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Current Situation Regarding Energy




Hydropower Solar Energy
. g@@ Biomass

Bio uel

1. Energy independer;éé 2. Environmentally friendly.
3. Domestic. 4 Rural development.

« Over 600 million tons Rice husk are produced per year.
 In Egypt, 16 million tons of crops residues per year.

- Jdpan has plan to 1.8 million KL biofuel by 2020.



Food or Fuel?
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First Generation
Food crops (cereal, oil, sugege

Second Generation

Non-food crops & residue of food
part of food crops); Switch grass, jatropha

Third Generation

Algae *The algae oil can then be converted to
biodiesel; the algae’s carbohydrate |
content can be fermented into bioethant—swirtyoragy ===
and biobutanol

*Algae can produce up to 300 times more
oil per acre than conventional crops, such |
4 as rapeseed, palms, soybeans, or jatropha

" Algae



Biofuel

Biofuel is any fuel that is derived from biomass.

Alcohols,

ethanol, Ethanol, Propano
Butanol, and Pentanol

Monoesters of fatty acids,
Methyl, ethyl,
propyl, isopropyl

Ethers;
DME, MTBE

Gasoline varies from

4 to 12 hydrocarbons long Diesel fuel is 10 to 20 carbons long,

which is close to the same size as
plant oils (14 to 18 carbons in length).

Ethanol is currently the most used biofuel as an alternative to
gasoline in the transportation sector, with 83.1 billion liters
produced in 2012 in Brazil and North America [1].

1 Energy Policy Network for the 21st Centry. Renewables 2013, Global Status Report.



Various Production Types of Bioethano]
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Bioethanol vs. Biobutanol

Lower alcohols (biomethanol and bioethanol) are:

1. hygroscopic
2. have low energy content but still in use .

Higher alcohols offer some advantages as gasoline substitutes because of

1. low toxicity,
2. higher energy density,
3. lower hygroscopicity

1-butanol vs. 2-butanol and isobutanol

1-butanol is produced with low yield; the fermentation process is poisoned
by 1-buatnol. Yield 14 g/L increased to 18 g/L by different strains.
2-buatnol is formed with high yield.
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CH,—0O—2—C—R; R’ @) C R CH,—OH
o) @)
|| catalyst ||
HC_O_ _C_R2 + R'-OH m R' O C Rg + HC_OH
O ﬁ
CH,—O— —|(l—R3 R—O——C—Rg CH,—OH
Triglyceride (Oil/fact) R'=CHj or C,H;, (CH;3),CH, Ester/Biodiesel Glycerol

or others, but small alcohol
is easier

» Acid catalysis is slower than base by 4000 times but good for low
cost feedstock of high FFA

* [t helps in esterification and transesterification

° Enzyme are expensive



QUEST FOR COMPUTATIONAL
QUANTUM CHEMISTRY



- Determination of accurate thermochemical properties
of free radicals is of great importance in many
branches of chemistry, in particular atmospheric and
combustion modeling.

Detailed chemical kinetic mechanisms are used to describe
transformation of reactants to products (via Chemkin or
other codes) needs thermochemical data such as enthalpies
of formation, bond dissociation energies, entropies, and heat
capacities.
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* For kinetic studies and reaction mechanism, higher
accuracy is needed: CCSD(T), 6n, and CBS methods.
‘How about DFT??

ke = (k_ZJeASi/R .e—AHi/RT

11



Comput Methods:

CcBS-QB3 All systems

# Geometry optimization and frequencies: B3LYP/6-311G(d,p)
# Energy and CBS extrapolation:
# MP2/6-311++G(2df,2p)
# MP4(SDQ)/6-31+G(d,p)
# CCSD(T)/6-31+G(d)
# Z.llepolation to CBS
BMK/6-31+G(d,p) (L1) IPB
BMK/6-311++G(2d,2p)// BMK/6-31+G(d,p) (L2)
BMK/6-311+G(2d,2p)// BMK/6-31+G(d,p) (L3)

EP.MB

iIsobutanol
B3LYP/6-31+G(d,p) CBS-QB3, BMK, BB1K/6-311++G(2d,2p)

BMK/6-31+G(d,p); BMK/6-311++G(2d,2p) 2-butanol

CBS-QB3,MP2/6-311++G(2d,2p); CCSD(T)/MP2/6-311++G(2d,2p)/MP2/6-311++G(2d,2p)
B3LYP, BHandHLYP, BMK, MPW1K,MPWB1K, MPW1B95,LC-wPBE/6-311++G(2d,2p)
12



Proced ures (for alcohols & esters):
Geom. Opt & freq. calcn. «; %"

R
IRC, SP = S§
Enthalpies of formation: « , % .,
From atomization energies  « ¢  §
From isodesmic reactions B

EtC(O)YOCHCH,; + CH,OCH,; — EtC(OYOCH,CH; +
CH,;OCH, (7)
EtC(O)OCHCH, + CH,CH, — EtC(O)OCH,CH, +
CH,CH, (8)

Pyrolysis (uni-) and H-abstraction
and bimolecular Reactions

Rate constant calculations

e
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TABLE I Changes in electronic energies, standard enthalpies, and free enersies for the successive reactions H' (H,0),+H,0—H" (H,0),., using model
chemistries.

Literature
Present work Computational
n CBS-QB3 CBS-APNO G2 G3 CCSD-TZ2P* CCSD-pVTZ® CCSD-DZP* CCSD-TZ2P
AE,
1 —337 —344 —336 —338 —3442 —34.96 —363 —330
=237 —-238 —-234 -236 —23.95 —23.96
3 —195 -199 —-1938 =201 —2028 —20.26
Computational Expenimental
il CCSD-TZ2P* CCSD—p‘v‘TZb Ref 17 Ref 15
AH
1 —339 —342 —-332 —334 —35.06 —35.30 —3138 —316
-214 —-213 =213 -214 —20.57 -21.712 —-19.0 —-195
3 -172 -179 -179 —-18.1 —17.67 —-18.24 -176 —-175
Computational Expertmental
MP2¢ SCF/DZ+p® Ref 17 Ref 15
AG
1 =251 —258 =257 =259 -26.1 -269 —-246 =243
2 —145 —-134 -137 —138 —-1238 —-13.0
3 -85 -10.7 —-102 —-105 9.5 -93

"MCCM-UT-CCSD//MP2/TZ2P (Ref 36).
hMCCM—UT—CCSD.P'-'"IVIPZ."EE—p‘v‘TZ (Ref. 36).
‘Reference 27.

MP2/6-311+ +G(d.p) (Ref. 29).
*SCF/DZ+p with SAC correction (Ref 80).



TABLE 1. Reaction Energies, Barrier Heights, and Bond Energies (in kcal/mol).

Method e 12 AE DJ(C-H) D(H-H) Ref
N7 methods
W1 06 157 -61 103.5¢  109.6 8
G3SX//B3LYP/6-31G(2dfp) 98 159 -61 1037 1098  pwd
G3SX(MP3)/B3LYP/6-31G(2dfp) 00 162 -63 1036 1099  pw.
G3X/B3LYP/6-31G(2df p) 97 164 -67 1033 1100  pw.
Ext-CC _cc-pVAZ (X=3. 4) 96 158 -61 1035 1096  pw.
D(T)/aug-cc-pVQZ/QCISD/MG3 96 P 156 -60 1031 1092  pw.
G3S/MP2(full)/6-31(d) 99 157 -58 1038 1096  pw.
cc-pVTZ/J/QCISDMG3 96 154 =59 1027 1085  pw.
-QB3//QCISD/MG?3 05D 162 -67 104 110.7  pw.
BS.0B3/B3LYP/6-31G(d) 9> 161 -67 1040 1107 pw.
CBS-Q/QCISD/MG3 94 162 -68 1038 1106  pw.
CBS-Q/MP2/6-31G(d") 90 157 -67 1039 1105  pw
MCG2/3//QCISD/MG3 97 165 -68 1042 1110  pw.
MCG3/3 00 169 -69 1040 1109  pw.

15 The MGS3 Basis set is equivalent to a 6-311++G(3d2f,2df,2p) basis for H-Si, and an improved 6-311+G(3d2f) basis for P-Ar



MPWIK/MG3S
MPWIK/6-31+G(d.p)
BIB9SMG3S
MPWIB95/MG3S
B3LYP/cc-pVDZ
B3LYP/6-31+G(dp)
B3LYP/6-31G(d)
B3PW91/6-31G(d)
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Table 2. Barriers heights (kcal/mol) calculated for the decomposition of 2-butanol to different products at CBS-QB3,
CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p), and MP2/6-311++G(2d,2p).

Me-
Trans-2- Cis-2- MeEth MeEth Acetladehyd cyclopropan Ethano
1-Butene  butene butene Carbene ketone e e VinylOH I
/CBSOR3
" 65.97 67.16 67.90 77.98 81.40 85.00 94.89 109.55 111.91
Exp. 65-67 for different alcohols.
CCSD(T)
64.97 66.31 67.04 76.00 83.27 86.38 93.69 109.97 112.50
MP2
63.60 64.89 65.58 79.04 82.45 85.06 94.06 107.90 111.13

Table 2. Barrier heights (AE*,, kcal/mol) calculated at the MP2 and DFT methods with the 6-
311++G(2d,2p) basis sets for the decomposition of 2-butanol to 1-butene and water.

MP2 B3LYP BMK BB1K LC-wPBE MPW1B95 MPWB1K MPW1K  BHandHLYP
63.60 59.25 66.11 65.93 67.03 62.49 66.47 67.47 68.30

Table 3. Calculated barrier heights (kcal/mol) for formation of 1-butene from 2-butanol at
DFT/6-311++G(2d,2p)

\Exp. 65-67 for different alcohols.

B3LY BMK BB1K \ LC-wPBE MPWB1K MPW1K

59.25 \166.11 65.93 / 67.03 66.47 67.47
L
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Fig. 1. Correlation between energy barriers (kcal/mol) for complex decomposition
of isobutanol at CBS-QB3 against BMK/6-31+G(d,p), BMK and BB1K



Table 1. Enthalpies of formation (kcal/mol) for alcohols and their radicals at CBS-QB3 (AE).

Species Theory m Species Theory Exp.
CH,OH -48.87 -48.22 ‘ (CH,),CHOH -65.27 -65.22 \
CH,CH,0H 56.64 | -56.10 CH,CH,CH,CH,OH | | -65.73 657 |
CH,CH,CH,0H -61.10 y CH,CH,CH(OH)CH, \|-70.10 y
.p p
C-H,CH,CH,0H 1124 CH,CH,CH,0- 8.05 9.9t
/
C-H,CH,OH / -5.53 -5.9b CH,C-HCH,OH -12.94
C-H,0H \|-41 |-397x02 |(cH,,cHO- 11.10 110128
CH,CH,CH,CH,0- \ 113.29 y (CH,),C-OH 23.24
CH,CH,CH,C-HOH | -22.42 CH,CH,0- / 338 -3.710.8'1:
CH,CH,C-HCH,OH | -17.39 CH,0- [ 4.53 4.1+x11
CH,C-HCH,CH,OH | -18.73 C-H, \ 35.482 34.82)
C-H,CH,CH,CH,OH | -15.36 CH,CH, \ 29.833 28.8 0.5k
CH,CHOHCH, -14.61 CH,CH,CH, \ 25.910 23.9i

=




Table 1. Enthalpies of formation (kcal/mol) for alcohols and their radicals
at CBS-QB3 (AE).

CH,CH,C-HOH -17.22 (CH,),C-H 224 21.5'
CH,C-HOH -13.01 | -145+3¢ | CH,CH,CH,C-H, |20.68 | 20.1™
CH,CH,CHOCH, | -16.07 CH,CH,C-HCH, 1791 | 16

CH,CH,C-OHCH, | -27.73

CH,CH,CHOHC-H, |-19.52

CH,C-HCHOHCH, | -22.58

C-H,CH,CHOHCH, | -20.27

21



Enthalpies of Formation, AE/CBs-QB3,

Isodesmic at BMK/6-311++G(2d,2p)//BMK/6-31+G(d,p)

Species AE Isodesmic Exp.

-67.83 = 0.2
(CH;),CHCH,OH -67.89 -69.14

-67.61,-67.88 = 0.4
C'H,OH -4.12 -5.09 -3.97+0.22
CH; 35.47 35.26 34.82
(CH,;),CH 22.41 22.29 21.50
(CH;),C=CH, -2.67 -4.32 -4.30* 1.1
(CH;),CHCHO -50.56 -49.77 51.72
CH;CH,CH, 24.42 -25.39816 -25.02 = 1.2
CH,O 27.33 -25.46 -26.05 = 0.43
CH,;0OH -48.89 -47.81 -48.99 +2.39]
CH;CH=CH, 5.83 4.69 4.88
H,O -57.80 = 0.01

-58.21




Enthalpies of Formation, AE/CBs-QB3,

Isodesmic at BMK/6-311++G(2d,2p)//BMK/6-31+G(d,p)

Species AE Isodesmic
CH;C'HCH,OH -14.25 -12.84
(CH;),CHCH, 19.09 16.15
(CH;),CHC'HOH cis -24.24 -24.39
(CH;),CHC'HOH trans -23.79 -23.93
(CH,;),C'CH,0OH -22.56 -22.78
*CH,(CH;)CHCH,OH -17.76 -18.42
(CH;),CH CH, 0 -14.94 -16.10




Decompesition pathways
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Stability of free radicals

Table 1. the relative energies of radicals derived from
2-butanol at CBS-QB3.

Radical (kcal/n?fl()J
cHoH.CHONOH, /{ Mot I o esnate i s ] et
cnonoroncn. afe

Q\

Cl

Fig. 2. Bond dissociation energies of isobutanol (kealfmol) at (BS-0B3 level.



®m  Formation of 1-Butene
® Formation of Trans-2-butene
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Figure xx: Potential energy profile along MEP from the IRC calculation of 2-butanol
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Decomposition pathways
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|-Butene formation
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AH#=66.0 kcal/mol
Exp. 65-67 for different alcohols.




)-Butene formation

« Tk '
AH*= 67.9 kcal/mol (\\ |
® AH#= 67.2 keal/mol

Exp. 65-67 for different alcohols.
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Carbene formation

o L
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Methy ethyl ketone formation

C
V\ ~ AH*= 81.4 kcal/mol

) tus. /Ix/ﬁ-’:omr 9.9 kJ/mol



Acetaldehyde formation

AH#= 85.0 kcal/mol




Methyl cyclopropang formation

AH#*= 94.9 kd/mol

AH = 18.1 kcal/mol




Vinyl alcohol formation

AH#= 109.5 kcal/mol

M o 8 _“0
7, e o
4 1654400

Rc X RC
d&»‘% 6}4{ AH = 19.8 kcal/mol
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Ethene formation

AH#*= 111.9 kcal/mol

® fﬁe C0 AH = 25.7 kcal/mol
}ﬂ‘b I A
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Figure 8. Arrhenius plots for the unimolecular thermal decomposition of 2-
butanol to 1-butene (R1), trans-2-butene (R2), cis-2-butene (R3), 1-ethyl alcohol
radical (R10), 1-propyl alcohol radical (R11), 2-isopropyl alcohol (R12), and 2-
butyl radical (R13) over the temperature range 298-2000 K.
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Table 5. Rate expressions for the predominant reactions (R1, R2, R3
R10, R11, R12, and R13) over the temperature range 298-2000 K.

AR E, (kcal/mol) A (s)
Exp. 65-67 for different alcohols.

R1 67.69 9.80E+13
R2 69.05 1.03E+14
R3 69.79 1.78E+14
R10 84.25 2.06E+19
R11 86.51 4.36E+18
R12 89.47 8.21E+18

R13 95.01 2.67E+19
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Branching ratios

Table 6. Percent Contribution of Each Channel in the Overall Reaction of the Thermal Decomposition of 2-Butanol

T/K Rl R2 R3 R4 RS R6 R7 R8 RY RI0 Ri4 RI1 RI2 RI8 RI3 RI5 Rl6 RI7
298 8025 1551 424 00 000 000 O 000 00 000 0N 000 000 000 000 000 000 000
300 7998 1569 43 0N 0 00 O 0 O 0 O 000 0 0 000 000 000 000
400 6780 2342 A78 00 OO 00 O OO OO 00 0N 000 00 0 000 000 000 000
500 5669 2763 1246 000 000 000 00 O 000 39 000 012 001 000 000 000 000 000
600 5004 3077 1A70 o001 00 000 O 000 OO 320 O 016 002 OO0 000 000 000 000
700 4559 3298 1837 003 000 000 OO0 OO OO0 282 00 017 004 OO0 000 000 000 000
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Pyrolysis of Isobutanc
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Fig. 12 Potential energy diagram for unimolecular thermal decomposition of isobutanol at BMK(bold), BB1K (Italic)and CBS-CBS in parentheses.
For clarification, products and relevant transition states have the same color.



Oxidation of Isobutanol by OF



H-atom abstraction using HO
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Conclusions

Enthalpies of formations from atomization energies for C,-C, alcohols and
their derived radicals were calculated with higher accuracy.

For all butanols, butene via four-center transition states represents the
most favorable channel.

2-butanol releases acetaldehyde and ketone while n- and isobutanol
produces only aldehydes, agree with experiment.

Production of unsaturated alcohols or cyclopropane cost a lot of energy
and unlikely occur except at higher temperatures.

Higher amount of propene is expected from isobutanol in agree with
experiment.

Accurate energies could be achieved at CBS-QB3.

BB1K, BMK, MPW1K,MPWB1K, LC-wPBE all give good energy barrier for
different reactions.
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Enthalpies of formation (AE, kcal/mol) for EP and MB and their fragments at CBS-QB3.

Species CBS-QB3 Exp. Species CBS-QB3 Exp.
C,H,CO,C,H; -111.3 -111.5
C,H,CO,CH, -108.3
C,H,CO,H -107.6 108.3 C,H,CO,H -113.8 -112.7
CH,CH=C=0 -15.2 C,H,CO,CH, -103.4
C,H,CO,* -49.5 C,H,CH=C=0 -20.7
C-H,CO,C,H; -59.3 C,H,CO,* -56.6
C-H,CO,C,H; -59.3 C-H,CH,CO,CH, -53.8
C-H,CO,C,H; -60.2 *C=00CH, -37.2
C-H,CO,C,H; -60.1 C,H,CO,CH,* -61.2
C,H.C-O 9.0 CH,CH,C-HCO,CH, -65.7
*C=00C,H; -48.2 CH,C-HCH,CO,CH, -61.4

*63:00C,H, -48.2 *CH,CH,CH,CO,CH, -59.0



Enthalpies of formation (AE, kcal/mol) for EP and MB and their fragments at CBS-QB3.

Species CBS-QB3 Exp. Species CBS-QB3 Exp.
C,H,CO,CH,* -56.3 C-H,CO,CH, -51.9
CH,C-HCO,C,H;, -69.1 C,H,C-O -12.3
C-H,.H,CO,C,H, -61.5 C,H., 23.9
C,H,CO,C*HCH, -63.1 HCO,* -27.3 -30+3
C,H,CO,CH,C-H, -60.6 HCO,* -29.8 -30+3

CH,CO,* -44.2 -43+3

51 CH,CO,s -46.9 4323




BDEs, isodesmic
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It has been shown' that unimolecular of EP gives

Ethylene and propanoic acid, whereas
MB dissociation forms methyl radical

'Schwartz et al, JPCA 110 (2006) 6643-48
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Unimolecular [ sition of EP & MB




UNIMOLECULAR DISSOCIATION

Ethylene formation
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Ethylene formation UNIMOLECULAR DISSOCIATION

AH#=67.6 kcal/mol

AH = +52.3 kcal/mol
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AH#= 48.5 kcal/mol

AH=+15.9 kcal/mol



AH = +28.9 kcal/mol



Aldehyde formation
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Ketene formation




Ethylene formation

AH#= 101.8 kcal/mol

AH .= +80.5 kcal/mol



Enolization
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Ketene formation

AH#= 74 .1 kcal/mol

AH .= +39.7 kcal/mol



AH,= +33.0 kcal/mol
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Figure 12: Energy profile for unimolecular decomposition of IPB (AE,,
68 AE#*,, kJ/mol) at BMK/6-31+G(d,p), BMK/6-311++G (2d, 2p)//BMK /6-

31+G(d,p) (given in parentheses) and CBS-QB3 (ltalic).



Conc isions

The three esters EP, MB, IPB give alkene as a main product.

Simple bond fission costs less energy than lower ester
formation.

Alcohols, lower esters, aldehydes, ketene are also produced
at higher temperatures.

IPB can be decomposed faster than the other two esters,
203. Vs. 210 and 285 kd/mol for propene and ethene
formation.

Aldehyde formation is easier from EP than MB because C-O
Is weaker in the former ester, 420 vs. 424 kdJ/mol .
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Ongoir g work

» Reactions of different radicals with O, molecules and subsequent
degradation to exit channel of CO, and H,O .

» Reactions of 2-butanaol, isobutanol, and esters with different
oxidants: OH, O, O,, H, O2H, CH3 radicals.

Future orojects

Thermochemisrty and kinetics of the 2°ry reactions (beta-sessions) of
radicals.

- Water-assisted reactions for elimination reactions.
» Quest for efficient catalysts for biodeisel production (transesterification).
-Competition between propagation and termination processes.
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