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Abstract

Volatile organic components (VOC) in the air entail health and environmental concerns. A possibility to treat industrial polluted air loaded with 
VOCs is absorption. In case of hydrophobic components such as toluene, poor solubility in water requires to use a specific heavy absorbent. A 
detailed comparison and evaluation of different kinds of organic absorbent was undertaken in purpose of toluene absorption. Four chemical classes 
w  
a  
i

K

1

i
o
g
e
t
a
m
s
s

i
m
a
c
c
V

other
o sin-
s are

tech-
able.
h as
en-

able
t. In
other

neity
uently,
rbent

bent
dus-
i) a
ols
ere tested (i) polyethylene glycols, (ii) phthalates (iii) adipates and (iv) silicon oil. Experiments were performed to check gas–liquid partitioning
nd viscosity. Diffusion coefficients were calculated. Results showed that di(2-ethylhexyl)adipate best suits the requirements to be used as an

ndustrial absorbent.
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. Introduction

Atmospheric volatile organic compounds (VOCs) are
nvolved in photochemical reactions creating ground-level
zone (urban smog) and entail environmental threats such as
lobal warming, acid rains and air toxics. Although VOCs are
mitted naturally, human sources are more dominant in emitting

hese chemicals in urban/industrialized areas. In order to reduce
nthropic emissions, legislations such as Clean Air Act Amend-
ents[1] (USA, 1990) or EEC Directives[2] (EEC, 1999, 2001)

pecify concentrations levels for VOCs emissions into atmo-
phere.

If no upstream process improvement can lead to a decrease
n the VOC emission, it is necessary to setup an air treat-

ent process. Presently, various processes are available in VOC
batements such as thermal or catalytic oxidations, adsorption,
ondensation, absorption, membrane permeation and biologi-
al treatments[3]. Evaluation and selection of an appropriate
OC abatement technology depends on the concentration and

the nature of the compounds, flow rate of the vent gas and
factors such as safety or economical considerations. But, n
gle method can be used in all cases: most of the method
specific in nature.

This paper focuses on the absorption method, a simple
nology for which numerous treatment equipments are avail
This process presents neither fire nor explosion risk suc
in thermal or catalytic oxidations and can work in sequ
tial steps contrary to biological treatments. The key vari
of this process is the choice of a suitable liquid absorben
case of hydrophobic VOCs, water cannot be used and
kinds of absorbents are required: water–oil emulsions[4],
water–solid suspensions[5], high-boiling absorbents[6–27].
In two former cases, polyphasic nature creates homoge
problems and parallel mass transfer resistances. Conseq
it seems more interesting to use a pure organic abso
[5].

Several authors studied that point. An organic absor
should have the following properties to be attractive for a in
trial process: (i) a high capacity to absorb the VOC, (i
low viscosity and a high diffusion coefficient which contr
∗ Corresponding author. Tel.: +33 4 42 90 85 05; fax: +33 4 42 90 85 15.
E-mail address: philippe.moulin@univ.u-3mrs.fr (P. Moulin).

absorption kinetics, (iii) a low vapor pressure, to reduce loss of
absorbent by stripping and to prevent an unwanted air pollution



Nomenclature

A, B Guzman Andrade coefficients
Cg,in, Cg,out inlet and outlet gas concentrations (g m−3)
D◦ diffusion coefficient at infinite dilution (m2 s−1)
D diffusion coefficient (m2 s−1)
H Henry’s constant (Pa)
M molar weight (g mol−1)
p partial pressure (Pa)
Psat saturation pressure (Pa)
Qg gas flow rate (m3 s−1)
T absolute temperature (K)
t time (s)
VL absorbent volume (m3)
x molar fraction in liquid (–)

Greek letters
γ activity coefficient (–)
η dynamic viscosity (Pa s)

by the absorbent; (iv) no toxicity nor fire or explosion risks; (v)
a low cost.

According to aforesaid criteria, several potential absorbents
were investigated: vegetal oil[6], mineral oil [7], diesel oil[8],
silicon oil [9–17], solar oil[14–15], polyglycols[13,16–25,27],
alkylphthalates[26,28], alkyladipates[26]. Most of the studies
were done in the last decade which illustrates the recent env
ronmental concern and research for preserving air quality. Thes
absorbents were selected according to specific advantages, f
example a high absorption capacity, a good thermal stability o
possibilities of reuse.

Literature review of previous papers on hydrophobic absorp-
tion have pointed out that it is impossible to compare the differen
investigated absorbents, due to a large heterogeneity in chose
pollutants, operating parameters and given results. Moreove
hydrophobic absorption still remains unused, because of over
coming disadvantages including high price, toxicity or high
volatility.

The aim of this research work is to make hydrophobic absorp
tion more competitive by selecting an efficient absorbent, study
ing efficiency and mass transfer in a packed column and the
regeneration of the used absorbent. This paper presents the fi
results of the research: a detailed comparison and evaluation o
different kinds of organic absorbents. Toluene was chosen a
the target hydrophobic VOC because it is a toxic but common
compound used in many industrial applications (printing, car
p

starting point of the investigation was a screening of commer-
cially available components, with the requirement of being safe
and cheap. The screening resulted in selection of four chem-
ical classes (Fig. 1) (i) polyethylene glycols, commonly used
in industry, (ii) phthalates, mainly used as plasticizers in PVC
polymers, (iii) adipates, also used as plasticizers in paints and
(iv) silicon oil, used in numerous industrial applications (anti
foam, lubricant). Only solvents which present no toxicity risk
and have a low vapor pressure were selected: polyethylene glycol
300 (PEG 300) and polyethylene 400 (PEG 400); polydimethyl-
siloxane (PDMS), usually named in the liquid form as silicon oil;
di(2-ethylhexyl) adipate (DEHA); diisobutyl phthalate (DIBP);
diisoheptyl phthalate (DIHP); diisodecyl phthalate (DIDP). No
accurate data were found for viscosity and diffusion coeffi-
cients. Thermodynamic data about toluene equilibrium between
gas phase and solute phase in selected absorbents were also
unknown. Consequently, an experimental part was performed
to check viscosity and thermodynamic equilibrium. Diffusion
coefficients were estimated with the Scheibel equation[30], pre-
ferred to the Wilke-Chang equation for a better accuracy[31].

2. Materials and methods

2.1. Viscosity

Viscosity was measured with a cylindrical viscometer (AR
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50, T.A. Instruments, France). A range of temperatures
esponding to usual temperatures was investigated. For
emperature, shear stress was plotted against shear veloci
lope corresponds to the dynamic viscosity valueη. Viscosity
ecreases with temperature, it is assumed that the behav
ewtonian fluids follows the Guzman Andrade law:

= exp

(
A + B

T

)
(1)

hereη is the dynamic viscosity,T is the absolute temperatu
ndA, B are the Guzman Andrade coefficients.

.2. Toluene liquid–gas equilibrium

Liquid–gas partitioning can be measured with several m
ds such as bubbling, volumetric, thin film and chromatogra
ethods[32]. Since bubbling method is done with a simple ap

atus and allows to cover easily and with precision a large r
f partial pressures, we chose to use this method. The bub

ab-scale setup is shown onFig. 2. The contaminated air was ge
rated by injecting liquid toluene in a dry air stream (1). Flow
f this stream is controlled by a mass flow meter (Brooks 5
R, Holland) (2) and set to 100 L h−1. Injection was done b

e glycol; (2) phthalates; (3) adipates; (4) silicon oil.



Fig. 2. Bubbling plant.

means of a syringe dispenser (3) (Précidor, France), according
to the target gas concentrations range:CG,in = 0.37–3.7 g m−3.
The loaded stream flowed in a buffer volume (4) to homogenize
the gas concentration then through a porous head in the absorbent
solution. The whole system was put into a thermal regulation box
(25◦C) (5). Incoming and outgoing gases were analyzed by a
Flame-Ionization Detector FID (COSMA Graphite 730, France)
(6), and their temperatures were measured (7). Each experiment
was performed as following: bubbler (8) was filled with about
150 mL of absorbent; the exact volume was known by measuring
the real mass introduced and converted by the knowledge of th
density. After 1 h, the temperature of the liquid was measured
to control its 25◦C value. Dry air and toluene injection flow
rates were set to the wanted value. This loaded gas then flowe
through the by pass to prevent polluting the introduced pure
absorbent. Outgoing gas was analyzed by FID and its tempera
ture was controlled. When both temperature and concentratio
were stable, valves were switched and air flowed through the
bubbling vessel. Outgoing gas concentration was followed unti
absorbent saturation, which corresponded to a gas concentratio
equal to the incoming gas composition and stable in time. For a
semi batch reactor, the mass balance is:

QgCg,in = QgCg,out(t) + VL
dCL(t)

dt
(2)

whereQg is the flow rate,VL is the absorbent volume,Cg,in and
C gas
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is perfect, Henry’s law constantH can be defined from the fol-
lowing limit:

H = lim
x→0

p

x
. (4)

The activity coefficientγ is defined by the following equation:

p = γxPsat (5)

wherePsat is the saturation pressure of the component. This
value was found in literature for toluene at 25◦C:Psat= 3803 Pa).
Henry’s constantH and activity coefficientγ are then linked as
following:

γ = H

Psat. (6)

3. Results and discussion

3.1. Viscosity

Viscosity of an absorbent strongly influences mass transfer
kinetics from diffusion and hydrodynamic points of view: a low
viscosity minimizes thickness of the interface layer on the liquid
side and increases diffusion kinetics in this layer.

Fig. 3 shows that all solvents present a Newtonian behav-
ior at 20◦C (linearity of shear stressσ against shear velocity
γ
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g,out are the inlet and outlet concentration of toluene in the
ow. The concentration of toluene in the liquid phaseCL(t) can
e expressed by:

L(t) = Qg

VL
(Cg,int −

∫
Cg,out(t) dt). (3)

The quantity of no absorbed toluene is given by the inte
erm and calculated by a numerical integration. Results allo
alculate the variation of the toluene concentration in the li
hase as a function of time. The limit value is the satura
oncentrationCs.

The vapor liquid equilibrium (VLE) can be expressed in te
f variation of partial pressure of the componentp with its mole

ractionx in the solvent phase. By assuming that the gas p
e
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). The corresponding values of viscosity are given onTable 1.
iscosities were also measured at 30, 40, 50 and 60◦C. The col-

ected data permit to calculate the two parameters in the Gu
ndrade viscosity equation.Table 1gives the obtained valu

or A and B. A good agreement was observed between dat
he equation.

As expected, molecules with a high molar mass like PEG
EG 300 and DIDP present the highest viscosity. But this t

s not respected while comparing phthalates and polygly
lasses: DIDP presents a lower viscosity than PEG 400
IHP presents a lower viscosity than PEG 300 although m
ass of phtalates higher is. Stronger intermolecular interac

ig. 3. Rheology of selected solvents (20◦C): (+) PEG 400; (×) DIDP; (©
EG 300; (�) DIHP; (©) DIBP; (�) PDMS; (�) DEHA. The lines repres

he regression fit.



Table 1
Dynamic viscosityη (20◦C) and Guzman Andrade parametersA, B

Symbol η (Pa s) R2 Guzman Andrade modelization

A (–) B (K) R2

PEG 300 0.0755 0.9998 1.36× 10−7 3930 0.994
PEG 400 0.1336 0.9997 1.84× 10−9 5271 0.983
DIBP 0.0378 0.9999 1.11× 10−8 4420 0.985
DIHP 0.0550 0.9992 5.14× 10−8 4146 0.999
DIDP 0.1188 0.9997 2.70× 10−10 5847 0.990
DEHA 0.0125 0.9962 1.12× 10−6 2748 0.999
SO 0.0198 0.9995 6.93× 10−4 973 0.999

Fig. 4. Gas concentration at the outlet of bubbler (silicon oil, toluene concen-
tration = 3.7 g m−3).

should explain this observation. DEHA and silicon oil present
the lowest viscosities over all experimented liquids, more than
10 times lower than PEG 400. As a consequence, DEHA and
silicon oil seem the most interesting liquids to be used in an
absorption process.

3.2. Thermodynamic equilibrium of toluene between gas
phase and solute phase

An example of experimental data about gas concentration of
toluene at the outlet of the bubbler is given (Fig. 4), and the liq-
uid concentration of toluene was calculated (Fig. 5). Saturation
concentrations values were calculated as indicated in part 2 and
are reported inTable 2. Repetition experiments (five runs) gave

F tra-
t

Table 2
Saturation concentrationsCs (25◦C) for different toluene concentrations in air

Cg,in (g m−3) Cs (g L−1)

PDMS PEG 300 PEG 400 DIDP DIHP DIBP DEHA

0.38 0.39 0.47 0.63 1.05 1.07 1.09 1.06
1.85 2.67 2.25 2.86 4.01 5.08 5.13 5.71
3.70 5.31 4.22 6.80 8.40 9.06 10.60 13.20

Table 3
Henry’s constantH and activity coefficientγ values at 25◦C

Absorbent PDMS PEG 300 PEG 400 DIDP DIHP DIBP DEHA

H (kPa) 5.56 8.15 4.01 2.47 2.77 3.35 1.98
� (–) 1.46 2.13 1.20 0.64 0.75 0.88 0.50

a standard deviationσ = 0.09 g L−1 and the accuracy was deter-
mined as equal to 2%. Three levels of toluene concentration in
gas were investigated: 0.38, 1.85 and 3.70 g m−3.

Eqs.(4) and (6)were used to calculate equilibrium constants
H andγ (Table 3). ThisH value has an explicit interest in air treat-
ment consideration. Indeed, for a given gas phase,H value gives
the composition of the liquid which would be in thermodynamic
balance with the entering air.γ is characteristic of the interaction

Table 4
Comparative chart of activity coefficientsγ with literature

Solvent M (g mol−1) γ (–) Author

Polyethylene glycol 300 300 2.14 This work
Polyethylene glycol 400 400 1.05 This work
Diethyl phtalate 2220 1.22 Alessi et al.[34]
Di-n-butyl phthalate 278 0.70 Alessi et al.[34]

Diisobutyl phthalate 278 0.97 Alessi et al.[34]
278 0.88 This work

Dicyclohexyl phthalate 330 0.82 Alessi et al.[34]
Diisoheptyl phthalate 362 0.73 This work
Di (2-ethylhexyl) phthalate 390 0.75 Alessi et al.[34]
Di (2-ethylhexyl) adipate 351 0.52 This work

Diisodecyl phthalate 446 0.64 Alessi et al.[34]
447 0.65 This work

Butyl benzyl phthalate 364 0.99 Alessi et al.[34]
Butyl ethylhexyl phthalate 331 0.70 Alessi et al.[34]
P
S

ig. 5. Toluene concentration in liquid (silicon oil, toluene concen
ion = 3.7 g m−3).
aratherm 350 10.30a Poddar and Sirkar[7]
ilicon oil 300 6.99a Poddar and Sirkar[7]

a Calculated from Henry’s law coefficient given by the authors.



Table 5
Recapitulative chart of absorbent properties: Henry’s constant H, viscosity η, diffusion coefficient at infinite dilution D◦, vapor pressure Psat

Chemical family Absorbent H (kPa) (25◦C) η (Pa s) (20◦C) D◦ (10−10 m2 s−1) (25◦C) Psat (mPa) (20◦C)

Polyethylene glycols
PEG 300 8.15 0.0755 0.81 <102

PEG 400 4.01 0.1336 1.43 <102

Phthalates
DIBP 3.35 0.0378 2.86 <0.1
DIHP 2.77 0.0550 1.97 <0.001
DIDP 2.47 0.1188 0.91 <0.0001

Adipates DEHA 1.98 0.0125 8.65 <0.01
Silicon oils PDMS 5.56 0.0198 5.46 <0.133

between toluene and the absorbent. Aγ value lower than the
unity translates a more favorable thermodynamic equilibrium
than the case of an ideal solution without interactions.

As expected, the tested solvents present considerably high
absorption capacity. As comparison, Nielsen[33] evaluated
Henry constant of toluene with water such asH equals
53× 103 kPa. Results show that phtalates and adipate have
greater trapping capacities than polyethylene glycols and sili-
con oil. This is confirmed by the low activity coefficients values.
Toluene absorption capacities for phthalates are close to the
one of DEHA although phthalates are based on an aromatic
ring. This aromatic ring does not seem to play a strong role in
toluene solvation mechanism. Polyethylene glycols show inter-
esting absorption capacities despite the value is close to the half
of the previously discussed solvents. PEG 400 and PEG 300 are
based on the same monomer scheme but reveal different absorp-
tion capacities. Silicon oil shows the lowest absorption capacity
of all tested solvents.

Comparison with data from other authors is presented in
Table 4. Alessi et al.[34] used a headspace chromatographic
method to evaluate activity coefficient of toluene in different
phthalates. Poddar and Sirkar[7] gave Henry’s law constants
with silicon oil and a commercial heating oil, Paratherm with
which one it was possible to calculate the activity coefficients.
Our data are close to values proposed by Alessi et al.[34] about
DIDP and DIBP, which validates our experimental method.
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absorbent is mainly important at the investment stage, since the
absorbent is supposed to be regenerated and so no adding of new
solvent is requested. Solvents were chosen from industrial and
commonly used components. Prices of most studied solvents
are less than $3 US per liter. All solvents are on the same price,
except for silicon oil: it appears that silicon oil is approximately
six times more expensive than the other solvents.

3.5. Choice of the solvent

A recapitulative chart of experimental and collected data is
given onTable 5. DEHA appears clearly to be better absorbent
than others as it has high capacity of toluene absorption, low
viscosity, low vapor pressure and high diffusion coefficient for
toluene. Polyethylene glycols were previously studied in VOC
absorption but are definitively not that good due to lower absorp-
tion capacity and a higher viscosity.

Table 6gives activity coefficient of toluene in DEHA at 20,
35 and 70◦C. Henry’s law dependence on temperature can be
expressed as:

ln H = a + b

T
(7)

wherea andb are regression coefficients.a was found equal to
−5772 andb equal to 26.925 K. Determination coefficientR2
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Finally, an overall examination of the experimental and
ected data shows that di(2-ethylhexyl) adipate presents an
ty coefficient significantly lower than the other solvents
hould be very interesting in toluene absorption.

.3. Diffusion coefficients

Diffusion coefficients at infinite dilutionD◦ correspond in
he hypothetic state of a specie which will diffuse at infin
ilution. It is assumed that mass transfer increases with th

usion coefficient, that is why diffusion coefficient plays a str
nfluence on absorption efficiency. Values were calculated b
cheibel equation and are reported onTable 5. Viscosity influ
nces strongly diffusion coefficient, therefore DEHA and sili
il present the highest values.

.4. Economical criteria

Economical criteria have to be taken into account in ord
elect the more suitable solvent in an absorption purpose. C
-

-

f

as equal to 0.9992 on the rangeT = 20–70◦C.

able 6
ctivity coefficientγ of toluene in DEHA at other temperatures, and for diffe
OCs

OC T (◦C) γ (–) Author

oluene

20 0.44 This work
25 0.52 This work
35 0.55 Weisweiler and Winterbauer[26]
70 0.92 Weisweiler and Winterbauer[26]

hlorobenzene 35 0.49 Weisweiler and Winterbauer[26]
enzene 35 0.53 Weisweiler and Winterbauer[26]
-Xylene 35 0.60 Weisweiler and Winterbauer[26]
-Xylene 35 0.61 Weisweiler and Winterbauer[26]
-Xylene 35 0.68 Weisweiler and Winterbauer[26]
thylbenzene 35 0.70 Weisweiler and Winterbauer[26]
yclohexane 35 0.71 Weisweiler and Winterbauer[26]
-Hexane 35 0.76 Weisweiler and Winterbauer[26]
ichloromethane 30 0.30 Hadjoudj et al.[35]
etrachloroethane 30 0.69 Hadjoudj et al.[35]



Previous authors[26,35] studied VLE of DEHA with
other VOCs (Table 6). Results show that DEHA presents
good trapping behavior for other aromatics (γbenzene= 0.53;
γxylenes< 0.68; γethylbenzene= 0.70) and for chlorinated VOCs
((γdichloromethane= 0.30; γ tetracholoethane= 0.69; γchlorobenzene=
0.49).

4. Conclusions and perspectives

This paper aimed to review hydrophobic absorption knowl-
edge, and by a methodic way and a pure industrial purpose to
determine an efficient absorbent. All missing experimental data
were determined, and this allowed selection of di(2-ethylhexyl)
adipate (DEHA) as the most attractive absorbent. Influence
of temperature was correlated in the range 20–70◦C. DEHA
was shown to be efficient in other aromatic and chlorinated
VOCs.

Regeneration of used solvent is the major point not pre-
sented in this study. It is nevertheless the determinant point
to develop hydrophobic absorption in industrial treatment of
VOC loaded air. As said by Poddar and co-workers[36,37]and
Majumdar et al.[11], regeneration of the solvent can be achieved
by a membrane based technology: pervaporation. This process
allows organic separations with low fluxes but high selectivity.
This could perfectly solve the problem of the used absorbent
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