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Abstract  Plastic waste/fly ash composite, which is made mostly from plastic waste
and fly ash, is one of the materials developed for the purpose of recycling. Currently,
the composite is used for cable troughs shielding underground lines. However, there
exists little information concerning the thermophysical properties of the composite.
Thermophysical properties and the structure of the composite must be determined
to estimate the heat transfer in the composite and create the different proportions of
the composite material. This article deals with measurements of the specific heat of
the plastic waste/fly ash composite and its components using a differential scanning
calorimeter. The composite sample, which ranged from 10 mg to 19 mg in mass, was
cut from a cable trough. The standard reference material is synthetic sapphire disks of
19.6 mg and 29.6 mg in mass. The specific heat of the plastic waste/fly ash composite
increases from 1.25kJ - kg~ - K~! to 1.59kJ - kg~ - K~! at temperatures from 305K
to 360 K. The uncertainty for the specific heat data of the composite is estimated to be
about 4 %. In addition, the specific heat value depends heavily on the content of the
plastic waste.

Keywords Composite material - DSC - Fly ash - Plastic waste - Recycle -
Specific heat

1 Introduction

Plastic waste/fly ash (which the authors call “PWFA” for short) composite, which is
made mostly from plastic waste and fly ash, is one of the materials developed for the
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purpose of recycling. Irregular plastics in shape and size, different types of plastic,
and plastics unsuitable for recycling with an existing technology can be mixed with
the ingredients of the composite. The composite can be recycled repeatedly. Currently,
the PWFA composite is used for cable troughs shielding underground lines. The ther-
mal conductivity and specific heat of the PWFA composite must be determined to
estimate the heat transmitted through the cable trough and the temperature rise in the
cable and cable trough, because an excessive temperature rise of the cable causes seri-
ous problems. However, there exists little information concerning the thermophysical
properties of the PWFA composite. In addition, it is not easy to estimate the thermo-
physical properties of the PWFA composite by using conventional theoretical models
for the dispersed composite material [1], because the thermophysical properties of fly
ash and of the blended plastic formed of different plastics are not known.

The goal of this work is to obtain the fundamental data on the thermal conductivity,
specific heat, and structure of the PWFA composite to determine the heat transfer in the
composite and estimate the thermophysical properties of different proportions of
the composite material. The authors previously measured the thermal conductivity of
the PWFA composite using the guarded hot plate apparatus and observed the cutting
surface of the PWFA composite using a metalloscope [2]. The thermal conductivity
was about 0.4W - m~! - K~ at 300 K. In addition, it was found that fly ash disperses
at irregular intervals in the continuous phase composed mainly of plastic wastes.

This article deals with the measurements of the specific heat of the PWFA compos-
ite and its components using a differential scanning calorimetry (DSC). The specific
heat measurements are repeatedly carried out at temperatures not exceeding 365K to
prevent the melting of the plastic components. The specific heat data of the PWFA
composite, fly ash, and the blended plastic composed of the polyethylene and polypro-
pylene resins, the estimation of the specific heat of the fire retardant, and the uncertainty
of the specific heat of the PWFA composite are described.

2 Features of the PWFA Composite Sample

Specimens of the PWFA composite were cut from a cable trough. The cable trough
is the first recycled product made from recovered plastic waste materials. Data on
the composition of the PWFA composite are listed in Table 1. The plastic waste and
fly ash components account for over 80 % of the total mass. The recovered plastic
waste mainly consists of polypropylene and polyethylene resins used for home wrap-
ping materials. Fly ash was generated at a domestic coal-fired power plant. Besides
a small amount of glass fiber as reinforcement, a fire retardant is added to the PWFA
composite. On the other hand, the name, chemical formula, composition, and some
details concerning the fire retardant are not disclosed by the manufacturer of the PWFA
composite, because it is a industrial proprietary information.

Figure 1 shows observations of the particles of fly ash using a scanning electron
microscope (SEM) and the polished surface of the PWFA composite using a met-
alloscope [2]. Fly ash particles were globular in shape and under 60 um in diam-
eter. The round particles of fly ash disperse at irregular intervals in the matrix, as
shown in Fig. 1b. Each particle of fly ash is surrounded by the matrix. In contrast, the
form of the matrix is a continuous phase. Although fly ash was heated to the melting

@ Springer



978 Int J Thermophys (2009) 30:976-986

Table 1 Composition of PWFA

. Components Contents per unit
composite

mass (%)

Plastic waste

Polypropylene 62 45

Polyethylene 36

Other 2

Sum: 100 %
Fly ash 38
Glass fiber 2
Fire retardant 15
Total: 100 %

Fig. 1 Observations of (a)
particles of fly ash and (b)

polished surface of PWFA

composite

temperature of the plastic waste and mixed with the plastic waste, the broken and
deformed particles of fly ash could not be found. It is quite certain that the matrix is
composed of the plastic waste and fire retardant, but the distribution of plastic and fire
retardant components and some details concerning the matrix are unclear.

To measure the specific heat of the PWFA composite, the authors prepared granular
and plate samples of the composite. The granular sample, which was grated, had a
grain size of not more than about 0.5 mm. In the case of plate samples, the sample
surfaces were polished with sandpaper which has an abrasive particle size of 9 um.
In addition, the surface was buffed with a polishing solution containing aluminum
particles 0.1 um in size. After the polished sample was cleansed with ion-exchange
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water inside an ultrasound bath, it was dried in a thermostatic chamber set at a con-
stant temperature of 323 K. The plate sample had a size of about 2.5 x 2.5mm? and a
thickness of about 1 mm or less. The composite samples ranged from about 10 mg to
19 mg in mass.

3 Measurement Method

The specific heat was measured using a heat-flux differential scanning calorimeter
[3]. The measurement sensitivity of the differential heat of the calorimeter is within
1.6 uW at temperatures from —150°C to 725°C. Specimens, the standard reference
material, and sample (test substance) were placed into a separate aluminum capsule
of 15uL in capacity. The aluminum capsules ranged from 206.8 mg to 206.9mg in
mass. The capsule was sealed with a sealer.

The standard reference materials consisted of synthetic sapphire disks of 19.6 mg
and 29.6 mg in mass. The data used for the specific heat of synthetic sapphire [4] are
shown in Table2. The masses of the specimen and capsule were measured using an
electronic balance with a sensitivity of 0.01 mg. The uncertainty for the mass mea-
surements was estimated to be within £1 %.

To determine the specific heat of the sample, it is necessary to obtain the DSC
curves of the empty capsule and capsules containing the specimen using the DSC.
The DSC curves were obtained according to the following steps [3,5]. Figure 2 shows
a schematic diagram of the heat-detecting element of the calorimeter [3].

Step 1: Four clean empty capsules were prepared. One of them received one sapphire
disk as a standard reference material. Another capsule received the sample.
The remaining capsules were empty. All capsules were sealed.

Step 2: The heating rate and the temperature range were inputted into a controller,
i.e., the control program of temperature or the heating curve was fixed.

Step 3: An empty capsule was placed on the R-side capsule holder, as shown in Fig. 2.
In addition, another empty capsule was placed on the other capsule holder
(S-side capsule holder). The relationship between the DSC signal of the empty
capsule and the temperature, i.e., the DSC curve of the empty capsule, was
measured with the calorimeter.

Step 4: The empty capsule on the S-side capsule holder was replaced with the cap-
sule containing the standard reference material (which is called the “reference
material capsule” for short). As in the case of the empty capsule, the DSC
curve of the reference material capsule was measured.

Step 5: The reference material capsule was replaced with the capsule containing the
sample (which is called the “sample capsule” for short). As in the case of the
empty capsule, the DSC curve of the sample capsule was measured.

During the series of measurements, the authors never touched the empty capsule
on the R-side capsule holder and never removed the empty capsule. After the end of
the measurements, the capsules remained in the apparatus and then were cooled by
natural cooling. The capsules were not removed until the temperature of the capsule
cooled to nearly ambient temperature. By following measuring steps 3, 4, and 5, three
DSC curves were obtained.
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Fig. 2 Schematic diagram of capsule holder (S-side) furnace cover
heat-detecting element of
calorimeter [3]

empty capsule

heat sink

thermal barrier capsule holder (R-side)

Fig. 3 Experimental results of T : temperature

DSC curves of PWFA composite Yec : DSC signal of the empty capsule
Yr : DSC signal of the reference material capsule
Ys  : DSC signal of the sample capsule
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In this study, the specific heat measurements were repeatedly carried out at tem-
peratures not exceeding 365K to prevent the melting of the plastic components. The
constant heating rates were set at 2K - min~!, 5K - min~!, and 10K - min—!.

Figure 3 shows the experimental results of the DSC curves of the PWFA compos-
ite when the heating rate was set at 5K - min~—!. 7 is the temperature. Y., Y, and
Y; represent the DSC signals of the empty, reference material, and sample capsules,
respectively. The DSC signals showed transient behavior at the beginning and end
of the rise of temperature. Furthermore, the DSC signal varied linearly with time or
temperature, except during the two periods of transient behavior. The DSC data in the
linear region were used for calculation of the specific heat. The specific heat of the

sample ¢ is given by

M,  (Ys—Yeo)
Cg=— X —— X ¢¢ @))
My (Yr —Yeo)

where c; is the specific heat of the standard reference material, and M; and M; are the
masses of the standard reference material and sample, respectively.
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(a) PWFA composite sapphire disk
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Fig. 4 Experimental results for PWFA composite: (a) heating rate of SK - min~! and (b) effect of heating
rate

4 Results and Discussion

Figure 4a shows the experimental results of the specific heat of the PWFA composite
when the heating rate was set at 5K - min~!. The broken line on the figure represents
the approximation obtained from the measured data by the least-squares method. The
specific heat increased from 1.25kJ - kg~ - K~ to 1.59kJ- kg~ -K~! with an increase
in temperature from 305 K to 360 K. In addition, the variation in the data was within
£3 %. Accordingly, the effect of the mass and shape of the composite sample on the
measured data were within +3 %.
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Figure4b shows the experimental results for the heating rates of 2K - min™!,

5K- min_l, and 10K - min—"'. In the case of the data obtained for the heating rates of
2K -min~! and 10K - min~!, the variation range in the measured value is indicated in
the figure. The data for 2K - min~! agreed with those for SK - min~! within 0.2 %.
However, the data for 10 K - min—! were about 2 % lower than those for 5K - min~!.
In the case of heating rates of 2K - min~! and 10K - min—!, the effect of the mass and
shape of the composite sample on the measured data was within 43 %. The authors
speculated that recommended heating rates for reliable measurements of the specific
heat of the PWFA composite are 2K - min~! and 5K - min~".

Taking into account the uncertainty for the measurement of mass and the variation
and reproducibility of the present data, the uncertainty for the specific heat data was
estimated to be about 4 % [6]. Additionally, based on the data obtained for 2 K - min~!
and 5K - min~!, the specific heat of the PWFA composite can be expressed using the
following equation, at temperatures from 305 K to 360 K:

¢s = —0.47 + 0.0057T 2)

Figure 5 shows the experimental results for the specific heat of the fly ash particles
when the heating rate was setat 5 K- min—L. Specific heat data of SiO,, Al,O3, Fe; 03,
CaO, and MgO, which are the constituents of fly ash [7], are plotted as shown in the
figure. The specific heat data of these metal oxides [1,4] are listed in Table 2.

The specific heat increased from 0.7kJ - kg~! - K~! t0 0.9kJ - kg~ - K~! with an
increase in temperature from 310K to 385 K. Additionally, the variation in the data
was within +7 %. Although the components ratio of the fly ash used for this study is

Fig. 5 Experimental results for

fly ash particles _Fly ash particles sapphire disk

sym. mass mass

MO (mg)  (mg)

O 04-4-28A 18.9 19.6
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Fig. 6 Experimental results for

PE/PP composite sapphire disk

PE/PP composite
sym. mass mass
No.
(mg) (mg)
O 05-5-9A 128 29.6 heating rate:
X 05-5-9B 11.7 29.6 5 K:min'!

........ result for 2 K-min™

— === result for 10 K-min™

27¢
_25F
o lyethyl
o polyethylene
L 2af
et I
=21}
) 19¢ i
] L SN polypropylene
1.7
300 310 320 330 340 350 360
T, K
Table 3 Specific heat data of Polyethylenc® [1] Polypropylene [8,9]

polymers

T (K) ekl kg7l K1 T (K) eI kg7l K1

300 1.90 273 1.7

350 2.53 3232 1.88

360 2.67 3332 1.94
3432 1.99
353.2 2.04
363.2 2.09
400 2.1

4 High-density polyethylene

unclear, SiO, and Al,O3 contents account for 70 % to 80 % of the total constituents
of fly ash [7]. The specific heat of the fly ash used for this study is as large as those
for SiO;, Al,O3, and CaO.

Figure 6 shows the experimental results for the PE/PP (polyethylene/polypropyl-
ene) composite. The results for 2K - min~! and 10K - min~!, which are respectively
indicated by a short dashed line and a dotted and dashed line, are approximated from
the measured data by the least-squares method. Specific heat data for the PE and PP
[1,8,9] are listed in Table 3.

The PE/PP composite, which was specifically prepared for this work by the man-
ufacture of the material, was made from plastic waste material used as an ingredient
of the PWFA composite. The PE/PP composite has a PE-to-PP ratio of 37:63, which
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almost equals the PE-to-PP ratio of the PWFA composite. In this study, the granular
sample, which had a grain size of not more than about 0.5 mm, was prepared.

The specific heat increased from 1.9kJ - kg=! - K~! t0 2.5kJ - kg~! - K~! with an
increase in temperature from 305K to 360 K. The variation in the data for 5 K - min~!
was within £3.5%. The results for 2K - min~! agreed with those for 5K - min~!
within 1%. But the results for I0K - min~! were lower than those for 5K - min~!.
The variations of the data for 2K - min~! and 10K - min~! were within 43 %. The
specific heat value for the PE/PP composite was between the values for PE and PP.

The additivity rule is applied to the estimation of the specific heat of the PWFA

composite cpy, then the specific heat cpw can be expressed using the following equa-
tion:

Cpw = CpCDp + cta Pra + e Py + chDg 3)

where ¢ and ® are the specific heat and mass ratio of the components of the PWFA
composite, respectively. The subscripts fa, fr, g, and p represent fly ash, fire retardant,
glass fiber, and PE/PP composite, respectively.

The PWFA composite has a much lower content of the glass fiber than the other con-
stituents, as illustrated in Table 1. Consequently, the term (¢ ®P,) in Eq. 3 is ignored,

and then the specific heat of the fire retardant ¢y can be estimated using the following
equation:

Cpw — (cp X ©p + ¢y X Py
o= Dl O d @
T

Figure 7 shows the specific heats of the PWFA composite and its constituents. The
specific heat of the fire retardant was calculated by Eq.4, when the content of fire

Fig. 7 Specific heats of PWFA

O PE /PP composite (measured data)
composite and its constituents

® PWFA composite (measured data)
4 fly ash (measured data)
% fire retardant (results calculated by Eq. 4)
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retardant @ equals 0.17. The data for the PE/PP composite are the highest, and those
for the fly ash are the lowest. The value for the PE/PP composite is at least 2.5 times
higher than that for the fly ash. In contrast, the value for the fire retardant is as large
as that for the fly ash. Therefore, the specific heat of the PWFA composite depends
largely on the content of the plastic waste.

5 Conclusion

To obtain the specific heat of the PWFA composite and its components, the authors
measured the specific heats of the PWFA composite, fly ash, and PE/PP composite
using a differential scanning calorimeter and estimated the specific heat of the fire
retardant. Then the following conclusions were obtained.

1. The specific heat of the PWFA composite increases from 1.25kJ - kg~ - K~ to
1.59kJ - kg~! - K~! with an increase in temperature from 305K to 360 K.

2. The uncertainty for the specific heat data of the PWFA composite is estimated to
be about 4 %.

3. The specific heat of the fire retardant is as large as that of the fly ash. In addition,
the specific heat of the PWFA composite depends largely on the content of the
plastic waste.
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