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CHAPTER I 

INTRODUCTION 

A number of topics are covered in this chapter. First, 

sulfur dioxide (SO2) removal processes are briefly reviewed, 

as is the urgency of why new technology is needed in 

improving this process. A concise discussion is then 

presented on membrane technology. Finally, a brief 

literature review is presented. 

1.1 Scope 

The removal of SOg from flue gas or tail gas is 

important due to environmental regulations. The process 

involving the removal of sulfur or sulfur compounds, such as 

sulfur dioxide (SOg) , from the products of a combustion gas 

is defined as flue-gas desulfurization (FGD).^ Power 

plants, petroleum refineries, and Claus sulfur plants are 

sources of SO2 emissions.^'^ The process commonly employed 

to achieve the removal of SOg from tail gas is gas 

absorption. In gas absorption, a S02-containing gas stream 

is contacted with a liquid stream that provides a specific 

or selective solubility for SOg. It is during the contact 

that SO2 molecules are transferred from the gas phase into 

the liquid phase.^ 

In the past, a number of processes have been developed 

for FGD. The details of these processes are not discussed 



here, but they can be found in the literature.^"^ 

Lime/limestone scrubbing is frequently used in power 

plants.^ The Wellman-Lord process is commonly used in 

sulfuric acid plants for controlling SO2 emissions.^ Other 

processes, such as magnesium oxide, have also been employed 

for removing SO2 in different industries.^ 

Serious problems exist with current FGD systems. For 

example, in the lime/limestone process, there is not only 

the problem of corrosion caused by the nature of the gas, 

but also the problem of erosion where the high-velocity 

slurry contacts solid surfaces.^ Special materials, such as 

stainless steel, have to be used for the construction of the 

absorption system;^ hence, the construction cost is 

initially high. Furthermore, the system suffers from the 

problem of plugging due to the formation of calcium 

sulfate.^ Therefore, part of the success of these systems 

is based on the minimization of both cost and operational 

problems.^ 

Another important factor in FGD systems is the amount 

of SO2 removed. For example, the absorption system used in 

a typical sulfur-burning plant can achieve 99.7% removal of 

SO,.* Other processes, such as the Beavon process, have 

claimed to have an overall efficiency of > 98%.^ However, 

stringent environmental regulations have required a higher 

control standard. For example, the SO2 emission rate for 

sulfuric acid plant is 4 Ibm per ton of pure sulfuric acid 



produced.* Since SOg emissions are measured on a mass 

basis, percent SOg removal is no longer an adequate measure 

for regulatory compliance. In other words, a 97% SOj-

removal efficiency may be enough to meet new regulatory 

standards for some industrial operations. In other cases, a 

99.99% SOg-removal efficiency may be required in order to 

comply with current emission standards. If the amount of 

SO2 allowed to emit into the atmosphere is low, a highly 

efficient gas-absorption system is essential. In such a 

case, new absorption technology is needed to retrofit or to 

replace the current systems so that environmental standards 

can be achieved without major industrial interruptions. 

Effective contact between the gas and the liquid is 

also an important parameter that affects the removal of SO2 

in FGD systems. In scrubbers such as venturi, bubble, and 

foam scrtibbers, the mass transfer cannot be better than that 

of a single ideal equilibrium stage.^ Hence, these 

scrubbers are operated cocurrently, and possibly even as 

single-stage units.^ In packed towers or sieve-tray 

towers, flooding occurs at high liquid or gas rates.^ At 

low gas or liquid rates, the absorption efficiency of the 

tower is decreased because of insufficient contact between 

the gas phase and the liquid phase.^ For sufficient gas-

liquid contact inside a packed column, a threshold liquid 

circulation rate is needed. This circulation rate 

determines the size of the column. Depends on the amount of 



gas treated and the desired amount of SO2 removed, the 

liquid circulation rate as well as the size of the column 

can be enormous. For example, liquid circulation rates of 

150 gpm and dimensions of 4 ft. diameter and 50 ft. height 

are not uncommon. 

Because of the various problems present in current 

absorption systems and the present stringent environmental 

regulations, there is a pressing need for the development 

and investigation of new technology. This new technology 

must be able to enhance the absorption of SOg, to reduce 

operating problems, and possibly to reduce both the cost and 

the size of the current devices and systems. A microporous 

membrane-based phase contactor (hollow-fiber module) may 

possibly be the technology to provide better gas absorption 

performance, and to eliminate some of the operating 

problems. 

1.2 Background 

A membrane can generally be defined as a selective 

barrier between two phases.* Microporous membranes are 

membranes composed of a solid matrix with defined holes or 

pores which have diameters ranging from less than 10 

nanometers (nm) to more than 50 micrometers (jum) J The 

natures of these membrane can either be hydrophobic or 

hydrophilic. If the membrane is hydrophobic in nature, it 

does not permit aqueous solutions to wet the membrane pores. 



Nevertheless, it permits gases or organic solvents to fill 

or wet the membrane pores. In contrast, a hydrophilic 

membrane allows aqueous solutions to fill or wet the 

membrane pores; however, the membrane does not allow gases 

or organic solvents to fill or wet the membrane pores. 

Microporous membranes are manufactured either as flat 

sheets or as hollow fibers.^'' A hollow-fiber module (HFM) 

is a device consisting of a number of microporous hollow 

fibers. This device is similar to a shell-and-tube heat 

exchanger, as seen in Figure 1.1, and can be used for 

separation processes such as gas absorption, liquid-liquid 

extraction, and gas stripping.^° A hollow-fiber module 

offers a number of advantages. For example, it offers a 

dispersion-free operation. Such a system is easy to scale-

up or retrofit to other equipment.^^ A hollow-fiber module 

also allows a broader range of each flow stream without 

causing problems such as flooding or loading.^ 

One distinct advantage offered by the hollow-fiber 

module is that the contacting area is not restricted by flow 

velocities. As a result, there is no reduction in 

contacting area at low flowrates or flooding at high 

flowrates.^ Therefore, the hollow-fiber module eliminates 

some of the operating problems present in conventional 

absorption systems. At the same time, the module provides a 

high contact area so that high mass-transfer rates can 

occur. Hence, the size of the equipment can be reduced. 
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The SO2 removal efficiency should also be enhanced due to 

the superior contact between the gas phase and the liquid 

phase. Finally, the liquid circulation rate may be 

decreased because of more efficient inter-phase contact. 

Thus, microporous hollow-fiber membrane technology appears 

to be an alternative technology feasible for flue-gas 

desulfurization purposes. 

1.3 Previous Investigations 

Sulfur dioxide absorption using hollow-fiber module 

technology has been investigated by a number of researchers. 

For example, Cooney and Jackson have used hollow-fiber 

modules with hydrophilic hollow fibers for SOg absorption 

studies. Their results show excellent SO2 absorption 

capabilities with a mildly basic scrubbing liquid.^ Karoor 

and Sirkar have studied SO2 absorption using hydrophobic 

hollow-fiber modules.® Their results have shown that total 

removal of SO2 is possible even using water as the absorbing 

agent.® They have also shown that the mass-transfer 

coefficient is an order of magnitude higher in hollow-fiber 

modules than in packed towers, and that the height of a 

transfer unit (HTU) is much lower in hollow-fiber modules.® 

However, most of their research was conducted at room 

temperature. Most of the comparisons were based on 

theoretical correlations developed or the data presented by 

other researchers. There was no actual comparison between 



the hollow-fiber module and the packed tower of comparable 

dimensions. Comparable dimensions mean similar column 

diameter and packing height. 

In the past, researches have conducted research using 

different flow arrangements. Based on their initial 

investigations, Cooney and Jackson conducted their 

experiments by flowing the liquid on the shell side of the 

hoilow-fiber module.^ In contrast, Karoor and Sirkar 

operated their experiment mainly by flowing the licjuid on 

the tube side of the hollow-fiber module.® In addition, 

Sirkar has suggested that it would be best to flow the gas 

on the tube side of the hollow-fiber module during gas 

absorption so that channeling is completely overcome.^° 

Because of these different arguments, further investigation 

of the effect of flow arrangement on the performance of 

hollow-fiber units for absorption is needed. 

8 



CHAPTER II 

OBJECTIVES 

The main purpose of this research project was to 

conduct an in-depth study of SOg absorption using a 

microporous membrane-based phase contactor (hollow-fiber 

module). This purpose was accomplished by achieving three 

objectives. The first objective was to develop an insight 

regarding how the fluid-flow arrangement can affect the 

performance of the module. The second objective was to 

perform a comparison of gas absorption efficiency between a 

conventional packed tower and a hollow-fiber module. The 

final objective was to study how either gas concentration or 

temperature can affect the performance of the module. 

The first objective was achieved by conducting 

experiments with liquid flowing either inside the fiber 

lumen (bore or tube side) or in the shell side of the 

hollow-fiber module. Three different flow arrangements were 

used for this purpose. 

The second objective was carried out by conducting 

experiments using both a packed tower and a hoilow-fiber 

module. The packing material used for the packed tower was 

1/4-in. ceramic berl saddles. The inlet solvent 

temperature, the inlet gas flow rate, and the inlet SOg 

concentration were fixed. The outlet gas concentrations and 



corresponding liquid flow rates were measured so that a 

comparison between the two devices could be obtained. 

The third objective was accomplished by conducting 

experiments using either different gas concentrations or 

different solvent temperatures. The gas flowrate and the 

liquid-to-gas ratio were fixed so that the corresponding 

outlet gas concentrations could be measured and compared, 

statistical analysis was performed on the data obtained so 

that the effect of solvent temperature and inlet gas 

concentration on absorption performance could be evaluated. 
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CHAPTER III 

THEORY 

This chapter describes the chemistry involved in the 

absorption of SO2. It also explains the mass transfer 

involved in a microporous membrane. Correlations in 

determining the mass-transfer coefficient are also presented 

in this chapter. 

3.1 Basic Chemistry 

When SO2 is absorbed into water, the primary reaction 

in the licjuid phase is 

SO2 (̂) ^H^Oa) ^HSO; ̂^̂ j ^H^ (,̂) . (3.1) 

In the case where a buffered acjueous solvent is used, 

ecjuation 3.1 is still valid. However, hydrogen ions are 

constantly reacting with the buffer ions. Thus, the pH of 

the solvent remains in the proper range such that higher SOg 

absorption capability is achieved. The buffer solution used 

in the research project was a mixture of phosphoric acid and 

sodium carbonate. Therefore, the reactions between the 

hydrogen ion and phosphate ion are 

pel'-^H^^HPOl' (3.2) 

HPOl'-^H^^H^POl. (3.3) 

11 



3.2 Mass Transfer in A Microporous Membrane 

The microporous hollow-fiber membrane used for this 

research project is hydrophobic in nature; in other words, 

an acjueous solution does not wet the membrane pores.' 

However, gases or organic solvents can easily fill or wet 

the membrane pores.®'' As seen in Figure 3.1, when both gas 

and liquid are introduced into their respective sides of the 

membrane, the gas will easily fill the pores on its side of 

the membrane. In contrast, water on the other side of the 

membrane will stay at the mouth of the pores. In order to 

prevent gas dispersion from occurring, the pressure in the 

licjuid phase must be equal to or higher than that of the gas 

phase.® Since the gas phase and the licjuid phase are 

constantly contacted at the pore mouths, solutes are allowed 

to transfer from one phase to the other. In all experiments 

in this research, SO2 is transferred from the gas phase into 

the liquid phase. 

The absorption of SO2 into a hollow-fiber membrane 

occurs in four steps as follows: (1) SOg first diffuses 

through the gas film into the gas-filled membrane pores; 

(2) SO2 diffuses through the gas-filled membrane pores; 

(3) SO2 diffuses through the liquid film and is then (4) 

carried away by the bulk flow of the liquid phase. 

A common way to evaluate the effectiveness of an 

absorption system is to determine the mass-transfer 

coefficient. The mass-transfer coefficient is a measure of 

12 
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how fast the absorbed species is transferred from the gas 

phase to the liquid phase. This coefficient can be based on 

either the liquid phase or the gas phase. In most gas 

absorption research, the overall mass-transfer coefficient 

is based on the liquid phase. For a hydrophobic membrane 

with gas-filled pores, the overall resistance consists of 

the gas-film resistance, the membrane resistance, and the 

liquid-film resistance.^° This relationship^^ can be 

expressed as 

1 .Hi ^H, 

^1 ^iff ^im ^il 

(3.4) 

Since the absorption of SO2 into water is a licjuid-film-

controlled mass-transfer process,^^ Ecjuation 3.4 can be 

simplified to 

K, 
(3.5) 

^il 

The overall mass-transfer coefficient for liquid flowing on 

the tube or Itimen side of the hollow-fiber module® can be 

determined using 

'' AAC. Im 

(3.6) 

where 

AC',̂ = 
_ JHC^in-Ciout) - (HC^out) 'gin 

ln( H^KTin ^Jout^ 

HC gout 

(3.7) 
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The Henry's Law constant (H) is determined based on the 

ratio of the interfacial concentration of the absorbed 

species i in the liquid to that in the gas:® 

if=-^. (3.8) 

where C-j has been determined for various temperatures.® 

In a microporous hollow-fiber module, the mass-transfer 

coefficient is usually expressed by the dimensionless 

Sherwood number. In the past, some theoretical correlations 

have been developed by researchers using hollow-fiber 

modules. For gas absorption in a hydrophobic membrane with 

water flowing on the lumen side, Yang and Cussler proposed 

the following ecjuation̂ ^ 

^5*=^=l-64W«/" (3.9) 

where 

Wo.= 4",eW« (3-10) 

in which 

N =AJ1£ (3.11) 

While investigating shell-side flow phenomena, a shell-

side Reynolds number must be used. In Ecjuation 3.11, d. has 

to be substituted by the equivalent diameter which is 

15 



defined as 4 times the shell-side cross-sectional area 

divided by the wetted perimeter.^° The ecjuivalent diameter 

can be expressed as 

d = - ^ . (3.13) 

The velocity must be replaced by the superficial velocity 

which is expressed as 

V,=i§. (3.14) 
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CHAPTER IV 

EXPERIMENTAL APPARATUS, METHODS, 

LIMITATIONS, AND SAFETY 

This chapter discusses the experimental apparatus and 

experimental procedures of the proposed research project. 

There are two major units involved. The first part is the 

SO2/N2 Sampling Gas Preparation Unit, and the second part is 

the Gas Absorption Unit. Basically, the first unit is used 

to generate the desired gas concentrations and gas 

flowrates. The second unit is for conducting all 

experimentation using the sampling gas generated from the 

first unit. The chapter will first describe the major 

components in each unit. Then, a section discusses the 

various process flow arrangements used in this research. 

Afterwards, a section will briefly describe the experimental 

procedures. Last are sections which focus on experimental 

limitations, and experimental safety. 

4.1 SÔ /N̂  Sampling Gas Preparation Unit 

The entire experimental apparatus consists of two major 

units. The first unit is to produce the desired 

concentration of sulfur dioxide in nitrogen (SO2/N2 

mixture). This task was accomplished by using a permeation 

apparatus. A trace source series 57 permeation apparatus by 

Kin-Tek laboratories. Inc., was used in preparing the gas 

17 



mixture for all experiments. As seen in Figure 4.1, N2 and 

SO2 were transferred independently into the permeation 

apparatus. At a specific tube temperature and SO2 pressure, 

a fixed amount of SOj was able to permeate through the 

membrane to the bulk N2 flow on the other side. The 

permeation rate of SO2 was experimentally determined by the 

manufacturer. Thus, for a given N2 flow, the product 

leaving the permeation apparatus consisted of a N2/SO2 gas 

mixture with a known concentration. The concentration of 

the gas mixture also depends on the flow of nitrogen. The 

flowmeter used for determining the nitrogen flowrates was 

calibrated with a bell prover located in the laboratory. 

The excess SO2 that did not permeate through the membrane 

was sent to a scrubber and then vented into a laboratory 

duct. Meanwhile, the sampling gas was sent to the second 

unit for the experimental purpose. A detailed process flow 

diagram and operating procedure for this unit can be found 

in Appendix A and Appendix B, respectively. 

4.2 Gas Absorption Unit 

The SO2/N2 gas from the gas permeation unit was sent to 

the second unit for all experimental purposes. The main 

components in this unit are the hollow-fiber module, an 

interchangeable packed tower, an ultraviolet 

spectrophotometer, and one or two liquid pumps. The hollow-

fiber module used is a laboratory contactor (5PCM-106) 

18 
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manufactured by the Separations Products Division of Hoechst 

Celanese, Charlotte, North Carolina. The module consists of 

2100 microporous polypropylene fibers. The fibers have 

inside diameters of 240 fim and a wall thickness of 30 nm. 

The contact area available is 0.23 m̂  (2.7 ft̂ ) , and the 

total effective contact length is 16 cm (6.3 in.). The 

entire length of the module is 20 cm (7.9 in.), and the 

inside shell-side diameter is 2.5 cm (1 in.). The packed 

tower used consists of 1/4-in. ceramic berl saddles. The 

shell of the tower is made of glass with an outside diameter 

of 1.375 in. The overall packed height is approximately 6 

in. The ultraviolet spectrophotometer used is model UV-160U 

manufactured by Shimadzu Corporation. A model QC-150 Fluid 

Metering pump was used for circulating the lic^id. In order 

to achieve higher fluid velocity, a model RRP Fluid Metering 

pump was also used. 

The licjuid volumetric rate was measured using a 

graduated cylinder and a timer. The gas volumetric rate was 

measured by a soap-film meter and a timer. An absorption 

wavelength of 286 nm was used to detect the SO2 

concentration of the gas inside the ultraviolet 

spectrophotometer. Two calibration curves were used for 

determining the SO2 concentration. The gas flowrate used 

for the entire research project was between 50 to 

130 ml/min. The liquid-to-gas volume ratio (L/G) was 

between 0.1 to 0.5. The inlet SO2 concentration used varied 

20 



from 1,000 to 10,000 ppm. The temperature of the solvent 

used varied from 75 °F to 122 °F. 

4.3 Process Flow Arrangement 

Three different flow arrangements were used during the 

research project. These flow arrangements were used so that 

the flow arrangement that provided the optimal absorption 

efficiency could be determined. In addition, a more in-

depth understanding of the effects of liquid flow on the 

shell side could be achieved. 

Figure 4.2 shows the case where liquid was flowing on 

the tube side of the hollow-fiber module. In this 

particular flow arrangement, the packed tower can be 

substituted for the hollow-fiber module so that studies can 

be done on the packed tower. Figure 4.3 shows the case 

where the licjuid was flowing on the shell side of the 

hollow-fiber module. For cases where higher shell-side flow 

velocity is desired, an optional pump (B) is used to recycle 

part of the liquid between Line D and Line E. 

4.4 Experimental Procedure 

The sampling gas released from the SO2/N2 Sampling Gas 

Preparation Unit first flowed only through Line A so that 

the volumetric flow rate of the gas could be determined. 

Then, the gas flowed through only Line B so that the inlet 

concentration of the gas could be measured by the 

21 
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ultraviolet spectrophotometer. Then, liquid was introduced 

from Line D into the hollow-fiber module. After the 

pressure on the licjuid side built up, the sampling gas was 

introduced into Line C and the absorption experiment began. 

The outlet gas SOg concentration was continuously monitored 

for a period of 6000 seconds. Ecjuilibrium condition was 

determined when there was no longer a significant change in 

the outlet gas concentration. The ecjuilibrium condition 

was usually achieved between 3600 and 4000 sec. Later, the 

final outlet-gas concentration was recorded and the entire 

profile of the outlet-gas concentration was printed out. If 

the ecjuilibrium condition was not satisfied, a new liquid 

flow rate could be set, and the monitoring process repeated. 

The later runs recjuired approximately 1800 to 3600 seconds 

to reach a new ecjuilibrium condition. A detailed 

experimental diagram and detailed experimental procedures 

are in Appendix A and Appendix B, respectively. 

The effect on performance of the hollow-fiber module 

due to either a change in solvent temperature or a change in 

gas concentration was studied. Each experiment was 

conducted for a specific combination of gas concentration 

and solvent temperature. A total of twelve experiments were 

performed so that a two-way analysis of variance could be 

conducted. These experiments were performed in random order 

so that the results would not be biased. 

24 



4.5 Experimental Limitations 

Several constraints were encountered with the 

experimental system. The permeation apparatus has a 

temperature limit of 248 °F and a pressure differential 

limit of 60 psig. The hollow-fiber membrane can withstand 

temperatures up to 140 °F and pressure differentials up to 

60 psig. The glass cell inside the ultraviolet 

spectrophotometer recjuires pressures to be less than 2 psig. 

Furthermore, the spectrophotometer is limited to measuring 

gas concentrations below 30,000 ppm. 

4.6 Experimental Safety 

A number of safety issues were considered for this 

study. The major issue was the potential for the release of 

SOg into the environment and the resulting possible 

personnel exposure. SO2 is an extremely toxic substance, 

and has an OSHA permissible exposure limit of 2 ppm. A 

trace exposure can cause harmful effects on the human body, 

such as irritation of the mucous membranes, severe choking, 

and unconsciousness. Exposure to 100 ppm of SO2 is 

considered immediately dangerous to life and health. 

Therefore, all experiments must be conducted in the vent 

hood. Before conducting any experiments, the operator must 

check the intake velocity of the vent hood. If the inward 

face velocity does not meet the desired rate of at least 

120 FPM but less than 200 FPM, no experimentation should be 

25 



initiated. At no time should the operator put his head 

inside the vent hood. The operator must also wear a NIOSH-

or OSHA-approved respirator for SO2 while conducting 

experiments. 

All solutions used for the experimentation should be 

properly disposed. In the case where water is used, the 

resulting S02-rich solution should be neutralized by using 

baking soda before disposing into the drain. When a 

buffered aqueous solution is used, all of the S02-rich 

solution should be disposed into a waste bottle. After the 

waste bottle is filled, a label stating the contents of the 

solution should be placed on the bottle before disposing as 

a hazardous waste. 

Due to the hazardous nature of SO2, at least two people 

must be present in the laboratory whenever the experiment is 

in progress. When an emergency occurs, the operator must 

shut off the main valve of the SO2 tank before evacuating 

the laboratory. If a major leak occurs and the operator 

becomes unconscious, the other person must immediately shut 

off the main SO2 valve and evacuate the laboratory and sound 

the fire alarm. 
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CHAPTER V 

RESULTS AND DISCUSSION 

This chapter discusses the results obtained based on 

experimental data. The data presented by Karoor® is used 

for comparison. The discussions include: (1) the effect of 

different flow arrangements, (2) the effect of solvents, (3) 

the effect of contacting devices, and (4) the effect of 

temperature and gas concentration. 

5.1 Effect of Flow Arrangement 

One of the objectives of the experimental program was 

to determine whether different flow arrangements would have 

an effect on gas absorption efficiency. Some of the results 

were compared with the results presented by Karoor.® 

5.1.1 Shell-Side Flow Phenomena 

In this flow arrangement, licjuid was flowed through the 

shell side of the hollow-fiber module while gas was 

circulated on the tube side of the hollow-fiber module. The 

studies were conducted using both high and low gas 

flowrates. The gas flowrates were considered to be low when 

the gas flowrates were below 200 ml/min. The gas flowrates 

were considered to be high when the gas flowrates were above 

600 ml/min. 
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Using a gas flowrate of 100 ml/min and a concentration 

of 1000 ppm. Figure 5.1 shows the change of SO2 

concentration in the gas phase as a function of time. As 

seen in the figure, the outlet SOj concentration steadily 

decreased with time due to the absorption of SO2 into the 

liquid. However, the SO2 concentration in the gas phase 

increased after a period of time. This phenomenon can be 

explained by two reasons. First, the liquid flowrate is 

4 ml/min. The velocity of the licjuid is even slower at the 

surface of the hollow-fiber bundle. This low velocity can 

also result in a stagnation zone; in other words, a zone 

where there is negligible fluid flow at the bundle surface. 

Thus, a boundary layer film can be formed. As a result, the 

solution near the fiber bundle is rapidly saturated with 

SOg. Causing the concentration gradient between the gas 

phase and the liquid phase to decrease. Also, the mass 

transfer decreases because of the low concentration driving 

force; thus, the outlet SOg concentration increases. 

Second, the hollow-fiber bundle in the hollow-fiber 

module was tightly packed. The fluid inside the bundle was 

almost stationary. During initial stages of gas-licjuid 

contact, the fluid inside the fiber bundle was able to 

absorb SO2. The effective mass-transfer area was at its 

maximum. As time elapsed, the fluid inside the fiber bundle 

became saturated with SO2. Thus, the effective mass-

transfer area was reduced and the overall absorption 
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efficiency decreased, causing the outlet SO2 concentration 

to increase until a new ecjuilibrium condition was 

established. 

In order to enhance the absorption efficiency, a higher 

liquid flowrate was needed. As seen in Figure 5.2, the 

concentration profile changed as the licjuid rate increased. 

The improvement in gas absorption performance can be 

explained by the increase in the effective mass-transfer 

area as well as the enhancement of the concentration 

gradient between the gas phase and liquid phase. 

When the gas flowrate was increased to over 600 ml/min, 

the gas absorption efficiency was drastically affected. 

Table 5.1 presents the results of this study along with 

published data. Experimental data was obtained for Run 1 

and Run 2 by circulating the licjuid on the shell-side. 

Experimental data was obtained for Run 3 was by flowing the 

licjuid on the tube side. Under the same liquid-to-gas ratio 

and inlet gas concentration. Run 2 showed a higher gas 

absorption performance. In other words, the absorption 

performance was better by introducing the gas into the tube-

side of the hollow-fiber module. The possible explanation 

is that channeling and by-passing was totally eliminated on 

the gas side when the gas was passed on the tube-side of the 

hollow-fiber module. This hypothesis was also proposed by 

Sirkar.^° A concentration profile similar to that pictured 

in Figure 5.1 was obtained under the conditions of Run 1. A 
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Table 5.1 Gas Absorption Performance at High Gas Flowrates 

Run 

1 

2 

3 

4® 

Inlet 
SOg 
Cone. 

923 

923 

923 

4000 

Outlet 
SO2 
Cone. 

602 

377 

477 

1200 

Gas Flow 
Rate 
(ml/min) 

615.72 

615.72 

615.72 

77 

L/G 
(ml/ml) 

0.0698 

0.294 

0.294 

0.051 

(Lic^id 
Phase) 

2.29 

9.631 

6.489 

8.77 

Remarks 

Shell-
Side 
Flow 

Shell-
Side 
Flow 

Tube-
Side 
Flow 

Shell-
Side 
Flow 1 
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concentration profile similar to that in Figure 5.2 resulted 

from the conditions of Run 2. By comparison with Karoor's 

experimental result (shown in Table 5.1 as Run 4), it 

appears that the hydrodynamics of the flow has an effect on 

gas-absorption performance. By comparing Run 2 and Run 4, 

the Reynolds number in both cases were almost identical, and 

the gas absorption efficiencies were 60% and 70%, 

respectively. However, the licjuid-to-gas ratio was about 5 

times lower in Karoor's case. This implies that the gas-

absorption efficiency can be affected by the hydrodynamics 

of the flow. One way to evaluate the hydrodynamics of the 

flow is to study the shell-side Reynolds number. As seen in 

Ecjuation 3.11, 3.13 and 3.14, the ecjuivalent diameter (d̂ ) 

and the superficial liquid velocity (v̂ ) have a direct 

impact on the shell-side Reynolds number. However, both d̂  

and V are controlled by the shell-side diameter (d̂ ) of the 

hollow-fiber module and the modified wetted perimeter (d̂ N̂) . 

Therefore, d and/or v̂  can directly affect the shell-side 

Reynolds number. Thus, changing the hydrodynamics of the 

flow. Although the hydrodynamics of the flow has not been 

investigated in this project, the results illustrate that it 

can have a significant effect on gas absorption efficiency 

as well as mass transfer. 

An alternative approach for increasing the shell-side 

Reynolds number was to incorporate a pump so that a portion 

of the liquid is recycled into the hollow-fiber module. The 
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licjuid-to-gas ratio (L/G) measured using this flow 

arrangement was estimated based on the total licjuid 

withdrawn from the system. Some experiments were performed 

using similar SO2 concentration, and the results are 

presented in Table 5.2. The results of Run 1 and Run 2 were 

obtained by running liquid through the tube side and the 

shell side of the hollow-fiber module, respectively. Both 

runs resulted in similar outlet SO2 concentrations at gas 

flowrates close to 60 ml/min. 

When the gas flow was doubled, the outlet SO2 

concentration was much higher for Run 3 than Run 2. There 

is one explanation for such a phenomenon. When a high 

recycle rate was used, the water was probably recycled 

within the hollow-fiber module for a period of time. Since 

the recycled water already contained some SO2, the ability 

of the water to absorb addition SO2 decreased with time. 

Furthermore, it was possible that the SO2 concentration was 

slowly increasing in the licjuid phase. Thus, an effect 

similar to concentration polarization probably occurred in 

the liquid phase. As a result, the outlet gas concentration 

obtained was higher in this case. 

Run 5 shows the results from a once-through shell-side 

flow process. By comparing Run 3 and Run 5, the results 

show that Run 3 was about 20% more efficient than Run 5. 

One possible explanation is that most of the fluid was 

recycled in Run 3. As a result, the residence time for 
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Table 5.2 Flow Comparison for 3800 ppm Inlet Gas Concentration 

Run 

1 

2 

3 

4 

5 

Cone, 
(ppm) 

110.79 

161.51 

663.75 

166.51 

823.66 

G 
(ml/min) 

57.60 

60.71 

110.09 

112.71 

130.96 

L/G 
(ml/ml) 

0.185 

0.180 

0.392 

0.384 

1.119 

Licjuid Flow 
Arrangement 

Tube 

Shell w/Recyele 

Shell w/Recycle 

Tube 

Shell w/o Recycle 
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contact between the gas and the licjuid was much larger in 

Run 3 than in Run 5. Therefore, the absorption performance 

in Run 3 was better than that in Run 5. Research in the 

past has shown that the contact residence time is an 

important parameter for effective mass transfer.^' 

Moreover, the L/G ratio for Run 5 was at least 3 times 

higher than any other experimental runs. Thus, it appears 

that the high solubility of the solvent was not fully 

utilized in this case. 

5.1.2 Tube-Side Flow Phenomena 

Experiments were performed by passing the licjuid 

through the lumen side of the hollow-fiber module. 

Conditions described at the beginning of section 5.1.1 were 

used. The concentration profile obtained is illustrated in 

Figure 5.3. As seen in the figure, the concentration 

profile was vastly different compared with that shown in 

Figure 5.1. The liquid within the fiber lumen was 

constantly removed; therefore, the concentration gradient 

was maintained close to its initial value. Hence, mass 

transfer from the gas phase to the licjuid phase was not 

hindered. In addition, there was no stagnant fluid in this 

flow arrangement. As a result, the effective mass-transfer 

area was not altered. Therefore, the outlet gas 

concentration steadily decreased with time and did not 

increase. 
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Table 5.3 is a summary of the results based on fluid 

flowing on the tube side of the hollow-fiber module at room 

temperature; the results published by Karoor® are also 

included as Runs 13-15. As seen in the table, at the gas 

flowrate below 70 ml/min, gas absorption efficiencies above 

96% resulted. When the gas flow was above 600 ml/min, the 

efficiency dropped to below 50%. According to other results 

obtained by Karoor, 100% removal of SO2 was achieved using a 

liquid-to-gas ratio of 0.2 with an inlet gas concentration 

of 10000 ppm. This result is comparable to the result of 

Run 11 shown in Table 5.3. For an identical licjuid-to-gas 

ratio and inlet gas concentration, the removal efficiency in 

this study was only 97%. The contacted area available in 

the hollow-fiber module was at least 23 times greater than 

that of Karoor; yet, complete removal of the influent SO2 

was not observed. 

There are a number of reasons that can lead to such 

poor performance. The fibers inside the hollow-fiber module 

were tightly packed. As a result, very little licjuid or gas 

could penetrate into the fiber bundle. Thus, the effective 

mass-transfer area was reduced. Furthermore, the tight 

packing of fibers could have resulted in some of them 

touching each other, further reducing the effective contact. 

In addition, due to the tightness of the fiber bundle, 

either the gas or the licjuid was forced to channel or by

pass. Therefore, the mass transfer inside the hollow-fiber 
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Table 5.3 Gas Absorption Performance with Tube-Side Flow 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13® 

14® 

15® 

Inlet 
S02 
Cone. 

3418 

3418 

3418 

3418 

1018 

7008 

7008 

7008 

7008 

3832 

10395 

3798 

10000 

10000 

10000 

Outlet 
S02 
Cone. 

110.78 

55.25 

27.61 

27.61 

27.61 

250.52 

124.7 

69.14 

41.44 

110.79 

306.81 

166.51 

1250 

1000 

750 

Gas Flow 
Rate 
(ml/min) 

64.29 

64.29 

64.29 

64.29 

57.55 

55.3 

55.3 

55.3 

55.3 

57.6 

57.69 

112.71 

200 

200 

200 

L/G 
(ml/ml) 

0.156 

0.326 

0.497 

0.656 

0.183 

0.163 

0.368 

0.563 

0.770 

0.185 

0.189 

0.384 

0.06 

0.0775 

0.1175 

(cm/min) 

0.005 

.005 

0.006 

0.005 

0.004 

0.004 

0.004 

0.005 

0.005 

0.004 

0.004 

0.006 

0.267 

0.259 

0.252 
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module was not efficient. Hence, very low mass transfer 

occurred between the two phases. 

The results can also be explained based on the 

evaluation of the mass-transfer coefficient. Based on the 

data obtained, the mass-transfer coefficient evaluated in 

this study was of the order of 0.005 cm/min. Based on 

Karoor's data, the calculated experimental mass-transfer 

coefficient was 0.25 cm/min. Every mass-transfer 

coefficient evaluated was based on the complete contact area 

being available. If the fiber bundle was packed so tightly 

that the bundle was behaving like an concentric cylinder, 

the actual effective contact area would solely be the 

surface area of the concentric cylinder. Based on the 

measured values in this study, this effective contact area 

is only about 3.6% of the total available contact area. The 

mass-transfer coefficient was re-evaluated based on this 

contact area, and the mass-transfer coefficient increased 

from 0.005 cm/min. to 0.14 cm/min. This modified evaluation 

scheme compares more closely with published data. 

An experiment was also conducted to estimate the 

maximum possible gas/1 icjuid contact. This experiment was 

done by weighing the hollow-fiber module both with and 

without water on the shell side. The estimated maximum 

contact was close to 24%. 

Based on these results, severe by-passing and 

channeling occur inside the hollow-fiber module. There is 
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insufficient contact between the gas phase and the licjuid 

phase; thus, the gas absorption efficiency as well as the 

mass transfer are being affected. 

5.2 Effect of Solvents 

In this study, water and the buffered acjueous solution 

discussed in Chapter 3 were the two solvents used. Both a 

packed tower and a hollow-fiber module were used as the gas 

absorption apparatus. Figure 5.4 shows the effect of 

solvent choice on the outlet SO2 concentration while using 

both devices as the contacting medium. As shown in the 

figure, the outlet SO2 concentration is at least three times 

less when using the buffered acjueous solvent. This result 

clearly shows that the buffered acjueous solution has a very 

strong affinity for SO2. These results prove that the 

buffered acjueous solution can be an alternative solvent to 

absorb SO2 because of its buffering characteristic. 

5.3 Effect of Contacting Device 

In this section, the discussion will be focused on the 

absorption characteristics for both packed tower and hollow-

fiber module. Figure 5.5 shows the outlet gas concentration 

as a function of liquid to gas ratio (L/G) . As seen in the 

figure, the packed tower had a better absorption performance 

than the hollow-fiber module at L/G below 0.7. However, the 

hollow-fiber module exhibited a superior performance 

41 



200 

•I 150 H 

c 
(D 
O 
c 
o 
O 

100-

O 
CO 

O 

CM 

50-

0 

Water 

Gi 

Packed Tower 

t l Hollow Fiber Module 

Solvent 

Water 

CO CO 
00 
04 

Solvent 

CD 

L/G(mI/ml) 

Figure 5.4 Effect of Solvents on Outlet Gas Concentration 

42 



500 

O 
CO 

O 

CVJ 

400-

S 300H 
c 
(D 
O 
C 
o 
O 200-

100-

0 

Packed Tower 

Hollow-Fiber Module 

d 
rt 

d 

- f — 

d 
oo 

d 
L/G(ml/ml) 

Figure 5.5 Effect of Contacting Device on Outlet 
Gas Concentration 

43 



compared to the packed tower beyond an L/G ratio of 0.70. 

The possible explanation is that the packed tower was 

operating in the loading region beyond an L/G value of 0.70, 

causing the removal efficiency to decrease. As discussed in 

Section 5.1.1 and 5.1.2, the hollow-fiber module provides 

very insufficient gas-liquid contact, this study can only 

conclude that the packed tower gives better gas absorption 

efficiencies than a commercially available hollow-fiber 

module at L/G below 0.7. However, the results in this study 

do indicate that the hollow-fiber module is not restricted 

by the loading condition which can potentially occurs in 

packed towers. 

As mentioned in Section 5.1, there is insufficient 

contact between the gas phase and the licjuid phase inside a 

hollow fiber module. Therefore, further investigations are 

needed in determining which device would serve as a better 

contacting device. 

5.3 Effect of Temperature and Concentration 

In this section, the discussion will focus on the 

effect of outlet SO2 concentration as a result of changing 

either the inlet gas concentration or the solvent 

temperature. A number of experiments were conducted so that 

an evaluation could be performed. Table 5.4 is a summary of 

the experimental results. As seen in Table 5.4, the outlet 

SO2 concentration increased when the concentration of the 
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Table 5.4 Outlet Gas Concentration at Various Temperature 
and Inlet Gas Concentration 

Inlet Cone. 

Temperature 

74 ̂'F 

93 ̂'F 

103 °F 

1000 ppm 

27.61 

41.44 

55.28 

3800 ppm 

110.79 

250.52 

138.62 

7000 ppm 

250.52 

222.46 

208.46 

10000 ppm 

306.81 

208.46 

278.64 
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inlet SO2 concentration increased at a solvent temperature 

of 74 °F. Since the licjuid rate remained relatively 

constant, it would not be possible for the same amount of 

licjuid circulation rate to absorb the increased amount of 

SO2. Thus, the outlet gas concentration increased with 

increasing inlet SO2 concentrations. This trend was also 

confirmed at a temperature of 103 °F. However, an anomaly 

was observed at the solvent temperature of 93 °F. The 

outlet SO2 concentration increased as the inlet gas 

concentration increased. After the inlet gas concentration 

reached 3800 ppm, the outlet SO2 concentration gradually 

decreased. In the absence of replication, it is not 

possible to explain why this anomaly occurred. Additional 

experiments are needed to study the temperature effect. 

A two-way analysis of variance was performed so that 

the effect of either temperature or concentration could be 

determined. Based on the results obtained, which can be 

found in Appendix D, the inlet gas concentration probably 

affects the performance of the module. It is because the F 

value (10.03) for inlet gas concentration is outside the 

acceptance region (using a significance level of 0.05, the 

critical value of F3^ is 4.76^^), thus rejecting the 

hypothesis that inlet gas concentration may not have an 

effect on the performance of the module. 

In contrast, the F value (0.04) for solvent temperature 

is inside the acceptance region (using a significance level 
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of 0.05, the critical value of Fj^ is 5.14^^); thus, 

accepting the hypothesis that temperature of the solvent 

probably does not affect the performance of the module. The 

possible explanation is that the licjuid-to-gas ratio is 

large enough that any significant changes resulting from 

variation in solvent temperature cannot be detected. 

Another possible explanation is that the temperature 

increase in the study is not sufficient to cause an effect 

on module performance. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Based on the study of flow arrangements, a few 

conclusions can be drawn. First, the results have shown 

that by-passing and channeling are major issues in a 

commercially available hollow-fiber module. At high gas 

flowrates, the gas absorption efficiency was low due to 

insufficient interphase contact. Second, the hydrodynamic 

of the flow may be an important factor in affecting the gas 

absorption efficiency when licjuid is flowing on the shell-

side of the hollow-fiber module. Third, the results show 

that the buffered acjueous solution has a very strong 

solubility for SO2 and may be a viable alternative solvent 

for SO2 removal applications. Fourth, the results indicate 

that loading does not occur in the hollow-fiber module. 

However, a conclusion cannot be drawn on whether the hollow-

fiber module is a more effective contacting device than a 

packed gas absorber due to the insufficient contact between 

the gas phase and the licjuid phase. 

6.2 Recommendations 

Several recommendations are made for future studies. 

Due to the limitations encountered in this research, it is 

recommended that the permeation unit be replaced by mass 

flowmeters and a gas mixing unit. By using mass flowmeters, 
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the SO2 gas concentration as well as the gas flowrate can be 

more easily controlled. Thus, the study of absorption 

efficiency at higher gas flowrates as well as high inlet gas 

concentrations can be more easily studied after such 

modifications. 

Since by-passing and channeling were major issues in 

the current research, it is worth investigating how the 

packing of the fiber bundle can affect mass transfer and 

gas-absorption efficiencies. Investigations performed on 

hollow-fiber modules with various packing structures and 

various amount of fibers are highly recommended. After 

obtaining the best packing structure, a more in-depth study 

should be performed to determine which flow arrangement 

would yield maximum gas-licjuid contact. In addition, more 

studies incorporating licjuid flowing on the shell side are 

needed. Studies to determine the role of the hydrodynamics 

of the flow in the overall mass-transfer process are also 

suggested. 

This research focused on parallel flow geometries. 

However, cross-flow devices may also provide a viable 

alternative as effective absorption devices. Such cross-

flow devices should be compared with parallel-flow devices. 

In addition, a pilot-scale hollow-fiber membrane system 

is recommended for setting up at a commercial facility, so 

that a field performance evaluation can be carried out. 
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Furthermore, the hollow-fiber module used herein is 

constrained to operating temperatures below 140 °F. 

Therefore, the hollow-fiber module with ceramic membrane or 

high-temperature thermoplastic should be used for future gas 

absorption studies which would enable high temperature 

applications. 

Finally, a comprehensive study has been conducted on 

the packed tower located in the Unit Operations Laboratory 

at Texas Tech University.''̂  Therefore, it would be of 

interest is to retrofit a hollow-fiber module in parallel 

with that 5-ft. long, 3-in. I.D. gas absorber. Such a 

retrofit would enable evaluation of the contacting devices 

by using gas of similar concentrations and flowrates at a 

large scale. The efficiencies of the two devices for 

various operating conditions can then be compared to 

determine which device is a more efficient contactor for SO2 

removal. 
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APPENDIX A 

DETAILED PROCESS FLOW DIAGRAM 
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APPENDIX B 

OPERATING PROCEDURE 

56 



OPERATING PROCEDURE 

I. PREPARE SAMPLING GAS 

A. Establishing nitrogen flow 

1. Close all valves. 

2. Check the water level in the thermal bath. 
Turn on thermal bath B2 and adjust to desire 
temperature. Wait for the water temperature 
to reach the set point temperature. 

3. a. Close V21 to prevent gas flow into 
Line A (shell side/tube side of the 
ho How-fiber module) . 

b. Close V22 to prevent gas flow into 
Line B (backflow to the shell side/tube 
side of the hollow fiber module). 

c. Open V23 to allow gas flow through 
Line C (to the scrubber unit). 

d. Close V24 to prevent gas flow into 
Line D (to ultraviolet 
spectrophotometer). 

e. Close V5 to prevent gas flow into the 
vacuum line (backflow to the vacuum). 

f. Close V25 to prevent gas backflow to 
ultraviolet spectrophotometer. 

g. Close V28 to prevent test gas flow to 
the soap film meter. 

h. Open V26 to allow gas flow into Line G 
and scrubber. 

i. Close V27 to prevent gas flow into the 
vent hood. 

j. Open V30 to allow gas flow into either 
Line A or Line C. 

4. Fully open V4 and then open R2 one cjuarter of 
a turn to provide a flow path to the nitrogen 
rotameter. 
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5. Make certain that R4 is closed, then fully 
open Rl to admit high-pressure nitrogen to 
the system. Adjust R4 to 10 psig. Open V3 
and observe Scrubber 1. If there are no gas 
bubbles present in Scrubber 1, close V3 
immediately to avoid exposing the rotameter 
to excessive pressure. 

6. After closing V3, recheck the positions of 
the valves in the nitrogen flow path. If 
still no bubbles in Scrubber 1, close 
regulator Rl and vent this part of the system 
by opening V2 and R8 and venting the nitrogen 
through Scrubber 2. Disassemble the nitrogen 
line and clean it out. 

7. Adjust R2 to achieve the desired nitrogen 
flow rate. 

B. Establishing SÔ  flow 

1. Turn on the Red Light in the lab to warn all 
occupants that SO2 will be shortly in use. 
Put on respirator, splash goggles, and face 
shield. 

2. Make sure that the vent hood has an inward 
face velocity of at least 100 ft/min. 
Measure inlet phase velocity with Almor 
thermoanemometer from the Unit Operation 
Laboratory. 

3. Open R8 one-cjuarter turn to provide a SOg 
flow path through Scrubber 2 to the vent. 

4. Make certain that both R3 and R7 are closed 
to contain the SO2. 

5. Open and then immediately close V2 so that 
nitrogen is allowed to flow through and flush 
out the SO2 piping system. If there are no 
gas bubbles present in Scrubber 2. 
Immediately close V2. 

6. After closing V2, recheck the positions of 
the valves in the SO2 flow path. If still no 
bubbles in Scrubber 2, close regulator Rl and 
vent all of the remaining nitrogen gas 
through the nitrogen flow path to Scrubber 1. 
Disassemble the sulfur dioxide line and clean 
it out. 
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7. Open main cylinder valve R6 one-quarter of a 
turn to pressurize the SO2 supply line. 

8. Open the SO. pressure regulator R3 until P3 
registers about 2 psig. 

9. Fully open needle valve R7. If there are no 
gas bubbles present in Scrubber 2, 
immediately close R7 to avoid over-
pressuring the SO2 line which appears to be 
blocked. Clean SO2 line, reassemble and 
repeat step 9; otherwise, proceed to step 10. 

10. Adjust needle valve R8 until SOg gas bubbles 
slowly flow through Scrubber 2. Then, slowly 
adjust R3 to the desired SO2 pressure. 

11. Re-adjust R2 to the desire nitrogen flowrate. 

12. Wait at least 3 hours for the permeation tube 
to produce the desired concentration of SO, 
test gas. ^ 

II. CONDUCTING EXPERIMENT 

A* Baseline Calibration using UV Spectrometer 

1. Turn on voltmeters and turn the setting of 
both voltmeters to 90. 

2. Push T2 and T3 for set-point temperatures of 
both sampling chamber and gas sampling line, 
respectively. 

3. Because of the offset in the T2 controller, 
initially adjust the set-point temperature of 
T2 to 15 °C by pushing T2 in and adjusting it 
This action will give an actual temperature 
for T2 of 60 °C. When the actual temperature 
of T2 shows 60 °C, re-adjust the set-point 
temperature of T2 slowly to 23 °C. As a 
result, the actual T2 will achieve 63 °C. DO 
NOT SET T2 TO ANY TEMPERATURE ABOVE 23 °C. 

4. Adjust the set-point temperature of T3 to 
60 °C by pushing T3 in and adjust. The 
result will give an actual T3 of 45 °C. 
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5. Adjust the set-point temperature of T3 to 
86 °C so that the actual temperature of T3 
can reach 53 °C. 

6. Turn on vacuum pump to create vacuum 
condition. 

7. Fully open R5 to create a vacuum path. 

8. When the vacuum pressure reaches about 24 in 
Hg, vacuum, open V5, V8 and V7 to allow 
vacuum run through the Ultra- Violet 
Spectrophotometer. 

9. Turn on the UV-Spectrophotometer and do base
line cpalibration following the procedures as 
described in the manufacturer's manual. 

10. Close V5, R5 and turn off vacuum pump. 

11. Open V27 to allow the vacuum path back to 
atmospheric condition. 

12. Close V27 to prevent any gases entering or 
leaving the system. Close V7 and V8 to shut 
off any gas entering the ultraviolet 
spectrophotometer. 

B. Conducting Experiment 

1. Fully open V29 to allow a licjuid flow path 
for the solvent to circulate. Turn on fluid 
pump and adjust the setting to a desired 
value. The blue pointer should be pointing 
on the right side of the scale. Adjust V29 
so that the fluid inlet pressure is about 
5 psig. 

2. a. Open V7 and V8 to provide a flow path 
for the test gas through the ultra
violet spectrophotometer. 

b. Keep V27 and V5 closed to avoid exposing 
the test gas to the vent or vacuum 
lines, respectively. 

c. Open V24 to allow gas flow into Line D 
(to the ultraviolet spectrophotometer). 

d. Open V25 to allow gas flow into Line F 
and Line E so that an alternative flow 
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path is created for the test gas to flow 
to Scrubber 1. 

e. Close V26 to prevent gas flow into 
Line G so that test gas flows through 
the ultraviolet spectrophotometer. 

f. Observe Scrubber 1. If there is no 
bubble coming out of the scrubber. 
Immediately open V26 to create an 
alternative flow path for test gas to 
pass through. Recheck the positions of 
the valves. If all valves are opened, 
the line is blocked. Disassemble the 
line and clean up. 

g. Observed P7-P9. In order to minimize 
the overall mass transfer resistance in 
the hollow-fiber module, the licjuid side 
pressure across P8 has to be higher than 
the gas pressure across P9. If this is 
not the case, re-adjust V29 or increase 
the setting of the liquid pump, but do 
not exceed 60 psig. 

h. Open V21 to allow test gas flow through 
Line A to the shell-side/tube-side of 
the hollow-fiber module. 

i. Open V22 to allow test gas flow through 
Line B out of the shell side/tube side 
of the hollow-fiber module. 

j. Close V23 to prevent test gas flow 
through Line C. 

3. Wait for the system to reach equilibrium by 
observing the UV-Spectrophotometer. 

4. Once there are no more changes in the 
absorbance reading of the spectrum, 
ecjuilibrium condition is reached. Collect 
samples and record all necessary data. 

5. Adjust the setting for new liquid rates if 
necessary. Wait for the system to reach new 
equilibrium condition. This task can be 
accomplished by adjusting the blue pointer to 
either left or right; however, the pointer 
should remain on the right side of the scale 
(to the right of the zero setting) so that 
the flow configuration is maintained. 
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6. Continue step 4 through step 5 if necessary. 

7. In order to measure the gas flowrate, V28 has 
to be opened first so that gas can flow into 
the soap film meter. Close V30 totally to 
prevent gas flows into either Line A or 
Line C. Measure gas flowrate. After finished 
measuring the gas flowrate, open V30 
completely so that gas can again flow into 
either Line A or Line C. Then, close V28 
completely. 

III. SHUTTING DOWN THE EXPERIMENT 

A. Turning the gases off 

1. Fully close R6 to discontinue any SO, gas 
supply from the SOg gas cylinder, and open R3 
a little more and fully open R8 in order to 
vent the remaining SOg gas inside the 
regulator. 

2. When P3 reads zero and there are no more 
bubbles showing in Scrubber 2, then close R3 
and R7. 

3. Open and immediately close V2 so that N2 is 
allowed to flow through and flush the 
residual SOg gas in the tubing out of the 
system through Scrubber 2. Then close V2. 

4. Fully close Rl to discontinue any N2 gas 
supply from the N2 gas cylinder. 

5. When P2 reads zero and there are no more 
bubbles showing in Scrubber 1, then close R4. 

6. Close V3 and V4 so that no more gases can 
enter into the experimental set-up. 

B. Licfuid side shutdown and clean UP 

1. Prepare 2700 ml of warm deionized water with 
a temperature of 110 **F. 

2. Adjust setting of the pump to zero by moving 
the blue pointer left to the zero point 
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(NEVER GO PASS ZERO POINT) SO that no more 
solvent will be circulated, and turn pump 
off. 

3. Replace solvents with warm water. 

4. Place a beaker beside the feed tank and place 
the outlet tube into the beaker. The beaker 
acts as a waste tank. 

5. Turn on pump, and move blue pointer to the 
right. Place setting to 3. Allow warm water 
to wash the hollow-fiber module until all 
warm water has been used. 

6. Disconnect the hollow-fiber module from the 
main system, and hook the hollow-fiber module 
up to the air-blowing system. The air-
blowing (or drying) system is located on the 
table closest to the vent hood. 

7. The drying system consists of two plastic 
tubes and an air filter. One end of the tube 
is hooked up to the air-supply valve located 
at the air-supply line; the other end is to 
be hooked to the hollow-fiber module. 

8. Turn the air valve one cjuarter of a turn and 
let the air blow dry the module overnight. 
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EMERGENCY SHUTDOWN PROCEDURE 

1. Turn off R-6 on the SO2 tank 

2. Unplug Pump 

3. Evacuate the lab and building 
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Table D.l Result of Two-way Analysis of Variance 

2-WAY AOV : S02 OUTLET CONCENTRATION 

Analysis of Variance Procedure 

Dependent Variable: SDOUT 
Sum of Mean 

Source DF Squares Square F Value 

Model 

Error 

Corrected Total 

R-Scjuare 

0.834112 

Source 

TEMP 
CONC 

5 

6 

11 

C.V. 

0.55200 

DF 

2 
3 

86209.3283 

17145.3129 

103354.6412 

Root MSE 

53.4561 

Anova SS 

225.6692 
85983.6592 

17241.8657 

2857.5522 

SDOUT MEAN 

174.968 

Mean Scjuare F 

112.8346 
28661.2197 

6.03 

Value 

0.04 
10.03 
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