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Abstract: This paper reports the hydrogenation and dehydrogenation of tetralin and naphthalene
as model reactions that mimic polyaromatic compounds found in heavy oil. The focus is to explore
complex heavy oil upgrading using NiMo/Al2O3 and CoMo/Al2O3 catalysts heated inductively with
3 mm steel balls. The application is to augment and create uniform temperature in the vicinity of the
CAtalytic upgrading PRocess In-situ (CAPRI) combined with the Toe-to-Heel Air Injection (THAI)
process. The effect of temperature in the range of 210–380 ◦C and flowrate of 1–3 mL/min were studied
at catalyst/steel balls 70% (v/v), pressure 18 bar, and gas flowrate 200 mL/min (H2 or N2). The fixed bed
kinetics data were described with a first-order rate equation and an assumed plug flow model. It was
found that Ni metal showed higher hydrogenation/dehydrogenation functionality than Co. As the
reaction temperature increased from 210 to 300 ◦C, naphthalene hydrogenation increased, while
further temperature increases to 380 ◦C caused a decrease. The apparent activation energy achieved
for naphthalene hydrogenation was 16.3 kJ/mol. The rate of naphthalene hydrogenation was faster
than tetralin with the rate constant in the ratio of 1:2.5 (tetralin/naphthalene). It was demonstrated
that an inductively heated mixed catalytic bed had a smaller temperature gradient between the
catalyst and the surrounding fluid than the conventional heated one. This favored endothermic
tetralin dehydrogenation rather than exothermic naphthalene hydrogenation. It was also found that
tetralin dehydrogenation produced six times more coke and caused more catalyst pore plugging than
naphthalene hydrogenation. Hence, hydrogen addition enhanced the desorption of products from
the catalyst surface and reduced coke formation.

Keywords: hydrogenation; dehydrogenation; tetralin; naphthalene; induction heating; heavy oil;
catalytic upgrading; catalyst deactivation; THAI-CAPRI

1. Introduction

The possibility of generating thermal energy inside the reactor has been a subject of research
in the field of catalysis. In this perspective, electromagnetic energy has been converted into heat by
a composite catalyst material comprising of a conducting susceptor and a catalytic agent [1,2], or a
mixed bed of catalyst and a conducting but chemically inert susceptor [3]. The electromagnetic energy
can be supplied through an inductive, ohmic, or microwave system, and the heat generated inside
the catalytic bed itself due to the susceptible component to the electromagnetic energy. This method
of heating the catalytic bed holds several advantages over conventional heating using a furnace as
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it can be applied to target specific areas, minimizes heat loss to the surroundings, shortens heating
and cooling times, allows better controllability, and can potentially lower both energy consumption
and cost [3,4]. In contrast, the traditional heating method with a furnace suffers from heat transfer
limitations. Consequently, it is necessary to investigate whether the presence of the electromagnetic
field is beneficial to the catalyst performance, mass transport and the chemistry of the reaction.

The world has consumed about 1.31 trillion barrels of oil from 1969 to 2018, with a 2016
daily consumption rate of approximately 100 million barrels per day (BPD) according to the Energy
Information Administration, EIA [5]. Currently, the top three consumers are the USA (20%), China (13%),
and India (5%), and according to the EIA, the world daily demand is projected to increase by
1.4 million BPD in 2020 [5]. With the declining reserves of light oil, attention has been shifted to
heavy oil and bitumen, which hold about 70% of the world’s oil reserves, estimated at 13 trillion
barrels [6]. Electromagnetic heating has gained application in several fields including heavy oil recovery.
The effect of heating heavy oil is to boost flow by reducing viscosity, since heavy crude oil is sticky,
viscous, and thick, and so it rarely flows under reservoir conditions unless heated or diluted with
light hydrocarbon solvent [6,7]. Heavy oil contains abundant polyaromatic species such as aromatics,
asphaltene, and resin that cause challenges in extraction, transport, and refining [8]. When these
polyaromatic species precipitate from the oil during production, they may deposit in the pores of the
reservoir formation or on the catalyst bed during upgrading, obstructing fluid flow and deactivating the
catalyst [9]. These polyaromatic rings, in most cases, are associated with sulfur, oxygen, and nitrogen
heteroatoms. To improve upgraded oil quality and fuel distillate yield, these polyaromatic compounds
need to be catalytically hydrogenated to produce saturated hydrocarbons as well as remove metals
and heteroatoms. During in situ catalytic upgrading, they are responsible for catalyst deactivation due
to their propensity to form coke and deposit the embedded metals and heteroatoms on the catalyst
surface [6,10]. Consequently, the hydrogenation of the polyaromatic components of the heavy oil
reduces the viscosity of the upgraded oil [8], and as a consequence, the fuel distillate fractions are
increased [6,10]. Therefore, the hydrogenation of polyaromatic compounds in heavy oil improves
the API (American Petroleum Institute) gravity, increases fuel distillate fractions in the upgraded oil,
facilitates the removal of heteroatoms such as sulfur and nitrogen, and suppresses coke formation in
order to extend the catalyst lifetime [11,12]. On the other hand, introducing pure hydrogen gas into the
oil formation is very challenging. Hence, the dehydrogenation of cyclohexane, decalin, and tetralin is
used for the in situ supply of hydrogen to promote hydroconversion reactions during the catalytic
upgrading of heavy oil.

Toe-to-Heel-Air Injection (THAI) combined with catalyst packing around the liners of the horizontal
well (i.e., CAtalytic upgrading PRocess In-situ, CAPRI), has proven effective for both recovery and
the catalytic underground upgrading of heavy oils [8]. Preceding studies showed that a temperature
of about 425 ◦C is desirable for effective catalytic upgrading [7,8,13]. However, recent studies found
that the actual temperature of the mobilized hot oil passing through the catalyst packing around
the horizontal well of the THAI process may not exceed 300 ◦C [14]. Herein, inductive heating has
been proposed as a plausible approach to address this temperature shortfall when integrated with the
horizontal well, as it will provide the needed additional heating. The electromagnetic heating of oil
formation alongside a carrier solvent has been reported by Hu et al. [15], Sadeghi et al. [16], and with gas
injection combined with horizontal well at 5-20 MHz and 100 W [17]. The inductive heating technique
will not only ensure optimum catalytic upgrading, but also increase oil production as reported by
Pizarro and Trevisan [18], in which they created a numerical model that simulated enhanced oil
recovery by electrical heating to validate oil production and energy consumption. Abu-Laban et al. [19]
investigated the use of steel balls to inductively heat a mixed bed of commercial Pt/Al2O3 catalyst to
covert biomass pyrolysis bio-oil vapor. They found that the deoxygenation of the bio-oil improved and
lower coke formation was observed when the bed was inductively heated, compared to conventional
heating. One of the novel purposes of installing the inductive heater to the CAPRI section is to establish
uniform temperature across the catalyst bed, eliminating large temperature gradients and hot spots.
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In this study, a lab-scale inductive-heated reactor was designed and constructed to explore its
effect on naphthalene and tetralin model compounds that the mimic the behavior of polyaromatic
species found in heavy oil. This study was performed with a focus on THAI process applications to
resolve the temperature shortfall in the CAPRI zone. The inductive heating was provided by steel ball
susceptors in the mixed bed of catalyst. The steel balls are electric conductors that heat up the bed
under the electromagnetic field, which is achieved by the action of eddy currents, resulting in a Joule
heating effect. The catalyst-to-steel balls ratio (CTSBR) was optimized to determine the percolation
threshold, which is the minimum amount of steel balls required to achieve a thermally and electrically
conducting pathway throughout the bed. Due to the complexity of heavy oil upgrading reactions,
this study focused on naphthalene and tetralin as model compounds which mimic polyaromatic
components in the oil. Two hydrotreating (HDT) catalysts, NiMo/Al2O3 and CoMo/Al2O3, were
evaluated for hydrogenation and dehydrogenation activity. The hydrogenation of naphthalene and
the dehydrogenation of tetralin were studied in the inductively heated catalytic bed and evaluated
against a conventionally heated counterpart. The dehydrogenation of tetralin is commonly used to
supply hydrogen in situ during the catalytic upgrading of heavy oil. The experimental data from
the inductive heated catalytic bed were described using the first-order rate equation coupled with a
plug flow model to determine the rate constants for temperatures 210–300 ◦C and apparent activation
energy for naphthalene hydrogenation. The hydrogenation of naphthalene was evaluated against
tetralin in the inductive heated catalytic bed. The effects of reaction temperature and flowrate on the
extent of hydrogenation of naphthalene were also studied. The gaseous products and the amount
of coke deposited on the catalyst due to hydrogenation and dehydrogenation under inductive and
conventional heating methods were used explore the role of hydrogen in a complex catalytic upgrading
reaction of heavy oil. The catalyst pore plugging under tetralin and naphthalene hydrogenation, and
tetralin dehydrogenation were examined. Finally, the influence of heating method, either generating
heat inside or transferring heat externally through the reactor walls to the catalytic bed was studied.

2. Results and Discussion

The hydrogenation and dehydrogenation activity of the catalysts are defined by the extent of
hydrogenation/dehydrogenation (Ext. of H) Equation (1) and (Ext. of DeH) Equation (2) based on
reaction stoichiometry, as shown in reaction Scheme 1.

Ext. of H = (2NTET + 5NDEC)/5(NNAPH + 2NTET + 5NDEC) (1)

Ext. of DeH = NNAPH/(NNAPH + 2NTET + 5NDEC) (2)

where Ni is the number of moles of the respective products and residual of reactions, NAPH is
naphthalene, TET is tetralin, and DEC is decalin.
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2.1. Catalyst Characterization

Table 1 shows the physical characteristics of the NiMo/Al2O3 and CoMo/Al2O3 catalysts. The metal
contents of catalysts were determined by energy-dispersive X-ray spectroscopy. The catalysts surface
areas were determined by Brunauer–Emmett–Teller (BET) model, while the pore volumes and pore
sizes were determined by the Barrett–Joyner–Halenda (BJH) model. The physisorption analysis reveals
type IV isotherm and mesoporous structure characteristics for both catalysts. This is affirmed by their
pore sizes between 2 and 50 nm [20].

Table 1. Physical properties of CoMo/Al2O3 and NiMo/Al2O3 catalysts.

Parameter CoMo/Al2O3 NiMo/Al2O3

Surface area (m2/g) 217.6 210.4
Pore volume (cm3/g) 0.46 0.62
Pore diameter (nm) 6.3 10.2

Co (wt %) 3.8 NA
Ni (wt %) NA 5.2
Mo (wt %) 11.2 11.5

The X-ray diffraction (XRD) pattern of the NiMo/Al2O3 and CoMo/Al2O3 catalysts is shown in
Figure 1. The diffraction pattern reveals two prominent peaks (400) and (440) located at 2θ values of 46◦

and 67◦ in both catalysts, corresponding to cubic γ-Al2O3. The presence of a peak at a 2θ value of 37.3◦

indicates common Ni oxides (NiO and Ni2O3), while NiAl2O4 spinel with a peak at 66.5◦ is known to
overlap with γ-Al2O3 [21]. The small peak that appears at 27◦ (021) can be attributed to MoO3. It can
be observed that the XRD pattern revealed weak peaks for Ni, Co, and Mo metals on the alumina
support, which indicates that their particles are in the nano-size range and are highly dispersed [4,21].
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Figure 1. XRD pattern of CoMo/Al2O3 and NiMo/Al2O3 catalysts.

2.2. CoMo Versus NiMo Catalyst

Mo supported on alumina promoted with either Ni or Co is a proven catalyst for heavy
oil upgrading. The complexity of heavy oil and its upgrading reactions does not allow adequate
evaluations of the contributions of Ni and Co to hydrogenation and hydrocracking reactions. Hence,
using naphthalene and tetralin will help elucidate their individual performance. Figure 2 shows the
performance of CoMo and NiMo in the hydrogenation of naphthalene and dehydrogenation of tetralin
at temperature 300 ◦C, 1 mL/min (liquid hourly space velocity, LHSV, 0.75 h−1), pressure 18 bar, and
catalyst/steel balls 70% (v/v). In bifunctional catalysts such as NiMo/Al2O3 and CoMo/Al2O3, the metals
are responsible for hydrogenation/dehydrogenation, while the alumina support provides cracking
functionality. The estimated respective selectivities for naphthalene hydrogenation are 97.4% (tetralin)
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and 2.6% (trans- and cis-decalins), while those of tetralin dehydrogenation are 98.7% (naphthalene)
and 1.3% (trans- and cis-decalins). Therefore, the low extent of hydrogenation observed in Figure 2a
is because the major product of naphthalene hydrogenation is tetralin and little decalins. However,
for tetralin dehydrogenation, the dehydrogenated product naphthalene showed the highest selectivity
compared with decalins, producing an appreciable extent of dehydrogenation with time-on-stream.
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Figure 2. (a) Extent of hydrogenation and dehydrogenation and (b) tetralin hydrogenation using NiMo
at temperature 300 ◦C, liquid hourly space velocity (LHSV) 0.75 h−1, pressure 18 bar, and catalyst/steel
balls 70% (v/v).

This is because in a continuous process, the short contact time available after the major product is
formed as the reactants and products trickle down the catalyst bed is insufficient to yield an appreciable
amount of decalins for naphthalene hydrogenation.

The extent of hydrogenation and dehydrogenation increases over the first 100 min before
reaching steady state, which is due to catalyst start-up effects. Notably, over the period of reaction
in the experiment, no noticeable decrease in the extent of hydrogenation or dehydrogenation can
be observed in Figure 2a, suggesting that the catalytic activity and stability are sustained within
6 h of reaction. However, coke formation after reaction is reported in Section 2.7. It is clear that the
hydrogenation of naphthalene and dehydrogenation of tetralin achieved with NiMo was slightly
higher than that with CoMo. Noting that Ni and Co function as promoters in the catalyst, it suggests
that Ni metal enhanced the hydrogenation and dehydrogenation activity of the catalyst more than Co.
Hence, the incorporation of Ni to Mo/Al2O3 will further enhance hydrogen liberation from typical
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hydrogen-donor solvents such as cyclohexane, tetralin, and decalin for in situ hydrocracking of heavy
oil while also promoting hydrogenation. Furthermore, a control experiment reported in the literature
for naphthalene hydrogenation with only thermal upgrading using glass beads showed a maximum
extent of hydrogenation of 0.05 [22]. This is significantly small compared to that achieved with NiMo
and CoMo catalyst (0.2 to 0.38), indicating that the reported reactions were mostly as a result of catalytic
effect. However, the extent of tetralin dehydrogenation is much higher than naphthalene hydrogenation.

The reaction sequence is shown in Scheme 1; for naphthalene hydrogenation, the intermediate tetralin
can either undergo further hydrogenation to decalins (trans/cis) or dehydrogenation to naphthalene,
depending on the catalyst and reaction conditions. Conversely, for tetralin dehydrogenation, the liberated
hydrogen due to naphthalene formation could promote in situ hydrogenation of tetralin to trans- and
cis-decalins. In Figure 2b, the formation of naphthalene from tetralin hydrogenation supports reaction
Scheme 1 with an average conversion of 40%, and the respective selectivity are trans-decalin 65.5%,
cis-decalin 21.8%, and naphthalene 12.7%. With time-on-stream, the conversion and selectivity are
relatively stable, reaffirming the sustained catalytic activity within 6 h of reaction. It was observed
that the conversion of naphthalene due to hydrogenation is higher than that of tetralin at the same
reaction conditions.

2.3. Effect of Reaction Temperature

Naphthalene hydrogenation was carried out from 210 to 380 ◦C at LHSV 0.75 h−1, pressure 18 bar,
and catalyst/steel balls 70% (v/v) using NiMo. The mean extent of hydrogenation is shown in Figure 3.
As the reaction temperature increases from 210 to 300 ◦C, the extent of hydrogenation of naphthalene
increases from 0.23 to about 0.3, while further temperature increases to 380 ◦C resulted in a decrease to
0.11. Therefore, the catalyst had a higher hydrogenation activity at a temperature of 300 ◦C, which is
consistent with that reported in the literature [23,24].
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Figure 3. Effect of reaction temperature on the extent of naphthalene hydrogenation at LHSV 0.75 h−1,
pressure 18 bar, and catalyst/steel balls 70% (v/v) using NiMo catalyst.

The observed drop in the extent of hydrogenation at 380 ◦C occurs because thermodynamically,
the hydrogenation of aromatic compounds is unfavorable at higher reaction temperatures, which is
due to their exothermic nature [23,25]. The evaluation of experimental data from a fixed-bed catalytic
reactor is commonly established on the assumption of plug flow [26]. A first-order rate equation
was used to express the kinetic data obtained from the hydrogenation of naphthalene at steady-state
reaction conditions in the fixed-bed reactor [27]. Equation (3) was developed from a plug flow model
and first-order rate law and was used to fit the experimental data from which rate constants and the
apparent activation energy were determined. Figure 4 shows the plot of ln (1/(1 − X)) against W/F and
the Arrhenius plot. The first-order reaction rate depicts the experimental data for both naphthalene and
tetralin hydrogenation with an R2 value of 0.99. The rate of naphthalene hydrogenation is faster than



Catalysts 2020, 10, 497 7 of 18

that of tetralin with the rate constant in the ratio of 1:2.5 (tetralin/naphthalene) at 300 ◦C. This means it
is easier to hydrogenate a double ring aromatic compound than a single ring aromatic counterpart.

Ln (1/(1 − X)) = k (W/F) (3)

where X is conversion, k is the apparent rate constant, W is the catalyst weight, and F is the molar flow.
As expected, with an increase in reaction temperature from 210 to 300 ◦C, the rate constant

increased, which is consistent with the effect of reaction temperature on the extent of hydrogenation of
naphthalene. The apparent activation energy obtained was 16.3 kJ/mol. It is believed that a catalyst
with higher activity shows lower activation energy, and it appears the NiMo/Al2O3 catalyst is internal
mass transfer limited. In addition, external mass transfer effect existed within the catalyst since the
flowrate was very low and the diameter of the reactor tube (20 mm) is far larger than the catalyst
particle size [22]. The catalyst particle size diameters (1.4 mm × 1.21 mm) and length (5 ± 2.1 mm)
also contributed to the experienced diffusion effect. The result for tetralin dehydrogenation has been
reported elsewhere [28].
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2.4. Effect of Flowrate

It is well known that a lower flowrate increases the residence time of the reactants and also improves
the contact time between the reactants and the catalyst. The effect of feed rate on the extent of naphthalene
hydrogenation is shown in Figure 5. Before 200 min, the extent of naphthalene hydrogenation increases
as the flowrate decreases. This can be attributed to the catalyst start-up effect, which includes time
needed to achieve steady state due to catalyst wetting and the diffusion of reactants into and products
out of the pores of the catalyst [23,28]. Additionally, a lower flowrate increases the residence time of the
naphthalene as well as the contact time between the reactants and the catalyst, thereby increasing the
extent of hydrogenation. The contact time of the reactants with the catalyst is quite low at 3 mL/min
coupled with a noticeable effect of mass transfer; hence, a lowered extent of hydrogenation is obtained.
However, beyond 200 min, the extent of naphthalene hydrogenation is almost constant. On average,
the extent of naphthalene hydrogenation is 0.273 (1 mL/min), 0.258 (2 mL/min), and 0.207 (3 mL/min).
However, the slight difference indicates the variation in hydrogenation due to external mass transfer
limitation from the surrounding fluid to the catalyst outer surface.
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2.5. Effect of Heating Method

Inductive heating (IH) offers thermal advantage over conventional heating (CH), for 70% v/v
(catalyst/steel balls), the steel balls rapidly heat the bed of the catalyst to 300 ◦C within 15 min, while
conventional heating with a furnace took about 72 min to achieve the same temperature. This is
because of the larger surface area, minimal heat losses, and lower thermal resistance offered by the steel
balls’ inductively heated bed of the catalyst. The measured temperatures of the catalytic bed during
naphthalene hydrogenation and tetralin dehydrogenation under IH and CH are shown in Figure 6.
While naphthalene hydrogenation is exothermic, the reverse tetralin dehydrogenation is endothermic.
Therefore, as the hydrogenation proceeds, heat is released and the catalytic bed temperature rises
occasionally, which can be observed in Figure 6. The mean temperature of the catalytic bed during
the reaction is 299.7 ◦C (naphthalene hydrogenation, IH), 297.6 ◦C (naphthalene hydrogenation, CH)
and tetralin dehydrogenation 299.2 ◦C (IH) relative to the 300 ◦C reaction temperature. This suggests
that the surface of the catalyst is hotter when heated inductively with steel balls than with furnace.
Unlike the conventional system, the steel balls inductive heated-catalytic bed rapidly responded to
changes in process conditions as shown in Figure 6. Therefore, the inductive heated-catalytic bed
sustained the bed temperature approximately at the reaction temperature or slightly closer than the
CH counterpart. Hence, the temperature gradient between the catalyst and surrounding fluid in the
CH system is higher than the IH.
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balls 70% (v/v) using NiMo catalyst.

Figure 7 shows the naphthalene hydrogenation (exothermic) and tetralin dehydrogenation
(endothermic) with IH and CH at temperature 300 ◦C, LHSV 0.75 h−1, pressure 18 bar, and catalyst/steel
balls 70% (v/v) using NiMo catalyst. It can be observed that while CH favors naphthalene hydrogenation,
IH was highly favorable to tetralin dehydrogenation. For the IH reactor, the steel balls enhanced
the heat transfer between the fluid and the intimately contacted catalyst pellets compared with
the CH method. The latter uses an external furnace to transfer heat through the reactor wall, and
subsequently to the surrounding fluid and the catalyst, which is quite slow, as reflected in the catalyst
bed temperature during reaction (Figure 6b). Therefore, since under IH, the catalyst surface is hotter, it
promoted the endothermic dehydrogenation reaction, while the large temperature gradient in the CH
absorbed the heat of reaction from naphthalene hydrogenation, which shifted the equilibrium and
improved the extent of hydrogenation (Figure 6). Hence, at the reaction zone, the heat transfer rate and
temperature gradients are different, influencing the extent of conversion. Moreover, the IH reactor
could rapidly respond to changes in condition as shown in the superfluous periodic temperature rise
in the catalytic bed (Figure 6), due to the heat of reaction released as the hydrogenation of naphthalene
proceeds, forcing the conversion of naphthalene to approach equilibrium faster than with CH. Hence,
naphthalene hydrogenation and tetralin dehydrogenation are influenced by the way in which heat is
supplied to the catalytic bed.
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2.6. Gaseous Products

The saturation of the aromatic rings enhances ring opening and hydrocracking in which the C–C
bond cleavage is promoted by the catalyst support [25,29]. Table 2 shows the composition of the gas
stream for the hydrogenation of naphthalene and the dehydrogenation of tetralin at 300 ◦C using the
NiMo/Al2O3 catalyst. The gaseous product from hydrogenation has no olefinic gases, which signify
the dominance of hydrogenation and hydrocracking reactions. However, without hydrogen, aliphatic
and naphthenic hydrocarbons experience dehydrogenation to olefins and aromatic compounds.
In the upgrading of heavy oil, these reactions convert saturated compounds to unsaturated, and the
cleavage of the C–H bond yields hydrogen and hydrocarbon radicals that could be detrimental to
catalyst performance when the hydrocarbon radicals undergo addition reactions into bigger molecular
weight hydrocarbons.

Table 2. Gaseous products from naphthalene hydrogenation and tetralin dehydrogenation at
temperature 300 ◦C, LHSV 0.75 h−1, pressure 18 bar, and catalyst/steel balls 70% (v/v) using NiMo catalyst.

Gas Dehydrogenation (%) Hydrogenation (%)

Methane 0.1986 0.3944
Ethane 0.1405 0.2224
Ethene 0.0074 -

Propane 0.0692 0.1971
Propene 0.0238 -

Iso-butane 0.0039 0.0087
n-butane 0.0315 0.1530

trans-2-butene - -
1-butene 0.0100 -

Cis-2-butene 0.0039 -
Isopentane 0.0057 0.0020
n-pentane - 0.0121
Hydrogen 20.2000 -

The olefins are very reactive and easily polymerize and condense into larger molecular weight
hydrocarbons, and as a consequence of hydrogen abstraction, result in coke formation. It is important
to note that about 20% hydrogen gas was liberated from tetralin due to dehydrogenation. This affirms
the use of tetralin as a hydrogen-donor solvent in the catalytic upgrading of heavy oil.

2.7. Coke Formation

Figure 8 shows the spent catalyst weight loss and its differentials for NiMo and CoMo, the nitrogen
sorption characteristics and pore distribution of NiMo after reactions at a temperature of 300 ◦C under
an inductive heated catalytic bed. Table 3 displays the summary of the NiMo catalyst surface area
and pore volume before and after 6 h reactions. The weight loss from 25 to 260 ◦C can be attributed
to the removal of residual naphthalene/tetralin and n-hexadecane solvent on the spent catalyst, and
beyond that, the weight loss can be regarded as the deposited coke burn-off in Figure 8a [23]. It can be
seen that the extent of catalyst pore plugging was highest with tetralin dehydrogenation, followed
by naphthalene hydrogenation, and the least is tetralin hydrogenation (Figure 8b,c). The narrower
pores experienced severe pore plugging to a greater extent than the pores with sizes greater than 5 nm
(Figure 8c). Since the shape of the hysteresis loops is unchanged (Figure 8b), it suggests that the pores
become progressively narrower during the reaction as coke formation increases.
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dehydrogenation (a) TGA weight loss and its differential and (b) nitrogen adsorption–desorption
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catalyst/steel balls 70% (v/v) using NiMo catalyst.

Table 3. Summary of NiMo/Al2O3 surface area and pore volume before and after reaction.

Catalyst Surface Area(m2/g) Pore Volume (cm3/g)

Fresh NiMo 210.4 0.62
NiMo + Naphthalene + H2 56.2 0.13

NiMo + Tetralin + H2 71.6 0.22
NiMo + Tetralin + N2 23.8 0.06

It can be observed in Figure 8c and Table 3 that a significant loss of surface area and pore volume
occur in the spent catalysts with tetralin dehydrogenation showing the highest loss relative to the fresh
NiMo/Al2O3 catalyst. The coke produced in naphthalene hydrogenation was 3.3% (NiMo) against 3.9%
(CoMo). The slightly lower coke formation observed with NiMo catalyst over CoMo is due to the superior
hydrogenation activity exhibited by the Ni promoter over the Co counterpart (Figure 2a). Consequently,
the hydrogenation of naphthalene with NiMo catalyst produced more coke than tetralin hydrogenation
(2.8%). This can be attributed to the double ring over single ring in addition to naphthalene being
more strongly absorbed than tetralin onto the catalyst surface during hydrogenation [25]. On the other
hand, the dehydrogenation of tetralin produced about 19.4% coke, which is far higher than tetralin
and naphthalene hydrogenation. In other words, dehydrogenation results in more coke formation
compared to hydrogenation. Hence, hydrogen plays the role of saturating olefins and aromatics, which
readily polymerizes and condenses into coke through hydrogen abstraction.

The coke formation for the hydrogenation of naphthalene under IH and CH at 300 ◦C is shown in
Figure 9. The recovered catalyst coke content after 6 h time-on-stream experiments is 4.02% (CH) and
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3.36% (IH). The coke formed when the reaction was carried out with an inductive heated (IH) catalytic
bed is slightly lower than with CH in spite the hydrogenation of naphthalene being slightly improved
with CH compared with IH (Figure 7a).
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This is because the intimate contact between the steel balls and catalyst induces rapid heat transfer
in the IH reactor, which enhances the desorption of strongly absorbed residual naphthalene and its
products tetralin and decalins from the surface of the catalyst, unlike the slow heat transfer experienced
with the CH system. The magnetic field creates non-thermal effects such as the polarization of the
reactant molecules and enhanced transport of species in the reaction medium. It has been reported
that this non-thermal effect increases the reaction rate, due to the decrease in reaction time [30]. This is
because the interaction of the magnetic field with the catalyst surface can modify its properties, thereby
influencing the adsorption and desorption energy of the molecules onto the catalyst surface [30,31].
This non-thermal effect of the IH catalytic bed could have contributed to decreasing the coke formation.

2.8. The Roles of Hydrogen in Catalytic Upgrading of Heavy Oil

The roles of catalyst and hydrogen in the direct catalytic upgrading of heavy oils involves complex
reactions such as the thermal cracking of C–C, C–H, and C-heteroatom bonds, hydrocracking, and
the hydrogenation of poly-aromatic components. Hence, it is essential to evaluate qualitatively and
quantitatively the roles of hydrogen using model compounds that mimic the polycyclic aromatic
compounds found in heavy oil.

In Table 2, under nitrogen environment, olefins were observed in the gaseous product of tetralin
dehydrogenation. Although tetralin is used as hydrogen-donor solvent in heavy oil upgrading, without
hydrogen gas, the naphthenic and aliphatic components of heavy oil readily experience hydrogen
abstraction to produce olefins and condensed aromatic species. Whilst the olefins are very reactive and
easily polymerize into larger molecular weight hydrocarbons, the aromatic species strongly absorbed
on the catalyst surface, resulting in higher coke formation. The formation of a higher percentage of
coke in tetralin dehydrogenation can be attributed to the formation of strongly absorbed naphthalene.
Aromatics adsorb on the catalyst active sites and react with hydrogen. Kirumakki et al. [25] found that
naphthalene adsorbed more than twice as strongly as tetralin on the surface of NiO/SiO2–Al2O3 catalyst
with the ratio of the adsorptive constants naphthalene-to-tetralin 2.18 at 200 ◦C. Hence, one of the roles of
hydrogen in the catalytic upgrading of heavy oil is to saturate reactive olefins and hydrogenate aromatic
species. This can be seen in the aliphatic gases produced from naphthalene hydrogenation while
yielding partially hydrogenated compound tetralin and subsequently fully hydrogenated compound
decalin. Second, hydrogen enhances the desorption of cracked and hydrogenated products from the
surface of the catalyst, which can be observed from naphthalene and tetralin hydrogenations to tetralin



Catalysts 2020, 10, 497 13 of 18

and decalin. The hydrogenation of tetralin yields lower coke than naphthalene hydrogenation, while
the dehydrogenation of tetralin to naphthalene produced the highest coke. Therefore, the formation
of aliphatic and naphthenic hydrocarbons in the presence of hydrogen gas could improve the fuel
distillate fractions such as naphtha and diesel in the upgraded oil (Table 2 and Figure 2). The gases
observed in Table 2 are reflections of the reactions in the liquid phase and are products of naphthalene
rings saturation, ring opening, and hydrocracking promoted by the catalyst in the pressure of hydrogen
gas. This suggests that the addition of hydrogen will promote the removal of associated heteroatoms
such as sulfur and nitrogen within the polyaromatic structures.

Heavy oil is known to be deficient in hydrogen. Therefore, the liberation of hydrogen gas and
hydrogen-rich gases (i.e., methane and ethane) during the upgrading is detrimental to the quality
of the upgraded oil as well as the catalyst due to coking [13,32]. This can be confirmed also from
tetralin reaction under nitrogen atmosphere, in which it can be observed that a substantial amount of
hydrogen gas is produced while more condensed arenes (i.e., naphthalene) which adhered strongly to
the catalyst surface formed, resulting in high coke formation and high catalyst pore plugging (Figure 8).
The catalytic upgrading of heavy oils is commonly performed at high temperatures 350–425 ◦C. At these
temperatures, thermal decomposition produces free radicals from the cleavage of C–H, C–C, and
C–heteroatom bonds. Without hydrogen gas, these free radicals polymerize and condense into bigger
molecules, which adsorb strongly on the surface of the catalyst, and with subsequent addition reactions,
they plug the catalyst pores and channels, resulting in high coke formation (see Figure 8 and Table 3).
It is clear that the hydrogenation of naphthalene causes the NiMo/Al2O3 catalyst to lose more surface
area and pore volume compared to tetralin hydrogenation. On the other hand, tetralin dehydrogenation
causes more catalyst pore plugging than the hydrogenation of tetralin and naphthalene. Therefore,
hydrogen gas addition will promote the desorption of hydrogenated radicals from the catalyst surface
while halting free radical’s addition reactions to improve fuel distillate fractions, hence reducing pore
plugging and suppressing coke formation [10]. Since the catalyst surface is hotter with steel balls
inductive heated catalyst bed than conventional heated via furnace (Figure 6), it suggests that under
hydrogen-rich environment, the desorption of hydrogenated molecule would be enhanced as well [20].

3. Materials and Methods

3.1. Materials

Quadra-lobe shaped extrudates NiMo/Al2O3 and CoMo/Al2O3 catalysts (AkzoNobel, Amsterdam,
Netherlands) with diameters of 1.4 mm × 1.21 mm and lengths of 5 ± 2.1 mm were used. Steel balls of
3 mm diameter were used as susceptors to volumetrically heat the mixed catalyst bed via induction.
The feedstock was naphthalene (99+%, Alfa Aesar, Heysham, UK) and tetralin (99%, Sigma-Aldrich,
Gillingham, UK) dissolved in n-hexadecane (99%, Alfa Aesar, Heysham, UK) solvent and gas (nitrogen,
N2 and hydrogen, H2); cylinder gases were supplied by the British Oxygen Company (BOC) group,
Birmingham, UK.

3.2. Lab-Scale Inductive Heated Catalytic Reactor

The schematic diagram of the lab-scale inductive heated catalytic reactor is shown in Figure 10.
The reactor design consists of an induction coil wrapped around a quartz glass tube [440 mm × 20 mm
(inner diameter, i.d) × 40 mm (outer diameter, o.d), and rated 20 bar] as shown in Figure 10b.
Before the use of inductive heating, an ohmic system was applied; instead of heating, electrical arcing
was observed. Therefore, it was discontinued. The apparatus was commissioned at the School of
Chemical Engineering, University of Birmingham, UK. The inductive unit was built by Inductelec
Ltd., Chesterfield UK, and the reactor unit was built by C-Tech Innovation, Chester UK. Since the
glass is non-conductive, the heat generated inside the mixed catalytic bed (Figure 10c) is due to the
conducting steel balls (3 mm). The height of catalytic bed is the same as the length of the induction coil
wrapped around the quartz tube (Figure 10b), which is 230 mm. The susceptor steel balls converted
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the electromagnetic energy (i.e., eddy current and magnetic field) into heat and volumetrically heat the
catalytic bed. To avoid over heating during the reaction, cooling water is continually passed through
the induction coil, while the reactor housing is saturated with the passage of nitrogen gas. The top
and bottom of the catalytic bed were packed with 5 mm glass beads to enhance fluid distribution
and improve wetting and radial contact. The catalytic bed voidage is 0.38, the volumetric flux of the
hydrogen/nitrogen gas (10.53 cm/s) and that of the liquid (0.053–0.16 cm/s) depending on the feed
rate from 1 to 3 mL/min. Since the gas flux is much higher than that of the liquid, a spray flow is
experienced based on a Baker flow regimes diagram [33]. The inductive heater was operated at a
frequency of 41 kHz, the magnetic field and the eddy current generate heat within the catalytic bed
from I2R losses through the resistivity of the steel balls. The steel balls are rapidly heated, and the
generated heat is transferred to the intimately contacted catalyst pellets. The catalyst bed height is
the same as the induction coil loop length, which is 230 mm. The temperature of the catalyst bed
was monitored with a thermocouple (type K) installed from the reactor bottom to the center of the
bed. The reactor is operated in a downward flow mode to simulate the gravity drainage of the mobile
oil zone of the THAI process. The feeds were preheated to 190 ◦C with the aid of the trace heater cable
wrapped around the delivery line.
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reactor and (c) mixed bed (catalyst and steel balls).

A hydrogen flow of 200 mL/min was used, and the catalyst was reduced under hydrogen
atmosphere for 30 min at 250 ◦C at 5 bar, which converts the respective metal oxides of Mo,
Ni, and Co into their active metal phase. The experiment was initiated by starting the HPLC
(high-performance liquid chromatography) pump once the desired reaction temperatures and hydrogen
pressure had been achieved. The pressure inside the reactor tube was regulated by a back-pressure
regulator, while cooling water is continually passed through the induction coil to prevent overheating.
A control experiment was carried out for conventional heating (i.e., heat supplied externally using
furnace) with the same experimental setup, which has been reported in the literature [6]. After the
hydrogenation/dehydrogenation reactions, the product stream passes through the back-pressure regulator
into the gas–liquid separator, where the gas flashed off from the liquid product. The liquid products
are collected every 30 min, and the gas was vented or sent to the Refinery Gas Analyzer (RGA) for
compositional determination by gas chromatography. The experimental conditions are temperatures
210–380 ◦C, flowrate 1–3 mL/min (LHSV 0.75–2.25 h−1), catalyst/steel balls ratio 70% (v/v), gas pressure
18 bar, and gas (H2 or N2) flowrate 200 mL/min. It is important to note that at a catalyst/steel ball ratio of
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70% (v/v), it was found that the effect of the electromagnetic field upon the measured temperature by
the thermocouple (1 mm) is significantly diminished due to shielding by the non-conducting catalyst
surrounding it as well as the thickness of the quartz glass tube (20 mm i.d, 40 mm o.d). This optimization
of CTSBR was carried out to minimize the effect of the magnetic field on the thermocouple, because it is
technically challenging to incorporate an infrared radiation thermometer to measure the temperature
of the catalytic bed in the inductive heated reactor. Hence, the temperature measured by the installed
thermocouple is also validated with another thermocouple inserted into the catalytic bed once the
induction heating achieves the desired temperature and is turned off, removing the interfering influence
of the magnetic field. It was discovered that the two measurements by the installed and inserted
thermocouples once the induction was turned off is approximately the same; the procedure details have
been reported elsewhere [28]. The temperature difference observed between the thermocouple inserted
from the top of the bed and that measured by the installed thermocouple from the bottom to the center of
the bed is approximately 1 ◦C. This suggests that a uniform temperature is established inside the catalyst
bed heated with steel balls via induction. On the other hand, the conventional heating experiment via
an electrical furnace was carried with an identical set-up, except the reactor tube is stainless steel with
20 mm inner diameter (i.d).

3.3. Analytical Methods

The catalyst surface area was determined by the nitrogen adsorption technique using a
Micrometritics Analytical Instrument ASAP® 2010 (Micromeritics Instrument Corporation, Norcross,
GA, USA), with analysis via the Brunauer–Emmett–Teller (BET) model according to ASTM C1274,
and the pore size and volume were determined by Barrett–Joyner–Halenda (BJH) model. The X-ray
diffraction (XRD) data of the catalyst were collected with Cu Kα radiation from 10 to 80◦ 2θ and a step
width size of 0.025◦ using a Bruker AXS GmbH (D8 Advanced XRD, Karlsruhe, Germany).

The liquid product from the reactions was analyzed using a gas chromatograph (GC) Agilent
Technologies 6890N Network GC System (Agilent Technologies, Santa Clara, CA, USA) integrated with a
HP-5 (30 m× 0.320 mm× 0.25µm) capillary column. The GC oven temperature was set at 120 ◦C for 3 min
and then ramped to 200 ◦C at 10 ◦C/min and held at 200 ◦C for 4 min. Gas flows: hydrogen (40 mL/min),
air (450 mL/min), and helium (38 mL/min). The used catalyst after the hydrogenation reaction was
subjected to thermogravimetric analysis (TGA) (TG 209 F1 Iris® instrument, NETZSCH-Geratebau
GmbH, Selb, Germany) to estimate deposited coke. The produced gas from the reactions was analyzed
using Agilent 7890A RGA, with details reported in Hart et al. [6].

4. Conclusions

Condensed arenes extensively exist in heavy oil and are a complex class of hydrocarbons with
many fused benzene rings. They confer poor quality on the oil such as low API gravity and high
viscosity, and their environmental impact is reflected in downstream products such as diesel fuel.
In this study, naphthalene and tetralin hydrogenation and dehydrogenation as model compounds
that mimic polycyclic aromatic compounds found in heavy oil were studied using NiMo/Al2O3 and
CoMo/Al2O3 catalysts heated with steel balls inductively. The effect of temperature and flowrate were
studied the range of 210–380 ◦C and 1–3 mL/min at pressure 18 bar, catalyst/steel balls 70 (v/v), and gas
(H2 or N2) 200 mL/min.

1. It was found that the Ni metal promoter enhanced the hydrogenating activity of Mo supported
on an alumina catalyst more than Co. Hence, a lower coke deposit was observed with the
NiMo/Al2O3 catalyst than with the CoMo/Al2O3 counterpart.

2. The effect of reaction temperature showed that naphthalene hydrogenation increased as the
temperature increased from 210 to 300 ◦C and decreased when the temperature was further
increased to 380 ◦C. On the other hand, as the flowrate increased from 1 to 3 mL/min,
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naphthalene hydrogenation decreased with 1 and 2 mL/min, giving approximately the same
extent of hydrogenation.

3. The kinetic data from the fixed-bed inductive heated catalytic with steel balls were evaluated
with a first-order reaction rate on the assumption of plug flow. The experimental data were fitted
99% by the first-order rate equation, and 16.3 kJ/mol apparent activation energy was obtained
for naphthalene hydrogenation using NiMo/Al2O3, a temperature range of 210–300 ◦C, pressure
18 bar, flowrate 1 mL/min, and catalyst/steel balls 70% v/v.

4. With nitrogen gas environment, the naphthenic and aliphatic hydrocarbons lose hydrogen to
form olefins and aromatic compounds. As a consequence, higher coking was observed in tetralin
dehydrogenation under nitrogen atmosphere than tetralin and naphthalene hydrogenation using
a NiMo/Al2O3 catalyst.

5. A smaller temperature gradient was found when the NiMo/Al2O3 catalyst was heated with steel
balls (catalyst/steel balls, 70% v/v) through induction compared to conventional heating via a
furnace. Hence, it was thermodynamically favorable to endothermic tetralin dehydrogenation
than exothermic tetralin and naphthalene hydrogenation reaction.

6. Lower coke formation was observed in the NiMo/Al2O3 catalyst heated inductively with steel
balls than conventional heating for naphthalene hydrogenation. This is because the smaller
temperature gradient between the catalyst and surrounding fluid, as well as the non-thermal
effect of magnetic field, enhanced the desorption and transport properties of the naphthalene and
its hydrogenated products (i.e., tetralin and decalins) when heated inductively.

7. The rate of naphthalene hydrogenation is higher than that of tetralin. However, the dehydrogenation
of tetralin caused more coking and catalyst pore plugging than the hydrogenation of tetralin and
naphthalene. This is because of the deposition of strongly adsorbed condense arenes naphthalene
and other polymerization reactions due to the presence of olefins and aromatic compounds.

Conclusively, the integration of induction heating to the CAPRI zone of the THAI process will
be beneficial to heavy oil upgrading, since most of the cracking reactions are endothermic and
would enhance hydrogen gas liberation to promote in situ hydroconversion when combined with a
hydrogen-donor solvent such as tetralin or decalin.
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