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Abstract: In this study, a mono-functional ZrO, nanomaterial was treated with sulfur and loaded with
two different percentages of platinum metals (i.e., 0.5 and 1 wt%) to generate an acidic bi-functional
Pt/SZrO; nanocatalyst for the purpose of increasing the catalytic activity and selectivity together.
This work aims to determine the least amount of the costly platinum metal that can be added to
the catalyst to achieve the appropriate balance between the acidic and metallic sites. Both rapid
deactivation of the super-acid nanaocatalyst and fast cleavage of the zero-octane n-heptane chain
can consequently be prevented throughout the reaction. This can be achieved by accelerating the
hydroisomerization reactions at a pressure of 5 bar to reach the highest selectivity towards producing
the desired multi-branched compound in fuel. Several characterization techniques, including XRD,
SEM, EDX, BET, and FTIR, have been used to evaluate the physical properties of the catalysts.
The best reaction product was obtained at 230 °C compared to the other tested temperatures. The
conversion, selectivity, and yield of reaction products over the surfaces of the prepared catalysts
followed this order: 0.5 wt% Pt/SZrO, > 1 wt% Pt/SZrO, > 0.5 wt% Pt/ ZrO, > 1 wt% Pt/ZrO, >
SZrO, > ZrO,. The highest conversion, selectivity, and yield values were obtained on the surface of
the 0.5 wt% Pt/SZrO; catalyst, which are 69.64, 81.4 and 56.68 wt%, respectively, while the lowest
values were obtained on the surface of the parent ZrO, catalyst, which are 43.9, 61.1 and 26.82,
respectively. The kinetic model and apparent activation energies were also implemented for each of
the hydroisomerization, hydrogenation/dehydrogenation, and hydrocracking reactions, which track
the following order: hydroisomerization < hydrogenation/dehydrogenation < hydrocracking. The
lowest apparent activation energy value of 123.39 k] /mol was found on the surface of the most active
and selective 0.5% Pt/SZrO; nanocatalyst.

Keywords: bi-functional Pt/SZrO; nanocatalyst; sulfate treatment; Pt-metal loading by impregnation;
n-heptane hydroisomerization reactions; kinetic model

1. Introduction

The technical and environmental quality of fuel must be taken into account during the
development of clean gasoline for today’s engines. In fact, high octane fuel, in the range of
87 to 95 with a low environmental impact, is necessary to obtain optimal gasoline. Com-
pared to aromatics or olefins, the family of alkanes as a whole has much less photochemical
reactivity, but only highly branched alkanes have satisfactory octane numbers for use as
fuel. Due to the fact that the alkanes in the gasoline fraction of crude oil are mostly linear
or monobranched, they must be isomerized and reformatted to create highly branched iso-
mers. In order to increase the octane number of gasoline in the petroleum refining process,
it is important to isomerize butane, pentane, and hexane; however, this technology has
not been applied to nCy; and heavier alkanes because the formation of cracking products
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rises very quickly as conversion increases. The need to produce clean fuels with high
octane ratings has prompted researchers to search for new solid catalysts with improved
selectivity for nCy* isomers [1]. Depending on the processing conditions, zirconium oxide,
or zirconia, can be modified into an acidic or super acidic catalyst by adding anions such
as sulfate ions. This catalyst has been found to be highly suitable for catalyzing processes
of industrial importance, such as hydrocarbon isomerization, cracking/hydrocracking
reactions, conversion of methanol to hydrocarbons, alkylation, esterification, cyclization,
hydrogenation-dehydrogenation reactions, oxidation, oligomerization, etc. In cooperation
with noble metals such as platinum loaded onto the catalysts, the surface characteristics of
these catalysts can be further modified by increasing their catalytic efficiency [2]. Sulfates in-
crease the structural stability of zirconia, lower reaction temperatures, and enhance thermal
stability when added [3]. The activity of solid acid catalysts is influenced by the properties
of the active sites (i.e., Bronsted and Lewis acids), as well as other factors including the na-
ture of the starting materials and the procedures used for thermal treatment [4]. In fact, the
acidic properties of the oxide surface can be significantly changed by simple modification
of the preparation steps [5,6]. The calcination temperature and sulfur agent concentration
affect the catalytic performance of sulfated zirconia [7]. According to Busto et al. [8], the
acidity distribution is affected by the calcination temperature variables, and the maximum
concentration of acid sites and activity levels can be produced at the optimum calcination
temperature. Under these ideal conditions, it was found that sulfated zirconia enhanced the
amount of acidity and increased the catalytic activity of the catalysts [9]. However, these
super-acid solid catalysts are often quickly deactivated. It is known that some ultra-acid
solid catalysts catalyze the skeletal isomerization of hydrocarbons at low temperatures for a
certain period throughout the reaction. Sulfated zirconia (5Z), for example, is a very strong
acid solid that can catalyze n-hexane isomerization at ambient temperatures even in the
absence of metal sites, although it is deactivated very quickly. There have been a number
of hypotheses put forward to explain the rapid deactivation of the catalyst, including loss
of sulfur, sulfur oxidation state changes, crystal structural transformations, and deposition
of hydrocarbon fragments. In fact, the sulfur content is likely to have an effect on the
crystal structure and activity of the catalyst [10,11]. In addition, sulfate groups slow the
crystallization process in amorphous zirconia [3] by means of relieving some of the surface
energy and stabilizing its phase. Platinum has also been shown to enhance the stability of
SZ catalysts [12-15], and hydrogen must be present throughout the reaction to maintain the
catalytic activity of the catalysts. According to the authors [15,16], strong protonic acidity is
produced by the dissociation, diffusion, and conversion of hydrogen species into hydrides,
which accelerates the adsorption of carbenium intermediates, and this process includes a
chain initiation step with loss of hydrogen from alkanes, a carbenium ion isomerization
step, and a carbenium ion diffusion step that involves the transfer of hydrogen from a
neutral molecule to a carbocation (i.e., carbon cations), which leads to the removal of the
isomeric carbocation from the surface and the formation of a new carbocation. The long
residence times of hydrocarbon chains on the catalyst surface and the high probability
of cleavage via B-scission reactions result from carbocation desorption being slow and
limited by the rate of hydrogen transfer, especially for n-heptane and higher alkanes where
oligomerization is not necessary for the S-scission reaction to proceed. In the steady state,
the surface isomerization process is approximately equilibrated and nearly saturated with
carbocations [12]. Methods of preparing sulfurized zirconia by wet impregnation tech-
niques using zirconium oxide, zirconyl nitrate hydrate, zirconium oxychloride octahydrate,
and zirconium hydroxide as a precursor have been previously presented in the published
literature [15,17-22]. The stabilizing properties of sulfate ions on the surface of zirconia,
which promote the formation of the tetragonal crystalline phase at calcination temperatures
exceeding 540 °C, are the reason for the increased activity of sulfated zirconia. However,
as mentioned previously, the rapid deactivation of these catalysts has prevented their
application in industrial processes, and more recent research has focused on reducing this
effect. Transition metals including Ni, Pt, Pd, Rh, Ru, Co, W, and Mo were also added
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to the sulfated zirconia to solve the deactivation problem. It has been proven through
practical experiments that Pt is present on the catalyst surface in the form of metallic Pt that
can maintain its activity even at calcination temperatures of 600 °C and above, and these
metallic Pt centers are active sites for n-butane and n-hexane isomers. On the other hand,
Pt contributes to the increased acidity of the Pt/sulfate zirconia catalysts. The hydrogen
molecule splits into hydrogen atoms at Pt sites before spilling into sulfated zirconia, where
H~ formation on the Lewis acid site converts the H-atom into H*. It was then proposed
that H* serves as the acidic site for the n-alkane isomerization [22]. In addition, it has been
documented that adding a small percentage of metal can enhance the Lewis acidity of
catalysts [23,24].

The importance of Brensted acid sites has been carefully studied, and acid strength
is probably the most important element in isomerization activity. In order to understand
the nature of the active sites, the behavior of the surface structure of Pt/SZ on different
structures of catalysts was investigated. Oloye studied the conversion of n-Heptane via
a Pt/sulfated zirconia catalyst using a fixed-bed reactor under atmospheric pressure at
reaction temperatures ranging between 453 and 723 K. It has been found that the formation
of cracked products occurs only at higher conversion levels through successive reaction
routes [25]. Aleman-Vazquez found that the sulfated zirconia catalyst has super-acidic
properties by evaluating Pt/sulfated zirconia in an experimental system for n-heptane
isomerization, and noted that it has good activity for the isomerization reaction of alkanes,
but is subject to rapid deactivation [10]. Busto tested the isomerization-cracking of long-
chain n-paraffins using commercial Pt/SO4,-ZrO; catalysts and found that increasing
temperature values increased the conversion but also increased the cracking. Therefore,
the optimum values were obtained at a moderate temperature of 225 °C for high feed
reactivity [8]. Song used three Pt-promoted sulfated zirconia catalysts. It was proposed
that the presence of excessive sulfur species on the sample was suitable to maintain active
sulfur at the catalyst surface [17]. Vijay used a Pt-promoted sulfated zirconia (SZ) catalyst
with a highly active catalyst for n-pentane isomerization under atmospheric conditions.
Note that upon repeated regeneration processes, the conversion increases with iso-pentane
selectivity, as the duplicated oxidation/reduction cycles lead to restructuring of the acid
and metal sites, facilitating hydrogen migration and helping to reduce or stop catalyst
deactivation [15].

The aim of this work is to investigate the effect of both sulfate pretreatments to ac-
tivate acid sites as well as platinum metal loading to activate metal sites on the catalytic
performance of cheap zirconium oxide (ZrO;) nanocatalysts during n-heptane hydroisomer-
ization reactions. This study conducted a comprehensive comparison between the catalytic
activities and catalytic selectivities of the prepared nano-catalysts before and after metal
loading and/or sulfate treating. The goal was to reach the best degree of balance between
the acidic sites and the metallic sites within the structural framework of nanocatalysts for
the purpose of producing the highest percentage of isomers and the highest yield through
avoiding the deactivation problem that most super-acid solid catalysts used in this type
of reaction suffer from. In order to fill the gap in the published literature in this field, the
effect of reaction temperature was also studied, and a mathematical model was developed
to calculate the values of apparent activation energies for each of the hydroisomerization,
hydrogenation/dehydrogenation, and hydrocracking reactions with the aim of comparing
their values with the experimental results of the produced spectra of hydrocarbons.

2. The Experimental Work
2.1. Materials

Table 1 provides an overview of the different types of chemicals employed in the
experimental aspect of this study.
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Table 1. Chemical reagents and their commercial sources.

No. Material Composition Company Origin Purity

1 Zirconium Oxide Nanoparticles ZrO, US Research Nanomaterials, Inc USA 99.+%
2 Hydro-HexachloroPlatinic Acid ~ (Hp PtClg)-6H,O  Direvo Industrial Biotechnology =~ Germany 99%
3 n-Heptane CHj3(CH,)5CHj; J.T. Baker USA 99%
4 Sulfuric Acid H,S0,4 ]J.T. Baker USA 98%
Petroleum Research and o

5 Hydrogen Gas Hy Development Center Iraq 99.9%

6 Deionized Water H,O University of Iraq 99.99%

Technology—Baghdad

2.2. The Characterization Techniques

X-ray diffraction (XRD) analysis was conducted using a Panalytical X'Pert Pro XRD
instrument of the Cu Ko anode type with a wavelength of 1.54 A which was from the UK.
The detector employed is the X’Celerator, an ultra-fast X-ray detector, which operates on
Real Time Multiple Strip (RTMS) technology. Scanning electron microscopy (SEM) was
used to obtain the structural morphologies of the catalysts. This was achieved utilizing a
TESCAN type, MIRA3 XMU, Brno, Czech Republic. The BRUKER Inspect S50 instrument
provides the use of energy dispersive X-ray spectroscopy (EDAX) to determine the elemen-
tal compositions present within the surface of a given material. The surface areas of the
as-synthesized catalysts were measured using the Brunauer-Emmett-Teller (BET) technique,
utilizing a HORIBA SA-9600 instrument for gas adsorption-desorption isothermal analysis.
The use of Fourier transform infrared spectroscopy (FTIR) allows for the characterization
of chemical bonds and functional groups within materials. In this study, a SHIMADZU IR
PRESTIGE-21 FTIR microscope, AIM-8800, Kyoto, Japan, was applied for this purpose.

2.3. Bifunctional Nanocatalyst Preparation

The metal solution used for platinum loading is prepared by dissolving 1 g of the
metal salt of hexahydrate of chloroplatinic acid, HyPtCls-6H,O, in 100 mL of deionized
water. This dissolution process is carried out using a magnetic mixer at a temperature
of 65 °C for one hour. The resulting solution is then used for the purpose of depositing
platinum metal on the nano-particles of a catalyst by the impregnation method [26]. It
must be added carefully and gradually to the zirconia oxide while continuously stirring
for 2 h at a temperature of 75 °C. The required amounts of deionized water drops are
also added to obtain a homogeneous solution. The obtained sample was then subjected
to drying overnight at 110 °C, according to metal loading techniques documented in the
literature [27]. Two different weight percentages of platinum metal, namely 0.5 and 1 wt%,
were loaded onto the porous surface of zirconium oxide nanoparticles. To be precise, the
specific percentage values of the loaded platinum metal measured from EDX analysis
within the ZrO; and SZrO, samples were 0.52, 1.14, 0.48, and 0.97 wt%, which closely
mimics the assumed theoretical percentages of 0.5 and 1 wt% in both samples, respectively.
In fact, the sulfur precursor solution was produced through a sulfurization process which
involves treating ZrO, nanoparticles with a 0.1 M aqueous solution of sulfuric acid [HySO4]
to prepare sulfated zirconia denoted as [SZrO;]. It should be noted that sulfate treatment
must be carried out before loading platinum onto the surface of catalysts because it requires
a high calcination temperature. This treatment took approximately 12 h with continuous
mixing at room temperature. The samples were then dried in an oven at 110 °C for a full
day. For the purpose of performing the calcination process, the sample is then heated to the
calcination temperature of 700 °C. The purpose of this pretreatment is to enhance the acidity
of the nanocatalyst, which promotes the catalytic activity of hydrocarbon isomerization
reactions on its surface [5]. Next, the [SZrO,] particles were isolated and subjected to a
24-h drying process to be ready for the deposition of platinum metal on their surface using
the previously described methodology. The method that was used to prepare sulfated
and/or unsulfated bifunctional zirconia nanocatalysts that were utilized in n-heptane
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hydroisomerization reactions can be summarized by the schematic diagram shown in
Figure 1.

Pt Salt
P
=T ket T
-j> B -i‘> | iﬁ
' =
Diluted with Loading ZrO, with Bimetallic Pt/Z10,
Deionized Water Pt-metal by catalyst
impregnation method
Pt Salt

Y

Catalysts Pelletization
Commercial
Nano- S\lppon & : ll : \

Treated with Loading SZrO, with Bimetallic
0.1M of H,SO, Pt-metal by PYSZ1O, sulfited
for sulfited impregnation method catalyst

Figure 1. Summary of the steps followed in the catalyst preparation procedures.

Catalyst Pelletizing

The prepared Pt/ZrO, and Pt/SZrO; catalysts were pelletized by pressing the solid
powder of the dry sample, resulting in the formation of small circular discs. This process
was carried out using a hydraulic press, where the powder was compressed at a pressure
of about 15 tones/m? [28]. The circular disc formed then underwent grinding and sieving
processes to reach the desired particle size using a sieve mesh with dimensions ranging
from 125 to 300 um and then the catalysts were packed into the reactor. It should be
noted that the use of catalyst pellets with geometric shapes, including spherical ones,
helps in avoiding a sudden drop in pressure inside the reactor bed while conducting
hydroisomerization experiments.

2.4. Experimental Catalytic Reactions

Catalytic hydroisomerization of n-heptane has been performed via several nano-
structured catalysts supported by different proportions of Pt-metal, as exposed in Table 2.

Table 2. Abbreviations for the types of catalysts used in reactions.

No. Catalyst Code Catalysts Type
1 Cat-1 Unsulfated Zirconium Oxide; [ZrO;]
2 Cat-2 [ZrO,] loaded with 0.5% Pt; [0.5% Pt/ ZrO;]
3 Cat-3 [ZrO5] loaded with 1% Pt, [1% Pt/ ZrO,]
4 Cat-4 Sulfated Zirconium Oxide; [SZrO;]
5 Cat-5 [SZrO;] loaded with 0.5% Pt; [0.5% Pt/SZrO,]
6 Cat-6 [SZrO;] loaded with 1% Pt, [1% Pt/SZrO;]

A fixed-bed reactor made of stainless steel with an inner diameter of 10 mm and a
length of 30 cm was used. Catalyst particles weighing approximately 6 g with diameters
ranging from 125 to 300 um were packed into the reactor core within the stable temperature
zone. The catalyst was placed between two layers of 3 mm diameter ceramic spherical
beads. These beads are typically used to stabilize the catalyst and occupy the empty space
inside the reactor in order to regulate the thermal distribution of the reactant molecules
prior to thermal decomposition—generally after the reactants have been transferred to the
surface of catalyst particles. In fact, before the reaction starts, the metals on the catalyst
surface are reduced in situ, and the reduction process takes place at a pressure of 5 bar
under a hydrogen flow rate of 5 L/h at a temperature of 450 °C for 3 h [29,30]. Subse-
quently, the reactor undergoes a continuous cooling process until its temperature reaches
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the hydroisomerization reaction temperature of 230 °C. A dosing pump is a kind of positive
displacement pump that is specially designed to inject a certain amount of chemicals with
high precision into a gas or liquid stream. At the beginning of the experiment, the dosing
pump is activated to pump the n-heptane feed, which has a boiling point of about 98.4 °C
in its liquid phase at a flow rate of 20 mL/h. After that, the feed stream combines with the
hydrogen gas stream and finally reaches the catalyst bed to initiate the hydroisomerization
reaction. The reaction products are condensed utilizing a purpose-built condenser, operat-
ing at low enough temperatures to condense all the resulting hydrocarbons. Condensed
hydrocarbons are collected continuously over a period of one hour and are subjected to
analysis using a chromatographic analyzer equipped with a flame ionization detector
(FID) to determine the types of hydrocarbon components generated by the reaction. A
mathematical formula [25] was applied to determine conversion (X), selectivity (S), and
yield (Y), as follows:

wx = X 100 1
X == X (1)

o _ X”
"= %% ke 100 @)
%Y = %X x %S = 2 % 100 3)

xl
In this context, X; represents the initial quantity of n-heptane (umol), Xy represents the
quantity of unreacted n-heptane, and X, represents the quantity of the individual product.
A series of tests were performed to evaluate the catalytic performance of the syn-
thesized Pt/ZrO, and Pt/SZrO, catalysts using the hydroisomerization system shown
schematically in the block diagram in Figure 2. The selection of optimal reaction conditions
in this study was determined by a series of pilot experiments conducted under different
conditions utilizing the ranges of reaction conditions documented in the published litera-
ture [1,10,25,31]. In addition, a material balance was carried out to calculate the amounts
of the non-condensable gases produced from the reaction such as C; and C,. This was
achieved by comparing the weight of liquid n-heptane introduced as feed with the total
weight of the condensed liquid products. The analysis revealed that the presence of light
gases is nearly negligible, primarily due to effective condensation procedures.

1- n-Heptane Reservoir
2-Dosing Pump

3- Filter

Water In 4-Valve

5- Hydrogen Gas
6- Flow Meter

7- Gauge Pressure
8- Temperature
Hot Water Controller

Out l 9- Furnace

10-Fixed Bed Reactor
11-Condenser

Liquid Product
To GC-FID

Figure 2. Schematic diagram of the experimental system for the hydroisomerization process.



ChemEngineering 2023, 7, 115

7 of 26

3. Results Discussion
3.1. Catalysts Characterization
3.1.1. X-ray Diffraction Analysis

Structural frameworks of the as-prepared Pt/ZrO, and/or Pt/SZrO; nanocatalysts
loaded with different platinum metal percentages were analyzed by applying X-ray diffrac-
tion analysis. Figure 3 displays the XRD patterns, and it is observed that according to
the positions of 26 coordinates, they match the XRD patterns reported in previous studies
by Utami [5], Song [17], Ait Rass [32], and Tang [33]. In addition, the XRD-patterns of
catalysts after metal loading and/or sulfate treatment show similarity to those of catalysts
without any metal loading and/or sulfate treatment (i.e., traditional parent ZrO;, and/or
5ZrO, samples).

Intensity-(Counts)

wt%  PYZrOz wit% PtSZrO2
‘f ﬁ 05wt% Pt/ZrO2 0.5wt% PYSZrOz
N ey ‘ Zro2 SZr02
3 MH‘"““""""" ‘"“'J W) "‘"-usw"\...»'«w./\'\‘...f N At it
| —
]
\ | [=| M I
5 .
", o bpnibantPonted ol I Y Ari My oV s AT AR A A s Ay tpamtamiHamanrny
'\'ﬂMM\u’.ﬁ i Ao\ ) \ : (@]
o ot M Sl e N M MAAAAAA e A = |
=A™ ;
| 2 WA bt W |V e MV N AN AAMA At Ao
| 3 ,
I : |
] Ao j‘\ M M A \W- " “ A N
o g nd e W Ll g A o NI i, AP st ot 507 W d Pt SN s,
T T | T 1} T T T T T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26(degree) 26(degree)

Figure 3. (a) XRD patterns of ZrO, and Pt/ZrO, samples, (b) XRD patterns of SZrO, and Pt/SZrO,
samples.

The percentage crystallinity of the samples was calculated from the sum of the intensi-
ties of the main peaks provided by the XRD machine according to Equation (4) [29]. The
calculations are achieved by dividing the sum of the main peak intensities of the either
as-prepared Pt/ ZrO; or Pt/SZrO, sample by the sum of the main peak intensities of the
reference sample (i.e., parent ZrO; or SZrO, catalyst). Tables in the Supplementary File
show the degree of crystallinity of the samples. It was found that the degree of crystallinity
(DOC %) of ZrO; (as a reference sample), 0.5 wt% Pt/ZrO, and 1 wt% Pt/ZrO; are 100,
89.5, and 79.9%, respectively, while the DOC% of SZrO, (as a reference sample), 0.5 wt%
Pt/SZrO,, and 1 wt% Pt/SZrO; are 100, 94.75, and 93.13%, respectively. It must be taken
into account that the degree of crystallinity decreases significantly after sulfate treatment,
and the percentages that were calculated for the degrees of crystallinity of the treated
catalysts were based on comparisons with the parent SZrO, sample. The satisfactory values
of the degree of crystallinity found for the catalyst samples after metal loading and/or
sulfite treatment compared to the degree of crystallinity of the parent samples confirm that
the framework structures of the prepared samples maintain acceptable purity and also
prove that there is no deep collapse in their framework structures.

Sum of main peak intensities of the modified sample

(DOC)% = Sum of main peak intensities of the reference sample

x 100 @)

No diffraction peaks resulting from the dispersion of Pt metals on the surface of
Pt/ZrO, and or Pt/SZrO, catalysts were observed when the Pt loading was less than or
equal to 1 wt%. This is owing to the small size of the Pt nanoparticles and their low loading,
which means that the Pt diffraction peaks are too broad and have too low intensity to be
detected. These results are consistent with results reported by other authors [17,33]. In
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addition, a change in the relative intensity of multiple diffraction peaks was observed after
metal loading and/or sulfite treatment, which is due to the fact that these loaded transition
metals can act as impurities so they could cause X-ray deflection causing a decrease in peak
intensity [34,35]. On the other hand, the sulfur treatment techniques for the structure of
porous solids can lead to a rearrangement of atoms within the crystal lattice, causing a
transition from a face-centered cubic (FCC) to a body-centered cubic (BCC) structure or
vice versa [36]. Therefore, decreased solid crystallinity or partial destruction and increased
amorphous materials can be expected. Moreover, the flat baseline that appeared in the
XRD patterns of Pt/ZrO, and/or Pt/SZrO, seems to be higher due to the amorphous
component appearing as a clearly visible halo in the range of 10-20 of 26 coordinates as
well as the by-product peaks (e.g., peaks at 21 and 32 of 20 coordinates) in the XRD of the
samples. This observation is attributed to the reduction in metals on the catalyst surface as
well as the calcination of zirconium oxide structure at high temperatures during the sulfite
pretreatments wherein the sulfate ions on the surface of zirconia promote the formation of
the tetragonal crystalline phase.

3.1.2. Scanning Electron Microscope Analysis

A scanning electron microscope (SEM) technique was utilized to study the surface
morphologies of the Pt/ZrO, and Pt/SZrO, catalysts at different magnifications (i.e.,
200 nm and 1 pm). The SEM images are shown in Figure 4. No obvious deformations in
the structural morphology were found. The separated crystals confirm the XRD results
that there is no complete or partial collapse in the framework structure of the catalysts after
performing the sulfurization treatment and/or platinum metal loading on their surface.

The diameters of the parent ZrO;, 0.5% Pt/ZrO,, and 1% Pt/ZrO, crystals were found
to be on the order of 33 nm with sub-cubic shaped particles. According to the published
literature [37,38], platinum metal is formed on the surface of the ZrO, catalyst, either in the
form of agglomerates at some points or dispersed at other points. In contrast, the measured
diameters of the parent SZrO, crystals, 0.5% Pt/SZrO;, and 1% Pt/SZrO, crystals exhibited
modest differences, which were around 27 nm. This can be attributed to their treatment
with sulfate, as this usually leads to agglomeration of the particles [5]. However, all of these
particles appear to have almost the same crystal structure.

3.1.3. Energy Dispersive X-ray Analysis

Figure 5 depicts the EDX spectra of unsulfated zirconium oxide and sulfated zirconium
oxide samples, loaded with 0.5 and 1 wt% Pt metal. This description demonstrates the
composition of the components of the materials present on the surface of the prepared
catalysts. This test was designed specifically to analyze the percentage of elements on the
surface of the sample only. Analysis of the quantities of elements resulted in data that
showed relative similarity in the percentages of platinum loading on the surface of both the
71O, and SZrO; catalysts, as it was found that they were all approximately determined in
the range of 0.5 to 1 wt%, which indicates the success of the metal impregnation technical
procedures. In fact, part of the minimal decrease or slight increase in the percentage of
metal loading can be attributed to the difference in the distribution of Pt-atoms within
the pores and cavities of the nanocatalysts or to the occurrence of agglomeration in the
Pt-dispersion at certain sites, depending upon the selection of spots during the EDX
analysis. In addition, the SZrO, sample underwent EDX analysis, providing confirmation
that the zirconium oxide lattice includes approximately 11.84 wt% sulfur and is evidence
of successful sulfurization handling. Additional spectra obtained from EDX analysis
provide information on the weight percentages of the main components included within
the nanocatalyst. Inside the composition of the parent ZrO, catalyst, weight percentages
of zirconium and oxygen elements were found to be in the range of 82.2 and 17.3 wt%,
respectively. These EDX spectra also reveal the presence of trace amounts of other elements,
which may be attributed to impurities, and this is consistent with the XRD analysis as the
XRD patterns of the samples contain small peaks of byproducts.



ChemEngineering 2023, 7, 115 9 of 26

ZrO2 0.5wt% Pt/ZrO2 lwt% Pt/ZrO2
200 nm 200 nm 200 nm

0.5wt% Pt/ZrO2 1wt% Pt/ZrO2
1 pm 1 um

0.5wt% Pt/SZrO2 1wt% Pt/SZrO2
200 nm 200 nm

0.5wt% Pt/SZrO2 : 1wt% Pt/SZrO2
1 um 1 um

Figure 4. SEM images of nanocatalysts: ZrO; (top) and SZrO, (bottom) loaded with different
percentages of Pt metals.
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Figure 5. EDX-spectra of nanocatalysts: ZrO, (top) and SZrO, (bottom) loaded with different

percentages of Pt metals.

3.1.4. BET-Surface Area Analysis

Catalyst surface area measurement was performed using the Brunauer—-Emmett-Teller
method, which involves physical adsorption of nitrogen gas at a temperature of 77 K.
The catalyst samples underwent a preheating process at approximately 350 °C in order
to remove moisture and other contaminants by out-gassing under vacuum. Next, the 8-h
BET-measurement was carried out. Surface area and pore volume of the nanocatalysts are
shown in Table 3.

Table 3. BET-surface area and pore volume of the as-prepared nanocatalysts.

Pore Volume (cm®/g)

No. Catalysts Type Measured Surface Area (m?/g)
1 ZrO, 35.55 0.123
2 ZrO, loaded with 0.5% Pt 30.73 0.106
3 ZrO, loaded with 1% Pt 30.21 0.104
4 57rO, 24.00 0.068
5 SZrO; loaded with 0.5% Pt 20.98 0.059
6 SZrO, loaded with 1% Pt 19.72 0.056

The results of this study revealed that the parent catalysts showed a slightly larger
surface area and pore volume compared to the catalysts that were treated with sulfur and
loaded with metals on their surface. This observation was related to the formation of new
active metal sites within the catalysts, represented by Pt, as well as the presence of active
sulfuric metal sites in other catalysts, represented by Pt/S. These sites reduce the overall
BET-surface area of the catalyst. In fact, increasing the metal loading on the surface of the
catalyst may lead to blockage of some of the pores on its surface, and the same role can
be played via the sulfate pretreatments, which limits the entry of nitrogen gas molecules
into the catalyst framework structure. Consequently, this phenomenon leads to a decrease
in the measured area and pore volume. The results of this study demonstrated a negative
relationship between the percentages of metals loaded and/or sulfur treated and the surface
area and pore size of the prepared catalysts. This observation is consistent with previous
findings reported in the literature [33,39]. In more detail, the catalyst sulfate pretreatment
leads to a significant decrease in both the surface area and pore volume. This is because the
sulfate approach leads to a partial increase in the viscosity of the outer region (i.e., external
area) of the catalyst particles, which in turn leads to a decrease in the observed available
surface area, but at the same time it may play a major role in increasing catalytic activity
throughout hydrogenation and dehydrogenation reactions. Furthermore, the decrease
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in specific surface area is due to the calcination and high-temperature preheating of the
samples during preparation, and not only due to the deposition of Pt and/or S species.

3.1.5. Fourier-Transformed Infrared Spectra Analysis

The FTIR of the parent zirconia sample and other ZrO, samples after loading with Pt
metals [i.e., A, B, and C] were investigated within the region of 400-4000 cm~! as shown
in Figure 6. The visible absorption band in the region ranging from 2980 to 3435 cm ! is
attributed to the stretching vibrations of hydroxyl groups (O-H) in water molecules. On
the other hand, the absorption band at 1627 cm ™! is indicated by the bending vibration
of water molecules [40]. The composition of the detected water in these spectra remains
unknown, as it is not clear whether it reflects the surface composition resulting from the
heating process or whether it represents water that quickly attached to the surface during
the cooling phase [41]. The peaks observed at 624 and 748 cm ™! may be attributed to the
bending vibrations of the hydroxyl groups linked to zirconium oxide, which correspond to
the Zr—O stretching vibrations [41]. In the broad band range 1230-1415 cm ™1, carbonates
are identified within the FTIR curves [40]. Moreover, the Pt-impregnated catalysts show
characteristic peaks at wave number 1060-1248 cm~! accompanying sulfate groups, as
clearly shown in Figure 7. This is an indication that Pt metal has been impregnated into
the nano-SZ and these results show consistent agreement with those published in the
literature [42].

3214 2927 1608
1wiee PYSZrO, 1248 —1060

N
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Sulfite Group S-0 & S$==0

210,
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Figure 6. FT-IR spectra of the parent ZrO, and the prepared Pt/ZrO, nanocatalysts loaded with
different percentages of Pt metals.

Figure 7 depicts the Fourier transform infrared (FTIR) spectra of the parent sulfated
zirconia nanoparticles and other sulfated samples after platinum metal loading [i.e., D,
E, and F]. The spectral peak observed at a wavenumber of 1608 cm ™! is attributed to
the bending vibration mode of water molecules adsorbed on the surface. Likewise, the
observed peak at 1560 cm~! is attributed to the O-H vibrational mode. The observed
bands at around 1060, 1074, 1159, and 1248 cm ! are identified as symmetric and asym-
metric stretching vibrations of sulfate groups, caused by symmetric S-O, asymmetric S-O,
symmetric S=O, and asymmetric S=O vibrations, respectively, which are shown evidently
in the FTIR-spectra of samples loaded with platinum metal. This observation indicates
that the sulfate species exist in the form of bidentate complexes coordinated with ZrO,,
wherein bidentate ligands are Lewis bases that donate two pairs (double “bi”) of electrons
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to a metal atom. Similar results have also been documented in the literature [43-45]. The
IR vibration peaks at 412, 447, 497, 578, 580, 582, and 746 cm™! can be attributed to the
characteristic vibration of cubic zirconia clusters (i.e., Zr-O-Zr). Moreover, it was shown
that the vibration peak at 582 cm ™! is related to the distinctive vibration of tetragonal
zirconia [46,47]. Moreover, the spectral peak at a wavenumber of 1398 cm~! can be as-
cribed to the asymmetric stretching vibrations of the methyl groups (CH3). The sample
exhibited both asymmetric and symmetric stretching vibrations of methylene groups (CH)
at wavenumbers of 2927 and 3214 cm ™!, respectively. These results are consistent with the
results reported by Mossayeb [48]. The band positions in the spectrum of Pt/SZrO, show
some changes compared to those seen in the spectrum of nano-SZrO,. The presence of
characteristic sulfite peaks provides convincing evidence that the ZrO, nanosurface has
undergone modification with sulfite.
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—
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4
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Figure 7. FT-IR spectra of the parent SZrO, and the prepared Pt/SZrO, nanocatalysts loaded with
different percentages of Pt metals.

3.2. Results of Catalytic Hydroisomerization Reactions

Conversion, selectivity, and yield of n-heptane hydroisomerization processes were
determined using experimental data obtained using six nanostructured catalysts, as previ-
ously shown in Table 2. The aforementioned equations 1, 2, and 3 were applied to derive
these parameters. The results obtained experimentally are tabulated in Table 4.

Table 4. Weight ratio results for conversion, selectivity, and yield values at 230°.

Catalysts Cat-1 Cat-2 Cat-3 Cat-4 Cat-5 Cat-6
Conversion 439 55.3 50.1 47.2 69.64 62.8
Selectivity 61.1 71.9 69.8 65.4 814 80.8
Yield 26.82 39.76 34.96 30.86 56.68 50.74

The experimental results demonstrated in Figure 8 confirm that Cat-5, which stands for
0.5% Pt/SZrO, catalyst, exhibited relatively high catalytic performance compared to other
catalysts used in hydroisomerization reactions. It is shown that Cat-5 achieved a conversion
of 69.64% and a selectivity of 81.40% toward isomers including iso-heptane. The findings
presented in this study show a high degree of agreement with the results reported in other
studies in the published literature [1]. In the context of isomers resulting from n-heptane
hydroisomerization reactions on the surface of the Cat-5 catalyst, it was generally observed
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that the dominant component among the isomers formed is iso-pentane (i-CsHjz), which
represents about 44.99% of the total composition of the isomers. The remaining isomers are
42.97% of iso-heptane (i-CyHjg), 11.69% of iso-butane (i-C4Hjp), and a very small amount of
iso-hexane (i-C¢Hj4) of around 0.35% which are found within the reaction products. The
sulfates on the surface of the catalyst provide high acidity and these in turn greatly enhance
the conversion of hydrocarbons on its surface, compared to its sulfate-free counterpart.
The acidity treatment and spatial arrangement of both acidic and metallic sites within the
catalyst structural framework are expected to have a marked effect on both the quantity
and quality represented by the spatial distribution of the resulting hydrocarbon product.
Furthermore, this relationship is influenced by the operational conditions of the process, as
documented in the literature [25]. In contrast, the overall isomer selectivity observed on the
surface of non-sulfate-treated catalysts (Cat-1 to Cat-3), shows a relative decrease compared
to sulfate-treated catalysts (Cat-4 to Cat-6) with equivalent properties. This is due to the
marked difference in acidity as well as the surface area of the sulfate-treated catalysts over
which the metal sites are distributed, as shown previously in Table 3, which may have
allowed the production of relatively higher total isomer compounds than those generated
on the surface of the untreated catalysts. In fact, deep sulfate treatment of catalysts causes
the majority of catalysts to exhibit significant levels of acid activity, which may lead to
increased undesirable reactions such as cracking and coke buildup on their surfaces. As
a result, a decrease in the generation of isomers on their surface is observed during the
reaction. Accordingly, the treatment of catalysts with sulfate must be very precise for the
purpose of improving the catalytic properties of the catalysts [29,49].
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Figure 8. Catalytic performance of nanocatalysts: (a) ZrO, and Pt/ZrO, samples, and (b) SZrO, and
Pt/SZrO;, samples.

However, hydrogenation processes, such as the hydroisomerization reaction of n-
heptane, often lead to a decrease in coke accumulation due to the presence of hydrogen
gas, which helps to incorporate platinum (Pt) into zirconium dioxide (ZrO,), which leads
to high thermal stability, as confirmed by other researchers [40,50]. It can be noted that
the catalyst not loaded with Pt-metal and not treated with sulfate (i.e., Cat-1) produces
on its surface the lowest percentage of the resulting isomers. The presence of a sufficient
number of metal sites on the catalyst surface is of great importance in order to maintain
the hydrogenation/dehydrogenation processes, which play a crucial role in achieving high
rates of resulting isomers [51]. Moreover, since sulfated zirconia (5Z) is a superacid catalyst
and can activate the cracking process to produce light alkanes even at low temperatures,
it suffers from rapid deactivation during the reactions as observed by the conversion and
selectivity results obtained using Cat-4. The addition of some modifiers, such as several
Pt-transition metals, as shown in the case of Cat-5 and Cat-6, has been proven to reduce
the rapid deactivation rate compared to unmodified SZ [15]. Furthermore, by comparing
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the results of both conversion and selectivity on the surfaces of sulfate-treated catalysts,
i.e., Cat-5 and Cat-6, in addition to non-sulfate-treated catalysts, i.e., Cat-2 and Cat-3, it
is noted that loading the catalyst with 0.5% Pt gives better results than loading it with
1% Pt. It is necessary for the platinum metal content to be at an appropriate level in
order to balance the paraffin and olefin formation on the catalyst surface. Therefore, the
amount of metal loaded has a major role in regulating the rate of isomerization, and this
is consistent with other studies [52]. The presence of Pt-cations plays a role as Lewis acid
sites and reduces the Brensted acidity which results in lower overall acidity of the catalyst
especially in the dehydrogenation mechanism and reduces coke production during the
reaction [53-55]. It is not recommended to load catalysts, such as ZrO, and/or SZrO,,
with a high concentration of Pt-metal due to its ability to cause rapid hydrogenolysis of
hydrocarbons, as this phenomenon leads to increased generation of low molecular weight
gases which reduces the yield of isomers [56,57]. In addition, the observed low conversion
on the catalyst surface when using a relatively high amount of Pt-metal can be attributed
to the existence of Pt-atoms near the catalyst pores causing complete blockage of some
pores as indicated in the published literature [58,59]. The distributions of the spectra of
hydrocarbons resulting from the hydroisomerization reactions of n-heptane on the surfaces
of non-sulfate-treated and sulfate-treated catalysts were investigated, as shown in Figure 9a
and Figure 9b, respectively.
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Figure 9. (a) Distribution of spectra of hydrocarbons (nC=) on ZrO,, 0.5% Pt/ZrO, and 1% Pt/ZrO,
nanocatalysts at 230 °C. (b) Distribution of spectra of hydrocarbons on SZrO;, 0.5% Pt/SZrO;, and
1% Pt/SZrO, nanocatalysts at 230 °C.
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In general, it can be noted that isomers (iC: branched hydrocarbon compounds) are
the most produced on the surfaces of all catalysts, followed in terms of percentage by
olefins (i.e., C=: unsaturated hydrocarbon compounds contain at least one double bond),
and then paraffins (i.e., nC: saturated hydrocarbon compounds contain carbon—carbon
single bonds). It is known that the isomer is one of the desirable compounds, as are olefins,
because olefins contain higher research octane numbers than paraffin compounds. It can
clearly be observed that the lowest percentage of isomers was generated on the surface
of the Cat-1 catalyst which is not treated with sulfate and is not loaded with Pt-metals. It
can be noted that the highest percentage of isomers was generated on the surface of the
Cat-5 catalyst which is treated with sulfate and loaded with 0.5% Pt-metals. That is, the
process of acid sulfate treatment and loading the noble metal onto the surface of the ZrO,
catalyst led to an increase in the percentage of isomers produced on its surface to more
than 26%, while the conversion increased to more than 25%. This improvement in the
catalytic activity of a cheap catalyst using a small percentage of metal loaded on its surface
is remarkable and can be recommended as an approach in the process of developing the
hydroisomerization of paraffins and contributing to raising the value of the octane number
of the produced fuel.

On the other hand, the aim of this study was to obtain the highest conversion and/or
selectivity, via the hydroisomerization of n-heptane which has the chemical formula
H;3C(CH;)5CHj3 with an octane number of zero. Accordingly, the Cat-5 catalyst was chosen
as the target catalyst, and hydroisomerization experiments were performed on its surface
at three different temperatures (i.e., 200, 230, and 260 °C), as illustrated in the Table 5, in
order to investigate the effect of temperature as the most essential reaction parameter on
the quantity and quality of products.

Table 5. Weight ratio results for conversion, selectivity, and yield values at three different temperatures.

Temperatures 200 °C 230 °C 260 °C
Conversion 51.61 69.50 70.35
Selectivity 72.62 81.56 53.51

Yield 37.48 56.68 37.64

The data obtained regarding conversion, selectivity, and yield are shown in Figure 10.
It can be noted that increasing the reaction temperature to more than 230 °C led to a very
slight increase in the conversion, and at the same time the selectivity towards isomer
generation decreased significantly, which naturally leads to a significant reduction in the
yield. The reason for this can be attributed to an increase in the processes of hydrocarbon
cracking within the structural framework of the catalyst, as increasing the temperature by
about 30 °C naturally leads to an increase in the catalytic activity and an acceleration of
the reaction rate. These results are consistent with what other researchers have found [1].
On the other hand, no improvement in conversion and/or selectivity was observed when
the reaction temperature was reduced by 30 °C. Therefore, the temperature of 230 °C
can be considered the best temperature for the n-hydroisomerization process using the
target catalyst (i.e., 0.5% Pt/SZrO,). The distribution of hydrocarbon spectra obtained
using different temperatures is shown in Figure 11. A noticeable increase in the amount of
olefins produced is observed when the reaction temperature is increased to 260 °C, with a
significant decrease in the amount of isomers produced. This can be attributed to the rapid
increase in the breakdown of paraffinic hydrocarbon chains (i.e., n-Cy) to give unstable
olefin chains according to the known mechanism of cracking reactions. The n-heptane
hydroisomerization reactions at temperatures between 230 °C and 260 °C are very complex
and include four expected reaction stages, namely hydrogenation, hydroisomerization,
dehydrogenation, and hydrocracking. For the purpose of investigating the reaction mecha-
nism in depth and finding the kinetic parameters in this study, a mathematical model has
been created in this regard.
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Figure 11. Distribution of spectra of hydrocarbons over 0.5 wt% Pt/SZrO; at three different tempera-
tures (200, 230, and 260 °C).

4. Mathematical Modelling
4.1. Model Assumptions

The following assumptions are made to simplify the mathematical model [34,60,61]:

Steady state isothermal plug flow reactor.

Homogeneous gas-phase reactions.

First order reaction rate.

Constant pressure (Neglecting pressure drop within catalyst bed).
Neglecting the radial distribution within the reactor.
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4.2. Proposed Reaction Scheme

The proposed reaction mechanism consisting of 23 reactions and 15 components
was designed as shown in Table 6 according to the predicted experimental results. Four
groups of reactions are considered within the reaction scheme, namely hydrogenation,
dehydrogenation, hydroisomerization, and hydrocracking, as explained in Figure 12. Hy-
droisomerization reactions take place at lower temperatures than those of hydrocracking
reactions. Hydroisomerization reactions are exothermic and equilibrium limited. However,
it should be noted that operating at low temperatures will reduce the reaction rate. For
this reason, a highly active catalyst must be used, and accordingly acid sulfate treatment
of the catalysts is carried out in order to improve their catalytic behavior. Although the
temperature range used for the reactions in this study is relatively small (i.e., 200-260 °C)
for the purpose of avoiding rapid hydrocracking reactions of hydrocarbon chains compared
to the temperature range used in other studies, the appearance of light compounds such
as n-propane and n-butane strongly confirms the occurrence of n-heptane hydrocracking
reactions. Methane and ethane were not identified in the reaction mixtures because the con-
denser temperature was about —10 °C, which is higher than the boiling points of methane
and ethane at 5 bar reactor pressure.

Table 6. The proposed reactions for mathematical modeling.

No. Reaction Chemical Reaction

1 Dehydrogenation of n-pentane n-CsHyp — CsHyg + Hp

2 Hydrogenation of pentene CsHyg +H, — n-CsHypp EE
3 Dehydrogenation of n-butane n-C4Hyg — C4Hg + Hp ? E‘ §
4 Hydrogenation of butene C4Hg +Hy, — n-C4Hj g °§ %
5 Dehydrogenation of propane n-C3Hg — C3Hg + Hp @ g". §
6 Hydrogenation of propene C3Hg + Hy — C3Hg °
7 Skeletal hydroisomerisation of n-heptane n-CyHyg — i-CyHyg

8 Skeletal hydroisomerisation of i-heptane i-C7Hyg — n-CyHyg E
9 Skeletal hydroisomerisation of n-hexane n-CeHyy — i-CoHyy ? S{
10 Skeletal hydroisomerisation of i-hexane i-CgHyqy — n-CgHyy §- é
11 Skeletal hydroisomerisation of n-pentane n-CsHyp — i-CsHyp g E.
12 Skeletal hydroisomerisation of i-pentane i-CsHpp — n-CsHyp Er_
13 Skeletal hydroisomerisation of n-butane n-C4Hyg — i-C4Hjg =
14 Skeletal hydroisomerisation of i-butane i-C4Hyg — n-C4Hyg

15 Hydrocracking of heptane CyHyg + Hy — CHy + C¢Hyy

16 Hydrocracking of heptane CyHq + Hy — CoHg + CsHypp

17 Hydrocracking of heptane CyHq¢ + Hy — C3Hg + C4Hyp -
18 Hydrocracking of hexane CeHyy + Hy — CHy + CsHyp FD’ é
19 Hydrocracking of hexane Ce¢Hiy + Hy — CoHg + C4Hyp §-, é
20 Hydrocracking of hexane CeHy4 + Hy — C3Hg + C3Hg 2 ;*‘
21 Hydrocracking of pentane CsHyp + Hy — CHy + C4Hyg e
22 Hydrocracking of pentane CsHyp + Hy — CoHg + C3Hg

23 Hydrocracking of butane C4Hy9 + Hy — CHy4 + C3Hg
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Figure 12. The proposed mechanism of hydroisomerization, hydrogenation/dehydrogenation, and
hydrocracking reactions on the surface of the super-acid bi-functional nanocatalyst.

4.3. Kinetic Model

The difference in the amounts of components i with respect to the weight of the catalyst
in the reactor bed was described by ordinary differential Equation (5):

dF;
T = ST )

Power law reaction kinetic was taken into account in this study and the reaction rate
was estimated using Equation (6):
1’]' = k]'Pn,]' (6)

The partial pressure of the ith component can be calculated according to Dalton’s law
of partial pressure according to Equation (7):

E;
Pi=yi><Pt=2NP><Pt @)

1 1

The Arrhenius equation (Equation (8)) was used to represent the variation of the
reaction rate constants with the temperature:

k: = k° Ej 8
j = kiexp( — % (®)

In fact, Equation (5) was generalized for each component within the reaction mixture,
and the reactor model involved 15 ordinary differential equations. Table 7 displays the
23 algebraic equations used to describe the rate of reactions and the 15 ordinary differential
equations used to describe the rate of mass change of the 15 components within the
reaction mixture.

Table 7. Algebraic and differential equations governing the rate of change in mass with the weight of
the nanocatalyst.

Reaction Rate Equations Ordinary Differential Equations

dF

r1 = K1Pn—pentane Sl — 115 + 118 + T21 + 123
dF

r2 = KzPpentene “glune — 116 + 119 + 122

1R = K P dFPrupane _

3 31" —butane —qw = tTre +ri7+ 2rp0 + 122 + 123 — TI5

4 = K4Pphytene Lngm =TI5— TI¢

dF

Is = KSPpropane W =113 —TI4
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Table 7. Cont.

Reaction Rate Equations Ordinary Differential Equations
dF,_
r6 = KePpropene T =1y 4114 + 117 + 19 + 121 — T3 —I13 — I3
7 = K7Pn7heptane 7dF§€ff"€ = +r3 —14
rg = KSPi—heptane dF;_pentane __ 11 —r
— K.P —aw  — I T2
r9 = K9l'n—hexane dEy_penson _ iyt b ot r r
r10 = Ki0Pi_hexane P 2 T 112 + 116+ 118 — 1 —I11 —I21 —I72
ry = Kllpnfpentane fj“vz,m" =1Ip—1p
rp = K12Pifpentane % =Tr9 — I
ri3 = Ki3Ppo dFy_ Hex
13 K13Pn butane Ese = 110 + T15 — T9 — I1g — I19 — 20
14 = K4 i—butane AF;peptane
115 = Ki5Pheptane o =T7 18
Te = Elégheptane % = 413 — 17 —I15 —I16 —I17
ri; = dF yrog.
177 17 heptane e =1 Iy s Ty — T4 — T —T15 —T1e — T17

r1g = K1gPhexane
r19 = K19Phexane
120 = K20Phexane
121 = K1 Ppentane
122 = Ko2Ppentane
23 = Ko3Ppytane

—I1g —I19 —Ip0 —Ip1 —1I22 — 123

4.4. Evaluation of Kinetic Parameters

The kinetic parameters were estimated using an optimization-integration approach
for the purpose of minimizing the objective function (f) shown in Equation (9), which
represents the mean absolute relative error between the experimental and predicted gas
compositions of the reactor effluent.

yexp . ypred

ncom | /i ij

Y | | | x 100 o)
ij

1

f=——¥"

Mexp

1

NCom

For each set of kinetic parameters, fifteen ordinary differential equations were numeri-
cally integrated using the fourth-order Runge-Kutta integration method, while a genetic
algorithm optimization was used to estimate the global optimal set of kinetic parameters.
Matlab ga and ode45 sub-routines were used for optimization and integration, respectively.

4.5. Kinetic Modeling Results

Table 8 summarizes the comparison between the experimental results and the expected
results for the three temperatures, which are 200, 230, and 260 °C. The parity plot, as
illustrated in Figure 13, shows the comparison of the measured to the predicted mole
fractions of the component mixture, which demonstrated a satisfactory correlation between
the experimental and predicted molar fractions, with the points clustering around the
diagonal line (i.e., 45-degree line) indicating an optimal fit of the model, since the deviation
between the experimental values and the predicted values was minimal. Indeed, there is
a good match between experimental and simulation results, especially when the global
average relative error (ARE) is 13.21%. The lowest ARE value was recognized at 200 °C
and was around 6.54%, which indicates that the observed model accurately simulates the
molar composition of effluent products within the reaction system.
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Table 8. Comparison between experimental and predicted results.
Experimental Results Predicted Results % Average Relative Error
Organic Compounds/Temperatures
200°C 230°C 260°C 200°C 230°C 260°C 200°C 230°C 260°C
Propane 1.35 1.01 1.42 1.32 1.53 1.42 341 52.90 0.00
Propene 1.32 1.16 4.08 1.32 3.34 5.87 0.00 54.29 43.88
i-Butane 3.02 6.63 3.26 2.99 4.63 3.26 0.82 0.04 0.00
n-Butane 1.33 0.86 1.3 1.33 1.34 1.30 0.00 54.50 0.00
Butene 7.60 7.84 23.51 6.68 15.84 32.54 12.03 0.00 38.41
i-Pentane 9.05 25.51 16.04 8.45 15.99 21.00 6.63 13.60 30.90
n-Pentane 0.98 0.91 1.24 0.76 1.11 1.24 21.69 21.76 0.00
Pentene 1.21 0.9 0.99 1.21 1.14 0.86 0.00 26.25 12.77
i-Hexane 0.20 0.19 0.11 0.23 0.18 0.11 13.22 3.52 0.00
n-Hexane 0.34 0.27 0.16 0.39 0.27 0.15 13.97 0.00 9.48
i-Heptane 25.21 24.36 18.24 26.87 24.36 17.05 6.57 0.00 6.56
n-Heptane 48.39 30.36 29.65 48.45 30.27 15.21 0.13 0.30 48.70
% Average Relative Error 6.54 18.93 15.89
5 ¢ Propane
Propene
g O i-Butane
= 40
: O n-Butane
e O Butene
:: O A i-Pentane
'_c' 30 O n-Pentane
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Figure 13. Parity plot showing the distribution of experimental versus predicted values of molar
fractions for n-heptane conversion.

The calculated activation energies are tabulated in Table 9. The hydroisomerization re-
actions showed the lowest activation energy value at 23.1 k] /mol and the highest activation
energy value at 123.4 k] /mol. The activation energies of the skeletal hydroisomerization
reactions of n-heptane fall in the range of 25.9-50.4 kJ /mol. Moreover, the lowest activation
energy value for hydrogenation reactions was found at 46.5 k] /mol, while the highest value
appeared at 212.3 k] /mol. On the other hand, it is noted that the values of the activation
energies for dehydrogenation reactions range from 43.4 to 46.7 kJ /mol. It is worth noting
that the hydrogenation/dehydrogenation reactions occur successively on the metallic sites
on the catalyst surface, while the hydrocracking reactions take place on the acidic sites.
Through mathematical model calculations, it was found that hydrocracking reactions have
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varying activation energies, reaching the highest value at 252.2 k] /mol and the lowest value
at 53.1 k] /mol.

Table 9. Kinetic parameters of the proposed reaction scheme.

Pre-Exponential Factor

Activation Energy

No. Chemical Reaction (mol/bar-gm-min) E (kJ/mol)

1 n-CsHyp — CsHyg + Hp 32,532.45 43.4

2 CsHyg +Hy — n-C5Hpp 33,333,379 72.5 - g%

3 n-C4Hpg — C4Hg + H, 12,892.94 46.7 2 g S

4 C4Hg +H, — n-C4Hyg 2.72 x 1010 212.3 §°§ %

5 CsHg — C3Hg + Hy 1699.389 43.6 @ g- g

6 C3Hg + Hy — C3Hg 321.946 46.5 =

7 n-C7Hy — i-CyHyg 334,991.1 50.4

8 i-C7Hy6 — n-CyHyg 1195.458 25.9 E:

9 n-CgHyy — i-CgHyy 186,366.5 50.4 = g—

10 i-C¢Hyq — n-CoHyy 45,113.46 428 g é

11 n-CsHyp — i-C5Hyp 94.6291 23.1 ga

12 i-CsHyp — n-C5Hyp 220.6853 40.7 ® E,

13 1n-C4Hyo — i-C4Hig 167.6447 32.7 ]

14 i-C4Hyg — n-C4Hyg 5.64 x 1010 123.4

15 CyHig + Hy— CHy + CgHyy 44,931.58 64.5

16 CyHy4 + Hy— CoHg + CsHyp 4724.774 57.2

17 CyH;6 + Hy— C3Hg + C4Hyg 5423.617 62.0 -

18 CgHi4 + Hy— CHy + C5Hyp 3,300,815 67.6 = ‘§
[ ]

19 CgHyy + Hy— CoHg + C4Hyg 228,999 53.1 g 2

20 CgHy4 + Hy— C3Hg + C3Hg 2.99 x 1014 2522 § =

21 CsHyp + Hy— CHy + C4Hyg 40,971,414 87.6 ®

22 CsHjs + Hy— CyHg + C3Hg 3.13 x 1010 178.1

23 C4H;y + Hy— CHy + C3Hg 9 x 1013 213.6

According to the classical exponential law of Arrhenius, the reaction rate increases
when the reaction temperature increases. The values of the pre-exponential factor (i.e., an
empirical relationship between the temperature and the rate coefficient) in Table 9 represent
a standard for the number of collisions that occur between reacting molecules throughout
the reaction, taking into account that the activation energy is like a fingerprint for each
reaction and is always positive in value. It cannot be changed unless a catalyst is present
during the reaction. This is because catalysts supply a new mechanism by providing
acidic and/or metallic sites that work for adsorption and dissociation reactants in order to
increase reaction rates by lowering the values of activation energies without affecting in any
way the possibilities for this reaction to occur (i.e., original energies) within the chemical
system. Therefore, the required energy to allow for the reactants to enter the transition state
to react and thereby to initiate the reaction is seen to be extensively reduced by applying
the more stable and active catalyst to the reaction. It is noted from the current study that
the target Cat-5 catalyst (i.e., 0.5% Pt/SZrO,) produced the highest amount of branched
hydrocarbons or isomers on its surface, as shown previously in Figures 9b and 11, meaning
that it reduced the values of activation energies for the n-hydroisomerization reaction at a
temperature of 230 °C to the lowest possible value.
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The apparent activation energy of the parallel reaction was also calculated using Equa-
tion (10) [28,62], and Table 10 shows the apparent activation energies of the reactions during
the n-heptane hydroisomerization process. Activation energies obtained from the reactions
track the following order: Hydroisomerisation < Hydrogenation/Dehydrogenation < Hy-
drocracking. The results calculated from the mathematical model agree with the results
obtained from laboratory experiments. As previously shown in Figure 11, the percentage
of isomers produced on the surface of the 0.5% Pt/SZrO, catalyst was higher than the
percentages of the remaining hydrocarbons produced at three different temperatures (200,
230, and 260 °C). It should be noted that these resulting isomers were due to hydroisomer-
ization reactions, which had the lowest apparent activation energy of about 123.39 k] /mol,
compared with the apparent activation energies of the other reactions. It is also noted that
the percentages of olefins produced on the surface of the 0.5% Pt/SZrO, catalyst as a result
of hydrogenation/dehydrogenation reactions come in the sequence after the resulting
isomers. The highest apparent activation energies of about 243.19 kJ/mol appeared for
hydrocracking reactions, and these reactions are limited because the hydrocracking process
requires high temperatures to overcome high activation energies [63].

E1Kqy + E2Ky + - - - + E4 K,
Ki+Ky+---+K;,

Eapp = (10)

Table 10. The values of apparent activation energies.

Reactions Eapp (kJ/mol)
Hydrogenation/Dehydrogenation 212.1
Hydroisomerization 123.4
Hydrocracking 243.2

5. Conclusions

This work used mono-functional ZrO, nanocatalysts impregnated with two varying
weight percentages of platinum metal (i.e., 0.5 and 1 wt%). The goal was to create a bi-
functional nanocatalyst containing acid and metal sites. In order to enhance the acidity
on the catalyst surface, other catalysts were also prepared by subjecting them to sulfate
treatment and then loading them with identical proportions of Pt-metals. The catalysts
were subjected to several characterization techniques to verify their physical properties.
The experimentally obtained results showed that the prepared catalysts have a high cat-
alytic behavior compared to the parent ZrO, catalyst. This study included a comparison
to evaluate the catalytic performance of untreated sulfate catalysts with their counter-
parts of sulfate-treated catalysts. This evaluation was performed by studying n-heptane
hydroisomerization reactions under a temperature of 230 °C and an operating pressure
of 5 bar. Experimental results provided direct evidence supporting positive effects on
catalytic activity when the acidity of the bi-functional catalyst was enhanced with sulfate.
This enhancement led to an increase in the conversion of hydrocarbons on the catalyst
surface and an increase in the production rate of isomers. In more detail, the reaction
conversion reached about 69.64 wt% when using the 0.5% Pt/SZrO; catalyst compared to
only about 43.9 and 55.3 wt% when using the ZrO, and 0.5% Pt/ZrO, catalysts, respec-
tively. In contrast, the sulfate-treated bifunctional nanocatalyst showed greater selectivity
towards isomer production, as the selectivity reached its highest rate of about 81.4 wt%
over the surface of the 0.5% Pt/SZrO, catalyst, while the selectivity reached only about
61.1 and 71.9 wt% over the surfaces of the ZrO; and 0.5% Pt/ZrO; catalysts, respectively.
However, it has been found that the metal loading on the catalyst surface must be carefully
balanced. Although metal sites lead to improved hydrogenation and dehydrogenation
reactions, an excessive increase in their concentration can reduce the surface area of the
catalyst by closing the opening pores and thus promoting undesired side reactions. This
may lead to a decrease in the total production of isomers. The temperature of 230 °C can be
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considered the best temperature for the n-hydroisomerization process using the target 0.5%
Pt/SZrO; catalyst.

It was found that increasing the reaction temperature to 260 °C or decreasing it to
200 °C leads to a decrease in the values of both the yield and the selectivity towards isomer
production. The results of the mathematical model showed that the hydroisomerization
reaction has the lowest apparent activation energy value of about 123.39 kJ /mol on the
surface of the 0.5% Pt/SZrO, catalyst, which is consistent with the experimental results that
demonstrated the production of the largest percentage of isomers on its surface. Apparent
activation energies values obtained from the kinetic model track the following order:
Hydroisomerization < Hydrogenation/Dehydrogenation < Hydrocracking.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemengineering7060115/s1, Table S1: XRD-analysis data of
the ZrO, and Pt/ZrO, nanocatalysts; Table S2: XRD-analysis data of the SZrO, and Pt/SZrO,
nanocatalysts.
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F; Molar flow rate of species i (mol/min)
k? Pre-exponential factor (mol/gmeca¢-Min-bar)
k; ith reaction rate (kmol min~1)

P? Partial pressure of ith component (bar)
Py Total pressure (bar)

R Universal gas constant (k] /mol-K)

7 Rate of reaction (mol/gmecat-min)
S Selectivity toward component i
S; Stoichiometry of reaction

t Time (min)

T Temperature (K)

w

y

Weight of catalyst (gm)
Mole fraction
subscript
exp  Experimental
i Component number
j Reaction number

pred  Predicted
N Component number
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