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Abstract

This study presents the development of a dynamic multiscale model to simulate the adsorption and
desorption processes in a fixed bed for medical air drying. The model includes equations of mass
balance, thermodynamics, hydrodynamics, and adsorption/desorption Kinetics. The temperature-
dependent Toth-Aranovich-Donohue equation is used to approximate the equilibrium relationship
between water vapor and activated alumina/hopcalite. Measurements of the breakthrough curve at
different water vapor concentrations and gas flow rates can be used to determine kinetic resistances such
as axial dispersion, external film mass transfer, pore diffusion, and internal mass transfer, and thus to
determine the limiting resistance of the process. The model predictions agree well with the experimental
results, which are supported by performance indices and confirmed by additional breakthrough curves
for validation. The validated model proves effective in predicting water vapor adsorption and desorption
breakthrough curves on adsorbents considering concentration, flow rate, and temperature, and serves as
a valuable tool for the development and optimization of commercial PSA columns with multiple

adsorption layers.

Keywords: Industrial air dryer, Breakthrough curves, Modeling and simulation, Multiscale model,
Water vapor adsorption.

1. Introduction

The air treatment system is an essential component of medical air systems *: It provides drying and
purification of the compressed air produced to supply healthcare facilities with medical air, in fulfillment

of the international standard NF EN 1SO 7396-1 2. The dew point of the air treatment system reaches a



minimum of -45°C, i.e. 67 ppm 2, which allows for high air quality. A medical compressed air dryer is
manufactured by a membrane process 3 or by pressure swing adsorption (PSA) 4 at room temperature
using water-selective adsorbents. The major production of dry medical air is ensured by air compressors
and a column operating in PSA mode with a countercurrent regeneration mode. There are several
materials that can be utilized for moisture adsorption, and their efficiency may vary depending on the
specific application and conditions. Common moisture adsorbents comprise are molecular sieves,
activated alumina, silica gel, activated carbon, and calcium chloride. Each material has unique
properties, such as adsorption capacity, desorption methods. Silica gel is a highly porous material that
can adsorb up to 40% of its weight in moisture and is easily desorbed by heating. Activated alumina,
created by a chemical process that increases its surface area, can adsorb up to 20% of its weight in
moisture, and is frequently utilized as a desiccant for moisture adsorption from gases and desorption
requires heating. Molecular sieves, composed of aluminum silicates, have a highly organized pore
structure that allows them to selectively adsorb moisture and are suitable for removing moisture from
gases or liquids with extremely low dew points. They can adsorb up to 25% of their weight in moisture
and can be desorbed by heating or depressurization. Calcium chloride, a solid that adsorbs moisture
through chemical reactions, can absorb about 150% of its weight. Activated carbon, a porous material
that can adsorb various impurities, including moisture, is efficient in adsorbing moisture from gases and
liquids, it can adsorb about 5% of its weight in moisture and can be desorbed by heating or pressure
reduction. It is essential to note that the efficiency of the adsorbent also depends on the relative humidity
and temperature and pressure of the gas. Additionally, the cost and disposal of the spent adsorbent should
be considered. Desorption is the process of removing adsorbed moisture from an adsorbent, with
common desorption methods including heating, vacuum, and purging with dry inert gas. However, the
required heating temperature and duration may vary depending on the material and amount of moisture
adsorbed. It is important to note that desorption performance depends not only on the adsorbent, but also
on the application and conditions, such as temperature, humidity, and pressure. In addition, the
regeneration process of the adsorbent may weaken or damage the adsorbent, reducing its efficiency. The
common industrial column is a fixed bed with several moisture adsorbents in the form of granules

connected in series. The technology is based on the choice of the nature of the adsorbents, their
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arrangement in the column and their respective volume. Qualitatively, adsorbents placed at the bottom
of the column, where the moist air feed flow enters, are the least hydrophilic and adsorb the most
moisture, while adsorbents placed at the top of the column are the most hydrophilic and allow moisture
adsorption at low concentrations. The design of the industrial adsorption columns is based on the state
of the art, i.e., most of the column packing consists of a combination of multi-adsorbents such as
activated alumina ® layer at the bottom of the column, an activated carbon © layer to treat the volatile
organic compounds, and oil residues from pumps, a Mn-based metal oxide ” (Hopcalite) layer to oxidize
the carbon monoxide to carbon dioxide and is known also as a humidity adsorbent, and another layer of
alumina at the top of the column to hold the different layers together, activated carbon does not

significantly adsorb moisture in the system/process and is not considered in this work.

In the literature, Chout 8, Nastaj & Ambrozek °, Ouchi et al 1°, Ribeiro et al 1, Shi et al *2, proposed to
analyze the dynamic adsorption of water vapor on alumina with a mathematical LDF model using the
temperature-independent isothermal (BET and Langmuir) equations. The limitation of this model is that
all the kinetic transfer resistances present in the process are lumped into a single coefficient and the
prediction of the model at a different temperature is not guaranteed. Currently, there is no comprehensive
study to model and simulate the dynamic process of adsorption and desorption of water vapor on several
adsorbents at different operating conditions. Therefore, this study establishes a Fickian multiscale model
that can accurately forecast the adsorption and desorption breakthrough curves on alumina and hopcalite
in an industrial dryer, considering variations in gas flow rate, concentrations, and temperature. The
uniqueness of our model lies in its ability to discern and separate various kinetic resistances, including
external film mass transfer, pore diffusion, and internal mass transport coefficients. By doing so, we can

determine the governing resistance that limits the overall process.

The dynamic behavior of a system is intricately affected by the interplay between the fluid and
adsorbents, which is governed by the thermodynamic and kinetic properties of adsorption. The ability
to forecast the behavior of an industrial air dryer without the aid of experimental measurements poses a
significant challenge. To address this, a study was conducted to investigate the dynamic adsorption and

desorption of water vapor using a reduced-scale column. This approach allowed for a better



understanding of the system's behavior on a smaller scale, providing valuable insights for industrial
applications. This is possible because the time required for the fluid to pass through the column of the
industrial air dryer is the same as in the reduced scale column. The methodology used is based on the
characterization of adsorbents, the measurement of adsorption isotherms, the measurement of adsorption
and desorption breakthrough curves and the development of a phenomenological model, its
identification, validation, and implementation with experimental measurements. The result of this work
is a statistically validated model that has the potential to greatly impact the design and optimization of
industrial medical air dryers. By using this model, it is possible to predict the adsorption and desorption
performances of different adsorbents under various operating conditions. This information can be used
to optimize the process and improve the efficiency of the dryer. For example, the model can be used to
evaluate the effect of different operating conditions, such as temperature, pressure, relative humidity,
and adsorbent type and loading on the adsorption and desorption performance of the dryer. This can aid
in identifying the optimal conditions for maximum adsorption and desorption efficiency and minimize
energy consumption. Furthermore, the model can also be used to evaluate the cost and environmental
impact of different adsorbent materials and regeneration strategies, which can aid in reducing the cost

and increasing the sustainability of the dryer.

2. Experimental measurements

2.1. Characterization of the adsorbents

The commercial adsorbents studied were obtained from MILS, a French company specialized in drying
compressed air. Hopcalite is in the form of irregular grains with an approximate diameter of 1.5 mm,
while alumina is present as spherical particles with a diameter of about 2 mm. The porous structure of
both adsorbents was characterized by manometry, using a liquid nitrogen isotherm at 77 K on a
BelsorpMax instrument. Specific surface area was determined by the BET method *2 and pore size was
estimated by the NLDFT method 4, both using Belmaster software (see Figures S1 and S2 in the
Supporting Information). The true density of the solid was determined by helium pycnometry using the
same instrument. All gasses used in the experiments, namely N, and He, were supplied by Air Liquide

France with purity above 99.999%. The results of these measurements are shown in Table 1.



Table 1: Characterization of adsorbents

Alumina Hopcalite
Specific surface area (m>.g™) 329 309
Total pore volume, (cm®.g™) 0.43 0.42
Mean pore diameter, (nm) 3.87 4.55
True density, (kg.m™) 2226 3282

2.2. Measurements of the adsorption equilibrium isotherms

Water vapor adsorption isotherms on activated alumina and hopcalite samples were determined using a
BelsorpMax 2 instrument (Microtrac Bel) in the temperature range 293-313 K. The adsorption
temperature was carefully controlled with a thermostatic bath (Dyneo DD -300F) with an uncertainty of
+0.1 K. To prepare the samples for adsorption measurements, a desorption step was performed under a

primary vacuum in a Belprep vacuum ramp at 150°C for a period of 12 hours.
2.3. Dynamic adsorption measurements

To measure the adsorption and desorption breakthrough curves of water vapor, an experimental setup
was used, which is shown in Figure 1. Its main element is a reduced column filled with commercial
adsorbent particles. The scaled-down column corresponds to the column of an industrial air dryer in that
it contains the same adsorbents and operates under the same operating conditions. This is possible
because in both columns the time required for the fluid to pass through the column is the same. In this
way, a gas flow of 135 mL.min* can be obtained, which corresponds to the average reference value of
the feed gas flow in an industrial compressed air dryer, i.e. 117 m3.h (for details, see section S1 of the
supporting information). The gas flow passes through a 40 mm length adsorbent packed in a glass tube
with an inner diameter of 4 mm. The characteristics of the reduced column and the operating conditions
are listed in Table 2. Although the particle diameter to column diameter ratio (0 = Dc/dye) is relatively
low, which may lead to preferential flow paths and non-uniform flow, it is worth noting that this column
diameter is not uncommon in the literature and has been used in previous studies *>'€. In addition, we
are aware of the potential for preferential flow paths in our study and have attempted to address this
issue by careful packing of the adsorbent bed and a relatively low flow rate. In addition, a recent study

by Petrazzuoli et al 1’ showed that preferential pathways through the wall can occur when the value of
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o (column to sphere diameter ratio) is less than 1.78, whereas in our study the value of ¢ is between 2
and 2.7. This shows that despite the possibility of the formation of rings or holes in the center of the
column, a uniform flow can be achieved. In summary, although the column diameter used in our study
does not meet the best practices of Chem Eng, we are confident that the hydrodynamics of the column

are sufficient for an experimental study and the research objectives based on the latest scientific studies.

Table 2: Adsorbent bed column characteristics and operating conditions.

Packed . Bed Particle Adsorbent Bed Relative
Diameter  Length . . X .

bed (mm) (mm) porosity porosity mass density humidity
column (mgas3-mcol_3) (mgas?’-mpe_?’) (mg) (kgm3) (%)

Value 4 40 0.5 0.47 370 753 1510 80

The breakthrough curves were measured at a room temperature of 20 °C under dry and humid
conditions. To create different humid conditions, the humid feed and dilution feed gas streams were
mixed. The adsorbent particles are used without pretreatment. Pressure sensors are strategically
positioned both upstream and downstream of the adsorbent bed column to monitor pressure differences.
In addition, a Michell hygrometer moisture analysis sensor is used to measure partial pressure at the
outlet of the column. The dry gas stream is used to maintain the material in a dry state or to facilitate its
desorption. To facilitate data acquisition, all sensors are connected to a home-built acquisition module.

Experimental procedure
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Figure 1: Experimental setup used for breakthrough curves measurements
Experimental procedure

The column is filled with approximately 370 mg of adsorbent particles. The temperature was monitored
and controlled during the experiments using a water bath. Cooler 1 is set at 20 °C to ensure a constant
temperature in the bed column. The choice of 20 °C as the measurement temperature for the
breakthrough curves could be based on some factors. 20 °C is considered a standard temperature for
many types of experiments and is within the range of typical room temperatures. This allows easy
reproducibility of results and comparisons with other studies. The adsorbent bed column is kept under
dry flow until the column stabilizes. To create the desired relative humidity, a gas stream is generated
and supplied to the adsorption column. After reaching saturation, a dry gas stream is introduced to desorb
and regenerate the column. To ensure thorough removal of moisture from the adsorbent, the desorption
time is at least four times longer than the adsorption time. The experiments are conducted in triplicate

to verify the repeatability and reproducibility of the results.

3. Model development

Adsorption isotherm and kinetic models are required to describe the water vapor adsorption process on
selective water adsorbents. Therefore, an important step is to select the adsorption isotherm equation
that best describes the thermodynamic equilibrium. This isothermal model shall predict the amount of
equilibrium vapor that will be adsorbed at a given water concentration. As temperature rises, it is well-
established that the adsorption capacity tends to decrease. Consequently, to provide a comprehensive
understanding of the adsorption behavior of water vapor on adsorbents, it becomes necessary to employ

a temperature-dependent model for the adsorption isotherm.
3.1. Adsorption equilibrium

The Toth-Aranovich-Donohue temperature-dependent equation is applied to accurately describe the
water adsorption isotherms on alumina and hopcalite, which exhibit a type 1l isotherm, a characteristic
of physical adsorption mainly on meso- and macropores . This equation is well-suited for modeling

adsorption on these types of pores, and accounts for the temperature dependence of the adsorption



process, providing a more precise representation of the adsorption behavior of these adsorbents. The
equation used in this study to describe the equilibrium water vapor adsorption, represented by ge (mol.kg
1), as a function of water vapor concentration, ¢ (mol.m), is a semi-empirical equation comprising two
terms. The first term corresponds to the Toth equation, which is suitable for describing heterogeneous
adsorption systems and monolayer adsorption at low concentrations. This term accounts for the
interactions between the adsorbate molecules and the adsorbent surface, incorporating a dimensionless
heterogeneity factor, t,. The second term represents the Aranovich-Donohue equation, specifically the
type 11 isotherm, and includes an adjustable dimensionless factor, n,. It is a modified form of the BET
equation describing multilayer adsorption at high concentrations. The Toth-Aranovich-Donohue

equation is expressed as follows *8:

Q= q,,bc { 1 } (1)
1+ (be)* |- (1-bye)”

with g, (mol.kg™) the maximum adsorbed quantity which is temperature dependent as:

O = g exp[z[l—TlH (2)

b (m3.mol?) the equilibrium constant at low concentrations which is temperature dependent as:

b =D, exp Q. (T—O —1) (©)
Ry To\ T
b, (m3.mol) the equilibrium constant at high concentrations which is temperature dependent as:
b, =b,, exp Q; (T—U—lj (4)
Ry To\ T

and t, the Toth heterogeneity factor which is temperature dependent as:

T
t, =t 1-2 5
(¢] 00+ a[ T) ( )

The constants a, y, and n; are utilized in the equation. The parameters gmo (mol.kg™), bo (m2.mol™), by

(m3.mol?), and te represent the maximum adsorbed amount, the equilibrium constants at low and high
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concentrations, and the Toth's heterogeneity factor at the reference temperature To (K), respectively. Q
and Q; (J.mol) denote the heats of adsorption at the monolayer and multilayer levels. Rq (J.mol.K™1)
represents the ideal gas constant. The optimal values of the Toth-Aranovich-Donohue isotherm equation
(Eq.1) with nine unknown parameters, namely qmo, bo, b2, too, Q, Q2, @, ¥, and ny, are presented in Table
3, using a reference temperature of 298 K. The estimability and identification of the parameters of the
Toth-Aranovich-Donohue model were discussed and presented in our previous work 8. Some comments
and isotherms of water vapor adsorption on alumina and hopcalite are given in Section S4 of the

Supporting Information.

Table 3: Identified parameter values of the Toth-Aranovich-Donohue equation.

darameters  Qmo bo to Q/RgTo « x b2o n2  Qz/RgTo

Water vapor Value 3251 3222 024 1898 0.017 053 067 114 16.27
Alumina Cl (95%) =+*1.64 %324 +0.01 1.68 0.01 =+045 =+0.01 =+0.01 *0.16

Water vapor Value 748 2025 041 1804 0.017 035 019 6.01 16.79
Hopcalite Cl (95%) +0.90 #44.4 +0.05 =172 +0.01 +0.33 +0.02 +0.69 +0.43

3.2. Adsorption and desorption mechanism

The adsorption mechanism of water vapor on activated alumina or hopcalite is based on the process of
physisorption. Physisorption is a weak interaction between the adsorbate molecules (water vapor) and
the surface of the adsorbent (activated alumina/hopcalite). Activated alumina and hopcalite have a large
surface area with numerous pores on their surface. The pores on the surface of the adsorbent are in the
mesopore range, which is about 2-50 nm. When water vapor molecules encounter the surface of the
adsorbent, they are adsorbed in these pores. The physisorption interaction is temperature dependent, and
adsorption is stronger at low temperatures. The adsorption of water vapor on activated alumina or
hopcalite occurs through the formation of hydrogen bonds between the adsorbate molecules and the
surface of the adsorbent. The water vapor molecules are adsorbed in the pores, filling the voids, and
forming a monolayer on the surface of the adsorbent. The desorption process of water vapor from
activated alumina or hopcalite can be achieved through several methods, including heating, vacuum, or
purging with dry inert gas. The desorption process is endothermic and requires energy input, and thus,

the efficiency of desorption process is also affected by the temperature of the process. In summary, the



mechanism of adsorption and desorption of water vapor on activated alumina and hopcalite is based on
physisorption, which occurs due to the formation of hydrogen bonds between the adsorbate molecules

and the surface of the adsorbent and mainly takes place on the mesoporous structure of the adsorbent.

3.3. Dynamic adsorption process

A comprehensive one-dimensional multiscale model is developed to simulate the dynamic adsorption
and desorption process of water vapor. The model is based on several assumptions: (i) the gas mixture
follows the ideal gas law, (ii) water vapor is the sole adsorbed molecule, (iii) the pressure drop along
the bed is accounted for using Ergun’s equation, (iv) the resistance to mass transfer through the boundary
layer surrounding the solid particles is represented by an external film mass transfer coefficient, (v) mass
transfer within the particles is governed by Fick's diffusion and characterized by an effective diffusion
coefficient in the macropores, (vi) mass transport of water vapor in the mesopores is attributed to
mesopore diffusion, (vii) the equilibrium isotherm between the gas phase and the adsorbent is described
by the Toth-Aranovich-Donohue equation, (viii) the adsorbent particles are assumed to be spherical and
have homogeneous size, (ix) the temperature and physical properties of the adsorbent remain constant,
(x) only the axial dimension is considered, leading to a one-dimensional model, (xi) the adsorption and

desorption processes are reversible.

The multiscale model considers both the bed scale and the particle scale. At the particle scale, the model
considers the presence of macro- and mesopores. A mass transfer coefficient is used to describe the mass
transfer from the fluid phase in the bed column to the fluid phase at the particle surface. In addition, a
pore diffusion coefficient is used to represent the transport of water vapor from the gas phase of the
particle to the solid surface. The interaction between these two phenomena, convection and diffusion, is
captured by the material Biot number. The equations of the water vapor mass balance for each scale can

be expressed as follows:

(i) In the bed column, the equation for the water vapor mass balance in the gas phase is described as

follows 1°-21:
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c 0o(ve -
© o, Ze, ) Ay (e ) ©)
a Yot @ & I o= )\ 14 B

The water vapor concentration in the gas phase is denoted as ¢ (z,t) (mol.m), where z represents the
axial position within the bed column and t denotes time. The interstitial gas velocity is represented by
v=u/ey (M.S), where u is the superficial gas velocity and & is the bed porosity (Mgss>.Mcor®). The axial

dispersion coefficient is defined as Dax (m2.s-1). In addition, rp. (M) represents the mean radius of the

adsorbent particle, ki (m.s?) is the external film mass transfer coefficient, and Cpe‘r B (mol.m3)
p~ pe

corresponds to the water vapor concentration at the particle surface. The material Biot number, denoted
Bi, quantifies the ratio of the mass transfer flux resulting from internal diffusion within the particle to
the external mass transfer flux driven by convection in the particle film. When the material Biot number
is greater than 3, the adsorption process is mainly driven by internal diffusive transport. On the other
hand, if the material Biot number is less than 0.1, external mass transfer is the dominant mechanism.

The material Biot number is determined as:

B="2"1 7)
The effective diffusion coefficient, denoted as D. (m?s?), plays a crucial role in the model. It is
influenced by the porosity epe (Mgas>.Mpe®), the tortuosity zpe (<), and the mixture diffusion Dy (m?.s?)

within the particle. In general, the effective diffusion coefficient can be expressed as follows:

D
D, =&, —* (8)

Z'pe

(ii) In the particle, mass transport of water vapor occurs by Fickian diffusion, which is characterized by

the effective diffusion coefficient. Assuming that there are no lateral and azimuthal variations in particle

concentration, the water vapor mass balance in the radial direction is described as follows 22

ac oqg D, 0 ac
e (1og (AP O 2T
S ot ( g"e)at x arp[p arp] 9)

The water vapor concentration in the gas phase is represented by cpe (z, rp, t) (mol.m), while g (mol.m-

%) corresponds to the water vapor adsorbed on the particle in the solid phase. To describe the behavior
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of water vapor in the mesopores, the linear driving force (LDF) model is used, which can be expressed

as follows 2:

* ~ H 15Dme$0
k(0 — ) with k, = — (10)

mp

M.
A

where T (mol.m=) represents the average adsorbed amount of water vapor on the solid surface, Dmeso
(m?.s) corresponds to mesopore diffusion, rmp, (M) denotes the average pore diameter, and de =g ps
(mol.m™®) represents the equilibrium adsorbed amount of water vapor considering the solid density. In
addition, ki (s) represents the internal linear driving force on the mesopores. To fully describe the

phenomena, the equation is accompanied by the following initial and boundary conditions:

*t=0 c=0,¢c,,=0,d=0, Vzandr, (11)
*7=0 oc (12)
—Daxgzv(c0 —C), Vtandr,
z=L @zo,Vtandrp (13)
0z
*r =0 oc 14
p ®=0,Vvzandt (4
or,
Ty = e Cpe | (15)
-D, o =k C—Coepp _r. | Vzandt
P Jr

p

The Ergun equation is used for the high gas flow during the fast charging process in industrial medical
air. This equation considers not only viscous resistance, but also inertial resistance. The form of the

Ergun equation is:

p— 2 J—
—Z—Z:ayBUerpBuz with: a=352 { ib) : b:1.75(1 8b3 (16)

pe gb pe gb

12



where P (Pa) is the pressure, ugs (Pa.s) is the gas viscosity, pe (kg.m) is the fluid density, z (m) is the
bed length coordinate, and u (m.s) is the superficial gas flow velocity, which depends on the pressure

and the velocity of the feed, as described by:

u :(pBufeed )/p = ufeed Pfeed /P (17)

The validity of this relationship is based on several assumptions: a constant flow rate throughout the
column, an isothermal system, and the behavior of the fluid as an ideal gas. It is important to note that
the initial and boundary conditions mentioned refer specifically to the adsorption stage of the pressure
swing adsorption (PSA) process. Other conditions are required for other operating steps such as
pressurization, blowdown, and purging. Depending on the operating step, the steep front of the
breakthrough curve can propagate either from z=0 to L or in the opposite direction. Because of the
reversible nature of the process, we can treat the desorption breakthrough curve like an adsorption
breakthrough curve. The only differences are in the initial and boundary conditions. Therefore, we can

use the same model as described above with the initial and boundary conditions modified as 2:

*t = 0 c= Co) Cpe = Cpe‘rp:rpe ' q = qe’ vz and rp (18)
* =
z=0 @:O, vtandr, (19)
oz

Table 4 summarizes the correlations employed to estimate the parameters of the Fickian multiscale

model.
Table 4: Correlations for estimating parameter model
. . M,+M
Molecular  diffusion, D,g, 3%
» 2x10°M M
(m2.st) 2528 D,z =2.6628x10
P.oA0s2,

T

o +b, exp[%lJ

with: O =b (lT +h, exp[bA‘ngjJr by exp(be

where: b =1.060; b, = 0.156; b, = 0.193; b, = 0.476;

b, = 1.036; b, =1.529; b, = 1.765; b, = 3.894; 5, =/e,e, /K,
enlk, =809.1 &, /1 k, =970, = 2.641x10™"; o, =3.617x10™"

k

13



o T(M,)10°
Dynamic viscosity, g (Pa.s) Hy :2,659X1076(2—B)
05 Qp

with:
T T

b,
Qp = bl[ ! J +b, exp[_mmL by exp[_bam]Jr b, exp(_be”;"‘“]
&g 1k,

Knudsen diffusion, D, (m2s o _4, [2RT
1y 26 K3 ™A\ M,
D -1
Effective diffusion, D, (m2s™) D, =¢,, — with: D, =(i+ij
Tpe DAB DK
where: 7, =&,.°
it . /3.
External film mass transfer K, =DQLSh with: Sh=c, +c,, Re®® Sc”?*:3<Re <10*
coefficient, k, (m.s?), pe
Sc=—te Re _ Pedpl
PeDss P Hg
where: ¢, =2 and ¢, =1.1
Axial dispersion coefficient, o = Y with: 1 _0.7Dy n &
D, (m2s?)? * pe' Pe' dv c,+c, (Re)*
ax ) 3 4
where: ¢, =0.18 and c, =0.008
. PM,
Gaz density, pg (kg.m™) Pg =
R,T
. * I+,
Local slope, ke (see section 2 K, = aq, =psqmb[1+(bc)t°} v _19%10°
of SI) oc

The resulting model (equations 6 through 19) is analyzed, identified, and validated using experimental
measurements. The initial values used to fit the model were estimated from the literature and are listed
in Table 4. Fitting with these initial values did not give good agreement with the experimental
measurements, indicating that the parameters should be estimated. Even if some parameters can be
estimated theoretically, there may be experimental uncertainties that can affect their accuracy.
Therefore, fitting the experimental measurements to the predictions can help determine the actual values
of these parameters, which cannot be easily measured or estimated. In addition, simulation can provide
insight into the behavior of the system under different conditions, which can be useful for optimizing
the process. Overall, the combination of experimental and simulation-based approaches is often
necessary to obtain a complete understanding of the system behavior and to optimize the process. Since
the coefficient of external mass transfer and axial dispersion increase with gas flow rate, the parameters

Cm2, Cm3, and Cma (See Table 4) included in the correlation of Wakao and Funazkri and Rastegar and Gu

14



2128 gre estimated to maintain the same trend. The model includes several unknown parameters that must
be estimated from the measurements, including ki, Cm2, Cms, Cms, and Dm. To determine the optimal values

(p*) of these estimable parameters (p*'), a constrained optimization problem is solved as follows:

k Ny 2
. i A 20
p*,zargmlnpestz;zll(ci‘j—ci j) (20)
j=1 i=
subjected to:
Prin < P™ < Py (21)

where ¢, and €, are the measured and predicted concentration values, k represents the number of operating

conditions (flow rates and initial concentrations), and ny is the number of measurements. The
optimization algorithm employed in this study utilizes the moving asymptote (MMA) method, which is
available within the COMSOL Multiphysics® software. The identified parameters' accuracy is assessed

through the use of confidence intervals (Cl), as follows 2;

P*y = PRy 1,1/diag(COV (p¥) (22)

with:

mse

COV(p*) =

(3 3()” (23)

m p

The confidence intervals (Cl) for the estimated parameters are determined using the covariance matrix

(COV), which takes into account the Student t-distribution (ts( ) corresponding to the

Ny, /2)
significance level 4 /2 and (nm-np) degrees of freedom. Here, n, represents the number of parameters,

and J denotes the Jacobian matrix of the residual vector (rv), which quantifies the difference between

the model predictions and the measured values. Mathematically, it can be expressed as:

ar, ar,
o 2.
J=| ¢+ (24)
arvns arvns
_6_|le . |
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The performance of the model predictions is assessed using two key indices: the root means square error
(RMSE) and the Pearson correlation coefficient. The RMSE quantifies the average difference between

the model predictions and the experimental measurements. It is calculated as follows:

My

1 & 2
RMSE:\/FZZ“((;JJ._Q i) (25)

n

j=1 i=1l
The Pearson correlation coefficient measures the strength and direction of the linear relationship

between the model predictions and the experimental measurements. It is expressed as 2°:

inzmcii_(_:ii Ji-6ls
 $Bel-elel ) -

| £8060-51) (25011

where T and ¢ are the mean values of the measured and predicted, respectively.

(X

4. Results and discussion

The experimental data used consist of breakthrough curve measurements carried out at a room
temperature of 20 °C, five different relative humidities of 15, 30, 45, 60, and 70% RH or water vapor
concentrations of 0.14, 0.29, 0.44, 0.58, and 0.72 mol.m=3, and three gas flow rates of 170, 135, and 100
mL.min?, i.e., fifteen adsorption and desorption experimental measurements to identified parameters.
The relative humidity remained below 80% during the experiments, which ensured that the system did
not enter the condensation zone. It is important to note that the model and subsequent results presented
in this study are applicable and valid within this range of relative humidity. Above the condensation
zone, the behavior of water vapor in the confined spaces of adsorbent pores may be significantly
different due to the potential for condensation. The assumption of ideal gas behavior and the
applicability of the adsorption and desorption equations may no longer be valid under these conditions.
Therefore, the validity and predictions of the model are limited to the studied range of relative humidity
below the condensation zone. With the available experimental measurements, the parameters Dw, Cmz,
ki, Cms and cma Were estimated. However, the desorption breakthrough curve was treated in the same way
as that of adsorption, i.e., (Co-C) was used to obtain a classical S-type adsorption breakthrough curve.
This method is possible if the adsorption and desorption processes are reversible, which is justified by
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the observation of the isotherm of water vapor on alumina 583031 where capillary condensation is not
achieved, confirming that the desorption branch follows the adsorption branch. The assumption that k;
for adsorption and desorption should be equal is a common assumption in adsorption and desorption
models. However, further examination and comparison of experimental breakthrough curves with our
model predictions revealed that this assumption was not entirely accurate in this study. Moreover, in the
capillary condensation region, the adsorption and desorption breakthrough behaviors differ from each
other 3%, This is due to the fact that in this region, the pores of the adsorbent fill with water molecules,
which leads to a decrease in the available adsorption sites. As a result, the adsorption capacity of the
adsorbent decreases while the desorption capacity increases. As the water vapor concentration increases
beyond the inflection point of the isotherm, the adsorption capacity of the adsorbent becomes
increasingly limited and desorption becomes more critical. Therefore, the optimal parameters identified
and estimated during adsorption are used in the desorption simulation, except for the parameter ki, which
is estimated simultaneously from available desorption experimental measurements. Figures 2 and 3
compare the experimental measurements to the model predictions obtained using the optimized
parameters in the adsorption and desorption process. The water vapor/alumina isotherm model used is

the Toth-Aranovich-Donohue.
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Figure 2: Comparison of water vapor adsorption breakthrough curves on alumina predicted with the
experimental measurements using the multiscale model.
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Figure 3: Comparison of desorption breakthrough curves predicted with the experimental
measurements using the multiscale model.

The optimized parameter values as well as their 95% confidence intervals (Cl), and the dimensionless

material Biot number (B;) of is reported in the Table 5.

Table 5: Optimized parameter values for water vapor adsorption on alumina

Bi=4.63 Adsorption  Desorption
Parameters Cm2 Cm3 Cma Dwm, (M2.81)  Kyags (57) Kides (51
Value 5.93 0.005 1.01 x10° 4.3x10° 0.065 0.0018

Cl (95%) +1.26 +0.002 +0.9x10° +8.5x10° +0.005 +0.0006

Figures 2 and 3 demonstrate the strong agreement between the predictions of the multiscale model and
the experimental measurements, as evidenced by the high Pearson correlation coefficient (r=0.99) and
the small root mean square error (RMSE<0.09). The fast saturation of the adsorbent bed at higher flow
rates can be attributed to the reduction in film thickness surrounding the particles. As the flow rate
increases, the thinner film enhances mass transfer by reducing its resistance value. The value of the
material Biot number (see Table 5) is greater than 3. Therefore, the adsorption mechanism is controlled
by internal pore diffusion. Moreover, the breakthrough time, defined as the time required to reach 10%
of the water vapor concentration in the bed column, decreases with increasing water vapor concentration
at the inlet. It can also be observed that an increase in water vapor concentration at the inlet results in

bed saturation being reached earlier due to relatively faster transport. Since the confidence interval
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values are lower than the parameter values reported in Table 5, the parameter identification can be
considered accurate given the excellent fit indices. The coefficients for external film mass transfer and
axial dispersion could be estimated with a different correlation than the one used, for example, by
Athalye et al %, Delgado® and Valdés-Solis et al *" to improve the agreement between measurements
and predictions. Despite this discrepancy, the estimated coefficients reported in Table 6 for different gas
flow rates are in line with the magnitudes commonly reported in the literature 39, Water vapor
molecules are adsorbed in the pores (meso and macro) by forming hydrogen bonds between the adsorbed
molecules and the adsorbent surface. The isosteric heat generated is 46 kJ/mol 8, indicating a strong
interaction between the water vapor molecule and the alumina surface. As a result, the desorption
process is endothermic and requires additional heat or pressure to release the molecules. In this study,
desorption is performed under the same conditions as adsorption without external (energy) input,
suggesting that it is easier to release the adsorbed molecules in macropores than in mesopores. This
difference is reflected in the observed internal mass transfer coefficients, which differ by a factor of 36
for adsorption and desorption in mesopores. It should be noted the variation in velocity and pressure
drop were found to be negligible and equation 17 was found to be unnecessary. However, it is included
in analysis as a precautionary measure for the consideration of high-pressure industrial columns that
may experience significant pressure drops. According to reference book Pressure Swing Adsorption by
of D.M. Ruthven et al. *° adsorption of water can lead to changes in the velocity of the adsorbent which
can impact the performance of the process. Therefore, it is essential to consider the effects of water
adsorption on velocity in any analysis of adsorption processes. The adsorption and desorption kinetics
within an adsorbent particle can be influenced by various transfer mechanisms, including external mass
transfer, porous diffusion, and internal diffusion. The relative significance of these mechanisms depends
on the specific adsorption system. To assess the importance of each transfer mechanism, the concept of
characteristic time *! is commonly employed. These characteristic times are estimated by calculating the
dynamic response times of the adsorption and desorption processes. Table 6 provides the characteristic

times associated with mass transfer resistances for reference.

Table 6: Axial dispersion and external film mass transfer coefficients values and characteristic times
of different mass transfer resistances at different gas flow rates
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7% macro meso,ads Tmeso,des
Qv Dax kf

mL.min?  m2s?! m.s? a0’ <0 0’ <0
s s s s

170 0.05 0.56 7.6 7.1 15 54

5.7% 52.9% 1.3% 40.1

135 0.04 0.49 8.7 7.1 15 5.4
6.4% 52.5% 1.1% 39.9%

100 0.03 0.41 10.1 7.1 15 54
7.6% 52.0% 1.1% 39.6%

t, = i; macro Lz ineso,ads = L inesodes = rmpz
b3k 15D, ’ 15|(pe D reso ads ' 15kpe D resodes

The characteristic times for the different transfer mechanisms in the adsorption and desorption processes
are defined as follows: tmesoads (S) represents the characteristic time for mesopore diffusion during
adsorption, tmesodes (S) represents the characteristic time for mesopore diffusion during desorption, ty: (S)
represents the characteristic time for external film mass transfer, and tmacro(S) represents the characteristic
time for macropore diffusion. As shown in Table 6, the overall resistance of adsorption and desorption
mass transfer is controlled 50% by macropore diffusion transport and 40% by mesopore diffusion in the
desorption process. In other words, the adsorption process is controlled by the diffusion of water vapor
into the macropores, while the desorption process is controlled by the diffusion of water vapor into the
macropores and mesopores. This analysis of the resistances justifies the fact that during an adsorption
and desorption cycle, the desorption process takes more time than the sorption process. The external
transfer resistance controls the remaining 10% in the adsorption and desorption process. The total
relative mass transport contributions for adsorption and desorption using HTEP method are used (See
section 4 of the supplementary information for details), were found to be 2.818 and 2.858
respectively. As seen in the calculation of the time transport resistances in Table 6, the adsorption
process shows a significant contribution from relative mass transport resistances (without considering
axial dispersion contribution) in macropores (76%), while the desorption process exhibits a noteworthy
contribution from transport in both mesopores (68%) and macropores (26%). The equilibrium dynamic

adsorption capacity of the bed, as a function of the inlet concentration, is determined from the
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breakthrough curves shown in Figures 2 and 3. This is achieved through a mass balance calculation, is

determined using the following equation 4%

Qc . I ¢
qad = mV ° tst with: tst :It |:1_ﬁ:|dt (27)

AD fo Co

In this equation, ga.d (mol.kg?) represents the water vapor adsorbed in the bed, map (kg) is the mass of
adsorbent charged into the column, ts (s) is the time equivalent to the total or stoichiometric capacity of
the bed, Q, (m3.s?) is the gas flow rate, co (mol. m3) is the inlet water vapor concentration, to and t (s)
are the initial and final times of the dynamic adsorption measurements, and c¢ (mol.m) represents the
water vapor concentration at time t. The estimated values of the amount of water vapor dynamically
adsorbed as a function of water vapor concentration for each gas flow rate for adsorption and desorption

were compared with the predictions of the isotherm model for alumina in Figure 4.
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Figure 4: Comparison of the water vapor amount adsorbed from the adsorption and desorption
experimental breakthrough curves on alumina for each flow rate to the isotherm model predictions

Figure 4 shows that the values of adsorbed water vapor quantity estimated from the experimental
breakthrough curves are close to those obtained from the isotherm model predictions, with a deviation
of less than 10%, which corresponds to the measurement errors of the devices. These results indicate
that the isothermal measurements of water vapor adsorption were made accurately and that the

predictions of the isothermal model are correct. Since the values obtained for the amount of water vapor
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adsorbed during adsorption and desorption are close, it can be confirmed that the process is reversible,

i.e., that the water vapor is physically adsorbed onto alumina.

5. Model Validation

For a model to be fully validated, it shall have good performance indices and satisfy a statistical test
such as the nonparametric Kolmogorov-Smirnov test “. The fit between the predicted and measured
breakthrough curves is assessed using three performance indices: the agreement index (1A), the modified
agreement index (IAM), and the chi-squared error. The agreement index (lA), represented by Equation
(28), measures the mean square error and potential error. It has a range of 0 to 1, with higher values

indicating a stronger correlation between the measured and predicted values #.

IA=1-— 2078 (28)

(e~ +[e,~€])

n
i=1

To mitigate the impact of quadratic terms, the modified agreement index (IAM) is proposed by Willmott

et al, defined as:

(29)

Furthermore, the chi-squared error #°, calculated according to Equation (30), compares the distributions

between the measurements and the model predictions, providing a non-linear assessment.

% =i(ci -¢)' (30)

i G
For validation, the identified model is tested using additional measurements of water vapor adsorption
and desorption breakthrough curves on hopcalite. These measurements are conducted at gas flow rates
of 90, 120, and 150 mL.min* with a water vapor concentration of 0.67 mol.m™ (or a relative humidity
of 70%), as well as at a gas flow rate of 135 mL.min with three water vapor concentrations of 0.38,

0.48, and 0.77 mol.m (or relative humidities of 40, 50, and 80%). These conditions differ from those

used for parameter identification. The optimized parameter values listed in in Table 5 are employed to
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simulate these curves. Figure 5 illustrates the comparison between the predicted and measured curves,

considering a room temperature of 20 °C, different gas flow rates, and various water vapor

concentrations. The water vapor/hopcalite isotherm model used is the Toth-Aranovich-Donohue.
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Figure 5: Comparison between predicted and measured breakthrough curves on hopcalite at three gas
flow rates 90, 120 and 150 mL.min"* with a water vapor concentration of 0.67 mol.m™3; and at a gas
flow rate of 135 mL.min"* with three water vapor concentrations of 0.38, 0.48, and 0.77 mol.m3,

Based on the results presented in Figure 5, the performance indices IA and IAM have values close to
unity. Moreover, the low chi-squared error value confirms the exceptional agreement between the model
predictions and the measured for the water vapor adsorption and desorption breakthrough curves on
hopcalite. To obtain a comprehensive evaluation of the agreement between the model predictions and

the measurements, the Kolmogorov-Smirnov statistical test is applied. This statistical test consists in

estimating the divergence (Dn) between two distributions, namely the (é(t) ) and measured (C,, ) values

of water vapor concentration at each time t, defined as follows “3:
D, =max, [c,, — €| (31)

The estimated divergence values, which are below the critical value, allow the acceptance of the null
hypothesis (HO), i.e., with a confidence level of 95%, it can be stated that the predicted and the measured
breakthrough curves have the same distribution. Based on the results shown in Figure 5, the predictions
of the water vapor adsorption model consistently confirm this null hypothesis, so we can confidently
confirm the ability of the multiscale model to accurately predict water vapor adsorption on alumina and
hopcalite. On the other hand, the predictions of the water vapor desorption model are guaranteed at high
gas flow rates and concentrations. This fact is justified because the water vapor adsorption isotherms on
alumina and hopcalite are similar at high concentrations but not at low concentrations. In addition, the
measurement errors of the instruments increase at low concentrations, which means that the prediction
of the model is not as good at low concentrations. These errors can be caused by factors such as
instrument sensitivity, calibration, and measurement noise. As the adsorbate concentration decreases,
the measurement errors of the instruments may become more pronounced, leading to a decrease in the
accuracy of the model predictions. This could be related to the techniques used for concentration
measurement, which are not sensitive enough or not able to detect low concentrations, leading to error.
In addition, the model may not be able to accurately capture the effects of adsorbate-adsorbent
interactions at low concentrations. It is important to test the model under various conditions to validate

its accuracy and understand the limitations of the model under certain conditions.

24



6. Implementation of model validation

The aim of this study is to develop a predictive model for adsorption and desorption breakthrough curves
considering factors such as concentration, flow rate, and temperature. To achieve this, the validated
model was used to predict the adsorption and desorption breakthrough curves on alumina while
maintaining a constant water vapor pressure of 1.18 kPa. The predictions were made at different
temperatures, namely 50, 40, 30, and 20 °C, corresponding to water vapor concentrations of 0.44, 0.45,
0.47, and 0.48 mol.m, respectively. The gas flow rate used for these predictions was set at 200 mL.min
!, The results are shown in Figure 6. It should be noted that these operating conditions (concentration,

gas flow rate, and temperature) are different from those used for parameter identification and model

validation.
Q, =200 mL.min"; ¢, =0.44molm™; T=50°C Q,=200 mL.min™ ; ¢c,=045mol.m™; T=40°C

"‘g"‘ T T T c";"‘ T T T

£ - — E o

204 ; A 2

EQL RMSE - 0.007 Eoa RMSE = 0.01 1
o T 0.995 (&) r= 0.998

s 5

=203 = L

3 503

z =

8 3

o2 So02r

(8] [&]

S o]

o o

o1+ RMSE = 0.007{ S g4 RMSE = 0.02 1
5 r= 0.992 E r= 0.977

© ©

= 04 h = L TR, iicent FEEEET

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
time, t(s) time, t(s)
Q, =200 mL.min; ¢, =0.47 molm™®; T=30°C Q, =200 mL.min" ; ¢c,=0.48 mol.m®; T=20°C

051 0.5+

RMSE = 0.013]
r 0.998

0.4+ RMSE = 0.014

r= 0.996

0.3+

o
N
)

RMSE = 0.0174
r= 0.985

0.1+F RMSE = 0.006

r= 0.999

e
o

Water vapor concentration, ¢ (m0|_m-3)

Water vapor concentration, ¢ (mol.m'a)

o VieaigiiociierEnigiiasint L kg e
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 6000
time, t(s) time, t(s)

* Adsorption  Desorption — Model

25



Figure 6: Comparison between predicted and measured breakthrough curves on alumina at four
temperatures of 50, 40, 30, and 20 °C corresponding to water vapor concentrations of 0.44, 0.45,
0.47, 0.48, mol.m™ and a gas flow rate of 200 mL.min™,

Figure 6 shows that the adsorption breakthrough time, typically defined as the time required to reach
10% of the initial concentration, decreases from 800 to 200 s as the temperature increases from 20 to 50
°C. This discrepancy occurs when the concentration gradient between the film and the particle
approaches equilibrium and the particle is near equilibrium, or when the water vapor concentration in
the material pores is lower. The reason for this discrepancy is the use of the LDF equation with linear
driving force for the mass balance in the micropores of the particles, which could be improved by a
Fickian diffusion-transport equation “6. However, the nearly uniform value of the Pearson correlation
coefficient and a low RMSE confirm the excellent agreement between model predictions and
measurements, which is due to the fact that a temperature-dependent isotherm model such as the Toth-
Aranovich-Donohue model was used in the implementation of the validated model. The identified,
validated, and implemented multiscale model can serve as a valuable tool for studying the effects of
different operating conditions and predicting the breakthrough time of water vapor in a bed column

filled with alumina and/or hopcalite.

7. Conclusions

The accuracy of the one-dimensional adsorption and desorption model using the temperature-dependent
Toth-Aranovich-Donohue equation developed, identified, validated, and implemented for the simulation
of a packed bed column in which water vapor is physically adsorbed on alumina and hopcalite was
demonstrated. The fickian multiscale model allowed the finding that the adsorption process is controlled
by the diffusion of water vapor in the macropores. In contrast, the desorption process is controlled by
water vapor diffusion in the macropores and mesopores. This statement is based on the study of a
specific adsorbent (alumina/hopcalite) and adsorbate (water vapor). A sufficient number of
breakthrough curve measurements were used simulatively to estimate mass transport coefficients to
determine the relative contributions of the HTEP method and characteristic times to reach a valid
conclusion. Furthermore, the analysis of the pore size distribution and the experimental isotherm of the

Il types confirm the statement reached. This fact was also confirmed by a value of the material Biot
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number higher than 3, which means that the process is controlled by the internal pore diffusion transport.
The advantage of our multiscale model over the classical LDF model is the quantitative estimation of
the resistances of the adsorption and desorption processes. The LDF model does not allow us to
distinguish the coefficients for external film mass transport, pore diffusion, and internal mass transport
because all resistances are lumped in one global coefficient. The statistical validation and the
performance of the model indices ensure the quality of the model predictions, which is not always the
case in modeling studies. This model coupled with an energy balance to improve the design and
optimization of commercial adsorption columns with multilayer beds. The one-dimensional model is a
common and widely accepted simplification often used in adsorption studies. The rationale for this
assumption is that the column is sufficiently long and narrow so that the flow is in only one direction
and lateral dispersion can be neglected. This allows for a simpler mathematical treatment of the transport
phenomena and facilitates the identification and estimation of the model parameters. However, it is also
important to note that the validity of the one-dimensional model should be assessed on a case-by-case
basis, depending on the specific system under study. In our study, we considered a long, narrow column
with a relatively simple geometry and carefully controlled the flow conditions to minimize lateral
dispersion. We also compared and validated our simulation results with experimental measurements and
found good agreement, suggesting that the one-dimensional model is a reasonable simplification for our
system. Nevertheless, we acknowledge that the one-dimensional model is a simplification of the real
system and may not fully capture all hydrodynamic effects. In future studies, we plan to investigate the

effects of boundary effects and preferred pathways on the system and refine our model accordingly.

Nomenclature

bo, b2o  Equilibrium constants at low and high concentrations at To (mol.m®)

Bi Material Biot number

A

ci,C.  Measured and predicted water vapor concentration (mol.m)

i
Cm1, Cmz2 Constants to estimate the external film mass transfer coefficient

Cms, Cma Constants to estimate the axial dispersion coefficient
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Co Initial water vapor concentration (mol.m)
Cpe Water vapor concentration in the particle (mol.m)

c Water vapor concentration at the particle surface (mol.m)

P, =rpe
Dmess  Mesopore diffusion coefficient (m2.s?)
D Critical divergence value

Dax  Axial dispersion coefficient (m2.s?)

D Effective diffusion coefficient (m2.s?)
Dwm Mixture diffusion coefficient (m2.s?)

IA(M) Index of agreement (modified)

k1 Internal mass transfer coefficient (s?)
Ko The Boltzmann constant (J.K)
Kpe Local slope

Ma Molecular weight of water vapor (kg.mol™?)
Mg Molecular weight of air (kg.mol™)

Pe’ Péclet number

N2 Constant parameter in the Toth-Aranovich-Donohue equation
P Pressure (Pa)

p Vector of parameters

Qe Water vapor amount adsorbed (mol.kg?)

gmo Maximum amount adsorbed at To (mol.kg™?)
Q Heat of adsorption at the monolayer (J.mol™)

Q2 Heat of adsorption at the multilayer (J.mol?)
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Qv Gaz flow rate (L.min%)

r Pearson correlation coefficient

Rep Particle Reynolds number

Rg Ideal gas constant (J.mol*.K1)

RMSE Root mean square error

too Heterogeneity factor the Toth-Aranovich—Donohue equation at To

T Temperature (K)

To Reference temperature (K)
u Superficial gas flow velocity (m.s?)
v Interstitial gas flow velocity (m.s™)

Greek letters

a Constant parameter the Toth-Aranovich—Donohue equation
Ot Level of significance
AH Isosteric heat of adsorption (J.mol?)

&b Bed porosity

Epe Particle porosity

Us Air dynamic viscosity (Pa.s)

Ps Solid density (kg.m™)

oa os Characteristic length of the Lennard-Jones potential (m)

Tpe Tortuosity in the particle

4 Chi-square error
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