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a  b  s  t  r  a  c  t

In  this  research  work,  the  three  different  VOCs  such  as  acetone,  dichloromethane  and  ethyl  formate
(with  corresponding  families  like  ketone,  halogenated-organic,  ester)  are  recovered  by  using  tempera-
ture  swing  adsorption  (TSA)  process.  The  vapors  of  these  selected  VOCs  are  adsorbed  on a  microporous
activated  carbon.  After  adsorption  step,  they  are  regenerated  under  the same  operating  conditions  by
hot  nitrogen  regeneration.  In each  case  of  regeneration,  Factorial  Experimental  Design  (FED)  tool  had
eywords:
icroporous activated carbon

OC
dsorption
ot nitrogen regeneration

been used  to  optimize  the  temperature,  and  the  superficial  velocity  of  the  nitrogen  for  achieving  maxi-
mum  regeneration  efficiency  (RE)  at an optimized  operating  cost  (OPD ).  All  the experimental  results  of
adsorption  step  and  hot  nitrogen  regeneration  step  had  been  validated  by  the  simulation  model  PROSIM.
The  average  error percentage  between  the  simulation  and  experiment  based  on the mass  of  adsorption
of  dichloromethane  was  3.1%.  The  average  error  percentages  between  the  simulations  and  experiments
based  on  the  mass  of  dichloromethane  regenerated  by  nitrogen  regeneration  were  4.5%.
. Introduction

Volatile organic compounds (VOCs) like dichloromethane, ace-
one and ethyl formate are widely used in the oil sands process to
xtract the bitumen from the oil sands [1].  Acetone and ethyl for-
ate have adverse toxic effects on human central nervous system

nd environment [2].  And dichloromethane even causes cancer to
umans and so the European States have decided to ban the use of

t for concentration equal to or greater than 0.1 by mass percent [2].
his research work focuses on the removal of VOCs by adsorption
sing commercial microporous activated carbon and then regen-
rates the adsorbed phase. Many studies have been made on the
nfluence of the operating conditions of adsorption phase [3–7].
ut, there are no studies made on the influence of operating condi-
ions of regeneration of different families of VOCs as a function of
egeneration efficiency (RE) and the operating cost (OPD ). Factorial
xperimental Design (FED) is an effective design tool to understand

he influence of each operating condition (such as flow rate and
he temperature of the hot nitrogen) on the regeneration efficiency
RE) and the operating cost (OPD ) [8].  The dynamic experiments of
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adsorption and regenerations will be validated by using the simu-
lation model PROSIM [9–11].

The objectives of this research work are: (1) characterize the
microporous activated carbon (CECA – ACV 404) and establish the
isotherm equilibrium data for different VOCs – activated carbon
system; (2) design dynamic hot nitrogen regeneration experi-
ments for 3 VOCs – ACV 404 systems by FED (VOCs – acetone,
dichloromethane, and ethyl formate); (3) compare the regenera-
tion performance of different families of VOCs – activated carbon
system under same hot regeneration operating conditions by FED
results of ANOVA equation.

2. Simulation model

The cyclic adsorption–desorption process is simulated by solv-
ing the mass and energy balances during each step: adsorption,
possibly bed preheating by the walls, thermal desorption by steam
or nitrogen flow, and/or desorption under vacuum. The main equa-
tions and assumptions used are described below [11,12].
2.1. Mass balance

The partial mass balance equation expresses that the change
in the concentration of the VOC in the gas phase along the column

dx.doi.org/10.1016/j.jhazmat.2012.04.037
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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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 vaporization (kJ mol−1)
Kf external mass transfer coefficient (m s−1)
K global mass transfer coefficient (s−1)
PI VOC ionization 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)
q∗

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

qimo 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 polarizability (10−24 cm3)
−1

r
o

−

2

t

Table 1
Langmuir isotherm coefficients results.

Langmuir model coefficients – VOC/ACV404 system

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

Acetone 2.79 173 4810 7.8E−05
� surface tension of the liquid solvent (mN  m )
� kinematic viscosity (Pa s)

esults from its transport in the gas flow and from the accumulation
f the adsorbate in the solid phase

DL
∂2Ci

∂z2
+ ∂(vCi)

∂z
+ ∂Ci

∂t
+ 1 − ε

ε
�p

∂qi

∂t
= 0 (1)

.2. Linear driving force model (LDF)

The adsorption or desorption kinetics is described according to

he linear driving force model:

∂qi

∂t
= K · (q∗

i − qi) (2)
Ethyl formate 3.02 243 3893 1.6E−04
Dichloromethane 3.52 279 3087 4.0E−03

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

1
K

= �pVmq∗
i

Kf apy
+ rp

5Dglap
(3)

The external mass transfer coefficient Kf was derived from the
correlation from Petrovic and Thodos. The effective diffusion coef-
ficient takes into account the various diffusion mechanisms which
control the migration of the organic component to the adsorption
sites (porous, Knudsen, and surface diffusion). It is considered as an
adjustable parameter. As a first approximation, effective the mass
transfer resistance data was  considered to be unchanged in the
desorption step.

2.3. Equilibrium model

The value q∗
i

in the linear driving force model (LDF) is com-
puted from the modified Langmuir isotherm model, which takes
into account the temperature effect on the equilibrium data. The
parameters of the Langmuir equation were derived from the exper-
imental data measured for the system (dichloromethane – ACV
404/acetone – ACV 404/ethyl formate – ACV 404) at 20, 40, 60 and
80 ◦C. The R-Stat statistical software was used to check the signifi-
cance of the computed parameters using an interval of confidence
of 95% by student t-test [11–13].  The results are summarized in
Table 1 [14].

q∗
i = qm0 exp(qm1/T)b0 exp(b1/T)Pi

1 + b0 exp(b1/T)Pi
(4)

2.4. 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 (5)

• In the solid phase:

(�pCpp + �pCpaqi)
∂Tp

∂t
+ 6hp

dp
(Tp − T) + �Hi�p

∂qi

∂t
= 0 (6)

The adsorption enthalpy was  derived according to the following
statistical predictive model [15]:

−�Hads = 103.2 + 1.16  ̨ + 0.76�Hvap − 3.87PI
− 0.7� − 26.19rmic (7)

As a first approximation, the integral enthalpy of desorption was
assumed to be equal to the one computed for the adsorption.
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on the mass of adsorption between the experiment and the simu-
lation were always less than 4% for all the VOCs involved. The error
on reproduction of data is always 5% on the adsorption capacity for
different VOCs.
Fig. 1. Temperature swing adsorption (TSA) setup.

.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

(8)

he effect of pressure drop on the dynamic behavior of the adsorp-
ion and regeneration steps has been considered in the simulation

odel by Ergun’s equation.

. Experimental

.1. Characterization of activated carbon

The activated carbon was activated physically by using steam
or 40 min. The size of the carbon grain is 4 mm.  The raw material
f the activated carbon is coconut. The physical properties of the
ctivated carbon (CECA – ACV404) such as B.E.T. surface specific
rea, micro pore volume (by Horvath–Kawazoe method), microp-
re average width (by Horvath–Kawazoe method) were measured
y nitrogen adsorption isotherm at 77 K (Micromeritics ASAP 2010)
16]; the mesopore and macropore volume, and bulk density were

easured by using mercury porosimeter (Micromeritics Autopore
V 9500) [17,18].  The properties resumed in the Table 2 were used in
imulation models of adsorption and regeneration. The properties
esumed in the Table 2 are used in simulation models of adsorption
nd regeneration.

.2. Temperature swing adsorption (TSA) setup

Fig. 1 shows the experimental setup of temperature swing
dsorption (TSA). It has an adsorption column with the dimension
f 0.275 m high × 0.05 m internal diameter. Thermal couples are
ocated at 3 various ports (at 2 cm,  19 cm and 25 cm from the
op of the column) in the column to record the temperature
ata during adsorption and regeneration cycles. In the event to
void heat losses, the column was insulated by 2 cm thick glass
ool. During the adsorption step, 30 g m−3 of VOC concentration

acetone, dichloromethane and ethyl formate) is prepared by
he VOC generating 25.8 ◦C. The concentration of the VOC was

easured and calibrated by using by a commercial Flame Ion-
zation Detector (FID) called CAMBUSTION HFR-400FFID. For the
alibration curve, different volume samples (from 10 to 400 �l)
re injected into a glass balloon of 1 L volume. The mass of VOC
s calculated by multiplying density of VOC and volume of VOC
njected in the glass balloon. Once having the value of VOC mass,
he concentration (g m−3) is calculated by the ratio of mass of VOC
o the volume of the glass balloon. Hence, a linear calibration curve

f concentration of VOC (g m−3) vs FID response (volts) could be
stablished for the dynamic experiments. The superficial velocities
f the adsorption gas corresponding to acetone, ethyl formate
nd dichloromethane are 0.24, 0.23 and 0.26 m s−1 respectively.
Fig. 2. Ethyl formate breakthrough profile of experiment and simulation.

Once after the adsorption step, the activated carbon is regenerated
by hot nitrogen. FED has allowed to construct 2 × 2 design by
changing the operating conditions such as temperature of the
nitrogen in the range [130 < T < 170 ◦C] and the superficial velocity
of the nitrogen in the range [0.10 < v < 0.17 m s−1]. By doing analysis
of variance (ANOVA) for the four experiments of regenerations
with the statistical analysis software MINITAB, the regeneration
efficiency (RE) and the operating cost (OPD ) are measured as a
function of the operating conditions (T, v) by a mechanistic model.

4. Results and discussion

4.1. Comparison of adsorption results of 3 VOCs – ACV 404 carbon

The adsorption capacities of acetone, ethyl formate and
dichloromethane are found to be 23.6, 30.3 and 35.6% (based on
mass of VOC adsorbed on the activated carbon ACV 404) respec-
tively from the adsorption cycle. And the breakthrough time for
acetone; ethyl formate and dichloromethane are found to be 53,
71 and 70 min  and it is calculated from 10% of the initial concen-
tration of VOC. The mass transfer coefficients of dichloromethane
– ACV404, ethyl formate – ACV404 and acetone – ACV404 systems
(Dgl) are adjusted as 0.009, 0.003 and 0.001 m2 s−1 respectively. An
example of breakthrough curve and temperature profile of ethyl
formate during adsorption has been given in Figs. 2 and 3. The sim-
ulation model PROSIM results were coherent with the experimental
results and it is evident from the Figs. 2 and 3. The error calculated
Fig. 3. Ethyl formate adsorption temperature profile of experiment and simulation.
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Fig. 4. FED measure of influence of operating conditions on regeneration efficiency.

Table 2
Characteristics of the activated carbon ACV 404.

Activated carbon Micro pore size (nm) Bulk density (mg  L−1) Micro po 3 −1 2 −1 3 −1

ACV 404 0.67 0.53 0.54

Table 3
Ethyl formate regeneration operating conditions and experimental results.

Regeneration
experiments

Operating conditions Regeneration % Operating
cost

T (◦C) V (m s−1) RE % OPD (D /kg)

Reg.1 170 (+) 0.17 (+) 80.0 4.47
Reg.2 170 (+) 0.10 (−) 56.6 3.83
Reg.3 130 (−) 0.17 (+) 66.0 4.91
Reg.4 130 (−) 0.10 (−) 45.9 4.73
Reg.5 150 (=) 0.14 (=) 61.1 4.42

Table 4
Acetone regeneration operating conditions and experimental results.

Regeneration
experiments

Operating conditions Regeneration % Operating
cost

T (◦C) V (m s−1) RE % OPD (D /kg)

Reg.1 170 (+) 0.17 (+) 81.7 5.77
Reg.2 170 (+) 0.10 (−) 57.1 7.60
Reg.3 130 (−) 0.17 (+) 48.2 6.03
Reg.4 130 (−) 0.10 (−) 44.0 6.59
Reg.5 150 (=) 0.14 (=) 56.8 6.48

Table 5
Dichloromethane regeneration operating conditions and experimental results.

Regeneration
experiments

Operating conditions Regeneration % Operating
cost

T (◦C) V (m s−1) RE % OPD (D /kg)

Reg.1 170 (+) 0.17 (+) 84.8 3.44
Reg.2 170 (+) 0.10 (−) 58.9 3.31
Reg.3 130 (−) 0.17 (+) 66.9 4.35

4
A

a

experiment Reg.5 had the operating conditions in the central point
Reg.4 130 (−) 0.10 (−) 48.2 4.04
Reg.5 150 (=) 0.14 (=) 66.5 3.68

.2. Comparison of hot nitrogen regeneration results of 3 VOCs –
CV 404 carbon
Tables 3–5 summarizes the hot nitrogen regeneration oper-
ting conditions and the results (such as regeneration efficiency
re volume (cm g ) BET surface area (m g ) Total volume (cm g )

1256 0.60

(RE), Operating Cost (OPD )) for ethyl formate, acetone and
dichloromethane respectively. The regeneration efficiency was cal-
culated by the ratio of mass of VOC generated to the mass of the
VOC adsorbed. The operating cost was calculated on the basis of the
nitrogen consumption (0.18 D m−3, Supplier – Air Liquide) and the
energy costs for heating nitrogen (60 D Mwh−1, French electricity
tariff). The heat added to nitrogen is calculated by the product of
mass flow of nitrogen [m] (kg h−1), specific heat capacity of nitrogen
[cp] (KJ kg−1 K−1) and temperature [�T] (K). The efficiency of the
heating system is taken into account as 75% from the manufacturer.
This energy is applied for 1 h regeneration time and the heating
costs could be evaluated with the price of electricity (60 D MWh−1).
The mechanistic models for evaluating regeneration efficiency (RE)
and the operating costs (OPD ) obtained by doing an ANOVA with
the MINITAB software. The same approach has been implemented
to the other VOCs such as dichloromethane and acetone and the
results of FED equation for each VOC are presented as follows:

For acetone – ACV 404 system:

RE% = 57.8 + 7.2.T + 11.65.v + 5.1.T.v (9)

OPD (D /kg) = 6.5 − 0.6.T + 0.2.v − 0.3.T.v (10)

For ethyl formate – ACV 404 system:

RE % = 62.1 + 6.2.T + 10.9.v + 0.8.T.v (11)

OPD (D /kg) = 4.5 − 0.34.T + 0.21.v + 0.11.T.v (12)

For dichloromethane – ACV 404 system:

RE % = 64.7 + 7.2.T + 11.2.v + 1.8.T.v (13)

OPD (D /kg) = 3.79 − 0.41.T + 0.11.v − 0.05.T.v (14)

The error on reproduction of data is always 10% on the regen-
eration efficiency of different VOCs. In Tables 3–5 regeneration
of FED (T = 150 ◦C, v = 0.136 m s−1). The experimental results were
compared with the mechanistic models (Eq. (9))  and the error per-
centage of the mass of regeneration of all VOC is always less than
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Fig. 5. FED measure of influence of operating conditions on operating costs.

%. This shows that the mechanistic model is statistically and real-
stically consistent within the range of operating conditions chosen.
o the Eqs. (9)–(14) could be used to interpolate the regeneration
fficiency and the operating costs for the different families of VOCs.

Figs. 4 and 5 are plotted by taking the dimensionless coefficients
from Eqs. (9) to (14)) of the corresponding operating conditions
T, v) and their interaction effect (T × v) to compare their influence
n regeneration efficiency and operating costs for different VOCs.
rom the Fig. 4, it could be concluded that the superficial velocity
f the nitrogen (v) has influenced more on achieving higher regen-
ration than the nitrogen temperature (T) for all the VOCs. And also
he interaction effect is significantly stronger for the case of acetone
ompared to dichloromethane and ethyl formate. From the Fig. 5, it
ould be concluded that the increase in temperature of nitrogen has
ecreased the operating cost for all the cases of VOCs. This was due
o the fact of increasing the temperature had increased the regen-
ration of VOCs and decreased the regeneration time. The decrease
n regeneration time has strictly implied less consumption of nitro-
en. And the increase in superficial velocity decreased the operating
ost, where as it slightly increased the cost for acetone and ethyl
ormate. The interaction effect in the case of acetone has decreased
he operating cost significantly in case of acetone compared to the
ase of dichloromethane and ethyl formate.

.3. Simulation results of the hot nitrogen regeneration step

An example of simulation results of regeneration concentra-
ion and temperature profile of ethyl formate have been shown
n the Figs. 6 and 7. The average error percent of the mass of ace-

one regenerated between the simulations and the experiments
as 3.1%. It had been noticed in Fig. 6, there has been a delay in

he regeneration concentration profile of the experimental in com-
arison with the simulation results. This was due to the fact of

ig. 6. Regeneration concentration profile of ethyl acetone at 170 ◦C and 0.17 m s−1.
Fig. 7. Regeneration temperature profile of ethyl formate at 170 ◦C and 0.17 m s−1.

overestimation of the effective mass transfer coefficient of solid
to gas (K) in the simulation model. The adjustable effective mass
transfer coefficient (K) had been optimized to the best fit of the
simulation curve. There were T1, T2, and T3 thermocouples which
have recorded at the 4 ports of the column (at x = 2, 19 and 25 cm).
The simulation and the experimental readings are marked are ‘Exp’
and ‘Sim’ respectively in the above Fig. 7. In Fig. 7, the rise in temper-
ature profile in the simulation was faster than in the experiment.
This behavior explains the delay in the regeneration concentration
profile of the experiment in comparison with the simulation.

5. Conclusions

The hot nitrogen regeneration operating condition (T = 170 ◦C;
v = 0.17 m s−1) was very effective for the VOCs involved (acetone,
ethyl formate and dichloromethane) to achieve high regeneration
at an optimized cost. Thanks to the FED tool which has played a
very important role in the art of designing and optimizing the state-
of-art hot nitrogen regeneration process (TSA). Comparison on the
different families of VOC regeneration were analyzed in a detailed
fashion that how each operating condition and their interaction
effect contributed to the regeneration efficiency and the operat-
ing cost. The dynamic systems of adsorption and regeneration had
been simulated and validated with the experimental results. The
simulation tool had been very useful in (1) choosing the right
microporous activated carbon; (2) optimizing the design aspects of
adsorption and regeneration process (2) techno-economic analyses
(3) analysing security risks in the event of bed fires.
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