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ABSTRACT: Liquefaction of commodity polymers to oils and gases can be used to recover
the energy value of these materials. This article reports liquefaction data for high-
density polyethylene (HDPE), one of the major plastics in recycled material. Thermal
degradation of HDPE to oil–gas mixtures required higher temperatures (450–490°C)
than low-density polyethylene (LDPE) (430–460°C) because of fewer chain branching
points for HDPE, which are more susceptible to chain scission reactions. The addition
of hydrogen (0.1–1.5 MPa) had negligible effect on product distribution. HDPE thermal
degradation is consistent with a random chain scission mechanism. Product distribu-
tions for degradation at 450°C were modeled assuming random chain scission with a
rate constant k( x) dependent on the molecular weight x by a power law model depen-
dence, k( x) 5 kb xb, where kb is the pseudo-first-order rate constant, and b is the
power index of dependence on molecular weight. Degradation rates dropped rapidly
after initial breakup of the chains, and 2 sets of coefficients were needed to describe the
molecular weight distributions as functions of reaction time. The error in model was
about 10%. This model can be used to optimize the production of oils from thermal
degradation of HDPE. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 1239–1251, 1998
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INTRODUCTION

Polymer Liquefaction

Dumping of industrial and post-consumer waste
is proving to be a costly waste disposal option.1,2

Plastics are versatile in their recyclable options,
which may include reuse as solids, recycling as
monomer, and recycling as energy (via combus-
tion, gaseous fuel feedstocks, or liquid fuel feed-
stocks). Polymer gasification has been well stud-
ied, but little attention has been paid to producing
oligomer and liquid fuels. Cracking polymers to
hydrocarbon feedstocks for existing petrochemi-
cal processes recovery is a viable solution for re-
trieving the fuel value of plastics. Liquefaction

refers to the thermal or catalytic breakdown of
large chain molecules to form liquid fuels. Coal
liquefaction is usually done in the presence of
hydrogen to increase the H : C ratio and hence
improve the fuel value of the liquid. Production of
liquid fuels from polymers may not require the
addition of hydrogen since these materials have
high H : C ratios.

Thermal and catalytic degradation studies of a
variety of polymers have been conducted under
pyrolysis conditions,2,3 in solution,4,5 and with2,3,6

or without catalysts,1,3,7–10 and solvents.1,3,5,10

Most commodity polymers undergo chain scission
to form a range of polymer, oligomer, and mono-
mer products. Degradation to monomer would be
convenient, yet only a few polymers yield high
levels of their original monomers.

Liquid degradation processes can be inter-
preted kinetically using moments from their mo-
lecular weight distributions (MWDs). Kinetic
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models of continuous mixtures have been applied
to a variety of degradations, such as poly(methyl
methacrylate),5 poly(styrene allyl alcohol),4,11

and coal.12,13 These models assume that chain
scission does not depend on chain length and may
include terms for specific products that form as
part of the mechanism.

This work studied the production of oligomers
and liquids from an important recyclable poly-
mer, HDPE. It has a high H : C ratio (2 : 1) and a
relatively simple structure, and it is a major com-
ponent in many plastic waste streams. Data on
LDPE degradation1 and preliminary data on
HDPE degradation suggested that both polyeth-
ylenes quickly break down to shorter chains,
which then degrade at lower rates. There are 2
simple ways to analyze this performance. The
degradation could be modeled by the following 2
mechanisms: branch point scission and random
chain scission. This would require analysis of the
branch site fraction in the polymer and 2 sets of
kinetic parameters. An alternative method is to
use chain-length-dependent kinetics. The integ-
rodifferential equations would then be solved us-
ing a noninteger power for the chain length de-
pendence. The kinetic parameters would be spe-
cific to a given HDPE sample.

The objective of this research was to measure
product distributions from the liquefaction of
HDPE (with and without hydrogen in the reactor)
and model these using chain-length-dependent
degradation kinetics. This type of model can be
used to optimize the product distribution from
polymer liquefactions.

Development of a Chain-Length-Dependent Chain
Scission Model

Mechanism

Figure 1 summarizes the thermal degradation
mechanism for linear polyethylene.14 Chain scis-
sion degradation can be sensitive to temperature,
pressure, concentrations, and solvents. There are
3 major processes, as follows: depolymerization of
the chain end to monomer, intramolecular trans-
fer at a chain end to produce light fractions, and
intermolecular transfer resulting in random
chain scission to produce shorter chain segments.
When branching sites are present, they also dis-
sociate to form chain fragments. Branch sites are
known to be more unstable than linear chains. A
complete model would include separate rate con-
stants for each linear chain process plus rate con-
stants for the branch sites. We have ignored de-

Figure 1 Various mechanistic pathways for degradation of polyethylene.14
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polymerization to monomer and intramolecular
transfer producing short chains and have lumped
all the mechanisms into a general chain scission
model; this is justified by data showing the short
fragments are not major products of polyethylene
degradation. Depolymerization to ethylene con-
stitutes only 3% of the product distribution,15 and
unsaturated gaseous products tend to be less than
10% of the product distribution. Researchers
working with model compounds16 (C9 to C22) have
shown that chain scission rates depend on the
chain length. Therefore, we expected that long
chains should also exhibit chain-length-depen-
dent degradation rates. This approach is suitable
for describing the formation of liquid oligomers
but may not apply if gaseous products are desired.

Modeling by Continuous Kinetics Approach

Continuous mixture kinetics describe the binary
fragmentation of polymer particles.4,11,17 Binary
fragmentation assumes that chains split into 2
pieces for any single event, resulting in a distri-
bution of chain lengths. This is a reasonable as-
sumption except in cases with extremely high
degradation rates. A polymer molecule, A( x9),
with an initial molecular weight of x9, breaks into
2 fragments, A( x) and A( x9 2 x), as follows:

A~x9! 3 A~x! 1 A~x9 2 x!

If k( x) is the degradation rate constant, the
change of molecular weight, x, due to degrada-
tion is

dx
dt 5 x*k~x! (1)

During random degradation, the original dis-
tribution is shifted to one with lower molecular
weights. If there is a model for the original MWD,
then the product MWDs can be related to the
parameters of the original distribution, the reac-
tion time, and chain scission rate constants.4,11

Chain length dependence of the degradation rate
can be introduced in equation (1) by letting k( x)
be a function of x, as follows:

k~x! 5 kb~x!b (2)

where b is a real number. When b 5 0, the chain
scission mechanism is independent of the chain
length.

The population balance for a single chain of
molecular weight x is

­x
­t 5 2 E

x

`

k~x9!xV~x, x9! dx9 2 k~x!x (3)

The second term on the RHS accounts for loss
of reactant, A( x), due to its degradation [eq. (1)],
while the first term denotes the gain of A( x) re-
sulting from degradation of polymer molecules
with molecular weights larger than x. The factor
2 accounts for the binary fragmentation process,
that is, when a molecule breaks into 2 daughter
molecules, there are 2 ways by which a molecule
of certain molecular weight can result from a
parent molecule. The stoichiometric kernel, V( x,
x9), is the fraction of A( x9) that cracks to A( x).17

For a total random kernel, the products are
equally distributed along all x9 # x, and we
obtain

V~x, x9! 5
1
x9

(4)

This implies that a molecule of size x9 has a
probability of 1/x9 to divide into 2 molecules x9
2 x and x. The initial MWD, p0( x), is

p~t 5 0, x! 5 p0~x! (5)

Equations (3)–(5) have been solved using the
moments method4 based on p0( x) being a Gauss-
ian distribution. The degradation rate coefficients
can be found using the first 3 moments of the
reactant and product MWDs. Analytical solutions
are available for b values of 04 and 1.11 A simpli-
fied numerical method provides solutions for in-
teger values of b . 1.11

Model Application to HDPE Liquefaction

The moments method can be applied to the deg-
radation of HDPE, as follows. All degradation
processes were modeled as chain scission, assum-
ing an apparent first-order rate equation [eq. (1)].
We also assumed that the presence of hydrogen
did not affect the degradation mechanism. As-
sessing the effects of hydrogen would require
product separation by molecular weight and CAC
content. The second analysis was not present in
our laboratory. We have assumed that no
crosslinking or repolymerization occurs. Model
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compound studies have shown the existence of
trace levels of such side reactions.18 We have not
incorporated a specific step for scission at chain
branch sites (tertiary carbons). This step would be
based on measurement of tertiary carbons in the
polymer, possibly by nuclear magnetic resonance
(NMR) characterization. We are evaluating the
simpler approach to determine whether it is ade-
quate for engineering analyses of degradation
processes.

EXPERIMENTAL

Materials

HDPE pellets of molecular weight 125,000 were
purchased from Aldrich Chemical Company. Gel
permeation chromatography (GPC) calibration
standards were polyethylenes of low polydisper-
sity, purchased from Scientific Polymer Products.
A mixed plastic waste stream (Duales System
Deustchland DSD Plastics) containing nearly
80% PE was used.

Liquefaction Experiments

The liquefaction experiments were conducted in a
50-mL microautoclave batch reactor. The reactor
was initially charged with ; 10.0 g of HDPE and
could be pressurized with hydrogen. It was
heated to a predetermined temperature in a flu-
idized sandbath agitated at 400 rpm. The runs
were carried out typically for 30 min. At the end of
the run, the reactor was air-cooled. The liquid
products were analyzed by GPC (solids and
waxes) and simulated distillation (liquids) tech-
niques.

The preferred method (method 1) for operation
was to drop the microreactor into the sandbath
maintained at 480°C. The sandbath temperature
set point was then lowered immediately to 450°C.
Calculation and experience showed that overall
system temperature approached 450°C in less
than 5 min. The zero time for degradation was
taken to be when 450°C was reached. Samples of
polymer were taken from the microreactor at zero
time in order to determine the actual initial mo-
lecular weight distribution for isothermal kinetic
data.

An alternative operating method (method 2)
equilibrated the reactor with the sandbath at
300°C and then changed the set point to 450°C.
This required a much longer heat-up period and

gave lower initial molecular weights. As before,
the zero time for isothermal kinetics was taken to
be the instant when the sandbath reached 450°C.

Analyses

The thermogravimetric analysis (TGA) character-
ization of the original samples and the kinetic
runs was done on a TGA 7 Perkin–Elmer instru-
ment in order to study the heat history of degra-
dation. The nitrogen flow rate was 40 mL/min,
and the rate of heating was 10°C/min. MWDs
were determined using a 150C Waters GPC with
4 high-temperature (HT) columns (140°C with
1,2,4-trichlorobenzene as the mobile phase). The
injection volume was 200 mL and the flowrate was
1 mL/min. The polymer concentration varied be-
tween 0.1 to 0.25 wt %. For lower MW calibration,
(MW , 500), alkane samples were used. The GPC
curves were digitized (response versus time) and
converted to weight frequency versus molecular
weight using the calibration curve. The liquid
products were analyzed by simdistillation on a
Perkin–Elmer Automated GC with FID detector.

Mixed Plastics

Mixed plastics were degraded in the microreactor
over a range of temperatures (415, 420, 425, and
435°C) and for 2 reaction times, 30 and 60 min,
using a previous operating method.1 Remaining
solids were extracted using tetrahydrofuran
(THF) and pentane. GPC analysis was done on all
fractions.

RESULTS AND DISCUSSION

This section is divided into 3 parts. Part 1 deals
with the experimentally determined effect of liq-
uefaction on the product distribution. Part 2 is
the application of random chain scission to model
liquefaction kinetics of HDPE. Part 3 reports the
measurement and analysis of waste plastic mix-
ture degradations.

Part 1: Effect of Liquefaction Parameters
on Product MWDs

We have studied the effect of chain branching,
temperature, and pressure on product distribu-
tion and yield.
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Effect of Chain Branching

The original HDPE sample had a number-aver-
age and weight-average molecular weight (Mn
and Mw) corresponding to 97,600 and 186,000,
respectively. At 440°C and 1.5 MPa hydrogen
(cold), no liquid products were observed for a 30-
min run. The solid residue remaining was sub-
jected to GPC analyses and revealed a Mn and
Mw equal to 1500 and 3870. The break down
process yielded a lower molecular weight solid
product. The liquefaction of LDPE1 under iden-
tical conditions yielded 41% of oils 1 gases.
We believe that this difference can be attribu-
ted to the chain branching differences between
the two plastics. HDPE is a linear molecule con-
taining about 3 branches/1000 carbon atoms,
whereas LDPE has about 30 short and long chain
branches/1000 carbon atoms. Thus, it is more
probable that these branches could undergo chain
scission in LDPE, yielding oil fractions faster.
This can also be corroborated from the data of
Uddin et al.,3 which showed that, under similar
conditions, LDPE degraded to lower molecular
weights at much high rates. Kossiakoff and
Rice,19 and Voge and Good16 determined the sta-
bility of primary : secondary : tertiary carbon
radicals. Extrapolating these stabilities to 450°C
gives stability ratios of 1 : 16.1 : 261. Therefore,

tertiary carbons would be expected to have scis-
sion rates over an order of magnitude higher than
those of secondary carbons.

Effect of Temperature

The HDPE sample was liquefied for 30 min at
various temperatures and 1.5 MPa hydrogen
(cold). The oil fraction is optimum between 450
and 460°C, with nearly complete conversion of the
polymer into gaseous and liquid products. Table
I shows the different fractions of oil produced.
Liquefaction of polymers to maximize oil recov-
ery should be carried out at lower temperatures
(; 450°C) or higher temperatures with short res-
idence times. These conditions will decrease the
rate of gas formation.

Effect of Pressure

Table II shows the effects of hydrogen pressure on
liquefactions at 460 and 490°C. At both tempera-
tures, the oil yield remained constant. However,
there were modest changes in the gasoline, kero-
sene, and heavy oil fractions. At higher pressures,
about 5% higher light fractions (C7–C11) and cor-
responding lower heavier fractions (.C15) were
formed. The difference in the product distribu-
tions, as analyzed by simdistillation, are within

Table I Effect of Temperature on Liquefaction Product Distribution
Characteristics: 1.5 MPa Hydrogen (Initial) and 30-Min Reaction Time

Temperature
(C)

, C6

(%)
C7–C11

(%)
C12–C15

(%)
. C15

(%)
Oil : Gas

(%)

440 — — — 100 —
450 10.5 14.6 16.4 58.4 75 : 25
460 11.1 24.5 17.2 47.1 70 : 30
490 7.4 46.9 19.9 16.1 30 : 70

Table II Effect of Initial Reactor Pressure on Liquefaction Product
Distribution Characteristics (30-Min Reaction Time)

Pressure
(MPa)

, C6

(%)
C7–C11

(%)
C12–C15

(%)
. C15

(%)
Oil : Gas

(%)

460°C 70 : 30
0.8, H2 10.8 20.4 16.5 52.3

1.5, H2 11.1 24.5 17.2 47.1

490°C 30 : 70
1.5, H2 7.4 46.9 19.9 16.1

1.5, N2 10.5 42.2 16.1 23.2
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the experimental error, and no significant effects
of hydrogen pressure can be claimed. Other liter-
ature20,21 showed that hydrogen pressure sup-
pressed the formation of heavier oil fractions. We
also compared the effect of hydrogen and nitrogen
pressures at 490°C and 1.5 MPa total pressure.
The oil yield was found to be the same (; 30%),
but higher levels of lighter and middle fractions
are formed with hydrogen as compared to nitro-
gen. When the polymer chain is cracked in the
presence of hydrogen, capping of chain ends may
occur. Other workers20 reported better yield of
lighter fractions under nitrogen at lower temper-
atures.

Hydrogen pressure did not significantly affect
product distributions and may not be needed for
HDPE degradation to liquid fuels, in contrast to
coal liquefaction. This finding could reduce the
expenses for recycling HDPE to liquids. The un-
saturated liquid product might be fed directly to a
refinery for hydrogenation and other treatment.

Part 2: Kinetics Analysis of Chain Scission Process

Log–Normal Distribution

McCoy and Wang11 have chosen the gamma dis-
tribution function as a representative function for
describing the molar and weight distributions of a
variety of materials like coal liquid12 and poly-
mers.4,5 The log–normal distribution is preferred
for many polymer systems, as follows:

p~x! 5
1

Î2p

1
s

expS2~ln~x! 2 ln~Mm!!2

2s2 D (6)

where Mm is the median value, and s is the vari-
ance of the distribution. The variance, median
value, and the various molecular weight averages
are related by

s 5 ÎlnSMw

Mn
D (7a)

Mm 5 Mn expS2s2

2 D 5 Mw expSs2

2 D (7b)

where Mw and Mn are the number- and weight-
average molecular weight of the MWD given as
p2/p1 and p1/p0, respectively, where p2, p1, and
p0 are the second, first, and zeroth moments of
the MWD. Log–normal distribution functions
gave the highest correlation coefficients (0.98 and

0.97 for reactants and products, respectively) for
fitting our data. The mole-fraction distributions
were computed from the GPC weight fraction dis-
tributions using

pw~x! 5 pn~x!*x (8)

Data Analysis by Numerical Moment Approach

The population balance kinetic model [eq. (3)] can
be related to changes in the moment distributions
as a function of time. For example, the zeroth,
first, and second moments are related to kb, b,
and p by

dp0

dt 5 kb z pb (9)

dp1

dt 5 0 (10)

dp2

dt 5 21
3 kb z pb 1 2 (11)

The objective of the data analysis was to find
the values of kb and b that best fitted the time-
dependent product distribution data. We com-
puted the value of the dimensionless parameter
kb z t, which is the product of the kb and reaction
time t. A higher value of kb z t denotes greater
degradation. Integer values of b did not give good
predictions of the product distributions. Compar-
ison of the data with analytical solutions demon-
strated that b should range between 0 and 1. We
developed a numerical procedure to solve equa-
tions (9)–(11) for noninteger values of b.

The 4th-order Runge–Kutta method was used
to solve equations (9)–(11) by using initial guess
values of kb and b. The first moment p1 is always
unity since it is normalized. Mw and Mn are also
related to the time derivatives of the moments.
For every time interval, the zeroth and second
moments were computed along with as the bth
and the b 1 2th moments. These were used to
improve the guesses for kb and b since we know
the new values of the zeroth and second moments.
The numerical moments method for the log–nor-
mal distribution function was verified for b 5 0,
1, and 2 (Fig. 2; less than 3% error). The solutions
for these coefficients are given in Appendix.

The parameters kb and b have specific effects
on product distributions. The value of kb is a
temperature-dependent multiplication constant
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and can be assumed to be the pseudo-first-order
rate constant, whereas b is a index value for the
moment derivatives with time. Mm is most sensi-
tive to changes in kb, whereas the distribution
width s is more dependent on b.

Our objective was to find a set of parameters
that best describe the family of product distribu-
tions from a series of isothermal conditions. We
first found parameters kb and b for each individ-
ual distribution by relating it to the zero time
distribution. The standard deviations of the prod-
uct distributions were well behaved, and it was
convenient to first select b and then find kb. Val-
ues of b were tested over the range of 0.7 to 1.0.

For the method 2 runs, the best-fit values
were kb 5 1.5*10 2 4 min21 (g/gmol)20.85 and b
5 0.85. These parameter values predict the data
well. Errors, computed as the square root of the
summation of the squares of the relative errors of
the experimental and model Mn and Mw, were
less than 10%.

Figure 3 shows the values (calculated and ex-
perimental) of molecular weight distribution ob-
tained from the log–normal distribution of the
weight fraction MWDs of the 450°C runs (method
1). The product distributions shift to the left as
degradation time increases. Figure 4 shows that
the molecular weight averages Mn, Mw and Mm
decrease as the degradation time increases. Ex-
perimental points are shown, and the model re-
sults are given as continuous curves. The zero
time run for method 1 has a larger Mw and Mn
than that found for method 2. This can be attrib-
uted to the shorter heat-up time for method 1 (5
min) as compared to method 2 (typically 1 h).

A single value of b predicts standard deviations
of the distribution that change monotonically
with time. Equations (9)–(11) were solved numer-
ically for several values of b (0, 0.85, and 1.0) and
various kb z t values. The resulting trends in
log(Mm) and s are shown in Figure 5. The inter-
section point of all the plots is the 5-min experi-
ment (Mm 5 4,920 and s of 0.96), taken as the
starting point for kinetic analysis. The data was
extrapolated to predict the zero run parameters
(Mm and s) for b 5 0.0, 0.85, and 1.0 for various
kb z ts assuming that the degradation order re-
mains the same. The values for Mm and s ob-
tained experimentally were (open circle) 13,040
and 0.93, respectively. The extrapolation for b
5 0.85 (solid cross) gives a Mm 30,040 and a

Figure 2 Log–normal molecular weight distribution
curve for b 5 0, 1.0, and 2.0: Comparison between
analytical and numeric solutions.

Figure 3 Log–normal molecular weight distribution
curve for experimental (method 1) and predicted pa-
rameters.

Figure 4 Molecular weight averages as function of
reaction time: Comparison of experimental (method 1)
and predicted data.
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corresponding s of 1.7 within 10% error; the
model parameters do not extrapolate well to the
zero time data. Furthermore, after 30 min of deg-
radation time, the experimental data appear to
shift away from the b 5 0.85 curve as more
gaseous products are formed. This suggests that a
single set of kinetic parameters could not fit the
entire distribution.

Hence, a two-stage breakdown of polyethylene
in two different MW ranges is proposed, which is
supported by literature studies.22 For method 1
runs, two sets of kinetic parameters were needed
to model the kinetic product distributions. The
first stage degradation for method 1 (Mm . 5,000)
has a b value of 0.58 and a corresponding kb
5 16.0*10 2 4 min21 (g/gmol)20.58. When values
of Mm and s for the five time run are extrapolated
to the zero time run, we get a Mn 5 98,000 and
Mw 5 160,000, which is close to the actual
values of 97,600 and 186,000 calculated of the
virgin polymer (Fig. 6). As Mm approaches a value
, 5000 (s ; 0.96), the degradation rate changes.
The second set of kinetic parameters for method
1 were kb 5 1.4*10 2 4 min21 (g/gmol)20.85 and
b 5 0.85.

Method 2 had long heat-up times, and the mo-
lecular weights at zero time were Mn 5 2,820
(Mw 5 13,150), which would fall in or near the
second stage rates. Only 1 set of parameters (sec-
ond stage) is needed to describe this data as it has
only 1 degradation rate. Furthermore, the param-
eters are consistent with those found for method
1 [kb 5 1.4*10 2 4 min21 (g/gmol)20.85 and b
5 0.85].

Changes in the crystallinity of the product are
consistent with a preferential degradation of long
chains. The starting virgin polymer was found to
have an amorphous portion of ; 50% by solid
state nuclear magnetic resonance (NMR)23 [dif-
ferential scanning calorimetry (DSC) analysis:
48%]. At 5 min (method 2), the amorphous portion
of the polymer is less than half the original value,
showing that its rate of degradation is faster than
the crystalline portion.

For the 25- and 30-min runs, the model pre-
dicted a slightly higher value of the molecular
weight averages than measured by GPC. Degra-
dation rates for light model compounds (MW
, 300) show that gas phase reactions can have
significant impact.18 As time increases, the pro-
portion of the gas phase increases as more vola-
tiles are formed. Using b 5 0.85 and molecular
weight of 226 (hexadecane), the rate constant was
calculated to be 2.4*1024 s21. Wu et al.18 obtained
a first-order rate constant of 3.0* 1024 s21. This
discrepancy in our data can be attributed the lack
of consideration of retrograde condensation prod-
ucts in our kinetic analysis. Also, we have not
included the simdistillation results in our estima-
tion of rate constant. For a small molecule like
C16, this could cause a large error.

Simdistillation is used in the oil industry to
determine the distributions of C7 through C40
compounds. Figure 7 shows that both the experi-
mental methods (solid symbol, method 1; open
symbol, method 2) gave similar levels of low-mo-
lecular-weight liquids as a function of reaction
time. The model can be used to simulate the
weight fractions of a given molecular weight

Figure 6 Molecular weight averages as a function of
reaction time: Comparison of experimental (method 1)
and predicted data for the virgin polymer from zero-
time run.

Figure 5 Comparison of the trends in log–normal
distribution parameters, log (Mm) and s, for constant
value of the exponent b in the rate equation.
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range of the polymer for a given time of liquefac-
tion (Fig. 8). This prediction of the product distri-
bution can be used to design the liquefaction pro-
cess. The MW range 2000–5000 peaks at 10 min
and gradually drops down as the reaction time
increases. On the other hand, the MW range
1000–1500 is maximum at 25 min and slightly
curves down beyond this time (up to 30 min).

Model Verification for Other Literature Data

Our method can be used to evaluate other re-
ported data on polyethylene degradation. For ex-
ample, we have used the data of Uddin et al.3 on
the thermal analysis of HDPE to estimate their
kb z t and b. Their initial and final distributions
had a Mm and s corresponding to 534,700 and
1.26 and 26,000 and 0.83, respectively. We ob-

tained b of about 0.8 and kb.t 5 7.5*10 2 5

min21 (g/gmol)20.8. Uddin et al. had 2-h degrada-
tion times, and yet our estimate of their b value is
similar to that found in this work. This suggests
that our technique be useful in interpreting deg-
radation of similar polymers.

TGA Curves

TGA analyses were used to estimate the temper-
ature at the onset of degradation (devolatiliza-
tion) and hence estimate the products in the sam-
ple from alkane boiling points. The onset temper-
ature of devolatilization decreased as the time of
reaction increased, indicating that the residual
mixture has shorter molecules, thereby initiating
faster chain breakdown. Table IV shows the onset
temperature of devolatilization with time of liq-

Table III Molecular Weight Distribution Parameters: Comparison of Predicted and Experimental
(Method 2 Experiments) Results

Time
(min)

Experimental Model

Mn Mw s Mm Mn Mw s Mm

Virgin 97,600 185,700 0.802 134,600 98,000 160,000 0.7 125,200
0 2,820 13,150 1.24 6,080 2,820 13,150 1.24 6,080
5 1,700 4,460 0.98 2,750 1,750 4,270 0.95 2,730

10 1,190 2,630 0.95 1,770 1,230 2,660 0.88 1,810
15 950 2,000 0.86 1,380 940 1,940 0.85 1,350
20 720 1,440 0.83 1,020 750 1,510 0.83 1,070
25 660 1,260 0.80 920 630 1,240 0.83 880
30 590 880 0.63 720 540 1,050 0.82 750

k 5 1.5*1024 min21 (g/gmol)20.85; b 5 0.85.

Figure 8 Simulation profiles of different MW ranges
of samples of product obtained from model prediction
as a function of reaction time.

Figure 7 Simdistillation results of the product distri-
butions of the kinetic runs as a function of reaction
time (methods 1 and 2).
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uefaction and the corresponding saturated hydro-
carbon having a normal boiling point similar to
the onset temperature of devolatilization. The
majority residual species present in the TGA pan
have a molecular weight greater than that of the
alkane listed. These data are consistent with the
molecular weight data in Table III. As an exam-
ple, the thermogram (Fig. 9) for the 20-min run
for method 1 showed that 60% weight fraction
was left in the sample pan at 300°C. The simdis-
tillation of the waxes indicated that 77% of sam-
ple had a boiling point greater than 300°C. This is
reasonable agreement since TGA data also in-
cludes continuous degradation.

Part 3: Mixed Plastic Waste Liquefaction

The random chain scission model was used to
analyze the DSD plastic degradation. The Mn and
Mw of the starting polymer mixture were 175,000
and 407,000. The results are given in Table V.

From these results, an estimate of the rate con-
stants of degradation at different temperatures
studied, and, hence, the activation energy for the
degradation of the plastic mixture were obtained.
A b value of 0.83 was obtained; this represents
the cumulative effect of PE, PS, and other compo-
nents in the waste plastic. Polyethylene degrada-
tion in the presence of catalysts is known to pro-
duce lighter product fractions. This liquefaction
was, however, conducted thermally without any
added catalyst. Minor amounts of polymerization
catalysts could affect the product molecular
weight distribution; however, these were also
present in the HDPE sample, on which we did
liquefaction earlier. Thus, b is not significantly
altered in the presence of other polymers. How-
ever, the pseudo-first-order rate constants kb ob-
tained are an order of magnitude higher than that
for HDPE. One reason for this could be the
method of experimentation. The analysis was car-
ried out considering the zero-time run as the
starting polymer itself since the time of liquefac-
tion is large compared to the heat up time. Hence,
the rate constant depicted here could be the com-
bination of the faster and slower rate constants of
both the stages of degradation. Calibration of the
GPC was done based on polyethylene since it
formed the major component of the plastic. How-
ever, the calibration cannot be valid because the
viscosity of the polymer mixture is not known.
The errors obtained in computation (about 15%)
can be attributed to that. Since most of the sam-
ple is polyethylene, the model fits reasonably
well.

A mean activation energy of 63.0 kcal/mol was
obtained for random chain scission kinetics. The
frequency factor was 1.9*1015 min21. Literature
studies have assigned values between 63 and 71

Figure 9 HDPE liquefaction thermograms for 0- and
20-min runs (weight loss as a function of temperature).

Table IV Prediction of Oligomeric Species from TGA
and Boiling Point Curve of Alkanes

Time of
Reaction

(min)

Onset
Temperature of
Devolatilization

(°C)
Species

(Method 2)

Onset
Temperature of
Devolatilization

(°C)
Species

(Method 1)

Virgin HDPE 453 .C33H68 453 .C33H68

0 319 .C18H38 323 .C19H40

5 289 .C16H34 314 .C18H38

10 260 .C14H30 295 .C17H36

15 241 .C13H28 265 .C15H32

20 184 .C10H22 249 .C14H30
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kcal/mol.15 Branching might be a factor due to
which the range of activation energies have been
given. The frequency factor was 1.9*1015 min21.
In the presence of catalyst, the activation energy
dropped to 45.0 kcal/mol and the corresponding
frequency factor was 5.3*109 min21.

CONCLUSIONS

Production of liquid products from HDPE lique-
faction has a maximum yield between 450 and
460°C. The oil product had higher fractions of
light oils (two-fold increase) at higher tempera-
ture. Hydrogen at 450°C did not significantly al-
ter the product distribution and did not affect the
degradation rate parameters for polyethylene.

We developed a numerical method for solving
the moments approach to random chain scission
degradations. As was found for model compounds,
the random chain scission rates varies with
the molecular weight of the reacting species by
a power law dependence. The model suggests
that HDPE degrades via a two-stage process in
which high-molecular-weight material is quickly
degraded to a moderate molecular weight [kb
5 16.0*10 2 4 min21 (g/gmol)20.58, b 5 0.58],
followed by lower degradation rates for lower-
molecular-weight material [kb 5 1.4*10 2 4 min21

(g/gmol)20.85, b 5 0.85]. The method can be
applied to optimize liquid fraction yield and can
be applied to other waste plastic mixtures.
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the research program of the Consortium for Fossil Fuel
Liquefaction Science. The authors acknowledge the
help obtained from the correspondence with Prof. Mc-
Coy, UC Davis. Also, the authors thank Dr. Huffman’s
group for simdistillation analyses and DSD samples of
and Dr. Pugmire, University of Utah, for the valuable
advice and equipment use for solid state NMR studies.

NOMENCLATURE

b: exponent of molecular weight in rate
constant expression for chain scis-
sion

kb: pseudo-first-order rate constant for
chain scission

k( x): rate constant expression for chain
scission

Mm: log–normal distribution median value
Mn: number-average molecular weight for

a given MWD
Mn

0: initial number-average molecular weight
for the distribution

Mw: weight-average molecular weight for a
given MWD

Mw
0 : initial weight-average molecular weight

for the distribution
Mz: z average molecular weight for a given

MWD
Mz 1 1: z 1 1 average molecular weight for a

given MWD
pi: ith moment for the given MWD
p( x): MWD of sample at any given time t
p0( x): initial MWD of sample
pn( x): mole fraction MWD
pw( x): weight fraction MWD
s: standard deviation for the log–normal

MWD
V( x, x9): stoichiometric kernel satisfying the

normalization and symmetry condi-
tions

t: time
x: molecular weight of the species

APPENDIX

We have modeled liquefaction kinetics based on
the degradation model applied for poly(styrene)
allyl alcohol, based on random chain scission. For

Table V Mixed Plastic (DSD) Results: Values of kb Obtained by Data
Fitting to Model (b 5 0.83)

kb*103

[min21 (gm/gmol)20.83] Mn Mw

Mn

(exp)
Mw

(exp)
Exp T
(°C)

1.2 4240 7660 4070 7880 415
1.7 2860 5300 2770 5360 420
2.3 2230 3490 1990 3860 425
4.5 950 1660 880 1700 435
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b 5 0, the analytical solution was provided by
Wang et al.4 These, when coupled with our defi-
nitions of Mn and Mw give

Mn 5 Mn
0 z exp(2kb z t)

Mw 5 Mw
0 z exp~21

3 kb z t!

For b 5 1, we can manipulate equations (9)–
(11). Since p1 is constant with time (mass conser-
vation), we can divide the first and last equations
by p1. Hence, we get

d~1/Mn!

dt 5 kb

1
Mn

5
1

Mn
0 1 kb z t

To obtain Mw,

dMw

dt 5 S2
1
3 kb z

p3

p1D
dMw

dt 5 2
1
3 kb z

p3

p2 z
p2

p1

dMw

dt 5 2
1
3 kb z Mz z Mw

dMw

dt 5 2
1
3 kb z

Mw
3

Mn

dMw

dt 5 2
1
3 kb z Mw

3 z S 1
Mn

0 1 kb z tD
1

Mw
2 5

1
~Mw

0 !2 1
2
3

kb z t
Mn

0 1
kb

2 z t2

3

Here, Mz is the z-average molecular weight dis-
tribution given by p3/p2, as follows:

Mz 5 Mm expS3s2

2 D 5
Mw

2

Mn

This can be extended to subsequent values of b.
For example,

Mz 1 1 5 Mm expS5s2

2 D 5
Mz

2

Mw

Hence, integer values of b can be solved by using
the relationship of log–normal distribution func-
tions. When these equations were solved by a
4th-order Runge–Kutta method, we got about 3%
error for the b 5 1 and b 5 0 model. This is
illustrated in Figure 2. For b 5 2, we get, using
(9), (10), and (11),

d~1/Mn!

dt 5 kb z Mw

dMw

dt 5 S2
1
3 kb z

p4

p1D
dMw

dt 5 2
1
3 kb z

p4

p3 z
p3

p2 z
p2

p1

dMw

dt 5 21
3 kb z Mz 1 1 z Mz z Mw

Using relation for Mz and Mz 1 1, we get

dMw

dt 5 2
1
3 kb z

Mw
6

Mn
3

From the equations for Mw and Mn as a function
of t, we get

dMn

Mn
5 5 3

dMw

Mw
5

Integrating within limits Mn
0 to Mn and Mw

0

to Mw,

1
Mw

4 5
1
3 S 1

Mn
4 2

1
~Mn

0!4D 1
1

~Mw
0 !4

Thus, we get a single equation in Mn as

dMn

dt 5 2kb z Mn
2 z S1

3S 1
Mn

4 2
1

~Mn
0!4D 1

1
~Mw

0 !4D ~21/4!

The above equation can be solved numerically to
get a relation of Mn with t, which can be substi-
tuted to get Mw (Fig. 2). This treatment of data
can be used for all integral values of b $ 2.
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