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Abstract 

Coke formation from heavy oil cracking and the associated change in the porous structure of 

fluid catalytic cracking (FCC) catalysts has been studied using a comprehensive range of 

techniques, including 2D and 3D imaging and carbon/coke characterization techniques. The 

carbon/coke formed from heavy oil devolatilization has been investigated with a range of oil-

to-FCC catalyst ratios (1:3, 1:2, 1:1, 2:1 and 3:1) to simulate the ageing of FCC catalysts in 

an operating oil refinery. Carbon/coke was formed on all used FCC catalyst samples and was 

found to generally increase in quantity with the increasing oil-to-FCC catalyst ratios. Coke 

formation has been correlated with the observed porosity change of the FCC catalyst. Higher 

quantities of carbon/coke formed on the FCC catalyst due to higher oil-to-FCC catalyst ratios 

(simulated increase in time on-stream) leads to a decrease of total pore volume and surface 

area. X-Ray computed tomography (X-Ray CT) studies allowed 3-dimensional imaging of 

used catalyst particles and showed that the zeolite component of the FCC catalyst remains 

evenly distributed throughout the FCC particle from the centre to the exterior for pristine and 

used FCC catalyst particles. This technique showed that while the interior porous structure of 

the FCC catalyst particle is not affected by the coking, the exterior porous structure is 

substantially modified for all used FCC catalyst samples. This process of pore collapse and/or 

clogging at the surface of the particles is likely to have a significant effect on the deactivation 

of FCC catalysts that is commonly observed. The deeper insight into this process gained 

through this study is important for understanding how FCC catalysts change with time-on-

stream and eventually deactivate and may allow for future catalysts to be developed that are 

more resistant to deactivation.  
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1 Introduction 

Fluid catalytic cracking (FCC)  is one of the most effective and important industrial catalytic 

reaction processes for the conversion of heavy fractions of heavy oil into higher value 

transportation fuels and chemical feedstocks [1]. It is the chemical process used to crack 

relatively low-value heavy hydrocarbon molecules into lighter hydrocarbons which are more 

valuable, such as gasoline and propylene [2-4]. Catalysts play an important role in FCC 

processes, allowing targeted production of the more heavily used lighter hydrocarbons. 

Typical FCC catalysts consist of zeolite and clay with some binders and impurities.[2, 5-11] 

Ultrastable Y-zeolite [12] is the active phase in FCC catalysts. USY is Y zeolite that has been 

exposed to relatively mild hydrothermal treatment under control conditions in order to enhance 

its stability and avoid structure collapse during the regeneration stage of the FCC process. 

The hydrothermal treatment of the parent Y zeolite of faujasite structure enables the controlled 

extraction of Al from the the zeolitic framework and hence generation of intracrystalline 

mesopores where the extracted Al resides as extra-framework Al, avoiding structural collapse 

[13-15].  

Kaolin clay with some impurities (such as TiO2) after calcination is the functional matrix of the 

FCC catalyst that is non-active amorphous aluminosilicate [15]; the binder being either 

alumina, silica or a mixture of both [5]. For the FCC process, the catalyst particles are usually 

50-100 μm in diameter and consist of a hierarchically porous structure containing micropores 

(<2 nm diameter) of active zeolite phase, mesopores (<50 nm diameter) and macropores (>50 

nm) of the clay matrix [16, 17]. The cracking of the heavy oil feedstock occurs in the active 

phase of the FCC catalyst, which needs to be accessible to heavy molecules. To encourage 

the cracking of the heavy molecules as much as possible, the hierarchical porosity of FCC 

catalyst is extremely important in the FCC process [11, 18, 19]. The FCC catalyst is also 

designed to possess good attrition resistance and hydrothermal stability of the active zeolite 

composite in the harsh high-temperature environment of the FCC process [20, 21]. 

In the continuous industrial FCC process, the structure of FCC catalyst changes over time due 

to the prolonged exposure to heavy oil at temperatures between 500 – 750 oC and steam 

exposure during the regeneration at even higher temperature [11, 22]. This can result in pore 

structure collapse, pore-clogging by carbon deposition and accumulation of metal 

contaminants from the feedstock (such as sodium, nickel, calcium, vanadium and iron); these 

factors can reduce the accessibility of molecules to the active sites and therefore reduce the 

cracking efficiency [5, 22-25]. The coke deposition, metal poisoning and structural changes of 

single FCC catalyst particles have been studied by many researchers using state-of-the-art 

microscopy and three-dimensional tomography [2, 4, 5, 22, 26, 27]. Liu et al. [2] studied the 

three-dimensional structure and composition change of single FCC catalyst particles using X-
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ray nanotomography, with a spatial resolution of ~100 nm. The authors developed a 

macropore network model to describe the resistance to mass transport through the FCC 

catalyst particle resulting from metal accumulation.  Meirer et al. [4] mapped the nickel and 

iron poisoning of a single FCC catalyst particle by using X-ray nanotomography at a voxel size 

of ~70 nm. The authors found both nickel and iron accumulated at the outer layer of the 

catalyst particle, leading to a dramatic decrease of porosity and permeability. Krumeich et al. 

[5] studied the structural changes of a single FCC catalyst particle using scanning electron 

microscopy and elemental mapping techniques. The progressive structural change and 

chemical makeup of FCC catalyst particles have been investigated from micro to nanoscale. 

The authors found no change for the interior of a deactivated porous catalyst particle, which 

maintains the structure in the pristine catalyst. A single deactivated catalyst particle had a 

dense amorphous silica-alumina envelope around it, with depth to a maximum of ~2 µm. The 

porosity of the catalyst particle decreases with the degree of catalyst structural degradation. 

They found that iron and nickel accumulated during the FCC process, causing the irreversible 

blockage of the pores which directly reduces the activity of the FCC catalyst [4, 27]. Ihli et al. 

[22] recently performed a more comprehensive study of deactivated FCC catalyst particles by 

using ptychographic tomography (pixel size at ~21 nm), diffraction, fluorescence tomography 

and electron microscopy; they concluded that zeolite amorphization and porous structural 

changes occurring in the exterior of the FCC catalyst particle are the driving forces of the FCC 

catalyst deactivation. The formation of dense amorphous silica-alumina layer/shell on the 

exterior of FCC catalyst particles restrict mass transport to interior active sites of the catalyst, 

which would be expected to significantly reduce the catalytic activity. 

The chemistry of the FCC catalyst, such as amorphization of the active zeolite composite, and 

structural changes occurring during deactivation due to the framework collapse and coking, 

still need to be investigated in-depth in order to improve future catalyst synthesis and reactor 

development. A fundamental understanding of the FCC catalyst deactivation behaviour, 

particularly that caused by structural changes occurring during heavy oil cracking process, is 

essential across all length scales [5, 28]. The FCC catalytic activity has been shown to be 

directly affected by the pore size distribution (PSD), pore surface area and the zeolite 

accessibility, and as such, the pore structure degradation of FCC catalyst remains a topic of 

immediate importance for researchers [1, 22, 27, 29]. Although some researchers have 

completed studies focused on the metal poisoning and structural changes of deactivated FCC 

catalyst, few of them have included characterisation of any carbon species on the FCC catalyst 

and related structural changes with coke/carbon formation. The present work focuses on the 

study of structural changes in terms of porosity and composition of the FCC catalyst and 

correlates them with coke/carbon formation.  
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2 Materials and methods 

2.1 Materials 

The UN1267 petroleum heavy oil used for this study was obtained from Roemex Ltd. It is solid 

at room temperature with a black or dark brown colour. The American Petroleum Institute [30] 

gravity of the heavy oil sample used for this work is 29.9°, which was calculated by the reported 

formulas [31]. The elemental analysis for heavy oil was obtained from SOCOTEC, UK, that 

the sample contains 85.87% of carbon, 13.84% of hydrogen, 0.23 % of sulphur and 0.14% of 

nitrogen. The heavy oil sample contains 47.78 % of saturates, 23.78 % of aromatics, 17.79 % 

of resins and 10.65 % of asphaltenes that was analysed by Jones Environmental, UK. The 

fluid catalytic cracking [32] catalyst is the same as that previously reported by Lettieri et al. [33] 

as FCC1; the zeolite content is 5% and density is 1420 kg m-3. Pore size distribution and the 

powder preparation procedure are also reported. The FCC catalysts were obtained by riffling 

large batches, and small quantities were also riffled for characterizing the particle physical 

properties [34, 35]. The morphology of the FCC catalyst is shown in Figure 1. particle diameter 

is between 30-60 µm, with an imperfect spherical shape. The FCC catalyst sample was kept 

in an oven, held at 130 oC for at least 48 h before experiments to remove moisture. 

 

Figure 1 SEM image of fresh FCC catalyst. 

2.2 Experimental set-up.  

Figure 2 shows a schematic diagram of the experimental set-up used for heavy oil 

devolatilization experiments in the presence of FCC catalyst designed to emulate the FCC 

catalyst deactivation in an industrial process. Increasing oil-to-FCC catalyst ratios of 1:3, 1:2, 

1:1, 2:1 and 3:1 were employed to simulate progressive FCC catalyst ageing on-stream in a 

continuous industrial process by exposure to increasing quantities of heavy oil.  
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The mass of FCC catalyst was constant at 0.5 g for each experiment. FCC catalyst and oil 

samples were placed in a ceramic crucible, which was contained within a quartz tube reactor 

with an inner diameter of 6.5 cm and 85 cm in length. The quartz tube/reactor was heated 

externally by a tubular furnace. Nitrogen was used as a carrier gas with a continuous flow of 

200 ml min-1 during the experiment. The furnace was heated at 10 oC min-1 to 500 oC and held 

for 30 min. This time was found to be sufficient to ensure full decomposition of feedstock. All 

of the produced gas and volatiles were flushed out to the ventilation system. For all 

experiments, the system was purged with nitrogen at 200 ml min-1 for 30 min prior to the test 

to remove the air inside the quartz tube/reactor.  

 

Figure 2 Schematic diagram of the batch reactor for heavy oil devolatilization in presence of 
FCC catalyst. 

2.3 Characterization methods 

Thermal gravimetric analysis. The FCC catalysts were analysed through temperature 

programmed oxidation (TPO) by using a Perkin Elmer Pyris 1 thermal gravimetric analyzer 

(TGA). Similar amounts (approximately 4-8 mg) of each FCC catalyst were placed in the 

sample crucible, which was heated to 900 oC under a flow of 20 ml min-1 of air with a ramp 

rate at 10 oC min-1. By comparing the different oxidation characteristics of the FCC catalysts, 

the results enable the identification of the different phases of carbon/coke present, based on 

the differing thermal stability of the two types of carbon/coke depositions. Amorphous carbon 

is oxidized at a lower temperature (<600 oC), compared with the graphitic carbon, since the 

latter filamentous carbon has higher thermal stability [36-41]. 

Scanning electron microscopy. A Zeiss EVO 10 scanning electron microscope (SEM) was 

used to characterize the fresh FCC catalyst to estimate the particle size. This is a widely 

applied technique for observing morphology, crystallites and surface texture of materials.  

Raman spectrometry. A Thermo Scientific DXR Raman spectroscope with a wavelength of 

514 nm was used for Raman analysis. Spectra were recorded between 100 and 3500 cm-1 
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with a laser power of 10 mW. For each sample, three spectra were recorded, with an 

acquisition time of 60 s. Results were used to indicate the degree of graphitization of the 

carbon formed. Raman spectroscopy is a technique regularly used to characterize the 

structures of carbon/coke materials, including the amorphous and/or graphitic carbons [42-46]. 

The D and G bands of the Raman spectra were fitted with Gaussian shaped bands using 

OriginPro software and were used to calculate the relative intensities of the two peaks as is 

commonly reported in the literature. [47-49] 

X-ray computed tomography. Non-destructive X-ray computed tomography (CT) was 

undertaken on a Zeiss Xradia Ultra 810 X-ray microscope. A single catalyst particle was 

mounted onto the tip of a pin using epoxy and aligned within the X-ray beam. The Ultra 810 

uses a quasi-monochromatic beam at 5.4 keV from a Cr rotating anode source; its focusing 

optics provide a field-of-view (FOV) of 63 × 63 µm2, and a corresponding voxel size of ~ 63 

nm in large field-of-view (LFOV) mode.  X-ray projections were collected every 60 s during 

angular rotation through 180° with a step size of 0.14°, giving 1301 projections over the full 

180° scan. These radiographic projections were then reconstructed by a standard filtered back 

projection algorithm in the Zeiss Xradia XMReconstructor software [50]. Post-processing of 

the reconstructed CT data was conducted using Avizo 9.4 (Thermo Fisher Scientific, UK). 

Continuous pore size distribution (C-PSD) developed by Munch et al. [51] was used for the 

pore phase analysis in open source software (Fiji).  

Physical adsorption and desorption. The porous properties of the catalysts were 

determined by measuring the nitrogen adsorption and desorption isotherms from the catalyst 

at equilibrium vapour pressure using the static volumetric method. Nitrogen adsorption–

desorption isotherms were recorded at 77 K using a Micromeritics 3Flex surface 

characterization analyser. The samples were degassed at 300 °C overnight. Specific surface 

areas were determined according to the Brunauer, Emmett and Teller (BET) model [52, 53], 

with pore diameters, volumes and distributions determined through Barrett-Joyner-Halenda 

(BJH) analysis [54]. 

3 Results and discussion 

3.1 Coke characterization of reacted FCC catalysts 

The amount of carbon/coke formed on FCC catalyst in heavy oil devolatilization process was 

quantified by temperature programmed oxidation (TPO). Figure 3(a) shows the TPO results 

of the FCC catalyst devolatilization with different oil-to-FCC ratios (1:3, 1:2, 1:1, 2:1 and 3:1). 

The weight loss in the TPO thermogram is due to the oxidation of deposited carbon/coke on 

the FCC catalyst. The results show that carbon/coke was formed on all of the FCC catalysts, 
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regardless of the oil-to-FCC catalyst ratio. Figure 3(b) shows that carbon/coke formation on 

FCC catalysts increases with the oil-to-FCC ratio, the highest amount of carbon/coke formed 

observed was 10.1 wt.% for the 3:1 ratio. These results show that as the carbon input 

increases (representative of longer time-on-stream), more carbon/coke is formed.  

 

Figure 3 (a) TPO of carbon/coke deposited on FCC catalyst from heavy oil at 500 oC with oil-
to-FCC ratios of 1:3, 1:2, 1:1, 2:1 and 3:1; (b) quantified carbon formed on each FCC catalyst 
based on TPO weight loss; (c) DTG-TPO results of carbon/coke produced from oil at 500 oC 
in presence of FCC catalyst with oil-to-FCC ratio of 1:3, 1:2, 1:1, 2:1 and 3:1. 

The peaks in the derivative thermogram as shown in Figure 3(c) are all at temperatures around 

610 oC, indicating that the carbon/coke formed at different oil-to-FCC ratios have a similar 

degree of graphitization. These results are in agreement with previously reported work [36, 55] 

that show that an increase of feedstock will increase the carbon/coke formation without any 

effect on the degree of graphitization. 

The broad oxidation peaks in Figure 3(c) are due to two overlapping oxidation peaks for each 

sample, consistent with two types of carbon being oxidized at different temperatures. There is 

a peak at lower temperature, corresponding to oxidation of amorphous carbon, and a peak at 
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higher temperature corresponding to oxidization of graphitic carbon [36, 38-41]. These results 

are further confirmed by the Raman analysis, as shown in Figure 4. The D-band indicates the 

disordered carbon, while the G-band indicates the graphite carbon [43]. The intensity (I) of 

each peak and the ratio of the two peak intensities ID/IG is used to determine the degree of 

graphitization of the carbon structure [36]. All the carbon/coke samples formed on FCC 

catalyst at 500 oC with different oil-to-FCC ratios possess a D-band at 1375 cm-1 and a G-

band at 1590 cm-1. The degree of graphitization of the coke formed on the catalyst at different 

oil-to-FCC ratios are similar, with ID/IG ratios in a relative narrow range between 0.539 and 

1.06, as shown in Figure 4(b).  

 

Figure 4(a) Raman spectra obtained for each of the FCC samples showing peaks attributed 
to the carbon/coke produced from oil at 500 oC with oil-to-FCC ratio at 1:3, 1:2, 1:1, 2:1 and 
3:1; (b) ID/IG ratio.  

Scanning electron microscopy (SEM) was used as a two-dimensional micro-scale 

characterization method to investigate the surface morphology change of the FCC catalyst 
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after the oil devolatilization reaction. SEM micrographs of a pristine FCC catalyst particle and 

used catalysts reacted at different oil-to-FCC catalyst ratio are shown in Figure 5. Figure 5(a) 

shows the smoother surface of the pristine FCC catalyst relative to the used FCC catalysts 

(Figure 5(b) - (f)) all with peeled and rougher surface compared to the pristine FCC catalyst. 

The rougher surface can be attributed to the carbon/coke formation on the FCC catalyst 

surface identified in the TGA and Raman studies. The rough surface of the FCC catalysts 

could also be attributed to collapsing of the surface porous structure and blockage of the 

external surface pores.  

 

Figure 5 Scanning electron microscopy micrographs of a pristine FCC particle, and used FCC 

particles (reacted with oil-to-FCC ratios of 1:3, 1:1, 2:1 and 3:1). 

3.2 Structural change of reacted FCC catalyst 

To clarify the morphology and internal structural changes of the FCC catalysts used, X-ray 

computed tomography (X-ray CT), was used identify any macroporous structure changes. [5, 

56] Virtual slices and 3D volumes of the pristine FCC catalyst (oil-to-FCC ratio 1:3) are 

illustrated in Figure 6. The pore, clay and zeolite phases can be clearly identified according to 

their different densities, based on which the three phases were segmented for further radial 

distribution analysis. Figure 6 shows the zeolite highlighted in red, the clay in yellow and the 

pores in green.  
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Figure 6 (a)-(c) Segmented tomograms of pristine FCC and (d)-(f) FCC with oil-to-FCC ratios at 1:3 (Z-X view: red denotes to zeolite, green 
denotes to pores and yellow denotes to clay). 

 Pristine FCC 

Oil:FCC 1:3 

(a)  z-x view (c)  3-D view (b) z-x view 

(d) z-x view (f) 3-D view (e) z-x view 
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Figure 7 shows the radial distribution profiles of clay, pore and zeolite elements of pristine and 

used FCC catalysts with respect to the particle centre. The zeolite is evenly distributed from 

the centre of the catalyst particle to the exterior for both the used and pristine FCC catalysts. 

Figure 7(a) shows a drop in clay content at the surface of the pristine FCC catalyst particle, 

corresponding to a higher normalised fraction of pore. This indicates that the pristine FCC 

catalyst particle is more porous at the surface.  
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Figure 7 Radial distribution profiles of clay, pore and zeolite elements, with respect to the 
particle centre, of a pristine FCC particle (a), and used FCC catalyst particles, reacted with oil-
to-FCC ratios at 1:3 (b), 1:1 (c), 2:1 (d) and 3:1 (e), with respect to the particle centre.  

Figure 7(b) - (e) show that the clay fraction of the FCC catalyst particle increases, while the 

pore fraction decreases near the external surface. This indicates that the porous surface 

structure ‘collapses’ at high temperatures and leads to pore blockage. Alternatively, the 

carbon/coke formation near the external surface might lead to pore-mouth blockage. The latter 

assumption is supported by the TGA results in Figure 3, showing that carbon/coke formation 

occurred within the FCC catalyst samples. However, the TGA cannot provide location-specific 

coke quantification within the FCC catalyst particles. The surface pore blockage may also be 

attributed to non-catalytic carbon/coke deposition formed directly from products of oil 

devolatilization. As in the pristine sample, the clay fraction stays constant in the core of the 
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particle up to ~20 % of the radius from the external surface where it decreases steeply. This 

picture does not change with the oil-to-catalyst ratio, indicating that an almost complete porous 

mouth-blockage takes place relatively early, with no further significant effect.  After the full 

blockage of the external surface pores, there seems to be no further porous structure changes 

with any additional heavy oil feeding.  

Figure 8(a) and (b) visualises the 3D distribution of the zeolite in pristine and used FCC 

catalysts reacted with an oil-to-FCC ratio of 1:3, respectively. The zeolite shows an even 

distribution from the centre to the exterior of the FCC catalyst particle; the FCC catalyst 

presents a similar zeolite distribution to pristine FCC catalyst. The results are consistent with 

the normalised fraction of zeolite element, as shown in Figure 7(a) and (b). Figure 8(a) and (b) 

also shows that the zeolite components in both pristine FCC and used FCC catalyst particles 

are distributed randomly with irregular size and shape. Figure 8(c) shows the comparison of 

zeolite distribution for pristine and used FCC catalyst particles reacted with a range of oil-to-

FCC ratios. The results show that the distribution of features for pristine and used FCC catalyst 

samples are similar. The zeolite fragments in different shapes and sizes are distributed 

randomly from the particle centre to the exterior. The use of FCC particles as oil cracking 

catalysts has no significant effect on the distribution of zeolite itself. 

 

Figure 8 3D distribution of the zeolite for (a) the pristine and (b) used 1:3 (oil:FCC) sample, 
with colours mapping the size of zeolite fragments; (c) the volume fraction of zeolite measured 
along the radial direction from the particle centre. 
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Figure 9 shows the radial distribution of clay and pore phases of pristine and used FCC 

catalyst particles from the particle exterior to the centre. Figure 9(a) clearly shows that the clay 

phase distribution generally decreases from the particle exterior to the centre for all used FCC 

catalysts (oil-to-FCC catalyst ratios at 3:1, 2:1, 1:1 and 1:2), but the pristine FCC catalyst 

shows an increase in clay fraction from the surface of the particle to the centre. 

Correspondingly, the pore distributions changes that occur to the FCC catalyst under different 

reaction conditions are shown in Figure 9(b).  The largest deviations occur at the outer surface 

of the particles, up to depths of ~7.5 µm. The distributions of clay and pore within the interior 

of the FCC particle remain unchanged regardless of the reaction conditions. These 

conclusions are in agreement with previous research carried out by Krumeichet al. [5], where 

the interior porous structure of the FCC catalyst particle is not affected by the degree of 

catalyst deactivation. The reason for the composition change on the outer surface of the FCC 

catalyst particle may be due to the higher concretion of the amorphous layer of aluminosilicate 

on the FCC catalyst particle surface which reduces the mass transport of the active sites of 

the particle, resulting in a reduction of the catalytic capacity [22]. Krumeich et al. [5] also found 

a similar result, that there is an amorphous silica-alumina ‘envelope’ formed on the outer 

surface of the FCC catalyst particle with a plateau at ~2 µm.  
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Figure 9  Radial distribution of (a) clay and (b) pore for pristine and used FCC catalyst particles 
with different oil-to-FCC catalyst ratios.  
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Figure 10 shows the pore size distribution of single FCC catalyst particles for pristine and used 

FCC catalysts, obtained with different oil-to-FCC ratios. It is found that the pore size and 

volume of different samples follows a “Gaussian” distribution. The pores with the highest 

frequency have diameters in the region of ~126-378 nm, with the ~126 nm pore size region 

being most prevalent. The pristine FCC catalyst has the highest number of relative small pores 

with diameter at 126 nm compared with the FCC catalysts after the reaction with different oil-

to-FCC catalyst ratios, As the distribution is relative, the catalyst samples show 

correspondingly the smallest number of the larger pores with diameter ~378 nm. Alternatively, 

this could be due to the reacted FCC catalyst with porous structure collapse potentially leading 

to larger pores than in the pristine FCC catalyst. Feedstock impurities encountered during 

operation, such as iron have also been shown to have a similar effect.[57] Other researchers 

hypothesised that the impurity-induced melting binder and matrix components close to FCC 

catalyst particle exterior may lead to catalyst deactivation by removing macro and meso-

porosity [57].  
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Figure 10  (a) Pore size and (b) volume distribution maps of pristine FCC and deactivated 
FCC with oi-to-FCC ratios of 1:3, 1:1, 2:1 and 3:1. 
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While X-ray CT is a powerful tool for analysis of porous materials, giving vital information about 

the spatial distribution of the pores within a material, because of the limitation in spatial resolution 

of X-ray nano-CT scan (~ 100 nm) other techniques are more suited for studying the meso- and 

micro-pores of materials. In this study nitrogen physical adsorption and desorption, as shown in 

Figure 11 and Figure 12 respectively, were utilised to study the meso and micro-porosity of the 

FCC particles. All of the samples exhibited type IV or V isotherms according to the IUPAC 

classification, indicative of the presence of meso-pores within the FCC catalyst particles [58, 59]. 

There is no clear correlation between the oil-to-FCC ratio and mesoporous structure of FCC 

catalysts. The obvious hysteresis for all adsorption isotherms shown in Figure 11 may relate to 

the morphological properties of the sample, such as pore size distribution, pore geometry and 

connectivity of the porous materials, as has been reported previously [59]. The shape of the 

adsorption hysteresis loop exhibited an H3 shape, which indicates the porous material has slit-

shaped pores with two ends open, as classified by De Boer [59-61]. The slope associated with 

every hysteresis loop of the adsorption/desorption curves is related to the tensile strength effect 

[58, 59, 62]. The highlighted hysteresis curves shown in Figure 11 indicate the low-pressure 

hysteresis due to the volume change of the adsorbent. It may be caused by the swelling of the 

non-rigid pores in the FCC catalyst, or pores that have been occupied irreversibly by the similarly 

sized molecules [59, 63]. 

According to pore volume distributions for all FCC catalyst samples, illustrated in Figure 12, there 

are two peaks in the volume distribution curves. Figure 12(a) shows that peak B generally 

decreases with the incremental increase of oil-to-FCC catalyst ratio, except the 1:2 ratio. This 

could be due to the blockage of relatively large pores by carbon/coke; this assumption is 

supported by TPO results in Figure 3, which show that an increase of oil-to-FCC ratio leads to an 

increment of carbon/coke deposition on the FCC catalyst. Figure 12(b) shows peak A at 3.9 nm 

and peak B at 10.2 nm (red dotted line, Figure 11(b)), which indicates the presence of meso-

pores in all FCC catalyst samples  
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Figure 11 Nitrogen adsorption and desorption isotherms of pristine FCC and used FCC catalysts 

obtained with oil-to-FCC ratios of 1:3, 1:2, 1:1, 2:1 and 3:1.  

 

 

Figure 12 (a) Pore volume distribution of pristine FCC and used FCC catalysts obtained with oil-
to-FCC ratios of 1:3, 1:2, 1:1, 2:1 and 3:1; (b) zoom-in of peak A and peak B. 
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Figure 13 shows the BET surface area, total pore volume and BJH average pore diameter of all 

FCC catalyst samples. The BET surface area and total pore volume generally decrease with an 

increase of oil-to-FCC ratio, this is likely due to the increase of carbon/coke deposition during the 

devolatilization of the heavy oil sample, with higher ratios representing longer times on stream 

and as such exposure to greater quantities of oil. The more carbon/coke deposited on the FCC 

catalyst, the more the pores are blocked by the carbon/coke, resulting in a reduction of surface 

area and total pore volume. The assumption can also be supported by the TPO results in Figure 

3, which indicate that the increasing of oil-to-FCC catalyst ratio results in more carbon/coke 

deposition. Another contributing factor may be the collapse of the surface porous structure of the 

FCC catalyst and the amorphization of the surface crystalline zeolite that will form a shell on the 

surface particle to prevent the further porous structural change in the interior of the particle. This 

assumption is supported by the radial distributions of clay, pore and zeolite elements segmented 

by the X-ray CT results illustrated in Figure 7, where the surface porous structure of the FCC 

catalyst is greatly reduced after the heavy oil devolatilization.  
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Figure 13 BET surface area, total pore volume and BJH average pore diameter of FCC catalysts 
(pristine FCC and FCC catalysts react with oil-to-FCC ratio at 1:3, 1:2, 1:1, 2:1 and 3:1) obtained 
from nitrogen adsorption and desorption isotherms. 

4 Conclusion 

The study investigates the structural changes of FCC catalyst particles and the coking on FCC 

catalyst from heavy oil volatilisation/decomposition using ultra-high-resolution X-ray computed 

tomography. The porosity and composition changes of FCC catalyst have been studied and 

correlated with carbon/coke formed after heavy oil volatilisation/decomposition.  

Coke formed on all of the FCC catalyst particles after heavy oil volatilisation/decomposition 

regardless the oil-to-FCC ratio, where an increasing oil-to-FCC catalyst ratio generally results in 

an increase in the amount of carbon/coke formed. From differentiation of the formed coke 

oxidation results and Raman spectra results, it can be concluded that there was no significant 
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difference for the degree of graphitization of the formed carbon/coke on FCC catalyst. As  the 

heavy oil volatilisation/decomposition temperature was kept constant at 500 oC for every 

experiment.  

The surface morphology and three-dimensional compositional changes of the FCC catalyst 

particles have also been studied by scanning electron microscopy and X-ray computed 

tomography. The FCC catalysts show a rougher surface compared with the pristine FCC catalyst. 

The compositional changes of pore, clay and zeolite from a single FCC catalyst particle’s centre 

to the exterior have studied using X-ray computed tomography. The zeolite component is evenly 

distributed in the FCC catalyst particle from centre to the exterior of the particle, with no change 

observed between pristine and used catalysts. The porosity gradually decreases from the centre 

to exterior of the particle; correspondingly, an increase in clay fraction is observed. This could be 

caused by surface structure damage and the carbon/coke formed on the particles. These effects 

are most obvious at the outer surface of the particles at depths of up to ~7.5 μm.  

Characterisation of the structure of single FCC catalyst particles was performed using X-ray 

computed tomography. The FCC catalysts have fewer macro-pores compared with pristine FCC 

catalyst, an effect likely caused by the carbon/coking formed on FCC catalyst and the porous 

structure changes close to the surface of catalyst particles. The meso-porous structure was 

determined by nitrogen adsorption and desorption. The majority of the porous volume contribution 

is from meso-pores with a diameter ~3.9 nm, with a much smaller contribution from pores with a 

diameter of ~10.2 nm. The volume contribution from pore size at ~10.2 nm generally decreased 

with an increase of oil-to-FCC ratio.  The surface area and total pore volume of bulk FCC catalysts 

have also been obtained. The surface area and total pore volume reduce in the used FCC 

catalysts with an increase in the oil-to-FCC ratio.  
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