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Abstract—The mineral base oil contains paraffins, naphthenes and aromatic hydrocarbons (AH) with carbon chains
ranging from C,, to Cq. The presence of AH in base oil affects the performance of the product in many industrially
oriented applications. The base oil considered in this work had AH around 14% w/w that needed to be reduced below
5% w/w for some applications and ideally 0% w/w. This paper demonstrates the practical approach for hydrogenation
of complex mineral base oil for reducing AH. The mineral base oil rich in C,, was taken as the representative compo-
nent. The hydrogen solubility in the oil was estimated using NRTL model. The semi-batch hydrogenation experiments
were performed at different conditions and conversion of AH as high as 79% (i.e. 3% w/w) could be achieved. A sec-
ond-order pseudo-homogeneous reaction kinetic model was proposed and validated. The conditions for reaction
kinetics were optimized to achieve desirable conversion using Aspen Plus. To develop a continuous process for hydro-
genation of AH, experiments were performed in a lab scale fixed bed reactor and the applicability of the kinetic model
was validated. The kinetics was observed to be free of internal and external mass transfer limitations under lab scale
conditions.

Keywords: Hydrogen Solubility, Kinetic Analysis, Semi-Batch Optimisation, Lab Scale Continuous FBR, Validation of

Kinetic Model

INTRODUCTION

Mineral base oils are refined petroleum-based heavy hydrocar-
bons containing a complex mixture of paraffins, naphthenes, and
aromatic hydrocarbons (AH). The mineral base oil has typical car-
bon distribution ranges between C,, to Cy, with a boiling range of
250°C to 650 °C [1-3]. They have a wide variety of applications,
such as medicinal grade technical white oil, metal cutting or grind-
ing fluid, hydraulic fluid, lubricating oil, circulating oil, coolant or
thermic fluid in equipment like transformers [1,2,4]. Mineral base
oils are widely used in transformers because of having very low elec-
trical conductivity and are effective as coolants where it is called
transformer oil. In these applications, mineral base oils are used with
some additives and they are chemically treated to improve the appli-
cation-specific properties. The desirable properties in the transformer
oil are higher oxidation, UV, chemical and thermal stability along
with improving dielectric constant by reducing the aromatic con-
tent [5]. The work presented in this paper primarily focuses on the
chemical treatment of speciality mineral base oil for making it suit-
able as circulating oil and transformer oil.

The base oil is classified into five broad categories as per the
API 1509, Appendix-E [6]. To meet the statutory requirements of
API 1509 and market demand, the traditional base oil handling
industries treat the aromatic rich oils with hot oleum to remove the
undesirable unsaturates. Moreover, the oleum treatment process
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results in hazardous waste generation, and disposal of process waste
is also an issue from the point of environmental regulations. There-
fore, the European Union has issued strict guidelines for a labelled
warning on all the derived products of mineral base oil treated by
oleum [7]. Such stringent practices have discouraged the hot oleum
treatment by exploring alternative routes like adsorption over acid
clays or polymeric resins [8,9] or mild hydrogenation using alumina-
based nickel (Ni) catalyst [10,11].

To address this, a mild hydrogenation using Ni catalyst to con-
vert the aromatics to polycyclic paraffins (naphthenes) was taken
up in this work. The untreated mineral base oil was selected for
having potential application as circulating oil, and transformer oil
has aromatic content in the range of 14% (+0.2%) on w/w basis,
which is required to be below 5% w/w and ideally 0%.

The overall objective of the work was to develop a process for
continuous hydrogenation of specialty mineral base oil to reduce
AH below 5% w/w and ideally 0%. To achieve this, work was divided
into the following four major steps. The first step is to decide a feasi-
ble region for experimentation by estimating the solubility of hydro-
gen in selected base oil having aromatic content of 14% on w/w.
The second step is to develop a reaction kinetic model based on
the data obtained from the semi-batch experiments conducted during
this study and optimization of the operating conditions to maxi-
mize the conversion. The third step is to perform continuous experi-
ments at lab scale and check the applicability of the developed kinetic
model. The last step is to perform pilot-scale continuous experi-
ments to develop an industrial-scale reactor and perform a detailed
safety evaluation of the process.

Out of the four steps mentioned above, the first three steps, i.e.,
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feasible region for experimentation based on solubility, developing
a working reaction kinetic model along with optimization of the
operating conditions and validation of developed kinetic model on
the lab-scale Fixed Bed Reactor (FBR) are of prime interest and
discussed in this paper. A detailed study for development of con-
tinuous reactor and process is not in the scope of this paper.

The major constraints involved in this study are as follows: (1)
Variable feed - the speciality base oil feed is industrial grade and its
composition is variable; (2) Limited information - as the exact com-
position of the feed is not available except for the carbon distribu-
tion and overall mass composition of aromatics, naphthenes and
paraffins; (3) Less concentration gradient - since the aromatics in
the feed are around 14% (+0.2%) on w/w and required to be less
than 5% on w/w basis, the overall reaction may be slow; (4) Physi-
cal constraint - the physical constraint of the experimental setup at
lab scale, which may not allow to operate beyond the temperature
250°C and pressure 80 bar in semi-batch mode and 500 °C and
40 bar in continuous mode; (5) Lack of literature - limited infor-
mation is available on such speciality base oil and the issues asso-
ciated with it in the open text except for few relevant patents on
the similar grade of products [12-20]. The three steps (out of the
four planned steps) were executed and demonstrated in this paper
by duly considering the constraints involved in the study.

This paper is structured as follows. The characteristics of cata-
lyst and feed, details of the experimental setup and analysis of prod-
uct are mentioned in section 2. Section 3 elaborates the kinetic
experiments in the feasible region, intra-particle diffusion limita-
tions using Weisz-Prater Criterion (Cy;) and subsequent kinetic
modelling. The parameter sensitivity analysis using Pearson prod-
uct moment correlation coefficient (PPMCC) and kinetic optimi-
zation of operating conditions are discussed in section 4. Section 5
validates the applicability of the developed kinetic model on lab-
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Table 1. Alumina-based Ni catalyst properties
Catalyst properties Values
Ni (% w/w) 21
Nominal size (mm) 1.2
BET surface area (m’/g) 112
Mean pore volume (cm’/g) 0.43
Mean pore diameter (nm) 45
Bulk density (kg/m’) 770
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Fig. 1. XRD spectra of Ni catalyst.

scale continuous FBR. The significant findings and conclusions are
discussed in section 6.

EXPERIMENTAL SECTION

1. Physico-chemical Properties of Catalyst

The commercial Ni catalyst in the form of trilobe shaped 1.2
mm extrudates containing 21% Ni (w/w) as nickel oxide supported
on porous alumina was used to study the kinetics of hydrogena-
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Fig. 2. FTIR spectra of Ni catalyst (a) activated Ni catalyst (b) used Ni catalyst (c) fresh Ni catalyst.
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tion of complex mineral base oil. Further information of the Ni
catalyst is reported in Table 1.

The physico-chemical properties of the Ni catalyst were ana-
lyzed using X-Ray diffraction (XRD) and Fourier transform infra-
red (FTIR) techniques. The 26 peak observed in Fig. 1 at 37.00°
and 45.35° confirms the presence of NiALO, [21,22]. The 26 value
of 44.7°, 62.52° and 76.5° identifies the NiO [23-27]. The 26 value
at 32.95° suggests the possibility Ni,Os, whereas the 26 value at
52.02° suggests the presence of Ni [28,29]. The 20 values of 35.5°
45.3% 52.03° and 65.3° indicate the »-ALO, [25,26,30].

The FTIR spectra of activated Ni catalyst, used Ni catalyst and
fresh Ni catalyst are reported in Fig. 2(a)-(c), respectively. The NiO
stretching is observed in all three Ni catalyst spectra between 850-
400 cm™. Similar NiO stretching was observed by Sharma et al. [28].
The Al-O and Al-OH stretching is observed in all three Ni cata-
lyst spectra in range of 1,600-1,300 cm™', which is also reported by
Khodadadi et al. [26]. The CH and CH, stretching is observed in
range of 3,000-2,800 cm™" in both the activated Ni catalyst (Fig. 2(a))
and the used Ni catalyst (Fig. 2(b)). Such stretching is not observed
in the fresh Ni catalyst (Fig. 2(c)). The bond stretching similar to
Fig. 2(a)-(b) is reported by Kumar et al. for lubricating oil [31].
The O-H stretching is observed by Kremer et al. [32] in range of
3,600-3,300 cm ™', which is also clearly visible in Fig. 2(a)-(c).

2. Chemicals

The mineral base oil used as the feed was industrial grade and
it was provided by APAR Industries Limited, Mumbai. The over-
all composition of feed was observed to be 14% aromatics, 38.5%
naphthenes and 47.5% paraffins by weight all ranging from C,, to
Cg- The boiling point mass distribution as per ASTM D6352 [33]
suggests that major carbon distribution in the feed is between C,,
to C,, in which C,, has major fraction as shown in Fig. 3. The C
contains naphthenes, paraffins and AH. The C,y AH has 26 differ-
ent variants as reported in NIST data base [34]. Perylene is ob-
tained to be maximum amongst all C,y AH in the petroleum iso-
lates as reported by National Research Council (US) Committee
on Perylene and analogues [35]. Hence, in this study we have con-
sidered C,, AH (Perylene) as the representative component for the
AH hydrogenation. The average properties of the mineral base oil
feed from four different batches are given in Table 2.

In addition to mineral base oil feed, other chemicals used in the
experimentations were an inert oil, nitrogen and hydrogen gas. The
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Fig. 3. %Mass distribution of carbon in mineral base oil.
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Table 2. Average property and composition of the base oil feed

Average oil property (4 different batches) Value
Initial Boiling Point (IBP), °C 200
End Boiling Point (EBP), °C 400
Specific Gravity, s, 0.866
Viscosity Index (VI) 71
Pour Point, °C -21
Aniline Point, °C 78
Flash Point (FP using close cup method), °C 145
Aromatics (% w/w) 14
Naphthenes (% w/w) 38.5
Paraffins (% w/w) 47.5

aromatics free inert oil was used to activate the Ni catalyst by remov-
ing the oxides from the catalyst surface. The inert oil was API group-
IT and it was completely saturated and sulfur-free to avoid any cat-
alyst poisoning. The viscosity index of inert oil was 103 with a spe-
cific gravity of 0.87 and a close cup flash point of 256 °C. The ultra-
pure grade nitrogen gas was used for the purging purpose and to
identify the potential leakages in the system. The high purity hydro-
gen gas was used for the activation of the Ni catalyst and for the
hydrogenation of mineral base ol feed.

3. Experimental Setup and Procedure

The kinetic experiments were carried out in an autoclave under
semi-batch mode by continuously passing hydrogen through the
liquid pool of base oil. The autoclave was made of SS-316 grade
having a volume of 750 mL with provision for adjustable stirring
in the range of 100 to 1,500 rpm (+2 rpm). The autoclave was de-
signed to run at a maximum temperature of 250 °C (+1°C) and a
pressure of 80 bar (+0.1 bar).

Before the experiments were performed, the autoclave was purged
for 2-3 hours by passing the nitrogen at 130 °C and 5 bar pressure
to ensure the oxygen-free and moisture-free condition. The com-
mercial Ni catalyst requires activation before use, which was achieved
by reducing the catalyst using the aromatic free inert oil and hy-
drogen gas at 130 °C and 7 bar pressure for minimum of 5 hours.
The Ni catalyst was filtered after its activation and used for hydro-
genation. The kinetic experiments were performed using 450 gm
of feed having AH of around 14% (+0.2%) w/w. The rotor speed
in the autoclave was fixed to 500 rpm for kinetic study, except for
the validation runs to check the effect of RPM on external mass
transfer limitations.

4. Analytical Methods

The primary focus of the study was to bring the overall AH
content of the feed below 5% w/w from the initial concentration
of 14% w/w. The AH content along with paraffins and naphthe-
nes was measured throughout the study using FTIR analysis as
per BIS 13155 [36]. The FTIR spectra were recorded using a Per-
kin-Elmer spectrometer equipped with XT-KBr beam splitter and
utilizing a DTGS TEC detector in the region of 4,000-400 cm™"
with 4cm™ spectral resolution and 36 kHz scanning speed. The
aromatics, paraffins and naphthenes content in the mineral base
oil was calculated from the FTIR analysis as per BIS 13155 using
the following, Egs. (1) to (4).
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Fig. 4. FTIR spectra of mineral base oil and inert oil (a) fresh base oil (b) hydro-treated base oil (c) aromatic free inert oil.

Aromatic content (C,) in the range of 1,650-1,550 cm ™.

o)

A=
Cxd

@

C,=12+9.8(A) 2

where, A is the absorbance, C is the concentration factor (taken as
1 for undiluted oils) and d is the path length of cell in mm.
Paraffinic content (C,) in the range of 750-680 cm™".

Cp=29.9+6.6(A) 3

The naphthenic content (Cy) is calculated by subtracting the C,
and C, from 100 as per BIS 13155 standard.

Cy=100-(C,+Cp) @

A typical FTIR spectrum of mineral base oil and aromatic free
inert oil is reported in Fig. 4(a)-(c). The paraffinic content is clearly
visible in all three oil samples in range of 750-680 cm™' [36]. An
intense aromatic peak is observed in fresh mineral base oil, which
is reduced in intensity in hydro-treated oil and absent in the inert
oil in range of 1,650-1,550 cm™' [36]. The C=C stretching (1,500-
1,300 cm™), CH and CH, stretching (3,000-2,800 cm™) and hydro-
carbon peak (2,750-2,650 cm™") are comparable with lubricating
base oil [31].

5. Necessary Safety Precautions

Since hydrogen is colorless and odorless with inherent explo-
sive nature, it demands a certain level of safety precautions while
handling. The hydrogen sensor was adopted while performing the
experiments with a lower detectable set range of 10 ppm and an
alarm set at 50 ppm and above. The Dow Fire and Explosion Index

(F&EI) was calculated to be more than 240, exceeding the reference
value of 159, which suggests that the degree of hazard is under the
severe category [1,37]. More details on Dow F&EI, hazard opera-
bility study; fault tree and Bayesian analysis can be accessed through
our past work [1,38].

RESULTS AND DISCUSSION

1. Feasible Condition for Experimentation

To determine the feasible region for performing experiments in
liquid-phase, an estimation of hydrogen solubility in the base oil
mixture is absolutely necessary. Since the feed base oil is highly
variable in composition with evenly carbon distribution between
C,, to C,, and dominated by Cy, molecule, the following assump-
tions were made. (1) The feed oil having C,,-C,, carbon was rep-
resented as Cy, molecule as the distribution is quite evenly balanced
on either side. (2) In absence of exact information of detailed compo-
sition of feed, an average of four representative batches were taken
with 14% (w/w) of C,0H, (Perylene) as AH, 38.5% (w/w) C,H,,
(tetradecyclohexane) as naphthene and 47.5% (w/w) CyH,, (Eicosane)
as paraffin.

The solubility of hydrogen in the assumed composition was esti-
mated using Soave-Redlich-Kwong (SRK) and non-random two-
liquid (NRTL) model using ASPEN Plus. The SRK model is pre-
ferred while dealing with hydrocarbon systems, and NRTL model
is used when gas is assumed to be completely dissolved as a lig-
uid. The ASPEN results suggested that both the models were esti-
mating almost similar range of values for hydrogen solubility with
a variation of less than 0.1%. The solubility of hydrogen was found
to be increasing with an increase in temperature and pressure,
which was reported and explained by Krichevsky-Ilinskaya and

Korean J. Chem. Eng.(Vol. 40, No. 7)
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0.25 —160°C converted to the nearest chemically stable molecule naphthenes,
< ::33 g whereas the paraffins remain constant throughout the hydrogena-
% —2200C tion study. In the heterogeneous kinetic study; it is always better to
2 ;23 g check the presence of the intra-particle diffusion resistance along
=) 280C with the external mass transfer resistance. This helps to conceptu-
g § 300°C alize the kinetic model with different transport effects and include
g & :;gg g such effects to develop a detailed kinetic model with or without
§D 200°C these limitations [40,41].

Z e The possible external mass transfer limitations can be evalu-
= —2609C ated by varying speed of agitation, whereas the possible limitation

- :;gg g of m‘Fra-partide transport resi'stance in tth heterogeneous ce?tal}‘itic

20 40 60 80 100 reaction may be analyzed using the Weisz-Prater (Cy) criterion
Pressure (bar) [42,43]. The experimental runs 11 to 13 (in Table 3) suggest that

Fig. 5. Estimation of hydrogen solubility in base oil feed using NRTL
model.

vant Hoff expression [39]. Under such conditions the hydrogen
behaves more like liquid and hence NRTL model values were con-
sidered for liquid-phase hydrogenation. The solubility of hydro-
gen in base oil feed using NRTL model is reported in Fig. 5.

Based on the solubility information, the feasible region for the
experimentation was decided in the range of 20 bar to 60 bar pres-
sure and 180°C to 220°C temperature with due consideration
given to the physical limitation of the experimental setup discussed
in section 1.

2. Kinetic Experiments and Analysis

A total of thirteen different experiments were performed, out of
which nine initial experiments were used for kinetic analysis in
which the parameters like temperature, pressure, catalyst concen-
tration and time were varied in the feasible region. The remaining
four experiments were performed post kinetics development, out
of which two were used to validate the kinetic model and two
experiments were used to check the external mass transfer limita-
tions by studying the effect of RPM on conversion. The semi-batch
condition was maintained by continuously supplying hydrogen
under pressure through the 450 gm of liquid pool of feed. The exper-
imental conditions are summarised in Table 3.

The results in Table 3 suggest that the aromatics are directly

Table 3. Experimental conditions and results for kinetic analysis

there is no effect of the agitation on conversion, hence the absence
of external mass transfer resistance in the semi-batch mode. The
intra-particle diffusion limitations are separately evaluated using
Cyyp in next section.
3. Determination of Kinetic Parameters

The reaction scheme for the hydrogenation of heavy base oil is
simplified as Eq. (5).

CyHpp+4H,—>CyHy @)

The hydrogen solubility data using NRTL model suggest that the
hydrogen quantity is comparable with perylene during the liquid
phase hydrogenation under the semi-batch condition. The kinetic
parameters were estimated by minimizing the sum of the square
errors (SSE) between the experimental data points and the kinetic
model using ASPEN Plus.
4. Weisz-Prater Criterion for Intraparticle Diffusion

The C,yp is estimated to predict whether the internal diffusion is
limiting or not in the present case of heterogeneous catalytic reac-
tion. It can be roughly defined as the ratio of reaction rate to the
diffusion rate. The C,,; criterion states that the internal pore diffu-
sion limitations are negligible if the Eq. (6a)-(6¢) condition is satis-
fied [42-44].

2

[_rA]Ob:R
Cyp= DC, <1.0 (62)
D,=[&/7]D (6b)

Kinetic experiments (1 to 9)

Validation runs (10 to 13)

Experimental conditions

1 2 3 4 5 6 7 8 9 10) (11) (12) (@13)
Temperature (T), °C 220 200 200 200 200 200 190 180 180 200 220 220 220
Pressure (P), bar 60 32 30.5 30 27 24 245 305 255 25.5 40 40 40
Catalyst weight (W), gm 5 5 5 6 6 6 5 5 5 5 5 5 5
Time (t), hr 8 13 12 9 12 11 13 12 16 12 8 8 8
Rotor speed (rpm) 500 500 500 500 500 500 500 500 500 500 500 100 800
Results obtained

%Aromatics (w/w) 2.98 477 5.00 6.10 5.60 6.30 5.60 5.75 6.42 6.04 476 476 476
%Naphthenes (w/w) 4950 4773 4751 4640 4689 4620 4692 4674 4608 4646 4773 4772 47.72
%Paraffins (w/w) 4752 4750 4749 4750 4751 4750 4748 4751 4750 4750 4751 4752 47.52
Conversion (X,), fraction ~ 0.79 066 064 056 0.6 0.55 0.6 059  0.54 057 066 066  0.66

July, 2023
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74x10 "T(pM,,)"

AW (6c)

#ins

The C,, in Eq. (6a) is the concentration of aromatic solute (C,H,,)
on the solid catalyst surface. R is the mean radius of the catalyst
particles considered as 6x10™* m in the calculation. The r, is taken
as initial reaction rate for 120 minutes. The D, in Eq. (6b) is the
effective diffusivity of CyH,, in C,sH,,. The Dy is the molecular
diffusivity of C,H,, into C,H,,. Several correlations are available
for the calculation of Dy, and the Wilke-Chang correlation [45] is
used in our calculations. The gand 7 in the same Eq. (6b) are the
catalyst particle porosity taken as 0.43 and catalyst tortuosity fac-
tor taken as 3.56 in the Cyp calculation. The viscosity and other
thermodynamic properties were estimated using ASPEN 10 prop-
erties package.

If Cyp<<1 then no diffusion limitations exist, and if Cyp>>1
then the internal diffusion limits the reaction [42-44]. Satterfield
[46] reported that the diffusion effects will definitely be present if
Cyp21 and can be assumed to be insignificant when the Cy,<0.3.
The Cyp for the present case was calculated to be 0.0315, suggest-
ing that the criterion given by Satterfield is satisfied and hence the
intra-particle diffusion is not a limiting factor in the present case.
5. Kinetic Modelling

The intra-particle transport limitations were neglected based on
Cyyp criterion, and the semi-batch results were fitted into different
known kinetic models. The fitting suggests that the pseudo-homo-
geneous second-order model fits well. A two-parameter pseudo-
homogeneous conversion of C,H,, (X,) based model is given as
Eq. (7a), and it is working well in the present case.

dx
—1y= 2 =k Cag(1=X,)(M-X,) (72)
Cry
M=% (7b)
Cao
k'=kW; (70)
E,
k=kse " (7d)

In Eq. (7a), 1, is the rate of change of perylene, X, is the conver-
sion of perylene, and C,, is initial concentration of perylene. The
Cy, in Eq. (7b) is the initial concentration of hydrogen and ratio of
Cp, to Cy is denoted as M. The k'in Eq. (7c) is the product of rate
constant k and catalyst weight W in grams.

o Nape N M, 1,2 2
min(Z Y2 R0 WindZi(ti) — Zig) ) @®

The two model parameters, namely frequency factor (k;) and acti-
vation energy (E,), in Eq. (7d) are reported in Table 4. The values

Table 4. Kinetic parameters for the pseudo-homogeneous second-

order model
. Values with 95%  Sum of square
Parameter Units ..
confidence limit error
kmy ’h 31.5+0.25
k ol/(m’h) 0.0325
E, kJ/kmol 32,000+500

1
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Fig. 6. Parity plot for X, (simulated) vs. X,, (experimental).

of both parameters were determined by solving a minimization
problem mentioned in Eq. (8). A program in Aspen Plus was used
to obtain the model parameters which is based on the least-squares
method. It was used to minimize the weighted absolute square
error between the observed and the predicted values of the mea-
surements. In Eq. (8), the N, is the total number of experiments,
N,.c0s is the number of measured species conversion, and M; is the
number of measurements of z(j) in i" experiment.

The model parameters reported in Table 4 were used to esti-
mate the conversion (X,) and the parity plot of simulated vs. experi-
mental data is shown in Fig. 6. It shows relatively good agreement
between experimental and predicted results within +15% devia-
tion for such a complex and variable feed.

6. Validation of Kinetic Model

The parity plot presented in Fig. 6 validates the primary assump-
tion that in absence of detailed information, the C,, rich base oil
can be modelled using C,H,, chemical entity while mild hydro-
treating the aromatic content of the selected base oil feed. We car-
ried out two more experiments post-development of kinetics for
the validation of the kinetic model. The typical trend of conver-
sion versus time for predicted and experimental results is plotted
in Fig. 7. The square error for both the validation runs is well within
+5% deviation.
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Fig. 7. Validation of developed kinetic model.
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Henry and Gilbert [47] and later Satterfield [48] demonstrated
that a typical conversion above 80% for hydrogenation of naph-
thenic lube oil can be obtained at elevated conditions. The trend of
Fig. 7 reveals the slow behavior of reaction, and to achieve a con-
version typically higher than 80% requires either more batch time
or elevated temperature and pressure conditions. The slow nature
of hydrogenation of C,, rich mineral base oil is due to the dilute
nature of a solution.

The reason for better fitting of pseudo-homogeneous second-
order kinetic model in the present case is that the specialty base oil
feed exhibits a broad range of reactivity between C,, to C,. When
a large range of compounds are present and react at the rate of its
respective concentration, then the overall order will be greater
than one. Similar observations are reported by Henry and Gilbert
[47], Weekman [49] and Mohanty et al. [50] for the typical petro-
leum fractions.

PARAMETRIC SENSITIVITY ANALYSIS AND
KINETIC OPTIMISATION

1. Parametric Effect and Sensitivity Analysis
The experimental results of runs 1 to 11 mentioned in Table 3
were simulated as a semi-batch model in ASPEN Plus. Runs 12
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Fig. 8. Effect of pressure on conversion (a) 20 bar (b) 100 bar.
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Fig. 9. Effect of temperature on conversion (a) 220 °C (b) 300 °C.
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and 13 were not included in the model development as the RPM
has no significant effect on the conversion. The NRTL model was
selected as a property package to estimate the hydrogen solubility
at given experimental conditions. The kinetic parameters presented
in Table 4 were provided to the semi-batch model. The conver-
sions were estimated for the temperature range 180 °C to 300 °C,
pressure range 20 bar to 100 bar and catalyst loading 5 gm to 40 gm
to analyze the sensitivity of these operating conditions.

The effects of temperature, pressure and catalysts loading on the
conversion are shown as 3D surface plots in Fig. 8 to Fig. 10, respec-
tively. The effect of temperature and pressure is demonstrated by
holding catalyst weight to 5 gm, whereas the effect of catalyst load-
ing is presented by holding temperature at 200 °C. The low pres-
sure of 20 bar obtains relatively lower conversion among all de-
monstrated cases of Fig. 8 to Fig. 10, suggesting the critical role of
pressure. However, it is difficult to obtain the exact order of sensi-
tivity of process variables on conversion using a 3D surface plot.
To understand the order of sensitivity; a parametric sensitivity analy-
sis was performed using PPMCC as discussed by Suryavanshi and
Mobhanty [51].

The PPMCC is a statistical approach to measure the bivariate
correlation between the two sets of data. It is obtained by taking a
ratio between the covariance of two variables and the product of

(b) 100 bar pressure (S gm catalyst)
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Fig. 10. Effect of catalyst loading on conversion (a) 10 gm (b) 30 gm.
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Fig. 11. Sensitivity analysis (a) PPMCC matrix (b) % sensitivity using PPMCC pie chart.
Table 5. Optimized feasible conditions for pilot scale runs
P, bar 100 100 100 100 100 100 100 100 100 100 100 100 100
T,°C 220 230 240 250 260 270 280 290 300 200 200 200 200
W, gm 5 5 5 5 5 5 5 5 5 10 20 30 40
t,hrl
0 0 0 0 0 0 0 0
1 53.0 537 56.4 57.7 58.0
2 544 593 640 686 727 767 799 81.8 86.1 92.5 95.3
3 649 702 750 794 83 8.6 895 917 932 80.0
4 760 808 849 884 913 935 954
5 837 878 910 936 955 969 980
6 890 923 947 964 977
7 927 951 969 980
8 951 969

their standard deviations. The normalized measurement of covari-
ance is obtained in range of —1 to +1. A PPMCC value of 0 indi-
cates non-association between two variables. A value greater than
0 indicates positive association (increase in output with an increase
in input) between variables, whereas a value less than 0 indicates
negative association (decrease in output with an increase in input)
between variables [51].

The results of PPMCC are shown in Fig. 11, consisting of coef-
ficient matrix () and percentage sensitivity analysis using pie chart
as Fig. 11(a) and Fig. 11(b), respectively. All coefficients of matrix

p are positive, indicating a strong positive association between the
variables. The positive values of coefficient matrix p suggest that
all variables are sensitive and playing a significant positive role on
the conversion of aromatics. The exact order of sensitivity based
on Fig. 11(b) can be arranged as (P>t>W>T) on conversion, sug-
gesting that the pressure and time are the most dominating fac-
tors in the hydrogenation of heavy base oils. The dominance of
pressure can be explained on the basis of solubility of hydrogen in
the liquid phase and hence pushing the reaction in forward direc-
tion. The catalyst loading and temperature are having almost simi-

Korean J. Chem. Eng.(Vol. 40, No. 7)
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(a) Surface Plot (100 bar and S gm) (b) Contour Plot (100 bar and § gm)
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Fig. 12. Target of 70% conversion (a) 3D surface plot (b) 2D contour plot.

lar range of sensitivity towards conversion of aromatics as seen in

Fig. 11(b).

Temperature (°C)

Table 6. Experimental conditions and results for continuous FBR

N . Continuous FBR
2. Optimized Con.qltlons - o Experimental conditions experiments (Lab Scale)
The set of conditions was optimized to maximize the conver- ) 5 3
sion, i.e., maximum AH reduced to 5% w/w or lower and ideally
to 0% w/w using Aspen Plus. The pressure was observed to be the Temperature, (°C) 180 200 250
most sensitive and dominating factor, and hence it was used as Pressure, (bar) 20 20 20
fixed variable at 100 bar. The temperature, catalyst weight and time Catalyst loading, (gm/mL) 0.9 0.9 0.9
were varied between 200 °C to 300 °C, 5 gm to 40 gm and 1 hour Base oil feed flow, (mL/min) 0.5 0.5 0.5
to 8 hour respectively as reported in Table 5. Hydrogen flow, (mL/min) 250 250 250
The aromatic content of the specialized base oil is required to Results obtained
be below 5% w/w and ideally 0% w/w (from initial concentration Pyye— ol
of 14%). Preference should be given to process conditions meeting bAromatics (w/w) 8.76 8.67 :
conversion above 70% with lesser time and less catalyst requirement. %Naphthenes (w/w) 4389 4393 4821
The conditions meeting the conversion above 70% are highlighted %Paraffins (w/w) 4735 4740 4758
Conversion (X,), fraction 0.374 0.381 0.699

in Table 5. Further, it is represented using 3D surface plot and 2D
contour plot as shown in Fig. 12. Almost 100% conversion of AH
could be achieved at or above 200°C, 20 gm of catalyst loading
and 5 hours of batch run. This gives a clear idea about conditions
for conducting continuous experiments where the catalyst loading
is much higher.

Based on these results, a pilot scale continuous experiments in a
FBR at proposed condition is desirable. This would give an idea to
develop an industrial scale continuous reactor. However, it is nec-
essary to evaluate the applicability of the developed kinetic model
at lab scale continuous experiments before applying to the pilot
scale. Section 5 discusses the continuous experiments performed
in lab-scale fixed bed reactor, and results were compared with the
developed kinetic model.

CONTINUOUS FBR EXPERIMENTS

To evaluate the applicability of the developed kinetic model to
continuous FBR, three additional runs were performed summa-
rized in Table 6. The schematic of the lab-scale FBR is shown in
Fig. 13. The reactor FH101 was SS 316 made having 15 cm’ vol-
ume. It was used as FBR where the middle section (shown in grey)
was filled with alumina supported Ni catalyst. The inert section of
FHI01 (top and bottom section) was filled with glass beads of 1.2
mm in diameter. The column diameter was 10 mm and the void

July, 2023

space was obtained to be 60% of reactor volume.

The FBR had provision for three different streams to charge the
continuous reactor. The reactant streams namely, mineral base oil
stream (series 100) and hydrogen gas stream (series 200) were fed
co-currently from the top under pressure. The nitrogen gas stream
(series 300) was used to purge the reactor prior to the activation
and before the hydrogenation. The Ni catalyst was activated by fol-
lowing the procedure presented in section 2.3.

After the catalyst activation, the hydrogenation was performed
by operating the FBR for 5 hours (excluding purging and start-up
time), in which the system achieved complete steady state after two
hours. The experimental conditions and respective steady-state
conversion results are reported in Table 6, which also validates that
the aromatics (AH) of complex base oils are converted to naph-
thenes through mild hydrogenation using Ni catalyst.

A conversion of almost 70% (4.21% AH w/w) could be achieved
under the pressure 20 bar, temperature 250 °C and higher catalyst
loading 0.9 gm/mL. The developed kinetic model is applied for
FBR simulation and the parity plot for conversion is shown in Fig.
14. The plot suggests a good agreement between simulated and
experimental values for the conversion of AH. This forms the basis
for the further development of a continuous process.
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Acronym Equipment Acronym Equipment
V-101 Vessel CDU-201,301 Cylinder Discharge Unit
F-101,201,301 Flow Device MV.201,301 Manual Valve
LG-101,102 Level Gauge MFC-201,301 Mass Flow Controller
P-101 Pump FC-201,301 Flow Controller
PG-101,102,201,301  Pressure Gauge C-101 Condenser
PH-101 Pre-heater (Node-1) BPR-101 Back Pressure Regulator
TT-101,102,103 Temperature Transmutter GLS-101 Glass Lie Separator
TC-101,102 Temperature Controller sv-101 Sampling Valve
FH-101 Fumace Heater (Node-2) JV-101 Jordan Valve
PRV-101 Pressure Relief Valve Cu-101 Collection Umit
Fig. 13. Schematic for Continuous FBR setup.
80 - ues estimated using NRTL model were considered for liquid-
70 Pl phase hydrogenation as explained.
A o The reaction occurred in a kinetically controlled regime in
_ .
g 60 7 the range of operating conditions considered.
E 50 ] « The intraparticle diffusion resistance was found to be negligi-
s
E w© al.’” ble based on Weisz-Prater criteria. The results also suggest the
72 % absence of external mass transfer resistance under the experi-
~ A7 "
= 30 - mental conditions.
S g . . .
Z 20 | ®T =180 deg.C + The conversion was found to be influenced by pressure, resi-
4 & AT =200 deg.C dence time, catalyst concentration and temperature in the re-
5 10 2 BT =250 deg.C spective order.
0 - « The pseudo-homogeneous second-order reaction kinetic model
0 10 20 30 40 50 60 70 80 was used to obtain the kinetic parameters. The model vali-

Conversion (Experimental)

Fig. 14. Parity plot at 20 bar for continuous FBR.

CONCLUSIONS AND CRITICAL OBSERVATIONS

The current study focusses on the hydrogenation kinetics of Cy
rich specialty base oil using an alumina-based Ni catalyst which is
to be used to develop a continuous hydrogenation reactor. Follow-
ing are the observations and conclusions drawn from this study.

o The solubility of hydrogen in the mineral base oil was esti-

mated using both SRK and NRTL model; however, the val-

dates the experimental data very well with the estimated kinetic
parameters.

The conditions for the complete conversion of AH were esti-
mated for semi-batch mode.

The developed kinetic model was used to validate the contin-
uous FBR experiments on a lab-scale. The proposed kinetic
model explains the continuous FBR experimental results very
well.
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