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Conversion of Biomass into Ho-rich Syngas and Metal-graphene-
nanotube Multifunctional Hybrid Materials for Use in
Field-emitter Devices and Double-layer Capacitors:

An Innovative Hypothetical Approach

Atef Sobhy Iskander

Catalytic conversion of lignocellulosic biomass into H,-rich syngas or high-value chemicals
Is considered sustainable alternatives to those derived from petrochemical refineries and
related fossil fuel transformations. This conversion process is a great challenging target due
to the complex reaction routes and the associated problems arising from purification and
separation processes. Herein, an innovative hypothetical approach is proposed for the
conversion of biomass into high quality H,-rich syngas and three-dimentional metal-
graphene-nanotube multifunctional hybrid materials for use in field-emitter devices and
double-layer capacitors. Concerning the gasification of biomass, a two-successive stage
process is proposed, namely ex situ and in situ process, in which steam is used as the
gasifying agent under an inert atmosphere. In ex situ process, a magnetic CoFe,O,
nanoparticles@ ZSM-5 zeolites would be employed as a catalyst to allow a partial upgrading
process, which would enhance the Brgnsted acidity, exhibiting a high selectivity of aromatics
and olefins as well as suppression coke formation and reduction the impurities. Using a
magnet, the catalyst can be recovered for reuse. In in-situ process, further treatment of the
products of the former phase would be accomplished via a different catalytic route using
Fe/Al,O3 deposited on graphene/porous nickel film as a catalyst at a high temperature. The
expected role of this system would lead to obtaining a high-quality of H,-rich syngas; and
producing the target metal-graphene-nanotube materials. The synergetic effect of this hybrid
catalyst would significantly improve both the yields of gases and the hydrogenation of
aromatics. These new efficient catalytic routes can be adapted in industrial-scale processes,
providing a creative idea and reference for energy supplement development and high-value
chemicals production.

Keywords: Biomass, Syngas, Gasification, Acid-Functionalized Magnetic Nanoparticles, Carbon Nanotubes.
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1. Introduction

Energy derived from plant biomass is considered one of the most important sustainable alternatives to those
derived from fossil fuel. Plant biomass is the most abundant renewable resource available and has the
potential to overcome the problems arising from depletion of fossil fuels and global warming issues.
Lignocellulosic biomass comprises a complex mixture of three major components, i.e., cellulose (30-50
wit%), hemicellulose (20-35 wt%), and lignin (15-30 wt%)*. Cellulose contains glucose as a sole sugar unit,
whereas hemicellulose is a heterogeneous molecular compound composed of a range of polysaccharides,
such as xylan, glucuronoxylan, and glucomannan. Lignin is an amorphous, polyphenolic material arising
from an enzyme-mediated dehydrogenative polymerization of three phenylpropanoid monomers, conniferyl,
synapyl and p-coumaryl alcohols. Lignin is the most abundant aromatic biopolymer accounting for up to
30% of the organic carbon on Earth and thus can be treated as a potential renewable feedstock for energy
supplement and aromatic chemicals production.??

Thermal conversion of lignocellulosic biomass, especially fast pyrolysis, has shown great promise in
producing added-value chemicals and fuels as sustainable alternatives to those derived from petrochemical
refineries and related fossil fuel transformations. Indeed, the distinctive and chemical characteristics of
biomass offer a potential avenue to be energy resource, produce high-value chemicals, reduce landfills and
slow global warming. However, thermal degradation is a complex process through which biomass particles
simultaneously undergo many different reactions, such as dehydration, depolymerization, fragmentation, and
carbonization, producing liquid oil, char residues, and gaseous products.*® In reality, conversion of biomass
by thermochemical process has been employed to produce gaseous fuels, primarily Hz, CO, and CHa.% In this
process, carboneous feedstock was converted into gaseous fuel in the presence of a certain amount of
oxidants, such as Oy, air, steam, and CO; at a relatively higher temperature. Biomass gasification can
produce Ho-rich flammable gas with high thermal efficiency. Hydrogen energy is one of renewable energy
that is distinguished by feature of high energy density, odorless, non-toxic, and zero pollution. Generally,
generation of synthesis gas can be achieved by different processes among them gasification reforming of
biomass, which can be either processed to produce fuel combined with chemicals via Fischer-Tropsch
process, or purified to produce Ho-rich syngas. In fact, gasification is a two-step process, i.e., the first step is
devolatilization, in which the pyrolysis of solid biomass feedstock in the presence of a gasifying agent, such
as steam, CO», Ho, etc. produces non-condensable gas (H2, CO, CO2, and hydrocarbons), condensable
volatiles (liquid oil), and solid char, while the second step is the reforming of volatiles in the gas phase.
However, this gasification technology suffers from the contamination of syngas with gaseous oil (a complex
mixture of condensable organic compounds), which results in chemical energy loss in syngas, soot
formation, poising of catalysts, and the decrease of overall energy efficiency.”® In addition, this
thermochemical process contains traces of impurities, such as H»S, COS, NH3, HCN, and alkali metals,
which are associated with their negative impact on the process and the environment.

To overcome these challenges, a wide range of catalytic reforming methods have been employed during the
process of biomass gasification to eliminate the gaseous oil through selected bond cleavage reactions, such as
deoxygenation, cracking, decarbonylation, and other reactions.®1%-1? In fact, gasification is the most effective
method to convert low-quality resources to syngas (a mixture of H and CO), which its quality depends on
the gas composition and heating value. In the reforming process, the compositions of Ho-rich gas can be
affected by a gasifying agent, the feedstock, and the catalyst (such as mineral catalysts, metal-based catalysts,
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partial zeolites, and activated char-based catalyst).'® Syngas produced by biomass gasification has a wide
industrial and commercial application ranging from H> generation, fuel production, heat and power
generation, to the synthesis of methanol and bio-based products.***> However, although many effective
catalytic reforming processes have been developed for gasification technology and efficient removal of oil
from syngas on a laboratory scale, these catalysts are not optimally productive in industrial-scale processes,
and the quality of bio-oil obtained from biomass pyrolysis is still a primary concern.®*® Moreover, the
purification and separation of the products resulting from pyrolysis of biomass are another burdensome
process. Herein, | propose an innovative hypothetical approach for the conversion of biomass into high
quality Ho-rich syngas and three-dimentional metal-graphene-nanotube multifunctional hybrid materials for
use in field-emitter devices and double-layer capacitors.

2. The proposed approach

Searching for an optimal catalytic system for the gasification process, the following requirements should be
taken into consideration: i) reducing the activation energy of the cracking reaction, ii) enhancing the
formation of CO and H: in the syngas via the water-gas shift reaction (WGSR) with a minimum amount of
gasifying agent, iii) the selective and targeted realization of the catalytic conversion of biomass,*® and iv)
economic viability.

In view of these demands, the proposed process is divided into two successive stages using steam as the
gasifying agent under an inert atmosphere (N2 or Ar atmosphere). Each stage is characterized by its novel
multifunctional catalyst under optimized process conditions. Frist, the catalytic process would be performed
in ex situ system using a magnetic ZSM-5 nanoparticle as a catalyst. Second, in situ process, the product of
the first phase would be subjected to a metal-graphene multifunctional hybrid material as a catalyst at a high
temperature.

2.1. The objectives of this approach

This hypothetical approach has a dual objective: i) to increase hydrogen production and gas yield through
upgrading the vapor-phase bio-oil effectively, so that these gases can be further used as feedstock for liquid
fuels or fuel cells; and ii) to produce selective chemicals, i.e. metal-graphene-nanotube multifunctional
hybrid materials, capitalizing on the high aromatic content and reaction conditions during the gasification
process. These metal-graphene-nanotube multifunctional hybrid materials have a wide application especially
for use in field-emitter devices and double-layer capacitors.

2.2. The expected results of this hypothetical approach and discussion

2.2.1. The two-phase gasification process

The aim of performing the two-stage gasification process is to accurately predict product yields during
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biomass pyrolysis and to define a well-shaped model, which takes into account primary and secondary
reactions during the pyrolysis process. In the primary phase, biomass would be thermally degraded into solid
products (carbon and chars), liquid products (tars, and hydrocarbons), and gas products (CO, CO2, H20,
C26Hx). In the secondary phase, the intermediate tars and char resulting from the primary reactions would be
further cracked to yield syngas and activated carbon (Figure 1).20

i
— i Lo
] il

Figure 1. Two-stage scheme for the biomass pyrolysis processes.

One of the most important factors that control the molecular reactions of biomass during the pyrolysis
process, is the heat/mass transfer. These reactions could be classified into: i) biomass moisture losses at
temperatures below 100 °C; ii) primary phase pyrolysis at 200-600 °C, in which biomass decomposes into
the solid, liquid, and non-condensable gas products; and iii) secondary phase pyrolysis at 300-800 °C, in
which large molecules are cracked to produce gases and bio-oil.?2 Generally, the increased reactor
temperature would result in the high yields of H, and CO, while the yields of bio-oil and char would be
decreased.

The integrated multifunctional catalysts would allow the process to be performed at atmospheric pressure
without other additional reactive agents or harsh conditions. Furthermore, the advantage of performing the
ex situ pyrolysis process of biomass is to augment bio-oil yield by mitigating biomass’s mineral matter as
well as to reduce particles’ moisture and oxygen contents, resulting in improved energy efficiency and
product quality. Another feature, the flexibility of ex situ configuration would allow for a less complex
process, and pave the way for the integration of the next catalytic phase.

2.2.2. The gasifying agent & inert atmospheres

The conducted steam as a gasifying agent during the pyrolysis of solid feedstock would improve the
composition and heat value of the syngas product through enhancing the formation of CO and H: in the
syngas through WGS reaction (Eg. 1). In addition, catalytic reforming under inert atmospheres would
guarantee the formation of H>and CO as the major components, as well as produce a large amount of syngas
(especially CO) at a relatively process conditions.

info@btlnederland.org |

Copyright © 2021 BTL Nederland Insights. All rights reserved. f L4


http://www.btlnederland.org/insights
http://www.facebook.com/btl.nederland
http://www.twitter.com/btlnederland_ch
https://www.linkedin.com/in/btl-nederland-18896273

Insights ISSN 2590-0811

Scientific Literature Review - MayHune 2021 | volume 4 | number 4

Water-gas shift (WGS) reaction: CyHn (gaseousoil) + H, —— CO+ H; + CHs + ... + cock Q)

2.2.3. The expected role of magnetic ZSM-5 nanoparticles in ex situ phase

The aim of performing this stage in ex situ phase is: i) to provide a high aromatic/olefins yields; ii) to allow
an optimum catalyst performance at an optimized reaction temperature and residence time; iii) to remove the
impurities; and iv) to recover the catalyst for reuse.

The proposed magnetic ZSM-5 nanoparticles are magnetic CoFe>O4-embedded ZSM-5 zeolites
nanoparticles. Deoxygenation of bio-oil is a crucial step, which would result in a higher value of transport
fuel product due to a higher aromatic content. Thus, the deoxygenation and upgrading process can be flexibly
performed in an environment independent of that required for pyrolysis, which would allow to achieve a
partial upgrading process under optimum catalyst performance to obtain the high-value products at the
optimized conditions.?® Using ZSM-5 as a medium-pore zeolite would provide a high aromatic yields.?
Furthermore, the incorporation of metal catalysts with ZSM-5 zeolite could achieve excellent cooperative
effects for the hydrogenation of aromatics.?® Besides, HZSM-5 has excellent denitrification properties,
especially when co-catalyzed with cobalt, which has the ability to enhance the conversion of the undesired
volatile N and N-containing compounds to NHs, as well as the ability to crack the C-C bonds of nitrile
impurities.

Towards an optimal efficiency of the catalyst, the introduction of bimetallic oxides, i.e. CoFe204
nanoparticles, would lead to mediate the strong Brgnsted acidity, which would display a high selectivity of
aromatics and olefins resulting in decomposition of tar and promotion of Hz and CO_ formation.?®

Due to the nanoscale morphology, Fe/Co nanoparticles-modified ZSM-5 could have the ability to eliminate
diffusion restrictions for large molecules, creating complementary active acid sites (as hierarchical pores),
which could result in a higher lifetime of zeolite as a result of lower coke formation. Several studies reported
that Fe/Co metal species, among other metals, suppress coke formation by tuning the density and activity of
acidic sites to a certain extent.?%:2’

On the other hand, the introduction of magnetic CoFe2Os-embedded ZSM-5 nanoparticles would enable to
recover the catalyst using a magnet, e.g. neodymium magnet, for reuse.?

2.2.4. The expected role of metal-graphene multifunctional hybrid materials in in-situ phase

The in situ phase is a successive stage of the first ex situ phase, in which the product of the first step would
be subjected to Fe/Al,Oz deposited on graphene/porous nickel film (metal-graphene multifunctional hybrid
materials) as a catalyst at a high temperature (e.g. 750 °C). The purpose of this process is to obtain a high-
quality of Hz-rich syngas; and to maximize gaseous oil conversion to produce three-dimensional metal-
graphene-nanotube multifunctional hybrid materials.

In fact, the using of this catalyst is mainly to produce added-value carbon nanotube (CNT) forests
capitalizing on the aromatic/olefin contents as the carbon source to grow carbon nanotubes under condition
similar to that of the preparation of these hybrid materials, i.e. at the same reaction temperature (750 °C), and
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introducing water during the CNT-growth process to remove amorphous carbon (Figure 2).2° This catalyst
contains graphene, which its molecular functionalization can be achieved covalently and non-covalently.

In the case of covalent bonds between graphene and a target molecule (e.g. via nucleophilic, cycloaddition,
condensation, and electrophilic reactions), graphene’s n-orbitals are involved in the bond, transforming sp?
into sp® bonds, resulting in changing its electronic transport properties. On the other hand, noncovalent
functionalization provides the opportunity of attaching functional groups to the graphene surface based on
electrostatic interactions such as van der Waals forces or -7 interactions. Aromatic contents arising from
gasification process would be ideal candidates for this purpose, since they can be easily anchored to graphene
surface through n-m interactions. Such noncovalent interactions would not alter the conjugated network of
graphene, thus preserving its intrinsic properties. However, the CNT forests were found to raise the Fe/Al2O3
catalyst layer during the growth process while the vertically grown CNTs connect to the graphene layer
through covalent bonds, resulting in seamless high-quality CNT-graphene-metal interfaces.*

Fe

Carbon

A|203
nanotubes

Fe

Grow
carbon
nanotubes

graphene

porous nickel =%

In situ process of biomass gasification

Figure 2. Schematic diagram of the growth of carbon nanotube forests from the graphene surface on porous nickel substrate during
gasification reforming while raising the Fe/ Al,Oscatalyst layer.

The three-dimensional metal-graphene-nanotube multifunctional hybrid materials can be used in field-emitter
devices and double-layer capacitors. Moreover, the produced carobon nanotubes can be employed in several
applications such as high performance thermoelectric materials owing to their narrow bandgap energy and
high charge carrier mobility. Besides, they can be integrated into flexible thermoelectrics that can cover any
waste heat, as well as serving as carbon nanotubes-metal-electrode contacts.

This multifunctional hybrid catalyst would make it possible to produce different phenolic and olefinic
compounds, as well as aromatic hydrocarbons, which can further serve as biofuels and bio-chemicals.

The incorporating nickel in the catalyst would reduce tar yield and any oxygen content of the bio-oil
increasing hydrogen production and gas yield.32 Ni is an active species for efficient cracking oil during
gasification process as well as the ability to promote decomposition of NH3.3® The inclusion of Ni, Fe, and
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Al>Ozin this multifunctional hybrid catalyst in addition to the graphene would effectively lead to cracking of
large organic molecules into smaller molecules at reforming temperature as well as inhibiting coke formation
due to the synergetic effect of this hybrid catalyst, enhancing significantly the yields of gases (H2, CO, and
CHoa) and the hydrogenation of aromatics (increasing selectively the yields of some products).

I hypothesize that these processes would improve the catalytic performance of the conversion of biomass
gasification with high selectivity of the desired products and minimizing coke generation in a low-cost
technique. In addition, this new efficient catalytic reforming of biomass gasification can be adapted in
industrial-scale processes.

3. The proposed synthetic procedures of the catalysts

3.1. The proposed synthetic procedure of the magnetic ZSM-5 nanoparticles catalyst

ZSM-5 zeolite-functionalized magnetic nanoparticles could be prepared in a two-step procedure. 3% First,
magnetic CoFe,O4 nanoparticles (MNPs) can be synthesized using CoCl,.6H20, FeCl,.4H>0, and sodium
dodecyl sulfate (SDS) in the presence of methylamine (CHsNH.). After dispersion of MNPs in ethanol
solution, a mixture of isopropanol ((CH3).CHOH) and water would be added to the solution with sonication.
Second, a homogeneous solution of ZSM-5 zeolite in isopropanol would be added to the uniform dispersed
solution of MNPs in the presence of aqueous NH3z with sonication. After washing and drying, the zeolite-
coated magnetic nanoparticles would be obtained (Figure 3).

A
CoFe,04NPs

< o
CoCl,.6H,0 + Dispersed in EtOH,

FeCl.4H,0 + SDS then add. NG

in CH;NH,H,0 (CH3),CHOH/H,0O i

—_—
aq. NH;.
sonication

Magnetic CoFe,0; NPs@ ZSM-5 zeolites

ZSM-5 zeolite in
(CH;),CHOH

Figure 3. Schematic diagram of the proposed synthesis of magnetic CoFe;O4 nanoparticles@ZSM-5 zeolites.
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2.2. The proposed synthetic procedure of the metal-graphene multifunctional
hybrid materials

The proposed metal-graphene multifunctional hybrid materials could be synthesized according to Yan et al..?®
In short, a multi-layer graphene would be grown on a foam-like 1.2 mm thick porous nickel films using a
chemical vapor deposition method.*® A 1.5 nm thick layer of catalytic Fe would be deposited on the surface of
the graphene using e-beam evaporation, followed by the deposition of a 10 nm thick Al.Oz3 as the buffer layer
to ensure the catalytic activity of the Fe (Figure 4). The Fe/Al>Os catalyst layer would be deposited on both
sides of the porous nickel films to increase the amount of carbon nanotubes attached to the substrates during
the gasification process.

A|203

Grow Deposit catalyst
graphene Fe/AlL,O;
> —_— Fe
Porous nickel Graphene

Figure 4. Schematic diagram of the synthesis of the metal-graphene multifunctional hybrid materials.

7. Conclusions

The challenges associated with the purification and separation of the products resulting from the conversion
of lignocellulosic biomass into Ho-rich syngas or high-value chemicals are a major bottleneck in the
integration of pyrolysis technique into industrial-scale process. An innovative hypothetical approach is
proposed for the conversion of biomass into high quality Ho-rich syngas and three-dimentional metal-
graphene-nanotube multifunctional hybrid materials for use in field-emitter devices and double-layer
capacitors. This proposal provides a two-successive stage process for the gasification of biomass, namely

ex situ and in situ process, in which steam is used as the gasifying agent under an inert atmosphere (N2 or Ar
atmosphere). Each stage has its new multifunctional catalytic route under optimized process conditions.

In ex situ process, a magnetic CoFe>O4 nanoparticles @ ZSM-5 zeolites would be employed as a catalyst to
allow a partial upgrading process leading to high-value products. Furthermore, this catalyst has the ability to
enhance the Brgnsted acidity, which would exhibit a high selectivity of aromatics and olefins resulting in
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decomposition of tar and promotion of H, and CO> formation, as well as suppression coke formation and
reduction the impurities. Another advantage, the catalyst can be recovered for reuse using a magnet such as a
neodymium magnet.

In in-situ process, further treatment of the products of the former phase would be accomplished via a
different catalytic route using Fe/Al>Os deposited on graphene/porous nickel film as a metal-graphene
multifunctional hybrid catalyst at a high temperature. The expected role of this system would lead to
obtaining a high-quality of Ho-rich syngas; and producing three-dimensional metal-graphene-nanotube
multifunctional hybrid materials. The synergetic effect of this hybrid catalyst would significantly improve
both the yields of gases (H2, CO, and CH4) and the hydrogenation of aromatics.

This contribution would improve the catalytic performance of the conversion of biomass gasification with
high selectivity of the desired products in a low-cost technique. In addition, these new efficient catalytic
routes can be adapted in industrial-scale processes, providing a creative idea and reference for energy
supplement development and high-value chemicals production.
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