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ABSTRACT: One of the main drawbacks of using biomass as pyrolysis
feedstock consists of the huge variability of the different biomass resources
which undermines the viability of downstream processes. Inherent
inorganic elements greatly contribute to enhance the compositional
variability issues due to their catalytic effect (especially alkali and alkaline Effects on

earth metals (AAEMs)) and the technical problems arising due to their et
presence. Due to the different pretreatments adopted in the experimental
investigations as well as the different reactor configurations and

Biomass
- inherent
metals

. IA
experimental conditions, some mechanisms involving interactions between 2 Oﬁf;gi“ w
these elements and the biomass organic fraction during pyrolysis are still properties A dbecompostti
debated. This is the reason why predicting the results of these interactions & Wz mechanisms
by adapting the existing kinetic models of pyrolysis is still challenging. In St 9&3/

this work, the most prominent experimental works of the last 10 years

dealing with the catalytic effects of biomass inherent metals on the pyrolysis process are reviewed. Reaction pathways, products
distributions and characteristics, and impacts on the products utilization are discussed with a focus on AAEMs and on potential toxic
metallic elements in hyperaccumulator plants. The literature findings are discussed in relation to the applied laboratory procedures
controlling the concentration of inherent inorganic elements, their capability of preserving the chemical integrity of the main organic
components, and the ability of resembling the inherent inorganic elements in the raw biomass. The goal is to reveal possible
experimental inconsistencies and to provide a clear scheme of the reaction pathways altered by the presence of inherent inorganics.
This analysis paves the way for the examination of the proposed modifications of the existing models aiming at capturing the effect of
inorganics on pyrolysis kinetics. Finally, the most relevant shortcomings and bottlenecks in existing experimental and modeling
approaches are analyzed and directions for further studies are suggested.

1. INTRODUCTION footprint reductions in the energy and transportation fuel
production sectors and in the fossil-based materials market.
However, biomass is often criticized for indirect land use
change (ILUC). In this context, different sources of residual
biomass (such as maintenance operations of city and forest
greenery, residues from agricultural and industrial sectors) as
well as biomass from marginal soils (such as contaminated soils)
may mitigate ILUC issues. This approach is also consistent with
the growing trend toward circular economic models in which the
main target is to create production chains that promote the
valorization of waste and byproducts from production processes.
Among the lignocellulosic residues, a wide array of materials
can be considered as feedstock for the pyrolysis process, such as
wood, agricultural crops, grass, fruit and cereals husks, and fruit

Pyrolysis consists of a complex network of reactions occurring
when biomass is heated in the absence of molecular oxygen.
Pyrolysis products can be grouped into three categories,
condensable vapors (also known as bio-oil or pyrolysis liquid),
permanent gases, and a carbon-rich solid residue (also known as
charcoal or char) in the following referred as the condensable
fraction, gas and char, respectively. In the text, the term bio-oil is
used to refer to the condensable fraction obtained under the fast
pyrolysis conditions defined in Section 2.

Significant attention was given to the condensable fraction,
more specifically to bio-oil and char. The condensable fraction
could have in the near future a strategic importance as a
substitute for fossil fuels in stationary applications,' as a
precursor of transport biofuels, and as a source of chemicals.?
Likewise, char has a huge potential for diverse applications such
as fuel for power generation, fertilizers, an adsorbent matrix for
environmental applications or process gas cleaning, a reducing
agent in blast furnaces, catalysts, raw materials for super-
capacitors, and fillers in composites.’ Thus, there is every reason
for biobased products from pyrolysis to contribute to carbon
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Figure 1. Schematic representation of the evolution of the pyrolysis products as the severity of heat treatment increases.

shell or pits. One of the most relevant concerns in using these
residues is the variability of their chemical—physical character-
istics, which hinders the possibility of producing a fuel or a
material with reliable properties. Both inorganic and organic
phases in the biomass exhibit a relevant variation in
composition” ™ so that it is hard to understand to which extent
the pyrolysis products properties are affected by specific
operating parameters or feedstock characteristics. To address
these issues, basic studies of the mechanisms involved in
pyrolysis of single biomass organic components and mixtures of
them were conducted,” and numerical predictive models were
elaborated adopting different approaches.®

The role of inherent (or intrinsic) inorganic elements®
received great attention since they showed a catalytic activity in
promoting some decomposition pathways.” Among the
inorganic elements, alkali and alkaline earth metals (AAEMs)
were the most studied given their abundance in the
lignocellulosic biomass.” Their presence affects significantly
the chemical composition and the physical properties of the
pyrolysis products, sometimes compromising their further
utilization"'* or upgrading.'" There are specific cases in which
the presence of other inorganic elements may also play a role.
This is the case, for example, of some agricultural residues such
as cereal straw and rice husks rich in Si'> or hyperaccumulator
plants grown on contaminated soils enriched with heavy metals
(HMs). HMs, which are usually neglected due to their overall
low level of concentration, exhibited a clear role in catalytic
upgrading of biomass pyrolysis assisted by zeolite-based
catalysts'> but also raised environmental issues due to their
transfer to the condensable fraction or their retention in the
char,'*"?

The analyses of the literature showed that different
experimental procedures were used for studying the role of
inherent inorganic elements in pyrolysis, thus hampering the
correct comprehension of their catalytic activity and making
challenging the comparison among the available data and the use
of these data for validating the predictive numerical models. It is
irrefutable that the use of experimental data to build robust
numerical models allows achieving high effectiveness in
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optimizing the operating conditions of the pyrolysis process
and accuracy in testing its limits.

The aim of this review is to summarize the recent literature on
the effect of inherent inorganic elements on biomass pyrolysis,
with a focus on AAEMs and some trace metals which represent
the major source of pollution in contaminated soils (Pb, Cd, Cu,
and Zn).

Section 2 provides an overview of the main transformations
occurring in the biomass during pyrolysis. The main character-
istics of the pyrolysis products, namely, the condensable
fraction, char, and gas, are presented. Section 3 describes the
typical composition of lignocellulosic biomass with a focus on
the inorganic elements content and distribution among the
different lignocellulosic biomass categories. Section 4 reviews
the laboratory procedures for controlling AAEMs elements
concentration and highlights their effectiveness, the capability of
preserving the chemical integrity of the main organic
components, and the ability of resembling the inherent
inorganic elements in the raw biomass. Section S discusses the
recent experimental studies dealing with the catalytic effect of
AAEMs and the most abundant HMs on the pyrolysis process, in
terms of reaction pathways and products composition. Section 6
is devoted to the description of the technical problems
encountered during pyrolysis and product use and the most
studied pretreatments able to reduce ash problems in biomass
utilization. Some considerations related to the economics of
specific pretreatments were also provided. Section 7 reviews the
most widely applied modeling approaches for catching the
effects of inherent metals on pyrolysis kinetics. Finally, the most
relevant shortcomings are highlighted in Section 8 in order to
prepare a systematic framework for further developments of this
research area.

2. BIOMASS PYROLYSIS: AN OVERVIEW

During pyrolysis, as temperature increases, primary biomass
degradation causes the formation of condensable volatiles, while
the formation of gas (mainly CO, CO,, and CH,) is limited; the
condensable fraction yield increases with temperature up to
about 500 °C. At this temperature, most of the volatile species
have been released and may undergo secondary degradation

https://doi.org/10.1021/acs.energyfuels.0c04046
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Figure 2. Pine wood pyrolysis products distribution as a function of temperature and heating rate. The experimental data refer to slow pyrolysis at T =
400, 600, and 800 °C,>” fast pyrolysis at 400 and 600 °C,* flash pyrolysis at 400 °C,** slow pyrolysis at T = 500 °C,* fast and flash pyrolysis at T'= 500

°C,*® flash pyrolysis at 600 and 800 °C,*” and fast pyrolysis at 800 °C.**

reactions that produce gas (mostly CO, CO,, CH,, and H,) and
low molecular weight (LMW) condensable species. Under
conditions where the secondary reactions are relevant
(prolonged vapors residence time at high temperature), the
condensable fraction yield reaches a maximum, while the gas
yield increases significantly. In the meantime, the solid residue,
whose structure and chemistry have been greatly altered by the
thermal treatment, evolves toward a porous carbonaceous
structure with a reduced oxygen content (primary char). The
vapors still entrapped in the porous char matrix, depending on
the temperature and the residence time, may undergo
polymerization reactions producing a solid product called
secondary char whose structure and chemical composition is
much more similar to that of carbon coke than that of primary
char.'® Figure 1 represents qualitatively the evolution of the
pyrolysis products as the severity of heat treatment increases.

At a low heating rate, the char yield from woody biomass,
typically, decreases from about 40 to 20 wt % as temperature
increases from 400 to 700 °C, whereas the decay curve is shifted
to higher values for biomass characterized by a high ash content
such as herbaceous biomass and agricultural residues, sludges,17
and macroalgae.'® Microalgae are targeted as a source of lipids
for algal oil including the production of biofuels;"’ therefore,
their use in pyrolysis is less attractive.

At a high heating rate, the char yield decreases in favor of the
production of gas and the condensable fraction. For temper-
atures lower than 500 °C, high heating rates correspond, on
average, to higher temperatures at which primary decomposition
occurs. In these conditions, devolatilization is promoted at the
expense of char-forming reactions.”” If a high heating rate is
applied at temperatures exceeding 500 °C, the activities of the
secondary reactions are enhanced, thus promoting gas
production and even secondary char formation if the temper-
ature is sufficiently high (about 700 °C*'). Two opposing
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driving forces concur in determining the formation of secondary
char in these conditions: (1) Higher average temperatures inside
the particles enhance the activity of the repolymerization
reactions promoting the production of secondary char. (2)
Conversely, the disruptive devolatilization induced by the higher
heating rate creates a more open char structure that favors an
easier escape of volatiles and reduces the extent of reactions
forming secondary char given the reduced residence time of the
volatiles inside the char pores.””

Pressure indirectly affects the progress of secondary reactions
by changing the vapors residence time. The short vapor
residence time induced by subatmospheric pressure conditions
is the basic idea behind the development of the vacuum pyrolysis
experimental facility at Université Laval in Québec, Canada.>
Limited data are presented in the literature on the effect of
pressure on char yield highlighting the concomitant effect of
pressure and the carrier gas flow rate on the formation of
secondary char.”*~*’

Optimal ranges of temperature, heating rate, and gas
residence time have been defined for the maximization of both
char and condensable fraction yields, thus leading to the
identification of slow/conventional pyrolysis as the appropriate
process for char production and fast pyrolysis as the most
suitable process for the maximization of bio-oil. With a certain
degree of approximation, it is possible to indicate the
characteristics of these processes based on the operating
temperature, heating rate, and residence time of the vapors
and solids in the reaction chamber:***'

e Slow pyrolysis is characterized by low heating rates
(~0.1—1°C/s) and a solid residence time variable from a
few minutes to a few hours.

e Conventional pyrolysis is characterized by moderate
heating rates (up to 200—300 °C/min), reaction

https://doi.org/10.1021/acs.energyfuels.0c04046
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Table 1. Fast Pyrolysis Plants with Capacity Higher than 10 kg/h in 2020*°

Owner/Location TRL Feedstock Type of reactor ref
CanmetEERGY/CA 1-3 wood residues fluidized bed, ablative reactor 47
Ensyn/CA 6-7,8 forest residues circulating transported bed 48
Fraunhofer UMSICHT/DE 1-3 sewage sludge, waste residues, wood residues, industrial biomass residues, screw reactor 49
biowaste fractions, other agricultural residues, animal excrements
Iowa State University/US 1-3 corn stover and woody waste fluidized bed 50
Universidad de Concepcion/ 1-3 na. fluidized bed S1
CL
University of Idaho/US 1-3 waste streams screw reactor 52
National Renewable Energy 1-3 n.a. entrained flow reactor 53
Laboratory/US
Alternative energy Solutions 4-5 n.a. n.a. 46
Ltd./NZ
BTG/NL 4-5 n.a. rotating cone 54
G4 Insight/US 4-5 forestry residues na. 46
Green Fuel Nordic/FI 4-5 lignocellulosic biomass n.a. 46
Mississipi State University/US ~ 4—5 n.a. screw reactor 5S
Renewable Oil International 4-5 n.a. screw reactor 48
LLC/US
RISE ETC/SE 4-35 lignocellulosic biomass ablative cyclone reactor 56
RTI International/US 4-S n.a. bubbling fluidized bed 48
University of Science and 4-S n.a. n.a. 46
Technology of China/CN
USDA-ARS-ERRC/US 4-35 lignocellulosic biomass fluidized bed SS
Karlsruhe Institute of 4=, agricultural residues twin screw reactor 48
Technology/DE 6—7
BTG-Btl/NL 4-5,8 agricultural residues, sludge, animal excrements rotating cone 54
Valmet/FI 6—7 forest residues circulating fluidized bed 48
Versa Renewables LCC/US 6—7 lignocellulosic biomass n.a.
Fortum/FI 6-7,8 forest residues circulating fluidized bed 48
Ensyn//CA 6-7,8 forest residues circulating transported bed 48
Red Arrow/US 8 n.a. circulating transported bed, 48
circulating fluidized bed
Twence/NL 9 forest residues rotating cone 57

temperatures from 400 to 550 °C, and a solid residence
time of several minutes (up to 10 min).

Fast pyrolysis is characterized by high heating rates
(~100—1000 °C/s), a very short residence time of hot
vapors (~1s), and temperatures between 400 and 550 °C.

Flash pyrolysis is characterized by very high heating rates
(>1000 °C/s) and high reaction temperatures (900—
1300 °C).

As an example, in Figure 2, the yields of products obtained
from pine wood pyrolysis at different temperatures under slow,
fast, and flash pyrolysis conditions are reported.

2.1. Condensable Fraction. The chemistry of the
condensable fraction is very complex, and it is the result of the
composite nature of the biomass and the severity (time—
temperature relationship) of the thermal treatment to which the
biomass is exposed. The number of species identified is in the
order of 300 and can be grouped in primary, secondary, and
tertiary products® whose relative contents can be manipulated
by changing the thermal conditions of the process as well as their
residence time in the reaction environment. As represented in
Figure 1, in the optimal conditions for its yield maximization, the
condensable fraction is mainly made up of acids, alcohols,
aldehydes, esters, ketones, phenols, guaiacols, syringols, sugars,
furans, alkenes, and aromatics.’” A variable amount of water may
be produced during pyrolysis even though multiple condensa-
tion stages (fractionated condensation) allow controlling the
water content in the condensable fraction." The cracking
severity lowers the molecular weight distribution of the
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components in the resulting condensable fraction and produces
more gas. At very high temperatures, dehydrogenation/
aromatization reactions can eventually lead to larger polynuclear
aromatic hydrocarbons that may condense into polycyclic
aromatic hydrocarbons (PAH).*

Lehto et al." reported the typical ranges of the main physical
and chemical properties of the bio-oil: it has an acidic nature and
is characterized by high values of density, viscosity, and surface
tension, all physical properties that depend on the water content.
The high oxygen content makes the bio-oil immiscible with
fossil-based oils and reduces its calorific value by less than half
compared to that of mineral oils. Moreover, as a result of its
heterogeneous composition, the bio-oil is not as stable as
conventional petroleum fuels; in particular, its components can
react to each other to form larger water-insoluble mole-
cules."*°™* Finally, a non-negligible fraction of suspended
solids is also detected in the bio-oils causing a significant impact
on the storage phases and on bio-oil utilization.”~**

Due to these peculiar characteristics and the scarcity of
pyrolysis plants operating on an industrial scale, bio-oils have not
yet found a wide diffusion on the energy market. Few companies
have today initiatives in pursuing commercial-scale bio-oil
production plants. Table 1 summarizes some of the currently
operational fast pyrolysis reactors with capacities higher than 10
kg/h.*® Only a few of them are at a precommercial/commercial
technology readiness level (TRL). They differ for the method
employed for heat transfer, but basically, two types of rectors are
adopted to achieve fast heating rates, namely, fluidized bed

https://doi.org/10.1021/acs.energyfuels.0c04046
Energy Fuels 2021, 35, 5407—-5478
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reactors and screw reactors. The former resulted in a lower
performance with high ash herbaceous biomass (e.g, corn
stover) due to bed fouling, which prevented steady reactor
operation.

Over the years, the selective production of platform chemicals
such as hydrocarbons, phenols, anhydrosugars, other oxygen-
ates, and recently, nitrogen-containing compounds through
biomass catalytic fast pyrolysis (CFP) has been extensively
studied to overcome the obstacles that prevented the utilization
of bio-oils as fuel in internal combustion engines and to promote
the takeoff of a fast pyrolysis-based biorefinery. High costs and
technical problems related to catalysts make the chemical routes
less feasible and affordable.

Process design, from feedstock adaptation to reactor
configuration, is another factor to be considered due to the
need of reducing heat and mass transfer resistance to guarantee
high products yields. Energy intensive pretreatments such as
drying, deashing, and grinding58 and technological barriers to
the scale-up of the most diffused reactor configurations
(fluidized beds, rotating cone, microwave heating reactors)
burden the economics of the whole CFP-based biorefinery.

2.2. Char. Char can be considered as a multiphase system
composed of a carbon network and a mineral phase. Low
temperature char can contain condensed vapors occluding partly
the porosity of the solid matrix.”” The addition of organic
vegetable matter to poorly productive soils in order to improve
their physical—chemical characteristics was a well-known
practice in ancient times.”” Nowadays, the deep knowledge of
the chemical and physical characteristics of char is leading to the
exploration of many routes for valorizing the char potential for
diverse applications.”

The relative contents of organic and mineral phases and their
composition varies with the process operating variables, namely,
temperature, heating rate, pressure, and gas and solid residence
times. A detailed description of the effects of these variables on
the char characteristics is out of the scope of this review and is
available in ref 10. Pyrolysis temperature affects the chemical
and physical characteristics of the char more than the other
variables. The C and O contents of biomass typically range
between 50 and 40 wt % on a dry ash free basis, whereas the H
content varies between S and 7 wt %. The most significant
changes during char production occur in the temperature range
0£200—400 °C, where C and O contents are in the range of 70—
80 and 10—30 wt %, respectively.'” The char produced at
temperatures lower than 300 °C is the result of dehydration and
depolymerization reactions of hemicellulose and the cleavage of
the glycosidic linkages between the sugars of cellulose; therefore,
it is mainly composed of oligosaccharides in an amorphous
phase with a high concentration of free radicals as result of the
competition between the mechanism of devolatilization and the
reactions of dehydration. The removal of acid groups as
temperature increases determines a strong increase of pH from
mild acid to basic values in the temperature range between 200
and 400 °C. Hydroxyl groups are at first concentrated and then
released determining the nonmonotonous trend of the cation
exchange capacity (CEC).°" Carboxyl, carbonyl, and methoxyl
groups decrease up to the complete falling off at temperatures in
the range of 600 °C—700 °C. Above 600 °C, typical pH values
are in the range of 8—10." At temperatures higher than about
700 °C, charring reactions occur, determining the growth of
graphene layers and the removal of heteroatoms, thus increasing
the char aromaticity. At these temperatures, chars may reach C
and O contents of higher than 95% and lower than 5%,
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respectively, whereas the H content decreases to less than 2% or
even below 1% for very high treatment temperatures.'’ Data
collected in ref 10 show an unclear correlation between the
pyrolysis temperature and the N content of the char.

The mineral phase is very stable, except for some inorganic
elements in volatile compounds (Section 5.3). As a consequence
of this thermal stability, the ash yield is almost independent of
the temperature, while its content increases almost linearly due
to the devolatilization of the organic fraction.”” The increase of
the pH of the char toward alkaline values with temperature is
mainly due to the concentration of inorganic elements in the
alkaline form.

The textural characteristics of char evolve as the pyrolysis
temperature increases changing the relative weight of the micro-,
meso-, and macroporosity,”” including pores with diameters
smaller than 2 nm, between 2 and 50 nm, and greater than 50
nm, respectively. Devolatilization, repolymerization of entrap-
ped condensable species, graphitization, and ash sintering
phenomena occur, thus resulting in a nonmonotonous trend
of the char specific surface area with temperature. A maximum in
the range of of 300—500 m”/g at temperatures varying between
500 and 700 °C was observed depending on the original biomass
type and heating rate.'

It is worth noting that given the different chemical
characteristics of the biomass types, in order to produce high
quality chars with reliable properties, the composition of the
feedstock must be properly controlled. Nevertheless, even
though the correlations between the process operating variables
and the char yield could be predicted with a good level of
accuracy,”* the prediction of the effects of the same variables
and, above all, of the intrinsic properties of the feedstock on the
morphological characteristics is still a critical issue.

2.3. Gas. The pyrolysis gas is composed mainly of CO and
CO,, while H, and CH, are present in limited amounts. Traces
of light hydrocarbons, typically C, and Cj;, can be also detected.
In the literature, the trends of the gaseous species yields, at least
the most abundant ones such as CO, CO,, and CH,, were
studied as a function of process temperature and heating rate. In
addition, when the complete gas composition was provided, the
heating value of the gas was also reported. The review papers by
Di Blasi’' and Neves et al.”® reported a wide collection of this
type of data.

For temperatures below about 500 °C, primary decom-
position reactions produced mostly CO and CO,, with yields
weakly increasing as a function of temperature. Overall, CO and
CO,yields at about 500 °C were in the ranges of 2—15 and 5—15
wt %,% respectively. Narrower ranges were reported in ref 21,
namely, 2—7 and 3—9 wt % for CO and CO,, respectively. At
intermediate temperatures, around 400 °C there was a slight
production of CH, and H,; however, their production became
relevant at temperatures higher than 500 °C and was
concomitant with a rapid increase in CO yield ranging between
20 and 40 wt % at around 800 °C, while CO, yield only slightly
increased to about 20 wt % at 800 °C.%° At the same time, higher
yields were also observed for the other minor species, such as
CH, and H, (8 and 1 wt %, respectively, at T = 800 °C®). The
trends of the gaseous species yields suggested that both CO and
CO, were produced by primary degradation of the biomass;
however, CO, as well as CH,, H,, and the other light
hydrocarbons were formed from the secondary degradation of
volatiles formed during the primary degradation. The low
heating value was found to have a linear dependence on the
pyrolysis temperature, increasing from 1 to about 18 MJ/kg as

https://doi.org/10.1021/acs.energyfuels.0c04046
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the temperature increased from 300 to 900 °C.”° At low
temperatures, the heating rate did not induce significant changes
in gas species yields, whereas at higher temperatures, if
associated with sufficiently long gas residence times, it induced
higher yields of secondary species.”'

Few data concerning the influence of pressure on the
composition of the gas phase resulting from cellulose pyrolysis
were reported by Mok and Antal** in the pressure range of 1—6
atm. These data have purely qualitative value since the mass
balance on carbon closes at 60%. An increase in pressure
corresponded to a reduction in gas and carbon yields; in
particular, the yield of CO, increased, while the yields of the
other gas species decreased.

3. LIGNOCELLULOSIC FEEDSTOCK FOR PYROLYSIS

The feasibility of a pyrolysis-based biorefinery is strictly
dependent on its capability of being flexible with respect to
the biomass source. Depending on the geographical context and
the territorial development, biomass species may have very
different chemical and physical characteristics.

Many databases collecting peer-reviewed data reported
elemental and proximate analyses of several biomasses.”*® The
analysis of these databases shows a considerable variability in the
contents of C, H, N, S, O, volatile matter, fixed carbon and ash,
and ash composition. The variability is reduced if biomass
species are grouped in families or subfamilies, and some
common traits can be observed for woody and herbaceous
families, the latter further divided into grasses, straws, and fruit
husks/shells subfamilies.*

However, the elemental, proximate, and ash analyses provide
only bulk properties that are not sufficient to describe
adequately the impact of biomass heterogeneity on pyrolysis
products quality and plant performance. A more reliable
approach is to describe biomass in both engineer (proximate
and ultimate analyses) and biologist (biochemical analysis)
languages and to consider it as a composite made up of many
components constituting the plant cell wall. Organic compo-
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nents and inorganic elements evolve differently during thermal
treatment, and they can interact with each other producing a
nonlinear combination of effects that determine the properties
and yields of the pyrolysis products.’”**

In this section, an overview of the main constituents of
terrestrial lignocellulosic biomass, namely, woody and herba-
ceous biomass, is presented together with minor components
that, although present in low amounts, can play a relevant role in
determining pyrolysis products yields and properties. A detailed
description of the biomass inherent inorganic elements and of
the factors affecting their amount and speciation is also
provided.

3.1. Organic Components. The main components of the
lignocellulosic cell wall are cellulose, hemicellulose, and lignin,
and they are schematized in Figure 3.

Cellulose is a linear macromolecular polysaccharide consist-
ing of cellobiose units linked by f-1,4-glycosidic bonds to form
long chains with a high degree of polymerization (DP) (average
DP comprised between 9000 and 10,000°°). Given its high DP,
it is not soluble in water. Numerous hydrogen bonds due to the
high content of hydroxyl groups confer to cellulose a strong
crystalline structure. It is abundant in the secondary wall of the
plant cells and less so in the primary cell wall. The degree of
crystallinity varies, but on average, it is around 70% in wood.

Hemicelluloses are found in both primary and secondary cell
walls and are composed of short branched polysaccharides
chains (500—3000 sugar units) cross-linked to other cell wall
constituents. Hemicelluloses have a heteropolymeric structure
made up mainly by six-carbon sugars as mannose, galactose,
glucose, and 4-O-methyl-p-glucuronic acid and the five-carbon
sugars as xylose and arabinose. Most of the sugars within the
hemicellulose backbone are linked through p-1,4-glycosidic
bonds. In many cases, the hydroxyl groups in the ring structure
are replaced by methoxyl and acetoxyl groups. Hemicelluloses,
usually, are named according to the main sugar unit type, so they
are divided into four general groups: xylans, mannans,
xyloglucans, and mixed-linkage ﬁ-glucans.70 Hemicellulose
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accounts for about one-third of total biomass dry weight, and it is
present along with cellulose in almost all terrestrial plant cell
walls. The hemicellulose distribution varies in softwoods and
hardwood. Galacto-glucomannan and glucomannan prevail in
softwood, while xylans are present in lower amounts. Hardwood
and herbal plants hemicellulose consists mainly (more than
90%) of 4-O-methyl-p-glucurono-p-xylan units, whereas the
(glucurono)-arabino-xylan unit is the dominant form in annual
plants, like straw and grass.70

Lignin is a natural biopolymer making up to 10—25 wt % of
plant biomass. It is a complex, dense, amorphous, secondary cell
wall racemic heteropolymer embedding the cellulosic micro-
fibrils, and it is responsible for the cell wall structural rigidity.
Lignin is composed of p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) monomers (monolignols) produced from p-
coumaryl, coniferyl, and sinapyl alcohols, respectively. The
three hydroxycinnamyl alcohol monomers are characterized by a
different degree of methoxylation increasing from 0 to 2 in the
order of p-coumaryl, coniferyl, and sinapyl alcohols. In the lignin
network, the different monomeric units are bonded together
through C—O—C bonds (a or -O-4 ether linkages) or C—C
linkages (5—S', f—5', p—p, and p—1). The proportion of the
three monolignols differs among different regions in the cell wall,
among cell types, and among plant species. G units predominate
in gymnosperm lignins, and G and S units predominate in
angiosperms, while grass lignin is composed of H, G, and S
units.”’

Usually, cellulose, hemicellulose, and lignin account for more
than 90% of the entire lignocellulosic biomass; however, other
species should be considered such as pectin, extractives, and
inorganics.

Pectin is a heteropolysaccharide mostly containing galactur-
onic acid intercalated with L-rhamnose units bearing side chains.
H ions of the carboxylic functional group are replaced at
different substitution degrees with methyl groups.

Extractives are organic biomass components accounting for
5%—30% of biomass dry weight, and they can be extracted with
water and organic solvents. Indeed, they are typically classified as
hydrophilic or hydrophobic depending on their solubility in
polar or nonpolar solvents, respectively. Extractives composi-
tions vary significantly species to species; in particular, there are
variations according to the family, genera, and species and even
to the biomass location, part, age, and to the season. Polyphenols
are the most abundant hydrophilic extractives, whereas
hydrophobic extractives (more abundant in softwoods) are
mainly composed of terpenes and fatty acids.”

The relative content of the above-mentioned components
depends not only on the type of biomass or plant organ but also
on the specific constrains of the growing site and the harvesting
time as revealed by the available databases reporting the
components analyses of many examples of the same
speci(es.5’66’73

Cellulose content is higher in herbaceous and agricultural
residues, woody stems, stalk, fibers, and lower in bark, leaves,
woody twigs, and pits. Conversely, hemicellulose and lignin
show the opposite trend, and they are typically more abundant in
woody plants than in herbaceous and agricultural residues.
Hemicellulose is predominant in hardwood and in annual plants,
and lignin is predominant in softwood and perennial plants. Pit
and shells contain high concentrations of lignin. A nontrivial
trend was found for lignin concentration in stems and leaves;
higher concentrations were found in leaves and young shoots of
woody biomass than in stems, whereas the opposite trend was

5413

found for grasses.”* Finally, extractives are more abundant in
agricultural residues than in woody plants, especially hardwoods
where extractives are concentrated in bark and leaves.

3.2. Inorganics in Lignocellulosic Biomasses. In
addition to the organic fraction, biomass often contains variable
levels of inorganic elements. Different areas of the scientific
literature dealt with the classification and behavior of inorganic
elements, in particular, in the field of botanical science, for the
study of plant physiology, and in the field of chemical and
engineering sciences, for the study of the behavior of inorganic
elements in several biomass conversion processes. Since the
interest in these elements has different motivations, their
classification follows completely different approaches.

Kirkbey”® provided an overview of the “essential mineral
elements”’® in higher plants defined as essential elements in
completing the plant lifecycle, not replaceable by another
element, and participating directly in plant metabolism. They are
classified as macronutrients and micronutrients according to the
concentration needed for plant’s life. Besides C, H, and O
forming the organic molecules, macronutrients comprise N, S, P,
K, Ca, and Mg, whereas Fe, Mo, B, Cu, Mn, Zn, Nj, and Cl are
considered micronutrients, and their concentration ranges from
0.1 to 200 mg/kg.77 Macronutrients and micronutrients are
grouped in four classes according to their biochemical behavior
and physiological functions. N and S belong to the first group
and are mainly involved (together with C, H, and O) in the
formation of the organic building blocks of the plant (amino
acids, proteins, enzymes, and nucleic acids). S is absorbed as
sulfate by the plant roots and transported to the leaves where it is
transformed and incorporated into the protein structure of the
plant.78 P, B, and Si, constituting the second group, are typically
present in the form of esters and participate in energy transfer
reactions. The third group comprises K, Na, Ca, Mg, Mn, and Cl
which are mostly involved in establishing electrochemical
potential. Finally, the fourth group is formed by Fe, Cu, Zn,
and Mo which contribute in facilitating the electron transport.
Actually, Co, Na, and Si, together with other inorganic elements,
such as Al and Se, cannot be included in the category of the
“essential mineral elements”, but are considered only beneficial
for plants since they are not required by all plants but can
promote plant growth and may be essential for particular taxa.””

On the other hand, since lignocellulosic biomass was widely
studied as a solid fuel, the thermo-chemical behavior of the
inorganic elements was studied in the combustion system to
limit slagging, bed agglomeration, fouling, and corrosion. The
chemical form of the inorganic elements is decisive in
understanding the phenomena occurring during ash formation
under an oxidizing atmosphere, as well as under the reducing
conditions typical of the pyrolysis process. Moreover, the
chemical speciation is also responsible for the mobility of the
inorganic elements in water and soil. Many inorganic character-
ization procedures and indices retrieved from coal ash know-
how revealed to have poor reliability as indicators of the
behavior of inorganic elements in ash formation.® In contrast,
the approach proposed by Benson and Holm®' for a low-grade
coal based on sequential extractions proved to be very useful in
identifying the chemical form of inorganic elements also in
biomass. Four groups of inorganic elements were identified
based on their solubility in different leaching solutions
expressing the type of association of inorganic elements in the
plant tissues: dissolved salts, organically bound matter, included
mineral matter, and excluded mineral matter.®” Dissolved salts
are typically found as ions (K*, Na*, Ca**, CI~, HPO,>", SO,*",
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Table 2. Inorganic Elements Content in Different Types of Biomass

N N P K Ca Mg Na Al Fe Si
(wt %) (wt%) (mg/kg) (mg/kg) (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  ref

Woody biomass

Ash tree 0.5681 0.1713 1566 7026 6801 184 3928 1232 285 n.a. 87
Drupe tree 0.0499 0.2 669 2007 4407 458 49 151 93 n.a. 88
Olive branches 1.7711 n.a. 1695 7436 5701 657 87 185 115 n.a. 88
Olive tree prunings 0.59 0.07 650 3000 11,000 850 72 1000 1300 36,000 89
Olive tree prunings 0.59 0.07 650 3000 11,000 850 72 1000 1300 36,000 66
Willow 0.5269 0.1341 1870 8057 12,820 321 3698 6646 987 n.a. 87
Willow 0.47 0.041 467 1610 4603 33S 110 150 31 725 90
Willow 0.6 0.02 1215 3242 4961 667 n.a. 86 38 99 66
Pine 0.09 n.d. n.a. 137 1241 213 23 n.a. 7.5 n.a. 91

Beech 0.09 n.d. na. 813 1204 380 6 na. 229 na.
Beech powder (<250 ym) 0.022 0.02 90 1150 3100 370 8 48 47 170 66
Beech chips 0.15 0.02 104 1331 2964 503 36 26 99 242 66
Birch n.a. n.a. 130 1000 1100 180 3 0.4 6 1 66
Spruce pellets 0.0900 n.d. 7 354 712 352 90 53 26 84 66
Spruce logging residues na. 0.03 290 1500 10,100 450 54 230 670 2000 66
Spruce chips 0.08 0.01 S2 352 924 124 21 64 44 256 66
Fir 0.27 n.d. 54 657 893 144 18 56 25 255 66
Red oak (sawdust) 0.03 0.01 18 444 241 78 32 49 64 303 66
Eucalyptus 0.37 0.05 348 2467 5231 488 n.a. 91 14 103 66
Eucalyptus 0.14 0.03 n.a. 1378 1328 n.a. 359 na. n.a. na. 66
Eucalyptus n.a. 0.0956 1720 5709 14,250 212 11,140 1142 280 n.a. 87
Grape vines 1.070 0.08 4117 33,506 6738 30 234 87 72 555 66

Aspen n.a. 0.01 320 1400 4200 490 17 10 30 n.a.
Poplar n.a. 0.1156 1150 3523 8642 276 2400 1040 302 n.a. 87
Poplar 0.23 0.05 788 1900 4122 852 9 210 n.a. 526 66
Poplar” n.a. 0.0079 38 1597 2554 417 233 3 - - 14

Herbaceous biomass

Reed n.a. 0.2 652 10,695 1014 125 87 106 114 n.a. 87
Corn stalks n.d. 0.0564 2127 32 4686 5924 6463 1911 518 13400 12
Grass plant 1.2190 0.2 1193 6048 6055 1088 961 1724 587 - 88
Thistle 1.19 0.11 1100 9600 14,000 1900 4400 930 640 7700 89
Reed canary grass 1.39 0.115 1510 1685 2795 627 79 396 276 4062 90
Straw
Bagasse 0.4 0.0060 284 2682 1518 6261 93 n.a. 125 17340 12
Rice straw 0.4 0.0221 752 5402 4772 6283 5106 n.a. 205 174,510 12
Wheat straw 0.1 0.0787 214 28,930 7666 4329 7861 2455 132 44,440 12
Wheat straw 1.3504 n.a. 831 11,870 14,110 1670 303 1482 1468 n.a. 88
Wheat straw” n.a. n.a. 308 10,435 1509 570 128 114 54 n.a. 14
Wheat straw” n.a. 0.0409 372 13,629 1723 842 37 72 62 n.a. 14
‘Wheat straw 0.6 0.1 500 11,000 2500 750 150 150 200 8500 92
Barley straw” na. 0.0492 753 10,757 3441 1205 661 64 54 na. 14
Winter barley straw n.a. n.a. n.a. 9000 4000 n.a. n.a. n.a. n.a. 2900 93
Spring barley straw n.a. na. n.a. 8600 4300 na. n.a. n.a. na. 4600 93
Rye straw n.a. n.a. n.a. 97,000 2700 n.a. n.a. n.a. na. 3500 93
Winter rape straw n.a. n.a. n.a. 78,000 11,600 n.a. n.a. n.a. n.a. 400 93
Shells
Ground nut shell 0.8 0.0299 278 17,690 12,970 3547 467 3642 1092 10,960 12
Coconut shell n.d. 0.0035 94 1965 1501 389 1243 73 115 256 12
Walnut shell” n.a. 0.0790 691 5202 9081 1283 554 na. 3095 n.a. 94
Almond shell” n.a. 0.0288 383 6714 1570 500 165 n.a. 1641 n.a. 94
Pine nut shell” n.a. 0.0652 716 2201 728 905 193 n.a. 1318 n.a. 94
Husks
Millet husk 0.1 0.0317 1267 3860 6255 11,140 1427 na. 1020 150,840 12
Rice husk 0.6 0.0163 337 9061 1793 1612 132 n.a. 533 220,690 12
5414 https://doi.org/10.1021/acs.energyfuels.0c04046
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Table 2. continued
N S P K Ca Mg Na Al Fe Si
(wt %) (wt%) (mg/kg) (mg/kg) (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (mg/kg)  ref
Husks
Rice husks 0.3 0.03 500 11,000 2500 400 70 70 80 98,500 92
Coffe husk 0.266 0.09 1000 12,500 5000 1300 n.a. n.a. 176 n.a. 95
Others
Coir pith 0.7 0.0467 1179 26,283 3126 8095 10,564 1653 837 13,050 12
Corn cob n.d. 0.0015 445 9366 182 1693 141 n.a. 24 9857 12
Coconut coir 0.2 0.0064 47 2438 477 532 1748 148 187 2990 12
“As received. “Data based on ash composition and yield.
Table 3. Ash contents of Different Plant Parts of Woody and Herbaceous Species
Trunk/stems (wt %, db) Trunkbark (wt %, db) Twig (wt %, db) Leaf (wt %, db) ref
Albizzia L. 1.1 6.9 2.1 3.24 97
Syzygium f. 1 7.1 2.3 4 97
Pterospermum 1 0.9 7.8 3.1 3.8 97
Premna b. 1.9 9.3 4.1 11.6 97
Populus n. 2.9 n.a. 2.1 17.9 88
Arundo d. 49 - - 12.5 88
Arundo d. 32 - - 11.3 86
Cynara c. 6.8 - - 11.7 86
Miscanthus s. 1.9 - - 6.2 86
Panicum v. 2.6 - - 7.6 86
Fiber s. 4.1 - - 8.1 86
Sweet s. S - - 8.2 86

and Si(OH);07) in the fluid matter inside the plants. Inorganic
elements in the fluid matter are translocated from the soil to the
plant, and due to the water evaporation during the translocation
especially in hot weather, or after plant harvesting, they
accumulate as precipitated salts according to the water solubility
order (phosphates < carbonates< sulfates < chlorides < nitrates).
Their chemical form is responsible of the high mobility during
water leaching.

Cations (K*, Na*, Ca®*, Mg**, Fe**, and AI**) and covalently
bonded S, P, and Cl are bound the organic species of the plants
tissues. Organically associated elements, mostly in the form of
oxalates, can undergo complex transformations during the
thermal treatment of biomass thus resulting in inorganic matter
in the residues after incineration.'*

Included mineral matter comprises discrete inorganic
particles typically containing Ca, Mg, and Si. Finally, excluded
mineral matter includes aluminosilicates (rich in K, Na, Ca, and
Fe), feldspars, or quartz deriving from soil contamination.
According to the definition reported by Vassilev et al,” the
inorganic elements belonging to the last two classes cannot be
considered to be inherent (or intrinsic). They divided inorganic
elements into authigenic and technogenic types. The natural
mineral phase originated by biogenic processes during plant
growth or by natural processes after plant death is classified as
authigenic, whereas fine mineral particles introduced into the
plant by water suspension or adherinig to external plant surfaces
and pores are classified as detrita.” The mineral phase of
anthropogenic origin introduced to the biomass during its
collection, transportation, or transformation is defined as
technogenic. Typically, authigenic minerals are more mobile
and reactive than technogenic inorganics.

Silicates have both authigenic (opal), detrital, and techno-
genic occurrences (different forms of quartz and aluminosili-
cates). Fe, Al, Na, and Ti oxides and hydroxides typically present
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in the soil have a low water solubility; therefore, their presence in
the biomass is limited and has mostly a detrital or technogenic
origin. Sulfur is bonded both in organic and inorganic forms as
sulfate that has mostly an authigenic origin. Conversely,
phosphorus is present mainly as phosphates and can have an
authigenic or technogenic origin due to specific biomass
processing practices (e.g.,, phosphates fertilizer in agriculture).
Low mobility carbonates in lignocellulosic biomass can have a
detrital origin, whereas highly mobile chlorides can have an
authigenic occurrence (halite, sylvite, K, Ca, and Bi chlorides) or
can occur as additives during processing of natural biomass.
Alkali metals are typically present in the form of salts and to a
lesser extent in the form of organic salts; conversely, alkaline
earth metals are typically bound to the organic matrix. Nitrates
can have an authigenic or technogenic origin being added as
fertilizers to natural biomass.

Overall, the inorganic elements content results in a highly
variable relation with several factors such as plant species, plant
organs, element seasonal cycling, soil characteristics, storage
time, harvesting and drying, or milling postprocessing. Data
from proximate analysis collected for 72 species among woody
and herbaceous biomass estimated an ash content in the range of
0.1—20 wt %." Table 2 lists literature data on the content of the
most abundant inorganic elements in different types of biomass.

3.2.1. Plant Species and Tissues and Growing Conditions.
The main factors modifying the mineral content of vesgetal
biomass are genotype, plant tissue, and growing conditions.” %
The variability of the concentration of the most abundant
inorganic elements in different types of biomass and different
plant organs is evident in the data reported in Tables 2 and 3,
respectively.

The data reported in Table 2 are consistent with the data
reported in ref S for collecting the ash composition of 72
varieties of biomass among woody and herbaceous biomass.* N,
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Figure 4. Biomass demineralization procedures and their effects on the organic matrix.

Si, Ca, and K are the most abundant elements; more specifically,
wood and herbaceous biomass, except reed, are enriched in Ca,
whereas the other biomasses, mainly straws, contain more Si and
K than wood. The S content is higher in herbaceous biomass
that in wood. P is more abundant in the herbaceous and woody
biomass and in husks than in straws, and high amounts of Al can
be also detected in wood. Cl, not reported in Table 2, has an
average concentration in plant shoots of about 0.01 wt % of dry
matter.”” Depending on the use of Cl containing fertilizer and on
the salt concentration in the soil, the Cl content can exceed 1 wt
% of dry matter and depends more on crop management and soil
type than on the type of plant.”® It is worth noting that in some
cases (e.g., poplar) the same species show very different contents
of inorganic elements, suggesting that other factors contribute to
the inorganic elements contents in plants.

In Table 3, the ash contents of different plant parts of some
woody and herbaceous biomasses are reported.

According to the data reported in Table 3, among the different
plant parts, bark shows higher ash content than wood, and leaves
show the highest ash content for both woody and herbaceous
species.

Size reduction also affects the content of inorganics; it was
found that inherently small and grindable inorganic constitu-
ents, such as ash, tended to accumulate in the finer fraction.”®

3.2.2. Soil Characteristics. Considering that the most
sustainable strategy is to cultivate biomass crops for renewable
energy production in marginal lands (e.g, contaminated,
salinized, or arid lands) with the aim to reduce competition
for land with food crops, it is important to verify if the
environmental constraints of such soils could affect biomass
mineral composition.

5416

Drought treatments determined a lower ash content in
biomass crops, maybe for the reduction of uptake of minerals by
roots due to the reduction of transpiration and thus of root water
absorption, while salt stress increased ashes,””'%° due to the
higher accumulation of CI~, SO,~, and Na+.!'%!

Also soil fertility affects biomass composition; nitrogen
fertilization increases ash content,'®” while limestone addition
improves ash melting behavior, since it improves the formation
of high temperature melting calcium potassium phosphates, thus
preventing the formation of potassium-rich phosphate and silica
melt.'”

Regarding the mineral composition of plants grown in
contaminated soils (e.g., in phytoremediation plants), it depends
on the presence of potential toxic elements (PTEs) in a
bioavailable form that can be assessed by chemical methods'%*
or by biological methods.'*'*

The tree species most used for phytoremediation are poplar,
willow, and eucalyptus, while among the herbaceous crops giant
reed, miscanthus, and brassica spp are the most used.'?’

The most accumulated PTEs in woody biomasses are As, Cd,
Cu, Pb, Zn, and Hg with some differences among and within the
species'® due to the affinity of different genotypes to specific
PTEs."”” They are typically present in the biomass at trace levels,
but their concentration can increase to higher levels depending
on plant type and within the plant on the considered organ.
While hyperaccumulators are characterized by values of a
bioaccumulation factor higher than 1'%’ (PTEs concentration in
plant tissue > contaminated media), the energy crops are
characterized by a fast growth rate and high biomass production
with lower values of the bioaccumulation factor.''" Poplar,
among the phytoremediation plants, accumulated high amounts
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of Cd, Cu, Pb, and Zn, with concentrations higher in leaves than
in trunks.""! Willow accumulated more Cd in twigs and leaves,
Pb in roots and twigs, and Zn in twigs.l 12

4. LABORATORY PROCEDURES CONTROLLING
INORGANICS CONCENTRATION

4.1. Biomass Demineralization. Different approaches are
reported in the literature for the removal of inorganic matter
from biomass: water washing,H3_117 mineral acid leach-
ing,""*~"*! organic acid leaching,' "> '#!1122712¢ apd treatment
with chelating eagents.127’128 Their effects on the inorganics
removal and on the transformations induced into the organic
matrix are summarized in Figure 4.

These chemical treatments can be performed at near ambient
temperature but also at higher temperatures (up to 80—250 °C),
in batch or continuous (solid—liquid extraction under reflux)
modes, and also under pressure (hydrothermal conditions'*”).
The degree of metal removal as well as the mass reduction of the
original biomass associated with each process is found to be
different and dependent mainly on the temperature, biomass
composition, reaction time, and acid—base properties of the
reagents.1 137128

In Table 4, a selection of the results about the demineraliza-
tion of different kinds of biomass published in the last 10 years is
reported. For each biomass, the demineralization conditions
applied (demineralized agent, concentration, time, and temper-
ature), removal efficiency of the treatment, main results, and
drawbacks of the treatment are summarized.

Water washing results in a less effective approach as compared
to acid leaching procedures because it dissolves only water-
soluble constituents (alkali metals, sodium and potassium ions
to a more extent), alkaline earth metals (magnesium ions more
than calcium ions), chlorine, sulfur, and phosphorus.lm_117
Moreover, the water washing is ineftective in Si removal; indeed,
as reported in Table 4 for biomass rich in Si like rice husk, its
content in the washed materials is almost the same of the raw
one.

The ash removal efficiency of water washing is highly variable
(Table 4); indeed, in the case of woody biomass types, at room
temperature, values between 20% and 30% can be reached, while
in the case of agricultural wastes also values up to 60% can be
reached. Ash removal by water washing benefits from increased
treatment temperature and washing time, although the rate of
ash removal was very slow after a certain time.""> Water washing
can promote extractive leaching, and if it is performed at
temperatures below 60 °C, negligible alterations of biomass
structure occur.' "7 On the contrary, when the temperature is
higher, the partial dissolution of structural components is
noticed. As matter of fact, Das and Sarmah'*' reported the
dissolution of soluble lignin and hemicellulose in a sample of
Douglas fir and hybrid poplar treated at 120 °C for half an
hour."*!

Ash removal by mineral acid leaching has been performed
using different kinds of acids (HCI, HF, HNO,, H,SO,, HCIO,,
H,PO,) at different concentrations (from 0.1 up to 10 wt %) and
temperatures.'>~'*" In all the cases, the chemical treatment
induced an effective removal of metals (alkali metals, alkaline
earth metals, and also heavier metals as Fe, Al, Si, Mn), and in
some cases, induced removal up to 95% with respect to the total
ashes.'>™**! In general, the acid treatment allows for a more
efficient ash removal, because the solubility of some ash-forming
compounds is higher at lower pH.'*” However, on the basis of
the results reported in Table 4, some differences in the ash
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removal efficiencies among the most used mineral acids can be
highlighted. HCl and HNOj; exhibit a removal efficiency of
greater than 70% for woody biomass types, between 30% and
70% for energy crops, and between 10% and 50% for agricultural
wastes. H,SO, allows for a removal efliciency of greater than
50% for woody biomass types and bark and less than 50% for
agricultural wastes. HF when used with a concentration between
3 and 10 wt %'' reaches a removal efficiency of greater than
80% for woody biomass types and greater than 90% for
agricultural wastes. In addition, HF is also the acid that is more
efficient in the removal of Si; indeed, in the case of rice husk, HF
allows for the reduction of SiO, up to 50%."**

Overall, the performed experiments indicate that metal
leaching is enhanced by the higher acidity of the extraction
medium''” and by the high temperature, but those conditions
correspond to a non-negligible mass reduction of the original
biomass.'** Indeed, after treatment with mineral acids, the
biomass composition is significantly altered. The inorganic
matter is mostly removed as well as other soluble LMW
components (extractives, tannins). The hemicellulose is hydro-
lyzed due its amorphous and branched structure, and the
cellulose partially depolymerized (amorphous cellulose dis-
solution). >~ '*! Among the different inorganic acids, the use of
H,SO, and HCI cause the greater alteration of biomass
composition, while HF causes the lowest (Table 4).

To overcome the problems related to the alteration of
biomass component structure, leachin% with organic acid has
been widely proposed.''>""®!'?!2>712% Eormic, acetic, citric,
and tartaric acids have been used to demineralize different kinds
of biomasses showing good metal removal efficiencies.'**"*”
Solutions containing up to 10 wt % of acetic acid allowed for the
reduction of ashes between 50% and 90% in woody biomass, and
the dissolution of the volatile fraction is limited or
negligible.llg’122 Citric acid, indeed, warranted a metal removal
level comparable to the stronger mineral acids, without inducing
extensive components dissolution or hydrolysis, thereby keeping
the biomass mass loss limited to a minimum and comparable to
that of water washing.'”* On the basis of the good results
achieved by using an acetic acid aqueous solution, different
authors (Table 4) proposed also to use, as the leaching agent, the
aqueous liquid derived from lignocellulosic biomass pyrolysis
which is, basically, an aqueous solution containing organic acids,
with acetic acid being the most abundant one. The proposed
approach effectively removed metals present in the raw biomass
(ash removal efficiency above 70%, Table 4) without the use of
external chemicals limiting hemicellulose hydrolysis."*>'*%'*°

Concerning the use of chelating agents for biomass
demineralization, Reza et al.'*” demonstrated that the use of
the conjugate base of citric acid can reduce the problem of
hemicellulose hydrolysis and can favor metal removal taking
advantage of the chelating properties of the organic anion. In
their work, corn stover demineralization was performed in the
presence of different concentrations of sodium citrate at 130 °C
and 2.7 bar, leading to a reduction of ash content up to 66% just
with the lowest reafgent concentration (5 wt %)."”

Edmunds et al.*® explored the possibility to use ethyl-
enediaminetetraacetic acid (EDTA) as the chelating agent, and
they found that in the case of switchgrass the use of EDTA under
microwave-assisted heating allowed for the highest reduction of
ash among all the tested treatments (citric acid, acetic acid,
sulfuric acid, and distilled water). Indeed, after an extraction
time of 20 min with EDTA, an ash reduction around 87% was
detected. Moreover, EDTA was able to remove more Si

https://doi.org/10.1021/acs.energyfuels.0c04046
Energy Fuels 2021, 35, 5407—-5478


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

Energy & Fuels pubs.acs.org/EF
Resinol unit
Glucose unit 14 linkage Xylose unit
1 linkage o000
. Acetyl group Arabinose unit
o-O-O0-000
OO0 Ferulic acid

Phenylcoumaran unit

Extraction
procedures
- Partial depolymerization . Partlgledai;;(t)rll);rlr;zgiatlon
Extracted = i i ~
X rtac_el PEITEL removal @l decofa'tlng IIN0S - Reduced crystallinity - Partial removal of decorating groups
maters = Inifieslueien 6ff S eent2lilig graups - Breaking of H-bonds - High amount of alkali metal
properties - High amount of alkali metal

contaminants

contaminants
- Glucan contamination

Resinol unit

Glucose unit

Xylose unit

Monolignol unit 14 linkage
A OOEEE0)
B 1—4 linkage T
DDDDDD ®-@ Hbond .
T Arabinose unit
h e Glucuronic acid unit
s-group D D D D D D .
Ferulic acid

Phenylcoumaran unit

Demineralization

procediires - Water washings

- Acid washings

- Repeated ethanol and water

- Dialysis
- lterated alcohol precipitation

jYasios - lonic exchange with resin in H-form

Figure 5. Typical extraction and demineralization procedures of main organic components of lignocellulosic biomass and schematic representation of
modifications occurring to organic components as a consequence of extraction procedures.

compared to the other tested chemicals, without signiﬁcant
degradation of the structural components of biomass.'**

In the end, it is worth noting that some authors proposed also
alkali solutions as possible leaching agents for ash removal from
biomass (Table 4), but even if they are very efficient in the
removal of AAEMs and also of Si, their use leads to a severe
alteration of biomass structure and composition.

4.2. Isolation and Demineralization of Cellulose,
Hemicellulose, and Lignin. The main biomass organic
components, namely, cellulose, hemicellulose, and lignin, have
been studied in the literature under slow and fast pyrolysis
conditions. In most cases, the material used for the
experimentations was a commercial sample selected as a
reference compound for the pure biomass component. Some-
times, the components were extracted from a raw biomass and
then demineralized following different procedures. Figure §
reports a list of the typical extraction and demineralization
procedures.

Commercial samples typically sourced from Sigma-Aldrich
and Avicel are the most common types of cellulose used in
pyrolysis studies."*"*” However, cellulose extraction from raw
biomass has been performed to obtain a material that is more
representative of the component in the original biomass.'*’~"*’
Cellulose extraction, usually, is carried out through a two-step
process. At first, the biomass is milled to a specific dimension
and washed with distilled water to remove soluble impurities and
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then with other solvents to separate extractive fractions, while
the second step consists of a series of chemical treatments to
remove hemicellulose and lignin fractions'*"~'*’ (bleaching
procedure). The procedure allows for the isolation of a material
containing residual traces of inorganic species'*” (between 0.1
and 2.45 wt %) that can influence its pyrolytic behavior.
Patwardhan et al.">* determined that the presence of sodium
below 0.05 wt % can affect the levoglucosan production."”
Cellulose extracted from raw biomass lost most of its
crystallinity.*>"*" Indeed, in most cases, after the extraction
process, an acid hydrolysis with concentrated H,SO, or HNO;
or HCl is usually performed to isolate crystalline cellulose.""
Hemicelluloses are the second most abundant polysacchar-
ides in nature after cellulose, constituting about 20%—30% of the
total mass of annual and perennial plants,’”"** but their
heterogeneous composition, branched structure, and amor-
phous nature make their isolation very difficult.">> Moreover,
because of the partial degradation during extraction, most
properties of the native material are unknown. In addition, since
hemicellulose properties vary considerably, depending on the
botanic origin of the raw biomass and of the isolation
procedures, it is quite impossible to identify a model
macromolecule that successfully represents all the chemical
and structural variations of this component. Commercially
available xylans from beechwood and birchwood have often
been used as a proxy for hardwood hemicellulose,**'>* and in
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rare cases, commercially available glucomannans have been used
as softwood proxy hemicellulose.'*°~"** These factors con-
tributed to the limited number of literature data about pyrolysis
of hemicellulose compared to cellulose.

Extraction procedures for the isolation of hemicellulose from
different biomasses and agricultural wastes include alkali or
organic solvent extractions and mechanical or hydrothermal
processes.*>"**71°" Currently, the alkali method is widely
accepted and applied since it allows for the isolation of
hemicellulose with a high DP and with a high yield.""!
Unfortunately, as a drawback, such a method induces some
alterations into the polysaccharide structure. In the case of
hemicellulose extracted from hardwood, for example, the strong
alkaline conditions favor the dissolution of ester bonds leading
to the removal of decorating groups as acetyl groups,
hydrocinnamic groups, and ferulic groups.'>* Moreover, such
strong conditions favor the cleavage of the glycosidic linkages
between the glucuronic acid units and the xylose-based
backbone.'®* To limit the structural alteration of hemicellulose,
procedures based on the use of organic solvents as dimethyl
sulfoxide (DMSO) or other inorganic reagents have been
proposed.">*"3*'%’ Concerning the isolation methods based on
mechanical and hydrothermal processes, they lead in most cases
to the isolation of mixtures of oligosaccharides with a high
degree of depolymerization, and glucan contamination can
occur as well.

The standard hemicellulose isolation techniques based on
alkali extraction, moreover, lead to a significant amount of
mineral residues in the final product (up to S—10 wt % of ashes),
which should be further purified. Some authors'®*'®® proposed
dialysis instead of washing with distilled water as a purification
option. This procedure was applied to hemicellulose from
switchgrass resulting in the reduction of the total ashes from 1.3
wt % of the extracted material to less than 0.1 wt %.'®* To reduce
the content of residual mineral matter, an iteration of a process
based on dissolution in water or in a solution of HCl in methanol
followed by alcohol precipitation (with ethanol or methanol)
and filtration was proposed.'®”'” Wang et al.'®” obtained a
reduction of 98% of the ash content of a commercial xylan
sample. Comparable results were obtained by Giudicianni et
al."”* by dissolving commercial beechwood xylan in distilled
water and inducing the removal of the Na ions through a cationic
exchange resin (Dowex in H-form). The change in the pH from
4.4 of the starting suspension to 2.2 of the eluate clearly testified
to the exchange between the protons of the sulfonate groups of
the resin in H-form and metal ions complexed with the
carboxylate groups in the polysaccharide.">*

Lignin can be extracted from a raw biomass, but actually, the
available lignins are mainly byproducts of pulping chemical
processes. When the lignin is isolated from the pulping liquor, it
is named technical lignin. There are four processes for the
extraction of lignin from pulping liquor classified as sulfur or
sulfur-free processes (kraft pulping, sulfide pulping, soda
pulping, and solvent pulping), and as consequence, there are
four different types of technical lignins (kraft lignin, lignosulfate
lignin, soda lignin, organosolv lignin). The lignin properties
(molecular weight, content of phenolic hydroxyl, carboxyl and
sulfur containing groups, hydrophilicity and hydrophobicity,
presence of contaminants) are dependent on the pulping
process applied.'*®

As a consequence of the extraction procedure, in addition to
other inherent metals, lignin is bonded to a non-negligible
amount of alkali metals (K and Na). Lignin demineralization is
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performed by acid treatments (acid washing), using preferen-
tially H,SO, acid, that is widely recognized as very efficient in
removing ashes. Starting from a basic pH lignin suspension
(ranging from 6.8 t0 9.5,"”° depending on the quality of the
raw lignin), H,SO, (concentrated or 1N) is progressively added
at room temperature until the pH decreased to ~1'%""° or 2—
2.5'71717 allowing for lignin precipitation. The pH decrease
leads the organic bound Na ions on the lignin structure to be
gradually replaced by H ions. The precipitated lignin is
recovered after washing with distilled water. As a consequence
of this acid treatment, structural and chemical—physical changes
are introduced in the lignin structure: a reduction of the amount
of hydroxyl groups, an increase of phenol to the aliphatic
hydroxyl ratio, and a concomitant increase of the number of CO
functions, as well as the elimination of carbonates eventually
present.'”’ The acid treatment of the lignin also produces cross-
linking.170

In the case of lignin with low mineral impurities (as the lignin
extracted by using the organosolv process), a washing with dilute
HCI acid (0.1 N) for 15 min, followed by washings with
deionized water, was also found effective to cut the ashes to less
than 0.1 wt %.""*'7>

A demineralization procedure consisting of washings with a
HF aqueous solution at 3 wt % at room temperature has been
also proposed by Giudicianni et al,'’® as it has been
demonstrated that HF does not induce chemical degradation
of the polymer."'” The HF treatment is found to be more
effective compared to water washing in reducing K and Na ions
contents of the raw lignin (ashes <0.07 wt %)."”°

4.3. Biomass Doping to Mimic Inherent Inorganics.
Another approach to study and understand the effects of metal
ions on biomass pyrolysis (catalytic activities and effects on the
products properties) is based on the preparation of samples
starting from a raw or a demineralized biomass pu;posely doped
with increasing concentrations of a metal salt."”” Usually, the
concentrations of the loaded dopants depend on the final goal of
the biomass doping process. When the goal is the study of the
catalytic effect of a single metal ion or of a mixture of inorganics,
concentrations comparable to those naturally occurring in a real
biomass are explored.'”” When the goal is the production of
activated carbons, the concentrations of the dopant agents are
really high, reaching a mass ratio around 4."”*'”” When the goal
is the preparation of engineered carbon-based materials
enriched in metallic species or heteroatoms, the dopant
concentrations are variable, and usually, they are between
those reported for the previous cases."*"~"*? Since the aim of
this work is to review the effects of inherent minerals naturally
occurring in biomass, the results related to biomass doping with
mineral concentrations above those naturally occurring in a real
biomass are not considered.

Dry mixing, wet impregnation, and cation exchange are the
most common doping methods. The first method, which
consists of the physically mixing of the selected metal salt or
oxide and the dry biomass,"** is mainly used in catalytic pyrolysis
processes, and metal oxides are used as metal sources.'** The
wet impregnation method is the most common and consists of
obtaining the doped biomass sample by water evaporation after
soaking it in a salt solution at a defined concentration.'' ">~
Chlorides, carbonates, nitrates, acetates, and phosphates are the
main types of salts used as metal sources due to their low cost,
availability, and high solubility."'”'**~'*” The anion exchange
method exploited the presence of exchangeable metals in
biomass bound at hydroxyl and/or phenolic groups in the form
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Table S. Advantages and Shortcomings of the Most Common Doping Methods

Doping method Doping agent Positive aspects Drawbacks ref
Dry mixing oxides, chlor-  low cost and rapid procedure; high loose interaction between metal and biomass 132, 184
ides, carbo- conentrations achievable
nates, hy-
droxides, ni-
trates
Wet impregnation chlorides, ni-  easy and low cost procedure; good disposal issues; presence of counterions; removal of extractives and other water- 117, 185,
trates, sul- availability of doping agents; defined ~ soluble components (depending on the procedure applied); changes in 186, 188,
fates, carbo- final concentration; high conentra- cellulose crystallinity; alteration of gas composition as consequence of 189,
nates tions achievable counterion evolution during pyrolysis 192—194
Tonic exchange chlorides, ni-  tight interaction between metal ions time-consuming; disposal issues; limited achievable concentration of dopant; 132, 177,
trates, sul- and biomass components; punctual removal of extractives and other water-soluble components 190
fates, carbo- insertion of metal ions within
nates biomass structure

of cations or as a salt, and it uses soluble metal salts as for wet
impregnation.'”’ All these methods allow to include metal ions
or salt in the biomass artificially. To obtain a natural
introduction of metal ions into the biomass, a procedure
based on the contact between the biomass and the salt solution
in a fixed bed column is proposed by Martin-Lara et al."”" to
mimic biosorption, namely, a remediation process for pollutant
removal and/or recovery from wastewater by inactive
biomass.'”"

In Table S, a list of possible advantages and shortcomings of
the three doping methods are listed.

The wet impregnation method as well as the ion exchange
method can induce some changes in the biomass structure and
composition. If the aqueous solution used to introduce the metal
ions into the biomass is removed by filtration, for example,
leaching of water-soluble biomass components can occur,
especially when the counterions have non-negligible acid—
base properties.'”” Water-soluble extractives and alkali metals,
for example, are easily leached out during the doping procedure,
but also hemicellulose decomposition and cellulose alteration
can take place, leading to a non-negligible change in the organic
matter content (Table 4). Safar et al.'"”* demonstrated that as
consequence of rubber wood impregnation with K,CO; a
decrease of cellulose crystallinity occurred, likely due to the
transformation of the cellulose structure from crystalline to
amorphous due to weakening of H-bonds operated by K*.'”* An
appropriate control of pH around the biomass point of zero
charge allows limiting the drawbacks related to the use of
aqueous solutions.'”>"?

The use of salts in wet impregnation and ion exchange
methods induces the presence in the aqueous medium of both
cations, and anions and the acid—base properties of the anions
have to be considered due to their possible effect on the biomass
structure and thus on the pyrolytic biomass behavior.'””'?*
Moreover, some counterions could be thermally decomposed
during pyrolysis altering the composition of the pyrolysis gas
products (production of CO,).

5. EFFECT OF INHERENT METALS ON PYROLYSIS
PROCESS

The role of inherent metals, especially AAEMs, in biomass
pyrolysis has been extensively studied for many types of
lignocellulosic biomass, and it is known to be relevant to the
onset temperature of thermal decomposition and to the
competition between different decomposition pathways. The
recent understandings on the decomposition pathways of the
main biomass organic components are presented first to pave the
way for the discussion on the catalytic effect of the major
inherent metals on pyrolysis product yields and characteristics.
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The discussion is subsequently extended to lignocellulosic
biomass pyrolyzed under different operating conditions. Besides
AAEMs, the effect of trace metals which are recognized as PTEs
is addressed too in order to provide a guide to the pyrolytic
conversion of biomass from phytoremediation treatments.

5.1. Effect of AAEMs on Cellulose Decomposition.
Complex chemical pathways for primary cellulose pyrolysis were
developed starting from the well-known Broido—Schafizadeh
(B—S) mechanism. In the B—S model, after the formation of
active cellulose, two competing reactions were considered: the
heterolytic cleavage of the glycosidic bond producing
levoglucosan and the homolytic cleavage followed by ring
opening to form light species, permanent gases, and char. A side
charring reaction was also considered. Recent advancements in
computational technology and chemistry provided insights into
the reaction steps at the molecular level, at least for glucose-
based compounds and short-chain oligomers.® Glycosidic bond
cleavage was recognized to be the prominent pathway in
determining the yields of the major products of cellulose
pyrolysis, i.e., levoglucosan, LMW species, and furans. Three
different mechanisms were proposed for the glycosidic bond
cleavage which initiates the reaction steps leading to the
production of levoglucosan: homolytic, heterolytic, and
concerted mechanisms. Zhang et al.'”® found that the homolytic
mechanism leading to the anydroglucose radical and then to
levoglucosan and furaldehyde was preferred to the heterolytic
mechanism in terms of activation energy. However, different
pathways for the concerted mechanism were proposed, and all of
them were found to be favored with respect to the homolytic and
heterolytic ones. These results were obtained using small
glucose-based compounds, such as methyl f-p-glucoside,'”
cellobiose,"”” and methyl cellobiose,”® but also two-chain
glucose hexamers containing interchain hydrogen bonds which
resemble more closely a real cellulose fibril.'*® The contraction
of glucopyranose to a glucofuranose ring was another pathway to
be considered for the production of levoglucosan precursors;
such a pathway is in competition with the formation of
hydroxymethylfurfural (HMF) and formic acid precursors, a
mechanism less favored because of the higher energy barrier.'””
A concerted cleavage of the glyosidic bond was proposed also for
the formation of levoglucosenone,”” and it was preferred to the
pathway passing through the levoglucosan intermediate due to
its high energy barrier."”” The formation of furans and light
oxygenates, such as hydroxyacetaldehyde, is initiated by the
homolytic cleavage of the glycosidic bond rather than through a
heterolytic or concerted mechanism. Ring opening is pivotal in
the production of LMW species. Independently of the different
proposed mechanisms,”*" this pathway is preferred to the

https://doi.org/10.1021/acs.energyfuels.0c04046
Energy Fuels 2021, 35, 5407—-5478


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

Energy & Fuels

pubs.acs.org/EF

REVE

levoglucosan route only at high temperature’” and after
dehydration reactions.

When a real cellulosic matrix is considered, additional factors
affect the pyrolysis products distribution and the onset
temperature of the thermal decomposition: the presence of
crystalline and amorphous regions, the existence of intra-
molecular hydrogen bonds, and the DP. The cellulose crystalline
region exhibits higher thermal stability than the amorphous
region due to its packed structure.””” > High crystallinity
index and crystallite size affect positively the levoglucosan
production, whereas amorphous cellulose contributes more to
the formation of char, gas, furfural, and HMF.?*° The selectivity
toward levoglucosan with increasing crystallinity was found to
be dependent on the allomorph too, at least for celluloses I and
11.°°7 Finally, higher DP favors levoglucosan production and
depresses furans formation.***

Numerous studies were conducted to elucidate the effect of
AAEMs on the cellulose decomposition mechanism under both
slow and fast pyrolysis conditions. Many of them used
microcrystalline cellulose from Sigma-Aldrich and reducing-
end carbohydrates as reference compounds, whereas limited
work has been performed using anhydrosugars, which actually
prevail as intermediates during cellulose pyrolysis. The effect of
the different types of cations was assessed as well as the role of
the counterion, whereas the effect of the doping procedure
received only limited attention. Among the three most used
methods, ion exchange is the only one that enables the study of
the catalytic effect of metal ions free of possible influences due to
the concomitant presence of the counterion. Indeed, ion
exchange allows for direct binding between the cellulose and
the metal ions, while dry mixing does not produce any bonds,
and wet impregnation is primarily a physical adsorption. In any
case, all these treatments to produce cellulose-doped samples
can induce some alterations in the properties of the biopolymer.
Collard et al.**® revealed that part of the cellulose crystalline
phase was transformed into an amorphous phase due to the
weakening of hydrogen bonds responsible for the cellulose
structure.””® Table 6 reports a list of the main studies conducted
on this topic in the last 10 years and the most relevant results.
Figure 6 summarizes the effects of AAEMs on primary and
secondary reactions during cellulose pyrolysis.

Both AAEMs were found to shift the onset of cellulose
decomposition toward lower temperatures®®'*>*' even though
the effect of the doping procedure on the reduction of cellulose
crystallinity cannot be neglected.”*® Gargiulo et al.'** found that
at a low heating rate, among the alkali metals, Na* was more
effective than K" in lowering the onset of cellulose pyrolysis. A
similar result was observed under fast pyrolysis conditions,*"*
where the cellulose conversion, immediately after its heating up
325 °C, is higher for Na* than for K* loaded samples. In the same
conditions, Mg2+ and Ca®" were found to be more effective than
alkali ions,*'* and this was confirmed also by Yu et al*'!
According to the cellulose decomposition mechanism discussed
above, AAEMs, behaving as Lewis acids, weaken the hydrogen
bonds between carbohydrates chains in the cellulose fibril and
the glycosidic bonds inside the chain thus promoting the
dehydration reactions at low temperature.”'* Compared to alkali
metal jons, alkaline earth metal ions are stronger Lewis acids. At
lower temperatures, AAEMs catalyze the dehydration reactions
producing a more cross-linked structure, promote the formation
of char and gaseous products (pathway 1, Figure 6) and, in the
meantime, reduce the amount of unreacted cellulose undergoing
depolymerization through the cleavage of the glycosidic bonds
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(pathway 2, Figure 6) and ring opening reactions (pathway 4,
Figure 6).°* This effect is evident even under fast pyrolysis
conditions when charring reactions are depressed with respect to
the devolatilization process.” As a general rule, char yield is
contributed to by both primary and secondary reactions;
however, it has been observed that AAEMs produce an increase
of char yield even under conditions where the extent of
secondary reactions is minimized, such as fast pyrolysis under
vacuum and rapid quenching after reaching the maximum
temperature.””"" Similarly to the relative ability of anticipating
the onset of cellulose pyrolysis, the effectiveness of the catalytic
activity of AAEMs on dehydration reactions has been also
demonstrated.

By adding 0.1 mmol/g_ 05 of Na™ and K, Gargiulo at a
observed an increase of char yield with respect to pure cellulose;
such a result was more pronounced in the case of Na*-doped
samples at low heating rates (19 and 14 wt % for Na*- and K*-
doped samples, respectively, instead of S wt % of pure cellulose,
at 700 °C). A similar trend was observed by Zhao et al.>*” during
TG experiments at 10 °C/min up to 700 °C. Conversely, Na*
and K* were found to be almost equivalent in increasing the char
yield in other studies conducted under fast pyrolysis
conditions.”’’ Tt can be speculated that under conditions
where the dehydration reactions are less favored, the difference
between the two cations is attenuated. However, it is not easy
drawing a conclusive trend since the doping procedures and the
way to express the content of the doping agent are not
standardized. Indeed, some authors compare the effect of
different types of cations added to the sample using the same
weight percentage of the ion or of the corresponding salts,
overlooking the difference in terms of molar contents, possibly
achieving misleading conclusions in apparent contrast with
other literature results. For example, Zhao et al?” concluded
that Na* is more effective than K* in increasing char yield. Even
though this agrees with the trend observed by doping the
cellulose with the same amount of ions on a molar basis,"®” it is
likely that the higher activity of Na* in increasin§ char yield is
due to its high concentration in the doped sample””” (0.019 and
0.014 mmol/g.uese for Na® and K* doped samples,
respectively). Conversely, Patwardhanet al."*® observed the
opposite effect between two alkali ions and, even more, a higher
activity of K* with respect to Ca** and Mg**, probably because of
the highest molar concentration of this cation in the doped
sample.

Despite the stronger Lewis acidity of Mg**, Patwardhan et
al."*” found comparable char yields for the Ca?*- and Mg*'-
doped samples (12.7 and 13.7 wt %, respectively), even if the
former was present in higher molar concentration (0.16 and 0.11
mmol/gquose for Ca®* and Mg**, respectively), and Zhu et al.*"?
confirmed this trend. This result confirms that both primary and
secondary reactions should be considered for the determination
of the char yield. According to Liu et al. 12 Mg2+, a cation with a
higher Lewis acidity, can affect dehydration reactions of
cellulose more than Ca’*, producing more primary char and
less sugar structures. Given the lower amount of sugars, the
production of secondary chars from sugar decomposition could
be reduced. The relative weight of these two char fractions could
be affected not only by the type of cation but also by the loading
level, and both aspects will determine the final char yields. High
cation loading greatly decreases sugar production, thus reducing
the weight of the secondary char on the final char yield.
Conversely, lower loading levels produce more sugars, thus
increasing the probability of forming more secondary char.
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Table 6. continued
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o
=

Main results

Metallic ion
content
(mmol/geaose)

Counterion

Metallic
HR (°C/min) Doping method io

T (°C)

Experimental appara-
tus

Feedstock

Anions depress levoglucosan formation in the order of CI' > OH" >

cox, b,

0.013

ClI”

different because the salt exhibiting the highest activity is the one at

the comparison is valid even if molar concentrations of salts are
the lowest concentration.

0.018

OH

“Expressed as mol of ion per mol of glucose unit. bThe comparison made at the same weight concentrations of the ion/salt.
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Overall, it can be concluded that the catalytic activity on
dehydration reactions is higher for alkaline earth metals than for
alkalis metals.”'"*"?

AAEMs also affect the two competing pathways 2 and 4
(Figure 6). Pathway 2 occurs through the above-mentioned
concerted mechanism and leads to oligomers forming
levoglucosan and anhydrosugars through the levoglucosan-end
mechanism'”® and levoglucosenone after dehydration reactions
(pathway 7, Figure 6). Pathway 4 proceeds through ring opening
reactions producing light oxygenates and permanent gases.
However, other mechanisms (pathways S and 6, Figure 6)
concur to the formation of light oxygenates, and they consist in
the secondary decomposition of reaction intermediates (e.g,,
reducing-end sugars, anhydrosugars).

AAEMs catalyze the ring opening reactions directly from the
cellulose structure leading to the formation of light oxygenates
(especially formic acid, glycolaldehyde, and acetol) likely
because of the interactions of the cations with the ring oxygen.
As a result of competition among the pathways, lower
levoglucosan yields were observed when metal-loaded samples
are considered."*”"*® Light oxygenates were found to increase at
low Ca*" and K* loadings and to decrease at high loadings during
cellulose pyrolysis.” As observed for char, also light oxygenates
yield result from the relative weight of primary and secondary
formation mechanisms. Leng et al.” compared the effect of
increasing metal ions loading on cyclodextrin and cellulose, and
they observed that during cycoldextrine pyrolysis light oxygen-
ates production is depressed by the presence of metal ions. Since
in the case of ciclodextrine they cannot be produced directly
through ring opening reactions, but only through secondary
decomposition of reaction intermediates, it can be concluded
that Ca’* and K' favor secondary char- and gas-forming
reactions instead of light oxygenates production. Conversely,
in the case of cellulose, where light oxygenates can be produced
also from direct decomposition of the cellulose sugar rings, Ca**
and K* favor this mechanism competing with levoglucosan
formation. However, at high ions loading, especially for Ca®', as
observed for cyclodextrin, Ca** and K* catalyze secondary char
and gas formation producing lower amounts of light oxygenates.
As for the reduction of levoglucosan yield, the following trend
has been observed under fast pyrolysis: K* > Na* > Ca** >
Mg+ 150

The catalytic activity of K" is strongly correlated with the DP
as demonstrated by Leng et al,,” who showed an enhanced effect
of K" in reducing levoglucosan yield from cellulose with respect
to cyclodextrin and maltosan. However, since Ca®* acted as a
catalyst in levoglucosenone production,” it could be inferred that
the reduction of levoglucosan yield was due also to the increased
dehydration to levoglucosenone.

Furans from cellulose pyrolysis consist basically in HMF,
furfural, and furfurhyl alcohol, with the former prevailing on the
other species. Their formation pathway (pathway 3, Figure 6) is
initiated by the homolytic cleavage of the glycosidic bond
leading also to light oxygenates'*® (pathway 2, Figure 6).The
production of furfural and HMF through levoglucosan
secondary reactions was also postulated; however, recent
literature results supported their direct formation through ring
opening and rearrangements reactions,””” and such a pathway
was found to be catalyzed by Ca*".”

Some studies investigated the effect of the counterion on the
catalytic activity of alkali and alkaline earth ions. It was quite
hard to compare the effect of the different anions since, as for the
cations, the comparison was made at similar concentrations of

https://doi.org/10.1021/acs.energyfuels.0c04046
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Figure 6. Effects of alkali metals (AMs) and alkali earth metals (AEMs) on primary and secondary reactions during cellulose pyrolysis. The size of the
arrow reflects how favorable the pathway is with (red color) or without (blue color) metal ions; the larger the arrow is, the more favored the pathway is.

the salts on a weight percentage, thus corresponding to a
different concentration on a molar basis. However, despite this
difficulty, some speculations can be drawn. Patwardhan et al.">’
compared cellulose samples doped with different calcium salts
and found that the effect of anions in decreasing thelevoglucosan
yield follows the order of CI” > NO;~ ~ OH™ ~ CO;*” >
HPO,>". Conversely, Fu et al.”'® established a different order for
different potassium salts, namely, HCO;~ > OH™ > CI” >
CO,>". Finally, Marathe et al.”'* found that in the case of
levoglucosan the anions were active in the following order: CI™ >
OH™ > CO54*". Considering the anions concentration on a molar
basis, it is possible to conclude that among the different anions,
the highest activity expressed by HCO; is still valid since this
anion has the lowest concentration in the doped sample.”"> The
higher activity of CI~ with respect to CO,>~ observed by both
Patwardhan et al."*° and Marathe*'* is also confirmed since in
both the cases CI™ has a lower concentration in the doped
samples. Finally, the lowest activity of HPO;*~ among CI,
NO;7, and OH™ is confirmed since its molar concentration is the
highest."*” Nothing can be said about the relative effect of
acetate and carbonate anions on charring reactions because the
observed higher activity of carbonate®”” corresponds to a higher
concentration of the salt on a molar basis.

Zhu et al.”"> observed that metal oxides have a negligible
impact on the distribution of cellulose pyrolysis products;
however, in this case, also the doping method could contribute
to the observed lower activity. Metal ions in impregnated
biomass were found to be uniformly dispersed”'® also because
the wet impregnation allows for an ion exchange with the cations
naturally present in biomass,”'” whereas dry mixing is not able to
penetrate the compact crystalline structure of cellulose fibers.

5.2. Effect of AAEMs on Hemicellulose Decomposition.
As mentioned in Subsection 3.1, the hemicelluloses family
includes many types of polysaccharides, such as xylans,
mannans, xyloglucans, and mixed-linkage p-glucans. The
thermal decomposition of the different monosaccharides in
hemicellulose structures revealed that, overall, the products were
similar from a qualitative point of view, but their relative

5438

abundances are different. Furans, ketones (mainly 1-hydroxy-2-
propanone and furanone), and anhydrosugars (furanose and
pyranose ring anhydrosugars for pentoses and hexoses,
respectively) were the major products, with furfural being the
most abundant among furans.”'**'? Differently from xylose and
arabinose (pentose sugars), mannose and galactose (hexose
sugars) also produced HMF.”*” The presence of uronic acids
and acetyl groups mainly contribute to the formation of CO,,
formic acid, and acetic acid.'****!

In each hemicellulose type, the monosaccharides are organ-
ized in a complex polysaccharide structure, opening a wider
spectrum of possibilities during biopolymer thermal decom-
position. The hemicellulose pyrolytic behavior, indeed, depends
not only on the mono/polysaccharide type but also on the
thermal stability of the structure of the specific hemicellulose'*®
(branching, glycosidic bond types, side groups). For example,
hexose sugars are more thermally stable than pentose sugars.
The more variegated and branched their organization is within
the hemicellulose, the higher the probability of producing
multiple types of macromolecular radicals (through the cleavage
of glycosidic bonds) undergoing polymerization reactions to
form char.”** Thus, the investigation of pyrolysis chemistry of
the various hemicelluloses can provide insights into the
comprehension of the different decomposition mechanisms. In
this regard, as described in detail in Subsection 4.2, also the
extraction procedures should be considered as a factor affecting
the chemical and structural variations of hemicelluloses.
However, the main decomposition mechanisms were identified
and supported also by recent studies adopting molecular
simulations for pyrolysis of simple model molecules.®

At low temperature, O-acetyl groups at the C2 and C3
positions of the monosaccharides in the hemicellulose structure
dissociate via cleavage of the C—O oxygen-bridged bond to yield
acetic acid”*” or acetaldehyde,”* with the former being the most
favored. On the contrary, the formation of hydroxyacetaldehyde
is prevented by the presence of an unsaturated C=C bond
formed after scission of the O-acetyl group.””’ In the case of
xylans, the main oligosaccharide backbone decomposes™**** to

https://doi.org/10.1021/acs.energyfuels.0c04046
Energy Fuels 2021, 35, 5407—-5478


https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04046?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04046?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04046?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c04046?fig=fig6&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

REVE

pubs.acs.org/EF

Energy & Fuels

‘sauouajuadopLo

parefy[e Jo uoneurioy ayy sajowold uonIppe e
‘sjusuneanard spunodwos-paseq |, D) yim

e readdesip yotym ‘s[oY3)eD JO JSISUOD [10 UB[AX pajeasjuf)

", jo uonippe uodn paSueydoun are
0¢7  seamyeraduwoy onsua)oeIeyd pue spRIf syonpoid sis[oikg

*SU0QIed0IPAY
sneydie ur paypuus st pue EQH%Y jo dussaxd
€€t Ul S3SEAIDIP UONOEY J[ESUIPUOD 3Y) JO PRIA YT,

-asouerdd
-offxorpAyue pue ‘@soueifdofdx orpAyuerp ‘Temnyimng
Jjo uoneurroy 3y} sassarddns yse paarrap-sseidypymg
*SUOT Y[)1ea durley[e Jo aduasaid ur p[oj-§ pue
SUOT T[ex[e Jo 2oudsaid I 940/ SISLIIIUT PAIA [eINgIN]
'SUOT Ied Tede £q pajdage
JOU ST pue SUOT I[eN[E YIIM SISBIIOUI PRI PIdE D13y

‘sjusurjearny :m .HO.w wmmmuumﬁ w@—@& —Ouwum ﬁﬁm —uwu.m JTULIO

*SUOT [}Ied dulfey[e Jo 2dudsaid ur sasea1dap Inq
SUOT T[exe Jo 2ouasard ur saseardur pRIA IpAape1ady

*SUOT [[3Ied durey[e Jo aouasaid ur 94 1M 67—8T pue
suor Tey[e Jo aduasaxd ur 95 M G*/T 0) ISON[[PITWY
payund 10§ 95 M £°QT WO SaSLIIdUI PRIL TeyD)
'suol 1[exJe jo
uonenuaduod rejour 12y3ry £q pajdagge aq pnod s)nsay
*SUOT [[}Ied JUIeN[e 3Y) uey)
JUaIX3 193213 € 03 {Q7) JO UOTBULIOJ ISLAIIUT SUOT T[EY
'S[ERW [)Ied
sureye Jo uonippe uodn 3[qe1da)9p 31om siedns ou
S[Iym ‘A[pAndadsar ‘9 1M 9'T puUE 7°T 03 9 IM G WOy
PIOIA 3SO[AX UI 3583109p B 03 PI D] Pue BN 'SISOJAX
oIpAyuerp pue ‘9so[Ax ‘9so[Ax oipLyue jo asuadxs oty
je xeyd pue ‘Temyiy ‘sajeusdixo ysy (Y00 Aqurewr)
+91 sased a[qesudapuoduou Jo uoneuroj Aowoid SWIYY

‘s[es
jo douasaid ur paddepzano a1em (uonrsodwossp pue
:oﬁwu?ﬁwg aaImd dex ssof JySrom ayy jo syyead om,

‘SUreyd paydueIq Jo AJIAIOEST IsEIIOU
PpUE ‘U0TEULIO] STeYD 10§ A[qISu0dsal dIe ‘SUoTOEAI UoT
-eSuUIpPUOd pue suondear uoneIpAysp owoid syfes [y

‘sjes drfeawr jo duasaxd ur sarnjeraduway
607  19mo[ premo} sasow uonisodwrodsp Ue[AX Jo 32su0 Y,

Jo1 S)NSAI UTR]AT

SL0T

010

S¥0
€S0
L9°0
980

0T
T
1
61
(PR3 /jourur)
JU3JU0D UOT JI[[eIRN

—.OHD +%0
1030831 MO} (sreorwayd 1D,1)
20 ) Sumrwr £1p 1sej 00S paurenua PooMmyd33q WOy UB[AX
1974]
1s¢] -014d-o1orux
(youply-ewdis)
oy O uoneuSardur jom ST 006 ‘009 DL Jj2ds jeo woyy ueldx
(woy 11eD)
oD b Sumrwr £1p S oSt 1030031 Z31enb poomypIIq wolj uedx
+%0
3
N 19Z4]
| -014d-omorux
Bie) LEN uoneudardur jom 1sej 00S joys adurs  dso[n[ITWAY sseidydiims
v 21
0D 2
oY +EN (youpry ewdis)
0D LEN Suxtwr resrsfyd 01 00L o1 poomydaq woly uefdx
uoHIUNOY) uor I[N popow Suidoq  (urw/D,) (Do) I snjeredde 201Spad
IH [eyuswmadxy

SISA[0IAJ ISO[N[[ITWIY U0 SIWHVY JO 193pH 3y Sunednsaauy siaded d>ynusang pazdd[es L dqeL

https://doi.org/10.1021/acs.energyfuels.0c04046

5439

Energy Fuels 2021, 35, 5407—-5478


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

REVE

pubs.acs.org/EF

Energy & Fuels

-g-ueuonewrojoyikd-Hg-01pAyip-g pue g-AxoipAy

- pue ey jo ajowoid sdnoid poe srwon darg
*2AIND d)ex $s0] Jydrom ay ur yead suo
Auo Sunpoid ssperdap yorym ‘sdnoid pioe sruon
991 YHM ‘UB[AX PIZI[eIdUTWDp WO APUSISRIP (ISO[AX
J0 uontsodwodap pue syrun 3so[Ax ur uedx jo aeaeap
se pagnuapr) saduer amjeradwa) JUIILIP OM) 1940

191 sopeidap ‘sdnoid sjeuom  eN Sururejuod ‘wejdx mey

*3SBAIOUT JAIND jeX
aseafar {0 Yy ur syead puodas 3y pue 18Iy Y} YIog

*,21 JO UORIppE Iay3ny
Aq padagre ApySis Aquo st L) ‘sppad] Surdop 1aydiy 1y

‘padueypun surewar uordar armjeradway raddn ot

w yead oy searoym ‘worSar armyeradwa) 1amof Ay} ur
aye1 aseafar {Q)) ayy saseardur LY ‘sjaad] Surdop mof 1y

-aseaar i pue YHD padueque LY ‘ernjeraduway

ySry 3y 'sppas] Surdop ySry je saseamdur ppIk

0D 2y 3[rym ‘sjaas] Surdop mof 3e pRIL 0D [euy 3y
ur sadueyd sonpoid jou op 5193j30 jrsoddo omy asayy,

‘sarnjeradua) 1oySy je dsespar

0D sassaxdop 31 a[ym ‘sdnoid ureyd-apis jo suonoear

uoneIpAyap woiy 3] sjkuoqied £q paseapar st 0D
a1oyMm ‘samnjeradura) MOJ Je dJeI 3SLI[DI ())) SIIUEYUD ]

'sppPI& pmby pue

se8 £[uo spage 1 spaas] Surdop ySry ye arym ‘sponpoxd
s1s£1014d [T Jo spIk oy syoagge LY ‘sppad] Surdop mof 1y

“UOT)IBY S[QESUIPUOD 3 Jo dsuadxa aypy
e (‘0D Aurewr) wononpoid sed pue reyd sajoword

‘uononpoid [enying
JO WISTUBYDIW Y} UT Wed)s Jo [ox Jueadar e Jurhjduur
sty ‘(96 3m §T) weass Jo adussaid ur paureiqo U0 3y}
uey) (J20ISpady 9% IM £0°0 INOGe) I9MO] ST P[RIA [ernying
“UONBZI[eIdUTWIP
19)Je saseardur s1edns Iso[Ax 2)eIpAyap Jo pRIA YT,
‘ue[dx
me1 03 paredwod [oyod[e [£Injing Jo p[aIk 1omo] € pue
[emyny jo pRIA 1ySy e seonpoid ueldx pazifersurwa
“Ue[AX pazr
-[exaurwap 03 paredwrod UONOLIJ J[ESUIPUOD 3} JO
asuadxa ayy Je Teyd jo ppeIf 19ydiy saonpord uedx mey
“UR[AX pAzZI[eIdUTWP JO
aamd Jurpuodsaiiod ayy ur yead auo ojur afrow uedx
MEI JO 2AIND 33e1 $SO] JySram a3 Jo syead urewr om) Ay,

‘ue[AX pazieraurwap 03 3oadsar Ym pajedonue
ST st ue[dx me1 jo ainjeradwa) uonisodwodap jasuo ayJ,

Jo1 S)NSAI UTR]AT

1€0°0—0

PU 3 ‘97070 48D ‘6£0°0 BN
“w—&Emw ﬁuN:wuwﬂ_EwQ

*$00°0
O TT0 48D ‘€6°0 LBN *[onuo)

PU D 9200 48D 6€0°0 BN
:apdwres paziersurwa g

+$00°0
SLTT°0 48D €60 BN :[o1u0D)

Aﬁo;vw&w \ﬁoEEV
JU3JUOD UOT JT[[eIDA

Re)

UOLIJUNOY)

(428D pue ,EN Aureur) yse

2

(1 ‘2D BN Aureur) yse

(20 “(eN Aqurewr) gse

uoT JI[[eIR N

1974]
(fouetaw Is8) 065—SST -014d-o1omu
ur [DH) Surgsem
proe ySnory 01 0¥€—01T¢ aqn) z3renb
uoneZIEIauIp 01 00¥ SL
ursax
aSueydxa uones
ySnoxyy Surdop
ursax a3ueyoxa
uoned ySnoxy 1030831
UOTJRZI[EISUTUIP L 00L stsA[o14d mo[s
ursax a3ueyoxs 10}
uoned ySnoxy -oear sIsA[0x
UONeZI[BISUTWIP S 00 ‘009  -Ad mofs ‘O,
popow Suidoq  (urw/D,) (Do) I snjeredde
IH [eyuswmadxy

(suwkze3aN)
poomyd9aq woly ue[dx

(yompry-ewsrs)
POOMYDIIG WOIy UBAX

(Puprv-ewsdis)
@OO\SJU@U@ Eo.ﬁ ﬁw—%um

Yo0Ispasg

panunuod ‘/ Jqe],

https://doi.org/10.1021/acs.energyfuels.0c04046

5440

Energy Fuels 2021, 35, 5407—-5478


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

REVE

pubs.acs.org/EF

Energy & Fuels

[4%4

SE€T

.«wu

-a3ueydxs uoned jo peajsur uoneudardun
19m y3noxyy pappe usym sisfjoidd uejdx uo 3350
vﬁnﬁwﬁﬁmwﬁ ® 9ARY S)JES IPLIO[YD JO ULIOJ 3} UT SUOT [EIA

.Awmﬁoumx.bn:ﬁ%nv spunodurod
1y3oM IP[NOI[OW MO[ JO UOTBULIOJ SISLIIIUT BN

‘PUSI} SNOUOJOUOWUOU
® 9ARY SUBINJ ISYJO PUE ‘[EINJINJ ‘SpIO® d1ja0%
pue dTwIo] Jo PRIA a3 Gua30d BN Suiseardur Y

‘poe oruordoxd jo uononpoid ayy sioaey eN

$STTe 39 IuueRIpnIn) ur -y jo dussaid ur
PAAI25qO 2UO I} SE PUSI} Te[IUIls ® MO[[0] QD Pue 0D

‘suoryoear uoneuadfxoap pue
uoneuawdey adueyus sdnoid sjeuom &N a[rym ‘Suo

S)NSAI UTR]AT

P L 9700
28D ‘8%°0 BN :(uoneudaid
-urr 3om) ddures padop- BN
970°0 48D
6£0°0 BN ‘L0E°0 I :(28ueyd
X3 uoned) ddures padop- 3
'970°0 18D ‘6€0°0
LeN ‘8€°0—£L00°0 | *(uoneu
-3a1duur 39m) sjdwres padop-y

pu
‘9T0°0 1+¢¥D ‘6£0°0 LBN :[onU0D _1D O GEN
6t°0—9¥0°0 -0 4N

PU D ‘920°0 48D ‘6£0°0
BN :o[dwes paziersuruaq

$00°0

A0 e) ‘€6'0 BN :[o1u0) ?M c&«u ‘BN NA_:EEV yse

Av_uo%wem /[ourur) uoLRjuNoY) Uor JI[[EP A
JUIUOD UOT JI[[EIRA

aSueydxs uones
‘uoneudarduwr jom

ursal
aSueypxe uoned
y3noxyy Surdop

ursar auerpxa
uoned ySnoryy
UONBZI[eIAUIWIP

popew Surdoq

(uw/0,) (Do) I
MH

103
o831 SIsA[01
-£d mofs ‘o,

19
-zfjo14d ‘0,

snjeredde
[eyusurradxy

(youpry-ewsis)

poomdaaq woiy QNTAN

(youpry-ewsig)
Poomyd99q woIy Ue[AxX

Yo0Ispasg

panunuod ‘/ Jqe],

https://doi.org/10.1021/acs.energyfuels.0c04046

5441

Energy Fuels 2021, 35, 5407—-5478


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

Energy & Fuels

pubs.acs.org/EF

REVE

5
3
HO%OH AEMs &
He A 9 C;/(o AMs
HO. o A
0.
HO’ N |
OH o
OH OH

anhydrosugars

OH

o Furans

1&2
OH d
AEMs >
AMs
OH
Gas
‘b
§ o &
Yl
‘}
o —_
Metal-loaded
OH _— >
on o /Y: Metal free
35 U ;
OH

Secondary reactions

Light oxygenates

Figure 7. Effects of AMSAEMs on primary and secondary reactions during hemicellulose pyrolysis. The size of the arrow reflects how favorable the
pathway is with (red color) or without (blue color) metal ions; the larger the arrow is, the more favored the pathway is.

form xylose and anhydrosugars.'*>'****® Two competing
reaction pathways are proposed for xylose decomposition,
namely, dehydration to form anhydrosugars and ring opening
reactions,'*'“***> which convert xylose rings in the corre-
sponding acyclic form undergoing a series of reactions leading to
farfural (cyclization and dehydration) or, alternatively, light
aldehydes and ketones™***>**° (through dehydration, enol-
keto tautomerization, and retro aldol reactions). In the presence
of 4-O-methylglucuronic acid units, Shen et al.'>> also proposed
a second route for the formation of 2-furaldehyde from this unit;
after cleavage of the glycosidic bond, ring opening and
rearrangements occur through the elimination of CO, and
methanol. 4-O-Methylglucuronic acid units were also supposed
to contribute to the production of acetic acid through the
cleavage of the carboxylic group.'*’

Two competitive pathways for anhydrosugars decomposition
were postulated: dehydration to form dianhydrosugars or ring
opening reactions to form lighter species, such as acetol and light
aldehydes (methyl glyoxal and glycolaldehyde) as well as CO,
and formic acid.">>"*

Compared to cellulose, there are fewer studies focused on the
effect of inherent metals on hemicellulose pyrolysis. However,
this effect can be relevant since literature studies on wood
chemistry revealed that most of the metal cations naturally
present in biomass are impregnated in hemicelluloses.”””~**" To
the best of our knowledge, only xylan was used as a
hemicellulose proxy compound to study the effect of metal
ions during pyrolysis. Xylan samples are mainly commercial
materials and are extracted from hardwoods (beechwood and
birchwood), switchgrass,'®* and oat spelt.”** The xylan samples
have been doped mainly with AAEMs. Both organic (acetate,
formate) and inorganic salts (chlorides, nitrate, carbonates,
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. 164,209,230—234 .
oxides) have been used, g and the techniques used

for doping were the same proposed for the cellulose: wet
impregnation, dry mixing, and cation exchange.164’209’231_236
However, the water solubility exhibited by xylan hampers a
correct execution of the water impregnation procedure. Indeed,
as underlined by Collard et al.”*' the impregnation solution
cannot be removed by filtration but only by evaporation, leaving
also precipitated salts in the sample.”’' Differently, the doping
approach based on cationic exchange®”** takes advantage of
the xylan water solubility ensuring a tight interaction between
the metal ions and the polysaccharide,*” and it avoids the
presence of counterions that can hinder the catalytic effect of the
added cations.

It is worth noting that commercial xylan samples can contain
up to 6 wt % of ashes,'**°” and if they are not removed before
the doped sample preparation, their presence could attenuate
the effect of further addition of metal ions by doping.**’
Giudicianni and colleagues demonstrated that beechwood xylan
can be completely demineralized, and the glucuronic acid units
present in its structure convert in the neutral form by using a
cationic Dowex resin in the H-form.'>* The same authors
showed that the demineralized beechwood xylan can be further
doped with growing amounts of K" or Na* by using the same
cationic Dowex resin in a K-form or Na-form, respectively,”****°
and that such a procedure was more effective than wet
impregnation for the investigation of the catalytic role of alkali
ions in xylan pyrolysis.”*

Table 7 summarizes the main studies conducted on this topic
and the most relevant results. Figure 7 is a schematic
representation of the effects of AAEMs on the primary and
secondary reactions during hemicellulose pyrolysis.

https://doi.org/10.1021/acs.energyfuels.0c04046
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Xylan was often selected as a reference compound. It is worth
noting that commercial xylan contains a relevant amount of
metal ions contaminants'>* (mostly Na and Ca). Many studies
neglected the effect of these metal ions providing misleading
interpretation of the decomposition rate of this material
obtained in thermogravimetric experiments, and sometimes,
the metal doping produced only marginal effects probably
because the alkali metal content of the raw xylan was already
s,igniﬁcant.230 To gain insight on this aspect, some authors
compared raw and demineralized xylan samples,">*'” and they
observed that raw xylan, containing mainly Na* ions bonded to
the carboxylic group of the uronic acid, degrades over two
different temperature ranges, producing two peaks in the weight
loss rate curve. The two peaks come closer and merge in a single
peak when demineralized xylan with free uronic acids degrades.
It has been postulated that in the case of raw xylan, xylose units
in the main chains allow the metal uronate group to decompose
at lower temperatures (first peak in the weight loss rate curve),
whereas the remaining xylose units decompose at higher
temperature, producing a second peak.'®” The two weight loss
peaks overlapped, and it was greatly anticipated when xylan was
doped with high levels of Na* and K*.*%

Additionally, the doping procedure was found to affect the
extent of the effect of metal ions on xylan pyrolysis. The results
of Gargiulo et al.”* revealed that the introduction of Na* and K*
in the form of chloride salts through wet impregnation had only
slight effects compared to doping through a cation exchange
resin. It is likely that the cationic exchange approach ensures a
more intimate contact and a tighter interaction between the
polysaccharidic chain and the metal ions through ionic bonding.
Moreover, a mitigation effect of the counterion (Cl™) cannot be
excluded when doping is performed through wet impregna-
tion.””

As found for cellulose, also in the case of xylan-doped samples,
many authors detected an increase of char and gas yields and a
decrease of the condensable fraction yield.'**%29%232723¢ The
presence of metal salts promoted the formation of char, water,
furfural, light oxygenated species, and gas at the expense of
xylose, anl;gydro xy%ose, and dianhydro xﬁose.154’164’123’)209’235

Among light oxygenates, alkali metals were found to rise
acetaldehyde,'** propionic acid, and hydroxy-ketones yields.***
As for furfural production, opposing results were obtained by
Giudicianni et al.”** and Patwardhan et al."** by doping purified
xylan and switchgrass hemicellulose, respectively. Patwardhan et
al.'®* observed an increase of furfural in the Na*-doped sample.
On the contrary, Giudicianni et al.*** showed that furfural yield
had a nonmonotonous trend with Na* loading. However, the
apparent disagreement could be explained by observing that the
unique loading level of Na* doping studied in the case of
switchgrass hemicellulose was higher than the loading range
investigated in the case of purified xylan. Consequently, the
observations of Giudicianni et al.”*> were related to doping
conditions preceding the doping point investigated by
Patwardhan et al.'®* Overall, this suggests that different
competing mechanisms lead to the formation of furfural.”*> A
similar conclusion can be achieved for carboxylic acids
formation. In fact, Giudicianni et al.*** observed a non-
monotonous trend of the yields of both formic and acetic
acids at increasin% Na® doping concentration, differently from
Patwardhan et al."** that found a higher acetic acid yield and a
lower formic acid yield for Na*-doped hemicellulose.

As for the permanent gases, many authors'®®'0%?323¢
observed that the yield of CO, was significantly enhanced by
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the presence of Na* and K" or ash, whereas no significant change
in the yield of CO was observed. The temperature profiles of
CO, and CO release during slow pyrolysis experiments'>***>%
revealed that the introduction of K' and Na' into the
demineralized xylan sample affected differently the release
rates of CO and CO,. More specifically, by increasing the alkali
ion content, the two peaks of the CO, release rate curve
observed for the demineralized xylan behaved differently; the
low temperature peak increases, whereas the peak in the upper
temperature region remains unchanged. Overall, the CO, yield
increases. As for CO, the presence of alkali ions clearly enhanced
its release rate at low temperature, where CO is mainly released
by the carbonyls left from dehydration reactions of side-chain
groups. On the contrary, the presence of increasing amounts of
alkali ions depresses the production of CO at higher temperature
and promote CH, and H, formation."****>*3® Overall, the
promotion of CO release in the lower temperature region was
counterbalanced by the reduced CO release at higher temper-
atures.

In the end, it is possible to state that at low temperature alkali
ions promote dehydration reactions and decomposition of side
groups (pathways 1 and 2, Figure 7) forming char, water, CO,,
and CO, carboxylic acids), whereas at high temperature, they
catalyze the ring scission (pathway 3, Figure 7) forming CO, and
light oxygenates and dehydration reactions (pathway 4, Figure
7) forming furfural and char in competition with depolymeriza-
tion, water addition, and sugar dehydration (pathway S, Figure
7) forming anhydro xylose, xylose, and dianhydro xyloses.

The increased proportions of aliphatic hydrocarbons in the
condensable fraction and the reduced proportion of oxygen
containing groups may be attributed to the enhanced
dehydration reaction in the presence of alkali ions.**”

A different activity of AAEMs was observed.'** Alkaline earth
metals favor char and furfural production more than alkali
metals, even though their molar concentration in the hemi-
cellulose-doped sample was lower compared to that of alkali
metals. The opposite trend was observed for CO,, whereas
acetic acid yield was not affected by alkali earth metals. However,
it should be pointed out that alkaline earth metals were present
in lower molar concentration than alkali metals and that the
observations refer to one loading level. Different trends could be
revealed if a range of doping levels would be investigated.”””

5.3. Effect of AAEMs on Lignin Decomposition. Many
authors investigated the decomposition pathways of lignin
during pyrolysis. They pointed out that the complex structure of
this macromolecule varies greatly depending on the plant
species. Consequently, due to this variety as well as the difficulty
of extracting native lignin without altering its original chemical
structure, the study and the comprehension of the detailed
reaction mechanisms have always been very challenging. A
detailed description of the lignin macromolecule and its
decomposition pathways can be found in ref 7. Overall, its
conversion is mainly due to depolymerization of the
polyaromatic structure and to the fragmentation of the propyl
chains. These reactions produce a relevant amount of aromatic
condensable species and gas, whereas the repolymerization
reactions between aromatic rings represent the main pathway for
char formation. Given the presence of three types of monomers
and many substituted functional and oxygenated groups
(phenolic hydroxyl, methoxyl, hydroxyl, carboxyl, and carbonyl
groups), the types of bonds between the individual units are also
very different, and they determine a distinct thermal stability of
the macromolecule during pyrolysis. The cleavage of the ether

https://doi.org/10.1021/acs.energyfuels.0c04046
Energy Fuels 2021, 35, 5407—-5478
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or without (blue color) metal ions; the larger the arrow is, the more favored the pathway is.

bond in its different forms, f/—O—4 (the most frequent ether
bond) and a—O—4, was investigated using different dimers as
model compounds. It was found that for f—O—4 cleavage the
most favored decomposition mechanism depends on the
temperature”’~>*” and on the methoxy substituents group in
proximity of the ether bond.***"*** However, many authors
agree that a—O—4 cleavage was initiated by hemolytic
reactions,”*~** and this bond is less stable than f—O—4.
Carbon—carbon bonds have a lower reactivity than ether bonds
as the cleavage of linkages between carbon atoms in different
aromatic rings is required. Their reactivity is affected also by the
presence of alkyl, methyl, and hydroxyl groups in proximity of
the bond, and among the different types of C—C bonds, Ca—Cp
bond in the A—1 linkage is characterized by the lowest
stability.”*#****%**7 Figure 8 is a schematic representation of
the main decomposition pathways and of the effects of AAEMs
on the primary and secondary reactions during lignin pyrolysis.

The phenyl compounds formed after the cleavage of aryl
linkages (pathway 2, Figure 8) can evolve through secondary
reactions. The propyl side chains on phenyl compounds are
removed to form syringil units and guaiacyl units, and at high
temperature, syringyl units release methoxy groups to form
phenol and cathecol (pathway 3, Figure 8). The decomposition
of methoxy groups can form methanol or methane (pathway 3,
Figure 8). The hydroxyl groups are released at low temperature
to form syringil and guaiacyl units with unsaturated side chains,
whereas the decomposition of carboxyl and carbonyl groups
produce CO,, CO, and formaldehyde (pathway 3, Figure 8). In
the end, two other important pyrolysis pathways leading to the
formation of primary and secondary chars should be mentioned;
primary char can be produced by the direct carbonization of
lignin (pathway 1, Figure 8), while secondary char can be
formed by the repolymerization of phenols derivatives™*®
(Figure 8).

Lignin doping with specific ions (Li*, Na*, K*, Cs*, Mg**,
Ca®*, Ba**, Cu?*'7"1741752%%) has been widely performed. Wet
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. . . . - 171,173,175,249
impregnation with salts using distilled water' """~ "> or

ammonia solutions™' followed by filtering and washing to
remove any unbound metal ions has been widely adopted. This
approach ensures homogeneous infusion of the salts into the
lignin. The excessive impregnation method is also used**° (KCl,
CaCl,, FeCly). Lignin is impregnated with metal salts solutions
by ultrasonic immersion (0.5 h) and subsequent static
immersion (12 h) followed by water evaporation. In the case
of alkali ions (Na*, K*), both NaOH and Na,COj; salts have
been used,'”’ but nitrate salts (Fe(NO,);-9H,0, Ni(NO,),-
6H,0, KNO;) have been preferred*"**" because nitrates
volatilize during heating, leaving negligible residue and do not
add carbon to the samples, which would modify the carbon
balance. AAEM as acetate salts' > have been also used because
they decompose upon heating to pyrolysis temperatures, thus
releasing AAEMs in a catalytically active form. Calcium oxide
and calcium formate (CaO and Ca(HCOO),) were chosen in
some specific studies>* because calcium formate showed a
particular action as a hydrogen donor and calcium oxide showed
a significant deoxygenation activity. In some cases, alkaline ions
in the forms of NaOH, KOH, Na,CO;, K,CO5,"">'7>*% Ca0,
and Ca(HCOO),”** and HMs (ZnCl,,*** FeSO,”") were
introduced into the lignin by direct dry mixing.

Table 8 lists the relevant studies reporting the effect of alkali
and alkaline earth ions on lignin pyrolysis, and the main results
of these studies are summarized.

Demineralization of commercial lignin samples produced a
different behavior during the thermal treatment when compared
to the untreated samples. However, the obtained results seem to
be influenced by the demineralization procedure. Sharma et
al.>’ revealed that alkali lignin washed with hydrochloric and
nitric acids produced more char and less condensable fraction
than the raw sample. Conversely, alkali lignin samples washed
with hydrofluoric acid produced a slightly lower char yield
despite the reduction of the ash content.'”® However, the
apparent contrast could be explained by the different strengths

https://doi.org/10.1021/acs.energyfuels.0c04046
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of the acid used for the demineralization step. It is not clear if the
observed results for the sample washed with hydrochloric and
nitric acids are due to the reduction of ash content or to changes
that may have occurred in the structure of lignin due to the acid
treatment.'>' On the contrary, it has been demonstrated that
demineralization of alkali lignin with hydrofluoric acid does not
produce a great alteration of the original lignin;'*"'”
consequently, the results obtained with alkali lignin demineral-
ized by washing the sample with hydrofluoric acid solution can
be considered more representative of the real effect of ash during
pyrolysis. Moreover, the results were consistent with the ones
obtained by doping organosolv lignin, even though in this case
the mild effects of K on the yields of char, gas, and condensable
fraction could be due to the doping procedure (dry mixing)
which established a less intimate contact between the metal and
lignin sample.”** The increase in char production was attributed
to a catalytic effect that promoted repolymerization reactions.**’

Results of Wang et al.”*” seem to disagree with these
observations showing that K- and Ca**-doped alkali lignin
produced, respectively, more and less solid residue than the
untreated sample during thermogravimetric analysis. However,
if it is considered that a significant weight loss of the Ca**-doped
sample was observed at low temperature and related to the
release of adsorbed water, the amount of solid residue
recalculated on a dry basis is higher than the one of the
untreated sample, similarly to what was observed for the K-
doped sample. The same explanation can be provided for the
similar results obtained by Zhao et al.**” with KAc-, Na,CO5-,
and NaAc-doped alkali lignin.

Many authors agree that alkali and alkaline earth ions affect
greatly the decomposition patterns of lignin despite its origin,
producing a different distribution of the species in both gas and
the condensable fraction. The presence of AAEMs was proven to
catalyze the rupture of ether bonds and side-chain units
promoting the production of LMW species at the expense of
condensed aromatic molecules.””>**> Both AAEMs were found
to depress weight loss between 200 and 500 °C.”*”** This is in
agreement with Ca®* indulin-doped samples that were found to
produce a condensable fraction in which the molecular weight
distribution is shifted toward lower molecular weights,
indicating the enhancement of fragmentation reactions induced
by Ca**.

DFT calculations of a f—O—4 type lignin dimer model
compound (1-methoxy-2-(4-methoxyphenethoxy)benzene)
supported this experimental evidence revealing that in the
presence of alkali ions the dissociation energy of the Cf—O
bond decreases promoting homolytic and concerted decom-
position reactions.”°

Decarboxylation, decarbonylation and dihydroxylation reac-
tions are promoted by metal ions which also affect the
decomposition mechanism of methoxy groups bound to the
aromatic structures. The release of small molecular weight
species, such as CO, and CH,, was enhanced by the presence of
AAEMs.>***° In some cases,'”® only a slight increase of CO,
yield was observed.

Na* enhances the removal of methoxy and hydroxyl groups
from different types of pulp lignin determining an increase of the
yield of guaiacol, vinyl guaiacol, phenol, and catechol and a
decrease of the yield of methyl guaiacol.”>* Experimental data
related to biomass pyrolysis confirmed the results obtained using
lignin as feedstock. Fast pyrolysis of KCl-impregnated biomass
favored the yields of guaiacol and phenols with unsaturated
groups such as 4-vinylguaiacol and 4-vinylsyringol.''”**” As

(e
o
=

more water. In the intermediate temperature region, both metal

ions (especially K*) produce more CO,.
condensable fractions of the doped samples are enriched in

Main results
In the low temperature region, Ca“-doped samples produce
phenols.

At high temperature, they promote CH, and CO production. The

Metallic ion
content
mmol/geiose

Counterion

Metallic ion

Doping method

HR
(°C/min)

T (°C)

S

Experimental appara-
tu

Table 8. continued
Feedstock

Expressed as wt %.

a
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observed also for hemicellulose, the ion exchange doping
procedure was more effective than impregnation with salts since
it produces comparable results even though the loading level is 1
order of magnitude lower.”*

K* decreased the O/C ratio of the condensable fractions
confirming an enhanced activity of the deoxygenation
reactions.””

The production of catechols was significantly depressed in
favor of alkylated phenols with the addition of Ca®*, confirming
that calcium compounds catalyze deoxygenation in the form of
dihydroxylation.””* m-cresol was selectively produced among
the three cresol isomers. It was postulated that the complexation
between metal and hydrogen on the hydroxyl functionality in
the ortho position, with respect to the other hydroxyl group,
hinders the abstraction of the hydrogen radical from the
hydroxyl group allowing for the hydrogen abstraction from the
benzene ring in meta position and the following methylation
reaction on the same position.””* CaO also promoted PAH
formation.***

The type of counterion has a relevant effect on lignin
pyrolysis. It was observed that the bicarbonate counterion is
more effective than the sulfate in boosting the catalytic effect of
the alkali metal ion on the removal of hydroxyl and methoxy
groups.”>” Additionally, when the counterion decomposes
during pyrolysis providing an in situ source of reactive hydrogen,
such as in the case of Ca(HCOO),”* the catalytic effect of
hydrogen on the deoxygenation reaction prevails, producing
reduced amounts of char and gas in favor of a condensable
fraction with a reduced O/C content. The removal of hydroxyl
and methoxy groups was enhanced producing more aromatic
species and alkylated phenols from guaiacols.”>****

5.4. Effects of Inherent Inorganic Elements on
Biomass Pyrolysis. The inorganic elements present in
biomass, more specifically AAEMs, have a remarkable influence
on biomass pyrolytic behavior, since they affect the initial
temperature of decomposition, the maximum devolatilization
rate and the temperature at which it occurs, and the products
distributions (yields of char, gas, and condensable fraction) and
their composition and characteristics. During biomass pyrolysis,
these inorganic elements affect the decomposition of the organic
matrix at a molecular level as discussed in detail in Subsections
5.1=5.3.In Table 9, a collection of literature data referring to the
last 10 years on the effect of AAEMs on different types of
lignocellulosic biomass is reported. Among the AAEMs, K, Na,
Ca, and Mg are the most studied due to their high concentration
in lignocellulosic biomass.

5.4.1. Effects on Characteristic Temperatures and Product
Yields. As a general trend, according to the AAEMs effect on the
single organic components of biomass, AAEM:s (i) anticipate the
onset of the decomposition reactions and of the maximum
devolatilization rate temperature, (ii) favor the decomposition
pathways leading to the production of low molecular
condensable species and permanent gases, and (jii) determine
the increase of the char yield due to the enhancement of
dehydration reactions involving the holocellulosic components
and the repolymerization reactions of unstable reaction
intermediates. As pointed out in Subsections 5.1—S5.3, similarly
to the organic components, in the case of a real biomass, the
doped samples are frequently compared using the same
concentration on a weight basis of the metal ion detected on
the sample and, sometimes, even of the salt used for the sample
doping, which can lead to misleading results.

5447

It was found that the electropositivity of the metal tends to be
correlated with the extent of catalytic activity.'”” However, this
cannot be considered a general rule since, as discussed for
cellulose, alkaline earth metals are stronger Lewis acids than
alkali metals, and they are more effective in weakening the
hydrogen bonds between carbohydrates chains in the cellulose
fibril and the glycosidic bonds inside the chain, promoting
primary dehydration reactions.”’” Conversely, some authors
found that Ca®**®* or alternatively Mg*®" did not have any
catalytic effect on the yields of the pyrolysis products.

Some unexpected results were obtained as shown in Table
9,!17188194219230260 By et al.''” found that the demineraliza-
tion treatment performed by washing the poplar xylem tissue
with HCI did not affect products yields despite the reduction of
ash content. Demineralization procedures performed with
strong inorganic acids could affect the relative content of the
organic constituents by dissolving extractives and amorphous
cellulose and hemicellulose and alter crystallinity and DP of
cellulose (Figure 3). This could promote the production of char
(since lignin content increases), thus going in the opposite
direction of demineralization. The authors also conclude that
high loadings of Ca®" determine an increase of the maximum
devolatilization temperature, whereas different heating rates in
the range of 5—20 °C/min produced opposing effects on the
char yield in the K'-doped samples. Additionally, the doping
treatment can alter the metal ions effect on the pyrolysis
products yields as was observed by Nowakowski and Jones**’
and Safar et al."”* The authors observed the presence of two
resolved peaks in the weight loss rate curves of both cellulose
and rubberwood-doped with K*. It is inferred that the peak at
low temperature and the significant increase of char yield were
due to a partial modification of cellulose after impregnation.

Saddawi et al,'®® in the case of willow, showed that the trend
of the char yield with the Na* concentration is apparently not
consistent with the literature as the samples with the highest Na*
concentration produce comparable char yields. However, it
should be considered that high loading levels increase the ash
retention in char, and the char yield should be recalculated on a
dry ash-free basis to assess the real effect of Na* on the pyrolysis
mechanism. These effects should be considered when the
doping element concentration is high enough to alter
significantly the ash content in the final solid residue.'” Some
results that are also in disagreement with the literature were
obtained for the gas yield. Lu et al.** found a decreased yield of
gas for K*-doped poplar samples. Shen et al.”*® found that the
char yields of K*-doped biomass occasionally decrease, and it
was postulated that different K* salts could react at a different
extent with carbon in char to favor the production of gas at high
temperatures while consuming char.

Among the inherent inorganics, Si and also trace metals
should be considered in some specific cases. As reported in
Table 2, some agricultural residues, such as corn stalks, ba§asse,
rice straw and husks, wheat straw, and millet husks,'* are
characterized by high Si content.

The effect of Si was investigated at both low and high heating
rates. Under slow pyrolysis conditions, the higher char yield of
rice husk'” and of reed and Douglas fir””" with respect to other
biomasses with lower Si content pyrolyzed under the same
conditions was ascribed to the presence of Si. However, ata hig7h
temperature and heating rate, Trubetskaya and co-workers’>*"*
did not report any relevant catalytic effect of Si during pyrolysis
of rice husks.
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Table 9. continued

Metallic

[
)
=

Main results
Na doping (0.10): T,,,, 337 °

Concentration

Counterion

ion

Method

Pretreatment

HR (°C/min)

Experimental apparatus T (°C)

Feedstock

C, char 20.77 wt %

Mg doping (0.10): T, 355 °

C, char 17.39 wt %
Ca doping (0.11): T, 359 °

C, char 16.72 wt %

270

Control: T,,,, 343 °C, char

H,0 washing

demineralization

800

TG

cypress

wood
sawdust

20.3 wt %

H,0 washing: T,,,, 358 °C,

char 16.56 wt %

“CF: condensable fraction.

5455

On the contrary, trace metals may have some catalytic effects
on biomass pyrolysis. Specifically, transition metals were
investigated as catalysts in CFP where they are added on
purpose in concentrations greatly higher than the ones typically
found in natural biomass. A summary of the effect of these
metals in CFP is out of the scope of this review, and the
interested reader can refer to the pertinent literature.” Their
effect on the pyrolysis of the natural biomass is often neglected
because their concentration is typically in the order of ppm; a
different approach should be used for hyperaccumulator plants
grown on metal-contaminated soils. In these cases, some typical
metal contaminants, especially HMs such as Pb, Cu, Zn and Cd,
can be accumulated in the plants thus achieving non-negligible
concentrations." "'

Only a few studies on the pyrolysis of HMs-contaminated
plants investigate also the possible catalytic effects induced by
these metals. Table 10 shows the comparison between products
yields obtained from pyrolysis of contaminated and control
biomass samples.

The comparison is complicated if one considers that the
presence of HMs induces modifications of the plant chemistry,
both in the inorganic and the organic fractions. Consequently, it
is challenging to understand if the observed effects are due to the
presence of HMs or to the changes in the biomass, induced by
their presence during plant growth. For example, the results of
the study conducted by Al Chami et al.”’* seem to be affected by
the higher AAEMs content of the contaminated biomass with
respect to the control sample and not by the presence of Ni and
Zn in the contaminated sample. In this case, the high content of
AAEMs promotes dehydration reactions that lead to a higher
char yield and a higher water content in the condensable
fraction. To overcome this problem, some authors used doped
samples to simulate the metal contamination.”’**”> However,
the final ion concentration in the doped sample was often too
high with respect to the typical values due to natural
contamination, so the catalytic effect was overestimated.

The presence of Cu** during fast pyrolysis was found to
increase the yields of the char and the condensable fraction at the
expense of the gas yield. The catalytic effect of Cu®" resulted in
lower oxygen content in the condensable fractions, thus
increasing its high heating value.””> According to the results
observed in the literature related to the use of Cu as a catalyst in
CFP, this result can be explained with the ability of Cu** in
promoting deoxygenation reactions and reactions between
gaseous species (e.g, H,) or light hydrocarbons and
condensable species or char.”’”*”® A different catalytic activity
was observed for Pb** during pyrolysis of contaminated water
hyacinth®”® and Avicennia marina.”’® Jiu et al.>”> detected an
increase of the yield of the condensable fraction derived from the
pyrolysis of contaminated water hyacinth at the expense of char
and gas yields. This result seems to be related to the alteration of
the decomposition mechanisms of carboxylic groups and the
depolymerization reactions of hemicellulose and neutral
detergent solutes (protein, fat, sugar), which produce more
carboxylic acids and less aromatics and, accordingly, less CO,
and more H,. Conversely, He et al.*’® observed for the
contaminated biomass an increase of char and gas yields and a
reduction of the yield of the condensable fraction which resulted
in enriched hydrocarbons.

As suggested by the results discussed so far, many deviations
from the most common trends obtained in the literature exist,
thus revealing that several factors affect the behavior of metals
during the pyrolysis of biomass, especially in a real plant. The

https://doi.org/10.1021/acs.energyfuels.0c04046
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Table 11. Variation Ranges of Bio-Oils Properties and Effect of Ash Content on Bio-Oil Properties from Switchgrass and Festuca
arundinacea, (adapted from Kumar et al.,** Lehto et al.,' and Fahmi et al.>*")

Variation ranges raw

feedstock ash content, wt % 4.3

Switchgrass Festuca arundinacea
washed raw washed
3.4 7.3 44
39.4 (47.6 wf) 32.1 (48.7 w.f) 44.9 (63.4 w.f)
6.7 (5.8 w.f) 9.8 (9.1 w.f.) 9.2 (84 wf.)
0.1 (0.1 w.f) 14 (2.1 wf) 1.0 (1.4 wf)
53.6 (46.3 w.f.) 56.7 (40.0 w.f.) 44.9 (26.8 w.f.)
17.2 34.1 29.2
0.3 0.1 0.1
333 10.9 13.5
14.5 14.5 19.7
2.8 3.2 3

C, wt % 54-58 (w.f) 38.3 (509 w.f.)
H, wt % 5.5-7.0 (w.f.) 7.4 (6.2 wf.)
N, wt % 0-0.2 (w.f) 0.1 (0.1 w.f)
O, wt % 35-55 (wf) 54.1 (427 wf)
Water content, wt % 15-30@ 247
Solids, wt % 0.2—-1.0@ 0.8

Ash, wt % 0—0.2®@ -
Viscosity @ 40 °C, cSt 15-35® 342
Density @ 15 °C, kg/dm® 1.1-1.3® -

LHV, MJ/kg 13-18® 14.8

pH 2-3® 2.9

catalytic effects of metals can be enhanced or attenuated by
different factors acting at a multiscale level and, often, interacting
between them:

e At molecular scale: Chemical interactions between metal
ions and the inorganic fraction as well as between metal
ions and the organic components could induce metal
devolatilization'* and/or passivation.””” Both alkali and
alkaline earth metals, especially Na and K if present in free
ion form, could react with the organic volatile species
released durin§ pyrolysis and easily be transferred to the
vapor phase.”®” The extent of these reactions is affected by
the concentration of the organic species in the gas phase
(and consequently by the devolatilization rate and the
carrier gas type and dilution) and by the mass transfer
limitations inside the particle.'* In addition, some
inorganic species (e.g, Ca(OH),) were found to react
with the inherent inorganic elements in the biomass
altering their properties and making them inactive.”””

At particle scale: Particle size and evolution of the char
porous structure affect the mass and heat transfer inside
the biomass particle; variations of the residence time of
the volatiles inside the particle and the intraparticle
thermal gradient induce a different extent of the metals
catalytic activity. Moreover, the selectivity toward some
decomposition mechanisms induced by the metal ions
modifies the endothermicity/exothermicity of the ther-
mal decomposition steps that affect the temperature at
particle and even at reactor levels. In this regime, pyrolysis
products are determined by the interplay between heat
transfer and chemistry according to the values of the Py
number.”>”

At reactor scale: Reactor fluid dynamics affect the
residence time of the volatiles evolving from the biomass
particles/bed, whereas reactor configuration can induce
thermal gradients inside the particle/bed and inside the
gas phase modulating accordingly the occurrence and the
extent of the catalytic activity of the metal ions.

5.4.2. Effects on Composition and Properties of Conden-
sable Fraction. The analysis of the effect of AAEMs on the
single biomass organic components revealed that these
elements: (i) promote dehydration reactions of the holocellu-
losic matrix, (ii) favor the ring opening reactions of the
carbohydrates-based oligomers, (iii) catalyze the secondary
decomposition of the anhydrosugars and their repolymerization

5457

to form secondary char, (iv) catalyze the rupture of ether bonds
and side-chain units inside the lignin macromolecule, and (v)
promote the deoxygenation of the aromatic structures through
decarboxylation, decarbonylation, and dihydroxylation and
demethylation reactions.

According to the above-mentioned effects, many authors in
presence of AAEMs detected higher yields of water and LMW
species. Among the typical products of the holocellulosic
fraction decomposition, lower yields of levoglucosan and
anhydrosugars were detected in favor of aldehydes, ketones,
and ethers. No obvious trends were observed for acetic acid and
furans, especially HMF and furfural. Some authors'*>%*>%
observed an increase of the acetic acid yield and of acids in
general with the addition of alkali metals and Mg”, even though
opposite results were obtained by Liu et al.”*® The authors found
that by doping the biomass with Mg®, K*, and Na' the
formation of HMF was sué)jpressed and that Ca®* doping had the
same effect on furfural>®” In contrast, some authors'>2°*>¢”
observed that Mg** increased furfural yield, and Mahadevan et
al.”®" confirmed that the alkaline earth metals enhanced the
formation of furans. Inconsistent results among different studies
were found for furans yields after biomass demineralization
through acid washing.'>""*%

However, as discussed in Subsections 5.1 and 5.2, Giudicianni
et al.>** observed a nonmonotonous trend of the yields of
furfural, formic, and acetic acids at increasing Na* doping
concentration, suggesting that different competing mechanisms
could lead to the formation of these compounds.

Among the lignin-derived species, alkali metals promote the
production of phenols and, in particular, they determine an
increase of the guaiacols yield, whereas alkaline earth metals
seem to inhibit their production.”®" Case et al.”*” observed that
there was a shift from catechols to phenols and an increase of
alkylated phenols when pyrolyzing Ca**-doped pine wood.

The condensable fraction contains a relevant percentage of
heavy components®®” responsible for the high bio-oil
viscosity’*” and formation of coke upon heating.”'’ Heavy
components consist mostly in O-containing species.284 AAEMs
were found to depress the formation of these components
through two main mechanisms: (i) the breakage of active O-
containing functional groups in heavy phenolics (catalytic
effect) and (ii) the inhibition of radical recombination to form
heavy phenolics and carbohydrates®®* (inhibitory effect).
AAEMs can promote the secondary reactions of the volatile
compounds, especially at higher temperatures, leading to the
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Table 12. Effect of Inorganic Macroelements Contents on Char Characteristics

Yield
Ultimate composition
Ash content
HHV
BET
CEC
AEC (anion exchange capacity)
pH

Reactivity in oxidizing atmosphere

It increases with AAEMs content and decrease in presence of high contents of aluminosilicates

AAEMs decrease C and increase O content (on daf basis). Aluminosilicates increase C content and reduce O content.

It increases with inorganic elements content

It decreases with inorganic elements content
It decreases with AAEMs and Si content

It increases with both total metals and AAEMs content

It increases with soluble anions content

It increases with AAEMs content

As AAEMs content increases it increases at low temperature and d, whereas it decreases at high conversion/temperature

formation of lighter species. Xiong et al.”** found that the
presence of AAEMs promoted the decomposition of heavy
components in the bio-oil obtained from sawdust under
different temperatures and heating rates to form additional
compounds with a molecular weight of 200—300 Da, and this
effect was enhanced as temperature increased. The reason for
this result was ascribed to the favored breakage of the O-
containing functional groups in heavy phenolics and, at higher
temperatures, also to the release of AAEMs which recombined
with radicals generated from biomass decomposition. High
heating rates promoted the inhibitory effect on the heavy
components formation but, on the other side, depressed the
release of AAEMs,”® thus weakening the inhibitory effects. K*
has a stronger effect then Ca®" on the total content of heavy
components; more specifically, K* increased the content of
single ring aromatic components while Ca®* decreased the
content of the 2—3 ring aromatic components.”**

The changes in the chemical composition correspond to
changes in the viscosity and the heating value as shown in Table
11.

5.4.3. Effects on Char Properties. The initial concentrations
of inorganic elements are associated with their contents in the
final solid residues since even if some inorganics are devolatilized
during char production,”®® they are mostly retained in its
structure. However, the chemical forms in which they are in the
parent feedstock evolve during the pyrolysis process because of
the interactions with both organic and inorganic matters, which
affect their release and their intrinsic characteristics.'* Many
studies demonstrated that Cl is mostly released at temperatures
below 500 °C,**”**% even though a residual release was observed
during straw pyrolysis between 700 and 900 °C.**’ It was
speculated that the release of Cl at low temperature is caused by
a reaction between KCI and some organic functional groups,
probably carboxylic groups to form HCL**° However, this point
is still debated since other authors proposed the reaction
between KCl and organics groups to form CH;CL*"'>%?

Since S is present in a variety of compounds in biomass, both
organic and inorganic, its devolatilization occurs mainly in two
temperature ranges. Organic S is released during protein
decomposition at temperatures lower than 500 °C,**7>%
while only a residual release is observed at higher temperatures
since inorganic S in soluble form (mainly sulfate) is transformed
in insoluble S (Ca$, K,S), and it is retained in the char.”’® Also
Fe, Mn, and P are retained during pyrolysis, but P turns into
more stable forms as temperature increases. The alkali metals are
typically present in the biomass in the form of carbonates,
whereas only a very low fraction is associated with the organic
matrix, and it is released below 400 °C. On the contrary, the
decomposition and the release of alkali metal carbonates occur
at very high temperatures,””” or they could be retained in a stable
form if incorporated in silicates. Ca and Si, located in the cell
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wall, and Mg, bound with ionic and covalent bonds to organic
molecules, are released at high temperatures. Different pyrolysis
conditions promote the formation of crystalline silicates™**"
or amorphous silicon oxides.”

The retained inorganic elements contribute to the properties
of char both directly, through their intrinsic characteristics, and
some of them (mainly AAEMs) also indirectly acting as a
catalyst during the transformation of organic matter. Table 12
summarizes the effect of the most abundant inorganic elements
on the chemical composition and textural characteristics of char.
Two examples of chars produced under slow pyrolysis from raw
and demineralized biomass are also given in Table 3 to highlight
the effect of AAEMs content.

A reduced content of AAEMs promotes the production of
organic volatiles which are compounds rich in O, thus affecting
positively the C content of the remainin% char (despite the lower
yield) at the expense of the O content.’”> Consistently, raw rice
straw-derived char (Table 13) has a lower C content and higher

Table 13. Chars from Slow Pyrolysis of Raw and Washed Rice
Straw at 550 °C*°’ and Cotton Stalks at 500°C""

Rice straw Cotton stalk
feedstock raw washed raw washed
ash, wt % 13.3 12.8 5.54 3.92
K, mg/kg 19,300 3250 9500 1700
Ca, mg/kg 3500 3100 8800 6500
Mg, mg/kg 2500 1800 2750 1500
Na, mg/kg 1500 380 800 150

C, wt % 53.2 58.7 70.32 72.78

H, wt % 2.6 2.5 2.26 2.32

N, wt % 0.9 0.8 1.32 1.35

O, wt % 8 7.8 7.58 9.17
volatiles, wt % 16.3 16.6 26.79 25.27
fixed carbon, wt % 48.4 53.2 54.69 60.35
ash, wt % 35.3 30.2 18.52 14.38
HHV, MJ/kg 183 19.3 26.59 27.07
BET, m*/g 67.5 79.7 134.63 189.27

pH - - 9.02 8.37

O content than char obtained from washed samples. However,
also the presence of other inorganic elements could affect the
biomass devolatilization. Rodriguez Correa et al.””* observed
that aluminosilicates such as kaolinite contained in macauba
enhanced the release of O-containing groups, which lead to char
with a higher C content in the raw sample than in the washed
sample, thus explaining also the results obtained by Tomczyk et
al®>”" on raw and washed cotton stalks (Table 13). The N
content in the char is only slightly affected by the presence of
AAEM, since Ca’* and K* can catalyze the cleavage of N-
containing species such as NH; and HCN.?*>*% The inorganic
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elements content is positively correlated to the char ash content,
thus affecting negatively its HHV.

As described in Section 2.3, the morphological characteristics
of char evolve as the pyrolysis temperature increases. The
presence of inorganic elements in the form of heteroatoms in the
organic matter prevents an excessive closing of the graphene-like
layers during the graphitization of the char at high temperature,
determining the formation of micropores. However, AAEMs
were found to depress the formation of larger molecules at low
temperature and favor the formation of secondary char at high
temperature, reducing the total void volume of the char and its
specific surface area. Moreover, if high amounts of alkaline
metals and silicates are present, sintering phenomena can occur
due to the formation of low melting point salts. For example, rice
husk char obtained under high temperature and heating rate and
quickly cooled showed a glassy structure composed of an
amorphous silica phase.”” Consistently, higher values of the
specific surface area were observed for woody chars charac-
terized by low ash content compared to herbaceous plant-
derived chars.***

It is known that AAEMs in the form of salts are mostly
responsible for the alkaline pH together with the removal of
acidic groups as pyrolysis temperature increases.””> The CEC
for lignocellulosic biomasses was found to have a strong positive
relationship with both the total metals and soluble cations
contents. However, it is worth noting that char CEC cannot be
predicted based only on the metals content but also on the
concentration of the acidic functional groups. On the contrary,
soluble anions contribute mostly to the AEC. Zhao et al.,**° for
example, found that the high AEC values in grass- and straw-
derived chars were probably due to the high CI™ concentration.

Inorganic elements retained in the char after the pyrolytic
stage can play a catalytic role in subsequent oxidation reactions
under both gasification and combustion conditions. A recent
review of Dahou et al.’”’” discussed the results of the most
relevant studies on the effect of inorganic elements on char
reactivity under gasification conditions, pointing out that some
aspects do not yet have a clear consensus in the literature. Alkali
metals were found to increase char reactivity in the order of K >
Na,**® whereas other elements such as Al, P, and Si showed an
inhibitory effect.””” Due to their high amount in the biomass, K
and Si were mostly studied. Several mechanisms for K action
were speculated, all of them based on the formation of active K
intermediates, even though the type of intermediates is still
debated.”®” A mechanical effect due to char swelling in the
presence of K was also postulated, but this Sé)eculation was not
supported by any experimental evidence.’'’ Opposing results
were obtained at high char conversion. Some biomasses showed
an increase of the gasification rate probably due to the enhanced
effect of alkali metal concentration at high temperature®"' and to
the release of active K intercalated between graphitic layers in
the char structure. Other biomasses showed a decreased
reactivity probably due to the reduction of the available char
surface due to pore collapse®” or to the formation of an inert
physical barrier on the char surface by the melted potassium
silicates.®" In general, Si, P, and Al can exert an inhibitory action
on char reactivity by forming silicates, aluminates, and
phosphates with AAEMs thus making them inactive.’"’
However, Trubetskaya®’> observed that the reactivities of rice
husk and pine wood chars generated in a drop tube reactor at
1400 °C were similar despite the high Si content of rice husk
char, indicating a slight influence of the amorphous Si oxides
detected in the char structure on the char reactivity.
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The effect of AAEMs on char reactivity under combustion
conditions was found to be positive for char prepared at low
temperatures®' #*'° due to the formation of K active
intermediates as observed under gasification conditions.
However, Zolin et al.>'* showed that chars prepared at T >
1200 °C from straw, raw and demineralized, had a lower
reactivity in the presence of higher AAEMs concentrations.
Several mechanisms were considered responsible of these
results: (a) the formation of some discrete crystalline regions
promoted by inorganic elements and (b) the reduction of the
available char surface due to the volatile condensation inside the
char pores or to the formation of inert ash layers.”"® In any case,
at high temperature, it should be considered that the effect of
thermal annealing on char reactivity could be predominant with
respect to the catalytic action of AAEMs.

5.4.4. Effects on Gas Composition. Given the predominant
interest in the condensable and solid products of pyrolysis, the
effect of inherent inorganic elements on the release of the
gaseous species and on the composition of the gaseous product
was under investigated. Some authors studied the evolution of
the gaseous species from slow pyrolysis of the main biomass
components, demineralized and doped with different alkali
elements,68/164176,215,225,235

Slow pyrolysis of cellulose impregnated with increasing
concentration of K salts resulted in an increase of both CO
and CO, production from primary decomposition reactions as
well as of CH, and H, from secondary decomposition of
volatiles.”**'* The increased production of CO, was detected
also for fast pyrolysis of KCl- and CaCl,-impregnated cellulose.”
Ferreiro et al.®® observed that, overall, the composition of the gas
obtained at 700 °C under slow pyrolysis conditions was only
slightly affected by the presence of KC, and a small increase of
the CO content was observed at the expense of the CO,
content.*®

The eftects of AAEMs on the gas released from hemicellulose
pyrolysis was studied using xylan from beechwood with different
AAEMs contents as the reference compound.”*® By increasing
the alkali metals content, the release of CO, and CO at low
temperature was enhanced, whereas the release of CO at higher
temperature was reduced. Overall, this corresponded to a
slightly higher content of CO, at the expense of CO in the gas
produced under slow pyrolysis conditions at 700 °C.**> A
similar effect on CO, and CO yields was observed also for fast
pyrolysis of o-acetyl-4-O-methylglucurono-xylan extracted from
beechwood®* and for purified switchgrass-extracted hemi-
cellulose.'®* However, at high Na* concentrations (>2 wt %), a
strong reduction of CO, content and a corresponding increase
of the CO content was observed due to the significant
promotion of CO release at low temperature.”** The yields of
H, and CH, increased with alkali content, but only slight effects
on their content in the gas were noticed.””

Concerning the effect of inorganic elements on pyrolysis gas
from lignin, it was observed that the qualitative trends of the
release rate of the main gaseous species were not altered by the
presence of inorganic elements.'’® However, they promoted an
increase of CO, and H, contents in the gas at the expense of CO
content, whereas CH, and C, contents were only negligibly
affected. Demineralized lignin doped with K* confirmed these
trends.'”

Among the studies discussed in Subsection 5.4 (Table 10),
only few of them reported the composition of the ggrrolysis gas
for real biomasses.'*"****%° Moreover, Chen et al.>** and Shen
et al.”®® used high ratios of biomass to salt to promote a chemical
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Table 14. Effect of Inorganic Elements on Composition and LHV of Pyrolysis Gas'*

Feedstock  Pyrolysis conditions T (°C)  Concentration Pretreatment
rice husk fast 500 raw
H,O washing
HCI washing
700 raw
H,0 washing
HCI washing
900 raw

H,0 washing
HCI washing

1

CH, (wt%) CO, (wt%) CO (wt%) H,(wt%) LHV (MJ/kg)
8.0 45.2 46.6 0.2 8.9
8.6 38.7 52.5 0.2 9.8
9.6 30.1 60.1 0.2 11.1
11.5 25.6 61.4 1.5 13.8
11.2 19.1 68.4 1.3 14.0
10.8 9.3 78.6 1.2 14.8
13.6 11.5 72.8 2.1 16.6
114 8.5 78.3 1.8 15.7
10.0 6.2 82.3 1.5 15.1

activation during the pyrolysis process, so that their results
cannot be considered representative of the extent of the effect of
inherent inorganic elements that, typically, are present in greatly
lower concentrations. Data on gas yields obtained from fast
pyrolysis of raw and demineralized rice husks at 500, 700, and
900 °C'*" were used to calculate the gas composition as wt %
considering only the main gaseous species, namely, CO, CO,,
CH,, and H,. These data are reported in Table 14 together with
the calculated low heating value. At all the investigated
temperatures, the pyrolysis of raw biomass, characterized by a
higher content of inorganic elements, produced a gas richer in
CO, at the expense of CO, in agreement with the data reported
by Demirbas.”'” At 500 and 700 °C, the contents of CH, and H,
change negligibly in the different samples, whereas at the highest
temperature, both CH, and H, contents increased in the raw
sample due to the enhanced effects of the secondary reactions.

6. TECHNICAL AND SAFETY ISSUES RELATED TO
PRESENCE OF INHERENT INORGANIC ELEMENTS IN
BIOMASS PYROLYSIS

The presence of specific inherent metals in biomass is known to
adversely affect the pyrolysis process under several points of
view: Biomass decomposition pathways, reactor performance,
bio-oil storage and utilization, bio-oil upgrade, and release/
accumulation of toxic species.

6.1. Biomass Decomposition Pathways. As extensively
discussed in Section S, the yield and the quality of the
condensable fraction decreased at increasing AAEMs concen-
tration due the thermal degradation of the desired products into
light gases. This effect is particularly noticeable in fast pyrolysis
conditions, when the aim of the process is precisely to maximize
the yield of bio-oil while preserving its quality and was already
discussed in Section 5.2.

6.2. Reactor Performance. The inorganic compounds
present in biomass which are concentrated in the ashes during its
thermochemical conversion can be the cause of technical
problems at high process temperatures typical of gasification and
combustion.” ™" Slagging and fouling phenomena may create
deposits on the reactor walls, thus being detrimental for the heat
transfer. Moreover, inorganic compounds can also be corrosive
for the plant materials, thus increasing the maintenance costs
and reducing the plant lifetime. Finally, they may be responsible
for bed agglomeration due to the occurrence of melting
phenomena, which are particularly noticeable in the presence
of some inorganic elements forming low melting point eutectics.
Vassilev et al.” extensively reviewed ash fusion and ash formation
mechanisms of different biomass types during combustion and
concluded that certain associations of inorganic elements based
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on their content, speciation, and origin can be used for
predicting the ash fusion, slagging, deposit formation, foulin§,
agglomeration, sintering, or corrosion problems. Trubetskaya”"*
compared woody and herbaceous biomass under high temper-
ature fast pyrolysis conditions pointing out the pivotal role of Si
and K in determining the formation of low melting point ash. A
positive aspect is that K was found to have an active role in
reducing soot formation. However, at the typical temperature of
slow and fast pyrolysis for char and bio-oil production, all these
phenomena are less relevant, and some of them, such as bed
agglomeration, cannot be ascribed to the presence of inorganic
elements.”*’

6.3. Bio-Oil Storage and Utilization. A secondary effect of
the presence of alkali metals in the biomass during pyrolysis is
due to their transfer in the condensable fraction, causing an
increase of the phase separation in the bio-oil with time. This is
an additional effect to the normal aging typical of the bio-oil, and
it can be attributed to the reduction of surfactant species
produced during the pyrolysis process.””' However, the aging of
the bio-oil is also affected by the alkali metals presence in the
feedstock, and it has been demonstrated that a simple washing
treatment of the feedstock led to a significant improvement of
the bio-oil stability. This is particularly evident for feedstocks
with a high ash content,”***

The presence of char particles increases the aging of the bio-
oil due to the catalytic effect of metal elements in the char, like
calcium, magnesium, aluminum, and zinc. Their presence favors
the oxidative processes, and small char particulates themselves
may act as condensation nuclei promoting the formation of
residues and deposits.”*****

Possible effects of the presence of inorganic species presence
in bio-oil during its combustion are corrosion, erosion, and
deposition, and their relevance depends on how they are present
in the bio-oil, either if they are present as solid particulates (a
typical example is the residual char particles that have not been
removed by filtration) or as inorganic species that are dissolved
in the bio-oil.

In the case of solid particulates, the main drawbacks, in
addition to the deposition of sludges in the containers and the
potential clogging of small passages, are the possible erosion
effects that small particles have on the pumps, atomizers, and, in
general, on all the metallic surfaces when high velocity flows
occur, since solid particulates in the bio-oil have a very small size
(below 10 ym) and may act as inception nuclei promoting the
formation of higher quantities of particulate during combus-
tion." For all these reasons, the particulate content in bio-oil
should be as low as possible and at least below 0.1 wt %.%° These
particles may be filtered out, but the reduction of the number of
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Figure 9. HMs retention in the char obtained under different pyrolysis temperatures from CMB and CS>*” (maatheide birch and sunflower), CWL and
CWB™** (willow leaves and branches), willow,**” SBS-FP and SBS-SP>”* (Sorghum bicolor L. from fast and slow pyrolysis, respectively), WH"”* (water
hyacinth), PMR>** (Brassica juncea), AM?’® (Avicennia marina), AD-R and AD-C (Arundo donax rhizomes and culms), and PN-B and PN-L'!" (

Populus nigra branches and leaves).

very small particles (below 1 um) in the bio-oil is quite
expensive. In addition, there is evidence that the use of hot gas
filters to remove particulates and other contaminants reduces
significantly the carbon yield of bio-oil."*

Also, the content of inorganic species in the bio-oil should be
kept at the lowest possible amount. However, even if a clear
indication of the maximum amount of inorganic content in the
bio-oil cannot be given since the acceptable maximum content
depends on the specific application,'* there is a general
indication to keep the chlorine content in the order of 0.1—
0.2 wt %.%*° An analysis of the possible implication of inorganic
contaminants in the fast pyrolysis bio-oil during combustion in
gas turbine engines, leading to some general criteria to evaluate
the quality of the pyrolysis oil, is given in ref 325.

It is important to stress that the inorganic presence effects not
only depend on their concentrations but also on their
interactions. For example, during bio-oil combustion in gas
turbines and engines, the presence of significant amounts of
alkali metals, when also sulfur is present, may be the cause of
corrosion of metal parts in combustion devices. In this case, by
removing either the sulfur or the alkali, the problem is removed,
and the presence of a significant amount of onl_}r one of these
species does not generate corrosion problems.””” However, the
standard water removal methods used to remove alkali metals
can be hardly applied due to the solubility of a significant portion
of bio-oil in water. In this case, it may be convenient to remove
the sulfur or modify the bio-oil production process to reduce the
alkali metals and/or sulfur concentration. On the other hand,
there are some inorganic species, like chlorine, that are the cause
of significant hot corrosion phenomena both by themselves or in
the presence of alkali metals. In this latter case, the presence of
alkali metals favors the deposition of chlorinated compounds on
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the metal surfaces producing favorable conditions for local
corrosion phenomena. A comprehensive review of the possible
deposition and corrosion phenomena caused by inorganic
elements presence and in particular of chlorine during pyrolysis
products combustion has been published by Niu et al.”*

The removal of ashes and other contaminants by filtering bio-
oil directly in the fast pyrolysis reactor has been proposed as a
possible way of mitigating the typical drawbacks of post
processing filtering, i.e., deposition in the filter (with relevant
pressure losses) and carbon to oil yield reduction.**”

Pyrolysis/combustion integrated solutions are available (e.g,,
Pyreg process”>”) where the vapor phase produced through fast
pyrolysis (condensable and non-condensable gases) is directly
oxidized under MILD conditions.**"

6.4. Bio-Oil Upgrade. The selective production of platform
chemicals through CFP is based on the catalyst efficiency and
duration. Despite the promising results obtained with the
available large catalysts pool such as zeolites and activated
carbons,” CFP suffers from the high cost of the catalyst
production and the technical problems due to the catalyst
deactivation.>® Catalyst deactivation can occur during both in
situ and ex situ CFP and is greatly affected by the presence of
inherent inorganic metals in biomass. The mechanisms of
interaction between metals and catalysts are different depending
on the CFP modality; during in situ CFP, the catalysts are in
direct contact with the metals in the biomass, whereas in ex situ
CFP, metals come in contact with the catalysts due to their
partial devolatilization during pyrolysis (Subsection 5.4). Most
of the studies dealing with the catalyst deactivation during in situ
CFP revealed that over time the metal deposition on the catalyst
surface is accompanied by the reduction of the deoxygenating
activity of the catalyst’”'~** and by a gradual switch of the
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selectivity from aromatic hydrocarbons to alkylated phenols.™’

Besides AAEMs, also Cu and Fe were found to deposit with a
deposition rate faster for K than for the other metals phenols.”'
Few papers exist which compared the effect of inherent biomass
metals on the catalyst deactivation in the two CFP modalities.
lisa et al.”** reported an increased accumulation of K and Ca in
both the CFP configurations, whereas Mg and Fe where found
to accumulate only during in situ CFP. A different result was
obtained by Kalogiannis et al,'" who compared the results of
their ex situ experiments with the ones obtained in the same
reactor operated in in situ mode. The biomass inherent metals
deposited on the catalyst only during in situ CFP experiments,
whereas in ex situ runs, they accumulated only in the first reactor
with the consequent extension of the catalyst lifetime.

6.5. Release/Accumulation of Toxic Species. Inherent
inorganic species may cause safety problems both directly
through the release of toxic inorganic elements and indirectly by
catalyzing the production and the further release of harmful
organic and inorganic compounds.

Concerning the toxic inorganic elements, the environmental
effect may be noticeable when HMs-contaminated biomass is
used as feedstock. In this case, it is mandatory to monitor the
HMs behavior during the pyrolysis process and the influence of
the process condition on them. The confinement of HM:s in the
char has the advantage of producing a condensable fraction
suitable to be used as biofuel as it is or to be further upgraded to
transport fuel. HMs are largely retained in char, and their
concentration increased with an increasing severity of the
pyrolysis conditions as more and more volatile matter is driven
off 11339336 Figure 9 shows the retention of some HMs in the
char at different pyrolysis temperatures. Despite the large
variations observed for all the metals, a general trend can be
outlined which indicates Cd as the most volatile.''**7?3%34!
Also, some discrepancies exist on the HMs recovery determined
by the pyrolytic regime. As depicted in Figure 9, except for Cd,
the points in the higher recovery region (retention > 0.6) refer to
low heating rate during pyrolysis' ' ">"*7*7® (5—30 °C/min).
Conversely, the points located in the lower recovery region refer
mostly to fast pyrolysis conditions.”””>** For example, Al
Chami et al.””* reported that Zn and Ni recovery is higher when
the process is carried out at 20 °C/min compared to flash
conditions.

Many of these HMs were stabilized within the char structure
since they undergo chemical transformations during pyrolysis
especially due to the interactions with other inorganic
elements' ' ***7** and were less prone to affect the environ-
ment where char is applied, at least in the short to medium
terms.”**

An indirect effect of the presence of AAEM:s on the release of
toxic organic compounds is related to the PAH formation. Most
of the studies dealing with the PAH formation mechanisms in
pyrolysis were conducted under high temperature conditions in
order to simulate the pyrolytic stage preceding the biomass
combustion. Wang et al.”** found that as temperature increased
from 900 to 1200 °C, the content of single ring aromatics in the
tar produced from slow pyrolysis of wheat straw decreased from
69.52% to 37.96%, while PAH content increased from 8.35% to
38.55%. A reduced content of AAEMs obtained through a
leaching pretreatment promoted the formation of higher average
ring number PAH, and this effect was attributed to the reduced
content of K capable of catalyzing the decomposition of tar and
heavy PAH in the raw straw. Opposite results were obtained
under low temperature conditions between 400 and 600 °C**°
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where the mechanism for the formation of PAH is attributable to
precursors formed in the solid char matrix,>*” and the
temperature is too low for the PAH decomposition. The
addition of alkali metals to cellulose resulted in a higher yield of
PAH due to the high char yields, whereas the concentration of
PAH into the char samples was not affected by the presence of
alkali metals.**®

The chemical transformations and release of N and S
compounds during pyrolysis were studied with the ultimate
purpose of predicting and further preventing the emission of
NOx and SOx during pyrolysis products combustion. K, Ca, Fe,
Al, and Si have different effects on the extent and on the type of
transformation of N com}g)ounds in pyrolysis, also depending on
the process temperature. ’ For example the presence of K was
detrimental for NOx precursors at high temperature, whereas it
promoted their formation at low temperature. The opposite
effect was observed in the presence of Ca.*”® SOx precursors
were released under pyrolysis as H,S and COS at low
temperature, and no evidence of the AAEMs effect on their
release in the gas phase under pyrolysis conditions was
reported.””

In the biomass pyrolysis process, the presence of Cl may cause
problems in the further utilization of the products through
corrosion and deposition phenomena. However, it may
contribute to the formation of dioxins (PCDDs) and
dibenzofurans (PCDFs). Recent studies reported the formation
of these compounds, even though in lower amounts than in
combustion conditions, also during pyrolysis of high Cl content
biomass, especially in the presence of Cu that acted as a catalyst
in the formation of these harmful compounds.*** Most PCDD/
Fs produced during the biomass pyrolysis process are found in
the bio-oil or gas phase, even though traces were found also in
biochars.”*’

6.6. Pretreatments for Reduction of Inherent Inor-
ganic Elements Content. Regardless of the specific inorganic
species, and the specific technological problems, it is advisable
reduction of the total ash content prior biomass pyrolytic
treatment fast pyrolysis. To this end, both physical and chemical
pretreatments may be applied. A detailed review of possible
pretreatments for reducing the content of inherent inorganic
elements in the biomass can be found in Kumar et al,** who
discussed their effects on the bio-oil yield and quality and char
characteristics.

Water extraction and acid washing are the most investigated
pretreatments which could be applied in commercial-scale
conversion plants. It is worth noting that their application
produced modifications of both the inorganic elements contents
and the organic matrix at different extents. Their removal
efficiency was already presented in the Section 4.1.

Overall, water extraction is an efficient and cost-effective
technique for biomass pretreatment, even though a certain
additional cost should be considered for the need of drying the
pretreated biomass before pyrolysis.*’

Even though the acid pretreatments were more effective than
the water extraction, it is worth noting that they affect also the
organic matrix by dissolving the extractives and breaking the
linkages between the biomass organic components, thus
reducing the initial mass of the biomass. Moreover, this kind
of pretreatment has a higher environmental impact due to the
residual acid leachate that may contain also HMs.”*® The overall
costs should take into account the additional energy input
required for pretreated biomass drying, use of chemicals, use of
expensive alloys resistant to acid corrosion for the reactor
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construction, and increased maintenance operations of the
reactors deteriorated by the acid leaching solutions.”*"

An alternative to the removal of inorganic elements is to
reduce their catalytic activity or their devolatilization by doping
the biomass with proper compounds capable of reacting with
them during the pyrolysis process to form noncatalytic mineral
forms (passivation)*” or less volatile minerals that are retained
in the char in less mobile and safe forms. Dalluge et al.*>* and
Kuzhiyil et al.*** found that infused mineral acids are effective in
passivating AAEMs also in high ash content biomasses such as
switchgrass and corn stover. Moreover, the literature suggests
that some metals form complexes with P, Ca, Fe, or Si during
pyrolysis, and they are thermally stable even at high temper-
atures. This approach is particularly attractive when there is the
risk of HMs removal through leaching pretreatment and was
found to be very effective for many HMs except for Cd.**" With
respect to washing pretreatments, AAEMs passivation requires
relatively little water and, consequently, lower energy input for
the subsequent drying. For AAEMs passivation, the water to
biomass ratio can be strongly reduced since it is only necessary
to homogeneously distribute the acid throughout the biomass.
For example, Dalluge et al.*>” used a water to biomass ratio of
1:1 to infuse red oak.

Air classification is another effective means to remove
exogenous soil ash from biomass.”>* Ash content in the range
of 36—50 wt % was found to be removed through air
classification from loblolly pine logging residues™* and from
corn stover and switchgrass,‘?’55 even though the AAEMs
removal was not always efficient. Unfortunately, this removal
is accompanied by the loss of biomass that, in some cases, was
very high, thus causing additional cost to the process. Some
recent papers evaluated the overall capital and operating costs
for air classification and acid leaching per dry ton processed,
revealing that costs for acid leaching were 20 times higher than
for air classification.*® This result suggested air classification as
a first pretreatment stage to concentrate exogenous ash into a
fraction of the biomass. Then, leaching of that fraction could be
performed in a second stage to lower inherent inorganics
content, and finally, the leached fraction should be recombined
with the lower ash content fraction derived from air
classification.””

Finally, in order to have a feedstock that meets specifications
required for pyrolysis in terms of ash content, another effective
strategy could be the blending of different types of biomass. It
allows using also low quality biomass by avoiding expensive
pretreatments, for example, mixing woody and herbaceous
samples.”*® Many authors showed that the physical properties
and the distribution of the vapor phase pyrolysis products and
pyrolysis products yields are proportional to the ratio of the
different feedstocks in the blended samples, thus confirming that
blending can be considered a viable strategy for using low quality
biomass for producing pyrolysis products meeting the required
quality standards.***~*°" Moreover, preliminary defoliation and
debarking is suggested for reducing problems during thermo-
chemical conversion. Also, plant age should have be considered
since late harvest cause an increase of ash content.’*> On the
contrary, delaying harvest of perennial crops from autumn to late
winter/early spring results in a decrease of ashes, likely for the
leaf fall and retranslocation of nutrients (e.g., K, P, Cl and S)
toward the underground reserve organs.******
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7. PREDICTIVE APPROACHES FOR CATCHING
EFFECTS OF INHERENT METALS ON PYROLYSIS
KINETICS

Although experimental works are more reliable in terms
phenomenological realism, their combination with computa-
tional science has been proved to be crucial for research since it
enlightens physical and chemical phenomena that occur in a
pyrolysis reactor. It is irrefutable that modeling involves a high
effectiveness in optimizing the operating conditions of the
pyrolysis process and accuracy in testing its limits. Another
strong benefit of modeling relies on the low-cost exploration of
the potential benefits, costs, and risks associated when selecting
feedstock and operation conditions to be provided to the reactor
in order to achieve the required products yields.***

Modeling the pyrolysis behavior involves a high level of
complexity that has captured the focus of many researchers in
addressing this matter using different modeling approaches.®
The most common approaches are based on the chemical
percolation devolatilization (CPD),****” modified CPD,**®
distributed activation energy (DEAM),****’® and chemical
kinetic models.””*”'~*7® The selected approach often depends
on many aspects, but regardless of that, chemical kinetic models
are proven to give better results in comparison to other
models.””*7%7*

Some reviews have focused on a large number of studies
centered on the kinetic modeling of biomass slow and fast
pyrolysis processes.””**”” There are various kinetic models with
distinct levels of complexity. In the class of simpler models, there
are, for example, the single first-order reaction model (SFOM),
which considers only one biomass component and one stage of
decomposition, the three-parallel model (3PM),”° which
describes the decomposition of the three major components
of biomass (cellulose, hemicellulose, lignin), and the five-parallel
model (SPM) with the inclusion of the pyrolysis of the
extractives.”” These models do not make use of the
fundamental components since they are not easy to quantify
and are also modified with the conversion level. Therefore, the
practical approach employed is based on global descriptions that
do not consider the interactions within and between the solid
and gas phases.”” Moreover, most of these models rely on linear
regression methods such as the Kissinger—Akahira—Sunose
(KAS)*'**% or Flynn—Wall-Ozawa (FWO)>'"**! to estimate
the kinetic parameters (activation energy and pre-exponential
factor) of one or multiple conversion stages of one single
biomass component. However, when multicomponent mecha-
nisms that consider several parallel reactions come in place, the
usage of these methods can become a challenge, and their results
may be uncertain.’®” With the continuous increase of computing
power, optimization methods have emerged as an alternative for
the estimation of multiple kinetic parameters and of
stoichiometric coeflicients for mass balance calculations present
in detailed mechanisms that consider product specia-
tion.””******> These models include those proposed by Ranzi
etal,’”? Debiagi et al.,64 and Dussan et al.,*”>*" which describe
in detail the pyrolysis behavior of the major organic components
of biomass, while considering product speciation and different
components structures that depend on the biomass type and
intrinsic organic composition. These models can represent a
good basis where they can easily include the catalytic effects or
even the release of different AAEMs. Due to the extensive
biomass database presented in the work of Debiagi et al,,** it is
believed that this kinetic mechanism considers at some extent
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the inherent interactions between the organic components and
the catalytic effect of alkaline earth metal (AAEM) species
during the pyrolysis process, however, in a very general way.”””
There are a few kinetic mechanisms that are able to describe in
detail the secondary gas phase reactions, such as reforming,
cracking, and polymerization of tars.””***”" Nevertheless, the
effect of AAEMs as catalysts in the promotion of char reactions,
cracking of tars, and inhibition of PAH and soot during the
pyrolysis process is still not accounted for, although it is
especially important as a prestage of the gasification process
where a clean gas is desirable.”*®

In this present review, focus is majorly given to the role of KCI
in the pyrolysis of lignocellulosic biomass, since an overview of
the chemical composition of this type of biomass shows that
potassium and chloride are of special interest since the
represent the major species in the ash composition®****** and
are mostly present in biomass in the ion state and in the form of
mineral particles.**

Only a few attempts were made to include the catalytic effect
of AAEMs in the pyrolysis kinetic mechanisms.”®%>73%77391
Ranzi et al.””* proposed a modification to a previous kinetic
mechanism®” to predict the ashes catalytic effect during
biomass fast pyrolysis. The activation energies of the catalyzed
dehydration, homolytic cleavage, and heterolytic fission
reactions, also mentioned in the work of Leng et al,*®® were
adjusted using a global ash factor (AF = tanh(ash/2), where ash
is the content of ash in wt %) in a nondimensional form, and it
was applied to the decomposition reactions of cellulose and
hemicellulose. Nevertheless, results showed that these slight
modifications can improve the overall predictions, but there is
still room for improvement, especially regarding heterogeneous
reactions and secondary reactions involving char, i.e., dehy-
dration and other decomposition reactions that represent ash
catalytic effects should be included in the mechanism. A method
similar to that in ref 372 was used by Trendewicz et al,*® but it
was only applied to cellulose pyrolysis in a fluidized bed reactor.
The results showed that the modified cellulose pyrolysis
mechanism was able to capture with good accuracy the catalytic
effect of potassium on the pyrolysis products yields. Moreover,
the model predictions were able to capture the inhibition of
levoglucosan formation and the enhancement of the formation
of char, water, and gases. Ferreiro and co-workers****” proposed
a modification on both cellulose and hemicellulose submechan-
isms of Ranzi et al.’’* to include reactions that capture the
catalytic KCl effects on the slow pyrolysis of the two
components. Extensive experimental data sets obtained from
thermogravimetric analyzer (TGA) and pyrolysis reactor
measurements,””>>® with different KCl concentrations, were
used to estimate the global reaction kinetic parameters and
molar coeflicients, where the catalytic effects were observed in
relation to the potassium concentration included in each sample.
In the work of Ferreiro et al.,68 the authors decided to maintain
the characteristics of the cellulose submechanism of Ranzi et
al.’”? and performed a deeper analysis of the major gaseous
species 5, and CH,). Regarding cellulose predictions, the
modified mechanism was able to capture with good accuracy the
catalytic effects of KCl, such as the general mass loss profiles,
promotion in the formation of char and gases at the expense of
the condensable fraction, early release of CO and CO,,
dehydration reactions that occur due the earlier depolymeriza-
tion of large components, and inhibition of levoglucosan and
aldehydes formation. However, the modified mechanism was
not able to predict the release of H, and CH, since the original
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chrematistics of the bio-PoliMi model were kept, showing that a
restructuration is required for capturing the release of these
species. Furthermore, the modified mechanism was not able to
predict the occurrence of secondary gas phase reactions
observed in the experimental results at higher temperatures, as
shown in Figure 10.
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Figure 10. Influence of KCI concentration on the experimental and
predicted TG (a) and differential TG (b) profiles.®®

Trubetskaya et al.”® modeled the influence of potassium
during the fast pyrolysis of woody and herbaceous biomass using
a combination of kinetic and particle models. The authors
proposed a three-reaction mechanism to predict the pyrolysis
behavior in an entrained flow reactor (EFR). The catalytic effect
of potassium was accounted for through the char yield; ie.,
adding potassium decreases the activation energy required for
the reaction from metaplast to char to occur, promoting its
formation. Recently, Trubetskaya et al.>’" modeled the influence
of ash content on the fast pyrolysis products yields of three
lignocellulosic synthetic components (cellulose, hemicellulose,
and lignin). In this work, the authors proposed a set of
correlations that can be applied to each component in order to
predict the solids and major gas species yields (CO, CO,, CH,,
and H,). The inorganic content was considered to be inert,
contributing in this way only to the final amount of char. The
authors proposed five different models that considered different
key variables. The obtained results led the authors to conclude
that the first model proposed could be extended, and additional
parameters were progressively included, but always balancing
the addition of new parameters with the overfitting risks. All the
proposed models neglect the presence of the extractives. The
catalytic reactions considered in the models are reported in
Table S and numbered from (1) to (5); models (1)—(3) were
used for char yield predictions, while models (4) and (5) were
used for char and total gas yields and individual major gas species
yields. Models (1)—(3) were not able to predict the gas phase
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Table 15. Catalytic Reactions and Correlations That Can Capture AAEMs Effects in Pyrolysis of Biomass Components

Component

Cellulose

Catalytic reaction

Eg, = 19,100 — 600(AF — 0.5) (kcal /kmol)

ref

371

R,:CELL — 0.4C,H,0, + 0.05C,H,0, + 0.1SCH,CHO + 0.25C,H,O,
+ 0.35C,H,0 + 0.15CH,;0H + 0.2CH,O + 0.61CO
+ 0.35CO, + 0.0SH, + 0.93H,0 + 0.02HCOOH
+ 0.05C,H(0, + 0.05GCH,

Eyg, = 31,000 — 1000(AF — 0.5) (kcal/kmol)

R,:CELL — SH,0O + 6Char

Hemicellulose

Egg = 3000 — 1000 X (AF — 0.5) (kcal/kmol)

RgHCE — 0.4H,0 + 0.79CO, + 0.0SHCOOH + 0.69CO + 0.01GCO
+ 0.01GCO, + 0.35GH, + 0.3CH,0 + 0.9GCOH,
+ 0.625GCH, + 0.375C,H, + 0.875Char

Cellulose

k=141 x 107 (s7")-T**"-exp(—22.1 (kcal /kmol) /RT)

68, 387

CELL + KCI — 4.81Char + 3.21H,0 + 0.59CO + 0.60CO, + 1.79GH,

+ KCl

Hemicellulose

HCE + AM — a,HCEI + a,HCE2

HCE + AM — b Char + b,H,0 + b,GCO + 5,GCO, + b,GH,
+ byGCH, + b,GCOH, + AM

Cellulose Eaygmolytic cleavage

(K) = 100.16-K°°'¢

389

Eaheterolytic ﬁssion(K) =11 8~99'K0'056

Eadehydration(K) = 124521<7003

CELL — 3Char + H,0 + 2CO + CO, + 4H,

E

Biomass ‘a, metaplast — Char

= Qu(K)-E,

,metaplast— Char

390

Qu(K) =1 —a,-(1 — exp(K/a,)*)

1

Synthetic components
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data, while models (4) and (5), with the explicit inclusion of
temperature as a fitting parameter, were able to predict with
good accuracy the yields of char as gas individual yields, with
temperature being the most sensitive variable. However, none of
the models include the effects of heat and mass transfer which
could further improve predictions. Jeong et al.**> proposes a
different approach to study the influence of AAEMs in the
pyrolysis of lignin. This approach is based on a density functional
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theory (DFT). Due to the complexity of lignin’s structure only
three f—O—4 model dimers are commonly used as
representatives, since they symbolize the majority of interunit
linkages (p-hydroxyphenylglycerol-f-guaiacyl ether (HGE),
guaiacylglycerol-f-guaiacyl ether (GGE), and syrin-gylglycer-
ol-fB-guaiacyl ether (SGE)). The authors studied, at a molecular
level, the interactions between the GGE dimmer complexes with
different AAEMs. In this sense, DFT calculations were

https://doi.org/10.1021/acs.energyfuels.0c04046
Energy Fuels 2021, 35, 5407—-5478


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.0c04046?rel=cite-as&ref=PDF&jav=VoR

Energy & Fuels pubs.acs.org/EF

Table 16. Possible Potassium Transformation Paths in Generality of Thermochemical Conversion Processes

Potassium possible transformation paths

2C + 2K,CO, — 2K + 3CO
2K(g) + - K,0+CO
K,0 + CO, = K,CO,

2KCl + nSi0, + H,0 — K,0(Si0,), + 2HCI
2HCI + 0.50, — Cl, + H,0

Inorganic K(K*) — @, KCl + ¢,K,80, + ¢,K,CO,

Organic K(R — COOK) — Char — K

ref

377

287

395

Organic K(R — COOK) — R — COOH (carboxylgroups) + CO, + K(g)

R — COOH(carboxyl groups) + KCl <& R — COOK + o;HCI + a,CH,Cl

KClI(s) — KCl(g)

K,80,(s) = K,S0,(g)

K,S0,(s) + H,0 — 2KOH + SO, + 0.50,
K,CO4(s) = K,CO4(g)

K,CO,(s) + H,0 — 2KOH + CO,

§™* - Crystallized S — Compounds
Crystallized S — Compounds — SO,

K+H,0—>K-0-C+H,
K-0-C+C—-C-0+K
C-0+K-0-C-K+CO,
CM-K+H->CM+H-K

CM — CH, — COO — K + H —» CM — H + CH,COOK
CM-K+R—->CM+R-K

R — COOH(s) + KCI(s) < R — COOH(s) + HCI(g)

K+ Cl+M—- KCl+M
KCl+ H < HCl + K
KOH + HCI < KCI + H,0
KOH + H & K + H,0
HCl+H & Cl + H,

KOH+HCI < KCl + H,0
K,CO, + 2 HCl « 2 KCl + CO, + H,0

(Ca — )Potassium carbonate(s) + H,0

— 2KOH(g) + CO,(g)( + CaO(s))
Char — COOK + MCl — Char — COOM + HCl
Char — COOK — Char + CO, + K
Char — C¢H; — OH + K — Char — C;H, — OK + H
K,CO; — 2K + CO, + 0.50,

280

397

398, 399

400

297, 401

performed in order to determine the low energy conformations
of metal—GGE complexes and hence to find the optimal binding
site of each AAEMs and clarify how it influences the
depolymerization reactions of lignin. The authors concluded
that the preferred binding sites for all AAEMs were O(Cf}) and

5466

O(methoxy), since these resulted in the most stabilized complex
energy. This study gives a strong contribution to the
development of kinetic mechanisms since it enlightens about
the preferred paths of lignin depolymerization reactions when
the catalytic effects of AAEMs are present. Table 15 summarizes
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the above reviewed catalytic reactions and correlations that can
capture AAEMs effects in the pyrolysis of biomass components.

Simple models like those presented in Table 15 are extremely
valuable since they allow the recognition of important key
variables, such as reaction temperature, AAEMs or ash
concentration, and other empirical coeflicients, that can
enlighten future tryouts and the development of kinetic and
mechanistic models.””" It is clear that due to the accounted
difficulty of this matter, more efforts should be redirected to this
topic. Moreover, it is known that the presence of different
AAEMs can lead to different reactive behaviors,** especially
during the secondary gas phase reactions.”’**”” Chloride eases
the mobility of AAEMs, especially potassium, and stabilizes high
temperature gas phase alkali-containing species,””’ while
potassium has a catalytic effect on its thermo-chemical
conversion processes.””**> It is also worth noting that a few
studies have revealed that silica, which does not catalyze the
pyrolysis process of biomass, may prevent the release of
potassium to the gas phase if the K/Si ratio is small.****"**"”
Umeki et al.””* studied the catalytic activity of ash during the
gasification of different biomass char samples. The authors
proposed a three-parallel model reaction to describe the
different regimes observed during the overall conversion rate
of biomass char, each related to the dynamic change of the
catalytic activity. It was concluded that the model was sensitive
to the amount of silicon in the ash-forming elements of the used
samples. The model presented good results for the samples with
low amounts of silicon. As for the samples with high contents of
silicon, the model only showed accuracy for gasification
operating conditions using mixtures of CO, and CO. The
model was not applicable under steam gasification conditions
since no change in the catalytic activity was observed in the
predictions. Trubetskaya et al.” also observed that the presence
of silica slightly decreases char reactivity and can affect its
mechanical integrity. The influence of Si during biomass
pyrolysis and gasification is a subject that should take more
attention in future works.

Finally, it is still necessary to propose kinetic mechanisms that
can capture the progress of the release of KCl from biomass
during the pyrolysis process. One possible way of achieving this
purpose is to integrate the possible KCl vaporization reaction
paths in the existent kinetic mechanisms, as seen in the work of
Fatehi et al.””> The model developed in the work of Fatehi et
al.’”* is able to study the interactions between organic and
inorganic compounds (K/S/Cl) in the solid structure of
biomass and to predict the temporal release of some K/S/Cl
components from biomass pyrolysis. Although some limitations
were noted, this work represents the first attempt to model the
release of important trace element species during pyrolysis and
has opened new possibilities in the development of kinetic
mechanisms. Table 16 summarizes possible K transformation
paths in the generality of thermochemical conversion

processes 280,287,297,395—401

8. CONCLUSIONS AND PERSPECTIVES

The present review provides an extensive discussion on the role
of the inherent inorganic elements, especially metals, in biomass
pyrolysis. Some important general conclusions were identified,
along with numerous challenges and obstacles that still need to

be addressed:

e The studies dealing with the effects of AAEMs on
pyrolysis of the biomass main organic components suffer
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from strict constraints that limit the possibility to explore
the wide variety of organic components that characterize
biomass (e.g, different types of hemicellulose and lignin).
The challenge is to optimize the extraction procedures to
obtain the components directly from the real biomasses
with a 2-fold aim of limiting their alterations and reducing
as much as possible the presence of residual inorganic
elements. It is strongly recommended to adopt also
advanced characterization techniques to take into account
the variegated chemical composition of each biomass
component. In any case, as a direction for future research
on this topic, it is pivotal to extend the studies also to
other under investigated biomass components such as
pectin and extractives and to couple studies of the
pyrolysis process to a detailed characterization of the
organic and inorganic matrices in the starting material in
order to provide detailed and quantitative insights.

As a general trend, the inherent inorganic elements
present in biomass, more specifically AAEMs, (i)
anticipate the onset of the decomposition reactions and
of the maximum devolatilization rate temperature, (ii)
favor the decomposition pathways leading to the
production of low molecular condensable species and
permanent gases, and (iii) determine the increase of the
char yield. However, in order to implement reliable
kinetic models, it is important to evaluate the catalytic
effects of inherent inorganic elements from a quantitative
point of view. Given the considerable complexity of the
numerical approach, it is important to evaluate the
minimum threshold below which the catalytic effects are
negligible, as well as the maximum threshold above which
these effects level off. Moreover, such an approach would
allow highlighting nonmonotonous effects on the yield of
some species of interest (as for example has been observed
for furfural and some carboxylic acids). The effect of the
different chemical forms in which inorganic elements are
present in the biomass should be assessed as it could affect
the nature and extent of their catalytic action (attention
should be payed to devolatilization and passivation
phenomena and to the effect of counterions).

Inherent inorganic elements produce undesired and
unsafe phenomena during pyrolysis and the further
utilization of the products. Some of them are still scarcely
explored, and their comprehension could boost the
exploitation of biomass from low quality soils (e.g., salty
or contaminated soils). Among the different approaches
adopted at laboratory scale for the removal of inorganic
matter from biomass, organic acid leaching has to be
preferred. This method could be attractive also at
commercial scale if the aqueous acid fraction deriving
from biomass pyrolysis is used since it is less attractive
from an energetic point of view, and its use could avoid
the use of external chemicals. However, a detailed cost
analysis under different scenarios is needed for comparing
all the others pretreatments to evaluate their feasibility ata
commercial scale.
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