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Abstract
In this work, novel, bimetallic nanoalloy catalysts have been developed for the catalytic
valorization of the grass fiber components to value-added products in the context of a
bio-refinery. Catalytic reductive fractionation of lignocelluloses was performed which is
a lignin ‘first-step’ biorefinery strategy wherein lignin is solvolytically extracted from
the cell wall matrix resulting in lignin oil and a solid carbohydrate-rich residue. This
project combines two state-of-the-art technologies i.e., (a) Bimetallic catalyst
development and (b) Simultaneous catalytic solvolysis and hydrogenolysis of
lignocellulosic biomass to convert grass samples to value-added products. Catalytic
reductive fractionations of grass fibers obtained after the removal of grass juice and
after steam explosion in acidic and alkaline conditions were used as the starting
materials. Mono- and bi-metallic catalyst made of Ru and Pd on TiO2 and carbon support
were used in this work. The work was done in Dr. Sankar’s group in Cardiff Catalysis
Institute, Cardiff University in collaboration with Dr. Joe Gallgher and Dr. Sreenivas at
IBERS, Aberystwyth.

Introduction
Sustainable production of chemicals and fuels from renewable feedstock to mitigate
climate change is one of the grand challenges society currently faces. Conversion of
lignocellulosic (or waste) biomass to value-added compounds has gained significant
attraction in recent years with a focus on crop residues such as straws, which
traditionally have been burnt following grain harvesting. This burning contributes to
pollution which ultimately leads to severe environmental issues such as smog.
Agricultural waste (lignocellulosic) biomass and dedicated energy crops have been
identified as potential alternatives for petroleum based feedstock for the production of
chemicals and fuels in a bio-refinery, analogous to a petroleum refinery1. As in the case
of petroleum refining where all the components are converted to value-added
compounds, for an economically sustainable bio-refinery, it is important to convert all
the components of biomass to useful value-added products. Cellulose and hemicellulose
components are converted to platform molecules, which are further converted to either
bulk chemicals or fuel components. The lignin part of the biomass is often burned as a
low-grade fuel because of the lack of technology to depolymerise it to useful monomeric
units. However, owing to the potential of value-added products obtained from the lignin
fraction, researchers are focusing in the valorisation of this component2,3. Sels et. al.
reported a promising biorefinery strategy wherein lignin is first extracted from the
lignocellulosic matrix. In that report, catalytic reductive lignocellulosic fractionation of
the biomass was performed at elevated temperatures (200-300 °C) in an organic
solvent (eg., Methanol, Isopropyl alcohol) under a hydrogen atmosphere over a
heterogeneous redox catalyst such as Pd/C, RANEY® Ni etc. The lignin fraction extracted
during this process is similar to that of the native lignin in the biomass fraction. The
lignin in the matrix is first extracted through thermally induced solvolysis and is
simultaneously disassembled via hydrogenolysis. This approach led to a lignin fraction
consisting of a mixture of phenolic monomers, dimmers and short oligomers with
monomer yields close to the theoretical maximum4-6. In addition to the extracted lignin
oil, almost all the sugar components (hemicelluloses and cellulose) are retained in the
carbohydrate-rich solid residue, which could be further converted to value-added
compounds either chemo-catalytically or bio-catalytically7,8. The chemical structure of
the resultant components is highly dependent on the choice of redox catalyst, hydrogen

pressure, and solvent. Nevertheless, long reaction time and high temperature are
required for effective separation of lignin and sugar components of the lignocellulosic
biomass. In addition to the separation, redox catalysts play a crucial role in the
depolymerisation of lignin.
The redox catalyst widely used for the depolymerisation of lignin is supported
monometallic nanoparticles of noble metals. Sels et al. reported 5 wt% Pd/C for the
reductive catalytic fractionation of poplar and pine wood lignocelluloses9. However,
supported bimetallic nanoparticles based catalysts have been reported to show better
catalytic activity for a wide range of reactions. The Sankar group have reported that
supported AuPd and RuPd bimetallic nanoalloy catalysts show much better activity and
selectivity for the hydrodeoxygenation of levulinic acid to gamma-valerolactone10.
Hence we envisage novel bimetallic nanoalloy based catalysts will be a better redox
catalyst for the delignification of lignocellulosic biomass. In the present study, we
report a number of Ru and Pd nanoparticles based mono and bimetallic catalysts for the
reductive catalytic fractionation of lignocelluloses. As expected, bimetallic catalysts
showed better catalytic activity compared to their monometallic counterparts.
Experimental Section
Synthesis of Catalyst: The mono (1 wt% Ru) and bimetallic (wt% RuPd) supported
catalyst were prepared by modified impregnation method using their corresponding
metal chloride precursors. In a typical synthesis, the requisite amounts of aqueous
solutions of PdCl2 and RuCl3 were taken in a 50 ml round bottom flask. To that mixture,
deionized water was added to make to total volume upto 16 ml. The round bottom flask
was kept in an oil bath set at 60 °C. Once the temperature reached 60 °C, the support (C
and TiO2) was slowly added with constant stirring. After the addition of support, the
slurry was stirred for another 15 min at 60 °C. The temperature was further raised to 95
°C and was allowed to stir at that temperature for 16 h. The dried solid precursor thus
obtained was ground properly in a mortar and pestle and reduced at 400 °C under 5%
H2 in Ar flowing at 50 ml/min to obtain the final catalyst. 1 wt% Ru/TiO2, 1 wt% Ru/C,
1 wt% RuPd/TiO2 and 1 wt% RuPd/C were synthesised for the study.
Grass fiber processing: Perennial ryegrass (Loliumperenne), age of 6 weeks, harvested
from the plots of IBERS, Gogerddan, Wales in mid-June 2017, and were approximately

12 cm in height. They were directly transported to the laboratory as quickly as possible.
The grass screw pressed and juice (H140617, ABERMAGIC with a total sugar of 56.3
g/L) and fibre were extracted separately. The grass fibres dried for 48 h at 65 °C before
use. Grass fibers were squeezed to remove the water content and dried. These dried
grass fibers were ground into fine powders in a blender before using them for the
catalytic reaction. Also, grass fibers obtained after the steam explosion in presence of
acid and base were used as starting materials for the reaction. Steam exploded grass
fibers were washed with deionized water till the pH of the filtrate was 7. Then the fibers
were rinsed with acetone and dried overnight in an oven at 110 °C. Then the dried
fibers were ground in a blender to obtain fine powders of grass.
Catalytic reaction: In a typical reaction, 1g of ground grass fiber is taken in a 50 ml
Teflon liner along with 0.3 g of catalyst. To this, 20ml of solvent (Isopropyl alcohol or
Methanol) was added and the liner was placed in a stainless steel batch reactor (Parr
Instruments& Co.). The reactor was sealed pressurized with 5 bar N2 and stirred at 800
rpm for 1 min and the gas was released. The same procedure was repeated for two
more times. Then the reactor was pressurized with H2 to the desired pressure and was
again released after 1 min. The same was once again repeated before pressurizing the
reactor to the desired pressure for the reaction. All the reactions were carried out for 24
h in the temperature range of 150 – 200 °C. After 24h, the reactor was cooled in ice-cold
water and was depressurized after the reaction mixture comes to room temperature.
The reactor content was collected quantitatively using the initial solvent; it was filtered
and washed to separate the solid residue. The liquid product was evaporated in
rotavapor followed by 3 fold liquid-liquid extraction with dichloromethane and water.
The resulting DCM layer was further evaporated to yield viscous brown color lignin oil.
The oil was resolubilized in 7 ml DCM for further analysis. Similar reactions were done
on steam-exploded grass fibers.
Determination of Klason Lignin content: Klason lignin content of the grass fibers
were calculated based on the procedure reported by Lin and Dence11. 1g of the grass
fiber was weighed and transferred to a 50 ml round bottom beaker. To this, 15 ml of 72
wt% H2SO4 solution was added. This mixture was stirred continuously at 25°C for 2h.
The content of the beaker was later transferred to a 500 ml round bottom flask
containing 300 ml of water. The beaker was rinsed with additional water such that the

final concentration of the solution reaches 3 wt%. The solution was refluxed for 4 h. The
hot solution was filtered to obtain brown lignin precipitate. The precipitate was washed
with hot water to remove any leftover acid and the obtained residue was dried in an
oven at 110 °C for overnight. The resultant solid, termed as “Klason lignin”, was
weighed. This is the amount of Klason lignin present in the biomass. .
Analysis of soluble phenolic compounds: Phenolics were analysed by reverse-phase
high-performance liquid chromatography with online photodiode array detection and
electrospray ionisation–ion trap tandem mass spectrometry (HPLC-PDA-ESI/MSn).
Structural elucidation was performed on a Thermo Finnigan LC-MS system (Thermo
Electron Corp, Waltham, MA, USA) comprising a Finnigan PDA Plus detector, a Finnigan
LTQ linear ion trap with ESI source and a Waters C18 Nova-Pak column (3.9 x 100 mm,
particle size 4 lm), with column oven temperature maintained at 30 °C.
Results and Discussion:
Delignification of grass fiber: Delignification of the powdered grass fibers were
achieved by catalytic reductive fractionation of lignocelluloses. Table 1 lists the catalyst
and various other parameters used for the delignification reaction. All the reactions
were carried out on 1g of grass fiber with 0.3 g of catalyst in Isopropyl alcohol or
methanol for 24 h in stainless steel Paar reactor equipped with a Teflon liner.
Table 1.: Reaction conditions used for delignification for grass fibera
Reaction
Code

Catalyst

Solvent

Temperature
(°C)

RK-1

Ru/ TiO2

IPA

150

10

17

RK-2

RuPd/ TiO2

IPA

150

10

18

RK-3

Ru/C

IPA

150

10

17

RK-4

RuPd/ C

IPA

150

10

21

RK-5

RuPd/ TiO2

MeOH

150

10

20

RK-6

RuPd/C

MeOH

150

10

24

RK-7

RuPd/C

MeOH

170

15

42

H2 Pressure Delignification
at room
(%)
temperature

RK-8
RuPd/C
MeOH
200
20
43
[a] Reaction conditions - Grass fiber:1 g, Catalyst: 0.3 g, Solvent: 30 ml & Reaction time: 24
h

Initially, all the reactions were carried out in IPA with different catalysts under 10
bar H2 pressure. The reactions were carried out at 150 °C for 24 h to screen different
monometallic and bimetallic catalysts. After each reaction, the amount of lignin oil was
weighed and from this value degree of delignification was calculated. The degree of
delignification was measured as the percentage of lignin oil obtained after the reaction
with respect to the Klason lignin content obtained for these grass fibers. Delignification
was almost same for both monometallic (17%) and bimetallic (18%) catalyst prepared
on TiO2 support. However, a significant increase in the delignification was observed in
the bimetallic system (21%) when compared to the monometallic catalyst (17%), when
graphitic carbon supported catalysts were used. These reactions suggest that bimetallic
RuPd systems are better than the monometallic system. Since the solvent used in the
reaction plays a crucial role in delignification, the reactions using bimetallic systems
were also carried out in methanol instead of isopropyl alcohol. A 3% increase in the
degree of delignification was observed when the solvent was changed indicating
methanol to be a better solvent then IPA. Further to increase the degree of
delignification, the hydrogen pressure and the reaction temperature was increased. It
was observed that the degree of delignification increased by 2 times (42 %) when the
hydrogen pressure was raised to 15 bar from 10 bar and temperature was raised to 170
°C instead of 150 °C. However, there was not much difference in the delignification
when the reaction was carried out at 170 °C (41%) and 200 °C (43%). From the above
set of reactions, it is evident that bimetallic supported catalysts are better for
delignification along with an elevated temperature and high pressure of hydrogen. The
water layer separated after the 3-fold liquid-liquid extraction of the reaction product
with DCM and water was further analyzed for possible sugar molecules.
Analysis of Lignin fraction: The liquid fractions (phenolic compunds) from lignin
were analysed by by reverse-phase high-performance liquid chromatography with
online photodiode array detection and electrospray ionisation–ion trap tandem mass
spectrometry (HPLC-PDA-ESI/MSn). The results were shown in Figure 1. Samples from
reactions RK-5 to RK-8 which were treated with MeOH solvent have methylated
coumaric and ferulic acids (19.00 and 19.75 minutes) coming from lignin fraction
compared to IPA treated samples.

Figure 1: LC-MS of the of the DCM soluble lignin obtained after liquid-liquid DCM-water
extraction.

Analysis of water layer: The water fraction obtained after the DCM-water extraction
was analyzed for any possible sugar molecules. For this 50 μL of the water sample was
added with 950 μL of 5% crotonic acid in 5% H2SO4. 200 μL of this solution was injected
in HPLC, equipped with PhenomenexRezex-ROA-Organic acid H+ (80%) column (150 x
7.8mm) and RI detector RI-2031 Plus. 5% H2SO4 was used as mobile phase with a flow
rate of 0.6 ml/min and the oven temperature was kept at 35 °C. The HPLC spectra of all
the samples are shown in the Figure 2.

Figure 2: HPLC spectra of the water layer obtained after liquid-liquid DCM-water
extraction.
Peaks observed in between 2-4 min may be due to sugar polymers/oligomers, however
the concentration of these sugar molecules are very less. In all the samples, the peak
near 15 min is due to the internal standard. The peak at 5.3 can be attributed to fructose
molecules which may have come to the surface of grassfibers during the initial
squeezing process to remove the juice from the raw grass. Interestingly no glucose,

xylose, and arabinose were observed in any of the samples. This suggests that the sugar
molecules are intact in the grass fiber matrix after the reaction and it can be assumed
that the residue obtained after delignification is rich in cellulose and hemicellulosic
component of biomass.
Analysis of solid residue: Acid hydrolysis of grass fiber was performed to calculate the
amount of sugar components in biomass. For comparison, acid hydrolysis was done on
grass fibers before and after thereaction.100 mg of grass fiber was taken in a centrifuge
tube and 1 ml 72% H2SO4 was added to it and incubated at 30 °C for 1 h at 200 rpm. 28
ml of water was added to the above solution to make it 4% H2SO4 solution and this was
autoclaved at 120° C for 1 h. From the above solution, 435 μL was added to ~20 mg of
CaCO3 to neutralize the acid and the solution was centrifuged. 50 μL of the clear solution
was mixed with 950 μL of 5% crotonic acid in 5% H2SO4 solution for HPCL analysis. The
percentage of glucose and xylose obtained from 100 mg of pristine grass fiber and that
obtained from the residue of RK-7 and RK-8 is given in Table 2.
Table 2: Percentage of glucose and xylose obtained after the acid hydrolysis of grass fiber.
% of Glucose

% of Xylose

Grass fiber

25

11

RK-7

36

18

RK-8

34

16

Although, 100 mg of theresidue obtained after RK-7 and RK-8 reaction, contains roughly
77 % of grass fiber (for reaction 1g of grass fiber + 300 mg of catalyst are taken), the %
of glucose and xylose obtained from this residue was much more than that obtained
from pristine grass fiber. This can be attributed to the fact that after delignification, the
residue obtained will be rich in cellulose and hemicellulose component.
Deligninfication of steam exploded grass fiber: Grass fiber obtained after steam
explosion in alkaline and theacidic medium was subjected tocatalytic reductive
delignification. The reaction was carried out with RuPd/C catalyst in MeOH under 20
bar H2 pressure (at room temperature) at 170 °C. The degree of delignification was 33%
when grass fiber from steam explosion in acidic medium was used. However, unlike the
lignin obtained from other reactions which were brown viscous liquid in nature, the one
obtained after this reaction was solid in nature. Although the nature of lignin obtained

from steam exploded grass fiber under alkaline condition was the same as obtained
before, but the degree of delignification was only 6%.
Morphology of grass fiber: The microstructure and morphology of pristine and
delignified grass fiber was analyzed using scanning electron microscopy (SEM) and is
shown in figure 3. It can be observed that in both samples, the fibrous structure of wood
is well retained. Also, it is evident from the figure that samples have a heterogeneous
particle distribution. A small amount of exfoliation can be observed in grass fibers after
reaction (c & d).

Figure 3: SEM images of grass fibers before (a & b) and after (c & d) reaction.
Conclusion: Catalytic reductive delignification of grass fiber was performed with
monometallic and bimetallic nanoalloy supported catalyst under H2 atmosphere. 1 wt%
RuPd/C catalyst is found to be the best catalyst among all the catalyst tested indicating
that the synergetic effects of bimetallic catalyst are better for the reaction. The lignin
obtained was a brown viscous liquid, which is similar to the native form and potentially
easier to depolymerise. Replacing the reaction solvent with methanol to isopropyl
alcohol lead to an increased degree of delignification; indicating that solvent plays an

important role in delignification. The analysis of water layer obtained after lignin
extract indicated that no loss of glucose, xylose, and arabinose takes place after
delignification. Hence the residue obtained was rich in sugar (cellulose and
hemicelluloses) components. This was further confirmed by acid hydrolysis of grass
fiber. The SEM images further confirmed that no major damage in the morphology of
grass fibers occurred. The process indicates that bimetallic catalyst can be used for
effective delignification of lignin in native form with a residue rich in cellulose and
hemicellulosic components.
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