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CHAPTER |
INTRODUCTION

In the present, air pollution is the most serious issue because it can cause
damage to human, animals, plants, and water. Many Industries such as chemical,
petrochemical, and pharmaceutical industry are considered that they are sources of
emission of toxic gasses. One of toxic gas is volatile organic compounds (VOCs) which
have a high vapor pressure at ambient temperature and atmosphere. Because of their
properties, volatile organic compounds affect the growth of plants and the health of
human and animals in the short and long term. However, volatile organic compounds
from industry emission are treated ineffectively. So, the emissions of volatile organic
compounds from industry are concerned that it can cause environmental problems
and public health. In order to reduce the volatile organic compounds emissions,
various methods are available to reduce volatile organic compounds such as thermal
or catalytic oxidations, adsorption, condensation, absorption, membrane permeation
and biological treatments [1].

Absorption process is an effective method to reduce volatile organic
compounds emission from industry by using a liquid solvent because it provides a high
surface area, high capacity, and low operating costs. The selection of the liquid solvent
for absorption depends on the volatile organic compounds solubility in the liquid
solvent. In addition, the liquid solvent should have very good chemical and thermal
stability, low volatility, low toxicity and high boiling point [2, 3]. Vegetable oil is an
alternative solvent which has low price and suitable properties to reduce volatile
organic compounds emission. Besides, vegetable oil is non-polar compounds which
may absorb volatile organic compounds easily.

Generally, volatile organic compounds are absorbed in a large equipment such

as a packed column, stripping column and bubble column which have low interfacial

area, surface area per volume ratio, and low mass transfer between gas and liquid



solvent. A microchannel is an alternative technique for reducing mass transfer
resistances between gas phase and liquid solvent because it has short diffusion
distance between gas and liquid solvent. Due to their small internal dimensions, the
microchannel provides a high interfacial area between gas and liquid phase. In addition,
microchannel has several advantages rather than a large equipments such as short
residence time, and safety. However, when gas directly contacts with a liquid solvent,
gas may break liquid to be unstable. Consequently, the operating interfacial area is
lower than the available interfacial area [4]. So, stainless steel mesh is applied to

allow gas and liquid solvent contact without dispersion of one phase into the other.

Moreover, the capillary force within two types of stainless steel mesh pores is
studied because the capillary force depends on the adhesion force which relies on the
property of liquid solvent and solid pores. Therefore, the capillary force within stainless
steel mesh pores is supposed that it is a significant factor to separate gas and the liquid

solvent.

Many research has been investigated the absorption of volatile organic
compounds in a microchannel for increasing the removal efficiency such as falling film
microchannel, circular cross-sectional microchannel, and silicon nitride mesh contactor
microchannel. The most research studied the absorption of volatile organic
compounds when gas dispersed into the liquid solvent. There has a few research which
studies the absorption when gas and liquid solvent are separated like membrane gas
absorption but the stainless steel mesh which has high contact area was not studied.
Besides, the effect of the different property of mesh on the absorption and mass

transfer coefficient are not studied.

This work studies the absorption process of volatile organic compound by using
stainless steel mesh in a microchannel. The stainless steel mesh is placed between
two channels, gas, and liquid channel, to protect breaking of liquid by gas. In this work,
toluene is used as a representative of the volatile organic compound while vegetable

oil is used as a representative of a liquid solvent.



1.1 Objective
The objective of this work is to study the using of metal mesh to increase
absorption efficiency of toluene/air mixture gas by using vegetable oil as a liquid

solvent in a microchannel.

1.2 Scopes of work.

- Study the effect of mesh size in a microchannel by using mesh number 100, 200,
and 300.

- Study the effect of liquid flow rate in range 10 — 40 mU/h.

- Study the effect of gas flow rate in range 2 = 5 ml/min.

- Study the effect of concentration of toluene in range 5,000 - 25,000 ppm.

- Study the effect of modified stainless steel surface by coating hydrophobic substance.



CHAPTER I
FUNDAMENTAL THEORY AND LITERATURE REVIEWS

2.1 Volatile organic compounds (VOCs)

Volatile organic compounds are chemical compounds which have vapor
pressure more than 1 mmHg at ambient temperature. This property results from a low
boiling point a trait known as volatility and it can easily vaporize into the surrounding
air. Sometimes, the volatile organic compounds are defined and classified by their
boiling point. The molecule of volatile organic compounds mainly contains carbon
and, hydrogen and other molecule such as oxygen, nitrogen, sulfur, and halogens.

Table 2.1 shows some of the common volatile organic compounds.

Table 2.1 Some of common volatile organic compounds [5]

Serial Number Volatile Organic Compounds
1 Acetaldehyde

2 Acetone

3 Benzene

4 Carbon tetrachloride
5 Ethyl acetate

6 Ethylene glycol

7 Formaldehyde

8 Heptane

9 Hexane

10 Isopropyl alcohol

11 Methyl ethyl ketone
12 Methyl chlonde

13 Monomethyl ether
14 Naphthalene

15 Styrene

16 Toluene

17 Xylene




There are many sources of emission of volatile organic compounds such as
food industry, agriculture, electronic industry, chemical industry, pharmaceutical
industry, wastewater treatment, painting or coating manufacturer, petrochemical

processes, and highway construction.

2.1.1 Environmental effects of volatile organic compounds

The volatile organic compounds emissions from many industries as we describe
above are a significant factor in the creation of environmental problems. Volatile
organic compounds are involved in photochemical reactions which react with nitrogen
oxides in the atmosphere to form ozone and entail environmental hazards such as
global warming, acid rain and air — borne toxics [6]. Ozone in the stratosphere is helpful
because it helps to protect the sun’s ultraviolet radiation but ozone which is produced
by volatile organic compounds inhibits the troposphere. Troposphere (ground - level)
ozone is harmful because it is the formation of smog. Thus, high troposphere ozone

levels can damage to the growth of plants and crop yields.

2.1.2 Health effects of volatile organic compounds

The volatile organic compounds have an influence on human health. Because
of increasing of volatile organic compounds, the troposphere ozone on the ground
increases as well. The increasing of troposphere ozone will be dangerous to people
who live on the ground because excess amounts of ozone can affect their health.
Troposphere ozone can cause permanent damage to a lung tissue, liver, kidney,
nervous system, and immune system. Moreover, a person who acquires volatile organic

compounds in the short term will have a headache, dizziness, and respiratory irritation.



2.2 Volatile organic compounds removal methods

Various methods are available for reducing the emission of volatile organic
compounds. The volatile organic compounds removal methods can be classified into
two main groups: process and equipment modification method and add-on control
method as shown in Figure 2.1. Process and equipment modification method is a
modification of the process equipment, raw material or changing in operating
conditions. Add-on control method can be classified into two types: destruction and
recovery method. In the destruction method, volatile organic compounds are
destroyed by oxidation or bacteria. Another method is recovery method which volatile

organic compounds are not destroyed [5].

VOC removal techniques

v v

Process and Add on control
Equipment modification techniques

v v

Destruction Recovery
Oxidation Bio-filtration l i l l
I Absorption Adsorption Condensation Membrane
# ¢ & separation
Thermal oxidation Catalytic oxidation RFR SlL :

' '

Zeolite based adsorption Activated Carbon based
adsorption

Figure 2.1 Classification of volatile organic compounds removal method



2.2.1 Thermal oxidation

Thermal oxidation method is a system that combust volatile organic
compounds at 1,300 — 1800°F of temperature. This method is designed to handle a
capacity of 1,000 - 500,000 cubic feet per minute (cfm) and it is available for a range
of volatile organic compounds concentration from 100 to 2,000 ppm. The volatile
organic compounds which are difficult to combust need to require greater heat and
retention time to combust volatile organic compounds completely. However, the
thermal oxidation method can produce high levels of nitrogen oxide which is a
pollutant in the air. Moreover, the volatile organic compounds which have halogenated
molecule can convert to be an acid which can corrode the materials. So, this method

needs a further treatment such as scrubbers.

2.2.2 Catalyst oxidation

Catalyst oxidation method is similar to thermal oxidation method that volatile
organic compounds are combusted directly. This method, the catalyst can reduce the
energy requirement of combustion. So, the operating condition is lower than thermal
oxidation condition. The operating condition is about 700 — 900°F. Catalyst oxidation
is designed to handle a capacity of 1,000 — 100,000 cfm and it is available for a range
of volatile organic compounds concentration from 100 to 2,000 ppm. However, the
catalyst oxidation in large scale is not popular as thermal oxidation because the high
costs of catalyst loading. In addition, the catalyst oxidation method can produce a
pollutant like thermal oxidation which needs a proper treatment. Catalysts which are

used in this process are sensitive with sulphur, silicon and chloride.

2.2.3 Bio-filtration

The bio-filtration method depends on the ability of micro-organisms to convert
volatile organic compounds under aerobic conditions. The products from this method
contain carbon dioxide, water, inorganic products, and biomass. The temperature of
operating condition is about 50 — 105°F. Bio-filtration is designed to handle a capacity

lower than 14,000 cfm and it is available for a range of volatile organic compounds



concentration lower than 5,000 ppm. This method has many advantages such as mild
operating condition, less pollutant, less initial investment, and non-hazardous.

However, this method is slow and the material cannot recover.

2.2.4 Condensation

The condensation method produces a liquid product of volatile organic
compounds from the gas stream. This method is most efficient for volatile organic
compounds which have boiling points above 100°F and high concentrations above
5,000 ppm. The low boiling point volatile organic compounds need to require greater
cooling which needs more operating costs. The liquid from this method can be reused
in the process. For example, using a liquid of volatile organic compounds as a solvent
to clean the equipment, or using a liquid of volatile organic compounds as a boiler

fuel.

2.2.5 Membrane-based gas absorption

The membrane-based gas absorption (MGA) process is based on a gas and
liquid phase contact across the hydrophobic microporous membrane. The membrane
is used as a physical barrier between gas and liquid phase. This method is used only
on the laboratory scale and pilot plants. There are many advantages of using
membrane absorption such as high removal efficiency of volatile organic compounds,
low operating costs, and no further treatment. Moreover, the membrane bases gas
absorption process can protect the flooding problem [7]. However, membranes are

rare and expensive.



2.2.6 Adsorption

The adsorption process involves the interaction between adsorbate and
adsorbent by the weak Van der Waals force of attraction. In this process, the volatile
organic compounds are attracted on the surface and in the pores of the adsorbent.
The selection of the adsorbent depends on the application. The adsorbent must have
a large specific surface area such as activated carbon or zeolite. This process is designed
to handle a low capacity of 100 - 6,000 cfm and it is available for a range of volatile
organic compounds concentration from 700 to 10,000 ppm. This method has good

removal efficiency but it requires a high capital investment and operating costs.

2.2.7 Absorption

Absorption process is an effective method to remove volatile organic
compounds from a gas stream. It is a physical process that contacts the contaminated
gas with a liquid solvent. This process is designed to handle a low capacity of 2,000 -
100,000 cfm and it is available for a range of volatile organic compounds concentration
from 500 to 15,000 ppm. Absorption process has many advantages such as simple
process, good efficiency, high capacity, high surface area, low investment and using
with a wide range of concentrations.

Table 2.2 shows the various methods for reducing volatile organic compounds.
It shows that absorption method is proper with the removal volatile organic compound
process which has high capacity and wide range concentration of volatile organic

compounds.
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Table 2.2 Various methods for reducing volatile organic compounds [5]

Techniques VOC content (ppm)  Moisture content Capacity range (cfm) Temperature (°F) Special remarks
Thermal oxidation Greater than 20 but MNormal 1040% EM  1000-500,000 700 Requires elaborate
less than 25% of LEL safety measures
Catalytic oxidation 1001000 but always Normal 10-40% BM  1000-10,000 300 An elaborate safety
less than 25% of LEL measure
Bio—filtration <5000 =90% <14,000 50-105 Precaution that VOC
shounld not be toxic to
microbes
Condensation 5000-10.000 20-80% 100-20.000 Ambient -
Absorption 500-15.000 Normal 2000-100,000 Normal Stripping should be
easily possible
Adsorption
Activated carbon T00-10,000 (but <350% 100-6000 <130 Must be desorbed from
always less than 25% another adsorbent
of LEL)
Zeolite 1000-10.000 (but ~94-96% 100-6000 ambient Must be desorbed from
always less than 25% another adsorbent
of LEL)
Membrane separation Very low 20-99% 200-1500 ambient No further operation is

concentration to 25%
of LEL

required

2.3 Gas absorption

Gas absorption is a process that involves in the diffusion between the

components in a gas stream and liquid solvent. The components in gas stream are

removed by contact with a liquid solvent for the purposes of preferentially dissolving

one or more components of the gas and to provide the solution of them in the liquid.

This process has many variables which are a significant role in absorption efficiency as

follows.

- Absorbent or liquid solvent

- Concentration of gas mixture

- Carrier gas

- Surface area between gas and liquid solvent

- Solubility of gas in liquid solvent

- Flow rate of gas and liquid solvent
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Moreover, the removal efficiency of volatile organic compounds depends on
pressure drop. However, the packing type of packed absorption is not a significant role

for reducing volatile organic compounds [8].

2.3.1 The selection of liquid solvent for gas absorption [9]

There have a lot of solvents to remove some constituent from gas. The

following properties are important considerations:

1. Gas solubility: The solubility should be high. The solvents of a chemical
nature similar to that of the solute to be absorbed will provide good solubility. For

example, the hydrocarbon oils are used to remove organic compounds from gas.

2. Volatility: The liquid solvent should have a low vapor pressure since the gas
leaving an absorption operation is ordinarily saturated with the solvent and much may

thereby be lost.
3. Corrosiveness: The liquid solvent should not erode materials of construction.
4. Cost: The liquid solvent should be inexpensive and readily available.

5. Viscosity: Low viscosity of liquid solvent is preferred for reasons of rapid

absorption rates, improving flooding, and low pressure drops on pumping.

Moreover, the liquid solvent should have proper properties such as high boiling
point, easy to recover, and good chemical and thermal stability. Generally, the liquid
solvents which use to absorb volatile organic compounds include water, mineral oils,
or nonvolatile petroleum oils. The selection of the liquid solvent for absorption
depends on the volatile organic compounds solubility in the liquid solvent. There have
many liquid solvents which are usually used for remove volatile organic compounds

such as polyethylene glycols, phthalates, adipates and silicone oil.
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2.3.2 Using vegetable oil as a liquid solvent

Vegetable oil (sunflower oil) is very good for volatile organic compounds absorption
because it has high temperature resistance, low viscosity, and making thermal
regeneration possible. Moreover, it does not emit volatile organic compounds and it is
cheap [6]. Sunflower oil consists with a monounsaturated and polyunsaturated fatty
acid. It is mostly triglycerides with oleic acid and linoleic acid group of oils. The

structure of sunflower oil is shown in Figure 2.2.

Figure 2.2 Structure of sunflower oil

From the structure of sunflower oil as shows above, it shows that sunflower oil
is a non-polar compounds which can absorb volatile organic compounds easily.
Moreover, it has a high monounsaturated fatty acids content which have a good
absorption capacity with respect to volatile organic compound. Using fresh vegetable
oil as an absorbent, toluene can be removed up to 95% which cannot be achieved in

water [10].
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2.4 Solubility of VOCs in liquid solvent

The VOCs gas can be absorbed by suitable liquid solvent because the different
concentration of VOCs in gas phase and liquid solvent. The knowledge of VOCs gas
solubility in liquid solvent is essential to describe the choosing of liquid solvent for the
absorption of VOCs. The solubility of a gas in liquid solvent is observed that it is
proportional to its partial pressure in gas phase and the equation which describes the
solubility of a gas in liquid solvent is known as Henry’s law [11]. Henry’s law can be
used to calculate the mole fraction of volatile organic compound which is dissolved
in the liquid solvent. It is applied for low pressure by assuming that the vapor phase
is an ideal gas. For volatile organic compound present as a very dilute solute in the
liquid phase, Henry’s law then states that the partial pressure of the species in the

vapor phase is directly proportional to its liquid-phase mole fraction [12].

Pg = y‘P = HX] (21)

where H is a Henry’s law constant, P; is a partial pressure of component i in gas phase,
y; is the mole fraction of solute in the gas phase, x; is the mole fraction of solute in

the liquid phase and P is a total pressure.

The dimensionless Henry’s law constant is defined by M.-D. Vuong, et. al. since
the effect of the pressure on Henry’s law constant is negligible at low pressure (less

than 2 atm)[13].

H* = — (2.2)

where Ci¢ is an equilibrium gas concentration (mol/l) and C; is an equilibrium liquid

concentration (mol/l).

The 1/H* value of various liquid solvents are investigated by M.-D. Vuong, et.

al. for choosing of the liquid solvent which absorbs VOCs in gas phase at 25°C and it
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is shown in Table 2.3. The toluene is more soluble in liquid solvent which has high

value of 1/H* or low value of H*.

Table 2.3 Henry’ law constant of toluene in various liquid solvent [13]

Liquid solvent 1/H*
DEHA 2821
n-Hexadecane 990
Oleyl alcohol 1637
PEG 400 1645
Water q

2.5 Microchannel

Microchannel or microreactor is an interesting technique in the field of
chemical engineer. Microchennel is a chemical apparatus with a small dimension less
than one millimeter. It is suitable for multiphase processes such as gas absorption,

hydrogenation, and liquid - liquid two phase extraction.

Moreover, using of the microchannel to environmental projects is an alternative
way to enhance the removal efficiency of air pollution. Due to a small dimension,
microchannel offers a high surface area to volume which enhances mass and heat
transfer performance between gas and liquid phase while the pressure drop is at
moderate levels. In addition, Microchannel has several advantages for reducing air
pollution rather than a large equipment such as high interfacial area, short resident
time, and safety [14].

The performance of microchennel is compared with the conventional

absorption technology. The Table 2.4 reports the ranges of performance parameters
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which is achieved in the present work and conventional absorbers. The range of mass

transfer coefficient is wide because it depends on flow rate in each experiment.

Table 2.4 the comparison of mass transfer coefficients and interfacial area achieved

using present micro scale reactors with conventional gas-liquid absorption system

[15].

Type of system

k (x10°%) a(m*m¥)
(m/s)

kea (x10°2)
(1/s)

Countercurrent packed
columns

Co-current packed columns

Bubble cap plate columns

Sieve plate columns

Bubble columns

Packed bubble columns

Horizontal and coiled tube
reactors

Vertical tube reactors

Spray columns

Mechanically agitated
bubble reactors

Submerged and plunging jet
reactors

Hydro cyclone reactors

Venturi reactors

Microreactor

Microreactor

Present study

4-20 10-350
4-60 10-1700
10-50 100-400
10-200 100-200
10-40 50-600
10-40 50-300
10-100 100-2000
20-50 10-100
7-15 100-2000
3-40 20-120
1.5-5 20-50

100-300 100-2000
50-100 160-2500
40-160 3400-9000
231-2826 4000-4900
893-2825 4000-14,941

0.04-7

0.04-102
1-20
1-40
0.5-24
0.5-12
0.5-70

2-100
0.07-1.5
0.3-80

0.03-0.6

2-15

8-25
30-2100
1100-13,200
3597-39342

As describes above, microchannel is proper technique to improve the removal

efficiency of volatile organic compounds. Due to the small channel, liquid fully flows

within channel which gas can penetrate in liquid stream to form a slug of gas as shown

in Figure 2.3. The liquid which is broken by gas causes a slug of gas which decreases

the interfacial area [4]. So, mesh contactor is applied for improving this problem.

<—
Load liquid

Slue eas

-«—

Lean liquid

solvent

Figure 2.3 Scheme of dispersion in microchannel
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2.6 Mesh contactor

Mesh contactor has many several advantages rather than membrane such as
low mass transfer resistance, high porosity, good mechanical strength and well-ordered
pore pattern [16]. The metal mesh is an alternative material which is cheap and easy
available. The combination of microchannel technology and mesh contactor is a
remarkable technique for reducing mass transfer resistance and protecting the
dispersion of gas and liquid solvent at the same time. The sketch of a mesh for

absorption process in the microchannel is shown in Figure 2.4.

Gas Gas
EEE— Mass transfer —_—
4— <—
Load liquid Lean liquid solvent

Figure 2.4 Scheme of a mesh contactor

The counter-current flow prepares the same different concentration of volatile
organic compound between gas and liquid solvent at each position in the
microchannel. The driving force in every position in the microchannel is quite constant
which can remove volatile organic compound efficiently. In contrast, the co-current
flow prepares a high different concentration of volatile organic compound between
gas and liquid solvent at the inlet of the microchannel and the different concentration
of volatile organic compound reduces along the length of the microchannel. It leads

to high driving force at the inlet and low driving force at the outlet.
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2.6.1 Capillary action within mesh pores

Capillary action within mesh pores can describe the flow pattern regime
between a gas and liquid solvent. The capillary action within mesh pores is the result
of cohesion force of liquid molecules and adhesion force of liquid molecules to the

solid material to hold a liquid within pores as shown in Figure 2.5.

2r

Figure 2.5 Illustration of a capillary force within narrow pore

The Young - Laplace equation can describe the capillary action within a narrow
channel. It describes about the different pressure at interface between two statics fluid

like vegetable oil and air as following equation

2V cosh
AP= vr (2.3)

where AP is a capillary pressure (N/m?), y is a liquid surface tension (N/m), r is a

radius of pores (m) and 68 is a contact angle (degree).

As the edges of the material are brought closer together, the interaction
between liquid molecules and solid material is greater. The more narrow the pathway,

small pore, lead to increasing of the surface tension and ratio of adhesion to cohesion.
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Adhesion force is the tendency of two different surfaces that are attracted
together. Generally, the several theories explain about adhesion which are based on
surface-chemical phenomena such as adsorption, electrical theory, diffusion theory,
and thermodynamic theory. The thermodynamic theory defines the adhesion as the
reversible work per unit surface (Wa) to separate two phases that initially have a

common interface [17]. Wa may be expressed as following equation

Wa = y(cosO + 1) (2.4)

As the type of liquid and solid material are changed, the contact angle between
liquid and solid material are changed. The contact angle depends on polarity of liquid
and solid material. Table 2.5 shows the work of adhesion of water which has high
polarity on the LDPE which has hydrophobic property and stainless steel and glass
which have hydrophilic property.

Table 2.5 Work of adhesion of water on various solid materials

Solid materials Waater
LDPE 6.2
Stainless steel 4a1.3
Glass 78

From Table 2.5, it shows that the properties of liquid and solid material may
play a significant role on adhesion force which effect on the capillary force. So, the

property of mesh is an influence of capillary force within mesh pores.
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2.6.2 Mass transfer near the mesh contactor

The mass transfer of mesh contactor is determined by the consecutive steps
in three phases including the diffusion of the component in gas phase from bulk gas
to the gas-liquid interface within mesh pores, the dissolution of the component in gas
phase into liquid solvent, and the diffusion of the component in liquid phase from the

gas-liquid interface to the bulk liquid as shown in the Figure 2.6 [7].

Interface

Gas Liquid solvent
at mesh contactor
|
C. ke 1 k.
|
|
Ci,G

Figure 2.6 Mass transfer regions in mesh contactor

The mass transfer coefficients for larminar flow in microchannel should be
computed to study the absorption rate. Generally, the liquid-side mass transfer

coefficients (k.) are calculated for knowing the absorption rate in the microchannel
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because the mass transfer resistance on the liquid side is much higher than gas side
and microchannel is applied to reduce mass transfer resistance. So, the liquid-side
mass transfer coefficients is obtained to represent the absorption rate in the
micochannel.

The average mass transfer coefficients can be used to compute the total gas
absorption rate. The average flux (Na,,) can be used with some mean concentration

difference.

Naav = k(G - Cm (2.5)

The average flux is the different molar flow rate of the component in the

liquid per contact area. Then,

QL(CL,ou’( y CL,in)

Al A kL(Ci,L 8 C_L)M (26)
A

The logarithmic average of the different at the inlet and outlet of the microchannel

is required

_ (Ci,in'CL,in) B (Ci,out'CL,out)
(Ci,L - CL)M = ACM = (27)
Ln((ci,in‘CL,m)/ (Ci,out‘CL,out))

Then,the liquid-side volumetric mass transfer coefficients can be calculated as

following equation

QL(CL,out - CL,in)
ka= —— (2.8)
VAC,

where a is a specific interfacial area.
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2.7 Pressure drop in microchannel
The pressure drop in the microchhanel is considered in a rectangular cross-
section gas and liquid channel as shown in Figure 2.7 and it can be derived from the

Navier — Stokes equation.

z
Stainless steel mesh
P, Vi P
- ) y E——
h

Figure 2.7 Scheme of momentum balance in gas and liquid channel

Assumptions:
1. Steady - state flows in channel.
2. Larminar flow and isothermal.
3. Newtonian fluid
4. No slip condition
5. No convection in y and z direction (v, v, = 0)

6. The opening pores of stainless steel mesh were negligible.

So, v, = fly,2)



X — component:

From Navier — Stokes equation

0 (avx vy av, avx) aP u I:azvX %,
— VT Y, T4, = -+ +
at x ay oz ax ax? oyl

From the assumptions, we know that

av, av, av, av, 8

+

v,

az°

Vx
—=0,v%w—=0,v,—=0,v,—=0,—=0and Pg =0
ax?

ot ox ay 0z

Then

P
We consider that — = C,
ax

]+p$

The first-order differential equation may be integrated to give

P(x) = Cox + C4
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(2.9)

(2.10)

(2.11)

(2.12)

The first boundary condition is at x = 0. It is noted that P(x) = Py as shown in Figure

2.6

From equation 2.12, we find that

Po=C

(2.13)

The first boundary condition is at x = L. It is noted that P(x) = P, as shown in Figure

2.5



From equation 2.12, we find that

PL = Col_ + C1

C; in equation 2.13 substitutes in equation 2.14

Finally,

and

Po-PL v, 3V,
— Z +

L ay? o7

V=0  (no slip condition)
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(2.14)

(2.15)

(2.16)

(2.17)

The Navier — Stokes equation and the boundary conditions for the rectangular cross-

section microchannel are shown in Figure 2.8 and following equation.

=4

| B~

w 0

b2 =

B3| =

Figure 2.8 Scheme of the boundary conditions of the rectangular cross-section

channel [18]
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Po PL 1 1
—_— + — |, for--W<y<- W, 0 < z<h, (2.18)
2 2

1
vy =0,fory=+-W,z=0,z=h (2.19)
2

This equation is solved by Bruus, H. [18] and the approximate result of the pressure

drop in rectangular cross-section channel is shown in equation 2.20.

12LQ 1
P = [ h ] (2.20)
h3w 1—0630@

where AP is a pressure drop in rectangular cross-section channel (kg/s’m, Pa), L is a
viscosity of fluid (kg/s.m, Pa.s), L is a length of channel (m), W is a width of channel
(m), h is a height (m) and Q is a fluid flow rate (m?/s).

2.8 Literature reviews

The absorption process between gas and liquid solvent in microchannel have
been studied in many researches because it can improve the efficiency. Moreover,
microchannel is used in diverse engineering application because improve process
control, safety, and reduce the overall size. There have different type of microchannel
which are studied for absorption gas by using liquid solvent. Moreover, many
parameters are varied to study removal efficiency or mass transfer coefficient in

microchannel.

Mass transfer in liquid solvent can be increased by fabricating structure in falling
film contactor microchannel. H.monnier et al. (2010) studied an absorption of volatile
organic compound in falling liquid film stability microchannel and developed

microstructure to protect breaking of liquid film by gas. They found that liquid would
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be broken when the liquid flow rate was lower than the minimal liquid flow rate. The
liquid was broken by gas causes a dry zone which decreased the interfacial area. For

using microstructure, the efficiency was suitable at small liquid flow rates [4].

Dispersed-phase microcontactor is used for absorption process. Ye et al. (2013)
studied carbon dioxide absorption by monoethanolamine solutions in T- type
rectangular microchannel. In this work, gas and liquid solvent were directly contacted
and gas was dispersed into liquid solvent within rectangular microchannel. They found
that the removal efficiency of carbon dioxide will yield better if the operating
conditions are high temperature, high pressure, high concentration of
monoethanolamine solutions. Moreover, the removal efficiency of carbon dioxide in
microchannel increase with decreasing aspect ratio because reducing of aspect ratio
lead to decreasing of dimension of microchannel which is benefit for mass transfer

between gas phase and liquid phase [14].

Mesh contactor is used to investigate absorption between gas and liquid
solvent. A. Constantinou et al. (2012) studied carbon dioxide absorption via silicon
nitride mesh contactor in microchannel and found that mesh could be used to
stabilize gas and liquid interface and keep two phases completely separated.
Moreover, the carbon dioxide removal efficiency increased with increasing liquid flow
rate and decreasing gas flow rate. The height of liquid channel did not affect carbon
dioxide removal efficiency. In addition, the small mesh thickness along with the small

pores spaced closely together made the resistance to mass transfer very small [16].
However, the mass transfer coefficient and polarity of mesh were not studied.

Simple structure microcannel can increase removal efficiency of carbon dioxide.
H. Ganapathy et al. (2014) studied fluid flow and mass transfer characteristics of carbon
dioxide absorption in circular cross-sectional minichannel reactor. They found that flow
pattern in circular cross-sectional minichannel reactor could be claasified in to five
pattern; slug flow, slug-annular flow, annular flow, and churn flow. The slug —annular
and churn flow had high specific interfacial area. The absorption efficiency was close
to 100% in circular cross-sectional minichannel reactor. Moreover, the mass transfer

coefficient was found to be higher when reduce channel length [19].
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Microporous in microchannel can generate small bubble which can increase
removal efficiency. M. Pan et al. (2015) studied absorption of hydrogen sulfide from a
gas mixture in a microporous tube-in-tube microchannel reactor. The microporous
tube was allowed gas inlet to flow radially through the micropores into the annular
channel which had liquid solvent. They found that the hydrogen sulfide removal
efficiency up to 99.85% and the hydrogen sulfide removal efficiency increased with
decreasing size of micropore because small micropore formed small gas bubble which

led to high interfacial area [20].
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CHAPTER Il
EXPERIMENTAL

In Chapter 3, it describes apparatuses in this work and experimental procedure
of absorption of volatile organic compound in microchannel. This chapter is divided
into four main parts including chemicals, microchannel apparatus, experimental setup

and procedures, and analytical instrument.

3.1 Chemicals

Toluene which was used as a representative of a volatile organic compound
was purchased from Fisher Scientific. Vegetable oil, that was 100% of sunflower oil,
was used as a liquid solvent to absorb volatile organic compound. Air zero, purity
99.999%, was used to prepare Toluene/Air mixture. The hydrophobic substance was

purchased from Meguiar’s.

3.2 Microchannel apparatus

The microchannel in this work consisted of the two Teflon sheets, stainless
steel mesh, and two stainless steel plates. It was depicted schematically in Figure 3.1.
The stainless steel mesh was in the middle of the microchannel to protect dispersion
of gas into the liquid solvent. It was covered by Teflon sheet on top and bottom. The
thickness of mesh number 50, 100, 200 and 300 were 0.38, 0.22, 0.12 and 0.08
millimeters, respectively. The thickness of Teflon sheet is 250 um. The middle of
Teflon sheet was cut a hexagonal hole (3 mm length, 1.5 mm width) to be gas and
liquid channels. Then, the two stainless steel plates covered a stainless steel mesh
and two Teflon sheets and they were clamped tightly with screws. Each stainless steel

plate had two holes for inlet and outlet of gas and liquid.
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Figure 3.1 Scheme of the microchannel

3.3 Experimental setup and procedures
The experimental setup is showed in Figure 3.2. The purity air (1) was fed into
the flask of pure toluene and controlled the gas flow rate by the mass flow controller
(2). The toluene gas was generated by bubbling air through the liquid toluene in the
flask (3) which was controlled the temperature to keep the constant concentration of
toluene gas. The toluene gas from flask was fed into the top of the microchannel (4)
while inlet and outlet of liquid solvent, vegetable oil, were closed to check the outlet
concentration of toluene gas by Shimadzu 14B gas chromatography. When the outlet
concentration of toluene gas is similar to inlet concentration, vegetable oil was
pumped into the bottom of the microchannel by a syringe pump (5) to absorb toluene
from gas. The outlet gas was collected every 30 minutes for 3 hours.
The flow pattern between gas and liquid solvent can be observed from

the outlet of gas and liquid channel to check the separation of gas and the liquid

solvent. The flow pattern which gas and liquid solvent are completely separated has
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none of bubble gas in the outlet of the liquid channel and none of liquid solvent in

the outlet of the gas channel.

Mass flow
controller

Gas outlet to GC

Microchannel E=—
L—]

Y

Liquid outlet

Syringe pump

Figure 3.2 Scheme of the experimental setup

3.4 Analytical instrument

The inlet and outlet gas from microchannel were analyzed by using Shimadzu
14B gas chromatograph as shown in Figure 3.3. The gas passed through a polyethylene
glycol (PEG-WAX) capillary column and were detected by flame ionization detector
(FID) at 250°C. The column initial temperature was 60°C and the final temperature is

90°C with the temperature ramp rate 10°C/min.



Figure 3.3 Shimadzu 14B gas chromatograph

30
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter describes the absorption behavior of VOC gas and liquid solvent
in the microchannel by using stainless steel mesh which allows gas and liquid solvent
into directly contact with each other without dispersion of one phase into the other.
The study of the vapor-liquid equilibrium concentration of toluene and vegetable oil
is discussed as Henry’s law constant for using vegetable oil as a liquid solvent to absorb
VOC. Furthermore, the flow patterns are observed to find the flow pattern regimes
which gas and liquid solvent are completely separated. Moreover, the capillary effect
in a pore of stainless steel mesh is described the flow pattern regime. Finally, the
influence of operating condition parameters on absorption between VOC gas and liquid
solvent are studied by using the toluene removal efficiency and the liquid-side

volumetric mass transfer coefficient value to describe the absorption behavior.

4.1 Henry’s law constant

Henry’s law constant of toluene and vegetable oil can be found from
equilibrium curve of toluene concentration in gas and vegetable oil as shown in Figure
4.1. It shows the equilibrium concentration of toluene in gas phase and liquid phase
at room temperature and atmospheric pressure. In this work, the data of toluene
concentration in gas phase in range 0 — 0.0008 mol/ are used to calculate the Henry’s

law constant because it covers the toluene concentration in this experiment.
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Figure 4.1 Equilibrium curve of toluene concentration in vapor — liquid equilibrium

Henry’s law constant from experimental data about concentrations of toluene
and vegetable oil in vapor-liquid equilibrium at room temperature and atmospheric
are shown in Figure 4.2. It shows the variation of toluene concentration in the gas
phase and toluene concentration in vegetable oil in vapor-liquid equilibrium in the
range of operation condition. The value of Henry’s law constant is determined from
the slope of the graph and it is found to be 0.006. Hence, the value of 1/H* is 1667.
The liquid with a high value of 1/H* is a proper solvent for the absorption. Vuong et
al. reported that oleyl alcohol with the 1/H* value of 1637 is a proper solvent for
absorption of VOCs and water with 1/H* value of 4 is not proper for using as a liquid
solvent for VOCs. Therefore, vegetable oil is suitable liquid solvent to absorb toluene

as it has a high capacity of toluene absorption. This result can be explained by the
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structure of vegetable oil which has a long chain of hydrocarbon and high
monounsaturated fatty acids content. Moreover, the vegetable oil is a non-polar
compound which has a good VOCs absorption capacity. So, vegetable oil is used as a
model of the liquid solvent in this work to study the absorption of VOCs in a

microchannel with stainless steel mesh.
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Concentration of toluene in gas phase (mol/l)
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Concentration of toluene in liquid phase (mol/l)

Figure 4.2 Concentrations of toluene and vegetable oil in vapor-liquid equilibrium.
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4.2 Flow pattern regime

The flow pattern of gas and liquid phases in a microchannel become different
when gas and liquid flow rate are changed. So, the flow pattern regimes are studied
for identifying types of flow pattern when the ratios of gas to liquid flow rate are
changed. Moreover, the result of flow pattern regimes shows the range of the ratios of
gas to the liquid flow rate in each type of flow pattern. In this experiment, the flow
pattern regimes between toluene gas and vegetable oil in the microchannel with
stainless steel mesh can be classified into three types; (1) gas and liquid solvent are
completely separated, (2) gas bubbles are detected in the outlet of liquid solvent, and
(3) liquid solvent is detected in the outlet of gas. The flow patterns can be observed
from the outlet of gas and liquid channel. If outlet of the liquid channel has gas
bubbles in the liquid solvent, it is noted that gas disperses into the liquid solvent. This
flow pattern can cause the decreasing of contact area between gas and liquid phase
area. The pattern which liquid solvent floods on the mesh can be observed from the
gas outlet which is detected liquid solvent in the gas. In this work, it is desired to have
on flow pattern which gas and liquid phase are completely separated because it has

higher contact area between gas and liquid phase than other patterns.

In this part, stainless steel mesh number 50, 100, 200 and 300 are used to
study the flow pattern regimes when pores size of stainless steel mesh are changed
because the pores size of stainless steel mesh is relating to the capillary force of
vegetable oil within the pores. The pores size of stainless steel mesh number 50 are
the largest, 0.356 millimeters, and pores size of stainless steel mesh number 300 are

the smallest, 0.044 millimeters.

Figure 4.3 shows flow pattern regime when flow rates of gas and liquid phases
are varied, using stainless steel mesh number 50 in the microchannel. According to
Figure 4.3, when the mesh number 50 is used, gas disperses into vegetable oil because
mesh size is large and the capillary force of vegetable oil within pores of the mesh is

small.



35

80
70 - e e o o o o o o o o

<

£ 60 - e e o o o o o o o o

]

250— ® e o o o o o o o o

O

~ 40 A e o o o o o o o o o

g

- 30 - e o o o o o o o o o
20 e e o o o o o o o o
10 4 e e o o o o o o o o
O T T T T T T T T T T

Gas flow rate (ml/min)

A Gas and liquid solvent are completely separated.
@  Gas bubbles are detected in the outlet of liquid solvent.

| Liquid solvent is detected in the outlet of gas.

Figure 4.3 Flow pattern regime between gas and vegetable oil using mesh

number 50

When the stainless steel mesh number is increased to 100, gas and vegetable
oil are completely separated at a low gas flow rate (see Figure 4.4). Due to small mesh
size, the capillary force of vegetable oil within pores of the stainless steel mesh
number 100 is higher than the capillary force within stainless steel mesh number 50.
At low gas flow rate, gas disperses into vegetable oil at liquid flow rate in range 50 —

70 ml/min because liquid floods on stainless steel mesh at this flow rate and capillary
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force of vegetable oil within pores of the mesh does not affect mesh pores. However,

when the gas flow rate is 1 - 2 ml/min and the liquid flow rate is 50 - 70 ml/h, gas and

vegetable oil are separated because gas cannot penetrate into vegetable oil and blow

the vegetable oil out of microchannel at a very low gas flow rate. Moreover, when the

gas flow rate is higher than 5 ml/min, vegetable oil is penetrated by gas to form the

slug of gas in the liquid channel because high gas flow rate can reduce the capillary

force of vegetable oil within pores of stainless steel mesh. From this result, gas

disperses into the vegetable oil at gas flow rate 6 — 10 ml/min by using stainless steel

mesh number 100 and this lead to decreasing the contact area between the gas and

liquid solvent.
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Gas and liquid solvent can be separated because the pressure of the gas cannot
overcome the capillary force within mesh pore. When the gas flow rate is changed to
be higher, the pressure of the gas is high. Until the pressure of the gas overcome the
capillary force within mesh pore, gas can disperse into the liquid solvent to form a slug
of gas.

In this work, the separation of gas and liquid solvent at high gas flow rate is
required because high gas flow rate lead to high mass transfer coefficient. And it is
supposed that high gas flow rate which has high mass transfer coefficient can reduce
volatile organic compounds more than low gas flow rate which has low mass transfer
coefficient. So, stainless steel mesh number 200 and 300 are investigated to separate

gas and liquid solvent at a higher gas flow rate.

As the stainless steel mesh size is smaller, gas and vegetable oil can be
separated at a higher gas flow rate as shown in Figure 4.5. Figure 4.5 shows flow pattern
regimes when stainless steel mesh number 200 is used. It shows that stainless steel
mesh number 200 can separate gas and vegetable oil at higher gas flow rate when
compare with using stainless steel mesh number 100. Due to small pores size, the
capillary force of vegetable oil within pores of stainless steel mesh number 200 is
higher than stainless steel mesh number 100. Moreover, stainless steel mesh number
200 has another flow pattern which does not appear in stainless steel mesh number
100. It is the flooding of vegetable oil on the stainless steel mesh. This flow pattern
occurs when the liquid flow rate is in range 50 — 70 ml/min as same as using stainless
steel mesh number 100 which describes above but stainless steel mesh number 200
is different. When vegetable oil floods on stainless steel mesh number 200, gas blows
vegetable oil on mesh out of microchannel at high gas flow rate and it can be observed
from the outlet of gas which has a bubble of vegetable oil. Because of small pore size
and high capillary force, vegetable oil which floods on stainless steel mesh number
200 cannot flow back to liquid channel easily when it is pushed by gas. In addition,
when the gas flow rate is higher than 6 ml/min, vegetable oil is penetrated by gas to
form the slug of ¢as in liquid channel. The reason is like using stainless steel mesh

number 100 as described before.
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Figure 4.5 Flow pattern regime between gas and vegetable oil using mesh

number 200

Figure 4.6 shows flow pattern regimes by using stainless steel mesh number
300. It shows that gas and vegetable oil are completely separated at high gas flow rate
because stainless steel mesh number 300 has small pores size and the capillary force
of vegetable oil within pores of stainless steel mesh number 300 is high. The flow
pattern regime of stainless steel mesh number 300 which gas and vegetable oil are
completely separated are wider than stainless steel mesh number 100 because the
pores size of stainless steel mesh number 300 are three times smaller than stainless
steel mesh number 100. So, the capillary force of vegetable oil within pores of stainless
steel mesh is significantly high. In addition, the flow pattern regime which vegetable
oil floods on the mesh is narrow when compares with stainless steel mesh number

200. Due to small pore size, vegetable oil is held within pores by capillary force within
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pores at a higher liquid flow rate. As you can see from Figure 4.6, gas and vegetable

oil are separated at liquid flow rate 50 mU/h which cannot be achieved by using

stainless steel mesh number 200.
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Figure 4.6 Flow pattern regime between gas and vegetable oil using mesh

number 300
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These results from Figure 4.3 to 4.6 show that mesh size plays a significant role

in keeping gas and the liquid solvent separated. The smaller the pores, the higher the

capillary force to hold the gas separates from the liquid. Moreover, gas to liquid solvent

flow rate ratios are a factor to control separation of gas and the liquid solvent.
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4.3 Capillary action

Capillary force of vegetable oil within pores of stainless steel mesh plays a
crucial role in keeping gas and vegetable oil separate as described in part 4.2. The
capillary force within mesh is the result of cohesion force of liquid molecules and
adhesion force of liquid molecules to the solid material to hold a liquid within pores.
So, the capillary force within pores of mesh depends on the property of liquid solvent
and mesh surface. In this part, the capillary force of vegetable oil within pores of
different stainless steel mesh surface is investigated to compare capillary force of
vegetable oil within pores of stainless steel mesh and modified stainless steel mesh
by coating hydrophobic substance. The property of stainless steel mesh is hydrophilic
which has the high capillary force with a polar liquid solvent like water and low
capillary force with a non-polar liquid solvent like oil. The hydrophobic stainless steel

mesh is used to improve the capillary force of vegetable oil within stainless steel mesh.

The capillary tube is used to study the capillary force of vegetable oil in glass
capillary tube which is a representative of hydrophilic material and modified capillary
tube which is coated by hydrophobic substance. Moreover, the flow pattern regimes
are studied by using hydrophobic stainless steel number 100 and it is compared with
unmodified stainless steel number 100 for investigation of the effect of surface

stainless steel mesh property on the separation between gas and the liquid solvent.

Figure 4.7 shows the capillary force of water within two different surfaces of
glass capillary tube. The glass capillary tube which is coated by hydrophobic substance
is on the left and the glass capillary tube which is unmodified capillary tube by
hydrophobic substance is on the right. The capillary force of liquid in the capillary tube
can be estimated by the surface tension of the liquid and different pressure between
two fluids at the interface. Moreover, the comparison of the level of liquid within the

capillary tube can indicate which capillary tube has the high capillary force of liquid.
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Figure 4.7 Capillary action of water within hydrophobic capillary tube (left) and glass
capillary tube (right)

The level of water in Figure 4.7 shows that the capillary force of water within
two capillary tubes is significantly different. The capillary force of water within
uncoated glass capillary tube is higher than the water within hydrophobic capillary
tube because the level of water in glass capillary tube is higher than water in the
hydrophobic capillary tube. Moreover, water is a polar liquid which has the high
capillary force with a hydrophilic surface like glass. This result can be ensured by the

value of surface tension and different pressure of water in the capillary tube.

The surface tension between water and capillary tube surface can be estimated
by Young - Laplace equation and the surface tension between water — air and capillary
tube surface — air are negligible. The surface tension of water in each capillary tube is
shown in Table 4.1. It shows that the value of surface tension between water and glass
capillary tube is higher than the hydrophobic capillary tube. It can be ensured that the
capillary force within glass capillary is high.
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Moreover, the different pressure between water and air within the capillary
tube can be calculated by Young — Laplace equation for comparing of the capillary
force of water. From table 4.1, it shows that the different pressure between water and

air within glass capillary tube is higher than the hydrophobic capillary tube.

Table 4.1 The level, surface tension and different pressure of water within different

type of capillary tube.

Type of capillary level of water in Surface tension AP
tube capillary tube (m) (N/m) (N/m2)

Glass 0.015 0.070 147

Hydrophobic 0.001 0.0081 9.8

In this work, the vegetable oil is used as a liquid solvent as described in part
4.1. The capillary force of vegetable oil within a different type of mesh is studied by
using the capillary tube as shown in Figure 4.8. Figure 4.8 shows the capillary force of
vegetable oil within two different surfaces of glass capillary tube. The glass capillary
tube which is coated by hydrophobic substance is on the left and the glass capillary
tube which is unmodified capillary tube by hydrophobic substance is on the right.
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Figure 4.8 Capillary action of vegetable oil within hydrophobic capillary tube (left)
and glass capillary tube (right)

The level, surface tension and different pressure of vegetable oil in within two
type of capillary tube are shown in Table 4.2. The level of vegetable oil in hydrophobic
and glass capillary tube is slightly different because of the properties of the vegetable
oil. The surface tension between vegetable oil and the capillary surface is considered
and shown that the surface tension of vegetable oil within glass capillary tube is cheap
because vegetable oil is a non-polar liquid which has a low capillary force with a
hydrophilic surface like glass. Moreover, the surface tension of vegetable oil within
hydrophobic capillary tube is higher than glass capillary tube because vegetable oil
has the high capillary force with a hydrophobic surface. The capillary force of vegetable
oil within two type of capillary tube can be ensured by the different pressure between
vegetable oil and air within the capillary tube. It shows that the different pressure

between vegetable oil and air within hydrophobic capillary tube is higher than glass
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capillary tube. This results can be concluded that the capillary force of vegetable oil

within hydrophobic solid channel is high.

Table 4.2 The level, surface tension and different pressure of vegetable oil within

different type of capillary tube.

Type of capillary level of Surface tension AP

tube vegetable oil in (N/m) (N/m?)

capillary tube (m)

Glass 0.006 0.028 54

Hydrophobic 0.008 0.036 72

From the results of the capillary tube, it presents that the capillary force within
narrow channel depends on a polarity of the liquid and solid surface. So, the capillary
force of liquid solvent within pores of mesh also depends on a polarity of liquid solvent
and mesh. Therefore, the flow pattern regimes are changed when a type of liquid

solvent and mesh is changed.

The flow pattern regimes of vegetable oil within hydrophobic stainless steel
mesh are studied to improve the flow pattern regime which gas and vegetable oil are
separated because the capillary force of vegetable oil is high within hydrophobic pores.
Figure 4.9 shows stainless steel mesh which is coated with hydrophobic substance is
on the left and the hydrophilic stainless steel mesh is on the right. It shows that the
hydrophobic stainless steel cannot hold the water within mesh pores because the

capillary force of water within hydrophobic solid is low. Unlike stainless steel mesh, it
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can hold the water within mesh pores because of hydrophilic property. It is ensured

that the stainless steel can be coated by hydrophobic substance.

Figure 4.9 Hydrophobic stainless steel mesh (left) and hydrophilic stainless steel
mesh (right)

Figure 4.10 shows the flow pattern regimes between gas and vegetable oil using
hydrophobic mesh number 100. It shows that the flow pattern regime which gas and
vegetable oil are completely separated is wider than using stainless steel mesh
number 100 because the capillary force of vegetable oil within hydrophobic pores is
increased as described before. The flow pattern regime is gently changed from gas

flow rate 5 ml/min to 6 ml/min as shown in Figure 4.4 and 4.10. This changing is not
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significant because the capillary force of vegetable oil within hydrophilic and

hydrophobic solid pore is slightly different as shown in Table 4.2.
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Figure 4.10 Flow pattern regime between gas and vegetable oil using hydrophobic

mesh number 100

The results of flow pattern regime show that the improving of flow pattern
regime by modifying of stainless steel mesh is worse than using small stainless steel
mesh size. It can be described by the different pressure between vegetable oil and air.
Table 4.2 shows the comparison of the different pressure between vegetable oil and
air within hydrophilic and hydrophobic capillary tube. It shows that the different
pressure within hydrophobic capillary tube is slightly higher than the hydrophilic
capillary tube. Comparing the different pressure between using modifying of stainless

steel mesh and small stainless steel mesh size, it is found that using small stainless
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steel mesh size can increase the different pressure dramatically as shown in Figure

4.11. This can be concluded that using small stainless steel mesh is better than

modifying of stainless steel mesh for improving the flow pattern regime.
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Figure 4.11 Effect of mesh size on the different pressure of vegetable oil

As described above, the capillary force of water within stainless steel mesh is
higher than vegetable oil. From this result, gas and water can be completely separated
at a high gas flow rate. So, the flow pattern regimes of water are investigated by using
stainless steel mesh number 100 to identify the flow pattern regime which gas and
water are separated as shown in Figure 4.12. The Figure 4.12 shows that gas and water
are separated at high gas flow rate and other flow pattern regime disappears. The

result by using stainless steel mesh is similar with using hydrophobic stainless steel
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mesh. Moreover, the comparison of flow pattern regime between using vegetable oil
and water as a liquid solvent is shown in Figure 4.4 and 4.12. It shows that using of

water can handle the separation of gas and liquid solvent at a high gas flow rate.
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Figure 4.12 Flow pattern regime between gas and water using stainless steel mesh

number 100

The result which water can handle the separation of gas and liquid solvent
more than vegetable oil at high gas flow rate can be described by the different pressure
within mesh pore of vegetable oil and water as shown in Figure 4.13. It shows that the

different pressure within mesh pore of water is significantly higher than vegetable oil.
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The force between water and glass is higher than using vegetable oil to hold liquid
solvent within pores. This ensures that the capillary force of water within stainless steel
mesh is higher than vegetable oil. From this reason, water can handle the separation
of gas and liquid solvent at a high gas flow rate. However, water is not suitable liquid

solvent due to low 1/H* value as described in part 4.1.
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4.4 Pressure drop in microchannel

The pressure is a significant role in capillary force of liquid solvent within mesh
pores as described in part 4.3. When the pressure is changed, the flow pattern of gas
and liquid solvent may be changed. The pressure at inlet and outlet of the
microchannel are not equal and it may cause that the flow pattern at each position in
the microchannel is not the same. The pressure drop in the microchannel is calculated
by H. Bruus equation to find the different pressure between inlet and outlet of the
microchannel. Figure 4.14 shows the pressure drop in the gas channel when the gas
flow rate is varied from 1 to 10 ml/min. It shows that the pressure drop in microchannel
depends on flow rate and it is significantly low when compared with operating pressure

which was 101325 Pascal.
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This results ensure that the flow pattern at each position in the microchannel
is the same because the pressure within microchannel is not very different. Besides,
the pressure drop in the liquid channel is calculated and shown in Figure 4.15. From
H. Bruus equation, the pressure drop depends on viscosity and flow rate. In this work,
vegetable oil is used as a liquid solvent and it has a high viscosity which lead to high
the pressure drop in the equipment. Figure 4.15 shows that the pressure drop in the
liquid channel by using vegetable oil is low. Even though vegetable oil causes a high-
pressure drop in the equipment, the pressure drop in the liquid channel within
microchannel is still low. So, the flow pattern in the liquid channel is not changed at

each position when the liquid flow rate is unchanged.
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4.5 Absorption

The effect of absorption process behavior of VOCs in the microchannel by using
stainless steel mesh is studied to determine the removal efficiency and mass transfer
coefficient. In this experiment, toluene is used as representative of VOCs and vegetable
oil is used as a liquid solvent. The absorption process is operated in the range which
gas and vegetable oil are completely separated. The experimental variables in this part
are liquid flow rate, gas flow rate, mesh size, the concentration of gas inlet, channel
thickness, channel length and modified stainless steel mesh.

The minimum liquid - gas ratio between toluene and vegetable oil from the
experiment is 0.00526 mol vegetable oil/mol dry air. The operating condition which
toluene is removed 97 percent in the microchannel is 40 ml/h of liquid flow rate and
5 mU/min of gas flow rate. The liquid - gas ratio in the microchannel is calculated and
found that the value of the liquid - gas ratio is 0.98 mol vegetable oil/mol dry air and
it is 186 times higher than the minimum liquid — gas ratio. It can be concluded that
the liquid - gas ratio in this work must be high for protecting the dispersion of gas and

a liquid solvent.

Effect of gas flow rate

The effect of gas flow rate for absorption in the microchannel is studied in 2
centimeters channel length with stainless steel mesh number 100. The liquid flow rate
in this experiment is 20 ml/h and the gas flow rate is varied from 3 to 5 ml/min. From
the experiment, the system is steady after operating for 90 minutes when the gas flow
rate is 5 ml/min and it spends operating time 210 and 240 minutes to access steady
system when the gas flow rate is 4 and 3 ml/min. This data shows that the accession
of the steady system at high gas flow rate is faster than low gas flow rate. In addition,
the effect of gas flow rate on toluene removal efficiency is shown in Figure 4.16. It
shows that the toluene removal efficiency at gas flow rate 3 ml/min is higher than gas
flow rate 4 and 5 ml/min. The toluene removal efficiency is 93.4, 91.7 and 88.3 when

the gas flow rate is 3, 4 and 5 mU/min, respectively. From this results show that low
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gas flow rate can reduce VOCs more than high gas flow rate and it is not as expected.

From part 4.1, it is expected that high gas flow rate can absorb VOC better than low

gas flow rate due to high mass transfer coefficient.
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The liquid-side volumetric mass transfer coefficients, k a, from experiments in

the microchannel are calculated by equation (2.8) and presented in Figure 4.17.

Normally, the gas-side volumetric mass transfer coefficient (kga) is studied in a

conventional absorber because large absorber has a high volume of gas. The high

volume of gas prepares the bulk of gas which leads to high mass transfer resistance in

the gas phase. So, the limiting mass transfer in a conventional absorber occurs in the

gas phase. In this work, the microchannel is applied to reduce the bulk of gas and

liquid phase. The limiting mass transfer in the microchannel occurs in liquid phase

because the diffusivity of volatile organic compound in the liquid phase is lower than
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the diffusivity in the gas phase. So, the liquid-side volumetric mass transfer coefficient
is determined in the microchannel. It shows that the liquid-side volumetric mass
transfer coefficient increases when the gas flow rate is increased. This results are
explained by equation (2.8) which shows that the liquid-side volumetric mass transfer
coefficient depends on two terms, the gas flow rate and the different of gas
concentration. Even though the low gas flow rate can absorb toluene more than high
gas flow rate, the liquid-side volumetric mass transfer coefficient at low gas flow rate
is lower than high gas flow rate. So, it is figured out that the gas flow rate plays a crucial

role in the liquid-side volumetric mass transfer coefficient.
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Figure 4.17 Effect of gas flow rate on the liquid-side volumetric mass transfer

coefficients

As described above, when the gas flow rate is increased, the liquid-side

volumetric mass transfer coefficient increases while the absorption of VOC decreases.
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It is realized that the absorption efficiency of VOC in the microchannel is not only up
to the liquid-side volumetric mass transfer coefficient but it also depends on the
contact time between gas and the liquid solvent. Because of the different of contact
time, the toluene removal efficiency is different as you can see in Figure 4.16. In this
work, the contact time is a definition of the length of time which gas contacts the
liquid solvent in the microchannel. It is calculated from gas flow rate and volume of
channel. When the gas flow rate is 3, 4 and 5 ml/min, the contact time between gas

and the liquid solvent is 4.5, 3.4 and 2.7 seconds, respectively.

Therefore, the low gas flow rate which has more contact time between gas and

liquid solvent lead to the high absorption of VOC in the microchannel.

Effect of liquid flow rate

The effect of liquid flow rate for absorption in the microchannel is studied in
channel length 2 centimeters with stainless steel mesh number 100. The gas flow rate
in this experiment is 5 ml/min and the liquid flow rate is varied from 20 to 60 ml/min.
The effect of liquid flow rate on toluene removal efficiency is shown in Figure 4.18. It
shows that the toluene removal efficiency increases when the operating time is less
than 90 minutes and after that, it reaches closely to the constant value because the
system is steady after operating system more than 90 minutes when the gas flow rate
is 5 ml/min. From the graph, the toluene is removed by about 95% at the liquid flow
rate of 20 and 40 mU/h. The removal of toluene at the liquid flow rate of 20 mU/h is
only slightly higher than that at the liquid flow rate of 40 ml/h regardless of the fact
that the contact time between gas and liquid is doubled. This is the result of low mass
transfer resistance in the microchannel. As the liquid flow rate is increased to 60 mU/h,
the toluene removal efficiency drops significantly. This is due to the incomplete
separation between gas and liquid solvent (as shown in Figure 4.4), which reduces the
interfacial area.

The liquid-side volumetric mass transfer coefficients from experiments in the

microchannel are calculated when the system is steady after 90 minutes and the

results are presented in Figure 4.19. It shows that the mass transfer coefficient in liquid
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depends on liquid flow rate. The liquid-side volumetric mass transfer coefficient in this

work is up to 0.00165 s and it is higher than conventional absorbers which have the

volumetric mass transfer coefficient in the range of 0.0004-0.00102 s*. So, the

enhancement of the mass transfer coefficient can be achieved by using microchannel.
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Figure 4.18 Effect of liquid flow rate on toluene removal efficiency

From the results, it is realized that increasing of liquid flow rate does not affect

the VOC removal efficiency when gas and liquid solvent are completely separated.

Even though increasing of liquid solvent leads to high liquid-side volumetric mass

transfer coefficient, the VOC removal efficiency is not different. Due to short contact

time in 2 centimeters microchannel, the VOC removal at the liquid flow rate of 20 and
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40 mU/h are quite the same value. Moreover, the dispersion of gas into the liquid
solvent leads to low liquid-side volumetric mass transfer coefficient and the absorption

of VOC is terrible when gas disperses into the liquid solvent as supposed in part 4.1.
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Effect of channel length

The results of the effect of liquid flow rate by using the 2 centimeters
microchannel show the unclear results. So, the channel length is increased to be 6
centimeters to investigate the VOC removal obviously. The effect of channel length
for absorption in the microchannel is studied in channel length 6 centimeters with
stainless steel mesh number 100. The gas flow rate in this experiment is 5 ml/min and
the liquid flow rate is varied from 10 to 40 ml/min which gas and vegetable oil are

separated. The pressure drop in 6 centimeters microchannel is calculated and it is
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found that the pressure drop in 6 centimeters microchannel is three times higher than
2 centimeters microchannel. However, the pressure drop in 6 centimeters
microchannel is still low and the gas and vegetable oil in each position in the
microchannel are completely separated. The toluene removal efficiency in 6
centimeters microchannel is shown in Figure 4.20 and it is obviously found that the
increasing of liquid flow rate leads to increasing of toluene removal efficiency. As the
liquid flow rate increases, the concentration of vegetable oil is kept higher since more
fresh vegetable oil is replaced to absorb toluene in the gas phase and it increases the
driving force for toluene removal. So, the toluene at high liquid flow rate is absorbed

more than low liquid flow rate.

100

7 & 4 o ®

80 -

70 +

60 H

50 -

40

30 A

Toluene removal efficiency (%)

20

0 T T T T T T
0 30 60 90 120 150 180 210

Operation time (min)

10 mih g 20 mUh g 30 mUh 40 ml/h

Figure 4.20 Effect of liquid flow rate on toluene removal efficiency by using 6

centimeters microchannel



59

In addition, the toluene removal efficiency of two size microchannel is
compared and it is found that the toluene removal efficiency in 2 centimeters and 6
centimeters microchannel are 95.7 and 97.7 percent when the liquid flow rate is 40
mUl/min. Because the increasing of channel length leads to increasing of contact time
between gas and the liquid solvent. So, the toluene in the gas phase is absorbed
longer when the channel is increased. However, when the liquid flow rate is 20 ml/min,
the toluene removal efficiency drops from 96.1 to 88.4 percent when the
microchannel is changed from 2 centimeters to 6 centimeter microchannel. This is
considered that toluene may be stripped from vegetable oil and the toluene removal
efficiency significantly drops. It occurs in the long channel length and low liquid flow
rate. The toluene is absorbed into vegetable oil at first and then it is stripped by gas
from vegetable oil. Because of the low flow rate of vegetable oil, the vegetable oil
flows in the microchannel for a long time until gas stripped the toluene from vegetable
oil. Therefore, the toluene removal efficiency in the long microchannel is higher than
using short microchannel at high liquid flow rate but it is different when the liquid flow

rate is low.

The liquid-side volumetric mass transfer coefficients are calculated and
presented in Figure 4.21. It shows that the liquid-side volumetric mass transfer
coefficient increases when the liquid flow rate is increased because increasing of liquid
flow rate leads to increasing of driving force which toluene is absorbed faster as
described above. Although the toluene removal efficiency in 6 centimeter
microchannel is higher than using 2 centimeter microchannel, the liquid-side
volumetric mass transfer coefficient in 6 centimeter microchannel is low. This can be
explained by equation (2.) and it shows that the liquid-side volumetric mass transfer
coefficient is a variable inversion with the volume of equipment. So, increasing of
channel length leads to increasing volume of the microchannel and decreasing of

liquid-side volumetric mass transfer coefficient.
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Effect of mesh size

The effect of different mesh size is reported in Figure 4.22 and it shows that
toluene removal efficiency increases by increasing mesh size or decreasing mesh
number. In this experiment, the gas flow rate is 5 ml/min and the liquid flow rate is 20
mUl/min. From Figure 4.22, the toluene removal efficiency is 96.1, 69.3 and 62.6 when
stainless steel mesh number is 100, 200 and 300, respectively. The operation using
mesh number 100 results in higher toluene absorption than when the mesh number
is either 200 or 300 because of the reduction in the opening area of the mesh, i.e,

mesh number 100 has 35.6 percent opening while mesh number 200 and 300 has 35.0
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percent opening and 26.5 percent opening, respectively. Nevertheless, it should be

noted that gas and liquid are well separated in these experiments. It is realized that

the large mesh size can absorb the VOC more than small mesh size although it cannot

handle the separation of gas and liquid solvent at the high gas flow rate.
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The liquid-side volumetric mass transfer coefficients are calculated and shown

in Figure 4.23. It shows that the liquid-side volumetric mass transfer coefficient is high

when the large mesh size is used because the flow rate of gas and vegetable oil are
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fixed and the liquid-side volumetric mass transfer coefficient only depends on the

different of liquid concentration term which is high by using large mesh size.
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Effect of channel thickness

The different channel thickness of gas and liquid channel are studied for the
absorption of VOC. In this work, the channel thickness of gas and liquid are 250, 500
and 750 microns. The channel thickness have to less than 1000 microns because it is
in the range of microchannel. The gas flow rate in this experiment is 5 ml/min and
the liquid flow rate is 20 ml/h by using stainless steel mesh number 100. The results
of the effect of channel thickness are shown in Figure 4.24 and it is found that the

percent toluene removal efficiency is 96.1, 95.5 and 93.0 when the channel thickness
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of gas and liquid are 250, 500 and 750 microns, respectively. The toluene removal
efficiency by using 250 microns of channel thickness is higher than using channel
thickness 500 and 750 microns due to decreasing of diffusion distance between

toluene in the gas phase and vegetable oil.
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Figure 4.24 Effect of mesh size on toluene removal efficiency

When the thickness of channel is increased, the resident time of gas and liquid
in the microchannel is also increased which can cause the increasing of contact time
between gas and vegetable oil. The resident time of gas is 1.13, 2.25 and 3.38 when
the channel thickness is 250, 500 and 750 microns, respectively. The toluene removal
efficiency should increase when contact time is increased as described above. But the
toluene removal efficiency decreases due to the decreasing of diffusion distance. The

toluene in the gas phase is easily absorbed because the boundary layer thickness of
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gas and liquid phase decreases with decreasing channel thickness, resulting in a
decrease of the liquid phase resistance and the increase of the mass transfer. The
liquid-side volumetric mass transfer coefficients are presented in Figure 4.25 and
confirmed that the mass transfer of VOC in the gas phase in the liquid solvent is

increased by decreasing channel thickness.
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Effect of inlet gas concentration

In order to observe the influence of the inlet gas concentration on toluene
removal efficiency, the different inlet gas toluene concentration is prepared by
controlling the different temperature of liquid toluene. The toluene gas concentration
is varied as 11668, 17741 and 23338 ppm. The liquid and gas flow rate are kept
constant at 20 ml/h and 5 mUmin, respectively. The effect of inlet gas toluene
concentration on the toluene removal efficiency is shown in Figure 4.26. It shows that
the percent of toluene removal efficiency is 92.1, 90.7 and 88.3 when of inlet gas
toluene concentration is 11668, 17741 and 23338 ppm, respectively. The toluene
removal efficiency decreases when inlet gas toluene concentration is increased
because the increasing concentration of toluene in gas phase will allow more toluene

molecules to travel from gas to the gas — liquid interface.
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Figure 4.26 Effect of inlet gas concentration on the toluene removal efficiency
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However, the absorption rate does not depend on the mass transfer of gas
phase. So, the mass transfer in liquid phase plays a crucial role. For the absorption of
VOC in the microchannel, the liquid phase mass transfer is considered to be a major
factor which controls the absoption process system.

Figure 4.27 shows the liquid-side volumetric mass transfer coefficients which
decreases with increasing of inlet gas concentration as same as the toluene removal

efficiency.
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Figure 4.27 Effect of inlet gas concentration the liquid-side volumetric mass transfer

coefficients



67

Effect of modified stainless steel mesh

In order to study the influence of the two different surface property of stainless
steel mesh, one of stainless steel mesh is modified by coating the hydrophobic
substance and another is unmodified which has a hydrophilic property. The gas flow
rate in this experiment is 5 ml/min and the liquid flow rate is 20 ml/h by using stainless
steel mesh number 100. The effect of two different surface property on the toluene
removal efficiency is presented in Figure 4.28. The toluene removal efficiency is the
same value when modified and unmodified stainless steel mesh is used. This can be
considered that the influence of surface property of stainless steel mesh does not
affect the VOC removal efficiency but it plays a crucial role in the flow pattern regime

as described in part 4.2.
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Figure 4.28 Effect of modified stainless steel mesh on the toluene removal efficiency
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CHAPTER V
CONCLUSION

5.1 Summary of the results
5.1.1 Flow pattern regime of gas and liquid solvent by using stainless steel

mesh in microchannel

1. The flow pattern regime can be classified into three types; gas and
liquid solvent are completely separated, gas bubbles are detected in the outlet of

liquid solvent, and liquid solvent is detected in the outlet of gas.

2. The gas to liquid solvent flow rate ratios are a factor to control

separation of gas and the liquid solvent.

3. Mesh size plays a significant role in keeping gas and the liquid solvent
separated. The smaller the pores, the higher the capillary force to hold the gas
separates from the liquid.

4. The capillary force of liquid solvent within pores of mesh depends
on a polarity of liquid solvent and mesh.

5. The flow pattern regime of hydrophobic stainless steel mesh regime
which gas and vegetable oil are completely separated is wider than using stainless
steel mesh. But the improving of flow pattern regime by modifying of stainless steel

mesh is worse than using small stainless steel mesh size.

6. The pressure drop in microchannel is negligible and it is ensured that

the flow pattern at each position in the microchannel is the same.

5.1.2 Absorption of volatile organic compound in a microchannel

1. Vegetable oil is a suitable liquid solvent for absorption process of
volatile organic compound because it has high 1/H* value, 1667, which assures that

vegetable oil has high capacity of volatile organic compound absorption.
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2. The flow pattern which gas and liquid solvent are incomplete
separation lead to reducing of the interfacial area and decreasing of the removal
efficiency.

3. The volatile organic compound removal efficiency is increased when
liquid flow rate, channel length, mesh size and inlet gas concentration are increased.

4. The increasing of gas flow rate and channel thickness lead to
decreasing of volatile organic compound removal efficiency.

5. The surface property of mesh does not affect the volatile organic

compound removal efficiency.

6. The liquid-side volumetric mass transfer coefficient by using
microchannel in this work was up to 0.00165 s™ and it is higher than conventional

absorbers.

5.2 Conclusion

The enhancement of volatile organic compound absorption process can be
accomplished by using stainless steel mesh in microchannel. Vegetable oil is suitable
model of liquid solvent for studying the volatile organic compound absorption process
because it has high capacity of volatile organic compound absorption. The stainless
steel mesh can allow gas and vegetable oil contact directly without dispersion of one
phase into the other and it lead to increasing of interfacial area between gas and liquid
solvent. The separation of gas and liquid solvent can be controlled by the gas to liquid
solvent ratios. Besides, size and surface property of stainless steel mesh play a crucial
role in keeping gas and the liquid solvent separated. In addition, the flow pattern at
each position in the microchannel is the same because the pressure drop within
microchannel is low. However, when gas disperses into liquid solvent to be a slug of
gas, the interfacial area between gas and liquid solvent is decreased which leads to
decreasing of volatile organic compound removal efficiency. The volatile organic
compound removal efficiency also depends on the influence of gas flow rate, liquid

flow rate, channel length, channel thickness, mesh size and inlet gas concentration.
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Finally, the results of liquid-side volumetric mass transfer coefficient shows that using
microchannel as an absorber can enhance the removal of volatile organic compound

which cannot be achieved in conventional absorbers.
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APPENDIX A

Calibration curve of toluene

The calibration curve of toluene was analyzed by gas chromatography.
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APPENDIX B

Calculation

Surface area and volume of channel

|¢O.5 M, ¢ 2cm

\ 4

1.5cm
A
Thickness 250 micron
1
Surface area of gas and liquid channel = (2 x 1.5) + (2 x S X 0.5x 1.5)
= 375 cm?
= 375x10" m?
= 0.5821 in”
Volume of gas and liquid channel = 3.75x 10" x 250 x 10°®

= 9375x10% m®

Contact area between gas and liquid solvent

Stainless steel mesh was placed between gas and liquid channel. So, gas and
liquid solvent contact within square pores of stainless steel mesh.
Example

Stainless steel mesh number 100 has 100 pores in 1 inch and pore size 0.153
millimeters.

Extrapolation

If 1 square inch  have 10°  pores

So, 0.5821 square inch  have 5821  pores
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Contact area can be calculated from area of each pores multiply with amount of
pore.

Contact area between gas and liquid solvent (A) 5821 x0.153 x 0.153

136.27 mm?

136.27 x 10%  m?

Specific interfacial area
Specific interfacial area is defined as the ratio of contact area between gas and

liquid solvent and volume of microchannel as show in equation 1b.

o
I
<l >
—
°

where a specific interfacial area (m™)
A contact area between gas and liquid solvent (m?)
VvV volume of microchannel (m?)

Example

For stainless steel mesh number 100,

136.27 X 10°®

a =
2 X 9375 X 108

a=72678m"

Residence time

Residence time can be calculated as equation 2a.
t v (2b)

Q

where V  volume of microchannel (m?)

Q gas or liquid flow rate (m?/s)
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Example
For liquid flow rate 20 mU/h,

9.375 X 1077 11,3 1000 ml 1000  3600sec
X X X

t =
20 mUh 1L 1m3 1h
t=16.77 sec

Concentration of toluene in gas and liquid solvent

The concentration of toluene in gas phase can be calculated from peak area
of gas chromatography by using calibration curve. From the experiment, we can find
equation of calibration curve as following equation:

y =10 x (3b)

where y  mol of toluene (mol)

X peak area of gas chromatography

Example

The result of inlet concentration of toluene in gas phase from gas
chromatography shows peak area and retention time by using injection volume 0.2

ml.

Toluene in gas phase

Retention time peak area
(min)
1.8 1958018

Mol of toluene = 1958018 x 10**> mol

Mol of toluene
Injection volume

Concentration of toluene =
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1958018 X 10> mol

0.2x 1071

=9.79 x 10°* mol/l

The concentration of toluene in liquid phase can be calculated from mass

balance as equation 4b.

Q (C in ~ C u)
CL,ou‘( = s G,Q cout + CL,in (4b)
L

where Cio, outlet liquid concentration (mol/l)
CLin  inlet liquid concentration (mol/)
Q. liquid flow rate (m®/s)
Qs gas flow rate (m?/s)
Cein  inlet gas concentration (mol/l)

Ceout  OUtlet gas concentration (mol/l)

Example
The concentration of toluene in liquid phase when gas flow rate, liquid flow
rate, inlet gas concentration, outlet gas concentration and inlet liquid concentration

are 5ml/min, 20ml/h, 9.79 x 10 mol/l, 2.93 x 10° mol/l and 0 mol/|, respectively.

5 ml/min x (9.79 x 10* mol/L - 2.93 x 10°) 60 min

CL,out = ( X )+ 0
20 mUl/h 1h

= 0.0142 mol/l
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Toluene removal efficiency

The toluene removal efficiency can be estimated by following equation:

C
X = (1ﬂ) X 100% (5b)
G,in

where X  toluene removal efficiency (%)

Example

The toluene removal efficiency when inlet gas concentration and outlet gas

concentration are 9.79 x 10 mol/l and 2.93 x 10° mol/L.

293 x10°

(=== ) X 100%
( 9.79x1o"‘) ’

X=97.01 %

Equilibrium inlet and outlet concentration of liquid solvent

The equilibrium inlet and outlet concentration of liquid solvent can be
calculated from Henry’s law constant. From the experiment, the relative of equilibrium
gas concentration and equilibrium liquid concentration can be expressed by following

equation:

Ci,G = OOOO6C|‘|_ (6b)

where C equilibrium gas concentration (mol/l)

G, equilibrium liquid concentration (mol/l)
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Example

The equilibrium inlet and outlet concentration of liquid solvent in counter-flow
absorber when inlet gas concentration and outlet gas concentration are 9.79 x 10

mol/l and 2.93 x 10° mol/L.

2.9%x 107

equilibrium inlet concentration of liquid solvent =
0.0006

= 0.049 mol/t

9.79 x 10*

and equilibrium outlet concentration of liquid solvent =
0.0006

= 1.63 mol/l
Mass transfer coefficient
The volumetric mass transfer coefficient based on the liquid phase in counter-

flow absorber can be determined by equation 7b. and 8b.

QL(CL,out = CL,in)
ka= — = (7b)
VACy,

(Ci,in'CL,in) E (Ci,out'CL,out)
ACM = (Sb)
[n((cx,in‘CL,in)/ (Ci,out‘CL,out))

where k.a volumetric mass transfer coefficient (s™)
ACy, log mean concentration of liquid solvent (mol/)
C,n equilibrium inlet concentration of liquid solvent (mol/l)

Ciout equilibrium outlet concentration of liquid solvent (mol/l)
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Example

The volumetric mass transfer coefficient when gas flow rate, inlet gas
concentration, outlet gas concentration, inlet liquid concentration, and outlet liquid
concentration are 20 mi/h, 9.79 x 10* mol/, 2.93 x 10° mol/l, 0 mol/l and 0.0142

mol/\, respectively.

(0.049 - 0) - (1.63 - 0.0142)

ACM =
n((0.049 - 0)/(1.63 - 0.0142))
= 0.448 mol/l
20 ml/h x (0.0142 - 0) mol/L 11 1m? 1h
ka = X X X

1.875 x 10" m® x 0.448 mol/l 1000 ml 1000 L 3600 sec

= 9.39x 10" st

Pressure drop

Pressure drop in rectangular microchannel can be determined by H. Bruus

with following equation

12ULQ 1

AP = (9b)
h°W  1-0.630(h/W)

where AP pressure drop (kg/s’m, Pa)

L viscosity (ke/s.m, Pa.s)

L length (m)
W width (m)
h height (m)
Q fluid flow rate (m?/s)
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Example

Pressure drop within liquid channel when using vegetable oil which has

viscosity 0.057 Pa.s and flow rate 20 ml/h

AP =
12 x 0.057 kg/s.m x 0.02 m x 20 ml/h 1 11
X X X
(250x10° m)>x 0.015 m 1-0.630(250x10° m/0.015 m) 1000 ml
1m’ 1h
X

1000 | 3600 sec

= 327.71 Pa
=0.328 kPa

Pressure drop within gas channel when air has viscosity 0.0000181 Pa.s and flow

rate 5 ml/min

AP =
12 x 1.81x10™ kg/s.m x 0.02 mx5 ml/min 1 11
X X X
(250x10° m)>x 0.015 m 1-0.630(250x10° m/0.015 m) 1000 ml
1m’ 1h
X

1000 ( 60 min

= 1.56 Pa
= 0.00156 kPa

Surface tension in capillary tube
Surface tension in capillary tube can be determined by Young - Laplace

equation with following equation:
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PerH
2C0s6

V= (10b)

where Y Surface tension (N/m)
P  density of liquid (kg/m?)
¢ gravitational acceleration (m/s?)
r radius of capillary tube (m)
H  height of liquid in capillary tube (m)

6  contact angle (degree)

Example
The surface tension of vegetable oil in glass capillary tube which has radius 0.9
mm when density of vegetable oil, contact angle and height of vegetable oil in

capillary tube are 918.25 kg/m?’ | 28° and 0.006 m, respectively.

918.25 kg/m’ x 9.8 m/s” x 0.0009 m x 0.006 m

2cos(289)

= 0.028 N/m

Capillary pressure in capillary tube

Capillary pressure in capillary tube can be determined by Young - Laplace

equation with following equation:

2Ycose

AP = (11b)
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Example

Capillary pressure of vegetable oil in glass capillary tube which has radius 0.9

mm when surface tension of vegetable oil and contact angle are 0.028 N/m and 28°.

2 x 0.028 N/m x cos(289)

AP =
0.0009 m
= 54 N/m?

Minimum liquid-gas ratio for counter-current flow absorber
The Minimum liquid-gas ratio is calculated at 97% removal efficiency. Gas flow
rate is 5 ml/min containing 0.000960 mol/l of toluene. The pure vegetable oil

(sunflower oil) is fed at 40 mi/h.

0.00960 mol toluene 1 I ml 28.97 g dry air
Y, = X X X
1L dry air 1000 ml 0.0128 g dry air 1 mol dry air

= 2.17 X 10° mol toluene/mol dry air

Yout = (0.03)(2.17 X 107)
= 6.52 X 10”° mol toluene/mol dry air

Xin = 0 mol toluene/mol dry air

The composition of the outlet liquid solvent (X,,) can acquire from

equilibrium-curve of toluene and vegetable oil.
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Xin = 0.4 mol toluene/mol dry air

Yin - Yout
(L/G)min =

><out - Xm

= 5.26 X 10” mol vegetable oil/mol dry air
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