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Biodiesel production in supercritical methanol (SCM) has several advantages over that
employing homogeneous catalysts; i.e. better production efficiency and feedstock flexibility.
However, the maximum methyl esters (ME) content, which was found in our continuous SCM
reactor, was slightly lower than the batch SCM reactor. The first objective was to investigate
effects of co-solvents used for viscosity reduction in scale-up continuous reactor, on ME content.
The investigation was successfully done by 2" factorial design and found that the amount of co-
solvents had no significant effect on ME content. The second objective was to develop residence
time estimation method for continuous production of biodiesel in SCM. A compressible flow
model, derived from general mole balance in a tubular reactor, transesterification kinetic of palm
oil in SCM, and thermodynamic model (PR-MHV2-UNIQUAC) with adjusted binary interaction
parameters was employed. The model was adequate to predict final conversion at below 320 €.
when thermal degradation reaction of unsaturated fatty acids (UFA) did not interfere. It was
illustrated that development of compressibility factor slowed down the rate of transesterification
reaction in SCM in a tubular reactor. Finally, the residence time estimation method based on
compressibility changes was successfully attempted and demonstrated that ME content in

continuous tubular reactor was only slightly reduced by thermal degradation of UFA at 350 C

and residence time longer than 30 min




vi

ACKNOWLEDGEMENTS

I would like to express my deepest gratitude my supervisors, Associate Professor
Somkiat Ngamprasertsith, Ph.D., Associate Professor Kunchana Bunyakiat and Professor Jean-
Stéphane CONDORET, Ph.D. who reviewed this thesis during its preparation and offered many
helpful suggestions, supervision and much encouragement throughout pass five years of my
research. I also would like to acknowledge Associate Professor Tharapong Vitidsant, Ph.D.,
Assistant Professor Chawalit Ngamcharussrivichai, Ph.D. Mr. Kunakormn Poochinda, Ph.D. and
Miss Suchada Butnark, Ph.D. for their participation on the dissertation chairman and merabers of

thesis committee, respectively.

I wish to express my thankfulness to all people in the associated institution and
companies for their kind assistance and collaboration: Madam Séverine CAMY, Ph.D. and
Monsieur Pablo E. HEGEL, Ph.D. for encouragemcnts and helpful suggestion during this
research at Institut National Polytechnique de Toulouse, Laboratoire de Génie Chimique in

France.

Sincerest appieciation also extends to Chulalongkorn University Dutsadi Phiphat
Scholarship, the Center for Petroleum, Petrochemicals and Advanced Materials for ‘inancial
support of this research and Chumporn Palm Oil Industry Co. Ltd. for supplying the palm kernel

oil samples.

Many thanks are due to technicians, researchers, colleagues, fellow students and friends
at the Department of Chemical Technology for their helps, supports, encouragement and

friendships.

Finally, I wish to acknowledge the support, encouragement and love of my friends and

family throughout my Ph.D. program.



CONTENTS

Page
ABSTRACTUIN BHBILY.... .ot . caiilfie--.. O T T e O SO . Y SO v
ABSTRACTHIN ENGLISHY CE e e cioeesvns safimimi wovisssossso ot qrvetins: - Bgivson thigs s s dsmebasssseussaes v
ACKNOWEEDGEMENTS ... 0ottt obonsiegan i cotmiathss s i i 0ol opigess elivepgns v oiwantvvonss vi
CONTENTS . athaell. . . oSO W B s W o T oo oot W oo e F M vil
LISTOF TABILES .ol ivssmsseosssssossisssossshstonsssonsasbss svsinsssons sibimsns sossushbessonsess sasivsdposns s Sahevcnsamoses X
LISTRHOF FIGURES.... Briii. oo tnssuions s dioms sios o syt s SOt somvin s yoss aith s s sviwvssnsnssronhs Xii
CHAPTER [HINTRODUGTTIO Nk .. ... s samegw ot Sl ... S, 8 . L R, 3 1
1.1, BacKOTOUN :iove. o mamtmmsss vugenvessssssnton s iimsasiianses sfovsssssssssnss omugamts vsssvassesnesabis dohssy vosnannsnsis sy 1
] 2O D COIIVIES v cvovevrre I o I e o0 Wb s 0040 SRR 44455 404 S e O e 2
193, ¥Scope Of dISSErtaliONMmmem s . ... ey B, cvove MRS i D0 SRONRRONEL N o et i Wi e el 3
CHAPTER II: THEORY AND LITERATURE REVIEWS......ccccoviiniiiniiiiiiiiniieenssens 4
2. IWBiodIesels.. .. M W o T O e N ook s i o s s < Wi s R VRS 4
2.2. Biodiesel production with conventional method...........c.ccooiiminiiiiiii 4
2.3. Biodiesel production with heterogeneous catalysts and lipase ...........ccceeeviviiieneieininninininnes 7
2.4. Biodiesel production with supercritical methanol (SCM)............uimsmmiisemssmsmssssosssarorsiane 8
2.4.1. Chronological development of biodiesel production with SCM..........ccovvviviriiiinnnn 10
2.4.2. Effect of operating parameters on biodiesel production with SCM.........ccoviiiinnn 11
2421,  Tempetatule vu msinvmmsmsiimsirost vt sov R v ssssnsssasnsusmmsatasssges s disissd 11
2422, PLESSUTE vioummive rammsansstissss tennesssss 80t sornemss Soamea sseie  voss s oba s Rs s T3 e vy oo 15
2.4.2.3. Methanol to il MOlaL TatI0 vt e mnmms s aumrmsmg 15
PN BN S U (e (o) e Wiho s I o AR o it e 16
2:4:2.4.]. BatChlEaACTOT uvuessy it s s it tin s saedbms et cos nsansnasansansinss 17
2.4.2.4.2. Continuous reactor (residence time)........c.cocvvuereeieririsisissciniiininnnns 17
2.4.2.5. Mixing intensity and dispersion in tubular reactor .........c.coeviiviiniiniieninicinns 19
2.4.3. Chemical kinetics of biodiesel production with SCM.......ccccoiiiniiiiiinniniii, 22

2.4.4. Phase behavior and binary vapor-liquid equilibrium (VLE) of biodiesel
e Tt oy oo i g ey 80 (B R 1 R —— 1 S——— 25



viii

2.4.5. Innovative technologies for milder operating parameters in biodiesel production

Wil SCME. SN0 o oy T e e s B O s oo 29

2:4.5: 15, Addition 0fiC0=S0IVENLS Supemamivississnnesiohitssses dongssses wvatboaiagsesssessssasasssssasss ssanss 29

2.4.5.2. The addition of catalysts to the SCM reaction..........ccccevevvivenminiiieniiicenininenns 33

2.4.5.3. Modification of the SCM reaction ......cc.ceceeveeriereerreerneiciiinnesinienieiesssesneenns 34

A5, Liferaturelrevieils.. . S T o vroecrvoion B vy DL S oo T S B 0o S 36
CHAPTER III: EQUIPMENTS AND EXPERIMENTAL PROCEDURES .......ccccooiiiininn, 47
o ) D6 7oA (03 A SO T o) U1 (B r O, o SO, (NN, OO~ OO, . WY, SN 6. 47
3. L1 BAUIDIENLS. ;. ci3s. 5 st oo ook o ba i oo s se B s S5 s R TR A ¥+ 439 A ¥ s R 47
3.12.% Materialshr_ ... B o . . G s 47
3.1.3% T Experimental prOCEAUIE . i .e v sruttissessoserssbssnsesres Miienstomnsnsans sasvonsssbonnn an s e Fomres s abamas 47

3. 183 Mo N2 S O InATe GO ot o e e T SRR 0 L ST e e N ol 47

8.1:3.2. WThe 5/5-mL TEaCHOE t.oimime: hossimionmmessmssimissessssssssssassssiiunesihossyos Wi oss sberdetnavecn 48

3.1.4) SANAlYSISIOf MCtYINESTErS......comnmntitine suesisia inosaddhnsmanos tivslens adhassssvighs oo dBusswssibshomrorsssnsass 48

3.2. Fffect of additional parameters and scale-up reactor Optimization ............ceeeeeieiiinenienenenns 49
3.2: 1. EQUIDTNEIIES 5 seveevasnssetsst SiEssmasamasieiiisevasssssereorsus it thasns vrs cossars sasbasainns ssssessassasesnsonnasns 49
3.2:1:1. " Theiscale-up reaACtOr mu s disndunutintomissessssisuyifiainnreesuansesassvsassrssansinasensans 49

3.2.1.2: The250"mland 5=S=ml=reactorsmt meminanmnmmmnmsmmams s sy 50

32,2, MAETIALSI. .. cosesmnnonmmsmmssss vommssmasssnssnns susnsss somsnnss snussssens st st SIS RIS R E04 N HH NS EE SRR AR 50
3.2.3. ExXperimentalsnioCeAUTE v s st mms siresessammssss cvvessvworvasinsssaneransasnsonssndon 50
3.2.3.1. The scale-up r@aCtor.... . it o amessremssteaisstss et sssmmesmssessmesissassssesys 50

3.2.3.2, The 250-mL and 5.55m L FEACHOR caceraersseornonumneisnsnniissiiss s ssnsrassinseaammmsismissasmsases 50

3.2.3.3. The 5.5-mL reactor to investigate the effect of delay quenching time ............. 50

3.2.4, Analysis of methyl @Sters) ... v nsmmammainimumemimeiersss sousassamsssnesasenssvsssersssres 31

3.3. Residence time estimation Method......c..ccccrivmiiniiiiiee et e 51
B3 1s. U PINETIS :iaosusmvsmssnsrvsssssssssnsss s sosssavss e eoas s g e amanss o n semmmsassansnmssbeam ot sussssms i 51
AL TN\ -1 (ol g 4 I OO o RS SR | 1 oo uRRRRRnat T S, e 52
3.3.3.  Experimental proCedure ........c..ccoviiiiiiiniiinieriiissinsse ettt 52

334, Analysis oF methyl BBIErS e s sso s messsssess 52



CHAPTER TV: EEREELOF CO-SQEVERTE. 5. 8 250t osc00150, Pt Bk v wamsmss eemsmsasssmeass 53
4.1. Reaction ainong vegetable oil, methanol and co-SOIVENtS..........c.cveueveeevereeereeeeeeeeeeeeeeeereran. 53
4.2. Effect of co-solvents on ME content in @ 250-mL reactor ...........c.ovevuevevivereceeeeeeeseeresreessennnns 55
CHAPTER V: EFFECT OF ADDITIONAL PARAMETERS AND
SCALE-UP REACTOR OPTIMIZATION .....icitneascsssissnessssmsrsratasesensasansbosnesssiossasess 58
5.1. Effect of reaction time on ME content in 250-mL batch reactor ............cccccvveveveveveeeveeererenn. 58
5.2. Effect of temperature gradient between reactor wall and bulk fluid............cceevevvureeererennnnen. 58
5.3. Effect of contaminants in crude palm Kernel 0il .........ccocovveuiviereccesieseceeiecseeeceee s, 60
5.4. Fffect of co-solvents on ME content in biodiesel production in a 5.5-mL reactor ................ 61
5 hspEffect of delayed GREDChing TIme. .. ... il e sethoss:vovsnsaihh s mresnissbesssvs vevssssigyensssss B s 64
5.5.1. Effect of delayed quenching time in a 5.5-mL batch reactor.........cccccveevvrrrrevrnnnnen. 64
5.5.2.  Eficct of delay quenching time in scale-up reactor..........coeuereerererererereeerienenseenencnen. 64
6.\ Effeft of pressure and progess OptimiZalinm: s simess:s i sxsxsssssibmsilorssres B ensaibedarcses 66
CHAPTER VI: RESIDENCE TIME ESTIMATION METHOD ......cccccceceviiiirnenrersrescsererennns 70
6.1. Description of the compressible flow model as a tool to estimate the residence time........... 70
611, EhermOdyBaiiic Hio0e] e s ool s s ovs cos gt aaths s ot ahisstinsd 70
6.1.2, Compressible flow MOdel Fd et i s ssvssiemiBivssess sissinssssasinsnssesanasaonane 71
6.2. Fitting of the thermodynamic model and binary interaction parameters ...............c.cccevvuvev.. 73
6.3. ME content prediction by the compressible flow model...........ccoueiviirierereieciicieeeeieine 77
6.4. Residence time estimation ProCEAULE .........cueurvrieieiereiererirereicteteseteeeieieresesesesesen s eesesesesesseaeaa 83
CHAPTER VII: CONCLUSIONS AND RECOMMENDATION .....ccooviiviieiiinenieieinieeieeceneaans 84
T.1. CONCIUSIONS ievrirrrerisesisunsencnarenissrerssessesssissssssnssnsassssasssssess srsstsntonsssorssssressnsasesssssasssessssssasesss 84
O e LotV T = . R L ———— 85
REFERENCES :icuumsiusinsinsr mmstomeitin tosiossesfansmonssanasinsnssshala s tssstisessnenioisi s st athahass ssosanes snsmsssansan 87
APPENDICIESE .. 5. oeesinesnssessnsassssssnveseamsinsgaeserrsronsssansssasssussssassssasnsassesssansmsoremsvensysssess sssysssmesssss 96
APPENDIX A THE STATISTICAL ANALYSIS OF THE REGRESSION MODEL FOR
SCALE-UP REACTOR ..cusswesswsvmsssiuusssssssossosssssiasssssasss ssvssssssusanssssssessissss svorvss 97

APPENDIX B THE EXAMPLES OF PROGRAMING CODE FOR MATLAB ® SOFTWARE
PRSI (Y RBI BIES S O16) 812 {0 ) (. . ——————— | N— 101
BIOGRAPHY



LIST OF TABLES

Page

Table 2.1 Advantages and disadvantages of heterogeneous and lipase catalysts..........ccooeiiinnnnes 7
Table 2.2 Operating parameters for a high conversion efficiency of

lipid to biodiesel With SCM....c..ivuuirisiimnucsmsssasssessssssssnssssssssssnsssssssssssnsscivsnssnnssisnsnsasss 13
Table 2.3 Molar ratio and mole fraction at the inlet and outlet of the tubular reactor,

calculated by assuming 100% conversion at the outlet. ........ccooeiiiiiiiiiiiine 18
Table 2.4 Optimal condition, reactor design, Reynolds and axial Péclet nurnber

of the continuous biodiesel production with SCM in a tubular reactor..........cocoeeveneen. 21
Table 2.5 Reactions rate constant (k) as linear function of temperature,

pre-exponential factor (k,) and activation energy (E,) ...coooevreneneincnicininiiiicnn. 24
Table 2.6 Studies on the VLE of biodiesel production with SCM summary. ......c..ccoceeveiiinniinnn 29
Table 2.7 Binary interaction parameters of the VdW mixing rule which correspond with the

thermodynamic model in Table 2.6 uusimmimsiismmmsmimiemoissasesnsmisessssessosnese 28

Table 2.8 Demonstrated techniques for reducing the operating parameters of biodiesel production

Y0 g1 SIS 5 oo rr o W o [ PPN e o Pt e 30
Table 2.9 New operating parameters of biodiesel production with SCM by the techniques outlined

10 Table: 248 cucis ivons sossores aiemmessnsmeanrs sans o siTITE R AT ss 45 45 4584 G¥em o samasuias suvan eunss suanavras rmmss v 31
Table 4.1 Experimental data from employed THF process in 250-mL reactor for 10 min

With: CrUde PRO a8 FEACTATIE riseucssass o rithiastsmmassanstiass s mesmnssssnnsianse snsdsdss i £ 55 AR o5 oamaNs 3543 55
Table 4.2 Experimental data from empioyed hexanc process in 250-mL reactor for 10 min

with crude PKO @8 FEACLANT .....ccevveereriecsiiniisinnieiciiesississensasssssosiosstsssesssssssnssssssssnnsssssns 56
Table 4.3 Analysis of variance from empl(.)yed THF process in 250-mL reactor for 10 min

with crude/PK O as 1@ ACTANT i v.svssmssissiissssimmssismasisssammmmsimespisassserasarannsesnessseassssnassonssnsads 56
Table 4.4 Analysis of variance from employed hexane process in 250-mL reactor for 10 min

with crude PKO aS FEACLANT ... ioveevieieesertiriiteieeieiieiiie et b e sbe st 57
Table 5.1 Experimental data from 5.5-mL reactor for 10 min with crude PKO as reactant,

temperature controlled by fluidized sand bath ... 60
Table 5.2 Experimental data from employed THF process in 5.5-mL reactor for 10 min

with refined PX.O\ as FEACLANT . ........onisivss ssosssssissannssiss smsmssmsisssssinss ssassasnsissassesssasisosagaynoes 61



Xi

Table 5.3 Experimental data from employed hexane process in a 5.5-mL reactor for 10 min

with refined PKO as reactant.......cccceceeiereniieenirseeiiessieseietestssenseeseessesessseseeesscssessones 62
Table 5.4 Analysis of variance from employed THF process in a 5.5-mL reactor for 10 min

with'refingd PE O SET0aCIANL, .o Simonms o suvsssvissssmmsrvmses o mse Migsss oo sosso o etiasess 2555102
Table 5.5 Analysis of variance from employed hexane process in 5.5-mL reactor for 10 min

with felined P RIOIASTTEACHANT, o-vvvcvovoo a0, . I TN . s Tt o M ol S e 63
Table 5.6 The ME content in products from scale-up reactor with different cooling systems ...... 65

Table 5.7 The experimental conditions and results from CCD to reinvestigate the effect of

pressure, temperature and methanol to oil molar ratio in scale-up reactor .................... 66
Table 5.8 Analysis of variance of results in Table 5.7 .....ccoviiieiieiieniiicee e 67
Table 6.1 Calculated binary interaction coefficients for UNIQUAC model.......c.ccccevveuinviiieucecnn. 73

Table 6.2 Methanol mole fraction in liquid (x) and vapor (y) phase of

trioleinfimethanol VIEESEE AN o e O . voocnmncs it i ST . T 74
Table 6.3 The methanol mole fraction in liquid (x) and vapor (y) phase of

methylioleate Fmethanol VIE. .iimieihesmssessssmsmissnsessailansssssssdasssssss sresasiossasarsssassssssases 75
Table 6.4 The methanol mole fraction in liquid (x) and vapor (y) phase of

glyceroliE MEthanOl VILE: i cun: coxitosseshsso sios st o its ssesovissssaife sasiassi sssesas v viga sseasnesssonsvsnnss 76
Table 6.5 The observed and calculated ME content from various reacting conditions.................. 78
Table Al. The statistical values of the regression model for scale-up reactor from

Design EXpert ® 6.0 SOftWATE ....c.vcviveeiieiiie ittt erenensnens 97
Table A2. The estimated coefficients and its standard error in the regression model

for scale-up reactor at £95% confident interval from Design Expert ® 6.0 software.... 98
Table A3. The residual analysis of actual and predicted value for the regression model

for scale-up reactor



Xii

LIST OF FIGURES
Page
Figure 2.1. Common reactions for biodiesel production precesses....oo i, 5
Figure 2.2. Conventional biodiesel production scheme from waste cooking oils with acid
pretreatment followed by alkaline catalytic process or two-step acidic-basic
(50530 ST\ () 1) GUOTNBTO) 0o v e SOOI oo OO ol .- L 8. R o ey 8. X0 6
Figure 2.3, Biodiesel production with;SCM SCREME. &:v.suuemes iovramiesime svsssssmsrsnetion sdyensstassnee st snse 8

Figure 3.1 Schematic diagram of scale-up tubular reactor for biodiesel production with SCM.....49
Figure 3.2 Schematic diagrani of lab-scale tubular reactor........cccco e, 31
Figure 4.1 GC-MS chromatogram of mixed methyl esters standard............c.cccooviiiiiiiiinnniinn 53
Figure 4.2 GC-MS chromatogram of biodiesel from empleyed THF process in 250-mL reactor

for 10/min withi€fude PKO as TEACIANT. . cusesoibinassisssmsens «oosdin sapsammnnen iassvassvase ioanssemsios 53
Figure 4.3 GC-MS chromatogram of THF phase in 250-mL. reactor for 10 min

with .critde PKOMBSEACIANT. ......utmomsmeeceeronronersaiheszsoms fis sibtnsiss oissss s Sisssss iinamsess ssanss 54
Figure 4.4 GC-MS chromatogram of hexane phase in 250-mL reactor for 10 min

with crude PKO @S reactant. .......ccueeieeiiieiinieiieniiiieiniienisieec ettt 54
Figure 5.1 Changes in ME conient with time of co-solvent free process

from transesterification of crude PKO in 250-mL reactor at 350 °C

and the methanol to oil molar ratio 0f 42:1. ...ccccviinnnrivinnenniminninnicrincsnnserassasenens 58

Figure 5.2 Comparison of GC chromatogram of biodiesel product from crude PKO at various

temperatures, indicating some noises observed as in ¢) and d) .......c.cocoeviiiiincinnnn 59
Figure 5.3 The ME content versus the delayed quenching time in 5.5-mL tube reactor ............... 64
Figure 5.4 The scale-up reactor after replaced cooling bath with heat exchanger ............ccccoe..e. 65
Figure 5.5 The plot of experimented and calculated value by Equation 5.3 c..ccccovviiiiiiininnnnnn. 68

Figure 5.6 The response surface of ME content versus temperature and pressure

at methanol t0 01l O 35:L....cciiiriiieciiiiriie sttt satassnestsstssasansns 68
Figure 6.1 Experimental (Exp) and calculated (Ca!) P-x-y diagram of

triolein®: methanol VIZE. ali.......ooewsoamsiissssss s ismissssmesissvsssvsisssessamssssssesss savassossasese 75
Figure 6.2 Experimental (Exp) and calculated (Cal) P-x-y diagram of

mnethyl oleate + methanol VLE ... 76



Xiii

Figure 6.3 Experimental (Exp) and calculated (Cal) P-x-y diagram of

glyecrol + methanol™VILE.. commermeorimmmamvensi o st s Smanttt s ssiisies sinivsinss 7
Figure 6.5 The plot of experimented and calculated ME content by Eq. 6.6 (¢) or Eq.6.7 (0)....78
Figure 6.6 The relationship between %relative error of calculated value from Eq. 6.6

and rEaCiON tEMPETAUIT ureoves rsmemms: sserssmsuimarmomorsavusssssssssonsinsssed s assssusssnaihosssoMhsatsss 79
Figure 6.7 The relationship between %relative error of calculated value from Eq. 6.6

and methanol to 0il MOIAr A0 ......cciriiirieiceire et e 79
Figure 6.8 The relationship between %relative error of calculated value from Eq. 6.6

17061 40) (AT T R P o o e IO v O o B0 S L B 80
Figure 6.9 The changes in the compressibility of the reaction mixture along the length of the

tubular reactor in run no. 1 (<), 2 (+), 3 (0), 4 (x), 5 (O), 17 (@) and 22 (A). ........ 81
Figure 6.10 The changes in the molar volume of the reaction mixture along the length of the

tubular reactor in run no. 1 (<), 2 (+),3 (D), 4 (X),5(0), 17 (@) and 22 (A).......... 82
Figure/A 1. Themormial plot of thewesiduals. s s smeir et sz sstiesssssisiumessss 100
Figure A2. The relationship between residuals and run number.........c.ccccoviviiinniniiiinnin, 100

Figure A3. The relationship between residuals and predicted values .........c.cocoeviiiiiiiiniinninnnn. 100





