Fuel 130 (2014) 306-314

Contents lists available at ScienceDirect

Fuel
_ﬁijt‘ggi‘g/ﬂi}é journal homepage: www.elsevier.com/locate/fuel
An experimental study of the reactivity of cellulosic-based chars @CmssMark

from wastes
Lars Serum?, Paul A. Campbell ®, Nils Erland L. Haugen ®*, Reginald E. Mitchell ¢

A SINTEF Energy Research, NO-7465 Trondheim, Norway
b Agricultural and Biological Engineering, University of Technology, Jamaica
¢ Department of Mechanical Engineering, Stanford University, USA

HIGHLIGHTS

« The reactivity of chars from wood chips, newspaper and glossy paper were studied.

« After devolatilization the chars had ash content in the range 2.2-61.8%.

« The reactivity of each of the chars were found to be a function of conversion.

« The by far most reactive char was the glossy paper, followed by the wood chip char.

« For reactivity measurements account must be made for the CO; ads. and des. of CaCOs.
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process. Being able to establish simple models for the char burnout process is therefore important. In this
study, chars made from wood chips, newspaper and glossy paper were chosen as being representative of
the cellulosic fractions of municipal solid waste. The ash content of these parent materials ranged from
0.4% to 24.8% by weight, on a dry basis. After devolatilization, the chars had ash contents in the range 2.2-

Keywords:

61.8%.
Cellulose . . . .
Combustion The reactivities of the chars examined were determined from weight loss and surface area measure-
Reactivity ments. Weight loss was measured via thermogravimetry and surface areas were measured via gas
Char adsorption techniques using CO, as the adsorbing gas.

The reactivity of each of the cellulosic-based chars was found to be a function of conversion. The glossy
paper char was found to be much more reactive than the wood-chip char, which in turn was found to be
slightly more reactive than the newspaper char. In order to obtain the reactivity for the glossy paper char
from the gravimetric measurements, it was crucial to account for calcium carbonate in the sample, a clay
used in the paper-making process to give the paper its glossy appearance. Calcium carbonate (CaCOs)
desorbs CO,, at the high temperatures used during char preparation and adsorbs CO- at the low temper-
atures used in the reactivity tests to ensure kinetics-limited oxidation.

The average intrinsic reactivities for the three chars, during reaction in 10 vol.% oxygen at 500 °C and
atmospheric pressure, were found to be 0.46 x 10°°, 0.21 x 10°° and 1.36 x 10°° g m~2 s, respectively,
for the wood-chip, newspaper and glossy-paper chars and the corresponding peak reactivities were
1.43 x 107, 1.06 x 10~°and 5.80 x 10~ g m~2 s~!. The reactivities for the chars differ as a function of
conversion and ash content, but no trend in terms of either increasing or decreasing reactivity with
increasing ash content was found. Moderate heat treatment, where the char is exposed to 1277 °C for
47 ms, had no significant influence on char reactivity.
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Nomenclature

m mass of char particle, kg

mo initial mass of char particle, kg

R. specific mass loss rate of char, s~

Ric intrinsic chemical reactivity per unit mass specific sur-
face area, kg s~' m~2

Ri average intrinsic chemical reactivity, kg s~! m 2

Sga specific surface area of the ash part of the char, m?/kg

Sge specific surface area of the carbonaceous part of the
char, m?/kg

Sgco initial specific surface area, m?/kg

Sep surface area per unit mass of char particle, m?/kg

S, volume specific surface area, m?/m>

t time, s

Wash mass of the CO, free ash, kg

Wea =W+ WCOZ- kg

W mass of the carbonaceous part of the char, kg

Weo initial mass of the carbonaceous part of the char, kg

Weo, mass of the CO, captured by the CaO, kg

Weo,m total mass of the CO, which can be captured by all the
Cao, kg

W, mass of char particle, kg

Wpo initial mass of char particle, kg

Xq mass fraction of ash

Xc fractional char conversion

v structural parameter

Pp apparent mass density of char particle, kg/m>

1. Introduction

The awareness of the environmental consequences connected
to waste disposal together with the large amounts and inhomoge-
neous nature of municipal solid waste (MSW) has lead to complex
waste management systems. Material reuse/recycling, anaerobic
digestion, composting and combustion with energy recovery are
some of the methods that are used in addition to landfilling. The
lack of landfill sites and assessments of the environmental conse-
quences of landfilling have led many countries to ban landfilling
of combustible wastes, including wet organic waste. This develop-
ment has led to an increase in the amount of MSW that is subjected
to energy recovery. The increasing utilization of MSW for energy
recovery also increases the total amount of residues from energy
from waste plants. This has led to an increasing interest in utiliza-
tion of residues from the combustion process such as using fly
ashes as a filling material in concrete and bottom ashes as road fill-
ing material. However, it is important to be aware of the fact that
utilization of residues from MSW combustion sets requirements to
ash quality. Knowledge on the burnout process of chars in MSW
combustion is therefore important. In energy recovery from muni-
cipal solid waste, the burnout of chars is a part of the overall com-
plex combustion process. Being able to establish simple models for
the different phases of the combustion process such as drying [1],
devolatilization [1,2], combustion of volatiles [3] and the subse-
quent char burnout is important. MSW consists of many different
fractions such as paper/cardboard, plastics, glass, metals, wet
organic wastes (e.g., yard and food wastes), and other combustible
(e.g., wood and rubber) and non-combustible (e.g., sand and ashes)
wastes. The major proportion of char from MSW originates from
cellulosic wastes such as paper, cardboard, wood and other organic
wastes. The composition may vary to a great extent in MSW. It is
therefore important to establish information on the reactivity of
the different cellulosic based chars during char burnout. This work
is part of an ongoing effort to develop a physical model describing
the burnout of chars. Being able to determine the reactivity of the
different chemical structures of cellulosic materials will enable us
to better understand, and therefore, model more accurately the
burnout process.

2. Experimental approach
2.1. Materials selected for study

The parent materials, wood chips (WC) and two different types
of paper, newspaper (NP) and glossy paper (GP) were chosen to

represent the cellulosic portion of MSW. The proximate and ulti-
mate analysis of the parent materials are shown in Table 1. Noted
are the lower volatile matter and fixed carbon contents of the GP
and its correspondingly higher ash content.

Analysis of the ashes of the three parent materials are given in
Table 2. The results indicate that the major inorganic elements
present in each of the three materials are calcium (measured as
Ca0), aluminum (measured as Al,03) and silicon (measured as
SiO,). Many biomass materials have extraneous inorganic com-
pounds composed of these elements, which were added to the car-
bonaceous substrate through geological processes as well as during
harvesting, handling and processing. A significant fraction of the
calcium reported for the GP is believed to be associated with the
clays that were used in the paper-making process. Calcium carbon-
ate (CaCOs) and kaolin (Al,Si,O5(0OH),) are amongst the clays that
are commonly used to give glossy paper its appearance. Based on
the relatively low aluminum content and high calcium content of
the ash, CaCOs is the clay most likely to have been used in making
the glossy paper employed in this study. The exact amount of clay
added to make the glossy paper used is unknown, however accord-
ing to paper manufacturers, clays can consists of as much as 45%,
by weight, of the mixture used to produce the glossy paper. The
balance of the ash components represent the combined concentra-
tions of the trace inorganic elements in biomass materials as well
as unknown components in the clays and inks used to make and
print the glossy paper. Our investigations indicate that the addition
of 35% calcium carbonate and 3.7% kaolin yield C, H and O elemen-
tal weight fractions that agree with the measurements.

2.2. Char preparation

Chars for this study were prepared under different conditions.
A tube furnace (TF) was used to prepare chars at a heating rate
of 35°C/min in an inert environment. The chars prepared in the
TF were devolatilized in a nitrogen environment at 900 °C. Chars
prepared in the TF are denoted LH (low heating rate) in this paper.
Some chars were first prepared in the TF at the low heating rate
and then samples were injected into an entrained laminar flow
reactor (LFR) in which a high-temperature (nominally 1277 °C),
nearly inert (O, concentration in the parts-per-million range)
environment was established. Particle heating rates in the LFR
were of the order of 105 °C/s. Chars injected into the LFR are
denoted HT (heat-treated) in this paper. Since the residence time
in the LFR is only 47 ms, the mean temperature increase of the par-
ticle is relatively small.
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The proximate and ultimate analysis of the LH-chars produced
from the parent materials are shown in Table 3. Based on the ash
contents of the parent materials and their chars, under the low
heating-rate conditions of the tube furnace, volatile yields for the
wood chips, newspaper, and glossy paper were 81.8%, 69.6%, and
59.9%, respectively. As observed, all the chars produced at the
low heating rate contain volatile matter, the GP char having a sig-
nificant amount. The GP char also has a relatively high content of
oxygen and a corresponding lower content of carbon (on an ash-
free basis) compared to the two other chars. It should be men-
tioned that the proximate and ultimate analysis were performed
by a commercial company, following the standard ASTM proce-
dures for making such analysis.

Since the oxygen content in an ultimate analysis is calculated by
difference, what is reported as the oxygen content for the GP char
is likely to be influenced by the CaCOs and other clays added to
give the GP its glossy appearance. When the GP sample is heated
to the high temperatures used in performing the ultimate analysis,
CaCOs releases oxygen in the form of CO,, yielding calcium oxide
(Ca0) in the ash.

A schematic drawing of the LFR system used to heat-treat the
chars, including the solids sampling probe positioned along the
axis of the LFR, is shown in Fig. 1. The fuel (a mixture of methane
and hydrogen) and the oxidizer (a mixture of oxygen and nitrogen)
are led to the burner in separate supply lines. When ignited, the

Table 1

Proximate and ultimate analysis of parent materials. The oxygen fraction is obtained
by difference to satisfy the mass balance. Volatile matter is determined following the
ASTM D 3175-07 standard, where it is being heated to 950 °C. The chlorine content of
the chars is expected to be very low since the cellulosic fractions are based on virgin
wood. Furthermore, the clays used in the GP char does not contain any chlorine.

Proximate analysis (dry) Ultimate analysis (daf)

Parent VM Fixed C  Ash C H [0} N S
material (wt%) (wt%) (wt)  (wt%) (wtk) (wt%) (wt%) (wtk)
wC 86.3 13.3 04 477 6.2 46.0 0.1 <0.02
NP 85.9 10.7 35 463 6.0 476 0.1 <0.02
GP 70.6 4.5 248 419 53 52.7 0.1 <0.02

Table 2

Ash analysis of the parent materials.
Component wC NP GP
Si0, 27.29 40.49 4.84
Al,04 4.58 26.30 4.12
TiO, 0.27 0.16 0.07
Fe,03 5.83 0.64 0.17
Cao 33.00 21.40 54.10
MgO 7.39 1.98 0.65
Na,0 217 0.96 0.55
K0 6.54 1.14 0.05
P,05 3.46 0.29 0.05
SO; 3.44 1.21 0.06
balance 6.03 5.43 35.34

Table 3

Proximate and ultimate analysis of LH-chars of the parent materials. The oxygen
fraction is obtained by difference to satisfy the mass balance.

Proximate analysis Ultimate analysis (daf)

Char VM Fixed C  Ash C H (0] N S
(wt®)  (wt%)  (wt%) (wt®)  (wt%) (wtk) (wtk) (wt%) (wtk)
wC 7.6 90.2 2.2 98.58 0.4 0 1.0 0.02
NP 9.4 79.1 11.5 98.1 0.8 0 1.0 0.1
GP 214 16.8 61.8 73.6 1.7 23 1.1 0.6
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Fig. 1. Schematic drawing of the laminar flow reactor. The temperature in the
reactor is 1277 °C, while the residence time of the particles are 47 ms.

fuel and oxidizer burn on the burner surface, creating an array of
diffusion flamelets. The temperature and gas composition profiles
established in the LFR are controlled by the compositions of the
inlet fuel and oxidizer mixtures and their mass flow rates. Since
in this study the LFR was used only to produce chars at a high heat-
ing rate, (and not to produce partially reacted chars for examina-
tion), inlet gas flow rates were adjusted to establish a nearly
inert environment in the LFR, and the sampling probe was placed
at a position just above the point where devolatilization ended
for extracting particles. Specific details of the LFR and its isokinetic
solids sampling probe have been presented in previous work [4].

All the solid materials used in this study were ground and wet-
sieved to yield a distribution of particles having diameters between
106 and 125 pm. The particles were injected into the LFR at a rate
between 0.3 and 0.5 g/hr, and solid samples were extracted at a
residence time of 47 ms. The NP-LH char was injected into the
LFR to yield a heat-treated char at 35% weight loss (denoted NP-
HT). Based on 35% weight loss (estimated from the weight of mate-
rial fed to the LFR and the weight of char collected), the ash content
of the NP-HT is 17.7%.

The chars produced in this study are representative of the range
of chars produced in a real grate furnace. In a grate furnace, the
parent materials of the real chars (wet waste) enter the furnace
and travel along the inclined grate where they undergo all the
sub-processes that constitute the whole combustion process. In
general, one can describe the process as follows: At the first section
of the grate, the waste dries, then devolatilizes at the second sec-
tion. The volatiles mix with the oxidizer coming from the bottom
of the grate and burn on top of the grate and in the secondary com-
bustion chamber. At the last section of the grate, the chars created
during devolatilization burnout, and the remaining ash is trans-
ported to an ash container. The parent material can spend up to
2 h on the grate during this whole combustion process. Typically,
the height of the waste bed on the grate is 30-50 cm. Depending
on if the waste is directly exposed to the burning flame on top of
the grate or if it is only heated up by surrounding particles and
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hot gas, the chars produced from the parent materials may experi-
ence some heat treatment.

Visualizing the samples is useful in order to get a better under-
standing and knowledge on the materials properties. Ordinary dig-
ital pictures of the parent materials and scanning electron
microscope (SEM) pictures of the different powdered parent mate-
rials and chars are shown in Table 4. Wood chips and newspaper in
this study have similar chemical compositions. The reason for this
similarity is that newspaper is made out of wood chips or wood by
mechanical processing (i.e., only mechanical processing of wood
produces mechanical pulp (fibers) for paper production; no chem-
icals are added). The only difference is the adding of color or ink in
the newspaper production process. Glossy paper is also made of
wood fibers, but the quality of the paper used might differ from
newspaper. Glossy paper can consist of mixtures of mechani-
cally-processed wood pulp and chemically- or partially chemi-
cally-processed wood pulp. As already mentioned, in the
production process of glossy paper, kaolin and calcium carbonate
are often used as filling material to obtain the proper glossy finish.

As can be observed from the SEMs, all chars have open struc-
tures with visible pores. Also shown in the SEMs of the glossy
paper char is the large amount of ash present as the flat dense por-
tions of the char.

In order to investigate the influence of ash on reactivity of cel-
lulosic-based chars, several attempts to remove ash from the
glossy paper char, the char containing the most ash, were made.
Ash removal was made by acid washing GP-LH samples using
hydrogen chloride in one case, and a solution of ammonium ace-
tate in another. However, both attempts to remove ash by acid
washing also altered the reactivity of the remaining char, as evi-
denced in our combustion tests. To obtain char samples with lower
ash contents without altering the chemical reactivity of the mate-
rial, chars were washed in hot water for 16 h at 80 °C, as described
by Miles et al. [5]. The hot water washing resulted in a char (des-
ignated GP-WW) having an ash-content of 53%. Separate density
fractions of the GP-LH char were also obtained via sedimentation
in cold water. Density-separation in cold water yielded chars

Table 4
Pictures of parent materials, powdered parent materials and chars.

having ash contents of 37% and 45%. These chars behaved similarly
in combustion tests; only the 37% ash-content glossy paper
char (referred to hereafter as GP-DS) is discussed. Insufficient char
was available for surface area measurements of the GP-DS char.
The specific surface area was assumed to be similar to that of
GP-LH.

2.3. Combustion tests

Combustion tests used to determine the reactivity of char sam-
ples were performed in a pressurized thermogravimetric analyzer
(PTGA), which was modified to yield information about the gas
composition during the course of reaction. The experimental set-
up of the PTGA and control and data acquisition system is shown
in Fig. 2.

The PTGA used in this study is a TG151 manufactured and deliv-
ered by Thermo Electron, and is designed for a temperature range
of 20-1100 °C and pressures from 0.13 x 107 bar to 100 bar. The
sensitivity is 107% g and the weight range is 0-100 g. An “empty
pan” test is run before all reactivity tests in order to account for
buoyancy and drag forces acting on the sample pan due to the
upward flow of reactive gases past the sample pan. The “empty
pan” measurements are subtracted from the measurements
obtained with a measured quantity of sample in the pan in order
to get mass measurements free of buoyancy and drag effects.

An optimal char sample size is employed so that the measured
weight loss can be maximized while still maintaining negligible
mass transfer effects on the measured reaction rate. Measured
weight loss increases with sample size, but diffusional resistances
through large sample sizes prevent accurate measurement of the
true kinetic rates with large samples. In our procedure to deter-
mine an optimal sample size, successively smaller sample sizes
were tested in the TGA until the measured char mass loss conver-
sion profiles were no longer a function of sample size. In reactivity
tests of the char of Illinois No. 6 coal, Tsai [6] found that samples
sizes less than 0.12 g at 1atm and less than 0.06 g at 25 atm
yielded mass loss profiles that were essentially the same,
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Fig. 2. Experimental set-up of the PTGA, control and data acquisition system.

indicative of mass transport-free measurements. In all reactivity
tests reported in this work, an initial char sample weight of
approximately 0.02 g (20 mg) was used.

The 1-cm diameter sample pan used had a mesh bottom in
order to let the reaction gas, entering from below the sample, have
unrestricted access to the sample. The reaction gas composition,
reactor temperature and data acquisition are all controlled by a
control unit during a combustion test. More detailed information
on the specifics of the PTGA is also presented elsewhere [6].

Shown in Fig. 3 are experimental results from a typical combus-
tion test in the PTGA performed at atmospheric pressure, at 500 °C
and with an oxygen concentration of 10 vol-%, conditions in which
the mass loss rates were controlled by the intrinsic reactivity of the
carbonaceous material. After the sample has been put in the pan
and the PTGA is closed, the reactor is purged with nitrogen for
53 min at room temperature to ensure an inert environment. Any
CO,, CO or air, remaining in the reactor chamber is eliminated dur-
ing this time. After 53 min, the temperature is ramped up to the
reaction temperature of 500 °C in 20 min, still in an oxygen-free
environment in order to dry the sample. As can be observed from
the flat portion of the weight profile from 75 to 90 min, the sample
is dry before the reaction gas is admitted. During this heating and
drying of the sample in nitrogen, a small amount of CO and CO, is
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Fig. 3. Experimental results from a typical combustion test in 10 vol-% O, in the
PTGA.

released (desorbed). These carbon oxides are formed from oxygen
complexes in the initial char sample.

At 90 min, the reaction gas (10 vol-% O,) is turned on. From 90
to 330 min (240 min reaction time) the particle is kept at a con-
stant temperature (500 °C) and in a uniform and constant gas com-
position. During the reaction period, the oxygen reacts with the
carbon in the sample, producing CO and CO,, which are subse-
quently released, reducing the mass of the material on the PTGA
balance pan. At 330 min the reaction gas is turned off and the sam-
ple is once again purged with nitrogen, making sure that the sam-
ple is no longer reacting. At 378 min, still in nitrogen, the sample is
heated up till 1100 °C in order to remove any adsorbed oxygen
complexes remaining on the material in the balance pan. This
yields the true sample mass at the end of the test. The oxygen on
the sample during this desorption is released as CO and CO, if there
is still carbon left in the sample. With the GP, CO, is also released
when the temperature is increased to 1100 °C at the end of the
combustion tests as a result of CaCO3 decomposition. Calcium car-
bonate is stable at temperatures below about 600 °C but dissoci-
ates, releasing CO, at higher temperatures.

In a parallel study to obtain the pyrolysis kinetics of these same
parent materials, it was revealed that WC and NP had practically
the exact same weight loss profiles as a function of temperature.
This is another indication of the similarity of the chemical compo-
sition of these two materials. Weight loss profiles as a function of
temperature or thermograms such as this are often used to finger-
print different types of materials.

2.4. Surface area measurements

The specific surface areas of the char particles used in the com-
bustion tests were measured employing the BET procedure [7,8],
using CO, as the adsorption gas [9]. The surface area measure-
ments were done in situ during a combustion test in the PTGA,
yielding the surface area per unit mass of particles, Sg,, as a func-
tion of char conversion. To obtain in situ measurements, the com-
bustion tests were interrupted at selected extents of conversion by
rapidly switching from the reactive gas to nitrogen and lowering
the temperature to room temperature, performing the CO, adsorp-
tion measurements, and then reheating the partially oxidized sam-
ple back to the reaction temperature in nitrogen before
readmitting the reactive gas to continue char oxidation. The CO,
adsorption measurements were made at room temperature and
10 atm. Information about the specifics on the BET experiments
can be found elsewhere [6,10].

3. Data analysis

The char particles are assumed to consist of two components:
an ash fraction, which is assumed to be non-reactive below a cer-
tain temperature, and a carbonaceous fraction, which is assumed
to react with oxygen, forming both CO and CO,. The specific mass
loss rate of the char (R.) is expressed in terms of the mass loss rate
and specific surface area of the carbonaceous portion of the particle
material (S,) as:

1 dw, 1 dx.

= = RicSge (M

Rf:_wc dt  1—x dt

where W. is the mass of carbonaceous material in the char at time t;
X, is the fractional char conversion on a dry and ash free (daf) basis;
Sec is the mass specific surface area of the carbonaceous material (in
m?/kg); and Ry is the intrinsic chemical reactivity per unit mass
specific surface area.

During char oxidation, the volume-specific surface areas (S,, in
m?/m?) of particles change, increasing due to micro-pore reactions
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and decreasing due to pores merging and coalescing. Early in bur-
noff the change in surface area is due primarily to the opening of
initially closed-off pores, creating new interconnections that
expose additional surface area. Owing to this competition between
the exposure of new pore surface area and loss of pore surface area
due to pores merging and coalescing, there is a maximum in the
volume specific surface area with conversion. The mass specific
surface area, which is related to the volume specific surface area
through the particle’s apparent density (S, = p,Sec), progressively
increases with char conversion until quite late in burnoff under
kinetically-controlled conversion conditions.

The specific surface area of the ash-containing particle (Sg) is
measured, it is, however, the specific surface area of the carbona-
ceous portion of the char (S,) that is needed to extract the intrinsic
reactivity from the weight loss measurements. To determine Sg,
the following expression is used:

Sep = (1 — Xa)See + XaSea. (2)

Here, Sg, is the specific surface area of the ash and X, is the instan-
taneous mass fraction of the ash, calculable from the initial ash con-
tent of the char and the extent of conversion. Measurements made
during this work and the work of Campbell et al. [10] suggest that
the mass specific surface areas of ashes from both biomass and coal
are in the range 5-10 m?/g, considerably lower than values deter-
mined for the mass specific surface areas of coal and biomass char
particles. Hence, the mass specific surface area of the ash is incon-
sequential until late in burnoff.
An expression for R, was determined from Eq. (1) to yield:
Rtk = 500 = (T e ©
gc\Ac c)2gc\Ac
Quantities on the right-hand-side of this equation are determined
from the measurements, permitting the evaluation of R; as a func-
tion of conversion at the test temperature.

4. Results and discussion
4.1. Specific surface area and oxidation thermograms

Shown in Fig. 4 are the measured mass specific surface area
evolution profiles for the different chars as a function of conver-
sion. The initial mass specific surface areas of the chars are nearly
the same, in the range 366-409 m?/g. This is largely due to the sim-
ilarity in the chemical make-up of the cellulosic materials selected
for study and the uniformity in the devolatilization conditions. All
of the chars, with the possible exception of the glossy paper, exhi-
bit a monotonic increase in mass specific surface area with conver-
sion up to at least 60% conversion. The wood chip and newspaper
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e GP-LH —GP-LH calc.
2400 o Gpoww —GP-WW calc.
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Fig. 4. Measured surface areas as a function of conversion for the chars of the
cellulosic materials examined. The value of the structural parameter i for the
different chars is listed in Table 5.

chars formed at the low heating-rate condition exhibit similar
increases in specific surface area up to 80% conversion. There is
only a modest difference in the surface area evolution of the NP-
LH and NP-HT chars at low conversions. With increased conver-
sion, the differences become more apparent, the heat-treated char
showing the smaller increase in mass specific surface area with
conversion.

The solid lines in Fig. 4 are calculations based on the random
pore model for chemical-kinetics controlled conversion of porous
materials developed by Bhatia and Perlmutter [11]. The model is
used to predict the variations in the volume specific surface area
with conversion. Since under kinetically controlled char conversion
particle apparent density is proportional to particle mass loss, the
following expression can be derived for the mass specific surface
area variation with conversion from the Bhatia and Perlmutter
model:

Sec = Sgcoy/1 — ¢ In(1 —xc). (4)

In our approach, the initial mass specific surface area (Sg o) and the
structural parameter iy are found from a least squares fit to the
experimental data. The solid lines shown in Fig. 4 are based on such
list squares fits. Values determined for y are presented in Table 5.

The chars produced from glossy paper at the low heating rate
condition, GP-LH and GP-WW, also exhibit an initial increase in
mass specific surface area with increase in conversion. In the
25-35% conversion range, there appears to be a peak in the mass
specific surface area of the GP-LH char, but such a peak is not
consistent with the prediction of the random pore model. It is
important to note that the surface area measurements of the GP
chars are likely to be influenced by the amount of calcium in the
ash, for any CaO in the ash can react with CO, to form CaCOs.
Consequently, the CO, uptake measured in the BET adsorption
tests is not solely a consequence of CO, adsorption on carbona-
ceous surfaces but also depends on the concentration of CaO in
the char. Uncertainties in the specific surface area measurements
are expected to increase with conversion, as the char contains less
and less carbonaceous material and more ash as conversion
progresses.

At 50% conversion, the GP-LH char is comprised of about 77%
ash, which has a lower mass specific surface area than the carbona-
ceous material. If the specific surface area of CaCOs is larger than
5m?/g (the value assumed for the mass specific surface area of
the biomass ash), the mass specific surface area values reported
for the char would be too low. This could explain the observed
decrease in the surface area of the GP-LH char for x. > 0.5, when
the char is comprised mostly of ash.

It is clear that there are relatively large uncertainties involved in
the determination of the surface area of the GP chars, especially at
high conversions. Based on the similarities in the initial mass spe-
cific surface areas of the NP and GP chars, it is reasonable to expect
for the carbonaceous portions of the chars to evolve similarly,
which seems to be the case for all the chars produced at the lower
heating rate. In our approach to determine the intrinsic reactivity
of the GP chars, we assume this to be the case and use the same
value of  for all the LH chars.

Table 5

The value of the structural parameter v for the different chars.
Char 14
WC-LH 6
NP-LH 6
NP-HT 1.8
GP-LH 8
GP-WW 10
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Shown in Fig. 5 are normalized mass profiles for the char sam-
ples undergoing oxidation in 10 vol-% oxygen at 500 °C and 1 atm.
The temperature profile used in the combustion tests is also
shown. As can be observed, each sample dries completely and
any carbon oxides on the carbonaceous material and the calcium
carbonate decomposition products are completely removed at
the end of the test during heating in nitrogen for 90 min.

At the 90 min mark when oxygen is admitted into the PTGA
chamber, each char exhibits an initial rapid rate of mass loss. In
the 10 vol-% 0,, 500 °C environment, the mass loss rate of the
WC-LH char becomes essentially zero after about 200 min and
the value of m/my is near the ash content of the initial char (2.2%
ash), indicating nearly complete burnout of the carbonaceous
material in 200 min. The mass loss rate of the GP-LH char falls to
a very low value in about 140 min, however the value of m/mg
after 140 min of reaction time is greater than the ash content of
the initial char (61.8% ash). This is another consequence of the
large amount of CaCOs; that was added during production of the
paper in order to make it smooth and glossy. This CaCOs is con-
verted to CaO at temperatures above 600-800 °C, which is the case
in both the TF and LFR. This means that the fresh char inserted into
the PTGA consist of small amounts of CaCOs; but significant
amounts of Ca0, as can be seen from Tables 1 and 2. When CaO
is exposed to CO, during the char oxidation process in the PTGA,
a portion of the CO, is re-adsorbed to produce CaCOs, which means
that when all the carbon has been oxidized there are large amounts
of CaCOs3 in the ash, making the ash significantly more massive
than the ash containing just CaO. It can be shown from equilibrium
calculations that the CO, is released when the temperature is
increased beyond 600-800 °C.

After 330 min of reaction time in the reactive gas environment,
the mass loss rates of the NP-LH and NP-HT chars are not yet zero
and the values of m/m, are greater than the ash contents of the ini-
tial chars (11.5% and 17.7% ash, respectively for NP-LH and NP-HT),
indicating that carbonaceous material remains in the PTGA balance
pan. This is as expected since the reactivity and the conversion of
the NP char has not yet reached zero. The NP-LH and NP-HT chars
exhibit quite similar weight loss profiles, indicating little impact of
ash content on the rate of mass loss. In addition, the similarity in
mass loss rates indicates insignificant annealing of the carbona-
ceous material with heat treatment. This is characteristic of most
biomass chars.

After 330 min of reaction time, nitrogen is readmitted into the
PTGA reaction chamber, displacing the reactive gas, ending char
oxidation. At 378 min, the temperature is ramped up to 1100 °C.
During this heating period in nitrogen, surface oxide complexes
are released as CO and CO, from the mass remaining in the PTGA

Nitrogen Reaction gas 1 Nitrogen
14 T : 1200
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1,2 |\ GP-LH -5 NP-HT | + 1000
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Fig. 5. Fractional mass remaining profiles for chars exposed to 10 vol-% oxygen at
500 °C.

balance pan: the mass of material in the balance pan decreases.
In addition, for the GP the CaCOs is reduced to CaO while releasing
CO,. This results in a very strong mass loss for the GP as the tem-
perature is increased above 600-800 °C, which is clearly seen in
Fig. 5. The normalized mass at this time gives a true measure of
the fraction of the initial mass of carbonaceous material remaining
after oxidation for 330 min in the reactive gas environment. With
the WC-LH char, less than 0.8% of the initial mass of carbonaceous
material remained un-oxidized and with the NP-LH and NP-HT
chars, from 10% to 5% of the initial mass of carbonaceous material
remained unoxidized. Less than 2% of the initial mass of the carbo-
naceous portion of the GP-LH char remained un-oxidized under
these oxidation conditions after 330 min. The thermograms shown
in Fig. 5 are representative of duplicate oxidation tests and indicate
that in the 10 vol-% O,, 500 °C environment, the glossy paper char
has the fastest initial mass loss rate and the newspaper chars have
the slowest initial mass loss rates.

4.2. Char intrinsic chemical reactivity

In accord with Eq. (3), the mass loss data were combined with
the mass specific surface area measurements to determine char
reactivity for the chars examined. Each of the mass loss profiles
(shown in Fig. 5, for example) was numerically differentiated to
yield the conversion rate dx./dt as a function of conversion x,
and combined with the least squares representation of the mass
specific surface area (shown as the lines in Fig. 4)) to determine
char reactivity as a function of conversion.

For the glossy paper, account was made for CO, uptake when
calculating the reactivity. The sum of the mass of the carbonaceous
part of the char, W, and the mass of the CO, capture by the cal-
cium oxide, Wco,, is

Weo =W+ Weo,. (5)
The intrinsic reactivity of the carbonaceous part of the char is then

given as

1 1 dW,, ®)
B Sgc Wc‘a - WCOZ,M dt

Ric

where Wco, v is the mass of CO, capture by CaO in the char particle
at full conversion. It can be assumed that the amount of CO, cap-
tured by the CaO in the ash scales linearly with conversion, such
that

Weo, = Weo, mXc, (7)

which is likely to be a good approximation since the amount of CaO
exposed to the surroundings will scale almost linearly with conver-
sion. Inserting W, = W,o(1 — x.) and Eq. (7) into Eq. (5) yields the
conversion for the GP char as

We+Weo, —Wep
Xe=—r——2— 8
Weoym — Weo ®

The total mass of the char particle is given by
W, = We + Weo, + Wi, when Wy, is the mass of the CO, free
ash, such that the above equation can be re-written as

Wpo—W,

Xe = . 9
Wp.O - Wash - WCOZ.M ( )

The intrinsic reactivities of the chars of the materials selected
for study as functions of conversion are shown in Fig. 6. All the
chars have peak reactivity at low conversions (x. < 0.03, daf). At
extents of conversion greater than about 20% daf, the reactivities
of the NP and GP chars have decreased by a factor ranging from
3 to 6 of the peak values. The glossy paper char has the highest
peak reactivity and the newspaper chars, the lowest.
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Fig. 6. Intrinsic reactivity (Ri.) as a function of conversion (x.).

Table 6
Specific surface areas and peak and average reactivities.

Sample Sgp Sgc0 Peak R; Ric

(m?[g) (m?/g) (10~ g/(s m?)) (105 g/(s m?))
WC-LH 389+12 398 £12 1.43 £0.04 0.46 £ 0.01
NP-LH 360+ 14 407 £ 16 1.06 £ 0.04 0.21 +£0.01
NP-HT 358+ 11 409 +12 0.98 +0.03 0.27 +0.01
GP-LH 140 + 41 366 51 5.80+0.40 1.36 £ 0.04

After the initial peak, the reactivity of the WC-LH char levels off
at about 5% conversion. Thereafter, there is a slow increase in reac-
tivity up to about 25% conversion before the reactivity starts to
slowly decrease with increasing conversion. The reactivity of the
WC-LH char levels off after about 70% conversion. Following the
peak in the reactivity of the GP-LH char, the reactivity somewhat
levels off at about 10% conversion before decreasing slowly until
final burnout.

The NP-LH and NP-HT chars have similar reactivity profiles as a
function of conversion. The reactivities of the newspaper chars
level off after the peak at about 20% conversion, at which point
the reactivity becomes relatively stable throughout the remainder
of the oxidation process. The observed slight difference in the reac-
tivity profiles of the NP-LH and NP-HT chars are likely to be a con-
sequence of the uncertainty in the surface area measurements. The
reactivity of NP-HT is seen to be similar to that of NP-LH through-
out the lifetimes of the chars.

These experiments reveal that the reactivities of the cellulosic-
based chars selected for study vary with conversion. One way of
comparing the reactivity for the different chars is to compare the
average reactivity over the whole conversion range. The average
reactivity is calculated as follows:

o Ric(xo)dxe

R
c fol dxc

(10)
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Fig. 7. Intrinsic reactivity as a function of conversion for the glossy paper chars.

Averaging R, over the entire conversion range removes the depen-
dence of the reactivity on conversion and serves to rank the relative
reactivities of the chars.

Presented in Table 6 are values determined for the peak and
average intrinsic reactivities for each char, along with values for
the initial specific surface areas. The average intrinsic reactivity
of the NP-LH char (0.21 x 10°® gm~2 s-1) is about 30% lower than
that of the NP-HT char (0.27 x 10°° g m~2 s~1), which is a factor of
1.6 lower than that of the WC-LH. The GP-LH char is about three
times more reactive than the WC-LH char. Since the mass curves
from the TGA results shown in Fig. 5 are rather similar it may
be surprising that the mean reactivities of the two NP chars are
relatively different (0.27 vs 0.21). The reason for this is that the
NP-HT contains 50% more ash than the NP-LH char. The peak
reactivities of the newspaper chars differ slightly, being 1.06x
10 ®gm=2s! for NP-LH and 0.98 x 10 °gm2s~! for NP-HT.
The data for the NP-HT char do not indicate any large effect of heat
treatment on the average intrinsic reactivity. The peak reactivity of
the WC-LH char is only slightly more reactive than the NP chars,
but it is less than a quarter as reactive as the GP-LH char (see
Table 6).

4.3. Reactivity of glossy paper as a function of ash content

Shown in Fig. 7 are the intrinsic reactivities of the glossy paper
char (GP-LH) and its ash-cleaned samples (GP-WW and GP-DS) as
functions of conversion. The peak reactivities were lowered by
reducing the ash contents of the chars. From 10% to full conversion,
the intrinsic reactivities of the GP-WW and GP-DS chars are very
similar, almost identical. Presented in Table 7 are the mass specific
surface areas and peak and averaged reactivities for the glossy
paper chars. The peak reactivity is lowered by as much as 70%
when reducing the ash content from 62% to 37% by density separa-
tion of the char. The fraction of CO, released from CaCO3; when
heating the char to 1100 °C after oxidation has ended is equal to
13% for all the different GP chars. This indicates that the CaO is
not washed away during the char washing process, the relative

Specific surface areas and reactivities for the glossy paper chars. The mass specific surface are of the carbonaceous part of GP-DS could not be determined because enough
material was not available and the value has therefore been set equal to what was found for GP-LH.

Sample Percentage ash Sep (M?/g) Sgco (M?[g) Peak R;. (10-%g/(s m?)) Ric (10~® g/(s m?))
GP-LH 61.8 140 £ 41 366 +51 5.80+0.40 1.36 £0.04
GP-WW 53 147 +19 313 +41 2.80+0.22 0.70+0.02
GP-DS 37 140+ 20 366 £ 51 1.20+£0.13 0.62 +0.05
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content of the ash of the three different GP chars are therefore
different.

5. Conclusions

The intrinsic reactivity of three different chars formed under
low heating rate conditions from cellulosic wastes have been
investigated. The average intrinsic reactivities for the three chars,
during reaction in 10vol.% oxygen at 500 °C and atmospheric
pressure, were found to be 0.46x10°° 0.21 x10° and
136 x 10 °gm=2s1, respectively, for the WC-LH, NP-LH and
GP-LH chars and the corresponding peak reactivities were
143 x10°° 1.06 x 10°° and 5.80 x 10 ° gm~2 s~1. The reactivi-
ties for WC-LH, NP-LH and GP-LH differ as a function of conversion
and ash content. However, for these cellulosic-based chars no
trend in terms of either increasing or decreasing reactivity with
increasing ash content was found. Moderate heat treatment had
no significant influence on char reactivity. A heat-treated sample
of the newspaper char (NP-HT) behaved essentially the same as
its parent char (NP-LH).

Due to the CaCOs that is used in the production of glossy paper,
it is crucial to account for the release and capture of CO, onto the
CaCOs3/Ca0 in the ash. Unless accounted for, this will artificially
make the reactivity measured in a TGA too low and the remaining
ash content too high.

Reducing the ash content of the GP-LH char from 62% to 37%
resulted in a char with a lower peak reactivity at low conversion.
At conversions less than 5%, reducing the ash content clearly low-
ers the reactivity. This suggests, perhaps, a catalytic influence of
the ash. It is likely that the ash also plays a role in limiting the reac-
tivity by for example, encapsulating the carbonaceous material,
making it more difficult for oxygen to reach the carbonaceous sur-
faces where it can be adsorbed.
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