CHAPTER IV

RESULTS AND DISCUSSION

4.1 Standard Analysis Chromatogram

The reference standard for gas product was analyzed by a HP-5890
equipped with both thermal conductivity detector (TCD) with Hyasep-D column (10
m. x 1/8 inch), and flame ionized detector (FID) with HP-Plot  column (30 m. x
053 m. x 10 pm.). Following the method for product analysis as described in
Chapter 3. On TCD signal, it was found that the retention time of hydrogen, carbon
monoxide, methane, carbon dioxide, propylene, propane, 1-butene, and butane are
2.2, 28, 39, 5.0, 178, 182, 25.6 and 26.1, respectively (see Fig. 4.1). On FID
signal, it was found that the retention time of methane, propane, butane, propylene,
and 1-hutene are 7.6, 14.5, 20.0, 20.7, and 21.5, respectively (see Fig. 4.2).

The reference standard for liquid product was analyzed by a HP-6890
equipped with flame ionized detector (FID) with StabilWax column (30 m. x 0.32 m.
x 1.0 pm.). Following the method for product analysis as described in Chapter 3, it
was found that the retention time of n-heptane, butanal, dibutyl ether, methyl
butyrate, 4-heptanone, n-butanol, butyl butyrate and butyric acid are 1.5, 3.3, 5.5,6.3,
9.7, 10.3, 120, and 186, respectively. The chromatogram of standard oxygen-
containing C4 compounds is shown in Fig. 4.3,

To find out the response factor value of each compound, the n-octane was
used as the reference. Table 4.1 shows the response factor of each substance in the
reference standard which contains methanol, n-butanol, butanal, butyric acid, methyl
butyrate, dibutyl ether, 4-heptanone, and butyl butyrate.
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Figure 4.1 Chromatogram of standard gas mixture from TCD detector.

Aome  nBfae

sf11)) A B
o

0 b J

Figure 4.2 Chromatogram of standard gas mixture from FID detector.
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Figure 4.3 Chromatogram of standard liquid mixture analyzed by FID.

Table 4.1 Response factors of each substance in the reference standard

Substances Response factor
Methanol 0.5353
n-Butanol 0.6205
Butanal 0.5674

Butyric acid 0.5905

Methyl butyrate 0.7054

Dibutyl ether 0.5278

4-Heptanone 0.6374

Butyl butyrate 0.6745
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4.2 Hydrogenation of Oxygen-containing C4 Compounds over Pd/C Catalyst

4.2.1 Hydrogenation of Methyl Butyrate over Pd/C Catalyst
4.2.1.1 EffectofReaction Temperature

To study the effect of the reaction temperature, the
hydrogenation of methyl butyrate was conducted at 400 psig, LHSV of 2.0 h'], and
HaTeed molar ratio of 2.5. The results in Table 4.2 revealed that conversion of
methyl butyrate was dramatically increased with reaction temperature (from 25.85%
at 300°c to 70.92% at 350°C). It was also observed the change in product selectivity
as propane and CO increased with increasing reaction temperature. But selectivities
to butyric acid and butyl butyrate were found to decrease. The side-products from
hydrolysis, methanol and its condense product, dimethyl ether in gas phase were also
increased with reaction temperature. In addition, CJ/Ca ratio was found to increase
with reaction temperature, revealed that hydrodecarbonylation on Pd/C is prefer to
undergo at high reaction temperature. Moreover, the deactivation of active sites of
hydrodeoxygenation was also observed since the ratio of C4/Cawas increased and
selectivity to hydrodeoxygenated product, butane was decreased as a function oftime
on stream which possibly cause by coking since CO from hydrodecarbonylation can
be occurred in competitive adsorption onto Pd surface, resulting in a loss of catalytic
activity (Resasco et al., 2008).
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Table 4.2 Product distribution from methyl butyrate over Pd/C at various reaction
temperatures (Reaction condition : pressure = 400 psig, H2Feed ratio = 2.5, and
LHSV =2h")

Reaction Temperature (°C) 300 350

Time on stream (n) 1 6 1 6

Conversion 25.85 25.13 71092 70.05

Selectivity (%)
Carbon monoxide 1041 10.18 21.82 2081
Methanol 24.14 4.2 22.23 22.84
Dimethyl ether 282 217 4.65 4.23
Propane 16.12 5% 327 3133
Butane 2.29 114 3.63 2.44
Butanal 1.68 170 0.44 0.47
n-Butanol 0.98 0.99 108 137
Heptane 0.14 0.14 0.98 0.85
4-Heptanone 130 132 4.19 3.74
Butyric acid 30.52 R4 6.87 1021
Butyl butyrate 9.46 9.72 1.29 1.38
Others 0.14 0.47 0.11 0.33

CyCs ratio 1.04 1364 9.01 12.34

4.2.1.2 Effect ofReaction Pressure

To study the effect of the reaction temperature, the
hydrogenation of methyl butyrate was conducted at 350°c, LHSV of 2.0 h'], and
H2feed molar ratio of 2.5. The results in Table 4.3 showed that reaction pressure
affects conversion of methyl butyrate adversely (from 72.64% at 200 psig to 60.25%
at 600 psig). Selectivities to hydrodecarbonylated products (propane and carbon
monoxice) were found to decrease with reaction pressure. By contrast, selectivities to
butane, n-butanol, butanal which are hydrogenated product and intermediates were
increased with reaction pressure indicating that hydrodeoxygenation over Pd/C is
sligtly prefer at higher pressure. The increase in reaction pressure also resulted in
higher amount of butyric acid and coupling ester, butyl butyrate. Selectivities to Side-
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product from hydrolysis, methanol and its condense counter part, dimethyl ether in
gas phase went inversely. Furthermore, Ca/Caratio was decreased with reaction
pressure. Nevertheless, reaction pressure insignificantly affects the reaction pathway
of Pd/C, since Pd/C prefers hydrodecarbonylation path resulting in propane and
carbon monoxide as the main products even at elevated pressure.

Table 4.3 Product distribution from methyl butyrate over Pd/C at various reaction
pressures (Reaction condition : temperature = 350°c, H2Feed ratio - 2.5, and LHSV
=2h')

Reaction Pressure (psig) 200 400 600
Time on stream (h) 1 6 1 6 1 6
Conversion 64 7219 7092 7005 6025 5874
Selectivity (%)
Carbon monoxice 2086 2200 2182 208 1702 163
Methanol 2067 2091 22 2284 2487 2509
Dimethy! ether b43  5A 4% 4B 21T 28l
Propane 82 386l 071 2933 255 2458
Butane 152 126 363 24 312 23
Butanal 043 045 044 047 049 03
n-Butanol 026 030 108 1% L0 18
Heptane 0.35 076 058 08 073 078
4-Heptanone 32 34 419 314 370 306
Butyric acid 952 1097 1017 na 1702 1926
Butyl butyrate 070 014 129 138 285 306
Others 0.20 034 061 03 oz 0H4
C3/Cs ratio 291 2668 819 1202 818 1059

4.2.2 Flydrogenation of Butyric Acid over Pd/C Catalyst
4.2.2.1 EffectofReaction Temperature
To study the effect of the reaction temperature, the
hydrogenation of butyric acid was conducted at 400 psig, LHSV of 2.0 h'], and
In/feed molar ratio of 2.5. The reaction temperature was varied from 250 to 350°c.



The results in Table 4.4 revealed that conversion of butyric acid was significantly
increased with increasing reaction temperature (from 4.65% at 250°c to 57.38% at
350°C).The increase in reaction temperature also resulted in the hydrodecarbonylated
products which are propane and carbon monoxide. However, the ketonic
decarhoxylated product and its hydrogenated product which are 4-heptanone and
heptane were also slightly increased with reaction temperature. On other hand,
selectivities to hydrogenated intermediates and product, butanal, n-butanol and
butane were found in rather small amount, assert a hydrodecarbonylation
performance of Pd/C which generally undergo via hydrodecarbonylation path. In
addition, selectivity to coupling ester, butyl butyrate was decreased with reaction
temperature. Nevertheless, C4/Ca ratio was significantly increased with reaction
temperature, revealed that reaction tends to undergo hydrodecarbonylation path at
elevated reaction temperature.

Table 4.4 Product distribution from butyric acid over Pd/C at various reaction
temperatures (pressure = 400 psig, H2/Feed ratio = 2.5, and LHSY =2h'])

Reaction Temperature ( C) 250 300 350
Time on stream (n) 1 6 1 6 1 6
Conversion 465 423 4542 4256 5738 5365
Selectivity (%)
Carbon monoxice 114 1694 2651 2758 2991 3023
Propane 550 B0 4075 4198 4652 4785
Butane 6.00 518 3% 3% 1h 18
Butanal 323 330 363 3% 167 1%
n-Butanol 434 411 313 334 156 14
Dibutyl ether 021 034 098 o088 124 11
Heptane 0.25 018 05 0471 121 1H4
4-Heptanone 125 1% 20600 212 258 232
Butyl butyrate 438 4278 1905 168 1386 1308
Others 04 039 05 016 091 078

Cy/Cs ratio 45 43 1277 118 2658 23
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4.2.2.2 Effect ofReaction Pressure

To study the effect of the reaction pressure, the
hydrogenation of butyric acid was conducted at 300°c, LHSV of 2.0 h'1, and FB/feed
molar ratio of 2.5. The results in Table 4.5, revealed that reaction pressure slightly
affect the conversion of butyric acid (from 47.81% at 200 psig to 40.32% at 600
psig). Selectivities to hydrodecarbonylated products, propane and carbon monoxide,
were found to decrease with reaction pressure. By contrast, selectivities to
hydrodeoxygenated products were increased with reaction pressure. That is, an
Increae in reaction pressure resulted in the formation of hydrodeoxygenated products
together with coupling ester, while suppress hydrodecarbonylation reaction.
Furthermore, cssc« ratio was decreased with reaction pressure (from 26.02% 200
psig to 6.22% at 600 psig) indicating that hydrodeoxygenation is prefered at elevated
reaction pressure. But however, Pd/C was selective to hydrodecarbonylation path as
propane and carbon monoxide were found as the main product.
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Table 4.5 Product distribution from butyric acid over Pd/C at various reaction
pressures (Reaction condition : temperature = 300°c, Ho/Feed ratio = 2.5, and LHSV

=2h")

Reaction Pressure (psig) 200

Time on stream (n) 1

Conversion 4781

Selectivity (%)
Carbon monoxide 3161
Propane 48,65
Butane 187
Butanal 2.15
n-Butanol L75
Dibutyl ether 0.37
Heptane 0.29
4-Heptanone 231
Butyl butyrate 11.07
Others 0.22

CqC4 ratio 26.02

6
45.23

3098
4792
178
2.05
167
0.28
031
241
1257
0.34
26.92

1
4542

26.51
40.75
3.32
3.63
313
0.98
0.54
2,06
19.05
0.5/
1221

6
42.56

21.58
41.98
3.54
3.95
3.34
0.88
0.47
2.12
16.85
0.16
1185

4.2,3 Hydrogenation of Butanal over Pd/C Catalyst

4.2.3.1 EffectofReaction Temperature

To study the effect of the reaction temperature, the

hydrogenation of butanal was conducted at 400 psig, LHSV of 2.0 h'], and HaTeed
molar ratio of 2.5. The results in Table 4.6 showed that the conversion of butanal was
high compared to those of butyic acid, and methyl butyrate, which close to 100%
conversion even at 300°c. This indicates the high reactivity of aldehyde group in
butanal. Selectivities to propane, carbon monoxide, and butane were found to
increase with reaction temperature, while the selectivities of condensed product and
hydrodeoxygenated intermediate; in this case, dibutyl ether and n-butanol, were
significantly decreased when reaction temperature is increased. Since, selectivity to
ketonic decarboxylated products (heptane and 4-heptanone) were unnoticeable

1
40.32

21.32
32.10
5.26
414
4.15
1.22
0.62
199
28.30
0.92
6.22

6
37.65

2011
32.26
545
423
401
1.12
0.59
178
29.44
0.60
592
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changed, and C4/Ca ratio was slightly decreased, but reaction still prefer to undergo
hydrodecarbonylation path, it can point out that reaction temperature does not affect
the reaction pathway of butanal over Pd/C.

Table 4.6 Product distribution from butanal over Pd/C at various reaction
temperatures (Reaction condition : pressure = 400 psig, P*/Feed ratio = 2.5, and
LHSV =2h")

Reaction Temperature (°C) 250 300 350
Time on Stream (h) 1 b 1 6 1 6
Conversion M2 713H  H3  BI7 946 9849
Selectivity (%)
Carbon monoxide 122 651 1470 1490 2940 2800
Propane 165 669 1950 1930 4400 4070
Butane 163 14 502 408 1270 10.00
n-Butanol 2020 300 2B 168 245 383
Dibutyl ether 3B B3A 840 2010 376 664
Heptane 8.03 765 s01 897 489 112
4-Heptanone 0.49 049 03 03 057 0%
Butyl butyrate 636 74 630 628 163 242
Others 049 057 05 o2z 060 055
C4/Cs ratio 469 464 388 473 346 407

4.2.3.2 Effect ofReaction Pressure

To study the effect of the reaction pressure, the
hydrogenation of butanal was conducted at 300°c, LHSV of 2.0 h"l, and Ha/feed
molar ratio of 2.5. The results in Table 4.7, revealed that reaction pressure slightly
affect the conversion of butanal (from 99.46% at 200 psig to 96.32% at 600 psig).
Selectivities to hydrodecarbonylated products were found to significantly decrease
with reaction pressure. On other hand, selectivities to dibutyl ether, heptane, 4-
heptanone, and butyl butyrate were found to increase with increasing reaction
pressure. Interestingly, casca ratio for hydrogenation of butanal went adversely, the
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explanation for this phenomenon is that when the reaction pressure increased, -
butanol from hydrogenation of butanal might not undergo via dehydration to form
1-putene and butane but it tends to react with nearby n-butanol molecule to form
dibutyl ether resulting in abundant increase in dibutyl ether (from 5.85% at 200 psig
to 32.80% at 600 psig) leading to the lower in butane product.

Table 4.7 Product distribution from butanal over Pd/C at various reaction pressures
(Reaction condition : temperature = 300°c, H2/Feed ratio = 2.5, and LHSV =2 h")

Reaction Pressure (psig) 200 400 600
Time on Stream (h) 1 6 1 6 1 6
Conversion 946 9849 9530 9BL7 %R 9L
Selectivity (%)
Carbon monoxide 210 3110 1470 1490 1230 1280
Propane 4980 4850 1950 1930 1540 1590
Butane o/ 515 502 408 44 410
n-Butanol 380 460 1723 1681 1160 984
Dibutyl ether 58 730 2840 2910 3280 3220
Heptane 1M 1% a0 897 1150 1230
4-Heptanone 01t 039 03 03 049 084
Butyl butyrate 08 120 630 628 1126 113
Others 019 o020 05 02t 021 065
C3/Ca ratio 866 941 388 473 346 387

4.2.4 Hydrogenation of n-Butanol over Pd/C Catalyst
4.2.4.1 EffectofReaction Temperature

To study the effect of the reaction temperature, the
hydrogenation of n-butanol was conducted at 400 psig, LHSV of 2.0 h'1, and Ho/feed
molar ratio of 2.5. The results revealed that reaction temperature affects the products
distribution and conversion as shown in Table 4.8. As expected, the conversion of -
butanol was substantially increased with reaction temperature (from 41.00% at
250°c to 8951 % at 350°C). Selectivities to hydrodecarbonylated and
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hydrodeoxygenated products, propane, carbon monoxide and butane were
considerably increased, while Selectivity of condensed product, dibutyl ether was
significantly decreased with reaction temperature. The results indicated that the
condensation reaction is preferred to undergo at lower reaction temperature, but
when reaction temperature is increased n-butanol tends to undergo hydrodecar-
bonylation and hydrodeoxygenation path. Interestingly, that C3/Cs4 ratio of
hydrogenation of n-butanol over Pd/C was lower than 1, indicating that n-butanol
prefers hydrodeoxygenation path which inconsistent with the previous study with
methyl butyrate, butyric acid and butanal. It can be explained that, normally Pd/C
should undergo hydrodecarbonylation path, this reaction require dehydrogenation of
n-butanol to butanal first. But in this case, hydrogenation of n-butanol was done
under hydrogen pressure, it means dehydrogenation is hardly to occur, so that
reaction pathway is selective to hydrodeoxygenation resulting in C3/C4 ratio was
lower than 1. However, reaction temperature unlikely to affect the C3/Cs ratio, since
it rather constant under investigated condition,

Table 48 Products distribution of n-butanol over Pd/C at various reaction
temperatures (Reaction condition : pressure = 400 psig, Ho/Feed ratio = 2,5, and
LHSV=2h")

Reaction temperature ( C) 250 300 350
Time on stream () 1 6 1 6 1 6
Conversion 4100 3823 6432 6314 851  87.69
Selectivity (%)
CO 241 226 83l 786 1461 Ul
Propane 3 I BB 1R 813 24
Butane 1143 1161 3556  3HI 5474 5434
Dibuty! ether 8202 8198 4231 4% 669 86l
Others 03 043 059 03 08 083

C4Cs ratio 034 03 037 036 042 04
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4.2.4.2 Effect ofReaction Pressure

To study the effect of the reaction pressure, the
hydrogenation of n-butanol was performed at 300°c, LHSV of 2.0 h'1, and HaTeed
molar ratio of 2.5. The reaction pressure was varying from 200 to 600 psig. The
results in Table 4.9 showed that the conversion of n-butanol tend to decrease with
increasing reaction pressure (from 76.32% at 200 psig to 47.41% at 600 psig) and
tend to form condensed product, dibutyl ether, whereas selectivity to both
hydrodecarbonylated and hydrodeoxygenated products were decreased, indicated
that the condensation reaction is preferred to undergo at higher reaction pressure
while hydrodecarbonylation and hydrodeoxygenation likely to be suppressed.
However, the higher in reaction pressure led to lower casca ratio, revealed that -
butanol prefer to undergo hydrodeoxygenation path than hydrodecarbonylation path
at elevated pressure. In addition, the carca ratio of hydrogenation of n-butanol over
Pd/C was lower than 1 due to aforementioned reasons in effect of reaction
temperature.

Table 4.9 Products distribution of n-butanol over Pd/C at various reaction pressures
(Reaction condition : temperature = 300°c, HalFeed ratio = 2.5, and LHSV =2h')

Reaction pressure (psig) 200 400 600
Time on stream (h) 1 6 1 6 1 6
Conversion 1632 7447 6432 6314 4141 46H4
Selectivity (%)
60) 24 U4 831 786 34 31
Propane 1934 1818 BB 12% 524 49
Butane 2323 2256 b5 B 1813 1834
Dibutyl ether 428 4139 3 RB 243 T304
Others 073 040 059 03 079 0%

Cy/C4 ratio 083 08 03 036 028 02
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4.3 Hydrogenation of Oxygen-containing C4 Compounds over NiMo/Alzos
Catalyst

4,3.1 Hydrofienation of Methyl Butyrate over NiMo/AbOr Catalyst
43.1.1 EffectofReaction Temperature

To study the effect of the reaction temperature, the
hydrogenation of methyl butyrate was conducted at 400 psig, LHSV of 2.0 h"1, and
H2/feed molar ratio of 2.5. The results in Table 4.10 revealed that conversion of
methyl butyrate was increased with reaction temperature (from 25.95% at 300°c to
34.86% at 350°C). It was also observed the change in product selectivity as
hydrodecarbonylated products (propane, carbon monoxide), hydrodeoxygenated
product (butane), and butyric acid increased with increasing reaction temperature
while selectivity to coupling ester, butyl butyrate was decreased. Others
hydrodeoxygenated intermediate which are butanal and n-butanol together with side-
products from hydrolysis, methanol and its condense product, dimethyl ether were
fairly constant under investigated conditions. In addition, C4Ca ratio was slightly
decreased with reaction temperature, indicating that hydrodeoxygenation is preferred
even at elevated temperature. However, deactivation of active sites for
hydrodeoxygenation was also ohserved since the C4Caratio was increased and
selectivity to butane was decreased as a function of time on stream which likely to
cause by coking.
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Table 4.10 Product distribution from methyl butyrate over NUVIo/AI205 at various
reaction temperatures (Reaction condition pressure = 400 psig, Ph/Feed ratio = 2.5,
and LHSV =2 h')

Reaction Temperature ( C) 300 350

Time on stream (h) 1 6 1 6

Conversion 25.95 21.53 36.56 32.96

Selectivity (%)
Carbon monoxide 2.36 2.44 2.44 2.44
Methanol 2761 2861 26.25 21.31
Dimethy! ether 0.90 0.9 149 138
Propane 4.89 511 592 6.06
Butane 643 4.17 11.62 598
Butanal 0.77 0.93 0.36 0.53
n-Butanol 3.06 2.76 217 1%
Heptane 0.19 0.23 0.44 0.53
4-Heptanone 0.27 0.33 0.36 043
Butyric acid 29.14 21.71 31.22 241
Butyl butyrate 2181 26.25 16.92 20.21
Others 0.57 0.50 081 0.7

C3/Cs ratio 0.58 123 051 1.01

4.3.1.2 Effect ofReaction Pressure

To study the effect of the reaction pressure, the
hydrogenation of methyl butyrate was conducted at 350°c, LHSV of 2.0 h’], and
Hafeed molar ratio of 2.5. The results in Table 4.11 showed that reaction pressure
slightly affects the conversion of methyl butyrate (from 34.86% at 200 psig to
37.23% at 600 psig). However, Selectivity to hydrodeoxygenated product, butane
was increased, while selectivities to propane and carbon monoxide were found to
decrease, indicating that hydrodeoxygenation is preferred at elevated reaction
pressure. However, selectivities to hydrogenated intermediates, which are n-butanol
and butanal were slightly increased with increasing reaction pressure. Nevertheless,
selectivities to ketonic decarboxylated products, 4-heptanone and heptane were
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slightly decreased whereas coupling ester, butyl butyrate was increased.
Additionally, casca ratio was significantly decreased with reaction pressure (from
247 at 200 psig to 041 at 600 psig) indicating that reaction is prefer
hydrodeoxygenation path at elevated reaction pressure.

Table 411 Product distribution from methyl butyrate over NiMo/Alz0 5 at various
reaction pressures (Reaction condition temperature = 350°c, HAFeed ratio = 2.5,
and LHSV =2h")

Reaction Pressure (psig) 200 400 600
Time on stream (h) 1 6 1 6 1 6
Conversion 3486 2908 3656 329% 3723 3157
Selectivity (%)
Carbon monoxide 442 408 244 244 198 1%
Methanol 53 NN 625 231 B3 2N
Dimethy! ether 150 12 149 138 os 093
Propane 64 780 592 606 507 530
Butane 341 170 1162 598 1231 54
Butanal 080 o8 036 053 034 049
n-Butanol 043 047 217 1% 203 1M
Heptane 078 08 04 053 041 030
4-Heptanone 073 080 036 043 020 031
Butyric acid B84 017 N2 R4 N8 362
Butyl hutyrate 491 16% 1692 2021 1791 2132
Others 033 038 08 077 079 083
CyCx ratio 247 458 051 1o 041 097

4.3.2 Hydrogenation of Butyric Acid over NiMo/AfO"Catalyst
4.3.2.1 EffectofReaction Temperature
To study the effect of the reaction temperature, the
hydrogenation of butyric acid was conducted at 400 psig, LHSY of 2.0 h'L and
If/feed molar ratio of 2.5. The reaction temperature was varied from 250 to 350°c.
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The results in Table 4.12, revealed that conversion of butyric acid was significantly
increased with increasing reaction temperature (from 9.45% at 250°c to 58.37% at
350°C). It was observed the change in product selectivity as selectivities to
hydrodecarbonylated and hydrodeoxygenated products which are propane, carbon
monoxide and butane increased with increasing reaction temperature. However, the
products from ketonic decarboxylation reaction, 4-heptanone and heptane were
found in trace amount under investigated conditions. Nevertheless, selectivities to
hydrodeoxygenated intermediates, butanal and n-butanol likely to increase with
reaction temperature but it decrease when the reaction temperature further increased
which can be explained by the highly increasing of selectivity to butane.
Additionally, selectivity to condensed products, both dibutyl ether and butyl butyrate
were slightly decreased with reaction temperature. Nevertheless, Ca/Ca ratio was
sligtly decreased with reaction temperature, indicating that hydrodeoxygenation is
preferred even at elevated temperature for NiMo/AHCD catalyst.
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Table 4.12 Product distribution from butyric acid over NiMo/A~Ch at various
reaction temperatures (Reaction condition : pressure = 400 psig, Ph/Feed ratio = 2.5,
and LHSV =2 h")

Reaction Temperature (°C) 250 300 350

Time on stream (h) 1 6 1 6 1 6

Conversion 945 783 4215 3658 5837 502

Selectivity (%)
Carbon monoxide 357 3% 576 15 867 941
Propane 513 661 779 924 1B 125
Propylene 016 07/ 060 128 056 149
Butane 796 52 1416 98 205 10
1-Butene 027 079 03 0% 062 1n
Butanal 043 05% 170 L 059 064
n-Butanol 158 116 257 .  1R3 1¢4
Dibutyl ether 067 059 05 061 024 034
Heptane trace  trace  trace  frace  trace  trace
4-Heptanone frace  trace trace  frace  trace trace
Butyl Butyrate 7980 7891 6603 66.00 5426 6117
Others 077 084 054 044 056 064

C4/Ca ratio 068 12 058 098 054 116

4.3.2.2 EffectofReaction Pressure

To study the effect of the reaction temperature, the
hydrodeoxygenation of butyric acid was conducted at 350°c, LHSV of 2.0 h'] and
HaTeed molar ratio of 2.5. The results in Table 4.13 showed that reaction pressure
slightly affect the conversion of butyric acid (from 41.06% at 200 psig to 44.13% at
600 psig). Selectivities to hydroodecarbonylated products, propane, propylene and
carbon monoxide were decrease d with increasing reaction pressure. By contrast,
selectivities to hydrodeoxygenated products, butane, butanal, n-butanol were found
to increase with increasing reaction pressure, but the formation of 1-butene was
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reduced revealed that increasing of reaction pressure can lowering the formation of
unsaturated hydrocarbon by enhancement of hydrogenation activity. Nevertheless, an
increasing in reaction pressure was also led to the formation of coupling ester, butyl
butyrate as selectivity increased. Additionally, carca ratio was significantly
decreased with reaction temperature (from 130 at 200 psig to 0.35 at 600 psig).
Moreover, the active site for hydrodeoxygenation is found to ceactivate as a function
oftime on stream, resulting in lower casca ratio at e h of time on stream.

Table 4.13 Product distribution from butyric acid over NiMo/Alzos at various
reaction pressures (Reaction condition ; temperature = 300°c, ff/Feed ratio = 2.5,
and LHSV =2h")

Reaction Pressure (psig) 200 400 600
Time on stream (h) 1 b 1 6 1 6
Conversion 4106 3487 4215 3658 4413 HA
Selectivity (%)
Carton monoxide 989 1057 515 1 312 4N
Propane 1298 1400 779 924 509 6.8
Propylene 210 342 060 128 oz 062
Butane 104 754 1416 98 1498 998
1-Butene 109 210 031 09 015 042
Butanal 098 o8 L0 175 209 1%
n-Butanol 19 102 257 221 442 398
Dibutyl ether 059 046 055 06l 063 058
Heptane 078 05/  frace  trace  trace trace
4-Heptanone 103 1% trae  trace  trace  trace
Butyl Butyrate 5837 57153 6603 6600 6903 7053
Others 046 028 0 04 028 049

Cy/Cs ratio 130 18 05 0% 0% 072
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4.3.3 Hydrogenation of Butanal over NiMo/AbO”Catalyst
4.3.3.1 Effect ofReaction Temperature

To study the effect of the reaction temperature, the
hydrodeoxygenation of butanal was conducted at 400 psig, LHSV of 2.0 h'% and
HaTeed molar ratio of 2.5. The results in Table 4.14 showed that the conversion of
butanal was significantly increased when the reaction temperature was changed from
250°c to 300°c, hut the conversion of butanal was slightly increased when reaction
temperature  further increase to  350°c. However, the selectivities to
hydrodecarbonylated and hydrodeoxygenated products, propane, carbon monoxide
and butane were found to increase with reaction temperature. At the same time, the
selectivity to hydrogenated intermediate, n-butanol was significantly decreased when
reaction temperature was increased but selectivity to dibutyl ether was increased.
However, selectivity to butyl butyrate was likely to increase with reaction
temperature, but it rapidly dropped when reaction temperature was further increased
to 350°c which can be explained by an abruptly increase in amount of butane
product. In addition, selectivities to ketonic decarboxylated products, 4-heptanone
and heptanes were slightly increased with reaction temperature. Moreover, the
decreasing of conversion and the increasing of C4Ca ratio with time on stream
indicating that the catalyst deactivation which occurred by coking, especially the
active site for hydrodeoxygenation path.
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Table 4.14 Product distribution from butanal over NiMo/ALCh at various reaction
temperatures (Reaction condition : pressure = 400 psig, H2/Feed ratio = 2.5, and
LHSV =2h')

Reaction Temperature (°C) 250 300 350

Time on Stream (h) 1 6 1 6 1 6

Conversion 3914 2788 8L67 6367 8283 6898

Selectivity (%)
Carbon monoxide 022 030 069 148 165 510
Propane 035 047 055 139 206 61
Propylene e trae 013 05 05 051
Butane 203 200 894 308 5524 4566
1-Butene trace. trae 043 105 367 505
n-Butanol 8120 8310 3667 3663 788 1021
Dibuityl ether 48 290 842 621 51 960
Heptane trae  trae o068 062 072 078
4-Heptanone trae  frae 039 098 182 267
Butyl Butyrate 1150 1100 424 4820 613 139
Others 040 013 070 o1 027 041

CyCs ratio 017 023 007 040 004 013

4.3.3.2 Effect ofReaction Pressure

To study the effect of the reaction pressure, the hydrogenation
of butanal was conducted at 400 psig, LHSV of 2.0 h'L, and Ha/Teed molar ratio of
2.5. The summary results in Table 4.15 showed that reaction pressure slightly affect
the conversion of butanal (from 80.42% at 200 psig to 85.69% at 600 psig).
Selectivities to hydrodecarbonylated products were found to slightly decrease with
reaction pressure. On other sides, selectivities to hydrodeoxygenated intermediates
and hydrodeoxygenated product were found to increase with reaction pressure.
However, the increasing of reaction pressure also led to the higher in selectivity to
dibutyl ether, the condensed product of n-butanol. Interestingly, the amount of butyl
butyrate went adversly to those of dibutyl ether, because the increasing in reaction



pressure led to the higher selective to hydrodeoxygenation path, while suppressed
dehydrogenation of butanal to butyric acid, it means, lower amount of butyric acid
can react with n-utanol to form butyl butyrate. In addition, C4/Ca ratio was found to
decrease with increasing reaction pressure indicating that reaction prefers
hydrodeoxygenation path. Moreover, a decreasing of conversion and an increasing of
C4Caratio with time on stream revealed the catalyst deactivation which occurred by
coking, especially the active site for hydrodeoxygenation path.

Table 4.15 Product distribution from butanal over NiMo/Alzos at various reaction
pressures (Reaction condition temperature = 300°c, H2/Teed ratio = 2.5, and LHSV
=2h')

Reaction Pressure (psig) 200 400 600
Time on Stream (h) 1 6 1 6 1 6
Conversion 8042 6380 8167 6367 8560 6483
Selectivity (%)
Carbon monoxide 157 18 06 148 028 058
Propane 197 248 055 139 0% 07
Propylene 046 05 013 025 ftrae trace
Butane A5 23 8% 308 1841 132
1-Butene 065 098 043 1056 019 0%
n-Butanol 072 B3 %67 3663 AT 4005
Dibutyl ether 755 5% 842 e 004 1%
Heptane 062 047 o068 062 05 038
4-Heptanone 095 204 039 098 033 09
Butyl Butyrate 5092 5807 424 4821 1551 2554
Others 054 05 070 010 06 035

Ca/Ca ratio 0.48 092 007 040 (o 0.05
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4.3.4 Hydrogenation of n-Butanol overNiMo/AfOyCatalyst
4.3.4.1 EffectofReaction Temperature

To study the effect of the reaction temperature, the
hydrogenation of n-butanol was conducted at 400 psig, LHSV of 2.0 h"1, and Hi/feed
molar ratio of 2.5. The results revealed that reaction temperature significantly affects
on conversion of n-putanol and products selectivity as shown in Table 4.16.
Selectivities to hydrogenated products which are butane and 1-butene tend to
increase with increasing reaction temperature whereas selectivity to condensed
product, dibutyl ether was found to dramatically decrease. Hence, it can be reported
that the increase in reaction temperature enhances both hydrodecarbonylation and
hydrodeoxygenation reaction resulting in the higher in selectivities to propane and
butane. Meanwhile, formation of dibutyl ether which occurs via dehydration between
molecules of n-butanol is likely to reverse to n-butanol at higher reaction
temperature, it also led to the decreasing in selectivity dibutyl ether while selectivity
to hydrodeoxygenated products were increased. Nevertheless, C4Ca ratio was
slightly increased with reaction temperature, proved that NiMo/AHCb prefe rs to
undergo hydrodeoxygenation even at elevated temperature.
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Table 4.16 Product distribution from n-butanol over NiMo/Alz0s at different
reaction temperatures (Reaction condition :pressure = 400 psig, H=/Feed ratio = 2.5,
and LHSV =2 h")

Reaction temperature ( C) 250 300 350

Time on stream (h) 1 6 1 6 1 6

Conversion 44 3b76 7362 7017 9063  86.32

Selectivity (%)
60) 1t 052 14 061 443 351
Propane 250 1w 347 18 591 428
Propylene 020 076 072 083 112 15
Butane 354 043 M4 4345 65671 6252
1-Butene 03 04 03r 046 072 089
Dibutyl ether 6181 6716 4911 5215 291 2112
Others 041~ 048 051 063 024 043

C4/Cs ratio 0082 0066 0094 0062 0106 0087

4.3.4.2 Effect ofReaction Pressure

To study the effect of the reaction pressure, the
deoxygenation of n-butanol was performed at 300°c, LHSV of 2.0 h'L and Ha/Teed
molar ratio of 2.5. The reaction was varying from 200 to 600 psig. The summary
results in Table 4.17 shown that reaction pressure strongly affect on conversion of -
butanol and products selectivity similarly to the effect of reaction pressure on
hydrogenation of n-butanol over Pd/C, that is, conversion of n-butanol tends to
decrease with increasing reaction pressure. Additionally, the increase in reaction
pressure also led to a higher in selectivity to condensed product, dibutyl ether
indicating that hydrodeoxygenation and hydrodecarbonylation reaction was
decreased by formation of dibutyl ether via dehydration reaction. However, the
increasing of reaction pressure also led to the lower in casca ratio, indicating that
NiMo/AfjCL prefers hydrodeoxygenation path at elevated reaction pressure.
Moreover, the lower hydrogenation activity is observed at lower reaction pressure as
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the amount of the unsaturated products, propylene and 1-butene were increased
especially at time on stream of 6 h.

Table 4.17 Product distribution from n-butanol over NiMo/Al2os at different
reaction pressures (Reaction condition : temperature = 300°c, Fh/Feed ratio = 2.5,
and LHSV =2h")

Reaction pressure (psig) 200 400 600
Time on stream () 1 6 1 6 1 6
Conversion %90 9040 7362 7017 4900 4580
Selectivity (%)
CO 451 286 141 061 13 06l
Propane 10% 576 347 187 252 147
Propylene 313 712 072 08 009 1A
Butane 7153 6068 4441 4345 4732 4487
1-Butene 2200 55 037 046 013 045
Dibutyl ether 64 1175 4911 5215 4856 5081
Others 042 027 051 063 03 0%
C4/Ca ratio 018 0194 0094 0062 0055 0060

44 Proposed Mechanism for Hydrogenation of Oxygen-containing C4
Compounds

The possible reaction pathway of hydrogenation reaction of oxygen-
containing C4 compounds namely, methyl butyrate, butyric acid, butanal and -
butanol, over Pd/C and noviozaizos Were investigated under various reaction
conditions. The obtained products in gas phase were identified as carbon monoxide
(co), methang (crHa), carbon dioxide (coz), dimethyl ether (cHsocHs), propane
(caHs), propylene (came), 1-hutene (caqs) and butane (caruo). The liguid products
were identified as methanol (cHsory, butanal (caHzcHo), n-butanol (caroom),
dibutyl ether (canoocare), 4-heptanone (caHrcocsHy), n-heptane (czHie), and
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butyl butyrate (caHrcoocans). The reaction pathways have been proposed as
shown in Fig.4.4
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Figure 4.4 Proposed reaction pathways of hydrogenation of methyl butyrate.

The plot of product yield product yield as function of  /F is shown in Fig.
45, In Fig 4.5, a), yield of butyl butyrate decreased, while propane and carbon
monoxide increased with contact time. Meanwhile, in Fig.4.5, b) yield of butanal, -
butanol and dibutyl ether increased, and then decreased with W/F. However, slope
butanal is higher than n-butanol, and slope of n-butanol is higher than dibutyl ether
suggesting that butanal is a primary product of n-butanol, and n-butanol and dimethyl
ether are secondary and tertiary products, respectively. However, yield of butane is
also increased with W/F indicating that butane is an product derived from butanal,
n-butanol, and dibuty! ether.
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Figure 45 Plot of products yield, (a) major product, (b) minor product, as a function
of W/F ofbutyric acid over Pd/C at 300°c, 400 psig, H2feed ratio of 2.5.

The hydrogenation of oxygen-containing C4 compounds resulted in
different products depending on reaction condition. At the condition tested, there are
two main hydrogenated products, propane and butane, which resulted from
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hydrodecarbonylation and hydrodeoxygenation reaction, respectively, depending on
catalyst type. In hydrodecarbonylation, methyl butyrate will be converted to butyric
acid, then further convert to butanal by means of hydrogenation, then butanal will be
undergo decarbonylated by cleavage carbonyl group to unsaturated hydrocarbons,
which is propylene, after that the propylene was further hydrogenated to its
corresponding saturated hydrocarbon, propane. For hydrodeoxygenation path, methyl
butyrate il be converted to butanal by hydrolysis and hydrogenation, and the
obtained butanal will be further hydrogenated to n-butanol, then alcohols can yield
unsaturated hydrocarbons by means of dehydration reaction, which takes place by
the protonation at hydroxyl group of alcohol followed by splitting of water from
protonated butanol forms a 1-butene via acid-catalyzed followed by hydrogenation to
butane (Senol et al., 2007). Since butyl butyrate was found with high amount at low
WIF, this suggested that formation of butyl butyrate was fast, especially on
NiMo/Alzo3. This reaction can be explained in terms of reverse hydrolysis reaction,
L.e. esterification, of butanol and butyric acid to form corresponding an ester and
water. Others side-product such as heptane, 4-heptanone, dimethyl ether, and
dibuthyl ether were also observed. The formation of 4-heptanone can be explained by
ketonic decarboxylation reaction, this reaction is believed to occur by carbanion,
formed by decarboxylation from a carboxylate, is attack onto adjacent carboxylic
group to form symmetry ketone and its side-product (Renz et al., 2005), which are 4-
heptanone and water, after that 4-heptanone will be reduced to alcohol followed by
dehydration to heptene, then further hydrogenated to heptane. In addition, the
formation of this symmetry ketone via ketonic decarboxylation over Pd/C and
activated alumina were also found when ethyl stearate (Murzin et al., 2007) and
butyric acid (Teung et al., 1995) were used as reactant. The formation of ether
compound, dimethy! ether and dibutyl ether by the means of dehydration or so called
“etherification” between two alcohol groups were also observed in gas and liquid
product, respectively.
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