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The catalytic conversion of 2-butanol on a carbon-based acid catalyst prepared by
chemical activation of olive stone with phosphoric acid was investigated. The carbon
catalyst showed a considerable amount of surface phosphorus, presumably in form of
phosphate groups, as revealed by XPS, despite a washing step carried out after the
activation process. Conversion of 2-butanol yields mainly dehydration products, mostly
cis-2-butene and trans-2-butene with lower amounts of I-butene, and a very small
amount of mek as dehydrogenation product. Kinetic interpretation of the experimental
data was performed using two elimination mechanisms for the dehydration reaction,
an El-mechanism (two-step mechanism) and an E2-mechanism (one-step mechanism).
The rate expressions derived from both models fit properly the experimental results,
suggesting that probably the two mechanisms occur simultaneously. This is supported
by the similar rate constant obtained for the formation of the carbocation and the ole-
fins in the EI and E2 mechanisms, respectively. © 2009 American Institute of Chemical
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Introduction

Biomass contains almost negligible amount of nitrogen,
sulfur and metals and, thus, represents an interesting alterna-
tive raw material for the oil production from an environmen-
tal point of view. Flash pyrolysis of biomass produces liquid
oil (bio-oil) of great interest as fuel, constituted mostly by
oxygenated compounds.'”? However, transformation of bio-
oil is necessary to reach a quality similar to that of the con-
ventional fuel. Studies have been conducted to improve the
quality of bio-oil as fuel through catalytic processes with
inorganic acid solids.**> Gayubo et al.* studied the catalytic
transformation of several model components of biomass py-
rolysis oil, such us phenols and alcohols (1 and 2-propanol,
1 and 2-butanol...), over HZSM-5 zeolite obtaining mainly
light olefins and aromatics.
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Different inorganic catalyst have been used in alcohol
decomposition reaction, such us, noble metal-based materi-
als,ﬁ’7 transition metal oxides,g’9 zeolites,m’11 ion-exchange
resins'>"® and amorphous phosphates'* among others. Intra-
molecular dehydration over acid catalysts, can either proceed
as a two-step mechanism (E1) or as a one-step concerted
mechanism (E2). There exists a third possibility, a two-step
process over basic catalysts (the Elcb mechanism). In this
case, the intermediate is a negative charged specie, carban-
ion. The three mechanisms are very similar each other, with
the only difference in the order in which the cleavage of the
C-O bond and deprotonation takes place.'> The alcohol
decomposition reaction mechanism is a function of the type
of catalyst, the acidity of the catalyst and the stability of the
carbocation formed.'*!'%!7

The use of activated carbons in catalysis has grown con-
tinuously in the last decade due to their properties as support
and/or because they can play a role as catalysts per se.'®!920
Carbon materials can be used as catalysts for acid/base reac-
tions because of the presence of surface oxygen groups of
acidic and/or basic character.’’**?* To increase the surface
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acidity of carbon catalysts for alcohol decomposition reac-
tions, the carbons were usually oxidized in a supplementary
step with different chemical compounds in order to introduce
oxygen surface complexes of acidic character.>**>?® This
increase in the surface acidity is associated with the forma-
tion of carboxylic and lactonic groups, which show a low to
moderate thermal stability.”” Chemical activation with phos-
phoric acid results in carbons with high surface acidity as a
consequence of the oxygen-phosphorus groups formed on
the carbon surface during the activation process.zg’w’30 Fur-
thermore, these acid groups have shown a high stability in
the presence of water vapor (up to 10%vol.) for the catalytic
dehydration of 2-propanol3  which is very important for the
valorization of oxygenates from biomass usually with high-
water content. The acid groups of the carbons obtained by
this single and direct way show a high-thermal stability
decomposing at temperatures higher than 700 °C. 282930 Cyr-
bons also show a high-structural hydrothermal stability. This
constitutes an important advantage with respect to inorganic
catalysts, like zeolites, which suffer an irreversible deactiva-
tion due to the deterioration of their crystalline structure in
the presence of water at moderate to high—temperatures.31

In this work, we examine the decomposition (dehydration
and dehydrogenation) of 2-butanol (as model compound of
bio-oil) in order to obtain light olefins by using an acid acti-
vated carbon catalyst obtained by chemical activation of
olive stone waste with H;PO,. A kinetic study of the 2-buta-
nol decomposition on the acid carbon is also presented in
which two mechanisms (E1 and E2) for dehydration reaction
and an E2 mechanism for dehydrogenation reaction, in two
different models, have been analyzed. The corresponding
kinetics and thermodynamics parameters were obtained.

Experimental
Catalyst preparation

The activated carbon catalyst was obtained from olive
stone residues. The ash content of the olive stone is 0.42%.
The precursor was impregnated with 85% (w/w) aqueous
H3PO, solution at room temperature and dried for 24 h at
333 K in a vacuum dryer. The impregnation ratio (weight of
H;PO, relative to that of dry precursor) was 1. The impreg-
nated sample was activated under continuous N, flow (150
cm’ STP/min) in a conventional tubular furnace. The activa-
tion temperature was reached at a 10 K/min heating rate and
maintained for 2 h at 773 K. The activated sample was
cooled inside the furnace, maintaining the N, flow and then
washed with distilled water at 333 K until neutral pH and
negative phosphate analysis in the eluate.*> The resulting
carbon catalyst was dried at 383 K. The yield of the activa-
tion process is 43.3%.

Catalyst characterization

The porous structure of the catalyst was characterized by
N, adsorption-desorption at 77 K performed in an Omnisorb
100cx model of Coulter and by CO, adsorption at 273 K,
carried out in an Autosorb-1 model of Quantachrome. The
sample was previously outgassed during at least 8 h at 423
K. From the N, adsorption-desorption isotherm, the apparent
surface area (ARz;) was determined applying the BET equa-
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tion,>* the micropore volume (V?Jz), and the external surface
area (AN?) were calculated using the t-method,”® and the
mesopore volume (V%S) was determined as the difference
between the adsorbed volume at a relative pressure of 0.95
and the micropore volume (V{‘Iz).35 The narrow micropore
surface area (ASP?), and micropore volume (VSR?) were
obtained by the Dubinin-Radushkevich (DR) method>®
applied to the CO, adsorption isotherm. N, and CO, molecu-
lar areas of 162 A> ¥ and 18.7 A2 38 respectively, were
used.

The surface chemistry of the sample was analyzed by tem-
perature-programmed desorption (TPD) and X-ray photoelec-
tron spectroscopy (XPS). TPD profiles were obtained in a
custom quartz tubular reactor placed inside an electrical fur-
nace. The sample was heated from room-temperature up to
1173 K at a heating rate of 10 K/min in a helium flow (200
cm? STP/min). The amounts of CO and CO, desorbed were
monitored with nondispersive infrared (NDIR) gas analyzers
(Siemens ULTRAMAT 22). X-ray photoelectron spectros-
copy (XPS) analyses of the sample were obtained using a
570°C model physical electronics apparatus, with MgKo
radiation (1253.6 eV). For the analysis of the XPS peaks, the
C1 s peak position was set at 284.5 eV and used as reference
to position the other peaks.’”** The fitting of the XPS peaks
was done by least squares using Gaussian-Lorentzian peak
shapes.

The total acidity and acid strength distribution of the cata-
lyst were determined by temperature programmed desorption
of ammonia. The NH;-TPD was performed using 80 mg of
catalyst saturated with NH; for 5 min at 373 K. After satura-
tion, the NH;3 weakly adsorbed was desorbed in a He flow,
at the adsorption temperature, until no NH; was detected in
the outlet gas. The NH5-TPD was performed by raising the
temperature up to 773 K at a heating rate of 10 K/min. The
NH; was measured by gas chromatography using a thermal
conductivity detector.

2-butanol decomposition

The catalyst activities were measured by the decomposi-
tion of 2-butanol performed at atmospheric pressures, in a
quartz fixed bed microreactor (4 mm i.d.) placed inside a
vertical furnace with temperature control. 100 mg of catalyst
(100-300 pm particle size) was dispersed in 1 g of quartz
(100-300 um) to avoid thermal gradients in the bed. A nitro-
gen stream was saturated with 2-butanol vapor by contact in
a saturator system with liquid 2-butanol at temperatures
between 283 and 303 K, resulting in partial pressures from
0.0085 up to 0.0340 atm. The 2-butanol used was of analyti-
cal grade purity (Fluka, puriss p.a. > 99.5%). To prevent
condensation of 2-butanol and its reaction products, all the
connections, from the saturator to the chromatograph, were
heated by a wired resistance above 393 K. The gas reaction
mixture was fed to the reactor at total flow rates between 50
and 200 cm® STP/min (space times, W/Fgupono = 0.042—
0.170 g-s/umol). Analysis of reactant and products was done
using online gas chromatography (PerkinElmer Autosystem
GC, 50 m HP-1 methyl silicone capillary column, flame ion-
ization detector). The temperature program of the chroma-
tography column was 50°C for the first 4 min followed by a
heating to 150°C at a heating rate of 20°C/min.
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The reaction rate, r, was defined as the mol amount of
2-butanol transformed in 1 s per gram of catalyst. The
conversion was defined as the molar ratio of 2-butanol
converted to 2-butanol feeded to the reactor. The selectivity
was defined as the molar ratio of a given product to that of
the total product formed. The carbon balance was reached
with an error lower than 5%.

Results and Discussions
Catalyst characterization

The catalyst used in this work was an activated carbon
obtained by chemical activation of olive stone with H3PO,,
with particle size of 100-300 um. The ash content of the
carbon is lower than 0.5 wt %. This is due to the very low
ash content of olive stone (0.42 wt %), and the relatively
high yield of the activation process (43.3 wt %). Further-
more, during the washing of the phosphoric acid most of the
inorganic matter of the carbon is removed. This way, the
purity of the activated carbon is high and only phosphorus
from the activation process is observed at a significant con-
tent. The physicochemical properties of the fresh catalyst are
presented in Table 1. The data presented are referred to
structural parameters obtained from the N, adsorption-
desorption and CO, adsorption isotherms, surface atomic
concentration obtained by XPS and surface acidity of the
carbon obtained by adsorption, desorption and TPD of am-
monia. The chemical activation of olive stone with H5POy4
produces an activated carbon with a wide microporous struc-
ture and a high apparent surface area (902 m?/g), higher
than those corresponding to other acid catalysts reported in
the literature.®**> The higher value of Aggr with respect to
that of Apr indicates the existence of a wide microporous
structure.** The carbon catalyst presents also a relatively
high value of the external surface area A, of 113 mz/g,
which is important in catalytic applications. The surface area
and porosity data reveal that the catalyst prepared is a solid
with essentially a wide microporous structure.

The mechanism of olive stone activation with H3;PO, to
produce activated carbons seems to proceed through forma-
tion of phosphate and polyphosphate bridges that connect
crosslink biopolymer fragments, avoiding the contraction of
the structure by the effect of temperature. Part of the activat-
ing agent is removed during the washing step, leading to a
carbon matrix in an expanded state with an accessible pore
structure.>>** According to XPS analysis the surface of the
carbon studied in this work shows a significant amount of P
(4.35 wt %). Taking into account that the ash content of the
olive stone used as raw material is relatively low (0.42 wt
%, and only 25 wt % of this ash is phosphorus), the yield of
the activation process is 43.3 wt % and that during the wash-
ing of the phosphoric acid most of the inorganic matter is
removed, we could estimate that the amount of phosphorus
coming from the olive stone in the resulting activated carbon
should be almost negligible. Furthermore, there are referen-
ces’™ in the technical literature confirming that phosphorus
is intercalated in the carbon matrix during the chemical acti-
vation with phosphoric acid. Therefore, part of the phospho-
rus of the activating agent remains on the carbon surface
after the washing step, presumably in form of phosphate
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Table 1. Porous Structure and Chemical Properties of
Fresh Catalyst
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Surface area and porosity
77 K N, adsorption

ANZ. (m*/g) 902

VN2 (em?/g) 0.384
Vies (em™/g) 0.120
AN (m?/g) 113
273 K CO, adsorption
AGR? (m*/g) 613
VER? (cm?/g) 0.233
Surface atomic concentration obtained by XPS (w%)
Cls 82.28
Ols 13.14
Nls 0.23
P2p 4.35
CO, and CO evolved from TPD
Total CO, (umol/g) 135
Carboxylic acids 10
Lactones 32
Anhydrides 86
Total CO (umol/g) 1398
Anhydrides 88
Phenolic 340
Carbonyl and Quinone 970

Acidity, determined by adsorption and desorption and TPD
of ammonia

Total (umol NH3/g) 956
Weak (umol NHi/g) 390
Moderate (umol NHi/g) 303
Strong (umol NHi/g) 263

groups, resulting in acid activated carbons.***’ Therefore,
we could conclude that the surface phosphorus of the result-
ing carbon comes from the activation process and not from
the raw material. The XPS P2p of the carbon catalyst shows
two bands at 134.0 and 133.4 eV, suggesting the presence of
C-0-PO; (134.0 eV) and C-PO; (133.4 eV) groups on the
surface of the catalyst,zg’30 with a higher contribution of the
C-O-PO; groups on the carbon surface.”®2%** The P-OH
groups of these surface phosphates act as Bronsted acid site
and may play an important role on the acid character of the
carbon catalyst prepared in this work.

TPD provides information on the nature of the carbon-
oxygen surface groups. Carboxylic acid and lactone groups
evolve as CO, upon heating and carboxylic anhydride pro-
duce both CO, and CO, whereas desorption of CO derives
from decomposition of phenol, ether and carbonyl/quinone
surface groups.27’49’50’51 Table 1 summarizes the amount of
CO and CO, evolved from a TPD experiment for the cata-
lyst used in this work, which correspond to different carbon-
oxygen surface groups. The results of the TPD experiments
reveal that the amount of CO evolved exceeds considerably
that of CO,, (1398 umol/g of CO vs. 135 umol of CO,/g),
suggesting that most of the carbon-oxygen groups present in
the carbon are of non acidic nature (carbonyl and quinone)
and esther phosphate groups. Phenolic hydroxyl groups
evolve as CO and behave as a weak acid (340 umol/g of CO
calculated from TPD as phenolic group versus 390 pmol of
NHa/g calculated as weak acidic group by ammonia adsorp-
tion). The results obtained from NH;-TPD suggest that the
main part of the surface acidity of moderate and strong char-
acter (303 and 263 umol of NH3/g, respectively) corresponds
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Figure 1. Conversion of 2-butanol, XguoHn, as a
function of reaction temperature at different
W/Fgutzono With a constant partial pressure
of 2-butanol, Pg,i20H = 0.017 atm.

to H-phosphate groups formed in the carbon surface during
the activation process, since weak acidic groups can be
related with the amount of phenol groups.

A total acidity surface of 956 pumol NHj per gram of acti-
vated carbon was determined by ammonia adsorption-desorp-
tion-TPD. This value is high if compared with other acid
catalysts described in the literature.'***> The high-surface
acidity may be ascribed to the presence of phosphate groups
on the surface of the carbons.

2-butanol decomposition

Decomposition of 2-butanol was studied on the carbon
catalyst prepared by chemical activation of olive stone with
phosphoric acid in a fixed-bed reactor. In the absence of cat-
alyst, no reaction occurred below 750 K. Decomposition of
2-butanol on the carbon catalyst takes place in the tempera-
ture range from 413 to 573 K, at temperatures well bellow
the region where homogeneous decomposition occurs.

The value of L,/d, (being L, the bed length, and d,, the
particle diameter) was 100, which indicates that axial disper-
sion can be considered neg,rligible.54’55’56 The absence of
external and internal mass-transfer limitations for the decom-
position of 2-butanol on the carbon catalyst in the fixed-bed
reactor at the experimental conditions was checked theoreti-
cally. The effect of the external mass-transfer limitation was
evaluated using the Damkohler number (Da), and the inter-
phase external effectiveness factor (1.y,) was taken into
account to evaluate the influence of external mass transport
on the global reaction rate.”’ Values of Da and Next Of
2.719-10 % and 0.974 were obtained, respectively. Internal
mass-transfer limitation was evaluated using the isothermal
intraphase internal effectiveness factor n, which is a function
of the Thiele modulus ¢.57 Values of 0.834 and 0.957 were
obtained for the Thiele modulus and the internal effective-
ness factor, respectively. The values obtained for these pa-
rameters indicate that external and internal mass-transfer
limitations may be considered negligible.

Figure 1 shows the steady-state conversion of 2-butanol,
Xpuzon, VS. reaction temperature at different space times
(W/Fgupono) With a constant inlet partial pressure of 2-buta-
nol, Pgyoon = 0.017 atm. The steady-state conversion of
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2-butanol was reached at about 30 min, and increases with
increasing space time at a constant temperature. At the ex-
perimental conditions used in this study, complete conver-
sion of 2-butanol is reached at temperatures between 543
and 580 K, depending on the space time.

Figure 2 presents the conversion of 2-butanol as a function
of inlet partial pressure for different reactions temperatures.
At a constant temperature, conversion of 2-butanol, practi-
cally, remained constant for different partial pressures of
2-butanol in the feed stream.

For all the experiments, selectivities were measured for
the steady-state conversions (at approximately 30 min of
time on stream (TOS)). Figure 3a shows that selectivities for
all the products remained constant at temperatures higher
than 508 K. The main products are 2-butenes (cis and trans
isomers) and 1-butene. Only at low-temperature, bellow
500 K, the selectivity to mek is significant. Selectivities are
not affected, significatively, by the inlet partial pressure of
2-butanol at constant temperature (Figure 3b).

The carbon catalyst is active for the dehydration of 2-
butanol from 413 to 573 K yielding olefins, although forma-
tion of a small quantity of methyl ethyl ketone (mek) by
dehydrogenation is sometimes observed, especially at high
2-butanol conversions. No secbutyl ether was detected as
reaction product. Generally, bimolecular dehydration reac-
tions of secondary or tertiary alcohols leading to ethers are
very slow compared with monomolecular dehydration reac-
tions yielding alkenes, particularly at low-alcohol partial
pressures.sg’59 At the temperature range studied in this
work, only four reactions products were detected (Figure 4),
1-butene, cis-2-butene and trans-2-butene from dehydration
reaction and methyl ethyl ketone from dehydrogenation.
All of them are elimination products and no skeletal
isomerisation or cracking products were detected.

2-butanol dehydration to olefins is an elimination reaction.
The formation of 1-butene, cis-2-butene and trans-2-butene
and their distribution depend on the acid-base properties of
the catalysts. The equilibrium cis/trans ratio is 0.59. A value
close to this one indicates that the process of dehydration is
thermodynamically controlled. In our case, a ratio value
of 1.1 has been obtained, indicating that the process

1

09 F 553 K
08 |
523K
0.7 F
Z06 |
205 |
o4 |
499 K
03 | —a
02t = 43K
o1 b —
" . , . , .

0.005 0.010 0.015 0.020 0.025 0.030 0.035

Piucon, (atm)

Figure 2. Conversion of 2-butanol, Xgui20n, as a func-
tion of Pg,i20n at different reaction tempera-
tures and constant W/Fgui20Ho (0-085 g-s/
umol).
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Figure 3. (a) Selectivity of 2-butanol decomposition to
different products S;, as a function of reac-
tion temperature for W/Fgyioono = 0.042 g-s/
umol, and Pgyo0n = 0.017 atm, (b) Selectivity
of 2-butanol decomposition to different prod-
ucts S;, as a function of 2-butanol inlet partial
pressure for T = 523 K, W = 100 mg, and
Q = 100 cm®/min.

is kinetically controlled. The formation of Saytzeff products
(2-olefins) suggests a carbenium ion mechanism of 2-butanol
dehydration (E1), where the protogenic surface groups act as
proton or hydrogen bridge donors. On the other hand, the
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Figure 4. Chromatograms of gas reaction mixture, cor-
responding to experiments with low (a), and
high (b) 2-butanol conversions.
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Formation of trans-2-butene and cis-2-butene

E2 mechanism
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Scheme 1. Formation of 1-butene, trans-2-butene and
cis-2-butene from 2-butanol by the two
different proposed mechanism.

In both cases two different orientations of adsorbed 2-bu-
tanol molecules over a phosphate group of the catalyst
surface can occur.

formation of 1-butene (Hoffman orientation) suggests a car-
banionic mechanism (Elcb). In our case, it is possible to
explain the formation of the three olefins by the different
orientation of adsorbed 2-butanol molecules over the phos-
phate group on the surface of the catalyst. Scheme 1 repre-
sents the proposed formation mechanism of the olefins from
a 2-butanol molecule adsorbed over a phosphate group,
which is bonded to the carbon surface through a C-O-P
bond.?®2%*° The formation of the 1-butene or of the isomers
trans-2-butene and cis-2-butene is supposed to be determined
by the orientation of the adsorbed 2-butanol molecule. The
2-butanol adsorption is supposed to take place by chemisorp-
tion of the hydroxyl group of the alcohol molecule over a
proton of a phosphate group located on the carbon surface.
The adsorbed intermediate can be stabilized by positioning
the primary or secondary carbon adjacent to the carbon
bonded with the OH group. The fact that the 2-butanol dehy-
dration presents a higher selectivity to the 2-olefin isomers
than that of the 1-olefin suggests that the 2-butanol adsorp-
tion by the C-OH and the secondary carbon is thermody-
namically favored.

Rigorously, the two adsorption modes should be taken
into account in the development of the kinetic model. How-
ever, assuming that the heat of adsorption, AH, of both pos-
sibilities is very similar, both adsorption modes could be
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Figure 5. Conversion of 2-butanol and selectivity to dif-
ferent products S;, as a function of time on
stream (TOS) at T = 568 K.

considered as one, simplifying the model resolution. The ori-
entation determines the proton that leaves the alcohol mole-
cule. In the case that this proton belongs to a primary car-
bon, the formation of the 1-butene occurs, but if the proton
that is leaving the alcohol belongs to a secondary carbon the
formation of the 2-olefin takes place. The selectivity to
trans-2-butene or cis-2-butene depends on which of the two
protons bonded to the secondary carbon leaves the alcohol
molecules. If the proton (a) (see Scheme 1) is leaving the
alcohol trans-2-butene is obtained. However, if the proton
that is leaving the molecule is (b) the formation of cis-2-
butene takes place. In this case, both protons (a) or (b), have
the same probability of leaving the alcohol molecule, and,
thus, the selectivity to cis-2-butene or trans-2-butene is very
similar (cis/trans = 1.1). The reaction is supposed to occur
through two different mechanism, an E1 or E2 elimination
mechanisms. E2 concerted mechanism takes place by a sin-
gle-step in which the alcoholic hydroxyl group and the pro-
ton are removed simultaneously. In the E1 elimination mech-
anism the OH ™ group leaves the alcohol first, producing an
intermediate carbocation, and the proton leaves it in a sec-
ond step. In both mechanism, dehydration reaction takes
place by deprotonation of the P-OH and protononation of the
P = O groups of the phosphate. This implies a rotation of
the acidic-basic properties of the oxygen atoms of the phos-
phate groups, which favors the dehydration reaction. This is
stereochemically possible by the bond distances.

The dehydrogenation activity is much lower than the
dehydration activity (e.g., 1% of selectivity to mek). Dehy-
drogenation of alcohol over nonmetal catalyst occurs on
Lewis base sites. The basic properties of the activated car-
bons result from the presence of ionoradical or pyrene-like
structures, formed during the activation process or during the
thermal stabilization of the activated carbons.

The dehydrogenation and dehydration of 2-butanol are
independent of each other because the introduction of mek
into the stream of 2-butanol inhibits only the reaction of
dehydrogenation.

The evolution of the 2-butanol conversion and selectivities
to different products with time on stream (TOS) at 568 K is
shown in Figure 5. A very small change in conversion (from
96.8 to 93%), and selectivities is observed for the catalyst
after 26 h on stream. The almost negligible carbon catalyst
deactivation at the experimental conditions used in this work
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can be attributed to a very high stability of the surface
acidity.

The influence of water vapor in the reaction gas on the
catalytic dehydration of 2-butanol was studied. Figure 6
shows the conversion of 2-butanol and selectivities to differ-
ent products for different inlet partial pressures of water
vapor (P,,), at constant inlet 2-butanol partial pressure of
0.017 atm and at 523 K. Despite this catalyst adsorbs a con-
siderable amount of water vapor at room temperature,”® both
conversion and selectivities remained constant for all the
experiments, which evidences the high stability of the cata-
lyst to water vapor at the working conditions used. The
hydrothermal stability of the catalyst is very important for
the valorization of oxygenates since alcohols from biomass
precursors are usually obtained with a high-water content in
the reaction medium.

2-butanol decomposition kinetics models

Given that the presence of water vapor in the inlet gas
stream showed no significant effect in the reaction rate and
product selectivities for the carbon catalyst (see Figure 6),
the proposed kinetic models assume that the water molecules
formed during the dehydration reaction do not adsorb on the
catalyst active sites. This water formed in the reaction is
probably desorbed rapidly to the gas phase or adsorbed in
pores without active sites for the decomposition reaction.
Two 2-butanol decomposition (dehydration and dehydrogen-
ation) mechanisms (A and B) have been proposed. The
mechanisms differ in the dehydration reaction pathway. In A
model the dehydration reaction is supposed to take place by
means of an E2 elimination mechanism, while in the B
model the dehydration reaction is assumed to occur through
an E1 elimination mechanism. In both cases dehydrogenation
reaction occurs by an E2 mechanism. The kinetic expres-
sions obtained from both models were used to obtain the ki-
netic and thermodynamics parameters by numerical optimi-
zation of the experimental data.

Two types of active sites have been assumed for both
models, one acid site (L) in which the alcohol dehydration
takes place and another basic site (L) in which the dehy-

drogenation reaction takes place.” Both mechanisms
1.0 1.0
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PR ——— X P
! & )
(7R - — = I
Sizbut
02 ) Spu | 02
S
et — s T ?
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Figure 6. Conversion of 2-butanol and selectivity to dif-
ferent products S;, as a function of inlet water
vapor partial pressure (T = 523 K, W = 100
mg, Pgutoono = 0.017 atm, Q = 100 cm®/min).
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assumed steps of adsorption on the active sites, surface
reactions and desorption of the reaction product from the
active sites. Besides, in the adsorption step a quasi-equilib-
rium state is supposed to be reached for both active sites,
acid and basic.

The following suppositions were assumed: the reactor is
considered as a plug flow integral reactor, homogeneous dis-
tribution of active sites on the catalyst surface, catalyst is
assumed to operate at steady-state conditions, diffusional
constraints and transport limitations were negligible (as theo-
retically proven before), and changes in temperature and
pressure within the reactor were neglected.

A model: E2 elimination mechanism for dehydration
and E2 elimination mechanism for dehydrogenation

This model supposed that both dehydration and dehydro-
genation reactions occur by an E2 mechanism in a single
step that is the rate-determining step. The desorption of the
formed olefins is assumed to be fast. Therefore, the olefins
were not adsorbed on the dehydration acid sites and the ole-
fin desorption step has no effect in the kinetic expression.
However, according to the literature,26 mek molecules
formed by the dehydrogenation reaction are adsorbed in the
basic sites, and, therefore, decrease the number of basic sites
available for the dehydrogenation reaction, which have to be
taken into account in the basic sites balance. A model
kinetic expression is shown as follows.

The A model is presented by the following mechanism

Adsorption

But20H(g) + L <5 But20H — L 0
, Ku /
But20H(g) + L’ <% But20H — L )

Surface reaction

But20H — L “®% ¢2but — L + H,0(g) 3)

But20H — L “% 2but — L + H,0(g) @

But20H — L ™™ 1but — L + H,0(g) )

But20H — L' "5 mek — 1/ 4 Hy(g) ©)
Desorption

e2but — L 5% cobur(e) + L %)

2but — L X2 but(e) + L ®)

tbut — L % 1but(e) + L ©)

mek — L 2% mek(g) + 1/ (10)

The mass balance for all the adsorbed species over the
active sites leads to the following rate expressions

AIChE Journal June 2010 Vol. 56, No. 6

Published on behalf of the AIChE

Table 2. Calculated Kinetic Parameters from the Two
Models Used

kios Kio Ei, AH; (kJ/mol)
A model
Ky 5.03-107" + 1.96:10 2 —24.54 + 0.17
K caput 2.17-10"% £ 3.85 77.17 + 0.08
K bt 2.50-10"% + 5.12 78.10 + 0.09
K 1but 23410 + 5.52.10™" 90.18 £ 0.10
K- 7.59-107% + 1.03-1073 —29.52 + 0.47
Kinek 1.24107% + 258103 19.89 + 6.71
Kmek 1.59-10" + 1.08-10"! 78.88 + 0.30
KaL=1/Kp 1.89-107" + 3.45.10°2 —37.93 + 6.68
Residual as >, (X - xeal)? 2.945.102
B model
Ky 6.76-10"" + 2.88-102 —23.29 + 0.19
K 2puts 9.44.10™ £ 1.83-10™" 79.64 + 0.09
K cabut 9.90-10"° + 7.60-10"* 79.05 + 5.22
S 1.14-10%° + 8.76-10"* 79.97 + 5.23
K 1put 1.06-10"7 + 8.44-10"° 92.03 + 5.22
Ki- 1.30-107" + 2.60-1073 —29.72 + 0.83
Kinek 3.00-10 2 + 6.45-10°* 19.69 + 7.64
Komek 1.59:10% + 8.50-10"! 78.92 + 0.87
Kar-=1/Kp 9.03-107% + 2.54-1072 —37.72 + 7.57
Residual as >, (X — xeal)? 2.950-102

Ky - Peunon
e _ K Prucon
i i Lo (ButZOH*L) | + KL . PButZOH

i:c2but, 2but, Ibut (11)

Fmek = Kmek - Cro * OBuoH-1
/ Prek P,

- kmekKL’ . (PBuLZOH - K/ KnekKp (12)

= P

1 + Ky - Prugon + 2

— I'Bu20H = Te2but + T'2but + 7'1but + 'mek (13)

B model: EI elimination mechanism for dehydration
and E2 elimination mechanism for dehydrogenation

In this case, dehydration reaction is assumed to take place
by an El mechanism through two successive steps, (1) the
formation of the intermediate carbocation and loss of the
water molecule, and (2) the formation of the olefin isomers.
The minority dehydrogenation reaction is assumed to occur,
like for A model, by an E2 mechanism in a single step. The
carbocation formation is assumed to be in a pseudo-steady
state. Like for A model, the desorption of the olefins is
assumed to be fast, and, therefore, it was not considered in
the acid site balance. Based on the literature,26 mek is sup-
posed to be adsorbed on the basic sites and it was considered
in the basic site balance. The kinetic expression of the B
model is shown.

B model is represented by the following mechanism

Adsorption

But20H(g) + L <% But20H — L 0
, Ku I
But20H(g) + L' <% But20H — L )
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Figure 7. Steady-state conversion of 2-butanol and
yield to different reaction products for Pg,.
t2oHo = 0.017 atm and space-times of (a)
0.042 and (b) 0.085 g-s/umol (symbols: experi-
mental values, lines: calculated values).

Superficial reaction

But20H — L 2but* — L + H,0(g) (14)

2butt — L =% obut — L (15)

2but — L % but — L (16)

2but™ — L ™ fbut — L (17)

But20H — L' “#f* ek — L' + Ha(g) )
Desorption

2but — L K2 cobur(e) + L %

2but — L 52 obut(e) + L @®)

tbut — L 5 1bue(g) + L ©)

mek — L' &% mek(g) + 1/ (10)

The mass balance of the adsorbed species over the active
sites leads to the following rate expressions
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X A0 Y 0
Fobutt—L = T dar Fobut " VBu20H-L

- (ké2but + kiapu + kllbut) Oypuer—L =0 (18)

k/
2butt—L
o — k C 0 _ k/ (ké2bul+k|,2hul+kllhu[)
I'i = Kj - Cro * Uppyet - = il I N KL -Pruoon
Ky -P _2butop - PWT
+ Ky - Ppuron + CAET

<2but " F2but lbul)

‘K1 -Ppunon

i:c2but, t2but, Ibut (19)

Fmek = kmek - Crro - Opuon-1/
!

PmekPHz
- koKL - (PBmZOH " K, KnaKp

I + Ky - Ppunon + ”,g";k

) (12)

— I'Bu20H = T'e2but + F'2but + F'but + Fmek (13)

The dependence of the kinetic and thermodynamic param-
eters with the temperature was considered to follow an
Arrhenius law for the kinetic constant (Eq. 20) or a Van’t
Hoff law for the adsorption constants (Eq. 21)

_Eai
ki = ki, 20
on(255) o
K=K —AH; Q1)
i = K;p,€X
o XP\ TRt
alo
* But2OH
0.8 - o 1but
+ ¢2but
0.6 - a t2but
v o MEK
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Figure 8. Evolution of 2-butanol conversion and yield
to the different products with Pguioono at a
space-time of 0.085 g-s/umol and at (a) 553,
and (b) 499 K (symbols: experimental values,
lines: calculated values).
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Figure 9. Calculated conversion (obtained by applying B model) vs. experimental for (a) 2-butanol and different
reaction products (b) cis-2-butene, (c) trans-2-butene, (d)1-butene, and (e) methyl ethyl ketone.

Combining molar balances, rates equations and stoichio- The parameters involved in the differential equations
metrics relationships, the following system of differential system were calculated using the Runge-Kuta method,
equations is obtained implemented in Matlab 7.0 software, by minimizing the

objective function

w XBut20H dX gunon ,
(F ButZOHo) /0 T'But20H @2 1= Z (X?xp - X?al) 24
1

were X;'7 represents the value of the conversion obtained
W % o experimentally, and X¢ the calculated value. The optimiza-
( ) = / — i : ¢2but, 2but, 1but, mek tion routine was based in the Levenberg-Marquart algorithm.
Fuono U This optimization problem was solved individually for each
(23) model. The values obtained for the kinetics parameters, with
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Figure 10. Amount of acid and basic free sites and
fractional coverage for the different
adsorbed species as a function of the reac-
tion temperature obtained by B model
(0.0085 atm, 0.085 g-s/umol).

95% confidence interval, using the two models are presented
in Table 2.

The low residual values for the A and B models (y ~
0.027) indicate that both models simulated properly the exper-
imental data. This suggests that both mechanism (E1 and E2)
may take place simultaneously during the 2-butanol dehydra-
tion reaction. This assumption was previously stated by other
authors'*%” based on the product distribution. In our case, this
supposition is supported by the similar rate constant obtained
for the formation of the carbocation (k'»p,.4) in the B model
and by the formation of the olefins (K coputs K i2pues K 1pur) i
the A model. If the rate constants for the olefins formation
obtained by applying the B model were compared with those
obtained by the A model, it can be observed that the former
are higher because in this case the determining rate step is the
carbocation formation. This result indicates that formation of
the carbocation through an E1 mechanism, and the formation
of the cis-2-butene, trans-2-butene and 1-butene by an E2
mechanism occur at a very similar rate, and, therefore, it is
probably that both mechanisms take place simultaneously. As
the concerted mechanism is truly synchronous only in excep-
tional cases, the reaction is supposed to occur as E2 with
strong E1 character.'*

Figure 7a and b represent the total conversion of 2-butanol
and the yield to the different reaction products at an inlet
partial pressure of 2-butanol of 0.017 atm and space-times of
0.042 and 0.085 g-s/umol, respectively. The solid lines rep-
resent the conversion obtained from B model. The model
simulated fairly well the experimental values for both the
total 2-butanol conversion and the yield to the different
products. The simulation with the A model (not shown) is
likewise properly. The comparison of both Figure reveals
that at a constant inlet 2-butanol partial pressure, the
increase of the space-time leads to higher conversion values.

Figure 8a and b show the evolution of 2-butanol conver-
sion and the yield to the different products with the inlet
2-butanol partial pressure for space-time of 0.085 g-s/umol,
at 553 and 499 K, respectively. The solid line represents
the simulated conversion estimated by applying B model.
An increase in the inlet 2-butanol partial pressures produces
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a slight increase in the selectivity to the dehydration prod-
ucts, 1-butene, cis-2-butene and trans-2-butene, and a
decrease in the selectivity to the dehydrogenation product,
mek.

The quality of the fitting of B model can be observed in
Figure 9a to e. This figure represents the conversion
simulated vs. the conversion obtained experimentally for
the 2-butanol decomposition and cis-2-butene, trans-2-
butene, 1-butene and mek formation, respectively, on the
carbon catalyst. A proper fitting of the model to the experi-
mental data is observed in the figure; only mek shows a
slight deviation due to the low selectivities to this product
that may be strongly affected by the experimental low-yield
values.

Figure 10 represents the estimated evolution of the amount
of acid and basic free sites and the fractional coverage,
obtained by B model, as a function of the reaction tempera-
ture. The amount of acid and basic free sites increases with
the reaction temperature as conversion increases due to the
increase in the reaction rate. The fractional coverage of the
carbocation is very low and decreases with the reaction
temperature. A similar result has been obtained for the A model.

Conclusions

The chemical activation of olive stone residues with H3PO,4
results in an activated carbon with a high-surface acidity
because of the residual phosphorus that remains in the carbon
surface. The carbon obtained show a well developed micropo-
rous structure. The XPS P2p spectra of the activated carbons
show contribution of C-O-PO5; and C-PO;5 groups.

Conversion of 2-butanol yields mainly dehydration prod-
ucts, mostly cis-2-butene and trans-2-butene with lower
amounts of 1-butene, and a very small amount of mek as
dehydrogenation product. Kinetic interpretation of the
experimental data was performed using two elimination
mechanisms for the dehydration reaction; an E1 mechanism
(two-step mechanism), and an E2 mechanism (one-step
mechanism). The rate expressions derived from both models
fit properly the experimental results, suggesting that probably
the two mechanisms occur simultaneously. This supposition
is supported by the similar rate constant obtained for the for-
mation of the carbocation in the E1 mechanism and for the
formation of the olefins in the E2 mechanism. This fact indi-
cates that formation of the carbocation through an E1 mech-
anism and the formation of the cis-2-butene, trans-2-butene
and 1-butene by an E2 mechanism occur at a very similar
rate, and, therefore, it is probably that both mechanisms take
place simultaneously.
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Notation

ARZ. = apparent surface area obtained by the BET
method, mz-g’1

ASQ? = apparent area of narrow micropores, m?g !
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