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ARTICLE INFO ABSTRACT

Keywords: Fischer-Tropsch (FT) synthesis produces an aqueous stream containing light oxygenates as major by-product.
Aqueous phase reforming The low carbon concentration of the organics makes its thermal recovery unprofitable. Thus, novel processes are
Aqueous by-product needed to utilize this waste carbon content. In this work, the aqueous phase reforming of the wastewater ob-
Biorefinery

tained from a 15 kWy, Fischer-Tropsch plant was explored as a promising process to produce hydrogen at mild
temperatures. The FT product water was firstly characterized and afterward subjected to the reforming at dif-
ferent reaction temperatures and time, using a platinum catalyst supported on activated carbon. It was observed
that, besides activity, the selectivity towards hydrogen was favored at higher temperatures; equally, increasing
the reaction time allowed to obtain the total conversion of most molecules found in the solution, without de-
creasing the selectivity and reaching a plateau at 4 hours in the hydrogen productivity. In order to get more
insights into the reaction mechanism and product distribution derived from the APR of FT product water, several
tests were performed with single compounds, finding characteristic features. The importance of the position of
the hydroxyl group in the molecule structure was highlighted, with secondary alcohols more prone to dehy-
drogenation pathways compared to primary alcohols. Moreover, no interference among the substrates was re-
ported despite the mixture is constituted by several molecules: in fact, the results obtained with the real FT
product water were analogous to the linear combination of the single compound tests. Finally, the reuse of the
catalyst showed no appreciable deactivation phenomena.

Hydrogen production. Fischer-Tropsch product
water

1. Introduction ketones, (4) and carboxylic acids (5) [8-11]. The mechanisms de-
scribing the formation of these substance classes were discussed in

The constant increase in energy needs and the consumption of fossil further literature [8,11-15].
fuel lead to the. necessity of developing new technologies to produce @n + 1) Hy + nCO — CyHynys + n HyO a
fuels and chemicals from renewable sources.

Nowadays, biomass can be converted into biofuels through several 2nH, + nCO - C,H,, + nH,0 (2)
different processes [1]. Among the others, the biomass-to-liquid con-
cept has driven the attention of the research. It can involve, in the first
stage, the formation of a carbon monoxide/hydrogen gaseous mixture; @2n—-1)H, + nCO -» C,H,,0 + (n — 1) H,O ()
after the purification of the outlet stream and the correction of the

2nH, + nCO - C,H3,4,,0 + (n — 1) H,0 3

hydrogen/carbon monoxide ratio to adequate values, it can be con- @n—-2)H, +nCO - C,H;,0; + (n—2)H,0, (n>1) 5)

verted in a Fischer-Tropsch (FT) reactor to produce hydrocarbons [2]. The desired product is the organic phase, which could be used to
The hydrogenation of CO is a very old process and first insights were produce transportation fuels or basic chemicals [16-19].

already published at the beginning of the 20" century [3-7]. The FT Experiments performed at Giissing’s research center showed that on

product contains mainly water, alkanes (1), alkenes (2) and to a minor a mass basis more than half of the condensable FT product was water. It

extent oxygenates such as alcohols (3), carbonyl groups (aldehydes and is polluted with short-chained organic oxygenates, with alcohols being
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the most prominent substance class.

The design of the product separation and applied temperatures le-
vels affect the phase-preference of short organic oxygenates. From a
process point of view, the amount of oxygen-containing products in-
creases if i) the hydrogenation potential of the FT catalyst decreases, ii)
the hydrogen partial pressure decreases or iii) temperature increases
[19].

Literature suggests that organic oxygenates account for about 1 wt.
% of the FT water produced by cobalt-based low-temperature Fischer-
Tropsch (LTFT) [11,20].

The composition of the FT product water depends on operating
conditions and catalyst type. The recovery of oxygenates from the
product water is complex, especially when the oxygenate concentration
is low. Therefore, if these compounds are not removed, the water has to
be treated to minimize the environmental impact [21]. Purification of
the acidic reaction water needs to be performed to permit its recycling
within the FT facility or disposal.

Different approaches and technologies regarding wastewater treat-
ment of FT product water were summarized by Miglio et al. [20]. One
possibility is the physical separation through distillation steps, also
involving extractive systems. However, this option is not cost-efficient
due to the high dilution of the organics. Another option is exploiting the
biological routes, producing methane thanks to the anaerobic digestion
process.

Majone et al. investigated the anaerobic treatment of synthetic
wastewater from an FT process at mesophilic conditions, obtaining up
to 96% of COD removal and almost complete conversion to methane
[22]. Wang et al. recently proposed the addition of magnetite to in-
crease COD removal efficiency and methane production [23]. However,
the performance of the process is sensitive to key parameters such as
the pH of the solution or the flowrate of the feed, making the anaerobic
digestion difficult to operate.

Aqueous phase reforming (APR) can be a suitable process to reduce
the carbon content of FT product water, at the same time producing a
gas phase rich in hydrogen.

The APR process was developed by Dumesic and coworkers [24]. In
their pioneering works, they showed the possibility to convert oxyge-
nated hydrocarbons at low temperature (below 300 °C) according to the
reaction reported in equation 6 (strictly valid for carbohydrates). Op-
erating at temperatures considerably lower than the ones of alkanes
steam reforming brings two advantages: first, it has a lower energy
demand, avoiding the cost of water vaporization (dealing with the
pressurization of liquid water); second, it allows the production in one
single reactor of a syngas with very low CO content, being the water gas
shift reaction favorable in the same temperature range.

CnHy, O + nH,0 < nCO; + (y + n)H, 6)

Coronado et al. [25] studied the conversion of FT representative
alcohols (methanol, ethanol, 1-propanol, and 2-propanol) with active-
nickel based catalysts, proposing several reaction pathways looking at
the product distribution. However, only single model compounds were
tested in the cited work. Recently, the same research group reported the
study of a kinetic modelling of a Fischer-Tropsch real water using a
nickel-copper catalyst supported on ceria-zirconia [26].

Chen and co-workers suggested for the first time to use catalytic
aqueous phase hydrodeoxygenation (APHDO) for converting FT aqu-
eous effluent into fuel gas, using a Ru catalyst [27]. The same research
group looked to the stability issues regarding the catalyst, proposing
titania and zirconia as the most promising support due to their

Table 1
Practical operation conditions of the SBCR.
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hydrothermal stability [28]. Despite, the interesting results, a high
consumption of hydrogen is necessary for the APHDO that is produced
using fossil-based sources.

In the present work, we applied the aqueous phase reforming to
process the real aqueous stream derived from the FT process with the
purpose of both reducing the organic content of the water and produ-
cing renewable hydrogen. The aqueous effluent derived from a pilot-
scale FT plant was characterized and subjected to APR using a Pt/C
reference catalyst. This catalyst formulation was chosen because it
provides high performance in terms of activity, selectivity and stability
for aqueous phase reforming of alcohols. Dedicated tests with re-
presentative model compounds were performed to understand the re-
sults obtained with the real phase.

The novel approach proposed in this work shows an alternative
pathway to utilize the FT product water contaminated with light oxy-
genates, at the same time increasing the carbon efficiency and produ-
cing a valuable gas phase.

2. Materials and methods
2.1. Materials

Methanol, ethanol, 1-propanol, 2-propanol, butanol, and 2-butanol
were purchased from Sigma Aldrich. Deionized water was obtained in
laboratory thanks to an RO Cubic S2 system, whose purification system
consists of low-pressure reverse osmosis and ion exchange resins. The
water effluent from Fischer-Tropsch synthesis was provided by BEST
GmbH. Developmental catalyst 5% Pt/C was provided by a commercial
supplier. The Pt surface area was measured by H, pulse chemisorption
(details in paragraph 2.4) and was found to be approximately 20 m?/g.
The catalyst was provided in powder form, of which 80% had a
size < 106 um. The catalyst was used without any further pretreatment.

2.2. Fischer-Tropsch Laboratory unit

The 15 kWy, laboratory LTFT unit is fully automated and controlled

by a process control system (PLS). H,, CO, and N, (Vf,esh gas) Were mixed
with recycled tail gas. The compression stage compressed the gas to the
desired operational pressure. Additionally, it was pre-heated to opera-
tional temperature before entering the FT reactor. The conditioned
synthesis gas was fed into the three-phase slurry bubble column reactor
from the bottom. The catalyst used is cobalt-based. Practicable oper-
ating conditions and important characteristics of the laboratory FT unit
are shown in Table 1.

The space velocities (SV) were calculated according to equation 7,
dividing the volume stream entering the reactor by the mass catalyst.
The FT products and the not converted gaseous components exited the
reactor at the top. The condensable products were separated from the
gaseous phase through temperature reduction in a three-stage high-
pressure condensation. The high molecular hydrocarbons were col-
lected at 140-160 °C. The second and the third condensation stage were
operated at 50 to 70 °C and 5 to 15 °C, respectively; here the FT reaction

water was condensed. The volume flow of the recycled tail gas (Vi gas)
was adjusted by the PLC to comply with the set tail gas recycling rate
(TGR, equation 8). The hydrocarbon phase was split into a naphtha-,
diesel- and wax phase.

Operating pressure [barg] Operating temperature [°C]

SV [Nm®/kgcarh]

TGR [%] Vreactor [1] Mcaalyst [kg]

18-24 210-240

1.4-3.0

30-70 20 2-3




G. Zoppi, et al.
[ o
SV = I/tvail gas + Vfresh gas
Meatalyst (7)
7
TGR = ® [allgg
Vtail gas + Vfresh gas (8)

2.3. Aqueous phase reforming test

The APR reactions were performed in a 300 mL 4560 series mini
benchtop reactor (Parr) equipped with a 4848 model reactor controller
(Parr). The reactor was charged with 75ml of the desired solution;
0.375g of 5% Pt/C were used in each test performed in this work
(except the tests carried out to assess the stability of the catalyst, where
100 mg were employed). Once fastened, the reactor was purged with
nitrogen and pressurized at 0.3 MPa of N,. The absence of external mass
transfer limitation was assured increasing gradually the stirring. Having
no difference in the activity and selectivity from 400 rpm, this value
was chosen for the entire investigation. The absence of internal mass
transfer limitations was confirmed by crushing the catalyst particles up
to approximately 50 um. No variation was found in the activity and
selectivity compared to the bigger particles; for this reason, the entire
investigation was carried out with the particles provided, without fur-
ther treatments.

Reaction time and temperature were varied to study their influence.
At the end of the reaction, the reactor was cooled down thanks to an
internal cooling loop and external water bath.

The gas phase was collected in a syringe and analyzed by pGC. The
liquid phase was filtered by gravity to recover the catalyst and then
analyzed through TOC and HPLC analysis. The spent catalyst was dried
in an oven overnight (105 °C) and weighted afterward. When reuse tests
were performed, the catalyst was used as such, without any further
treatment.

2.4. Analytical methods

The characterization of FT aqueous products has been performed
using a Perkin Elmer AutosystemXL gas chromatograph coupled with a
Perkin Elmer Turbomass mass spectrometer. A 60 m Supelco Nukol
capillary column, with an inner diameter of 0.25mm and a film
thickness of 0.25um, was used to separate the different substance
classes. The injection temperature was fixed at 200 °C, the injection
volume was 0.5 pL, while the split ratio was 150:1. Helium was used as
carrier, with 1,2 mL/min constant flow. The temperature program was
set as follows: hold 50 °C for 10 min, 4 K/min to 200 °C, hold 200 °C for
2.5min. The temperature transfer line, temperature ion source, and
mass spectrometer were set at 200 °C. The qualitative analysis was
performed in full Scan 29 - 200 amu, with scan period of 0.5 sec and
Single Ion Recording (SIR) for water.

The characterization of APR products focused on both gas and liquid
phases.

The gas phase was analyzed by an SRA Micro-GC, equipped with
Molsieve 5A (argon as carrier) and PoraPLOT U columns (helium as
carrier), with a TCD detector.

The quantification of the gaseous products has been performed
using the initial moles of nitrogen as an internal standard. In fact,
considering that nitrogen does not participate in the reaction, the moles
of gaseous products can be derived knowing the molar fraction of ni-
trogen in the final mixture (by Micro-GC analysis).

HPLC analysis (Shimadzu), with 5mM H,SO,4 in water as mobile
phase and Rezex ROA-Organic acid H* (8%) column (300 mm -
7.8 mm), was performed to study the liquid composition. The quanti-
fication of the products was determined through a refractive index
detector (RID), using an external standard calibration.

Total organic carbon (TOC) analysis was performed using a
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Shimadzu TOC-Vcsy analyzer equipped with a nondispersive infrared
detector. Carbon balance closure was reached within 90 + 5%. The
experimental results were reproducible with a maximum 5% error.

Temperature-programmed reduction (TPR) was carried out using a
TPDRO-1100 equipment (Thermo Scientific). The sample (approxi-
mately 100 mg) was heated at 5 K/min in a 20 mL/min flow of 5% H,/
Ar from 323K to 1073 K. The TPR profile did not show any peak as-
sociated with Pt reduction, confirming the metallic state of the sample
and the possibility to use it without any pretreatment.

The platinum dispersion was evaluated by H, pulse chemisorption
using the same equipment. The sample (100 mg) was priorly heated
from room temperature to 323K at 10K/min in He, dwelling for
30 min; afterward, H, was flushed (20 mL/min) heating to 523 K at 5 K/
min, dwelling for 2 hours; maintaining the same temperature, He was
used again for 1 h. After cooling down, the catalyst was titrated by H,
pulses, assuming an adsorption stoichiometry 1:1 for Pt:H.

The performance of the reaction was estimated using four para-
meters conventionally used in the APR literature:

e the carbon to gas conversion, defined as the ratio between the moles
of carbon in the gas product molg;,C,qs and the moles of carbon in the
feed molinCeeastock (€9.9);

e the H, gas distribution, defined as the ratio between the moles of

hydrogen present in the gas phase as molecular hydrogen (molg,H>)

after the reaction and the moles of total hydrogen present in the
final gas phase (that is, also as alkanes) (eq.10);

the H, productivity is defined as the moles of hydrogen produced

mmols,H, divided by the moles of carbon in the feed moly,Creedstock

(eq. 11). This parameter is useful especially for the FT product

water, where the complex composition does not allow to use para-

meters involving the classical reaction stoichiometry;

e the conversion of the substrate, defined as the ratio between the
number of moles reacted (mol;, i — molg, i) and the number of moles
in the feed (mol;, i) (eq. 12).

molgy, Cgas

Carbon to gas (%) = 100 ————
mOIin Cfeedstock (9)

molg, Hy
molg,(H, + 2-CHy + 3-C,H, + 4-C3Hy)

H, gas distribution (%) =

(10)
H, productivity= _mmols Hy
mOIin Cfeeds[ock (1 1)
Conversion (%) = 100 - w
mol;,i 12)

3. Results and discussion
3.1. Characterization of the FT product water

In Fig. 1 the HPLC chromatogram of the FT product water is re-
ported, together with the main information on its composition sum-
marized in the table on the right (please note that only the compounds
with weight concentration higher than 0.01% were reported). As re-
ported in the introduction, the wastewater of the Fischer Tropsch pro-
cess is typically constituted by alcohols and carboxylic acids. Alcohol
formation may be due to parallel reactions that involve the insertion of
carbon monoxide into a methylene- or methyl-metal bond [29]. As a
matter of fact, the main compounds observed in the examined water
fraction are low molecular weight primary alcohols C1-C4 such as
methanol, ethanol, propanol, and butanol, together with their corre-
sponding carboxylic acids. Secondary alcohols such as 2-propanol are
present to a minor extent.

The quantification of these compounds is reported in the displayed
table. The total organic content is around 4700 mg C/L. The HPLC
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8000
| 4 (m’;(:jC/L) Alcohols Inorganics
6000 — Compounds wt.% ppm
- i Methanol 0.41 Na 412 +£21
= Ethanol 0.29 K 10 +4
E 4000
2 s 1-Propanol 0.07 Ca | 2392+47
@ E . 2-Propanol 0.01
ig 2000 — 1 4700 1-Butanol 0.05
8 1-Pentanol 0.02
T 2 56 Carboxylic acids
0 Acetic acid 0.06
| S S B B S S B S S Propionic acid 0.02
10 15 20 25 30 35 40 45 50
Retention time (min ) Butanoic acid 0.03

Fig. 1. On the left, HPLC chromatograms of the Fischer-Tropsch product water (1:

acetic acid 2: propionic acid 3: methanol 4: ethanol 5: butanoic acid 6: 2-propanol

7:1-propanol 8: butanol); on the right, quantification of the main organic and inorganic compounds.

quantification accounted for 95% of the total carbon content. The use of
GC-MS (not shown results) allowed to increase the range of identified
compounds up to C6 alcohols and corresponding carboxylic acids. The
main inorganic species identified and quantified by ICP-MS are calcium,
sodium, and potassium.

3.2. Aqueous phase reforming of FT product water

3.2.1. Influence of reaction temperature
In this section, the influence of reaction temperature applied in APR

of Fischer-Tropsch product water is discussed.

In Fig. 2-A the gas performance indicators of APR are reported at
different temperatures in the range between 230-270 °C. It can be ob-
served that each of the three indicators has been positively influenced
by the increase of the reaction temperature. The carbon to gas increased
from 40% to more than 60%, due to the more favorable C-C bond
breaking with enhanced reaction temperature. Moreover, the hydrogen
gas distribution was affected by the higher temperature. This is an
important point, as it implies that the desired reactions (i.e. breaking of
the C-C bonds and water gas shift) are more favored compared to

I 230 °c [l 250 °c [T 270 °C ——— Feed ——230°C 250 °C 270 °C
100 8000 T
A B Test |COD (mg/L)
90+ 11000 ~ 1 Feed | 17480
1 9 230 2740
80 z
{800 E ~ 6000 250 1910
I 70 = >
o 2 - = 270 1575
@ 2 =) L] 1
o0 _g 60 Fe S
2 F Je00 5 2
c 3 X 50 £ g 4000
£7 7 E =
=2 40 e =
S % {400 £ &
¢ 30 <
= 5 2000
20 4200 £
10+ = I AN
0 = T 0 0 T IS T I T |5 T
Carbon to gas H, gas distribution H, productivity 3 40 4 50
Retention time (min)
I 230 °c [l 250 °Cc [ ]270°C
100{C
80

[=2)
=]
!

Conversion (%)
0 'S
S 8
: :

=]
!

-20 4

T ¥ T T T T T T T T T
Methanol Ethanol 1-Propanol 2-Propanol Acetic ac. Propionicac.

Fig. 2. Influence of the reaction temperature on the APR of FT product water. A:

gas performance indicators; B:HPLC chromatograms of the feed and products (1:

acetic acid 2: propionic acid 3: methanol 4: ethanol 5: butanoic acid 6: 2-propanol 7:1-propanol 8: butanol), together with COD data; C: conversion of the main
molecules present in the feed. Reaction conditions: 0.375 g Pt/C catalyst, 75 mL FT product water, 2 hours reaction time.
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Fig. 3. Influence of reaction time on the APR of the FT product water. A: gas performance indicators; B: conversion of the main alcohols in the feed; C: evolution of
the liquid species; D: evolution of the gaseous species and H,/CO, ratio. Reaction conditions: 0.375g Pt/C catalyst, 75mL FT product water, 270 °C reaction

temperature.

undesired reactions (such as methanation) with the increase of the
temperature. The combination of the higher carbon conversion and H,
gas distribution led to higher hydrogen productivity, that is a major
finding when complex mixtures are tested.

The HPLC chromatograms reported in Fig. 2-B compare the feed
with the liquid products obtained after APR at different temperatures.
Firstly, it is important to observe that minor differences are present in
the liquid phase composition among the investigated range of tem-
peratures. At 230 °C, most of the alcoholic compounds converted, with
only methanol showing a lower conversion and a higher dependency on
the reaction temperature (Fig. 2-C). Its conversion stopped at 40% at
230 °C, while the conversion of ethanol and 1-propanol reached 85%
and 92%, respectively. The reason for the observed behavior may be
ascribed to slight competitive issues in the mixture with the other
molecules, reducing its reactivity. Shabaker et al. reported that the
order of reaction of methanol reforming is higher than ethylene glycol
on Pt because of the weaker adsorption of the former on the metal sites
compared to the latter adsorbed in a bidentate mode [30]. Being
ethanol adsorption mode similar to the one of ethylene glycol, it can be
assumed that its higher reactivity can be explained by analogous rea-
sonings [31].

Looking at the comparison between primary alcohols at equal
temperature, it is observed that there is an increase in the activity with
the increase of the chain length, and the difference is more visible at
low temperatures (230-250 °C).

Alcohols are known to be highly reactive to produce hydrogen via
APR [32]. On the contrary, carboxylic acids remained almost entirely in
the liquid phase. The concentration of acetic acid increased, moving
from 630 to 730 ppm; this is the reason why an apparent negative

conversion is reported in Fig. 2-C. Acetic acid can follow two different
routes. It can be converted by reforming, leading to methane and
carbon dioxide [33]; at the same time, it can be produced by primary
alcohol (mainly ethanol) reforming, as reported in paragraph 3.2.3.
During APR of ethanol, acetic acid was the only observed liquid by-
product. As detailed later, ethanol may be firstly dehydrogenated to
acetaldehyde, which in turn can lead to acetic acid via Cannizzaro/
Tishchenko-like reactions. Moreover, acetic acid can suffer from com-
petitive adsorption when it is in mixture with alcohols. In our previous
work with a platinum-based catalyst supported in alumina, we reported
that in the case of a binary mixture of ethanol/acetic acid, the con-
version of the latter was negligible [34]. Therefore, due to the re-
calcitrance of the carboxylic acid when present in a mixture, in the
current conditions its concentration globally increased. This is a major
finding that was not reported yet in literature for the valorization of FT
effluent because it was conventionally modeled only by alcohols. In-
terestingly, propionic acid’s conversion showed a decreasing trend with
temperature. Analogously with acetic acid, it can convert mainly pro-
ducing ethane and carbon dioxide [33]; at the same time, it can be
produced by 1-propanol reforming, as reported later. It is likely that in
this case, due to the lower concentration of 1-propanol compared to
ethanol, less propionic acid is obtained, globally leading to a positive
conversion.

Finally, it is interesting to observe that the reforming of the product
water considerably decreased the COD (chemical oxygen demand) of
the stream as showed in the table enclosed in Fig. 2-B. Indeed, it was
reduced by more than 80% at 230 °C and up to 90% at 270 °C. These
results are comparable to the ones obtained by Majone et al. using a
packed bed biofilm reactor to decrease the organic content of a
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synthetic FT product water [22].

3.2.2. Influence of reaction time

The obtained results showed that two hours are not enough time to
convert a sufficient amount of organic oxygenates and reduce the COD
down to legislative wastewater regulations, being methanol and car-
boxylic acids still present in the liquid APR product. In order to assess if
more time could lead to a higher conversion of the organic alcohols and
increase the hydrogen production, the influence of reaction time on the
performance indicators was studied.

Fig. 3-A shows the progression of the main gas performance in-
dicators at the different reaction time investigated. Please note that the
point at 0 hours indicates the achievement of the operating temperature
(270 °C), that is the starting point for the reaction time. For this reason,
the evolution of the molecules in the liquid and gaseous phase (Fig. 3 C/
D) originates at “-1”, taking into account the time necessary to heat the
solution to 270 °C.

The three indicators constantly raised until two hours, whereas in-
creasing the reaction time up to 4 hours did not improve appreciably
the performance. Similarly, with the temperature increase, both the
carbon to gas conversion and the H, gas distribution increased, in-
dicating that the FT product water did not suffer from series-selectivity
issues in the current reaction conditions.

In the liquid phase, each of the alcohols started to react to a high
extent already during the heating time of the reactor (0 h), as reported
in Fig. 3-B. From this point on, methanol was almost the only com-
pound present in the liquid phase (Fig. 3-C). Methanol conversion rate
was approximately 5.2 mmol/h, while ethanol conversion rate was
about 4.3 mmol/h; however, methanol’s concentration in the FT water
is almost double than the ethanol’s concentration. Therefore, it was
reasonable to expect a higher difference between the two conversion
rates. This outcome, consistent with the results reported in the previous
paragraph, may suggest that methanol suffer from competitive ad-
sorption with the other alcohols (mainly ethanol in the current case),
reducing its consumption rate.

The hydrogen production constantly increased over time (Fig. 3-D);
at 0 hour, 17 millimoles of hydrogen were produced, which increased
up to 31 at 4 hours; it can be motivated by an almost complete con-
version of 1-propanol and ethanol at this time. Indeed, as we reported
in the previous paragraph, ethanol and 1-propanol reached a high
conversion already at 230 °C. On the other hand, methanol, having a
slower conversion over time, can cause an increase of hydrogen and
CO, observed during longer reaction time. In fact, the H,/CO, ratio
tends to be close to 3, which is the theoretical H,/CO- ratio for me-
thanol APR (equation 13). Looking at methane and ethane, their pro-
duction reached its plateau already at O hour; as reported in the fol-
lowing paragraph, methane is produced by the conversion of ethanol
and ethane by the conversion of 1-propanol; indeed, they both con-
verted already at 0 hour and, for this reason, their presence does not
increase after that point.

3.2.3. Aqueous phase reforming of single compounds

The complexity of the FT product water does not allow us to get
qualitative information on the reactions that lead to the observed
product distribution. To get deeper into these outcomes, in this section
the results obtained from the APR of the main compounds present in the
FT product water are discussed.

APR tests of methanol, ethanol, 1-propanol, 2-propanol, 1-butanol,
and 2-butanol at 0.9 wt. % of carbon were carried out at the optimal
reaction conditions identified for the real mixture (5% Pt/C catalyst,
270 °C, 2 hours).

In Fig. 4-A the gas composition obtained from the APR of single-
compound solutions is reported.

Methanol follows the conventional aqueous phase reforming stoi-
chiometry. In fact, the reforming ratio (i.e. the ratio between moles of
hydrogen and carbon dioxide), calculated from the gas composition
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reported in Fig. 4, is 3.5 and it is close to the theoretical value (i.e. 3)
derived from eq. 13. The higher ratio can be explained by the con-
tribution of hydrogen-producing reactions (dehydrogenation), com-
monly considered the first step of the APR reaction mechanism, not
leading to the contemporary production of a mole of carbon dioxide
(such in the case of water gas shift reaction).

C:OH = 1:1 CH30H + H,0 — CO; +3H; (13)

Looking at the gas composition obtained from the APR of C2-C4
primary alcohols, it is highlighted that, despite the difference, the gas
composition can be considered analogous. Indeed, the APR of primary
alcohols is accompanied by a gas composition with 2:1:1 ratio in hy-
drogen: carbon dioxide: methane (or ethane, or propane) from ethanol
(or 1-propanol, or 1-butanol).

Looking at the liquid conversion of the primary alcohols, no main
differences were found between the tests and they converted almost
completely (Fig. 4-B). The corresponding aldehydes, largely reported in
the literature as the first reaction intermediates of APR, were not ob-
served in the liquid phase. This difference should not be ascribed to a
change in the reaction mechanism. It can be due to the high reactivity
of both reactants and intermediates, together with the high conversion
reached in this work compared to some of the commonly reported low
conversions in other researches [35]; moreover, due to the high vola-
tility of the aldehydes, they can be lost during the filtration step.

The liquid phase derived from methanol APR was constituted only
by the unconverted molecule (Fig. 4-B). On the other hand, the C2-C4
primary alcohols produced the homologous carboxylic acid as the main
by-product. This is likely due to a Cannizzaro or Tishchenko reactions,
as suggested by Lobo et al. [36]. Therefore, it is supposed that the al-
dehyde formed during the dehydrogenation of the primary alcohol may
lead to the corresponding carboxylic acid via condensation of two al-
dehydes, followed by hydrolysis.

In our previous work with Pt/Al,Os, it was reported a similar be-
havior of primary alcohols in the range 230-270 °C [34]. Lobo et al.
carried out the APR of 1-propanol on platinum supported on several
materials (alumina, titania, ceria), finding different activities among
the catalytic systems, but similar selectivity in the product distribution
[36]. These results suggest that the support does not play a role in
determining the gas product distribution of primary alcohols APR.

Coronado and co-workers reported results with a Ni-based catalysts
on APR of methanol, ethanol, and 1-propanol [25]. Regardless of the
composition of the catalyst (undoped or doped with Cu/Ce), the molar
fraction of hydrogen in the APR of ethanol and 1-propanol was higher
than 50% as it was in the present work, ranging from 63% to 85%.
Several reasons may justify this difference. It should be excluded that
the higher concentration of hydrogen is due to more favorable WGS, as
it was reported the presence of CO with the use of Ni catalysts, while it
was not detected in the current work; it can be suggested that Pt is more
prone to activate the decarbonylation of the aldehyde (Fig. 5-A, with
the APR scheme of 1-butanol for the sake of representativeness),
leading to a higher production of gaseous products. This hypothesis
would explain also the difference regarding the composition of the li-
quid phase. In fact, we observed no other liquid products apart from the
unconverted alcohol and the corresponding carboxylic acid; on the
other hand, the use of a Ni catalyst led only to the corresponding al-
dehyde as liquid product [25].

Comparing in a rigorous way the two results is complex due to the
different reaction conditions (starting from the use of a batch and a
continuous reactor). However, having reported that the APR selectivity
of primary alcohols is quite insensitive to different reaction temperature
and concentration of the feedstock, we may ascribe the reported dif-
ferences to the nature of the active site.

Most of the literature highlights the importance of the C:O ratio for
aqueous phase reforming [32]. However, as already mentioned by
Godina et al., only one carbon can be removed as CO in molecules
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Fig. 4. Influence of the feed on the gas (A) and liquid (B) composition. Reaction conditions: 0.375g Pt/C catalyst, 75 mL solution 0.9 wt.% C, 270 °C reaction

temperature, 2 hours reaction time.

where only one OH group is present [37]. Afterward, it can react with
water through WGS reaction producing H, and CO». As reported in [34]
for the linear alcohols with only one OH, the real reaction path in the
APR reaction using a platinum catalyst are the following (eq. 14-16)

C:OH = 2:1 C,HsOH + H;0 — 2H, + CH4 + CO, (14
C:OH = 3:1 C3H7OH + H20 - 2H2 + C2H6 + C02 (15)
C:OH = 4:1 C4H4OH + H;0 — 2H,; + C3Hg + CO, (16)

On the other hand, secondary alcohols such as 2-propanol and 2-
butanol showed a completely different reaction path. As reported in
Fig. 4-A, two main differences can be highlighted in the gas phase. The
first one regards the hydrogen/carbon dioxide ratio, equal to 4.5 from
2-propanol and 5.7 from 2-butanol. The second one regards the

a)

H,
S
OH
b)
N
= ;
OH \/‘ 2

CH4 + /\/OH — =

presence of the corresponding alkane, i.e. 28% of propane from 2-
propanol and 20% of butane from 2-butanol. The much higher ratio
between hydrogen and carbon dioxide than the one proposed by the
APR, together with the presence of alkanes with the same number of
carbon atoms, let us suppose that other mechanisms are involved in the
hydrogen production, without water gas shift and C-C bond breaking.
The difference in the gas composition between primary and secondary
alcohols is reflected also in the liquid composition (Fig. 4-B), where
acetone from 2-propanol APR and 2-butanone from 2-butanol APR were
found as only liquid products.

From this information on the gas and liquid phase, it can be pro-
posed that the main reaction in which the secondary alcohols are in-
volved is the dehydrogenation (Fig. 5-B). The presence of butane sug-
gests that also hydrogenation reactions are involved in the mechanism.
Furthermore, smaller alkanes are present in the gas phase, such as

CO, + H,
WGS
(0]
, co
A

H, CO,
C,H

Fig. 5. Suggested reaction mechanism for APR of primary (a) and secondary (b) alcohols.



G. Zoppi, et al.

Table 2
Main products of APR of alcohols.

H, CO, Alkanes Ketones Carboxylic acids
MeOH X X no no no
EtOH X X CH4 no Acetic acid
1-PropOH X X CoHg no Propionic acid
1-ButOH X X C3Hg no Butanoic acid
2-PropOH X X C3Hg, CH4 Acetone no
2-ButOH X X C4H10, CoHg 2-Butanone no

ethane and methane. We propose that one hydrogen molecule is in-
volved in the cleavage of the C-C bond, leading to the formation of one
molecule of methane and one mole of the linear alcohol (1-propanol in
the case of 2-butanol APR). At this point, the latter can react giving the
already known products, that are hydrogen, carbon dioxide and ethane.
The suggested mechanism is confirmed by the relative composition of
the gas phase, where a 1:1:1 ratio is reported between methane, carbon
dioxide, and ethane. Even if not reported in the figure, an analogous
pathway can be suggested for 2-propanol, where is coherently observed
a 2:1 ratio between methane and carbon dioxide (in this case, ethanol is
the intermediate primary alcohol that is consumed).

The reported results underline not only the importance of the C:OH
ratio but also the effect of the position of the hydroxyl group. To the
best of our knowledge, it has been reported here for the first time for 2-
butanol, allowing to confirm the peculiar behavior of secondary alco-
hols reported by us and other authors in previous works [25,34].

To summarize the differences between primary and secondary al-
cohols, the following Table 2 depicts the main products (liquid and gas)
observed from their APR.

Based on the APR of the single compounds and the conversion of FT
product water, it is possible to address the contribution of each com-
ponent of the liquid phase to determine possible interferences among
the reactions that involve each alcohol (Table 3). For the sake of
comparison, the gas products obtained during the APR of FT water
fraction at 270 °C and 2 h reaction time was reported.

The linear combination of the single reactions, was calculated with
the following equation 17 for each gas:

Ny, = NHymethanol + NHyethanol + N Hy1—propanol + M Hy1—butanol a7
where

_ nHzmethanolSCT
N Hymethanol = * Reony methanolFT

Reony methanol SCT

ny, is the number of moles of hydrogen reported in Table 3 in the
row named “Total”. The same can be written for CO,, CHy, etc. They are
calculated summing the moles of H, produced by each alcohol during
the corresponding test (e.g., if methanol is taken as an example,
N iy methanol Tefers to the moles of hydrogen produced during the APR of
methanol). However, the amount of each alcohol used during the
single-compound test (SCT) is different from its amount present in the
FT water. Therefore, if we assume that the moles of product
(i. €. Ny methanatSCT) per mole of alcohol reacted (i. e. Meony methanot SCT)
remain constant between the single-compound test and the FT test (i.e.
the selectivity remains constant), we can obtain the “ideal” contribution

Table 3
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Fig. 6. Influence of catalyst re-use on the APR performance of FT product
water. Reaction conditions: 0.1 g Pt/C, 75 mL FT product water, 270 °C reaction
temperature, 2 hours reaction time.

of each compound multiplying this ratio by the moles of alcohols re-
acted during the FT test (i. e. Neony methanotF'T) to obtain the final value.
The same expression detailed for methanol was applied individually to
the other alcohols.

As it can be observed, the product distribution in the case of the FT
water APR is consistent with the summation of the results obtained in
the case of single-compound APR.

Thank to this outcome, we may assume that no major cross-inter-
ferences occur among alcohols. This result is in line with previous
outcomes reported with a mixture of polyols [38].

3.2.4. Catalyst stability

To assess the feasibility of the exploitation of the FT product water a
test in which the catalyst was reused at 270 °C was performed.

The tests were performed using 100 mg of catalyst to reduce the
conversion of the reactants and detect possible catalyst deactivation.
After the first use, the catalyst was recovered and dried in the oven
overnight at 105 °C. In Fig. 6 the conversion of the main compounds is
reported at each test, together with the hydrogen productivity. The plot
highlights that no deactivation occurred during the three tests. More-
over, a slight increase of the hydrogen productivity was reported due to
the increase of the selectivity. This result may be coherent with the
outcome reported by Lehnert et al., who showed that higher particle
size led to similar glycerol conversion but higher hydrogen selectivity
[39]. We may assume that during the current reaction conditions, our
catalyst suffers from slight sintering phenomena, as reported with
platinum-based catalysts used in previous works [40]. In our previous
works, we saw a quick deactivation of the catalyst with real feedstocks
[33,38]. It is noteworthy that the Fischer-Tropsch water fraction may
be an ideal feedstock for APR valorization. Indeed, it was reported that
the hydrolysate derived from a commercial bioethanol plant can

Linear combination of single model compound in comparison with FT water fraction results.

Test H, (mmoles) CO, (mmoles) CH,4 (mmoles) C,Hg (mmoles) CsHg (mmoles)
FT- 270°C 2h 29.0 10.4 4.1 0.9 0.5

Methanol 23.6 7.2 0 0 0

Ethanol 7.1 31 3.3 0 0

1-Propanol 0.9 0.4 0 0.4 0

1-Butanol 0.8 0.4 0 0 0.4

Total 32.4 11.1 3.3 0.4 0.4
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deactivate the catalyst because of the formation of solid deposits (hu-
mins) derived from homogeneous reactions of the sugars [38]. More-
over, the aqueous stream derived from lignin-rich hydrothermal li-
quefaction can lead to catalyst deactivation due to polymerization
reactions involving the phenolics present in the solution [33]. There-
fore, due to the absence of unstable compounds in the solution (like
sugars or phenolics), the FT water fraction may not constitute a chal-
lenging feed to be valorized via APR, from the point of view of the
catalyst stability. Further research with a continuous reactor is sug-
gested to better evaluate this phenomenon.

4. Conclusion

The water fraction produced by Fischer-Tropsch synthesis has been
investigated for its valorization via aqueous phase reforming. The in-
fluence of reaction temperature and time on the performance of the
process was investigated, using a reference platinum-based catalyst.
The increase of temperature affected both the activity and the se-
lectivity of the catalyst, increasing the hydrogen production. The COD
of the mixture was reduced up to 90% of the original one, working at
270°C and in 2hours. Representative model compounds have been
tested in similar conditions to understand the phenomena involved in
the APR of the real mixture. Methanol reached the complete conversion
after 4 hours, while higher alcohols converted at shorter reaction time.
Despite the complexity of the mixture, neither interference between the
molecules nor deactivation phenomena were observed in the aqueous
phase reforming. The difference in the product distribution for primary
and secondary alcohols reforming pointed out the importance of the
position of the hydroxyl group in the molecule and helped to propose a
general reaction mechanism for the studied substrates.
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