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Abstract

The study's primary purpose is to simulate the adsorption and desorption of volatile organic components on
activated carbon bed using python. The model was verified with experiments for the separation of methane (55
mol %) - carbon dioxide (45 mol %) mixture using vacuum pressure swing adsorption on an activated carbon
molecular sieve. For a six-component mixture (methane, ethane, propane, butane, carbon dioxide and nitrogen),
the model was verified using Aspen Adsorption flowsheet simulator and experimental results of vacuum
pressure swing adsorption on activated carbon. Even though the model showed a relatively low error in
comparison with provided experiments, some experimental cases need to be investigated more to get a better

model prediction.

1. Introduction

Adsorption  of VOC  (Volatile  Organic
Components) on a fixed-bed AC (Activated
Carbon) is commonly used to reduce VOC
emissions. VRU (Vapor Recovery Units) gained
popularity in the 1990s. Today 95 % of all new
VRU are bhased on AC adsorption followed by
vacuum regeneration.

Many papers have studied the PSA (Pressure
Swing Adsorption) for other components than
VOC. From the technical point of view, these
works are interesting because the mechanism of
VOC VPSA (Vacuum Pressure Swing Adsorption)
is in many ways similar. The PSA process exploits
the change of the adsorption equilibrium with a
change in system pressure. The process efficiency
depends on many factors such as the number,
sequence, and time of PSA steps, flow rate of the
gas, gas composition, adsorption pressure, and
others. For example, Kim et al. (2015) investigated
biogas mixture adsorption on AC molecular sieve
with four beds and a seven steps PSA system. A
significant improvement to the PSA process was
the equalization step: reducing the energy
consumption in the pressurization step by
employing the purified product from the second
adsorber. The experimental setup and numerical
model showed a cyclic steady-state process after 13
cycles.

Furthermore, Kim et al. (2015) indicate that
optimum conditions for the separation highly
depend on such parameters as the adsorption
pressure, desorption pressure, purge, and feed rates
(the ratio of the purge gas flow rate to the flow rate

of desirable component feed rate). Ahn et al.
(2013) also showed the importance of purge to feed
ratio, adsorption pressure, feed flow rate, step
times, and carbon ratio for layered two- and four-
bed 6-step PSA processes for H2 recovery from
coal gas. The result of the study is that higher
purity of the product can be achieved with layered
beds; however, less recovery can also be observed.

One of the main difficulties in mathematical
adsorption modeling is the correct definition of
adsorption thermodynamics and mass transfer. The
EL (extended Langmuir) (Duong, 1998) isotherm is
widely used due to the model’s simplicity.
However, the accuracy of this isotherm type is
questionable. Even though it has a theoretical basis
behind it, the assumptions place significant
restrictions on the applicability of this isotherm.
The EL model is an explicit model that is preferred
over its implicit counterparts, for example, IAST
(Ideal Adsorption Solution Theory), due to the
computation complexity of the last one. An
essential shortcoming of the EL model is the
neglect of the adsorbate size effect (Tom et al.,
2021). However, the results of studies that use EL
are usually coherent with experimental data. In this
study, more components will be considered, which
may have a negative effect when a simple EL
model is used.

The adsorption mass transfer model defines the
mass accumulation in the solid phase. The most
common is to use the LDF (Linear Driving Force)
for estimating the mass transfer. Kim et al. (2015)
indicate that the optimal parameters of mass
transfer constants should be obtained by comparing
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the numerical results with experimental data.
These parameters should be chosen such that the
model solution is the closest to the whole range of
available experimental data.

Even though PSA systems are well known, the
multicomponent VOC VPSA systems are not
properly investigated. The VOC VPSA modeling
is becoming critical to the industry as increasingly
stringent emission standards are being set. In
addition, modeling in python is more and more
advantageous  since it provides practical
optimization tools.

1.1 The VPSA process

The VPSA process can be done in different ways
(with two or more adsorbers, with three or more
steps, and with co-current and counter-current flow
configurations). The simplified flow diagram of
VOC adsorption process studied in this work is
shown in Fig. 1. The process consists of two beds:
one in adsorption mode and another in regeneration
mode. The adsorber outlet is a pure product during
the adsorption process and highly concentrated
vapor during the regeneration process. This vapor
is then recycled in the absorption system.

Process air outlet

Vapor outlet Oilinlet

Vapor inlet i Oil outlet

Highly concentrated
vapor A\
</

Vacuum pump

Figure 1: The simplified process flow diagram of VOC
adsorption

One way of VPSA organization is co-current
pressurization, adsorption, counter-current
desorption, and counter-current purge. The steps
are switched by employing valves. The top of the
adsorber is closed during pressurization, and the
system's pressure increases (see Fig. 2, upper left).
The pressure increase occurs from a specific low
pressure after regeneration to that required for
adsorption. Next, the valve at the top of the
adsorber opens, and the pure product is achieved at
the outlet (see Fig. 2, upper right). After a certain
period, the breakthrough of specific components
occurs, and it is necessary to switch the adsorber to
the regeneration mode (see Fig. 2, lower left).
There is no inflow at the bottom during
regeneration. Also, the valve to the vacuum pump
opens, and the vacuum pump turns on. After some
time, inert gas is supplied from the top while the
pump operates. This step is called "purge” (see Fig.
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2, lower right). As a result, the adsorbates' partial
pressure decreases, which causes them to desorb
better. After the purge, the whole cycle repeats. A
certain amount of non-desorbed gas remains in the
adsorber, which affects the process and changes the
result of the next cycle. However, the system
gradually converges with an increase in number of
cycles to the so-called "cyclic-steady-state".
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Figure 2: Cycle organization

1.2 Adsorption Equilibrium and Mass transfer

The extended Langmuir (EL) isotherm is widely
used to describe the adsorption equilibrium due to
the model’s simplicity (see Eq. (1)).

Weq,i _ biPi
Winax,i 1+ Zﬁy:l bij

1)

here, w,,; is an equilibrium concentration of the
adsorbate in the solid phase [kmol/kg], Wy,qy; is the
maximum adsorbate concentration in the solid
phase [kmol/kg], b; is an affinity coefficient of
component i [1/bar], P; is a partial pressure of
component i [bar], N - number of components, b; is
an affinity coefficient of component j [1/bar], P; is
a partial pressure of component j [bar].
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Coefficient b is the parameter that shows the ratio
between adsorption and desorption rates. This
parameter is called affinity coefficient and may be
expressed in terms of adsorption heat, temperature,
and affinity constant:

b; = by, exp (IS_T> (2)

here, b, is an affinity constant [1/bar], Q is an
isosteric heat of adsorption [J/mol], R is a universal
gas constant R = 8.314 [J/molK], T is temperature

K].

The IAST is widely wused to describe
multicomponent adsorption. One of the challenges
in the theory is that it requires the evaluation of the
spreading pressure, which is not available in the
analytical form for many isotherms. However, any
isotherm that can express spreading pressure
analytically can be used in Fast IAST (Fast Ideal
Adsorption Solution Theory), such as one-
component Langmuir isotherm. The calculation
procedure is described in more detail by Duong
(1998).

The mass transfer resistance between gas and solid
phases plays a great role in adsorption modeling.
The mass transfer model defines the mass
accumulation in the solid phase. The most common
is to use the LDF model (see Eq. (3)) for estimating
the mass transfer coefficient. The lumped mass
transfer  coefficient (overall mass transfer
coefficient k; in Eqg. (3)) considers all the
resistances to the mass transfer. They are the film
around each particle, surface diffusion, macropore,
and micropore diffusion in each particle.

The optimal mass transfer constants can be
obtained from the comparison of the numerical
results with experimental data.

aWi
W = pbulkki(weq,i - wp) 3
here, pp.uk 1S a solid bulk density [kg/m3], k; is an
overall mass transfer coefficient of a component i
[1/s].

1.4 Governing transport equations

The transport equations include mass, momentum,
and energy balance equations. The following
assumptions are used:

1. Bed porosity is homogeneous and constant along
the bed.

2. Gas flows only in axial direction and there are no
gradients in radial direction (one-dimensional
model).

4. Diffusion in axial direction are negligible.
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5. Ideal gas law is used for gas state calculations.

6. Solid thermal conductivity is negligible and heat
capacity is assumed to be constant and independent
of temperature.

7. Gas thermal conductivity is negligible and heat
capacity is assumed to be constant (independent of
temperature and gas composition).

8. There is no thermal resistance between gas and
solid phase.

9. The heat of adsorption is assumed to be constant,
independent of loading and temperature.

10. Constant wall temperature assumption. Wall
temperature is equal to the ambient temperature.
The mass balance equation:

10%€d(y;P) (10%\ B P62P+ (6P>2
(‘u)(}’i Ox2 Vi

RT ot RT ax
aP ayl aWi
axax) T O )

here, € is a total porosity, R is a universal gas
constant [J/kmolK], T is temperature [ K], B is bed
permeability [m?], u is a dynamic gas viscosity
[bar s], P is pressure [bar], y; is a molar fraction of
component i, w; is a solid loading [ kmol/m3].

The energy equation:

P-10%\ 0T
(¢p,sotiaPpuik + €Cpgas —r D3

P-10%\ B 0POT
p.gas\ TRT (,u )(ax Ox

o OW,-
T(Tamb -T)+ Z ?AHi (6)
i=1

here, cpsoiia IS @ solid specific heat capacity
[J/kgK], cpgas is @ gas specific heat capacity
[J/kmolK], hyy is a wall heat transfer coefficient
[W/m?K], d is a diameter of the adsorber [m], Tymp
is an ambient temperature [K], AH; is a heat of
adsorption of component i [J/kmol].

1.5 Boundary and initial conditions
The prescribed equations are subject to boundary
and initial conditions:
Table 1: Boundary and initial conditions for
pressurization and adsorption steps.

Pressurization Adsorption

P(x,t = 0) = Pinitiat P(x,t=0) = Boress
P(X = 0! t) = Pl(t) P(X = 0! t) = Pinlet
P(x = L,t) = P,(t)
Yi(x=0,t) = ¥i feea
T(x,t =0) = Tiitias
T(x=0,t) = Tiper

0°P

ﬁ(x =1, t) =0
Vi(x=0,t) = Yifeea
Txt=0) = Tpress
T(x=0,t) = Tinjer
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Table 2: Boundary and initial conditions for desorption
and purge steps.

Desorption Purge

P(x,t = 0) = Pyyq
P(x = 0,t) = P,(¢)
P(x = L,t) = P,(¢)

9y;
—x=Lt)=0
7z & )
T(x,t=0) = Tags
aT
—Gx=LtH=0
d0x

P(x,t = 0) = Py,
P(x=0,t) = P,(t)
P(x = L,t) = P,(t)
y(x=L1=1
T, t=0) = Ty
T(x=Lt) = Tinjer

here, Piitiq; 1S the initial pressure along the
adsorber for the first cycle or pressure along the
adsorber after purge step for the next cycles
[bar], P;(t) is the pressure at the bottom (inlet)
of the adsorber [bar], P,(t) is the pressure at the
top (outlet) of the adsorber [bar], y; feeq is the
molar fraction of component i in the feed
stream, Tip;riq; 1S the initial temperature along
the adsorber for the first cycle or temperature
along the adsorber after purge step for the next
cycles [K], Tiner is the gas inlet temperature [ K],
subscripts press, ads, des mean the results of
temperature or pressure from the previous step.

P1(t) and P2(t) are the boundary pressures at the
bed bottom (inlet) and top (outlet) respectively.
These pressures are calculated based on the ideal
gas law using the following equations:

1. Pressurization

dP, P, (FRT-1072
= |7 Uoud 7

A P,
A (uinA) ®
2. Desorption
? = Vl (_qpump - uinA) 9)
dapP, P,
A (UourA) (10)
3. Purge
aP; P,
E = Vl (_qump - uinA) (11)
dP, P,
? = V_Z (qurge + UpueA) (12)

here, F is the flow rate coming into the adsorber
[kmol/s], V; is an inlet volume not filled with
adsorbent [m3], V, is an outlet volume not filled
with adsorbent [m3], u,,, is a velocity of gas going
to the adsorber [m/s], u;, is a velocity of gas going
out of the adsorber [M/s], qpymp is @ volumetric
flow rate to the vacuum pump [m®/s], qpyrge is @
purge volumetruc flow rate to the adsorber [m3/s].
It should be noted that velocity has a negative sign
during desorption and purge steps.
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2. Methodology

2.1 Python numerical solution

The set of PDEs (Partial Differential Equations)
and ODEs (Ordinary Differential Equations) need
to be solved with the initial and boundary
conditions as shown in Tables 1 and 2.

The spatial and time derivative terms can be
approximated. The variables are defined on a grid
with finite difference methods.

The first-order upwind difference scheme may be
beneficial in the case of sharp front propagation,
which is vital in the simulation beginning and in
the systems where breakthrough curves are steep.
The first-order upwind method is also
recommended because of the fast simulation. The
scheme is first-order accurate and may give a
significant numerical diffusion. However, the
method  does not  produce  oscillations
(unconditionally stable). The upwind difference
scheme for the positive velocity is shown below:

of  fi—fis .
x- Y20

of  fin—fi .

ax- ax Su<o (13)

here, f is a function, | is a space grid point, u is
velocity.
The second order derivative approximation is
shown below:
*f  fir—2fit fia
— = 14
0x? Ax? (a4
The system of PDE and ODE will be solved in
Python.

2.2 Aspen Adsorption numerical solution

Aspen Adsorption will be used to compare the
results. Aspen Adsorption is a comprehensive
flowsheet simulator for adsorption modeling. The
developed flowsheet with one adsorber for VPSA
process is shown in Fig. 3.
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Figure 3: Aspen Adsorption VPSA flowsheet
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3. Results

3.1 Model verification

3.1.1 Comparison with Cavenati et al. (2005)
experiments

The simulation becomes more complicated with an
increase in the number of components. Therefore, it
is better first to compare the results with fewer
components to investigate if the simulation works
correctly. For example, Cavenati et al. (2005)
considered only two components’ adsorption on
AC molecular sieve 3K: methane and carbon
dioxide.

Cavenati et al. (2005) focused on vacuum pressure
swing adsorption for the separation of methane (55
mol %) - carbon dioxide (45 mol %) mixture with a
total flow between 1 and 1.5 SLPM (Standard Liter
per Minute). A four-step cycle consisted of
pressurization, adsorption, counter-current
blowdown, and counter-current purge. The results
for binary methane-carbon dioxide adsorption at a
constant pressure of 320 kPa are presented. The
authors did the experiments in a column of 0.83 m
length and 0.021 m in diameter with a bulk density
of 715 kg/m3 . The ambient temperature during the
experiments was 303 K.

Equilibrium and kinetic parameters for methane-
carbon dioxide mixture adsorption on Carbon
Molecular Sieve 3K can be found in Vilardi’s work
(Vilardi et al. 2020).

Fig. 4 shows the simulated breakthrough curves
and experimental results for non-isothermal
conditions. The model describes well the trend of
breakthrough for methane and carbon dioxide.

0.5 =—Nethane Python mode!
Carbon Dioxide python model
% 04 e W
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z o
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Figure 4: Comparison of breakthrough results with
experiments (experimental results from Cavenati et al.
(2005))

An essential part of the simulation is energy
balance. Carbon dioxide adsorption produces a
significant amount of heat. Cavenati et al. (2005)
also reported a substantial amount of heat loss to
the environment that needs to be considered.
Therefore, wall heat transfer coefficient of 4E-5
MW/m?2K was used as a fitting parameter, and the
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result is shown in Fig. 5. The experimental data
includes temperature profiles at three positions of
the adsorption bed (0.17, 0.43, and 0.68 m). These
temperature profiles were compared with simulated
ones.
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Figure 5: Comparison of temperature results with
experiments (experimental results from Cavenati et al.
(2005))

The results reflect the thermal wave well, but
temperature profiles are more sharp than
experimental. That may be due to the inaccuracy of
the component properties (such as the heat capacity
of gas and adsorbent) and neglection of axial
thermal conductivities.

Next, Cavenati et al. (2005) presented the results
after 46 cycles for VPSA system. The results of the
experiments as well as the developed python
simulation results are shown in Fig. 6. During the
first 80 seconds of a cycle, the pressure rises from
10 kPa to 320 kPa with the constant feed flow rate
of gas (see Fig. 2, upper left). The outlet flow rate
of methane and carbon dioxide is O during this step
because the top of the column is closed. During the
next 100 seconds, the top of the column is opened,
and the adsorption step with constant pressure and
inlet flow rate begins (see Fig. 2, upper right). Only
methane is obtained as the product at this step.
From 180 to 300 seconds, the top of the column is
closed, and counter-current blowdown occurs with
the vacuum pump (see Fig. 2, lower left). The
characteristic of the MZ 1C vacuum pump was
used in the developed model. The final desorption
pressure of 10 kPa coincides with what the authors
presented in the article. In the next 50 seconds,
there is a counter-current purge to decrease the
partial pressure of carbon dioxide inside the
adsorber (see Fig. 2, lower right).
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Figure 6: Comparison of temperature results with
experiments (experiment results from (Cavenati et al.,
2005))

3.1.2 VOC simulation and comparison with Aspen
Adsorption results and Equinor experiments

The central part of the study deals with simulation
of VOC adsorption on AC. The experiments were
conducted at Equinor to optimize the adsorption of
VOC on AC adsorption bed (Eroshkin, 2022).
Adsorber design, cycle details and operating
conditions are described in Tables 3-5. The
adsorption cycle in the experiments was as
described in Section 1.1 (see Figure 2):

Table 3: Bed parameters
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Adsorbent initial 303 K
temperature

Since the temperature variations do not exceed 10
degrees in the experimental results of VOC
adsorption, neglecting temperature calculations
should not radically change the solution. Thus, the
isothermal simulation is presented below. The main
parameters fitting to the model are the mass
transfer coefficients. The mass transfer coefficients
are initially assumed to be high, and there is almost
no adsorption resistance.

The following parameters are used for equilibrium
description. However, these parameters still need to
be improved with proper experiments.

Table 6: Equilibrium parameters

Methane Ethane
kmol kmol
Wiy ! 0.00032 ;’:’ Winay . 0.0008 ;’;’
b: 0.65 bar~! b: 3.06 bar™!
Propane Butane
k l k l
Winayx: 0.0018 :‘g" Winay: 0.0018 ::’
b: 3.8 bar™! b: 8 bar™1
Carbon Dioxide Nitrogen
kmol kmol
Winay: 0.00075 ;’:’ Winax: O ;’Z’
b: 0.73 bar™! b: 0bar™?

Parameter Value
Adsorber height 1m
Adsorber height (filled 0.77m
with AC)
Adsorber diameter 0.032m
Clean adsorbent bulk
density 430 kg/m3
Table 4: Cycle steps
Cycle step Time
Pressurization Until 1 bara is reached
Adsorption 900 sec/1500 sec
Desorption 600 sec / 1200 sec
Purge 300 sec

Table 5: Parameters of the main case study
Parameter Value
Gas inlet flow rate ~ 1248/1254 Nml/min
Purge gas flow rate 50 Nml/min
Composition CH,: 8.6 /8 mol%
C,Hg:16.1/16 mol%
C5Hg: 22.4 1/ 20.4 mol%
C,Hqp: 10/ 11.7 mol%
€O, :4.7/4.6 mol%,
N,: 38.2/39.3 mol%
Inlet temperature 303 K

Fig. 7 shows the change in pressure for the first
case (15 min cycle and 1248 Nml/min inlet flow
rate). When the pressure reaches just above 1 bar,
the adsorption process begins while the pressure
remains constant. The adsorption cycle lasts 15
minutes, after which the vacuum pump is turned
on, and the pressure reduces rapidly to 0.06 bar
during 300 seconds of regeneration. Then pressure
rises slightly after desorption due to the desorption
of heavy hydrocarbons (HC) with the purge. The
model developed in Aspen Adsorption (see Fig. 3)
shows approximately the same pressure result as
the model developed in Python.

= Developed python model == Aspen Adsorption

-
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Figure 7: Pressure development during VVPSA cycles
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The graphs shown in Figs. 8 represent the molar
flow rate of each gas exiting the adsorber after 10
simulated cycles. Cycle 1 means that all four stages
were carried out only once: pressurization,
adsorption, desorption, and purge. Thus, the
number of cycles means how many times this 4-
step cycle was simulated, using the final state from
the previous cycle as the initial condition for the
next cycle. Initially, the adsorber is assumed to be
in equilibrium with nitrogen at 0.06 bar. However,
some other adsorbed components remain adsorbed
after the first cycle, affecting the next cycle. When
the differences between cycles begin to be less than
1%, one can argue that the system has come to the
so-called cyclic-steady-state.
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& CO2 molar flow
0.151 —— N2 molar flow
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0.05

0.00

0 200 400 600 800
Time

Figure 8: Comparison of the experimental and simulated
results of VOC adsorption on AC with 15 min cycle and
inlet flow rate 1248 Nml/min

Figures 9, and 10 show the capture efficiency when
the cyclic-steady-state is reached for the cases with
15 min cycle and 25 min cycle. Capture efficiency
of 100 % means no flow rate of a component
exiting the column. Capture efficiency of 0 %
means that the outlet molar flow rate of a
component is equal to the inlet molar flow rate. The
negative efficiency means that the outlet flow rate
is higher than the inlet. As one can see from the
model the capture of various VOC happens
differently. The competitive behavior can be
noticed. Once an equilibrium zone is formed in the
AC, components with stronger affinity will push
components with less affinity out of the adsorbent.
Consequently, the outlet flow of “weak”
components will increase above the inlet flow. It is
seen from the graph that heavier components bind
to the AC stronger than lighter components.
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Figure 9: Capture efficiency. Molar flow 1248 Nml/min
and cycle time 15 min
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Figure 10: Capture efficiency. Molar flow 1254 Nml/min
and cycle time 25 min

4. Summary and Discussion

The developed python model for VPSA simulation
showed good agreement with Aspen Adsorption
simulations, Cavenati et al. (2005) experiments and
some multicomponent VOC experiments. It can be
confirmed that the model calculates correctly;
however, the equilibrium and kinetics parameters
for the six-component mixture need to be
improved.  The available experimental data on
equilibrium and Kkinetics is limited, and more
accurate model predictions can be achieved by
conducting more equilibrium and  kinetic
experiments.
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5. Conclusion

The proper development of the adsorption process
with high performance involves the design of a
model that can describe the dynamic of adsorption,
considering all relevant transport phenomena. The
developed model in python can be used for
prediction and theorical description of competitive
VOC adsorption. The multicomponent adsorption
isotherm and LDF equation for mass transfer
reasonably well predict the adsorption behavior of
2 component VOC mixture (methane and carbon
dioxide). When it comes to the six-component
mixture, some adjustment required to get a good
comparison with experimental data.
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