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é&stract

The*thermal decomposi;ion of jack pine bark, white birch sawdust
and cellulose has beengstudied by both isothermal weight—change determinations '
and dynamlc thermograv1metry mostly in inert atmospheres up to 900 °c. Geseous
‘products formed in helium and helium/water vapour atmospheres from 350 to 650 C
and - 101 to 2533 kPa were: analysed by gas: chromatographyu The effects of a
number of additives, alkali metal and transitlon metal compounds, on the klnetlcs
of the feaction and on the gas yields haye been examined. The effect of pressure
on the. chemical balance andldistribucion of the gasedus products was also.
studied. Residues wefe'enalysed for‘CHN contents and any_structural chehgés»
on  heating Were“detected by scadﬁing eleétron’microscopy.

Bdﬁﬁ.kinetic‘date:edd“gasebus*product enalyeis showed'tﬁat éelldloée'*
was more susceptible to the- influence of additives than the wood samples.”
Isothermal decompositlon data for bark and sawdust were similar to results
expected for dlffu51on~controlled processes. Ihe addltion of potaes1um carbon-
ateishifeed the kinetics of decomposition of cellulose‘frem;a déSCfiptien
consistent with a pﬁaseéboundary cbdtrblled model to that fbr:e diffusion%conirolled
‘pfocess. The apparent activation energy for cellulose pyrelyeié was lowered by
the addition of'both”petaséium-carbonate and iron (iiI)'oxide;.:;

Geseoué proddéts analysis suggested thatithe'additibn of iron'(III)
oxide catalyzed the wéteruges feaétion in the overall"gasificéfibeiwhiﬁe‘éfnéﬂ
(II) chroﬁite behaved as an inhibiter in this regard. ‘Potaseium‘carboﬁate
appeared to"catalyze the‘ca:boeésteam:reaetionIand there was somelihdicetion
that wmore gases and tar could be formedrfrom the secondary reaetionevof tars
when the preésure of the system was raised #o 2533_kPa.

In the gasification of cellulose and.jack pine‘chaf; the eddition of;
witer vapour, potassium carbonate, iren (II1) oxide and zincv(II) CﬁrOmite was
found to iﬁerease the total gas_yielde which in tufn:increased the heat content

of the mixtures.
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1. Introduction
1.1 General

In recent‘years,'the\crisis resglting froi‘the scarcity‘and increeéed
cost of_traditidnai fossil fuels has accelerated the search for alternative
sources of enexgy. Thus,‘increasing.attention has been placed_on other eources
of energy such as geo;thermai; wind;itidai and solar as weil as biomass, in its
various forms, which has effectively colieétec'and*stored low—inteneity saier
energy throﬁgh'photc?chemical'synthesis{

It has beeﬁ'estimated thatvthe total energ& potentiai of'theYWOrld's
biomass ranges fronxéaé7 to 4431 x 1015 kJ/yr {1,2]. In 1970, world coﬁsumptioh
of energy from petroleum, ﬁatural éas”and solid fuel was estimated to be
208 x 1015 kJ [3]. *TheSe’figureS"indicate that biomass coﬁid'pfcvi&e:ébcdtii6
to 20 times the planet s energy needs. ” _ _ ‘

The total biomass production of the United States is estimated to be
75 x 1615 kJ/yr [4]. Statistics for Canada indicate a cOmparable figure of
27 7x'10151kJ/yr [5] and a toté1‘Canadiac eﬁerg&bcoheﬁmption:inél973'of o
6.1 x 1015 kJ/yr”[S] Though not all the biomass would be used tor energy
production, it still has substantial potential for this purpose.nf

lbe complete utilization of a single’ tree is emphasized in today s
forest industry; but there still remains»a lot of wood waste:in the.form of
bark and slaeh. Canada\produées about 3.0 x 101°'kg/yf of bark t6] of which
over half is merely incinerated. If this wood weste were used effectively
as a fuel, then it wodld'make a smeii but not ineignificaet céntribﬁtidn
c0wards our energy”teQuiremects, especially in :egard'to'tcwnshiﬁs and cities
close to forest-based industries. |

Active development of the interconvetsion'cf coal tcrother.fuels

continues to progress [7, 8] but studies with biomeés feedstocks are less



2

well—established even though such materlals have some advantages over coal
as an inltial source. All biomass has a chemical composition 81miliar to-
that ofscellulose. It has a greater volatile component and a higher reactivity
than'coal. It contains almostvno sulphur and about 1% ash whereas coal:typic-- |
‘ally contains 2% sulphur and 10/ ash Thus as a gasification feedstock biomass
will result in less sulphur emission and fewer problems with ‘ash disposal.’
However, there'arexsome drawbacks. Biomass generally has a high,moisture i
content and significant quantities of heat are consumed in vapourising the
moisture in biomass gasification processes.: Furthermore, biomass has a lower
bulk density than coal and also the reactor size has to be increased for a
given amount of product relative to that for coal. |
Biomass can be converted: to solid, gaseous and liquid fuels.'ilhe;‘i
various routes are shown in Figure 1. |
Anaerobic digestion {9,10,11] to methane, enzymatic hydrolysis and'
fermentation to alcohol [12,13] represent biological-methods of conversion
of biomass’to.fuel. Generally in these processes, ‘a micro-organism is used
at closely-controlled temperatures. Bioconversion efficiencies are usually
below 60% and the rate of digeStion is slow. The effects ofuball-milling
[14], heating [15], radioaCtivity [16]; a¢1d‘aﬁd base pretreatments [17] on
tie digestibility of‘such,feedstockshhave been reported. :
Literature reports'of thermochemicalﬁ 1i§nefééti;ﬁ;afe iiMiféd.bﬁt
there appearsbto be'tno direct liquefaction processes under development.
Both flash pyrolysisl(OQcidental Research Corp;) and the'PEhC.(Pittsburg“
Eneréy Research Centre) prOCesses [18] yield heavy fuel 6115._‘cafba@‘mop¢g.
ide is reacted with the biomass 1in an aqueous carbonate solution in the PERC-
process and it has been reported that alkaliecatalyzed Adolvtype;condensate
ions may be’ involved invthei”liquefactionvmechanisﬁ.] These 1i§uia,£ué15_are

expensive to make. Thevenergy efficiencies are low and rarely exceed 33%.
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Figure 1 The“varibus‘biomass to fuel conversion routes.



Moreover, the liduorS»can be corrosiye and present difficulties in materials
handling. |
Thermochemical gasification processes have been extensively researched

They generally result in higher conversion efficiencies and production rates
than the two biological routes. | |

| Conbustion of wood for hesting and‘cooking has been used since‘the .l
dawn of civilization. Partial combustion and destructive distillation of =
wood have also been used for making charcoal wood alcohol tar and other
-chemicals for many decades. Today, developments in gasification technology
are-often keyed~to catalytic processes or to steam gesificetion in contresti
to the earlier emphasis on air-blastrgeneration. Recently, alkali metal carbon—
ates, calcium oxide [19] and wood ash [19] have been reported to be useful vl’i'
catalysts for gasification‘of biomass. - | ) |

. The first step in biomass gasification can be regarded as the conver—
sion of cellulose to carbon and water. Then the following reactions may bev

-considered {20]:

C(s) +'02(8),~—%C02(g) R ‘“ LR "-‘-3935 '-(__1)7
C(s) + Coz(g)-Q——nco(gS +170 '(2),’
Cs) + 1{20<g)——5¢<>ig)"+ H_z.ig> | ” i”:+130 (3)
¢(8) +'21~12(g)—+(1114(g) - T -—75 (4)
C oty > (/4)CH, (g) + (n-8/4)C(s) - (5)
cocg) + Héo(g)ﬁcoz(g)' + Ha(g) i w0 (e
CO(g) + %0 (8)—3C0, (g) | -282 (D)
Ha (g) + %Qé(g)-—-)l*lzo(g) -:2’8_‘6" (8) |

Cily (8) + Hp0(5)CO(8) + My (g) +209  (9)
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Reactions (1) to (4) involvé.ﬁﬁe gasification of the fixed.earbon in
tne biomass. belatile matter in the biomass decomposes to yield methane and
highef'hydrocefbons esbin reaction,(S}. Reactions (6) uo (9) invoive-che«
gaseous produCts; PrésSure; temperature and the ratios steam/biomass‘end'air7
or oxygen/biomass are ‘the maJor variables in the gasification processes [21]
(enerally, lncreasing temperature and pressure would be expected to increase
reaction rates. Incxeasing~the.oxygen/biomass ratio tends to 1ncrease the
amount.of carbon gasified whiie hydrogenwproduction is pfoportional to,ﬁhe‘
steam/biomass ratio. ”

Tﬁ "Pufox gasification system [22] which has been deve10ped(
commercielly operetes ‘with a fixed-bed" reaction base—fed with oxygen.' Other
systemsiin development include the Battelle‘process_[ZS], the Wright-nalte
process t24]; and the Moore-Canada process [21].. The WriéhtéMslteiorooessaf
combines pyrolysis and steam éésification reactions'Withva‘sodium cafbonete
catalyst in aupfessurized fixed-bed gasifier. The Bette11e°s§3tem“iﬁvoluesQ
s:multi~solid fluid-bed reactor with calcium oxide ds a eetélystbehdfthé |
Moore-Canada orocess uses a moving-bed reactor‘Wileanvait]steam'mixture as
the oxidising medium. Most of the gasification.processes are aimed at_maximi—‘
zing the yield of synthe81s gas (a mlxture of 2 volumes of hydrogen to ‘one of
carbon monoxide) with the minimum oxygcn and steam requirenent "The ma;n»:
differences in the various methods rest‘withivariations in_pressure. oe£51yst,
the oxygen or steam to biomass ratio, and’the:type of‘reaotor;"Ho'oneJmegﬁod

seems to have a clear technical superiority over any other at the present

time.
1.2 Kinetics
1.2.1 Thermogravimetry

Thermogravimetry has been used extensively to study the kiﬁeticszof:

the thermal decomposition of cellulosic materials. Thermal-gravimetric»énalysis
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may be carried out in a 'dynamic’ mode when the sample weight is continously
recorded as a function of temperature attained or in a |static’ méde’in which
the sample weight is recorded as a function of:time‘ét cénstant temperature.

Cameron and Kerr [25] found that good agreement for.gpparent activ—
ation energies determined by the two techniques occurred onlvahen the_mechan—.
ism of deqomposition was invarianﬁ with the extent of decomppéitioﬁ on polyme;
degradation. Fairbridge [26] noted that the apparent activatianenergy values
‘determined by dynamic techniques were consistently,greater than th§se found.
by isothermal techniques. Furthermoré, there were 1ndications that the final
weight loss of samples was dependent on“the heating'rate.‘ Thus it was thought
that data obtained”frbm‘isOthermal'techniquevaere»the mOretreliable when
results obtained by the two'methodS'diffeted'I26]L

1.2.2 Dynamic thermogravimetry (TG)'

Several kinetic models have been developed and applied to derive
standard kinetic parameters from'thermograVimetfic data obtained at different
heating rates. In the method of Freeman and Carfoli [27]}, the following

relation was used:

log de/dt _ K -y ‘
Tog(1-a) ~ " ~ 7.303% T ! /10g (1-x) (10)

where n 1is the order of the reaction and o is the degree of conversion.

Coats and Redfern [28] used equations (11) and (12) for (1) n = 1:
AE

n ] . a .
103{ T } log AB T 2.303RT (11)
where a 1s the heating rate, and when (ii) n # 1:
1-n : AE .
. 1-(1-o) _ AR a
o8 { 7% (1-n) }‘ 198 2AE T 2.303RT (12)

Sharp and Wentwqrth [29] estimated the reactlon rate constant from the exp-

: n . i
ression (da/dt)/(l-a), and if the assumed order of reaction n was correct,

a linear Arrhenius plot would be obtained. O0Ozawa [30] used the following



;z-'

approximate relation, for a given_Value of. o |

log a + 0f4567'Ea/RT = constant : (13):
The apparent activation energy couldibe derived from the plot of log a againSt
1, . B . i |

' The above models would give reasonable results for 51ngle first or -

second‘order~reactions. However, the pyroly31s step consists of many concurr—'w

ent "and consecutive reactions where the sample changes physically and chemi~
cally. 1hus the apparent activation energy may be dependent on the extent of
the‘reaction. Tran and Rai [31] proposed that the apparent activation energy
is a direct function of'conversibn and“equation (14)‘was used: .

E = Eoﬁfyba e wE o (4)

where E is the apparent activation energyiat a = 0 and h .is a constant.
The kinetic cquation (15) was used in this model._

-w—l - /AT O 15)

a1e
B s 2

whererﬁ isvthe'weight-of.sanple“at a giyen time,.t.

Whlle kinetic parameters obtained from TG may not belso accurate
as those from isothermal’ techniques, TG has’ been used extensively to study
the effects of inorganic salts'on wood decomposition [25,32,33,34,35]. TG
curves from samples treated with‘various inorganic salts were basiCally :
similar in shape'but revcealed marked differences in the temperature of:the
onset.of rapid pyrolysis,and'the amount of residue remaining.

1.2.3 lsothermal techniques

The accuracy of the result depends largely on the rapiditv by which
the sample reaches the reaction temperature, since a significant weight loss
may occur before the«sample has attained thermal equilibrium ‘with the:furnacef

Several models have been proposed to explain the kinetics;. Staum

[36] gave the followinb equation . (16) based on the weight of residue'



dw . .n Ea/Rtwn

- e = - ge (16)
and Martin:[37] expressed the kineﬁics of decomposition for cellulosic
materials as a éomposite of1two_reactioﬁs:

- %‘;ﬁ:’- = (k] + kp)w" Qan

A slow pyrolysis reaction, k;, was %hought to,predominate’at‘low temperatures,
and a fast erolysis reactioﬁ, ky, was prédominant'éﬁ teﬁperatures >673K'
Shafizadeh, Cochran and Sakai [38] employed equation (17) to describe the‘
degradation of cellulose. One first—order reaction producing char and the
other produc1ng tars gnd volatile prOdULLS were the two processes belleved :
to be involved.

The above equations imply an.equilibrium state of cdmplete‘weight_
loss, and thus are unlikely to bé valid at high values of conversion. Later,
van Krevelen [39] proposed a model (18) based on the weight loss after

infinite time.

dw w \n SR k
dt = 1\(l w ) S . (18)
where w_ = weight loss at infinite time. Equation (18) has been used with

n =1 by loberts and Clough [40] and Akita and Kase [41]. Barooah and Long
[42] investlgated the decompositlon of carhonaceous materials in a fluidized
bed and found two stages. -They reported that about 85% of th¢<totalrweight
change took place in the first stage and the residual 15% in the second stage.
They used Stamm's equation (16) with n = 1 to describe the first stage and
van Krevelen's equation with n = 2 to describe the second stage.

Broido [43] suggested a kinetic model comprising an initial "incub--
ation period' with no weight loéé, followed by (a) depolymerizaﬁibn leading
to volatile products and (b) a series of steps 1eading'to char formation.

He concluded that the last step in the char-forming sequence involved a weight
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loss corresponding.to the formation of CgHgO, per repeating cellubiose unit
in ;he originalﬂcellqlose. For longer times at highe: temperatures or for
cellulose con;aminated.with inorganic catalysts, an additionsi.step.lednto.
(C7H|+O')n,. | -
-ShafizadeﬁfeodlBradbury [44] investigated;the.;hermal:degradation
of eeilulose in air aﬁq hitrdgeﬁ‘at low‘temperatu:es;"Theyieonclu&ed that. 
above 300°C, the pyrolysis.rate was essentially‘the same in air and'ﬁit;ogeﬁ,’
indicating thet thermal degradation wes independeht of'dxidati?e reactions.
From these laboratories, Fairbridge and Ross {45 46 47] have
reported.that the maximum rate of - pyrolysis for the sawdust and bark of
Jaek pine wasimost 1ike1yxrelsted to the rapid’ decomposition'of‘the cellulose,
and the princioal'kinetic parametérs‘obtained,from‘tﬁe deCOmposition of a
range of woodlproducts were found to fit a reaction rate’compensation‘curve.
Values of appareﬂfféetivation energy‘and frequeney facfofs'ooteioed.r
from the two thermogravimetric techniques vary considerably and kineticjlix |
parameters obtained under the different experimental conditions reported in che
literature are summarized in Table 1 J ‘

1.3 Pyrolysis products

Hemiceiluiose,'cellulose‘and lignin’are'fhe‘ﬁsiﬂ"constifﬁenos‘of
wood. Their relative propottioﬁs Qary ffomrsbeeieseo'soecies.aitﬁoﬁgﬁ‘tﬁej
elemental composition of wood:is alﬁost COnseant (4§;SZ£¢;'6:3% ﬁ, 44.22“0)
[48].

Cellulose is:a condensation polymer of repested BéD—glueose contain—
iog the 1,4~glycosidic linkage. Hemicellulose pbl&ﬁers\coqtaio a oomoer'of
sugars, inclqding-D-glucopyfenose, DexylopianOSe and D—madhoéyranose;sssphei
stroctursl units. _Lignin'is a'oomplex‘polymer with the phenylpropane groups

as the structural units, but the exact structure is not known. The basic -
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Table 1 Kinetic parameters for pyrolysis of various wood and wood
components as obtained by various workers.

erkers‘ Feedstock Abparent activation Frequency factor
energy (kJmol~1l) B (min~1)
Douglas fir stock 123.5 3.1 x 10!3
Stamm [36] Douglas fir sawdust g 104.7 1.1 x‘IOI:A
Cellulose from Douglas fir ~108.8 2.0 x 10!
Hemicellulose from Douglas fir 107.0 2.2 x 1012
Lignin from Douglas fir 96.3 8.4 x 1011
Browne and Ponderosa pine 149.9
“Tang [32]"
Akita and  a-cellulose. | 222.4 1.0 x 10!°
Kase [41]  Modified cellulose. © 134,000 0 .o 1.0 x 10%°
Brown [33] White pihe | h 207 | 1.7 x 1016
© Oak 238 2.3 x 1019
Barooah Wood 18.0 (< 330 c) 3.2 (<.330 )
and 84.1 (> 330°C) 1.4 x 108 (> 330 °c)
Long [42]  ceitulese 71.2 2.4 x 105
Tfan and Douglas Eir x: 101.7‘(0% conversion)r_ " 1. 28 b4 1010
Rai [31] : = - . 201.7 (70% conversion) o
K2C03 Catalyzed 102.5 (OZ éonversion) 1.37 x 1010

Douglas fir 162.8 (70% conversion)



structural unit5'0f4these polymers are shdwﬁvin Figure 2.

The pyro1ytic products of cellulosic maferials4¢an be collected
in three ffaétions:. é carbonaceous residue (char);.a viscous con&ensate
at,rodﬁ témperature (tar) and a mixture,of_§olatile‘gases. Bolton étf a1.. 
[49] indicated that the primary gaséous prpducts:were-methane, hydrogén-and
the two oxides of carbon. Goos et. al. [50] repbrtéd that’213.com§§un§s
have been identified-in the tar from the destructive distillation of WOod."
Levoglucésan is the major tarry brodu;t»obtéiped‘from cellulose alone while
‘much of the‘ace§ic acidlformed in wood pYrblysis can be attributed ﬁp hémi%
cellulose deqompositidﬁ. Aromatic produCts‘sﬁéh as:pheﬂols aqd xyleg01$ 
are forﬁed from the aromatic nuclei df'ligniﬁ.: R

It has been;éuggeSted that thé'ﬁyréiysis of ééllulése‘pfoéeeds as
shown:in‘Fngré 3'[51]."Thié general mechanism can bé'diVidéd into ﬁ;iﬁary
and‘seééﬁdary‘reactioné." Reéctioﬁ 1 takes place below 250°C and,éodgiéts'f
of réactibns Quchras dépolyﬁefization, hydfdlys;é, oxidétioﬂ,.déﬁﬁdfggidn ’
and decarboxylation. Reaction 2 iszthé'fbrmatidh of:ieGoéiﬁcésan théhjﬁakes
placéiabové 2509C‘and reaction 3 involves ffégmentation éﬁéwféfm;tion $f v\
cémﬁﬁsﬁiblé broddcﬁs. .

'Thefrelative.propdttions éf gas;w:af and qhéf pf6ddd;d‘dé§éhéu
gfeatly on the‘heécing rafe [52]; »Sféw héatiﬁé rétéé tend to p;oduée.gofe.
chars, little tar:énd'léss‘inflammable gas; ’Iﬁ slo&'heéfihg,xﬁé€8ﬁ§§siﬁidﬂi
proceeds in an orderly manhéf. Thus moreAStable‘@oleChléé, whiéh ér¢viich'
in carbon tend to fdrm"with fﬁe hexagonal structuré-of‘graﬁhitic ghrﬁbn; i
Rapid heating; on the other hand, ténds ;ovbroducé 1itt1e chars,‘muéh7£af
and highly inflammablé:gases tﬂat are rich in(hydrbgen, éaf56n monox1de and‘
hydrocarbon. Shafizadeh [38] reported théi the pyrolysis oflceilﬁlose‘in

L atmosphere of nitrogen yielded more char and 1eés tar thah the cerresponding’
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ZOH

H OH

' u—QlUcopyranoée U-xylopyranose U-mahnépyranqse
Figure 2 Structural units of wood constituents,

; “ CO; COZ’HZO’L

-~ levoglucosan.

combustible volatile
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pyrolysis under vacuum. At atmospheric pressure, the volatization and
removal of the tar is limited, resulting in further decomposition and char
'formation as.oppOSed,to-any'secondary reactions. Thus the yield Of.pyrolytic
'products is highly influenced by the physical and chemical conditions . under
whlch pyrolysis occurs. Physical parameters such as temperature, pressure
‘and time may affect the yields of the products. Chemical=conditions such

as the preserice of catalysts nay alter the nature and the extentrof the g

pyrolysis reaction.

1.4 ,.‘The-effect of catalysts

v The effect of inorganic impurities on- the gasification of carbon
and graphite has been investigated for many years. The subject has recently
received increased attention because of the revival of interest in coal |
gasification.t However, not much work on the catalytic gasirication of wood
has-been undertaken. Although wood ‘and cellulosic materials have a greater
hydrogen component than coal when they are pyrolyzed -above 600 C, the
carbonaceous residue assumes a hexagonal graphite network which closely
resembles that of coal [13]. Thus, any inorganic impurities-might be expected
to exert similiar'general effects'on the gasification of wood and related |
materials as in carhon“and coal. Metals; metal oxides;“metaiihaliaesi metal
carbonyls, several alkali netal'and'transition'metalvcompounds'haVe,allnheen
tested as possiblé‘catalysts for'gasification reactions.ii‘ | |

| Rewick et. ‘al. 153] studied the effect of Pt, Ni and Fe in the gasi-
fication of activated carbon at atmospheric pressure and found that Pt was
the most active catalyst. Otto and Shelef [54] reported that the effect of
impregnated nickel nitrate‘on the_gasification of graphite was’ to'increase
the.rate'offgasificationewithout a change in theiactivationlenergy nith.respect
to the uneataIYZed,reaction. Haynes et. al. [55] investigated the effects of

40 different catalysts and concluded that Raney nickel was the most active
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.catalyst in the production of methane. Appell and Pantages [56] studied the
effectiveness of a numberiof metals for the direct decomposition of cellulose
by impregnating‘sawdust with compounds that were‘conVerted to.the metallat
"the operating condition of the experiment. 'They found that cobalt was the
nost actiye'and the moSt‘selectiye catalyst.

. The use of alkali netal componnds as promoters forbthejstean gasiﬁ
"fication of coal has been’Studied for.many:years; Haynes et}’al:ft5$]t
reported that K,CO3, KC1 and LiéC03 wereieffective catalysts. Veraa and
Bell [37] reported that K?C03 and KOH were active catalysts in the gasi-
fication of'sub-bituminous coal-atﬁatmosphsricrpressure.~ However, they did .
not find any catalytic effeét of KC1 and' NaCl, in disagreement w1th other ‘
studies [55] - High catalytic activity-has also been reported for Na2003 1
[58]. The Kellogg steam gasifiCation’prOCess [59]; which'employs a.recirél
culating Na2603 melt, also yields high coal” reaction rates.

The role of alkali metal carbonates as catalysts during pyrolysis
of wood bark has been investigated by Rai. and Tran [60], while Appell and
Pantages [56] studied the effect of the concentration of potassium carbonate
on the overall gas yields and comp051tions in the gasification of glucose.-
Thcy,indicated‘that the result ‘of increasing potaSSium carbonate concentrat—_‘
ion was to cause an increas e in the water gas shift reaction (6) V:Lewis
et. al. [61] reported that at low pressure,.K2003 enhancedvﬂz and COi
production and as the'pressnre was'increased; significant amounts of'metnane
were produced;

- 'Alkali earth netal compounds have also been reported to catalyze
the carbon~steam reaction Otto and Shelef [62] reported that the catalytic
effect on thergasification-of graphite increased‘in the order_of Ca <.Sr.<‘Ba;]
Feldnannt[63}ireported'tnat'CaO chemically incorporated into:coaldandeOOd

from an elevateditemperature Q" 250°¢) slurry, catalyzed the-gasification‘
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reaction. It was also observed that wood ash was itself an effective catalyst

when'simply spraYed,on to wood in the form of an aqueous solution and7the'_

’suszestion was made. from an analvsis of Hz/CO ratios. that these catalvsts

caused an increase in the contribution of the water-gas shift reaction (6).

1;5 Objective of the present work

| From the aboye survey,‘it is apparent that most_previOUS work‘with'
’additives has‘been'concerned with’their effects ongcoal andbcarhon:éssificetion'
although in recent reports from these laboratories, emphasis has been placed
on studies of the effects of selected additives on the pyrolysis of wood
wastes and wood components [26 41, 46 47] The preseqt contribution extends -
this work to include gasification experiments with wood waste materialsiine
the presence of transition, alkali and alkaline—earth metal compounds in tk
various atmospheres at pressure up to 2533 kPa. |

The bark of jack pine, Pinus banksiana, Lamb, and sawdust of white

birch, Betula papyrifera,'wereAused as the wood wastes.‘ In addition, parallel
,cxperiments were carried out on cellulose in ‘an attempt to obtain more eapllcit'

and fundamental data regarding the kinedcs and mechanisms of the reactions.;

2, 7p .Experimental’
2.1 Materials
2.1.1 Gases

Industrial_grade helium (>‘99:9%)Jand_hydrogen (3 99.9Z)§lK;grade
nitrogen (>v99.9%); dry grade carhon diokidel(> 99.7%); C. P. grade carbon
wonoxide (> 99.4%) and methane (> 99.4%) and a calibrated gas nixture: contain- ‘
ing carbon mouoxide?(0;105%),'carbon dioxide (0;1047), hydrogen (0;104) and |
:ethanc (O ]054) in helium were used as. supplied by Canadian Liquid ‘Adr Ltd.
2.1.27.1 Additives o

| Reagent grade (> 99,5%) BaCOs, K»COj3, L12$0“, KZSOu, Zn0 and CEZOq

were used as supplied by BDH Chemicals Ltd. Fe203 (99. 9%) was obtained from -
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Ventron, Inc. ; 3 ‘;;ffﬁf
‘ Zinc (II) chromite was prepared by heating a mixture of 1 mole of
zinc (II) oxide and 1 mole of chromiun (III)oxide at lOOO C in a nitrogen>
atmosphere for 8 h [64] and subsequently characterized by x—ray powder diff-
‘raction photography. | :
2.1.3  Cellulose
Whatman column (hromedia CF1 fibrous cellulose powder (maximun

. 0.015% . ash) was obtained from W. and R. Balston Ltd."

2.1.4 ack pine bark

Jack pine bark samples (Pinus banksiana, Lamb ) were obtained from

the Lakehead University WOodlot in: Flower and Jacques Townships, Thunder Bay
District. The trees ‘were 80 to 150 years old _The bark was hand:screened.
to remove wood traces and shredded ‘in a high-speed blender. Samples:were

51eved to <212'um.

2.1.5 White birch sawdust
The sawdust was obtained by repeated. cuts through a white birch

(Betula papyrifera)“log, which had been cut “in Réith’Ontario. The tree was

about 70 years old[¢'The sawdust was shredded in a"high—speed“blender and
sieved to <212 um.

2.1.6 - Cel]ulose and white birch sawdust containing,additives

Cellulose, white birch sawdust and’ each of the solid additives'f
were'sieved’to <212 pm. ach additive was mixed with cellulose or white birch
sawdust and ball-milled for 25 min. for the dryjmixed samples. Cellulose
sanp les impregnated With,K2Q93 were prepared by mixing cellulose'into a satur-—
ated K2003 solution at room temperature. The'slurry was stirredffor'Zélh,
flltered, washed with distilled water, dried.and_thén;heated in uﬂthermobalance
to 1000°C in nitrogen.;'The amount of carbonate in thelfinal eellulose'samples‘

was obtained from the mass of ash left after heating.
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2.1.7 Jack pine chars containing additives
Each of the additives was mixed with jack pine bark and ball—milled
f¢f725 min. Char samples were obtalned by pyroly31ng the corresponding bark

and additive mixture in nitrogen at 350 °c for 3 h.

2.2 _Agparatus and method'

2.2,1. .. Thermoba ldance

A Stanton~Redcroft Thermobalance, model HT-5F, was used. The:auto—
matle Qeighc—loading asaemhly nllouod.a nide weight range (20 to 200 mg) for
atudy. Abschemstic of the thermobalauceosssembly 1s shown in Figure.é."The
sample support was connected;toithe?hack,nan of the balance;.ﬁheights were
added to the tront pan ‘to bring‘thevrecorderioen On-scele. *s\servo;driren
capacity-follower device was used to transmit beam movement to the recordlng
mechanism.

| A plarinumkfhaﬁun4wound furnace was mounted around the sample supporr.
Furnace temperature was controlled by a platinum/platinum—rhodium (134) thermo-
couple positioned between the furnace wall and a silica sheath. The silica
sheath allowed a flowing gas to surround the sample continuously.” The gas
was dried over calcium sulphate before enrering ‘the furnace. In isothermal
experiments, the”cemperature was'controlled-hy.a uroportional controller.i In
dynamic experiments,"the [urnéce temperarure was brograﬁned t&iinCreaséuiinearly
at a rate of 7K min~?t. ‘

-Sample temperatures were monitored‘on 2 Leeds and Northup recorder
from a platinum/platinum—rhodium (13%) thermocouple located within the sample :
support. The recorder'was calibrated using a Honeywell portablevpotentiometer
over the range"o;lo nv._>The_accuracy of rhe measuremenr‘was wirhinwi'idéjoVer
the temperature range studied.

2.2.2 Isothermul technlque

About 40 ug of sample was weighed ‘into a platinum crucible. ir'was
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then balanced on the back pan of the thermobalance. Meanwhile, the sample
support and the furnace were heated to a preselected temperature with gas
flowing. The specimen was transferred to’ the sample support quicPly (about
30 s); The sample temperature was within 3°C of the preselected-temperature
in 2 min and attained thermal equllibrlun with the furnace in 4 min.'.In

,dll of the experiments, the. nitrogen flow rate was knpt at 230 ml min~! (NTF) .~

2,2.3 Dynamic thermograyimetric technique

Some samples appeared to‘causelplatinum crucibles to pit atnhigh
tempetatures. Thus a conical aluminaxcrucible was used to contain the 40 mg‘
samples;: The specimen was balanced on the sample support at room temperature
with nitrogen’gas flowing at: 230 ml min~1" (NTP) When a straight base 1ine
was obtained, the furnace was-turned on, which increased the temperaturel'

1inear1y to 1000 C in. epproximately 2 5 h.

2.2.4 Gaseous products analysis in the highjpressureh'static sisten'
| | A stainless~stee1 high-preSSure apparatus was used’as reactor to
pyrolyse the samples for gas analysis, Figure 5. The reactor was constructed
from 5 cm o.d. stainless steel tubing, total length of 60 cm, in two sections
mated with a copper gasket.‘ It wae heated by’ a moveeble resistance-wound o
furnace. The temperature was controlled by a chromel/alumel thermocouple )
Whlch was positioned directly below the sample container and connected to a
'Thermoelectric 400" proportional controller. |
The gaseous products were‘analysed using a Beckman GC-S gas chrom- .
atograph with thermal conductivity detectors. The separation columns*were
packed with "Lerbosieve B" and -the chromatograms recorded on a Beckman ‘10"
recorder.
About 100 mg of sample was weighed inte the: stainless steel sample’"
container and placed in the resctor.' Pure helium or water—satureted helium

could be fed‘into‘the reactor,,depending on experimental requirements, as
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shown in Figure 5. The reactor was flushed with helium before the start of

L
.

‘the experiment and gas samples were analysedvto ensure that air had Been .
renoved; Then the pressure of the system was set to a preselected value,

101 3 to 2, 532 5 kPa. _Thevtemperature was raised to a preselected_vslue_
‘1n 5 nin and_kept.constant'tor:a further»30 min., VThen‘the.product geseS‘

were analysed by the gasfchrOmstograph.

2.2.5 Gaseous products analysis inf'flow<§xstem'

Therreactorbwas conStructedlfrom.ZO'mm i.d. quartz tubing, total
length 47 cm. About 0.4 g of sample uas sandwiched between quartz wooi‘
Plugs supported on three dimples in the reactor wslle' The reactOr-was‘
resistance-heated by 'Chromel A' resistance wire. ”Theltemoerature‘wssll
‘controlled by a.chromel/alumel thermocouple positioned directlyrsboue the
couples and connected to a 'Thermoelectric 400' controller.. C T |

A Beckman GC-S gas chromatograph with thermal conductivity
detectors was used to analyse the gases. The columns were packed with
"Carbosieve B" and the chromatogram recorded on a Linear Instruments 10"
strip chart recorder. ‘A typical’chromatogrem of the gaseous_products ism'
shown in Figure 6. ’ o | | iy | |

Flow rates were maintained using 'Matheson Rotameters fitted
‘with fine-control needle valves. In line (a), helium passed through a water
saturator as shown in Figure’7. The saturator was maintained at 81 + 0 5° C
by means of a water bath equipped with a circulatory heater. The waterfsaturated
helium was channelled into a common manifold where it was allowed to mix with.
other reactants or helium carrier gas.' The"gaS‘mixture entered the preneater
wnich raised the temperaturefof the gas close to that of theoreector and
prevented any water condensation. The reaction products were conducted trom

Lhe reactor through heated lines to the gas chromatograph for analysms.
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Pure helium\or a helium/carbon monbxide~mikture was passed through
line (b)-depending on the experimental requirements. The flow through the
water saturator was maintained-atﬂio ml min"l"(NwP)s~ while.a‘total flow rate
of 100 ml min 1 (NTP) was used for all the experiments. |

About 0. 4 g of sample was placed in the reactor which was then
flushed with helium for 30 min. The sample temperature was raised to‘350 C
in 20 min. The final temperature of 650 C was attained by an increase of
25°¢ every 5 min. The gaseous products produced were monitored at various
tempetatures. |

2'2‘6_; Calibration forfdetectorS'"

- The thermal conductivity detectors were’ calibrated for concent—
rations of H2, CHy, CO and 002 by the exponential dllution method [65] A
gas sample was inJected into a mixing veasel of known volume with a constant
flow of helium pabsing through it. Equation (19) was used to calculate thev
concentration of the gas at any given time t. ‘ |

dct = C;.' exp_(F/V)t o . .(19)

where C  is the concentration of the gas at t = o, F is the flow of helium
and V"is;the volume of the vessel. Then a calibration curve of peak height
versus the concentration of the_gaees was constructed.

2.2.7 X—ray analxsis

X—1ay powder diffraction patterns of samples were obtained with a
Philipps k~ray generator which operated at 40 kV and 20 mA, using a nickel—
'{iltetcd, copper-K radiation source, equipped with a 114.8 mm Debye—Scherrer
camera. The samples were finely‘ground and sealed in a capillary tube.
A=-ray powder diffraction pettetns were recorded,on strips of photographic
{1lm, whence the intetplanar;spacing was calculated and the samples identified

by‘compérison'with standards in the usual manner [66].
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- 2.2.8 'Residue analysis

"The carbon,_hydrogen snd_nitrogen compositions of samples were
analysed by q<Parkin Elmer model 240-elemente1 snalyser. About 1.5 to-3.5 mg
of sample was combusted in pure oxygen at 1000 c and analysed by difference
for Nz, CO2 and H20 usinb thermal conductivity cells.

2.2.9 Scanning electron microscopy

' Samples'Wereﬂcharacterised by scanning electron microscopy (SEM)
using a Cambridge Stereoscan 600. They were coated with a thin leyer-of‘gold‘
by a standard flash evaporation technique at 10" Torr. Pictures were taken

with a 35 min or Polaroid camera attached to the CRT screen.

2.2.10 Electron difftection enalysis

- Transm1591on electron micrographs were obtained with a Philips EM 300
instrnnent. Samples were air pressed .onto grids w1th carbon substtates and
were examined at 100 kV.f Selected area electton'diffraction (SAED) micrographs
were taken w;th a.35 mm or Polaroid camera.

2.2.11 Surface area measurement

The techniqne involves the measurement of the'emount‘ofdgas necess;
aty'to form dimonolayer on s;solid surface. The surface area cenvbe deter—-
mined from the number of leecules‘adsotbed‘and the area occupied by'eaeh
molecule. |

The general BET'eduation (20) was nsed in the calculation‘f6f}:

P 1 (e=Lp

= — + ‘ S 10 B

V(po-’-p) 'Ymc Vmcpo

where 4Vm 1s the monolayer volume, P, is the saturation pressure of the
absorbate»gas, \Y 1s the total volume of gas absorbed p 1s pressure meas—

ured and ¢ is a constant related to the heats of absorption and liquef-.

action of the gas.
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About 10 mg of sample was weighed into the‘sample tube which was

then positioned on the apparatus,_Fiéure 8, and,evacuated’atllo Iorr for
12_h.at 1o°c;*“EEGEZSEffheiabsorbaee; was then admitted to v, ﬁand'the
pressure measured‘on the McLeod gaﬁge. The gas was enosnded lntovthe'ssnple N
tube which was immersed in liquid nitrogen. After'equilibrium was’aéhiéveq;'
approximately 30 min , the pressure was . agaln measured and the volume of |

kryptonadsorbed was cslculated in the usual way [68].

3. Results
3.1  Cellulose -
3.1.1 Dynamic”thermdgravimetry'(TG)

The Tb curves obtained for the thermal'decomposition of‘cellulose'

and cellulose plus additives in nitrogen are shown in Figure 9. x
| ‘The curve for pure cellulose showed an initial loss of 3. d% below

280°C;  The major weight loss commenced at 300 °c and increased linearly to
82% st:380 C. The final,weight 1oss at 900°C was 91%. The curve_for cellulose
containing zinc (II) chromite was similiar to that of plain cellulose.'

The'curve for cellulose with iron (ITI) oxide showed‘that major
weight loss commenced at 285° c, reaching 77% loss at 355 C. The total loss
at 900°C was 95%. | ' B

In general the samples ‘containing potasslum carbonate showed a .
much less abrupt response to temperature increase than the others. The major
loss started at a»lower temperature; 175°C for the 5% potassium cerbonste
sample and'aboutVZOOOC_for the rest, thanithst'for‘pure cellulose'and‘those
samples COntaining the transition metal compounds;:‘Tne rapid'weigﬁt-loss
region reached a Value at. 350°C of 62.5% for cellulose with Sprotassium

carbonate, dry-mixed and béll«milled,,and 57.5% for ball-milled cellulose
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containing 0.7% impregnated potassium carbonate. Total weight.loss at 900°C
varied-from 92% for pleingcellulose with O.?Z potassium carbonate imbtegnated

to 85% for ball—milled cellulose'with 0.7% potassium carbonate impregnated.

3.1.2 Isothermal pyrolysis_

‘Isothermal weight—change experiments were carried out on cellulose
powdet’in flowing nitrogen ftom 299 to 330°C. flots ofnweight oet cent'loss
versushtime confirmediearlier datas[26 46] by showing a lineat‘response up
to approximately 5% loss followed by a rapid loss and then a slow approach
to constant weight. |

Kinetic parameters were derived in the‘manner established earlierv"
[26'46] | The standard kinetic plot a versus t/ty s is shown in Figure 10.

a is the weight loss at time ¢t div1ded by the final weight loss and t;, 5
is the time when a = 0.5, The pyrolysis was described by two regions. An'
initial regionle’defined'by a < 0.05 - followed simple'zero order kinetic“j
behaviour, while the following region, a'= 0 05 to O. 85, exhibited kinetics
which were described by. -

[l - (l ~ a)0:5] = (u/r)t o (21)
Equation (21) describes a reaction rate controlled by the movement of an
interface at’constant velocitygiu, ‘through a cylinder of radius r [69].
Tue rate constsnt,;n/r, was obtained from the slope of the plots of the
L.H.S. of (21) versus time,"Kinetic patameters were then'obteined'in the
standard way from_thelArthenius,plot; Figure 10, andHarefsnmmarized in stle 2..

CelluloSe‘samples containing iron*(III) oxide'end zinc'(II)'chfomite
obeyed the same‘hinetic expressions for pyrolysis data asfthose for'onre,’i
collnlosei';The‘addition of,zinc=(1l) chromite showed no neaSurable effect
on the parameters, in contrast.to iron (I11) oxide which lowered the value

of‘Ea»fron'lﬁl.O to 153.0 kJ'molf; in the initial region and from 207.5 to
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Table 2. Kinetic paraﬁeﬁerszfor pyrolysis of the various
‘ cellulose samples in nitrogen.

Apparent activation

egion Material  |[Temperature | Rate constant Frequency factor
- " (°C) k x 1072 (min™3) | A (min™}Y) energy E; (kJ nol7l)
L 299 26.7 o F e &
cellulose 315 86.1 1.4 x 10'% 1 161.0 + 8.9
' 320 111.1 S
330 200.0
, 295 25,4 o .4
1 celluloge + 1309 . © - 65.1 1.4 x 101% . 161.0 + 8.9
' 14.27% zinc (1I) 325 + 110.5 : D st '
chromite 339 ©.271.8: "
, 295 44.3 | e : :
cellulose + 317 117.7 - 3.4 x.1013 .153.0 + 20.6
10.2% iron (III) 322 173.0 - e v S
oxide 336 350.0
e B 299 0.4 . B e
cellulose 315 1.7 3.9 x 1018 1 207.5 + 8.5
320 2.4 B : *
330 5.2
| 295 0.4 : . YA
2 ~ cellulose + 309 1.0 3.9 x 1016 207.5 + 8.5
14.2% zinc (II) 325 2.7 : '
‘chromite 339 7.8
_ 295 0.5 ‘ | ol o
. cellulose + 317 2.6 5.1 x 101%: 187.0 *+ 30.9
10.2% iron (III) 322 2.8 ‘ n
. oxide. ‘ 6.3

- 336
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lSZ,OVkJ‘molf? in the second region.

The curve obtained for cellulose with 5% potassium carbonate from
the Standard‘kinetic plot, Figure 10, differed fromrthat given by'puré cellul-
ose. It_cldsély:résémbles the pattern expected for ﬁwo—diménsional'(Dz) and
: three;dimensional (D3) diffusion—controlledﬁreactions [70]. Thus therkinetics'i
‘could be described by equations (22) and (23): -

Dy (@) = (1 -a)dn (1 -0)+a =,(k/r2)t (22)
D3 (@) = [1 - (1 - a)1/3]2 = (k/r2)t (23)

Plots dfvthe left—hand:side Qf‘eqdation (22) and (23) versus time
were 1inea£ for valﬁes of af<]O.75 and theyslopés‘of these'lines,were used
to obtain the rate coﬁstant,'kd = k/rz._.TheAvalugs>0f'activa;ion energy,
"E,, derived from'the Aﬁrhenius plots, Figure 11, are summarized in Table 3.
The comparable E, for cellulose of 207.5 kJ mol~! was lbwefed.to 107.6 and

113.9 kJ mol™! for the.two'and-threé-dimensional models, respectively.

3.1.3 Gaseous products analysis
CellulOse’samples_were pyrolyzed in helium or helium saturated with
water vapour in the high pressu:e"static'system' appératus‘ The pressure

of the system varied from 101.3 to 2532.5 kPa.

3.1.3.1 The effect of additives-

The concentration of the various products obtained from'pyrolysis
in helium, 101.3 kPa, of the various cellulose samples ffom 400 to.650°C
are shown in Figures 12 and 13,

For most samplés, carbon monoxide prodﬁction decreased with temper-
ature until around 550°C when it began to increase slowly. A rapid increase

in carbon monoxide evolution was observed from 450 to 650°C with the samples
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l | 1

Figure 11

17 1.8 L9 2.0
| TEMPERATURE™Y ¥ 1073 (k71)

Arrhen1u' plots for the various cellulose samples in n1tragen
from 242 to 340 C.

O = cellulose; A= O + 14.2% w/w zmc(II)chroxmte, o= O +

10.2% w/w iron (III)oxide; V= O + 5.0% w/w potassium carbonate

(D-2 model); ¥ = O+ 5.0% w/w potassium carbonate (D-3 model).



Table 3. Kinetic parameters for pyroinis of cellulose + 5% w/w
K2CO3 in nitrogen.

Model Temperature Rate constant Frequency factor Apparent activation
' k x 102 (min~1) A (min~1) energy E, (kJ mol~1)
242 0.4 ,
['wo- 258 1.0 3.3 x 108 107.6 + 8.1
limensional 285 3.0
295 4,3
242 0.1
'hree- 258 0.3 4.3 x 108 113.9 + 10.4
limensional 1285 1.0 '
' 295 1.5
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Figure 12(A) The effect of additives on the concentration of various gaseous
' products from cellulose sanples in helium at 101 3 kPa

© = cellulose; 4= @ + 10.2% w/w 1ron(III oxide;
v = ®+ 14.2% w/w zinc(I1)chromite.
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Figure 12(B) The effect of additives on the concentration of vaxnou\ gaseous
products from cellulose samp]es in helijum at 101,

" @= cellulose; & = @ + 10.2% /W 1ron(l!1)ox1de,

v =

@+ 14.2% w/w zmc(II)chronnte

3 kPa.
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Fiyure 12(C) The effect ef additives on the concentration of various gaseous

products from cellulose samples in helium at 101.3 kPa.

© = cellulose; 4= ® + 10.2% w/w iron(IlI)oxide;
V= @+ 14.2% w/w zinc(I.;I)_chrOmite.
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Ctgure IL(D) The effect of additives on the concentration of var1ous gaseous
products from cellulose samples in helium at 101.3 kPa. el

® = cellulose; &= ®+ 10.2% w/w iron(1II)oxide;
v= @+ 14.2% w/w zinc(Il)chromite.
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Fijure 13 (A) The effect of preparative procedure and different concentrations

of K,CO. on the concentration of the various gases formeu in
helifn 3t 101.3 kpa.

®= ball-milled cellulose; O= cellulose + 0.7% w/w impregnated
K 003; V=@+ 0.7% w/w impregnated K,C0,; O = @ + 5.0% w/w

K2C03 (dry m1x)- B= @+ 0.7% w/w K2C03 (dr‘y mix).
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Fi,ure 13(B) The effect of preparative procedure and different eoncentrations
of K,C0, on the concentration of the various.yases formed in
heliam it 101.3 kPa. ST
®= hall-milled cellulose; O = cellulose + 0.7% w/w impregnated
'M2C03; V= @+ 0.7% w/w impregnated K,C0,; O= @ + SQO%ZW/W
K,CO5 (dry wix), B= @+ 0.7% ww KBy Ydry mix). a
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( ¢o ) O=
K0y (dry mix); @< @+ 0.7% w/w K,¢B, Tary mix).
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The etfect of preparative procedure and different cencentrations

nf K,C0., on the concentration of the various gases formed in helium
at 161.3 kPa. C |

© = bgll-milled cellulose; O= cellulose + 0.7% w'w impregndted

koC0s5 = @+ 0.7% w/w impregnated K,¢ @ + 5.0% w/w
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The effect of preparative procedure and different concentrations
of K,CO, on the concentration of the various gases formed in -
3t 101.3 kPa. R o o
® = ball-milled cellulose; D= cellulose + 0.7% w/w impregnated

i,\'2€03; V= ®+ 0.7. w/w impregnated K,C0,; O= @+ 5.04 w/w
3 {dry mix), ®= @+ 07/0 w/w K2€63 ?dry_mix).
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containing 5% potassium carbonate. The-pattern of production of carhon
dioxide followed the same general trend as those noted for carbon monoxide.
For all samples, methane evolution increased rapidly with temper—
ature to»a.neximum_between 450 and 500°C whence it began to decrease rspidly.~
A noticeably slow increase in hydrogen formation from 450 to»600°C was
obserVed'with iron (IIl) oxide ednintures and, conparetively,van unusually
high yield of hydrogen was measured over the entire tempersture‘range with

samples containing 5% potassium-carbonate.

3.1.3.2; The effect of pressure :

Absolute concentrations of thekvarious gaseous\products could not
be obtained ‘at elevated pressures since the: pressure of the gas injected in
the gas" chromatograph could not be measured with acceptable accuracy in thei
'present ‘apparatus. However, the product ratios= - CHq/CO, 002/00 and HZ/CO ‘
could be obtained by cowparing their peak heights with those obtained from
a standard gas sample containing CO(O.lOﬁZ), 002(0.104%), 32(0.102) ‘and |
CHQ(O.IOSZ)-uith heiium‘mskinggupithe balance.

The effects of:pressure, from 101.3 to 2532.5 kPe,_on the product
ratios obtained'frOm cellulose and cellulose with 5% potassium :carbonate
from 400 to 650° C are shown in Figures 14 and 15. The narinun values of'”

product ratios and the temperatures,'Tg s at which these maxima occurred

ax
for all samples are summarized in Tables 4 and 5.7‘

" For cellulose and«cellulose”samples_With‘sinc (II)Achromite andb"
iron'(lII) oxide,.no trend was observed for HZ/COvand:COZICO'ratios;: However,
the CH,/CO ratio'decreaSed nithfincreasing'pressure. For,ssmplesicontsining'
‘potesSiun‘cerbonate, the product'rstios decreased with increasing pressure.

It may be noted that increase of pressure’tended“to incresse the

value of T . for all samples.
“max
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formed in helium for cellulose.

= 101.3 kPa; & = 60].8 kPa, a= 1013}O‘kPa.
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sare fhe effect of pressure on the product ratios of the var1ous aases}

formed in helium for ce]lulose

O= 101.3 kPaj;

= 607.3 kPa;

0= 1013.0 kPa.
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The effect of pressure on the product ratios of the var1ous gases
formed in helium for cellulose. . :

0“,101 3 kPa; & = 607.8 kPa; 0= 1013.0 kPa.
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Figure 15(B) The effect of pressure on the product ratios of theiVariOUS’gases

formed in helium for cellulose with 5.0% w/w K,C05 (dry ix).
O= 101.3 kPe; A= 607.8 kPa; D= 1013.0 kPa; A= 2532.5 kPa.
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re 1L(C) The effecf of pressure on the produut ratios of the various ga;es
formed in helium for cellulose with 5. % WSW K CQ (u'y mix}

O= 161.3 kPa; &< 607.8 kPa; D= 1013.0 Pai A= 2532.5 ,k'a.
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Table 4. Peak product ratios obtained from the pyrolysis of cellulose sampleé,

Atmosphere Material Pressure _ Maximgm values of product ratios

/ : (kra) | Hp/CO Temp. CH,/CO Temp. C0,/Co Temp.

v NN () : ey ' (C)

3 | 101.3 | 12.4 >650 1.6 >650 | 8.8 >650

‘ cellulose 607.8 52.5 >650 4.4 590 |. 26.0 >650

- s 1013.0 58.2 >650 3.8 580 31.2 >650

Helium/ cellulose + | 101.3 | 30.7 >650 3.5 590 | 20.7 590
water vapour 10.2% w/w 1 607.8 52.5 >650 2.6 580 24.4 >650
(2.1 kPa) iron (III) oxide = |1013.0 ‘A66.7 >650 1.6 520 28.3 >650
cellulose + 101.3 22.0 600 3.2 590 | 16.7 585

14.2% w/w 607.8 | 34.4 580 | 3.1 540, 18.5 - 570

zinc (II) chromite [1013.0 15.1° 590 2.4 545 9.3 590

—— 101.3 7.3 570 | 1.6 540 7.4 550

cellulose 607.8 |19.7 640 | 1.3 580 | 8.6. 610

| 1013.0 | 10.8° 640 0.8 580 | 7.0 625

‘ - cellulose + 101.3 13.5 570 1.6 545 10.9 540
Helium 10.2% w/w iron (III)| 607.8 20.2 580 1.6 560 10.0 565
 oxide 11013.0 ll.8 620 1.2 580 9.4 583
cellulose + | 101.3 | 4.5 630 0.6 600 2.1 600

14.2% w/w 607.8 17.3 630 0.7 580 5.5 600

zinc (LI) chromite [1013,0 [13.3 620 | 0.4 580 | 4.8 580




Table 5. Peak product‘ratibs obtained from the pyrolysis of cellulose sampleé{_.
Atmosphere Maceriél‘ i Pressuré HECmUm A luesso s pr?duct Fatdos
(kPa) | Hp/CO Tgmp. ' CH,/CO Tgmp. Tgmp.
(%) (%) ‘ Q)
cellulose + 607.8 | 8.3 5650 | 0.9 580 | 3.6 >650
5.0% w/w K,COj - 1013.0 9.2 >650 0.4 620 3.3 >650
2532.5 | 9.6 >650 | 0.4 620 | 3.8 >650
Helium/ 'cellulbse + 0.7% A . ; y
water vapour|w/w KpCO3 1013.0 | 25.1 >650 1.2 >650 >650
(2.1 kPa) impregnated '
cellulose + 0.7% w/w _
K,CO3 impregnated 1013.0 | 25.1 >650 1.2 >650. .. >650
& ball-milled ' ' ' S o TR
cellulose + 0.7% w/w | 1013.0 | 14.8 >650 | 0.6 >650 5650
K7C03 dry-mix k ' Do K
101.3 | 23.6 510 3.0 460 | 3.5 550
cellulose + 607.8 | 23.6 510 6.8 460 2.5 570
5.0% w/w 1013.0 |19.5 510 3.9 490 2.5 600
K,CO3 2532.5 | 9.2 510 3.1 510 3.2 630
Belium o h : = v
cellulose + 0.7% _ 101.3 13.2 570 5.2 500 2.2 600
w/w KyC0O3 impregnated | 1013.0 8.7 610 2.2 520 2.6 >650
cellulose + 0.7% w/w 101.3 |18.7 570 | 6.6 510 3.6 550
K,CO3 impregnated |1 1013.0 11.3 570 2.7 520 1.4 550
& ball-milled ‘ N : ' '
cellulose + 0.7% w/w 101.3 |12.0 580 5.0 510 2.8 500
| 5.2 620 1.6 520 2.0

{KpCOg dry-mix

1013.0

>650
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3.1.3.3 The effect of water vapour

| The effect of water vapour (2.1 kPa) on the product ratios of
celluloseiand cellulose containing 5% potassium carbonate at 101,3 kPa from
400 to 650°C'is_shqﬁh iﬁ Figure 16. The maximum values of the product ratios
and Tmax data are sﬁmmarized in Tables 4 andYS.‘

 The product ratios inéreased fofycellulosa, cellulose plus.ifon
(I11) oxide and cellulose plus zinc (II) chromite. CO03/CO and Hy/CO ratios.
increased while CH,/CO decreased with'samp;eé'ccntainiﬁg 0.7% pé;aSSihﬁ
carbonate. All of the product ratiés‘wefé observed to decrease for cellulose
with 5% potaésium carbonate.

'Tméx tended to increaSe.in'this'éfmosPhere-for all samp;esQ

3.1.4 Residue ‘analysis

The carbon and hjdrégen‘cdntents of the residues of isothermally-
pyrolyzed cellulose and celiulose'with iron (III) oxide and zinc (Ii) chromite
at 340°C in nitrogen showed little variation. The cafboh cohtentfﬁésr72't6 |
73%; hydrogen 3.5 to 4)0%; on a residue mass about 12% of the initialjcellulose

sample.

3.1.5 Scanning electron microscopy

Micrégraphs of various cellulose samples taken Before and after
pyroiysis are shown in Figures 17, 18 aﬁd 19. Plain cellulose powdef éonsisted
of long, cylindrical_fibres} ‘After.mixiﬁg5 iroh'(III) oxide was distributed
more evenly on the fibre surface‘théh_the,other additives, Figure 17. No
significant differences were observed between the original cellulose and
cellulose samples impregnated with potassium carbonate.

Pyrolysis of cellulose samples at 300°C induced fibre twists as

previcusly demonstrated [46] but no significant differences were noted in
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Figure 1o(A) The effect of water vapour on the product ratios of the various
yases formed in helium at 1013.0 kPa for cellulose and cellulose
with 5.0% w/w K,CO, (dry mix).

@ = cellulose in helium; a= @+ 5.0% w/w KZCO
water vapour (2.1 kPa); A= 4+ 0O . ‘

33 O= @+
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Fijure 16(B) The effect of water vapour on the product ratios of the various
gases forned in he jum at 1013.0 kPa for celluiose and cellulose
with 5.0% w/w Ky , {dry :

@ = cellulose 'm heh‘um;

(2.1 kPa);

mix).
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Figure 16(C) The effect of water vapour on the product ratios of the various
gases formed in hefium at 1013.0 kPa for cellulose and cellulose
with 5.0% w/w K,CD4 (dry wmix).

@ = cellulese in helium; A= @+ 5.0% W/wW K2C03; o= @+
water vapour (2.1 kPa); &= & + O .



Scanning electron micrographs of " ce_l'ilm‘.'o.s:ey s’émp]fésl_,{ o
() & (B) = cellulose; (C) = cellulose + 10.2% w/w
ir'on(III.)o'xide; (D) = cellulose + 14.2% w/w zinc "
(II)Chf‘Olm'te. | S SO




_containingiKZCO3. : N
(A) & (C)

Scanning electron micrographs of cellulose samples .

cellulose + b. 0% W/ k2C03 (dry.mii);
cellulose + U.7% w/w K,CO; (impregnated).

n

(8) & (0)




after P¥r01ys1s at 101.3 kPa in hel1um.. "V~'¥

(A) & (C) = yro]ys1s of ce]]ulose + 5. OA w/w K2L03
(dry m1x) at 650°C; (B) & (D)

pyrolys1s of ce]]u]ose
at 650 C. ,_*,v.fe o
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this phenomenonbwith‘regard to additiveecOntaiuingtsamples;

Figure 19 shows scannihg details-obtained after'pyrolysis at 650°C
of cellulose and cellulose with 5%. potassium carbonate. The long, cylindrlcal
'fibres have split and shortened Cracks may be noted on the fibre axis throughﬂn
twist compression which results from the comparatively high temperature of 2
heat treatment and additive particles can still be observed on the surfaces
of the_fibres.

The_surfaces of the fibres’on theFSXVpotaSSium carbonate sampie

were partially covered by a thin £ilm of an}apparently"glassy'”material;»

3.1.6 X-ray diffraction

Attempts were made to identify the nature: of this glassy surface |
film by x—ray diffraction which showed that. some crystalline deposit was
present. Several intense x-ray diffraction lines at '3.68, 2.95, 2.85‘and
2.38 ;- were recorded as weildas‘a’typical~amorph0us,pattern forfheatQtreated
celluiose. ‘These data suggest that potassium hydroxide, potassium bicarbon-

ate and soﬁe'potaSsium oxides may have formed but further study would be

necessary to identify these cdmpounds precisely.

3.1.7 Surface areas

The surface area of the native cellulose powder has previously
been measured [46] to be 0.8 m?/g. It was further noted that'the_surface

area increased“to 29.8'm2/g after_pyrolysis:ih_nitrogen=at 33290,"

3.2 . White birch sawdust

3.251- Dynamic therm;gravimetry (TG)
| ' The curves obtained for white birch sawdust and white birch

aawdust mixed separately with 14 24 zinc (II) chromite and 10. 22 iron (III)
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oxide are shown in Figure 20.. An'initial smaii weightdloss of Z.SZdBelow

200°C was.followed by a rapid rateofweightfioss.' The rapid region reached
a value'atdbOOOC of 67% for white:oireh sawdust; 70% for'white birch sawdest’
with iron. (111) oxide and 7IA for whlte birch sawdust with zinc (II) chromite. i
Total weight loss at 900 C varied from 837%Z for white birch sawdust with o

iron (III),oxide and zinc (II)-chromitegto 804‘for plain white bireh sawdust .

3.2.2 Isothermai‘pyrolysis

Isothermal weight—change experiments were carried out on white }

birch sawdust samples in flowing nitrogen from 225 to 338 C. v :,fr f’éw

Kinetic parameters were derived as described in the previous Section.';

Plots of Lal-Ln(1l - )] versus-lnt gave straight lines.with.aniaverage_siope
of 0.5 for values otra from 0.2 to 0.8. ‘Therefore;“the.decomodsition'couid'_:}
be described by'theBAVraﬁibErofeev'equation [71;72]‘fordnec1eation aed.growthv
with, in this case, n = 0.55'> o |
[-&n(1 - a)]l'/n' = Kkt (26)

Values of klj'tae rate constant, obtained from the linear plots
of [-£n(1 - a))2 versus time were used to cohstruct the Arrhenius pibt,”
Figure Zl,ifrom which the usual-kiﬁetie parameters were derived as summerized

in Table 6.

3.2.3 Gaseous products analysis

white birch-sawdust?samples were pyrolyzed in helium and in helium,
and in helium saturated,withiwater vapour (2f1 kPa) in the high—pressure |
"static' apparatus. The total pressure was kept at 607.8 kfa.

The-product ratios CH,/CO, H,/CO and COZ/CO for'the white birch
sawdust samples pyrolyzed irom 400 to 650°C are shown in Figure 22. “No

significant variations of the product‘ratios were observed. with the’addition_
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Thermograms for white birch sawdust samples in nitrogen.

O = white birch sawdust; ®= O + 10.2% w/w iron(III)oxide;
A= O+ 14.2% w/w zinc(II)chromite.
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Figure 21 Arvrhenius 810t for white birch sawdust samples in nitrogen from
225 to 338"C. S '
O= O + 10.2% w/w iron{III)oxide;

O = white birch sawdust;
A= O+.14.2% w/w zinc(II)chromite.
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Table 6. Kinetic parameters for pyrolysis of white birch
' sawdust samples in nitrogen.
Material Temperature | Rate constant - Frequency Apparent activation
: °c) k x 10”2 (min~!) | factor A (min~}) ene‘rgy‘Ea (kJ mbl"l)
225 1.72
, 259 3.93
white birch 299 8.05 1030 45.3 + 2.1
sawdust 311 9.16
338 13.84
226 1.91 - ¢
white birch 270 4.78 1030 45.3 + 2.1
sawdust + 303 7.81
14.27% zinc (II) 332 13.5
chromite
239 2.73 ¢ . R
white birch 259 3.54 1030 45.3 + 2.1
sawdust + 10.,2% 300 7.81 :
iron (II1) oxide 329 11.77
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Figure 22 (A) The effect of solid additives and water vapour (2.1 kPa) on the

product ratios of the yases formed in helium at 1013.0 kPa for
white birch sawdust samples.
3

@ = white birch sawdust in helium; ®= @ + 10.2% w/w ir‘on(IIII,
oxide; &= @ + 14.2% w/w zinc(II)chromite; O = @ + water
vapour; O= O+m® ; A= O+ A '
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Figure 22(B) ihe effect of solid additives and water vapour (2.1 kPa) on the
product ratios of the gases formed in helium at 1013.0 kPa for
white birch sawdust samples.
® = white birch sawdust in helium; ®= @ + 10.2% w/w iron(I1I)
oxide; A= @ + 14.2% w/w zinc(II)chromite; O= @ + water
vapour; 0= O + sy A= O+ a4
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igure 22(C) The effect of solid additives and water vapour (2.1 kPa) on the
~ product yatios of the gases formed in helium at 1013.0 kPa for
“white birch sawdust sanples.
© = white birch sawdust in helium; = @+ 10.2% w/w iron{IIl}
oxide; & = @ + 14.2% w/w zinc(Il)chromite; O= @ + water vapour;
.g= O+@ ; A= 0O+ & ‘
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of iron (III) oxide .and zincktll)‘chromite in the helium'atmosphere.
Gene;ally, in the séturated water vapour atmosphere, the produét
ratios from the~pyroiysis'of.plain sawdusﬁ increased significantly whgn
.compared with the va1ues oktaihed in dry:heliume In the presence of water
vapour, iron (III) oxide Qauééd an incréase‘in the product ratios while

zinc (II) chromite exerted the opposite effect.

3.2.4 Scanning electron microscopy

Plain white birph sawdust consists of a mixture of long cylindrical
fibres and some small particlgs of no simple‘or‘wellédefipgd‘geOmetric
shape, Figure 23. -

Perlysis‘a;‘3009C induced ‘a féw‘éfacks along theffibfe‘aﬁes as
illustrated in.Figuré'Z&. On pyrolysis at 650°C, the fibre surfaces appear
to have roughéned considerably, probably as a result of furthér enlargement

of the cracks initiated in the samples at lower temperatures.

3.3 Jack pine bark and char

3.3.1. Dynamic'thérmo&ravimetry (TG)

The TG curves'bbtained for the thermal deéompgéition“Bf jack pine
bark and bark dontaining additives in nitrogen are shown in Figure 25.

The curve for plain jack pine bark showed an initial weight loss
of 67 below 2009C. The major weight loss commenced at.ZZOOC and the decomp-
~osition was rapid up to about 400°C after which a decceleration peridd'
followed. The total wéight‘lossrat 90090 was 80%.

Curves obtained from bark containing additives were similar in
shape to that of the blain'jack pine bark. The major difference was that,
ggnerally, a higher percentage of weight loss was observed after the rapid

weight loss region. Thus the final weight losses at 900°C were higher than
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_cnographS&of,white,birchvsawdust samples after pyrolysis'at‘

3

de'pyrolySed at :330°¢C

111 )oxi

{1

| iron
h sawdust pyrolysed at 650

ch sawdust + 10.2% w/w i

irc

i
607.8 kPa in helium.
) = white bir

) = white b

‘Scanning electron m

Figure 24
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that recorded for plain jack pine bark. In the presence of 5% potassium

carbonate the total weight loss inereaSedvtb 85% at 900°cC.

3.3.2 ,Isothermai‘pyrolysis
i  'Isothermal weight+chengee were:determined on jack pine bark c0nc;,

alnlng 5/ potassium carbonate in flowing nltrogen from 248 to 310 c. |
Kinetic parametees were derlved in the manner establlshed earller: 

[47]. Stralght lines with. an average slope ef 0.5 for o values from 0 2

Lo 0.8 were obtained from the plot of ln[ Kn(l - a)] dgainst Ln t. Thus

the decomp031tion followed the samerpattern as that of white birqh ‘sawdust

_dnd could be described by the Avrami—Erofeev equatlon [71 72].

| [- -en(1 - a)}l/n = th (24)
Values of Ll were. obtained from a graph of - [-£n(l - u.)]2 versus’

time. The Arrhenius plot is shown in Figure 26 and kinetlc parameﬁers

derived are summarized in Table 7.

3.3.3 GeSeous‘pfodUCts analysis

The»prepafatien of thefjack‘piﬁe‘char éemﬁléé ﬁés been'desetiﬁed
in Seetion'i.l.Z.' The_cateiysts'usediWereepotaésium suipﬁefe: pdtaeeiﬁmu
carbonate, lithium Sﬁlphate‘and batiﬁmeearBOneﬁe; ‘Each of these materials
was added to the bark by the dry-mix metﬁed.; Then barks containing 1.32;“‘
2.5% and 5.04 w/w pofassiuﬁ carbonate were prepared; ‘A constant cation molar
c‘oncentreti(m equivalent to that of .ithe' bl..3% ‘w/w K»CO3 ”'Samﬁle_'\éavs‘ ma‘iﬁtaiﬁed
for the samples withfpotassiumvsulphete, 11tﬁium suiphate and bafigm cafbon-
ate in order to provide a more accurate basis for comparisoh of possible
catalytic actlvity.

The jack pine char samples were pyrolyzed ‘in helium and helium

saturated with water vapour in the flow apparatus at 101.3 kPa.“ Moreover,
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~3.0 , Li ' i 1
1.7 1.8 1.9 | 2.0
TEMPERATURE™L x 1073 (Kk71)
Figure 26 Arrhenius plot for jack pine bark with 5.0% w/w K,C0,

in nitrogen from 248 to 310°C.
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Table 7. Kinetic parameters for pyrolysis of jack pihe bark
samples in nitrogen. : ‘

Material Temperature Rate constant - | Frequency Apparent activation
(o) k x 10"2(min"1) | factor A (min~!) | energy Ea (kJmol 1y
_ o : 248 6.5 . o ,
jack pine 264 11.1. ‘ 3.8 x 10" . 57.4 +9.1
bark + 5.0% 300 .21.4 ‘ '
w/w K,CO3 310 29.0
% -~ 250 5.3 _ ¢
plain jack 257 7.6 1.1 x 103 43.0 + 4.7
pine bark - | 274 , 8.3 = '
' 336 | - 24.9

data taken from [26] for comparison )
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char samples were pyrolyzed in the presence of added carbon monoxide.

3.3.3.3. The effect of additives

The effectslof the additives on.the concentration of the various
products obtained in helium; lOl.3IkPa, for thg various jack pine char
samples arelshown in Figufés 27»and 28,‘-.

Carbon monoxide productién,]Figure 27, increased with temperature
reaching a maximum value at 550 to 57500{‘tﬁen itrdroﬁped'off at highér
temperatures.. Two maximum‘Values of carbon di§xide;yields were found. The
first maximum occurred at 450 to 475°C and then fell rapidly until.575°C,
whence the yield increased and maximized at 60600 after which it again
decreased raﬁidly._ Methane production was first detected at 375°C and
‘increased rapidly to a maximum at 550 to 575°C.°‘Hydrogen production increased
with increasing temperature. The gaseous product yields for all samples
containing additives followed the same patterns as those determined for jack
pine char.

In general,ithe additives decreased the yieldé of gaseous products
with the exception of the potassium carbonate addition. Chars modified with
this component gave decreased yields of carbon monoxide and methane as the
concentration of potassium carbonate was increased. However, hydrogen
production increased with increasing concentration of pdtassidm carbonate

while carbon dioxide yields did not appear to be affected by the material.

3.3.3.2 The effect of water vapour

The effects of water vapour (34,5 kPa) on the concentrations of
the various products obtained in helium, 101.3 kPa, for the various jack
pine chars are shown in Figures 27 and 28.

For jack pine bark and jack pine bark with 1.3% potassium sulphate,
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(A) CO PRODUCTION

1 _ l 1 1 1 |l

450 o 550 650
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Fxgur'e 27 (A) The effect of solid additives and water vapour (34.5 kPa) on the

concentration of the gases formed in helium at 101. 3 kPa from
jack pine char samples. _ »
@ = jack pine char in helium; &= @+ 1.3% w/w &2504; - @ +

0.8% w/w L12504; v= @ + 2.9% w/w BaCOé; O= & + water vapour,
A= O+A ; O= O+8 ; V= O+ Vv |
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Figure 27(B) The effect of solid additives and water. vapour (34 § kPa) on the

concentration of the gases formed in helium at 101.3 kPa from N
jack pine char samples. :
@®= jack pine char in helium; a= ®+ 1.3% w/w Kzso., -0+

0.8% w/w L1ZSO4, v= 0+ 2.9% w/w Ba_u03, O= @+ water vapour;

A=O+4A ; O=0+m ; V= O+V |



200

150

100

B (w117 gy w107

,.
v

H, PRODU

50

-77-

(C) H

> PROBUCT ION
(]

| | ] . L i1 J

500 - 550 o 600 650
TEMPERATURE  ("C)

Figure 27(C) The effect of solid additives and water vapour (34,5 kPa) on the

concentration of the gases formed in helium at 101.3 kPa from

jack pine char samples. . ; , ]

® = jack pine char in helium; 4= @+ 1.3% w/w KZSOQ;_ B=- 0+ 0.8%
W/w Li,80,; V= @+ 2.9% w/w BaCO3; O= @ + water vapour; 4= O+4A ;

O0=0+8 ; v=0+v ,

>
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Figure 27(D) The effect of solid additives and water vapour (3.5 kPa) on the
concentration of the gases formed in helium at 101%.3 kPa from
jack pine char samples.

® = jack pine char in helium; a= @+ 1.3% w/w K 2804, E=0 +

0.8% w/w L12504, v=®+ 2.9% w/w BaCO3, O= @ + water vapour;

A= QO+4 ;0= O+@ ; V= 0+tw .
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Figure 258(A) The effect of KS and water vapour (34,5 kPa) on the concentration
as

of the various
pine chars.
@ = jack pine char in helium; .= @+ 5.0% w/w K,,C03, v @+

2.5% w/w K2L03,.A @+ 1.3% w/w K,CO 33 ‘O= @+ water vapour;

s formed in helium at 101. 3 kPa for gack

p-o+m,v-o+v,A-—O+A.
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Figure 28(B) The effect of K,C0, and water vapour (34.5 kPa) on the concentration
- of the various éasés formed in helium at 101.3 kPa for jack
pine chars. , ‘ T
®= jack pine char in heljum; 8= @+ 5.0% w/w K,C05; v= @+
2.5% w/w K,C05; &= @+ 1.3% w/w K,005; O= ® + water vapour;
D=_O+;V= O+vV ; &A= O+ta . . '
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Figure 28(C) The effect of K,C0, and water vapour (3%.5 kPa) on the concentration
of the various §as®s formed in helium at 101.3 kPa for jack
pine chars.
®= jack pine char in helium; 8= @+ 5.0% w/w K2€O3; v=9+

2.5% w/w K2C03; A= 0+ 1.3% w/w K2C03;- O= ® + water vapour;

O= O+ ; V= O+V ; A= O+A .
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The effect of K,CO, and water vapour (34.5 kPa) on the concentration
of the various Easgs formed in helium at 101.3 kPa for jack
pine chars. ' ' o

® = jack pine char in helium; ®= @+ 5.0% w/wW }‘K2C03;. v= ®o+
2.5% w/w K2003; A= @+ 1.3% w/w~K2CO3; O= @+ water vapour;

O=0+@; V= O+v ; A= O+a
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0.8% lithium sulphate and 2.9% barium carbonate no significant differences

In the production of carbon monoxide and methane were observed. Carbdn

dioxide yields increased greatiy while the yields of hydrogen improved slightly.
For samples containing potassium carbonate, the same effécts on methane and
carbon dioxide yields were observedf However; carbon»monoxidg yields increased
rapidly gbove BOOOC.‘,Moreover,‘a much higher increase in hydrogen yield was

observed with potassium carbonate when compared to other additives.

3.3.3.3 The effect of carbon mpnoxide

2‘l-x‘10”§, 5.8 x 10~5 and 9.2 x 1075 mol min~] éf:carﬁon.monoxide'
were,added in the helium aﬁd helium/water vapour fiows~which:$§rreégon&ed to
approximately SOZ, 1007 and'200% of the maximum rate of carbon m&goxide'
production for 0.4 g of piain jack pine char gasified in helium. The:effecté
of carbon monoxide on the gasification of char and char with‘S.OZ‘potaSSium.”
carbonate are shown in Figures 29 and 30. The major effect Qas‘an increase
of carbon dioxide yields and a véry‘slight increase of hydrogen production,.
while methane yields remained constant. Chars gontaining the other additives

demonstrated the same phenomena as these two samples, and thus their gaseous

yields are not included in Figures 29 and 30.

3.3.4 Residue analysis

Table 8 shows the elemental analysis of jack pine chars produced
from the pyrolysis of the bark in nitrogen at 350°C for 3 h. No s;gnifiéant
variation of the carbon'andﬂhydrogen contents with the presence of the addit-

ives was observed.

3.3.5 Scanning electron'microscoﬁy

Scanning electron micrographs showed that jack pine bark samples
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Figure 2i(A) The effeet of carbon wonoxide (9.2 X 10°5 mal.min'lj 6n the
conceritration of the various yases formed in helium at 101.3
kPa for (about 0.4 ¢) jack pine chars.
O = jack pine char in helium;, O= O+ 5.0% w/w Ky€043
@ = O+ carbon monexide; @= @ + 0 , ' :
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Fi,ure 29(B) The effect of carbon monoxide (9.2 X 10'5‘m01.min~1) on the

concentration of the various yases formed in helium at 101.3
kPa for (about 0.4 ¢) jack pine chars. ‘

O = jack pine char in helium; O=0+ 5.0% w'w K00y
&= O+ carbon monoxide; B= &+ 0O . -
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Figuré 30 (A) The effect of carbon monoxide on the concentraticn of the various
gases formed in helium/water vapour (34.5 kPa) for (adout G.4 g)
jack pine chars. '

O = jack pine char in helium/water vapour; Q= O+ 3.0% w/w
KyC043 4= 0O+ (2.1 X 107% mol.min-1) C0; V=0+2 ; ®= O+
(5.6 % 1072 mot.in"t) co; m-@ + 00,
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Figure 30(B) The effect of carbon monoxide on the concentration of the various

yases formed in heliun/water vapour (34.5 kPa) for (about 0.4 g)
jack pine chars.

O = jack pine char in heliun/water vapour; O=0 + 5.0% w/w
KZCO3; 820+ (2.1 X 1072 ol .min"l) Co; V=0 +a

. 3 @:- 0
(5.8 X 107> molumin™!) c0; o= @+ 0.
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Table 8. Carbon, hydrogen and o#jgen contents (%w/w) of the
char samples prepared fgom pyrolysis of jack pine
bark in nitrogen at 350 C for 3 h.

Sample Carbon Hydrogen Oxygen
plain jack pinelcha: | 67.6 3.75‘ 28.65
char + 1.3% w/w K,CO3 69.7 3.39 26.91
char + 2.5% w/w K,CO03 | 68.9 3.53. 27.57
char + 5.0% w/w K;COg 68.9 3.32 | 27.78
char + 1.3% w/w K350, 68.6 |  3.34 - 28.06
char + 0.8% w/w Li,S0, | 70.0 3.30 | 26.70 |
char + 2.9% w/w BaCO3 | 69.0 3.36 | 27.64
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wete irregular with respect to particle size and shape,; Figure 31. The

distribution of potassium carbonate on the surface of bafk particles was
not uniform.

Af ter pyrolysis-at 650°C inmhelium, no significant structurél
change of the bark particles could be observed, Figure 32. However, it
appeared that the férm of the potassium carbonate on the surface changed

from irregular to a rather globular shape. A similar phenomenon was

observed In cellujose pyrolysis, Section 3.1.5.

3.3.6 X-ray diffraction

F&r char with 5.0% potassium carbonate pyrolysed in helium at:
65000, x-ray diffraction lines at 3.65, 3.45, 2.95 and 2.85 Z were recorded
which are very similar to the pattern obtained from cellulose samples,

Section 3.1.6.

3.3.7 ‘Surface areas

The sufface area of native bark was previously measured [45] at
0.3 m?/g. 7The value increased to 2.0 m?/g after heat treatment at 233°%

in nitrogen.
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Scannihg;e\ectronwmicrographS‘of jackxpine,ché?s aftér pyroTys{s iﬁ‘hé]jum"at+65ooc:v
(A) & (B) = jack pine char;

() &.(D) = jack pine char + 5.0% w/w K,L0.




.4. ‘ ' Discussion
-4.l< Critique of thermobalance methods

K1netic data could be derived from thermobalance methods by 1sothermal
i'weight-change determinatlons mmidynamic thermogravimetry. A summary of the'
j‘computing methods applied in both techniques has been given in Section l 2.

’ b‘ The two techniques do not always yield the same kinetic results.

.thor example, it has been noted that the effect of heating rates [26] and theiv
u sual assumption of first or second order reactions [25] would influence the
accuracy of kinetic information derived from dynamic thermogravimetry. Thusi
,lt was thought that results obtained from isothermal techniques would be more
reliable. i : : s . "

"major drawback of the isothermal technique is that significant d::-
sample weight may be lost before thermal equilibrium between the sample and
'the furnace has been attalned However, in this study, the samples generally
reached. the reaction'termperature with a minimum delay, about 2 min ;'and
only a slight weight loss ‘was observed in this time period .

Thus, in the present study, apparent activation energies were derived
from‘the isothermal technique exclu51vely. Dynamic thermogravimetric curves
were used as indicators regarding the general effects caused by the solid
additives.' ' ‘

4,2 ‘The pattern of pyrolysis“

The thermal decomposition of wood wastes and allied materials between
20 and 900°C takes place in two stages in dry nitrogen. The first stage"
1nvolves thc loss of water molecules through intra~ and inter— molecular
dehydration reactionsv[73]..mThe subsequent stage_occurS‘as;a bulk reaction
and includes the loss of low moleculhr weight fragments to yield'tars»withf
additional dchydration, fission and disproportionation reactions rormins volatilec

such as hydrogen, methane and oxides of carbon with a carbon char residue.
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The pyroly31s steps were initiated at 300 200 and 200 °C for
‘cellulose, white birch sawdust and jack pine bark, respectively.l The rapid
weight—loss region for cellulose 1ay in a mnarrow temperature range, 300 to
355 C, ‘where the weight lOSs was' 62 57 For white birch and jack pine bark
'«rapid decomposition continued to aboUt'400 C with weight'losses of 66 and
467,’respectively. The total weight loss reached a value of 91/ for cellulose,
in contrast to 80% for both white birch sawdust and Jack pine bark at 900 C.

Cellulose, hemicellulose and 1ignin are the major components of
wood and although the proportions of these constituents vary from spec1es to
species, elemental analy31s figures are generally close to 49 5% for carbon,7'
.6 3/ for hydrogen and 44, 2% for oxygen {48] ' White birch sawdust was. obtained
from cuts of a debarked 1og, and thus the carbon, hydrogen and oxygen values
would be expected to be 31milar to those reported ‘In fact, analysis gave
48.57% for carbon, 6.23% for hydrogen and 45 2/ for oxygen in good agreement
with the data published on the typical elemental composition of'woods,[aS].

Bark is‘a\general'term which inc1udes 51i‘tis§ué536ht§ide the"
cambium, Figure 53,'and althoughla detailed descriptionHof'the'anatomy of
bark is outside{the scope'of‘thiS‘study,vit”iS'usefuIAto:noteéthat'an’excell;
ent 3urvey of the topic has been given by Chang [74] . In comparison to wood-
- bark contains a relatively large amount of lignln and to a smaller extent,-if

tarbohydrates [13] " The CHO composition of Jack pine bark 1s included 1n:fs

Table 9.
‘Table 9. Carbon, hydrogen and onygcn analysis
for the wood waste samples '
Sample . | carbon‘(%) Ahydrogenf(Z)‘ ~ oxygen (%) .
cellulose | = 43.6 6,66 49,7
~white birch sawdust - 48.5 ) 6.25 45,3
- jack pine bark o 53.4 ~ 5.96 L 4007
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Figure 33 Digrammatic drawings of bark.
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It has to be noted that no-uniform relationship between chemical
composition and'anatomicai.structure-has been established for bark.

The breakdown of cellulose, He@icellulose and lignin doesAnot occur
‘simultaneously as observed in studieSjof‘felationshios betweeo pyrolysing
temperatures and‘mass for samples of woods, a-cellulose snd lignin [75].
Hemicelluiose was the.first material to decompose, largely between 200 to
260°C.. Pyrolysis_began'at,about 200°C for lignin and at 275°C for Cellulose}
The reactiohrwas essentially complete at 36000 for ceiluloSe and SOOOC’for‘
lignin.- The rapid decompositlon of cellulose within a relatively narrow
Lemperature range, 275 to 360° €, and the slower pyrolysis of 1ignin from
200 to )OO,C may be ‘explained by the nature.of the mscromoleeules;present‘ip'
cellulose and lignin. 'In broad‘terﬁs; the diffetences'in beheviourramong
the Wood? bark and cellulosetsemples can be related to chemicel composition.
Thus for bark; whichvcontains a large proportion of lignin, the‘:apid.
decomposition was extended over a broad range ofctemperatUre,fZOO toVAOOOC
in contrast co'that*for cellulose. |

The initiation'tempefatore for cellulose pyfolySis was lowered
by the iron (ITT) oxide addition from 300 to 285°C and, most strikingly, to
the region of 200°C for‘theuverious saMpIes‘containing:ootassium earbonate.v
Additives did not alter the initidtion temoerature for eitﬁer'whitefbircﬁ
sawdust or Jack pine bark. While 5% potassium carbonate lowered the te&per~,
ature corresponding to the onset of’decomposition in cellulose samples to
1756C, it had_no effect on the jack ‘pine bark. This &ifferehceJin behaviour
can be attributed to anatomical differences in the samples. Apert'from'tﬁe
different compositions of each of the components, ahatomy is an imporfant
factor in determining the physical and chemidal pfoperfies of.woods.'

On the basis of 1) experimental kinetic data on the effects of

alkali’ treatment on wood (ii) the intluence of oxidative destruction on
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the lignin network on swelling, and the_mechanical properties of wood, a

model for the structure of the amorphdus_ligno—carbohydrate matrix of wood

-y

has been proposed {76]. It describes the wood matrix as a heterogenous
crosslinked polymer system in which chain—like molecules of Carbohydrates
intersect and are linkedvcovalentlyﬂto globular strpctqres ofvlignin. - The
differenCes in behaviour(of softwood and‘hardwood? in generel, cao:be consid-
ered to be determined by the differences in density and structure of the 1ignin
networks. For example, after.béing treated with alkali whioh destroyvs the
cross—links of lignin and hemicellulose, softwood preserves its elesticity

and stiffnesslin contrast'to the_increaSeeof plasticity;observed ih hardwood
~which has atless dense lignin’network-then'softWOod.iA |

4.3 KineticsvopryrolysiS‘

The kinetics of pyrolysis for the cellulose samples, with the
exception of those containing potassium carbonate, showed two distinct
regions of behaviour. ' The initial region followed a simpie zéro-order kinetic

law and the second region was described by°equation (21):

[1.— (1 - a)°;5]1em(u/r)t N (21)
An equation derived previously to describe the movement of an intertace at
constant velocity, u, through a cylinder of radius r, [69]

The results for the kinetics of pyrolysis of cellulose with 5?
potassium carbonatc added could be explained mathematically by equations‘
similar to Lhose derived Eorboﬂxtwo- and three—dimensional diffusion—controlled
reactions [70] for o. values up to 0 8. In practice, however, as the scanning
electron micrographs clearly indicate, Figure 17;vthe fibres have a cylihdricel
form, rather thah spherical,'and hence‘it may be more meaningful,'in a physical
senge, to predict that the reaction wouldimore likely follow a twoedimensional'
route. Further, Figure 19 shows that a thin, glass~like layer'or‘filﬁ part-

ially covered the surface of these fibres and although it lacks total coherency
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of coverage in this micrograph, it may be speculated that the presence of a
more coherent filﬁ could ipfluence the switch to a diffusion mechanism which
might 6ccut,'for example, if the reaction rate was controlled byvtﬁe transport
of‘gaseous'reaction_products‘throﬁgh ahtadhesive surface film.

The kineﬁic data for ﬁhite bifch Sawdusﬁ fit the A@tami?Erofeev
equation [71,72] with n =.0;5. However, tﬁis equation when apﬁliéd to a
nuéleation and growth process is normally only valid when n is a poSitive
integer. Comparison of thé rédﬁcéd—timg plot, Figure 34, witﬁ knowhjkinétic
plotsv[69] indicates thét'the cufvé cioSely resémblesvthose derived fof
diffﬁsionféontrolled reactions [69]. :For low values of a, it is difficult
to differentiate betﬁéeﬁ the respeétive»curveé forrqu—?.€w04,‘of¥;hfeef |
dimension%l diffusiép—contréiled réaétidns; The'3canning\e1éctfon micfégraph,
Figure 23, shows that the sawdust‘samplés consisted'of ¢§1ind:ical fibres and
. particles-of different éiie,'ls té 120'um in diameter. With the presencé
of the cylindrical fibreé,7it is mo#é likely'that a two4&imenéionai diffusion-
controlled reaction bath would be followed. However, geometric VQriationé
as a result of the n0n4uniformity of particle size distributiénvw6t1d7be
expected to influence interfacial reactidﬁ rates'between and within particles
[77] and thus>affect.the forﬁfof fhe réduced-time ﬁlot. Hehce‘thekdeviation
of the experimental results from the theoretical curve for a two—&iméﬁéional
diffusion controlled reaction may bé eﬁplained. N¢i£hef iroﬁ:(IIi)‘ékide(n
nor zinc (I[)‘Chromite changedlthe apparent activation energy determined for
the decomposition of the birch sawdust samples.

Kinetic data for the pyrolysis of jack'piné bark contaihing 5%
potassium carbonate fell on the same reduced-time plot as that for birch
sawdust, and hence would be expected to show the same kinetic behaviour.

The scanningleleCtron micrograph of Figuré 31 shews that the bark partic1e§

are considerably non—unifdtm, thus diffusion-controlled reactions of one-,
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REDUCED TIME (t/tg 5)

- Reduced t1me plots for white b1rch sawdust samples and for .
diffusfon-controlled reactions.—<—= white birch-sawdust;
~ ese-ee= ]-dimepsional diffusion—contmlled reaction.----- Al g
2-dimensional diffusion-controlled react1on,v-~—-= 3-‘. P
,dimens'lonal d'lffusion controﬂed reaction. PRI L
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two= and three—dimgngions could possibly occur {69].

The apparent aétivatidh energy of 57.4;i 9.1 kJ mol~! for jack pine
bark with 5% potassium carbonate is higher than the value of 43.0 + 4.7 kJ mql"1
reported previously by Fairbridge [26] fci plain jack pine bafk. ‘However,. the
rate constants for samples with SZ‘pQEassium carbonate are higher than that
for‘plain Jack pine bark, T&blé‘j..,Tﬁis indicates that potassium carbonate
influenced the Arrhenius rea¢£ian parameﬁéré.By inéreasing'thelnnmber of gaéifi-
cétion'sites rather thaﬁtby_lowering the‘éctivation'énergya

In contrast, 5% potassium carbonate loweréd the activation enexgy
for celiulose from 207.5 t6‘107.6[kJsm61‘P.. Perhaps:anatcmical differences
between bark ahd‘cellulosélcan écCount;fof~these'observatibgs. Thus potassiuﬁ
éarbonate}may cataiyze somelreactiohs;*for instance, deﬁydration'bf cellulose,i
whilevit may>not be as effectiVeri@ bark which has a comparative;y c&mp;ex
matrix. [A ﬁore detailed discussion of potassium carbonété §ata1ysis‘is_

‘given in Section 4.5).

4.4 Gaseous pto&ucts’éﬁalxéis“
4.4.1 Structure and composition differences

The yields of carbon monoxide, carbon dioxidé;‘hydtogen §hd'methane
were measured and expressed in terms of mmi‘lfl g1 for Bofh-celiuiose”aéd'
jack pine chars pyrolysed in helium at:lOl.SikPa"frém 350 to GSOQC; The gas
yields from cellulose appear to'Bb much higher.than those obtained from jack
pine chars at first sight, Figures_lz. 27 and‘28; HoWeve:; thefresdlﬁs'are
not stfictly comparable sincg two_differenﬁ generation'systems were employed.
For cellulose samples, a 'stati§3 system was used. The sample was héatgdf'
for 30 min. at a selected7teﬁpefa£ure beforé gas analyéis which gave an
'integral' result; Whereas for jack pine chars, a flow system was used and
the concentration of the-gasqs iecordad wvhen the requiﬁed sémplg'temperéture

was attalned in'every_S min. - Thus, the gas yieldé may be ¢oﬁs1dered in terms
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of 'differential' analysis. Hence, no conclusions can be drawn regarding
direct‘compafisons of the product yields.

Aﬁ:elevéted'pressures, the gas yields were expressed in terms of
product ratios H,/CO, CH,/CO and CO,/CO. Table 10 gives the makximum values
of the product ratios obtained from the pyrélysis of ceiluloée, ﬁhitévbirch
sawdust and jack pine chars in helium. It shows that the product ratios for
cellulose are significantly higher than the others.

Tﬁese data may be explained also by differences in composition
and anatomy of the materials. It was found [78)] that a high carbon monoxidé
yiela waé cﬁarécﬁgri:tic of'the,pyrolysis of 1ighin. For examﬁle; fhe'
éyrolysis of spruce lignin gavé,abéut 512 v/v'carbon monoxide. "On the other
hand, the cérbbﬁ-dioxide~content was only 9:6% of ‘total gas yields and that
frém pyrolysis of célluiose was 62.9% [78]. This accords with the product.
ratib valueS'for the decomposition of jack pine chars which are the lowest
by comparison since bark is composed of a larger proportion of lignin which
yields a high carbon monoxide content dn'py;olySis. Accordingly, cellulose

which is free of lignin, gives the highest product ratios.

4.4.2 The efféct of additives

Atﬁrelati§ély low tempéréturesy(BOO to 500005, vbl#tile matter,
including the pfimary'gasés;“can be“conside:ed'to be'tﬁé priﬁcipalrproduct
of pyrolysis. At around 600°C, volatiie ﬁéfsiéan undergo secoﬁdary }éaégions,
for example, with steam, to produce ﬁore gaseous products. Carbon gasificat-
ion reactions (2) to (4) and the shift‘reactioh (6) would all be exbected‘
to exert some effects on the finai composition of the producfé. |

o -
G~ (kJ mol~!
AGSOO )

C(s) + €Oz (g)=2C0(g) + 13.4 (2)

C(s) + Hy0(g)a=2 CO(g) + Hy(g) + 7.1 (3)
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Table 10 Peak product ratios obtained from the pyrolysis of
wood waste material in helium

Samples Pressure - ‘ Maximum va]ues ‘ .
(kPa) Hp/CO Temp. (°C) | CH,/CO Temp. (°C) |CO,/CO Temp. (%)
Cellulose 101.3 7.3 570 1.6 540 7.4 550
White birch 0.5  »650 0.7 500 1.3 <400
sawdust 607.8 S o -
jaék pine , 1 : . A Can :
bark 101.3 1.8 >650 0.4 550 0.5 <400




-102

C(s) + 2Hp (g)&=CHy (g) + 8.5 4)

CO(g) + Hz0(g)e=C0z(g) + Hz (&) - 6.3 )

The presence of the additives may influence any of the above
processes‘and reactions which would be observed in the nature of the gas
yields.

The gaseous products of cellﬁlose,samplesvpyrolyzed in helium at
101.3 kPa are shown in Figures 12 ‘and 13. With the exception of zinc-(II)
éhromite, in general, additivéé dedreasgd the amount of carbon monoxide
formed at a given temperature when compafed with plain cellulose. -Moreover,
the yields of the gases were increased about two fold at 650°C'by chromife.
addition. Thus the additivé-éﬁpears to.intervene in the mech#nism by
prométion of gas;forming"reactions while decreasingithefquaﬁtity of pyroly—
genebus tar. | o

Iron (III) oxide additions increased the yields of hydrogen and
carbon monoxide. 'Hydfogeh productioﬁ Was;relatively'insénéitivé to tebpéf—‘
ature from 450‘£o 600°C'which"may‘iﬁdiééte'that the yiéld:of this'gés is
simply,afféctéd-ﬁy reaction (6) and &g?endeht on the émouht'df wafér forméd
$nd conshmedytﬁfbugﬁ EQuilibrihﬁ shifts with témpératﬁre: The §ield ofji‘
hydrogen increased‘aﬁove 6db°6"when the”carbon—stéaﬁ;reactiog.(5) ma§~5é:‘
expected to intervene. = o

In.genefal, additions of pbtassium:carboﬂate decreased the'yieidé
of ca;Bon monoxide, carbon dioxide and methane bﬁt increased the yields of
hydrogen. The total gas yields were lower tham that obtained from p1ain
cellulose below 600°C.  The increased.total gas yieldsuabo#éiGOOOC mayibe
related to the iﬁ;reésed hydrogen prqducﬁion ip‘tune with;the_likely catalytic
effect of potassium carbona;eion the carbon-steam reactibn 3).

Altﬁough all cellulose samples containing‘pbtaSsium cafbonate gave

increased yields of hydrogen, the effect was maximized at the highest
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concentration.of this additive. The results sﬁow also‘that the'yields of
‘uethane were lowered in step with“iucreaSed‘potassium'carbonate concentration
which accords‘wlth higher.hjdrogeu yields as'eiguified ty"etep‘(A) in the
reaction scheme. .

When gae“yieids.ererrelated to the method of introducing the
additives, it may be noted that the yields from saupies impregnated'with
potassium carbonate from aqueous solution were higher than those'recorded
for cellulose samules‘wheu the édditlue>&es breéent'es a slﬁtle”édmiktute.if

White birch sawdust was pyrolyzed at 607.8 kPa and gaseous product
ratloe were obtained rather than the actual yields of the individual gases.:n
Thus, the results did not give the effect of additives on the absolute ‘gas
yields, nevertheless, the product ratios signify, ‘at least some ‘important
trends in the reaction pattern. The data show that irom (III) oxide end
zine (I1) chtomite did not alter the product ratios which indicates that
the gasificationiteactions_were‘not affected by the additives. '

Figuree 27 and 28 show the effect of edditivee on’thelp§roly§i§,
of jack pine ehate;"Potessium carbonate addition gave similat{éffects'és
in cellulose. Yielde of h&droéén were'incfeased.et the eioense‘of‘oarbou l
monoxi&e and methaue.' Régerding the effect of concehttetiounof potessium
carbonate, hydrogen productlon increased, while:carbou‘monoxide and uetﬁaﬁe
yields decreased with increasing potassium oarbOnate concentrations. Carbon
monoxide yields generally maximized at 550 to 575°C and drooped‘atkhighef
temperatures for jack pine ohars with other additives,' In caﬁt;As;, for
chars.contalning 2.5% -and 5.0% w/w potassium éatbOnate, the,yields of‘
carbon monoxide increased above 600°C. This observation illustrates;the
likely catalytic effect on,carbon-steam:reaotion (3) suggested earlier for
the cellulose samples.

Siuce‘potassium'Carbonate has been observed to be effective in
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enhancing hyd;ogen_yields,‘the effect of potassium sulphate and lithium
sulphate on ohe_pattern of gasificationwhae-been,studied. Gaseous product
yields were lowered with these additions. The fact that no observable
catalytic gasification‘effeCEé{from either‘liihiuﬁ‘or potassium sulphate
.differe&)f:oﬁ‘fhosevof potaeSiuﬁ'oerooneﬁe‘indiéates that any catalytic acti-
vity is most likely related'to the cation;o in éddition,‘the‘effect of :
barium carbonate, an alkaline earthicomoound,oes:also been examined and it.

gave similar results as those for potasoiumiénd lithium sulphates.

4.4.3 The effect of water vapour
: Figures 27 and 28 show the effect of water vapour (34 5 kPa) on

‘the gasification of jack pine chars. Infgeneral the yieldS’of carbon
dioxide and hydrogen increased while those of carbon monoxide and methane
remained the same. This ~suggests. that there may have been some effect on
the water-gas shift reaction (6), although no. significant change of the.
yields of_carbon monoxide was observed. Apparently, weter vapour had no
effect on the yields of methane. |

Samples containing po;assio;ﬂcarbonate showed an onusual increase
of carbon monoxide yields above 600°C. Fu;thermore, the enhancement of
hydrogen production was also much higher than that given by the other
additives. Thege results may be related to-the_promotion of the carbon-
steam reaction (3) by potassium carbonate. A competitiVeewater—gae.reéCtion.
(6) may also oecur since carbon dioxide yields were’incteased{

Pyrolysis of cellulose samples in the'p:eSence of water vapour,
“with the,exoeption"of those containing 5% potassium carbbnate,iincreasedr
thaigaaeous’product ratios significantlyAin comparison to those measured in
pure heiium{ Tables 4 and 5. This effect is consistent with the propoéal.
‘regarding the influence of the water-gas shift reaction. Thus a net increase

of carbon monoxide yields would elevate the values of the product ratios.
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Zinc (II) chromite may be regarded as av'negative' catélyst with
respect to the forward rate of the water-gas shift reaction since the product
yields were less in its presence.. |

The decrease offCHu/CO and H,/CO ratios for the samples with SZ
'potassium carbonate could be expected since enhancement of thg carbon—steam‘
reaction would increase carbon monoxide yields. Increased produét ratios
for all samples containing 0.7% potassium éaybonate reveals the relationship
betweén the. carbon-steam feqct10n and the concentration of potassium carboha;e.
Thus,Aat low catalyst concentration, the watef—gas éhift reaction may make.a
higher conLribution.than;thé carbon—stéam reaction.to.the'6verall.prace$s,
| 'Whifgbbiréh sawqut samples géve similar fesults-téqfhoséiéf.Cekl—
ulose in agreement with the proposals regarding the contributidn'of the
water-gas shift reaction in the presence of water vabour. 'iron'(IIi)¢9xide
behaved as 'positive' catalyst and zinc (II) chromite as a 'hegatiQé? |

catalyst in this‘reaction.

4.4.4 The effect of pressure

Increaéingvpressufe would be cxpeCted to shift reaction (4) to the
fight; thus increqsingvméthané yiélds.» H;wevqr, the CHQ/CQ rqﬁiq was‘fqﬁnd
to decreasc with:increasing_pr¢ssutq which 1mp}ieé ;bat.the increase in
carbon monoxidé concentration was greater than that for methgne. Reactions
(2), (3) and (6) would not favour the productipn of‘carbdn monoxide with
increasing pressure. Thus it may be that the increase results from secondary
reactions inQoiving the pyrolygeneous tars. Tars-do'not leave the heating
reaction zone so readily as pressurc increases and hence may undergo secondary
recactions To form gaseous products and char [38]. It is not surprising that
a trend was not observed for the Hy/CO and CQz/CO ratios since'seédndaryt

reactions of tar may 1ncrease carbon monoxide yields. On the other hand,
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reactions (2) and (3) have a tendency to decrease the carbon monoxide yields

with increasing pressure.

4.4.5 The effect of carbonrmbndxide

Figures,Zé‘and'30>sh6w that in the gasification'of jack piﬁe éhars
in both helium and.helium/water vapour, carbon:dioxidé_yields increéSed in
step with the concentration of carﬁon monoxide added.f‘A felativély‘slight
incfease in hydrogen,yields was observed.'lReuctiohs (2),1(3) aﬁalkéf would
be'expecféd to:be infiuenced_byvthe addifibn of éarbon mopoﬁide. ’ih.pure
helium, reactions (3)vand (6) would be limited, Thus thé“increéselbf carbon
dioxide yiclds,can~bé éttribﬁgédv£6 rea¢t1on (éi. 'in héiiﬁm/&é:éf Qépéuf
afmospheres, hydrogeﬁzyields did not iﬁprove significantly whiéh‘indiéates
fhat.;eactioﬁ (6)vw$s not‘affegtedfto_any large extent. A low water vapour
concentrationvéquld‘aéﬁéunt for”tﬁe'slight‘efféct on réé¢tfbn'k65 ﬁitﬁ |
increasing pressure of cafgbn‘monoxide. In the end, reaction (2) fémainé
the most'affecfed.:

It haé beén;mentidhéd tHatIreﬁction (3) is-Beiievé& Edlbe-éatéi§Zed
by pétassium'carﬁonate ahd”hyafogen yieids'femainéd relﬁtiQeif constant
fegéfdléss4of the cafbon:mOnOXideVadditién. Thqs;-it éspéérs ﬁhaf the carbon
monoXi&e:dddéd had little effect on th¢‘redction which may impiy'ihéf:ééuili—
brium had not been attained, and hencé'éérbon'mbnpﬁide ééncéﬁﬁfétidd'wédld

exert little influence on the reaction.

4.5 The role of potassium carbonate

Pqtassium cérboﬁaté showed thg most pronounced effect on gasific-'
ation of_ali the additives.

Alkali metal and alkalinc—eurth metal compounds have been shown to
catalyze the gasifica;}on pf carbon and graphite [55.57;62.63];: Mechanisms

proposed to account for the catalytic gasification may be classified into two
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categories which differ in the way:that'interactions are helieved to occur
on the catalyst. If the catalyst intéracts with a gas molecule, it méy.act
as a dissqéiation centre for the molecule and the wéll—known oxygeﬁ—trénsfer
mechanism, involﬁing an oxidétidn—reduction cycle [79,80], is an example

of this category. An alternative proposition.is thaﬁ gas:mOLerlésfdissociate'
on the caﬁalyst surface and then migraﬁe to the éctive site on the cérbon
surface to react [53,81]. The'secopd categoryiinvolves the interaction of
the catalyst with carbon as opposed'to gas mélecules. Long and Sykes tﬁeory
[58] is based on electron transfer from carboﬁ matrix to metal catalySt.
Conséquently, carbon-carbon bonds are weakened which facilitates the-reléase
of product gases. ”

‘The present study showed that potassium carbonate was a very
effective gasification catalyst and that potaséium<sulphate'had no cataiytic
effect. The major influence of the carbonate may be to enhance the carbon-steam
reacfion. A similar observation was made previously in studies of the steam'
gasification of coal char [57] when it was poted that potassium hydroxidé
" and potassium carbonate had the same catalytic activity. The identiCal
behaviour of these additives was explained by noting that the hydroxide would
be converted to the carbonate in the presence of CO,, reacfion (25):

2KOH(£) + CO,(g) = KyC03(s) + H,0(g) (25)

The following mechanism was proposed to account for catalysis:

K,C03(s) + 2C(s) == 2K(g) + 3C0(g) (26)
2K(g) + ZHzé(g) == 2KOH(L) + H2(g) .(27)
Hy0(g) + CO(g) &= CO,(g) + Hz(g) (6)
2KOH (L) + CO,(g) &= KyC03(s) + Hy0(g) (25)

2C(s) + 2H,0(g) == 2C0(g) + 2H(g) (3)
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The standard free energies of the€ above reactions from 700 to 1200 K are given
in Table 11. The free energy of reaction (26)‘is strongly positive, bu; it

is strongly negétive for reaction (27).» It has been.shown [57] that reaction
(26) in sequence with (27) would be favoured1thérmodypamiCa11y above 800°C.

A maximum temperature of 650°C waS'empioyed inbthis study. Thus reactions
which include the formation of metallic»potassium as shown in the above scheme
are unlikely to occur.

A modified'oxygenmtransfer mechanism has been proposed [82] to
explain the catalytic Behaviour of alkali metal carbonates and oxides in
gfaphite oxidatioh reactions. The catalytic effectsvwere interpreﬁed on . the
basis of diétinct oxidation-reduction cycles, iﬁvolving the intermediate
formation of pgroxides. In helium the catalyzed reaction did not oCcu?‘until‘
897°c, the me1ting point of K,CO3. In oxygen, the catalyéed reaction became
detéqtable at the melting point, 490°C, of dipotassium dioxide (KZOQ). ‘A

mechanism was proposed as follows:

K,C03(s) + C(s) + 0,(g) = K,0(s) + 2C0,(g) (28)
(n/2) 02(g) + Kp0(s) == K0, (&) (29)
K20, (&) + nC(s) &= Kz0(s) + nCO(g) (30)

The free energy of the reactions, Table 11, showed that reaction
(28), the carbon-induced decomposition of potassium carbonate to dipotassium:
monoxide (K,0), was thermodjnamibally feasiBle at 500°C. The reactién Was.
then followed by oxidation of mdnoxide to higher oxides (29), for example
K»0j5, and Subsequent reduction of the oxide formed by carbon to complete
fhe cycle (30). This mechanism was used to explain the oxidation reactidns
of carbon, but any carbon monoxide formed could partake in secondary reactions,
for instance, with water vapour, to form'hydrogen.

It was also observed by hot-stage microscopy [82] that the additive
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Table 11 Frée energies of reaction (baséd upon data taken from [91])

Reaction

AG°_(kJ mol™1)

Kp0(s) + CO(g) (30a)

700 K 800 K 900 K 1000 K 1100 X 1200 K
2KOH (L) + CO,(g) &= :
K;CO3(s) + Hy0(g) (25) [-120.2 -110.1  =-99.7 -85.8  =-79.6 -69.9
K,CO3(s) + 2C(s) &= ,
2K(g) + 3C0 (26) | 425.8 370.5  315.3 257.5  198.5 131.0
2K(g) + 2H,0(g) &= .
2KOH(L) + Hy (g) (27) |-138.2° -208.5 -195.5 -183.8 -163.7 -137.3
H,0(g) + CO(g) == -13.0  -9.6 -6.3  -2.9 0.4  3.35
CO,(g) + Ho(g) (6)
K,CO3(s) == K,0(g) | 282.8 267.4  252.3 236.8  221.3 205.9
+ COZ'(g) (31)
C(s) + 0,(g) &= -395.4 -395.8 -395.8 -395.8 -396.2 -396.2
€Oz (g) (1)
KpC03(s) + C(s) + 0,(g) |-112.6 -128.4 -143.5 -159.0 ~-174.9 -190.3
& K,0(s) + 2€0,(g) (28)
Kp0(s) + 1/2 0p(g) = | -74.5 =66.5 =59.0 =-51.0 -43.9 -36.4
K0, (L) (29a) '
K05 (£) + C(s) &= -99.2 -115.9 -165.3 -181.2

-132.2 -149.4
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appeared.liquid—like at 50090, which might indicate the formation of a
peroxide. A similar observation on the mobility of potassium carbonate
catalyst has been reported in the steam—gégification of -coal chars [63].
Potassium carbonate was deposited on noﬁmcatalytic beads which wére then
e&be&déd‘in a bed of char. Afterireaction, large cavities or void volumes
were created around the beads. Electron microprobe analysis showed high
concentrations of potaéslum,in these caQiéiesiand in&icated tﬁa; the carbon-
ufe_was'mobile during reaction.. It waS<pqstu1ated that the transport of
the cathlyst may be ascribed to‘the_thermal—Steam decomposition of alkali
carbonqtg and formatiqn'dffthe hydroxide,'reacpion-(25).-”The trénspo#?
cpuld be in both liquid énd gaSeous forms since(potassidm'hydroxide:cbuld
exist in both’ phases at 650°C.1'Howevér;’thermocheﬁicgl data,lTabléfli,
shows that the extent of pbtassium‘hydr&xide formation would be limited
unless the cutboﬁ dioxide conceﬁtratioh is véry low; |

Figure 19 shows thdt after pyrolysis of éeiluidse at 65000; fhe
potaséium éatﬁonntc additivevéppearad ta‘éhange from irtegﬁl&f’fo a globélér
shapé und anzincohetent‘surfaCe_Eilm”wns‘bbserved. .This“Suggesfé'sbme
mobility of potassium carbonate during pyrolysis. The X-ray diffraciioﬁ=-
pattern of the film was duité’similar‘to that of potassium bicafﬁoﬁafé;which,
although it decomposes above 200°C, may have formed during the sample cébling.
period from the action of moiscure on the carbonate.” Hoﬁevér,‘thé'aééual
nature uf'thls'Eilm-forminglphenomenn could be‘éamplex and the:cheﬁical
v;mpositlnn may consiég of poﬁussium carbonate, potassium bicarbonate,
potass fum ﬁydraxidc and some forms of potagsium oxidgga:

In this study, pyrolysis'w“ﬂ conducted in hélium 5ud helihm/w#ter
vapour atwosphicres, thus reactions (28) and (29) wbuldvﬁ6t bé expected.
However , the samples of cellulose and wood waste hayé a high okygen content

and this may be available as a source of oxygen in similar'steps'which'
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could explain‘the behévibur of the additive.

It is also possible that some direct interaction between\¢arbpn'
and ‘the carbéﬁéte takes place which méy weaken C - C bonds and enhance the
gaseous yields.

The above proposals provide Somevtentative explanation for the
observed behuviOuf of KyC03. However, there is no evidence in favour of a
unified mechanism capable.of interpreting all.of the'data. ﬂanj‘oﬁhér‘
possibilities'may ekist and much work remaiﬁs to be done before a detailed
mechénism isreStablished.

'iAn‘optimUm donéentration'of‘alkéli dargonate'fdr thé igﬁitiéﬁ
temperaturé'of carbon in oxygen Hés been"obsérved'[83];;'Simiiar'6ptimhm 
éétalyst‘lbéding effetts:fof niékél aﬁd potassium carbbnéteSﬂhaﬁe‘beeﬁ
reported in studies of the hydro- and stéam—gasification of carbon andfcoal
{84] and for ché catalytic’gasification of coal by calcium; pdcassium éﬁd
sddium salts [85,86,87].: Presumably, the catalyst.saturaéion:coﬁcehﬁration
is relatéd t6 £he surface afea. It is expected that'ééﬁalystyeffiéiehcy
would decrease as covéfage approaches a mondhuer or exceeds this value [81].
Moredver; franSpott or -mobility of the catalyst may also increase the
possibility of“the”deaétivétiou‘as éatalyét:conCentratién iqcreéSés t88].
Figureé’lB and 31'show that surface coverage of Ceiluidée‘and'Barkﬁby‘thé
catalyst is very low thus, in\thié'régard,‘an optimum catalyst cdﬁceﬁgration
was not uéhiequ.

Ccllulose contnininglo.f% impregnated KpCO3 showed higher activity
than tiie dry-mix coudterpnft. Generally, cétnlysts ihtroducéd'by impreguac-
fon were more efficlent than those Incorporated by a dryv-mix process, in
agreement with previous workers [89,90].  Simply, impregnatioﬁ-mqy enhance
a wmore even catalyst dlstributiaﬁ-over the'surfdce and also a more uniform

penetration throughout the bulk of the solid. Such distribution would serve
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to increase the amount of catalyst/solid contact, thus increasing the extent

of reaction.

4.6 . Calorific values

The grdss calorific value of a fuel can be considered as the number
ofrheat units evolved when unit weight (or.unit_Qolume in tﬁe'casé of a gas)
of a fuei is completely burned and thé combﬁstiOﬁ products cooled to 288 K.
A calculated calorific value of a gés mix;uré.ﬁhich is usually'aCCUrate to
within 2% of the experimental valuc:canibeJobtained by multiplying the ﬁercent—
age of each component in thé fuel by the known caldrific valuevof the éémponent
and sﬁmmiﬂg.ﬁhe reS;ité {éii:ﬂ' | " | B

samples of jéck pine-éhars were pyrolysed at.650°C for 40'min; Thév
total:gas'yields and the calorific_values of the gas mixtures were calculated,
TableILQ.I‘The calorific values of the gaseOus"pfoductéuffém gasifiéations in
the presence of solid additives and water vapour wereloﬁered., Ho&evér, it
must be noted that the total’heating value of ﬁhe gasés depén&s also 6h>the
extent to which carbon Qas gasified - fhusvinfluéncing the total yields.v
Since the gas yiéldsfwere increased by addifion of“water,vapoﬁr énd‘pbtéssiﬁm
carbonate, higher valueS‘qu the factor 'Fi'= (éalbrific valﬁé) k_(éas:yiéid)
were obtained, Table 12. iﬁ other words;bthe gases produced have a higher
total heat content. r

The 'F' values for all sampléé are shqll when compared with the
calorific value of the carbonaccous solids, Appendix 1. However,bgnseé evolvedr
below 650°C were notvincluded in this calculation and also the solid sanples
were not completely gasified at 650°C. An importantkindicatof'of_the latter
Is the small vaiues of thc percentagc of carbon 'gasified' which were calcul-
ated from the ratio {(carbon content of gaseous products/carbon content of the

solid sample). The carbon content of the solid sample can be obtained from
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Table 12 Calorific values and yields of gaseous products_
from the pyrolysis of jack plne ‘chars at 650 C and
- 101.3 kPa for 40 mln.

helium atmesphere | hellum/water vapour (34.5 kPa)
‘ ‘ B atmosphere
jack pine| jack pine char | jack pine | jack pine char| jack pine char
- char + 5.0% KpCO03 * ¢| - char + 2.5% KyCO3 + 5.0% K,CO3
I e
, 130 69.4 80.6 68.0 69.0 67.3
Composition of CO 23.0 17.6 11.3 12.0 13.5
"gas (% v/v) " CHy 4.9 1.1 3.7 1.0 0.5
' CO» 2.7 0.7 17.0 18.0 18.7
‘Total gas yield e W g ‘
(mol of gaség of 2,430 2,470 5,090 9,300 » 13,380

char) x 10

*#Calorific value L o , ‘ .
of gas 12,800 12,110 10,820 10,130 . 9,810
mixture (kJ m~3) . B S T 5 AR

% of carbon |
'gasified’ 1.3 0.9 2.9 5.0 7.6

'F' = [Calorific
value] x [Total s L . . ¢ :
gas yields] 696 671 1,230 2,110 2,930
(kJ kg~1) S

* Caionific values of component gases f92]
Co = 11,850 kJ m~3
Hy = 11,920 kJ m™3
CH, = 37,070 kJ m~ 3

]
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the CHN analysis. Again, the amount qf carbon present in the tars was not
determined. A final point is that heat was supplied to vaporize watér and
although a higher total hea;ing value of gases was obtained in'the'helium/water.
vapour atmosphere, the overall therﬁal efficiency of the steam-gasification
process has yet to be established.

The calogific values of-the gases obtained from tﬁe cellulose
sampies are SUmmarizéd in Table 13 and are lower than those fpund with jack
piné cﬁars, in accordance with the highe;jcontent of carbon dioxide in the
was mixture.' |

A noﬁable-feature_wifﬁ cellulose 1s that thé total géé &ieldsy
increaséd in ﬁhe“presence Qf'pétassium‘catbonate in helium in éénfrgét to
the results wiﬁh jack'pinefchar. It’is'probable‘that much more water, whiéh{
is essential for the Carbon—steamjreaétioh catalyzed by potassium carbonate,
was produced in the pyrolysis of cellulose.

The gaseéuproduceé at BSOOC have calorific values fanging from
8,660 to 12,756 kJ =3 and may be considered as medium'e;érgy ébﬁrcés,-similar
to water gas in hedtiéohfént, which could be used in various waé in ihdﬁétry
including steam ralsiﬁg. Alternatively, the calorifié valuegdf the gas could
be upgfaded by an add-on procéés,éuch as reformihg to methaﬁe,vcv‘=.3j,0?0
kJ m=3, or hy écrubbiﬁgwto remove carbon &ibxide.4.0f coursé;-sﬁcﬁ:édditional.
steps would require the evaluation of the overall thermal efficiency ané éoét

of the process,
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the pyrolysis of cellulose in helium at 650°C and 101.3
kPa for 30 min.

cellulose +

cellulose +-

-cellulose +

{kJ kg™ 1)

cellulose | 10.2% iron (I11) | 14.2% zinc (II) '5.0% potassium
oxide. .. chromite carbonate
Hp 55.8 53.2 '53.5 65.2
Composition of co 9.1 8.3 “13.9 12.8
gas (% v/v) CH, 4.9 3.5 5.6 0.2
CO» 30.2 - 35.0 27.0 21.8
Total gas yields ‘
‘(nol of gas/g of cellulose)| 1,180 1,620 . . 2,600 4,040
*Calorific>Value ‘ o
of gas ' . 9,550 8,660 10,080 9,360
mixture (kJ m~3) s ' ' '
% of carbon . .
'gasified’' 1.4 2.3 3.9 4.1
'F' = [Calorific
value] x [Total
gas yields] - 250 310 590 850

* See Table 12.
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5. Conclusions

The kinetics of décompogition of jack pine bérk and white birch
sawdqst in nitrogen have been describéd byiequatiOns consistent with diffusion
controlled reactions. .Particle size distribution effects may account for
some slight déviations'iﬂ.the experimental rate results. Tﬁe value of apﬁérent.
activation engrgy was not altered by the addition of iron (III) oxide'and
zinc (I1) chromite to white birch sawdust samﬁles, nor by adding potéssiﬁm,v
carboﬁate to jack piné bark at 101 kPa from 220 to 340°C. |

Collulose_pyrolysis in nitrogen was interpreted by a model established
for a_phase;hqﬁnQnryVreactiqn. Thg apparent activation energy was lowered
from 207.5 to‘187.0 and'107.6 kJ mol~} for the’addiﬁion of 1ro¢‘(1i1):0xide
1and pétassium ca;Bonate, respectively, from 240 fo 35090; "This indicates”
that cellulose is more susceptible to the influence of additives than wood
bécause of composition and anatomical differences of ajmajdrvkihdlv Pétassiuﬁ
carbonate addition to cellulose shifted the kinetics to a diffusion-controlled
regiog which can be related to the possible mobilitytdf>the'édditivé:witﬁ
regard to the formation of*an'incdhefentfsurface fiim.which was somewhat
cvidenced in scdnninglelecffbn microscopy.

Casificdation studies 1ndiéatv that iron (ITI) oxide héy.catai§éé‘the
watcrjgas reaction, while zinc (ii)hchrUMité‘nppéaréd to beﬁdvé asia:'neéhtive'
catalyst in tth'PrOCGss.“Potasslum‘cnrboﬁate was Belié?ed'fo:eXéft a major
influence through Catalysing the garbbn-steam reacﬁion,

Cnsificntioh with‘inéreasing’pressuré'up_to 2533 kPé appeargd‘tb-
cenhance the éecondury reactions of tar to form more gaseous"producfs and chaf.

The addition of both water vapour and sqiid additives ‘decreased
the calorific value of the gaseous pt&ducts Eormed-from the gasification of
cellulose and jack pine chars at 101 kPa and 650°C. However, the total gas

yields increased in the presence of watcer vapour, potaSsium carbonate, zinc (11)
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chromite and iron (III) oxide and hence higher total energy contents were

obtained from the gas mixtures drived from the solid wastes than in their

absence.

6. Suggestions for further work

In conclusion there is clearly a substantial need for additional
research in general'areaerelatedito the use of catalysts in the'gasification
~of wood wastes and allied maferials:

Although potassium carbonate enhances steam gasification, there
is a preférential formation of oxides of carbon relative to_methaﬁe" Other
catalysts, such as nickel;.g mé;haﬁékion ca;élyét,‘coupled wi;h‘pqtéssium
_carbénate should be evalﬁated iﬁ aﬁ‘attempt to produce éases of higher"
calorific values suéh as methane, ethane,'propane, etc., in an‘iptegral
process. |

Investigation of“othéf'potéhtial éatalysté'&hich ﬁéy cbnﬁéfé'tﬁe
pyrolysis gas mixture tovothef synthetic fuels such as methanol and afémafié\
Hydroéarbéﬂs should also'bé carried out.

A mbfe detailed study of the effect of press;re on thé rate éf
gasifiéation and the nature of the‘products,Shbuld'Be:undeftékéh.'.i; £$ ‘1
well-known that many synthetic processes, for example, the produétidh of .
methanol from CO/H2 mixtures, are possible"only‘atzhigﬁ”ﬁféssufe{ ”Tﬂﬁs.in
certain instances, gasification at ﬁigh pressure could be économigal and
hence further investigations linked to:cutalytic and pressure effects on ;he
primary gases produced could be worthwhile.

Finally, additiomal experimental work with a chémicél engineering
emphasis should be conducted with a view to establishing mass and energy

balances, and the overall thermal efficiency of the gasification process.
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