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ABSTRACT

A technique to produce biodiesel via circulation process through static mixer
reactor has been developed. In this work, response surface methodology (RSM), with 5-level and
2-factor central composite design (CCD) was used to optimize condition of esterification process
(first-stage) and transesterification process (second-stage). In lab-scale, the amount of acid value
was reduced from 30 mgKOHg_1 to 2 mgKOHg_l, under condition 19.8 vol.% MeOH, 2.0
vol.%H,SO,, 50 min reaction time, reaction temperature 60 °C, and 40 Lh" of MCPO with 5-m
static mixer in length (first-stage). For second-stage, the results showed that more than 96.5 wt.%
methyl ester was obtained, when 23.81 vol.% MeOH, 11.8 wt.% KOH under temperature of 60 ‘c
and reaction time of 60 min with 5-m static mixer in length. These suitable conditions of two-
stage process were used to develop the pilot-scale process by scaling up from 5 L of lab-scale to
100 L of pilot-scale. In pilot-scale process, the amount of acid value was reduced from 30
mgKOHg_1 tol mgKOHg_1 by following the same condition of first-stage in lab-scale. In the base
catalyzed transesterification (second-stage), under condition: 20.0 vol.% MeOH, 8 wt.% KOH,

and 60 min at 60 0C, 98.65 wt.% of methyl ester was obtained.
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|9 0
HZC_O_C_RW R—O—C—R"™ HZC_OH
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4 aan A Ay &
3 2.3 URATems e amessiliny
O Heat 0O

11
R—C-0-H + NaOH —> R—C—O"Na' + H,0

FFA Sodium Hydroxide Sodium Salt Water
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s A o 9 a = A A = o
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ana @ <3 4 o 1 o J
Ugnseiulasndme lsd 185 e ldiuswwuudanilad (Lestari tazamz, 2009)

919N 2.1 09A1)52nouUeanIa I UNAn (Canakei 118 Sanli, 2008)

Fonsaluiy  Taseada (xxy) Taseasramandl

Myristic 14:0 CH,(CH,) ,COOH

Palmitic 16:0 CH,(CH,),,COOH

Stearic 18:0 CH,(CH,),,COOH

Oleic 18:1 CH,(CH,),CH=CH(CH,),COOH

Linoleic 18:2 CH,(CH,),CH=CHCH,CH=CH(CH,),COOH
Linolenic 18:3 CH,CH,CH=CHCH,CH=CHCH,CH=CH(CH,),COOH
Arachidic 20:0 CH,(CH,) ,COOH

Behenic 22:0 CH,(CH,),,COOH

Erucic 22:1 CH,(CH,),CH=CH(CH,), COOH
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J @ @
@Qﬂﬂﬁgﬂﬂﬂﬂlﬂﬂﬂiﬂqﬂluuﬁaﬂ

1}‘1 i Myristic Palmitic Stearic Oleic Linoleic Linoleic Arachidic 91904
(C14:0) (C16:0) (C18:0) (C18:1) (C18:2) (C18:3) (C20:0)

1hdudu 0.5-2.0 39.3-47.5 3.5-6.0 36.0-44.0 9.0-12.0 0-0.5 - oAfNA (2002)
1hduTlodu 0.5-1.5 38.0-43.5 3.5-5.0 39.8-46.0 10.0-13.5 0.0.6 - oAfNA (2002)

ALEEAR - 14.9 6.0 412 37.4 - - oRfnA (2002)

AAUTN - 3.49 0.85 64.4 223 8.23 - Ma tazang (1998)
ﬁni”uwy 1.40 23.60 14.20 44.20 10.70 0.40 - Ma tazAn (1998)
lusiu 2.00-8.00  24.00-37.00  40.00-50.00 - 1.00-5.00 - - Ma tazang (1998)

¥ fuayndn 0.70-0.90  12.40-23.00  2.05-2.35  39.88-41.37  35.04-36.16 1.58-2.10 0.10-0.30  Zullaikah ttazae (2005)
wgnin 19.2 9.8 3 6.9 2.2 - - Marchetti LLagAME (2005)
dhifudmdes 0.1 10.2 3.7 22.8 53.7 8.6 - Marchetti LtagAME (2005)
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4 o a 4 o
3197 2.3 aﬂymzuammmwmaﬂﬂaﬁmaﬂizmmwamamaimmﬂm%uu N.f. 2552

(NTUFININAINU W.A. 2552)

3183 Forfmun SaT1gaen naaen '
1| wilawedaes Sotaz Taminiin g 96.5 EN 14103
(Methyl Ester, % wt.)
2 AL o guivigdl 15 % Alanswgmnaduas | idinh 860 ASTM D 1298
(Density at 15 °C, kg/m 3) uay
laigani 900
3 Awnila wguugii40°y  uddland g 35 ASTM D 445
(Viscosity at 40 °C, cSt) uag
Taigana 5.0
4 ganu'li NG iginn 120 ASTM D 93
(Flash Point, °0)
5 Mz Stz Tambwniin laigena1 | 0.0010 | ASTM D 2622
(Sulphur, %wt.)
6 N $ovaz Taenimin Taigana 0.30 ASTM D 4530
Govaz 10 veamniimaennmandu)
(Carbon Residue , on 10 % distillation residue, %wt)
7 TN g 51 ASTM D 613
(Cetane Number)
8 imerale Stz Tambmniin laigani 0.02 | ASTM D 874
(Sulphated Ash, %wt.)
9 ih $oonz Taenimin Taigana 0.050 | ENISO 12937
(Water, %wt.)
10| dudleuivua Sotaz Taminiin laigena1 | 0.0024 | EN 12662
(Total Contaminate, %wt.)
11 MINANTOULHUNBIAY (Copper Strip Corrosion) liigeni1 | vneay 1 | ASTM D 130
12 | Wassnmdomanalfizer 42T ignn 6 EN 14112
ONTIATY 2 QN 110 erisaIFen
(Oxidation Stability at 100 oC, hours)
13| awnudunsa  daansuTdmdonloasenlodnsy | igenh 0.05 | ASTM D 664
(Acid Value , mg KOH/g)
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4 o a 4 o
3197 2.3 aﬂymmaxﬂmmwmmlluiaﬁmmﬂizmmwamamaimmﬂiﬂllmuu N.f. 2552

(NFUFININAINU WA, 2552) (AD)

3183 Foiriua Saa1gaen Jnaaen

14 a'loTodn niuleTodu/ 100n5y | ligenm 120 EN 14111
(Todine Value , g lodine /100 g)

15 nsadluiafinufiaemnel  Jovaz Inorimin Taiganm 12.0 EN 14103
(Linolenic Acid Methyl Ester , ~ %wt.)

16 wnuoa Sovaz Tngrinmin | iganh 0.20 EN 14110
(Methanol, %wt.)

17 TuTundiwelsa Sovaz Taorinnin | iganh 0.80 EN 14105
(Monoglyceride, %wt.)

18 landivelsa Zouas Taeniin Taigana 0.20 EN 14105
(Diglyceride , %wt)

19 lasndelsa Sovaz Taorinnin | iiganh 0.20 EN 14105
(Triglyceride , %wt)

20 NABOIUDATE Souas Tnenimin Taigana 0.02 EN 14105
(Free glycerin , %wt.)

21 ndweunamun Zovas Taenimin Taigana 0.25 EN 14105
(Total glycerin, %wt.)

22 Tavznqu 1(0aRennas Tluaaiden) Jaaniu/ laigana 5.0 EN 14108 t1ag
nlaniu EN 14109
(Group I metals (Na+K), mg/kg)
Tangnqu 2 (WAaFennazuuntiden) Uaansu/ Taigana 5.0 PrEN 14538
Alansy
(Group II metals (Ca+Mg), mg/kg)

23 Woawese Sovaz Ingrinin laigani 0.0010 ASTM D 4951
(Phosphorus, %wt.)

24 arsduna (1)

(Additive)

IHdlu oA Idsuanuiuseusneud

ATUFININAINIU

1/ a4 Yas A A a " 3 Y
UYLV 'J‘ﬁ‘VIﬂfTE]‘UEHﬁ]GLGH'J‘ﬁE]uVIWIfJiJWHﬂhlﬂ
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a v = o o A g =
M1919N 2.4 aﬂymzuaxﬂmﬂmmaﬂuiam%aﬁmsmmmau@mimym (lluiamcnm;wu)

WAL 2549 (NTUFININAINU W.A. 2549)

318M3 Hofmun Sas1gaen Tonadoy "

1 AL o qaingdl 150y AlanSwgnuiadwas | lisnd 860 ASTM D 1298

(Density at 15 0C, kg/m3) uay
Taigana 900

2 ANUNTIA & QuNgl 40 °w wudaland g 1.9 ASTM D 445

(Viscosity at 40 °C, cSt) uag
laigani 8.0

3 ganuli NV AITEA iiginn 120 ASTM D 93
(Flash Point , °C)

4 Muzou Zova Inor i laigani 0.0015 | ASTM D 2622
(Sulphur, %wt.)

5 Samdimu g 47 ASTM D 613
(Cetane Number)

6 ideramla Zovaz Tnenimin Taigana 0.02 ASTM D 874
(Sulphated Ash, %wt.)

7 uazaznew Sovaz Inoif5u1a3 laigani 0.2 ASTM D 2709
(Water and Sediment, %vol.)

8 MINANTOUUHUNDUIAL liigeni | vneav 3 | ASTMD 130
(Copper Strip Corrosion)

9 annuilunse Gadnsu Tuuaadon laasen lud/nsy Taiganm 0.80 ASTM D 664
(Acid Number, mg KOH/g)

10 | ndweiudase Sovaz Taoviniin laigani 0.02 ASTM D 6584
(Free glycerin, %wt.)

1| ndesuanun Sovaz Tnerhmin laigani 1.5 ASTM D 6584
(Total glycerin, Yowt.)

2 |@ e | aseiitadae
(Colour) 21891

13| aaduusa (@i i w185 uanuiurenan

(Additive)

DTUANTUFININEIIIY
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2.6 m’%mwammuaﬁm

A a A v a I Jd 1 Aa Y o
INTOINAUIUUTAaYIoNoNadunuUada 1Wuglnsaisronaun e leiy
[ 1 [ I = d'
uwsvianelugaminnssuaes lineziu gammnssuall gadaImnssueIms (Hedn
9 [ ] < (4] (4] [
#1150 1HNUAVEITHAOTD UL IFUNTHEN VBAULUI-VDINAD NIY-NI1 VYBUHAI-NIY Ly
A Y ¢ v A~ o q ¥ A a
VOUKAI-VOUKA) Hazdug Adedse leruns Isaunvainvalein linseswduLuuaan
I v A A ) @ A o 1 A A aq ¥
WudraenninauladmiunszUIUMIHANTINNINN AN IATOINTULUVADAN TH11
o luagiiulivainvategunundn 30 uuy (Albright LF, 2008) A931/7 2.5 taganuaiuse
1 [ a o g Y A v a a = A .
Tumswavasazuanaranu 1l Tuauddeil ldldennenauuuuadasiianagInie Kenics

. . A IS Y 9 Y
static mixer mmmﬂummmminiumswammmm-mmmm'lm LL@%ﬁ'liJ'liilﬁiNulﬂﬂﬁl

ANATOINANL VA DAY HADU

3UN 25 uaaIneNduIUUTAATTAAI9910 Vortex  mixer(KVM),  Corrugate
plate(SMV), Wall-mounted vanes(SMF), Cross-bar(SMX), Helical twist(KHT), L@

Cross-bar(SMXL)
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d’ o % a d' 9 @ 9 9 .
WonvuaalInlsoaseNaean1s¥aauualaz 19 11sunsy essential
. . . . . & 9 o
experimental design and essential regression version 2.209 TuUMs00NUUUMITNAADIFIADIN
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2009)
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AV = ﬁo + ﬁlM + ﬁzA + ﬂ3M2 + ﬁ4_A2 (51)
Taii

[ 3 v a Aa [ QQG‘
A4V:?nﬂﬁﬂuﬂuﬂiﬂﬂ4:ﬂiﬂ%ﬁﬂﬂﬂlﬂliluﬂuﬂauazﬁ;:ﬂWﬂNﬂizﬁﬂﬁ

a ) ' 3 Y o s A A A
M3 N 5.1 Lgﬁﬂwayamiaﬂmmmgﬂuﬂi@iuumuﬂmu@wnmmumimammwullm

A3

M3 WNUDA nsaganITn manuiunia
nAadi (% lag (% lag © Taeimin)

Y3uag) Y3uag) 10U 20110 3010 40W10 50U 60 U

1 34.1 2.0 1.945 1.863 1.632 1.512 1.353 1.274

2 30.0 1.0 2.142 1.967 2.012 1.734 1.756 1.526

3 20.0 2.0 3.570 2.590 2.390 2.280 1.960 1.960

4 20.0 2.0 3.620 2.630 2.450 2.310 1.980 1.980

5 59 2.0 11.519 10.572 9.467 8.352 7.731 6.146

6 20.0 0.6 5.731 5.331 4.921 5.121 3.782 2.461

7 10.0 1.0 6.839 5.862 5.271 4938 4.862 4.638

8 10.0 3.0 8.549 7.746 6.923 5.365 5.123 4,953

9 20.0 2.0 3.570 2.550 2.420 2.330 1.950 1.950

10 20.0 2.0 3.610 2.620 2.470 2.350 1.970 1.970

11 30.0 3.0 2.852 2.662 2.691 2.532 2.195 2.015

12 20.0 3.4 5.378 4913 4.824 4.874 3.252 2.393
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AT
Fulszans Ugnsen
10 w1 20 U 30 U 40 N 50 U 60 U

,80 17.20000 17.49000 15.67000 13.97000 12.9100 9.86700
:81 -0.82200 -0.87900 -0.75700 -0.58700 -0.64900 -0.53200
,82 -2.63600 -3.69000 -3.61900 -3.92800 -2.56500 -1.05000
:83 0.013080 0.01533 0.01312 0.00977 0.01152 0.00926
:84 0.71900 0.98500 0.97300 1.00900 0.64000 0.28500
Po-value 0.0000390 0.0000560 0.0000630 0.0000236 0.0000150 0.0000001
P1-value 0.0004640 0.0004750 0.0006740 0.0046500 0.0001340 0.0000008
Po-value 0.0890200 0.0367800 0.0278600 0.0291700 0.0207000 0.0153500
P3-value 0.0051000 0.0032300 0.0045200 0.0270500 0.0009300 0.0000084
D4-value 0.0631200 0.0259400 0.0186100 0.0236600 0.0188500 0.0094700
R? 0.9470000 0.9320000 0.9270000 0.8330000 0.9500000 0.9890000
Rzzzdjusted 0.9160000 0.8930000 0.8860000 0.8160000 0.9220000 0.9830000
Rzz,rediction 0.7490000  0.6820000  0.6570000  0.4350000  0.7600000  0.9490000
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MINAaed winuea (5.9 < M < 34.1% las1lsu1a3) vaznsasaniin (1 < 4 < 3% lae
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v oA [ A 9 Y A ! o aaa
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v Aa = Y 1 1 a = ~ Qld'
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~ 9y 9 = v 9 a
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ngauuzaihldldfio wmivea 19.8% TasdSuias uaznsagalain 2.0% Tasdsuias uaz
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e Tae 115unsy Solver Tool 1147115151 MS Excel

M3197 5.3 aasan Iz NangavenszuIUMIanansa luiudaseinane

auls 10WN 2011 300 40N S0 60 W
WNIUDD (vol.%) 31.4 28.7 28.8 30.1 28.2 28.7
nNIA¥aNITN (vol.%) 1.8 1.9 1.9 1.9 2.0 1.8

aanudunsa (mgKOH/g) 1.862 1.426 1.386 1.327 1.197 1.252
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M3197 5.4 naastoyamiaE @O S ANINUMINAADINNAIAINA

Mg WMNIUOA Tnunaidon'le wihawames

vmamﬁ ason lad (%Tﬂmjmﬁ'ﬂ)
PALE @laobmiin)  10wf 200F 30w 40w@ 50R 60w

31109)
1 10 13 35.79 46.66 55.34 60.41 68.07 71.43
2 20 0.93 12.2 23.07 34.75 36.82 39.36 48.79
3 34.14 8 66.76 77.63 86.31 86.85 88.35 90.55
4 30 3 64.16 75.03 83.71 85.1 86.6 88.72
5 30 13 67.02 77.89 86.57 86.48 87.98 89.77
6 5.86 8 19.04 29.91 45.59 47.62 49.12 55.34
7 20 15.7 66.01 76.88 85.56 86.99 88.49 90.28
8 20 8 64.38 75.18 83.86 83.83 85.33 90.15
9 20 8 64.42 75.28 83.91 84.04 85.54 89.27
10 20 8 64.51 75.38 84.06 84.25 85.75 89.39
11 10 3 17.06 27.93 36.61 39.97 41.47 50.8

12 20 8 63.97 75.28 83.96 84.34 85.57 90.07

H 1w a £, o v o A
ﬂ151\1’ﬁ 5.5 LLﬁﬂ\‘lﬂWﬁNﬂﬁgﬁ"Wﬁ@lN‘]ﬂJ@QﬁNﬂWﬁﬂWHWﬂﬂ'ﬂNﬁNWHﬁ“ﬁ 5.2

namsilgnaen

Sulszans 1047 20 UM 30 W 40 UM 50 WM 60 1N

ﬂo -57.8100 -47.14 -30.2300 -21.9300 -17.1300 -5.30000
ﬂl 5.63000 5.649 5.07000 4.63500 4.41900 4.31100
BZ 9.26700 9.294 9.08800 8.47000 8.27900 7.51800
ﬁ3 -0.09518 -0.09564 -0.08428 -0.07629 -0.07282 -0.07462
p() -value -0.42000 -0.42200 -0.41500 -0.37900 -0.36000 -0.33900
pl -value 0.01024 0.02508 0.09701 0.20500 0.29700 0.69300
pz -value 0.00549 0.00541 0.00720 0.01072 0.01161 0.00588

P3-value 0.00403 0.00397 0.00342 0.00477 0.00459 0.00318




63

v P ]
M31970 5.5 Llﬁﬂ\‘]ﬂ"lﬁllﬂixﬁ‘ﬂ‘ﬁﬁnx‘]ﬂﬂlﬂﬂﬂﬂJﬂﬁﬁ”lUﬁJﬂ’JﬁJﬁﬂJWU‘ﬁ}ﬁ 5.2 (99)

NIl
Sulszans 10 U 20 U 30 U 40 U 50 UM 60 UM
R2 0.90300 0.90300 0.90100 0.89200 0.89300 0.90100
Ridjustea 084800 0.84800 0.84500 0.83000 0.83200 0.84500
R;rediction 0.54400 0.54400 0.53100 0.50500 0.56500 0.58100

KOH (wt.%)

KOH (wt.%)

KOH (wt.%)
®

T T
10 15 20 25
Methanol (vol.%)

(10 min)

T
30

14 -

12 4

10 4

6

44

27\4\*\
T T T T T
10 15 20 25 30

Methanol (vol.%)

(20 min)

KOH (wt.%)
@

u
10 15

10 15 20 25

Methanol (vol.%)

(30 min)

30

2'0 2'5 30
Methanol (wt.%)
(40 min)



64

KOH (wt.%)
)
KOH (wt.%)
o

-

14 14 4
12 12
10 10 4
8
6 \ -
44 4
2 < 24
\“ﬁ_ T T T T \lﬂ\ T T T T T
10 15 20 25 30 10 15 20 25 30

Methanol (vol.%) Methanol (vol.%)

(50 min) (60 min)

d’ (= a 4 d' 1 =
sUn 5.5 ug@aIn5 1M contour VOIUSWBUNALOAINDS wmmmuaauazTwsmamau"laﬂsaﬂ

P 1
lsannainieg

{ A Ay &
5.1.7 ﬁﬂ”l’wﬁﬁrm13E‘Tll‘ﬁfjﬂﬂl’f)ﬂﬂig1J’J°L!ﬂ”|§‘l/]i11!ti’]ﬁﬁ/]@ii1/\|m°]5u

mMamuamanenmuzaungalunszuiuniswan lu Todsa
o s P Ay v ) o Y o
9101815 Tl enuurunisnaaeei ldoenuuu'ld awsadiuialdanaunsriiune
[ % 4 $ o I
ANUTUNUTN 5.6 Taeld11l50n5 MS Excel tiag Solver Tool Tumsdiuia meldiaonly
=Y =1 4
MINAasd Mua (5.9 <M <34.1% lasl3u1a9) vaz Twunaden laason las 3 <k <
o aan = ad o = = Y o
13% TaeSuas) yhilgnserngumgia 60°C Maan 10 20 30 40 50 Az 60 WIT laan1Izha
~ v Aa @ ~ <3 PR o aan
ngalumsaansalududase aws1ei 5.4 vinaseezmiu ldn szeznalumsiilfnie

~ = ] a =S Y a a"' a 4 1
N 10 20 30 &ag 40 UIN UlllffﬂllﬁﬂWﬁ@lhl‘uIﬂﬂl%ﬁﬁlﬁuﬂ’JHJ‘Uit]’“VIﬁ“ll’t]\im‘l/]al’t]ﬁm@iNWﬂﬂ’ﬂ

96.5% Tuvmzszeznarlumsilgnseriina 50 uag 60 Wi awnsonaaluTediwa ldga

£l

=2 3 Y o @ R A 1 = A o Y !
04 97.49 Uag 98.6% Iﬂﬂuﬁ’iuﬂ ATNAIAY G]Nllﬂ1q3ﬂ31ﬂ1ﬁ5§1uqﬂiﬂﬂlgﬁﬂﬂﬂﬁ’iuﬂ]’h 154]
A A =Y ~ 9 A = 9 Y = v 9 Y
LlJ@W%Wﬁﬂl'WWﬂ'lJiiJ'lmliJ“lfl'lu@acﬂalsﬁ N[ 60 UIN Gl“mumu’aauaﬂﬂm ‘ﬂ\‘]ﬂﬁgﬁﬂﬂﬂunuqﬂ

1 [ (91}/ A Aa A o [ dyd! Y =Y
UINNN ﬂﬂuulﬂ@uqmﬂﬂﬂq@ﬁ1ﬁiﬂﬂ1ﬁ/]ﬂﬂ@ﬂuﬂ@ luniuea 28.88 %Iﬂﬂﬂilﬂ@]i uag

an

J 3 @ o a { a
Twumaidon laasonlaa 11.08% Taginnin ldnarlunishilgasern 60 wiil aunsonda

= 9 v

a I Y H o ] S A A AN ¥ ]
whaeames lagade 98.6% lagitmin sg1alina Qoulunanaan ldnaindedu vin

G Q



65

a\ d’ Y o 1 d‘ [ g’/ d’ =) 9 = 9
nasannnfsnammuean lddiegluiFinangs dniuneaatSnans lduniueadsla
o 1 a I'4 1 %‘ v
MrUAAIUNA NS 11 Solver Tool ¥04 115151 MS Excel 11101 96.5% Tagtimiin(ay
= a a L4 A o A 1 v ¥ A Aa
wasg i luTedwaFanayd) ilomuramanzimuzanInd dsing 114 Qeuluind
{ { o 4
nganuuzah i ldfo wnuea 23.81% Tael5u1as uaz Tnunmdow laason lad 11.8% Tag

Y]

MU

Toe

d‘ td'dd' a =S d' A
719190 5.6 u,amamazmwqmlmﬂﬁzmuwaﬂ"luiamcvamammm

aals 10N 20110 30w 40WW 50W1W 60 WA
WMUoA (vol.%) 29.58 29.53 30.08 30.38 30.34 28.88
Tnunangeon'leason'lesd (vol.%)  11.03 11.02 10.94 11.19 11.49 11.08
whaeamnes (wt.%) 76.57 87.47 95.74 95.85 97.49 98.60

a a o Y ¢ a a
5.2 mmam"hﬂeﬁwamnaznuwaﬂ"luiaﬁmuu‘uaewumaumnmuuﬂmmumuﬂnsﬂga

ANONTNUVV A DAY UIY

a g ? o J
5.2.1 Nﬁﬂﬁ”ﬂﬂﬁ@\‘]ﬂWiig‘U‘UWﬁﬁU]fUI@alﬁﬁaLLUUﬁ@\‘]ﬂJHﬁ@H‘ﬂWﬂHWﬂHﬂ1aﬂJ

AUFTANTAGIAWNONANIUADANYUIU

o v 9 a oA 3 3 A A 9 Y
WENi]”lﬂﬂ”li‘ﬂﬂaBﬂiuixﬂﬂ‘ﬁi’)\iﬂ;]‘]Jﬁﬂ”lilﬁimﬂu‘ﬂLiEJ‘].IiBEJLLﬂ%llﬂ

&L o o a 2 & =2 o 9 [ 1 9 3
awugmmmumzummmamll‘uTaﬂwmmuaawumu iN‘LH‘“IJBlJﬁﬂQﬂﬂ”I’ﬂ‘]ﬂﬂM

=3
&2

®
v £ y a a 2 Y o ¢/ a
Foyanugulumsesnuuuuazadeszuunan luToAwannuaesiuaeusininiuihavay
a 9 1 a 1% A Z d" Y o A g
FANTAFIAIBNORANLDUADANYUIU A9gU7 5.6 neilldiimsnadenszuumeiuns
A o Ay a a Yy 1A v &
dudunszuunainansonan luTedwa ldedranesnuun 13 duasunsnuesmsnaaou
! [ I v a ? o J a 4 .
szuud lasaadne'ld dunszuivaansaluiudass luiiuihauay Tasez 193euluna
1 1 Y
nganlaninnmanaaesluszaudesdfianisiune lduniuea 19.8% TaslSuias uaz
nyagaiin 2.0% Iaglsuag inlgaserngargil 60 °C W 50 WIN WaN1INAABINLIINgG
1 v Aa A = Y [ VoA Y
Nennsnaansa luiudaszan 30 mgKOH/g autnde 1 mgKOH/g FalndiAssnumi laain

[ Y a oA [ ~ @ o aan <3 9 v Qy 9
ﬂﬁﬂﬂﬁ@\ﬂui%ﬂﬂ‘ﬁ@iﬂgﬂﬂﬂﬁ ANANITINN 5.7 wmmﬂmﬂgﬂimmimgm “lJaE]EJ‘V]\‘]ll’J 3



66

4
o w

< A ] A A a Aan Y o JAa S =R o
GD"JI?JQLWE]GI:‘”GUf]\‘]iﬁﬂﬂlﬂﬂ%’]ﬂﬂ{]ﬂ'ifnl!f]ﬂf]f]ﬂ%’]ﬂu'lﬂJULf]ﬁlﬂﬂiiulwu WATWITDOUIUIY

Y
aana1n luwaa luTedraluduaeuas 114

g A o ¥ o Ja J g I @
Gluﬁuuﬂﬂuﬂﬁm mumumﬁmﬂ'i'i”Mumﬂﬁlluﬂ’é]uuiﬂmmumn U

Q

a
TunmsuaaluTodsa Tasldiaoulufe1910n15@NYI1Y09 Somnuk LazAME (2013) N 14

A

a %’ @ S a g}/ v a Y
naanan 1 TeRiranniniuthduAuuDUEeITUADUAIINOHTULLUTDANIUGAUAD
o 9 a [ a =1 Ay k) = dl =1 1% g o 4
gani Tatla wunawsonan 1o leamaiiisosazwa lagans 92.5% Weoreunuiniuidy
a SJd' = 4 g ]
a1 100% neld@euly wnuea 18% Iasdsuas Tnunadenlaasonlesd 8% Tasrtimiin

1 o o dy o Y = 4 A %,‘ @
me‘ﬂ‘l'iiﬂﬂﬁ‘]/lﬂaﬁ]\ﬁ!i]gﬂ'Wi‘LlﬂlﬁﬂWIWLL%ﬁL%ﬂN"laﬂiﬂﬂ"l%ﬂﬂQ‘ﬂ 8 %Iﬂﬂ‘LITH‘L!ﬂ LAz

o

o = o Aaan <
YSu1suasiuniuea 18, 20, tag 22% Iasllinas Wa1nmlnsenIu 60 wN uaginy

Y
! v 1 o w

(% 1 y o g csnlz a 4
#10819 1 Tedtran 1d 1Ud1ehanuazeiaalsin antudidieg1asiniu llasizin

¢ ? . - : - - -
penlsznouluiniudiensos walsingaeldteulaiwniuea 20% Tagiliuias uag

Q.

a =

4 %’ Y] a P a
Twunasenleasonlaa 8% Taguiiviin IdwnaweamosniaNuuSansuINd 98.65% lag

q

1 o Ay ya 4 4 A 2 A YA a N A <
HINUD u'ﬂﬂinﬂu1@3!ﬂ51$ﬂ9\1ﬂﬂ5$ﬂ9“9uqC]f\ﬁJf’]11ﬂalf’]len@]5;@]“1”1@@]1%'&!%\17‘”@!%8

aauanalumsiein 5.8

H a g‘/ g v d a a 1
‘i‘ljﬁ 5.6 LLﬁﬂQS%‘U‘UNﬁ@]I’lUT@ﬁl%ﬁllﬂﬂﬁ@ﬁﬂ]uﬁ’ﬂufl]'lﬂu'liJ‘u‘]J'laiJﬂ‘]J"lfuﬂﬂiﬂﬁﬁﬁ?ﬂﬂ’ﬂﬂﬁi\l

U U

HUVADANIUIY



67

H v s %‘ Ly Jd a {1 o
MI19N 5.7 f’;lﬂlﬁll‘]_IGW]Nﬂ”IEJﬂ”IWLmﬁﬁ’E)Qﬂﬂizﬂ’f)iJGL‘L!LlﬁJLl‘]J"IallﬂiJ‘ﬁNTLlﬂ"Iiﬂﬂﬂiﬂ]lGUllu

d5e

Y =Y
Mfueamass tnd

AuaNA hifuihdudy szauteslfians w3eqluTeAwanuy
(5895/590) T T (100 aa5/
501)
AMUANUIUU 60 °C (kg/l) 0.916 0.893 0.889
ANUWLIA at 60 °C (cP) 18.17 7.60 7.30
n5A luiudas (Wt.%) 13.699 0.868 0.457
aAne3 (Wt.%) 0.059 9.877 16.389
Wnanh @) 0.312 0.117 0.099
AnNuiluNIA (mgKOH/g) 30.0 1.9 1.0
las-ndiwe s (wt.%) 83.116 80.126 73.261
la-naelsd (wt.%) 2.882 8.459 8.056
TuTu-nawse 156 (wt.%) 0.244 1.439 1.837
USmnaumuoea (wt.%) - 1.410 1.270
maaii 5.8 wansesilsznonluluTedmanminfuhduduriansags
masgluToRwra
Aaaia NANIINARDY Ine’ G oM’
(ASTM,EN) (EN) (ASTM)
wiaames (wt.%) 98.65 >96.5 >96.5 -
nsalalwadn (wt.%) 0.36 <120 <120 -
WNMuUaa (wt.%) <0.01 <0.2 <0.2 <0.2
AMIHUMLUA 15 °C (ke/ m) 876.7 860-900 860-900 -
aumiiaf 40 °C (cS0) 4.46 3.5-5.0 3.5-5.0 1.9-6.0
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.1 MIOAUVUNDHANUVUTDN

1. fmuasasimsilouninituildogesan 40 aas/a Tue (Q = 0.00001111

m’/ s)

2. 1ditou lymsnaaes wnuea 20% Tagil5unas naznsadaysn 2% lae

Binas deusutiuiuhduan 100 % TaeSinas

3. [ADPVINANENTINTTUBNTIZARRAINAEY 10 T3

4. FAnamanuEvesved ua (ms)
Q=0.00001111 m’/s (@0 + 00000222 m*/s (MAENFIATIATE

=0.0000136 m’/s

D =00lm, A=0.0001m’
Y
V = Q/A = 0.0000136/0.0001 = 0.1726 m/s

5. mudwmaAuss luaatiued
V=0.1726 m/s, P=270/r =0.0314 m

D, =4A/P = (4*0.0001)/0.0314 =0.01 m

w=0.01817 Pas, p=916kg/m’

N, =@V D,/ p=(916 *0.1726 *0.01)/0.01817 =87.01

6. MIANVYNINONAVLULADH
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Cy = Quuon T Quasos = 0.00000222 m’/s

CoV,, = ((1- Cy) C" = ((1-0.00000222)/0.00000222)""" = 2.132
CoV, =0.05/ CoV,, = 0.0235

K, = 0.87

L=(In CoV,/In K, )* D= (In 0.0235/ n0.87 )* 0.01 = 0.2695 m
7. HIANNAUANAT UM IUNOHANLU LT DA

f=16/ N, ( for laminar) = 16/65.26 = 0.2452

K,=28, K, =69

AP = 4P5(L/D)* p*(V’/2) = 4%0.2452*(0.2695/0.01)*916*(0.1726"°/2)

=270.45 Pa
APgy; = L* K *AP = 0.2695%6.9%270.45
= 502.88 Pa=0.05 bar

8. 1T IIUDAMUA(N BN ON AUV DA

Dsm = 1idurugUINa19BamUA = 0.01 m

Lsm = ANE1IDANUA = 0.015 m

JUU

N =0.2695/0.015 = 17.97 = 18 1n@g"
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S Idaai
Q = 40 I/min (é”mﬁ’;qqqmmﬁu), V=0.1726 m/s
AP = 4P5(L/D)* p*(V’/2) = 4*0.2452*(5/0.01)*916*(0.1726"°/2)
=5017.67 Pa
APy =K, *AP = 6.9%5017.67
=34621.9 Pa = 3.46 bar
“Vl"fJW’c’fiJLL‘U’Uﬁﬁﬁﬁ1ﬁ%ﬂlﬂ§@iwaﬂulUI@?]L%ﬁLLUUﬁ@Q%Hﬁ@HﬂJHWﬂ 100 aﬁi

1 a ] J a
an@Wﬁmm‘uaﬂmmmﬁumg{uﬂﬂmq 1 UALNAT 817 1 IUAT

flunqusie 10 e Turensenszuenvwia 75 IsuAWAT MU I8 fail
U5usa31m3 Twad 100 Vhr
V =0.4315 m/s
AP = 4P+(L/D)* p*(V2/2) = 4*0.2452*(10/0.01)*916*( 0.43 15’\2/2)
=25088.36 Pa
APgy = K, *AP = 6.9%25088.36
= 173109.768 Pa = 17.3 bar
0.2 AUNUNIIHEA
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Y
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At §uRY = (60 1) * (918.08 ke/m’) * (0.001 m'/l) = 55.085 Kg
wIamnIueal = (11.88 1) * (789 kg/m’) * (0.001 m’/1) = 93.373 Kg
WIAUMUDA2 = (10 ) * (789 kg/m’) * (0.001 m’/l) = 7.89 Kg
wransagansn =(1.21) * (1826 kg/m’) * (0.001 m’/1) =2.191 Kg
AoanuingALLAL AT = 2245.89 1N

Y v (%

Aunuamasau i = 33.85 um
faniu
luTeRwaiisim
— (2245.89 +33.85) /50
= 44.92 1NN/ang
Aunumwizasatiuaznasau lulih
= (593.19+33.85)/50
= 11.87 1MM/aa3

@

AadlunloSiFudld aail
%’ @ Jd A
Uhauay = (1652.7 /2279.74)*100
=72.50%
WNMUDA =(523.15/2279.74)*100

=22.95%

Au39PnIen = (68.49/2279.74)¥100



a1l

=3.00%

=(35.4/2279.74)*100

=1.55%
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1. mviuaamlsoasey
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X A Ay = P o A
Gluﬂ’]ﬁ“l/lﬂﬁf]\iu walsoaseNAeIn1SANEINNIHLA 2 aauils Ao wn1uea

[

[ 4 a 4 1 { { a a [ {
(M) uagnsagayin iednizimyaiuzauigavestiatsniioninasonanoauon

18 @anudunsa)

2. MUUAT AT aTE

]
=

A4 gy A = o 1 o a
LW@iﬂVlﬂﬂﬂ%MNwﬁuﬂ@’ﬂluﬂﬁﬂﬂﬁ@ﬂ MIMruUALINveIaLlsoasel
) [ v d' 9 o ] % a ] 9 a ]
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T1/5un54 essential experimental design and essential regression version 2.209 ﬁmﬁﬂﬂugﬂm

f.1

Factor Name LInits Low Value High Value

|MEDH | |1 |3CI
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3.1@9NINITUATIEUNITINUNUNITNATDN

ao dy Y A Y as . .
NIl ldiaenmseentuUMINAABIAI83T Central Composite Design

(ccD) Taall 4 Anlsdasei 2-level uazlidduilswanauauad 1 41 aaaaaluzilin a2

e

-:Dﬁign_ap Ex]_::!erime,nt

— Input Data
Mumber of Factors 2 ﬂ # of Centerpoints: 4 ﬁ Mumber of Responses 1 ii
w -

v Show Aliasing (if applicable)

v Al Factors are Quantitative v Randomize Worksheet

— 2 Level Screening Designs
Many Factors Higher Resolution

" Fractional Factorial Res 4
" Fractional Factorial Res 5
™ Full Factorial

" Fractional Factorial Res 3
" Placket - Burman

™ Response Surface Designs
— Central Composite Type -

Second Order Models T
™ Circumscribed (Min & Max=5tar Points)

{% iInscribed (Star Points outside Min & Max )
" Face Centered

&+ Central Composite

Exit

Current Design (12 Runs)

ignTor £ Factors
Help

Make DOE
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o % o ' 1 I v W a [ a
AUMIMINIANUFUNUTTEHINYTNamaNuunsanuaiuldsdaserasnnnasan

v

(@.1)

WodhAyveuaaznal

AV = ﬁo + ﬁlM + ﬁzA + ﬂ3M2 + ﬁ4A2

4 i
1919 2.1 mfmﬂizamuazmmmamammmiﬁmwmmauwuﬁmmaumsﬁ 2.1

Reaction Source SS DOF MS F, Fo i

time
Model 83.39 4 21.10 31.06 0.000151
Residual 4.754 7 0.679

10 min Lack of fit 4.752 4 1.188 1717.713 0.0000228
Pure Error 0.00208 3 0.00069
Total 89.14 11
Model 75.27 4 18.82 24.05 0.00034
Residual 5.477 7 0.782

20 min Lack of fit 5.473 4 1.368 1059.2796 0.000047
Pure Error 0.000388 3 0.00129
Total 80.75 11
Model 58.09 4 14.52 22.28 0.000443
Residual 4.564 7 0.652

30 min Lack of fit 4.560 4 1.140 930.5805 0.0000571
Pure Error 0.000368 3 0.00123
Total 62.66 11
Model 41.47 4 10.37 13.19 0.00225
Residual 5.502 7 0.786

40 min Lack of fit 5.499 4 1.375 1541.837 0.0000268
Pure Error 0.00268 3 0.000892
Total 46.97 11
Model 37.94 4 9.484 33.49 0.000118
Residual 1.983 7 0.283

50 min Lack of fit 1.982 4 0.496 2973.228 0.000010
Pure Error 0.00050 3 0.000167
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Total 39.92 11
Model 26.55 4 6.637 160.5 0.0000006
Residual 0.289 7 0.04135

60 min Lack of fit 0.289 4 0.07224 433.4504 0.000179
Pure Error 0.00050 3 0.000167
Total 26.84 11

o % o v a v W a @ a
AUMIMINIANUTUNUTTEHINYTINanaedmes nua s oaseHaInINHiITan

v

4 1
1919 9.2 mfmﬂizamuazmmmammammiﬁmwmmauwuﬁmmaumsﬁ 2.2

WodhAyveuaaznal

ME = ﬁo +ﬁ1M+ﬁ2K+ﬁ3M2 +ﬁ4K2
®.2)

Reaction Source SS DOF MS F, igaif

time
Model 6167.5 4 1541.9 19.96 0.000627
Residual 540.66 7 77.24

10 min Lack of fit 534.32 4 133.58 63.2400 0.00315
Pure Error 6.337 3 2.112
Total 6708.2 11
Model 4993 .4 4 1248.4 16.31 0.00118
Residual 535.63 7 76.52

20 min Lack of fit 535.61 4 133.90 19689.6184 5.8768E-07
Pure Error 0.02040 3 0.00680
Total 5529.0 11
Model 4315.0 4 1078.8 11.99 0.00299
Residual 629.92 7 89.99

30 min Lack of fit 628.70 4 157.18 388.9844 0.000211
Pure Error 1.212 3 0.404
Total 4944.9 11
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Model 4085.6 4 1021.4 14.43 0.00173
Residual 495.55 7 70.79

40 min Lack of fit 487.88 4 121.97 2300.497 1.47963E-05
Pure Error 7.671 3 2.557
Total 4581.1 11
Model 3765.2 4 941.31 14.66 0.00163
Residual 449.47 7 64.21

50 min Lack of fit 449.38 4 112.34 3731.8597 7.11968E-06
Pure Error 0.09031 3 0.03010
Total 4214.7 11
Model 3791.5 4 947.88 14.63 0.00164
Residual 453.40 7 64.77

60 min Lack of fit 451.84 4 112.96 217.8109 0.000502
Pure Error 1.556 3 0.519
Total 42449 11
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¥ v Y a wa
‘U'ﬂHﬁﬂ1§ﬂﬂaﬂﬂjuigﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ'ﬁ

9

Y Y
ToyaesnilsznouluiniuluTedanminiuihdis lva

3199 2.1 vamsnaaead 1: meldidenlv wnuea 10% TaefSuas, Tnunmdenlaasen

Y
lad 13% Tagrinmiin

FoulymInaass: MeOH 10 %vol., KOH 13 %wt.
na1 (W) | wiaeames | lasndwelsd | landwelsd | TuTundwelsd
10 35.79 61.25 237 0.59
20 46.66 52,24 0.65 0.45
30 55.34 4228 1.18 1.20
40 60.41 37.23 1.78 0.58
50 67.56 30.30 1.21 0.93
60 71.43 25.45 2.97 0.15

3191 2.2 ansnaaeai 2: meldidenlv wnuea 20% TaefSuas, Tnunmdenlaasen

lwé 0.93% Tagiimiin

Qou'lunInaasd: MeOH 20 %vol., KOH 0.93 %wt.

na1 (W) | wiaeames | lasndwelsd | landwelsd | TuTundwelsd
10 12.20 71.22 11.63 4.95
20 25.15 62.93 10.31 1.61
30 34.75 57.36 8.43 0.54
40 37.56 46.57 12.30 3.57
50 41.01 49.92 8.25 0.82
60 48.79 38.73 5.77 6.71
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3191 2.3 wansnaaedn 3: Meldideuly wnivea 34.1% TaefSuas, Tnunaweulaas

4 %’ Y]
o0 lua 8.0% Iagiiviin

{1 1uMINABDI: MeOH 34.1 %vol., KOH 8.0 %wt,
na1 (W) | wiaeames | lasadwe’lsd | landwelsd | Tulundwelsa
10 66.76 2091 5.38 6.95
20 72.46 16.78 6.15 4.61
30 86.31 10.55 1.31 1.83
40 87.93 6.82 3.57 1.68
50 89.21 4.19 2.94 3.66
60 90.55 3.62 1.98 3.85

d' d' sld' (= =
M3 NN 2.4 HANITNATDIN 4: ma“lmmu"lm WNUaa 30.0% Iﬂﬂﬂﬁﬂ@]i, Twsmm%ullaﬂs

4 %} o
o0 laa 3.0% Tagiimiin

Qou'lunInaasd: MeOH 30.0 %vol., KOH 3.0 %wt.

na1 (W) | wiaeames | lasadwe’lsd | landwelsd | Tulundwelsd
10 64.16 26.81 6.25 2.78
20 72.83 17.34 521 4.62
30 83.71 9.52 3.19 3.58
40 85.23 5.34 6.51 2.92
50 87.18 439 5.74 2.69
60 88.72 2.51 4.79 3.98




d' d' sld' =Y =
A1319N .5 HANITNAADIN 5: ma“lmmu"lm WNUaa 30.0% Iﬂﬂﬂﬁﬂ@]i, Twsmm%ullaﬂs

4 %} o
on 14 13.0% Tagiiniin

Qou'lun1snaasd: MeOH 30.0 %vol., KOH 13.0 %wt.

na1 (W) | wiawamed | lasndwelsd | landwelsd | TuTundiwelsd
10 67.02 28.46 3.17 1.35
20 73.79 19.35 4.41 2.45
30 86.57 9.37 1.94 2.12
40 87.29 8.91 2.07 1.73
50 88.91 6.55 2.89 1.65
60 89.77 493 3.27 2.03

d' d' sld' (= =
M1319N 1.6 HANITNATDIN 6: ma“lmmu"lm WNUDD 5.86% Iﬂﬂﬂﬁﬂ@]i, Twsmm%ullaﬂs

4 %} o
on laa 8.0% Iagiimiin

Qou'lun1Inaand: MeOH 5.86 %vol., KOH 8.0 %wt.

na1 (W) | wiaeames | lasndwelsa | landwelsd | TuTundwelsd
10 19.04 71.05 8.34 1.58
20 29.47 59.13 7.89 3.51
30 45.59 41.73 9.91 2.77
40 48.72 37.36 10.13 3.79
50 51.41 3321 10.22 5.16
60 55.34 26.34 9.58 8.74
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d' d' sld' =Y =
A1319N .7 HANITNAADIN 7: ma“lmwu"lm WNuUaa 20.0% Iﬂﬂﬂﬁﬂ@]i, Twsmm%ullaﬂs

4 %} o
on 'l 15.7% Tagiiniin

o lym3snaasa: MeOH 20.0 %vol., KOH 15.7 %wt.
na1 (W) | wiawamed | lasndwelsd | landwe’lsd | TuTundwelsd
10 66.01 27.14 4.63 222
20 70.64 21.20 4.8 3.88
30 85.56 9.37 2.94 2.13
40 86.51 1.67 8.44 3.38
50 88.64 0.96 9.31 1.09
60 90.28 391 4.06 1.75

d' d' sld' (= =
M3 9N A.8 HANITNAADIN &: ma“lmwu"lm WNnuUaa 20.0% Iﬂﬂﬂﬁﬂ@]i, Twsmm%ullaﬂs

4 %} o
on laa 8.0% Iagiimiin

Qou'lunsnaasd: MeOH 20.0 %vol., KOH 8.0 %wt.

na1 (W) | wiawamed | lasndwelsd | landwe’lsd | TuTundwelsd
10 64.38 28.59 5.32 1.71
20 72.45 22.81 4.16 0.58
30 83.86 12.38 231 1.45
40 85.72 7.46 427 2.55
50 88.43 1.55 8.64 1.38
60 90.15 0.67 8.28 0.89
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d' d' sld' =Y =
M3 N D9 HANITNAADIN 9: ma“lmmu"lm WNuUaa 20.0% Iﬂﬂﬂﬁﬂ@]i, Twsmm%ullaﬂs

4 %’ o
on laa 8.0% Iagiimiin

JoulyM3INAana: MeOH 20.0 %vol., KOH 8.0 %wt.
na1 (W) | wiawemes | lasndwelsa | lendwelsa | Tulunawelse
10 64.42 27.59 4.41 3.58
20 72.42 21.86 4.13 1..59
30 83.91 12.33 231 1.45
40 85.70 7.48 4.25 2.57
50 88.51 2.15 8.59 0.75
60 89.27 0.78 8.58 1.37

d’ A sld' 2 =
M1319N 9.10 FANITNADDIN 10: ma“lmmu"lm Wnuea 20.0% Iﬂﬂ‘ﬂﬁﬂ@]i, IWLLTIETLGBEJN"I,?I

J ¥ o
ﬂﬁ@ﬂllc]fﬂ 8.0% Taguniin

[ou'lun1Inaasd: MeOH 20.0 %vol., KOH 8.0 %wt.

na1 (W) | wiaeames | lasndwelsa | lendwelsa | Tulunawe'lse
10 64.51 27.63 4.56 3.30
20 73.15 20.45 3.73 2.67
30 84.06 11.86 2.72 1.36
40 86.27 7.34 3.98 241
50 88.57 115 7.59 2.69
60 89.39 0.77 8.59 1.25
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3190 2.11 wamsnaaean 11: meldaeuly wmuea 10.0%lasfSuas, Tnunamen'ls

J 3 o
ﬂﬁ@ﬂllclfﬂ 3.0%Iﬂﬂu1ﬁuﬂ

JoulymInAane: MeOH 10.0 %vol., KOH 3.0 %wt.
na1 (W) | wiaeames | lasndwelsa | lendwelsa | Tulunawe'lse
10 17.06 73.52 8.73 0.69
20 23.34 64.91 10.23 1.52
30 36.61 56.20 5.97 1.22
40 42.47 4821 8.93 0.39
50 47.36 39.78 7.83 5.03
60 50.80 39.07 7.32 2.81

M3190 2.12 wamsnaaean 12: meldaeuly wmuea 20.0%lasfSuas, Tnunawen'ls

J 3 o
ﬂﬁ@ﬂllclfﬂ 8.0%Iﬂﬂu1ﬁuﬂ

Qou'lun1snaasd: MeOH 20.0 %vol., KOH 8.0 %wt.

nat (W) | wiaeames | lasndwelsa | lendwelsa | Tulunawe'lse
10 63.97 27.93 5.56 2.54
20 73.17 20.42 3.73 2.68
30 83.96 11.82 2.62 1.60
40 86.31 6.34 3.93 3.42
50 88.54 1.45 6.79 3.22
60 90.07 0.96 7.28 1.69
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4 1 < ? o s oA 7 y
ﬂ151\1ﬁ .13 ﬂ1ﬂ’313JL1J1!ﬂiﬂ‘luu1llu1halllﬂﬁﬁ/]@551‘1/‘]51 ﬂ”lfl‘lﬁ}ﬁ@ulleﬂﬂ1ﬁﬂﬂaﬂﬂ: HNUDA

19.8% lag1/511a3 aznsadaifsn 2.0% lagfsuas

] 9y
a51an 2.14 eaadsenoululuTofranniniuhdueamoss g

a1 (UN)

aanudunsa (mgkOH/g)

danhdusy 29.0
10 19.8
20 10.3
30 5.7
40 2.5
50 1.6
60 1.0

ou'lunInaasd: MeOH 19.8 vol.%, KOH 2.0 wt.%

a1 (i) ME FFA TG DG MG
0 23.72 0.66 65.57 1.27 8.77
10 62.97 0 33.84 0.12 3.08
20 83.54 0 13.37 0.44 2.65
30 90.06 0 0 2.26 7.68
40 96.81 0 0 0.12 3.08
50 99.77 0 0 0 0.23
60 99.94 0 0 0 0.06
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o Pr T ' T I TP S Y S - PR, (T S R T T (—— 44 4504
Data danaling Flle:fedt L.33 BR1n Caiculation=Fllel~ay LALD111714

[l Ll

5

4

|

z B MG

A

0ua Q.1 0.2 0.4 i
Calpelation Method @ Fercent
Frak F Area Arez¥

Ho

1 0,120 0.10E I.1EE £338 E25

2 0. 172 0.1€8 o208 370 SE3

3 5. 277 D.2&3 D.298 273 El ¥ @

4 0.314 0. 302 0327 £1 d.E15 (%Tﬂﬂu’]wuﬂ)

5 0. 422 0,411 o428 28 a.377

T531 15.12 100.0D0

Y
TuToRraaniniuahdus 1nd

d' o 1 a d J y o =
31]1’] ¥.1 LLﬁ’ﬂ\W]’JEJEJNNﬁﬂﬁ?Lﬂ'iwﬂflxiﬂ‘ﬂi%ﬂ@“]JGluuﬁJu"lUIf]ﬂL“]m
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Eample Identifies:

Data Processing Paremesters

3/8/25586

50 undefined
Farpmsier Files:
Bata Handling: File:test 0.55 =in Caloulaticn-File: ~oy 201112147214

o e = = _— —
=] o o.2 o3 ca iy

n Matnsd @ Percant

Peak Hat.Tima Pk.Start Pk.End Azsa Halght  Azaad
Ho min {min (.5
11 d.119 0.1C0% S.1&832 1311 2.43 1lB.28
z -1B6L 1.150 d.212 EET1 T.51 70.338
3 ~Z50 0. Z4E 0,354 159 2 g0.23 %} o
4 -288 o.2E7 d.31E E4Z2 4] 7-578 0, T
$ 2 “ % 1Y UINUN
5 -230 £.318 -342 171 1! 2_1LT
& -42L 0.412 438 20E 1 2.%33
7 -48Z C.44%8 .4EZ ad 15 1_54
30E3 2.88 100
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Optimization of high free fatty acid reduction in mixed crude palm oils
using circulation process through static mixer reactor and pilot-scale of

CWo-SIep process

@

Krit Somnuk, Suhdee Niseng, Gumpon Prateepchaikul ®

aperiment of Meshorer) Eegicanring. Foruliy 2f Sagiaeeing Prece af Songs's Univerny, M2t Vel Saepe'e B30, Thoiond

ARTICLE INFOD ABSTRACT

Artizly butory:
Awcaienz 17 Ocicbes 3003

Azcapbed 30 Jancary 3014 tor. In this Rudy

] rafervion in msd crude paim il
acld {Hy50,) 35 305 £nalyer using e cIrcolaton prosess chroogh cEalc miker reas-
he response surfice meshodelogy (ASM) wis adopres o cprimize the asd value in

IMICPO) was perfarmed with mechans

astarified all after eserifczzian process (Arsc-coap) In lab-soale. The resules snowed char acd value

Ariz catalyet hl A e P
B P .._.r:..ab-l:aa.Ths.rc«.......t.de-.I-.
i abim P

o Ui Bakls of
acld walnd Wik

Samtic
Mdined erude pabe sl

mple operacion and makn
neved when i was condooed af che reacion ime of S0min. In the hase-c
ransegerifcrion (second-step] of ploc-scake process, (he SBESwik of meshyl emer p

s reduced fram 30 mgKOH ;’" o 2 mgEOH 5’".whh‘: 15.8 wolX MeCH, 2.0 volX H;50,, reaccion mem-
= peranane 50 °C, 0L K=" of MCPD, S0

raaczion time, and 5-m ol sradc mixes In lengeh, were wad i
£i00l Wik Used oo develop che plicc-scale process Inwilch ta scal-

eucion fram 5L MERD of lab-scaie so 80 L MCPD of pllos-scale, which wis deslged

Chal

e pliof-scale process, the fower | mgX0H g™ of
y2ed
e

acfileeed when the foilowing condition: 20wolX MeOH, & gROHL™" 0, a5 50 min reacdon dme at
50%C, was used 1o produce biodiessl

D 1014 Exevier L, All righas reserved,

1. Introduction

Biadiesel, n=newable alvermative fusl can be produced from
wegetadle ails or animal fats wich escerification and transescerificas
ticn reactions. The bigh guality bicdi=sel has demanstrated that it
can be uxed with diesel engines without any engine modificatien
11,2}, In Thailand, Both made palm il {CPO) and mixed oede palm
ail (MEPQ] were mainly used to produce biodiessl However, the
major preblem of bindiessl production from MCPO or CPO is the
free fatty acid (FFA) content The FFA must not exceed
2 mgkOH g™ {ar 1 wi.E] in crder to achieve a good conversicn of
esters from oil when basescatalyzed cransescerification reacion is
employed [1-8]. Berause, the sster corversian was reduced by
ihe formation of sapanification reaction [B.7].

The twosst=p biodiesel production was used to investigate the
purity of mechyl ester from the high FRA cils. Esterification reaction
(Girstestep, FFA reduction process], the FFA is converted to ecters by
ihe acid-catalyzed ssberification. Acid-catalyst [meast frequently
used: sulfuric, sulfonic, and hydrochloric adds) was used to reduce
the FFA in pil [7-8| followed by the base-catalyzed

= Comuipsrdizg authar
E-mall sddrmir gr=ipon s@cee stk (G Pratsapchatlal |

transesterification (secondsstep, bindisssl produrtion process) ta
corvert the tris, di=, monc=glyceride to esters, Esterification and
transesierification reactions were shown in Eg. {1) [19] and Eg.
112], respectively.

FEA = Aloahol 2 Ester - Water 13

Eam-caziigr

Triglycerides + Alechol ™ = Clycenal — Esters 2

Many regsarchers studisd the two-szep bicdiesel produccicn
from high FFA pils with homiogensous arid catalyst and followed
gy the bomogenecus base catalyst by wsing small scale laboratory
eguipments [=g. beaker, flask, glass cube, #1c ), For instance, Berchs
mans and Hirata |1 1] studied the bicdiesel productian from crde
Jeiropha cursas L seed ail (€)00) having a free fatty acds content of
15% in @ 12 mb special reaction glass tube both first= and second=
sten. They reparted that the FFA in CJC0 can be reduced to less
than 1% with 080 wiw of methamal foooil ratie, 1wt of sulfuric
acid [ H3%04L B0 min of reaction fime at 20°C In the s=cond steq,
methyl esters was achieved 50% yield when using 028 wiw meths
anal to oil, 1.4 wtd sodium hydrooide [NaOH) toail, and 120 min
reactian tinee ac B *C. Nakpang and Weetthikamokkhan [12] studs
ied the high free fatty acid cocanut il for producing Diodies=]
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uung S Har Sotioen ectize Amk ard hocplity with mugresc
atirrer. in cha Emsaep, che A b ioocorast =i wan recuoed fom

1105 m LEK wich mechansl o ol radz of 0013 vy, FRS0; of

0.7 val X, reuctior dreeof 30 min a2 B0 °C Scheaqoactiy, cw moe-
i =il win sarichy tow fal

m =i e ol 0.4 vy, potaariern bydreadds [ECH) of 15 wcX pee
ol ol ofl, neaction = of 80 reie az 20 *C with thi cordidon,
Bl At s of rmetky] sater can o ackireed. Charmershultrakssl
ind Thiserechumgesen | | 1] atedied ca oprimination for bizclasd
procuctian froen st Brying ol thesegh bec-monz catalyrsd pro-
com ming g oround-booom Caske Theey fzend that s opoimal
cordidorn =f Ane ainp were meches] m ol mels o of B0,
O.E0 wel F:50s, 20 min reasdion Hee et 57 5000 the woand aep,
e BILIRE moeibsd mant menien con ke procuoed wh U owdl B BCH,
B.1:1 rwchans] iz ofl malar cotio, 20oen oeacticn dme af 250
Parwrcsalem, the dwemikal ciss type ol bath saich mector and
corEmss il omcist wee roady JIeE 3 TEa the racnicm
af riztzre iz the v procms., mpecully, ey o ce i
fodon procms b redicisg the FPA. Theewdone, e mutic oo
ructer Wl wed izemdd o vhee wiored terk meacizr and emEl wle
! i iem FTA [-5- 5 | L -]
nr:dlnmm.ln'l"h. recrs hus e sdopoe to replace de
piniion precme Sissc mixer, 1 mechmicnl mboe wikhsst sy
raving parin. in oftee e loyedl o S chamigal and fzed preems-
g e mix highly viimom immisdble ligeid-ligeid
phaum ured m improve the el end me framfer ol minoe
Tha coamrmon deign of st mbor coeaiem =l Hhwe ampty pice
and midiryg slerenic which wem irmeried iz e ety pioe m

bierd the mut-foid whes Szid low chrough acats srbore, Thin
rmchunicel mier dom oot ba mering parts, thus, thee Sows en-
gy I cesived froee the premuee coop oo the length off mboee
i4 Statde mixer wau gypicaky med o candououn peassmme for
prambang before fmcicg | 0 conongooe atimed Lk reeone
[CSTE) but can aho e adzpied in cw clossd-losp ppiiems opreric
reforw Seeirg iz @ Batch emcter |12 Tham are seveead asvancapem
o BIEIE FIDET RdeR oA CoTErison and Dech meaesizi nchoae
oo cxpitel, o rrainiberases dnd bowr cperatisg cont, urallapace
eaqeimeumiy, ond ahott nMcsion dme |02

Curmenety, e rI-.l.rrhln haer nrzoied the o o pintic mrboee

slore in e b o= praduen
o o BFFA o2 rr|r|:|r aln h'.rlrIu-:I,T‘l rapman el B | 7]
und tha natic mizeey for Teas-

don of cansls oil ard owthuns] lnhh Hlﬂllll luss-catalyd. They
fourd that cw cancle msdtp] e wus progaced ming 8 clasd-
loog ninikc mize pysoem under vanyiop conditionc recdon oRme
pexizre of 80°C KaOW ceoceminedion of 1 2%, and pmciion Hee
3 mic. The condidon with e vt cocad' phyceride wis 52T
and 1.5 wiX cadalyes. Alamuysh sial | 18] sosdied ch comparien
of meiic mizer and blads sy rescior in Eocine prod=oicon
from meifized blascted deccortec palm ail via ibe trecssderifoa-
oon mties in b EreamL C i
smiic mizer sngd biede agiksihor in poieniid mizimg pocam
imprzenrers of Hoclesd productize, the reaction rabw in s
rmixer emactor was Imier du blade agiceor. The cptiru] condision
for opreasing with asic mizer euctor was 85 "C reasticn temper-
atum, resction e sl S mis, ol ez el eatio of 1=109, ad
KOH of | weK Mzmwover, vy ey omaecieey e dzded du
acid-ceatyoed minrifomion uieg s miser wlone @ esdece
FFA e oile, Fslcewed by bu trar Semruk
e al siuedioee] ther ot rasran acid-cxinlya el miwrifomion
acidy resucdion Iz mizsd orude prlm il unsg azaiic
mizer couped wich high-eeenity uiusssic emdadon B
rerced. wua eTes krywd mo ope i the MeOH angl L0, oexen-
Exione The uls dersved tat the 11 vol X BeOH, 27 vel X
FL50, amd S0 L k=" WIPC wers rees s with thiueorekban
Tin axid eeluw czuld by rweiewd froen 20 e DM = dz b dhun
Z2I0mpCH g™ after I-m ie e of susic mser alone

T shoen e ingiuoe dwe ctiectien al thin werk o ahsdy
L) [ MOl por . Hz%0, con-
cETiTason, easion cire, gt of e mice, ard WOPO few
e, i thar S L of loiz-scule sroom foe resacing thee acid value snimg
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High frew Bty acid rmiaed crude pales ol [ROR0] was med an g
raw rraterial for S oy oo (FTA] redaction proomt Sy mierid-
cadon mectior. The phymicl propecties of MO0 were showar in
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macor i souad io 100wl e~ of siic cotoer. The PPA Simrial
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Abstract. In this work, response surface methodology (RSM), with 5-level and 2-
factor central composite design (CCD) was used to optimize the condition of base-
catalyzed transesterification from refined palm oil. The two main parameters;
methanol concentration and potassium hydroxide concentration, were varied to
investigate the effect on the methyl ester purity. The result indicated that the KOH
concentration was the most significant to produce methyl ester (the lowest p-values
occurs in all response models). From excel solver, full quadratic model was obtained
for predicting the response surface models. The suitable condition: 23.81 vol.%
methanol and 11.80 wt.% KOH under temperature of 60°C and reaction time of 60

min, is the optimum condition.
Introduction

Biodiesel is renewable energy that can be used to substitute the petroleum diesel in
diesel engine without any major modification [1]. Normally, transesterification is the
process used when the free fatty acid in raw material is less than 1 %wt but when free
fatty acid in oil is high, two-step process is preferable since high yield of ester can be
achieved [2]. In the transesterification process, mixing intensity is one of parameters
which drove the reaction into forward side to obtain the high methyl ester purity.
Therefore the suitable equipments for mixing two immiscible liquids are important in
biodiesel production. To solve mixing problem, generally researchers studied
biodiesel production from various raw materials by using mechanical stirrer to blend
the two immiscible liquids. According to literatures [3,4,5], more than 96.5 % methyl
ester was obtained by using the base-catalyzed transesterification. Moreover, there are
many disadvantages for using mechanical stirrer in biodiesel production; long reaction
time, high operating cost, high maintenance cost, etc. [6]. Hence, for economical cost
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in biodiesel production, some researchers used static mixer instead of mechanical
stirrer to blend the mixture. Alamsyah et al. [7] has studied biodiesel process from
refined palm oil (RPO) using static mixer and mechanical agitator. Kinetic reaction
results of those two equipments were compared. 1:10.5 oil to methanol, at 50, 55, 60
and 70 °C reaction temperature with 1%wt KOH were the conditions in the study. The
results indicated that the residence time with static mixer was more shorten, and the
primary reaction rate of blade agitator was lower than static mixer. Frascari et al. [8]
studied an evaluation of the energy requirement among static mixer and mechanical
agitator in the biodiesel production from sunflower oil for base-catalyzed
transesterification. These tests were run in the same condition with 22 L reactor with a
6:1 methanol to oil molar ratio. The results indicated that the static mixer required less
energy, so the static mixer performed better than mechanical agitator.

The aim of this study was to optimize the condition of base-catalyzed
transesterification from refined palm oil using static mixer by circulation through 5-
meter static mixer tube. Methanol and KOH concentrations were varied to investigate
the effect on the methyl ester purity. The main goal is to determine the appropriate
response surface models of the relationship between methyl ester and these
parameters at the different time by response surface methodology (RSM) and central
composite design (CCD) methods. All the tests were operated in a 5 L capacity of lab-
scale process with fixed flow rate and reaction temperature.

Materials and methods

Materials. Refined palm oil (RPO) was used as the raw material for biodiesel
production by transesterification process. The 98% methanol (MeOH) and 95%
potassium hydroxide (KOH), used were commercial grade. A thin layer
chromatograph with flame ionization detection (TLC/FID) (IATRON-CAN MK-65,
Mishubishi Kagahu latron) was used to analyze the conversion of the RPO to methyl
ester. Analytical grades of formic acid, hexane, diethyl ether, formic acid, and
benzene were used in TLC/FID analysis.

Experimental equipment. The experimental set-up is shown in Fig. 1. The storage
tanks T1 and T2 were used to store RPO and solution (MeOH/KOH). The static
mixer (SM) is key part of batch transesterification. The static mixer is a twisted-
ribbon type, each element of static mixer was twisted 180° with a length to diameter
ratio (L/D) of 1.5. Each element was 90° connected using spot welding. The
dimensions of each element are 10 mm in diameter, 15 mm in length, and 1 mm
thickness. Then it was inserted into 10 mm in inner diameter of stainless steel tube,
and was insulated to reduce heat loss. P1 (Grundfos pump: model DME48) was used
to feed the reactants across static mixer, and P2 (Grundfos pump: model DME19) was
used to feed the solution of alcohol and catalyst through static mixer. Inside the T1
tank, a 250 watt electric heater (H) was installed to heat the reactants.
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Procedure. Refined palm oil in T; was firstly preheated to 60 °C and then the
circulating pump (P;) was turned on to circulate RPO through the static mixer and
then returned to RPO tank. Then MeOH/KOH solution was slowly fed into the static
mixer for blending with RPO using pump P, at the position shown in Fig. 1. When the
solution was completely added, pump P, was turned off. The circulation process was
performed for 60 minutes after feeding MeOH/KOH solution. The 20 ml samples
were collected every 10 minutes at the sampling port and each sample was
immediately cooled in the ice bucket to stop the reaction. Response surface
methodology (RSM), with 5-level and 2-factor central composite design was used as
the experimental design in this study, and table 1 shows the experimental conditions
for the methyl ester production that have twelve tests. Thin layer chromatograph with
flame ionization detection was used to analyze the compositions of the product.
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Fig. 1. Schematic diagram of the experimental setup.
(T1: RPO tank, T2: solution tank, H: heater, TC: temperature control, V: valve, S:
sampling port, SM: static mixer, D: diameter of SM, t: thickness of SM, and L: length
of SM).

Results and Discussions

Experimental results of RSM. The compositions analysis of methyl ester production
from the tests was shown in Table 1. The results were used to determine the response
surface models by using of multiple regression analysis to fit a second-order
polynomial equation at 95% confidence (P-value < 0.05). All of the relationships
between the methyl ester and other independent variables at 10, 30, and 60 min, were
obtained in the same term of a full quadratic model, as shown in Eq. (1). The other
regression coefficients and statistical data were shown in Table 2a.

ME = By + BiM + BoK + BsMP + BuK? (1)
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Where ME is the methyl ester, M is the methanol concentration, K is the potassium
hydroxide concentration, and £ is the coefficient value.

Table 1. Experimental design matrix and results.

Run MeOH KOH  Conversion to methyl ester [wt.%]
[vol.%] [wt.%] 10 min 30 min 60 min

1 10 13 35.79 55.34 71.43
2 20 0.93 12.2 34.75 48.79
3 34.14 8 66.76 86.31 90.55
4 30 3 64.16 83.71 88.72
5 30 13 67.02 86.57 89.77
6 5.86 8 19.04 45.59 55.34
7 20 15.7 66.01 85.56 90.28
8 20 8 64.38 83.86 90.15
9 20 8 64.42 83.91 89.27
10 20 8 64.51 84.06 89.39
11 10 3 17.06 36.61 50.8
12 20 8 63.97 83.96 90.07

Response surface plots. The relationship between the response and independent
parameters (methanol and KOH concentration) which are presented using contour
plots shows in Fig. 2.

Optimum conditions for methyl ester production through static mixer. The
optimum condition of methyl ester was obtained with the purity of methyl ester up to
96.5 wt.% depending on the solving of Eq. 1 by adding excel solver in Microsoft
excel add-in tool. Under independent variables with 60 °C at different time, optimum
conditions were shown in table 2b. Table 2b indicated that for the reaction time of 60
min, the methyl ester was 98.6 wt.%. However, at these conditions high concentration
of methanol was used therefore economically it is not suitable to use. Since 96.5 wt%
of methyl ester is recommended in Thai biodiesel standard. Then, the methyl ester
value was fixed at 96.5 wt.% before methanol and KOH were solved by excel solver
at the reaction times of 60 min. The result showed that with 60 min of reaction time:
23.81 vol.% methanol and 11.80 wt.% KOH, was the suitable condition when 96.5
wt.% of methyl ester was achieved. Then the suitable condition from RSM was used
to run the experiment and 98.5 % methyl ester was obtained. Therefore recommended
condition of 60 min was selected as the optimum condition in this study.
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Table 2. (2a) Coefficient values and p-value of response surface model in Eq. (1), and

(2b) optimum conditions at different time.

(2a) (2b)
Coefficient Reaction time Variables Reaction time
10 min 30 min 60min 10 min 30 min 60min
o -57.81 -30.23 -5.300 MeOH [vol.%] 29.58 30.08 28.88
b 5.630 5.070 4311 KOH [wt.%] 11.03 10.94 11.08
b 9.267 9.088 7.518 Ester [wt.%] 76.57 95.74 98.6
B -0.0952 -0.0843 -0.0746
N -0.420 -0.415 -0.339
po-value 0.01024 0.09701 0.693
p-value 0.00549 0.00720 0.00588
par-value 0.00403 0.00342 0.00318
ps-value 0.02891 0.03799 0.02776
py-value 0.01399 0.01170 0.01165
R’ 0.903 0.901 0.901
R diusted 0.848 0.845 0.845
Conclusions

The optimization of the base-catalyzed transesterification from refined palm oil by
circulation through static mixer tube was carried out by means of response surface
methodology (RSM) and central composite design (CCD) methods. In this study, the
highest methyl ester content was 98.6 wt.% under condition; 11.08 wt.% KOH, and
28.88 vol.% methanol under temperature of 60°C and reaction time of 60 min. At this
condition high concentration of methanol was used therefore economically it is not
suitable to use. Hence, the suitable condition: 23.81 vol.% methanol and 11.80 wt.%
KOH under temperature of 60°C and reaction time of 60 min was obtained 96.5 wt.%
of methyl ester, is the optimum condition in this study.
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