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Fine Particle Flotation Using Oil-Water System
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Dechlorination of PCBs with Sodium Particle Suspension

Takao KAWAI

The applicability of sedium particte suspension reaction as a chemical dechlorination method for the decom-
position of PGBs contaminated in the electric insulation oil, soil, and wastewater is investigated, When PCBs in
electric insulation oil, the sodium particle suspension was directly added and reacted. PCBs contaminated the
electric devices such as transformers and capacitors and Dioxins in soil and Reverse Osmosis concentrate of con-
taminated wastewater were dissolved in hydrocarhon via solvent extraction and then reacted with sodium particle
suspension at 90°C.  Since these results show that PCBs and dioxins are decomnposed and decreased in the level
of lower than a few pg-TEQ/g or liter in every case, it is confirmed that the reaction with sodium particle suspension
reaction method is effective for the dechlorination of PCBs and dioxins.

Keywords: Sodium particle suspension, Dioxins, PCBs, Electric insulation oil, Soil, Wastewater, Dechlorination
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2.1 SEHEE

SEF b Y YA (Na) BMETRRAKECHBRES
i ORFGEALE L, PCB Hk i LA pILKE
W b SRR CROG R T BT B, BUERERAL DK
BT - LT, K, Ao - ABRENT B BRA
o & A 4 v VRIRE I ERC L DR, ©
nEEmEoRILKECERT 5.

SR TRREE 10 pm LUF &R Na B 58
St AR S R R e

2 I EO SUS BIEEr EREET 11 248 Na 400
g AR, No #ARESHT 100°C LA B Uis s
LEdERT AL X LY, Fig 1 B Fig 2 R
SRS FT DU RO Na SR FRRE R R L
7o
2.2 Y7 ULFhReTENRAEE

gL, 100~200 g OEEFERY v 7V v I/ RTTV
Sk Ui, HEkEEHE, FERMBR IO A vV
(MF) LS % F R e h 500 ml, HEAE (RO) TR
A 20l BIRL, Sl Ao f 145
VAR B U THLATEEE T e o 1,

Hyrh oS POB BRI -OVTHELT O TR O
T A TR Bt Lo T ich b, BAEHD 7 ) —
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EVUﬁfwﬁﬁbﬁﬂ7f¢774m2m%ﬁvtn

POB BEWMTEILY v € F Y — % F & GC-ECD BE

Fig. 2 Microphotograph showing the figure of Sodium
particle. Bar indicates 3.3 prm.

Lok, ¥4 EF 0 —5F At SPELCO #Hllh ¥ 4
SPR-5 % BLs, A7V o b LA TENE LIz, CBYN{ET
&N R R B H B2 ORI o T,

3. RBEELROTICHER

3.1 PCB SRETHEFATO PCB 10
3.1.1 REBAHE
POB B S EH (PCB BE 10mg/kg) £, PCB
BEEHAF TR 100 mgkg, 1%, 100 &led 4 i
bz PCB RUEM L b ovHE L, BR 500! OR
3B (Fig. 3) VT, DToFETRRET -
PGB % 10 ma/kg 3 L0 100 mgkg ORF (£h
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Fig. 1 Particle size distribation of dispersed Sodium powder
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FH, 10 ppm, 100 ppm FEHEFT) 1Ko Tirkod
ECOET 57,

BB 500 1 % 95°C IR L7 d B RSP A 5040/ 50
Torr LUF L, ApegEkiLi, = D, i
FHEBEB L, 90°C ¥, Sl sipo o
T LIS LCI0R Ll L O Na BB LA LD b,
BUGIER & LTk 100 ml %l % 720 Na SRBWEIE A

BENE 2 50T, (RIS T 0k B IBG & Lz,
BOSHET 2T Ny 7 A% L Oy 25l LT,
I%HJUw%ﬁﬁﬁﬁwmﬂukmiﬁTﬁotn
10 ppm FHF 100~2007 2R HFERTE, ©hue
Na RREHE 18~~501 2% Lz, 1% L 0'10% PCB
BELTB L5 PCB & 10 ppm AR A RARE L
L0 1K DOBE 1501, 6% OHBES 1007 BEL, =

—HI ﬂ 1

q 0]

Reagent "
N r
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Reactor Settler
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Wastewater
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Fig. 3 Schematic diagram showing 500 liter scale POB treatment system
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Fig. 4 The variation of PCB concentration in treated oil as a function of retention time
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Table 1 Result of dioxins, co-planar and hydroxy PCBs analysis of treated oil

]
r_ PCB Content 10ppm 100ppm 1% 10%
Item Before After Before After Before After Before After
Dioxins
{ Total PCDDs+ [peg-TEQ/E] ND:<b ND:<5 ND:<b ND:<5 5,800 ND:<6 33,000 ND:<b
Total PCDFs)
Co-planar PCBs  [pg-TEQ/e] 1,600 0.99 12 108 0.70 110X 10° 2.5 2,300 % 10° 2.3
Hydvoxy PCBs
[ nelg 1 150 NI:<5 440 NDi<h 300 ND:<5 400 ND:<6
(mona,di) J

R kKSEREfE & LT IPA (isopropyl alechol) A TENE
aLtdsh, Na BBRCEA LL, 16EMTR
120°C #+5 130°C 2, 10%EENTIL 170°C 226 190°C
CINEMRE L, R Lt B RS S

SR O RIGREI RS PCB W 20 pg/t LT &
fed o HEE )k U, RIGERITEINER SR E Tl L,
519 PCB FHihthe PCB & L& 4 4F v v ES

e

PCB DAL Fig. 4 7T £3sh, 10ppm E
HOB AT 0D HICE 20 pgkg BT, 100 ppm B
ﬁfnm%&mmm@guT&tb,i%aﬂfm1
RS, 10% 3R T 3 RFRIE 20 pgikg LT Lo
1o

PCDDs+PCDFs B, Table 1 @A+ X 5T 10
ppm ¥ XU 100 ppm SR TR T 5 pe-TEQ/g
LUF, SRR T 1 XEKT 5.8ngTEQ/, 10%
aﬁfxmymggfﬁotﬁ,ﬂgﬁuvfh%%
B VIR (5 pg-TEQ/E) BT HF LT,

275+ — PCBs HABECIC L THWEERL
fopt, ALERET 10 ppm BAEHR LTF 100 ppm et
fm&%pgmggx:wommqug,1%3;0
10934 2.5 B L8 2.3 pg-TEQ/g TH -1

Solvent
Extraction

Y

€ Fr4v PCB L Thd @R TRIE (5ng/g) BT
TH -

3.9 LEEE#S A AL EORMMASR
5.2.1 BRI

IR R OIE 7 v — % Fig. 5 1WA T,

B EHE & LT DIPA (Di-isopropyl Amine) % i\
fo. ABEFIELESONFIHEBSEERR O KED?2
HTREREEY BT 50T, b oBiKs X UEHR
Pty K DRAEEN 100°C LT CHEME BT =
LpiCE A,

MR 1 1kg 2 TAL, ¥ 60°C IR U lE
% 2031 X205 R Lk, 00HE L, B
ST o tea R 35T % Zubs i o BRI,
Q0L E T »Feo MBEE, BELERL, LS
Y v SR, S A R A I L,
LR A A S 0, LS L BB MRy RE LT,

VTR E A SO PR O & K 11 ORILKE
P A S 90°C IR L, OB Na B
B (WO%EE) 100ml Rz, WHLEHD 2HRE
R LT & A 4 % v v EOBRBERIRGZ T, BORG#
DI O BREEE ElE L.

309 -LEEER S A 4% o EOMMS RRARIER

Treated

Separation

A

Hydrocarbon

Soil

Solvent

Distillation

Concentrate

Treated :
g Residue

Sodium Suspension

Fig. 5 Flow diagram of Solvent extraction and decomposition process
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Fig. 6 Relationship between the arnount of solvent consumption and residual dioxins (PCDDs+PCDFs) in soil

B PCDDs+ PCDFs BEF & BB 0B E % Fig. 6
T,

FAMER D PCDDs+PCDFs #5143 15 ng-TEQ/g
T - Tody, 2 kgesoil DR FiC TR FL T 5
CEEh, 033 ngTEQ/ ECET LI, X5 1
tikg-soil DIBHNPERC L b BB PCDDs - PCDFs 2
WK T 0.0%8ngTEQ/s ¥ TET Liz, ¥t cho
PCDDs+PCDFs BRERE L, FERE 100 L L Cum
SERAET L,

COREREL LT Ske HBOBEHNELF - 185
¥ Table 2 R4 X 5 we—[Elit BEE 0.1 ng-TEQ/g X
DRPECEYTLIE DD, o E Tl 0.08 ng-
TEQ/g TR L, FHTHA 4+ o RS 0.086
ng-TEQ/g ¥ CIET T,

MO SBEBROKE, METho 21 4% o8
i1 0.055 pg-TEQ/g ¥ CHR IR,

FHRD &4 4% & BT Y Table 3 KR+ 15
T, RO &0 % o R B 440,000 ng-TEQ T
Bofedl, WHEBEC L 0 1,400 ng-TEQ (0.32%) ik
T Lice SHBRHO 71 4% o VFR BT Na 595
BRI MR L D 0.055 ng-TEQ (0.000013%) w {ET L
o
3.3 FEKERIA A X L EOBHSE
3.3.1 HBFH®%

I 7 v —% Pig. 7 WRT, HEAR 10/, AHER
530 em?, AR OBum DA VT L vy 4 A& (MF)
BRVCTRIFED Skgllem? T, 308 (A) % 400/ 3¢
H(B) % 100/ MB L, BBEF (SS) *BRELL, ©

Table 2 Result of soil treatment

Sample PCDDs+PCDFs Coplanar PCBs Total Bxns
v {ng-TEQ/g) (ne-TEQ/g) (g TEQ/g)
Before treated 15 68 22

Run 1 0068 0.0027 0071

o]

2

& | Run 2 0.11 00032 011

B

g

ﬁ Run 3 0076 0.0018 04078
Mean 0.083 000626 0.086

5D treated extract 0.000055 T4x10* 0.000055
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Table 3 Total Dioxins balance sheet of soil treatment

Samnle Before After Extracts After o
P Treated Treated S treatment
Total Dioxins conc.
22 0.086 - 0.000055
[ng-TEQ/E]
Sample weight 20 16.4 210 1
{kg]
Total amount
440,000 1,400 438,600 0.055
[ TEQ} (438,600
RESM[‘D‘;]J rote 100 0.32 (99.68) 0.000013
Removal rate 0 99,68 - 99.99999
| 1%)

*Figures in the parentheses are calculated from the substitution of Dioxins content

of before and after treatment.

O, HHEERE 0.435 m: OHBRBER RO)RE V- —
At By, IRVEFES 2030 keffem? CHAE Lz,

SR AL - CHEH S h B S0 RO LRT
P |t K FETR R s X ORI X S it
Bl £ o fol, BKRREERe oS eed 51
DWW E L, © OEWE 90°C B LMD Na L2
W (Na BEE40%) % 100ml iz, 2WHHRFELT #
1 F ¥ v VEOBEEEREY T, RISABYHOR
REARE LI,

3.3.2 HEKBR A A &+ v vHEORBS BREER

Hek St oMt 2 EOREE BV o, Thih
DEEEA E 2T Table 4, 5 KR T.

FEL (A) 1 MF S 1 0 REED R0 A L,
RO MUEOREE, Ko &4 4%y vHEEREL 08
pe-TEQH LLF &7 b, RO MEEW LD 99.9998% Li L O
#A 4% v vERRESRI

MF M3 X ¢ RO MR CHRERB I A FF
o ERREERC I b RAAERERC o8BS,
Na BEH (Na 40%ME) THMRFIE SRR, &
ek 4 4% > VIEBIEET 0.96 pg-TEQ/E -7,
BN & 4 4 % o R B 4.8ng TEQ TH D,

Bk X i £ 4 A% o v EO90.997 % L RS RShi
il o s ‘

k4 (B) Tit MF BRI X b 72ng TEQ/ wHA L,
RO MITiL 0.8 pg-TEQ/ MUF &g 7z, RO SED
WE, AL 3018 6K, £44F o HHIL99.999%
Bl EA ¥R SN,

MT MB%s L Of RO B chERESh A1 4%
v EE (A) RS RE LR, 0.05pgTE-
Qfg R L, 99.906% A IhTc,

4. E =

AFERILEE Na ik X HBILRIETH D, BiE o &
& &t B LI PCB OB RIS L LUFoR
AR SR D,

BpClm+mNa — mNaCl+Bp Reac. 1

R BRALATE, Bp: ¥ 7 2 =28 (10—m) @ HE
1), m=1m5H10

 ORETEB O ) L 02 kT R TEMEED VR
T Hicsh, BLLMOTEELORGPELT T, L
Fepie T, RIGOEC L - T C1 RGHEEIHRE S

MF ﬂtrationwverse osmosis

]

b

Hydrocarbon Concentrate

Pistillation T

Treated
residue

Hydroearbon b

Y

I Sodium Suspension )

Fig. 7 Schematic flow diagram of dioxins treatment of waste water
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Table ¢ Result of the wastewater treatment

Sample PCDOs+PCDFs Coplaner PCBs Total Dioxins
> g TEQD (g TEQN) (g TEQN)
Crude sample 460 3.9 460
3., MF treated 140 .33 140
f=7
c% RO treated ND:<0.0008 ND:<0.000056 ND<0.0008
8D reacted 0.00096 4x 10" 0.00088
Crude sample 91 1.0 92
8 MF treated 71 0.58 72
B
E | RO treated NID:<0.002 NID:<0,00014 ND:<0.002
o
8D reacted 0.00005 5x 16 0.00005
Table 5 Total Dioxins balance sheet of wastewater treatment
MF Residue
Item . . and Treated
Before Treated MF Filtrate RO Fiitrate RO Residue
Concentrate
Total Dxas cone. 000098
460 140 ND;<0.0008 —
ing-TEQA] [ng-TEQ/g]
Sample volume 3795 3795 332 — 5,0000g]
) )
3 Total amount
=] 174,600 53,100 <027 174,600 48
E|  meTRQ) (174,600)
ol
Residual rate [%] 10¢ 304 <0.00015 (100) 0.0027
Removal rate [34] 0 6.6 =99.9998 — 99,997
Totat Dxns cone. 0.00005
g2 72 ND:<).0008 —_
g TEQA] v [ng TEQ/E
Sample volume 65 76.5 30 — 5,000[]
= ]
k- fl Erry—
- tal amoun
%" [ TEQ] 7,008 5,500 <0.06 (7.000) 0.25
ol
Residual rate [%) 108 8.6 <0.00086 1cy 0.0036
Removal rate %] o 214 >59.990] — 99.995

¥ Figures in the parentheses are calculated from the substitution of dioxins content of before and

after treatment,

15, Na BREHE & R RRAWE 4 5 L, &4
B0 K FE% Biphenyl b+ His o nEHEcE s L
Frbhs, Bb, kO 5iREhEs Lhns,

BpClm +2mNa+mROH

—* mNaGl+mNaOR +BpHm Reac. 2

AR THL IPA (Tsopropyl alcohol) % Na BREE & & S
K. PCB SRR L, SRR DREA H, # 2
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Environmental Measures and their Technologies on the Production Process
of Tableware (Bone China)

Minoru ICHIDATE, Susumu KAKAMI
Fumiaki KANAGAWA and Yasuyuki TOKUNAGA

finviromenetal measures and their technologies on the production process of tableware {bone china) are

shown.

1)} Muddy sludge, which is recovered from low materials treatment process and shape making process, is recycked

as low materials.

2) Water from glazing process contain lead compounds and suspended solid. This water is treated on the special

lead deposit process.

%) Tableware is glazed by lead free glazing fritt, which i
this fritt are 61—66 mol %, A1203 8-10 mol %4, MgO 0.1

¢ invented for bone china, The contents of components in
—9 mol %, Li20 2-5 mol %, K20 14 mol §, Na20 2-6

mol %, B203 10-15 mot % and RZG/RG=2-3.5 mol %.
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Biodiesel Fuel from Vegetable Qil Wastes
R

by Supercritical Methanol*

Shiro SAKA** and Dadan KUSDIANA **

The transesterification reaction of rapeseed oil in supercritical methanol was investigated in this study, without
using any catalyst. It was consequently demonstrated that, in a preheating temperature of 350°C, 240 sec of
supercritical treatment of methanol was sufficient to convert rapeseed oil to methyl esters with the molar ratio of
methanol in triglycerides being 42.  In addition, although prepared methyl esters were basically the same as those
of the common method with a basic catalyst, the yield of methyl esters by the former was found to be higher than
that by the latter due 1o a successful methyl esterification of free fatty acids present in the rapeseed oil. Further-
more, the kinetics study showed that the conversion rate of rapeseed oil to its methyl esters was found to increase
dramatically in the supercritical state.
reaction time and simpler purification procedure because of the catalyst unused, would become a powerful methad

Therefore, supercritical methanol process which requires the shorter

for recycling vegetabie oil wastes to biodiesel fuel.

1. INTRODUCTION

Agricultural and industrial applications require the
diese] engine for a variety of purposes, but the supply of
petroleum-derived diesel fuel will be limited in the fiture
from environmental aspects. The depletion in a world
petroleum reserves, thus, stimulated the search for alter-
native sources for petroleum-based fuel, especially for diesel
fuels, Vegetable oils are one of the candidates for diesel
fuels in diese] engines.

The technology of the utilization of vegetable oiis
either virgin or waste oil has grown rapidly as many refer-
cnces dealt with this area of research. There are several
methods to utilize plant oil and its wastes as an alternative
fuel such as their direct use, emulsification, blending,
pyrolysis, transesterification, and refining/cracking.
Transesterification is, however, believed as the most
promising method and fatty acid methyl esters produced by
this method are known as biodiesel fuel.

For this biodiesel fuel, there have been various studies
in Europe, USA and Japan, and most of conventional
methods for biodiesel production use a basic or acidic
catalyst. With acidic catalyst, a reaction of 1-45 h was
necessary for formation of the respective esters and by basic

catalyst, it is somewhat faster depending on temperature

FTRL2E 6 B 1 BARE04ERIS It T RE
** Graduate School of Energy Science, Kyoto University

TEI26E3 B 9 B2

Vol. 47, No. 2 (*00-)

and pressure, but it still takes 1-8 h for a reaction™ 9. As
noted by Boocock®, the reaction is initially siow because of
the two-phase nature of the methanol/oil system, and slows
even further because of polarity problem. The use of sim-
ple ether such as tetrahydrofuran can make this two phases
nature into one phase of its mixture and that methyl esters
can be produced in less than 15 min depending on the
catalyst concentration.

A removal of both the catalyst and the saponified
products after the reaction, however, is essential for its
purification®). The purification process of free fatty acid,
either before or after the reaction, causes the production
process longer and sometimes more complicated. There-
fore, the conventional commercial method is not only in-
creasing the production cost but also reducing the methyl
esters from fatty acids.

It is, thus, of great interest from a practical point of
view to study a practically possible process without using
any catalyst, We have investigated the potential of the
supercritical methanol method for producing biodiesel fuel,
fatty acid methyl esters, from vegetable oil wastes™ 8, For
this purpose, rapeseed oil was selected as a model for ex-

periments.
2. MATERIALS AND METHODS

The rapeseed oil from Nacalai Tesque was used in this
work as a model of vegetable oil waste. Free faity acids of

rapeseed oil such as palmitic, stearic, oleic, inoleic and

(483
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Table 1. Fatiy acid composition of rapeseed oil?

Fatty acid wt %
Palmitic acid, Cieo 6
Stearic acid, Ca0 1
Oleic acid, Cyg 68
Linoleic acid, Cys.z 24
Linolenie acid, C qs 11
Free fatty acid 2-3

linolenic acids and their methyl esters were also obtained
frorn Nacalai Tesque and used without any purification.
Table 1 shows a typical composition of rapeseed oll?: 8,

The supercritical methanol biomass conversion system
employed in this work is shows in Fig. 1. A batch type of
5 ml reaction vessel made of Inconel-625 was used in this
system in which the pressure and temperature were moni-
tored in a real time, covering up to 200 MPa and 550°C,
respectively. Into the reaction vessel, a given amount of
rapeseed oif and liquid methanol was charged with a molar
ratio ranging from 3.5 to 42 of methanoi fo the oil. The
entire reaction vessel was then immersed into the tin bath
preheated at a designated reaction temperature and kept for
a set time interval for suberitical and supercritical treat-
ments of methanol {200-500°C). it was, subsequently,
moved into the water bath to stop the reaction.

The treated rapeseed oil was then allowed to settle for
about 30 min to have three phases separated. The top

phase consisting of methanot was then removed, and for the

Pressure monitor

Temperature
monitor

Reaction vesse! (Inconek-625)

m

Water bath Tin bath

Fig. 1. A batch type supercritical methanol biomass
conversion system>.
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remaining phases, the upper and the lower portions were
separately evaporated at 90°C for 20 min to remove the
remaining methanol.  After measuring their residual
weight, each portion was analyzed on its composition by
using the high performance liquid¢ chromatography
(HPLG) (Shimadzu, LG -10AT) which consists of the
column (STR ODS-IL, 25 cm in length X 4.6 mm in inner
diameter, Shinwa Chem. Ind. Co.) and refractive index
detector (Shimadzu, RID-10A) operated at 40°C with 1.0
ml/min flow rate of methanel as a carrier solvent. The
sample injection volume was 20 gl and peak identification
was made by comparing in the retention time between the
sample and the standard compound.

Just for comparigon, common methyl esterification
reaction of rapeseed oil was made with liquid methanol and
a catalyst of sodium hydroxide at 60°C in an ordinary
pressure.  The ohtained meihyl esters as well as commer-
cial biodiesel oils were then analyzed by the HPLC.
Commerciat biodiesel oils studied are E-Oil from Lon Ford
Development Lid., Japan and Bio Super 3000 from
VOGEL & NOOT Technology, Biodiesel International,
Austria. The former was produced from wastes of
rapeseed oil, whereas the latter is from virgin rapeseed oil.

Free fatty acids of rapeseed oil were treated and ana-

lyzed in the same manner.
3. RESULTS AND DISCUSSION

3.1. Supereritical methanol biomass conversion

Figure 2 shows a typical example of the relationship

Tin bath Water bath
(330"0) (1 _loc}
400 80
~-@— temperature |
350 1 g pressure B8P
£ 300 | | 60
g / Supezeritical Lrsm.menl.‘: 2 @
2 250 |- L & 1.=239°C A @
& : 2 g i E
g 200 s ¢
3
= i
150 2
&
100 20
50
0 0

0 50 100 150 200
Immersion time, sec

Fig. 2. Temperature and pressure curves of the 5ml
reaction vessel containing methanol™.
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between the reaction time and the temperature and pres-
sure in the reaction vessel as immersed into the tin bath
preheated at 400°G. Tt is clear that it takes about 11 sec to
reach the supercritical methanol (5GC MeOH) conditions in
which the critical temperature (Tc) and critical pressure
(Pc) of methanoi are, respectively, 239°C and 8.09 MPa,
However, once the reaction vessel was immersed into the
water bath, supercritical conditions were released to the
ordinary conditions in a few seconds.

The supercritical experiments of methanol with
rapeseed oil were carried out with a batch-type of reaction
vessel. Therefore, the temperature and pressure inside the
reaction vessel are different in different reaction conditions,
Fig. 3 shows a typical relationship between the maximum
reaction temperature and pressure inside the reaction vessel
during the treatment. Supercritical state of methanol is
presented in the shadowed zone,

3.2.  Transesterification reaction

Assuming that the transesterification reaction of
rapeseed oil in the supercritical methanol proceeds under
the same reaction mechanism as that of using liquid

methanol, the reaction proceeds as follows without any

catalyst:
CH,OCOR!
I
CHOCOR? + 3CH,OH =
|
CH,OCOR3
Triglycedrides Methanol
RICOOCH, CH,OH
l
R™COOCH; + CHOH e}
i
R}COOCH; CH,OH

Methyl esters Glycerin
where R, R? and R® are alkyl groups with chain lengths
ranging mainly from G,, to Cy. Theoretically, tran-
sesterification reaction is equilibrium reaction. In this
reaction, however, more amount of methanal was used to
shift the reaction equilibrium to the right side and produce
more methy! esters as the proposed product.

With the biomass conversion system, the rapeseed oil
was treated in supercritical methanol at a preheating tern-

perature of 350°C and molar ratic 42 in methanol. The

Val, 47, No. 2 C00-F)

freated oil was studied for its upper and lower portions by
the HPLC. The lower portion contains high viscous and
transparent liquid. From the comparison with HPLC
chromatogram of glycerin standard, the liquid obtained in
the lower portion can be giycerin, as expected.

For the upper portion, the obtained HPLC chromato-
grams are shown in Fig. 4. Methyl esters of the rapesecd
oil are known to consist of methyl patmitate (Cy5_g), methyi
stearate (Ciy—g), methyl oleate (Cig~1), methyl linoleate
(Cis—2) and methyi linolenate (Cis—3), in which the first
number in the subscript is that of carbons in the alkyl chain,
while the second is that of the double bond, These methyl
esters studied by the HPL.C appear in the retention time
less than 10 min in the chromatograms, while the peaks
at the longer retention tirmes observed are believed to be
partially methylated esters such as diglycerides and
monoglycerides. As transesterification proceeds, the peak
intensities of methyl esters are apparently increased with
decreasing in those of partially methylated esters.

The course of reaction is fast in the beginning and
gradually slow in the longer reaction time. Cver 0% of
the rapeseed oil is methyl esterified at only 30 sec treatment
and that 240 sec supercritical treatment has resulted in over
95% conversion to methyl esters. This result is really sig-
nificant, compared with other previous results, Diasakou
et al”’. reported that without catalyst, methyl esterification
of soybean oil required 10 h to get 85% yield at 235°C,
while Marinkovic and Tomasevich needed 3 h to yield the
same result with using acidic catalyst.

Figure 5 shows a direct comparison in the HPLQ
chromatograms between supercritical methanol-treated
sample at a preheating temperature of 356°C (240 sec) and
that prepared by the common method which employs a
catalyst of sodium hydroxide. It is clear from these chro-
matograms that the pattern of chromatograms is very
stmilar each other benween the common method and com-
mercial fuels, Rapeseed oil treated at 350°C of supercriti-
cal methanol for 240 sec showed comparable methyl esters
composition with that of three other oils. In addition, the
non-methyl esters are more or less the same in content.
3.3, Kinetics of the transesterification reaction
3.3.1 Effect of molar ratio of methanai to trigiycerides on

methyl esters formation

The molar ratio of methanal to triglycerides of the
rapeseed cil is one of the most important variables affecting
the yields of methyl esters converted. The stoichemistry of

the transesterification of rapeseed oil requires three molec-

(51)
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To = 239°C

Pressure, MPa
= o
z & 5 & B
. T

2
.

Pc+ 3.09 MPa

400 600

Temperature, °C

Fig. 3. Relationship between reaction temperature and pressure inside a bath-type reaction vessel®.

ules of methanol o react with one molecule of triglycerides
of rapeseed oil.

In this work, therefore, the effect of the molar ratio of
methanol to rapeseed oil was studied in the range between
2.5 to 42 on the yield of methyl esters formed for super-
critical methanol treatments, assuming that the average
molecular weight of rapeseed oil is 806.

Figure 6 shows the obtained HPLG chromatograms of
rapeseed oil as treated in various molar ratios for 240 sec

under supercritical conditions. As mentioned previously,

Cm_n C1s-1

SC MeOH 240 sec

ClB—Z ' X
120 sec
Cias 60 sec

_’_MLJ\M 205

Rapeseed cil

10 20
Retention time, min

Fig. 4. HPLC chromatograms of the upper portion as
repeseed oil treated with supercritical methanol

at 350°C5%.

(52)

it was demonstrated that the intensive peaks in the chro-
matogram observed in the short retention times {3 to 10
min} are methyl esterified compounds, while in the longer
retention times, intermediates such as monoglycerides and
diglycerides are appeared {10 to 20 min). Therefore, from
Fig. 7, it is apparent that the conversion state of rapeseed
oil is different as various molar ratios of methanol were
applied to the transesterification reaction of the rapeseed

oil. In the higher molar ratio of methanol applied, the

SC MeOH
_,‘AN 3580°C, 240 sec
Commen method
E-0i

o W
Bio Super 3000
|
1 1
10 20
Retention time, min
Fig. 5. HPLC chromatograms of methyl esters prepared

by supercritical methanol and common method,
compared with those of commercial biodisel
oils?.
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methy] esterified compounds are increased with decreasing
in the intermediate compounds.

For a molar ratio of 42 in methanof, almaost complete
conversion was achieved in a yield of 95% of methyl esters,
whereas for the lower molar ratio of § or less, incomplete
conversion was resulted in the lower yield of methyl esters,
These lines of evidence, therefore, indicate that the higher
molar ratios of methanol result in the better tran-
sesterification reaction, due perhaps to the increased con-
tact area between methanol and triglycerides.

3.3.2  Effect of reaction temperature on methyl esters for-
mation

To determine the effect of temperature on methyl es-
ters formation, transesterification reactions of rapeseed oil
were carried out at various temperatures ranging frorm 200
to 500°C with a fixed molar ratio of 42 in methanol which
is the best condition found in Fig. 6.

Figure 7 shows the yield change of methyl esters
formed, in which the cbtained experirnental data are shown
by the symbols, whereas the simulated curves are shown by
the lines as discussed fater. At temperatures of 200 and
230°C, the relatively low conversion to methyl esters is
evident due to the suberitical state of methanol. In these
conditions, methyl esters formed are at most ahout 68%
and 70% at 200°C and 230°C, respectively, at 3600 see

Molar ratio
35:1

20
Retention time, min

<
—
=

Fig. 6. Effect of the molar ratios of methanol to rapeseed
oil in transesterification reaction on producing
methyl esters, as treated at 350°C9),

Vol. 47, No. 2 (C00-8)

(1 hr) treatment,

At a ternperature of 270°C, the conversion rate is still
low. However, at 300°C, a considerahle change in the
conversion rate can be seen with about 80% of methyl es-
ters produced in 240 sec. As mentioned previously, 350°C
for 240 sec treatment results in a high conversion of
rapeseed oil to methyl esters with its yield of 95%.

An important result here is that the composition of
methyl esters yielded is very similar to that prepared by the
conventional commerciat process with alkaline catalyst. At
even higher temperature of 400°C, the transesterification
reaction is essentially completed for 120 sec to convert
almost all rapeseed oil to their methyl esters. However, in
such a high reaction temperature, decomposition reaction
takes place by the thermal degradation,

As a result, the transesterification reactions of rapeseed
oil to methyl esters proceed appropriately at the tempera-
ture of 350°C under supercritical condition of methanal
without any catalyst used.

3.3.3. Kinetics of rapeseed oil to raethyl esters

To correlate experimental data and to quantify the
temperature and reaction time effects ohserved ahove, the
experimental results were analyzed further in terms of the
kinetics of rapeseed oil to methyl esters. Todo so, a simple
mathematical model was proposed in the reaction, the de-
tails of which are described elsewhere®, To ohtain the rate
constant, k, unmethyl esterified compounds {(uME) which
include triglycerides, diglycerides, monoglycerides and un-
reacted free fatty acids were considered. Assuming that the
initial concentration of uME, at time t=0, is uME, 0 and

that it fails down to uME, t at some later time t, the in-

L]
K 75
o
]
7]
@ 50
=
5
L
= 25
100 HIL 10 i0% 1g¢
Reaction time, sec

X 200°C m 230°C + 276°C 0 300°C

0 350°C & 4050°C A 450°C a4 500°C
Fig. 7. Effect the reaction temperature on the methyl es-

ters formation, The experimental data are
presented by the symbols, whereas the solid lines

are simulated curves based on eq. (2)%,

(53)
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Temperature, °C

500 400 200 w200 100
01c ; A ;
3 001
=
A
0.001
|
0.0001 I | s
1.2 1.6 2.0 2.4
1000/Temperature, 1K
Fig. 8. First order reaction rate constant in Arrhenius

plot of rapeseed oil in methanol during tran-
sestexification reaction®.

tegration gives

_In [uME, t]—n [uME, 0]
t

k (2)

Based on the eq. (2), the rate constant was obtained for
each reaction temperature as shown in an Arrhenius plot in
Fig. 8. It is evident that at subcritical temperature helow
239°C, the reaction rates are so low but much higher at
supercritical state, with the rate constant increased by a
factor of about 85 at the temperature of 350°C.

Liguid methane} is a polar sotvent and has hydrogen
hondings beiween OH oxygen and (OH hydrogen to form
methanol custers. Because the degree of hydrogen bond-
ings decreases with increasing temperature, the polarity of
methanol would decrease in supercritical state, This
means that supercritical methano} has a hydrophobic na-
ture with the lower diclectric constant. As a resuit, non-
polar triglycerides can be well solvated with supercritical
methanet to form a single phase of vegetable oil/methanol
mixture. This phenomenon with the high temperature
conditions seems to be likely to promote transestertfication
reaction of rapeseed oil.

The simulation was made on a relationship between
the formation of methyl esters and reaction times, based on
eq. (2) to examine the fitness of the experimental results, as
shown in Fig. 7. In this figure, the simulated curves are
shown by the lincs and the experimental data represented
by the symbols. Ir the subcritical temperature, simulated
curves were somewhat different from those of experimental
data, This would be because at the longer treatment, the
conversion rate is low due to the equilibrium reaction ap-

proached. However, at the supercritical state, the simu-

(54)

lated curves fit well with the experimental results in all
cagses. Therefore, a simple method proposed to determine
the rate constants in transesterification must be valid.
3.4. Free fatty acids reaction in methyl esterification
As mentioned above, by the common method, free
fatty acids of rapeseed oils react with alkaline catalyst to
form saponified products (salt of fatty acid). The reaction

is considered as follows:
R-COOH+Nz0H — R-COONa+H,O [€)]

In supercritical methanol method, however, we found
that free fatty acids could react with methanol by methyl
esterification reaction to form their methyl esters, as shown

in the eq. (4).
R-COOH+ CH;0H — R-COOCH; +H,0 {4}

It was found that the saturated or upsaturated fatty
acids are converted to their methyl esters to a less extent at
the lower temperature but gradually more to be complete in
the higher temperature. Although more intensive work is
necessary, this fact suggests that the fatty acids which
become wastes as saponified products in the conventional
commereial method with the catalyst can be available as
dieset fuel in the supercritical methanol method,

able 2 shows the comparison in the yield of methyl
esters and glycerin between these two methods. The yield
of methyl esters in the upper portion prepared by this new
method is 1.5% higher, the value of which corresponds to
the total conversion of free fatty acids of rapesecd oil at
temperature of 350°C. The increased yield in this super-
eritical process would be due to 2 conversion of free fatty
acids to its methyl esters.

This finding suggests that the supercritical methanol
treatment has a great availability to perform  tran-
sesterification reaction, and that it would provide a clue as
to establishing a new process for converting vegetable oil

and irs wastes to biodiesel fuel.

Table 2. Comparisons in the yields of methyl esters and
glycerin between supercritical methanol method
and the common method?®.

Methods Methy! esters Glycerin
(g} ®
5C MeCOH method 1.98 0.23
Common method 1.95 023
Theoretical value 2.0 0.23
BRI R
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Rapeseed oil

- 1.5%NaOH/MeOH
" <
’ Transeste_riﬁcation l -
<Standing separation>
1
v v
Evaporation > Evaporation >
of MeOH of MeOH
— MeOH]} [Crade methy] esiers) [Remainder] [MeOH] ']
|~
<Standing separation> l
[Saponified
products)
[Water phase] [Methyl esters phase]

| Repeated washing
Methyl esters

v

Fig. 9. Schematic process of the commercial biodiesel fuel production by common method®.

3.5. Comparison between supercritical methanol and
conventional commercial methods

As it was already mentioned, biodiesel production by

the common method requires a catalyst, either basic or

acidic. The schematic process of its process is shown in

l Rapeseed oif J

+———S8C MeOH
¥

ﬂ Transesterification F

<Standing separation> (30 min)
{
[Upper] [Li’wer]
Lo vaporatior> Vapm-aﬁm>
of MeOH of MeOH
(90°C, 20 min)

! Methyl esters l

Fig. 10. Schematic process of biadiesel fuel production
by supercritical methanal®),

Glycerin

Vol. 47, No. 2 ("00-H)

Fig. 9. Generally, methyl esterification reaction takes
place in the elevated temperature arcund 60°C and post
treatmment  becomes crucial because several steps  of
purification are needed to achieve methyl esters from the
upper portion. For the lower portion, it is necessary to
remove all saponified products produced from free fatty
acids and basic catalyst to achieve glycerin, as co-products.
The supercritical methanol process, however, becomes
much simpler as in Fig. 10, since it is a catalyst-free process
and thus only a removal of methanol is required.

The common method employed for the commercial
production of methyl esters takes { to 8 h at a temperature
close to 60°C. The reaction is initially slow because of the
two-phase nature of the methanol/oil system, and slows
even further because of the polarity problem even with the
help of acid or alkali catalyst. However, as described in
this work, supercritical method can readily solve these
problems because of the supercritical ternperature and
pressure employed. The dielectric constant of liguid
methanol which tends to be decreased in the supercritical
state increases the solubility of oil in methanol to form a
single phase of methanoi/oil system. Solubility parameter

of rapeseed oil determined by theoretical calculation is

(55)
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Table 3. Comparisons between the cormmon method and supercritieal methanol methad for biodiesel production®

Commen method §C MeOH method
Reaction time 1-8h 120 - 240 see
Reaction conditions 0.1 MPa, 30 - 65°C 43 MPa, 356°C
Catalyst acid or alkali none
Yyee fatty acids saponified products methyl esters
Yield normal higher
Removal for purification methanol, catalyst and saponified products  methanol
Process complicated simple

about 18 (MPa)!?? while methanol is 29 (MPa)? and its
value decreages to be eloser to that of rapesecd oif in su-
percritical state depending on temperature and pressure
employed!®. Our calculation showed that solubility
parameter of methanol would be less than 20 in the super-
critical state. It was also reported by Ma'" that the solu-
bility of triglycerides in methanol increased at the rate of
9-39% (wiw) per 10°C of the reaction temperature in-
creased, The kinetic study clearly indicated that the reac-
tion rate constant in transesterification is greatly increased
in the supercritical state. Consequently, the reaction can
be completed in a very short time.

As a conclusion, Table 3 summarizes the superiority of
supercritical methanol process over the common method.
The merit of this method is that this new process just TE-
quires a very short reaction time, In addition, because of
non-catalytic process, the purification of preducts after
cransesterification reaction is much simpler and environ-
mentally friendly, compared with the common method in
which all the catalyst and saponified produets have to be
removed for biodiesel fuels. As a result, it just needs
smaller energy for the manufacturing process. Therefore,
this new process can offer an alternative way to convert
vegetable oils and their wastes to methyl esters by a sim-
pler-safer-shorter production process in an environmentally

friendly manner.
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