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Abstract—The performance of carbon molecular sieves and zeolite 5A was compared in a four-bed vacuum pressure
swing adsorption process. The purpose of the process is to sequester CO, from a CH,/CO, mixture gas, such as coal
bed methane or landfill gas. This study investigated the effects of the design variables and operating variables on meth-
ane purity, recovery, and specific power through simulations of the process using the two adsorbents. The adopted
design variables for the investigation are the packing bed length and the diameter of the adsorption bed, and the
selected operating variables are the adsorption pressure and vacuum pressure. The simulation results show that zeolite
5A is better than carbon molecular sieve in terms of power, especially under low-pressure operating conditions with a
vacuum pressure of 1,000 Pa. However, carbon molecular sieves are better in terms of purity enhancement when the

vacuum pressure is higher than approximately 2,000 Pa.
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INTRODUCTION

The main cause of various environmental problems, such as an
increase in sea level and global warming, is excessive greenhouse
gases in the atmosphere [1]. Since the most important greenhouse
gas is carbon dioxide (CO,) [2], the sequestration of CO, from gases
has been the main issue and is necessary for many applications to
limit the greenhouse effect and associated global warming. Vari-
ous technical options for the separation of CO, from a gas mixture
stream include chemical absorption, physical absorption, adsorp-
tion, cryogenics, and membranes [3]. Amine-based absorption is a
mature commercialized technology for CO, separation, and new
concepts such as modified membranes and adsorption seem to be
very promising [3].

Although the absorption process has been widely used for CO,
sequestration in large-scale plants, pressure swing adsorption (PSA)
has been adopted in comparatively medium-scale plants because
PSA is regarded as an energy-efficient gas separation technology
[4].

Generally, the PSA process performance is highly affected by (1)
design conditions, such as the bed diameter, packing bed length,
configuration, and number of beds, and (2) operating conditions,
including the operating step times, gas flow rates, and operating
pressure. In addition, for the design of PSA processes, a suitable ad-
sorbent selection is particularly crucial because the adsorbents physi-
cal properties, including selectivity, adsorption capacity, mass transfer
kinetics, and adsorption heat, strongly influence the PSA perfor-
mance. Thus, many researchers have studied and compared the per-
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formance of adsorbents in PSA processes as follows.

CO, separation from low-CO,-concentration flue gas using acti-
vated carbon (AC) and carbon molecular sieve (CMS) as adsor-
bents was studied by Kikkinides et al. [5]. For the separation of
CO, from mixture gases in PSA processes, synthetic zeolites, CMS,
and AC were suggested as candidate adsorbents by Chue et al. [6].
Chue et al. also examined AC and zeolite 13X to recover high-
purity CO, using the PSA process from two flue gases (16% and
26% CO, with a balance gas, N,) [6]. The adsorption dynamics of
N,, O,, and Ar in a kinetic separation bed with CMS and an equi-
librium separation bed with zeolite 13X using dry air as the feed
gas were investigated by Jee et al. [7]. Siriwardane et al. studied the
volumetric gas adsorption of CO,, N,, and O, on three natural
zeolites to determine the equilibrium adsorption capacities and
investigated the competitive adsorption of CO, from gas mixtures
[8]. Kim et al. studied methane separation from landfill gas using
a six-step two-bed PSA process using CMS Takeda 3A [9]. Canevesi
et al. researched a PSA process for biogas upgradation using a
CMS adsorbent [10]. Two synthetic molecular sieves (5A and 13X)
and a natural zeolite (clinoptilolite) as adsorbent materials were
studied for the cleaning and upgrading of biogas by PSA with ther-
mal desorption [11]. CO, separation using adsorption on 4A and
13X zeolite molecular sieves in dynamic conditions to upgrade
landfill biogas was investigated by Montanari et al. [12]. Mofarahi
and Shokroo compared the performance of zeolite 5A with that of
zeolite 13X in oxygen separation from the air using a two-bed six-
step PSA system through mathematical modeling [13]. Hauchhum
and Mahanta investigated adsorption and regeneration behavior of
CO, on zeolite 13X, zeolite 4A, and AC [14]. Shokroo et al. numer-
ically investigated the performance of zeolite 5A and 13X in sepa-
rating oxygen from air using a two-bed PSA system [15]. In addition,
many studies have also been performed on the simulations of PSA
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processes [16-26].

The purpose of this study was to provide the necessary infor-
mation for the selection of the adsorbent used in the vacuum pres-
sure swing adsorption (VPSA) process by observing the performance
influenced by the adsorbent as well as the design and operating
conditions.

Therefore, this paper presents the investigation results of the per-
formance of the VPSA process adopting CMS and zeolite 5A through
simulations using gPROMS custom modeling software [27].

The next section introduces the target VPSA process and pres-
ents the adopted operating steps and VPSA mathematical simula-
tion model [25,26], of which the novel point is in the simulation
accuracy because the gas velocity within adsorption beds is pre-
cisely calculated using the mole balance equation, and the velocity
strongly affects the exact prediction of the bed sizing, pressure drop,
and performance, as explained in Kos papers [25,26]. Simulation
results are presented and discussed. In the final section, the com-
parison results are summarized and analyzed.

MATHEMATICAL SIMULATION MODEL

This study adopts the VPSA process and the simulation equa-
tions of Ko's papers [25,26], which introduce a novel method to
calculate interstitial gas velocity within adsorption beds and prove
the simulation model equations to be accurate by comparing the
simulation results with pilot plant operation data and the commer-
cial-scale vendor design data. The target process is the VPSA pro-
cess consisting of a four-bed system with 12 operating steps, as
explained by Ko [25,26]. The purpose of the VPSA process is to
purify methane gas by the adsorption of carbon dioxide. The feed
gas composition is 90% methane and 10% carbon dioxide. The oper-
ating steps are adsorption, pressure equalization, repose, blowdown,
purge, pressure equalization, and pressurization, as described below
and summarized in Table 1 [25,26].

In step 1, carbon dioxide is adsorbed on the adsorbent at high
adsorption pressure in bed 1, while pressure is equalized between
beds 3 and 4, that is, the gas is supplied from high-pressure bed 4
to low-pressure bed 3, and the blowdown step (regeneration of the
adsorbent at atmospheric pressure) is carried out in bed 2. In the
blowdown step, the gas within the adsorption bed is emitted into
the tail gas stream without vacuum, while the valve above the bed
is closed and that below the bed is opened.

In step 2, the carbon dioxide of bed 1 is continuously adsorbed
on the adsorbent, and a part of the purified gas is provided to bed
3 from bed 1 to pressurize bed 3. The adsorbent is regenerated at

Table 1. Operating step sequence of the VPSA process [25,26]
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vacuum pressure during the purge step of bed 2, and bed 4 is in a
repose step. In the purge step, the gas is extracted using a vacuum
pump, while the valve below the bed is opened and that above the
bed is closed.

In step 3, beds 1 and 3 continue the same operations as in step
2, while bed 2 receives gas from bed 4 as the pressure equalization
step.

In step 4, bed 1 provides the gas to bed 2 as the pressure equal-
ization step, while bed 3 performs the adsorption step with the high
adsorption pressure and bed 4 conducts the blowdown step with
the atmospheric pressure.

In step 5, bed 1 is in the repose step, and vacuum regeneration
of the adsorbent is performed at bed 4 as the purge step. Part of
the purified gas from high-pressure bed 3 in the adsorption step
flows into low-pressure bed 2 for pressurization.

In step 6, high-pressure bed 1 gives the gas to low-pressure bed
4 as the pressure equalization step, while bed 2 at the pressuriza-
tion step receives the gas from bed 3 at the adsorption step.

In step 7, the blowdown step is carried out in bed 1, and the
adsorption step is started at bed 2, while high-pressure bed 3 pro-
vides the gas to low-pressure bed 4 as the pressure equalization step.

In step 8, the vacuum purge step is performed at beds 1 and 4
at the pressurization step, which receives a part of the purified gas
from bed 2 at the adsorption step, while bed 3 is in the repose step.

In step 9, low-pressure bed 1 obtains the gas from high-pressure
bed 3 as the pressure equalization step, while part of the gas from
high-pressure bed 2 at the adsorption step is transported into low-
pressure bed 4 at the pressurization step.

In step 10, the gas of high-pressure bed 2 is moved into low-pres-
sure bed 1 as the pressure equalization step, while beds 3 and 4
perform the blowdown and adsorption steps, respectively.

In step 11, bed 1 is pressurized by accepting the part of the puri-
fied gas from high-pressure bed 4 at the adsorption step, while bed
3 is purged with the vacuum pressure and bed 2 is in the repose
step.

In step 12, beds 1 and 4 continuously conduct the pressuriza-
tion and adsorption steps, respectively, while beds 2 and 3 carry out
the pressure equalization step, that is, low-pressure bed 3 takes the
gas from high-pressure bed 2.

The simulation model is formulated with the following assump-
tions [25,26].

(1) The Redlich-Kwong equation of state.

(2) No variable variations of radial direction.

(3) Nonisothermal and nonadiabatic conditions.

(4) Competitive adsorption behavior expressed as the Langmuir

Step 1 2 3 4 5 6 7 8 9 10 11 12
Time(s) 10 120 10 10 120 10 10 120 10 10 120 10
Bed 1 AD AD AD EQ1 RE EQ2 BD PG EQ2 EQ1 PR PR
Bed 2 BD PG EQ2 EQ1 PR PR AD AD AD EQ1 RE EQ2
Bed 3 EQ1 PR PR AD AD AD EQ1 RE EQ2 BD PG EQ2
Bed 4 EQ1 RE EQ2 BD PG EQ2 EQ1 PR PR AD AD AD

AD=Adsorption; EQ=pressure equalization; RE=repose; BD=blow down; PG=purge; PR=pressurization

May, 2021
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type isotherm.

(5) Temperature independent physical property of the bed.

(6) Ergun equation relating the gas velocity and the pressure drop
within the bed.

(7) Linear driving force (LDF) model calculating the adsorption
amount.

(8) The time-varying pressure profile at the boundary of the bed
described by an exponential function of time [28].

Based on the above assumptions, the simulation model intro-
duced in Kos paper [25,26] was adopted as follows:

To calculate the adsorption equilibrium, the extended Langmuir
isotherm is adopted:

gi=-Sn2le 1)

1+ Z bP;
i=1

where, P, is the gas partial pressure.
The temperature (T) dependent parameters (q, and b;) are ob-
tained using Egs. (2.1) and (2.2), respectively:

qsb i
2.1
qs,i=Qsq, it T ( )

b;=b,, exp (%} 22)

The parameters (qs, » Gs,» b,,» and Dy ;) are estimated using the iso-
therm measurement data.

The adsorption amount (q;) is calculated using the LDF in Eq.
).

aqi _ *
E =ki(qi—q) 3

where, k; is the mass transfer coefficient, called LDF coefficient.
The equation of state (EOS) (Eq. (4)) is adopted to obtain the
concentration (C).

P=ZCRT )

where, Z is the compressibility factor, R is the universal gas con-
stant, and P is the gas pressure.
To calculate the component concentration C, Eq. (5) is used.

C;=y,C (5)

The mole fraction (y;) balance introduced by Ko [25] is expressed
by Eq. (6.1)

& o o oy,
_p, [, pr 20D Y16P+228(1/Z) Vi
o oz oz ) e

ayi an pxRTZ(l ghzd) aql & aq; _
Yot e P gy, ot V)0
Eq. (6.1) is derived by inserting the EOS (y;P=ZCRT) into the com-
ponent concentration balance in Eq. (6.2).
o o1- ) ’C. .
oG 4~ Cbed 9q; . €, + o(u,C) -0

Ot g SOt ™2 oz (62)

where, &, is the bed void, p, is the solid adsorbent density, D,,, is
the axial dispersion coefficient, and z is the normalized axial dis-

tance in a bed from the feed inlet part.

The pressure drop is calculated using Ergun Eq. (7.1) when the
interstitial gas velocity (u;) is employed:

AR G i)’ L. 75% —FbedBe b (7.1)

0z 2 Epa d
Ebed p bed “'p

Eq. (7.1) is derived by inserting the relation (u=u,&,,) of the inter-
stitial gas velocity and the superficial gas velocity (ug) into the
Ergun Eq. (7.2) using the superficial gas velocity [25,26].

150(1 ghed) £y 1751 EvedPy

3 3
82 Ebed dp Ebed dP

uguy (72)

where, d, is the adsorbent particle diameter, 1 is the gas viscosity,
and p, is the gas density.

The interstitial gas velocity (u;) is calculated using the molar flow
rate (1) within the adsorption bed (Eq. (8))

Pu/A,,,;=ZART ®)
Avoid = gbsz (9)

where, A, is the void cross-sectional area of the bed and A is the
cross-sectional area of the inside of the adsorption bed.
The gas temperature within the bed is given by the gas energy
balance in Eq. (10)
2
(Erpgcpg+pbzdcps)aa;f +pgcpg€bzdu1% - KL(ﬂ;
0z (10)

Zhlnszde
(T TW ll) 0
Rbed Inside ¢

L
—pbed;AHiE
where, & is the total bed void fraction, C,, is the gas heat capacity,
Dsea 15 the bed bulk density packed with the adsorbent, C, is the
solid adsorbent density, K; is the effective axial thermal conductiv-
ity, AH is the isosteric heat of adsorption, hy,, is the heat transfer
coefficient inside the bed, Ry, jqq. is the inside radius of the bed,
and T, is the bed wall temperature.
The bed wall temperature is predicted by the wall energy bal-
ance in Eq. (11)

2 2 6Twull
(pwcw)”(Rbed, Outside — Rbed, Inside ) ot

(11)
=2 ”Rbed, Insidehlnside(T - Twull) -2 ”Rbcd, OutsidehOut:ide(Twull - Tumb)

where, p,, is the bed wall density, C,, is the heat capacity of the bed
wall, Ry ousize i the outside radius of the bed, and T, is the ambi-
ent temperature.

The mole balance Eq. (12.1) developed by Ko [25] is employed
to calculate the molar flow rate.

2+(1 sbed)( "ed) pszaq‘ ( )G\‘I’:) 0 12.1)

where, n is the mole number of the gas within the bed, 11 is the
molar flow rate, L,,, is the packing bed length, Ny, is the number
of discretization in the finite difference method with respect to the
bed axial domain, nc is the number of the gas components, and j
is the parameter given as 1 or 2. For example, j is given as 1 when
the forward finite difference method or backward finite difference
method is adopted for the axial discretization, and j is set as 2 when

Korean J. Chem. Eng.(Vol. 38, No. 5)
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Fig. 1. The derivation method of the mole balance equation.

the centered finite difference method is employed for the axial dis-
cretization.

The derivation of the mole balance in Eq. (12.1) can be explained
as follows:

The accumulation (Acc) consists of the inlet (In), outlet (Out),
and reaction (Rxn) in the mole balance.

That is,

Acc=In-Out+Rxn (12.2)

where, the concentration balance can be established (Egs. (12.3)-
(12.7)).

dc

A= (123)
I.lin Az
= (A_J (AVW. ) (124)
_ (o) _Az
Out= Az)(AVm ) (125)
nc a .
Rxn=— [ga—qt’]pp 126
Therefore,
dC_[ on\ Az [ &dg
dt (‘ 62)(AVW ) (i_ﬂ]”s (12.7)

Eq. (12.7) can be reformulated as the mole balance in Eq. (12.8).

dn . . e dq, .
dt =0, Doy [E E]P:(J A\/salid)

(12.8)

dr ncdq.
- (E—IZI)(jAz) - [Z d—qt’jps(JAVsolid)

i=1
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i=1

When FFDM or BFDM is used, j = 1.
When CFDM is used, j = 2.

Out = MJ =
Az )\ AV,

void

Az

A V'oid = A\'oidAZ

v

n\( Az
In=|-22
(AZJ( AI/\'oidJ

where, Az= IIJ\IL: and (1- g,,ed)(j II:IL:)A =AV
The development approach of the mole balance is summarized
in Fig, 1.
The purity and recovery of methane are formulated using Egs.
(13) and (14):
_[AD [Yen,),- dt
Purity gy ge(%)=————x100 (13)

tStePOINOS
AD

. step01 step01 step01
Recover (0/ ) _ [ ave ]z:L[YCHd, ave. zthAD
YcH,, avel70 step01~03 step01~03
[ ave ]z:OYfeed, CHAtAD

. step02~03 step02~03 (14)
[nafter split, uve]z:L[YCI"L, ave ]z:LtAD
+ x 100
. step01~03 step01~03

[ ave ]Z=OYf€€d, CHAtAD

The power consumption can be calculated by Egs. (15)-(17).

Compressor power (J/s):

p =1
tin| . Y AD) 7
[ . lrnﬂedRTz—Oﬁ((a) - 1ﬂ
Powercyup, ave= : (15)
AD
Vacuum pump power (J/s):
P rl
E A (_o) .
[ 0 ’VnPGRTz—O P 1[ P 1
Poweryp 4.= : (16)
PG
Total specific power (J/mol/s):
Powergp .= Powerwmp’ awetPOWEryp 40 a7

(ﬁpm J(Puritycy /100)

The boundary conditions of each operating step are introduced in
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Table 2. Adsorption isotherm parameters

Adsorbent Carbon molarcular sieve (CMS) [25,26] Zeolite 5A [29]
Component CH, CO, CH, CO,
q., (mole kg™ -18 04 ~10.8616 0.109987
q,, (mole K kg ™) 1,502 93.74 4,097.86 126.66
b, (bar™) 0.413302326 0.000755814 163.255 845.633
D, (K) —238 2,250.1 ~1,934.61 —1,419.54
Table 3. Basic condition for the comparison study of adsorbents for 9200
Figs. 2-7 9100
Variables Values = 9000
=]
Packing bed Length (m) 1 g 8900 —@—CMS —o—Zeolite SA
Inside bed radius (m) 0.13 ? 8800
Adsorption Pressure (P,,) from Step 1 through Step 3 (Pa)  10° E &7l
Blowdown Pressure (Pyp) at Step 7 (Pa) 10° £ ge00
Purge Pressure (Py) at Step 8 (P 10 g
urge Pressure (Pp) at Step 8 (Pa) 2 00
8400
100.0
8300
99.0 s - /*—_‘—_. 0.09 0.11 0.13 0.15 0.17
§ L P e L ) e Inside Bed Radius [m]
= 980 A :
g = Fig. 3. The effect of bed radius on specific power.
g 970 .
2 R
5 960 Y S~ ~ e
£ 950 b = 5 91 |
£ —@— CH4 Purity (CMS) A\ R E, 98.6 -
= 940 o— CH4 Purity (Zeolite 5A) S 2 ggq | —— CH4 Purity CMS)
© 930 = * —CH4Recovery (CMS) N g 7> | —e— CH4 Purity (Zeolite 5A)
— & — CH4 Recovery (Zeolite 5A) S f 97.6 = & — CH4 Recovery (CMS)
92.0 A i CH4 Recovery (ZeoliteﬁSzf) _  —o—— ¢
0.09 0.11 013 0.15 0.17 R —— e e
= S -
Inside Bed Radius [m] &~ 96.6 S -
5 961 R
Fig. 2. The effect of bed radius on methane purity and recovery. ’ T~ ~-u
95.6
0.9 0.95 1 1.05 11

Kos paper [25]:

This paper presents the performance comparison results of CMS
and zeolite 5A through cyclic dynamic simulations from the first
cycle to the cyclic steady state (CSS). In the current simulation mod-
els, the 100% methane gas initially fills the bed, and the CSS is de-
termined when the value of the CSS,, variable, as shown in Eq.
(18) [25] is less than 0.01 because the VPSA performance must be
checked at the CSS.

nc Np+1

CSScheck: z;, kzl |qi, =0,k — 9;, =ty k|

i=1 k=
Ny

+y |YCH4, =0,k ~ YCH,, t=t,, kl
k=2 (18)
Np

+ Z |Tt:0, k— Tt:tm, kl
k=2

Np
+ kZz|Twall, =0,k ~ Lwall, 1=t i

The estimated adsorption isotherm parameters are listed in Table
2. The parameter values of CMS are from Kos paper [25,26], and

Packing Bed Length [m]

Fig. 4. The effect of bed length on methane purity and recovery.

those of zeolite 5A were estimated using data from Ahn’s Master’s
thesis [29].

RESULTS AND DISCUSSION

This study presents the eftects of vacuum purge pressure, adsorp-
tion pressure, bed length, and bed radius on the VPSA performance,
such as the methane purity and recovery, and the specific power
of the CMS and zeolite 5A as adsorbents.

Table 3 shows the basic condition of the VPSA process.

Figs. 2-5 illustrate the effects of the inside bed radius and bed
length on the methane purity and recovery, and the specific power,
respectively. For example, in Figs. 2-3, the value of the radius is
changed while the other variables (bed length and pressure) of Table
3 are constant.

The methane purity and specific power are proportional to the
bed radius and bed length, while methane recovery is inversely

Korean J. Chem. Eng.(Vol. 38, No. 5)
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8,750

8,700

8,650

8,600
—o—CMS Zeolite SA

8,550

Specific Power [J/s/mol]

8,500

8,450
0.9 0.95 1 1.05 1.1

Packing Bed Length [m]

Fig. 5. The effect of bed length on specific power.

proportional to them. This is because increasing the bed radius or
length leads to an increase in the gas contact time (t,,,) with the
adsorbents.

The contact time is the bed length (L,,;) divided by the intersti-
tial gas velocity (Eq. (19)). The bed area affects the interstitial gas
velocity. That is, when the bed radius increases with a given flow
rate, the interstitial gas velocity decreases (Eq. (20)), which increases
the contact time (Eq. (19)). In addition, when the bed length in-
creases with the given flow rate and bed radius, the contact time
increases.

tmnt: Lhed/ul (19)
V=uA,, =uAs, (20)

The longer the contact time, the higher the product purity and the
lower the recovery. Thus, much more carbon dioxide is adsorbed
on the adsorbent, leading to higher methane purity, and a little more
methane is also adsorbed on the adsorbent with the longer con-
tact time, resulting in lower methane recovery. The mass transfer
zone with a longer contact time must be located in the lower part
of the adsorption bed than that with a shorter contact time. There-
fore, if the product gas in VPSA processes is required to have high
purity, a longer contact time must be taken by increasing the bed
diameter or inside bed radius, or decreasing the feed flow rate.
The specific power increases with the gas contact time because the
recovery decreases with time.

When the adsorption pressure is high (P,p= 10° Pa), CMS is bet-
ter than zeolite 5A in terms of methane purity; however, zeolite

100.0
99.5 *\\‘\‘\‘\
99.0

98.5
98.0

97.5 ~—8— CH4 Purity (CMS)
CH4 Purity (Zeolite SA)

CH,, Purity or Recovery [%]

970 | _ & —CH4 Recovery (CMS)
96.5 CH4 Recovery (Zeolite SA)

A ———— =& — == ==
96.0

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000
Purge Pressure [Pa]

Fig. 6. The effect of vacuum purge pressure on methane purity and
recovery.
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8,750

8,700 \‘\‘\\‘

8,650

8,600

—o—CMS Zeolite SA

8,550

Specific Power [J/s/mol]

8,500

8,450
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000

Purge Pressure [Pa]

Fig. 7. The effect of vacuum purge pressure on specific power.

5A is better than CMS in terms of methane recovery and specific
power.

The purge pressure effects on the VPSA performance are de-
scribed in Figs. 6-7.

The lower the purge pressure using a vacuum pump, the higher
the methane purity obtained. Methane purity using zeolite 5A is
more sensitive to purge pressure than that using CMS. This is due
to the isotherm characteristics of zeolite 5A. This means that the
carbon dioxide adsorption equilibrium of zeolite 5A increases more
sharply as the pressure increases at a low vacuum pressure range
compared to that of CMS.

The methane purity when CMS is adopted is higher than that
when zeolite 5A is employed; however, the methane recovery using
zeolite 5A is higher than that using CMS. The higher the purge pres-
sure, the higher is the methane recovery. Consequently, the spe-
cific power could be reduced if zeolite 5A was used. The design
condition decision is based on factors such as product gas specifi-
cation, required power consumption, and product flow rate. For
example, vacuum purge pressure using zeolite 5A can be selected
as 2,000 Pa to obtain high methane purity (99.77%), high methane
recovery (98.01%), and comparatively low specific power (8,567 J/
s/mol).

The basic conditions for analyzing the effect of the low adsorp-
tion pressure (250,000-600,000 Pa) on the performance are shown
in Table 4. The investigation results of the adsorption pressure effects
on the performance are shown in Figs. 8-9. For instance, in Figs.
8-9, the value of the adsorption pressure is changed, while the
variables of the bed length, the inside bed radius, and the purge
pressures of Table 4 are constant.

When the VPSA processes are operated at a low adsorption pres-
sure ranging from 250,000 to 600,000 Pa with a vacuum purge pres-

Table 4. Basic condition for the comparison study of adsorbents for

Figs. 8-9

Variables Values
Packing bed length (m) 1
Inside bed radius (m) 0.13
Purge pressure (Py) at Step 8 (Pa) 10’

Blowdown step (step 7) is excluded, that is to say, blowdown step
time is changed from 10's to 0s, and purge step time is from 120 s
to 130s.
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100.0
S 99.5
Z 99.0
2
(=]
E 98.5
5
2 980
£ R
& 97.5 | —e— CH4 Purity (CMS) S~ Y
=l CH4 Purity (Zeolite 5A) S~a -
© 970 | _ & —CH4 Recovery (CMS) +

CH4 Recovery (Zeolite 5A)
96.5
200,000 300,000 400,000 500,000 600,000

Adsorption Pressure [Pa]

Fig. 8. The effect of adsorption pressure (2.5-6 bar) on methane purity
and recovery.

7,000
6,500
6,000
5,500
5,000
4,500
4,000
3,500 ‘
3,000 /
2,500
200,000

Zeolite SA

Specific Power [J/s/mol]

300,000 400,000 500,000

Adsorption Pressure [Pa]

600,000

Fig. 9. The effect of adsorption pressure (2.5-6 bar) on specific power.

sure of 1,000 Pa, the performance resulting from using zeolite 5A
is better than that using CMS. The specific power of zeolite 5A is
slightly lower than that using CMS.

Thus, to save the specific power and to obtain high methane
purity and recovery, a low-pressure operation adopting zeolite 5A
is preferable. If 250,000 Pa and 1,000 Pa are selected as the adsorp-
tion pressure and purge pressure, respectively; the performance using
zeolite 5A is 99.49% methane purity, 99.25% methane recovery,
and 2,928 J/s/mol specific power, while that using CMS is 98.08%
methane purity, 98.37% methane recovery, and 2,953.5 J/s/mol.

The current investigation results, including the sensitivity analy-
sis based on the demo plant scale (feed flow rate=100 Nm’/h) can
be used to determine the design conditions of a real commercial-
scale plant if the following are kept in mind:

(1) The adsorption bed size and adsorbent amount are propor-
tional to the feed flow rate.

(2) The gas contact time with the adsorbent is proportional to
the bed radius and bed length and inversely proportional to the
feed gas flow rate.

(3) The operating step sequence and times adopted in this study
can be used for full-scale plants.

(4) The operating pressures of the current demo plant scale can
be the same as those of the full-scale plant if the gas contact times

are the same.

For example, if the inside bed volume at a feed flow rate of 100
Nm’/h is 0.053 m® (=7x(0.13 m)*x1 m), the volume at a feed flow
rate of 1,000 Nm’/h can be determined as 0.53 m’. Thus, the bed
radius and bed length at a feed flow rate of 1,000 Nm’/h can be
determined as 0.4107 m and 1 m, respectively. This is because the
bed size is affected by the gas contact time.

CONCLUSIONS

Two adsorbents (CMS and zeolite 5A) were compared with
respect to the VPSA performance at CSS through cyclic dynamic
simulations. The simulations were carried out from the first cycle,
at which 100% methane gas initially filled the bed, to the CSS. At
CSS, the values of the variables such as the gas temperature, gas
mole fractions, and adsorption amount at the start time of the CSS
are the same as those at the end time of the CSS.

The target process adopts the four-bed twelve-operating step
VPSA process of Kos paper [25,26] to separate methane and car-
bon dioxide mixture gas. The feed gas consists of 90% methane
and 10% carbon dioxide. This work also employs the mathemati-
cal formulation of Kos paper [25,26], which made it possible to cal-
culate the exact interstitial gas velocity within the adsorption bed
by deriving the mole balance equation. Accurate gas velocity cal-
culation is crucial in determining the optimal VPSA process con-
ditions, such as the adsorption bed size and the gas contact time
affected by the operating step times, and flow rates of the feed gas
and the purge gas. Thus, the simulation model was validated well
enough to be used in predicting the performance of the VPSA pro-
cess, as explained in Kos papers [25,26]. The performance in this
study includes methane purity; methane recovery, and specific power.

When a high adsorption pressure (10°Pa) and vacuum purge
pressure ranging from 2.0x10’ to 1.2x10" Pa are adopted, the CMS
adsorbent has an advantage over zeolite 5A in terms of methane
purity, while zeolite 5A is better than CMS in terms of methane
recovery and specific power, as described in Figs. 1-6.

However, if the low-pressure operating condition is employed,
that is, a low adsorption pressure ranging from 2.5x10” to 6.0x10’
Pa and a low vacuum purge pressure of 10’ Pa, the zeolite 5A is
superior to the CMS in terms of methane purity, methane recovery
and specific power. This is because the zeolite 5A isotherm shows
that the adsorption equilibrium amount increases more rapidly with
increasing pressure in the vacuum pressure range; however, the CMS
isotherm does not.

The best VPSA design conditions and proper selection of adsor-
bents depend on situations such as product specifications, power
constraints, and the environment. For example, the effect of humid-
ity of the feed gas stream on the adsorbents must be considered
when selecting the adsorbent because, generally; zeolite-type adsor-
bents are very vulnerable to humidity, and CMS may be preferred
in humid weather conditions. Of course, filter installation before
the adsorption beds would be desirable to remove the moisture in
the feed gas stream and prevent the adsorbent from performance
degradation in the industry. The major contribution of this study
is to show the necessary information for proper adsorbent selec-
tion according to the design and operating conditions of the VPSA
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process through accurate dynamic cyclic simulations instead of a
large number of experiments. In summary; at high operating pres-
sure, CMS is better than zeolite 5A for methane purity and zeolite
5A is better for methane recovery and specific power; however, at
low operating pressure, zeolite 5A has advantages over CMS in
terms of methane purity, recovery, and specific power.

Thus, the results of this study will be useful for choosing the
proper adsorbent and determining the optimal design conditions
for the VPSA process.

NOMENCLATURE

: cross sectional area within bed [m’]

:void cross sectional area within bed [m’]

: Langmuir constant [1/bar] as a function of temperature

: Langmuir isotherm parameters [1/bar]

: total concentration [mol/m’]

: concentration of component i [mol/m’]

: heat capacity of gas [J/(kg K)]

:heat capacity of adsorbent [J/(kg K)]

:heat capacity of bed wall [ J/(kg K)]

CSS,..c : criterion variable for the CSS determination

D, :axial dispersion coefficient [m®/s]

Dg; :isotherm parameters [K]

d,  :adsorbent particle diameter [m]

AH; :isosteric heat of adsorption [J/mol]

hy. :heat transfer coefficient of inside the bed [J/(m” s K)]

housie : heat transfer coefficient of outside the bed [J/(m” s K)]

j : 1 when forward finite difference method (FFDM) or back-
ward finite difference method (BFDM) is used for axial dis-
cretization; 2 when centered finite difference method (CFDM)
is used for axial discretization

k;  :mass transfer coefficient of linear driving force (LDF) model
of component i [1/s]

K, :effective axial thermal conductivity [J/(m s K)]

L, :packing bed length [m]

n  :molar flow rate [mol/s]

1y, :feed gas molar flow rate [mol/s]

Q‘§D>.'>

&

e

O0000F

<

n,; :purge gas molar flow rate [mol/s]
1, :product gas molar flow rate [mol/s]

1*?® : molar flow rate at step K [mol/s]

A average molar flow rate during step K [mol/s]

ave

Dyier oiit, ave - @verage molar flow rate in product stream after split-
ting [mol/s]

nc  :number of component

Np :number of discretization in finite difference method as to
the bed axial domain

P :total pressure [Pa]

P,  :partial pressure [Pa]

P,, :adsorption pressure [Pa]

Pyp  :blowdown pressure [Pa]

Pp; :purge pressure [Pa]

Purity;, : methane purity [%]

Recoverycy, : methane recovery [%)]

POWer oy, ave : average compressor power [J/s]

May, 2021

Poweryp 4, : average vacuum pump power []/s]

Powerp,,,, : total average specific power [J/(mol s)]

R :universal gas constant [J/(mol K)]

q  :adsorbed amount of component i [mol/kg]

q;  :equilibrium amount adsorbed of component i [mol/kg]

q.  :equilibrium parameter for extended Langmuir isotherm
[mol/kg]

Qu; :Langmuir isotherm parameters [mol/kg]

Qe :Langmuir isotherm parameters [mol K/kg]

Ry insize - inside radius of the bed [m]

Ry oussize - OUtside radius of the bed [m]

typ  :adsorption operating step time [s]

titg’(K) : operating time of step K (adsorption) [s]

tpc  :purge operating step time [s]
T : gas temperature [K]

T,a :bed wall temperature [K]
T,., :ambient temperature [K]

w  :interstitial gas velocity [m/s]
y;  :mole fraction of component i

Yiew,i - feed mole fraction of component i

2P mole fraction of component i at step K

Step(K . .
i) average mole fraction of component i at step K

z :normalized axial distance in bed from the feed inlet
Z  :compressibility factor

Greek Letters

M :gasviscosity [kg/(m s)]
& :bedvoid

&  :total bed void fraction
Dyea :bed density [kg/m’]

P, :gas density [kg/m’]

o :solid density [kg/m’]
0, :wall density [kg/m’]
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