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A search for non-noble catalysts for biomass processing led to the discovery that pyrolyzed electrode coating of
spent Li-ion batteries can be used as an excellent catalyst for oxidation of D-glucose to glycolic acid. New no/low-
cost catalyst was prepared by pyrolyzing black electrode coatings of 18,650 Li-ion cells from a spent DELL 1525
laptop battery at 600 °C. Catalyst was characterized using SEM, EDX and X-ray and was shown to contain lithium
nickel manganese cobalt oxide (LiaNipMn.Co4O.) on carbon with Ni: Mn: Co 4.12: 2.10: 1.50. The catalytic

activity of this material was evaluated for oxidation of D-glucose in aq. NaOH and water; glycolic, tartaric, malic,
succinic and 2-hydroxybutaric acid were identified as key degradation products. The highest glycolic acid yield
of 94% was obtained for oxidation of D-glucose under 3.4 Atm. oxygen, 120 °C, 2.0 h in 0.5 M aq. NaOH using

10 g catalyst/mol glucose.

1. Introduction

Chemical and biochemical transformations of D-glucose is a rational
approach to produce value added renewable carbon based chemical feed
stocks and fuels, given that D-glucose is the most abundant mono-
saccharide, which occurs as its linear polymeric form cellulose [1], [2],
[3]. Oxidation of D-glucose with or without fragmentation is one of the
most widely studied reactions for processing this C-6 building block [4],
[5]. Controlled D-glucose oxidation can be achieved by using strong
oxidants like nitric acid, oxygen or air in the presence of catalysts and
electrochemical as well as enzymatic methods. These oxidation pro-
cesses are known to give a broad range of C1 to C6 value added oxida-
tion products and some of the common oxidation products include:
formic, lactic, glycolic, succinic, tartaric, gluconic, glucaric and glu-
curonic acids [6], [7].

Classical chemical glucose oxidation reactions commonly use stoi-
chiometric strong oxidants such as sodium hypochlorite, sodium peri-
odate, hydrogen peroxide or nitric acid; these oxidants are expensive,
polluting and often accompanied by large amounts of side products [8],
[9], [5]. On the other hand enzymatic and catalytic oxidations are more
selective and efficient, in particularly, heterogeneous catalysts are
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generally recyclable and environmentally benign in achieving sustain-
able carbohydrate biorefineries. However, conventional heterogeneous
catalysts used in D-glucose oxidation reactions are expensive noble
metals such as, Au [10], [11], Pt [7], [12], Pd [13] or Au, Pt, Pd
nanoparticles [14], [15], [16], [17] as well as bimetallic systems; Au-Pd
[18], Au-Pt [19], [18], Pt-Cu [6], Pd-Rh [20], Au-Pt, Au-Rh nano par-
ticles [21], [22]. Therefore, the catalyst cost is a major disadvantage in
currently available D-glucose oxidation technologies. Although, in
recent years a few researchers have achieved a limited success in using
non-noble metal catalysts for oxidation of D-glucose, these reactions are
invariably photo-oxidations or electrochemical methods with numerous
challenges in scaling up to industrial processes [23], [24]. For example,
Cao et al. recently reported the preparation of a new non-noble metal,
NiCuO electro-catalyst with flower-like nanostructure for efficient
oxidation of glucose under mild conditions [25]. In another example,
Lopez-Sanchez and co-workers have shown that Ag nanoparticles sup-
ported on TiO5 can be used as a photo catalyst for the visible-light
mediated oxidation of D-glucose to gluconic acid, arabinose, eryth-
rose, glyceraldehyde and formic acid [26]. Furthermore, transition
metal catalyzed oxidation of polyols is a widely studied reaction; for
instance, Yan et al. have reported a microcrystalline a-MnyOs catalyzed
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oxidation of glycerol to glycolic acid [27]. In another example, same
research group reported the selective oxidation of Cy—C4 polyols to
corresponding primary hydroxy acids using PO3~ co-ordinated Pt as the
catalyst [28]. Consequently, there is a clear potential for non-noble
metal catalyzed oxidation of D-glucose to value added products.
Therefore, as a part of our research efforts on development of industri-
ally feasible catalytic methods for processing renewable feedstocks we
have instigate a search for inexpensive non-noble metal catalysts for
carbohydrate oxidation reactions [29] [30], [31], [32]. Under this
project we have developed a new catalyst system from a waste product:
spent Li-ion battery black electrode material as a minimal or no cost
catalyst for oxidation of D-glucose to a valuable hydroxy acid, glycolic
acid used in skin-care formulations, cosmetic, textile, polymer, food and
in many other industries [33], [34], [35].

The rapid expansion in the use of Li-ion batteries (LiBs) for electrical
energy storage has resulted an accumulation of spent LiBs as a waste
product. The assessment of global stockpile of discarded LiBs is a chal-
lenging task, but a 2017 estimate by Guo et al. predicted that about 400
million tons of LiBs are expected to reach end of life by 2020 [36]. These
statistics signify that used LiBs are among the fastest growing waste
streams that contain high levels of critical metals Li, Ni, Mn and Co [37].
These metals, due to their high concentrations in batteries that exceeded
the limits set by environmental protection agencies are toxic and pose
considerable threats to the environments if untreated [38]. To minimize
the undesirable environmental impacts as well as to recover valuable
critical materials from them, a number of end-of-life management ap-
proaches have been developed. These technologies are based on pyrol-
ysis, biochemical or enzymatic methods as well as hydro-metallurgical
process [37], [38], [39], [40], [41]. Recycling graphite carbon and
expensive metals: Li, Ni, Mn and Co as well as Cu and Al from electrodes
of spent batteries is an essential step in wider use of LiBs. Nevertheless,
the recycling of these elements for manufacturing of new batteries re-
quires separation of metals from carbon and binders as well as difficult
isolation of each element in the form of pure compounds. Therefore,
re-purposing Li, Ni, Mn and Co in spent LiBs as a pre-fabricated catalyst
is an attractive suggestion since Co, Mn, Ni oxides are renowned for their
catalytic properties, especially for oxidation reactions [42], [43]. As far
as we are aware, there is only a handful of reports on the use this
precious waste material as a catalyst; where it was used only as a
reduction catalyst for electrochemical oxygen reduction and carbonyl
group reduction [44], [45], [46]. Interestingly, it is not necessary to
immobilize the active centers on a solid support, as Ni, Mn and Co oxides
are already impregnated on graphite carbon in this low or no-cost het-
erogeneous catalyst. In this communication we present the preparation
of a novel carbohydrate oxidation catalyst by pyrolysis of electrode
coating material collected from a used laptop battery and application of
this catalyst for the oxidation of D-glucose under oxygen atmosphere to
produce value added glycolic acid in excellent yield.

2. Experimental
2.1. Materials and instrumentation

ACS grade tartaric, malic, glycolic, succinic, oxalic and 2-hydroxy
butyric acids, D-glucose (>99%), sodium hydroxide, sulfuric acid
(98%) were purchased from Aldrich Chemical Co. Compressed oxygen
(99.9%) was from Airgas. A spent DELL 1525 laptop battery (87 Wh,
11.1 V) was used in collecting Li-ion battery black material (LiBBM).
Attenuated total reflection infrared (ATR-IR) spectra were recorded in
the 500-4000 cm ™! range on a Smiths IdentifyIR spectrometer with a
diamond ATR (Danbury, CT, USA). Thermogravimetric analysis (TGA)
were carried out using a Perkin Elmer - Diamond High Temp 115 in-
strument; Pt crucibles, 25-800 °C in air, scanning rate: 10 °C/min.
LiBBM samples were pyrolyzed in air by placing inside a 12 mm x 200
mm quartz tube horizontally placed in a Lindberg Blue M Mini-Mite tube
furnace (Thermo Scientific). Catalyst was powdered using Bel-Art SP
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Science ware Micro-Mill™ II Grinder. FEI Quanta 400 ESEM instrument
was used for Scanning Electron Microscopy (SEM) and imaging was
performed with a secondary electron detector at an accelerating voltage
of 20 kV. Powder X-ray spectrograph was collected on a Shimadzu, XRD-
7000 Maxima instrument. All high pressure reactions under oxygen at-
mospheres were carried out using a Parr Instrument Co. reactor with a
50 mL 4720 stainless-steel pressure vessel, 4838 reactor temperature
controller, pressure gauge and without stirring.

2.2. LC-MS analysis

The samples were separated on a C18 column (Thermo Sci; Accucore
Vanquish C18 150 mm x 2.1 mm, 100 A, 1.5 um) using an UltiMate
3000 Nano UHPLC system (Thermo Sc., San Jose, CA). The output was
analyzed on a TSQ Vantage (Thermo Sc., San Jose, CA) triple quadrupole
mass spectrometer. Data-dependent acquisition mode (DDA) with a full
scan event at a range of 40 — 300 m/z in Q3 with a scan time of 0.7 s and
peak width of 0.7 FWHM was performed in negative ion mode. The
chromatographic conditions of mobile phase A (MPA) was 98% HPLC
water, 2% methanol with 0.1% of formic acid and 2 mM ammonium
formate; mobile phase B (MPB) was 99% methanol, and 1% water with
0.1% of formic acid and 2 mM ammonium formate. A multistep gradient
with a flow rate of 0.15 mL/min and a temperature of 40 °C was used for
the separation, where MPB was 5% for 8 min. It was increased to 60%
after 10 min and kept constant until 10 min. Later, it was decreased to
5% in 2 min and maintained in the same condition until 16 min to
equilibrate the column. Before analysis the signal of the standards were
identified according to their precursor charge state [M-H] ': 148.9,
89.0, 132.9, 74.9, 116.9, and 103.1 for tartaric, oxalic, malic, glycolic,
succinic and 2-hydroxy butyric acid respectively. The precursor signals
for the investigated standards were confirmed with PubChem® database
in LC-ESI-QQ mode. Three micro liters of the standard and sample so-
lutions were injected in triplicate, the precursor signals were extracted
and the peak area of the signals calculated using Xcalibur Qual Browser
software.

2.3. Preparation of LiBBM-600 catalyst

A spent DELL 1525 laptop battery (87 Wh, 11.1 V) was discharged by
complete immersing in a 10% aqueous sodium chloride solution at room
temperature for 5 days. Then repeatedly washed with deionized water,
dried with paper towels and the casing was opened to collect nine 18650
cells, which were dismantled to collect black coatings on Cu anode and
Al cathode foils. The combined black powder was air dried at room
temperature for 3 days to give 43.45 g of Li-ion battery black electrode
coating material (LiBBM) (Fig. 1). A 10 mg sample of LiBBM was
analyzed using thermogravimetric analysis (TGA) and the thermog-
ravimetry curve is shown in Fig. 2. As volatile binders and residual
electrolytes are evaporated by heating above 600 °C in air a 20.0 g of
LiBBM was subjected to a preparatory scale pyrolysis using Lindberg
Mini-Mite tube furnace for 30 min in air. The pyrolyzed product was
cooled to room temperature, grounded in a Bel-Art SP Science ware
Micro-Mill™ II Grinder, sieved through mesh size 25 (710 um) to give
15.12 g fine black powder, stored in an air-tight bottle till use, named as
LiBBM-600 and characterized using ATR-IR, SEM, EDX and powder X-
ray and these spectrographs are shown in Figs. 3, 4 and 5.

2.4. General procedure for oxidation of D-glucose using LIBBM-600
catalyst under oxygen atmosphere

A mixture of D-glucose (396 mg, 2.00 mmol), LiBBM-600 catalyst
(20 mg), 2.00 mL of 1.0 M aqueous sodium hydroxide and 2.00 mL of
deionized water was prepared in a 50 mL Parr reactor. The reactor was
closed and flushed with oxygen three times to remove air and pressur-
ized to 1.00 — 3.40 Atm. with oxygen, heated to the desired temperature
and maintained at this temperature using 4838 reactor temperature
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1. 10% aq. NaCl discharge
2. collect cathode and anode coatings
3.600 °C, 30 min., air

LiBBM-600

Fig. 1. Preparation of LiBBM-600 catalyst from spent DELL 1525 laptop battery.
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Fig. 3. Attenuated total reflection infrared (ATR-IR) spectra of LiBBM and
LiBBM-600.

controller with + 1 °C accuracy. Then reactor was cooled to room
temperature, acidified to pH =2 with 1 M H3SO4 and diluted to
10.00 mL with deionized water. The contents were transferred into a
centrifuge tube and centrifuged at 1700 g for 15 min to remove the
catalyst. The clear supernatants were analyzed using LC-MS after
filtering through a 0.22 um hydrophobic micro filter and products were
identified by comparison of retention times, confirmed with mass
spectra and quantified using peak areas of authentic samples as
described in Section 2.2. The reaction conditions, conversion (%) and
product yield (%) in LiBBM-600 catalyzed oxidation of D-glucose are
shown in Table 1.

Conversion (%) and product yield (%) were calculated using equa-
tions:

__mol of glucose used — mol of glucose unreacted

1
mol of glucose used x100%

Conversion(%)

__mol of product detected

Product yield(%) x100%

mol of glucose used
3. Results and discussion
3.1. Preparation of LiBBM-600 catalyst and characterization

Black electrode coatings on copper anode and aluminum cathode
foils of 18650 cells from a spent DELL 1525 laptop battery was pyrolyzed
at 600 °C to prepare the LiBBM-600 catalyst. A sample of combined
cathode and material, LiBBM was first subjected to thermogravimetric
analysis to determine the pyrolysis temperature and this TGA profile is
shown in Fig. 2. TGA of LiBBM shows two major weight loss steps, the
first around 260 °C and the second larger loss around 550 °C; the weight
is relatively stable after 600 °C, most likely indicating the loss or
evaporation of binders such as carboxymethyl cellulose and styrene
butadiene copolymer as well as residual liquid electrolytes, after
reaching approximately 600 °C; leaving a 74% residual weight corre-
sponds to LiBBM-600. Therefore, the preparatory scale product of
15.12 g of LiBBM-600 from 20.00 g of LiBBM at 75.6% yield is
reasonable.

In an attempt to study the effect of pyrolysis of LiBBM at 600 °C for
30 min in air, we have compared the attenuated total reflection infrared
(ATR-IR) spectra of LiBBM and LiBBM-600, and these spectra are in
Fig. 3. The IR spectra is comparable to typical graphite spectrum and the
broad peak at 1421 cm ™! may be due to the C-O absorption of a very
small fraction of oxidized carbons in graphite [47]. The intensity of this
broad peak as well as the other smaller peaks at 1021 and 859 cm ! does
not show significant changes due to pyrolysis indicating that graphite in
LiBBM is not oxidized further due to pyrolysis.

Scanning electron microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX) analyses of LiBBM-600 are shown in Fig. 4a and b
respectively. The SEM image shows irregular metallic and or metal oxide
particles with clusters of about 5 um in diameter and smaller particles
less than 1 um in size. The Energy Dispersive X-ray Spectroscopy (EDX)
analyses show peaks for elements: C, O, Ni, Mn, Co, Al and P in the plot
in Fig. 4b and the table below. However, Li expected is not observed, as
EDX is not sensitive to Li. The Al in the LiBBM-600 sample may be due to
a contamination from aluminum foil used in cathode and P is probably
from residual electrolyte. The presence of elements: Ni, Mn and Co in
LiBBM-600 is most likely due to the use of lithium nickel manganese
cobalt oxide (LioNip,Mn.Co4O.), the active material employed in the
DELL 1525 laptop battery used in this study. Furthermore, the empirical
composition of these elements is in the ratio: Ni: Mn: Co 4.12: 2.10: 1.50
as indicated in the EDS data shown in Table in Fig. 4b.

The X-ray diffraction pattern of LiBBM-600 is shown in Fig. 5, and
this diffractogram is comparable to other typical LiB cathode material X-
ray data reported in the literature [48]. The strong peaks at 20= 26.47°
and 44.49° can be assigned to graphite carbon, which is the major
component in the heterogeneous sample [46]. The smaller peaks at
20=18.59°, 31.82°, 36.40° and 38.53° can be assigned to LiMO, type
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Fig. 4. (a) Scanning electron microscopy (SEM) and (b) Energy Dispersive X-ray Spectroscopy (EDX) analyses of LiBBM-600.
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Fig. 5. Powder X-ray diffractogram of LiBBM-600.

Table 1

Reaction conditions, conversion (%) and product yields (%) in LiBBM-600
catalyzed oxidation of D-glucose under oxygen atmosphere. All reactions were
carried out with 2.00 mmol of D-glucose, 20 mg of LiBBM-600 catalyst.

conversion was observed without using NaOH (entry 7), showing the
importance of 0.5 M aq. NaOH medium for effective D-glucose oxidation
using LiBBM-600 catalyst.

Multifunctional catalysts combining the abilities of isomerization,
dehydration, rehydration and retro-aldol fragmentation can produce a

Entry  Reaction conditions z;")we“ion Yield (%) variety of C1-C6 carboxylic acid and aldehyde products in glucose
0 . . . .
GA TA MA SA HBA oxidation reactions. In general, fragmentation of C6 sugars under
1 150°C, 2 h, 3.4 Atm. 100 78 2 _ 2 _ anaerobic conditions gives lactic and levulinic acids; whereas under
0,; 0.50 M NaOH oxidative conditions are known to give glycolic, acetic and formic acids
2 150°C, 6 h, 3.4 Atm. 100 42 2 - 10 - [51]. Retro-aldol reaction is proposed as a major pathway for glucose
05; 0.50 M NaOH . ot
3 140°C, 41, 3.4 Atm. 100 3 ~ 5 fragmentations catalyzed by Sn-p-zeolite [52], polyoxomolybdates [53],
0s: 0,50 M NaOH [54], Ru/C-ZnO [55], Cu-Laz03/Al;03 [56], VOSO4 [57] and Fe, Co, Mn
4 130°C, 4h, 3.4 Atm. 100 66 3 - 5 Perovskite type oxides [58] in a number of recent glucose oxidation
0,; 0.50 M NaOH studies. The direct use cellulose in place of glucose is also known in these
5 120°C, 2h, 3.4 Atm. 100 o4 1 - 2 - carbohydrate degradation experiments carried out under oxidative
92 0.0 M NaOit ditions [59]; where i t le, Zhang et al ted
6 100°C, 2h, 1.0 Atm. 100 es 3 1 o, conditions [59]; where in a recent example, Zhang et al. reported a
0Os; 0.50 M NaOH direct conversion of cellulose to glycolic acid with a phosphomolybdic
7 100°C,2h, 1.0 Atm. 12 5 2 - - - acid catalyst and proposed a retro-aldol fragmentation based mechanism
Oy; water to explain the degradation of the glucose intermediate [59]. The pro-

oxides where M = Co, Ni or Mn [46], [49], [50]. Furthermore, the peak
in the region of 20= 42.37° was assigned to MnO in the cathode material
[46].

3.2. Oxidation of D-glucose using LiBBM-600 catalyst under oxygen
atmosphere

Oxidation of D-glucose was tested to evaluate the activity of LiBBM-
600 catalyst under different reaction conditions in basic and neutral
mediums. Reaction conditions, conversion (%) and product yields (%) in
LiBBM-600 catalyzed oxidation of D-glucose under oxygen atmosphere
are shown in Table 1. All reactions were carried out in 10 mg LiBBM-
600/mmol of D-glucose catalyst loading. Five significant products:
glycolic, tartaric, malic, succinic and 2-hydroxybutaric acid were iden-
tified in these experiments by comparison of retention times with
authentic samples and further confirmed by comparing the mass spectra
data with library.

Initial experiments carried out at 150 °C, 2 h, under 3.4 Atm. O3 in
0.50 M NaOH showed 100% conversion of D-glucose and 78% yield of
glycolic acid, the other minor products tartaric and succinic acids were
detected in 2% yield each as shown in entry 1 in Table 1. Increasing the
reaction time to 6 hr, while keeping the temperature at 150 °C reduced
the glycolic acid yield to 42% (entry 2). Further experiments at 140 and
130 °C with heating times of 4 h each showed improvements in glycolic
acid yield as shown in entries 3 and 4. Further reducing the reaction
temperature to 120 °C and keeping the reaction time for 2 h as in entry 1
improved the glycolic acid yield to 94% and this is the highest yield

posed reaction scheme for the formation of glycolic, tartaric, malic,
succinic and 2-hydroxybutaric acid from the LiBBM-600 catalyzed
oxidation of D-glucose is shown in Fig. 6. The [4 + 2] retro-Aldol re-
action of the open chain isomeric form of D-glucose can fragment the C6
sugar to a C4 product: erythrose (2,3,4-trihydroxybutraldehyde) and
glycolaldehyde. This key intermediate erythrose possibly will further
fragment into two molecules of glycolaldehyde via a [2 + 2] retro-Aldol
reaction producing more glycolaldehyde. The LiBBM-600 catalyzed
oxidation of glycolaldehyde gives the major product glycolic acid as
shown in the top right hand corner of the scheme. The four C4 minor
products tartaric, malic, succinic and 2-hydroxybutaric acid are all most
likely formed from erythrose as shown in the lower half of the scheme.

achieved in the series of glucose oxidation experiments (entry 5).
Reducing the temperature further to 100 °C and oxygen pressure to 1.0
Atm. resulted a decrease in glycolic acid yield to 85%; tartaric, malic and

OH o [0] OH
HOS-Q R
HO - OH [//
OH OH
L D-Glucose [2+2] [0l o
1 Retro-Aldol Glycolic acid
OH OH [4+2] ?H CL)H
Retro-Aldol o)
HO ™ O _ Fetro-Aldol HO/\:/Yo + f
OH OH H OH H H Glycoaldehyde
Erythrose
-H20, [0] -H20, [0]
A
OH OH
OH C')H Keto-Enol ™ [\ Keto-Enol '\
A 0 e HO e 20 \ A0 e s 0
o7 7 0] o Il I
OH OH [0] OH OH O , OH
-H0 l Malic acid [H] l
OH OH
) o Ao
o~ OH OH 1 [/
OH PN OH OH
H] | Fumaric acid o H \]7 - Hp0, [H]
OH OH 0.
OH
J\/ _0 Tartaric acid OH
O r o
OH
Succinic acid 2-Hydroxybutaric acid OH

2-hydroxybutaric acids were observed in 3%, 1% and 2% yields
respectively as shown in entry 6 of Table 1. In order to check the effect of
basic medium on the reaction, the experiment in entry 6 was repeated in
aqueous medium without using NaOH. However, only a 12% D-glucose

Fig. 6. Proposed pathways for the formation of glycolic, tartaric, malic, suc-
cinic and 2-hydroxybutaric acids from D-glucose in LiBBM-600 catalyzed
oxidation under oxygen atmosphere in 0.5 M aqueous NaOH at 100-150 °C.
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Oxidation of aldehyde and primary alcohol functions of erythrose may
lead to tartaric acid. Dehydration of C3 hydroxyl group in erythrose,
keto-enol tautomerism and oxidation of aldehyde functional groups is a
possible path to give malic acid found as one of the minor products.
Dehydration of the malic acid followed by an H-transfer reduction of
intermediate fumaric acid is the likely path for the succinic acid product
as shown in the lower left side of the scheme. Similarly, dehydration of
C4 hydroxyl group in erythrose, keto-enol tautomerism, oxidation of
aldehyde functional groups followed by reduction - dehydration -
reduction is a possible path to form 2-hydroxybutaric acid as shown in
the lower left corner of the scheme in Fig. 6.

In comparison of the current result with literature, catalytic oxida-
tion of D-glucose to glycolic acid is known only in a handful of examples,
and even in these instances glycolic acid was formed only as a minor
product among a number of other C1-C6 glucose oxidation products
[60], [7]. For example, Velarde et al. have studied the use of a series of
Ti-Zeolites for oxidation of glucose using hydrogen peroxide as the
oxidant; where the highest selectivity for glycolic acid was only 10.5%,
and was observed with the use of Ti-MCM-41 [61]. In another example,
Onda et al. have studied the D-glucose oxidation using a series transition
metals: Ru, Cu, Ag, Pd and Pt on carbon catalysts in 1.0 M aq. NaOH,
using air as the oxidant [7]. In this instance, highest glycolic acid se-
lectivities of 8.7% and 5.1% were achieved with the use Cu/C and Ag/C
catalysts, respectively [7]. However, relatively higher selectivity to-
wards glycolic acid is known with acidic polyoxomolybdates, where
H3PMo;2040 was used as catalyst in water at 125 °C, producing glycolic
acid in 30.1% selectivity [53]. In a recent example, Cao and co-workers
have shown that D-glucose can be converted to glycolic acid in 13.58%
yield by using Wells-Dawson phosphomolybdic heteropolyacid
HeP2Mo18062 in aqueous media at 180 °C [54]. Additional literature
examples for glucose oxidation using expensive noble metal catalysts are
shown in Table 2 for comparison with the presented results from this
work. Evidently, the application of noble metal catalyst mostly resulted
gluconic acid as the major product. Therefore, in contrast to the
currently available catalytic systems for conversion of D-glucose to
value added products, the new spent LiB waste material based
LiBBM-600 catalyst is highly selective inexpensive or no-cost catalyst
system in producing glycolic acid. This superior selectivity for glycolic
acid may be due to the ability of lithium nickel manganese cobalt oxide
(LipNipMn.CoqO,) for the efficient promotion of both [4 + 2] and
[2 + 2] retro-Aldol fragmentation steps as well as oxidation of glyco-
laldehyde to glycolic acid shown in the proposed reaction scheme in
Fig. 6.

4. Conclusion

We have shown that an excellent catalyst for industrially important
D-glucose to glycolic acid oxidation process can be prepared by pyrolysis
of electrode coating material collected from a used Li-ion laptop battery
in air at 600 °C. The new catalyst was shown to contain lithium nickel
manganese cobalt oxide (LizNipMn.CoqO,) impregnated on graphite
carbon by SEM, EDX and X-ray crystallography analysis. Furthermore,
the most likely active catalytic material has an empirical composition of
Ni: Mn: Co 4.12: 2.10: 1.50 as indicated by the EDX data of the catalytic
material. The new catalyst was tested for oxidation of D-glucose under
an oxygen atmosphere of 1.0-3.4 Atm, at 100-150 °C, in water and aq.
NaOH mediums with 10 mg /mmol glucose catalyst loading. The highest
glucose yield of 94% was obtained for an experiment carried out at
120 °C, 2 h, under 3.4 Atm. O, in 0.50 M NaOH. Tartaric, malic, succinic
and 2-hydroxybutaric acids were identified as minor products in D-
glucose oxidation reactions. Furthermore, we have found that it is
essential to use 0.5 M NaOH basic medium for the D-glucose oxidation
as reactions carried out in aqueous medium under comparable condi-
tions produced only a low 12% conversion of D-glucose. A reaction
pathway is proposed to explain the formation of glycolic acid and minor
C4 acid products formed in the experiments. In conclusion, we have

Applied Catalysis A, General 648 (2022) 118920

Table 2
Literature examples of glucose oxidation using expensive noble metal catalysts.
Catalyst Reaction conditions Product(s) (yield) Reference
(loading)
Au/ZrO,, Au/ 50 °C and pH9.0, Gluconic acid (98%) [62]
Al,O3 pO> 1 Atm.
(5%)

Au/C (1%) 323-373 K, pO,

= 100-300 kPa

Gluconic acid (63-74%) [63]

Au-Pd/MgO, 60 °C, pOy = 1Atm., Gluconic acid (62%) [64]
(0.5%) 24h
Rul! -"Pr-NH,- 180 °C, pO, Succinic acid (87.5%) [65]
SiO, -"Bu-NH, = 10bar, 2h
(4%)
Au-C(0.8-1%) 343.2 K, pO, Glycolic acid (91-94%) [66]
= 303.9 kPa, 0.3 M
NaOH
Pt-Cu/TiOy 90 °C, pO2 = 15 bar Glucaric acid (60%) [6]
(4-5%)
Au-Pd/TiO5 and 160 °C, pO, = 3 bar, Gluconic acid (88.6%), [67]
Au-Pt/TiO, 1h Glucaric acid (3.6%),
(2.5%) Glyolic acid (0.6%)
Ru, N-doped 160 °C, pO, Succinic acid (87%) [68]
graphene (1%) = 18 atm.
Au-Pt/ZrO, (1%) 160 °C pAir= 40 bar Glucaric acid (50%) [69]
Ru-MNP- 180 °C, pO2 Succinic acid (86%) [70]
MWCNT (4%) =10atm.,6h

presented a new use for spent Li-ion battery waste electrode material
rich in Li, Ni, Co and Mn as a pre-fabricated catalyst for the preparation
of a value added feedstock glycolic acid with numerous applications in
cosmetic, food and other industries from D-glucose under mild condi-
tions using oxygen as the oxidant. We are currently working on
designing a new class of carbohydrate degradation catalysts based on
this discovery and recyclability of these catalysts.
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