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Ha ocnoge 0600uiennon meopuu Jlenemropa npeocmagiensvt IK6UBAIEHMHBLE MHO2OKOM-
HOHEeHmHbIe U30MmepMbl 0CHOBHBIX npuMecell ammocheprnozo 6030yxa (600aHoIl nap, OUOKCUO ye-
J1epooa u ayemuien), ¢ UCHOIb306AHUEM IKCHEPUMEHMAIbHBIX OAHHBIX UX A0COPOYUOHHOU eMm-
Kocmu 6 zpaunynax yeonuma NaX u pacuemom xkoncmaumol I'enpu no memnepamype Kunenus
npu ammocghepHom OagneHun, O01A MEPMOOUHAMUUECKUX YCI08UIl 6 0J10Ke KOMRNAEKCHOU
ouucmku 6030yxopaszoenumensroit ycmanosxku TK/[C-100B. BuympuzpauyaapHuiii menaomacco-
00Mmen paccmompen 6 uneiinom npudnudxcenuu I noxaygha c npumenenuem cynepno3uyuoHHoZ0o
HpUHYUNA NOGEOeHUs npUMecell 6 YC108UAX OUPPY3UOHHO20 MexaHu3Ma UX nO210uleHus (Moe-
kyaapuwtit, Knyocenoeckuit, @onvmeposckuii). Ilonyuena mooens ¢ cocpedomouenuvimu napa-
mempamu 6 euoe 3aoauu Kowu, npuuem uoenmuuxayus kunemuueckux Koagpguyuenmoe npo-
6edena u3 peuteHus 3a0aqu oughyzuu é wiape npu ZpAHUYHBIX YC108UAX NEPB020 pooa. Tennomot
aocopoyuii npumeceii HAOEHbl NO U3OCHMEPUUECKOMY COCHOAHUIO U3 08YMEPHOZ0 YPAGHEHUs
Ban-oep-Baanvca c ucnonvzoseanuem coomuoutenus Baum-I'ogpgpa. Hecmayuonapuas cpeoneoon-
eMHAs meMnepamypa Zpanyibl 6bINUCICHA U3 PEUIeHIUA HAYAIbHO-KPaeaoil 3a0auu 013 ypasHe-
HUA MenaonpPo6OOHOCHU WAaApPa C ZPAHUYHBIM YC/I08UEM NEPBO20 POOA HA €20 NOGEPXHOCMU, 8
RPeononoHceHUU Meni08020 paeHo8ecUs (ha3, U 00bEMHBIM PAGHOMEPHBIM MEN108bIM UCHIOYHU-
KoM, 00YyC/10671eHHbBIM MENI0Mmoll aocopoyuu. Ycmanoeneno, Ymo JuMumupyioujum mMexanus-
MOM nepeHoca npumeceil 6 ZPanynax aocopoenma asaaemca ougdysus ¢ muxkponopax. B ycno-
6UAX NPONOPUUOHAILHOI 3asucumocmu napamempa Jlenzmiopoeckoii uzomepmol om memnepa-
mypul COeNana OUEeHKA YMEHbUICHUA A0COPOUUOHHOU eMKOCHU adcopOeHma ¢ nosviuieHuem
memnepamypul, Y4mo nO3601UN0 C NOMOULLIO 6LIYUCTUMEbHOZ0 IKCHEPUMEHMA NPOAHATUZUDPO-
6amb KUHEMUKY NO2N0W{eHUs OCHOGHBIX HpuUMecell ammoc@epHozo 6030yxa Zpanyiamu yeo-
auma NaX.
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lI.]'lfl LHUTUPOBAHMS
®unumonosa O.H., Bukymun A.C., Exroruna M.B., Xopsar O.B. Mozenb KHHETHKH aJICOPOIIMOHHON OUYUCTKH aTMocdep-
HOTO BO3/lyXa rpaHyinamu eosmta NaX npu Hen30TepPMUUECKHUX YCIOBUAX. M36. 8y306. Xumus u xum. mexnonoeus. 2021,
T. 64. Bein. 12. C. 17-23

For citation:
Filimonova O.N., Vikulin A.S., Enyutina M.V., Khorvat O.V. Model of kinetics of adsorption purification of atmospheric
air by zeolite NaX granules under non-isothermal conditions. ChemChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim.
Tekhnol.]. 2021. V. 64. N 12. P. 17-23

ChemChemTech. 2021. V. 64. N 12 17



O.H. ®unumoHoBa U JIp.

MODEL OF KINETICS OF ADSORPTION PURIFICATION OF ATMOSPHERIC AIR

BY ZEOLITE NaX GRANULES UNDER NON-ISOTHERMAL CONDITIONS
O.N. Filimonova, A.S. Vikulin, M.V. Enyutina, O.V. Khorvat

Olga N. Filimonova *, Andrey S. Vikulin, Marina V. Enyutina

Scientific Research Center, Military Educational and Scientific Center of the Air Force «N.E. Zhukovsky and
Y.A. Gagarin Air Force Academy», Starykh Bolshevikov st., 54A, Voronezh, 394064, Russia
E-mail: olga270757@rambler.ru *, mmiler5472@yandex.ru, maryena63@mail.ru

Olesya V. Khorvat

Department of Foreign Languages, Military Educational and Scientific Center of the Air Force «N.E. Zhukovsky
and Y.A. Gagarin Air Force Academy», Starykh Bolshevikov st., 54A, Voronezh, 394064, Russia
E-mail: olessja81@yandex.ru

Based on the generalized Langmuir theory, equivalent multicomponent isotherms of the
main atmospheric air impurities (water vapor, carbon dioxide, and acetylene) are presented, using
experimental data on their adsorption capacity in NaX zeolite granules and calculating the Henry
constant from the boiling point at atmospheric pressure, for thermodynamic conditions in the block
of complex cleaning of the TOPS-100V air separation unit. Intra-granular heat and mass transfer
is considered in the linear Gluckauf approximation using the superposition principle of impurities
behavior under the conditions of the diffusion mechanism of their absorption (molecular, Knud-
senovsky, Folmerovsky). A model with lumped parameters is obtained in form of the Cauchy prob-
lem, and the identification of the kinetic coefficients is carried out from the solution of the diffusion
problem in a ball under boundary conditions of the first kind. The impurities adsorption heats were
found from the isosteric state from the two-dimensional equation van-der-Waals using the Van-
Hoff ratio. The unsteady average volumetric granule temperature is calculated from the solution
of the initial-boundary value problem for the equation of thermal conductivity of a sphere with a
boundary condition of the first kind on its surface, under the assumption of thermal equilibrium of
the phases, and a volumetric uniform heat source due to the adsorption heat. It was found that the
limiting mechanism of impurity transfer in adsorbent granules is diffusion in micropores. Under
the conditions of the proportional dependence of the Langmuir isotherm parameter on tempera-
ture, an estimate was made of the decrease in the adsorption capacity of the adsorbent with increas-
ing temperature, which made it possible, using a computational experiment, to analyze the kinetics
of absorption of the main atmospheric air impurities by granules of NaX zeolite.

Key words: model, kinetics, adsorption, purification, air, zeolite, temperature

A common feature of solid-phase adsorbents,

INTRODUCTION . . oo o o :
including zeolites, is their high specific absorption area

Granular synthetic zeolite NaX is the main
component of a complex cleaning unit (CCU) of air
separation units (ASU) for the oxygen and nitrogen
separation from gaseous impurities (vaporous moisture
(H20), carbon dioxide (CO,), acetylene (CzH,)) of at-
mospheric air [1]. The exothermicity of the adsorption
process reduces the adsorption capacity (static and dy-
namic) and reduces the efficiency of the adsorbers [2];
therefore, the heat and mass transfer processes accom-
panying adsorption are of a conjugate nature. In most
cases, the presented nonisothermal models are limited
to single-species adsorption [3], or the dependence of
the governing parameters on temperature is neglected [4].

18

due to the developed inner pore surface (for zeolites
200-600 m?/g [5], the average pore diameter is 2-10 A
[6]), therefore, the adsorption process proceeds, ac-
cording to the classical concepts [7], on the surface of
the internal granules voids. This requires the transfer
of molecules into the granules by the diffusion absorp-
tion mechanism with specific features depending on
the pore size [8]. Diffusion in pores and molecular dif-
fusion have the same driving force — the concentration
gradient, however, their difference is that diffusion in
pores occurs as a result of molecules collisions with
walls, and molecular diffusion is initiated by collisions
with other molecules in pores, and these two diffusions
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types coincide when the pore diameter is large enough
[9]. In the limiting case (the pore radius is less than the
free path of molecules), pore diffusion becomes Knud-
sen diffusion [10]:

D, =9700-r,(t/u)"?, (1)
where ry is the average pore radius, cm; t is tempera-
ture, K; u is the molecular weight of the adsorbent,
g/mol. To establish the relationship between diffusion
in pores D, and molecular diffusion, a semiempirical
relation is used [8]

D, =¢,D,,/1,, )
where ¢, is the porosity of the adsorbent granules
(0.05-0.5); I, is the pore tortuosity factor (for example,
according to [11], it can reach values up to 100, but in
most cases for zeolites it lies within 3.3-3.6); to calcu-
late the molecular diffusion coefficient, the Chapman-
Enskiy formula is applicable [12]
~0.0018583- t*'2(L/p, +1/pg )2 3)
- po2,Qe/ kt) ’
where ua, us — molecular weights of gases A and B,
g/mol; p— pressure, atm; o12 = (oa+os)/2; oa, o8 — diam-
eters of molecules of gases A and B, A; Q(e/kt) is a di-
mensionless function of temperature and intermolecu-
lar potential field for molecules A and B; e/k is the Len-
nard-Johnson potential, K. If diffusion in pores and
Knudsen diffusion occur simultaneously, then the joint
diffusion coefficient is determined by the Bosanquit re-
lation [12]

Dy

D,; =D,'+D". (4)
Folmer diffusion characterizes the mass trans-

fer of already adsorbed molecules over the inner pore
surface [13]

IgDg =1.8-0.20AQ/(mR), (%)
where AQ is the heat of adsorption, J/mol; R — univer-
sal gas constant, J/(mol-K); m — surface index.

Due to the fact that the driving force of various
diffusion mechanisms directly depends on the adsorb-
ate concentration outside the granules, the heat and
mass transfer inside them determines the adsorption
processkinetics, it is necessary to consider together
with the entire adsorbent layer [14]. In this case, the
mixed kinetics of pore and surface mass transfer under
the assumption of the diffusion mechanisms and mon-
odisperse granules sphericity summation is described
by the equation [8]

ac(r,t)  aq(r,r)
€p pe +pp P

10 20c(r)], Pol 280rd)] (6
== % p, 2T TP p 2 AT

r2 6r{ P }r r2 S ©)

where 7 is time, s; rq— radius of the granule, m; r — cur-
rent radius (0 <r <rg), m; c(r,7), q(r,t) — are the local
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concentrations of the adsorbate in the pore medium and
the adsorbed phase within the granule, kg/m?, wt.
shares; pp is the density of the granule, kg/m®. The de-
pendence of the diffusion coefficients (1)-(5) on tem-
perature requires knowledge of the temperature fields
inside the granules associated with the adsorption heat
and the conditions at its outer boundary [15] using an
equation of the thermal conductivity type, as well as
the relationship between c(r,t)) and q(r,t), assuming
that they are in equilibrium [16]
q=f(c) ©)
In addition to this, an appropriate set of initial
and boundary conditions is required. If we take into ac-
count the adsorbate multicomponent, then it turns out
that the problem can be solved only numerically, while
there is no certainty about the existence and uniqueness
of the result obtained [17]. The implementation of such
an approach in a parametric search for the determina-
tion of effective modes of adsorbers operation is appar-
ently justified, but when evaluating pre-design solu-
tions for a reasonable choice of separation equipment,
when it is necessary to carry out optimization proce-
dures, a more flexible toolkit is needed in the form of
models with lumped parameters, which integrally takes
into account the adsorption process reference features.
This study is devoted to the development of such a
model.

MULTICOMPONENT IMPURITY ISOTHERMES

Let gaseous impurities in atmospheric air have
the following subscript numbering: H.O — 1; CO; — 2;
C,H2 — 3. According to the generalized Langmuir the-
ory [18], the equivalent expression for the i-th (i =1,3)

adsorption component has the form
ai Pi

3 il
j=1

where pi is the partial pressure of the i-th component of
the impurity, Pa; ai, bi — are parameters determined
from adsorption isotherms in a monovariant presence
in atmospheric air, Pa%, that is

o_ ap
g (9)
The adsorption capacity of impurities in gran-
ules of zeolite NaX according to [19] is given in Table 1.
For zeolites in [20] it was found that the Henry constant
of the i-th adsorbate Ki [mol/(g-Pa)] can be determined
by the empirical relation

InK; ~0.0623 t, ~18.12,

Q; = (8)

(10)

where tbi is the boiling point at atmospheric pressure
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of the i-th adsorbate, K (50 < '[bi < 350). It follows

from the structure of the Langmuir equation that
aj =bigy, =K;. (12)

Calculations of the values of ai and b; (see
Table 1) are given for thermodynamic conditions at the en-
trance to the CCU ASU TOPS-100V [21] (po= 20 MPa,
to = 288 K, density of granules pp = 1100 kg/m* and
their diameter dq = 4 mm), while the partial pressures
of water vapor, carbon dioxide and acetylene are re-
spectively equal [22]: p:" = 25.8 kPa; p." = 0.608 kPa;
ps = 0.002 kPa.

Table 1
Isotherms parameters calculation
Tabnuya 1. Pacuer napaMeTpoB M30TepM

Parameter Adsorbate
H.0 CO, CzH,
O, » kQ/m? 120.0 20.0 60.0
ty . K 373.0 194.5 190.0
K, kg/mol 18.01-10° | 44.0-10° | 26.04:10°°
aj, kg/(m*-Pa) | 3308.0 0.069 0.054
by, Pa? 2757 3.45-10% | 9.05-10%

From a comparative analysis of isotherms (Fig. 1)
it follows that at the beginning the granules are satu-
rated with water vapor, and then with carbon dioxide
and acetylene (the same qualitative conclusion was
made based on the results of pilot experiments in [19]).

9| 9| 9 ‘
kg/m’kg/m’kg/m] 1/
50+ 10+ 301 :
'3
0! 0! o0 : — :
-2 0 2 lgp

Fig. 1. Isotherms of impurities: 1 — H20; 2 — COz; 3 — C2H: (the
dotted line is the partial pressure of impurities)
Puc. 1. U3otepmbr mpumeceii: 1 — H20; 2 — CO2; 3 — C2H2 (myHk-
TUpPHAs JINHUS — TapIHAIbHBIC JaBICHUS TIPUMECEi)

INTRAGRANULAR MASS EXCHANGE

Regardless of which diffusion mechanism
dominates during the transport of adsorbates into a
granule, quantitative analysis requires the joint solu-
tion of equations (6) and (7) for each adsorbate with
additional conditions. This problem is simplified using

20

the postulate of Gluckauf [23] that the rate of absorp-
tion of adsorbates by a granule is linearly proportional
to the driving force of the process, which is defined as
the difference between the concentration on the surface
of the granule O, and the superposition of the average

volumetric concentrations of adsorbed phases g (1)

50y, w0} =13
dCI(T) dg;(7) 12)
2 I
with initial conditions
g (0)= @ =const (13)
and limitation on adsorption capacity
0(to) =?:const, (14)

where qTis the current concentration of the i-th ad-

sorbate in the adsorbent, kg/m?; q — total concentration
of adsorbates in the adsorbent granule, kg/m?; k 0~ Ki-
1

netic coefficients, s, which are related to the geomet-
rical dimensions of the granule, its physical character-
istics and the diffusion mechanism; 1o — time to reach
99% of the adsorption capacity of the granule, s. The
identification kpi was carried out for the quasi-iso-

steric adsorption mode (practically unchanged temper-
ature and pressure). If, as in [8], we assume that in (6)
(ep/pploci(r,t)/ ov << og(r,t)/ orand fin (7) is
differentiable with respect to ¢i (the Langmuir relation
assumes this for ¢; e [0,oo), which is explicitly related

to pi through the equation of state for an ideal gas), that
is dg; = f (c;)dc;, then from (6) it follows

oq; (r, ) 10 00
Iar : 2 ar(Deirza*r'jv (15)
where the effective diffu5|on coefficient is
D
j = P, D =const (16)
f (C|)Pp

Equation (15) is supplemented with the initial
condition
Gi(r,0) =0, 17)
the condition for the concentration constancy of the i-th
adsorption phase at the outer boundary of the granule

i (g ) = O, (18)
and the axisymmetry condition
(0.1 _q (19)
or

Solution of the initial-boundary value problem
(15), (17) - (19) [24]

ng, Z sm[ ]exp[ De'nnZI] (20)
n=1 rg rg

Gi (r,7) = O, +
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It follows from (20) that

_ D, nm?

Gi(1) =y, + Z [‘ e“] &
— rg
@ﬁz o )

dt rs n=1 réz

Substituting (21) and (22) into system (12),
and bearing in mind that for D _nznzq;/r2 >>1

Ziz [{ De : T T]/Zexp[ nznzr]

we get
Kp, =n°De. I1¢. (23)
IMPURITIES ADSORPTION HEAT

The isosteric adsorption heat of the i-th adsorb-
ate was determined from the theoretical adsorption iso-
therm based on the two-dimensional Van-der-Waals
equation [25]

i G 0 2acri Qi
pi = ERit exp ——
I I l:]mi -G [qmi -G bcri Ri tqmi (24)

where R; is the gas constant of the i-th adsorbate,

Jl(kg-K); t — average volumetric granule temperature,
K; & — thermodynamic constant, Pa-kg/J; acr. » by are

critical parameters equal to

R fer,
_27TR b. =—_~i 25
_ A r; » (25)
o 8 0 cr; Mer; i 8“i pcri
where tCri » Per are the critical temperature and pres-

sure of the i-th adsorbate, respectively K and Pa. Ac-
cording to the van-Hoff equation [12]

Qq =Rit'dInp/dt,
whence the value of the heat of adsorption follows (Ta-
ble 2) at g /qmi -1

AQ; =Qy 4{&:2?. (26)
cr
The local temperature of the adsorbate granule
porous matrix, under the assumption of phases thermal
equilibrium, is determined from the thermal conductiv-
ity of a sphere with a uniform volumetric heat source
due to the heat of adsorption

CpPp atE;T) :)‘ga|:r2 at(r’ﬁ';):|+
re or or €pTo
where /,, ¢, — thermal conductivity and heat capacity
of the adsorbent matrix, respectively, W/(m-K) and
JI(kg-K); AQ* — specific heat of adsorption per gran-
ule, J/kg,

AQ Pp

(27)
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Table 2

Tabnuya 2. TenjoThl aacopouun aacopdoaTon

Parameter Adsorbate
H.0 CO, CH:
R, J/(kgK) 461 189 320
tey » K 647.3 304.1 309.0
Per,» Pa 214.0-10° | 71.5-10° | 60.9-10°
Ay, 1755.4 194.95 677.1
bey 1.743-1073 | 1.005-1073 | 2.029-10°3
AQ, J/mol 36272 17072 17368
AQ, Jkg 2.014-10° | 0.388-10° | 0.667-10°
t(r.0) =t(ry,v) =to, ot(0,7)/or=0. (28)

Solution of the initial-boundary value problem
(27) and (28) [26]

T(R,8)=W [é(l R)

where T (R,0) = t(r, ) ~to;
* 2
R=r/ry; W =AQ pyly /(toephp).

temperature

T0) [ %z

0

-1
4

2 z( 1f

3R = N

3

_ 2
_raq/rg

cos(mn)exp(=n

2720) |.

sin(mnR)exp(-n nze)l

» 8 le/(ppcp);
Average pellet

(29)

COMPUTATIONAL EXPERIMENT

Evaluation of kinetic coefficients k o
1

assumes

knowledge of the limiting diffusion mechanism in the
granule and the corresponding value of the diffusion
coefficient, and a comparative analysis using relation
(16) (Table 3) shows that Dei ~ Dpk

Table 3

Diffusion coefficients and kinetic parameters for

to =288 K and po = 20 MPa

Tabnuya 3. Koappuuuents! anddy3un u KNHeTHIE-
ckue napamerps! s to = 288 K u po= 20 MIIa

Parameter Adsorbate

H20 Co, CoH,
Dpk, » M?/s | 9.653-108 | 5.760-10° | 7.010-10°®
Kp, 8™ 0.238 0.142 0.173

The time 7o of filling the adsorbate granules

with adsorbates was calculated as follows. It follows
from (12) and (13) that

dg; )

%:kpi (qmi —qiojexp(—kpi r) (30)

Substitution of (30) into the second equation of
system (12) and subsequent integration from O to o,
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taking into account (14), allows obtaining an expression
for the total concentration of adsorbates in a granule

T

_ ~ 3 _
)= [ W= 3 gy, - ol ) G
0 i=1

In view of the fact that g(t,) =0.99q, .

from (31), o = 4.4 s was calculated. Since
Cp = 870 J/(kg'K), 4p = 0.14 W/(m-K) [14], therefore
o = t0a4/rs” = 0.16 and, according to (29), the increase
in the temperature of the adsorbent granule due to ad-
sorption absorption will be ~ 4 K. If in (11) we restrict
ourselves to the linear approximation of the parameter
of the Langmuir isotherm on the temperature bi~t, then
O, =0,;K; /t the coefficients a; for the thermody-

namic conditions at the entrance to the adsorber are
calculated (Table 4).

Table 4
The adsorption capacity of zeolite for impurities at
=292 K
Tabnuya 4. AncopOLMOHHASL eMKOCTb LEOJUTA 10 NPH-
Mecsm npu t =292 K

Adsorbate
Parameter H,0 COo, CoH,
a 10.447 83.48-10° | 32.0-10*
Om; 118.35 19.72 59.38

Inte%tion results (12) with initial conditions
(13), when qio =0
60 =0, 1-ep(-k, )
_ 3
A0 =>ay 1-ep -k, 1)

i=1
Calculations using relations (32) and (33) in
the presence of a restrictive condition on the adsorption
capacity (14) show (Fig. 2) that the influence of the ad-

(32)
(33)
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sorption heat during the purification of atmospheric air
cannot be neglected, since this can lead to the appear-
ance of a "breakthrough" concentration impurities be-
fore the development of the CCU. For example, in this
case, with a six-hour adsorption cycle, a decrease in the
adsorption capacity by ~1% due to an increase in the
temperature of the adsorbent granule by 4 K reduces
the operating time by 0.5 h.

q, =
kg/m’ ZF
L=~
//1'2 ==
60 77 =5
// /// a
// 3
20 -3 4
o
0 2 T,C

Fig. 2. Kinetics of intragranular adsorption of impurities at 288 K
(solid curves) and 292 K (dotted curves): 1, 1' —the total concentra-
tion of impurities; 2, 2' — water vapor; 3, 3' — acetylene; 4, 4' — carbon
dioxide
Puc. 2. Kunerrka BHYyTPUTpaHyJISIPHO# acopOLiK puMeceit
mpu 288 K (crumonrasie kpusbie) u 292 K (yHKTHPHBIE KPHUBBIE):
1, ' — cymmapHas KOHIIEHTpanus npumeceii; 2, 2' — BOISIHOI map;
3, 3'— anermen; 4, 4' — qUOKCHUN yriiepoaa

CONCLUSION

The presented tools for assessing the adsorp-
tion heat effect on the intragranular kinetics of adsorp-
tion absorption of the main gaseous impurities from the
atmospheric air by the NaX zeolite makes it possible to
evaluate the purification efficiency.
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