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Abstract

Environmental legislations force natural gas refineries to purify their products to less than 10 ppmv of
sulfur content. To commercially do such a criterion, adsorption process is the first option for
removing sulfur compounds especially H,S and mercaptans from gaseous streams. Due to the
importance of accurate and robust design of such facilities, in this research, a fundamental model is
proposed to calculate the breakthrough and regeneration time of an industrial scale temperature
swing adsorption (TSA) process. This facility is specifically designed for removing mercaptans from
natural gas which is called mercaptans removal unit (MRU). Results show that the time length of the
adsorption and regenerations steps estimated by the MRU model are 20.5 and 11 hours, respectively,
close to the obtained values from the industrial scale plant (18 and 12 hours, respectively).
Therefore, during the process design, the actual cycle time can be considered about 10% less than
the value estimated by the model. Additionally, it is demonstrated that increasing the flow rate of the
regeneration stream (about 35% higher than design value) decreases the regeneration time about
12% which can be an option to shorten the duration of regeneration step, but its effect on the
downstream units, especially sulfur recovery unit (SRU) should be evaluated.
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1. Introduction

Natural gas (NG) stream contains impurities such as water vapor, carbon dioxide,
hydrogen sulfide, and light mercaptans. Due to the environmental legislation and corrosion
problems, sulfur components of NG must be removed to less than 10 ppmv, before sending
to the pipelines. Common desulfurization processes like amine treatment could not reduce
the sulfur content at this level to meet the desired standard [*21. In amine-wash unit,
most acid gases such as CO, and H,S are removed from NG, though light mercaptans
which are not acidic could not be completely separated from process stream, and therefore,
a secondary process is needed to remove such compounds [31. In last few years, several
works in the field of adsorption on different types of zeolites have been reported 4101,
Accordingly, adsorption can be divided into three main groups based on applied
regeneration procedure i.e. decreasing partial pressure (pressure swing adsorption or PSA),
creating vacuum (vacuum swing adsorption or VSA), and increasing temperature
(temperature swing adsorption or TSA) [*!1, It can be found that this process proposed by
Khale for air-drying in 1942, has been significantly improved in comparison to the other
separation processes such as cryogenic distillation [*2],

In adsorption process, after adsorption, the adsorbed impurities must be removed in the
regeneration step. In TSA process, a hot gas or treated product is used for regenerating
the bed, and after that, the bed is usually cooled down by a cold gas stream before starting
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adsorption step [*31, A large number of modeling and simulation works using different types
of adsorbents are available in literature. La Cava et al. [**! and Dasilva et al. [**! proposed
models to predict the parameters of adsorption units. Kim et al. [*¢] studied a six-step PSA
system using carbon molecular sieve (CMS) to produce O, with high purity, and also to
study the performance of PSA unit under non-isothermal condition. Knaebel et al.
simulated and optimized PSA unit to maximize the hydrogen recovery and also the purity
of product [*71, Shirani et al. proposed a model for adsorption process utilized for removing
mercaptans and water from NG using 13X zeolite under isothermal condition. In this
model, the rate of adsorption was approximated by linear driving force (LDF) expression,
and the extended Langmuir isotherm was used to describe adsorption equilibrium [*8l, Cho
et al. [*®1 jnvestigated the use of pressure-temperature swing adsorber (PTSA) for
separation of green gas SF6 from a mixture of N, using activated carbon. In this study, the
maximum purity of 19.5% and recovery of 50.1% obtained with adsorption pressure and
temperature of 2.5 atm and 200°C, respectively. Mulgundmath and Tazel [2°! compared
PSA with TSA for recovery of CO, from the flue gas using Ceca 13X adsorbent, and
therefore, cyclic adsorption process was optimized. Taheri et al. simulated PTSA process
for two-layer six bed adsorption system to remove mercaptans from NG. They suggested
some changes to upgrade the design conditions for sake of energy saving without affecting
the purification performance [211,

In this research, a TSA system to remove mercaptans from NG using the 13X molecular
sieve has been studied. The main objective of this work is to propose a fundamental model
to estimate the breakthrough and regeneration time for an industrial scale mercaptans
removal unit (MRU) based on real component lumping approach. Additionally, as a key
parameter, the content of mercaptans in the regeneration gas is studied.

2. Process description

The target adsorption unit consists of six insulated beds which are designed for purifying
NG, and removing impurities such as water vapor and mercaptans. Each bed includes two
layers which are 13X zeolite as the main bed, and activated alumina as the guard bed. The
latter is specifically used for the protection of 13X zeolite from water. Specifications of
adsorbents and beds are presented in Table 1.

Tablel Adsorbents specification and bed configuration

Parameter Zeolite 13X Activated alumina
Bed Configuration
Bed length (m) 4.65 0.75
Bed diameter (m) 3.75 3.75
Adsorbents specification
Shape Beads Beads
Particle radius (mm) 2.38-3.36 3.0-4.0
Bulk density (g/cm?) 0.66 0.74
Table 2 Design specifications —natural gas, regeneration gas flow for each step 8.2987 kg/h
Stages Characteristics Value
Pressure (bar) 68
Adsorption Temperature (°C) 40
Stage Time duration (h) 18
Flow direction Top to bottom
Pressure (bar) 12
Heating Temperature (°C) 320
Stage Time duration (h) 12

Flow direction Bottom to top
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Table 2 (contd.) Design specifications —natural gas, regeneration gas flow for each step 8.2987
kg/h

Stages Characteristics Value
Pressure (bar) 12
Cooling Temperature (°C) 38
Stage Time duration (h) 4
Flow direction Bottom to top

Table 3 Feed specification of MRU

Feed Operating Conditions

Specification Unit Value
Temperature °C 40
Pressure bar 68
Total Flow rate (kg/h) 471,374
Feed Composition
Methane mol% 86.33
Ethane mol% 5.46
Propane mol% 2.17
CO, mol% 1.33
i-Butane mol% 0.3785
n-Butane mol% 0.5125
i-Pentane mol% 0.1088
N-Hexane mol% 0.023
Benzene mol% 0.001
Total Mercaptan mol% 0.0134
Water mol% 0.0018
Dry Gas — To Flare

Regeneration Gas
Heater

‘_
Regeneration Gas
Cooler

Figure 1. Schematic diagram of mercaptans removal unit (MRU)

Product Gas

3. Material and method

The following assumptions are used to model the MRU:

e The gas phase is ideal.

e Because activated alumina is located at the top of 13X molecular sieve, the water
content of the natural gas during adsorption process is negligible.

e A DPCU (dew point control unit) has been placed at the upstream of MRU. Therefore, the
problem of aromatic and heavy hydrocarbons are alleviated [22],

e According to Table 3, feed is lumped to methane (86.33 mol %), propane (13.67 mol%), and
methyl mercaptans (0.01366 mol%).
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e The bed operates in isothermal condition without any heat transfer between solid and
gas phase.

e The bed void is initially filled with methane.

e According to the literature '?'1, the temperature variation along the MRU bed is only
observed at a short time after starting the regeneration step. To simplify the model for
design purposes, the temperature along the bed is assumed constant.

e Only axial mass dispersion is considered.

e Pressure gradient is related to the superficial velocity, and is calculated by Ergun equation.

e Mass transfer coefficients consist of film resistance and macro pore diffusion.

These assumptions have been widely accepted by numerous adsorption studies [23-251,

Accordingly, the general and particular equations are written as follows.

3.1 General equations
3.1.1 Momentum balance

In this study, bed dimensions and particle diameter are constant; therefore, based on
Ergun’s equation, the superficial velocity can be related to the total pressure gradient as
follows [26:321;

dp  15x107%(1—¢)?
0z (ZTZ,IIJ)Z &3

Ergun equation considers laminar and turbulent flow conditions to calculate the pressure
drop across the bed.

3.1.2 Material balance

1-¢) ,
92 e =3Y") (1)

g +1.75 x 10™°Mp

The mass balance in the gas phase depends on the effect of axial dispersion, convection
term, gas phase accumulation, and the rate of fluid to the adsorbent as follows [27:28:321:

d%c; a(c;) odc; 1—¢0q,

i — L, 2
@ TV Yot 5 0 (2)
The dispersion coefficient in Eq.2 is calculated from the following correlation [23-26:321;
YgTp
€Dy (3)
e(1+9.49 2vgrp)

Moreover, to calculate binary molecular diffusivity (D,g), Fuller, Schettler and Giddings
equation is used. This equation includes empirical constants and keeps the form of Chapman-
Enskog kinetic theory [29:32],

0.00143T%75
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(4)

3.2 Particular equations
3.2.1 Kinetic model

Mass transfer driving force is assumed to be a linear function of solid. Therefore, it consists
of two terms as follows [30-321:
e Extra-particle transport mechanisms
e Intra-particle transport mechanisms
The overall mass transfer coefficient can be calculated as the following:
1 _ rpl?ki rpzl?ki (5)
kMTCL' 3kfl 15€pri
In extra-particle transport term the film resistance is estimated from Sherwood number
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and Wakao-Funazkri correlation as the following [30-321;

D, :
ke = sh; 2:: (6)
sh; = 2.0 + 1.15¢;*Re®¢ (7)

Above correlation is reliable in the Reynolds number between 3 and 104 [31/32],
For the intra-particle transport term, the macro pore diffusion includes both molecular
and Knudsen diffusions which can be calculated from the Bosanquet equation as follows [39-321;

o =TG5 ) (8)

Dii = 97rpore ) (9)
where t is the tortuosity factor and is dependent to the porosity as follows [311:
T=¢,+1.5(1—¢p) (10)

3.2.2 Isotherm model

The relationship between loading of molecular sieve and the partial pressure or concen-
tration of adsorbate is known as isotherm curve. The Langmuir-type isotherm is the most
relevant model for practical applications. In this research, the Langmuir isotherm for pure
component adsorption is used. Details for estimating the isotherm parameters were descri-
bed in the previous work 32!, The isotherm parameters which were used in this work were
reported by Hengye Molecular Sieve Company.

3.3 Numerical solution

All of the mentioned equations are solved using Aspen Custom Modeler (ACM) software
(Aspen Tech, 2013) with appropriate initial and boundary conditions to estimate the break-
through time of the target TSA system. In this software, to solve the partial differential
equations, at first they are transferred to ordinary differential equations (ODEs) using method
of lines. Then, these ODEs are solved numerically using the Implicit Euler integrator.

4. Results and discussion

By numerically solving Equations (1) & (2) in ACM flowsheet using the mentioned assum-
ptions and equations, MRU was simulated. Then, the mercaptans content of both NG product
and outlet regeneration stream were obtained.

Figure 2 shows the breakthrough curve of the target MRU. As seen, before t=43000 sec
(about 12 h), the mercaptan content of the product is less than 0.1 ppmv. After that, mercap-
tans impurity sharply increases with time. It can be observed that at the time=74000 sec
(about 20.5 h), the mercaptan content of the product increases to higher than 10 ppmv
which is the most tolerable value for mercaptans content of NG (the standard level is lower
than 10 ppmv).

According to observations from industrial scale process, the adsorption time of each cycle
for removing mercaptans from NG using 13X molecular sieve is about 18 h. It can be con-
cluded that obtained result is fairly close to this value. However, the higher cycle time is
mainly due to the Langmuir parameters estimated from the static experiments. The dyna-
mic capacity of molecular sieves is usually lower than the static value, so the lower cycle
time is expectable. According to these results, the cycle time of the real plant should be
considered about 10% less than the value obtained from the MRU model.

In Figure 3, the weight fraction of mercaptans in the outlet stream of the bed during
regeneration process is presented (at the design flow rate=8878 kg/h). As seen, at the
start of the regeneration step (t=74000 sec), mercaptans content of the regeneration
stream sharply increases such that at t=78000 sec (about 2 h after starting regeneration
step), the concentration of mercaptans reaches to about 26500 ppmv. Moreover, a peak for
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mercaptans content of this stream can be seen. It can be concluded that during the rege-
neration cycle, mercaptans removal is not even. This phenomenon affects the sulfur reco-
very unit (SRU) as the catalyst of that is designed for a certain mercaptan level, and it is

very sensitive to mercaptans load changes 331,
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Figure 2. Mole fraction of mercaptans versus time in the natural gas product

To find the sensitivity to the regeneration flow rate, this value is set to 12000 kg/h, the
highest accessible value for the flow rate of regeneration stream. As shown in Fig.3, by
increasing that, the regeneration time decreases without showing any effect on the peak
level. However, at the higher flow rate, the area of mercaptans removal is broader, so the
downstream unit should be designed to tolerate this excess loading.
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Figure 3 Mole fraction of mercaptans versus time in the gas stream during regeneration
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Figures 4 and 5 indicate the mercaptan content of the regeneration stream at the design
and overdesigned flow rates during the end of the step. As seen in Figure 4,
the bed is completely regenerated at t=114000 sec (about 31.5 h) when the stream flow
rate is 8878 kg/h. Therefore, the regeneration time (heating) about 11 h is enough to remove
mercaptans from the surface of the adsorbent. According to the industrial observation,
heating time about 12 h is recommended for this type of molecular sieve. Furthermore,
Figure 5 confirms that increasing the regeneration stream (from 8878 to 12000 kg/h)
decreases the regeneration time (from 114000 sec to 102000 sec) which can be an option
to shorten the regeneration step. But, its influence on the downstream unit (i.e., SRU)
should be considered.
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Figure 4 Mole fraction of mercaptans versus time at the end of the regeneration
Regeneration rate=8878 kg/h
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Figure 5 Mole fraction of mercaptans versus time at the end of the regeneration
Regeneration rate=12000 kg/h
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5. Conclusion

To study the performance of adsorption units, many models are available in open lite-
rature. But, in this survey, a fundamental model according to the real component lumping
approach was proposed to predict the momentous process variables of MRU i.e. adsorption
and regeneration cycle length. Moreover, this model was capable of analyzing the sensitivity
of the process to the feed and regeneration flow rates.

Results showed that at design conditions, 12 hours after starting the adsorption step,
the mercaptans content of the product was still lower than 0.1 ppmv. After this period,
mercaptans content of the product rise up versus time, and about 8.5 hours later, it reached
to10 ppmv (maximum allowed value for sulfur compounds).

Additionally, it was found that about 2 h after starting regeneration step, mercaptans
content of the outlet regeneration gas stream sharply reached to the highest possible value
(i.e. 26500 ppmv). The amount of mercaptans in the regeneration off-gas varied according
to the molecular sieve regeneration cycle, which then required overdesign of some items of
the downstream facilities especially Claus unit. It was confirmed that increasing the flow
rate of regeneration stream decreased the regeneration time without influencing the mercaptans
peak level. But, at the higher values, mercaptans removal area was broader, and therefore,
the downstream unit should tolerate this extra burden.

Because the adsorption and regeneration times estimated by the model (20.5 and 11
hours, respectively) were close enough to the observed actual values (18 and 12 hours,
respectively), the proposed MRU model based on real component lumping approach could
be a reliable tool for the design purposes.

Nomenclature

P Pressure (atm) kyrc, Mass transfer coefficient (1/s)

T Temperature (K) kg Film resistance coefficient (1/s)

Z, Summation of atomic diffusion Volume &p Particle porosity

€ Bed void fraction Dp; Macro pore diffusion coefficient (cm?/s)
Ty Particle radius (m) sh Sherwood number

Thore Pore radius (m) Dy Gas mixtures molecular diffusion (cm?/s)
Ky Henry Coefficient Sc Schmidt number

Y Shape factor Re Reynolds number

u Dynamic viscosity (Pa.s) T Tortuosity factor

g Superficial velocity (m/s) Dy Knudsen diffusion (cm?/s)

M Molecular weight qi Loading of component i (kmol/kg adsorbent)
Py Gas density (kg/m>) 1P Isotherm parameter

Dy Axial dispersion coefficient (cm?/s) Di Partial pressure of component i

Py Solid bulk density (kg/m?>)
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