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Abstract

Fossil fuels, the dominant source of energy in today’s modern civilization has significant
negative impact on global climate change. The lignocellulosic biomass can be a more
sustainable replacement of fossil fuel in the production of transportation fuels and
petrochemical feedstock. However, high concentration of oxygen functionalized compounds
in biomass presents a major challenge in the development of biomass technology. For
a biomass conversion to be efficient, achieving faster heating rate >10°C/s of the solid
biomass is the key to achieve higher liquid yield and lower coke make. In the fast pyrolysis,

There are again two major approaches:
i. Thermal pyrolysis of biomass and subsequent separate treatment of bio-oil

ii. Combining catalytic fast pyrolysis within-situ upgrading of the generated bio oil in a
single reactor system. The bio-oil produced by the first approach can be co-processed
in an existing secondary conversion unit of a refinery, such as FCC or hydroprocessing.

Fluidized bed has proven to be the best reactor for biomass pyrolysis in both the approaches
i.e. thermal or catalytic, mainly due to the excellent heat/ mass transfer rate and high solid
handling flexibility of fluidized system. However, the major challenges, following the
second approach i.e. the catalytic fast pyrolysis is to achieve high degree of de-oxygenation,
while retaining maximum C and H within the liquid. Good de-oxygenation >70% is
essential to get a stable liquid product with acceptable corrosivity. The other challenge
is the fast deactivation of catalyst due to the impurities present in biomass, specifically K
> 5 ppm. Upgrading the bio oil quality to achieve the high standard of transportation fuel
requires costly multi step high pressure hydroprocessing system. Thus the new advent is
to directly produce olefins and aromatics from biomass which not only helps to enhance
the product value but also greatly minimizes the need of too much hydrotreating Figure 1.

Figure | Graphical Abstract.
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Introduction

are the principal source of energy to meet the huge energy demand,

even although it is diminishing and responsible for global warning.

The global energy demand is estimated to be increasing continuously
at an average of 1.5 %/ year to 2035 due to mainly growing economic
of China and India, and other developing countries.! Fossil fuels

Projections indicate that the CO, concentration in air could reach over
800 ppm by the year 2100 with the present rate of emission, which is
more than double the current concentration of 390 ppm.? Even though
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the effect of greenhouse gas on climate is evident, but the effects of
such a large increase of carbon dioxide in the atmosphere are not
well understood and could be harmful to humanity and the rest of the
ecosystem. Therefore, “Carbon —neutral” sources of energy should be
developed to mitigate the change in atmospheric CO, concentration
and limit the effects of climate change. The direct production of organic
compounds from CO, has been the subject of much current research.
However, these transformations are thermodynamically unfavourable
and require the development of better catalytic materials and methods
for CO, capture.’ In this context, biomass contains concentrated,
partially reduced carbon, is the only source of abundant, concentrated
source of non-fossil carbon which is available on Earth. Hence, in the
future energy arena, biomass is considered as an imminent potential
source taking into cognisance its abundant availability, carbon-neutral
characteristic and its forthcoming contribution towards significant
employment prospect in rural areas.

In India,* Biomass still provide approximately 32% of the
total primary energy use and energy needs of more than 70% of
the country’s population depends upon utilisation of biomass
resources. Biomass power generation in India is an industry in itself
which invites yearly investments of over 100 million US$, generating
more than 5000 million units of electricity and yearly employment
of more than 10 million man-days in the rural areas. Bagasse, rice
husk, straw, cotton stalk, coconut shells, soya husk, de-oiled cakes,
coffee waste, jute wastes, groundnut shells, saw dust etc. are covered
under Biomass materials which are being used for power generation.
Being such a widely utilised source of energy, the current availability
of biomass in India is estimated at about 500 million metric tonnes
per year. Studies sponsored by the Ministry have estimated surplus
biomass availability at about 120-150 million metric tonnes per
annum covering agricultural and forestry residues.

Composition of lignocellulosic biomass

It is necessary to know the composition of lignocellulosic biomass
as it is more attractive renewable feedstock. Subsidies for the
production of ethanol from corn and sugar cane have had frequently
led to concerns about the competition between using these crops for
food and for fuel production,® but lignocellulosic energy crops do
not complete with food supply and have less demanding growing
conditions. Lignocellulosic biomass is predominantly composed of
five major components; three of them are oxygenated solid polymers,
accounts for the bulk of biomass, i.e., cellulose (30-50 wt. %),
hemicellulose (10-40wt. %), and lignin (15-40 wt. %). Small amounts
of inorganic ash and low-molecular weight extractives make up the
reminder. The relative amounts of these components are dependent on
the type of biomass.*’

In general, herbaceous biomass contains much more ash, slightly
more hemicellulose, and less lignin than woody biomass. Cellulose
fibres provide wood’s strength and comprise ~40-50 wt. % of dry
wood.? Cellulose, a high molecular weight (10° or more), is composed
entirely of glucose monomers connected into straight chains typically
thousands of repeat units. The glucose monomer units are connected
by B (1-4) glycosidic bonds giving cellulose an overall atomic
composition of C.H, O,. The hydroxyl groups on the sides of the

105"
cellulose molecules form strong bonds with other nearby cellulose

Copyright:
©2018 Mandal ecal. 9

molecules,’ aiding the formation of rigid micro fibrils that gives plant
cell walls their strength. The tightly packed nature of these micro
fibrils resists the depolymerisation of cellulose to glucose monomer
units due to poor mass transfer and the inability of water to reach the
glycosidic bonds.

Hemicellulose, also known as polyose, is the second most
abundant polymer found in lignocellulose, also composed of sugar
monomer units. It functions largely as a connection between the
cellulose fibrils and the lignin in plant cell walls. Hemicellulose is a
mixture of various polymerized 5-carbon sugars (xylose, arabinose),
6-carbon sugars (glucose, mannose), and sugar—like carboxylic acids
(glucuronic acid, mannuronic acid).'” Hemicelluloses exhibit lower
molecular weights than cellulose. The number of repeating saccharide
monomers is only =150, compared to the number in cellulose (5000-
10000). The atomic composition of hemicellulose is approximately
C,H,0, and highly branched and amorphous. The branched structure
of hemicellulose makes it relatively easy to hydrolyse the ether bonds
holding together the sugar monomers.

Lignin is an amorphous, random, polymer comprised of phenolic
monomer units. It is primarily composed of phenyl propane monomer
derivatives of sinapyl alcohol, coiferyl alcohol, and coumaryl alcohol.
Lignin typically accounts for roughly 30 wt.% of woody biomass, and
due to its low oxygen content relative to cellulose and hemicellulose,
it contains approximately 40% of the energy content.! It is a
mechanically tough material found largely in the cell walls of plants,
providing a shield against the rapid microbial or fungal destruction
or thermal degradation.'>® This chemical structure makes lignin
a difficult feedstock to process, and in many bio-mass-processing
schemes lignin is simply separated and burned to generate process
heat and electricity. As lignin contains low oxygen and high energy
density, it could be a valuable part of a Biofuel production process if
it could be depolymerized in an economical manner.

There are several types of structural linkages connecting the phenyl
propane units of lignin. The most common linkage is the 3-O-4 ether
linkage,'* and this accounts for roughly half of the structural linkages.
This ether bond is fairly labile, but breaking these bonds is often
insufficient to convert lignin to low molecular weight compounds
suitable for downstream processing. Biphenyl linkages (5-5 and
dibenzodioxocin) are much difficult bonds to break, and these account
for 20-30% of those present in softwood lignin.'*

Ash is mostly composed of a mixture of metal oxides those are
commonly oxides of silicon, aluminium, iron, potassium, calcium
and manganese."” These impurities can lead to problems during the
production of Biofuel as they can be deposited on biomass upgrading
catalysts and cause significant deactivation by blocking catalytically
active sites. These metal oxides have acidic/basic properties, and
as biomass is rich in oxygen functional groups, inorganic ash can
promote undesirable side reactions which reduce the quality of the
biofuel product.

Extractives are small organic molecules and oligomers (typically
<C,,) which are incorporated into the polymeric cellulose, hemicelluse,
and lignin.'® These molecules account for about 5 wt. % of wood on a
dry basis,"” but can be present in higher quantities in algae, herbaceous
biomass, seeds, and beans.'® Fatty acids, triglycerides, terpenoids,
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and small phenolic oligomers derived from lignin are extractive
compounds typically found in wood."

Several potential feedstocks have been identified as candidates for
the production of Biofuel and bio-mass derived chemicals. Some of
these are so-called “energy-Crops” such as switch grass, miscanthus
and poplar, selected for their high growth rates and low requirements
for water, pesticides, and soil quality. Agricultural wastes such as
corn Stover, cotton trash, paddy trash, municipality waste, waste from
wood processing and bagasse are also promising feedstocks,? as they
have little value beyond use for heating and in low—grade livestock
feed. There is no single ideal crop for a biomass-based economy; the
selection of crop is heavily dependent on regional climate and land
availability.

The conversion of biomass to fuels has been the focus of a great
deal of research within the past decade. The U.S. Department of
Energy has set renewable fuels standard that would require 36 billion
gallons per year of renewable fuels within the US by 2022.2! of these
36 billion gallons, at least 22 billion gallons must be produced without
using corn as a feedstock. On 12" September 2008, Indian Government
announced its “National Biofuel policy” and targeted to achieve 5%
ethanol as gasoline blend in certain sates and 20% bio-diesel by
2012.2 The technologies for production of first generation Biofuel
such as bio ethanol and biodiesel are currently commercialized, but
they depend mostly on food crops such as soybeans, corn, and sugar
cane.”

Approaches for biofuel
biomass

production from

The so-called “1st generation” Biofuel (biodiesel and bio ethanol)
are currently the dominant technologies for renewable transportation
fuel production. Biodiesel is a fuel similar to conventional diesel
in terms of molecular weight and combustion characteristics. It
is primarily produced from the transesterification of triglycerides
from plant oil. These triglycerides can be treated with methanol in
the presence of a basic catalyst (usually a combination of NaOH and
sodium methoxide), which leads to the production of fatty acid methyl
esters (FAMEs) useful as biodiesel and glycerol as a by product.?*
Soybean oil and rapeseed oil in U.S and Europe and Jatropha seed
oil in India are the most common feeds for biodiesel processes,
though waste cooking oils have also been used to a small extent.
Approximately 1 billion gallons of Biofuel were produced in the
US in 2011, creating 270 million kg of glycerol as a by product in
the process.” The rate of biodiesel production is further expected to
increase dramatically in the near term.

Bioethanol is produced by the fermentation of corn (in the U.S),
cane (in Brazil) sugar and molasses (in India).Bioethanol has been
widely used as a gasoline additive and presently accounts for over 10%
by volume of the gasoline sold in the US.?¢ Although these Biofuel
have had some commercial success with the help of government
subsidies, they still have major shortcomings such as, firstly these feed
stocks to grow, need stringent growing conditions necessitating high
quality soil and more energy input in terms of irrigation, chemical
pesticides and fertilizers than cellulosic energy crops. Secondly, a
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small portion such as the simple sugar, small starches of these feed
stocks is used for the production of bio fuels as major portions like
cellulose, hemicellulose and lignin are not easily usable. If these
cellulose, hemicellulose and lignin could be converted into more
fuel, the efficiency of the process would be much improved. Lastly,
the competition between Biofuel and food industries for available
crops and land has raised concerns about their best use. In view of
the above, developing effective technologies for the conversion of the
lignocellulose into transportations fuels could avoid use of food crops
for fuels.

The bio fuels those are produced from cellulosic biomass is called
2" generation bio fuels, is of much interest for which extensive
research works are in progress.”’” The cellulosic biomass feedstock
are mostly woods, grasses, agriculture residues and municipal wastes
which are more difficult to process than those for 1* generation
feedstock. These feed stocks contain very small amount of simple
sugar and triglycerides, are almost entirely composed of the larger
polymeric cellulose, hemicellulose and lignin. Hence, technologies
suitable for 1% generation bio fuel are not adequate for processing
these complex lignocellulose biomasses. A primary challenge in
converting these feeds to fuels is finding effective methods for
decomposing these polymeric materials into more easily processed
low-molecular compounds. In fact, other major challenge for
converting biomass to transportation fuel or chemical is the removal
of oxygen without cleavage of C-C bond or altering C-C bonds to
make desirable chemical structure by rearranging hydrogen available
in biomass or minimum hydrogen addition. These objectives can be
typically achieved by two steps (i) partial removal of oxygen while
converting the solid lignocelluse biomass feedstock to a gaseous or
liquid phase chemical and (ii) catalytic upgrading of the liquid formed
in the first step by removal of remaining oxygen functionality and
controlled coupling of C-C bonds.?® These two steps of reactions may
achieve in single step or in two steps occurring one after another.

Major merits and demerits of different
biomass conversion routes

The most frequently considered strategies for biomass processing
are (i) thermo chemical and (ii) Hydrolysis.?® the thermo chemical
routes can be pyrolysis, gasification and liquefaction. The merits and
demerits of these approaches are summarized in Table 1.

In the production of sustainable fuels and chemicals, both thermo
chemical and hydrolysis pathways may be important, depending on the
available feedstock and desired product. The authors® recommended
that a combination of hydrolysis and pyrolysis pathways can be proved
to be more efficient by adopting appropriate upgrading strategies for
hydrolysis products and potential applications of pyrolysis of lignin
to produce value —added chemical intermediates or fuel additives. In
the recent past, more research emphasis is given for conversion of any
types of biomass to fuel and petrochemical feedstock by employing
pyrolysis route. This review focuses on advancement of pyrolysis
route for production of bio-fuel and petrochemical feedstock.
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Table | Comparison of different biomass conversion routes
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Routes

Process conditions

Merits

Demerits

Ref.

Thermochemical-
Gasification

Thermo chemical-
Pyrolysis

Gasification combined with
Fischer-Tropsch synthesis wherein,
lignocellulosic biomass is gasified

at 10000K temperature and
pressure of 20-30 kg/cm?2 to
produce synthesis gas.These gases
are catalytically converted to linear
hydrocarbons in mostly diesel range
product.

Pyrolysis takes place through
thermal, anaerobic decomposition
of biomass at temperature from 650
to 8000K, wherein vapour phase
products react and subsequently
condense upon cooling to produce
liquid bio-oil. Recent past, research
of catalytic fast pyrolysis in presence
of catalyst for production of
aromatic has been gained good
attention.

It is not constrained
to a particular plant-
base feedstock.Any
lignocellulosic biomass
can be considered

It is inexpensive process
for total utilization of
biomass to liquid fuel/
BTX production

High water in biomass
and impurities in the
gases can be problematic
in downstream FT
processes.

High cost process

Bio-oil product is not
particularly well suited
for use as a fuel due
to high acidity and
oxygenate content

28-30

Liquefaction

Biomass mixed with water and
basic catalyst like sodium carbonate
employed at temperature in the
range of 525-725 OK and pressure
of 5-20 atm and longer residence
time

The process converting biomass
biopolymers to fermentable sugar
is called hydrolysis. The isolated
by hydrolysis process is processed
efficiently at relatively mild
conditions by a variety of catalytic

Liquid product obtained
contains less oxygen (12-
14 wt. %) and typically
requires less extensive
processing for meeting
the specification of fuel.

Temperature is
lower than pyrolysis
temperature

This process is
appropriate if higher
selectivity is desired

for the production of
chemical intermediate or

As it required higher
pressure, it is more
expensive.

Problem of unsuitability
for long term storage.
Hence, it needs
upgradation through
hydro deoxygenation

Feedstock pre -treatment
has been recognized

as necessary upstream
process to remove lignin
and enhance the porosity
of the lignocellulosic

28

28,31

Hydrolysis technologies. There are two major cargeted hydrocarbons materials.
categories employed. The first and forgtrans c);rtation fuel
older method uses acid as catalyst, P Lignin utilization remains
while second method uses enzyme. a challenge.
Pyro|ysis time (<2 s) are optimum for maximization of liquid yield.*> This

Pyrolysis is the thermo chemical decomposition of biomass in
absence of oxygen at temperatures in the range of 290 to 650°C to
produce gas, a black, viscous fluid i.e., bio-oil and bio-char. The
amount of these three products and its compositions depend on
operating parameters such as heating rate, vapour residence time
and decomposition temperature. Lower decomposition temperature
(~400°C) and longer vapour residence times (hours to days) is
classified as slow pyrolysis or carbonization, favour the yield of
charcoal (35%) and gas (~35%) whereas higher temperature (~500°C)
and lower vapour residence times (10-30 s), defined as intermediate
pyrolysis, increases lower gas make and charcoal. The moderate
temperature, high heating rate >10°C/s and short vapour residence

mode of pyrolysis is classified as Fast pyrolysis which is getting
great importance currently as it maximizes liquid fuels. The heat
and mass transfer processes and phase transition phenomena, as
well as chemical reaction kinetics, play significant roles in fast
pyrolysis as it occurs in a few seconds or less. Among these technical
challenges for developing fast pyrolysis, the most significant is heat
transfer to the reactor. Although the endothermic heat of reactions is
insignificant, but substantial heat input is required to raise the biomass
to reaction temperature. Therefore, design of fast pyrolysis reactor is
very important. The most research and development has focused on
developing and testing different reactor configuration on a variety of
feedstocks.®> The merits & demerits of different reactor design are
summarized in Table 2.
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Table 2 Comparison of different reactor configuration®3*
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Reactor configuration

Merit

Demerits

Bubbling fluid bed

Circulating fluid beds and
transported beds

Rotating cone

Ablative Pyrolysis

Entrained flow

Well understood technology and simple in construction
and operation.

Very good temperature control and better heat transfer
in the bed.

It gives good and consistent performance with high liquid
yields of typically 70-75 wt. % from wood on a dry-feed
basis.

There are several fluid bed reactor designed and operated
from 75/hr. scale to 200t/d.

Very high domain knowledge in this area and hence easy
to scale up.

Better heat and mass transfer

Its char residence time is almost same as for vapor and gas
residence time as slip factor is usually less.

Char is usually burned in secondary reactor to supply heat
to pyrolyser.

CFBs are potentially suitable for larger throughputs.

This technology is widely used at very high throughputs in
the petroleum and petrochemical industry e.g., FCC (Fluid
Catalytic Cracking) technology

Several units with different capacities up to 1000t/d are
being operated.

It is transported bed which is operated by centrifugal
forces in a rotating cone rather than gas.

It requires much less carrier gas than fluid bed and
transported bed system. However, gas is needed for char
burn-off and sand transport.

Due to use of much less carrier gas, the partial pressure
of condensable vapor is relatively high.

In this reactor, heat is transferred from the hot reactor
wall to melt wood that is in contact with it under pressure.
High pressure of particle on hot reactor wall, achieved by
centrifugal force or mechanically.

As reaction rates are not limited by heat transfer through
the biomass particles, larger particle can be used and there
is no upper limit to the size.

No requirement of inert gas and hence equipment size is
smaller.

Absence of fluidization gas increases partial pressure of the
condensable vapor leading to more efficient collection and
smaller equipment.

Simple technology and easy to scale up

Required high gas flow for achieving fluidization resulting
in very low partial pressures for the condensable vapors.
Hence, product separation needs special attention.

Heat transfer to bed at large scales of operation is
required special attention.

Need higher equipment size due to high inert gas flow
rate resulting higher capex.

Char is get attrited in circulating pipe/bed that may lead
to higher char content in bio-oil.

A more complex integrated operation of three
subsystems i.e. rotating cone pyrolyser, riser for sand
recycling and bubbling bed char combustor.

This process is limited by the rate of heat supply to

the reactor rather than the rate of heat absorption by
pyrolysing biomass.

The process is surface-area-controlled so scaling is less
effective.

Reactor is mechanically driven and is thus more complex.

Most development have not been so successful because
of the poor heat transfer between a hot gas and a solid
particle.

High gas flow is required resulting low vapor pressure of
condensable gas requiring large equipment.

Liquid is much lower than fluid bed and CFB system.
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Table Continued
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Reactor configuration Merit

Demerits

Operated at 450 °C and 100 kPa

Advantage of the process are that it can process larger
particles than most fast pyrolysis reactors, there is less
char in the liquid product because of the lower gas

Vacuum pyrolysis

velocities, and no carrier gas is needed.

Screw and augur kilns

Fixed bed fast pyrolysis
feedstock is solid.

Screw reactors are particularly suitable for feed materials
that are difficult to handle or feed are heterogeneous.

Easy to operate, but this configuration is not prefer as

Less liquid yields (35-50%)
The process was complex and costly because the high
vacuum necessitates the use of very large vessels and

piping.

Difficult to achieve very short residence time in
comparison with fluid bed and CFB system
Lower liquid yield and higher char yield

Fast pyrolysis cannot be achieved

Addition of biomass to fixed bed is difficult and expected
higher delta pressure across reactor bed leading to lower
on-stream factor

Microwave heating requires a material with a high

dielectric constant.

One valuable aspects of microwave pyrolysis is that due

Microwave pyrolysis to the

absence of thermal gradients. This offers possibilities to
examine the effect of thermal gradient in a pyrolysing

Penetration of microwaves is limited to typically 1-2 cm,
so design of a microwave reactor presents interesting
scale up challenges

particles and secondary reactions that occurs both within

and outside the biomass particles.

Among all reactor configurations, circulating fluid bed and
bubbling fluid reactor configurations are being preferred as these
configuration have definitive advantages such as easy to scale up,
fluidization technology is well known and widely practiced in
industry, better heat and mass transfer etc.

Pyrolysis oil typically is dark brown, free-flowing liquid, has
many compounds similar in molecular weight to those found in crude
oil. The high content of oxygen functional groups leads to multiple
physical properties which make raw pyrolysis unsuitable in internal
combustion engines, and restricts its direct use to industrial boiler
units and other stationary heat sources. Pyrolysis oil typically contains
a large amount of water, and has a heating value much lower than
those for both hydrocarbon fuels (45 MJ/kg) and ethanol (30 MJ/
kg).> It has a low pH due to presence of carboxylic acid groups, and
are prone to corrosion of conventional engine parts. In addition, its
chemical stability is also problematic for any application requiring
long term storage as it contains mixture of carboxylic acids, furans,
aldehydes and phenolic compounds.

Pyrolysis oil contains a number of compounds that have
some value as fine chemicals (e.g., phenol, vanillin, furfural,
hydroxymethylfurfural), but high boiling point of the mixture make
it difficult to purify into individual components. Effective distillation
of pyrolysis oil is nearly impossible due to its reactivity and tendency
to self-polymerize. To improve its flexibility and allow it to be used
for transportation applications, pyrolysis oil must be upgraded to a
product more similar to conventional transportation fuels.

The major issue can be attributed to the high concentration of
oxygen functional groups, developing routes for removal of these

oxygen groups is a rational strategy for upgrading of pyrolysis oil to
more valuable fuel product.

The effective hydrogen to carbon atomic ratio defined as H_/
C= (H-20-3N)/C, is approximately 1.5-2 for crude oil, 0.4 for
lignocellulosic biomass, and 0.30 for pyrolysis 0il.¢ This indicates
that dehydration chemistry alone is not capable of converting oxygen-
rich biomass into a product chemically similar to crude oil. Therefore,
either hydrogen is to be added to increase effective hydrogen or
oxygen must be removed from pyrolysis oil in the form of CO and
CO,. Both of these approaches would benefit from the advancement
of heterogeneous catalysts to enable these oxygen removal reactions
to occurs selectively and rapidly.

Hydrodeoxygenation (HDO) of pyrolysis oils is an attractive
route for their conversion to transportation fuels.’” The use of
hydrogen to remove oxygen as in case of HDO is analogous to the
hydrodesulphurization (HDS). As sulfur and oxygen are elements in
the same group, the chemical requirements are fairly similar between
HDO and HDS. Accordingly, from previous HDS experience with
Ni, Co, Mo in oxide forms on silica and alumina supports, much of
predictive knowledge regarding HDO has been extrapolated. AL O, is
not acceptable to its acidic nature which causes coking and sintered at
high temperatures in the presence of water and therefore deactivate.*
Furthermore, this approach would require a supply of hydrogen, and
since most hydrogen is derived from steam reforming of natural gas,
this would introduce a fossil fuel input. Much research is aimed at
gasification/reforming of biomass as a potential renewable source
of hydrogen, but these processes require further development.®®
additionally, these catalysts require a co-feed of H,S to maintain
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activity. It is not only undesirable to introduce sulfur containing
compounds into biomass conversion process wherein sulfur is very
low, it make process more complex as H,S is to be sourced from
refinery or produce H,S from sulfur and hydrogen. Therefore, it is
required to identify effective catalytic materials which can remove
oxygen using a minimal amount of hydrogen and can operate stably
without the need for sulfiding treatment.

In view of the above, catalytic work has been undertaken on
both catalysts and supports. For example, research has acclaimed
that neutral carriers like C usually show lower coke formation than
alumina supports.*® Longevity of the catalyst and in turn low coke
formation is of crucial importance as catalyst functionality including
oil yield and resulting H/C ratio gets directly affected by the number
of recycles, although O/C ratios seems as if unaffected.*! Different
supports have also been shown to give different final liquid yields
and degrees of deoxygenation. For example, in an autoclave setup at
450°C and 350bar of H2, Ru/Ti02 and Ru/C yielded more final liquid
with lower oxygen content than Ru/AlO,.*

There are a number of alternatives explored by researcher for
development of more traditional catalyst. As per Gutierrez et al.*
multiple noble metals used simultaneously interacted with each
other and gave different results than simply combining two separate
catalyst results. In a batch reactor at 80bar, HDO of guaiacol was
studied using zirconia-supported mono- and bi-metallic noble metal
catalysts. All Rh, Pd, Pt, RhPd, RhPt, and PdPt performed better
in the hydrogenation of guaiacol at 100°C and at 300°C than the
conventional sulfided CoMo/AlLO, catalyst because due to carbon
deposition and contamination with sulfur, these elements deactivated.

Table 3 Summary of catalysts investigated for HDO
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In comparison to monometallic Pt and Pd catalysts, the bimetallic
catalysts containing Rh gave better results in terms of guaiacol
hydrogenation. The PdPt catalyst was seen to be less reactive than
that of the separate monometallic catalysts. Hence it is implied that,
when used simultaneously, catalysts react with each other in a variety
of ways in addition to reacting with the biomass. These interactions
are yet to be understood fully.**+?

The reduction of H, consumption, which is required for removal
of chemically bonded oxygen in HDO process, has been studied
using the donation of H, by a liquid with an easily donated, acidic
proton that lowers the H, pressure required. Xiong et al.* studied the
sourcing of hydrogen from formic acid over Ni, Pd, and Ru on various
supports. The catalyst supports did not make a significant difference,
but Ni and Ru outperformed Pd in final product quality. Oxygen
content was lowered while a reduction in the unsaturated components
was observed, along with the conversion of organic acids into esters.
All of these reactions occurred without obvious coke formation.
In another study, Kunkes et al.* described a method of reforming
polyol over Pt-Re/C, where reforming refers to C-C cleavage and
the corresponding production of H,, CO, and CO, that can be used
to de-oxygenate the remainder of the feed thus eliminating the need
for co-feeding of hydrogen. Similarly, Pt elements can promote the
water-gas shift (WGS) reaction.*” Pt/AL O, catalyst showed selectivity
for producing H, in situ, eliminating the need for co-feeding of
hydrogen.* Wildschut et al.*? and Elliott*® worked on HDO including
product properties and molecular composition of HDO oils. Oasmaa
et al.*’ has studied comparison of several methods for characterizing
HDO oils.* Table 3 provides a summary of the yield, product quality,
and operating conditions for several catalysts investigated for HDO.

Catalyst Temp.(°C) g::; (Il)ee()g::gee:fation ) o/C  HIC gi't.";e)'d Ref.
Co-MoS,/ALO, 350 200 8l 08 13 26 »
Co-MoS/ALO, 370 300 100 0 18 33 ®
Ni-MoS /ALO, 350 200 74 0.1 15 28 o
Ni-MoS /AL, 400 85 28 - - 84 %
PdIC 350 200 85 0.7 6 65 o
PdIC 340 140 64 0.1 15 48 st
Pd/ZrO, 300 80 - 0.1 13 - »
PUALO,/SIO, 400 85 45 - - 8l %
PYZrO, 300 80 - 02 15 - »
Rh/ZrO, 300 80 - 0 12 - »
RU/ALO, 350 200 78 0.4 12 36 o
Ru/C 350-400 230 73 0.1 15 38 2
Ru/C 350 200 86 08 15 53 o
RU/TiO, 350 200 77 | 17 67 o
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Andrew? studied HDO reaction for model m-cresol at 260°C, 0.5
atm hydrogen pressure, w/f of 63 gm.hr/mol using different bimetallic
Pt-oxophilic metal catalysts. The results showed that PtRe on carbon
support is the best catalyst for m-cresol conversion and unique
selectivity towards toluene (>95%).

Although studies on model compounds are invaluable for a better
understanding of how the catalyst functions and improving the
ability of catalysts to deactivate specific classes of compounds, they
are not truly representative of performance under realistic operating
conditions. Therefore, the catalyst performance with more realistic
feedstock is required to be studied. In particular, water, nitrogen-
containing compounds and small organic acids (i.e., acetic acid) are
components of pyrolysis oil that may be particularly problematic for
catalyst processing.

Water is detrimental to dehydration reactions as it tends to adsorb
strongly to acid sites, reducing their availability on the catalyst
surface. The presence of liquid water can also cause phase changes in
some common support materials such as alumina, further impacting
activity. Basic nitrogen-containing compounds such as amines and
amides, are also present in pyrolysis oils in low concentrations, and
may poison acid sites on the catalyst more strongly than water.

There are several research works on co-processing pyrolysis oil
in fluid catalytic cracking or in hydro-treater or hydro-cracker. In the
recent past , research works on combining biomass fast pyrolysis
and in-situ upgrading of the generated pyrolysis oil into a one-spot
catalytic fast pyrolysis system are getting attention and this route
seems more economically attractive option for fuel production.

Catalytic fast pyrolysis

Catalytic Fast Pyrolysis that involves pyrolysis of biomass in
presence of zeolite based catalyst for converting solid biomass to
fuel and aromatic is a promising technology. Adsorption of the oxy-
compound produced from pyrolysis of biomass occurs on an acid site.
This is followed by either decomposition or bimolecular monomer
dehydration, as determined by pore size. This transformation
involved a combination of acid-catalysed reactions for the removal of
oxygen including dehydration, decarbonylation, and decarboxylation
reactions. B3 With sulphide/oxide and transition metal catalysts,
the acidity of the zeolite affects the reactivity and yields, with high
acidity leading to a higher affinity for C and water formation®. In
HZSM-5 zeolite, acidity is linked to the Si/Al ratio,*® with a low
ratio indicating high acidity. Pore blockage from polymerization
and polycondensation reactions causes deactivation of the catalyst.
Therefore, zeolites should have correct pore size and acidic sites to
promote desired reactions while minimizing carbon formation.>

Zeolites produce aromatics at atmospheric pressures without H,
requirements.>*>> Anellotech Inc.>* developed a process for biomass to
aromatics wherein the biomass is dried and sized and then injected into
fluid bed reactor in presence of spray dried ZSM-5 catalyst with SiO,/
Al,0,=30. The biomass first rapidly heated and resulted products are
immediately converted to aromatics. The biomass WHSV and reaction
temperature can be used to control aromatic yield and selectivity. At
low WHSYV, more valuable mono aromatic is produced with low coke
yield. Recycling of olefinic gases mainly ethylene and propylene
also produces additional aromatic yield. Moreover, co-feeding of
propylene to the reactor results increase in aromatic yield. Research is
generally conducted at temperatures from 350 to 600°C. For HZSM-
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5, yields are in the 15% range with predictions of 23%%. Excessive
carbon production and therefore catalyst coking is a problem. In one
study, coke deposition at all temperatures led to a decrease in the
catalytic activity after only 30 min time on stream.*>*” Furthermore,
coke has been shown to significantly increase at temperatures above
400°C.*® Some coke can be burned off, but irreversible dealumination
and loss of acid sites occurs at temperatures as low as 450°C in
the presence of water. Paasikallio et al. shown that zeolite based
catalyst is get deactivated due to the presence of biomass alkali metal
especially potassium as it neutralizes the Bronsted acid sites. Research
on the reduction of coking is important, with a variety of approaches
showing promise. For example, the recycling of non-condensable
gases into a catalytic reactor has the potential to reduce char/coke
yields while increasing oil yields.*

The elemental composition of the fast pyrolysis bio-oil feedstock,
as measured by its H/C  ratio (effective hydrogen Index: EHI) has
been determined to have a large impact on the production of olefins,
aromatics, and coke. Experiments have shown that pyrolytic bio-oil
feedstock with a ratio of at least 1.2 or higher perform better in zeolite
cracking upgrading.®® Ten feedstocks were studied over HZSM-
5. Yields of olefins and aromatics increased while coke production
decreased with increasing H/C , ratios. Catalyst life increased as coke
yield decreased. This suggests that it may be beneficial to increase
the H/C  ratio to 1.2 through hydrogenation of the bio-oil feedstock
before upgrading with a zeolite catalyst.

Another method of effectively increasing the H/Ceff ratio is to co-
pyrolyze a hydrogen donor such as methanol. Horne et al.®* studied
the pyrolysis of wood waste in a dual zone, fluidized bed reactor.
Pyrolysis was carried out at 550°C. Varying amounts of methanol
were also injected, and the pyrolysis/methanol gases were passed
over a fixed bed of HZSM-5 held at 500°C. There was an overall
increase in hydrocarbon products including alkylated phenols and
aromatics. The addition of methanol also increased water formation
and decreased CO and CO, yields, which is in line with findings by
Chen et al.®> However, these observations do not agree with a study
by Evans et al.* that showed an increase in the CO,/H, O ratio. In all
cases, methanol had a synergistic effect on yields, and further research
on co-pyrolysis seems justified. Separation of compounds that don’t
react well with the particular catalyst being used could also be used
in place of increasing the H/C ; ratio. Gayubo et al.®® has proposed
separating aldehydes and phenols before upgrading over HZSM-5.

Pyrolysis temperature was found to have an impact on product
composition with high temperatures producing more light gases.
Cheng®’ studied furan conversion to aromatics and olefins using
HZSM-5. Products included CO, CO,, allene, C,-C, olefins, benzene,
toluene, styrene, benzofuran, indene, and naphthalene. Varying
temperatures favoured different final products. At 450°C, benzofuran
and coke formed, at 500 to 600°C, aromatics formed, however, at
650°C, olefins were produced along with CO and aromatics.

H,0 also plays a role in chemical conversions. The conversion of
anisole was studied in a quartz tube reactor over HZSM-5 at 400°C.%
The presence of controlled quantities of water in the feed was
discovered to have a positive effect on catalytic activity. Interestingly,
in this study, the deactivation rate of the zeolite was unrelated to the
addition of water. Furthermore, H, was shown to have a positive effect
on reducing coke formation, which is affirmed by other studies.®” This
is especially true when a metal function is present.®

Citation: Mandal S, Bandyopadhyay R, Das AK.Thermo-catalytic process for conversion of lignocellulosic biomass to fuels and chemicals:a review. Int |

Petrochem Sci Eng . 2018;3(2):58-69. DOI: 10.15406/ipcse.2018.03.00077


https://doi.org/10.15406/ipcse.2018.03.00077

Thermo-catalytic process for conversion of lignocellulosic biomass to fuels and chemicals: a review

Other zeolites have been studied in comparison to HZSM-5. In one
study using a fixed bed micro-reactor operating at 1 bar, 3.6 weight
hourly space velocity (WHSV), and 330 to 410°C, HZSM-5 was
found to yield more hydrocarbons than HY, H-mordenite, silicalite,
and other silica-alumina zeolites. HZSM-5 and H mordenite also
showed higher selectivity for aromatics than aliphatics while the other
catalysts produced the opposite effect.?>5>% In a similar study, silicalite
produced the least coke. Silica-alumina best converted the non-
volatile fraction of the bio-oil. HZSM-5 produced the most yields in
the gasoline boiling point range while HY and H-mordenite produced
fewer yields and in the kerosene boiling point range.” In another
study, catalytic pyrolysis of pinewood over zeolites HBeta-25, HY-
12, HZSM-5-23, mesoporous ZSM-5, and HMOR-20 was conducted
in a fluidized bed reactor at 450°C.>>’! Overall, ketones and phenols
were produced. Compare to other catalysts, HZSM-5 produced more
ketones, less alcohols and acids. It also produced more liquid, similar

Table 4 Summary of catalysts investigated for zeolite cracking
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in quantity to the quartz bed but containing more water. Mordenite
and quartz produced almost no PAHs. However one major advantage
to be noted here that the catalysts were regenerated successfully.

Co-feeding with other petrochemical feed

The possibility of upgrading biomass as a co-feeding with vacuum
gas oil in a traditional petroleum fluid catalytic cracker (FCC) is also
studied.”” Corma et al.™ studied the cracking of glycerol and sorbitol
using various FCC catalysts co-fed with vacuum gasoil. This work
suggests that, in an industrial petroleum catalytic reactor, biomass
and petroleum derived oil streams can be co-fed thereby producing a
desirable final product. Samolada et al.” also studied about co-feeding
of hydrotreated bio-oil in a traditional FCC reactor with promising
results.”” Table 4 provides a summary of the operating conditions
and products for several catalysts that have been investigated for
zeolite cracking.

Catalyst Feedstock & temp.(°C) Catalyst effects
ZSM-5 with SAR=30 found to be more effective for biomass
ZSM-5/MeoZSM-5/MCM- Glucose/Maple Wood conversion to aromatic

22/ZSM-1 1/IM-5/TNU-9%*

HZSM-5 with varying Si/
AlLO, ratios®

Kraft Lignin 500 to 764°C

HZSM-5, Na/ZSM5, HBeta,
and HUSY?®'

Alkaline lignin 650°C

ZSM-5,Al/IMCM-41,Al-
MSU-F, ZnO, ZrO,, CeO,,
Cu,Cr,O,, Criterion-534,
Alumina-stabilized ceria-
MI -575, slate, char and
ashes derived from char
and biomass®

Cassava rhizome
500°C

Waste olive husks

1+~83
Dolomite 500 to 800°C

HZSM-5,AI/IMCM-41,
Al-MSU-F, and Alumina
stabilized ceria MI-575,
pore sizes 5.5, 31, 15,and
NA respectively”

Cassava rhizome
500°C

Meso ZSM-5 makes more coke and had little effect on aromatic
yield

Decreasing the SiO, /Al,O; ratio from 200/| to 25/1 and
increasing the catalyst-to-lignin ratio from I:| to 20:| decreased
the oxygenates and increased the aromatics.

Aromatics yield increased from 500 to 650°C and then
decreased at higher temperatures. Under optimal reaction
conditions, the aromatic yields were 2.0% (EHI 0.08) and 5.2%
(EHI 0.35).

H-USY had the largest pore size and lowest Si/Al ratio (7) and
had the best liquid yield of 75% and aromatic yield of 40%.

ZSM-5,Al/IMCM-41,Al-MSU-F type, Criterion 534, alumina-
stabilized ceria-MI-575, Cu,Cr, O, and biomass-derived ash
were selective to the reduction of most oxygenated lignin
derivatives. ZSM-5, Criterion-534, and AI-MSU-F catalysts

enhanced the formation of aromatic hydrocarbons and phenols.

No single catalyst was found to reduce all carbonyl products
but ZSM-5, Criterion 534 and MI-575 could reduce most of

the carbonyl products that contained hydroxyl groups. ZSM-5,
Criterion-534,AI/MCM-41, Al-MSU-F, copper chromite, char and
ashes increased acetic, formic, and lactic acid. MI-575 did not
increase acids.

Dolomite increased cracking and gas production.

HZSM-5 was the most effective catalyst for the production
of aromatic hydrocarbons, phenols, and acetic acid and the
reduction of oxygenated lignin derived compounds and
carbonyls containing side chain hydroxyl groups.

Only MI-575 showed a decrease in acetic acid yields. MI-575
also showed the most increase in methanol with HZSM-5 a
close second.
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At present, one of the major issues with catalyst Fast Pyrolysis
for the production of aromatics is the high yield of coke produced
during the process. Although this coke has some value as source
of process heat, it diminishes the total possible yield of aromatics
and also deactivates zeolite catalyst. This suggests that the addition
of hydrogen donor could be useful in limiting the amount of coke
produced during the pyrolysis. Zhang et al.' has demonstrated in a
study that oxygenated feedstocks with a higher H/C ; ratio produced
less coke during CFP over a ZSM-5 catalyst than those with lower H/
C,, Hydrogen can be used during CFP to prevent the formation of
coke and possibly improve the yield to hydrocarbons.® In presence
of a catalyst, hydropyrolysis has been shown to produce pyrolysis
oil with lower molecular weight and significantly reduced oxygen
content than in the absence of hydrogen.® This route has demonstrated
some promise for reducing the coke formation. Using hydrogenation
metal-modified H-ZSM-5( Mo-ZSM-5, Pt-ZSM-5, Co-ZSM-5)
and 400 psi of H,, the yield of volatile aromatic products from pine
wood CFP was significantly improved from that over unmodified
H-ZSM-5.% Although hydrogen comes with extra cost, the improved
yield of volatile aromatics may make this a worthwhile process.
Further research could be directed at comparing catalyst stability in
the presence and absence of hydrogen, at identifying metal additives
to improve selectivity at lower hydrogen pressure. As an alternative
to gaseous hydrogen, compound with high H/C  ( e.g. methanol,
ethanol, acetone) could be blended with the biomass feedstock and
co-fed into pyrolysis reaction, which could reduce formation of coke
make and enhance selectivity towards valuable products.

Fast pyrolysis is an inherently complex reaction system, with
hundreds of intermediate species, several simultaneous reactions
steps, the presence of multiple phases, and transport effects. To date
this complexity has hindered the molecular understanding of how
the reaction proceeds, and the discovery of CFP catalysts has been
guided by heuristic methods. However, the necessary tools for better
understanding the reaction network and the role of the acid catalyst
are beginning to emerge. Therefore, there is more opportunity to study
the reaction network of lignin model compounds in an effect to better
understand its catalytic chemistry that may lead to design the even
more effective CFP catalysts for the production of aromatics from
lignin.

Conclusion

Fossil fuels, the dominant source of energy in today’s modern
civilization causes for changes in the global climate. The lignocellulosic
biomass is a renewable source of carbon compounds that can be used
as a more sustainable replacement of fossil fuel in the production
of transportation fuels and building block for many chemicals.
However, high concentration of oxygen functionalized compounds in
biomass presents a challenge for the development of biomass based
process. Several researchers are working in laboratory and pilot
plant/demo scale to develop biomass conversion process. Among
different conversion approaches, catalytic fast pyrolysis is getting
major attention. The management of heat, mass transport for biomass
pyrolysis is very important which encourages researchers to develop
suitable reactor configuration. Fluid bed reactor or circulating fluid
bed reactors are advantageous over other reactor configurations for
handling better heat and mass transport phenomenon resulting higher
liquid product yield, less coke make, with better operating flexibility.
The treatment of bio oil by HDO process resulted development of
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several catalyst formulation based on mainly model compound
studies. Several issues like stability of catalyst in presence of high
concentration of water, presence of acid in bio-oil, basic nitrogen
compounds are required more attention for successful development
of HDO process.

In the recent past , research works on combining biomass fast
pyrolysis and in-situ upgrading of the generated pyrolysis oil into a
one-spot catalytic fast pyrolysis system using fluid bed or circulating
fluid bed reactor configuration are getting more attention and this
route seems more economically attractive option for fuel production.
However, higher coke make and hydrogen management for removal
of functionalized oxygen are still major issues. These issues are
being addressed by adopting hydropyrolysis approach which resulted
additional cost on capex and opex cost. CFP process using metal
modified ZSM-5 zeolite shows better and promising process for
making light olefins and petrochemical feedstock like paraxylene,
benzene, toluene etc in absence of hydrogen, resulting lower cost
process, but catalyst deactivation due to cokeis an issue, which can
be handled by adopting circulating fluid bed system like Fluidized
Catalytic Cracking (FCC) process where catalyst gets regenerated
continuously. However, catalyst deactivation due to the presence of
potassium, sodium etc in feedstock is still a challenges and hence,
researchers are engaged to resolve this problem. Lignocellulosic
biomass to fuels and chemical process development still demands
more extensive works on better catalyst development to come up as
viable and reliable process.
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