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INTRODUCTION
Synthetic plastics play an indispensible role in every aspect of modern life. However, the widespread use of large volumes of plastics
has created serious environmental issues, which demand proper
end-of-life management of plastic wastes (1, 2). Polyolefins, mainly
high-density polyethylene (HDPE), low-density PE (LDPE), linear
low-density PE (LLDPE), and polypropylene (PP), constitute more
than 60% of the total plastic content of municipal solid waste (3–5).
In current technology, the monomers for plastics originate primarily from fossil fuels. In view of the large and still strongly increasing
amount of produced plastics and the steadily dwindling global oil
reserves, one promising solution to plastic wastes is to convert
them into valuable liquid fuels or chemical feedstocks.
PE is the largest-volume plastic in the world, with annual production exceeding 100 million metric tons (6). In contrast to the successful
feedstock recovery from specialty plastics, such as poly(ethylene terephthalate) and polystyrene (7), PE is remarkably inert and difficult
to degrade without special treatment (4). The chemical inertness arises
from all atoms of PE being connected by strong single C−C and C−H
bonds. In addition, PE contains predominantly secondary carbons and
a few primary carbons, both of which are robust toward oxidation from
exposure to heat or ultraviolet radiation. Thermal and catalytic pyrolysis at high temperatures (typically >400°C) has been applied to PE
degradation (8, 9). However, these processes suffer from low energy
efficiency and lack of product control, often resulting in the formation
of complex product compositions, including hydrocarbon gas, oil, wax,
and char (10). In addition, branched, cyclic, and aromatic hydrocarbons are formed along with linear alkanes (5, 8, 11). As for the few
milder PE recycling methods, some involve highly reactive radical species (12), whereas others form light hydrocarbon gases (methane and
ethane) as the predominant products at high conversions (13, 14).
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Alkane metathesis is a process in which alkanes are covalently rearranged to give a new distribution of alkane products (15–19). Because PE is essentially composed of ultra-long alkanes, we envisioned
that alkane metathesis could be used to cleave PE chains. Here, we
report a mild and efficient degradation of PE into liquid fuels and
waxes using inexpensive and readily available light alkanes, such as
petroleum ether, as the reagents. These alkanes with low carbon number are major constituents of a variety of refinery and petrochemical
streams (20), the Fischer-Tropsch process (21), and some biomass
conversion pathways (22). We show that the cross metathesis between these low-value light alkanes and PE results in very efficient
degradation of various grades of PE. In particular, we demonstrate
that the wastes of commercial PE plastics can be selectively degraded
into transportation fuels and waxes under mild conditions in a controllable manner.

RESULTS
Our strategy for PE degradation is based on a tandem catalytic cross
alkane metathesis (CAM) process developed by Goldman et al. (18)
and Huang et al. (23), which involves one catalyst for alkane dehydrogenation and another catalyst for olefin metathesis (Fig. 1A).
First, the dehydrogenation catalyst Ir removes hydrogen from both
PE and a light alkane in a sealed system to form unsaturated species
and Ir-H2. Next, the olefin metathesis catalyst scrambles the alkenes,
resulting in breakdown of PE chains. Finally, hydrogenation of the
newly formed alkenes with Ir-H2 affords saturated alkanes. The metathesis of PE with the light alkane reduces the chain length of PE when
an internal double bond of PE scrambles with a double bond of the
light alkene. In the presence of a large excess of light alkanes, the
initial CAM products should react further with the light alkane to
deliver the secondary CAM products with even shorter chain length.
After multiple cycles of CAM with light alkanes, PE will be eventually converted to short hydrocarbons suitable for transportation oils.
A unique advantage of this process is that the excess light alkane
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Polyethylene (PE) is the largest-volume synthetic polymer, and its chemical inertness makes its degradation by lowenergy processes a challenging problem. We report a tandem catalytic cross alkane metathesis method for highly
efficient degradation of polyethylenes under mild conditions. With the use of widely available, low-value, short alkanes (for example, petroleum ethers) as cross metathesis partners, different types of polyethylenes with various
molecular weights undergo complete conversion into useful liquid fuels and waxes. This method shows excellent
selectivity for linear alkane formation, and the degradation product distribution (liquid fuels versus waxes) can be
controlled by the catalyst structure and reaction time. In addition, the catalysts are compatible with various polyolefin additives; therefore, common plastic wastes, such as postconsumer polyethylene bottles, bags, and films could
be converted into valuable chemical feedstocks without any pretreatment.
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used for the degradation dissolves PE to form a dilute solution with
low viscosity, avoiding mass and heat transfer issues encountered
in the conventional catalytic pyrolysis processes involving PE
melts (8).
A dual catalyst system containing a supported “pincer”-ligated
iridium complex, (t-BuPCP)Ir (1) (24, 25) (Fig. 1B) and Re2O7/
g-Al2O3 (26), has proven to be robust and effective for short alkane
metathesis (18, 23); thus, we commenced our study by using this catalyst system for PE degradation. For initial proof of the concept, the
degradation of 120 mg of laboratory-grade HDPE [HDPE-1, powder;
weight-average molecular weight (Mw) = 3350; polydispersity index
(PDI), 1.6] with 3 ml of n-hexane (7.7 M) in the presence of 20.1 mmol
of iridium catalyst 1, 40.2 mmol of t-butylethylene as the hydrogen
acceptor, and Re2O7/g-Al2O3 (57 mmol of Re2O7) proved to be successful. The mixture was heated at 150°C under argon in a sealed
vessel, and the PE sample was completely dissolved under the
conditions. For comparison, a control experiment without PE was
conducted under otherwise identical conditions. Product distributions were monitored by gas chromatography (GC) with mesitylene
as an internal standard. Whereas the product distribution of the control was concentrated in a range of C2-C21 n-alkanes (Table 1, entry 2,
and fig. S1B), the reaction with HDPE-1 afforded a significant amount
of C22–40 n-alkanes (Table 1, entry 1, and fig. S1A) (almost 30 times
more), which is indicative of CAM between HDPE-1 and n-hexane.
Only linear alkane products were produced, and no aromatic
compounds or alkenes were detected by GC (18). Aside from the oil
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products that are soluble in n-alkanes and suitable for GC analysis,
the degradation process also generates relatively high–molecular-weight
wax hydrocarbon products, which are insoluble in n-alkanes at ambient
temperature. However, following separation of the solid catalysts from
the hydrocarbon solution by simple filtration at 160°C, the wax
products precipitated after cooling the solution to room temperature
and thus could be further separated from the solution containing the
oil products (see the Supplementary Materials for the procedure in details). The reaction starting with 120 mg of HDPE-1 gave 53 mg of wax
hydrocarbon products—a 56% PE degradation to oil products (Table 1,
entry 1).
For significant molecular weight (MW) reduction, olefin metathesis is required to occur at an internal C==C double bond of dehydrogenated PE (see above). Compared to the (t-BuPCP)Ir complex (1),
Brookhart’s bis(phosphinite)-ligated (t-BuPOCOP)Ir complex (27) exhibits
higher regioselectivity for formation of internal alkenes in catalytic
n-alkane dehydrogenation (28). Therefore, we investigated g-Al2O3–
supported (t-Bu2PO-t-BuPOCOP)Ir(C2H4) (2/g-Al2O3), which was reported to be also very active in alkane dehydrogenation (23, 29).
Combining 2/g-Al2O3 and Re2O7/g-Al2O3 led to a 98% conversion of
PE to oils (Table 1, entry 3). Although 2/g-Al2O3 is less active than
1/g-Al2O3 in short-chain alkane metathesis (Table 1, entry 4 versus
entry 2), the former is significantly more efficient than the latter for PE
degradation to soluble/liquid products (Table 1, entry 3 versus entry 1).
Additionally, 2/g-Al2O3 provided more long-chain alkanes (C22–C40;
26 mM) than did 1/g-Al2O3 (17 mM) for HDPE-1 degradation. This is
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Fig. 1. Degradation of PE through CAM with light alkanes (for example, n-hexane). (A) Proposed PE degradation pathway through catalytic
CAM. Dehydrogenation of both PE and light alkane (n-hexane used as an example) creates unsaturated olefins. Subsequently, cross olefin metathesis followed by hydrogenation causes breakdown of PE chain into shorter chains. Repeating the tandem reaction in multiple cycles results in
degradation of PE into short alkanes appropriate for use as transportation oil. (B) Structures of the dehydrogenation and olefin metathesis catalysts
used in this study.
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Table 1. Cross metathesis of HDPE-1 (120 mg) with n-hexane (7.7 M, 3 ml) using various g-Al2O3– supported Ir catalysts (20.1 mmol Ir) and
Re2O7/g-Al2O3 (57 mmol Re2O7): The conversion of PE to oil and wax products and the distribution of soluble n-alkane products after
heating the mixture for 3 days at 150°C. The amounts of soluble products were determined by GC analysis with mesitylene as an internal standard. The amounts of n-hexane after the degradation reactions were not included. As the starting material, the intensity of the n-hexane signal was
too strong (relative to other n-alkane products) to be precisely measured by GC analysis. Wax products are the isolated solid hydrocarbon products.
Aside from wax products, the major products from PE degradation are liquid oil hydrocarbons. Thus, weight percentages (wt %) of oils from PE
degradation were estimated with the mass of the starting PE minus the wax products. N/A, not applicable.

Entry Ir catalyst HDPE-1(mg)

Mass (mg) and concentration (mM) of
soluble products
Mass (g) and concentration
Wax products (mg) Wt % of oils
(M) of total soluble products
C3-C5 C7-C12 C13-C21 C22-C30 ≥C31

1

120

304/
1553

671/
1932

74/
115

12/
10

10/
7

1.07/
3.62

53

56%

2

1

0

374/
1926

788/
2248

57/
90

0.7/
0.6

N/A

1.22/
4.27

N/A

N/A

3

2

120

202/
1073

416/
1171

93/
138

20/
18

12/
8

0.74/
2.41

2

98%

4

2

0

245/
1290

597/
1662

69/
114

2/
2

N/A

0.91/
3.07

N/A

N/A

5

3

120

225/
1180

523/
1461

116/
174

29/
24

23/
14

0.92/
2.85

6

95%

consistent with our hypothesis that the dehydrogenation catalyst that
favors the formation of internal olefins is more efficient for PE degradation. Furthermore, we synthesized a new iridium complex
containing isopropyl substituents on the phosphorus atoms and a methoxy group in the aromatic backbone, (MeO-i-PrPOCOP)Ir(C2H4) (3)
(Fig. 1B). A combination of 3/g-Al2O3 with Re2O7/g-Al2O3 was also
highly effective for PE cleavage, degrading 95% of PE into oils after 3
days at 150°C (Table 1, entry 5).
For practical considerations, we then carried out PE degradation at
reduced catalyst loading and tested the recyclability of the catalysts.
The Re2O7/g-Al2O3 catalyst and the supported Ir catalyst can be recycled for olefin metathesis and alkane dehydrogenation, respectively,
albeit with reduced activity (see the Supplementary Materials). Moreover, the loading of the Ir catalyst can be significantly reduced. With
only 4.2 mmol of 2 (3.3 mg), the reaction of HDPE-1 (120 mg) with 2.5 ml
of n-octane at 175°C converted 85% of the polymer to oil after 4 days
(Fig. 2A). Gel permeation chromatography (GPC) (fig. S4A) analyses of
the wax products (18.0 mg) isolated from the PE degradation mixture
showed significant reduction in MW compared to the parent PE [Mw =
680 versus 3350; number-average molecular weight (Mn) = 500 versus
2080]. These materials with relatively narrow molecular distribution
(PDI, 1.4) can be used as PE waxes, which are valuable slips, dispersants,
and resin modifier agents for polymer processing (30). These data indicate that, under catalytic conditions, HDPE-1 was completely degraded
to yield oil hydrocarbons as the major products and low-MW waxes as
the minor products.
Following the successful model study, we further carried out a degradation study of commercial-grade high-MW PEs. In commercial PE
plastics, various additives, such as antioxidants, are often added to stabilize and/or modify the properties of PEs. To test the compatibility of
the CAM catalyst system, we further carried out a degradation study in
the presence of commercial additives. The degradation of commercial
Jia et al. Sci. Adv. 2016; 2 : e1501591
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HDPE pellets with an Mw of 12.4 × 104 (HDPE-2; PDI, 3.9) that contain antioxidants 1010 and 168 (polyphenol- and phosphite-based stabilizers, respectively) and zinc stearate (~1000 ppm each) occurred
smoothly. With a combination of 2 (4.2 mmol Ir) and Re2O7/
g-Al2O3 (57 mmol Re2O7), the reaction of HDPE-2 (120 mg) with 4 ml
of n-octane delivered a 72% conversion of PE to oil products. GPC analysis of the isolated wax product (34 mg) revealed only low-MW species
(Mw = 780; Mn = 580) (Fig. 2B and fig. S4B). The lack of any high-MW
peak in the GPC trace suggests that no PE starting material (HDPE-2)
remained intact during the process. HDPE-3 pellets with an Mw of 36.5
× 104 (PDI, 13.0), which contain the same type and similar amount of
additives as HDPE-2, also successfully underwent degradation (Fig. 2C
and fig. S4E). The degradation of an ultrahigh-MW PE, HDPE-4 powder with a viscosity average molecular weight (Mv) of 1.74 × 106, gave a
51% conversion to oil products. GPC analyses revealed wax products
with an Mw of 890 with a narrow PDI (1.3) (Fig. 2D). Again, no
high-MW polymer (Mw > 1000) was detected in the residual solid
(fig. S4F), indicating a full breakdown of this ultrahigh-MW PE. The
wax products could be further degraded into oil products upon addition
of more CAM catalysts (table S1, entry 5); the conversion into oil was
increased to 72%, accompanied by a lowering of the MW of the resulting
wax (Mw = 890 versus 780) (table S1, entry 5). These results demonstrate
that the CAM strategy is very effective for degrading commercial-grade
HDPEs of different MW in the presence of normal additives into
low-MW liquid fuels and wax products (Fig. 2, B to D).
The CAM system is not limited to the degradation of HDPE. The
other two major types of PEs, LDPE and LLDPE, also efficiently
undergo degradation. The reactions of a commercial LDPE film with
an Mw of 9.17 × 104 (120 mg; PDI, 18.0) and of commercial LLDPE
pellets with an Mw of 7.4 × 104 (120 mg; PDI, 3.0), both containing
the same antioxidant and lubricant as HDPE-2, resulted in 86 and
77% conversion to oils, respectively. The resulting wax products from
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B HDPE-2, 120 mg, Mw = 124,000

C3−7

C9−22

35
C23−42

with cat. 2
400

100% degradation
51% to oil

269

Diesel

300

365

200
100

34
0

C3−7

C9−22

C23−41

Wax

Diesel

Product quantity (mg)

Mn = 16,000, with cat.2
372
400
100% degradation
314
67% to oil
300

100
0

C3−7

C9−22

C23−41

Diesel

Diesel

Wax

0

C3−7

C9−22

C23−41

Wax

F LLDPE, 120 mg, Mw = 74,000,
Mn = 5100, with cat. 2
Mn = 25,000, with cat.2
400
400
320 100% degradation
100% degradation
315
281
271
86% to oil
77% to oil
300
300

0

28
C3−7

C9−22

C23−39

200
Mw = 4320
Mn = 1070 100
17
0
Wax

H Used PE film, 122 mg, Mw = 21,600,
Mn = 17,000, with cat.2
384
400
100% degradation
305
72% to oil
300
200

37

C23−41

E LDPE, 120 mg, Mw = 97,700,

200
Mw = 890
Mn = 690
100
59

G Used PE bottle, 120 mg, Mw = 109,000,

200

C9−22

Mw = 860
Mn = 640 100
23
0
Wax

38
C3−7

C9−22

C23−41

C3−7

C23−41

Wax

I Used PE film, 118 mg, Mw = 21,600,
Mn = 17,000, with cat.3
400
300

0

302

100% degradation
57% to oil

Mw = 2420
Mn = 1200
51

231

200
Mw = 810
Mn = 700 100
34
Wax

C9−22

40

Mw = 790
Mn = 590
26

20
C3−7

C9−22

C23−39

Wax

Fig. 2. Degradation of various grades of PEs with n-octane (2.5 ml for HDPE-1 and LLDPE and 4 ml for all other PEs) by 2 (4.2 mmol Ir) and
Re2O7/g-Al2O3 (57 mmol Re2O7): The distribution of degradation products after 4 days at 175°C. More detailed degradation product distributions are summarized in table S1.

LDPE and LLDPE have an Mw of 4320 and 790 (Mn of 1070 and 590),
respectively (Fig. 2, E and F).
After demonstrating the efficiency and robustness of the CAM
catalyst system for the degradation of commercial-grade PEs, we investigated the degradation of postconsumer PE plastic bottles and
films, which are common plastic wastes in real life. The plastic bottle
used in this study was made of HDPE with an Mw of 10.9 × 104 (PDI,
6.8), as revealed by GPC. The material was simply dried in air and
used without any treatment. The degradation of the HDPE waste
using n-octane led to a 64% conversion to oils and a 36% conversion
to solid waxes having an Mw of 860 (PDI, 1.3) (Fig. 2G). The degradation
of a postconsumer plastic food packaging HDPE film with an Mw of
21.6 × 104 (PDI, 12.7) by n-octane afforded a 72% conversion to oils and a
28% conversion to solid waxes with an Mw of 810 (PDI, 1.2) (Fig. 2H).
Because of their low cost and wide availability, petroleum ethers
are much more practical metathesis reagents than pure n-hexane or
n-octane for PE degradation. The degradation of 0.3 g of HDPE
Jia et al. Sci. Adv. 2016; 2 : e1501591
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plastic bottle waste with petroleum ether (8 ml; distillation fraction,
35° to 60°C) using our normal protocol afforded 2 mg of PE wax and
1.08 g of isolated alkanes ranging from C7 to C38, among which the
diesel fractions of n-alkanes (that is, C9-C22 n-alkanes) are the predominant products (Fig. 3C). The degradation of a food packaging
HDPE film with an Mw of 5.42 × 104 (PDI, 17.2) and a grocery
shopping bag (a blend of HDPE and LLDPE; the MW of the plastic
bag could not be determined by GPC because the materials contain
too much inorganic salts) (0.3 g each) resulted in the isolation of 0.77 g
of C7-C38 alkanes and 7 and 3 mg of waxes, respectively (Fig. 3A).
Because of the presence of branched alkanes in the petroleum ether,
small amounts of isoparaffins were also observed by GC (Fig. 3C).
The existence of branched alkanes can enhance the cold flow properties
of the obtained diesel products (31–33). For comparison, the reaction
with the petroleum ether in the absence of the PE plastic waste gave a
trace amount of C10-C12 alkanes (fig. S5A). Because the volatile petroleum ether can be easily separated from the products by distillation
4 of 7
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Product quantity (mg)

D HDPE-4, 120 mg, Mv = 1,740,000,

C3−7

40

Mw = 780
Mn = 660
44
37

100

Diesel

0

200
Mw = 780
Mn = 580
34

Diesel

100

200
Mw = 680
Mn = 500 100
18
0
Wax

Diesel

200

C HDPE-3, 117 mg, Mw = 365,000,
Mn = 32,000, with cat.2
Mn = 28,000, with cat.2
383
400
400
356
100% degradation
100% degradation
312
62% to oil
72%
to
oil
300
300
262

Diesel

Mn = 2080, with cat. 2
400
100% degradation
305
299
85% to oil
300

Diesel

Product quantity (mg)

A HDPE-1, 120 mg, Mw = 3350,
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A

Isolated oil
(C7−C38)

0.3 g each
HDPE plastic bottle

8 ml
petroleum ether

Food packaging film
Grocery shopping bag

2/ -Al2O3 and
Re2O7/ -Al2O3

Wax

1.8 g

2 mg

0.77 g

7 mg

0.77 g

3 mg

B

CAM
process

Food packaging
film (HDPE)

Shopping bag
(HDPE + LLDPE)

C20

C

C30
GC trace
tra
a of isolated oil
product

Mesitylene
(internal standard)
C10
C7

Fig. 3. Degradation of postconsumer PE plastic bottle (HDPE), food packaging film (HDPE), and grocery shopping bag (a blend of HDPE
and LLDPE) into oils. (A) Degradation of PE plastic wastes (0.3 g) with petroleum ether (8 ml) by 2 (10 mmol Ir) and Re2O7/g-Al2O3 (86 mmol Re2O7)
at 175°C after 4 days. (B) PE plastic wastes used in the degradation (left), CAM degradation reaction mixture (middle), and oil products isolated from
the degradation mixture (right). (C) GC trace for the oil products from the degradation of the PE plastic bottle.

and reused for further PE degradation, the degradation of PE wastes
into diesel fuels using petroleum ether through CAM could become
an economically feasible process.
The distribution of the degradation products (oil versus wax) can be
controlled by reaction time and by using different dehydrogenation
catalysts. The degradation processes of the commercial HDPE pellets
HDPE-2 (Mw = 12.4 × 104; PDI, 3.9) were monitored (Fig. 4 and table
S2). Several features should be noted. First, no parent PE materials were
detected by GPC analysis at the early stage of the reaction (2 hours),
indicating a rather rapid breakdown of PE into oils and PE waxes. Second, the PE waxes were gradually converted into oils over the course
of the reaction (Fig. 4A). Finally, the MW and the MW distribution
of the PE waxes decreased with degradation time (Fig. 4, B and C).
For example, the degradation of the HDPE-2 after 2 hours gave 81%
of waxes with relatively high MW (Mw = 4390) and a broad molecular
distribution (PDI, 10.1); after 1 day, the process gave 48% of waxes with
an Mw of 1060 (PDI, 1.5). In addition, the iridium catalyst plays a role
in controlling the yields of oils and waxes and in the MW distribution
of the resulting PE waxes. The degradation of various PEs using 3/gAl2O3 as the dehydrogenation catalyst consistently gave higher yields
of the wax products than that using 2/g-Al2O3. Furthermore, the MW
of the resulting PE waxes in the reaction with 3/g-Al2O3 is almost double of that obtained with 2/g-Al2O3 (for example, Fig. 2H versus Fig. 2I
Jia et al. Sci. Adv. 2016; 2 : e1501591
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and table S1, entry 2 versus entry 3, entry 7 versus entry 8, and entry 9
versus entry 10). Although the mechanism remains to be studied, the
formation of linear PE waxes with a controllable MW (Mw = 500 to
2500) and narrow PDI through PE waste degradation is of significant
interest because selective synthesis of highly linear PE waxes with narrow molecular distribution is difficult by ethylene polymerization or
by other means (34).

DISCUSSION
Here, we demonstrate an efficient method for degradation of PEs under
mild conditions using a tandem catalytic CAM method. With excess,
inexpensive light alkanes (such as petroleum ether) as the reagents, various types of PEs, including HDPE, LDPE, and LLDPE with an MW of
up to millions, can be completely degraded to low-MW oils and waxes
within 1 day at 175°C. The CAM system uses a highly efficient alkane
dehydrogenation catalyst, the molecular pincer-type iridium complex,
to dehydrogenate the PE and the light alkane. The resulting unsaturated
PE and light alkene undergo rhenium-catalyzed cross metathesis to
form two new olefins, which are hydrogenated by the iridium catalyst
to produce saturated alkanes. Note that only the metathesis of the internal double bonds in PE can lead to the breakdown of the polymer.
5 of 7
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A
Wt %
100%
80%
60%
40%
20%
0%

4h

2h

6h

24 h

8h

B

48 h

96 h

C

Mw

PDI

4500
3500

10.1

10

7.4
6.7
6.4

8

3270

6

2500
2020
1500

4

1060

780

840

500

1.5

2

1.3

1.4

0
0

20

40

60

80

100
Time (h)

0

20

40

60

80
100
Time (h)

Fig. 4. Degradation of HDPE-2 (120 to 135 mg) with n-octane (4 ml) by 2 (4.2 mmol Ir) and Re2O7/g-Al2O3 (57.0 mmol Re2O7) at 175 °C after
2, 4, 6, 8, 24, 48, and 96 hours. (A) Distributions (wt %) of oil and wax products. (B) Mw of the isolated PE wax products. (C) Molecular weight
distributions (PDI) of the isolated PE wax products.

The closer the double bond is to the middle site of PE, the more efficient
the chain length of PE would be reduced. As a result, the bis(phosphinite)based (POCOP)Ir complex 2 proved to be more efficient for PE degradation than the bis(phosphine)-based (PCP)Ir complex 1 (Table 1,
entry 1 versus entry 3) because the latter has a higher tendency for the
formation of terminal alkenes in n-alkane dehydrogenation (28). In addition, the use of a large excess of low-cost, recyclable light alkanes relative to the PE (that is, depending on the MW of PE, the molar ratios of
light alkane/PE are typically larger than 5000) minimizes the possibility
for redundant metathesis between two PE chains, which would not result
in effective breakdown of PE.
Analysis of the liquid products reveals the formation of a range of
n-alkanes. However, regardless of the structures and MWs of the parent
PEs, all reactions afforded alkanes in the diesel range as the major
products (Fig. 2). With the use of the iridium catalyst 2, the degradations
of various PEs (except for LDPE), with MWs ranging from thousands to
millions and with PDI values of up to 13, all gave PE wax products with
narrow MW distributions (PDI, ~1.3) and an Mw of less than 1000 (Fig.
2, A to D and F to H). A simple change of the iridium catalyst from 2 to
3 resulted in the consistent formation of PE wax products with broader
MW distributions (PDI, ~2.0) and an Mw of ~2000 (Fig. 2I and table S1,
entries 3, 8, and 10). The iridium catalysts appear to play an important
role in controlling the distribution of the degradation products.
Both the pincer iridium dehydrogenation catalyst and the rhenium
metathesis catalyst tolerate the polyphenol- and phosphite-based stabilizers and zinc stearate that are present in the commercial-grade PEs.
The robust catalyst systems allow full degradation of waste PE bottles,
films, and bags into valuable liquid fuels (diesel) and waxes. To the best
Jia et al. Sci. Adv. 2016; 2 : e1501591
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of our knowledge, the degradation of real-world postconsumer PEs under such mild reaction conditions is unprecedented.
Featuring high efficiency, mild reaction conditions, and fine control
of degradation products, this method shows distinct advantages over
traditional pyrolysis processes. For further studies, we are developing
more practical alkane metathesis catalyst systems that could provide
new approaches for feedstock recovery from PE plastic wastes.

MATERIALS AND METHODS
A 10-ml thick-wall Kontes flask was charged with iridium complex
(4.2 mmol), n-octane (2.5 or 4.0 ml), 5 wt % Re2O7/Al2O3 (546 mg),
PE (120 mg), and mesitylene (20 ml) as an internal standard. The flask
was sealed with a Teflon plug and then heated at 175°C for 4 days.
After that, an aliquot was removed from the flask and analyzed by
GC. The distributions of soluble products were calculated for each
aliquot. The residual solution was filtered at 160°C and washed with
n-octane. The filtrates were combined and cooled to room temperature. The wax products precipitated from the solution and were
separated by centrifugation. The detailed methods and characterization are available in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/6/e1501591/DC1
Supplementary Materials and Methods
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fig. S1. GC traces for the reactions of HDPE-1 with Ir complex 1 or 2, and the control
experiments without HDPE-1.
fig. S2. GC trace for the reaction of 1-octene with recycled Re2O7/Al2O3.
fig. S3. GC traces for the control experiments in the absence of one of the dual catalysts or in
the absence of both catalysts.
fig. S4. GPC traces for the wax products.
fig. S5. GC traces for the oil products from the degradation of the PE plastic bottle, film, and bag.
fig. S6. GPC traces for the wax products obtained from the reaction with HDPE-2 after 2, 4, 6, 8,
24, 48, and 96 hours.
table S1. Degradation of various grades of PE with n-octane (2.5 or 4.0 ml) by [Ir] (4.2 mmol) and
Re2O7/Al2O3 (57 mmol Re2O7): The distribution of n-alkane products and conversion of PE to oil
products after 4 days at 175°C.
table S2. Degradation of HDPE-2 at different time intervals: The distribution of n-alkane
products and conversion of PE to oil products.
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