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2.3. Recyclability of the LiBBM-600 catalyst in the decarboxylative - 
dimerization of levulinic acid 

Levulinic acid (2.000 g, 17.2 mmol) was mixed with solid acid 
catalyst (200 mg, 10% w/w) in the 50 mL Parr reactor, closed, flushed 
with hydrogen for three times and pressurized to 1.24 MPa (180 psi) and 
heated at 140 ◦C for 15 h. After the reaction period reactor was cooled to 
room temperature diluted with 5.00 mL of methanol and centrifuged at 
1700g for 15 min. to remove the catalyst. The catalyst was washed with 
10.00 mL of methanol and combined supernatant was analyzed using 
GC–MS as in the previous experiment. The catalyst recovered was first 
dried in an oven at 100 ◦C for 24 h and then pyrolyzed at 600 ◦C in air for 
30 min. Using Thermo Scientific Lindberg Blue M Mini-Mite tube 
furnace. The recycled catalyst was allowed to cool to room temperature 
and used for the dimerization of levulinic acid following the same pro
cedure. The LA conversions for four catalytic cycles are shown in 
Table 2. 

3. Results and discussion 

3.1. LiBBM-600 catalyst preparation and characterization 

A spent DELL 1525 laptop battery was completely discharged by 
immersing in 10% (w/w) aqueous sodium chloride solution for six days. 
Nine 18,650 cells in the battery were removed and cathode and anode 
black electrode coatings were mechanically separated and combined, 
dried in air for 5 days to give 46 g lithium ion battery black material 
(LiBBM). This black powder was pyrolyzed in air at 600 ◦C, for 30 min. 
Using a Thermo Scientific Lindberg Blue M Mini-Mite tube furnace and 
by placing the sample in a quartz tube. Then the sample was cooled to 
room temperature, grounded and sieved through a number 25 mesh 
(710 μm) to give 38 g fine black powder catalyst named as LiBBM-600. 
This product was characterized using ATR-IR, SEM, EDX and powder X- 
ray. The ATR-IR, powder X-ray spectrographs are shown in our previous 
publication [25]; additionally, SEM and EDX elemental analysis of this 
sample as well as SEM and EDX of commercially available NCM111 are 
shown in Fig. 2 for comparison. In our previous work we have compared 
the LiBBM and the pyrolysis product LiBBM-600 using attenuated total 
reflection infrared (ATR-IR) spectroscopy [25]. These before and after 
spectra showed no changes to the major component graphite carbon due 
to the pyrolysis at 600 ◦C [25]. 

The SEM image of LiBBM-600 shown in Fig. 2a indicates a non- 

homogeneous surface with 1–2 μm shiny metal or metal oxide clusters 
on a dull carbon support. The Energy Dispersive X-ray Spectroscopy 
(EDX) analyses of this LiBBM-600 catalyst sample show peaks: C, O, Al, 
P, Mn, Co and Ni as shown in the plot in Fig. 2b and in the elemental 
mass and atom compositions are tabulated below. Nevertheless, lithium 
expected in LiBBM-600 was not observed, because EDX is not sensitive 
to lithium. The other expected elements Mn, Co, Ni is present most likely 
as oxides as well the carbon in the graphite form used as the conductor in 
electrode coating. The Al in sample may be due to a contamination from 
aluminum foil used in cathode and P is possibly from residual electrolyte 
in the cells. The elemental composition in LiBBM-600 sample is most 
probably due to the presence of lithium nickel manganese cobalt oxide 
(LiNixCoyMnzO2) as the active material in the laptop battery cells. 
Moreover, the empirical composition of the transition elements with 
anticipated catalytic activity is in the ratio: Ni: Co: Mn 2.02: 0.73: 1.00 
as point out in the EDS data in Fig. 2b. In an attempt to compare the 
catalytic activity of spent Li-ion battery derived LiBBM-600 with pristine 
lithium nickel cobalt manganese oxide sample we have selected 
commercially available NCM-111. The SEM and EDX analyses of NCM- 
111 are shown in Fig. 2c and d respectively. The SEM image of NCM-111 
shows a mixture of ~10 μm spheres with rough surfaces and 2–5 μm 
irregular shaped lumps in picture 2c. The transition element ratio of the 
NCM-111 sample can be calculated from the EDX data in Fig. 2d and 
composition table below. It is important to note that the NCM-111 
sample selected for catalytic activity comparison showed a transition 
element ratio of Ni: Co: Mn 1.58: 0.61: 1.00, which is somewhat com
parable to LiBBM-600. 

3.2. LiBBM-600 and NCM-111 catalyzed decarboxylative - dimerization 
of levulinic acid under hydrogen atmosphere 

Levulinic acid dimerization reaction under hydrogen atmosphere 
was first tested using spent Li-ion battery derived LiBBM-600 catalyst. 
Then the catalytic activity of this no or low-cost catalyst was compared 
with a commercially available pristine lithium nickel cobalt manganese 
oxide of comparable transition metal composition. The catalyst used 
loading, reaction conditions, initial H2 pressure, LA conversion and 
Total Ion Current (TIC) peak area ratios of products with MW 100: 152: 
154 are shown in Table 1. 

Initial experiments with 10% (w/w) LiBBM-600 catalyst loading and 
at temperatures in the 100–120 ◦C range for 15 h yielded low LA con
versions of 18 and 62% as shown in entries 1 and 2 in Table 1. Increasing 
the temperature to 150 ◦C, keeping the catalyst loading at 10% 
improved the LA conversion to 71%. These experiments resulted a 
mixture of five significant products in leaving significant amount of 
unreacted levulinic acid. The mass spectra of the five products showed 
molecular ions at m/e of either 152 or 154. While changing reaction 
conditions to improve the LA conversion, we have lowered the tem
perature to 140 ◦C, keeping the heating time at 15 h and catalyst loading 
to 8% (w/w) LiBBM-600. This experiment resulted an excellent 93% 
conversion to levulinic acid as shown in entry 4; however, the product 

Table 1 
Catalyst (loading w/w %), reaction conditions, H2 pressure, LA conversion (%) and C6, C9 product (%) in LiBBM-600 and NCM-111 catalyzed decarboxylative - 
dimerization of levulinic acid under hydrogen atmosphere. All reactions were carried out without a solvent.  

Entry Catalyst (loading w/w %) Reaction conditions temperature, time H2 Pressure (MPa) LA conversion (%) TIC area ratio of products with MW 
100: 152: 154 

1 LiBBM-600 (10) 100 ◦C, 15 h 1.00 18 -: 48: 52 
2 LiBBM-600 (10) 120 ◦C, 15 h 1.24 62 -: 46: 54 
3 LiBBM-600 (10) 150 ◦C, 15 h 1.24 71 30: 32: 38 
4 LiBBM-600 (8) 140 ◦C, 15 h 1.24 93 26: 34: 40 
5 LiBBM-600 (10) 140 ◦C, 15 h 1.24 94 27: 35: 38 
6 NCM-111 (4) 130 ◦C, 30 h 1.24 50 -: 49: 51 
7 NCM-111 (6) 130 ◦C, 30 h 1.24 77 -: 42: 58 
8 NCM-111 (8) 130 ◦C, 30 h 1.24 84 -: 43: 57 
9 NCM-111 (4) 140 ◦C, 30 h 1.24 85 -: 44: 56  

Table 2 
Levulinic acid conversion and C6, C9 product Total Ion Current (TIC) area ratio 
in LiBBM-600 catalyst recycling.  

Cycle LA conversion (%) TIC area ratio of products with MW 
100: 152: 154 

1 94 27: 35: 38 
2 32 28: 36: 36 
3 19 26: 36: 38  
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catalyst recovered after 1st cycle and pyrolysis at 600 ◦C in air for 30 
min. is shown in Table 3. In comparison to the elemental composition of 
fresh LiBBM-600 catalyst shown in fig. 2b, the recycled catalyst shows a 
small increase in mass and atom percentages of carbon and oxygen. In 
contrary mass percentages of Mn, Co and Ni are slightly decreased. 
However, the relative ratios of these metals remain practically the same 
after recycling. 

4. Conclusion 

We have revealed that pyrolyzed electrode coating material from 
battery cells in a spent DELL 1525 laptop Li-ion battery can be used as a 
catalyst for decarboxylative - dimerization of levulinic acid to a mixture 
of C9 and C6 products in over 90% conversion of levulinic acid. In 
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Table 3 
Energy Dispersive X-ray Spectroscopy (EDX) analyses of LiBBM-600 catalyst 
recovered after 1st cycle of use.  

Element Mass % Atom % 

C 55.87 74.84 
O 17.85 17.68 
Al 1.02 0.61 
P 0.51 0.25 
Mn 6.12 1.77 
Co 4.89 1.33 
Ni 13.74 3.52 
Total 100 100  
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preparation of the catalyst, mechanically separated electrode coating 
from used Li-ion battery cells was pyrolyzed at 600 ◦C to remove elec
trolytes and binders and this single step heat treatment provides a simple 
method to prepare an inexpensive ready-made catalyst with Li, Ni, Co 
and Mn mixed oxide on carbon. In addition we have proven that lithium 
nickel manganese cobalt oxide (LiNixCoyMnzO2) as the active ingredient 
in the waste battery material derived catalyst by showing that pristine 
commercially available LiNixCoyMnzO2 is equally effective in catalyzing 
the transformation. However, attempts to reuse the catalyst after 
regeneration by pyrolysis at 600 ◦C resulted poor yields even after first 
cycle. We are currently exploring the ways for improving the recycla
bility of these catalysts. In conclusion we have developed an inexpensive 
non-noble metal based catalyst system for efficient dimerization of 
levulinic acid to C9 compounds through unpresecedented concurrent 
decarboxylation, with potential applications in producing sustainable 
fuels or fuel precursors. 
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