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Abstract: Spent solvents of the packaging industry are disposed of, thus representing economic,
safety, and environmental issues. Steam reforming of these solvent streams can be an alternative,
allowing their valorization to syngas. In this work, ceria supported nickel catalysts were deposed
onto silicon carbide (SiC) honeycomb monoliths; these structured catalysts can be potentially used
in solar steam reforming. Catalysts were characterized by SEM/EDS and tested in a lab-scale rig
under conventional heating. Two spent solvent streams, coming from the distillation plant of the
packaging industry Icimendue, were used as fuels. Catalytic tests have been carried out by changing
the steam/carbon ratio, oxygen/carbon ratio, operating pressure, and fuel. The effect of the Ni content
and the type of ceria were also studied. The best performances were obtained at low Ni content and
by using micrometric rather than nanometric ceria as support. The structured catalysts showed good
coking resistance, especially at H,O/C > 2, with oxygen addition furnishing a marginal improvement.
On the contrary, oxygen feeding reduced the gas yield due to the formation of by-products being
less reactive in reforming reactions. Performing the reforming process at high pressure the gas yield
increased due to faster kinetics (higher reactants concentrations), higher contact times (slower flow
rates), and process intensification. These results suggest that the proposed structured catalysts could
be successfully applied in the solar reforming of spent solvents.

Keywords: ceria; reforming; SiC; spent solvents; nickel; solar; honeycombs

1. Introduction

The packaging industry market is forecasted to steadily increase in the coming years [1].
Accordingly, the use of esters and alcohols as solvents will significantly increase. These solvents
contribute to the increase of volatile organic compound (VOC) emissions, representing a crucial air
pollution issue, faced by different technologies [2,3]. In the packaging industry, solvent recovery is
generally carried out, consisting of an activated carbon plant, which adsorbs the post-printing exhaust
solvents, and a distillation system, which separates the recovered solvent mixture [3]. The solvent
recovery stage is characterized by by-products, i.e., waste streams to be disposed of, thus implying
additional costs as well as safety issues [4]. In this framework, catalytic combustion of these waste
streams is proposed as an alternative solution which allows heat recovery [4].

Due to the considerable chemical potential of the waste streams deriving from the distillation
stage, a valid alternative to disposal is represented by their valorization. Waste streams are mainly
constituted by alcohols and esters [4]. These compounds (mainly ethanol) have been widely used as
fuels in reforming processes [5-12]. As a consequence, an alternative path to catalytic combustion may
be the upgrading of the spent solvents to syngas by steam reforming, which could eventually allow
the production of a clean, renewable, and flexible energy and chemical source, such as synthesis gas.
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Reforming reactions are endothermic and, thus, large heat fluxes are required in order to convert
fuel into syngas. At an industrial scale, heat supply is provided by fuel combustion. Interestingly, solar
steam reforming has been proposed [13,14]; concentrated solar power (CSP) can be produced by sunlight
concentration, transferred to solar receivers, and converted into thermal energy [15]. This thermal power
could be used to sustain endothermic reactions such as steam reforming. Monolithic and porous media
have received attention as possible solar receivers [16-19]. In particular, Fend et al. [17] suggested that
a good volumetric solar receiver should show high porosity, high cell density, temperature resistance,
thermal conductivity, 3D structure, and dark color. Silicon carbide (SiC) monoliths show the above
features [17,20,21] and good interaction with electromagnetic waves [22], thus representing a good
choice as substrates for solar structured catalytic reactors [23].

In the steam reforming of oxygenated compounds, both transition metals, such as Co, Ni, Fe,
and Cu [6,7,24-33], and noble metals, such as Pt, Pd, Rh, and Ru [9,11,24,28,34-39], were tested,
Ni-based catalysts representing the best compromise between activity and cost. Ceria as support
generally improves catalytic activity, thermal stability, and coking resistance [7,9,31-33].

According to the above considerations, in this work, structured catalysts potentially usable in solar
steam reforming have been prepared by washcoating SiC honeycomb monoliths with Ni/CeO; catalysts
with different Ni loadings. To the best of our knowledge, reforming of spent solvents has been reported
only by Yang et al. [10] on an Rh/CeO, catalyst, by feeding butylene as the product of the thermal
decomposition of spent tributyl phosphate. In this work, real spent solvents, namely the azeotropic
stream (AZ) and the high-boiling-point stream (HB), whose compositions are reported in Section 4,
coming from the distillation plant of the packaging industry Icimendue (www.icimen.com), were used
as fuels. Catalytic tests have been carried out by changing the steam/carbon ratio, oxygen/carbon ratio,
and operating pressure. In particular, while steam reforming at an industrial scale is performed at
high pressure (generally 2040 atm), studies on the reforming of oxygenated compounds are generally
performed at atmospheric pressure, because they are aimed at H, production for fuel cells.

2. Results

2.1. Thermodynamic Analysis

Figure 1 shows the predicted compositions as a function of temperature at different pressures
and H,O/C ratios for the AZ solvents mixture. C formation (included in the simulations) is not found
and solvents are completely converted under any reaction conditions. At low temperature, the main
reactions occurring are the solvents decompositions. By increasing the temperature, CO and Hj
fractions increase at the expense of CH4 and CO,. This is due to the shifts of methane steam reforming
and water gas shift reactions towards their products. As expected, by increasing pressure, higher
temperatures are needed to avoid CHy4 formation, while higher H,O/C ratios enhance CH, conversion
into syngas.

Similar results were obtained with HB solvents mixture as the reactant. The above results show
that at high-temperature, complete solvent conversion to syngas could be obtained independently
from the operating pressure, especially at HyO/C ratio higher than two. Oxygen addition (not reported)
enlarges the operating window showing low CH, yield; however, yields to CO and H; decrease as well.
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Figure 1. Equilibrium compositions as a function of temperature calculated at different pressures and
H,O/C ratios. HO/C = 2 on the left; H,O/C = 3 on the right. Fuel: Azeotropic stream (AZ).

2.2. SEM/EDX Characterization

The surface morphology of the monolithic catalyst and the Niand Ce distribution were investigated
by means of SEM analysis, in combination with EDX. The porous structure of silicon carbide is shown
in Figure 2. Pore characteristic dimension is about 10 um, i.e., significantly larger than particles
used for slurry preparation, thus suggesting that the washcoat can easily penetrate into the walls
of the honeycomb monolith. As a matter of fact, Figure 2C shows the penetration of the washcoat
inside the channel wall. The thickness of the washcoat layer on the outer part of the monolith walls
is about 8-10 pum, in agreement with the penetration of a part of the washcoat. Ceria distribution
on the substrate appears uniform and homogeneous on the walls with accumulation at the corners,
as previously reported for similar monoliths [40]. Figure 3 shows the EDX analysis of the monolith
walls. On the right of each image, the washcoat layer deposited onto the walls can be identified (no Si
is detected). The presence of Ni and Ce together with Si, i.e., inside the wall, confirms the penetration
of the washcoat inside the silicon carbide walls. Good contact between support and active phase can
be noted by comparing Ce and Ni distributions.
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Figure 2. SEM images of 10 Ni monolith. (A) 80x enlargement; (B) 600x enlargement of the yellow box
reported in Figure A; (C): 2000x enlargement of the red box reported in figure B.

Figure 3. SEM image ((A) 2000x enlargement) and EDX analysis ((B) Ce; (C) Ni; (D) Si) of 10 Ni monolith.

2.3. Catalytic Tests

2.3.1. Effect of Ceria Source and Ni Loading: HB Mixture

Catalytic tests were carried out at 720 °C, at atmospheric pressure, and an H,O/C ratio equal to
3 on the 10 Ni and 10 Ni-C samples in order to evaluate the effect of the starting dimension of the
ceria particles used to washcoat the monoliths. Oxygen was added to the gas mixture (O,/C = 0.4) to
avoid coke deposition. Figure 4 shows the gas yield ngas and the yields to CO, CO,, and CHy for the
two structured catalysts. High but incomplete gasification and high CO; yields are obtained on both
catalysts. Best performance is measured on 10 Ni, showing a lower CHy yield too. The H,/CO ratio
(Figure 5a) slightly increases on the 10 Ni-C due to its lower CO yield. Figure 5b shows the yield to
coke formed during the test sets on 10 Ni and 10 Ni-C catalysts. Coke formation is quite negligible
in both samples, as expected in the presence of molecular oxygen in the feed stream. As reported in
Landi et al. [41], nanometric ceria from colloidal suspension more deeply penetrates into monolith
walls with respect to micrometric ceria. Accordingly, the lower performance of the 10 Ni-C structured
catalyst can be due to a deeper active layer penetration into the walls, leading to a reduced contact
between gaseous reactants and catalytic sites, and therefore a lower gas yield.

Consequently, the effect of Ni content was studied on catalysts prepared by using commercial
ceria powder as ceria source.
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Figure 4. Gas yield and yields to CO, CHy, and CO; for 10 Ni and 10 Ni-C monoliths during steam
reforming of the high-boiling-point stream (HB) mixture at 720 °C and atmospheric pressure; gas-phase
feed composition: Solvent/H,O/O,/N, = 0.7/6/0.8/92.5.
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Figure 5. (a) Hy/CO ratio for 10 Ni and 10 Ni-C monoliths during steam reforming of HB mixture at
720 °C and atmospheric pressure; gas-phase feed composition: Solvent/H,O/O,/N, = 0.7/6/0.8/92.5.
(b) Coke yields for 10 Ni and 10 Ni-C monoliths.

Figure 6 shows the gas yield ngas and the yields to CO, CO,, and CHy as a function of the Ni load,
while Figure 7 shows the corresponding H,/CO ratio (Figure 7a) and the yields to coke (Figure 7b).
The increase of the active phase load does not provide significant changes in the composition of the
products, the yields to gaseous products and the Hy/CO being quite similar. The slight variations
suggest that the yields decrease as the nickel increases, especially in terms of gas yield. This behavior
could be addressed to the lower nickel dispersion on the substrate at high loadings [42]. The yield
to coke decreases by increasing the Ni loading, suggesting that reactions leading to coke precursors
are disadvantaged at high Ni content. However, yield to coke is always lower than 1%, suggesting
a high coking resistance of Ni/CeO, samples independently from the Ni content. The above results

suggest that high performance and resistance against coking can be achieved at the lowest Ni content,
also ensuring the lowest cost of the catalyst.

2.3.2. Effect of Solvents Mixture

Catalytic tests were carried out at 720 °C, at atmospheric pressure and H,O/C ratio equal to 3
on the 5 Ni catalyst by feeding HB or AZ solvents mixture. Figure 8 shows the gas yield ngas and
the yields to CO, CO,, and CHy as a function of the fed solvents mixture, while Figure 9 shows the
corresponding Hy/CO ratios (Figure 9a) and the yields to coke (Figure 9b). The HB mixture clearly
appears more reactive than the AZ mixture, providing a higher gas yield and lower yield to CHy.
The AZ mixture is characterized by a higher H,/CO ratio, due to its intrinsically higher hydrogen
content. As expected, the HB mixture shows a higher yield to coke. Further tests will be conducted on
AZ mixtures, as it is the less reactive one.
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Figure 6. Gas yield and yields to CO, CHy, and CO, as a function of the Ni content during

steam reforming of HB mixture at 720 °C and atmospheric pressure; gas-phase feed composition:

Solvent/H,O/O,/Nj = 0.7/6/0.8/92.5.
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Figure 7. (a) Hy/CO ratio for 5 Ni, 10 Ni, and 15 Ni monoliths during steam reforming of HB mixture at

720 °C and atmospheric pressure; gas-phase feed composition: Solvent/H,O/O,/N, = 0.7/6/0.8/92.5.
(b) Coke yields for 5 Ni, 10 Ni, and 15 Ni monoliths.
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Figure 8. Gas yield and yields to CO, CHy, and CO, as a function of the solvents mixture

during steam reforming on 5 Ni at 720 °C and atmospheric pressure; gas-phase feed composition:
Solvent/H,O/O,/N; = 0.7/6/0.8/92.5.
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Figure 9. (a) H,/CO ratio for the HB and AZ solvents mixtures during steam reforming on 5 Ni at

720 °C and atmospheric pressure; gas-phase feed composition: Solvent/H,O/O,/N, = 0.7/6/0.8/92.5.
(b) Coke yields for HB and AZ solvents mixture.

2.3.3. Effect of Operating Conditions: AZ Mixture

Catalytic tests were carried out at 720 °C on the 5 Ni monolith by feeding the AZ mixture.
The effect of oxygen has been evaluated by using an oxygen-free gaseous feed. Moreover, the operating
pressure was also changed between 1 and 6 atm. Figure 10, Figure 11 show the gas yield ngas and
the yields to CO, CO,, and CHjy as a function of the operating pressure respectively for two O,/C
ratios, while Figure 12 shows the corresponding H,/CO ratios (Figure 12a) and the yields to coke
(Figure 12b). By increasing the pressure, the gas yield increases at O,/C = 0, while it mainly decreases
in the presence of oxygen in the feed stream. Moreover, the gas yield is higher in the absence of oxygen,
except when at atmospheric pressure. As expected, O, feeding reduces the CO yield by increasing
CO, formation, as it promotes combustion reactions with respect to the reforming ones. Yields to CHy
are low, independently from the reaction conditions, especially at high pressure. Higher H,/CO are
measured when oxygen is fed mainly due to the lower CO production (Figure 12a). As expected,
yield to coke (Figure 12b) decreases by adding O, in the feed stream; however, coke formation is very
low (yield < 0.5%) in both cases, suggesting high coking resistance of the 5 Ni structured catalyst.
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Figure 10. Gas yield as a function of pressure during steam reforming of AZ mixture on 5 Ni monolith
at 720 °C; gas-phase feed composition: Solvent/H,O/O,/N; = 0.7/6/0/93.3; 0.7/6/0.8/92.5.



Catalysts 2019, 9, 688 8 of 16

| — coO - a) | b)
& mmm CH,
50 4 === CO, i -
40 M -

30 A -

Yield, %

20 A -

N - | I I
0 - u T T /Jn

1 2 3 5 6 1 2 3 5 6

Pressure, atm

Figure 11. Yields to CO, CHy4 and CO; as a function of pressure during steam reforming of AZ
mixture on 5 Ni monolith at 720 °C; gas-phase feed composition: Solvent/H,O/O,/N, = 0.7/6/0/93.3 (a);

0.7/6/0.8/92.5 (b).
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Figure 12. (a) Hy/CO ratio as a function of pressure during steam reforming of AZ mixture on 5
Ni monolith at 720 °C; gas-phase feed composition: Solvent/H,O/O,/N, = 0.7/6/0/93.3; 0.7/6/0.8/92.5.
(b) Coke yields as a function of the O,/C ratio.

It is worth noting that at low pressure, the trend with pressure agrees with the thermodynamic
trend (Figure 1), while at high pressure the syngas yields exhibit an opposite trend with pressure.

Figure 13 shows the gas yield ngas as a function of the operating pressure at an H,O/C ratio equal
to 2 and 3. Both pressure and H,O/C ratio positively affect gas yield. In particular, a larger water
vapor concentration not only enhances reforming kinetics, but also disadvantages the dehydration
equilibria, thus reducing the formation of undesired by-products, and promotes the decomposition
reaction of acetaldehyde to CHy, CO,, and H; with respect to recombination into acetone, representing
a coke precursor.

Figure 14 shows yields to CO, CO,, and CHy. Both CO and CO, production increase as the H,O/C
ratio increases, as the steam-reforming reactions are favored over decomposition reactions, with a
consequent CHy reduction. The CO, yield is even more enhanced due to the promotion of Water Gas
Shift (WGS) reaction at larger H,O/C ratio.

The effect of pressure (Figure 13, Figure 14) is to slightly accelerate gas production, mainly as CO
and CO,. This trend is due to faster catalytic kinetics related to the higher reactants concentrations and
to a slower gas flow rate, with a consequent increase of the contact time.

H,/CO ratio (Figure 15a) increases with increasing both HyO/C feeding ratio and pressure,
in agreement with the thermodynamic trend, due to the promotion of the reforming and WGS reactions.
Moreover, as the gas yield increases, Hy production is enhanced at high pressure and when H,O/C = 3.
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Figure 13. Gas yield as a function of pressure during steam reforming of AZ mixture on 5 Ni monolith

at 720 °C; gas-phase feed composition: Solvent/H,O/N, = 0.7/4/95.3 for H,O/C = 2; solvent/H,O/N; =
0.7/6/93.3 for H,O/C = 3.
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Figure 14. Yields to CO, CHy, and CO, as a function of pressure during steam reforming of AZ mixture
on 5 Ni monolith at 720 °C; gas-phase feed composition: Solvent/H,O/N, = 0.7/4/95.3 for H,O/C =2
(a); solvent/H,O/N, = 0.7/6/93.3 for H,O/C = 3 (b).
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Figure 15. (a) H,/CO ratio as a function of pressure during steam reforming of AZ mixture on 5
Ni monolith at 720 °C; gas-phase feed composition: Solvent/H,O/N, = 0.7/4/95.3 for H,O/C = 2;
solvent/H,O/N, = 0.7/6/93.3 for HO/C = 3. (b) Coke yields as a function of the H,O/C ratio.

Figure 15b shows the yield to coke formed during the test sets at different H,O/C ratios. Coke
formation is significant at HyO/C = 2, while it is considerably reduced as the H,O/C ratio increases,
probably due to the promotion of gasification reactions at larger H,O concentrations.
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3. Discussion

The results reported in the previous section suggest several considerations.

The main goal of this work, i.e., preparing a structured catalyst suitable for solar reforming of
spent solvents, was successfully achieved. The best catalyst was 5 Ni, showing the lowest Ni content;
this result was quite unexpected. As a matter of fact, catalytic activity usually shows a maximum by
increasing the active phase loading [24,43], the most common compositions being 10-20 wt % [43].
The best performance of 5 Ni can be due to good Ni dispersion and strong interaction with the support,
also promoting coking resistance [35,43]. Moreover, a deeper penetration of washcoat into the SiC walls
by washcoating with colloidal nanometric ceria appeared detrimental for the catalytic performance.
This behavior is expected with fast reactions showing mass transfer limitations [40,41]; this result
suggests that reforming reactions occurring on our structured catalysts are not under a kinetic regime.
Accordingly, the presence of methane among the gaseous products on 10 Ni/C could be due to the
lower performance of this catalyst, as methane produced by side reactions could not be converted
to syngas by reforming reactions due to a more difficult contact with the active phase located in less
accessible positions of the monolith. A deeper analysis of this behavior is necessary and it will be
reported in future work. Anyway, the catalytic results show that performing catalysts can be prepared
with commercial ceria at low Ni loadings.

The interpretation of the effect of the operating conditions is not trivial. Previous studies
were carried out on ethanol [5-7,9,12,26,27,29,33,35,44—46], ethyl acetate [12,43,47-51], and acetic
acid [12,24,27,34-36,44], but not on mixtures of all three. In the following, a simplified scheme of the
possible reactions involving the main components of the AZ mixture is reported (Equations (1)-(30)) [43].

Ethanol steam reforming
Water gas shift
Ethanol dehydrogenation

Ethanol dehydration to ethylene

Ethylene decomposition
Acetaldehyde decomposition
Acetaldehyde steam reforming
Ethanol water oxidation
Ethanol decomposition

C,H5OH + H,O — 2CO + 4H,
CO +H20 L COZ + H2
C,H50H — C,H,O + H,
C2H5OH - C2H4 + HQO
CyHy— 2C + 2H,

C,H4,0 — CHy + CO
CH;CHO + H,O — 2CO + 3H,
CzHSOH + Hzo 4 CH3COOH + 2H2
C2H5OH d CH4 +CO + Hz

@
)
®)
@)
©)
(6)
@)
®)
©)

Acetadehyde recombination 2CH3CHO— CH3COCH;3 + CO + H, (10)
Acetone steam reforming CH3COCH; + 3H,O — 3CO + 6H, (11)
Methane steam reforming CH, + H,O & CO + 3H, (12)

Methane dry reforming CHy + CO, « 2CO + 2H, (13)
CO methanation CO + 3H, & CHy + H,O (14)
Acetic acid steam reforming CH3COOH + H,O — 2CO + 3H, (15)
Ketonization 2CH3;COOH — CH3COCHj3 + CO, + H,O (16)

Acetic acid decomposition (1) CH3COOH — CHy + CO;, 17)
Acetic acid decomposition (2) CH3;COOH — 2H, + CO, + C (18)
Dehydration CH3;COOH — CH,CO + H,O 19)

Ketene steam reforming CH,CO + H,O — 2CO + 2H, (20)
Ketene coupling 2CH,CO — Cy,Hy + 2CO (21)
Acetone aldol condensation 2CH3COCH3; — H;0O + (CH3),CCHCOCH3 (22)
Condensation (CH3),CCHCOCHj3 + CH3COCH3 — C9Hy, + 2H,O (23)

Coke formation CyH7p — Coke (24)

Ethyl acetate reforming C4HgO;, + 2H,0 -4 CO + 6 Hy (25)
Ethyl acetate hydrogenation C4HgO, + H, —» CH3CHO + CH3CH,OH (26)
Ethyl acetate decomposition C4HgO, - 2CHy +2CO (27)
Boudouard reaction 2CO - CO, +C (28)
Reverse gasification CO+Hp; & H,O+C (29)
Methane decomposition CHy & C+2H, (30)
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In the presence of oxygen in the feed stream, total and partial oxidation reactions have to be added.

Equations (1)-(30) provide an idea of the complexity of the reaction network involved in the steam
reforming of spent solvents.

The relative trends of yields to CO, CO,, and CH, can be explained by considering the behavior
of reforming and methanation reactions in terms of both kinetic and thermodynamics as a function of
pressure, HO/C, and O,/C.

On the contrary, the trend of the gas yield is not trivial. In the absence of oxygen, the most favorable
reactions are the ethanol (the main component of the AZ mixture) decomposition reactions to CO, CHy,
and Hj, and the steam and dry reforming processes [52]. On the contrary, in the presence of oxygen,
partial and/or complete oxidation reactions of the oxygenated species prevail, followed by steam
reforming, as generally occurring in autothermal reforming and partial oxidation processes. However,
partial oxidation of oxygenated compounds leads to the formation of acetaldehyde, decomposing
into acetone, that can be converted into acetic acid [39]. These products are less prone to be reformed
and thus are undesirable condensable by-products lowering the gas yield [43]. The positive effect of
the H,O/C ratio is due to the shift of reforming reactions and acetaldehyde decomposition and the
inhibition of dehydration reactions [39,53].

Accordingly, the larger coke formation at H;O/C = 2 can be due to the improved formation of
ketene and acetone, leading to coke formation especially at low steam partial pressure [39,53].

Results reported in the previous section demonstrated the positive effect of pressure on the
reforming kinetics in the absence of oxygen in the feed stream. Despite the fact that the theoretical
syngas yield should decrease by increasing the pressure (as thermodynamic calculations showed),
lower amounts of condensable products are obtained at pressures higher than the atmospheric one;
this is related to the combined effects of faster catalytic kinetics (higher reactants concentrations)
and increased contact times (slower gas flow rate). In addition, higher pressures also guarantee
process intensification.

Steam reforming of solvents has shown promising results which may be further improved by
exploring the effect of all the operating conditions and catalyst compositions. On the other hand,
a deeper understanding of the process can take place through a more in-depth study of kinetics
and reaction mechanisms, especially considering that the solvent mixtures used in this work are
not model mixtures, but come from a real distillation plant and therefore, they contain a series of
components present in small quantities, which can, in turn, significantly affect the catalyst activity.
Some of the components of the mixtures, especially those of the HB mixture, have not yet been studied
as model compounds.

Finally, tests reported in this work were carried out under diluted conditions in order to assess
the catalytic activity. So, no effect of the heat of the reaction on the thermal profile and, thus, on the
catalytic performance has been detected. Tests under more concentrated conditions are thus necessary
and will be reported in future work.

4. Materials and Methods

Structured catalysts were prepared, starting from commercial honeycomb monoliths, made by
SiC (Ibiden (180 cpsi)), and cut in the desired shape and dimensions (cylinder; D = 13 mm; L = 50 mm)
and commercial ceria (Treibacher). A ceria washcoat was deposited onto the monoliths by a modified
dip-coating procedure. The main CeO, amount was deposited according to the procedure reported
in [40,41]. Briefly, monoliths were dipped in a slurry (CeO, = 25 g; HNO; (65%) = 2 g; H,O = 100
ml), dried at 120 °C for 1 h and calcined in air at 450 °C for 2 h. This procedure was repeated until
the desired ceria weight (12 wt %, corresponding to about 15 um layer) deposited on the monolith
walls was obtained. Then, the monoliths were dipped into a commercial colloidal ceria (Nyacol Nano
Technologies Inc., CeO; particle size < 20 nm), dried at 120 °C for 1 h and calcined in air at 900 °C for
3 h. Nanometric ceria addition improves washcoat adhesion [41]. The active phase has been added by
wet impregnation. Monoliths were dipped in an aqueous solution of nickel nitrate (Sigma-Aldrich),
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dried at 120 °C for 1 h and calcined at 450 °C for 2 h. The procedure was repeated until the desired
nickel oxide load was obtained. In addition, a monolith was prepared by using only the colloidal
suspension as ceria source. Table 1 reports labels, nominal Ni contents, and ceria source of the prepared
structured catalysts, while Figure 16 shows a picture of the washcoated and final monolith.

Table 1. Samples labels, nominal Ni contents (wt %), and ceria source for the prepared structured catalysts.

Sample Nominal Ni Content Ceria Source
5 Ni 5 Powder + colloidal
10 Ni 10 Powder + colloidal
15 Ni 15 Powder + colloidal
10 Ni-C 10 Colloidal

Figure 16. Silicon carbide (SiC) monolith washcoated with CeO; (a) and after Ni deposition (b).

The actual metal content was determined by ICP-MS analysis using an Agilent 7500CE instrument;
differences with the nominal content were within the experimental error. The internal morphology
of channels was observed using an FEI Inspect Scanning Electron Microscope (SEM) equipped with
an energy dispersive X-ray (EDX) probe for the elemental mapping. A monolith was cut in order to
analyze inner channels.

Catalytic tests were carried out in an ad-hoc lab-scale test rig, described elsewhere [54] and
modified to adapt to the actual experimental conditions. In particular, a liquid feeding system was
added to the existing rig. A liquid HyO/solvents mixture was previously prepared and fed to the
reactor by means of a volumetric pump (KNF lab, SIMDOS 02); before entering into the reactor,
the liquid flow was vaporized by means of a heating tape. The gaseous flow rate was set at 901 (STP)/h,
corresponding to a GHSV equal to 13500 h~! at atmospheric pressure and temperature. The actual

GHSV can be calculated as
GHSVy-P-T

PoT '

where P and T are the actual pressure and temperature, while Py and Ty are the atmospheric pressure

GHSV = (31)

and temperature; pressures are measured in atm and temperatures in K. Downstream the reactor,
the gaseous mixture was cooled in order to separate condensable species. At a fixed temperature,
the reactor pressure was changed between 1 and 6 atm; at each pressure, steady-state reaction conditions
were obtained and gas composition was monitored for 30 min. In this work, two different solvent
mixtures (azeotropic and high-boiling point, labeled as AZ and HB respectively) were employed, whose
compositions are reported in Table 2. After each set of catalytic tests (i.e., tests at different pressures as
described above), the reactor was cooled down to 70 °C in N; and then a temperature-programmed
oxidation (TPO; 10 °C/min up to 700 °C) was carried out in order to evaluate carbon deposition onto
the catalyst surface by quantifying the emitted CO and CO,. The following parameters have been

calculated: n n
nco nco ncy,
Ngas = : 2, (32)
NC inlet

n
Nco = e , (33)
NC_inlet
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nco
Nco, = P 2, (34)
C_inlet
ncH,
CHy = ——, (35)
fIcHy NC_inlet
nco_Tpo + "co,_TPO
Nc = p— =, (36)
C_inlet_TOT
H " (37)
CcoO nCO’

where n; are the molar amounts of the i species, n¢ injet is the molar carbon amount of the solvents
mixture fed during the test, ngas is the gas yield and n; are the yields to the i species, nco_tpo and
ncoz_tpo are the molar amounts of CO and CO; evolved during TPO respectively, nc inlet TOT i the
molar carbon amount of the solvents mixture fed during the overall test set, and nc is the yield to coke.
Some tests were repeated and gave results that differ within the experimental error (+ 4%), suggesting
good thermal stability of the proposed structured catalysts.

Table 2. Compositions (wt %) of azeotropic (AZ) and high-boiling point (HB) solvents mixtures.

Compound Azeotropic High-Boiling Point
Cyclohexane 0.35 -
Acetone 0.61 -
Ethyl acetate 52.88 8.15
Isopropyl acetate 0.04 0.43
Isopropanol 1.39 -
Ethanol 44.29 0.04
n-propyl acetate 0.38 86.97
n-propanol 0.05 0.20
Acetic acid - 2.92
1-metoxy 2-propanol - 0.57
1-metoxy propyl acetate - 0.53

A preliminary thermodynamic study has been carried out in order to identify proper reaction
conditions. Equilibrium calculations were carried out with commercial simulation software Aspen
Plus (AspenTech). Equilibrium was calculated by minimizing Gibbs free energy at specified operating
conditions. In particular, the effect of temperature, pressure, and H,O/C ratio were investigated.

5. Conclusions

In this work, the catalytic steam reforming process of a waste stream coming from the solvent
recovery stage of a packaging industry was proposed as an alternative to its disposal.

For this purpose, a low-cost nickel/ceria-based catalyst was used, supported on a silicon carbide
monolith. This structured reactor has been designed to be used as a receiver in a solar reforming process.
Two waste streams, reported as HB and AZ, coming from the distillation plant of the Icimendue
company, were used to conduct laboratory-scale tests under conventional heating.

Thermodynamic calculations were performed to determine the best operating conditions for the
production of syngas with high yields and low coke formation.

In regards to the composition of the catalyst, increasing the Ni concentration did not improve the
catalytic performance, while the use of nanometric ceria as support negatively affected the gas yield,
due to the deeper penetration of the active phase inside the walls of the SiC monolith.

Good coking resistance was shown by the proposed catalysts, especially at H,O/C > 2, with
oxygen addition furnishing marginal improvement. Oxygen feeding reduced the gas yield due to the
formation of by-products reacting less in reforming reactions.
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Finally, a steam reforming process of spent solvents can benefit of operating pressure higher than

the atmospheric one due to: i) Faster kinetics (higher reactants concentrations), ii) higher contact times
(slower flow rates), and iii) process intensification.
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