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Abstract

Palm tree consists of different parts among whightae leaflet, rachis and fibers. All these paxsstitute
lignocellulose biomass components capable of priodualue added end products.

A kinetic study of thermal decomposition of UAE égtalm tree ophoenix dicteyliferasspecies was carried out
using thermal gravimetric analysis (TGA) at heatiates 10°C/min, 15°C/min and 20°C/min. Most of the
lignocellulose material decomposed between ®@nd 65FC at each heating rate. The rachis decomposed in
three phases while the leaflet and fibers deconthboséwvo phases. The apparent activation energieeased
from 54 to 476 kJ/mol, 55 to 458 kJ/mol and 84 &9 XJ/mol for leaflet, rachis and fibers, respesiifor
conversion ranging from 10-% to 80-%. Results frtns study are fundamental in optimizing operationa
conditions of a reactor for production of furfurbdyulunic acid, dihydroeugenol, DHE and 2,6-dinoetj+4-
propyl phenol, DMPP as high value chemicals.

Key words. UAE Palm tree biomass, Thermogravimetric analySmnbustion kinetics, Activation
energy

1. Introduction

United Arab Emirates and the surrounding Gulf natiare home to millions of date palm trees andamiqular
the phoenixicteylifera speciesPalm tree has a rich survival history and is ppshone of the oldest trees in the
world, although its base origin remains uncertaith\some reports suggesting it was domesticated y@@rs
ago in Mesopotamia, Iraq and Arab regions (Zohay ldopf, 2000). The degree of certainty about ttigiro of
date palm was obtained from the oldest radiocathahshowed the discovery of seeds was from UrAtedb
Emirates’ Dalma Island. The two seeds obtained®8] the oldest was 5110 BCE and the second ond 6w
BCE (Jain and Priyadarshan, 2009). For a long,tihage palm trees have played a significant rokénsociety
and the environment of UAE and the Gulf region. ®lydcultivated date palm trees are used both feir th
delicious fruit and for landscaping. Currently UABs over 30 million date palm trees and each peds bn
average produces around 12-15 new leaves every ayghrthe same amount is usually cut from the tree
(Barreveld, 1993). Each dried leaf weighs about 33 Therefore, on average each date palm treeupesd
approximately 25-30 kg of waste from the leaves thedsurface fibers around the trunk and additiaGal5 kg

of waste from the fruit- bearing bunches summing@okg of total waste per tree (Mallaki and Fat&@i14).
Considering that UAE has over 30 million date palees (both productive and non-productive), the @maof
waste they generate is huge (about 1.2 million tansually). Moreover, many other trees are grown fo
landscape design in UAE which also generate siamtiamount of waste. Palm tree leaves even afgargido
not naturally fall off like many leaves of otheeds, they must instead be manually removed, wipicdserves
them from being blown away by wind and in turn nmakiheir collection and potential distribution easior
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feedstock applications. However, once leavesraexéess on the mother tree, this can render tieepddm tree
and surrounding trees vulnerable to environmergtahtds such as pests, insects, disease and w8d fir

Most of the waste from palm trees is currently &afiinto compost or burned to generate heat degtehigh
content of cellulose, hemicelluloses and lignint tben be processed into more valuable products asdoel
generation, bio-based chemical production andhaise¢ through controlled thermochemical techniquesldv
cause less environmental impact. Research is oggoinonvert the different date palm tree parteaioe added
products considering lignocellulose components hase feed stock. For instance the lignocellulose fpalm
tree fibers have been studied for its potentialiapfion as a source of reinforcing fiber in comip@snaterials,
pulp and paper in addition to production of oth&r-tefinery products (Sbhiai et al., 2008; Khiariadt, 2010;
Saadaoui et al., 2013; Bendhaou et al., 2009; Agatdal, 2011; El may et al., 2012). The rachim@in high
holocellulose and hemicellulose content (Saadabal.22013; Bendhaou et al., 2008)d these are precursors
for production of high value chemicals (HVC) suck &-hydroxymethylfurfural (5-HMF) and furfural
(Chuntanapum et al., 2008; Riansa-ngawong and sare2011; Yong et at., 2016; Aleid, 2013; Karehal.,
2006) which are used in food, oil refineries, phacgutical as well as agricultural industry (Diasakt 2005;
Dias et al., 2006). The HVC from palm tree leaflsteh as bio-succinic acid (Tan et al., 2017) athetroco-
polymers (Beyaz et al., 2018) have potential to peta favorably with similar chemical compounds frpetro-
chemical industry to positively impact food, phaomatical and other industrial applications.

Date palm residues represent a major quantity aibss as lignocellulosic materials. This biomassdstly
made up of carbohydrates including cellulose anditellulose, bonded with ligniiNakhshiniev et al, 2012).
The lignocellulose content in palm biomass variesifspecies to another. A review studykaeis Guineensis
species (Hossain et al., 2016) commonly cultivéesbuth East Asia, Central and West Africa showadous
results of different palm tree parts and their digellulose content. For instance for palm fibersgmicellulose-
17.1-33.5 wt.%, cellulose- 42.7—65 wt. % and ligrii8.2—25.31 % content was reported (Shinoj e2@l,1),
while another study ofPhoenix dactylifera Lspecies showed hemicellulose- 55 wt.%, celluldd@-wt.%
and lignin- 23 wt.% content (Briones et al, 20IMhe former is common species found in many pdrt$AE;
however, to our knowledge, the thermo decomposikioetic study of leaflet, rachis and fibers of UAlate
palm using thermogravimetric analysis (TGA) has heen reported before. TGA has been employed as a
potential method for determining thermal decompasimechanisms of plant biomass (Carrier et a1 120

Therefore, the purpose of this study is to deteentire kinetics of combustion of UAE date palm tfekoenix
dactylifera L) using TGA analysis, with an aim of providing arsight on lignocellulose thermodecompostion
trends for future production of high value chenmsckbm the same biomass. TGA can quantitativelplves
complex mixtures because of the characteristimthédecomposition temperature of each componenha

et al., 2009). It was well established for instaticat the pyrolytic decomposition of palm fibersanclosed
reactor occurred at mild temperature region for isetiuloses around 22 and for cellulose around 316G; -,
however, the lignin peak was not displayed in thiatdy (Ly et al., 2013). The combination of TGA and
Differential Thermogravimetric analyses (DTG) pres the lignin content and particularly its inflaerduring
the combustion process. Finally, in the descriptibthe biomass pyrolysis cellulose and lignin eorts of some
biomass (such as pulp and paper) have been detstiinTGA; however, the method registered highrerfor
hemicelluloses contents due to complex varying neatd hemicellulose in different biomass (Cozzanak,
1997). Therefore, ithis study the TGA and DTG analysis were used to pretiietthermo decomposition of
leaflet, rachis and date palm fibers. In addititve, hemicellulose, cellulose and lignin contentsendetermined
using established standard methods.

2.0 Methods

2.1 Materials

The Leaflet, Rachis and Fibers Bhonenix dactylifera Lused in this study as shown kigure 1, were
collected from local adult size (10-15 years oldjedpalm trees in Al-Ain, UAE (24122 N, 554441 E).
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Figure 1. The different components of lignocellelagastes of UAE date palm tree.

This lignocellulose biomass was collected as nHyudhied samples with less thanv&.% moisture content;
however, they were washed clean to remove any di@hdaminants and then dried under shade. Theclgasize
of all samples used in this work was below 60 mesh.

2.2 Experimental procedures

The heating values of the samples were determisatybomb calorimeter model IKA C 2000 according to
DIN 51900 method; where 0.5g crushed biomass sample was pelletized and placed in a quartz crucible
connected with a fuse wire (15 cm), the crucibles ataced inside the bomb calorimeter and charged wi
oxygen to approximately 200 Psi for about 10 sesorithe heat of combustion was computed from the
temperature observations beforg)(Tduring and after combustion {J), taking into care for thermochemical
and heat transfer corrections. The calorimeter vaibrated by combusting a standard known masspfm,
benzoic acid with a known heat of combustion (28.48)/kg). Calibration and analysis samples wereedon
triplicates and the calibration factor for the booaborimeter, H, was calculated from benzoic aaitibcation as
follows:

H = (m * 26.453)/(Tmax — To) D

In three triplicates, the bulk density was deteenias mass per unit volume using 500 ml graduagsasuring
cylinder according to the reference method (Obexgdreand Thek, 2004). The proximate analysis of the
biomass samples was determined according to ASTM D3173 (inherent moisture content); where triplicate
samples were dried for 24 hours and 2 g in triplisavas weighed and kept in desiccator for 12 hotine
difference in weight before and after signified inherent moisture content; 2 g sample in triplicates was accurately
weighed in a clean dry crucible and samples placedfurnace at 578C for 3 hours, cooled under desiccator
conditions for 1 hour and the difference in weitpatfore and after expressed as a percentage siyj@fib
content according to ASTM D3174 (ash); Volatile matter was determined according to ASTM D3175 in which 1

g sample was weighed in an empty crucible and pieced in a furnace, set and operated at°@sfr exactly 7
minutes. Loss in weight after cooling was calcudaaed the deduction of inherent moisture off thégheloss,
gave the volatile matter. from [100- (moisture emt+ Ash + volatile matter)], fixed carbon wasetatined as
stated in ASTM D3172-07a (Fixed carbon) methodsT(¥S2013). The component contents of C, H, O, and N
were analyzed by the automatic elemental analyzksk EA1112, CE Instruments) from Petroleum losgit
UAE, to determine the ultimate analysis of the slemp

Thermo-gravimetric analysis of all the three dadém parts in this study was carried out using TIGAOQO, TA
Instrument). For each experiment, a sample wei§it@mg (£1.0) was used for thermo-gravimetriclgsia.
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Nitrogen was used as a carrier gas with a flow 020 mL/min. The heating rate was controlled @&t 15 and
20 °C/min from 25 to 900 °C. During the thermo-deposition process, the initial weight was recorded
continuously as a function of temperature and tifiee derivative (DTG) curve showed the weight los
sample per unit time against temperature.

3.0 Results and Discussion
3.1 Material Characterizations and Elemental Anays

The bulk density and High Heating Values (HHV) cweristics of the samples are presentethbie 1. For the
different parts of the palm tree, the moisture eahbf the leaflet, rachis and the fibers was 8.3,and 5.4 wt%,
respectively (se@able 2). The ash content of the leaflet was 12.7 wt.% t#nad of rachis and fibers was 6.1
wt.% and 8.2 wt.%, respectively. This ash conteart be detrimental to the process as it has a teydeh
reducing heat transfer during reactor operatiorth @8 heat transfer loss during pyrolysis, on tierohand
once this ash is incinerated to obtain Oil Palm fBRA), it can be used as a source of fertilizer ttuits high
potassium content (Sumathi et al., 2008). Somearekegroups have utilized OPA to synthesize absusbe
targeting toxic gas removal (sulfur dioxide, 3Ot is believed that the active compound (calciwsilica,
potassium, alumina, and hydrated water) in the rdesd prepared from OPA is responsible for the high
absorption capacity of S@Zainudin et al., 2005; Mohamed et al., 2005).

Table 1.Bulk Density and Calorific Values of palm biomak=saflet, rachis and fibers)

Biomass Bulk Density (kg/m®) Calorific value, HHV (M J/kQ)
This study Literature This study Literature
Leaflet 4264 411 15.540.1 17.9
Rachis 4254 635 15.5+0.1 10.9
Fibers 38719 209 14.840.1 16.2

% Almi et al., 2015); °(Sait et al., 2012); S(Asadullah et al., 2014)

Table 2 Proximate analysis of palm biomass (leaflet, raenid fibers)

Biomass Moisture (wt.%) Volatile matter (wt.%) Ash content (wt.%) Fixed carbon (wt.%)
Leaflet 4.3+0.3 75.8+1.2 12.7+1.2 7.2+0.2
Rachis 5.7+0.2 84.6+1.8 6.1+1.0 3.6£1.0
Fibers 5.4+0.1 77.4+0.6 8.2+0.3 9.0+0.8

The carbon (C) content of palm leaflet, 44.1+0.28&6 slightly higher than that of rachis and fibé3.,6 % and
43.2 +0.1%, respectively. Results for this studyrevan the same range with other reported lignotmsk
biomass (Maiti et al., 2007), making UAE phoenigtelylifera palm specie equally competitive forlfaed as a
chemical source precursor. The Nitrogen (N) conagit results of other ultimate analysis are shawfable 3.

109



Journal of Natural Sciences Research www.iiste.org
ISSN 2224-3186 (Paper) ISSN 2225-0921 (Online) “—.i.l
Vol.7, No.12, 2017 IIS E

Table 3.Ultimate analysis of palm biomass (leaflet, racnis fibers) (as % on dry basis)

Biomass C H N S O o/C H/C

Leaflet 44.1+0.2 5.9+0.0 1.5+0.2 0.0 48.5+0.4 1.2+0 0.1+0.2
Rachis 43.6£0.0 6.1+0.1 0.0+0.0 0.0 50.3+0.2 1.2+0.0.1+0.1
Fibers 43.2+0.1 5.7¢0.1  0.8%0.0 0.0 50.3+0.2 1.2+0.0.1+0.2

The concentrations of phosphorous (P), calcium,(@&gnesium (Mg), sodium (Na) and potassium (K ar
shown in Table 4. Date palm tree is a representative of biomass consisting of mainly; cellulose, hemicellulose,
and lignin. There is more lignin (21 wt.%) and akdbe (33 wt.%) content in fibers than in leaf2d (vt.%, 21
wt.%, respectively) and rachis (11 wt.%, 32 wt.%&spectively). Rachis has the highest hemicellutzsgent
(19.0 wt.%)(See Table 4.).

Table 4. Chemical composition (wt. %) of the diéfet lignocellulosic parts of date palm.

Component L eaflet Rachis Fibers
Hemicellulose (wt. %) 11.0+1.6 19.0£1.0 17.0+£0.3
Cellulose (wt.% ) 21.0+2.6 32.0£1.0 33.0+1.2
Insoluble Lignin (wt.% ) 19.0£1.0 10.0£2.0 20.0£1.2
Soluble lignin (wt. %) 1.0+£0.0 1.0+£0.0 1.0+£0.0
('f,f/?f,‘/?‘)’"Benze”e Extractives 59 0438 14.8+1.0 9.043.0
Element Analysis(ppm)

K 33.01£0.6 28.9+0.6 30.84+0.0
P 10.9+0.2 16.7+1.8 6.7+1.6
Ca 196.5+8.0 158.2+20 305.9+28
Mg 24.0+£2.2 21.443.0 46.618.0
Na 8.7+2.3 11.5+1.4 26.5+3.6

3.2Thermogravimetric Analysis

Results of the thermogravimetric analysis were esged as a function of conversion, X and was detase

X =Wy —W)/(Wg — We) ()

Where;w, is the initial weight of the sample; is the weight of the pyrolyzed sampie;, is the final residual
weight.

The degree of conversion as a function of tempezdtr palm leaflet, rachis and fibers at seledtedting rates
of 10 °C/min, 15°C/min and 20°C/min is shown irFigure.2a, Figure.2b andFigure.2c, respectively, which
was calculated from the TG data. The thermal deasitipn for all investigated palm biomass partdipfeed a
similar trend showing an increase in conversiorhwicreasing temperature. At lower temperaturesafbthe
three parts of palm biomass, the small change mversion was attributed to the vaporization of itigerent
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moisture attached on the surface of the samplémilas phenomenon was reported for other biomashkuding

soft and hard wood, as well as microalgae (Ly et28113; Kim et al., 2012; Ly et al., 2015; Liouadt, 1997).
After moisture vaporization, the rate of decomponitincreased with increasing heat rate, whichrisbpbly
because there is more thermal energy to facillbetéer heat transfer between the sample and theusutings
(Caballero et al.,, 1997). This increased thermargn resulted in increased conversion. The maximum
differential rate of conversion for palm leafletscarred at 716, 718 and 726 at heating rates 10, 15 and 20
°C/min, respectively. On the other hand, the maxindifferential rate of conversion for palm rachicooed at
669, 683 and 698C at heating rates 10, 15 and ZD'min, respectively, and the maximum differentiater of
conversion for palm fibers occurred at 715, 720 @2 °C at heating rates of 10, 15 and 20/min,
respectively.
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Figure.2c. Conversion of palm fibers as a functbtemperature at different heating rates.

111



Journal of Natural Sciences Research www.iiste.org
ISSN 2224-3186 (Paper) ISSN 2225-0921 (Online) 5-'—.i.l
Vol.7, No.12, 2017 IIS E

3.3 Differential Thermogravimetric Analysis

The differential rate of conversion, dX/dt, wasabed from differential thermogravimetic analysi¥TG) at
heating rates of 10, 15 and Z/min. The DTG curves of palm rachis for varioustiteg rates of 10, 15 and 20
°C/min is shown irFigure.3a. A big fraction of rachis biomass decomposed betw2@h°C and 700°C, and
this was attributed to decomposition of hemicebelocellulose and lignin fractions that make up hifggest
percentage of lignocellulose biomass. The therreabthposition peak between 29D and 390C was assigned
to the decomposition of hemicellulose, and betw@@®°C and 520°C and the last peak between SZDand
700°C, was assigned to the decomposition-@kllulose ang-cellulose, and lignin, respectively. The DTG for
palm leaflet and fibers had a similar decompositemperature profile between 280 and 700°C as that of
rachis (seé-igure.3b andFigure.3c). However, the decomposition peaks of hemicelilasd cellulose seemed
to overlap giving two major decomposition regimasopposed to rachis where all the three componeaits
revealed for all the three investigated heatingsafhe result of hemicellulose and cellulose demsition
temperature profile for this work was in agreemetfith that reported in the literature by other resbars
(Alvarez and Vézquez, 2004; Kim and Agblevor., 200d@sed on which the peaks in the DTG profileshef t
present work were assigneth.anotherstudy, the thermal decomposition of wood revealen decomposition
peak regimes at lower temperatures, which weregasdito hemicellulose and cellulose (Antal and égsfy,
1995). The noticeable decomposition peak at lower tempegatbelow 296C for all the three parts of palm
biomass investigated at various heating rates wsigrged to vaporization of the inherent adsorbebton@ on
the surface of biomass. Furthermore increasindiétaging rate from 18C/min to 20°C/min, increased the rate
of biomass decomposition but this never alteredddgmmposition trend, this is because increasimditge rate
only provided more thermal energy in the system tedsurrounding thus aiding more sample deconipasit
The assignment of the three peaks to hemicelluloskylose and lignin is in accord with the facatthe
chemical characteristics of hemicellulose are tladiymabile and decompose first at relatively loswiperature;
cellulose is more thermally stable due to its @liste structure and decomposes at higher tempesatu
compared to hemicellulose and due to its complek ratatively heterogeneous structure, lignin decoseg

over a wide range of temperature, and in some dasesomposes without showing a visible peak BTG
curve (Muller-Hagedorn et al., 2003).
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Figure.3c. Differential Thermogravimetric (DTG) gas of palm fibers at 10, 15 and Z0min heating rates.

3.4 Kinetic parameters of Palm leaflet, rachis difoeér biomass

The thermal gravimetric analysis and differentl@rmogravimetric (DTG) curves are often used t@ssshe
stability of polymeric materials. For processeg lgyrolysis, the shapes of TG curves are deterntiyekinetic
parameters such as activation energy, Arrheniwguénecy factor and order of reaction. From the gnatiic
data; the pyrolysis kinetic parameters were obthinsing differential technique (Friedman, 1963) dhd
thermal decomposition rate of conversion, dX/dt emsressed as;

dX/dt = kf(X) (3)

Where f(X) is the function of conversion and k e treaction rate constant and can be expressetieby t
equations below;

fX=>01-X" (4)
Where n is the reaction order.

The reaction rate constant was expressed by Aubaguation as;

K = Aexp (—E,/RT) (5)

Substituting equations (3) and (4) in equation §2)d then introducing natural logarithms on bottesj results
the following;

In(dX/dt) = InA + nIn(1 — X) — (Ea/RT) 6)

Ea is the apparent activation energy and can be rddafrom a linear relationship plot of equation (5)
considering In(dX/dt) against 1/T. Hence, for théedent conversions different parallel straightds with
negative slopé&a/R were obtained from which apparent energies ofvatiin were calculated. Taking an
example of palm rachis, for conversion of 30%, ¢beresponding temperature at different heating wate 502

°C, 516°C and 52C°C, for heating rates of 2G/min, 15°C/min and 20°C/min, respectively. The values of In
(dX/dt) were -7.8750, -7.4984and -7.1995 with cspending 1/T values of 1.2902exp-3, 1.2665exp-3and
1.2613exp-3, respectively were obtained for thetinaad temperatures respectively. These data avekthf
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leaflet and fibers are shown Kigure.4a, Figure.db andFigure.4c, for different iso-conversion. The intercept
IN[A(1-X)"] was calculated from Fig.4a, Fig.4b and Fig.4c &ir conversions. Assuming the lower fixed
apparent orders of 0 or 1, exponential constanbeambtained by curve fitting equation (5).
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Figure 4c. Relationship between In(dX/dt) and Xdirdalm fibers for different conversions.

The apparent activation energy as a function etmaversion is shown iRigure.5 for palm leaflet, palm rachis
and palm fiber biomass. From the same figure, activation energy generally has two regimes; first one for
conversion from 10 % to 60 % , which depicts thergy barrier needed to decompose hemicellulose and
cellulose and the second regime from conversiod0o¥% to 80 %, which represents the energy baneeded

to overcome the decomposition of lignin. This agpamactivation energy trend in principle is in agreent with

our obtained results from DTG analysis. The aver@agesationenergy was; 252 kJ/mol, 200 kJ/mol and 164
kJ/mol, for leaflet, rachis and fibers, respectvéh comparison to other works, similar activatemergy range
was reported; 182.3 kJ/mol for cellulose derivatives (Alvarez and Vazquez, 2004). And the variation in
activation energies was reported for a scheme stmgi of independent first order parallel reactimfsa
biopolymer component of hemicellulose, cellulosd Bgnin (Vamvuka et al., 2003).
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Figure 5. Calculated activation energies at diffeiso-conversions for thermal decomposition ofPdaflet,
rachis and fibers.

The pre-exponential factor obtained from equat®) lfad a direct relationship with apparent acibratenergy
(see Table 5). When the activation energy increased, the ppseential factor increased and the reverse was
true, this result was in agreement with Friedmapproach (Friedman, 1963). During the first decositmm
regime, the pre-exponential factors were highesteaflet (1.60x18 s%), followed by rachis with 1.33x10s*
and lastly fibers with 3.30xf@", at which point the weight loss corresponded totkteemal decomposition of
hemicellulose and cellulose in the palm biomastspavestigated. The pre-exponential factors faflét, rachis
and fibers, were higher when conversion was 80%hgms because of devolatilization of residual char.

The range of pre-exponential factors assuming tleeadl reaction, © and £' orders for conversion ranging from
10 % to 80 % were betweel.57x10s” to 1.38x16° s* (0" order) and 1.74xfG™ to 6.91x16° s* (1% order)
for leaflet, 5.49x10 s* t06.61x1G° s* (0" order) and 6.10xf0s* to 3.30x16 s* (1% order) for rachis and
2.39x1G s* to 4.64x16° s* (0" order) and 2.66x¥%* to 2.32x16° s* (1% order) for fibers.

Table 5. Pre-exponential factors for thermal decasitipn of palm leaflet, rachis and fibers

Reaction Conversion (%)

Order 10 20 30 40 50 60 70 80
Leaflet

Oth 1.57x18 4.48x16° 1.12x16° 4.70x13° 1.24x16 4.88x1d° 1.55x1G* 1.38x16°
1st 1.74x18 5.60x16° 1.60x13" 7.84x13° 2.48x1§ 1.22x16" 5.18x13* 6.91x16°
Rachis

Oth 5.49x180 9.58x10 2.42x1d 8.00x16 2.03x16 4.86x16 2.43x10 6.61x1G°
1st 6.10x10 1.20x16 3.45x16 1.33x13° 4.06x1§ 1.21x16 8.10x16  3.30x1G’
Fibers

Oth 2.39x18 8.32x1¢  9.65x1G 1.98x10 7.023x10 1.86x16 2.64x13* 4.64x10°
1st 2.66x16 1.40x16 1.38x16 3.30x1d 1.40x13 4.66x16 8.80x13* 2.32x1d°
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4.0 Conclusion

The differential thermal gravimetric curves of pdkmaflet and fibers showed two different weightslasgimes
due to thermal decomposition of biopolymers inahgdholocellulose and lignin fractions in the sampihile
rachis showed three distinctive weight loss regirfiée average apparent activation energies were; 252 kJ/mol,
200 kJ/mol and 164 kJ/mol, for leaflet, rachis &ibdrs, respectively and increased with increasmimversion.
With future aim of producing high value chemicalsnh date palm tree, the results of this study @ugortant for
understanding the palm biomass characteristics givel an insight on optimum conditions like conversi
decomposition temperature regimes for hemicellylostulose and lignin.
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