The single impact category present in nearly all reviewed LCAs was GWP. This was to
be expected since one of the primary goals of biofuels is to reduce GHG emissions
compared to conventional fossil fuels. The few studies which do not include the GWP
instead focus on the energy consumption (Bruinsma 2009; da Costa and others 2006;
Pradhan and others 2011; Veldsquez and others 2010) or water consumption (Mishra and
Yeh 2011). The vast majority of biofuels outperform conventional fossil fuels within
these two impacts. In other impact categories, especially those that are less studied
(acidification and eutrophication) conventional fossil fuels outperform the majority of
biofuels. This is mainly due to the large requirement of fertilizers for most biofuel
feedstocks. In other impact categories the results vary due to factors such as feedstock
production, system boundaries, input data, transportation distances, energetic content and

blending.

Only 8 of the articles looked at the overall endpoint impacts (Cavalett and others 2013;
Consorcio 2012; Emmenegger and others 2011; Koch 2003; Neupane and others 2011;
Yang and others 2012), with the Cavelett et al. (2013) study performing multiple analyses
comparing endpoint results from different LCA methodologies. Eco-Indicator 99 is the
most common LCIA method for analyzing endpoint impacts. Under this approach,
biofuels seem to present a worse endpoint environmental impact than fossil fuels in part
due to normalization and weighting factors strongly affecting the final results of end-
point impacts. Moreover, the factors are site specific and most are based on European
conditions. No particular normalization and weighting factors for the Pan American

region exist, which makes the use of the endpoint approach difficult and uncertain for this
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were found in bio-oil from waste paper. This resin is likely from styrene butadiene for
binding pigmented coatings®'. In the fiberboard samples, some nitrogen-containing organic
compounds were detected with small peak areas, suggesting resin of the urea-formaldehyde
type. Fiberboard, Microllam, plywood, and waferboard showed the highest amount of
lignin derived compounds among the MSW types. This is likely due to their similarity to
woody biomass sources, as compared to the hybrid poplar results shown. Fiberboard and
Microllam likely have a similar product distribution to the plywood, but due to smaller
lignin peaks being below the 0.5-1% peak area cut off, they are not specified. In
comparison to agricultural residues (stover), herbaceous crops (clippings, switchgrass), and
certainly the waste paper just discussed, woody MSW types have a much greater lignin
content. The product distribution of the MSW reasonably compares to literature results
(bio-oil yields of 60-90%) for micro-pyrolysis®®. Not surprisingly, the sample with
presumably the highest carbohydrate fractions (those most closely resembling woody
biomass like plywood and waferboard), exhibit the highest amount of bio-oil produced.
The detailed compositions of compounds and mass percents for MSW samples are located

in the bio-oil composition section of Appendix B in Tables B.1-B.11.
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Figure 3.4: Compounds derived from the pyrolysis of different types of MSW and

traditional biomass feedstocks

3.4.3 Effect of mineral content

High alkali and alkaline earth metals in MSW biomass are expected to cause cracking
reactions which would generate less bio-oil and increase the amount of gas generated
during pyrolysis!!2% 28, As mentioned previously, the calcium present in the waste paper
biomass is likely due to the coatings adhered to the biomass in oxidized form such as
CaO, unlike the calcium ion present in the other MSW biomass which is present in its
cation structure and bound within the biomass. Therefore, the calcium present in waste
paper does not have the same catalytic (cracking) effect on the biomass structure
compared to the other MSW biomass samples. In further support of the alkali metal
induced cracking reactions, the samples with generally higher ash content (grass
clippings, corn stover, etc.) on average produce more non-condensable gas and less oil
and carbohydrate species as observed in Figure 3.3 and 3.4. It is often particularly noted

in literature that these alkaline minerals degrade the carbohydrate fraction '%%°, One
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method used to reduce the amount of alkaline earth minerals is to acid wash the biomass

samples before pyrolysis.

3.4.4 The effects of acid washing on fast pyrolysis products

The same fast pyrolysis conditions were used to study the effects of acid wash on the fast
pyrolysis product distributions of grass clippings and waste paper. In this study, grass
clippings and waste paper (due to their relatively high ash content) were treated with 0.1
M H2SOq4 in order to remove ash and mineral content. Similar acid washing studies done
at Idaho National Laboratory showed that the reduction of ash content to be approximately
37% with an almost complete reduction of alkaline and alkaline earth metals, 91% for K,
93% for Ca and 100% for Mg, but no change in the amount of Na present. The product
distribution results of pretreated and un-pretreated grass clippings and waste paper obtained
from fast pyrolysis are shown in Figure 3.5. For grass clippings and waste paper, the
increase in bio-oil yield for the acid treated sample was achieved due to either a reduction
in char and/or gas due to removal of either mineral or ash content, as shown below in Figure

3.5.

103



OWithout Acid Washing
80% B With Acid Washing

60% | *}

Products (%)

30%

20%

10% ’—X—‘

0% E SR M |_I—| - =
Oil Char Gas Water Oil Char Gas Water
Grass Clippings Waste Paper

Figure 3.5: Comparison of fast pyrolysis products for acid washed and raw grass

clippings and waste paper

From Figure 3.5, after acid washing and rinsing with distilled water the grass clippings and
waste paper showed improvement of bio-oil produced. The chromatograms from these
experiments are shown in appendix B and show a clear increase in leveoglucosan (RT 13
minutes) and other sugars. Carbohydrates and their derivatives appearing in bio-oil have
been shown to be particularly susceptible to the catalytic effect of mineral cations'®. The
bio-oil mass from grass clippings increased from 59% to 73% and increased from 61% to
73% for waste paper; in both cases greater than the standard deviations. The acid wash
results were in agreement with studies in literature”> 2, which looked at the effects of
minerals content in biomass on pyrolysis product distribution, and showed an increase in
bio-oil production and reduction in pyrolysis gases. Again, these results look at the relative

abundance of the unidentified bio-oil, distribution, water and gas results. When looking at
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the water and gas yields, this is the relative abundance and should be viewed as showing

the qualitative change in gas and water production due to the effect of acid washing.

Acid washing of biomass prior to fast pyrolysis had significant impact on the pyrolysis bio-
oil composition and spectral/compounds mass for grass clippings and waste paper, as seen
in Tables B.12 and B.13 in Appendix B. The effect of acid treatment is primarily seen in
the large increase of sugar-derived compounds, especially for levoglucosan, which
increased from 0% to 25.41% for grass clippings and 5.10% to 23.36% for waste paper.
The small molecular weight species from acid washed grass clippings and waste paper
(organic acids, aldehydes, etc.) decreased from 3.8% to 1.9% and 10.5% to 4.2%,
respectively, compared to raw samples. The increase of sugar-derived compounds from
acid washed grass clippings and waste paper corresponded to results in Patwardhan, et al.
14 They studied the influences of alkali and alkaline earth metals on the pyrolysis products
of pure cellulose, hemicellulose, and lignin '*. They found that low amounts of alkaline
metal in cellulose, as little as 0.1 wt%, can greatly reduce levoglucosan present in bio-oil,
whereas no significant difference in lignin was found. This occurs because the metal
species react with the sugar rings by promoting ring-opening of carbohydrates, whereas the

metal species are less coordinated with aromatic rings '4.

In support of this, our work found that sugar-derived compounds increased in acid washed
grass clippings and waste paper. However, lignin-derived compounds decreased in both
acid washed grass clippings and waste paper, from 1.01% to 0.68% for grass clippings and
1.06% to 0.25% for waste paper, as shown in Tables B.12 and B.13 in the supporting

information. This may have resulted from the long period (4 hours) of acid washing, which

105



may have cause the degradation of lignin structure in grass clipping and waste paper. Zhou,

1. 33 studied the effect of sulfuric acid within biomass at concentrations of 0, 0.0005,

eta
0.001, 0.003, and 0.005 g H2SO4/g dry biomass on the yield and composition of lignin
derived oligomers for fast pyrolysis of Douglas-fir wood at a temperature of 500 °C. They
found that with increasing addition of HoSO4 the production of anhydrosugar increased,
but the yield of methoxylated phenolic compounds (i.e., isoeugenol, eugenol, 4-ethyl-
guaiacol, guaiacol, 4-vinyl-guaiacol, 4-methyl-guaiacol, vanillin, and acetoguaiacone)
decreased. The reduction of pyrolysis lignin products in grass clippings and waste paper

after acid wash may have resulted either from the degradation of lignin structure or the

presence of H>SO4 in samples after the wash step.

Raveendran, et al. **

reported that removal of mineral content, through acid washing using
HCI and washing using NaOH for samples with high silica content, made a difference on
the pyrolysis products of wood and twelve biomass types (such as coconut shell, corncob,
corn straw, millet straw, rice straw, wheat straw, rice husk, and others) in a packed bed
reactor. The amount of bio-oil increased and the relative abundance of gas decreased for
all pretreated biomass samples 2. Wannapeera, et al. *® studied the effect of metal species
on the pyrolysis weight loss of different types of agricultural biomass, through the use of a
drop tube reactor. The weight losses of pretreated biomass was higher than un-pretreated

biomass®® due to the removal of metal species which reduced cross-linking reactions, while

increasing the formation of volatile products and reducing char formation 2.
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3.5 Conclusions

This micro-pyrolysis-based work shows that several types of MSW biomass are viable
feedstocks for the production of pyrolysis bio-oil due to the relatively high production of
bio-oil observed. This is particularly true for the “wood” MSW types; plywood,
fiberboard, Microllam, and waferboard. Differences in the gaseous, liquid, and solid
product distributions between the different feedstocks were large and could have arisen
from (1) distribution between carbohydrate/lignin fractions, (2) mineral content, and (3)
non-biomass organic matter inherent to MSW. These differences pose unique challenges
when upgrading the bio-oil to a liquid transportation fuel. Due to the similar nature of the
bio-oil produced from woody MSW feedstock, compared to hybrid poplar, the
hydrotreatment will likely be the same. Therefore when performing thermochemical
conversion of woody biomass, woody MSW could be incorporated as feedstocks. Paper
and grass, showed a large generation of lower molecular weight compounds, this will make
upgrading difficult, therefore the idea of using MSW blends could prove advantageous.
We also conclude that mild processing with dilute acid and washing is an effective
approach to boost bio-oil in high ash MSW types such as grass clippings and waste paper.
The feasibility of acid washing has yet to be determined as to whether the increased amount
of bio-oil can overcome the added economic and environmental impacts of this step. We
also conclude that micro-pyrolysis is a beneficial and efficient way for relatively rapidly
and inexpensively screening of biomass feedstocks. This work has allowed for the
comparison of MSW feedstocks to their traditional counterparts and shown that they

possess similar bio-oil qualities and product distributions. Using MSW biomass as
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advanced biofuel feedstocks provides additional biomass supply beyond production on
agricultural and forest lands and may increase the overall sustainability by turning waste
into fuel and, importantly, by avoiding landfill emissions of greenhouse gases from the

decomposition of biomass-derived components in MSW.
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4. Effect of Lignin Content and Temperature on the Properties

of Hybrid Poplar Bio-Oil, Char, and Gas via Fast Pyrolysis

Submitted to ACS ENERGY AND FUELS KLEMETSRUD, B, EATHERTON, D,
SHONNARD, D. EFFECT OF LIGNIN CONTENT AND TEMPERATURE ON THE
PROPERTIES OF HYBRID POPLAR BIO-OIL, CHAR, AND GAS VIA FAST
PYROLYSIS. ACS ENERGY AND FUELS?

4.1 Abstract

Fast pyrolysis of woody biomass has been identified as a potential means for the
production of advanced transportation fuels. During fast pyrolysis the three main
components of biomass (cellulose, hemicellulose, and lignin) thermochemically degrade
to produce bio-oil. Prior studies have investigated fast pyrolysis of these individual
components, however the manner in which variations in feedstock composition affect
product distribution are not well understood. The purpose of this work is to assess the
properties of bio-oil as lignin content is varied in hybrid poplar and how temperature of
pyrolysis affects these results. The properties of bio-oil are assessed by calculating
bio-oil yield relative to dry biomass and relative to char and gas, as well as changes in
relative abundance of lignin-derived compounds in the bio-oil. Eight genetically different
poplar samples with varying lignin content were pyrolyzed at 500 °C using a
micro-pyrolysis unit, which was directly connected to a GC/MS. Four of these hybrid
poplar samples over a range of lignin content were then pyrolyzed at temperatures of

550°C and 600 °C to determine effects of pyrolysis temperature on product distribution

33 The material in this chapter was submitted to ACS Energy & Fuels
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among bio-oil, char, and gas. At a pyrolysis temperature of 500 °C an increase of poplar
lignin content from 17% to 22% decreased relative bio-oil yield from 73% to 65% and
increased char yield from 17.5% to 27.2% along with a decrease in abundance of lignin-
derived phenolic species in bio-oil by 3%. With a higher pyrolysis temperature of 600°C,
there was no decline in yield of bio-oil, nor an increase in char yield, and there was an
increase in bio-oil phenolics compared to 500°C. From these results, higher
temperatures are needed to increase the yield of bio-oil and of phenolic species in bio-
oil.

4.2 Introduction

By 2022, the United States is required by the Renewable Fuels Standards Act (RFS2), to
produce 36 billion gallons of blended transportation fuel. In 2012, the United States
produced 13.8 billion gallons of biofuels, where 94% of the biofuel produced came from
corn ethanol®’. The RFS2 requires that by 2022, 21 billion gallons must be advanced
biofuels derived mostly from lignocellulosic biomass instead of the currently used starch,
sugars, and fats. Therefore, nearly all growth in the biofuels sector needs to be focused

within the development of advanced biofuels.

A viable method for the production of advanced biofuels is the thermochemical
conversion of biomass to a liquid transportation fuel >*2*, Studies on thermochemical
conversion have focused on bio-oil properties, reaction conditions, and the quality of the
bio-oil produced via fast pyrolysis and how this is governed by the types of biomass

processed'*. Hybrid poplar has been identified as a potential feedstock for biofuel
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production due to its ability to be genetically altered, its relatively quick growth rate, and

that it is suitable for thermochemical conversion’.

Previous studies have shown that biomass feedstock properties have a significant effect
on the quality of bio-oil produced via fast pyrolysis*>!*. Specifically, the mineral content
and ash content of biomass have been shown to affect the quality of bio-oil. Higher ash

content has shown lower bio-oil yields as an overall trend>!%?*

, whereas higher mineral
content has been shown to increase lower molecular weight products produced in bio-oil.
This is due to the pyrolysis products being cracked or broken down by alkali earth metals

such as sodium and calcium'®,'%%°.

Biomass is comprised of 3 main components; cellulose, lignin and hemicellulose.
Patwardhan et al*? have studied these individual components to evaluate what products
are produced when they are individually pyrolyzed. This previous work has shown that
hemicellulose generally produces lower molecular weight gases, organic acids, and
furans. Hemicellulose is also one of the first components of biomass to begin
degradation, which can occur at temperatures as low as 250°C. Cellulose generally
produces anhydrosugars, such as levoglucosan, and decomposes at a higher temperature,
generally around 350-400°C. Lignin, when pyrolyzed, generally gives a bio-oil that is
rich in phenolic structures and has lower organic acid concentrations when compared to
hemicellulose. The interactions between cellulose-lignin and cellulose- hemicellulose
have been studied®!>?%, however, there is not an overall understanding of how these
components interact within the entirety of the biomass structure and how these individual

components of biomass can be altered to generate a better quality bio-oil.
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