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ABSTRACT

Mechanistic pyrolysis kinetics analysis of extractives, holocellulose, and lignin in solid wood over entire heating
regime was possible using specialized cone calorimeter test and new mathematical analysis tools. Added hardware
components include: modified sample holder for thin specimen with tiny thermocouples, methane ring burner with stainless
steel mesh above cone heater, and water vapor sensor in heated gas sampling lines. Specialized numerical deconvolution
were applied to oxygen and water vapor analyzer signals to synchronize with rapid responding CO/CO2 analyzer signals.
From this data the mass flow rates of C, H, and O within the wood volatiles as function of time were obtained, which allowed
deducing mass flow rate of significant molecules of wood volatiles. Accurate analytical solution of pyrolysis kinetics was
obtained for exponentially-rising, spatially-uniform temperature within the specimen as implemented in Excel spreadsheet.

" This article was written and prepared by U.S. Government employees on official time, and it is therefore in the public
domain and not subject to copyright.

INTRODUCTION

In examining past Forest Products Laboratory (FPL) research on wood pyrolysis kinetics, we choose as our starting
point as the confluence of technologies achieved with thermal analysis (TGA, DSC, gas-chromatography), chemical analysis
of main wood constituents, and development of inorganic salts as effective fire retardants. Through his careful measurements
with grounded-up samples, FPL researcher Dr. Tang [1] in a NSF funded Ph.D. work, was perhaps the first to quantify slow
pyrolysis at low temperatures and fast pyrolysis at high temperatures on a mechanistic kinetic basis for wood constituents as
affected by chemical additives and oxygen concentrations. It is interesting that very low heat of combustion is associated
with volatiles from low temperature slow pyrolysis, whereas high heat of combustion is associated with volatiles from high
temperature fast pyrolysis. After this major work, FPL research in this field tended to deal with specific issues, such as
kinetics and heat of combustion for the hemi-celluloses in addition to cellulose and lignin [2]. This work used a model-free
kinetics approach that used the isoconversional method that allows for determining the dependence of effective activation
energy on the extent of conversion for the isolated wood constituents. However, competition pathways could not be
evaluated which limited the results to a specific transient temperature profile. More recent work was associated with finite
difference models developed for wood pryolysis occurring in fires, mainly in collaboration with the universities [3]. This
work provided a fair success in modeling the effect of heavy thin inert board on back side of a radiantly heated 12.5 cm thick
redwood sample, in which a very significant second peak heat release rate (HRR) (and mass loss rate (MLR)) could be made
to vanish by use of the inert board. It proved the Stefan-type approach to modeling wood pyrolysis in response to imposed
heat flux to be inappropriate. However, the model results were not fully successful because of the lack of after-glow kinetics
needed to model the oxidative gasification of final char.

Recently, voluminous biomass research provided impetus to develop ever improved estimations of wood volatiles
for use in computer models. All such pyrolysis kinetics modeling found in the literature are hampered by a lack of an
experimental instrument that can measure tar constituents present in primary wood volatiles as a function of time. Indeed,
there are gaseous reactions, secondary tar degradations, and some repolymerization occurring within the char layer anc
extraction probes that prevent direct quantification of primary volatile products by any instrument. One can gain clues to
such primary volatiles in specialized tests. An example is the large fraction of Levoglucosan and hydroxyacetaldehyde
produced during vacuum fast pyrolysis of ground-up alpha cellulose at high temperatures and mainly simpleDga<es H
and CQ at low temperatures [4, 5]. Another is that the flash pyrolysis of lignin produces syringols, guaiacols, and phenols at
high temperatures and mainly simpler gases #,HCO, CQ, CH,;, and CHOH at both low and high temperatures [5, 6].

One will even have thermal degradation of wood that produces terpenes and their byproducts as primary extractive volatiles
at very low temperatures [7]. Lastly, there is the approach of tracking events within the char itself at isothermal conditions
using specialized instruments such as ‘i@ CPMAS NMR [4, 8] in which cellulose was observed to mainly remain a
carbohydrate during mass loss and then gradually convert to aromatic structures with little mass losses. In spite of these
developments, we note that for pyrolysis modeling there is a great need to: (1) fully account for carbon, hydrogen, and
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oxygen contents of volatiles to accurately calculate the transient heat of combustion [9], (2) determine production rates of
soot, HO, CQ, and CO as a result of secondary tar degradations [10], and (3) develop quick procedures/methods for

determining relevant, robust and inexpensive pyrolysis kinetics for various wood species and flame retardants. These factors
are crucial in fire hazard modeling in CFD codes.

Another difficulty with experimental techniques associated with pyrolysis kinetics is the use of ground-up wood-
constituents samples for testing [1, 5]. Although pure quantities of hemi-cellulose and alpha-cellulose has been intensively
studied and accurately identified, their pyrolysis behaviors are strongly affected by the presence of various salts, moisture,
and oxygen concentrations and of their physical form (crystalline versus amorphous), which are also found naturally in solid
wood. As for lignin, there are continuing problems in chemically isolating a pure sample that closely resemble the actual
lignin in solid wood. It is also interesting the potassium concentration affects the charring ability of the lignin [1]. Therefore,
pyrolysis kinetics from measurements with an intact wood is the preferred option. We describe such an option using added
cone calorimeter hardware, specialized data reduction techniques to derive primary volatile compositions as a function of
time, and lastly, derive analytical solutions to the pyrolysis kinetics of terpenes, holocellulose, and lignin for the whole test
time period.

ADDED CONE CALORIMETER HARDWARE

In preliminary trials, we examined how cone calorimeter testing can provide better information than achievable with
the current standard, 1SO5660. We used a low flame spread (FSI=70 with ASTM E84) redwood specimen, with an oven-
dried density of 380 kg/fin which the measured piloted-ignition surface temperature is around 361 C. One unusual
redwood property is that despite a high concentration of lignin, its peak heat release rate is extraordinarily high and sharp that
the simpler HRR profile functions used for the more common softwood was not appropriate [3,11]. It was also evident that
considerable amount of volatiles (white smoke) occur prior to the ignition time of 19 seconds after irradiant exposure of 35
kW/m?. We opted to construct a 75 mm-diameter manually-controlled methane ring-burner with a glowing stainless-steel
screen-hat to combust the volatiles prior to gas sampling. This also ensured the development of black smoke so that we can
measure by laser attenuation the concentrations of soot, which is primarily amorphous carbon. We then incorporated a high-
precision, rapid-responding, full-range, relative-humidity micro-sensor (Hydrometrix HMX 2000) coupled with a thermistor
temperature sensor diffused into the silicon die. The sensor as seated in a sealed stainless steel tube was inserted into tt
heated gas sampling line between the particle filters and the cooled moisture trap. The signal obtained with the associated
palm reader (2K-PRX-HT) had a full-scale response-time of 6 seconds. The increase in relative humidity above the ambient
levels is assumed due to combusting all of volatiles’ hydrogen content within the sample and methane burner flames into
water vapor.

Last piece of added hardware is a new sample holder developed for thin specimen mounting. Tiny Type-K
thermocouples were inserted into narrow slanted crevices (cut opened with a razor blade) on both sides of the 100X100 mm
specimen, and then pressed back together to ensure intimate thermocouple contacts. The thin specimen was laid on a ver
thin reflecting aluminum over a flat stainless steel mesh with their corners held down with thin wire clips. The effect of in-
depth radiation absorption ensured a spatially uniform temperature to within 15% or less that we observed for the specimen
thickness of 1.47 mm. This also allowed a very intact wood that did not distort or shrink much until well after ignition. The
expelling volatiles were of enough mass flux to prevent air from penetrating the uniformly charring specimen, at least until
the oxides were driven out of the developing char. This makes after-glow to be non-simultaneous with flaming, unlike that
for thick specimen with deep crevices for combined combustion processes [11].

900

800 h
@ 700
2 &
5, 600 - .
o 500
% o Shuttle Closed
ﬁg 400 ; o White Smoke
g 300 _/ a Flam{ng -
= 500 A Glowing
,' o Detached Thermocoupleﬁ%
100 4 — Exponential Functions
0 T T T
450 500 550 600 650

Test Time (seconds)
Fig. 1. Temperature profile of imbedded thermocouple in thin redwood



In Figure 1, the temperature rise of deeply imbedded thermocouple (depth of about 0.4 mm versus 0.1 mm for “surface
thermocouple”) was sufficiently slow to permit 35 data points (at 1 second intervals) of rapid combustible volatiles and 121
data points for slow glowing char. We note the measured temperature has an initial acceleration profile due to thermal
radiation being absorbed more with the blackening of char as well as to the decreasing volumetric heat capacity associated
with mass loss. Final acceleration in the temperature profile occurred at temperatures above 448 C, associated with glow
combustion within the char layer [11]. The temperature then settled on a steady temperature of 753 C before it dropped
during complete burnout to ashes. These glowing temperatures are sufficient to cause some sodium chloride or potassium
chloride to also emerge as volatiles, as is often noted for woody biomass gasification, but is considered miniscule in the case
of solid redwood used in this test.

TEST PROCEDURE AND DATA REDUCTION

Transient measurement of combustion gases and smoke to the least amount of random and systematic errors
possible is necessary for pyrolysis kinetic analysis of thin materials. To assist this measurement process the nearly complete
methane combustion from the ring burner was also used to re-calibrate the gas analyzers and relative humidity sensor just
prior to actual specimen testing. The mass balance for incomplete combustion assumes all of (1) fuel's carbon is accounted
for in the carbon dioxide, carbon monoxide, soot, and THC measurements, (2) fuel's hydrogen is accounted for in water
vapor and THC measurements, and (3) fuel’s oxygen is converted to become part of carbon dioxide, carbon monoxide, water
vapor, and sulfur dioxide. As a basis for comparison, we have that for any incomplete hot combustion, the dynamic mass
flow rate (g/s) of a fuel mixture with empirical formulgig, O;NyS, has six equivalent calculations as derived from simple
mass balances as,
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We implemented an improved data reduction protocol to obtain the needed agreement on the four different
computations of dynamic fuel mass flow rate of methane (forms 1, 2, 3, and 6). We found signals fromda®/&@lyzer
had the least errors. Time constant of their signals were quite small, about one to two seconds, which meant the cold water
trap/desiccant removed the water vapor rapidly and the analyzer was optimized for fast data acquisition without sacrificing
accuracy. Laser smoke signal was next in least-errors-hierarchy in that it had a similar response time, but was somewhat
noisier. In addition, software time shifting in the data due to product gas arrival time at the sensors for botha@®/CO
laser smoke was essentially correct in corresponding with spark plug events. The paramagnetic oxygen analyzer, on the othe
hand, is optimized for measurement accuracy at expense of measurement speed, because of the need to measure accurat
the oxygen depletion during combustion. Therefore gas-exchange volume in sensor is high relative to gas sampling flow
rate, which in turn resulted in a relatively low gas flow rate in the i@@oval media chamber. This resulted in overall time
constant of 9 seconds. Numerical deconvolution was applied to the oxygen signal to considerably reduce its response time.
Since there are 4 processes@Hemoval, CQremoval, sensor gas-exchange volume, and electronics delay factor) adding to
overall time constant, we applied deconvolution in 4 stages assuming an exponential time response for each stage,

S(t;) =S4+, (Sl—l(tM) - Slfl(tjfl))/(thl _tj—l) )
Where the indekrepresents the deconvolution stage level and the ipdepresents the time step level. Experimenting with

different values of the time constarit, we have found an optimized value of 1.85 seconds for all four stages. This achieved

a time response similar to the CO/Céhalyzer without adding undue artificial noise. A new sharpesighal also meant
that software time shifting of Qlata must be reversed by 5 seconds. We have also observed a systematic gaoalyz€r
signal due to contamination from residual £é&nhd/or HO byproducts in outlet gas from G@moval media. Since the
ambient air had minimal amount of GGt was judged that oxygen calibration for zero and span was done correctly.



Therefore oxygen mole fraction must be reduced as a result of inefficigiotr €gD removal with,
XOZ,corrected = ><OZ,signaI - 0196‘D<C02,signal (3)

The calibrated constant was initially set to achieve agreement of total mass loss derived with that of the measured virgin
wood mass minus the ash. With confidence developed in correcting tregaQsimilar type of corrections were applied to
the water vapor data. The molag®Hfraction is essentially relative humidity as multiplied by saturation pressure and divided
by atmospheric pressure. The relative humidity signal was shifted by a small amount and multiplied by a calibrated constant
at low humidity levels and damped out by an exponential decay function at higher humidity levels to obtain agreement
among the forms of Equation 1 and achieving the proper mass ratios of C, H, and O for when only the methane is burning.
The Solver in the Excel spreadsheet was then used to further refine the calibrated constants for both oxygen depletion and
relative humidity measures to ensure agreement with independent overall measures, such as the burnable mass of wood an
different forms of Equation 1 while methane is only burning. Although the humidity sensor is linear throughout its
measurement range, the unavoidable use of particle filters has the side-effect of absorbing moisture with relative humidity,
making sensor response appear to be nonlinear. A single stage numerical deconvolution with Equation 2 using a time
constant value of 3.7 seconds was found sufficient. As a last correctionQ@hadakh was time shifted to four seconds earlier
to synchronize with the corrected @nd CO/CQ@data. Since the molar fractions of, @0O,, CO, and HO are now available
and synchronized, we followed the ASTM E1354 Annex procedure for calculating the mass flow rates, respectively, of the
same molecules. The soot mass flow rate is merely calculated as the smoke production rate (product of volumetric rate and
extinction coefficient) divided by the specific extinction area, 8%8ymfor black smoke. These mass flow rates are then
substituted into Equation 1 and the different forms of Equation 1 are shown and compared in Figure 2. During the time when
the ignition shutter remained closed, the 2nd form (mainly dependent pdat®) shows the least random and bias errors,
while the 6th form (all mass rates equally weighted) has the most random and bias errors. All forms of fuel mass rates are in
fair agreement, which help verify the added data reduction techniques. However, when the ignition shutter is open, wood
pyrolysis provides the volatile “fuel” with changing and unknown compositions. This means only the sixth form (last one)
of Equation 1 can be used to compare with mass loss rates measured with the load cell. Since the load cell also has a time
response, we applied a single stage deconvolution using Equation 2 to weight loss data using a reasonable time constant of
seconds. The relatively close agreement of gas-analysis-derived fuel mass loss rates with load-cell-derived fuel mass loss
rates in Figure 2 for time greater than 450 seconds validated hardware addition and data reduction improvements based or
data prior to 450 seconds. A more rigorous development of this data reduction method is planned for future work.
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Figure 2. Comparison of fuel massrates calculations.

DERIVED COMPOSI TIONSOF PRIMARY VOLATILES

Upon detailed examination of Equation 1, we find we can derive further properties of the fuel. Consider a volatile
composition of fuel (tar), water vapor and carbon dioxideHEZ O~ NyS, + mH,O + nCQ . From Equation 1, the ratio of
molar carbon content of the fuel mixture to its stoichiometric molar consumption of oxygen gas is derived as,

Bcoz | Bs . Bco , Berw

Ve, fud _ X'+n 44 12 28 12+W _ 8Bco2 ¢
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Betas are merely the mass ratio of combustion product changes to oxygen depletion mass. We note fuel hydration
level (Equation 4) is independent of water content in any form because patarigefactored out of Equation 4. Fuel
hydration levels calculated for Hydrogen Gas, Methane, Propane, Carbohydrates, Carbon Monoxide, Carbon Dioxide from
Equation 4, are respectively 0, 1/2, 3/5, 1, 2, and 4 regardless ofGheartent. Therefore, the use of fuel hydration level
can assist in identifying fuel, even when combustion becomes incomplete. Suppose that during a test period, the measured



water vapor, excess nitrogen gas, sulfur dioxide, and THC's are attributed only to material pyrolysis. Using Equations 1 and
4, further fuel properties are derived as,

Y _Y*2m _ [y 50 /9+Witey /@2 +W)T - [Br 20 /9 +Whchw /A2 +W)]
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For wood, the stoichiometric net heat of combustion (kJ/g) is correlated closely as [9],
h. 4 = 1323,
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ro = BX +8-16Z)/12X +Y + 1& + 14J +38V) 8)

We note that withtHRR = i} ho piloted ignition occurred for HRR=400 kW#nra high value for wood. It was also

shown thatr in virgin state is linearly related to mass fractions of extractives, holocellulose, and lignin for any wood

material to a high correlation [9]. This means wood constituents should have well defined chemical makeup according to
Equation 8. The holocellulose, as the major component, is made up mostly alpha cellulose, mannan, and galactan that has thi
empirical formula, @H100s, while minor components are xylan and arabinan with a slightly different empirical formula. Its

heat of combustion via Equation 7 is in agreement with the measured value for holocellulose [9]. An average empirical
formula of lignin can be used for this paper, which dsldO,(H,O)(OCH)45 using the data in Chen [13], which also has net

heat of combustion via Equation 7 in agreement with that measured for the lignin [9]. In the case of extractives,
monoterpenes is the main component with empirical formulgH,e, while other observed extractives contain other
derivatives of terpenes and related chemicals.

For our thin redwood test we also used “total mass loss” which is the integration of Equation 9 (introduced later)
over total time to derive the total carbon, hydrogen, and oxygen mass fractions on ash free basis as the values, 0.5025,
0.0612, and 0.4363, respectively. Using the conservation of mass in conjunction with constituents’ empirical chemical
formulae, these translate to mass fraction values of 0.011, 0.655, and 0.334 for the extractives, holocellulose, and lignin,
respectively. This compares favorably to second-growth redwood values of 0.61 and 0.33 for mass fractions of holocellulose
and lignin [14]. With use of molecular weight for each empirical formula, we calculated molecular weight of redwood to be

173.9 and the basic-unit molar fractions of terpenes, holocellulose, and lignin zg he = 0.014, Z,,,= 0.703, and

Z;;4nin = 0.283, respectively.
MOLAR FRACTIONAL RATESFOR PROPOSED PRIMARY PYROLYS SPRODUCTS

It is interesting that Figure 3 shows significant mass losses within temperatures of 207 to 301 C prior to ignition.
Since white smoke associated with wood volatiles was combusted within the methane ring burner (and replaced by black
smoke), we could deduce carbon, hydrogen, and oxygen mass flow rates within the wood volatiles at all times from the mass
balance equations.

Me wood * Me methane = Msoor + 112/28) o + (L2/44) Mo,
My wood ¥ my ‘methane = (2/18) Ay 50 (9)
mO,wood + ri”o,methane = (6/28n + (32/44)1p, + (L6/18)AM 5o — Ay,

While only the methane is burning, we can determine its C, H, and O mass flow rates, and then fixate at those flow
rates during the consequential wood combustion; so that the mass flow rate of C, H, and O in the wood volatiles can be
derived. Obviously, the O mass flow rates for methane from Equation 9 is theoretically zero, but for practical purposes it is
not quite zero because of the various constraints on the calibrated constants for the measured gas compositions. Because tt
fuel hydration level was essentially zero (no carbon is being present in the volatiles) up to the temperature of 170 C, only the
molar fractional rates of 40 from holocellulose dehydration and multiplied by the molecular weight of water, 18, was fitted
to the mass loss rates data in this temperature range. Then from 170 to 207 C, with fuel hydration levels oscillating between
0.5 and 1.0, the molar fractional rates of terpenggi g was also included (with its fuel hydration level as 0.71). Lastly, for
rapid mass rises in the temperature range of 207 to 301 C, we included molar fractional rates of evaporated holocellulose,
CsH100s. With its fuel hydration level at unity, it corresponds closely with the data. In this temperature sub-range, we now
have three primary volatile molecules, which meant that we could multiply their molar fractional rates (1/s) by their



molecular weights and obtain exact agreement with the derived carbon, hydrogen, and oxygen mass flow rates from Equation
9 using the Excel spreadsheet least-squares solver in solving these following matrix equations.

Z[erpene (10*12)"' 2hoIoH 20 (O) + 2holota\r (6*12) = I'i‘b,wood /(mwood - mash)
Zterpene (16)+ zhoIoH 20 (4* 2)+ iholotar (10) = n.F]H ,wood /(mvvood - mash) (10)
Z[erpene (0)+ ihoIoH 20 (4*16) + iholota\r (5*16) = r‘ho,wood /(rnwood - mash)

We constrained the solver to not allow negative values of the derived molar fractional rates. For example, if the
carbon mass flow rate is zero (ie. for temperatures of up to 170 C) then molar fractional rates of terpene and holocellulose tar
evaporation are derived as zeroes and molar fractional rates of protoholochar production (or holocellulose dehydrations) is
derived instead as the best possible fit to mass flow rates of hydrogen and oxygen as function of time. However, if all of the
mass flow rates on the right side of Equation 10 are positive, then the solver will exactly solve for molar fractional rates of
evaporated terpene, dehydrated holocellulose water, and evaporated holocellulose tars, providing of course, that none of the

derived molar fractional rates is negative. The resulting valuesfQt.e, Zngior200 & Znolotar  re represented by open

squares, closed triangles, and open triangles respectively in Figure 4. The integratign.obver time is equal to the

molar fraction of terpenes, as 0.01387, which makes it depleted when 301 C is reached. This high temperature of terpene
depletion along with its double peak feature may be the result of high temperature rise rate that shifts kinetic processes to
higher temperature, or it may be just an artifact of errors inherent within the experimental method. Nevertheless, the

extractives are an established presence in the redwood, and the values derived for its emission rates are in the correc
temperature range, compatible with the derived fuel hydration values, and have just enough molar fractional rates to be in
agreement with its derived content in the redwood.
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Figure 4. Modeling fractional molar rates of ter pene/holocellulose. Figure 5. Modeling fractional molar rates of lignin.

The three independent set of molecules selected for the temperature range of 301 to 387 C to fit the mass flow rate data are
the holocellulose basic unit of evaporatiogHgOs, lignin’s charring combustible pair, (4/3)(GH CO), and the charring
lignin's HO from its free hydroxyl group. The corresponding molar fractional rates is derived from the matrix equation as,

Zigona-co (1333* 2*12)+ 250 (0) + Zygigtar (6*12) = M yood /(Mugod ~ Magh)
z|igCH 4-CO (1333*4)+ Z|igH 20 @+ Zyolotar o = rhH ,wood /(mwood - mash) (11)
Zigera-co (1333*16)+ 2 20 L6) + Zngiorar (6*16) = Mo oot /(Mucod — Mash)

The solutions forzycy4-co & Zigr 20 @re shown as closed triangles and open circles in Figure 5, respectively, while

solution forz,, ., are still shown as open triangles in Figure 4. In Figure 4 we note that the holocellulose €arly H

dehydration (closed triangles) as computed with the matrix Equation 10 showed the trend of declining to zero prior to
reaching 301 C as it seem to be switching over to the competing vaporization of the depolymerized alpha cellulose. The
charring lignin then becomes the primary source of dehydration and is represented in the matrix Equation 11 above and
shown with open circles in Figure 5. As the temperature of 402 C is reached, the alpha cellulose can no longer evaporate
because by that time the hydration value is above unity, meaning that emission of CO must begin with penetration of air,
which is incompatible with holocellulose vaporization. Then three independent sets of molecules chosen for temperature



range of 402 to 481 C to fit the mass flow rate data are the developing proto-holo-char’'s remgnangdHCO emissions
and the lignin’s evaporation of its fragmented empirical units, which is solved with the matrix equation,

2|ignint ar (10333*12)+ iholoH 20 (O) + 2holoCO (1*12) = rh(:,vvood /(mwood - mash)
2|ignint ar (12) + zhoIoH 20 (4 * 2) + zhoIoCO (0) = rhH ,wood /(mwood - mash) (12)
2|ignintar (4333*16)+ 2hoIoH 20 (4 *16) + iholoCO (1*16) = r’ho,wood /(mwood - mash)

The solutions forZ, ..., is shown as open triangles in Figure 5 whitg, ,,5 & Z,,coare shown as closed

triangles and open circles, respectively, in Figure 4. In this temperature range is where the 10% linear shrinking of the
specimen has occurred, probably due to the crumbling lignin, but in which wire hold-downs kept the specimen flat. At the
end of this temperature range, all molar fractional units of virgin holocellulose have reacted either into charring or

evaporation, that iz, 1,0 * Zgae = 0703 and final dehydrations comes to an end @&jffy,, ,, = 02345and leaves a

final carbohydrate residue (or proto-holo-char) form g4,0. In the regions where final carbohydrates have formed, the air

has been penetrating to combust with the CO sites that eventually will reduce proto-holo-char further to the empirical formula
of holo-char as, §H,. This heat release within the char surfaces would be partially responsible for the additional acceleratory
rise in the temperature observed. However, the air would not be able to penetrate the regions of fragmentating lignin, thus
still preventing GQ-gasification within the lignin layers. However, the developing lignin char (or protoligchar) with the molar

fraction value of.,, o, that is, after it has emitted 4/3(¢H CO) from the phenol section and agCHrom the propane

section, will emit additional bD to reduce to a final dehydration form;.£zH,/5,. This final HO production is shown as a
minor change to Equation 12 within the extreme acceleratory temperature range of 481C to 856 C as the matrix equation,

2|igtar @0333*12)+ 2|igH 20 0)+ Zpgioco (1*12) = ri”C,vvood /(rnwood - mash)
2|igtar (12)+ zIigH 20 (2) + 2hoIoCO (0) = n.F‘H ,wood /(mvvood - mash) (13)
2|igtar (4333*16)+ 2IigH 20 1*16)+ Zpoloco (1*16) = r’ho,wood /(mwood - mash)

The solutions forzy, & Zg,0are shown as the open triangle and open circle data, respectively, in Figure 5,

while the solution forz,;,,co is shown as the open circle data in Figure 4. Alternative oxide emissions of CO or CO2 in
going to a final lignin char form (or ligchar) were also examined, but could not fit the data as well as the conjectured primary
H,O emissions. The protoholochar at the end of this phase becomes depleted of its oxidgg wWheR, .m0 = 02345,

leaving only the €H, sites in the holochar to gasify with the stream of incoming air. Almost simultaneously, we obtained a
glowing char at which the lignin no longer is able to fragmentize and evaporate, that is, wg havg ., ¢, = 0283for

the full reaction of the virgin lignin. Without the blocking flow of volatiles from the fragmenting lignin, the inflow of air will
gasify the developing ligchar with the empirical formula,.GH,5 at high temperatures. The combined gasification
processes is derived with the matrix equation,

ZpoiocsH 2 012 + g 20 (0%12) + Zjgc 23134 273 ((23/3) *12) = Me yuood /(Mpood ~ Masn)
ZpoiocsH 2 (D) Zigh 20 (D) * Zige 23731 2/3 (213) = My wood /(Myood = Magn) (14)
Zpoiocst 2 (07°16) + Zig o0 A *16) + Zjige 23731 2/3(0%16) = Mo ood /(Mugod ~ Mash)

Solution for z,,,c5421S shown as closed circles in Fig. 4, while solutions ZQf, ,0 & Zjgc 2331 2/3are shown as

open and closed circles, respectively, in Figure 5. Note that after several seconds of gasification, the protoligchar becomes
fully dehydrated as ligchar with the empirical formula,£gH,s, at the molar fraction value gf;,,o = Z;yc 4-co = 01539.

It is interesting that during the acceleratory temperature rise, that the hydration values are sufficiently above unity (see Figure
3) to imply fast reactions with the CO sites in the protoholochar; but that during the consequential “constant” high

temperatures, the hydration values are sufficiently below unity to indicate the dominance of holochar gasification over that of
ligchar gasification. We speculate the higher hydrogen concentrations derived for the holochar makes it relatively more
reactive during gasification. At around 56 seconds before the end of the test, the holochar becomes fully gasified

WheNz, ocsi2 = Znooco = Znolohizo = 02345.  Remaining mass loss is accomplished by ligchar gasification which ends at,
Ziigc 23731 2/3 = Zigh20 = Zigcra-co = 01539, right at the end of the test. We observed that once the constant temperature of 752

C is reached, there was no longer any need for significadt 6O, or other simple emitting gases to maintain low values



ofr,, because its measured value (not shown in Figure 3), despite its high level of noise, is like that of amorphous carbon as
2.667.

It is interesting that to obtain reasonable fit to the data during glow combustion we needed to postulate O
gasification occurring in three stages, by firstly involving a fast reaction to cause the release of CO from the protoholochar,
secondly with the hydrocarbon holocellulose char (holochar), and thirdly with nearly graphitic remains of lignin char
(ligchar). It is gratifying to derive the single peaks for the major constituents’ partial evaporation of hemicellulose, alpha
cellulose, and lignin as occurring in their proper temperature ranges. However, the early and late peaks of water vapor

production during dehydration for both holocellulose and lignin was required to achieve the low vdiy@issefved during

the constituents’ partial monomeric evaporation. Because we required mass conservation of carbon, hydrogen, and oxygen
mass content of the wood specimen at all times as well as conserving molar production pertaining to the major constituents,
meant that all phases of pyrolysis processes must be carefully modeled to prevent distortions on the whole system, and in
such a manner that several different peaks can occur to allow the mechanistic kinetics based analysis for each proposec
molecule emission.

TERPENESKINETIC ANALYSIS

The derived molar-fractional-rates of terpenes as function of time in Figure 4 has a double peak feature covering the
temperature range, 170 to 301 C, suggesting dual-stage kinetics. We note that the total area under both peaks is equal to th
molar fraction of terpenes, as 0.01387. Consider the single-order dual-stage Arrhenius-kinetics reaction for the terpene
vaporization (tv) as,

2tv,i (t) = (ftv,i - Ztv,i ¢))AVI exp(_Etv,i /RT) (15)

001387=) " f,, (16)
Solving Equation 15 analytically, we obltained,

Zy; O o 1-exid- A1, O) (17)

Itv,i (t ): j‘eXp(_Etv,i / RT) dt (18)

To use Equation 15 directly and conveniently in a spreadsheet, requires that the integral expression given by
Equation 18 be evaluated for any value of time. Since Figure 1 shows a single fitted exponential temperature rise from 75 to
448 C within 28 seconds, the expression for each temperature range is,

TE=T¢ )+ ak[exdbk (t -t ))_1] : (19)
The solution to the integral in Equation 18 using the inverted form of Equation 19 is then,

Li () =1 )+ bi {ex;{ R( = ]JVA expesys ~fexp(—s)ds} (20)

a -T(t))); s ;s
y= X+ Etv,i = Etv,i ( 1 + 1 j . (21)
R(ak _T(tk)) R T() a _T(tk)

To within 0.015% error at about x =1 and much less error everywhere else, we derived the formula,
o - 4
J-exp( s)ds _ expEx) In| 1+ — 14 + 44842+ 36044 + 04728+ 0005377 (22)
s x{x*+  498€1+ 49448 + 07942+ (009577
We note that the variablemust be kept positive, implying that the tegn-T(t, ), must be kept positive. With

only a few intervals of temperature fitting in Figure 1, it was simple to incorporate solution of Equation 18 over the whole
test time for any proposed reaction through a call to our VBA subroutines in the Excel spreadsheet. Activation energy of any

reaction E and timet ,are the only inputs to the routine and the output is the value for Equation 18. The very good fit of

X

Xyl
Equation 15 to the derived terpenes evaporation H@I@ne is shown in Figure 4 and derived kinetics parameters are listed

in Table 1 as the “tv’ row. It is seen that this analytical approach is tolerant of rapid changes or even scarcity in the
experimental data without having to resort to the very short time stepping required in a numerical integration of Equation 18.

Indeed, the availability of the highly precise approximation given by Equation 22 also permits several other analytical
expressions to be used for the temperature as function of time.



Table 1 Arrhenius parameters for wood constituents: terpenes, holocellulose, and lignin.

Process Fya Aya Eya PE Ayz Ey 2
xy® Us kJ/mol Us kJ/mol
tv 0.00558 2.097E+18 171 0.00836 2.956E+25 268
hc 0.39018 2.945E+02 | 52 0.31362 2.912E+06 72

hv 0.39018 9.7494E+07| 102 0.31302 1.285E+10 112

hd 0.13768 6.18E+11 128 0.86232 4.60E+15 215
hr 1.0 0.2 0.0001 | -- -- --

hg 1.0 1.7 47 1= 0.2 -- --

Ic 0.11066 2.995E+19 | 218 0.15667 | 6.654 28

Iv 0.01553 1.9059E+03 57 0.15667 | 1.8593E+12 | 169

Id 0.46327 8.4222E+1(Q 132 0.06688 2.93E+13 195
Id,3 0.46985 0.82491 20 -- -- --

Ig 1.0 7.40E-02 30 gh=0 - --

®Replace “xy” by appropriate characters below it in the table’(see text for definitions)
®Lignin has three stages for dehydration
¢ Competing processes of vaporization (v) and charring (c) which share the constituents molar fraction.

HOLOCELLULOSE KINETIC ANALYSIS

In Figure 4, if we focused on competing reactions between early dehydration and evaporation of monomeric units, it
is apparent there are two peaks gDHractional molar flow rate as well as two peaks of holocellulose evaporation fractional
molar flow rate. A sharp demarcation between groups of holocellulose subunits is not possible, requiring us to consider first-
order dual-staging with competing reactions fitted to the data as follows.

Z2,.; () = (fh,i =2z 0)- 2z, (t))Ahc. expCE,; /RT) (23)
2, (t) = (fh,i -z, t)-z, ¢))AhV| exp(-E,, /RT) (24)
07031= )" f,, (25)
Zie, €)+ Zhy, €)= fh,i ll_ eXp(_ Ahc,i I he, j ®- Ahv,i I hv,i (t))J : (26)

Thus for j=1, Equation 23 represents charring reaction (hc,1) for low-temperature holocellulose units (h,1)
(monomeric portions of hemicellulose and amorphous alpha cellulose) while Equation 24 represents the competing reaction
for evaporation (hv,1) of also the low-temperature holocellulose units (h,1), and for j=2, Equation 23 represents charring
reaction (hc,2) for high-temperature holocellulose units (h,2) (monomeric portions of crystalline alpha cellulose) while
Equation 24 represents the competing reaction for evaporation (hv,2) of high-temperature holocellulose units (h,2). Equation
25 provides the molar fraction value for the holocellulose while Equation 26 is the analytical solution to the sum of Equations
23 and 24. A factore= 05329, is the fraction of holocellulose dehydrations that is directly involved in the charring
reactions competing with evaporation reactions. To put in another way, the numb€ pfdduced per monomeric unit
during early dehydration is derived to 4&=2.131€. To accommodate this factor, the spreadsheet solver was set up to

obtain the simultaneous least-squares solutions of the 8tify, , +2z,., ) as a fit to the datd&, ;o in the early

dehydration regime and of the suly,, +z,,, as a fit to the dat&Z, . . In this way the Equation 25 remains valid. The
overall fit is shown in Figure 4 as the early dehydration and vaporization curves. The derived kinetic values are listed in
Table 1 as the “hc” and “hv” rows. The activation energies of dehydration, dendtgg ;asare much lower than the

activation energies of evaporation, denoted Eﬁ,’j , meaning that at low temperatures or low temperature rise rate, the

charring reaction dominates, whereas at high temperature along with high rise rate, holocellulose almost completely
evaporate.

Indeed, using the values in Table 1, we can determine the transition temperatures at which the dehydration reactions
are superceded by the vaporization reactions. That s, ffomz, ,, the transition temperature is 200 C, just as is expected
for hemicellulose and amorphous alpha cellulose. Likewise, fronw 2z, ,, the transition temperature is 300 C, just as is

expected for crystalline alpha cellulose. Therefore, if one heats the holocellulose quickly to some low temperature between
100 and 200 C in inert gases, the reaction is solely dehydration and ultimately the char will have the empirical formula,



CsH,0, which is a char mass fraction value of 0.555. If instead one heats the holocellulose quite rapidly to temperatures just
below 300 C, then its char mass fraction is instead about 0.555*0.313/(0.313+0.39) = 0.247, due to degradation of
hemicellulose and amorphous alpha cellulose by depolymerization and vaporization. Of course, flash heating of

holocellulose to temperatures greatly above 300 C, will result in complete vaporization, and no char will remain. The

required heating rates cannot be realistically obtained, but this simple calculation exercise indicates the flexibility of the

current kinetics model in predicting various behaviors of wood degradation not captured by a simpler kinetics model, such as
those discussed in the Introduction section.

The ultimate dehydration (hd) for the remainidl—€) =1.8684 units of KD per monomeric char unit is modeled as
single-order dual staging reaction as,

2, t)= (Zhd,i )= 2y, ([))Ahd,i exp(-E,q, / RT) (27)
2,y () = f, Z Z,.; (1) (28)
1= (29)

Analytical integration of Equation 27 is similar to Equation 17. Note that Equation 28 describes the availability of
cross-linked-carbon protoholochar as function of time, which with the temperature history in Figure 1 it becomes an upper

limiting value by the time ultimate dehydration begins. The {lime€)(Z,,, +Z,,) is fitted with the Solver in a least-

squares method to the datg, ., ,o at high temperatures (above 401 C) and is shown in Figure 4 as the second main feature

of the dehydration curve. The corresponding kinetics parameters are listed in Table 1 as the “hd” row. After ultimate
dehydration the protoholochar has empirical formulg,©O, which in order to continue to fit our data it must gasify CO
with penetrating @and then lastly gasify the resulting holochaytH Kinetics equations for the gasifications are,

2, t)= (Zhr,i @)=z, ([))Ahrl exptE, ; /RT) (30)
z, () =f,; z () (31)
=31, (32)
2oy, (0 = (20, () = 2,0, (O)™1 A, XPE,, /RT) (33)
Zygi () = fiy, Z Z,;(t) (34)
1= fo, (35)

Solution for Equation 33 for when the reaction is not first orders (thap;’ijs?f 1), is a power expression,
(2, () = 2,5 ;(1) @) = (2, () ) = (N =D Ang [, (1) = Ty 5 ()] (36)

Otherwise it is the exponential expression similar to Equation 17 and that also with Equation 30. Derived kinetics
parameters are in Table 1 as “hr” and “hg” rows and the fit to the data is shown in Figure 4 asdahetdlbwing

curve,z, 1, comparing with the open circle data angtgasification curve,Zhgll, comparing with closed circle data. We

obtained analytical solutions to these equations since the penetratlegi@s only after holocellulose has finished with
evaporation and thus we set the initial time s+ 28s. The best modeling of the CO emission was to consider first-order

single stage kinetics with nearly zero activation energy, and is labeled as “react-glowing”. This material is labeled as
“reactglonite” to distinguish it from other types of protoholochar, such as the cured charcoal that does not self-heat upon
contact with air. When the reactglowing is completed the resulting holochar has a regular O2-gasification reaction that
requires a quite low-order single-stage reactigg, 0.2 , with also a low activation energy afE= 47 kJ/mol to provide a

very broad peak for glowing from 40 to 100 seconds in Figure 4.

LIGNIN KINETIC ANALYSIS

Recall that Figure 5 shows the derived fractional molar rates for various proposed processes of lignin degradation.
The volatile emissions of 4/3(GHCO) or demethoxylization and decarbononization that result in charring of the lignin “Ic”
is shown as closed triangles in partial competition with evaporation of lignin basic units “Iv” as open triangles. With these
processes occurring over a wide temperature range, three stages of first-order reactions, with competition only for the
“middle temperature” stage reaction, were modeled with the equations,



261() =(fies = Zex €)Ac, eXPEE,, / RT) (37)
2, (t) = (1 = 202 O)A,, eXPEE,,, / RT) (38)
Z,(t) = (f| 2"z, )= 2, ([))Amz expCE,,/RT) (39)
2,,(t) = (f| 2"z, )~ 2, ([))sz expE, ,/RT) (40)
02829=f ,+f,  +f, (41)

The analytical solutions to Equations 37 and 38 are similar to Equation 17, while the analytical solution to the sum
of Equations 39 and 40 is similar to Equation 26. As fits to the data in Figure 5, the charring of lignin is indicated by the
devolatization curve shown as dotted lines and the fragmentation/evaporation of lignin is indicated by the vaporization curve
shown as dashed lines. The corresponding kinetic parameters are given in Table 1 as the “Ic” and “Iv” rows. The first event
in lignin degradation as devolatization is modeled with the non-competitive Equation 37 and is shown as the first large peak
of the dotted curve. The supposed crosslinking of the carbon during this reaction ensures the survival of the resulting
protoligchar for eventual dehydration to become a ligchar. The secondary smaller peak of the dotted devolatization curve is
modeled with the Equation 39 which is in competition with Equation 40. The next main event in lignin degradation, as
fragmentation, is modeled with Equation 40 in competition with Equation 39 and is shown as the first and second peak of the
dashed curve. The transition temperature from secondary devolatization to fragmentation as computed from the

equality,Z,c’2 = zw,z’ is 370 C, which corresponds to the known breaking apart of lignin’s carbon atoms. Finally, any

pockets of lignin resistant to lower temperature devolatization or fragmentation is forced to fragment at the high temperatures
generated from protoholchar’s reactglowing and is predicted by Equation 38 as the smaller dashed peak from 35 to 41 s.

The lignin char units formed from the completion of devolatization has the empirical formuai£,:0.(H,0),
at a molar fraction value equal Zg,,,.o - In a triple-stage dehydration process this protoligchar unit will emjO3H
shown as the closed triangles, reducing it to the ligchagd@,s.  This is modeled by the kinetic equations,

24, ¢)= (Zld,i @)= 24, ¢))A1d,i exp(-E,; /RT) (42)
Z4; () = fiy; Z z.;(t) (43)
1= f (44)

The solution to Equation 42 is similar to Equation 17 and the kinetic parameters are given in Table 1 as “ld” and
“Id,3” row. The predictions are shown as the solid curves in Figure 5 as a comparison to the open circle data. It is evident
there are three peaks of dehydration predicted for the protoligchar. The third peak of dehydration seemed questionable given
the noise level of the open circle data during the constant temperature phase of glowing. However, the other alternative of
releasing CO from the protoligcchar as the analogy to reactglowing in the protoholochar was found in the previous section as
not providing as good as agreement with the data as was the releag® of kk graphitic gasification of ligchar as shown
broadly from 63 to 157 s seemed to be adequately modeled by a zeroth-order single stage reaction with the equation,

20, (0 = (24, () = 2, ()1 A, exp(E,, / RT) (45)
Zy; () = fyy; Z z.; (1) (46)
1= 1, (47)

The solution to Equation 45 is similar to Equation 36. The predicted ligchar gasification is shown as dashed-dotted
line in Figure 5 and the corresponding kinetic parameters are in Table 1 as the “Ig” row. Despite quite low activation energy,
the presence of oxygen gas in char layer is still required for the reactions.

CONCLUSION

In this paper we described a procedure to derive the mechanistic pyrolysis kinetics of extractives, hololcellose, and
lignin from their fit to mass rate production of C, H, and O within wood volatiles produced in a modified cone calorimeter
testing of thermally thin redwood specimen. To increase the accuracy of cone calorimeter testing we applied numerical
deconvolutions to signals from Oxygen analyzer, relative humdidity sensor, and load cell. To eliminate white smoke as well
as recalibrate the £analyzer and RH sensor, we installed a methane ring burner above the cone heater and compared
alternate calculations of methane mass flow rates. This was sufficient to provide reliable mass loss rates, oxygen
consumption ratios, and fuel hydration level as function of time for the wood specimen. The 35r&di4mt heating of
1.47 mm thick intact redwood on a modified holder provided an optimum temperature rise-rate along with a relatively
uniform temperature within the specimen, such that all significant pyrolysis mechanisms could be observed as a function of
temperature.



Under the particular conditions of this single test, it was derived that one-third of holocellulose charred while the
other two-thirds of the holocellulose evaporated; and that 54% of the lignin charred while the other 46% of lignin evaporated.
With sophisticated kinetic modeling described in this paper, it was possible to compute the change in these ratios for
alternative conjectured temperature profile conditions that gave reasonable values of char production. It was also possible to
derive rates of oxides emission and char gasification gt @ery high temperatures and to fit them with analytical solutions
of kinetic equations in both acceleratory and constant temperature conditions. In particulargés#fi€ation and heat-
releasing oxidation of CO sites in the dehydrated holocellulose char (labeled as protoholochar) was found to be best modeled
with vanishing activation energy, prompting us to label it as reactglowing and the corresponding material as reactglonite.
However, with improved future instrumentation and data analysis this interesting feature could be modified. It is interesting
that once the various primary volatile molecules were reasonably quantified for both holocellulose and lignin by a deduction
process that the complete set of kinetic equations, but with different values for the parameters, are somewhat similar for both
constituents.

Because of the insistence on conserving C, H, and O mass rates in the wood volatiles at each step of time with the
kinetics model, the added feature is the simultaneous predictions of mass loss rates, heat of combustion, and hydration value:
as a function of time and be also adaptable to alternative temperature profiles, which we plan to test in a thick pyrolysis
model [2]. No other reported kinetics models to our knowledge has this capability, except the crude kinetics model described
in our earlier paper [9]. Furthermore, we report here for the first time the various analytical solutions to the kinetic equations
with challenging temperature profiles. Since the salt-based fire retardants and changing the wood species alter the kinetic
processes, it would be obvious to extend the method described in this paper for these situations. Other recommendations
would be a yet better design for a modified cone calorimeter test. One design change would be a better and prior calibration
of gas analyzers and sensors through combusting pure ethylene glycol in a 2100 mm by 100 mm holder pan. A more rigorous
statistical analysis can fine tune the various stages of this valid pyrolysis kinetic analysis.
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