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ABSTRACT

The dissolved hydrogen, rather than gaseous hydrogen, plays a crucial role in the hydrogenation process.
A thorough understanding of hydrogen dissolution is essential for optimizing the hydrogenation process.
In this paper, the dynamic pressure step method was modified to reduce the temperature difference
between the hydrogen and solution, from which the hydrogen solubility and volumetric liquid-side mass
transfer coefficient (kia) of the vacuum residue were obtained. It was discovered that temperature was
the most critical factor in hydrogen dissolution, simultaneously enhancing both the hydrogen solubility
and kia. Pressure played a significant role in promoting hydrogen solubility, but had a relatively small
impact on kpa. Stirring speed, although it enhanced ki a, did not affect hydrogen solubility. By normalizing
the dissolution parameter, the results showed that the gas-liquid mass transfer rate decreased contin-
uously during hydrogen dissolution and that the Sp-tp curves after normalization were almost the same
in all experimental conditions.

© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0)).

1. Introduction

The declining availability of conventional crudes is leading to
increased utilization of heavy crudes or residua in refineries to
meet the demand for valuable products. These heavy feedstocks
contain high levels of sulfur, nitrogen, and contaminant metals,
which can cause catalyst deactivation in consequent processes and
pose serious environmental hazards (Chen et al., 2010; Jiménez
et al., 2007; Mapiour et al., 2010b). Hydrotreating is an essential
process in refineries for upgrading heavy oil and residue, which
substantially reduces the level of impurities and provides a large
quality of high-quality feedstocks for downstream conversion units
(Baird et al., 2017; Rana et al., 2007).

Hydrotreating technology has developed rapidly over the past
two decades, primarily due to a better understanding of reaction
chemistry and kinetics. Extensive research has shown that the
operating conditions significantly influence the hydrotreating
(HDT) reaction, including temperature, Hy partial pressure, Hy/oil
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ratio, and liquid hourly space velocity (LHSV). Increasing hydrogen
pressure has been found to have a substantial impact on the
hydrotreatment of residual oil, increasing the rates of hydro-
demetallization (HDM) and hydrodesulfurization (HDS) reactions
and enhancing catalyst life (Al-Mutairi and Marafi, 2012). To in-
crease hydrogen partial pressure, one can adjust the total pressure,
gas/oil ratio, or hydrogen purity. Similar positive effects of these
operational variables have also been observed for HDS, hydro-
denitrogenation (HDN), and hydrodearomatization (HAD)
(Mapiour et al., 2009). Generally, the results of pressure, hydrogen
purity, and gas/oil ratio can all be attributed to hydrogen partial
pressure, although the exact mechanism is unclear. Furthermore,
while researchers often consider the simulating effect of temper-
ature on hydrotreatment due to its influence on intrinsic reactivity
and diffusional resistance reduction (Callejas and Martinez, 2000;
Wang et al., 2014), the promoting effect from the perspective of
hydrogen dissolution has been seldom elucidated.

Residue HDT involves three phases: gas, liquid, and solid. In this
process, catalysts facilitate the addition of hydrogen to the residues.
It is important to note that active hydrogen participates in the re-
action rather than gaseous hydrogen. For the hydrogen to react, it
must diffuse across the gas-liquid interface and reach the active site
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of the catalyst along with the residue molecules. The hydrogen
diffusion rate at the gas-liquid interface is relatively slow, often
becoming a rate-limiting step in residue HDT. Therefore, the solu-
bility of hydrogen and the gas-liquid mass transfer in residues
under operational conditions are the key factors that affect the
hydrogenating efficiency (Wang et al., 2021). These factors are
critical for properly optimizing process operations and designing a
suitable reactor (Florusse et al., 2003; Ronze et al., 2002; Sebastian
et al., 1981; Shaharun et al., 2008).

While researchers have recognized the significant importance of
hydrogen transfer in the hydrotreating processes, the optimization
of hydrogen usage in the residue HDT is still in need of improve-
ment due to insufficient knowledge of the gas-liquid mass transfer.
Since a substantial amount of hydrogen is consumed in the residue
HDT, maintaining sufficient hydrogen dissolved in the liquid phase
is crucial to ensure effective hydrogen activation on the catalyst
surface. Most kinetic studies on HDT indicate that operations are
conducted with excess hydrogen (Wang et al., 2018). The hydrogen-
to-oil ratio is typically specified at a minimum of three or four times
the expected hydrogen consumption to facilitate optimal mass
transfer between reactants and catalyst and prevent catalyst
deactivation caused by coke formation (Hoekstra, 2007; Pinos et al.,
2019). However, it is essential to note that excessive hydrogen can
lead to energy waste, high processing costs, and potential safety
hazards. Therefore, it's necessary to study the solubility and gas-
liquid mass transfer in heavy oil-hydrogen systems to optimize
the hydrotreating process and ensure efficient hydrogen utilization.

Hydrogen solubility in liquid materials has primarily been
studied using direct sampling methods (Cai et al., 2001a; Lal et al.,
1999; Ronze et al., 2002) and indirect calculating methods (Baird
et al,, 2017; Saajanlehto et al., 2014b; Uusi-Kyyny et al., 2017). All
experimental results confirmed that hydrogen solubility in oils
gradually increases with temperature and pressure (Cai et al.,
2001b; Ji et al,, 2013; Riazi and Vera, 2004; Saajanlehto et al.,
2014a). The decrease in hydrogen solubility in heavy oils follows
the pattern observed in pure solvents: saturated
hydrocarbon > aromatics > non-hydrocarbon compounds, and the
hydrogen solubility increases as the carbon length of the alkanes
increases and the number of aromatic rings decreases (Brunner,
2002; Luo et al., 2010). Moreover, the hydrogen solubility de-
creases with increasing asphaltene content of heavy oil (Bai et al.,
2019). Unfortunately, the thermal instability of heavy oils at high
temperatures and pressures, coupled with their low hydrogen
solubility, makes accurate experimental measurements very chal-
lenging (Krishnamurthy et al., 2006; Saajanlehto et al., 2014a).

Currently, the hydrotreating of heavy petroleum and residue
will continue to increase in importance as worldwide trends in
crude oil supply have been shifting to heavier feedstocks. For res-
idue hydrotreatments, the overall reaction rate is significantly
limited by the transport of hydrogen from the hydrogen-residue
interface to the bulk liquid. The transport is proportional to the
product volumetric liquid-side mass transfer coefficient (kya). The
kra values can be determined in an autoclave by the physical ab-
sorption method (specifically, the dynamic pressure-step method),
and they are influenced by temperature, pressure, and stirring
speed. However, available information is scarce in the literature
regarding the effects of these factors on kia, which highlights the
ongoing controversy surrounding the effect of pressure and tem-
perature on kia (Tekie et al., 1997). Furthermore, previous studies
have mostly focused on measurements under relatively mild con-
ditions (pressure <5 MPa, temperature <427 K) and the tempera-
ture difference between the gas and liquid phases leads to large
measurement errors (Chang and Morsi, 1991; Heintz et al., 2009;
Inga and Morsi, 1997; Koneripalli et al., 1994; Larachi et al., 1998; Lei
et al.,, 2016; Sharma et al., 2009; Teramoto et al., 1974; Zhang et al.,
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2014; Zieverink et al., 2006). The properties of heavy oil, such as
high viscosity and low mass transfer rate, make it challenging to
obtain accurate mass transfer data for hydrogen in heavy oil under
elevated temperature and pressure.

The primary focus of this paper is to obtain accurate data on
hydrogen solubility and the gas-liquid mass transfer coefficient in
vacuum residue under close-to-process conditions using a modi-
fied dynamic pressure step method. We investigated the effects of
temperature, pressure, and stirring speed on hydrogen solubility
and volumetric liquid-side mass transfer coefficient through
comparative analysis. Furthermore, the amount of dissolved
hydrogen and the corresponding time for all conditions were
normalized to examine the variation in mass transfer rate. This
analysis provides valuable insight into the hydrotreating conver-
sions from the perspective of hydrogen supply. To the best of our
knowledge, previous investigations have not reported dynamic
data or mass transfer coefficients regarding hydrogen dissolution in
residue.

2. Experimental section
2.1. Materials

The purity of hydrogen was 99.999% from Beijing AP Baif Gases
Industry Co., Ltd. Hexadecane was supplied by Shanghai Aladdin
Bio-Chem Technology Co. Vacuum residue (VR) was provided by
Petrochemical Research Institute (PRI) of PetroChina Company
Limited, and its main properties are listed in Table 1.

To account for the high viscosity of PRI-VR, densities were
determined by the specific gravity bottle method at a temperature
range of 373.15—473.15 K and atmospheric pressure. The obtained
density values are listed in Table 2. The density-temperature (p-T)
curve was fitted using a simple correlation according to the data
points, resulting in Eq. (1). The correlation coefficient R®> was
0.99993.

p= — 0.000486676T + 1.14116 (1)

2.2. Experimental setup and procedure

The hydrogen dissolution experiments were conducted using a
modified dynamic pressure step method. The schematic diagram of
the experimental setup is shown in Fig. 1. The experimental setup
mainly consisted of three parts: a hydrogen preheating system (A1),
a hydrogen dissolution system (A;), and a data acquisition system.
The key equipment in A; and A, was the stirred autoclave. Pre-
heated hydrogen from A; was charged into A, for the hydrogen
dissolution experiments, and dynamic data of pressure in A, was
collected to calculate the hydrogen solubility and kia value. A,
purchased from Top Industrie France (model TOP 60), was designed
to safely operate at pressure up to 2000 bar and temperatures up to

Table 1

Physical and chemical properties of VR.
Item PRI-VR Item PRI-VR
Density at 100 °C, g/cm? 0.9594 IBP, °C 401.8
Viscosity at 100 °C, mPa/s 414.83 30%, °C 534.2
Molecular weight 1042 70%, °C 622.2
C, wt’ 85.64 FBP, °C 745.4
H, wt% 10.88 Saturates, m¥% 19.93
S, wt% 0.02 Aromatics, m% 49.78
N, wt% 0.41 Resin, m% 24.30
H/C atomic ratio 1.52 Asphaltene, m% 5.98
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Table 2

Densities of PRI-VR at different temperatures.
Temperature T, K 373.15 393.15 413.15 433.15 453.15 473.15
Density p, g/lem® 09594 09495 009405 09302 09207 0.9109

600 °C. A standard six-bladed Rushton disc impeller was used to
mix the solution in A, as shown in Fig. 2. The volumes of the au-
toclaves were measured using the water replacement method and
were determined to be 500 mL. Temperature measurements were
obtained using a movable axial thermocouple (accuracy of 0.1 °C)
positioned inside the autoclave. The pressure was measured using a
transducer (model MDM3051S-GPHH-A3N11D, accuracy 0.01 MPa)
from Mack Sensors Co.

The pipeline connecting the two autoclaves was insulated with
heating tape to minimize heat loss during the transportation of
preheated hydrogen. Instead of using a separate preheater, a
volumetric autoclave A1 was employed. The temperature of A; was
set higher than that of A, to compensate for any heat loss during
the hydrogen flow and ensure precise temperature control of the
gas and liquid phases within A,.

The experimental procedure was briefly described as follows: a
liquid feedstock with a mass of m; was loaded into A,. After sealing,
it was purged with N, and pressurized to 10.0 MPa at room tem-
perature. A leak test was conducted for 1 h. Subsequently, A, was
degassed for 1 h with a stirring speed of 600 r/min and a temper-
ature of 120 °C. The heating process began with high-speed stirring
until the desired experimental temperature T, was reached.
Meanwhile, a specific amount of hydrogen was charged into A; at
room temperature and heated to the preheating temperature T,
The preheated hydrogen was then introduced into Ay. Stirring in A;
commenced once the pressure achieved a steady state (P=P;), and
the pressure in A, was recorded over time until thermodynamic
equilibrium was reached (P=P.). Hydrogen solubility and k;a values
were calculated using the dynamic pressure data. All experiments
were performed in triplicate, and excellent reproducibility was
achieved under identical process conditions.

Heating tape

Valve H

]

Autoclave for
preheating hydrogen
(A1)

Controller of A,

Hydrogen
cylinder

Nitrogen
cylinder

Temperature
regulator
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15.5cm

27.5 cm

Fig. 2. Structure and dimensions of hydrogen dissolution autoclave and impeller.

It should be noted that the amount of hydrogen at room tem-
perature in A; can be estimated using the ideal gas law, as the
volumes of the autoclaves and pipelines were determined.
Furthermore, the preheating temperature in A; was determined
through prior repeated tests, and the optimum values are listed in
Table 3. The table indicates that the compensation temperature
(T¢), which is the temperature difference between the A; and Ay,
increases with higher temperatures and pressures. The tempera-
ture of A; was set to Ty according to the target value for the
hydrogen dissolution experiment.

In this study, the uncertainty of hydrogen solubility and kia
mainly depends on the temperature and pressure. The measure-
ment accuracy of the temperature and pressure sensor is 0.1 °C and

Pressure
indicator

Autoclave for
dissolving hydrogen
(A2)

Control box of A,

Computer for
data collection

Fig. 1. Schematic diagram of the experimental setup.
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Table 3

Results of Tc at some experimental conditions.
T,K P, MPa Te, K T, K P, MPa Te, K
513.15 5.812 5.2 553.15 5.853 6.7
513.15 6.680 55 553.15 7.070 7.2
513.15 8.174 5.9 553.15 8.409 8
533.15 5.638 5.8 573.15 5.638 7.5
533.15 7.345 6.4 573.15 7.048 8.5
533.15 8.763 7 573.15 8.195 9.6

0.01 MPa, respectively. The fluctuation range of the temperature is
+0.5 °C during the experiment. The corresponding error was
analyzed and provided along with the experimental results.

2.3. Hydrogen solubility(S) and volumetric liquid-side mass transfer
coefficient (kia)

The solubility of hydrogen in liquids was obtained from the
beginning and ending points of the P-t curve based on the principle
of isovolumetric absorption. The moles of hydrogen N; dissolved in
the liquid can be calculated by the following Equation:

_ VePi  VgPe
_ZIRTe ZeRTe

(2)

L

where V¢ is the volume of the gas phase in Aj. Z; and Z. are the
compressibility factors at P; and P., respectively, which were
calculated by the PR equation of state. Since the vapor pressure of
the residue was negligible, the hydrogen solubility S can be calcu-
lated by Eq. (3).

_ N

S=—
1000

(3)

The kpa values were obtained from the transient part of the P-t
curve by the dynamic pressure step method. The following Equa-
tion can calculate the rate of pressure variation:

dP ZRTdNg  ZRT dN;

dt Vg dt Vg dt

(4)
where Ng is the reduced molar amount of hydrogen in the gas
phase. The gas-phase mass transfer resistance was negligible, and
the rate of gas-liquid mass transfer can be calculated by Eq. (5)
based on the two-film theory.

dc,

dr kLa(C* — C]_)

(5)
where C* and (g are the equilibrium concentration of hydrogen in
the liquid and the hydrogen concentration in the liquid, respec-
tively. Eq. (6) can be obtained by using Henry's law and the integral
form of Eq. (4).

dpr

q¢ = kual(a+1)P —P; — aPo]

(6)

where

VL RT
o= V_G H (7)
where H is Henry's constant. Eq. (8) was obtained by integrating Eq.
(6) between ty = 0 (P=P;) and t (P=P,). The polynomial of pressure
was proportional to time, and the scale factor was the ki a value.
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Pe
Fi In

P; — Pe
(P — Pe
In the early stage of hydrogen dissolution, it took some time for
the gas-liquid phase to reach a stable hydrodynamic state. In the
later stage, the pressure drop was so small that the temperature
fluctuations could influence the pressure in A,. Considering the
transition to a steady stirring state and the effects of temperature
fluctuations, the P-t curve section from t = 50 s to 80% of the total
pressure drop was used to determine the ki a values.

) —kia(t — to) (8)

2.4. Normalization process

The variation of mass transfer rate can be obtained from the
dynamic data of hydrogen dissolution in residue. In Eq. (5), the ki a
and C* values are constant, and therefore, C| becomes the sole
factor influencing the mass transfer rate under specific conditions.
The study of the mass transfer rate can be simplified by focusing on
C1. CL changes with time ¢, while C* and t* (equilibrium time) vary
with the operating conditions. To assess the variation in gas-liquid
mass transfer rates, the normalization of C. and ¢ is proposed to
achieve a universal understanding of the hydrogen dissolution
process. Furthermore, to easily understand the subsequent
analytical discussion, C* is denoted as S, as C* represents an
expression of S. As a result of the above treatment, two dimen-
sionless parameters, Sp and tp, can be obtained from Egs. (9) and
(10).

G

S

Sp :%*100% =L 100% (9)

tp =L x 100%

: (10)

where Sp and tp are the normalizations of hydrogen concentration
and dissolution time in the solution, respectively. It is evident that
the Sp-tp curve reflects the behavior observed in the P-t curve, and
the slope of the curve is proportional to the mass transfer rate.

2.5. Reliability verification of experimental setup and operation
method

To verify the reliability of the experimental apparatus and the
modified method, the hydrogen solubility in hexadecane was
determined in the pressure range of 1-10 MPa and temperature
range of 453.15 and 543.15 K. The results, shown in Fig. 3, were
compared with those in the literature (Luo et al., 2010). The com-
parison revealed a good agreement between the hydrogen solubi-
lity obtained in this study and the previously reported values under
similar conditions, indicating the reliability of the established
apparatus and the modified method for hydrogen solubility mea-
surement. Furthermore, a slight deviation was observed in some of
the data from Luo (Luo et al., 2010), suggesting that the apparatus's
modifications had improved the measurement's accuracy.

3. Results and discussion

This study investigated hydrogen solubility and gas-liquid mass
transfer in PRI-VR under the following conditions: temperature
range of 240—320 °C, pressure range of 4—9 MPa, and stirring speed
range of 300—600 r/min. The lower limit of the temperature range
was determined by the viscosity of PRI-VR, while the upper limit
was constrained by the thermal and hydrogenation stability of PRI-
VR.
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0.20
B Luo et al. (453.15 K)
® This work (453.15 K)
A Luoetal. (543.15K)
¥ This work (543.15 K)
0.15
u
c
K]
©
©
=
o 0.10 4
[]
£
%)
0.05
0 T T T T T

P, MPa

Fig. 3. Comparison of H, solubility in hexadecane between experimental data ob-
tained in this work and those in the literature (Luo et al., 2010).

3.1. Hydrogen solubility

Experimental data for the hydrogen solubility in PRI-VR are
illustrated in Fig. 4. As shown in Fig. 4(a), the solubility of hydrogen
increases with temperature and pressure at the stirring speed of
600 r/min. At the same temperature, the solubility of hydrogen at
9 MPa was almost twice as much as that at 4 MPa. The solubility of
hydrogen increased by about one-third when the temperature
increased from 240 to 320 °C at the same pressure. The relationship
between the solubility of hydrogen and pressure follows a linear
trend, which is typical in gas-liquid systems containing hydrogen
(Ding et al., 1985; Lei et al., 2014; Tsuji et al., 2005). The "inverse"
temperature effect observed in common solvents is attributed to
the positive excess enthalpy in the hydrogen-solvent interaction
(Lei et al., 2016). According to Henry's law, dissolved hydrogen is
directly proportional to its partial pressure. Since the vaporization
of PRI-VR is negligible, the partial pressure is equal to the total
pressure. Thus, the results of this study seem reasonable and
consistent with the findings in the literature (Cai et al., 2001a; Ji
et al., 2013; Lal et al,, 1999; Saajanlehto et al., 2014a). Previous
studies have also indicated that the presence of large amounts of
aromatics and non-hydrocarbons in oils can decrease hydrogen

0.25

(a)
m 240 °C
* 260 °C
4 280°C
v 300°C

320°C

0.20

0.15

S, mol/kg

0.10 4

P, MPa
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solubility, and the solubility of hydrogen in aromatic hydrocarbons
decreases as the number of aromatic rings increases (Brunner,
2002; Park et al, 1996). Therefore, the lower solubility of
hydrogen observed in this work compared to the literature can be
attributed to the high content of polycyclic aromatic hydrocarbons,
resins, and asphaltenes in PRI-VR.

Fig. 4(b) shows that the hydrogen solubility of PRI-VR remains
unaffected by stirring speed within the range of 300—600 r/min,
which indicates that the solubility is determined by thermody-
namic equilibrium.

Temperature and pressure are the primary factors influencing
the solubility of hydrogen. In the hydrotreating of heavy oil, pres-
sure refers to the hydrogen partial pressure, which is influenced by
temperature, pressure, gas/oil ratio, H, purity, and LHSV (Mapiour
et al., 2010a). Experimental results by Mapiour showed that the
pressure and hydrogen purity had a more significant impact on
HDS, HDN, and HDA than the gas-oil ratio in the trickle-bed reactor.
However, temperature and LHSV had little effect on the hydrogen
partial pressure (Mapiour et al.,, 2010b). Higher temperatures or
pressures result in increased hydrogen dissolution in the feedstock,
making more hydrogen available on the catalyst surface for the
hydrotreating reaction. The enhanced hydrogenating efficiency at
elevated temperature and pressure can be attributed, in part, to the
improved hydrogen solubility.

3.2. The regime of gas-liquid mass transfer

Understanding the flow regimes is essential for gas-liquid mass
transfer. Albal et al. (1983) classified gas-liquid mass transfer into
three types based on the effect of stirring speed on the surface of
the liquid, while Kara et al. (1983) divided the effect of stirring
speed on kia into two regions. The critical stirring speed was used
to define the regimes of the mass transfer and was determined by
the stirring speed at which the kja value increases sharply (Kara
et al.,, 1983). When the stirring speed exceeds the critical value,
the liquid surface begins to break, gas becomes entrained in the
liquid, and the kya is significantly affected by agitation. This study
investigated the effect of stirring speed on kja at stirring speeds of
300—600 r/min, pressures of 85 MPa, and temperatures of
240—320 °C. As shown in Fig. 5, the kia value increases exponen-
tially with increasing stirring speed, indicating that the stirring
speed is above the critical value, and gas-liquid mass transfer oc-
curs at the liquid surface and hydrogen bubble walls, respectively.
After reaching dissolution equilibrium, the stirrer was switched off,
and a slight increase in pressure in A, was observed, further con-
firming that the stirring speed exceeded the critical value. However,

(b) 020
m 240 °C
* 280 °C
4 320°C
0.18 4
(2]
3 I T
° | T T
g 0® T T T 1
%)
0.14 4
- - . .
0.12

T T T T
300 400 500 600 700

Stirring speed, r/min

Fig. 4. Hydrogen solubility C*: (a) at 600 r/min, (b) at different stirring speeds and 7 MPa.
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0.025
W 240°C
® 280°C
A 320°C
0.020 +
0.015 4
o
%
x
0.010 A
0.005 A
0 T T T T

200 300 400 500 700

Stirring speed, r/min

Fig. 5. Volumetric liquid-side mass transfer coefficient k.a at different stirring speeds
and 7 MPa.

since the impeller was positioned far from the liquid surface (more
than 10 cm), the gas entrainment rate was low. As a result, the
pressure increase was minimal and did not affect the calculation of
hydrogen solubility.

3.3. Volumetric liquid-side mass transfer coefficient

3.3.1. Effect of stirring speed on kia

Fig. 5 illustrates the effect of stirring speed on ki a. The k a values
exhibit an exponential increase with increasing stirring speed at a
given temperature and pressure, especially at higher temperatures.
The finding of this study demonstrates a reasonable agreement
with the literature (Albal et al., 1984; Chang et al., 1991; Koneripalli
et al., 1994).

Fig. 6 presents the effect of stirring speed on gas-liquid mass
transfer and temperature of PRI-VR. At low stirring speeds (<300
r/min), the turbulent kinetic energy required for the complete
dispersion of hydrogen and PRI-VR is insufficient. This leads to a
higher concentration of hydrogen near the gas-liquid interface,
resulting in a slight difference in hydrogen concentration between
the two sides of the gas-liquid interface and a low gas-liquid mass
transfer rate. Therefore, it was found that when the stirring speed

Low stirring speed

[ C—— S, molkg

Petroleum Science 22 (2025) 1360—1369

was 100 r/min, the pressure in A; hardly changed and the ki a value
was close to zero. From the relationship between kja value and
stirring speed, it can be inferred that the critical stirring speed is
between 100 and 300 r/min. As the stirring speed increases, the
contact between hydrogen and liquid is intensified and the mix-
edness of the liquid is enhanced. When the stirring speed is high
enough, the hydrogen concentration in the liquid phase is homo-
geneous. Additionally, as the stirring speed increases, the fluctua-
tion of the liquid surface increases, causing more hydrogen to enter
the liquid in the form of bubbles. These giant bubbles break into
multiple smaller ones, leading to an increase in the value of a.
Moreover, the eddies produced by agitation have a stronger impact
on the gas-liquid surface with higher stirring speed, resulting in an
increased k; due to the higher surface renewal frequency
(Danckwerts, 1955). Therefore, it is reasonable to observe intensi-
fied fluid dynamics in the system with increasing stirring speed,
improving the gas-liquid volumetric mass transfer coefficient k;a.
Furthermore, the hydrogen dissolution process is endothermic and
requires external heating to maintain a stable temperature inside
the autoclave. At low stirring speeds (<300 r/min), the heat transfer
rate in the PRI-VR is excessively slow, resulting in higher temper-
atures in the liquid close to the autoclave wall and large tempera-
ture gradients inside the autoclave. As a result, the temperature in
A, fluctuates strongly with hydrogen dissolution in the range of
more than 10 °C, which causes a huge error in the pressure data
measurement. At high stirring speeds (>300 r/min), the tempera-
ture in A, becomes more stable and the pressure data become more
accurate.

3.3.2. Effect of pressure and temperature on kia

As mentioned above, increasing the pressure can enhance
hydrogen solubility. To examine the effect of pressure on the mass
transfer rate, the ki a values are plotted against the pressure in Fig. 7.

It is revealed that kya values increase slightly with pressure at a
specific temperature and 600 r/min, and the tendency becomes
evident as the temperature increases, which is consistent with the
literature (Chang and Morsi, 1992; Deimling et al., 1984; Karandikar
et al., 1986; Lei et al., 2016). The increase in kya value with pressure
can be attributed to the effect of pressure on the surface tension
and viscosity of the solution. As mentioned above, hydrogen solu-
bility increases with pressure, resulting in a decrease in the vis-
cosity and surface tension of the liquid (Chang et al.,, 1991; Deam
and Maddox, 1970), thereby increasing the hydrogen diffusion co-
efficient. Since the mass transfer coefficient ki is proportional to the
hydrogen diffusion coefficient and inversely proportional to liquid

High stirring speed

S molkg”  EE—— |

b

Fig. 6. Effect of stirring speed on gas-liquid mass transfer and temperature of PRI-VR.
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0.025
B 240°C
® 260°C
A 280°C
¥ 300°C k=0.01866 ‘
0.020 320°C :
V’”""/’w k=0.01603
T
(2]
S 0.015 oA AA—A k=0.01303
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Fig. 7. Volumetric liquid-side mass transfer coefficient k;a at 600 r/min.

viscosity (Tekie et al., 1997), k. will consequently increase. Addi-
tionally, the decrease in surface tension promotes the formation of
more bubbles, further increasing the value of a. However, due to the
low hydrogen solubility of PRI-VR, the increase in pressure does not
significantly improve the physical properties of PRI-VR, resulting in
only a subtle positive influence on kia. Moreover, according to
Henry's law, hydrogen solubility becomes more sensitive to pres-
sure as temperature increases, thereby enhancing the effect of
pressure on kia.

Literature comparison has shown that ambiguous results had
been obtained regarding the effect of pressure on the values of k;a.
The results of Albal et al. (1983) indicated that k;a is independent of
pressure in several gas-liquid systems, suggesting an insignificant
effect of pressure on bulk and interfacial properties. However, a
decrease in kia with increasing pressure has been reported in the
helium-p-xylene system (Teramoto et al., 1974), as confirmed by
Chang et al. (1991) in the hydrogen-hexane system. This decrease
was attributed to the contraction of bubbles under high pressure
and the strengthening of their binding, resulting in a reduction of a
in these systems.

Fig. 7 illustrates that the kja values increase significantly with
increasing temperature at a specific pressure and 600 r/min, which
is consistent with the literature (Albal et al., 1984; Andersson and
Berglin, 1982; Karandikar et al., 1986). The kia values almost
doubled as the temperature increased from 240 to 320 °C. The
diffusion coefficient and hydrogen solubility in the residue increase
with the temperature, exhibiting precisely the opposite behavior to
the viscosity of the residue and surface tension. This opposing trend
contributes to a significant increase in k a. However, reports of a
decrease (Deimling et al., 1984; Karandikar et al., 1987) or inde-
pendence (Joshi et al., 1982; Yoshida et al., 1960) of kia with
increasing temperature have been observed, attributed to the
coalescence of foam or bubbles in Fischer-Tropsch liquid at higher
temperatures.

Enhancing the volumetric mass transfer coefficient in the
hydrogen dissolution system is crucial for the practical application
of the residue hydrotreating process on the industrial scale. The
enhancement of kia values can be achieved by increasing temper-
ature and stirring speed, while the effect of pressure is not
apparent. Previous studies have confirmed the significant influence
of reaction temperature and the slight effect of pressure on the
hydrodesulfurization of low-temperature coal tar in the trickle-bed
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reactor (Feng et al., 2018). It is important to note that the positive
contribution of pressure to reaction efficiency primarily stems from
its promotional effect on hydrogen solubility. Meanwhile, temper-
ature has a significant influence on both hydrogen solubility and
gas-liquid mass transfer. Furthermore, the enhancement of kia in
hydrogen dissolution through stirring speed suggests that process
intensification can improve the mass transfer of hydrogen-liquid.

3.4. Gas-liquid mass transfer rate

Fig. 8 shows the dynamic data of hydrogen dissolution using the
normalization method for all conditions. As mentioned in Section
2.4, the slope of the Sp-tp curve is proportional to the mass transfer
rate. It reveals that the rate of gas-liquid mass transfer gradually
decreases with tp, irrespective of temperature, pressure, and stir-
ring speed. Furthermore, the gas-liquid mass transfer process re-
mains consistent across all conditions after normalization, despite
the significant influence of the operating conditions on hydrogen
solubility and equilibrium time.

According to Eq. (5), the difference between the equilibrium
concentration of hydrogen in the liquid and the actual concentra-
tion of hydrogen in the liquid during the dissolution of hydrogen
creates the driving force for gas-liquid mass transfer. As hydrogen
continues to dissolve into the liquid, the hydrogen concentration in
the PRI-VR increases and gradually approaches hydrogen solubility,
thereby reducing the driving force for gas-liquid mass transfer.
Furthermore, the hydrogen diffusion rate from the liquid side of the
gas-liquid interface into the liquid bulk decreases accordingly,
leading to a further decrease in the driving force for gas-liquid mass
transfer.

From the above discussion on hydrogen solubility, it becomes
evident that PRI-VR has a very low hydrogen solubility due to its
composition. This low solubility leads to negligible changes in the
physical properties of the liquid even when gas-liquid equilibrium
is reached. Consequently, the hydrogen concentration in PRI-VR
remains low, and the gas-liquid transfer driving force remains
consistently low throughout the gas-liquid transfer process. As a
result, there is only a narrow range of rate variation and little dif-
ference between the mass transfer rates at any two given moments.
Moreover, as the difference between the hydrogen concentration in
the liquid and the hydrogen solubility decreases, the gas-liquid
mass transfer rate approaches zero. It leads to a relatively time-
consuming dissolution of a small percentage of hydrogen before
gas-liquid equilibrium. The observed consistency in the rate of
dissolved hydrogen, unaffected by experimental conditions after
normalization, may be a coincidence resulting from the low mass
transfer rate. However, further investigation is needed to fully un-
derstand this phenomenon.

The experimental results confirm the significant issue of low
gas-liquid mass transfer rates in heavy oils and establish an inverse
relationship between the gas-liquid mass transfer rate and the
hydrogen concentration in the liquid. Therefore, it is crucial to
reduce the concentration of hydrogen on the liquid side of the gas-
liquid surface to enhance gas-liquid mass transfer. In the autoclave,
increasing the stirring speed enhances the rate of hydrogen transfer
from the liquid side of the gas-liquid interface to the bulk of the
liquid, as well as the surface renewal rate at the gas-liquid interface.
This, in turn, reduces the hydrogen concentration on the liquid side
of the gas-liquid interface. Similarly, in the residue HDT using a
trickle bed reactor, increasing the gas-to-oil ratio intensifies the
gas-liquid mass transfer due to the perturbation caused by
hydrogen impinging on the liquid film. These conventional
methods lead to the conversion of more gaseous hydrogen into
active hydrogen and consequently improve the hydrotreating effi-
ciency of heavy oils. While these approaches offer valuable
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Fig. 8. Variation of mass transfer rate: (a) at 600 r/min, (b) different stirring speeds.

techniques to enhance mass transfer, the slow gas-liquid mass
transfer rate in the hydrotreating process of heavy oils still requires
innovative solutions. The results of this study can provide some
guidance from the perspective of hydrogen dissolution rate, offer-
ing insights for the development of new techniques to address this
issue.

4. Conclusion

This study investigates the hydrogen solubility in PRI-VR, as well
as the gas-liquid mass transfer rate and its influencing factors, using
the modified dynamic pressure step method. The results showed
that hydrogen solubility increased with increasing temperature and
pressure, in accordance with Henry's law. As the pressure increased
from 4 to 9 MPa, the hydrogen solubility roughly doubled. And as
the temperature increased from 240 to 320 °C, the hydrogen sol-
ubility increased by roughly one-third. The kia values increased
exponentially with stirring speed, which enhanced the mixing of
the liquid and increased the surface renewal rate. The kia values
almost doubled with the temperature increase from 240 to 320 °C,
which resulted from the increased solubility and diffusion coeffi-
cient of hydrogen, as well as the reduced viscosity and surface
tension of the liquid. However, the kia values only slightly
increased with pressure, which is due to the weak positive effect of
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pressure on the physical properties and hydrodynamics of the
liquid. Furthermore, the experimental data were normalized, and
the results showed that the gas-liquid mass transfer rate gradually
decreased during the hydrogen dissolution and that the gas-liquid
mass transfer process remained almost the same under all condi-
tions after normalization.
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Nomenclature

Symbols

C*
G
H
k;_a
my
N
P e
Pi
S
Sp
t‘*
155}
Te
Th
Ve
Ze

Equilibrium concentration of hydrogen in the liquid
Hydrogen concentration in the liquid

Henry's constant

Volumetric liquid-side mass transfer coefficient

Mass of liquid feedstock

Moles of hydrogen dissolved in the liquid

Equilibrium pressure of hydrogen dissolution system
Initial pressure of hydrogen dissolution system

Hydrogen solubility

Normalization of hydrogen concentration in the liquid
Equilibrium time

Normalization of dissolution time of hydrogen
Experimental temperature of hydrogen dissolution system
Preheating temperature of hydrogen preheating system
Volume of the gas phase of hydrogen dissolution system
Compressibility factor at equilibrium pressure of hydrogen dissolution
system

Z; Compressibility factor at initial pressure of hydrogen dissolution system
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