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Biodiesel Synthesis

Alcohol + Oil —— Biodiesel + Glycerol

Clean'er-burning
diesel substitute

Byproduct used
In soaps and
pharmaceuticals
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Biodiesel Synthesis

Refined
: Non-Refined

Liquid-Catalyst
. Solid-Catalyst
NO-Catalyst

Alcohol + Oil

: Algal-oil

: Methyl : Soybean oil

: Animal fat _
| Ethyl : Cotton seed oil

»Biodiesel + Glycerol

ERoom Temp. & Atm. Pressure
160 [°C]. & 1.1 Atm.

i Mustard seed oil :

: Butyl : Palm-oil

: : Rape-seed oil
: Sunflower oll
: Castrol oll
i Canola ol
"Fish oil
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Biodiesel Synthesis

Liquid-Catalyst
Refined E

Alcohol + :Oil »Biodiesel + Glycerol

Methyl Soybean oll ERoom Temp. & Atm. Pressure
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Biodiesel Synthesis - Reaction Steps

CH»-O0OR; CH5;CH,-OH CH»-OH CH3CH,-O0R;,
| Ky |

CH-0O0R, + “ CH-OOR, +

| K> |

CH»-O0R;, CH»,-O0R;

Diglyceride  +  Ethyl ester

Triglyceride  + Ethanol

CH,-OH CH,-OH

| Ka |

CH-O0OR, + — CH-OOR, +

| Ky |

CH,-O0R; CH;CH,-OH CH,-OH CH5CH,-O0R;
Diglyceride Ethanol Monglyceride Ethyl ester

goran.jovanovic@oregonstate.edu People. Ideas. Innovation.




Biodiesel Synthesis - Reaction Steps

CH,-OH

| Ks
CH-OOR, + CH;CH,-OH T
| Ke
CH,-OH

Monglyceride Ethanol

Overall Reaction

CH,-O0R;

| Ka
CH-O0OR, +3CH;CH,-OH «

| Kg
CH,-O0R3

Triglyceride Ethanol
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(|3H2-OH
CH- OH + CH3CH,00R;
C|3H2-OH
Glycerol Ethyl ester
|CH2-OH
CH-OH + 3 CH3;CH,-OOR
éHTOH
Glycerol BI1ODIESEL
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Triglycerides

CH,-OOC-R,
|
CH-OOC-R, Where R, R,, R; are fatty acids

|
CH,-OOC-R,

Saturated fatty acids Lauric Acid (12:00): [CH; (CH,);,CO,H]

H HHHHUHUHHUHHUHDO
NN Y N Y (R (R N I O |
H-C-C-C-C-C-C-C-C-C-C-C-C-OH
N R N I I R R
HH HHHHHHMH H H
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Triglycerides

Myristic Acid (14:00): [CH, (CH,),,CO,H]

H HHHHHHHH HHHUH O
R L N D O N A A |
H-C-C-C-C-C-C-C-C-C-C-C-C-C- C-OH
e e A
H HHHHHHIHUHUHUHHH
Palmitic Acid (16:00): [CH, (CH,),,CO,H]
H HHH HHHHH HHHHUHUHDO
| .
-C C-C-C-
| I
H H H H
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Triglycerides-Unsaturated Fatty Acids

Linoleic acid (18:02): [CH4(CH,);(CH,CH=CH) ,(CH,),CO,H]
HHHHHHHHH HHHHHH HHO

Linolenic acid (18:03): [CH; (CH,CH=CH) ;(CH,),CO,H]
HHHHHHHHHHHHHHHHHDO
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Slow Rate — Low Reactants

Concentration \)

v
.- -

vav'e"

80 -

Fast
Reaction

00 - Rate

o

Slow Rate
Mass Transfer
Limitation

20 1

Methyl Esters — Conversion [ /]

100
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Experimental Setup

|
i

.‘J

Crystal Two Teflon
Window Spacers Window

UNIVERSITY
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Experimental Setup

Plate

Gasket
Flow separator

Quartz window
Teflon spacer
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Experimental Setup

uuuuuu
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Experimental Setup

Outlet Flow

——
7
- 1

b))

U R

Fluid 2 Inlet Flow [S= w4 Fluid 1 Inlet Flow
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Experimental Setup

- Syri FPusher 1o
d-:g:d ::"tlllon.

’

R'A!lc Flow Selector, |

slide to desired position,
‘and lower into notch.
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Experimental Setup

Sample Collection
Cold Trap

Microreactor

Syringe Pump
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Experimental Setup - Animation

Stock solution of methanol with
dissolved NaOH in 10 ml syringe

\

@ ON/OFF
Syringe Pump \

Soybean QOil in

60 ml syringe
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Microreactor r
Biodiesel /‘
Phase
Glycerol
Phase
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Experimental Setup - Animation

e Methanol
e Soybean Oil

O Biodiesel

Methanol

Soybean Oil

_ Schematic of the Microreactor.
Assumptions:

« The system is operating at steady state conditions and at 25 °C temperature;

 Constant initial concentrations of methanol and soybean oil at the inlet;

 Concentration of methanol at the interface throughout the microreactor is constant
and equals the equilibrium concentration;

 Methanol from phase Il diffuses towards phase | and reacts with soybean oil to
produce biodiesel
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Differential Control Volume in Microreactor

Microreactor glass Wall .

Soybean Qil ay ] 4_,/
_— b \ 4 W
AX

Microreactor glass Wall

Input —Output = Accumulation

Accumulation = 0 (at steady state)
Input = diffusion (x-direction) + convection (x-direction)+ diffusion (y —direction)

Output = diffusion (x-direction) + convection (x-direction)+ diffusion (y —direction)
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Two-Dimensional Mathematical Model:

A steady state mass balance of soybean oil (A) in a control volume
dV=Wdydx:

dc,

0=v,(WAy)C,| —v,(WAy)C,| ., —D, o (WAy)
dC dC
D A WAy)-D A1 (WA
' a dX X+AX( y) A y y( X)
dC,
+D, ¥ (WAX) —[+kiC,C; — ko2CpcCme] (WAyAx)
y+Ay

By rearranging all terms into the form required for taking the limits and
after division by control volume, we obtain:
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dC,
X

2°C,
oX?

2°C,
ay*

T DA T DA B k1CACB o kZCDGCME =0

— VA)(

The boundary conditions associated with the above equation are:

C.(0y)=Cro 0<y<B; a;;A (xB,)=0 0<x<L
dC, _ | oC, ~
-2(Ly)=0 0<y<B; o (x0)=0 0<xs<L

In the above equation v, is velocity in x-direction in phase | and it
Is only a function of lateral position ‘y’; where a= p,/Hg, b=B_/B,.

o b’ -a’ a+b )
VAX _Vmax 1+ y— y
I aB, (1+Db) aB B (b+1) )
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Mathematical Model

Steady state mass balance of soybean oil in phase | for control volume (WAyAX)

dC 0°C 0°C
Vax aXA = DA,x asz + DA,y VzA — leACB + szDGC ME
Interface
c,(oy)=c,, 0<y<B, /
dC
A(x,Ba)-O, 0<x<L Z// T
)Y l - B,
X :
aCA (X,O) -0, 0<x<L y Oil Phase FIOW ey _L
ay
ac,
L,y] =0, O0<y<B IR
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Mathematical Model

Steady state mass balance of methanol in phase | for control volume (WAyAX)

dC 0°C 0°C
VAx . :DBX ZB+DB ZB
* OX X 9x Y Jy

—k,CsCoc + K,CmcCwme — K.CeC me + K .CoLCme

Interface
C(0y) =0, 0<y<B, Z//
C, (x,0)=C;, 0<x<L

— kchCB + Kk, CocCwme

> B,
a&(X,Ba)=O, 0<x<L Yl X" |0il Phase Flow— _L
dy
dC,

—=(L,y) =0, 0<y<B
IX ( y) y a \l< L g\

Introduce dimensionless variables:

C C C Coo _C _C Y
FA_C—A' FB:C—B' FDG:CDG’ FMG:C—MG’ FME _C—ME' FGL_C—GL’ ¥==- 5




Mathematical Model

Soybean oil PDE in the dimensionless variables form:

2 2
v, |_Bzalz DABzalz +D, LZaF
aag xaagZ a\_P

CAOBaLZ( k.F.F, +Kk,FocFve)

Soybean oil boundary conditions in the dimensionless variables form:

F.(0¥)=1 0<¥<1
%%(5,1)20, 0<¢£<1
aaFg (1,9)=0, 0<¥<1
—\PA(g,o)zo, 0<é<1
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Mathematical Model

Methanol PDE in the dimensionless variables form:

oF O°F O°F
v, L B2 a—g =D, B’ 8528 #D,, L* 8+ C, Bk, + K FooFue

—k,FeFoc + k,FmcFuve — k FeFue + K FeLFue)

Methanol boundary conditions in the dimensionless variables form:

F (0,¥) =0, 0<¥<1
F (£0)=F,, 0<&<]
E;':;(1,\1'):0, 0<¥<1
JF, _

a\11(5,1)_0, 0<£<1
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Mathematical Model

PDEs in the dimensionless form for diglycerides, monoglycerides,
methyl esters, and glycerol respectively are shown below :

Diglycerides
, OF . , O°F , 0°F )
VaxLB; oE =DoeBa =5 2E2 =+ Dogy L Sy? +C, L Ba (k.F,F, —k,FocFue -k FaFoe + K,FucFuve)

Monoglycerides
, oF , O°F , O°F - ,
VA,XLBa BEG = DDG XBa agMG + DDG’yL aTMZG + CAOL Ba (k,FeFoc - k,FmeFve - K FucFe + K FreFeL

Methyl esters

, 0P , 0°F e , 0°Fe -
Vb B o =D,,B, —> 852 +D,, L g2 +C, L'B. (k,FsFa—k,FmeFoe + Kk FeFoe — K, FueFve +
+k FmcFes — K FmeFcL)
oF o°F,, o°F,
Glycerol VL B; a? =Dg. XBj oE =+ DGL,yL2 BTGZL + CAOLZBj(kSFMGFB — k. FveFeL)
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Experimental Results

The reaction rate constants (k) are estimated by fitting the experimentally
obtained conversion data for 100 ym microreactor using the above

mathematical model.

100

g
c 80 b /
9
2
S 60}
c
S 250C
= 40 MeOH/Soybean QOil (7.2:1)
O 1% catalyst (NaOH)
% 100 mm Thickness
o
2 20 F : :
5 Experimental Conversions
) : :

./ Modeling Conversions

0 ] (] (]
0 2 4 6 8 10 12

Mean Residence Time (min)
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k; Values
( m3/ mol sec)

k, 4.37*10
k, 9.62*106
kg 1.88*10°
k, 1.07*10
ks 2.12*10°
ke 9.01*107
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Experimental Results

The model conversions with estimated reaction rate constants (k;) show
good fit for experimentally obtained conversion data at 200 ym.

100
25°C

’\E? MeOH/Soybean Qil (7.2:1)
< 80 | 1% catalyst (NaOH) k; Values
S 200um ( m3/ mol sec)
@ k, 4.37*106
2 60
g k2 9.62*10°
O ks 1.88*105
o) 40 k4 1.07*10+
c
8 ks 2.12*10°
g 20 , | , k
((/D) A Experimental Conversion 6 9.01*1077

—— Modeling Conversion

0 2 4 6 8 10 12

Mean Residence Time (min)
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Experimental Results

100

90

@)

80
70

60

50
40

Oil Conversion [/]

30

© Crisco

20 A
10

A Crisco

Oil (100 ym chann
Oil (200 ym chann

el)
el)

goran.jovanovic@oregonstate.edu

4

5 6 7 8 9

Residence Time (min)

10 11 12
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L. . . . o
Experimental Results comparison

100
B Aldhubabian & Jovanovic (2005) Plate p-reactor A=100um
.. M Aldhubabian & Jovanovic (2005) Plate p-reactor A=200um
30 ] | B Noureddini and Zhu (1977); Re=6200
g O Noureddini and Zhu (1977); Re=3100
c
=) - H
£ 60 |
> N
c
o]
(&)
© 40 |
0
L
©
..
@ 20
0 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

Mean Residence Time [s]
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Comsol Simulation Results

Model output for soybean oil concentration profiles in the microreactor-100

um at different mean residence times (MRT).

1

0.8

0.6

04

0.2

Normalized Soybean Oil Concentration Profile (-)

MRT(min)
0.41

0.79

1.69

3.00
5.30 and 10.00

0 0.2
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0.4 0.6

Normalized Reactor Length (-)
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Comsol Simulation Results

Effect of Mean Residence Time
Molar Ratio (Methanol : Soybean Oil) =7.2: 1.0

T=25°C
Thickness = 100 uym

Hormakzed Sovbaan Oil Profte ve. Momalized Reacor Lergrin e 100
1
H
: \\‘b‘ﬁ.\ .80
: RErs_\.
. \ﬁ&\ .96
i L o4
' L 40.82
3 . i A0
e pe
e o : :
ep AT T : ‘\\h‘ A o L]
e Ta S B T}
el e g o
MRT = 0.41 min Bopate Brga ey S ey
- . \“‘“\-\K ) 5 3 __.--j’.ﬁ.:-;'%c
EAR e ST : e o
i o 8
: \M ’ -'-H-HTF.:-"' ~" 08
Pt o]
Conv. = 18.40 % b

HMin: 0816
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Comsol Simulation Results

Effect of Mean Residence Time

Molar Ratio (Methanol : Soybean Oil) =7.2: 1.0
T=25°C
Thickness = 100 mm

Hammalzsd Sovaean CHl Comeeniralion Profie ve. Mormalized Reacior Langh e 100

0.95

0

MRT = 0.79 min

Conv. = 39.30 %
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Comsol Simulation Results

Effect of Mean Residence Time
Molar Ratio (Methanol : Soybean Oil) =7.2: 1.0
T=25°C
Thickness = 100 um RN

o L]

F 06

0.5

MRT = 1.69 min

Conv. = 66.60 %

Min: 0334
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Comsol Simulation Results

Effect of Mean Residence Time
Molar Ratio (Methanol : Soybean Oil) =7.2: 1.0
T=25°C
Thickness = 100 um T ————

MRT = 3.00 min

Conv. = 81.00 %
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e 100

o &

HMin: 0193




Comsol Simulation Results

Effect of Mean Residence Time
Molar Ratio (Methanol : Soybean Oil) =7.2: 1.0
T=25°C
Thickness = 100 um i

MRT = 5.30 min

Conv. = 88.40 %
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e 100
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Comsol Simulation Results

Effect of Mean Residence Time
Molar Ratio (Methanol : Soybean Oil) =7.2: 1.0
T=25°C
Thickness = 100 um R e i

= 04

03

MRT = 10.00 min

03z

Conv. = 91.00 %

W 0.0Z06
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Numbering-up of Microscale Reactors
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Numbering-up of Microscale Reactors
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Numbering-up of Microscale Reactors
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OSU first microscale biodiesel reactor

IIIIIIIIII
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Production Cost of Biodiesel
(Conventional Large Biorifinery - Soybean Oil)

7% i
3%

Oil
M Alcohol
Catalyst
Direct Labor
M Energy
Depreciation

12%

9%
65%
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Production Cost of Biodiesel in US $
(Conventional Large Biorifinery - Soybean Oil)

$0.25 %0.34
$0.11
Oil
30.42 M Alcohol
Catalyst
Direct Labor
$2.30 Depreciation

Total Cost per Gallon US $ 3.54
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Production Cost of Biodiesel in US $
(1-5 M gal/year Secondary Triglycerides - Animal Fat)

$0.14
M Alcohol
$0.80 Catalyst
$0.11 Direct Labor
$0.00 M Energy
Depreciation
$0.32

Total Cost per Gallon US $ 1.62
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Opportunities in the Development of Biodiesel
Synthesis in Micro-technology

e Classical Biodiesel Synthesis With Homogenous Catalyst.

* Biodiesel Process With Solid Catalyst.

 Biodiesel Process at Sub-critical Conditions With
Homogenous Catalyst.

 Biodiesel Process at Sub-critical Conditions With Solid
Catalyst.

* Biodiesel Process at Super-critical Conditions With or
Without Solid Catalyst.
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Thank you for your attention!

Special thanks to Ahmad Al-Dhubabian from Aramco-Houston for
the help in developing this material.






