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ABSTRACT: Sustainable production of gasoline-range hydro-
carbon fuels from biomass is critical in evading the upgradation of
combustion engine infrastructures. The present work focuses on
the selective transformation of n-butanol to gasoline-range
hydrocarbons free from aromatics in a single step. Conversion of
n-butanol was carried out in a down-flow fixed-bed reactor with
the capability to operate at high pressures using the HZSM-5
catalyst. The selective transformation of n-butanol was carried out
for a wide range of temperatures (523−563 K), pressures (1−40
bar), and weight hourly space velocities (0.75−14.96 h−1) to
obtain the optimum operating conditions for the maximum yields
of gasoline range (C5−C12) hydrocarbons. A C5−C12 hydrocarbons selectivity of ∼80% was achieved, with ∼11% and 9% selectivity
to C3−C4 paraffin and C3−C4 olefins, respectively, under optimum operating conditions of 543 K, 0.75 h−1, and 20 bar. The
hydrocarbon (C5−C12) product mixture was free from aromatics and primarily olefinic in nature. The distribution of these C5−C12
hydrocarbons depends strongly on the reaction pressure, temperature, and WHSV. These olefins were further hydrogenated to
paraffins using a Ni/SiO2 catalyst. The fuel properties and distillation characteristics of virgin and hydrogenated hydrocarbons were
evaluated and compared with those of gasoline to understand their suitability as a transportation fuel in an unmodified combustion
engine. The present work further delineates the catalyst stability study for a long time-on-stream (TOS) and extensive
characterization of spent catalysts to understand the nature of catalyst deactivation.

■ INTRODUCTION
Transportation fuel plays a critical role in our daily life.
Globally, the transportation fuel is the leading sector in energy
consumption, with gasoline being the primary transportation
fuel in developed countries. The transportation sector (26.93
quadrillions Btu) consumed about 28% of total energy
consumption (97.33 quadrillions Btu) in the USA in 2021.1

Motor gasoline alone contributes to about 54% of total
transportation fuel consumption in the USA, with about 23%
coming from diesel fuel. In contrast, diesel fuel is dominating
in countries like India. Diesel fuel contributes to about 75% of
India’s primary transportation fuels, with the contribution from
motor gasoline being only about 20%.1 At present, these fuels
are primarily produced from petroleum. However, the
petroleum reserves are continuously falling, while demands
are increasing. Moreover, the consumption of petroleum
products leads to anthropogenic greenhouse gas emissions
into the environment, causing global warming. Therefore,
finding a carbon-neutral and renewable source of trans-
portation fuels is necessary for sustainable human civilization.
Biomass is a renewable carbon resource in the world and is

abundant. This factor makes biomass an ideal choice for
producing renewable transportation fuels, known as biofuels,

and the concept is commonly known as biorefinery.2

Bioethanol, biodiesel, biobutanol, biomethanol, and dimethyl
ether are some of the current promising biofuels. However,
these biofuels contain a good amount of oxygen and suffer
from a lower calorific value and hence lower fuel mileage than
conventional fuels. On the other hand, these biofuels are not
suited for processing in existing petroleum refineries, including
current combustion engines. Thus, the application of these
biofuels is restricted to blending with conventional fuels
derived from petroleum sources to a limited extent only for
applications in unmodified combustion engines. Therefore,
producing hydrocarbon biofuels is inevitable to avoid capital-
intensive new infrastructure development.2,3 These biofuels are
commonly known as green fuels, such as sustainable aviation
fuels, green gasoline, and green diesel.
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The biomass gasification accompanied by Fischer−Tropsch
synthesis (FTS) of the resultant syngas is one of the possible
approaches for the synthesis of hydrocarbon biofuels (gasoline,
kerosene, diesel, etc.), commonly known as the biomass-to-
liquid (BTL) process.4−8 The syngas obtained from biomass
gasification was associated with considerable quantities of
methane and oxygenated tars (with limited applications). This
factor mandates a complex downstream processing (gas
cleaning/conditioning and water−gas shift reaction) of the
resulting synthesis gas to make it suitable feedstock for FTS.
Moreover, the FTS liquids need upgradation to match the
properties with desired transportation fuels. Thus, the BTL
process is complex and unsuitable for a decentralized
biorefinery application. As a result, a large-scale commercial
BTL process has not been established.
Alternatively, the cellulosic biomass can be converted to

hydrocarbon biofuels via fast pyrolysis followed by the removal
of oxygen by hydrodeoxygenation of resulting bio-oil/
biocrude.9−11 Low capital investment and economically viable
operating conditions at a small scale make this technology the
best choice for a decentralized biorefinery. Cellulosic biomass
catalytic fast pyrolysis (in situ or ex situ) is another potential
technology to improve bio-oil composition within the reactor
to evade the costly upgradation of the bio-oil.12−14 The
hydrodeoxygenation of triglycerides (waste cooking oil,
vegetable oil, microalgal oil, and animal fat) is another
promising technology for producing hydrocarbon biofuels.15,16

Simplicity, high potential yield of biofuel, and compatibility
with existing petroleum refinery production facilities are the
added benefits of this technology.
Additionally, biomethanol (derived from synthesis gas) and

bioethanol (via fermentation of sugar and starchy biomass) can
be converted to green gasoline. These processes are usually
called methanol-to-gasoline (MTG) and ethanol-to-gasoline
(ETG). The MTG involves the conversion of methanol to
dimethyl ether or olefins accompanied by further conversion to
gasoline at a relatively high temperature (623−773 K) using
virgin or metal oxide modified zeolites (mainly HZSM-5) as
the catalyst.17−25 However, the MTG suffers from high
aromatic and lighter hydrocarbon yields and catalyst
deactivation due to coke deposition.
In most countries, ethanol is blended with gasoline for

application in an internal combustion engine. However, the
blending is limited to about E10 to E15 due to the possible
corrosion of nonmetallic components of the engine. Therefore,
there is an increased research interest in converting ethanol to
gasoline-range hydrocarbons.26−32 The high selectivity for the
undesired aromatics is the primary drawback of the ETG
process.
Biobutanol has recently been considered a superior biofuel

due to its characteristics being comparable to gasoline and
well-suited to the current combustion engine infrastructure.
Biobutanol is projected to be an important biofuel shortly. Few
attempts were made in the past to convert biobutanol or an
ABE mixture into hydrocarbons.33−42 Transformation of the
1:2 butanol-acetone mixture was first studied in a fixed-bed
reactor over an HZSM-5 catalyst at 648−723 K, 0.08−2.5 h
space-time and pressure up to 4 atm.43 The C5−C10 liquid
hydrocarbons (nonaromatics) were the main products at mild
temperatures (46.2 wt % at 648 K), while aromatics were the
dominating product at high temperatures (43.2 wt % at 723
K). The C5−C10 liquid hydrocarbon yield was increased with
increasing pressure and space velocity. The conversion of n-

butanol to various hydrocarbons was also investigated over
different zeolites at atmospheric pressure, 573−673 K, and
LHSV of 0.3−1.7 h−1.44 The liquid hydrocarbon yield was 52−
55 wt % over the HZSM-5 catalyst, with the ratio of
alkanes:aromatics:olefins being 1:2:0.3 and the research octane
number (RON) of 96. Recently, the transformation of n-
butanol was reported using the HZSM-5 catalyst to identify the
optimum temperature (473−673 K) and WHSV (0.75−14.96
h−1) window at atmospheric pressure to maximize the yield of
various hydrocarbons.45 A selectivity of 55% was achieved for
gasoline range hydrocarbons (C5−C12) free from aromatics at
523 K, atmospheric pressure, and WHSV of 0.75 h−1.
As evidenced from the previous studies, the selective

transformation of biobutanol to gasoline-range hydrocarbons
(BTG) is not explored. Thus, the present article introduces a
novel approach for a single-step transformation of biobutanol
to gasoline-range hydrocarbons (BTG) free from aromatics
using the HZSM-5 catalyst under a wide range of temperatures
(523−563 K), pressure (1−40 bar), and WHSV (0.75−14.96
h−1). The distribution of gasoline range hydrocarbons also
varied depending on the different process parameters. The
study was further extended to optimize the process conditions
for maximum yield of hydrocarbons in the gasoline range and
understand the catalyst stability for a long time-on-stream
(TOS) for about 120 h. A detailed reaction mechanism based
on product distribution was conceived and proposed. This
study primarily produced C5−C12 olefinic hydrocarbons. Thus,
these olefins were hydrogenated using a Ni/SiO2 catalyst and
hydrogen in a high-pressure batch reactor to obtain gasoline-
range paraffin. The characteristic fuel properties of both virgin
and hydrogenated hydrocarbons were further evaluated to
demonstrate their suitability as transportation fuel.

■ EXPERIMENTAL SECTION
HZSM-5 powder (SiO2/Al2O3 mole ratio of 55, Zeolyst
International) was pretreated in static air for 6 h at 823 K. The
pretreated zeolite was then evaluated by various character-
ization techniques, including NH3-TPD, pyridine FTIR, BET,
and XRD, to determine acidity, nature of acid sites, surface
area and pore volume, and crystallinity, respectively. The
amount of trapped and adsorbed volatiles and coke deposited
on the spent catalyst was measured using TGA. The spent
catalyst was also analyzed by NH3-TPD, FTIR, BET, powder
XRD, and TGA. Further details of characterization methods
can be found elsewhere.45−48

The transformation of n-butanol to gasoline-range hydro-
carbons was studied in a high-pressure fixed-bed continuous
down-flow microreactor. Pretreated HZSM-5 and quartz
powder were physically mixed and packed between quartz
wool at the top and bottom inside a tubular stainless-steel
reactor (outer diameter 1.27 cm × length 40 cm). The reactor
tube was then fixed inside a tubular and vertical split-type
furnace. The catalyst bed temperature was monitored and
controlled (±1 K) with the help of a PID controller. The
reactor pressure was controlled with the help of a back-
pressure regulator, and the initial reactor pressure was attained
using UHP-grade nitrogen and further used as a carrier gas. n-
Butanol was pumped through a vaporizer (temperature set at
523 K) using an HPLC pump (Lab alliance, Series-I). The
vapors coming out of the reactor were cooled using a vertical
condenser, and the condensed liquids and noncondensable
gases were separated using a gas−liquid separator. The
condensed liquids were collected at regular time intervals to
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match the material balance. The liquids were analyzed and
quantified with the help of a gas chromatograph with a flame
ionization detector (GC-FID) equipped with a DB-5HT
column (Agilent J&W, 30 m × 0.32 mm × 0.10 μm). The
noncondensable gases were quantified with the help of two
GC’s, connected in parallel. The first one was a micro-GC
equipped with a thermal conductivity detector (GC-TCD) and
CP-Molsieve 5A column (Agilent J&W, 10 m) for
quantification of permanent gases (N2, H2 and CH4), and
the second one was a GC-FID equipped with GS-GasPro
column (Agilent J&W, 30 m × 0.32 mm) for quantification of
volatile hydrocarbons. Further details of the reactor section,
experimental procedure, and typical GC chromatograms
(Figure S1) can be found elsewhere.45−48

The transformation of n-butanol to gasoline-range hydro-
carbon was performed in a wide range of temperatures (523−
563 K), pressures (1−40 bar), and weight hourly space
velocities (WHSVs) (0.75−14.96 h−1). The WHSV and
selectivity toward various hydrocarbons used in the article
are defined by eq 1 and eq 2, respectively.

=

h
c

w

weight hourly space velocity ,
ombined mass flow rate of n butanol and nitrogen

eight of catalyst

1

(1)

=

× ×
×

selectivity to C hydrocarbon, %

100
n (rate of moles of C hydrocarbon produced)

4 (rate of moles of n butanol reacted)

n

n

(2)

The hydrocarbons produced in this reaction were composed
of olefins, paraffin, and aromatics. The liquid product was thus
hydrogenated to saturate olefins for application as a trans-
portation fuel. The catalytic hydrogenation of virgin hydro-
carbons was carried out in a 300 mL high-pressure stainless
steel batch reactor (Parr Instruments) at 523 K and 70 bar
hydrogen pressure. The silica supported nickel catalyst was
used as the hydrogenation catalysts. The catalyst was prepared
by wetness impregnation method and the details of the
preparation and characterization of silica-supported nickel
catalyst and the reactor can be found elsewhere.16,46 The
elemental composition (CHNS-O), density, and viscosity of
virgin and hydrogenated liquid hydrocarbon products and
gasoline were measured by an elemental analyzer (Flash 2000,
Thermo-Fisher Scientific), specific gravity bottle, and
rheometer (MCR-302, Anton-Parr), respectively. The lower
calorific value of the liquid products was measured with the
help of a bomb calorimeter (Toshniwal Tech. Pvt. Ltd.).
Under standard test conditions, the Reid vapor pressure (RVP)
was measured using an RVP apparatus (Koehler Instrument
Company Inc., New York). The aniline points of the virgin and
the hydrogenated products were measured using an aniline
point apparatus. Abel’s flashpoint apparatus was used to
measure the flashpoint temperature.

■ RESULTS AND DISCUSSION
The BET surface area and total pore volume of the HZSM-5
catalyst were 370 m2/g and 0.275 cm3/g, respectively. The
MFI-based crystalline structure of the HZSM-5 catalyst was
ascertained from the powder XRD (Figure S2).45−48 The total
acidity of the HZSM-5 catalyst measured by NH3-TPD was
0.64 mmol NH3/g. The NH3-TPD profile exhibits two distinct
NH3 desorption peaks centered around 460 and 640 K
attributed to the weak and medium/strong acid sites (Figure

Table 1. Reproducibility of the Experimental Resultsa

ET ETY PR PRY BU BUY C5 C6 C7 C8 C9 C10 C11 C12 DBE

run 1 0 0.1 1.4 1.6 3.9 14.9 3.5 6.6 8.2 21.1 9.7 10.2 3.2 14 1.6
run 2 0.1 0.1 2.8 0.8 6.6 11.2 8.4 6 6.4 15.7 7.8 11 4.5 17 1.6
run 3 0 0.1 1.2 2 3.3 20.2 3.1 6.3 7.5 19.7 9.3 9.4 3 13.5 1.4
standard error, % 0.03 0.00 0.50 0.35 1.01 2.61 1.70 0.17 0.52 1.62 0.58 0.46 0.47 1.09 0.07

aET = ethane, ETY = ethylene, PR = propane, PRY = propylene, BU = butanes, BUY = butylenes. n-Butanol conversion was 100% for all
experiments. Reaction conditions: 523 K, 20 bar, 4 h TOS, and 0.75 h−1.

Scheme 1. Reaction Mechanism of Selective Conversion of n-Butanol to Gasoline Range Hydrocarbons
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S3). The pyridine FTIR studies confirmed the presence of
Brønsted (B) and Lewis (L) acid sites, and the ratio of B/L
acid sites was calculated as 1.37.
In this study, C5−C12 hydrocarbons were the primary and

major products with the HZSM-5 catalyst. Additionally, C3−
C4 hydrocarbons and a small extent of aromatics (only at 563
K) were observed as the byproducts (Figure S1). The formed
hydrocarbons were segregated into three groups for simplicity
and better understanding: (i) C3−C4 hydrocarbons, (ii) C5−
C12 hydrocarbons, and (iii) aromatics. However, only traces of
C1−C2 hydrocarbons and dibutyl ether (DBE) were formed
under the experimental conditions, and they were thus
excluded from the above group. The reproducibility of the
experimental results was performed in triplicate, as shown in
Table 1. The standard error for the selectivity of various
products was calculated, and it was within the acceptable limit.
Reaction Mechanism. During the selective conversion of

n-butanol using HZSM-5, hydrogen, oxygenated hydrocarbons
(DBE), aliphatic hydrocarbons (C1 − C12), and small amounts
of aromatics were observed in the products stream (Figure S1).
The conversion of n-butanol was mainly processed through
two parallel routes, as shown in Scheme 1. In the first route, n-
butanol is dehydrated directly and or via the formation of DBE
to yield 1-butylene over the acidic sites of the catalyst. The as-
produced butylenes were oligomerized to yield C8 and C12
hydrocarbons. Moreover, isomerization of 1-butylene over
acidic sites leads to the formation of other isomers of butylenes
(cis- and trans-2-butylene and iso-butylene).26 In the second
route, n-butanol is dehydrogenated to yield butanal over the
metallic centers of the extra framework alumina.45−48 The
butanal further underwent decarbonylation and/or dehydro-
formylation reaction to yield propylene, hydrogen, and carbon
monoxide or propane and carbon monoxide. The carbon
monoxide was not identified in the present investigation and
might have converted to methane which was identified in the
gas phase product mixture as shown in Scheme 1.26,28 The as-
produced propylene further oligomerized to yield C6, C9, and
C12 hydrocarbons. The cross and self-metathesis reaction also
contributed to the formation of the overall gasoline range
(C5−C12) hydrocarbons.26,28 The butylenes and propylene
formed were also hydrogenated to yield butanes and propane,
respectively.
The yields of propane and butanes are considerably low, as

the temperature regime (523−563 K) considered in the
present investigation was well below for either the dehydrogen-
ation of butanol, olefins, and naphthenes or hydride transfer to
a greater extent.45 The hydrogenation of C3−C4 olefinic
hydrocarbons was possible through hydrogen liberated from
the dehydrogenation. At the same time, the hydride transfer
hydrogenates the C3−C4 olefins and produces aromatics from
naphthenes. An extensive time-on-stream (TOS) study
revealed that the selectivity of C8, C9 and C12 hydrocarbons
remained almost unchanged throughout the study. In contrast,
the selectivity to C2−C4 paraffins, C5−C7, and C10-C11
hydrocarbons decreased gradually for the ∼120 h TOS.
Alternatively, the selectivity toward C3−C4 hydrocarbons,
especially butylenes, increased with TOS. From these results, it
can be concluded that the oligomerization of butylenes and
propylene to yield C8, C9, and C12 hydrocarbons can happen
over the partially deactivated sites.
Effect of Pressure. In general, pressure profoundly

influences the vapor-phase reactions, especially for the reaction
with a net change in moles, as per Le Chatelier’s principle. In

this reaction, the increase in pressure favors the oligomeriza-
tion of C3−C4 olefins and the hydrogenation of olefins.

40,48,49

While oligomerization reactions are preferable to obtain
gasoline-range hydrocarbons, the hydrogenation of olefins is
undesirable, as it forms difficult-to-oligomerize paraffin.40,45,48

On the contrary, the high pressure is unfavorable for the
dehydrogenation of butanol to butanal and dehydroformyla-
tion and decarbonylation of butanal to propylene and propane,
respectively. The elevated pressure also causes a transition
from the vapor phase to the liquid phase for some components,
thus affecting the rate of reaction significantly. For example, n-
butanol and C7−C8 hydrocarbons transform from the vapor
phase to the liquid phase at about 20 bar and 523 K, whereas
C9−C12 hydrocarbons remain in the liquid phase above 10 bar
at 523 K (Table S1). All other hydrocarbons formed in this
reaction remain in the vapor phase. Therefore, it is essential to
know the role of pressure on the selectivity to gasoline-range
hydrocarbons. In our earlier investigation on selective
conversion of n-butanol at atmospheric pressure, it was
observed that the low reaction temperature (523 K) and
WHSV (0.75 h−1) were appropriate to produce gasoline-range
hydrocarbons with high selectivity.45 Thus, the influence of
pressure was investigated in the 1−40 bar pressure range at
0.75 h−1and 523 K, as shown in Figure 1.
The selectivity toward the gasoline-range hydrocarbons

(C5−C12) increased with increasing the pressure up to 20 bar,
with a simultaneous decrease of selectivity to C3−C4
hydrocarbons (Figure 1A). The selectivity to C3−C4 and
C5−C12 hydrocarbons remained unaffected beyond a 20 bar
pressure. The selectivity to DBE was, however, negligible
compared to those of C5−C12 and C3−C4 hydrocarbons
throughout the entire pressure range. The selectivity toward
C5−C12 hydrocarbons was about 64% at atmospheric pressure
and increased to about 77% at 20 bar. Alternatively, the C3−C4
hydrocarbon selectivity was decreased from about 35% to 21%
with increasing pressure from 1 to 20 bar. The upsurge in C5−
C12 hydrocarbons selectivity was due to the enhanced
oligomerization of olefins at elevated pressure.50

Among C5−C12 hydrocarbons, C5 hydrocarbons were
observed as the leading product at atmospheric pressure.
However, the C5 hydrocarbon selectivity was dropped with
increasing pressure from 1 to 20 bar, and the selectivity
remained practically constant with further increasing pressure
(Figure 1B). In contrast, selectivity toward C12 hydrocarbons
increased with increasing pressure from 1 to 20 bar and then
decreased with further increasing the pressure to 40 bar. At the
same time, the selectivity toward C8 hydrocarbons increased
with increasing the pressure from 1 to 10 bar, and practically
remained constant at 20 bar, and further increasing the
pressure to 30 bar, the selectivity increased and remained
constant up to 40 bar. The C5 hydrocarbons are formed
through the oligomerization of propylene and ethylene or the
metathesis of butylenes. The dehydroformylation of n-butanal
and dehydrogenation of n-butanol are, however, unfavorable at
high pressure, leading to a drop in propylene selectivity (Figure
1C). The selectivity to C5 hydrocarbons thus declined at an
elevated pressure (Figure 1B). The oligomerization of
butylenes was favored at high pressure with high selectivity
to C8 and C12 hydrocarbons. The gasoline, which is currently
used as transportation fuel, is composed of C5−C12 hydro-
carbons (linear, branched, and cyclic) centered around C8.
Therefore, the gasoline-range hydrocarbons were subdivided
into volatile (C5−C6), middle range (C7−C9), and heavy
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hydrocarbons (C10−C12) (Figure 1B). The selectivity to
volatile hydrocarbons declined with increasing pressure from
1 to 20 bar, and the selectivity remained practically constant
with further increase in the pressure (Figure 1B). The
selectivity to heavy hydrocarbons was, however, increased
with pressure up to 20 bar and then declined with the further
increase of pressure. The oligomerization of the vapor-phase
olefins (C3−C4) is more favorable with increasing pressure
than the oligomerization of liquid-phase olefins (C7−C12).

52

The selectivity to C7−C9 middle range hydrocarbons was
initially increased up to 10 bar and slightly decreased at 20 bar.
However, the selectivity of the middle range hydrocarbon
increased with pressure beyond 20 bar with the simultaneous
drop in the selectivity of C10−C12 hydrocarbons. These results
further demonstrate that the chemical composition and hence
characteristic fuel properties of gasoline can be tuned by an
appropriate operating pressure.
The olefins were dominating among C3−C4 hydrocarbons at

atmospheric pressure (Figure 1C). However, the selectivity to
C3−C4 olefins declined with the pressure up to 20 bar and
increased with a further increase of pressure. The trend was
precisely the opposite for the C3−C4 paraffin. The decrease in
selectivity of C3−C4 olefins up to 20 bar was due to the
oligomerization reaction, leading to the formation of higher
hydrocarbons. Beyond 20 bar pressure, the low volatile
oligomerized products will be primarily in liquid phase and
remained trapped within the catalyst. These oligomers are
likely to be deposited on the mesopores and or external
surfaces and limit the access of the gaseous reactants to the
pores of the zeolite. The limited access of C3−C4 olefins to
zeolites pores suppress the oligomerization reaction leading to
the increase in selectivity of C3−C4 olefins. The decrease in
selectivity of C3−C4 paraffin indicates the suppression of
hydrogenation and the hydride transfer reaction. The
selectivity of four different butylene isomers is shown in
Figure 1D. The isomerization is a thermodynamically
controlled and equilibrium limited reaction. The iso-BUY is
the leading isomer under equilibrium followed by trans-2-BUY,
cis-2-BUY, and 1-BUY (Table S2). However, in the present
study, trans-2-BUY was detected as the leading BUY isomer
followed by cis-2-BUY, for the entire pressure range. It was due
to the kinetically controlled reaction over shape-selective and
microporous HZSM-5 catalyst.53 As the selectivity for gasoline-
range hydrocarbons was higher at 20 bar, the remaining
experiments were conducted at 20 bar.
Effect of WHSV. The reaction was studied at 543 K and 20

bar under the wide range of WHSV varied between 0.75 h−1 to
14.96 h−1 (Figure 2). The conversion of n-butanol was 100% at
WHSV of 0.75 h−1 and dropped slightly at higher WHSV. The
selectivity to DBE was reasonably low for the entire WHSV
range. The C5−C12 hydrocarbons selectivity declined con-
tinuously with increasing WHSV with a simultaneous increase
of C3−C4 hydrocarbons selectivity. The C5−C12 hydrocarbons
selectivity was only around 6% at WHSV of 14.96 h−1 and
increased to about 80% at WHSV of 0.75 h−1. Likewise, C3−C4
hydrocarbons selectivity was increased from about 20% to 93%
by increasing the WHSV from 0.75 h−1 to 14.96 h−1. The
oligomerization of olefins was higher at lower WHSV, leading
to a decline in C3−C4 hydrocarbons selectivity and a
simultaneous rise in C5−C12 hydrocarbons selectivity. The
selectivity to C5−C12 hydrocarbons individually as well as
volatile (C5−C6), middle range (C7−C9), and heavy hydro-
carbons (C10-C12) were also increased with decreasing WHSV

Figure 1. Effect of pressure on selectivity to (A) various products, (B)
C5−C12 hydrocarbons, (C) C3−C4 hydrocarbons, and (D) butylene
isomers. n-Butanol conversion was 100% for all experiments. Reaction
conditions: 523 K and 0.75 h−1.
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(Figure 2B). Besides, the C3−C4 olefins selectivity was
decreased incessantly with decreasing WHSV (Figure 2C).
The trans-2-BUY was the dominating butylene isomer,
followed by cis-2-BUY (Figure 2D). The C3−C4 paraffin
selectivity was, however, higher at a lower WHSV as a result of
enhanced hydrogenation of C3−C4 olefins (Figure 2B). As the
C5−C12 hydrocarbons selectivity was maximum at 0.75 h−1

WHSV, further studies were performed at WHSV of 0.75 h−1.
Effect of Temperature. The temperature effect on

selectivity to different products was studied in the range of
523 K to 563 K at 20 bar and 0.75 h−1, as shown in Figure 3.
While aromatics boost the octane number of gasoline, benzene
is an undesirable component due to its toxicity.54 As per the
current BS-VI specification, the gasoline should be composed
of less than 35 vol % of aromatics, and the benzene content
should be less than 1 vol %.55 A significant amount of
aromatics were also formed at 563 K.48 Additionally, below
523 K, butylenes were the primary product with small amounts
of gasoline-range hydrocarbons even at low WHSV.45 The
present study was thus limited to 523−563 K to obtain
aliphatic gasoline-range hydrocarbons.
The C5−C12 hydrocarbons selectivity was increased slightly

for increasing the temperature from 523 K (77%) to 543 K
(80%) (Figure 3A). A further increase in temperature to 563 K
resulted in the decrease of selectivity to C5−C12 (about 73%)
and C3−C4 hydrocarbons (about 7%). It was mainly because
of the conversion of C3−C12 hydrocarbons to aromatics (about
20% selectivity). The selectivity to benzene, toluene, xylene,
and higher aromatics were 1.6, 2.3, 7.3, and 9.3%, respectively.
An insignificant amount of DBE was observed only at 523 K
with about 1.5% selectivity. DBE was, however, not observed at
higher temperatures due to its further conversion to butylenes.
The C5−C6 hydrocarbons selectivity increased slightly with

increasing the temperature from 523 K (14%) to 543 K (16%)
(Figure 3B). A further increase in temperature to 563 K
resulted in a sharp drop in C5−C6 hydrocarbon selectivity
(5%). Conversely, the C7−C9 hydrocarbon selectivity was
increased incessantly with increasing temperature. The C10−
C12 hydrocarbon selectivity, however, remained steady for the
entire temperature range. It may be attributed to the increased
co-oligomerization (or cross oligomerization) of C3−C4
(Figure 3A) and C5−C6 (Figure 3B) hydrocarbons at an
elevated reaction temperature, leading to the formation of C7−
C9 hydrocarbons. The co-oligomerization (or cross oligome-
rization) was also reported earlier.51 At 543 K, the gasoline
fraction was composed of 20%, 42%, and 38% volatile (C5−
C6), middle range (C7−C9), and heavy (C10-C12) hydro-
carbons, respectively.
The selectivity toward C3−C4 hydrocarbons is shown in

Figure 3C,D. As observed from the figure, at 523 K, the C3−C4
olefins dominated over the paraffin. At low reaction temper-
atures, the conversion of n-butanol through the dehydrogen-
ation route (with hydrogen as a coproduct) remained slow
compared to the dehydration route. Moreover, the dehydro-
genation of alcohols requires active metal centers which are
absent in HZSM-5 zeolite.45,53 However, extra framework
alumina with Lewis acid character present in HZSM5 can
promote dehydrogenation reaction to some extent.45,53

Therefore, the hydrogenation of olefins became unimportant
at low reaction temperatures, leading to poor selectivity to C3−
C4 paraffin. However, the dehydrogenation route became
significant at the higher reaction temperature, leading to a
slight increase in selectivity to C3−C4 paraffin at 543 K. The

Figure 2. Effect of WHSV on selectivity to (A) various products, (B)
C5−C12 hydrocarbons, (C) C3−C4 hydrocarbons, and (D) butylene
isomers. Reaction conditions: 543 K and 20 bar.
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further increase in temperature resulted in a sharp drop in
selectivity to C3−C4 paraffin due to an enhanced oligomeriza-
tion reaction. With increasing reaction temperatures, C3−C4
olefins selectivity was also decreased continuously.45,48 The
trans-2-BUY was detected as the leading butylene isomer at
523 and 543 K, whereas the iso-BUY was the leading butylene
isomer at 563 K (Figure 3D).
Optimum Reaction Conditions. The above results

demonstrated 20 bar, 543 K, and 0.75 h−1 WHSV as the
best reaction parameters for achieving the highest selectivity to
aromatic-free gasoline-range hydrocarbons. Under these
conditions, the selectivity to gasoline-range hydrocarbons was
around 80%, with about 11% and 9% selectivity to C3−C4
paraffin and C3−C4 olefins, respectively. The C3−C4 paraffin
was composed of about 30% propane and 70% butanes, and
hence, it can be used as a liquified petroleum gas (LPG).
Whereas the C3−C4 olefins can be separated from the product
mixture and recycled back to the reactor for further
oligomerization to gasoline-range hydrocarbons. Considering
the recycling of C3−C4 olefins (Figure 3C), about 89%
selectivity to gasoline-range hydrocarbons (Figure 3A,C) can
be achieved in this process with only LPG as the coproduct
(about 11% selectivity).45

Time-on-Stream Behavior of HZSM-5. The 120 h time-
on-stream (TOS) study was performed to assess the catalytic
stability of HZSM-5, as shown in Figure 4. As evidenced from
the figure, the C3−C4 hydrocarbons selectivity was consistently
improved by increasing TOS with a simultaneous decrease in
the C5−C12 hydrocarbons selectivity (Figure 4A). The C3−C4
hydrocarbons primarily consisted of butylenes whose selectiv-
ity was also increasing with increasing TOS. However, the
propylene selectivity was decreased with increasing TOS
(Figure 4B). Additionally, the selectivity to C2−C4 paraffin
declined exponentially with increasing TOS. The selectivity to
C5−C7 and C10-C11 hydrocarbons was also decreased
exponentially with increasing TOS (Figure 4B). Selectivity
toward C8 hydrocarbons remained practically constant
throughout TOS (Figure 4A). In contrast, selectivity to C9
and C12 hydrocarbons were reduced slightly with TOS (Figure
4B). The dehydrogenation, decarbonylation, dehydroformyla-
tion, and hydrogenation reactions occur on the extra
framework alumina of HZSM-5.45,48,56 The above results
demonstrated the continuous deactivation of active catalytic
sites (extra framework alumina and Brønsted acidic sites) of
HZSM-5 with TOS due to the carbonaceous species
deposition, as discussed in the subsequent section. The
selectivity to propylene, C2−C4 paraffin, C5−C7 hydrocarbons,
and C10-C11 hydrocarbons was thus decreased with TOS.
The spent HZSM-5 was characterized by FTIR, TGA,

powder XRD, BET, and NH3-TPD to delineate the cause of
deactivation of the catalyst. The results were compared with
fresh HZSM-5, as shown in Figure 5−7 and Figure S2. The
surface area of fresh and spent HZSM-5 were 370 and 266 m2/
g, respectively, and a similar trend was observed in the
previously published article.48 About 19% weight loss was
observed during TGA analysis of spent HZSM-5 under the
flow of He. The weight loss under an inert environment may
be due to the release of trapped and adsorbed volatiles from
catalysts. Further weight loss of about 3% was noticed during
TGA analysis performed in air at 1073 K due to the
combustion of carbonaceous species deposited on the catalyst
(Figure 5). The FTIR spectra of the spent catalyst (Figure 6)
revealed IR bands at 2959, 2927, and 2863 cm−1 that are

Figure 3. Effect of temperature on selectivity to (A) various products,
(B) C5−C12 hydrocarbons, (C) C3−C4 hydrocarbons, and (D)
butylene isomers. n-Butanol conversion was 100% for all experiments.
Reaction conditions: 20 bar and 0.75 h−1.
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attributed to the CHx stretching of the alkyl group. The IR
bands at 1375 and 1460 cm−1 were assigned to deformation of

the −CH3 and −CH2 groups. Furthermore, the IR band at
1514 cm−1 corresponds to the C−C bond vibration of
hydrogen-rich carbonaceous species, i.e., noncondensed.26,29

Thus, FTIR spectra of spent HZSM-5 confirmed carbonaceous
species deposition on the catalyst causing deactivation. The
carbonaceous species deposition decreased the acidity of
catalysts. The acidity of the spent HZSM-5 (0.49 mmol NH3
g−1) was also significantly less than fresh HZSM-5 (0.64 mmol
NH3 g−1). FTIR spectra of pyridine adsorbed spent catalysts
showed a reduction in peak intensity corresponding to Lewis
and Brønsted acid sites [Figure 7]. The reduction in Brønsted
acid sites resulted in a decrease in the oligomerized product
selectivity with the increase in TOS. It was reported that the
medium strength Brønsted acid sites acid sites promote the
oligomerization reaction leading to the formation of higher
hydrocarbons.40 The deposition of carbonaceous species was
also reported earlier for the conversion of methanol over
HZSM catalysts.17 The powder XRD pattern of spent HZSM-5
was, however, quite similar to the fresh catalyst (Figure S3).48

Comparison of Fuel Properties of Virgin and Hydro-
genated Hydrocarbons with Gasoline. The liquid hydro-
carbon product obtained from this study is represented as
virgin hydrocarbons. These hydrocarbons are composed of
both olefins and paraffin. The virgin hydrocarbons were,

Figure 4. Time-on-stream behavior of HZSM-5 (a) C3−C4, C5−C12,
DBE, butylenes, and C8 hydrocarbons (b) C2−C4 paraffin, ethylene,
propylene, C5−C7, C9, C10-C11, and C12 hydrocarbons. n-Butanol
conversion was 100% for the whole TOS. Reaction conditions: 523 K,
0.75 h−1, and 20 bar.

Figure 5. TGA profile of spent HZSM-5.

Figure 6. FTIR spectra of fresh and spent HZSM-5.

Figure 7. Pyridine FTIR spectra of fresh and spent HZSM-5.
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therefore, hydrogenated using a silica-supported nickel catalyst
in a batch reactor (Parr Instruments). The details of the
preparation and characterization of nickel-based catalysts
supported on silica can be found in our previous works.46,57

The hydrogenation reaction was carried out at 523 K and 70
bar of hydrogen pressure. These hydrocarbons are represented
as hydrogenated hydrocarbons.
The fuel properties of the virgin hydrocarbons are compared

with those of the gasoline, and the results are shown in Table
2. The Reid vapor pressure (RVP) was measured to know the
volatility of the product. The RVP of virgin hydrocarbons and
gasoline was found to be 17.8 and 7.2 psig, respectively. The
virgin hydrocarbons comprised around 23 wt % C4 and C5
hydrocarbons (a fraction of the C4−C6 hydrocarbons remained
in the vapor phase as observed during the experiment) (Table
2). The high RVP of the virgin hydrocarbons was mainly due
to the volatile hydrocarbons. Gasoline with such a high RVP is
undesirable due to the high vapor-locking tendency in the
gasoline-based internal combustion engine, especially in hot
climates. The density of the virgin hydrocarbons was also
slightly lower than gasoline. Therefore, the C4 hydrocarbons
need to be separated from the product to meet the desired
specification with gasoline. The separated C4 hydrocarbons
(mostly olefins) can be recycled back to the reactor for
oligomerization to higher hydrocarbons, thereby increasing the
overall yield of gasoline-range hydrocarbons. The flash point
was measured to understand the probable fire hazards during
transportation and storage. The flash point of the virgin
hydrocarbons was less than 285 K compared to 230 K for
gasoline. However, we were unable to measure the exact flash
point of virgin hydrocarbons due to experimental limitations.
The CHNS-O analysis showed the presence of about 0.7 wt %
oxygen in the virgin hydrocarbons with a H/C atom ratio of
1.95. The H/C atom ratio of gasoline was 2.03. The low H/C
atom ratio was due to the presence of unsaturated hydro-
carbons in the virgin hydrocarbons.
Aniline point was determined to know the nature

(paraffinic/olefins/aromatic) of the hydrocarbons. The aniline
point of the virgin hydrocarbons and gasoline was around 320
and 285 K, respectively. The higher aniline point of virgin

hydrocarbons indicates that the aromatic content in virgin
hydrocarbons was much lower compared to gasoline. The
chemical composition showed the absence of aromatics in
virgin hydrocarbons (Table 2). ASTM D86 analytical
distillation was carried out to determine the boiling character-
istics, as shown in Figure 8. The initial boiling point (IBP) and

T50 (the temperature at which 50 vol % of the sample was
collected as distillate) of the virgin hydrocarbons were 313 and
459 K, respectively. The corresponding values for gasoline
were 315 and 349 K, respectively. While the IBP of the virgin
hydrocarbons was comparable with that of gasoline, the T50 of
the virgin hydrocarbons was significantly higher than gasoline.
On the other hand, around 75 vol % of the virgin hydrocarbons
were collected as a distillate, and the corresponding temper-
ature (T75) was around 573 K. The chemical composition
showed the presence of around 23 wt % lighter hydrocarbons
(C4 and C5) in the virgin hydrocarbons. The C4 and C5
hydrocarbons, however, could not be collected as a distillate
due to their low boiling point, thereby limiting the collected

Table 2. Fuel Properties, Elemental, and Chemical Composition of the Liquid Product and Gasolinea

liquid product

virgin hydrogenated gasoline

density at 298 K, kg/m3 710 717 713
lower heating value, MJ/kg 46.2 44.3 42.7
Reid vapor pressure, psig 17.8 14.5 7.2
flash point, K <285 <285 <285
viscosity at 313 K, cP 0.62 0.78 0.6
aniline point, K 320 333 285
water solubility immiscible
elemental composition, wt %
C 85.4 85.3 84.1
H 13.9 14.7 14.2
O 0.7 0.0 1.7
H/C 1.95 2.07 2.03

chemical composition of liquid product, wt %

C4 C5 C6 C7 C8 C9 C10 C11 C12 >C12 DBE

virgin 22.7 0.3 3.9 5.6 32.3 8.5 0.6 3.3 21.0 0 1.5
hydrogenated 7.5 0.7 2.0 4.9 33.8 8.6 0.6 3.7 22.6 15.5 0

aReaction conditions: 523 K, 0.75 h−1
, and 20 bar.

Figure 8. Distillation characteristics of virgin and hydrogenated
hydrocarbons and gasoline.
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distillation volume to about 75 vol %. The high boiling
distillate was collected at the end of the distillation study,
which was not anticipated because the virgin hydrocarbons do
not contain heavy hydrocarbons. The formation of a high
boiling distillate might be due to the formation of heavy
hydrocarbons during distillation at higher temperatures. The
lower heating value of the virgin hydrocarbons (46.2 MJ/kg)
was slightly higher than that of gasoline (44.3 MJ/kg). It may
be due to a large quantity of lighter hydrocarbons in the virgin
hydrocarbons.
The fuel properties, elemental, and chemical composition

(Table 2), and distillation characteristics (Figure 8) of the
hydrogenated hydrocarbons were measured. About 15.5 wt %
of more than C12 hydrocarbons were observed in the
hydrogenated hydrocarbons. The heavy hydrocarbons were
formed by the oligomerization of olefins during hydrogenation.
The DBE, however, entirely converted to saturated hydro-
carbons during hydrogenation. The lower heating value (44.3
MJ/kg) and RVP (14.5 psig) of hydrogenated hydrocarbons
also decreased slightly due to the decrease in C4 hydrocarbons.
The CHNS-O analysis also showed the absence of oxygen in
hydrogenated hydrocarbons (Table 2). The H/C atom ratio of
hydrogenated hydrocarbons (2.07) was slightly higher than
that of gasoline (2.03). These results showed that the virgin
hydrocarbons were completely saturated during hydrogena-
tion. The density (717 kg/m3) and viscosity (0.78 cP) of
hydrogenated hydrocarbons were also slightly higher than the
virgin hydrocarbons due to the hydrogenation of olefins and
the formation of heavy hydrocarbons following oligomerization
of olefins. The preliminary analysis of gasoline showed the
presence of a significant quantity of aromatics, especially
xylenes. A slightly lower H/C atom ratio of gasoline was due to
the presence of aromatics. The aniline point also showed a
similar trend. The aniline point of hydrogenated hydrocarbons
was increased slightly compared to that of virgin hydrocarbons,
as expected. About 85 vol % of the hydrogenated hydrocarbons
were collected as distillate at a temperature of 561 K (Figure
8), and around 3 vol % of hydrogenated hydrocarbons were
collected as a residue in the distillation flask. The result
showed around 12 vol % material loss during the distillation.
The distillation curve was therefore corrected considering the
evaporation of C4 and C5 hydrocarbons during distillation
(Figure 8). As observed from the figure, the distillation curve
of hydrogenated hydrocarbons slightly elevated due to the
hydrogenation of unsaturated hydrocarbons. Nevertheless, the
boiling temperature of the hydrogenated hydrocarbons
deviated significantly from gasoline. Further studies are,
therefore, needed in this area to match the boiling range of
hydrogenated hydrocarbons with gasoline.

■ CONCLUSIONS
The present article investigated a one-step n-butanol
conversion to aromatic-free gasoline-range hydrocarbons over
the HZSM-5 catalyst at elevated pressures. The gasoline-range
hydrocarbon (C5−C12) selectivity increased with pressure (up
to 20 bar) and temperature up to 543 K and decreasing
WHSV. The gasoline-range hydrocarbons selectivity remained
practically constant beyond 20 bar. The C3−C4 hydrocarbon
selectivity decreased with increasing pressure (up to 20 bar)
and temperature while decreasing WHSV. The aromatics were
observed only at an elevated reaction temperature of 563 K
and above. The optimal reaction parameters for the maximum
yield of gasoline-range hydrocarbons free from aromatics were

20 bar, 543 K, and 0.75 h−1. Under these reaction conditions,
the highest selectivity to gasoline-range hydrocarbons was
around 80%, with about 11% and 9% selectivity toward C3−C4
paraffin and olefins, respectively. The C5−C12 hydrocarbons
selectivity decreased slightly with increasing TOS with a
simultaneous increase in selectivity to C3−C4 hydrocarbons
due to the carbonaceous species deposition on the surface of
HZSM-5, thus causing deactivation of active sites for the
dehydrogenation, decarbonylation, hydrogenation, and oligo-
merization reactions. The physicochemical properties and
distillation characteristics of the virgin and hydrogenated
hydrocarbons were compared with gasoline. The boiling
temperature of the hydrogenated hydrocarbons deviated
significantly from gasoline. Further studies are, therefore,
needed in this area to match the boiling range of hydrogenated
hydrocarbons with gasoline.
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DBE di-n-butyl ether
LPG liquified petroleum gas
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