulfonic acid 
(>99%, Sigma Aldrich). 

2.2. Method 

All leaching experiment were performed in a 250 mL glass reactor 
that was heated using a hot plate equipped with a magnetic stirring 
system. In each leaching test, 2.5 g of cathode material along with fixed 
amount of reductant were added to 50 mL of 2 M methanesulfonic acid 
solution that was already heated to the desired temperature. After 
leaching, the liquor were filtered using a vacuum filtration unit, and the 
residue dried for further analyses whereas a known volume of the filtrate 
is further diluted for quantification of the concentration of the metals. 
The dosage of reductant kept was kept at 0.4 g/g based on previous 
experiment backed by stoichiometric calculation (see equations S1 and 
S2), which shows the balanced reaction equation assuming an LiNi0.5

Co0.2Mn0.3O2 (NCM 523) cathode material (Okonkwo et al., 2023). An 
agitation rate of 400 rpm was used in all the leaching test whereas 
leaching time and temperature were varied from 30 to 60 mins and 
60–90 ◦C. 

2.3. Analytical methods 

Two basic analyses namely: chemical and statistical analyses were 
carried out to evaluate the performance of the sugars and sugarcane 
molasses and test our hypotheses. 

Chemical analysis. The concentration of cobalt, manganese, nickel 
and lithium in the filtrate were quantified using inductively coupled 
plasma atomic emission spectroscopy (ICP-OES, Agilent Technologies). 
The obtained result were inputted in Eq. 3 to calculate the leaching ef
ficiency of the metals. 

Leaching efficiency (%) =
Ci,l

Ci,o
× 100 (3)  

Where Ci,l and Ci,o are the concentration of metal i in mg/g in the leach 
liquor and the cathode material, respectively. 

The concentration of metal (Ci) is given by the relation in Eq. (4) 

Fig. 1. Flowchart for statistical analysis.  
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Ci(mg.g− 1) =
c
(
mgL− 1)× V(L)

m(g)
(4)  

Where Ci is the concentration of metal i, c(mgL− 1) is metal concentration 
obtained from ICP-AES analysis, V(L) is the volume of leaching solution, 
m(g) is the mass of cathode material used during digestion or leaching. 

Statistical analysis. Significant differences between the leaching 
performance of the sugars and molasses were evaluated using analysis of 
variance (ANOVA) and Bonferroni T-test. The flowchart for statistical 
analysis is shown in Fig. 1. All statistical analysis were performed using 
Microsoft Excel 2016. 

Fig. 2. Effect of sugar type on the leaching of lithium at different temperatures and times.  

Fig. 3. Performance of sugars as reductants on the leaching of (a) cobalt (b)Manganese and (c) Nickel at different temperatures and times.  
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3. Result and discussion 

3.1. Influence of sugar type on the leaching of lithium 

The leaching of lithium is neither affected by the sugar type nor the 
use of sugarcane molasses (Fig. 2). Statistically similar leaching effi
ciencies (see Table S2) were achieved by all the reductants. Whilst the 
presence of reducing agents aids the breakdown of the cathode material, 
and consequently the release of lithium; the leaching of lithium is an 
exchange reaction between Li+ in the cathode material and H+ from the 
acid, thus strongly dependent on the availability of protons (H+) (Billy 
et al., 2018; Gao et al., 2018; Xuan et al., 2019). This is because lithium 
is an alkali metal with an oxidation state of +1 in the cathode material 
hence does not require prior reduction (charge compensation) to be 
leached (Cheng et al., 2022). 

Furthermore, the leaching of lithium shown in Fig. 2 is fast and 
strongly dependent on temperature. At 90 ◦C, above 90% of lithium can 
be leached in 30 min compared to >73% at 60 ◦C. Among all the metals 
present in the cathode material, lithium has the smallest ionic radius and 
weakest metal-oxygen bond, hence is easily leached out at a consider
able temperature (Li et al., 2022). Comparatively, the observed influ
ence of the different sugars and molasses on the leaching of lithium 
indicates that the non-sugary components of molasses were not inhibi
tory to the leaching reactions and might have facilitated it. Enhance
ment in leaching efficiency of lithium due to presence of non-sugary 
components has also been reported elsewhere (Chen et al., 2019; Wu 
et al., 2020; Zhang et al., 2018). 

3.2. Influence of sugar type on the leaching of the transition metals 

Fig. 3 shows the influence of sugar type with respect to leaching 
temperature and time on the leaching of cobalt, manganese and nickel. 
It is evident that under a given temperature and time, the rate of sugar- 
like reactions such as hydrolysis, and the subsequent reduction of the 
transition metals by the reductants are comparable. 

Regardless of the sugar type, the leaching of the transition metals 
improved with temperature, which is not surprising because of the 
endothermic nature of leaching processes (Meng et al., 2020). Statisti
cally similar performance was achieved at elevated temperature (90 ◦C) 
and extended leaching time (60 mins) (see ANOVA result in Table S2) as 
well as at shorter leaching duration (see ANOVA result in Table S2 and 
Post Hoc Test in Table S3). However, and irrespective of leaching time, 
the performance of the reductants differed at lower temperature (60 ◦C). 
For instance, pairwise comparison of the leaching of cobalt and nickel at 
60 ◦C after 60 mins showed that glucose and fructose exhibited leaching 
efficiencies that are significantly different from that of molasses but not 
from sucrose. It is noteworthy that although the observed leaching ef
ficiencies of Co and Ni at 60 ◦C, 60 mins shown in Fig. 3a and 3b are 
statistically significant, the numerical difference are slight, hence 
negligible from the practical viewpoint. On the other hand, the perfor
mance of sucrose and molasses showed no notable difference. Oxidation 
of sugars by metals and metallic oxides is a multi-step chain-like reaction 
that involves several intermediate products, therefore, decreasing tem
perature might have hindered the ancillary oxidation processes (Jin 
et al., 2016; Miedziak et al., 2014; Qi et al., 2015). There is no expla
nation for this except that the rate of oxidation of secondary products 
such as gluconic acid is known to be slower than that of glucose to 
gluconic acid (Lee et al., 2016). 

Time, especially at the lower temperature (60 ◦C) (see Fig. 3) played 
an insignificant role on the leaching of the transition metals. Irrespective 
of the reductant, less than 5% improvement in leaching efficiency were 
achieved at 60 ◦C by extending the leaching time from 30 mins to 
60 mins. This shows that sugar hydrolysis is fast and the reduction of 
transition metals by carbohydrates is more temperature dependent than 
other subsequent possible reactions. 

3.3. Possible reaction chemistry and pathway of the sugars and molasses 
as reductants 

The above leaching results show that in most cases, the sugars 
exhibited similar reductive abilities in the leaching of cobalt, manga
nese, nickel, and lithium from spent LiNixCoyMnzO2 cathode materials, 
which suggests similar oxidation mechanism. All reductants performed 
equally at high temperature (90 ◦C) irrespective of the duration of the 
leaching while statistically significant difference in performance be
tween glucose/fructose and molasses were only recorded at low tem
perature and longer leaching time (60 ◦C, 60 mins). Sucrose 
demonstrated reductive ability significantly similar to molasses as well 
as both glucose and fructose. The observed performance of the sugars 
under different leaching conditions can be linked to their structure, 
reactivity, and reaction chemistry. A possible oxidation chemistry of the 
sugars and inherently during the reductive leaching process is presented 
in Figs. S3 and 4. 

Chromatographic examination of the leachate after the precipitation 
of the leached metals and pH adjustment revealed the presence of 
organic compounds which are oxidation products of the sugars 
(Figure S4). However, further characterization of the formed oxidation 
products using standard chromatographic and spectrometric methods 
proved to be difficult because of the complex nature of the formed in
termediate organic compounds. Therefore, inferences from peer 
reviewed articles were used to elucidate the oxidation mechanism for 
the sugars and inherently molasses. 

Monosaccharides such as glucose and fructose, in mildly acidic and 
presence of an oxidant are known to undergo a series of reactions that 
yield shorter chained compounds (Derrien et al., 2017; Körner et al., 
2019; Lee et al., 2016; Shallenberger and Mattick, 1983) Tentatively, 
glucose in its open chained structure is oxidized to gluconic acid via the 
oxidation of the aldehyde group (C1 carbon) or glucuronic acid via 
oxidation of the primary hydroxyl group (C6 carbon) (Cheng et al., 
2019; Wrolstad, 2012). C-C cleavage to form formic acid has also been 
reported (Yin et al., 2020), but gluconic acid pathway is more thermo
dynamic favorable due to the high reducibility of the aldehyde group. 
Therefore, the oxidation to gluconic acid is bound to be the predominant 
pathway. Further oxidation of gluconic acid gives glucaric acid (Jin 
et al., 2016). The oxidation of gluconic acid to glucaric acid is facilitated 
by strong oxidizing environment such as that created by the spent 
cathode material, oxygen or hydrogen peroxide and rapid at high tem
perature (Lee et al., 2016; Zhuge et al., 2019). This implies that glucaric 
acid will dominate as the leaching reaction progresses especially at the 
higher leaching temperature, and might explain the trend observed by 
Pagnanelli et al., where the pathway of glucose oxidation during the 
leaching of lithium and cobalt from LiCoO2 cathode materials was found 
to be dependent on time of addition of the reductant. The authors noted 
that delayed addition of glucose during the leaching process (after 2hrs) 
favors the formation of glucaric acid due to the presence of more reac
tive Co(III) particles (higher specific surface area) (Pagnanelli et al., 
2014). Secondary oxidation, fragmentation and redol-aldol reaction 
involving glucaric acid will lead to the formation of glyceric acid, tar
tronic acid, oxalic acid, formic acid, 2-keto gluconic acid and 5-keto 
gluconic acid among others as shown in Fig. S3 and previously re
ported (Lee et al., 2016; Zhang et al., 2021). 

Fructose, although a ketone, is more reactive than glucose and 
known to take an open chained structure in aqueous solution (Eggleston 
and Vercellotti, 2000; Shallenberger and Mattick, 1983). The pathway 
of fructose oxidation in acidic media is poorly understood; however, 
isomerization to glucose and dehydration to hydroxymethyfurfural 
(HMF) and levulinic acid has been reported. Isomerization to glucose is 
favored by basic environment (Qi et al., 2015); therefore, fructose 
oxidation by the cathode materials utilized in this study might have 
proceeded via acid induced dehydration to HMF and subsequent 
oxidation of hydrated products to levulinic acid and formic acid and 
oxidation to carboxylic acids and furans (Körner et al., 2019; Wrolstad, 
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2012) 
Unlike the monosaccharides, sucrose is hydrolyzed to glucose and 

fructose in acidic media (Wrolstad, 2012). A preliminary analysis of the 
plausible oxidation products of sucrose during the leaching of manga
nese from pyrolusite by Baral et al. revealed the presence of gluconic 
acid, glucaric acid and HMF (Baral et al., 2015), which are common 
oxidation products of glucose and fructose. Thus, it is plausible that 
sucrose degradation pathway is an amalgam of that of its principal 
components – glucose and fructose. Further confirmatory studies that 
would investigate the influence of cation type on the oxidation pathway 
are needed as they have been found to influence the formed oxidation 
product (Zhang et al., 2021). 

With hindsight, the oxidation pathway of molasses can be inferred 
from those of its component sugars. Thus, the hydrolysis of sucrose to 
glucose and fructose and conversion of the inherent glucose and fructose 
to gluconic acid, HMF, levulinic acid humins etc. would occur concur
rently, which would be accompanied by further oxidation to lower 
molecular weight compounds (see Fig. 4). 

4. Conclusion 

A comparative analysis of the performance of different sugars and 
sugarcane molasses as reductants in the recovery of critical metals from 
spent lithium-ion batteries has been accomplished, and a tentative 
oxidation pathway drawn. Temperature played a significant role on the 
performance of all the reductants. The monosaccharides are represen
tative of sucrose and molasses only at high temperature whereas is a 
statistically significant difference in their performance at low tempera
ture. Low temperature might have hampered the rate of secondary 
oxidation reactions. 

Statistical analysis using ANOVA (p = 0.05) showed that there is 
negligible difference in the performance of the sugars. The observed 
similarity in the performance of the monosaccharides and sucrose shows 
that hydrolysis of sucrose is fast and not a rate limiting step. Similarly, 
non-sugar organic compounds (impurities) present in molasses did not 
hamper its reductive ability; in fact, they might have aided its 

performance especially at lower temperature. 
Overall, this study experimentally and statistically validates the 

claim that molasses is a cheaper substitute to glucose, sucrose and 
fructose. While this hints at a potentially similar oxidation pathway 
amongst the sugars and molasses as already highlighted, experimental 
validation is need; this will be the focus of our future study. 
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Fig. 4. Pathway of molasses oxidation during the reductive leaching of metals from LIB cathode material.  
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