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Abstract

Woodceramics, a carbon/carbon composite of plant-originated carbon reinforced by glassy carbon from phenolic resin, was prepared from a
pomace at carbonizing temperatures of 1073 K (AWC800) and 1473 K (AWC1200), and characterized by thermoanalytical methods and X-
diffraction (XRD). Simultaneous differential scanning calorimetry (DSC) and thermogravimetric (TG) showed complicated overlapping reactior
similar to those of coal. The initial temperature of pyrolysis was obtained by fitting logistic functions to observed TG data. The results suggest
that AWC1200 contained more volatile matter than AWCS800. In an inert atmosphere, complicated devolatilization takes place. In an oxidizi
atmosphere, thermal change occurs roughly in four steps: desorption of physically adsorbed matter; pyrolysis into aliphatic and aromatic fragme
ignition; combustion of char. The oxidation resistance of AWC1200 was superior to AWC800.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ceramics based on medium-density fiberboard of satisfactory
strength (3.1 GPa Young’s modulus; 24 MPa fracture strength)
Woodceramics are carbon—carbon composite materials coan be obtained by carbonizing at 1073 K or higjegr
sisting of naturally occurring biologically originated amorphous  Minimal data on thermal propertigg¥,8] are reported on
carbon reinforced by glassy carbon generated from resin. Theywoodceramics. The authors have reported thermogravimetry—
are porous composites made by impregnating wood or woodglifferential thermal analysis/mass spectrometry (TG—DTA/MS)
materials with a thermosetting resin such as phenol resin, amésults on Woodceramics based on apple pomace (hereafter ref-
then carbonizing the material in a vacuum furnfideWoodce-  erenced simply as “Apple Woodceramic§3] prepared by car-
ramics enable use of various types of waste cellulosic materialsonizing at different temperatures (1073 and 1473 K). The mate-
[2-5]. Woodceramics are resistant to higher temperatures tharal showed favorable properties for use as gas adsorf@ts
the original wood, and because it is porous, the density is noffriction materials and others. Since Woodceramics is believed to
mally about 1.0 Mgm?, i.e., about the same as that of epoxy be a porous carbon composite consisting of cellulose- and lignin-
resins or polyethylene resins, about one-third that of widely usedriginated carbon reinforced by the three-dimensional network
ceramics such as alumina. Physical properties of Woodceranof aromatic clusters generated by heating phenolic rEgin
ics differ depending on the starting material and carbonizingsimilarities with coal are foun§g].
temperature. However, it is now well established that Wood- An object of the present study is to characterize the thermal
change of apple WC in further detail, find the difference between
the phases formed by carbonizing at different temperatures, and
* Corresponding author. Fax: +81 46 250 8936. to show quantitatively the difference in thermal and oxidation
E-mail address: ozao@aoni.waseda.ac.jp (R. Ozao). resistance of apple WC.
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2. Experimental 100 \\ 0.4

2.1. Samples 2]
035
Samples of apple WC were obtained by mixing commercially 5 °] ::3
available Apple Fiber (Nichiro Corporation) with phenolic resin = &2 : % 21005,
BELLPEARL S890 (product of Kanebo, Ltd.) at a ratio of 6:4 % \_y‘_f ' g
(by mass) and carbonizing at 1073K (AWC800) and 1473K 2 "] A | B Rt B
(AWC1200). The samples were 2pén or less in granularity. l = s 6101 &

601
5]

2.2. X-ray diffraction (XRD)

50 0.1

XRD patterns of the samples were obtained with a Brucker exo u,iJ
MF18XH222 diffractometer (Cu Kg 35kV/200mA), at a

Scanning rate of5min—1 over an ang|e range of 10_1@(29), Fig. 2. TG, DSC and derivative TG (DTG) curves for AWCB800 obtainedin N
with Ka, diffractions removed gas flow of 100 mImin® and at heating rates of 2, 5, 10 and 26in—1.
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Temperature (°C)
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2.3. Simultaneous DSC-TG (SDT) o as

Differential scanning calorimetry (DSC) was performed si- %%} =R
multaneously with thermogravimetric (TG) analysis with a si- ] 61088
multaneous differential scanning calorimeter—thermogravimet- & 80 - § -0.30 gg
ric analyzer SDT2960 (TA Instruments) of about 10-15 mg each = .\ 5 “to2s =
of samples in the temperature range of from RT to 1273 K ata -2 -/ = :ﬁ”i’;% SN wlo20 B
heating rate of 2, 5, 10 and 20 K mih The measurementswere = | —— wicwn Sijreite BN
carried out under air flow of 100 ml mit Airgas Compressed enil GG /“"’ “3'_0 .y
Air (breathing grade), Type |, Grade D, 21% Certified), and 1 ti 00000 or6—s / Eal Wl
under dry nitrogen gas flow (Airgas NI ED300 Nitrogen Extra i T O s 008
Dry) at a rate of 100 mI mint. The thermal change of the sam- 05 200 400 80 80 1000 %
ple was identified, and oxidation resistance of the samples was ExoUp Temperature (°C)

evaluated from those results. . o .
Fig. 3. TG, DSC and derivative TG (DTG) curves for AWC1200 obtainedin N

gas flow of 100 mImin® and at heating rates of 2, 5, 10 and 26in—1.
3. Results and discussion
S o for AWC1200 for 26 angles lower than T5 This might be
3.1. XRD identification of the original samples attributed to the increase in number of turbostratic crystallites

_as explained by Kercher and Nagle].
XRD patterns for AWC800 and AWC1200 are shown in

Fig. 1. The broad peak ca. 2626) shows the aromatic ring 3.2. Thermal change observed by TG-DSC (SDT) in
stacking (so-calledr band[9]); close to the 00 2 reflection for nitrogen and air

graphite, but showing presence of various layers differing in
layer distance. The weaker peak ca‘ 436) corresponds to In Figs. 2 and 3are shown the TG, DSC and derivative TG

about half the distar)ce (%0'2,0 nm) of iespacing of peak ca. éDTG) curves for AWCB800 and for AWC1200, respectively,
26° (~0.40nm). An increase in background level was observe ecorded at different heating rates. The mass loss results are

summarized iMables 1 and 2. For reference, data for AWC1200

2500 XRD patterns for AWG heated at a rate ofnin~! are included irFig. 2andTable 2.
2000 For both samples, the mass loss percentage attemperatures lower
5 d=0.37988nm
< 1500
=, ‘/ d=0.38460nm Table 1
B [h\ TG results for AWC800 in inert atmosphere (in 200 ml mirN gas flow)
g 1000 oy d=0.2099nm - -
= AWC800 Mass loss (%) at different heating rates
500
o N NV SED 22 min—t 5° min—! 10° min—t 20° min~1!
0 1 1 1 1 1 1 1 1 1 e |
26 Cu Ko/ deg 473-873K 2.95 2.72 2.83 2.90
873-1273K 22.57 14.84 10.80 6.20
Fig. 1. XRD patterns of Apple Woodeceramics sintered at 1073 K (AWC800) g 32.79 22.16 20.00 13.08

and at 1473 K (AWC1200).
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Table 2 AWC800
TG results for AWC1200 in inert atmosphere (in 200 ml it gas flow) " Mass loss vs. (Heating rate)
5r
Mass loss (%) at different heating rates 30 Mass loss= 39.176x + 13.683 P
i1 L1 P Y Y X R"=0.9352 + Mass loss at
1° min 2°min 5°min 10° min 20° min g o5 773K or higher
RT-473K 3.05 3.69 3.92 4.07 2.54 © 20 =
473-873K  3.03 2.49 2.04 2.3 2.24 - " Io‘a' Mass
873-1273K  21.91 12.88 6.27 4.56 34 3 | - 058
10 *
Total 27.99 19.06 12.23 10.93 8.18 . Mass loss= 33.484x + 6.4871
S R® = 0.045

0 1 L I 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6

(Heating rate)"!/ min K-1

than ca. 673K seems to be heatlng-rate mdependgnt; l.e., It ﬁg. 4. Mass loss (fraction reacted) for AWC800 plotted against reciprocal of
about 10% for AWC800 and about 5% for AWC1200 in all heat- heating rate (wherein the inlay equation represents inverse of heating rate).

ing rates, and this result is in conformity with previous results
[3]. The mass loss in temperatures higher than 773K increases

At temperatures up to ca. 473K, from DSC and DTG inwith decreasing heating rate. An ordinary chemical reaction in
Figs. 2 and 3, it can be understood that endothermic reaavhich no overlapping or synergetic processes are involved, the
tion takes place with mass loss, and the peak temperaturdsllowing rate equation is generally applicable:
of DTG and DSC shift to the higher temperature side with
. . . . . . do AE
increasing heating rate. This suggests the reaction to be heating= = f(«) - Zexp <—) (1)
rate dependent, and from our previous results obtained by RT
TG-DTA/MS in flowing helium gas[3], it can be under- wherex represents the fraction reactethe time f(«) the func-
stood as desorption of inherent water and,C®he results tion of « not involving temperatureAE the activation energy,
for AWC1200 in this temperature range differ from those of R the gas constang the pre-exponential factor arilis the
AWCS800 in that the amount desorbed is smaller than that ofemperature.
AWCS800, thereby yielding peaks in a narrower temperature Under the experimental condition of constant heating rate,
range. temperature is proportional to tim&= Ty + Bt, whereB is the

In the temperature range ca. 473-673 K, the mass loss occuigating rate, and the following equation holds:
monotonously for AWC800 and AWC1200, and the mass loss

) : dr

rate is the same for all the heating rates. — =8B (2)

In the temperature range ca. 673-973 K for AWC800, the d”
mass loss is higher for lower heating rates, and in temperaturddus, by substituting?) into (1), and by integration, the follow-
higher than 973 K, the rate of mass loss increases considerablyg equation can be obtained:
with decreasing heating rate. This temperature can be read as R AE
the inflection point in DTG curves. Moreover, with decreasingIn(e) = — - — < >
heating rate to 5min—! or lower, a slight exothermic reaction B AE
appeared at temperatures higher than ca. 1173 K. As pointed Since the activation energy should be constant for the entire
out in the earlier studigid 1-13]for lower heating rates, evolu- reaction, becausgx) is independent to temperature as stated
tion of light gases and tar formation may be responsible for theibove, the left-hand side of E@) becomes proportional to 1/B
mass loss, since evolution of G@nd low molecular fragments at a certain temperatuf@ for instance, let it be 1273 K in this
(m/z=55 and 78) was observed by mass spectros8pyAt  case. Since the fraction reacted can be directly related to mass
even higher temperatures, cross-linking may take place at tHess in percentage, the mass loss plotted against the reciprocal
same time. In the earlier studg] using MS for evolved gas of heating rate may yield a linear relation ifffa) x«, i.e.,
analysis, the heating rate was high a8 @0h~1, and this might  f{la) oc exp(«) according to the following equation:
be the reason why no change was observed.

() - constant.

kT ®3)

For AWC1200, similar results were observed at temperaturek (o) =
above 673 K (Fig. 3). However, the inflection point of DTG was
observed at 1113K; i.e., about T4higher than the case for Figs. 4 and 5show the relationship between 1&nd« for
AWCB800. Moreover, this temperature is in good agreement wittAWC1200 and AWC800, respectively. Excellent linear relation-
that reported on coal pyrolysj$4]. ship is obtained for AWC1200, particularly for the mass loss in

In both samples of AWC800 and AWC1200, as stated abovehe temperature range higher than 773 K. Thus, in this case, the
additional exothermic reaction was observed at temperaturegsaction mechanismin nitrogen gas flow may not change overthe
higher than 1173 K when heated at heating rates lower thaentire process. For AWC800, however, plots for higher heating
5°min—1. This might represent combustion of char trappedrates deviate from those for lower heating rates. This suggests
inside the pores, because nitrogen gas flow still contains abotiat the thermal process of AWC800 in nitrogen is different from
20 ppm oxygen. that of AWC1200.

(4)
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AdICT200 = — mEnmm
Mass loss vs. (Heating rate) B55.84°C | . Awceoo 2 s AR
30 100 s 40
Mass loss = 20.168 x + 8.2159 /'
25 R®=0.9909 e 801 G
2 . =
Z o = ® Mass Loss at & : L20 =
o / 773K or higher = 60 [ Z
i} o [ o
o 15 ] 90" R0 e
@ !/-/ / = Total Mass = 404 00 P\ 8
= q0 Loss AT . T 3N lo T
L I —
5 Mass loss = 19.567 x + 2.5641 204
R*=0.9983
0 . ; . ; \ 0 . . e T e 20
0 0.2 0.4 0.6 0.8 1 1.2 0 200 400 600 800 1000

(Heating rate)1/ min K-1 Exolp Temperature (°C)

Fig. 5. Mass loss (fraction reacted) for AWC1200 plotted against reciprocal oi {/%07121(;(03 and DSC curves obtained in air flow at different heating rates for
heating rate (wherein the inlay equation represents inverse of heating rate). )

120 —— TRl o0 The second stage is sequential to the first stage and lasts in
T e sde AR a temperature range of ca. 773-900K. In this stage, it should
Lt be noted that the exothermic peak for all the heating rates initi-
405 ate at temperatures about@tigher than the initial temperature
= el = of mass loss. That is, the initial temperature of this exother-
< - -20u—%_ mic reaction is not heating-rate dependent, but is almost the
=3 = same for all heating rates. This provides evidence that volatile
S 401 e A matter is first formed to evolve light gases as in thg case of
Lo coals[14-16], and that the DSC exotherm represents ignition of
20 volatile matters and successive combustion. The final tempera-
| ture of this exothermic reaction is higher with increasing heating
0% p % - == = _-TEO-SO rate. Acc_ordingly, in th_e ;econd _stage, ignition and su_ccessive
Exo Up Temperature (°C) combustion occurs while increasing the rate of pyrolysis. In the

final stage attemperatures higherthan ca. 773—-900 up to 1273 K,
Fig. 6. TG and DSC curves obtained in air flow at different heating rates forg nearly constant and slight mass loss is observed.
AWCE00. The results obtained above for AWC800 are summarized in
Table 3together with those obtained for AWC1200.Table 3,

Fig. 6 shows the TG, DSC and DTG curves for AWC800 T; represents the extrapolated onset for the end of mass loss.
obtained under air flow of 100 ml mirt and at different heating From the results obtained by peak integration of DSC curve, the
rates of 2, 5, 10 and 20 K mil. It can be seen that the thermal heat generated in this temperature range is about 20%hgd
change of apple WC in air proceeds in three stages. In the firés in good agreement with the value given for beech 2C
stage from ambient to temperatures up to ca. 500K, the mass Fig. 7 shows the TG and DSC curves obtained in air flow
loss is about 5%, which is attributed to the loss of physicallyat different heating rates for AWC1200. In this case again,
adsorbed water or gaseous £85 was the case for heating in three stages are observed in the TG curves similar to those
nitrogen gas flow. This is in conformity with the cases reportedobtained for AWC800. However, difference between AWC1200

on coal[14-18]. and AWC800 s clearly discerned inthe DSC curves. Exothermic
Table 3
TG results for AWC800 and AWC1200 in 100 ml mihair flow
Heating rate {min—1) Sample Te (K) Tt (K) Net mass loss, @ Tt) (%)
2 AWCS800 699.8 747.5 89.40
AWC1200 725.1 825.2 92.01
5 AWC800 7115 779.3 89.92
AWC1200 761.3 856.2 92.09
10 AWC800 721.3 818.5 88.72
AWC1200 784.8 888.8 91.02
20 AWCS800 7435 903.5 88.19

AWC1200 807.5 956.9 91.18
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Table 4 Data fitting with logistic functions
Parameters for the logistic function fitting

Parameters Heating raterin—1) ¢ Observed TGdata
12 f1
2 5 10 2 :
wy 1.3572 1.28322 3.34977  0.636672 1 f3
a1 —0.595167 —0.119182  11.9906  1.91189 RN
b1 0.0169348  0.0560033  0.253841  0.317728 f3
ws 378429 336007 0485148  3.10339 5 el
az 12.0852 12.2204 1.89038  12.3914 =
b2 0.0573827  0.1357 0.179869  0.491394 £
w3 6.50913 5.60931 6.38705  7.3659 % 6
a3 43.0746 47.9183 38.7231  24.0823 S f2
b3 0.174112 0.455738 0.69823  0.796906 =
Residual standard  0.0396105  0.0319374  0.022808  0.0477972 4 AWC1200
error 2 deg min-1
. . . . . 2
peak is more distinctly observed at the beginning of the sec-
ond stage (ca. 673—-773 K) with decreasing heating rate, and an
exotherm is also observed in the third stage with lowering heat- ° i
ing rate. Those two effects have not been reported on any type o 200 =00 BOE e T
of Woodceramics so fd3,7], because thermal analyses have Temperature /C

been performed only on heating rates of ifin— or higher.
However, these two effects were reported in c¢bbs-14]; the
pre-reaction (exotherm) in the second stage is typically observed

for lignite coals, which contain volatile matter for about 50%, |ent agreement with the observed values, as can be evaluated by
and the slight exotherm in the third stage is attributed to thgne small residual standard errors.

combustion of char. However, itis also known that pyrolysis, or - From the results above, the original TG curve is separated
devolatilization, occurs conjointly with oxidation and combus-into four overlapping reactions. Thus, derivatives (A) of each

Fig. 8. TG curve fitted with logistic functions using parametergable 4.

tion [11]. curve were calculated, and the point at which the derivative
exceeded 0.00005 was read as the initial temperature of each
3.3. Curve separation mass loss curve. The results are summarizéicbie 5.

By plotting the initial temperaturg on the DSC-TG curves

Since pyrolysis, ignition of volatile matter and combustion ,pained in air and in nitrogen gas flow for the case of heating at
were found to occur in parallel or conjointly with each other, anso 1yin-1 it can be seen thag for /2 indicates the temperature at

attemptwas made to separate the overlapping reactions obsergflich, the ignition initiates; i.e., at this temperature and beyond,
in TG curve of AWC1200 by assuming that the TG curve iSihe TG curve obtained in inert gas departs from that obtained in

composed of plural curves each expressed by logistic functiong;, Thus, thel; obtained by the curve separation above provides
[19] as follows: the temperature at which pyrolysis is separated from ignition

k o and combustion as pointed out by Pan and coworKets16].
Y1) =Y wiflai+bit);  f()= T o (5)  However, the meaning df for /3 is yet to be clarified. Moreover,
i=1 te the curve separation for AWC800 was found unfeasible up to this

wherei=1, 2, ..., k represent different components from the Point.

mass loss process point of view, not necessarily different chem-

ical compounds. From practical point of vieinis less than 4. 3.4. Evaluation of oxidation resistance
Fitting of data to the logisitic functions was performed by iter-

ations and was evaluated by the residuals. In order to evaluate oxidation resistance by applying kinetic
As a result, the data were fitted to logistic functions as fol-analysis, it is well known to employ accelerated lifetime testing
lows: based on Flynnand W4R20] and Ozaw§21]. In this method, the
exp(a — bat) exp(a — bat)
Y(t)=w1'1+ex( bty 2 1 expla — bot)
Pla ! Pl 2 Table 5
tw exp(ce — bgt) (6) Initial temperaturel; obtained by curve separation for each of the reactions
3
1+ exp(a — b3t) T; (K) Heating rate {min~1)
The parameters for E@6) in separating each of the TG curves 5 5 10 0

obtained in different heating rates are giveiétle 4. For exam- .
ple,Fig. 8shows observed TG curve fitted to a case obtained foﬁ fg:;; ?gi'gg ?g;ég 322'% %g'gg
aheating rate of2min—1. The calculated curves are all in excel- _ i ' ' '
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Heating rate vs Te' or Tt

0.0015
u 1/Te for
0.0014 \.\.\. (1 - AWCS800
o 1/Tffor
o AW
Lo [ N I gt
= \ @ @ 1/Te for
= AWC1200
s O H ]
ks 00012 ()} O 1/Tffor
la_) AWC1200
0.0011
4
- (4)
0.0010 . L b :

] 5 10 15 20 25
Heating rate / deg min-'

Fig. 9. Reciprocal ofle and 7y for AWC800 and AWC1200, plotted with
changing heating rate. (=1 = —4 x 10~°In(x) + 0.0015 (R = 0.9513);
(2 Tel=-6x10"5In(x)+0.0014 (B =0.9936); (3) Te l=-1x
10~*In(x) 4+ 0.0014 (B = 0.9417); (4) Te ' = —7 x 10~%In(x) + 0.0013
(R? = 0.9537); wherex represents heating rate.

reaction is described by E¢L). As stated before, it is required
that the reaction is described by a function (although it may be[

model-free) over the entire temperature range considered.

Table 6
Activation energyAE and 60-min half-life temperatur@ of AWC800 and
AWC1200

Sample Activation energy, 60-min half-life
AE (kJmol 1) temperatureT (K)

AWC1200 105.6 417.3

AWCS800 94.81 390.3

in Table 6, only for means to show AWC1200 show higher oxi-
dation resistance than AWC800.
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