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Abstract

The dehydration of n-butanol to butenes over zeolite-Y is accompanied by coke formation, which progressively
deactivates the catalyst and affects reaction kinetics. In this study, dehydration was performed in an isothermal fixed-
bed reactor at 400-500 °C using a commercial zeolite-Y composite catalyst. Coke deposition was quantified
gravimetrically, while catalyst characterization showed a Si/Al ratio of 6, surface area of 353.9 m*.g™", pore diameter of
57.2 A, and pore volume of 0.602 cm?.g7%, confirming a mesoporous structure. Coke accumulation data were analyzed
using the Voorhies power-law model and analytical expressions derived from the Dumez—Froment empirical model.
Model parameters were estimated by fitting experimental coke content data at different temperatures. The Voorhies
model showed excellent agreement with experimental data (R* = 0.96-0.98). Among the Dumez—Froment-based
expressions, only the logarithmic form accurately described coke deposition, while other forms resulted in poor fits. The
results indicate that coke formation is progressively inhibited by accumulated coke, likely due to pore blockage and
reduced accessibility of active sites. These findings identify suitable empirical models for predicting coke deposition
and catalyst deactivation during n-butanol dehydration over zeolite-Y catalysts.
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1. Introduction

The dehydration of butanol (CsHeOH) to
produce butene (CiHs) is a crucial chemical
process in industrial chemistry, especially in the
synthesis of various chemicals and fuels. This
reaction involves an elimination process wherein
a water molecule (H,0) is removed from butanol,
a four-carbon alcohol, leading to the formation of
butene, a four-carbon alkene [1,2]. The process
uses acid catalysts, such as sulfuric acid (H,SO,)
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or phosphoric acid (H;PO,), which provide protons
to associate with the hydroxyl group (-OH) of the
butanol molecule, resulting in carbocation
formation, thereby facilitating the detachment of
the hydroxyl group to generate water molecules
[3]. The subsequent elucidation pertains to the
mechanism of butanol dehydration in the
presence of proton (H*):
(1). Protonation of the alcohol:

CsHOH + H* —» C4HyoOH:*

(n-butanol) (protonated butanol)
(2). Elimination of water:

CsH9OH2* — CsHo* + H20

(carbocation /carbenium ion)
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(3). Formation of butene:
CsHot —» C4sHs + H*
(butene)

The reaction pathways for 1-butanol (n-butanol)
dehydration to butenes and dibutyl ether are
described in Figure 1.

The dehydration of butanol occurs in
controlled conditions to maximize butene output
and reduce by-products [4]. Temperature,
pressure, and the concentration of the acid
catalyst are critical determinants of the reaction's
efficiency and selectivity [5]. The reaction is
generally conducted at elevated temperatures
between 150 °C and 250 °C to facilitate the
dehydration at an efficient rate [6]. Higher
temperatures facilitate the elimination reaction
by supplying the requisite activation energy for
the generation of the carbocation intermediate
and the subsequent elimination of water [7,8].

The industrial application of butanol
dehydration is crucial in the generation of butene,
which acts as a fundamental precursor in the
synthesis of diverse chemicals and polymers [9].
Butene is utilized in the synthesis of polyethylene
and other polymers, in addition to the production
of significant chemical intermediates like
butadiene. Additionally, butene is used as a
feedstock in the production of fuel additives and
many specialty chemicals [10].

Zeolites are a category of microporous
aluminosilicate minerals extensively employed as
catalysts in diverse chemical processes, due to
their unique structural characteristics, including
large surface area, thermal stability, and
molecular sieve capability [11]. The two-
dimensional structure of zeolite (aluminosilicate)
is shown in Figure 2. La-Y zeolite, a variant of
commercial Y-type zeolite, has garnered
considerable interest for its efficacy in catalytic

1-butanol
(BuOH)

processes, especially in the dehydration of
alcohols such as n-butanol to yield olefins like
butene [12]. (Note: Lanthanum (La) 1s classified
as a rare earth element).

La-Y zeolite is a modified variant of Y-zeolite,
distinguished by its faujasite structure, which
features a three-dimensional network of
aluminosilicate tetrahedra. The addition of
lanthanum (La) ions into the framework improves
the catalytic characteristics of the zeolite [14].
Lanthanum ions stabilize the zeolite structure
and enhance the catalyst's acidity by generating
more potential acid sites [15]. The augmented
acidic sites are essential for facilitating the
dehydration of alcohols, as they proficiently
donate protons to promote the elimination of
water molecules from alcohol substrates [16]. The
dehydration of n-butanol using La-Y zeolite
involves multiple stages. n-Butanol first adsorbs
onto the acid sites of the zeolite surface. The
strong Brensted acid sites provided by the La-Y
zeolite promote the protonation of the hydroxyl
group in n-butanol, resulting in the formation of a
carbocation intermediate. This intermediate is
very reactive and, in an acidic environment,
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Figure 2. Zeolite structure [11].
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Figure 1. The reaction pathways for 1-butanol dehydration [3].
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undergoes dehydration to create a butene
molecule. The reaction predominantly produces 1-
butene; however, isomerization may transpire
under specific conditions, resulting in the
formation of 2-butene. The function of La-Y zeolite
in this process is dual function. It offers an
extensive surface area for the adsorption and
activation of n-butanol molecules and presents
robust acid sites to promote protonation and
subsequent dehydration processes. The
microporous characteristics of the zeolite
guarantee that the reaction transpires in a
restricted  environment, hence improving
selectivity for preferred products such as butene.

Numerous parameters affect the efficiency
and selectivity of n-butanol dehydration on La-Y
zeolite, such as temperature, space velocity, and
the presence of co-reactants or contaminants. The
dehydration reaction is endothermic, indicating
that it necessitates heat to occur. High
temperatures often enhance the pace of n-butanol
dehydration by supplying the requisite energy to
surmount the activation barrier of the process.
Excessively high temperatures can induce side
reactions, including cracking and polymerization,
which diminish selectivity for butene [17,18]. The
duration of interaction between the reactants and
the catalyst, commonly known as space velocity, is
also crucial. Reduced space velocities (prolonged
contact durations) often improve the conversion of
n-butanol, although they may also raise the risk
of adverse reactions. In contrast, increasing space
velocities diminish contact time, perhaps
restricting conversion while enhancing selectivity
for butene.

Over time, the active sites of La-Y zeolite may
become deactivated due to coke formation,
wherein carbonaceous residues accumulate on the
catalyst surface, obstructing active sites. The
catalyst must be regenerated by combusting the
coke at higher temperatures to restore its activity
[3,18,19]. The formation of coke deposits
frequently accompanies the reactions of
petrochemical compounds, especially when the
employed solid catalyst might facilitate cracking
processes. This pertains to commercial cracking
catalysts, which are prevalent catalysts utilized in
the cracking processes of petroleum refineries.
The coke produced may be strongly adsorbed onto
the catalyst's active sites or obstruct the catalytic
pores, hence reducing the active surface area [21].
The impact of coke formation on the reaction rate
is typically represented by empirical correlations,
suggesting that establishing a mechanistic or
phenomenological kinetic equation for coke
production is challenging. This occurs because
coke 1s produced concurrently with other reaction
products, either via parallel or sequential
methods.

In the dehydration of n-butanol over zeolite-
based catalysts, water is produced as a co-product

alongside olefins and influences coke formation
and catalyst stability. Water can inhibit coke
deposition by competitively adsorbing on
Bronsted acid sites and reducing the effective acid
strength, thereby  suppressing secondary
reactions such as oligomerization, cyclization, and
aromatization that lead to coke precursors. In
addition, steam may contribute to partial coke
removal through gasification reactions [17,19,
22,23]. As a result, coke formation during alcohol
dehydration is generally less severe than in
hydrocarbon cracking or olefin conversion
processes. However, prolonged exposure to steam
at elevated temperatures can induce
dealumination of the zeolite framework, altering
acid site distribution and accelerating catalyst
deactivation [19,22-24]. Because coke deposition
is strongly governed by temperature, time on
stream, and residence time, its quantitative
evaluation is essential for developing reliable
deactivation models. Such models enable accurate
prediction of catalyst deactivation, optimization of
regeneration strategies, and improved process
stability and olefin selectivity during n-butanol
dehydration over zeolite-Y catalysts.

The relationship between reaction conditions
and catalyst properties with coke formation and
reaction rate is generally expressed in the form of
empirical equations. This indicates that the
kinetic equation for coke formation is not easy to
develop or formulate. Voorhies (Froment &
Bischoff and Aguayo) formulated the following
empirical relation of coke formation with reaction
time during the gas oil catalytic cracking [20,21]:

in which: 0.5 < m < 1, t = reaction time, Cc = coke
concentration, and b is an empirical coke
deposition constant, and m is the time exponent
reflecting the rate and mechanism of coke
formation. Equation (1) is henceforth referred to
as Model-1. The Voorhies model does not explicitly
resolve individual elementary steps of coke
formation; instead, it lumps the combined effects
of secondary reactions, oligomerization, and
condensation processes leading to carbonaceous
deposits on the catalyst surface. At different
temperatures, the constant & may have different
values. According to the Arrhenius law, the
reaction rate constant varies exponentially with
temperature (T), where E,is the activation energy,
R is the gas constant, and kyis the Arrhenius
constant.

_Ea
k =koexp (F) (1a)
Coke formation occurs concurrently with

other reaction products through complex parallel
and consecutive pathways. Consequently, the
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coke formation rate is influenced by the reaction
network, operating conditions (e.g., temperature),
and catalyst activity, which progressively declines
due to coke deposition on the catalyst surface.
Therefore, a comprehensive kinetic model must be
formulated by simultaneously solving the coke
formation kinetics and the catalyst deactivation
model in order to accurately describe the evolution
of catalytic activity and overall reaction
performance.

In 1976, Dumez and Froment proposed an
equation for the rate of coke formation as a
function of catalyst activity, i.e. [21]:

= = rlg, @)
in which: rceis the initial coking rate and ¢ is
catalyst activity during the coking process.
Dumez and Froment also proposed five
models relating catalyst activity (¢c) to coke
deposit concentration (Cc). These are [21]:

¢c = exp(—alc) (32)

pc=1-ale (3b)

Pc = (11_ aCc)? (3¢)

PC = Trace (3d)
1

Pc = Qraco? (3e)

Insertion of each of these equations into the model
of coking rate (Equation (2)) followed by
integration gives, respectively [21]:

V2arlt+1 —1] (4d)
Y3arft+1 —1] (4e)

From this point forward, Equations (4a) to
(4e) are designated as Model-4a), Model-4b), and
so forth. The parameters a and r° are derived
from the regression of experimental coking data
utilizing the least squares method. According to
Dumez and Froment, Model-4a) is generally the
most compatible equation. However, Dumez and
Froment did not further elucidate the relationship
between the model parameters and either reaction
temperature, space time or time on stream (TOS)
of the catalyst.

Despite extensive studies on alcohol
dehydration over zeolitic catalyst, quantitative
assessment of coke deposition models for n-
butanol dehydration conditions on commercial
cracking catalyst matrices remains limited. To
address this gap, the present study systematically
compares the performance of two representative
coke-deposition / deactivation models (Model-1

—_— —
|._\

i In(1+ arlt) (4a)
i 1—exp(— arlt)] (4b)
1
; 1+arct] (4C)
=1
a
=1
a

and Model-4, based on reference [21]) against
experimental coke data. Key Kkinetic and
deactivation parameters are estimated through
rigorous fitting procedures, together with their
corresponding confidence metrics, and the
resulting model trends are interpreted in light of
catalyst characterization results. Overall, this
study assesses the applicability of both models by
identifying their optimal fits and parameter
values for the coke deposition process during n-
butanol dehydration over a commercial zeolite-Y-
based cracking catalyst, thereby providing a
practical framework for predicting catalyst
deactivation = behavior, supports catalyst
selection/regeneration strategy, and improves
process reliability/selectivity.

2. Materials and Methods

The dehydration of n-butanol was carried out
in an isothermal fixed-bed reactor setup
illustrated in Figure 3. n-Butanol was infused
into the reactor at a rate of 0.0428 g/minute via a
syringe pump. The carrier gas (N2) flow rate was
sustained at 10 mL/minute, as measured at
ambient temperature and pressure. The reaction
temperature varied between 400 °C and 475 °C.
The weight of the commercial cracking catalyst
forming the fixed bed varied from 0.1 g to 3 g. A
fresh catalyst sampel was used for eash
experimental run. The experiments were
conducted in a continuous-flow reactor, and for
each run, observations were carried out over a
catalyst’s time-on-stream (TOS) ranging from 15
to 390 minutes.

The coke content on the spent catalyst was
determined gravimetrically for each
experimental run. The spent catalyst was first
dried in an oven at 110 °C until a constant weight
was achieved, which was often after 4 hours, to
remove water and unreacted butanol.
Subsequently, it was calcined in a furnace at a
temperature of 500 °C for 24 hours to entirely
burn the deposited coke [24]. The amount of coke
deposited was determined by the difference in
catalyst weight prior to and after the calcination
process. The coke content (Cc) is expressed as the
mass of coke per mass of fresh catalyst basis (
g.coke/g.coke-free catalyst).

C. = (mo—mp)—(mo—mq) _ (ma-my) (5)
¢ mz mz

in which, mo is mass of the spent catalyst sample
(g), m1is mass of the catalyst sample after drying
in an oven for 4 hours at 110 °C (g), mz is mass of
the catalyst sample after calcination in a furnace
for 24 hours at 500 °C (g).

In continuous reactor systems, the space
time is defined as the ratio of reactor volume to
the volumetric flow rate of the feed stream. For
heterogeneous catalytic reactions involving solid
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catalysts, space time is more appropriately
expressed 1in terms of catalyst loading.
Accordingly, space time is defined as the ratio of
catalyst mass to the molar flow rate of the
reactant. Mathematically, space time is expressed
as:

w

T=— (6)

Fao

where 7 is the space time (g. catalyst h.mol™), W
is the mass of catalyst in the reactor (g), and F,, is
the inlet molar flow rate of n-butanol (mol.h™).
This definition is particularly appropriate for
packed-bed catalytic reactors, where the reaction
rate and catalyst deactivation are directly related
to the catalyst mass and reactant molar
throughput.

The properties of catalyst used in this study
was characterized using some analysis
instruments. The silica/alumina ratio (Si/Al) was
analysed by Rigaku NEX CG X-ray Fluorecence
(XRF) serial CG1544 instrument with helium
atmosphere. The crystallinity of catalyst analysed
using Bruker D8 Advance X-ray Difractometer
(XRD) with radiation of Cu-Ka in the range of 26
of 5-60°. The specific surface area, average pore
diameter, average pore volume, and
adsorption/desorption  data for Langmuir
isotherm  were analysed by  Nitrogen-

physisorption method using a Micromeritics®
Tristar II Plus 3.01 instrument. The surface
morphology of catalyst was captured using the
Hitachi scanning electrone microscope (SEM)
SU3500 instrument with 10 kV of accelerated
voltage.

Model equations (Model-1 and Model-4) were
used to describe coke accumulation and its effect
on catalyst deactivation. Model parameters were
estimated by fitting experimental coke content
data using a nonlinear least-squares method,
minimizing the objective function defined as:
$S(6) = B, (cdsee — czotet (9))° (7)
where: S§(6)is the objective function, Cg{”“ and
Cl'°%lare the experimental data and predicted
coke content at data point i, respectively,
6 donates the model parameters, and N is the
total number of experimental data points.
Parameter estimation and regression analysis
were performed using MATLAB software
(version R2022a, MathWorks Inc.). Model
performance was evaluated using the coefficient
of determination (R?). The estimated parameters
were also assessed for consistency with the
proposed coke formation and catalyst
deactivation mechanisms on acidic zeolite sites.

Figure 3. The experimental set-up. 1= Nitrogen (N2) gas cylinder, 2 = Mass flow controller, 3 = Rotameter
4 = Soap bubble flowmeter, 5 = Thermocouple, 6 = Thermometer display, 7= Reactor, 8 = Catalyst bed,
9.= Furnace, 10 = Syringe pump, 11 = Temperature controller, 12 = Condenser, 13 = Gas sample port,
14 = Variac, 15 = Thermometer, 16 = AC electric current source
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3. Results and Discussion
3.1. Characterization of La-Y Zeolite Catalyst

The commercial zeolite-Y catalyst utilized in
this study was thoroughly characterized through
several analytical techniques to evaluate its
structural, textural, and chemical properties,
which are crucial in understanding its catalytic
performance, particularly in the dehydration of n-
butanol to butenes. Nitrogen physisorption
analysis was used to assess the textural
properties of the catalyst, revealing that the
average pore diameter of the zeolite was 57.208 A.
This value confirms the presence of relatively
large mesopores, aligning with the observed pore
volume of 0.602 cm?3/g. Mesoporous materials, by
definoition, have pore sizes ranging between 20 to
500 A, which enhances the diffusion of molecules
into the catalyst, thereby improving its
effectiveness in gas-phase reactions like n-
butanol dehydration. Furthermore, the surface
area of 350-390 m?/g provides a substantial
number of active sites for the reaction,
contributing to the catalyst’s overall efficiency.
The bulk density and skeletal density of the
catalyst are 0.5568 g/cm3 and 1.2727 g/cm3,
respectively. The catalyst porosity is 56.25%. The
adsorption  isotherm obtained from the
physisorption analysis is identified as Type IV
isotherms with a distinct hysteresis loop, which is
characteristic of mesoporous materials. The shape
of the isotherm curve generally indicates the
presence of capillary condensation in mesopores,
further corroborating the mesoporous nature of
the catalyst (see Figure 4a).

In addition to physisorption analysis, the
zeolite-Y catalyst was characterized by X-ray
fluorescence (XRF) to determine its chemical
composition. The results showed a Si/Al ratio of 6,
indicating moderate acidity of the catalyst [19].
The silica-to-alumina ratio in the zeolite
framework plays a key role in determining its
acidic properties, which are critical for alcohol
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dehydration reactions.. The moderate acidity of
the zeolite-Y catalyst makes it ideal for this
reaction and butene skeletal isomerization as
overly acidic catalysts can promote unwanted side
reactions, such as cracking, leading to the
formation of undesired products like coke [19]. A
pronounced difference in adsorption capacity is
observed between the fresh and spent zeolite-Y
over the entire pressure range. The fresh zeolite-
Y catalyst exhibits a significantly higher N,
uptake, reaching approximately 390 — 400 cm?®.g™"
(STP) at P/P, » 1, whereas the spent zeolite-Y
catalyst shows a reduced -capacity of
approximately 340-350 cm®.g™' (STP). This
reduction clearly indicates a loss of accessible
surface area and pore volume after practical
operation, which is primarily attributed to partial
pore blocking and surface coverage by coke-
containing species formed during the n-buthanol
dehydration reaction. The hysteresis loop of the
spent catalyst is noticeably narrower and slightly
shifted compared to that of the fresh catalyst. This
phenomenon indicates structural modification of
the pore network, including narrowing of pore
entrances and partial collapse of smaller
mesopores caused by coke deposition. The
observed narrowing of the hysteresis loop further
supports this interpretation, confirming the
presence of diffusion limitations imposed by coke
precursors.

Figure 4b show that the pore size distribution
of the fresh and spent catalysts shows a similar
overall profile, with a dominant mesopore peak
centered at approximately 50-60 A, indicating
that the mesoporous structure of the catalyst is
largely preserved after reaction. However, the
fresh catalyst exhibits a slightly higher pore
volume at the main mesopore peak compared to
the spent catalyst. The reduced mesopore volume
observed for the spent catalyst suggests partial
pore blockage, most likely due to the deposition of
carbonaceous species formed during the reaction.
This blockage decreases pore accessibility without
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Figure 4. Isotherm Langmuir for fresh and one of spent zeolit-Y catalyst (a) and pore distribution of

fresh and one of spent zeolite-catalyst (b)
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causing significant structural collapse. At larger
pore widths (>100 A), both catalysts display
nearly identical distributions, indicating that
macroporosity remains unaffected by catalyst
usage. These results 1imply that catalyst
deactivation is mainly associated with mesopore
obstruction rather than irreversible framework
degradation, suggesting that catalyst
regeneration may restore pore accessibility and
performance.

The X-ray diffraction (XRD) pattern, shown in
Figure (5a), provides insight into the crystallinity
and phase purity of the zeolite-Y catalyst. The
diffraction peaks observed at 2-theta angles,
particularly around 20°, are consistent with the
characteristic diffraction pattern of zeolite Y,
confirming the retention of its crystalline
structure after synthesis or potential modification
processes. The broadness of the peaks may
suggest some degree of amorphization or partial
disorder in the crystal lattice, but overall, the
material  retains its  zeolitic  structure.
Crystallinity is a key factor in maintaining the
integrity of the porous framework, which is
necessary for the catalyst’s longevity and stability
under reaction conditions.

Figure (5b) displays a scanning electron
microscopy (SEM) image of the zeolite-Y catalyst,
providing a visual representation of its surface
morphology. The image reveals that the catalyst
consists of spherical particles with rough surfaces,
which is typical for zeolites. These spheres appear
to be composed of smaller crystallites aggregated
together. The rough surface texture enhances the
surface area available for catalysis, allowing
better interaction between the reactant molecules
and the active sites. The particle size distribution
is relatively uniform, with an average size in the
micrometer range, which is advantageous for
maintaining good flow characteristics in a fixed-
bed reactor system. Additionally, the spherical
morphology observed in the SEM image indicates
good mechanical strength, which is essential for
industrial applications, as it minimizes catalyst
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Figure 5. (a) The X-Ray Diffractogram pattern of zeolite cofnrhelréial, (b)r The. Scanning Electr(;n

Microscope (SEM) image of zeolite commercial.

attrition during use. Taken together, the
characterization results of the zeolite-Y catalyst
confirm that it possesses the necessary physical
and chemical properties for efficient catalysis in
the dehydration of n-butanol to butenes. The
moderate acidity, mesoporous structure, and high
surface area ensure that the catalyst can
effectively facilitate the desired reaction while
minimizing the formation of undesirable by-
products such as coke [19].

Additionally, crystallinity and mechanical
stability, as indicated by the XRD and SEM
analyses, ensure the catalyst’s robustness under
the operating conditions, making it suitable for
prolonged use in industrial settings. The next
phase of this study focuses on kinetic modeling of
coke formation, as the accumulation of coke on the
catalyst surface can significantly hinder its
performance over time.

3.2. Coke Content vs. Time on Stream (TOS)

The underlying assumption of the Voorhies
model is that coke formation proceeds under
approximately steady reaction conditions, where
the overall rate of coke accumulation can be
correlated with time-on-stream through an
empirical power-law relationship. The exponent m
provides insight into the dominant coke formation
behavior: values of m close to unity indicate
approximately linear accumulation of coke,
whereas higher values suggest accelerating coke
deposition due to pore blockage, increased
residence time of heavy intermediates, or
autocatalytic coke growth. In the context of n-
butanol dehydration over acidic zeolite-Y-based
catalysts, this model represents the net outcome
of dehydration, oligomerization, and cracking
reactions that contribute to coke precursor
formation. The measured coke content of the spent
catalysts from n-butanol dehydration at various
temperatures and time on stream (TOS) was
presented in Table 1. The longer the catalyst was
utilized, the higher the coke content. The best-fit

—
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parameter values of the various models examined
are shown in Table 2.

The quality of the fit is represented by the
correlation coefficient, R?; a perfect fit gives the
value of the correlation coefficient R? equal to 1
(one). Therefore, based on the statistical
significance (R?) of the obtained parameter values,
the best-fit models for coke deposition on the
catalyst of the present work are Model-1 and
Model-4a. This agrees with the finding of Dumez
and Froment that Model-4a is generally better
than the other phenomenological models. Figure 2
shows the quality of the fit obtained. In a fixed or
constant space-time, varying durations of catalyst
usage (time on stream, TOS) indicate that the
catalyst processes the same n-butanol feed flow
but during different operational periods.

Table 2 indicates that the values of b and m
in Model-1, as well as o« and rc® in Model-4a,

appear to be dependent on temperature (7).
Subsequent analysis indicates that at a reaction
temperature (7) ranging from 673 K to 748 K (400
to 475 °C), the most effective equations correlating
the concentration of coke deposits (Cc, in g coke/g
clean-catalyst or g coke/g coke-free zeolite) with
time on stream (¢, in hours) are as follows:

(1). Based on Model-1:
Cc = 0.254 exp(—1157.3/T) £0.0018T-1.0218 (8)

The correlation coefficient (R?) for the parameter
of b is 0.979, and that for the parameter of m is
0.998. A three-dimensional profile curve for this
model is presented in Figure 7a.

2. Based on Model-4a:

— 1 -9
Ce = Sororem@raram (1 + 331X 107t exp(16436/T)) €))

Table 1. Deposit of coke on a commercial cracking catalyst used to catalyze dehydration of n-butanol
at various reaction temperatures and time on stream (catalyst weight = 1 g, space time = 28.82 g-

cat.h/mole n-butanol).

Time on stream (TOS), (minute)

C. (g.coke / g.coke-free catalyst) X102 at

400 °C 450 °C 475 °C
15 3.52 0.50 3.51
30 3.95 3.91 3.89
60 4.32 4.98 5.75
120 5.56 6.54 7.44
390 6.57 8.45 9.79

Table 2. Best-fit parameter values of Models 1 and 4a to 4e in describing the coke content of a
commercial zeolite-Y catalyst as a function of time on stream (¢).

Parameters
Model Temp. R?
(°C) b x102 m x102 o ree
400 4.57 20.02 0.97
1) 450 5.05 28.63 0.98
475 5.46 33.74 0.97
400 104.92 125.82x10-2 0.97
4a) 450 62.96 40.89%x10-2 0.98
475 43.24 25.97x10-2 0.98
400 20.23 20.24%10-2 0.44
4b) 450 16.32 14.68%10-2 0.58
475 13.54 13.05%10-2 0.74
400 17.73 30.88%x10-2 0.74
4c) 450 13.74 20.59%10-2 0.80
485 10.89 16.86x10-2 0.91
400 6.93x1016 1.09%x10-14 -
4d) 450 7.09x1016 8.90x10-13 0.38
475 5.75x1016 5.70x10-13 0.72

Note: coke content, in g/g coke-free catalyst; Reaction time (= time on stream / TOS) in hours

Model-4e failed to give even a reasonable fit to the data.
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The R2 value for parameter o is 0.984, and that for
parameter rc01is 0.999. When both parameters are
lumped, however, the value of R2 becomes 0.999.
A three-dimensional profile curve for this model is
shown in Figure 7b.

3.3. Coke Content vs Space Time

The other important process variable of a
continuous heterogeneous catalytic tubular
reactor is space time, i.e., catalyst weight divided
by the feed flow rate. This variable represents the
time required by the catalyst to process the
amount of reactant in the reactor. Table 3
presents data on the coke content of spent
commercial cracking catalysts employed to
dehydrate n-butanol for 390 minutes (TOS) at
various space times. The results of curve fitting
the models to the experimental data, based on the
assumption that the relationship between the

Model 1
0.12
g, 0.10- a
S 4
8 0.08-
Q A
2 (
& 0.06- =
[«]
(3]
o 0.04 -
E 4
< 0.02-
Q
m 0.00 .' T M T L T ¥ T T T X T ¥
0 1 2 3 4 5 6 7
TOS, hour

concentration of deposited coke and space-time
adheres to the models, are provided in Tables 4
and Figure 8. Table 4 displays the optimal
parameter values for the various models analysed.
The parameters of the model also denote the
temperature function. The evaluation results for
the temperature (7) range of 673 K to 748 K, based
on an empirical relationship between the
concentration of coke deposit (Cc, in g coke/g coke-
free catalyst) and space time (z, in hours), are as
follows:

(1). Based on Model-1:

C. = 0.2664 exp( — 1064.3/T) T0-0008T-0504  (1()
The correlation coefficient (R?) for parameter b is
0.99, and that for parameter m is 0.99. A three-
dimensional profile curve for this model is
presented in Figure 9a.

Model 4A
0.12

= 400°C
e 450°C
A 475°C

0.10 1

0.08 -
0.06 4
0.04 4

0.024

g. coke / g. coke-free catalyst

000 +———T———

TOS, hour

Figure 6. Best fits of (a) Model-1) and (b) Model-4 a) to the experimental data on coke content of a
commercial cracking catalyst used to dehydrate n-butanol (space time = 28.82 g cat.h/mole n-butanol,

weight of catalyst bed = 1 g).
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Figure 7. Three-dimensional profile curves of (a) extended Model-1), i.e. Equation (8), and (b) extended
Model-4a), namely Equation (9), representing the coke content as functions of temperature (7) and time

on stream ().
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(2). Based on Model-4a:
Ce = somo emmaso (1 + 135 X 1077 exp((65.1 x 103/7))
(1)
The R? value for parameter « is 0.99, and that for
parameter rc® is 0.96. When both parameters are
lumped, however, the value of R? becomes 0.97. A
three-dimensional profile curve for this model is
shown in Figure 9 b.

3.4. Interpretation of Fitted Parameters and
Comparison of Coke Deposition Models

For Model-1 proposed by Voorhies, the fitted
parameters b and m characterize the empirical
coke deposition behavior during n-butanol
dehydration. The parameter b reflects the initial
tendency of coke formation on the fresh catalyst

Table 3. Deposit of coke on a commercial zeolite-Y used to catalyze dehydration of n-butanol at various
reaction temperatures and space-time (at time on stream (TOS) of 390 minutes).

Space Time

C. (g.coke / g.coke-free catalyst) X102 at

Cat. weight, g g cat.h/mole 400 °C 450 °C 475 oC
0.1 2.882 5.77 6.74 7.69
0.2 5.763 6.22 7.49 7.55
0.5 14.408 6.56 7.94 8.73
1 28.816 6.57 8.45 9.79
1.5 43.224 6.92 9.53 10.60
2 57.632 6.84 8.96 10.72
2.5 72.04 7.03 9.67 10.99
3 86.449 7.44 9.76 10.79

Table 4. Best-fit parameter values of Models 1 and 4a to 4e in describing the coke content of a commercial

zeolite-Y catalyst as a function of space time (7).

Model Temp. (°C) b x102 m X102 a rce R2
400 5.49 6.05 0.92
1) 450 6.07 10.66 0.95
475 6.34 12.76 0.95
400 267.3 8275.3 0.98
4 a) 450 111.04 5.4 0.94
475 69.86 0.5 0.95
400 15.11 4.52x10-2 0.42
4 b) 450 11.71 4.19%10-2 0.46
475 9.34 1.19x10-2 0.34
400 14.62 12.47x10-2 0.71
4¢) 450 11.02 8.12x10-2 0.77
475 8.54 2.31x10-2 0.37

Note: coke content, in g/g coke-free catalysts ; Space-time = 7, in hours.

Model-4 d) and 4e) failed to give even a reasonable fit to the data.

Model 1

m  400°C
® 450°C
A 475°C|

g. coke / 9. coke-free catalyst

0.00 T T T T - T - T
0 20 40 60 80

Space time, g. cat. hour / mol

g. coke / g. coke-free catalyst

Model 4A

= 400°C
® 450°C
A 475°C

0.00 - T " T T T - T
0 20 40 60 80

Space time, g. cat. hour / mol

Figure 8. Best fits of (a) Model-1) and (b) Model-4 a) to the experimental data on coke content of a
commercial cracking catalyst used to dehydrate n-butanol (at TOS = 390 minutes).
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surface, while the exponent m describes the
temporal evolution of coke accumulation. The
obtained value of m indicates that coke formation
does not increase linearly with time, suggesting
the contribution of secondary reactions and
progressive pore blockage on the zeolite-Y
composite catalyst. This behavior is consistent
with the known deactivation characteristics of
acidic cracking catalysts reported in the
literature.

For Model-4 proposed by Dumez—Froment,
the fitted parameters a and rc® represent the
initial coke formation tendency and the inhibitory
effect of accumulated coke on further coke growth.
The analytical forms derived from this model
(Equations (4a—4e)) were evaluated by fitting
experimental coke deposition data. Among these
expressions, only Model-4a provided consistently
high coefficients of determination (R* = 0.97—
0.99), comparable to those obtained with Model-1,
while Models 4b—4e showed poor or physically
unrealistic fitting behavior. The superior
performance of Model-4a indicates that coke
deposition follows a non-linear trend and is
progressively inhibited by coke accumulation,
likely due to pore blockage and reduced
accessibility of acidic active sites. This inhibitory
effect becomes more pronounced at longer time-
on-stream, which cannot be fully captured by the
simple power-law formulation of Model-1.

Overall, Model-1 provides an accurate
empirical description of coke accumulation, while
Model-4a offers a more physically realistic
representation by incorporating the inhibitory
effect of accumulated coke. Therefore, Model-1
and Model-4a are identified as the most
appropriate models for describing coke formation
and catalyst deactivation during n-butanol
dehydration over zeolite-Y catalysts. A summary

comparison of these models is presented in Table
5.
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4. Conclusion

This study provides a comparative
assessment of empirical coke deposition models
during n-butanol dehydration over a commercial
zeolite-Y-based cracking catalyst, with emphasis
on the kinetics and physical interpretation of
catalyst deactivation. The main conclusions are as
follows: (1). Coke formation occurs as a parallel
and consecutive process during n-butanol
dehydration, confirming that secondary cracking
and condensation reactions on acidic zeolite sites
contribute significantly to catalyst deactivation;
(2). Coke accumulation 1is governed by
temperature, space time (7), and time-on-stream
(TOS), demonstrating that coke deposition is
controlled by both intrinsic reaction kinetics and
transport limitations within the catalyst pore
network; (3). The temporal evolution of coke
deposition exhibits a decelerating trend,
indicating progressive pore blockage and surface
coverage, which reduces active site accessibility
and inhibits further coke formation; (4). The
Voorhies power-law model (Model-1) provides an
accurate  empirical  description of coke
accumulation, yielding excellent agreement with
experimental data and confirming its suitability
for representing overall coke deposition trends;
(5). The Dumez—Froment-based empirical model
(Model-4a), particularly its logarithmic form,
provides a more mechanistically meaningful
representation, as it explicitly captures the
inhibitory effect of accumulated coke on
subsequent coke formation. This behavior reflects
the progressive loss of accessible active sites and
increasing diffusion resistance within the catalyst
structure; (6). The superior performance of the
Dumez—Froment-based model demonstrates that
coke deposition during n-butanol dehydration is
inherently non-linear and  self-inhibiting,
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Figure 9. Three-dimensional profile curves of (a) extended Model-1), i.e. equation (10), and (b) extended
Model-4a), namely Equation (11), representing the coke content as functions of temperature (7) and space

time (7)
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highlighting the importance of incorporating
deactivation effects into kinetic and reactor
models; (7). The empirical models developed in
this study provide a validated predictive
framework for describing coke accumulation and
catalyst deactivation, which is essential for
reactor design, catalyst lifetime prediction, and
process optimization 1in catalytic alcohol
dehydration systems relevant to biofuel and olefin
production; (8). This work contributes to improved
understanding  of  coke-induced catalyst
deactivation = mechanisms on zeolite-based
catalysts, providing experimentally validated
models that bridge empirical observations and
mechanistic interpretation of coke deposition
dynamics.
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