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Abstract

Catalytic supercritical water gasification of isopanol (450 °C, 30 MPa) over Ru/C catalysts
was carried out in a fixed-bed plug flow reactor.absence of Ru, isopropanol decomposed
to solid carbon (coke), and,Hver the carbon support. The Ru/C catalyst was tabbasify
efficiently 10 wt % isopropanol over a period of B&t WHS\jr, = 1228 @rg gry” ™ with

the gas composition close to the calculated theymeaatic chemical equilibrium. The catalyst
lifetime was affected by the decomposition of isganol to solid carbon (coke) over the
carbon surface that progressively filled up theepaof the activated carbon and this resulted
in a covering of the Ru nanoparticles (NPs). ThedRpersion (D) was found to be a relevant
parameter. The 0.5% Ru/C (D = 0.26) was more ad¢haa the 2% Ru/C (D = 0.14). The
influence of the solvent (acetone vs. water) usethd the catalyst impregnation was studied
and the turnover frequency (TOF) was twice highmr the Ru/C catalyst prepared with
acetone. The higher Ru dispersion and the loweteodof residual chloride obtained for the

catalyst prepared with acetone were both respansibl

KEYWORDSMethane, Carbon, Supercritical water, IsopropaRathenium

Introduction

Catalytic supercritical water gasification (CSCW&x technology under development for
converting biomass into gaseous biofuels (such aand CH). In contrast to supercritical
water gasification (SCWG) performed at high tempees (> 600 °C) where close to full
conversion of biomass into a4fch product gas can be achieved without cataly38CWG
is carried out at low-moderate temperatures (c8. 4%). At these conditions, in order to
achieve full biomass conversion and a high selggtiowards H or CH,, a catalyst is needed

for decomposing the large organic molecules by ibad cleavage For H, production, Pt is
2
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reported to have a good catalytic performancerimgeof activity and selectivity for CSCWG
of methanol, ethanol, and ethylene glyc@n optimal catalyst for enhancing, brmation
should have a high activity for C-C bond cleavdgepr the water gas shift reaction (CO +
H,O — H, + CQ) for an increased Hyield, as well as minimize the methanation reaxctio
(CO« + (2+X) H — CH; + x H,O). In contrast, for Cld production, the catalyst should
enhance the methanation reaction, besides C-C ¢tleadage and water gas shift activity. Ru
has been found to be the most active and selectigeal towards Chl formation by
facilitating also the C-O bond cleavdgPrevious workhas already shown the good catalytic
performance of a commercial Ru/C catalyst for CSC@{Gynthetic liquefied wood (SLW)
over a period of 220 h as well as its high ,Gi¢lectivity. Most of the CSCWG studfe€
performed in continuous mode have been carriedndtit water-soluble model compounds
such as glycerol, sorbitol, ethylene glycol, cregtienol, and glucose. Among these water-
soluble compounds organic acids and alcohols hayreater relevance due to their presence
as intermediate products during SCWG of real biaraxl their relatively good stability in
supercritical water (SCV&) Carboxylic acid compounds are potentially morebpgmatic to
gasify than alcohols because they may form cokeupsers decreasing the catalyst lifetime.
De Vlieger et af. observed that reforming of acetic acid over RDAlcatalysts at 275 °C and
25 MPa led to a fast catalyst deactivation withih 8ue to coke deposition on the catalyst
surface while no deactivation was observed whewrmghg other alcohols (methanol,
ethanol) during 5 h of CSCWG. Dreher et?dhave also reported the decrease of the catalyst
lifetime after 3 h on-stream when gasifying 21 wta&etic acid over a 2% Ru/C catalyst at
390 °C and 25 MPa. It was suggested that the polyat®n rate of acetic acid dominated
the overall gasification rate at subcritical commfis leading to coke deposition on the catalyst.
Recently, De Vlieger et &f. found out that a carbon nanotube (CNT) supportect&alyst
was stable during reforming of acetic acid at 2€0ahd 23 MPa and also at 400 °C and 25

MPa, while in the subcritical region (340 °C, 23 &)R fast deactivation was observed. The
3
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high ionic product (k) at subcritical conditions was the cause for thmlgtic deactivation
observed. In this work, for minimizing any fastalgst deactivation caused by coke deposits,
isopropanol as a model compound is used. Due ttangh conditions of SCW, only a few
catalyst supports were reported to be stable likierTiO,, a-Al,Os, ZrO, and carbo %6
Here, the motivation for using carbon is mainly doets higher specific surface area (> 500
m? g') compared to metal oxides (< 15C mji') allowing for a higher Ru dispersion. In
addition, carbon has other advantages like a legistance to acidic and basic media, a good
stability at high temperature and in agueous meth@, possibility to modify its chemical
surface properties by adding anchoring groupsrehevering of the active phase of the used
catalyst after reaction by combustion (cruciahi factive phase is a noble metal), and a low
price. The severe conditions of SCW imply the uka stable Ru/C catalyst having a high
activity and selectivity towards GHWe studied first the stability of the physicaiusture of

the carbon support in SCW conditions in order tgeas its potential to be used as a catalyst
support. Secondly, we studied the catalytic peréoroes of the Ru/C catalysts by operating at
low and high weight hourly space velocity. The Rigpdrsion effect was assessed by
preparing two catalysts with different Ru loadinigs, 0.5 wt % and 2 wt % Ru, respectively.
Finally, the effect of the solvent (water vs. acefpused during catalyst impregnation was

also investigated.

Experimental section
Catalyst preparation and characterization

A granular carbon material (denoted here as Org@frGm Desotec) was sieved to a size
fraction of 0.3-0.8 mm. The carbon support was egpated with RuGixH,O as the salt
precursor (99.9%, Alfa Aesar) in a water (RW®©r in an acetone (RufCsolution for 24 h,
followed by solvent evaporation in a rotary evapmrand washed with pure water during

filtration. ICP-OES (Liberty 110, Varian) measurentee of the filtrate were undertaken to
4
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detect any Ru loss during washing. After dryincgamoven at 90 °C overnight, the catalyst
was reduced under flowing,H20 mL min*) at 450 °C during 4 h for chloride removal. Two
different Ru loadings were prepared: 0.5 and 2 wR&b6from a water or acetone solution
containing the dissolved ruthenium precursor. Thelddding was determined by measuring
the dissolved Ru concentration in the solution tefand after impregnation by ICP-OES,
taking into account Ru losses during catalyst washirhe catalysts were characterized by
Ho-temperature-programmed reduction,{FPR) and CO pulse chemisorption in a fully
automated instrument (TPD/R/O 1100, Thermo Sciehtifonnected to a TCD and to a mass
spectrometer (GAM 400). For each-HPR measurement, 0.1 g of sample was weighted and
heated (10 °C mif) from room temperature (RT) to 350 °C under flayvir (20 mL mint)
and then kept at this temperature for 30 min tooneyimpurities and water. Then the sample
was cooled to RT and passivated withH& (5:95, 20 mL mir) at 100 °C for 30 min.
Finally, the sample was cooled to RT again andytieewas switched toHAr (10:90, 20 mL
min™). TPR was performed from RT to 450 °C with a terapgre ramp of 10 °C mih For
the CO pulse chemisorption, the sample was reduceér H/Ar (10:90, 20 mL mifl) at
450 °C for 4 h in order to clean the ruthenium a@cef from any deposited carbon species.
Then it was flushed with pure He at 450 °C for h.5o remove H from the catalyst and
finally cooled down to RT. The CO pulses were etrout with CO/He (20:80) at RT. The
dispersion was calculated by assuming 1 as thehsbonetric factor for CO:Ru. The
following formula was used for determining the Rspersion:

— Nads [H:SD'ODVI met

Deo 1)

met

where Ngsis the amount of gas adsorbed during pulse cheptisar (mmol ¢); Fs
corresponds to the stoichiometric factor (molesradtal/moles of gas); M. is the metal
atomic weight (g mét) and X.etis the metal loading on a mass basis (Wt %). Therame

metal particle sizes were calculated as:
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d_[5.01
dyco= a for Dco< 0.2 2
DCO

where g is the atomic diameter of Rux(g 2.6 AF’. No-physisorption measurements were
performed with an Autosorb-1 (Quantachrome Instmisiefor determining the porosity and
the BET specific surface area (BET SSA). The tptak volume was measured atqyp#20.99
and the mesopore volume with the t-plot methodorRn N>-physisorption degassing under
He at 300 °C for 6 h was carried out for all thenpkes. The Ru NPs were characterized by
Scanning Transmission Electron Microscopy (STEM)e Tneasurements were performed
with an aberration corrected dedicated STEM miaspscHitachi HD-2700 CS), operated at
an acceleration voltage of 200 kV and equipped vathhigh angle annular dark field
(HAADF) detector. For each sample, different aneasge carefully selected in order to have a
reliable representation of the average Ru NPs Sile average Ru NPs size and the

dispersion ([@rem) Were calculated as:

Y’

dp,STEM = 2 n q 2 (3)
Dsrem=12 dgt 8.32 for 0.2< Dstem< 0.92 4)

p.STEM

where nis the number of particles with diametet’dThermogravimetric analysis (TGA)
was conducted in a thermogravimetric analyzer (TRETZSCH STA 449 C). A 0.01 g of
sample was loaded and heated from RT to 110 °Crukdatmosphere for 30 min and then
heated up to 900 °C at 10 °C flinnder flowing Q/Ar (10:90, 10 mL miff). CNS elemental
analysis was performed with an elemental analyx&ri¢ EL cube, Elementar). X-ray
Photoelectron Spectroscopy (XPS) was carried otit aiVG Escalab 220i XL apparatus by
using a monochromatic Ald(hv = 1486.6 eV) radiation as the X-ray source.

Experimental setup

Page 6 of 29
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The physical structure stability of the carbon sarpn SCW conditions was assessed with
an unstirred stainless steel mini-batch reactoP(lL6 SS) having a volume of 5 mL. A 0.5
g of the carbon support was added with 1.5 g oewatto the reactor. Then, it was tightly
closed and placed into a fluidized sand bath (TecBBL-2D) to be heated up to 420 °C
under 35 MPa for 5 h. After cooling, the carbonmup was recovered by filtration and dried
at 110 °C overnight. A second run of 5 h followitheg same procedure was undertaken in
order to reach 10 h of SCW treatment. CSCWG exparimof isopropanol were carried out
in a fixed-bed plug flow (PF) reactor (see FiguyeThe feed (F-1) and the water (F-2) were
pumped by an HPLC pump (Waters 515) at a constassriow rate (F = 3 g/min). For
accurate mass flow rate measurements, the feedvasput on an analytical balance (Mettler
Toledo PG6002-S). A manual valve (V-1) allowed sWihg from the water to the feed
effluent. A preheater was needed for assuring &athl conditions along the catalyst bed.
The PF reactor consisted of a stainless steel (8&EC) with a length of 40 cm, internal
diameter of 0.8 cm (total Mcior = 20 mL). The catalyst loading was around 0.15-9.6
depending on the experiment. The first 35 cm ofrdaetor were filled with a carbon material
(0.8 < diameter < 2 mm). A movable thermocouple) (Was installed within the reactor for
recording temperature during CSCWG. The PF reasts placed in an electric oven for
heating. The reactor effluent passed through alrfilés (2 um) to retain any solid particles.
The fluid was cooled down by passing through a w#ek. A safety valve (V-2) was
installed for preventing any overpressure in theteay. The pressure in the system was
maintained by a backpressure regulator (V-3). Bi#ie gas and the liquid were separated at
ambient conditions in a phase separator made e$ glkhe gas was collected in a sample bag
(3L SKC) at different time intervals and analyzgddas chromatography. The liquid samples
were stored in 40 mL flasks and analyzed off-linthva TOC analyzer. The temperature (T1)

and the pressure (P1) were recorded continuoustyavtomputer using LabView.
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Figure 1. Schematic of the fixed-bed plug flow reactor setupcontinuous CSCWG.

Analytical methods for the gaseous and liquid efits

The gas phase was analyzed off-line with a gasneairegraph (HP 6890, columns: HP-Plot
Q 30m x 0.53mm x 40um and HP-Plot Molecular Siefe 30m x 0.53mm x 40um) with
helium as the carrier gas using a Thermal Condgtivetector (TCD) to detect GOCH,,
CO, and H and a Flame lonization Detector (FID) for highgdiocarbons (¢Hs and GHy).
The liquid samples were collected manually at raguitervals, and their total organic carbon
(TOC) content was measured with a TOC analyzem(Etear). The liquid samples were also

analyzed by GC-MS (Agilent 5975C).

Chemical equilibrium composition

The thermodynamic chemical equilibrium calculatimas performed using the Aspen
Plus® simulation package by using the Peng-Robirespration of state. The values for the
gas composition at the thermodynamic chemical dajiim (450 °C, 30 MPa and 10 wt %

isopropanol) are: CO= 24.7 vol %; CH= 65.6 vol %; H= 8.7 vol %; CO = 0.7 vol %.

Page 8 of 29
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Terms and definitions
For comparing the catalytic performances basederRu amount, the weight hourly space
velocity normalized to one gram of Ru (WHsg\) is used:

_ Morg

WHSV, =
R Wi, dime

(5)

The observed activity is defined as the total orgaarbon conversion Xfrom the feed to
the liquid effluent:

X (%) =1-—2Cou 1 g0 ©6)

eed
The carbon gasification efficiency (GHEs the relation between the total amount of carbo

in the gas phase and the total amount of carbtimeifeed, defined as:

GE, (%) _Total mol G, C1L00% )
Total mol G,

The rate of coke deposition {Re dep) IS Calculated from a carbon mass balance asisllo

R (mm0| Cmi nl) = Nc,Feed - N ¢, Reactor effluent N C,G (8)

Cokedep.

The observed turnover frequency (TOF) was calcdla® the total mole of isopropanol
consumed per active Ru site (measured by STEM$guond:

-Amol,
TOF(s' )= e 9)
moly, (D4 [dime
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Results and discussion
Physical structure stability of the carbon supparSCW

Prior to active phase impregnation, it is necessargnsure the good physical structure
stability of the carbon support in order to prevemy activity loss due to a structure
collapsing. To this aim its physical structure gigbwas tested at SCW conditions in a mini-
batch reactor at 420 °C and 35 MPa for 5 and 18shshown in Table 1, the physical
structure of the carbon support after 5 and 10 IB@W conditions was relatively well
preserved. Some slight modifications of the mesofopiore volume can be observed
suggesting that the SCW caused more microporedemsdmesopores. The increase of the
micropore volume in SCW was likely due to the reaoaf some impurities trapped in the
micropores. We can also appreciate the high spesififace area (> 700°my) of this
material. In comparison with refractory metal oxddi&ke a-Al,Os, rutile-TiO, or ZrQ,, which
were reporte®?**to be stable in SCW conditions, their specifidace area is much lower
and does not exceed 156 gi. Thus, the potential for achieving highly dispersa NPs on

the carbon support appears to be much higher.

Table 1. Physical structure evolution of the carbon suppb&CW conditions (420 °C, 35 MPa).

Sample BET SSA V mesop. V microp.
[m?*g7] [cm®g7] [cm®g7]
Frest C 802 0.69 0.14
After 5 hin SCW 779 0.56 0.18
After 10 tin SCW 717 0.4t 0.17

10
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Catalyst characterization results

The characteristics of the Ru/C catalysts are ptedan Table 2.

Table 2. Characteristics of the fresh Ru/C catalysts.

Sample BET SSA V mesop. V miicrop. Ru loading H, consumption Dco Dstem dp.co dp,sTEM
m*g] [em® g] [em’ g] [wt %] [umol/g] [1° [-1° (hm]®  [nm]°

Fresh C 802 0.69 0.14 0 0 N.A. N.A. N.A.

0.5% RuU/G, 765 0.75 0.13 0.6 3.5 0.12 0.26 11

2% Ru/G, 737 0.73 0.11 2.3 32.0 0.08 0.14 16

2% Ru/G 619 0.54 0.11 21 46.6 0.11 0.35 12

2 Determined from HTPR.
® Determined by CO pulse chemisorption.

¢ Determined by STEM.

The specific surface area was affected by the igmagon with Ru and was found to
decrease with the Ru loading for the Ruk&talysts. A higher Ru loading led to a larger Ru
NP size, which reduced the pore volume and theifspsarface area. The Ru NPs cannot be
located inside the micropores because the micrgpane too small (< 2 nm) for the Ru NPs.
The fact that the micropore volume decreases $figtiter impregnation could be due to the
blockage of the entrance of some of the micropdrks. decrease of the mesopore volume of
the 2% Ru/G suggests that some Ru NPs are located in the mesopWhereas the
conservation of the mesopore volume of the 0.5%CRahnd 2% Ru/( indicates that the Ru
NPs are rather in the macropores. In Figure 2 RheNPs for the 0.5% Ru{ 2% Ru/G,
and 2% Ru/gcatalysts are shown, the white dots corresportidetdRu NPs. According to the
CO pulse chemisorption and the STEM measuremdms,ige of acetone is more favorable

for achieving a better Ru dispersion. By lookingtte histograms of the particle sizes, the

11
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Ru/C catalysts prepared with water exhibit a mudabter Ru NPs size distribution proving
thus the advantage of using acetone during thédysaf@eparation in order to obtain a narrow
distribution. As mentioned elsewh&racetone is able to favor a higher interaction ketw

RuCk and the hydrophobic surface of carbon during thprégnation leading to a higher Ru

dispersion.

23
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3

0 2 4 6 8 1012 14 16 18 20
Particle size (nm

Particle size (nm)

Frequency (-)
3888 8:¢

PYN | |
0246 8101214161820

Particle size (nm)

Figure 2. HAADF-STEM images of the (a) 0.5% Ry/C(b) 2% Ru/G , and (c) 2% Ru/Ccatalysts.

Interestingly, the Ru NPs size values obtainedC@y pulse chemisorption have been
overestimated (by 6-9 nm) for all the catalysts. aksexplanation the presence of residual
chloride coming from the salt precursor (R)Ghay be the cause. It is also knowit that
residual chloride reduces the CO adsorption capatithe catalyst by poisoning the surface

of the Ru NPs. As illustrated in Figure 3, somedwal chloride species were detected on the

12
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2% RuU/G, (0.28 at%) by XPS, while no chloride species wetad on the 2% Ru/CYin et

al® have also observed that the Ru/C catalysts prépaith acetone resulted in a lower
concentration of residual chloride in comparison the catalysts prepared by water.
According to them, water enhances the anchoringsitiual chloride on the carbon support

during the catalyst preparation.

.Cl2p 2% Ru/C,
SN B 2% Ru/C
e (0.28 at%) P
" L . =~
z | E ]
2 :
c :
..CP- .
L= : (0 at%)
T T |. T T T T T T
196 198 200 202 204

Binding energy (eV)
Figure 3. Cl 2p (198.1 eV) XPS patterns of 2% Ry/&nd 2% Ru/Gcatalysts.

In Figure 4, the BHTPR results show a first reduction peak at ca-100 °C corresponding
to the reduction of RuDto R as reported by Rossetti et*al.The reduction peak for the
catalysts prepared with water is slightly lower4TQ) than for the one prepared with acetone
(111 °C). Yin et af* have also observed this shift to higher tempeeatiren using acetone.
According to them, the use of acetone rendersédhaation of the precursor more difficult.
Their explanation is a higher interaction betwe&®Rand the carbon support. The lower H
consumption for the 2% Ruydn comparison to the 2% Ru{@as likely due to the higher
Ru dispersion for the catalyst prepared with acetddn the other hand, the presence of

residual chloride on the RufCcatalysts can also explain the lowes Ebnsumption as

13
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mentioned by Guerrero-Ruiz and*al About the other peaks around 240 °C, 260 °C, &30
and 440 °C, MS analysis has identified Jbrmation suggesting hydrogenation of carbon
oxides (surface functional groups) to £t of other weakly bonded carbon spectesThe
reduction of theses carbon oxides/surface spesiespposed to occur in the vicinity of the
Ru NPs because both the hydrogen dissociation fentiytdrogenation are catalyzed by Ru.

These additional reduction peaks are absent fod.6% Ru/G due to the low amount of Ru.

------Fresh C
o ——0.5% Ru/C,
A '; ----2% RU/CW
L 2% Ru/C,

H, consumption (a.u.)

T T T T T T T T v T T T T T T
50 100 150 200 250 300 350 400
Temperature (°C)

Figure 4. H,-TPR profiles of the fresh C, 0.5% RW/Q% Ru/G,, and 2% Ru/gcatalysts.

Blank SCWG experiment

The first SCWG experiment aimed at assessing thiilisy of isopropanol under SCW
conditions in the absence of a catalyst as welatashecking the catalytic activity of the
reactor wall. A blank experiment with an empty teaevas carried out at 450 °C and 30 MPa
and a residence time of 59 s (density of wateeattion conditions is 148 g'). The total
organic carbon conversion {Xwas close to zero, and no gas production was umnegs

indicating the inertness of the reactor wall aslwasl the stability of isopropanol at these

14
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conditions. GC-MS analysis confirmed that isoprapamas stable since no decomposition
products were found. For the next experiment, trector was filled only with the support
carbon material in order to check its activity agriSCWG. According to Figure 5,cX
decreased steadily from 82% to 12% during the €@rét of gasification. Such a high initial
activity of the carbon support was not expectedT&ble 3, the results of the SCWG after

24 h are summarized.

100 // 100
80 '\ - 80
1 n
60 L 60
>
& 404 _\ - 40
20 -\. L 20
— .
0 T T T T T T ///'/ T T T O
0 2 4 6 22 24

Time on stream (h)

Figure 5. SCWG of 10 wt % isopropanol over the carbon supptaterial at 450 °C and 30 MPa during 24 h

on-stream with F = 3 g mih

Table 3. Results of the SCWG of 10 wt % isopropanol overribat carbon support material performed at 450

°C and 30 MPa during 24 h with F = 3 g fin

Time Xe GE Recoke dep. Gas composition [vol %]
Sample
[h] (%] [%] [mmolCmin'] CH, CO, H, CO GHg GCsHy
Fresh C 24 11 4 1.2 3.3 0.5 96 0.2 <01

15
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The absence of high concentrations of CO (and)Gfdicates that the C-O bond in
isopropanol is efficiently broken. The low metharmcentration shows that the methanation
reaction is not favored in the absence of the gsttaind the presence ogH indicates that
isopropanol lost its hydroxyl group by reacting lwihe carbon surface. Interestingly, the
carbon gasification efficiency (G was much lower than  meaning that the carbon
contained in the feed was only partially convetethe gas phase. Based on the-@Rd X
values after 24 h on-stream, a carbon accumulatfora. 1.2 mmol C mih has been
calculated. Thus a plausible explanation of theepked trend in activity is that the
isopropanol decomposed tg,Hvater, and solid carbon (coke) on the surfacéhefcarbon
support, whose pores were progressively filled yghe coke, thereby reducing the activity
of the support. Unlike carboxylic acid compoundsacliitend to polymerize before reaching
the active phase leading to catalyst deactivatjoit seems that isopropanol underwent
decomposition on the catalyst support itself. Tiqeidl effluent was analyzed by GC-MS and
the result showed that isopropanol was the maidymbin the liquid phase. However, the
presence of a small amount of benzene was recofeakinala et &° have studied the
conversion of 1-propanol at SCW conditions (600 2&MPa) in a batch reactor for 15 min
and also observed the formation of a small quanfityenzene, confirming the occurrence of
aromatization reactions. In summary the carbonaserfvas active enough for decomposing
isopropanol to coke and;Hikely due to impurities and/or surface functibgeoups.

In Table 4, it can be seen that the absence oé&tol a complete loss of the microporosity
as well as a considerable loss of the mesoporedgter 24 h. These results are relevant
because they show that if isopropanol cannot beegniconverted to gaseous products, it
reacts with the carbon surface to form coke resylith a drastic loss of the porosity. The fact
that also the mesopores are affected by coke favmateans that the coke is likely to deposit

also on the Ru NPs, which would lead to the deatitm of the catalyst.

16
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Table 4. Physical structure evolution of the carbon suppftér 24 h of SCWG with 10 wt % isopropanol (450

°C, 30 MPa).

Sample BET SSA V mesop. V microp.
[m* "] [cm® g [cm® g

Fresh C 802 0.69 0.14

C after SCW( 84 0.21 0

A TGA study was carried out in order to confirm giresence of coke deposits after SCWG
with isopropanol. As shown in Figure 6, the carlsupport after SCWG of isopropanol
started to oxidize at a lower temperature (400 tH@n the fresh carbon support (500 °C).
These results, although not very conclusive, supghe presence of less thermally stable
carbon species (i.e. coke deposits) on the usdibeasupport after SCWG of isopropanol.
The carbon support appears to be more thermalistaes after the SCWG treatment since the
maximum consumption peak was shifted from 620 °®46 °C. The removal of —GHand
—CH groups during the SCWG treatment might be tresaon for the enhancement of the
thermal resistance of the supp@rA diminution of the amount of ash was also obsérin
the TGA. At 900 °C, the weight loss of the freshboen support remained constant at 9 mg
meaning that 1 mg of ash remained, whereas fouskd carbon the remaining ash was only

0.2 mg.

17
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Figure 6. TGA and DTA study of the fresh carbon support ehthe carbon support after SCWG with 10 wt %

isopropanol (450 °C, 30 MPa). Initial sample mass W0 mg for both samples.

Finally, as shown in Table 5, the CNS elementalyaig of the carbon support confirmed
the presence of additional carbon after SCWG, whileogen and sulfur concentration

remained both constant.

Table 5. CNS elemental analysis of the fresh carbon supguattof the carbon support after SCWG with 10 wt

% isopropanol (450 °C, 30 MPa).

Sample C [wt %] N [wt %] S [wt %]
Fresh C 68+ 2 0.41+0.01 0.24 £0.02
C after SCWG 85+1 0.43 +0.02 0.26 + 0.04
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To explain these results we propose a decompositiasopropanol on the surface of the
support to form elemental carbon (“coke”), ldnd water according to:

CsHgO =3 C + 3 H+ HO

Thus, the average carbon content of the suppenrt SEWG of isopropanol would increase,
as shown in Table 5. The measured gas composit@r96 vol % H, further supports this

hypothesis (see Table 3).

CSCWG over Ru/C catalysts

The CSCWG experiments aim at assessing the cataigtiormance of the Ru/C catalysts.
In Figure 7, CSCWG of 10 wt % isopropanol over 28¢ Ru/G, catalyst is presented. During
the first hours on-stream the liquid effluent wadlected in order to detect any leaching of
Ru. The analysis of the effluent by ICP-OES did moteal any Ru showing the strong
interaction between the carbon support and Ru. Aglatively low weight hourly space
velocity (1228 gyqg gre” hY), the observed total carbon conversion was 99%nguhe first
28 h and began slowly to decrease to 90% after 86@SCWG. However, as illustrated in
Table 6, even at X= 90% the gas composition was close to the thermeaiyc chemical
equilibrium. GE was similar to X% proving that all the carbon contained in the feed fully
converted to the gas phase with no noticeable de®esition within the reactor (R dep~
0). Nevertheless, it is worth noting that &#alues are less accurate thagvalues obtained
by TOC analysis. The main reasons are that gas faie& measurements are not always
accurate due to some gas accumulation inside tip,sand fluctuations of the mass flow

rate. As a consequence, the observed activityiésileded solely from ¥ in this work.
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Figure 7. CSCWG of 10 wt % isopropanol over the 2% Ruz@talyst at 450 °C and 30 MPa for 96 h on-stream

with WHSVyr, = 1228 gy gry® hY. The dashed lines denote the calculated thermadgnaquilibrium

concentrations.

Table 6. Results summary after 96 h of CSCWG with 10 wt &fpispanol over the 2% Ru{Catalyst at 450 °C

and 30 MPa with WHSY, = 1228 @g gr, ™ h™.

Time Xe GE; Reoke dep. Gas compositionvol %]
Catalyst

[h]  [%] [%] [mmolCminYl "CH, CO, H, CO GC,Hs CiHy
2% Ru/G 96 90 100 ~0 644 232 124 <01 <01 <01

It is well known that most of the catalytic reacisooccur at the surface of the active phase,
often meaning that higher metal dispersion resaoltsetter activity. Hence, it is essential to
assess the Ru dispersion effect on the catalytfoqpeance. As illustrated in Figure 8 and in
Table 7, a relevant effect of the Ru dispersion alzserved where the 0.5% Ry/€xhibited

a higher activity, i.e. a higher carbon conversiqn than the 2% Ru/gafter 6 h of CSCWG

20
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when basing the WSHV on the amount of Ru, not dal toatalyst mass. Interestingly, the
TOF for the 0.5% Ru/gand 2% Ru/G were almost equal. In a recent study, Masini &f al
have reported that larger Ru NPs (7-10 nm) weré& mbre active than smaller NPs (4 nm)
for the methanation reaction carried out in gasspheonfirming the structure sensitivity of
the methanation. The presence of a higher conc¢emiraf under-coordinated sites (e.g. kinks
or steps) on the larger Ru NPs was responsiblth&ocatalytic activity enhancement. In fact,
Vendelbo et af® demonstrated that the CO bond dissociation ontyicon the steps of Ru.
The high capability for the CO bond dissociatiognscial since the latter is reported to be the
rate-determining step for the methanation reattidh Due to the broad particle size
distribution of the Ru/@ catalysts (see Figure 2) it is impossible to asties Ru NPs effect

and thus to conclude the structure sensitivityhefrhethanation reaction from our data.

100 100
—=— 0.5%Ru/C,_ ||
—e— 2%Ru/C,
N A\‘\‘\‘\A\tii/:fi/(:a -
60 - 60
)
5 404 -40
N \\‘\,\'“‘ -20
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Figure 8. Assessment of the Ru dispersion effect and theesbkffect during CSCWG of 10 wt % isopropanol

at 450 °C and 30 MPa with WHSN, = 5202 gq gr, ™ h™.

A relevant effect of the solvent used during ceahlgreparation was found where the
activity after 6 h for the 2% Ru/Gvas higher than the 2% Ry/CAs it can be seen in Table

7, the TOF was found to be twice smaller for the R%G,. Such a high difference cannot
21
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only be explained by the higher Ru dispersion bainty by the lower concentration of
residual chloride. Indeed, Yin et®&lalso found a beneficial effect of acetone vs. watging
NH3; decomposition over Ru/CNT catalysts. They condudeat water enhances the
anchoring of residual chloride on the carbon supgaoring the catalyst preparation. In fact,
residual chloride coming from the Ru precursor (Ru@ well known to act as a strong
inhibitor of the Ru/C catalysts affecting negatwéhe catalytic performance. As previously
observed, the presence of residual chloride irdabihe adsorption of CO on the Ru surface.
Since the CO bond dissociation is the rate-detengistep for the methanation reaction, such

poor activity in presence of residual chloride wapected.

Table 7. Results of the CSCWG of 10 wt % isopropanol forQRuohAtalysts performed at 450 °C, 30 MPa with

WHSVr,= 5202 @g gru* h™.

Time X, TOF GE Reoke dep. Gas composition [vol %]
Catalyst
N [%] [sY [%] [mmolCminYl CH, CO, H, CO GCyHs CsHy
0.5% Ru/(, 6 25 24 17 1.2 46.7 16.E 36.z 0.2 <01 <01
24 10 0.9 3 1.0 32 06 960 02 <01 3.7
2% Ru/C, 6 15 2.6 5 1.4 221 95 681 0.2 <0.1 2.8
2% Ru/G 6 62 4.3 49 2 56.0 22.1 21.6 0.3 <01 <01

The stability of the 0.5% RujCcatalyst was assessed at a high WgSWf 5202
Jorg gre” h. After 6 h of CSCWG, the experiment was carriedogarnight to reach a total
of 24 h on-stream. Surprisingly, the catalyst wampgletely deactivated with an observed
activity close to the one obtained during SCWG @anked over the neat carbon support

material (compare Table 3). It is also interestingiote the very low GEshowing that the
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carbon contained in the feed could not be convedele gas phase and most likely remained
inside the reactor (as coke). For all the cataltetsed, GE was inferior to X%, confirming
that coke formation occurred for all catalysts. tRermore, their corresponding coke
deposition rate has been calculated and their save in the same range. This supports two
parallel reactions: i) coke formation on the suppand ii) catalytic decomposition on the Ru.
Some of the coke, likely at the interface of theNRRs and the support, may react withtbl
form some CH The high H concentration and the low GHoncentration for the 0.5%
Ru/G, can both be easily explained by the inhibitionttid methanation reaction due to a
complete catalyst deactivation. In addition, thesgnce of ¢Hy indicates that the catalyst is
not able to cleave all C-C bonds. As illustrated @ble 8, a considerable loss of the porosity
was measured after 24 h of CSCWG for the 0.5% Ruwibereas the porosity was almost
unaffected for the 2% RujCand the 2% Ru/Cafter 6 h. This is an interesting observation
revealing that coke deposition leads to a relatiggdw catalyst deactivation. The 2% Ru/C
was least affected by this deactivation. The higtogity of the 2% Ru/Cafter 96 h was due
to the high catalytic activity showing that cokepdsition hardly took place. It is important to
keep in mind that the amount of catalyst in thet@awas ca. four times higher (5208;g
gre’ hinstead of 1228 @, gry” h') meaning that a fraction of the catalytic bed was
probably already deactivated and the high porasiéasured came from a bed fraction still
unaffected by coke deposits. Another interestingnpimenon is shown in Table 8 for the 2%
Ru/C.. While his total pore volume remains nearly constéghe volume of the mesopores
decreases while at the same time the one of thepadoes increases to twice the value of the
fresh support. Because this phenomenon occurs afiyr a long time, it remained
undiscovered in our previous experiments. At thirget we have no good explanation but we
assume that the harsh reaction environment withigh partial pressure of Hmay form

additional micropores.
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Table 8. Physical structure of the fresh and spent Ru/Qysita

Time WHSVgry V mesop. V microp.
Sample
(h] [GorgGeu H] [cm®g] [cm® ]
0.5% Ru/G, 0 N.A. 0.7t 0.1c
24 5202 0.60 0.02
2% Ru/G, 0 N.A. 0.72 0.11
6 5202 0.75 0.11
2% Ru/G 0 N.A. 0.54 0.11
6 5202 0.51 0.12
96 122¢ 0.41 0.24

The N-physisorption results have shown that CSCWG gprigpanol led to a loss of the
porosity strengthening the decrease of the catéifgsime caused by coke deposits. It was
reported by Wambach et #lthat the catalyst deactivation of a commercial R&C during
CSCWG of aqueous organics was due to a coveragfgedRu NPs by a thin carbonaceous
layer. In Figure 9, the Ru NPs coverage by cokensde be confirmed by the,H PR results
of the fresh and spent 0.5% Ruy/€atalysts. In fact, the Huptake for the reduction of RyO
was about four times smaller for the aged catahghtating that a considerable fraction of Ru

was not available. Concerning the other reductieakp at higher temperature, almost all
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disappeared after CSCWG showing that the weaklyleédrtarbon species and/or the surface

functional groups were removed during CSCWG.
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Figure 9. H,-TPR profiles of the fresh and spent 0.5% Rudé@talysts.

As shown in Figure 10, after 24 h of CSCWG the Reshize of the 0.5% RufChas
slightly increased to a value of 4.9 + 1.4 nm. Bynparing the histogram of the particle size
distribution for the fresh and spent 0.5% Ru/€ompare Figure 2 (a) and Figure 10), it
seems that the distribution slightly shifted taykar particle sizes indicating that small Ru NPs
sintered during CSCWG. Such a small Ru NPs growdk already reported by Waldner et

al* and Dreher et &f under similar conditions.
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Figure 10. HAADF-STEM image of the spent 0.5% Ry/Catalyst.

Conclusions

In this work catalytic supercritical water gasificea of isopropanol over Ru/C catalysts
was studied. It was shown that isopropanol decoetts solid carbon (coke),.Hand water
over the neat carbon support in absence of RuoAgh the Ru/C catalysts revealed a high
activity as well as a high Ctselectivity during CSCWG, the decrease of thelgsttéifetime
caused by a progressive coke deposition was the oaise for the complete loss of the
catalytic activity. The latter deactivation was doethe decomposition of isopropanol over
the carbon surface leading to coke. It was fouadl dhhigher Ru dispersion was beneficial for
the improvement of the catalytic activity. The udeacetone during the catalyst preparation
favored a higher Ru dispersion and reduced sigmiflg the amount of residual chloride
coming from the salt precursor (RyYCIAs a result the TOF was twice higher than fa th
Ru/C catalyst prepared with water. Since the preser residual chloride has inhibited the

CO adsorption on the Ru surface, the performancéh@ef methanation was significantly
26
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reduced suggesting that the use of a chloride gedeprecursor would be required for the

improvement of the catalytic performance.
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