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Abstract: On the basis of the Dubinin theory of micropore volume filling,
a mathematical model of dynamics of pressure swing adsorption processes for synthesis
gas separation has been developed. The model takes into consideration the influence
of the processes of mass and heat transfer in gas and solid phases on the kinetics
of diffusion transfer of adsorbate (carbon dioxide, carbon monoxide, hydrogen) in the
adsorbent layer and accounts for all devices included in the process diagram (adsorber,
compressor, vacuum pump, valves, throttle, receiver). Numerical studies of the process
of separation of synthesis gas and concentration of hydrogen in a four-adsorber unit
with granulated zeolite adsorbent 13X were carried out by methods of mathematical
modeling: the influence of disturbing influences (composition and temperature of the
initial hydrogen-containing gas mixture), regime parameters (cycle duration, pressure at
the compressor outlet, pressure at the vacuum pump inlet, backflow coefficient) and
design parameters (length of the adsorbent bulk layer and inner diameter of the
adsorber) on the purity of the product hydrogen, its recovery rate and productivity of the
unit were studied. The most dangerous disturbances and the most effective regime
parameters of pressure swing adsorption process of synthesis gas separation were
determined. It is established that the increase of temperature from 298 to 323 K and
decrease of hydrogen concentration from 68 to 48 % (vol.) in initial gas mixture result
in ~10 % lower efficiency of the unit due to the decrease of product hydrogen recovery
rate. Practical recommendations on effective choice of operation regimes of an
adsorption unit to ensure the achievement of required purity of product hydrogen at the
level 0f 99.99 % (vol.), regardless of the impact of disturbances are formulated.
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Nomenclature

ay — sorption value of the primary T — temperature of the gas phase, K;
adsorption layer, mole/ms; T, — temperature in the adsorbent, K;

a - sorption value sorption value in W, — limiting adsorption volume, cm3/g;
equilibrium with the current concentration x — spatial coordinate of the length (height)
of adsorbate on the external granule of the adsorbent layer, m;

surface in the flow, mole/m3; o — heat transfer coefficient from the surface
B — a parameter identifying the of adsorbent granules to the gas mixture
predominant size of adsorbent micropores, flow, referred to the phase interface unit,
/K, WH/(K-m);

cj —molar concentration of k-th Bx — a kinetic coefficient of mass transfer
component in gas phase, mole/m3; of k-th component, 1/s;

cpg — specific heat capacity of the gas vy — molar volume of k-th component,
mixture, J/(mole-K); cm3/mole;

D, — effective longitudinal dispersion Ag — gas phase heat transfer coefficient,
coefficient in the gas phase, mz/s; Wt/(m-K);

dy, — diameter of adsorbent granules, m; Aa — adsorbent heat transfer coefficient,

ny — index of power of the Dubinin Wt/(m-K);

equation; € — adsorbent porosity coefficient, m3/m3;
hj — sorption heat of k-th component, vg — gas flow velocity;

J/mole; p, —adsorbent density, kg/m’;

Mg — molar mass of gas phase, kg/mole; pg — molar density of the gas mixture,

Ssp — specific surface ration of adsorbent ) 1o /3

2, 3. s
granules, m/m’ o — affinity coefficient of k-th component
cpa — specific heat capacity of the to standard gas;
adsorbent, J/(kg-K); U — dynamic viscosity of the gas phase, Pa-s;
Ps ) — saturation pressure, atm; ¢ — adsorbent granular sphericity factor;
Pk — partial pressure, atm; T —time, s

Introduction

Processes of pressure-swing adsorption (PSA) are widely used in industry for
purification and separation of gas mixtures, concentration of various gases (hydrogen,
oxygen, nitrogen, carbon dioxide, etc.). One of the urgent problems is the extraction
of hydrogen from hydrogen-containing process flows (hydrocarbon conversion and
oxidation gases, petroleum gases, synthesis gas, etc.) and its concentration up to
99.99 % (vol.). Typical substances accompanying hydrogen are carbon oxide and
dioxide, nitrogen, methane, which have higher adsorption selectivity values [1].
Separation of synthesis gas and concentration of hydrogen is carried out in multi-
adsorber PSA units using microporous adsorbents (granular active coals and zeolites
of SA, 13X with the highest capacity and selectivity for CO, and CO are most often
used) [2 - 8].

In the process of operation of the PSA units there is a problem of ensuring the
required technological indicators on the purity of the product hydrogen, its recovery rate
and the unit productivity due to the influence of various disturbing influences.
The sources of these are the instability of the composition and temperature of the initial
gas mixture (synthesis gas), changes in the characteristics of the adsorbent during the
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operation of the PSA unit, variations in the amount of the product flow bleed [9 — 12].
Thus, for example, synthesis gas obtained by Lurga method can contain approximately
15— 18 % of CO, 38 — 40 % of Hy, 9 — 11 % of CHy, 30 — 32 % of CO»; the temperature
of the initial gas mixture can vary from 20 to 50 °C.

Mathematical modelling is a method recommended to study the effect of
disturbing influences (composition and temperature of the initial hydrogen-containing
gas mixture), regime parameters (cycle duration, pressure at the compressor outlet,
pressure at the vacuum pump inlet, backflow coefficient) and design parameters
(internal diameter of the adsorber, length and diameter of particles of the adsorbent bulk
layer) on the recovery rate (concentration), purity of the concentrated hydrogen and
productivity of the PSA unit [9, 10, 13 — 17].

In particular, in [18] Lopes et al. discuss mathematical modelling of a vacuum-
pressure single adsorber PSA unit using granulated active coal as an adsorbent.
The values of regime parameters (cycle duration and pressure at the balancing stage)
providing hydrogen purity at the unit outlet more than 99.99 %, degree of its recovery
75 % and specific capacity of 160 mole H, per kg of adsorbent per day, were
established.

In [19] mathematical modelling of hydrogen recovery process by steam methane
reforming using PSA method was performed. It was established that pressure at
adsorption stage, backflow coefficient and duration of adsorption stage influence the
productivity of the unit, enabling to concentrate hydrogen with purity of more than
99.95 % and 80 % recovery rate. It is shown that increasing the concentration of
hydrogen-related components in the initial gas mixture, in particular methane, leads to
a decrease in purity of hydrogen at the outlet of the unit.

Tao et al. [8] have performed numerical studies of the pressure swing adsorption
process of hydrogen concentration from five-component gas mixture carried out in
a single-adsorber vacuum-pressure PSA unit. It was established that increasing the
duration of the adsorption stage and the backflow coefficient leads to an increase in the
purity of hydrogen and a decrease in the rate of its recovery.

The procedure of building a mathematical model of dynamics of pressure swing
adsorption processes includes the following stages: 1) determining the structure of the
model taking into account the effect of the transfer processes in all devices included in
the process chart of the PSA unit (compressor, vacuum pump, valves, adsorbers,
throttle, receiver, etc.); 2) obtaining experimental data on the PSA process under study,
including the equilibrium conditions of adsorption and desorption processes of gas
mixtures; 3) parametric synthesis of the model; 4) analysis and ensuring the adequacy
of the mathematical model.

The aim of this research is to develop a mathematical model of dynamics
of pressure swing adsorption process of synthesis gas separation and hydrogen
concentration (using the theory of micropore volume filling of the Academician
M.M. Dubinin) taking into account the influence of the processes of mass and heat
transfer in the gas and solid phases on the kinetics of diffusion transport of adsorbate
(H, CO,, CO) in the adsorbent layer and the linkages of all devices included in the PSA
unit. Also, numerical research of influence of regime and design parameters of the four-
adsorber PSA unit for hydrogen concentration on purity of the product hydrogen, rate
of its recovery and productivity of the unit within the specified range of changes
of disturbing influences (composition and temperature of the initial hydrogen-
containing mixture) will be conducted.
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Mathematical description of dynamics of synthesis gas separation
and hydrogen concentration process

The process of separation of synthesis gas and concentration of hydrogen up to
99.99 % (vol.) by the PSA method is carried out in a four-adsorber unit with granulated
13X adsorbent [20].

The pressure in the adsorbers is built up with the use of a compressor by opening
controlled valves, through which the gas mixture to be separated is fed to the adsorbent
layer. One complete unit operation cycle includes three stages: 1) adsorption mainly
of CO,, CO; in the adsorber the pressure is built up to the operating value, the product
hydrogen is removed from the adsorbers and sent through the receiver to the consumer;
2) adsorption mainly of CO,, CO (the adsorbent layer is regenerated by counter-current
flow of the blow-off (hydrogen-enriched) gas mixture;) adsorption pressure reduction to
atmospheric pressure; 3) pressure equalization in adsorbers (using the residual pressure
in one adsorber after the adsorption stage to build up the pressure in another adsorber).

The following mass and heat exchange processes take place in the PSA unit during
adsorption-desorption of Hy, CO, and CO with 13X zeolite adsorbent: a) diffusion
of Hy, CO; and CO in the gas mixture flow; b) mass transfer of H,, CO,, CO and heat
exchange between the gas phase and the adsorbent; c¢) adsorption of Hp, CO,, CO on the
surface and in micropores of zeolite adsorbent granules, with the evolution of heat;
d) desorption of H,, CO,, CO from micropores and from the granule surface, with heat
absorption.

In the mathematical description of the PSA process of synthesis gas separation and
hydrogen concentration, the following assumptions were made: 1) the initial gas
mixture (synthesis gas) is a three-component one (containing: 1 — H, with concentration
of 48 — 68 % (vol.), 2 — CO, with concentration of 27 — 47 % (vol.), 3 — CO with
concentration of 5% (vol.)) and is considered as an ideal gas, which is feasible at
pressures in the adsorber up to 200x10° Pa [21, 22]; 2) diffusion of H,, CO,, CO and
heat distribution in the gas flow and granulated adsorbent is carried out in the
longitudinal direction relative to the flow of the gas mixture in the adsorbent (by the
height of the adsorbent layer) [18, 23 — 31]; 3) the process of adsorption-desorption
of H,, CO,, CO by the adsorbent is carried out in the external diffusion area and is
determined by the external mass transfer coefficient, the velocity of the gas mixture in
the adsorbent layer, as well as the equilibrium relations of concentrations of H,, CO,
and CO in the phases [18, 24 — 26, 28, 30]; 4) granulated 13X zeolite with granule
diameter 1.5 mm is used as adsorbent [2, 3, 32]; 5) adsorption equilibrium is described
by Dubinin—Radushkevich equation [33]; 6) desorption branches of adsorption
isotherms of H,, CO,, CO on 13X zeolite coincide with adsorption ones [1]; 7) gas
temperature in receiver is equal to gas temperature at adsorption outlet, radiation heat
loss is negligible.

In accordance with the accepted assumptions, the mathematical description of the
processes occurring in the adsorber of the PSA unit during the separation of synthesis
gas and hydrogen concentration includes the following equations:

1. Equations of component-wise material balance (k =1 — H,, 2 — CO,, 3 — CO) in
the gas phase flow by the adsorbent layer height [1]

Oy (x,7)) :g(l) o(cy (x, r)j

ocy (x,7) N (1-¢)0ay(x,7) Ty
ot € ot

£ (57) M

ox o\ ox
where € = 0.4.

2. Sorption kinetics equation (Glueckauf equation) in a primary adsorption layer
during internal diffusion transfer [33]
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Oay (x,7)

T Br(ay —ag(x,1)), ©)

where " is determined by the sorption isotherm equation of Dubinin—Radushkevich [33]

ng
0} =pa D exp [f Te(r D), ( D : 3)
Vi Ok Pk

where p, =2140; Wy =0.262; B=2. 2x10°° =0.15, 00 =231,03=0.84; n1=1,
nyp=2,n3=2.

3. The equation describing the heat distribution in the gas mixture flow by the
height of the adsorbent

T

oT, (x,1) 8T (x,17) o
g _ g
CpgpgT+Cpgpg gT——S [Ta(x,r)—Tg(x,r)]—kgax—z, (4)
where ¢,g = 9971.44; Sg, = 4000; Ag = 0.129.
4. The equation of heat diffusion in the adsorbent
oT,(x,t Oa;(x,t T X,T
Cpapa%)4'aSsp[Ta(X,T)_Tg(X,T)]_zhk ka(‘t ):}"a 5(2 )3 (5)
X

k

where ¢;a = 830; pa = 2140; A, = 0.139.
5. Continuity and Ergun equations linking pressure and gas mixture velocity
variations in adsorbent height [34]:

Ovg(x,T) 0 c
>t —Vg( %f kj=0» (©)

T ox
0P _ [150(-sf ) o +175M gp,, (L=¢), 2 (7
ox ( g)zs dg83 &7
dp p

where pg =1.069x10; ¢ = 1.

Initial and boundary conditions for equations (1) — (7), formulas for calculation
of parameters of mathematical model and adsorption equilibrium at separation
of multicomponent gas mixture using Dubinin—Radushkevich equation, equation
of pressure change in adsorbers and receiver of unit, flow rate of gas mixture passing
through regulating inlet, outlet valves and throttle are presented in [35] and are not
given here.

Thus, the mathematical description of the dynamics of the pressure swing
adsorption process of synthesis gas separation and hydrogen concentration is a system
of differential and finite equations, which is solved using the method of straight lines in
the MATLAB software environment [36]. The accuracy analysis of the mathematical
model was performed using the actual standard error between the model calculated and
the experimental values of hydrogen purity at the adsorber outlet. The actual standard
error was 0.15 % (vol.), which makes it possible to use the mathematical model for
investigation of pressure swing adsorption processes and PSA units for synthesis gas
separation and hydrogen concentration [9, 20].

When researching the effect of disturbing influences, regime and design
parameters of the PSA unit on the performance indicators of the cyclic process
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of hydrogen adsorption concentration the following were used: 1) as regime parameters
of the PSA unit — the duration t,4s of adsorption stage, which is equal to the stage
of desorption t¢es and equalization teq in terms of time period (in this case, the duration
1. of the “adsorption-desorption” cycle is equal to Tc = Tads + Tdes T 2Teq), the pressure
P" at the compressor outlet, the pressure Pdigs at the inlet of the vacuum pump;
backflow coefficient 8, which determines the proportion of the product flow selected for
adsorption regeneration; 2) as design parameters of the unit - length (height) L of the
adsorbent bulk layer, internal diameter D of the adsorbent, diameter of particles d,

of the adsorbent bulk layer; 3) as disturbances - composition yin and temperature Tgin of

the initial hydrogen-containing gas mixture supplied to the adsorbers for separation.
Input data for computational experiments are presented in Table 1.
out

Based on the analysis of graphs of dependences of product hydrogen purity y;*" ,

its recovery rate 1) and productivity of the unit G from the duration of adsorption stage

Tads (at @ nominal regime of PSA unit operation), duration of adsorption stage T,4s can be
set to 120 s (and, accordingly, cycle duration 1t =480 s), at which hydrogen purity

is reached at the level of y™ = 99.99 % (vol.) and maximum recovery rate is provided

n=>55% (Fig. 1).

An increase in the temperature of the initial gas mixture from 298 to 323 K leads
to the need to reduce the duration of the adsorption stage t,4s from 120 to 40 s due to
a decrease in the equilibrium concentrations of carbon dioxide and carbon monoxide in
the adsorbent (Fig. 2).

When the hydrogen content decreases from 68 to 48 % (vol.) and the carbon
dioxide content in the initial gas mixture increases from 27 to 47 % (vol.),
the adsorption capacity is exhausted faster, and the required hydrogen purity value
at 99.99 % (vol.) is not reached (Fig. 3). Thus productivity of installation decreases
on ~25 %. Calculations show that the increase of pressure at the compressor outlet from
17.5 x 10° to 23.5 x 10° Pa allows to increase productivity by ~25 %, but the rate
of hydrogen recovery is reduced relative to the nominal regime from 55 % to 50 %.

Table 1
Source data for computational experiment
Variables Variation Nominal
range value
Duration of the adsorption stage T,qs, S 10...180 40
Pressure at the compressor outlet Pin, x10° Pa 5...30 17.5
: in
Presssure at the inlet of the vacuum pump P, 05 1 0.75
x10” Pa
Backflow coefficient 0, r.u. 1.25...15 5.83
Concentration of components in the initial mixture yin
H, 48...68 68
CO, 27...47 47
CcO 5 5
Temperature of the initial mixture Tén , K 293...323 298
Ratio of adsorber length to its diameter L/D 4...8 6
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The increase in pressure at the inlet to the unit from 17.5 x10° to 30x10° Pa leads
to a decrease in the hydrogen recovery rate by ~10% and an increase
in productivity by 2.5 times (Fig. 4) relative to the nominal regime (Fig. 1). This fact is
explained by an increase in the equilibrium concentration of recoverable components
in the adsorbent when pressure P" increases from 17.5%10° to 30x10° Pa. Decrease
of pressure at an unit inlet from 17.5x10° to 5%10° Pa, on the contrary, leads to the
increase of the hydrogen recovery rate by ~2 %, however productivity of the unit
decreases by eight times (not shown in figures).

The increase in pressure at the vacuum pump inlet from 0.75%10° to 1x10° Pa
leads to a reduction of adsorption stage duration from 120 to 50 s, the rate of hydrogen
recovery from 55 to 48 % (not presented in figures). Decrease of pressure at vacuum
pump outlet from 0.75%10° to 0.5x10° Pa increases the duration of adsorption stage
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out _

from 120 to 150 s, at which the required purity of product hydrogen y 99.99 %

(vol.) is provided. The rate of hydrogen recovery decreases from 55 to 52 % due to an
increase in the share of the flow taken for adsorbent regeneration. Calculations show
that in order to increase the recovery rate up to 55 % (while maintaining hydrogen
purity of 99.99 % (vol.)) in this regime it is necessary to reduce the backflow coefficient
by ~5 % relative to its nominal value.

An increase in the length of the adsorbent bulk layer from 0.9 m to 1.2 m leads to
a 5 % decrease in the recovery rate of hydrogen due to an increase in the pressure drop
in the adsorbent layer (not shown in the figures). Decrease of adsorber length from 0.9
m to 0.6 m, on the contrary, results in the increase of hydrogen recovery rate on the
average by 2 %, but the required level of hydrogen purity of 99.99 % (vol.) is not
reached because of rapid depletion of adsorption capacity of adsorbent.

Conclusion

Using current methods of system analysis, mathematical modelling and
computational experiments, new results have been obtained for the theory and practice
of designing pressure swing adsorption processes of multi-component gas mixtures
separation. The following parameters have been identified: 1) composition and
temperature of the initial hydrogen-containing mixture have the most dangerous
disturbing effects on the PSA process of synthesis gas separation and hydrogen
concentration; 2) the most effective regime parameters are duration of the adsorption
stage, pressure at the compressor outlet, pressure at the vacuum pump inlet and
backflow coefficient. It is established that at increase of temperature from 298 to 323 K
and decrease of hydrogen concentration from 68 to 48 % (vol.) in initial gas mixture,
it is most expedient to increase pressure at compressor outlet by 1.7 times and lower
backflow coefficient by ~5 % against their nominal values, but the efficiency of the unit
will decrease by ~10 % because of the lower hydrogen recovery rate. It is also
established that increase in length of adsorbent bulk layer from 0.9 m to 1.2 m causes
increase in pressure drop in adsorbent layer and decrease in hydrogen recovery rate on
the average by 5 %. Decrease in length of adsorbent bulk layer from 0.9 m to 0.6 leads
to rapid depletion of adsorbent capacity and as a result the required purity of hydrogen
0f99.99 % (vol.) cannot be achieved.

The mathematical model of the pressure swing adsorption process of synthesis gas
separation can be used to study the dynamics of PSA processes of gas mixture
separation, to optimize and improve the efficiency of PSA units with cyclically varying
pressure.

The results obtained in this work can be applied to the design of new automated
processes and pressure swing adsorption units for separation and purification of
hydrogen-containing gas mixtures.

The study was commissioned and carried out with financial support of the Grant
from the President of Russia MK-1604.2020.8.

References

1. Ruthven D.M., Farooq S., Knaebel K.S. Pressure swing adsorption, New Y ork,
1993, 189 p.

2. Kim H., Lee J., Lee S. [et. al.] Operating optimization and economic evaluation
of multicomponent gas separation process using pressure swing adsorption and
membrane process, Korean Chem. Eng. Res., 2015, vol. 53(1), pp. 31-38,
doi:10.9713/kcer.2015.53.1.31

ISSN 0136-5835. Bectauk TI'TY. 2020. Tom 26. Ne 3. Transactions TSTU 349



3. Boukoulava F., Hasan M, Floudas C. Global optimization of general constrained
grey-box models: new method and its application to constrained PDEs for pressure
swing adsorption, Journal of Global Optimization, 2015, vol. 67 (1-2), pp. 3-42,
doi:10.1007/s10898-015-0376-2

4. Nikolic D., Kikkindes E. Modelling and optimization of hybrid PSA/membrane
separation processes, Adsorption, 2015, vol. 21 (4), pp. 283-305, doi:10.1007/s10450-
015-9670-z

5. Dowling A., Vetukuri S., Biegler L. Large-scale optimization strategies for
pressure swing adsorption cycle synthesis, AIChE J., 2012, vol. 58 (12), pp. 3777-3791,
doi:10.1002/aic.13928

6. Agarwal A., Biegler L., Zitney S. Superstructure-based optimal synthesis
of pressure swing adsorption cycles for precombustion CO2 Capture, Ind. Eng. Chem.
Res., 2010, vol. 49 (11), pp. 5066-5079, doi:10.1021/ie900873j

7. Huang Q., Malekian A., Eic M. Optimization of PSA process for producing
enriched hydrogen from plasma reactor gas, Sep. Purif. Technol., 2008, vol. 62 (1),
pp- 22-31, doi:10.1016/j.seppur.2007.12.017

8. Tao W., Ma S., Xiao J. [et. al.] Simulation and optimization for hydrogen
purification performance of vacuum pressure swing adsorption, Energy Procedia, 2019,
vol. 158, pp. 1917-1923, doi:10.1016/ j.egypro.2019.01.441

9. Khajuria H. Model-based Design, Operation and Control of Pressure Swing
Adsorption Systems, Imperial College London, 2011, 203 p.

10. Agarwal A. Advanced Strategies for Optimal Design and Operation
of Pressure Swing Adsorption Processes, Carnegie Mellon University, 2010, 216 p.

11. Han Z.-Y., Xing R., Zhang D.-H. [et. al.] Vacuum pressure swing adsorption
system for N2/CH4 separation under uncertainty, Chem. Eng. Res. Des., 2019, vol. 142,
pp- 245-256, doi:10.1016/j.cherd.2018.12.017

12. Khajuria H., Pistikopoulos E.N. Optimization and control of pressure swing
adsorption processes under uncertainty, 4/ChE J., 2013, vol. 59 (1), pp. 120-131,
doi:10.1002/aic.13783

13. Santos J.C. Study of New Adsorbents and Operation Cycles for Medical PSA
Units, Universidade do Porto, 2005, 215 p.

14. Biegler L.T., Jiang L., Fox V.G. Recent advances in simulation and optimal
design of pressure swing adsorption systems, Separation and Purification Reviews,
2004, vol. 33 (1), pp. 1-39, doi:10.1081/SPM-120039562

15. Ben-Mansour R., Habib M.A., Bamidele O.E. [et. al.] Carbon capture by
physical adsorption: Materials, experimental investigations and numerical modeling and
simulations — A review, Applied Energy, 2016, vol. 161, pp. 225-255,
doi:10.1016/j.apenergy.2015.10.011

16. Shafeeyan M.S., Wan Daud W.M.A., Shamiri A. A review of mathematical
modeling of fixed-bed columns for carbon dioxide adsorption, Chem. Eng. Res. Des.,
2014, vol. 92 (5), pp. 961-988, doi:10.1016/ j.cherd.2013.08.018

17. Akulinin E.I., Golubyatnikov O.O., Dvoretsky D.S. [et. al.] Numerical study of
the dynamics of air separation process by pressure swing adsorption, Bulletin of the
South Ural State University, Series: Mathematical Modelling, Programming and
Computer Software, 2019, vol. 12 (4), pp. 95-103, doi:10.14529/mmp 190407

18. Lopes F., Grande C., Rodrigues A. Activated carbon for hydrogen purification
by pressure swing adsorption: Multicomponent breakthrough curves and PSA
performance, Chem. Eng. Sci, 2011, wvol. 66 (3), pp. 303-317,
doi:10.1016/j.ces.2010.10.034

19.Li H., Liao Z., Sun J. [et. al.] Modelling and simulation of two-bed PSA
process for separating H, from methane steam reforming, Chin. J. Chem. Eng., 2019,
vol. 27 (8), pp. 1870-1878, d0i:10.1016/ j.cjche.2018.11.022

350 ISSN 0136-5835. Bectuuk TI'TY. 2020. Tom 26. Ne 3. Transactions TSTU



20. Khajuria H., Pistikopoulos E. Dynamic modeling and explicit/multi-parametric
MPC control of pressure swing adsorption systems, Journal of Process Control, 2011,
vol. 21, pp. 151-163, doi:10.1016/ j.jprocont.2010.10.021

21.Ye F., Ma S., Tong L. [et. al.] Artificial neural network based optimization for
hydrogen purification performance of pressure swing adsorption, Int. J. Hydrogen
Energy, 2019, vol. 44 (11), pp. 5334-5344, doi:10.1016/ j.ijhydene.2018.08.104

22. Reid R., Prausnitz J., Sherwood T. The properties of gases and liquids. Third
Edition, McGraw-Hill, 1977, 707 p.

23. Ohs B., Lohaus J., Marten D. [et. al.] Optimized hollow fiber sorbents and
pressure swing adsorption process for H-2 recovery, Ind. Eng. Chem. Res., 2018,
vol. 57 (14), pp. 5093-5105, doi:10.1021/acs.iecr.7b05368

24. Arora A., Bajaj 1., Iyer S. [et. al.] Optimal synthesis of periodic sorption
enhanced reaction processes with application to hydrogen production, Comput. Chem.
Eng., 2018, vol. 115, pp. 89-111, doi:10.1016/ j.compchemeng.2018.04.004

25. Akulinin E.I, Golubyatnikov O.0., Dvoretsky D.S. [et. al.] Optimizing
pressure-swing adsorption processes and installations for gas mixture purification and
separation, Chemical Engineering Transactions, 2019, vol. 74, pp. 883-888, doi:
10.3303/CET1974148

26. Yavary M., Ebrahim H.A, Falamaki C. The effect of number of pressure
equalization steps on the performance of pressure swing adsorption process, Chemical
Engineering and Processing: Process Intensification, 2015, vol. 87, pp. 35-44,
doi:10.1016/j.cep.2014.11.003

27. Sanchez R., Riboldi L., Jakobsen H. Numerical modelling and simulation
of hydrogen production via four different chemical reforming processes: process
performance and energy requirements, Can. J. Chem. Eng., 2017, vol. 95 (5), pp. 880-901,
doi:10.1002/cjce.22758

28. Abdeljaoued A., Relvas F., Mendes A. [et. al.] Simulation and experimental
results of a PSA process for production of hydrogen used in fuel cells, Journal
of Environmental Chemical Engineering, 2018, vol. 6 (1), pp. 338-355,
doi:10.1016/j.jece.2017.12.010

29. Tavan Y., Hosseini S.H., Olazar M. A note on an integrated process
of methane steam reforming in junction with pressure-swing adsorption to produce
pure hydrogen: Mathematical modeling, Ind. Eng. Chem. Res., 2015, vol. 54 (51),
pp- 12937-12947, doi:10.1021/acs.iecr.5b01477

30. Karagoz S., Tsotsis T., Manousiouthakis V. Multi-scale modeling
and simulation of a novel membrane reactor (MR)/adsorptive reactor (AR) process,
Chemical Engineering and Processing: Process Intensification, 2019, vol. 137,
pp- 148-158, doi:10.1016/j.cep.2019.01.012

31. Akulinin E.I., Golubyatnikov O.0O., Dvoretsky D.S. [et. al.] Numerical study
of cyclic adsorption processes of air oxygen enrichment in dynamics, Journal
of Physics: Conference Series, 2019, p. 012005, doi:10.1088/1742-6596/1278/1/012005

32. Delgado J., Agueda V., Uguina M. [et. al.] Adsorption and Diffusion of Hj,
CO, CHy, and CO, in BPL Activated Carbon and 13X Zeolite: Evaluation
of Performance in Pressure Swing Adsorption Hydrogen Purification by Simulation,
Ind. Eng. Chem. Res., 2014, vol. 53 (40), pp. 15414-15426, doi:10.1021/ie403744u

33. Dubinin M.M. Progress in surface and membrane science. Vol. 9, New York:
Academic Press, 1975, pp. 1-70.

34. Ergun S. Fluid flow through packed columns, Chem. Eng. Progress, 1952,
vol. 48, pp. 89-94.

35. Akulinin E.I., Golubyatnikov O.0., Dvoretsky D.S. [et. al.] Optimization and
analysis of pressure swing adsorption process for oxygen production from air under
uncertainty, Chemical Industry and Chemical Engineering Quarterly, 2020, vol. 26 (1),
pp- 89-104, doi:10.2298/CICEQ190414028A

ISSN 0136-5835. Bectauk TI'TY. 2020. Tom 26. Ne 3. Transactions TSTU 351



36.Rice R.G., Do D.D. Applied mathematics and modeling for chemical
engineers, 2 ed. Wiley, New Jersey, 2012, 396 p.

Mone.]mponaﬂne H HCCJIeA0OBAHUEC JTHHAMHUKHA ancopﬁunonnoro pasjaejicHudA
CHHTE3-ra3a U KOHUCHTPUPOBAaHUSA BOAOPO/Ia

E. W. AKyJ]I/IHI/IH], 0. 0. FO.]IyﬁﬂTHI/IKOBl, A. H. ﬂaﬁyTI/IHZ,
I. C. )IBOpemcm”ll, C. H. )IBopemcm“ll

Kageopa «Texnonoeuu u 060py0osarue nuuesvix u XUMU4eckux npou3800Cmey,
topt@topt.tstu.ru; @I'BOY BO «TI'TV» (1), e. Tambos, Poccusi;
Kageopa « Texnuyeckoii Kubepnemuxu u agmomamuxuy, lan@isuct.ru;
@I'OY BO «Hsanosckuti 20Cy0apCcmeeHHblll XUMUKO-TNEXHOI02UYeCKUL
yHugepcumemy (2), e. Heanoso, Poccus
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ras; TeII0-MacCONEPEHOC; LICOTUTOBBIN aJICOPOCHT; YHCIICHHBIN aHaIn3.

AHHOTanMs: Ha ocHOBe Teopru 0OBEMHOrO 3aMOHEHUS] MUKPOIIOp aKaJIeMHUKa
M. M. JlybunuHa pa3zpaboTaHa MaTeMaTH4YecKas MOJENb JUHAMUKHU ITUKINIECKUX afl-
COpOIIMOHHBIX MPOLIECCOB MPU pa3/ielieHNH CHHTE3-Ta3a C y4eTOM BIIMSHHUS TPOLIECCOB
Macco- W TEIJIONepeHoca B ra3oBOi M TBepoi (a3ax Ha KUHETHKY Muddy3HOHHOTO
nepeHoca agcopOTHUBa (IMOKCHAA yriIepoaa, MOHOOKCHIA YIJIEpo/a, BOIOPOa) B CIIoe
azicopOeHTa M ¢ y4EeTOM BCEX YCTPOMCTB, BXOISIINX B TEXHOJOTHIECKYIO CXEMY MpO-
necca (azcopbep, KoMIIpeccop, BaKyyM-Hacoc, KIallaHbl, Ipoccellb, pecusep). Mero-
JIOM MaTeMaTHYeCKOrO MOJICIMPOBAHMS INPOBEJICHBI YMCICHHBIE MCCICIOBAHHA IIPO-
Hecca pasfelieHHss CHHTE3-Ta3a M KOHIIEHTPHPOBAHHS BOJOPOAA, OCYIIECTBISIEMOTO
B UETHIpeXaacopOepHON yCTAaHOBKE C TPaHYJIMPOBAHHBIM IIEOJIWTOBBIM aJCOpOEH-
ToM NaX: uccie0BaHO BIMSHHE BO3MYIIAIOMINX BO3JCHCTBHH (COCTaBa U TeMIlepaTy-
PBI ICXOHOM BOAOPOACOIEpIKAIIEH Ta30BON CMECH), PSKUMHBIX (ITUTEIFHOCTH IIHK-
Jla, AaBJEHUs Ha BBIXOJIE KOMIIPECCOpPa, JABIEHHs Ha BXOJE BaKyyM-Hacoca, koaddu-
[HeHTa 00paTHOTO MOTOKA) M KOHCTPYKTUBHBIX HapaMeTpoB (JUTMHBI HACBHITHOTO CIIOS
ajicopOeHTa ¥ BHYTPEHHETO AMaMeTpa ajacopOepa) Ha YUCTOTY HPOJIYKTOBOTO BOJOPO-
Jla, CTENEHb €T0 M3BJICUCHMS M MPOMU3BOIUTEIBHOCTh ycTaHOBKH. OmpezeneHsl Hanbo-
Jiee OlacHble BO3MYIIAIOIINE BO3ACUCTBUSI U Hanboisiee d(h(EeKTHBHBIE PEXKUMHBIE Ia-
paMeTphl OUKINYECKOTO aAcOpOIOHHOrO IpOoIlecca pa3/ielieHus CHHTe3-Taza. YCTa-
HOBJICHO, YTO MOBBIIIEHUE TemrnepaTypsl oT 298 no 323 K u cHmkeHHe KOHLIEHTpaIH
Bomopoaa ot 68 mo 48 00.% B MCXOIHOW Ta30BOM CMECH MPUBOIUT K CHIKCHHUIO d(-
(exTHBHOCTH pabOTHI yCTaHOBKU Ha ~10 % 3a cueT yMEHbIIEHHs CTENIEHH U3BJICUCHUS
IPOYyKTOBOTO Bogopoaa. ChopMyIMpoBaHbl MPAKTHIECKHE PEKOMEHIAUH 110 dPdek-
TUBHOMY BBIOOPY PEKHUMOB DPaOOTHI aJCOPOIMOHHON yCTAaHOBKH, OOECIIEUHBAIOIINE
JOCTIXEHHUE TpeOyeMOi YUCTOTHI MPOILYKTOBOTO BOJOpOia Ha ypoBHE 99.99 00.% mnpu
BO3JICHCTBUYU BO3MYLLIEHUH.
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Simulation und Untersuchung der Dynamik der Adsorptionstrennung
von Synthesegas und Wasserstoffkonzentration

Zusammenfassung: Basierend auf der Theorie der volumetrischen Fiillung von
Mikroporen des Akademiemitglieds M.M. Dubinin, ist ein mathematisches Modell der
Dynamik zyklischer Adsorptionsprozesse bei der Trennung von Synthesegas entwickelt,
das den Einfluss des Stoff- und Warmeiibergangs in der Gas- und Festphase auf die
Kinetik des  Diffusionsiibergangs eines  Adsorptionsmittels  (Kohlendioxid,
Kohlenmonoxid, Wasserstoff) in der Adsorbensschicht und unter Berticksichtigung aller
im Prozessflussdiagramm enthaltenen Gerdte (Adsorber, Kompressor, Vakuumpumpe,
Ventile, Drossel, Auffanger) beriicksichtigt. Numerische Untersuchungen des Prozesses
der Trennung von Synthesegas und der Wasserstoffkonzentration in einer
Vieradsorberanlage mit kdrnigem Zeolithadsorptionsmittel NaX sind unter Verwendung
der Methode der mathematischen Modellierung durchgefiihrt: Einfluss der
Storbeeinflussungen  (Zusammensetzung und Temperatur des anfanglichen
wasserstoffhaltigen Gasgemisches), Betrieb (Zyklusdauer, Driicke am
Kompressorausgang und am Eingang der Vakuumpumpe, Riickflusskoeffizient) und
Auslegungsparameter (Lange des Schiittbettes des Adsorbents und Innendurchmesser
des Adsorbers) auf die Reinheit des Wasserstoffprodukts, den Extraktionsgrad und die
Produktivitdt der Anlage durchgefiihrt. Es sind die gefahrlichsten stéorenden Wirkungen
und die effektivsten Betriebsparameter des zyklischen Adsorptionsprozesses
der Synthesegasabtrennung bestimmt. Es ist festgestellt, dass ein Temperaturanstieg im
Bereich von 298...323 K und eine Abnahme der Wasserstoffkonzentration von 68 auf
48 Vol.% im anfinglichen Gasgemisch zu einer Abnahme des Wirkungsgrades
der Anlage um ~ 10% aufgrund einer Abnahme des Extraktionsgrades des
Produktwasserstoffs  filhren. Fiir die effektive Auswahl der Betriebsarten
der Adsorptionsanlage sind praktische Empfehlungen formuliert, die das Erreichen der
erforderlichen Reinheit des Produktwasserstoffs in Hohe von 99,99 Vol.% unter dem
Einfluss von Stérungen sicherstellen.

Modélisation et étude de la dynamique de la separation
par adsorption du gaz de synthése et de la concentration en hydrogéne

Résumé: A la base de la théorie du remplissement volumineux des micropores de
I’académitien M. M. Doubinin est élaboré le modeéle mathématique de la dynamique
cyclique des processus de I’adsorption lors de la division du gaz de synthése tenant
compte de l'impact des processus de transfert de masse et de chaleur dans les phases
gazeuse et le solide sur la cinétique du transfert de la diffusion de transfert de
I’adsorbant (dioxyde de carbone, monoxyde de carbone, d’hydrogene) dans la couche
d'adsorbant et compte tenu de tous les appareils entrant dans le schéma technologique
du processus (adsorbant, compresseur, vide-pompe, vannes, clapet, réservoir). Par la
méthode de la modélisation mathématique sont exécutées les études numériques du
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processus de la séparation de gaz de synthése et de la concentration de I'hydrogéne dans
une installation avec un adsorbant granulé zéolitique NaX: est étudiée 1’influence des
perturbateurs (composition et température du mélange), de régime (durée du cycle,
pression de sortie du compresseur et l'entrée a vide de la pompe, coefficient d'inversion
de I'écoulement) et les paramétres de conception (de la longueur de la couche de
remplissement de 1'adsorbant et du diamétre intérieur de 1'adsorbant) sur la pureté de
I'hydrogéene, le degré d'extraction et la capacité de l'installation. Sont définis les effets
perturbateurs les plus dangereux et les paramétres de fonctionnement les plus efficaces
du processus d'adsorption cyclique de la séparation des gaz de synthése Est constaté que
l'augmentation de la température dans la plage de 298...323 K et la diminution de la
concentration d’hydrogene de 68 a 48 vol.% dans le mélange de gaz entraine une
diminution de [l'efficacit¢ de l'installation d'environ 10% en réduisant le degré
d'extraction de I'hydrogéne. Sont formulées des recommandations pratiques pour un
réglage efficace des modes de fonctionnement de I'installation d'adsorption, garantissant
la pureté de I'hydrogene a 99.99 vol.% en cas de perturbations.
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