The following are appendices A, B1 and B2 of our paper, “Integrated Process Modeling

and Product Design of Biodiesel Manufacturing”, that appears in the Industrial and

Engineering Chemistry Research, December (2009).

Appendix A. An [llustration of How to Access NIST TDE When Applying Aspen Plus to

Develop a Biodiesel Process Model

To access NIST TDE Data Engine in Aspen Plus version 2006.5 or V7.0

Step 1. Enter the FAME in the component list

Jﬁelectiunl Petraleum I Monconventional IJEnterprise D atabaze

— Define components
Component D Type Component name Farmula

HM Conventional  |METHYL-DODECACT3H2E02
FE-14:0 Comventional  [METHYL-MYRISTACTBH3002-M1
ME-1E:0 Corventional  [METHYL-PALMITACT?HI402-M1
E-16:1 Conventional  |METHYL-PALMITOCTPH3202-M5
kE-12:0 Comventional  [METHYL-STEARAJCTIHIE0Z-M1
kE-12:1 Comventional  [METHYL-OLEATE JCT19H3602
ME-18:2 Comventional  [METHY-LINOLEATICT9H3402
ME-18:3 Conventional  [METHYL-LINOLEMC19H3202
E-20:0 Conventional  [METHYL-ARACHIQC21H4202-M1
FE-20:1 Comventional  [METHYL-CIS-11-ENC2TH4002-M1
ME-22:0 Conventional  [METHYL-BEHEMAJCZ23H4E602
ME-22:1 Comventional  [METHYL-ERUCAT|CZ23H4402
ME-24:0 Conventional  [METHYL-TETRACIC2GHR002-M1
ME-24:1 Conventional  |C2BH4802-M2  |C2AH4802-M2

Step 2. Go to “Tools” -> “NIST Thermo Data Engine (TDE)”



.Integrated with Recy {GLY Flash) Basic Feed Lumperz2.0 - Aspen

File Edit “iew Data | Tools Rum Plob  Library Window  Coskting
D|=2|&| &|[a Al r

MIST Thermo Data Engine (TDE). ..

Retrieve Parameter Results, ..

Clean Property Parameters, .,

Property Method Selection Assistant., ..

Conceptual Design, .. r

Import CAPE-OFPEM Package. ..
Export CAPE-OPEN Package. ..
Mariable Explarer. ..

Mexk F4

Cptions

Step 3. Select the component

Il NIST,/TDE Pure Component Property E¥alua - |I:I|£|

—Select component

Enter: additional data |

Help |

Step 4. Click “Evaluate now”



NIST,/TDE Pure Component Property E¥: = |I:I|5|

—Select component

Evaluakte now

Emter; additional data

Help

Step 5. The user can access the value of a specific property, eq. Liquid Density

.ME—[Z:I] properties from NIS
Results |
| Fropeies Parameters | Experimental Datal Predicted VaIues' Evaluated Hesullsl
Al
Acentic Factor Name Description ¥alue Units Uncertai

Critical compressibility factor

Critical density (Liquid vs. Gas ) DHLRACK TDE Rackett parameters for liquid molar density - legdcum
Critical pressure (Liquid ve. Gas ) 0.2445916 Uritless
Critical temperature id vs. Gas

[i [Liquid 02857143 Uritless
Enthalpy of phasze tian:

Enthalpy of vaporization or sublimation [Liqui Fl2ITsi b

Heat capacity [Crystal 1 ve Gas | 1748839 Mizqm
Heat capacity [|deal gaz )

Heat capacity [Liquid vs. Gas ) 27316 K

Heat of tarmation (ldeal gas | 7120914 K

tolecular weight

Mormal boiling point

Mormal melting temperature

Solubility parameter

Specific gravity at B0 F

Standard liquid molar volume at B0 F
Suiface tengion [Liquid vs. air ]
Thermal conductivity [Gas |

Thermal conductivity [Liquid vs. Gas |
Triple point temperature

Wapor pressure [Crustal 1 ve, Gas )
Wapor pressure [Liquid vs. Gas ) 4 I I LI

“Wizcosity [Gas |
Feevaluate | Flat Save to Form | Help

“Wizcosity [Liquid vs. Gas |
Close




Appendix B Prediction Methods and NIST TDE Equations for Thermophysical

Properties

B.1 Prediction Methods for Thermophysical Properties

Ty, T., P, w: Constantinou and Gani Method 29
Required data: structure

T, (K)=204.359xIn[ > N, x tblk + W x > M, x tb2]]
k j

T, (K)=181.128xIn[ Y N, x tclk + Wx D" M x tc2j]
k i

P (bar)=[Y N, xpclk + Wx > M, x pe2j+0.10022] *+1.3705
k j

(1/0.505)
w= 0.4085><{1{2Nk xolk+Wx > M, xm2j+0.10022+1.1507}}
k i

where W = 0 when only applying first-order and W = 1 when applying first-order and

second-order.

Table B.1. Constantinou and Gani Contributions of Ty, T¢, P, for Triglyceride

(B.1)

(B.2)

(B.3)

(B.4)



T.: Wilson and Jasperson Method 2

TG o1k Tolk ek m
CHs 05349 1 6781 0.0199 0296
CHa 09225 3492 0.0108 0147
cH 06033 4033 0.003 0,071
CH2C00 33953 13,8116 0.0218 0765
CH=CH 18433 7 3691 0.0179 0252
CH3COO 3636 12 5965 0.02902 0
o 32152 87782 0.005148 0737
thaj to2j P2 w
CHzCHy,=CH 01408 -0.5231 0.003538 00115
m=01,n=
CHOH -0.5385 -2 8035 -0.00433 0.03854

Required data: Ty, and structure

T.(

K)

T,

" [0.048271+ > N, xAtck + 3 M, x Atcf]
k j

Ty, T,, P.: Dohrn and Brunner Method A 34

Required data: Ty, and Vi 2

b
a =0 xa® x(=xT,)*
c a (Q b)

b

2)

b, =Qy x(b" xV 5 xT, +b")

T.(K) =

Q,xa, 1
Q. xb, R

a, Q
P, (kPa) = — (=)’
. (kPa) Qa(bc)

7

(B.5)
Table B.2. Wilson and Jasperson Contributions of T, for Triglyceride
Ak
C 0.008532
H 0.0027583
o] 0.020341
Atg
- 00- -0.015
(B.6)
(B.7)
(B.8)
(B.9)
(B.10)

(T./T, - 1)

__3Log(10L3kPa/R,) |



where Q, = 0.45724, Q, = 0.0778, a'V) = 21.26924 kJ/kmol-K, a® = 0.913049, bV =

0.02556188 K', b = 0.168721 m’ kmol™, R = 8.314 kJ/kmol-K, V1 is liquid density at

20C

Ty, T,, P., w: Dohrn and Brunner Method B 34

Required data: vapor pressure at any temperature (P** at T;) and V2

1 bc a
a,=Q xa" x(Q—be)
b, =Q, x (b x V) xT, +b?)
T.(K)=

P, (kPa) =

7

b

Q,xa, 1
Q, xb, R
8 Sy
Qa(bc)

(T./T, —1)

(2)

_ 3 Log(P"atT/P) {

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)



Initial Guesses: T, P,
Available Data: V3, P*" at T,

-

s(piat 7
Log(P™" at Tl'Pc }
[ Tc Tl)

l

T, = L
L (1 _Log(10L3 kPa.-"P(]

-

c=

a; and b, from V| and T, ;“ f }..w
g™ Fe
T."" and P."*" from
a; and b,
L —1| < torlence
‘ NO /
L —1| <torlence

[

YES
+

Results: Ty, T, P.

Figure B.1. Iteration step of Dohrn and Brunner Method to predict Ty, T, P, ando

Dohrn and Brunner>* use Joback® method to obtain the initial guesses of T, and P, Joback
method for T, and P,:

T, (K) =198+ > N, x tbk
k

(B.16)



k

T, (K)=T, x [0.584 +0.965 x [Z N, x tckj —[

-2
P, (Bar)= [0.1 13+0.0032x N, 1 0oms — [Z N, x pckﬂ
k

Table B.3. Joback Group Contributions of T, and P, for Triglyceride

k

D N, x tckﬂ

-1

thk tck pck
CH3 23.58 0.0141 -0.0012
-CH2- 22.88 0.0159 ]
=CH- 2174 0.0164 0.00z2
=CH- 24 .96 0.0129 -0.0006
-Co0. g1.1 0.0451 0.0005

P,.,,: Ambrowse and Walton Method 29

Required data: T¢, P¢, ®

P
ln(—lf"’ )=fT,) + 0 f(T,) + 0* £?(T,)

c

(B.19)

§O () = 3976167 +1.20874x "% -0.60394x 7** —1.06841x 7°
: T

g y = 3033657 +1.11505x 7'° —5.41217 x *° — 7.44628 x 7°
: I

g y = ~ 0647717 +2.41539x 7' —4.26979 x ** +3.25259 % 7°
v T

7=1-T

r

where T, is reduced temperature.

P,,p: Ceriani and Meirelles Method 37

(B.17)

(B.18)

(B.20)

(B.21)

(B.22)

(B.23)



Required data: Structure

In(P, ,,, Pa) = ZNk x (Alk + %
k

1

-C,, xIn(T)-D,, x TJ +

MixZNkX(A2k+%—C2kxln(T)-D2kxTJ +Q
k

Q=§,xq+g,

—a+i— xIn(T)—0xT
q=0+ o -yxIn

g =1, +N_xf,

€, =5, + N, X8,

(B.24)

(B.25)
(B.26)

(B.27)

(B.28)

where T is temperature in Kevin, M; is molecular weight and Ak, Bk, Cix, D1k, A2k, Bak, Cox,

D,y are group contribution terms. N, is the total number of carbon atoms in the molecule and

Ngs is the number of carbons of the substitute fraction. For example, N of lauric acid chain,

—00C— (CH2)10*CH3, is 11.

Table B.4. Ceriani and Meirelles Contributions of Vapor Pressure

A B C Dy o = Ca Dy
CH3 -117.5 72323 -227939 00381 000338 -B3.3963 -0001068  0.000015
CH2 g.4816 -10987 83 14067 -0.00167 -0.00091 B7157 0000041 -0.00000126
COOH 80734 -204783 00359 -0.00207 000399 639929 000132 0.00001
CH=cis 24317 14103 07868  -0.004 i 0 [u} i
CH=trans 1.843 526.5 0Es34  -000368 O 0 0 0
coo 7116 481526 2337 -0.00848 000279 100396 000034  0.00000295
OH 284723 16694 3.257 1] noodes 0 0 1]
CH2-CH-CH2 63583 -349283 1225 -0.1814 000145 O 0 1]

fo fy 3p 3
Esters 02773 -0.00444 -0D4476 00751
Acylglycerols ] 0 i} u]
Fatty Acids 0.001 i] 1] 0
Alcohals 07522  -0.0203 a i}

[ B y il

34443 4933 0E136 -0.00517

pr: Halvorsen Method * for triglycerides

Required data: T, P, Zra of the fatty acids



1o (X1 Mw ) +F (B.29)

FA FA c
x " xT’ (z 1+(1-T,)2'7]
R X E i = ¢ i % XFA % ZFA ) r
P i RA, i

c i

T, = ﬁ (B.30)
MW =33 x"™ x MW/ +38.0488 (B.31)
F. = 0.0236 -+ 0.000082 x ‘875 - MWTG‘ when MWT¢ > 875 (B.32)
F, =0.0236 + 0.000098 x 875 - MW"®| when MW" <875 (B.33)

where x;{ is molar fraction of the i™ fatty acid chain in the triglyceride molecule, MW is
the molecular weight of the i™ fatty acid, T.i™ is the critical temperature of the i™ fatty acid,
P.;™ is the critical pressure of the i™ fatty acid and Zga, is the Rackett parameter of the i™

fatty acid.

Table B.5. Required Parameters for Halvorsen Method of p. Prediction

Fatty Acid T, (K) Pe (ban IR
120 756.21 19.22 0.23M
14:.0 779.07 16.35 0.2326
16:0 799,69 14.08 0.2267
16:1 800.34 1471 0.2290
18:0 819.00 12.25 0.2205
18:1 819.41 1276 0.2230
18:2 819.82 13.31 0.2255
18:3 82023 13.89 0.2284
20:0 836.65 10.76 0.2149
2001 837.03 11.18 0.2172
22:0 853.06 942 0.2095
221 853.41 9.87 02116
22:2 853.77 10.24 0.2103
24:0 868.28 8.49 0.2040
24:1 868.71 8.78 0.2063
26:0 B832.76 7 61 0.1990

Example: find the density of triolein (18:1) at 20°C

10



Procedure:

1. Triolein is pure triglyceride which is composed of three oleic acid chains (18:1).

2. Y x" x MW™ = 1x MW}, = 282.46 (kg / kmol) = 0.28246 (kg/mol)

FA FA
xT FA
o _ Ix T,y

X.
3.), 0 i = 6:4217E-04(K/Pa)
o 18:1

4.3 x"MxZ™ =1xZ55 =0.223 and

T T 29315

T = = =
O XMXT Ik, 819.41

=3.5776E - 01

s (Exm ez ) Sz ) 2 59437E - 02

MW'¢ =35> x™ x MW +38.0488 = 3 x (1 x 282.46) + 38.0488
= 885.4288 (kg/kmol)

7 F, =0.0236 + 0.000082 x \875 - MWTG\ =2.4455E - 02 (g/cm’*) = 2.4455E01 (kg/m*)

16 (Kg (Z XiFA x vaviFA )
P 3= SIS —+F,
Rx [Z‘ piA JX (xm z; Jro
0.28246 (<2 ) y
8. E S~ mol - +2.455E01 (—-2

8314 (-2 M ) 6.4217E- 04 (— ) x 5.9437E - 02 m

K -mol Pa
~914.66 &

m

9. The experimental value is 912.6 kg/m’ and the ARD is 0.23%.

Cp 1: Morad Method *° for triglycerides

Required data: T, o of the fatty acids

11



1.45+045x(1-T.)" +

n = Com t R 0.25x o, {(17.11 1252, LET)T | 1742 H (B34
mix T, (1-1.)

T, = ﬁ (B.35)
Cooix = D X xC 0™ (B.36)
O = ) X 30 (B37)
MW, =D x"™ -xMw™ (B.38)
MW" =33 x" x MW +38 (B.39)
F. =—0.2386 — 0.0005 x \850 - MWTG\ when MW'¢ > 850 (B.40)
F, =-0.3328+0.0001 x[850 - MW"%| when MW" <850 (B.41)

where R=1.987 Cal/K-mol and the unit of heat capacity is Cal/K-mol. Table B. 6 lists the

required parameters of fatty acids.

Table B.6. Required Parameters for Morad Method of Cp 1. Prediction

Fatty Acid Te (k) i ik
120 7a6.21 0.8422 200.32
14:0 FI9.07 0.9780 228.37
16:0 Ta9.53 1.1037 286.42
168:1 500.34 1.0524 284.41
18:.0 §19.00 1.2369 28448
181 519.14 1.1850 28245
182 519.82 1.1294 Z80.45
18:3 §20.23 1.0724 2758.43

Cplf’FA is idea gas heat capacity of fatty acid. Morad et al.*® use Rihani method’® to

. IG,FA
estimate C, ;""" :

12



CpIG’FA =ZNk Xay +ZNk xb, XT+ZNk x e, x T +2Nk xd xT* (B.A42)

where N is the number of the given functional groups. The unit of CPIG’ 4 is Cal/K-mol.

Table B.7. Rihani Contributions of Ideal Gas Heat Capacity for Fatty Acid

8 by Ck d
CH3 GOSYOE-01 2 1433E-02 -55200E-06  11350E-09
CH2 A9450E-01  213B3E-02 -11970BE-05 2 5960E-09
CH SA5232E+00 34158E-02 -28180E05  S.0150E09

-CH=CH- cis -3.1210E+00 3.8060E-02 -23590E-05 5.5040E-09
-CH=CH- trans 93770E-01  29904E-02 -17490E-05 3.9180E-09
-COOH 14055E+00  34632E-02 -25570E-05 6.88B0E-09
-CO0- 27350E+00 1.0751E-02 ABY00E-06  -9.2300E-09

AH,,, * Vetere method combined with Watson relation * ¢

Required data: Ty, T¢, P.

(1-T, )°~38(1n1>c 051342 0626 J
AH, , =RxT s B.43
Pe * =T, +IT, (1-(1-T,)"") (B4
1 T 0.38
AH,, =AH [ﬁj (B.44)

where A Hyapp 1s heat of vaporization at normal boiling point, T, is reduced temperature, and

Ty 1s reduced temperature at normal boiling point

13



B.2 NIST TDE Equations for Thermophysical Property

Vi: NIST Rackett Equation **

RxT,

=

RA

V., =

P xZ

Table B.8. The Parameters of NIST Rackett Equation for FAME

NIST TDE
Rackett Equation C1 (Zra) C2 C3 (T, K) C4 (P, Pa) C5 Cé6

(m3/mol)
C12:0 0.2445916 0.2857143 712 1748839 278 712
C14:0 0.2353773 0.2857143 718 1448599 292 718
C16:0 0.2227887 0.2857143 749 1205875 303 749
Cleé:1 0.2071558 0.2857143 734 1279721 240 734
C18:0 0.2298488 0.2857143 770 1178960 312 770
C18:1 0.2225078 0.2857143 751 1124671 253 751
C18:2 0.2226222 0.2857143 773 1162805 234 773
C18:3 0.224261 0.2857143 774 1202626 110 774
C20:0 0.1967211 0.2857143 767 1036965 319 767
C20:1 0.2138194 0.2857143 767 990082 636 767
C22:0 0.1841152 0.2857143 785 901921 326 785
C22:1 0.2122916 0.2857143 784 881791 110 784
C24:0 0.183291 0.2857143 804 821192 332 804
C24:1 0.2010567 0.2857143 802 822329 678 802

Parameter Cl1 Cc2 C3 C4 C5 Co6

Description Zra - T, P, Tiower  Tupper
Unit N/A N/A K Pa K K

Vi: NIST ThermoML Equation **

Cs
V=) CxT!

i=1

Table B.9. The Parameters of NIST ThermoML Equation for Vi

14
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Cp.16: NIST Aly-Lee Equation **

Cpic =C,+C, %

C,/T
Sinh(C,/T)

Parameter  Symbol Unit

ct - kmol/m®
c2 - kmol/im™-K
c3 - kmolim*-K?
c4 - kmol/im-K®
c5 - Unitless
Cé Tiower K

c7 Tupper K

C,/T
Cosh(C,/T)

(B.

Table B.10. The Parameters of NIST Aly-Lee Equation for Cp 1 for FAME

47)

NIST gl/ylfrf(fl%“aﬁ‘m cl 2 c3 c4 cs c6 c7
C12:0 240063.9  542541.1 -819 121697.8 0 200 980

Cl14:0 2054544  805594.2 -574 -442429.9 650 200 980

C16:0 230137.9  910125.1 -574 -497826.1 650 200 980

ci6:1 2342319 8953109 -588 -512600 -664 200 980

C18:0 2673822 563286.7 -569 596005.8  -1600 200 980

C1s:1 269559.9  532189.6 577 6162797  -1617 200 980

C18:2 261554.1  984480.8 1271 490798 -556 200 980

C18:3 265702.7 9727347 614 599483.1  -687 200 980

€20:0 2788347 1117297 -1214 609431 -536 200 980

C20:1 2827977 1102514 -1240 579972.5 -545 200 980

C22:0 2992033 1224641 564 674861.1  -641 200 980

C22:1 3074613 1206798 1237 638488.9 -544 200 980

C24:0 345378.1 7416937 568 7746194 -1600 200 980

C24:1 347594  710543.1 574 794868.1  -1613 200 980
Parameter Cl Cc2 C3 C4 C5 Co6 C7

Description - - - - - Tiower Tupper
Unit J/kmol-K  J/kmol-K K J/kmol-K K K K
Cp,1: NIST ThermoML Equation **
C;
Cpp =D CxT"! (B.48)

i=1
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Table B.11. The Parameters of NIST ThermoML Equation for Cp, .

Parameter  Symbol Unit
c1 - J/kmol-K
c2 - Jkmol-K?
c3 - Unitless
c4 Tiower K
c5 Tupper K

Cp,.: NIST TDE Equation **

C c, T n-1

Cpp=—+> Cix|1-— (B.49)
5 T : C
1 _ i=1 6
Cs
Table B.12. The Parameters of NIST TDE Equation for Cp 1 for FAME
NIST TDE Equation
(U/kmol-K) cl &) c3 c4 cs c6 c7 cs C9

C12:0 5084147  -1413.503  4.966722  -0.004025  8804.63 712 4 278 698

Cl14:0 9748447  -4513.728 1242177  -0.009581  11780.11 718 4 292 704

C16:0 7677067  -2508.638  7.655214  -0.005827  10693.47 749 4 303 734

cle6:1 4724416  -168.3002  1.95041  -0.001492  7765.68 734 4 240 719

Cl18:0 6894517  -1677.292  6.066038  -0.004698  10924.92 770 4 312 755

C18:1 4663469 1204442 1566388  -0.00124  7728.59 761 4 253 746

Cl18:2 4719731 -3821093  1.788936  -0.001336  7519.56 773 4 234 758

C18:3 4985359  -209.9461  1.964523  -0.001379  7539.46 774 4 250 759

€20:0 910960  -2927.919  9.154863  -0.007013  13838.95 767 4 319 750

C20:1 526862.5  76.54091 184262  -0.001448  8310.67 767 4 250 750

Parameter Cl C2 C3 C4 C5 Co C7 C8 C9
Description - - - - - T, Tiower Tupper

Unit J/kmol-K J/kmol-K J/kmol-K J/kmol-K J/kmol-K K NA K K

Pyap: NIST Wagner Equation 28
T T 1.5
CIX l—Ci +C2X I—F
6 6 T

= - B.

In(P,,,)=In(P,)+ . o c (B.50)
6
+Cyx|1-—| +C,x|1-—
C, C,
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Table B.13. The Parameters of NIST Wagner Equation for P,,, for FAME

NIST Wagner Equation ) 2 C3 c4 s 6 1 C8
(Bar)
C12:0 -9.694324 2.509544 -4.402982 -9.230351 14.3745 712 278 712
C14:0 -10.32312 0.2486618 -0.272116 -15.16169 14.1861 718 292 718
C16:0 -10.98844 420676 -8.735103 -5.583598 14.0027 749 303 749
Cle:1 -11.50495 4.414073 -9.852489 -5.443423 14.0622 734 240 734
C18:0 -11.01778 3.60513 -9.883088 -2.333603 13.9801 770 312 770
C18:1 -11.90171 5.368385 -10.61564 -5.806015 13.933 761 253 761
C18:2 -11.17148 4.445311 -9.284593 -5.08707 13.9664 773 234 773
C18:3 -10.5887 2.436575 -6.783611 -7.340778 14 774 200 774
C20:0 -12.79261 6.579309 -14.06263 -4.254656 13.8518 767 319 767
C20:1 -12.46868 5.523578 -12.0696 -5.475907 13.8055 767 200 767
C22:0 -13.41457 5.666122 -13.2316 -8.207159 13.7123 785 326 785
C22:1 -12.9095 6.159538 -13.16899 -5.268222 13.6897 784 200 784
C24:0 -13.15767 6.335366 -13.74519 -5.33026 13.6185 804 332 804
C24:1 -13.28506 6.719306 -14.09176 -5.100378 13.6199 802 200 802
Parameter Cl C2 C3 C4 C5 Co6 C7 C8
Description - - - - In (P,) T Tiower Tupper
Unit N/A N/A N/A N/A In(Bar) K K K

/A\Hyap: NIST Watson Equation 28

Cq T i-2 T
In(AH, )=C,+> C x(c_j ><ln(1—C—) (B.51)
i=2 5

5

Table B.14. The Parameters of NIST Watson Equation for /\H,,, for FAME

NIST V(‘ga/ti‘:go’?)quaﬁo“ c1 2 a3 c4 s c6 7 cs8
C12:0 1871476 1562579  -1.321583  0.2647786 712 4 278 712
C14:0 19.11147 2941289  -3.70431 1327995 718 4 292 718
C16:0 1836144  -0.701121  2.342368  -1.24532 749 4 303 749
cl16:1 19.10368 233551  -2.86149  1.05891 734 4 240 734
C18:0 1834189 -0.918448 2425747  -1.143153 770 4 312 770
cis:1 18.67553  0.0416939 1315343  -0.907716 761 4 253 761
Ci8:2 19.07527 226599  -2.78663  1.03997 773 4 234 773
C18:3 18.49942  -0.978716  3.4717 22344 753 4 255 753

Parameter Cl C2 C3 C4 C5 Co6 C7 C8
Description - - - - T, - Tiower ~ Tupper
Unit N/A N/A N/A N/A K N/A K K
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