CHAPTER IV
RESULTS AND DISCUSSION

41 Catalytic Activity

4.1.1 Pd and Ni Supported on Alumina

The activity of Pd and Ni monometallic with various Ni loading
supported on alumina catalysts were investigated for the hydrogenation of 1-hexyne
at 15 bar and 40 °c. Fig. 4.1 shows the catalytic activity of 1-hexyne hydrogenation
by 0.3%Pd/AI203 0.3%Ni/AI20,, [%NI/AID3 15%NIAID3  2%Ni/AI203
3%Ni/AIZ) 3 alumina and no catalyst. It is found that 1%Ni/Al2) 3 provides higher
activity than other prepared catalysts. If Ni loading is higher than 1%, the activity
drops significantly probably due to the decrease of active site. For the same level of
metal loading, 0.3%Pd/AI203 exhibits higher activity than 0.3%Ni/AI203 while
aluminaand no catalyst show relatively low activity.
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Figure 4.1 1-Hexyne total conversions (%) as a function of time for Pd/Al2) 3and
Ni/AlI2) 3monometallic catalysts.



Fig. 4.2 illustrates 1-hexene selectivity as a function of reaction time
for Pd and Ni on alumina catalysts. Low load 0.3wt% of Pd and Ni exhibits the
increase of 1-hexene selectivity with reaction time. However 0.3%Pd/AIZ33 exhibits
1-hexene selectivity drops after 15 hour, while ()3%Ni/Al03 shows the decrease of
1-hexene selectivity after 2 hours. Interestingly, I-hexene selectivity is significant
decreased when 1%, 1.5%. 2% and 3%Ni/Al2o3 is used, possibly due to high activity
toward 1-hexene hydrogenation to /+hexane. It can be observed that 0.3%Ni exhibits
the highest 1-hexene selectivity.
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Fi_?ure 42 1-Hexene selectivity (%) as a function of time for Pd/ALCf and
NI'ALCL monometallic catalysts.

The yield of 1-hexene as a function of reaction time is shown in Fig.
4.3, The results illustrate that 0.3%NI/ALO3 exhibits the highest -hexene yield. As
observed, 0.3%Pd/AhO3 shows similar 1-hexene yield as 0.3%NI/ALC>3 at 2 hours.
However, 0.3%Pd/AIZ8 exhibits the depletion of 1-hexene yield after 2 hours
possibly the subsequent hydrogenation of 1-hexene to /7-hexane. Obviously,
l-hexene yield decreases dramatically when [%Ni/Al203, 15%Ni/Alo3.
29%NI/AID 3 and 3%Ni/Alos is used. The high activity of Ni/Alos at Ni loading
1%Ni, 1.5%Ni, 2%Ni, and 3%Ni to further hydrogenate 1-hexene to /7-hexane causes

the reduction of 1-hexene yield.



|
1
l
|

—S—(.3%Pd |
—#—0.3%Ni
——1%Ni
@+ 1.5%Ni

% Yield of I-hexene

Time (hour)

Figure 4.3 1-Hexene yield (%) as a function of time for Pd/AhO;, and Ni/AIZ) 3

monometallic catalysts.

The relation of 1-hexene selectivity and 1-hexyne conversion for Pd
and Ni on alumina catalysts is shown in Fig. 4.4. As expected, 1-hexene selectivity
decreases significantly with increasing I-hexvne conversion due to subsequent
hydrogenation of 1-hexene to tt-hexane. The 0.3wt% of NifAlzos catalyst exhibits
the highest 1-hexene selectivity, while 0.3%Pd/AI203 shows lower I1-hexene
selectivity than 0.3%Ni/Al203 The 1-hexene selectivity of the catalysts is decreasing
in the order: 0.3%Ni/AI203 > 0.3%Pd/AI203 >2%Ni/AI0 3 >15%Ni/AID)3
>|%Ni/AI2) 3>3%NifAI2) 3at completed conversion. Furthermore, the changes of
1-hexyne, I-hexene and -hexane concentration with reaction time when using
0.3%Ni/AI203 are shown in Fig. 4.5. It can be observed that, 1-hexyne decreases
with the reaction time, while the L-hexene is significantly increased with reaction
time, and «-hexane s relatively constant indicating that the subsequent
hydrogenation of 1-hexene is not important due to retard reaction. However, after the
conversion of 1-hexyne is completed, 1-hexene is then hydrogenated to «-hexane.
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Fi%ure,4.5, Concentration of reactant and products as a function of reaction time for
0.3%Ni/Aii03 monometallic catalysts.

4.1.2 Ni-Mn Bimetallic Supported on Alumina Catalyst
The activity of 1-hexyne hydrogenation by Mn-Ni/Alzo3 with various
Ni/Mn molar ratios is showed in Fig. 4.6 and Fig. 4.7. The results illustrate that the
activity of 1-hexyne hydrogenation increases linearly with the reaction time. It is
found that Ni/AlUs, NiMn2.0/AI203; NiMnl.s/Alo3, and NiMnOsM.:0s show
high activity, while NiMnl.OMI203 exhibits the lowest activity among Ni-Mn
himetallic catalysts. For Mn/Al2Us shows relatively low activity.
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Figure 4.6 1-Hexyne total conversions (%) as a function of time for o 3%Ni/Al:Gs
at various Ni/Mn ratics.
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Figure 4.7 1-Hexyne total conversions (%) at L5 h., 2.0 h., and 25 h. for
0.3%Ni/Al203 at various Ni/Mn ratios.

Fig. 48 and Fig. 4.9 illustrate 1-hexene selectivity as a function of
reaction time for Ni-Mn on alumina catalysts. The catalysts exhibit the increase of
1-hexene selectivity with reaction time. However, the catalysts show the decrease of
1-hexene selectivity after 2.0 hours due to the activity toward 1-hexene
hydrogenation to «-hexane. NiMnl .o/Al203 exhibits the highest 1-hexene selectivity,
while NFAI20z and NiMn2 0/Al203 show relatively low 1-hexene selectivity. The
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L-hexene selectivity exhibits in the order: NiMnl.O > NiMn0.5 > NiMnl5 >
NiMn2.0 ~ Ni.
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Figure 48 1-Hexene selectivity (%) as a function of time for 0.3%Ni/Al203 at
various Ni/Mn ratios.
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Figure 4.9 1-Hexene selectivity (%) at 15 h., 2.0 h., and 25 h. for 0.3%Ni/Al203 at
various Ni/Mn ratios.

The yield of 1-hexene as a function of reaction time is shown in Fig.
410 and Fig. 411 The catalysts show the increase of I-hexene yield with the
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reaction time. The results illustrate that both NiMnl.s/Al203 and NiMno 5/Al20s
exhibit higher 1-hexene yield than NI/AHCb, while NiMnl .O/Al20z provides
relatively low 1-hexene yield due to low activity. The NiMnO.sM.120s provides the
highest 1-hexene yield 91% at completed conversion.
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Figure 4.10 1-Hexyne yield (%) as a function of time for 0.3%Ni/Al203 at various

Ni/Mn ratios.
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Figure 4.11 1-Hexene yield (%) at 1.5, 2.0h, and 2.5h. for 0.3%Ni/AI203at various

Ni/Mn ratios.
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The relation of 1-hexene selectivity and 1-hexyne conversion for Ni-
Mn at various molar ratios on alumina catalysts is shown in Fig. 4.12. As observed,
1-hexene selectivity decreases significantly at nearly completed conversion due to
subsequent hydrogenation of 1-hexene to n-hexane. The NiMnl .Q/Al20s exhibits the
highest' 1-hexene selectivity, while NFAI203 arfd NiMn2 0/Al203 show relatively
low. These results show that the 1-hexene selectivity of the catalysts is decreasing in
the order: NiMnl.0> NiMn0.5 > NiMnl .5 > NiMn2.0 > Ni at completed conversion.
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Figure 4.12 1-Hexene selectivity (%) as a function of conversion (%) for
0.3%Ni/Al2OE.at various Ni/Mn ratios.

413 Pd-Ni Bimetallic Supported on Alumina Catalyst

The activity of 1-hexyne hydrogenation by Ni-Pd/Alz0s with various
Pd/Ni molar ratios is showed in Fig. 4.13 and Fig. 4.14. The results illustrate that the
activity of 1-hexyne hydrogenation increases with the reaction time. As observed at
15 and 2.0 hours, PdNil.s/Al03 shows higher activity than Pd/Alaos catalysts,
while PdNi2.0/Al20s exhibits the lowest  the activity among Pd-Ni- bimetallic
catalysts. However, all the Pd-Ni bimetallic catalysts access to 100% conversion
within 2.5 hours. For Ni/Alzos exhibits relatively low activity.
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Figure 4.13 1-Hexyne total conversions (%) as a function of time for 0.3%Pd/AI2C>3

at various Pd/Ni ratios.
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Figure 4.14 |-Hexyne total conversions (%) at 1.5h, 2.0h, and 2.5h for

0.3%Pd/AI203 at various Pd/Ni ratios.

Fig. 4.15 and Fig. 4.16 illustrate 1-hexene selectivity as a function of
reaction time for Pd-Ni on alumina catalysts. The catalysts exhibit the increase of
1-hexene selectivity with reaction time. After 15 hours, the catalysts show the
decrease of 1-hexene selectivity with reaction time probably the activity toward
1-hexene hydrogenation to «-hexane. PdNi2.0/Al203 exhibits the highest 1-hexene
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selectivity, while Pd/AhCh shows relatively low 1-hexene selectivity. The I-hexene
selectivity is exhibited in the order: PdNi2.0 > PdNil.5 > PANi0.5 > PdNil 0 Pd.
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Figure 4.15 1-Hexene selectivity (%) as a function of time for 0.3%Pd/Al203 at
various Pd/Ni ratios.
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Figure 4.16 1-Hexene selectivity (%) at 15 h, 20 h,, and 2.5 h. for 0.3%Pd/AI203
at various Pd/Ni ratios.

The yield of 1-hexene as a function of reaction time is shown in Fig.
4.17. The catalysts show the increase of I-hexene yield with reaction time,
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PdNi2.OMI2:0s and PdNil.sMl2os exhibit higher 1-hexene yield than PdMI2Us,
while PdNil.oMI203 shows low 1-hexene yield due to low 1-hexene selectivity.
After 2.0 hours, the catalysts exhibit the decrease of 1-hexene yield with reaction
time due to the activity of I-hexene to «-hexane. Except PdNi2.oMI120s, this is
indicated that the subsequent hydrogenation of 1-hexene probably not important due
to relatively low activity.
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Figure 4.17 1-Hexyne yield (%) as a function of time for 0.3%Pd/Al203 at various
Pd/Ni ratios.
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Figure 4.18 1-Hexyne yield (%) at 15h, 20, and 25 h. for 0 3%PdMI20s at
various Pd/Ni ratios.
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The relation of 1-hexene selectivity and 1-hexyne conversion for Pd-
Ni on alumina catalysts is shown in Fig. 4.19. As expected, 1-hexene selectivity
decreases significantly at nearly completed conversion due to the hydrogenation of 1-
hexene to 17-hexane. The 0.3%PdNi2.0 exhibits the highest 1-hexene selectivity,
which is decreased slightly at completed conversion. These results show that the 1-
hexene selectivity of the catalysts is decreasing in the order: 0.3%PdNi2.0 >
0.3%PdNil 5> 0.3%PdNi0.5 > 0.3%PdNil.0 ~ 0.3%Pd.
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Figure 4.19 1-Hexene selectivity (%) as a function of conversion (%) for
0.3%Pd/Al203 at various Pd/Ni ratios ¢
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4.2 Catalytic Characterization

421 Catalyst Characterization by BET and FF-chemisorption

4.2.1.1 PdandNi Supported on Alumina Catalysts

The surface area, pore volume, and pore size of Pd and Ni
monometallic catalysts are shown in Table 4.1. The catalysts surface area is
decreased with increasing metal loading. This implies that the metal particles
possibly block the pores of alumina causing the reduction of surface area and pore
volume. The average pore diameter of the catalysts are around 12-18 nm, while
supported alumina has average pore diameter of 20 nm. For the FF-chemisorption,
the results in term of mole of chemisorbed hydrogen per total metal mole are shown
in Table 4.1. At the same level of metal loading, 0.3% Pd exhibits higher FF
adsorption than 0.3%Ni. Furthermore, it can be observed that the FF adsorption
increases with increasing Ni loading (1% Ni > 0.3% Ni). This implies that at low
loaded metal, the agglomeration of metal probably not important. At higher Ni
loading (higher than 1%), the FF chemisorption is reduced indicating lowering Ni
dispersion on alumina surface, as a result, the rate of hydrogenation is decrased as
inidicated in Figure 4.1,

Table 4.1 The catalysts surface area, pore volume, average pore diameter, and
hydrogen chemisorption of Pd/AFCF and Ni/AFCF catalysts

Analytical mode

Catalysts ~ Surface area  Pore volume Poévdei;ar%gter Hy adsotrbed
3

(m2lg) (cmalg) (m) (H/metal)

Al203 99 055 20 N/A
0.3%Pd/A 3 036 18 0.40
0.3%Ni/A 76 0.38 1 0.24

1%Ni/A 38 035 16 0.34
15%NI/A 37 031 1 0.28
2%6Ni/A ) 033 15 0.21

3%NI/A 26 0.32 12 0.20
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4.2,1.2 Ni-Mn Supported on Alumina Catalysts

The surface area, pore volume, and pore diameter of Ni-Mn
bimetallic catalysts at various Ni/Mn molar ratios are shown in Table 4.2 The
catalysts surface area is decreased with increasing Mn loading. The average pore
diameter of the Ni-Mn catalysts are around 7.1-8.1 nm, while Ni/Al203 has average
pore diameter of 14 nm. For the Ha-chemisorption, the results in term of molar ratio
of chemisorbed hydrogen per total mole of Ni (FF/Ni) are shown in Table 4.2. It can
be observed that increase amount of Mn exhibits the H2Ni ratio decreased
significantly. Interestingly, Ni/Mn ratio 0.5 exhibits higher FF adsorption than Ni/Mn
ratio 1.0, this implies that loading of Mn at Ni/Mn ratio 0.5 shows the dispersion of
catalyst higher than ratio 1.0 resulting higher activity.

Table 4.2 The catalysts surface area, pore volume, average pore diameter, and
hydrogen chemisorption of Ni-Mn catalysts

Analytical mode

Catalysts Pore Average
Y Surface ared —yolume  Pore diar%eter Hz(%(lj:s/&rit))ed

(melg)
(cgnsaég) (nm)

Al20s3 9 . 20 NIA
0.3%Mn/Al20s 67 031 9.6 N/A
S*S%Nl/AIzO 3 16 0.38 14 0.24

0.3%NiMn2.0/AFQ3 68 0.2 8.1 0.22
0.3%NiMn|.5/Al20s 65 0.26 8.0 0.20
0.3%NiMnl .O/AL03 63 0.30 15 0.13
0.39%NiMn0.5/Al20 3 6l 0.28 11 0.18

4.2.1.3 Pd-Ni Supported on Alumina Catalysts

The surface area, pore volume, and pore diameter of Pd-Ni
bimetallic catalysts at various Pd/Ni molar ratios are shown in Table 4.3. The
catalysts surface area is decreased with increasing Ni loading. The average pore
diameter of Pd-Ni catalysts are around 11-16 nm, while Pa/Al203 has average pore
diameter of 18 nm. For the FF-chemisorption, the results in term of mole of
chemisorbed hydrogen per total mole of Pd are shown in Table 4.3. It can be
observed that adding of Ni on Pd-based catalyst shows the reduction of FF adsorption
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probably part of Pd on the surface cluster is covered by Ni. Pd/Ni at ratio 15 shows
higher H2 adsorption than other prepared Ni-Pd/AIZ) 3 catalysts, this is implied that
loading of Ni at Pd/Ni ratio 15 provides higher dispersion of catalyst than other Pd-
Ni catalysts resulting high activity.

Table 4.3 The catalysts surface area, pore volume, average pore diameter, and
hydrogen chemisorption of Pd-Ni catalysts

Analytical mode

Catalysts Pore Average-
Y S“rf%%e dred yolume  Pore dia?neter H2adzslgakied

e  @m e S
0.3%Ni/AI203 7 033 1 0.24
0.3%Pd/AI203 8 040 18 0.40
0.3%PdNi2.0/AI0 3 68 0.24 14 0.20
0.3%PdNil.5/Al203 13 0.38 16 0.38
0.3%PdNil ,0/AI203 68 031 1 0.27
0.3%PdNi0.5/AI2D 3 16 0.35 2 0.24

4.2.2 Temperature Program Reduction (TPR)

4.2.2.1 Ni Supported on Alumina Catalysts

TPR profiles for 0.3%Ni/AI203, 1%Ni/AI203 1.5%Ni/AI2 3
and 296Ni/Al20 3supported on alumina catalysts are illustrated in Fig. 4.20. The TPR
peak of 0.3%Ni/AI203 observed at 740 °c attributed to NiO species which indicates
strong interaction with support. As amount of Ni loading increases, the reduction
temperature of NiO species shifts to lower temperature possibly because the less
interaction of NiO and alumina surface due to metal agglomeration. At high nickel
loading, the alumina is saturated with Ni and bulk NiO is formed on the alumina
surface (Li et ai, 1995). As expected, the H2 adsorption and catalyst activity
decrease when 1,5%Ni/Al2) 3 2%NI/AI20 3 and 3%Ni/Al20 3are used.
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Figure 4.20 Temperature programmed reduction (TPR) profile of Ni supported on
alumina catalysts.

4.2.2.2 Ni-Mn Supported on Alumina Catalysts

Fig. 421 exhibits the TPR profile for Ni-Mn with various
Ni/Mn molar ratios supported on alumina catalysts. The increase amount of Mn on
Ni/AbCh can be observed the increase of . consumption peak of manganese oxide
species at 360 °c and so00 °c. Kim et al. (2010) suggested that the reduction of the
first recuction peak is caused by the reduction of MnC.. (Mn+4) to Mn.U. (Mn+3) and
the other reduction peak is attributed to the reductions of Mn.U, (Mn#) to MnO
(Mn+2) via Mn.Cx. Interestingly, Ni/Mn ratio 1.0 shows the reduction of MnO shifts
to lower temperature probably, which suggests that Mn particles agglomerate instead
isolate on the support indicating weak interaction with support. This result agrees
with the lowest hydrogenation activity when NiMnl .O/AL O. is used. The TPR peak
at 820 °c IS more obvious when the amount of Mn is increased on Ni-based catalyst.
Malaibari et al. (2015) reported that the increase in the reduction temperature of
impregnated catalyst (Ni/Al...) was attributed to the interaction of NiO-AfCb-
MoOx
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Fiqure 4.21 Temperature programmed reduction (TPR) profile of Ni-Mn supported
on alumina catalysts.

4.2.2.3 Pd-NiSupported on Alumina Catalysts

TPR profile for Pd-Ni supported on alumina catalysts are
shown in Figure 4.22. The results illustrate that the Pd monometallic and Pd-Ni
bimetallic catalysts can be observed a single negative peak at 90 ¢ attributed to
desorption of hydrogen from the decomposition or ;?-Pd hydride (Navarro et al,
2000). According to Ferrer et al. (2005), the formation of PdHx phases is favored by
the existence of large palladium particles. TPR profile of Pd/AFCh shows the FF-
consumption peak at around 80 °c which is the reduction of PdO crystallites to
metallic Pd. Adding amount of Ni to Pd-hased catalyst causes the reduction peak of
PdO in TPR to shifts 40 °c higher. The shift of PdO TPR peak to higher temperature
suggests the harder for reduction of PdO to metallic Pd. It is well known that the
strong interaction between palladium oxide and promoted metal probably significant
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increases the reduction temperature of Pd precursors (Pellegrini et. ai, 2009). The
reduction of PdO and the desorbed hydrogen of /?-Pd hydride are also agreed with the
work done by Wang et al. (2002). Considering the reduction peak of nickel oxide at
around 730 °c, Pa/Ni at ratio L5 exhibits the reduction peak of nickel oxide shifts to
higher temperature attributed to portion of excess nickel are isolated on support
causing high metal dispersion and exhibits strong interaction with support.
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Figure 4.22 Temperature programmed reduction (TPR) profile of Pd-Ni supported
on alumina catalysts.
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