synthesis has been widely reported, for example, where so-called B5-type sites are
believed to be extremely active and thus to dominate the reaction activity ®. B5-type
active sites (an active site that is part of edges on small Ru crystals with only hcp (001)
and (100) surfaces exposed and consists of 5 atom surfaces) are identified as the most
active sites, as shown in Fig 12 (c¢). The formation of B5-types needs to fulfill two
requirements: (1) the presence of a three-fold hollow site and a bridge site, which are
exposed and close together (2) part of atoms have to be low-coordinated surface atoms
such as edge and corner atoms. Thus, the probability of the presence of B5-types site on
very low coordinated and small particles (1.50 nm and smaller) is significantly smaller
than relatively larger and higher coordinated particles (1.50 to 2.50 nm). Consequently,
the maximum value of activity was observed about at 1.50 nm for Ru particle size.
Though B5 type sites are not necessarily operative for the current reaction, the active sites
stemming from two different nanoparticle surfaces would exhibit a similar size

dependency.

The relatively lower activity of alumina is manifested by those points being lower
than the carbon-supported catalyst of the same size, the same result was observed by
Martinelli.?’ In particular, TOF of the 1.80 nm alumina-supported nanoparticles of the
2.0RUAI-SEA-24h aged catalyst is well below that of the 1.70 nm 1.5RuC-SEA-24h aged
catalyst. However, the fact that both sets of data fall into the same trend suggests that the
inherent activity difference in catalyst support is less than the difference in activity due to

particle size.
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On conductive supports such as graphite, the role of K in FTS has been reported
as an electron conductor to facilitate the transfer of electrons from the potassium to the
ruthenium X, The current results exhibit about the same enhancement of rate over both
alumina and carbon supports, so it appears that at the current reaction conditions the
promotional effect is not related to the conductivity of the support. In fact, the electronic
effect on alumina supported Ru is seen in the XPS results of Figure 3.8. The binding
energy of the Ru 3ds/, peak shifts from 281.6 eV for the unpromoted catalyst to 280.9eV
for the K-promoted sample. The same trend also was observed in the Ru 3p doublet.
These are consistent with the earlier postulation for FTS over Fe % that the addition of
K results in a decrease of activation energy by lowering the local ionization energy of Fe

in the vicinity of an adsorbed K atom.

To our knowledge, the role and the active state of K in hydrogenation of LA has
not been reported. However, many studies of alkali metal promotion effect for supported
metal catalysts have suggested that alkali species may have significant electronic or
dipole-dipole interactions with transition metals. These interactions result in
modifications in the nature of adsorption of molecules such as CO on these metals.
Indeed, new CO adsorption peaks appeared in the low frequency range in the K-promoted
catalyst in Figure 3.11. This indicates that a strong, short-range interaction occurs
between K and CO, which is similar to CO adsorbed on K-promoted Ni (111) %.
Secondly, the peak around 2140cm™ (summation of peaks 1, 2 and 3) almost disappeared,
resulting in an increase of the ratio of reduced Ru to Ru™. Finally, XPS data shows that K
lowers the binding energy of Ru to make it more “metallic”. In summary, the role of K in

enhancing the activity can be ascribed to the increase of electron donation from K to Ru.
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3.3.4.4. Catalyst Durability

Significant deactivation was seen in all catalysts and was more pronounced
for the K-doped samples. The K-free 1.5RuC-SEA catalyst deactivated 18% after 24 h
aging (Table 3.2, from 1.70 to 1.42 x 10 mol LA/(g Ru s). The K-free 2.0RuAI-SEA
catalyst deactivated 8%, from 0.490 to 0.430 x 10 mol LA/(g Ru s) after 24 h. On the
other hand, the 3K-1.5RuC-SEA deactivated 44% over 24 h, from 4.40 to 2.30 x 107
mol LA/(g Ru s), and the 3K-2.0RUAI-SEA deactivated 58% over 24 h, from 3.10 to

1.30 x 10”° mol LA/(g Ru s).

The mechanism of deactivation can be better understood by a consideration of
the turnover frequencies of the four aged catalysts, shown in Figure 14 as a function of
aging time. For the carbon support, the 24 h aged 1.5RuC-SEA catalyst sintered from
1.30 to 1.70 nm, but the TOF remained essentially the same as these two particle sizes
have about the same TOF (Figure 3.14). The K-doped sample, 3K-1.5RuC-SEA, did
not sinter appreciably after 6 hours, but sintered to about the same extent (to 1.80 nm
versus 1.70 nm) as the K-free sample. It appeared to lose 0.2 wt% K after 6 hours (as
determined by ICP), and another 0.1 wt% at 24 hours. The TOFs of the 6 and 24 hour

aged samples did decrease, and this can be attributed to the loss of potassium.

For the alumina support, the undoped sample sintered significantly (from 0.92
to 1.80 nm), representing a loss of 50% of the active area, but the TOF increased due to
the larger particle size. This mitigated the decrease in activity per g Ru (resulting in
only the 8% decrease). The drop of the TOF of the K-doped sample aged 6 hours,

which did not sinter, may be attributed to a loss of potassium. The 24 h aged sample
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had about the same TOF as the 6 h aged sample; presumably the loss of more
potassium was balanced by the higher TOF of the larger Ru particle size. In general it

appears that the loss of activity is mainly due to nanoparticle sintering, accompanied by

some K loss.
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(b) alumina
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Figure 3.14 TOF versus aging conditions for catalysts supported on a) carbon and b)
alumina.

3.4. CONCLUSION

Well dispersed Ru particles were achieved by applying the SEA method to
oxidized carbon and y-Al,O3 supports. The surface of oxidized carbon in the solution
above its PZC (4.0), becomes deprotonated and negatively charged and is able to absorb
cationic [Ru(NHs)g]**. On the other hand, the surface of y-Al,Osin solution at pHs below

its PZC (8.1), becomes protonated and positively charged and able to absorb anionic
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[RU(CN)g]*. The maximum uptake of [Ru(NHs)s]** on oxidized carbon occurs at the final
pH of 9.9 and of [Ru(CN)s]* on y-Al,O; occurs at the final pH 2.1. The maximum
surface densities over the respective supports correspond to Ru metal loadings of 1.5 wt%
for Ru/C and 2.0wt% for Ru/ y-Al,Os  The Ru (number) particle size after reductions
were 1.30 nm for Ru/C and 0.92 nm for Ru/Al,O3 as observed with STEM. The high
dispersion of these Ru nanoparticles on carbon and their promotion by potassium on
carbon and alumina has led to the highest reported activity (per g Ru, per g catalyst, and
TOF) of Ru catalysts for LA hydrogenation to GVL. Aging in the reaction medium for
24 h led to significant deactivation; up to 18% for the undoped catalysts due to
nanoparticle sintering, and up to 58% for the K-doped alumina and carbon catalysts due

to both sintering and K loss.

Several other trends were revealed by this rational synthesis of Ru nanoparticles.
First, carbon supported catalysts were generally more active than alumina catalysts
because of more formation of metallic Ru in carbon than alumina. Second, the presence
of potassium significantly enhances the activity over either support, due to a significant
decrease in the electron binding energy of Ru in the presence of K*. Finally, LA
hydrogenation is structure sensitive and depends on Ru particle size, with a maximum in

particle size about 1.5nm.
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In this study, the partial positive charge on Re as seen in XPS, the Ru/Re structure
in the EDXS map, and the evidence obtained from CO-FTIR for Ru covered by Re
species, all suggest a bimetallic alloyed Ru/ReQOy structure. Trends with Ru:Re ratio were
parallel for both supports, with the carbon supports exhibiting relatively higher activity at
any particular Ru:Re ratio (Figure 5.9). Initially, for the low Ru:Re ratios the high
concentration of Re dilutes the critical ensemble size of Ru atoms essential for the
hydrogenation. Furthermore, it was seen in XPS that Ru showed a partial positive charge
as Ru transferred electrons to Re, which means there is less degree of metallic Ru on the
surface. With less reactive Ru, and less Ru sites (Ru loading is low compared to the Ru-
only catalyst), it is not surprising that the activity went down relative to the pure Ru
catalyst. When the Ru:Re ratio increased to 2:1, however, the activity surpassed that of
the Ru-only catalysts, despite the Ru loading in the case of carbon (0.8 wt%) being only
60% that of the Ru-only catalyst (1.4wt%). This can only be attributed to an
overwhelming bifunctional effect, as the electronic and geometric effects of support have
negative impacts on the hydrogenation rate. XPS (Figure 5.6) and CO-FTIR data (Figure
5.7) both suggest the presence of metallic Re in Ru,Re; sample. It is well known that Re

is active for C-OH activation **

, thus we propose that Re may activate C-OH in 4-
hydroxypentanoic acid (HPA) to promote the dehydration step, which was found to be
the slowest step as its apparent activation energy (70 kJ/mol) is larger than that of the

hydrogenation step (48 kJ/mol) *°.

However, with further decreases of Re to Ru:Re = 4:1, the activity went down
again over both supports. The carbon supported catalyst contains more Ru (1.6 wt%)

than the Ru-only carbon catalyst (1.4 wt%). Perhaps the most critical observation is that
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CO-FTIR does not give evidence of 2040 cm™ peak, indicative of metallic Re, for the 4:1
ratio. This appears only for the 2:1 Ru:Re ratio both for the co-SEA and the co-DI
samples. The reason why only the 2:1 ratio is able to generate metallic Re cannot be
hypothesized at present. The lower activity of the co-DI samples can be attributed to

larger particle size and overall lower numbers of active sites.

54. CONCLUSION

XPS, CO-FTIR and EDXS/Map suggest the presence of a bimetallic alloyed
RuRe structure along with segregated ReOx species in the bimetallic catalysts. The
catalytic properties of Ru/C were modified significantly by the addition of Re as seen by
a volcano shape in activity versus atomic with a maximum at Ru:Re (2:1). This is
ascribed to the presence of metallic Re at the 2:1 Ru:Re ratio, giving rise to a bifunctional
effect that overcomes negative geometric and electronic effects. Ru;Re; on both supports
give higher activity than monometallic Ru catalysts respectively. Co-SEA method yields
better interaction between the two metals, a smaller mean metal particle with a tighter
distribution, and more stability than the co-DI method, which demonstrates a simple and

precise way to rationally synthesize bimetallic catalysts.
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CHAPTER 6

CONCLUSION AND PROPOSED FUTURE WORK

6.1. CONCLUSION

In summary, the results shown in my dissertation demonstrate the effects of Ru
particle size, support, alkali and alkaline earth dopants, the addition of Re and solvent on
the Ru activity for hydrogenation of LA to GVL by rational synthesis of Ru-based
catalysts, which provides an insight into the commercialized this reaction by optimizing

catalysts through studying synthesis-structure-function relationships.

Firstly, well dispersed Ru particles were achieved by applying the SEA method to
oxidized carbon and y-Al,O3 supports. The surface of oxidized carbon in the solution
above its PZC (4.0), becomes deprotonated and negatively charged and is able to absorb
cationic [Ru(NHs)g]®*. On the other hand, the surface of y-Al,Osin solution at pHs below
its PZC (8.1), becomes protonated and positively charged and able to absorb anionic
[Ru(CN)g]*. The maximum uptake of [Ru(NHs)s]** on oxidized carbon occurs at the final
pH of 9.9 and of [Ru(CN)g]* on y-Al,O; occurs at the final pH 2.1. The maximum
surface densities over the respective supports correspond to Ru metal loadings of 1.5 wt%
for Ru/C and 2.0wt% for Ru/ y-Al,Os The Ru (number) particle size after reductions
were 1.30 nm for Ru/C and 0.92 nm for Ru/Al,O3 as observed with STEM. The high

dispersion of these Ru nanoparticles on carbon and their promotion by potassium on
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carbon and alumina has led to the highest reported activity (per g Ru, per g catalyst, and
TOF) of Ru catalysts for LA hydrogenation to GVL. Aging in the reaction medium for
24 h led to significant deactivation; up to 18% for the undoped catalysts due to
nanoparticle sintering, and up to 58% for the K-doped alumina and carbon catalysts due

to both sintering and K loss.

Several other trends were revealed by this rational synthesis of Ru nanoparticles
in 1,4 Dioxane. First, carbon supported catalysts were generally more active than alumina
catalysts because of more formation of metallic Ru in carbon than alumina. Second, the
presence of potassium significantly enhances the activity over either support, due to a
significant decrease in the electron binding energy of Ru in the presence of K*. Finally,
LA hydrogenation is structure sensitive and depends on Ru particle size, with a maximum
in activity at about 1.5 nm, such particle size effect also was observed by Luo et al and
Corma et al. However, strong solvent effect on Ru activity was observed in our further
study in water as the rate was much faster than 1,4 Dioxane, Ru particle size and support

effects were masked by the solvent effect.

Secondly, strong promotional effects were observed for alkali and alkaline earth
promoted catalysts. With the same ratio of dopant to Ru, the reaction rate follows this
order: Na* < K* < Cs* for alkali metal and Ba®* < Mg”* < Ca?* for alkaline earth metal.
Several trends were revealed by this parallel study. First, the role of alkali metal is
ascribed to the combination of modification of Ru metal by electronic effect,
modification of alumina support by acidity effect. The role of alkaline earth metal
appears to stem from acidity effect. Second, alkali dopant catalysts suggest a successful

promoter for this reaction should be large with high polarizability. Finally, higher
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reduction temperature (400<C) may form a more active chemical state (alkali hydroxide)
and redistribute alkali metals, leading to higher TOF.

Lastly, XPS, co-FTIR and EDXS/Map suggest the bimetallic alloyed RuRe
structure along with segregated ReOx species in the bimetallic catalysts. The catalytic
properties of Ru/C were modified significantly by the addition of Re, a volcano plot
appears at the maximum occurs at Ru:Re (2:1), in comparable to the monometallic Ru
catalyst, which is ascribed to the combination of geometry, electronic and overall surface
acidity of catalysts. Ru,Re; on both supports give a better activity than monometallic Ru
catalysts respectively, indicating the geometric effect plays an important role. Co-SEA
method gives better interaction between two metals, less mean metal particle with tighter
size distribution, more stable than co-DI method, which demonstrates a simple and

precise way to synthesize rationally bimetallic catalysts.

6.2. PROPOSED FUTURE WORK

Future investigation for the hydrogenation of LA should focus on the design and
development of the robust catalysts and that also can be scaled up for commercial
purposes under the real biomass feedstock solution. A detailed understanding of the
reaction mechanism is critical to achieve this goal. Experimentally, Isotopic labeling
experiments could be studied. Computationally, Density Function Theory may help to
derive reaction networks and the rate determining step also could be determined.

Furthermore, the strong promotion effects of alkali and alkaline earth metal on Ru
activity were observed for LA to GVL. Post reaction catalysts were characterized by CO-

FTIR. The data suggests (Table B.4) Cs leached after reaction even through Cs gives
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highest activity compared to K and Na. However, K shows the best stability. Thus, K is a
good candidate to commercialize this process. Now the question is how to stabilize the
alkali metal on the Ru/support to reduce the leaching in the severe condition, especially
when water is used as solvent. Since the support effect was found for this reaction in 1,4
Dioxane, TiO, support shows a promising alternative in terms of good stability under
reaction and regeneration conditions. It may be a good option by modification of support.
Atomic Layer Deposition, a potential technique, could be used to deposit alkali

selectively on TiO; support.

Lastly, this dissertation also demonstrates a simple, scalable and reproducible way
to synthesize monometallic (SEA) and bimetallic catalysts (co-SEA), bimetallic RuSn,
RuNi, have shown the better activity and stability than monometallic Ru catalyst for
hydrogenation of LA in the literature. However, the synthesis method (IWI) gives poor
interactions between two metals and metal dispersion. As many impurities and
byproducts are present in real feedstock solutions biomass, and also LA conversion
processes are often under harsh conditions, such as highly polar, hydrothermal, corrosive
conditions. It is possible to achieve better metal-metal interactions by applying co-SEA
or even sequential-SEA so that ensuring high activity, high selectivity and vyields, of

course, good stability then having effective purification steps.

Further studies on the design and development of are recommended to conduct.
Once, a suitable catalyst with good stability and high activity and selectivity was found,
the next step is to evaluate it in the real biomass feedstock solution, which will be a big
breakthrough for the commercialization of biomass conversion into liquid transportation

fuels.
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 5

Additional details of bimetallic catalyst preparation by co-SEA

Point Zero Charge (PZC) Measurement of VXC72R carbon and alumina supports

The Point Zero Charge (PZC) of VXC72R is determined by single point
measurement. This experiment was carried out to fill the pore volume of VXC72R by
deionized (DI) water until carbon power turn to a solid ball, followed by measuring the
pH of solid ball, the pH value shows 8.2-8.5, which corresponds to the PZC of VXC72R.

The PZC of y-Al,O3 is about 8.3, which was determined by the method of Park and

Regalbuto (equilibrium pH at high loading, EpHL).
Anionic Ru precursor synthesis

Anionic Ru precursor, K;Ru(CN)s, was employed for the uptake survey on
VXC72R carbon and y-Al,O3 supports with high PZC. Interestingly, the maximum
uptake of Ru only gives 0.4wt% Ru on VXC72R carbon. To our knowledge, EDTA’s
complexes have a high affinity for metal cations because of its high denticity, which may
provide a way to synthesize an anionic Ru salt to achieve decent Ru uptake on VXC72R
carbon support. Ru(NHs)sCls was used to synthesize RUEDTA" by the following reaction

formula;
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Ru(NH3)3* + H,EDTA & RuEDTA +4H*+6NH;  equation C. 1
,\where molar ratio of Ru(NH3)3*: H,EDTA is 1:3 to ensure Ru(NH;3)3* completely
react with H,EDTA. In order to prepare 400ml of 500ppm RUEDTA" solution, 200ml of
1000ppm Ru(NH3)3* was mixed with 200ml H,EDTA aqueous solution to place in a
500ml round bottom flask, put in an oil bath at 120<C for 3h with reflux, then cooled
down to room temperature. Subsequently, this solution was analyzed by Ultraviolet —

visible (UV-vis).

Adsorption surveys

Adsorption surveys of single metal complexes or mixture of metals were
conducted over a range of pH as has been done previously. A series of 50-ml pH-adjusted
solutions by using HCI or NaOH with desired metal concentrations were prepared from
the stock, and then each was placed in a 60-ml polypropylene bottle. For VXC72R
carbon support, 50ml of 100ppm RuEDTA~ and 100ppm ReO* contacted with the
amount of support leading to the surface loading (SL) is 500m?%I. The initial pH of metal
solution about 1-6 were used. After aging 1h, the support was added into 60-ml bottle and
then shaken for 1h, after which 5-ml portions were filtered for ICP and AAS
measurement to determine the final concentration of Ru and Re in the solution. Following
this, the final pH also was measured. On the other hand, in the case of alunia support,
50ml of 70ppm Ru(CN)s* and 280ppm ReO4 were used to contact with the amount of
support leading to the surface loading (SL) is 2000m?/I,
where SL(m?/L)= mass of solid (g) >surface area (m®/g)/volume of solution (L)

Adsorption data is plotted the final pH as surface density T (umol metal /m?),
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T (umol metal /m?) = (Concentration initial- Concentration final)/(surface loading=< MW

of metal).

Anionic Ru precursor (RUEDTA") synthesis

The UV-Vis spectra of the mixed solution with various reaction times under reflux

at 120<C for 1.5h are shown in Figure C.1, the mix solution only contains Ru(NH3)sCls at

zero min, a peak appears at 275nm, which is assigned to RUEDTA", become evident after

30min, the spectrum remains same even treated for a longer time at 360mins, which

indicates complexation is completed after 30mins.

Absorbance

30min-360min
(275 nm)

‘E 5 min (590 )
O min nm

100 300 500 700

Wavelength (nm)

Figure C.1 UV-vis spectra of mix solution with various reaction times under reflux at

120<C for 1.5h.
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Figure C.2. H,-TPR patterns of catalysts (a) supported on carbon (1) 1.5ReC (2) Ru

15Re1/Clco-SEA (0.9RulRe) (3) 1.4RuC SEA (b) supported on alumina (1) 1ReAl (2) Ru
»Re; Al/co-SEA (0.7Ru0.6Al) (3) 1.2RuAl.
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Figure C.3 Representative STEM image of 1.4RuC catalyst.
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