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Upgrading  engine  oils  by  gasification
with  steam  and  supercritical  water
up to  500  bar.
Two  different  ways  of  upgrading  are
proposed  depending  on  the temper-
ature.
This  method  achieves  turn  more  than
85%  of  oil into  valuable  gases.
The  effect  of  pressure  on gasification
depends  on the  structure  of feed-
stock.
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a  b  s  t  r  a  c  t

This  work  reports  for  the  first  time  a treatment  to manage  engine  oils in an  environmentally  friendly
manner  which,  besides,  upgrades  them  into  valuable  gases:  gasification  with  steam  and  supercritical
water  (SCW).  Pressure,  temperature  and  wt%  ranges  from  50 to 500  bar,  500–800 ◦C  and  0.42–2.0%,
respectively,  were  investigated.  The  process  can be faced  in two  different  ways  regarding  the  temperature.
A  low-temperature  gasification  at 550 ◦C  to transform  up  to  60%  of oil  into  carbon-containing  gases  such

◦
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as  CH4 and  ethane  in less  than  2 min;  and  a high-temperature  gasification  at 750 C  that  produces  H2,
CH4 and CO2 as  main  gaseous  products.  Namely,  SCW  gasification  at 250  bar,  750 ◦C and  0.83  wt% for
1.9  min  transformed  more  than 85% of  the  oil into  a gaseous  mixture  containing  37%  H2 and  29%  CH4,
two  valuable  green  fuels.  The  treatment  is herein  used  to upgrade  fresh  engine  oils but  it is  potentially
applicable  to the  upgrading  of such  an  abundant  and  polluting  residue  as  waste  engine  oils.
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1. Introduction

Lube oils are complex blends of hydrocarbons generated in
the refining process of crude oil. These oils must be periodi-
cally changed because the original hydrocarbons are progressively

degraded, and water and charred residues are added to the blend
during their lifetime; thus oils are unable to accomplish their orig-
inal role. Currently, waste lube oils (WLOs) are the most abundant
liquid pollutant in Europe [1]. Furthermore, WLOs are highly pollu-
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ant residues since they contain polycyclic aromatic hydrocarbons
PAHs) and high levels of heavy metals [2].

WLOs can be managed in different ways. The regeneration of
LOs is achieved through a series of treatments (removal of water

nd fuel added during its lifetime; removal of solid particles, such as
eavy metals and soot; fractionating stage; and removal of chlori-
ated, oxygenated, and sulphurated species) that allows recovering
nd reusing a fraction of the original blend [3,4]. Regeneration leads
o the greatest reduction of the environmental damage [5], but not
ll of the WLOs can be regenerated. It is estimated that only 60–65%
f WLOs can be regenerated since they must fit specific polluting
evels and viscosity indexes [3]. Furthermore, a highly polluting
raction is discarded during the regenerating process that demands
urther purification treatments.

Bioremediation is an alternative to regeneration, in which WLOs
re degraded by the biological activity of certain microorganisms,
sually bacteria [6,7]. The pollutants are destroyed, but the ener-
etic potential contained in the blend is wasted. WLOs can also be
eused without any treatment sometimes, e.g., as a lube in other
pplications [8] or as a binder in the manufacturing of asphalt and
ements [9,10].

Different techniques exist that allow making the most of the
nergetic power contained in WLOs. Their use as fuels in cement
ilns was the most employed valorization method until recent
ecades [2], but this method damages the environment because

t releases significant amounts of polluting gases. Fractionating
he hydrocarbons contained in the WLOs to transform them into
aluable species is a trending alternative to direct burning [5]. Ther-
al  cracking is the most classical method to crack hydrocarbons,

nd when followed by a distillation stage, allows obtaining short-
hain hydrocarbons from WLOs [11]. Most of efforts concerning
his technology are focused on the production of liquid diesel-like
ydrocarbons [12,13]; however, depending on the process con-
itions, volatile hydrocarbons can be obtained [14,15]. Classical
eating with hot inert gases is the starting point to other technolo-
ies, such as catalytic thermal cracking [16,17], pyrolytic distillation
18,19], electric-arc pyrolysis [20], or pyrolysis with microwave
eating [21]. High-temperature oxidation is another alternative to
pgrade WLOs. Guo et al. [22] made a partial oxidation of a mixture
io-oil/WLO with air at 1050−1100 ◦C to produce syngas; however,
heir ultimate goal was not gasifying the mixture but producing
yngas as a reagent to synthesize lower alcohols (C1–C5 mixed
lcohols).

On the other hand, gasification with steam is one of the most
ommon methods to upgrade different types of biomass with an
rganic base. Gasification is likely to be an ideal and practical
ethod for waste to energy application if the extremely high pro-

ess temperature (up to 1600 ◦C), which is the main limitation of
his technology, can be reduced to a lower process temperature
11]. When steam is compressed above the critical pressure of water
Pc = 221 bar), the resulting fluid shows different properties to
team. Supercritical water (SCW) dissolves organic compounds and
ases, what reduces mass transfer limitations, and it also behaves
s a reagent and a catalyst [23].

Steam and SCW have been used to gasify and upgrade different
ypes of biomass and organic pollutants [24–28]. SCW gasifies the
iomass more efficiently than steam given its above-commented
roperties; thus, supercritical gasification can be performed at

ower temperatures than steam gasification. Although this method
s widely spread to upgrade biomass, the gasification with steam
nd SCW of WLOs, a different type of organic residue, has not been
xplored to the best of our knowledge. For the first time, this study

eports the gasification of engine lube oils with water under differ-
nt states of the matter, steam and SCW, and their conversion into
ifferent valuable gases.
ntero et al. / J. of Supercritical Fluids 164 (2020) 104912

WLOs contain noticeable amounts of heavy metals and PAHs
[29–31], highly harmful compounds for human health. The health
risks that the performance of many gasification assays using WLOs
may imply led us to perform the study using fresh synthetic lube
oil, a blend with a similar composition but with low aromatic con-
tents and without heavy metals. Linear and branched paraffins with
high molecular weights are the main compounds contained in these
blends, but they have also a meaningful cyclic paraffin content
[32,33].

2. Experimental section

2.1. Materials

Fresh synthetic engine oil Repsol 5W40TDI was used in the
gasification assays. The density of the oil was 0.84 g cm−3. The
compounds contained in these kinds of oil are usually character-
ized with complex analytical techniques based on the simultaneous
running of several chromatographic columns [32,33], but this tech-
nology was not available for us. The available GC–MS technology
(described later) was  not able to separate the contained compounds
enough to precisely identify them, (see ESI section S1). The hydro-
carbons contained in the oil were estimated to have more than
20 carbon atoms, but its exact composition could not be deter-
mined. However, its elemental composition could be determined
by combustion at 1000 ◦C in a LECO CHNS-932 equipment: 84.77
wt% carbon, 13.48 wt%  hydrogen, 0.26 wt% nitrogen and 0.22 wt%
sulphur. Cyclohexane (purity of >99.8%) was  purchased from Carlo
Erba Reagents and used as received. Dodecane (purity of >99.8%)
was purchased from Sigma-Aldrich and used as received. Water
was purified with a Milli-Q device before its use.

2.2. Experimental procedure

2.2.1. Gasification
The experimental procedure was  thoroughly described else-

where [34]. In summary, a water stream pumped by a HPLC
ChromTech pump went through a preheater before reaching the
Hastelloy reactor. The tubular reactor consisted of a 17 cm3 inter-
nal volume spring-manufactured tube (4.1 m length x 1/4′′ OD ×
0.080′′ wall). The reactor was situated inside of an electrical fur-
nace and was  heated to the reaction temperature. Once the reaction
temperature had been attained, the oil was pumped by a HPLC
LabAlliance Series 1500 pump and was mixed with the water pre-
heated to the reaction temperature at the entrance of the reactor.
The stream leaving the reactor was cooled to ambient temperature,
went through a filter and was discharged through a pressure-
regulating valve. A schematic of the installation can be found in
the ESI, section S2.

Once the steady state had been attained, the process was main-
tained for 60 min  to assess the stability of the reaction. After
that period of time, the oil flow was stopped and the water flow
was maintained for 30 min  to remove any pollutant deposited
on the reactor. The reaction time of each assay was calculated by
approaching the density of the mixture to that of pure water at the
same reaction pressure and temperature.

The pressure and temperature ranges analyzed spread from 50
to 500 bar, and from 500–800 ◦C, respectively. Pressures lower than
50 bar were not assayed because the corresponding reaction times
were not long enough to be suitably compared to the reaction times
achieved at higher pressures. wt%  was  defined as follows, Eq. (1):( )

wt (%) = oil mass flow feeding

oil mass flow feeding + water mass flow feeding
x 100

(1)
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The wt% range investigated was from 0.42 to 2%. These wt%
alues correspond to oil:water ratios from 1:240 to 1:50. Lower
atios could not be experimented because the amounts of gas gen-
rated by greater oil flows could not be managed in the available
nstallation.

.2.2. Analysis of the produced gaseous stream
The flow, composition, and concentration of the produced gases

ere analyzed. The gaseous stream went through a few stages
efore its analysis: separation from the liquid stream in a gas-liquid
eparator, cooling to −20 ◦C to retain the remaining humidity, and
eating to 30 ◦C. The concentrations of gases (vol%) were calcu-

ated combining the data obtained in (i) a Shimadzu GC-2010 Plus
as chromatograph with a H2 flame ionization detector, and (ii)

 GC–MS system consisting of a Teknokroma TR-GC1102010 chro-
atographic column and an Omnistar GSD 300 mass spectrometer.

urther explanation about the analytical experimental procedure is
etailed in ESI section S2. The analyzed gases were H2, CO, CO2, CH4,
thane, ethylene, acetylene (the sum of ethane, ethylene, and acety-
ene is shown as C2), propane, propylene (the sum of propane and
ropylene is shown as C3) and butane. The generated flow of gases
as continuously measured in a Resteck Pro-Flow 6000 electronic
owmeter.

The gasification efficiency was evaluated from carbon gasi-
cation efficiency (CGE), Eq. (2), which could be calculated by
haracterizing the gaseous effluent:

GE =
(

carbon mol flow in the produced gas

carbon mol flow in the oil feeding

)
(2)

Gas Yield was defined as follows, Eq. (3):

as Yield =
(

˙mproduced gas

˙mfeeding oil

)
(3)

here ˙mproduced gas (g min−1) is the mass flow of the produced gas
nd ˙mfeeding oil (g min−1) the mass flow of oil feeding the reactor.

CGE and Gas Yield are not strictly comparable because of their
ifferent units but the comparison of their trends allows reaching
onclusions about the extent of cracking and reforming reactions
mplied in gasification. A table with the results of CGE and Gas Yield
or all the experiments can be found in the ESI, section S3.

Regarding the energy aspects of gasification, Energy Recovery
as defined as follows, Eq. (4):

nergy Recovery = Energy flowgas

Energy flowfeeding oil
(4)

here Energy flowgas (kJ min−1) and Energy flowfeeding oil (kJ
in−1) are the energy flows of the gas stream produced and the

eeding oil, respectively. Energy flow is calculated as the product of
he Higher Heating Value (kJ kg−1) and the mass flow (kg min−1) of
he corresponding stream.

Energy Efficiency was defined as follows, Eq. (5):

nergy Efficiency (%) =
(

Energy flowgas

Energy Input

)
× 100 (5)

here Energy Input is an estimation of the amount of energy spent
n the process (kJ min−1).

Further information about the calculation of Energy Recovery
nd Energy Efficiency are described in ESI Section S4.

.2.3. Analysis of the produced liquid stream
In each assay, a liquid sample was taken from the separator to
ubsequently analyze its composition. These samples were ana-
yzed by gas chromatography with mass spectrometry (GC–MS) on
n Agilent 7890a chromatograph equipped with an MS  detector
ith an ionic trap Agilent MS220. A homogeneous 1 �L sample was
ntero et al. / J. of Supercritical Fluids 164 (2020) 104912 3

extracted with 1 mL  of ethyl acetate. Then, 1 �L of the extract was
injected in the chromatograph with a split ratio 20:1. An Agilent
VF-5 chromatographic column was used, with a length of 30 m;  an
internal diameter of 0.25 mm;  and a thick layer of 25 �m,  with 25
mL/min of He as the carrier gas. The injector was maintained at 270
◦C, and the following temperature program was  used in the oven:
an initial temperature of 50 ◦C maintained for 5 min, followed by
heating at 10 ◦C/min to 270 ◦C, which was  finally maintained for
5 min. The detection mode was  selected as electronic impact ion-
ization. Masses from 50 to 500 uma  were recorded. The relative
standard error of this technique was 10%.

3. Results and discussion

3.1. Obtained products

In addition to gases and compounds contained in the liquid efflu-
ent, the formation of a third type of product, a carbonized solid
residue or char, was  observed. Small char particles were retained
in the filter placed before the pressure-regulating valve, but the
installation used herein hindered quantifying the amounts of char
formed under different reaction conditions.

GC–MS analysis determined that the main products contained
in the liquid effluent were phenol and PAHs (naphthalene, phenan-
threne, and pyrene). The areas of the peaks associated with PAHs
were integrated in a unique area to make the interpretation of the
results easier. The analysis of the produced gases also revealed the
presence of phenol, indicating that phenol was distributed between
the liquid and gaseous effluents. The amount of phenol contained
in the gaseous effluent was  analysed from the area of the peak that
this species generated in the chromatographic analysis. The areas
of the peak associated with phenol contained in the gas were small
compared with the remaining species detected in the chromato-
graph (see ESI section S5). Due to its low concentrations in the gas,
phenol was not included in the calculation of the concentrations of
the species contained in the gaseous effluent or in the calculation
of CGE. Other compounds detected in the GC–MS analysis of the
liquid samples were xylenes, dymethylbenzene and trimethylben-
zene, but their concentrations were negligible compared to those
of PAHs and phenol (see ESI section S6). The presence of tetra-
chloroethylene was  also detected in all of the samples (retention
time in column: 5.1 min). This compound also appeared in the chro-
matogram of the original oil (see ESI section S1). It was concluded
to be an additive of the oil that the method did not degrade under
the assayed conditions.

3.2. Effect of temperature

Regarding the lack of research about lube oil gasification with
steam and SCW, it was  first tested whether the method was able to
transform the oil into gaseous carbon-containing products and H2.

Temperature seemed to be one the parameters that most signif-
icantly governed the process [35], so that the research was began
with the study of the effect of this parameter on gasification at 50
bar. Fig. 1a shows how CGE and Gas Yield varied in this study. The oil
began to be gasified at 500 ◦C; the production of gas was negligible
at lower temperatures. CGE increased as the gasification tempera-
ture rose. Gasification generated a mixture of gaseous products at
concentrations that varied with the reaction temperature. Fig. 1b
and 1c show the influence of temperature on the concentrations of
the species contained in the gas.
Butane, C3 and C2 concentrations behaved similarly; they
slightly decreased when heating from 500 to 550 ◦C and then
rapidly decreased to zero over that temperature. The heavier hydro-
carbons were less concentrated in the mixture and disappeared at
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Fig. 1. Effect of temperature at 50 bar, 0.34 min and 2 wt%  on (a) CGE and Gas Yield;
t
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shortest reaction times. However, as gasification was  lengthened,
he concentrations of the species contained in the gaseous effluent (b) butane, C3

nd C2, and (c) CH4, CO, CO2 and H2.

ower temperatures. CH4 already appeared at 500 ◦C, and its con-
entration increased up to 575 ◦C, plateaued, and began to slightly
ecrease at temperatures greater than 675 ◦C. CO concentration
emained low (2–6%) and minimally changed throughout the range
f temperatures. The CO2 registered below 600 ◦C was  negligible;
bove this temperature, its concentration constantly increased as

he temperature increased. The trend for H2 was similar to that of
O2; however, in this case, a concentration of 3% was  already reg-

stered at 500 ◦C. The increase in concentration with temperature
ntero et al. / J. of Supercritical Fluids 164 (2020) 104912

was also greater, thus reaching a 43% concentration at 800 ◦C com-
pared with 23% for CO2. This study confirmed that the method was
able to gasify the engine oil and transform it into valuable gaseous
products.

At temperatures lower than 600 ◦C, the gaseous product was
essentially formed by butane, C3, C2 and CH4. The cracking of the
compounds contained in the fed oil to generate short-chain hydro-
carbons was  the predominant reaction in the system [34]. On the
other hand, at the highest temperatures investigated, 750 and 800
◦C, two valuable carbon-containing gas remained in the mixture
CH4 and CO, although CH4 concentration, about 34%, was higher
than CO concentration, 4%. Furthermore, high concentrations of
another valuable gas, H2, were registered. The decrease in C3 and
C2 concentrations suggested that, under these conditions, these
hydrocarbons were probably being reformed by water to produce
H2 and other by-products, what agrees with the increase in H2 con-
centration. Gas Yield is another parameter whose behaviour reveals
the relevance of reforming reactions. At temperatures below 600
◦C CGE and Gas Yield essentially coincided, probably because the
reforming reactions reached low conversions. However, above 600
◦C water seemed to play a relevant role not only as reaction medium
but also as a reagent. As a consequence of the great amounts of H2
produced in these high-temperature reforming reactions, Gas Yield
already reached higher values than CGE at 675 ◦C (0.81 and 0.64,
respectively), and this difference was  boosted as reaction temper-
ature rose. At 800 ◦C, Gas Yield value was  near to 2 and was the
double of CGE value, what showed that an important fraction of
the products mass came from water.

Consequently, Fig. 1b and 1c showed that the gasification
method provided two upgrading options: low-temperature gasi-
fication to produce carbon-containing gases and high-temperature
gasification to produce CH4 and H2.

3.3. Low-temperature gasification: production of valuable
carbon-containing gases

Fig. 2a shows the effect of reaction time and pressure on oil
gasification at 550 ◦C.

CGE rapidly increased at the beginning of the process for the
lowest pressures investigated, 50 and 150 bar, but already trend to
steadiness for short reaction times. The available installation did
not allow exploring longer reaction times for these low pressures.
250 bar gasification slope was smaller but CGE only trended to
steadiness at longer reaction times compared with steam gasifica-
tion. At 350 bar the slope was even less marked, and the curve also
seemed to describe a plateau when increasing the reaction time.
CGE was  observed to decrease with pressure within the supercriti-
cal region. As a result of the effect of both parameters in gasification,
the highest CGE reached in this study was  0.59 for gasification at
550 ◦C and 250 bar during 1.89 min. That is to say, about 60% of the
oil was  transformed into gas.

The amount of PAHs contained in the liquid effluent and the
phenol contained in the liquid and gaseous effluents were ana-
lysed. Fig. 2b shows how PAHs in the liquid effluent evolved for 550
◦C gasification. At the earliest seconds of gasification, the amount
of generated PAHs essentially increased in a linear trend, and this
increase was  more pronounced for the highest pressures assayed.
Beyond 0.6 min, an evident decrease in PAHs content was observed
for supercritical gasification.

Fig. 2c shows the evolution of phenol contained in the gaseous
effluent. Herein, a clear effect of pressure was  not observed for the
the greater production of phenol related to high pressures became
evident. Phenol in the liquid effluent showed similar trends than
those observed in Fig. 2c.
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This new upgrading procedure for lube oils has a few advantages
ig. 2. Effect of reaction time and pressure on (a) CGE, (b) the production of PAHs
nd  (c) the production of phenol, for gasification at 550 ◦C and 2 wt%.

In other works, the formation of significant amounts of phenol
as probed to limit the gasification of linear hydrocarbons [34].

hen, both the increase in PAHs and phenol generation with pres-
ure may  be related to the previously commented decrease in CGE
ith pressure (Fig. 2a). A more detailed analysis of the effect of

ressure on gasification is reported in the following section.

The analysis of the concentrations of the species contained in the
aseous mixture revealed further information, Table 1. First, it was
Fig. 3. Effect of reaction time on the concentrations of the species produced for
gasification at 550 ◦C, 250 bar and 2 wt%.

confirmed that low-temperature gasification essentially produced
the valuable carbon-containing gases butane, C3, C2 and CH4; H2, CO
and CO2 concentrations were less than 5% for all the investigated
pressures. Due to the low H2 concentrations registered, CGE and
Gas Yield essentially agreed. Because of this similarity only CGE
was represented in Fig. 2a, but Gas Yield values for these reaction
conditions can be found in ESI.

Pressure did not significantly affect these concentrations.
Table 1, which reports the gases concentrations for gasification
assays performed at different pressures but comparable reaction
times, confirms this statement.

The effect of time on gas concentration for low-temperature
gasification at 250 bar is shown in Fig. 3. When the reaction time
was lengthened from 0.20 to 1.9 min, the concentrations of butane
and C2 decreased from 14.0 ± 0.8 and 35.9 ± 1.3%, to 9.9 ± 0.7 and
31.2 ± 1.1%, respectively; whereas the concentrations of C3 and CH4
increased from 21.4 ± 1.2 and 24.4 ± 1.2% to 27.6 ± 1.4 and 30.0
± 1.4%, respectively. Thus, the gasification of this engine oil at 250
bar and 550 ◦C during 1.9 min  produced 0.08 gCH4 goil

−1, 0.18 gC3
goil

−1, 0.23 gC2 goil
−1 and 0.11 gbutane goil

−1. That is to say, 0.60 g of
these valuable carbon-containing gases were produced per gram of
treated oil.

In other works, some hydrocarbons, namely, n-hexadecane
and polyethylene, were exposed to both classical pyrolysis and
hydrothermal cracking [36], and different results were obtained
depending on the treated compound. When n-hexadecane was
exposed to both treatments, no difference was observed between
them; it was  concluded that the chemistry of the process was
largely thermal, and the role of SCW was  not essential in the
chemical conversions [37]. However, differences between the two
treatments were observed for polyethylene. These differences were
attributed to the different reactive phases [36]: Pyrolysis mainly
occurred in a molten phase, whereas SCW could dissolve some
hydrocarbons produced. Similar conclusions could be obtained
for our study. It could be thought that the chemistry of the pro-
cess was  essentially thermal, but the data suggested that greater
amounts of gaseous products were generated in the presence of
water. This finding highlights that water plays a key role in the pro-
cess, hydrolysing the contained compounds and improving their
cracking in relation to classical pyrolysis.
regarding existing methods. Removing the humidity contained in
the WLO  is not necessary as in classical thermal cracking. Further-
more, and despite using a lower temperature, the production of



6 A.M. Sanchez-Hernandez, N. Martin-Sanchez, M.J. Sanchez-Montero et al. / J. of Supercritical Fluids 164 (2020) 104912

Table  1
Gas concentrations for 550 ◦C gasification at 2 wt%  and different pressures.

Gas concentration (%)

Pressure (bar) Reaction time (min) H2 CO CO2 CH4 C2 C3 Butane

0.9 ± 0.1 28.7 ± 1.4 31.5 ± 1.2 21.0 ± 1.2 11.2 ± 0.8
0.6 ± 0.1 29.0 ± 1.5 27.9 ± 1.0 19.5 ± 1.1 14.0 ± 1.0
0.7 ± 0.1 28.0 ± 1.3 30.1 ± 1.1 22.2 ± 1.2 11.9 ± 0.9
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150 0.68 4.0 ± 0.3 2.7 ± 0.3 

250  0.58 4.0 ± 0.3 5.0 ± 0.5 

350  0.67 3.9 ± 0.2 3.2 ± 0.4

aluable gases is greater than for other methods. On the other hand,
he technique has low selectivity; the reaction time and tempera-
ure must be chosen in detail, and the characteristics of the raw

aterial must be well weighed to achieve the aim products and
ot others [38]. Furthermore, under the conditions assayed herein,
0–60% oil was gasified. This finding implied that a meaningful
raction of the residue was not upgraded and transformed into the
esired products.

.4. High-temperature gasification: production of CH4 and H2

Fig. 1 shows that high-temperature gasification is an interesting
ption in spite of its energy requirements since great amounts of
il are gasified and two valuable gases, CH4 and H2, are obtained as
ain products together with CO2. High-temperature gasification

tudy first analysed the influence of pressure to assess the optimal
pgrading conditions. Fig. 4a shows the effect of pressure on CGE
nd Gas Yield for oil gasification at 750 ◦C during 0.31 min.

The amounts of gasified oil were greater than those at low-
emperature gasification. For example, CGE for low-temperature
asification at 150 bar for 0.37 min  was 0.48, whereas at high-
emperature gasification at 150 bar for 0.30 min  CGE increased up
o 0.66.

Regarding the effect of pressure, CGE remained unchanged from
0 to 150 bar and beyond this pressure, it slightly decreased while
ompressing the fluid within the supercritical region. Lube oil was a
omplex blend of hydrocarbons in which linear paraffins predom-
nated. In a previous work, the gasification of the linear paraffin
odecane was probed to slow down as pressure increased in the
hole pressure range investigated, from 1 to 500 bar [34]. This
henomenon was confirmed for the pressure range investigated
erein, 50 to 500 bar, by making a new study about dodecane gasifi-
ation under the same conditions used for the oil (Fig. 4b). However,
he slowing down for oil gasification was only observed above 150
ar and was not as marked as noted for dodecane. At this point it can
e stated that the studies treating model compounds provide a suit-
ble understanding of the chemical process, but they cannot predict
ow the presence of compounds with different structures in a het-
rogeneous organic feedstock may  affect the process [39]. Namely,
his type of oil contains a meaningful percentage of cyclic paraf-
ns and a small PAHs content. In another work, it was found that
he gasification of phenol accelerated when the pressure increased
ver the whole pressure range investigated (1–1000 bar) [40]. To
ate and as far as we know, no work has explored the effect of pres-
ure on the gasification of cyclic paraffins. Consequently, CGE for
he gasification of a model cyclic paraffin, cyclohexane, was also
nvestigated (Fig. 4c).

Two different reaction conditions were investigated, and the
ame conclusion was reached for both of conditions. The amounts
f gasified cyclohexane did not depend on the gasification pressure.
he explanation for this phenomenon was not within the objectives
f this research, but this series of results allowed reaching a new
onclusion applicable to the overall field of gasification with steam

nd SCW. Namely, the effect of pressure on gasification depends
n the structure of the compound to gasify. As a result, it is prob-
ble that the effect of pressure on the gasification of a blend is a
ynergy of the effects of pressure on the gasification of its individ-

Fig. 4. (a)Effect of pressure on CGE and Gas Yield for gasification of the oil at 750 ◦C,
0.31  min  and 0.42 wt%; effect of pressure on CGE for gasification of (b) dodecane at
750 ◦C, 0.31 min  and 0.5 wt%  and (c) cyclohexane at 750 ◦C, 0.94 min and 1.2 wt%
and  800 ◦C, 0.34 min  and 1.5 wt%.
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ig. 5. Effect of pressure on the production of PAHs and phenol for gasification at
50 ◦C, 0.31 min and 0.42 wt%.

al compounds. In our study, pressure affected the gasification of
he individual compounds that formed the blend in different ways;
t slowed down the gasification of linear paraffins, accelerated the
asification of PAHs, and had no influence on the gasification of
yclic paraffins. The presence of cyclic paraffins and PAHs in the
lend softened the characteristic trend of linear paraffins. As a con-
equence, the slowing down of gasification was only observed for
ressures above 150 bar and was not as marked as for dodecane.
hus, the optimal gasification pressure for blends with high lin-
ar paraffin contents, such as diesel, will be low (steam region),
hereas the optimal gasification pressure for blends with high aro-
atic contents, such as bitumen, will be high (supercritical region).
Fig. 5, which shows the amounts of PAHs and phenol gen-

rated in high-temperature gasification of the oil, clarifies why
he gasification slowed down at high pressure. Small amounts of
AHs and phenol were produced at 50 bar gasification, but greater
mounts of these compounds were formed as the gasifying fluid
as compressed. The highest phenol and PAHs concentrations
ere registered at the highest pressure assayed. When an organic
olecule is contained in the bulk of SCW, the supercritical fluid

an behave as a solvent or a reaction medium, reagent or even cat-
lyst. Some of the reactions that organic molecules undergo when
hey are dissolved in SCW are condensation, coupling or cycliza-
ion reactions [37,41]. During oil gasification, linear paraffins with
igh molecular weights were cracked, and other short-chain paraf-
ns were produced that could behave as reagents for cyclization or
ondensation reactions before being reformed to CO, CO2 and H2
28,34]. In the gasification of the engine oil, these reactions pro-
uced PAHs and phenol, compounds that have been identified as
he main hurdle for gasifying other organic feedstocks. Phenol is
ather inert, and it hinders complete gasification because its degra-
ation is difficult [25]. PAHs are not as difficult to degrade as phenol,
ut they are precursors for the formation of char [42,43]. Fig. 5
eveals that these reactions were more relevant at high pressures,
xplaining the lower CGEs achieved for these conditions.

The comparison of Figs. 2b and 5 reveals that the amounts of
AHs and phenol produced for gasification at 750 ◦C were greater
han at 550 ◦C. In fact, the polymerization of liquid intermediates to
ross-linked large molecules is a process that mostly occurs under
igh-temperature conditions [44]. This phenomenon was unde-
irable and problematic from a technical point of view since the

resence of these compounds implied char formation. The forma-
ion of char and the waste of energy related to the use of high
emperature and pressure were the main disadvantages of this
pgrading method.
Fig. 6. Effect of pressure on the concentrations of the gaseous species produced for
gasification at 750 ◦C, 0.31 min and 0.42 wt%.

As expected, the produced gaseous mixture contained CH4 and
H2 as the main species (Fig. 6). H2 was one of the final products from
the global reaction and was  generated on the reforming reaction of
hydrocarbons and the water-gas shift reaction [34]. Thus, it exhib-
ited a similar trend to CGE (Fig. 4a). A maximal 40% concentration
was reached for one of the pressures at which the highest percent-
age of oil was gasified, 150 bar. As a result of the high yields that
reforming reactions seemed to reach under this high-temperature
conditions, Gas Yield was greater than CGE throughout the whole
pressure range investigated, Fig. 4a. CH4 concentration slightly
decreased when compressing steam from 50 to 150 bar. Afterwards,
it increased with pressure throughout the supercritical region; 50%
concentration was reached at 500 bar. The interpretation of this
trend is not easy. CH4 was  an intermediate compound in a mech-
anism with several consecutive individual reactions [34], and the
global reaction was in a different stage for each pressure investi-
gated. However, it was clear that the lowest conversions reached by
reforming reactions was related with the highest CH4 concentra-
tions (minimum Gas Yield and H2 concentrations while maximum
CH4 concentrations at 500 bar), and vice versa. CO2 was the third
most abundant species with concentrations of 15–20%; CO and C2
concentrations were between 2–7%.

SCW gasified lower proportions of oil than steam for a specific
reaction time, but this did not mean that steam was able to pro-
duce more H2 and CH4 than the supercritical fluid. The reaction
times that supercritical gasification could attain inside a reactor
were longer than those attained by steam given the high density of
the supercritical fluid. For example, the reaction time was almost
doubled when compressing from 150 bar (�150 bar, 750◦C = 0.033 g
cm−3) to 250 bar (�250 bar, 750◦C = 0.056 g cm−3). The slow supercrit-
ical gasification kinetics were compensated by their long reaction
times in such a way that the produced amounts of H2 and CH4 could
be greater than in steam gasification. Thus, a pressure of 250 bar was
chosen to assess the real ability of high-temperature gasification to
upgrade the oil. Fig. 7a shows the effect of time on CGE and Gas
Yield for oil gasification at 250 bar and 750 ◦C. Gasification was fast
at the earliest moments; greater than a half of the oil was  already
gasified in slightly less than 8 s. At this reaction time, the gasifi-
cation was in an intermediate stage. Butane and C3 had already
disappeared (Fig. 7b), but another intermediate product, CH4, pre-

dominated in a gaseous mixture that also contained meaningful
concentrations of C2. CO and CO2 concentrations were low and the
differences between CGE and Gas Yield were not great, thus indicat-
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Fig. 7. Effect of time on (a) CGE and Gas Yield, (b) the concentrations of the gaseous
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pecies produced and (c) the production of PAHs and phenol, for gasification at 750
C, 250 bar and 0.83 wt%.

ng that the reforming reactions had not reached great conversions
et. Gasification progressively slowed down as the reaction time
as lengthened as shown by the decreasing of the slope of CGE.
fter 0.95 min  of reaction, approximately 75% oil had been already

asified. C2 had essentially disappeared, and the concentrations of
he products from reforming reactions began to increase signifi-
antly. For the longest reaction time assayed (1.9 min), greater than
5% oil was gasified, and a gaseous mixture essentially formed by H2
ntero et al. / J. of Supercritical Fluids 164 (2020) 104912

(37%), CH4 (29%), and CO2 (23%) was  produced. On the other hand,
and despite the observed slowing down in the gasification of the
oil, Gas Yield steadily kept rising even for the longest reaction times
investigated. That behaviour agrees with the increasing H2 and CO2
concentrations and the decreasing CH4 concentration in Fig. 7b, and
revealed that the reforming reactions were not complete.

Gas Yield value after 1.89 min  was  1.61 ggas goil
−1, again reflect-

ing the importance of reforming reactions in the production of
gaseous products for this high-temperature gasification.

Regarding the products from the condensation and cyclization
reactions, the high pressure and temperature conditions chosen
for this study caused the formation of considerable amounts of
PAHs and phenol at the earliest moments (Fig. 7c). Namely, PAHs
generation was approximately 25% greater and the amount of
phenol was  10 times greater compared with low-temperature
gasification. However, SCW at 750 ◦C degraded these compounds
after being formed. Their concentrations in the liquid and gaseous
effluents rapidly decreased as the reaction time increased. They
disappeared almost completely after 1.9 min; thus, at the end of
this high-temperature reaction, less cyclization and condensation
products remained in the liquid than in the low-temperature reac-
tion. The disappearance of carbon-containing compounds from the
liquid effluent agreed with the closeness to complete gasification
observed for this reaction time in Fig. 7a. Consequently, if long
enough reaction times were used, the above-commented problem
caused by the formation of char could be solved.

In summary, this method allowed the transformation of almost
all of the engine oil into gases without generating other by-
products. The gaseous mixture contained CO2 and two valuable
gases considered as green fuels, H2 and CH4. Specifically, 0.06 gH2
goil

−1 and 0.39 gCH4 goil
−1 were generated in the gasification of the

oil at 250 bar and 750 ◦C during 1.9 min.
Some considerations can be made about energy aspects of the

process. Table 2 shows that the gasification of the oil at 750 ◦C,
250 bar and 0.83 wt%  during 1.89 min  recovered 91% of the energy
contained in the oil as a valuable mixture of gases. Gasification at
550 ◦C and 2.0 wt% recovered 68% of that energy under comparable
conditions of pressure and reaction time.

This improvement is the result of the gasification of greater
amounts of oil and the greater conversions reached by the reform-
ing reactions, as shown by the trends of CGE and Gas Yield in Fig. 7a.
However, this better performance is achieved at the expense of
spending greater amounts of energy to heat the reacting blend up
to higher temperatures. An estimated calculation of the amounts of
energy required to carry out the upgrading at 550 and 750 ◦C allows
comparing the Energy Efficiencies of the two  gasification alterna-
tives reported herein. The Energy Efficiency of low-temperature
gasification was about two fold greater than at high tempera-
ture, but it must be noted that the oil mass flow treated in that
assay was  three fold greater than at 750 ◦C. In case the oil mass
flow treated at 750 ◦C would have been the same that at 550 ◦C
(this assay could not be carried out in the available installation
because of the great gas flows produced), the Energy flowgas would
have been about three fold greater, and so would have been its
Energy Efficiency, whereas the Energy input would barely vary.
That suggests that under strictly comparable time, pressure and
wt% conditions, high-temperature gasification would probably get
greater Energy Efficiencies regarding low-temperature gasification.
Thermodynamic and physical properties of SCW play an impor-
tant role in this issue. Heating one water mol  from 1 bar and 25
◦C, to 250 bar and 550 ◦C takes 60.16 kJ mol−1 (see ESI section
S4), whereas heating it up from 550 ◦C to 750 ◦C only takes 10.30

kJ mol more. Furthermore, greater amounts of blend must be
heated up at 550 ◦C than at 750 ◦C to achieve the same reaction
times because of the higher density at 550 ◦C. These changes in
water properties are the main factors explaining the better energy
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Table  2
Energy evaluation of low- and high-temperature gasification under comparable conditions of pressure and reaction time.

Experimental conditions Energy indicators

T (
o
C) P (bar) t (min) Water mass flow

(g min−1)
Oil mass flow (g
min−1)

Water density
(mg  cm−3)

Energy Recovery
(kJ kJ−1)

Energy Efficiency
(%)

550 250 1.87 0.70 0.014 78.52 0.68 20.06
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750  250 1.89 0.50 0.004 

erformance of high-temperature gasification under these specific
eaction conditions.

Several future prospects arise from the conclusions obtained
n this work. The method must be confirmed to be able to effi-
iently upgrade WLOs; great difficulties are not expected given
he similar composition to fresh lube oils studied herein. Reach-
ng reaction conditions (higher temperatures, bigger reactors) that
llow completely gasifying a WLO  and exclusively transforming
t into H2 and CO2 (complete reforming) and reaching higher
nergy Recoveries and Efficiencies will be the ultimate challenge.
n that case, the problems related to the formation of char and the
resence of polluting by-products in the liquid effluent would dis-
ppear, the selectivity of the method would be improved, and the
eparation of the produced gaseous effluent downstream would
e easier. In summary, the process would allow the transforma-
ion the polluting and abundant residue WLOs into a valuable
reen-fuel, H2. All these questions will be addressed in future
orks.

. Conclusions

This work reports the upgrading of fresh engine lube oils by gasi-
cation with steam and SCW in a pressure range from 50 to 500 bar.
he study of the effect of temperature on gasification revealed that
pgrading could be faced in two different ways depending on reac-
ion temperature. The so-called “low-temperature gasification”
as performed at 550 ◦C and generated valuable carbon-containing

ases, such as propane, ethane or CH4, as products. In the gasifica-
ion at 550 ◦C under optimal conditions (250 bar, reaction time 1.9

in  and 2 wt%), approximately 60% of the oil was gasified, and 0.08
CH4 goil

−1, 0.18 gC3 goil
−1, 0.23 gC2 goil

−1 and 0.11 gC4 goil
−1 were

roduced. The so-called “high-temperature gasification” was  per-
ormed at 750 ◦C and generated H2 and CH4 as main products. The
tudy of the effect of pressure revealed an important novelty for the
eld of gasification of organic feedstocks with water. Namely, the
ffect of pressure on gasification depends on the structure of the
ompound to be gasified. Thus, it is probable that the effect of this
arameter on the gasification of a blend is a synergy of the effects
f pressure on the gasification of the individual compounds that
orm it. From a practical point of view, gasification at 750 ◦C under
ptimal conditions (250 bar, reaction time 1.9 min  and 0.83 wt%)
asified greater than 85% of the oil and produced 0.06 gH2 goil

−1

nd 0.39 gCH4 goil
−1. Gasification with SCW seemed to be the most

ffective upgrading method of engine oils among the few reported
o date.
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