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ABSTRACT

The ability of silver ions to form reversible w-bond complexation with unsaturated hydrocarbons can
be utilized to separate olefins from paraffins using a solution of AgNOs3 dissolved in an ionic liquid (IL).
The process is suggested because of zero vapor pressure of the solvent, which results in higher purity
of the separated product in comparison to when an aqueous AgNOs solution is applied. In the present
study, 1-butyl-3-methylimidazolium nitrate ([Bmim|NOs), an IL that can dissolve AgNOs, is applied as the
solvent. The absorption of ethylene from a gaseous mixture of ethylene/ethane with constant flowrate
in the silver nitrate dissolved media is investigated in silver nitrate concentrations of 1, 2 and 5M, and
temperatures within the range of 5-35 °C. The absolute absorptivity of ethylene is increased from 1.12 to
5.68gl~! at 25°C when the concentration of AgNOs is increased from 1 to 5 M. Maximum absorption of
ethylene is found at near ambient temperatures (15 °C). The absorption selectivity of ethylene to ethane
increases with increase of AgNO3 concentration and decrease with increasing temperature. The capacity
of ethylene absorption in the reactive media at 25°C and 5M concentration of AgNOs is about 0.43 of
that for the aqueous AgNOs3 solution. The results of an applied theoretical model for prediction of total

ethylene absorption can be verified by the experimental results.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Large amounts of olefin/paraffin gaseous mixtures are produced
in the refineries by the processes such as Fischer-Tropsch syn-
thesis, ethane cracking, and also from dehydrogenation unit [1,2].
Low-temperature distillation is a classical method for separation of
olefins from light gases [3,4] that requires large number of stages
and/or high reflux ratios [1]. Extractive distillation, as an alternative
separation method [3,4], requires additive reagents for enhancing
relative volatility of paraffins to olefins [5]. Physical adsorption by
applying ion exchange molecular sieves such as zeolites can also be
used for separation of a gaseous mixture species. These methods are
expensive, appropriate for feeds with high fractions of olefins, and
consume large amount of energy [3]. On the other hand, chemical
absorption of olefins by metallic ions such as silver and copper can
be applied promisingly for separation of such gaseous mixtures,
as those ions have no tendency to absorb paraffins [4,6-11]. Silver
ions can bind specifically and reversibly with olefins. This com-
plexation reaction is reversible with temperature and/or pressure
changes. Olefin molecules donate 7 electrons from their occupied
2p orbitals to the empty s orbitals of the silver ions to form o-bonds.
Back donation of electrons from the occupied d orbitals of the sil-
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ver ions into the empty 7*-2p antibonding orbitals of the olefin
molecules results in m-bonding. Therefore, silver ions can act as
olefin carriers [10,12].

Some processes for separation based on chemical absorption
in an aqueous solution supported on solid substrates [13,14] have
been far proposed [1]. However, due to relatively high vapor pres-
sure of water as the solvent, using a further step for removal of
water to purify the product is inevitable. On the other hand, increas-
ing temperature or applying a sweep gas in the regeneration step
also causes more evaporation of the solvent [1]. Therefore, apply-
ing a solvent with negligible vapor pressure, such as an ionic liquid,
may resolve the problem.

Ionic liquids are salts with an organic cation and monova-
lent inorganic anions. These materials have low melting points
(generally less than 253 K), and high thermal resistance, and are
liquid in a wide range of temperature. Properties of ionic liquids
mainly depend on the characteristics of their anions. These materi-
als are strong ionization reagents but have low dielectric constants
[1,15]. They have been used increasingly as “green solvents” in
recent years due to their low vapor pressure, nonflammability,
low poisoning, and ease of recovery. Most of recent researches
consider the application of ionic liquids in catalytic reactions,
organic synthesis, and electrochemistry. Some studies have been
done by applying ionic liquids in separation of olefins/paraffins in
recent years. One of these works studies the solubility of metal-
lic salts in ionic liquids and also absorption of 1-buthene and
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Nomenclature

a/cm~! interfacial area

Ca/molcm~3 ethylene concentration

Cap/molcm—3 ethylene concentration (in bulk phase)
C;/mol cm~3 ethylene solubility

Chulk/molm~3 silver nitrate concentration

d/cm bubble diameter

dpa/cm  diameter of parabola-shaped bubble
DpJcm?2s—1 diffusivity

E/dimensionless enhancement factor

flcm minor axis of the projected ellipsoid

F/cm major axis of the projected ellipsoid

h/cm liquid level in absorption column after bubbling
ho/cm  liquid level in absorption column before bubbling
hpa/cm  height of parabola-shaped bubble

H/barcm3 mol~! Henry’s constant

Ha/dimensionless Hatta number

k/m3mol-'s~! rate constant

ki, kg/cms=! liquid-side and gas-side mass transfer coeffi-
cients

kov/s~! overall reaction rate constant

N/molcm—3s-1 absorption rate (=Na x a)

Np/molcm=2s-1 absorption flux

Pp/bar  ethylene partial pressure

Q/cm3 min~! volume flowrate of gas mixture

r/molm~—3s-! reaction rate

R/Jmol~1K-1 universal gas constant (8.314] mol-1 K1)

t/min  elapsed absorption time
ty/s time to traverse one bubble diameter
T/K absolute temperature

va/lmol~! gas molar volume at the normal boiling point
x/dimensionless mass fraction of ethylene

Greek letters

€ gas hold-up (dimensionless)
MiL/cP  ionic liquid viscosity
p/gcm—3  density of gas mixture

Subscripts
in inlet flow to the absorption column
out outlet flow from the absorption column

butane in several ionic liquids including silver and copper salts
[1]. Kang et al. [10] studied the separation of isoprene/n-pentane
mixtures through the use of facilitated transport membranes con-
taining complexes of silver ions with an ionic liquid 1-butyl-3
methyl imidazolium tetrafluoroborate ([Bmim]BF4). In another
study, they investigated the effect of three different ionic liquids
on the formation of a partial positive charge on the surface of
silver nanoparticles and its subsequent effect on the facilitated
olefin transport. [Bmim|BF4/Ag membrane showed the best per-
formance for separation of propylene/propane among the three
membranes [16].Kangetal.[17]also observed thatamong the three
ionic liquids of [Bmim]X (X =BF4, NO3, CF3S03) in poly(2-ethyl-2-
oxazoline)/AgNOj; facilitated membranes, [Bmim]NO3 has the most
improved performance for separation of propylene/propane mix-
ture. Ortiz et al. [18] studied the selective absorption of propylene
from the mixture with propane by chemical complexation with
silver ions in [Bmim|BF4/AgBF, solution. Their study has shown
that the sorption capacity of the olefin via silver complexation
in ionic liquid media is even more than that in the correspond-
ing aqueous solution. Huang et al. [19] reported an immobilized
liquid membrane system for separation of olefins and paraffins

(1-pentene/pentane) based on a new class of silver containing
ILs.

While the absorption of olefins in AgNO3 solutions were often
measured in batch systems [8,11], Chang et al. [20] developed a
continuous isothermal separation process for propylene/propane
mixture using AgNO3 solution and zirconium oxide membrane.
In similar studies, facilitated transport membranes were applied
to ethylene/ethane separation using silver nitrate as the carrier
[21,22].

Although the above-mentioned studies have shown that using
ionic liquids in olefin/paraffin separations is a promising applica-
tion, more researches are still required in this field. In the present
study, absorption of ethylene from an ethylene-ethane mixture
in a solution of AgNOs3 in 1-butyl-3-methylimidazolium nitrate
([Bmim]NO3) is studied. A semi-continuous setup is applied for the
present study, which resembles more to the industrial absorption
systems.

2. Materials and equipment
2.1. Materials

The following materials were purchased from manufacturers
and used without further treatments in this study.

AgNOs3; 99.9% (Merck), ethylene; 99.5% (Air Products), ethane;
99.5% (Air Products), nitrogen; 99.5% (domestic manufacture),
NMP; 99.5% (Merck); 1-chloro butane; 99% (Merck), 1-methyl
imidazole; 99% (Merck), P,0s5; 97% (Merck), dichloromethane;
99% (Merck); NaNOs; 99.5% (Fluka), acetonitrile; 99% (Merck),
ethyl acetate; 99.5% (Merck), Alumina; 100-120 mesh (Fluka), and
silica gel; 60mesh (Fluka). Double distilled water used in the
experiments was prepared in the laboratory (electrical conductiv-
ity=49 puscm™1).

[Bmim|NOs is prepared in our laboratory through the following
procedure: In order to synthesis [Bmim]NO3, [Bmim]Cl is first syn-
thesized following the procedure in literature [23]. 51 g (0.6 mol)
of NaNOs is added to 87.32 g (0.5 mol) of [Bmim]|Cl, which is dis-
solved in dichloromethane and stirs for 24 h at room temperature.
The produced suspension is filtered for removal of NaCl and it is
washed several times with small volume of water until no further
Ag(l is precipitated by adding AgNOs. The solvent is evaporated
under vacuum and the ionic liquid is mixed by activated charcoal
for 12 h. The procedure results in 42.43 g of [Bmim|NO3 with 72%
yield [24]. The NMR of synthesized ionic liquid is as follows:

TH NMR (500 MHz; D,0): 0.86 (3H, t, J=7.4), 1.27 (2H, m), 1.80
(2H, m), 3.88 (3H, s), 4.16 (2H, t, J=7.2), 7.43 (1H, t, J=1.7), 7.47
(1H,t,J=1.7),8.71 (1H,s)

The water content of the synthesized ionic liquid by Karl Fischer
is measured to be less than 5 ppm.

2.2. Equipment

The flow rates of gases are measured by an intelligent digital
flowmeter (1000-series, Varian) and calibrated rotameters (Cole
Parmer) in the room temperature and pressure. The rotameters
uncertainties amount up to about +-0.5%. A water bath (Huber, Poly-
stat cc1) is used to control the temperature of absorption column.
The concentration of ethane, ethylene, and nitrogen gas in the inlet
and outlet are measured by a gas chromatograph, GC, with an auto
injector (3800, Varian). The GC uncertainty is determined up to
about 4+0.45%. The applied detector is TCD and the type of column
is 2m x 6.3 mm x 4 mm PORAPAK. Helium is used as carrier gas in
the GC. A digital manometer is used to measure the pressure of the
column.
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Fig. 1. Schematic diagram of setup in the experiments. Solid triangles in the valves show the direction of flow in the absorption mode.

3. Experimental method

The experimental setup is presented in Fig. 1. Ethane and ethy-
lene are mixed in a mixing vessel. The setup is equipped with
3-three way valves. The initial concentration and flowrate of influ-
ent mixture can be measured by changing the direction of flow
in the valves so that the absorption column is located in the
bypass way and the feed gas is entered directly to the GC and
then to the digital flowmeter. The influent gas with volumetric
ethane/ethylene ratio of 1:1 and flowrate of 60 ml min~! enters to a
20-ml absorption column through a sinter-glass distributor located
at the bottom of absorption column. Gas bubbles are absorbed in the
liquid during rising in the absorption column. The unabsorbed gas
exits from the top of the column, is introduced to the GC and then
to the digital flowmeter. The absorption column is placed in the
water bath to control the temperature. The temperature controller
of the water bath is calibrated before the experiments.

In the consequent desorption step, nitrogen gas with a flowrate
of 30 mlmin~! is conducted into the absorption cell with temper-
ature set at 35°C (45°C in final step of desorption) to draw off
the absorbed gas from the solution [3,7]. The endpoint of desorp-
tion process is determined by injection of the desorbed gas into
the GC. In order to investigate the effect of temperature on des-
orption, further experiments are also made at different desorption
temperatures.

Table 1
Density and viscosity of ionic liquid with dissolved AgNOs;.

The experiments are done at four temperatures of 5, 15, 25, and
35°C. The time at which the first bubble exits from the absorption
column is set as the start point of the experiment. The first sample
is injected to the GC 1 min after beginning the experiment. Each
injection takes 5 min to be completed. In order to track the absorp-
tion process precisely, consequent experiments are carried out with
the same conditions, in which the injections are done with differ-
ent time intervals. The endpoint of the experiment is determined
when the outlet flowrate reaches to the influent flowrate.

4. Calculations

The momentary absorption of ethylene is defined as the mass of
absorbed ethylene in unit volume of the absorbing solution at each
time. It can be calculated by mass balance around the absorption
column, i.e. the difference between the mass flowrates of the solute
inlet to and outlet from the system:

Momentary absorption of ethylene = Qi PinXin — QoutPoutXout (1)

where Q/cm3 min—!, p/gcm—3 represent the volume flow rate and
density of the gas mixture, respectively, and x is the mass fraction
of ethylene. The subscripts of “in” and “out” denote to the inlet and
outlet of the absorption column, respectively.

Gas density is calculated from the ideal gas law by knowing
gas pressure and temperature, and the average molecular weight,

Material Density (gcm~—3) Viscosity (cP)

Temperature (°C) Temperature (°C)

10 15 25 35 10 15 25 35
Pure IL 1.166 1.163 1.157 1.150 450.4 312.0 165.3 97.5
1M AgNOs inIL 1.286 1.282 1.275 1.268 509.7 3443 178.2 102.5
2M AgNOs in IL 1.390 1.386 1.378 1.371 566.9 377.9 190.3 107.6
3M AgNOs in IL 1.476 1.472 1.463 1.455 631.3 415.1 204.3 1144
4M AgNOs in IL 1.541 1.536 1.528 1.519 699.8 455.1 220.2 121.9
5M AgNOs in IL 1.626 1.622 1.613 1.604 841.3 533.5 250.8 136.0
NMP 1.042 1.037 1.031 1.018 2.2 2.0 1.7 14
1M AgNOs in IL:NMP (1:1 (vol.)) 1.227 1.223 1.214 na. 29.9 24.0 16.4 na.
5M AgNOs3 in IL:NMP (1:1 (vol.)) 1.654 1.650 1.640 1.632 417.1 2723 128.1 68.1
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Fig. 2. Effect of AgNOs concentration in [Bmim]NO3 on viscosity.

which is calculated based on the mole fraction of each gas. The
densities calculated by the ideal gas law show negligible difference
(about 0.6%) with those calculated by using the virial equation.

Integrating Eq. (1) by numerical methods over the time of exper-
iment gives the total absorption of ethylene:

t
Total absorption = |:/ (QinPinXin — Qout PoutXout) dt (2)
0

5. Results and discussion
5.1. Effect of concentration on total absorption

5.1.1. Physical properties of reactive media

Since the density and viscosity of reactive media has an inverse
effect on gas diffusion through the absorbing solution [25], the
viscosities and densities of pure ionic liquid and its solutions
with AgNO3 are measured and reported in Table 1. The viscosi-
ties of solutions with different concentrations of AgNO3 (1-5M)
are also shown in Fig. 2. The results show that as the temperature
increases the viscosity decreases. In addition, viscosity is increased
by increasing concentration of AgNOs3.

From the values of Table 1, it can be found that the viscosities
of AgNOs3 solutions are significantly higher compared to the vis-
cosities of aqueous solutions. Since the absorption is decreased as
the viscosity is increased, in order to decrease viscosity of the solu-
tion, N-methyl pyrrolidone (NMP), which is a polar solvent with
low vapor pressure and low viscosity, was added to ionic liquid
with a 1:1 (vol.) ratio to produce 1 and 5M of AgNOj3 solutions. As
seen in Table 1, the viscosity of AgNOs3 solution in IL/NMP is lower
than that for the solution of AgNOs in IL. The decrease in viscosity
is especially significant for the 1 M solutions.

5.1.2. Total absorption

The total amounts of ethylene absorption for 1, 2 and 5 M silver
nitrate concentrations are reported in Table 2 at 25 °C in two forms:
the total amount of gas absorbed per solution volume (absolute
absorptivity) in gl-1, and moles of gas absorbed per moles of silver
ion (molar absorptivity). This table shows that as the concentration
of AgNOs is increased from 1 to 5M, the absolute absorptivity is
increased almost linearly. However, the molar absorptivity of the

Table 2
Total absorption of ethylene in absorptive solution at 25 °C.

AgNO;3 concentration/M Total absorption of ethylene

gl! mol mol-! Ag*
1 1.12 0.040
2 2.44 0.044
5 5.68 0.041

solution is increased moderately and then decreased. These results
are in agreement with the findings of other researchers [12,26].
This behavior results from enhanced Ag*/NO3~ interactions in the
concentrated solutions. These self-complexing interactions restrict
the formation of the silver-olefin complex [12], which means lower
degree of dissociation of silver nitrate in the concentrated solutions
[11,27].

The molar absorptivity in the present research may be compared
with the results of Sanchez et al. [28]. In their study, the molar
absorptivity of ethylene in [Bmim]NO3; with 2 and 4 M AgNO; at
60°C were 0.044 and 0.019 molmol~! Ag*, respectively, while in
the present work, this value is 0.044 mol mol~! Ag* in 2 M solution
at 25°C. The difference may be attributed to the difference of the
applied setups and operational conditions.

In order to compare the effect of viscosity on absolute absorptiv-
ity, experimental results for gas absorption in 1 and 5 M solutions,
with and without NMP, at different temperatures are reported in
Table 3. As expected, absolute absorptivity of ethylene in 1 M solu-
tion with NMP is about 1.8-2.8 times higher than the value for
solution without NMP at 25 and 5 °C, respectively. Also, the abso-
lute absorptivities of ethylene at 5,25 and 35°Cin 5 M solution with
NMP are 5, 7 and 38% higher than those in 5M solution without
NMP.

The lower difference between the total absorptions in the solu-
tions of 5M AgNOj; in IL and IL/NMP can be explained as follows:
The degree of dissociation of Ag ions decreases as the concentra-
tion increases [27]. On the other hand, the degree of dissociation
depends directly on the viscosity of the solution [29]. As seen in
Table 1, at a specific temperature, the viscosity of 1 M AgNOs3 solu-
tion in IL/NMP is significantly lower than that for the solution of 1M
AgNOs in IL. On the other hand, although the viscosity of 5 M solu-
tion in IL/NMP is about half of the viscosity of 5M AgNOs solution
in IL, it is still considerably high. Therefore, as seen in Table 3, the
absorption of ethylene for 1M AgNOs3 solution in IL/NMP is much
more than that “without NMP”. On the other hand, the difference of
absorptions for 5M AgNOs3 solution in IL/NMP and for 5M AgNO3
solutionin ILis not significant. In other words, the effects of concen-
tration and viscosity on dissociation of Ag species are co-directional
in this case. These effects may become more pronounced when the
effect of viscosity on the gas diffusion in the liquid is also considered
[25].

5.2. Effect of temperature on absorption

Temperature affects the absorption in a bilateral way where it
causes decrease in viscosity and enhancing the ions mobility lead-
ing to increase in absorption, and on the other hand the solubility
of ethylene (physical absorption) and also the rate of exothermic
complexation reaction are decreased by increasing temperature
[11,27]. Therefore, due to these mutual effects, it is expected that
the absorption is attained to its maximum value within the range
of temperature variation (5-35 °C). This is in agreement with our

Table 3
Comparison between absolute absorptivities of 1 and 5M solutions, without and
with NMP.

AgNOs concentration/M Temperature/°C Total absorption of

ethylene (gethylenel-1)

Without NMP With NMP
1 5 0.66 1.84
25 1.12 2.04
5 5 4.92 5.18
15 6.81 n.a.
25 5.68 6.06

35 4.83 6.68
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Fig. 3. Momentary absorption of ethylene in solution of AgNO3 in [Bmim]NOs.

observation as previously shown in Table 3, in which the maxi-
mum absolute absorptivity of ethylene is observed at intermediate
temperatures of 15 and 25°C.

In order to investigate the effect of temperature on absorp-
tion, the variation of momentary absorption in the solution of
5M AgNO3, which has the highest absorption, is shown in Fig. 3.
Momentary absorption at initial times is in its maximum and
strongly depends to temperature. The absorption is then decreased
while at higher temperatures, due to lower equilibrium constant for
complexation reaction, the decrement is faster [27].

The momentary absorptions for initial and intermediate times
at different temperatures are shown in Fig. 4. As seen in the figure,
momentary absorption for both times first increase by increasing
temperature and reach to their maximums at 25°C and decrease
afterward. Difference in momentary absorption by altering tem-
perature is larger at the initial time rather than at the intermediate
time. In other words, the effect of temperature on absorption is
more significant at initial times.

The time required for absorption to be completed, i.e. absorp-
tion time, for the solution of 5 M AgNOs at different temperatures is
broughtin Table 4. As seen in the table, the absorption time is short-
ened by increasing temperature from 5 to 35°C for the solution
without NMP, and from 15 to 35 °C for the solution with NMP. This
is attributed to increase in the kinetic rate constant of the complex-
ation reaction and its faster saturation at the higher temperatures.

Fig. 5 shows the momentary values of desorbed ethylene during
desorption step. Large variation of momentary desorbed ethylene is
observed at earlier times. However, it decreases along the time and

0.7 7

Y

=

o

- 0.6 1

£ C=5M

“ 05

£E

= £ 04 4

3

% E«" 03 - =2 min

z

= 02 1

=

9

g 01 A

- t-=8 min
00 T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45

Temperature (°C)

Fig. 4. Variation of momentary absorption of ethylene in solution of AgNOs; in
[Bmim]NOs.
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Table 4
Absorption time for 5 M solution of AgNO3 in [Bmim]NO; without and with NMP.

Temperature/°C Endpoint time/min
Without NMP With NMP

5 31 20
15 29 23
25 27.5 20
35 26 10
S
(=]
£= X §°C
s d
£ g A 15°C
2 =
=] +25°C
Lg o 35°C
E 2 001
s =
S =
£ 9 -
5]
E s
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Time (min)

Fig. 5. Momentary desorption of ethylene corresponded to different absorption
temperatures.

approaches to zero after a relatively long time. Some differences are
observed in the first 20 min due to differences in total absorption
at different temperatures. The desorbed ethylene, which is corre-
sponded to absorption temperature of 15°C, is higher than that in
the other temperatures.

The momentary values of desorbed ethane during desorption
step, which are corresponded to different absorption temperatures,
are shown in Fig. 6. It is noticeable that all desorption processes
were made at constant temperature of 45 °C. The amount of ethane
is only considerable within the initial 2 min of desorption.

The same result can be found from Fig. 7, which shows the
weight percent of ethane in the ethylene/ethane mixture in the
outlet during desorption step. It is also noticeable that desorption
of ethane in all of the experiments is lasted within about 20 min,
and pure ethylene is desorbed from the system during desorption
step after complete discharge of ethane. The amount of desorbed
ethylene after complete discharge of ethane corresponded to the
absorption temperatures of 5, 15, 25, and 35°C is 1.026, 1.985,
1.247,and 0.939 g1, respectively. These values are 21, 29, 22, and
19% of the total absorbed ethylene at those temperatures, respec-
tively.
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Fig. 6. Momentary desorption of ethane corresponded to different absorption tem-
peratures.
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Table 5a
Selectivity of ethylene to ethane in different concentrations at 25°C.

AgNO; concentration/M gCyHyg 1 CHg

1 1.30

2 1.84

5 3.36
Table 5b

Selectivity of ethylene to ethane at different temperatures in 5M solution.

Temperature/°C gCyH g 1 CoHg

5 15.38
15 13.90
25 3.36
35 3.29

5.3. Ethylene to ethane selectivity

The selectivities of ethylene to ethane in different concentra-
tions at 25°C are reported in Table 5a. The selectivities in 5M
solution at different temperatures are also reported in Table 5b.
As seen in Table 53, the selectivity is increased as the concentration
of AgNOs is increased. This is because of more available Ag ions
for complexation reaction with ethylene in the higher concentra-
tions as also observed by Sanchez et al. [28]. On the other hand, the
data in Table 5b shows that the selectivities at lower temperatures
are significantly higher than those at higher temperatures. The
decreasing trend of selectivity by increasing temperature is rather
due to increasing in ethane absorption than decreasing in ethylene
absorption. The increase in ethane absorption at higher tempera-
ture can be explained by considering the penetration model. This
model predicts that in the absence of chemical absorption, the
rate of physical absorption is proportional to the square root of
gas diffusivity [30]. On the other hand, gas diffusivity is inversely
in proportion to the liquid viscosity (D o t;;°%%) [25]. As a result,
ethane absorption is increased with decrease in viscosity at the
higher temperatures.

6. Theoretical model for absorption

A theoretical model can be applied to predict the absorption of
ethylene in the IL solution with AgNOs.

The absorption flux in a chemical absorption process is
enhanced by chemical reaction. It can be expressed as [31,32]:

Ne 1
A~ (1/Eaky) + (RT/Hkg)

(CA—Cap) (3)

where Np/molcm=2s-! is the absorption flux of ethylene,
C;/molcm=3 and Cpp/molcm—3 are the ethylene solubility and
concentration of dissolved ethylene in the bulk liquid phase,
respectively. Ea is the dimensionless enhancement factor, ki and
kg/cms~1 are liquid-side and gas-side mass transfer coefficients,

respectively. Ris the universal gas constant (8.314) mol~1 K-1), T/K
absolute temperature, and H/bar cm3 mol~! is the Henry constant.

Mass transfer and associated reactions can be modeled in terms
of the two-film theory with the following assumptions:

1. The reaction is assumed to be fast and of pseudo-first-order, and
is carried out within the film. For this fast absorption regime,
dimensionless Hatta number (Ha) is defined as [22]

k L

where koy/s~! is the overall reaction rate constant and
Dp/cm?s~! is the diffusivity of ethylene in the solution. If the
general reaction between solute ethylene (A) and a solution of
Ag* (B) can be described as [27]

A(sol'n) + B(sol'n) <+ A—B(sol'n) (5)

forward reaction is assumed to be faster than the reverse reac-
tion. Then, koy is obtained as follows [33]:

—TA bulk
kov = =2 = kG (6)

where r/molm=3s-! and k/m3mol~!s~! are the reaction rate
and rate constant for the reaction between ethylene and
Ag* ions, respectively. Ca/molm~3 is the ethylene concen-
tration. CP"%/molm=3 is the silver nitrate concentration in
the bulk liquid phase. The order of magnitude for kinetic
constant of complexation reaction is available in literature
(~2 x 102 m3 mol-1s1) [27].

2. The gas-side mass transfer resistance is neglected (1/kg = 0)
[27].

3. Henry’s law can be applied to estimate the solubility of gas in
the ionic liquid.

4. The concentration of dissolved ethylene in the bulk liquid phase
is assumed to be negligible for the entire reaction period (Ca j, =
0).

5. Gas volumetric flow rate is assumed to be constant.

By applying the enhancement factor based on the surface
renewal theory [34]:

Ep = \/1+ Ha? (7)

the rate of ethylene absorption can be calculated by combining Eqgs.
(3)and (4):

Cia
N= A = Cjay/DakCRUIK + k2 (8)
1/ (k“ /T + (kovDn /kf))

where N/molcm=3 51 (=N, x a) is absorption rate of ethylene and
a/cm~! is the interfacial area. C; can be determined from Henry’s
law:

Pa
" Ha

in which, Henry’s constants for ethylene are available in literature
[35]. Pa/bar is ethylene partial pressure.

The interfacial area is calculated from the observed hold-up in
the experiments:

Ca (9)

6¢e
= di-o (10a)
el *hho (10b)

where ¢ is the gas hold-up, d/cm is the bubble diameter, and hg
and h/cm are the liquid level in absorption column before and after
bubbling, respectively.
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Table 6

Comparison of absorption rates obtained from theoretical model and experimental results.

Temperature/°C Nexp/x10% molcm—3 s~

Ntheo/x10% molcm—3 5! (INtheo — Nexp!/Ntheo)

5 0.179
15 0.195
25 0.219
35 0.378

0.190 0.058
0.263 0.259
0.255 0.141
0.258 0.465

The bubble diameter is determined by taking photos of the rising
bubbles in the column. The bubbles in the present work have an
ellipsoid shape for the viscous absorbing solution. It was observed
that as the viscosity of the solution is decreased, the bubbles turn to
a parabolic, and then to a spherical shape. The equivalent diameter
of the bubbles is then calculated from [36]:

d=3/F2.f (for ellipsoid);

d= m (for parabola) (11)

where F and f/cm are major and minor axis of the projected ellip-
soid bubbles, respectively, and dpa and hpa/cm are the diameter and
height of parabola-shaped bubbles, respectively.

Gas diffusivity can be calculated by the following Eq. [25]:

1

0.66,,1.04
My Vg

Dp =2.66x 1073 (12)

in which gy /cP is the ionic liquid viscosity and va/l mol~1 is the gas
molar volume at the normal boiling point determined using the
method of Tyn and Calus [37].

Liquid-side mass transfer coefficient is determined using Hig-
bie’s penetration model:

_ 2 [Da
VAT

Time to traverse one bubble diameter, t;, /s, is calculated by using
the observed rising bubble velocity and its diameter [38].

The experimental absorption rates were determined from the
observed absorptions in 5M AgNOs solution in IL and the absorp-
tion time. These observed values are compared with those obtained
from the above theoretical model in Table 6. As seen in the table,
there is a fairly good agreement between the theoretical model and
the experimental results, which can verify the applied model. The
calculated values of residual root mean square error (RMSE) and
Chi-square test (x2) [39,40] are 0.010221 and 0.068402, respec-
tively.

ki (13)

7. Comparison of total absorption in ionic liquid and in
water with dissolved AgNO3

Since aqueous AgNOs3 solution is often used for the absorption
of ethylene from gaseous mixture, the values of total absorption in
solutions of 5M AgNOs in both ionic liquid and in water, obtained
from the present system, are compared in Fig. 8. For comparison,
the data obtained by Cho et al. [11] using aqueous AgNO5 solution,
are also shown in this figure (for supplementary data, see Table 7
[41,42]).

As seenin the figure, the absorption capacity of ionic liquid with
dissolved AgNO3 at 5°C is about 0.17 of that for the aqueous solu-
tion in our study. This ratio at higher temperature of 25 °C is about
0.43. Therefore, applying ionic liquid with dissolved AgNOj3 at the
higher temperature may be preferred.

A similar comparison was also carried out by Ortiz et al. for
separation of propylene/propane using [Bmim|BF,4 +0.25 M AgBF,
at 25°C. However, in contrary to our results, they found that the

B [onic liquid (Present system)
O Aqueous solution (Present system)
O Aqueous solution (Cho ct al.)

o]
o
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o
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Fig. 8. Comparison of ethylene absorption for solutions of AgNOj3 in ionic liquid and
in water.

absorption of propylene in [Bmim|BF, is 1.2 times higher than that
in 1M aqueous media [18].

Fig. 9 compares the absorption time in ionic liquid and in water
solutions containing 5M AgNOjs. As seen in the figure, except for
5°C,in which absorption time for ionic liquid with dissolved AgNO3
is about half of that for the aqueous solution, the absorption time
for both solutions are almost the same at the other temperatures.

8. Solvent regeneration

The established bonds in chemical complexation are strong
enough to achieve high selectivity and high capacity for the compo-
nent to be bound. At the same time, the bonds are still weak so that
they can be broken by using operations such as rising temperature
or decreasing pressure [43].

Table 7
Experimental results of ethylene absorption in aqueous AgNOs; solutions from
present system compared to literature data.

Ref. [Ag* /M Temperature/°C mol C;Hy mol~! Ag*
1 5 0.39
15 0.25
Present system 25 0.18
[41] 5 5 0.22
15 0.12
25 0.098
0.1 0.39
0.5 0.36
1 0.35
[C‘i‘;)i)kes etal. 3 20 028
5 0.22
7 0.19
9 0.17
1 5 0.55
15 0.45
25 0.18
2 5 0.34
[C1h10] etal. 15 0.29
25 0.27
5 5 037
15 0.24
25 0.21
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Fig. 9. Comparison of absorption time for aqueous and ionic liquid solutions of
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Fig. 10. Effect of temperature on desorption time from solution of 5M AgNOs in
[Bmim]NOs.

In this study, a heated sweep gas was used to regenerate the
solvent. The same separation efficiency of the repeated experi-
ments indicates that a consistent regeneration was obtained and
the silver-IL medium can be reused many times without any loss
of absorption capability.

As mentioned earlier in Section 3, in order to investigate the
effect of temperature on desorption, further experiments were
made. In these experiments, the solution of 5M AgNOj3 in IL was
first saturated in the absorption column by ethylene at 20°C, and
the absorbed ethylene was then purged by nitrogen gas with a
flowrate of 30 mlmin—! where different temperatures were set for
the column in each run. As seen in Fig. 10, desorption time is short-
ened from 24 min to about 20 min when desorption temperature
is increased from 25 to 45 °C. Although decreasing desorption time
allows longer times for running the system in the absorption mode,
i.e. the higher absorption capacity, it also increases the operational
cost needed for heating up of the column. Therefore, the optimum
desorption temperature and thus desorption period can be deter-
mined by a cost analysis, which considers the operational cost of
desorption step against the fixed cost of the absorption column.

9. Conclusions

(1) Applying an appropriate ionic liquid ([Bmim]NOs3 ), which have
the ability to dissolve AgNO3 may solve the problems caused by
the presence of vapor in the product when aqueous solution of
AgNOs is used for the absorption of ethylene from the gaseous
mixtures.

(2) The absolute absorptivity is increased almost linearly by
increasing AgNO3 concentration while the molar absorptivity
of the solution is increased moderately and then decreased.

(3) High viscosity of [Bmim]NO3 causes decrease in absorbing abil-
ity of the ionic liquid. Adding NMP as a low-viscosity solvent to
the ionic liquid by a 1:1 volume ratio to produce 5M AgNO3

solutions could enhance absolute absorptivity by a factor of
5-38% when the absorption temperature is varied in the range
of 5-35°C.

(4) It is found that intermediate temperatures in the range of
15-25°C are the optimum temperatures for absorption. This
can be explained by considering bilateral effect of temperature,
i.e. inherent decrease in gas absorption by increasing tempera-
ture due to decrease in solubility and reaction rate, and on the
other hand enhance in the mass transfer flux due to decrease
in viscosity by increasing temperature.

(5) The selectivity of ethylene to ethane is increased by increasing
concentration while it is decreased by increasing temperature
mainly due to higher absorption of ethane at high temperatures.

(6) The ethylene absorption capacity of the ionic liquid with dis-
solved AgNOs at 5 °Cis about 0.17 of that for the aqueous AgNO
solution while this ratio is about 0.43 at 25°C.
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