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Catalytic supercritical water gasification of plastics with supported RuOz: a potential solution to hydrocar bons-water
pollution problem

Jude A. Onwudili* and Paul T. Williams
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ABSTRACT: Here we report on a potential catalytic process for efficient cleaf-plastic pollution in waters, such as the
Great Pacific Garbage Patch (CPGPBgtailed catalytic mechanisms of Ru@uring supercritical water gasification of
common polyolefin plastics including low-density polyethgdghDPE), high-density polyethylene (HDPE), polypropylene
(PP) and polystyrene (PP), have been investigated in a batch reactOr &, 48 min. All four plastics gave very high
carbon gasification efficiencies (CGE) and hydrogen gasification efficiefid{eg). Methanasthe highest gas compongnt
with a yield of up to 37 mol kppe using the 20 wt% Rufcatalyst. Evaluation of the gas yields, CGE and HGE revealed
that the conversion of PS involved thermal degradation, steBorming and methanation; whereas hydrogenolysis was a
possible additional mechanism during the conversion ofiaip plastics. The process has the benefits of produdtena-
pressurized methane-rich fuel gas as well as cleaning up hydsosgrblluted waters.
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1.0 Introduction The clean-up of hydrocarbons-polluted waters and possible
Supercritical water technologies (SCWT) are suitable for conversion of the harvested hydrocarbon/water mixtures
the processing of feedstock with high moisture contents'@quires innovative technologies.
into useful products. However they can also be applied toTherefore, with SCWG technology, plastics/water and
‘dry’ feedstocks because during supercritical water pro- oil/water mixtures can be reacted together under superecriti-
cesses, water acts as medium as well as a reactant [1-2¢al water conditions to produce fuel gases including syn-
This presents the possibly of applying SCWT to ‘dry’ feed- thetic natural gas (SNG). In comparison, the conversion of
stocks such as plastics wastes [3-6]. Supercritical water ishydrocarbon/water mixtures to fuel and energy via conven-
completely miscible with common gases. It also has thetional technologies such as incineration, pyrolysis and gasi-
ability to solubilize organic compounds, including those fication would require water removal to technologically
that are insoluble in ambient water due to its special prop-acceptable levels.
erties, particularly the decreased dielectric constant and
density [1, 7]. Among the SCWT, supercritical water gasi- .
fication (SCWG) is suitable for converting organic feed- | 4
stocks to valuable simple gases such as hydrogen and me % '
-

thane. The simplicity of post-processing or utilization of :
the pressurized gas products makes SCWG an attractivge. ==
technology.

In particular, SCWG can be applied to unusual hydrocar- |
bons-water mixtures arising from serious environmental
pollution for example, the Great Pacific Garbage Patch |
(GPGP). An example image of a plastic-polluted section of = -
a river is shown in Figure 1. The GPGP represents a diref™_ = 3 | Smlrites
plastic pollution problem that requires immediate solution IH‘, S SRS &
due to the reported deleterious effects on marine life in-

cluding fatalities mainly due to plastic ingestion and
smothering. Images of dead seabirds with their guts laden

with piece of plastic materials are common on the internet.Research into the use of heterogeneous catalysts in SCWG
In addition, the young of bigger sea animals are often foundhas grown in recent years [8-9]. Ruthenium-based catalysts
trapped, deformed and strangled by plastics as they growhave been found to be very effective in the conversion of

Figure 1: An image of plastic-polluted section of sea
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carbonaceous materials, with high carbon gasification effi- plastics are the most commonly used and often constitute a
ciencies in moderate-temperature hydrothermal media [3]arge proportion of waste plastics [18] Dichloromethane
8-11]. Among the ruthenium-based catalyst, the most re-also obtained from Sigma-Aldrich, was used to extract any
ported have been Ru/C [12-14], Ru/?iQL0, 15] and oil products in order to recover the solid residues. The ru-
Ru/Al,O3 [16-17]. Sometimes it is not clear from literature thenium-based catalysts were obtained from an SME indus-
if the ruthenium had been used in the reduced form or adrial partner, Catal (UK) limited, based in Sheffield, UK.
the oxide. However, the experience of the authors in thisThe RuQ/y-Al,Os catalysts had nominal Ru@adings of
area has shown that ruthenium (IV) oxide, Ru® very 5 wt%, 10 wt% and 20 wt%, while the nickel-ruthenium
active in the gasification of both biomass-derived productsbimetallic catalyst contained 5 wt% Rpi@nd 15 wt% NiO
(e.g. bio-oil) and hydrocarbon-derived products (e.g. plas-on y-Al;Os. In addition, 20 wt% and 40 wt% NiO/y-Al 03

tics) in supercritical water. In a recent publication, catalysts prepared in-house were also tested. All the cata-
Onwudili and Williams [11] showed that the gasification of lysts were prepared by impregnation method unto the same
bio-oil to methane-rich gas was influenced by reaction sample of 1 mm spheres and crushed to <125 pum before
temperature, residence time and the wt% of Roi®gam- use. The characteristics of the RI@AIO3 catalysts have
maalumina. Working within the temperature range of 400 been published earlier [11, 17]. All catalyst have similar
°C — 500 °C, the authors showed that near-total conversionBET surface areas of = 8 m%g, pore volumes of = 0.023

of heavy fraction of bio-oil was achieved at 450 °C and cm?/g, pore adsorption diameters of =~12.5 nm, pore de-
above, with 20 wt% Ru® Byrd et al. [16] reported that a sorption diameters of = 15.5 nm. Hence, they differed only
similar catalyst completely converted glucose to give thein the type and amount of metal oxide contents.

theoretical yield of hydrogen gas at a much higher tempera-

ture of 750 °C. Their work showed co-production of me-
thane and hydrogen at lower temperatures but that methan%‘z' M ethods _ )

yield decreased while hydrogen vyield increased with in- In €ach experiment 2.0 g of plastic samples was used. For
creasing temperature, which suggested promotion of medlests involving catalysts, a known amount (05230 g) of
thane stamreforming at high temperatures. Park and To- @ particular catalyst was weighed into the 75 ml Hastelloy
miyasu [3] Carried out some research W|th pure Ra@ batCh I’eaCtor, W|th a maXimUm Working pressure Of 45
catalyst for the gasification of different low-oxygen carbo- MPa [19], followed by a known volume of water (usually
naceous materials including plastics. They reported high20 mL except for tests investigating the effect of wa-
gasification efficiencies at 450 °C after 120 min reaction ter/feedstock ratio). Thereafter, the plastic sample was add-
time, while using various [Org/Rl@mo|ar ratios ranging ed and the |Oaded reactor purged for 10 min with nltrogen
from 3.44 for p0|yethy|ene terephtha'ate (PET) to 156.7 for ﬂOW to eXCIUde air. Then, the reaCtor was Sealed and heated
polyethylene. They found that the plastic materials pro- at an average rate of 21 °C mito 450 °C and held at this
duced more methane and less carbon dioxide than the biotemperature for 60 min. Depending on the water loading
mass samples such as cellulose. Essentially, the ability ofnd catalyst loading, autogenic reaction pressure ranged
RuO; to promote methane formation in supercritical water from 10— 38 MPa. At the end of the reaction, the reactor
conditions was significant for all sample types [3]; however Was quickly withdrawn and rapidly cooled with com-
the contributions of other process parameters during,RuO Pressed air to reach 50 °C after only 5 min. On cooling, the
catalysis were not investigated. In addition, these authorg®actor gas pressure was noted prior to gas sampling for
used very high loadings of pure Ru@nd long reaction ~GC analysis.

times which would increase process costs.

In this present work, a parametric study of supported.RuUO 2.2.1. Gasanalysis

catalysis during the SCWG of common polyolefin plastics The product gas sampled at room temperature was analysed
has b_een ca_rrled_out at 450 °C for 60 min reaction time. Asusing a system of gas chromatographs [20]. The analysis

mention earlier, literature shows that the optimum tempera-regyits were obtained in volume % and converted to moles

ture for carbon conversion and methane formation lies from . ;.- using the ideal gas equation and Henry’s law. The

450500 °C [3, 11]. The aim was to investigate the possi- yie|ds of the gas components are expressed in mblokg
ble reaction mechanisms involved in the formation of the plastic feed. In addition, the gas yields were used to com-

observed gas products, especially methane. Detailed undep; e the carbon gasification efficiency (CGE) and hydrogen
stanpimg of the reaction mechanisms would facilitate thegasification efficiency (HGE) as follows;

application of the catalytic SCWG process for the treatment

of hydrocarbons-polluted waters, with the added advantage cGE, wt% =
of producing a useful methane-rich gas.

Y:(Mass of carbon in gas products (g)) x 100
Mass of carbon in the feedstock (g)

Y.(Mass of hydrogen in gas products (g)) x 100
Mass of hydrogen in the feedstock (g)

2.0 Experimental Section HGE,wt% =
2.1 Materials

Virgin plastic samples including low-density polyethylene . .
(LDPE), high-density polyethylene (HDPE), polypropylene 2.2.2. Solid analysis

(PP) and polystyrene (PS) were all purchased from SigmaThe solid and liquid residuals left in the reactor after dis-
Aldrich in the form of pellets and used as received. Thesecharging the gas products, were separated by vacuum filtra-



tion. The solid residues (where application was reactedcarbons may also indicate their conversion to methane pos-
catalyst and char) left on the filter paper was dried in ansibly via C-C bond hydrogenolysis.

oven at 105 °C for 2 h. The dried residue was homogenizeq:igure 2b shows the trends in the CGE and HGE values
prior to further analyses. Char formation on recovered cata-quring the SCWG of LDPE with different Ru®ading. In
lysts  residues ~were determined via temperature-the absence of the catalyst, CGE and HGE were 33 wt%
programmed oxidation (TPO) using a Stanton-Redcroft ang 45 wi% respectively. Results show that these values
thermogravimetric analyser (TGA) interfaced with a Ni- continued to increase with increasing Ru@% loading,
colet Magna IR-560 FT-IR. Furthermore, for the 20 wt% sq that at 20 wt% loading CGE reached 95 wt% indicating
RuG)/y-Al20; catalyst; the fresh catalyst, the used non-yery high LDPE-carbon conversion in just 1 h. Interesting-
calcined catalyst (as recovered and dried) and the used caly too, the HGE was more than 100 wt%, which suggest
cined catalyst were all analysed by X-ray diffraction that hydrogen must have been contributed by the only other
(XRD) (Br.ukel’ D8) W|th CU Ka rad|at|0n for the presence source of hydrogen in the reaction System\/ater. The

of crystalline phases. Moreover, the same catalyst Samp'%articipation of water during SCWG has been well con-
were characterised using Jeol JSM-6610LV Scanning Elec<jymed [1-3, 7]. Hence, apart from hydrogen atoms, the

tron Microscope coupled to an Oxford Instruments INCA formation of CO and COfrom a zero-oxygen LDPE oe
X-max80 EDX system (SEM-EDX). The detailed descrip- firmed that water participated in these reactions.

tion and use of these instruments have been published ear-
lier [19]

® Hydrogen @ Carbondioxide ®m Methane @ C,-C,

40.0
3.0 Results and Discussion 350

3.1. Influence RuO2: y-Al20sweight ratio

The influence of the wt% of RuGupported on the alumi-
na on the gasification of polyolefin plastics was investigat
ed with 2.0 g LDPE as feedstock and 1.0 g each of 5 wt%,
10 wt% and 20 wt% of Rurespectively supported on y-

Al,0s. The tests were conducted at 450 °C for 60 min. The & **° 2
results of these tests are presented in Figure 2, along witl ~ 3° : ;
the test conducted in the absence of the catalyst. Figure 2 oo A Z:H
shows clearly that yields of the gas components changec Mo Catelys WSW RUO i catalve
dramatically between the non-catalytic and catalytic tests as o0 o ’

well as among the catalytic tests. In the non-catalytic,tests -8~ CGE  —+ HGE A
Co-C4 hydrocarbon gases dominated the gas products as i **°
result of thermal pyrolysis of the plastic [4-5, 20-21]. Simi- _ 000
lar yields of hydrocarbon gases are obtained from conven-: (b) / /.
tional pyrolysis of LDPE [22]. With the 5 wt% Ru@ad-
ing, the yields of hydrogen, methane and.Gfrreased
much more than that of the,Cs gases, with methane
slightly higher than hydrogen and carbon dioxide, indicat-
ing some catalytic activity.

Further, in the presence of the 10 wt% Ruwa@talyst, the 00
yield of G-C4 gases decreased further but so did the yield

of hydrogen, whereas the yields of methane and @O ) ) )
creased considerably compared to the 5 wt% catalystFigure 2: Influence of Ruf y-Al-O; weight ratio on the
However, this time, there was a larger increase in methaneCWG of LDPE at 450 °C, 60 min; (a) yields of gas
compared to C® The trend of the yields of gas compo- components; (b) gasification efficiencies

nents with the 20 wt% RuCatalyst was similar to that of

the 10 wt% catalyst. In this case however, there was muchhetaijled analyses of the oil products from LDPE have not
more reduction in the yields of hydrogen angdGs gases,  peen carried out in this work but GC/FID tests showed that
while the yields of C@ and especially methane showed hey contained mostly straight-chain alkanes (Supplemen-
dramatic increases. The decrease in hydrogen yield angyry |nformation ES1). Moreover, photographs of the di-
increase in methane with increasing Ru@ading suggests  cpioromethane extracts of the agueous residuals obtained
the consumption of the former to produce the latter. Also, fom the catalytic SCWG of LDPE have ben presented in
the increase in the yield of GGhows that its formation  he Supplementary Information (ES2). This has been pro-
must be link to the formation of hydrogen, possibly via the \ijed as evidence in support of the progressive gasifica-

WGSR of CO. In the absence of the catalyst, 0.11 mdl kg tion/removal/clean-up of LDPE from water with increasing
of CO was found in the gas product, however no CO WaSsRy,0, loading.

found in the gas products in which Ru@as used at all. In
addition, the dramatic decrease in the yieldGz hydro-

(a)

30.0

250

20.0

15.0

asyields, mol kglplastic

wt % Gasification
5 3
o o

20.0

No Catalyst 5 10 20

Wit% RuO, in catalyst



Table 1: Gas yields (vol.%), with % standard deviations from the G@Wdifferent polyolefin plastics at 450 °C, 60 min

LDPE HDPE PP PS
Gas Gas yields (Vol.| % SD | Gas yields| % SD | Gas yields (Vol.| % SD | Gas yields (Vol.| %
componentg %) (Vol. %) %) %) SD

Hydrogen | 7.65 745 | 184 |105 |10.1 |3.01 |6.74 6.75 0.04 | 6.24 594 | 352

CO - - - - - - - -

CGo 27.8 271 | 189 [295 (293 (042 |284 284 0.04 | 401 40.9 | 1.35
Methane 59.9 61.0 |1.23 [551 (549 |0.27 |[58.1 58.1 0.06 |53.4 52.8 | 0.85
Ethene - - - - - - - -
Ethane 2.19 213 | 172 (285 [3.02 |4.21 |3.16 3.16 0.03 | 0.18 0.19 | 3.82
Propene = = = = = = = =

Propane 1.78 173 | 204 (094 (095 |043 |3.18 3.12 1.50 | 0.04 0.04 | 0.00

Butenes - - - - - - - -

Butane 0.68 065 |242 |1.08 |1.06 | 1.62 |O0.45 0.45 0.00 |- =

> C-Cy 4.64 4.52 195 | 4.97 513 | 256 | 6.79 6.73 0.69 | 0.22 0.23 | 3.14
gases

3.2. Catalytic SCWG of different polyol€fin plastics more contributions from £C, gases compared to other
Since the 20 wt% was found to be the most effective in thePlastics as mentioned earlier.
preceding section, it was used to investigate the SCWG of ® Hydrogen @ Carbondioxide @ Methane @ C,-C,

other commonly used polyolefin plastics including HDPE, 400
PP and PS. The reactions were carried out with 2.0 g ol 30
each plastic and 1.0 g of 20 wt% Riy2Al.O5 catalyst.

Each test, including that with LDPE, was repeated twice .=
and the results of the gas analysis displayed in Table 1. Thi $
volume % of each gas component for each plastic sample z 20

30.0

plastic

250

e e
T

e e e

was very similar, with % standard deviations all below 5%, g 150 : é

indicating the excellent repeatability of the experiments and 8 _':EEE /

the consistent activity of the catalyst towards the different ~ **° = %

plastic feedstocks. 50 = # :

The average volume % of the gas components were usedi oo S SEN =
calculating the gas yields and gasification efficiencies, HoPE HDPZMCWNE F P

which are shown in Figure 3 and Figure 4, respectively. . .
Methane was the dominant gas component for all the plasFigure 3: Gas component yields from catalytic SCWG of
tic samples, followed by COhydrogen and £C4 gases in different polyolefin plastics at 450 °C, 60 min
that order as shown in Figure 3. These results suggest that
the catalytic mechanism of the ruthenium-based catalystrigure 4a also shows that more of feed carbons in LDPE,
was somewhat identical for all the plastics. It is important HDPE and PP ended up in methane compared to carbon
to note that PS produced the lowest yields #0Chydro-  dioxide, whereas PS gave nearly equal carbon distributions
carbon gases, which agrees with the poor gas yields oftefy, the two main gases. This may be attributed to the molec-
associated with the pyrolysis of P33{25]. Both LDPE  yar structural difference of PS compared to the other plas-
and HDPE gave similar£C, yields, whereas PP produced tics. PS contains an aromatic ring from each styrene mon-
the highest yields of these hydrocarbon gases. Compare@mer of molecular formula g8s. Hence, PS is much more
with the polyethylene plastics, the>-Ca yields from PP carhon dense (empirical formula, CH) than the three ali-
could be associated to the longer carbon chain length of th‘i)hatic-based plastics (empirical formula £énd this may
propylene monomer, which could be more prone to severenave influenced its reaction. Indeed, PS is known to de-
thermal pyrolysis than PE. grade during thermal pyrolysis into a cocktail of aromatic
For clarity, the CGE and HGE values obtained from the compounds including benzene, ethylbenzene, styrene, pol-
SCWG of the different plastics have been presented sepaycyclic aromatic hydrocarbons and diphenylalkanes with
rately in Figure 4a and Figure 4b, respectively. Figure 4alittle hydrocarbon gases and hydrogen [23-24, 26]. Hence,
shows that CGE values for all plastic samples were greatethe reaction of Ru@with aromatic rings could be different
than 93 wt%, with PP reaching 99 wt%, possibly due to from aliphatic chains. In addition, Figure 4b shows that the
HGE values exceeded 100 wt% for the aliphatic plastics,



whereas it was over 200 wt% for PS which confirmed that liquid reaction processes occurring in the absence of water
water contributed about half of the hydrogen atoms to thewould become limited. Therefore, feed carbon atoms di-
gas products, especially in methane gas formation from PSectly accessible to the RyOn catalyst could undergo
[3]. Indeed, for all four plastics, the methane product ac- complete oxidation to CO

counted for more than 75% of the gaseous hydrogen atomsyhe reactions conducted with increasing molar ratios of
indicating  effective methanation or other methane- ater show consistent increase in gas yields. Corrobora-
formation mechanisms. tively, Figure 5b shows that CGE and HGE also increased
with increased water loading. Indeed, the HGE already
exceeded 100% when the®C.ppe molar ratio was 3.88.
Doubling the HO/Cpope molar ratio to 7.76 caused the
HGE to increase to 127 wt%, confirming the participation
of water as a hydrogen donor. Methane yield accounted for
more than 90% of the reported HGE in the presence of wa-
ter. Hence, this work shows that the presence of water is
required as a reactant for the conversion of LDPE to a me-
thane-rich gas product, giving up to 95 wt% carbon eonv
sion to gas. Okajima et al. [28] investigated the SCWG of
polyethylene and polyene (residue derived from dechlo-
rination of PVC) to hydrogen at 700 °C in the presence of

@ Carbondioxide B CGE

wt % Carbon gasification

Plastic sample 20 wt% nickel and alkali catalysts and reported that about
@ Hydrogen @ Methwne  © C..c. o HGE half of the hydrogen in the gas product originated from

20 yeres 2mCe water via water-gas shift reaction (WGSR) of CO.
é i$ (b) = @ Hydrogen m CO @ Carbon dicixide = Methane 8 C,-C,
B 160 o 450
:g’ 140 40.0
g 120 = oo 50 (a)
&0 B : i i
E b e e g 300 o re

20 e = g 200 e b

0 e - 2 15.0 = i

LDPE HDPE PP PS & %
Plastic sample % 2 i
Figure 4: Gasification efficiencies from catalytic SCWG of é':: B 2 B
the polyolefin plastics at 450 °C, 60 min (a) CGE (b) HGE 0 T a am m
Water: L DPE-carbon molar ratio

3.3. Influence of H20/CLore molar ratios 1200
To confirm the participation of water, tests were conducted
with various HO/Cppe molar ratios 0, 1.94, 3.88 and 7.76. | (b)
These corresponded to 0 mL, 5 mL, 10 mL and 20 mL of _ *®° /

water addition, in the presence of the 20 wt% RuO
Al,O3 catalyst as shown in Figure 5. These values also
corresponded to water densities (p = mass of water loaded

in g/reactor volume in c#of 0, 0.067, 0.133 and 0.267 ¢ 400
cm, respectively). The trend of gas yields from Figure 5a 20
is that gas production increased with increasing water mo- oo ‘ ‘ ‘
lar ratios in the system. Without water, 0.54 mol kg-1 of ' 0 194 388 776

CO was produced, whereas no CO was found in reaction: Water: L DPE-carbon molar ratio

involving water, suggesting the occurrence of CO shift gigyre 5: Influence of HD/CLope molar ratios on the
reaction in the presence of water. The formation o @O catalytic SCWG of LDPE at 450 °C, 60 min; (a) yields of
the absence of water was an interesting result because ‘Z:Ias components ; (b) gasification efficiencies (CGE &
the absence of the afore-mentioned WGSR. Thereforg, COHGE)

formation in the absence of water would involve complete

carbon oxidation by the Ry@nd could have resulted from

the poor mass transfer processes occurring in the absencd4. Effect of CLore/RuO2 molar ratios (mol Crore/mol

of water. One of the advantages of supercritical water me-RUOz)

dium is the complete dissolution of organic materials and LDPE was used again to investigate the influence of
gases in a single-fluid phase devoid of mass transfer limita-C ppe/RUQ, molar ratios on the SCWG of polyolefin plas-
tions [1]. Although pyrolysis of the plastic occurred [27]; tics. In this case, 2.0 g of LDPE was reacted with different
without efficient stirring or mixing the gas-solid and gas- amounts of the 20 wt% Ru@-Al,Oz catalyst (i.e. 0.5 g,

% Gasification




1.0 g, 1.5 g and 2.0 g) to givadse/RuCG, molar ratios of  gest that there might not be need to use higher,Rusdl-

190, 95, 65and 48, respectively. The results of these testsings that would give Gpe/RuO, below 95. Also interest-
are presented in Figure 6, which shows an increasing trendng was the disparity between the results from using 0.5 g
as the amount of the loaded 20 wt% Ri€eAl O3 catalyst of 20wt% RuQ/y-Al,Os catalyst gave better CGE, HGE,
increased. methane, C@and total gas yields when compared to gas
In Figure 6a, there is a dramatic jump in the yields of me-Products from using 1.0 g of 10 wt% RuoAl-Os catalyst
thane and Cobetween molar ratios 190 and 95. The figure (Figure 1). Hence, even though both amounts of catalysts
also shows much less dramatic increases in the yields of th€ontained the same nominal molar equivalents of Rtr@
two gases when the molar ratios decreased successively. fiSPersion and concentration of the oxide on the alumina
can be seen that the yields of OBcreased from 18.1 mol  Support must have influenced its catalyst activity. So that
kgl at Gope/RUO, molar ratio of 190 to 23.1 mol Kgat a  the lower mass, higher concentrated catalyst was effective
Ciopg/RUO, molar ratio of 48. Meanwhile, methane yield than the dispersed, low concentrated one. This may also
increased under the same conditions from 22.2 méltag ~ Suggest that specific stoichiometric ratios were required for
43.4 mol kg, which is nearly a double increase. In con- the initial reaction between the Ru@nd the feed carbon
trast, the yields of hydrogen and-Cs gases consistently ~atoms.

decreased as the moles of Ru@® the system increased,

showing their continued conversion or utilization to pro- 3.5. Analysis of used catalysts

duce methan_e. _Hence, the trend In the y|e|ds_ of the 933, a previous publication, the stability of the catalysts were
components indicate that the reactions responsible for Coinvestigated and it was found that the 20 wi% RO

formation were almost complete even at low molar frac- . o

tions of RuQ, whereas the reactions involving methane ﬁ‘légécraetif; m?e?es':iarlr?lees V&'Bﬁz r?r}(;alscg\i;jeagzgg -oci:l ]Eirl]z

production was favoured with higher molar fractions of ; 9 P

RUG; in the system. Hence, thls_ work has not considered catalyst_stablllty in
detailed. Briefly, Ru@y-Al,Os catalyst was calcined and

® Hydrogen @ Carbon dioxide o Methane 8 C,-C, reused for SCWG of LDPE. The gas yields obtained were
00 5.73 mol kg hydrogen, 23.6 mol k§CO;, 36.3 mol kg
0 (a) } methane and 3.36 mol #gC>-C4 hydrocarbon gasesn |
$ 300 - addition, the GCE was 93.6 wt% and HE was 123.1 wt %.
”g 250 i These results indicate that the 20 wt% catalyst was mostly
§ 200 75:- stable after the first re-calcination and reuse. Moreover,
3 150 - = Osada and co-workers [29-30] have demonstrated that ru-
8 o thenium-based catalysts are stable in hydrothermal condi-
100 = tions after regeneration but may require slightly longer res-
50 f idence time to perform at the same level as the fresh cata-
00 | A : = lyst. In addition, other authors [31-32] have reported that
No Catalyst 5 10 » sulphur-poisoning was a major cause of deactivation of
W% RuO in catalyst ruthenium catalyst; hence this was not expected in this
140.0 .
- CGE -4 HGE A work as the feedstock used contained no sulphur.
1200 5] / The SEM micrographs in Figure 7 present the details of the
_ 1000 surfaces of the fresh, used non-calcined and used calcined
~§ / /' 20 wt% RuQ/y-Al,Os catalyst. The figure shows that the
g *° /‘ morphology of the used calcined catalyst (Figure 7c) did
< 600 not differ considerably from that of the fresh catalyst (Fig-
E A//././ ure 7a), indicating the potential of catalyst regeneration by
T e— calcination in air.
20.0
0.0 T T T
No Catalyst 5 10 20
W1t% RuO, in catalyst [« Ry ot x
Figure 6: Effect ofC ppe/RUG; molar ratios on the SCWG == % A
of LDPE at 450 °C, 60 min (a) yields of gas components; Figure 7: SEM micrographs of (a) fresh 20 wt% RtO
(b) gasification efficiencies (CGE & HGE) Al205; (b) used non-calcined 20 wt% R#PAI20s; (C)

used calcined 20 wt% Ru@-Al»O3

Additionally, Figure 6b shows consistent increases in the

CGE and HGE values with decreasegh#&RuO, molar However, Figure 7b, which is the micrograph of the used
ratios. Although, CGE reached 100% ab&/RuQ; molar non-calcined catalyst, shows obvious morphological
ratio of 48, there is need to consider the incremental catachanges compared to Figures 7a and 7c. These changes
lyst costs against marginal increases in gasification effi-could possibly due to segregation or transformation of the
ciencies and methane yie|ds_ In this work, the results Sugsonstituent metal oxides. In addition, the SEM micrographs



of the 5 wt% and 10 wt% Rufy-Al.Os catalysts are  XRD plots show that the RyQnust be involved in a re-
presented in the Supplementary Information (EEX)X dox-type reaction with the plastic feedstock, in which case,
analyses showed the presence of carbon in the used noriit-got reduced to Ru metal. Literature has shown the metal-
calcined catalysts. This was confirmed from TPO studies,lic ruthenium is an excellent catalyst for the methanation of
which however showed that char formation in the presenceCO, and CO [33-34]. Hence, the analysis of the used cata-
of the 20 wt% Ru@y-Al.Oz catalystwas very small (= lysts in this work has provided new insights into ta¢a-
0.06 -0.2 g). lytic reaction mechanisms, which are discussed below.

3.6. Plausible reaction mechanisms of RuO2

In this section, the possible reaction mechanisms involved
in the formation of gas products from the polyolefin plas-
tics in the presence of Rup-Al,O3 catalyst have been
proposed. Two results from this present study demonstrate
unequivocally that water participated in the conversion of
the polyolefin plastics; (1) the production of £€ftBom non-
oxygen hydrocarbon feedstocks during the non-catalytic
tests; (b) the HGE values greater than 100% obtained from
some catalytic tests. Water acts as a reactant in steam re-
forming and particularly in WGSR during SCWG [3, 11].
However, gas yields from PS on one hand and those of the
1600 ‘ Used RuO,/y-alumina (non-calcined) ‘ a|lphatIC p|aStiCS (LDPE, HDPE and PP) on the Other hand
were sufficiently different to warrant further investigation.

In addition to experiments above, 2.0 g of PS was reacted
using 10 mL of water loading (p = 0.133 g cm™®) in the
presence of 20 wt% Ru@-Al,Oz catalyst. The results
obtained are presented in Table 2 along with those of
LDPE with similar water loading, for ease of comparison.

Intensity (a.u.)

Degree 20

1400

1200

1000

800 +

600 +

Intensity (a.u)

400 +

200 +

Table 2: Yields of gas components (mol kg-1), CGE and
y T y y T ) HGE of LDPE and PS at 450 °C, 60 min, using a water

20 30 40 50 60 70 80 .
Degree 20 density of 0.133 g crh
Gas component: LDPE PS
24001 [ Used RuO,/y-alumina (calcined) | /parameters
2200 1
2000 ] Hydrogen 4.14 3.35
100 ()
1600 co - -
2 M0 CO, 18.8 24.5
é 10004 4 Methane 29.1 20.8
103 Ethene - -
‘2‘23 Ethane 1.58 0.13
o Propene - -
20 3’0 4’0 5’0 6’0 7’0 8’0 PI’O ane 1 26 0 03
Degree 260 p : :
Figure 8: XRD patterns of; (a) fresh 20 wt% R{EQAI0s; Butenes 0.07 i
(b) used non-calcined 20 wt% Ru@AI.Os; (c) used | Butane 0.54 -
calcined 20 wt% Ru@y-Al.Oz Labels; 1-y-Al2Os; 2- Y C2 -C4 gases 3.44 0.15
RuG;; 3- Metallic Ru; 4- SiQ CGE 82.7 59.4
HGE 107.8 118.4

More importantly, Figure 8 shows the XRD patterns of the
fresh, usedhon-calcined and used calcined 20 wt% catalyst )

from the SCWG involving LDPE. Using pure LDPE for Hence, the water/feedstock loading corre_sponded to
this study ensured that the feedstock did not contribute asf{?20/Ces of 3.61 and HO/Ciope Of 3.88, respectively. The

to the catalyst residue. Figure 8a shows that the fresh catd€Sults in Table 2 show that the CGE for PS under this con-
lyst only contained phases of Ru@nd *-Al,0s. Figure 8b,  dition was only 59.4 wt%, yet the HGE was 118 wt%,
for the used non-calcined catalyst contained rutheniumWhich is higher that the HGE from LDPE, even though the
metal and *-Al.Os. Finally, Figure 8c, which shows the latter gave a much higher CGE (82.7 wt%). Considering
used calcined catalyst contained Ruf@d *-Al,0s. These these results, it is clear that water has contributed more to



the gas products from PS than those from LDPE. Hypothet-could be achieved by methanation of £@r even CO)
ically, the reaction between water and PS (CH) on onealone. Using the details of this work, it is very probabé th
hand, and water and LDPE (@+bn the other, to yield one  hydrogenolysis of G bonds in >C, hydrocarbon com-
mole of methane could be written as; pounds occurred either in the gas or liquid phase to yield
CH + 1.5H0 — CHy4 + 1.5[0] Lnore ;nfethanteh. Thet p?)r,?_setncet of _(:rr:lyéz;l(laatnhe_ gases (rtm al-
enes) from the catalytic tests wi is presen
CH + HZ_O __’_CH“ * [O_] study may provide subsisting evidence of hydrogenolysis.
These Slmpllfled reaCt.IonS SuggeSt that more moles of WaHydrogeno|ysiS of hydrocarbon C-C bonds would require
ter were needed during the SCWG of PS compared tOess hydrogen gas consumption than methanation of CO
LDPE. Furthermore, the symbolic oxygen atom [O] would Based on the yields of products, therefore the following

likely end up as C& and may explain why the [GHCO,] reaction scheme has been proposed for the SCWG of ali-
molar ratio in the product gas from PS (0.85) is far less ppatic polyolefin plastics e.g PE;

than that from LDPE (1.6), as shown in Table 2.

In general therefore, the yields and compositions of gas A . : .
products in this work suggest that the catalytic mechanismsSCheme 2. Aliphatic polyolefin plastics
involved in the gasification of the polyolefin plastics ieth  6(CH,) +RuO,+4H,0 ————>6CO + 10H, + Ru° (redox steam reforming)
presence of RufD-Al.0s would include steam reforming, .. g0 > 6CO, + 6H, (water-gas shift reaction)

WGSR and methanation [3, 11, 28-29]. A combination of
these mechanisms would likely yield nearly a 1:1 molar
ratio of methane and GCOFor instance, the large presence 228co,+9.12H, —Ru* 5 228CH, +4.56H,0 (methanation)
of water as medium would shift the equilibrium of the
WGSR in favour of hydrogen and G@roduction, while
methanation would depend on the reaction conditions and*“"
equilibrium yields of hydrogen and G&om the WGSR.  Again, the stoichiometries of the overall equation have
These individual reactions have been carefully combined inpeen adjusted to match the molar ratios of the components
the schemes proposed below to closely match the molafn the gas products from the tests involving the 20 wt%
stoichiometries of the actual yields of the main gas compo-RuQy/y-Al,0s catalyst. In addition, the much higher HGE
nents from LDPE and PS i.e. hydrogen, methane angd COgqbtained from the conversion of PS compared to LDPE
in Figure 3. As earlier mentioned, the formation @f@  would confirm that the aromatic ring in PS was more in-
hydrocarbons must be via pyrolysis and obviously their clined to redox steam reforming (partial oxidation) to CO
yields from PS were low as expected So the nearly SQUimO-by RuQ than its conversion to pyro|y‘tic gases. PS is
lar yields of methane and G&om PS could be explained  known to produce very little hydrocarbon gases and a wide
from these reactions, especially WGSR and methanatioryange of aromatic Compounds during pyr0|y3is [5] On the
according to the following reactions; contrary, the aliphatic polymers would undergo initial py-
rolysis to produce both gaseous and liquid hydrocarbons of
various carbon chain lengths, which could then be partially
oxidized to CO and also would be more prone to hydro-
8(CH) + RuO, + 6H,0 ——————> 8CO +12H, + Ru° (redox steam reforming) genolysis of C-C bonds to produce methane. The combina-
8CO +8H,0 — 3 8CO, + 8H, (water-gas shift reaction) tion of these mechanisms agrees with the HGE values ob-
tained in this work, which showed that PS produced 1.6
times more hydrogen in the gas phase than LDPE. Consid-
Overall ering that the molecular structure of PS contained fewer
8(CH) + 5.22H,0 + Ru0, ——> 4.39CH, + 3.61CO, + 0.44H, + Ru° hydrogen atoms than LDPE; most certainly, these addition-
al hydrogen atoms came from water [1, 17]. Therefore, the
additional hydrogenolysis mechanism for the aliphatic plas-

6(CH,) +6H, — Ru® - 6CH, (direct hydrogenolysis)

Overall

,) +5.44H,0 + RuO, ———> 8.28CH, + 3.72CO, + 0.88H, + Ru®

Scheme 1: Polystyrene

4.39C0O, + 17.56H, — RW® 5 439CH, + 8.78H,0 (methanation)

In contrast, the yields of methane, in the presence of

RuG/y-Al 05 catalysts, were obviously much higher than _ 2 . S
. . tics would justify the higher water/feedstock molar ratio in

_COz from the aliphatic polymers (LDPE, H_DPE and PP). It Scheme 1 compared to Scheme 2.

is also important to note that these plastics are often con-

verted to high yields of hydrocarbons (gas and oil) during

pyrolysis. Moreover, Figure 2a, shows clearly that the con-3.7. Test with other catalyst systems

version of LDPE to methane increased in relation 10 Njckel-based catalysts are often seen as cheaper alterna-
RuG,/y-Al20s weight ratio in thecatalysts. Figure 2a also tjves to more expensive noble metal-based catalyst. In the
shows that the yields of &4 gases decreased as wt% of section, 20 wt% NiO/y-Al;0s and 40 wt% NiO/y-Al,0s

RuG; increased. Therefore, the yields of gases from LDPE, catalysts prepared by impregnation method have been used
and certainly the other aliphatic plastics, could not be fully i, the SCWG of LDPE alone. In addition, a bimetallic cata-
explained by the same mechanisms suggested for PS. Ijst comprising of 15 wt% NiO and 5 wt% Ru®n v-

particular, the much higher yields of methane compared to|,0, (20 wt% metal oxides) has been tested on the four
CQ; indicates the possibility of additional mechanism to p|astic samples.

pyrolysis, steam reforming and methanation. This mecha-_.
nism must have enhanced methane formation beyond whaﬁgg?o?ri fﬁg‘gﬁzwg rgfsﬁgigfvmﬁ ?hzss%rgggri:esd g:(?vl\ilt(;)nd



and 40 wt% NiO catalysts, along with the result from the @@ Hydrogen tzz Carbon dioxide &= Methane

non-catalytic test. In general, it appears that the nickel cata —— = CGE — HGE

lysts mainly influenced the pyrolysis of LDPE, producing 200 1000
high yields of G-C, hydrocarbon gases, which increased 10 A Z 900
with the wt% of NiO loading. CGE were 43.6 wi% ad 663 § w0 o~ @\ 7 =
wt%, respectively in relation to increased NiO loading, in = 10 o - __' N7 700 W
which case &Cs gases accounted for more than 80% in £ 120 % 600 5
both cases. For HGE, the 20 wt% NiO gave a value of 66.7 § 100 | s00 5
wt%, while the 40 wt% catalyst gave 97.1 wt%. Similar to 3 so | o = oo 400 8
the contributions to CGE, &4 gases accounted for 71.7 & o0 B i = L w0 T
wt% and 77.5 wt% of the HGE values with respect to NiO 40 .‘ 200
loading in the catalysts. These results show that the mair 5 | i 555 % " 100
catalytic role of the nickel oxide catalyst was to provide 00 4 = s A = 00
incremental yields of the same range of fuel gases similal LDPE HDPE PP PS

to those obtained from the non-catalytic test. Reforming of Flastic sample

hydrocarbon sin supercritical water with nickel-based cata-

lysts requires temperatures of up to 750 °C as reported irFigure 10: Gas component vyields and gasification
literature [28]. The oil products from the tests with NiO efficieciencies (CGE & HGE) from the SCWG of different
were similar to those from the non-catalytic test (albeit polyolefin plastics LDPE using bimetallic nickel-ruthenium
lighter) as shown in the photographs presented in the Supeatalyst at 450 °C, 60 min

plementary Information (ES4).

Interestingly, apart from hydrogen, the bimetallic catalyst

@ Hydrogen Carbon dioxide Methane produced more of the other gases compared to the 5 wt%
T Co-Cy - CGE - HGE 800 RuGy/y-Al20s, as reported in Section 3.1 above. The yields

(mol kg') of hydrogen, C@ methane and &C. gases
700 from the RuQ@/y-Al,O; catalyst were 9.32, 9.56, 10.7 and
- 600 4.10; while the bimetallic catalyst produced 7.14, 14.2,
13.9 and 5.7 mol kY of the same gases, respectively.
Although, this could be evidence of synergy between nickel
and ruthenium in catalyzing the SCWG of plastics, the gas
yields and gasification efficiencies were disappointingly
less than those obtained from the 20 wt% Ru®I,0s3
catalyst. These tests show that nickel was far less active
% : o that ruthenium for methane production from carbonaceous
NoCatalys 20% NiIO ‘ 40% NiO ' materials under supercritical water conditions. In addition,

Nickel catalyst loading results also showed thahet y-Al,O3 support for these

Figure 9: Gas component yields and gasification catalysts was hardly effective during the SCWG process.

efficiencies (CGE & HGE) from the SCWG of LDPE using
nickel catalysts at 450 °C, 60 min 4.0 Conclusions

This present study has provided some insights into the
The gas yields, CGE and HGE from the SCWG of all four catalytic SCWG of common olefin plastics in the presence
plastic samples using the supported bimetallic nickel- of RuQ-based catalysts to produce methane. An attempt
ruthenium catalyst are presented in Figure 9b. The trend$ias been made to understand and explain the reaction
in the GCE and HE values are similar, with PS giving the mechanisms responsible for the yields of gas products
lowest values and PP, the highest. There is an interestingluring this process. Essentially, the yields of methane,
trend between HDPE and LDPE in the yields of hydrogen, hydrogen and carbon dioxide appear to by via redox steam
CQO; and methane. LDPE produced more hydrogen andreforming of the plastics to produce CO and hydrogen and
CQ; than HDPE, while HDPE produced more methane the consequent reduction of RuOto Ru metal
than LDPE. The reason for this is not very clear however, itSubsequently, the CO reacted with water via the WGSR to
can be said that more methanation occurred with the HDPEproduce C@and more hydrogen. It is likely that the steam
leading to the consumption of hydrogen and,€@mpared  reforming and water-gas shift reactions occurred almost
to LDPE. It is clear though that when compared to the re-simultaneously in the presence of Ru@he resulting Co
sults from using only NiO, the presence of Ru@proved and hydrogen products reacted over Ru metal catalysis to
the ability of the bimetallic catalyst to produce more hy- produce methane.
drogen, CQ and methane, while reducing the yields ef C  However, the relative molar yields of G@nd methane
Cs gases. Hence, Ru@as the main catalyst in this SCWG  from PS and the aliphatic plastics (LDPE, HDPE and PP)
process. suggest that some differences in the overall reaction

mechanisms. The aliphatic plastics produced relatively
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more methane than GO while PS produced nearly

equimolar yields of methane a@D,. This indicates some  [11] Onwudili, J. A., Williams, P. T., Catalytic conversion

additional mechanism, possibly hydrogenolysis ofCC- of bio-oil in supercritical water: Influence of Ry§-Al 03

bonds. Overall, the production of G@as inevitable as a catalysts on gasification efficiencies and bio-methane pro-

consequence of the possible reaction mechanisms involvedluction. App. Catal. B: Enviror2016, 180, 559568

- a combination of steam reforming and WGSR of

hydrocarbons for hydrogen production would always yield [12] Duan, P., Savage, P. E., Hydrothermal liquefaction of

CO; co-product. The C®@coming this point-source process a microalga with heterogeneous catalysts. Ind. Eng. Chem.

can be utilized as chemical feedstock or easily sequesteredies, 2011, 50, 5261

This work demonstrates the potential of using catalytic

supercritical water gasification for the treatment of [13] Stucki, S.,Vogel, F., Ludwig, C., Haiduc, A. G.,

hydrocarbon pollution of water. RuCexhibited strong  Brandenberger, M., Catalytic gasification of algae in

catalytic activity during the process leading to nearly supercritical water for biofuel production and carbon

complete CGE and high yields of a methane-rich gascapture. Energy Environ. Sc2009, 2, 535

product. Under the same conditions, nickel-based catalysts

were far less effective. Overall, this process has the[14] Haiduc, A. G., Brandenberger, M., Suquet, S., Vogel,

potentials of providing a sustainable technology for F., Bernier-Latmani, R., Ludwig, C., SunCHem: an

cleaning up the oceans and other water-bodies ofintegrated process for the hydrothermal production of

hydrocarbons pollution methane from microalgae and g@itigation . J. App.
Phycol, 2009, 21, 529-541

[15] Chakinala, A. G., Brilman, D. W. F., van Swaaij, W.
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