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ABSTRACT 

This research investigates the preparation of Ni-Co/CeO2 catalysts based on 

impregnation and hydrothermal treatment methods for the hydrogen and valuable fuels 

generation from the steam reforming and cracking reactions of polyethylene terephthalate 

(PET) waste liquefied in phenol. PET plastic waste is environmentally harmful, mostly when 

it eliminated by burning or landfilling. Therefore, in this study, this waste has been dissolved 

in phenol for hydrogen and liquid fuel generation via catalytic steam reforming and cracking 

reactions. Complementary characterization techniques such as XRD, BET, FTIR, SEM, 

TEM, EDX, H2-TPR, CO2-TPD, NH3-TPD, ICP, CHNS and TGA were used to correlate 

surface structure and functionality to catalytic performance of the catalysts. The hydrothermal 

route leads to higher catalyst activity and stability against a by-product formation such as 

coke, which approved by time on stream process, TGA and CHNS analysis. For an instant, at 

700 oC of the catalytic reaction, impregnation method cause to achieve 72.8% of phenol 

conversion and 56% of hydrogen yield, while these factors increased when conducting the 

hydrothermal treatment to 83.8% and 76%, respectively. Analysis of liquid products obtained 

from GCMS illustrated that valuable components such as dibenzofuran, 2-methyl phenol and 

benzene were produced from PET cracking and phenol steam reforming reactions. This 

phenomenon is a vital idea to solve plastic waste recycling issues. 
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Abbreviation 

Dp: Pore volume 

BET: Brunauer–Emmett–Teller 

CHNS: Carbon, hydrogen, nitrogen and sulphur 

CO2-TPD: Temperature-programmed desorption of carbon dioxide 

CoO:  Cobalt (II) oxide 

Ea:  Activation Energy 

EDX:  Energy Dispersive X-Ray 

FTIR:  Fourier-transformed Infrared Spectroscopy 

GC-FID :  Gas chromatography with flame-ionization detection 

GCMS:  Gas chromatography–mass spectrometry 

GC-TCD :  Gas chromatography with thermal conductivity detector 

H2-TPR:  Temperature-programmed reduction of hydrogen 

HPLC:  High-performance liquid chromatography 

ICP:  Inductively coupled plasma 

JCPDS:  Joint committee on powder diffraction standards 

KBr:  Potassium bromide 

NaOH:  Sodium hydroxide 

NC-Ce-hyd:  Nickel-cobalt supported on cerium (IV) oxide catalyst prepared by hydrothermal method 

NC-Ce-imp:  Nickel-cobalt supported on cerium (IV) oxide catalyst prepared by impregnation method 

NH3-TPD:  Temperature programmed desorption of ammonia 

Ni-Co/CeO2 :  Nickel-cobalt supported on cerium (IV) oxide catalyst 

NiO:  Nickel (II) oxide 

PET:  Polyethylene terephthalate 

rPh :  Reaction rate 

SBET:  BET surface area 

SEM:  Scanning electron microscope 

TEM:  Transmission electron microscope 

TGA:  Thermogravimetric analysis 

Vp:  Pore volume 

WL:  Weight loss 

XRD:  X-ray powder diffraction 
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1 Introduction 

 

Greenhouse gas emissions and pollution are increasing, driven mainly by economic 

and population growth in recent years, which results in climate change and global warming. 

In addition to gaseous emissions, tons of solid wastes such as plastic wastes are also 

discarded to the environment. Countries have also challenged running out of fossil fuels and 

sooner or later will eventually look for alternative clean energy sources to replace fossil fuels. 

To solve these severe environmental threats, the liquification of plastic wastes in a dissolving 

agent for hydrogen production could be a great idea for sustainable and clean energy 

production and as well as plastic waste recycling concerns. 

 

Phenolic compounds exist in a liquid form, and it releases from polluted industrial 

wastewater, agricultural and home activities and cause environmental infections. A number 

of methods have been implemented to eliminate phenolic materials from water, such as 

photocatalytic degradation, redox reactions, electrochemical oxidation, and membrane 

separation which are highly expensive processes. The phenolic compounds fraction in bio-oil 

is about 38 wt.% which considered as unwanted components [42]. Phenolic compounds are 

difficult to modify, can cause corrosion in pipes and combustion engines. This issue will 

result in increased phenol-rich tar values all around the world [48] which then negatively 

affect the environment and decline the value added organic carbon. 

 

Much attention has been given to plastic waste management that still stores a large 

amount of energy [24, 59]. Moreover, the hydrogen component level in plastic waste is high 

and might enhance the chemical selectivity during its co-pyrolysis with biomass [8]. 

Research in this area is highly significant because various obstacles have taken on the plastic 
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and other forms of wastes. As the primary packaging material, plastics cause pollution to the 

environment that cannot be ignored, mostly when they are discarded after use, investigations 

in this area are of eternal significance [14]. Polyethylene terephthalate (PET) has been widely 

used in industrial scales such as packaging material and containers for drinking water. The 

lifetime of PET is very long, difficult to decompose naturally, comprises about 63 wt % of 

the overall plastic wastes [36] and are ideally suited for recycling. Thus, in the minimum 

pioneering functioning of PET waste can be critical support to the ecosystem, and this is one 

of the principal highlights of this research.  

 

Catalyst plays a critical role in the PET-phenol cracking and steam reforming 

reactions. Several active metals such as Co, Fe, Ni, Rh, Ru, CaO, Pt, Pd have been used in the 

steam reforming reaction of phenol. Among them, Ni has low cost and the high ability for C-

H and C-C bonds cracking [65] and causes to increase the reaction rate [11] during the steam 

reforming reaction. However, Ni catalyst is prone to deactivation by coke deposition on its 

surface due to its sintering and severe coking, which restricts their wide applications. To 

solve this problem, introducing another metal to the Ni could be a key factor in preventing 

coking phenomena. We have been stated that Co metal can break the integrity of the surface 

nickel ensembles which cause to nickel particle size reduction and decrease the carbon 

formation accordingly. We also found that bimetallic Ni-Co catalyst with higher Ni content 

had a superior catalytic activity in the phenol steam reforming reaction [43]. The choice of 

support for non-noble metal catalysts is vital to assurance long-term use. Several metal oxides 

such as γ-Al2O3 [7, 42, 53], La2O3 [7, 12, 17, 32], ZrO2 [12, 32, 50, 51, 53], MgO [49-51], 

and CeO2 [12, 32, 49-51, 53] has been applied for phenol steam reforming reaction for higher 

process efficiency. The high ionic conductivity and oxygen capability of CeO2 materials are 

the reasons for being striking oxygen storing elements [13].  Utilizing of CeO2 has been a 
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consequence of its amazing structural and chemical properties, which improve the active 

metal distribution, to increase the catalyst stability, and to modify the metal-support 

interaction [23].  

 

Previous research has proved that CeO2 has properties such as strong metal-support 

interaction (SMSI), and this causes to stabilize metal particles against thermal sintering [10]. 

Other studies have reported that supports such as CeO2 for Ni catalysts can increase the 

activity of the catalyst and reduction the coke growth by enhancement of Ni dispersion on 

CeO2 [26, 27]. However, the instability and easy gathering properties of nanostructured 

catalysts could cause the centre loss of catalytic activity, surface energy reduction and 

deactivation [29, 66]. Therefore it is noteworthy to study the catalyst preparation effect on the 

chemical and physical properties of CeO2 support. 

 

To our knowledge, rare studies were focused on CeO2 nanoparticles preparation in 

bimetallic nickel-cobalt catalysts for the steam reforming and cracking reactions of PET-

phenol. Besides, CeO2 support with diverse morphology could display improved oxygen 

mobility and various strength of metal-support interaction, which may affect the gasification 

of deposing coke materials. Therefore, factors such as PET plastic waste recycling, hydrogen 

production from renewable sources, and low-cost catalyst could be critical features for 

environmental and economic impacts in the technology of hydrogen and valuable liquid fuel 

production. This research article aimed to investigate the effect of synthesis techniques of 

bimetallic nickel-cobalt supported on CeO2 nanostructured catalysts on the chemical and 

physical properties of catalysts as well as on hydrogen and value-added fuels generation from 

the steam reforming and cracking reactions of PET-phenol. Catalysts were synthesized by 

hydrothermal, and impregnation methods and characterized via ICP, BET, XRD, EDX, SEM, 
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TEM, H2-TPR, CO2-TPD and used samples were characterized by TGA, CHNS and ICP 

tests. The effect of catalyst preparation on catalytic activity, stability and kinetic study, 

reaction rate and activation energy for PET-phenol cracking and steam reforming reactions 

was also examined. 

 

 

 

2 Experimental  

 

2.1 Preparation of Ni-Co/CeO2 nanosized catalysts 

 

The CeO2 nanosized support was prepared through a hydrothermal treatment 

technique. Firstly, a specific amount of CeO2 was diluted with 250 mL of deionized water 

with a ratio of 1:10 and mixed for two hours. Formerly 5M NaOH was included to the 

mixture at room temperature and mixed for an hour. The aqueous solution was then 

transferred to an autoclave reactor and heated at 130 oC for two days. The produced white 

liquid was then cleaned, washed and dried. The 10 wt% of Ni and Co metals with the ratio of 

3:2 was then impregnated to the CeO2 nanosized support assigned as NC-Ce-hyd. The 

conventional impregnation method of catalyst preparation was obtained following our earlier 

studies [39, 40, 43];—briefly, 90 wt.% CeO2 and 10 wt.% Ni and Co with the ration of 3:2 

were mixed in deionized water. Equation 1 was used to calculate the amount of Ni and Co 

from Ni(NO3)2·6H2O or Co(NO3)2·6H2O materials. The solution was then stirred using a 

magnetic stirrer at 90 °C to produce a slurry. The slurry was dry at 110 °C for 24 h and 

followed by calcination at 800 °C for three hours. 
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𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑋 (𝑔) = 0.6 𝑔 𝑁𝑖(𝑜𝑟) 0.4𝐶𝑜 ×  
1 𝑚𝑜𝑙 𝑁𝑖(𝑜𝑟)𝐶𝑜

58.7𝑔
 ×  

1𝑚𝑜𝑙 𝑋

1 𝑚𝑜𝑙 𝑁𝑖(𝑜𝑟)𝐶𝑜
×

291 𝑔 𝑋

1 𝑚𝑜𝑙 𝑋
     (1) 

 

 

 

2.2 Characterization of the catalysts 

 

The crystal structure of the synthesized catalyst was detected by XRD using a Bruker 

D8 Advance diffractometer (Cu Kα radiation, λ = 1.5406 Å). The morphological 

characterization of the catalysts was made in an emission scanning electron microscope 

(SEM) (JEOL, JSM-6390) and in a transmission electron microscope (TEM) (JEM-2100). 

Elemental compositions were determined by energy-dispersive X-ray spectroscopy (EDS) 

analysis employing an Oxford Xmax 50 mm machine. The BET surface areas and pore size 

distributions of the samples were analyzed using a Beckman Coulter SA3100TM instrument. 

Fourier-transformed Infrared Spectroscopy (FTIR)   analysis was conducted on an IR-

Prestige-21 Shimadzu spectrometer using pure KBr as a reference background to analyze the 

existence of functional group after catalyst synthesis. H2-TPR, CO2-TPD and NH3-TPD were 

conducted using a Micromeritics Chemisorb 2720 apparatus to examine the reducibility, 

basicity and acidity of the prepared catalysts. The details of these three analyses have been 

reported in our previous research [42, 43]. The weights of carbonaceous deposits on the spent 

catalysts were analyzed by thermogravimetric analysis (Perkin Elmer TGA). Spent catalysts 

were also analyzed by ICP, CHNS and BET surface area techniques to get more 

understanding of the coke deposition on the catalysts surface. 
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2.3 Catalytic activity in PET-phenol cracking and steam reforming 

 

The reaction was accomplished in a fixed-bed reactor, loaded with 0.2 g of catalyst 

diluted with silicon carbide (2:3) to increase catalyst activity [1, 39]. The reaction was 

obtained using our previously reported procedure [35-38], and the schematic process flow 

diagram of the reactor system is shown in Figure 1. At the first step of the reaction, the PET 

source such as waste bottles was cut in 50 mm2 pieces and melted in phenol whilst mixing at 

90 oC. The bottle pieces were completely disappeared in the phenol even after cooling the 

mixture. The PET-phenol mixture then injected to the reactor by a syringe pump at 0.04 

ml/min and water was injected to preheater via HPLC pump at 0.36 mL/min. Both water and 

PET-phenol mixture were vaporized at 200 oC using knitting in duo-tape heaters formerly 

entering the reactor with the 1:9 ratios. Before the reaction, the catalysts were reduced by H2 

flow at 600 oC for an hour. N2 gas was introduced in the experiment as a carrier gas with a 

flow rate of 30 mL/min. At the same time, the feed was injected into the reactor by the 

syringe pump, and the reaction took place at 500-800 oC. The liquid product was examined 

by GC-FID (HP 5890 Series II), and the gas product was evaluated by an on-line GC-TCD 

(Agilent 6890N). The feed conversion and hydrogen yield were calculated using Equation 2 

and Equation 3, respectively. The reaction rate by Arrhenius plots, kinetic constants and 

reaction orders were then calculated following our previous research [41]. 

 

 

Conversion (%) =
[Feed]in−[Feed]out

[Feed]in
× 100%                                                                        (2) 

H2 yield (%) =
moles of H2 obtained

moles of H2 stochiometric potential
× 100                                                           (3) 
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Figure 1 A schematic diagram of the catalytic steam reforming reactor 

 

 

 

3 Results 

 

3.1 Catalyst characterization 

 

N2 adsorption-desorption tests characterized the pore size distribution and specific 

surface area and of NC-Ce-imp and NC-Ce-hyd catalysts. Figure 2(a) shows the N2 

adsorption-desorption isotherms, and Figure 2(b) shows the pore size distributions. The 

specific surface area, pore volume and average pore diameter of the catalysts are also shown 
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in Table 1. At the table, the metal content was measured by ICP test, SBET is the BET surface 

area, Vp, is the total pore volume, and Dp, is the average pore diameter of the catalysts. The 

adsorption-desorption of N2 was well-expressed type IV isotherms, with a hysteresis loop 

arising at the area of the relative pressure of P/P0=0.5–1.0 associated with the presence of 

macroporous structures [40]. Commonly, the mesoporous structure has efficient electron 

mobility and confinement effects, and this cause to outstanding properties in catalysis 

reactions. Figure 2(a) proves that the hysteresis loop presence and also the pore size 

distribution illustrates the catalysts are orderly mesoporous. The pore size distribution 

presented in Figure 2(b) shows that the pore diameters of NC-Ce-imp and NC-Ce-hyd are 

around 30 nm and 13 nm, respectively, which also confirms the mesoporous structures of the 

samples. The mesoporous properties obliged as a tunnel structure to enhance the interaction 

of plastic waste particles with the surface of the catalyst during the PET-phenol cracking and 

steam reforming process. Besides, the NC-Ce-imp mesopore that is lower than 20 nm were 

entirely vanished, subsequent in the more major pore development (∼30 nm). In contrast, the 

creation of a large pore (~ 30nm) of NC-Ce-hyd is almost disappeared, resulting in the 

formation of a small mesopore (~13 nm).  

 

The surface area of the NC-Ce-hyd nanosized catalyst (11.3 m2/g) was approximately 

more than two times that of the NC-Ce-imp catalyst (4.4 m2/g) supplemented by the rise of 

the pore volume from 0.0827 to 0.0961 cm3/g. The possible reason for this low surface area 

can be the coverage of the support surface by active metals. A possible clarification is that the 

CeO2 impassable a large amount the lowest pore diameters in the conventional impregnation 

method; consequently, the average pore diameter improved. Another possibility could exist 

associated with the reduction of the crystallite size of NC-Ce-hyd catalyst to roughly level. 

The catalyst activity improvement is aligned with the high specific surface area and pore 
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volume of NC-Ce-hyd nanosized catalyst, these advantages could increase the contact among 

reactant and catalyst surface. The large surface area displays various crystal facets, which are 

observed as the active sites for the waste elements adsorption; the NC-Ce-hyd nanosized 

catalyst could be an ideal choice for waste steam reforming reaction. 
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Figure 2 (a) Nitrogen adsorption isotherm and (b) pore size distribution of the fresh NC-Ce 

samples. 
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Table 1 Chemical composition, BET surface area, pore-volume, and average pore diameter of 

NC-Ce-imp and NC-Ce-hyd nanosized samples 

 

  Ni (wt%) Co (wt%) Samples after reduction 

    SBET (m2/g) Vp (cm3/g) Dp (nm) 

NC-Ce-imp 5.97 3.99 4.4 0.0961 32.02 

NC-Ce-hyd 5.96 3.98 11.3 0.0827 13.21 

 

 

 

XRD technique was employed to identify the catalyst crystal phase. The XRD plot of 

the reduced NC-Ce-imp and NC-Ce-hyd nanostructured catalysts at 600 oC are shown in 

Figure 3. The X-ray signal is characterized by a variety of sharp peaks between angles of 20 

and 70°. The X-ray diffraction pattern of the NC-Ce samples has a Bragg peak of 44.5°. This 

relates to the Nio. The appearance of metallic Nio can be ascribed to cubic structure [JCPDS 

45-1027] and is consistent with prior studies [5, 33, 40, 42]. The metallic Coo [JCPDS 01-

1254] peak was also detected at 44.3, which is agreed to the previous investigation too [22, 

28]. The appearance of metallic Nio and Coo at the XRD pattern proves that both these active 

metal oxide were reduced to the metallic phase under the reduction process [9, 20, 30]. The 

virtual strength of XRD peaks of the supported catalysts hinged on the nature of metal oxide 

precursors that shaped through the calcination procedure [60]. In both NC-Ce-imp and NC-

Ce-hyd nanostructured catalysts, the only single peak for active metal was identified. This 

proves the creation of bimetallic Ni-Co through the reduction [60]. The XRD patterns of both 

NC-Ce-imp and NC-Ce-hyd nanostructured catalysts produced in typical peaks amount 

placed at 2 theta of 28.4, 32.9°, 47.2° and 55.9° corresponding to (111), (200), (220) and 

(311) crystal planes of the fluorite structure (JCPDS 81-0792) of CeO2 [46, 47]. However, the 

XRD analysis detected other peaks at 2θ=37.3° and 53.7° for NC-Ce-hyd nanostructured 
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catalyst. The XRD patterns of the of peaks located at 2θ of 37.3° and 53.7° corresponding to 

(200) and (220) crystal planes of the α-Ce face-centred cubic structure (JCPDS 78-0640) 

[25]. Olsen et al. [45] claim that the α-Ce structure is stable at high pressure, even above 5 

GPa. 
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Figure 3 XRD profiles for NC-Ce-imp and NC-Ce-hyd nanosized catalysts after reduction at 

600 oC 
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The surface morphologies of the NC-Ce-imp and NC-Ce-hyd are shown in Figure 4, and the 

d-spacing was calculated via Gatan Software (Gatan Microscopy Suite 2.1). The images 

reveal that a considerable amount of nickel with green arrows and cobalt with blue circles 

have been formed on both catalysts. There were some elements adsorbed on CeO2, which can 

be guessed that nickel and cobalt particles were loaded on the CeO2 surface. The precursor 

presents a sphere-like structure assembled from numerous nanosized particles. These shapes 

are interconnected to each other to form a network structure. Furthermore, it is noticed that 

high uniform and fine crystals have been prepared through a hydrothermal method. 

Compared to NC-Ce-imp, well-defined and smooth-surface sphere-like structures were found 

in NC-Ce-hyd. After hydrothermal preparation, the nanoparticles are stripped from the 

sphere-like structure, and NC-Ce-hyd nanoparticles are obtained. The figure presents that the 

morphology with uniform size distribution and the mean size of NC-Ce-hyd nanostructured 

catalyst was approximately 7 nm and lattice spacing equal to 0.383 nm (Co) and 0.184 nm 

(Ni) while of NC-Ce-imp was 12 nm with the lattice spacing’s of 0.153 nm (Ni) and 0.12 nm 

(Co), without any significant agglomeration and the metal particles did not suffer from 

sintering and were separated well from each other. 
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Figure 4 TEM images of (a) NC-Ce-imp and (b) NC-Ce-hyd nanosized samples. 

 

 

 

 

The morphology and surface structures of the NC-Ce-imp and NC-Ce-hyd nanostructured 

catalysts are characterized by SEM and are shown in Figure 5a and Figure 5e. Homogenous 

active metal distribution on the support is delivered for both hydrothermal and conventional 
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impregnation methods. The representative SEM images of the NC-Ce catalysts is indicating 

that the NC-Ce-imp did not reveal any specific shape and looks like composed of 

agglomerated nanoparticles with various pore sizes ranging from 1 to 5 µm, while NC-Ce-

hyd were unvaryingly spherical with a highly porous and rough surface with a different pore 

size of ~1 µm. In this means, the active phase of the NC-Ce-hyd nanostructured catalyst is in 

an appropriately great distributed form, which consequences in a large specific surface area 

and supposed to have maximum catalytic performance. It is very clear from the SEM study 

that preparation through hydrothermal treatment during the synthesis of bimetallic 

nanostructured catalysts results in the variation of their morphological features also. The 

EDX spectrum of NC-Ce-imp and NC-Ce-hyd nanostructured catalysts, as shown in Figure 

5d and Figure 5h, further confirm that the Co, Ni, and Ce elements are present in both 

catalysts. The appearance peaks of these elements provide the evidence that bimetallic Ni-Co 

were successfully formed and deposited onto CeO2. As can be seen from Figure 5, several 

elements, i.e., Co, Ni, and Ce, could be detected. The EDX data of different elements showed 

that the weight percent of Ni, Co, and Ce for the NC-Ce-imp catalyst was around 24.8, 23.8, 

and 51.4 while for the NC-Ce-hyd was 23.3, 20.6 and 56.1, respectively. 
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Figure 5 (a) Scanning Electron Microscopy (SEM) photo and (b, c, d) Energy dispersive X-

ray (EDX) analysis of NC-Ce-imp, (e) SEM image (f, g, h) EDX analysis of NC-Ce-hyd 

nanosized catalyst. 

 

To investigate practical clusters presents in the prepared catalysts the FTIR spectrum using 

the KBr pellet technique was recorded in the wavenumber ranging from 4000 to 500 cm−1, as 

revealed in Figure 6. Peaks at ~1640 cm−1  can be ascribed to the asymmetrical extending 

mode of ν (O-H), and δ (O-H) from the surface adsorbed water and the broad peaks at high 

wavenumber about ~3450 cm−1 ascribed to the yielding vibration of physical O-H [55]. The 

negative bands situated at 3745 cm−1 might be attributed to loss of ν(OH) strength of diverse 

sorts of free hydroxyl groups formerly existing on the CeO2 surface. FTIR spectra of the 

catalysts exhibited weak absorption around ~1076 cm−1 and shoulder at ~980 cm−1 due to the 

presence of residual nitrate moiety (ν (NO3
−))  over CeO2 surface and shoulder bellow ~980 

cm−1 attributed to Ce-O stretching vibrational mode [57]. FTIR spectra that bellow the 1000 

cm−1 are related to metal oxides arising from interatomic vibrations [52]. On NC-Ce-hyd 
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nanostructured catalyst, adsorption has a specified increase to a band at 1446 cm−1. These 

bands are assignable to overtone O–H stretching mode [52]. The weak ν2 band at around 879 

cm−1 in the NC-Ce-hyd sample and 879 cm−1 in the NC-Ce-imp catalyst approve the 

existence of CO3
2− [34] and to Co–OH modes. No other band was detected 980 cm−1 for the 

NC-Ce catalyst. It is due to the very small Ni–O crystals in the Ni-Co/CeO2 nanostructured 

catalyst. 
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Figure 6 FTIR curves of NC-Ce-imp and NC-Ce-hyd nanosized samples. 
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TPR study was applied to investigate the behaviour of metal and support interaction. 

Moreover, TPR determines the behaviour of active metal during reduction reactions. The 

total H2 consumption for each catalyst was correlated to the entire area underneath the H2-

TPR profiles. The H2-TPR patterns of NC-Ce-imp and NC-Ce-hyd nanostructured catalysts 

were carried out on all catalysts after calcination at 800 °C before the reduction is shown in 

Figure 7. In general, reduction peaks at the low-temperature area (bellow 400 °C) are 

ascribed as the reduction of NiO and CoO to the metallic Ni and Co. This region also clarifies 

of weak interaction of metallic Ni and Co with CeO2, as shown in Eq (4) and Eq (5). 

 

𝑁𝑖𝑂 + 𝐻2 → 𝑁𝑖0 + 𝐻2𝑂                                                                                                         (4) 

𝐶𝑜𝑂 + 𝐻2 → 𝐶𝑜0 + 𝐻2𝑂                                                                                                         (5) 

 

In particular, the amount of H2 consumption of sub-peaks and reduction degree is shown in 

Figure 7. The incomplete reduction of CeO2 is detected at the TPR pattern at ~350 oC [15] 

with the actual amount of 415.3 µmol/g. The prominent H2 consumption peaks at 387 °C and 

758 oC for NC-Ce-imp, accredited to the pure metal oxides and spinel oxides reduction, 

respectively. Notably, the spinel phase has a positive effect and catalytic reaction and can 

alleviate the creation of small size Ni metallic crystallites in reduction circumstances [6]. 

Another possibility of these two reduction areas could be attributed to diverse NiO 

components whose interaction level with the support is related to the escalation of 

temperature and oppositely relative to their crystal size. Therefore, small nickel oxide 

elements that have significant interactions with the CeO2 are reduced at beyond 400 °C. For 

the NC-Ce-hyd nanostructured catalyst, the first peak at 324 °C had been attributed to the 
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non-stoichiometric surface reduction of Ni(or Co)3+ to Ni(or Co)2+ [21]. In contrast, the peak 

at 426 oC catalyst had been because of the reduction of "unreacted" NiO (or CoO) on the 

surface, where this NiO form was virtually unaffected by the support. However, no reduction 

peak at higher temperatures was observed for NC-Ce-hyd, which again suggests significant 

interface among the Co and Ni on CeO2-supported bimetallic sample. Interestingly the 

reduction peak of the NC-Ce-hyd shifted in H2 consumption to lower temperatures with the 

preparation with hydrothermal treatment indicating that the NC-Ce-hyd nanostructured 

catalyst needs lower temperatures to reduce. By comparing the H2 consumption for the NC-

Ce-imp and NC-Ce-hyd nanostructured catalysts, one can see an expected difference in the 

H2 consumption. However the decrease is too large to be explained not only by the bimetallic 

Ni-Co reduction alone. The explanation for the lower part of this decrease is that the 

reducibility of NC-Ce is decreased in the hydrothermal treatment. This is evidence of a 

synergistic interaction between metals and CeO2, causing the reduction of NC-Ce-hyd at a 

lower temperature compared to NC-Ce-imp. 
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Figure 7 H2-TPR profiles of NC-Ce-imp and NC-Ce-hyd nanosized samples. 

 

 

To explain the total basicity and basic sites of materials, CO2-TPD analysis was 

conducted. In general, the catalyst basicity strength and the basic quantity of catalysts can be 

calculated by the area under peaks, and CO2-TPD profiles (after deconvolution) are shown in 

Figure 8. The CO2 desorption peaks for the NC-Ce-hyd nanostructured catalyst occurring 

below the 100 oC (first peak), the range 250-400 °C (second peak) and 400-600 °C (third 

peak) are assumed to relate to CO2 desorbing from weak, medium and strong basic sites, with 
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CO2 uptake of 0.04, 0.6 and 1.43 μmol/g, respectively. The CO2-TPD profile of the NC-Ce-

imp catalyst indicates the weakness of this catalyst because of its weak basicity and basic 

amount. According to published research, CeO2 [31, 63] support has OH– (hydroxyl) groups 

in its constitution. Hence, the support weak basic sites might be the reason for hydrogen 

carbonates formation, which effects from particular interaction between the weak basicity of 

OH– groups and CO2 [19]. Besides, the coordination of metals through conventional 

impregnation preparation of the catalyst is the primary cause of the hydroxyl group 

formation. Thus the hydrothermal treatment will stop the formation of the hydroxyl group. It 

was stated that the catalytic selectivity and activity associates with the basic site strength and 

the basicity of the catalyst [18]. It is estimated that the hydrothermal treatment for NC-Ce-

hyd nanostructured catalyst could have some influence on the catalytic activity and carbon 

deposition in PET-phenol cracking and steam reforming reactions. 
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Figure 8  CO2-TPD curves of NC-Ce-imp and NC-Ce-hyd nanosized samples. 

 

 

The acidity of NC-Ce-imp and NC-Ce-hyd nanostructured catalysts was measured by NH3-

TPD, and findings (after deconvolution) are presented in Figure 9. NH3 is a suitable 

examination molecule for analysis of solid materials acidity because of its acidity and tiny 

molecular volume, which tolerates NH3 molecule to contact the acid sites even in 

microscopic pore [2]. The total medium and strong acid sites of the catalysts were calculated 

from the area below the corresponding NH3 desorption peak and stated in the figure using 

different colours. It can be seen that the NC-Ce-imp catalyst did not gain any acidic site. The 

weak acidic sites of NC-Ce-imp may be associated with centers produced by the metal 
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assimilation [62] during the impregnation method. It can be seen that only NC-Ce-hyd 

catalyst possesses three desorption peaks at different temperature areas, deducing as the 

desorption medium acid sites at low-temperature region (100-400 °C) and strong acid sites at 

high-temperature region (> 400 °C). The high-temperature desorption peak (at 600 oC) 

detected for the reveal the amount of NH3 desorbed from strong metal cationic active sites. 

Besides, the deconvolution results display that the reduction temperature was increasing 

results in a higher amount of strong acid sites (0.67 µmol/g), probably because of the stronger 

Ni-Co interaction at higher temperatures. 
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Figure 9 NH3-TPD curves of NC-Ce-imp and NC-Ce-hyd nanosized samples. 
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3.2 Reaction study 

 

To have more understanding of the impact of impregnation and hydrothermal 

synthesis of Ni-Co/CeO2 nanostructured catalyst on the feed steam reforming reaction, 

catalytic tests at NC-Ce-imp and NC-Ce-hyd nanostructured catalysts were carried out. The 

operation conditions are described in section 2.3, and Figure 10 presents the catalytic 

performances at 500-800 °C. Generally, both of the NC-Ce-imp and NC-Ce-hyd 

nanostructured catalysts show an outstanding catalytic activity than a homogenous system 

which was without catalyst (not shown). As we can see that the feed conversion and 

hydrogen yield for both catalysts is increasing with temperature and is influenced by the 

diverse catalyst preparation techniques. The cleavage of the C-C bond and water gas shift 

reaction (Eq (8)) is controlling the reforming result. On the other hand, metals control the C-

H and C-C bonds activation and support basicity are accountable for -OH and -H transfers. At 

the temperature above 700 oC for the NC-Ce-hyd nanostructured catalyst, the feed conversion 

escalation quickly and it becomes constant after 750 oC temperature, which displays that 

approximately complete conversion attained. This performance of the NC-Ce-hyd 

nanostructured catalyst can be defined by the hydrothermal treatment of the catalyst, which 

causes to create a high surface area, increase metals distribution uniformly and decrease the 

vulnerability to sintering. Khaled et al. [4] stated that the phenol steam reforming reaction is 

naturally endothermic, as shown in Eq (6) [54] and Eq (7) [44] and this cause the increase of 

hydrogen yield and phenol conversion by temperature. 
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𝐶6𝐻5𝑂𝐻 + 11𝐻2𝑂 ↔ 6𝐶𝑂2 + 14𝐻2                             ΔH𝑜 = 463.65 
𝑘𝐽

𝑚𝑜𝑙⁄                    (6) 

𝐶6𝐻5𝑂𝐻 + 5𝐻2𝑂 ⟶ 6𝐶𝑂 + 8𝐻2                                  ΔH𝑜 = 710.91 
𝑘𝐽

𝑚𝑜𝑙⁄                    (7) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2                                                ΔH𝑜 = −41.15 
𝑘𝐽

𝑚𝑜𝑙⁄                    (8) 

 

During the reforming reaction, the water gas shift reaction has a significant role in the 

hydrogen generation by taking CO molecules in attendance of steam. In this study, the CO 

and CO2 contents are gradually decreased by temperature for both catalysts. This specifies 

that the water gas shift reaction is essential for achieving the desired feed conversion and 

hydrogen yield. It can be seen that the feed conversion and gas yield products were strongly 

affected by catalyst synthesis methods. For instance, the 600 oC temperature point illustrates 

53.4% of feed conversion and 52.6% of hydrogen yield for the NC-Ce-imp catalyst, but these 

amounts were increased to 73.6% and 70.5% for feed conversion and hydrogen yield for the 

NC-Ce-hyd nanostructured catalyst, respectively. However, the waster gas shift reaction was 

raised at the same trend. According to XRD analysis in Figure 3, the NC-Ce-hyd detected the 

lower crystallinity than NC-Ce-imp but has proposed that the catalytic performance for NC-

Ce-hyd sample has the more significant activity and selectivity towards feed conversion and 

gas product yield. This excellent activity for the NC-Ce-hyd sample is because of its higher 

basic sites and surface area, as shown in Table 1 and Figure 8, respectively. Morphological 

characterization also recommended that NC-Ce-hyd had the smallest metal particle size and 

resulted in great activity in the steam reforming and cracking reactions.  
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Figure 10 Phenol conversion and product yield of NC-Ce-imp and NC-Ce-hyd 

nanostructured catalysts. 
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The stability of NC-Ce-imp and NC-Ce-hyd nanostructured catalysts was assessed according 

to the times on stream 72 h (3 days) and illustrated in Figure 11. The assessment was 

considered as a function of feed conversion and hydrogen yield steadiness at 600 oC. This 

temperature was selected for the catalyst stability test to avoid the possibility of thermal 

decomposition reaction at a higher temperature, which then decreases the accuracy of catalyst 

stability determination. There is probably coke deposition and formation as the steam 

reforming reaction of PET-phenol developed. This coke is in control catalyst deactivation and 

activity loss of catalytic site. The catalytic stability remarkably depends on the preparation 

methods. In specific, the primary carbon deposition on the catalyst surface plays a part in 

stability; in fact, it negatively changes the lifetime of the catalyst. As seen for the NC-Ce-imp 

catalyst in Figure 11, with the growth of time on stream (TOS), a significant catalyst 

deactivation was detected. Though, after almost 64 h time on stream, a nearly stable condition 

was achieved. The NC-Ce-imp catalyst was suffered from a progressive deactivation; the 

hydrogen yield and phenol conversion were decreased from 52.6% and 53.4% to 32.1% and 

36.2%, respectively. This decrease in the NC-Ce-imp catalyst performance might be due to 

blocking the catalyst surface by carbon-containing species or the formation of by-product 

yields during the time on stream reaction. However, the NC-Ce-hyd sample displayed an 

outstanding stability and plateau performance during 3 days of reaction with no observing 

difference in gas products yields (the only hydrogen was shown). This achievement is 

possible because of the higher surface area and basic site of the NC-Ce-hyd nanostructured 

catalyst. 
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Figure 11 Stability of NC-Ce-imp and NC-Ce-hyd nanosized samples towards (a) feed 

conversion and (b) H2 yield for three days of TOS 

 

Figure 12 shows the activation energy (J/mol) that was measured via the Arrhenius plot 

under the hydrogen production and feed conversion at the temperature range of 500 oC to 800 

oC. In general, the Arrhenius plots for both catalysts expose that the activation energies for H2 

generation are more than that for CO and CO2, which means that  H2 is more temperature-

sensitive than CO and CO2. The higher activation energy required for NC-Ce-hyd catalyst for 

feed conversion and product yield can be ascribed to the shape of the reacted molecule on the 

surface of the catalyst. Al-Zuhair et al. [3] reported that the branched molecule increased the 

activation energy compare to linear molecules primarily because of the escalation in the 

diffusion activation energy. Therefore it is believed that the activation energy is affected by 

the chain length and structure. Consequently, the 43.58 J/mol and 106.2 J/mol of activation 

energy for hydrogen yield and feed conversion for the NC-Ce-hyd sample is due to the 

reaction of branched molecules. Table 2 displayed the kinetic constants and reaction orders 

that were calculated according to Equation 9 and following our previous study [41]. In this 
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equation, “r” is ascribed as the reaction rate and “a” and “b” symbols are attributed to the 

reaction order of phenol and water, respectively. 

 

−𝑟𝑃ℎ = 𝑘𝐶𝑃ℎ
𝑎 𝐶𝑊

𝑏                                                                                                                     (9) 

 

As seen in Table 2, the reaction order for water molecules is zero, which indicates that 

the reaction rate is not dependent on water concentration. It can be concluded that the 

hydrothermal treatment can positively increase the reaction rate from 6.03 mmol/gcat.s to 8.31 

mmol/gcat.s in comparison with the impregnation method. 
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Figure 12 Arrhenius curve for feed steam reforming over the NC-Ce-imp and NC-Ce-hyd 

nanostructured catalysts for (a) phenol conversion, (b) H2, (c) CO and (d) CO2 yields in the 

temperature range of 500–800 °C 

 

 

Table 2 The reaction order of and kinetic coefficients 

Catalysts -rPh (mmol/gcat.s) k (s-1) a b R2 

NC-Ce-imp 6.03 1.95 0.91 0 0.99 

NC-Ce-hyd 8.31 14.7 0.98 0 0.96 

R2: optimization variable 
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3.3 Liquid Products Composition  

 

The detected components from GC-MS analysis of liquid products from catalytic cracking of 

PET and steam reforming of phenol at 700 oC, together with their amount in percent, are 

shown in Table 3. Results display that the C6H5OH (phenol) component exists in the 

principal amount because of the phenol solvent used for PET dissolution. The big polymer 

compounds which did not comply with the cracking reaction were named as unidentified 

compounds. The compounds that are detected in the GC-MS analysis were split into four 

categories, such as aliphatics, naphthalenes, aromatics, and unidentified as obtained by 

published research [56, 58, 64]. Catalytic cracking of PET and steam reforming of phenol 

seems to produce valuable chemicals such as C6H6 (benzene) for both catalysts at almost the 

same amount of 0.05 and 0.06%. Other valuable components such as CH3COOH (acetic 

acid), C8H8O2 (phenyl ester), C12H10O (diphenyl ether), C13H12 (2-methylbiphenyl), C15H16O 

(1,1-diphenyl-2-propanol), C13H10 (Fluorene), C13H10O (benzophenone), C14H10 

(phenanthrene), C18H14 (o-Terphenyl) and C16H10 (pyrene) were also detected. The 

depolymerization of PET might have two-step mechanisms for benzene production; polyenes 

formation followed by benzene production. The dominant liquid products in the catalytic 

cracking of PET and steam reforming of phenol reactions were C12H10 (2-

ethenylnaphthalene), C12H8O (dibenzofuran), and C8H8O (acetophenone). At the NC-Ce-imp 

sample, there was a growth in unidentified components that specified that the NC-Ce-imp 

sample cause to produce of further important hydrocarbon. The branched-chained displayed a 

developed aliphatic quantity at both catalysts. Moreover, branched-chained compounds 
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display in a higher amount at NC-Ce-hyd nanostructured catalysts. This specified the creation 

of branched-chained radicals was desirable in PET cracking. The acidity and pore size 

properties of the catalyst play a significant role in the PET cracking. It was found that 

substantial cyclic composites and aliphatic in the range of C4–C8 produce from the cracking 

of PET. Besides, there was not any intermolecular transfer of hydrogen molecule to the 

cracked intermediates. Accordingly, these components were typically unsaturated. It should 

be noted that the NC-Ce-imp has a lower concentration of phenol but the higher content of 

C7H8O (2-methyl phenol), dibenzofuran, compared with the NC-Ce-hyd catalyst. 

 

Table 3 Liquid Products 

Compound Without catalyst NC-Ce-imp NC-Ce-hyd 

C6H6 0 0.06 0.05 

C6H5OH 93.4 91.1 90.92 

CH3COOH, C8H8O2 0 0.06 0.08 

C7H8O 0 0.12 0.09 

C8H8O 0 0.15 0.18 

C10H8 0 0.09 0.13 

C12H10 0 0.23 0.24 

C12H10O 0 0.05 0.05 

C13H12 0 0.03 0.06 

C15H16O 0 0.01 0.03 

C12H8O 0 0.33 0.16 

C13H10  0 0.03 0.03 

C13H10O 0 0.01 0.03 

(C14H10 0 0.02 0.09 

C18H14 0 0.02 0.01 

C16H10 0 0.03 0.03 

Unidentified 6.6 7.66 7.82 

Total 100 100 100 

 

 

3.4 TGA analysis 
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Thermogravimetric analysis (TGA) tests were conducted to investigate the thermal 

stability by defining the volume of the carbon deposition on the catalyst surface after reaction 

at 600 °C. The percentage of weight loss curves as a temperature function were plotted in 

Figure 13 and quantity deposited coke, weight loss, carbon content (CHNS elemental 

analysis), metal content (ICP test) and the spent catalysts surface area are reported in Table 4. 

Weight loss at WL1 was observed in both catalysts. The loss of weight probably is caused by 

trapped water molecules.  At this temperature, the weight loss of the NC-Ce-imp catalyst is 

considered as high. Besides, such extreme temperature could burn some trapped 

hydrocarbons; hence, it exhibits a higher weight loss. It can be seen that the weight loss of the 

NC-Ce-imp catalyst at the WL2 area was 2.47%; this might suggest the presence of further 

amorphous carbon for the latter, which is gasified at lower temperatures associated with 

filamentous carbon that is probably dumped on NC-Ce-hyd. Interestingly, not only the NC-

Ce-hyd catalyst did not suffer from carbon deposition on its surface but also exhibited weight 

gain. Previous research [16, 61] has claimed that this weight gain may be because of the 

oxidation of the metallic active sites. Furthermore, NC-Ce-hyd catalysts had a lower overall 

weight loss of 6.92%, compared to the NC-Ce-imp catalyst that shows a weight loss of 

8.24%. The CHNS analysis proves the trend of the TGA profile as well in which the carbon 

content of NC-Ce-hyd catalyst (3.7%) is almost half of the carbon content of NC-Ce-imp one 

(6.1%). ICP and BET tests show that the metal content and the surface area of the NC-Ce-

imp catalyst decreased more than the NC-Ce-hyd catalyst. NC-Ce-hyd sample with the best 

catalytic activity presented the minimum mass loss during the PET-phenol steam reforming 

reaction, suggesting its high potential for coking resistance. Moreover, the TGA results 

showed a reasonable agreement with that of CO2-TPD and catalyst activity evaluation. 

Therefore the hydrothermal treatment plays an important role in basicity and coke deposition. 

The basicity of NC-Ce-hyd may result in less amount of carbon deposition and excellent 
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reaction performance, which sufficiently proved that suitable catalyst preparation could 

fundamentally improve the catalytic activity and stability. 
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Figure 13 TGA curve of NC-Ce-imp and NC-Ce-hyd nanostructured catalyst 

 

 

 

 

Table 4 Weight loss, carbon and metal contents and surface area of the samples after reaction 

Catalysts Weight loss (%) 
Total weight 

loss (%) 

Ni 

(wt%) 

Co 

(wt%) 

Carbon Content 

(wt.%) 

SBET 

(m2/g)a 
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WL1 WL2 WL3 

NC-Ce-imp 1.68 0.79 5.77 8.24 4.82 2.97 6.1 2.9 

NC-Ce-hyd 0.54 0 6.92 6.92 5.43 3.58 3.7 10.6 
a  SBET, BET surface area 

 

 

 

 

 

 

4 Conclusion  

 

The cracking and the steam reforming reactions of PET-phenol for hydrogen and 

valuable fuel production was conducted using NC-Ce-imp and NC-Ce-hyd nanostructured 

catalysts. In summary, the findings revealed that the hydrothermal preparation method plays 

an essential role in pore sizes, level of metals interaction with support compounds, and 

physiochemical properties, playing a different effect on the catalytic performances of Ni-

Co/CeO2 catalysts. With the content of different preparation methods, the particle size on the 

catalysts was reduced for the NC-Ce-hyd catalyst. In combination with the TEM image 

findings, it was achieved that hydrothermal treatment can decrease the metal compounds 

particle size, which approved that the dispersion of metal elements was enhanced. Both 

basicity and acidity properties of catalysts were enhanced for NC-Ce-hyd nanostructured 

catalyst, which leads to improve in the hydrogen yield, phenol conversion, and reaction rate 

in comparison to NC-Ce-imp catalyst. The hydrothermal treatment has an excellent 

promotional effect for the resistance to coke deposition and catalyst stability as well. More 

remarkably, prised liquid products such as methyl phenol, benzene, dibenzofuran, acetic acid, 

2-methylbiphenyl ,1,1-diphenyl-2-propanol, fluorene, pyrene and several other compounds 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



38 

 

were produced after PET cracking and phenol steam reforming reactions. The findings of this 

research give a simple and effective method for the development of anti-sintering, carbon-

resistant bimetallic Ni-Co/CeO2 nanosized catalyst for the generation of hydrogen and 

valuable fuel from catalytic cracking of plastic wastes and steam reforming of phenol 

reactions.  
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