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Abstract

At present, nitrogen production from air by pressure swing adsorption (PSA) is simulated almost exclusively at low product
purity levels (<99% N,). However, with increasing global demand for highly purified gases provided by energy-efficient sepa-
ration processes the requirement for either extensive experimental research in the high-purity range or predictive computer
simulations arises. This paper presents a mathematical model of a twin-bed PSA plant equipped with a carbon molecular
sieve (Shirasagi MSC CT-350) for the generation of high-purity nitrogen (99.9-99.999% N,). The model is implemented in
the process simulator Aspen Adsorption™. The influence of operating conditions as well as the cycle organisation on the
process performance is validated, especially the influence of pressure, temperature, half-cycle time, purge flow rate, and
cutting time. The precision of the performance prediction by numerical simulations is critically discussed. Based on the
new insights efficiency improvement strategies with a focus on reduced energy consumption are introduced and discussed
by means of radar charts.

Keywords Nitrogen generation - High-purity nitrogen - Pressure swing adsorption - Carbon molecular sieve - Dynamic
simulation - Mathematical modelling - Aspen Adsorption

List of Symbols C, Valve flow coefficient [kmol/s/bar]
Ay Sorption frequency factor of component k [m?%/s] Dy Corrected diffusion coefficient of component k
a, Specific particle surface area per unit volume of [m?/s]
bed [m?(particle area)/m>(bed)] Dy Bed diameter [m]
Cq Gas phase molar density [kmol/m°] Dy Effective diffusion coefficient of component k
Cy Molar concentration of component k [kmol/m?] [m%/s]
Cpak Specific adsorbed phase heat capacity at constant E« Sorption activation energy of component k [kJ/
pressure of component k [MJ/kmol/K] kmol]
Cpe Specific gas phase heat capacity at constant pres- EXP  Experimental value
sure [MJ/kmol/K] E,« Axial dispersion coefficient of component k
Cps Specific solid phase heat capacity at constant [m?/s]
pressure [MJ/kg/K] h Gas—solid heat transfer coefficient [MW/m%/K]
Cyq Specific gas phase heat capacity at constant vol- h,, Gas-wall heat transfer coefficient [MW/m?/K]
ume [MJ/kmol/K] kg Gas phase thermal conductivity [MW/m/K]
k,, Effective axial gas phase thermal conductivity
[MW/m/K]
04 A. Marcinek ke, Effective axial solid phase thermal conductivity
marcinek.aleksandra@fh-muenster.de [MW/m/K]
! Department of Chemical Engineering, Muenster University M Molecular weight [kg/kmol]
of Applied Sciences, Stegerwaldstras;e 39, 48565 Steinfurt, MTCk Mass transfer coefficient of component k [1/5]
Germany P Pressure [bar]
2 3p Instruments GmbH & Co.KG, Rudolf-Diesel-Str. 12, PI Performance indicator (here: either productivity
85235 Odelzhausen, Germany or air demand)
3 Department of Thermal Process Engineering, University P Partial pressure of component k [bar]
of Duisburg-Essen, Forsthausweg 2, 47057 Duisburg, Ip Adsorbent particle radius [m]
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@ Springer


http://orcid.org/0000-0002-3658-2984
http://crossmark.crossref.org/dialog/?doi=10.1007/s10450-021-00320-0&domain=pdf

Adsorption (2021) 27:1149-1173

1150

SIM Simulated value

T, Ambient temperature [K]

T, Gas phase temperature [K]

T Solid phase temperature [K]

Vg Gas phase superficial velocity [m/s]

Wy Loading of component k [kmol/kg]

W, Equilibrium loading of component k [kmol/kg]

Wy Saturation equilibrium loading of component k
[kmol/kg]

AH,  Heat of adsorption of component k [MJ/kmol]

€ Total bed voidage [m>(void + pore)/m3(bed)]

€ Interparticle voidage [m3(void)/m’(bed)]

p Dynamic viscosity [Ns/m?]

0 Adsorbent surface coverage [-]

Ps Solid phase bulk density [kg/m?]

1 Introduction

Nitrogen, which is primarily generated by the separation
of air, remains an indispensable medium in many different
industrial businesses. Depending on the specific applica-
tion, its acceptable contamination threshold of oxygen varies
significantly. For instance, the requirement of the nitrogen
purity level for fire-prevention systems is about 13 vol.-%
O, [1], for electronics assembly 0.1 vol.-% O, [2], and for
stainless-steel manufacturing 10 ppm O, [3]. Thus, taking
into consideration the individually requested gas purity with
respect to the needed production rate, the most economical
method of nitrogen generation is prospected.

The PSA technology is widely introduced and com-
mercially established at flow rates up to several thousand
Nm>h (at 0 °C, 1 bar abs) and purity levels up to 99.999 %
N,. The kinetic separation of air is possible due to a sig-
nificantly faster adsorption of oxygen over nitrogen in PSA-
plants equipped with carbon molecular sieves (CMS) [4].
High selectivity is attainable due to the sieving effect in
intentionally narrowed micropore mouths of the adsorbent
[5]. Because of relatively low capital costs, simplicity of
functioning, and the possibility of operation in remote loca-
tions, the PSA technology gains a big advantage on the nitro-
gen-market over traditional Air Separation Units (ASUs).
Moreover, multiple process variables and cycle organisation
strategies give an opportunity for customising the system to
specific requirements, which allow a prospect of minimised
operating costs.

The introduction of a mathematical model that quan-
titively predicts the performance of PSA-plants at differ-
ent operating conditions would eliminate the necessity of
performing extensive experimental research and allows
investigating new methods of process intensification.
In case of nitrogen generation, the crucial aspect regard-
ing modelling of kinetically-controlled air separation is
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the correct representation of the mass transfer kinetics in
highly microporous CMS adsorbent. The commonly known
linear driving force (LDF) model is frequently applied due
to its simplicity and physical consistency [6]. However, the
N,-PSA process simulations involving LDF models present
the results almost exclusively at low product purity levels
(<99% N,) [7-12]. Solely, Shirley and Lemcoff published
predicted and experimental data in the range of higher nitro-
gen purity (>99.9% N,), describing the mass transfer kinet-
ics through the Langmuir adsorption rate expression as an
approximation of the slit-potential-rate model introduced by
LaCava [13-15]. While the influence of cycle time on the
PSA process performance was investigated and confirmed
by the model qualitatively, the accuracy values were com-
pletely omitted.

Various process intensification strategies were meanwhile
developed and successfully implemented by engineers in
commercial N,-PSA plants. However, both empirical data
and process simulation results presenting those methods,
are still not acknowledged in literature. This motivates the
authors of this study to develop and to validate a new math-
ematical model of a twin-bed PSA for the production of
high-purity nitrogen, covering multiple process conditions
and operating strategies of technical relevance. A critical
discussion of the simulation accuracy is supplemented.
Finally, performance intensification strategies with a focus
on reduced energy consumption are introduced based on the
outcome of the demonstrated model.

2 Mathematical model

Dynamic process simulators, specially dedicated to solving
general cyclic adsorption problems, are accessible and well
established [16]. In this work, the dynamic simulation of
the nitrogen production in the twin-bed PSA system was
performed using the process simulator Aspen Adsorption™.,

2.1 Model premises

The mathematical model was developed based on the fol-
lowing premises:

(1) the feed gas is considered to be a two-component mix-
ture of 20.9 vol.-% O, and 79.1 vol.-% N,,

(2) the equation of state is expressed by the Peng-Robin-
son model,

(3) the flow pattern is described by the axially dispersed
plug-flow model; the dispersion coefficient varies
along the length of the adsorber,

(4) the pressure drop along the packed bed is approxi-
mated by the Ergun equation,
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the adsorption process is non-isothermal,

the system is non-adiabatic; however, the conduction
along the adsorber wall as well as heat accumulation
in the wall are neglected,

the porosity along the packed bed is considered con-
stant and homogeneous,

the single-component adsorption equilibrium is
described by the temperature-dependent Sips iso-
therm,

the multi-component adsorption equilibrium is esti-
mated with the IAST approach, and

mass transfer resistance at the CMS micropore-mouth
dominates.

)
®)

©)
(10)
The quadratic differencing scheme (QDS) was used in
order to solve the set of differential equations. The adsorbent
packed bed was discretised into 70 vertical nodes along its
length.

2.2 Equations and parameters

The overall and component mass balances are presented in
Egs. 1-2.
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The axial dispersion coefficient E, is estimated accord-
ing to Eq. 3, recognising the effects of molecular diffusion
as well as of the gas turbulent mixing around the adsorbent
pellets [17, 18]. The variation of molecular diffusion coef-
ficient D, with temperature and pressure is considered and
calculated according to the Chapman-Enskog theory [19].

Velp

E, =0.73D,, +

‘EiDm (3)
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It is assumed that the mass transfer resistance at the CMS
micropore-mouth dominates since the diameter of micropore
entrances is the smallest within the entire pore system. There-
fore, the potential energy of molecules is most likely to increase
rapidly at that place which is associated with the occurrence
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of repulsion forces; consequently, further micropore penetra-
tion and transport to adsorbent active sites are significantly
inhibited. Hence, the rate-limiting step of mass transport is the
micropore diffusion which applies to both micropore-mouths
of predominant resistances, and micropores themselves of
minor resistances. This statement is in agreement with the
vast majority of publications which confirm that in the case of
kinetically-controlled air separation on CMS adsorbents the
rate-controlling step obeys mechanisms of the surface barrier,
the diffusional molecular transport within micropores, or super-
position of both [20-23]. The concentration dependence of the
diffusivity is considered, following the Darken relation. Since
micropore diffusion is an activated process, an Arrhenius term
is adopted in order to describe the temperature dependence [24].
The approach of a lumped resistance of the mass transfer was
selected; thus, the rate of sorption is expressed as the quadratic
function of the solid film loading, as presented in Eqs. 4-5. It
was confirmed that the quadratic driving force (QDF) model
provides a better approximation of mass transfer of pure gases
within the microporous adsorbents than the linear driving force
(LDF) approach at low adsorbate concentration [6, 25]. For this
reason, the QDF is the model of choice in this work since the
generation of high-purity nitrogen is considered; therefore, the
oxygen concentration is very low at the front of mass transfer
zone in the adsorber column. Factors of sorption frequency A,
and sorption activation energy E,, were considered as model fit-
ting parameters which equal 1.208x 10~% m%/s and 1622.33 kJ/
kmol for oxygen, and 8.186 x 10~> m?%/s and 25098.55 kJ/kmol
for nitrogen, respectively. These values were obtained based
on PSA experimental results, by fitting the performance indi-
cators. The diffusion process of oxygen in CMS adsorbent is
much faster in comparison to the nitrogen, as was previously
confirmed in many pubhcatlons [22, 26, 27]. Since the kinetic
diameters of oxygen (3.46 A) and nitrogen (3.64 A) are rela-
tively similar, the large discrepancy in kinetic parameters can
only be explained by the acentric factor which characterises a
molecule with respect to both the geometry and polarity. It was
suggested that the paramagnetic properties of oxygen give rise to
strong attraction force to carbon atoms on the inter-surface of the
CMS adsorbent, thus the mass transport proceeds rapidly [28].
Nitrogen, however, is supposed to dimerise in the CMS pores
and create large van der Waals molecules, thus its mass transfer
rate is inhibited [28].

ow %2 W2
—* = mrc, L=~ @
ot 2w,
—A, exp “Eai ) i dpi )
¢ RT, ] py dwy
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The energy balances of gas and solid phases are pre-
sented in Eqgs. 67, respectively. The heat conduction in
both phases is considered. The heat exchange between
gas in the column and the environment is included in the
gas phase energy balance. The variation of gas thermal
conductivity k, as well as of adsorbed phase heat capac-
ity C,,, with the temperature is considered and calculated
by empirical equations [29]. The heat transfer coefficient
between gas and solid phases h is implemented as a func-
tion of Reynolds and Prandtl numbers, according to the
method presented in the supplementary information.

l=L+(x(1—&> an
e Mog ¢ T

Parameters of isotherms were found by the method of least
squares and are listed in Table 1. The experimental equilibrium
curves described by the Sips isotherm model are shown in
Fig. 1. No significant difference in the course of oxygen and
nitrogen isotherms was observed; however, a slightly enhanced
equilibrium affinity of oxygen to the adsorbent was detected.

oT, oT, 0T ov 4h
8 g 8 8 w
gBCnggW + CVngCga—Z - Einga—Zz -|'Pa—Z + hap(Tg - Té) + D—B<Tg - Ta) =0 (6)
oT, 0T, oT, ow,
Cosps 5 ~kaga +0s ; (Cpakwk)y + 0 zk: (AHk7> — ha,(T, = T,) =0 0

The thermodynamic equilibrium was measured gravi-
metrically on the IsoSORP magnetic suspension balance
from Rubotherm. At first, a sample of the CMS adsorbent
was pretreated, i.e. subjected to vacuum and heating in
order to remove preadsorbed gases and moisture. Ahead
of the measurement of the isotherm, the exact sample vol-
ume was determined by a buoyancy analysis in helium
at the respective temperature. The equilibrium data were
collected in the pressure range of 0—20 bar abs at tem-
perature levels of 20, 40, and 60 °C. The adsorption of
pure oxygen and pure nitrogen on the CMS adsorbent was
tested. The experimental results were fitted to the temper-
ature-dependent Sips isotherm model [28, 30] presented
in Egs. 8-11.

The isosteric heat of adsorption was estimated based on the
isotherm data with the Clausius-Clapeyron method displayed
in Eq. 12 [24, 31, 32]. The effect of loading and tempera-
ture on adsorption enthalpy was considered as presented in
Fig. 2. Details of the applied method and the calculation pro-
cedure are given in the supplementary information. Adsorption
enthalpy decreases with loading, pointing out the heteroge-
neous surface of the CMS adsorbent. A polynomial function
was implemented in the process simulator to calculate the heat
of adsorption. The resulting equation and fitting parameters
are given in Table 2. Since the heat of adsorption of oxygen
on CMS is larger than its sorption activation energy, jumps
between active sites on the surface of adsorbent can be admit-
ted as the controlling process of the mass transfer [33]. On

( b )1 /n the other hand, the heat of adsorption of nitrogen on CMS
W= kP (8) is smaller than its sorption activation energy, indicating the
S . . .
1+ (bypy) e dominance of repulsive forces at the micropore entrance, rec-
ognised as the controlling step [33]. These considerations may
T acknowledge precedent discussion about the nature of oxygen
Wi = W, exp [ i <1 - >] (9)  and nitrogen kinetics in micropores of CMS.
0
dlnp,
—-AH,), =R
0 (T, (=at)o = Re 571, (12
b, = by, ex — -1
TP [RgTO ( T >] (10
Additionally, the adsorption of a synthetic air mixture
(20 vol.-% O, and 80 vol.-% N,) was examined in order to
Table 1 Sips isotherm N _ — —
parameters of oxygen and "'s0 [kmol/ ke ] 1] by [1/ har] Q[k‘]/ kmol] ol ol
nitrogen adsorption on CMS 0, 3.384x 1073 1.104 94361072 1.222%10° 1.120 3.341x107!
N, 2.707x 1073 1.146 1.205x 107! 1.187x 10* 1.185 2.263x 107!
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Fig. 1 Experimental adsorption isotherms of (a) oxygen and (b) nitrogen on the CMS represented by Sips model
Table 2 Equation and fitting parameters describing the adsorption enthalpy of oxygen and nitrogen on the CMS
—AH, = Aw}’ exp (g) + Bw,*exp (g) + Cw;> exp (§> + Dw, % exp (%) + Ew, exp (g) + Fexp (é)
A B C D E F
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Fig.2 Heat of adsorption of (a) oxygen and (b) nitrogen evaluated by the Clausius-Clapeyron method; represented by polynomial functions
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validate the correctness of the multi-component calculation
by the IAST approach. The equilibrium data were collected
in the pressure range of 0-20 bar abs at temperature levels of
20, 40, and 60 °C. The results are plotted in Fig. 3a. The IAST
calculation underestimates the experimental multi-component
adsorption equilibrium data in the whole pressure range at 20
and 40 °C. At 60 °C, the experimental data are overestimated
up to about 5 bar abs and underestimated posteriorly. However,
the accuracy of equilibrium prediction is acceptable. As pre-
sented in Fig. 3b, in the pressure range of practical application
of the PSA system i.e. 1-10 bar abs, the maximal relative error
of IAST estimation equals 11.2 % at 20 °C, 1.84 % at 40 °C,
and 5.07 % at 60 °C. Moreover, considering the PSA operation,
increased deviations in the equilibrium loading are observed
during the desorption rather than the adsorption since the rela-
tive error at atmospheric pressure level is significantly higher
than at adsorption pressure levels at 20 and 60 °C. At 40 °C,
the estimation error is rather insensitive to the variation of
system pressure.

The pressure drop along the packed bed was studied
empirically and parameters of the Ergun equation, presented
in Eq. 13, were adjusted. It was proved that the steady-state
momentum equations can be safely used in modelling of
PSA processes [35]. Since the interparticle voidage €; as well
as the adsorbent particle radius r, were determined experi-
mentally by a statistical analysis with 100 adsorbent pellets,
the adsorbent shape factor y was considered here as the sole
fitting parameter. The results are shown in Fig. 4.
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Fig.4 Experimental pressure drop along the CMS packed bed repre-
sented by the Ergun model
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Other parameters of the dynamic model are listed in
Table 3.

(b)
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101 "

Relative error [%]
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. 44
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0 , —
1 2 3 4 5 6 7 8 9 10
Pressure [bar abs]

Fig.3 (a) Experimental adsorption isotherms of synthetic air mixture on the CMS represented by the IAST model; (b) Relative error of the
equilibrium loading with the IAST model; measured by TA Instruments [34]
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Table 3 Parameters of the PSA dynamic model

Inter-particle voidage g, [m? void/m? bed] 0.404
Intra-particle voidage €, [m? void/m? pellet] 0.234
Adsorbent particle radius r, [mm] 0.830
Adsorbent shape factor vy [-] 1.959
Adsorbent thermal conductivity ky, [W/m/K] 0.675
Adsorbent specific heat capacity Cps D/kg/K] 880
Heat transfer coefficient between h,, [W/m¥K] 50

gas and wall

3 Experimental

A scheme of the twin-bed PSA experimental set-up is pre-
sented in Fig. 5. Details of the plant, the adsorber column,
and the properties of the adsorbent are described in the sup-
plementary information and elsewhere [36]. The test rig is
fed with dry compressed air. To control the nitrogen purity
level, the product flow rate is always adjusted in the experi-
ments. In the N,-PSA technology it is accepted that the
product purity comprises the content of both nitrogen and
argon since many industrial applications do not require an
additional separation of inert gas mixtures. Consequently,
the determination of the product purity is performed by

assuming a binary gas mixture, where the difference to the
oxygen concentration results in the nitrogen purity. The PSA
performance indicators (PIs), productivity and air demand,
are defined, determined, and verified according to the strat-
egy described elsewhere [36].

The process comprises a six-step PSA cycle, which con-
sists of (1) co- and counter-current bed pressure equalisation;
(2) co-current pressurisation by feed with (3) counter-current
backflow of product; (4) production; (1) co- and counter-
current bed pressure equalisation; (5) counter-current blow-
down; and (6) counter-current purge by the product gas. The
scheme of a six-step cycle design is presented in the sup-
plementary information. Details of the process organisation
are described elsewhere [36].

4 Results and discussion
4.1 Adjustment of flow resistances in the system

Since the rate of pressure build-up and fall-off is the main
driving force of adsorption and desorption in the PSA
system, a correct representation of pressure profiles in
the adsorber column during production, equalisation, and
regeneration steps is crucial for a rational estimation of
both adsorption equilibrium behaviour and mass transfer

——» Feed
— Product
— Tail Gas

Compressed

?

Air
Tank

500 L

ST
<]

(a) (b)

Fig.5 Scheme of the PSA experimental set-up [36]
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kinetics. Consequently, the issue of flow resistances in the
system comes to the fore while validation of the mathemati-
cal model, and should be considered as an exceptionally
important criterion when confirming empirical results [37].

In order to signify particular flow resistances occurring
in the PSA test rig, the valve models V are implemented in
the process simulator, as shown in Fig. 6. Depending on the
function of objects assembled in the PSA plant, the Aspen
Adsorption™ valve model V simulates the action of either a
mass flow controller, a ball valve, or a control valve.

When simulating the action of the mass flow controller,
the gas flow rate downstream of the valve V is kept constant.
In the case of simulating the action of the ball valve, the gas
flow across the valve V is not associated with a pressure

“ Product

V4‘ ‘; ;7 7

%_‘P
Tail Gas

Fig.6 Flow sheet of the twin-bed PSA created in the simulation soft-
ware Aspen Adsorption™

|:>—t>

Feed

drop. Once the valve model V simulates the action of the
control valve, the gas flow rate is expressed as a linear func-
tion of the pressure drop across the orifice, as shown in
Eq. 14. Adjustment of the flow coefficient C, allows the sim-
ulation of a specific pressure drop caused by the gas flowing
through particular elements creating the flow resistance, e.g.
pipe connectors, in-line filters, flow meters, manual needle
valves, or adsorber column armature like perforated plates,
sieves, etc. In this study, individual flow coefficients were
found by fitting of simulated pressure curves to correspond-
ing experimental pressure curves measured at the top of two
adsorbers columns in process conditions of 8 bar abs and
20 °C. Sensitivity studies have confirmed that the pressure
build-up and fall-off during the PSA process are independ-
ent from the product flow rate in the investigated nitrogen
purity range.

F=C,-AP 14)

Individual functions of valve models V together with fit-
ted C, values representing the flow resistances in the PSA
piping system are listed in Table 4, followed by the compari-
son of experimental and simulated pressure profiles shown
in Fig. 7.

4.2 Validation of the mathematical model

Generally, nitrogen purity, productivity, and air demand are
the three main performance indicators used for the evalu-
ation of the N,-PSA effectiveness. When operating the
adsorber, the product purity at the outlet of the system is
the consequence of the gas flow rate through the column.
This would suggest that a representation of process perfor-
mance data should consider productivity as an independent
variable, while the product purity as well as the air demand
are dependent variables. This approach is consistent with
the conventional demonstration of PSA performance results
in the literature. However, in commercial applications, val-
ues for productivity and air demand are listed for a cer-
tain purity class separately since the nitrogen quality, not

Table 4 Functions of linear

o Valve model
valve models V applied in the

Function / Actual flow resistance

simulation software \4

V2,V3
V4, V5
Vo6, V7
Vg, V9
V10, V11
V12,V13
V14, V15
V16

Feed stream flow meter

Feed pipeline

Product pipeline

Tail-gas pipeline

Purge stream flow controller
Equalisation pipelines

Packed bed supporting plate
Microfilter

Product stream flow controller

Action C, [kmol/s/bar]
Control valve 9.0x107*
Control valve 5.0x107!

Ball valve -

Ball valve -

Flow controller -

Control valve 2.5%1073
Control valve 1.1x107*
Control valve 9.5x107*

Flow controller

@ Springer
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Fig.7 Experimental and simulated pressure profiles at the top of adsorber columns: (a) during the entire PSA half-cycle, (b) during the initial

phase of the PSA half-cycle

quantity, firstly indicates go/no-go decisions for a specific
gas application.

In this work, experimental results of PSA performance
indicators, i.e. productivity and air demand, are compared
with the outcome of the mathematical model at fixed
product purity levels, which is consistent with commer-
cial conventions. The difference between simulated and
empirical results is expressed as the relative error of the
simulation 8 according to Eq. 15. Thus, the performance
indicator value is underestimated by the mathematical
model when 8 is positive; reversely, it is overestimated
when 0 is negative.

Selected operating temperature and pressure levels are
in agreement with the vast majority of relevant industrial
applications. The influence of the half-cycle time on the
process performance is verified. In experiments, the flow
rate of the purge stream is adjusted according to Eq. 16:

PIEXP - PISIM

15
Plixp ()

5:100%'<

X-V,

dsorber
qurge - ¢ (16)
purge
where: Qo is the flow rate of the purge stream [Nm*/h],
V,dsorber 1 the volume of the packed bed [m?], t is time

purge
of the purge step [h], and X is a proportionality factor [-].

Detailed PSA operating conditions are presented in Table 5,
followed by the scheme of cycle design shown in Fig. 8.

Table 5 Operating conditions of PSA experiments and simulations

Product purity [ppm O,] 10; 1000

Operating temperature [°C] 5; 12; 20%; 28; 36; 45

Adsorption pressure 6;7;8*%,9; 10

[bar abs]
Half-cycle time [s] 40 45 60*
Purge time [s] 39 44 59%*
Equalisation time [s] 1 1 1%
Purge proportionality fac- 40 40 40*

tor [%]
Purge flow rate [Nm?/h] 0.0733 0.0650 0.0485*

*The reference state of process conditions

Further, the purge proportionality factor is varied and the
influence of a possible cutting step is investigated.

The physical explanation of several observed effects
was already discussed in detail in a previous publication
of the authors [37]. Therefore, this work focuses on the
validation of the mathematical model and exposing its
ability to predict the PSA performance at multiple process
conditions.

4.2.1 Effect of the operating temperature
Since PSA plants are commonly exploited in both cold and

warm environments, the influence of ambient temperature
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EQUALISATION (1's)

CO-CURRENT PRESSURISATION

PRODUCTION (59 s)

COUNTER-CURRENT BACKFLOW

EQUALISATION (1 s)
COUNTER-CURRENT BLOW-DOWN (59 s)
COUNTER-CURRENT PURGE (59 s)

CUTTING (0's)

Fig.8 Scheme of the six-step cycle design (1 /59 s/1 s/59 s)

Table 6 PSA performance at
different operating temperatures

Temperature [°C] Productivity [Nm’/h N,/ m> CMS]

Air demand [Nm%h air / Nm*h N,]

at product purity of 1000 ppm EXP SIM 5 [%] EXP SIM 5 [%]

© 5 89.62 82.20 8.28 3.13 3.253 -3.93
12 95.00 91.00 4.21 3.12 3.164 -1.41
20 97.35 97.60 —-0.26 3.18 3.147 1.04
28 97.42 99.00 -1.62 3.24 3.239 0.03
36 93.50 95.60 -2.25 3.45 3.428 0.64
45 85.87 86.01 -0.17 3.77 3.810 -1.06

Table 7 PSA performance at

‘ - Temperature Productivity [Nm’/h N,/ m> CMS] Air demand [Nm%/h air / Nm>h N,]
different opergtlng temperatures [°C]
at product purity of 10 ppm O,
EXP SIM S [%] EXP SIM 8 [%]

5 26.06 18.50 29.01 7.65 10.435 -36.41
12 28.10 23.65 15.83 7.72 8.854 —14.69
20 29.64 26.14 11.79 7.78 8.601 —10.55
28 28.36 25.00 11.85 8.28 9.431 —13.90
36 24.60 20.78 15.52 9.78 11.681 —19.44
45 19.80 11.30 42.93 12.73 21.587 —69.58

on the PSA performance indicators is investigated in the
range of 5-45 °C while other process conditions follow the
reference state. The results are presented in Tables 6 and 7;
Fig. 9.

Independent from the purity level, Fig. 9 shows that pro-
ductivity and air demand in the temperature range between
12 and 36 °C fit well to the simulation with the model prem-
ises listed in Chap. 2.1.

At investigated conditions, the productivity reaches its
maximum at 28 and 20 °C at a purity level of 1000 and
10 ppm O,, respectively. The effect is evident taking into
consideration a competition of both adsorption thermo-
dynamic and kinetic factors, which is especially relevant
for kinetically-controlled separations. Therefore, the equi-
librium loading in the adsorbent is elevated and the mass
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transfer rate is inhibited at the same time at low process
temperatures. The opposite relationship is observed at high
operating temperatures. Consequently, the maximum nitro-
gen productivity is detected at moderate ambient tempera-
tures providing a trade-off between the equilibrium and
kinetics factors. At the product purity of 1000 ppm O,, the
productivity is underestimated with the highest simulation
error at 5 °C. It is most likely the consequence of the IAST
prediction, which is comparably weak at low temperatures
as presented in Fig. 3. However, at 10 ppm O,, the highest
relative error of the simulated productivity is detected at
45 °C, which indicates that probably inaccuracies of other
effects superimposing the relative error.

The lowest air demand was measured at 5 and 12 °C
at purity levels of 10 and 1000 ppm O,, respectively;
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Fig.9 PSA performance at different operating temperatures: (a, b) productivity; (¢, d) air demand; (a, c) in function of product purity; (b, d) in

function of operating temperature

however, the mathematical model predicts a minimum at
about 20 °C regardless the product purity. It comes as no
surprise since both determined performance indicators,
productivity and air demand, are not independent from
each other. They are a function of the required nitrogen
purity as well as of applied process conditions. Therefore,
the highest relative error of the simulated productivity
results also in the highest relative error of the simulated
air demand at the same measurement point. Nevertheless,
based on inaccuracies in the model prediction at low and
high temperatures, it is advised to narrow the usability
range of the mathematical model to 12-36 °C.

During the experimental research presented in this sec-
tion, no significant difference between ambient temperature
(TIR 2) and feed stream temperature (TIR 3) was detected.

4.2.2 Effect of the adsorption pressure

Because compression of air is a dominating factor of PSA
operating costs, the adsorption pressure is mainly deter-
mined by economical constraints defined by the plant
operator. Therefore, the influence of adsorption pressure
on PSA performance indicators is investigated in the range
of 6-10 bar abs while other process conditions follow the
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Table 8 PSA performance at

c X Pressure [bara]
different adsorption pressures at

Productivity [Nm*h N, / m®> CMS]

Air demand [Nm>/h air / Nm/h

product purity of 1000 ppm O, Nl
EXP SIM 5 [%] EXP SIM 5 [%]
6 68.00 73.50 —8.09 3.27 3.217 1.62
7 82.65 86.35 —4.48 3.19 3.164 0.82
8 97.35 97.60 —0.26 3.18 3.147 1.04
9 109.69 107.00 2.45 3.1 3.160 -1.94
10 116.48 114.60 1.61 3.13 3.198 -2.17

Table9 PSA performance at

X X Pressure [bara]
different adsorption pressures at

Productivity [Nm*h N, / m*> CMS]

Air demand [Nm%/h air / Nm*h N,]

product purity of 10 ppm O, EXP SIM S [%] EXP SIM S [%]
6 25.94 26.00 -0.23 6.70 6.967 -3.99
7 28.35 26.96 4.90 7.05 7.582 —17.55
8 29.64 26.14 11.79 7.78 8.601 —10.55
9 22.40 23.90 —6.70 10.45 10.149 2.88
10 19.79 20.50 -3.59 12.80 12.598 1.58

reference state. The results are presented in Tables 8 and 9;
Fig. 10.

Figure 10 shows that the process simulation is capable to
predict the influence of the operating pressure very satisfy-
ing in the whole investigated pressure range.

The effect of operating pressure on the experimentally
determined PSA performance differs remarkably depending
on the required product purity level. At 1000 ppm O,, the
nitrogen productivity increases with increasing adsorption
pressure. The trend is evident since the driving force of mass
transfer from bulk to the adsorbent is elevated, resulting in
araised oxygen loading in the CMS and thus in a more effi-
cient separation. The air demand remains rather insensitive
to the change of adsorption pressure.

The opposite effect is detected at 10 ppm O,. The nitrogen
productivity initially increases slightly with the adsorption
pressure up to about 8 bar abs in order to decrease again
posteriorly. This very distinct behaviour can be explained
with respect to the conditions in the adsorber column. Since
the product flow rate is reduced in order to generate nitrogen
of higher purity standard, the MTZ in the column during
adsorption is situated mainly at the bottom of the adsorber
while the mass axial dispersion becomes less significant.
Therefore, the top part of the packed bed is occupied almost
exclusively by purified nitrogen. Moreover, as the superfi-
cial gas velocity along the column decreases, the contact
time between gas and solid phases extends, hence the sys-
tem approaches the thermodynamic equilibrium state. As
presented in Fig. 1, CMS adsorbs nitrogen likewise oxygen;
therefore, the overly excessive adsorption of the nitrogen
occurs in the top part of the packed bed. Consequently, the
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flow rate of nitrogen which leaves the system as a product
stream is reduced.

As an interim conclusion it can be already noted, that the
variation of productivity with the adsorption pressure is not
significant at 10 ppm O,. Thus, it is recommended to operate
a PSA plant equipped with Shirasagi MSC CT-350 at lower
pressure levels due to a notably reduced air demand. In this
way, high-purity nitrogen can be generated with remarkably
lower operating costs.

Since the effectiveness of air separation with CMS
depends on both equilibrium and kinetic factors, the adsorp-
tion pressure should be adjusted to reinforce the effective
oxygen adsorption, but to diminish the nitrogen adsorp-
tion at the same time. Moreover, because the mass trans-
fer coefficients of oxygen and nitrogen increase with their
partial pressures, as presented in Eq. 5, the thermodynamic
equilibrium state is approached faster in the system as the
adsorption pressure increases. In face of this situation,
Fig. 11a plots the fractional uptake as a function of time for
oxygen and nitrogen. The highest selectivity in the system
is expected when the difference of fractional uptake rates
attains the maximum. In the case of PSA operation, the
contact time of phases is controlled indirectly by the adjust-
ment of the product flow rate and therefore depends on the
required product purity level. Furthermore, the occurrence
of the peak selectivity at a specific contact time depends on
system pressure as well as on temperature. Because slopes of
kinetic curves would be higher at elevated pressure and tem-
perature due to the faster sorption of gases, the selectivity
peak shifts towards shorter contact times, as represented in
Fig. 11b. Therefore, when the high-purity nitrogen is gener-
ated, the productivity decreases because the system operates
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in the conditions of prolonged contact time of phases, which
is located on the right-hand side of the selectivity peak.

However, the presented effect of the PSA dynamic behav-
iour during the generation of a high-purity product will
depend considerably on the utilised CMS material and may
not occur in every system due to different structure param-
eters and thus mass transfer conditions in other adsorbents.

Referring to Fig. 3b, the relative error of simulated per-
formance indicators should decrease at higher pressure
levels. However, at investigated conditions the trend of the
simulation accuracy is not clearly visible, which probably
suggests that inaccuracies of other effects are compensated
within computed values of the relative error.

4.2.3 Effect of the half-cycle time

The proper determination of the cycle time in the PSA pro-
cess is a relevant factor while aiming for a performance
improvement, especially in the case of kinetically-controlled
separations. Because the shape of the mass transfer zone
(MTZ) is sensitive to the adsorption duration at high prod-
uct purities [13], the influence of the half-cycle time on
PSA performance indicators is investigated in the range of
40-60 s while other process conditions follow the reference
state. The results are presented in Tables 10 and 11; Fig. 12.

Table 10 shows that model predictions at investigated
half-cycle time agree very well with the experimental data
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Tab!e 10 PSA perform.ance Half-cycle time
at different half-cycle times at [s]

Productivity [Nm*h N, / m*> CMS]

Air demand [Nm*/h air / Nm®/h N,]

product purity of 1000 ppm O,

EXP SIM 8 [%] EXP SIM 8 [%]
40 108.54 107.40 1.05 3.50 3.358 4.06
45 106.55 105.10 1.36 3.38 3.28 2.96
60 97.35 97.60 -0.26 3.18 3.147 1.04

Tab!e 11 PSA perforrn.ance Half-cycle time
at different half-cycle times at [s]

Productivity [Nm*h N, / m> CMS]

Air demand [Nm*/h air / Nm>/h N,]

product purity of 10 ppm O,

EXP SIM S [%] EXP SIM S [%]
40 22.38 17.87 20.15 12.37 14.395 —16.37
45 25.46 21.04 17.34 10.42 11.756 —12.82
60 29.64 26.14 11.79 7.78 8.601 —-10.55

at 1000 ppm; however, at 10 ppm, the relative error increases
with decreasing half-cycle time, as stated in Table 11.

The experimental findings suggest that below about
100 ppm O,, a PSA operation with prolonged half-cycle
time is recommended due to elevated productivity and
reduced air demand values. Above 100 ppm, however,
the shortened half-cycle time elevates the productiv-
ity; nevertheless, a slightly higher air demand must be
accepted. Mostly, the simulated performance indica-
tors exhibit higher relative errors as the half-cycle time
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shortens. In the PSA process, the variation of the half-
cycle time changes the time span proportion of pressuri-
sation and production steps. Therefore, as the half-cycle
time is reduced, the consequences of a slightly imprecise
estimation of the pressure curves during the initial phase
of the PSA half-cycle are more pronounced. Especially
within the first few seconds, the interchange of gas in the
system is very rapid. The precise quantitative representa-
tion of pressure in the adsorber column is therefore very
challenging, as already discussed by means of Fig. 7b.
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For that reason, the highest errors of the simulated per-
formance indicators are indicated at the half-cycle time
of 40 s.

4.2.4 Effect of the purge flow rate

The counter-current purge step is performed at atmospheric
pressure level, simultaneously to the counter-current blow-
down. During purge of the column, a specific amount of prod-
uct gas accumulated in the N,-receiver tank is reversed into
the adsorber and evacuated from the system as part of the
tail-gas. An implementation of this step into the PSA cycle
supports the bed regeneration since the interparticle voids

are filled with purified nitrogen gas; thereby the amount of
oxygen in the column is reduced before the following produc-
tion step. Consequently, the application of the purge stream
affects the concentration profiles along the adsorber column
during both adsorption and desorption phases. Accordingly,
the influence of the purge proportionality factor on the PSA
performance indicators is investigated in the range of 30-60%
while other process conditions follow the reference state. The
results are presented in Tables 12 and 13; Fig. 13.

Figure 13 verifies that the model predicts the influence of
purge flow rate in a very precise matter. Trends are correctly
identified; however, the model accuracy shows different ten-
dencies at different purities.
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Table 12 PSA performance

. Purge proportional- Purge Productivity Air demand
at different purge flow rates at ity factor [%] flow rate [Nm>/h] [Nm*/h N,/ m* CMS] [Nm?/h air / Nm*h N,]
product purity of 1000 ppm O,
EXP SIM S [%] EXP SIM S [%]
30 0.0364 94.35 94.81 -0.49 3.19 3.169 0.66
40 0.0485 97.3 97.60 -0.26 3.18 3.147 1.04
50 0.0606 98.7 100.19 -1.51 3.17 3.129 1.29
60 0.0727 100.4 102.95 —2.54 3.18 3.112 2.14
Tab!e 13 PSA performance Purge proportional- Purge Productivity Air demand
at different purge flow rates at ity factor [%] flow rate [Nm¥h]  [Nm¥h N, /m® CMS] [Nm?/h air / Nm¥/h N,
product purity of 10 ppm O,
EXP SIM 5 [%] EXP SIM S [%]
30 0.0364 29.40 25.03 14.87 7.7 8.798 —14.26
40 0.0485 29.64 26.14 11.79 7.78 8.601 —-10.55
50 0.0606 30.12 27.50 8.69 7.73 8.354 -8.07
60 0.0727 30.55 28.58 6.44 7.78 8.208 -5.50

At investigated conditions, the experimental productivity
values increase with the purge flow rate; however, the effect
is more significant as the gas purity requirement declines.
The air demand remains rather insensitive to the variation
of the purge flow rate.

At the lower product purity level of 1000 ppm O,, the
relative error of simulated PSA performance parameters
increase with a rising purge flow rate. This outcome can
be explained since the elevated purge flow rate results in
a reinforcement of the non-uniform distribution of the
counter-current gas flow through the column in the exper-
imental set-up, particularly at the top of the adsorber.
Thus, the fixed bed regeneration in the existing PSA plant
is not accomplished as efficiently as it is predicted by the
process simulation, which does not fully account for those
effects. The point is especially valid when low-purity
nitrogen is required since the MTZ in the column during
adsorption becomes more extended due to the intensified
mass axial dispersion at the elevated product flow rate;
therefore, an efficient bed regeneration comes to the fore
while aiming for PSA performance enhancement. Conse-
quently, the PSA performance simulation is more accurate
as a purge flow rate in the system decreases.

Oppositely, at a higher product purity level of 10 ppm
O,, the relative error of simulated PSA performance
parameters decrease with increasing purge flow rate.
While the generation of high-purity nitrogen is required,
the product flow rate is lowered, so the MTZ in the col-
umn during the adsorption is situated mainly at the bot-
tom of the adsorber. Therefore, an efficient adsorbent
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fixed bed regeneration is primarily required in the bottom
section of the column. However, since the counter-current
purge is provided at the top of the adsorber column, its
velocity decreases progressively and reaches a minimum
at the bottom due to pressure drop on the fixed bed. Con-
sequently, as the purge flow rate is decreased in the pro-
cess simulation, the minimum required gas velocity could
perhaps not be achieved for the proper adsorbent regen-
eration since the mathematical model does not account
for any grade of gas channelling, which is evident and
inevitable in every PSA experimental set-up. Accordingly,
the accuracy of performance prediction increases with a
purge flow rate in the system.

4.2.5 Effect of the cutting time

The cutting is an additional step implemented at the end of
the PSA cycle, which terminates the blow-down and purge
steps. During cutting, both tail-gas and purge streams are
disconnected, so the adsorber does not exchange any gas
with the ambient. However, the desorption of gases could
still proceed in the column, as shown in Fig. 14, which is
particularly relevant for slow-diffusing components due to
insufficient time provided for a complete CMS regenera-
tion. Implementation of cutting can bring benefits to system
performance especially in the case of kinetically-controlled
separations since it allows to amplify the selectivity based
on the difference in sorption rates of gases. However, the
effect is highly dependent on the utilised CMS-type. Thus,
the influence of the cutting time on the PSA performance
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Table 14 PSA performance
at different cutting times at

product purity of 1000 ppm O,

Cutting time [s]  Purge time [s]  Purge flow Productivity Air demand
rate [Nm*h]  [Nm¥h N,/ m* CMS] [Nm?/h air / Nmh N,]
EXP SIM 5 [%] EXP SIM 5 [%]
0 59 0.0485 9735 97.60 —-0.257 3.18 3.147 1.038
5 54 0.0530 9585 97.15 -1352 3.16 3.125 1.108
10 49 0.0584 93.9 9540 -1.597 3.17 3.126 1.388
15 44 0.0650 91.5 9321 -1.865 3.18 3.129 1.604

indicators is investigated in the range of 0—15 s while other
process conditions follow the reference state with the purge

proportionality factor equals 40 %. The results are presented
in Tables 14 and 15; Fig. 15.
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Table 15 PSA performance

. L Cutting time [s]  Purge time [s]  Purge flow Productivity Air demand
at different cutting times at rate [Nm¥h] [Nm¥h N, / m® CMS] [Nm%h air / Nm*h N,
product purity of 10 ppm O,
EXP SIM 8 [%] EXP SIM 8 [%]
0 59 0.0485 29.64 26.14 11.795 7.78 8.601 —10.553
5 54 0.0530 30.10 29.31 2.616 749  7.685 —2.603
10 49 0.0584 30.10 3065 -—1.825 742 7281 1.873
15 44 0.0650 30.10 3095 -2.831 720 7.097 1.431
a b c
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Fig. 14 Experimental and simulated pressure profiles during the blow-down step at different cutting times: (a) 5 s, (b) 10s, (¢) 15 s

Tables 14 and 15 show that the model predicts the influ-
ence of the cutting time very sufficiently regardless of the
cutting time and purity level.

At experimentally investigated conditions, the applica-
tion of a cutting step is particularly advantageous for the
generation of product at the higher purity level of 10 ppm
O, since the air demand can be reduced whereas the produc-
tivity remains rather unaffected. When nitrogen of a lower
purity is required, cutting should not be considered in the
PSA cycle as a slight decline in productivity occurs.

At the lower product purity level of 1000 ppm O,, the rel-
ative error of the PSA simulation increases slightly with the
cutting time; however, this effect is statistically not signifi-
cant. Surprisingly, the opposite and much more pronounced
trend is detected at the higher product purity level of 10 ppm
O,. Since the precision of the calculated equilibrium load-
ing at 20 °C increases with the system pressure, as shown
in Fig. 3b, the elevated pressure at the end of the half-cycle
could be a reason for an overall decrease in the relative error
of the PSA simulation.
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4.3 Accuracy evaluation of the mathematical model

The relative error of simulated PSA performance indica-
tors increases significantly with increased nitrogen purity.
At the investigated product purity of 10 ppm O,, the larg-
est deviation equals 42.93 % in case of productivity and
—69.58% in case of air demand, which was detected at
the operating temperature of 45 °C. In contrast, at prod-
uct purity of 1000 ppm O,, the largest deviation in pro-
ductivity prediction equals 8.28% and was identified at
the operating temperature of 5 °C; although the highest
relative error of simulated air demand values of 4.06%
was recognised at the half-cycle time of 40 s. Because the
slopes of presented performance indicators curves become
significantly larger at increased purity requirement, every
minor inaccuracy in oxygen concentration measurement,
even in the range of observational error, has a substantial
impact on the determined productivity and air demand val-
ues. For instance, if simulating the PSA process at fixed



Adsorption (2021) 27:1149-1173

1167

(a)

120 120
%)
= 1001 1004, o
O --r pi il SR PR |
£ 8o 80/
ZN
£ 60/ 60-
&
Z: 40/ 40/
~*§ b cnnities i —— -
£ 20 Z 20-
>
©
S 0
& 10 100 1000 0 5 10 15
Product purity [ppm O,] Cutting time [s]
c d
s (c) | | % ( ). |
— 0 s (SIM) v 1000 ppm O, (EXP)
‘E 55 (SIM) ~ = ~1000 ppm O, (SIM)
£ 10 —10s(SIM)|| 10 & 10ppm O, (EXP)
£ o et - - -10 ppm O, (SIM
=z = 0s(EXP) . BRI 5 AN
= * 55 (EXP) i TR DY Sl B l
i A 10s(EXP) aiad p S
mE & ® 15s (EXP) N
Z
©
& 4 4.
g F = = = = S S e L L 4
g o)
= B 2
£ "1 10 100 1000 0 5 10 15

Product purity [ppm O,]

Cutting time [s]

Fig. 15 PSA performance at different cutting time: (a, b) productivity; (c, d) air demand; (a, ¢) in function of product purity; (b, d) in function

of cutting time

productivity, the highest relative errors obtained at product
purity of 10 ppm O, would correspond to an absolute error
of merely 7.57 ppm O, in purity prediction — which is not
much — and 0.071 Nm?/h air / Nm%*h N, in air demand
prediction — which is also not much in an absolute scale.
The deliberated issue probably would not occur with CMS
adsorbent of improved separation efficiency particularly
for high-purity applications, which strongly encourages
further research. Those materials show in the high-purity
area less pronounced gradients for productivity and air
demand dependencies. These kinds of materials would be
probably much better represented by the developed model
as the originally selected Shirasagi MSC CT 350 grade.

However, a few general conclusions can be stated. At
almost every investigated process condition, the math-
ematical model underestimates the productivity and thus
consequently overestimates the air demand at product
purity level of 10 ppm O,. The possible explanation of
this effect includes little inaccuracies originating both in
PSA experimental set-up and in the mathematical descrip-
tion of the process, e.g.

e underestimation of the adsorbent equilibrium loading by

the TIAST approach as presented in Fig. 3, most likely
due to coarse IAST theory assumptions as neglecting
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Fig. 16 Experimental (dotted line) and simulated (solid line) temperature profiles at selected positions of the adsorber during the PSA cycle: (a)

at product purity of 1000 ppm O,, (b) at product purity of 10 ppm O,

adsorbate-adsorbate and adsorbate-surface interactions
as well as omitting heterogeneous surface of CMS;

e lack of experimental equilibrium data of pure oxygen
adsorption at very low pressure (<0.01 bar abs) as pre-
sented in Fig. la, as well as deviations in the amount
adsorbed prediction by Sips isotherm model at low pres-
sures;

e inhomogeneous gas distribution along the adsorber col-
umn in the pilot-plant and therefore channelling effects;

e adsorption/desorption of other air components, especially
carbon dioxide and moisture, which cause superimposing
effects on the gas temperature along the adsorber column,
as presented in Fig. 16; or

e imprecise evaluation of the multi-component diffusion
process in the pore system of the CMS adsorbent.

Moreover, it is highly possible that different inaccuracies
are overlapping, therefore increasing the simulation error
of the performance indicators. It is most likely, that — in
combination with a modified IAST approach — the biggest
improvement of the model is possible by introducing an
additional gaseous key component combining the effects of
moisture and carbon dioxide adsorption for a better simula-
tion of their thermal influences. However, the measurement
of pure oxygen isotherm at very low pressure (1x 10~ bar
abs) could also bring a certain improvement in simulation
accuracy.

4.4 Performance intensification strategies

In order to distinguish the most significant process con-
ditions and cycle organisation strategies that should be

Table 16 Highest productivity and lowest air demand values at individual process intensification strategies

Highest productivity

Lowest air demand

[Nm/h N,/ m* CMS] [Nm?/h air / Nm?/h N,]
Investigated parameter Investigated range 1000 100 10 1000 100 10
ppm O, ppm O, ppm O, ppm O, ppm O, ppm O,
1 Operating temperature 5-45 [°C] 99.27 58.56 26.20 3.11* 4.47 8.49
2 Adsorption pressure 6-10 [bar abs] 114.65* 61.45 26.96 3.14 4.24% 7.06*
3 Half-cycle time 40-60 [s] 107.66 58.52 26.14 3.20 4.47 8.49
4 Purge proportionality factor 30-60 [%] 102.95 61.62% 28.58 3.14 4.32 8.32
5 Cutting time 0-15 [s] 97.75 59.39 30.95* 3.13 4.26 7.11

*The major potential for productivity enlargement / air demand reduction
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Fig. 17 Highest productivity [Nm*/h N, / m* CMS] at individual process intensification strategies at different product purity levels: (1) operating
temperature; (2) adsorption pressure; (3) half-cycle time; (4) purge flow rate; (5) cutting time
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Fig. 18 Lowest air demand [Nm?/h air / Nm*h N,] at individual process intensification strategies at different product purity levels: (1) operating
temperature; (2) adsorption pressure; (3) half-cycle time; (4) purge flow rate; (5) cutting time

considered towards PSA process intensification, perfor-
mance indicators at product purity levels of 1000, 100, and
10 ppm O, were designated based on the outcome of the
dynamic simulation. Subsequently, the highest productiv-
ity and lowest air demand values were selected among the
results in the studied parameters ranges, which correspond
to those presented in Chaps. 4.2.1-4.2.5. The findings are
presented in Table 16; Figs. 17 and 18.

Depending on the required product purity level, particular
process conditions or cycle organisation strategies come to
the fore while implementing PSA performance intensifica-
tion strategies. When high nitrogen productivity is the prior-
ity, the most advantage would bring: (1) increasing of the
adsorption pressure to 10 bar abs at a product purity of 1000
ppm O,; (2) increasing of the purge proportionality factor
to 60 % at a purity of 100 ppm O,; or (3) increasing of the
cutting time to 15 s at a purity of 10 ppm O,. However, in

accordance with a current global focus on the energy con-
servation issue, a minimised air demand, rather than maxim-
ised productivity designates the preferable process outcome.
Therefore, it is of advantage to (1) operate the PSA plant at
moderate temperature of about 20 °C for the nitrogen gen-
eration at a purity of 1000 ppm O,; (2) decrease the adsorp-
tion pressure to 6 bar abs at the product purity of 100 ppm
O,; or, in the same manner, (3) to decrease the adsorption
pressure to 6 bar abs at a product purity of 10 ppm O,.

It should be highlighted that these presented performance
intensification measures were studied separately, while all
other process conditions were following the reference state.
Since the PSA dynamic behaviour is practically responsive to
every variation of process conditions and cycle organisation
strategy, a multi-parameter optimisation should be executed
to demonstrate the overall optimum of PSA performance
indicators. Nevertheless, such an approach can be executed
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Fig. 19 Oxygen breakthrough curves during the PSA cycle at differ-
ent product purity levels

with the validated mathematical model of the PSA plant, and
therefore depends only on computation time and capacity.

4.5 Column dynamics in the N,-PSA process

After validation of the mathematical model, a brief dis-
cussion of column dynamics can follow. The analysis of
the system’s dynamic behaviour presented in this section
was performed at cyclic-steady-state (CSS) conditions;
namely, when the gas composition in the product stream
does not vary in time. The number of cycles necessary to
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reach the CSS state depends on the required product purity
level as well as the composition of gas accumulated in the
N,-receiver tank at the starting point of the process.

Breakthrough curves of the adsorber column during PSA
cycle at product purity levels of 1000, 100, and 10 ppm O,
are presented in Fig. 19. The product gas is generated with
inconstant composition; therefore, the integral average of
oxygen concentration within the production step should be
adapted to the value which corresponds to the required nitro-
gen purity level. During the blow-down and purge steps,
the oxygen concentration at the top of the column refers
to the product gas accumulated in the N,-receiver tank. At
the time of co- and counter-current equalisation steps, oxy-
gen concentration in the gas phase rapidly increases as a
consequence of either oxygen desorption whereas the total
pressure in the adsorber is reduced or the transfer of oxygen-
enriched gas from the adjacent column while the total pres-
sure in the adsorber is increased.

The MTC of oxygen and nitrogen during the PSA cycle
at the product purity of 1000 O, are presented in Fig. 20.
It is evident that the MTC of oxygen is remarkably higher
than of nitrogen due to the elevated mass transfer rate in
the CMS pore system. According to the Darken relation
implemented in the definition of mass transfer coefficient
presented in Eq. 5, the MTC increases with adsorbent
loading, therefore increases during adsorption in the col-
umn accordingly. In contrast, the MTC decreases during
regeneration since adsorbent loading decreases. Surpris-
ingly, a larger value of the MTC is detected during des-
orption than during adsorption. Because the blow-down

(b)
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Fig.20 Mass transfer coefficients during the PSA cycle at selected positions of adsorber length : (a) MTC of oxygen; (b) MTC of nitrogen; here
nodes 1, 35, and 70 indicate the bottom, the middle, and the top of the column, respectively
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Fig.21 Oxygen MTZ along the adsorber length at a different time
of the PSA cycle: (a, ¢) at product purity of 1000 ppm O,; (b, d) at
product purity of 10 ppm O,; (a, b) during the production; (c, d) dur-

step is performed at atmospheric pressure level, values
of oxygen and nitrogen partial pressure are lower than
1, which consequently affects the MTC increase for both
components, as stated in Eq. 5. No significant dissimilar-
ity in the course of MTC curves was detected at different
nitrogen purity levels.

The oxygen MTZ during production and regenera-
tion steps are presented in Fig. 21 at product purity lev-
els of 1000 and 10 ppm O,. The wave-front of oxygen
concentration is self-sharpening during adsorption and

Adsorber calculation node [-]

ing the regeneration; here nodes 1 and 70 indicate the bottom and the
top of the column, respectively

self-flattering during desorption, which is a result of the
favourable-type isotherm. The roll-up effect can be spotted
at the time of production step, indicating the replacement
of nitrogen molecules by oxygen inside the CMS; most
likely due to much faster oxygen kinetics as well as due to
its slightly enhanced equilibrium affinity to the adsorbent,
as shown in Fig. 1. An extended MTZ along the adsorber
occurs in case of lower purity level, which indicates an
enhanced mass dispersion caused by the elevated gas
superficial velocity. In contrast, at a high nitrogen purity
level the MTZ is situated mostly in the bottom part of
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the bed, so the top part is occupied almost exclusively by
purified nitrogen gas.

5 Conclusions

A mathematical model for the simulation of high-purity
twin-bed N,-PSA was implemented in Aspen Adsorption™
and validated at multiple process conditions and cycle organ-
isation strategies. The influence of operating temperature,
adsorption pressure, half-cycle time, purge proportionality
factor, and cutting time on productivity and air demand was
always predicted qualitatively and mostly quantitatively cor-
rectly at two different product purity levels. Relative errors
of simulated performance indicators were presented and
their possible origin was discussed. It was clearly shown
that a precise forecast of the PSA operation depends on the
accurate representation of many factors, e.g. adsorption
isotherms, mass transfer kinetics, pressure and tempera-
ture profiles along the adsorber, flow resistances in the pip-
ing system, etc. When fitted to modern high-purity CMS,
simulation errors at high-purity levels are also expected to
decline. A further improvement of the model is possible by
introducing an additional gaseous key component combin-
ing the effects of moisture and carbon dioxide adsorption
for a better simulation of thermal phenomena. The plausible
discussion of the adsorber column dynamics was conducted
based on the validated mathematical model. The model is
particularly capable to propose tailor-made process opti-
misation strategies. Recommendations for performance
improvement with a particular focus on the reduction of
energy consumption were given based on the simulation
outcome at three product purity levels.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10450-021-00320-0.
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