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n-Hexane is widely used in industrial production as an organic solvent. As an industrial
exhaust gas, the contribution of n-hexane to air pollution and damage to human health are
attracting increasing attention. In the present study, aqueous solutions of two fluorocarbon
surfactants (FSN100 and FSO100) were investigated for their properties of solubilization and
dynamic absorption of n-hexane, as well as their capacity for regeneration and n-hexane
recovery by thermal distillation. The results show that the two fluorocarbon surfactants
enhance dissolution and absorption of n-hexane, and their effectiveness is closely related
to their concentrations in solution. For low concentration solutions (0.01%–0.30%), the
partition coefficient decreases dramatically and the saturation capacity increases signifi-
cantly with increasing concentration, but the changes for both are more modest when the
concentration is over 0.30%. The FSO100 solution presents a smaller partition coefficient
and a greater saturation capacity than the FSN100 solution at the same concentration,
indicating a stronger solubilization for n-hexane. Thermal distillation is a feasible method
to recover n-hexane from these absorption solutions, and to regenerate them. With 90 sec
heating at 80–85°C, the recovery of n-hexane ranges between 81% and 85%, and the
regenerated absorption solution maintains its original performance during reuse. This
study provides basic information on two fluorocarbon surfactants for application in the
treatment of industrial n-hexane waste gases.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

n-Hexane is widely used as an organic solvent in several in-
dustries around the world, such as cleaning, printing, food
processing, vegetable oil extraction, petroleum process-
ing and plastics manufacturing (US EPA, 2007; Zamir et
al., 2012). In China, it is applied even more extensively.
For example, there are 534 enterprises using n-hexane in
the Baoan District of Shenzhen City alone (Yang et al.,
2011).
ig.ac.cn (Bo Yan).

o-Environmental Science
Because n-hexane has high volatility and high lipid
solubility, its cumulative influence on human health has
attracted increasing attention (CCOHS, Canadian Centre for
Occupational Health and Safety, 1985; Card, 1998; ATSDR,
1999; Chen and Wu, 2004; Hu and Yu, 2006; Wu et al., 2013).
n-Hexane mainly damages the nervous system, and causes
poisoning (Yang et al., 2007) and cancer promotion (CCOHS,
1985), thus n-hexane pollution of the atmospheric environ-
ment cannot be ignored (Hernández et al., 2010; Yang et al.,
2010). In China, n-hexane poisoning has occurred frequently
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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(He et al., 2000; Kuang et al., 2001; Jia et al., 2005; Wu et al.,
2006; Huang et al., 2012), and it has become the main
occupational disease in some areas (Wang et al., 2014).

Similar to other hydrophobic VOCs (volatile organic com-
pounds), n-hexane removal methods include incineration and
catalytic combustion (Khan and Ghoshal, 2000; Zou et al.,
2006; Li et al., 2009; Xi et al., 2012; Xu and Li, 2012; He et al.,
2014), adsorption (Wu et al., 2001; Das et al., 2004; de Yuso et
al., 2013; Sun et al., 2014), biodegradation (Kennes et al., 2009;
Hassan and Sorial, 2007, 2010; Estrada et al., 2013), and a
combination of some technologies such as biodegradation
plus photocatalytic degradation (Saucedo-Lucero et al., 2014).
The absorption technique is usually used in a two-phase
bioreactor, and its purpose is to solubilize hydrophobic VOCs
and improve the efficiency of biological treatment (Davison
and Daugulis, 2003; Daugulis and Boudreau, 2003; Zhu et al.,
2004; Arriaga and Revah, 2005; Muñoz et al., 2006; Li et al.,
2007; Dumont et al., 2010; Eibes et al., 2010; Hassan and Sorial,
2010; Arca-Ramos et al., 2012; Edwards et al., 1991; Wang et
al., 2013). However, a separate application of n-hexane waste
gas absorption treatment has not been reported, and only
limited data on the solubilization of n-hexane is available,
and this is related to silicone oil (Muñoz et al., 2006) and some
hydrocarbon surfactants (Hassan and Sorial, 2007, 2010;
Wang et al., 2013).

The absorption method, characterized by simplicity and
safety, low operational cost, and recyclable resources (Heymes
et al., 2006a; Blach et al., 2008), has obvious advantages over
other techniques for the treatment of high concentrations of
VOCs. The key is the choice of absorbent with a large satura-
tion absorption capacity to the targeted VOC or VOCs, a high
removal efficiency, and capable of being renewed through a
simple regeneration process (Heymes et al., 2006b). As repre-
sentative special surfactants, fluorocarbon surfactants, as com-
pared with hydrocarbon surfactants, have lower CMC (critical
micelle concentration), stronger ability to reduce interfacial
tension, and higher chemical and thermal stability (Kissa, 1994;
Kovalchuk et al., 2014), and are therefore more suitable for
absorption treatment of n-hexane andother hydrophobic VOCs.
However, there is no report on the use of fluorocarbon sur-
factants in the solubilization of n-hexane.

In the present study, two commercial fluorocarbon surfac-
tants (Zonyl FSO100 and Zonyl FSN100) with excellent surface
activity (Szymczyk, 2011, 2013) were selected to investigate
their performance in solubilization and dynamical absorption of
n-hexane, and to examine the feasibility of both recovery and
regeneration of the absorbent solution by thermal distillation.
The purpose of this study is to provide basic information thatwill
be useful for the application of the two fluorocarbon surfactants
in the treatment of n-hexane-loaded waste gases.
1. Materials and methods

1.1. Materials

The two fluorocarbon surfactants Zonyl FSN-100 (FSN-100)
and Zonyl FSO-100 (FSO-100) were purchased from Du Pont
Company (USA), with a purity >99%. They are ethoxylated
nonionic fluorocarbon surfactants, having respectively an
average of 14 (from 1 to 26) and 10 (from 1 to 16) poly-
oxyethylene units and 6 (from 1 to 9) and 5 (from 1 to 7) CF2
groups (Szymczyk, 2013; Szymczyk et al., 2014). Both FSN-100
and FSO-100 have very low CMC values, 6.88 × 10−5 and
9.37 × 10−5 mol/L respectively (Szymczyk, 2013), equivalent
to 0.05–0.06 g/L (calculated on the basis of their average
molecular weight). n-Hexane used in the experiment was
analytical reagent, and water was double distilled deionized
water.

1.2. Determination of partition coefficient

The partition coefficient (H) of an absorbent solution can be
deduced by a variety of methods (Gossett, 1987; Peng and
Wan, 1997; Dumont et al., 2010). The phase ratio variation
method (Peng and Wan, 1997) was used in the present study
since the ratio of the gas phase concentrations is simply the
ratio of the GC peak area without real quantification. The
computational formula is expressed as below:

1
AP

¼ RF

H
CL þ RF

CL
� VG

VL
ð1Þ

where, CL (mol/L) is the concentration of n-hexane in the
liquid phase; VL (L) is the liquid phase volume in the head-
space bottle when gas–liquid equilibrium is reached; VG (L)
is the gas phase volume in the headspace when gas–liquid
equilibrium is reached; RF (dimensionless) is the response
factor of the gas chromatograph; AP (dimensionless) is the gas
chromatograph peak area of the gas phase; and H (dimen-
sionless) is the partition coefficient.

According to this formula, a linear relation exists between
1/Ap and VG/VL, with a slope S (S = RF/CL) and an intercept I
(I = RF/H × CL). Thus, the partition coefficient (H) is the ratio of
the slope to intercept (Peng and Wan, 1998), or

H ¼ S
I

ð2Þ

Experimental details are as follows. For each fluorocarbon
surfactant, 100 mL aqueous solutions with different concen-
trations (0.01%,0.05%,0.1%,0.3%,0.5% and 1%) were prepared
with 20 μL of liquid n-hexane added to each solution. Thus,
6 sets of solutions with different surfactant concentrations,
but the same n-hexane concentration, were prepared for each
surfactant. They were left to stand at 25°C for 1 hr (n-hexane
was completely dissolved in the solution), and then 2, 5, 10, 15
and 20 mL samples from each 100 mL solution were trans-
ferred respectively to a series of 40 mL headspace vials. The
vials were vibrated for 2 hr, allowed to stand for 0.5 hr, and
then 10 μL gas from the head space of each vial was extracted
by a sampling needle to measure the gas phase n-hexane
concentration using a gas chromatograph. The n-hexane peak
area was used to represent its concentration in the gas phase.
A plot of the reciprocal of the peak area against the ratio of the
gas phase volume to the liquid phase volume was made for
a solution with a specific surfactant concentration, with the
data showing a linear correlation. The ratio of the line slope
to its intercept is the partition coefficient of the solution. For
comparison with literature values, the Henry's law constant
of n-hexane for the deionized water was determined using the
same method.



165J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 3 7 ( 2 0 1 5 ) 1 6 3 – 1 7 1
The gas chromatograph was a Shimadzu GC-2010 (Japan)
with a DB-wax column (30 m × 0.25 mm × 0.5 μm). The main
operating conditions were: vaporizing chamber temperature
200°C, FID detector (APC-2010, Shimadzu, Japan) temperature
250°C, high purity nitrogen carrier gas, and injected sample
amounts of 10 μL.

1.3. Dynamic absorption

The principle of the experimental device is shown in Fig. 1.
A tank of compressed dry air (the ratio of nitrogen to oxygen
being the same as for air) (1) provides an air flow with a
pressure of 105 Pa. The air flux was split into two paths, which
were controlled by two rotary flowmeters (2). One pathway of
the air was through a vessel (4: vessel 1) with some amounts
of liquid n-hexane, and the passed air contained some
amounts of n-hexane vapor. The gas stream was mixed with
another path of clean air in another vessel (6: vessel 2) where
the n-hexane-bearing gas was diluted to a desirable n-hexane
concentration to form a simulated exhaust gas. The simulated
exhaust gas then entered into a gas dispersing device (7)
located at the bottom of a long column (8: vessel 3) filled with
an absorption solution. As a result, the incoming gas was
effectively dispersed to form small bubbles passing through
the absorption solution. The tail gas was finally emitted from
a small opening (10) at the top of the absorption vessel. During
the experiment, the temperatures of the liquid n-hexane
and absorption solution were controlled respectively by two
thermostatic baths (5). The VOC background value, caused
possibly by the absorption solution itself, was measured as
the vessel (3) was closed, and the inlet gas n-hexane con-
centration was measured as the vessel (9) was opened. The
n-hexane concentration in the gas flux and the inlet air
1
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5

Fig. 1 – Schematic diagram showing the formation and absorptio
flowmeter. 3. Valve. 4. Gaseous n-hexane producer. 5. Thermost
dispersing device. 8. Absorption column. 9. Valve. 10. Outlet gas
flux rate were controlled by adjusting the two rotary flowme-
ters (2).

For a comparison with the partition coefficient mea-
surements, absorption experiments of the aqueous solutions
of the two fluorocarbon surfactants with 6 concentrations
(0.01%, 0.05%, 0.1%, 0.3%, 0.5%, 1.0%) were carried out. The
absorption experiment conditions were set as 25 g of absorp-
tion solution, a temperature of 25°C, and an inlet gas flow
rate of 100 L/hr with a n-hexane concentration of 3000 mg/m3.

1.4. Measurement of n-hexane concentration in gas phase

The n-hexane concentration in the inlet and outlet gases
was measured by a VOC detector (PGM-7320, RAE, USA). The
principles and characteristics of the detector were described
by Xiao et al. (2013). The detector measures only the total
VOC concentration; however, the investigated gas in the
present study contains only n-hexane, therefore the total
VOC is in fact the n-hexane concentration. The detector has a
high accuracy with an error ≤3% within its detection range
(<10,000 mg/m3 VOC).

For each absorption experiment, the two detectors were
set to record the n-hexane concentration of inlet and outlet
gases once a minute, until both concentrations were equal,
when the tested absorbent solution was accepted as having
reached its saturated absorption. The instantaneous absorp-
tivity or removal rate (At, %) of n-hexane was computed by the
Eq. (3)

At ¼ c0−ct
c0

� 100% ð3Þ

where, c0 (mg/m3) is the inlet gas concentration of n-hexane,
and ct (mg/m3) is the outlet gas concentration of n-hexane.
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n process of n-hexane-loaded gas. 1. Air bottle. 2. Rotary
atic bath. 6. n-Hexane concentration-dilution vessel. 7. Gas
tube.



Table 1 – n-Hexane partition coefficients (H) for the aqueous
solutions of two fluorocarbon surfactants at 25°C.

Concentration (%) H(FSN100) H(FSO100)

0.01 11.91 9.51
0.05 11.18 8.89
0.1 10.11 7.78
0.3 4.48 3.21
0.5 3.10 2.13
1 1.32 1.09
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1.5. Calculation of n-hexane concentration in the liquid phase

The saturated n-hexane concentration (Cs, mg/g) based on the
absorption curve can be calculated by Eq. (4) (Heymes et al.,
2006b)

Cs ¼ QG

m0

Z
c0−ctð Þdt ð4Þ

where, QG (m3/hr) is inlet gas flow rate; and m0 (g) is the mass
of absorption solution.

1.6. Recovery of n-hexane and reuse of absorption solution

In theory, such methods as solvent extraction, pervaporation,
air stripping and thermal distillation can all recover n-hexane
from an absorbent solution in different degrees, and thereby
regenerate it (Heymes et al., 2006a, 2006b). Considering the
low boiling point of n-hexane (68.7°C) and the good thermal
stability of the fluorocarbon surfactants used, we chose ther-
mal distillation for this purpose. The experiment consisted
of three steps: (1) Two absorbent solutions respectively with
a FSN100 and FSO100 concentration of 0.30% and their
corresponding saturated n-hexane concentrations (based on
the dynamic absorption experiment results) were prepared.
(2) The influence of heating temperature and heating time on
the recovery rate of n-hexane was investigated for the two
absorbent solutions to determine the distillation conditions.
The heating temperature was set from 65 to 90°C, around
the boiling point of n-hexane. A pre-test indicated that an
azeotrope was formed for the two absorbent solutions when
the temperature was increased to close to the boiling point
of n-hexane, and most of the n-hexane was distilled out from
the absorption solution within 1–2 min. Thus, the heating
duration was set from 30 to 150 sec. (3) With distillation con-
ditions determined from the above steps, each absorption
solution (with a FSN100 or FSO100 concentration of 0.30%) was
reused 5 times under the conditions described above, includ-
ing absorption and distillation processes, and the saturated
absorption concentration and n-hexane recovery rate was
calculated for each cycle. The n-hexane recovery rate (Rn, %) at
n times of reuse is calculated by Eq. (5):

Rn ¼ Cnr

Cns
� 100% ð5Þ

where, Cns (mg/g) is the saturation n-hexane concentration
of the absorption solution at n times of reuse; and Cnr (mg/g) is
the recovered n-hexane concentration from the absorption
solution at n times of reuse.
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Fig. 2 – Changes in n-hexane partition coefficients with
concentration for the fluorocarbon surfactants.
2. Results and discussion

2.1. Partition coefficient

According to literature values, the Henry's law constant of
n-hexane at 20–30°C ranges from 36.75 to 42.4 (Ashoworth
et al., 1988; Vergara-Fernández et al., 2006; Yang et al., 2010).
A similar value of 39.87 at 25°C was obtained from the present
study, confirming the reliability of the method used.
Table 1 presents the n-hexane partition coefficients of the
absorbent solutions. Fig. 2 highlights the relationship between
the partition coefficients and concentrations. In the investi-
gated concentration range (0.01%–1.0%), the partition coeffi-
cient of FSO100 is smaller than that of FSN100, indicating
its stronger solubilization capacity. FSO100 has a similar CMC
value, but a shorter ethoxy chain length as compared with
FSN100 (Szymczyk, 2013; Szymczyk et al., 2014). According to a
study carried out by Yeom et al. (1996), a greater ethoxy chain
length for ethoxylated nonionic surfactants will decrease the
solubilization effect on hydrophobic organic compounds, a
possible reason for the partition coefficient difference be-
tween the two fluorocarbon surfactants.

The partition coefficients of both FSN100 and FSO100 solu-
tions decrease with increasing concentration, but the slope
of the curve decreases in the higher concentration range,
with a clear inflection point at about 0.30% (Fig. 2). A similar
trend was reported by Yang et al. (2010) for the four hydro-
carbon surfactants of sodium dodecyl sulfate (SDS), cetyl-
trimethylammonium bromide (CTAB), tert-octylphenoxypoly-
ethoxyethanol (Triton X-100), and polyoxyethylene (20)
sorbitan monooleate (Tween 80) in solubilizing n-hexane,
however the inflection point concentrations vary widely for
the four hydrocarbon surfactants, with a value of 5 g/L for
SDS, 3 g/L for CTAB, 1.5 g/L for Triton X-100 and >4.5 g/L for
Tween 80. They believe that this trend could be caused by a
change in micelle structure as the surfactant concentration
increases. As the surfactant concentration increases to a
certain amount (0.5% for the two fluorocarbon surfactants),
excessive micelles occur and the solubilization ability could
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be affected by their interaction, which would restrain the
general solubilization performance to some extent.

According to the data presented by Yang et al. (2010), the
n-hexane partition coefficient of Triton X-100 is the smallest
among the above hydrocarbon surfactants. As compared with
the present results, both FSN100 and FSO100, have an even
smaller partition coefficient at the same concentration, indi-
cating a greater solubilization. For instance, at a concentration
of 0.1%, the partition coefficients of Triton X-100, FSN100 and
FSO100 are 16.3, 10.11 and 7.78, respectively. The CMC value
of Triton X-100 is 0.112 g/L (Yang et al., 2010), while those of
FSN100 and FSO100 are about 0.05-0.06 g/L (see Section 1.1).
This means many more micelles can be formed from FSN100
and the FSO100 at the same concentration, which should be
the main reason for their larger solubilization capacity com-
pared to the hydrocarbon surfactants.

Matsuoka et al. (2014) investigated the solubilization of
naphthalene and octafluoronaphthalene in some ionic fluoro-
carbon surfactants. They attributed the quite low solubilization
to their small aggregates (micelles) composed of nonflexible
fluorocarbon chains, which might not be good at solubilizing
fluorocarbon and hydrocarbon compounds owing to their own
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Fig. 4 – Absorption curves of the aqueous solutions of
close-packed aggregate structures. Both FSN-100 and FSO-100
are ethoxylated nonionic fluorocarbon surfactants. Non-ionic
surfactants are generally applied to make oil-in-water emul-
sions (Myers, 1992), and exhibit stronger solubilization of
hydrophobic VOCs, as compared with anionic or cationic sur-
factants with a similar length hydrophobic chain (Kile and
Chiou, 1989). According to the data reported from Szymczyk
(2013), the average size of their aggregates is close to that of
a sphere having a radius ranging from 15.70 to 32.30 Å when
the concentration is greater than their CMC values, thus with
quite enough space to trap n-hexane (4.9 Å molecular size),
which would be a reason of their obvious solubilization toward
n-hexane in the present study. This implies that the solubiliza-
tion capacity of fluorocarbon surfactants, similar to hydrocar-
bon surfactants (Liu et al., 2010), is also strongly related to their
structures as well as the properties of solubilizates, although
there are currently quite limited data available (Matsuoka et al.,
2014).

A linear relation was observed between the reciprocal of
partition coefficients and the concentrations of the studied
FSN100 and FSO100 solutions, with a correlation coefficient
of 0.98 and 0.99, respectively (Fig. 3), similar to the results
for the four hydrocarbon surfactants investigated by Yang
et al. (2010). Therefore, the n-hexane partition coefficient of
a fluorocarbon surfactant solution can be also deduced from
its concentration.

2.2. Absorption efficiency

Fig. 4 presents the n-hexane absorption curves of aqueous
solutions of FSO100 and FSN100with different concentrations.
An increase of the absorbent concentration can improve the
absorptivity and increase the saturation concentration. How-
ever, when the absorbent concentration reaches a certain
level (about 0.3%), the saturation concentration increase be-
comes very slow. Taking FSO100 as an example, as its concen-
tration increases from 0.01% to 0.3%, the initial absorptivity
and saturation concentration of n-hexane increase from 79%
to 91% and from 1.5 mg/g to 2.9 mg/g respectively, however,
when its concentration increases further from 0.3% to 1%, the
initial absorptivity and saturation concentration only increase
from 91% to 93% and from 2.9 mg/g to 3.2 mg/g, respectively
(Figs. 4 and 5). Comparing FSO-100 and FSN-100 solutions, the
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former has a greater saturation concentration (Fig. 5), consis-
tent with the solubilization capacity indicated by the partition
coefficients (Fig. 2).
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Fig. 7 – Changes in n-hexane concentration in the absorbent solu
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As the partition coefficient of the absorbent solutions
decreases, the absorption saturation concentration increases,
but this is not a linear relationship (Fig. 6). For low concentra-
tion solutions (0.01%–0.1%), a small decrease of the partition
coefficient corresponds to a large increase in the saturation
concentration. However, with a further decrease of the par-
tition coefficient (0.1%–1.0% of the absorbent concentration),
the increase of the saturated absorption concentration becomes
slower. This shows that the dynamic absorption process of
n-hexane cannot be fully explained by the partition coefficient.
As the n-hexane concentration in the absorption solution is
increased to a certaindegree, there is no corresponding increase
in the saturated absorption concentration, even if the absorp-
tion solution has a very low partition coefficient. This is mainly
because the gas–liquidmass transfer process is not only related
to the characteristics of the absorption solution, but also is
influenced significantly by operating conditions as well as
the absorption device (Yeom et al., 1996). In spite of this, the
partition coefficient is the main factor controlling the con-
centration of saturated absorption for solutions with the same
absorbent.

2.3. Recovery of n-hexane and regeneration of absorbent
solution

The distillation experiments were carried out on FSN100 and
FSO100 solutions with an absorbent concentration of 0.3%,
and n-hexane concentrations of 2.3 mg/g and 2.9 mg/g re-
spectively, which are equal to their absorption saturation
concentrations. When the heating temperature was increased
to 80–85°C, most of the n-hexane was distilled out from the
solution in a very short period of time (60–90 sec; Fig. 7a). With
an extension of time of distillation, the amount of distilled
n-hexane was not significantly increased (Fig. 7b). Thus, the
temperature to recover n-hexane from the absorbent solution
was set at 80–85°C with a distillation duration of 90 sec.

Five repeated reuses of the FNS100 and FNO100 absorbent
solutions gave essentially the same absorption curves (Fig. 8),
indicating an identical absorption performance. The absorp-
tion efficiency of the initial solution was slightly better than
that of the reused solution (Fig. 9). This is because the dis-
tillation cannot completely recover the n-hexane from the
absorbent solution, with a residual of 0.2–0.3 mg/g, which
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slightly reduces the absorption efficiency during the reuse.
The n-hexane recovery rate during the five reuse cycles is
similar, as high as 81%–85% (Fig. 10). Therefore, the thermal
distillation (≤85°C) does not destroy the chemical structure of
the fluorocarbon surfactant, showing that this is a feasible
method for recovering n-hexane and regenerating the absor-
bent solution.
3. Conclusions

The following conclusions were obtained through the study
on solubilization, absorption and recovery of n-hexane in
aqueous solutions of two fluorocarbon surfactants (FSN-100,
FSO-100). (1) The two fluorocarbon surfactants are very ef-
fective in the solubilization of n-hexane, and the partition
coefficients are controlled by their concentration. For the low
concentration (0.01%–0.30%) solutions, the partition coefficients
decrease with the increase of absorbent concentration; how-
ever, as the concentration is increased above 0.3%, the decrease
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Fig. 9 – Changes of saturated absorption concentration of
n-hexane for the FNS100 and FNO100 absorbent solutions
during reuse (inlet gas concentration 3000 mg/m3).
in partition coefficient becomes much slower. (2) The absorp-
tion of n-hexane by the two fluorocarbon surfactants follows
a similar pattern to the partition coefficient. Within the con-
centration range of 0.01%–0.30%, the saturation concentration
increases strongly with increasing concentration, whereas
the saturation concentration increases only slightly within
the concentration range from 0.30% to 1.0%. (3) Compared
with hydrocarbon surfactants reported in the literature, the
two fluorocarbon surfactants have a stronger solubilizing
capacity for n-hexane. Of the fluorocarbon surfactants FSO100
and FSN100, the former has the higher solubilization capacity.
(4) Thermal distillation is highly efficient in recovering n-hexane
from the absorbent solutions, and in regenerating them. Under
the conditions of 80–85°C and 90 sec heating duration, the
n-hexane recovery rate reaches 81%–85%, and the regenerated
absorption solution maintains its initial absorption capacity
during several reuses.
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