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ABSTRACT

VOC REMOVAL FROM NITROGEN BY A MEMBRANE-BASED
ABSORPTION-STRIPPING PROCESS

by
Boya Xia

A regenerative membrane-based absorption process has been extensively studied to
remove volatile organic compounds (VOCs) from air/N, using silicone oil as absorbent.
The absorbent liquid is regenerated by applying vacuum in a membrane-based stripper. In
this process, there are no flooding, loading and entrainment, which limit the gas/liquid
flow rate in the traditional absorption process. In the present study, attention has been
focused on the removal of volatile component(s) from binary gas mixtures such as
methanol-N, and toluene-N, and from a model multicomponent mixture of gasoline vapor
constituents and nitrogen. The process performance was tested under three conditions: i)
absorption with fresh absorbent; ii) both absorption and stripping modules at the same
(room) temperature; iii) maintaining different temperatures in the absorption and
stripping modules. Henry’s law constants and diffusivities of VOCs in silicone oil have
been measured at different temperatures for simulation purpose. The experimental results

have been compared with theoretical predictions.
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CHAPTER 1

INTRODUCTION

VOCs are carbon _compounds that photochemically react with nitrogen oxides or other
airborne chemicals to form smog. Each year, it is estimated that approximately 500
million pounds of VOCs are discharged from process exhaust streams. It is well known
that VOCs can produce harmful effects on human health. For example, low to moderate
levels of long term exposure to toluene can cause tiredness, confusion, weakness,
drunken-type action, memory loss etc. Repeated exposure to high levels can cause
permanent brain and speech damage, vision and hearing problems or even
unconsciousness and death. Hexane can cause convulsions and death at 40,000 ppm and
narcosis at 30,000 ppm (U.S. Department of Health, Education, and Welfare, 1970). Ata
concentration of 5,000 ppm, it can result in dizziness/giddiness in 10 minutes. From an
environmental viewpoint, discharging of VOC to atmosphere is unacceptable. In
addition, as solvents have become expensive, discharging them into atmosphere as spent
gases is not economically sensible. Under the Clean Air Act Amendments of 1990 and
various regulations promulgated by the U.S. Environmental Protection Agency (EPA),
VOC emissions from all types of vents, processing streams or leaks will have to be
reduced.

Ruddy and Carroll (1993) summarized various methods currently used in VOC
abatements, such as thermal oxidation, catalytic oxidation, condensation, absorption, and

activated carbon adsorption. The evaluation and selection of an appropriate VOC



8]

abatement technology depends upon many factors such as the environmental, economic,
and energy impacts of installing, operating, and maintaining the equipment. No single
method meets every need.

Oxidizers are destruction devices, where VOCs are combusted, or destroyed without
being recovered. It is difficult to have 100% of the impurities oxidized. First, the
temperature must be significantly high for oxidation to take place at all or to occur fast
enough. Second, sufficient contacting between the impurities and oxygen must be
ensured for a sufficiently long time to achieve complete oxidation. Thermal oxidizers
usually operate at 1300~1800 °F and can destroy 95% to 99% of VOCs. It is good for
VOC concentration ranges from 100~2,000 ppm. Catalytic systems operate at a lower
temperature---usually about 700~900 °F, which requires less combustion energy. The
catalytic oxidizer is well suited to low concentrations and is often used for vent controls
where flow rate and VOC content are variable. It can achieve more than 90 % of
destruction efficiency (Ruddy and Carroll, 1993).

Condensation can be a very simple and low-cost process. It is most efficient for VOCs
with boiling points above 100 °F at concentrations above 5,000 ppm. Low condenser
temperature provides better VOC recovery but increases the cost significantly.
Absorption is probably one of the most important gas purification techniques. It involves
the transfer of a substance from the gaseous to the liquid phase through the phase
boundary. Desorption (or stripping) represents a special case of the same operation in
which the material moves from the liquid to the gaseous phase. Most absorbers are either

packed, or plate, or spray towers. Occasionally, ventruri scrubbers or other special



scrubbers are also used. This system can handle VOC-contaminated gas streams in the
concentration range of 500 to 5,000 ppm. The efficiency for VOC removal is about 95%
to 98%.

Adsorption is of increasing importance in gas purification and forms the basis for
commercial processes that remove water vapor, organic solvents, odors, and other vapor-
phase impurities from gas streams. In adsorption, the VOCs are removed from gas
streams by concentration on the surface of a solid material. The solids best suited to
adsorption are very porous, with very large effective surface area, which are obtained
with materials such as carbon, alumina, or silica gel. Carbon is very effective in
adsorbing nonpolar organic molecules, particularly, near their normal boiling points. It is
used for the recovery of hydrocarbon solvents, the removal of odors and other trace
impurities from gas streams. Usually, it is not economical to throw away the adsorbent
after it has been once saturated with the adsorbate; therefore, it is customary to regenerate
the absorbent beds. Bed regeneration is done by heat or vacuum and the solvents are
recovered as a condensate. Variable flow rates and VOC concentrations are not disruptive
to carbon adsorbers. But carbon bed performance is sensitive to the moisture content of
the gas stream being treated. The performance of the carbon decreases when the relative
humidity is more than 50%. And it is not recommended for VOC streams containing
ketones because of exothermic polymerization on the carbon surface.

Gas separations based on membranes have only recently become commercially available
for VOC control. More than 60 membrane vapor separation systems have been installed
worldwide in chemical processing plants and petroleum facilities to recover hydrocarbon

vapors, chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), vinyl chloride,



and other high-value materials (Baker et al., 1996). It is most cost competitive when the
VOC concentration is greater than 1,000 ppmv (Baker et al. (1996) and Cha et al.
(1997)). A typical membrane process for gas separation, called vapor permeation, is
illustrated in Figure 1.1. The driving force for separation can be established either by
applying a high pressure on the feed side and/or maintaining a low pressure on the
permeate side. When VOC-contaminated air stream flows past the surface of the VOC-
selective membrane, VOC permeates through the membrane preferentially. The VOC on
the permeate side of the membrane is then compressed, cooled, and/or condensed for
recovery of the organic solvents. The degree to which the components are separated is
governed by the characteristics of the membrane (selectivity and permeability) and the
relative driving force (for example, partial pressure difference of the component between
the two sides of the membrane).

Bagavandoss (1996) has studied the permeation behavior of three hydrocarbons: butane,
pentane and hexane. The gas mixture he employed was ~12% butane, ~4% pentane, ~1%
hexane and ~83% nitrogen; this 1s a common concentration profile of off-gas from
gasoline storage tanks. Removal of hydrocarbons as high as 99% was observed at lower
feed flow rates (~5cc/min) in his experiments. A mathematical model was developed to
simulate the separation results of binary mixtures based on the solution-diffusion model.
More work needs to be done with the simulation of the multicomponent mixtures.

For contacting-based gas purification processes using membranes, Sirkar (1992) has
provided a review of earlier developments. Recently, a regenerative absorption-based
membrane separation process has been proposed (Poddar et al., 1996a, 1996b) to remove

VOCs from air/N; using silicone or Paratherm oils as the absorbent. Figures 1.2 and 1.3
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1llustrate the basic concept for this process. Microporous hollow fibers were used in the
absorption part of the process as shown in Figure 1.2. The position of the gas-liquid
interface is determined by the pore size, the pressure difference across the membrane and
the interaction between the membrane material and the absorbent liquid. The pressure
differential (Ap) at which the liquid breaks through the pores not wetted by the liquid or
the gas breaks through a pore wetted by a liquid is described by the Laplace equation
(Poddar, 1995):

Ap=2(y/r)cosf (1.1)
Where v is surface tension, r is the pore radius and 6 is the contact angle.
For hydrophobic substrates and an organic nonpolar oil, the pores will be spontaneously
wetted. The pores will remain filled with the absorbent if the gas phase is at an
appropriate pressure (in Poddar (1995), 3 psi higher than the liquid). The VOCs in the
feed side (inner side of the fiber) were absorbed in the absorbent, diffuse through the
absorbent in the pores and the bulk layer in the shell side and were carried out of the
absorption module to the stripping module.
The fibers in the stripping module (Figure 1.3) are microporous fibers having a non-
porous silicone skin on the outer surface. Vacuum was applied to the tube side of the
module to regenerate the absorbent. The VOCs being absorbed in the absorbent were
stripped under vacuum, permeated through the membrane to the tube side, and then were
condensed in a condenser to recover the solvent.
This process has several merits over traditional gas-liquid contactors (Poddar, 1995), such as:
e High surface area per unit volume of the contactor;

e High volumetric mass transfer coefficient;



¢ No flooding, loading or entraintment encountered in the traditional absorption
processes;
e Small and compact;
e FEasy to scale up.
Poddar et al. have studied on the separation Qf VOCs by membrane-based absorption
(Poddar et al., 1996a) and membrane-based absorption-stripping processes (Poddar et al.,
1996b). They have conducted experiments using either toluene, or methanol, or acetone,
or methylene chloride present in nitrogen; they operated the absorption and stripping
modules at room temperature. It was observed that the feed gas containing 999 ppmv of
methylene chloride was brought down to around 20 ppmv when the feed gas flow rate
was low. A mathematical model was developed to simulate this process. Experimental
data were in good agreement with the predictions from the theoretical model. However,
the overall performance was controlled by the stripping process due to the lower stripping
temperature and lower membrane area of the stripping module.
The vapor permeation process is highly efficient for concentrated gas stream purification;
the membrane-based absorption-stripping process can satisfy the low concentration
requirement for high purification of N, or air. From an overall viewpoint, if the
separation has to be done from a high concentration (above 10%) to a very low
concentration (10-20 ppmv), these two processes have to be combined together. The feed
gas with high concentration of VOCs is first treated in the vapor permeation process, and
then the exiting gas stream from the first step is fed to the membrane-based absorption-

stripping process as the second step.
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A few experiments of this hybrid process were conducted using 6000 ppmv of methylene
chloride and nitrogen mixture (Poddar et al., 1997). At a gas flow rate of 60 cc/min, the
methylene chloride concentration was reduced to 2 ppmv.

In the current study, attention is focused on the membrane-based absorption-stripping
process. The objective is to operate the absorption module at room temperature and the
stripping module at a high temperature (above 50 °C) to improve the overall performance
of the regenerative absorption-stripping process proposed by Poddar et al. (1996b). The
results were compared with those obtained from the simple membrane-based absorption
process using fresh absorbent. Furthermore, a modified absorption-stripping model was
used to predict the separation results. The gas mixtures concerned in this work are binary
gas mixtures, such as methanol-N, and toluene-N,, and a multicomponent mixture of
gasoline vapor constituents (butane, pentane and hexane) and nitrogen. In addition, the
temperature dependence of Henry’s law constants and diffusivities of VOCs in silicone
oil were measured for the simulation purpose. This study prepares the ground for an
advanced hybrid process of vapor permeation and regenerative absorption-stripping

Processes.



CHAPTER 2
THEORY

This chapter is concerned with the theoretical aspects of the process simulation and the

principles of measurements of some physical parameters and module characteristics.

2.1 Models for Membrane-Based Absorption and Stripping Process

The principle of membrane-based absorption-stripping process has been introduced in
Chapter 1. The mathematical models proposed by Poddar et al. (1996a, 1996b) were
modified to accommodate different operating temperatures in the absorption and
stripping modules and were used to simulate the separation results obtained with
methanol-nitrogen and gasoline-nitrogen systems.

In the models by Poddar et al. (1996a, 1996b), the absorption and stripping processes
were considered separately. First, generalized models were developed for absorption and
stripping process respectively in hollow fiber modules, and then these two models were
coupled together to get the overall results of the combined absorption-stripping process.

The models are briefly introduced here.

2.1.1 A General Model for VOC Absorption
In the modules being studied, two different types of fibers are used: porous fiber with no
coating and with a nonporous coating on the outer surface. There are two possibilities for

the fluid in the pores. It may be either gas or absorbent liquid, depending upon which

11
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type of fibers is used and the operating conditions (pressure difference between gas and
liquid phases). In order to apply the model to both fibers, an imaginary fluid was
considered to fill the pores of the fibers. The dimensionless Henry’s law constant of
species 1 between the gas phase and the imaginary fluid phase is H;; and the one between
the imaginary fluid phase and the absorbent phase is Hi.

Countercurrent operating mode is employed. The whole length of the module is divided
into n segments with equal length of AZ (=L/n). A small segment from the feed exiting
end of the module was first considered. The VOC concentrations at the absorbent inlet
and feed gas outlet (Cigou) were either known or assumed to have some value. The
average entering gas concentration and average exiting absorbent concentration of the
segment were obtained by simultaneously solving species mass balance equations for the
gas phase and liquid phase and species diffusion equation (if the fibers are coated, a

permeation equation must be included) along with appropriate boundary conditions:

—27A, P L
<¢ig > i (¢1mi il ¢1g, ‘ ( ] + ¢ig,oul (2 1)
) )y
—27LD,0e
il = ’ ( im ilig ) ilin
)™ A, s e B ek~ Hidel )0 02

Where ¢ig (= Cig/Cig,in), ¢it &= Ci/Cigjin), ¢im (FCin/Cigin) and & (=1/r;) are dimensionless
concentrations and dimensionless radius. The dimensionless gas-phase concentration ¢ig

at £=1 and membrane-phase concentration ¢in at £=, are expressed as:

Gig o (OY + Hyy + H, P/ a) +4PX¢

il in

bl = 23)
lg=1 QY+ H,(1+P/la+4PXH,)
¢ig,mu[Hi1QY+(HilHi2P/a)]+¢il,in(1+4PXHil) 24
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In the above equations, a, A, B, e’, P, Q, X and Y are parameters related to diffusivities of
gas and liquid, VOC permeance through the membrane, tortuosity, porosity and
geometrical properties of the membrane; they have been defined by Poddar et al. (1996a).
<¢iz> and <¢;> calculated from the above equations are used as known data for the next
segment. The same procedure was repeated up to the last segment. The entering gas
concentration for the last segment obtained from the calculation is then compared with
the real feed gas concentration. If the difference is within the range of the allowable
error, the original assumption of Cig oy is correct. Otherwise another value of Cig oy has to
be tried until the error condition is satisfied.

One item to be considered now is what kind of an imaginary fluid is in the pores. Two
cases were specified by Poddar et al. (1996a):

Case 1. Absorption in porous fibers

In this case, there is no coating outside the fibers. Under suitable operating conditions,
pores of the fibers are filled with the absorbent liquid. So, the imaginary fluid is the
absorbent. Thus, Hipy=1, Hii= H; (= Ci/Cig), Di=D; and &,=&.

Case 2. Absorption in skinned fibers

The absorbent could not enter the pores since a nonporous coating exists. The pores must
be filled with gas. So, Hij=1, Hip= H; and Di= Dig,. Here, Djgp is the diffusivity of gas

species 1 in the pore.

2.1.2 A General Model for VOC Stripping
The porous fibers with a particular kind of coating were used in the stripping modules.
The VOC-containing absorbent liquid obtained at the outlet of the absorption module was

allowed to flow through the shell side while vacuum was applied to the tube side. It is
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reasonable to suppose that the average VOC concentration in the tube side is a constant
along the length of the module because it must be extremely low due to the high vacuum.

The dimensionless concentrations were redefined as:

. Ky CS
3 '8 5 i <
¢ig = Cj aﬂd’ ¢i[ = Cs] (2‘3)

il in

A small segment of length AZ was first taken from the absorbent inlet end of the module.
An analytical solution (equation 2.6) for the average liquid outlet concentration of species

i from the segment was obtained by solving the governing equations (Poddar et al.,

1996b):
F ]
A 27[<ro)ln quo l 'l dn < > l
<¢i1>‘“ Dit i ns. <V‘> L H+at J (2.6)
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il in
Where p;® is the partial pressure of species i in the tube side. %, is known for the first
segment (=1). The calculated <¢%> is then the ¢% i, for the next segment, and so on. The
average liquid concentration of species i exiting from the other end of the module is equal

to <¢%;> for the last segment multiplying the C%;, for the first segment.

2.1.3 Calculation Method for Absorption-Stripping at Different Temperatures

The models mentioned above were coupled together to simulate the membrane-based
combined absorption-stripping separation process (Poddar, 1995; Poddar et al., 1996b).
In the above-metioned program, the temperatures of absorption and stripping were the
same. The diffusivities of VOCs in the absorbent as well as Henry’s law constants were

the same values for the absorption and stripping processes.
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This program was modified to accept different absorption and stripping temperatures.
First, the correlation of temperature dependence of Henry’s Law constant was obtained in
the temperature range of about 25-75 °C and different absorption and stripping
temperatures were put in the data file. Second, correlations of temperature dependence of
VOC diffusivities were measured using the method described in section 2.2.2. These
correlations were added to the program for simulation, instead of using the same

diffusivity values for absorption and stripping in the data file.

2.2 Principles of Measurements of Physical Parameters
As discussed in section 2.1, the Henry’s law constant and diffusivity of VOCs in
absorbent are needed as input data for simulation. These parameters were previously
measured at room temperature for a few VOCs (Poddar et al., 1996a; Poddar and Sirkar,
1996; Poddar, 1995). But in the present study, the stripping module is operated at
temperatures up to 75 °C. Data from Poddar et al. are no longer sufficient.
Generally, the diffusivity of a small species is directly proportional to the temperature
and inversely to the liquid viscosity. The widely used correlation for diffusivity is the

Wilke-Chang equation (Reid et al., 1977):

M 172 T
D, =74%10" %—117)57“ (2.8)
i
Here, ¢: association factor of the absorbent;
M;: molecular weight of the absorbent;
T: absolute temperature;
L viscosity of the absorbent;

Vi molar volume of species i at its normal boiling temperature.
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It is well known that Henry’s law constant H; varies with temperature. The dependence

may be expressed as:

By
H. =ex ?‘Am (2.9)

where T is the temperature in °K, Ay; and By; are constants. Although Ay and Byy; values
were given by Poddar (1995), it is necessary to verify them experimentally because they
were obtained in the temperature range of 25.65-45.9 °C for toluene, methanol,
methylene chloride and acetone.

In order to find out the dependency of these parameters with temperature, the methods
used by Poddar and Sirkar (1996) and Poddar (1995) were employed to obtain the

experimental values at different temperatures.

2.2.1 Measurement of Henry’s Law Constant

Mackay and Shiu (1981) have reviewed three methods of determination of Henry’s law
constant. The first one concerns vapor pressure and solubility data; it is difficult to obtain
the solubility data for the system used in this study. The second one requires direct
measurement of the concentrations in gas and liquid phases under equilibrium conditions.
This method has a shortcoming in terms of accuracy at low concentrations. The third one
uses a batch air stripping technique. It is hard to achieve equilibrium in such a technique.
Robbins (1993) presented a new method, called Static Headspace Method. It was
adopted in the experiments by Poddar (1995). The principle of measurement of
dimensionless Henry’s law constant, H;, was described in this article and is concisely

reviewed here.
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In this method, chemical and thermal equilibrium must be established within the enclosed
sampling vessel when solutes are present at low concentrations.

Applying Henry’s law to the equilibrium system, one has
C,=HC, (2.10)
where H; is a dimensionless Henry’s law constant.

In order to obtain Hj; value, a material balance for the system is expressed as

V.G, =VCy+V,C, .11
where V,, V, and V, are the total volume of the sample, and the volumes of headspace
and the liquid. C;,, Cj; and Cj are the concentrations corresponding to V., Vg and V)
respectively.
Because the vapor pressure of silicone oil and the concentration of VOC in liquid phase
are very low so that the evaporation of both VOC and liquid matrix does not affect the
liquid volume very much, the assumption of equal values of V, and V, is tenable.
Substitution of equation 2.10 into 2.11 yields

_Cl_zg—%L(Z_) (2.12)

A linear relationship exists between vapor concentration, Cig, and the gas chromatograph

(GC) area count, Ay:
Co=R, A4, (2.13)
where Ryis the response factor. Combination of equations 2.12 and 2.13 gives:

L_HR, R (Y,
A4 C, C,\V

14 o 12}

(2.14)

A plot of 1/A; versus V/V| will be a straight line. H; can be obtained from the result of

dividing the y-intercept by the slope.
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2.2.2 Measurement of the Diffusivity of VOC through Silicone Oil

The diffusivity of VOC through the absorbent liquid is a basic design parameter in a
membrane-based absorption-stripping process.  Various sources for calculating the
diffusivity of a particular species in a liquid were summarized in a paper (Poddar et al.,
1996a). In this study, the diffusivities of VOCs in silicone oil and paratherm oil were
indirectly measured by means of experiments of vapor permeation in a microporous
hollow fiber module at room temperature. The absorbent was first immobilized in the
pores of the microporous hollow fibers. The VOC gas mixture was introduced to the tube
side of the module while a sweeping gas (nitrogen) was conducted to the shell side to
facilitate the VOC permeation. The mathematical model for prediction of the diffusivity
is based on a special case of the VOC absorption model, i.e. case 1, in which the
imaginary fluid is the absorbent and the liquid in the shell side is modified to the

sweeping gas. Therefore, H;;=H;>=H;. The interfacial concentrations become:

¢ig,mu HiQY + ¢f§p,i!l(l + 4PXH/)

o= d 2.15
¢'~‘f’l;‘, OYH, + H}(1+ 4 PXH,) @15)
and
¢i' vu/(Hi + QY)+4PX¢A‘HN
Byl = e (2.16)
¢=1 QY+ H (1+4PXH,)

where ¢isp i the sweeping gas concentration. The analytical solutions were obtained for a
small segment of length AZ and used stepwise from the feed gas outlet to the feed gas

inlet. A value of Dj; value was first assumed and then verified by comparing the real feed

gas concentration with the calculated feed gas concentration.
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2.3 Measurement of the Module Characteristics
There are two parameters that determine the performance efficiency of a given
membrane: selectivity ( or separation factor) and flux (or permeability).
The permeability, Q;, or g;, is a very characteristic membrane parameter for a given
species i; it is often described as an intrinsic parameter. It is defined in terms of the
steady-state volumetric or molar flux of species i, J;, or j; and the pressure or
concentration driving force, Ap; or AC;, normalized by the membrane thickness, 3,

QFl/(Api8) or  q=ji/(ACYD) 2.17)

The units of Q; and q; are em®(S.T.P.).cm/(cm’.in Hg.s) and cm?/s respectively. The
quantity actually measured from experiments is often the permeance, Qi/8 or g;/d, which
is the ratio of the species permeability to the membrane thickness in the unit of
em’(S.T.P.)/(cm”.in Hg.s) or cm/s.

Membrane selectivity towards gas mixtures (or separation factor) is usually expressed in

terms of a separation factor a;:

o= (yily;) (xi/%5) (2.18)

where yj, Xi, yj, X; refer to the mole fraction of components i and j in the product and feed
streams, respectively.

The ideal separation factor is given by the ratio of the permeabilities:

a;=0,10, (2.19)

For a successful separation, the separation factor must be much greater than unity. If
a=1, no separation is achieved.

The permeance and separation factor of membranes can be measured through vapor
permeation experiments described in Chapter 3. The permeance can be calculated simply

from experimental data by equation 2.17. For the separation factor measurement, the
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configuration shown in Figure 2.1 is employed. In the above gas permeation mode of

operation, one end of the permeate side was closed. The corresponding concentrations of

the streams are identified in Figure 2.1. Three gas stream concentrations were known or

analyzed; the permeate concentration at the closed end, yin, can be expressed as follows

by the cross flow criterion:

y[,in _ ai;(xi,nul —Wi_in)
]"yi,r'n (lnxi,oul)_y(l—yi,in)

where

_P
Y b,
(019

'~ (0,16)

The logarithmic mean pressure-driving force is given by:

Ap - (pl-‘xi,in - ppyi,uul) - (plf‘xi,rml - ppyj_in)
i ln (pl~'xi,irx - p/)yi,uul)
(pl"xi,oul - ppyi,in)

The overall separation factor can be calculated from the following equation:

a - (pr(,'()l,nul /Apln_(,'()l )
oM (prNz Jont /Ap]n,Nz )

where F, is the volumetric gas flow rate from the permeate side (cc/min).

(2.20)

.21)

(2.22)

(2.23)

(2.24)
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CHAPTER 3

EXPERIMENTAL

3.1 Chemicals

Silicone o1l (200 fluid, Dow Corning, Midland, MI) was used as an absorbent liquid.

Paratherm heat transfer fluid (NF™, Paratherm Corporation, Conshohocken, PA) was

used as bath fluid for the cooling bath.

The properties of these two chemicals are listed in Table 3.1

Table 3.1 Properties of Silicone and Paratherm Oil

Properties

Silicone Oil

Paratherm Oil

Chemical name

Polydimethylsiloxane

Molecular weight 300 (avg) 350 (avg)
Density 0.98 @ 77°C 0.87 @ 77°C
Viscosity 50cs @ 77°C 35¢cp@ 77°C
Vapor pressure <5mm Hg @ 77°C gggé gnml gg % ;8828
Surface Tension - 28 dynes/cm @ 77°C
Flash point 605 °F -
pour point -94 °F -45 °F
Melt point -42 -
Refractive index 1.402 1.4768

Appearance

Colorless, clear liquid

Colorless, clear liquid

Other properties

Nontoxic, nonbioactive,
nonstinging to skin,
high oxidation resistance

Nontoxic, FDA/USDA
approved for use in food
and pharmaceuticals
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The following chemicals were used for determination of Henry’s law constant:
1. Methanol, HPLC grade (Fisher Scientific, Springfield, NJ);

2. Toluene, certified A. C. S. (Fisher Scientific, Springfield, NJ);

3. Pentane, HPLC grade (Sigma-Aldrich, St. Louis, MO);

4. Hexane, HPLC grade (Fisher Scientific, Springfield, NJ).

3.2 Gases
Separation experiments were carried out with the following gas mixtures:
1. Toluene: 940 ppmv, balance nitrogen (Matheson, Rutherford, NJ);
2. Methanol: 1100 ppmv, balance nitrogen (Matheson, Rutherford, NJ);
3. Butane: 9840 ppmv; pentane: 2740 ppmv; hexane: 314 ppmv; balance nitrogen
(Matheson, Rutherford, NJ).
The following gases were used to characterize the membrane modules:
1. Nitrogen zero (Matheson, Rutherford, NJ);
2. Carbon dioxide, bone dry (Matheson, Rutherford, NJ);

3. Carbon dioxide-Nitrogen mixture with 5.04 % CO, (Matheson, Rutherford, NJ).

3.3 Modules
A total of seven modules were utilized in various experiments. Geometric characteristics
of the modules are provided in Table 3.2. Module EPA/AS-1, which has no coating, was
always used for absorption. Other modules were used for stripping or permeance

measurement.



Table 3.2 Geometrical Characteristics of Different Hollow Fiber Modules Used in the Experiments

) ) ) Mass . :
Module Type of Type of Fiber Effective Shell ID No.of VO?.d Transfer Mass Transfer
. . [D/OD Length . Fraction Area/Volume
No. Fiber Coating (cm) Fibers Area 23
(um) (em) (%) 2| (em¥em?)
(cm”)
EPA/AS-1 C;gﬁagd None 100/150 31.0 0.37 102 83.23 149.00 44.70
EPAJ/AS-2 Cf(liaéd Silicone | 240/300 20.5 0.80 300 5781 | 579.62 56.25
Silicone
EPA/AS-3 | KPF-205 | Fluoro- | 210/266 30 0.37 106 4521 265.60 82.38
polymer
Silicone
EPA/AS-4 | KPF-205 | Fluoro- | 210/266 30.48 0.635 300 47.35 764.13 79.16
polymer
EPA/AS-5 | KPF-205 | Silicone | 210/266 30.48 0.635 300 47.35 764.13 79.16
EPA/AS-6 | KPF-205 | Silicone | 210/266 20.0 0.635 300 4735 501.40 79.16
EPA/AS-7 C;éiagd Silicone | 210/266 20.0 0.636 300 4735 501.4 79.16

¥C



3.4 Experimental Setup and Procedure for Absorption Experiment
and Spent-Oil Regeneration

3.4.1 Experimental Setup and Procedure for Absorption Experiment

Figure 3.1 shows the schematic diagram of the setup for absorption. Before passing the
absorbent through the dried module (porous hollow fiber with no skin), it was wetted by
dropping some absorbent into the shell side. A specific gas mixture was passed through
the tube side of the absorption module countercurrent to the absorbent flow. The gas
flow rate was controlled by a mass flow transducer (Model 8102-1451, Matheson, E.
Rutherford, NJ) and a flow controller (Model 8209, Matheson, E. Rutherford, NJ). The
actual value was measured by a bubble flow meter. Fresh absorbent was pumped from an
absorbent container to the shell side of the absorption module and then to a spent-
absorbent collector by a metering pump (10313M, LMI, Milton Roy, Acton, MA). The
absorbent flow rate was adjusted via the pump pulse and stroke. A bypass pipe filled
with air was located at the liquid inlet line of the absorption module to reduce the
pressure pulsing. Gas pressure in the absorption module was maintained about 3 psi
higher than the absorbent pressure by adjusting a back pressure regulator (Model 10BP,
Fairchild, Rochelle Park, NJ) to keep the gas-liquid interface at the pore mouth of the
inner tube wall of the fiber. To protect the GC column from accidental oil leakage, an
oil-trap was placed downstream of the gas after the module. The purified gas was
introduced to the GC (HP5890 Series II, Hewlett Packard, Wilmington, DE) to analyze
the composition. All experiments were run at room temperature.

The GC operating parameters and analytical parameters are listed in Tables 3.3 and 3.4
respectively. VOC-nitrogen mixture was injected into the GC column through an

autosampling valve that was controlled by nitrogen zero gas at 80 psig. Flame ionization
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Figure 3.1 Schematic Diagram of Absorption
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detector along with an 8'x1/8" packed column (Carbograph, 60/80 mesh) was used to
analyze the volatile organic components. The calibration curves for VOCs were
generated in the following manner. A VOC-nitrogen mixture at a high concentration
level from a gas cylinder was mixed with nitrogen zero gas to get different VOC mixtures
of low concentration level (Figure 3.2). The resulting gas mixture was then sent to the

GC and the response was recorded by an integrator (HP 3396 Series 1I, Hewlett Packard,

Wilmington, DE). Calibration results are plotted in Figures 3.3-3.10.

Table 3.3 Operating Parameters of GC (HP5890 Series II) for Detecting Various VOCs

vOC Column Injector Temperature | Detector temperature
Temperature (°C) ‘0 °C)
Butane, Pentane, 150 200 200
Hexane, Methanol
Toluene 200 200 200

Table 3.4 Operating Parameters for Analytical Gases Used in GC (HP5890 Series II)

Gas Flow rate, cc/min
Gas 1 for FID Air Zero 300
Gas 2 for FID Hydrogen Zero 30
Carrier Gas Helium Zero 30

3.4.2 Spent-Oil Regeneration for Oil Reuse

In this series of experiments, a large amount of fresh oil was consumed. From the

viewpoint of saving oil, the spent-oil must be regenerated in a certain manner.
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To regenerate the absorbent, the silicone oil was placed in a pressure vessel; a vacuum
was applied and small amount of air was allowed to bubble through the oil for about two
days. Then pure nitrogen gas was introduced through the pressure vessel and the exit gas
was injected to the GC to see if any contaminant can be detected (Figure 3.11). If not,

the absorbent was ready for reuse.

3.5 Experimental Setup and Procedure for Combined Absorption-Stripping
The schematic diagram of the setup for combined absorption-stripping runs at room
temperature is illustrated in Figures 3.12 and 3.13. It is similar to that of the absorption
setup. The difference is that one or two modules are needed in series as the stripper. The
absorbent was pumped from an absorbent container to the shell side of the absorption
module and stripping module(s) sequentially and returned to the absorbent container for
recirculation. To regenerate the absorbent, vacuum was applied to the tube side(s) of the

stripping module(s).

3.6 Experimental Setup and Procedure for Combined Absorption-Stripping
with Heating-Cooling System

As shown in Figure 3.14, a heater and a cooler were added to the combined absorption-
stripping setup. The heating tape was wrapped outside the copper tubing through which
the absorbent was flowing. An immersion chiller (Cole-Parmer, Niles, Illinois) with
flexible corrugated probe was used to cool down the absorbent. A coiled copper tubing
from the outlet of the stripping module was placed into the cooling bath. The bath fluid
used in this study was Paratherm oil. The inlet temperatures of the absorption module

and the stripping module were measured by thermometers.
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3.7 Measurement of Henry’s Law Constant

As mentioned before, Henry’s law constant is required for theoretical prediction of the
extent of VOC removal by membrane-based absorption-stripping processes.

In the experiment, silicone oil and a specific VOC liquid were first chilled in a
refrigerator. Then both were taken out and put in an ice bath for preparation of the stock
solution, The stock solution was made by mixing a certain amount of the VOC liquid
and the silicone oil. The concentrations of the solution were about 150 ppmv for toluene,
1000 ppmv for methanol, pentane and hexane respectively, depending upon the
magnitude of the GC response. Different volumes of stock solution were taken and
added into different sample vials, and immediately sealed. The exact volume of the
solution added to the vial, V), is calculated from the weight of the solution divided by the

density of it which is given in Poddar and Sirkar (1996):
p, =0.980-8.356*%107 (3.1

where t is the temperature in °C.

The headspace volume, V,, is equal to the difference between the volume of empty vial,
V. (22 ml), and the volume of the solution, V.

The sample vials thus prepared were put into the headspace autosampler. GC (Varian
Star 3400, Sugarland, TX) having a 6'x1/8" column (0.3% carbowax 20 M) was
connected to the Headspace device (Tekmar 7000, Cincinnati, OH) to analyze the
concentration (to get the response area count). The operating parameters of the GC and
the headspace sampler for all VOCs studied are listed in Tables 3.5, 3.6 and 3.7.

One of the important parameters for the headspace sampler is the equilibration time.
During this time the solvent in the liquid phase is evaporated into the gas phase. Initially,

as the equilibration time increases, the GC area count increases. After some time, the GC



Table 3.5 Operating Parameters of GC (Varian Star 3400) for Detecting Various VOCs

VOC

Column

Temperature (°C)

CC)

Injector Temperature | Detector temperature

0

Pentane, Hexane,
Methanol, Toluene

150

220

250

Table 3.6 Operating Parameters for Analytical Gases Used in GC (Varian Star 3400)

Gas Flow rate
Gas 1 for FID Air Zero 300
Gas 2 for FID Hydrogen Zero 30
Carrier Gas Nitrogen Zero 30
Table 3.7 Operating Parameters of Headspace Autosampler
Platten Equilibration Time 0.5 min.
Sample Equilibration Time 25~40 min.
Mixing Time 0.1 min.
Mixing Power 1
Stabilization Time 0.5 min.
Sample Vial Pressure 3.5 psig
pressurization Time 0.15 min,
pressure Equilibrium Time 0.15 min.
Loop Fill Time 0.12 min.
Loop Equilibration Time 0.15 min.
Injection Time 3.00 min.
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area count reaches a constant value. So, sufficient time must be provided to allow the
sample to reach the equilibrium state. From Figure 3.15, one could see that the area
count is almost constant after 20 minutes. So, the optimum equilibration time is set to be
25 minutes for both pentane and hexane. The equilibration time for toluene and methanol

was determined by Poddar and Sirkar (1996) to be 40 minutes.

3.8 Experimental Setup and Procedure
for Measurement of VOC Diffusivity in Silicone Qil

Like Henry’s law constant, the diffusivity of the VOC in silicone oil is a necessary
physical parameter in the simulation of the separation process under consideration.
Experiments were carried out in order to get diffusivities of VOCs in silicone oil at high
temperatures.

Module EPA/AS-1 was taken off from the previous experimental setup and filled with
fresh silicone oil in the shell side. The oil was then drained. The module thus prepared
was then put in the setup shown in Figure 3.16. The whole module was immersed in a
heating bath for maintaining the temperature at a high value. The bath fluid (water) was
heated up to a certain temperature by an electrical heater (HAAKE ES2). A specific
VOC-containing gas mixture at a fixed flow rate and a pressure of 5 psig (regulated by a
back pressure regulator) was passed through the tube side of the module while nitrogen
zero gas was conducted through the shell side of the module countercurrently with the
VOC mixture flow. The flow rates of the VOC-N, mixture and the sweeping gas were
measured by bubble flow meters. A sample of the spent feed stream was injected to the
GC (HP 5890 Series 1II) to analyze the VOC concentration. The diffusivity was

calculated using a computer program available in Poddar (1995).
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3.9 Measurement of Module Characteristics
The permeability (or permeance) and separation factor of membranes can be measured

through vapor permeation experiments as indicated below.

3.9.1 Measurements of Nitrogen or Carbon Dioxide Permeance

Figure 3.17 provides the experimental scheme for nitrogen or carbon dioxide permeation.
The N, or CO, gas at a fixed pressure (10, 15, or 20 psig) was passed through the tube (or
shell) side of the module. The flow rate on the permeate side was measured by a bubble
flow meter. The permeance was calculated by equation 2.17.

For the measurement of the VOC permeance, VOC-N, mixtures were used. The setup is
similar to that for the measurement of separation factors as shown in the following

section. The calculation procedure is more complicated. A computer program is

available in Poddar (1995).

3.9.2 Measurement of the Separation Factor

The setup for the measurement of the separation factor is shown in Figure 3.18. A
specific CO»/N, gas mixture was connected to the tube side of the module. A fixed gas
pressure (15 psig) at the feed side was maintained by adjusting the back pressure
regulator. The feed gas flow rate was set to an appropriate value. The flow rates of the
feed, retentate, and permeate gas streams were measured by bubble flow meters. The

retentate and permeate streams were sent to GC to analyze the CO,; and N;

concentrations.
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The separation factor was calculated as discussed in section 2.3.

A program to calculate the permeance, Q; /3, and the separation factor written in
Mathematica is provided in Appendix C.

A gas chromatograph (Varian 3700, Sugarland, TX) equipped with a TCD was used for
monitoring the CO»/N, composition. Helium was used as the carrier gas. A CTR 1|
column (outer column: 6'x1/4", packed with activated molecular sieve, inner column
6'x1/8" packed with porous polymer mixture, ALLTECH, Deerfield, IL) was connected
to the GC. The GC operating parameters are included in Table 3.8. The GC response was

recorded by an integrator (HP 3390A, Hewlett Packard).

Table 3.8 Operating Parameters of GC (Varian 3700) for Detecting N»/CO,
Column Temperature (°C) | Injector Temperature (°C) | Detector temperature (°C)
40 121 121

Figures 3.19 and 3.20 provide the calibration curves for CO, and N, respectively. Three
standard CO,-N, mixture cylinders (Matheson, Rutherford, NJ) of different concentrations

were used for the calibration.

3.10 Leak Test
Modules EPA/AS-4, 5, 6 and 7 were purchased from AMT Inc. (Minnetonka, MN).
They were tested for leakage prior to use.
Leak test checks whether there is any leakage from the fibers and the potting at the two
ends of the module. For newly-made modules, leak test is absolutely needed. One has to
check the leakage with used modules also if operational difficulties or poor performance

are encountered.
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A schematic diagram for leak test is shown in Figure 3.21. Two fittings on two ends of
the module were taken off so that the ends of the fibers could be seen. And one plug on
the shell side was slightly tightened. Water in a pressure vessel was pressurized to a
certain pressure (such as 10, 15 and 20 psig) by nitrogen gas so that water was forced to
go through the tubing to the shell side of the module. When water started flowing out of
the slightly closed end of the shell side, the latter was immediately tightened until no
water leaked out. Two hours were allowed to pass. If no water came out from the two
ends of the fibers and the potting parts, the module was assumed to be leak-fire.

Otherwise, the module had to be fixed or can not be used any more.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the experimental results are provided for three cases: absorption only;
combined absorption-stripping using the same temperature for absorption and stripping,
combined absorption-stripping at different temperatures for absorption and stripping.
The results are provided in graphical form and are also tabulated in Appendix A. Results
of Henry’s law constants and diffusivities of toluene, methanol, pentane and hexane in
silicone oil are also provided here. The permeances of CO;, N; and the VOCs through
some of membranes are given here. Further, the separation results of methanol-nitrogen
and pentane/hexane-nitrogen systems for absorption and stripping at different
temperatures are compared with the numerical results obtained from a modified

absorption-stripping model.

4.1 Results of Measurement of Physical Parameters
Individual results of measurements of physical parameters, such as the Henry’s law
constant, diffusivity, permeance and separation factor of the membrane, are presented
separately in this section. Experimental methods for the parameters have been described

in sections 3.7-3.9.
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4.1.1 Henry’s Law Constant

Experimental results of Henry’s law constants of four VOCs in silicone oil determined by
the Static Headspace Method are plotted in Figures 4.1 to 4.4. Experimental data for
methanol at 64.85 °C show somewhat larger scatter than usual (Figure 4.2), resulting in
lower accuracy. It is apparent from equation 2.14 that Henry’s law constant is equal to
the intercept (H;R¢C;,) divided by the slope (R¢/Cio) of each curve in Figures 4.1 to 4.4.
Calculated results are listed in Tables A2 to AS. A sample calculation can be found in
Appendix B. In order to find out the temperature dependence of Henry’s law constant,
natural logarithms of Henry’s law constants at different temperatures are plotted against
the reciprocals of the temperatures in Figure 4.5. It is clear that the magnitude of Henry’s
law constants of VOCs follow the order of those of toluene, hexane, pentane and
methanol. Some experimental data from Poddar (1995) are also shown in this figure.
Results from linear regression of In(H;) vs. 1/T are shown in Table 4.1. Ay and By for
methanol and toluene are obtained from the data of present work and Poddar (1993) to

extend the applicable temperature range.

Table 4.1 Parameters of Temperature Dependent Henry’s Law Constant in Silicone Oil

vOC Ay By
methanol 4.0156 2034.0894
toluene 1.7505 2269.0401
hexane 2.8916 23442817
pentane 1.5480 1731.8710
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Table 4.2 Calculated Henry’s Law Constants for Methanol and Toluene in Silicone Oil
from This Study and Poddar (1995)

o Calculated H; Calculated H;
voC Temperature, "C (This Study) (Poddar’s Study)
45 10.7821 11.3448
55 8.8734 0.5460
Methanol
65 7.3872 8.1149
75 6.2150 6.9630
45 217.3442 218.1206
55 174.8875 173.7398
Toluene
65 142.5451 140.2638
75 117.5567 114.6388

Table 4.2 presents comparisons of calculated Henry’s law constants using Ay and By
obtained in this investigation with those in Poddar (1995) extrapolated to the present
temperature range. Data of this study are in good agreement with Poddar (1995).
Comparisons are possible only for methanol and toluene.

The Henry’s law constant for butane was not measured. There were difficulties in
preparing the stock solution used in the Static Headspace method since butane is a gas at

room temperature. It may be measured by adopting the batch gas absorption technique

(Lee and Foster, 1990).

4.1.2 Diffusivity
The diffusivities of the VOCs in silicone oil were evaluated using the indirect vapor
permeation method detailed in section 3.8. Results are summarized in Table 4.3.

Diffusivities of toluene in silicone oil are of the same order of magnitude as in Poddar



Table 4.3 Diffusivities of VOCs in Silicone Oil

vOC Temperature, °C Diffusivity*1 0% cm?s,

23 10.6282
Methanol 48 21.8260
60 25.4806

20 2.6073

Toluene 49 3.7977
66 4.8767

20 1.1812

Pentane 47 2.2631
66 2.7383

20 1.7840

Hexane 47 24877
66 3.1474

et al. (1996a) but somewhat lower. However, the measured values of methanol
diffusivity in silicone oil are an order of magnitude higher than those of Poddar et al.
(1996a). As predicted by the Wilke-Chang equation (equation 2.8), the diffusivity
increases withincreasing temperature. The temperature dependences of VOC diffusivities
in silicone oil are illustrated in Figures 4.6 and 4.7. The following correlations are
obtained from a second order linear regression of the data:

For methanol-silicone oil system:

D, =-4.9053 *10™ +2.8397 *10°7 - 3.8746 *107° T2 (4.1)

For toluene-silicone oil system:

D, =3.6607 *107° —2.5887 *107'T +4.8744 *107°T° (4.2)
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For pentane-silicone o1l system:

D, =13811*107° -9.3729 *10° T +1.8010 *107°T* (4.3)
For hexane-silicone oil system:

D,=1.1808 107 —8.9372 *107°T +1.8822 *107T* (4.4)

where T is the temperature in °C and Dy is the diffusivity in cm?/s.

4.1.3 Permeance and Separation Factor

The permeances and separation factors were measured for newly-procured modules.
Modules # EPA/AS-4, 5 and 6 were first tested for leakage. Results are provided in
Table 4.4. The values of permeance have been determined from pure gas permeation
experiments. Separation factors have been determined from CO,-N; mixture separation.
VOC permeance through modules EPA/AS-6 and 7 was also obtained from experiments
using methanol-nitrogen (1100 ppmv methanol) and toluene-nitrogen (940 ppmv toluene)
and gasoline-nitrogen (9840 ppmv butane, 2740 ppmv pentane and 314 ppmv hexane)
mixtures (see Table 4.5).

Table 4.4 Characterization of New Stripping Modules via Permanent Gas Permeation/
Separation

N; Permeance CO; Permeance Separati
2 2 eparation Factor
Sce/em”.s.cmHg Scc/em®.s.cmHg
Module %105 €104 0lCO2-N2
10 10
EPA/AS-4 2.08 345 8.7
EPA/AS-5 2.47 2.54 8.1
EPA/AS-6 1.39 1.73 10.5
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Table 4.5 Permeance of VOCs through Different Membranes

Permeance*| 03, cmy/s
Module VOC Composite membrane Silicone Skin
q.O/SO QC/SG
) 2 2
EPA/AS-6 Methanol 5.4420 5.5128
Toluene 3.2133 3.2552
Butane 2.6515 2.6810
EPA/AS-7 Pentane 3.0468 3.0838
Hexane 3.5339 3.5812

4.2 Results of Absorption-Only Experiments
Experiments were carried out at room temperature in two different ways: variation of
feed gas flow rate at a fixed absorbent flow rate and variation of absorbent flow rate at a
fixed feed gas flow rate. The hydrocarbon concentrations in the purified gas stream are
plotted in the figures against the feed gas flow rate and against the silicone oil flow rate
respectively. At the absorbent flow rate of 3.8-3.9 ml/min (Figure 4.8), the butane
outlet concentration varied with increasing gas flow rate from 3 ppmv to 1395 ppmv
whereas pentane concentration was increased to only 16 ppmv. At a gas flow rate of less
than 4.7 cc/min, pentane was not detected in the purified gas stream. When the feed gas
flow rate was maintained at 7.7-8.9 cc/min and the absorbent flow rate was changed from
0.7-7.0 ml/min (Figure 4.9), 260-1236 ppmv of butane and less than 5 ppmv of pentane
were present in the treated gas. If the silicone oil flow rate was increased to 4.4 ml/min
or more, pentane was no longer detected in the feed outlet stream. Note that, no hexane
was detected at the outlet gas stream in the range of variables studied for both of the
above-mentioned cases. In all absorption-only experiments studied, 86.2%+ of butane,

99.4%+ of pentane and 100% of hexane were removed from the feed gas.
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To get the best VOC removal performance, the feed gas flow rate should be kept at a low
value and the silicone oil flow rate should be high enough. Figure 4.10 presents such a
result. No pentane and hexane were detected in the gas outlet stream; less than 6 ppmv of
butane in the purified gas stream was achieved under the conditions that the feed gas flow
rate is in the range of 3.1-3.7 cc/min and silicone oil flow rate is larger than 2.7 ml/min.
Under these conditions, removal of 99.9 % of butane, and essentially 100% of pentane

and hexane from nitrogen were successfully obtained.

4.3 Results of Combined Absorption-Stripping at Room Temperature

The results of simple absorption using fresh absorbent were quite encouraging. However,
a large amount of absorbent was consumed. To decrease the cost of the operation, the
absorbent must be regenerated and reused. Therefore, the results from a combined
absorption-stripping process are examined now.

The experimental procedure has been presented in section 3.5. Results for gasoline vapor
(butane, pentane, and hexane) are illustrated in Figures 4.11 and 4.12. The hydrocarbon
outlet concentration decreased with decreasing feed gas flow rate or with increasing
absorbent flow rate; this is similar to that in simple absorption. Examination of Figures
4.9 and 4.12 indicates that, at approximately the same feed gas flow rate, the hydrocarbon
outlet concentrations (butane: 1596-2478 ppmv, pentane: 312-512 ppmv, and hexane: 28-
52 ppmv) obtained by combined absorption and stripping at room temperature are
significantly higher than those obtained by simple absorption, although the silicone oil
flow rate is increased to 10.9 ml/min. All three hydrocarbon components appear in the

outlet gas stream. The reason could be insufficient stripping of the VOC-containing
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absorbent due to the lower membrane surface area of the module and the lower operating
temperature of the stripping module. Actually, at the beginning, it took 3 days to reach
the steady state by using one stripping module (module EPA/AS-2). Therefore, two
modules in series were later used as the stripper.

As in traditional desorption, the way to improve the stripping process was to increase the
stripping temperature, increase the contact area of the two phases (in the present case, the
membrane area), or decrease the pressure. Since full vacuum was pulled on the tube side

of the stripping module (~29 in Hg), increasing the stripping temperature was selected.

4.4 Results of Combined Absorption-Stripping with a Heating-Cooling System
Results of combined absorption-stripping with a heating-cooling system are first
compared with that of combined absorption-stripping at room temperature (Table 4.6).
The feed gas was a gasoline mixture in N»; the feed flow rate was controlled at about 8.0
cc/min for all runs. The first two runs were at room temperatures (29 °C for both
absorption and stripping modules, EPA/AS-1 and 2). The next three runs were at room
temperature (29 °C) for the absorption module and at a higher temperature (59 °C) for the
stripping module. By comparing the data at roughly the same absorbent flow rate, it is
clear that the purified gas concentration under the latter operating conditions was almost
half of that under the former operating conditions. The VOC percent removal was
definitely increased.

More data are provided in Figures 4.13 and 4.14 for hydrocarbon removal from nitrogen
by this process. The removal of more than 92.5% of butane, 96.4% of pentane and

97.9% of hexane was achieved using the stripping module EPA/AS-2 at a flow rate of the



Table 4.6 Comparison of VOC Removal by Combined Absorption-Stripping with and without Heating-Cooling System

Purified
Feed Gas . Purified Gas Concentration, Percent Removal, %
Flow Flow T, T Oil Flow ppmv
Rate, Rate OC OC Rate':- ,
ce/min cc/mi’n ml/min Butane Pentane | Hexane Butane .| Pentane Hexane
8.1 7.5 29 29 21.4 1809 258 20 83.0 91.3 94.1
8.2 7.5 29 29 247 1907 333 21.6 82.3 88.9 93.7
7.8 7.4 23 59 18.6 970 143 10 90.6 95.0 97.0
7.7 7.3 21.5 59 21.6 899 137 10 91.3 953 97.0
7.8 7.5 24.5 59 247 901 138 10 91.2 95.2 96.9
Feed Concentration: Butane: 9840 ppmv Absorption Module: EPA/AS-1
Pentane: 2740 ppmv Stripping Module: ~ EPA/AS-2

Hexane: 314 ppmv

Balance Nitrogen
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feed gas (7.7-7.9 cc/min) and high absorbent flow rate (>18.6 ml/min) (Figure 4.13). For
the stripping module EPA/AS-5, the removal percentages were larger than 71.1% for
butane, 85.9% for pentane, and 93.1% for hexane at an absorbent flow rate of about 23
ml/min and in a feed gas flow rate range of 5.2-15.2 cc/min (Figure 4.14).

Results for methanol-nitrogen system with stripping module EPA/AS-5 and for toluene-
nitrogen system with module EPA/AS-6 are reported in Figures 4.15 to 4.18. The effects
of feed gas flow rate and silicone oil flow rate on separation of these two VOCs are
similar to those of gasoline removal. About 75.4%-96.0% of methanol and 96.2%-98.7%
of toluene were removed in the range of variables investigated, depending upon the gas
and absorbent flow rates maintained.

The effect of different stripping modules on the separation performance was also studied.
Figures 4.19 and 4.20 indicate that module EPA/AS-4 (with silicone fluoropolymer
coating) performs slightly better than module EPA/AS-2 and 5 (both with silicone
coating) for gasoline separation under the same operating conditions.

By comparing gasoline separation results obtained by this process (Figure 4.13) with that
earlier reported in simple absorption (Figure 4.9), one notices that the combined
absorption-stripping with the heating-cooling system does not perform as well as
absorption. To determine if the problem comes from the absorption or stripping, the
performances for gasoline system with module EPA/AS-1 and EPA/AS-5 were studied in
different temperature ranges: one was within a lower absorption temperature range (18.5-
23 °C) and the other one within a slightly higher absorption temperature range (26-30
°C). It is apparent from Figure 4.21 that the absorption temperature does not significantly

affect the performance. So, the overall performance of this process is controlled by
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stripping, which may result from the stripping temperature being not sufficiently high,
and/or limited membrane surface area; bypassing of the absorbent flow in the shell side
of the stripping module could also be responsible. Further, higher temperature for the
stripping module is not possible since the coating of fibers or the potting part of the
module may be damaged. For higher performance efficiency, a traditional stripper,
which can be operated at a very high temperature, may be used instead of the membrane

stripping module.

4.5 Comparison of Experimental Results and Model Simulation

As mentioned in Chapter 2, a mathematical model (Poddar et al., 1996a, 1996b) was
modified to simulate methanol-nitrogen and pentane/hexane-nitrogen separation by the
combined absorption-stripping process with a heating-cooling system. The Henry’s Law
constant correlations of VOCs in silicone oil used here were experimentally obtained
throughout the temperature range of experiments in the separation process. The
correlation of temperature dependence of VOC diffusivity in silicone oil was used in the
simulation instead of a value at room temperature. Other physical parameters used in the
simulations (critical pressure, temperature and volume, and Lennard-Jones potentials)
were found in Reid et al. (1977) and listed in Appendix A.

Figure 4.22 shows the simulation results for pentane-nitrogen and hexane-nitrogen
separations under conditions of absorption temperature of 19 °C, stripping temperature of
54 °C, and silicone oil flow rate of 23.7 ml/min, which are the average values of
experimental ranges of absorption temperature, stripping temperature and silicone oil

flow rate. The experimental data and operating conditions are shown in Figure 4.22. The
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horizontal axis is the inverse of a dimensionless number, namely Graetz number, which is

defined as:

g <V >
N, =T (NN, =| -2
Gz ZL( Re Sc)rej ( ngL ] , (4.5)

The subscript “ref” refers to the reference condition, which is the ambient temperature
and atmospheric pressure. The vertical axis (®) is the dimensionless gas concentration
defined as a ratio of outlet to inlet gas phase concentration (C; ou/Ci in).

Comparison of experimental and predicted results for pentane-nitrogen and hexane-
nitrogen separations with variation in silicone oil flow rate is illustrated in Figures 4.23
and 4.24. The horizontal axis was changed to silicone oil flow rate since there is no
change in Graetz number with the liquid phase flow rate. The experimental conditions
are shown in the Figures 4.23 and 4.24. Again, the absorption temperature, stripping
temperature, and feed gas flow rate for model simulation were taken as the averages of
their experimental ranges.

The pentane and hexane permeance data through module EPA/AS-5 used in the
simulation were the data obtained via module EPA/AS-7 since they are not available at
present.

Simulation results for methanol-nitrogen separation are provided in Figures 4.25 and
4.26.

One could see from Figures 4.22, 4.23 and 4.24 that the predicted values from the model
are in good agreement with the experimental data for pentane-nitrogen and hexane-

nitrogen separations. However, the experimental @ values were much larger than the
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predicted values from the mathematical model for methanol-nitrogen separation (Figures

4.25 and 4.26). The deviation could be due to several reasons:

1.

o

(98]

Fibers are not distributed evenly in the module. There may be some bypass or
backmixing with the absorbent flow in the shell side to make the separation worse.

To reduce the resistance of mass transfer, the coating outside the fibers must be very
thin. There may be some defects on the fiber surface so that the coating over some
locations was easily damaged at high temperature. Small amount of silicone oil was
found in the vacuum line of the stripping module during experiments. Separation will
be poor if the membrane area is reduced due to some silicone oil occupying in the
tube side of the stripping module.

Accurate physical parameter values are important in the simulation. The observed
value of methanol diffusivity in this work is much larger than that published by
Poddar et al. (1996a). Large diffusivity gives low outlet gas phase concentration

from the model simulations.

The first and the second reasons are not important since the same problems were

encountered for the pentane and hexane-nitrogen separation but the experimental data

follows the prediction of the model quite well. The major reason might be the third one.

The values of methanol diffusivities divided by two (with the same order of magnitude as

Poddar’s data (1996a) were tried in the simulation and the predicted ® value fitted the

experimental data better (dash lines in Figures 4.25 and 4.26). The diffusivity value of

methanol in silicone oil needs to be further verified.



CHAPTER §

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This research is focused on VOC removal by a membrane-based absorption-stripping
process. Silicone oil was used as the absorbent. Experiments were carried out in three
different ways: (1) absorption using fresh absorbent; (2) absorption and stripping both at
room temperature; (3) absorption at room temperature and stripping at a high
temperature. A mathematical model (Poddar et al., 1996a and 1996b) was used to predict
the performance of the combined absorption-stripping process at different absorption and
stripping temperatures. The Henry’s law constants and diffusivities of VOCs at different
temperatures were measured to assist in the model simulation. The following concluding
remarks can be made from the investigation of the results:

» A high degree removal of VOCs from nitrogen stream was achieved by the
membrane-based absorption-stripping process.

s Henry’s law constant of VOC varies significantly with temperature. The correlations
of temperature dependence of Henry’s law constants of methanol, toluene, pentane
and hexane in silicone oil were obtained in the temperature range of about 25-80 °C.

« Diffusivity of a VOC in silicone oil increases with increasing temperature. Empirical
correlations for methanol, toluene, pentane and hexane were obtained by the

regression of experimental results.
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The extent of gas purification increased with increasing absorbent flow rate or
decreasing feed gas flow rate.

The combined absorption-stripping process showed lower gas cleanup level than
absorption process using fresh absorbent.

The VOC removal efficiency of the combined absorption-stripping process increased
considerably when the stripping module was operated at a high temperature.

Model simulations were done for methanol-nitrogen, pentane-nitrogen and hexane-
nitrogen separation. The experimental results follow the prediction of the model quite
well for pentane-nitrogen and hexane-nitrogen system. The deviation of the model
simulation from the experiments is large for methanol-nitrogen system. The reliability

of the methanol diffusivity data should be verified.

5.2 Recommendations for Future Work

As discussed earlier, efficient VOC removal from nitrogen was achieved by the

membrane-based absorption-stripping process with a heating-cooling system. Model

simulation of this process showed some difference from the experimental results for

methanol-nitrogen system. The following suggestions may provide improved simulation:

1.

There was considerable difference between the diffusivity of methanol in silicone oil
obtained in this study and in Poddar et al. (1996a). The accuracy of the diffusivity
data should be investigated in order to get better simulation results.

Henry’s law constant of butane in silicone oil should be measured using an

appropriate method so that the model simulation could be done for butane.
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A hybrid process of the vapor permeation and combined absorption-stripping needs to
be examined. The removal of 99% hydrocarbons was achieved from a
multicomponent gas mixture of a high concentration by vapor permeation process
(Bagavandoss, 1996). The combined absorption-stripping process can bring the
hydrocarbon concentrations further down to a very low level. The overall

performance of these two combined processes should be investigated.



APPENDIX A

EXPERIMENTAL RESULTS

Experimental results are provided in the form of tables here.
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Table Al Experimental Data for Calculation of Henry’s Law Constant

SN WE WES WS Vi Vg Ve/Vi (1/PA)*108

16 18.0058 18.9512 0.9454 1.0029 20.9971 20.9364 1.4420

17 18.0019 19.2812 1.2793 1.3571 20.6429 15.2110 1.4133

18 17.9171 19.6736 1.7565 1.8633 20.1367 10.8070 1.4008

19 18.0823 20.9694 2.8871 3.0626 18.9374 6.1834 1.3646

20 17.9661 23.5370 5.5709 5.9095 16.0905 2.7228 1.3242
VOC: Toluene

Absorbent: Silicone Oil
Temperature: 44.9 0C

SN: Sample number

WE: Weight of the empty vial (gm)
WES: Weight of the vial with sample (gm)
WS: Weight of the sample (gm)

Vi Volume of the sample (ml)

Vg Volume of the headspace (cc)

PA: Peak area

86



Table A2 Henry’s Law Constant as a Function of Temperature; Methanol-Silicone Oil

99

Experiment # t (°C) 1T C°K)! H In(H)
1 4595 0.0031338 8.8533 2.1808
2 54.80 0.0030492 8.9663 2.1935
3 64.85 0.0029586 8.3468 2.1219
4 75.00 0.0028723 5.8662 1.7692

Table A3 Henry’s Law Constant as a Function of Temperature; Toluene-Silicone Oil

Experiment # t (°C) 1T CK)! H In(H)
1 44.90 0.0031442 214.5027 5.3683
2 54.80 0.0030492 146.0730 49841
3 59.85 0.0030030 167.2300 5.1194
4 74.95 0.0028727 126.4438 4.8398

Table A4 Henry’s Law Constant as a Function of Temperature; Hexane-Silicone Oil

Experiment # t (°C) 1T (°K)! H In(H)
1 24.85 0.0033557 146.6784 4.9882
2 39.85 0.0031949 103.6400 4.6409
3 59.85 0.0030030 55.5698 4.0176
4 79.95 0.0028321 45.7239 3.8226

Table A5 Henry’s Law Constant as a Function of Temperature; Pentane-Silicone Oil

Experiment # t (°C) 1T °K)"! H In(H)
1 25.45 0.0033490 71.6519 42718
2 39.95 0.0031939 54.9635 4.0067
3 59.85 0.0030030 34.5919 3.5436
4 79.95 0.0028321 30.6592 3.4229




Table A6 Experimental Results for Estimation of VOC Permeance through the Silicone Skin

Module VOC t, °C Fi“‘ FO”‘_ Fopm,in F ppm.out P _ (qo/ 50)*103 (qJSC)*103
cc/min cc/min ppmv ppmv cc/min cm/s cmy/s
Toluene 22 64.6 36.3 940 469 28.5 3.2133 3.2552
EPA/AS-6 :
Methanol 22 50.8 22.0 1100 99 30.9 5.4420 5.5128
Butane 22 60.3 23.2 9840 6066 36.5 2.6515 2.6810
EPA/AS-7 | Pentane 22 60.3 23.2 2740 1330 36.5 3.0468 3.0838
Hexane 22 60.3 23.2 314 116 36.5 3.5339 3.5812
Fin Feed gas inlet flow rate
Fout Feed gas outlet flow rate
Fopm,in VOC concentration in feed gas inlet
Fppm,out COC concentration in feed gas outlet
P Permeate gas flow rate
qo/%q VOC permeance through the composite membrane
qc/d¢ VOC permeance through the silicone skin

t

Temperature
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Table A7 Experimental Results for Estimation of Diffusivity of VOCs in Silicone Qil

VOC t Fin Fout Fppm,in Fppm,out S Hi D;*106
°C cc/min cc/min ppmv ppmv cc/min cm?/s
23 353 35.3 1100 258 30.8 17.3975 10.6282
Methanol 48 51.1 50.8 1100 391 30.6 10.1871 21.8620
60 50.7 50.0 1100 402 30.7 8.1074 25.4806
20 51.3 50.6 912 152 30.8 400.8808 2.6073
Toluene 49 50.6 50.2 912 170 30.5 199.5786 3.7977
66 50.6 50.0 912 178 30.5 14.01668 4.8767
20 48.8 48.3 2740 1198 29.5 78.4783 1.8115
Pentane 47 49.3 49.2 2740 1365 30.4 47.6602 2.2631
66 49.2 48.6 2740 1430 30.8 35.1901 2.7383
20 48.8 48.3 314 93 29.5 165.5646 1.7840
Hexane 47 49.3 49.2 314 111 30.4 84.2914 2.4877
66 49.2 48.6 314 121 30.8 55.9068 3.1474
Fin Feed gas inlet flow rate H; Henry's law constant
Fout Feed gas outlet flow rate S Sweeping gas flow rate
Fppm,in VOC concentration in feed gas inlet t Temperature
F ppm,out COC concentration in feed gas outlet
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Table A8 Hydrocarbon Separation Performance with Variation in Feed Gas Flow Rate (Absorption Only)

Hydrocarbon Concentration in Purified
Gas, ppmv Percent Removal, %
Feed Gas Flow Retentate Gas Flow ’
Rate, cc/min Rate, cc/min Butane Pentane Hexane Butane Pentane Hexane
3.1 3.0 3 0 0 99.97 100 100
5.0 4.7 46 0 0 99.6 100 100
8.5 7.9 256 ~0.1 0 97.6 99.99 100
10.6 10.5 668 2 0 933 99.9 100
15.2 14.8 1395 16 0 86.2 99.4 100

Feed Gas Composition: Butane: 9840 ppmv
Pentane:2740 ppmv
Hexane: 314 ppmv
Balance Nitrogen

Silicone Oil Flow Rate: 3.8-3.9 ml/min
Module: EPA/AS-1
Temperature: 20-27°C

<0



Table A9 Hydrocarbon Separation Performance with Variation in Silicone Oil Flow Rate; High Gas Flow Rate (Absorption Only)

Silicone Oil

Hydrocarbon Concentration in Purified Gas, ppmv

Percent Removal, %

Flow Rate,
ml/min Butane Pentane Hexane Butane Pentane Hexane
0.7 1236 5 0 87.6 99.9 100
1.3 554 0.2 0 94.4 99.99 100
2.3 457 0.2 0 95.5 99.99 100
34 357 0 0 96.4 100 100
3.8 256 ~0.1 0 97.6 99.99 100
4.4 274 0 0 97.2 100 100
5.2 268 0 0 97.4 100 100
7.0 260 0 0 97.4 100 100

Feed Gas Composition:

Feed Gas Flow Rate:

Module:
Temperature:

Butane: 9840 ppmv
Pentane: 2740 ppmv
Hexane: 314 ppmv
Balance Nitrogen
7.7-8.9 cc/min
EPA?7AS-1

20-27°C
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Table A10 Hydrocarbon Separation Performance with Variation in Silicone Oil Flow Rate; Low Gas Flow Rate (Absorption Only)

Silicone Oil Hydrocarbon Concentration in Purified Gas, ppmv Percent Removal, %
Flow Rate,
ml/min Butane Pentane Hexane Butane Pentane Hexane
0.9 70 0 0 99.3 100 100
2.7 6 0 0 99.94 100 100
3.9 3 0 0 99.97 100 100
7.4 6 0 0 99.94 100 100
Feed gas concentration: Butane: 9840 ppmv

Pentane:2740 ppmv
Hexane: 314 ppmyv
Balance nitrogen

Module: EPA/AS-1
Feed Gas Flow Rate: 3.1-3.7 cc/min
Temperature: 20-27°C
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Table A11 Hydrocarbon Separation Performance with Variation in Feed Gas Flow Rate (Combined Absorption-Stripping)

Feed Gas Flow Retentate Gas Flow Hydrocarbonéi oncentration in Purified Percent Removal, %
as, ppmv

Rate, Rate,

cc/min cc/min Butane Pentane Hexane Butane Pentane Hexane
7.7 7.4 2478 512 52 75.7 81.9 84.0
10.8 10.5 2680 398 32 73.4 85.8 90.0
20.3 19.5 4497 646 44 56.1 77.4 86.5
41.0 40.7 6624 1216 80 33.2 55.9 74.7
60.3 60 7707 1595 122 22.1 421 61.3
82.2 82.2 8170 1799 148 17.0 34.3 52.9

Feed Gas Composition: Butane: 9840 ppmv  Pentane:2740 ppmv

Absorption Module:
Stripping Module:

Silicone Oil Flow Rate:

Temperature:

Hexane: 314 ppmv

EPA/AS-1
EPA/AS-2 and 3 in Series
4.4-4.8 ml/min

20-26°C

Balance Nitrogen
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Table A12 Hydrocarbon Separation Performance with Variation in Silicone Oil Flow Rate (Combined Absorption-Stripping)

Silicone Oil Hydrocarbon Concentration in Purified Gas, ppmv Percent Removal, %
Flow Rate,
ml/min Butane Pentane Hexane Butane Pentane Hexane
4.4 2478 512 52 75.7 81.9 84.0
6.7 2383 511 50 76.3 81.8 84.4
8.0 1936 392 38 81.7 86.7 88.8
10.9 1596 312 28 85.5 90.0 92.2
Feed Gas Composition: Butane: 9840 ppmv Hexane: 314 ppmv
Pentane:2740 ppmv Balance Nitrogen
Absorption Module: EPA/AS-1
Stripping Module: EPA/AS-2 and 3 in Series
Feed Cas Flow Rate: 7.7-9.3 cc/min
Temperature: 20-26°C
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Table A13 Hydrocarbon Separation Performance with Variation in Silicone Oil Flow Rate; Modules EPA/AS-1 and 5 (Combined

Absorption-Stripping with Heating-Cooling System)

Feed Flow é:;lsr 1Fﬁlz(\17v Ta'! Ts’ Oil Flow Purified Gas Composition, ppmv Percent Removal, %

Rate, Rate, oc oc Rate,

cc/min cc/min ml/min Butane Pentane Hexane Butane Pentane Hexane
8.0 7.4 21.5 55.5 20.6 1779 212 13.1 83.3 92.8 96.1
8.0 7.5 29 62 22.5 1258 133 9.2 88.0 95.4 97.3
8.0 7.3 21 70 23.0 1157 115 7.1 89.3 96.2 97.9
7.9 7.2 18.5 54.5 23.6 1515 179 11.9 86.0 94.0 96.5
8.1 7.5 26 68 23.8 1218 127 8.9 88.5 95.7 97.4
7.9 7.2 19 55 247 1500 181 12.0 86.1 94.0 96.5
7.9 7.2 20 66.5 26.8 1116 117 7.4 89.7 96.1 97.9
8.1 7.4 30 57.5 28.3 1321 145 10.7 87.7 95.2 96.9
8.1 7.4 29 68 29.0 1221 130 9.1 88.6 95.7 97.4
8.1 73 23 65 29.5 1322 149 9.8 87.9 95.1 97.2
7.7 7.0 19 66 32.7 690 95 6.4 93.6 96.8 98.1

1: Ta : Absorption Temperature
2: Ts: Stripping Temperature

Butane: 9840 ppmv, Pentane:2740 ppmv, Hexane: 314 ppmv, Balance nitrogen

Stripping Module: ~ EPA/AS-5

Feed Composition:
Absorption Module: EPA/AS-1
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Table A14 Hydrocarbon Separation Performance with Variation in Feed Gas Flow Rate; Modules EPA/AS-1 and 5 (Combined

Absorption-Stripping with Heating-Cooling System)

Feed Gas Purified . . .
H Gas T, T2 Oil Flow | Purified Gas Composition, ppmv Percent Removal, %
R;t‘;v Flow og oé Rate,
cc min Rate, ml/min Butane | Pentane | Hexane Butane | Pentane | Hexane
cc/min
5.2 4.6 20 55 23.9 791 122 8.6 92.9 96.1 97.6
7.9 72 18.5 54.5 23.6 1515 179 11.9 86.0 94.0 96.5
10.2 9.5 20 54 23.7 2004 243 17 81.0 91.7 95.0
12.7 12.0 19 53 23.6 2571 300 21 75.3 89.7 93.7
15.2 14.4 18 53 234 3005 407 23 71.1 85.9 93.1
1: Ta: Absorption Temperature
2: Ts: Stripping Temperature
Feed Composition:  Butane: 9840 ppmv Absorption Module: EPA/AS-1
Pentane:2740 ppmv Stripping Module: ~ EPA/AS-5

Hexane: 314 ppmv
Balance Nitrogen
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Table A15 Hydrocarbon Separation Performance with Variation in Silicone Oil Flow Rate; Modules EPA/AS-1 and 4 (Combined

Absorption-Stripping with Heating-Cooling System)

Feed Purified | 5 il Flow | Purified Gas Composition, ppmv Percent Removal, %
Flow Gas Flow Ta Ts R
0 0 ate,
Rate, Rate, C C k
. . ml/min Butane Pentane Hexane Butane Pentane Hexane
cc/min cc/min
7.8 7.5 20 57.5 20.1 678 76 4.3 93.4 97.3 98.7
7.8 7.5 21 59 22.2 755 88 4.5 92.6 96.9 98.6
7.8 7.4 21 59 243 774 90 5.0 92.5 96.9 98.5
7.8 7.4 23 59 24.8 713 80 4.4 93.1 97.2 98.7
7.8 7.4 24 71.5 25.6 604 66 3.5 94.2 97.7 98.9
7.8 7.5 24 75 27.0 627 66 3.5 93.9 97.7 98.9
7.8 7.4 235 72.5 28.4 610 65 3.5 94.1 97.7 98.9
7.9 7.6 27 75.5 29.7 668 71 3.9 93.5 97.5 98.8
1: Ta : Absorption Temperature
2: Ts : Stripping Temperature
Feed Composition:  Butane: 9840 ppmv Absorption Module: EPA/AS-]
Pentane:2740 ppmv Stripping Module: ~ EPA/AS-4

Hexane: 314 ppmv
Balance nitrogen
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Table A16 Methanol Separation Performance with Variation in Silicone Oil Flow Rate; Modules EPA/AS-1 and 5 (Combined
Absorption-Stripping with Heating-Cooling System)

Feed Gas Flow Purified Gas | 2 Silicone Methanp ] ) Methanol
Ta Ts . Concentration in
Rate, Flow Rate, o o 01l Flow Rate, . Percent
. ) C C . Purified Gas,
cc/min cc/min ml/min Removal, %
ppmv
7.7 7.5 21 56 4.5 156 86.2
7.7 6.9 16.5 57 12.1 88 92.8
7.8 6.7 17 57 15.4 66 94.8
7.6 6.3 17 53 21.9 62 953
7.7 6.0 19 53.5 29.0 57 96.0
1: Ta: Absorption Temperature
2: Ts: Stripping Temperature
Feed Gas Composition: Methanol: 1100 ppmv; Balance Nitrogen
Absorption Module: EPA/AS-1
Stripping Module: EPA/AS-5
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Table A17 Methanol Separation Performance with Variation in Feed Gas Flow Rate; Modules EPA/AS-1 and 5 (Combined
Absorption-Stripping with Heating-Cooling System)

Feed Gas Flow Purified Gas 1 2 Silicone Methanp b ) S
Rate Flow Rate ’I;A Ts Oil Flow Rate Concfantratlon in | Methanol Percent
? o C °C i ’ Purified Gas, Removal, %
cc/min cc/min ml/min
ppmv

53 5.0 26 58 4.4 135 88.4
54 5.0 20.5 56 4.5 110 90.7
7.7 7.5 21 56 4.5 156 86.2
7.9 7.8 25 57 4.6 125 88.8
7.9 7.7 24 58 4.5 146 87.1
10.5 10.3 21.5 56.5 4.5 197 82.4
10.5 10.0 24 55 4.4 176 84.8
13.2 13.1 24 58 4.5 209 81.1
15.7 15.6 22 57 4.5 245 77.9
15.8 15.7 22 57 4.4 272 75.4
15.8 15.7 22 57 4.4 272 75.4

1: Ta: Absorption Temperature

2: Ts: Stripping Temperature

Feed Gas Composition: Methanol: 1100 ppmv; Balance Nitrogen

Absorption Module: EPA/AS-1

Stripping Module: EPA/AS-5
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Table A18 Toluene Separation Performance with Variation in Silicone Oil Flow Rate; Modules EPA/AS-1 and 6 (Combined
Absorption-Stripping with Heating-Cooling System)

) - Toluene
Feedé}aei Flow P&zgeﬁact}js Ta' Ts® 0il illl(;(\fn}ia e Concentration in | Toluene Percent
i o °C °C . ’ Purified Gas, Removal, %
ce/min cc/min ml/min
ppmv
8.0 7.7 23 54 4.3 30 96.9
7.9 7.4 18 52 14.6 21 97.9
8.2 7.4 17 52 18.4 16.7 98.4
8.2 7.2 17 53 26.8 13.6 98.7

1: Ta: Absorption Temperature

2: Ts: Stripping Temperature

Feed Gas Composition: Toluene: 940 ppmv;  Balance Nitrogen
Absorption Module: EPA/AS-1

Stripping Module:  EPA/AS-6
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Table A19 Toluene Separation Performance with Variation in Feed Gas Flow Rate; Modules EPA/AS-1 and 6 (Combined

Absorption-Stripping with Heating-Cooling System)

. - Toluenel
FeedRGa ise Flow P;f;\fz]eligjs TAI T52 il i‘lll(f:nliate Concentration in | Toluene Percent
> o °C °C . ’ Purified Gas, Removal, %
cc/min cc/min ml/min
ppmv
4.0 34 19 51 12.7 17.7 98.4
7.6 6.9 19 50.5 12.8 24.6 97.6
11.8 11.3 19 51 13.0 299 97.0
15.2 15.2 19.5 51 13.4 36.4 96.2
1: Ta: Absorption Temperature
2: Ts: Stripping Temperature
Feed Gas Composition: Toluene: 940 ppmv;  Balance Nitrogen
Absorption Module: EPA/AS-1
Stripping Module: EPA/AS-6
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Table A20 Hydrocarbon Separation Performance with Variation in Silicone Oil Flow Rate; Modules EPA/AS-1 and 2 (Combined
Absorption-Stripping with Heating-Cooling System)

Purified Silicone Hydrocarbon Concentration in » o
Feed Gas Gas Flow T,! Tg2 Oil Flow Purified Gas, ppmv Percent Removal, %
Flow Rate, o 0
. Rate, C C Rate, .
co/min g . Butane Pentane Hexane Butane Pentane Hexane
cc/min ml/min
7.8 7.4 23 59 18.6 780 105 7 92.5 96.4 97.9
7.7 7.3 21.5 59 21.6 718 100 7 93.1 96.5 97.9
7.8 7.5 24.5 59 247 720 100 7 93.0 96.5 97.9
79 7.5 25 72 27.5 614 79 5 94.1 973 98.5
7.9 7.4 25.5 75 29.5 598 75 5 943 97.4 98.5

1: Ta: Absorption Temperature
2: Ts: Stripping Temperature
Feed Gas Composition:

Absorption Module:
Stripping Module:

Butane: 9840 ppmv
Pentane:2740 ppmv

Hexane: 314 ppmv
Balance Nitrogen

EPA/AS-1
EPA/AS-2
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Table A21 Thermodynamic Properties of Nitrogen and VOCs

VOC/N, Mol. Wt. T (°K) P. (atm) V. (cc/mole) e/K (°K) o(A)
Methanol 32.042 512.6 79.9 118.0 481.8 3.626
Butane 58.124 4252 37.5 255 531.4 4.687
Pentane 72.151 469.6 333 304 341.1 5.784
Hexane 86.178 507.4 29.3 370.0 399.3 5.949
Nitrogen 28.013 126.2 33.5 90.1 71.4 3.798
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APPENDIX B

SAMPLE CALCULATION OF DIMENSIONLESS HENRY'S LAW CONSTANT

Data of experimental number 16 in Table A1 was taken as a sample calculation:
WE=18.0058 gm

WES=18.9512 gm

WS=WES-WE=18.9512-18.0058=0.9454 gm

t=44.9 °C

Density of silicone oil at 44.9 °C is calculated from equation 3.1:
p=0.9802-8.356*107*44.9=0.9427 gm/ml
V,=0.9454/0.9427=1.0029 ml

V,=22.0-1.0029=20.9971 CC

v,/ Vi=20.9364

From Figure 4.1, the following data were obtained:
y-intercept=HR/C,;=1.3202* 10"

Slope= R/C,;=6.1547*10™"

H.=1.3202*107/6.1547*10"°=214.5027
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APPENDIX C

PROGRAM FOR CALCULATION OF
THE CO,/N, PERMEANCE AND THE SEPARATION FACTORS

(*---This is a program for calculation of the CO,/N, permeance and separation factor---*)

(Fommmmmmmm s input data section----------------- *)

area=137.3 (* membrane surface area of the module, cm® *)
feedpres=15.0+14.69 (* feed gas pressure, psia *)
permpres=14.69 (* permeate side gas pressure, psia ¥)
x1=0.0504 (* feed gas inlet conc. mole% *)
x2=0.007627 (* feed gas outlet conc. mole% *)
y1=0.070626 (* permeate gas conc.at feed end mole% *)
flowperm=158.97 (* co2+n2 permeate flow rate, cc/min *)
co2perm=1160 (* pure co2 permeate flow rate, cc/min *)
n2perm=74.2 (* pure n2 permeate flow rate, cc/min *)
(Kemmmmmmmmm e calculaton section --*)

r=permpres/feedpres

permeanceco2=co2perm/60/area/(feedpres-permpres)/76*14.69

(* co2 permeance, scc/cm’.s.cmHg *)
permeancen2=n2perm/60/area/(feedpres-permpres)/76*14.69

(* n2 permeance, scc/em’.s.cmHg *)
alpha=permeanceco2/permeancen? (* ideal separation factor *)
eqn=(y/(1-y))-alpha* (2-r*y)/((1-x2)-r*(1-y))
solution=FindRoot[eqn==0,{y,0.01}]
y2=y/.solution (* y2: permeate conc. at feed out end *)

(Fammmmmmeeaen driving force for co2- )
deltaplco2=feedpres*x1-permpres*yl
deltap2co2=feedpres*x2-permpres*y2
deltaplmco2=(deltaplco2-deltap2co2)/Log[(deltaplco2/deltap2co2)}

e driving force for n2------=-=---eeceeuev *)
deltap1n2=feedpres*(1-x1)-permpres*(1-y1)
deltap2n2=feedpres*(1-x2)-permpres*(1-y2)
deltaplmn2=(deltap1n2-deltap2n2)/Log[(deltapIn2/deltap2n2)]
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flowpermco2=flowperm*y1 (¥co2 permeate flow rate,cc/min *)
flowpermn2=flowperm*(1-y1) (*n2 permeate flow rate,cc/min *)
alphaoveral=flowpermco2*deltaplmn2/flowpermn2/deltaplmco?2
TableForm[{permeanceco2,permeancen2,alphaoveral }, TableHeadings->{{"co2
permeance=","n2 permeance=","alpha="},{" "}}]
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