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AT HIGH TEMPERATURES AND PRESSURES WITHOUT CA ]'Al YS‘ ™

S O

(SR R e R o

THERMAL TRANSESTERIFICAITION

FEED STOCKS - CONDITIONS

REFINED COTTONSEED OIL (Acidity = 0.5 wt.%0)

LABORATORY PRODUCED ACID COTTONSEED OIL
(Acidity 9.5 wt.%0)

METHANOL

MOLAR RATIO METHANOL / Veqg. OIL 6/1
THERMAL RANGE : 170 — 180 — 190 — 200°C
INITIAL PRESSURE : 20 — 27 bar

HIGH PRESSURE MINI BATCH REACTOR
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MATHEMATICAL MODEL
1. Batch reactor

¢ Homogeneous mixture with constant density (d .,ixiure — CONStant)

¢ Isothermal — single phase mixture, apparent constant rates

2. Three reactions first order with respect to

. 3. Equilibrium
each reacting component
¢ Irreversible Triglycerides reaction K

2 _ Cus - Cue
TG + MeOH ME + DG €42 K _>

CDG : CMeOH

¢ Reversible Diglycerides and Monoglycerides

reactions K _ Ks - Col " Cue
3
DG + MeOH —~ ME + MG " K E T s
MG + MeOH —— ME + GL
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Density (g/cm3)
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DENSITY CALCULATIONS VS. TEMPERATURE
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200 300 400 500 600 700 800

Temperature (K)

Equation : Rackett (Methyl esters)

Halm-Stiel (Methanol & Glycerol)

NATIONAL TECHNICAL UNIVERSITY OF ATHENS
Unit of Hydrocarbons and Biofuels Processing



REVERSE EQUILIBRIUM EXPERIMEINT

S

Temp. = 200 °C
Molar Ratio

Glycerin : Methyl esters : Methanol =1 : 3 : 3

160000 T

140000 -

120000 A .
Monoglycerides }

100000 -
[ Diglycerides }
£ 80000 A

60000 -

40000 -

{ Triglycerides }

B

y = \ y )
I 1 \I /
5 15

time (min)
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MATHEMATICAL MODEL

Acid Rair(etdghilEFAS) —
1. Triglycerides
dC
d—_EG & _Kl Sl C|\/|eo|-| _Klox ’ CTG ’ CMeOH i Cox
2. Diglycerides
9Cos _ k. .C . -Curi + K, - Con - Cot I
dt 1 [c MeOH 2 MG ME 2 DG MeOH
+Klox 'CTG 'CMeOH 'Cox i K2ox 'CDG 'CMeOH 'Cox
3. Monoglycerides
dC
?MG = Kz 'CDG 'CMeOH + K—3 'CGL 'CME _ K—z 'CMG 'CME e K3 'CMG 'CMeOH
+K20x ’ CDG ’ C:MeOHCox E K30x ’ CMG : CMeOH A Cox
4. Acidity
dC ? — 7
YCRCQOHcE ROH.: k=C, - ®ICOOR + H,0
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RESULTS 170 °C (Non-catalytic)

1 - —
=09 - .
Acid Cottonseed oil g 0.8 O]
T
idi ' 3 0.6 -
Acidity reduction 2 o = TG A DG OMG A ACIDITY
9.5 wt.% —> 1.8 wt.% <P
o 0.4 A Ll
R §_ 0.3 7
20.2-
15 < 0.1
‘C 0.9 A :
(@)
£0.8 - 0 1000 1500
> 8 ; e - Xpovoq (min)
Ny OTG ADG O MG . :
S 0.5 1 - Refined Cottonseed oil
o 0.4 4
l—
g_ 0.3 1 O K, :2.9x10-4 kg(mol)-tmin-1
5 0-27 - . K, :6.7x10- kg(mol)-tmin-1
¥ 01 m — A K, :3.6x104 kg(mol)-tmin-1
O | | 1 3 ) )
0 500 1000 1500

Xpovoc (min)
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RESULTS 200 °C (Non-catalytic)

1 5 S
0.9 1 '
Acid Cottonseed oll go.s ]
2 0.7 1
ivati -3 0.6 A
Increased activation 02 TG AC
Equilibrium within 12h =
o 0.4 1
R §_0.3 7 ]
p=Ne)7 -
1 l'ﬁ -2 O Q O O O
L 0.9 - v 0.1
0.8 - 0 . . A
T 0.5 0 500 1000 1500
-3 0.6 T Xpovocg (min
Y ool 0TG aDG oMG| ~Poves (min)
= ol Refined Cottonseed oil
o 0.
S 013K o :
© g2 - o K; :7.2x104 kg(mol)-tmin-!
.O -
$ 0.1 fg\e\‘a\w\ = K, :1.2x10-3 kg(mol)-tmin-1
O
0 . . B K, :6.8x10-4 kg(mol)-*min-1

0] 10]0) 1000 1500
Xpovoc (min)
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ACTIVATION REFINED vs. ACID
COTTONSEED OIL e

TRIGLYCERIDES CONSUMPTION

1
~ 0.9 - 0200 P.B. A 190 P.B. O 200 O%.B. ¢ 190 OE.B.
J0.8 9
0.7 -
3 0.6 -
S
S 0.5 -
S 0.4 +
S 0.3 -
.8 O 2 -
S 0.
~< 0.1 -
O T —@_I
0 500 1000 1500

Xpovocg (min)
INCREASED ACTIVATION OF ACID OIL
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Non-Catalytic Thermal Transesterification

1 T
\
0-98] ¥ ~ o refined cottonsed oil
O .
084 \\ " crude cottonseed oil
< e A 2% acetic acid
0:71 \ T ' .
S~ m high acidity olive oil
) T
@ 0.6
o
= 05 -
[}
2 04
=
0.3 4
0.2
0.1+
om T T T T T T T
(0] 200 400 600 800 1000 1200 1400
reaction time (min)
2x. 1. H emidpacon 1ng moiotntag Tou EAaiou Kai n rapoucia
oéivou mepIBAAAOVTOC OTN UETATPOTTH TWV TPIYAUKEPIOIWV
0.5
034 o refined cottonseed oil
0.4 1 crude cottonseed oil
A 2% acetic acid
0.35 1 m high acidity olive oil
5
@ 0.3 1
.8
§ 0.25
2]
@ 024
=
0.15 4
0.1 4
0051/
0 T T T T T T T
0 200 400 600 800 1000 1200 1400

reaction time (min)
2X. 2. H emidpaan 1ng moidétntag rou eAaiou Kai n mapouadia
oéivou repidAAovrog otnv mapaywyn Twv OlyAuKEpISiwvV

Oil : Crude and Refined Cottonseed oil,
High acidity Olive oil (8-9 wt.%)

Alcohol : Methanol

Temperature : 170 °C

Pressure : 20 bara

0.5
0.45 1 © refined cottonseed oil
0.4 - crude cottonseed oil
A 2% acetic acid
0.35 ~ m high acidity olive oil
5
2 034
o
§ 0.25 4
12
@ 02
=
0.15
—— A -
01 Ta— - 1
e —
0.05 s
om : . . . . . .
(0] 200 400 600 800 1000 1200 1400

reaction time (min)
2X. 3. H emidpacon tn¢ mo1otnTac rou eAdiou Kai n mapouaia
oéivou mepiBdAAovToc aTnv Tapaywyn Twv UOVOYAUKEPIOIwWY
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THERMAL EXPERIMENTS

refined cottonseed oll

1~
gO.S TG - DG o MG
-% 0.6 1 Reactor : High Pressure Batch
o 04 Oil : Refined and high acidity (9.5 wt.%) Cottonseed oil
)
® J .
g 02 gf/ﬂé} e Alcohol : Methanol

0 =2 ‘ ‘ ‘ E————AL Molar Ratio Methanol / Oil =6/ 1

0 200 400 600 800 1000 1200 1400 1600 Reactants Mass : 100 - 200 g
reaction time (min)
Temperature : 180 - 210 °C
high acidity cottonseed oil

1 —_
g 0.8 TG » DG & MG
O 0.6 - : : :
= Triglycerides conversion to about 99 %
= 0.4 -
A
S 02 e e — The acid oil is more active than the

S ——— S the refined

O 200 400 600 800 1000 1200 1400 1600
reaction time (min)
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KAhdouata Madwv (gr/gr)

KAdopata Malwv (gr/gr)

RESULTS
T=200°C , 6:1, Thermal

Refined Cottonseed oll

O I I I I I I I 1
800 1000 1200 1400 1600

Xpovog (min) _ _
Triglycerides

A Diglycerides
e Monoglycerides

Acid Cottonseed oll * Acidity
I I | * 1
(0] 200 400 600 800 1000 1200 1400 1600
Xpovog (min)
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SOLID CATALYSTS

refined cottonseed oll

0.8 1 TG DG - MG

mass ratio (g/Q)

O 200 400 600 800 1000 1200 1400 1600
reaction time (min)

high acidity cottonseed oil

=
|

TG o DG o MG

© o
o ™
|

o
~
|

~—~
(=)
~
o)
~
9o
]
@©
—
2]
2}
@®©
S

0.2 1

O 200 400 600 800 1000 1200 1400 1600
reaction time (min)

Reactor : High pressure Batch

Oil : Refined and high acidity (9.5 wt.%) Cottonseed oil
Alcohol : Methanol

Molar Ratio Methanol / Oil =6/ 1
Reactants mass : 100 - 200 g
Temperature : 180 - 210 °C
Catalyst : Typical Solid Basic catalyst (HAS)
at 1wt.% of oil mass

Transesterification reaction reaches
almost 99.9 % conversion.

The catalyst is very active and at the
presence of Free Fatty Acids

Catalyst can recovered at the end
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N RESULTS

5 g-j T=200°C, 6:1, Iwt.% Catalyst (HAS)
3 06
2 05
g 04 Refined Cottonseed oil
8 03-
<
¥ 02-
0.1+, v . .
1 0 :‘! I I | | | | | -—\
0 200 400 600 800 1000 1200 1400 1600
S Xpovog (min)
0.8
0.7 N . Triglycerides
0.6 Initial Acidity : 9.5 wt.% A Diglycerides
Final Acidity : 2.9 wt.% e Monoglycerides

Acid Cottonseed oll

0.1 Q::‘ . ° o

O a A A A
T I I I I I |

0 200 400 600 800 1000 1200 1400 1600
Xpobvog (min)

KAdopata Madwv (gr/gr)
o
(&)
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Catalytic vs. Thermal

Temperature : 200 °C S TTe——
Molar Ratio Methanol /7 Oil : 6/1

Acid Cottonseed oll 09
g 0.8
5 07
¢ TpiyAukepidia 3 06 Thermal
AiyAukepidia 5
, O
1- MovoyAukepidia 5
097 * OQ&uTnTOa 3 .
g 0.8 -
5 0.7 ‘ ‘ ‘ ‘ | e
5 0.6 0] 200 400 600 3{010) 1000 1200 1400 1600
g o5 Catalytic ~eerel
g 0.4 -
g 03-
< 02 Initial Acidity : 9.5 wt. %
0 —F—"—*= ‘ ‘ ‘ = Final Acidity : 2.9 wt. %
(0] 200 400 (510]0) 800 1000 1200 1400 1600
Xpovog (min)
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GLYCEROL REMOVAL

0.3 - TP\ OKeEidiol S TT———
Ogﬁ [ 1st Removal ﬂﬂﬁ,mm%ff » T=200°C
5 07| ;;)”qu "3 > Acid Cottonseed oil
jg > Solid Catalyst (HAS)
£
1
8 \\/[ 2"d Removal ]
X
X rhinin)
15t removal 2"d Removal
Cro = 0.0Wt.% Cr = 0.0Wt.% Crg = 0.0Wt.%
Cos = 1.8Wt% | > Cpg =0.5wt% | > (:DG = 0.2wt.%
Cye = 10.0Wt.% Cye = 4.5Wt.% = 2.0wt.%
OocutnTa = 2.9wt.% Oocutnta = 1.4wt.% Oﬁumm 1.0wt.%
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CATALYST DEACTIVATION

x\
1 1 -+ ETravaypnoigotroinuévog KataAutng
0.9 4 dpéakog KAtaAuTNG
T 087 o Xwpig KaTaAUTN
5 0.7
& » 200°C
3 0.6
g 05 » Refined Cottonseed oil
2 0.4
8 03 » Molar Ratio 6:1
§ 0.2 .
") » 1wt.% Solid Catalyst (HAS)
0 ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 51010) 600
Xpodvog (min)
Suggestively Experiments
> Super Acid Oil » Cig = 0.0wt. %
> Refined - Cooked Palm oil » Cps = 2.0-2.5wt. %
» Crude Animal Fat » Cye =10.0-11.0wt. %
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1. CATALYTIC ESTERIFICATION EXPERIMENTS

—  Feedstock : high FFA oil (acidity 38.1wt.%)

—  Molar ratio methanol / oil : 6/ 1

—  Catalyst : superacid resin (1wt.% and 2wt.%)

— Reaction temperatures : 90°, 100°, 110°, 120°C

—  Purpose : studying the deactivation of the catalyst,
examining the influence of mass transfer phenomena,
finding the kinetic and equilibrium parameters
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CATALYST DEACT IVATI
»  Continuous catalyst reuse '

> Reaction temperature, 110°C

»  Molar ratio methanol / ail, 6:1
»  1wt.% superacid catalyst
» Reaction time, 12h

(O
07 T T T T T
1 2 3 4 5 6

Batch No

NATIONAL TECHNICAL UNIVERSITY OF ATHENS
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g

FFA conversion (%)
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N
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CATALYST DEACTIVATION

fresh —— used

100 - —
90 - .
—~ 80 +
= o > 120°C
7 2 > Molar ratio MeOH / oil, 6:1
s o > 2 wt.% catalyst
< 30
IeZor /
10 1
o d
0 5 10 15 20 25 30
Time (h)
285 rpm —=— 570 rpm
100 -
EFFECT OF %0 |
—~ 80 A
AGITATION € 70|
g 60 -
» 110°C % 28:
> Molar ratio MeOH / oil, 6:1 £ 30 /
L 20
> 2 wt.% catalyst 10 .
b s ‘ ‘ ‘ ‘ \ \
0 5 10 15 20 25 30 35

Time (h)
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DETERMINATION OF HENRY COEERICIENTS

ASSUMPTIONS: No volatile components in the oil —

Almost ideal behavior of methanol in the gas phase, which
means that the following can be applied: P(t)-V,= z:n(t)-R-T

So the amount of dissolved methanol in the oil (on g CH;OH / g oil) can be
expressed as:

P(t=w)-V
ntC=I-(|)OH - ( ) g)‘MBCH OH
ct*  — ; ZRT ’
CH,OH m

o]

where: Vg » Vt _VI , KAl VI = Voil + VMeOHsoI

acidic oil (9.5% acidity) refined oll

180 1
160
140
120
100

80

60 ; w ‘ ‘ ‘ ‘
440 445 450 455 460 465 470 475

T (K)
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RESULTS — REACTION RATE CONSTANIS

0.35 1‘ —
031\ T=120°C
s MeOH / ail = 6/1
s " K,,= 44.771 gmix?/min-mol-gcat
o] % 2 wWt.% catalyst o J J
01 _ K.ox= 45.522 gmix?/min-mol-gcat
(0] 200 400 600 TimiO(Omin) 1000 1200 1400 1600
2 T=110°C
s MeOH/oil = 6/1
< o015 . 0
. 2 WL Caiaig Kox= 31.077 gmix2/min-mol-gcat
oo K.ox= 33.277 gmix?/min-mol-gcat
Time (min)
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Acidity (g/9)

Acidity (g/g)

o
=
a1

0.4 4

0.35 4
(]

o
w

o
N
(3

S
N

0.1 4

RESULTS — REACTION

T=100°C,
MeOH/oll = 6/1,
2wt.% catalyst

0.4 -

0.35 1

031 %

e
N
a1

0.2

0.15 ~

0.1

0.05

500 1000 1500 2000 2500 3000 3500

Time (min)
T=90°C,
MeOH/oil = 6/1,

2wt.% catalyst

500 1000 1500 2000 2500 3000 3500 4000 4500
Time (min)

RATE CONSTANITS

hx-—-.._

Kox= 15.461 gmix?/min-mol-gcat
K

o= 21.059 gmix?/min-mol-gcat

Kox= 8-258 gmix?/min-mol-gcat

K o= 16.670 gmix?/min-mol-gcat
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9/9)

(

mass ratio

Enzymatic Transesterification

System: Semi - Batch reactor
Oil : Refined cottonseed oll
Alcohol : Methanol

Gradual addition of Methanol up to Methanol / Oill =3/ 1
Batch size : 10 g

Temperature : 35 oC; Biocatalyst : 4 %w/w Novozym 435

10)

refined cottonseed oil refined cottonseed oil
0.3 - 1
0.25 - DG o MG g 0.8 - TG
0.2 - =
O 0.6 -
0.15 - =
0.4l % 0.4 -
0.05 - =
o—o90%, = e o
0 Q/O/O/O\ I I I ! O I I I I !
0 10 20 30 40 50 0 10 20 30 40
reaction time (h) reaction time (h)
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LABORATORY SCALE HOMOGENEOUS CATALYSIS

Experiments with the use of
homogeneous catalyst

Alcohol

Catalyst, T

Time : 1-1.5 hours
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LABORATORY SCALE HOMOGENEOUS CATALYSIS
Feed Stocks . Refined Soybean olil, Neutralizedm_

Alcohol : Methanol
Catalyst : KOH

Easy Separation

Biodiesel - Glycerol

-
\

Disadvantage

Glycerol needs Purification
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SEMI-PILOT SCA



Reactors Volume: 20lt. FEED STOCKS
" Temperature: 62 — 64 °C Refined Soyb
Catalyst: 1 wt.% KOH C
Alcohol: 6/1 MeOH

ur-i >

an oil

SEMI-PILOT BIODIESEL PLAliilii.|

Glycerol Removal Biodiesel Collection
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QUALITY OF BIODIESEL

Comparison of our semi — pilot produced BIODIESELC With=——"
European Biodiesel Standards EN-14214

EUROPEAN BIODIESEL STANDARD (14/02/2003) EN Biodiesel from Biodiesel from
14214 Soybean oil Cottonseed oil
Property Unit min max M.O. = M.O. EL.PE.
Density 15 °C kg/m?3 t31610) 210]0) 885.4 885.1 883.2 883.3
Viscosity 40 °C mm?2/s 3.5 5.0 4.22 4.21 4.28 4.22
Flash Point °C 120 100 170.5 95 169.5
Sulfur Content mg/kg 10 <20 - <20 -
Cetane Number 51 - - - -
Water Content mg/kg 500 460 339 480 317
Oxidation Hours 6 - - - -
Stability
Acid Value mg KOH/g 0.5 0.14 - 0.15 -
lodine Value griod./100gr 102 - - - -
Copper Rating Classl Class 1A 1A 1A 1A
corrosion 1
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PILOT UNIT



FLOW SHEET OF OUR BIODIESEL PILOIF PILANT

Yolumetric tanic VTl
ST L0 Yaluretrlc tonk VT2 Yolupetpie_fank VI3 Lednetric ook 14
+ Z3S0MMxh370MR (=350 23S 0mmxh370nm (=350
ZB50nnxh750mn (=720
mplmsgvpdnt of levet VEB Ol 6Ol o evel e w::hta . 2 fﬂ?ﬂam of level
with overflow pana ‘:Hn':dn ve with overflow with overflow
:ler':'tt caver cover
o

|

<
n

Gravity seporator GSI1
Z450mmxhS550mm (=B71>
Product: 60l

450mmxh550mm (=B71)
Product 60l

[

2350rmxhl150mm 10 B350
Renct:ln‘tw s 2ot clown to 73mmHg
operating pressure "o VOCUUM DUMD, VOCUUM 0
vertical condenser extemnr loterol heoting 3x750W
external lateral heating 3x730W no condensotion inside cover
Cheating)
stripping
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BIODIESEL PILOT PLANI;
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BIODIESEL PILOT PLANI;

e Automatic Control of the -
Unit ==

)
.
L P — -I|
i
)
= :J

e Ability to manage 1 Barrel ||
(200 It.) Biodiesel / day 3 i

Feature Works ! .' |

e Methanol vapor condenser > - %
e Moisture Condenser
e Methanol Recovery

e Glycerol Purify

‘!\L‘%_| : :.‘-; i .
'%;‘\_ | ry: " W
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REACTOR (RT1)
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BI0ODIESEL SHIPMENT TO LOCAL REFINERY







Property

Ester content

Density at 15°C

Viscosity at 40°C

Flash point

Sulfur content

Cetane number

Water content

Copper strip corrosion (3h at 50°C)
Oxidation stability 110°C

Acid value

lodine value

Linolenic acid methyl ester
Polyunsaturated methyl esters
Monoglyceride content
Diglyceride content
Triglyceride content

Group metals (Ca, Mg)

Group metals (Na, K)

Phosphorus content

NATIONAL TECHNICAL UNIVERSITY OF ATHENS
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Unit
%(m/m)
kg/m3
mm?2/s
°C
mg/kg

mg/kg
Rating
Hours
MYkon/9
Oli0dine/ 10097
% (m/m)
% (m/m)
% (m/m)
% (m/m)
% (m/m)
mg/kg
mg/kg
mg/kg

Properties of our Biodiesel derived from Cottonseed oil

Biodiesel
98.58
883
4.2
172
7
52.03
335
la
6.9

0.2

0
0.6

0.07
0
<0.6/<0.05
0.08/0.15

0.5




OXIDATION STABILITY (1)

Oxidation Stability according to EN-14214




OXIDATION STABILITY (2)



OXIDATION STABILITY (3)



CETANE NUMBER

ADO
BBM

ADO + 29 BBM
ADO + 5% BBM

ADO + 10%0o
BBM

ADO : Diesel

54.3
52.3

53.9
57.7
58.0 -
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