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ABSTRACT: Laboratory-derived composition and pyrolysis data are essential inputs for the modeling of fire behavior. Recently, fire
research has focused on live fuels including living wood and leaves, which exhibit sharp di erences in moisture levels and chemical
composition as compared to dead fuels. These leaf components have fuel properties that function in the spread of wildfire and must
be considered in order to produce nuanced predictive models that reflect real life conditions. The goal of this study was to assemble
a suite of methods that would achieve summative mass closure for analysis of live leaves from 12 tree and plant species from the
southeastern United States (consisting of broadleaves, conifers, grasses, and palmettos). Most of the procedures used were adapted
from standard methods commonly used for biomass analysis at the Forest Products Laboratory (FPL), National Renewable Energy
Lab (NREL), and others. A mass closure (aka mass balance) of 95 to 100% was achieved for 10 of the 12 species the other 2 were
both 91%. This required measuring of 12 parameters which are lipids, nonstructural sugars, protein, pectin, hemicellulose, cellulose,
starch, phenol, structural lignin, silicates, and minerals. When burned, these components span a wide range of pyrolysis temperatures
from 70 to 600 °C, posing a challenge for pyrolysis measurements. Observable di erences in leaf composition were noted within
groups of plant types as well as between them with grasses being most similar and palmettos being most dissimilar. A rigorous
statistical analysis was out of the scope of this study (involving analysis of 12 matrices of 12 plants); instead, validated standard
analytical protocols (with known % error) were used in most cases. These error percentages (and sources) are reported with data
presented in this study. The overriding goal of reaching summative mass closure (for all plant species) was however achieved, serving
as a validation of the reported methodology for use in pyrolysis modeling. To predict the ultimate analysis data for leaf elemental
composition and the heat of combustion, the empirical formula for each components was identified to provide for summation over
all components. A formula for heat of combustion based on the oxygen consumption principle was found to be adequate to within
4% error.
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I INTRODUCTION

Prescribed burning is a wildland vegetation management
technique used to accomplish many objectives, including the
reduction of the potential of uncontrolled wildland fire in areas
of dense vegetation as well as site preparation for reforestation,
habitat restoration and management for threatened and
endangered species dependent upon fire, and mimicking the
natural role of fire in North American ecosystems.” To predict
fire behavior, some models rely on pyrolysis data based on
measured thermal degradation properties under laboratory
conditions. Pyrolysis is the first step in the initiation of
combustion and has been widely studied on dried biomass and
wood but not on live leaves, which have been shown to burn
di erently.” The early pyrolysis work typically determined
characteristics for live fuel samples which were dried and then
ground to be analyzed thus eliminating the e ects of water
content and shape. Live leaves contain more water, lipids,
nonstructural carbohydrates, protein and higher levels of
mineral components than dried wood.> Furthermore, models
such as Gpyro, Gpyro-Fire Dynamics Simulator (FDS), and
the FDS (stand alone) consider components of cellulose,
hemicellulose, and lignin (on dead wood) as the major
predictive variables from which fire behavior is based.”~Less is
known about pyrolysis properties of intact live leaves, which
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are the primary fuel in the spread of fire in the canopy of forest
and shrub lands.” As part of a large study examining and
modeling pyrolysis of intact fuels in order to develop improved
models of prescribed fire behavior,” we performed a series of
measurements to derive many fundamental properties of
vegetation burned in prescribed fires in the southern U.S. In
the U.S. approximately 3.6 million hectares are burned for
forestry purposes annually; 2.5 million hectares are burned in
the southern U.S. alone.” This manuscript describes the
methods and results of these analytical measurements.
Background. Pyrolysis lab instrumentation such as a
thermogravimetric analyzer (TGA) measure thermal degrada-
tion of a fuel over time at a programmed rate of heat increase
in inert or air flows. The di erential scanning calorimeter
(DSC) measures heat capacity and pyrolysis of a material.
These instruments are designed to measure physical properties
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related to heat transfer, combustion, and conversion of mass.
For these data to be meaningful, a suite of lab analytical
methods is needed that can characterize close to 100% of the
dry fuel mass. In laboratory terminology this is referred to as
“summative analysis” or “summative mass closure”. One such
suite of methods has been published by the National
Renewable Energy Laboratory (NREL) in lab analysis
procedures (LAP) for use in biomass analysis.®~** NREL
methods are similar to National Institute of Standards and
Testing (NIST) methods with adaptation to biomass feed-
stocks and serve as a measure of feedstock quality. NIST
published the results of an inter laboratory study of 11
laboratories including the Forest Products Laboratory (FPL)
which demonstrated successful summative mass closure on
standard biomass feedstocks (using NREL LAP methods).*°
This study was used to recharacterize four NIST reference
feedstocks (sugar cane bagasse (SB) RMB8491, eastern
cottonwood (EC), RM8492, Monterey pine RM8493 (MP),
and wheat straw RM8494 (WS) (for use as a reference
standard for analytical laboratories). Ten major components
were studied: ethanol extractives, water extractives, whole ash,
structural sugars (glucan, xylan, mannan, and arabinan), lignin
(klason and acid soluble lignin), and glucuronic acid. Total
mass closures and standard deviations of recharacterized values
were as follows: SB, 102% + 2; EC, 99% + 2; MP, 100% =+ 1;
and WS, 100.9% + 5. It was noted that previously
characterized values of the same standard feedstocks were as
follows: SB, 94% =+ 6; EC, 91% + 7; MP, 94% =+ 5; and WS,
96% =+ 5. NREL further studied method uncertainties on two
feedstocks (bagasse NIST standard control and a corn stover
unknown sample) and reported both data with (uncensored)
and without outliers (censored) for the corn stover unknown.
From this NREL was able to measure the e ect of
uncertainties due to instrumental and equipment error by
using statistical analysis from 154 replicate samples in 13
batches, by seven analysts in two laboratories. They reported
standard deviations (SD) for the main components (lignin,
extractives, xylan, and glucan) at 1—3% and minor components
(i.e., protein, whole ash, and acetyls) at 4—10% for the
censured and noncensured data. (Recoveries ranging from 95%
to 105% were considered to be the target for mass closure.)
They concluded that uncertainties were due to the analytical
method being used rather than chemical di erences in the
feedstocks. Another conclusion reached was that summative
mass closure of close to 100% (95—105%) was an indication
that most of the components were accounted for, and little (if
any) redundant analysis was occurring (which will be referred
to as “interferences”)."

The NREL LAPs provide a comprehensive resource of
available standardized methods for biomass analysis. These
methods provided the framework for much of our analysis.
This study however targeted live leaves for pyrolysis testing. It
was expected that components such as extractives, non-
structural carbohydrates (NSC), phenols, protein, and lignin
components in live leaves would di er considerably from those
in dried biomass materials. Furthermore, it was unknown to
what extent interferences would occur using standard methods
validated for biomass and wood samples. One example of
interferences occur in the measuring of acid insoluble gKIason)
lignin (AIL) in leaves. Hatfield and Fukushima'® have
suggested the di culties of accurately measuring lignin in
forage plants due to high levels of precipitated protein. Klason
lignin is also known to contain phenolics in leaves (phenyl-
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propanoids).™ Similarly, NSC(s), pectin, and starch levels are
indistinguishable from total sugars measured to calculate
cellulose/hemicellulose in biomass feedstocks. These distinc-
tions are important when determining mass balances for
pyrolysis studies which focus on predicting ignition, fire
growth, and fire emissions on fuels.

Halls, Knox, and Lazar™® reported compositional values for
forage plants. This was an early report of mass closure for the
purposes in evaluating seasonal contribution to cattle diet. It
measured crude protein, lignin, ash, cellulose, ether extractives,
and so-called “other carbohydrates” which were determined
by di erence of percentages of measured components. They
used some of the same test plants selected for this study (i.e.,
inkberry, saw palmetto, and wild oak). Other papers reviewed
also reported compositional data where the mass closure of
unknown components was reported by di erence®**™*®

Recent work has shed light on plant composition vs pyrolysis
characteristics. In a review paper, Debiagi and others’ have
proposed components of lignin, lipids, and tannins (poly-
phenols) as model compounds considered to calculate biomass
pyrolysis kinetics during heating. Jolly and others™® considered
the dry leaf mass components (in measuring seasonal moisture
of neutral detergent fiber carbohydrates (NDF), nonfiber
carbohydrates (NFC), crude fat (lipids) (CF), crude protein
(CP) and ash content (AC), and total nonstructural
carbohydrates (NSC) in seasonal moisture fluctuations in
leaves). The formula: NFC = 100 — NDF + CF + CP + AC
(AOAC 1984) is used to calculate an unknown component of
“non-fiber carbohydrates”. Jolly and others*® also measured
crude fat (CF) (method AOCS Aa) 4—38) to determine
extractive fraction. The notion of leaf extractives as being
largely lipid/fat based has been suggested in the literature
elsewhere.*>*® Lipids are considered a “primary plant
metabolite” and would be expected to be abundant in leaf
cells.* Further literature reviews emphasized the importance
of cell disruption in the extraction of lipids from algae.?>*?
This led us away from use of the Soxhlet extraction method
(AOCS NREL) to borrowing the biochemical extraction
method of rupturing (lysing) cells with a bead mill (often used
to extract cellular DNA and protein).”®

Because unknowns cannot be pyrolysis tested, evaluated, or
modeled, the goal of this study was to develop a protocol for
the compositional analysis of live leaves capable of attaining
close to 100% mass closure (95% to 105%) mass balance. A
chemical composition has not been done previous to this paper
on live leaves to obtain such a summative mass balance for a
pyrolysis study. Furthermore, chemical composition has been
restricted to cellulose, hemicellulose and lignin when used to
model wood fuels and feedstocks. Since live leaves and litter
are the fuels that accelerate forest fire canopy spread it is
important to study the pyrolysis behavior of all components
that can be measured.

Plant Primary and Secondary Metabolites. Plant compo-
nents can be categorized as primary or secondary metabo-
lites.?® Primary metabolites are synthesized by plants and
consist of sugars, amino acids, and nucleotides which are
essential to formation of the polymeric (structural) plant
components. They generally have a simpler metabolic pathway
than secondary metabolites. Examples of primary metabolites
include the following: carbohydrates, lipids, lignin, and amino
acids. Secondary metabolites are synthesized in specialized
plant cells during specific stages of plant formation and do not
aid in growth or development of plant. They are harder to

https://dx.doi.org/10.1021/acs.energyfuels.9b04107
Energy Fuels 2020, 34, 4703—4720


pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.9b04107?ref=pdf

Energy & Fuels

pubs.acs.org/EF

extract and purify than primary metabolites and are present in
much lower concentrations in plants.?* There were reported
seasonal fluctuations in total phenolics in apple leaves which
added up to less than 1% of DM at their peak.”® Secondary
metabolites can be classified in three major groups:?*® (1)
Terpenoids (consisting mostly of carbon and hydrogen), (2)
phenolics (made from simple sugars, consist of benzene rings,
hydrogen and oxygen, and (3) nitrogen containing com-
pounds. Secondary metabolites are found in natural products
such as essential oils, sweeteners, and flavoring. They also
function as protective agents against pests in the plant.
Minerals, though not a plant metabolite serve vital function in
plant metabolism and are important pyrolysis components that
need to be considered from a mass balance standpoint.”®
Leaf Composition and Model Compounds for Pyrolysis
Modeling. On the basis of standard methods available and
literature reviewed, the following measurable components (of
mostly primary metabolites) were targeted to obtain the full
summative mass closure in live leaves: lipophillic extractives
(lipids), nonstructural carbohydrates (glucose, fructose, and
starch), pectin, structural carbohydrates (cellulose, hemi-
cellulose), protein, lignin, phenols, silicates, and minerals.
Essential to pyrolysis kinetics modeling (i.e., in ref 17 for
biomass) is the identification of model compounds and
empirical formulas that correlate to the ultimate analysis data
(CHON composition) of the fresh leaves. Once this is
determined heats of combustion can be calculated. Analysis of
live leaves presents an additional challenge in that their lipids,
protein, phenols, and nonstructural carbohydrates can change
via enzymatic reactions into simpler compounds shortly after
sampling.2°~*° The empirical formulas of the above listed
carbohydrates and lignin are well-known, whereas the lipids,
protein, and phenols have a range of subcompounds, such that
representative compounds of a specific empirical formula
would be needed for them to predict the ultimate analysis data
of the biomass (organic) material. From this, the individual
heats of combustion can be calculated for the components that
make up the majority of plant mass. This data can be used to
provide inputs for a predictive fire model. It is our hope that
mass closure data from live plant leaves will add important
“real world” elements to models used in controlled burns.

I MATERIALS AND METHODS

Plant Species and Growing Conditions. Twelve live plant
species native to the southeastern US were received from a nursery via
express shipment to the USDA Forest Products Lab (FPL) in
Madison, WI. The plants were transplanted and placed under grow
lights at room temperature then set on a 12-h light cycle and watered
and fertilized as needed and grown to maturity for leaf sampling.
(Figure 1) The list of plants is summarized in Table 1 according to
common and scientific name as well as plant type. The description of
the live plant seedlings shipped to our laboratory from the nurseries
are identical to that in the companion papers.>**? Matured leaves
were snipped with a scissors to fit in small sealed containers for the
various tests. To ensure leaf freshness, and to avoid initiating leaf
rancidity, the various tests were begun immediately.

Standard Methods Used. Most of the analytical methods
described here were adapted from standard methods and/or protocols
published by NREL and NIST as well as the FPL in house methods.
In the case of pectin analysis, an HPLC-AEC method was developed
based on an FPL house method for uronic acids (this method is
described in the Materials and Methods).

Dry Weight and Absorbed Water Weight Determination.
Accurate dry weight and water weight measurements were the starting
point for mass balance determination. When drying samples for
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Figure 1. Transplanted fetterbush under grow lights at FPL.

Table 1. Common and Scientific Names of Selected Plants
Native to the Southeastern U.S. Used in the Pyrolysis Study

no. common name scientific name type

1 saw palmetto Serenoa repens palmetto

2 dwarf palmetto Sabal minor palmetto

3 swamp bay Persea palustris broadleaf
4 yaupon llex vomitoria broadleaf
5 inkberry llex glabra broadleaf
6 wax myrtle Morella cerifera broadleaf
7 live oak Quercus virginiana broadleaf
8 fetterbush Lyonia lucida broadleaf
9 water oak Quercus nigra broadleaf
10 longleaf pine Pinus palustris needlelike
11 wiregrass Aristida stricta grass

12 little bluestem Schizachyrium scoparium grass

analysis, several requirements were considered: (1) evaporate only
water and minimize loss of volatile organic compounds (VOCs), (2)
curtail enzymatic activity so as to preserve the samples for storage, and
(3) release absorbed water in the leaves for an accurate measurement
of dry mass.

To fulfill the drying requirements a number of standard methods
were considered. The NREL Lab analytical procedure NREL/TP-
510-42620 suggests three techniques for drying biomass feedstocks.
(1) air drying at room temperature (RT) suitable for large samples;
(2) convection oven drying at temperatures <45 °C, as suitable for
drying small samples where microbial degradation is an issue; (3)
lyophilization (freeze-drying), for very wet samples where microbial
degradation is an issue.*> NREL/TP-510-42618 also suggests drying
biomass at 40 °C under vacuum for carbohydrate and lignin analysis.

The results of air, microwave, and vacuum drying for preservation
and storage of collard greens have been compared by Alibas (2009),%®
and these were used to establish our drying method. The vacuum
drying technique was preferred over the others for rapid transfer of
moisture due to the vacuum pressure gradient. Vacuum drying at 50
°C performed the best in preserving taste and color and reducing the
loss of aromatics for collard green storage.?® Vacuum drying at low
temperature has also proven to be e ective for preserving essential oils
of oregano.?” These results agree with those of Rahimmalek et.al.?®
who found oven drying (at 50 °C) e ective in preservation of
essential oils when comparing six treatments (second to freeze-
drying). Lindroth and Koss® investigated preservation of quaking
aspen (Populus tremuloides) leaves for phytochemical analysis by
comparing vacuum drying (at RT) with freeze-drying. They found
that freeze-drying caused a small decline in nitrogen and soluble
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protein whereas vacuum drying at room temperatures following flash
freezing allowed a 38% decline in starch concentration.

Plant enzymes promote rapid breakdown of components such as
starch, sugars, lipids, proteins, and chlorophyll. The breakdown of
chlorophyllases takes place at temperatures up to 55 °C.** Lipids
(lipases) have been reported to be active up to 45 °C in the
degradation of the lipid tributrin.*® Tobacco sugar conversion by flue
curing is maximized at 40 °C as a result of promoting enzymatic
hydrolysis while the leaf is moist but avoiding the negative oxidation
processes, and yet the amylase will deactivate at the higher
temperatures.®® Finally, protein (proteases) enzymes are deactivated
at 60 °C.** Among the drying methods reviewed, it was clear that the
air-dry method was least optimal for maintaining compositional
integrity since enzymatic hydrolysis and microbial degradation
processes progress rapidly upon harvesting of the live leaves thereby
releasing moisture.

Figure 2 illustrates the e ects of various drying conditions on fresh
yaupon leaves. The conventional drying conditions of air drying for

Ground 45°C

Vacuum Dried 60°C Vacuum Dried

Figure 2. Illustration of ground vacuum-dried yaupon that was kept in
dry storage for 2 months as well as the same samples after room air
drying over several days, oven drying overnight at 103 °C, and
vacuum drying overnight at 60 °C.

several days and oven drying overnight at 103 °C both resulted in the
browning of the leaves. Vacuum drying of yaupon leaves at 60 °C
resulted in the leaves remaining green, but very brittle. Meanwhile the
live sample that was vacuum-dried at 45 °C and ground also remained
green and did so for months in a sample desiccator. This was taken to
be an indication that chlorophyll (and interrelated compounds)
remained intact during the vacuum drying process at a low enough
temperature.

On the basis of literature reports and the experiment reported
above, it seemed that the “best” preservation choices were freeze-
drying or vacuum oven drying. Given the emphasis on determining an
accurate dry weight for summative mass balance, vacuum drying
overnight at 45 °C was chosen as the optimum (and simplest)
method to preserve samples for long-term storage. Although
technically not warm enough to deactivate all enzymes (chlor-
ophyllase, amylase, or protease deactivate at 60 °C), the drying
temperature was adequate to remove absorbed water under vacuum
and minimize loss of volatile components of interest. It was thought
that the rapid vacuum removal of water at 45 °C would also
adequately curtail enzyme activity thereby minimizing degradation of
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starch (a side e ect proposed by Lindroth and Koss for room
temperature).>® Since freeze-drying has been shown to cause a decline
in nitrogqen and protein and dry only to around 7% moisture
content, ™ it was thought to have a greater e ect on summative mass
balance.

Plant Sampling Procedure. The samples to be extracted were
either cut with a pair of scissors to fit in the vials (longleaf pine and
grasses) or punched with a 1 mm paper punch (most of the broadleaf
plants and palmettos). At each sampling two subsamples were taken
and preweighed; i.e., both samples were immediately weighed on an
analytical balance to obtain their wet weights. The first subsample was
placed directly into tared Beadbug (bead mill) vials  600—800 mg on
a wet weight (ww) basis for extraction. The extraction scheme
described below was performed immediately. The extracted samples
were allowed to air-dry, then dried in a vacuum oven at 45 °C, and
then weighed for determining the weight of extractives. The second
preweighed subsamples (3 g ww) were placed directly into 50 mL
tared test tubes then dried in a 45 °C vacuum oven overnight to
determine water weight (by weight loss). The dried samples were
stored in a desiccator for other analyses. Both the extraction
procedure and water weight determination are shown as the top
hierarchy branch in Figure 3.

Lipid Selective Leaf Extraction Method. Leaf extractives are
rich in lipids that are likely to play a major role in leaf combustion due
to their low pyrolysis temperature and significant concentrations in
leaves.*>~%" Lipids are fats and fat-like substances that are generally
insoluble in water and contain a large number of carbon—hydrogen
bonds; they play roles as structural materials and energy reserves.>’
Fuller and Stumph distinguished plant lipids as compounds that are
“highly soluble in non-polar solvents and insoluble in water which can
be classified as derivatives of fattg/ acids or other compounds not
containing a fatty acid moiety”*® Phospholipids and triglycerides
which are the major plant lipids found in cell walls and chloroplasts
are derived from fatty acids.>**® Other plant lipids such as sterols and
terpenes are derived via the isopentenoid pathway and are derived
from mevalonic acid. These lipids belong to the plant secondary
metabolite group and are not derived from fatty acids.2

A number of parameters were considered in choosing a solvent
system/method for leaf extraction for purposes of summative mass
balance (SMB): (1) cell disruption enabling complete solvent
contact for extraction of lipid components known to reside in cell
walls of leaves.; (2) polarity of solvents capable of dissolving
extractive compounds with a broad spectrum of polarities ranging
from water-soluble (phenolics) to volatile oils and volatile organic
compounds (VOCs); (3) compatibility with LC/MS lipid analysis
protocol used by the contract laboratory (Creative Proteomics-
Shirley, NY) and (4) room temperature extraction which would
minimize mass loss of volatile oils and VOCs; (5) use of
nonchlorinated solvents which are less toxic.

The standard method for biomass extractives involves a 16 to 24 h
Soxhlet extraction with water, ethanol, or acetone.’**¢3° This method
has been used to extract biomass feedstocks and other industrial uses,
particularly in the natural products field. Byreddy and others? studied
cell disruption techniques for maximizing lipid yields from algae for
the production of biofuel. They concluded that to extract lipids a
combination of polar and nonpolar solvents was required and that 2:1
chloroform: methanol on a volumetric basis (v:v) worked the best
which is the basis of the Bligh and Dyer method commonly used in
lipid partitions. More recently rapid extraction techniques have been
used in areas of systems biology and cell metabolomics where many
samples are extracted for liquid chromatography/mass spectroscopy
(LC/MS).*® For these applications halogenated solvents cause
interferences with LC/MS. Furthermore, less toxic solvents have
been substituted for chlorinated solvents. Mixtures of hexane,
alcohols, acetone, and water have been selected as alternatives.** ™

For pyrolysis testing and quantitative chemical analysis, it was
important to select a method that removed all relevant extractives
while not causing interference with subsequent analytical procedures.
Additionally, it was suspected that high levels of lipids would be
present since many of the plants selected have noticeable cuticles.

https://dx.doi.org/10.1021/acs.energyfuels.9b04107
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Figure 3. Flow diagram of methods used to isolate live leaf components for summative mass balance. Isolation methods are shaded in gray.
Measurement methods are shaded in yellow. Isolated products are shaded in graduated blue. Quantitative adjustments for analytical duplications
(interferences) are shaded in brown. Components containing chlorophyll pigment are shaded in green.

Precautions were taken to not expose extractives to air to avoid lipid
peroxidation. Additionally a 10 mL subsample was taken and
preserved with sodium benzoate for LC/MS analysis. Repetitive
bead mill extractions (Bead Bug) with 1:1 hexane/2-propanol
followed by 9:1 acetone/water was selected. The procedure is
outlined below:

Leaf Extraction Procedure.

1 Weigh approximately 0.6—0.8 g wet leaves into tared Bead Bug
(BB) bead mill vials containing steel beads (three vials were
required to obtain enough mass for analysis).

2 Set BB to 2 min at 400 rpm, fill up vials with 1:1 hexane/2-
propanol, and then cap. Then start cycle.

3 When cycle is done, place vials in desk top centrifuge set at

12 000 rpm for 1—2 min.

Decant supernatant into a 10 mL glass syringe with a tared

nylon 0.45 uM Luer-lock filter and then filter directly into a 50

mL volumetric flask.

Repeat steps 2 to 4 until leaves turn a brownish tan color and

all of the green pigment is extracted (usually about sic

replicates).

Repeat steps 2—4 with 9:1 acetone/water using a hand vortex

for 50 s. At this stage, the leaf tissue is adequately pulverized.

Usually do four repeats.

7 Collect 9:1 extract in another 50 mL volumetric flask.

Link to Beadbug Manufacturer Web Site Illustration. http://
www.benchmarkscientific.com/BeadBug.html
Gravimetric Measurement of Extractives.

1 Take both extracts up to 50 mL mark and mix well.

2 Accurately remove a 25 mL subsample from each volumetric
flask and pool extracts into a tared aluminum weighing dish.
Then allow to air-dry. A 10 mL subsample was taken for LC/
MS TOF analysis and preserved with sodium benzoate
(0.1%) for lipids analysis.

3 After pooled samples are air-dried, place dish in 45 °C vacuum
oven along with extracted plant material and 0.45 pM nylon
filter (containing extracted plant residues) overnight. Then

4

6
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immediately place all samples in desiccators the next day to

cool.
4 Weigh all items to obtain a mass balance (on a dry weight
basis) consisting of the following: extracted leaf weight and
pooled extractive weights. The extractives were determined by
weight loss (from the leaf wet weight) minus the water weight
determined by vacuum drying of samples run in parallel.
Extractives were measured in this manner due to potential loss
of volatiles during dry-down. This was similar to the AOCS
crude fat protocol where food is extracted with hexane and
lipids are measured by di erence.*?
Obtain subsamples of extracts for the carbohydrate analysis
(see below for nonstructural (NSC) and structural (SC)
carbohydrate analysis) so that subtraction of carbohydrate
mass can be used to arrive closer to the lipid mass.

Lipid Profile of Leaf Extractives. Subsamples of wax myrtle, saw
palmetto, yaupon, fetterbush, longleaf pine, and inkberry extracts were
preserved with sodium benzoate and sent to Creative Proteomics
Laboratories in Shirley, NY for high performance liquid chromatog-
raphy—mass spectrometry analysis (LC/MS). Samples were recon-
stituted in 2-propanol/acetonitrile/water (2:1:1) then injected onto a
Waters ACQUITY UPLC (HPLC) interfaced with a SYNAPT G2
HDMS (time-of-flight mass spectrometer TOF-MS) using a method
similar to that outlined in the Waters application note: “Lipid
Separation using UPLC with Charged Surface Hybrid Technology”.*°
MS data were processed using a program called mz Mine. Peak
assignments were made with the aid of the Lipid Blast Lipidomics
library.**

Nonstructural Carbohydrates. Nonstructural carbohydrates are
accessible carbohydrates within the plant*? used for metabolic
purposes. For pyrolysis modeling, it is important to distinguish
between NSC and SC since their pyrolysis temperatures di er. A
di erent analytical approach is also required to distinguish NSC
(starches and free sugars) and pectin from SC (cellulose, hemi-
cellulose) sugars. Plant starches are composed of linked glucose
carbohydrates.* Starch determination methods rely either on acid
hydrolysis or enzymatic procedures.*>*® In the case of leaf/plant
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starches the acid hydrolysis procedures (commonly used to determine
cellulose) are not useful because they quanitfy total sugars (both NSC
and SC). Most enzymatic methods use a-amylase (a thermally stable
enzyme) for starch analysis. To quantitate starch su%ar and other leaf
sugars, a Megazyme total starch assay kit was used.*® This kit uses o-
amylase and amyloglucosidase (thermostable enzymes) and is based
on AOAC and AACC methods 996.11 and 76.13.01 respectively.

Soluble sugars (nonstructural sugars) were extracted from dried
leaf samples by heating in 80 °C ethanol (80%) for 5 min and then
repeating with fresh solvent (to remove soluble sugars). This ethanol
and sugar mix was collected in a 25 mL volumetric flask for acid
hydrolysis with 2% H,SO,for 1 h. Fructose and glucose (the
components of sucrose) were quantitated using the IC-PAD method
described below.

Crude Protein. Crude protein determination was performed at
the University of Wisconsin (UW) Soil and Forage Lab on vacuum-
dried leaves using the Kjeldahl process for total N. The procedure
consists of three basic steps: (1) sulfuric acid digestion with a catalyst
which converts N to ammonia; (2) distillation of ammonia into a
trapping solution containing an indicator; (3) quantitation by
titration. Crude protein is then determined by multiplying total N
by 6.25.47'48

Structural Carbohydrate Analysis. Most carbohydrate methods
for biomass analysis target the primary components of cellulose and
hemicellulose. The ASTM method E1758-01 “Standard Method for
the Determination of Carbohydrates by HPLC” is often cited as is
NREL/TP-510-42618 which references the ASTM method. Both
methods use a 2-step heated sulfuric acid hydrolysis, which breaks all
sugars down to monomer units of: arabinose, galactose, glucose,
xylose, and mannose. Concentrations of cellulose in wood or biomass
can be calculated reliably by multiplying by an “anhydro correction
factor” to obtain a cellulose (or hemicellulose) mass fraction.
Additionally, leaves contain carbohydrates in various forms other
than cellulose and hemicellulose. The major types of leaf
carbohydrates are SC (celluloses, hemicelluloses, and leaf pectin)
and NSC (starches and soluble sugars).?°

Structural Carbohydrate Method. Hydrolysis in H,SO, was
carried out similarly to the standard method described by E and*
using the FPL in-house protocol for SC.*° Samples were milled to
pass a 1.00 mm (20 mesh) screen and vacuum-dried at 45 °C
overnight in a vacuum oven. Primary hydrolyses of 80—100 mg
subsamples were performed with 1.00 mL of 72% (w/w) H,SO, for 1
h at 30 °C. Hydrolysates were diluted to 4% (w/w) H,SO, with
distilled water, and a secondary hydrolysis was performed for 1 h at
120 °C. After cooling, aliquots of the supernatant (hydrolysate) were
taken for chromatographic analysis and acid soluble lignin analysis
(ASL).

lon Chromatography HPLC System. Hydrolysates were
analyzed on a Dionex ICS-3000 DP high performance anion exchange
liquid chromatography system using pulsed amperometric detection
(HPAEC-PAD) similar to the method described by Davis.>” The
system was equipped with a second pump to deliver a post column
stream of 200 mM sodium hydroxide at a flow rate of 0.2 mL/min.
(to raise the eluent pH to 12.4). The system was controlled by
Chromeleon v. 6.8 software and programmed to condition a Dionex
PA-1 Carbo Pac column (with guard) using aqueous 220 mM sodium
acetate and 380 mM sodium hydroxide for a period of 2 min followed
by an 8 min equilibration period with 100% water prior to injection
(10 pL). The sample was then eluted with an isocratic system of
100% water. The column compartment was maintained at 22 °C
throughout the run sequence. R

Pectin. Pectin is a carbohydrate component that is found in the cell
walls and intercellular regions of most leaves. Pectin is made up of
80—90% polygalacturonic acid (the polymerized form of galacturonic
acid) with small amounts of neutral sugars.”*? Various hemi-
celluloses, particularly xylan, can be attached to the long pectin chain,
and they often substitute for lignin as a binding material for the
celluloses in the leaf.>

Pectin has been analyzed in the past by wet chemistry methods
involving hot water/mild acid extractions and quantified using
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gravimetric methods or colorimetric methods.>* Recently, pectin in
fruit was estimated by measuring galacturonic acid content by high
performance liquid chromatography with ultraviolet detection (UV-
HPLC) in raspberries.>* This was the basis for adapting an FPL in-
house method (developed for measuring uronic acid oligomers) for
analysis of leaf pectin by HPAEC-PAD. This separation and detection
technique is specific to acidic carbohydrates (i.e., galacturonic acid)
and less prone to interferences than UV-HPLC. This provided an
opportunity to make an approximation of pectin in leaves by analyzing
the leaf carbohydrate hydrolysate for galacturonic acid (GA).

The same hydrolysates that were injected to determine structural
carbohydrates as cellulose and hemicellulose were again injected into
the Dionex 1CS-3000 only eluted with the following mobile phase
program, shown in Table 2. Galacturonic acid concentrations were
measured against a standard curve. Figure 4 presents the separation of
galacturonic acid in a sulfuric acid hydrolysate of inkberry leaf.

Table 2. Mobile Phase Program in Dionex ICS-3000 for GA
Determination

time flow water NaOAC? NaOH® gradient

(min)  (mL/min)  (vol. %) (vol. %) (vol. %) curve®
0.0 05 90 0.0 10 L
10.0 05 80 10 10 L

25 0.5 60 30 10 C

30 05 10 80 10 C

301 0.5 90 0 10 L

37 05 90 0 10 L

31 N tribasic sodium acetate. °1 N sodium hydroxide. °L = linear; C =
concave.

Link to Dionex ICS-3000 HPLC-PAD Manufacturer Web Site
lllustration. https://www.thermofisher.com/us/en/home/industrial/
chromatography/ion-chromatography-ic/ion-chromatography-
systems/modular-ic-systems.htm.

Lignin and Phenolic Components. Lignin in woody and
herbaceous plants is a macromolecule formed of phenylpropanoid
units. These units are derived from the cinnamyl alcohols
(monolygnols) p-coumeryl, coniferyl, and synapyl alcohols.®® Plant
lignin aids in maintaining cell wall strength and in water transport and
impedes the degradation of cell wall polysaccharides acting as a
defense against plant pathogens.'” The most common method for
determining lignin is the Klason 2-step acid hydrolysis procedure
described in published methods such as NREL/TP-510—42618 and
was described above in the carbohydrate analysis sections. This
method was developed by Klason in the early 1900s>® and required
digestion in 72% sulfuric acid to dissolve all the carbohydrates
followed by autoclaving at 120 °C for an hour (after diluting the acid
to 4%) to hydrolyze the sugars producing an insoluble residue filtrate
(so-called “acid insoluble lignin”). The resulting supernatant was
subsampled for analysis of sugars and acid soluble lignin (ASL) or the
portion of lignin that is solubilized during the second hydrolysis step
in dilute acid.>’

Acid Soluble Lignin (ASL)/Polyphenols. Acid soluble lignin
was analyzed similarly to the NREL method: (LAP) NREL/TP-510-
42618 (April 2008). An aliquot of the hydrolysate was diluted 1:3 and
read in a spectrophotometer at (240 nm) after subtracting a similarly
diluted aliquot of hydrolysis solution as a blank. ASL was then
calculated as a percentage by using the molar absorptivity coe cient
of 25 L/(g cm) that is used for a variety of feedstocks.”

Quantitative data for lignin tends to show considerable variation
relying heavily on parameters of the analytical method used. This is
due to inherent di culties in isolation, purification and character-
ization.***® Similar di culties apply to measuring ASL particularly in
leaves which are biochemically diverse. Constantines and Fownes
studied N mineralization rates vs lignin and polyphenols levels in
Hawaiian palm leaf litter in Hawaii.>® They used hot methanol/water
to extract polyphenols which ranged from 2 to 9% of the fresh leaf
weight, but there was no value of ASL reported. For this study, it was
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Figure 4. Separation of galacturonic acid in a sulfuric acid hydrolysate of inkberry leaf.

Table 3. Percent Moisture in Live Leaves

plant species vacuum dry at 45 °C, MC%® (% water wt.)

saw palmetto 61.6
dwarf palmetto 65.3
swamp bay 54.2
yaupon 61.8
inkberry 575
wax myrtle 59.0
live oak 57.7
fetterbush 59.2
water oak 56.0
longleaf pine 64.3
wiregrass 61.2
little bluestem 67.6

oven dry at 102 °C, MC%? (% water + volitile extractives wt.)

% moisture di erence®

62.2 0.6
68.2 2.9
56.4 2.2
63.1 13
57.6 0.2
60.5 15
59.4 18
585 -0.7
58.2 2.2
70.6 6.4
NAP NAP
NAP NAP

aGravimetric measurement accurate to +0.5% (NREL/TP-510-42621) °NA, no sample available.

assumed that the ASL fraction (commonly measured in biomass
analysis) is actually a polyphenol-rich fraction which contained the
majority of the phenolic material. ASL has been reported to contain
dissolved lignin, polyphenols, and tannins and is best characterized by
a phenolic model compound.>®~%*

Protein Content of Klason Lignin. Herbaceous plants such as
forage plants can contain 15—25% protein on a dry weight basis
(DW).** This was taken into consideration for summative composi-
tional analysis since the pyrolysis temperature as well as chemical
makeup di ers considerably between the protein and lignin. To
accomplish this, the Klason lignin fraction of all plants was
subsampled for crude protein and analyzed using the Kjeldahl
method (KM) performed at the UW Soil and Plant Analysis Lab.
This protein value was subtracted from the Klason lignin value since it
was measured in the protein determination for the whole plant leaf.

Lignin Ash/Silicate Correction. Another correction was made
for ash content of lignin. This was obtained by placing the Klason
lignin residue in a 560 °C mu e furnace (for 3 h) to obtain an ash
weight. The dry weight percentage of ash was calculated, then
converted to silicate dry weight percentage, and subtracted from the
Klason lignin weight along with the protein weight subtraction.
Silicate values were calculated by multiplying the ash weight by 1.6,
which is the ratio of molecular weight of silicates in Klason lignin to
silicon dioxide in Klason lignin ash.

Leaf Silicate Content. Both sulfuric acid (used in Klason lignin)
and nitric acid (used in the mineral analysis) do not dissolve silicon
and aluminum. The ash weight of the Klason lignin was considered to
be mostly silicon dioxide. The aluminum concentration in the leaves
was considered to be negligible.

Mineral Analysis. Elemental analysis was performed by the UW
Soil and Plant Analysis Lab and included N, P, K, Ca, Mg, S, Zn, Mn,
B, Fe, and Cu. Total nitrogen (TN) was performed by the Kjeldahl
method as described above. Samples were submitted on a vacuum-dry
weight basis. A dried and ground sample was weighed into a Folin
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tube and digested until 1 mL of solution remained and then diluted
to a known volume and mixed. The sample was analyzed by ICP-OES
(inductively coupled plasma emission spectroscopy), which measures
the elemental content of the sample.®?

Figure 3 shows a hierarchy flowchart of the isolation and analytical
procedures followed for quantitation of the 12 components used to
determine summative mass balance.

Ultimate and Proximate Analysis. Proximate (ASTM D7582)
and ultimate analysis (ASTM D5291, ASTM D4239, and ASTM
E711) were performed commercially at Keystone Laboratory in
Newton, IA. Desiccants and oxygen absorbers were inserted in the
shipped aluminized bags containing the vacuum oven-dried samples
stored in labeled plastic bags. Exposure to normal humidified air still
occurred both in the greenhouse preparation and in the contract
laboratory, meaning that the lipids, protein, pectin, and starch present
in the leaves could undergo some amount of oxidation and/or
enzymatic hydrolysis, thus changing the live composition somewhat.
Duplicate samples were prepared, as set A and set B. Ultimate analysis
using ASTM standard methods for total CHON (D5291) and S
(D4239) was applied to the samples on a “as is” basis. Low and high
heat values (corresponding to heats of combustion) were measured
by ASTM Method E711. The proximate analysis for moisture, ash,
volatile matter, and fixed carbon contents on “as is” basis followed
ASTM D7582. The Results and Discussion provides a discussion of
how ultimate analysis supports the composition data and provides
additional data needed for pyrolysis and combustion modeling.

I RESULTS AND DISCUSSION

Moisture Measurements and Volatiles in Leaves.
Table 3 shows water weight measurements obtained by
vacuum drying (at 45 °C) and oven drying (at 103 °C).
The percent di erence in the two measurements appears in the
last column. In most cases, the oven-dried measurement is
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Table 4. Lipophilic Extractives of Live Leaves

plant species lipophilic extractives (% dry wt. basis)

saw palmetto 131
dwarf palmetto 8.0
swamp bay 133
yaupon 313
inkberry 319
wax myrtle 175
live oak 116
fetterbush 333
water oak 17.7
longleaf pine 243
wiregrass 38
little bluestem 4.8
variance (&)°° 0.5°

adjusted lipid extraction® (% dry wt. basis)

coextraction sugar (% dry wt. basis)

11.9 12
6.8 12
11.3 20
31.3 0.0
28.1 38
15.6 19
9.9 17
30.0 33
15.1 25
223 20
34 04
48 0.0
cvd 0.2°

aDry weight % minus coextracted carbohydrate interferences. "Gravimetric measurement accurate to +0.5% (NREL/TP-510—42621). °Standard
deviation for measuring monomer sugars by HPLC-PAD-from FPL database. “CV = calculated value.

slightly higher than that for the vacuum-dried samples. The
exceptions were fetterbush, which was approximately the same,
and longleaf pine, which was considerably higher at 6.5%. The
longleaf pine result was most likely due to volatile oil loss
during oven drying at 102 °C which did not occur during
vacuum drying at 45 °C. Dwarf palmetto was the next highest
at 2.9%. Based on these results, it was concluded that the
vacuum drying method (45 °C) used in the NREL method was
best suited for sample preservation by minimizing potential
loss of volatiles while still curtailing enzyme activity.

Lipophilic Extractives. Table 4 presents lipophilic
extractives expressed on a dry weight basis and corrected
extractive weight adjusted for coextracted carbohydrates. The
broadleaf plants contained the highest quantities of extractives,
while the grasses (little bluestem and wiregrass) were the
lowest. Longleaf pine needles also contained high levels of
extractives similar to many broadleaves tested.

The bead mill 2-step extraction method proved to be
e ective for extracting live leaves. It worked rapidly to
minimize biological degradation of sample components and
provided adequate cell disruption to release lipids from the
plant cells. Figure 5 shows combined filtered extracts of
yaupon, water oak, fetterbush, and little bluestem using the 2-
step extraction process outlined above. The extracts shown had
been stored in the dark for 5 months and maintained their
original color and clarity. The lack of turbidity suggested that
the 0.45 pM filter was e ective in removing particulates.

Identification of Extractive Components. For this
study, attempts to characterize the extractives were restricted
to lipid content. Lipids are highly soluble in the solvent system
used and would likely comprise the major dry mass fraction
since they are a primarg plant metabolite which includes a wide
range of compounds.*” Table 5 presents the major classes of
lipids found by LC/MS from Creative Proteomics Laboratories
in order of % signal abundance.

Extracted Lipids and Model Compounds. Although the
lipid profiles di ered among the plants selected for lipid
analysis, the galactosyl lipids (MGDG and DGDG) were
consistently most abundant whereas ratios of phosphotidyl
lipids varied considerably among plant species. Inkberry,
longleaf pine, and yaupon are the most abundant in PC, PE,
and PI. These results are in agreement those found by Browse
and Sommerville®> who reported glycerolipid content in
Arabidopsis leaf chloroplasts as MGDG, DGDG, PC, and
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Figure 5. Combined 1:1 hexane/2-propanol and 9:1 acetone/water
bead mill extracts of yaupon (YH), wild oak (WO), fetterbush (FB),
and bluestem grass (BG).

Table 5. Lipid % of Total LC/MS Signal®

lipid saw wax longleaf
species palmetto yaupon myrtle fetterbush pine inkberry

DGDGP 3.6 7.6 18 111 19.0 6.8
MGDGP 89.7 68.6 96.4 69.4 454 73.0
pPC* 14 175 0.4 4.7 20.1 8.8
PE® 0.4 18 0.1 04 37 21
PI¢ 11 0.6 0.3 34 34 1.0
PA® 18 0.7 0.0 17 15 38
tot. 98 97 99 91 93 95

3Single analysis of samples using the following Waters method: lipid
separation using UPLC with charged surface hybrid technology.
PDGDG and MGDG = mono- and digalactosyl diglycerides. °PC, PE,
Pl, and PA: phosphotidyl = choline, ethanolamine, inositol, and
phosphatidic acid.

PG with MGDG and DGDG levels being the highest in 7-
week-old leaves. Halls, Knox, and Lazar*® reported MGDG,
DGDG, PG, PC, PI, and PA in thin-layer-chromatography
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