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Abstract Real-time temperature co-axial profiles in a bed

of mesoporous alumosilicate were recorded by means

of FPA-based infrared thermography during air drying

vacuum swing adsorption cycles. The good correlation

between experimentally measured temperature profiles and

profiles simulated on the basis of linear driving force model

of mass and heat transfer in nonadiabatic regime is

observed.
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1 Introduction

Processes of pressure or vacuum swing adsorption (PSA or

VSA) have taken a special niche in modern separation of

gas mixtures (Ruthven et al. 1994; Voss 2005; Wilcox

2012). The possibility to apply these processes in practice

is based on a number of requirements, including mainte-

nance of relatively low cost of separated mixtures, appli-

cation of adsorbents that are capable of adsorbing different

components depending on the separation mode (equilib-

rium, kinetic or ‘‘steric’’ modes), etc. The flow rate of

feeding gas is varied in a range of 10 –l–200 m3/h usually.

Membranes are more cost-effective at lower flow rates, and

cryogenic separation methods are usually applied at larger

flow rates. In a PSA process it is common that the part of

the product gas is ‘‘lost’’ due to the necessity to regenerate

the adsorbent under reduced pressure to provide the next

cycle. This gas can be recycled, but it is often not cost

effective. To reduce the losses associated with regenera-

tion, the multi-bed PSA setups are constructed. In such

cases the regeneration is divided into several stages and,

conditionally, the same amount of gas is spent on the

regeneration of not one, but several adsorption layers.

Therefore PSA processes are not widely used in the sepa-

ration of, for example, hydrocarbons in the chemical

industry due to both economic and environmental reasons,

because the loss of a part of product gas is unacceptable.

The most widely used PSA and VSA processes are applied

to the separation of air for small enterprises, medical and

household purpose, drying, removal of CO2 and other

harmful air contaminants. The only large-scale PSA pro-

cess is the production of hydrogen from the synthesis gas

(Guerrero-Lemus and Martinez-Duart 2013) and, it seems,

that this is the only mixture for which a single pass pro-

vides the concentration of hydrogen to a very high purity

The research was supported by the Russian Foundation for Basic

Research (grant No. 11-03-00900).

M. S. Mel’gunov (&) � A. B. Ayupov � V. B. Fenelonov

G.K.Boreskov Institute of Catalysis, Siberian Branch of the

Russian Academy of Sciences, 5 Lavrentyev av, Novosibirsk

630090, Russia

e-mail: 2max@bk.ru; max@catalysis.ru

URL: http://www.nsu.ru

M. S. Mel’gunov � V. B. Fenelonov � B. G. Vainer

Novosibirsk State University, 2 Pirogova, Novosibirsk 630090,

Russia

e-mail: BGV@isp.nsc.ru

B. G. Vainer

A.V.Rzhanov Institute of Semiconductor Physics, Siberian

Branch of the Russian Academy of Sciences, 13 Lavrentyev av,

Novosibirsk 630090, Russia

123

Adsorption (2013) 19:835–840

DOI 10.1007/s10450-013-9526-3



(up to 99.9999? %) with losses for the regeneration of no

more than 15–20 %.

Complexity of modern multi-bed PSA systems requires

the use of advanced predictive models that include the

consideration of both co-axial and radial mass and heat

transfer, non-isothermal regime, diffusion in the bed and in

the adsorbent (Khalighi et al. 2012). Usually the parame-

ters for modeling and verification of models are provided

using relatively simple adsorption experiments, such as

PSA or VSA in a single tubular layer of adsorbent granules.

The main verification parameter is the so-called break-

through concentration curve, which represents the time

dependence of the components concentration at the outlet

of the adsorbent bed. Verification of the distribution of heat

in the adsorption layer is usually not carried out due to the

experimental difficulties of measuring the temperature

profiles in the bed. However, the heating and cooling of the

adsorbent as a result of adsorption–desorption processes

can be significant and, more important, the process itself

can be non-stationary during a long period of time, which

depends on the efficiency of heat exchange with the

ambient. It is known that the thermal conditions of the

adsorber (adiabatic/non-adiabatic) have a significant influ-

ence on the separation efficiency. In modern literature,

there is a clear lack of information on the distribution of

heat in adsorption beds during PSA cycles that can be used

for a verification of the developed models. Previously, to

obtain temperature profiles, one installed a set of temper-

ature sensors inside a bed through the side walls of

absorbers (Lou et al. 1999). However, this method cannot

be considered as completely reliable, because ‘‘alien’’

perturbations in the bed can uncontrollably affect the heat

and mass transfer.

However, there is a fairly simple method to obtain such

information: the infrared thermography (IRT). This method

has recently became frequently used in a number of sci-

entific, technical and biomedical applications. In particular,

it is known to be used for specific tasks in the field of

catalysis and gas adsorption (Loskyll et al. 2012; Jolly et al.

2011; Vainer et al. 2011, 2012; Berkessel et al. 2003). The

most advanced version of this method is based on the use

of infrared cameras equipped with focal-plane array (FPA)-

based infrared detectors.

The purpose of this work is to demonstrate the potential

of modern FPA-based IRT method in the field of gas

separations by means of PSA and VSA.

2 Experimental

Mesoporous alumosilicate (surface area 100 m2/g, pore

size 10 nm, grain size 0.4 mm) was used as an adsorbent

for drying the wet air (relative humidity *99 %) in the

vacuum swing adsorption regime. Prior to VSA cycles, the

adsorbent was calcined at 200 �C overnight and packed in

a quartz cylindrical tube (length 0.2 m, i.d. 0.01 m) while

hot. Transmission of quartz has some decrease in a range of

2.6–2.8 mm that falls in a sensitivity range of the used

infrared camera 2.45–3.05 micron (Vainer 2000), however,

the walls of the applied tube in a working spectral region

were transparent enough to observe and quantify the ther-

mal effects in the adsorbent, as demonstrated below.

The scheme of the experimental VSA setup is shown

in Fig. 1. The wet air at ambient temperature (22 �C) under

105 Pa was supplied periodically through a 3-way valve to the

adsorbent bed to fulfill an adsorption phase of the VSA cycle.

During the adsorption phase the product gas passed through a

back valve at the outlet of the bed. The volumetric rate of feed

gas was 300 cc/s STP. In a certain time, the 3-way valve was

switched to connect the adsorbent bed with the membrane

vacuum pump. At this time the back valve closed allowing to

reduce the pressure down to *0.01 ati and thus to fulfill the

desorpion phase of the VSA cycle. We tried 2 different ratios

between adsorption/desorption duration, namely: regime 1

(adsorption 90 s, desorption 180 s), regime 2(adsorption

180 s, desorption 90 s).

The spatial temperature propagation was visualized and

acquired by means of FPA-based infrared camera TKVr-

IFP/SVIT manufactured at A.V.Rzhanov Institute of

Semiconductor Physics SB RAS (Novosibirsk, Russia).

This camera is equipped with the 128 9 128-pixel InAs

infrared detector (Kurishev et al. 1998; Vainer 2004). The

camera provided 100 fps frame rate acquisition and

0.027 �C temperature sensitivity. The infrared cameras of

this type were used earlier in precise bio-medical (Vainer

2005) and physical (Vainer 2008) studies.

It is known that to monitor relatively high temper-

ature catalytic reactions accompanied with large shifts of

temperature by means of IR thermography one should

consider the emissivity differences (Loskyll et al. 2012).

Fig. 1 Scheme of VSA experimental setup coupled with IR camera
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The temperature shifts in our experiments did not exceed

15 K. Thus, the possible influence of adsorbent surface

emissivity was assumed to be negligible.

During the experiments, the thermal imaging camera

was mounted at the distance of 0.5 m from the adsorbent

bed. Continuous recording of two-dimensional thermal

images was performed. The obtained images were stored

in the computer for further processing. To account the

changes in the background during the long-term mea-

surements, the detector was automatically periodically

corrected.

3 Model

To simulate adsorption phase of VSA cycle we assumed

non-adiabatic mass and heat transfer in a framework of

Linear Driving Force (LDF) model, which is discussed

elsewhere (Ruthven et al. 1994).

The model includes accounting mass balance:

u

eb

oY

oz
þ oY

ot
¼ DL

o2Y

oz2
� qbRgTg

ebPtot
ð1� YÞ oq

ot
ð1Þ

oq

ot
¼ kLDF q� � qð Þ ð2Þ

Temperature balance:
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� � oTs
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þ 6hfs

ds
ðTg � TsÞ
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Adsorption equilibrium:

q� ¼ qmaxKðTsÞYPtot

1þ KðTsÞYPtot
ð5Þ

with the temperature dependence of interaction coefficient:

ln
KðTsÞ

KðTref Þ

� �
¼ Q

Rg

1

Ts
� 1

Tref

� �
ð6Þ

The starting conditions were chosen as

Yðz; 0Þ ¼ 0

qðz; 0Þ ¼ 0

Tgðz; 0Þ ¼ TzðzÞ
Tsðz; 0Þ ¼ TzðzÞ;

ð7Þ

and boundary conditions were as follows:

Yð0; tÞ ¼ Y0

qð0; tÞ ¼ 0

Tgð0; tÞ ¼ Tð0Þ
Tsð0; tÞ ¼ Tð0Þ

ð8Þ

oYðz ¼ zL; tÞ
oz

¼ 0

oTgðz ¼ zL; tÞ
oz

¼ 0

ð9Þ

The meaning and the values of the applied parameters are

listed in Table 1. The following simplifying assumptions were

made: the concentration of water vapor in the deeding air is

low. Thus, the equation of the state of an ideal gas could be

Table 1 Basic model definitions

Y Fluid phase molar fraction kmol/kmol

q Grain averaged molar loading in

adsorbed phase

kmol/kg

q� Equilibrium loading (H2O/adsorbent) kmol/kg

qmax Saturation loading (H2O/adsorbent) (0–0.01) kmol/kg

Tg Gas phase temperature K

Ts Grain temperature K

Tref Reference temperature, Eq. (5) 323 K

Tw Inner wall temperature 298.15 K

z Axial position (0–0.225)m

t Time (0–240)s

Rg Gas constant 8.314 9

103J/kmol K

u Linear flow velocity 0.0645 m/s

eb Bed voidage 0.4

Ptot Total pressure in adsorber 101325 Pa

qb Bulk density 770 kg/m3

DL Binary diffusion coefficient

(H2O/air)

1.4 9 10-5v2/c

kLDF Linear driving force constant (1–10) 9 10-3s-1

qg Gas density kg/m3

Cpg Gas heat capacity (1.012–1.86) 9

103 J/kg K

kL Heat transfer rate coefficient of air 0.0262 W/m K

ds Grain diameter 4 9 10-4m

dr Inner diameter of adsorber 1 9 10-2m

hfs Gas-grain overall heat transfer

coefficient

1.7 W/m2

hw Gas-wall overall heat transfer

coefficient

1.4 W/m2

qp Grain density 1200 kg/m3

Cps Grain heat capacity 1.05 9 103 J/kg K

CpH2O Water heat capacity 76 J/kmol K

KðTÞ Adsorption equilibrium constant (0.00001–0.04)Pa-1

DH Enthalpy of water sorption 6,250Rg

Q Water sorption heat �DH
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applied, the pressure drop through the bed is negligible, the

linear flow rate is constant along the bed, the radial gradient in

the adsorber is absent; the process is close to adiabatic (the

heat exchange with the ambient is small).

The calculation of temperature profiles produced by the

numerical solution of Eq. (1–4) with initial and boundary

conditions (7–9) was fulfilled using the method of lines

(approximation of differentiation operators to the space

variable followed by the solution of ordinary differential

equations). The total number of sampling points along the

spatial coordinate derivatives was 250. To compare the

simulated profile with the experimental, the initial tem-

perature distribution along the bed was taken from the

experiment at the beginning of the adsorption phase of the

VSA cycle. To provide the simulation we used MATMOL

1.4 (http://matmol.org) package and MATLAB 2012a

software.

4 Results and discussion

Figure 2 shows the images of a heat wave moving down

during the adsorption phase and up during the desorption

phase of the VSA cycle when stationary conditions were

achieved. The images were extracted from the IR ‘‘movie’’

at intervals of 18 s: thus, 15 images in a row correspond to

successive duration of the cycle. The first and the last

images correspond to the beginning of the desorption and

the end of adsorption phase, correspondingly. Red color

corresponds to the patterns having the temperature

exceeding ambient, which is while dark blue color corre-

sponds to the temperatures lower than ambient.

Fig. 2 2D thermal images of

the adsorbent bed during VSA

cycles (90 s desorption/180 s

adsorption, upper) and (180 s

desorption/90 s adsorption,

lower), correspondingly

Fig. 3 Checkpoints selected in the adsorbent bed Fig. 4 Temperatures at the selected points in the bed for 90 s

adsorption/180 s desorption VSA cycle. Color of curve and the

associated checkpoint shown in Fig. 3: black—A, red—B, green—C,

blue—D, light-blue—E
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Temperature maps provide full information on heat

propagation in the adsorbent bed. However, to analyze the

obtained results it is more convenient to split them into

parts. For example, one can select several points

(checkpoints A–E, Fig. 3) along the bed and follow the

time dependence of temperature in these points. Corre-

sponding temperature profiles in these points during pro-

longed VSA cyclic separation operation are shown in

Figs. 4 and 5. One can estimate the characteristic time that

is necessary to reach stationary regime from these data. In

both cases it was found to be at the level of 3,000–4,000 s,

or 10–15 cycles.

Figures 6 and 7 show the propagation of temperature

profiles along the bed during both adsorption and desorp-

tion phases after the stationary conditions of the VSA cycle

were reached. During the adsorption stage, a rapid increase

of the pressure (probably in a mode similar to shock wave)

occurs and the adsorber is quickly filled with air. Then the

adsorption of water vapor starts and the corresponding

temperature wave forms due to heat generation caused by

the adsorption of water vapor. The observed magnitude of

the temperature increase is low and does not exceed 8 �C.

Temperature wave propagates uniformly in time and its

rate is much lower than the linear velocity of the gas flow.

During desorption there is a rapid drop of pressure in the

adsorber followed by the desorption of water vapor from

the bulk of the adsorbent. Desorption is accompanied by

Fig. 5 Temperatures at the selected points in the bed for 180 s

adsorption/90 s desorption VSA cycle. Color of curve and the

associated checkpoint shown in Fig. 3: black—A, red—B, green—C,

blue—D, light-blue—E

Fig. 6 Co-axial temperature profiles for 90 s adsorption/180 s

desorption VSA cycle: a experiment, b simulation

Fig. 7 Co-axial temperature profiles for 180 s adsorption/90 s

desorption VSA cycle: a experiment, b simulation
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the expected absorption of heat and cooling of the granules.

In contrast to the adsorption phase, the temperature front in

the bed does not appear; the temperature profile in the bed

uniformly ‘‘sags’’ throughout its length.

Modeling of the adsorption step shows that the model

(1–4) satisfactorily describes the dynamics of heat transfer

in the bed (Figs. 6, 7): The appropriate choice of the model

parameters gave the same temperature profile, which was

observed experimentally.

The obtained results show the possibility of application

of the model (1–4) to describe the propagation of the

temperature profiles along the adsorbent bed. This fact

shows that the adopted model can be used to describe the

flow of small impurity adsorption in the gas flow.

The desorption rate of the gas flow out from adsorbent

grains varies in time; so, model (1–4) cannot be applied to

simulate desorption. The possible extension of this model

is the subject of the on-going research.

5 Conclusions

This research demonstrates the possibility of application of

IR thermography for the contact free real-time acquisition

of 2D images that reflect propagation of temperature during

cyclic adsorption–desorption experiments. Temperature

sensitivity and the frame rate acquisition of the applied IR

camera are high enough to obtain detailed data that

describe behavior of VSA drying process. IR thermography

allows obtaining information on actual temperature prop-

agation rate, time that is necessary to achieve stationary

regime of gas separation, the part of the adsorbent bed from

the whole bed length which participates in stationary sep-

aration even when no adsorbate breakthrough is observed

at the outlet of the bed. The obtained experimental data

correlates well with LDF non-adiabatic model of mass and

heat transfer.
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