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a b s t r a c t

Catalytic combustion is a well-developed process for the removal of volatile organic compounds (VOCs).
In order to reduce both the amount of catalyst needed for incineration and the surface area of recu-
perative heat exchangers, an evaluation of the use of thermal swing adsorption as a previous step for VOC
concentration is made. An air stream containing ethyl acetate and ethanol (employed as solvents in
printing processes) has been taken as a case study. Based on the characteristics of the adsorption/
desorption system and the properties of the stream to be treated, a monolithic rotor concentrator with
activated carbon as adsorbent material is adopted. Once the temperature of the inlet desorption stream
TD is chosen, the minimum possible desorption flow rate, WD;min, and the amount of adsorbent material
can be properly defined according to the extent of the Mass Transfer Zone (MTZ) at the end of the
adsorption stage. An approximate procedure to speed up the calculations needed for sizing the bed and
predicting the operating variables is also presented. In the case studied here, the concentration of the
VOC stream can reach 6 times that of the primary effluent when TD ¼ 200 �C is chosen.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The growth of industrial production is one of the main reasons
for the significant increase in air pollution. As part of this problem,
Volatile Organic Compounds (VOCs) are an important type of air
pollutants.

Technologies for removing VOCs from effluents (mainly air) are
classified as either destructive or recuperative. The specific purpose
and/or the economic analysis of the treatment are key factors when
choosing the best alternative (Khan and Goshal, 2000). Catalytic
oxidation is the most widespread option among destructive alter-
natives. The use of a catalyst allows for the use of much lower
operating temperatures than thermal oxidation. However, current
catalytic materials require temperatures well above ambient levels
(Everaert and Baeyens, 2004). Typical values are usually higher
than around 200 �C (Delimaris and Ioannides, 2009; Santos et al.,
2011; Campesi et al., 2012a), although the precise temperature
depends on the type of VOC. Very often high flow rates of VOC-
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laden air stream at nearly ambient temperature have to be
treated, typically between 5 and 50 Nm3/s. Consequently, catalytic
oxidation needs bulky catalyst beds and preheating of the incoming
effluent with the clean exit stream requires a large exchange sur-
face area, due to the high flow rates and the low thermal driving
force. The latter is essentially set by the adiabatic temperature rise,
DTad, in the reactor.

Concentration of VOCs by including a thermal swing adsorption
cycle (Yang, 1997) as a previous step to catalytic incineration
(Sramek et al., 2004; Nikolajsen et al., 2006; Yamaguchi et al., 2013),
is an alternative method for a significant reduction in the size of the
catalyst bed and heat exchangers. A typical combined system is
shown in Fig. 1. The main components are the adsorption/desorp-
tion device, the adiabatic catalytic reactor, a heat exchanger for heat
recovery and a blower.

Specifically, ethyl acetate and ethanol, employed as solvents in
printing processes, are typical VOCs released by the manufacture of
packaging. The purification of an air stream containing those
compounds is taken as the base case for this study.

The aim of this contribution is to analyze, by means of mathe-
matical simulation, the behavior of the adsorption/desorption
system with the purpose of sizing the adsorbent bed and choosing
suitable operating conditions. The study is focused on the
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Nomenclature

av external surface-area per unit volume of adsorbent,
m�1

cp volume-specific heat, J m�3 K�1

C molar concentration, mol m�3

dh hydraulic diameter, m
dp pellet diameter, m
D rotor diameter, m
De effective diffusivity, m2 s�1

f Fanning friction factor
fMTZ fraction of bed volume corresponding to the mass

transfer zone
Fc concentration factor
ht heat transfer coefficient between air stream and

adsorbent surface, J m�2 s�1 K�1

km mass transfer coefficient between air stream and
adsorbent surface, m s�1

K adsorption constant, m3 mol�1

L fixed-bed or monolith length, m
Lc side length of square channel in the monolith, m
[e effective diffusion length in the solid (characteristic

length), m
N rotor speed (cycles per hour), h�1

nc number of channels per unit cross-section area, m�2

q number of moles adsorbed per unit volume of
adsorbent, mol m�3

Q saturation concentration (moles per unit volume of
adsorbent), mol m�3

rpore mean pore radius, m
R universal gas constant, J K�1 mol�1

Re Reynolds number
S rotor cross-section area, m2

Sg specific internal surface-area of adsorbent, m2 kg�1

Sh Sherwood number

t time, s
tA adsorption time, s
tD desorption time, s
T absolute temperature, K
u interstitial velocity, m s�1

V total volume of adsorbent material, m3

WA mass flow rate of adsorption stream, kg s�1

WD mass flow rate of desorption stream, kg s�1

WD,min minimum feasible value of WD, kg s�1

Wideal
D;min minimum feasible value of WD without transport

resistances, kg s�1

z spatial coordinate inside the adsorbent material, m
Z axial coordinate in the bed, m

Greek letters
b parameter in Eq. (2)
DH heat of adsorption, J mol�1

εL void fraction in packed-bed or in the monolith
εp void fraction in adsorbent
lax overall axial effective conductivity, J m�1 s�1 K�1

lp effective thermal conductivity of adsorbent,
J m�1 s�1 K�1

rap apparent density of the solid, kg m�3

t tortuosity factor
s monolith wall-thickness, m

Subscripts
A adsorption stage/stream
D desorption stage/stream
g bulk of the gas stream
i identification of species, i ¼ 1 (ethyl acetate), i ¼ 2

(ethanol)
macro macroporous
p adsorbent material
s external surface of adsorbent
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desorption flow rate, WD, which determines the VOC concentration
in the stream fed to the catalytic incinerator. Then, WD should be as
low as possible in order to increase VOC concentration. The effect of
the desorption-stream temperature (TD) and the amount of
adsorbent on WD is specifically investigated.
Fig. 1. Simplified flow-sheet for catalytic incineration combined with a rotor
concentrator.
2. Definition of the case study

The characteristics of the VOC-laden air stream considered in
this study are presented in Table 1. Emission of oxygenated hy-
drocarbons can bring severe consequences for the environment in
the short and long terms. It is then necessary to decrease the VOC
concentrations to tolerable levels. According to the European
Commission (http://ec.europa.eu/environment/air/pollutants/
stationary/solvents/legislation.htm), a tolerance of 20 mg/Nm3 of
VOCs (about 5 ppm, in molar basis) in the stream discharged into
the atmosphere was considered for calculations. This value corre-
sponds to a time-weighted average, since variations of VOC con-
centration in the discharge stream are possible, according to the
type of treatment employed.
Table 1
Characteristics of the VOC-laden air stream.

Variable Units Value

Mass flow ratea kg/s 12.7
Ethyl acetate Mole fraction 6.23 � 10�4

Ethanol Mole fraction 2.55 � 10�4

Pressure atm 1
Temperature ºC 50

a Permanent emission.

http://ec.europa.eu/environment/air/pollutants/stationary/solvents/legislation.htm
http://ec.europa.eu/environment/air/pollutants/stationary/solvents/legislation.htm
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Adsorption/desorption systems lead to a “periodic” type of
operation, with an adsorption stage to retain the contaminants in
the bed and a desorption stage to restore the initial bed condition.
Considering the combined system illustrated in Fig. 1, it is possible
to use the heat released by the oxidation reactions to preheat the
stream used for the desorption stage. Therefore, the Temperature
Swing Adsorption (TSA) technique (Ghoshal andManjare, 2002), has
been considered in this study. This option allows reaching an
energetically self-sustainable process.
2.1. Adsorbent material and VOC adsorption parameters

Several studies for VOC adsorption, using different types of
adsorbents such as activated carbons (Gales et al., 2000, 2003;
�Agueda et al., 2011; Yamaguchi et al., 2013; Tefera et al., 2014),
zeolites (Grande et al., 2006; Yamauchi et al., 2007; Yang et al.,
2012) or polymeric adsorbents (Long et al., 2013) have been re-
ported in the literature. Gales et al. (2000, 2003) showed that
ethanol and ethyl acetate can be conveniently adsorbed on acti-
vated carbon. Given the low cost of activated carbons, this material
was chosen to carry out the present analysis.

Values of porosity (εp), macro-porosity (εp, macro), specific sur-
face area corresponding to macropores (Sg,macro) and apparent
density (rap) of the activated carbon employed byGales et al. (2000)
are presented in Table 2. From these properties, the average pore
radius (rpore) is evaluated by means of the parallel pore model
(Table 2). Estimated values of tortuosity, volumetric heat capacity
and thermal conductivity (from Gurgel and Grenier, 1990; Gurgel
et al., 2005) are also listed in Table 2.

Activated carbons usually present macro and micro porosities,
as reported by Gales et al. (2000, 2003). It is generally accepted that
micropores are short enough so that surface diffusion can bring
nearly equilibrium conditions between the adsorbed phase and the
gas phase in the surrounding macropores (Ruthven, 1984). To
describe this relationship, the extended Langmuir isotherm for a
two-component system was adopted (Eq. (1)), (ethyl acetate: 1 e

ethanol: 2):

qiðCi; TÞ ¼
Qi KiðTÞ Ci

1þP2
j¼1 KjðTÞ Cj

i ¼ 1;2 (1)

where Qi is the saturation concentration (moles of species i per unit
volume of adsorbent) and Ki is the adsorption constant for species i,
which according to Gales et al. (2003) can be expressed as:
Table 2
Properties of activated carbon and parameters (Q, b, DH) of adsorption-isotherms of
ethyl acetate and ethanol.

Material or substance Property or parameter Units Value

Activated carbon εp e 0.70
εp,macro e 0.31
t e 1.50
Sg.macro m2/kg 53.1 � 103

rap kg/m3 750
rpore ¼ 2 εp,macro/
(Sg.macro rap)

nm 16

lp W/m K 0.76
cp,p kJ/m3 K 487

Ethyl acetate Q mol/m3 3.52 � 103

b m3/K3/2 mol 2.48 � 10�7

(�DH) J/mol 19,600
Ethanol Q mol/m3 4.94 � 103

b m3/K3/2 mol 1.47 � 10�10

(�DH) J/mol 42,100
Ki ¼ biT
3=2 expð�DHi=RTÞ i ¼ 1;2 (2)

Values of Qi, bi and DHi from Gales et al. (2000, 2003) are dis-
played in Table 2.

On the other hand, it is assumed that mass transport from the
external surface of the adsorbent takes place through macropores,
following amixedmolecular/Knudsenmechanism described by the
Bosanquet's expression. As ethyl acetate and ethanol are highly
diluted, the molecular diffusivity of each species in air was
considered. For the properties of the activated carbon presented in
Table 2, the following effective diffusivities were evaluated at
T ¼ 50 �C and used throughout the calculations:

De;1 ¼ 4:75 � 10�7 m2
.
s

De;2 ¼ 6:57 � 10�7 m2
.
s

Gales et al. (2003) measured effective diffusivities of ethyl ace-
tate and ethanol in the activated carbon with properties summa-
rized in Table 2. At 50 C� the reported values are De,1 ¼ 3.1 �
10�7 m2/s, De,2 ¼ 4.4 � 10�7 m2/s, which are similar to the values
estimated by using Bosanquet's expression.
2.2. Regeneration temperature

In order to choose an appropriate temperature for the desorp-
tion stage, as regards the activated-carbon stability, thermo-
gravimetric tests on an activated carbon sample were performed
to estimate the consumption of carbon by oxidation when exposed
to a temperature of 200 �C in an air stream. It was evaluated that
about 11% of the material is lost each year. On the other hand, the
conclusion from the study of Yates et al. (2000) performed on a
number of activated carbons was that the samples remained at
stable conditions up to temperatures of 300 �C. Assuming a con-
servative criterion, in this study we restrict the analysis to a
maximumdesorption temperature of 200 �C, while the lowest limit
of interest was fixed at 150 �C.
2.3. Adsorption/desorption system

The selection of the adsorption-desorption system requires the
definition of two aspects.

On one hand, the layout of the adsorbent material must be
chosen. The traditional alternative, involving low investment costs,
employs adsorbent pellets packed in a fixed bed (Ramalingam et al.,
2012; Yamaguchi et al., 2013; Tefera et al., 2014). During the last
decades, techniques have been developed to employ monolithic
structures, either totally made of the adsorbent material
(Crittenden et al., 2005) or with such material deposited on a
supporting matrix (Grande et al., 2006; Moreno-Castilla and P�erez-
Cadenas, 2010). The advantages of using a monolithic system have
been pointed out in the literature, but the final decision should be
taken on economic grounds. A comparison has been undertaken to
disclose if clear-cut benefits arise from the use of a monolithic
structure. The results are discussed in Section 4.1.

The second aspect concerns the configuration of the adsorption/
desorption system. One option is using two beds operating alter-
natively in adsorption and desorption stages. This configuration has
been widely applied to recuperate VOCs from air streams, either
using the adsorbent as packed pellets (Ko et al., 2002; Nastaj et al.,
2006) or as monolithic structure (Rezaei and Webley, 2010). The
second alternative is to arrange the adsorbing material in a rotor
concentrator (Yamauchi et al., 2007; Shiraishi et al., 2007; Yang
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et al., 2012). This configuration has been generally used with the
monolithic adsorbers and frequently in combined systems
(Shiraishi et al., 2007; Yang et al., 2012), as presented in Fig. 1.
Further discussion about the choice of the configuration will be
undertaken in Section 4.2.
Table 3
Geometric properties of the square monolithic structure.

Property Units Value

nc channels/m2 2.48 � 106

s m 90.8 � 10�6

Rc m 0
Lc ¼ (1/nc)1/2 m 6.35 � 10�4

εL ¼ (1 � s/Lc)2 e 0.735
av ¼ 4(1 � s/Lc)/[Lc(1 � εL)] m2

ads/m3
ads 20.33 � 103

dh ¼ Lc � s m 5.44 � 10�4

[e ¼ 1/av m 4.92 � 10�5
3. Modeling and solution methods

The model used for the simulation of the adiabatic adsorption/
desorption system presents some simplifying assumptions
(Campesi, 2012). Plug flow was assumed for the packed bed
adsorber (uniform concentration and temperature in the bed cross-
section), uniform distribution of the gas flow into the channels of
the monolith was assumed, no axial dispersion/conduction effect
was considered, and mass and energy accumulation in the gas
stream and inside the macropores of the adsorbent were neglected.

The formulation presented below is suitable either for a packed
or for a structured adsorbent. Conservation equations for VOCs
(ethyl acetate: 1 and ethanol: 2) and energy in the gas stream are:

u
vCg;i
vZ

þ ð1� εLÞ
εL

av km;i
�
Cg;i � Cs;i

� ¼ 0 i ¼ 1;2 (3)

cp;g u
vTg
vZ

þ ð1� εLÞ
εL

av ht
�
Tg � Tp

� ¼ 0 (4)

Conservation equations for VOCs inside the adsorbent material
are

De;i
v
�
zjvCi=vz

�
zjvz

� vqiðC1;C2; TÞ
vt

¼ 0 i ¼ 1;2 (5)

In Eq. (5), j ¼ 2 was taken for the packed bed, assuming nearly
spherical pellets, and j ¼ 0 was taken for the monolithic adsorber,
assuming that the wall thickness is much smaller than the channel
size. Boundary conditions for Eq. (5) are:

De;i
vCi
vz

¼ km;i
�
Cg;i � Cs;i

�
; at z ¼ [ ði ¼ 1;2Þ; (6)

vCi
vz

¼ 0; at z ¼ 0 ði ¼ 1;2Þ (7)

In Eq. (6) [ is the pellet radius for the packed bed and [ ¼ [e: the
ratio between the volume of adsorbent and the internal area of the
channels for the monolithic adsorber.

Temperature inside the adsorbent material was regarded as
being uniform. Then, the following energy conservation equation
was employed

cp;p
vTp
vt

¼
X2
i¼1

ð�DHiÞ
vqi
vt

þ av ht
�
Tg � Tp

�
(8)

In Eq. (8) qi is the average value of qi on the adsorbent volume.
As regards the mass transfer coefficient km in the monolithic

adsorber, it was assumed that modules of 20e30 cm in length are
employed. It has been checked that this length allows disregarding
entrance effects. Then, the asymptotic Sherwood number
Sh¼ 2.977 for laminar flow in a square channel has been employed
to estimate km. The expression proposed by Gunn (1978) was used
for estimating the Sherwood number in the packed bed adsorber.
The heat transfer coefficient ht was evaluated by considering the
similarity with the mass transfer process.

Concerning thermal conduction within the activated carbon, it
was checked that temperature remains virtually uniform inside the
pellet of the packed bed or along the effective thickness [e of the
monolith.
The validity of neglecting axial thermal conduction in the

monolithic adsorber was assessed by comparing this effect with the
thermal dispersion effect caused by the external thermal resis-
tance. According to Vortmeyer and Schaefer (1974) an overall axial
effective conductivity lax (based on the overall cross-section) can
be evaluated as

lax ¼ ð1� εLÞlp þ �
εL u cp;g

�2
=½ð1� εLÞav ht� (9)

Alternatively, an effective heat transfer coefficient ht,eff can be
defined from (9) as

1=ht;eff ¼ 1=ht þ av lp
�ð1� εLÞ=

�
εL u cp;g

��2 (10)

Eq. (10) is analogous to the approximation presented by
Ruthven (1984), Chap. 8, for the mass dispersion problem.

For conditions employed in this work (Section 4), thermal
dispersion caused by a finite heat transfer rate, i.e. the second term
on the right hand side of (9), was larger than the axial conduction
term, except when the desorption step is conducted at a feed
temperature of 200 �C, for which both terms are similar, in account
of a small flow rate needed to clean the bed (Sections 4.3, 4.5). Even
in these cases, calculations madewith either ht,eff or ht showed very
slight differences in the temperature axial profile. For the present
problem thermal waves are faster than concentration waves.
Therefore, the latter waves control the end of either the adsorption
or desorption stages, and thermal dispersion has virtually no effect
on the relevant features of the process (Section 4). All these facts
allow concluding that axial conduction can be safely ignored.

To solve the conservation Eqs. (5)e(7) in the adsorbent material,
the Orthogonal Collocation Method was employed for discretization
along the z-coordinate. Preliminary tests showed that the results
using two collocation points were practically undistinguishable
from those using additional points (Campesi, 2012). The conser-
vation equations in the fluid were discretized according to the
procedure proposed by Matros and Bunimovich (1995).
4. Results

4.1. Comparison between packed-bed and monolithic adsorbers.
Discussion of the overall behavior of the adsorption stage

Simulations of both packed-bed and monolith adsorbers were
carried out for operating conditions in Table 1 and activated-carbon
properties in Table 2. The adsorption stage was simulated with an
initially clean bed at 150 �C.

The geometric characteristics of the beds were defined accord-
ing to the following criteria. Commercial cordierite monoliths have
been taken as a reference to choose the basic geometric properties
of the monolithic adsorber. To improve mass transfer rates to the
walls, a maximum channel density (nc) for a square-channel
monolith and the corresponding wall thickness (s) from the data
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presented by Boger et al. (2004) were chosen (Table 3). Besides,
possible rounding of the channel corners was disregarded. Some
other geometric properties, derived from the chosen values of nc
and s, are also listed in Table 3: channel side Lc, specific area av,
porosity εL, hydraulic diameter dh, and effective diffusion length in
the solid (also known as characteristic length) [e.

Preliminary evaluations were made by considering that acti-
vated carbonwas deposited on an inert matrix and the thickness of
the composite structure maintained at the value s given in Table 3.
It was concluded (Campesi, 2012) that the adsorbing efficiency of
the adsorber is significantly improved if the whole structure is
made of adsorbent material. In this way, a larger amount of
absorbent material is allowed, which can be effectively utilized
because the mass transfer resistance inside the porous adsorbent is
almost negligible, as will be discussed later in this paragraph.

For a consistent comparison between the monolith and packed-
bed adsorbers, similar values of pressure drop and adsorption time
tA were adopted in both systems. The Ergun equation was used to
estimate pressure drop in the packed-bed adsorber and the Fanning
equation with (f Re) ¼ 14.2, for laminar flow in a square channel,
was used for the monolithic adsorber. An average pressure of 1 atm
was assumed.

For a monolith of 2.36 m in length and a cross-section area of
2.86 m2, the average emission of VOCs reached the tolerable value
of 5 ppm at tA ¼ 840 s. The resulting amount of activated carbon
was 1240 kg and the pressure drop through the channels was
0.25 atm.

The cross-section of the packed-bed adsorber was restrained to
10 m2 (larger values may be unacceptable as regards the cost of
vessel heads and difficulties in achieving a uniform flow distribu-
tion). The bed length was 0.6 m and the pellet diameter needed to
keep the same pressure drop as in the monolith was 1 mm. At these
conditions, the operation time was tA ¼ 808 s, only slightly shorter
than for the monolith operation. The geometric features of the
packed bed are summarized in Table 4. The resulting mass of
activated carbon was 2700 kg, which nearly doubles the amount
required in the monolithic adsorber. The main reason for this dif-
ference is the requirement of similar pressure drops, which pre-
vents the pellet-size in the packed bed from being reduced.
Consequently, the characteristic length [e in the packed bed is
about 3 times larger than in the monolith (Tables 3 and 4), which
introduces significantly higher mass transfer resistances in the
adsorbent material.

The effect of mass transfer resistances is illustrated in Fig. 2,
where concentration (Cg,i) profiles of ethyl acetate and ethanol in
the gas stream and average values inside the adsorbent pores are
plotted at the end of the adsorption stage. It should be noted that at
this time both beds have reached the temperature of the inlet
stream (50 �C), as the thermal waves are fast (the thermal wave in
the fixed bed, slower than in the monolith, already reaches the end
of the bed at about 150 s). It can be clearly appreciated in Fig. 2 that
there are very significant differences between VOC concentrations
outside and inside the adsorbent pellet in the packed bed. In turn,
internal resistances are considerable higher than film resistances
(this effect is not discriminated in Fig. 2).
Table 4
Geometric features of the packed bed.

Property Units Value

εL e 0.4
dp m 1 � 10�3

av ¼ 6/dp m2
ads/m3

ads 6 � 103

dh ¼ 4 dp εL/[6 (1 � εL)] m 4.44 � 10�4

[e ¼ 1/av m 1.67 � 10�4
Although Fig. 2 suggests very low mass transfer resistances in
the monolithic adsorber, they still produce a significant degree of
dispersion. To appreciate this effect, it is considered the case when
adsorption and thermal equilibria between the stream and the
adsorbent hold at any bed cross-section. This case will be referred
to as ideal case. The Method of Characteristics, following Rhee et al.
(2001), was employed to evaluate the temperature and concen-
tration patterns in the ideal case. Accordingly, shock waves arise for
the displacement of ethanol and ethyl acetate, as shown in Fig. 3 for
the monolithic adsorber. The velocity of each of these waves is
constant and is very similar to the velocity of the middle point
concentration in the corresponding dispersed wave, but the degree
of mass dispersion around the middle point is quite significant
(Fig. 3).

It is recalled that the length of the bed that remains active at a
given time (i.e. the part of the bed that is neither saturated nor
clean) is termed Mass Transfer Zone (MTZ). The extent of the MTZ
for ethyl acetate at tA is nearly 50% of the total bed length. The
existence of the MTZ accelerates the adsorbate breakthrough and
leaves a fraction of the adsorbent without being utilized at the
maximum (saturation) level, as discussed e.g. by Miller (1990). In
the example, the exit concentration of ethyl acetate reaches the
tolerable limit 250 s earlier than the sharp front in the ideal case. In
other terms, a larger amount of adsorbent is needed due to mass
transfer resistances when tA is fixed. Also, an adsorber with a
shorter MTZ will be able to cope more easily with changes (e.g.
composition, flow rates, temperature) in the feed stream.
0.000
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0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Fig. 3. Ethyl acetate and ethanol concentration profiles at 840 s during the adsorption
stage in the monolithic adsorber. Broken lines correspond to shock waves evaluated by
ignoring transport resistances. Initial conditions: clean bed at 150 �C.



Fig. 4. Variation of the adsorption/desorption period (tcycle ¼ tA þ tD) in the course of
iterations, for different values of WD (D ¼ 4 m, L ¼ 0.5 m, TD ¼ 150 �C).
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For the packed bed adsorber, the extent of the MTZ is 100%
(Fig. 2), a feature that alternatively explains the inefficiency of the
packed-bed.

The overall conclusion from the comparison of monolithic and
packed bed adsorbers is that the former provides significant
operating advantages. Hence, the monolithic adsorber has been
retained for further analysis.

Before ending this section, some other operating features are
worth mentioning. In Fig. 2, the concentration of ethyl acetate in
the packed bed at the bed exit and at tA is lower than in the
monolith. This is because the tolerance is defined on an average
basis and the packed bed allowed for an earlier breakthrough of
ethyl acetate. Also, it can be appreciated in Figs. 2 and 3 that ethanol
is retained by the adsorbent more strongly than ethyl acetate and
therefore the latter always determines the switching time tA.

4.2. Rotor concentrator

Having shown that the monolithic adsorber performs signifi-
cantly better than the packed bed, its configuration (Section 2.3)
has now to be chosen.

Some advantages of rotor adsorbers over alternating 2-bed ad-
sorbers can be described as follows: simplification of piping and
flow-control devices for conveying adsorption and desorption
streams, as circulation presents always a single direction; cross-
section areas corresponding to adsorption and desorption stages
can be different, a fact that allows for pressure drop minimization.

On the other hand, rotor concentrators need a mechanical sys-
tem for rotation and seals between mobile and static parts.

According to our analysis, a key feature of rotor concentrators is
that the discharge streams, specifically that from the desorption
stage, show constant values of composition and temperature. This
fact maximizes the benefit of using a concentrator, as minimum
sizes of heat exchangers and catalyst bed arise when the process
stream shows constant properties, in particular VOCs concentration
that determines the thermal levels in the heat exchangers and
catalytic bed. Therefore, the rotor adsorption system has been
chosen to complete our analysis. Monolith geometric features given
in Table 3 will be maintained.

It is important to stress that the rotor adsorber can be simulated
in a similar way to that of the alternating two-bed system if
conductive heat transfer in the angular direction can be neglected.
Angular conduction convey heat from the desorption zone to the
adsorption zone of the rotor, but the average transfer length for this
process is much larger than the heat transfer length from the walls
to the flowing stream in the channels. Therefore, the formulation in
Section 3 will apply at least to a first order of approximation.

Asmentioned above, the rotor cross-section areas for adsorption
(SA) and desorption (SD) do not necessarily have to be the same. For
the case studied, it has been checked that the ratio SA/SD has no
significant effect on the adsorption/desorption process if it is larger
than 1 (Campesi, 2012). Therefore, the ratio SA/SD can be used to
minimize the total pressure drop. Assuming laminar flow (the usual
regime in standard monolithic structures) in the channels, pressure
drop is minimizedwhen (SD/SA)2¼ (WDTD)/(WATA)(Campesi, 2012).
As an example, for WA/WD¼ 3.7 and TD ¼ 150 �C, the optimal ratio
becomes SA/SD ¼ 1.7.

4.3. Evaluation of the adsorption/desorption cycle. Minimum
desorption flow rate

To perform the simulation of adsorption/desorption cycles, it is
necessary to define conditions of the adsorption and desorption
streams (concentration, flow rate, temperature and pressure) and
all geometric features of the monolithic bed. Here, the adsorption
stream is that defined in Table 1, except for an overpressure
necessary for circulation through the different process units (Fig. 1)
before the discharge to the atmosphere. An absolute pressure of
1.3 atm at the inlet of the adsorption stage was estimated for that
purpose. The desorption stream, a fraction of the clean effluent
from the adsorption stage (see Fig. 1), could be considered also at
1.3 atm for the calculations presented here, as most of the overall
pressure drop is imposed by the catalytic fixed bed incinerator
(Campesi, 2012). Two levels of the desorption-stream temperature
TD have been considered: 150 and 200 �C. For the present calcu-
lations the ratio SA/SD has been left fixed at 1.7, i.e. the optimal value
for TD ¼ 150 �C and WA/WD¼ 3.7.

Basically, the calculations should allow defining the switching
time tA of the adsorption stage to obtain a stationary cyclic opera-
tion with an average VOC concentration of 5 ppm at the exit of the
adsorption stage. To this end, an iterative procedure based on
simulating a sequence of adsorption/desorption steps from an
initially clean bed at TD has been employed. Each adsorption step is
simulated until the tolerable VOC concentration is reached at a
certain switching value tA. Simulation of a desorption step follows
with initial bed conditions as left at the end of the former
adsorption step, and it is stopped when tD¼tA(SD/SA) is reached. In
this way, the sequence of simulated adsorption steps involves
decreasing tA, as the sequence of desorption steps involves in turn
increasing amounts of residual VOCs. This increase becomes
eventually negligible (at least if the desorption flow rate is high
enough), and consequently the cycles become virtually stationary.
At these conditions, the procedure is stopped and the features of
the stationary cycle are recorded. In particular, the stationary
switching time tA (and, hence, tD) thus resulting can in practice be
established by setting the rotor speed: N¼ SA/[tA(SA þ SD)].

The sequence followed by the cycle period, tcycle ¼ tA þ tD is
illustrated in Fig. 4. At the two highest desorption flow rates
(WD ¼ 3.69 and 3.82 kg/s) the procedure clearly converges to a
stationary cycle. However, atWD¼ 3.56 kg/s the procedure failed to
converge, showing that this value of WD is less than a minimum
value needed for a feasible operation at the tolerable value of VOC
exit concentration. Thisminimum, denotedWD,min, is most relevant
for the present purpose of using an adsorption/desorption process,
as it quantifies the maximum achievable degree of VOC concen-
tration for the chosen operating conditions. Although the exact
evaluation of WD,min is rather cumbersome, it can be estimated
within an interval narrow enough for any practical purpose. In the
example given in Fig. 4, WD,min z 3.69 kg/s. For a given volume V,
the stationary cycle obtained at WD,min will be denoted SC@WD,min.



Table 5
Operating conditions as a function of the total absorbent volume V.

TD (ºC) V (m3) L (m) fMTZ WD,min (kg/s) Fc tA (s) N (rph)

150 1.00 0.3 0.981 4.51 2.82 223 10.17
1.67 0.5 0.726 3.71 3.42 480 4.72
2.34 0.7 0.596 3.42 3.71 748 3.03
3.34 1.0 0.473 3.22 3.94 1173 1.93
6.67 2.0 0.283 2.99 4.25 2682 0.84

200 1.00 0.3 0.881 2.84 4.48 257 8.83
1.67 0.5 0.661 2.30 5.52 518 4.37
2.34 0.7 0.526 2.11 6.02 807 2.81
3.34 1.0 0.425 1.97 6.44 1232 1.84
6.67 2.0 0.255 1.82 6.98 2759 0.82
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4.4. Evaluation of the adsorbent bed size

The effect of the total adsorbent volume (V) on WD,min has been
evaluated in order tomake a decision about the size of the adsorber.
For this analysis, the geometric features in Table 3 were retained,
the diameter of the rotor was kept at D ¼ 4 m and its length L was
varied. The results are presented in Fig. 5 for two levels of TD.

Also drawn in Fig. 5 are the values Wideal
D;min corresponding to the

minimum desorption flow rate in the ideal case without heat and
mass transfer resistances. Wideal

D;min depends on TD, but not on V
(Wideal

D;min¼2.79 kg/s, 1.64 kg/s at TD ¼ 150 �C, 200 �C, respectively).
Fig. 5 shows that WD,min decreases as V increases and slowly ap-
proaches Wideal

D;min.
On the other hand, it should be remarked that WD,min increases

rapidly in the lower range of V, say for values of V lower than the
data point at 1.67 m3 in Fig. 5. In this lower range, the behavior of
adsorption/desorption system e in particular, the value of WD,min e

will be significantly affected by any disturbance in the variables
defining the stream to be treated. The conclusion reached is that V
must be chosen at an intermediate level, such that possible limi-
tations at low V and large adsorbent investment -that will not bring
any significant reduction of WD,min- can be avoided. For the data in
Fig. 5, WD,min only decreases by less than 5% when V is increased
from 3.34 to 6.67 m3. Then, a reasonable range can be defined as
1.7 < V < 3.4 m3. In this range, values of WD,min remain approxi-
mately within 1.15e1.35 Wideal

D;min.
In order to rationalize the observations made upon the effect of

V, the length of the MTZ has been evaluated as 2(L � L1/2), for each
data point in Fig. 5 at the switching time tA, where L1/2 is the length
of the bed at which the concentration of ethyl acetate reaches half
the value of the saturation front (see Fig. 3). Then, the bed fraction
covered by the MTZ is defined as fMTZ ¼ 2(L� L1/2)/L. Values of fMTZ,
corresponding to the results in Fig. 5, along with values of tA, N and
factor Fc (which is defined in Section 4.5.) are given in Table 5.

Considering both sets of results, at 150 and 200 �C, we can
appreciate that the range 1.67 < V < 3.34 m3 encompasses values of
fMTZ between 0.40 and 0.70. For this range of fMTZ, the values
1.8 < N < 5 rph in Table 5 are typical of rotor concentrators used in
VOC purification (Chang et al., 2003; Yamauchi et al., 2007).
Therefore, this range of fMTZ can be adopted to establish a design
criterion, as it will be convenient from a conceptual point of view
and also can bring practical advantages to alleviate the amount of
calculations. Procedures to evaluate the adsorbent volume V based
on choosing a given value of fMTZ can shorten most significantly the
whole procedure, particularly if approximate results are tolerated.
Examples of such procedures are proposed below with the help of
some examples.
1.5
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Fig. 5. Variation of WD,min with volume V for two levels of TD.
Assume that employing a desorption stream at TD ¼ 150 �C, the
volume of the adsorbent material is to be calculated for a given
value of fMTZ. As a numerical case, fMTZ ¼ 0.447 is chosen. Then, the
adsorption stage is first simulated by assuming an initially clean
bed and a bed volume V* is evaluated such that at the end of this
adsorption stage the required value of fMTZ is attained. The corre-
sponding volume of themass transfer zone is V*

MTZ;I ¼ fMTZV
*. With

the volume V*, the evaluation of the SC@WD,min is performed, as
described in Section 4.3, and values of W�

D;min, t
�
A and f�MTZ of such

stationary cycle are calculated. For the example, V* ¼ 2.34 m3,
W�

D;min ¼ 3.42 kg/s, t�A ¼ 748 s, f�MTZ ¼ 0.596 are obtained. The fact
that f�MTZ > fMTZ is due to the effect of the residual amount of ethyl
acetate left inside the bed after the stationary desorption step. The
volume of the mass transfer zone in the SC@WD,min, V�

MTZ ¼ f*MTZV
*,

is decomposed as

V�
MTZ ¼ V�

MTZ;I þ DV�
MTZ

where DV�
MTZ quantifies the effect of the residual amount of ethyl

acetate quoted above. DV�
MTZ can thus be evaluated from the known

values of V�
MTZ and V�

MTZ;I. The size of the bed should be increased
from V* up to a certain value V allowing a closer approach to the
desired value fMTZ ¼ 0.447. To this end, it is assumed that the
SC@WD,min with volume V will keep the same effect DV�

MTZ evalu-
ated before, but the effect of dispersion in the initially clean bed,
VMTZ,I, is reckoned to be larger than V�

MTZ;I(as V will be larger than
V*). To estimate VMTZ,I we employ the result for the dispersion
extent of the front of a single solute subject to a linear adsorption
isotherm, which for relatively long beds is proportional to the
square root of the bed volume. Thus, VMTZ,I ¼ V*

MTZ;IðV=V*Þ1=2 is
assumed. The volume of the mass transfer zone in the bed of vol-
ume V can then be written as
VMTZ ¼ VMTZ;I þ DV*

MTZ ¼ V*
MTZ;IðV=V*Þ1=2 þ DV*

MTZ, which should
equal fMTZ V. In this way, the volume V will be estimated from

V*
MTZ;I

�
V
�
V*�1=2 þ DV*

MTZ ¼ fMTZ V (11)

Employing the values V*, V�
MTZ;I and DV�

MTZ obtained previously
for the desired value fMTZ ¼ 0.447, Eq. (11) allows estimating
V ¼ 3.74 m3, which is only 1.8% less than the true value
(V ¼ 3.81 m3) satisfying fMTZ ¼ 0.447.

This procedure can be followed for any value of fMTZ at the cost
of evaluating only one SC@WD,min. A comparison between the
approximation proposed in Eq. (11) and numerical values of V has
been carried out for different values of fMTZ, and TD ¼ 150 and
200 �C. An excellent agreement is found, with a maximum devia-
tion less than 3% in the range 0.40 < fMTZ < 0.70.

To complete the estimation of variables, WD,min and tA should be
evaluated. For tA, we resort to the observation that the middle-
point concentration of the front (recalling comments in Section
4.1 about Fig. 3) travels at constant velocity, and at tA it is located at
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half the MTZ-length from the bed exit. Hence, tA should be pro-
portional to V(1 � ½ fMTZ). Then, having available the set of values
(t�A, V

*, f*MTZ), we can write

tA ¼ t*A

V
�
1� 1

2 fMTZ

�

V*
�
1� 1

2f
*
MTZ

� (12)

It has been checked that Eq. (12) estimate tA in a highly precise
way if the correct value of V is employed. Therefore, the difference
in tA with respect to the true value depends almost exclusively on
the accuracy of the estimated value of V.

The following empirical approximation is proposed to estimate
WD,min in the range 0.40 < fMTZ < 0.7, from values W�

D;min and f*MTZ
calculated as explained above:

WD;min ¼ W�
D;min

	
fMTZ

.
f*MTZ



(13)

Errors from Eq. (13) are always lower than 10% in the range
0.40 < fMTZ < 0.70.

The approximate formulation just described, Eqs. (11)e(13), can
be viewed as relating a set of values (V*, f*MTZ, t

�
A, W

�
D;min) -and their

associated magnitudes V�
MTZ;I and DV�

MTZ-, which satisfies a
SC@WD,min, to a set of values (V, fMTZ, tA, WDmin) that approximately
satisfies a SC@WD,min. By construction, both sets are linked by the
condition V�

MTZ;I ¼ fMTZ V*. Instead, if we remove this condition by
choosing a certain reference set (V*, f*MTZ, t�A, W�

D;min), (e.g. by
setting V*), also satisfying a SC@WD,min, the formulation defined by
Eqs. (11)e(13) can be employed to evaluate approximately any
other set (V, fMTZ, tA, WD,min) by fixing any of their components (e.g.,
V). If this approach works correctly, it would be highly convenient
for carrying out a parametric study, e.g. by sweeping values of fMTZ

or V, just at the cost of evaluating only one SC@WD,min for the
reference set (V*, f*MTZ, t

�
A, W

�
D;min).

The precision of the results employing this additionally simpli-
fied procedure will depend in some extent on the choice of the
reference set. However, it has been checked that as far as the
reference value f*MTZ lies within the recommended range
0.40 < fMTZ < 0.70, the values of the set (V, fMTZ, tA, WD,min) will be
suitably estimated if fMTZ also lies within the recommended range.
In general, within the studied range of temperature TD, values of V,
tA and WDmin are estimated with errors less than 10%.

4.5. Significance of attainable values of WD,min

Table 5 shows that, for a given value of V, significantly lower
values of WD,min can be employed at the higher temperature
TD ¼ 200 �C. The ratio Fc¼WA/WD,min is also the maximum feasible
ratio of VOC concentration between the actual stream fed to the
catalytic incinerator and the waste air stream (Fig. 1). Values of Fc at
TD¼ 150 �C are in general higher than 3 (see Table 5), while those at
TD ¼ 200 �C are about 50% larger.

The effect of Fc, in the range of values in Table 5, on the size of
the catalytic bed and recuperative heat exchangers was analyzed by
Campesi et al. (2012b). It was shown that the catalyst volume and
heat exchange areas are approximately reduced at rates F�1:7

c and
F�2
c , respectively. Therefore, a substantial advantage is achieved by
inclusion of an adsorption/desorption cycle, even when the acti-
vated carbon bed is operated at safely low temperatures
(TD < 200 �C).

5. Conclusions

With the purpose of reducing the amount of catalyst and
surface-area of recuperative heat exchangers required for VOC
incineration, thermal swing adsorption on activated carbon has
been analyzed as a previous step for VOC concentration. The case of
mixtures of ethyl acetate and ethanol carried in effluent air streams
from printing processes has been specifically dealt with in this
study.

The effect of heat and mass transfer resistances turned out to be
conclusive when packed-bed and monolithic adsorbers were
compared on the basis of the same pressure drop and adsorption
time. Thus, around twice the mass of adsorbing material is required
in the packed-bed. The main reason for this result lies in the size of
the pellet, which in the packed-bed should be significantly larger
than the wall thickness in the monolith.

The monolithic adsorber, set and operated in a rotor, was then
chosen to proceed with the analysis. This choice was mainly due to
the fact that a rotor allows for an output stream with constant
concentration and temperature, a key feature to minimize the size
of the catalytic reactor and heat-exchange system. A further
advantage of using the rotor concentrator is that total pressure drop
can be minimized by choosing suitable fractions of the rotor cross-
section for the adsorption and desorption stages.

Simulations of the stationary adsorption/desorption cycles in
the rotor concentrator showed that a feasible operation of the
concentrator is achieved above aminimumvalue ofWD, denoted by
WD,min. This is a desirable level for WD, as it provides a stream to be
processed in the catalytic incinerator withmaximum concentration
of VOCs. WD,min decreases monotonically with V towards an ideal
value Wideal

D;min, corresponding to an operation without the effect of
mass and heat transfer resistances. The lower range of V is not
convenient, as it corresponds to the region in which WD,min shows
more sensitivity, while the upper range of V involves a largemass of
adsorbent without yielding a significant decrease of WD,min. The
middle range appears as the appropriate one; therefore, a given
value of V within this range should be chosen to design the unit.
Thewhole procedure described above to identify a suitable range of
V is very tedious and computationally demanding. It is therefore
advisable to characterize that range by the corresponding range of
mass transfer zone in the adsorption stage, which is given by
0.40 < fMTZ < 0.70. An operation within this range provides a
reasonable degree of utilization of the adsorbent material and
enough flexibility for facing changes in the operating conditions or
in the adsorption capacity of the activated carbon. The choice of a
given value for fMTZ is proposed as a design criterion. It is also
shown that an approximate procedure on this basis allows for both
the design of the unit and the evaluation of operating conditions
with modest computational effort.

Although the conclusions and procedures discussed here will
not be of universal application, it is expected that they can be useful
for the analysis of similar problems involving VOC laden air
streams. Regarding the suggested approximate procedure, it is
advisable to test if it can render acceptably precise results for a
given multi-component VOC system, in particular when the first
eluted component shows a strongly non-linear adsorption
isotherm. In any case, we expect that the rationale employed for
such an approximation can be employed at least as a basis to
develop an ad-hoc procedure.

Finally, in the case studied in this work, it was found that the
thermal swing adsorption process allows to increase by 3e6 times
the VOC concentration in the stream to be catalytically treated, in a
range of desorption temperatures from 150 to 200 �C. In a previous
contribution, it was shown that such levels of VOC concentration
enable substantial savings in the amount of catalyst needed for
incineration and in the surface-areas of recuperative heat
exchangers.
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