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ABSTRACT

Effective utilization of glycerol, which is one of wastes when biodiesel fuel is produced, is
focused on in this study. A converted reaction from glycerol to lactic acid in subcritical water was
investigated. By using a flow-type reactor, the yield of 90 mol% was achieved within 2 minutes
without any metal catalyst. The productivity was 30 times higher than that with a batch-type reactor.
From an analysis for activation energy of the conversions from glycerol or two intermediates,
alternative reaction pathway was supported. Due to the reaction pathway, the high productivity by

the flow-type reactor was understandable.
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INTRODUCTION

Biomass would be one of the important resources to produce utilizable substances. Solid and
liquid wastes would be also the important resources. In Okayama city and Kyoto city in Japan,
wasted food oil were collected and converted to biodiesel fuel (BDF) by an alkali-catalyzed method.
Not only wasted food oil but also oil form plant such as rapeseed oil, one of biomass, is used to
produce BDF in the world. It is expected that the production of BDF from the oils will become
more important and be spread. When the BDF is produced, glycerol with alkali is also produced
as a by-product. Utilization of wasted glycerol should be important due to the increasing of the
BDF production. Glycerol can be converted to lactic acid with a metal catalyst (Shen et al. 2010,
Roy et al. 2011, and Maris et al. 2007). This conversion can occur without any metal catalyst in
hydrothermal conditions (Kisitda et al. 2005 and Zang et al. 2012). Lactic acid is the important
monomer to produce polylactic acid (PLA), which is one of the resources to form bioplastic. So,
the establishment of an effective system for the conversion from wasted glycerol to lactic acid is
really desired. In this study, we focused on hydrothermal reaction using subcritical water.



Water can maintain its liquid state in a temperature range from 100 to 374°C under pressurized
conditions. This water is called as subcritical water and has two characteristics different from
water at ambient temperature and pressure. One of the characteristics is a low relative dielectric
constant. It is a reason why solubility of hydrophobic substances such as fatty acid to subcritical
water was increased while temperature increased. The other is a high ion product. It makes
subcritical water to act as an acidic or basic catalyst. Due to this property, subcritical water could
convert glycerol to lactic acid without any metal catalyst. In this study, the converted reaction
from glycerol to lactic acid in subcritical water was investigated. Especially, a flow-type reactor
was focused on because the reactor could realize a continuous production.

MATERIALS AND METHODS

Figure 1 illustrates the schematic diagram of the flow-type reactor. A coiled stainless tube
(sus316, 0.8 mm i.d.) was set in an oven (GC-7A, Shimadzu, Kyoto, Japan) and in a water bath.
The temperatures were set at 300-350°C and 20°C, respectively. The tube was connected to a pump
(LC-20A, Shimadzu) which feed a solution containing glycerol and NaOH. The concentrations of
glycerol and NaOH were set from 0.5 to 2.0 mol/L. A back-pressure valve was connected at the
end of the tube and controlled the pressure in the tube at 20 MPa. The flow rate of the solution
was controlled then the residence time of the
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RESULTS AND DISCUSSION

1. Conversion of glycerol to lactic acid

Figure 2 shows the relationship between yield of lactic acid and residence time of the reaction
solution in this flow-type reactor. Within 2 min, 90 mol% was achieved. The longer residence
time gave lower yields due to degradation of lactic acid. Table 1 shows the yields with various
reaction conditions in some papers. In these papers, some metal catalysts were used for the
conversion of glycerol to lactic acid. Au-Pt/TiO2 could have realized the conversion below 100°C



(Shen et al, 2010), however, the yield was 42 mol%, which was lower than the one in this study.
Roy et al. (2011) and Maris et al. (2007) also used metal catalysts for the conversion. The yields
were higher than the one in Shen et al. (2010), 100
however, they needed longer reaction time.
Kishida et al. (2005) and Zang et al. (2012) realized
the conversion without any metal catalyst and with
shorter reaction time. They used a batch-type
reactor as same as the others (Entry 1-6). The
batch-type reactor has a disadvantage for continuous
operation. ~ For the continuous production, a Residence time [min]
flow-type reactor is better. In this study, the 90 gig 2 Relationship between the yields of lactic
mol% yield was achieved within 2 min in the  4cig and residence time in the flow-type reactor.
flow-type reactor.
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Table 1 Conversion of glycerol to lactic acid using various catalysts 2

Reaction .
. .. Substrate Temp. . Yield
Entry Reaction condition NaOH/Glycerol  [oC] tlme [%] Ref.
[mln]
1 Hydrothermal 1.25M/0.33M 300 60 90 Kishida 2006
2 Hydrothermal 1.25M/0.33M 300 60 75 Zhang 2012
3 Cu:z0, 1.1M 240 360 73.1 Roy 2011
NaOH/Nz-14bar
4 Au-Pt/TiO2 0.88M/0.22M 90 — 42 Shen 2011
(Au:Pt=1:1,
2.5x103 mmol),
latm Oz
5 Ru/C, 40 bar Hs 0.8M/1wt% 200 180 55 Maris 2007
6 Hydrothermal 2 M/0.5M 350 2 90 This study
a Reaction conditions: conversion and yield of lacitic acid was determined by HPLC.
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intermediates at 350°C. Lactic acid was Fig. 3 A reaction pathway which was proposed by
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given within the shorter residence time for both reactions.
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Fig. 4 Concentrations of lactic acid with the converted reaction from glyceraldehydes (a) and
pyruvaldehyde(b)

We estimated the initial reaction rate, vy, at various temperatures to produce the lactic acid from
glycerol, glyceraldehydes, and pyruvaldehyde when the concentration of NaOH was fixed at 2.0
mol/L. Arrhenius plots for the converted reactions was shown in Fig. 5(a). The activation energies
could be estimated from the slopes. Figure 5(b) shows the activation energy. The highest value
was achieved for the converted reaction from glycerol. ' '
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In the flow-type reactor, the pressure was well controlled at 20 MPa. The high pressure could
suppress the occurrence of H, gas then decrease the value of activation energy. From these
reasons, the high productivity would be achieved by the flow-type reactor.

Benzilic acid
OH OH O rearrangement . 0
-H,0 -H, 4 H,0
OH —> o —> o —
Keto-enol OH— OH
OH tautomerization OH H3C H3C
Lactate
Glycerol Acetol Pyruvaldehyde (Lactate)

Fig. 6 A reaction pathway which Zhang et al. (2012) proposed.

CONCLUSIONS

The high productivity of conversion from glycerol to lactic acid was achieved in the flow-type
reactor. Due to the investigation for conversion from the intermediates, the reaction pathway via
acetol would be considerable. This consideration supports the reasons for the high productivity.
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Batch-type Flow-type

Gas collecting tube

N

1
Cap Pressure valve [ OH /O o N 5
/2
[H: OH=—> oH—> o—> on
SUS316 tube
H,C H.C

Fig. 1 Batch reactor
OH OH 3
Qlycerol glyceraldehyde  pyruvaldehyde lactate )
Stirrer Thermo censer
I g]\m l
20 MPa
| troll
cat controtier (back pressure)

Bl '['f:”—‘? Heater

Al Reactor./ /-

R e . glycerol column oven water bath  sample
Salt bath NaOH 300~350°C 20°C

Kishida et al. Kagakukougaku
Ronbunshu inJapanese, 32,

535 (2006)
‘w. Z
1

N




Flow-type was effective.
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A new proposed pathway

Benzilic acid
OH OH O rearrangement o 0
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Y. Zhang et al., Green Chem. 14, 3285, (2012)
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pathway Is correct or not.
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Conversion of glycerol to lactic acicht

OH

o ,0
catalyst
OH > \g—OH
water
OH 373~623K, NaOH H;C

Substrate Temp. Reaction Yield

Entry  Reaction condition NaOH/Glycerol  [°C] time [min] [%] Ref.
1 Hydrothermal 1.25M/0.33M 300 60 90 Kishida et al. 2006
2 Hydrothermal 1.25M/0.33M 300 60 75 Zhang et al. 2012
3 Cu,0, 1.1 M 240 360 73.1 Roy et al. 2011
NaOH/N,-14bar
4 Au-Pt/TiO, 0.88M/0.22M 90 — 42 Shen et al. 2011
(Au:Pt=1:1,
2.5x10° mmol),
latm O,
5 Ru/C, 40 bar H, 0.8M/1wt% 200 180 55 Maris et al. 2007
6 Hydrothermal 2 M/0.5M 350 2 90 This study

Reaction conditions: conversion and yield of lacitic acid was determined by HPLC.
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Conclusion

The yield to produce lactic acid was 90mol%.

The maximum yield was achieved within
2 min with the flow-type reactor.

The flow-type reactor would have an
advantage for the short time-operation.
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