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ABSTRACT

A common approach to try to understand the mechanism of coking in heterogeneous catalysts
is to monitor the evolution of the pore structure using gas adsorption analysis of discharged
pellets. However, the standard methods of analysis of gas adsorption data, to obtain pore-size
distributions, make the critical assumption of thermodynamically-independent pores. This
assumption neglects the possibility of co-operative adsorption phenomena. In this work the
serial adsorption technique has been used to detect and assess the extent of co-operative
effects in adsorption within coking catalysts. It has been shown that the conventional analysis
method would lead to a flawed picture of the pore structure changes during the coking
process. The serial adsorption technique thus provides a more accurate method to detect pore
structure evolution during coking. A study of the kinetics of adsorption has been used to infer

information about the general spatial location of the coking process within a pellet.
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INTRODUCTION

The heterogeneous catalysts used in processes involving transformation of hydrocarbons are
prone to deactivation by deposition of carbonaceous material, commonly known as ‘coke’.
The economics of these processes can be improved by extending the lifetime of the catalyst,
in order to reduce the necessity for halting production for changes in catalyst charges. Studies
of catalyst coking aim to understand the coking mechanism to enable the design of more
resistant catalysts. In order to follow and understand catalyst coking, the evolution of the pore
structure is often monitored by periodic discharge of samples that are then characterised
using gas sorption. Many previous studies have monitored structural changes via changes to
the shape of gas sorption isotherms [1], and/or to the BET specific surface area and pore size
distribution (PSD) derived from the isotherms [2]. In most cases, the gas used for the
characterisation is nitrogen, but other substances, such as water [3] or hydrocarbons [4], are
also sometimes used. Mechanisms of deactivation by coking, such as pore mouth blocking, or
more pervasive site coverage, are then inferred from observed changes to the surface area or
pore size distribution [5]. The level of correct understanding concerning the coking process
thereby derived thus relies heavily upon the accuracy of the pore size distributions obtained.
However, there are a number of problems with conventional methods to determine pore size

distributions from gas adsorption, which will be discussed below.

For nitrogen at 77 K, the adsorption process, in a given pore, is generally thought to consist
of initial build-up of adsorbed layers on the pore walls, followed by pore-filling by capillary
condensation at the particular pressure characteristic of the specific pore size, as given by the
Kelvin equation. For a porous solid possessing a distribution in pore sizes, the probability
density function of pore size weighted by pore volume (usually simply called the PSD) can
be obtained from the nitrogen adsorption isotherm using an algorithm such as the Barrett-
Joyner-Halenda method [6]. This algorithm makes the assumption that pores of different
sizes are thermodynamically independent. This is equivalent to treating the individual ‘pores’
within an irregular, interconnected void space as if they were located within a hypothetical
parallel pore bundle (i.e. a ‘wine-rack’ type structure). Even assuming it is possible to obtain
a physically meaningful definition of a ‘single pore’ within an irregular, interconnected void

space, this assumption neglects the possibility of interactions between neighbouring pores, or



even over much larger length-scales. Alternative methods, such as non-local density
functional theory (NLDFT) [7], improve on the pore-scale physics of the phase transition but
still make the same assumptions regarding thermodynamically independent pores in

subsequently calculating the PSD from the adsorption isotherm.

From considerations of basic adsorption theory, involving the Kelvin equation, it is possible
to deduce that cooperative pore-pore interaction phenomena will occur during adsorption [8].
Theory suggests that, for a through (open) ink-bottle pore geometry, if the radius of the two
shielding pore necks is greater than half that of the intermediate pore body then all will fill at
the same pressure. In this case, the pressure required is equivalent to that given by the Cohan
[9] equation for a cylindrical meniscus in the pore neck. This is because once condensate has
filled the pore neck, filling of the pore body may then proceed via ingress of the, now
hemispherical, meniscus from the end of the pore neck. If the pore neck radius is over half
that of the pore body, then the pressure for condensation within the pore body, for a
hemispherical meniscus, is exceeded by the pressure required to condense in the neck with a
cylindrical meniscus. This process is known as the ‘advanced adsorption’ or ‘advanced
condensation’ effect. This general picture, suggested by de Boer [8], has been confirmed by
grand canonical Monte-Carlo (GCMC) simulations of argon adsorption in model,
unconnected silica and alumina pores possessing corrugations [9,10]. Cooperative effects
during adsorption have also been observed directly by experiment, both at the pore-scale in
model controlled-pore size materials, such as anodized alumina [12], and over larger

macroscopic length-scales using MRI [13].

As suggested by simulation in previous work [14], the aforementioned advanced adsorption
phenomena have particular, significant implications for the interpretation of gas adsorption
data for samples undergoing coking reactions. For example, the above theory suggests that, if
a sample were undergoing pore-mouth blocking, then, while the size of the narrow neck
forming (via coke deposits) at the periphery of the pore exceeded half the size of the
remaining pore body, advanced condensation would mean that it would appear that the whole
pore length was being reduced in diameter, rather than just the mouth. Further, if coking was
occurring on the surface of a larger pore body, located within the pellet, that was shielded by

a pre-existing narrower pore neck, then, once the pore body size decreased below twice the



neck size, it would appear that the body had shrunk to the size of the neck, even if it really
still remained larger. Given that simple theoretical considerations suggest that advanced
adsorption phenomena should be particularly relevant to interpreting characterisation data for
coking catalysts, and experiment has shown that these particular phenomena do arise in much
simpler model systems, this suggests it is important to assess the significance of these effects
for coking catalysts. Thus, the aim of this work is to detect, and assess the impact of,
advanced adsorption effects in the structural characterisation of catalysts undergoing a coking

reaction.

The most commonly used adsorbent for structural characterisation work is nitrogen. The
adsorption of nitrogen within a porous solid can be monitored using scattering techniques
[15], but the measured signal is necessarily averaged over a relatively large sample volume,
and thus loses pore-specific information in disordered samples. Water adsorption has been
proposed as an alternative adsorbent for characterisation of coked catalysts [3]. While water
adsorption isotherms for many catalyst materials are Type IlI, indicating specific adsorption
on sparse sites, in other materials, such as studied here, the isotherm shape is Type IV, similar
to that typically obtained for nitrogen. The advantage of water adsorption is that it can be
monitored at the pore scale using serial adsorption experiments, whereby the dry void space
is first characterised by nitrogen adsorption, then a water isotherm is performed to a given
relative pressure, whereupon the adsorbed water is frozen in place, and then a subsequent
nitrogen adsorption experiment is conducted. This type of experiment has been used to study
water sorption in silicas [16], and to probe percolation properties in templated materials [17].
In this work, serial adsorption experiments will be used to detect advanced adsorption
phenomena occurring during water adsorption in fresh and coked catalysts. Previous work
[18] has also demonstrated the value of a consideration of the adsorption kinetics, as well as

the equilibrium isotherms, in aiding characterisation of a coking catalyst.

This paper is constructed as follows. First the experimental methods will be described. Then
the results of the serial adsorption experiments will be presented and analysed. Finally, the
interpretation and implications of the findings will be discussed, and some conclusions

drawn.



EXPERIMENTAL

Materials

An industrial, hydroprocessing catalyst, denoted A, and its coked counterparts, denoted C1
and C2, were used for the characterisation experiments in this work. Sample A was
Ketjenfine hydroprocessing catalyst-CoMo type. The composition (% w/w) of the catalyst
was as follows: precipitated silica: 0-6; cobalt (II) oxide: 1-10; molybdenum (VI) oxide: <
25; phosphorus pentoxide: 0-4; aluminium oxide: balance. The as-received form of the
catalyst was a blue extrudate of typical diameter ~1 mm, and typical length ~7 mm. The
samples were characterised in their whole form. This material was chosen because the water
adsorption isotherms show a conventional Type IV form. The BET constant, obtained from a
fit of the conventional single-component BET equation to the water adsorption isotherm, for
the fresh sample is 88+2. This value is in the range of BET constant values (50<C<200)
recommend by Rouquerol ef al. [19] to ensure that adsorption is not too loosely bound (such

that the molecules are not closely packed on the surface), or too specific in nature.

Coked samples were obtained following reaction involving a model feed in the CAPRI®
microreactor at the University of Birmingham [20]. The oil fed into the reactor was decane at
1 ml min™. The reaction was conducted at 425 °C and the pressure was fixed at 20 bar. The

time on-stream was 60 min.

Methods

Gravimetric adsorption on fresh and coked catalyst samples was performed using a Hiden
IGA-002 (Intelligent Gravimetric Analyser) system. The IGA SS316N chamber was opened
and ~100 mg of the catalyst was loaded onto the sample hammock, which was hung from a
microbalance. The reactor chamber was then sealed tightly and the sample was evacuated to

vacuum and heated to 90 °C for an hour, followed by a more intense heat treatment at 350 °C



for four hours. This heat treatment was applied to fresh catalysts. Coked catalysts were heat
treated at 150 °C for approximately twelve hours under similar vacuum conditions. After
completing the heat treatment, the IGA reactor was allowed to cool to room temperature and
an insulation jacket was placed around the reactor. The reactor was then immersed in a liquid
nitrogen dewar, that was regularly topped-up at 3-4 hour intervals to maintain isothermal

conditions.

Water vapour adsorption was done using the same system by changing the valve position and
installing a supply of ~20 ml of water in a vapour reservoir. The shifting of the valve position
allowed the machine to operate in the vapour mode. The vapour reservoir was cleaned and
dried in an oven before adding ultrapure water (having a resistivity of 18.2 MQ™™). This
water supply was then degassed. The partial saturation of the catalyst with water vapour was
carried out after re-preparing the catalyst samples as above and ending the water vapour
isotherm at a pressure of ~22 mbars, which corresponded to a relative pressure of ~0.7 at 298
K, rather than the saturated vapour pressure. This was achieved using the pressure control
system available in the machine. At this pressure, there was sufficient capillary condensation
to ensure that some of the pores in the catalyst were filled. A full water vapour isotherm
performed prior to the partial water vapour adsorption experiment helped to confirm this

observation.

All water vapour adsorption experiments were performed at 298 K. At this temperature, the
IGA SS316N reactor was surrounded by an ethylene glycol jacket. The jacket was connected
to an external chiller which could be topped with ethylene glycol and had an automated
temperature control system. To ensure complete equilibrium of the process, the catalyst was
maintained at relative pressure of 0.7 for approximately 12 hours. This particular partial
pressure was chosen because of its relevance to coking, as will be seen below. At the end of
the partial saturation, the ethylene glycol jacket was manually removed and the sample
chamber was covered with an insulation jacket. A liquid nitrogen dewar half filled with liquid
nitrogen was placed below the IGA reactor. The atmospheric water vapour present in the
reactor was removed by outgassing at 1000 Pa min™ (10 mbars min™"). This low rate of
degassing ensured that the atmospheric water vapour was removed. Subsequently, the

remaining half of the dewar was filled with liquid nitrogen and the mass reading was allowed



to stabilise. The nitrogen isotherm for the same sample after partial saturation with water was

then obtained by bringing the machine back to gas mode and performing the experiment.

Mercury porosimetry experiments were performed by using a Micromeritics Autopore III
9420 apparatus. Fresh catalyst samples were packed and sealed in a penetrometer using a

light coating of vacuum grease along the lip of the penetrometer bulb. This setup was then
1
carefully loaded into the low pressure port available in the apparatus with Zth of its stem

coated with a thin coating of silicone high vacuum grease. Then the set up was evacuated to a
pressure of ~6.7x 10° MPa (~50 um Hg) in order to remove all the physisorbed water and air
from the sample and the penetrometer bulb. All control of the apparatus was possible through
an interface controller that was attached to a lab PC. Immediately after degassing, the
apparatus performed a low pressure analysis during which pressure was increased stepwise
from 0.0035 MPa up to atmospheric pressure (~0.1 MPa). Next the penetrometer assembly
containing mercury was carefully removed and the silicone high vacuum grease along the
stem wiped off. The assembly weight was noted. This sealed assembly was then transferred
to a high pressure port after which the port was filled with a high pressure fluid up to the
ledge level, and closed tightly to ensure no oil leakage. Once this setup was arranged, the
high pressure analysis was initiated. This involved pressure steps from atmospheric pressure
(0.1 MPa) to 413 MPa, the maximum achievable pressure of the apparatus. The equilibration
time selected for analysis was 30 s, which was found to lead to fully equilibrated curves.
Initial analysis was conducted by assuming a constant contact angle € of 130°, and the
mercury surface tension y was assumed to be 0.485 Nm™. Prior to performing mercury
porosimetry experiments on samples, blank runs and reference material tests using the same
penetrometers and ports were performed. This helped to minimize errors related to
compression and heating, and also confirm that the results obtained were representative of the

material studied.



RESULTS

Mercury porosimetry

Figure 1 shows the mercury porosimetry data for a fresh sample of catalyst, obtained with an
equilibration time of 30 s. The modal pore size in the intrusion curve is ~7.5 nm. The total
intra-particle pore volume intruded by mercury was 0.41 ml g'. It can be seen that
entrapment is nearly 100 %. This high entrapment may be an indication that mercury partially

wets the surface, given that the catalyst surface contains heavy atoms, such as Co and Mo.

Gas adsorption

The nitrogen adsorption isotherms obtained for each sample before and after water adsorption
are shown in Figures 2-3. Also shown in Figures 2-3 are the intermediate water adsorption
isotherms. Figure 2 shows the nitrogen adsorption isotherms obtained before and after water
adsorption, and the intermediate water adsorption isotherm, for a fresh sample, but with the
amount adsorbed, in each case, expressed as the volume of condensed liquid. The volume of
liquid was obtained by assuming that the condensed phase in the pores had the same density
as the bulk liquid, at the temperature of the isotherm. It was found that the total, following
summing the ultimate condensed volumes of liquid for the water adsorption isotherm and the
nitrogen adsorption isotherm obtained after water adsorption, was equal to the ultimate
condensed volume of liquid for the nitrogen adsorption isotherm obtained before water
adsorption. This suggests no water escaped the sample between the end of the water
adsorption experiment and the start of the second nitrogen adsorption experiment. Figure 4
shows a direct comparison of the water adsorption isotherms for fresh catalyst and coked

sample C1. It can be seen that coking leads to a reduction in the amount adsorbed.

The nitrogen adsorption isotherms obtained following coking of fresh catalyst, and/or
adsorption of water, were corrected such that the amount adsorbed was expressed per unit
mass of catalyst only. The incremental amounts adsorbed over each pressure bin in the
nitrogen adsorption isotherm obtained for a given sample after coking and/or water

adsorption were subtracted from the corresponding values obtained from the nitrogen
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adsorption isotherms for the same sample after coking and/or water adsorption. Where the
pressure tables for the adsorption isotherms differed slightly, linear interpolation was used to
re-align pressure bin ranges. Figure 5 shows the difference in the incremental amounts of
nitrogen adsorbed between the isotherms obtained before and after coking. It can be seen that
the effects of coking on nitrogen adsorption are predominantly limited to the relative pressure

range 0.7-0.8, with virtually no influence above a relative pressure of 0.8.

In the case of the nitrogen adsorption isotherms obtained before and after water adsorption,
the differences in incremental amount of nitrogen adsorbed in each pressure bin were
summed in order of increasing pressure to obtain a cumulative adsorbed volume difference
plot, as shown in Figure 6 for fresh catalyst and coked sample C1. This plot is analogous to a
nitrogen adsorption isotherm for the regions of the void space where the nitrogen adsorption
is affected by the adsorbed water. From Figure 6, it can be seen that for the fresh sample there
is no impact of water ice on the adsorption of nitrogen above a relative pressure of ~0.7.
However, for the coked sample C1, the adsorption of nitrogen is affected at relative pressures
above ~0.7. The continued rise of the cumulative adsorbed volume difference plot for C1
above a relative pressure of ~0.7 suggests that the adsorption of water up to a relative
pressure of ~0.7 has reduced the amount of nitrogen adsorbing at higher relative pressures. It
is also noted that adsorption of nitrogen is affected at relative pressures above 0.8, which is

the upper limit affected by coking alone (as seen in Figure 5).

Gas uptake Kinetics

Studies of the adsorption kinetics, in the Knudsen diffusion regime, were used to determine
the adsorption mass transfer coefficient by employing the linear driving force (LDF) equation

[18]:

M = My(1-exp(-kt)), (D



11

where M is the mass uptake at time #, My is the mass uptake at infinite time, and & is
the mass transfer coefficient. The mass transfer coefficient was determined by analysing the
individual mass uptake vs. time data for each relative pressure point in an isotherm. The
fitting was done using the non-linear curve fitting program available in Origin 6.1. Following
this, the respective LDF mass transfer coefficients were normalised for the slight fluctuations
in sample temperature. This allowed plotting the variation in normalised mass transfer
coefficient as a function of a measure of the fraction of the pore volume occupied by
condensed liquid nitrogen. The fraction of the pore volume occupied by condensed liquid
nitrogen was obtained by taking the ratio of the amount condensed at a particular relative
pressure to that obtained at the top of the isotherm or at saturation. Accessible porosity can be
defined by Eq. (2):

Accessible porosity =

(fraction occupied by coke )+
1 - fresh (23.)

(fraction occupied by liquid N 5 )

(Tpvfresh _TPV01J+

TP Vfresh

Accessible porosity=|1— (2b)

fresh
vol of condensed liquid N,
TPV,

for nitrogen adsorption before water adsorption, and by Eq. (3):

( fractionoccupied by coke)+
Accessible porosity = | 1—| (fractionoccupied by H,0)+ E e (32)
(fraction occupied by liquid N, )

aftee H,0 adsorption

TPV, , —TPV, N
TP Vfresh

vol of condensed liquid N

2before H,0 adsorption -
vol of condensed liquid N 2 afier H,0 adsorption

Accessible porosity =|1— +||e 3b
p y TPV fresh( )

Clbefore H,O adsorption

vol of condensed liquid N,
TPV,

j after H,O adsorption
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or nitrogen adsorption after water adsorption. In the above equations, osn 1S the tota
for nitrogen adsorpt ft ter adsorption. In the ab quat TPV the total
pore volume of the fresh catalyst and &g is the porosity of the fresh catalysts and

TPV ¢\ iertt, 0 agsompiion 18 the total pore volume of nitrogen after water adsorption in material C1.

For the coked catalyst C1, before water adsorption, the starting porosity is 0.53. On the other
hand, after water adsorption and freezing, the starting porosity is 0.33. Where two samples
differ in the amount of void space occupied by coke or water ice, the two conditions can be
compared by transforming this plot into one where reduced porosity represents the change in
porosity due to the adsorption of nitrogen, i.e., difference between the starting porosity and

the accessible porosity at each experimental point.

Figure 7 shows a comparison of the plots of normalised mass transfer coefficient against
accessible porosity for fresh and coked catalyst C1 samples. The mass transfer coefficients
are presented as their ratio to the highest value obtained for the fresh sample. It can be seen
that the normalised k values for the fresh sample are initially higher than those for the coked

sample, at low nitrogen content.

DISCUSSION

It has been seen that the adsorption of nitrogen above a relative pressure of ~0.7 (the ultimate
relative pressure of water) is unaffected by the presence of pre-adsorbed water within the
fresh catalyst sample. It is noted that, for adsorption of nitrogen at 77K and water at 298 K,
the values of molar density and surface tension etc. are such that the constant of
proportionality, between the logarithm of the relative pressure and the reciprocal pore size, in
the Kelvin equation is ~1 for both gases. Hence, in a parallel pore bundle pore structure, both

nitrogen and water should condense in any given pore size at the same relative pressure.

However, for the coked sample C1, adsorption of nitrogen continues to be affected by pre-

adsorbed water up to relative pressures of 0.9, which includes relative pressures above where
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nitrogen adsorption is affected by coking alone. The pre-adsorption of water vapour to a
relative pressure of ~0.7 in the coked sample leads to a decrease in the amount of nitrogen
adsorbed at higher relative pressures than this value. These findings are consistent with the
following interpretation. It is supposed that coke lay-down within the fresh catalyst led to a
decrease in some larger pore body sizes such that adsorption of water in narrower,
neighbouring necks, at relative pressures below 0.7, facilitated filling of these larger pore
bodies with water via advanced condensation at that same pressure. In the fresh sample, the
equivalent, non-coked pore bodies required water relative pressures higher than 0.7 to fill by
condensation, and thus remained unfilled with water. In the nitrogen adsorption experiment
following water adsorption, while the larger pore bodies remained empty, and could be filled
with nitrogen, for the fresh sample, in the coked sample the larger pore bodies were
inaccessible, thereby leading to a drop in nitrogen adsorption even at relative pressures above
~(.7. This interpretation requires that the aforementioned pore bodies and pore necks in the
coked sample C1 fill independently for nitrogen but not for water. As has been shown in past
simulations [14], the critical ratio of pore body to pore neck size to permit the onset of
advanced adsorption depends upon the properties of the fluid, and fluid-surface interaction
strength, and is not fixed at a value of 2, as inferred from the Kelvin equation. Previous
studies [21] of coking on HDS catalysts have suggested that the coke formed can be highly
polar in nature, suggesting that the coke formed here might interact more strongly with water
than nitrogen. Hence, the critical pore size ratio for advanced adsorption can be different for
nitrogen and water, and lead to differences in the amounts and order of pore-filling as relative
pressure is increased. In summary, the above findings suggest that if a standard interpretation
of the water adsorption isotherms, employing the assumption of thermodynamically-
independent pores, were made, then it would over-estimate the volume of smaller pores
filling below a relative pressure of ~0.7 following coking. The pores that become filled with

coke would thus seem much smaller than they actually were.

The changes in the mass transfer coefficient following coking can be used to infer some
general information regarding coking location. Since the coking of the fresh catalyst to obtain
sample C1 leads to a decrease in the mass transfer coefficient this suggests that coking has
led to a decrease in the intra-pellet diffusivity. This finding suggests that coke is being

deposited nearer the outside of the pellet, rather than towards the centre, which, conversely,
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would have led to an increase in the observed value of k, due to a decrease in the diffusion

path-length [18].

CONCLUSIONS

It has been shown that interpretation of gas adsorption data for coked catalyst must be refined
in the light of the advanced adsorption effect. Serial adsorption experiments have shown that
this effect is significant, and would lead to erroneous conclusions about the particular pattern

of pore structure evolution occurring during coking.
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FIGURE CAPTIONS

Figure 1.

Mercury intrusion and retraction curves for fresh catalyst sample A.

Figure 2.

Nitrogen adsorption isotherms obtained before and after water adsorption, and the
intermediate water adsorption isotherm, for a fresh sample, with the amount adsorbed, in each

case, expressed as the volume of condensed liquid.

Figure 3.

Nitrogen adsorption isotherms obtained before and after water adsorption, and the
intermediate water adsorption isotherm, for the coked sample C1, with the amount adsorbed,

in each case, expressed as the volume of condensed liquid.

Figure 4.

A direct comparison of the water adsorption isotherms for fresh catalyst and coked sample

Cl.

Figure 5.

A plot of the difference in the incremental amounts of nitrogen adsorbed between the

isotherms obtained before and after coking.

Figure 6.

Cumulative adsorbed volume difference plots for fresh catalyst and coked sample C1.
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Figure 7.

A comparison of the plots of normalised mass transfer coefficient against accessible porosity

for fresh and coked catalyst C1 samples.
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Figure 2
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Figure 3
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Figure 4
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Figure 5.
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Figure 6.
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