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Abstract: 

This research focuses on the utilization of abundant natural mineral  resources in Iraq to 
prepare both unmodified natural zeolite and  nickel-modified zeolite. These zeolites are emi-
ployed in the catalytic  thermal structural reforming process of naphtha distillates (35-  200°C) 
under initial temperature conditions (100, 150, 200, 250, 300,   350°C) using a constant catao-
lyst ratio. The zeolites, prepared in two  forms, (1)% by weight, and with a reaction time of 
one hour, were  first tested to determine the optimal temperature. Subsequently, the  catalyst 
ratio and reaction time were adjusted based on the initial  conditions for each catalyst, to ese-
tablish the optimum conditions for  unmodified zeolite at a temperature of 350°C, a catalyst 
ratio of   (3%), and a reaction time of (3 hours). For nickel-modified zeolite,  the optimal con,-
ditions were found to be a temperature of 300°C, a  catalyst ratio of (3%), and a reaction time 
of (3 hours). The catalysts  exhibited the ability to form rings and facilitate hydrogenation 
 reactions, resulting in the preparation of aromatic compounds that  reached threefold their 
original concentration. Specifically, the  concentration increased from (7.1%) to (23.61%) 
in the nickel- modified catalyst. These results were determined through  techniques such as 
Nuclear Magnetic Resonance (1HNMR)  spectroscopy, Gas Chromatography-Mass Speco-
trometry (GC/MS),  and Infrared Spectroscopy (IR). 
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مستخلص:
يتضمن البحث دراسة أحد الخامات المعدنية الطينية الطبيعية المتواجدة في منطقة النمرود/ قرية الياجور )40 كم 
جنوب شرق مدينة الموصل( عن طريق التحليل الكيميائي للخام وفلورة الاشعة السينية )XRF( للتعرف على مكوناته 
الزيولايتات  الطينية  للمعادن  المئوية  النسب  لمعرفة   )XRD( السينية  الاشعة  حيود  دراسة  ثم  المختلفة  العناصر  من 
الطبيعية )المونتمورلونايت والكاؤولين( وغير الطينية )الكوارتز والكالسايت( المكونة للخام المعدني الطبيعي ، بعدها 
ثم   )amorphous( البلورية  السيليكا غير  و  الكاربونات والحديد  إزالة  الطبيعي من خلال  الزيولايت  ويُركز  يُنقى 
ومواصفات  خصائص  بعدها  دُرست   ،)CrCl3.6H2O( الكروم  كلوريد  المركب  باستخدام  الكروم  بعنصر  يُطعم 
 )SEM(و  )BET(و  )XRD( و   )XRF( تقنيات  باستخدام  المطعم(  وغير  بالكروم  )الُمطعم  الُمحضرة  الزيولايتات 
فضلا عن التحليل الحراري الوزني )TGA( وتبين احتواءه على تركيب كيميائي وبلوري ضمن مواصفات الزيولايت 

فضلا عن المساحة السطحية والقنوات المسامية الانتقائية والاستقرار الحراري الجيد.
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1. Introduction:
Catalysts are chemical substances 

introduced into a chemical reaction me-
dium to enhance the rate of chemical 
reaction thermodynamically feasible, 
providing an alternative reaction path-
way by lowering the activation energy 
barrier [1]. Catalysts are not consumed 
during the reaction and can be recov-
ered at the end of the process for reuse, 
although they may sometimes require 
regeneration prior to reuse [2]. Cata-
lysts can be broadly categorized into 
three types: Homogeneous Catalysts: 
These catalysts are in the same phase 
as the reactants and products [3]. Het-
erogeneous Catalysts: These catalysts 
are in a different phase from the reac-
tants and products. Biocatalysts: These 
catalysts involve enzymatic processes, 
stimulating diverse biochemical reac-
tions within organisms [4]. Zeolite is a 
type of heterogeneous catalyst subject 
to ongoing global research. Chemi-
cally, zeolite is composed of hydrated 
aluminosilicate, crystalline solids with 
intricate microporous frameworks pos-
sessing channels, voids, and molecular-
sized windows [5]. Zeolite structures 
consist of an infinite number of tetra-
hedral (TO4) units, where the tetrahe-

dral (T) atom can be various combina-
tions of elements such as (Si, Al), (Si, 
B), (Si, Ga), and more [6]. Basic zeo-
lite structures consist of an internal po-
rous system with interconnected voids 
resembling cages or a unified channel 
system [7]. Zeolite types can be clas-
sified based on pore size or diameter: 
Zeolites with Small Pores (eight-mem-
bered ring pores) and free pores with a 
diameter of 0.3-0.45 nanometers (e.g., 
Zeolite A) [8]. Zeolites with Medium 
Pores (ten-membered ring pores) and 
free pores with a diameter of 0.45-0.6 
nanometers (e.g., Zeolite ZSM-5) [9]. 
Zeolites with Large Pores (twelve-
membered ring pores) and free pores 
with a diameter of 0.6-0.8 nanometers 
(e.g., Mordenite, Beta, Y). Zeolites 
with Very Large Pores (fourteen-mem-
bered ring pores) and free pores with 
a diameter of 0.8-1.0 nanometers (e.g., 
VTD-1) [10]. Certain zeolite types, 
such as those with medium-sized 
pores, possess pores with diameters 
of a few nanometers [11]. The Inter-
national Zeolite Association (IZA) has 
registered around 130 zeolite struc-
tures of molecular sieve types, but only 
15 of them have industrial applications 
[12]. Zeolite finds essential applica-
tions in catalyzing the conversion of 
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heavy petroleum derivatives into more 
valuable products like gasoline and 
kerosene [13]. Zeolite catalyzes vari-
ous reactions such as hydrogenation, 
isomerization, cyclization, and hydro-
gen removal, with catalytic cracking 
being a major application, producing 
over 500 million tons annually world-
wide [14]. Flanigen’s classification 
categorizes zeolite types according to 
their silica-to-alumina ratio and devel-
opment [15]: Low-Silica or Al-Rich 
Zeolite, Medium Silica Zeolite, High-
Silica Zeolites. Naphtha is a highly 
flammable, light hydrocarbon mixture 
derived from coal distillation, oil refin-
ing, or shale gas processing [16]. It en-
compasses petroleum derivatives with 
boiling points typically ranging from 
200°C to 30°C, primarily represented 
by hydrocarbons (C10-C5) [17]. Zeo-
lite (ZSM-5) has been used to crack 
naphtha, producing light olefins [13]. 
Naphtha serves as a leading product in 
refineries, utilized in various industries 
as feedstock, gasoline blend, solvent, 
and fuel due to its high energy content 
and clean-burning properties. Zeolite 
catalysts play a pivotal role in naph-
tha conversion processes, enhancing 
selectivity and stability [18]. Ongoing 
research continues to refine zeolite ap-

plications in this context [19].

2. Practical part
2.1. Chemicals used:
Nickel Nitrate (NiNO3.6H2O) 

(BDH), Deionized water, (prepared 
zeolite from previous research) were 
used in this study.

2.2. Preparation of Catalysts 
(Nickel-Loaded and Unloaded Zeo-
lite):

The catalyst (zeolite) is synthesized 
from naturally abundant mineral ore 
found in Iraq, possessing suitable pro-
portions of silica and alumina Si/Al=3 
it can be classified to faujasite type Y 
zeolite. The raw material is sourced 
from the Nimrud region, specifically 
Ibrahim Al-Khalil village, situated 40 
km southeast of Mosul city. After elim-
inating undesired components, such as 
carbonates, iron, and amorphous silica 
that removed by HCl(10%),oxalic acid 
(3%) and NaOH(0.5M) respectively in 
previous research. The natural zeolite 
is obtained. This zeolite will be subse-
quently employed for the preparation of 
catalysts impregnated with transitional 
metal oxides (nickel). In this study, 
nickel nitrate salt (Ni(NO3)2.6H2O) is 
utilized [20, 21]. To characterize the 
prepared zeolites, various measure-
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ments are conducted, including X-ray 
fluorescence (XRF), X-ray diffraction 
(XRD), infrared spectroscopy (IR), 
Brunauer-Emmett-Teller (BET) anal-
ysis, scanning electron microscopy 
(SEM), and thermogravimetric analy-
sis (TGA).

2.3. General Specifications of the 
Prepared Catalyst (Zeolite):

The specifications and character-
istics of the employed catalysts are 
elucidated based on the measurements 
performed, as shown in Table 1.

Table 1. Properties and specifications of refined natural zeolite.

Measurements and properties Analysis Data

BET Surface Area 27.2416 m2/gm

Langmuir Surface Area 419.4083 m2/g

Pore Volume 0.10817 cm2/gm

Pore Size 8.73724 nm

Average Particle Size 220.2516 nm

Natural Zeolite Content (Montmorillonite and Kaolinite) 64.55

SiO2 /Al2O3 3.35

2.4. Preparation and Condition-
ing of the Under-Study Naphtha:

The under-study naphtha is sourced 
from the Qusq oil refinery, located 45 

km west of Mosul in Ninawa Gover-
norate. Table 2 details the specifica-
tions of the naphtha under study.

Table 2. Specifications of the naphtha under study.

DataTest
(35-200℃)Boiling Range

0.7271Specific gravity at 15ºC
63.108API
0.717Density (gm/cm3)
0.166Sulphur Content (Wt.) %
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2.5. Implementation of Catalytic 
Reforming Reactions on the Under-
Study Naphtha:

2.5.1. Selection of Reaction Con-
ditions:

The initial reaction conditions for 
the naphtha reforming were chosen as 
presented in Table 3. Through the use 
of various techniques, it has been es-
tablished that the optimal temperature 
for the initial conditions is 350°C for 
unloaded zeolite and 300°C for zeo-
lite loaded with nickel. Based on these 
temperatures, the optimal conditions 
for catalytic treatment are determined. 
In our study, catalyst ratios of 1%, 2%, 
and 3% are used. These ratios are add-

ed to an autoclave reactor along with 
100 grams of naphtha [22]. After seal-
ing the reactor, it is agitated and heated 
to varying temperatures. The reactions 
are conducted for different time inter-
vals ranging from 1 to 3 hours at each 
temperature. Upon completion, the 
reactor is allowed to cool to lab tem-
perature, and the treated liquid mate-
rial (naphtha) is filtered and stored in 
dedicated containers for further analy-
sis and measurements [23]. Figure 1 il-
lustrates the autoclave reactor used in 
the study. Table 4 outlines the optimal 
conditions employed for the catalytic 
reforming reaction on the under-study 
naphtha.

Table 3. Initial conditions for the synthetic reforming reaction of naphtha
Circumstances Value

temperature used (100, 150, 200, 250, 300, 350) ℃
Additive catalyst ratio 1% of the weight of naphtha

transaction time One hour

2.6. Determining the optimal conditions for conducting the catalytic syn-
thetic reforming reactions of naphtha

Table 4. Optimal conditions for the synthetic reforming reaction of naphtha
No Reaction conditions Value

1 Temperature used It was found that the best temperature for the un grafted zeolite 
was (350 ℃), while for the grafted zeolite it was (300 ℃).

2 The percentage of cata-
lyst added

The catalyst percentage was increased to (2%) and (3%) while it 
was (1%) in the initial conditions by weight of naphtha.

3 Transaction time The reaction was carried out with a time of (2 and 3 hours), 
while it was one hour in the initial conditions.
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2.7. Analysis of Reforming Reac-
tion Products

2.7.1. Fourier Transform Infrared 
Spectrometer (FTIR)

The infrared spectra of the parent 
naphtha model, as well as the untreated 
naphtha samples and the catalyst-treat-
ed naphtha samples, were measured 
using a Spectrophotometry FTIR ATR 
device (Platinum Braker, Germany). 
This analysis aimed to identify struc-
tural changes in the samples resulting 
from catalytic treatment and to poten-
tially discover new absorption patterns.

2.7.2. Nuclear Magnetic Reso-
nance Spectrometer (1H-NMR)

Furthermore, the nuclear magnetic 
resonance (NMR) spectra of the parent 
naphtha model and the catalyst-treated 
naphtha samples were measured us-
ing a Varian 500 MHz (1H NMR) de-
vice. This analysis aimed to identify 
the types of protons present in the hy-
drocarbon compounds of the naphtha, 
thereby revealing the hydrocarbon mo-
lecular structure. The proton and car-
bon distribution of the treated naphtha 
samples were subsequently calculated 
based on this information.

2.7.3. GC/MS Measurement For 
naphtha Samples

Gas chromatography-mass spec-

trometry (GC/MS) technique was em-
ployed to identify the types of changes 
occurring in the hydrocarbon structures 
of the parent naphtha and the catalyst-
treated naphtha, including paraffins, 
olefins, naphthene, and aromatic com-
pounds collectively known as PONA. 
The measurements were conducted us-
ing an Agilent GC/MS device.

2.7.4. Measurement of Density
For each sample, precisely 5 mL 

of parent naphtha and catalyst-treated 
naphtha were individually placed in a 
pre-weighed, dry volumetric flask. The 
flask weight difference was used to de-
termine the sample weight (given that 
the flask volume is known), and this 
weight was used to calculate the den-
sity (d) using the following formula: 

d = w/v, where: d = Density (g/cm³), 
w = Weight (g), v = Volume (cm³)”

3. Results and Discussion
3.1. Infrared Spectroscopy Mea-

surement (FTIR) for Naphtha Sam-
ples

Infrared spectroscopy (FTIR) 
analysis was conducted on the parent 
naphtha samples (untreated) and the 
catalyst-treated naphtha samples. The 
FTIR measurement provides evidence 
of structural changes occurring in the 
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reforming reactions of petroleum de-
rivatives (naphtha). These changes 
may involve the creation of new hy-
drocarbon compounds such as ring for-
mation and hydrogen removal [24]. In 
this study, FTIR analysis was carried 
out to identify structural modifications 
in the under-study naphtha in the pres-
ence of catalysts (nickel-loaded zeolite 
and unloaded zeolite). The reactions 
were performed under initial condi-
tions with a fixed time and catalyst 
ratio (1%) and variable temperatures 
(100, 150, 200, 250, 300, 350°C) [25]. 
Subsequently, the reaction time was 
extended to 2 and 3 hours, and the cat-
alyst ratio was changed to 2% and 3%, 
while maintaining the optimal tem-
perature for each catalyst. The FTIR 
analysis revealed the emergence of 
new changes in the hydrocarbon struc-
ture of the naphtha samples. Notably, 
new absorption peaks appeared in the 
region of 3000-3100 cm⁻¹ across most 
samples, with a more pronounced pres-
ence in the sample treated with nick-
el-loaded zeolite at a 1% weight ratio, 
1-hour reaction time, and 300°C tem-
perature [26, 27]. This peak is attribut-
ed to the aromatic ring›s C-H bending 
vibrations, indicating the formation of 
these compounds in the reactions. Ad-

ditionally, new absorption peaks in the 
range of 1450-1600 cm⁻¹ corresponded 
to the aromatic ring’s C=C vibrations 
and varied based on the concentration 
of aromatic compounds formed during 
the reactions. Furthermore, an increase 
in absorption was observed in the 
region of 675800- cm⁻¹, attributed 
to out-of-plane bending (scissoring) 
vibrations of aromatic C-H bonds [28]. 
The clear emergence of these absorp-
tion peaks, especially in samples with 
evident reforming reactions, is consis-
tent with nuclear magnetic resonance 
spectroscopy (1H-NMR) and gas chro-
matography-mass spectrometry (GC/
MS) results. This underscores the cat-
alysts’ (zeolites’) ability to facilitate 
these reactions due to their acidic, crys-
talline, and porous properties.

3.2. Measurement of 1H-NMR 
Spectroscopy for Naphtha Samples

Treatment of naphtha with various 
conditions of temperature, reaction 
time, and catalyst (zeolite) ratio induc-
es structural changes in the hydrocar-
bon constituents, including paraffins, 
naphthenes, and aromatics, as well as 
ring compensation. To understand these 
changes, 1H-NMR spectroscopy is uti-
lized, providing qualitative and quan-
titative information about the specific 
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proton types within these compounds. 
This spectroscopy identifies five major 
proton sites: methyl protons (Hme) at 
0.5-1.4 ppm, methylene protons (Hmy) 
at 0.9-1.8 ppm [29], naphthene protons 

(HN) at 1.4-2.2 ppm [30], alpha pro-
tons of aromatic ring (Hα) at 1.7-3.4 
ppm [31], and aromatic protons (HA) 
at 6.3-8.5 ppm [32], as shown in Table 
5. 

Table 5. Relative distribution of protons for the treated and untreated naphtha 
samples measured through 1H NMR spectroscopy.

HmeHmyHNHαHASamples (*)
30.3442.8712.987.206.611
27.5840.912.816.9211.792
31.7137.311.15.8114.083
31.2838.69.55.5115.114
32.1736.228.044.9018.675
34.2633.024.875.1322.726
29.4533.546.696.224.127

Where Samples (*) means: 
1: Untreated mother naphtha.
2: Naphtha treated with a zeolite cata-

lyst at a temperature of (350°C) for 
a period of (1 hour) and the catalyst 
percentage was (1%).

3: Naphtha treated with a zeolite cata-
lyst at a temperature of (350°C) for 
a period of (3 hours) and the catalyst 
percentage was (2%).

4: Naphtha treated with a zeolite cata-
lyst at a temperature of (350°C) for 
a period of (3 hours) and the catalyst 
percentage was (3%).:

5: Naphtha treated with a nickel-doped 
zeolite catalyst at a temperature of 

(300°C) for a period of (1 hour) and 
a catalyst percentage of (1%).

6: Naphtha treated with a nickel-doped 
zeolite catalyst at a temperature of 
(300°C) for a period of (3 hours) 
and a catalyst percentage of (2%).

7: Naphtha treated with a nickel-doped 
zeolite catalyst at a temperature of 
(300°C) for a period of (3 hours) 
and a catalyst ratio of (3%).
Table 5 reveals that the untreated 

parent naphtha model consists of aro-
matic compounds at a ratio of 6.61%, 
naphthenic compounds at 12.98%, and 
paraffinic compounds (Hmy+Hme) at 
73.21% [33]. The compensatory ring 
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structure (Hα) constitutes 7.20% of 
the composition [34]. Upon treating 
the naphtha with natural zeolite (un-
loaded) in models 2, 3, and 4, there is 
an observed increase in the aromatic 
compounds, reaching 15.11% in model 
4 [35]. Simultaneously, the paraffin-
ic compounds (Hmy+Hme) decrease to 
69.88%, indicating a process of ring 
formation from paraffins followed by 
hydrogen removal [36]. This is cor-
roborated by the presence of aromatic 
compounds.

Regarding naphtha treated with 
nickel-loaded zeolite in models 5, 6, 
and 7 [37], an increase in aromatic 
compound formation was observed, 
reaching 24.12% in model 7, accom-
panied by a decrease in paraffinic 
compounds to 62.99% [38]. The alpha 
proton site (Hα) of the aromatic ring 
showed a slight decrease, reaching its 
lowest proportion of 5.13% in model 6, 
indicative of a dealkylation process of 
alkyl groups attached to the aromatic 
ring [39]. As illustrated in Figures 7 and 
8, the nuclear magnetic resonance (1H-
NMR) spectra for the naphtha models 
further support these observations.

3.4. Gas Chromatography-Mass 
Spectrometry (GC/MS) Analysis for 
Treated Naphtha Models

This analysis technique is employed 
to discern hydrocarbon structural 
changes in naphtha. Gas chromatog-
raphy separates compounds based on 
their retention times within the sepa-
ration column, and mass spectrometry 
identifies each separated compound’s 
type while determining the area under 
the peak [40]. This allows us to quanti-
fy and identify the types of compounds 
within the sample, particularly the 
four main types: paraffinic, olefinic, 
naphthenic, aromatic compounds (col-
lectively abbreviated as PONA) [41]. 
These compounds are classified using 
the first letter of each type. The follow-
ing table outlines the ratios of these 
compounds in the untreated parent 
naphtha and treated models according 
to the varying conditions of tempera-
ture, catalyst ratio, and reaction time.
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The table reveals that the untreated 
parent naphtha, Model (1), contains a 
high percentage of paraffins, reaching 
78.8%, whereas aromatic compounds 
were found in lower quantities, specifi-
cally 7.1%. The naphthenic compounds 
constituted 11.9%, while the unsaturat-
ed paraffinic compounds, namely ole-
fins, accounted for 2.2% [42]. Table (6) 
illustrates that Models (2, 3, 4), treated 
with the unmodified zeolite catalyst, 
underwent a significant change in the 
aromatic compounds’ ratio, increas-
ing to 17.4% compared to the 7.1% in 
the untreated parent model. There was 
a distinct decrease in paraffinic com-
pounds, dropping to 66.3% in Model 
(4), indicating a ring-forming process 
with hydrogen removal, resulting in an 
increase in aromatic compounds.

Analyzing the results of naphtha 
treated with nickel-modified zeolite 
catalyst [43], represented by Mod-
els (5, 6, 7), we observe an elevation 
in aromatic compounds to 23.61%, 
accompanied by a reduction in paraf-
finic compounds [44]. In Model (7), 
the paraffinic compounds decreased to 
62.48% from the 78.8% observed in 
the untreated parent model [45]. This 
implies that nickel modification has 
improved the zeolite’s characteristics 
toward ring formation and hydrogen 
removal [46], facilitating the produc-
tion of aromatic compounds.

3.5. Measured Of density and 
SP.GR and API
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Table 6. GC/MS Analysis for Untreated and Treated Naphtha Models.
Hydrocarbon Types (PONA)Sa

mples (*) Aromatics%Naphthenes%Olefins%Paraffins%

7.111.92.278.81

12.811.53.971.82

15.910.85.767.63

17.410.26.166.34

19.269.715.965.135

21.459.935.563.126

23.617.816.162.487
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Table 6. Value Of density and SP.GR and API
APISP.GRDensity gm/cm3Samples (*)

63.1080.72710.7171
65.5750.7180.7082
67.5150.7110.70153
62.0700.7310.72154
64.5920.72160.71155
59.4580.7410.7316
61.2790.7340.72457

Figure 1: The autoclave reactor used in the study.

Figure 2: FTIR spectrum of the parent naphtha

From Table (6), it is evident that the 
values of density, specific gravity, and 
API vary. We observe that the models 
treated with the same catalyst under dif-
ferent conditions exhibit inconsistent 
increases and decreases [47]. This vari-
ability could be attributed to the pres-

ence of four main types of compounds 
in the naphtha samples: paraffinic, 
olefinic, naphthenic, and aromatic 
compounds [48]. These compounds 
influence each other›s density values, 
leading to the instability of these mea-
surements.
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Figure 3: FTIR 
spectrum of 
the naphtha 

treated at 
300°C for 1 

hour without 
catalyst

Figure 4: 
FTIR spec-

trum of naph-
tha treated at 
350°C for 1 

hr. using only 
natural zeo-

lite 1%

Figure 5: FTIR spectrum of naphtha treated at 
300°C for 1 hr. using Ni-natural zeolite 1%
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Figure 6: 1H NMR spectrum for the untreated parent naphtha model

Figure 7: 1H NMR spectrum for the naphtha model treated with natural 
zeolite catalyst at 350°C for 3 hours with a 3% catalyst ratio

Figure 8: 1H NMR spectrum for the naphtha model treated with nickel-load-
ed natural zeolite catalyst at 300°C for 3 hours with a 3% catalyst ratio
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4. Conclusion: 
The study demonstrated that the pu-

rified natural mineral feedstock con-
tains approximately 64.55% of natural 
zeolite, equivalent to two-thirds of the 
feedstock’s weight. The introduction 
of transition metal elements (nickel) 
to the zeolite had a pronounced effect 
on enhancing the prepared zeolite’s 

properties. The catalysts prepared us-
ing unmodified natural zeolite and 
nickel-modified zeolite exhibited the 
capability to form rings and facilitate 
hydrogen removal to produce aromatic 
compounds. The aromatic compound 
content increased threefold to 23.61% 
after the reaction, compared to the ini-
tial content of 7.1% in the nickel-mod-

Figure 9: GC/MS spectrum of the parent naphtha

Figure 10: GC/MS spectrum of Naphtha treated with a nickel-doped zeo-
lite catalyst at a temperature of (300°C) for a period of (3 hours) 

and a catalyst ratio of (3%).
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ified catalyst.
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