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a  b  s  t  r  a  c  t

Organic  vapors  emitted  from  solvents  used  in chemical  and  pharmaceutical  processes,  or from  hydrocar-
bon  fuel storage  stations  at oil  terminals,  can be  efficiently  captured  by  adsorption  onto  activated  carbon
beds.  To  recover  vapors  after the  adsorption  step,  two  modes  of  regeneration  were  selected  and  could
be possibly  combined:  thermal  desorption  by  hot  nitrogen  flow  and  vacuum  depressurization  (VTSA).
Because  of  ignition  risks,  the  conditions  in  which  the  beds  operate  during  the  adsorption  and  regeneration
steps  need  to be strictly  controlled,  as  well  as optimized  to  maintain  good  performances.  In this  work,
the  optimal  conditions  to be  applied  during  the  desorption  step  were  determined  from  factorial  experi-
reakthrough curve
imulation
ixed bed
ot nitrogen
acuum regeneration

mental  design  (FED),  and  validated  from  the  process  simulation  results.  The  regeneration  performances
were  compared  in terms  of  bed  regeneration  rate,  concentration  of  recovered  volatile  organic  compounds
(VOC) and  operating  costs.  As an  example,  this  methodology  was  applied  in  case  of  dichloromethane.  It
has  been  shown  that the  combination  of thermal  and vacuum  regeneration  allows  reaching  82% recovery
of dichloromethane.  Moreover,  the  vacuum  desorption  ended  up in cooling  the activated  carbon  bed  from
93 ◦C to  63 ◦C  and  so  that  it significantly  reduces  the  cooling  time  before  starting  a  new  cycle.
. Introduction

Industrial emissions of volatile organic compounds (VOC) of
ifferent types from gas, oil, paint, solvent and other chemical
ectors [1–3] cause serious health and environmental risks. Espe-
ially, dichloromethane has adverse toxic effects on human central
ervous system and environment; the European parliament thus
ecided to ban its use with concentration equal to or greater than
.1% weight [4].  This research work focuses on the removal of
ichloromethane by adsorption and the regeneration of fixed beds.
tudies based on the effect of the operating conditions of VOC
dsorption have already been carried out [5–8].

Carbon adsorption is a phenomenon that adsorbs contami-
ants on the surface of granular activated carbon [9–11]. After
dsorption, to recover the VOC molecules (contaminants) at higher

oncentration, a kinetic energy is required in the form of tempera-
ure (thermal energy) or vacuum for regeneration. Regeneration
s defined as the process followed by adsorption to remove the

∗ Corresponding author. Tel.: +33 633923537.
E-mail address: shivaji.ramalingam@yahoo.co.in (S.G. Ramalingam).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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organic vapors from the adsorbent either by raising the temper-
ature or decreasing pressure or other driving force such as vacuum
[12]. In general, regeneration is of two  steps: desorption and acti-
vation [13].

Activation is a required step particularly in the case of steam
regeneration, because there is a possibility of condensed water in
the bed; then the condensed water can be removed by passing the
hot dry air through the bed. The activation step could be neglected
in the case of absence of moisture in the bed. The factors influencing
the effectiveness of regeneration are: (1) the degree of purification,
(2) the adsorbent stability, (3) the degree of recovery of adsorbed
components and (4) energy consumption [14,15].

There are different modes of thermal regeneration such as steam
regeneration or hot nitrogen regeneration. Using steam regener-
ation, there is serious concern in the activated carbon bed after
regeneration step [13]. Therefore, the drying step is essential to
remove any moisture present in the carbon bed. As a result drying
step increases the regeneration time. But the main advantages of

steam regeneration are its availability in industrial unit and low
production cost [13]. The advantages of using hot nitrogen are: it
is inert; it causes no moisture formation in the bed and so there is
no need of drying step [13].

dx.doi.org/10.1016/j.jhazmat.2011.10.019
http://www.sciencedirect.com/science/journal/03043894
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Nomenclature

ap ratio between the external surface and the volume
of the particle (m−1)

bo parameter of the model (atm−1)
b1 parameter of the model (T−1)
Cpa specific heat capacity of adsorbed phase (J kg−1 K−1)
Cpp specific heat capacity of the adsorbent (J kg−1 K−1)
Ci VOC concentration in the gas phase (mol m−3)
Cpg specific heat capacity of gas phase (J kg−1 K−1)
DL axial mass dispersion coefficient (m2 s−1)
Dgl global mass transfer coefficient (m2 s−1)
dc diameter of the column (m)
DL diffusivity (m2 s−1)
DH axial heat dispersion coefficient (J m−1 s−1)
dp equivalent particle diameter (m)
e thickness of the column (m)
H enthalpy of gas phase (J kg−1)
hw heat transfer coefficient of wall (W m2 K−1)
hp heat transfer coefficient with solid particle

(W m2 K−1)
�Hi enthalpy of adsorption/desorption of the compound

i (J mol−1)
�Hvap latent heat of vaporisation (kJ mol−1)
Kf external mass transfer coefficient (m s−1)
K global mass transfer coefficient (s−1)
PI VOC ionisation potential (eV)
Pi equilibrium VOC partial pressure (atm)
qi adsorbed VOC concentration (mol kg−1)
qi* adsorbed VOC concentration at the equilibrium with

the gas phase (mol kg−1)
qi

* VOC adsorbed quantity at the equilibrium
(mol kg−1)

qmo parameter of the model (mol kg−1)
qm1 parameter of the model (T−1)
qi VOC concentration in the adsorbed phase (mol kg−1)
rp partcicle equivalent radius (m)
rmic adsorbent average micropore opening (nm)
T temperature of gas (◦C)
Tp temperature of solid particle (◦C)
v superficial velocity (m s−1)
Vm molar VOC volume (m3 mol−1)
v superficial gas velocity (m s−1)
y VOC molar fraction in the gas
�p bulk adsorbent density (kg m−3)
�g density of gas phase (kg m−3)
ε bed porosity
� thermal conductivity of the material of the column

(W/m/K)
 ̨ VOC polarisability (10−24 cm3)

� surface tension of the liquid solvent (mN  m−1)

a
r
m
e
c
a
b

t
F

� kinematic viscosity (Pa s)

The use of vacuum regeneration followed by thermal regener-
tion is more relevant than vice versa in terms of achieving final
egeneration percentage [16]. A factorial experimental design was
ade by changing three operating conditions of the thermal regen-

ration step and followed by the vacuum regeneration step at
onstant operating conditions. During the vacuum regeneration,

 small flow rate of nitrogen at 0.018 N L s−1 and a pressure of 0.04

ars are used [16].

FED is a statistical analysis which helps to study the influence of
he operating conditions on the desired responses to be measured.
ig. 1 shows the different combination of two different operating
Fig. 1. FED representation.

conditions (X1, X2) in an experiment and the signs (− and +) cor-
responds to minimum and maximum of the operating conditions
[17]. The final response is measured as ‘Y’. By using FED method
in MINITAB, the analysis of variance (ANOVA) can be performed
to obtain a response equation (Y) which is in linear form with the
function of operating conditions (X1, X2).

Y = a0 + a1 · X1 + a2 · X2 + a3 · X1 · X2 (1)

where Y – measured response; X1, X2 – operating conditions and
a0, a1, a2, a3 – constants

The experiments and the methodologies which details: (1) the
properties of activated carbon; (2) adsorption isotherm data for
VOC – activated carbon system (AC), and also the simulations model
consists of mass and energy balances are presented in the following
sections. FED will be used to study the effect of nitrogen tempera-
ture (T); flow rate of nitrogen (Vf); and intermediate regeneration
(IR) on the responses such as recovery percent (FR) and the oper-
ating costs (OPD ). The three operating conditions which change
during thermal regeneration step are: (1) nitrogen temperature,
(2) flow rate of nitrogen; and (3) intermediate regeneration per-
centage (IR). Intermediate regeneration percentage (IR) is defined
as the percentage for which vacuum regeneration is applied just
after hot nitrogen regeneration to achieve maximum recovery effi-
ciency at optimized cost. Intermediate regeneration was chosen as
55% (−) and 75% (+) for analyzing the vacuum regeneration effect.
The objectives of the combined regeneration are: (1) to study the
influence of operating conditions on the recovery efficiency and
operating costs by using FED; (2) to find the time for which vacuum
regeneration can be applied to achieve maximum recovery effi-
ciency, to reduce the operating costs, and also to achieve the cooling
benefits of the activated carbon bed after hot nitrogen regeneration.
The aim of the study is to develop the simulation tool for adsorption
and regeneration of VOC–AC system based on all the experimental
work and the simulation model.

2. Theoretical

2.1. Characterization of activated carbon

The activated carbon CECA – ACM 404 is a coal based phys-
ically activated carbon. The physical properties of the activated
carbon (CECA – ACM404) such as B.E.T. surface specific area, micro
pore volume (by Horvath–Kawazoe method), micropore average
width (by Density Functional Theory) were measured by nitrogen
adsorption isotherm at 77 K (Micromeritics ASAP 2010) [18,19]; the
mesopore and macropore volume, and bulk density were measured
by using mercury porosimeter (Micromeritics Autopore IV 9500)
[20]. Finally the ratio of oxygen to carbon was  measured using ele-
mental analyzer (Thermofinnigan Flash EA1112 CHNS-O Analyzer)

[21].

The properties resumed in Table 1 are used in simulation models
of adsorption and regeneration.
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Table  1
Characteristics of the activated carbon ACM404.
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Activated carbon Size of micro pore (nm) Bulk density (mg  L ) Micro pore

ACM 404 0.66 0.423 0.44 

.2. Properties of dichloromethane

ACROS organics supplied 99% pure dichloromethane for the
xperiments and following are the properties of dichloromethane
CH2Cl2) in Table 2.

.3. Simulation model

The cyclic adsorption–desorption process is simulated by solv-
ng the mass and energy balances during each step: adsorption,
ossibly bed preheating by the walls, thermal desorption by steam
r nitrogen flow, and/or desorption under vacuum. The main equa-
ions and assumptions used are described below.

.3.1. Mass balance

DL
∂2Ci

∂z2
+ ∂(vCi)

∂z
+ ∂Ci

∂t
+ 1 − ε

ε
�p

∂qi

∂t
= 0 (2)

.3.2. Linear driving force model (LDF)
The adsorption or desorption kinetics is described according to

he linear driving force model [22]:

∂qi

∂t
= K · (q∗

i − qi) (3)

The overall resistance to the mass transfer between the gas and
he solid phases embodies the partial resistance to the mass trans-
er at the external surface of the particles and the internal mass
ransfer resistance, expressed as a function of an effective diffusion
oefficient Dgl:

1
K

= �pVmq∗
i

Kfapy
+ rp

5Dglap
(4)

The external mass transfer coefficient Kf was  derived from the
orrelation from Petrovic and Thodos [18]. The effective diffusion
oefficient takes into account the various diffusion mechanisms
hich control the migration of the organic component to the

dsorption sites (porous, Knudsen, and surface diffusion). It is
onsidered as an adjustable parameter. As a first approximation,
ffective the mass transfer resistance data was considered to be
nchanged in the desorption step.

.3.3. Equilibrium model
The value q∗

i in the linear driving force model (LDF) is computed
rom the modified Langmuir isotherm model, taking into account
he temperature effect on the equilibrium data. The parameters of

he Langmuir equation were derived from the experimental data

easured for the system (dichloromethane – ACM 404) at 20, 40,
0 and 80 ◦C. The R-Stat statistical software was  used to check
he significance of the computed parameters using an interval of

able 2
roperties of dichloromethane.

Form Stable colorless liquid

Density 1326.6 kg m−3

Molecular weight 84.93 g mol−1

Melting point −97 ◦C
Boiling point 40 ◦C
e (cm g ) BET surface area (m g ) Total volume (cm g ) Ratio O:H %

1063 0.55 0.7

confidence of 95% by Student t-test. The results are summarized in
Table 3.

q∗
i =

qmo exp
(

qm1
T

)
k0 exp

(
k1
T

)
Pi

1 + k0 exp
(

k1
T

)
Pi

(5)

2.3.4. Enthalpy balances
• In the gas phase:

−�gDL
∂2H

∂z2
+ ε�g

∂H

∂t
+ ε

∂(v�gH)
∂z

+ 4
dc

[
1
hp

+ dc · e

(dc + e) · �

]−1

× (T − Tw) + (1 − ε)
6hp

dp
(T − Tp) = 0 (6)

• In the solid phase:

(�pCpp + �pCpaqi)
∂Tp

∂t
+ 6hp

dp
(Tp − T) + �Hi�p

∂qi

∂t
= 0 (7)

The adsorption enthalpy was derived according to the following
statistical predictive model [8]:

−�Hads = 103.2 + 1.16  ̨ + 0.76�Hvap

− 3.87PI − 0.7� − 26.19rmic (8)

As a first approximation, the integral enthalpy of desorption was
assumed to be equal to the one computed for the adsorption.

2.3.5. Ergun’s pressure drop equation

∂P

∂z
+ 150 × 10−5

(
1 − ε

ε

)2 �

d2
p

v + 1.75 × 10−5
(

1 − ε

ε

)
�g

dp
v2 = 0

(9)

The effect of pressure drop on the dynamic behavior of the
adsorption and regeneration steps has been considered in the sim-
ulation model by Ergun’s equation [22].

3. Experimental

Fig. 2 shows the experimental setup of ACM404 (activated car-
bon) – dichloromethane (VOC) system. The adsorption column used
is made of stainless steel and the dimensions are 1.5 m in length,
0.05 m of internal diameter and 0.015 m thickness. The thermal
conductivity value (�) was taken from the database which had
been implemented in the simulation package. The first step was

the adsorption of dichloromethane on ACM404, and then followed
by regeneration step which is a combination of hot N2 and vacuum.
In the system, a continuous gas-phase sampling of VOC concentra-
tion using FID was  present in Fig. 2. FID was used to measure the

Table 3
Langmuir isotherm coefficients.

Langmuir model coefficients – dichoromethane – ACM404 system

qm0 (mol kg−1) qm1 (T−1) k1 (T−1) k0 (atm−1)

2.695 239.21 2723.24 0.01441
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Fig. 2. Pilo

xit concentration of dichloromethane from the column and it was
alibrated before the adsorption experiments. A system of heating
able was arranged around the pipeline to heat the nitrogen exter-
ally before entering the column. It was done to avoid the heat loss
f hot nitrogen with atmosphere before entering the column for
egeneration.

.1. Adsorption step

The adsorption step of dichloromethane on ACM 404 was
chieved with the operating conditions as mentioned in Table 4.

 constant flow rate of 0.0257 g −1 of dichloromethane was passed
hrough the evaporator which is at 35 ◦C. A small flow rate of nitro-
en (0.05 N L s−1) was passed through the evaporator to carry the
ichloromethane which is in vapor form. The small flow rate of
itrogen was purged with another nitrogen stream of 0.56 N L s−1,
hus forming a concentration of 50 g m−3 of dichloromethane in
he gas stream (dichloromethane + nitrogen) which is entering the
olumn for adsorption. The gas which is at 0.56 N L s−1 was sent
rom the bottom of the column which was packed with 1.222 kg of
CM404 (activated carbon) as shown in Fig. 2.

The thermocouples T1, T2 and T3 were placed at the top
T1 = 5 cm), middle (T2 = 105 cm), and bottom (T3 = 145 cm)  of the
olumn, respectively. As the thickness of steel column is very
arge (1.5 cm)  and so there was not significant heat transfer by
he hot nitrogen to the activated carbon bed during the regener-
tion step. So the column was heated along by hot oil bath at 80 ◦C

or 40 min. The nitrogen for regeneration from the pre-heater was
hen passed on to rope heating to avoid heat loss before entering
he column.

able 4
ilot specifications and adsorption step operating conditions.

Adsorption column size 1.5 m × 0.05 m
Adsorption gas velocity 0.28 m s−1

Concentration CH2Cl2 50 g m−3

Pump flow rate CH2Cl2 0.0257 g s−1

Total gas flow rate (N2 + CH2Cl2) 0.56 L s−1
t scheme.

3.2. Regeneration step

After the adsorption step, the regeneration was performed with
the combination of thermal (hot N2) and vacuum regeneration.
There were six regeneration experiments had been designed by
changing the operating conditions such as temperature of hot
nitrogen [85 ◦C and 93 ◦C], flow rates of nitrogen [0.07 N L s−1 and
0.14 N L s−1], and intermediate regeneration percentages [55% and
75%]. During the second step of regeneration which was  the vac-
uum regeneration, the operating conditions had been fixed at 0.04
bars by passing 0.018 N L s−1 of nitrogen at room temperature. The
total regeneration time was fixed in all the six cases as 180 min,
which includes 40 min  of the hot oil bath along the column. All
these operating conditions were summarized in Table 5.

3.3. Factorial Experimental Design (FED)

FED has been implemented to study the effects of set of factors
on the responses; (1) to estimate the magnitude of the effects con-
tributed by the factors; (2) and to develop a mechanistic model [11].
In Table 5, X1 and X2 are two  different factors and the response (out-
put) was  measured as Y. The FED analysis was performed by with
MINITAB software by using analysis of variance (ANOVA) method.

At the end of the ANOVA, it gives a model in the form of the
following equation:

FR = a0 + a1 · T + a2 · IR + a3 · T · IR (10)

OPD = b0 + b1 · T + b2 · Vf + b3 · T · Vf (11)

where FR – recovery efficiency; OPD – operating costs; T – temper-
ature of nitrogen factor; IR – intermediate regeneration factor and
Vf – volumetric flow rate of nitrogen factor.

3.4. Estimation of recovery efficiency and operating costs

The recovery efficiency was estimated from the integration of

the regenerated mass (g) with time (min). The operating costs for
the regeneration step was calculated by the summation of energy
costs of all the heating equipments (pre-heater, rope heating, hot oil
bath, and vacuum pump) and the consumption of nitrogen during
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Table  5
Regeneration – operating conditions.

Exp. Step 1: thermal regeneration (hot N2) Step 2: vacuum regeneration

TN2 (◦C) Flow N2 (N L h−1) Time (min) IR (%), step1 Flow N2 (N L s−1) Time (min)

1 93 0.14 100 75 0.018 40
2  85 0.14 105 75 0.018 35
3  93 0.14 50 55 0.018 90
4 85 0.14  55
5 93  0.07 108 

6  85 0.07 121 

Table 6
Inputs for operating costs estimation.

Power of vacuum pump (kW) 0.396
Power of hot oil bath (kW) 2
Power of pre-heater (kW) 0.3
Power of rope heating (kW) 0.2
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Cost of Nitrogen (D m−3), supplier – Air liquide 0.18
EDF electricity tariff (D .MWh−1) in France 60

he regeneration step. The parameters required for the cost analysis
ere tabulated in Table 6.

. Results and discussion

.1. Adsorption step

The breakthrough curve of dichloromethane adsorption on
CM404 was measured during adsorption cycle and it was shown

n Fig. 3. Breakthrough curves represent the concentration of VOC
dichloromethane) start to rise in the exit of the column and it
as measured by the FID [10]. The amount of dichloromethane

dsorbed was calculated by estimating the first momentum of the
reakthrough curve. And the adsorption capacity can be calculated
y the ratio of the mass of dichloromethane adsorbed to the mass
f ACM404 (activated carbon). The adsorption capacity calculated
y this method was found to be 31% from the first adsorption cycle.
he breakthrough time was determined based on 10% of the con-
entration of dichloromethane, which is set for adsorption in the
nlet stream. The breakthrough time is 188 min  as shown in Fig.
. The dynamic adsorption capacity value (3.7 mol  kg−1) was  veri-
ed if it is close to the value of the equilibrium adsorption capacity
alue (3.9 mol  kg−1). The dynamic adsorption capacity value was
alculated by the ratio of dichloromethane in ‘moles’ to the mass of
ctivated carbon in ‘kg’ and these values are taken from the dynamic
dsorption experiments which generates the breakthrough curves.
he equilibrium adsorption capacity was calculated by the ratio

f dichloromethane in ‘moles’ to the mass of activated carbon in

kg’ and these values are taken from the equilibrium adsorption
sotherm experiments which are conducted at 20, 40, 60, and 80 ◦C.

Fig. 3. Experimental and simulation breakthrough curves comparison.
55 0.018 85
55 0.018 72
55 0.018 59

The error deviation between the dynamic and equilibrium adsorp-
tion capacity was found to be 5%.

The simulation model PROSIM was  executed to compare the
results of the experimental and simulated break through curve,
temperature profile and it is shown in Figs. 3 and 4. The simula-
tion model results had a good agreement with the experimental
results and it has been shown in Figs. 3 and 4.

In Fig. 3, there was a slight deviation between the experimental
and the simulation breakthrough curve and it could be explained
because of the mass transfer coefficient between the simulation
and experimental results. But the discrepancy percentage on the
basis of mass of dichloromethane between the experimental and
simulation results is less than 2% and it can be neglected. In Fig. 4,
there has been also good agreement of temperature profile between
the experimental and the simulation results.

4.2. Regeneration step

The operating conditions (temperature of nitrogen, interme-
diate regeneration, and flow rate of hot nitrogen) of the six
regeneration cycles and the corresponding FED responses which
are measured as recovery efficiency (FR) and operating costs (OPD )
are presented in Table 7 and Fig. 5. The reason for two  sets of 2 × 2
FEDs instead of just a 3 × 3 FED is that the flow rate of N2 at 0.07 L s−1

is too low to achieve the superior limit of intermediate regeneration
of 75%.

In all the regeneration profiles (Fig. 6), there was a clear shoot
after hot nitrogen regeneration where the vacuum regeneration
started. This jump occurs from the change in the flow rate of
nitrogen (0.018 L s−1) during the vacuum mode. The experimen-
tal regenerations and the corresponding simulation runs show that
there was  discrepancy of 10–12% based on the calculated recovered
dichloromethane mass. An example of regeneration temperature
profile of the experiment and the simulation was shown in the Fig.
7. From the Table 7 and Fig. 6, it is clear that the recovery efficiency
(82%), average regeneration rate (1.74 g min−1) for regeneration 1
was the best operating conditions among the other conditions. The
cost was slightly higher than regeneration 3, but it regenerates sig-
nificantly more than the other experiments. This will also result
in retaining good adsorption capacity in the successive adsorption
cycle. With these results and the FED factors (in Table 7), it led to
form two different 2X2 FED and they are as follows:

1. First set of FED – factors of temperature and intermediate regen-
eration (Table 7, experiments 1–4)

2. Second set of FED – factors of temperature and flow rate of N2
(Table 7, experiments 3–6)

4.3. Vacuum cooling effect
Fig. 7 illustrates that the vacuum regeneration (just after hot
nitrogen regeneration) decreased the temperature difference of
33 ◦C in the activated carbon bed. It will enable to save the cost and
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Fig. 4. Experimental and simulation adsorption temperature profile comparison.

Table 7
Recovery efficiency and operating costs results.

Exp. Operating conditions FED factors FED responses Supplementary responses

TN2 (◦C) Flow N2 (N L h−1) IR (%) FR % OPD (D cents) OPD (D kg−1) Recovery (g min−1)

1 93 0.14 75 82 64 2.04 1.74
2  85 0.14 75 80 66 2.16 1.70
3  93 0.14 55 74 51 1.80 1.57
4  85 0.14 55 70 53 1.98 1.49
5 93 0.07  55 65 65 2.61 1.13
6  85 0.07 55 62 66 2.78 1.08

Fig. 5. 0perating costs and recovery efficiency results for regeneration.
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ig. 6. Regeneration profiles corresponding to operating conditions in Table 7.

educe the time of the cooling step and thus it proved the advantage
f using vacuum regeneration in the combination mode.

.4. Statistical analysis of regeneration results

The influence of variation of each operating conditions on the
ecovery efficiency and operating costs were studied by using the
ED. The variation of operating conditions such as temperature of
itrogen, intermediate regeneration, and flow rate of nitrogen have
heir inferior limit (−1) and superior limit (+1). Temperature of
itrogen = (85[−1], 93[+1]) in ◦C; intermediate regeneration = (55[−1],
5[+1]) in %; and flow rate of nitrogen = (0.07[−1], 0.14[+1]) in L s−1.

With the statistical package MINITAB, it was possible to check
he statistical significance of the factors considered in the two  sets
f FED. The ANOVA were done for the two sets of FED by MINITAB
nd the solutions are presented as Eqs. (12)–(15). The normaliza-
ion of the data was done by Fischer’s test and the value p (f) is 8%.
he effect of operating conditions such as T, IR and Vf on recovery
fficiency and operating costs could be visualized by comparing the
ignificance of the coefficients of T, IR and Vf from the Eqs. (12)–(15).

It seems that the flow rate dominates the other factors in terms
chieving high recovery efficiency and also significantly reducing
he operating cost. The factor intermediate regeneration plays a
ritical role in achieving high recovery efficiency, but it increases
he operating costs. The increase in the operating cost was justi-
ed by obtaining higher recovery efficiency and so that the number
f successive regeneration cycles can be reduced. The interaction
ffect of temperature and the intermediate regeneration was  very
ow in both cases of recovery efficiency and operating costs and it
an be noticed from the value of coefficient of T·IR from Eqs. (12)
nd (13). From Eqs. (14) and (15), the interaction effects of temper-
ture and flow rate (T·Vf) were not significant. The first FED set with

emperature of nitrogen (T) and intermediate regeneration (IR) as
actors:

R = 76.5 + 1.5 · T + 4.5 · IR + 0.5 · T · IR (12)

Fig. 7. Regeneration temperature profile at the exit of the column.
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OPD cents = 58.3 − 0.7 · T + 6.3 · IR + 0.25 · T · IR (13)

where FR – recovery efficiency and OPD cents – operating costs. The
second FED set with temperature of nitrogen (T) and flow rate of
nitrogen (Vf) as factors

FR = 66.3 + 2.3.T + 5.8 · Vf − 0.25 · T · Vf (14)

OPD cents = 65 − 1 · T − 13 · Vf (15)

5. Conclusion

FED was  an effective tool to understand how the operating
conditions of regeneration influences in the objectives of achiev-
ing higher recovery efficiency at an optimized operating cost. The
influence of flow rate of hot nitrogen has been significant in increas-
ing the recovery efficiency and decreasing the operating cost. The
increase of intermediate regeneration has enabled to achieve max-
imum recovery efficiency at a shorter total regeneration time.
By achieving higher recovery efficiency, it maintains the higher
adsorption capacity for the successive cycles of adsorption. The
temperature impact was  slight (because of slight variation of tem-
perature range) in terms of achieving higher recovery efficiency
and optimized operating cost. It could have been interesting, if the
heating equipments of higher capacity could have been used, so
that the temperature of nitrogen could reach up to 170 ◦C dur-
ing thermal regeneration mode. The effect of vacuum regeneration
was proven in terms of (1) achieving further effective recovery of
dichloromethane after the thermal regeneration mode; (2) cooling
of activated carbon bed significantly. It could be more interest-
ing to study the 3 × 3 FED factors effect (temperature of nitrogen,
intermediate regeneration and the flow rate of nitrogen) in one
design approach of experiments by increasing the capacity of heat-
ing equipments.
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