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Wear Properties of Ash Minerals in
Biomass
Jeffrey A. Lacey, John E. Aston and Vicki S. Thompson*

Biological and Chemical Processing Department, Idaho National Laboratory, Idaho Falls, ID, United States

Ash in biomass is believed to damage biorefinery equipment due to its abrasive

properties. All biomass contains at least some ash, or inorganic content, as a result of

normal physiological processes. The concentration of biogenic ash in biomass is largely

species dependent; however it can also be affected by weather patterns, irrigation, soil

type, and fertilizer applications. Ash concentrations in harvested biomass can also be

elevated due to the incorporation of soil and dust during the harvest and collection

processes. While ash concentration in biomass is important, so also is the mineral form

of the ash. Certain mineral forms of ash can be much harder than the steels used

to construct biorefinery equipment and cause excessive wear. In this perspective, the

relative concentrations of ash elements, mineral forms of ash, and the hardness of these

minerals are considered to identify ash components of concern to biorefinery operators.

Strategies are suggested to remove ash from harvested biomass to reduce the risk of

excessive wear on biomass processing equipment.

Keywords: biomass abrasion, biogenic ash, introduced ash, ash minerals, equipment wear

INTRODUCTION

Based on reports from the U.S. Department of Energy supported Integrated Biorefinery projects
(IBRs), biomass feedstocks such as corn stover are causing more wear to equipment than
anticipated. Anecdotal information from one IBR cited grinder blade replacement every few days,
less than 10% of their expected lifetime. Pneumatic conveyance systems were sustaining damage,
particularly at bends where holes were worn through ducting. This excessive wear resulted in
processing equipment shut-downs that could range from a few hours to days (Nguyen, 2017,
pers. comm.). The problem of biomass-caused wear has been known and reported on for several
years (U.S. Department of Energy, 2010; Kenney et al., 2013; Le et al., 2014); however very little
research has been published that helps to determine the cause of the wear and develop mitigation
strategies. Biomass-caused wear has been identified as a serious issue facing the startup of cellulosic
biorefineries and needs to be mitigated for successful plant operations (U.S. Department of Energy,
2016). A more complete understanding of the physical properties of biomass is required to (1)
adjust properties of the incoming biomass to result in less wear, and/or (2) design equipment
that is more resistant to wear from biomass. In this perspective paper, we will discuss the poorly
understood relationships between biomass feedstocks and biorefinery equipment wear. The known
wear-causing properties of biomass feedstocks will be reviewed and strategies to mitigate these
properties will be discussed.
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BIOMASS- AND SOIL-CAUSED WEAR

A thorough review of the literature pertaining to wear properties
of biomass feedstocks yielded limited information. Two studies
examined wear occurring on an aluminum feed chute for an
automated rice grain sorter (Camacho et al., 2007, 2009). The
first study demonstrated that the main wear mechanisms were
erosion and abrasion (Camacho et al., 2009). It was unclear how
much rice or rice husks contributed to these wear mechanisms,
but an experiment designed to simulate the presence of rice husks
(which are known to be abrasive, Poudel et al., 2012) showed
an order of magnitude increase in wear volume compared to
rice alone. This study also examined several surface treatments
(hard anodized, hard anodized with PTFE and chrome plating)
that increased surface hardness. These treatments reduced wear
volumes by 50% in the absence of abrasive particles and by 78–
85% when abrasive particles were present. The second study
demonstrated that erosive wear was predominant at the top of
the chute where the grains initially impact, and abrasive wear was
predominant lower on the chute in areas where the grains were
sliding (Camacho et al., 2007).

Two other studies examined wear phenomena in the sugar
cane industry. The first study, examining tribological aspects of
shafts and bearings in sugar cane mills, found that a combination
of bagasse and soil contamination entered bearing gaps and
resulted in rapid abrasive wear and formation of grooves on the
shaft journal (Rivas et al., 2006). Further analysis determined
that both abrasion and adhesion mechanisms were responsible,
with plastic deformation of grains forming laminated zones and
generating debris contributing to abrasion. The second study
examined wear occurring on the blades of mechanical sugarcane
cutters and found that wear increased as the cane was cut closer
to the ground with blades having to be replaced as often as every
20min (Langton et al., 2007). This indicates that in addition to
the wear being caused by the plant material, contaminating soil
also plays a strong role in wear.

The wear of pelleting and briquetting dies has also been
investigated. Sharma et al. (2016) found that the screw extruder of
a briquetting system was worn out within hours when rice husks
were used as a feedstock. Shrestha and Ghimire (2014) reported
that it was the silica in rice husks that caused the most friction
against the screw extruder and the briquette die. In their study,
the screw had worn significantly within 4–5 h of processing rice
husks. Reducing the silica content by blending the rice husks
with lower ash biomass led to reduced wear on the dies and
screw extruder. In another report, it was determined that the
main cause of wear in a pellet extruder machine was due to the
inclusion of sand with the biomass and high silica content of the
wood being pelleted (de Wet et al., 2016).

SOURCES OF INORGANIC CONTENT IN
BIOMASS

The ash content in biomass is derived from two primary sources:
introduced ash collected during harvest and processing, and
biogenic ash inside of the plant tissues due to normal biological

TABLE 1 | Mohs relative hardness scale, examples of minerals of each hardness

level, and common tests to determine mineral hardness.

Mohs relative

hardness

Mineral

example

Scratch test

1 Talc Scratch with fingernail

2 Gypsum Scratch with fingernail

3 Calcite Scratch with copper penny

4 Fluorite Easily scratch with knife

5 Apatite Scratch with knife blade

6 Orthoclase Scratch with steel file

7 Quartz Scratch with window glass

8 Topaz Scratches quartz

9 Corundum Scratches topaz

10 Diamond Scratches corundum

processes. The sum of these two numbers is referred to as the “ash
content” of the sample and can range from 0.1% (w/w, debarked
wood chips) to 26% (w/w, rice husks), or higher as introduced
ash concentrations increase (Tao et al., 2012). Examination of
840 samples of wheat, miscanthus and corn stover showed that
90% of the samples had ash contents between 3 and 14% (w/w)
(Kenney et al., 2013).

Introduced Ash
Introduced ash added during harvest and collection of biomass
is the most likely cause of excessive wear being observed in
biorefineries (U.S. Department of Energy, 2016 Nguyen, 2017,
pers. comm.). The amount of introduced ash included with
the biomass can be dependent upon the method of harvest
(Shinners et al., 2012; Williams et al., 2016), the harvester
configuration (Bonner et al., 2014b; Lizotte et al., 2015), and
the skill of the equipment operator (Bonner et al., 2014b).
This added material can contain rocks, sand, soil, and dust.
The most common parent minerals of soil formation include
quartz (SiO2, Mohs hardness = 7), calcite (CaCO3, Mohs
hardness = 3), feldspar (KAlSi3O8, Mohs hardness = 7), and
mica (biotite, K(Mg,Fe)3AlSi3O10(OH)2, Mohs hardness = 2.5–
3; Miller and Donahue, 1990; Barthelmy, 2014). The Mohs
hardness index is explained in Table 1 with higher numbers
indicating harder materials. The exact chemical characteristics of
soil contamination in biomass is very location specific, and can
even be field and sub-field specific (Bonner et al., 2014a). Of these
soil forming minerals, quartz and feldspar are of most concern
as they are both harder than mild steel and are more likely to
damage biomass processing equipment.

Biogenic Ash
Biomass is never ash-free as plants require inorganic elements
and minerals for normal growth and physiological functions
(Epstein, 1994, 1999; Kochian, 2000). Essential elements include
the macronutrients nitrogen, potassium, calcium, magnesium,
phosphorous, and sulfur, and themicronutrients chlorine, boron,
iron, manganese, zinc, copper, molybdenum, and nickel. Cobalt
is required for all plants that fix nitrogen. Silicon and sodium are
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required by very few plants; however their presence in the soil can
be beneficial as they are absorbed by the plant and incorporated
into plant tissue. Aluminum can be present in low quantities in
plants complexed with other elements such as silicon (Vassilev
et al., 2013).

The presence of these elements is not necessarily predictive
of wear, but rather the wear properties are defined by the type
of mineral in which the element is present. As an example,
elevated concentrations of silicon in biomass, if present as quartz
(SiO2), could be quite damaging to processing equipment due
to the hardness of the mineral (Mohs hardness = 7; Barthelmy,
2014). However, the same concentrations of silicon present in
the biomass as the mineral kaolinite (Al2Si2O5(OH)4, Mohs
hardness = 1.5–2) would be unlikely to cause damage to the
processing equipment. The mineral content found in the plants
is dependent upon several variables, including plant species,
soil type, soil amendments and weather. There are several
chemical and physical forms that inorganic minerals can take
in the biomass, including amorphous crystals, precipitated salts,
integrated structures, or complexed with other organic molecules
within the lignocellulosic matrix.

DISCUSSION

For these minerals to cause damage to equipment, the mineral
must be present in sufficient quantities and must be at least as
hard as steel to cause rapid damage to biorefinery equipment.
Softer minerals may also cause wear to steel through long term
exposure and high speed impacts; however only minerals at least
as hard as mild steel were considered due to their potential
to cause wear at an accelerated rate. Table 2 shows plant and
soil minerals with observed concentrations above 1% shaded
green and minerals with Mohs hardness of 5 (mild steel) or
above shaded blue. The names of minerals with both these
properties have been shaded red. It is hypothesized that these red-
shaded minerals are the most likely to cause damage to biomass
processing equipment, and all but three are silicates. As a basic
example, in some biomass feedstocks 10% of the mass is ash, and
over 50% of that ash can be silicon-based minerals. Thus, five
percent of the material that is being handled in a refinery could
be hard silicates that are damaging equipment.

Minimizing the Abrasive Properties of
Biomass
Prior to introducing the material into the conversion reactors,
there is an opportunity to improve the quality of the biomass by
removing ash. Effective mechanical and chemical methods have
been developed that can reduce the ash content of the biomass;
however it is likely not economically feasible to remove all of the
ash from the biomass. An understanding of the advantages and
limits of these approaches will enable the selective removal of the
most abrasive ash components found in the biomass using the
most cost effective technologies.

Wear Minimization Through Mechanical Separations
Introduced ash can be efficiently removed via mechanical
separations including size separations and air classification.

TABLE 2 | Mineral compounds found in biomass [Adapted from (Vassilev et al.,

2013), hardness values obtained from the “Minerology Database (10) (http://

webmineral.com/)].

Phase/Mineral Chemical formula Concentration

range

Hardness

SILICATES

Albite NaAlSi3O8 <0.1%−10% 7

Amorphous silica SiO2 <0.1%–>10%

Amphibole NaCa2(Mg,Fe,Al)5 (Si,Al)8O22

(OH)2

<0.1%

Anorthite CaAl2Si2O8 <0.1%–>10% 6

Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 <0.1% 5–6.5

Biotite K(Mg,Fe)3AlSi3O10

(OH,F)2

<0.1% 2.5–3

Bredigite Ca7Mg(SiO4 )4 <0.1%

Chlorite (Mg,Fe)5Al2Si3O10(OH)8 <0.1% 2–2.5

Clinochlore (Mg,Fe)5Al(Si3Al)O10(OH)8 <0.1% 2–2.5

Cristobalite SiO2 <0.1%–>10% 6.5

Diopside CaMgSi2O6 or CaMg(SiO3 )2 <0.1%−10% 6

Enstatite MgSiO3 <0.1% 5.5

Fayalite Fe2SiO4 <0.1%−1% 6.5

Feldspars NaAlSi3O8-CaAl2Si2O8,

KAlSi3O8

<0.1%–>10% 7

Forsterite Mg2SiO4 <0.1%−1% 6–7

Hedenbergite CaFeSi2O6 or Ca(Fe,Mg)(SiO3 )2 <0.1% 5–6

Illite (K,H2O)Al2 (Al,Si)Si3O10(OH)2 <0.1%−10% 1–2

Kaolinite Al2Si2O5(OH)4 <0.1%−10% 1.5–2

K feldspars KAlSi3O8 <0.1%–>10% 7

Microcline KAlSi3O8 <0.1%−1% 6

Montmorillonite (Na,Ca)0.3(Al,Mg,Fe)2Si4O10

(OH)2-xH2O

<0.1% 1.5–2

Muscovite KAl2AlSi3O10(OH,F)2 <0.1%−1% 2–2.5

Opal SiO2-nH2O (amorphous,

crystalline, silicic acid

polymerized, biogenic silica,

phytolith)

<0.1% 5.5–6

Orthoclase KAlSi3O8 <0.1%−10% 6

Plagioclases NaAlSi3O8-CaAl2Si2O8 <0.1%–>10% 6–6.5

Quartz SiO2 <0.1%–>10% 7

Riebeckite Na2Fe3Fe2Si8O22(OH)2 <0.1% 4

Sanidine KAlSi3O8 or (K,Na)(Si,Al)4O8 <0.1%−10% 6

Sepiolite Mg4Si6O15(OH)2-6H2O <0.1% 2

Silica minerals SiO2 0.1%–>10% 7

Talc Mg3Si4O10(OH)2 <0.1% 1

Tridymite SiO2 <0.1%−10% 7

Vermiculite (Mg,Fe,Al)3 (Si,Al)4O10(OH)2-

4H2O

<0.1% 1.5–2

Wollastonite α-CaSiO3 or α-Ca3Si3O9 <0.1%−10% 5

Zeolites (Ca,Sr,Ba,Na2,K2)Al2Si2−10

O8−24-2–8H2O

<0.1%−1% 4–5

SULFATES AND PHOSPHATES

Anhydrite CaSO4 <0.1%−10% 3.5

Arcanite K2SO4 <0.1%−10% 2

Barite BaSO4 <0.1% 3–3.5

Celestine SrSO4 <0.1% 3–3.5

(Continued)

Frontiers in Energy Research | www.frontiersin.org 3 November 2018 | Volume 6 | Article 119

http://webmineral.com/
http://webmineral.com/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Lacey et al. Wear Properties of Ash Minerals in Biomass

TABLE 2 | Continued

Phase/Mineral Chemical formula Concentration

range

Hardness

Fe sulfate Fe2 (SO4 )3 <0.1%

Jarosite KFe3 (SO4 )2 (OH)6 <0.1% 2.5–3.5

Millosevichite Al2 (SO4 )3 <0.1% 1.5

Pyrite FeS2 <0.1% 6.5

Thenardite Na2SO4 <0.1%−1% 2.5

Apatite Ca(PO4 )3 (Cl,F,OH,CO3 ) or

Ca5 (PO4 )3 (Cl,F,OH,CO3 )

<0.1%−10% 5

Apatite

(Ca deficient)

Ca10−x(HPO4 )x(PO4 )6−x

(OH)2−x

<0.1% 5

Chloroapatite Ca(PO4 )3 (Cl) or Ca5 (PO4 )3 (Cl) <0.1%−1% 5

Fe phosphates FePO4, Fe7 (PO4 )6 <0.1%−1%

Hydroxylapatite Ca(PO4 )3 (OH), Ca5 (PO4 )3 (OH)

or Ca10 (PO4 )6 (OH)2

<0.1%−10% 5

K hydrogen

phosphate

K2HPO4 <0.1%

K dihydrogen

phosphate

KH2PO4 <0.1%

Mg–Ca phosphate MgCaPO4 <0.1%−1%

CARBONATES AND BICARBONATES

Ankerite Ca(Mg,Fe)(CO3 )2 <0.1%−10% 3.5–4

Calcite CaCO3 0.1%–>10% 3

Dolomite CaMg(CO3 )2 <0.1%−1% 3.5–4

Magnesite MgCO3 <0.1%−1% 4

Magnesite (Fe-rich) (Mg,Fe)CO3 <0.1% 4

OXIDES/HYDROXIDES

Al hydroxide Al(OH)3 <0.1%

Brucite Mg(OH)2 <0.1% 2.5–3

Corundum Al2O3 <0.1%−1% 9

Gibbsite α-Al(OH)3 <0.1%−1% 2.5–3

Goethite α-FeOOH <0.1%−1% 5–5.5

Hematite α-Fe2O3 <0.1%−10% 6.5

Maghemite γ-Fe2O3 <0.1%−1% 6

Magnetite FeFe2O4 <0.1%−1% 5.5–6

Portlandite Ca(OH)2 <0.1%–>10% 2.5–3

Rutile TiO2 <0.1% 6–6.5

Spinels MgAl2O4-Mg(AlFe)2O4 <0.1% 8

CHLORINE COMPOUNDS

Chlorocalcite KCaCl3 <0.1%−1% 2.5–3

Halite NaCl <0.1%–>10% 2.5

Sylvite KCl <0.1%–>10% 2.5

NITRATES

Nitre (niter) KNO3 <0.1% 2

ORGANIC MINERALS

Ca–Mn oxalate (Ca,Mn)C2O4-2H2O <0.1% 4

Ca oxalate CaC2O4-nH2O <0.1% 4

K oxalate K2C2O4 <0.1% 4

Weddelite (Ca

oxalate dihydrate)

Ca(CO2 )2.(H2O)2 or

CaC2O4-2H2O

<0.1% 4

Whewellite (Ca

oxalate

monohydrate)

CaC2O4-H2O <0.1% 4

Mineral concentrations with observed concentrations above 1% have been highlighted in

green, Mohs hardness values of 5 or above have been highlighted in blue, and minerals

names which meet both criteria (>1% concentration, Mohs hardness ≥5) have been

shaded in red.

Air classification of forest residues was shown to concentrate
40% of the total ash into a small fraction that represented
about 7% of the total biomass (Lacey et al., 2015). The
concentrated ash was primarily introduced ash (enriched in
silicon, aluminum, and iron); however the mineral compositions
of this ash fraction were not determined. A similar study using
a variety of feedstocks including corn stover, switchgrass, and
grass clippings, and a combination of air classification and
size fractionation was used to isolate fractions with high ash
content. An effective separation of soil elements was evidenced
by elevated concentrations of aluminum and iron in the lightest
air classified fractions and smallest size fractions (Thompson
et al., 2016). Others have also shown ash to be concentrated
in the smallest size fractions (Smith et al., 2012; Zhang et al.,
2012). Using both sieving (Liu and Bi, 2011; Lacey et al., 2016;
Thompson et al., 2016) and trommel screens (Smith et al.,
2012; Dukes et al., 2013; Greene et al., 2014), concentrations
of introduced ash could be effectively reduced from biomass
feedstocks.

Wear Minimization Through Chemical Preprocessing
Biogenic ash is often precipitated inside the cell walls or
contained in water transport elements, but can also be
incorporated into the cell walls as part of the physical support
structure. Because of this, typical mechanical fractionation
methods cannot effectively separate it from the bulk of the
feedstock. If it is necessary to remove this type of ash, chemical
preprocessing that solubilizes the ash would be required. The
exact location and chemical state of the ash will determine the
most effective removal methods. Physiological cations involved
in nutrient transport and enzyme catalysis may be leached
out via diffusion if an acid is added as a counter ion to
facilitate ion-ion exchange (Schell et al., 2003; Li et al., 2010;
Liu and Bi, 2011; Aston et al., 2016). Hot water “washes” cause
auto catalysis of acetyl acid groups producing acetic acid (Lu
et al., 2016). This has been observed to result in over 90%
removal of alkaline earth and alkali metals at temperatures
as low as 90◦C (Aston et al., 2016). Although dilute acid
leaches or hot water washes are effective at removing specific
cations, alkaline extractions will likely be required to remove
both entrained and physiological silica since it causes structural
changes that liberate this element (Hsieh et al., 2009; Cheng
et al., 2011; Bazargan et al., 2015). Such an approach combined
with mechanical separations and blending with lower ash
materials may improve the economic feasibility within the
feedstock supply chain (Lacey et al., 2015, 2016; Thompson et al.,
2016).

CONCLUSIONS

While little is known about the specific wear properties of
biomass, much is known about the minerals that can be present
in biomass, and methods have been developed that are capable
of efficiently removing introduced and biogenic ash. Additional
work is needed to better characterize the minerals present in
biomass feedstocks that are causing the most wear. With this
understanding, biomass could be modified to alter its wear
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properties, or equipment could be selected that will be more
compatible with the specific mineral content found in the
biomass being processed.
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