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Abstract

In this study, enzymatic oxidation of glycerol was performed for the production of glyceric acid. The effectiveness of
immobilised laccase in Na-Alginate matrix was also verified. Glycerol was incubated at 25°C with 30 mM of 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO), which acted as a mediator, in the presence of immobilized laccase from Trametes
versicolor. Glyceric acid was quantified using HPLC, while the activity of enzyme was measured using ABTS assay. The yield
of laccase activity was 90%. On the other hand, glyceric acid obtained was around 7 wt% from the total product at 24h. In
conclusion, enzymatic oxidation is able to produce comparable amount of glyceric acid through a more environmental friendly
method.
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1. Introduction

Biodiesel has emerged as an alternative sustainable source of fuel due to the great demand and consumption of
petroleum. It is estimated that the global market will produce 37 billion gallons of biodiesel with an average annual
growth of 42% by 2016 [1]. Glycerol (Gly), a byproduct of biodiesel, will be generated at around 10 wt% of total
biodiesel production, thus approximately 4 billion gallons of glycerol will be produced in 2016 [2].
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The emanation of Gly from biodiesel has flooded the market which led to a significant decrease in price for Gly.
A progressive changeover of biodiesel byproduct to high value derivatives transpired to be an inevitable necessity.
The development of new applications for Gly is considered important in technological progress and would be
enthusiastically welcomed by the industry.

Selective oxidation of Gly produces derivatives such as glyceraldehyde (Gald), glyceric acid (GlAc), tartronic
acid and so on which serve as new chemical intermediates. Since the products are of practical value, these would
address a very large chemical market [3]. In selective oxidation, primary hydroxyl groups would be oxidised to
Gald, an intermediate for carbohydrate metabolism and also standard for comparison of chiral molecules (D-or L-
series). GlAc can be used for treatment of skin disorders. Additionally, GlAc in its ester form with the combination
of a quaternary ammonium salt can act as a biodegradable fabric softener [4]. GlAc derivatives can be used as a
multifunctional building block compound [5]. From biology perspective, the enantiometric isomer D-GlAc has been
reported to accelerate the oxidation of acetaldehyde and ethanol in vivo in rats through circumventing the rate
limiting step [6]. It has liver stimulating and cholesterolytic actitivies in dog [7]. It is also acts as trypsin inhibitors
[8] and building block of bio-based polyesters [5].

Selective oxidation can also be performed by using catalyst such as Pt, Pd and Au [9,10]. However, one of the
drawbacks in using the supported Pt and Pd catalysts during reaction is their deactivation increase with time.
Particularly, the platinum group metals based catalyst suffer oxygen poisoning which is proportional to the oxygen
partial pressure [11,12]. Low partial pressure of oxygen is typically used to limit the oxygen dissolution. Gold
catalysts have better resistance than platinum based catalysts towards oxygen poisoning, allowing the use of higher
oxygen partial pressure [13]. Bimetallic catalysts (featuring active sites with two or more metallic elements) are
introduced to enhance activity or selectivity. Comparing Au—Pd with Au and Pd catalysts in the liquid phase
oxidation of glycerol, the activity is highly enhanced by the presence of alloyed phase [14]. Preparation and
impregnation of these catalysts often appear to be time consuming and higher temperature and pressure are needed
as well.

A greener approach- TEMPO/laccase to oxidise glycerol is being introduced [15]. Laccase (EC 1.10.3.2:
benzendiol : oxygen oxidoreductases), distributed widely in bacteria, plants, fungi and insects, is a type of multi-
copper containing enzymes [16]. It can catalyse oxidation of a variety of inorganic and phenolic compounds,
concomitantly reduce oxygen to water without the formation of hydrogen peroxide [17,18]. Laccases have potential
in chemical synthesis [19], which are limited by its redox potential. By imitating nature, mediators are added as
electron shuttles for the substrate to laccase [20]. 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and its derivatives
have been used in many areas of synthetic organic chemistry with the possible achievement of chemoselectivity in
the oxidation process. TEMPO acts as mediator, in which laccases oxidise it to corresponding oxoammonium cation
through one electron oxidation, thus regenerate TEMPO. The oxoammonium cation, in turn, oxidise substrate such
as alcohol via heterolytic pathway [21].

There are many constraints in using enzymes and the common perception is that enzymes are sensitive, unstable,
not ideal as a catalyst and undesirable in most synthesis and reaction. The decrease in stability and the catalytic
activity of free enzymes due to its catalytic environment seriously limit their industrial application. Immobilisation is
the most adopted stabilisation method in overcoming these limitations which allows enzyme reutilisation. Laccases
have been immobilised on different supports for the removal of several pollutants including dyes [22]. Entrapment is
the easiest method in which it induces no structural alteration of enzymes, less tedious procedure and reduced
number of chemicals used. It is just the physical retention of the enzymes in porous solid matrix [23]. As reported by
Niladevi and Prema [24], immobilisation of laccase in Cu alginate has immobilisation yield of 61% while
immobilization for the entrapment in PV A-alginate yields 97.4% [25].
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In this paper, the oxidation of Gly with an enzyme-mediator system to obtain GlAc is shown. The study also
being extended by comparing the enzymatic reaction with chemical reaction [9] and effect of different
immobilisation methods in converting glycerol to GlAc. The use of immobilised laccase allows the catalyst to be
separated from reaction mixture easily for recycling purposes.

Nomenclature

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
Au Gold

CaCl, calcium chloride

CuSO, copper(Il) sulphate

DAD  diode array detector

Gly glycerol

GlAc  glyceric acid

Glad  glyceraldehyde

H hour

HPLC high performance liquid chromatography
Min minute

Na sodium

PEG  polyethylene glycol

Pd palladium

Pt platinum

RID refractive index detector

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl
Wt%  weight percent

2. Materials and methods

Laccase from Trametes versicolor was purchased from Sigma Aldrich, Germany without further purification.
Glycerol was obtained from Fisher Scientific. 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO), polyethylene glycol
(PEG) (MW = 4000), calcium chloride (CaCl,), sodium acetate, glutaraldehyde were sought from Merck. Sodium
Alginate was bought with R&M Chemicals and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
was procured from Roche. All standards for HPLC were purchased from Sigma-Aldrich.

2.1 Laccase activity assay

Laccase activity was determined by monitoring the absorbance of ABTS oxidation at 415nm wavelength using
UV-VIS spectrophotometer at room temperature (light path = 1 cm). The assay mixture for the blank consists of 1.9
ml of 0.1 M acetate buffer (pH 4.5), 0.1 ml of pure water and 1.0 ml of 0.5 mM ABTS solution. Pure water was
replaced with samples for determination of the laccase activity. One unit (U) of the enzyme was defined as 1 pmol
ABTS oxidised per minute under the stated assay condition.

2.2 Immobilisation of laccase
2.0 g of gelatine and 0.5 g of PEG was added to 100 ml of 2.0% (w/v) sodium alginate solution. 0.1 g of laccase

(10U/ml) was then added and mixed thoroughly for 10 minutes at 25°C. The mixture was withdrawn by using a
sterile 5 ml syringe and extruded through a 21 gauge (0.51 mm inner diameter) needle into 2.0% (w/v) CaCl,
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solution, beads formed immediately when touched the surface of the solution. Beads were left unstirred to harden in
the CaCl, solution at 4°C for 2 hours, after which the CaCl, solution was removed and the beads were washed twice
with distilled water. Then, the beads were subsequently incubated in 100 ml of 0.6% (w/v) glutaraldehyde solution
and stirred at 4°C for 2 hours. The beads were washed several times with phosphate buffer (pH 7) to remove the
laccase which was not entrapped into the beads. The immobilised Laccase enzymes are stored at 4°C in acetate
buffer (pH 4.5) [22].

2.3 Oxidation of glycerol

50 mL mixture of 100 mM glycerol, 30 mM TEMPO, and 1 g of immobilised laccase in 100 mM sodium acetate
buffer (pH4.5) was incubated at 25°C under stirred condition. The oxidation process was run in triplicate for 24
hours and sampling was done hourly.

2.4 Analytical method

Quantitative analysis of the oxidation products were conducted by using a high performance liquid
chromatography (HPLC) equipped with DAD and RID. A 300 mm Phenomenex Rezek ROA column was used. 3
mM H,SO, was used as mobile phase with 0.5 mL min™ flowrate, 210 nm wavelength, injection volume of 10 pL
and the column temperature at 75 °C. The calibration plot was obtained by linear regression of peak-area ratio
against concentration. Products were identified by comparison of their retention times with standards of the
respective components.

3. Results and discussions

Methods of immobilisation affected the amount of laccase immobilised and influenced the final activity remained.
This is due to the different in procedures of immobilisation and chemicals used, which in turn determined the types
of interaction between laccase and support. The lengthiness of the procedures also contributes to the possible loss of
enzyme during the process. Table 1 shows the activity of laccase after immobilisation in Na-Alginate matrix in this
study was 90%. Activity of laccases, which was being immobilised using other immobilisation methods, was also
depicted in Table 1. It could be seen that some of the immobilization yield were high but some were moderate.

Table 1. Immobilisation methods and yield.

Author Immobilisation method Material Immobilisation yield (%)
[26] covalent bond Chitosan 52.2
[27] entrapment Alginate solution cross-linked by 74.6 - 146.8
CuSO4
[28] encapsulation LbL technique (assembly of 75
differently charged

polyelectrolyte layers)

on manganese carbonate (MnCOs)

[29] adsorption Chitosan-g-PEI 72

[30] covalent bond Green coconut fiber 50,70

Current study entrapment Na-Alginate 90
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Time series profiles of the reaction are depicted in Figure 1. It can be seen from Figure 1 that in the early
stage of reaction, Gald was the only product. This implied that selectivity of TEMPO is highly towards primary
alcohol. Nearly 30% of Gly was converted. The concentration of Gald increased until it reached its maximum at 24h.
After 3h of incubation, GlAc was detected in the reaction mixture. The concentration of GlAc increased steadily
throughout the period of incubation. The final amount of GlAc obtained is about 7 wt %. In this oxidation process,
Gald became substrate for TEMPO besides the initial reactant, which is Gly. GlAc was obtained as a result of
further oxidation from Gald. The oxidation of Gly does not stop at GlAc, it can lead to other organic acids such as
tartronic acid, mesoxalic acid, formic acid etc. However, the concern of this paper is only GlAc, therefore the
products appeared in extended time after 24 h were not included.
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Fig 1. Oxidation of 100mM glycerol by 30mM TEMPO with immobilized Laccase and formation of product
(A:glycerol;0:glyceraldehyde;o:glyceric acid)

In general, nitroxyl radical plays an important role in selective oxidation of alcohol. Due to its high reaction rate
and high selectivity, nitroxyl radical is employed for the modification of high molecular mass polysaccharides too
[31]. Conventional methods such as manganese dioxide, dimethyl sulfoxide activated by oxalyl chloride and silver
oxide are based on chromium reagents which are toxic and only applicable to lab scale usage [15]. As a result,
nitroxyl radicals such as TEMPO and its derivatives that are proven to be effective in selective oxidation of alcohols
[15,32] has drawn attention as a substitution. In addition, TEMPO can be recovered from reaction mixture by
extracting it with organic solvents [33], thus giving an extra advantage.

The role of TEMPO as mediator in enzymatic oxidation with the presence of immobilised laccase is outlined in
Figure 2. In this case, TEMPO acted as electron shuttle, being oxidised by laccase, diffused away from enzymatic
pocket and oxidized glycerol (substrate) which could not directly entered and reacted with laccase. Therefore, with
the presence of mediator, the range of substrate is being extended, oxidation which is not available to enzyme can be
performed [34].
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Oxygen Laccase TEMPO , Glycerol

‘Water Laccase 4, TEMPO Glycerol ..

Fig 2. The role of a mediator of the enzymatic activity

The current study was an example of oxidation by TEMPO/laccase in which Na-Alginate as a support for laccase
seemed to be a promising immobilisation method. The oxidation products by TEMPO/immobilised laccase in Na-
Alginate within 24 h of reaction were shown in Figure 3. Comparing with Figure 4 which was reported by
Liebminger ef al. [15] (activity recovery on carrier was 68%) glyceric acid obtained by immobilised laccase on Na-
Alginate was just about half of it. One of the reasons was due to difference in immobilisation method.
Immobilisation of laccase in Na-Alginate was an entrapment method while immobilisation of laccase on Alumina
pellet was a covalent bond technique. TEMPO had more contact with laccase in the covalent bond technique than
entrapment since laccases were bonded on the surface covalently which made the oxidation reacted faster to desired
product. However, laccases were trapped in the gel matrix in entrapment technique which caused diffusion
limitation. TEMPO will have to take longer period of time to diffuse and react with laccase and substrate as
described earlier. Thus, longer reaction period is required to obtain desired product. Another possible reason might
be the difference in redox potential for laccase species. Liebminger e al. [15] used the Trametes hirsute while
Trametes versicolor was being used in this study. Each and every laccase has its own intrinsic redox potential, the
more positive the potential, the greater the species' affinity for electrons and tendency to be reduced. Immobilisation
by using Na-Alginate not only cheaper than the compared method (immobilisation on Alumina pellet), it also took
only half a day for a complete immobilisation rather than a week for the compared method.
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Fig 3. Oxidation of glycerol by 30mM TEMPO in the presence of immobilised laccase in Na-Alginate
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Fig 4. Oxidation of glycerol by 30mM TEMPO in the presence of immobilised laccase on Alumina pellet [15].

A study involved catalytic reaction which was reported by Porta and Prati [9] was used to compare with current
enzymatic study. The catalytic oxidation in which 1% Au/C was used with graphite (Lonza HSAG300) as the
support in the following reaction condition, T = 60 ‘C, 10 wt% of glycerol, NaOH/glycerol = 1 mol/mol,
glycerol/Au = 500 mol/mol, the yield for GlAc was about 2.5 mole %, which is almost the same with the oxidation
of Gly by using 30mM TEMPO in the presence of immobilised laccase on Na-Alginate at 24h. The reaction was
slow for TEMPO/laccase system, which might be due to the reaction that was not optimised yet (the reaction was
run under ambient temperature and pressure).

4. Conclusion

Laccase from Trametes versicolor was successfully immobilised in Na-Alginate. The TEMPO/ laccase system for
oxidation of glycerol to glyceric acid was reliable, achieved nearly 7 wt% of the total product at the end of reaction
time. This study proved that laccase was an effective and environmental friendly regeneration oxidant compared to
other stoichiometrically used chemicals. Optimisation is recommended for future study.

References

[1] Wang, L., Du, W., Liu, D.H,, Li, L.L., Dai, N.M., 2006. Lipase-catalyzed biodiesel production from soybean oil deodorizer distillate with
absorbent present in tert-butanol system. Journal of Molecular Catalysis B Enzymatic, 43:29-32.

[2] Anand, P. and Saxena, R.K., 2012. A comparative study of solvent-assisted pretreatment of biodiesel derived crude glycerol on growth and
1,3-propanediol production from Citrobacter freundii. New Biotechnology, 29:199-205.

[3] Werpy,T. and Peterson.G., 2004. Top Value Added Chemicals from Biomass Volume I — Results of Screening for Potential Candidates
from Sugars and Synthesis Gas Top Value Added Chemicals From Biomass Volume I: Results of Screening for Potential Candidates. US
Department of Energy.



Chi Shein Hong et al. / Procedia Chemistry 16 (2015) 632 — 639 639

[4] Behr, A, Jens, E., Ken, I, Julia, L. and Falk, L., 2008. Improved Utilisation of Renewable Resources: New Important Derivatives of
Glycerol. Green Chemistry, 10:13-

[5] Fukuoka, T., Habe, H., Kitamoto, D. and Sakaki, K., 2011. Bioprocessing of glycerol into glyceric Acid for use in bioplastic monomer.
Journal of Oleo Science, 60:69-373.

[6] Eriksson, C.J.P., Saarenmaa, T.P.S., Bykov, I. L. and Heino, P.U., 2007. Acceleration of ethanol and acetaldehyde oxidation by d-glycerate
in rats. Metabolism: Clinical and Experimental, 56: 895-98.

[7] Handa, S., Handa, A.K., Hasegawa, P.M., Bressan, R.A.,1986. Proline accumulation and the adaptation of cultured plant cells to water
stress. Plant Physiology, 80: 938-945.

[8] Habe, H., Fukuoka, T., Sato, Shun., Kitamoto, D. and Sakaki, K., 2011. Synthesis and evaluation of dioleoyl glyceric acids showing
antitrypsin activity. Journal of Oleo Science, 60:327-331.

[9] Porta, F. and Prati, L., 2004. Selective oxidation of glycerol to sodium glycerate with gold-on-carbon catalyst: An insight into reaction
selectivity. Journal of Catalysis, 224:397-403.

[10] Wang, F.F., Shao., S., Liu, C.L., Xu, C.L., Yang, R.Z. and Dong, W.S., 2015. Selective oxidation of glycerol over Pt supported on
mesoporous carbon nitride in base-free aqueous solution. Chemical Engineering Journal, 264:336-343.

[11] Gallezot, P., 1997. Selective oxidation with air on metal catalysts. Catalysis Today, 37:405—418.

[12] Fordham, P., Besson, M. and Gallezot, P., 1995. Selective catalytic oxidation of glyceric acid to tartronic and hydroxypyruvic acids.

Applied Catalysis A, General, 133:179-184.

Demirel, S., Lehnert, K., Lucas,M. and Claus, P., 2007. Use of renewables for the production of chemicals: Glycerol oxidation over carbon

supported gold catalysts. Applied Catalysis B: Environmental, 70:637—643.

[14] Villa, A., Campione, C. and Prati, L., 2007. Bimetallic gold/palladium catalysts for the selective liquid phase oxidation of glycerol.
Catalysis Letters, 115:133-136.

[15] Liebminger, S., Siebenhofer, M. and Guebitz, G., 2009. Oxidation of glycerol by 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) in the
presence of laccase. Bioresource Technology, 100:4541-4545.

[16] Lettera, V., Piscitelli, A., Leo, G., Birolo, L., Pezzella, C. and Sannia, G., 2010. Identification of a new member of Pleurotus ostreatus
laccase family from mature fruiting body. Fungal Biology, 114:724-730.

[17] Bourbonnais, R. and Paice M.G., 1992. Demethylation and delignification of kraft pulp by Trametes versicolor laccase in the presence of
2,2 -azinobis-(3-ethylbenzthiazoline-6-sulphonate). Applied Microbiology and Biotechnology, 36:823-7.

[18] Yaropolov, A.L, Skorobogat’ko, O.V., Vartanov, S.S. and Varfolomeyev, S.D.,1994. Laccase: properties, catalytic mechanism, and
applicability. Applied Biochemistry and Biotechnology, 49:257-280.

[19] Schroeder, M. Pereira, L., Couto, S.R., Erlacher, A., Schoening, K.U., Cavaco-Paulo, A. and Guebitz, G.M., 2007. Enzymatic synthesis of
Tinuvin. Enzyme and Microbial Technology, 40:1748—-1752.

[20] Banci, L., Ciofi-Baffoni, S. and Tien, M., 1999. Lignin and Mn peroxidase-catalyzed oxidation of phenolic lignin oligomers. Biochemistry,
38:3205-3210.

[21] Arends, ILW.C.E., Li, Y.X., Ausan, R. and Sheldon, R.A., 2006. Comparison of TEMPO and its derivatives as mediators in laccase
catalysed oxidation of alcohols. Tetrahedron, 62:6659—6665.

[22] Wang P., Fan X., Cui L., Wang Q., Zhou A., 2008. Decolorization of reactive dyes by laccase immobilized in alginate/gelatine blent with
PEG. Journal of Environmental Sciences, 20: 1519—1522.

[23] Lu. L., Zhao. M. and Wang. Y., 2007. Immobilization of laccase by alginate—chitosan microcapsules and its use in dye decolorization.

World Journal of Microbiology and Biotechnology. 23:159-166.

Niladevi K.N. and Prema P., 2008. Immobilization of laccase from Streptomyces psammoticus and its application in phenol removal using

packed bed reactor. World Journal of Microbiology and Biotechnology, 24:1215-1222.

[25] Mohd Zain, N.A., Mohd Suardi, S. and Idris, A., 2010. Hydrolysis of liquid pineapple waste by invertase immobilized in PVA-alginate
matrix. Biochemical Engineering Journal, 50:83—-89

[26] Chen, H., Zhang, J., Wang, W. and Yang, Y., 2006. Preparation and characteristics of immobilized laccase from coriolus versicolor on
chitosan. Beijing Daxue Xuebao (Ziran Kexue Ban)/Acta Scientiarum Naturalium Universitatis Pekinensis, 42:254-258.

[27] Teerapatsakul. C., Bucke. C., Parra. R., Keshavarz. T. and Chitradon. L., 2008. Dye decolorisation by laccase entrapped in copper alginate.
World Journal of Microbiology and Biotechnology, 24:1367-1374.

[28] Cretini, C., Perazzini, R. and Saladino, R., 2010. Oxidative Functionalisation of lignin by layer-by-layer immobilized laccases and laccase
microcapsules. Applied Catalysis A: General, 372: 115-123.

[29] Metin, A. U., 2013. Immobilization of Laccase onto Polyethylenimine Grafted Chitosan Films: Effects of System Parameters.
Macromolecular Research. 21:1145-1152.

[30] Cristovao, R. O., Silvério, S. C., Tavares, A. P. M., Brigida, A. L. S., Loureiro, J. M., Boaventura, R.A.R., Macedo, E.A. and Coelho, M. A.
Z., 2012. Green coconut fiber: A novel carrier for the immobilization of commercial laccase by covalent attachment for textile dyes
decolourization. World Journal of Microbiology and Biotechnology, 28:2827-2838.

[31] Bragd, P.L., Bekkum, V.H. and Besemer, A.C., 2004. TEMPO-mediated oxidation of polysaccharides: survey of methods and applications.
Topics in Catalysis, 27:49—66.

[32] Gamez, P., Arends, LW.C.E. and Sheldon, R.A., 2004. Room temperature aerobic copper-catalysed selective oxidation of primary alcohols
to aldehydes. Advanced Synthesis and Catalysis 346:805-811.

[33] Nooy, A.E.J. De, Besemer, A.C. and Bekkum, H. Van, 1996. On the Use of Stable Organic Nitroxyl Radicals for the Oxidation of Primary
and Secondary Alcohols. Synthesis, 10:1153—1176.

[34] Hildén, L., Johansson, G., Pettersson, G., Li, J.B., Ljungquist, P., Henriksson, G., 2000. Do the extracellular enzymes cellobiose
dehydrogenase and manganese peroxidase form a pathway in lignin biodegradation? Federation of European Biochemical Societies Letters,
477:79-83.

[13

—

[24

=



