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AbstractThe co-pyrolysis effect of municipal sludge (MS) and polyethylene terephthalate (PET) was estimated using
kinetic analysis via thermogravimetric (TG) analysis and pyrolyzer-gas chromatography/mass spectrometry (Py-GC/
MS). The co-feeding of MS and MS ash to PET pyrolysis decreased the PET decomposition temperature, from 427 oC
to 409 oC by MS and to 420 oC by MS ash. The production amount of mono aromatic hydrocarbons (MAHs) on the
pyrolysis of PET and MS was also increased by 2.5 times compared to the theoretical value by applying their co-pyroly-
sis. Additional use of MS ash for the co-pyrolysis of PET and MS further increased MAHs by 4.1 times compared to
the theoretical value because of the radical enhancement and the catalytic effect of ash in MS. The amount of MAHs
on the co-pyrolysis of PET and MS was increased by 9 times larger than the theoretical value for the co-pyrolysis of
PET (0.5 mg) and MS (0.5 mg) at 500 oC by applying the increased reaction temperature (from 500 oC to 600 oC) and
MS co-feeding amount (from 0.5 mg to 1.0 mg) to the pyrolysis of PET (0.5 mg).
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INTRODUCTION

The importance of climate change [1] and carbon neutrality [2,3]
is being increasingly emphasized. To realize carbon neutrality, many
countries are actively promoting waste recycling and energy con-
version [4]. In the wastewater treatment process, besides decreas-
ing energy consumption, various methods for recycling waste such
as sludge have been proposed [5]. The amount of sludge generated
in the waste disposal process has already increased considerably,
and not only researchers but also governments of many countries
have attempted to convert it into energy, rather than simply land-
fill or incinerate it, by developing new technologies and policies
[6,7].

Pyrolysis is a process that has been frequently attempted for pro-
ducing chemical raw materials or fuels with high utility value by
decomposing target wastes under medium-high temperature reduc-
tion conditions [8,9]. The effective conversion of waste polymers,
such as fishing nets [10], abandoned banners [11,12], and wind tur-
bine blades [13], over various catalysts, was also attempted in recent
years.

However, in the case of sludge, compounds containing nitrogen
can be generated because of the presence of proteins as the main
sludge components, and the total amount of oil is less than that in
plastics or biomass due to the large content of inorganics in slud-
ges, blocking the efficient commercialization of sludge pyrolysis for
fuel production [14].

Polyethylene terephthalate (PET) is one of the major polymers
widely used in food containers and clothing fabrics, and the pro-

duction of PET bottles was approximately 27.64 million tons in
2018 [15]. With the help of the developed recycling technologies
and policies, the PET recycling rate has risen to 31% in the USA
and 52% in the European Union in 2012 and will increase further
[16]; however, adequate treatment of a considerable amount of
PET waste is still difficult [17]. PET is a suitable pyrolysis feedstock
for the production of liquid products owing to its low mineral con-
tent and char formation after pyrolysis [18].

However, PET has an ester bond in its structure; therefore, it is
highly likely to cause corrosion in the pyrolysis process by produc-
ing oil with high acidity during thermal decomposition; it also has
disadvantages in that the stability of the oil itself is low [19]. Kum-
agai et al. [20] suggested that lowering the acid content and in-
creasing the yield of highly stable aromatic compounds in PET ther-
mal decomposition should be attempted, and for this purpose, decar-
boxylation through CaO was suggested as an alternative. Kim et al.
also reported catalytic thermal decomposition of PET over waste
concrete containing a large amount of CaO [21]. However, the pre-
and post-thermal treatment of Ca-containing inorganics can be a
cost burden on the overall PET pyrolysis process because the CaCO3

in the catalyst must be converted to CaO to increase the decarbox-
ylation efficiency. CaO is also converted to CaCO3 after its use in
PET pyrolysis, and it must be re-calcinated to be reused as a cata-
lyst in PET pyrolysis [22].

The co-pyrolysis of different feedstocks, such as that involving
co-feeding waste biomass and polymers like PE and PP, has been
widely attempted to increase the feedstock decomposition efficiency
and target product amount [23]. Although they decrease the de-
composition temperature of waste plastics, noticeable changes in
the product distribution in product oil are limited compared to cat-
alytic co-pyrolysis [24].

The co-pyrolysis of sludge and PET has the potential to increase
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the product oil quality and stability in product oil because their
co-pyrolysis can increase the feedstock decomposition efficiency,
as obtained from the co-pyrolysis of sludge and other plastics [25],
and the large amount of ash in sludge [26] has the potential to
lead to efficient decarboxylation of acids. However, sludge and PET
co-pyrolysis have not yet been attempted.

Therefore, the catalytic co-pyrolysis of municipal sludge (MS)
and PET was investigated via model-free kinetic analysis using ther-
mogravimetric (TG) analysis and pyrolyzer-gas chromatography/
mass spectrometry (Py-GC/MS). The effect of the addition of MS
(MS ash) to PET pyrolysis was analyzed and discussed to provide
a cost-effective process for PET and MS. The synergistic effect of
MS/PET co-pyrolysis on the production of mono aromatic hydro-
carbons (MAHs) was evaluated by comparing the theoretical and
experimental production of aromatic hydrocarbons.

EXPERIMENTAL SECTION

1. Waste Sludges and PET
Waste sludge, MS, emitted from waste treatment plants, and PET,

purchased from a polymer company in South Korea, were cryo-
milled with liquid nitrogen, dried in an air oven (80 oC), and sieved
using a metal testing sieve (60 mesh). The physicochemical prop-
erties of the sludge and PET were analyzed by proximate and ulti-
mate analyses.
2. TG Analysis

TG analysis was performed by applying non-isothermal heating
to 6.0±0.1 mg of sludge, PET, and their mixture (sludge/PET: 1/1)
from ambient temperature to 800 oC at 10 oC/min under 60 mL/
min of nitrogen in a TG analyzer (TGA 55, TA Instruments).
3. Py-GC/MS Analysis

Py-GC/MS analysis was initiated by free-falling 1 mg of sludge,
PET, and their mixture (sludge/PET: 1/1) into the heated pyrolyzer
(Py-3030D, Frontier-Lab) at 600 oC. The pyrolysis product vapor
was analyzed using GC/MS (7890A/5975, Agilent Technologies),
which was directly connected to the pyrolyzer. To improve the pyrol-
ysis product’s peak sharpness, MicroJet cryo-focusing was also
applied by supplying liquid nitrogen (193 oC) to the front part of
the metal capillary column (UA-5, 30 m length×0.25 mm inner
diameter×0.25m film thickness, Frontier-Lab). Table 1 lists the
other operational conditions of the Py-GC/MS. The peaks in the
pyrograms were identified using NIST 8th and F-Search pyrolyzate

Table 1. Operational conditions of Py-GC/MS applied in this study
Pyrolyzer

Pyrolyzer heater 600 oC
Interface heater 300 oC

GC/MS
Inlet 300 oC, split 200 : 1
Oven 40 oC (2 min)20 oC/min280 oC (6 min)
Carrier gas He, 1 mL/min (Constant flow mode)
MS interface 320 oC
MS scan range m/z 29-350
Scan speed 5.4 scans/sec

Table 2. Physico-chemical properties of MS and PET
MS [14] PET [18]

Proximate
analysis
(wt%)a

Moisture  1.5 -
Volatiles  60.3  91.6
Fixed carbon  7.9  8.3
Ash  30.3  0.1
Sum 100.0 100.0

Ultimate
analysis
(wt%)a

C  36.5 61.5
H  7.2  4.4
Ob  16.7 33.9
N  6.7  0.2
S  1.1 -
Sum 68.2 99.9

aOn a dry basis, bBy difference

libraries and integrated to compare the product amounts via peak
area comparison.

RESULTS AND DISCUSSION

1. Physico-chemical Properties of MS and PET
The proximate and ultimate analysis results of MS and PET, shown

in Table 2, indicated that MS has a much smaller content of vola-
tiles due to higher ash content compared to that of PET. Although
PET had a high volatile content higher than 90%, the oxygen con-
tent of PET (33.9%) was higher than that of MS (16.7%). This sug-
gests that both sludge and PET can produce large amounts of oxygen-
containing pyrolyzates as their pyrolysis product and this will necessi-
tate the additional reforming of their pyrolysis oils [27]. The nitro-
gen content of MS (6.7%) also indicates that nitrogen-containing
pyrolyzates can be obtained via sludge pyrolysis [28].
2. Kinetic Analysis

The TG and derivative TG (DTG) curves of MS, PET, PET/MS,
PET/MS ash, and PET/MS/MS ash at 10 oC/min are shown in Fig.
1. PET had a sharp DTG peak between 370 oC and 480 oC with a
maximum decomposition temperature (Tmax) of 427 oC. After the
TG analysis, approximately 10% of residual char remained, and its
ash content was also much smaller than that of MS. Meanwhile,
MS was decomposed in a wide temperature range, from 200 oC to
500 oC, displaying three DTG peaks. Lee et al. [14] suggested that
the overlapped 1st and 2nd peaks on the MS DTG curve represent
the co-pyrolysis of lipids, proteins, and carbohydrates, and the 3rd

peak represents the decomposition of residual char intermediates.
The low decomposition temperature of MS (1st peak) can be ex-
plained by the effective radical formation [29] and the catalytic effect
of ash [30] contained largely in MS (Table 2). This suggests that the
large amount of ash in MS can provide a beneficial effect by decreas-
ing the PET decomposition temperature. As expected, the PET
decomposition peak was largely shifted from 427 oC to 409 oC by
co-pyrolysis with MS, confirming the synergistic effect of MS on
PET decomposition during co-pyrolysis. Although the addition of
MS ash (prepared by MS combustion at 600 oC) to PET also de-
creased the Tmax of PET from 427 oC to 420 oC, it was higher than
that for the PET and MS co-pyrolysis. This suggests that the major
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effect on the decrease in PET decomposition temperature is caused
by the effective radical formation during PET and MS co-pyroly-
sis. Furthermore, the addition of MS ash to the PET and MS co-
pyrolysis led to an additional Tmax decrease, reaching the lowest
Tmax (403 oC).
3. Py-GC/MS Analysis

Fig. 2 shows the pyrograms of MS (1 mg) obtained at 500 oC

and 600 oC. Both chromatograms have typical pyrolyzates of pro-
teins [31], such as toluene, styrene, phenol, cresol, and indoles [32],
and lipids [33], such as hexadecenoic acid, hexadecanoic acid, oct-
adecenoic acid, and octadecanoic acid. Stable aromatics, such as
toluene and styrene, were produced by MS pyrolysis; however, the
large amounts of indoles, phenols, and fatty acids in the pyrolyza-
tes suggest the need for additional conversion from these pyrolyza-

Fig. 1. TG and DTG curves obtained from the TG analysis of PET, MS, PET/MS, PET/MS ash, and PET/MS/MS ash at 10 oC/min.

Fig. 2. Chromatograms obtained from the pyrolysis of MS at 500 oC and 600 oC.
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Fig. 3. Chromatograms obtained from PET pyrolysis at 500 oC and 600 oC.

Table 3. Peak intensities for the compounds obtained from the Py-GC/MS analysis of PET, MS, PET/MS, and PET/MS/MS ash (Unit: Peak
area ×106)

Compound PET
(1 mg)

MS
(1 mg)

PET+MS1 (1 mg) PET+MS+MS ash2

(1.5 mg)Theo. Exp.
Carbon dioxide 191 123 157 180 197
Acetaldehyde 137 29 83 96 113
Benzene 27 N.D. 13 68 128
Toluene 9 28 19 24 26
Styrene 7 8 8 8 10
Vinyl benzoate 118 N.D. 59 28 24
Benzoic acid 853 0 426 424 402
Indole N.D. 11 6 N.D. N.D.
Diphenyl 127 N.D. 63 36 59
Methyl indole N.D. 15 7 N.D. N.D.
Divinyl terephthalate 243 N.D. 121 36 17
4-(Vinyloxycarbonyl) benzoic acid 987 N.D. 494 181 15
Fatty acids3 N.D. 285 143 163 38
Ethane-1,2-diyl dibenzoate 109 N.D. 55 23 40
2-(Benzoyloxy) ethyl vinyl terephthalate 294 N.D. 147 55 39

1PET/MS: 1/1.
2PET/MS/MS ash: 1/1/1.
3Hexadecenoic acid, Hexadecanoic acid, Octadecenoic acid, and Octadecanoic acid.
N.D.: Not detected.
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tes to stable aromatics to prevent NOx formation [34] and increase
oil stability [35]. Although higher temperature pyrolysis led to a
decrease in fatty acids, no noticeable change in the product distri-
bution obtained from MS pyrolysis at 600 oC was observed com-
pared to that at 500 oC.

The pyrograms of PET (1 mg) obtained at 500 oC and 600 oC are
shown in Fig. 3. As expected, PET produces large amounts of ben-
zoate and benzoic acid [36]. In addition, PET pyrolysis oil consists
of large molecular pyrolyzates such as divinyl terephthalate, 4-(viny-
loxycarbonyl) benzoic acid, ethane-1,2-diyl dibenzoate, and 2-(ben-
zoyloxy)ethyl vinyl terephthalate, resulting in high viscosity and
acidity [19]. Although these large molecular pyrolyzates were de-
creased by increasing the reaction temperature from 500 oC to
600 oC, no large increase in stable MAHs, such as benzene and
toluene, was obtained, suggesting the need for additional cracking
using catalysts.

Fig. 4 shows the pyrograms obtained from the co-pyrolysis of
PET, MS, and MS ash at 500 oC. Although PET and MS co-pyrol-
ysis produced the same types of pyrolysis products of MS and PET
pyrolysis, their distribution was largely different. The relative inten-
sities of large molecular pyrolyzates of PET, such as divinyl tere-
phthalate, 4-(vinyloxycarbonyl) benzoic acid, ethane-1,2-diyl diben-
zoate, and 2-(benzoyloxy) ethyl vinyl terephthalate, obtained from
the co-pyrolysis of PET (0.5mg) and MS (0.5mg) were much smaller
than the half of the peak intensities of those obtained from the pyroly-

Fig. 4. The co-feeding effect of MS and MS ash on the pyrolysis of PET at 500 oC.

sis of PET (1 mg). Additionally, the peak intensities for small mole-
cular carbon dioxide, acetaldehyde, and MAHs (benzene, toluene,
styrene) were much larger than their theoretical values (Table 3),
suggesting their synergistic formation due to their co-pyrolysis.
Interestingly, the addition of MS ash to the catalytic PET and MS
co-pyrolysis largely increased the amount of benzene and diphenyl
produced, confirming the catalytic effect of MS ash on the produc-
tion of aromatic hydrocarbons. High content of Ca, P, Mg, and K
in MS ash [37] can facilitate effective deoxygenation, increasing the
formation of aromatic hydrocarbons via the decarboxylation of
benzoic acid, divinyl terephthalate, 4-(vinyloxycarbonyl) benzoic
acid, ethane-1,2-diyl dibenzoate, and 2-(benzoyloxy) ethyl vinyl tere-
phthalate [22].

The formation efficiency of MAHs was also further increased by
elevating the reaction temperature from 500 oC to 600 oC because
of the increased cracking efficiency, which was maximized by in-
creasing the co-feeding amount of MS to PET pyrolysis at 600 oC,
as shown in Fig. 5. Reaction temperature is an important factor
influencing the pyrolysis quality because high temperature can lead
to more effective cracking of oxygen-containing and nitrogen-con-
taining compounds, leading the effective radical condensation on
the co-pyrolysis [38]. The further increase of MAHs by increasing
MS co-feeding amount at 600 oC can confirm that the increased
radical formation from MS at the elevated temperature and a larger
amount of inorganics in MS can lead to the additional conversion
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of large molecular PET pyrolyzates to MAHs more effectively.
The theoretical and experimental MS intensities for MAHs are

compared in Fig. 6. As expected, experimental MAHs amounts in
all experiments were much larger than the theoretical values from
2.5 by the co-pyrolysis of PET (0.5 mg) and MS (0.5 mg) at 500 oC

to 4.4 times by that of PET (0.5 mg) and MS (1.0 mg) at 600 oC,
confirming the synergistic MAHs formation on the co-pyrolysis of
PET and MS. Compared to the co-pyrolysis of PET (0.5 mg) and
MS (0.5 mg) at 500 oC, MAHs production amount was increased
up to 9 times larger by increasing temperature to 600 oC and MS
co-feeding amount to 1.0 mg, suggesting the feasibility of co-feed-
ing of MS to PET pyrolysis.

CONCLUSIONS

The co-treatment effect of MS and PET, not only for proper treat-
ment but also for producing value-added fuels, mono aromatic
hydrocarbons, was proven in this study. Although no noticeable
change was observed in the decomposition temperature and prod-
uct distribution of MS, a large decrease in Tmax for PET decompo-
sition was achieved with the synergistic production of aromatic
hydrocarbons by applying simple MS and PET co-pyrolysis. Effec-
tive radical enrichment and the catalytic effect of inorganics in MS
on MS and PET co-pyrolysis led to more effective PET decompo-
sition and increased aromatic production. MAHs amount, produced
on the co-pyrolysis of PET (0.5 mg) and MS (0.5 mg) at 500 oC,
was increased up to maximum 9 times larger value by increasing
reaction temperature from 500 to 600 oC and MS co-feeding amount
from 0.5 mg to 1.0 mg, confirming the importance of reaction
parameter optimization on the co-pyrolysis of PET and MS.

Fig. 5. The co-feeding effect of MS on the pyrolysis of PET at 600 oC.

Fig. 6. Theoretical and experimental amount of MAHs for the co-
pyrolysis of PET, MS, and MS ash at different reaction tem-
peratures (1PET/MS: 1/1, 2PET/MS/MS ash: 1/1/1, 3PET/MS:
1/1, 4PET/MS: 1/2).
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