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ABSTRACT

Porous carbon fibers catalysts have been prepared by electrospinning of Alcell lignin, a
green carbon precursor, which could be obtained as by-product in wood-to-ethanol
biorefineries. The addition of H3POy4, a well-known chemical activation agent, to the
electrospinning lignin solutions, at different mass ratios and the use of different
carbonization temperatures, between 500 and 1600 °C, were analyzed in order to obtain
carbon fibers with a large variety of porosity and chemical surface properties.
Isopropanol decomposition was used as a catalytic test. Phosphorus-containing carbon
fibers showed acid character and high catalytic activity, achieving propylene selectivity
of 100 % under inert atmosphere. However, the use of air atmosphere increases the
isopropanol conversion but produces the formation of acetone, via oxidative
dehydrogenation, at low temperatures ( ~20%). Ethanol and methanol decomposition
were also evaluated in air stream for the most active phosphorus-containing carbon
catalyst, showing improved alcohol conversions with minimal gasification of the carbon
fibers. These results confirmed that phosphorus-containing carbon fibers prepared by
electrospinning of lignin solutions were excellent catalysts for alcohol dehydration

reactions.
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Notation

AgeT
ACF
Apr
BET
Ca
Co
DEE
Dett
DME
DR
Ea
EDX
EtOH

Foira

AHpa
AHprop
AHr
IPA

Kipa

Krropr
MeOH
PoetoH
Poipa

PomeoH

specific area (m™)

apparent surface area measured by N, adsorption at -196 °C (m? g*)
activated carbon fibers

narrow micropore surface area measured by CO, adsorption at 0 °C (m® g*)
Brunauer, Emmett and Teller

Carberry number

bulk concentration (mol m™)

diethyl ether

effective diffusion coefficient (m®s™)

dimethyl ether

Dubinin-Radushkevich

activation energy (kJ mol™)

energy dispersive X-Ray

ethanol

initial isopropanol molar flow (umol s™)

heat transfer coefficient (J s* m? K™)

enthalpy of adsorption of isopropanol (kJ mol™)
enthalpy of adsorption of propylene (kJ mol™)
reaction enthalpy (kJ mol™)

isopropanol

apparent isopropanol rate constant (umol atm™ g* s
preexponential factor (umol atm™ g™ s™)

mass transfer coefficient (m s™)

propylene formation rate constant (mol g™* s™)
isopropanol rate constant (s™)

isopropanol adsorption constant (atm™)

propylene adsorption constant (atm™)

methanol

ethanol partial pressure (atm)

isopropanol partial pressure (atm)

methanol partial pressure (atm)



PCFLs
PCFHs
PROP
Pprop
Py

Rf

lipA
I'max
Fobs

fPrROP
SEM

STP

TPD
W/FoetoH

W/Foipa
W/Fomeon

Greek symbols

phosphorus carbon fibers prepared with the lowest H3PO,4/lignin ratio
phosphorus carbon fibers prepared with the highest H3PO4/lignin ratio
propylene

propylene partial pressure (atm)

pyridine

carbon fibers radius (m)

isopropanol conversion rate (mol s* g™)

maximum mass transfer rate (mol m=.; s™)

observed reaction rate (mol m=; s™)

propylene formation rate (mol s g%)

scanning electron microscopy

standard temperature and pressure

bulk temperature (K)

temperature programed desorption

catalysts weight (g)

ethanol space time (g s umol™)

isopropanol space time (g s umol™)

methanol space time (g s umol™)

conversion

external relative maximum temperature difference
internal relative maximum temperature difference
Thiele modulus

Arrhenius number

effectiveness factor

thermal conductivity of the solid (J s* m? K™)



1. Introduction

Lignocellulosic biomass based biorefineries can be considered as one of the most
important future source for bioalcohols production, due to its great availability and
limited price [1,2]. Among them, ethanol highlights due to their well-known use as
biofuel. However, bioethanol production seems to exceed its consumption as fuel, and,
therefore, there is room for its use as a platform molecule for the production of
chemicals [3]. In this context, alcohols decomposition by dehydrogenation or
dehydration is an important process for the production of different compounds of high
interest for pharmaceutical and chemical industries [4].

Alcohol decomposition has been studied on a large variety of catalysts, as materials
based on noble metals [5], oxides of transition metals [6], zeolites [7,8],
silicoaluminophosphates [9], heteropolyacids [10], activated carbons [11,12] and
sulfated zirconia [13] among others. The porosity and, specially, the surface chemistry
(i.e. presence of base or acid functionalities) are the responsible for the activity and
selectivity of the catalyst.

These catalysts are mainly used in powder morphology. However, the use of low size
fibers as catalyst can avoid problems arising from the mass transfer, which is essential
when optimizing the reaction conditions. Typically, the diffusion problems are solved
using smaller particle size, which leads to larger pressure drops and low porosity of the
bed. In this sense, fibers as catalyst are easy to handle, may be packed or constructed in
the best form to fit the particular use, show very small resistance to diffusion and
produce lower pressure drop [14].

Carbon-based materials such as activated carbon fibers (ACFs) have gained
considerable interest due to their large specific surface areas, easily functionalization

and high chemical and thermal stability under severe conditions [15]. These properties



open their applicability for separation applications, energy storage and even as catalyst
support [16-18]. Specifically, ACFs have been used as support for different catalysts
[19,20], but only a few works are related to their use as catalysts by themselves.
Carbon fibers are typically derived from conventional fossil precursors (PAN and
pitches). However, the increase of their demand, their high production cost, and their
non-renewable origin make necessary the search for others low-cost, more sustainable
and abundant precursors. With this regard, lignin highlights as renewable precursor.
Large scale production of lignin is mainly associated to pulp and paper industry and
bioethanol production in wood-to-ethanol biorefineries as by-product. However, only
around 40% of the generated lignin is needed to cover the internal energy demand of a
biorefinery. Co-production of high-value biobased products in biorefineries would be a
promising option for optimized utilization of biomass. The use of lignin to obtain ACFs
could also reduce their cost and can be also an interesting alternative to extend the life
cycle of this industrial byproduct by the obtaining of high added-value materials [21—
23].

In previous works, we proposed the use of electrospinning for the preparation of carbon
fibers from lignin [24-27]. This simple and versatile technique allowed an accurate
control of the morphology and composition of the fibers. It even provided the
possibility of obtaining heteroatom-doped or metal loaded carbon fibers in a simple

stage, only by adding the corresponding compound to the lignin solution [24,28,29].

In this work, Alcell lignin was used for the preparation of carbon fibers by
electrospinning. The influence of HsPO,4 concentration in the solution to be electrospun
and the following carbonization temperature were studied in order to obtain different
carbon fibers catalyst with a variety of porosity and surface chemistry. These ACFs

were subsequently used as catalyst for alcohol decomposition reactions.



2. Materials and methods
2.1. Preparation of carbon fibers catalyst

Carbon fibers catalysts are prepared by electrospinning technique by using a coaxial
configuration, being Alcell lignin used as raw material for the preparation of the carbon
fibers. Phosphorus-containing lignin fibers are obtained by one-pot method using two
different H3POy/lignin ratios. The solution is prepared by mixing H3zPO4/lignin/ethanol
with a weight ratio of 0.1/1/1 and 0.3/1/1. All solutions are stirred overnight at 200 rpm
and 60 °C before electrospinning. In the case of the fibers prepared with the lowest
amount of H3PO,4 (0.1/1/1), a flow rate of 1 mL h™ is pumped through the inner needle
and 0.1 mL h* of ethanol (used as solvent) is pumped through the external one. For
phosphorus-containing lignin fibers with a H3PO4/lignin weight ratio of 0.3, a flow rate
of 3mL h™ and 0.3 mL h™ is needed through the internal and external needle,
respectively.

The applied electric potential difference is 14 kV (collector potential at -7 kV and the
tips at +7 kV) for phosphorus-containing lignin fibers with the lowest HzPO,4/lignin
ratio and 22 kV (collector at -11 kV and tip at +11 kV), for the production of
phosphorus containing lignin fibers with the highest H3PO4/lignin ratio. The tip-to-
collector distance is 25 cm in both cases.

Phosphorus-containing lignin fibers are stabilized under air atmosphere using a flow
rate of 50 cm*(STP) min™. The stabilization is carried out from room temperature to 200
°C, at a heating rate of 0.8 °C min™ and the final temperature is kept for 1 h. As
previously reported, the incorporation of H3PQO, to the initial lignin/ethanol solutions
allows a faster fiber stabilization [29].

Stabilized fibers are carbonized in a tubular furnace at 500 °C and 900 °C under a

continuous flow of N, (150 cm*(STP) min™) with a heating rate of 10 °C min™. After



that, carbonized fibers are washed with distilled water at 60 °C. The carbon fibers
prepared at 900 °C are also thermally treated at 1200 and 1600 °C. The nomenclature
used in this work is the acronym PCF for the phosphorus-containing carbon fibers,
followed by L for the lowest H3PO4/lignin mass ratio (0.1/1/1) used and H for the
highest one (0.3), respectively. The final preparation temperatures are also included at
the end of the name. For example, the sample PCFH1200 refers to a phosphorus-
containing carbon fiber with an H3PO4/lignin ratio of 0.3, obtained at 900 °C and

followed by a thermal treatment at 1200 °C.

2.2. Characterization of carbon fibers catalyst

The surface area and porosity of the carbon fibers are characterized by N, adsorption-
desorption at -196 °C, and by CO, adsorption at 0 °C performed in a Micromeritics
ASAP 2020 apparatus. Samples are outgassed at 150 °C temperature for at least 8 h.
From the N, isotherm, the apparent surface area (Ager) is determined by applying the
Brunauer Emmet and Teller equation [30]. From the CO, adsorption data, the narrow
micropore surface area (Apr) is calculated using the Dubinin-Radushkevich equation
[31].

The size, shape and texture of the carbon fibers are analyzed by scanning electron
microscopy (SEM) in a JSM 6490LV JEOL instrument. The surface chemistry of the
sample is analyzed by X-ray photoelectron spectroscopy (5700C model Physical
Electronics) with Mg ka radiation (1253.6 eV). Temperature-programmed desorption
(TPD) is usually used to characterize the oxygen functional groups present in the carbon
surface, which are formed during carbonization/activation processes. TPD analyses are
obtained in a customized quartz fixed-bed reactor placed inside an electrical furnace and

coupled to a mass spectrometer (Pfeiffer Omnistar GSD-301) and to non-dispersive



infrared (NDIR) gas analyzers (Siemens ULTRAMAT 22) in order to quantify CO and
COy, (calibration error < 1%). In these experiments, c.a. 50 mg of the carbon fibers are
heated from room temperature to 930 °C at a heating rate of 10 °C min™ in nitrogen
(purity 99.999%) flow (200 cm3(STP) min™).

The total acidity of the catalyst prepared with H3POy is determined by chemisorbed
pyridine at 120 °C in a Cl Electronics MK2 balance. The analysis is performed using
about 15 mg of catalyst. The inlet partial pressure of pyridine was 0.02 atm. After
saturation of the carbon fibers catalyst, desorption of physisorbed pyridine is carried out
at the adsorption temperature in nitrogen flow.

The thermal stability of the catalysts in an oxidative atmosphere was studied by non-
isothermal thermogravimetric analyses in a Cl Electronics MK2 balance under air flow

(150 cm® min™) from room temperature to 900 °C at a heating rate of 10 °C min™.
2.3. Alcohol decomposition experiments

The catalytic activity of the carbon fibers is studied by decomposition of different
alcohols in the gas phase at atmospheric pressure in a fixed bed microreactor (i.d.

4 mm) placed inside a vertical furnace with temperature control, under different
operating conditions. In a typical experiment 60 mg of catalyst are used. Alcohol is fed
to the system in a controlled way by using a syringe pump (Cole-Parmer® 74900-00-05
model). Alcohol decomposition reaction is carried out in inert or oxidizing atmosphere
in the temperature range of 200-700 °C (depending on the carbon fibers to obtain a
conversion of 100 %). To avoid condensation of any compound, all the lines are heated
up to 120 °C. Alcohol partial pressures from 0.01 to 0.08 atm (in N or air) and space
times between 0.02 and 0.1 g s umol™ are used for the different alcohol decomposition

experiments.



The reactants and products concentrations in the outlet gas stream are analyzed by gas
chromatography (490 micro-GC equipped with PPQ, MolSieve 5A and Wax columns,
Agilent). The conversion is defined as the molar ratio of alcohol converted to alcohol
fed to the reactor. The selectivity is defined as the molar concentration of a given
product to that of the total products formed. The carbon balance is reached, in all the

experiments, with an error lower than 5%.

3. Results and Discussion

3.1. Characterization of carbon fibers catalysts

Figure 1 shows SEM micrographs of the different phosphorus-containing carbon fibers
catalysts. The mats obtained with this technique consisted of randomly oriented carbon
microfibers, with fiber diameters ranging from 0.5 to 4 um. The average diameter and
size distribution of the fibers become wider as the phosphoric acid concentration in the
lignin solution increases as a consequence of the higher electrical potential applied in
this case. The morphology of the fibers is not modified after the carbonization step,
confirming the successful thermostabilization of the lignin fibers. Meanwhile, the
average size of the carbonized fibers decreases due mainly to the dehydration,
condensation and dehydrogenation reactions that take part in the carbonization of lignin,
associated to an important mass loss [32]. The smaller diameters are achieved at the
highest preparation temperature related with a higher aromatization and
dehydrogenation of carbon fibers structure. Finally, the Energy Dispersive X-Ray
(EDX) mapping analysis of PCFH900 evidence a uniform distribution of carbon,

oxygen and phosphorus in carbonized fibers, Figure 1i.
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Figure 1. SEM micrographs of phosphorus-containing carbon fibers catalysts prepared
at different temperatures. a-d) PCFLs, e-h) PCFHs, i) element distribution by EDX

analysis of PCFH900.

Figure 2 collects the apparent surface area (Ager) derived from the N, adsorption-
desorption isotherms at -196 °C (a) as well as the narrow micropore surface area (Apr)
obtained from the CO, adsorption isotherms at 0 °C (b) as a function of the preparation
temperature for all the carbon fibers. The carbonization of the lignin fibers produces the
development of microporosity, as depicted by the high values of apparent surface area

(values ranging from 400 to 1100 m? g*) observed for all the samples. In addition, the
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Aget/Apr ratios are close to one, suggesting the presence of narrow microporosity
(average pore size of 0.5-0.7 nm) [33]. The values of external surface area, which are
related to the presence of mesoporosity, are very low (< 15 m? g™) for all the samples,
also evidencing the predominance of microporosity in these carbon fibers.

As can be seen in Figure 2, the maximum values of surface area for all the phosphorus-
containing carbon fibers are produced when the samples are carbonized at 900 °C. From
this temperature, and due to the porosity shrinkage, a decrease of around 30% of Aggr IS
observed after the thermal treatment at 1600 °C, independently of the amount of
phosphoric acid incorporated in the preparation of the fibers. It is important to highlight
that in spite of the high preparation temperature used, the carbon fibers present a high
development of the porosity even at 1600 °C, with apparent surface area values of
approximately 650 and 830 m? g™, for PCFL1600 and PCFH1600 samples,
respectively. The surface area values herein reported are between the largest reported in
the literature for carbon fibers derived from lignin [24,34], and they were obtained
without implementing further activation steps on the carbonized fibers.

Furthermore, the higher the H3PO4/lignin ratio is, the higher the apparent surface area is
produced, with values ranging from 750 to 1150 m? g™ for the highest amount of HsPO,
used, as a consequence of the well-known activating effect of the phosphoric acid. In
this sense, the increase in the relative amount of phosphoric acid generates a higher

development of porosity [35].
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Figure 2. Surface area values derived from N, adsorption-desorption isotherms at -196
°C (a) and from CO, adsorption isotherms at 0 °C (b) of phosphorus-containing carbon

fibers as a function of the preparation temperature.

Figure 3 shows the chemical surface composition of the phosphorus-containing carbon

fibers analyzed by XPS. Carbon content increases with the preparation temperature,

meanwhile the oxygen concentration decreases, for both impregnation ratios. In general,
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carbon content values increase with the impregnation ratio for all the evaluated

temperatures.
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Figure 3. Chemical surface composition derived from XPS quantitative analyses of the
different phosphorus-containing carbon fibers as a function of the preparation

temperature.

The samples also show some phosphorus content, derived from the preparation method,
but this phosphorus remains stably bonded to the carbon surface even after the washing
step [35,36]. The values of phosphorus contents are lower than 3% wt. for all the carbon
fibers, presenting a maximum value at 1200 °C for both H3PO,/lignin ratios, what
evidences the high stability of these phosphorus complexes on the carbon surface. From
this temperature, these values decrease to contents lower than 0.6% due to the reduction
of the phosphorus groups by the carbon and the subsequent volatilization of elemental
P.

TPD is used to characterize the oxygen functional groups formed, in the carbon surface,
during carbonization/activation processes. Table 1 presents the CO and CO; evolved

14



amounts during TPD experiments for all the carbon fibers catalysts. According to
literature, carbon-oxygen groups of acidic character, such as carboxylic and lactonic,
evolve as CO, upon thermal decomposition, whereas non-acidic, such as carbonyl,
ether, quinone and phenol, evolve as CO. Anhydride surface groups evolve as both CO
and CO, [37]. In this sense, carbon-oxygen groups of acidic character could be very
interesting for alcohol dehydration reactions [38], but the amount of these groups is
much lower than that of CO-evolving groups in all the samples. For both H3PO,/lignin
mass ratios, CO,/CO ratios of ca. 0.2 are observed at preparation temperatures of 500
and 1200 °C, while a value slightly lower than 0.1 being reached at 900 °C. Moreover,
the amount of CO released during the TPD of the samples carbonized at 500 and 900 °C
are in line with those observed for activated carbons obtained by H3PO, activation of
lignocellulosic wastes [35,39,40], and also larger than those recorded for lignin-based
electrospun carbon fibers [27]. We have previously reported that the CO evolution
observed in H3PO4-activated carbons at temperatures on the 700 to 900 °C range are the
result of the thermal decomposition of the C-O-P bonds from phosphorus surface
groups [41], which are also probably formed in the surface of PCFL and PCFH samples.
Furthermore, the amount of oxygen surface groups evolving both as CO and CO,
decreases with the preparation temperature, and this reduction is specially accused from
1200 °C. This agrees with the XPS results, where a large decline in the amount of
oxygen and phosphorus groups as the preparation temperature increases is observed,

Figure 3.

The acidity of the carbon fibers is evaluated by pyridine chemisorption, whose
chemisorbed amounts are also collected in Table 1. Pyridine was selected because it is
able to characterize both Lewis and Bronsted acidic sites, although the preparation of

carbon materials by chemical activation of H3POy, is going to provide preferentially
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Bronsted acidic sites [42]. In this sense, the amounts reported in this table are in the
same range than the values reported for powder activated carbons obtained by chemical
activation with phosphoric acid at ten times higher impregnation ratios, what seems to
indicate the relevant acidity of the carbon fibers [43]. In addition, the amount of
chemisorbed pyridine keeps a clear relationship with the phosphorus content of the
carbon fibers determined by XPS analyses, showing a maximum for the carbon fibers
prepared at 1200 °C. In line with this, the amount of pyridine chemisorbed pyridine per
P content (calculated as mol of pyridine chemisorbed per mol of phosphorus content
determined by XPS) is much higher in these carbon fibers (1.83 mol Py mol™ P for
PCFH1200) than in other acid activated carbon catalysts with higher P content (0.48
mol Py mol™ P) [44], suggesting the larger availability of acid functional groups on

activated carbon microfibers owing to their improved mass transfer rate [14].

Table 1. CO and CO; evolved amounts from TPD experiments and pyridine

chemisorbed values.

TPD Pyridine
Carbon (mmol g'l) chemisorbed
catalyst -1
CO CO, (mmol g )
PCFL500 2.74 0.58 1.22
PCFL900 2.43 0.23 1.59
PCFL1200 1.43 0.31 1.69
PCFL1600 0.21 0.08 0.86
PCFH500 2.33 0.53 1.48
PCFH900 4.40 0.40 1.49
PCFH1200 1.10 0.23 1.81
PCFH1600 0.24 0.08 0.96

Carbon materials with high oxidation resistance are necessary for allowing their use as

catalysts and/or catalyst supports in several reactions under oxidizing conditions
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[45,46]. In particular, the presence of O, in the reaction atmosphere is generally
required to enhance the catalytic conversions, to avoid the possible deactivation and to
reach steady-state conditions [44,47]. With this regard, the loss weight profiles under air
atmosphere of the different phosphorus-containing carbon fibers are shown in Figure 4.
As can be seen, phosphorus-containing carbon fibers catalysts present relatively high
oxidation resistance, starting to oxidize at temperatures higher than 450 °C. In previous
works, the oxidation resistance of activated carbons prepared by chemical activation
with phosphoric acid but at lower preparation temperatures was analyzed and their good
performance under oxidizing conditions was related to the presence of the phosphorus
groups on the carbon surface, which could act as a physical barrier and/or block the
active carbon sites for the oxidation reaction [46,47]. Specifically, oxidation of the most
reduced phosphorus groups, C-P, to most oxygenated phosphorus groups, mainly as C-
O-POj3 was suggested to be taken place, avoiding the carbon oxidation and thus
retarding the gasification of the carbon matrix.

The increase in the preparation temperature (carbonized fibers treated at 1200 and

1600 °C) produces carbon fibers with very high oxidation resistance, starting to gasify at
temperatures higher than 600 °C, in spite of the high apparent surface area of these
catalysts. These results can be associated to the further increase of the structural

ordering of the carbon fibers, and to the loss of superficial defects [48].
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Figure 4. Non isothermal loss weight profiles of the different phosphorus containing

carbon catalysts: a) PCFL and b) PCFH carbon series, respectively.
3.2. Isopropanol decomposition
3.2.1. Mass and heat transfer limitations calculation

The possible occurrence of external and internal mass and heat transfer limitations for
the carbon fibers catalysts was elucidated using the corresponding dimensionless
numbers [49]. For the external mass-transfer limitations, the Carberry number (Ca) was

calculated by using equation (1).

Tobs Tobs
Ca= = (D
Tmax Kg-a' - Cp

18



where robs is the reaction rate (mol m>.. s) and rmax is the maximum mass transfer rate

(mol m> s™), which can be calculated by equation (2):
Tmax= kg -a’- Cb (2)

here, ky represents the mass transfer coefficient (m s1), a’ is the specific area and it is
related to the ratio between particle surface area and particle volume (m? m™) and C is

the bulk concentration (mol m™®).

For the internal mass-transfer limitations, Thiele modulus (¢#) and effectiveness factor

(n) were analyzed. Equation (3) was used for the calculation of the Thiele modulus:

ky

¢ =Ry (3)

where Ry refers to the carbon fiber radius (m), ky is the isopropanol rate constant (s™)
assuming first order kinetics and Dett (m? 5%) is the effective diffusion coefficient.

The effectiveness factor was determined as a function of Thiele modulus by equation

(4):

_ tanh¢

n (4)

n

Moulinjn et at. proposed a criterion to evaluate the internal and extrernal heat transfer
limitations in the catalysts. In order to avoid external heat transfer limitations, equation
(5) has to be fulfilled:

Bo-v-Ca<0.05 (5)

- ATpax _ kg Cp - (-AH)

fe=—7 o ©

Yy=E/R-Tpy (7)

being B, the external relative maximum temperature difference, AH, the reaction
enthalpy (J mol™), h the heat transfer coefficient in the gas phase (J s*m? K™%, T, the
bulk temperature (K), E. the activation energy of the reaction (J mol™) and y the
Arrhenius number. For the calculation of internal heat transfer limitations, the following
equation was used:

19



Bi-v-(n-¢?) <0.05 (8)

E _ ATmax _ Deff ' Cs ’ (_AHr)
P = =

9
Ty Aerrp - To
Where f; is the internal relative maximum temperature difference and Zegp is the

thermal conductivity of the solid (J s* m? K™).

The dimensionless numbers obtained after the calculation of mass and heat transfer
limitations are summarized in Table 2. Ca values lower than 10 were obtained for all
range of diameters and bed porosity values, evidencing the absence of external mass
transfer limitations (valid for Ca<0.05). Effectiveness factor higher than 0.998 and
Thiele Modulus lower than 0.072 were obtained for all the carbon fibers diameters and
bed porosities ranges used, suggesting the absence of internal mass transfer limitations.
In all the experimental conditions evaluated, values of 8, -y -Ca and B; -y - (n - $?)
were lower than 107, indicating the absence of external or internal heat transfer

limitations.

Table 2. Dimensionless number for internal and external mass and heat transfer

limitation for isopropanol decomposition under inert and oxidizing atmosphere.

Mass transfer Heat transfer
Carbon fibers External External External External
catalysts limitations limitations limitations limitations
Ca ¢ M Be v Ca |Bi'v (n ¢*)

N, atmosphere

PCFL500 3.010” 0.0301  0.9997 5.9 107 9.810°
PCFL900 1.1107 0.0204  0.9999 2.310°% 4810
PCFL1200 48107 0.0421  0.9994 1.310° 27107
PCFL1600 2.710° 0.0012  1.0000 45107 1.310™%
PCFH500 3.0107 0.0240  0.9998 6.6 10° 7.010°
PCFH900 1.910” 0.0129  0.9999 4.410° 2.110®
PCFH1200 1.910” 0.0535  0.9990 6.110% 49107
PCFH1600 1.910” 0.0102  1.0000 3.010°% 8.910°
Air atmosphere

PCFH500 1.6 10° 0.0411  0.9994 6.8 10° 22107
PCFH900 1.010° 0.0648  0.9986 4610° 57107
PCFH1200 1.0 10° 0.0735  0.9982 5.010° 8.1107
PCFH1600 1.010°® 0.0386  0.9995| 4.610° 2.0107

20



3.2.2. Performance of the catalysts

The pseudo-steady state conversions under inert atmosphere of isopropanol (IPA) and
selectivity to propylene/diisopropyl ether as a function of the reaction temperature for
the different phosphorus-containing carbon fibers catalysts are shown in Figure 5. For
the sake of comparison, the conversions and selectivity of a commercial y-Al,O3 and
their corresponding values for the homogeneous reaction were also included.

As expected, a rise of the reaction temperature produces an increase of the isopropanol
conversion for all the catalysts. The activity of these carbon fibers follows the sequence
of preparation temperatures 1200 > 900 > 500 > 1600 °C, respectively, which is directly
related to the amount of P on the fiber surface (determined by XPS analyses), and also
to the acidity values evaluated by pyridine chemisorption. By this way, the sample
prepared at 1200 °C, with higher P content and acidity, is the most active.

Samples prepared with the highest impregnation ratio (PCFH) show slightly larger
conversions at the same reaction temperature, under inert atmosphere. Furthermore, the
comparison of the phosphorus containing carbon catalysts prepared at 1200 °C with the
commercial acid catalyst y-Al,O3 evidences the high activity of both catalysts, with only
a difference of 20 °C for obtaining the same conversion.

Furthermore, in the case of the phosphorus containing carbon fibers prepared at 500,
900 and 1200 °C, isopropanol decomposition reaction yields only propylene for the
entire range of reaction temperatures, excepting at the lowest conversions (X<15%,
obtained at temperatures lower than 225 °C), where the reaction also produces
diisopropyl ether as co-product with yields lower than 3%. This is a consequence of the
high acidity of these activated carbon fibers. In this line, other lignocellulosic residues
were already activated with phosphoric acid and showed high activity for the alcohol

dehydration reaction [42,50]. This high activity was associated to the presence of both

21



P—OH and C-O-P groups, derived from phosphates and polyphosphates esters formed
during the activation step, which can act as Bronsted acid sites with relatively strong
strength and moderate/low acidity, respectively [42,47,50].

The complete isopropanol conversion for carbon fiber catalysts prepared at 1600 °C
requires a further increase in the reaction temperature. In spite of the removal of almost
all oxygen surface groups and the low P content of these fibers on the carbon surface
(see Figure 3 and Table 1), the selectivity to propylene is still high (selectivity values
over 90% up to 600 °C), indicating the presence of some acidic character, probably
related to the remaining P groups. Selectivity to diisopropyl ether increases at higher
temperatures due to the contribution of the thermal decomposition of isopropanol in gas

phase.
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The influence of the presence of air in the isopropanol decomposition is also analyzed
for the PCFH catalysts series in Figure 6. In general, the phosphorus-containing carbon
fibers catalysts increase their activity in the presence of oxygen, especially at the lowest
reaction temperatures (150-225 °C). In addition, a change in the products distribution
for all the carbon catalysts is observed, especially, at these low temperatures. As can be
seen in Figure 6b, these catalysts still produce propylene, with selectivity values over
60% in all the cases, but also significant amounts of acetone, related to the oxidative
dehydrogenation of isopropanol. The contribution of this reaction decreases with

increasing the temperature.
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The most relevant change in the presence of oxygen is related to the great shift to lower
reaction temperatures of the conversion profile for the catalyst PCFH1600, Figure 6a. In
this sense, an increase of the P content from 0.3 to 0.6% has been determined by XPS
analyses on PCFH1600 after the reaction. These results suggest that only the most
external phosphorus groups are reduced to P° and volatilized during the thermal
treatment at 1600 °C, while inner phosphorus groups that cannot be detected by XPS
remains stably linked to the carbon surface. The treatment with oxygen seems to favor

the migration of these phosphorus complexes to the external surface.
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Figure 6. Steady state conversion of isopropanol for PCFHSs carbon fibers (a) and

selectivity to propylene (filled symbols) and acetone (hollow symbols) (b) as a function
of the reaction temperature, under air atmosphere. Pojpa= 0.0185 atm; W/Fgpa= 0.04 g s

pmol ™.
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3.2.3. Kinetic study
Apparent kinetic parameters were estimated from the conversion vs temperature profiles
assuming first-order kinetic for isopropanol decomposition in a preliminary

approximation:

l( ! )—kP il 10
n 1-x)~ 0IPA Forpa (10)

In this equation, k is the apparent rate constant (umol atm™ g™ s™), W is the catalyst
weight (g), Foipa is the isopropanol molar flow rate (umol s, Poipa is the isopropanol
partial pressure (atm) and X is the conversion. The values of the apparent Kinetic
parameters (ko is the preexponential factor and Ej is the activation energy) for all the
carbon fibers catalysts are summarized in Table 3. Values of activation energy from 63
to 111 kJ mol™ are obtained for the different catalysts. These values are in the same
range than those previously obtained for carbon based acid catalysts prepared from
biomass by phosphoric acid activation for the dehydration of isopropanol [42,50]. The
catalyst with the lowest activation energy is that obtained at 1200 °C. Besides, the
activation energy decreases with the increase of the impregnation ratio for all the
preparation temperatures, suggesting an increase of the strength of the acid sites of the
PCFH series [51]. The presence of air in the inlet stream generates an additional
decrease of the activation energy, possibly related to the coupling of the oxidative

dehydrogenation reaction, which has a lower activation energy [52].
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Table 3. Apparent kinetic parameters for isopropanol decomposition over the different

carbon catalyst series under inert (PCFL and PCFH) and air atmosphere (PCFH).

Preparation PCFL PCFH PCFH-air
temperature E. Ln(ko) Ea Ln(ko) Ea Ln(ko)
°oC kJ mol™ kJ mol™ kJ mol™

500 79 22.1 70 21.5 66 20.8
900 80 235 73 21.8 65 21.0
1200 78 29.4 77 31.0 63 214
1600 111 20.2 94 19.5 70 19.8

A more detailed kinetic study was carried out for the most active catalyst, PCFH1200
under inert (N2) atmosphere. With this goal, evolution of isopropanol conversion with
space time at different temperatures (for a constant isopropanol inlet partial pressure of
Poipa= 0.0185 atm) and with inlet partial pressure of isopropanol at different
temperatures (for a constant space time of W/Fgipa= 0.04 g s pmol™) can be analyzed in
Figure 7. The used kinetic model was that already proposed by Bedia et al. for powder
catalysts prepared from hemp residues by chemical activation with phosphoric acid
[42]. The prediction of the kinetic parameters was carried out assuming an integral

reactor behavior, where the reaction rate could be represented as follow:

—dXII,:;A =—Tppa  (11)

d (FOIPA)
The kinetic rate equation is based on a Langmuir-Hinshellwood expression, assuming
that the surface reaction takes place by a concerted E2 elimination mechanism. This E2
mechanism takes into account that the leaving group, OH, and the 3 proton depart in a
unique step. E1 mechanism, where the adsorbed carbocation is formed, and
subsequently a 3 hydrogen departs, obtaining the corresponding propylene into two

steps, was also analyzed, but significantly higher residual errors were obtained. In

addition, the kinetic model was also simplified by neglecting the intermolecular
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dehydration to the ether, due to the total conversion to diisopropyl ether is, in all cases,
lower than 5% for this catalyst. With these considerations, the global reaction rate can
be written as follows, for the E2 reaction type:

kprop - Kipa.Pipa
1+ K;pa.Pipa+ Kpropr.Pprop

—Tipa = TprorP = (12)

The activation energy of the formation of adsorbed propylene (kerop, rate determining
step) and the corresponding adsorption enthalpy of propylene were fixed at the same
values reported by Bedia et al. [42]. The optimization of the rest of kinetic parameters
was carried out by minimizing the error function between the experimental and

simulated steady-state conversions and the obtained values are summarized in Table 4.

Table 4. Optimized kinetic parameters for isopropanol decomposition with PCFH1200.

Koipa AHpp k0 Ea Kopropr AHprop
L mol™ kimol*  molg’s! kJmol* L mol™ kJ mol™*
0.335 -33.2 5.4-10° 98.5 1.561 -33.4

As can be seen in Figure 7, the conversion increases with isopropanol partial pressure,
being this effect more accused at higher temperatures. Isopropanol conversions also
increases with space time over the evaluated temperature range. In this sense, the kinetic
model previously reported by Bedia et al. is able to reproduce fairly well the
experimental results, using the same activation energy and adsorption enthalpy
values.With regard to the preexponential factor of the kinetic constant, a decrease of the
value can be observed with respect to those obtained by Bedia et al., probably related to
the lower presence of active sites per unit of surface area or unit of mass of carbon

fibers catalyst [50].
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Figure 7. a) Evolution of isopropanol conversion with space time at different
temperatures and constant isopropanol inlet partial pressure (Poipa = 0.0185 atm); b)
evolution of isopropanol conversion with inlet partial pressure of isopropanol at

different temperatures and constant space time (W/Fgipa = 0.04 g s umol ™).
3.3. Ethanol and methanol decomposition

Ethanol and methanol decomposition reactions are also studied for the catalyst with the
highest activity for isopropanol decomposition, PCFH1200. Figure 8 shows the

conversion of ethanol (a) and methanol (b) as well as the selectivity to different
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products as a function of the reaction temperature for this phosphorus-containing carbon
catalyst under air atmosphere. As can be seen in Figure 8a the conversion of ethanol
increases with the rising of the reaction temperature, showing ethanol conversion of
100% at 400 °C. In the entire range of reaction temperatures evaluated, selectivity to
ethylene remains higher than 80%, showing values higher than 90% for temperatures
lower than 350 °C. From this temperature, selectivity to diethyl ether begins to increase.
These conversion values were comparable or even slightly higher than those recently
reported in the literature for different catalysts, such as alumina and Al/SBA-15 [53,54].
Even though a few works report higher conversion or slightly higher selectivity at lower
reaction temperatures, they use noble metals[55], transition metals [56,57] as active
phase, or they implied strong chemical treatments of zeolites [58]. When the conversion
and selectivity of PCFH1200 is compared to other carbon-based catalysts, such as
carbon-based catalyst from pyrolysis of waste tire [59] or heteropolyacids supported on
activated carbons, this sample outperforms them. In contrast, the catalytic activity is
slightly lower than the one determined for the activated carbon obtained from olive
stone by chemical activation with phosphoric acid [44]. This last activated carbon
presented twice the P content of PCFH1200, meaning that it probably has a larger
amount of active sites, along with a wider microporosity (Aget/Apr ~ 2.4) and much
larger external surface area (450 m? g*), which may facilitate the access to the active

sites.
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The production of DME, a promising alternative to Liquefied Petroleum Gas (LPG), by

methanol dehydration is another potential application for acid catalysts. Thus,

PCFH1200 was used as catalyst for the methanol dehydration in air atmosphere.

Methanol conversion and selectivity values as function of the reaction

temperature are collected in Figure 8b. In this case, methanol conversions
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approximately of 60% are obtained at 400 °C. The main reaction products are
dimethyl-ether (DME) and CO/CO,. The formation of the latter compound
increases with the reaction temperature, but selectivity to DME higher than 90%
is observed for all the reaction temperatures analyzed. At temperatures higher
than 400 °C and high time of stream (TOS) the gasification of the carbon fibers
starts to be significant, what avoids their use as catalyst at those conditions. The
values herein observed are very similar to those reported by Valero-Romero et
al. with powder activated carbon obtained by chemical activation of olive stone
with phosphoric acid [47]. It must be highlighted that the selectivity of this
catalyst towards DME is higher than those reported for H-ZSM-5 zeolites,
alumina and other inorganic catalysts [60,61], although PCFH1200 is not able to
reach the methanol conversions shown by them. In addition, the use of these
carbon fibers presents the advantage of being obtained from a low-cost and
renewable industrial byproduct (lignin) for the production of high added-value

materials (fibrous catalysts).

Another relevant feature for carbon catalysts operating under strongly oxidizing
atmospheres is their long-time stability. Figure 9 displays the ethanol and methanol
conversions and selectivity of PCFH1200 catalyst at 325 °C for long times of stream
(TOS). The results clearly indicate that the conversion and selectivity for both ethanol
and methanol dehydration are relatively high and steady at the selected operating
conditions for the studied period of 12 h, with only a slight reduction of the ethylene
formation with TOS (Figure 9a). These stability results can be associated to the
spillover of oxygen by P-surface groups, what prevents these active surface sites from

deactivation by carbonaceous deposits [47].
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Bio-ethanol and bio-methanol streams are usually rich in water content, whose

elimination is very costly. In this sense, the effect of the presence of water vapor on

both ethanol and methanol conversion and selectivity is studied in order to evaluate the

possibility of using these catalysts for the conversion of bio-alcohols. Figure 10 shows

the ethanol and methanol steady state conversions for different inlet partial pressures of

water at 350 °C in air. In both cases, the alcohol conversions are only slightly decreased
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in the presence of water; however, ethanol activity is more affected by the increase of
the inlet partial pressures of water, showing a 30% decrease in conversion, which can be
explained by the competitive adsorption between water and alcohol, being higher in the

case of ethanol. In both cases, the selectivity towards dehydration remains unaffected.
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Figure 10. Ethanol and methanol conversions as a function of different partial pressures
of water for PCFH1200 carbon catalysts. Poeton = Pomeon = 0.02 atm, W/Fogion =

W/Fomeor = 0.1 g s umol ™ at 350 °C.

4. Conclusions

Carbon fibers catalysts were prepared by electrospinning of Alcell lignin solutions. The
use of H3PQ, in the initial lignin solution along with the variation of the carbonization
temperature allowed the preparation of different carbon catalysts with a wide range of
porosity and surface chemistry properties. Phosphorus-containing carbon fibers
catalysts prepared with H3PO, showed acid character. Thermal treatments at 1200 and
1600 °C increased the oxidation resistance and provided some acidic character. These
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acid carbon fibers catalysts showed high activity for the selective isopropanol
conversion to propylene. The best performing carbon catalyst, PCFH1200, was only
slightly less active for isopropanol decomposition under inert atmosphere than
commercial y-Al,O3 acid catalyst, with the advantages of being prepared in fibrillar
morphology and from a low-cost and renewable industrial byproduct. The high
oxidation resistance of the P-containing carbon fibers allowed using air in the reactor
inlet stream, delivering higher reaction rates and increasing the acetone production via
oxidative dehydrogenation and the propylene formation by dehydration.

Ethanol and methanol decomposition were also evaluated in air stream for the most
active phosphorus-carbon catalyst, showing high conversion and selectivity to the
dehydration product. These results suggest that phosphorus-containing carbon fibers
prepared by electrospinning of lignin solutions seem to be excellent catalysts for alcohol

decomposition reactions.
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