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Abstract
The study is devoted to the deactivation behavior of alumina “guard-type” mesoporous and hierarchical catalysts in long-
term 800 h hydroprocessing of heavy oil under conditions close to industrial ones. The purely mesoporous sample had only 
10–15 nm mesopores by Hg porosimetry whereas the hierarchical catalyst possessed a bimodal pore size distribution with 
maximum at 15 nm (55 vol%) and 40 nm (45 vol%, related to the mouths of 200 nm spherical macropores). Both catalysts 
had similar activities for the first 200 h of hydroprocessing. The mesoporous catalyst underwent the rapid deactivation in 
hydrodesulfurization (HDS) and hydrodemetallization (HDM) of V after 200 h on stream, and the remarkable decrease 
in hydrodeaspaltenization (HDAs) and Ni removal after 300–400 h on stream due to the intensive mesopore plugging by 
55% of the total volume. The hierarchical catalyst did not show any decline in HDS and HDAs during the 800 h experi-
ment, though its HDM activity also reduced due to the surface poisoning and coke deposition, albeit to a lesser extent. The 
intrinsic mesopores of the hierarchical alumina were shown to narrow down to 10 nm but did not experience substantial 
blocking observed for the mesoporous catalyst. Hierarchical texture seems not only to provide wide macro- and mesopores 
less prone to plugging by coke species, but to ensure effective transport of reaction products out of the small pores which 
prevents them from blockage.
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1 Introduction

Despite a rapid development of alternative energetics, 
heavy oils and residues still represent a considerable frac-
tion among other energy sources, especially in regard to 
producing liquid fuels and lubricants [1]. Catalytic hydro-
processing of heavy hydrocarbons in a fixed bed reactor is 
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the most widely spread approach frequently used in combi-
nation with more sophisticated technologies (moving-bed, 
ebullated-bed, slurry reactor) [2–4].

The key problem of this approach consists in rapid cata-
lyst deactivation caused by deposition of carbon and metal 
abundant in heavy feeds. These species are known not only 
to cover catalytically active sites, but, more importantly, to 
block small mesopores which results in dramatic decrease 
of available surface area [4, 5]. To reduce diffusional limi-
tations and delay complete plugging of the porous struc-
ture, catalysts with wider pore size and higher pore volume 
are needed.

According to a set of theoretical and experimental stud-
ies on the initial catalytic activity, the mesopore size in the 
range of 10–35 nm is sufficient for lowering diffusional 
restrictions in hydrodesulfurization (HDS), hydrodem-
etallization (HDM) and hydrodeaspaltenization (HDAs) 
of heavy feed, with the optimal pore size for HDM and 
HDAs usually being larger than that for HDS [6–11]. How-
ever, when it comes to a large amount of coke and metal 
deposits, the abovementioned mesopores are not able to 
effectively prevent the pores from gradual narrowing and 
blocking [12]. S. M. Rao and M.-O. Coppens in their theo-
retical study showed that the catalyst with a hierarchical 
texture containing 30% of ~ 200 nm macropores and 70% 
of ~ 30 nm mesopores is more preferable over the sample 
with the purely mesoporous texture (~ 30 nm mesopores) 
in terms of lifetime, despite the lower initial catalytic 
activity [13]. The idea of using the hierarchical texture 
was also embodied in some experimental studies, which 
pointed out the importance of large (~ 100 nm) macropores 
in transformation of high molecular weight reagents [12, 
14–18].

Approaches for preparation of the supports with hierar-
chical texture are numerous and could conventionally be 
divided into template-free methods and techniques involv-
ing templates. In the template-free methods, the formation of 
hierarchical porosity could be driven by spinodal decompo-
sition [19, 20] or hydrothermal recrystallization, which are 
often controlled by various additives. Among these meth-
ods especially interesting for industry are the hydrothermal 
treatment of alumina with the formation of ~ 100 nm pores 
[21], the hydrothermal synthesis of alumina from  Al2(SO4)3 
without additives [15] or using poly-glycol [22], citric acid 
[14] and methenamine [23], the hydrothermal synthesis of 
“urchin-like” alumina [24].

To produce supports with a  tunable macro- and 
mesoporous structure, a template method is widely 
employed since it is rather simple and quite universal in 
relation to the choice of precursor. So called “soft” tem-
plates are usually suitable for creation of large mesopores 
(non-ionic surfactants [25, 26], starch, gelatin, dextrin and 
sugar [27, 28]), and “hard” templates are more preferable 

for formation of macropores (soot [29], oil residua [30], 
sawdust [28], cellulose [31], polymers [32–36]).

Among all the techniques mentioned, the “hard” tem-
plate method using monodisperse 200 nm polymer micro-
spheres was chosen since it enabled a thorough control 
over the fraction, size and shape of macropores to study 
the effect of hierarchical porosity on catalyst deactivation. 
A simple and low-cost synthesis makes polymer micro-
spheres a perspective additive for preparation of hierarchi-
cal supports in a large scale as well.

Previously, we have carried out some theoretical esti-
mations showing that hierarchical texture remained per-
meable after almost complete mesopore blocking, which 
seemed to be the main factor for prolongation of catalyst 
lifetime [37]. Here we show in details the experimental 
data on the deactivation behavior of the mesoporous and 
hierarchically porous “guard-type” catalysts in heavy 
oil hydroprocessing under the conditions close to indus-
trial ones. The catalysts were studied without the addi-
tion of the active component Co(Ni)Mo(W)S to ensure 
that the effects observed were related only to the textural 
differences.

2  Experimental Section

2.1  Materials

The following chemicals were used: stabilized styrene 
(pure grade, Angara reaktiv), sodium hydroxide NaOH 
(analytical grade, Reakhim), 4,4′-azobis(4-cyanovaleric 
acid) (> 98%, Aldrich), pseudoboehmite AlOOH·H2O 
(Promyshlennye katalizatory), nitric acid  HNO3 (rea-
gent grade, Reakhim), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) 
(Aldrich,  Mw = 5800) and distilled  H2O.

Heavy oil from Tatar republic has been chosen as a 
heavy feedstock for hydroprocessing experiments. The 
feed had high S content (4.3 wt%), moderate metal content 
(200 ppm V, 60 ppm Ni), high viscosity (3710 sSt) and 
density (0.960 g/cm3) at 25 °C. The chemical composi-
tion of the feed was represented by 25.4 wt% of saturates, 
44.7 wt% of aromatics, 23.7 wt% of resins and 6.4 wt% of 
asphaltenes (the estimated size of 2.7 ± 0.1 nm at ambient 
conditions [38]). The fractional composition of the feed 
was the following: 1.9 wt% gasoline (0–180 °C), 21.6 wt% 
of diesel (180–360 °C), 33.5 wt% of atmospheric gasoil 
(360–550 °C), 14.8 wt% of vacuum gasoil (550–720 °C) 
and 28.4 wt% of residue (> 720 °C). For more detailed 
information on the properties of the feed see Supplemen-
tary materials Table 1S.
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2.2  Catalyst Preparation

A suspension of polystyrene (PS) microspheres (5 wt%, 
250 nm, carboxylic surface groups), used as a template for 
the preparation of the hierarchical alumina, was synthesized 
by emulsion polymerization under conditions similar to that 
described elsewhere [39]. For the preparation of the hierar-
chical “guard-type” catalyst, the suspension was mixed with 
AlOOH·H2O powder to produce a precipitate containing 20 
wt% of the template. The precipitate was dried at room tem-
perature and grounded to the particles less than 0.45 mm in 
size. A solution comprising 0.033 g of НNO3 and 0.033 g of 
block-copolymer per gram of  Al2O3 was added to the mix-
ture in a quantity sufficient to produce a paste. The paste was 
kneaded for 30 min and then extruded into cylindrical pellets 
(3 × 5 mm), dried in air for 1 day and heat treated in air for 
4 h at 800 °C with a heating rate of 100 °C h−1. The sample 
obtained was referred to as  Al2O3-T. The reference alumina 
with purely mesoporous texture, designated as  Al2O3, was 
prepared by the same technique without the PS template.

2.3  Catalyst Characterization

Before physico-chemical characterization, the spent cata-
lysts were subjected to extraction by toluene in a Soxhlet’s 
apparatus for 48 h to remove reaction products. The fresh 
catalysts were investigated without additional pretreatments.

Isotherms of  N2 adsorption/desorption at 77 K  (N2/77 K) 
were measured after degassing the samples in a vacuum of 
6 mTorr at 200 °C for 4 h with an Autosorb-6B-Kr instru-
ment (Quantachrome Instruments, USA). Mercury poro-
simetry was carried out on an AutoPore IV 9500 porosim-
eter (Micromeritics). Pycnometric density of the catalysts 
was determined on an automatic density analyzer Ultrapyc 
1200e (Quantachrome Instruments, USA). Scanning electron 
microscopy (SEM) images were taken with a JSM_6460LV 
microscope at an accelerating voltage of 15–20 kV. Phase 
composition was studied with X-ray diffraction recorded 
on a Bruker D8 Advanced diffractometer (2011, Germany) 
using CuKα monochromatic radiation (λ = 1.5418 Å) with 
a step of 2θ = 0.05° and a storage time of 1–2 s.

Study of the acidic properties of the catalysts was carried 
out by thermo programmed NH3 desorption (TPD-NH3) using 
a quadrupole mass spectrometer HiCube RGA100. Tempera-
ture was controlled using a Termodat 13KT2/5T supplying a 
continuous heat rate of the sample. Crushing strength of the 
fresh catalysts was estimated by measuring a breaking force for 
a pellet compressed between two parallel plates using a MP-9S 
testing machine. An average value was found using statistical 
data on 30 pellets. Thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) were carried out on a Q1500 

D derivatograph (МОМ) at a heating rate of 10°C/min, a flow 
rate of 50 ml/min in air atmosphere.

Elemental composition of the catalysts was determined by 
X-ray fluorescent spectroscopy with synchrotron radiation (SR 
XFS) in a storage ring VEPP-3, Siberian Synchrotron and Ter-
ahertz Radiation Center (Budker Institute of Nuclear Physics 
SB RAS, Novosibirsk, Russia). The parameters of VEPP-3 
were as follows:  Eex = 2 GeV, B = 2T, and  Ie = 100 mA.

2.4  Catalytic Experiments and Product 
Characterization

Heavy oil hydrotreating experiments were carried out using 
a lab scale Berty reactor as described in the previous paper 
[40].The same volume of catalyst pellets was loaded into the 
reactor to compare performance of the catalysts with different 
texture. Hydroprocessing parameters were as follows: pres-
sure 7 MPa, feed to  H2 volume ratio 1000, liquid hourly space 
velocity LHSV 1.0 h−1, time on stream 800 h. The temperature 
of the process was increased from 420 to 480 °C during the 
first 200 h of the experiment to enhance thermal cracking and 
achieve better activity in removal of asphaltenes and impurities 
(S, V, Ni). There must be significant intraparticle and low-
to-moderate interparticle diffusion limitations in the systems 
studied, just as in a typical industrial process, but no tempera-
ture gradients (see Supplementary Material).

Sulfur content in the hydrotreated products was determined 
by a X-ray fluorescence analyzer HORIBA SLFA 2100 (Japan) 
in accordance with the protocol GOST R 50442-92 with a rela-
tive error of 0.1%. Elemental composition of the oil products 
was studied by SR XRF analysis. Density and viscosity of the 
feed and oil products was measured with a SVM 3000 instru-
ment (Anton Paar, USA) under the protocol ASTM D7042, 
fractional composition—by simulated distillation according 
to the protocol ASTM 7169.

Activity of the catalysts was estimated using HDS, HDAs 
or HDM conversion values

Where C0

i
 and C

i
 are the initial and final concentrations 

of sulfur, asphaltene or metal (Ni + V) in the feed and oil 
products.

3  Results and Discussion

3.1  Properties of the Fresh Catalysts

Two “guard-type” catalysts used in this work for heavy oil 
hydroprocessing comprised of alumina pellets with purely 
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mesoporous or hierarchical texture. Since the catalytic 
experiments were carried out using similar volumes of the 
samples just as in a real process, all textural properties were 
recalculated per volume of the catalyst using a true den-
sity parameter. This normalization was especially reason-
able with regard to the data on the spent catalysts because it 
relieved the necessity to allow for the contribution of coke 
and metal deposits to the catalyst weight.

The mesoporous texture of the hierarchical catalyst was 
less developed according to the specific values of BET sur-
face area and mesopore volume. This fact could probably be 
explained by more intensive sintering of mesopores upon 
combustion of the template accompanied by local overheat-
ing and gas release (Table 1; Fig. 1).

The total pore volume of the hierarchical sample, on the 
contrary, exceeded that of the mesoporous catalyst due to 
the contribution of macropores, which is clearly seen in the 
integral pore size distribution (PSD) plot according to Hg 
porosimetry (Table 1; Fig. 1b).

The plot clearly demonstrates that the  Al2O3 sample 
had only mesopores 10–15 nm in size, whereas the hier-
archical  Al2O3-T shows a bimodal pore size distribu-
tion with maximum at 15 nm and 40 nm. The former are 
ascribed to the slightly sintered intrinsic mesopores of 
alumina, while the latter could be attributed to the mouths 

of spherical macropores with the diameter of about 
180–200 nm, observed in the SEM images (Fig. 2a). Appar-
ently, spherical macropores cannot be filled with Hg at the 
appropriate pressure because of the “bottle-neck” effect, so 
this process occurs through narrow mouths, which is seen 
as an ascent at 40 nm in the PSD plot.

Phase composition of the samples was represented by a 
mixture of γ- and δ-Al2O3 with the average crystallite size 
of 5.5–7.8 nm (see Supplementary Materials Fig. 1Sa). 
The concentration and strength of surface acidic groups 
seem to be similar for both catalysts according to TPD-
NH3: approximately 0.8 µmol  NH3/m2 was desorbed from 
the samples (see Supplementary Materials Fig. 1Sb). Since 
the difference in quantity of acidic sites and desorption 
temperatures lies within the error limit of the method, one 
can assume that both the catalysts, prepared from the same 
precursor and under the same mixing, drying and calcining 
conditions, have almost identical acidic surface properties.

3.2  Catalytic Experiments

The long-term experiments on heavy oil hydroprocessing 
demonstrated different dynamics of deactivation for the hier-
archical and mesoporous “guard-type” catalyst. According 
to the analysis of the oil products, the mesoporous sample 

Table 1  Textural properties of 
the fresh and spent catalysts, 
normalized to mass and volume 
of pellets

Sample Crushing strength ρtrue SBET VN2
Vtotal Vmacro

Units MPa g/cm3 m2/g m2/cm3 cm3/g cm3/cm3 cm3/g cm3/cm3 cm3/cm3

Al2O3 4.5 ± 1.0 3.271 121 145 0.55 0.66 0.53 0.63 –
Al2O3 800 h – 2.213 65 105 0.19 0.31 0.17 0.27 –
Al2O3-Т 2.5 ± 0.8 3.312 100 90 0.37 0.33 0.81 0.73 0.32
Al2O3-Т 800 h – 2.180 116 119 0.55 0.56 0.52 0.53 0.26
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experienced a rapid decrease in HDS after 200 h under 
hydroprocessing conditions (Fig. 3a). The conversion of 
asphaltenes for this catalyst significantly increased from 
20 to 45% due to the rise of temperature for the first 200 h 
and underwent a permanent decline to the initial value after 
400 h (Fig. 3b). A similar trend was also observed for HDM: 
the metal conversion increased up to 50–60% with tempera-
ture for the first 100 h but went down to less than 10% after 
200 h for V and 400 h for Ni (Fig. 3c, d).

The initial activity of the hierarchical catalyst was sim-
ilar to that of the mesoporous one: HDS showed a slight 
decrease, HDAs and HDM—a substantial increase with 
temperature for the first 200 h of hydroprocessing (Fig. 3). 
However, the experiments demonstrated that conversions 
of S-containing molecules and asphaltenes had no further 
decline and reached a plateau after 400 h until the end of 
the catalytic tests. A slight increase in S removal after 250 h 
could be ascribed to deposition of Ni and V sulfides, which 
possess some hydrogenation and cracking activity observed 
by other researchers [41, 42]. HDM of the hierarchical sam-
ple was found to fall down after 100 h on stream as well, 
albeit to a lesser extent in comparison with the mesoporous 
catalyst. Although metal content in oil products shows rather 
big data spread due to inhomogeneity of the probes and the 
effect of metal surrounding on the XF signal intensity, it is 
reasonable to assume that HDM of the hierarchical catalyst 
was higher throughout the whole experiment.

Calculation of the overall catalytic activities of the hier-
archical sample, based on the properties of the “averaged” 
mixed product obtained during 800 h of experiment, gave 
the following values: HDS—12%, HDM V—26%, HDM 
Ni—32%, HDAs—57%. Since the alumina “guard-type” 
catalyst had moderate acidic surface groups and no active 
NiMoS phase, it was able to provide only moderate cracking 
of large hydrocarbons. It contributes to a small increase in 
gasoline fraction (+ 0.6 wt%), a notable increase in diesel 

(+ 5.1 wt%) and atmospheric gasoil fraction (+ 1.6 wt%) and 
reduce in vacuum gasoil (− 0.9 wt%) and residue fraction 
(− 6.4 wt%). All in all, the hierarchical catalyst allowed one 
to obtain the oil product with slightly decreased density but 
6 times lower viscosity at 25 °C compared to those of the 
initial feed (Table 2), which is associated with partial crack-
ing and removal of asphaltenes and other resin-like large 
molecules.

Viscosity, density and fractional composition of the 
“averaged” mixed oil products obtained over the mesoporous 
catalyst were not studied since the activity of this sample 
drastically decreased after ~ 400  h of hydroprocessing 
(Fig. 3), which means that the properties of the product must 
be close to those of the initial feed.

3.3  Properties of the Spent Catalysts

According to the differential thermal analysis (DTA) and 
thermogravimetric analysis (TG), both spent catalysts after 
800 h on stream had a significant amount of coke (37–45 
wt%), which could be divided into two types: more “loose” 
coke burning out at 470 °C and more “dense” coke requiring 
the calcination temperature higher than 580 °C for complete 
removal (Fig. 4). Generally, a fraction of the “dense” coke 
increases with time on stream [5] that is consistent with the 
data obtained in this work. Despite the higher specific sur-
face area and presumably higher initial cracking activity, 
the mesoporous sample had a slightly lower amount of coke 
probably because its surface was less accessible for high-
molecular reagents due to diffusion restrictions and pore 
blocking.

The N2/77 K data indicated that the mesoporous cata-
lyst underwent substantial blocking of the mesopores in 
the range of 20–40 nm, while the mesopores at 10–20 nm 
remained relatively intact. It means that the larger mesopores 
were involved in catalytic transformations to a higher extent 

Fig. 2  SEM images of the hierarchically porous (a) and mesoporous (b) alumina
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that resulted in pore plugging, which, in turn, was intensive 
due to the quite small pore mouths and poor transport of the 
reaction products from the pellet. The hierarchical sample, 
on the contrary, was shown to acquire additional pores in the 
range 10–40 nm, which must be ascribed to the formation 
of coke species on the surface of macro- and mesopores, 

Fig. 3  Evolution of catalytic activity of the hierarchical and mesoporous catalysts during 800 h on stream: HDS (a), HDAs (b), HDM V (c) and 
HDM Ni (d) (420 °C, 7 MPa, feed/H2 1000, LHSV 1 h−1)

Table 2  Characteristics of heavy feed and oil product after hydropro-
cessing over the hierarchical catalyst

Parameter Feed Product

S, wt% 4.3 3.8
V, ppm 200 148
Ni, ppm 60 41
Viscosity (25 °C), sSt 3710 610
Density, g/cm3 0.960 0.956
Gasoline (0-180 °C), wt% 1.9 2.5
Diesel (180–360 °C), wt% 21.5 26.6
Atm. gasoil (360–550 °C), wt% 33.4 35.0
Vacuum gasoil (550–720 °C), wt% 14.8 13.9
Residue (> 720 °C), wt% 28.4 22.0
Asphaltenes, wt% 6.4 2.8
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contributing to the  SBET and  VN2. In this case coke deposits 
did not cause substantial mesopore blocking due to the wider 
transport channels.

The Hg porosimetry data also confirmed the notable 
mesopore plugging by 55% in case of the purely mesoporous 
catalyst and mesopore narrowing from 15 to 10 nm for the 
hierarchical sample. The volume of macropores (represented 
in the curves by the macropore mouths at 40 nm) showed 
a slight decrease apparently due to the blocking of some 
mesoporous canals that made those macropores isolated. 
Nevertheless, taking into account rather long duration of 
the experiment, macropore blocking does not seem to be 
intensive and fast under hydroprocessing conditions. The 
shape of macropores preserved after hydroprocessing which 
is proved by SEM examination of the spent catalysts (Fig. 2S 
Supplementary Materials).

3.4  Summary

Therefore, given the identical phase composition and similar 
acidic properties of the catalysts, it is reasonable to conclude 
that the mesoporous and hierarchical “guard-type” catalysts 
showed different deactivation behavior only due to the dif-
ferent texture properties. The mesoporous catalyst (pores of 
15–26 nm by  N2/77 K and 10–15 nm by Hg porosimetry) 
experienced strong deactivation after 200–400 h on stream 
in terms of HDS, HDAs and HDM activity because the 
mesopores of this size were subjected to substantial block-
ing by coke deposits under the hydroprocessing conditions. 
The hierarchical catalyst showed only a 30% decrease in the 
mesopore volume (vs 55% for the mesoporous sample) and 
a slight decline in the macropore volume that had no effect 
on its performance in HDS and HDAs even after 800 h on 
stream. HDM activity, which usually correlates with the con-
centration of available adsorption sites, was also shown to 
be higher for the hierarchical catalyst probably due to better 
diffusion rates and higher specific surface area accessible 
for large V or Ni porphyrine-like complexes. The hierar-
chical texture seems not only to provide wide macro- and 
mesopores less prone to plugging by coke species but to 
ensure effective transport of the reaction products out of the 
small pores preventing them from blockage.

4  Conclusion

Two “guard-type” alumina catalysts with mesoporous and 
hierarchical texture were prepared by the “hard” template 
method using 250 nm polymer microspheres. According 
to Hg porosimetry, the mesoporous sample possessed only 
10–15 nm mesopores  (VHg = 0.63 cm3/cm3), while the hier-
archical sample had a bimodal pore size distribution with 
maximum at 15 nm  (VHg (15 nm)= 0.40 cm3/cm3) and 40 nm 

(mouth of 200 nm macropores,  VHg (40 nm) = 0.33 cm3/
cm3).

The samples were studied in long-term experiments on 
hydroprocessing of heavy oil under conditions close to 
industrial ones. The mesoporous sample underwent the rapid 
deactivation in HDS and HDM (V) after 200 h on stream, 
and the remarkable decrease in HDAs and HDM (Ni) after 
300–400 h on stream due to the intensive mesopore plug-
ging by 55%.

The hierarchical catalyst did not show any decline in 
HDS and HDAs during the 800 h experiment, while its 
HDM activity was reduced due to the poisoning of surface 
adsorption sites by coke deposits, though to a lesser extent in 
comparison with the mesoporous analogue. In this case the 
intrinsic mesopores of alumina showed narrowing down to 
10 nm but did not experience such substantial blocking (by 
30%) as was observed for the mesoporous catalyst. Appar-
ently, the hierarchical texture seems not only to provide wide 
macro- and mesopores less prone to plugging by coke spe-
cies but to ensure effective transport of reaction products out 
of the small pores preventing them from blockage.
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