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Analytical Approach to the Quantitative AnalysisSificon in Plants:

Its Application to Plant Silica Extraction.

1. INTRODUCTION

Utilizable energy may be obtained from straws an@sges through
thermochemical processes, including pyrolysis, fgasion, and combustion (1).
Selected inorganic components of straws and grassae®cognized to be detrimental
to such processes (2-4); silica being one such ooemt. Silica is known to be
associated with fouling, slagging, and agglomeratid@hus, knowledge of a straw’s
silica content is useful in predicting the perforroa of that straw in thermochemical
processes. There is considerable interest in agueleaching-based pre-
thermochemical processing treatments that may leel s lower the inorganics
content, including silica, of plant-derived bioma&s-13) thus upgrading these
materials for thermochemical processing. A usédol for assessing the impact of
such treatments is a readily applicable assayhfonteasurement of silica.

Several methods have been used to determine tica sibntent of straw,
including gravimetric (14-17), colorimetric (18, )1®nergy dispersive spectrometry
(20), atomic absorption spectroscopy (21) and atoemission spectroscopy (22).
Inductively coupled plasma atomic emission spectipg (ICP-AES) is often
considered a reasonable standard against whicbrpare other methods (23, 24).
ICP-AES methods are based on the use of a spedakxpensive spectrometers and

the reagents required for sample preparation dherdarsh 41, 23. Hence, many



laboratories report silica values for grasses dralvs that were obtained using non-
ICP-AES methods (see references cited above). @aatipe information on the

performance of these methods with herbaceous b®nsdacking. Hence, an

objective of the research described herein waseterohine the relative merits of
previously published colorimetric and gravimetricethonds for the quantitative

determination of silica in straws.

A second objective of the presented research wadeimonstrate the
application of the autoclave/alkali digestion-catoetric method in a study evaluating
the efficacy of agueous, moderate temperaturehiegdor the removal of silica from
wheat straw. The application focused on wheatwstiae to the large amount of
information available on the leaching of silicarfrahis particular straws( 7, 8, 10,
13, 17, 20, 25-29and on moderate temperatures, 30 — 90°C, duéedack of

information available on leaching in this temperattange.



2. LITERATURE REVIEW

21. SILICAINPLANTS

Silica (SiQ) from rocks is slowly dissolved to form monositiacid (HSiO,4
or Si(OH)) referred also as orthosilicic acid; weatheringtdbutes to this process.
Monosilicic acid from rocks and biologically depiesl silica are both sources of
silicon that are available for organisn&)). There are several terms used to refer to
silica, in order to avoid confusion a definitiontefms was cited by Owen 19751}
and it is partially presented on Table 1.

Plant silicon content is influenced by the avail@piof silicon in soil.
Deposition of silicon in the plant is affected Ihettranspiration stream. Roots absorb
silicic acid, an uncharged molecule, and transpaot the shoots. Then, it is deposited
as opal, a type of amorphous silica, and afteritlagan not be redistributed3Z-35.
More silica is deposited when more water is abab(B2). Silica has been reported in
sorghum, wheat, corn, sunflower, bamb@&®)(and rice 86) in the form of opal.
Deposits of silica in plants are called phytolithisey are deposited throughout the
straw stem (Parry in2Q)) and on the surface of leaves and other parthefplant
(37). The excessive accumulation of silica has no hareffects on the plant3().
Silica can be found in plants from 0.1 to 10% ordrg wet basis, with a high
coefficient of variation 4), but silica is not often found in large amour@8§)( In
most cases, the content of silica in the plantegaeamong species, age, season and

location of the portion studied.



Silicon in plants exists in a variety of forms.the early nineteen sixties it was
supposed that silicon in plants existed as polyengiticic acid (aqueous formB9).
Further research revealed the existence of crystaflilica inFragaria leaves and
Equisetunshoots, along with amorphous silica (in the forinopal) @0). Equisetum
and Gramineaeappeared to contain a high proportion of amorphslisa, and this
was attributed to its location in the surface:ilita in solution moves quickly through
the plant and it gets to where it is deposited dpid dehydration, the Sydnolecule
will not be able to crystallize symmetricall#Q). Studies, on infrared absorption and
rates of dissolution, show that silica gel, was fibren of amorphous silica present in
higher plants and in diatoms; silica in gel fornt@mts for 90-95% of the silica
content in the rice planég). It was found that silica gel accumulated in pitent can
not be used in periods of silicon deficiency beeatiss immobilized when it solidifies
and deposits 4(1). In general, silica in plants could be classifiag a type of

amorphous silica, and more accurately as o3l (

2.1.1. Transport Mechanism, Deposition and Accumulation

Silica can be taken by plants from soils in therfaf monosilicic acid, which
has no charge over physiological pH. Its conceioinan soils ranges from 0.1mM to
0.6mM. 34, 43, 44 Silicon in the form of monosilicic acid is absetbby roots and it
is deposited as hydrated amorphous silica {8iB0)(36, 45, 4. This deposition
occurs by polymerization of monosilicic acid, Si(faHJones and Handreck iB36)).
The transpiration stream, which is the transportvater to the leaves, affects silica

deposition, where water evaporates leading to toeiraulation of silica34). Once



silica polymerizes it can not enter the cell membsand remains in colloidal form
(39).

It has been reported that silica is deposited encill wall, the cell lumen and
other extra cellular areas. A relation between é&mg silica and an organic matrix
(proteins and carbohydrates) has been documentetl,als0 the existence of a
regulatory mechanism by proteinaceous matedd). (Not much is known about

higher plants silicic acid active transpot8).

2.1.2. Physiological Role

It has been indicated that silicification is inddcas a defense against
herbivores. It has been found that plants exposdetbivores had more silica in their
leaves than those exposed to fewer herbivores 5@9, Silica provides protection
against abiotic and biotic stresses and it has laésn stated that it enhances plant
growth (49, 50). As silica is deposited as solidogphous silica in the cell walls it
provides mechanical strength (34, 51). Silica gisovides weather resistance and
enhances photosynthetic ability (47). It is utitizey the plant as resistance to fungus
diseases (52, 53). Silica has been held resporfsiblbe elimination of toxic agents
in plants (Clements in (34)34, 52, 54, 5p It has also shown to promote biochemical
defense mechanisms (34). Even though silica iemasidered an essential mineral for

plants there are clearly several important fundibserves in plants.

22. SILICA CHEMISTRY
The chemistry behind silica solubility can be sumpmeal as follows. Silica in

solution exists as several forms depending onHtsupd concentration. Silica exists as



monosilicic acid, HSiO4 or Si(OH), a stable monomeric form, when pH is between 1
to 8 and when the concentration is less than 100ppfn £6),
SiO; + 2 O = Si(OH), = (H4SiOy)
At pH higher than 9 silicate ion forms and solulilncreases56),
Si(OH), + OH--> SIO(OHY + H0O
Hydrofluoric acid may increase silica solubility &ow pH due to the
formation of silicofluoride ions. This is explainég the following equations(’),
Si(OH) + 6 HF> SiRZ + 4 HLO + 2 H
At concentrations higher than 110-140 ppm of Si0lymerization takes place
yielding polysilicic acids and a colloid, gel oregipitate $6). Monosilicic acid
appears to be stable at pH 1-3, being the modestalpH 3.2, and least stable at pH 5

and 6, polymerizing instantly at pH 6§, 59.

23. SILICA SOLUBILITY

Lenher and Merril §0) reported that even quartz is soluble in watesdame
extent. This article cited reference solubilitywed from different authors that range
between 0.13-0.21gSHD. at room temperature. Their experiments werei@mut at
90° and 25°C consisting of gelatinous silica inteshwith solution until equilibrium
and then filtered through filter paper equivalent¥hatman 451. A saturation time of
24 hours was reported at 90°C with fairly strongdlaghydrochloric and sulfuric at
different percentages). Solubility for gelatinoukca was reported higher in water
than in acids, between 0.0212 — 0.0216 g5&D ml HO at 90°C at 24 hours
(~0.4%). The independence of solubility from the pbg form of silica was

discussed, and it was reported that solubility ddpeon temperatur&q).



More studies revealed that silica gel solubilgyai function of pH and, it is
influenced by surface area and gel tirG#) (

Fournier 62) investigated amorphous silica solubility in watat high
temperatures and pressures. They proposed thaséthbility of amorphous silica at
the vapor pressure of the solution, from 0 to 2505@iven by the equation log C = -
731/T + 4.52, where C is the silica concentrationmg/kg and T is absolute
temperature”.

Amorphous silica has shown to have higher solybditpH values higher than
9, and solubility appears to be almost unaffectedHafrom 0 — 9. Solubilization at
room temperature seems to occur at a very slow loatet increases at boiling-point.
At 0°C it is soluble up to 60-80 ppm, at 25°C upl@D-140 ppm, and at 90°C up to
300-380ppm. Amorphous silica, including opal, diges in water but its rate of
dissolution is slow even in hot water, the procssso slow that a large amount of
solid can exist for indefinite time in wateg3).

Alexander, Heston and ller (64) did experimentgltoify if equilibrium was
reached when silica was dissolved. They attribtiedhigh solubility of silica above
pH 9 to the formation of silicate ion. They demoatdd that the form of silica had an
effect on solubility; they noted that amorphousgaiis known to be more soluble than
crystalline silica (quartz). A lower solubility wasported, 0.01 — 0.012% and also the
fact that the solubility of amorphous silica in et 25°C was influenced by the
relationship between the solid phase and a monarfeam of silica in solution, most

probably Si(OH). Finely divided amorphous silica powder and sdiscolloidal



particles of silica were used in these experimants their solubility’s were found to
be identical §4).

Greenberg and Pricé%) studied the influence of solutions with concetira
of salts, such as sodium chloride and sodium sylfahie normal and above on silica
solubility; these were found to have a negative@fbn silica solubility@5).

Silica solubility is dependant on the propertiestioé solution where it is
immersed. The concentration of hydrogen ions hasvshto be a key to silica
solubility, showing a higher solubility above pHQ®ther factors such as temperature,
pressure and ionic strength had also shown th&ctefHigher salinities have been
shown to have a negative effect in silica solupiliThe crystallization network is
another factor. Amorphous silica is 20 times mootuldle than crystalline silica
(quartz) (Robie and Waldbaum i66)). A study about diatom solubility reported
higher dissolution in N&O; due to its effect on increasing the pH, consedyent
affecting the equilibrium Si(OH)-> SIO(OH) + H' (66). Solubility seemed to be
promoted also in KN@and LiNG; solutions, which also have an effect on increasing
the pH slightly; on the other hand it's solubility MgCl, and CaCl solutions was
lower than in waterg6). This study agreed in finding an effect of iosicength in

decreasing solubility, which was tested from 0.6d\M8M NaCl 66).

24. METHODSFOR QUANTIFYING SILICA

Several methods can be used to determine siligalant material, such as:
gravimetric, colorimetric, spectrophotometric, xsraamong others. They can be
classified as gravimetric, non-destructive spedtadpmetric (i.e.: x-ray fluorescence,

near infra-red) and spectrophotometric after sdikzdiion (i.e.: atomic absorption



(AA), inductively coupled plasma (ICP) and colorim&). These methods can also be
classified by their complexity, equipment costgirting cost and time to get the
results. This comparison is presented in Table 2.

Table 3 shows different methods used in differéndiss to quantify silica in
plant material. To date there is a need to haveifarsn method for the determination

in plant material, a method that is time effectweal affordable.

2.4.1. Determination of Silica by Gravimetry

A gravimetric method after ashing was publishedtle late 1970s to
determine silicon in plantslf). This method consisted in oxidizing the organic
compounds of the plant sample, and solubilizingrésedual non-silica material with
an acid, the remaining precipitate was assumee tiliza or “crude silica”, removed
by filtration and weighedl®). Later a micro gravimetric method was propo<eEd.

A modification of the gravimetric method was suggdsby Elliot and Snyder
(14). This rapid gravimetric method consisted in ozidg, washing, and weighing the
sample in one single Gooch crucible. They also ddate acetone extraction step in

order to “solubilize various organometallic compuots2.

2.4.2. Solubilization of Plant Silica and Colorimetry

Solubilization of plant silica is required prior $pectrometric analysis. There
are several ways to achieve this purpose, the typstal being 1) fusion with strong
alkali (i.e. NaOH, NgCOs) to convert silica into sodium silicate and disoit in
water, 2) digestion with HNEHCI, 3) autoclave induced digestion with NaOH and

H,O;, or 4) extraction at room temperature with HC| &ttel(shaking overnight2Q).
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Other solubilization techniques have been appbkedh as a digestion process
that involves a reaction with sulfuric acid, anhyas sodium carbonate and
hydrochloric acid §8). Nayar et al§9) reported a direct method of estimation of silica
in rice plant tissues without ashing and fusiongerehsilica was taken into solution
after digesting the plant sample under heat withceatrated nitric acid followed by
anhydrous sodium carbonate in suspension. The metcghowed that results with
nitric acid digestion were comparable to the onthwhe fusion method (69).

After silicon is taken into solution, it can thee determined by colorimetric
methods such as the molybdosilicate and heterdpal method (adding a reducing
agent to the molybdosilicate complex)0). The molybdosilicate based colorimetric
method for sea water was adapted to rice leavés thvet aim of finding a method of
high sensitivity to determine silica in rice othtran the gravimetric or micro
gravimetric methods. This method involves the potidm of yellow molybdosilicic
acid (H,SiM01,040) or its reduction product, molybdenum bl&S)( The latter is also
called heteropoly blue method, and its preferredabse the formation of the blue
compound enhances the method’s sensitiG#).

Details of the colorimetric method are as followst aliquot of the solution is
adjusted to pH 1.6 with HCI3@). Lower pH was shown to slow down the color
development reactiory ). The sample first reacts with ammonium molybd#teand
after 10 minutes tartaric acid is added to desairoy phosphomolybdate complex (also
known as molybdophosphoric aci®%. Tartaric, citric and oxalic acids can be used
to prevent the formation of molybdophosphoric agitR). Reducing solution

(containing 1-amino-2-naphthol-4-sulfonic acid, isma sulfite, sodium bisulfite
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dissolved in water) is added to produce the bllieosnolybdic complex and the
sample is diluted. The absorbance of the sampksad at 815nm30).

The basis of the colorimetric method for determoratof silica is that only
soluble silica forms a yellow silicomolybdate comwplwith molybdic acid and
colloidal silica does not. A review of several elgs regarding the conditions that
have an effect in this methodology revealed thaip&h important factor, the form of
silicomolybdic acid has an effect in the absorbarared that silica concentrations
should not be greater than 100pp&6)( Only monomeric silicic acid reacts with
ammonium molybdate, therefore other polymeric folmas not be detected by this
methodology 21).

Electrolytes present in water samples have an tefiehie spectrophotometric
determination of silica. The first step of this m&dology involves the formation of
molybdosilicic acid, which exists as two isomers,and 3 {3). The isomers’
formation depends on the pH of the solutions, tiefer decays faster and its decay
is increased by the presence of electrolyI&. (

Other modifications of the molybdosilicate methaalvé been propose@1)
such as the use of 20% acetic acid instead oHIG{1

The feasibility of silica detection methods hasrnfdlimitations due to the lack
of reference materials among others. The applicaifdhe molybdenum blue method
in biological samples is still questionabl&l). Despite of all, the colorimetric method
is one of the most used due to its lower detedinoits, and low cost in comparison to

induced plasma and atomic absorpti2ah) (
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2.4.3. Other Detection Options

Solubilized samples could be measured by othemtqubs such as Atomic
Absorption Spectrophotometry (AAS) and InductiveGoupled Plasma-Atomic
Emission Spectrophotometry (ICP-AES), tests on ld@d HF extracts have been
done finding no difference between these two meth@@). The determination of
silica by ICP-AES has been studied and adopteddareet method in seawates5).

Silicon has been measured by direct current plasmmasion in urine samples,
best results have been documented when using a@dibrcurves with standards in a
similar matrix. The method gave reliable resultth@ range 0-50 mg per [%).

Solubilization of silica by means of pyridine N-des has been proposed by

Ranganathan et af) but further research is needed.

25. METHODSOF SILICA EXTRACTION

First attempts on silica extraction were reported961 by Copa and Wallace
(39), where ground oat straw in a small chromatog@phbe was extracted with
water, and diluted HCI, passing through at 1ml/mihe eluate was collected for
analysis. It was cited by Copa and Wallace thatigreagents tend to reduce the
rate of extracted silica, but if plants were extedanitially with acetone, methanol or
ethanol, and then with water the silica extractiate was increased. This was
attributed to plant silica being enclosed by acet@oluble materials. Primary
extraction with benzene and methyl alcohol followsdhot water extraction or hot
methyl alcohol resulted in an extraction of 82%cail39).

In the 1970s, a group of studies on extractionilcdas from plant material

was done in Poland at the Institute of Chemistiy Analytics {7-81). Extraction of
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silica fromE. arvenseand Urtica dioica was done at an optimum herb to water ratio
of 1:100 (w/w) and resulted in a extraction of 16$%tica and less than 50%
respectively 81). Sixty five percent silica was extracted fr@nacanthoidesit a herb
water ratio of 3:200, at 90°C for 6hr#). Agropyron repens$:200 was extracted 24
hours at 90°C achieving an extraction of 54% si{k®. Further research was done in
order to find a way to preserve the plant silicaev@xtracts, 0.01% formic acid gave
maximum stability lowering the pH and preventindypaerization 78).

A further silica extraction experiment was done ngsiNaOH. The
methodology consisted on pre-desilication of whsteaw with 1% NaOH, 80°C for
30 min @8), 73% silica was removed. More alkali extractidndses were reported
(82 where alkali soluble wheat straw lignins are asted with no report on silica;
treatments of 1.5% KOH at 20°C for 6hr, 1.5% LiO+2@°C for 6 h, and 1.5% NaOH
at 20°C for 0.5 to 144 h. Samples were neutraleféetwards with glacial acetic acid
(82). Deashing/desilication of 78.2% from wheat stvass accomplished with sodium
carbonate (10% N®) at 60°C for 30 minZ9).

Five leaching methods were applied for rice strgwddénkins 10), wheat straw
and switch-grass (wood and sugar cane too). Legahith room temperature (20-
25°C) water by 1) spraying tap water over 100g whstraw (30 mm) bed on an
extended mesh for 1 min, 2) 100g milled straw (19rflashed with 20 | tap water, 3)
milled straw (19mm) flushed with 20 | distilled weat 4) 50 g milled straw (20 mesh)
flushed with 7 | distilled water, 5) 100 g wholeast submerged in 7 liters distilled
water for 24 h, 6-8) natural rain washing treatraeAmount of silica in ash increased

after the extraction treatments, silica appearetinert. Moreover, silica was proposed
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as a tracer for predicting ash content assumingtti@not lost by washinglQ). This
finding agrees with the results obtained after eag wheat straws, with tap water at
room temperature where silicon content remainecamee §3).

More studies related leaching of inorganic matsrslowed improvement of
combustion properties of biomass. Leaching of sitaw, wheat straw, switch grass,
and banagrass (20mesh) with water reduced aboutd@tassium and sodium and
90% of chlorine. Leaching processes involved sagak@amples in water overnight at
room temperature followed by washings)

More water extraction research has been done tgdaut mainly focused on
combustion properties, and elements such as pomassiodium, chlorine and sulfur
(84). Leaching process was done using tap water ah r@onperature, samples were
put in a 200 mesh plastic grid and were submergtatap water for 24hrs. Water
mass ratios were 45, 200 and 120 ¢3d).(Removal of 71% of K, 72% of Cl and 98%

of Na from chars was achieved by washing with wat&2°C ).



15

3. MATERIALS AND METHODS

3.1 PLANT SAMPLES

Samples of Kentucky BluegrasBda pratensiswere collected on an eastern
Washington farm, milled to pass a 20-mesh scredndaed to a moisture content of
<10%. The sample was provided by the USDA-ARS Fedagporatory in Corvallis.
Perennial Ryegras&glium perenng wheat strawTriticum aestivurpand tall Fescue
(Festuca arundinacga were obtained from local farms (mid-Willamettealléy,
Oregon), dried at 4C in accordance with NREL 9/21/05 method B (lten81@005

(85) to < 7% moisture and milled to pass a 20-meskescr

3.2 EXPERIMENTAL DESIGN FOR COMPARISON OF QUANTITATIVE

METHODS

A gravimetric and four colorimetric assays were pamed. The four
colorimetric assays were based on the possible ic@tidns obtained when grouping
two distinct digestion methods and two distinctocadevelopment methods (details of
each procedure below). A pictorial diagram of tfeatment structure (experimental
design) is presented in Figure 1. The gravimetrethod was done in triplicate on
three separate occasions (days) for each of tlmvsttested. The colorimetric
methods were also done on three separate occdeioeach straw. On each of those
occasions, the test digestion method was doneplicate and the subsequent color-
development assays of each resulting digesta-congpisolution were done in

duplicate.
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3.2.1 Digestion
3.2.1.1 Acid/Alkali Digestion

Digestion method 1 (D1) was adapted from that oyaddaet al. 197569). To
100 mg straw, dry weight basis, in a 50 ml glaseica flask was added 5 ml
concentrated nitric acid and the resulting suspensgias digested on a hot plate, at
boiling in an appropriate fume hood, until complet indicated by the ceasing of
brown fumes and a volume reduction to 2 ml. Thsulteng suspension was
transferred with several washings into a 150 mhktas-steel beaker containing 1-1.5
g anhydrous sodium carbonate in suspension ancédd@t5 minutes 69). The
resulting solution was transferred to a polypropglébottle and then diluted with
deionized/distilled water to 50 g and subsequeatlglyzed for silica content using
one of the color-development methods describedabelo
3.2.1.2 Autoclave I nduced Digestion

Digestion method 2 (D2) was that of Elliott and 8er (1991) 18), as
modified by Bell and Simmons3§). To 100 mg of straw, dry weight basis, in a 250
ml polypropylene screw closure centrifuge bottlealg¢éne 3120) was added 2 ml
hydrogen peroxide 50% and 4.5 g NaOH 50% (w/w)wadnydroxide. The resulting
suspension was autoclaved at 138 kPa for 1 hb8 (The digested sample was
diluted to 50 g with deionized/distilled water asdbsequently analyzed for silica

content using one of the color-development metliaderibed below.
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3.2.2 Colorimetric Quantification
3.2.2.1 Colorimetric Method 1

In color development method 1 (APHA, 199%0)), silica in solution is
acidified with hydrochloric acid, reacts with amnuam molybdate, oxalic acid is
added to remove phosphate interferences and fimaltlgducing agent is added to
develop a blue complex, measured at 650i0). (Silicon standards were prepared
from VWR Silica standard No VW3461-2, 1.00 + 0.0y SiG ml™* solution.
Digests were analyzed in duplicate on the same day.
3.2.2.1 Colorimetric Method 2

In color development method 28), silica in solution is acidified with acetic
acid, then reacts with ammonium molybdate, tartaxeid is added to remove
phosphate interferences and finally a reducinghtage added to develop a blue
complex, measured at 650nd8). Silicon standards were prepared from VWR Silica
standard No VW3461-2, 1.00 + 0.010 mg Si* solution. Digests were analyzed in

duplicate on the same day.

3.3 SILICA DETERMINATION BY GRAVIMETRY

Gravimetric silica analyses were conducted as ticdascribed by Morikawa
and Saigusa 2004.¢). Approximately 3 g of straw, weighed to the resar0.1 mg,
were ashed in a platinum crucible at 575°C for 24 The resulting ash was washed 6
times with 5 ml dilute acid mixture (1.5 M HNO3:73. M HCI), pouring off the
supernatant following gravity settling of the ursdived ash. The suspension
resulting from the final wash was filtered usingaid hardened ash-less filter paper

(Whatman 541), and rinsed with distilled water umfnloride ion could not be
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detected in the rinse (detected as AgCI precipitaide acid-insoluble ash-containing
filter paper was then ashed as above and weigliked ash residue was taken as silica

(16).

3.4 TOTAL SOLIDS MOISTURE
Total solids were determined gravimetrically ascdibégd by NREL LAP-012
1994 using a forced-air convection oven at 105@& @&7), drying to constant weight.

Moisture determinations were done in triplicate.

35 ASH
Ash was determined gravimetrically as describedNIREL LAP-005 2005
using a muffle furnace at 575°C + 25°@8), drying to constant weight. Ash

determinations were done in triplicate.

3.6 STATISTICAL ANALYSYS

SAS 9.1.3 software for Windows was used to run Sdurare tests to
determine the homogeneity of day-to-day variancéhlinvmethods; this test being
done to objectively test the appropriateness afmgathe color development methods
(C1 and C2) and the digestion methods (D1 and R&)sa days. The test was not
significant at 95% confidence level for day-to-d#gpendence, thus allowing pairing
of the data and its analysis as a nested modéi, witeatments and 9 replicates per
treatment.

The nested data, with replicates within days angs daithin treatments, was

analyzed for statistically significant differencegtween methods using a general



19

linear model and the sources of observed differemee identified by Tukey’s post

hoc test (SPSS 14.0.2 for Windows).

3.7 SENSITIVITY AND PRECISION

Calibration sensitivities are herein taken as tlopes of the corresponding
calibration curves; analytical sensitivities ar&eta as the slopes of the calibration
curves divided by the standard deviations of tlgnas at the concentrations of
interest 89). Precisions are herein based on the standardatdews of the

corresponding assays.

3.8 EXTRACTION TECHNIQUE

Wheat straw was used for extraction experimentdraktions were done with
deionized/distilled water at three temperatures@3060°C and 90°C); four time
points (0.5, 1.5, 3 and 6 hours) were chosen tertsn the time-course of extraction
at each of the temperatures. Each time/temperaiomgination was analyzed in
triplicate. To initiate the extraction, 1 gramsifaw was added to 99 g temperature-
equilibrated water in a 125 ml screw capped polyryieentene Erlenmeyer flask.
Flasks containing straw and water at the apprapt@mperature were agitated at 150
rpm for the duration of the extraction period.

After the extraction period, test solutions wettefed using Whatman No. 41
(pre-dried and weighed, retention size 20p@B) into a pre-weighed filtration flask,
the filtrate was then filtered again using Whatnfdo. 42 paper (pre-dried and
weighed, retention size 2j&m), the filtrate being collected in the same preghved

filtration flask. Filter papers containing the ntorgetentate and the filtration flask
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containing the combined filtrate were weighed. Timmisture, ash, and silica
(gravimetric) content of the retentate were deteedigravimetrically (methods as
described above). The total solids, ash and gjtiokborimetric) content of the filtrate
were also determined. The experimental designtlit® extraction experiment is

depicted in Figure 2.
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4. RESULTS AND DISCUSSION

4.1 COMPOSITION OF STRAWSUSED IN THISSTUDY

The organic macrocomponent compositions of thewstrased in this work
are reported in Table 4, ash and moisture compasisire reported in Table 5.
Published ash contents for comparable straws a&asepted in Table 6. The range of
ash and silica values observed for the straws reagttbibuted, among other things, to
differences in growth conditions, parts of the pdaanalyzed, age, and extents of
extraneous contamination. The moisture conterth@fstraws, as stored throughout
the study, was approximately 7%; moisture was nooadt throughout the study for
purposes of reporting results on a dry-weight bade differences in the ash values
presented in Table 4 reflected the fact that tliecamitent determined by the present

study is based in the original plant material.

4.2 COMPARISON OF METHODS
A comparison of the mean values obtained by tHerdifit analytical methods

is presented in Table 9. The imbedded superscripigate that there was a
statistically significant difference in the measuiralues, within a straw, depending
on the method used. In general, the gravimetrithaterecorded the highest silica
contents, the exception being the value obtained’ &l Fescue (the straw with the
overall lowest silica content), in which case theawmetric value was not

significantly different from each of the colorimietderived values. Comparing the
values for the colorimetric assays, there was amgenrend for the autoclave/alkali

digestion technique to provide higher silica valtlean the corresponding acid/alkali
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digestion method. The table shows no evidencefdifference in the two color-
development methods tested. Published valueshéosilica content of comparable
straws are provided in Table 8, illustrating thia¢ tvalues obtained in this study,

regardless of the method used, fall within the eaofjthose reported in the literature.

The data summarized in Table 9 is broken out ind&band Figures 3 to 6.
Table 7 gives the day-to-day values obtained wdbhemethod; Figures 3 to 6
illustrates the dispersion of the complete datatak¢n together per plant sample.
Differences in the precision of the methods aredewi in these presentations.
Figures 7 and 8 are included to illustrate thekstg difference in the within-day
precision of the digestion methods. Together, éheta indicate that the
autoclave/alkali digestion method is superior widspect to the precision of the
method. For this reason the stability of the ailisolution obtained by the
autoclave/alkali digestion method was tested byayasg the solution for silica
content over a 15 day storage period (solutionltiagufrom wheat straw digestion
was stored at room temperature in screw cappeddegbity polyethylene bottle).
The results from this experiment are presentedigareé 11 demonstrating that the
solution was stable over this time period, meanthgested solution could be
analyzed any time within two weeks of digestionhwiit quantitative consequences.

Silica content of the straws is presented in Tabl@ublished silica content
for comparable straws is presented in Table 8. d&= depicted in Table 7 and
Figures 3 to 6 illustrates that the differenceshi@ two color-development methods
are small. An experiment in which 10 replicatestlud C2 colorimetric assay was

done using silica standards (0.0025, 0.02, and M@1SiQ per assay) to get an
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indication of the precision of this color-developmheanethod; the coefficients of
variation at the three concentrations were 0.02587 and 0.031, respectively. The
calibration curves of Figure 9 were used to deteenthe sensitivities of the two
color-development methods. The calibration sengptiof method C1 (with fresh
reagent) was found to be 47 % higher than thatof The mean analytical sensitivity
of the C2 assay, based on the standard deviatibtsined in the experiment
described just above, was 0.02. The stabilityhef teagents used in the two color-
development assays was also tested. The resuatisi@uzed in Figure 10 A show a
decrease in the calibration sensitivity (slopejh&f C1 assay over the eight-day test
period. In contrast, there was no change inghrameter for the C2 assay over the
same test period (Figure 10 B). The implicatiomngeihat the C2 reagents, but not
the C1 reagents, would generate reproducible dagatbe course of a week of use.
The sensitivity data for C1 should be viewed adipieary, as further testing is
needed to verify the lability of these reagents.

In most of the plant samples, silica content valuwdgained with the
gravimetric method (G) were higher. Higher valuesuld be attributed to an
incomplete dissolution of the acid soluble ash. 8@uluble ash could remain and
could be measured as silica rendering higher siataes, which is in agreement with
King et al ©0).

On the other hand, digestion protocol D1 and D2lcaepresent under-
digested samples, giving lower silica content. Aalkhli digestion protocol (D1)
goes though boiling and washings steps which couttlbde potential errors. As

explained by Van Dyck et alF4), sample loss on hot plate digestion and improper
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dilution, could introduce errors on digestion puuis. Boiling could result in
projecting droplets of the analyte out of the reertflask; on the other hand if
washings are not done properly some silica caretbebéhind, both situation would
result in lower values. One more error source @ dhid/alkali digestion process is
the addition of anhydrous sodium carbonate in garagmate amount of 1 — 1.5 g,
which could result in different pH of the final stibn, and pH is closely related to
silica solubility. All these factors could contriiguto have lower silica contents.
Acid/alkali digestion protocol consistently showsdme values above the average,
the presence of this high values could be attribtieeoutliers or to the presence of
samples that have been fully digested.

Acid/alkali digestion protocol (D1) figures appemawore scattered than the
ones with autoclave induced digestion protocol (O&ptocol D2 digests the plant
sample under same alkali conditions; pH is keptagbv high favoring silica
solubility. Autoclave induced digestion rendereduea that appear more precise. A
closer comparison between digestion protocols igaked in Figures 7 and 8,
Perennial Ryegrass, Tall Fescue and Wheat stravirmothe tendency affirmed
above, autoclave induced method provides datalextier spread than those obtained
with acid/alkali digestion. Silica values appeaosdr for AID, independently from
the color development protocol.

Color development protocols showed no evident diffee on silica content,
but the values were lower than G values. Indepehdéom the digestion protocol
color development protocols consist in the formated a blue complex, which is

formed by reactive silica with molybdic acid. Reeetsilica is a term that refers to
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silica in the form of monosilicic acid, it does natlude polymeric silica, which is
un-reactive and would not be measured by the abdeelopment protocolbg, 57,

91) resulting in lower values.

4.3 METHOD APPLICATIONIN THE EVALUATION OF HOT-WATER

LEACHING OF SILICA FROM STRAW

The data presented in Figure 12 illustrates thdéicajon of the C2 method in
a study evaluating the efficacy of using hot wateteach silica from wheat straw.
Experiments of this type are important with resgeatpgrading the quality of straws
for thermochemical processing. The object of #aehing, in this case, is to remove
silica, along with the alkali and alkaline-earth tailg, from the straw prior to
thermochemical processing, (25, 92. The evaluation is done by measuring the
silica content of the starting material and thecailcontent of the leachate (see
methods for details). The data demonstrate theontapce of temperature in
removing silica. Less than 5% of the original wtrsilica could be detected in the
leachate following the 3C treatment. The 9Q treatment, however, resulted in a
removal of greater then 40% of the original silicam the straw. Correspondingly,
this same treatment resulted in the removal of @pprately 12% of the total solids
from the original straw. These results are in ganagreement with those of
Thompson et al. 20); a study in which energy dispersive spectromednd
inductively coupled plasma — atomic emission specatry were employed. To
maintain maximum heating values for the leachealrxstone would want to minimize

the extraction of organics while maximizing theragtion of deleterious inorganics.
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Effect of extraction temperature over silica contey Gravimetry in retente
(R) and extract (E) are given on Figure 13. Madariz® was very hard to achieve.
Numbers evidence a higher extraction percentag®¥f silica at 90°C after 6 hours
of extraction. Plotting silica extraction based the color development protocol,
Figure 12, gave a lower fraction, 45% at 90°C afiehours of extraction. For
comparison Copa et al 19639 could extract 82% of the silica from oat stravihwi
hot water (boiling), straw was previously acetoiresed. Piekos et al 197&8)
extracted silica up to 65% at 90°C after 6 houssnfiherbs. In contrast Thompson et
al 2003 R0) reported the extraction of little silica from wdtestraw at 25, 37 and
50°C and Jenkins et al 19993] noted that silica increases in concentrationrafte
leaching and appears inert. In this study treatraeB0°C also removed little silica.

According to literature values, Lenher and Mertil17 ©60), a solubility of
0.02 g silica per 100 ml was expected, our reqadsed on gravimetric method were
lower 0.001 g /100 ml at 30°C for 6 hours. On thieeo hand at 90°C for 6 hours,
0.049/100ml was expected and our results almostedgrapproximately 0.03 g / 100

mil.
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Figure 1. Diagram of Treatment Structure for Mellvaluation, D1_C2, acid/alkali
digestion 69) paired with colorimetric method 21§); D2_C2, autoclave induced
digestion paired with colorimetric method 28f; G, gravimetric method16);
D1_C1,; acid/alkali digestion6@) paired with colorimetric method 7 @); D2_C1,

autoclave induced digestioh8) paired with colorimetric method Z@).

-—ii—--Ei‘—-

Pink method

Green day

Blue replicate

Red colorimetric method



28

Figure 2. Diagram of Treatment Structure for Eximac - all treatments done in

triplicate.

[ Plant Material ]
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Figure 3. Data dispersion by method: Kentucky Btasg. D1 C2, acid/alkali
digestion 69) paired with colorimetric method 2.§); D2_C2, autoclave induced
digestion paired with colorimetric method 28f; G, gravimetric method 1¢);
D1 _C1,; acid/alkali digestion6@) paired with colorimetric method 7 @); D2_C1,

autoclave induced digestioh8) paired with colorimetric method Z@).
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Figure 4. Data dispersion by method: Perennial Ragsg D1 _C2, acid/alkali
digestion 69) paired with colorimetric method 2.§); D2_C2, autoclave induced
digestion paired with colorimetric method 28f; G, gravimetric method 1¢);
D1 _C1,; acid/alkali digestion6@) paired with colorimetric method 7 (@); D2_C1,

autoclave induced digestioh8) paired with colorimetric method Z@).
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Figure 5. Data dispersion by method: Tall Fescuk.@®, acid/alkali digestiortg)
paired with colorimetric method 2.8); D2_C2, autoclave induced digestion paired
with colorimetric method 21@); G, gravimetric method1@); D1_C1; acid/alkali
digestion 69) paired with colorimetric method @); D2_C1, autoclave induced

digestion {8) paired with colorimetric method ¥@).
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Figure 6. Data dispersion by method: Wheat stratv. @2, acid/alkali digestior69)
paired with colorimetric method 2.8); D2_C2, autoclave induced digestion paired
with colorimetric method 21@); G, gravimetric method1@); D1_C1; acid/alkali
digestion 69) paired with colorimetric method ¥@); D2_C1, autoclave induced

digestion (8) paired with colorimetric method ¥@).
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Figure 7. Digestion method comparison per plantganKentucky Bluegrass (top)

and Perennial

Ryegrass (bottom).

D1 C1; acid/alkdigestion 6€9), with

colorimetric 1 70) versus D1_C2, acid/alkali digestio®gj, with colorimetric 2 {8);

and D2_C1, autoclave induced digesti@B)( with colorimetric 1 {0)D2_C2, versus

autoclave induced digestion with colorimetriclB)
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Figure 8. Digestion method comparison per plantganTall Fescue (top) and wheat
straw (bottom). D1_C1; acid/alkali digestio®9), with colorimetric 1 70) versus

D1 _C2, acid/alkali digestion6@), with colorimetric 2 {8); and D2_C1, autoclave
induced digestion1@), with colorimetric 1 {0)D2_C2, versus autoclave induced

digestion with colorimetric 219).
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Figure 9. Calibration curves for colorimetric medso(C1 and C2) for evaluating
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sensitivity.
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Figure 10. Effect of reducing agent storage timerothe calibration curve. A)

Reducing agent for colorimetric method 1, B) Redgciagent for colorimetric

method 2.
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Figure 11. Effect of digested samples storage twne silica

colorimetric method 2. Sample: Wheat, n = 6.

37

determination by

%Si

Storage effect

4.50

4.00

e e

3.50 -

3.00

[ 34

BX @

2.50

2.00 \ \

6

8 10 12

Storage Time (days)

¢ Repl mRep2

Rep 3

Rep4 xRep5 e Rep6

14 16




38

Figure 12. Temperature effect on silica extrachgrcolorimetric analysis of extract.
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Figure 13. Temperature effect on silica extractigngravimetric analysis of extract

(E) and retente (R).
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Table 1. Crystalline, amorphous, and aqueous farfrslica (SiQ). (Published by

Owen 197531))

Crystalline silica:

Species of silicawith crystal structure

a) Macrocrystalline
b) Cryptocrystalline

Quiartz, tridymite, or cristttea
Consists of fibrous crystalé with submicroscopic pores;
general term is chalcedony

Amorphoussilica:

Forms of silica lacking crystal structure

a) Silica gel

b) Gelatinous silica

c) Silica sol or
colloidal silica
d) Opal

e) Silica glass

Hard amorphous silica containingt@B0% water, prepared

commercially either as a chemical reagent or ass&cdant
Appears in solution as gatais flocs or as a continuous gel,

formed either by evaporation of silica solution, ddjowing a

supersaturated solution to stand, or by acidifyadairly

concentrated solution of an alkali silicate

Silica dispersed in water in particles of colloidhmensions

(103 to 10°mm)

Naturally occurring silica, including te#ica of diatomite and
radiolarite, generally with less than 12% watemm@ovarieties
appear to be transitional to crystalline matewaisfobalite)

Prepared by the quenching of easihielt

Aqueoussilica:

Silica speciesin solution

a) Orthosilicic acid

The principal from of sili¢a saturated solutions with pH less
than 9 is the monomer,8i0O,. Above pH 9, orthosilicic acid
dissociates (K1=18% (64))

b) Dissolved or
colorimetric silica

The silica in true solution (4$i0y) that reacts with ammonium
molybdate within 2 minutes after the solutions miged

c) Polymerized silica

Silicic acids containing t{bsilicic), three (trisilicic) or more
atoms of silicon per molecule (including colloidal
suspensions). At room temperatures noncyclic esilacids
react with ammonium molybdate within 5 min, but layc
polysilicic acids require several hours to re&el).(High order
polymers do not react al all. In unsaturated sohsj poly
silicic acids depolymerize to the monome4)(

d) Total silica

All silica species in solution carbe determined
colorimetrically following conversion of polymeridesilica to
the monomer by treatment with NaOH, or by gravimetr
techniques. In most natural waters gravimetric and
colorimetric silica are identical, indicating theepalence of
the monomer

H4SiOy,




Table 2. Frequently cited quantification methodssitica determination

Equipment Training Reagents

Method cost needed materials
Gravimetric low low medium

XRFS high high low

Colorimetric medium medium medium
AA high high medium
EDS high high medium
ICP high high medium

XRFS: X-ray fluorescence spectroscopy
AA: atomic absorption

EDS Energy dispersive x-ray spectroscopy
ICP: Inductively Coupled Plasma

41
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Table 3. Silica determination methods used in pdauat biomass research

Method Sample Study

Acid/alkali  digestion and Rice straw Nayar et al 19769)
colorimetric

Atomic  absorption  (AA) Wheat straw Demirbas 2008,(95
ASTM D 3682

AA, atomic emission Plant materials Novozamsky et al 1982)(
spectrometry (AES)

Autoclave induced digestionRice straw Bell and Simmons 1996
(AID) and colorimetric

AID colorimetric vs. Na Rice straw Elliot and Snyder 19918
Fusion

Colorimetric Oat straw Copa and Wallace 1989) (

Colorimetric vs. Gravimetric Horsetail, PlumeledBiekos and Paslawska 1975
Thistle, Quackgrass,(77-81))
Stinging nettle

Combustion  coupled  toWheat straw Dayton et al 19987}

molecular beam mass

spectrometer (MS)

Energy-dispersive Wheat straw Hess et al 200385)

spectrometry (EDS)

EDS Wheat straw Hess et al 20@8)(

EDS Wheat straw Thompson et al 20@8)(

Gravimetric Blueberry cuttings Morikawa and Saigu®@04
(16)

HCI-HF  digestion  with Plant material Taber et al 20023}

inductively coupled plasma
(ICP) vs. AID colorimetric

Not specified Wheat straw Jenkins et al 1988 (

Not specified Banagrass Turn et al 1997)(

Plasma emission spectrometry Bleach plant filtratagilttila et al 1996 48)

Rapid gravimetric Rice straw Elliot et al 198181

Scanning Electron Rice and wheat straw Jenkins et al 1983 (

Microscopy (SEM)

SEM / Energy Dispersive X-Wheat straw andArvelakis et al b)

ray (EDX) olive residue

SEM / EDX Wheat straw andKoukios et al 19991(3)
Olive kernels

Acid insoluble ash Wheat straw Pekarovic et al 20@9( 99

(gravimetric) TAPPI T244
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Table 4. Composition of Extractive Free Residumwang Sequential Soxhlet (@
and EtOH) Extractions of Commercial Grass Spedi#salues are percent of

original (unextracted) solids (from Masrungson @0Q.00)).

Name Glycans Acid Acid

y Insoluble Soluble Ash Extractives

Lignin Ligning

Kentucky 45.4 11.1 1.77 1.76 29.2
Bluegrass
Perennial 45.8 11.8 1.76 1.31 28.1
Ryegrass
Tall 41.0 10.7 1.05 0.84 20.4
Fescue
Wheat 53.8 14.0 1.62 2.19 16.3

straw




Table 5. Moisture and ash content of plant sampkeS8,
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Sample Scientific name % Moisture % Ash (d.w)

Kentucky Poa pratensis 7.71 (0.18) 5.28 (0.06)

Bluegrass

Eerennlal Lolium perenne 7.19 (0.26) 5.54 (0.05)
yegrass

Tall Festuca 7.24 (0.05) 5.40 (0.00)

Fescue arundinacea

Wheat Triticum aestivum 7.10 (0.08) 7.82(0.07)

straw




Table 6. Ash content of plant samples reportedherostudies
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Sample Part of plant Scientificname  Ash  Study
%

Kentucky NA Poa pratensis 0.13 Han et al 1975

Bluegrass, (101

Newport

Kentucky NA Poa pratensis 5.27 Masrungson 2006

Bluegrass (100

Perennial Leaves Lolium perenne 0.12 Han et al 1975

Ryegrass (101

Perennial Stem Lolium perenne 1.29 Han et al 1975

Ryegrass (101

Perennial NA Lolium perenne 5.92 Masrungson(2006)

Ryegrass (100

Tall Fescue Straw Festuca 6.48 Masrungson(2006)
arundinacea (100

Wheat straw — Straw Triticum 41 Hess et al 2003

Boundary aestivum (96)

Wheat straw — Straw Triticum 54 Hess et al 2003

Stephens aestivum (96)

Wheat straw Straw Triticum 5.56 Demirbas and

leached aestivum Fatih 2003 95)

Wheat straw Straw Triticum 6.45 Dayton et al 1999

leached aestivum (27)

Wheat straw Straw milled Triticum 6.45 Jenkins et al 1996

soaked aestivum (20

Wheat straw Straw Triticum 7.24  Masrungson(2006)
aestivum (200

Wheat straw Straw Triticum 7.5 Arvelakis, et al
aestivum 1999 g83)

Wheat straw Stem fraction  Triticum 8.7 Thompson et al
aestivum 2003 @0)

Wheat straw — Straw Triticum 9.0 Hess et al 2003

Westbred 936 aestivum (96)

Wheat straw Whole straw  Triticum 11.2 Thompson et al
aestivum 2003 @0)

Wheat straw Straw Triticum 12.78 Dayton et al 1999
aestivum (27)

Wheat straw Straw Triticum 12.78 Jenkins et al 1996
aestivum (10

Wheat straw Straw Triticum 19.7 Demirbas 20038}

aestivum




Table 7. Silica content (%) for plant samples
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Straw Day Replica D1 C2 D2 C2 G D1 C1 D2 Ci
* 1 1.80 2.31 2.47 2.01 253
S 1 2 181 261 302 201 282
> 3 1.74 2.53 3.12 1.92 2.84
% 1 1.68 2.24 2.86 1.78 2.36
> 2 2 2.10 2.31 2.66 2.24 2.49
S 3 2.13 2.28 2.83 2.31 2.41
= 1 1.92 2.40 2.87 2.05 2.50
< 3 2 1.76 2.19 2.95 1.93 2.37

3 2.08 2.28 2.97 2.28 2.50

2 1 2.03 1.99 2.98 2.55 2.10
< 1 2 1.68 1.97 2.64 2.07 2.10
o 3 2.04 1.96 2.63 2.03 2.10
& 1 1.73 1.92 2.98 1.91 2.00
= 2 2 1.44 1.90 2.85 1.87 2.14
= 3 2.34 1.86 3.05 1.54 2.04
S 1 183 1.8 278 255  1.82
o 3 2 2.01 1.85 2.83 2.03 2.00
3 2.31 1.90 2.81 1.87 2.00

1 0.87 1.20 0.99 0.93 1.26

1 2 0.79 1.24 1.03 0.86 1.25

o 3 0.76 1.23 1.06 0.80 1.25
3 1 0.83 1.25 0.86 0.88 1.21
& 2 2 1.51 1.19 1.16 1.61 1.25
= 3 0.71 1.23 0.75 0.75 1.27
= 1 0.88 1.24 1.01 0.93 1.30
3 2 0.77 1.22 1.10 0.80 1.28

3 1.51 1.21 1.11 1.63 1.28

1 2.90 4.30 5.16 3.03 4.65

1 2 2.59 4.11 6.01 2.74 4.58

3 3.70 417 5.77 4.17 4.63

o 1 2.33 4.52 6.00 2.50 4.70
2 2 2 2.31 4.48 6.04 2.43 4.77
= 3 288 415 575 311  4.42
1 2.97 3.85 5.99 3.07 4.27

3 2 3.82 3.50 6.14 4.17 4.13

3 2.34 3.68 6.33 2.47 3.82

D1_C2, acid/alkali digestior60) paired with colorimetric method 2§)

D2_C2, autoclave induced digestion paired with goletric method 218)
G, gravimetric methodl)
D1 C1; acid/alkali digestior6@) paired with colorimetric method Z@)

D2_C1, autoclave induced digestidi8) paired with colorimetric method X@).
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Table 8. Silica content for plant samples repomtesther studies, data under brackets

were calculated from reported silica % and asharant

Sample Scientific Part of SIO,%  Study

name plant

Wheat straw Triticum Straw (2.9)  Arvelakis, et al 19983)
aestivum

Wheat straw Triticum Straw (2.7)  Arvelakis, et al 19983)

leached aestivum Demirbas and Fatih 2003

(95

Wheat straw Triticum Straw 4580 Dayton et al 19997
aestivum

Wheat straw Triticum Straw 3.985 Dayton et al 19997

leached aestivum

Wheat straw Triticum Straw (9.6) Demirbas 2008)(
aestivum

Wheat straw Triticum Straw 2.3 Hess et al 200236

— Westbred aestivum

936

Wheat straw Triticum Straw 2.8 Hess et al 20036

- aestivum

Boundary

Wheat straw Triticum Straw 3.2 Hess et al 200236]

— Stephens aestivum

Wheat straw Triticum Straw (4.6)  Jenkins et al 19980§
aestivum

Wheat Triticum Shoot 2.455  Hodson et at 200D
aestivum

Wheat straw Triticum Whole 2.6 Thompson et al 2003@)
aestivum straw

Wheat straw Triticum Stem 1.3 Thompson et al 2003@)
aestivum fraction

Tall Fescue Festuca Shoot 1.308 Hodson et at 20009
arundinacea

Perennial Lolium Shoot 3.644 Hodson et at 200D

Ryegrass  perenne

Kentucky Poa Shoot 1.543 Hodson et at 20009

Bluegrass  pratensis
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Table 9. Silica content (%) for plant samples, SUNMRY: D1 C2, acid/alkali
digestion 69), with colorimetric 2 {8); D2_C2, autoclave induced digestion with
colorimetric (L8); G, gravimetric method16); D1_C1; acid/alkali digestion6),

with colorimetric 1 70); and D2_C1, autoclave induced digesti®B)( colorimetric

1 (70).
Grass D1 C1 D1 C2 D2 C1 D2 C2 G
K entuck Mean 2.06 1.8 2.54 2.39 2.86
Blu rasi*** SD (0.18) (0.17) (0.18) (0.14) (0.20)
= CV 8.80 9.07 6.97 5.88 6.86
Perennial Mean  2.0% 1.9% 2.03 1.97 2.84
Rveoy asst SD (0.32) (0.30) (0.10) (0.05) (0.15)
yed CV 1584 15.34 4.72 2.75 5.11
Mean  1.07 0.96 1.26° 1.22" 1.08"
Tall Fescue***  SD  (0.34) (0.32) (0.03) (0.02) (0.13)
CV 3361 33.03 2.08 1.73 12.79
Mean  3.08 2.87 4.48 4.08 5.91
Wheat*** SD  (0.67) (0.57) (0.31) (0.35) (0.33)
CV  21.80 19.70 7.05 8.49 5.63
" b ™ Attributes are significant at p<0.05, p<0.01, @&®.001
a, b, C

Treatments means with different superscripts iwith row are significantly
different from one another
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5. CONCLUSION

Commonly employed methods for the quantificatiosib€a, which avoid the
use of specialized equipment, have been compateziniethods were applied to the
analysis of Pacific Northwest-relevant straws. gkneral, the methods give silica
contents that are similar. However, significantfedlences were observed. The
gravimetric method tended to give higher silicaueal than the corresponding
colorimetric assays. Significant differences betwehe colorimetric assays were
observed. The colorimetric assays may be diviged iwo protocols, a digestion
protocol and a color-development protocol. It vaetermined that the significant
differences observed between the colorimetric naghoould be attributed to the
digestion protocols; the precisions of the digespootocols were markedly different.
The tested color-development protocols gave siméaults when applied to silica-
containing solutions resulting from a single digast protocol. The color
development protocols differed somewhat in thelibcation sensitivities and in the
stability of their reagents. Considering the abaviermation, it appears that the
alkali digestion protocol, combined with the taitaacid based color-development
protocol, as proposed by Elliot and SnydE)( is a reasonable colorimetric method
for assessing the silica content of straws. Thpliegition of this method was
demonstrated in an experiment showing that modgram water may be used to

leach a significant fraction of the silica contalne wheat straw.
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